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Summary

� Establishment of symbiosis between plants and arbuscular mycorrhizal (AM) fungi depends

on fungal chitooligosaccharides (COs) and lipo-chitooligosaccharides (LCOs). The latter are

also produced by nitrogen-fixing rhizobia to induce nodules on leguminous roots. However,

host enzymes regulating structure and levels of these signals remain largely unknown.
� Here, we analyzed the expression of a b-N-acetylhexosaminidase gene of Medicago trun-

catula (MtHEXO2) and biochemically characterized the enzyme. Mutant analysis was per-

formed to study the role ofMtHEXO2 during symbiosis.
� We found that expression of MtHEXO2 is associated with AM symbiosis and nodulation.

MtHEXO2 expression in the rhizodermis was upregulated in response to applied chito-

tetraose, chitoheptaose, and LCOs. M. truncatula mutants deficient in symbiotic signaling did

not show induction of MtHEXO2. Subcellular localization analysis indicated that MtHEXO2 is

an extracellular protein. Biochemical analysis showed that recombinant MtHEXO2 does not

cleave LCOs but can degrade COs into N-acetylglucosamine (GlcNAc). Hexo2mutants exhib-

ited reduced colonization by AM fungi; however, nodulation was not affected in hexo2

mutants.
� In conclusion, we identified an enzyme, which inactivates COs and promotes the AM sym-

biosis. We hypothesize that GlcNAc produced by MtHEXO2 may function as a secondary

symbiotic signal.

Introduction

Molecular communication is at the center of all symbiotic inter-
actions of plants with microbes. Particularly well understood are
the symbiosis with arbuscular mycorrhizal (AM) fungi and the
interaction between legumes and nodule bacteria collectively
referred to as rhizobia. In roots colonized by AM fungi, host
plants can benefit from enhanced access to mineral nutrients in
the soil, especially phosphorus. In the nodule symbiosis, legumes
obtain fixed nitrogen from rhizobia which are able to reduce
atmospheric nitrogen into ammonia (Perret et al., 2000; Smith
& Read, 2008; Wang et al., 2022; Yang et al., 2022).

At the molecular level, symbiotic signaling in both symbioses
shows overlaps. The ease of genetic analysis in bacteria allowed
the identification of lipo-chitooligosaccharides (LCOs) as rhizo-
bial signals required for nodule formation. Subsequently, compo-
nents of nodulation signaling in legumes such as Medicago
truncatula have been identified (Roy et al., 2020; Yang
et al., 2022). Rhizobial LCOs, also known as Nod factors, consist
of an oligomeric (n = 3–6) N-acetylglucosamine (GlcNAc)

backbone with an acyl group at the nonreducing end. LCOs pro-
duced by different rhizobial strains are structurally diverse and
often decorated by reducing end modifications such as a sulfate
group (Perret et al., 2000). The interaction between LCOs and
LCO receptors in legumes can result in host-specific nodulation,
that is, nodules of a given legume are only formed with specific
rhizobial strains (Radutoiu et al., 2007; Walker et al., 2020).

Interestingly, LCOs are also produced by AM fungi (Maillet
et al., 2011) and by various nonsymbiotic fungi (Rush
et al., 2020). In addition, nonmodified chitooligosaccharides
(COs; n = 4–8), secreted or released from fungal chitin (poly-
GlcNAc) by endochitinases of fungal or plant origin, can
trigger characteristic symbiotic responses in host plants (Feng
et al., 2019; Khokhani et al., 2021; Crosino & Genre, 2022;
Volpe et al., 2023). For example, nuclear calcium oscillations,
known as calcium spiking, are essential features of symbiotic sig-
naling induced by rhizobial LCOs (Ehrhardt et al., 1996) and
mycorrhizal COs/LCOs (Genre et al., 2013; Sun et al., 2015).
Chitin and COs are also signals for pathogen recognition because
they indicate the presence of fungi with chitinous cell walls. Clear
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evidence for an overlap between recognition of AM fungi and
fungal pathogens is the involvement of a shared receptor compo-
nent, the lysin-motif-type (LysM) receptor CERK1 (Khokhani
et al., 2021; Zhang et al., 2021; Crosino & Genre, 2022).

To trigger symbiotic signaling in host plants, rhizobial LCOs
and COs/LCOs of AM fungi are perceived by ligand-induced het-
erodimerization of two different LysM receptors (Gibelin-Viala
et al., 2019; Girardin et al., 2019; He et al., 2019; Bozsoki
et al., 2020; Roy et al., 2020; Zhang et al., 2021). Downstream of
these receptors, a shared signaling pathway (common symbiosis sig-
naling pathway; CSSP), relays the signal from the plasma mem-
brane to the nucleus, where calcium spiking and a calcium- and
calmodulin-dependent protein kinase (CCaMK; named DMI3 in
M. truncatula) control a transcriptional cascade to activate hun-
dreds of symbiotic genes (Genre & Russo, 2016; Roy et al., 2020).

Plant chitinases (glycoside hydrolase families 18 and 19) not
only hydrolyze chitin and COs (Drula et al., 2022) but also may
have the capacity to degrade and inactivate LCOs (Staehelin
et al., 1994a,b; Goormachtig et al., 1998; Schultze et al., 1998;
Ovtsyna et al., 2000; Tian et al., 2013; Cai et al., 2018; Li
et al., 2022). Mutant analysis revealed a symbiotic role of the
LCO-cleaving family 18 glycoside hydrolases MtNFH1/
MtCHIT5b in M. truncatula and LjCHIT5 in Lotus japonicus,
indicating that concentration and distribution of rhizobial LCOs
are under precise control during nodulation (Cai et al., 2018;
Malolepszy et al., 2018; Li et al., 2022). COs/LCOs of AM fungi
are believed to be inactivated by host enzymes to maintain opti-
mal signal concentration and to avoid chitin-triggered induction
of defense responses. Fungal chitinases (Khokhani et al., 2021;
Crosino & Genre, 2022) and host chitinases such as MtCHIT 3-
3 of M. truncatula (Elfstrand et al., 2005) are thought to hydro-
lyze chitin and COs of AM fungi.

In addition to chitinases, enzymes of the glycoside hydrolase
family 20 (GH20) can cleave COs. Most GH20 enzymes are exo-
type enzymes that remove terminal nonreducing GlcNAc or
N-acetylgalactosamine (GalNAc) residues from oligosaccharides or
glycoconjugates such as N-glycans of N-glycosylated proteins.
GH20 enzymes with such b-N-acetylhexosaminidase activity are
produced by various organisms, including rhizobia, AM fungi,
and plants (Liu et al., 2018; Drula et al., 2022). In Arabidopsis
thaliana, three GH20 enzymes (AtHEXO1, AtHEXO2, and
AtHEXO3) have been characterized with respect to their enzy-
matic properties and subcellular localization. Vacuolar AtHEXO1
and apoplastic AtHEXO3 were found to show high activity on
pyridylaminated N-glycans, while plasmalemma-resident
AtHEXO2 preferentially cleaved pyridylaminated chitotriose
(Gutternigg et al., 2007; Strasser et al., 2007; Liebminger
et al., 2011; Castilho et al., 2014). More recently, related GH20
enzymes of Nicotiana benthamiana with different substrate prefer-
ence for N-glycans including two plasmalemma-resident
NbHEXO2 isoforms have been characterized (Alvisi et al., 2021).

Here, we asked whether a GH20 enzyme in M. truncatula
cleaves COs and plays a role in AM symbiosis. We found that
rhizodermal expression of the MEDICAGO TRUNCATULA
b-N-ACETYLHEXOSAMINIDASE 2 (MtHEXO2) gene is upre-
gulated in response to applied COs and LCOs. MtHEXO2 fused

to red fluorescent protein (RFP) or green fluorescent protein
(GFP) was detected in the rhizodermis of roots inoculated with
AM fungi or rhizobia. Recombinant MtHEXO2 protein could
efficiently hydrolyze COs.M. truncatula mutants with a Tnt1 ret-
rotransposon insertion in MtHEXO2 showed reduced coloniza-
tion by AM fungi, but were not impaired in nodulation.

Materials and Methods

Biological materials

Escherichia coli DH5a was used for plasmid construction.
Recombinant protein expression was performed with E. coli
BL21(DE3) and Pichia pastoris (Guillierm.) Phaff GS115. Sinor-
hizobium (Ensifer) meliloti Rm41 and a derivative constitutively
expressing the red fluorescent protein mCherry were used for
inoculation experiments. LCOs were purified from S. meliloti
1021 (pEK327) (Schultze et al., 1992) and Sinorhizobium sp.
NGR234. NGRDnodABC deficient in LCO synthesis (Price
et al., 1992) served as a control. Agrobacterium tumefaciens
EHA105 (Hood et al., 1993) was used for stable transformation
and A. rhizogenes LBA9402 (Hooykaas & Hooykaas, 2021) for
hairy root transformation. The AM fungus Rhizophagus intrara-
dices (Schenk & Sm.) Walker & Sch€ußler BGC BJ09 was
obtained from BGC (Bank of Glomales in China, Beijing,
China) and multiplied using Sorghum bicolor (L.) Moench plants.
Isolation of Fusarium oxysporum Schlechtendal (emend. Snyder
& Hansen) F06 has been described previously (Liu et al., 2012).

