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In legume nodules, rhizobia differentiate into nitrogen-fixing forms
called bacteroids, which are enclosed by a plant membrane in an
organelle-like structure called the symbiosome. In the Inverted
Repeat-Lacking Clade (IRLC) of legumes, this differentiation is ter-
minal due to irreversible loss of cell division ability and is associated
with genome amplification and different morphologies of the bac-
teroids that can be swollen, elongated, spherical, and elongated—
branched, depending on the host plant. In Medicago truncatula, this
process is orchestrated by nodule-specific cysteine-rich peptides
(NCRs) delivered into developing bacteroids. Here, we identified
the predicted NCR proteins in 10 legumes representing different
subclades of the IRLC with distinct bacteroid morphotypes. Analysis
of their expression and predicted sequences establishes correlations
between the composition of the NCR family and the morphotypes
of bacteroids. Although NCRs have a single origin, their evolution
has followed different routes in individual lineages, and enrichment
and diversification of cationic peptides has resulted in the ability to
impose major morphological changes on the endosymbionts. The
wide range of effects provoked by NCRs such as cell enlargement,
membrane alterations and permeabilization, and biofilm and vesicle
formation is dependent on the amino acid composition and charge
of the peptides. These effects are strongly influenced by the rhizo-
bial surface polysaccharides that affect NCR-induced differentiation
and survival of rhizobia in nodule cells.
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In rhizobial-infected nodule cells, the symbiotic bacteria differ-
entiate to nitrogen-fixing bacteroids. Depending on the legume
host, bacteroids can retain their morphology and their capacity to
divide and regrow into free-living cells or can become irreversibly
differentiated, which is associated with the loss of reproductive
capacity, genome amplification, and cell enlargement (1, 2). This
differentiation can be manifested with different morphotypes such
as swollen (S), elongated (E), spherical (SP), and elongated—
branched (EB), all of which are host-dependent (3-6). Swollen
(most probably, terminally differentiated) bacteroids were found
in five of the six major papilionoid subclades (7), but terminal
differentiation of bacteroids has been studied only in certain
Inverted Repeat-Lacking Clade (IRLC) legumes and Aeschyno-
mene species (8). The differentiation involves nodule-specific
cysteine-rich (NCR) and NCR-like plant peptides (4, 6, 8, 9). In
the IRLC legume Medicago truncatula, there are more than 600
NCR genes encoding mature peptides of 30-50 amino acids with
four to six cysteine residues at conserved positions. The mature
peptides are targeted to the bacteroids, in which they can interact
with the membrane or various components of the cytosol (1,
9-13). Species of the IRLC develop indeterminate nodules, which
contain a persistent meristem (zone I) and a central region com-
posed of an infection zone (II), interzone (IZ), nitrogen-fixing
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zone (III), and senescent zone (IV) where NCRs are expressed
in waves in differentiating or fully functioning symbiotic cells (9,
14). The large number (>600) of M. truncatula NCR genes sug-
gests redundant functions. However, recent findings have revealed
the existence of NCR peptides essential for symbiosis because the
deletion of NCRI169 or NCR211 impaired differentiation and
survival of bacteroids in M. truncatula nodules (12, 13). Cationic
NCRs perform in vitro antimicrobial activities (15, 16) partly by
disturbing the integrity of the microbial membranes (17) or by
interacting with a wide range of proteins involved in transcription,
translation, and cell division in Sinorhizobium meliloti, the rhizo-
bial partner of M. truncatula (9, 10, 18). Terminal differentiation
of bacteroids is a complex process that occurs in coordination with
host-cell development and requires various subsets and balanced
production of cationic and noncationic NCRs. NCR genes have
also been identified in other IRLC legumes accommodating in
their nodules bacteroids that are swollen (S), elongated (E),
spherical (SP), or elongated-branched (EB) (4, 6, 19-25). Such
variability in the morphotype of bacteroids indicates that the range
of NCR peptides produced by legumes is able to shape the
microsymbionts with various outcomes. Such differences in the
morphotypes may reflect distinct pathways in the evolution of
the NCR family. Our previous results, indicating many fewer NCR
genes in chickpea than in Medicago (6), and our failure to identify
pea orthologs of the symbiotically essential NCR genes (13),
prompted us to question how these NCR genes evolved and how
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large the gene families are in different genera of IRLC legumes.
These questions were addressed in this study by analyzing the
nodule transcriptome of 10 legumes representing the main IRLC
subclades and different bacteroid morphotypes.

