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Symbiotic nitrogen fixation by rhizobia in legume root nodules is a key source of nitrogen for sustainable agriculture. Genetic
approaches have revealed important roles for only a few of the thousands of plant genes expressed during nodule development
and symbiotic nitrogen fixation. Previously, we isolated >100 nodulation and nitrogen fixation mutants from a population of
Tntl-insertion mutants of Medigaco truncatula. Using Tnt1 as a tag to identify genetic lesions in these mutants, we discovered that
insertions in a M. truncatula nodule-specific polycystin-1, lipoxygenase, a-toxin (PLAT) domain-encoding gene, MtNPDI,
resulted in development of ineffective nodules. Early stages of nodule development and colonization by the nitrogen-fixing
bacterium Sinorhizobium meliloti appeared to be normal in the npd1 mutant. However, npdl nodules ceased to grow after a few
days, resulting in abnormally small, ineffective nodules. Rhizobia that colonized developing npd1 nodules did not differentiate
completely into nitrogen-fixing bacteroids and quickly degraded. MiNPDI1 expression was low in roots but increased
significantly in developing nodules 4 d postinoculation, and expression accompanied invading rhizobia in the nodule
infection zone and into the distal nitrogen fixation zone. A functional MtNPD1:GFP fusion protein localized in the space
surrounding symbiosomes in infected cells. When ectopically expressed in tobacco (Nicotiana tabacum) leaves, MtNPD1
colocalized with vacuoles and the endoplasmic reticulum. MtNPD1 belongs to a cluster of five nodule-specific single PLAT
domain-encoding genes, with apparent nonredundant functions.

Crop and pasture legumes inject ~50 million tons of
bioavailable nitrogen into agricultural systems annu-
ally by virtue of symbiotic associations with nitrogen-
fixing bacteria of the family Rhizobiaceae (Graham and
Vance, 2003). Symbiotic nitrogen fixation (SNF) in le-
gumes involves the development of a specialized or-
gan, the root nodule, which accommodates rhizobia
and facilitates the exchange of nutrients between the
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host and intracellular microbes (Udvardi and Poole,
2013). As a prelude to symbiosis, legume roots release
chemical signals (flavonoids) that induce the expression
of nodulation genes in soil rhizobia that are required for
the biosynthesis of lipochitooligosaccharide nodulation
factors (NFs), which in turn act as signals to the plant,
triggering biophysical, biochemical, and genetic re-
sponses that lead to nodule development and bacterial
invasion of root and nodule cells (Geurts and Bisseling,
2002). The infection process involves attachment
of rhizobia to root hair cells, root hair curling and
“entrapment” of bacterial microcolonies, dissolution of
the root hair cell wall, and invagination of the cell
membrane to form a tube-like structure, the infection
thread (IT), which enables rhizobia to enter the epi-
dermal and underlying cells of the developing nodule
primordium (Ardourel et al, 1994; Limpens et al,
2003). Rhizobia are eventually released from the IT
into individual plant cells via endocytosis, which leaves
them surrounded by a plant-derived membrane in cy-
toplasmic “organelles” called symbiosomes (Udvardi
and Day, 1997; Brewin, 2004; Udvardi and Poole,
2013). Thousands of symbiosomes are accommodated
in each infected host cell. Inside symbiosomes, rhizobia
undergo endoreduplication and differentiation into
nitrogen-fixing “bacteroids”. Medicago truncatula nod-
ules are generally cylindrical in shape and organized in
distinct developmental and functional zones. Starting
from the nodule apex, they include the meristematic
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zone of active cell division; the infection zone, where
rhizobia are released from ITs as symbiosomes; the
distal nitrogen fixation zone, where bacteria undergo
genome endoreduplication and elongation into func-
tional bacteroids; the active nitrogen fixation zone; and,
in older nodules, the senescence zone, where both
bacteroids and their host cells degenerate (Vasse et al.,
1990).

Nodule development and symbiotic metabolism are
complex processes that involve the coordinated ex-
pression of thousands of plant and bacterial genes.
Development of genetic and genomic resources for
model legumes such as M. truncatula and Lotus japoni-
cus has facilitated the discovery of some of the genes
that are essential to these processes (Benedito et al.,
2008; Sato et al., 2008; Tadege et al., 2008; Young
et al., 2011; Couzigou et al., 2012; Fukai et al., 2012;
Kryvoruchko et al., 2016; Sinharoy et al., 2016). Having
elucidated much of the NF signaling pathway and
many of the early steps preceding symbiosome release
into host cells (Oldroyd et al., 2011), interest has shifted
toward later aspects of symbiosis, including bacteroid
differentiation, maintenance, senescence, and nitrogen
fixation efficiency (Bourcy et al., 2013; Sinharoy et al.,
2013; Berrabah et al., 2014a).

Accumulating evidence supports the idea that the
host’s immune system and microbial signals play crit-
ical roles in triggering either symbiotic or pathogenic
responses (Berrabah et al., 2015). Transcriptomic stud-
ies revealed that defense mechanisms are induced
during the initial stage of symbiosis, but various factors,
including rhizobial exopolysaccharides and NFs, ap-
pear to repress host defense, ensuring successful in-
fection and massive colonization (Jones et al., 2008; Rey
et al., 2013; Cao et al,, 2017). However, at later stages,
defense mechanisms seem to be modulated rather than
completely repressed. In M. truncatula, terminal differ-
entiation of bacteroids involves inhibition of cell
division and genome endoreduplication, which limits
population growth, a process controlled by host defensin-
like, nodule-specific Cys-rich peptides (NCRs; Mergaert
et al., 2003, 2006). The bacterial differentiation A (BacA)
protein is required to counteract the toxic effects of NCRs,
and a bacA mutant does not survive in wild-type nodules
(Haag et al., 2011). To gain access to bacteroids, NCRs are
targeted to symbiosomes in a Defective in Nitrogen Fixation
(DNF1)-mediated process (Wang et al., 2010). Terminal
bacteroid differentiation and survival inside host cells has
been shown to be controlled by at least four other host
genes: DNF2, encoding a phosphatidylinositol phospho-
lipase C-like protein (Bourcy et al., 2013); Regulator of
Symbiosome Differentiation (RSD), encoding a C2H2 tran-
scription factor (Sinharoy et al., 2013); Symbiotic Cys-
Rich receptor-like Kinase (SymCRK), encoding a non-RD
receptor-like kinase (Berrabah et al., 2014a); and Nodules
with Activated Defense 1 (NAD1), encoding a small peptide
of unknown function (Wang et al., 2016).

Using a Transposable element of tobacco (Nicotiana
tabacum) cell type 1 (ITntl)-insertion mutant population
of M. truncatula, we previously isolated 179 symbiotic
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mutants (Pislariu et al., 2012). Only 39 of these were
found to harbor Tntl insertions in known symbiotic
genes. In other words, many of these symbiotic mutants
are likely to result from insertions in previously
uncharacterized genes. With the aim of uncovering new
genetic controls on bacteroid accommodation, we
screened several Tntl-insertion mutants with inefficient
nodules for flanking sequence tags (FSTs) in nodule-
specific genes. Here, we report the identification and
characterization of a previously unknown symbiotic
gene, MtNPD1, which encodes a protein with a single
polycystin-1, lipoxygenase, a-toxin (PLAT) domain and
is required for nodule development, accommodation of
rhizobia inside host cells, and nitrogen fixation.

RESULTS

A Symbiotic Mutant Impaired in Nodule Development
and Function

Starting with a collection of >100 symbiotic mutants
of M. truncatula (Pislariu et al., 2012), we characterized
in detail individuals of line NF4608, which exhibited a
nitrogen-deficient phenotype with stunted shoots,
chlorotic leaves that accumulated red pigment (proba-
bly anthocyanins), and small, white root nodules when
grown under low nitrogen in the presence of Sino-
rhizobium meliloti Sm1021 (Fig. 1, A and B). At 21 d
postinoculation (DPI), the average nodule number in
NF4608 mutants was 65 = 15, while wild-type plants
developed 25 *= 7 nodules per plant (n = 25 plants;
mean * sp; Fig. 1C). The average nodule length of
NF4608 mutants at 21 DPI (0.53 = 0.2 mm) was sig-
nificantly smaller than for the wild type (1.62 = 0.3 mm,
n = 25 plants, mean * sp; Fig. 1D).

