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Leguminous plants establish endosymbiotic associations with rhi-
zobia and form root nodules in which the rhizobia fix atmospheric
nitrogen. The host plant and intracellular rhizobia strictly control
this symbiotic nitrogen fixation. We recently reported a Lotus
Jjaponicus Fix™ mutant, apn1 (aspartic peptidase nodule-induced 1),
that impairs symbiotic nitrogen fixation. APN1 encodes a nodule-
specific aspartic peptidase involved in the Fix~ phenotype in a rhi-
zobial strain-specific manner. This host-strain specificity implies that
some molecular interactions between host plant APN1 and rhizobial
factors are required, although the biological function of APN1 in
nodules and the mechanisms governing the interactions are un-
known. To clarify how rhizobial factors are involved in strain-
specific nitrogen fixation, we explored transposon mutants of Mes-
orhizobium loti strain TONO, which normally form Fix™ nodules on
apn1 roots, and identified TONO mutants that formed Fix* nodules
on apn1. The identified causal gene encodes an autotransporter,
part of a protein secretion system of Gram-negative bacteria. Ex-
pression of the autotransporter gene in M. loti strain MAFF3030399,
which normally forms Fix* nodules on apn1 roots, resulted in Fix~
nodules. The autotransporter of TONO functions to secrete a part of
its own protein (a passenger domain) into extracellular spaces, and
the recombinant APN1 protein cleaved the passenger protein in vitro.
The M. loti autotransporter showed the activity to induce the genes
involved in nodule senescence in a dose-dependent manner. There-
fore, we conclude that the nodule-specific aspartic peptidase, APN1,
suppresses negative effects of the rhizobial autotransporter in order
to maintain effective symbiotic nitrogen fixation in root nodules.

legume-rhizobium symbiosis | nitrogen fixation | autotransporter

Leguminous plants establish endosymbiotic associations with
nitrogen-fixing soil bacteria, called rhizobia, and form root
nodules where resident rhizobia fix atmospheric nitrogen. The
symbiotic nitrogen fixation by legumes is extremely important be-
cause it supplies a great amount of fixed nitrogen to ecosystems
and contributes to crop production. The symbiotic association
between legumes and rhizobia starts with mutual recognition of
signal molecules secreted from both partners. In the rhizosphere,
plant-derived flavonoids are perceived by the compatible rhizobia
and induce the production of a lipochitooligosaccharide signal,
called Nod factor (NF), by the rhizobia. NFs are perceived by the
host legumes, resulting in the activation of subsequent symbiotic
reactions that lead to rhizobial infection and nodule organogene-
sis. Forward genetic studies on two model legumes, Lotus japoni-
cus and Medicago truncatula, have identified many components
involved in the early steps of the root nodule symbiosis (reviewed
in refs. 1-3). These include the perception of NFs by lysine-motif
receptor kinases, followed by downstream calcium signaling via
calcium calmodulin-dependent protein kinase and the activation of
several transcription factors, such as CYCLOPS and NIN, involved
in the transcriptional reprogramming of symbiotic cells (4-10).
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Unlike the early steps of the nodulation process, the molecular
mechanisms underlying the regulation of nitrogen fixation activities
in root nodules are far less understood. However, studies of
Fix™ mutants of model legumes, which develop nodules with endo-
symbiotic rhizobia but are defective in nitrogen fixation, have revealed
some biological processes required for symbiotic nitrogen fixation
(reviewed in ref. 2). In L. japonicus, SST1, SENI, FEN1, IGN1, and
SYP71 are necessary for nitrogen fixation activity and maturation of
infected cells in nodules (11-15). A series of Fix~ mutants, designated
as dnfl to dnf7 (“defective in nitrogen fixation”), that exhibit altered
nitrogen fixation capacity, were identified in M. fruncatula. Among the
dnf mutants, DNFI and DNF2 encode a subunit of the signal pepti-
dase and phosphatidylinositol-specific phospholipase C, respectively
(16, 17). In addition, the recent availability of genome sequences
and accumulation of transcriptome data in model legumes also have
enabled us to identify many nodule-specific genes presumed to be
involved in symbiotic nitrogen fixation. For example, legumes be-
longing to the inverted-repeat lacking clade (IRLC), such as Medi-
cago and Pisum, express hundreds of nodule-specific cysteine-rich
(NCR) peptides in the infected cells (18), and the loss of the specific
NCR peptides results in Fix™ phenotypes (19, 20).

Significance

The root nodule symbiosis between legumes and nitrogen-
fixing rhizobia is an important source of nitrogen in terrestrial
ecosystems, and successful symbiotic nitrogen fixation (SNF)
can substitute for the nitrogen fertilizers in agricultural lands.
However, the efficiency of SNF varies greatly depending on the
combination of legume and rhizobial genotypes, and the mo-
lecular mechanisms that determine the compatibility are
largely unknown. By studying the Lotus japonicus symbiotic
mutant, we discovered that the host plant nodule-specific
peptidase and the protein secretion system of rhizobia (auto-
transporter) regulate the compatibility of SNF. Our findings
reveal an aspect of the strategy of legumes to optimize SNF
efficiency with specific rhizobial strains, which may contrib-
ute to the development of technologies to improve symbiotic
performance.
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Host legume proteins identified in Fix™ mutants can be roughly
categorized into three groups by their proposed functions in the
nodule. The first category includes those involved in nodule-
specific metabolism and transport from host cells to bacteroids,
the intracellular form of rhizobia inside the nodule. For example,
the nodule-specific sulfate transporter SST1 (11) mediates the
supply of sulfate, and homocitrate synthase FEN1 (12) controls
the supply of homocitrate, an essential component of the Fe-MO
cofactor of the bacterial nitrogenase. L. japonicus SEN1 is pro-
posed to act as an iron transporter in nodule infected cells (14).
Reverse genetic approaches have also shown the presence of sev-
eral transporters in nodules, such as those for citrate, dicarboxylate,
and ammonium (21-24).

The second category includes proteins involved in bacteroid
differentiation. In IRLC legumes, rhizobia inside the nodule
cells undergo terminal differentiation into mature bacteroids,
which is accompanied by cell enlargement, modification of
membrane permeability, and polyploidy, and some NCR pep-
tides are required in the process (25, 26). Despite the large size
of the gene family, some of the NCR peptides have essential,
nonredundant roles in controlling the differentiation of bacte-
roids and nitrogen fixation. NCR211 encoded by DNF4 is re-
quired for the survival of differentiating bacteroids in nodules
(20). NCR169 encoded by DNF7 is essential for the complete
differentiation of bacteroids (19). In addition to IRLC legumes,
Aeschynomene spp. legumes belonging to the Dalbergioid clade
use NCR-like peptides to impose terminal differentiation and
the formation of spherical and/or elongated bacteroids on Bra-
dyrhizobium spp. (27, 28). In non-IRLC legumes, such as Lotus
and Glycine species, where rhizobium differentiation into bac-
teroids is not terminal, no NCR peptide-like genes have been
found in their genomes (18), indicating that different mecha-
nisms for bacteroid differentiation are expected.