Results

The Numbers of NCR Genes Are Highly Variable and Expanded
Independently in Different Lineages of IRLC Legumes. To assess the
number of NCR genes in different IRLC legumes, RNA pools of
mature nodules from Glycyrrhiza uralensis, Oxytropis lamberti,
Astragalus canadensis, Onobrychis viciifolia, Galega orientalis, and
Ononis spinosa plants were sequenced; the publicly available ge-
nome and/or transcriptome sequencing data from Cicer arietinum,
Pisum sativum, Medicago sativa, and Medicago truncatula (26-29)
were downloaded; and the predicted mRNA consensus sequences
were assembled. These 10 legumes provide an overview of the
IRLC, from the most basal species (G. uralensis) to members of
the three main subclades: Hedysaroid (O. viciifolia), Astragalean
(O. lamberti and A. canadensis) and Vicioid (G. orientalis, C. arietinum,
O. spinosa, P. sativum, M. sativa, and M. truncatula) (Fig. S1). These
species have different bacteroid morphotypes such as S, E, SP, and
EB bacteroids (Fig. S1). Putative NCRs were identified in all of the
species using Position-Specific Iterated BLAST searches, which
revealed highly variable numbers of NCRs in the species, ranging
from 7 in G. wralensis to over 600 in M. truncatula (Fig. 14 and
Dataset S1). It is possible that the number of NCRs is under-
estimated, particularly in those species where genome information
is not available. Furthermore, in the M. truncatula A17 genome in
which over 700 NCR genes were predicted (Dataset S1), expression
of only 639 NCRs was detected (29), and only those NCRs were
included in this analysis.

Although the amino acid composition of the individual NCR
peptides is highly variable, the average frequency of a given amino
acid per peptide (“amino acid usage”) in the NCR family is very
similar in all species investigated (Fig. S24). The average length of
the mature peptides is also very similar (i.e., 3641 amino acids) in
these species (Fig. S2B). Over 30% of the NCR peptides in
Vicioid plants (excluding C. arietinum) had two potential disulfide
bridges, whereas, in the other IRLC species, the vast majority of
NCRs contained three potential disulfide bridges (Fig. S2C).

To investigate how the NCR families evolved, we compared the
NCR sequences from the different IRLC lineages. Using pro-
tein BLAST (BLASTP) alignments, we found that G. uralensis,
O. lamberti, C. arietinum, A. canadensis, and O. viciifolia shared
several NCRs with amino acid identities >80% (Fig. S3 and
Dataset S2). In fact, each of the seven G. uralensis NCRs had at
least one highly similar homolog in another legume. Similarly,
20 of the 63 C. arietinum NCRs had at least one putative ortholog
in one of these four legumes: G. uralensis, O. lamberti, A. canadensis,
and O. viciifolia (Fig. S3), whereas no NCRs with such high sim-
ilarity were found in the other five Vicioid legume species. Indeed,
these Vicioid legumes, containing the most numerous NCRs, show
a very different pattern. Except for two G. orientalis NCRs that
display high homology to G. uralensis NCRs, all of the peptides

A Species NCRs Bacteroids
M. truncatula 639 E&EB
M. sativa 469 E&EB
P. sativum 353 E&EB
G. orientalis 313 E&EB
Q. spinosa 234 SP
0. viciifolia 171 E
A. canadensis 108 E
C. arietinum 63 S &SP
Q. lamberti 36 E
G. uralensis 7 S
Fig. 1.