To determine whether the reduced nodule size of the
mutants was caused by delayed nodule initiation,
slower nodule development, or premature senescence,
nodule sizes were compared at 6, 8, 10, 12, and 15 DPI
for NF4608 mutant and wild-type (R108) plants. The
onset of nodulation in NF4608 was synchronous with
that of the wild type, but nodules stopped growing at
8-10 DPI and lacked the pink coloration due to leghe-
moglobin, characteristic of wild-type nodules (compare
Supplemental Fig. S1, A-E and F-J). The symbiotic
phenotype of the mutant was assessed further, using as
inoculum S. meliloti strain Sm1021, which carries a
hemA:lacZ reporter gene. The 5-bromo-4-chloro-3-indolyl-
B-pD-galactopyranoside (blue)-staining of lacZ-expressing
rhizobia revealed that nodules of the mutant harbored
fewer rhizobia than those of the wild type from 8 DPI
onward (Fig. 1, E-]). Rhizobia were observed primarily in
the distal zone of mutant nodules at 10 DPI, with virtually
no rhizobia in the central zone of these nodules, in stark
contrast to the wild type (compare Fig. 1, G and ]). ITs in
NF4608 mutants appeared normal in most cases, al-
though occasional abnormalities were observed, such as
irregular proliferation inside root hairs and in the root hair
curl (compare Supplemental Fig. S1, K-M) or release of
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Figure 1. Symbiotic phenotype of the NF4608 mutant. A and B, Wild-type R108 (A) and NF4608 mutant (B) plants at 21 DPI with
S. meliloti strain Sm1021. C and D, Average nodule number and size in wild-type R108 (C) versus NF4608 mutants (D). Vertical
bars represent the s from measurements in 20 R108 and 35 NF4608 mutants. Asterisks indicate a significant difference compared
to the control, as determined using Student’s t test (P =< 0.01). E to ], Histochemical staining of S. meliloti Sm1021 carrying the
hemA:LacZ reporter in wild-type (E-G) and NF4608 mutants (H-)). The rhizobia stain blue. Shown are 50-um-thick slices from
nodules at 6 DPI (E and H), 8 DPI (F and 1), and 10 DPI (G and J). K, Schematic representation of the MINPDT gene structure
displaying exons in black, introns as a line, and the 5" and 3’ untranslated regions in gray. Tnt1 insertion sites in three independent
alleles are shown. Symbiotic phenotypes of wild-type (L) and three npd1 insertion alleles: npdi1-1 (M; NF4608); npd1-2
(N; NF6576); npd1-3 (O; NF9985) are shown. Scale bars = 1 cm (A and B), 50 um (E-J), 100 bp (K), and 1 mm (L-O).

rhizobia inside epidermal cells (Supplemental Fig.
SIN). At the nodule primordium stage (4 DPI), when
ITs had reached dividing inner cortical cells and started
to release rhizobia in the wild type (Supplemental Fig.
S10), some ITs appeared to be blocked in the outer cell
layers of the cortex or in the epidermis of the mutant
(Supplemental Fig. S1P).

A Tnt1 Insertion in a Nodule-Specific PLAT Domain Gene,
MtNPDI1, Is Responsible for the Symbiotic Defect

Genomic DNA extracted from leaves of NF4608
mutants was subjected to thermal asymmetric inter-
laced PCR followed by Sanger sequencing to retrieve
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genomic regions adjacent to Tntl insertion sites. Illu-
mina sequencing was also carried out. One FST from
NF4608 corresponded to a nodule-specific gene,
Medtr2g103303.1 (M. truncatula Gene Expression
Atla; Benedito et al., 2008). Gene annotations of ad-
ditional FSTs are shown in Supplemental Table S1.
A NF4608 symbiotic mutant was backcrossed with
wild-type R108 (BC,) and resulting F1 individuals were
self-fertilized to generate F2 seed (BC; F2). A total of 85
BC; F2 plants were analyzed for symbiotic phenotypes
and 61 displayed the wild-type, effective nitrogen fix-
ation (Fix") phenotype, while 24 plants exhibited an
ineffective (Fix ™) phenotype. This ratio (~3:1) indicated
that the Fix~ phenotype resulted from a monogenic,
recessive mutation (y? = 0.476; P =< 0.05). Mutant BC;
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F2 plants were backcrossed a second time with wild-
type R108, and segregation analysis of 70 plants in the
BC, F2 population yielded 19 Fix~ plants and 51 Fix*
plants, again consistent with an expected ratio of 3:1
(x* = 0.311; P = 0.005). Genotypic analysis using
primers specific to Medtr2¢g103303.1 (NPD1-ENTR-F
and NPD1-ENTR-R1) and Tntl (Supplemental Table
S2) was carried out on BC; F2 Fix* and Fix™ plants.
"ENTR" denotes that the NPD1 forward and reverse
primers were used to clone the MtNPD1 coding se-
quence into the pENTR-D-TOPO vector. Homozygous
Tntl insertions in Medtr2g103303.1 were always and
only found in Fix~ individuals, indicating a causal re-
lationship between the insertion in this gene and the
phenotype. Cloning and sequencing of PCR pro-
ducts spanning the site of the Tntl insertion in
Medtr2¢103303.1 confirmed insertion in the second
exon, 474 bp downstream of the ATG start codon
(Fig. 1K).

MINPD1 was cloned from complementary DNA
synthesized from R108 functional nodules and was
found to consist of three exons of 135 bp, 123 bp, and
243 bp, respectively (Fig. 1K). By aligning the cloned
MINPD1 coding sequence from R108 (MtNPD1_R108)
with the genomic region of MtNPD1 in M. truncatula
Jemalong A17 (Mt4.0v1; http:/ /www.medicagogenome.
org/) we found a few nucleotide mismatches and a 9-bp
nucleotide deletion in MINPD1_R108, shown in
Supplemental Figure S2, green line. Despite the observed
mismatches with the A17 reference genome (Mt4.0v1), the
coding sequence of the cloned MtNPD1 of R108 matched
perfectly with the R108 genomic sequence (R108 v0.95
genome assembly; http:/ /medicago.jcvi.org; Supplemental
Fig. S3).

gThe putative protein encoded by Medtr2¢103303.1
contains a signal peptide (SP) region (amino acid resi-
dues 1-21), as determined with the SignallP 4.1 tool
(Kalandadze et al., 1990) and a PLAT (also known as
lipoxygenase homology) domain (IPR001024; amino
acid residues 54-163), according to the National Center
for Biotechnology Information Conserved Domain
Search Tool (Marchler-Bauer et al., 2015). In light of its
nodule-specific expression pattern (Benedito et al.,
2008; He et al., 2009), we named the gene Nodule-
Specific PLAT Domain 1, MtNPD]1.

Two additional npdl mutant alleles were identified
by PCR screening of pooled DNA from the Medicago
Tntl-insertion mutant population, using nested gene-
specific primers NPD1-F2, NPD1-F3, NPD1-R4, and
NPD1-R6, and Tntl primers Tntl Fw (forward), Tnt1
Fin (forward inner), Tnt1 Rin (reverse inner), and Tnt1
Rev (reverse; Supplemental Table S2). Tnt1 was found
in the first exon, 46 bp downstream of the ATG start
codon in line NF6576, and, also in the first exon, 124 bp
downstream of ATG in line NF9985 (Fig. 1K). Addi-
tional FSTs from NF6576 and NF9985 are available
in the Medicago mutant database (http://medicago-
mutant.noble.org), and their IMGAG v4.0 annotations
are listed in Supplemental Table S1. Thus, three mutant
alleles of MtNPD1 were isolated: npdl-1 (NF4608),
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npd1-2 (NF6576), and npd1-3 (NF9985). Descendants of
all three mutant lines displayed identical defective
symbiotic phenotypes: reduced plant growth with su-
pernumerary, small, white nodules when inoculated
with S. meliloti Sm1021 and grown under nitrogen-
limited conditions (Fig. 1, L-O). Cosegregation analy-
ses in BC; F2 populations of the npdl-2 and npd1-3
mutants confirmed linkage between disrupted MtNPD1
and defective symbiosis.

