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A legume cellulase required for rhizobial
infection and colonization in root nodule
symbiosis

Li Zhao1,3, Chuan-Ya Ji1,3, Jeremy D. Murray2 & Cheng-Wu Liu 1

In root nodule symbiosis, the accommodation of rhizobia in legumes neces-
sitates extensive plant cell wall remodeling to build infection threads (ITs) for
rhizobia travelling into nodules, and to subsequently release rhizobia from ITs
to form nitrogen fixing symbiosomes. Themolecular and cellular mechanisms
underlying these processes are obscure. Here we report that Medicago trun-
catula Glycoside Hydrolase 9C2 (GH9C2) is required for both rhizobial infection
and nodule colonization. The gh9c2–1 mutant exhibits incompetent nodules
with disorganized ITs and defective rhizobial release, likely due to cellulose
accumulation. GH9C2 localizes to IT wall and rhizobial release sites, and cel-
lulase activity is indispensable for GH9C2 function. CBM49 domain of GH9C2
is required for rhizobial infection but not for rhizobial release. Furthermore,
GH9C1and NPL act synergistically with GH9C2 in rhizobial infection. Our find-
ing reveals transient IT-derived structures, the rhizobial release foci and
uncovers a mechanism mediated by host cellulases for the symbiotic coloni-
zation by rhizobia.

The legume-rhizobial symbiosis has great potential for sustainable
agriculture, through the provision of fixed nitrogen to the host by
rhizobia residing in root nodules1–3. The rhizobial nitrogenase cata-
lyzes the conversion of N2 to ammonia, which is made possible by the
micro-environment provided by legumehost nodule cells4–7. However,
as soil bacteria, rhizobia first need enter into legume roots, and
eventually be taken up in the nodule cells to fix nitrogen, a process
known as rhizobial infection8–11. Rhizobia enter roots either from
between cells (intercellular/“crack entry”) or through special intracel-
lular structures called infection threads (ITs), and the latter mode is
favored in most legumes, including model legumes such as Medicago
truncatula and Lotus japonicus12.

Intracellular rhizobial infection starts from rhizobia attachment to
root hairs after reciprocal signal exchanges between the two symbiotic
partners13,14, followed by root hair curling with rhizobia entrapped, and
the subsequent development of an infection chamber (IC) containing a
population of propagating rhizobia known as microcolony15,16. A tubular

infection thread (IT) then initiates from the IC as a result of inward
growth of host cell wall and membrane. As the key structure for intra-
cellular infection, the IT develops down through the root hair, pro-
ceeded by the nucleus, which remains connected to the growing IT tip,
by an ER-rich cytoplasmic bridge, with rhizobia dividing and moving
inside10,17. A similar process reiterates in sub-epidermal cell layers,
resulting in IT ramification into the cells of developing nodules, ending
with release of rhizobia from ITs intomature nodule cells. The final step
of this process involves formation of un-walled ‘infection droplets’, from
which rhizobia are released and wrapped by host membrane forming so
called ‘symbiosomes’ where biological nitrogen fixation takes place18,19.

The plant cell wall plays a key role in plant morphogenesis and
development, provides structural support and actively engages in
signaling processes in response to biotic and abiotic stresses20–25.
Growing cells are surrounded by primary cell walls and some differ-
entiated cells alsohave secondary cellwalls26,27. The biological function
of the plant cell wall depends on its composition, which consists
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polysaccharide polymers, cell wall proteins and/or phenolic compounds
such as lignin and varies in different tissues and plant taxa28,29. In eudi-
cots, polysaccharide polymers in the primary cell wall include cellulose,
hemicellulose and pectin20,23. Cellulose is formed by multiple β−1,4-
linked glucan chains and these chains are hydrogen bonded together
forming cellulose microfibrils, which is the major load-bearing compo-
nent of the wall30–32. In plant-microbe interactions, pathogens need
overcome the plant cell wall barrier, e.g. cellulosemicrofibrils, by usually
loosening or degrading it for the establishment of infection and
disease33–35. To this end many pathogens secrete an array of cell wall
degrading enzymes such as glycosyl hydrolases, or glycoside hydrolases
(GH), which cut glycosidic bonds in cell wall polysaccharides33,36. Among
the GHs, members of GH family 9 (GH9) are endo-β−1,4 glucanases, also
known as EGases, or cellulases (EC 3.2.1.4), which are also found in plants
and are subdivided into 3 groups, i.e. GH9A, GH9B and GH9C37–40. All
plant GH9 proteins contain a glycoside hydrolase catalytic domain (CD),
while GH9Cs harbor an additional carbohydrate binding domain,
CBM49, which was shown to bind cellulose38. Although some plant
GH9C cellulases have been shown to degrade cellulose and hemi-
cellulose in vitro, in general their function in plant development or plant-
microbe interactions are almost unknown41,42.

Plant cell walls function as important “symbiotic interface” for
molecular exchange in plant-microbe symbiosis, such as that between
arbuscular mycorrhizal (AM) fungi and many land plants43,44. In con-
trast to many pathogens, AM fungi Rhizophagus irregularis appears to
lack many GH genes, suggesting that in symbiotic interactions some
cell wall modifications essential for microbial accommodation may be
undertaken mainly by plant hosts33,43,44. Interestingly, a recent study
found that a GH81 type β-glucanase, GBP1 from wheat, could enhance
colonization ofmutualistic fungi including R. irregularis34,45. It has been
also long known that in legume-rhizobial symbiosis, rhizobial infection
necessitates extensive cell wall remodeling, but the underlying mole-
cular mechanisms are still obscure15,18. In particular, it is not well
understood how the IT wall degradation proceeds to allow infection
droplet formation and rhizobial release. Similar to the plant cell wall,
cellulose, hemi-cellulose and pectin are also present as structural
components of IT wall46,47. Nodule Pectate Lyase (NPL) was found to
degrade pectin and npl mutants display abnormal infection pheno-
type, characterized by large swollen ICs in L. janponicus,M. truncatula
and soybean48–50. NPL and symbiosis-specific pectin methyl esterases
(SyPME1) also mediate cell wall modifications during IT progression in
M. truncatula nodules51. It has also been reported that a cellulase from
Rhizobium leguminosarum bv. Trifolii, CelC2, is essential for rhizobial
infection in clover52. However, it remains unknown whether legume
host cellulases are important for rhizobial infection. Here we report
that a M. truncatula cellulase, Glycoside Hydrolase 9C2 (GH9C2), is
required for IT development and rhizobial release.

Results
GH9B3 and GH9C2 expression pattern is associated with rhizo-
bial infection
Two genes encoding putative cellulases were found from previous
Medicago root hair transcriptomic studies49,53,54. These belong to the B
and C subgroups of the GH9 family38,39 and were named GH9B3
(Medtr3g010330) and GH9C2 (Medtr8g099410) respectively. Their
expression in root hairs was specifically induced by S. meliloti or Nod
factor and their induction was NODULE INCEPTION (NIN)-dependent
(Supplementary Fig. 1a–c). We investigated GH9B3 and GH9C2
expression using fusions of their promoters to the GUS gene
(pGH9B3:GUS or pGH9C2:GUS) in composite plants generated via
Agrobacterium rhizogenes mediated hairy root transformation. X-Gluc
staining showed that both genes were expressed in the root tip and
lateral root primordia (Supplementary Fig. 1d–g). Upon rhizobial
inoculation, they were highly expressed in root hairs, especially in root
hairs harboring ITs (Fig. 1a, b). During nodule development, both

GH9B3 and GH9C2 were highly expressed in nodule primordia, young
nodules and in the apical region including the infection zone ofmature
nodules (Fig. 1a, b). Besides GH9C2, there exists another GH9C
homolog,GH9C1 (Medtr4g074960), inM. truncatula, whichwas shown
previously to be expressed specifically in root hairs55 andwe found that
it was also expressed in both root hairs under rhizobial infection and
nodules by promoter-GUS analysis (Supplementary Fig. 2). These
results show that the symbiotic expression of these GH9s are closely
associated with the rhizobial infection process.

gh9c2 mutants show defective rhizobial infection in both root
hairs and nodules
To investigate whether GH9B3, GH9C2 or GH9C1 is required for rhi-
zobial infection, we isolated M. truncatula lines with exonic Tnt1
insertions, designated as gh9b3–1 (NF5823), gh9c1–1 (NF11668) and
gh9c2–1 (NF16578), respectively (Supplementary Fig. 3a–c). Symbiotic
phenotypes of these mutants were quantified at 7 dpi (days post
inoculation) and 21 dpi with Sinorhizobiummeliloti 1021-lacZ (Fig. 1c–f,
and Supplementary Fig. 3d). At 7 dpi, gh9b3–1, gh9c1–1 and gh9c2–1
showed similar number of infection events to that of WT (Supple-
mentary Fig. 3d). However, compared to ITs in root hairs in WT, which
grew relatively straight and had uniform widths, many ITs in gh9c2–1
were irregular in shape, and developed swollen segments along their
length (Fig. 1c, d). At 21 dpi, while a similar number of pink nodules
were found in WT, gh9c1–1 and gh9b3–1, there were very few pink
nodules in gh9c2–1, and the nodules that formed were mostly small
and white (Fig. 1e, f). To test if nitrogen fixation ability in gh9c2–1 is
affected, we inoculatedWT and gh9c2–1 with S. meliloti 1021-nifH:GUS
and used GUS staining as an indication of nifH gene promoter activity,
thus, a proxy for rhizobia nitrogenase synthesized. Results from the
time course experiment at 14, 21 and 28 dpi showed greatly reduced, if
not completely depleted, nifH expression in gh9c2–1 nodules, as
expected from their white nodule phenotype (Fig. 1g, h and Supple-
mentary Fig. 4a–i). The nodule phenotype of gh9c2–1 was further
confirmed by complementation experiments (described later in the
text). We did RNAi experiments to knock-down GH9B3 and GH9C1,
respectively, and no obvious phenotype was found on nodule mor-
phology or nodule numbers (Supplementary Fig. 5a–d). As gh9b3–1
and gh9c1–1 didn’t show obvious rhizobial infection or nodule phe-
notypes, we focused our study on GH9C2.