The third category includes proteins that determine the com-
patibility between host legumes and rhizobial strains in symbiotic
nitrogen fixation. Unique Fix™ mutants and plant accessions were
recently reported in Lotus and Medicago, which exhibited
Fix™ phenotypes in a manner specific to rhizobial strain or plant
genotype. A series of studies on M. fruncatula showed that two
genes, NFSI and NFS2, restrict the nitrogen fixation of certain
Sinorhizobium strains, A145 and Rm41 (29-31). NFSI and NFS2
were shown to encode NCR peptides. When NFS1 and NFS2
were expressed, Rm41 bacteroids were eventually killed in planta
and the nodule displayed Fix~ phenotypes, indicating that these
NCR peptides negatively control the bacteroid differentiation and
survival in a rhizobial strain-specific manner. Although rhizobial
targets for these NCR peptides remain unclear, these reports
provided important evidence indicating that molecular interac-
tions between host plants and rhizobia are involved in controlling
the activity and compatibility of symbiotic nitrogen fixation.

We recently reported a novel Fix™ mutant named apnl from
L. japonicus that showed Fix~ phenotypes in a rhizobial-strain-
specific manner (32). Now we report apnl as a strain-specific
Fix™ mutant identified in L. japonicus. The apnl mutant showed
typical Fix~ phenotypes when inoculated with Mesorhizobium
loti strain TONO (33, 34), but it formed effective nodules with
nitrogen fixing activity when inoculated with M. lofi strain
MAFF303099 (35). APN1 encoded an aspartic peptidase expressed
specifically in nodule infected cells (32). Although the function
of APN1 in nodules remained unclear, the strain-specific Fix~
phenotype of the apnl mutant strongly implied that some
molecular interactions between the host plant and rhizobial
factors were involved in the control of compatibility and ni-
trogen fixation activity of L. japonicus. Considering the absence
of NCR-like peptides in non-IRLC legumes such as Lotus, it is
thought that other mechanisms independent of NCR peptides
regulate the nitrogen fixation activity by APN1 with specific
rhizobial strains.

Shimoda et al.

To gain deeper insight into the biological function of APN1
and to reveal the molecular mechanisms responsible for the
strain-specific Fix™ phenotype of apnl, here we explored rhizo-
bial mutants that suppressed the Fix™ phenotype of apni. Based
on large-scale mutant screening, we found the rhizobial auto-
transporter is a determinant of the nitrogen fixation activity of
the apnl mutant. Our study revealed a molecular interaction
between host plant nodule peptidase APN1 and the rhizobial
autotransporter that controls rhizobial strain-specific nitrogen
fixation activity.

Results

Comparison of Symbiotic Abilities between M. Joti Strain MAFF303099
and TONO. apnl is a unique symbiotic mutant that shows a rhi-
zobial strain-specific Fix™ phenotype (32). On apnl roots, M. loti
strain MAFF303099 forms pink mature nodules with nitrogen
fixation activity, whereas strain TONO forms small dark brown
or black nodules with low nitrogen fixation activity (Fig. 14).
Both strains form normal nodules on wild-type L. japonicus roots
(32). Detailed observation of apn! Fix~ nodules revealed that the
degree of browning varies in individual nodules irrespective of
size and developing stage of nodule (SI Appendix, Fig. S1 A-D),
and the brown pigments did not always overlap the entire in-
fected region (SI Appendix, Fig. S1 E-G). Even in the fully de-
veloped nodules, dark brown pigments were generally observed
in the limited area of central infected region and, in some cases,
in the nodule periphery layer (SI Appendix, Fig. S1 E-G and N).
This implies that brown pigment is induced depending on a
certain physiological status of host plant cells.

To compare the symbiotic abilities of the two strains in more
detail, we analyzed infection and nodulation phenotypes in the
wild type and the apnl mutant. Inoculation of GFP-labeled
MAFF303099 and TONO with the apnl mutant showed that
formation of infection threads and infection inside nodules were
similar in both strains (Fig. 1 B-E). The lack of significant dif-
ferences in the frequency of infection events (Fig. 1F) suggests
that apnl is a mutant that shows symbiotic defects only in ni-
trogen fixation. At 4 wk after rhizobial inoculation, the number
of nodules formed on the apnl roots was higher with inoculation
of TONO than with MAFF303099 (Fig. 1G). Such an increase in
the number of nodules has also been reported in other
Fix™ mutants (12, 17, 36), and this can be caused by deviation
from the autoregulation of nodulation by the low nitrogen fixa-
tion activity of nodules. The competition assay with GFP- and
GUS-labeled M. loti showed that, compared to strain TONO,
MAFF303099 had a slightly higher competitiveness both in the
wild type and the apnl mutant (Fig. 1H). Coinoculation of
MAFF303099 and TONO to the apnl mutant did not comple-
ment the Fix™ nodule phenotype of TONO (Fig. 1 I-K), indi-
cating that symbiotic phenotypes of the apn/ mutant are determined
after rhizobial entry into the host plant cells.