In order to confirm that loss of NPD1 function
caused the aberrant symbiotic phenotype of the
npdl-1 mutant, roots of the mutant were trans-
formed with the wild-type MtNPD1 gene driven by
the constitutive Cauliflower mosaic virus 35S pro-
moter (p355:MtNPD1) and inoculated with rhizobia.
Green-fluorescent transgenic npd1-1 roots express-
ing both the MtNPD1 and GFP genes produced
fewer and larger nodules than transgenic roots of
npdl-1 expressing GFP but not MtNPD1 (Fig. 2).
Nodules on npdl-1 roots expressing wild-type
MtNPD1 were pink, in contrast to the white nod-
ules of the mutant (Fig. 2, C-F), and apparently ef-
fective, given the larger size and greenness of leaves of
the NPD1I-expressing plants (Fig. 2, A and B). Acetylene
reduction assays revealed a 10-fold increase in nitrogen
fixation capacity in MtNPD1-complemented npd1-1 roots
compared to npdl-1 roots transformed with the vector
control (Fig. 2G).

Although npd1 plants grew poorly when reliant upon
rhizobia as the primary source of nitrogen (Fig. 1), they
grew well, like the wild type, when supplied with suf-
ficient mineral nitrogen, as shown by plant appearance
(Supplemental Fig. S4A) and whole plant biomass
(Supplemental Fig. S4B).

SNF Is Impaired in All Three npd1 Mutants

Nitrogenase activity of nodulated npd1-1, npd1-2, and
npdl-3 mutant plants was assayed by measuring acet-
ylene reduction. Acetylene reduction (ethylene pro-
duction) was virtually nil at 15 DPI in each of the
mutants, in contrast to the wild type (Fig. 3A). To assess
nitrogen fixation at earlier time points, transcript levels
of the nitrogen fixation H (nifH) gene, which encodes
a nitrogenase subunit (Ruvkun et al., 1982), were
measured by quantitative PCR (qPCR), before inoc-
ulation and at 3, 6, and 10 DPI in the wild type and
the npd1-1 mutant. nifH expression was barely de-
tectable in npdl-1 at 10 DPI (Fig. 3B). Using an S.
meliloti strain carrying a nifH:GFP reporter gene, we
found that the nifH promoter was essentially silent in
15 DPI nodules of npdl-1, again in contrast to the
wild type, in which GFP fluorescence was observed
throughout the nitrogen fixation zone of nodules
(Fig. 3, C-F). NifH is an essential component of the
nitrogenase nifHDK enzyme complex, and lack of
expression of any one of the corresponding genes
could account for the absence of nitrogen fixation in
the npd1 mutants.
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Figure 2. Genetic complementation of the npd7-1 mutantby p35S:MtNPD1. R. rhizogenes-mediated transformation was used to
rescue the wild-type phenotype in the npd7-1 mutant by cloning the coding sequence of wild-type MtNPDT1 driven by the 35S
promoter into npd1-1 plants. A, C, and D, Images of npd1-1 plants transformed with an empty vector control. B, E, and F, Images of
npd1-1 plants transformed with p355:MtNPD1. Green fluorescence in D and F is given by the GFP marker in the complemen-
tation plasmid backbone and indicates transgenic roots. The white arrows point towards npd1-1 roots that failed to transform with
the vector control (D) and with the p35S:MtNPD1 construct (F). G, Acetylene reduction activity in whole nodulated roots from
10 composite plants transformed with the vector control (VC) and 11 npd1-1 plants transformed with p35S:MtNPD1. Vertical
bars represent the se. Photomicrographs in C to F were acquired with an Olympus SZX12 fluorescence stereomicroscope.

CDS = coding sequence. Scale bars = 1 mm.

MitNPD1 Is Required for Stable Accommodation and
Differentiation of Rhizobia

To gain further insight into the symbiotic defect in
npdl mutants, a thorough microscopic analysis of
nodules was carried out. Semithin 1-um sections of 12
DPI wild-type and npdl-1 nodules were imaged after
toluidine blue O staining (Fig. 4). Besides being smaller,
npdl-1 nodules did not display the successive devel-
opmental zones typical of young, functional, indeter-
minate nodules of Medicago: meristem, infection zone,
distal nitrogen fixation zone, and nitrogen fixation zone
(Fig. 4A). Instead, a wider infection zone was seen in
npdl-1 nodules, adjacent to which was a zone where
rhizobia appeared to be degraded (Fig. 4E). Higher-
magnification images of the infection zone showed
that rhizobia were released from ITs in npd1-1 plants
but few plant cell layers were filled with symbiosomes,
in contrast to wild-type nodules (compare Fig. 4, B and
F). Furthermore, misshapen vacuoles and nuclei were
observed in cells of the infection zone proximal to the
root, and into the junction with the senescence-like zone
in the npd1-1 mutant. Rhizobia remained smaller and
less elongated in the npdl-1 mutant than in symbio-
somes of the wild type (Fig. 4F). In contrast to the wild
type (Fig. 4, C and D), npd1-1 nodule cells of the
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infection zone proximal to the root had aberrant cellular
organization with disintegrated symbiosomes, nuclei,
and vacuoles (compare Fig. 4, C and D with Fig. 4, G
and H).

Nodule sections were also viewed with a confocal
microscope after staining DNA with the fluorescent dye
Syto13 and cell walls with calcofluor white. In contrast
to wild-type R108 nodules that were largely occupied
by infected cells packed with green fluorescent Syto13-
stained bacteria, npd1-1 nodules harbored bacteria only
within a narrow strip of cells in the infection zone
(Supplemental Fig. S5, A and B). The bulk of npdl-
1 nodule tissue was occupied by cells virtually devoid
of rhizobia. Furthermore, in contrast to the wild-type,
green fluorescence from host cell nuclei was not visible
in all npd1-1 nodule cells (Supplemental Fig. S5, C
and D).

Transmission electron microscopy was used to ex-
amine the ultrastructure of 12 DPI nodules of npd1-
1 and the wild type. Infected cells of the invasion zone
contained newly released rhizobia, which appeared to
have normal morphology in the npd1-1 mutant (Fig. 5, A
and B). Plant cell nuclei and nucleoli were clearly
discernible in both wild-type and npdl-1 plants. Al-
though symbiosomes had comparable morphology in
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Figure 3. Rhizobia in three npdT mutants do not fix nitrogen. A, An
acetylene reduction assay was carried outat 15 DPl on whole nodulated
roots of the wild type (R108) and mutants of three independent npd1
insertion alleles: npd7-1 (NF4608), npdi-2 (NF6576), and npdi-3
(NF9985). Representative photos of nodule phenotypes are depicted
above each bar. Data represent mean values measured in 37 R108
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the mutant and wild type, some exhibited expansion
of the symbiosome space (Fig. 5B, black arrowheads).
Within two to three cell layers proximal to the invasion
zone, bacteria in npdl-1 plants were elongated, but
not to the degree typical of terminally differentiated
bacteroids (compare Fig. 5, C and D). Some npdl-
1 symbiosomes accumulated dark, electron-dense
material, while plant cell nuclei exhibited unusual
texture (Fig. 5D). Cellular debris and symbiosomes
lacking bacteroid content were observed in cells of
the senescence-like zone (Fig. 5D, bottom). Bacteria/
symbiosomes exhibited a radial distribution in cells of
the wild type but not those of npd1-1 nodules (Fig. 5,
C and D).

