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endogenous function requires an
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SUMMARY

Legumes have maintained the ability to associate with rhizobia to sustain the nitrogen-fixing root nodule
symbiosis (RNS). In Medicago truncatula, the Nod factor (NF)-dependent intracellular root colonization by
Sinorhizobium meliloti initiates from young, growing root hairs. They form rhizobial traps by physically
curling around the symbiont.’2 Although alterations in root hair morphology like branching and swelling
have been observed in other plants in response to drug treatments® or genetic perturbations,*® full
root hair curling represents a rather specific invention in legumes. The entrapment of the symbiont com-
pletes with its full enclosure in a structure called the “infection chamber” (IC),""%"*® from which a tube-
like membrane channel, the “infection thread” (IT), initiates.”?° All steps of rhizobium-induced root
hair alterations are aided by a tip-localized cytosolic calcium gradient,'®'! global actin re-arrangements,
and dense subapical fine actin bundles that are required for the delivery of Golgi-derived vesicles to
the root hair tip.”"'>'* Altered actin dynamics during early responses to NFs or rhizobia have mostly
been shown in mutants that are affected in the actin-related SCAR/WAVE complex.'®>~'® Here, we iden-
tified a polarly localized SYMBIOTIC FORMIN 1 (SYFOT1) to be required for NF-dependent alterations in
membrane organization and symbiotic root hair responses. We demonstrate that SYFO1 mediates a
continuum between the plasma membrane and the cell wall that is required for the onset of rhizobial

infections.

RESULTS AND DISCUSSION

Evolutionary and transcriptional patterns identify
symbiotically regulated formins

Based on the presence of a conserved formin homology 2 (FH2)
domain, we identified 20 candidates in the Medicago truncatula
genome (Table S1). Using publicly available transcriptome data,
two of them (Medtr5g036540.1 and Medtr89g062830.1) were
found to be transcriptionally upregulated during early stages of
symbiotic interactions.'® We independently verified these data
using gRT-PCR with Medtrbg036540.1 being induced by about
60-fold at 1 day post inoculation (dpi) of roots with S. meliloti
while only a weak induction could be confirmed for
Medtr89062830.1 at 5 dpi (Figures S1A and S1E). Therefore,
we named the genes SYMBIOTIC FORMIN 1 (SYFOT)
(Medtr59036540.1, MtrunA17_Chr590414941 in the v5r1.6
M. truncatula genome version) and SYFO1-like (SYFOTL)
(Medtr89062830.1, MtrunA17_Chr8g0364331). Both encoded
proteins contain a predicted signal peptide in the extracellular
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domain followed by a single-span transmembrane domain and
a FH1FH2 domain in the cytoplasmic side (Figure 1A).

To spatially resolve the observed transcriptional patterns for
SYFO1, we generated a fluorescent reporter where a nuclear
localized tandem GFP was driven by the endogenous SYFO1
promoter (ProSYFO1-NLS-2xGFP). Consistent with the gRT-
PCR results (Figures S1A and S1E), the SYFO7 promoter was
activated at 1 dpi in root hairs and cortical cells (Figures S1B
and S1C), while no activity was observed in the absence of the
symbiont.

The SYFO1/1L clade contains genes from all eudicot species
included in the analysis, with SYFO7 and SYFOTL deriving
from the Papilionoideae duplication and the three A. thaliana
co-orthologs (AtFH4, AtFH7, and AtFHS8) likely derived from the
Brassicaceae ftriplication (Figure S1D). AtFH4 and AtFH8
resemble a similar protein domain structure compared to
SYFO1 and SYFO1L, whereas AtFH7 has lost the signal peptide
and displays an altered transmembrane domain. We also found
SYFOT1 (in common bean, Phvul.002G077100.2) or SYFOITL (in
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Deformed root hairs ICs + [Ts (C and D) Images show cell wall stained by Cal-

cofluor white in deformed root hairs (C), infection
chambers (ICs), and infection threads (ITs) (D) on
wild-type plants to illustrate the scored structures.
Scale bars indicate 10 um.

(E and F) syfol mutants show significantly
reduced responsiveness to the presence of
compatible rhizobia when assessing root hair de-
formations in mutants (E) and genetically com-
plemented roots by introducing a genomic version
of the full-length SYFO7 gene driven by the
endogenous SYFOT1 promoter (syfol-1c and
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Lotus japonicus, Lj0g3v0115049.1) upregulated during nodula-
tion, pinpointing a potential shared function in nodulation within
this clade.

Based on the phylogeny, we tested for relaxed (red dots) or
intensified (blue dots) selective pressure acting on different
branches of interest in eudicot sequences (Figure S1D; Table
S3). We identified a relaxed selective pressure indicated by a
switch on ratio of non-synonymous (dN) versus synonymous
(dS) mutations (dN/dS) on the Fabales clade compared to the
background dN/dS (K = 0.54, LRT = 22.32, and p < 2.31e—06;
Table S3). In contrast, the Brassicaceae clade is under strong se-
lective pressure intensification (K = 9.34, LRT = 202.89, and p <
1e—16; Table S3) that is not even relaxed by the triplication of the
branch in this family. The relaxed selection pressure detected on
the Fabales may reflect neofunctionalization that would have
occurred for the recruitment of SYFO1/1L in root nodule symbi-
osis, possibly together with the symbiont switch from Frankia to
rhizobia. Interestingly, the corresponding orthologs of Paraspo-
nia andersonii, a non-legume tree that forms a Frankia-type sym-
biosis with rhizobia, are not induced during the symbiotic

WT/Iev syfo1 —I1/ev syfo 1I—1c syfo 1I—2/ev syfol 1-2¢

lection was observed on the SYFO1
clade (K = 6.46, LRT = 52.89, and p =
3.53e—13; Table S3), although the SY-
FO1L clade experienced relaxed selection (K = 0.45, LRT =
40.61, and p = 1.86e—10; Table S3). This further supports a
possible functional specialization of the SYFO1 formin in le-
gumes.”° The lack of a SYFO1 ortholog in Lotus japonicus, how-
ever, might be either due to genome assembly issues or to the
actual loss of the gene in Lotus but would need further
investigation.

SYFO1 controls rhizobial infection and root hair
responses

To genetically assess the function of SYFO1 and SYFO1L, we
identified two independent Tnt7 transposon insertion lines for
SYFOT1 (syfo1-1 [NF9730] at 485 bp and syfo7-2 [NF9495] at
1,834 bp downstream of the start codon) and SYFO1TL (syfo1L-
1 [NF20350] at 1,279 bp and syfo7L-2 [NF15608] at 1,370 bp
downstream of the start codon) in Medicago truncatula R108
(Figures 1A and 1B). Endogenous transcripts of SYFO1 and SY-
FO1L were significantly reduced in both lines when scored in
roots 1 dpi and in uninoculated roots, respectively (Figures S1F
and S1G). However, phenotypically, only the syfo7-1 and
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syfo1-2 alleles showed a significant nodulation phenotype devel-
oping fewer nodules per root at 3 weeks post-inoculation (wpi),
with about half of them being elongated or spherical but remain-
ing white (both being scored as “aborted”), indicative of non-
functional nodules (Figures S2A-S2E). In contrast, patterns of
infected nodule cells in M. truncatula wild-type (WT) and sy-
fo1L-1 and syfo1L-2 mutant nodules were undistinguishable
(Figures S2F and S2G). The infection zones were found to be
reduced in white but elongated (Figure S2H) or spherical
(Figure S2l) syfo1 mutant nodules. The latter failed to maintain
a persistent meristem (Figure S2I). Therefore, we selected
SYFO1 as the prime candidate of interest.

Although several cytoskeleton-related mutants, but not
scarn,'” exhibit impaired root hair growth, this was not
observed for syfo1-1 and syfo1-2 (Figures S3A-S3C). Neither
did we observe any differences in actin arrangement in growing
root hairs within the symbiotically susceptible infection zone®
under non-inoculated conditions (Figures S3D-S3J). These
data demonstrate that SYFO1 is not required for normal root
hair development under non-symbiotic conditions, even though
SYFO1 localizes to root hairs even under non-inoculated condi-
tions (Figure 2A). As SYFOT transcripts were upregulated at 1-3
dpi (Figure S1A), a stage where we observed most root hairs
responding to the presence of the symbiont by root hair defor-
mation (1 to 2 dpi; Figure 1C) and curling (2 to 3 dpi; Figure 1D),
we phenotypically assessed syfol mutants at these stages.
Both mutant alleles showed significantly fewer deformations
(Figure 1E) as well as total infection chambers and infection
threads (Figure 1G) at the respective time points. Further
dissection of the phenotype indicated that the individual
numbers of infection chambers (ICs) (Figure S3K) and infection
threads (ITs) (Figure S3L) were significantly decreased in the
mutants. However, the size of both ICs and ITs remained unal-
tered in the mutants compared to the WT (Figures S3M and
S3N). Both phenotypes were rescued in independent trans-
genic roots expressing a ProSYFO1:SYFO1-GFP (e.g., syfol-
1c) construct in these mutant backgrounds (Figures 1F and
1H), demonstrating that the syfo? mutations caused the
observed phenotypes. The fact that the number of ICs was
higher in Lotus scarn mutants compared to WT plants'” places
SCARN downstream of SYFO1. Because the bacterial coloni-
zation phenotypes in nodules are comparable between both
mutants, both may also contribute to actin function at this
stage.

Interestingly, cell-type-specific expression of SYFO71 using
a root-epidermal-specific expansin promoter (ProEXP) of
M. truncatula®' failed to rescue the deformation phenotype (Fig-
ure S30), indicating that the transcriptional landscape mediated
by the SYFO1 promoter is crucial for SYFO1 function. Beside the
transcriptional pattern, Rhizobium-triggered root hair responses
specifically require the SYFO1 protein, as expression of the
closely related SYFO1L and the Arabidopsis AtFH8 formin under
control of the SYFO1 promoter did not rescue the syfo1 mutant
phenotype (Figure S3P).

As it was previously demonstrated that the inoculation of
L. japonicus root hairs with its symbiont Mesorhizobium loti re-
sulted in a polarization and bundling of actin filaments with a
strong accumulation of F-actin in the root hair tip,'®"” we tested
whether this pattern is affected in syfo7 mutants. In the absence
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of S. meliloti, longitudinal actin filaments were observed in young
growing root hairs within the infection zone of M. truncatula
WT plants (Figure S3R). In agreement with the observations in
L. japonicus, actin strongly bundled and polarized with an accu-
mulation of F-actin at the apex (Figures S3S and S3T) or occa-
sionally at the apical shank of responding root hairs (Figure S3U)
in 88% of all root systems of WT plants inoculated with S. meliloti
(Figure S3V). However, this pattern was strongly reduced in both
syfo1 mutant alleles where only about 30% of all tested roots
contained root hairs responding with the above-mentioned
pattern (Figure S3V).