shared less than 80% identity with peptides produced in other
genera (Dataset S2). These results suggest common origin and
conservation of a few NCRs, coupled with the emergence of many
species-specific peptides. To explore this possibility, NCRs from
different pairs of legumes were compared by phylogenetic analyses
using the predicted mature peptide sequences (Fig. S4). Putative
orthologs could be recognized based on their distribution in
closely related species such as O. lamberti and A. canadensis, and
even more so when comparing M. truncatula and M. sativa. The
expansion of the NCR families might be driven by local gene
duplications followed by diversification as can be observed in the
M. truncatula genome where, in agreement with a previous anal-
ysis (2), both recent and more ancient duplications could be
detected.

Bacteroid Size and Morphotype Correlate with Size and Composition of
NCRs and Expression Level of Cationic Peptides. We showed pre-
viously that bacteroids in all tested IRLC legumes were larger and
had more DNA than cultured cells, but the degree of cell elon-
gation was rather variable in different species (6). Therefore, we
investigated whether the numbers and/or the type of expressed
NCRs correlate with the morphotype of bacteroids (Fig. 14).
G. uralensis with 7 NCRs and C. arietinum with 63 NCRs produced
swollen and swollen/spherical bacteroids, respectively. O. lamberti
with 36 NCRs, A. canadensis with 108 NCRs, and O. viciifolia with
at least 171 NCRs formed E bacteroids. The nodules of O. spinosa
expressed 234 NCRs and hosted SP bacteroids that were preceded
with a brief elongated phase. G. orientalis, P. sativum, M. sativa,
and M. truncatula expressed the most NCRs (313, 353, 469, and
639, respectively), and their nodules contain remarkably elongated
and EB-type bacteroids. There was a positive correlation between
the degree of bacteroid elongation and the number of the
expressed NCRs (correlation coefficient 0.90) (Fig. 1B). These
results strongly suggest that NCR peptides have a direct impact on
bacteroid elongation and that the profile of NCRs produced by
the legume affects the morphotype of the bacteroids.

It was reported that the isoelectric point (pI) of NCRs plays a
key role in their function (30). Notable differences were observed
in the proportions of anionic, neutral, and cationic peptides in the
legumes studied: only G. uralensis lacked cationic NCRs, whereas
those species hosting EB bacteroids showed the highest ratio (34—
42%) of cationic peptides (Figs. S2D and S54). The frequencies of
NCRs were plotted relative to their predicted pI values, and the
data were compared based on those species containing bacteroids
with the same morphotype (Fig. 2 A-D). The legumes with EB
bacteroids had a highly similar NCR pl profile, with two prom-
inent peaks comprising peptides with pls of 4-4.9 and 8-9 (Fig.
2D). The other legumes did not have a conserved NCR pl profile
associated with the distinct morphotypes; they were, however,
characterized by a large set of anionic NCRs, whereas the con-
tribution of neutral and cationic NCRs was highly variable without
a clear pattern (Fig. 2 A-C).

The expression of NCRs with different charges was analyzed by
calculating the sum of RPKM or normalized DESeq values (29)
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Fig. 2. Isoelectric point profiles of NCR peptides and the relative expression
of NCRs with different pls in the IRLC legumes and nodule zones in
M. truncatula. The frequency of nodule-expressed NCRs with given pl values
is shown graphically; grouping of the NCRs from different legume species is
based on the S, E, SP, and EB morphotypes of bacteroids (A-D, respectively).
The contribution [% RPKM or DEseq normalized values (29)] of different
isoelectric point categories to whole-nodule NCR expression for seven IRLC
legumes is provided (E). The pattern of NCR expression [% DEseq normalized
values (29)] in different zones of M. truncatula nodules is shown in F.

from the nodule transcriptome data and taking into account the pI
of the peptides in those legumes where the RNA-seq information
was accessible. The ratio of anionic, neutral, and cationic NCR
transcripts expressed in the nodules was similar only between
G. orientalis, P. sativum, and M. truncatula—species with EB bac-
teroids (Fig. S54 and Dataset S3). In these legumes, the expres-
sion of cationic NCRs was ~40% of the NCR transcripts, mainly
from genes encoding peptides with a pI of 8-9 (Fig. S54 and Fig.
2E). Conversely, in legumes with S, E, and SP bacteroids, the
highest peak in the profile was populated by anionic or neutral
NCRs (Fig. 2F). The comparison of the nodule transcriptome
among different IRLC legumes shows a positive correlation be-
tween expression of cationic NCRs and elongation/branching
of bacteroids.