A dual staining method was used to probe the via-
bility of rhizobia in nodules at 8 and 10 DP], as previ-
ously described (Haag et al., 2011). Freshly harvested
wild-type (R108) and npdl-1 nodules were sliced into
100-um sections and immediately stained with a mix-
ture of two fluorescent nucleic acid dyes: Syto9
(@ membrane-permeable green-emitting dye) and
propidium iodide (PL; a membrane-impermeable red-
emitting dye). Nodule sections were imaged by confo-
cal microscopy. At 8 DPI, bacteroids in both wild-type
and npd1-1 nodules stained green, indicating uptake of
Syto9 but not PI (Supplemental Fig. S6, A, B, E, and F).
However, at 10 DPI, only two to three cell layers of the
invasion zone contained green rhizobia in npdI-1 nod-
ules, while bacteria throughout wild-type nodules
stained green (Supplemental Fig. S6, C, D, G, and H).
Proximal to the band of two to three cells with green-
stained rhizobia in npd1-1 nodules were two to three
cell layers in which rhizobia stained red, indicating PI-
permeable symbiosome and bacterial membranes
(Supplemental Fig. S6, G and H). Infected cells closer to
the central part of npdI-1 nodules failed to stain with
either Syto9 or PI, presumably because bacteria had
disintegrated at this point (Fig. 5D; Supplemental Fig.
S6 H). Interestingly, some bacteria within ITs of npd1-
1 also stained with PI, indicating that the structural
integrity of the IT and/or bacterial membranes were

plants, 40 npdi-1 plants, 45 npd1-2 plants, and 49 npd1-3 plants. As-
terisks indicate significant differences between the wild type and mu-
tants. ****P < 0.0001. B, Rhizobial nifH gene expression was assessed
by RT-gPCR during a nodule developmental time course (0, 3, 6, and 10
DPI). Green bars indicate relative expression of transcripts in the wild
type, and orange bars indicate relative gene expression in the npd7-
7 mutant. Asterisks indicate a significant difference between R108 and
npdi-1. **P < 0.01. In A and B, vertical bars indicate the st and sig-
nificant difference is based on one-way ANOVA tests with correction for
multiple comparisons. Bar graphs and statistical analyses were carried
out using Prism 7 (GraphPad). C to F, Images of wild-type (C and D) and
npd1-1 mutant nodules (E and F) inoculated with Sm1022 carrying the
nifHp: GFPreporter. Bright-field images (C and E) are juxtaposed against
images with NifH gene expression visualized as GFP fluorescence (D
and F). Images were acquired using an Olympus BX41 microscope
equipped with an Olympus DP72 camera, using bright-field and GFP
channel settings. Scale bars = 1 mm (A) and 100 um (C-F).
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Figure 4. MINPD1 is required for the accommodation of rhizobia inside host cells. Longitudinal, 1 um-thick sections of 12 DPI
R108 (A to D) and npd1-1 (E to H) nodules were stained with toluidine blue O. A and E, images show the different zones in wild-
type (A) and mutant (E) nodules. Other images correspond to cells in the proximal infection zone (B and F; INF) and the distal
nitrogen fixation zone (C; dFIX) in the wild type, infected cells in the junction area between the infection zone (INF) and the
senescence zone (SEN) in the npd7-7 mutant (G), infected cells in the nitrogen fixation zone (FIX) in the wild type (D), and
infected cells in the senescence-like zone (SEN) in the npd1-1 mutant (H). N, nuclei; IC, infected cell; UC, uninfected cell; MER,
meristem.. Asterisks, vacuoles; arrowheads, nucleoli; arrows, ITs; ¥, newly released rhizobia; %, differentiated rhizobia. Scale

bars = 100 um.

compromised even at this early stage of the symbiosis
(Supplemental Fig. S6 H).

Taken together, microscopic examination of nodules
of the npdl mutants and wild-type R108 indicated that
MtNPDL1 is required to maintain viable rhizobia bacte-
ria within host cells.

The Symbiotic Phenotype of npd1 Mutants Is
Strain Dependent

While conducting nodulation assays on npdl-1 and
npd1-2 mutants using S. meliloti strains Sm2011 or
Sm1021 as inocula, we noticed striking differences in
the appearance of mutant nodules. When inoculated
with Sm1021, npd1-1 nodules were small and white
(Figs. 1-3 and 6A; Supplemental Figs. S1 and S4A).
However, when inoculated with Sm2011, mutant nod-
ules were small and accumulated dark brown material
(Fig. 6B). Histochemical staining of 1-um sections of
wild-type R108 and npd-1-1 nodules with potassi-
um permanganate showed that the brown material in
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Sm2011-containing npd1-1 nodules was probably phe-
nolic in nature (Supplemental Fig. S7, C and D). To
further explore the strain-dependent phenotype, ho-
mozygous npdl-1 plants were inoculated with two
additional strains, SmABS7 and Rm41. When inocu-
lated with SmABS7, npdl-1 plants developed mostly
small, brown nodules, although a few large, pink
nodules also developed (Fig. 6C). In contrast to all other
strains, Rm41 rhizobia induced the development of
large, pink nodules on npd1 mutants (Fig. 6D). The total
number of nodules and the number of pink nodules
that developed on npd1-1 mutants after inoculation
with Rm41 rhizobia were higher than on wild-type
plants, as was the associated shoot biomass (Fig. 6,
E and F).

MtNPD1 Belongs to a Cluster of Five Nodule-Specific
PLAT Domain-Encoding Genes

A BLAST search of the M. truncatula A17 genome, using
the MtNPD1 genomic sequence (http:/ /medicago.jcvi.org)
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yielded 13 homologous genes (Supplemental Table S3).
Nine of these are annotated as “embryo-specific pro-
tein”, and four others are annotated as “PLAT-plant-
stress protein” (Mt4.0v1; Young et al., 2011; Tang et al.,
2014). The Medicago Gene Expression Atlas was used
to determine the expression patterns of these genes
in various plant organs and treatments (http://
mtgea.noble.org/v3/). Five of these genes were found
to be nodule specific: Medtr2g103303 (MtNPD1, de-
scribed in this work), Medtr2¢103307, Medtr2¢103313,
Medtr2¢103330, and Medtr2¢103360, corresponding to
Affymetrix probe sets Mitr.49594.1.51 at (MtNPDI),
Mtr.20161.1.51_at, Mitr.49593.1.51_at, Mtr.49590.1.51_at,
and Mtr.49589.1.51_at, respectively (Supplemental Fig. S8).
In light of their nodule-specific expression, we propose
renaming these as Nodule-Specific PLAT Domain genes
(MtNPD1 to MtNPD)5). Notably, all five genes are located
on chromosome 2, within a 30-kb region (Supplemental
Fig. S9).

Proteins containing a PLAT domain and lacking
other functional domains are common in plants
(Supplemental Table S4). Forty representative proteins
from plants (highlighted in Supplemental Table S4),
including all 13 Medicago proteins, were used to gen-
erate an unrooted maximume-likelihood phylogenetic
tree, using phylogeny based on maximum likelihood
and the Le and Gascuel substitution model (Geneious
10.2.5; Fig. 7; Le and Gascuel, 2008). MtNPD1 groups

Plant Physiol. Vol. 180, 2019
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Figure 5. Bacteroids in npd7 mutants disinte-
grate before they fully differentiate. Transmis-
sion electron microscopy images were
acquired from 12 DPI wild-type (A and C) and
npd1-1 nodules (B and D). Photomicrographs
represent the infection zone (A and B), the
distal nitrogen fixation zone in the wild type
(0), and the junction between the proximal
infection zone and the senescence zone in the
npd1-1 mutant (D). White arrowhead, rhizobia
being released; black arrowheads, symbio-
somes with enlarged symbiosome space; dotted
arrows, electron-dense material in symbio-
somes; solid arrow, IT; N, nucleus; n, nucleolus;
V, central vacuole. Scale bars = 10 um.

together with all nodule-specific Medicago PLAT pro-
teins and with an uncharacterized L. japonicus protein
(Lj_I3SN54) that is expressed in nodules and flowers
(Probeset chr3.TM0916.11.2_at in the Lotus japonicus
Gene Expression Atlas, https://ljgea.noble.org).
The Medicago PLAT-plant-stress proteins (MtPLATS5,
MtPLAT6, MtPLAT7, and MtPLATS) belong to a
subgroup that includes the Arabidopsis (Arabidopsis
thaliana) PLAT-domain proteins AtPLAT1, AtPLAT?2,
and AtPLAT3 (Hyun et al.,, 2014). Other known
PLAT-domain proteins included in the tree are the
Capsicum annuum tobacco mosaic virus-induced
clone 1 (Shin et al., 2004) and C. annuum pathogen-
induced protein 2 (Lee et al., 2006).

