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SUMMARY

Plant endosymbiosis relies on the development of specialized membranes that encapsulate the endosym-
biont and facilitate nutrient exchange. However, the identity and function of lipids within these membrane in-
terfaces is largely unknown. Here, we identify GLUCOSAMINE INOSITOL PHOSPHORYLCERAMIDE TRANS-
FERASE1 (GINT1) as a sphingolipid glycosyltransferase highly expressed in Medicago truncatula root
nodules and roots colonized by arbuscular mycorrhizal (AM) fungi and further demonstrate that this enzyme
functions in the synthesis of N-acetyl-glucosamine-decorated glycosyl inositol phosphoryl ceramides
(GIPCs) in planta. MtGINT1 expression was developmentally regulated in symbiotic tissues associated
with the development of symbiosome and periarbuscular membranes. RNAi silencing of MtGINT1 did not
affect overall root growth but strongly impaired nodulation and AM symbiosis, resulting in the senescence
of symbiosomes and arbuscules. Our results indicate that, although M. truncatula root sphingolipidome pre-
dominantly consists of hexose-decorated GIPCs, local reprogramming of GIPC glycosylation by MtGINT1 is

required for the persistence of endosymbionts within the plant cell.

INTRODUCTION

Central to plant endosymbiosis is the synthesis of a specialized
host-derived membrane that serves as an interface between the
plant and the micro-organism. These membranes bear a symbi-
otic identity distinct from the plasma membrane based on pro-
tein composition'? and are imperative for facilitating the bidirec-
tional exchange of nutrients and information.®>~” Moreover, they
compartmentalize the micro-organism and are essential for the
intracellular accommodation and persistence of the endosym-
biont inside plant cells.®° The synthesis of perimicrobial mem-
branes is highly coordinated with the colonization and differenti-
ation of the endosymbiont. Rhizobia and arbuscular mycorrhizal
(AM) fungi enter plant cells through host-initiated asymmetric
protrusions in the plasma membrane'®'? that grow by means
of targeted vesicle secretion and membrane fusion.'®'*
Although these symbioses culminate in vastly different morpho-
logical structures, they share a symbiosis-dedicated secretory
pathway that drives the rapid growth of membrane around the
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endosymbiont,'®~'” the surface area of which increases 10- to

20-fold that of the plasma membrane and requires a massive
amount of lipid synthesis. However, the molecular function of
membrane lipids relative to the growth and maturation of the
endosymbiotic compartment is unknown.

Early immunolabeling studies of nodules and AM-colonized
roots identified glycolipid and glycoprotein epitopes enriched
within perimicrobial membranes, which suggested that glycans
may have important roles in symbiosis.'®?? In particular, in
pea (Pisum sativum), glycolipids were differentially distributed
along the developmental gradient of the nodule.?” One glyco-
lipid, recognized by the monoclonal antibody JIM18, was specif-
ically enriched in the membranes of young symbiosomes and
infection threads but was strikingly absent from mature symbio-
somes in the nitrogen fixation zone, coinciding with the boundary
of starch accumulation.?® JIM18 had antigenicity against a
glucosamine, inositol, and phosphate-containing glycolipid
that was resistant to mild alkaline hydrolysis, which is descriptive
of a ceramide-containing glycosphingolipid.*

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Glycosyl inositol phosphoryl ceramides (GIPCs) are highly
glycosylated sphingolipids found in plants and fungi that are re-
garded as functional analogs of gangliosides in animal cells.?*
Plant GIPCs structure consists of ceramide lipid with a core
glucuronic acid inositol phosphate headgroup (GIcA-IPC) that
is further glycosylated with one or more sugars. The length
and composition of the glycan head group is structurally
diverse between plant species and is developmentally regu-
lated in plant tissues.”®> GIPCs are major components of the
plasma membrane, accounting for up to 25-40 mol% of total
plasma membrane lipids,”®?” and preferentially accumulate in
the outer leaflet of the phospholipid bilayer, where they are
believed to be involved in membrane organization, cell-surface
interactions, and cell-signaling processes.’*?® GIPCs are
further enriched in detergent-insoluble membranes®®?° and
interact with phytosterols to form liquid ordered membrane
domains or so called “lipid rafts.”*° However, the contribution
of the glycan headgroup in these processes is not well
understood.

Identification of GIPC glycosyltransferase mutants has demon-
strated that GIPC glycosylation is critical for plant growth and
development.®"™*°  Arabidopsis thaliana GIPC MANNOSYL
TRANSFERASE 1 (gmt1) mutants are highly dwarfed, with
constitutively active defense response and cell adhesion
phenotype,®>** and complete loss of GIPC glycosylation
in INOSITOL PHOSPHORYLCERAMIDE GLUCURONOSYL
TRANSFERASE 1 (iput1) mutants is pollen lethal.*>° Similarly, Or-
yza sativa GLUCOSAMINE INOSITOL PHOSPHORYLCERAMIDE
TRANSFERASE1 (gint7) mutants are severely dwarfed and
seedling lethal.>’ GMT1 and GINT1 enzymes utilize the same
GIcA-IPC substrate but produce distinct Man-GIPC and
GIcN(Ac)-GIPC structures, respectively. Interestingly, monosac-
charide substitution of A. thaliana gmt1 mutants by cross comple-
mentation with OsGINT1 only partially rescued the dwarfing
phenotype, indicating that GIPC glycan sequences have intrinsic
properties in plants. Recently, proteins secreted by necrotrophic
plant pathogens have been shown to specifically target the glycan
head group of GIPCs,®” highlighting the importance of these
moieties in conferring resistance or susceptibility to pathogenic
micro-organisms.

Here, we identify Medicago truncatula GINT1 as a glycosyl-
transferase-encoding transcript highly expressed in root nod-
ules and roots colonized by arbuscular mycorrhizal fungi. We
provide evidence to support that MtGINT1 functions in the
synthesis of HexN(Ac)-GIcA-IPC structures in planta, consis-
tent with the recently reported function of the A. thaliana
and O. sativa GINT1 orthologs. Characterization of the
MtGINT1 promoter in hairy roots revealed that MtGINT1 is ex-
pressed in nodule zones associated with symbiosome differ-
entiation and in AM-colonized cortical root cells containing ar-
buscules. RNAi-mediated silencing of MtGINT1 did not affect
overall root growth but significantly impaired nodulation and
AM symbiosis, resulting in the premature senescence of sym-
biosomes and arbuscules. Together, these results show that,
although the M. truncatula root sphingolipidome primarily con-
sists of hexose-decorated GIPCs, local production of Hex-
N(Ac)-GIPC species within a symbiotic tissue-dependent
context is necessary for the persistence of endosymbionts in-
side plant cells.

¢ CellP’ress

RESULTS

MtGINT1 expression is upregulated in symbiotic tissues
Medtr1g090920 was originally identified as a putative glycosyl-
transferase-encoding transcript (Mtr.43583.1.S1_at) highly up-
regulated in nodules and roots colonized by AM fungi (Figures
S1A-S1C).%* 9 Phylogenetic analysis indicated Medtr1g090920
belonged to glycosyltransferase family 64 (GT64),*" which was
recently shown to function in GIPC glycosylation,®'*** and clus-
tered with GINT1 enzymes from A. thaliana and O. sativa (Fig-
ure 1A). GINT1 and GMT1 act as N-acetyl glucosaminyl- and
mannosyl-transferases, respectively, and represent a major
fork in the GIPC glycan biosynthesis pathway that produces
distinct classes of GIPC (Figure 1B). We first measured the
expression of MtGINT1 and MtGMT1 by gRT-PCR in
M. truncatula roots in response to nutrient stress and symbiosis
with either Sinorhizobium meliloti or Rhizophagus irregularis (Fig-
ures 1C and 1D). Results showed that MtGINT1 expression was
significantly upregulated in roots after inoculation with either
S. meliloti or R. irregularis (Figure 1C). Interestingly, MtGMT1
had the opposite expression profile and was significantly down-
regulated after either inoculation (Figure 1D).

