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Although ubiquitously present, information on the function of complex N-glycan
posttranslational modification in plants is very limited and is often neglected. In this
work, we adopted an enzyme-assisted matrix-assisted laser desorption/ionization mass
spectrometry imaging strategy to visualize the distribution and identity of N-glycans in
soybean root nodules at a cellular resolution. We additionally performed proteomics
analysis to probe the potential correlation to proteome changes during symbiotic
rhizobia-legume interactions. Our ion images reveal that intense N-glycosylation occurs
in the sclerenchyma layer, and inside the infected cells within the infection zone, while
morphological structures such as the cortex, uninfected cells, and cells that form the
attachment with the root are fewer N-glycosylated. Notably, we observed different
N-glycan profiles between soybean root nodules infected with wild-type rhizobia and
those infected with mutant rhizobia incapable of efficiently fixing atmospheric nitrogen.
The majority of complex N-glycan structures, particularly those with characteristic
Lewis-a epitopes, are more abundant in the mutant nodules. Our proteomic results
revealed that these glycans likely originated from proteins that maintain the redox
balance crucial for proper nitrogen fixation, but also from enzymes involved in N-glycan
and phenylpropanoid biosynthesis. These findings indicate the possible involvement of
Lewis-a glycans in these critical pathways during legume-rhizobia symbiosis.

Keywords: MALDI, mass spectrometry imaging, plant, PNGase H, N-glycans, proteomics, glycoprotein, soybean
root nodule

INTRODUCTION

Plant glycoproteins have a characteristic and diverse set of N-glycans within their structures, which
are attached via asparagine (N) at specific consensus sequences N-X-(S/T), with the X symbolizing
any amino acid except proline (Frank et al., 2021). The pathway for the initial glycan processing
and synthesis of core N-glycans in the endoplasmic reticulum (ER) is evolutionally conserved in all
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FIGURE 4 | (A) Spatial pattern of Hex:5 HexNAc:4 dHex:3 Pent:1 glycan in nifH- nodule at 15 wm spatial resolution. (B) Morphologically and functionally different cell
types and zones inside soybean root nodules are annotated. A white rectangle denotes an area that is enlarged on (C,D) for better visualization of fine morphological
details. (C,D) Zoomed area inside the infection zone with annotated infected and uninfected cells indicate a higher abundance of N-glycans in the infected cells
(bigger and lighter cells) compared to non-infected cells (smaller and darker). Vascular bundles, inner cortex (IC), outer cortex (OC), and sclerenchyma (S) cells are also
annotated. Glycan signal was seen primarily in the infected cells. Some glycan signal was also seen in the sclerenchyma. The scale bar at A and B is 500 wm and at C
and D is 100 wm. Note that a thin crack along the infection zone is a sectioning artifact and is an indication that there is no delocalization of the released molecules
during the incubation step as no N-glycan signal has been observed in this zone. Interactive display of N-glycans composition, structure, spatial localization, and
colocalization with specific cell types can be further browsed, visualized, and explored using the METASPACE link: https://metaspace2020.eu/annotations?db_id=

3538ds=2021-08-07_00h25m23s.

from 42 different soybean glycoproteins were also identified
(Supplementary Table 4). Since we did not perform glycopeptide
enrichment, these identified glycopeptides represent highly
abundant glycoproteins, which presumably contributed to the
majority of the released N-glycans detected with the MALDI-
MSI method. Note that 16 unique N-glycans detected in
glycopeptide data were also observed by MALDI-MSI. Several
identified glycoproteins (I1MP39, IIMUX?7, and I1K37) were
significantly more abundant in the nifH- mutant (Figure 6),
implying that higher glycan levels observed in the MALDI-MSI
data could be a consequence of the increased abundance of
certain glycoproteins.