Induction of MtNPD1 Expression Accompanies Early
Infection Events

According to the Medicago Gene Expression Atlas
(MtGEAvV3), MtNPD1 is expressed exclusively in nod-
ules. MtNPD]1 transcript levels were 1,000-fold higher
in 4 DPI nodulated roots than in roots at 0 DPI, and
nearly 1,500-fold higher in 10 DPI nodules than in 0 DPI
roots (Benedito et al., 2008; He et al., 2009).

To extend the MtGEA data, reverse transcription
qPCR (RT-gPCR) analysis was conducted on RNA
isolated from symbiosis-competent root segments (for
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Figure 6. The symbiotic phenotype is strain dependent in the npd7-7 mutant. A to D, Wild-type (R108) and npd1-T1 plants were
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each combination of genotypes. Two biological replicates were carried out. For E and F, vertical bars represent the se. Asterisks
indicate a significant difference between npd7-7 and R108 shoot biomass, as determined using Student’s ttest. **P =< 0.01. Scale

bars = 1 mm.

early time points) and nodules (for later time points) of
wild-type R108. MtNPD1 transcripts increased signifi-
cantly by 6 DPI (5,250-fold higher than in uninoculated
roots) and reached a peak at 8 DPI (8,370-fold higher
than in uninoculated roots; Fig. 8A). To gain spatial
resolution, mature, 28 DPI wild-type A17 nodules were
hand-sectioned into five developmental zones: the
meristem, the infection zone, the distal nitrogen fixation
zone, the nitrogen fixation zone, and the senescence
zone, and MtNPD]1 transcripts were measured by RT-
qPCR. MtNPD1 transcript levels were highest in the
nodule apex (meristem and infection zone; Fig. 8B).

In order to visualize MtNPD1 expression in situ, an
MINPD1 promoter-GUS (pMtNPD1:GUS) fusion con-
struct containing 1,321 bp of sequence upstream of the
start codon was transformed into Medicago R108 roots
via Rhizobium rhizogenes. Composite plants were inoc-
ulated with Sm1021 expressing the hemA:lacZ reporter.

1488

In unfixed mature nodules (15 DPI), brief staining for
B-galactosidase showed that MtNPD1 expression was
highest at the nodule apex and extended into the
distal nitrogen-fixation zone (Supplemental Fig. 510).
MINPD1 promoter activity was evident as early as 4
DPI in nodule bumps, including in epidermal cells
containing ITs (Fig. 8, C and D). At 7 DPI, most activity
was found in the nodule bump meristem and infection
zone, as well as in patches of the outer cortex proximal
to ITs (Fig. 8E). Because at 7 DPI accumulation of
MINPDI1 transcripts may have been masked by the
magenta-Gal staining of rhizobia, to facilitate visuali-
zation of MtNPDI expression at 10 DPI, only GUS
staining was carried out. At 10 DPI, GUS activity was
observed in the infection zone and also in infected cells
(Fig. 8F). Taken together, these results indicated that
MINPD1 expression was active during the infection
process and in infected cells.

Plant Physiol. Vol. 180, 2019
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Figure 7. MtNPD1 belongs to a nodulation-specific clade of PLAT single-domain proteins. Full-length amino acid sequences of
40 plant PLAT domain proteins were aligned with ClustalW, and an unrooted maximum-likelihood phylogenetic tree was
generated using PhyML and the LG substitution model (Geneious 10.2.5; Le and Gascuel, 2008). Numbers at branch nodes
represent confidence values from 1,000 bootstrap replicates and indicate tree robustness. The scale bar represents the number of
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(Mt4.0v1; http://jcvi.org/medicago/). Proteins that have not previously been characterized are labeled with the two-letter species
designation followed by the UniProt identifier. The nodule-specific clade is highlighted in red; the clade of proteins involved in
biotic and abiotic stress response is highlighted in green, and the monocot clade is highlighted in blue. Bold fonts highlight
MtNPD1. Asterisks mark proteins that have previously been described.

Dependence of MtNPD1 Expression on Plant and Bacterial
Symbiotic Genes

MtNPD1 expression was measured in nodules of
various Medicago defective in nitrogen fixation mutants
(dnfl to dnf7; Mitra and Long, 2004; Starker et al., 2006;
Pislariu and Dickstein, 2007; Wang et al., 2010), and in
the Interacting Protein of DMI3 (ipd3; TE7) nodules, in
which rhizobia are rarely released from deformed, hy-
pertrophic ITs (Benaben et al., 1995; Horvath et al.,

Plant Physiol. Vol. 180, 2019

2011). MtNPD1 was expressed in nodules of all dnf
mutants, albeit at lower levels than in wild-type R108
nodules at 10 DPI (Fig. 9A). In contrast, MtNPD1 was
not expressed in ipd3 (TE7) nodules at 10 DPL
MINPD1 gene expression was also measured in wild-
type nodules elicited by three rhizobial mutants of
strain 1021: an exopolysaccharide (exoA) mutant that is
defective in the synthesis of exopolysaccharide EPS I
and fails to be released from ITs inside nodule pri-
mordia (Leigh et al., 1985; Mitra and Long, 2004); a bacA
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Figure 8. Spatiotemporal expression of MtNPD1. A, MtNPD1 expression during a nodule development time course was measured
by RT-qPCR. Nodulation-susceptible zones were used at 0 DPl and at 2 and 4 DPI (after inoculation with Sm1021). Samples at6 to 21
DPI represent nodules dissected out of the roots. B, MtNPD1 expression was also measured by RT-qPCR in the following hand-
dissected nodule zones: the meristem (MER), the infection zone (INF), the distal nitrogen fixation zone (dFIX), the nitrogen fixation
zone (FIX), and the senescence zone (SEN). RT-gPCR measurements were carried out on three biological replicates. C to F,
pMIENPD1:GUS expression was observed in composite M. truncatula roots and nodules at 4 DPI (C and D), 7 DPI (E), and 10 DPI (F).
Arrowheads point toward ITs. GUS coloration for promoter activity is blue. S. meliloti Sm1021 carrying the hemA:LacZ reporter was
used for inoculation. Bacteria are seen as magenta precipitate in C to E, following histochemical staining for 8-galactosidase activity.
In F, only GUS coloration is shown. GUS and LacZ staining were carried out on whole roots. Images in C to E represent whole root
mounts and that in F is a 50-um-thick section. Scale bars = 100 wm. Error bars in A and B represent the mean = st. ****P < 0.0001,
one-way ANOVA test followed by the Tukey posttest for multiple comparisons. Comparison is with 0 DPI.

mutant that is defective in differentiation into nitrogen-
fixing bacteroids (Glazebrook et al., 1993; Oke and
Long, 1999); and fix]/, which is a response regulator
mutant that is released in infected cells and differenti-
ates into nitrogen-fixing bacteroids, but undergoes
early senescence (David et al.,, 1988, Oke and Long,
1999). MtNPD1 was not expressed in nodules contain-
ing the exoA mutant at 10 DPI, but it was expressed in
nodules containing bacA and fix] mutants at levels
slightly lower (fix]) or considerably lower (bacA) than in
nodules containing wild-type rhizobia (Fig. 9B).

In addition to nifH expression (see Fig. 3B), relative
transcript levels of two more bacterial genes were
measured during a nodulation time course in wild-type
and npd1-1 plants: nifA, which encodes a regulator of
nitrogenase gene expression (Beynon et al., 1988), and
bacA, which is required for bacterial survival inside
infected cells (Haag et al, 2011). Similar to nifH
(Fig. 3B), transcripts of nifA were extremely low in 10
DPI npd1-1 nodules, while bacA transcript levels were
similar in 10 DPI npd1-1 mutant and wild-type nodules
(Supplemental Fig. S11).