The spatial expression pattern of MtGINT1 was investigated
by using ~2 Kb of upstream promoter to drive expression of
different reporter constructs in transgenic hairy roots. In initial
experiments, roots expressing pMtGINT1:GUS showed staining
in the root tips of uninoculated plants and in nodules at 21 dpi
(Figures S1D and S1E). GUS staining was also observed in young
initiating nodules prior to root emergence (Figure S1F). Moving
forward, fluorescent proteins were used as reporters to localize
the expression of MtGINTT in live tissues. Roots expressing
PMLGINT1:YFP showed intense YFP expression in nodules,
with low or no fluorescence emanating from roots (Figure 1E).
In hand-sectioned nodules expressing pMtGINT1:mCherry-
BCP1,*? a GPl-anchored plasma membrane marker, fluores-
cence was primarily detected in the infection zone and interzone,
with minimal observable expression in the central nitrogen fixa-
tion zone (Figure 1F). This is in agreement with published laser
capture microdissection (LCM) RNA sequencing (RNA-seq)
data acquired from different nodule developmental zones (Fig-
ure S1B)°® and consistent with immunostaining in pea nodules.??
In root systems colonized by R. irregularis, the pMtGINT1:BCP1-
mCherry reporter was expressed within zones of AM coloniza-
tion, with little to no fluorescence emanating from the cortex of
adjacent uncolonized root segments (Figures 1G and S1G).

We further investigated the cell-type specificity of MtGINT1
expression by confocal laser scanning microscopy (CLSM) using
a nuclear localized GFP construct. In AMF-colonized roots,
PMtGINT1:NLS-GFP was co-expressed with pMtBCP1:
mCherry-BCP1, under its native promoter, as a marker for arbus-
cule development.”? The MtGINT1 promoter was active in cells
containing arbuscules, but not in adjacent uncolonized cells (Fig-
ure TH). Albeit, the NLS-GFP reporter failed to exceed the nu-
clear pore size exclusion limit and localized to both the nucleus
and dense cytoplasm surrounding the arbuscule trunk.** Activity
of the MtGINT1 promoter in these experiments was consistent
with two published LCM transcriptomic studies, which have pre-
viously shown that MtGINT1 is expressed in arbuscule-contain-
ing cells (Figure S1C).°*“° In the context of nodulation, we
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Figure 1. MtGINT1 is a GIPC GlcN(Ac)-glycosyl-
transferase expressed in symbiotic tissues

(A) Maximum likelihood tree of glycosyltransferase 64
family enzymes based on MUSCULE alignment with 100
bootstrap values.

(B) Known enzymes involved in GIPC glycosylation.

(C and D) Expression profiling of MtGINT1 and MtGMT1 by
qRT-PCR in M. truncatula roots during nutrient stress and
symbiosis. Plants were inoculated 21 days after germina-
tion and assayed at 28 dpi (mean + SEM; n = 5).

(E) Expression of pMtGINT1:YFP in nodulated roots 21 dpi
imaged under a fluorescence stereomicroscope.

(F) Hand-sectioned nodule expressing pMtGINT1:SP-
mCherry-BCP1 21 dpi (scale bar represents 200 pm).
Different nodule developmental zones are denoted: IF,
infection zone; IZ, interzone; M, metistem; and NF, nitrogen
fixation zone.

(G) Mycorrhized roots expressing pMtGINT1:SP-mCherry-
BCP1 28 dpi with R. irregularis (scale bar represents
200 pm).

(H) Colocalization of pMtGINT1:NLS-GFP and arbuscule
marker pMtBCP1:SP-mCherry-BCP1 in roots 21 dpi with
R. irregularis.

(l) Expression of pMtGINT1:NLS-GFP in the infection zone
of nodules 21 dpi with S. meliloti expressing mCherry (ar-
rows point to infection threads). Images in (H) and (1) reflect
the maximal z-projection of 6 optical planes acquired by
CLSM.

(J) GIPC content of uninoculated roots, dissected nodules
21 dpi, and mycorrhized root systems 28 dpi measured by
LC-MS/MS (mean + SEM; n = 5).

Asterisks indicate significant difference determined by
Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.005). At,
Arabidopsis thaliana; Mapoly, Marchantia polymorpha;
Medtr, Medicago truncatula; Nb, Nicotiana benthamiana;
Os, Oryza sativa; Pp, Physcomitrella patens. See also Fig-
ures S1 and S2.
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carried out similar experiments using a S. meliloti strain express-
ing mCherry. Within the nodule infection zone, GFP fluorescence
was present in cells containing infection threads and young sym-
biosomes (Figure 11). Thus, MtGINTT1 is locally expressed in nod-
ules and AM-colonized roots and in cell types synthesizing peri-
bacteroid and periarbuscular membranes, respectively.

Sphingolipidomic survey of root tissues

Based on the differential expression levels of MtGINT1 and
MtGMTT1 in symbiotic tissues, we hypothesized that accompa-
nying changes in sphingolipid composition would be associated
with symbiosis. To test this, we carried out a liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS)-based analysis
of glycosphingolipid content in uninoculated roots, excised nod-
ules, and AM-colonized root systems (Figure 1J). Lipids from un-
inoculated roots contained both Hex-GIPC and HexN(Ac)-GIPC
structures but predominantly consisted of the Hex variety, which
constituted approximately 70% of the total GIPC pool (Figure 1J).
Excised nodules had a 3.3-fold increase in HexN(Ac)-GIPC con-
tent and 1.5-fold decrease in Hex-GIPC content relative to unin-
oculated roots (Figure 1J), consistent with the pattern of
MtGINT1 and MtGMT1 expression in these tissues (Figures
1C, 1E, and 1F). HexN(Ac) decorated GIPCs increased across
all ceramide classes, with HexNAc t18:1-h16:0 being the most
abundant sphingolipid in nodules (Figure S2A). Interestingly,
we also found that the nodule GIPC pool predominantly con-
tained hexosamine in the N-acetylated form (HexNAc), in
contrast to uninoculated roots that primarily contained the de-
acetylated form (HexN; Figure S2A). Both Hex and HexN(Ac)
GIPCs used the same ceramide bases in roots and nodules
with preference for trinydroxylated 18:1 long-chain base with
either a h16:0 or h24:0 fatty acid (Figures S2A-S2D). This
illustrates that the only difference between these molecules is
a single monosaccharide substitution in the glycan head group.
Relative changes in GIPC composition could not be detected in
AM-colonized root systems (Figures 1J and S2A). We speculate
this was due to the heterogeneous nature of the material
sampled and the low abundance of colonized cells relative to
the total root system biomass. Furthermore, arbuscule develop-
ment is non-synchronous and transient, which makes detecting
relative changes in GIPC content challenging in these tissues.

