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In response to the presence of compatible rhizobium bacteria,
legumes form symbiotic organs called nodules on their roots.
These nodules house nitrogen-fixing bacteroids that are a
differentiated form of the rhizobium bacteria. In some le-
gumes, the bacteroid differentiation comprises a dramatic cell
enlargement, polyploidization, and other morphological changes.
Here, we demonstrate that a peptidoglycan-modifying enzyme in
Bradyrhizobium strains, a DD-carboxypeptidase that contains a
peptidoglycan-binding SPOR domain, is essential for normal
bacteroid differentiation in Aeschynomene species. The corre-
sponding mutants formed bacteroids that are malformed and
hypertrophied. However, in soybean, a plant that does not induce
morphological differentiation of its symbiont, the mutation does
not affect the bacteroids. Remarkably, the mutation also leads to
necrosis in a large fraction of the Aeschynomene nodules, in-
dicating that a normally formed peptidoglycan layer is essential
for avoiding the induction of plant immune responses by the
invading bacteria. In addition to exopolysaccharides, capsular
polysaccharides, and lipopolysaccharides, whose role during
symbiosis is well defined, our work demonstrates an essential
role in symbiosis for yet another rhizobial envelope component,
the peptidoglycan layer.

The rhizobium-legume interaction leads to the formation of
new plant organs, the nodules, in which the bacteria fix nitro-
gen to the benefit of the host plant and receive in exchange
a carbon source. The establishment of this symbiotic organ
relies on the plant perception of bacterial signals, the Nod
factors (NF) that control the infection process and the nodule
organogenesis (Oldroyd 2013). In some rare cases, NF are
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dispensable, as has been described for some tropical legumes of
the Aeschynomene genus infected by photosynthetic Bradyrhi-
zobium strains (Giraud et al. 2007) or as has been reported more
recently for a soybean cultivar (Glycine max cv. Enrei) that could
be nodulated by a mutant of B. elkanii USDA61 unable to produce
NF (Okazaki et al. 2013). In these interactions, one or more bac-
terial signals permitting nodule organogenesis and infection re-
main to be disclosed.

Following these early phases, the rhizobia are chronically
maintained within nodule cells, where they differentiate into an
endosymbiotic form, the bacteroids, able to fix atmospheric
nitrogen. Bacteroid formation can be accompanied by drastic
morphological modifications of the bacterial cell. Depending
on the host plant, the bacteroid cells can be strongly enlarged
into an elongated shape known as E-morphotype bacteroids
or into a sphere known as S-morphotype bacteroids. E- and
S-morphotype bacteroids are polyploid and their membranes
have become porous. In addition, they have lost their reproductive
capacity and are, therefore, terminally differentiated (Kondorosi
et al. 2013). In other legumes, these morphological changes do not
take place and bacteroids are, compared with the free-living state,
unmodified or of the U morphotype and do not lose their
reproductive capacities (Kondorosi et al. 2013).

In the legume Medicago truncatula, which forms E-morphotype
bacteroids, it has been clearly established that a class of peptides,
named nodule-specific cysteine-rich peptides (NCR), govern the
terminal bacteroid differentiation (Van de Velde et al. 2010). More
recently, NCR-like peptides have also been identified in some
Aeschynomene species in which they appear to be important for the
differentiation of E- and S-morphotype bacteroids (Czemic et al.
2015). However, the bacterial targets of the NCR peptides remain
largely unknown and it is unclear how these host-produced pep-
tides provoke the metamorphosis of the rhizobia from small, rod-
shaped bacteria into the large, elongated or spherical bacteroids.

The peptidoglycan (PGN) is a major determinant of the
bacterial cell shape (Typas et al. 2012; Young 2003). Re-
markably, the cell shape of many Escherichia coli mutants af-
fected in the PGN structure resembles E- or S-morphotype
bacteroids (Nelson and Young 2001; Santos et al. 2002; Young
2003). Therefore, we propose that the morphogenesis of rhizobia
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into E- or S-morphotype bacteroid is associated with changes in
the PGN cell-wall architecture.

The DD-carboxypeptidase (DD-CPase) enzymes, which be-
long to the low—molecular weight penicillin-binding proteins
(PBP) family, are among the most prominent PGN-modifying
enzymes that play a role in the maintenance of cell shape
(Ghosh et al. 2008; Nelson and Young 2001; Young 2003). In
contrast to the high-molecular weight PBP that synthesize the
PGN, the DD-CPases are thought to regulate the degree of
cross-linking between glycan chains. Indeed, by removing the
terminal D-alanine from the ends of peptide side-chains, they
prevent the transpeptidation reaction. Bacteria often possess
several DD-CPases and this multiplicity could be important to
fine-tune their morphology in response to environmental con-
ditions. On the other hand, functional redundancy between
them could explain why these enzymes are nonessential for
growth under laboratory conditions and why their specific
physiological roles still remain elusive (Ghosh et al. 2008).

In this paper, we have identified three DD-CPases in the
photosynthetic Bradyrhizobium sp. strain ORS278, a symbiont
of Aeschynomene indica, and examined their physiological role.
We found that one of them, DD-CPasel, is critical for symbiosis
and, in particular, during the bacteroid morphogenesis step. DD-
CPasel is characterized by the presence of a C-terminal PGN-
binding SPOR domain that is absent in the other two DD-CPases.
To investigate if SPOR domain DD-CPases play a general role
in rhizobium-legume symbiosis, we constructed mutants in
other Bradyrhizobium strains (ORS285 and Bradyrhizobium
diazoefficiens USDA110, formerly named Bradyrhizobium
Jjaponicum) that have different host specificities and exhibit
distinct bacteroid morphotypes according to their host plants.

RESULTS

Photosynthetic Bradyrhizobium sp. strain ORS278
has three genes encoding putative DD-CPases.

