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Asparagine (N)-linked protein glycosylation is a ubiquitous co- and posttranslational
modification which has a huge impact on the biogenesis and function of proteins and
consequently on the development, growth, and physiology of organisms. In mammals,
N-glycan processing carried out by Golgi-resident glycosidases and glycosyltransferases
creates a number of structurally diverse N-glycans with specific roles in many different
biological processes. In plants, complex N-glycan modifications like the attachment of
B1,2-xylose, core al,3-fucose, or the Lewis A-type structures are evolutionary highly
conserved, but their biological function is poorly known. Here, | highlight recent
developments that contribute to a better understanding of these conserved glycoprotein
modifications and discuss future directions to move the field forward.
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INTRODUCTION

N-glycosylation of proteins is initiated in the lumen of the endoplasmic reticulum (ER) by
the oligosaccharyltransferase (OST) complex which transfers a preassembled oligosaccharide
to an asparagine residue within the Asn-X-Ser/Thr consensus sequence of a nascent polypeptide.
While the total number of proteins in the plant N-linked glycoproteome is unknown, every
protein that has the consensus N-glycosylation site in its sequence and is targeted to the
secretory pathway is a potential substrate for N-glycosylation and N-glycan dependent folding.
The transferred oligosaccharide can directly influence polypeptide folding by stabilizing protein
conformations. In addition to the direct effect of the attached oligosaccharide, specific N-glycans
are recognized as signals by lectins which assist in protein folding, retain folding intermediates
in the ER, or trigger ER-associated degradation (ERAD) if proper folding cannot be achieved
(Strasser, 2018; Zhang et al., 2021).

Initial trimming by ER-resident a-glucosidases (GCSI and GCSII, Figure 1A) generates a
monoglucosylated N-glycan that allows the transient interaction with the lectins calnexin or
calreticulin and entry into an ER-quality control cycle. Further trimming of mannose residues
is carried out by ER- (MNS3) and Golgi-a-mannosidases (GMI; Liebminger et al., 2009; Kajiura
et al,, 2010). The resulting Man;GlcNAc, N-glycan is used as acceptor substrate by the cis/medial-
Golgi-resident N-acetylglucosaminyltransferase I (GNTI). GNTI transfers a single N-acetylglucosamine
(GIcNAc) residue and initiates the formation of characteristic complex N-glycans carrying p1,2-
linked xylose and an al,3-fucose attached to the innermost GIcNAc, respectively (GnGnXF
structures, Figure 1B). While the core complex N-glycan is identical in mammals and plants,
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FIGURE 1 | (A) lllustration of the processing pathway for the formation of complex N-glycans in plants. GCSI, a-glucosidases | (GCSI); GCSII, a-glucosidases II;
MNS3, ER a-mannosidase; GMI, Golgi a-mannosidase | (two forms termed MNS1 and MNS2 with redundant function are present in Arabidopsis thaliana); GNTI,
p1,2-N-acetylglucosaminyltransferase I; GMII, Golgi a-mannosidase Il; GNTII, 1,2-N-acetylglucosaminyltransferase II; XYLT, p1,2-xylosyltransferase; FUT, core a1,3-
fucosyltransferases (two forms termed FUT11 and FUT12 with redundant function are present in A. thaliana); GALT1, Lewis type p1,3-galactosyltransferase; and
FUT13, a1,4-fucosyltransferase. Not shown: the removal of terminal GIcNAc residues by p-hexosaminidases, which generates paucimannosidic N-glycans in post-
Golgi compartments, at the plasma membrane or in the extracellular space. (B) lllustration of typical complex, hybrid, and paucimannosidic N-glycans.
(C) lllustration of the predominate N-glycan structure of the indicated knockout mutants. Alternative names of the mutants are given in brackets. Symbols are used
according to the suggestions from the Consortium for Functional Glycomics (http://www.functionalglycomics.org/).