Dominance of Anionic and Cationic NCRs with Particular pl Values
Correlates with Early and Late Steps of Bacteroid Differentiation in
M. truncatula Nodules. To investigate whether the activity of any
NCR groups of peptides is associated with a distinct step of
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nodule/bacteroid development, the expression of genes coding for
peptides with different pl values was analyzed in the available
normalized RNA-seq data obtained from different zones of
M. truncatula nodules by laser-capture microdissection (29). The
distal (ZIId) and proximal (ZIIp) parts of the infection zone con-
tribute 2% and 16% of the NCR transcripts, respectively, whereas
over 50% of the NCR mRNAs are expressed in the interzone (IZ)
and 25% in the nitrogen-fixing zone (ZIII) (Fig. S5B). Analyzing
the expression of NCRs in each nodule zone revealed that, in ZIId,
cationic and anionic NCRs comprise 43% and 40% of the tran-
scripts, respectively (Fig. S5C). However, in ZlIp the profile is
different, with the ratio of cationic NCRs dropping to 29% and the
anionic NCRs remaining at 40%. In the IZ and ZIII, higher pro-
portions (about 36-38%) of cationic peptides compared with other
NCRs were found in both zones. Neutral NCRs made up only 16%
of transcripts in zone ZIId that doubled in the ZIII (Fig. S5C).
Notably, each nodule zone expressed a prominent set of NCRs with
a well-defined pl value. In the distal infection zone, NCRs with a pl
of 4-4.4 constituted 19% of the transcripts but made up less than
10% of the NCRs in whole nodules (Fig. 2F and Dataset S3). NCRs
with a pl between 8 and 8.4 constitute 36% of the transcripts in
ZI1d, but only 17% in the nitrogen-fixing zone. As the expression
level of these NCR genes decreased in the older regions of the
nodules, the proportion of transcripts of cationic peptides (espe-
cially in the pl range 8.0-8.9) increased (Fig. 2F and Dataset S3).
This analysis supports a correlation between the expression of di-
verse sets of NCRs and the developmental steps of bacteroids in the
different developmental regions of M. fruncatula nodules.

NCRs Provoke a Wide Range of Morphological and Physiological
Changes in S. meliloti. The results described above indicate that the
expression and diversification of NCRs are linked to progressive
morphological changes of bacteroids. To test this link, free-living
S. meliloti cultures were treated individually for 3 h with 23 different
(5 anionic, 3 neutral and 15 cationic) synthetic M. truncatula NCR
peptides at 8 pM and visualized by scanning electron microscopy
(SEM). The responses provoked by these peptides were variable, but
could be grouped according to the observed effects. Anionic and
neutral NCRs stimulated deposition of extracellular material char-
acterized by a complex set of fibers connecting the bacteria, although
the magnitude and complexity of changes were evidently variable
depending on the peptides used (Fig. 3 B and C and Fig. S6). De-
position of extracellular material was also induced by cationic NCRs
with a pI below 9, whereas cationic peptides with a higher pl pro-
voked protrusions in the cell envelope (Fig. 3D and Fig. S6). These
responses were accompanied by alterations in the cell morphology
and mimicked occasionally the envelope of nitrogen-fixing bacteroids
in G. orientalis and M. truncatula (Fig. S7). In M. truncatula, the most
dramatic steps of bacteroid differentiation occur in the IZ. An at-
tempt to reconstruct the effects of IZ NCRs was made with a limited
set of synthetic NCRs that were mixed proportionally with the ex-
pression of the corresponding pl categories in this region (Dataset
S3). Although this treatment did not result in EB-bacteroid mor-
phology, the formation of vesicles and the number of lysed cells
provoked by individual cationic NCRs was visibly reduced, indicating
that action of neutral and anionic peptides could attenuate the killing
effect of cationic peptides (Fig. S8).