Herein, we specifically focused on glycoproteins that bear
one or more Lewis-a epitope and paucimannose glycans, as
these classes of glycans showed significant changes in the
MALDI-MSI data. Glycopeptide data showed three distinct
Lewis-a epitopes: Hex:5 HexNAc:4 dHex:3 Pent:1 (note that
the detailed spatial distribution of this glycan is depicted at
Figure 4), Hex:4 HexNAc:4 dHex:2 Pent:1 (m/z 1925.687), Hex:4
HexNAc:3 dHex:2 Pent:1 (m/z 1722.607), where Hex:5 HexNAc:4
dHex:3 Pent:1 (m/z 2233.797) were the most frequently

detected species, present on 12 peptides from 9 proteins
(MS/MS spectra of representative glycopeptides are annotated
in Supplementary Figures 5A-I). These nine proteins are
identified as phytocyanin domain-containing protein (I1LWPO0),
amidohydro-rel domain-containing protein (I1L921), dirigent
protein (I1JL51), peroxidase (I1MP39), germin-like protein
(C788D5), an uncharacterized copper ion binding protein with
oxidoreductase activity (I1IMUX?7), an uncharacterized enzyme
with mannosyl-oligosaccharide glucosidase activity (I1K3K7),
and two uncharacterized proteins with unknown molecular
function (I1K380, and C5HU39). Note that phytocyanin
(IILWPO) also contains two detected glycopeptides with Lewis-a
group Hex:4 HexNAc:4 dHex:2 Pent:1, while germin (C7S8D5)
contains peptide with Hex:4 HexNAc:3 dHex:2 Pent:1 Lewis-
a group. All three Lewis-a N-glycans co-localize strongly (see
Figure 2) and show the exact same trend (in distribution and
relative abundance) in our MALDI-MSI data.

Three of these nine proteins (I1MP39, I1K37, and I1IMUX7),
contain peptides with Hex:5 HexNAc:4 dHex:3 Pent:1 (m/z
2233.797) modification, were significantly higher abundance
in the nifH- mutant root nodules (Figure 6). We annotated
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FIGURE 5 | (A) Spatial pattern of Hex:5 HexNAc:4 dHex:3 Pent:1 glycan in WT nodule at 15 um spatial resolution. (B) Morphologically and functionally different cell
types and layers inside soybean root nodules are annotated. A white rectangle denotes an area that is enlarged on (C,D) for fine visualization of distinct cell types.
(C,D) Zoomed areas inside the infection zone with annotated infected (dark, large cells) and uninfected cells (small light cells) show a higher abundance of N-glycans in
the dense population of infected cells not interrupted by uninfected cells. Outer cortex (OC), inner cortex (IC), and sclerenchyma cells (S) are also annotated. The scale
bar at (A,B) is 500 wm and at (C,D) is 100 um. Interactive display of N-glycans composition, structure, spatial localization and colocalization with specific cell types
can be further browsed, visualized, and explored using the METASPACE link: https://metaspace2020.eu/annotations?db_id=353&ds=2021-08-07_02h15m31s.

Outer cortex Sclerenchyma

Inner cortex

them and their interacting proteins, which had significantly
higher expression in nifH- mutant than the WT [Log2(M-WT)
> 0.5 or <0.5, p < 0.01], with pathways in the KEGG pathway
database (Figure 7). Peroxidase (I1IMP39) and its interacting
proteins are involved in phenylpropanoid biosynthesis (purple
area) and have higher expression in the mutant. I1K3K7
participates in the N-glycan biosynthesis (red area) with dolichyl-
diphosphooligosaccharide-protein glycosyltransferase subunit
2(K7MYQ2 and I1JP48). I1K3K7’s interactors—I1JDS6, I1LFD4,
IIN3A6, and AOA368UGN participate in glycosphingolipid
biosynthesis (orange area). IMUX7s interactor, pyrophosphate-
fructose-6-phosphate  1-phosphotransferase (IIND14 and
I1KKN?7), is involved in glycolysis/gluconeogenesis (pink area).
These proteins and their interactors were suppressed in the
mutant nodules while I1IMUX?7 identified with Hex:5 HexNAc:4
dHex:3 Pent:1 showed higher expression. Notably, neither of
these proteins has been documented to bear Lewis-a glycan
structure in the UniProt database. The opposite abundance
profiles between the two identified glycoproteins and other
proteins in the pathway may indicate novel glycosylation-related
mechanisms that could be further investigated.