MtGINT1 functions as a GIPC HexN(Ac)-transferase in
planta

A. thaliana and O. sativa GINT1 orthologs have recently been
characterized as GIPC N-acetyl glucosamine transferases.®’
To test whether this function is conserved in M. truncatula, we
used LC-MS/MS to measure GIPC content in hairy roots ex-
pressing either p35s:MtGINT1-RNAi or pAtUBQ3:MtGINT1-
overexpression constructs. MtGINT1 silencing reduced total
HexN(Ac)-GIcA-IPC content by 65% relative to control roots
(Figure 2A) and impacted all HexN(Ac)-containing GIPC species;
roots carrying pAtUBQ3:MtGINT1 overexpression constructs
had a 60% relative increase in total HexN(Ac)-GIcA-IPC content
(Figure 2B). Overall changes in Hex-GIcA-IPC content were not
significantly different in either experiment but had an opposite
trend relative to MtGINT1 expression (Figures 2C and 2D). To
further confirm MtGINT1 function as a GIPC HexN(Ac)-trans-
ferase, we ectopically overexpressed MtGINT1 in A. thaliana,

¢ CellP’ress

which completely lack HexN(Ac)-GIPC structures in vegetative
tissues. Heterologous expression of MtGINT1 protein in
A. thaliana resulted in non-native HexN(Ac)-decorated GIPCs
in leaf tissue not detected in wild-type plants (Figures 2E and
2F). No growth phenotype was observed in the transformants.
These results demonstrate that MtGINT1 functions in the glyco-
sylation of HexN(Ac)-decorated GIPCs similar to the O. sativa
and A. thaliana GINT1 orthologs.

MtGINT1 silencing impairs nodulation

We hypothesized that GIPC glycosylation by MtGINT1 functions
in root nodulation symbiosis with S. meliloti. MtGINT1 silencing
by RNAi strongly impaired nodulation, resulting in small white
nodules and chlorotic leaves consistent with a loss of symbiotic
nitrogen fixation at 21 dpi (Figures 3A and 3B) but did not affect
overall root growth under normal growth conditions (Figures S3A
and S3B). Silencing efficiency of the MtGINT1-RNAi construct
was measured by gRT-PCR and showed that target MtGINT1
transcript abundance was reduced by 70% without significantly
affecting MtGMT1 expression (Figure 3C). Nitrogen fixation rates
measured by acetylene reduction assay at 14 and 28 dpi
confirmed that nitrogen fixation was significantly impaired in
MtGINT1-RNAi nodules (Figure 3D). Furthermore, MtGINT1
expression levels were positively correlated with the nitrogen fix-
ation rate of nodules at 14 dpi (Figure 3E). Sphingolipid compo-
sition of excised nodules further showed that the MtGINT1-RNAi
construct significantly decreased total HexN(Ac)-GIPC content
(Figure 3F). Additionally, MtGINT1-silenced nodules did not
accumulate the sphingolipid intermediates GIcA-IPC or cer-
amide but did show increased Hex-GIPC and glucosyl ceramide
content, suggesting that sphingolipid intermediates enter other
glycosylation pathways. Because nodules were able to form on
MtGINT1-RNAI roots but remained small, white, and impaired
in nitrogen fixation (nod+/fix—), we concluded that MtGINT1 is
required for nodule development, but not for early perception
or nodule initiation.

The nodulation phenotype associated with MtGINT1 silencing
was then investigated by light microscopy at 14 dpi. Semi-thin
sections stained with Toluidine Blue O (TBO) revealed clear
morphological defects in MtGINT1-RNAi nodules (Figures 3G—
3J) compared to controls. Large amounts of membrane material
were associated with releasing infection threads (Figure 3J,
black arrows). Below, infected cells in the interzone contained
many small vacuole-like structures and disorganized cellular
contents, and symbiosomes in the nitrogen fixation zone ap-
peared loosely packed and otherwise degraded (Figure 3J).
Moreover, membranes and bacteroids in MtGINT1-RNAi nod-
ules consistently stained violet relative to control nodules, which
may indicate acidification of these tissues based on the meta-
chromatic properties of TBO.** At least 50 sectioned nodules
were examined per construct, yielding consistent phenotypic
results.

A large amount of starch accumulation was also observed in
the interzone of MtGINT1-RNAi nodules that was not present
in corresponding controls (Figure 3J, white arrows). Fresh
hand-sectioned nodules stained with potassium iodine showed
starkly pronounced differences in starch distribution between
control and MtGINT1-RNAi nodules (Figures 3K and 3L). At 21
dpi, control nodules accumulated starch in the nitrogen fixation
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Figure 2. MtGINT1 functions as a HexN(Ac) GIPC transferase in planta
(A and B) Boxplots representing HexN(Ac)-GIPC content measured by LC-MS/MS in p35s:MtGINT 1-RNAi (A) and pAtUBQ3:MtGINT1-OE (B) roots compared to

corresponding control roots.

(C and D) Hex-GIPC content in p35s:MtGINT 1-RNAIi (C) and pAtUBQ3:MtGINT1-OE (D) roots compared to controls was not affected (MtGINT1-RNAI, n = 6; GUS-

RNAI, n = 4; MtGINT1-OE, n = 4; EVC-OE, n = 3).

(E) LC-MS/MS chromatograms targeting GIPCs with the Hex (blue dashed line, m/z 1260.8 > 662.6) or HexN (red solid line, m/z 1259.8 > 662.6) head group on

t18:1-h24:1 ceramide backbone.

(F) HexN(Ac)-GIPC content of A. thaliana leaves from wild type and plants expressing 35 s:MtGINT1 constructs (mean + SD; n = 6).
Data in (A)—(D) are presented in boxplots, and statistical significance was determined by Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.005).

zone in a pattern that clearly defined a developmental boundary
with the interzone and the rest of the nodule apex (Figure 3K).
This boundary was completely disrupted in MtGINT1-RNAi nod-
ules, where starch accumulated in the infection zone and inter-
zone and was absent from the nitrogen fixation zone (Figure 3L).
These phenotypic observations were quantified in 50 hand-
sectioned nodules stained with Lugol based on the presence
or absence of the starch-defined boundary. Starch distribution
was disrupted in all MtGINT1-silenced nodules examined,
consistent with initial observations in plastic sections.
Nodulation phenotypes were further analyzed by live-cell
confocal laser-scanning microscopy (CLSM) and transmission
electron microscopy (TEM). CLSM experiments using mCherry-
labeled S. meliloti produced similar results observed in TBO-
stained, plastic embedded sections. Infection threads in
MtGINT1-RNAi nodules were disorganized with an uncoordi-
nated release of bacteria concomitant with altered symbiosome
morphology and reduced bacterial fluorescence in the nitrogen
fixation zone (Figures 3M and 3N). At the TEM level, large amounts
of membrane debris aggregated at infection thread tips where
S. meliloti released into disorganized clouds of nascent mem-
brane, which appeared uncoordinated and non-adherent to the

2378 Current Biology 37, 2374-2385, June 7, 2021

bacteria (Figures 30 and 3P). Prior to infection thread release,
S. meliloti were noted to contain distinctly thick striated layers
of extracellular material not seen in control nodules (Figure 3P).
Below the infection zone, elongated bacteroids appeared highly
degraded, with most cells being completely collapsed (Figures
3Qand 3R). Bacterial cell death was confirmed by live-dead stain-
ing using Syto 9 and propidium iodide, which confirmed that the
majority of infected cells in MtGINT 1-RNAi nodules contained se-
nescent bacteria (Figures S3C and S3D). Each experiment origi-
nated from anindependent round of root transformation, resulting
in the same nodulation phenotype concomitant with the reduction
of MtGINT1 expression and HexN(Ac)-GIPC content. A Tnt-1
insertion line was ordered from the Noble Foundation (NFO903)
but failed to yield any insertion in the MtGINT1 locus in the seeds
received. Based on the reproducible biochemical and phenotypic
data, we concluded that RNAi-mediated silencing was sufficient
for his study.

MtGINT1 silencing does not increase salicylic acid
content or defense response

Mutations affecting GIPC glycosylation in A. thaliana trigger
constitutive defense response characterized by increased
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Figure 3. MtGINT1-RNAi silencing impairs nodulation and symbiosome development

(A) Shoots and transgenic root systems expressing p35s:GUS-RNAI (left) or p35s:MtGINT1-RNAi (right) constructs 21 dpi with S. meliloti.