To determine whether rhizobial infection or nodule development
is affected in the gh9c2–1mutant, we examined its nodules at different
developmental stages. Sections of X-Gal stained nodules showed that
they were progressively colonized by rhizobia over time in WT
(Fig. 2a). In contrast, the nodules of gh9c2–1were poorly colonized by
rhizobia at all stages (Fig. 2b). In WT mature nodules, rhizobia were
present throughout the nodule, with an enrichment of ITs in the
infection zone (Fig. 2c). However, at 21 dpi, the nitrogen fixation zone
of gh9c2–1 nodules was often not colonized, ITs were sporadically
present, and frequently the rhizobia accumulated intercellularly
(Fig. 2d). These abnormal infection structures were also present in
nodules at 42 dpi (Supplementary Fig. 6a–c). Further observation
confirmed that rhizobial colonization in gh9c2–1 nodules was severely
delayed from an early stage, suggesting that in addition to root hair
infection, GH9C2 also plays a role in nodule infection (Supplementary
Fig. 6d–f). Paraffin sections ofWT and gh9c2–1 nodules at 7, 10, 14 and
21 dpi further confirmed defective rhizobial infection and poor rhi-
zobial colonization in gh9c2–1 nodules (Fig. 2e, f).

Abnormal IT wall organization in gh9c2–1 nodules
We hypothesize that GH9C2, as a putative cellulase, may affect the
organization of ITwall. Lightmicroscopy revealed the frequent presence
of large intercellular infection “blobs” in thin sections of gh9c2–1
nodules (Supplementary Fig. 7a-c). Further analysis using transmission
electron microscopy (TEM) confirmed the accumulation of large
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Fig. 1 | gh9c2 is defective in rhizobial infection and nitrogen fixation.
a, b Expression pattern of GH9B3 and GH9C2 as shown by promoter-GUS assay.
Promoter-GUS assay was repeated twice and at least 22 transgenic plants were
analyzed in each experiment. c Infection thread phenotypes ofWT, gh9b3-1, gh9c1-
1 and gh9c2-1. Red arrows indicate defective infection threads. d Quantification of
abnormal rhizobial infection events in WT, gh9b3-1, gh9c1-1 and gh9c2-1. N ≥ 16
plants for each genotype. eNodule phenotypes ofWT, gh9b3-1, gh9c1-1 and gh9c2-
1. f Quantification of nodule numbers in WT, gh9b3-1, gh9c1-1 and gh9c2-1. N = 12
plants for each genotype. Infection and nodulation phenotyping were both repe-
ated three times.gGUS staining pattern ofWT and gh9c2-1 at 14, 21 and 28dpi with

Sinorhizobium meliloti 1021 nifH:GUS. Red arrowheads indicate residual GUS
staining in some gh9c2-1 nodules. hQuantification of GUS assay in g. Nodules were
randomly selected from 10plants. N = 62, 58, 59 forWTand42, 44, 83 for gh9c2-1 at
14, 21, 28 dpi respectively. nifH:GUS assay was repeated twice. Error bars in (d, f)
indicate SEM. Two-tailed Student’s t-test. P value (d): P =0.0926 (gh9c1-1 versus
WT), P <0.0001 (gh9c2-1 versus WT) and P =0.0055 (gh9b3-1 versus WT). P value
(f): for pink/white/all nodules, P =0.5024/0.4795/0.4094 (gh9c1-1 versus WT),
P <0.0001/ < 0.0001/0.4208 (gh9c2-1 versus WT), P =0.7434/0.6765/0.6127
(gh9b3-1 versusWT). Scale bars, 10 µm, 100 µmand 100 µm(a,b, from left to right);
20 µm (c), 1mm (e) and 2mm (g).
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amounts of rhizobia within these structures (Supplementary Fig. 8a–b).
In contrast, some intercellular infections were also observed in WT
nodules, but they were typically smaller and contained only a limited
number of rhizobia (Supplementary Fig. 8a). Large intracellular ITs with
accumulating rhizobia were also found in gh9c2–1 nodule cells (Sup-
plementary Fig. 8c). Sometimes degrading symbiosomes were often
present in these cells (Supplementary Fig. 8c). Although ITs with
abnormally thickerwallswere occasionally observed in gh9c2–1nodules,
quantification of ITs showed that there was no significant difference of
their thickness relative to WT (Supplementary Fig. 9). However, clear
defects were found in the internal organization of the IT wall in gh9c2-1
(Fig. 3a–c). Under our experimental conditions, TEM revealed that inWT
plants the IT wall displayed a clear pattern with fiber-like structures
aligned in parallel along IT cross sections. We hypothesize that these
fiber-like structures could be cellulose microfibrils. In contrast, these
structures in IT walls of gh9c2-1 were very disordered and frequently
showed variable-sized “gaps” (Fig. 3a–c). These findings indicate that
GH9C2 is required for proper cell wall development, e.g. formation of
normal cellulose structure during IT progression.

Rhizobial release from ITs requires GH9C2
Dissolution of the IT wall is a necessary step for rhizobial release into
symbiosomes19. The sporadic and very weak nifH-GUS staining in a few
gh9c2-1 nodules implies that at least some rhizobia are released and

develop into symbiosomes, which was confirmed by observation of
nodule sections under both light microscopy and TEM (Fig. 1g, h and
Supplementary Fig. 7, 10). However, nodule sections showed that
symbiosomes were either absent, or present in very limited number of
cells in all gh9c2-1 nodules (Fig. 2 and Supplementary Fig. 7). Hence, we
hypothesize that GH9C2 might be involved in rhizobial release from
ITs. We first investigated the rhizobial release process by using TEM to
specifically focus on rhizobial release sites in nodule cells (Supple-
mentary Fig. 10). In WT nodules, an unwalled-infection droplet was
usually observed to be attached to the infection thread and from the
infection droplet rhizobia were released, forming symbiosomes
(Fig. 3d, e). In gh9c2-1 nodule cells, occasionally normal infection
droplets could be found (Supplementary Fig. 11). However, in most
nodule cells, this pattern was disrupted and the process of rhizobia
release was rather chaotic, where enlarged infection threads were
often found to be associated with groups of rhizobia (Fig. 3f–h).
However, instead of forming an unwalled infection droplet, these
groups of rhizobia are surrounded by large fragments of cell walls
(Fig. 3g, h). In gh9c2-1 nodule cells where rhizobia have been released,
some abnormal symbiosomes were observed, with cell wall or matrix-
like material filling the space between the rhizobia cell wall and sym-
biosome membrane, in contrast to the very narrow empty spaces as
found in WT symbiosomes (Fig. 3e, i). Unlike differentiated symbio-
somes in WT, gh9c2-1 nodule cells also showed large accumulations of

Fig. 2 | GH9C2 is required for rhizobial infection and nodule colonization. a, b
Rhizobial infection and colonization shown by X-Gal staining inWT (a) and gh9c2-1
(b) nodule primordia and nodules at different stages. Samples were collected at 7
dpi and 14 dpi with S. meliloti 1021-lacZ. c, d Rhizobial colonization in WT (c) and
gh9c2-1 (d) at 21 dpi with S. meliloti 1021-lacZ. X-Gal staining assay and nodule
sections were collected from three independent experiments. N ≥ 18 for WT and
N ≥ 16 for gh9c2-1 at each stage. e, f Nodule paraffin sections showing rhizobial

infection and nodule colonization in WT (e) and gh9c2-1 (f) at different stages.
Samples were collected at 7 dpi, 10 dpi and 14 dpi with S. meliloti 1021-lacZ. Arrows
indicate infection threads inWTnodules (e), arrowheads indicateblockeddefective
rhizobial infections in gh9c2-1 nodules (f), and asterisks indicates some of the
nodule cells colonizedby rhizobia (e, f). Nodules for paraffin sectionswere selected
from 9 plants in two independent experiments. N ≥ 10 for each stage. Scale bars,
200 µm (a-d), 100 µm (e, f).
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uniformly sized, tightly clustered rhizobia, that were sometimes
attached to dense matrix material (Fig. 4a, b). These results show that
the process of rhizobial release is also disrupted in gh9c2-1.

To further capture the dynamics of rhizobial release in detail and
get a quantitative analysis, we resorted to confocal laser scanning
microscopy imaging bydouble stainingwith Pontamine Fast Scarlet 4B
(S4B) dye, which preferentially stains cellulose and has been used for
imaging cellulose in Arabidopsis56 and SYTO-13, for rhizobia in both
WT and gh9c2-1 nodules (Fig. 4e–l). We found that in both WT and
gh9c2-1, S4B stained both the plant cell wall and IT wall (Fig. 4e-l). This
revealed outwardly bulging structures on the IT wall which we here
designated as “rhizobial release foci” (Fig. 4e, f, i and Supplementary
Fig. 12a). These rhizobial release foci later appeared to develop into un-

walled “infection droplets”. In addition, S4B staining of the contours of
the rhizobial release foci revealed that they appeared to gradually
develop sporadic puncta, which we hypothesize could be cell wall/
cellulose fragments generated during the process of cell wall/cellulose
degradation at these sites before the eventual formation of the
unwalled- “infection droplets” for rhizobia release (Fig. 4f, and Sup-
plementary Fig. 12b). In WT, S4B staining gradually disappeared as
rhizobial release proceeded, and was completely absent around
infection droplets that contained rhizobia (Fig. 4e–h and Supplemen-
tary Fig. 12c). But inmost gh9c2-1nodule cells, S4B stainingpersisted in
the enlarged IT walls and in puncta that partly co-localized with rhi-
zobia (Fig. 4i–l, and Supplementary Fig. 13). Quantification showed
that higher percentage of both enlarged rhizobial release foci