BLAST searches on the ORS278 genome using DD-CPase
sequences of known function (DacA, DacC, and DacD from
E. coli) as query permitted the identification of three coding
sequences (BRADO4549, BRADO3826, BRADO6583) that are
scattered over the genome and encode putative DD-CPases
(Supplementary Fig. S1). The corresponding proteins, annotated
DD-CPasel to DD-CPase3, respectively, exhibit a low level of
identity (22.6 to 26%) between each other. All contain a pepti-
dase S11 domain (PFAMO00798) that is characteristic for the
DD-CPase family. In addition, the C-terminus of DD-CPasel
contains a peptidoglycan-binding domain known as a SPOR
domain (PFAMO05036), while DD-CPase2 contains a PFAM07943
domain of unknown function initially identified in DacA of
E. coli. For each of these three DD-CPases, a homolog with high
sequence identity (>65%) could be identified in all the photo-
synthetic and nonphotosynthetic Bradyrhizobium strains whose
genome has been sequenced.

Phenotypic properties of the three DD-CPase mutants
in the ORS278 strain grown under free-living conditions.
To determine the role of these different DD-CPases on
bacterial cell physiology, a mutant of each individual DD-
CPase gene was constructed by insertion of the nonreplicative
plasmid pVO155-npt2-GFP into the coding region. Plasmid
pVO155-npt2-GFP, harbors the promoter-less gusA reporter
gene and the green fluorescent protein (gfp) gene under control
of the constitutive promoter nptll (Okazaki et al. 2016). Cul-
tivated in yeast-mannitol (YM) medium, the three DD-CPase
mutants displayed a similar growth rate as the wild-type (WT)
strain, with a generation time between 9 to 10 h (data not shown).
Light microscopic analysis of the DD-CPase mutant cells grown

448 / Molecular Plant-Microbe Interactions

in liquid medium did not reveal any morphological disorders
(Fig. 1A). Like the WT strain, the mutant bacteria cells were rod-
shaped and measured about 1 um long. On plates, the DD-CPase
mutants form smooth colonies with regular borders, indistin-
guishable from the WT strain (data not shown), indicating that the
DD-CPase mutations do not induce gross modifications in the
production of surface polysaccharides such as exopolysaccharides
(EPS) or lipopolysaccharides (LPS). Indeed, LPS mutants pro-
duce rough colonies with irregular borders (Busset et al. 2016).

The PGN plays a key role in protecting the cell from changes
in osmotic pressure. Therefore, we analyzed the growth of the
mutants in the presence of increasing amounts of NaCl. As
compared with the WT strain, only the DD-CPasel mutant
exhibited a higher sensitivity to saline stress (Fig. 1B). Since
the alteration of the PGN structure could also lead to disorders
of the outer membrane (Gallant et al. 2005; Ghosh et al. 2008),
we have examined the ability of the mutants to cope with de-
tergent (sodium dodecyl sulfate [SDS]) stress, using a disk dif-
fusion assay. All mutants had the same SDS-sensitivity as the
WT strain (Fig. 1C), indicating that the different DD-CPase
mutations have no impact on the stability of the outer membrane.

We also took advantage of the presence of the gusA reporter
gene, introduced in the mutated genes by the plasmid insertion,
to follow the expression of the three DD-CPase genes at different
time points of the growth curve. During all growth phases, an
expression could be observed for DD-CPasel and DD-CPase3,
whereas the expression of DD-CPase2 was close to the limit of
the detection level (Fig. 1D). Taken together, the above data
indicate that none of the three individual DD-CPase genes plays
a critical role for the growth in free-living conditions.

DD-CPasel affects the level of PGN reticulation.

To investigate if and how the DD-CPases affect the PGN
composition in the Bradyrhizobium sp. strain ORS278, we have
analyzed, by reverse-phase high-pressure liquid chromatography
(HPLC) and mass spectrometry, the muropeptide fractions
obtained after digestion of purified PGN. Since only the DD-
CPasel mutant had an impact on the symbiosis (discussed
below), we have focused on this particular mutant. As shown
in Supplementary Table S1, the PGN composition of the mutant
exhibited some relevant differences with respect to the mur-
opeptide profile of the WT. Our results pointed to the presence
of a significant level of dimeric muropeptide species in the
DD-CPasel mutant, which were nearly absent in the WT, in-
dicating a greater degree of PGN cross-linking in the mutant.
This observation was expected, since the biochemical activ-
ity of DD-CPases is the removal of the terminal D-alanine in
N-acetylmuramyl pentapeptide residues and the terminal ala-
nine is necessary for the reaction of cross-linking by the
transpeptidases (Ghosh et al. 2008). This confirmed the critical
role of the DD-CPasel in Bradyrhizobium sp. strain ORS278 in
the regulation of the degree of PGN cross-linking.

Only the DD-CPasel mutant is altered in symbiosis.

We next investigated the ability of the three DD-CPase mutants
to establish a symbiotic relationship with A. indica plants.
Observations were made at 14 days postinoculation (dpi), when
WT nodules are mature and functional (Bonaldi et al. 2011). As
shown in Figure 2, no significant difference was observed be-
tween the growth of the plants inoculated with the WT strain
and the DD-CPase2 or DD-CPase3 mutants (Fig. 2A), the
number of nodules per plant (Fig. 2E) and the nitrogenase ac-
tivity measured by the acetylene reduction assay being comparable
(Fig. 2D). Cytological analysis performed by confocal microscopy
showed that the mutated bacteroids displayed a spherical shape
similar to that observed for WT bacteroids (Supplementary Fig. S2).
As a WT reference, we used a strain carrying the pVO155-npt2-GFP



plasmid inserted in the BRADOS5083 gene. This gene encodes
a protein of unknown function and previous studies did not
reveal any particular symbiotic defect due to the plasmid
insertion.