The envelope modifications induced by NCRs prompted us to
explore the role of selected genes involved in the synthesis of the
cell envelope in the rhizobial partner. S. meliloti mutants affected
in the exoA, exoB, or IpsB genes (31, 32) were visualized by SEM
after challenging them with the neutral (NCR124) and cationic
(NCRO55) peptides, which promoted the generation of extracellu-
lar material and protrusions in the envelope of the wild-type strain,
respectively (Fig. 4 and Fig. S6). Interestingly, the mutant bacteria
were larger than the wild-type cells even with mock treatment. In
the presence of the neutral NCR124, both the mutants and, to a
lesser extent, the wild-type strain produced large multilobed cells.
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Fig. 3. SEM and biofilm formation of S. meliloti treated with synthetic

M. truncatula NCR peptides. SEM images of S. meliloti cells incubated for 3 h
in phosphate buffer (A, control) supplemented with anionic (B, NCR095),
neutral (C, NCR084), or cationic (D, NCRO55) peptides at 8 uM. Biofilm for-
mation was evaluated by crystal violet assays after incubation for 24 h in LSM
medium with a range of NCRs with different isoelectric points (E). SEs were
calculated with three biological replicates using averages based on three
technical repeats. P values of <0.05, 0.01, and <0.001 are marked with one,
two, or three asterisks, respectively (Student’s t test). (Scale bars, 1 um.)

NCRO055 stimulated vesicle formation in the mutants, and the
production of extracellular material was particularly exacerbated in
the exoA and IpsB mutants. The mutants were also more sensitive
to the cationic NCRO055 and NCR247 peptides than the wild-type
strain (Fig. S9). Preincubation with exopolysaccharides (EPS)
extracted from the wild-type strain, however, attenuated these re-
sponses in both the mutant and the wild-type strains (Fig. S9B). The
results collectively indicate that NCRs can influence the bacterial
surface, which in turn affects the bacterial responses to NCRs. To
gain further insight, biofilm production was assessed by crystal violet
staining of S. meliloti cells treated with anionic, neutral, or cationic
NCRs. Except for NCR102, significant biofilm formation was in-
duced by the cationic peptides (Fig. 3E). Interestingly, the neutral
NCRO084 promoted the most pronounced biofilm formation. In
contrast, the other neutral and anionic NCRs did not induce biofilm
formation (Fig. 3E). The bacterial responses to NCRs with different
pl values prompted us to evaluate their effect on bacterial mem-
brane integrity using propidium iodide (PI) and SYTO9. PI can
penetrate only cells with permeabilized membranes, whereas
SYTOY stains viable bacteria. This approach showed that integrity
of the cell membrane was not affected by anionic NCRs but was
greatly compromised by treatment with cationic NCRs and to a
lesser extent with neutral NCRs (Fig. S10). Similar effects were
provoked by the neutral NCR124 and the cationic NCR055 in the
exoA, exoB, and [psB mutants; however, the PI fluorescence in-
duced by cell-membrane damage was higher in the mutants
compared with the wild-type strain following treatment with
NCRO55 (Fig. 4). As observed previously, the pI charge of NCRs
seems to be crucial to their ability to induce different morpho-
logical and physiological responses, but these effects apparently do
not rely entirely on this characteristic.
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Discussion

Terminal differentiation of bacteroids is orchestrated by the
plant through the production of symbiotic peptides (9), a process
that likely evolved independently in multiple lineages of legumes
(7, 8, 31) to increase symbiotic efficiency. Recently, we showed
that terminal differentiation in the IRLC can occur with re-
markable differences in the morphotype of the bacteroids (6).
The current study documents that such variability is correlated
with the unique NCR composition of the legume host that
evolved by the enrichment and diversification of symbiotic pep-
tides with certain characteristics.