SYFO1 associates with polar actin assemblies under
symbiotic conditions

Because our data indicated a symbiosis-specific role of SYFO1
in root hair polarization, we investigated spatial and temporal dy-
namics of SYFO1 at subcellular resolution. As mentioned above,
we observed a weak homogeneous signal in roots expressing a
ProSYFO1:SYFO1-GFP construct at the PM of root hairs in the
absence of rhizobia (Figure 2A). The underlying low, basal
expression was also detected by gRT-PCR (Figure S1E),
although it was most likely too weak when using the nuclear-
localized GFP reporter to test promoter activity (Figure S1B).
Interestingly, SYFO1 strongly accumulated in subapical and api-
cal foci at root hair tips prior to deformation at 2 dpi with
S. meliloti (Figures 2B and 2C), which strongly resembled actin
patterns observed upon Nod factor (NF) application, as reported
earlier.’® In root hairs that morphologically responded by defor-
mation (Figure 2D) and curling (Figure 2E), SYFO1 distributed
again along the PM with only mild accumulations at the apical re-
gion (Figure 2D). Very weak SYFO1 signal was also detected
along the infection thread membrane (Figures 2F and 2F, inset).
The signal around the infection chamber (Figures 2E and 2F, indi-
cated by arrowheads) is due to cell wall autofluorescence as
described earlier.”*"® This makes it unlikely that SYFO1 plays
primary roles during IT growth.

When co-localizing actin and SYFO1 (here: ProUbi-SYFO1-
GFP), we frequently observed transient SYFO1 accumulations
in close proximity to enlarged nuclei, a hallmark for symbiotically
activated root hairs,?> with actin bundles orienting toward a
nucleation center at the apical shank of the root hair (Figure 2G
and G merged). In order to test whether the FH1FH2 domain of
SYFO1 directly associates with G-actin, we recombinantly ex-
pressed and isolated this domain from E. coli (Figure 2J). We
additionally used the Arabidopsis formin AtFH8M1FH2 a5 a pos-
itive control.> Applying surface plasmon resonance, we were
able to detect a direct interaction between G-actin and
SYFO1FHIFH2 with a Ky of 54.85 nM compared to a K4 of
23.89 nM found for AtFH8™FH2 (Figures 2K and 2L), suggesting
a high-affinity binding of SYFO1FH1FH2 to actin.

Ligand-dependent morphological change mediated by
SYFO1

Using the polarity marker BREAKING OF ASYMMETRY IN THE
STOMATAL LINEAGE (BASL) in BY-2 protoplasts, it was recently
shown that these isolated, spherical cells have an intrinsic polar-
ity.?® This fact additionally requires a polarization of the secretion
machinery for delivering membrane material and proteins. To
test the effect of polarized SYFO1 secretion in protoplasts, we
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Figure 2. SYFO1 functions as a symbiotic polarity factor in root hairs

(A) SYFO1-GFP localizes homogeneously to the PM of root hairs under mock conditions.
(B-E) At 2 dpi with S. meliloti, SYFO1 transiently polarizes at subapical (B) and apical regions (C) of root hairs before distributing equally along the PM during root
hair deformation (D) and curling (E). The arrowhead marks cell wall autofluorescence around the IC (E and F).

(F) SYFO1 remains on the IT membrane (see also inset).

(G) Co-localization between SYFO1-GFP and the actin marker ABD2:mCherry (see also G merged). The nucleus encircled with a dashed line in (G) and (G merged)
is based on corresponding transmitted light image (not shown). The arrowheads point toward actin bundles orienting toward a nucleation center at the apical

shank of the root hair.

(H) No polar enrichment was observed upon inoculation on the SYFO15°?™P_GFP transformed root hairs.

(I) Expression of SYFO14PRR_GFP resulted in a stable fusion protein that homogeneously distributed along the cell periphery.

(J) Purified SYFO17H1FH2 and AtFH8™1FH2 were analyzed by Coomassie blue staining of SDS-PAGE gels. Loading of increasing volumes for each is indicated by
triangle form; asterisk (*) indicates the respected products. As control, 5 ug of rabbit muscle actin was loaded.

(K) Dose response curves for AtFH8™ 72 (gray) or a glutathione S-transferase (GST)-control (orange) to a CM5-Chip coupled to rabbit muscle actin.

(L) Dose-response curves for SYFO17H2 (black) or GST-control (orange) to a CM5-Chip coupled to rabbit muscle actin.

For each condition, five different concentrations were tested (1 pM, 333 nM, 111 nM, 37 nM, and 12.3 nM) in 3 independent biological replicates (n = 3) for
SYFO1™1FH2 and 2 independent biological replicates for AtFH8™ 2 (n = 2). Data are mean + SD. Scale bars indicate 10 um (A-F). See also Figure S3.

generated a transgenic M. truncatula root organ culture (ROC)
constitutively expressing SYFO1-GFP. Here, SYFO1 resided in
the PM, where it co-localized with the membrane stain FM4-64
with some larger polar accumulations in the periphery (Fig-
ure 3A). Interestingly, inoculation of these protoplasts with
S. meliloti for 5 h reproducibly resulted in focal membrane out-
growths with central SYFO1 accumulations (Figure 3B). To
unambiguously verify that SYFO1 is the key driver of these pro-
trusions, we isolated protoplasts from our syfo7-1 and syfo1L-1

mutants. No protrusions were found in the absence of rhizobia in
any of the used genotypes. Upon inoculation of protoplasts with
S. meliloti, those expressing WT SYFO1 (WT, syfo1L-1) or over-
expressing SYFO1-GFP (OE) developed protrusions, while they
were entirely absent on protoplasts isolated from the syfo7-1
mutant (Figure 3C). This demonstrates that SYFO1 is required
for Rhizobium-induced focal membrane deformations. To further
exploit the molecular triggers of this morphological change, we
tested different rhizobial strains being defective for NF (nodA)
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Figure 3. SYFO1 is required for NF-induced membrane protrusions in M. truncatula protoplasts
(A) Protoplasts of a M. truncatula ROC constitutively expressing SYFO1 and counterstained with the styryl dye FM4-64 show localization of SYFO1 to the PM with

some additional cytoplasmic signal at O hpi.

(B) Focal membrane protrusions with centrally accumulated SYFO1 were found at 5 hpi with mCherry-expressing S. meliloti (S.m.).

(C) Quantification of membrane protrusions in protoplasts using different genetic backgrounds: protoplasts isolated from seedling roots of syfo1-1/syfoL 1-1 mutants
or protoplasts isolated from ROC overexpressing (OE) SYFO1-GFP. Protoplasts were inoculated with mCherry-expressing S.m. (WT) or different S.m. mutants.
Asterisks indicate a significant statistical difference based on an ANOVA followed by a Fisher least significant difference (LSD) test, with *p < 0.05 and **p < 0.01.
Data are shown as mean + SE of 3 independent biological replicates with n indicating the total number of protoplasts being scored. NF, Nod factor. Scale bars

indicate 5 um (A and B). See also Figure S4.

or exopolysaccharide (EPS) (exoH and exoY) production.?*2°

Interestingly, only the nodA mutant failed to induce membrane
protrusions on WT protoplasts, although application of isolated
NFs for 3 h as well as exoH and exoY strains for 5 h resulted in
the same number of membrane outgrowths compared to those
induced by S. meliloti 2011 (Figure 3C). Taken together, these
data indicate that the formation of SYFO1-dependent membrane
protrusions are triggered by NFs. We currently hypothesize that
these protrusions rely on a targeted secretion of endoplasmic re-
ticulum (ER) and Golgi vesicles to intrinsic polar domains. As
rhizobia stimulate active exocytosis of membrane lipids and pro-
teins that are required for initial root hair responses and later for
building and maintaining infection threads in legumes, we as-
sume that SYFO1 is actively secreted to these sites and poten-
tially increases local membrane areas. Similar secretory patterns
toward sites of microbial attachment and possibly penetration
have been described for the Arabidopsis FORMIN4.7®

A SYFO1-mediated cell wall-plasma membrane-
cytoskeleton continuum is required for symbiotic
responses in root hairs

As actin binding of formins is generally mediated by the FH1FH2
domain that is also present in the cytosolic region of SYFO1
(Figure 1A), we examined the extracellular domain (ECD), which
is less prominently found among formin proteins. Further
sequence analysis of the SYFO1E°P revealed the presence of a
proline-rich repeat (PRR) (e.g., Ser-Pro-Pro-Pro-Ser-Pro-Ser-
Ser [SPPPSPSS]) between the signal peptide and the transmem-
brane domain, which resembles a canonical motif of extensin
proteins that have been proposed to contribute to cell wall archi-
tecture and tensile strength.?”+?® To investigate a possible role in
cell wall association of the ECD, we fused the 82 amino acids of
the SYFO1 ECD to GFP (SYFO1E°P-GFP) and expressed it in
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Nicotiana benthamiana leaf epidermal cells. Fluorescence was
found in the cell periphery in control cells where it co-localized
with the styryl dye FM4-64 (Figure 4A). Upon plasmolysis, the
SYFO1ECP.GFP signal remained predominantly associated
with the cell wall, although the FM4-64-labeled PM retracted
from the cell wall (Figure 4B). Interestingly, expression of a
SYFO1ECPTMD_GFP peptide (this construct included the trans-
membrane domain) in young root hairs resulted in a uniform la-
beling of the cell periphery without any clear sign of polarity
upon inoculation with S. meliloti (Figure 2H). This is in contrast
to the full-length SYFO1 protein that transiently accumulated in
the tip of growing roots hairs upon inoculation (Figures 2B and
2C). These findings support the hypothesis that full-length
SYFO1 contributes to polarity rather than just being secreted in
a polarity domain.