DISCUSSION

In this work, we adopted the enzyme-assisted MALDI-MS
imaging strategy for visualizing the distribution of N-glycans in
plant tissues at a cellular level using soybean root nodule as a
model system. This is an appropriate model sample for exploring
cell-cell variability of the N-glycosylation posttranslational
modifications due to the heterogeneous population of plant cells
composing this symbiotic organ. Moreover, although glycans
are significant mediators of the nodulation process and plant-
microbe interactions, there are no studies on whether protein
N-glycosylation is affected by nitrogen fixation. Therefore, we
compared N-glycome spatial and abundance profiles of wild type
and nifH- mutant soybean nodules, because the nifH- mutant
still infects the root and forms the nodules, but cannot fix the
nitrogen. Such a comparison gave us a unique opportunity to
address this open question regarding the impact of glycosylation
levels on nitrogen fixation.

The essence of the approach is the in-situ releasing of
the plant N-glycans from their protein carriers so that these
carbohydrate structures remain in their original location in
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FIGURE 6 | Volcano plot showing log2 fold change in the plant proteome abundance between wild type and mutant soybean nodule. Data points that are above the
dashed line [y-value greater than —-Log(0.05)] are considered statistically significantly different. Vertical dashed lines mark the 1.4 fold change cutoff (log2 fold change =
0.5). Lewis-a containing glycoproteins are highlighted indicating that three of them are significantly higher abundance in the mutant nodule.

the plant tissue. The most widely applied enzyme for N-
glycans releasing is recombinant PNGase F (from Flavobacterium
meningosepticum) which shows high specificity toward all types
of N-glycans, except structures bearing core-linked o 1,3-
Fucose (Fan and Lee, 1997) which are often seen in plants
and insects. Therefore, plant N-glycans are generally released
using PNGase A, which is efficient only on small glycopeptides,
so the preliminary treatment of the samples with proteases
is required. This additional step would introduce complexity
in the imaging workflow due to a significantly prolongated
pipeline, increased risk of glycan delocalization, and complicated
resulting mass spectrum. Recently, Wang et al. (2014) discovered
a novel extremely acidic bacterial N-glycanase, PNGase H+
from Terriglobus roseus, which has the combined advantages of
PNGases F and A, because it can utilize glycoproteins with core
a-1,3-Fucose as the substrate. Bacterial PNGase H+ variants
are structurally related to PNGase A variants in plants such
as almonds, rice, and soybean (Supplementary Figure 6), and
catalyze the hydrolysis of a -aspartylglucosaminyl bond between
the core-chitobiose region of the N-glycan and the asparagine
(Asn) residue. However, bacterial PNGase H+ variants showed
amuch lower pH optimum compared to PNGase A variants with
an optimum pH of 2.6 (for PNGase H+ variant Dj) compared
to a pH optimum of 5.0 for PNGase A (from Prunus dulcis)
(Altmann et al., 1995). Our results here showed that this acidic
enzyme is ideal for in-situ plant N-glycan releasing, and it is
compatible with downstream MALDI-MS analysis and detection,

as we illustrated by spatially annotating 34 plant characteristic
N-glycans in soybean root nodules.