In contrast, we observed a strong effect of the DD-CPasel
mutation on symbiosis. A. indica plants inoculated with the
DD-CPasel mutant had a nitrogenase activity that represented
only 25% of the activity measured for plants inoculated with
the WT strain (Fig. 2D). This weak nitrogenase activity led to
typical nitrogen-starvation symptoms such as foliar chlorosis
and reduced plant growth (Fig. 2A). The nitrogen-fixation de-
fect did not result from a reduction of nodule numbers, since
plants inoculated with the mutant actually contained about
twice as many nodules compared with plants inoculated with
the WT strain (Fig. 2E). However, two classes of nodules could
be distinguished: i) tiny yellow-colored nodules whose devel-
opment was aborted (the majority of nodules) and ii) a small
proportion of WT-like, green nodules (Fig. 2B, C, and E).

We can exclude the possibility that the absence of pheno-
types in the DD-CPase2 or DD-CPase3 mutants or the variable
phenotype in the DD-CPasel mutant is the result of reversion
of the mutations by excision of the pVO155-npt2-GFP plasmid,
because the entire population of bacteria in all the nodules
elicited by these mutants was tagged by GFP (Fig. 2K to R),
indicating maintenance of the plasmid. Moreover, we also con-
structed a deletion mutant of DD-CPasel by double crossing-
over. As shown in Supplementary Figure S3, we observed that
this deletion mutant behaved similarly to the insertion mutant
and also induced the formation of a mixture of tiny and WT-like
nodules.

Cytological observations revealed that, in the tiny nodules,
the bacterial infection was generally blocked at the level of the
epidermis (Fig. 2H). In some cases, the bacteria had infected
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the central tissue intracellularly, but only a few bacteria were
present per plant cell and they appeared not differentiated or only
slightly elongated (Fig. 2P). Brownish compounds that auto-
fluoresced in the red spectrum (excitation, 488 nm; emission, 600
to 660 nm) were observed in these nodules (Fig. 2I and L). This is
indicative of the accumulation of polyphenol compounds that are
generally associated with plant defense responses, as described
before in other legumes, such as Medicago spp. (Bourcy et al. 2013;
Vasse et al. 1993).

Observation of the WT-like nodules elicited by the DD-
CPasel mutant revealed also the presence of plant defense
reactions (Fig. 2J and M). The central tissue was rather uni-
formly infected but, in contrast to the WT bacteroids, which
were all spherical (Fig. 20), morphologically aberrant bacte-
roids could be observed for the mutant. Indeed, in the same host
cells, a mixture of elongated and extremely enlarged spherical
bacteroids could be seen (Fig. 2N and Q). In addition, in some
cases, the cytoplasm of the plant cell was stained by GFP,
suggesting that the bacteria had burst, releasing their content
into the host cell (Fig. 2R).

Transmission electron microscopy (TEM) images showed
the striking spherical and uniform shape of WT bacteroids (Fig.
3A and D). Notably, we also observed, in some instances,
symbiosomes containing dividing bacteroids (Fig. 3H). Thus,
despite their polyploid state (Czernic et al. 2015), the bacte-
roids still maintain a capacity to divide. TEM observations of
the WT-like nodules from the DD-CPasel mutant showed
different stages of degeneration of both bacterial and plant
cells. Some plant cells had collapsed, their morphological in-
tegrity lost and their electron-dense cytoplasm only displaying
ghost bacteria (Fig. 31 and J). In contrast, other cells kept
their morphological integrity and they contained several typical
organelles such as the nucleus and mitochondria, indicating that
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Fig. 1. Phenotypic properties of the ORS278ADD-CPase mutants cultivated in free-living conditions. A, Cells from ORS278 and the three
DD-carboxypeptidase (DD-CPase) mutants cultivated in yeast-mannitol medium and observed in exponential growth phase (60 h) by phase-contrast mi-
croscopy. Bars = 1 um. B, NaCl and C, sodium dodecyl sulfate resistance of ORS278 and the ORS278ADD-CPase mutants measured after incubation for 5 days
at 37°C. Data in B are the means of duplicate experiments. Error bars in C represent standard deviation (n = 9). D, Expression analysis of the ORS278 DD-
CPases. The B-glucuronidase activity (in Miller units) was estimated at different time points (1 to 4 days) of the growth of the three DD-CPase mutants

containing the gusA reporter gene.
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they were still active (Fig. 3B and C). In these last cells, bac-
teroids exhibited a very high heterogeneity in shape and size.
Some DD-CPasel bacteroids displayed aberrant morphological
distortions, like the presence of buds or outgrowths (Fig. 3B,
C, and E). However, the contour of the DD-CPasel bacteroids
was generally well defined with distinguishable inner and outer
membranes (Fig. 3G). Mutant bacteroids were surrounded by a
symbiosome membrane and single or multiple bacteroids could
be found in one symbiosome (Fig. 3B and F). Despite these
morphological abnormalities, it appeared that some DD-CPasel
bacteroids can maintain a metabolic activity, as the accumulation
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of polyhydroxybutyrate granules (electron-transparent areas) could
be detected as well as the presence of dark granules that likely
correspond to polyphosphate granules and dense fibrillar nuclear
material (Fig. 3B, F and G). This metabolic activity could account
for the weak nitrogenase activity detected in the plants inoculated
with the mutant. Taken together, these data show that mutation of
the DD-CPasel gene affect different steps of the symbiotic pro-
cess. On one hand, the mutant is affected in the early steps of the
infection process and induces plant defense responses, and on the
other hand, bacteroid differentiation is drastically impaired. Con-
sidering the gene context, it is very unlikely that the symbiotic
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deficiencies observed for the DD-CPasel mutant were due to a
polar effect, and we have to conclude that they are the consequence
of the missing DD-CPasel activity in the mutant.

Both DD-CPasel and DD-CPase3
are expressed during symbiosis.