In order to test whether the extensin-like motif contributes to
the lateral immobilization of SYFO1 via cell wall anchoring, we
performed fluorescence recovery after photobleaching (FRAP)
experiments on root hairs constitutively expressing a full-length
SYFO1 (SYFO1-GFP) or a mutant variant where we deleted the
proline-rich repeat (SYFO12PRR_GFP). A clear fluorescent signal
at the cell periphery indicated stability of this protein variant in
M. truncatula root hairs (Figure 2I). Our FRAP experiments re-
vealed a slow recovery of the bleached region and a mobile frac-
tion of about 24% for WT SYFO1, whereas the mobile fraction for
SYFO14PRR was significantly higher (57%); Figures 4C-4G). This
clearly indicates that the PRR segment within the SYFO1 ECD
anchors this formin protein to the cell wall, as also described
for the Arabidopsis formin AtFH1.?° To address whether the
cell wall association is required for SYFO1 function, we conduct-
ed genetic complementation experiments, and we generated
transgenic roots expressing SYFO14PRR under the control of
the native SYFO1 promoter in our syfo71-1 and syfo1-2 alleles.
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Figure 4. Cell wall association of SYFO1 is essential for its function

(A and B) The constitutively expressed ECD of SYFO1 labeled the cell periphery in non-plasmolyzed cells (A) and remained at the cell wall upon plasmolysis (B).
Arrowheads and arrows mark the cell wall and the retracted plasma membrane, respectively.

(C-F) FRAP experiments on roots hairs revealed a low mobility of full-length SYFO1 (C and E), although deletion of the PRR resulted in an increased mobility of the
protein (D and F).

(G) Quantification of the mobile fractions of SYFO1 (n = 17 regions of interest [ROIs] from 4 independent plants) and SYFO12PRR (n = 12 ROIs from 4 independent
plants); asterisks indicate a significant statistical difference based on a Student’s t test.

(H) The SYFO12PRR yariant failed to genetically complement both syfo? mutant alleles in comparison to roots transformed with the empty vector (ev) scoringn=10
independent root systems per genotype.

Asterisks indicate a significant statistical difference based on a Tukey-Kramer multiple-comparison test with ***p < 0.001 and **p < 0.01. Data are shown as
mean + SE. Scale bars indicate 10 pm (A-D). See also Figure S4.

In contrast to the full-length SYFO1 (Figures 1F and 1H), the dele- ® KEY RESOURCES TABLE

tion of the PRR fully abolished the ability to complement the root o RESOURCE AVAILABILITY

hair deformation (Figure 4H), as well as infection chambers and O Lead contact

infection threads (Figure S3Q), phenotypes of syfol mutants, O Materials availability

demonstrating that an SYFO1-mediated cell wall-plasma mem- O Data and code availability

brane-actin continuum is required for symbiotic responsiveness e EXPERIMENTAL MODEL AND SUBJECT DETAILS
of root hairs in M. truncatula. e METHOD DETAILS

O Plant growths and phenotypical analysis

O Genotyping of Tnt1 insertion lines and quantitative
Real-Time PCR

O Hairy root transformation

O Phylogenetic and selective pressure analysis
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Detailed methods are provided in the online version of this paper
and include the following:
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Construct design
Bacterial expression and protein purification
Surface plasmon resonance measurements
Confocal Laser-Scanning Microscopy and FRAP
Root organ culture, protoplast extraction, and inocula-
tion
O Actin phalloidin staining and plasma membrane FM4-
64 staining
o QUANTIFICATION AND STATISTICAL ANALYSIS
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2021.04.002.

ACKNOWLEDGMENTS

This study was conducted within the project Engineering Nitrogen Symbiosis
for Africa (ENSA), currently supported through a grant to the University of Cam-
bridge by the Bill & Melinda Gates Foundation (OPP1172165) and UK govern-
ment’s Department for International Development (DFID). T.O., R.G., P.L., and
C.S. are additionally supported by the German Research Foundation (DFG)
under Germany’s Excellence Strategy (CIBSS - EXC-2189 - project ID
39093984) and the China Scholarship Council (CSC) (grants 201506350004
and 201708080016), respectively. J. Keller, C.L., and P.M.D. belong to the
LRSV, which s part of the TULIP LABEX (ANR-10-LABX-41). We thank the staff
of the Life Imaging Center (LIC) in the Centre for Integrative Signalling Analysis
(CISA) of the Albert-Ludwigs-University of Freiburg for help with their confocal
microscopy resources and the excellent support in image recording. The
CLSM Leica SP8 was funded by the DFG grant INST 39/1104-1 FUGG. The
Medicago truncatula plants utilized in this research project, which are jointly
owned by the Centre National De La Recherche Scientifique, were obtained
from Noble Research Institute, LLC and were created through research
funded, in part, by a grant from the National Science Foundation, NSF-
0703285. We are grateful to the genotoul bioinformatics platform Toulouse Oc-
citanie (Bioinfo Genotoul, doi: 10.15454/1.5572369328961167E12) for
providing computing resources. We would also like to thank Graham C. Walker
(MIT, Cambridge, MA, USA) and Kathryn M. Jones (Florida State University,
Tallahassee, FL, USA; via Alexandre Gavrin, SLCU, Cambridge, UK) for
providing the exoH and exoY strains, respectively, and Peter Gebhardt for
his technical help with protein purification. S. meliloti NFs were kindly provided
by Eleni Soumpourou (SLCU, Cambridge, UK) in frame of the ENSA project.
We would explicitly thank all the members of our team for the fruitful discus-
sions and for providing their individual expertise throughout the course of
the project.

AUTHOR CONTRIBUTIONS

Conceptualization, P.L. and T.0O.; investigation, P.L., C.S., B.L., F.AD., J.
Knerr, J. Keller, C.L., R.G., P.-M.D., and T.O.; writing — original draft, P.L.
and T.0.; writing — review & editing, P.L., C.S., B.L., F.A.D., J. Knerr, J. Keller,
C.L, R.G.,, P.-M.D., and T.0.; funding acquisition, P.L., C.S., R.G., P.-M.D.,
and T.0O.; supervision, R.G., P.-M.D., and T.O.

DECLARATION OF INTERESTS

The authors declare no competing interests.
Received: June 29, 2020

Revised: February 1, 2021

Accepted: April 1, 2021

Published: April 29, 2021

2718 Current Biology 37, 2712-2719, June 21, 2021

Current Biology

REFERENCES

10.

11

12.

13.

14,

15.

16.

17.

18.

. Brewin, N.J. (2004). Plant cell wall remodelling in the rhizobium-legume

symbiosis. Crit. Rev. Plant Sci. 23, 293-316.

. Gage, D.J. (2004). Infection and invasion of roots by symbiotic, nitrogen-

fixing rhizobia during nodulation of temperate legumes. Microbiol. Mol.
Biol. Rev. 68, 280-300.

. Bibikova, T.N., Blancaflor, E.B., and Gilroy, S. (1999). Microtubules regu-

late tip growth and orientation in root hairs of Arabidopsis thaliana. Plant J.
17, 657-665.

. Jones, M.A,, Shen, J.J., Fu, Y., Li, H., Yang, Z., and Grierson, C.S. (2002).

The Arabidopsis Rop2 GTPase is a positive regulator of both root hair initi-
ation and tip growth. Plant Cell 14, 763-776.

. Yi, K., Guo, C., Chen, D., Zhao, B., Yang, B., and Ren, H. (2005). Cloning

and functional characterization of a formin-like protein (AtFH8) from
Arabidopsis. Plant Physiol. 7138, 1071-1082.

. Yang, G., Gao, P., Zhang, H., Huang, S., and Zheng, Z.L. (2007). A muta-

tion in MRH2 kinesin enhances the root hair tip growth defect caused by
constitutively activated ROP2 small GTPase in Arabidopsis. PLoS ONE
2,e1074.

. Esseling, J.J., Lhuissier, F.G.P., and Emons, A.M.C. (2003). Nod factor-

induced root hair curling: continuous polar growth towards the point of
nod factor application. Plant Physiol. 7132, 1982-1988.

. Fournier, J., Teillet, A., Chabaud, M., lvanov, S., Genre, A., Limpens, E., de

Carvalho-Niebel, F., and Barker, D.G. (2015). Remodeling of the infection
chamber before infection thread formation reveals a two-step mechanism
for rhizobial entry into the host legume root hair. Plant Physiol. 167, 1233-
1242.

. Gage, D.J., and Margolin, W. (2000). Hanging by a thread: invasion of

legume plants by rhizobia. Curr. Opin. Microbiol. 3, 613-617.

Ruijter, N.C.A.D., Rook, M.B., Bisseling, T., and Emons, A.M.C. (1998).
Lipochito-oligosaccharides re-initiate root hair tip growth in Vicia sativa
with high calcium and spectrin-like antigen at the tip. Plant J. 73, 341-350.

. Cardenas, L., Feijo, J.A., Kunkel, J.G., Sanchez, F., Holdaway-Clarke, T.,

Hepler, P.K., and Quinto, C. (1999). Rhizobium nod factors induce in-
creases in intracellular free calcium and extracellular calcium influxes in
bean root hairs. Plant J. 19, 347-352.

Miller, D.D., De Ruijter, N.C.A., Bisseling, T., and Emons, A.M.C. (1999).
The role of actin in root hair morphogenesis: studies with lipochito-oligo-
saccharide as a growth stimulator and cytochalasin as an actin perturbing
drug. Plant J. 17, 141-154.

Miller, D.D., Leferink-ten Klooster, H.B., and Emons, A.M.C. (2000).
Lipochito-oligosaccharide nodulation factors stimulate cytoplasmic polar-
ity with longitudinal endoplasmic reticulum and vesicles at the tip in vetch
root hairs. Mol. Plant Microbe Interact. 73, 1385-1390.

Zepeda, |., Sanchez-Lopez, R., Kunkel, J.G., Bafiuelos, L.A., Hernandez-
Barrera, A., Sanchez, F., Quinto, C., and Cardenas, L. (2014). Visualization
of highly dynamic F-actin plus ends in growing phaseolus vulgaris root hair
cells and their responses to Rhizobium etli nod factors. Plant Cell Physiol.
55, 580-592.

Teillet, A., Garcia, J., de Billy, F., Gherardi, M., Huguet, T., Barker, D.G., de
Carvalho-Niebel, F., and Journet, E.P. (2008). api, A novel Medlicago trun-
catula symbiotic mutant impaired in nodule primordium invasion. Mol.
Plant Microbe Interact. 27, 535-546.

Yokota, K., Fukai, E., Madsen, L.H., Jurkiewicz, A., Rueda, P., Radutoiu,
S., Held, M., Hossain, M.S., Szczyglowski, K., Morieri, G., et al. (2009).
Rearrangement of actin cytoskeleton mediates invasion of Lotus japonicus
roots by Mesorhizobium loti. Plant Cell 21, 267-284.

Qiu, L., Lin, J.S., Xu, J., Sato, S., Parniske, M., Wang, T.L., Downie, J.A.,
and Xie, F. (2015). SCARN a novel class of SCAR protein that is required
for root-hair infection during legume nodulation. PLoS Genet. 11,
e€1005623.