The M. truncatula Gaertner ecotypes Jemalong A17 and R108
were used in this study. The nodulation signaling mutants dmi3-
1 and dmi1-3 of Jemalong A17 (mutants Y6 and TRV25; Sagan
et al., 1998; Catoira et al., 2000) were kindly provided by Clare
Gough (INRAE-CNRS, Castanet-Tolosan, France). The mutant
lines hexo2-1 (NF4082) and hexo2-2 (NF5709) of the R108 eco-
type carrying a Tnt1 retrotransposon insertion in MtHEXO2
were obtained from the Medicago Tnt1 mutant collection cur-
rently hosted by the Institute of Agricultural Biosciences, Okla-
homa State University, Ardmore, USA (Tadege et al., 2008;
Pislariu et al., 2012).

Gene cloning, plasmids, and primers

Details on plasmids and primers used in this study are shown in
Supporting Information Tables S1, S2. Plant genomic DNA was
purified with the HP Plant DNA Kit from Omega Bio-tek (Nor-
cross, GA, USA). All constructs were verified by sequencing.

To clone the coding sequence of MtHEXO2 (Medtr2g062560
in Mt4.0; MtrunA17Chr2g0309231 in Mt5.0), the two exon
sequences amplified from genomic DNA of M. truncatula (eco-
types R108 and Jemalong A17) were assembled by overlap exten-
sion PCR.

For protein expression, the coding sequence of MtHEXO2
(without the 18-amino signal peptide predicted by SIGNALP-6.0)
was inserted into pET-28a (for E. coli) and pPIC9K (for P. pas-
toris). To obtain an enzymatically inactive MtHEXO2 variant,
nucleotides encoding the predicted catalytic residues (D325 and
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E326) were mutated by overlap extension PCR and cloned into
pET-28a. For antibody production, pET-MtHEXO2(119–463),
a pET-28a derivative containing DNA encoding a truncated ver-
sion of MtHEXO2 (residues 119 to 463), was constructed.

For experiments with MtHEXO2 promoter–reporter gene con-
structs, 2630-bp (Jemalong A17) and 2628-bp (R108) promoter
sequences were cloned from M. truncatula genomic DNA and
fused to a b-glucuronidase (GUS) reporter gene sequence (with
an intron derived from pCAMBIA1305.1). The obtained
MtHEXO2pro-GUS constructs were cloned into pBluescript II KS
(�). In parallel, a derivative of the binary vector pCAMBIA1302
with DNA encoding RFP was constructed by replacing the
mGFP5 sequence with an RFP expression cassette derived from
pX-DR (Chen et al., 2009) using BglII and PmlI (plasmid
pCAMBIA1302-RFP). Finally, theMtHEXO2pro-GUS constructs
were inserted into pCAMBIA1302-RFP using KpnI and HindIII.

To explore subcellular localization of MtHEXO2 in M. trun-
catula roots, hairy root transformation was performed with a
pCAMBIA1302 derivative that contained the native 2628-bp
promoter sequence of R108 and the coding sequence with a C-
terminal RFP tag. A control plasmid was constructed by cloning
a promoterless RFP fragment from pX-DR into pCAMBIA1302
digested with BamHI and SpeI (excision of the CaMV 35S pro-
moter). A similar strategy was used for the construction of a vec-
tor containing the 2628-bp promoter sequence and aMtHEXO2:
GFP fusion construct.

To restore the wild-type (WT) phenotype in inoculation
experiments with AM fungi, hairy roots of hexo2 mutants expres-
sing MtHEXO2 were analyzed. DNA consisting of MtHEXO2pro,
the MtHEXO2 coding sequence, and a poly(A) tail was inserted
into pCAMBIA1302-RFP digested with KpnI and HindIII. The
plasmid pCAMBIA1302-RFP served as a control.

To create MtHEXO2-overexpressing M. truncatula plants, the
coding sequence of MtHEXO2 (ecotype Jemalong A17) was
cloned as a BamHI-XhoI fragment into the binary vector
pISV2678 carrying a double cauliflower mosaic virus (CaMV)
35S promoter (constructed by Michael Schultze, CNRS, Gif-sur-
Yvette, France). The obtained plasmid pISV-MtHEXO2 was then
mobilized into A. tumefaciens EHA105.

Expression of MtHEXO2 in E. coli and P. pastoris

For expression of His-tagged MtHEXO2 in E. coli, the plasmids
pET-28a, pET-MtHEXO2, and pET-MtHEXO2(DE) were trans-
formed into competent BL21(DE3) cells. Cultures containing
0.5mM isopropyl-b-D-thiogalactopyranoside were shaken at 18°C
for 20 h. Harvested bacteria were sonicated, and His-tagged
MtHEXO2 was purified using Ni-NTA resin beads and an elution
buffer (pH 8.0) containing 50mM NaH2PO4, 300mM NaCl and
250mM imidazole. Details are described in Methods S1.
MtHEXO2 protein was also obtained from culture supernatants of
P. pastoris GS115 transformants obtained by electro-transformation
with pPIC9K-MtHEXO2 linearized with SacI. The plasmid
pPIC9K alone served as a control. Transformation and protein
expression procedures were performed according to the Pichia
Expression System Manual (Invitrogen). Protein expression was

induced by 0.5% methanol, and cultures were harvested at differ-
ent time points. Culture supernatants containing secreted
MtHEXO2 protein were obtained by centrifugation. Details on
MtHEXO2 expression in P. pastoris can be found in Methods S2.

Protein analysis and Western blots

Protein analysis on SDS-PAGE was performed according to stan-
dard procedures. Western blot analysis was performed either with
a commercially available anti-His antibody (TransGen Biotech,
Beijing, China) or with a rabbit antiserum raised against a trun-
cated form of MtHEXO2 (residues 119–463) expressed in E. coli
BL21(DE3). Further information can be found in Methods S3.

LCOs, COs, and sulfated chitobiose

The tetrameric LCO NodSm-IV(C16:2, S) was purified from S.
meliloti 1021 (pEK327) as described previously (Schultze
et al., 1992; Staehelin et al., 1994b; Tian et al., 2013) with the
exception that the n-butanol extraction procedure was replaced
by the use of Amberlite XAD-2 beads (Sigma-Aldrich), which
were directly added to the bacterial culture supernatant
(40 g l�1). LCOs bound to the beads were eluted with 40 ml
methanol and 30 ml acetone. Purification of NodSm-IV(C16:2,
S) by high-pressure liquid chromatography (HPLC) was per-
formed as reported previously (Staehelin et al., 1994b). Further-
more, LCOs of Sinorhizobium sp. NGR234 (Price et al., 1992),
which are structurally similar to fungal LCOs (Rush et al., 2020),
were obtained from bacterial culture supernatants. In parallel,
control material was obtained from the mutant strain NGRDno-
dABC, which is unable to produce LCOs (Price et al., 1992).
LCO synthesis was induced by 1 lM apigenin. Harvested culture
supernatants were mixed with Amberlite XAD-2 beads, and
bound LCOs were eluted with methanol and acetone. The elu-
ates were dried with a rotary evaporator and then dissolved in
water containing 20% DMSO. Yields of LCOs were estimated
by quantification of reducing end sugars (Lever, 1972). Further
details are provided in Methods S4.

COs were purchased from Seikagaku Kogyo Co. (Tokyo,
Japan) or Elicityl (Grenoble, France). Sulfated chitobiose was
prepared by complete hydrolysis of NodSm-IV(C16:2, S) with
recombinant MtNFH1 (Tian et al., 2013). After incubation, the
lipo-disaccharide NodSm-II(C16:2) was removed by extraction
with n-butanol and the aqueous phase containing sulfated chito-
biose was dried in a speed-vac evaporator. Further information
on the procedure can be found in Methods S5.

Medicago truncatula plants were treated with COs, NodSm-IV
(C16:2, S), or LCOs of Sinorhizobium sp. NGR234 in Jensen
medium (Van Brussel et al., 1982). Where indicated, the solution
contained DMSO at a final concentration of 0.5% (v/v). Further
details are given in Methods S6.

Enzyme assays

Activity of recombinant MtHEXO2 was determined using differ-
ent p-nitrophenyl (pNP) glycosides (Sigma-Aldrich) at a
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concentration of 1 mM. The reaction mixture was incubated at
37°C for 1 h. Hydrolysis of aryl glycosides results in the produc-
tion of p-nitrophenol, which can be photometrically detected at
405 nm. Further information on the experimental conditions can
be found in Methods S7.