To analyze the expression level of the different DD-CPases in
planta, we made use of the gusA reporter gene present in the
mutants. A strong X-Gluc staining was observed with DD-CPasel
and DD-CPase3 mutants, indicating that both genes are highly
expressed in planta. In comparison with the two others, the
X-Gluc staining with the DD-CPase2 mutant was extremely
weak, indicating that the gene expression in planta is low,
similar to what we found under free-living conditions. The high
level of DD-CPase 3 expression suggests that this enzyme is
important during symbiosis, despite the absence of a detectable
phenotype of the corresponding mutant. This apparent incon-
sistent data could be explained by a functional redundancy
between the two DD-CPases, i.e., DD-CPasel could comple-
ment DD-CPase3 in the corresponding mutant. The opposite
cannot be the case, considering the drastic symbiotic phenotype
observed for the DD-CPasel mutant. We have tried to construct
a DD-CPasel and DD-CPase3 double mutant. However despite
several attempts using different strategies, we failed to isolate
such a double mutant. This suggests that the presence of at least
one of these two DD-CPases is essential for bacterial survival.

DD-CPasel bacteroids display a higher ploidy level.

The DD-CPasel protein differs from the other two DD-CPases
by the presence of a C-terminal SPOR domain. All four E. coli
proteins containing a SPOR domain (FtsN, DamX, DedD, and
RIpA) localize to the septal ring and are part of the cell-division
machinery (Arends et al. 2010). This suggests that DD-CPasel
could be a cell-division protein. The drastic enlargement of the
cell size in some of the mutant bacteroids could indicate that
those cells are dividing less than usual and is in agreement
with a function of DD-CPasel during division. To support this
hypothesis, we compared the ploidy level of WT and the DD-
CPasel mutant in free-living and symbiotic states by cytom-
etry. As shown in Figure 2F, no difference in the DNA content
was observed between the WT and the mutant cells cultivated
in vitro. In contrast, in A. indica nodules, the DNA content of
the DD-CPasel bacteroids reached a higher level than of the WT
bacteroids, i.e., around 16 genome complements (16C) for the
DD-CPasel bacteroids against 4C to 8C for the WT bacteroids.

Symbiotic role of DD-CPasel
in other Bradyrhizobium strains.

To investigate whether DD-CPasel also plays a symbiotic role
in Bradyrhizobium strains that exhibit distinct bacteroid morpho-
types (E or U morphotype), we mutated the orthologous gene in

the ORS285 and B. diazoefficiens USDA110 strains. In contrast to
ORS278, ORS285 does contain the canonical nodABC genes and
is able to use a NF-dependent or a NF-independent symbiotic
process (Bonaldi et al. 2011). As for the ORS278 strain, ORS285
bacteroids are spherical in A. indica, whereas in A. afraspera,
which uses a NF-dependent process, they are elongated (Bonaldi
et al. 2011). Bacteroids of the B. diazoefficiens USDA110 strain
display a U morphotype in soybean nodules, whereas they are of
the E morphotype in A. afraspera (Ledermann et al. 2015).

The ORS285ADD-CPasel mutant tested on A. indica dis-
played a similar phenotype as observed for the corresponding
mutant in the ORS278 strain, i.e., a plant-growth defect resulting
from a weak nitrogen-fixation efficiency, a large majority of
necrotic nodules and bacteroids that have heterogeneous shapes
(Fig. 4A, B, D, E, and F). When the mutant was tested on
A. afraspera, no significant effect of the mutation was observed
on the plant growth, the number of nodules per plant, and the
nitrogenase activity (Fig. 4A, C, and D). However, confocal
microscopy observations of the nodules showed that the bacte-
roids’ shape was disturbed. Instead of differentiating into long
rod-shaped bacteroids as observed for the WT strain, the mutant
cells exhibited a polar distortion giving them a sperm-like shape
(Fig. 4G and H).

In comparison with the ORS285ADD-CPasel mutant, the
phenotype of the B. diazoefficiens ADD-CPasel mutant on
A. afraspera was much more drastic. Plants inoculated with the
B. diazoefficiens ADD-CPasel mutant were smaller, contained
a lower number of nodules (threefold less) and the nitrogenase
activity was less than 10% of the activity measured on plants
inoculated with the WT USDA110 strain (Fig. 5A, B, and D).
On soybean, the mutant was altered in its symbiotic efficiency,
but the phenotype was less severe and resulted from a reduced
number of nodules (Fig. 5A, C, and D). Interestingly, cytologi-
cal analysis of the nodules by confocal microscopy and TEM
showed that the mutation had no effect on the bacteroid shape
in the soybean nodules (U morphotype) (Fig. SE, F, I, J, M and
N), whereas in A. afraspera nodules (E morphotype), the DD-
CPasel mutation led to bacteroids with aberrant morphological
shapes (Fig. 5G, H, K, L, O, and P). Taken together, these data
indicate that the DD-CPasel mutation has an impact on the sym-
biotic interaction of all the tested Bradyrhizobium strains with their
host plants but the symptoms and the severity of the phenotypes
appear to be plant- and bacterium-dependent (Supplementary
Table S2).

DISCUSSION

The morphological transition of rhizobia during their sym-
biotic interaction with some legumes is a surprising phenom-
enon. It has been known for several decades that it is the host plant
that imposes a particular shape on its endosymbiotic population.