Gavrin, A, Rey, T., Torode, T.A., Toulotte, J., Chatterjee, A., Kaplan, J.L.,
Evangelisti, E., Takagi, H., Charoensawan, V., Rengel, D., et al. (2020).


https://doi.org/10.1016/j.cub.2021.04.002
https://doi.org/10.1016/j.cub.2021.04.002
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref1
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref1
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref2
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref2
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref2
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref3
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref3
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref3
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref4
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref4
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref4
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref5
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref5
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref5
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref6
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref6
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref6
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref6
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref7
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref7
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref7
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref8
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref8
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref8
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref8
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref8
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref9
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref9
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref10
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref10
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref10
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref11
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref11
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref11
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref11
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref12
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref12
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref12
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref12
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref13
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref13
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref13
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref13
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref14
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref14
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref14
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref14
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref14
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref15
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref15
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref15
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref15
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref16
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref16
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref16
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref16
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref17
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref17
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref17
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref17
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref18
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref18

Current Biology

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Developmental modulation of root cell wall architecture confers resistance
to an oomycete pathogen. Curr. Biol. 30, 4165-4176.e5.

Larrainzar, E., Riely, B.K., Kim, S.C., Carrasquilla-Garcia, N., Yu, H.J.,
Hwang, H.J., Oh, M., Kim, G.B., Surendrarao, A.K., Chasman, D., et al.
(2015). Deep sequencing of the Medicago truncatula root transcriptome
reveals a massive and early interaction between nodulation factor and
ethylene signals. Plant Physiol. 169, 233-265.

van Velzen, R., Holmer, R., Bu, F., Rutten, L., van Zeijl, A., Liu, W., Santuari,
L., Cao, Q., Sharma, T., Shen, D., et al. (2018). Comparative genomics of
the nonlegume Parasponia reveals insights into evolution of nitrogen-fixing
rhizobium symbioses. Proc. Natl. Acad. Sci. USA 115, E4700-E4709.
Vernié, T., Kim, J., Frances, L., Ding, Y., Sun, J., Guan, D., Niebel, A.,
Gifford, M.L., de Carvalho-Niebel, F., and Oldroyd, G.E.D. (2015). The
NIN transcription factor coordinates diverse nodulation programs in
different tissues of the Medlicago truncatula root. Plant Cell 27, 3410-3424.
Tan, S., Sanchez, M., Laffont, C., Boivin, S., Le Signor, C., Thompson, R.,
Frugier, F., and Brault, M. (2020). A cytokinin signaling type-B response
regulator transcription factor acting in early nodulation. Plant Physiol.
183, 1319-1330.

Chan, J., Mansfield, C., Clouet, F., Dorussen, D., and Coen, E. (2020).
Intrinsic cell polarity coupled to growth axis formation in tobacco BY-2
cells. Curr. Biol. 30, 4999-5006.€3.

Bertram-Drogatz, P.A., Quester, I., Becker, A., and Pihler, A. (1998). The
Sinorhizobium meliloti MucR protein, which is essential for the production
of high-molecular-weight succinoglycan exopolysaccharide, binds to
short DNA regions upstream of exoH and exoY. Mol. Gen. Genet. 257,
433-441.

Southwick, A.M., Wang, L.X., Long, S.R., and Lee, Y.C. (2002). Activity of
Sinorhizobium meliloti NodAB and NodH enzymes on thiochitooligosac-
charides. J. Bacteriol. 184, 4039-4043.

Sassmann, S., Rodrigues, C., Milne, S.W., Nenninger, A., Allwood, E.,
Littlejohn, G.R., Talbot, N.J., Soeller, C., Davies, B., Hussey, P.J., and
Deeks, M.J. (2018). An immune-responsive cytoskeletal-plasma mem-
brane feedback loop in plants. Curr. Biol. 28, 2136-2144.e7.

Estévez, J.M., Kieliszewski, M.J., Khitrov, N., and Somerville, C. (2006).
Characterization of synthetic hydroxyproline-rich proteoglycans with ara-
binogalactan protein and extensin motifs in Arabidopsis. Plant Physiol.
142, 458-470.

Lamport, D.T., Kieliszewski, M.J., Chen, Y., and Cannon, M.C. (2011). Role
of the extensin superfamily in primary cell wall architecture. Plant Physiol.
156, 11-19.

Martiniére, A., Gayral, P., Hawes, C., and Runions, J. (2011). Building
bridges: formin1 of Arabidopsis forms a connection between the cell
wall and the actin cytoskeleton. Plant J. 66, 354-365.

Lerouge, P., Roche, P., Faucher, C., Maillet, F., Truchet, G., Promé, J.C.,
and Dénarié, J. (1990). Symbiotic host-specificity of Rhizobium meliloti is
determined by a sulphated and acylated glucosamine oligosaccharide
signal. Nature 344, 781-784.

Boisson-Dernier, A., Chabaud, M., Garcia, F., Bécard, G., Rosenberg, C.,
and Barker, D.G. (2001). Agrobacterium rhizogenes-transformed roots of
Medicago truncatula for the study of nitrogen-fixing and endomycorrhizal
symbiotic associations. Mol. Plant Microbe Interact. 74, 695-700.
Tadege, M., Wen, J., He, J., Tu, H., Kwak, Y., Eschstruth, A., Cayrel, A.,
Endre, G., Zhao, P.X., Chabaud, M., et al. (2008). Large-scale insertional
mutagenesis using the Tnt1 retrotransposon in the model legume
Medicago truncatula. Plant J. 54, 335-347.

Sheahan, M.B., Staiger, C.J., Rose, R.J., and McCurdy, D.W. (2004). A
green fluorescent protein fusion to actin-binding domain 2 of
Arabidopsis fimbrin highlights new features of a dynamic actin cytoskel-
eton in live plant cells. Plant Physiol. 736, 3968-3978.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

¢? CellPress

OPEN ACCESS

Liang, P., Stratil, T.F., Popp, C., Marin, M., Folgmann, J., Mysore, K.S.,
Wen, J., and Ott, T. (2018). Symbiotic root infections in Medicago trunca-
tula require remorin-mediated receptor stabilization in membrane nanodo-
mains. Proc. Natl. Acad. Sci. USA 115, 5289-5294.

Suyama, M., Torrents, D., and Bork, P. (2006). PAL2NAL: robust conver-
sion of protein sequence alignments into the corresponding codon align-
ments. Nucleic Acids Res. 34, W609-12.

Fahraeus, G. (1957). The infection of clover root hairs by nodule bacteria
studied by a simple glass slide technique. J. Gen. Microbiol. 16, 374-381.

Satgé, C., Moreau, S., Sallet, E., Lefort, G., Auriac, M.C., Rembliére, C.,
Cottret, L., Gallardo, K., Noirot, C., Jardinaud, M.F., and Gamas, P.
(2016). Reprogramming of DNA methylation is critical for nodule develop-
ment in Medicago truncatula. Nat. Plants 2, 16166.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J.,
Bealer, K., and Madden, T.L. (2009). BLAST+: architecture and applica-
tions. BMC Bioinformatics 70, 421.

Radhakrishnan, G.V., Keller, J., Rich, M.K., Vernié, T., Mbadinga
Mbadinga, D.L., Vigneron, N., Cottret, L., Clemente, H.S., Libourel, C.,
Cheema, J., et al. (2020). An ancestral signalling pathway is conserved
in intracellular symbioses-forming plant lineages. Nat. Plants 6, 280-289.

Katoh, K., and Standley, D.M. (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol.
Evol. 30, 772-780.

Capella-Gutiérrez, S., Silla-Martinez, J.M., and Gabaldén, T. (2009).
trimAl: a tool for automated alignment trimming in large-scale phyloge-
netic analyses. Bioinformatics 25, 1972-1973.

Nguyen, L.T., Schmidt, H.A., von Haeseler, A., and Minh, B.Q. (2015). IQ-
TREE: a fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol. Biol. Evol. 32, 268-274.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A., and
Jermiin, L.S. (2017). ModelFinder: fast model selection for accurate phylo-
genetic estimates. Nat. Methods 74, 587-589.

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., and
Gascuel, O. (2010). New algorithms and methods to estimate maximum-
likelihood phylogenies: assessing the performance of PhyML 3.0. Syst.
Biol. 59, 307-321.

Letunic, I., and Bork, P. (2016). Interactive tree of life (iTOL) v3: an online
tool for the display and annotation of phylogenetic and other trees.
Nucleic Acids Res. 44 (W1), W242-5.

Almagro Armenteros, J.J., Tsirigos, K.D., Senderby, C.K., Petersen, T.N.,
Winther, O., Brunak, S., von Heijne, G., and Nielsen, H. (2019). SignalP 5.0
improves signal peptide predictions using deep neural networks. Nat.
Biotechnol. 37, 420-423.

Sonnhammer, E.L., von Heijne, G., and Krogh, A. (1998). A hidden Markov
model for predicting transmembrane helices in protein sequences. Proc.
Int. Conf. Intell. Syst. Mol. Biol. 6, 175-182.

Wertheim, J.O., Murrell, B., Smith, M.D., Kosakovsky Pond, S.L., and
Scheffler, K. (2015). RELAX: detecting relaxed selection in a phylogenetic
framework. Mol. Biol. Evol. 32, 820-832.

Binder, A., Lambert, J., Morbitzer, R., Popp, C., Ott, T., Lahaye, T., and
Parniske, M. (2014). A modular plasmid assembly kit for multigene expres-
sion, gene silencing and silencing rescue in plants. PLoS ONE 9, e88218.
Li, F., and Higgs, H.N. (2005). Dissecting requirements for auto-inhibition
of actin nucleation by the formin, mDia1. J. Biol. Chem. 280, 6986-6992.
Bécard, G., and Fortin, J.A. (1988). Early events of vesicular-arbuscular
mycorrhiza formation on Ri T-DNA transformed roots. New Phytol. 7108,
211-218.

Jia, N., Zhu, Y., and Xie, F. (2018). An efficient protocol for model legume
root protoplast isolation and transformation. Front. Plant Sci. 9, 670.