Identification of M. loti Genes that Determine the Fix~ Phenotype of
apni. The strain-specific Fix~ phenotype of the apnl mutant
implies that some molecular interactions between the host plant
and rhizobial factors are involved in the compatibility of symbi-
otic nitrogen fixation. To identify rhizobial factors that de-
termine the strain-specific Fix~ phenotype of apnl, we first
sequenced the whole genome of strain TONO and compared its
gene composition with those of strain MAFF303099. The ge-
nome of TONO was ~8.4 Mb in size, and a total of 8,149 protein-
coding genes were predicted (34). Comparison of predicted
genes between MAFF303099 and TONO revealed that gene
clusters involved in nodulation (nod genes), nitrogen fixation (nif
and fix genes), the type III protein secretion system (T3SS), and
exopolysaccharide production were highly conserved in their
genome sequences and the order of genes (SI Appendix, Fig. S2),
indicating that these genes were unlikely to be determinants of
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Fig. 1. Comparison of symbiotic properties between M. loti strain MAFF303099 and TONO. (A) Shoot growth (Upper) and nodule phenotype (Lower) of apn1
mutant inoculated with M. /oti strain MAFF303099 (MAFF, Left) and TONO (Right). Pictures were taken at 4 wk after M. loti inoculation. (Scale bars: Upper,
2 cm; Lower, 1 mm.) (B-E) Infection thread (B and C) and infection inside nodule (D and E) of apn1 mutant visualized by GFP-expressing MAFF303099 (B and
D) and TONO (C and E). Pictures are shown as a merged image of bright and fluorescence fields of GFP. (Scale bars: B and C, 100 pm; D and E, 500 pm.) (F)
Frequency of infection events between MAFF303099 and TONO on wild-type (WT; MG-20 Miyakojima) and apn1 mutant at 2 wk after M. loti inoculation. Bars
represent the average number of microcolonies (black bars) and infection threads (gray bars) + SEM (n > 12). No significant differences in the frequency of
infection events were detected among the combinations of plant and rhizobia. (G) Nodule number formed on WT and apn? mutant inoculated with
MAFF303099 and TONO. Number of mature pink nodules (pink bars) and Fix™ nodules (white bars) were counted at 4 wk after inoculation. Bars represent the
average number of each type of nodule + SEM (n > 8). (Insets) Typical pink mature and Fix~ nodules. Asterisk indicates statistical difference (**P < 0.01,
Student’s t test) in total and white nodule number between MAFF303099 and TONO. (H) Competition assays of MAFF30399 and TONO. Nodules were counted
at 2 wk after inoculation with GFP- or GUS-labeled MAFF303099 or TONO. Numbers above the graph indicate the total number of nodules analyzed. (I-K)
Nodule phenotype of the apn? mutant inoculated simultaneously with GFP-labeled MAFF30399 and GUS-labeled TONO. Bright-field (/ and K) and fluo-

rescence (J) images were captured. (Scale bars: 1 mm.)

the Fix™ phenotype of apnl. This conclusion is also reasonable
from the fact that both MAFF303099 and TONO can form
nodules normally on wild-type L. japonicus (32). A genome-wide
ortholog search between MAFF303099 and TONO identified
genes present only in the TONO genome (34), but we could not
specify any candidate genes because numerous genes were spe-
cific to each strain. Moreover, considering that some DNA se-
quence polymorphisms may affect the activity or function of
genes, identification of candidate genes from the genome se-
quences alone is likely impossible.

As a second strategy, we constructed a transposon mutant li-
brary in strain TONO and explored mutants that could suppress
the Fix™ phenotype of apnl. TONO mutants were created using
the Tn5 transposon by following the same procedures described
by Shimoda et al. (37), and a total of 16,992 independent mu-
tants were collected. When the mixtures of TONO mutants were
inoculated with apnli, pink effective nodules were occasionally
formed, along with many Fix™ nodules, which resulted in pro-
moted shoot growth (SI Appendix, Fig. S3). From the screening of
12,672 TONO mutants, we obtained a total of 242 pink effective
nodules. To eliminate false positives, TONO mutants isolated
from effective nodules were inoculated individually with apnl to
confirm the formation of Fix" nodules, and transposon-disrupted
genes were identified. From the series of mutant screening shown
in SI Appendix, Table S1, we successfully identified one candidate
TONO gene that determines the Fix~ phenotype of the apni
mutant.

Characteristics of the Candidate Gene Product. The candidate gene
identified from the mutant screening was MLTONO_0844 (34),
which encoded a protein similar to a bacterial outer membrane
autotransporter, also known as the type V protein secretion
system. We named the identified TONO autotransporter gene

1808 | www.pnas.org/cgi/doi/10.1073/pnas.1913349117

DCA1 (Determinant of nitrogen fixation Compatibility of
APN1). Domain search analyses revealed that a signal peptide (1
to 50 aa) and an autotransporter p-domain (IPR005546) were
present at the N- and C-terminal ends of DCAI, respectively
(Fig. 24). Divergent glycine-rich motifs consisting of a unit of 44
to 53 aa were found 43 times between the signal peptide and the
autotransporter p-domain (Fig. 2 4 and B and SI Appendix, Fig.
S4). Each glycine-rich motif was predicted to encode a p-sheet
and a disordered coil structure (Fig. 2B). The glycine-rich repeat
region that occupied a large part of DCA1 (>250 kDa) was
predicted to form a f-helix structure, a typical trait of most
autotransporter proteins (38, 39), and no known functional do-
mains were predicted in the region. A BLAST search analysis
found that the autotransporter proteins with similar long glycine-
rich repeat regions existed not only in other rhizobia but also in
other Gram-negative bacteria and cyanobacteria (Fig. 2C), but
none of these proteins have had their biological functions proven
so far. The BLAST search also revealed that several Meso-
rhizobium species, including strains MAFF303099 and R7A (40),
possessed autotransporter proteins with high similarity to DCA1
of TONO (Fig. 2C).

From the large-scale mutant screening, we identified nine
mutant alleles of DCAI (Fig. 2A4, arrowheads, and SI Appendix, Fig.
S5A4). All mutant alleles were confirmed to contain transposon in-
sertion inside DCAI (SI Appendix, Fig. S5 B and C) and formed
pink mature nodules on apnl roots (SI Appendix, Fig. SS5D), in-
dicating that DCALI was involved in the regulation of the nitrogen
fixation activity of the apn/ mutant. To further confirm whether
DCA1 was responsible for the strain-specific Fix~ phenotype of
apnl, DCAI was introduced into strain MAFF303099, which
formed nitrogen-fixing nodules on the apnl roots, and its sym-
biotic phenotype was analyzed. MAFF303099 harboring DCAI
(MAFF_DCAI) formed small white Fix™ nodules on apnl roots as

Shimoda et al.
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Fig. 2. Structure of M. loti autotransporter DCA1. (A) Domain structure of DCA1. Gray and pale green boxes at the N- and C-terminal ends indicate the signal
peptide and autotransporter p-domain (IPR005546), respectively. Black lines indicate a unit of glycine-rich motif. Arrowheads above the image indicate the
location of transposon insertion sites identified from mutant screening. (B) Amino acid composition probabilities in glycine-rich motifs of DCA1 homologs
predicted by using the MEME tool (73). Arrows and line below the image indicate the secondary structure of p-strand and coiled region, as predicted by the
PSI-PRED program (74). (C) Amino acid alignment of glycine-rich motifs found in representative DCA1 homologs of Gram-negative bacteria (o, B, y, and &
proteobacteria) and cyanobacteria. (D) Shoot growth and nodulation phenotypes of apn? mutant inoculated with wild-type TONO, MAFF303099, and
MAFF303099 harboring empty plasmid (MAFF_empty) or DCAT expressing plasmid (MAFF_DCAT). MAFF_DCAT formed small and white Fix™ nodules, as did
wild-type TONO. (E) Complementation test of dcal transposon mutant (dca7-5). dca7-5 harboring DCAT-expressing plasmid (dca7-5_DCA1) complemented

mutant phenotype and forms Fix~ nodules, as did wild-type TONO. (Scale bars: Upper, 2 cm; Lower, 2 mm.)

in wild-type TONO, resulting in attenuated shoot growth (Fig. 2D).
In contrast, the MAFF303099 control in which the empty vector
was introduced (MAFF_empty) formed pink mature nodules as in
wild-type MAFF303099 (Fig. 2D). In addition, DCA1 successfully
complemented its transposon mutant (dcal-5), resulting in the
formation of Fix™ nodules on apnl roots (Fig. 2E). These results
clearly show that the identified autotransporter gene of TONO,
DCAI, is a determinant of the strain-specific nitrogen fixation ac-
tivity of the apnl mutant and that DCAI alone can completely alter
the nitrogen fixation phenotype of MAFF303099.