Activity of recombinant MtHEXO2 toward COs (1 mM) was
determined by photometrically measuring the produced GlcNAc
with p-dimethylaminobenzaldehyde (DMAB) according to Reis-
sig et al. (1955). The samples were incubated at 37°C for 1.5 h.
Further details are given in Methods S8.

Hydrolysis of chitopentaose by MtHEXO2 expressed in
P. pastoris was also analyzed by reverse-phase HPLC using
an amino column (lBondapak NH2 column 0.89 10 cm;
Waters, Milford, MA, USA) according to Tian et al. (2013).
Further information on the procedure can be found in
Methods S9.

Thin-layer chromatography (TLC) was used to analyze
whether sulfated chitobiose is resistant to hydrolysis by
MtHEXO2 expressed in P. pastoris. Samples were separated on
Silica gel 60 F254 plates (Merck) using ethyl acetate : acetic
acid : water (3 : 2 : 1 v/v/v) as mobile phase. Sugars were visua-
lized with a diphenylamine-aniline-phosphoric acid reagent.
Additional details can be found in Methods S10.

HPLC was used to analyze NodSm-IV(C16:2, S) and the
cleavage product NodSm-II(C16:2) after incubation with chit-
inase from Streptomyces griseus (Sigma-Aldrich). A parallel test
was performed with NodSm-IV(C16:2, S) and recombinant
MtHEXO2 from P. pastoris. Further details can be found in
Methods S11. Similar enzyme tests were performed with
LCOs from Sinorhizobium sp. NGR234, and reducing end
sugars were photometrically determined with the Lever assay
(Methods S12).

Seed germination, growth conditions, and plant inoculation

Medicago truncatula seeds were surface-sterilized with diluted
commercial bleach. Details are described in Methods S13. Plants
were kept in a growth room at 24°C and a 16-h photoperiod as
described previously (Cai et al., 2018).

Medicago truncatula plants were inoculated with AM fungi
and harvested at different time points. The inoculum contain-
ing small root fragments was prepared by co-cultivating R.
intraradices BGC BJ09 with sorghum plants. For inoculation
of M. truncatula, sterilized plastic jar units linked with a cot-
ton wick were used. Mock inoculation was performed with
sterilized substrate without fungus. Details are provided in
Methods S14. Furthermore, surface-sterilized R. intraradices
spores (Chabaud et al., 2006b) were locally applied to roots
grown on agar plates containing modified Fahraeus medium
(Boisson-Dernier et al., 2001). A similar spot inoculation
experiment was also carried out with a mycelium of F. oxy-
sporum F06 (Liu et al., 2012).

Inoculation of M. truncatula with S. meliloti was conducted in
300-ml plastic jar units containing vermiculite and expanded clay
(3 : 1 v/v) in the upper jar (1 plant per jar unit). Details on the
inoculation procedure can be found in Methods S15.

Root colonization by AM fungi

Roots were washed with water and then immersed in 10% (w/v)
KOH at 95°C for 10–15 min. After washing with water for sev-
eral times, roots were transferred to an ink-vinegar solution (ratio
1 : 19; v/v) at 95°C for 3 min (Vierheilig et al., 1998). After
removing the staining solution, roots were repeatedly rinsed with
5% acetic acid. Roots were microscopically observed with a stereo
microscope (Lumar.V12; Zeiss). The degree of root colonization
by AM fungi and the frequency of different AM structures
(hyphopodia, internal hyphae, arbuscules, and vesicles) were
determined with a gridline intersection method (Giovannetti &
Mosse, 1980). Where indicated, AM structures of GUS-stained
roots were visualized by WGA-AF488 (wheat germ agglutinin
conjugated to Alexa Fluor 488 obtained from Thermo Fisher
Scientific) using a Zeiss Axio Imager Z1 fluorescence microscope.
Details of the procedure are given in Methods S16.

Protein localization analysis

Hairy roots of M. truncatula expressing MtHEXO2:RFP or trans-
formed with a control plasmid were inoculated with R. intrara-
dices. Plants were harvested at 8–10 d post inoculation (dpi) and
analyzed by a confocal laser scanning microscope following the
instructions of the user manual (Leica TCS SP5; Leica, Wetzlar,
Germany).

In addition, hairy roots of M. truncatula expressing
MtHEXO2:GFP or transformed with a control plasmid were
inoculated with S. meliloti Rm41 expressing mCherry. Roots
were harvested at 2–3 dpi, and root hairs with infection pockets
were analyzed by a Zeiss Axio Imager Z1 fluorescence micro-
scope. Further information on microscopic protein localization
analysis is provided in Methods S17.

Plant transformation

Hairy root transformation of M. truncatula plants was achieved
according to previously described protocols (Boisson-Dernier
et al., 2001; Chabaud et al., 2006a). The tip of radicles was cut
off, and the wounded area of the seedling was immersed into a
prepared bacterial lawn (A. rhizogenes LBA9402 carrying a given
binary vector). Seedlings were transferred onto 0.9% (w/v) agar
plates containing nitrogen-free Fahraeus medium (Fah-
raeus, 1957). After 6 d, small hairy roots emerging from the
formed callus were removed and seedlings were transferred onto
0.9% (w/v) agar plates containing modified Fahraeus medium
(Boisson-Dernier et al., 2001). Further information on the trans-
formation procedure is given in Methods S18.

In addition, A. tumefaciens EHA105 carrying pISV-MtHEXO2
was used to create stable M. truncatula R108 transformants con-
stitutively expressing MtHEXO2 under the control of a tandem
CaMV 35S promoter. The transformation procedure was per-
formed according to previously published protocols (Hoffmann
et al., 1997; Trinh et al., 1998). Briefly, leaf disks of 6-wk-old
plants were infiltrated with a suspension of agrobacteria. The
explants were cultivated on SHMab and SHM2 plates
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supplemented with 500 mg l�1 cefotaxime and 6 mg l�1 Basta.
Induction of shoot formation was performed with SHM2 plates
without cefotaxime and Basta. ½SHM2 plates were used to
induce root formation. Plants with elevated MtHEXO2 tran-
scripts were used for seed propagation and subsequent experi-
ments. Further details are given in Methods S19.

Histochemical GUS staining and sectioning of nodules

Hairy roots and nodules transformed with the MtHEXO2pro-GUS
construct were subjected to histochemical GUS staining using
5-bromo-4-chloro-3-indol-b-glucuronic acid (X-Gluc). Paraffin-
embedded nodules were sectioned and microscopically analyzed.
Further information on these procedures is provided in Methods
S20.

qRT-PCR analysis

Quantitative real-time PCR (qRT-PCR) was used to analyze
transcript levels of M. truncatula genes. RNA was extracted from
roots with the RNAprep pure Plant Kit (Tiangen Biotech, Beij-
ing, China) and converted into cDNA by reverse transcription
using HiScript II Q RT SuperMix (Vazyme, Nanjing, China).
Each PCR reaction (10 ll) contained 1 ll cDNA template
(10 ng), 0.25 lM of each primer (Table S2), and 5 ll of the
LIGHTCYCLER 480 SYBR Green I Master reaction mix (Roche).
The thermocycling conditions using a LIGHTCYCLER 480 PCR
instrument (Roche) were set as follows: (1) preincubation: 95°C
for 5 min; (2) amplification (45 cycles): 95°C for 30 s, 58°C
for 30 s, and 72°C for 20 s; (3) melting curve analysis: 95°C for
5 s and 65°C for 1 min; (4) cooling: 40°C for 10 min. PCRs
with each cDNA were performed in triplicate. Ubiquitin
(Medtr5g076340) served as a housekeeping gene. Roche LIGHT-

CYCLER 480 software was used to calculate the threshold cycles
(Ct values). Where indicated, MtHEXO2 expression analysis was
also performed by reverse transcription PCR using agarose gels
for amplicon analysis.

Bioinformatic tools

Gene sequences were retrieved from the NCBI homepage
(https://www.ncbi.nlm.nih.gov) and the Medicago truncatula
Hapmap Project homepage (http://www.medicagohapmap.org/)
using the Basic Local Alignment Search Tool (BLAST). Sequence
alignments were conducted with MEGALIGN software (https://
www.dnastar.com/). Primers were designed with the help of the
OLIGO 7 software (http://www.oligo.net/index.html). The Pro-
moter 2.0 Prediction Server (http://www.cbs.dtu.dk/services/
promoter/) was used for promoter prediction. Signal peptide pre-
diction was performed with SIGNALP-6.0 (https://services.
healthtech.dtu.dk/services/SignalP-6.0/). Information on gene
expression was downloaded from the Medicago truncatula Gene
Expression Atlas (MtExpress V3) web server (https://medicago.
toulouse.inrae.fr/MtExpress) and the Symbimics database
(https://iant.toulouse.inra.fr/symbimics), respectively. For phylo-
genetic analysis, sequence alignments were conducted with

MEGA11 software by using the CLUSTALWmethod and the phylo-
genetic tree was constructed using the neighbor-joining method
(https://www.megasoftware.net/).