Fig. 3 | Abnormal rhizobial infection thread wall organization and defective
rhizobial release in gh9c2. a, b Typical intracellular infection thread inWT (a) and
gh9c2-1 (b). Arrow heads (b) indicate gaps in infection thread walls in gh9c2-1
nodules. c Quantification of infection threads with different cell wall organization
patterns in WT and gh9c2-1. N = 40. Data was collected frommore than 10 nodules
in two independent experiments. d Typical infection thread (it) and an unwalled
infection droplet (id) in aWTnodule cell. eAn infection dropletwith some released
rhizobia forming symbiosomes. The inlet “1” is the zoomed-in image of the rec-
tangle marked area “1”. f–h Typical rhizobial release foci in gh9c2-1 nodules.
Zoomed-in images are shown in (g) for the rectangle-marked region, and (h) for the
infection thread area (red asterisk) in (f), respectively. Image in (h) also shows some

region not included in (f). i Defective symbiosome formation in gh9c2-1 just after
rhizobial release. Inlet shows the magnification of the abnormal symbiosome in
rectangle-marked region “2”. it, infection thread. id, infectiondroplet. itw, infection
thread wall. r, rhizobia. s, symbiosome. White arrowheads indicate the infection
threadwall (d, f,h). White arrows indicate themembrane surrounding the infection
thread or the infection droplet (d, e). Red arrowheads indicate residual cell walls in
the rhizobial release foci in gh9c2-1 (g, h). Red arrows indicate abnormal symbio-
somes in gh9c2-1 (i). Yellow arrowheads and yellow arrows indicate bacterial cell
wall and symbiosomemembrane, respectively (inlets “1” in e, “2” in i). For rhizobial
release phenotyping, TEMwasperformedusing at least 15 nodules from 10plants in
two independent experiments. Scale bars, 100nm (a, b), 1 µm (d–i).
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(47% vs 9%) and S4B-stained rhizobia release foci (66%vs 16%) existed in
gh9c2-1, when compared to that in WT (Fig. 4c, d), suggesting a defec-
tive andprolongedprocess of rhizobial release in gh9c2-1. Thus, the S4B
staining reveals that rhizobial release is a multi-step process and indi-
cates the involvement of GH9C2, presumably through its degradation
of cellulose during rhizobial release (Supplementary Fig. 12d).

Cellulase activity is required for GH9C2 function during legume-
rhizobial symbiosis
Wenext investigate whether GH9C2 is a bona fide cellulase. Both the full
length GH9C2 protein without the N terminal signal peptide and a
truncated GH9C2 protein containing only the catalytic domain (CD),
GH9C2CD were expressed using a Pichia pastoris secretory protein
expression system41,42. GH9C2CD was successfully expressed, but wewere
unable to purify the truncated protein, while the full length GH9C2
protein could not be stably detected. Thus, we focused on GH9C2CD and
used total protein for cellulase activity assay57 (Supplementary Fig. 14).
Among the different polysaccharides we detected, which include
microcrystalline cellulose (MCC), carboxymethylcellulose (CMC), liche-
nan, arabinan, glucomannan, xylan and pectin, higher enzyme activity
was found for MCC and CMC (Fig. 5a). Almost no enzyme activity
towards pectin and very weak enzyme activity was found for other
polysaccharides (Fig. 5a). This result shows that GH9C2 can degrade
cellulose and prefer cellulose for degradation in vitro.

To investigate mutation of GH9C2 on cell wall composition, we
measured content of polysaccharides including cellulose,

hemicellulose andpectin, andmonosaccharide composition inWTand
gh9c2-1 roots at 14 dpi with S. meliloti 1021. The results showed that
compared to WT, both cellulose and hemicellulose were reduced, and
pectin was increased in gh9c2-1 (Supplementary Fig. 15a). For mono-
saccharide composition, glucose was reduced in gh9c2-1, consistent
with reduced cellulose therein (Supplementary Fig. 15b). Other
monosaccharides which showed difference in WT and gh9c2-1 were
mannose and xylose, whichhad lower and higher content, respectively
in gh9c2-1 (Supplementary Fig. 15b). These results suggest that in
addition to cellulose, GH9C2 may also affect other cell wall compo-
nents, maybe indirectly.

We further tested whether the function of GH9C2 in nodulation is
dependent on its cellulase activity. To this end, we generated con-
structs for expressing different versions of GH9C2 with mutations of
one, two or three conserved amino acids which were predicted as
required for the catalytic activity of GH9C2, i.e., H414, D466 and
E47558–61. Complementation experiments were performed and the
results showed that these mutants were unable to rescue the nodule
phenotypes of gh9c2-1, suggesting that cellulase activity of GH9C2 is
indispensable for its role in the legume-rhizobial symbiosis (Fig. 5b, c).

GH9C2 location is associated with rhizobial infection and rhi-
zobial release
The subcellular localization of GH9C2 was investigated using a
C-terminal GFP fusion driven by either the pLjUBQ1 promoter or the
native GH9C2 promoter. Live cell imaging in root hairs of composite

Fig. 4 | GH9C2 is required for cellulose degradation during rhizobial release.
a, b Typical cell of WT (a) and gh9c2-1 (b) after rhizobia release from infection
threads. c,dQuantificationof enlarged rhizobia release foci (c) andpresenceof S4B
staining in rhizobial release foci (d) in WT and gh9c2-1 nodule cells. N = 180 (WT)
and 209 (gh9c2-1). e–l S4B staining at different stages of rhizobial release in WT
(e-h) and gh9c2-1 (i-l) nodule cells. Rhizobia were stained with SYTO13. Arrows

indicate S4B staining in IT wall. Arrowheads indicate S4B staining in rhizobial
release foci (f, k) and cluster of released rhizobia (l). Double arrowheads indicate
excessive accumulation of S4B staining in gh9c2-1 (j). rrf, rhizobial release foci. For
S4B staining assay, rhizobial release phenotyping was collected from three inde-
pendent experiments, with at least 16 nodules in each experiment. Scale bars, 5 µm
(a, b) and 10 µm (e–l).
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plants transformed with the pLjUBQ1:GH9C2-GFP construct showed
that GH9C2-GFP localized to the tips of initiating and elongating root
hairs (Supplementary Fig. 16a). Replacement of GFP with mCherry in
the construct exhibited the same tip-localized pattern. This tip-
localized GH9C2-mCherry signal was also maintained in plasmolyzed
root hairs, showing that GH9C2 is localized to the cell wall rather than
to the plasma membrane (Supplementary Fig. 16b). After rhizobial
inoculation, the GH9C2-GFP signal was also found in infection cham-
bers and infection threads (Supplementary Fig. 16c, d). In line with
GH9C2’s role in rhizobial infection, GH9C2-GFP driven by the native
pGH9C2promoterwas found to localize to ICs and ITs in root hairs, but
didn’t localize to root hair tips, which indicates that native promoter
may confer GH9C2 a more stringent localization pattern during
legume-rhizobial symbiosis (Fig. 6a–d).

GH9C2 localization was further investigated in nodules of
pGH9C2:GH9C2-GFP composite plants. GH9C2-GFP signal was found in
ITs of developing nodules (Fig. 6e). In mature nodules with clear
zonation, GH9C2-GFP was conspicuously localized to ITs in the distal
infection zone, where IT growth and rhizobial release are most active
(Fig. 6f, g). GH9C2-GFP also localized to the apoplastic regions
between cells at sites of IT passage (Fig. 6h–j and Supplementary
Fig. 17a). The GH9C2-GFP signal in ITs gradually weakened along the
apical-basal axis into the proximal infection zone, and in cells where
rhizobial release occurs, it was found in IT bulges representing inci-
pient rhizobial release foci (Fig. 6h–j and Supplementary Movie 1). In
cells where rhizobia were undergoing release, GH9C2-GFP signal
accumulated at rhizobial release foci, especially in infection droplets

(Fig. 6j, k and Supplementary Fig. 18). More interestingly, GH9C2-GFP
was also localized as puncta, which stayed close to, but not completely
overlapped with newly released rhizobia (Fig. 7a, and Supplementary
Fig. 17b, Supplementary Fig. 19a-c). GH9C2-GFP was also associated
with differentiating rhizobia, although at a seemingly lower level, and
was also present in some compartments, likely vacuoles (Fig. 7b). The
GH9C2-GFP localization is reminiscent of the S4B-stained cellulose
distribution pattern in nodule cells containing rhizobial release foci,
including infection droplets, consistent with the defects of rhizobial
release in gh9c2-1 (Fig. 3d–i, Fig. 4e–l, Fig. 6h–k, Fig. 7c–e, and Sup-
plementary Figs. 17b, 19). Similar localization results were observed in
both WT and gh9c2-1 plants transformed with pGH9C2:GH9C2-GFP.
Our effort to further investigate the possible co-localization of S4B
staining puncta and GH9C2-GFP was failed and it seemed that the GFP
was immediately quenched by S4B. We further tried another cell wall
fluorescence dye, Calcofluor White, for the double staining. We found
that some Calcofluor White-stained puncta could co-localize with
GH9C2-GFP during rhizobial release (Supplementary Fig. 20a–c).
These results indicate thatGH9C2 functions inboth ITprogression and
rhizobial release by degrading cellulose materials as part of the cell
wall remodeling process, which is essential during the legume-
rhizobial symbiosis.