We also analyzed other phenotypes of DCAI transposon
mutants, such as growth in culture media, motility, exopoly-
saccharide production, and nodulation ability on wild-type plants.
However, no clear differences were found between wild-type
TONO and the transposon mutants in all of the phonotypes tested
(SI Appendix, Figs. S6 and S7), indicating that DCA1 was not
involved in these biological processes.

DCA1 Has Activity to Secrete Protein to Extracellular Spaces. To re-
veal the structural features of DCA1, we conducted homology
modeling. Since no appropriate PDB templates for the long
glycine-rich repeat region of DCAL1 (Fig. 2A4) were available, we
took advantage of the structure of the autotransporter f-domain
(IPR005546) because some of its crystal structures had already
been resolved. As a template for homology modeling, we used
the crystal structure of Esterase A from Pseudomonas aeruginosa
(EstA; PDB ID 3KVN) (41), which showed the highest BLAST
score against the p-domain region of DCA1 (3330 to 3697 aa).
The homology model by I-TASSER (42) revealed that the region
of 3402 to 3697 aa formed a typical membrane barrel structure in
which nearly polar and hydrophobic amino acid residues were
located inside and outside of the barrel, respectively (Fig. 34 and
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SI Appendix, Fig. S8). The structural model also indicated that
the region 3330 to 3402 aa formed an o-helix structure that
passed through the barrel, and the N-terminal part from 3370 aa
was located outside of the barrel.

Autotransporters have been reported to cleave a part of their
own protein (the passenger domain) and to transport it to out-
side of the cell through the outer membrane-embedded barrel (43).
To clarify whether DCAL1 had the ability to transport protein to
extracellular spaces, we first tried to identify the cleavage site of the
DCAL passenger domain. Because we expected that a sufficient
amount of secreted proteins could not be obtained from rhizobia,
we employed an IPTG-inducible protein expression system in
Escherichia coli. Based on the homology model of DCAL, the
protein region that was predicted to be located outside the barrel
(N-terminal part from 3370 aa; Fig. 34) was fused to the OmpA
signal peptide of E. coli (MKKTAIATAVALAGFATVAQA)
(44), which allows periplasmic targeting, and three repeats of
the myc epitope tag were inserted after OmpA (OmpA_myc_3252-
3697; SI Appendix, Fig. S9A4). The fusion fragment was cloned
into the cold-inducible vector pColdl, and the protein was
expressed in E. coli cells. After purification with myc tag (SI
Appendix, Fig. S9B), a secreted protein fragment that could be
seen with Coomassie Brilliant Blue staining was analyzed by
mass spectrometry to determine the cleavage sites of DCAL.
From the analysis, we successfully identified the cleavage sites
of the DCAL1 passenger domain at 3262 to 3265 aa (SI Ap-
pendix, Fig. S9 C and D).

To confirm the secretion of DCAL1 passenger domain in M. loti
cells, we next cloned the myc epitope tag-fused DCALI into the
pDG77 vector (45). As with E. coli, the myc epitope tag was placed
after the signal peptide of DCAL (1 to 50 aa) (Fig. 3B), and the
resultant constructs were introduced into strain MAFF303099. We
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Fig. 3. Structure and protein secretion activity of DCA1. (A) Structure of the p-barrel region of DCA1, as predicted by homology modeling with the P.
aeruginosa EstA protein as a modeling template. Structural models are colored by a gradient from blue at the N terminus to red at the C terminus. Local-
ization of extracellular space, outer membrane, and periplasmic space is indicated according to the structure of EstA (41). Numbers on the model indicate the
positions of amino acids. (B) Schematic illustrations of full-length and truncated DCA1 constructs used for the experiments in C-E. A black arrowhead indicates
a cleavage site suggested in S/ Appendix, Fig. S9. (C and D) Analysis of self-cleavage and secretion activity of full-length (C) and truncated DCA1 (D). CBB and
WB indicate the images of Coomassie Brilliant Blue staining and Western blotting with anti-myc antibody, respectively. A black arrowhead in Cis the signal of
myc full-length DCA1 in cultured cell pellet. Black and white arrowheads in D indicate the signal of full-length SP_myc_3156-3697 in cultured cell pellet and
secreted fragment in culture supernatant, respectively. (E) Determination of N-terminal secreted region of DCA1. Black arrowheads in pellet samples indicate
the signals corresponding to the size of full-length SP_myc_51-300_3000-3697 and SP_myc_51-856_3000-3697. White arrowheads indicate the secreted
fragments in culture supernatant. Western blotting was carried out against total proteins of cultured cell pellet and supernatant proteins precipitated by

trichloroacetic acid.

first tried to confirm the expression and secretion using full-length
DCAL, but no Western blot signals other than nonspecific ones
were observed in culture supernatant proteins, and only a pellet
sample gave faint signals (Fig. 3C). This likely occurred because
the massive size of full-length DCA1 caused a low expression
level. We then created an N-terminal truncated DCAL construct
(SP_myc_3156-3697; Fig. 3B), which contained a longer N-terminal
region than that used in E. coli to allow easier detection via
Western blotting. Western blotting with an anti-myc tag antibody
showed a signal for a cultured cell pellet at around 63 kDa, which
corresponded to the size of the introduced construct (Fig. 3D,
black arrowhead). In the culture supernatant proteins purified by
the anti-myc beads, a Western blotting signal was detected at
~10 kDa, and it was not seen in the empty vector control (Fig.
3D, white arrowhead). The detected signal was somewhat
smaller than expected from the cleavage site determined in E.
coli, suggesting that additional cleavages might have occurred in
M. loti. Our results indicate that DCA1 can transport a part of its
own protein to the extracellular space.