Results

TheM. truncatula genome contains three b-N-
acetylhexosaminidase genes

Gene chip hybridization and RNA sequencing studies on M. trun-
catula indicated an increased expression of the b-N-
acetylhexosaminidase gene Medtr2g062560 in roots inoculated with
AM fungi (Gomez et al., 2009; Gaude et al., 2012; Afkhami &
Stinchcombe, 2016; Luginbuehl et al., 2017; Zeng et al., 2018;
Fern�andez et al., 2019), while inoculation with S. meliloti showed
minor effects on gene expression (Benedito et al., 2008; Breakspear
et al., 2014; Liu et al., 2019; Schiessl et al., 2019). Fig. S1 provides
corresponding information from theM. truncatula Gene Expression
Atlas (Carrere et al., 2021). RNA sequencing experiments also
revealed that WT roots treated with COs show slightly elevated
Medtr2g062560 expression compared with CO-treated mutant lines
impaired in CO perception (Feng et al., 2019). A treatment of roots
with COs over weeks had no or little impact on Medtr2g062560
expression in mycorrhizal and nonmycorrhizal roots (Volpe
et al., 2023). On the contrary, a rapid induction of Medtr2g062560
expression was observed in rhizodermal cells when roots were trea-
ted with LCOs from S. meliloti (Jardinaud et al., 2016; Fig. S2),
while no significant effects of LCOs on Medtr2g062560 expression
were observed in another study (Damiani et al., 2016).

Medtr2g062560 encodes a GH20 enzyme with a canonical
motif in the core of the catalytic site (HXGXDE motif in GH20
enzymes; X stands for any amino acid). Asp325 (D) and Glu326 (E)
of Medtr2g062560 are predicted catalytic residues required for
enzyme activity (Hou et al., 2001; Gutternigg et al., 2007; Strasser
et al., 2007; Liu et al., 2018; Fig. S3).

A BLAST search at the M. truncatula Hapmap project homepage
with Medtr2g062560 as a query sequence yielded two homologous
genes (Medtr1g115475 and Medtr7g023060). A protein sequence
alignment indicated that the predicted Medtr1g115475 and
Medtr7g023060 proteins are related to AtHEXO1 of A. thaliana
(amino acid identity 68% and 72%, respectively), while
Medtr2g062560 is likely orthologous to AtHEXO2 of A. thaliana
(amino acid identity 64%; Fig. S3). We therefore named
the MtHEXO (Medicago truncatula b-N-acetylhexosaminidase)
genes as follows: MtHEXO1a (Medtr1g115475), MtHEXO1b
(Medtr7g023060), and MtHEXO2 (Medtr2g062560). The cano-
nical HXGXDE motif was found to be conserved in all three pre-
dicted MtHEXO proteins (Fig. S3). In contrast to MtHEXO2,
transcript levels of MtHEXO1a and MtHEXO1b do not appear
to be increased during AM symbiosis (Gomez et al., 2009;
Gaude et al., 2012; Afkhami & Stinchcombe, 2016; Luginbuehl
et al., 2017; Zeng et al., 2018; Fern�andez et al., 2019; Carrere
et al., 2021; Fig. S1).

Phylogenetic analysis suggests that MtHEXO1a and
MtHEXO1b evolved through gene duplication. Members of the
HEXO2 clade were found in genomes of various mono- and
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dicotyledonous plants, most of which are capable of establishing
an AM symbiosis (Fig. S4). RNA sequencing data indicate that,
compared with nonmycorrhizal roots, the expression of HEXO2
homologs is elevated in mycorrhizal roots in various plants, includ-
ing tomato (Solyc01g081610; Tominaga et al., 2022; Zeng
et al., 2023) and rice (LOC_Os07g38790; Fiorilli et al., 2015;
Gutjahr et al., 2015). The HEXO3 clade appears to lack legumi-
nous genes (Fig. S4). Analysis of exon–intron structures confirmed
that MtHEXO1a and MtHEXO1b are related to AtHEXO1 while
MtHEXO2 is most similar to AtHEXO2 (Fig. S5).

MtHEXO2 expression is upregulated during symbiosis

To explore the MtHEXO2 expression pattern during symbiosis, a
2628-bp promoter sequence of MtHEXO2 was cloned from

M. truncatula R108 and fused to the GUS reporter gene to yield
MtHEXO2pro-GUS. The binary vector also contained an RFP
expression cassette under the control of a constitutive promoter.
Plants with transformed hairy roots showing red fluorescence
were inoculated with R. intraradices and harvested at different
time points. MtHEXO2 promoter activity was then visualized by
GUS staining. MtHEXO2 promoter activity was visible in the
central cylinder independently of inoculation with AM fungi
under these test conditions. In contrast to control plants, rhizo-
dermal cells of inoculated plants showed clear blue coloration at
early but not later time points (Fig. 1a). An induction of
MtHEXO2 promoter activity was also observed for rhizodermal
(or cortical) cells when surface-sterilized spores of R. intraradices
were applied locally to roots of plants grown on plates while no
or only faint blue coloration of the central cylinder was observed

Fig. 1 Analysis ofMtHEXO2 expression in mycorrhizalMedicago truncatula R108 roots. (a) GUS staining in roots expressingMtHEXO2pro-GUS (or empty
vector) and inoculated with Rhizophagus intraradices (arbuscular mycorrhizal (AM)) or sterilized substrate (Mock). Pictures show representative examples
of whole roots (bars, 200 lm) and rhizodermal cells (bars, 20 lm) from 5 to 8 biological replicates. Arrowheads mark blue root hairs. (b) Induction of
MtHEXO2pro-GUS after local inoculation with R. intraradices spores (red frame) for 24 h. Pictures show the same root before and after GUS staining (bars,
500 lm). The enlarged picture corresponds to the red-bordered area (bar, 100 lm). Arrowheads indicate blue-colored cells after GUS staining. (c) Correla-
tion of mycorrhizal structures andMtHEXO2pro-GUS expression in roots inoculated with R. intraradices (40 d post inoculation (dpi)). Roots were subjected
to GUS staining and then treated with WGA-AF488 (green fluorescent signals). Arrowheads indicate arbuscules. Noninoculated roots and inoculated roots
transformed with the empty vector (EV) served as controls (bars, 100 lm). (d) qRT-PCR analysis ofMtHEXO2 in wild-type (WT) plants inoculated with R.

intraradices (30 dpi). RNA samples represent roots of three pooled plants. Data indicate means� SE of normalized expression values (n = 3). The asterisk
indicates a significant increase ofMtHEXO2 transcripts in mycorrhizal roots (two-tailed Student’s t-test: *, P-value ≤ 0.01).

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 1954–1973
www.newphytologist.com

New
Phytologist Research 1959

 14698137, 2023, 5, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19094 by O

klahom
a State U

niversity, W
iley O

nline Library on [15/05/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



under these plant growth conditions (Fig. 1b). By contrast, spot
inoculation by the fungal pathogen F. oxysporum did not lead to
induction of MtHEXO2 promoter activity at the treatment site
(Fig. S6). To analyze roots colonized by AM fungi, plants were
harvested at 40 dpi and then subjected to GUS staining followed
by incubation with WGA-AF488 to visualize fungal structures by
fluorescence microscopy. Blue coloration reflecting MtHEXO2
promoter activity was observed in the central cylinder of mycor-
rhizal and nonmycorrhizal roots. However, colonization by AM
fungi resulted in increased blue coloration in the root cortex, par-
ticularly in arbuscule-containing cells. Arbuscules showing strong
fluorescence were often but not always stained blue, suggesting
that MtHEXO2 expression was transiently stimulated in these
cells (Fig. 1c). In another experiment, expression of MtHEXO2
was analyzed by qRT-PCR in mycorrhizal and nonmycorrhizal
roots at 30 dpi. The result confirmed that MtHEXO2 expression
was upregulated in mycorrhizal roots (Fig. 1d).

To explore MtHEXO2 expression during early stages of
the nodule symbiosis, hairy roots transformed with the
MtHEXO2pro-GUS construct were inoculated with S. meliloti
Rm41 and harvested at different time points. Root tissue (cortex
and central cylinder) of inoculated as well as mock-inoculated
plants occasionally showed faint blue coloration, indicating con-
stitutive MtHEXO2 expression in the examined roots. However,
MtHEXO2 promoter activity was clearly induced in young root
hairs at 1 dpi while root hairs of mock-inoculated plants were not
blue. Later time points showed weak or no blue coloration in
root hairs of inoculated plants, indicating transient induction of
MtHEXO2 expression upon rhizobial inoculation (Fig. 2a).

Nodules harvested at 10 dpi or 20 dpi showed blue coloration
that merged into the blue-colored central cylinder of the root.
Photographs of paraffin sections indicated that highest
MtHEXO2 expression in nodules was associated with vascular
bundles (Fig. 2b).