Current Biology 317, 2712-2719, June 21, 2021 2719



http://refhub.elsevier.com/S0960-9822(21)00480-2/sref18
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref18
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref19
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref19
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref19
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref19
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref19
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref20
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref20
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref20
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref20
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref21
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref21
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref21
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref21
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref21
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref22
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref22
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref22
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref22
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref23
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref23
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref23
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref24
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref24
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref24
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref24
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref24
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref25
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref25
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref25
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref26
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref26
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref26
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref26
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref27
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref27
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref27
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref27
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref27
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref28
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref28
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref28
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref29
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref29
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref29
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref30
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref31
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref31
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref31
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref31
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref31
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref32
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref32
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref32
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref32
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref33
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref33
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref33
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref33
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref34
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref34
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref34
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref34
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref35
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref35
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref35
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref36
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref36
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref37
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref37
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref37
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref37
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref37
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref38
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref38
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref38
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref39
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref39
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref39
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref39
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref39
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref40
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref40
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref40
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref41
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref41
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref41
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref41
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref42
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref42
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref42
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref43
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref43
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref43
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref44
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref44
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref44
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref44
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref45
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref45
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref45
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref46
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref46
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref46
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref46
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref47
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref47
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref47
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref48
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref48
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref48
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref49
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref49
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref49
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref50
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref50
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref51
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref51
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref51
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref51
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref51
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref52
http://refhub.elsevier.com/S0960-9822(21)00480-2/sref52

¢? CellPress

OPEN ACCESS

Current Biology

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Sinorhizobium meliloti 2011 Lerouge et al.*° N/A

Agrobacterium rhizogenes strain ARquat Boisson-Dernier et al.*" N/A

S. meliloti strain exoH Bertram-Drogatz et al.”* N/A

S. meliloti strain exoY Bertram-Drogatz et al.”* N/A

S. meliloti strain nodA Southwick et al.*® N/A

Escherichia coli strain BL21 CP Thermo Fisher Scientific, N/A
https://www.thermofisher.com

Chemicals, peptides, and recombinant proteins

Alexa Fluor 488 Phalloidin Thermo Fisher Scientific, Cat# A12379
https://www.thermofisher.com

FM4-64 Thermo Fisher Scientific, Cat# T13320
https://www.thermofisher.com

Amoxicillin Sigma-Aldrich, https://www. Cat# A8523

Plant Total RNA-Kit

DNase |

SuperScriptlll reverse
Transcriptase (Invitrogen)

sigmaaldrich.com
Sigma-Aldrich, https://www.
sigmaaldrich.com

Thermo Fisher Scientific,
https://www.thermofisher.com
Thermo Fisher Scientific,
https://www.thermofisher.com

Cat#STRN250-1KT

Cat# EN0521

Cat#18080093

Experimental models: Organisms/strains

Medicago truncatula cultivar Jemalong

Medicago truncatula ecotype R108 Tnt1
insertion line NF9730 (syfo1-1), originally
obtained from Noble Research Institute

LLC, Ardmore, USA.

Medicago truncatula ecotype R108 Tnt1
insertion line NF9495 (syfo1-2), originally
obtained from Noble Research Institute

LLC, Ardmore, USA.

Medicago truncatula ecotype R108 Tnt1
insertion line NF20350 (syfo1L-1), originally
obtained from Noble Research Institute
LLC, Ardmore, USA.

Medicago truncatula ecotype R108 Tnt1
insertion line NF15608 (syfo1L-2), originally
obtained from Noble Research Institute
LLC, Ardmore, USA.

Heritage Seeds Pty, Adelaide, AU

This paper and Tadege et al.*”

This paper and Tadege et al.*”

2
1.2

This paper and Tadege et a

This paper and Tadege et al.®”

Jemalong
NF9730

NF9495

NF20350

NF15608

Oligonucleotides

For gRT-PCR and genotyping oligos
see Table S4

This paper

N/A

Recombinant DNA

Sub-cloning for LIl expression pattern
construct: ProSYFO1:NLS-2xGFP
Sub-cloning for LIIl FRAP construct,
protoplast localization: ProUbi:SYFO1:GFP

This paper

This paper
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N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Sub-cloning for LIl plasmolysis This paper N/A
construct: ProUbi:SYFO15°P:GFP

Sub-cloning for LIl localization This paper N/A
construct: ProSYFO1:SYFO15°PTPM.GFP

Sub-cloning for LIl FRAP This paper N/A
construct: ProUbi:SYFO14PRR:GFP

Sub-cloning for LIl complementation This paper N/A
construct: ProSYFO1:SYFO14PRR:GFP

Sub-cloning for LIII localization This paper N/A
construct: ProSYFO1:SYFO1:GFP

Sub-cloning for LIl actin marker This paper and N/A
construct: Pro35S:mCherry:ABD2:mCherry Sheahan et al.**

Sub-cloning for LIl construct module as Liang et al.** N/A
prescreen marker: ProUbi:NLS-2xCerulean

Sub-cloning for LIl construct module as Liang et al.** N/A
prescreen marker: ProUbi:NLS-mCherry

Expression pattern analysis: This paper N/A
ProSYFO1:NLS-2xGFP //

ProUbi:NLS-mCherry

FRAP full length: ProUbi:SYFO1: This paper N/A
GFP// ProUbi:NLS-mCherry

Plasmolysis / localization: This paper N/A
ProUbi:SYFO15°P:GFP//

ProUbi:NLS-mCherry

FRAP truncated version: This paper N/A
ProUbi:SYFO14PRR.GFP//

ProUbi:NLS-mCherry

Complementation: This paper N/A
ProSYFO1:SYFO14PRR:GFP//

ProUbi:NLS-mCherry

Localization and complementation: This paper N/A
ProSYFO1:SYFO1:GFP//

ProUbi:NLS-mCherry

Co-localization between actin and This paper N/A
SYFO1: ProUbi:SYFO1:GFP//

Pro35S:mCherry:ABD2:mCherry

Localization: ProSYFO1: This paper N/A
SYFO1ECP™P.GEP// ProUbi:NLS-mCherry

Recombinant protein purification: This paper N/A
6xHis-AtFHgM1FH2

Recombinant protein purification: This paper N/A
6xHis-SYFO1FH1FH2

Vector pDEST17 for recombinant Thermo Fisher Scientific, Cat#C600003

protein purification

https://www.thermofisher.com

Software and algorithms

All statistical tests have been carried out
using the IBM SPSS Statistics software
All boxplots have been generated

using Rstudio

Adobe lllustrator was used for

editing and typesetting

ZEN (black version) was used for

FRAP data processing

IBM SPSS
Statistics, Version 26

Rstudio, Version 1.3.1073

Adobe lllustrator,
Adobe lllustrator CS7

ZEN 2.3

https://www.ibm.com/analytics/
spss-statistics-software

https://www.rstudio.com

https://www.adobe.com/products/
illustrator.html

https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
tBLASTNn tBLASTNn v2.8.1+ https://ftp.ncbi.nim.nih.gov/blast/

SymDB database

SymDB database

xecutable/blast+/LATEST

http://symbiogenomesdb.uv.es

MAFFT MAFFT v7.407 https://mafft.cbrc.jp/alignment/server
trimAl trimAl v1.4 rev22 http://trimal.cgenomics.org

IQ-TREE IQ-TREE http://www.igtree.org/release/v1.4.2/
ModelFinder ModelFinder http://igtree.cibiv.univie.ac.at

signal v5.0 signal v5.0 http://www.cbs.dtu.dk/services/SignalP
TMHMM TMHMM v2.0c http://www.cbs.dtu.dk/services/TMHMM/
RELAX program RELAX program http://www.datamonkey.org/RELAX
PAL2NAL program Suyama et al.*® http://www.bork.embl.de/pal2nal/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas
Ott (Thomas.Ott@biologie.uni-freiburg.de).

Materials availability
All constructs newly generated in this study are listed in the Key resources table.

Data and code availability
The published article includes all datasets generated or analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study used the model legume Medicago truncatula, its corresponding symbiont Sinorhizobium meliloti 2011. Transgenic roots
were generated by using Agrobacterium rhizogenes strain ARqua1®' and recombinant proteins was obtained from Escherichia coli
strain BL21 CP.

If not stated differently, plants were at 24°C in a 16/8 long-day cycle and a light intensity of 85 mol*m2*s™" either on Fahraeus me-
dium under sterile conditions or in a vermiculite and sand mixture as specified below.

METHOD DETAILS

Plant growths and phenotypical analysis

For phenotypical analysis Medicago truncatula wild-type R108, syfo1-1, syfo1-2, syfo1lL-1 and syfo1L-2 seeds were scarified for
about 15 minutes in sulfuric acid, washed six times in sterile water, sterilized in bleach solution for 1 minute and washed again six
times with sterile water before being sown on 1% agar plates for germination and kept in darkness at 4°C for 3 days for stratification.
Germination was allowed for up to 24 hours at 24°C and a light intensity of 85 umol*m2*s™! before transferring the seedlings to plates
containing Fahraeus medium®® for 4 days in the presence of 1 mM nitrate before being transferred to a plate culture system without
nitrogen for phenotyping studies. Plants were inoculated with 1ml Sinorhizobium meliloti 2011 (mCherry) at an ODggo of 0.05 (on
plates or open pots with 1:1 ratio of vermiculite and sand mixture). Symbiotic responses including root hair deformations, infection
chamber formation and IT development were scored 5 dpi of plants with S. meliloti on plates. Soil-based nodulation phenotyping
samples were harvested and quantified at 3 wpi. Nodules were embedded in 7% low temperature melting agar and sectioned
with a thickness of 60 um using a vibratome.

Genotyping of Tnt1 insertion lines and quantitative Real-Time PCR

RO or R1 seeds of M. truncatula R108 Tnt1 transposon insertion lines®? were obtained from the Noble Research Institute (OK, USA)
and insertions were verified using primers listed in Table S4. Total RNA of control and insertion lines was extracted from 30-50 mg
root material using a commercial kit (Spectrum Plant Total RNA Kit, Sigma life science) following the supplier’s instructions. Prior to
cDNA synthesis, 1 ug total RNA was subjected to an additional DNasel treatment. Synthesis of cDNA was conducted as described
earlier®® using the SuperScriptlll reverse Transcriptase (Invitrogen). For qRT-PCR the cDNAs were diluted 1:10and 1 L was used per
reaction in a SybrGreen assay (Applied Biosystems). All data were normalized to Ct values of the housekeeping gene ubiquitin®’ using
primers listed in Table S4 and PCR products were confirmed by Sanger sequencing.
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Hairy root transformation

M. truncatula hairy root transformation was performed as previously described®' using the Agrobacterium rhizogenes strain ARqua1.
Plants were transferred weekly to fresh plates containing Fahraeus medium (pH 6.0) supplemented with 0.5 mM NH4NO3 and fol-
lowed by 2 days of growth on nitrogen-free Fahraeus medium containing 0.1 uM AVG prior to inoculation. Images for localization
studies and root hair phenotyping analyses were taken on plants inoculated for 2 days and 5 days, respectively.