f1,2-xylose and core ol,3-fucose modifications are not found
on mammalian glycoproteins (Strasser, 2016). Their biosynthesis
is carried out by p1,2-xylosyltransferase (XYLT) and core al,3-
fucosyltransferase (FUT; Strasser et al., 2004). While GnGnXF
is the dominant structure on many glycoproteins (Zeng et al.,
2018), on a rather small number of glycoproteins, the GnGnXF
N-glycan is further modified by p1,3-galactosyltransferase (GALT1)
and al,4-fucosyltransferase (FUT13) to generate Lewis A-type

structures (Strasser et al., 2007a; Beihammer et al,, 2021). In
the vacuole, at the plasma membrane or in the apoplast, different
B-hexosaminidases can cleave off terminal GlcNAc residues from
exposed complex N-glycans resulting in the formation of truncated
or paucimannosidic N-glycans (Strasser et al, 2007b; Alvisi
et al., 2021). The biosynthetic pathway and involved enzymes
are well characterized and have been reviewed in detail recently
(Strasser et al., 2021). Notably, the whole machinery for complex
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N-glycan formation appears conserved in vascular plants and
in mosses like Physcomitrella patens (Koprivova et al., 2003;
Viétor et al., 2003; Strasser, 2016; Stenitzer et al., 2022). Complex
GnGnXF and Lewis A-type structures are ubiquitously found
in plants (Fitchette-Lainé et al., 1997; Wilson et al, 2001;
Beihammer et al, 2021) which point to a selective pressure
and a functional advantage to maintain these N-glycans. Despite
this conservation, the knowledge about the physiological role
of complex N-glycan modifications is still limited. However, in
the last decade, considerable progress has been made and different
processes have been revealed where complex N-glycans play an
important role in plant physiology, development, and under
various stress conditions. This has been spurred by in-depth
analysis of Arabidopsis mutants and gene knockouts generated
by CRISPR/Cas9 genome editing or other technologies in different
plant species.

THE ACHIEVEMENTS IN THE PAST
DECADE: DECIPHERING THE
BIOLOGICAL ROLE OF COMPLEX
N-GLYCANS BY PHENOTYPIC
CHARACTERIZATION OF GENE
KNOCKOUTS

Our knowledge about the role of complex N-glycans stems
mainly from the analysis of mutants deficient in N-glycan
processing steps. The Arabidopsis complex glycanl (cgll or gntI)
mutant that lacks GNTTI activity and thus displays Man;GIcNAc,
instead of complex N-glycans was first described almost three
decades ago (von Schaewen et al., 1993; Figure 1C). In this
pioneering study on the role of complex N-glycans in plants,
no obvious growth or developmental phenotype was reported
for cgll plants grown under controlled growth conditions. This
lack of a severe phenotype in Arabidopsis cgll was a surprise
because the consequence of GNTI-deficiency in mammals was
embryonic lethality (Ioffe and Stanley, 1994; Metzler et al,
1994). Later it was, however, shown that Arabidopsis cgll
displayed reduced root growth when subjected to osmotic stress
or high salt concentrations (Kang et al., 2008) and a recent
study observed that cgll has reduced photosynthetic efficiency
(Jiao et al, 2020). This link to photosynthesis suggests that
glycoproteins carrying complex N-glycans are transported from
the Golgi apparatus or a post-Golgi compartment to chloroplasts
where they fulfill important functions. Of note, a detailed
analysis of the root system in Arabidopsis seedlings showed
that root hairs are significantly longer in cgll plants which
for the first time revealed a developmental phenotype in
Arabidopsis plants with abrogated complex N-glycan formation
(Frank et al., 2021). The cglI roots appeared generally more
responsive to synthetic phytohormones suggesting that complex
N-glycans on one or several glycoproteins are critical for
phytohormone homeostasis.