Fig. 2. Symbiotic properties of ORS278ADD-CPase mutants on Aeschynomene indica. A, Comparison of the growth of the plants (aerial part) not inoculated
(NI) or inoculated with the ORS278 strain and the ORS278ADD-CPase mutants (at 14 days postinoculation). B, Aspect of the nodules elicited by the
ORS278ADD-CPasel mutant and C, the wild-type (WT) strain. The white arrows indicate examples of necrotic nodules. D, Acetylene-reducing activity (ARA)
in A. indica nodules induced by Bradyrhizobium sp. strain ORS78 and the ORS278ADD-CPase mutants. E, Number of nodules per plant elicited by
Bradyrhizobium sp. strain ORS78 and the ORS278ADD-CPase mutants. Error bars in D and E represent standard deviation (n = 10). Double asterisks above the
error bars indicate significant differences at P < 0.01 (Tukey’s honestly significant difference test). F, Flow cytometry analysis of the DNA content by
propidium iodide fluorescence in free-living bacteria or bacteroids isolated from A. indica nodules. Light blue, free-living ORS278 WT strain; light orange,
free-living ORS278ADD-CPasel mutant; light purple, ORS278 WT bacteroids; light red, ORS278ADD-CPasel bacteroids. G to J, Transversal sections of
nodules elicited by ORS278 (G) or the ORS278ADD-CPasel mutant (H to J). Note the infection of the gusA-tagged mutant bacteria is blocked at the level of
the nodule epidermis (H), the brown color of the central tissue corresponding to plant defense reactions, and a WT-like nodule elicited by the mutant (J), with
some areas containing a visible brown pigment. Bars = 250 uM. K, Confocal microscopy analysis of nodules elicited by ORS278 and L and M, the
ORS278ADD-CPasel mutant (L and M). Note that the brown pigment as observed using light microscopy has a red autofluoresence. N to R, Confocal
microscopy images showing the morphology of the intracellular bacteria. The ORS278 bacteroids are spherical (O), whereas in aborted nodules the
ORS278ADD-CPasel cells are rod shaped (P) and a mixture of elongated, irregularly shaped and extremely enlarged spherical bacteroids are found in WT-like
nodules (N, Q, and R). In R, the cytoplasm of some host cells is green, suggesting the burst of some bacteroids releasing their green fluorescent protein. Bars in
Kand M =250 pm and in L and N to R = 10 pm.
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However, it remains unclear whether this morphological change
confers a functional advantage for one of the two partners and
how the plant governs this morphogenesis process, although the
involvement of the host plant cell produced NCR peptides and
the bacterial BacA or BclA peptide transporters have been firmly
established (Czernic et al. 2015; Guefrachi et al. 2015; Haag et al.
2013; Van de Velde et al. 2010). Here, we identified, in Bra-
dyrhizobium symbionts of Aeschynomene legume species, a PGN
remodeling enzyme, DD-CPasel, as a new actor in the morpho-
logical bacteroid differentiation process. This enzyme plays a
specific symbiotic role, more or less drastic, depending on the host
plant, while it is dispensable for free-living growth or for the
formation of U-morphotype bacteroids.

For all three Bradyrhizobium strains tested, the DD-CPasel
mutants were affected in at least two different stages of the
symbiotic process. First, DD-CPasel mutants of strains ORS278
and ORS285 induced a large number of necrotic nodules on
A. indica roots. Bacterial surface components play an important
role in recognition by the plant and in evasion of the plant im-
mune system (Mithofer 2002). Interestingly, it has been de-
scribed in E. coli that perturbations in the PGN structure due to
DD-CPase mutation can alter the microarchitecture of the bac-
terial outer membrane structures, such as flagella, adhesins, or
secretory complex polysaccharides, that participate in biofilm
formation (Gallant et al. 2005; Ghosh et al. 2008). It is assumed

that the macromolecules of the outer membrane must pass through
the PGN layer to be properly displayed on the bacterial surface
and, for this, a localized remodeling of the PGN is required to
permit this transit, a process that could be compromised in DD-
CPase mutants (Gallant et al. 2005). Similarly, the DD-CPasesl
mutation in Bradyrhizobium strains could alter the assembly or the
function of large molecular complexes on the bacterial surface,
such as LPS, EPS, or capsular polysaccharide (KPS), which are
important for inhibition of plant defenses or act as signals for the
establishment of symbiosis. However, the colony morphology of
the DD-CPases] mutants does not suggest a large alteration in the
production of these envelope structures. On the other hand, it is
possible that the DD-CPases] mutants release a higher amount of
PGN fragments (muropeptides) or modified muropeptides that
directly activate the plant immune system, thereby blocking fur-
ther infection. Indeed, it is known that growing bacterial cells
release muropeptides in the culture medium, which have been
shown in pathogenic bacteria to elicit plant defense reactions
(Goodell and Schwarz 1988; Gust et al. 2007). Further experi-
ments will be required to discriminate whether the defects in the
early steps of the symbiotic process observed in the DD-CPasel
mutants result from direct or indirect consequences, or both, of
PGN modifications.

The second symbiotic stage that is drastically affected by
the DD-CPasel mutation is the bacteroid differentiation step.

Fig. 3. Ultrastructure of bacteroids of ORS278 wild-type (WT) strain and the ORS278ADD-CPasel mutant in Aeschynomene indica nodules. A to J, TEM
micrographs of nodules elicited by the ORS278 strain (A, D, H) and of nodules elicited by the ORS278ADD-CPasel mutant (B, C, E, F, G, I, J). Note in A and
D, corresponding to a WT nodule, that the host cells are filled with spherical bacteroids, whereas in nodules elicited by the ORS278ADD-CPasel mutant, the
bacteroids display different morphological irregularities (B, C, and E). In H, note that the WT bacteroids can divide despite their spherical shape. F is a higher
magnification of B, showing that some mutant bacteroids accumulate polyhydroxybutyrate (white granules). Details of the cell-wall ultrastructure of mutant
bacteroids can be seen in G. Micrographs I and J show host cells invaded by mutant bacteroids that are collapsed; J is a higher magnification of I, showing ghost