Phylogenetic and selective pressure analysis

SYFO1 (Medtr5g036540.1) and SYFO1L (Medtr8g062830.1) protein sequences were used as queries for a tBLASTn v2.8.1+°% search
against a database of 101 Angiosperms genomes (Table S2, sequences can be downloaded from the SymDB database®: http://
www.polebio.lrsv.ups-tlse.fr/symdb) with an e-value threshold of 1e-10. Sequences were then aligned using MAFFT v7.407° with
default parameters. The resulting alignment was trimmed using trimAl v1.4 rev22*' to remove positions containing more than
20% of gaps. The cleaned alignment was then subjected to a Maximum Likelihood (ML) analysis using IQ-TREE v1.6.7*? as described
here after. First, the best-fitting evolutionary model was tested using ModelFinder.*® Then a ML search was performed using 10,000
replicates of SH-aLRT** for testing branches support. The tree was finally visualized and annotated with iTOL v4.4.%°

Signal peptide and transmembrane domains were predicted from proteins using signal v5.0%° and TMHMM v2.0c*’ respectively
using default parameters.

To look for relaxation (K < 1) or intensification (K > 1) of selection acting on different lineages of interest in Eudicots (Table S3), we
used the RELAX program.“® This method calculates different synonymous and non-synonymous substitution rates (w = dN/dS) using
the phylogenetic tree topology for both foreground and background branches. Protein sequences from SYFO1 and SYFO1L
orthologs were aligned using MUSCLE v3.8.382. We used the PAL2NAL program®® to convert the protein alignment into a codon
alignment. We marked different clades of interest in the full tree (Figure S1D; Table S3) and on NFN and Fabales subtrees with
the corresponding CDS sequences mentioned in Table S3. The number of analyzed CDS sequences and positions are presented
in Table S3.

Construct design

The constructs used in this study were designed using Golden Gate cloning.*® 2.5 kb upstream of the SYFO1 start codon were cho-
sen as putative promoter region. A Golden Gate compatible full-length genomic DNA version (Medtr5g036540.1) was synthesized
(GENEWIZ, Germany) by removing the Bpil and Bsal restriction sites via silent mutations. All cloning primers are listed in Table
S4. To select transgenic roots a ProUbi-NLS-mCherry or ProUbi-NLS-2xCerulean cassette was additionally inserted into the different
T-DNAs containing the transgenes of choice as previously described.** Level Il and level Il constructs were assembled based on the
principle described earlier.>> For the recombinant protein purification cloning, FH1FH2 coding region fragments of AtFH8 (aa 227-
760°) and SYFO1 (aa 227-798) were synthesized (GENEWIZ, Germany) and cloned in frame with N-terminal 6 x His in pDEST17 vec-
tor. The resulting clones were sequenced to ensure the in-frame fusion. An overview about all designed constructs is provided in the
Key resources table.

Bacterial expression and protein purification

Proteins were purified in the Escherichia coli strain BL21 CP using the protocol for C-terminal constructs (mDia-ct) according to Li and
Higgs.®° Proteins were dialyzed into the following buffer: 2 mM NaPO, (pH 7,0), 150 mM NaCl, 0.1 mM EGTA, 0.1 mM DTT and stored
at 4°C. Protein concentration was determined by Bradford assay and SDS-Page.

Surface plasmon resonance measurements

Dynamic interaction of > 99% rabbit muscle actin (Cytoskeleton) with protein ligands were analyzed by using Biacore X100 system
(Biacore). Two lanes on a CM5-chip were generated by coupling 10 ng/ml actin covalently to one lane using 400 mM N-ethyl-N-di-
methylaminpropyl-carbodiimide (EDC) and 100 mM N-hydroxy-succinimide (NHS). Afterward both lanes were saturated with 1M
ethanolamide resulting in an actin-coated (lane 2) and a control lane (lane 1) for exclusion of non-specific binding. In general ligand
partners were guided over both lanes. Sensograms of SYFO1 and AtFH8 were recorded in a running-buffer (10 mM HEPES pH 7.4,
150 mM NaCl, 3 mM EDTA, 10 mM MgCI2, 0.2 mM ADP, 0.5 mM DTT) at 25° with a flow rate of 30 ul/min. Starting with the lowest
concentration, 5 different dilutions of a 1 uM protein solution (1:3 serial dilution) were injected sequentially for 120 s and dissociation
was allowed for 600 s. The Chip surface was regenerated by an overnight wash with running buffer. Bound protein was determined as
relative response units (RU) corrected for the unspecific binding to lane 1 (RULane2-RULane1). Kinetic constants were calculated by
using the Biacore X100 Evaluation software.

Confocal Laser-Scanning Microscopy and FRAP

For imaging the NLS-GFP reporter module, sectioned nodules, protein localization and plasmolysis we used a Leica TCS SP8

confocal microscope equipped with a 20x HCX PL APO water immersion. GFP was excited with a White Light Laser (WLL) at

488 nm and the emission was detected at 500-550 nm. mCherry fluorescence was excited using a WLL at 561nm and emission

was detected between 575-630 nm. Samples, co-expressing two fluorophores were imaged in sequential mode between frames.
FRAP analysis was conducted using a Zeiss LSM 880 Airyscan confocal microscope. For this, the VP (Virtual Pinhole) mode was

adapted based on the fluorescence intensity of probe and Airyscan processing was performed using the ZEN (black edition) software
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package. The bleaching region, reference region and background region were selected at identical size. A pre-bleaching time of 5 s
was chosen. Bleaching was set to stop upon the intensity dropping to 50% of the initial intensity before fluorescence recovery was
recorded for 10 minutes. Using the FRAP data process package in ZEN (black version), the mobile fraction was calculated by the
following equation (mobile fraction = /1/ IE), where /1 represents the dropped intensity and the /E represents the recovered intensity
normalized to the reference intensity.

Root organ culture, protoplast extraction, and inoculation

Transgenic Root Organ Culture (ROC) of M. truncatula expressing SYFO1-GFP were obtained via hairy root transformation according
to Boisson-Dernier et al.>' Fully transformed root segments were cut and initially transferred to M-Media plates®' containing Aug-
mentin (Sigma). 1 g of amoxicillin—200 mg of clavulanic acid) (400 mg/l) for two weeks and then subcultured on plates supplemented
with 200 mg/l Augmentin for additional two weeks to remove A. rhizogenes contamination. Plates were sealed with micropore tape
and incubated at 24°C in dark. Afterward, the ROC was transferred to M-media plates without Augmentin to support faster tissue
growth. Continuous expression of the transformation marker was monitored throughout the entire experiment.

Protoplasts were isolated from ROC, syfo1-1 and syfo1L-1 mutants by cutting the roots in small pieces of 2-5 mm length and pro-
cessed as described previously.®? For inoculation, an S. meliloti culture was diluted in W5 solution® to an ODgq of 0.05 before being
added to the protoplasts. Protoplasts were additionally treated with isolated S. meliloti NFs at a concentration of 10 nM and the
S. meliloti strains exoH and exoY?* and nod A 2°) using the same ODs.

Actin phalloidin staining and plasma membrane FM4-64 staining

Phalloidin-based actin staining was performed according to a published protocol.'? In brief, M. truncatula roots were transferred into
Fahraeus medium containing 300 uM MBS (m-maleimidobenzoyl- N-hydroxysuccinimide ester) for 30 minutes to stabilize the actin
filaments. The material was then fixed in 2% formaldehyde in actin-stabilizing buffer (ASB) solution.'® Phalloidin was added to a final
concentration of 16 M and staining was performed in the dark for 30 minutes. Root-derived protoplasts were submerged in a FM4-
64 solution with a final concentration of 20 uM and incubated on ice for 5-10 mins before imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical tests have been carried out using the IBM SPSS Statistics Version 26 software. The corresponding tests and experi-

mental details are mentioned in the corresponding figure legends. All graphical data plots have been generated using RStudio
Version 1.3.1073 and fonts were adjusted using Adobe lllustrator CS7.
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Figure S1. SYFO1 contributes to the symbiosis establishment. Related to Figure 1. (4) SYFOI and SYFOIL
transcript levels before inoculation, at 1, 3 and 5 dpi. (B-C) Promoter activity was assessed with cellular resolution
in transgenic M. truncatula root hairs by using the genetically encoded reporter ProSYFO1:NLS-2xGFP. (D)
Maximum Likelihood tree (model: TIM3+F+R6; Log-likelihood: -124347.2322) of SYFO1 and SYFO1L family
in 102 Angiosperm species. The tree was rooted on Amborella trichopoda. The Eudicots duplication leading to
the emergence of the SYFO1/SYFOI1L clade is indicated with a blue star and the Papilionoideae duplication from
which SYFO1 and SYFOI1L derived is indicated with a red star. Monocots, SYFO1 and SYFOIL clades are
indicated by violet, green and blue ribbons respectively. Results of the selective pressure analysis are marked as
follow: red dots indicate relaxation (K<1 and p-val < 0.01) of the selection in the clade while blue dots stand for
an intensification of the selection (K>1 and p-val < 0.01). Details of selective pressure analysis are presented in
Table S3. (E) Relative expression of SYFO! in inoculated roots. (F-G) Determining transcript levels in Tntl
insertion lines. SYFO! transcript levels in wild-type R108, syfol-1, syfol-2 at 1 dpi, and wild-type R108 syfolL-



1, syfolL-2 without inoculation. Quantitative qRT-PCR was performed on cDNAs obtained from roots, with 4
biological replicates (each replicate contained roots from four independent plants). The graphs represent AACt
values obtained by qRT-PCR relative to ubiquitin. Asterisks indicate a significant statistical difference based on
a Tukey—Kramer multiple-comparison test with p-values of p<0.05 (*) p<0.01 (**) and p<0.001 (***). Scale bars
indicate 50 um (B-C).
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Figure S2. SYFO1 but not SYFO1L is required for nodulation. Related to Figure 1. (4-C) Nodule phenotypes
observed on the different genotypes at 3 wpi with S. meliloti in open pots using WT R108 plants as a control.
Quantification of nodule numbers (D) and the ratio of aborted/wild-type like nodules (£) (n=10 independent root
systems per genotype). Semi-thin (60 pm) sections of agarose-embedded nodules representative for wild-type (F),
syfolL (G) and syfol (H-I). The dashed rectangles indicate the magnified selected zones. Plants were grown in
open pots and inoculated for 3 weeks with S. meliloti (red) prior to the analysis. Asterisks indicate a significant
statistical difference based on a Tukey—Kramer multiple-comparison test with p-values <0.01 (**), < 0.001 (***).
Data are shown as mean + SE. Scale bars indicate 200 pm (4-C), 100 um (F-1).
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Figure S3. Analysis of actin and morphological patterns in symbiotically responding root hairs. Related to
Figures 1 and 2.