(B) Mean number of nodules produced per root system categorized based on the visual presence or absence of leghemoglobin (white, immature; pink, mature;
black, total) at 21 dpi + SEM (n = 12).

(C) Expression of MtGINT1 and MtGMT1 in RNAi nodules 21 dpi measured by gRT-PCR relative to MtEF-1«; mean + SEM (n = 4).

(D) Nitrogen fixation efficiency measured by acetylene reduction assay; mean + SEM (n = 5, 14 dpi; n = 3, 28 dpi).

(E) Correlation between MtGINT1 expression and nitrogen fixation efficiency in RNAi nodules 14 dpi (red, MtGINT1-RNAi; black, GUS-RNAI).

(F) Sphingolipid composition of excised RNAi nodules 21 dpi measured by LC-MS/MS; mean + SEM (n = 4).

(G-J) Light microscopy images of plastic embedded nodule sections (4 um thick) stained with Toluidine Blue O 14 dpi (scale bar represents 100 um). Black arrows
point to membrane material around infection threads, and white arrows point to starch in MtGINT1-RNAi nodules.

(K'and L) Lugol starch staining in GUS-RNAi and MtGINT1-RNAi nodules 21 dpi (scale bar represents 250 um).

(M and N) Live-cell CLSM images of hand-sectioned GUS-RNAi (M) and MtGINT1-RNAi (N) nodules 21 dpi with mCherry fluorescent S. meliloti (scale bar
represents 50 um). White arrows point to releasing infection threads.

(legend continued on next page)
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H,0, and salicylic acid (SA) and ectopic cell death.®':*%:36:45

Sphingolipid metabolism and SA signaling are intrinsically linked
through the accumulation of bioactive lipid intermediates, such
as ceramide and phytosphingosine, which play a role in trig-
gering SA-dependent hyper-sensitive response to plant patho-
gens.*®Y Therefore, we hypothesized that the bacterial cell
death phenotype in MtGINT1-RNAi nodules could be caused
by heightened defense response. Nodules 21 dpi stained with
3,3'-diaminobenzidine (DAB) showed increased H,O, in
MtGINT1-RNAi nodules relative to control nodules (Figures
S3E and S3F). SA content was then measured by LC-MS/MS
in RNAI roots that were either mock inoculated or 21 dpi with
S. meliloti (Figure S3G). MtGINT1 silencing had no effect on SA
content in mock inoculated roots. Surprisingly, however, nodu-
lated MtGINT1-RNAI roots had less SA content than corre-
sponding nodulated control roots. Lastly, the expression of de-
fense and senescence-associated genes were measured by
gRT-PCR in nodules to further ascertain whether defense re-
sponses were elicited by MtGINT1 silencing (Figure S3H).
NDR1 (Medtr5g076170), which acts downstream of SA, was
significantly reduced in nodulated MtGINT1-RNAi roots consis-
tent with the biochemical SA measurements. The expression of
a defense-related chitinase gene (Medtr3g118390), previously
shown to be upregulated in nodules with constitutively active de-
fense response,”’ was also significantly reduced in MtGINT1-
RNAI roots. We also measured the expression of two cysteine
proteases (Medtr5g022560 and Medtr4g079800) associated
with normal programmed nodule senescence® but did not
detect significant differences. Expression of two antimicrobial
peptides, NCR169 and NCR211, important for bacteroid differ-
entiation,”** were also reduced in MtGINT1-RNAi nodules.
Based on these results, we concluded that the bacterial cell
death and H,O, accumulation phenotype of MtGNIT-RNAi nod-
ules is not caused by increased SA or defense-related gene
expression.

MtGINT1 silencing impairs AM symbiosis

We hypothesized that MtGINT1 may also function in AM symbi-
osis based on its expression pattern in arbuscule-containing
cells and the strong nodulation phenotype imparted by MtGINT1
silencing. Hairy roots expressing either pAtUBQ3:MtGINT1-
RNAi or empty vector control constructs were inoculated with
R. irregularis and assayed at 12 and 28 dpi. At both time points,
the infection frequency (F%), total mycorrhization (M%), and
arbuscule abundance (A%) were significantly reduced in
PAtUBQ3:MtGINT1-RNAI roots relative to empty vector control
roots (Figure 4A). Arbuscule density within colonized root frag-
ments was also reduced, and fewer mature arbuscules (ma%)
were observed (Figure 4B). The majority of arbuscules formed
in MtGINT1-RNAI roots appeared stunted (da%), and a stark in-
crease in hyphal septation (s%) was observed (Figures 4B—4F).
Similar results were obtained in a separate experiment using
35 s:MtGINT1-RNAi constructs assayed at 35 dpi (Figure S4).
Expression of the arbuscule-specific phosphate transporter

Current Biology

MtPT4 and the R. irregularis elongation factor RITEF were
measured by qRT-PCR as independent markers for arbuscule
abundance and fungal biomass, respectively.’* Expression of
both genes was significantly reduced in MtGINT1-RNAi
roots, consistent with microscopic observations (Figures 4G
and 4H). MtGINT1 expression was efficiently silenced by the
PAtUBQ3:MtGINT1-RNAI construct (Figure 4K), without signifi-
cantly affecting MtGMT1 expression (Figure 4K). Lastly, expres-
sion of MtMYB1, the master transcriptional regulator of arbus-
cule degradation,®® was measured to test whether MtGINT1
silencing activated programmed arbuscule senescence. Expres-
sion of MtMYB1 was significantly reduced in MtGINT1-RNAi
roots at both time points relative to control roots (Figure 4l).
These results indicate that the senescent AM phenotype in
MtGINT1-RNAI roots was not a result of programmed arbuscule
senescence and could be more attritubted to alterations in mem-
brane biophysical properties.

DISCUSSION

Plant endosymbiosis relies on the development of a host-derived
membrane compartment that is essential for the growth, differ-
entiation, and persistence of the endosymbiont inside plant cells.
Previous work by Perotto et al.?? identified a glucosamine-con-
taining sphingolipid epitope developmentally regulated in young
pea symbiosome membranes, suggesting that GIPCs may play
an important role in this process. Consistent with this model,
we identified MtGINT1 as a glycosyltransferase-encoding tran-
script highly upregulated in the infection and interzone of
M. truncatula nodules. MtGINT1 expression was associated
with the synthesis of peribacteroid membranes and functioned
in HexN(Ac)-GIPC glycosylation in planta. Sphingolipidomics
further revealed that, although Hex-GIPCs were the predominant
sphingolipid in M. truncatula roots, HexNAc-GIPCs locally accu-
mulated in nodules and became the dominant species in this tis-
sue. Together, these data illustrate that MtGINT1 functions in
local reprogramming of GIPC glycosylation in cells developing
peribacteroid membranes.

Our experiments further demonstrated that HexNAc-GIPC
glycosylation is required for nodule development and function.
Reduction in HexNAc-GIPC content by MtGINT1 silencing
caused strong defects in membrane dynamics in releasing infec-
tion threads and symbiosomes. TEM images revealed large
amounts of disorganized membrane accumulated at sites of
infection thread release, followed by subsequent senescence
of elongating bacteroids. Sphingolipids promote membrane
ordering and rigidity,°® which appears to be lacking in
MtGINTT1-silenced nodules. However, these biophysical proper-
ties are largely attributed to intercalating interactions between
the ceramide lipid moiety and sterols,*® and it is unclear how
sugar residues contribute to this process. MtGINT1 silencing
also disrupted starch distribution at the developmental boundary
between the interzone and nitrogen fixation zone. This is partic-
ularly interesting considering this boundary segregates the

(O-R) TEM images of RNAi nodules 21 dpi.