The Bacteroid Morphotypes Reflect the Evolutionary Status of NCR
Families in IRLC Legumes. NCRs were initially identified in IRLC
(Medicago, Vicia, Galega) species that accommodate EB bacte-
roids and all belong to the Vicioid subclade (1, 19-22, 24, 25).
However, subsequent studies showed that NCRs are also present in
the IRLC species C. arietinum and Astragalus sinicus that accom-
modate S/SP and E bacteroids, respectively (6, 23). C. arietinum is
part of the Vicioid subclade, whereas A. sinicus is placed in the
Astragalean subclade, indicating that production of NCRs is not an
exclusive feature of the Vicioid subclade (33). This study demon-
strates that NCR expression is a common characteristic of IRLC
legumes and that the composition and complexity of the NCRs vary
substantially among them. Moreover, the complexity does not re-
flect phylogeny because closely related species can have low and
high numbers of NCR genes (Cicer vs. Galega and Ononis spp.).
Rather, the morphotype of the endosymbionts reflects the com-
position and complexity of the NCR families. We infer that the
S-bacteroid form is the ancestral morphotype of terminally differ-
entiated bacteroids because few morphological changes occur and
the respective host plant species have the lowest diversity of NCRs
(seven NCRs in G. uralensis). We propose that, probably along with
other nodule-specific proteins, changes in the complexity and
composition of NCR families gave rise to SP, E, and EB bacteroids.
In fact, transition of morphotypes is a phenomenon observed in
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Fig. 4. Morphology and viability of S. meliloti mutants challenged with
NCRO55 or NCR124. SEM and confocal microscopy images of S. meliloti
mutants affected in the exoA, exoB, and IpsB genes after incubation in
phosphate buffer only (untreated) or phosphate buffer supplemented with
8 pM NCR124 or NCRO55. After incubation, membrane integrity was evalu-
ated by staining with PI (red fluorescence) and SYTO9 (green fluorescence).
T.L., transmitted light. (Scale bars, 1 pm.)
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several species such as C. arietinum, O. spinosa, and Aeschynomene
spp., in which bacteroids become spherical after the formation of
an intermediate E morphotype (6, 8).

The evidence collected by SEM and RNA-seq indicates that
the expression of cationic NCRs positively correlates with drastic
morphological changes of bacteria. The absence of cationic
NCRs in G. uralensis is probably a consequence of genome
contraction or, more likely, of the fact that the ancestral sym-
biotic NCR peptides were neutral or anionic, originating from a
single evolutionary event in IRLC legumes. Nevertheless, the
existing genome and transcript data indicate that NCRs took
distinct evolutionary routes in each of the analyzed plant species.
It has been noted that NCR genes in M. truncatula are often
flanked by transposons (34), which suggests that mobile genetic
elements have played an important role in the multiplication and
diversification of NCRs in the IRLCs. The fast diversification
rate of NCRs in certain species such as G. orientalis, P. sativum,
and Medicago spp. led to the emergence of species-specific
peptides. However, despite the different evolutionary pathways
taken by the legumes analyzed here, it should be noted that le-
gumes with EB bacteroids possess a similar composition of
NCRs based on their pl value.