To examine where the N-terminal end of DCA1 passenger
domain was secreted, we next created other truncated DCA1

1810 | www.pnas.org/cgi/doi/10.1073/pnas.1913349117

constructs in which the entire or the central glycine-rich repeat
region was removed. SP_myc_51-300_3000-3697 had no glycine-
rich repeats, whereas SP_myc_51-856_3000-3697 contained 10 of
them (Fig. 3B). Western blotting against the total protein from
the cultured cell pellet and supernatant detected the signals in
both constructs (Fig. 3E), indicating that up to the entire N-
terminal region without the signal peptide was secreted into
the extracellular space.

We also tested the functionality of several truncated DCA1
proteins. When MAFF303099 harboring several truncated DCAL1
constructs was inoculated with the apn1 mutant, Fix™ nodules were
formed only when full-length DCA1 was introduced (SI Appendix,
Fig. S10). This result indicates that the glycine-rich repeats, as well
as its length, are important for the functionality of DCA1. This
idea is also supported by the fact that the glycine-rich repeats are
conserved as a long region in DCA1 homologs of other bacteria
(Fig. 2C).

Peptidase Activity of Host Plant APN1 Is Required for Its Function in

Root Nodule Symbiosis. Sequence analysis predicted that APN1
encodes an aspartic peptidase belonging to the subfamily AlB,
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which includes Arabidopsis CDR1 and Nodulin 41 of Phaseolus
vulgaris (PvNod41) (32, 46, 47). To investigate whether APN1
had properties of aspartic peptidases, we created a recombinant
APNI1 protein fused to the maltose binding protein (MBP) tag in
E. coli. Aspartic peptidases may exhibit proteolytic activity under
acidic conditions in which they self-cleave their own protein to
exert maximum activity as a mature form (48). When purified
MBP-APNI1 was incubated in solutions of different pH (3.0 to
6.5), self-cleavage was observed under acidic conditions (Fig.
44). This self-cleavage was clearly inhibited by pepstatin, an
inhibitor of aspartic peptidases (Fig. 4B), as well as by mutations
in two catalytically active sites of APN1 (D114N and D320N; Fig.
4C). These results indicate that APN1 has properties charac-
teristic of aspartic peptidases.

The in vitro peptidase activity of APN1 prompted us to ex-
amine whether the peptidase activity of APN1 was required for its
function in root nodule symbiosis. We performed a complementa-
tion assay of the apn] mutant with wild type and APN1 with mutated
catalytically active sites (D114N and D320N). When inoculated with
M. loti TONO, pink effective nodules were observed on the roots
complemented with wild-type APN1, whereas nodules remained
small and white with mutated APN1 (D320N and D114N_D320N;
Fig. 4D). In the case of APN1(D114N), more pink nodules were
formed compared to APN1(D320N) and APN1(D114N_D320N).
These results indicate that the protease activity is required for the
symbiotic function of APN1, and the D320 active site residue con-
tributes significantly to the in planta activity of APNI.

Our data clearly show the one-for-one relationship between
host plant APN1 and DCAL1 of symbiotic rhizobia, which func-
tion as a peptidase and as protein secretion machinery, re-
spectively. To clarify whether APN1 functions to degrade DCA1
in vitro, we created two N-terminal parts of DCA1 proteins
without the signal peptide (51 to 300 aa and 51 to 856 aa), which
were shown to be secreted into the extracellular space (Fig. 3E).

A MBP-APN1(WT)

B MBP-APN1(WT) + pepstatin

These DCAL proteins were expressed as fusion proteins with the
GST tag. When MBP-APN1 was incubated with these substrates
(GST-DCAL 51 to 300 aa and 51 to 856 aa, respectively) at pH
5.0, both substrates were degraded, whereas GST alone was not
(Fig. 4E). Degradation was clearly inhibited by the addition of
pepstatin (Fig. 4E) and by mutations in the active site of APN1
(D114N_D320N; SI Appendix, Fig. S11). These results indicate
that DCAL is a substrate degraded by APN1.

Promoter Activity of the M. loti Autotransporter Gene in Root
Nodules. The presence of orthologous autotransporter genes in
both MAFF303099 and TONO raised the question of how these
genes caused opposite nitrogen fixation phenotypes of the apnl
mutant. We first hypothesized that some specific protein regions
determine the activity of respective M. loti autotransporters. To
test this, we carried out a domain swapping experiment between
DCAL1 of TONO and its orthologous gene of MAFF303099 (gene
ID mll0950). Unfortunately, we could not determine the regions
responsible for the strain-specific phenotype because all swapping
constructs showed the same phenotypes as intact DCAL. How-
ever, during the course of the domain swapping experiments, we
found that mll0950, like DCAI, could completely convert the
Fix" phenotype of MAFF303099 to Fix~ when it was expressed by
the #rp-promoter of the pDG77 vector (45) (SI Appendix, Fig.
S12). This result implies that the difference in the expression level
of the respective autotransporter gene determines the nitrogen
fixation phenotypes of apni. Therefore, we analyzed the promoter
activities of mll0950 and DCA1 in nodules. The promoter-GUS
assay showed stronger activity of the DCA1 promoter compared
to that of mll0950 in both wild-type and apnl nodules (Fig. 54).

Transcriptome Analysis of the apn1 Nodules. To identify the host

plant genes that were differentially regulated depending on M.
loti strains, an RNA-seq analysis was carried out in the nodules
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Fig. 4. Characterization of APN1 as an aspartic peptidase and requirement of peptidase activity for APN1 function in nodule symbiosis. (A-C) Self-cleavage
activity of recombinant APN1 under different pH conditions (pH 3.0 to 6.5) (A). MBP-APN1 shows self-cleavage activity under acidic pH, and the activity is
inhibited by the addition of 1 pM pepstatin (B) and mutations in two catalytic active sites of APN1 (D114N and D320N; C). Black and white arrowheads
indicate MBP-APN1 and its cleaved products, respectively. (D) Complementation test of apn7 mutant with wild-type (WT) APN1 and APN1 with the cata-
lytically active site mutated (D114, D320N, and D114N_D320N). Images are representative nodules formed on transformed hairy root expressing GFP as a
transformation marker. (Scale bars: 1 mm.) The accompanying graph shows the complementation activity of introduced APN1, analyzed by the percentage of
mature pink nodules in total nodules formed on transgenic roots inoculated with TONO. n indicates the total number of nodules analyzed. (E) In vitro di-
gestion of N-terminal DCA1 proteins by APN1. Black and white arrowheads indicate MBP-APN1 and two truncated DCA1 proteins (51 to 300 aa and 51 to
856 aa), respectively. Gray arrowhead indicates the GST. Asterisks indicate the cleaved products of DCA1 by APN1.
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of the wild type (MG-20 Miyakojima) and apnl mutant formed  Appendix, Fig. S15), and, in the RNA-seq analysis, these cysteine
by the inoculation with MAFF303099 or TONO. Differentially  protease genes were not differentially expressed in apnl
expressed genes specific to apnl Fix™ nodules are listed in S/  Fix~ nodules. Consistent with the RNA-seq data, RT-PCR
Appendix, Fig. S13 and Table S2. At 5 and 7 d after M. loti in-  analysis showed that chr3.CM0649 genes were not induced in
oculation (dai), when no visible phenotypic differences of nod-  apnl nodules when analyzed with PCR primers that simulta-
ules were observed between MAFF303099 and TONO (SI neously amplify the chr3.CM0649 genes (Fig. 5C). However,
Appendix, Fig. S134), fewer genes were differentially expressed  these cysteine protease genes were significantly up-regulated in
in apnl Fix™ nodules than were common between Fix* and Fix~  10-dai Fix~ nodules induced by MAFF_DCA1 (Fig. 5C). Thus,
apnl nodules (SI Appendix, Fig. S14 and Table S3), indicating  our expression analyses show that, in the absence of functional
that only minor changes of gene expression might provoke ni- APNI1, DCA1 induces cysteine protease genes depending on its
trogen fixation deficiency in the apnl mutant. Among the spe-  expression and activity.