CBM49 domain contributes differentially to rhizobial infection
and rhizobial release
All GH9proteins contain a glycosidasedomain andGH9Cproteins also
have an additional carbohydrate binding domain, CBM49 (Fig. 8a). To

Fig. 5 | GH9C2 function depends on its cellulase activity. a Cellulase activity and
substrate specificity assay of GH9C2CD. Enzyme activity was measured as the
amount of reducing sugar (in micromoles) released per minute per microgram of
total protein, using the 3,5-dinitrosalicylic acid (DNS) method. Total protein was
incubated with different substrates at optimal pH and optimal temperature. Total
protein from empty vector transformants was used as negative control to subtract
background. MCC, microcrystalline cellulose; CMC, carboxymethylcellulose; ABN,
arabinan; GM, glucomannan; Xyl, xylan. Substrate specificity assay was performed
more than four times and similar results were observed. A representative result

from one experiment was shown in (a) and dots indicate the values of three tech-
nical replicates. b, c Quantification of nodule numbers (b) and typical nodule
phenotype (c) in WT plants transformed with empty vector (EV), gh9c2-1 trans-
formed with EV, GH9C2, or GH9C2 with one, two or three amino acids mutated.
DsRed was used as a transgenic marker. Error bars indicate SEM. Multiple com-
parison tests were performed using a one-way ANOVA followed by the Turkey’s
post-hoc test. Letters were assigned to indicate statistically significant differences
(adjusted P ≤0.05) of varying degrees. N ≥ 12 plants. The experiment was repeated
twice and similar results were observed. Scale bars, 1mm.
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test whether CBM49 domain is essential for GH9C2 subcellular loca-
lization, we transgenically expressed a GFP fusion of GH9C2 lacking its
CBM49 domain (GH9C2ΔCBM49) (Fig.8a). Live cell imaging in root hairs
showed thatGH9C2ΔCBM49 failed to localize to root hair tips, contrasting
with the full length GH9C2, when driven by LjUBQ1 promoter (Sup-
plementary Fig. 21a). In all root hairs, GH9C2ΔCBM49 accumulated in
puncta associated with nucleus, which was never seen for GH9C2,

which may reflect a defect in the secretion of GH9C2ΔCBM49 (Supple-
mentary Fig. 21a, b). However, GH9C2ΔCBM49 was still able to localize to
ITs in root hairs, either driven by LjUBQ1 or the native promoter
(Fig. 8b and Supplementary Fig. 21c). In nodules, GH9C2ΔCBM49-GFP
accumulated at rhizobial release foci/infection droplets, showed
punctate associationwith newly released rhizobia, and localized to the
apoplastic region of cell junctions, a pattern similar to GH9C2-GFP
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(Fig. 8c, d and Supplementary Fig. 21d). However, IT localization of
GH9C2ΔCBM49 was hardly observed in nodules (Fig. 8d, Supplementary
Fig. 22). This result indicates that CBM49 is indispensable for GH9C2
localization to ITs in nodules.

Rhizobial infection and rhizobial release are both essential for
nodule colonization by rhizobia, transporting and unloading rhizobia,
respectively. To test the functional relevance of CBM49 domain in
these two processes, we conducted complementation experiment on
gh9c2-1 using constructs of different forms of GH9C2, including
another one lacking CBM49 (GH9C2.2), driven by the native GH9C2
promoter (Fig. 8a). The results showed that gh9c2-1 formed as many
total nodules asWT,when transformedwith eitherGH9C2,GH9C2ΔCBM49

or GH9C2.2 at 28 dpi, while GH9B3 couldn’t restore pink nodule on
gh9c2-1 (Supplementary Fig. 23a, b). However, further examination of
nodule sections at 14 dpi showed that GH9C2 lacking the CBM49
domain could not fully complement the nodule colonization pheno-
type (Fig. 8e, f). To further dissectwhether the colonizationdefects are
due to defective rhizobial infection, we quantified infection events at
14 dpi. The results showed that although total infection events were
not affected (Supplementary Fig. 23c), gh9c2-1 transformed with
truncated GH9C2 developed defective ITs like those of gh9c2-1
mutants, and only full length GH9C2 could complement the rhizo-
bial infection phenotype (Fig. 8g, h). Our results indicate that the
glycosidase domain of GH9C2 is necessary and sufficient for rhizobial
release, while the CBM49 domain is indispensable for rhizobial infec-
tion (Supplementary Fig. 24).

GH9C2, GH9C1 and NPL act synergistically in the legume-
rhizobial symbiosis
Although ITs were defective in gh9c2-1, many could still progress into
developing nodules from root hairs. This leads us to speculatewhether
the only homolog of GH9C2 in M. truncatula, GH9C1, which is highly
expressed in epidermis55, is also involved in rhizobial infection. Inves-
tigation of the mutant revealed that the root hairs of gh9c1-1 were
shorter and wider than those of WT (Supplementary Fig. 25a–d), and
that this phenotype could be rescued by GH9C1 (Supplementary
Fig. 25e, f). In line with this, GH9C1-GFP driven by pGH9C1 promoter
localized to the tips of initiating and elongating root hairs (Supple-
mentary Fig. 26a, b). GH9C1-GFP was also found in ICs but not in ITs in
root hairs and nodules (Fig. 9a and Supplementary Fig. 27).Wemade a
double mutant and found that compared to gh9c2-1, there were more
abnormal enlarged microcolonies in gh9c1-1 gh9c2-1 (Fig. 10 and
Supplementary Fig. 28). This suggests that GH9C1 is also involved in
rhizobial infection, mainly contributing to the formation of ICs.

NPL is a pectin degrading enzyme shown to be involved in rhi-
zobial infection which localizes to both ICs and ITs inM. truncatula49,51.
We found that NPL-GFP and GH9C2-tdTomato, both driven by their
native promoter, co-localized in ICs and ITs in root hairs, also at the
tips of newly initiated IT branches in nodules (Fig. 9b–c, and Supple-
mentary Fig. 29a). This co-localization pattern was confirmed using
GH9C2-GFP and NPL-tdTomato (Fig. 9d, andSupplementary Fig. 29b,
30). To test if there is genetic interaction between GH9C2 and NPL, we
made a double mutant (Fig. 10 and Supplementary Fig. 28). Similar to

npl-1, gh9c2-1 npl-1 had more enlarged microcolonies and greatly
reduced number of elongating ITs in root hairs (Supplementary
Fig. 28).Moreover, number of nodule plus nodule primordia in gh9c2-1
npl-1was significantly reduced incomparison to that ofnpl-1orgh9c2-1
single mutant, consistent with delayed progression of rhizobial infec-
tion in gh9c2-1 npl-1 (Fig. 10d, e). To further test whether NPL functions
in later stages of rhizobial infection and rhizobial release, we inocu-
latedWT, gh9c2-1, npl-1 and gh9c2-1 npl-1with S.meliloti 1021-nifH:GUS
and quantified the GUS staining at 14, 21 and 28 dpi. Compared toWT,
npl-1 showed reduced percentage of GUS-stained nodules, more
obviously at an earlier stage at 14dpi (Supplementary Fig. 31). This
phenotype ofnpl-1wasmuchweaker than thatof gh9c2-1 and at 28dpi,
the difference between WT and npl-1 became subtle (Supplementary
Fig. 31). The percentage of GUS-stained nodules in gh9c2-1was slightly
decreased in gh9c2-1 npl-1, consistent with a slight increase in the
percentage of S4B-stained rhizobial release foci in gh9c2-1 npl-1,
though the percentage of abnormal rhizobial release foci were not
changed (Supplementary Fig. 31, 32). Similar to that WT and gh9c2-1,
normal differentiated symbiosomes did form in gh9c2-1 npl-1 (Sup-
plementary Fig. 33). These results suggest that NPL may play a minor
role in rhizobial release and mainly functions in rhizobial infection,
together with GH9C2.

Discussion
In root nodule symbiosis, the host-made IT conveys rhizobia into
nodule cells62. The IT wall, formed by the inward growth of the plant
cell wall, the main barrier to microbial invasion, functions as a pro-
tection for both symbiotic partners, allowing the rhizobia to traverse
several root and nodule cell layers18,63,64. However, it constitutes a
formidable barrier for rhizobia to overcome when the IT reaches the
destination cell where rhizobia are being unloaded. At this stage, the
dissolution of ITwall is essential to secure rhizobial release from the IT
in legume nodules that harbor symbiosomes (SYM type nodules), the
innovation of which is thought to provide the evolutionary stability of
nitrogen fixation in legumes64. We find thatM. truncatula GH9C2 plays
dual roles in IT development and rhizobial release, likely by degrading
cellulose and other polysaccharides. Our finding provides a clear evi-
dence that cellulase from the legume host is indispensable for rhizo-
bial colonization in root nodule symbiosis.

Compared to rhizobial infection, host regulation of rhizobial
release is relatively underexplored and our understanding of the
related molecular mechanisms is minimal10,11,19,65. In many legume
mutants that are defective in rhizobial infection, the ITs rarely reach
nodule cells, which masks the potential roles that the related proteins
may play in rhizobial release66–69. In gh9c2-1, even though clear defec-
tive ITs are found and the process of rhizobial infection is largely
delayed,many ITs eventuallypenetrate into nodules, revealing adefect
in rhizobial release (Figs. 1–3). Our findings reveal that cell wall
degradation initiates at small foci that bulge from ITs and persists until
rhizobia are released and differentiate to some extent (Figs. 4, 6). We
propose “rhizobial release foci” as transient structures formed in the
process of rhizobial release, to distinguish them from the un-walled
infection droplets. However, it should be noted that rhizobial release

Fig. 6 | Subcellular localization of GH9C2 in infected root hairs and
nodule cells. a–d GH9C2-GFP localization in the infection chamber (a–b) and
infection thread (it, c–d) in root hairs. n, nucleus. cb, cytoplasmic bridge. Zoomed-
in images of the root hair region with infection chamber (a) or it (c) are shown in
b and d, respectively. e Localization of GH9C2-GFP in infection threads (arrow-
heads) in young nodules. f Localization of GH9C2-GFP in the distal region of
infection zone in nodules. g-j, Localization pattern of GH9C2-GFP during infection
thread development and rhizobia release in infected nodule cells. White arrow-
heads indicate infection threads in nodules (g).Red arrows indicate incipient rhi-
zobial release foci bulging from infection threads (h-j). White asterisks indicate
junctions between cells (h–j). Red arrowhead indicates the site of rhizobial release