Intracellular Localization of MtNPD1

The coding sequence of MtNPD1 was fused to that of
GFP and expressed in transformed root nodules of
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Medicago under the control of the MtNPD1 promoter
(pMtNPD1:MtNPD1:GFP). Free GFP driven by the
MINPD1 promoter was used as a control and was
found to accumulate in the nodule apex and in infected
cells, consistent with the pattern of GUS activity
resulting from pMtNPD1:GUS expression in transgenic
nodules (Fig. 10, A and B; Supplemental Fig. 510). We
found that the pMINPDI1:MtNPDI1:GFP construct
complemented the symbiotic defect of the npd1-1 mu-
tant, increasing acetylene reduction activity and ame-
liorating N-deficiency symptoms (Supplemental Fig.
512, A-C). In MtNPD1:GFP-complemented npd1 nod-
ules, green fluorescence was detected predominantly in
the nodule infection zone, where rhizobia are released
into host cells, and in infected cells of the distal nitrogen
fixation zone (Fig. 10 C). In infected cells, MtNPD1:GFP
fluorescence was observed in close proximity to sym-
biosomes (Fig. 9, D-F). Red fluorescent signal from
Sm1021-mCherry rhizobia did not seem to overlap with
the MtNPD1:GFP signal.

To gain further insight into the subcellular localiza-
tion of MtNPD], a red fluorescent protein (RFP) fusion
construct driven by the 355 promoter was coexpressed
with organelle markers in tobacco leaves (Supplemental
Fig. 513, A-D). MtNPD1:RFP was observed as puncta of
various sizes, which, for the most part, overlapped with
the endoplasmic reticulum (Supplemental Fig. S13 B).
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Figure 9. Relative expression of MtNPD1 in Fix~ nodules. Measure-
ment of the relative MENPDT transcript level was done in 10 DPI Fix~
nodules from mutant plants with defects in plant genes (A) and bacterial
genes (B). Column heights correspond to mean values from three in-
dependent biological replicates. Asterisks indicate comparison with
wild-type (R108) nodules. Error bars show the se. **P < 0.005; ****P <
0.0001; one-way ANOVA test with correction for multiple comparisons.

Some MtNPD1 puncta colocalized with vacuoles, sug-
gesting that vacuolar-like compartments may be the fi-
nal destination of MtNPD1 (Supplemental Fig. S13 A).
No colocalization was observed with Golgi stacks, sug-
gesting that MEINPD1 might belong to a Golgi-independent
secretory pathway (Supplemental Fig. 513 C).

DISCUSSION

The npd1 mutant described here is a novel symbiotic
mutant characterized by arrested nodule development
at an intermediate stage, altered nodule zonation, ac-
tivated defense responses, and an inability of rhizobia
to differentiate fully and fix nitrogen. After being re-
leased from ITs, rhizobia in developing npdl nodules
elongated somewhat, but failed to differentiate into
functional, nitrogen-fixing bacteroids, as demonstrated
by cytological analyses and impaired acetylene reduc-
tion (Figs. 1, 3, 4, and 5). Furthermore, rhizobia were
degraded sooner in npdl than in wild-type nodules
(Figs. 4 and 5; Supplemental Figs. S5 and S6). In
the infection zone, adjacent to the layer of cells con-
taining newly released symbiosomes, plant cells har-
bored symbiosomes with enlarged symbiosome spaces
around bacteria (Fig. 5B), suggesting that senescence
can be induced very early during the infection process

Plant Physiol. Vol. 180, 2019

NPD1 Controls Persistence of Rhizobia in Nodules

in npdl mutants. In Figure 5D, a more mature, fully
infected cell harboring fairly normal symbiosomes is
seen adjacent to a cell with signs of apoptosis (chro-
matin condensation, nuclear shrinkage, and fragmen-
tation debris), in which distorted bacteroids contain
electron-dense material. These findings suggest that
senescence can be induced at different developmental
stages in the npd1 mutant. Symbiosome remnants were
observed as empty structures with a visible peribacte-
roid membrane (PBM; Fig.. 5D, bottom; Supplemental
Fig. S14). The nature of the electron-dense granules
observed in these cells is not known, but similar struc-
tures have been observed in ineffective wild-type
nodules containing nif mutant strains of R. meliloti
(Hirsch et al., 1983).

An accumulation of brown pigment, illustrating
plant defense responses and premature nodule senes-
cence, has been reported in several SNF mutants, in-
cluding numerous infections and polyphenolics/lateral
root-organ defective (nip/latd), does not fix nitrogen (dnf2),
symbiotic cysteine-rich receptor-like kinase (symcrk), requ-
lator of symbiosome differentiation (rsd), and nodules with
activated defense 1 (nadl) mutants (Veereshlingam et al.,
2004; Bourcy et al., 2013; Sinharoy et al., 2013; Berrabah
et al., 2014a; Wang et al., 2016). Based on the observed
phenotypes, we can group npd]l mutants most closely
with rsd and nad1 mutants (Sinharoy et al., 2013; Wang
et al., 2016). These three mutants exhibited underde-
veloped, round nodules devoid of distal nitrogen-
fixation and nitrogen-fixation zones, with signs of
early senescence. In contrast, dnf2 and symcrk nodules
elongated nearly as much as those of the wild type and
contained a nitrogen-fixation zone, which was nar-
rower in dnf2 than in symcrk (Berrabah et al., 2014a,
2014b). Both dnf2 and symcrk mutants displayed early
nodule senescence, although the onset of senescence
occurred later than in npdl, rsd, and nadl mutants. All
of these mutants accumulated brown material, indica-
tive of defense responses. The expression profiles of
these five genes during nodule development are simi-
lar, although relative expression levels vary, with
transcript levels high for MtNPD1 and low for NAD1
(Supplemental Fig. S15; Benedito et al.,, 2008). It is
possible that MtNPD1, DNF2, RSD, NAD1, and/or
SymCRK are involved in the suppression of plant de-
fense, although their involvement in stabilizing sym-
biosis may be indirect.

Differentiation of rhizobia into nitrogen-fixing bac-
teroids in Medicago is controlled by hundreds of nodule-
specific Cys-rich peptides (NCRs) that are delivered
through the endoplasmic reticulum secretory pathway
(Vande Velde et al., 2010; Wang et al., 2010). A common
fate of incompletely differentiated rhizobia is degra-
dation. Recently, two NCRs required for bacterial sur-
vival in nodules have been identified: DNF4 (NCR211;
Kim et al., 2015) and DNF7 (NCR169; Horvéth et al.,
2015). Although dnf4 and dnf7 mutant nodules remain
small, they differ from those of npdl in a number of
respects: they do not accumulate brown compounds;
they proceed further in development and bacteroid
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Figure 10. MtNPD1:GFP fusion driven by the native promoter localizes to the space surrounding symbiosomes in nodule
infected cells. Transgenic nodules were harvested at 15 DPI, hand-sliced longitudinally, and immediately observed using a
confocal laser scanning microscope. Images were acquired by sequential scanning using green and red fluorescence channels. A
and B, GFP fluorescence driven by the MtNPD1 promoter in R108 transgenic roots, used as a control. Accumulation of MtNPD1
transcripts can be seen in the infection zone and in infected cells. The close-up image (B) shows a high level of MINPD1 promoter
activity in the infection zone. C to F, Fluorescence of GFP fused to the C terminus of MtNPD1, driven by the native promoter, in
complemented nodules of the npd7-1 mutant. A and C represent overlays of GFP and transmitted light images. Red fluorescence
in B, E, and F is from Sm1021 rhizobia carrying the mCherry reporter plasmid. (C and D) MtNPD1p:MtNPD1:GFP; (E) mCherry
rhizobia; (F) Merge of D and E. Scale bars = 100 um (A and C), 20 um (C), and 10 um (D to F).

differentiation; and they have normal nodule zonation,
although the longevity of functional bacteroids in the
nitrogen fixation zone is compromised (Horvéth et al.,
2015; Kim et al., 2015).