cifically regulated genes in apnl Fix™ nodules, the gene encoding M. loti strain TONO formed dark brown nodules on the root
cysteine protease (chr3.LjB03G07.10.r2.a) belonging to the of apnl mutant (Fig. 14 and SI Appendix, Fig. S1) (32). In M.
senescence-associated gene 12 (SAG12) family (49) was signifi-  fruncatula, such accumulations of brown pigment in nodules were
cantly up-regulated at 7 dai (S Appendix, Fig. S13C and Table  associated with the induction of defense responses (17, 36, 52, 53).
S2). Orthologous cysteine protease genes of M. fruncatula and  To clarify whether the defense responses were induced in apnl
soybean were reported to be induced in old or stress-treated  Fix~ nodules, we examined the expression of some defense-related
nodules (50, 51). Real-time RT-PCR verified expression of the — Medicago gene homologs in L. japonicus. Up to 10 dai, no signifi-
cysteine protease gene in the nodules formed by inoculation with  cant induction of defense gene homologs was observed in TONO
MAFF303099 overexpressing DCAI (MAFF_DCAI) or with  Fix™ nodules compared to Fix* nodules induced by MAFF303099
two DCAL transposon mutants (dcal-I and -5). At 7 dai, (SI Appendix, Fig. S16). In the one exception, the gene encoding a
chr3.LjB03G07.10.r2.a was clearly induced in nodules formed by  vacuole processing enzyme (VPE; Lj5g3v0369970.1) showed a slight
inoculation with TONO, which was much higher in those in-  but significant increase in 10-dai Fix™ nodules, which was enhanced
oculated with MAFF_DCA1 as compared to those with wild-type by the overexpression of DCA1 (SI Appendix, Fig. S17).
MAFF303099 and two transposon mutants (Fig. 5B). Induction

of the cysteine protease gene was more apparent in 10-dai  Expression of Cysteine Protease and DCA1 Negatively Affect the
nodules of TONO and MAFF_DCAI, and the latter was sev-  Symbiotic Nitrogen Fixation. To clarify the role of the cysteine
eral tens of times higher than the former (Fig. 5B). L. japonicus  protease gene induced by DCAL in nodule symbiosis, we examined
has another cysteine protease gene cluster of the SAG12 family  the effects of overexpression of cysteine protease genes on nodule
(chr3.CM0649.-270.r2.d, -280.r2.d, -300.r2.d, and -310.r2.d; SI  phenotypes. When cysteine protease genes, chr3.LjB03G07.10.12.a
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Fig. 5. Promoter activity of M. loti autotransporter and induction of cysteine protease genes by DCA1. (A) Promoter-GUS assay of DCA1 and mll0950 in
nodules of wild-type (WT; MG-20 Miyakojima) and apn1 mutant at 14 d after inoculation. (Scale bars: 1 mm.) (B and C) Expression of two groups of cysteine
protease genes, chr3.LjB03G07.10.r2.a (B) and chr3.CM0649 (C), in apnT nodules at 7 and 10 d after M. loti inoculation (dai). Bars represent the mean values +
SEM of four independent experiments and are shown as relative expression to the level of MAFF nodules that is set to 1. All values were normalized against
the expression of a reference gene, elongation factor 1 alfa. Asterisks indicate the significance of differences from MAFF nodule (*P < 0.05, Student'’s t test).
(D-G) Representative images of nodules formed on hairy roots transformed with the empty vector (D and E) and with vector carrying construct over-
expressing cysteine protease gene chr3.LjB03G07.10.r2.a (F and G). Arrowheads indicate the nodules formed on the transformed hairy roots. Pictures were
taken under bright (D and F) and fluorescence field of GFP (E and G). (Scale bars: 2 mm.) (H) Percentage of mature pink nodules in total nodules formed on
hairy roots transformed with cysteine protease genes. Bars represent the mean values + SEM of three independent experiments. n indicates the total number
of nodules analyzed. Asterisks indicate the significance of differences from empty vector (**P < 0.01, Student'’s t test).
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and its paralogous gene (chr3.LjB03G07.50.12.a; SI Appendix, Fig.
S15), were expressed by CaMV 35S promoter or by the nodule-
specific leghemoglobin (LjLb3) promoter, formation of effective
nodules was significantly decreased compared to empty vector (Fig.
5 D-H). Thus, the cysteine proteases negatively affect nodule
maturation, resulting in an increase of ineffective nodules. We also
analyzed the effect of DCAI overexpression on nodule symbiosis. In
the wild-type plant, MAFF303099 with DCAI overexpression
(MAFF_DCAI) formed more immature nodules compared to wild-
type MAFF303099 at 4 wk after inoculation (SI Appendix, Fig.
S184), leading to reduced shoot growth and nitrogen fixation ac-
tivity (SI Appendix, Fig. S18 B-D). Because the expression of DCA1
had no significant effects on the growth and nitrogen assimilation of
plants (SI Appendix, Fig. S19), the reduction in the shoot growth of
MAFF_DCAI inoculated wild type plants appears to be due to the
reduced nitrogen fixation by DCAL1 (SI Appendix, Fig. S18D). These
phenotypes likely arose because APN1 could not completely sup-
press the effects of DCAL. In addition, wild-type MAFF303099
formed more immature nodules on apnl than wild-type roots,
perhaps because weak but residual activity of the MAFF3033099
autotransporter appeared in the absence of functional APN1 (S
Appendix, Fig. S18A).