A knockdown of GnTI expression in Nicotiana benthamiana
resulted in a decrease in the amounts of complex type N-glycans
from 90% to less than 10% without any growth or reproduction

defects (Limkul et al., 2016). This is consistent with previous
data showing that N. benthamiana, which is frequently used
as a production platform for protein-based biopharmaceuticals,
tolerates the virtual absence of GnGnXF N-glycans very well
(Strasser et al., 2008). While a GnTI knockdown in tomato
resulted in abnormal fruit ripening (Kaulfiirst-Soboll et al.,
2021), an Oryza sativa GNTI-deficient line that displayed a
similar N-glycan profile as Arabidopsis cgll showed a severe
growth phenotype with arrested seedling development and
lethality before reaching the reproductive stage (Fanata et al,
2013). In line with this finding, GnTI gene disruption in the
legume Lotus japonicus caused a severe growth defect with
lethality before reaching the flowering stage (Pedersen et al.,
2017). Taken together, our knowledge on the role of GNTI
in Arabidopsis and other plants has enormously increased in
the last decade.

Upon transfer of the single GIcNAc by GNTI, two mannose
residues are removed by Golgi-a-mannosidase II (GMII). In
contrast to GNTI, GMII deficiency does not block further
processing completely and results in hybrid N-glycans that are
still modified with f1,2-xylose and core ol,3-fucose (Strasser
et al., 2006; Kaulfuirst-Soboll et al., 2011). Tomatoes with reduced
GMII expression produced fewer and enlarged seeds (Kaulfiirst-
Soboll et al., 2021) and Arabidopsis gmlIl plants displayed
similar differences in root hair density and length as Arabidopsis
cgll/gntI (Frank et al., 2021). The finding in Arabidopsis suggests
that terminal modifications (presence of mannose residues or
absence of GIcNAc residues on both antennae or blocked
terminal elongations) rather than core glycan modifications
(attachment of xylose or fucose) are important for the function
in root hair elongation (Figure 1C). Consistent with this, galtI
fut13 double mutants lacking N-glycan modifications that form
the Lewis A structure are partially impaired in root hair
elongation (Frank et al., 2021) indicating a specific role for
these terminal complex N-glycan modifications.

After the removal of the two terminal mannose residues
by GMII, the free al,6-mannose of the core glycan is used
by N-acetylglucosaminyltransferase II (GNTII) for the attachment
of a single GIcNAc residue (Strasser et al., 1999). Consequently,
GnTII loss-of-function in Arabidopsis prevents the formation
of GnGnXF glycans and gntIl mutants displayed numerous
phenotypes including slightly early flowering, accelerated dark-
induced leaf senescence and altered responses to NaCl, the
N-glycosylation inhibitor tunicamycin, a synthetic cytokinin,
and a polar auxin transport inhibitor (Yoo et al., 2021). These
pleiotropic effects suggest that several glycoproteins involved
in different processes are affected in the gntII mutant. Consistent
with the impaired auxin transport, the abundance of the auxin
transporter PIN2 fused to GFP and its subcellular localization
were altered in gntIl. However, PIN2 is likely not N-glycosylated
because all potential N-glycosylation sites are in the hydrophilic
loop that faces the cytosol. Therefore, it is more likely that
other glycoproteins involved in auxin signaling or transport
are directly affected by incomplete processing of the ol,6-
mannose on the complex N-glycan.

No phenotype has so far been described for the Arabidopsis
FUT loss-of-function mutant lacking core al,3-fucose residues