Cationic NCRs Produce a Wide Range of Effects on Rhizobia. Earlier
studies showed that cationic NCR247 and NCR335 provoked
modifications in cell size and morphology and affected membrane
permeability and cell viability in a concentration-dependent
manner (9, 10, 17), general features that might correlate with
the charge of the peptides. Similarly, the formation of network-
like structures as well as outer membrane vesicles (OMVs) is a
phenomenon often caused by the cationic peptides. OMVs are
spherical protrusions of the outer membrane in Gram-negative
bacteria produced after diverse (a)biotic stimuli that mediate
versatile functions. In nonpathogenic bacteria, OMVs promote
both survival under stress and nutrient acquisition in bacterial
communities (35). The infected plant cells in the nodules may
provide a suitable environment for OMV function because a high
exchange of chemical signals and nutrients is required. Un-
derstanding the functioning, composition, and significance of
these NCR-induced vesicles requires further studies. The enve-
lopes of bacteroids in G. orientalis and M. truncatula nodules re-
semble those of free-living cultured rhizobia treated with cationic
peptides. These species accommodate EB bacteroids and showed
a high proportion and high expression of cationic peptides. Con-
versely, such protrusions were absent in the S bacteroids of
G. uralensis, which lacks cationic NCRs. The similarities between
the free-living cultured rhizobia treated with NCRs and the bac-
teroids are a good indicator that the in vitro assays simulate to
some extent the effect of NCRs in the infected cells. Except for
NCR102, all of the cationic NCRs tested enhanced biofilm gen-
eration. Similar to OMVs, biofilms are often produced by bacteria
in response to adverse conditions (36). The generation of this
extracellular matrix is probably a defense mechanism against di-
verse NCRs in cultured rhizobia.

Insights into the Function of Anionic and Neutral NCRs. Presently, most
knowledge is available for the cationic peptides. However, in
bacteroids isolated from M. truncatula nodules, the majority of the
138 NCRs detected by mass spectrometry were anionic (11). Re-
cently, Kim et al. (12) showed that the loss of NCR211, encoding
an anionic peptide, produced nonfunctional Fix~ nodules in
M. truncatula. Differentiation of bacteroids apparently takes place
in the nodules of this mutant, but the differentiation is incomplete
and the bacteroids are unable to survive in the nodule cells. A
protective mechanism is probably one of the putative functions
performed by certain anionic and neutral NCRs. The analysis of
neutral NCRs has been poorly explored until now. Expression of
neutral NCRs is marginal in ZIIp, although their abundance is
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doubled from the infection zone to the nitrogen-fixing zone. The
use of three synthetic neutral NCRs (NCR084, NCR121, and
NCR124) on S. meliloti cells showed that these peptides also
provoke deposition of extracellular material in the medium, al-
though only NCR084 provoked a remarkable increase in biofilm
formation, even greater than that caused by cationic peptides. The
fibers induced by these types of NCRs on S. meliloti culture re-
semble intercellular nanotubes, structures with the capacity to
exchange molecules among neighboring bacteria (37). In the
majority of the IRLC legumes tested, neutral NCRs represent a
small proportion of the NCRs, but five of the seven NCRs in
G. uralensis are neutral, raising the possibility that these NCRs,
together with the anionic ones, are likely to be the first evolved
symbiotic peptides.

Dynamic Interplay Between NCRs and Cell-Wall Components of Rhizobia.
The adequate composition and expression of anionic, neutral, and
cationic NCRs within the infected cells seems to be crucial for the
differentiation and survival of bacteroids. Both processes might
need the modifications in the cell envelope of the bacteria. Indeed,
different Rhizobium leguminosarum bv. viciae LPS epitopes (rec-
ognized by monoclonal antibodies) were expressed at different
stages of nodule and bacteroid development (38). Transcriptome
analyses indicated similar changes: Over 150 genes involved in
the biogenesis of the cell-envelope constituents were differentially
expressed in bacteroids of A. sinicus nodules compared with their
free-living state (39), whereas in the bacteroids of M. fruncatula
nodules, the transcript abundance of several genes associated with
LPS synthesis were repressed, but the IpsB gene was induced (40).
Investigation of S. meliloti strains defective in surface poly-
saccharide production (exoA4, exoB, IpsB) revealed enlargement of
the free-living cells and augmented responses to NCRs such as
increased membrane permeabilization caused by the cationic
NCRO055 and the formation of branched, bloated cells upon
treatment with the neutral NCR124. Nodule organogenesis by the
S. meliloti IpsB mutant was not affected, but bacteroids were unable
to differentiate and showed symptoms of membrane degradation
(31). The succinoglycan decoration seems to be crucial for a suc-
cessful symbiosis between rhizobial strains and M. truncatula eco-
types. The incompatibility of S. meliloti Rm41 with M. truncatula
A17 was restored by the introduction of S. meliloti Rm1021 exo
genes into S. meliloti Rm41 (41), resulting in alteration of the
substitution pattern of EPS. In this context, NCRs may mediate
differentiation and survival of rhizobial strains depending on the
composition of their cell envelope. This study provides an insight
into the NCR evolutionary pathway and the diverse NCR targets,
opening a wide range of processes to explore.