The imaging modality of our approach suggests cell-
dependent glycosylation of the proteins in the soybean root
nodule and points to our previous hypothesis about spatially
heterogeneous biochemical processes inside the infection zone
(Velickovic et al., 2018). We showed that soybean nodule cells
infected by rhizobia show increased N-glycosylation compared
to non-infected cells, implying that interaction with microbe
alters the N-linked glycoprotein profile of plant cells. This is the
first demonstration of such dependence at the cellular scale and
illustrates a novel role of protein glycosylation in host-microbe
interaction (Lin et al, 2020). Abundance and localization
differences of specific N-glycan compositions between WT
and nifH- mutant soybean nodules highlight their plausible
involvement in BNF. One possible explanation for increased
N-glycosylation in nifH- nodules could be the activation
of senescence processes that lead to aberrant glycosylation
(Cindric et al, 2021). Interestingly, oxidative stress markers
including the glycosylated peroxidases were linked to senescence
(Evans et al, 1999), but this potential correlation needs to
be further validated by other means. Our results indicate
that the last stage of complex N-glycans synthesis in the
trans-Golgi (Strasser, 2016), which leads to Lewis-a glycans,
is intensified in the soybean nodules infected with rhizobia
without nitrogen-fixing capabilities. Lewis-a containing complex
N-glycans are evolutionary conserved and have been identified
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FIGURE 7 | Protein-protein interaction network plot involving the detected Lewis-a containing soybean glycoproteins in the proteomics data, labeled by their UniProt
accessions. The proteins with Hex:5 HexNAc:4 dHex:3 Pent:1 are annotated with rectangles with green outlines. Other proteins are shown as gray outlined circles.
The fill color of the symbols represents the log2 abundance change in the mutant vs. wildtype, with the color scale in the top left. The gray lines indicate known
interactions between the proteins in the String database. The thickness of the line is scaled with their interaction scores (range is from 0.4 to 0.8 as shown by the
legend in the top left). Proteins in specific pathways are highlighted with dashed shapes.

in all plant species (Beihammer et al., 2021). However, despite
their ubiquitous occurrence, the biological function of these
complex N-glycan motifs is currently unknown, which is, in
the first place, because the knowledge about proteins bearing
Lewis-a is rather scarce. For example, there is strong evidence
that Lewis-a glycosylation occurs on enzymes involved in cell
wall biosynthesis (Beihammer et al., 2021). A recent review has
summarized the contribution of proteomics measurements to
our understanding of symbiosis at the molecular level (Larrainzar
and Wienkoop, 2017). Our proteomics data also identified
the commonly observed stress-related responses in nodulation
and provided unique insights into the altered pathways in
the WT compared to the nifH- mutant that only differ in
the nitrogen-fixing capability. Currently, the global proteomics
data did not yield sufficient coverage of glycopeptides for us
to further investigate the quantitative changes of each type of
glycans on a given glycoprotein. We will pursue glycopeptide
enrichment in the future, and herein we only attempted to
qualitatively correlate the N-glycans in MALDI-MSI data to

plausible originating glycoproteins by the shared identity of
glycans in the proteomics data.

Our proteomic results directly point to nine glycoproteins
as potentially major carriers of Lewis-a glycans as possible
candidates for further characterization. Glycoproteins with those
specific glycans may be involved in mediating efficient BNF or
downstream effects during bacteroid infection. Indeed, all these
nine proteins have known or predicted functions related to BNF
or root development, and it is plausible that their Lewis-a-type
glycosylation may be involved in their function. For instance,
phytocyanin (IILWPO0), found in both WT and nifH- mutant
nodules, belongs to a class of plant-specific blue copper proteins
that plays a critical role in plant development, including nodule
formation. It has been found that exclusion of these genes
results in a reduced number of infected cells (Sun et al., 2019).
Peroxidase (I1MP39) plays a crucial role in maintaining root
nodule redox status, as a basal level of reactive oxygen species
(ROS) is essential for initiating nodule developmental processes
and maintaining nodule functioning—probably by peroxide
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action on cell wall proteins (Keyster et al, 2011). Nitrogen-
fixing organisms are extremely vulnerable to O, toxicity due
to the nitrogenase complex requiring anaerobic conditions for
BNF. In synergy with peroxidase and O,-buffering systems such
as leghemoglobin, uncharacterized glycoprotein oxidoreductase
(I1IMUX) may serve to maintain proper oxygen levels for
BNF (Dalton et al., 1986). Both peroxidase and oxidoreductase
are significantly more expressed in the nifH-mutant nodules
highlighting that the two types of nodules may operate at
different O; levels. On the other hand, peroxidases in Arabidopsis
have also been reported to be involved in lignin biosynthesis,
cell wall, and phenylpropanoid metabolism (Herrero et al., 2013;
Fernandez-Perez et al., 2015). Phenylpropanoid compounds (e.g.,
flavonoids, lignin) are known to be related to plant stress
response and regulated by glycosylation (Le Roy et al., 2016).
As shown in Figure 7, the peroxidase and other interacting
proteins in the phenylpropanoid biosynthesis pathway were more
abundant in the mutant. The exact role of protein glycosylation
in this context is unknown but could be an interesting target
for further investigation. Although not directly involved in root
maintenance, increased levels of the uncharacterized enzyme
with predicted mannosyl-oligosaccharide glucosidase activity
(I1K3K7) (Strasser, 2016) could be correlated to the need for
a higher glycosylation turnover in mutant root nodules to
support elevated glycoprotein synthesis. Uncharacterized protein
11K380, equally distributed in both types of nodules, might be
involved in the recognition of peptidoglycans on the rhizobia
cell wall or Nod-factor during the initial steps of symbiosis,
as this protein contains a highly conserved carbohydrate-
binding module, LysM (lysin-like motif) (Madsen et al., 2003).
Lastly, germin-like protein (C7S8D5) is also present at the
same level in nifH- mutant and WT root nodules. These are
ubiquitous plant glycoproteins with a conserved p-barrel core
that binds manganese, and these proteins are involved in,
among other things, proper root development and response to
various stress conditions, including microbe infection (Bernier
and Berna, 2001). In general, our data indicate that Lewis-
a glycan abundance differences observed between plant cells
infected with wild-type and mutant rhizobia arise from the
proteins involved in phenylpropanoid biosynthesis, N-glycan
biosynthesis, and glycolysis/gluconeogenesis.