Developmental senescence in nodules and the asso-
ciated degradation of bacteroids typically occur be-
tween 5 and 11 weeks after nodule inception. Brown
pigmentation is usually not observed in senescing wild-
type nodules (Van de Velde et al, 2006). Instead,
the senescence zone is greenish, due to bilirubin accu-
mulation resulting from leghemoglobin breakdown
(Lehtovaara and Perttild, 1978). Degradation of rhizo-
bia in npd1 nodules began around 8 DPI, just before
nitrogen fixation would normally start (Sinharoy et al.,
2013). Thus, the early onset of nodule senescence in
npdl mutants presumably occurred via another mech-
anism (or mechanisms). Marked cellular differences
between developmental and stress-induced nodule se-
nescence in Medicago have been previously reported in
Pérez Guerra et al. (2010). According to Pérez Guerra
et al. (2010), some of the most distinct features of stress-
induced senescence are condensation of the bacteroid
content and symbiosome space enlargement, followed
by complete bacteroid degradation, with persistence of
the PBM. By contrast, in developmental senescence,
symbiosomes undergo complete disintegration, with no
visible PBM in transmission electron micrographs. The
npd1 phenotype most closely resembles stress-induced
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senescence due to its premature onset and PBM persis-
tence after bacteroid degradation (Fig. 5; Supplemental
Fig. 514).

An apparently unique feature of the npdl mutant is
its strain-dependent symbiotic phenotype. All npdl
mutant nodules harboring strain Sm1021 were small,
round, and white, while all nodules occupied by strain
Sm2011 accumulated brown material of a phenolic
nature (Fig. 6, B and E; Supplemental Fig. S7, C and D).
Strain SmABS? elicited a mixture of pink and brown
nodules on the npdl mutant, while strain Rm41 trig-
gered the development of only large, pink, and more
numerous nodules than in the wild type (Fig. 6, C-E).
Most surprising was the observation that npd1 plants
harboring Rm41 rhizobia produced higher shoot bio-
mass than the Rm4l-inoculated wild type (Fig. 6F).
These findings suggest that MtNPD1 can have a nega-
tive effect on nodulation and SNF, depending on the
bacterial strain. Previously, it was reported that, similar
to the wild type, the dnf2 mutant grown on agarose or
Phytagel plates developed nitrogen-fixing nodules
(Berrabah et al., 2014a). When a plant defense elicitor
was added to these growth substrates, Fix nodules
developed, demonstrating that variations in growth
conditions can dramatically modulate nodule develop-
ment and nitrogen fixation. The distinct, strain-dependent
phenotypes of npd1 mutants suggest that MINPD1 may
be a modulator of plant immunity during nodulation and
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an important determinant of symbiotic specificity.
Bacterial NFs, surface exopolysaccharides, and secreted
proteins all have been shown to control specificity in
legume-rhizobia symbioses (Lerouge et al., 1990; Jones
et al., 2007), but less is known about host specificity
determinants. In Lotus, the LysM domains of NF re-
ceptor proteins (NFR1 and NFR5) have been shown to
mediate the symbiotic host range (Radutoiu et al., 2007).
The soybean Rj2 gene encoding a Toll/interleukin-1 re-
ceptor /nucleotide-binding site/Leu-rich repeat class of
proteins has been shown to restrict nodulation by a
group of Bradyrhizobium japonicum strains (Yang et al.,
2010). The Nitrogen fixation specificity 2 gene encoding an
NCR peptide was recently shown to act as a negative
regulator of symbiotic persistence in a strain-specific
manner in M. truncatula (Wang et al., 2017). In wild-
type Medicago, when MtNPDI is expressed at normal
levels, the host permits entry and accommodates various
rhizobial strains, possibly due to a role of MtNPD1 in
suppressing host defense. Nonetheless, different rhizo-
bial strains nodulate wild-type R108 with various de-
grees of efficiency, as shown by the differences in nodule
numbers and nodule categories among the three tested
strains (Fig. 6, E and F). Without MtNPD1, npd1 mutants
appear to be more selective of symbiotic partners,
mounting defense responses against some strains (e.g.
Sm2011 and Sm1021), while favoring others (Rm41 and
SmABS?). Future work on the functional characteriza-
tion of MtNPD1 will enable a better understanding of its
putative role in host-strain specificity.

MtNPD1 expression was induced very early during
the infection process (Fig. 8; Supplemental Figs. S8 and
510). MtNPD1 was expressed in infected root hair cells
and accompanied bacterial infection within nodule
primordia. The in situ expression pattern of a promoter-
GUS fusion is in agreement with the early onset of
MtNPD1 expression, as shown by a time course of
nodule development and in dissected nodule zones
(Fig. 8, A and B). In nitrogen-fixing nodules (10 DPI),
MtNPD1 is expressed in both the infection zone and the
nitrogen-fixation zone, in agreement with tran-
scriptomic data generated from laser-capture micro-
dissected nodule tissue (Limpens et al., 2013; Roux
et al., 2014).

MINPD1 was not expressed in mutant nodules in
which rhizobia were not released from ITs, such as
those of the TE7 (ipd3) mutant, or in wild-type nodules
infected by exoA mutant rhizobia (Fig. 9). On the other
hand, MtNPD1 was expressed in nodules in which
rhizobia were released but did not differentiate fully, as
in the dnfl to dnf7 mutants, and also in wild-type nod-
ules infected by bacA (defective in terminal differenti-
ation) and fix] mutant rhizobia (which differentiate into
nitrogen-fixing bacteroids but undergo early senes-
cence). The expression pattern of MtNPDI1 in various
mutant nodules recapitulates, to a large extent, that of
RSD, which is also indispensable for bacteroid differ-
entiation and nitrogen fixation, and for delaying the
onset of stress-induced senescence (Sinharoy et al.,
2013). Taking into account the nodule phenotypes and
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expression pattern of MtNPD1 in wild-type and various
symbiotic mutants of Medicago, and the expression
profile of various plant and bacterial genes in the npdl
nodules, we conclude that MtNPD1 acts downstream of
rhizobial release from infection threads, and is critical
for accommodation and maintenance of rhizobia in
host cells.

MtNPD1 encodes a small protein of 169 amino acid
residues, including a signal peptide and a PLAT do-
main, and is required for effective root nodule symbi-
osis. The Medicago genome contains a total of 13 single
PLAT domain genes, five of which are nodule specific
(the MtNPD gene family) and likely evolved by tandem
duplication, given their close proximity on chromo-
some 2 (Supplemental Fig. S9) and their phylogenetic
relatedness (Fig. 7). Intriguingly, loss of MtNPD1
function was not compensated for by the other nodule-
specific MtNPD genes, indicating that they play distinct
roles in symbiosis. Putative nonredundant roles of the
five MtNPD genes were also suggested by Trujillo et al.
(2019), who identified the single PLAT domain MtNPD
genes using a different approach: mining for lineage-
specific expansions of nodule-enhanced secreted pro-
teins. Multiplex CRISPR/Cas9 genome editing was
used to generate M. truncatula NPD knockout lines
targeting single or multiple MtNPD genes. Although a
single gene mutant of MtNPD1 was not described,
symbiotic phenotypes of triple, quadruple, and quin-
tuple mutant lines in which MtNPD1 was also targeted
suggested a central role played by MtNPD1 in nodule
development and prevention of early senescence.

In functional nodules, an MtNPD1:GFP fusion pro-
tein transcribed from the MtNPD1 promoter, localized
in the proximity of symbiosomes (Fig. 10, D-F). When
ectopically expressed under the 355 promoter in to-
bacco epidermal cells, MtNPD1 colocalized with the
endoplasmic reticulum, and also with vacuoles, sug-
gesting that vacuole-like compartments may be the fi-
nal destination of MtNPD1 (Supplemental Fig. S13 A).
No colocalization was observed with Golgi stacks,
suggesting that MtNPD1 might belong to a Golgi-
independent secretory pathway (Supplemental Fig.
513 C).