Root hairs grow normally (4-C) and actin arrangements are indistinguishable in young, uninoculated root hairs
of on syfol-1 and syfol-2 mutants (D-J). Plants were grown on vertical agar plates in the absence of rhizobia for
10 days prior to the analysis. Root hair length was measured in 20 consecutive root segments covering the
designated infection zone (3 mm above the root hair tip). No statistically significant differences were found based
on an ANOVA followed by a Fisher LSD test when comparing root hair length in between the corresponding root
segment of the different genotypes. Data are shown as mean + SE of 4 independent biological replicates with four
roots being scored per experiment and genotype. Phalloidin staining of actin in root hairs of the differentiation
zone (region II; D-F) and elongation zone (region III; G-/) as illustrated in J.

Dissecting early root hair responsiveness in syfo/ mutants (K-N). The number of infection chambers (ICs) (K) and
infection threads (ITs) (L) per root and the individual sizes of ICs (M) and ITs () were scored at 5 dpi in R108
wild-type as well as syfol-1 and syfol-2 mutant alleles. Asterisks indicate a significant statistical difference based
on a Tukey—Kramer multiple-comparison test with p-values <0.05 (*) and 0.01 (**). Data are shown as mean +
SE and were obtained from 9-14 independent plants (K, L) and from 13 plant for (M, N). Complementation studies
for syfol mutants (O-Q). (O) SYFO! driven by the epidermis specific expansin promoter (ProEXP) failed to
restore the deformation phenotype in syfo/ mutants. (P) The syfo! root hair deformation phenotype could not be
complemented by expressing SYFOIL and AtFHS driven by SYFOI promoter. () The PRR segment in the
SYFO1 extracellular domain is required for its function as a SYFO14PRR variant driven by the SYFOI promoter
was not able to restore the infection thread and infection chamber phenotypes in syfol mutants. ev= empty vector.
Asterisks indicate a significant statistical difference based on a Tukey—Kramer multiple-comparison test with p-
values < 0.01 (**) and 0.001 (***). Data were obtained from 10 independent roots for each analysis.

Analysis of actin polarization upon rhizobial inoculation (R-V). Actin patterns were visualized by Phalloidin
staining of root hairs and observed under non-inoculated (R) and inoculated conditions after 2 dpi with S. meliloti
(S-U). Representative images for longitudinal alignment of actin filaments in the absence of rhizobia in wild type
(R), apically polarized actin (S, 7) and polarized actin at the apical shank of root hairs (U) upon inoculation of
wild-type root hairs. The appearance of polarized patterns (npolar) as shown in panels S-U was scored on wild-type
and syfol mutant roots by absent/present calls of appearance on individual root systems (V). Arrowheads indicate
sites of polarized actin accumulations. Scale bars indicate 200 um (4-C, G). Scale bars indicate 10 pm (D-1, and

R-U).



_U
=

cytoplasm /

Figure S4. Proposed model for a SYFO1-mediated actin-plasma membrane-cell wall-continuum. Related
to Figures 3 and 4. Our data suggest that SYFO1 establishes actin nucleation centres at the tip or the apical part
of the shank of growing root hairs (green) upon inoculation with rhizobia (red) (4). (B) Association with the cell
wall (CW; light green) by the proline-rich extracellular domain of SYFO1 (orange) laterally immobilizes SYFOLI.
Polar secretion of SYFOI together with other membrane constituents and SYFO1-mediated actin nucleation

(green filaments) may allow the formation of a polarity domain (bright blue). PM= plasma membrane. The
FH1FH2 domain is depicted in purple.



Gene ID Description

Medtr2g086990 formin-like 2 domain protein
Medtrdg045670 formin-like 2 domain protein
Medtrdg095780 formin-like 2 domain protein
Medtr8g027995 formin-like 2 domain protein
Medtr7g080920 formin-like 2 domain protein
Medtrdg087890 formin-like 2 domain protein
Medtr5g015690 formin-like 2 domain protein
Medtr5g036540 formin-like 2 domain protein
Medtr3g078623 formin-like 2 domain protein
Medtr1g083260 formin-like 2 domain protein
Medtr2g082190 formin-like 2 domain protein
Medtr4dg081410 formin-like 2 domain protein
Medtr0094s0010 formin-like 2 domain protein
Medtr8g062830 formin-like 2 domain protein
Medtr3g037080 actin-binding FH2 (formin-like) protein, putative
Medtr4g109040 actin-binding FH2 (formin-like) protein
Medtr1g013800 actin-binding FH2 (formin 2) family protein
Medtr4g131020 actin-binding FH2 (formin 2) family protein
Medtr4g109040 actin-binding FH2 (formin-like) protein
Medtr5g026645 actin-binding FH2 (formin-like) protein

Table S1: FH2-domain containing proteins identified in the Medicago
truncatula genome. Related to Figure 1.



Abbreviation Species Order Family Reference N-fixing
Alnglu Alnus glutinosa Fagales Betulaceae [10.1126/science.aat1743 1
Ambtri Amborella trichopoda Amborellales | Amborellaceae [10.1126/science.1241089 0

Anacom Ananas comosus Bromeliales | Bromeliaceae |10.1038/ng.3435 0
Aposhe Apostasia shenzhenica Asparagales | Orchidaceae |10.1038/nature23897 0
Arahal Arabidopsis halleri Brassicales | Brassicaceae |Phytozome 0
Aralyr Arabidopsis lyrata Brassicales | Brassicaceae ]10.1038/ng.807 0
Aratha Arabidopsis thaliana Brassicales | Brassicaceae [10.1093/nar/gkr1090 0
Aradur Arachis duranensis Fabales Fabaceae |10.1038/ng.3517 1
Arahyp Arachis hypogaea Fabales Fabaceae |https://peanutbase.org/data/public/Arachis_hypogaea/Tifrunner.gnm1.KYV3/ 1
Araipa Arachis ipaensis Fabales Fabaceae |10.1038/ng.3517 1
Begfuc Begonia fuchsioides Cucurbitales | Begoniaceae |10.1126/science.aat1743 0
Betvul Beta vulgaris ssp. vulgaris KWS2320 |Caryophyllales]| Amaranthaceae | 10.1038/nature12817 0
Boestr Boechera stricta Brassicales | Brassicaceae |Phytozome 0
Bradis Brachypodium distachyon Poales Poaceae 10.1038/nature08747 0
Braolecap Brassica oleraceae capitata Brassicales | Brassicaceae |10.1038/ncomms4930 0
Brarap Brassica rapa FPsc Brassicales | Brassicaceae |Phytozome 0
Caijcaj Cajanus cajan Fabales Fabaceae |10.1038/nbt.2022. 1
Capgra Capsella grandiflora Brassicales | Brassicaceae |10.1038/ng.2669 0
Caprub Capsella rubella Brassicales | Brassicaceae |10.1038/ng.2669 0
Capann Capsicum annuum cvCM334 Solanales Solanaceae [10.1038/ng.2877 0
Carpap Carica papaya Brassicales Caricaceae |10.1038/nature06856 0
Casmol Castanea mollissima Fagales Fagaceae |https://www.hardwoodgenomics.org/organism/Castanea/mollissima 0
Casaus Castanospermum australe Fabales Fabaceae |10.1126/science.aat1743 0
Casgla Casuarina glauca Fagales Casuarinaceae |10.1126/science.aat1743 1
Cepfol Cephalotus follicularis Oxalidales | Cephalotaceae [10.1038/s41559-016-0059 0
Cercan Cercis canadensis Fabales |Caesalpiniaceae|10.1126/science.aat1743 0
Chafas Chamaecrista fasciculata Fabales Fabaceae |10.1126/science.aat1743 1
Chequi Chenopodium quinoa Caryophyllales] Amaranthaceae | 10.1038/nature21370 0
Cicari Cicer arietinum ICC4958 Fabales Fabaceae |10.1038/srep12806 1
Citlan Citrullus lanatus subsp. vulgaris 97103 | Cucurbitales | Cucurbitaceae |10.1038/ng.2470 0
Citcle Citrus clementina Sapindales Rutaceae 10.1038/nbt.2906 0
Citsin Citrus sinensis Sapindales Rutaceae 10.1038/nbt.2906 0
Cucmel Cucumis melo Cucurbitales | Cucurbitaceae [10.1073/pnas.1205415109 0
Cucsat Cucumis sativus Pl183967 Cucurbitales | Cucurbitaceae |10.1038/ng.2801 0
Cucmax Cucurbita maxima Cucurbitales | Cucurbitaceae |10.1016/j.molp.2017.09.003 0
Cucmos Cucurbita moschata Cucurbitales | Cucurbitaceae |10.1016/j.molp.2017.09.004 0
Cucpep Cucurbita pepo Cucurbitales | Cucurbitaceae |http://cucurbitgenomics.org/organism/13 0
Datglo Datisca glomerata Cucurbitales | Dasticaceae |10.1126/science.aat1743 0
Daucar Daucus carota Apiales Apiaceae 10.1038/ng.3565 0
Dencat Dendrobium catenatum Asparagales | Orchidaceae |10.1038/nature23897 0
Diacar Dianthus caryophyllus Caryophyllales|Caryophyllaceag] 10.1093/dnares/dst053 0
Distri Discaria trinervis Rosales Rhamnaceae |10.1126/science.aat1743 1
Drydru Dryas drummondii Rosales Rosaceae |10.1126/science.aat1743 1
Eutsal Eutrema salsugineum Brassicales | Brassicaceae |10.3389/fpls.2013.00046 0
Fraves Fragaria vesca Rosales Rosaceae [10.1038/ng.740 0
Fraana Fragaria x ananassa Rosales Rosaceae |https://www.rosaceae.org/species/fragaria/fragaria_x_ananassa 0
Fraexc Fraxinus excelsior Lamiales Oleaceae 10.1038/nature20786 0




Glymax Glycine max Fabales Fabaceae |10.1038/nature08670 1
Gosrai Gossypium raimondii Malvales Malvaceae [10.1038/nature11798 0
Helann Helianthus annuus Asterales Asteraceae |10.1038/nature22380 0
Horvul Hordeum vulgare Poales Poaceae 10.1038/nature22043 / 10.1038/sdata.2017.44 0
Humlup Humulus lupulus Rosales Cannabaceae |10.1093/pcp/pcu169 0
Jugreg Juglans regia Fagales Juglandaceae |10.1111/tpj.13207 0
Lagsic Lagenaria siceraria Cucurbitales | Cucurbitaceae [10.1111/tpj.13722 0