(O and P) Releasing infection threads (ITs) in GUS-RNAi and MtGINT1-RNAi nodules.
(Q and R) Elongated bacteroids at the nitrogen fixation zone boundary of GUS-RNAi and MtGINT1-RNAi nodules (scale bar represents 1 um).
Asterisks indicate significant differences determined by Student’s t test (“p < 0.05; **p < 0.01; ***p < 0.005) for all experiments. See also Figure S3.
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Figure 4. MtGINT1 silencing impairs mycorrhization and arbuscule development

(A and B) AM colonization quantified by the Trouvelot method at 12 dpi and 28 dpi with R. irregularis in roots expressing either pAtUBQ3:EVC-RNAI or pA-
tUBQ3:MtGINT1-RNAI constructs; mean + SEM (n = 5). A%, total arbuscule abundance; da%, density of deformed arbuscules; F%, frequency of infection; ma%,
density of mature arbuscules; M%, total mycorrhization; s%, density of fungal septa.

(C-F) Representative images of EVC-RNAi and MtGINT1-RNAIi roots stained with WGA-488 12 dpi with R. irregularis (scale bar represents 100 um).

(G-K) Expression of MtPT4, RITEF, MtMYB1, MtGINT1, and MtGMTT relative to MtEF1-a measured by gRT-PCR; mean + SEM (n = 5).

Asterisks indicate significant difference from EVC-RNAI control determined by Student’s t test (A and B) and two-way ANOVA (G-K; *p < 0.05; **p < 0.01; ***p <

0.005). See also Figure S4.

distribution of GIPCs and galactolipids between young and
mature symbiosomes, respectively.?”

We investigated whether the bacterial cell death observed in
MtGINT1-silenced nodules was caused by increased SA-medi-
ated defense response. However, both SA content and de-
fense-related gene expression was actually decreased relative
to control nodules. We hypothesized this was because MtGINT1
silencing did not increase the accumulation of bioactive sphin-
golipid intermediates, like GIcA-IPC and ceramide, known to
trigger defense response.®”*® Therefore, we concluded that
the nodulation phenotype associated with MtGINT1 silencing
was not caused by increased defense response and may be
more directly attributed to the observed defects in membrane
morphology. Loss of membrane organization and integrity may
also help explain the increased H,O, detected in the absence
of defense response, as membrane redox systems in

M. truncatula have previously been shown to reside in deter-
gent-insoluble membrane rafts.®’

MtGINT1 expression was also upregulated in roots colonized
by AM fungi. The MtGINT1 promoter was spatially active in cells
that contained arbuscules, which suggested that MtGINT1 may
contribute HexN(Ac)-GIPCs to periarbuscular membranes. Ac-
tivity of the MtGINT1 promoter was consistent with two previous
LCM transcriptomic studies, which support that MtGINT1
expression is upregulated in arbuscule-containing cells. Further-
more, MtGINT1 is also a downstream target of arbuscule-spe-
cific transcription factor RAM1.°® RAM1 controls the synthesis
and transfer of lipids to AM fungi but may also regulate growth
of the periarbuscular membrane itself. MtGINT1 silencing
strongly impaired AM colonization and arbuscule development
at 12, 28, and 35 dpi with R. irregularis, demonstrating that
HexN(Ac)-GIPC glycosylation was functionally important for
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AM symbiosis. Arbuscules appeared small and stunted at all
time points with an increase in hyphal septation relative to con-
trol roots. Expression of RITEF and MtPT4 was also significantly
reduced in MtGINT1-silenced roots consistent with observed
structures quantified by microscopy. Expression of transcription
factor MtMYB1 was also significantly reduced, which indicated
that the observed AM phenotype was not caused by pro-
grammed senesce, similar to results obtained from nodulation
experiments.

The differential expression pattern of MtGINT1 and MtGMT1
in root nodules and AM-colonized roots indicates that local
changes in HexNAc-GIPC glycosylation are both a shared
and distinguishing feature of cells engaged in symbiosis.
Knockdown of MtGINT1 expression resulted in analogous se-
nescent phenotypes in nodules and AM roots, where endosym-
biotic structures were unable to persist inside plant cells.
Together, these data demonstrate that HexNAc-GIPC glycosyl-
ation is functionally important for symbiosis and imply unique
properties for the N-acetyl glucosamine glycan decoration.
This is supported by our recent study in A. thaliana, which has
shown that mannose- and glucosamine-decorated GIPC gly-
cans are not functionally interchangeable.®' Furthermore, the
biochemical data presented in this study indicate that reduction
in HexN(Ac)-GIPC content upon MtGINT1 silencing resulted in a
relative increase in other glycosphingolipid species, such as
Hex-GIPC and GlcCer, but not cytotoxic sphingolipid interme-
diates, which in part further suggest an important functional
role for the HexN(Ac) decoration. The significance of this within
the context of symbiosis is not immediately clear but likely re-
flects important structural, biophysical, or signaling properties.
In this regard, it is interesting to note that GlcNAc-containing
molecules have prominent roles in symbiosis signaling,®°~?
and the cell surface of bacteria and fungi is rich in GIcNAc-con-
taining polymers.

Development of plant-microbial interfaces requires massive
amounts of coordinated lipid synthesis and polar vesicle traf-
ficking to encapsulate the endosymbiont inside plant cells.
Based on the disorganized membrane phenotype in MtGINT1-
silenced nodules, we hypothesize that specific GIPCs may pro-
mote membrane ordering and stability during rapid growth.
However, functional differences in the carbohydrate stereo-
chemistry of glycolipids, and the influence they impart on mem-
brane dynamics, have not been investigated in depth either
in vitro or in vivo. In general, the structure-related function of
glycan sequences is not well understood, and molecular dy-
namics simulations indicate that even subtle changes in carbo-
hydrate stereochemistry can have profound effects.®® Similarly,
self-assembly of synthetic vesicles with glucopyranose- and
galactopyranose-derived single-chain amphiphiles show that
differences in carbohydrate stereochemistry can drastically in-
fluence membrane shape and bending,®® yet the underlying
physical principles that drive these differences have not been
clearly elucidated.

In mammalian cells, changes in cell surface glycosphingolipid
glycosylation are markers of cell identity.®® In this regard, it has
been tempting to speculate whether changes in GIPC glycosyl-
ation act in a similar capacity during symbiosis. However, we
find this unlikely considering other AM symbiotic plants like
rice and tobacco exclusively make HexN(Ac)-type GIPC
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headgroups and tobacco lacks a GMT1 homolog all together.
Therefore, the data suggest that reprogramming of GIPC glyco-
sylation in M. truncatula is not linked to cell identity but rather
reflects important, possibly conserved, functions within perimi-
crobial membranes necessary for the development and persis-
tence of the endosymbiont inside plant cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Sinorhizobium meliloti stain Rm1021 ATCC ATCC51124
Sinorhizobium meliloti strain Rm1201 mCherry Devers et al.?® N/A
Agrobacteria rhizogenes strain ARqual Maria Harrison Floss et al.®” N/A
Chemicals, peptides, and recombinant proteins