bacteria. Scale bars in A, B, C,and =2 pym and D, E, F, G, J and H = 0.5 pm.
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Interestingly, this alteration was observed on both A. afraspera
and A. indica species that lead to different bacteroid morpho-
types (E and S morphotype, respectively) and in the three tested
Bradyrhizobium strains but no alteration on the bacteroid shape
could be observed in the case of B. diazoefficiens USDA110 in
soybean nodules. In this last case, the host plant does not im-
pose a morphological transition of their endosymbiotic bacteria
(U-morphotype bacteroids). This suggests that the DD-CPasel
could constitute one of the bacterial targets on which the host
plant acts to impose a particular bacteroid morphotype. It has
been shown recently that Aeschynomene species use NCR pep-
tides to control the bacteroid differentiation process (Czernic
et al. 2015), a modus operandi that is very similar to the one
described in Medicago species (Van de Velde et al. 2010). NCR
are related to antimicrobial peptides of innate immunity that
convert the bacteria in a differentiated, enlarged, and polyploid
state (Van de Velde et al. 2010). Recent studies revealed that the
Medicago truncatula NCR247 peptide interacts with many
bacterial proteins and, in particular, with FtsZ, a conserved
bacterial cell-cycle protein required for septum formation and
cell division (Farkas et al. 2014; Penterman et al. 2014). It is
supposed that this interaction inhibits bacterial cell division,
which leads to an increase of the bacteroid ploidy level. The
DD-CPasel differs from other DD-CPases by the presence of
an additional SPOR domain, which has been shown, in E. coli,
to permit a septal localization of the proteins (Arends et al.
2010). This leads us to hypothesize that DD-CPasel proteins
constitute, as FtsZ, septal ring proteins that play a significant
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role in daughter cell separation, probably by relaxing the PGN
structure at the fission site or by contributing to the correct
positioning of the FtsZ ring itself, a putative role that has been
proposed for the DD-CPase PBP5 in E. coli (Potluri et al.
2012). The occasional divisions of WT bacteroids and the
dramatic increase in size and ploidy level of DD-CPasel mu-
tant bacteroids observed in A. indica support this assumption.
Bacteria of the order Rhizobiales, to which the bradyrhizobia
and other rhizobia belong, have a unique unipolar growth
mechanism, implying lipid, membrane protein and PGN syn-
thesis at one pole of the cell only (Brown et al. 2012; Cameron
et al. 2014, 2015). This particular growth mechanism requires a
dynamic relocalization of the FtsZ protein at the growing pole
during cell elongation and at the mid-cell during division
(Cameron et al. 2014). Potentially the DD-CPasel protein is
also involved in this polar growth mechanism and could explain
the formation by the DD-CPasel mutants of bacteroids with
branches, bulges, or polar distortions.

The absence of a phenotype observed for the DD-CPasel
mutants cultivated in free-living conditions or in the soybean
nodule context could result from functional redundancy of
homologous proteins or other PGN remodeling enzymes that
could compensate in this condition for the lack of the DD-
CPasel. On the other hand, during symbiosis with Aeschynomene
spp., NCR peptides could transcriptionally or post-transcriptionally
differently regulate the activity of these PGN remodeling en-
zymes, resulting in a prominent role of DD-CPasel that could no
longer be compensated. It is also necessary to highlight that, in
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Fig. 4. Symbiotic properties of the ORS285ADD-CPasel mutant on Aeschynomene indica and A. afraspera. A, Acetylene-reducing activity (ARA) in A. indica
and A. afraspera inoculated with Bradyrhizobium ORS285 (black bars) and the ORS285ADD-CPasel mutant (gray bars). Error bars represent standard
deviation (SD) (n = 10). Double asterisks above the error bars indicate significant differences at P < 0.01 (Tukey’s honestly significant difference [HSD] test).
B, Comparison of the growth of A. indica and C, A. afraspera not inoculated (NI) or inoculated with Bradyrhizobium ORS85 and the ORS285ADD-CPasel
mutant (at 14 days postinoculation). D, Number of nodules per plant of A. indica and A. afraspera plants inoculated with Bradyrhizobium ORS285 (black bars)
and the ORS285ADD-CPasel mutant (gray bars). The number of yellow, necrotic nodules are indicated by a hatched bar. Error bars represent SD (n = 10).
Double asterisks above the error bars indicate significant differences at P < 0.01 (Tukey’s HSD test). E to H, Confocal microscopy images showing the
morphology of the intracellular bacteria. Nodules of A. indica elicited by ORS285 (E) and the ORS285ADD-CPasel mutant (F). Nodules of A. afraspera
elicited by ORS285 (G) and the ORS285ADD-CPasel mutant (H). Scale bars = 10 pm.
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Aeschynomene plants, the severity of the DD-CPasel mutation B. diazoefficiens USDA110 mutant. Besides, the functional re-

differs according to the strain. For example, in A. afraspera, the dundancy between the DD-CPases that could be more pronounced

ORS285ADD-CPasel bacteroids, although being malformed, in one strain compared with the other, it is also possible that these

still maintained a high nitrogenase activity, contrarily to the differences are related to a variation in the ability of the mutants to
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Fig. 5. Symbiotic properties of the USDA110ADD-CPasel mutant on soybean and Aeschynomene afraspera. A, Acetylene-reducing activity (ARA) in soybean
and A. afraspera nodules induced by Bradyrhizobium diazoefficiens USDA110 (dark bars) and the USDA110ADD-CPasel mutant (gray bars). Error bars
represent standard deviation (SD) (n = 7 for soybean; n = 10 for A. afraspera). Double asterisks above the error bars indicate significant differences at P < 0.01
(Tukey’s honestly significant difference [HSD] test). B, Comparison of the growth of A. afraspera and C, soybean plants not inoculated (NI) or inoculated with
B. diazoefficiens USDA110 strain and the USDA110ADD-CPasel mutant (at 19 and 21 days postinoculation [dpi], respectively). D, Number of nodules per
A. afraspera and soybean plant inoculated with B. diazoefficiens USDA110 (dark bars) and the USDA110ADD-CPasel mutant (at 19 and 21 dpi, respectively).
Error bars represent SD (n = 7 for soybean; n = 10 for A. afraspera). Double asterisk above the error bars indicate significant differences at P < 0.01 (Tukey’s
HSD test). E to H, Confocal microscopy images showing the morphology of the intracellular bacteria. Nodules of soybean elicited by B. diazoefficiens
USDA110 (E) and the USDA110ADD-CPasel mutant (F). Nodules of A. afraspera elicited by B. diazoefficiens USDA110 (G) and the USDA110ADD-CPasel
mutant (H). Scale bars are 10 pm. I to P, Transmission electron micrographs of nodules elicited by B. diazoefficiens USDA110 strain and the USDA110ADD-
CPasel mutant. Shown are soybean nodules elicited by B. diazoefficiens USDA110 (I, J) and the USDA110ADD-CPasel mutant (M, N) and A. afraspera
nodules elicited by B. diazoefficiens USDA110 (K, L) and the USDA110ADD-CPasel mutant (O, P). Scale bars in Kand M =2 um; in I, O, and P = 1 um; and
inJ, L, and N = 0.5 pm.
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cope with various plant stresses (e.g., oxidative, osmotic, or acid
stresses).