Discussion

The symbiotic nitrogen fixation in root nodules is strictly con-
trolled by complex interactions between host legumes and in-
tracellular rhizobia, and the activity greatly varies depending on
the combination of both partners at species or genotypic levels.
Strain-specific Fix~ phenotypes have been described in many
legumes, such as soybean, pea, and vetch (54-56), although re-
sponsible genes for the interaction have not been identified until
recently. Studies on M. fruncatula revealed the host secreted
NCR peptides (encoded by NFSI and NFS2) were responsible
for the strain-specific nitrogen fixation activity (29, 31), but the
rhizobial targets of these peptides remained unclear. We recently
identified apnl as the first L. japonicus Fix~ mutant showing
rhizobial strain-specific nitrogen fixation (32). Because no NCR-
like peptides exist in non-IRLC legumes such as Lotus and Gly-
cine, functional analysis of APN1 and identification of its molec-
ular targets are expected to clarify novel regulatory mechanisms of
the symbiotic compatibility that is independent of NCR peptides.
By performing large-scale screening of M. loti mutants, here we
identified the rhizobial autotransporter as a determinant of the
strain-specific nitrogen fixation activity of apni.

Autotransporter, also known as the type V secretion system, is
one protein secretion system in Gram-negative bacteria. Auto-
transporters have multiple roles in biofilm formation, aggrega-
tion, and bacterial adhesion to or invasion of the host cells (43, 57,
58). Generally, an autotransporter consists of three functional
domains: (i) the N-terminal signal peptide that mediates the
translocation of the autotransporter into the periplasmic space
through the SecYEG translocon, (if) the central passenger do-
main, and (iif) the C-terminal p-domain that forms a f-barrel
structure inside the outer membrane and allows translocation of
the passenger domain to the bacterial cell surface (43, 58). As the
name implies, an autotransporter secretes a part of its own protein
(the passenger domain) as an effector protein, whereas, in other
bacterial secretion systems, effector proteins and secretion ma-
chineries are encoded in distinct genes. Many varieties of pas-
senger domains exist, and this variation confers the diverse
functions of autotransporters. For example, the passenger domain
of AIDA from animal and plant pathogenic bacteria, such as E.
coli and Agrobacterium tumefaciens, plays a role in adherence to
host cells. The bacterial pathogens Haemophilus influenzae and
Neisseria meningitidis produce several proteases that degrade
mammalian immunoglobulins by their autotransporters (43).

The autotransporter of M. loti (DCA1) that we identified here
has a unique passenger domain that consists of extremely long
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glycine-rich repeats (>250 kDa). As with other autotransporters,
DCAL1 secretes its passenger domain into the extracellular space
(Fig. 3D), and the entire glycine-rich region was found to be
secreted (Fig. 3E). Homologous autotransporter proteins with
similar long glycine-rich repeats exist in other bacteria, including
rhizobia and cyanobacteria (Fig. 2C), but none of their biological
functions have yet been revealed. This report shows the function
of this type of autotransporter in a plant-microbe interaction. An
autotransporter of Azorhizobium caulinodans, AoaA, was re-
quired for sustaining a high level of nitrogen fixation activity of
stem nodules of Sesbania rostrata; a transposon mutant of AoaA
exhibited reduced nitrogen fixation activity and was defective in
exopolysaccharide production (59). Although AoaA (gene ID
Azc_2635) structurally resembled DCAL, it was not a homolog of
DCA1 because glycine-rich motifs were not conserved. Instead,
Azc_3234 had similar glycine-rich motifs to DCAL1 (Fig. 2C) and
was therefore a homolog of DCA1. The functional difference
between AoaA and DCA1 was also clear in our phenotypic
characterization of the dcal mutants, which showed normal
exopolysaccharide production and effective pink mature nodule
formation on wild-type plants (SI Appendix, Figs. S6D and S7).
Expression of DCAL in MAFF303099 completely altered the
nitrogen fixation phenotype of apnl nodule from Fix" to Fix~
(Fig. 2D). In contrast, loss of function in DCALI rescued the ni-
trogen fixation deficiency of apnl (SI Appendix, Fig. S5). This
mode of action indicates that DCAL is a key regulator of strain-
specific nitrogen fixation activity.

The apnl mutant forms dark brown nodules by inoculation
with M. loti strain TONO (Fig. 1) (32). Similar Fix™ mutants
that form brownish nodules have also been reported in M.
truncatula (17, 36, 52, 53, 60). All causal genes of these
Medicago mutants (DNF2, RSD, SymCRK, Nadl, and NPD1)
express specifically in nodules but encode different types of
proteins (DNF2, phosphatidylinositol phospholipase C-like
protein; RSD, Transcription Factor; SymCRK, receptor-like
kinase; Nad1, an uncharacterized protein with the transmem-
brane domain; NDP1, polycystin-1, lipoxygenase, a-toxin [PLAT]
domain containing protein). Despite their types of proteins, the
same defense-related proteins, such as PR10, chitinase, and
nonrace-specific disease resistance 1 (NDR1), were induced in
these mutant nodules, indicating that these genes control/sup-
press defense reactions that otherwise are triggered after bac-
terial release into nodule cells. Based on epistatic analysis,
Berrabah et al. (61) proposed that DNF2 and symCRK/RSD are
involved in distinct steps during bacteroid persistence. Although
APNI of L. japonicus shared similar characteristics with these
Medicago genes—namely, nodule-specific expression and dark
brown nodule formation on the mutant—our gene expression
analysis revealed that defense-related genes analyzed in Medi-
cago Fix~ nodules were not induced (SI Appendix, Fig. S16). In
addition, enhanced autofluorescence indicative of phenolic
compound accumulation (17, 53) was not observed on the dark
brown pigments in the apnl nodules (SI Appendix, Fig. S1 H-M).
These results indicate that similar defense-like reactions ob-
served in Medicago mutants are not triggered in the apnl
Fix™ nodules, and APN1 is therefore thought to be involved in
different symbiotic processes than those in which DNF2, RSD,
SymCRK, and Nadl are involved. Among the defense-related
genes, only one gene encoding a VPE was induced by inocula-
tion with TONO, and more strongly by MAFF303099 expressing
DCAL1 (SI Appendix, Fig. S17). VPEs belong to the C13 cysteine
protease family resembling mammalian caspases and appear to
be involved in the senescence process by contributing to the
maturation or activation of other proteases (62). Genes encoding
VPE:s are strongly induced in old senesced nodules of soybean
and Medicago (51, 63).