Half strength Murashige and Skoog basal salt media without nitrogen Phytotechlab M531
Half strength modified Hoagland’s basal salt mixture Yan et al.®® N/A
TRIzol reagent Thermo-Fischer 15596-026
TURBO DNA-free kit Thermo-Fischer AM1907
RNEAsy purification column QIAGEN 74907
qRT-PCR cDNA synthesis kit Biorad 1708840
Power Up syber green gPCR master mix Thermo-Fischer A25642
Acetylene Airgas ACB
Ethylene Supelco 25881-U
Wheat Germ Alexafluor 488 Thermo-Fischer W11261
Propidium iodide Thermo-Fischer P1304MP
Syto 9 Thermo-Fischer S34854
Lugol reagent Sigma-Aldrich L-6146
Toluidine Blue-O Sigma-Aldrich 198161
5-Bromo-4-chloro-3-indolyl B-glucuronide cyclohexamine salt Sigma-Aldrich B8049
3,3-diaminobenzidine Alfa Aesar H54000
Technovit 7100 Electron Microscopy Science 14653
Epon Electron Microscopy Science N/A
Gilutaraldehyde Electron Microscopy Science 16000
Sodium cacodylate buffer Electron Microscopy Science 11650
Experimental models: organisms/strains

Medicago truncatula cv jemalong ecotype A17 Noble Foundation N/A
Arabidopsis thaliana ecotype Col-0 ABRC N/A
Rhizophagus irregularis DAOM 181602 PremierTech N/A
Oligonucleotides

All primer sequences are listed in Table S1 N/A N/A
Recombinant DNA

pHELLSGATE12 CSIRO N/A
pGWB1, pGWB3, pGWB17, pGWB40 Nakagawa et al.®® N/A
pRed Ishikawa et al.”® N/A
pRedRNAI Ishikawa et al.”® N/A
pRNAI-GG Eudes et al.”" N/A
Software and algorithms

Medicago Gene Expression Atlas https://mtgea.noble.org/v3/ N/A
Symbimics database https://lant.toulouse.inra.fr//symbimics/ N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Henrik V.
Scheller (hscheller@lbl.gov).

Materials availability
This study did not generate new unique reagents. Plasmids will be made available upon request.

Data and code availability
Source data for figures in the paper is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material growth conditions and inoculation

Medicago truncatula Gaertn, cv Jemalong A17 was used for all experiments in this study. Plants were grown in controlled growth
chambers at 22°C, under 16 h photoperiod, with 300 umol m2 s™' light intensity. All plants were grown in washed autoclaved
sand packed in plastic cones (/ = 21 cm, d = 4cm). Plants were watered daily and fertilized twice a week with either half-strength
Murishage and Skoog (MS) medium for general growth experiments, MS medium without nitrogen for nodulation experiments, or
half-strength Hoagland’s medium modified with 20 uM phosphate for AM experiments. For nodulation experiments plants were flood
inoculated with 5 mL of bacterial suspension (0.1 OD600) in water. In AM experiments plants were inoculated with approximately
1200 spores applied directly to the root system. Sterile Rhizophagus irregularis (DAOM 181602) spores were purchased from Premier
Tech (Riviere-du-Loup, Québec, Canada).

METHOD DETAILS

Root transformation

Seeds were scarified in concentrated sulfuric acid for 10 min, washed, surface sterilized with 10% (v/v) bleach solution, washed, and
imbibed in distilled H,O for 2 h. Imbibed seeds were placed in Petri dishes containing 1% (w/v) water agar and stratified for 26 h at
4°C. Seeds were then germinated at 25°C on inverted plates for 18h to enable gravitropic bending of the radicle, except for the gRT-
PCR experiments in Figures 1C and 1D, where seeds were germinated directly in sand cones after scarification and stratification.
Emerging radicles were cut with sterile scalpel, dragged across a bacterial lawn of Agrobacterium rhizogenes ARqua1®’ containing
the appropriate construct, and placed on slanted Fahraeus medium containing 25 mg/mL kanamycin. Transgenic root systems were
allowed to develop for 14 d in a growth chamber at 18°C. Plantlets containing transgenic root systems were transferred to sterile
washed sand packed in plastic cone containers and allowed to recover for one week prior to inoculation. Root transformation
methods and bacterial culture methods have previously been described in detail.®”

Vector construction

MtGINT1-RNAI constructs targeted a 400-base pair region beginning at the translational start site of the MtGINT1 coding sequence,
which was determined to be gene-specific by BLAST search against the M. truncatula genome. The sequence was cloned into the
Gateway entry vector pENTR1A (Thermo Fisher Scientific) using Xbal/Xhol restriction sites and recombined into pHELLSGATE12
RNAi vector (CSIRO) by LR reaction.” A 423 bp sequence targeting the E. coli B-glucuronidase gene (GUS) was used as a control.
RNAI constructs with the same target sequences were also generated in the pRNAi-GG and pRed-RNAi vectors by restriction clon-
ing.°%8 All nodulation experiments used the 35 s driven pHELLSGATE12 RNAi vector. Mycorrhizal experiments used both the
pHELLSGATE12 and AtUBQ3 driven pRed-RNAi vectors with similar results. Sphingolipidomic experiments used the 35 s driven
pRNAIi-GG vector in uninoculated roots and pRed-RNAi vector in dissected nodules. In all cases the same 400-bp MtGINT1 target
sequence was used for silencing and produced similar results. For MtGINT1 promoter reporter constructs 2 kb of genomic sequence
upstream of the start codon was TOPO cloned into GateWay entry vector pCR8 (Thermo Fisher Scientific) and recombined into
pGWB3 and pGWB40 by LR reaction for GUS and YFP expression, respectively.®® For BCP1-mCherry reporter constructs, 3 kb
of MtGINT1 genomic sequence was recombined with the BCP1-mCherry coding sequence* into pCR8 by In-Fusion cloning (Takara
Bio Science) and transferred into pGWB1 by LR reaction. For overexpression of MtGINT1 in M. truncatula roots, the full-length
MtGINT1 coding sequence was cloned directly into pRed using Spel and Mlul restriction sites to generate AtUBQ3:MtGINT1.%°
For heterologous expression of MtGINT1 in A. thaliana, the coding sequence without stop codon was TOPO cloned into pCR8
and recombined into pGWB17°° by LR reaction. All constructs were confirmed by sequencing and primers used for PCR and cloning
are listed in Table S1.

Sphingolipidomics
Lyophilized plant tissues (5 to 10 mg) were homogenized in 450 pl of methanol/1-butanol (1:2, v/v) and subjected to heat-denaturation
of enzymes at 80°C for 10 min. The homogenate was mixed with 300 pl of 1 N KOH and further incubated at 60°C for 30 min to
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eliminate glycerolipids. The mixture was acidified with 1.5 mL of 0.4 N HCI and vigorously mixed with additional 1 mL 1-butanol by
vortexing for 30 s. After centrifugation (10,000 x g, 5 min, room temperature) for phase separation, the upper 1-butanol layer was
collected and evaporated. The residue was dissolved in 150 ul of tetrahydrofuran/methanol/water (2:1:2, v/v/v) containing 0.1%
(v/v) formic acid. GIPC composition was analyzed by LC-MS/MS according to previous reports.**"°

Acetylene Reduction Assay

Nitrogen fixation was measured by acetylene reduction assay in silenced roots at 14 and 28 dpi with S. meliloti. Chimeric plants were
gently uprooted from sand and placed on a strip of Whatman filter paper (pre-wet with half-strength MS without nitrogen) inside a
25 mL culture tube topped with a rubber septum. Acetylene (1 mL) was extracted from a Tedlar gas bag (Supelco) with a 1 mL syringe
fitted with an air-tight Swagelok stopper and injected into the culture tube. Culture tubes were then placed in a plant growth chamber
for 6 h prior to sampling. Gas samples were extracted from tubes with a 10 mL syringe, as above, and measured using gas chroma-
tography flame ionization detection on a Shimadzu GC-2014 with HayeSep N column.