In conclusion, our study demonstrates that modifications of
PGN structure in Bradyrhizobium DD-CPasel mutants trigger
plant defense reactions limiting infection and nodule develop-
ment. It remains to identify the signals activating the plant
immune system in these mutants. Moreover, we demonstrate
that the remodeling PGN enzyme, DD-CPasel, is required for
normal bacteroid differentiation in host plants that produce
NCR peptides and impose a morphological differentiation and
endoreduplication of the bacteroids. It will be particularly ex-
citing to explore the possibility of a direct interaction of DD-
CPasel with NCR peptides leading to the endoreduplication of
the bacteroids.

The bacterial surface is a multilayered and complex struc-
ture, composed of many different macromolecules such as
lipids, including LPS and hopanoids, EPS, KPS, periplasmic
glycans, and peptidoglycans. Since the establishment of the
rhizobium-legume symbiosis involves a continuous direct
cell-to-cell contact between the microsymbiont and the host
environment, it is not surprising that many molecular studies
performed over the last several decades have highlighted a key
role for most of these envelope components of rhizobium
bacteria in symbiosis (Brown et al. 2011; Gibson et al. 2008;
Haag et al. 2013; Silipo et al. 2014). However, to our knowl-
edge no studies demonstrated the involvement of PGN and our
work is filling now this gap.

MATERIALS AND METHODS

Bacterial strains and growth conditions.

Bradyrhizobium sp. strains ORS278 and ORS285 and deriv-
atives were grown in yeast manitol (YM) medium at 34°C
(Vincent 1970). The B. diazoefficiens USDA110 strain and the
DD-CPasel mutant derivative were grown in the same medium
but at 28°C. When required, the media were supplemented with
the appropriate antibiotics. Antibiotics were used at the fol-
lowing concentrations (micrograms per milliliter): kanamycin,
50 or 100; chloramphenicol, 20; tetracycline, 50, nalidixic acid,
25, and cefotaxime, 20.

Construction of bacterial mutants.

Standard molecular biology techniques were used for all
cloning work. All primers used for cloning of DNA fragments
are listed in Supplementary Table S3. For the construction of
Bradyrhizobium sp. strain ORS278 mutants in the genes DD-
CPasel (BRADO4549), DD-CPase2 (BRADO3826), DD-CPase3
(BRADOG6583), and the Bradyrhizobium sp. strain ORS85 mu-
tant in the gene DD-CPasel (Brao285v1_1580075), 400- to 500-bp
internal fragments were amplified by polymerase chain reaction
(PCR) and were cloned into the plasmid pVO155-npt2-GFP. This
plasmid, which is nonreplicative in Bradyrhizobium strains, is a
derivative of the plasmid pVO155 (Oke and Long 1999), which
carries the promoterless gusA gene and a constitutively expressed
gfp gene (Okazaki et al. 2016). The pVO155 plasmid has been
used successfully for observing mutant phenotypes on plants in a
diversity of bacteria, including other rhizobia (Sinorhizobium and
Cupriavidius spp.), plant growth—promoting Burkholderia spp.,
pathogenic Xanthomonas spp., and others (Boulanger et al. 2014;
Onofre-Lemus et al. 2009; Remigi et al. 2014; Tian et al. 2012). Its
stability was verified and confirmed in the plant environment for at
least Xanthomonas species (Boulanger et al. 2014; Darsonval et al.
2008). The resulting plasmids were then transferred into E. coli
S17-1 strain to introduce the construction in ORS278 or ORS285
strains by mating, as previously described (Giraud et al. 2010). The
pVO155-npt2-GFP insertions in all constructed mutants were
stably maintained within the nodules in the absence of antibiotic

selection, because histological analysis by confocal microscopy of
nodules showed that, in all cases, the complete bacterial population
was GFP-positive, demonstrating the maintenance of the plasmid.
For the construction of the B. diazoefficiens USDA110 mutant
in the gene DD-CPasel (blr5156), the same insertional inactivation
strategy was applied, except that we used the nonreplicative
plasmid pSUP202pol4 that carries a tetracycline-resistance
gene (Fischer et al. 1993).

A deletion mutant of the DD-Cpasel gene in strain ORS278
was obtained as follows. The 750-bp upstream and downstream
regions of the DD-Cpasel gene were obtained by PCR. The two
regions were merged by sewing PCR and were cloned, first in
the pPGEM-T-easy vector (Promega Corp.) and, subsequently, in
pNPTS129 after BamHI/Kpnl liberation. This plasmid cannot
replicate in Bradyrhizobium spp., it carries the sacB gene that
induces bacterial death in the presence of sucrose and the
kanamycin-resistance gene (Tsai and Alley 2000). Single
recombinant clones were obtained by antibiotic selection and
were verified by PCR. Double recombinant clones were then
obtained by growth on sucrose without kanamycin addition.
Candidate clones were verified for the loss of kanamycin re-
sistance from the pNPTS129 plasmid, and the deletion of the
DD-CPasel gene was verified by PCR.