Formation of brownish nodules and induction of defense-
related genes are not necessarily caused by nitrogen fixation
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deficiency. Most rhizobial and host legume Fix™ mutants do not
form brownish nodules, and defense-like responses are not al-
ways associated with Fix™ nodules (60, 61, 64, 65). This is also
true of the apnl mutant. Dark brown nodule formation by the
inoculation of TONO was not observed at all when the M. loti
autotransporter gene (DCAI or mil0950) was overexpressed in
MAFF303099 and TONO, even though all of the cases exhibited
Fix™ phenotype (SI Appendix, Fig. S12). In addition, over-
expression of DCAI in MAFF303099 did not induce defense-
related genes that were induced in the Medicago Nadl mutant
(81 Appendix, Fig. S16). Further analyses are necessary to clarify
the relationships between the host defense responses and
nitrogen fixation deficiency.

Although the precise function of the M. loti autotransporter in
symbiotic nitrogen fixation is currently unknown, its genetic
interaction with APN1 is apparent from the symbiotic pheno-
types. Based on our results, we propose a functional model
between APN1 and the M. loti autotransporter (SI Appendix,
Fig. S20). Nitrogen fixation activity clearly depends on the
presence of functional APN1 and the activity of the M. lofi
autotransporter. In wild-type nodules, the effector protein from
the autotransporter is proposed to be degraded by APNI,
resulting in suppression of the effect of the autotransporter. In
contrast, the effect of the M. loti autotransporter on the ni-
trogen fixation becomes apparent in the apnl nodules where
the effector protein is not degraded by APN1. Because strain
MAFF303099 showed lower promoter activity of the auto-
transporter gene compared to strain TONO (Fig. 54), effects of
the autotransporter are not visible, whether in wild-type or
apnl nodules. When the effector protein is not degraded by
APN]1, the presence of the effector protein eventually induces
the expression of cysteine protease genes (Fig. 5B), leading to
the suppression of nodule maturation and hence to the in-
hibition of symbiotic nitrogen fixation (Fig. 5 D-H). In-
volvement of cysteine proteases in symbiotic nitrogen fixation
was also reported in M. truncatula, and expression of cysteine
protease (MtCP6) and VPE (MtVPE) promoted nodule senes-
cence (63). The relationship between APN1 and the M. loti
autotransporter was also supported by our time-course phe-
notypic characterization with the DCAL1 overexpressor (SI/
Appendix, Fig. S18). These results indicate that the qualitative
and quantitative balances between APNI1 and the auto-
transporter control the symbiotic nitrogen fixation activity.

Although our model explains the functional relationships be-
tween APN1 and DCALI, questions remain regarding where
these proteins are targeted and where their protein interaction
occurs in nodules. Despite several attempts, we have not
obtained reliable results to answer these questions. Because the
APNTI gene is exclusively expressed in nodule infected cells (32)
and the ortholog of APN! in soybean (Glymal5g260700) was
shown to exist in the peribacteroid space by proteomic analysis
(66), APN1 is assumed to be localized in the peribacteroid
space. In addition, the peribacteroid space is known to be in an
acidic state (67), the condition in which APN1 is active. Con-
sidering that the passenger domain of DCAL is secreted ex-
tracellularly, the interaction between APN1 and DCA1 most
likely takes place in the peribacteroid space. Although we
showed that APN1 degraded N-terminal parts of the DCA1
passenger domain in vitro (Fig. 4F), it also remains unknown
whether, in the apnl mutant, the DCA1 passenger domain
remains in the peribacteroid space or moves through the
peribacteroid membrane to exert its function. Detection of the
intact DCA1 passenger domain in the apnl mutant is required
to understand the mode of action of DCA1 on symbiotic
nitrogen fixation.

The ecological significance of the DCA1-type autotransporter
in rhizobia remains unclear. However, considering its ability to
secrete the effector protein into extracellular spaces, this type of
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autotransporter is presumed to have roles in responses or ad-
aptation to the surrounding environment, such as cell-to-cell
communication with the same or different rhizobial species, as
well as interactions with other organisms, including plants and
other soil microbes. Our competition assay showed a comparable
infection activity between MAFF303099 and TONO (Fig. 1H),
indicating that expression of autotransporter does not affect
the competition under these artificial conditions. However, the
autotransporter may be involved in survival and/or competi-
tion in the natural rhizosphere where many plants and
microorganisms exist.

Expression of M. loti autotransporter has a negative effect on
nitrogen fixation depending on the presence of host plant APN1.
Such rhizobial factors that negatively affect nodule symbiosis
have been reported. For example, the Type III secretion system
of several rhizobial species has negative effects on nodulation
depending on plant species (summarized in ref. 68) and geno-
types, such as Rj genes in soybean (69, 70). In Sinorhizobium
meliloti, host-range restriction peptidase (hrrP) encoded by nat-
urally occurring plasmid (pHRs) has a negative impact on ni-
trogen fixation depending on the host plant genotype (71). HrrP
was proposed to play a role in the adaptation of sensitivity
against variation of host-derived NCR peptides, and expression
of HrrP promoted the proliferation of rhizobia in nodules (71).
These reports strongly imply that, during evolution, legumes and
rhizobia have acquired a multistep signal exchange mechanism
for the selection of favorable symbiotic partners to initiate and
maintain effective nitrogen fixation. These mechanisms are more
critical in natural and agricultural conditions, where various
combinations of legume and rhizobia can occur.

It is also possible that rhizobia have acquired specialized
proteins, such as HrrP and DCAI, to help bacteria to cheat:
these proteins induce the cessation of nitrogen fixation after
colonization of the nodule and the release of the increased
bacterial population from the nonfunctional nodule without
performing the “hard work” of nitrogen reduction. Conversely,
host legumes have evolved a sanction mechanism to reduce the
fitness of cheating rhizobia (72). As we have shown here, APN1
could be the response of the host plants in the “arms race” to
control bacteria and to ensure that rhizobia perform the task for
which they are allowed into the plant cells.

Understanding the strategies used by different legume and
rhizobial species to select the favorable symbiotic partner in their
natural habitat is extremely important to control and maximize
the symbiotic performance. Our work clarified a novel aspect of
the strategy of legumes to optimize symbiotic nitrogen fixation
activity with a specific rhizobial strain.

Materials and Methods

Plant and microbial materials, plasmid constructions, nodulation assay,
competition assay, mutant library construction, recombinant and secreted
protein preparation, protease assay, measurement of free asparagine and
glutamine contents, hairy root transformation, RNA-seq and real time RT-
PCR, and computer analysis are described in S/ Appendix, Materials and
Methods.

Data Availability. The data that support the findings of this study are available
in S/ Appendix and Gene Expression Omnibus under the accession number
GSE129778.
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