Salicylic acid measurements

For active SA quantification, 500 mg root tissue was ground in liquid nitrogen and mixed with 1 mL 80% (v/v) methanol and heated at
70°C for 15 minutes. This was repeated four times and pooled methanol exacts were filtered through Amicon Ultra centrifugal filters
(10,000 Da MW cutoff, Millipore, Billerica, MA). The filtrate was partitioned with ethyl acetate three times and pooled. Ethyl acetate
fractions were dried in speedvac, and resuspended in 50% (v/v) methanol. SA was quantified using HPLC-electrospray ionization
(ESI)-time-of-flight (TOF) MS. Detailed running methods are previously described. Acid hydrolysis was omitted to measure active
SA within the greater pool of SA-glucoside. Detailed running conditions have previously been described.”’

RNA extraction and qRT-PCR

Total RNA was extracted using Trizol (Thermo Fisher), treated with Turbo DNasel (Thermo Fisher), and further purified using an
RNEAsy column (QIAGEN). cDNA was prepared using iScript cDNA gRT-PCR synthesis kit (Bio-Rad) from 500 ng of total RNA
and diluted 1:4 in nuclease-free water. MtGINT1 gRT-PCR primers were designed to span the junction between the third and fourth
exon outside the RNAi-targeted region of the MtGINT1 transcript. PowerUp Sybr Green Master Mix (Thermo-Fischer) was used as
qRT-PCR reagent and results were collected on CFX-396 gRT-PCR machine (Bio-Rad) for 30 cycles using a 58°C annealing temper-
ature and 200 nM primer concentration. Amplification of all target genes was assessed by melt curve and gene expression was quan-
tified using the AAC+ method relative to the housekeeping gene MtEF-1«. All primers are listed in Table S1.

Electron microscopy

Nodules were harvested directly into 0.1 M cacodylate buffer (pH 7.2) containing 2% (v/v) EM-grade glutaraldehyde, with gentle pull-
ing under vacuum for 2 min. Nodules remained in fixation buffer overnight at 4°C and were bisected longitudinally to aid resin infil-
tration. Nodules were rinsed three times with 0.1 M cacodylate buffer (pH 7.2), stained for 1 h with 1% (w/v) osmium tetraoxide, and
rinsed three times with buffer, followed by an additional 3 rinses with distilled water. Seeds were then dehydrated in an acetone
gradient (35/50/70/80/95/100/100% v/v) and infiltrated in acetone and epon resin at 2:1, 1:1, and 1:2 dilution ratios for 1 h each, fol-
lowed by pure epon that was freshly changed after one hour and allowed to infiltrate overnight with gentle rocking. Samples were then
infiltrated with pure resin plus accelerator for two hours and embedded in Pelco molds, which were left in a 65°C oven to polymerize
for two days. Ultra-thin 70 nm thick sections were collected on to grids using a diamond knife and Reichert microtome. Grids were
stained with 2% (v/v) aqueous uranyl acetate for 5 min, rinsed with distilled water five times, stained with lead citrate for 5 min, and
rinsed another five times with distilled water using a Pelco Grid Staining System. Grids were imaged using a Technai 1200 electron
microscope. For consistency we analyzed two grids per nodule, using at least three nodules per construct.

Confocal laser scanning microscopy

All confocal microscopy was conducted on a Zeiss LSM 710 laser-scanning microscope (Carl Zeiss, Oberkochen, Germany). Live
cell imaging of root nodules was observed S. meliloti strain expressing mCherry counter stained with 1 mM Calcofluor White to stain
plant cell walls. Wild-type S. meliloti 1021 was used for live/dead staining of nodules with 5 uM Syto 9 and 30 uM propidium iodide for
20 min at room temperature. In both cases fresh nodule hand sections were made and immediately imaged. Mycorrhizal roots colo-
nized by R. irregularis were visualized by staining fungal chitin with 0.5 ug/ml wheat germ agglutinin (WGA) Alexa Fluor 488 (Thermo
Fischer Scientific) in 80 uM PIPES buffer (pH 7.0). Mycorrhized roots were fixed in 50% (v/v) ethanol, cleared in 20% (w/v) KOH at
65°C for two days, neutralized, and stained with WGA-488 for at least 3 days at 4°C prior to imaging.

Light microscopy and histochemistry

Images from histochemical staining and fluorescent MtGINT1 promoter-reporter experiments were acquired on a Leica DM6B mi-
croscope equipped with a Leica Hamatsu fluoresce camera and DMC4500 color camera (Leica Microsystems, Buffalo Grove, IL
USA). Sectioned nodules were embedded in Technovit 7100 plastic resin (Kulzer Technique, Wehrheim, Germany) according to
the manufacturers directions and stained with 0.2% toluidine blue O (TBO) for 60 s prior to viewing. Histochemical detection of
H>0, in 3-week-old nodules was performed using 1 mg/mL 3,3-diaminobenzidine (DAB) in buffer (100 mM HEPES-KOH, pH 6.8).
Staining was conducted for 6 h in dark, followed by clearing in 95% ethanol, hand sectioning, and imaging.®*®*" Starch was
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detected by staining fresh nodules with Lugol reagent for 5 min followed by hand sectioning. For GUS staining, root tissues were
harvested directly into ice cold 90% acetone and fixed for 30 min, followed by buffer (50mM PO4 buffer, 0.2% Triton X-100, 2mM
Ferro/Ferri cyanide) gently infiltrated under vacuum for 30 min. Samples were then placed in buffer containing 2mM X-GLUC and
incubated at 37°C overnight. Samples were dehydrated in an ethanol gradient (20/35/50%), fixed with FAA (50% ethanol, 5% acetic
acid, 3.7% formaldehyde), and stored in 70% ethanol at 4°C prior to imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phenotyping

Macro phenotypes of RNAi nodules from twelve biological replicates were observed under a stereomicroscope and scored based on
the visual presence of leghomglobin. Nitrogen fixation efficiency based on acetylene reduction assay was measured by GC-FID and
calculated as the rate of ethylene production (hmol/h) using five biological replicates at 14 dpi and three biological replicates at 21 dpi.
AM colonization in RNAI roots at 12 and 28 dpi was quantified using the Trouvelot method”* by observing WGA-488 stained roots on a
Leica DM6B fluorescence microscope. AM root colonization was also quantified by gridline intersect at 35 dpi in a separate exper-
iment and produced similar results. Five biological replicates were used in all AM experiments (n, indicated in figure legends). All bar
graph values reflect the mean + SEM. Microsoft Excel v16 for Mac was used for generating graphs and for Student’s t tests (*p < 0.05,
**p < 0.01, ™p < 0.005). Results of statistical analyses are shown in the figures.

qRT-PCR

Expression values of at least three biological replicates and three technical replicates were analyzed using the AACt method relative
to house keeping MtEF1a. Three biological replicates were used for surveying MtGINT1 and MtGMT1 expression in response to
nutrient deficiency and inoculation. Four biological replicates were used in nodulation RNAi experiments and five biological replicates
were used for AM RNAI experiments (n, indicated in figure legends). Bar graph values reflect mean values + SEM. Microsoft Excel v16
for Mac was used for generating graphs and for Student’s t tests (*p < 0.05, **p < 0.01, ***p < 0.005) in root survey and nodulation RNAi
experiments. Statistical significance in AM RNAIi experiments was determined by two-way ANOVA using SPSS Statistics v2.7 (IBM).
Results of statistical analyses are shown in the figures.