MtHEXO2 expression in the rhizodermis is upregulated by
symbiotic signals

COs from AM fungi are known symbiotic signals for M. trunca-
tula (Genre et al., 2013; Feng et al., 2019). We therefore applied
chitotetraose and chitoheptaose to hairy roots of R108 plants
transformed with theMtHEXO2pro-GUS construct. Roots treated
for 4 h with these COs showed GUS activity in the rhizodermis,
particularly in young root hairs close to the root tip. However,
no blue coloration of rhizodermal cells was observed when roots
were analyzed 24 h after the CO treatment. Neither mock-treated
control plants, nor plants transformed with the empty vector and
treated with COs, showed blue coloration of rhizodermal cells at
any time point. Similar to the treatment with COs, the LCO
NodSm-IV(C16:2, S) of the symbiont S. meliloti induced
MtHEXO2 promoter activity in root hairs close to the root tip at
4-h postapplication, but not at 24 h (Fig. 3a). Furthermore, we
examined the effects of LCOs from Sinorhizobium sp. NGR234,
which does not nodulate M. truncatula (Pueppke &
Broughton, 1999). This strain produces many types of LCOs
that are structurally similar to fungal LCOs including those from
R. intraradices (Price et al., 1992; Rush et al., 2020). Interest-
ingly, LCOs from NGR234 were able to induce MtHEXO2 pro-
moter activity in rhizodermal M. truncatula cells expressing
MtHEXO2pro-GUS. Blue root hair cells were observed at 4 h after
LCO application, but not at 24 h. Roots treated with the control
material obtained from NGRDnodABC (deficient in LCO synth-
esis) remained colorless (Fig. 3b).

MtHEXO2 expression in the rhizodermis requires a
functional CSSP

To further characterize the observed effects of COs and LCOs on
MtHEXO2 expression, experiments were performed with dmi3-1

Fig. 2 Analysis ofMedicago truncatula R108 roots transformed withMtHEXO2pro-GUS and inoculated with rhizobia. (a) Transformed roots were inocu-
lated with Sinorhizobium meliloti Rm41 or mock-treated with 10mMMgSO4. Pictures show whole roots (bars, 200 lm) and root hairs (bars, 20 lm) at
the time of harvest. Arrowheads mark blue root hairs in the infection zone close to the root tip. (b) Pictures of GUS-stained nodules harvested at indicated
time points (upper; bars, 200 lm) and corresponding paraffin sections (lower; bars, 100 lm). Arrowheads mark vascular bundles.
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and dmi1-3, mutants of M. truncatula Jemalong A17 which are
unable to induce CSSP-mediated gene expression because of a
defect in CCaMK and a nuclear cation channel, respectively
(L�evy et al., 2004; Mitra et al., 2004; Capoen et al., 2011). As the

promoter sequence of Jemalong A17 is slightly different from
R108 plants (nucleotide identity 90%; Fig. S7), we cloned a
MtHEXO2 2630-bp promoter sequence from Jemalong A17 and
constructed a corresponding binary vector with the GUS reporter

Fig. 3 GUS activity in rhizodermal cells ofMedicago truncatula R108 roots transformed withMtHEXO2pro-GUS and treated with COs, NodSm-IV(C16:2,
S) or LCOs from NGR234 for 4 h or 24 h. Plants transformed with the empty vector (EV) were also analyzed. (a) Transformed roots were treated with indi-
cated concentrations of chitotetraose (CO4) or chitoheptaose (CO7) dissolved in Jensen medium or with 10�8MNodSm-IV(C16:2, S) dissolved in Jensen
medium containing 0.5% (v/v) DMSO (abbreviated as 10�8 IVS). Control plants were treated with Jensen medium (Mock 1) or Jensen medium containing
0.5% (v/v) DMSO (Mock 2). (b) Transformed roots were treated with 10�8M LCOs from NGR234 dissolved in Jensen medium containing 0.5% (v/v)
DMSO. A control treatment was performed with corresponding material from the NGRDnodABCmutant. Control plants were treated with Jensen medium
containing 0.5% (v/v) DMSO (Mock). Arrowheads mark blue coloration of young root hairs close to the root tip. Bars, 20 lm.
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gene. Hairy roots of WT plants expressing MtHEXO2pro-GUS
and inoculated with R. intraradices showed frequently blue col-
oration in the rhizodermis at early time points (1 and 3 dpi),
whereas no GUS activity was observed for the dmi3-1 and dmi1-
3 mutants (Fig. 4a). Treatments with chitotetraose, chitohep-
taose, or NodSm-IV(C16:2, S) for 4 h resulted in a similar blue
coloration in rhizodermal cells of WT plants while those of the
mutants remained colorless (Fig. 4b). Furthermore, qRT-PCR
analysis showed that MtHEXO2 transcript levels in roots treated
with NodSm-IV(C16:2, S) were significantly higher for WT
plants than for the mutants (Fig. 4c). MtHEXO2 transcript levels
in roots inoculated with R. intraradices, however, did not differ
significantly between WT and mutant plants when roots were
harvested at 1 dpi or 3 dpi (Fig. S8). Taken together, our analysis
of the dmi3-1 and dmi1-3 mutants indicates that symbiosis-
related MtHEXO2 induction in the rhizodermis depends on a
functional CSSP.

Subcellular localization of MtHEXO2

The SIGNALP-6.0 computer program predicts a signal peptide of
18 amino acids for MtHEXO2, suggesting that the protein is
secreted (Fig. S3). To explore subcellular localization of
MtHEXO2 during the early stage of symbiosis with R. intrara-
dices, roots of R108 plants were transformed with a binary vector
containing the 2628-bp MtHEXO2 promoter sequence and the
MtHEXO2 coding sequence fused to a C-terminal RFP tag
(MtHEXO2pro-MtHEXO2:RFP). Roots inoculated with AM
fungi were then analyzed by laser scanning confocal microscopy.
Red fluorescent signals representing MtHEXO2:RFP could be
assigned mainly to rhizodermal cells (atrichoblasts) that were in
contact with the fungus while neighboring cortex cells showed no
or only weak red fluorescence. Strong fluorescent signals were
observed in the cell periphery of the rhizodermal cells, suggesting
that MtHEXO2 is an extracellular protein (Fig. 5a,b). No red

Fig. 4 MtHEXO2 expression in rhizodermal cells depends on DMI3 and DMI1. (a, b) Analysis for GUS activity in rhizodermal cells of dmi3-1, dmi1-3, and
wild-type (WT) plants (Medicago truncatula Jemalong A17) transformed withMtHEXO2pro-GUS. (a) Plants inoculated with Rhizophagus intraradices (arbus-
cular mycorrhizal (AM)) or mock-inoculated with sterilized substrate (Mock) were analyzed at indicated time points after inoculation. Arrowheads mark blue
root hairs. (b) Analysis of plants treated with indicated concentrations of chitotetraose (CO4) or chitoheptaose (CO7) dissolved in Jensen medium or with
10�8MNodSm-IV(C16:2, S) dissolved in Jensen medium containing 0.5% (v/v) DMSO (abbreviated as 10�8 IVS) for 4 h. Control plants were treated with
Jensen medium (Mock 1) or Jensen medium containing 0.5% (v/v) DMSO (Mock 2). Arrowheads mark blue coloration of young root hairs close to the root
tip. (c) qRT-PCR analysis ofMtHEXO2 transcripts in roots ofWT, dmi3-1, and dmi1-3 plants. Roots of seedlings were immersed for 4 h in Jensen medium con-
taining 0.6 lMNodSm-IV(C16:2, S) and 0.5% (v/v) DMSO. Wild-type plants were also treated with Jensen medium containing 0.5% (v/v) DMSO (WT
mock). Root RNA from 8 to 10 plants was analyzed in three pools per genotype. Data indicate means� SE of normalized expression values (n = 3). Asterisks
indicate significantly lowerMtHEXO2 expression relative to the inducedWT (two-tailed Student’s t-test: *, P-value ≤ 0.05). Bars, 20 lm.
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fluorescent signals were observed for rhizodermal cells of inocu-
lated control roots that were transformed with the empty vector
lacking MtHEXO2:RFP and analyzed under identical micro-
scopic settings (Fig. 5c).

For subcellular localization of MtHEXO2 in root hairs
infected with rhizobia, a similar binary vector containing
MtHEXO2 with a C-terminal GFP tag was constructed
(MtHEXO2pro-MtHEXO2:GFP). Roots of R108 plants trans-
formed with this construct were inoculated with a S. meliloti
Rm41 derivative constitutively expressing mCherry. Analysis by
fluorescence microscopy revealed that MtHEXO2:GFP could be
detected for curled root hairs at 2–3 dpi but not for noninfected
root hairs. Red fluorescent signal emitted by the rhizobial micro-
colony in the root hair curl (infection pocket) was typically coin-
ciding with green fluorescent signal from MtHEXO2:GFP,
resulting in a yellow area in overlaid images (Fig. 6a–c). Infection
threads of root hairs, visualized by the mCherry-expressing bac-
teria, did not show green fluorescent signals (Fig. 6c). Infected
root hairs on control roots transformed with the empty vector
(lacking the MtHEXO2:GFP construct) showed faint green back-
ground fluorescence (Fig. 6d), as root hair curling in M. trunca-
tula can lead to the accumulation of autofluorescent material in
the curled root hair (Fournier et al., 2015). In conclusion, these
results indicate that MtHEXO2 is an extracellular protein that
can accumulate in the infection pocket of curled root hairs.