Frontiers in Plant Science | www.frontiersin.org

April 2022 | Volume 13 | Article 897549


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Strasser

Complex N-Glycan Function in Plants

(Strasser et al., 2004). In line with the crucial role of complex
N-glycans in other plant species, growth defects, reduced seed
number, impaired pollen viability, and morphology were observed
in rice and L. japonicus fut lines (Harmoko et al., 2016; Pedersen
et al, 2017; Sim et al., 2018). By contrast, genome-edited
Nicotiana benthamiana completely lacking f1,2-xylose and core
al,3-fucose did not display any growth abnormalities or
reproduction defects (Jansing et al., 2019). Overall, the function
of the B1,2-xylose residue is poorly understood, and phenotypes
have only been described for a rice XYLT-deficient mutant.
Rice xylt plants are impaired in their growth under adverse
environmental conditions including extreme temperatures,
drought, or salt stress (Takano et al., 2015). Rice callus lacking
XYLT and FUT activities grew normal, but plants could not
be regenerated from xylt fut rice callus which is likely caused
by the altered phytohormone responsiveness (Jung et al., 2021).
Taken together, these findings indicate that complex N-glycans
are essential in many plant species for growth, reproduction,
phytohormone homeostasis, and for the response to different
stresses (Table 1). In Arabidopsis, complex N-glycans play an
important role for root hair elongation in addition to the role
in abiotic stress tolerance. Like pollen, root hairs are formed
through tip growths and secrete numerous cell wall components
which could be impaired in the N-glycan processing mutants.
In line with described phenotypes for pollen, FUT13 which
catalyzes the final N-glycan processing step in the Golgi
(Figure 1) appears highly regulated during pollen development
(Joly et al, 2002). Transcription of glycosidases or
glycosyltransferases involved in N-glycan processing provides
another level for regulating the abundance of certain N-glycan
structures. While glycoenzyme-specific transcription factors
have not been identified in plants yet, the transcriptional
regulation of GALTI and FUTI3 likely contributes to the
abundance of Lewis A structures in different Arabidopsis organs
(Strasser et al., 2007a; Stefanowicz et al., 2016). Furthermore,
B-hexosaminidases or other degrading glycosidases that act on
complex N-glycans may have a physiological role that is largely
unknown (Strasser et al., 2007b; Kato et al., 2018).

THE CHALLENGE FOR THE NEXT
10YEARS: UNDERSTANDING THE ROLE
OF DISTINCT N-GLYCAN
MODIFICATIONS ON INDIVIDUAL
GLYCOPROTEINS TO OBTAIN
MECHANISTIC INSIGHTS

For almost all the identified biological processes where complex
N-glycans are involved, an insight into the underlying
mechanisms and molecular function of a distinct complex
N-glycan linked to an individual protein is missing. The
disadvantage of characterization of N-glycan processing mutants
is their pleiotropic effect on numerous glycoproteins and an
inherent difficulty to identify individual N-glycans on a distinct
glycoprotein that are involved in a specific process. In a recent
glycoproteome study (Liu et al., 2021), differentially abundant

proteins were identified in Arabidopsis wild type, cgll and
the gml mutant when grown under elevated salt conditions.
Among the proteins increased under salt stress were proteins
involved in glycoprotein biosynthesis, stress response, signal
transduction, and oxidation-reduction processes. Two
peroxidases (PRX32 and PRX34) were, for example, differentially
abundant in the mutants under salt stress. The two peroxidases
have several potential N-glycosylation sites in their amino
acid sequence, were N-glycosylated, and seedlings of the
peroxidase double knockout mutant were salt-sensitive (Liu
et al., 2021). While such studies provide a starting point for
the characterization of N-glycan modifications on individual
proteins, there is no direct evidence that the N-glycosylation
and distinct N-glycan modifications are indeed relevant for
the function of the two peroxidases. Because of impaired
complex N-glycan processing, many different processes are
affected leading to massive changes in the transcriptome and
proteome that are indirect due to alterations of key signaling
pathways (Sim et al., 2018). In mammalian cells, there is
evidence that Golgi-mediated complex N-glycan modifications
like core a1,6-fucosylation regulate the N-glycosylation efficiency
on different glycoproteins (Huang et al., 2021). The regulation
of the upstream N-glycosylation process catalyzed by the
ER-resident OST complex by downstream N-glycan
modifications could be mediated by Golgi feedback events
as part of poorly understood Golgi-quality control mechanisms
(Sun and Brodsky, 2019). This further complicates the
interpretation of quantitative glycoproteomics data obtained
from N-glycan processing mutants. Moreover, underglycosylated
proteins are more instable, prone to aggregation and therefore
less efficiently enriched by commonly used lectin-based affinity
purification approaches. Lectins typically show a preference
for a certain type of N-glycan causing a bias when samples
with different N-glycan compositions are analyzed. Collectively,
this makes the comparison of the N-glycoproteome abundance
from different mutants impossible. Even when all these
difficulties can be overcome, a confirmed differentially abundant
glycoprotein with altered N-glycans in a mutant background
might not be involved in the process and a comprehensive
characterization of the glycoprotein and its fate in the mutant
background are required to unravel the underlying mechanisms.
Approaches to understand the role of complex N-glycans on
individual proteins include the analysis of the molecular
function (e.g., enzymatic activity), protein stability, cellular
interaction partners, and the subcellular localization when
the N-glycan composition is altered on the protein. As mentioned
before, the difficulty is to distinguish between specific and
pleiotropic effects in the mutant background. Despite some
tremendous progress in glycoengineering in plants (Schoberer
and Strasser, 2018), controlled site-specific modification of
N-glycans (e.g., to furnish one N-glycan with Lewis A-type
structures while another N-glycan attached to a different
position on the same protein stays GnGnXF) is currently not
possible in vivo. Therefore, multiple tedious approaches are
required with the generation of mutant variants that lack
individual N-glycosylation sites and careful examination of
the protein fate and function.
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TABLE 1 | Overview of phenotypes in vascular plants with aberrant N-glycans.