Truncated N-glycan structures are also generated in the late
stages of the N-glycosylation pathway due to the action of -
N-acetylhexosaminidases in vacuoles and apoplasts (Liecbminger
et al., 2011). Based on our MALDI-MSI results, the quantity of
these structures is conserved between the two types of nodules.
However, insight into the relative abundance of biosynthetic
products synthesized in trans-Golgi and vacuole reveals that
the truncation yield is higher in the wild type compared to
mutant nodules (Figure 3). Unfortunately, we were not able
to confidently identify glycoproteins containing truncated N-
glycans, so the functional role of these glycans is not yet clear
in BNF.

Unique distribution patterns of plant N-glycans and their
significantly increased levels in the soybean nodule variant
that cannot efficiently fix nitrogen suggest a functional
role of these posttranslational modifications during BNF.

However, each glycan detected in our MALDI-MSI data
can be released from different proteins in a different cell
population. A clear example is illustrated in Figures4, 5
where morphologically distinct cells have different levels
of Hex:5 HexNAc:4 dHex:3 Pent:1. This glycan was found
on nine different glycoproteins in the proteomics data
(Supplementary Table 2). Although our current glycoproteomic
workflow lacks a spatial dimension, it still provides valuable
data on the potential connection of the major N-glycans to
soybean glycoproteins. We showed that the glycans we imaged
by MALDI-MS were detected from proteins involved in redox
balance crucial for proper nitrogen fixation, root architecture,
and plant-microbe recognition.

Dissecting and collecting individual cell types (sclerenchyma,
infected cells, non-infected cells, etc.) from the tissue sections and
applying our glycoproteomic workflow to the small sample size is
the logical next step to elucidate the role of the heterogeneous
glycoproteforms during BNF inside infected cells. An alternative
approach is developing strategies for in-situ glycopeptide
enrichment and imaging that will directly link glycans with
their protein of origin in the plant cells that share the same
glycan composition(s). In addition, rhizobia glycoproteins could
be another interesting target to study in the future. Although we
expect rhizobia glycopeptides to be present in our proteomics
data, they were not investigated at this time due to the lack
of comprehensive glycosylation databases. Bacterial N-glycan
consensus sequences (Nothaft et al., 2009), biosynthesis (Nothaft
et al., 2009), and hence enzymatic removal from proteins don’t
follow the same route as in eukaryotes, therefore posing technical
challenges also for MADLI-MSI that are beyond the scope of this
study. Whether and how BNF is impaired by remodeling of plant
N-glycosylation remains to be shown, but our N-glycan data
can bridge the knowledge gap in the interplay between complex
N-glycosylation and phytohormones during root landscaping
(Frank et al.,, 2021) that lead to legume nodule organogenesis
(Boivin et al., 2016).
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