Biochemical analysis of MtHEXO2

The MtHEXO2 coding sequences of the M. truncatula ecotypes
Jemalong A17 and R108 share 99% identity of nucleotides and

amino acids, respectively (Figs S9, S10). The full-length coding
sequences of MtHEXO2 were cloned from both ecotypes. For
expression of a His-tagged protein in E. coli BL21(DE3), the cod-
ing sequence of MtHEXO2 from R108 (without the predicted
signal peptide) was inserted into pET-28a. As a control version of
MtHEXO2 without enzyme activity, a modified construct with
two amino acid substitutions (D325A and E326A) was also
cloned into pET-28a. Proteins extracted from E. coli cells carry-
ing the constructed plasmids were subjected to nickel affinity
chromatography, and eluted proteins were analyzed by SDS-
PAGE. The His-tagged MtHEXO2 protein was only faintly
detected on Western blots when an anti-His antibody was used
(Fig. S11). However, expression of a truncated form of
MtHEXO2 (residues 119 to 463 with an N-terminal 6xHis tag)
resulted in higher production levels of the protein (c. 42 kDa
band), which was used to immunize a rabbit (Fig. S12). Western
blot analysis indicated that the obtained anti-MtHEXO2 anti-
serum could recognize the recombinant MtHEXO2 protein as
well as the D325A/E326A variant (Fig. S13a). The His-tagged
MtHEXO2 protein showed hydrolytic activity when p-
nitrophenyl-N-acetyl-b-D-glucosaminide (pNP-GlcNAc) was
used as substrate. By contrast, no activity was found for the
D325A/E326A variant, indicating that these residues are essential
for enzyme activity (Fig. S13b).

As MtHEXO2 was only poorly expressed in E. coli, we contin-
ued research by using P. pastoris as an expression system. The
MtHEXO2 sequence of Jemalong A17 (without predicted signal
peptide) was cloned into pPIC9K, which contains a yeast signal
peptide to allow secretion of the expressed protein. P. pastoris
GS115 transformed with the empty vector pPIC9K was used as a

Fig. 5 Subcellular localization of MtHEXO2:RFP in mycorrhizal roots. Roots ofMedicago truncatula R108 were transformed with a binary vector
containingMtHEXO2pro-MtHEXO2:RFP or the empty vector (EV). Transformed roots were inoculated with Rhizophagus intraradices, harvested at 8–10
dpi, and analyzed with a confocal laser scanning microscope. Rhizophagus intraradiceswas visualized by using WGA-AF488 (green fluorescent signals).
Analysis of red fluorescent signals (RF) indicated the presence of the MtHEXO2:RFP protein in the periphery of rhizodermal cells that were in direct contact
with the fungus (arrows). (a, b) Examples of rhizodermal cells transformed with theMtHEXO2pro-MtHEXO2:RFP construct. (c) Empty vector control show-
ing no red fluorescent signals. Bars, 20 lm.
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negative control. Culture supernatants containing recombinant
MtHEXO2 protein were collected by centrifugation and then
directly used for SDS-PAGE and Western blot analysis with the
prepared anti-MtHEXO2 antiserum. A band of the predicted
molecular weight (c. 68 kDa) was clearly visible, indicating that
MtHEXO2 was successfully expressed and secreted by P. pastoris
(Fig. 7a). The protein was then used for enzyme tests with various
aryl glycoside substrates. Culture supernatants containing
MtHEXO2 efficiently hydrolyzed the pNP-GlcNAc and p-
nitrophenyl-N-acetyl-b-D-galactosaminide (pNP-GalNAc) sub-
strates. By contrast, no or only very weak activity comparable to the
empty vector control was found with pNP-a-L-arabinofuranoside,
pNP-a-L-arabinopyranoside, pNP-b-D-xylopyranoside, pNP-b-D-
glucopyranoside, or pNP-b-D-galactopyranoside (Fig. 7b). These
data indicate that MtHEXO2 possesses b-N-acetylglucosaminidase
and b-N-acetylgalactosaminidase activities.

To further characterize the enzyme activity, chitotetraose, chit-
opentaose, chitohexaose, and chitoheptaose were used as sub-
strates for MtHEXO2 secreted by P. pastoris. GlcNAc released

from these COs was detected using the DMAB reagent. The
results showed that these COs could be degraded by MtHEXO2,
whereas no activity was found for control samples from culture
supernatants of P. pastoris cells carrying the empty vector
(Figs 7c, S14). To substantiate these findings, chitopentaose was
incubated with MtHEXO2 for different periods and reaction
mixtures were separated by reverse-phase HPLC on an amino
column. The results indicated that MtHEXO2 was able to com-
pletely degrade chitopentaose into GlcNAc. When a shorter incu-
bation time was used, intermediate products, namely
chitotetraose, chitotriose, and chitobiose, were observed, while
no activity was detected for control samples from culture super-
natants of P. pastoris cells carrying the empty vector (Fig. 7d).
Hence, MtHEXO2 stepwise releases GlcNAc from COs.

As reported previously (Tian et al., 2013; Cai et al., 2018),
MtNFH1 of M. truncatula can cleave LCOs from S. meliloti into
lipo-disaccharides and sulfated COs. By contrast to MtNFH1,
recombinant MtHEXO2 secreted by P. pastoris cleaved neither
NodSm-IV(C16:2, S) from S. meliloti (Fig. S15), nor LCOs

Fig. 6 Subcellular localization of MtHEXO2:GFP in root hairs inoculated with rhizobia. Roots ofMedicago truncatula R108 were transformed with a binary
vector containingMtHEXO2pro-MtHEXO2:GFP or the empty vector (EV). Transformed roots were inoculated with Sinorhizobium meliloti Rm41
constitutively expressing mCherry. Root hairs of roots harvested at 3 dpi were analyzed with a fluorescence microscope. The yellow color in merged images
(see enlarged images for details) indicates an overlap of MtHEXO2:GFP signals (GF, green fluorescence) with fluorescent signals of rhizobia (RF, red
fluorescence). (a, b) Examples of MtHEXO2:GFP accumulation in infection pockets of a curled root hairs before infection thread development. (c)
Accumulation of MtHEXO2:GFP in the infection pocket of a curled root hair that has developed an infection thread. (d) Control images showing a curled root
hair of a root transformed with the empty vector without theMtHEXO2:GFP construct. Arrowheads (in c, d) mark formed infection threads. Bars, 20 lm.
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from Sinorhizobium sp. NGR234 (Fig. S16), indicating that the
acyl chain at the nonreducing end protects the LCO carbohy-
drate backbone from degradation by MtHEXO2.

We also asked whether structural modifications at the reducing
end of COs can influence CO hydrolysis by MtHEXO2. Recom-
binant MtNFH1 (expressed in E. coli) was used to hydrolyze
NodSm-IV(C16:2, S), and the resulting sulfated chitobiose was
separated from the lipo-disaccharide NodSm-II(C16:2) by butanol
extraction. Recombinant MtHEXO2 secreted by P. pastoris was
then incubated with chitobiose or the prepared sulfated chitobiose.
TLC analysis of the reaction mixtures showed that chitobiose was
partially converted into GlcNAc, whereas sulfated chitobiose was
not hydrolyzed under the test conditions used (Fig. 7e). These
findings suggest that the sulfate group at the reducing end of chito-
biose protects the molecule from cleavage by MtHEXO2.