Materials and Methods

Sequencing of Nodule Transcriptome and Identification of NCR Genes. Seedlings of
A. canadensis, G. orientalis, G. uralensis, O. viciifolia, O. spinosa, and O. lamberti
were inoculated with Mesorhizobium sangaii, Mesorhizobium ciceri, Rhizobium
galegae bv. orientalis, Mesorhizobium tianshanense, Rhizobium sp., and
M. sangaii, respectively (6). Total RNA was isolated from mature nodules
(4-6 wk postinoculation) using the ZR Plant RNA miniprep kit (Zymo Research).
Bacterial and plant ribosomal RNA molecules were removed with the Ribo-
Zero rRNA Removal Kits for Gram-negative bacteria and Plant Seed/Root
(Epicentre). Sequencing libraries were constructed with the help of NEB Next
Ultra Directional RNA Library Kit (New England Biolabs) and were sequenced
with an Illumina sequencer. Binary short read files (pea RNA-sequencing data)
were downloaded from the Sequence Read Archive (SRA) database and were
subsequently converted to standard fastq files using the fastg-dump tool from
the SRA Toolkit. De novo transcript assembly was carried out with version
v2.1.1. of Trinity software (42). NCRs were searched in the assembled nodule
transcriptomes and genomic sequences through tBLASTn using M. truncatula
NCRs as query in the CLC 9.0.1 workbench (https:/Avww.giagenbioinformatics.
com/). A second round of tBLASTn was performed using the NCRs retrieved
from the first tBLASTn as query.
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In Silico Analysis of NCR Families of IRLC Legumes. The presence of signal
peptides was predicted by SignalP 4.1 (www.cbs.dtu.dk/services/SignalP/)
from the deduced amino acid sequences that were obtained through the
tBLASTn search. The amino acid constitution, molecular weight, and iso-
electric point were calculated with the Expasy and Sequence Manipulation
Site (www.expasy.org/, www.bioinformatics.org/sms2/index.html). For the
phylogenetic assembly, the mature peptide sequences were aligned and
bootstrapped (1,000 iterations) with ClustalX2 (www.clustal.org/). The
data generated were displayed and plotted with Dendroscope 3.5.7
(dendroscope.org/) (43).

SEM, Viability Staining, and Biofilm Formation of NCR-Treated S. meliloti Cells.
Wild-type and mutant strains of S. meliloti 1021 growing in the log phase
were diluted to ODggo = 0.1 and incubated for 3 h in phosphate buffer (pH 7)
containing a sublethal dose of 8 pM synthetic mature M. truncatula NCRs (www.
proteogenix.science/fr/) and later analyzed by SEM. Similarly, treated cells were
Pl-and SYTO9-stained following the manufacturer’s instructions (Invitrogen)
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and then observed by confocal microscopy (Olympus Fluoview FV1000). For
SEM, cells were fixed with 2.5% (vol/vol) glutaraldehyde in cacodylate
buffer (0.05 M, pH 7.2). Later, cells were dehydrated with a graded ethanol
series and dried with a critical point dryer, followed by 10 nm of gold
coating, and observed by SEM (JEOL JSM-7100F/LV) (17). Biofilm formation
was assessed through crystal violet assays in S. meliloti cultures grown in
low-salt fungal medium (LSM) supplied with NCRs (8 uM) for 24 h (16).
Exopolysaccharides were isolated from supernatants of bacterial culture with
ethanol precipitation according to Dusha et al. (44).
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