(j). Double arrowheads indicate punctate accumulation ofGH9C2-GFP ina rhizobia-
releasing cell (j). Zoomed-in images of regions in h-j (red rectangular) are shown
and are numbered from 1 to 5 (h–j). k Accumulation of GH9C2-GFP in infection
droplets (id). GH9C2-GFP was driven by native GH9C2 promoter (a–k). Free DsRed
was used to mainly image cytoplasm and nucleus (a–e). GH9C2-GFP localization in
root hairs and nodules was both investigated in three independent experiments. At
least 50 root hair infection events (“ic” plus “it”) were observed from 10 transgenic
plants in each experiment. More than 15 nodules from 10 transgenic plants were
selected for GH9C2-GFP nodule localization in each experiment. Scale bars, 20 µm
(a–d), 50 µm (e, f) and 10 µm (g–k).
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foci are mainly quantified by their morphology and there is possibility
that some of them might be a result of defective rhizobial infection,
e.g. abnormal IT branching, rather than a direct effect of defective
rhizobial release, as both processes occur in distal infection zone and
both are affected in gh9c2-1mutant. Due to the technical impossibility

to trace the live process of rhizobial release in nodules, some of these
“foci” may not proceed to form infection droplets. Additional mole-
cularmarkers and co-imaging of bothmembrane and cell wall proteins
are needed in future to further elaborate the transition from elongat-
ing/branching IT to un-walled infection droplets. GH9C2 secures the

Fig. 7 | Subcellular localization of GH9C2 is associated with released rhizobia.
a Accumulation of GH9C2-GFP in infection droplets (id) and as puncta associated
with released rhizobia in infected nodule cells. it, infection thread. b In cells with
differentiating rhizobia (arrow), the punctate GH9C-GFP signal associated with
released rhizobia (arrowhead) is relatively weak, and is frequently found in the
vacuole-like compartments. c, d Analysis of co-localization of GH9C2-GFP with S.
meliloti 2011-mCherry. Thewhite line in the “Merge” panel indicates the signals for
analysis in c. GH9C2-GFP was driven by native GH9C2 promoter (a–d). Scale bars,
10 µm. e Illustration of the process of rhizobia release along with GH9C2

subcellular localization at different stages. Green color indicates GH9C2, which
localizes to both the IT and developing rhizobial release focus at stage 1, and to
the rhizobial release focus including the infection droplet and/or released rhi-
zobia from stage 2 onwards. Magenta color indicates rhizobia. it, infection thread.
rrf, rhizobial release foci. id, infection droplet. ap, apoplastic region. v, vacuole-
like compartments. GH9C2-GFP localization in nodules was investigated in three
independent experiments. More than 15 nodules from 10 transgenic plants were
selected for GH9C2-GFP nodule localization observation in each experiment.
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progression of this multi-step rhizobial release and its function in this
process does not rely on the CBM49 domain. The CBM49 domain of
SlGH9C in Solanum lycopersicum was shown to bind crystalline
cellulose38. It is currently unknownwhether different formsof cellulose
are predominant in different locations and at different stages of rhi-
zobial symbiosis. We tried to image a fluorescent protein-CBM3a
fusion and found that YPet-CBM3a showed nodule IT labeling, as well
as punctate labeling in rhizobia-releasing nodule cells, suggesting the
presenceof crystalline cellulose (Supplementary Fig. 34a–d). However,
it still awaits future exploration by using more different CBM labeling

to clarify exact cellulose composition during rhizobial infection and
rhizobial release70. The differential requirements for the CBM49
domain in rhizobial infection and rhizobial release may reflect distinct
cellulase actionswhich are required in these twoprocesses. The typical
“bulbs” in gh9c2 IT walls suggests that IT formation is finely regulated,
which presumably requires the specially localized GH9C2 activity
therein to hydrolyze the β-1,4-glycosidic bond, to make a well-
structured IT wall as seen in WT. Building ITs is such a delicate cell
wall remodeling process that requires certain stringency, presumably
provided by the CBM49 domain. On the other hand, rhizobial release

Fig. 8 | The CBM49 domain of GH9C2 differentially contributes to rhizobial
infection and rhizobial release. a Illustration of full length (GH9C2) and truncated
GH9C2 (GH9C2ΔCBM49, GH9C2.2) used for complementation experiment.
b Localization of GH9C2ΔCBM49-GFP to the infection thread (it) in root hairs (rh)
observed inpGH9C2:GH9C2ΔCBM49-GFP pAtUBQ10:DsRedhairy roots. FreeDsRedwas
used to mainly image cytoplasm and nucleus (b). Root hair localization of
GH9C2ΔCBM49-GFP was investigated in two independent experiments. At least 32
infection threads were observed from 10 transgenic plants in each experiment.
c Typical localization of GH9C2ΔCBM49-GFP at the rhizobial release foci/infection
droplet (arrows) and associated with released rhizobia (arrowheads) in an infected
nodule cell.Magenta color indicatesmCherry tagged S.meliloti 2011. Similar results
were observed in three independent experiments, with at least 15 nodules inves-
tigated in each experiment. d Quantification of GH9C2-GFP and GH9C2ΔCBM49-GFP
subcellular localization patterns in nodules. IT, infection thread. RF, rhizobial
release foci. AP, apoplastic region between cells. The percentage of each

localization patternobserved in total nodules is indicated above the corresponding
column. Nodules used for quantification were from transgenic plants in 7 inde-
pendent experiments. N = 75 for GH9C2-GFP and 51 for GH9C2ΔCBM49-GFP. e Typical
rhizobial nodule colonization pattern from gh9c2-1 complementation experiment.
Nodule sections were double stained with Calcofluor White (magenta) for cell wall
and SYTO13 for rhizobia (green). f, gQuantification of nodule colonization ratio (f)
and abnormal infection events ratio (g) for the complementation experiment. Error
bars indicate SEM. Two-tailed Student’s t-test. P value (f): P <0.0001, P =0.4781,
P <0.0001 and P <0.0001 for different genotypes versus WT/EV respectively. P
value (g): P <0.0001, P =0.9702, P <0.0001 and P <0.0001 for different genotypes
versus WT/EV respectively. N ≥ 29 nodules (f). N = 10 plants (g). h Root hair infec-
tion threads could not be complemented by GH9C2ΔCBM49, nor GH9C2.2. Com-
plementation assay was repeated twice. Samples were collected at 14 dpi with S.
meliloti 1021-lacZ (e–h). Scale bar, 20 µm (b, h), 15 µm (c), 100 µm (e).
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involves rather non-selective cell wall degradation which GH9C2ΔCBM49

would suffice. However, the specific impact of the GH9C2 catalytic
domain on cellulose structure and the biochemical function of the
CBM49 domain, especially during the processes of rhizobial infection
and rhizobial release, awaits further investigation.

Here we used S4B for imaging cellulose and we could not rule out
that other cell wall components may also be relevant during rhizobial
infection and rhizobial release in gh9c2-1. Although so far reported
plant GH9Cs degrade cellulose efficiently, they could degrade other
polysaccharides in vitro38,41,42. Our results showed that GH9C2CD had
much higher specificity for cellulose in vitro. Cell wall composition
assay showed that cellulose and glucose were the most affected
polysaccharides and monosaccharides in whole nodulated roots of
gh9c2-1. It should be noted that this result could not reflect the very
specialized local changes of cell wall composition, such as in infection
threads or at rhizobial release foci, which is hard to quantify due to
technical difficulty. It is possible that GH9C2 can degrade other car-
bohydrates in planta, in addition to cellulose, and these carbohydrates

may have differential distribution in infection threads in nodules and
root hairs.

The M. truncatula genome encodes more than 30 GH9s and only
twoof themareGH9Cs, constituting theGH9C1 andGH9C2 clades, as in
most flowering plants (Supplementary Figs. 35, 36, 37; and Supple-
mentary Data 1, 2, 3). Unlike the root and rhizobial induced expression
of GH9C2, GH9C1 is specifically expressed in epidermis under non-
symbiotic condition and gh9c1 shows root hair developmental defects,
similar to its ortholog in Arabidopsis55,71. GH9C1 also localizes to ICs,
but notably it is not found in ITs, a pattern different from GH9C2 or
NPL, which localizes to both ICs and ITs, indicating that distinct
components are involved in IC formation and IT development. It has
been shown that NPL and SyPEM1 function at the cell to cell passage of
infection threads, protein localization and nodule infection phenotype
suggest that GH9C2 also play a role at this so called “transcellular
passage cleft”, or TPC51,72. More cell wall enzymes are expected to be
found at TPC, and thus, a cohort of cell wall players is deployed here
for targeting different cell wall components for modification/

Fig. 9 | Subcellular localization of GH9Cs and NPL during rhizobial infection.
a Imaging of GH9C1-GFP in infection chambers (arrowheads). Free DsRed was used to
mainly image cytoplasm and nucleus (n). Similar results were obtained in two inde-
pendent experiments, with more than 28 infection events observed from 10 trans-
genic plants in each experiment.b, cCo-localizationGH9C2-tdTomato andNPL-GFP in
IC (b) and IT in root hairs (c). ic, infection chamber. it, infection thread. Similar results

were obtained in two independent experiments, with at least 54 infection events
observed from 12 transgenic plants in each experiment. d Co-localization GH9C2-GFP
and NPL-tdTomato in ITs in the nodule infection zone. White arrows (d) indicate tips
of branching infection threads. This experiment was repeated twice, with 20 nodules
collected from at least 10 transgenic plants in each experiment. All constructs were
driven by native promoter. Scale bars, 20 µm (a), 10 µm (b, c) and 60 µm (d).
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degradation to secure the transcellular IT progression. It is presently
unclear how these cell wall enzymes are secreted to specific locations
for either building infection structures or help releasing rhizobia. It
was found that the “infectosome” protein complex might mediate
polarized exocytosis during IT development and the IT location of
NPL was affected in one infectosome mutant, rpg73–77. A coherent
secretory pathway for GH9s needs to be elucidated and whether they
will be regulated by the infectosome awaits further study78. GH9Cs
are widely present in plants and our data suggests that GH9C2 was
recruited into the NIN regulon to enable rhizobial colonization dur-
ing the evolution of nodulation. Although NIN-independent regula-
tion of other GHs presumably exists in legumes that become infected
via rhizobial “crack entry”79, we speculate that GH9C2 homologs may
play conserved roles in SYM type nodules63. Future studies on GH9Cs

and other cellulases in different types of root nodule symbioses will
help shed light on the molecular and evolutionary mechanisms
underlying cell wall remodeling during symbiotic colonization in
land plants.