Sphingolipidomics

Sphingolipidomic survey of root tissues was analyzed using at least three biological replicates and calculated as nmol/g dry weight.
Sphingolipid composition of RNAi nodules was analyzed using at least three biological replicates and presented as mol% normalized
to total sphingolipid content to correct for size discrepancies between MtGINT1-RNAi and GUS-RNAI nodules. Sphingolipid content
of uninoculated MtGINT1-RNAI, MtGINT1-OE, and corresponding controls were analyzed using at least four biological replicates and
calculated as nmol/g dry weight. The number of replicates is indicated in the figure legends (n). Microsoft Excel v16 for Mac was used
for generating graphs and for Student’s t tests (*p < 0.05, **p < 0.01, ***p < 0.005). Bar graph values represent mean values + SEM.
Results of statistical analyses are shown in the figures.
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Figure S1. Spatial expression patter of MtGINT1 and GT family 64 enzymes in M. truncatula
roots, related to Figure 1C-1H. (A and B) Symbimics Database and (C) the Medicago Gene
Expression Atlas. (A) Deseqg-normalized RNA-seq reads in root nodules vs roots and (B) different
nodule developmental zones collected by laser-capture microdissection (FI, meristem; Flld-Fllp, distal
and proximal infection zone; IZ, interzone; ZIll, nitrogen fixation zone). Error bars reflect £ SD, n =3.
(C) Microarray data from different root cell types colonized by R. irregularis collected by laser capture
microdissection (10, 11). Expression in arbuscule-containing cells is highlighted. Mtr.43583.1.S1_at
was used as the MtGINT1 probe in the Medicago Gene Expression Atlas. (D-F) GUS staining of
uninoculated (D) and nodulated root systems 21 dpi (E and F) expressing pMtGINT1:GUS in hairy
roots. (G) Co-expression of pMtGINT1:NLS-GFP and M{BCP1:mCherry-BCP1 in roots colonized by R.
irregularis 21 dpi imaged by CLSM.
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Figure S2. Sphingolipidomic comparison of GIPCs by glycan head group and ceramide

base in response to microbial treatment, related to Figure 1J. (A) Response of HexN(Ac)-
GIPC and (B) Hex-GIPC, by ceramide base, to microbial treatment. Results show that

ceramide

base usage does not change in response to microbial treatment. HexNAc t18:1-

h16:0 is the dominant GIPC in nodule tissue. (C) Comparison between HexN(Ac)-GIPC and
Hex-GIPC, by ceramide base in root tissue. (D) Comparison between HexN(Ac)-GIPC and
Hex-GIPC, by ceramide base in root nodules. Asterisks indicate statistical significance
determined by Student’s t-test, (p-value: *< 0.05, **<0.01, ***<0.005). Error bars reflect + SEM

(n=5).
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Figure S3. MtGINT1-silencing does not affect root growth or defense response, related
to Figure S3. (A) Images of chimeric RNA/ hairy root plants grown for 4 weeks and fertilized
with half-strength MS. (B) Quantification of root biomass (dry weight). Error bars reflect + SEM
(n=8). (C and D) Live/dead staining using Syto 9 (live; cyan) and Propidium iodide (dead;
magenta) (scale = 50 pym) in nodules 21 dpi. (E and F) H,O, detection in nodules by DAB
staining (scale = 100 ym) 21 dpi. (G) SA content in uninoculated and nodulated RNAi root
systems measured by LC-MS/MS (n=3). (H) Expression of defense and senescence-
associated genes measured by gRT-PCR relative to MtEF-1a (n=5). Asterisks indicate
statistical significance between MtGINT1-RNAi and control nodules determined by Student’s t-
test, (p-value: *< 0.05, **<0.01, ***<0.005). Error bars reflect £ SEM.
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Figure S4. AM colonization is impaired in p35S:MtGINT1-RNAi roots at 35 dpi with R.
irregularis, related to Figure 4. (A-D) Mycorrhized GUS-RNA/ (A and C) and MtGINT1-
RNAI (B and D) roots stained with WGA-488 for fungal chitin (A and B, scale bar = 50 ym;
C and D scale bar = 20 ym). (E) Quantification of mycorrhizal colonization by on gridline
intersect (n=5) represented as the average + SEM. (F and G) M{GINT1 and MtPT4
expression measured relative to MtEF-1a by qRT-PCR (n=4) + SEM. Significant
differences between MtGINT1-RNAi and control roots are indicated by Student’s t-test (p-
value: *< 0.05, **<0.005).



Primer name
MtGINT1-RNAI-F

MtGINT1-RNAI-R
GUS-RNAI-F
GUS-RNAI-R

MtGINT1-RNAIGG-F
MtGINT1-RNAIGG-R

GUS-RNAIGG-F
GUS-RNAIGG-R
BsrGI-GINT1-F
BspEI-GINT1-R
BamHI-GINT1-F
Miul-GINT1-R
MtGINT1-CDS-F
MtGINT1-CDS-R

MtGINT1-CDSns-R

MtGINT1pro-F
MtGINT1pro-R
mCherryBCP1-F

mCherryBCP1-R
qMtEF1a-F
qMtEF1a-R
gqMtPT4-F
gMtPT4-R
gMtGINT1-F
gMtGINT1-R
gqMtGMT1-F
gMtGMT1-R
qRITEF-F
qRITEF-R
gMtNDR-F
gMtNDR-R
gMtChitinase-F
gMtChitinase-R
gMtCP2-F
gMtCP2-R
gqMtCP6-F
gMtCP6-R
gMtNCR169-F
gMtNCR169-F
gMtNCR211-F
gMtNCR211-R
gMtMYB1-F
gMtMYB1-R

Table S1. Primers used in this study. Related to STAR Methods.

Sequence
CCATCTAGAATGGGTTCCGGTCAGATTAG

GCATGAATTCCACAAGTCACCACAGGATTC
CCATCTAGACTTACGTGGCAAAGGATTCGA
GCATGAATTCGAACATTACATTGACGCAGGTG

ACCAGGTCTCAGGAGATGGGTTCCGGTCAGATTAGC
ACCAGGTCTCATCGTCACAAGTCACCACAGGATTCG
ACCAGGTCTCAGGAGCTTACGTGGCAAAGGATTCGA

ACCAGGTCTCATCGTGAACATTACATTGACGCAGGTG
TAATGTACAATGGGTTCCGGTCAGATTAGC

TATATCCGGACACAAGTCACCACAGGATTCG
TAAGGATCCATGGGTTCCGGTCAGATTAGC

TATAACGCGTCACAAGTCACCACAGGATTCG
ATGGGTTCCGGTCAGATTAG
CTATACATCCCAACCATCTCT
TACATCCCAACCATCTCTCC
AAAAAGCAGGCTCCGTTTCTATCTGACGACAATTCAAGGG
GAAGCCATGATTTTTGAAAGGTGGTTTGTGCAG
CTTTCAAAAATCATGGCTTCTTCTCGGTAGT

GTACAAGAAAGCTGGGTCACTGGATTTTGGTTTTAGGAA
TGACAGGCGATCTGGTAAGG
TCAGCGAAGGTCTCAACCAC
GGATTCTTTTGCACGTTCTTGG
CCTGTCATTTGGTGTTGCAGTG
GTATTTGAGCACAATGGCCAG
GATAAAGGAATCAATAAGGGGC
CTAATCAAACCCCTCAAATTCC
ATCATATCTCTTCCACGTGTTC
TGTTGCTTCGTCCCAATATC
GGTTTATCGGTAGGTCGAG
GGGAAATTGAAGCTTCCCAAAAT
CCTAAACCTAAATTTACAACTACTGCTCC
GGGCTTGAATGCGGAAGAGG
CAAGATTGTCTCCATATCCAACTCC
AGTGGATGCCGCTGAAGG
TCAATCACAGTTTTGCTCAAATTAC
GCAATGATGGCATCTTATCCC
TACACAAGCATAATCACAATTTAC
GGAAATGCGTTGAAAATGTTTGTG
AACATTTCTCCACTTTATTCTCGGG
GCGTTAATGCACATCATTTGTGG
TTATTCTCGGACACAAACACCTTG
TAAGAGAGTTGATGATGATGTTC
GATGAGTGATTCTGTTGAACC
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