Phenotype®

Reference

Species Gene' Technology?
Arabidopsis thaliana GMI T-DNA
GnTI EMS/T-DNA
GMIl T-DNA
GnTIl T-DNA
Xylt T-DNA
Fut T-DNA
Xylt+ Fut T-DNA
Galt1 +Fut13 T-DNA
Oryza sativa GnTl T-DNA
Xylt Gamma-ray
Fut T-DNA
Fut T-DNA
Xylt + Fut CRISPR/Cas9
Lotus japonicus GMI LORET retrotransposon
GnTI LORET retrotransposon
Fut LORET retrotransposon
Nicotiana GnTI RNAI
benthamiana Xylt CRISPR/Cas9
Fut CRISPR/Cas9
Xylt + Fut CRISPR/Cas9
Xylt+ Fut RNAI
Nicotiana tabacum GnTI antisense
tobacco BY-2 GnTI CRISPR/Cas9
cells Xylt+ Fut CRISPR/Cas9
Xylt + Fut CRISPR/Cas9
Solanum GnTI RNAI
lycopersicum GMIl RNAI
Solanum tuberosum ~ GnTI antisense

Altered root morphology
No obvious phenotype
Increased salt sensitivity

Increased sensitivity to
Pseudomonas syringae
No obvious phenotype

Increased salt sensitivity

Decreased photosynthetic
efficiency

Altered auxin responsiveness
Altered root hair development
No obvious phenotype

Increased salt sensitivity

Altered auxin responsiveness

Altered root hair development
Altered growth under stress
Altered phytohormone
response

No obvious phenotype

No obvious phenotype

No obvious phenotype
Increased salt sensitivity
No obvious phenotype

Altered root hair development
Reduced growth, altered seed
set

Plant growth affected under
various stresses, affected seed
germination

Pollen viability affected
Developmental abnormalities
Increased sensitivity to
Magnaporthe oryzae

No phenotype in callus
Reduced growth

Reduced seed number
Severe growth defect, lethality
Reduced growth

Reduced seed number

No obvious phenotype

No obvious phenotype

No obvious phenotype

No obvious phenotype

No obvious phenotype

No obvious phenotype

No obvious phenotype
No obvious phenotype
No obvious phenotype
Abnormal fruit ripening
Fewer, enlarged seeds
No obvious phenotype