Methods
Plant and rhizobia materials
M. truncatula ecotypes R108 and Jemalong A17 were used in this study
as WT. gh9c1-1 (NF11668), gh9c2-1 (NF16578) and gh9b3-1 (NF5823)
were Tnt1 retrotransposon insertionmutants (R108background), all of
which were identified in this study. npl-1 (NF18556) is a Tnt1 insertion
mutant inR108 background49, whichwas also used to generate gh9c2-1
npl-1 double mutant in this study. gh9c1-1 gh9c2-1 was made in this
study by crossing gh9c1-1 and gh9c2-1.

Fig. 10 | Synergistic effectsofGH9CsandNPLonrhizobial infection. a,bNodules
at 21 dpi (a) and rhizobial infection phenotypes at 7 dpi (b) ofWT, gh9c2-1, gh9c1-1,
gh9c1-1 gh9c2-1, npl-1 and gh9c2-1 npl-1. c–e Quantification of enlarged micro-
colonies (c), nodule plus nodule primordia (d) and total infection events (e) of WT,
gh9c2-1, gh9c1-1, gh9c1-1 gh9c2-1, npl-1 and gh9c2-1 npl-1 at 7 dpi with S. meliloti
1021-lacZ. MC, microcolony. eIT, elongating infection thread. IT, infection thread.
rIT, ramified infection thread. N +NP, nodule plus nodule primordia. Error bars

indicate SEM. Two-tailed Student’s t-test. P value (c): P =0.0124 (gh9c2 versus WT),
P =0.1662 (gh9c1 versus gh9c2), P =0.0012 (gh9c1 gh9c2 versus gh9c2), P =0.0002
(npl versus gh9c2), P <0.0001 (gh9c2 npl versus gh9c2). P value (d): P =0.0026
(gh9c2 versus WT), P =0.1162 (gh9c1 versus WT), P =0.0030 (gh9c1 gh9c2 versus
WT), P =0.0023 (npl versus WT), P <0.0001 (gh9c2 npl versus WT), P <0.0001
(gh9c2 nplversus gh9c2),P <0.0001 (gh9c2 npl versusnpl). N = 12 plants. Scale bars,
1 cm (a), 20 µm (b).
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M. truncatula seeds were treated with sulfuric acid for 10min, and
then were washed 6 times with sterilized ddH2O. After being treated
with bleach for 4min, seeds were washed 6 times again with sterilized
ddH2O. Then seeds were imbibed in sterilized ddH2O over 2 h before
being transferred onto water plates (0.4% agar), and then were kept at
4 °C for 2 days. Before sowing, seeds were kept in dark at 22 °C over-
night. For symbiotic phenotyping, germinated seedlings were sown in
a mixture of vermiculite and perlite (1:1) and grown in controlled
environment chambers (24 °C, 16 h light/8 h dark).

Rhizobial strains used in this study were S. meliloti strains Rm1021
(Rm1021) harboring pXLGD4 (hemA:lacZ) (Rm1021-LacZ) or a pHC6080

derived plasmid conferring constitutive Cerulean CFP expression
(Rm1021-CFP), Rm1021 nifH:GUS81 and mCherry tagged S. meliloti 2011
(Sm2011-mCherry).

Rhizobial infection and nodulation phenotyping
M. truncatula seedlings were inoculated with S. meliloti 1021-LacZ
(overnight culture at 28 °C, OD600 = 0.05) 3 days after growing in
vermiculite and perlite (1:1). For rhizobial infection phenotyping,
plants were harvested at 7 dpi or 14 dpi. Roots were cut off and fixed in
2.5% glutaraldehyde for 1 h before being stained in 0.8mgmL−1 X-Gal
(5-Bromo-4-chloro-3-indolyl-ß D-galactoside, Sangon Biotech, Shang-
hai, China) solution (100mM sodium phosphate, 10mM KCl, 1mM
MgSO4, pH= 7.4) at 28 °C overnight in dark. Rhizobial infection events
indicated by blue staining of rhizobia were quantified into different
categories, including MCs, elongating infection threads (eIT), fully
elongated ITs in root hairs (IT) and ITs ramifiedbeyondepidermis (rIT).
Abnormal infections such as enlarged MCs, blocked ITs, etc., of each
stages, were quantified as defective/abnormal infection events. For
nodulation phenotyping, nodules were harvested at 7, 10, 14 dpi to
observe early infection processes in nodules, or at 21, 28 dpi for later
phenotypes. For infection phenotyping in nodules, nodules were
stainedwith X-Gal before embedded in 5% agar and sectioned up to 60
μm using a Leica VT1200 vibratome. To obtain higher resolution of
rhizobial infection in nodules, after dehydrated through a graded
ethanol series, some nodules were embedded in Paraffin (Biosharp,
Beijing, China) and were sectioned at a thickness of 5 μm with a Leica
RM 2235 rotarymicrotomebefore staining with 0.5% toluidine blue for
10min. Images of infection threads, nodules and nodule sections were
captured using a digital camera mounted on a Zeiss Axio Scope. A1
microscope or a Leica DM2500 LED microscope.

Hairy root transformation mediated by Agrobacterium
rhizogenes
Agrobacterium rhizogenes ARqua1 strain was transformed with binary
vectors by electroporation and used to generate composite plants
comprising a transgenic hairy root system with non-transformed
aboveground parts82. To generate transgenic plants used for live cell
imaging, after germination, seed coats were removed from cotyledons
with a pair of forceps and radicles were cut off about one third from
the root tip to create wounding sections for A. rhizogenes ARqua1
culture to infect. The seedlings were then placed onto solid Fahräeus
medium for 1 week in controlled environment growth chamber. One
week later, plants were placed to another fresh solid Fahräeusmedium
which contain extra 100mM Augmentin (United Laboratories, China)
to avoid A. rhizogenes overgrowth for 4 days. Plants were then moved
to modified Fåhraeus medium (Fåhraeus minus NH4NO3, plus 3mM
MgSO4 and 100 nM 2-amino ethoxyvinyl glycine (AVG)) for future
rhizobial inoculation. For transgenic plants used for other purposes,
seedlings were punctured using a syringe needle to cause 3–4 wounds
on radicles while injecting A. rhizogenes ARqua1 cultures. After
2–3weeks growing, transgenic rootswere screened andpositive plants
were kept growing in controlled environment growth chamber for
inoculation with rhizobia for further phenotyping or protein localiza-
tion analysis.

GUS staining Assay
A 2196 bp GH9C2 promoter was amplified by using Phanta Max Super-
Fidelity DNA Polymerase (Vazyme, Nanjing, China) and cloned into
entry vector pDONR207by usingGateway BP clonase (Invitrogen). The
BP products pDONR207-pGH9C2 was then cloned into the destination
vector pKGWFS7 using Gateway LR clonase (Invitrogen) to make
pGH9C2:GUS. The pGH9B3:GUS construct was made by Golden Gate
cloning83. A 2161 bp promoter of GH9B3 was synthesized by Sangon
Biotech (Shanghai, China) and was used as a level 0 module, and then
cloned into level 1 vector then level 2 backbone vector EC50507.
Transgenic hairy root plants harboring corresponding promoter-GUS
vectors were grown for 3 weeks in controlled environment chamber
before inoculatedwith S.meliloti 1021-LacZ (OD600 = 0.05). Plants were
harvested at 7 dpi and 21 dpi respectively and stained with 1mgmL-1

X-Gluc solution (100mM potassium phosphate, 1mM potassium fer-
ricyanide, 1mM potassium ferrocyanide, 10mM EDTA, pH = 7.0) at
37 °C indark for several hours to overnight. For observingGUS staining
in nodules, 7 dpi and 21 dpi nodules were collected and sectioned with
a vibratome.

For nifH-GUS assay,WT and gh9c2-1plantswere inoculatedwith S.
meliloti 1021 nifH:GUS. Nodules were harvested at 14, 21 and 28 dpi for
GUS staining and then were sectioned at a thickness of 60 μm. Ratios
of numbers of positive GUS-stained nodules to all nodules used for
GUS assay at each stage were used as a proxy for rhizobia nitrogenase
synthesized in the corresponding genotypes.

RNA isolation and RNA interference
For RNA isolation, root tissues were harvested and flash-frozen in
liquid nitrogen. Total RNA was extracted using the FastPure Universal
Plant Total RNA Isolation Kit (Vazyme, China), followed by cDNA
synthesis with the HiScript III RT SuperMix for qPCR (+gDNA wiper)
according to the manufacturer’s protocols.

The 451 bp (GH9C1) and 318 bp (GH9B3) fragments were amplified
from A17 cDNA and cloned into entry vectors pDONR207 or
pDONR221. These fragments were subsequently recombined into
destination vector pK7GWIWG2 (II) RR84 via Gateway cloning to pro-
duce GH9C1-RNAi and GH9B3-RNAi vectors, respectively. Empty
pK7GWIWG2 (II) RR vector without insert as the control (EV). These
constructs were introduced into M. truncatula via hairy root transfor-
mation. Transgenic hairy root plants were inoculated with S.meliloti
1021-LacZ and nodulation phenotype was quantified at 21 dpi. Gene
expression levelswere analyzedbyqRT-PCR. Relative expression levels
were calculated using 2-ΔCq method and normalized with Elongation
Factor 1α (EF1α) as the reference gene.