Lotjap Lotus japonicus Fabales Fabaceae |10.1093/dnares/dsn008 1
Lupang Lupinus angustifolius Fabales Fabaceae |10.1111/pbi.12615 1

Maldom Malus domestica Rosales Rosaceae |https://www.rosaceae.org/species/malus/malus_x_domestica/genome v3.0.a0 0
Manesc Manihot esculenta Malpighiales | Euphorbiaceae |10.1038/nbt.3535 0
Medtru Medicago truncatula Fabales Fabaceae |10.1038/s41477-018-0286-7 1
Mimpud Mimosa pudica Fabales Fabaceae |10.1126/science.aat1743 1

Momcha Momordica charantia Cucurbitales | Cucurbitaceae |https://www.ncbi.nim.nih.gov/assembly/GCF_001995035.0 0
Mornot Morus notabilis Rosales Moraceae [10.1038/ncomms3445 0
Musacu Musa acuminata Zingiberales | Zingiberaceae |10.1093/database/bat035 0
Nelnuc Nelumbo nucifera Proteales | Nelumbonaceae|10.1186/gb-2013-14-5-r41 0
Nicben Nicotiana benthamiana Solanales Solanaceae [10.1094/MPMI-06-12-0148-TA 0
Nissch Nissolia schottii Fabales Fabaceae |10.1126/science.aat1743 0
Orysat Oryza sativa Poales Poaceae 10.1093/nar/gkl976 0
Parand Parasponia andersonii Rosales Cannabaceae [10.1073/pnas.1721395115 1
Petaxi Petunia axillaris Solanales Solanaceae |10.1038/nplants.2016.74 0
Phaequ Phalaenopsis equestris Asparagales | Orchidaceae |10.1038/nature23897 0
Phavul Phaseolus vulgaris Fabales Fabaceae |10.1038/ng.3008 1
Poptri Populus trichocarpa Malpighiales Salicaceae [10.1126/science.1128691 0
Potmic Potentilla micrantha Rosales Rosaceae |10.1093/gigascience/giy010 0
Pruavi Prunus avium Rosales Rosaceae |10.1093/dnares/dsx020 0
Prudul Prunus dulcis Rosales Rosaceae |https://www.rosaceae.org/analysis/294 0

Prumum Prunus mume Rosales Rosaceae |https://www.ncbi.nlm.nih.gov/assembly/GCF_000346735.0 0
Pruper Prunus persica Rosales Rosaceae [10.1038/ng.2586 0

Pyrcom Pyrus communis Rosales Rosaceae [10.1371/journal.pone.0092644 0
Pyrbre Pyrus x bretschneideri Rosales Rosaceae |https://www.ncbi.nlm.nih.gov/assembly/GCF_000315295.0 0
Querob Quercus robur Fagales Fagaceae  |10.1111/1755-0998.12425 0

Riccom Ricinus communis Malpighiales | Euphorbiaceae |10.1038/nbt.1674 0
Roschi Rosa chinensis Rosales Rosaceae 10.1038/s41588-018-0110-3 0
Rubocc Rubus occidentalis Rosales Rosaceae [10.1111/tpj.13215 0
Setita Setaria italica Poales Poaceae 10.1038/nbt.2196 0
Sollyc Solanum lycopersicum Solanales Solanaceae |10.1038/nature11119 0
Solpen Solanum pennellii Solanales Solanaceae [10.1038/ng.3046 0
Sorbic Sorghum bicolor Poales Poaceae 10.1111/tpj. 13781 0
Spiole Spinacia oleracea Caryophyllales| Amaranthaceae | http://bvseq.molgen.mpg.de/Genome/Download/Spinach/ 0
Spipol Spirodela polyrhiza Alismatales Araceae 10.1038/ncomms4311 0
Tarhas Tarenaya hassleriana Brassicales Cleomaceae [10.1105/tpc.113.113480 0
Thecac Theobroma cacao Malvales Malvaceae [10.1186/gb-2013-14-6-r53 0
Treori Trema orientalis Rosales Cannabaceae [10.1073/pnas.1721395115 0
Tripra Trifolium pratense Fabales Fabaceae |10.1038/srep17394 1
Trisub Trifolium subterraneum Fabales Fabaceae |https://www.ncbi.nlm.nih.gov/assembly/GCA_001742945.1#/st 1
Utrgib Utricularia gibba Lamiales |Lentibulariaceae|10.1073/pnas.1702072114 0




Vigang Vigna angularis Fabales Fabaceae |10.1038/srep080669 1
Vigrad Vigna radiata Fabales Fabaceae |10.1038/ncomms6443 1
Vigung Vigna unguiculata Fabales Fabaceae |Phytozome 1
Zeamay Zea mays PH207 Poales Poaceae 10.1105/tpc.16.00353 0
Zizjuj Ziziphus jujuba cv. Dongzao Rosales Rhamnaceae [10.1038/ncomms6315 0
Zosmar Zostera marina Alismatales | Zosteraceae |10.1038/nature16548 0

Table S2: List of species investigated in this study. Related to STAR Methods. The N-fixing column indicates if species can (1)
or not (0) establish root nodule nitrogen-fixing symbiosis.




Branch model - RELAX

Tree Analyzed Anaflyzed K LRT p-val Selective
sequences sites Tested branches pressure
Brassicaceae 9,34 202,89 0,00E+00 intensification
Cucurbitales 8,71 47,34 5,97E-12 intensification
Fabales 0,54 22,32 2,31E-06 relaxation
Fagales 1,73 27,97 1,23E-07 intensification
Rosales 0,96 4,40 3,59E-02
Syfot/1L/3 280 766 —__
angiosperm tree NFN clade 1,09 15,82 6,97E-05 intensification
(Cuc, Fab, Fag and Ros)
Syfo1 clade 6,46 52,89 3,53E-13 intensification
Syfo1 clade infection 0,84 4,34 3,70E-02
threads forming species
Syfo1L clade 0,45 40,61 1,86E-10 relaxation
Syfo1L clade infection 0,96 0,840 3,60E-01
threads forming species
Infection threads forming 0,25 18,63 1,59E-05 relaxation
species
Syfol/1L NFN tree 107 779 Syfo‘1 Infecthn threads 0,87 5,97 1,50E-02
forming species
Syfo1L Infection threads 0,91 5,96 1,50E-02
forming species
Syfol/1L Fabales tree 1 758 Infecfclon threads forming 1,43 16,76 4,24E-05 intensification
species
Syl Fethetes s 19 800 No Ir}fectlon t.hreads 0,95 0,62 4,30E-01
forming species
Syfoll Fabales tree 20 772 No Infection threads 0,66 7,29 7,00E-03 relaxation

forming species

Table S3: Results of the branch model analysis for signature of selection acting in the SYFO1/SYFO1L angiosperm clade on different
branches of interest. Related to STAR Methods. The column tree indicates which species and corresponding phylogenetic tree was used to
run the branch model RELAX. Analyzed sequences and sites indicated the number of sequences and sites analyzed corresponding to the
species/tree selected. The tested branches column indicates which clade was targeted as 'Foreground' to compare selective pressure against
the rest of the tree. K represent the selection intensity parameter where a significant result of k>1 indicates that selection strength has been
intensified along the test branches, and a significant result of k<1 indicates that selection strength has been relaxed along the test branches. LRT
represent the Likelihood Ratio Test to comparing the alternative and null models from RELAX with the corresponding p-value. Bold p-values
indicate sianificant at 0.01 threshold.



References or

Primer Sequence (5'-3') Used for referenced ID
gt-SYFO1-F AGCCACAATAACACAACCTCCT Genotyping Medtr5g036540.1
gt-SYFO1-R | GCCTTTGTTGTCTTCTTTTTCTGC Genotyping Medtr5g036540. 1
gt-SYFO2-F GCCAAAACAATTCTCCACAAAAC Genotyping Medtr89g062830.1
gt-SYFO2-R TCCCAAGAAATCCTTAACTATACCA Genotyping Medtr8g062830. 1
TNT1-F GTAGAGAATAGGTAAGGTGCT Genotyping St

TNT1-R TGTAGCACCGAGATACGGTAATTAACAAGA Genotyping S1

TNT1-R1 TGTAGCACCGAGATACGGTAATTAACAAGA Genotyping S1

qUbi-F TTGTGTGTTGAATCCTAAGCA Housekeeping gene for qRT-PCR S2

qUbi-R CAAGACCCATGCAACAAGTTC Housekeeping gene for gqRT-PCR s2

qSYFO1-F AGTAGCAGCAGCAGCGGAGA ‘:ffj{;ﬁg:;;ﬁi{‘gf:gi prescreenand |\ 4r54036540.1
gSYFO1-R TCCTTGCTGAGAGTGCTGAGA ﬁ{;ﬁg;ﬁ;ﬁi{‘ifiﬁ prescreen and |\ 4r5036540. 1
qSYFO2-F GTTCAGAAACAAGGCTTTCAATCTCA gRT-PCR for candidate prescreen Medtr89062830.1
qSYFO2-R GATCATTGTTGGATTCTTGCATCATG gRT-PCR for candidate prescreen Medtr89g062830.1
qSYFO2-F2 GGTGAGAGAGGAAATTTTGTG gRT-PCR for mutant transcript check Medtr89g062830.1
qSYFO2-R2 ACCCCCACATTCATAATACTG gRT-PCR for mutant transcript check Medtr89g062830.1
pSYFO1-F ATGGTCTCAGCGGAGGGGCATGTTAATCACC Cloning Medtr5g036540.1
pSYFO1-R TAGGTCTCTCAGAGAATGAAGAGGAACAAAGAT Cloning Medtr5g036540.1
gSYFO1-F ATGGTCTCACACCATGTCTTTGAACATGATGTTTC Cloning Medtr5g036540.1
gSYFO1-R TAGGTCTCTCCTTAAACTTTGTCTTAGGTGTTTTC Cloning Medtr5g036540.1




SYFO1ECD-F ATGGTCTCACACCATGTCTTTGAACATGATGTTTC Cloning Medtr5g036540.1

SYFO1ECD-R TAGGTCTCTCCTTTCACTTACTATTTGTTGAAGAATTTGT | Cloning Medtr5g036540.1

Table S4: List of primers used in this study. Related to STAR Methods. Abbreviations: Forward (F) and reverse (R) primers, Ubiquitin (Ubi)
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