Mutants with a Tnt1 insertion inMtHEXO2 show
decreased colonization by AM fungi

To investigate the biological function of MtHEXO2 during sym-
biosis, two Tnt1 retrotransposon insertion mutant lines (NF4082
and NF5709) of M. truncatula R108 were obtained from the
mutant collection at Oklahoma State University. PCR analyses
and sequencing results confirmed that both lines contained a
Tnt1 retrotransposon insertion in the first exon of MtHEXO2
(660 bp and 523 bp downstream of the ATG start, respectively).
Homozygous lines were selected and named hexo2-1 and hexo2-2
(Figs 8a, S17a,b). Under our growth conditions, the mutant
plants grew normally and could not be phenotypically distin-
guished from WT plants. Further characterization by qRT-PCR
and reverse transcription PCR showed that MtHEXO2 transcript

Fig. 7 Biochemical analysis of MtHEXO2 expressed in Pichia pastoris. (a) SDS-PAGE (top) and Western blot analysis (bottom) of secreted MtHEXO2 pro-
duced by P. pastoris expressingMtHEXO2 (GS115-MtHEXO2; lanes marked with +), and the empty vector control (GS115-EV; lanes marked with –). Pro-
teins (16 ll culture supernatant) were analyzed at different times after induction of cells with methanol. Western blot analysis was performed with an
antiserum against MtHEXO2. The MtHEXO2 protein (c. 68 kDa) is marked by an arrow. (b) Hydrolytic activity of proteins (10 ll culture supernatant) from
GS115-MtHEXO2 and GS115-EV toward aryl glycosides. Data indicate means� SE from three independent replicates (nd, activity not detected). Abbrevia-
tions of aryl glycosides: pNP-AraF, p-nitrophenyl-a-L-arabinofuranoside; pNP-AraP, p-nitrophenyl-a-L-arabinopyranoside; pNP-XylP, p-nitrophenyl-b-D-
xyloside; pNP-GluP, p-nitrophenyl-b-D-glucopyranoside; pNP-GalP, p-nitrophenyl-b-D-galactopyranoside; pNP-GlcNAc, p-nitrophenyl-N-acetyl-b-D-
glucosaminide; pNP-GalNAc, p-nitrophenyl-N-acetyl-b-D-galactosaminide. (c) Results of similar tests with chitooligosaccharides (COs) (1 mM chitotetraose
or chitopentaose) as substrates. Produced GlcNAc was photometrically determined with the DMAB reagent. Data indicate means� SE from three indepen-
dent replicates. (d) High-pressure liquid chromatography Chitopentaose (10mM) was incubated with 10 ll culture supernatant from GS115-MtHEXO2 for
indicated periods. Supernatants from the GS115-EV strain (EV) lacked CO-cleaving activity. Commercially available COs were used as standards (GlcNAc;
CO2, chitobiose; CO3, chitotriose; CO4; chitotetraose; CO5, chitopentaose). (e) Sulfated chitobiose was not cleaved by MtHEXO2. Chitobiose (abbre-
viated as CO2) or sulfated chitobiose (abbreviated as CO2-S) were incubated with 10 ll culture supernatant from GS115-MtHEXO2 for different periods,
and the products were analyzed on TLC plates. GlcNAc and chitobiose were used as standards (left lane).
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levels in these mutants were significantly decreased compared
with the WT (Figs 8b, S17c).

To uncover a possible symbiotic function of MtHEXO2, nodu-
lation tests with S. meliloti Rm41 were performed. The results did
not reveal obvious differences between mutant and WT plants
under the test conditions used (Fig. 8c; Table S3). However, differ-
ences between WT and hexo2 plants were seen when the plants
were inoculated with R. intraradices. Although fungal root coloni-
zation was observed in both WT and hexo2 plants, results from
three independent experiments showed that the frequency of AM
structures was significantly lower in hexo2 roots (Fig. 8d,e;
Table S4). Gene expression analysis by qRT-PCR showed that
expression of MtHEXO2 and AM symbiosis-related marker genes
was reduced in mycorrhizal roots of hexo2 mutants (Fig. 8f), while

expression of defense-related genes (PR4 and chitinase genes) did
not significantly differ fromWT plants (Fig. S18).

To test for gain-of-function phenotypes, we used A.
tumefaciens-mediated transformation to generate stably trans-
formed M. truncatula R108 plants constitutively overexpressing
MtHEXO2 under the control of a double CaMV 35S promoter.
Expression of MtHEXO2 analyzed by qRT-PCR was increased
about fivefold in transformants compared with WT plants. We
then inoculated the roots with AM fungi and compared the
MtHEXO2-overexpressing transformants with WT and hexo2-1
mutant plants. The results showed that fungal colonization was
not significantly different (Fig. S19; Table S5).

To confirm that reduced fungal colonization in the hexo2
mutants was due to MtHEXO2, a full-length MtHEXO2 (R108)

Fig. 8 Hexo2mutants show reduced colonization by arbuscular mycorrhizal (AM) fungi. (a) Schematic view of Tnt1 insertion sites of the hexo2-1 and hexo2-

2mutants ofMedicago truncatula R108. The duplication sequence flanking the Tnt1 sequence is marked in orange. (b) Analysis ofMtHEXO2 expression by
qRT-PCR in wild-type (WT) and the hexo2mutants. Roots from 4-wk-old plants were used for each RNA extraction (at least 3 RNA extractions per genotype;
n ≥ 3). Data indicate means� SE of normalized expression values. (c) Nodule number of WT and hexo2mutant plants inoculated with S. meliloti Rm41
(21 dpi). Data are shown as boxplots (≥ 25 plants from two independent experiments; n ≥ 25). (d–f) Analysis of plants inoculated with Rhizophagus intrara-

dices (30 dpi). (d) Pictures illustrating mycorrhizal roots (upper; bars, 100 lm) and arbuscular cells (lower; bars, 50 lm) inWT and hexo2 plants. (e) Quantifica-
tion of AM structures in mycorrhizal roots as in (d). H, hyphopodia; IH, internal hyphae; A, arbuscules; V, vesicles. Data are shown as boxplots (20 plants from
three independent experiments; n = 20). (f) Quantitative real-time-PCR analysis ofMtHEXO2 and symbiosis-related marker genes in mycorrhizal roots of WT
and hexo2mutants. Each RNA sample was obtained from 3 to 4 pooled plants. Data indicate means� SE of normalized expression values (n = 3). Asterisks
above columns indicate a significantly increased gene expression in mycorrhizal roots (AM) compared with control roots (Mock). Statistical differences
between genotypes in (b, e, f) are indicated by asterisks above lines (two-tailed Student’s t-test: *, P-value ≤ 0.05; **, P-value ≤ 0.01). Boxplots in (c, e) show
datapoints, median (horizontal line), lower/upper quantile (box), and lower/upper 1.5 times interquartile range (whiskers).
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construct (including the 2628-bp promoter sequence) and an
RFP expression cassette were expressed in roots of hexo2 mutants.
Transformation with the empty vector (containing only the RFP
expression cassette) was used as a control. Transformation effi-
ciency data are shown in Table S6. Roots showing red fluores-
cence were subjected to qRT-PCR and reverse transcription PCR
analysis. The results confirmed the expression of MtHEXO2 in
the roots of transformed hexo2 mutants (Figs 9a, S20). Further-
more, plants with roots showing red fluorescence were inoculated
with R. intraradices and roots harvested 30 d later. The degree of
fungal colonization was increased in both hexo2 mutants, that is,
the WT phenotype was restored. By contrast, mutants

transformed with the empty vector control retained weak fungal
colonization (Fig. 9b; Table S7). To test whether GlcNAc, the
end product of MtHEXO2 activity, is required for efficient sym-
biosis, we attempted to restore WT colonization levels in hexo2
mutants by adding exogenous GlcNAc. However, even a repeated
treatment of hexo2 mutant roots with 1 mM GlcNAc had no
obvious effect on fungal root colonization (Fig. S21).

Discussion

In this study, we identified and characterized MtHEXO2, a
GH20 enzyme of M. truncatula that efficiently hydrolyzes COs.
Mutant analysis indicated that MtHEXO2 has a function in AM
symbiosis but not in nodule symbiosis. Expression of MtHEXO2
in M. truncatula roots was found to be induced during symbiosis
with AM fungi and rhizobia. Promoter-GUS analysis revealed
that rhizodermal cells, particularly root hairs, show an induction
of MtHEXO2 expression in response to fungal inoculation. Ana-
lysis of mycorrhizal roots at later symbiotic stages indicated that
MtHEXO2 expression in the root cortex coincides with fungal
structures, particularly arbuscules, suggesting that MtHEXO2
may act locally at the symbiotic interface to hydrolyze fungal
COs derived from chitin in the fungal cell wall (Bonfante-Fasolo
et al., 1990). Future studies should clarify whether homeostasis
of CO levels affects the formation and/or maintenance of arbus-
cules in M. truncatula and other plants. The finding that LCO
receptor genes are expressed in arbuscule-containing cells in var-
ious plants (Gomez et al., 2009; Rasmussen et al., 2016; Girardin
et al., 2019) suggests that expression of HEXO2 genes in these
cells depends on a functional CSSP. When M. truncatula was
inoculated with S. meliloti, induction of theMtHEXO2 promoter
activity was transiently induced in root hairs at 1 dpi (Fig. 2).
Elevated MtHEXO2 expression in response to S. meliloti inocula-
tion was also observed in previous studies, albeit at later time
points (Benedito et al., 2008; Breakspear et al., 2014; Liu
et al., 2019; Schiessl et al., 2019). Treatments of roots with COs,
NodSm-IV(C16:2, S), or LCOs from Sinorhizobium sp.
NGR234 resulted in a similar induction of MtHEXO2 promoter
activity. Induced MtHEXO2 expression in rhizodermal cells of
plants treated with S. meliloti LCOs has been previously reported
by Jardinaud et al. (2016) (Fig. S2). Induction of the MtHEXO2
promoter activity in root hairs by COs and NodSm-IV(C16:2,
S) was found to be CSSP-dependent in our study, since dmi3-1
and dmi1-3 mutants showed no response.