Live-cell confocal imaging of fluorescent protein fusions
All constructs unless otherwise mentioned were made using Golden
Gate cloning. DNA fragments of coding sequences and promoters for
GH9C1, GH9C2 andGH9B3 were synthesized by Sangon Biotech
(Shanghai) except that GH9C2 promoter was PCR amplified from
genomic DNA using Phanta Max Super-Fidelity DNA Polymerase
(Vazyme, Nanjing, China). CBM3a was identified from Clostridium
thermocellum70. The DNA sequence was downloaded from NCBI (Gene
ID35803981), and a DNA fragment corresponding to Asn368-Pro522
was synthesized. These were used as level 0 modules and level 1
moduleswere assemble tomake pLjUBQ1:GH9C2-GFP, pGH9C2:GH9C2-
GFP, pLjUBQ1:GH9C1-GFP, pGH9C1:GH9C1-GFP and pLjUBQ1:YPet-
CBM3a. Level 2 vectors with backbone EC50507 were then made by
incorporating another level 1 vector pAtUBQ10:DsRed as a transgenic
marker and control for protein subcellular localization. GH9C2ΔCBM49

fragment was PCR amplified from GH9C2 DNA fragment. The GH9C2
C-terminal fragment immediately after CBM49 domain region was
designed as primers (Supplementary Data 4) and was added to
GH9C2ΔCBM49 by PCR to make sure only CBM49 domain was deleted in
GH9C2ΔCBM49.GH9C2ΔCBM49 fragmentwasdesigned as aGoldenGate level
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0 module and level 2 vectors were made for pGH9C2:GH9C2ΔCBM49-GFP
and pLjUBQ1:GH9C2ΔCBM49-GFP respectively. For subcellular localization
of GH9C2 and GH9C2ΔCBM49 in nodules, transgenic hairy roots harbor-
ing pGH9C2:GH9C2-GFP pAtUBQ10:DsRed or pGH9C2:GH9C2ΔCBM49-GFP
pAtUBQ10:DsRed construct were generated in both WT and gh9c2-1
background respectively. For co-localization constructs, pNPL:NPL-
GFP49 and pGH9C2:GH9C2-tdTomato were used as level 1 vectors for
making the level 2 vector pGH9C2:GH9C2-tdtomato pNPL:NPL-GFP. A
new level 1 vector pNPL:NPL-tdTomato was made and used to make
pGH9C2:GH9C2-GFP pNPL:NPL-tdTomato.

A confocal laser microscopy-based live-cell imaging system for
observing rhizobial infection in M. truncatula root hairs was used in
this study17. Transgenichairy roots harboring different constructswere
cultured on plates containing modified Fahraeus medium with 3mM
MgSO4, 0.5% Phytagel and 100nM 2-aminoethoxyvinyl glycine (AVG,)
vertically in a growth room. The roots were covered with Lumox film
(Sarstedt, UK) and were inoculated with S. meliloti 1021-CFP, S. meliloti
1021-lacZor S.meliloti 2011-mCherry (OD=0.001). From3dpi onwards
roots were imaged at different infection stages under a Leica STEL-
LARIS 5 or Olympus FV3000 confocal laser scanning microscope sys-
tem. For the plasmolysis experiment, transgenic roots harboring a
pLjUBQ1:GH9C2-mCherry construct were incubated in 300mM sorbi-
tol solution for about 15min before root hairs being imaged.

For observing protein localization and subcellular dynamics dur-
ing rhizobial infection and rhizobial release in nodules, nodules were
collected from composite transgenic plants at 7, 10 and 14 dpi.
Nodules were then hand sectioned and nodule sections weremounted
to slides in PBS buffer for further imaging using a Leica STELLARIS 5 or
Olympus FV3000 confocal laser scanning microscope system.

Wavelengths for fluorophores excitation (ex) and signals collec-
tions (em) were with the following settings: GFP 488 nm (ex) / 500-
530nm (em); YPet 488 nm (ex) / 520-540 nm (em);DsRed 561 nm (ex) /
570–610 nm (em);mCherry 561 nm (ex) / 600-630 nm (em); tdTomato
561 nm (ex) / 570–610 nm (em) and CFP 457nm (ex) / 465–485 nm
(em). Confocal image analyses and Z-projections (maximal) were
performed with Fiji (ImageJ)85 or FV31S-SW, and the video was expor-
ted by Imaris software. GFP and YPet were pseudo colored in green,
CFP and mCherry were pseudo colored in magenta, and DsRed,
tdTomato were pseudo colored either in red or magenta.

gh9c2-1 complementation assay
In all complementation experiments, pGH9C2:GH9C2-GFP pAtUBQ
10:DsRed was introduced into gh9c2-1, and an Empty vector (EV) was
introduced into WT R108 and gh9c2-1, as positive and negative con-
trols, respectively, by A. rhizogenes mediated hairy root transforma-
tion. For the complementation experiment testing the functional
relevance of in vivo cellulase activities, amino acid residues were
chosen for mutation to Ala by searching Uniprot and three residues,
i.e., H414, D466 and E475 were selected58–61. Then three additional
binary vector constructs were introduced into gh9c2-1, which were
pGH9C2:GH9C2(H/A)-GFP, pGH9C2:GH9C2(DE/AA)-GFP or pGH9C2:GH
9C2(HDE/AAA)-GFP in combination with pAtUBQ10:DsRed. These con-
structs were made usingMut Express II Fast Mutagenesis Kit (Vazyme)
based on pGH9C2:GH9C2-GFP pAtUBQ10:DsRed construct. For the
complementation experiment testing the functional relevance of
CBM49domain for GH9C2 function in rhizobial infection and rhizobial
release, three additional constructs, pGH9C2:GH9C2ΔCBM49-GFP
pAtUBQ10:DsRed, pGH9C2:GH9C2.2-GFP pAtUBQ10:DsRed and pGH9C
2:GH9B3-GFP pAtUBQ10:DsRed were introduced into gh9c2-1. DNA
fragment of GH9C2.2was amplified by Phanta Max Super-Fidelity DNA
Polymerase (Vazyme, Nanjing, China) and was assembled into Golden
Gate vector. pGH9C2:GH9B3-GFP pAtUBQ10:DsRed was also made by
Golden Gate cloning. For complementation of rhizobial infection,
transgenic rootswereharvested at 14 dpi for quantification of different
categories of infection events. Nodules were collected at 14 dpi and

double stained with Calcofluor White and SYTO13 for rhizobial colo-
nization analysis using nodule sections imaged under confocal
microscopy. Rhizobial colonization ratio in nodules was quantified as
the area of SYTO13-stained cells to the area of all nodule cells in ImageJ
software: the area of nodule cells was selected by “Freehand” selec-
tions tool and designated as S1; from S1 area, colonized nodule cells
which were stained with SYTO13 were selected with “Wand” Tool and
the area was designated as S2; rhizobial colonization ratio was calcu-
lated with following formula: colonization ratio = S2 / S1. Nodules
harvested at 28 dpi were also used for complementation assay with
pink nodules and white nodules of each genotype of plants quantified.
Whole nodule images of bright field or DsRed channels were captured
using a Manual Zeiss Axio Zoom.V16 microscope and analyzed with
ZEN 3.4 software.

Protein expression in Pichia pastoris
To produce protein of GH9C2 catalytic domain (GH9C2CD, comprising
amino acids 25-501), the corresponding coding sequence was ampli-
fied. The catalytic domain (CD) and carbohydrate binding domain 49
(CBM49) of GH9C2 were identified using HMM library and genome
assignments server of Superfamily (https://supfam.org/
SUPERFAMILY/index.html). Signal Peptide was predicted using
SignalP-6.0 (https://services.healthtech.dtu.dk/services/SignalP-6.0/).
The amplified fragment was subsequently cloned into the pPICZαA
expression vector between EcoRI and SalI restriction sites using the
ClonExpress II One Step Cloning Kit (Vazyme, China) to generate
C-terminal 6xHis-tagged expression construct pAOX1:GH9C2CD-6xHis.
The recombinant plasmid was linearized by PmeI digestion and
transformed into Pichia pastoris SMD1168 strain via electroporation.
The empty pPICZαA vector was transformed into P. pastrois as a
negative control.

The protein expression was performed as described previously
with modification86. Briefly, a single zeocin-resistant colony was inocu-
lated into 5mL YPD medium supplemented with 1mgmL-1 zeocin and
incubated at 28 °C with shaking at 220 rpm overnight. Subsequently,
5mL pre-culture was used to inoculate 50mL Buffered Glycerol-
complex Medium (BMGY; containing 1% yeast extract, 2% peptone,
1.34% YNB, 1% glycerol, 100mM phosphate buffer at pH= 6.0 and 4 ×
10−5% biotin). Following overnight cultivation at 28 °C with 220 rpm
agitation, cells were harvested by centrifugation at 1000g for 10min.
The pellet was resuspended in 50mL Buffered Methanol-complex
Medium(BMMY; containing 1%yeast extract, 2%peptone, 1.34%YNB, 1%
methanol, 100mMphosphate buffer at pH=6.0 and 4×10−5% biotin) for
24 h protein induction at 28 °C. The culture supernatant was then col-
lectedby centrifugation at 10,000 g for 10min at 4 °C and stored at 4 °C
for subsequent protein expression analysis and cellulase activity assay.
Protein concentrations were determined using the Bradford Protein
Assay Kit (Beyotime Biotechnology, China). A standard curve was gen-
erated with bovine serum albumin (BSA) to calculate protein con-
centrations in the samples.

For western blot, total proteins (5 μL culture supernatant) were
separated on 8% (w/v) SDS-PAGE gel at 120V for 1 h. The separated
proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane at 300mA for 1 h. The membrane was washed with Tris-
buffered saline containing 0.1% Tween 20 (TBST) and blocked with 5%
(w/v) non-fatmilk in TBST at room temperature for 90min. After TBST
wash once, PVDFmembranewas incubated overnight at 4 °Cwith anti-
His primary antibody (TransGen Biotech, China; 1:5000 dilution in
TBST). Following four additional TBST washes, the membrane was
incubated with HRP-conjugate anti-mouse IgG secondary antibody
(Absin Bioscience, China; 1:10,000 dilution in TBST) for 1 h at room
temperature. Protein signals were detected by incubating membrane
with SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific, USA) for 5min, followed by image acquisi-
tion using a Tanon 4800 Multi multi-functional imaging system.
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Cellulase activity assay
Cellulase activity of recombinant proteinswasquantifiedbymeasuring
reducing sugar released from substrate hydrolysis using the 3,5-dini-
trosalicylic acid (DNS) method57. To determine optimal pH, 250 µL
reaction mixtures containing 3μg total protein and 0.5% (w/v) car-
boxymethylcellulose (CMC, M.W. 90000 (DS =0.7), 50-100 mPa.s)
were prepared in the following buffer solutions (50mM final con-
centration): sodium citrate (for pH = 3–6), sodium phosphate (for
pH= 7) and Tris-HCl (for pH = 8–9) at 37 °C for 1 h40. For optimal
temperature determination, reactions were conducted under estab-
lished optimal pH conditions at temperatures ranging from
20 °C to 80 °C.