Liebminger et al., 2009
Kajiura et al., 2010
Liuetal., 2018

Jia et al., 2020

von Schaewen et al., 1993
Kang et al., 2008
Jiao et al., 2020

Frank et al., 2021

Strasser et al., 2006

Kang et al., 2008
Kaulfirst-Soboll et al., 2011

Frank et al., 2021

Yoo et al., 2021

Strasser et al., 2004
Kang et al., 2008
Strasser et al., 2004
Kang et al., 2008

Strasser et al., 2004
Kang et al., 2008
Strasser et al., 2007a

Frank et al., 2021
Fanata et al., 2013

Takano et al., 2015

Sim et al., 2018
Harmoko et al., 2016

Jung et al., 2021
Pedersen et al., 2017

Pedersen et al., 2017
Pedersen et al., 2017

Limkul et al., 2016

Jansing et al., 2019

Jansing et al., 2019

Jansing et al., 2019

Strasser et al., 2008
Wenderoth and von Schaewen,
2000

Herman et al., 2021

Hanania et al., 2017

Mercx et al., 2017
Kaulftrst-Soboll et al., 2021
Kaulfurst-Soboll et al., 2021
Wenderoth and von Schaewen,
2000

'N-glycan processing defects of Golgi located enzymes are listed.
2This indicates the technology used to generate the mutants.
SFor mutants with various phenotypes, only some characteristic phenotypes are shown.
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An in-depth analysis of N-glycan function has been done
for KORRIGAN 1 (KOR1), a Bl,4-endoglucanase involved in
cellulose biosynthesis (Lane et al., 2001; Liebminger et al., 2013;
Rips et al., 2014; Nagashima et al., 2020). KOR1 is a membrane-
anchored glycoprotein with eight N-glycosylation sites in its
extracellular domain. N-glycan analysis of a recombinant variant
as well as the analysis of N-glycosylation site mutants expressed
in plants confirmed that all sites are N-glycosylated (Liebminger
et al., 2013; Rips et al, 2014). KORI is glycosylated with
oligomannosidic N-glycans as well as with Golgi-processed
complex ones. While N-glycosylation is essential for the enzymatic
function, analysis of purified recombinant KOR1 carrying different
N-glycan compositions showed that N-glycan processing in the
Golgi is not important for KOR1 enzymatic activity (Molhoj
et al,, 2001; Liebminger et al., 2013). Of note, genetic interaction
analysis between a KOR1 partial loss-of-function allele (rsw2-1)
and N-glycan processing mutants like cgll revealed strong
synergistic effects on the plant growth (Kang et al, 2008).
Moreover, a non-glycosylated KOR1 variant could partially
complement the root growth phenotype of a KORI-deficient
mutant (Rips et al., 2014). The data from the enzymatic activity
assays and complementation of the rsw2-1 mutant strongly
suggest that other glycoproteins are affected which require
complex N-glycans for their function and thus contribute to
the phenotype when KORI is compromised (Liebminger et al.,
2013; Rips et al., 2014; Nagashima et al, 2020). Biochemical
analysis indicated that KOR1 protein abundance is affected
under salt stress when mannose-trimming is blocked in the
Arabidopsis gml mutant suggesting the involvement of a yet
to be discovered mechanism that regulates glycoprotein stability
or trafficking under different environmental conditions (Liu
etal., 2018). Taken together, these findings highlight the complexity
in the analysis of N-glycan function on individual proteins and
the difficulty to separate effects from oligomannosidic N-glycans
in the ER (e.g., protein folding, quality control, and degradation)
and processed N-glycans in the Golgi (e.g., conformational
changes and protein-protein interactions).

To overcome current hurdles and move the field forward, more
efforts should be made to purify individual glycoproteins from
different plant organs, cell-types, or different growth conditions
and perform a comprehensive analysis of their N-glycosylation
status including the number of N-glycans, the degree of site
occupancy, and the N-glycan composition. Using such approaches,
it may be possible to reveal potential changes in N-glycan structures
on an individual glycoprotein that point toward a specific function
during development or under stress conditions. While there are
indications that N-glycans vary under different growth conditions
or developmental stages (Elbers et al., 2001; Horiuchi et al., 2016;
Kaulfiirst-Soboll et al., 2021), the underlying cause of the differences
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