Localization experiments with roots inoculated with AM fungi
revealed the detection of fluorescent MtHEXO2:RFP protein in
rhizodermal cells that were in contact with fungal hyphae, while
no red fluorescent signals were observed in cortex cells at 8–10
dpi (Fig. 5). These results suggest that MtHEXO2 is released into
the apoplast or associated with the outer leaflet of the plasma
membrane in rhizodermal cells. Accordingly, MtHEXO2 in
arbuscule-containing cells is expected to accumulate in the sym-
biotic interface compartment between the fungus and the peri-
fungal membrane of the host plant. Analysis of subcellular
localization was further performed on S. meliloti-infected root
hairs expressing green fluorescent MtHEXO2:GFP. The yellow

Fig. 9 Functional complementation of hexo2mutants byMtHEXO2

expression under the control of the native promoter. (a) Quantitative real-
time-PCR analysis of transformed hexo2mutant roots showingMtHEXO2

expression as in wild-type (WT) plants (red columns) in contrast to empty
vector (EV) controls (black columns). In addition, WT plants were trans-
formed with theMtHEXO2 construct or the empty vector. Each RNA sam-
ple was obtained from 3 to 4 pooled plants. Data indicate means� SE
(n = 3). (b) Root colonization by Rhizophagus intraradices in hexo2 roots
expressingMtHEXO2 (30 dpi) using 5–8 transformants (5 ≤ n ≤ 8). Com-
plemented mutants showed similar fungal colonization as the WT trans-
formed with the empty vector. Transformation of WT plants with the
MtHEXO2 construct showed no effect on fungal colonization. Boxplots
show datapoints, median (horizontal line), lower/upper quantile (box),
and lower/upper 1.5 times interquartile range (whiskers). Asterisks in
panels a and b indicate significant differences between transformants and
empty vector controls (two-tailed Student’s t-test: *, P-value ≤ 0.01).
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signals in overlay images of Fig. 6(a–c) indicate co-localization of
MtHEXO2:GFP and mCherry-expressing S. meliloti bacteria in
the infection pocket of three independent curled root hairs. Focal
exocytosis of proteins into the infection pocket of curled root
hairs was previously reported for various symbiosis-related pro-
teins, including MtNFH1/MtCHIT5b (Fournier et al., 2015;
Cai et al., 2018; Li et al., 2022). In conclusion, our subcellular
localization analysis indicates that MtHEXO2 is an extracellular
enzyme which comes into direct contact with molecules secreted
by AM fungi and rhizobia.

Analysis of recombinant protein expressed in E. coli and P. pas-
toris indicated that MtHEXO2 is a functional b-hexosaminidase
that cleaves pNP-GlcNAc, pNP-GalNAc, and COs in a similar
way as b-hexosaminidase purified from jack bean (Canavalia ensi-
formis) and GH20 enzymes of A. thaliana (Li & Li, 1970; Gut-
ternigg et al., 2007; Strasser et al., 2007; Fig. 7). LCOs were not
cleaved by MtHEXO2, which is consistent with observations that
GH20 enzymes are exo-glycosidases that release terminal GlcNAc
or GalNAc from the nonreducing end of oligosaccharides
(Liu et al., 2018; Drula et al., 2022). In contrast to chitobiose,
sulfated chitobiose, that is, the hydrophilic cleavage product of
the LCO-cleaving hydrolases MtNFH1/MtCHIT5b (Tian
et al., 2013; Cai et al., 2018; Li et al., 2022), was not hydrolyzed
by MtHEXO2 under our test conditions, suggesting that sulfated
chitobiose accumulates in the rhizosphere of M. truncatula or is
hydrolyzed by an unknown enzyme. In this context, it is worth
mentioning that certain rhizobia and fungi produce LCOs with-
out reducing end modifications (Spaink et al., 1991; Maillet
et al., 2011; Rush et al., 2020). When such LCOs are degraded
by plant hydrolases (Heidstra et al., 1994), the hydrophilic clea-
vage products are chitobiose or chitotriose and thus likely sub-
strates for GH20 enzymes.

As MtHEXO2 expression was regulated by LCO signaling and
MtHEXO2:GFP was detected in infection pockets of root hairs,
we initially hypothesized that MtHEXO2 could play a role in the
nodule symbiosis. However, nodulation of hexo2 roots was simi-
lar to that of WT plants. These results are consistent with our
findings that rhizobial LCOs are not cleaved by MtHEXO2.
Although MtHEXO2 appears to be not essential for the nodule
formation, minor quantitative symbiotic effects of MtHEXO2
cannot be completely ruled out as HEXO2 may recognize
unknown GlcNAc or GalNAc containing plant substrates. For
example, GH20 enzymes were found to release terminal GlcNAc
or GalNAc residues of N-glycans (Gutternigg et al., 2007; Stras-
ser et al., 2007; Alvisi et al., 2021) and thus may have the poten-
tial to modify properties of symbiotic LysM receptors, which are
known to be N-glycosylated (Broghammer et al., 2012; Lefebvre
et al., 2012). In our study, strong constitutive GUS activity
reflecting MtHEXO2 promoter activity was observed in the cen-
tral cylinder of roots (Fig. 1) and in vascular tissue of
nodules (Fig. 2). We speculate that MtHEXO2 expression in vas-
cular tissues is associated with processing of N-glycans that may
accumulate in the xylem sap (Boulanger et al., 2014; Tsujimori
et al., 2019).

Hexo2 mutants showed reduced colonization by AM fungi
(Fig. 8), which could be complemented by a WT HEXO2

copy (Fig. 9). We suggest that the symbiosis-promoting effect
of MtHEXO2 is due to inactivation of fungal COs once
CSSP-mediated MtHEXO2 expression is induced by COs or
LCOs. Too strong and continuous stimulation of the CSSP
could eventually result in autoregulation responses that nega-
tively affect the AM symbiosis (Staehelin et al., 2011). In this
view, the signal-inactivating function of MtHEXO2 during the
AM symbiosis would be a feedback response, which is similar
to the rhizobial LCO inactivation by MtNFH1/MtCHIT5b in
the nodule symbiosis (Cai et al., 2018; Li et al., 2022).
MtHEXO2 can hydrolyze long-chain COs such as chitohex-
aose and chitoheptaose, thereby transiently producing short-
chain COs (Figs 3, S14). These findings suggest that
MtHEXO2 can not only regulate CO levels but also affect the
ratio of long-chain COs to short-chain COs during the AM
symbiosis. Enzymatic inactivation of excess amounts of COs,
especially long-chain COs, could play a role in suppressing
plant defense reactions as COs are known to trigger defense
responses via the classic chitin signaling pathway (Bozsoki
et al., 2017; Khokhani et al., 2021). However, mycorrhizal
roots of hexo2 mutants and WT plants did not show signifi-
cant differences in the expression of plant defense genes in our
qRT-PCR analysis (Fig. S18) and further experiments are
required to explore plant defense reactions during AM symbio-
sis. It is worth noting in this context that RiSLM, a LysM
effector of the AM fungus R. irregularis, can sequester COs
and promote the symbiosis with M. truncatula (Zeng
et al., 2020). Thus, fungal effectors and host enzymes such as
MtHEXO2 may both reduce CO levels at the symbiotic inter-
face by different mechanisms.

Overexpression of the LCO-cleaving hydrolase gene
MtCHIT5b resulted in reduced nodulation ofM. truncatula roots
(Li et al., 2022). However, overexpression of MtHEXO2 did not
affect root colonization by AM fungi in this study. It can be
assumed that CO levels at the symbiotic interface decrease with
increasing amounts of MtHEXO2, while LCO levels are
expected to remain unchanged. In MtHEXO2-overexpressing
plants, fungal LCOs might therefore be sufficient to trigger
CSSP-mediated gene expression and subsequent symbiosis with
AM fungi.

What is the fate of GlcNAc produced by MtHEXO2? CO-
derived GlcNAc could be recycled by AM fungi and act as a sig-
nal molecule to localize the presence of a susceptible host (Kobae
et al., 2015; Nadal et al., 2017). On the contrary, GlcNAc at the
symbiotic interface could be also taken up by the host plant via
GlcNAc-specific transporter proteins. Remarkably, roots of rice
and maize mutants defective in a GlcNAc transporter (nope1
mutants) showed significantly reduced colonization by AM fungi
(Paszkowski et al., 2006; Nadal et al., 2017).

In conclusion, our study highlights that MtHEXO2 is a
symbiosis-related gene that promotes AM symbiosis. Rhizoder-
mal MtHEXO2 expression depends on a functional CSSP that
could be activated by COs and LCOs. MtHEXO2 is an extracel-
lular b-hexosaminidase that can efficiently hydrolyze COs and
thus likely plays a crucial role in inactivation of fungal COs in
the symbiotic interface.
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