Stress assays.

A 4-day-old bacterial culture of ORS278 and the different
DD-CPase mutant derivatives in YM was washed and adjusted
to reach an optical density at 600 nm (ODggg) of 1. Bacterial
suspensions (2 ml) were then mixed with 100 ml of 42°C
prewarmed YM soft agar (0.8% agar), and 5-ml portions of
this mixture were poured on YM plates. Filter disks were
placed at the center of the plates, and aliquots (5 ul) of SDS
(10% wt/vol) were deposited on the disks. The diameters of
growth inhibition areas were measured after incubation for
5 days at 37°C.

For the NaCl resistance assay, the same bacterial suspensions
were used to inoculate YM liquid medium containing various
concentrations of NaCl. Bacterial growth was monitored by
following the increase in absorbance at 600 nm over time.

PGN extraction and analysis.

PGN extraction from bacterial cells was performed according
to conventional protocols (Garcia-Bustos and Dougherty 1987;
Girardin et al. 2003). Briefly, freeze-dried cells were suspended
in ice-cold water and were added drop-wise to boiling 8% SDS
and were then boiled for 30 min. After cooling to room tem-
perature, the SDS-insoluble material was collected by centrifu-
gation. The pellets were washed several times with water until no
SDS could be detected. Enzymatic treatments with o-amylase
and trypsin were performed in order to remove high-molecular
weight glycogen and covalently bound lipoprotein, respectively.
Additional sequential washes with 8 M LiCl, 0.1 M EDTA, and
acetone were carried out.

The isolated peptidoglycans were digested overnight with
the muramidase mutanolysin from Streptomyces globisporus
ATCC21553 (Sigma-Aldrich) in phosphate buffer (12.5 mM at
pH 5.3) at 37°C and under constant shaking. The samples were
boiled for 10 min to stop the hydrolysis, and insoluble con-
taminants were removed by centrifugation. The generated PGN
fragments were dissolved in 0.5 M sodium borate buffer (pH
9.0) and were incubated with sodium borohydride for 2 h at
room temperature. The excess borohydride was destroyed with
2 M HCI. The samples were desalted by using size-exclusion
chromatography and were adjusted to pH 3 to 4 with tri-
flouroacetic acid. Finally, the muropeptides were fractionated
by reverse-phase HPLC with an Agilent 1200 series HPLC
system on a 250- by 4.6-mm, 3-um C18 Hypersyl ODS column.
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The samples were eluted with a gradient from 50 mM to 75 mM
sodium phosphate, 15% methanol in 110 min. Elution was
monitored by measuring the absorbance at 206 nm. For the
identification of muropeptides, each peak of the HPLC profile
was collected, vacuum dried, desalted, and subjected to matrix-
assisted laser desorption-ionization time of flight to determine
the molecular mass of the components.

Plant cultivation, symbiotic analysis, and microscopy.

Two Aeschynomene species were used in this study, A. indica
(LSTM accession number 19) and A. afraspera (LSTM ac-
cession number 1). The seeds were surface-sterilized by im-
mersion in sulphuric acid under shaking for 45 min. Seeds were
abundantly washed with sterile distilled water and were incubated
overnight in sterile water. Seeds were then transferred for 1 day
at 37°C in the darkness on 0.8% agar plates for germination.
Plantlets were transferred on the top of test tubes covered by
aluminum paper for hydroponic culture in buffered nodulation
medium (BNM) (Ehrhardt et al. 1992). Plants were grown in a
28°C growth chamber with a 16-h-light and 8-h-dark regime and
70% humidity. Seven days after transfer, each seedling was in-
oculated with 1 ml of cell suspension resulting from a 5-day-old
bacterial culture washed in BNM and adjusted to reach an
OD6()() of 1.

The soybean (Glycine max Williams 82) seeds were cleaned
with 100% ethanol for 30 s and were sterilized with bleach
(1%) for 5 min. After several washes with sterile distilled water,
seeds were germinated on tap water-agar plates at 28°C for
3 days. Seedlings were then transferred to Magenta boxes filled
with BNM medium and were inoculated and grown as described
above for Aeschynomene spp. plants. Plants were watered with
BNM medium.

For nodulation and the nitrogen-fixation assay, 7 to 10 plants
per condition were taken at 14 or 21 dpi (in the case of
B. diazoefficiens and the DD-CPasel mutant tested on soybean
and A. afraspera) and were analyzed for the number of nodules
and nitrogenase activity, as previously described (Bonaldi et al.
2010). The experiments were carried out in duplicate.

For cytological analysis of the nodules, semithin sections
(30 to 40 um thick) were prepared using a vibratome
(VT1000S; Leica, Nanterre). Nodules elicited by the GFP-
tagged strains were analyzed as previously described (Bonaldi
et al. 2011). For the nodules elicited with the nontagged strains
(B. diazoefficiens and its derivative DD-CPasel mutant) the
nodule sections were incubated for 15 min in live/dead staining
solution and were analyzed as previously described (Okazaki
et al. 2016).

Bacteroid purification and cytometry.

Bacteroids were purified as described (Mergaert et al. 2006).
Purified bacteroids and bacteria in free-living state (exponential
phase) were fixed by heat treatment (70°C, 10 min), were fil-
tered through a 50 uM nylon membrane, and were stained by
50 pg of propidium iodide (PI) (Sigma Aldrich) per milliliter
before flow cytometry analysis. The bacteroid preparations and
similarly prepared suspensions of bacteria grown in culture
were analyzed by flow cytometry using a MoFlo ASTRIOS
flow cytometer (Beckman Coulter). The bacterial DNA content
was assessed by the PI fluorescence with a 561-nm laser line.
Each single event was recorded and analyzed with the FlowJo
10.0.6 software.
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