The substrate specificity of recombinant proteins was assessed by
conducting enzymatic reactions under optimized conditions (pH and
temperature) for 1 h, using the following polysaccharide substrates at
specified concentrations (w/v): 1% microcrystalline cellulose (MCC;
Sangon Biotech), 1% CMC (Macklin), 0.5% lichenan (Macklin), 1% ara-
binan (Macklin), 0.5% glucomannan (Macklin), 1% xylan (Sangon Bio-
tech) or 1% pectin (Sangon Biotech). Following enzymatic reactions,
50 µL of each reaction solutionwasmixedwith 100 µLDNS reagent and
incubated at 95 °C for 10min for developing color. The mixture was
rapidly cooled and absorbance at OD = 540 was measured using a
Tecan Spark Multimode Microplate Reader. A standard curve was
generated using glucose to calculated reducing sugar content. Culture
supernatant from empty vector transformants was served as negative
control for background subtraction.

Cell wall extraction
The cell wall extraction was adapted from previously reported
methods with modifications87. Briefly, roots were harvested at
14 dpi and ground into fine powder in liquid nitrogen with a
mortar. The powder was suspended in 20mL chloroform/
methanol (1:1, v/v) and shaken at room temperature for 1 h. The
pellet was collected by centrifugation at 5000 g for 10min, then
washed four times with 70% (v/v) ethanol through repeated cen-
trifugation and resuspension to obtain the alcohol-insoluble
residue (AIR). After being suspended in 100% acetone and cen-
trifuged at 5000 g for 10min, the AIR was air-dried in a fume
hood at room temperature for 2 days.

Monosaccharide composition analysis
Monosaccharide composition was analyzed as previously described
with modifications88. For each measurement, 5mg of AIR powder was
mixed with 1mL of 2M trifluoroacetic acid (TFA) and incubated at
121 °C for 2 h. The sample was then blown dry under a nitrogen stream
andwashed three timeswith 3mLmethanol. The resulting residue was
dissolved in 1mL of distilled water.

For PMP (1-phenyl-3-methyl-5-pyrazolone) derivatization, the
sample solution (0.2mL) was mixed with 0.2mL 0.5M NaOH and
0.5mL 0.5M PMP methanolic solution. The mixture was vortexed
thoroughly and incubated at 70 °C for 1 h, and neutralized with 0.2mL
0.5M HCl. Excess PMP was removed through three extractions with
1mL chloroform each. After discarding the chloroform layer, 0.3mL of
the solution was transferred and diluted to 1mL with distilled water.

The diluted solution was filtered through a 0.22 μm membrane
filter, and 10μL of the filtrate was analyzed using a Thermo U3000
high-performance liquid chromatography (HPLC) system equipped
with an Agilent ZORBAX Eclipse XDB-C18 column (4.6 × 250mm,
5 μm). Separation was achieved with a mobile phase of acetonitrile/
phosphate buffer (17:83, v/v, pH = 6.8) at 0.8mL/min flow rate.
Monosaccharides were quantified by comparing retention times and
peak areas to monosaccharide standards (Man, mannose; GlcN, glu-
cosamine; Rha, rhamnose; GlcA, glucuronic acid; GalA, galacturonic
acid; Glc, glucose; Gal, galactose; Xyl, xylose; Ara, arabinose;
0.5mgmL-1 each; Yuanye Bio-Technology, China).

Cell wall polysaccharide measurement
Cellulose contentwasmeasuredusing theUpdegraffmethod89. Briefly,
2mg of AIR samples were mixed with 0.25mL 2M TFA and incubated
at 121 °C for 90min. The pellet was collected by centrifugation at
13,500 g for 10min at room temperature. The residue was then sus-
pended in 1mL acetic acid/nitric acid/water (8:1:2, v/v/v) by thorough
vortex and incubated at 100 °C for 30min. After washing three times
with acetone, the residue was dried at 45 °C and resuspended in
72% (v/v) sulfuric acid.

To measure Glucose (Glc) concentration, 0.1mL of the super-
natantwasmixedwith0.2mL 2mgmL-1 anthrone for developing color.
Reaction was carried out at 80 °C for 30min, and the absorbance of
the sample atOD=625wasmeasuredusing aMultiskanGOmultimode
reader. Glucose was used as standard for calculation of cellulose
content.

For total hemicellulose measurement, 2mg of AIR sample was
also mixed with 0.25mL 2M TFA and incubated at 121 °C for 90min.
After centrifugation, 0.15mL supernatant was transferred to a new
centrifuge tube and dried at 60 °C. The residue was then suspended in
0.3mL methanol and vortexed thoroughly. After dring again at 60 °C,
the residue was dissolved in 0.5mL distilled water. Next, 0.08mL
solution was transferred to a fresh centrifuge tube and mixed with
0.06mLDNS reagent57. Themixturewas incubated in boilingwater for
10min, and the absorbance at OD= 540 was measured. Xylose was
used as standard for measurement.

To determine the pectin content of cell walls, 5mgof AIR samples
were thoroughly vortexed with 1mL sulfuric acid. After centrifugation
at 13,500 g for 10min, 0.2mL supernatant was transferred to a new
centrifuge tube and mixed with 0.05mL carbazole-ethanol solution90.
The mixture was constantly shaken, followed by the rapid addition of
1mL concentrated sulfuric acid. After incubation at 85 °C for 20min,
the absorbanceatOD= 525wasmeasured.D-Galacturonic acid (Sigma-
Aldrich, USA) was used as the standard.

Confocal microscopy of nodules with fluorescent dyes
Nodules of different genotypes were harvested at 10 dpi and fixed in
2.5% (v/v) glutaraldehyde at least for 1 h. Before staining, nodules were
sectioned at a thickness of 60 μm with a vibratome. For phenotyping
of rhizobial release, the sections were double stained with Pontamine
Fast Scarlet 4B (S4B) (Macklin, Shanghai, China) and SYTO13 Green-
Fluorescent Nucleic Acid Stain (Life Technologies). Sections were
firstly stained with S4B at a concentration of 1% (w/v) for 5min. Then
samples were washed for 3-5 times with distilled water. Then the sec-
tions were stained with SYTO13 at a concentration of 5μM for 20min
in dark and washed with distilled water 3 times.

For phenotyping of rhizobial infection in nodule, sections were
double stained with Calcofluor White Stain (Sigma Aldrich) and
SYTO13. The sections were first stained with SYTO13 as described
above and washed for 3 times with distilled water. Then the samples
were transferred onto microscope slide with one drop of Calcofluor
White solution (consisting of 0.1% (w/v) Calcofluor White M2R and
0.05% (w/v) Evans blue) and one drop of 10% (w/v) KOH for 1min
before imaging.

Wavelengths for fluorophores excitation (ex) and signals collec-
tions (em)werewith the following settings: SYTO13, 488nm (ex) / 500-
530nm (em); S4B, 561 nm (ex) / 570-650 nm (em); Calcofluor White
405 nm (ex) / 420-470 nm (em). Images were captured using an
Olympus FV3000 confocal laser scanning microscope system. Con-
focal image analyses were performedwith FV31S-SW software. SYTO13
was pseudo colored in green, S4B and Calcofluor White were pseudo
colored in magenta.

Transmission electron microscopy
WT R108 and gh9c2-1 nodules were harvested at 14 dpi for Transmis-
sion Electron Microscropy. The nodules were cut longitudinally and
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immediately fixed in 0.1M PBS buffer containing 2.5% glutaraldehyde
and 4% paraformaldehyde at room temperature under vacuum for 3 h
and then left at 4 °C overnight. The samples were washed with 0.1M
PBS buffer for 3 times and post-fixed in 1% (w/v) OsO4 overnight at
room temperature. After being washed for 3 times, the samples were
dehydrated in following ethanol graded series: 30% EtOH, 50% EtOH,
70% EtOH, 95%EtOH at room temperature for 20min each, twice 100%
EtOH for 30min. Once dehydrated, the nodules were gradually infil-
trated with a mixture of SpurrResin (SPI Supplies) and acetone in the
following proportions (1:3, 1:1, 3:1), with each infiltration step lasting
24 h. To infiltrate sufficiently, the samples were then incubated with
100% resin for 24 h twice. For polymerization, the samples were placed
in a baking oven at 70 °C for two days. Sectioned at a thickness of
70 nm using a Leica EM UC7 ultramicrotome, the sections were col-
lected with 200 mesh copper grids and double stained with 2% uranyl
acetate and Reynolds lead citrate solution, each staining lasting for
5mins. Samples were viewed using a Tecnai T12 120 kV transmission
electron microscope with Eagle CCD and CryoBox. Images were
exported in tif format and analysed using ImageJ tomeasure thickness
of infection thread cell wall.

Root hair phenotyping in gh9c1-1
For root hair phenotyping, seeds were sown on a layer of filter paper
on plates containing modified Fåhraeus medium (Fåhraeus minus
NH4NO3, plus 3mM MgSO4). For gh9c1-1 complementation assay,
pGH9C1:GH9C1-GFP pAtUBQ10:DsRedwas introduced into gh9c1-1, and
an Empty vector (EV)was introduced into R108 and gh9c1-1, as positive
and negative control, respectively, by A. rhizogenes mediated hairy
root transformation described as above. Roots were harvested at
4 days post sowing for gh9c1-1 root hair phenotyping, or harvested at
14 days after transformation for gh9c1-1 complementation assay. Roots
were transferred onto plates with water and images were collected
using a Manual Zeiss Axio Zoom.V16 microscope. To measure the
length andwidth of root hairs, imageswere analyzedwith ImageJ. Root
hairs were measured segmentally according to different develop-
mental stages, for which 21 or 16 (in the gh9c1-1 complementation
assay) root “segments” were delineated continuously, starting from
1500 μm from the root tip, each with a length of 620 μm.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the article and its Supplementary Data files. Source
data are provided with this paper.
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