The observed GFP signal in symbiosomes does not
rule out the possibility that MtNPD1 may localize to the
endoplasmic reticulum and be subsequently redirected
to symbiosomes. The fact that it has a signal peptide
makes it plausible that MtNPD1 is processed in the
endoplasmic reticulum before reaching the symbio-
somes. It is noteworthy that NAD1 and MtNDR1 do
localize to the endoplasmic reticulum, suggesting that
endoplasmic reticulum-localized proteins may play a
key role in suppressing defense responses in develop-
ing nodules (Wang et al., 2016).

In summary, MtNPD1 is critical for the accommo-
dation of, and nitrogen fixation by, specific strains of
rhizobia in Medicago nodules. MtNPD1 appears to be an
important determinant of host-strain specificity and its
discovery opens a new line of research into this im-
portant aspect of nitrogen-fixing symbiosis.
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MATERIALS AND METHODS
Plant Growth and Symbiotic Screening Conditions

Seed germination and growth conditions were carried out as previously
described (Pislariu et al., 2012), with seedlings being sown in Ray Leach Cone-
tainers (Stuewue & Sons) containing a 2:1 ratio of turface to vermiculite.
Nodulation experiments were carried out using the following strains: Sino-
rhizobium meliloti ABS7, Sm1021 (Meade et al., 1982), Sm2011 (Rosenberg et al.,
1981), SmRm41 (Kondorosi et al., 1977), Sm1021 carrying the pXLGD4 plasmid
(Leong et al., 1985; Boivin et al., 1990), Sm1021 carrying the mCherry reporter
plasmid, and Sm1022 expressing nifH:GFP. Rhizobial inocula were prepared as
described (Pislariu et al., 2012). The following rhizobial mutants were also used
in this study: exoA (Leigh et al., 1985) and bacA (Ferguson et al., 2002).

Identification of MtNPD1 and Aadditional
Tntl-Insertion Alleles

All npdl alleles were isolated from the tobacco (Nicotiana tabacum) retro-
transposon Tntl-insertion mutant population of Medicago truncatula (Tadege
et al., 2008). One of the fix~ symbiotic mutants described previously (Pislariu
etal., 2012) was identified in line NF4608. Retrieval of Tnt1 FSTs was carried out
as described (Liu and Whittier, 1995; Cheng et al., 2011). Additional TntI-
insertion alleles were identified in NF6576 and NF9985 by PCR reverse
screening of the Medicago Tntl-insertion mutant population. Primers used in
screening are listed in Supplemental Table S2. All npd]l mutant alleles were
backcrossed to wild-type R108 twice to generate heterozygous F1 and segre-
gating F2 progeny, as described (Taylor et al., 2011). The MtNPD1 genomic
sequence was amplified using theNPD1-ORF-F1 ENTR and NPD1-ORF-R3
primers, cloned into the pPENTR-D-TOPO vector, and subsequently sequenced.
OREF in the primer names indicates that the same primers were used to aplify the
MtNPD1 open reading frame.

Characterization of the Symbiotic Phenotype of npdl
Mutants, Histochemistry, and Microscopy

The symbiotic phenotype in npd]l mutants was first assessed visually, and
whole plants were photographed using a DXM1200C digital camera (Nikon
Instruments). Nodulated roots were also imaged using an Olympus SZX12
stereomicroscope (Olympus) equipped with a DXM1200C digital camera
(Nikon Instruments). Rhizobia carrying the hemA:lacZ reporter were stained
with 5-bromo-4-chloro-3-indolyl-b-p-galactopyranoside (Boivin et al., 1990)
and further processed as described in Pislariu et al. (2012). Nodules harvested at
10 DPT were fixed and sliced into semithin and ultrafine sections for compound
and electron microscopy, as described (Sinharoy et al., 2013). Potassium per-
manganate (KMnQO,) staining was done according to Vasse et al. (1993). Digital
photomicrographs were processed using Adobe Photoshop Elements 14. The
symbiotic phenotype of npd]l mutants was also assessed by confocal micros-
copy using a Leica TCS SP2 AOBS laser-scanning microscope. Nodule sections
were stained with the fluorescent DNA dye Syto13 (Life Technologies; Haynes
et al., 2004), rinsed with PIPES, and subsequently stained with 0.01% (w/v)
Calcofluor-white (Life Technologies) to visualize rhizobia and plant cell walls.
Staining with FM 1-43 was carried out following the manufacturer’s instruc-
tions (Life Technologies). For live/dead staining of rhizobia, freshly sliced
sections were stained with a mixture of 5 uM Syto9 and 30 uM PI, as previously
described (Haag et al., 2011).

Complementation of the npdl Mutant Phenotype

The MtNPD1 open reading frame was amplified from nodule complemen-
tary DNA and cloned into the Gateway pB7WG2D.1 binary vector (Invitrogen),
which constitutively expresses GFP as a selection marker of transgenic roots
(Karimi et al., 2002). An empty vector was used as a control for hairy root
transformation. The Rhizobium rhizogenes strain Arqual was transformed with
the obtained vectors, and used to generate composite Medicago plants according
to Boisson-Dernier et al. (2001) and Sinharoy et al. (2015). Screening for trans-
genic (green fluorescent), nodulated roots was done using an Olympus SZX12
fluorescence stereomicroscope. To evaluate the integrity of rhizobia, nodule
sections were observed by confocal microscopy.
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Analysis of Nitrogen Fixation by Microscopy and the
Acetylene Reduction Assay

Wild-type and npd1-1 mutant plants were inoculated with an S. meliloti
strain expressing GFP under the control of the nitrogenase reductase (nifH)
promoter (nifH:GFP). At 21 DPI, nodules were sectioned and observed using an
Olympus BX41 compound fluorescent microscope. Photomicrographs were
acquired using an Olympus DP72 camera.

The acetylene reduction assay was carried out as previously described (Oke
and Long, 1999). Briefly, after growing under symbiotic conditions, entire root
systems were transferred onto sterile Whatman paper strips placed inside
12-mL glass vials containing 2 mL of Broughton & Dilworth nutrient solution
(Broughton and Dilworth, 1971). The tubes were sealed with Suba-Seal septum
stoppers (Chemglass Life Sciences). Samples were incubated in the presence of
10% (v/v) acetylene at 28°C for 15-20 h. Ethylene and acetylene concentra-
tions were measured using an Agilent 7890A gas chromatograph (Agilent
Technologies).

MtNPD1 promoter activity

A 1,320 bp region upstream of the ATG start codon was amplified from R108
genomic DNA and cloned into the Gateway binary destination vector
pBGWEFS7.0 (Karimi et al., 2002) to generate a pMtNPD1:GUS fusion. The
plasmid was deployed into M. truncatula via R. rhizogenes (Arqual) transfor-
mation (Boisson-Dernier et al., 2001). Composite plants were inoculated with
S. meliloti Sm2011/pXLDG#4 containing the constitutive hemA:lacZ gene. Histo-
chemical staining with X-Gluc (5-bromo-4-chloro-3-indoxyl-B-p-glucuronide
cyclohexylammonium salt; Gold Biotechnology) and with Magenta-Gal
(5-bromo-6-chloro-3-indoxyl B-p- galactopyranoside; Gold Biotechnology)
were carried out as described (Pislariu and Dickstein, 2007).

Localization of MtNPD1 in Root Nodules

A genomic segment containing the MtNPDI promoter, exons, and introns,
was amplified from genomic DNA using the NPD1p-F and ¢GFP-NPD1-R1
primers (Supplemental Table S2). The PCR product was cloned into the Gate-
way pRRcGFP destination vector (Kryvoruchko et al.,, 2016). A control con-
struct for the localization of free GFP (pMtNPD1p:GFP) was also generated. The
obtained vectors were transferred to Medicago via R. rhizogenes transformation.
Composite plants were inoculated with S. meliloti Sm1021-mCherry. Hand-
sliced transgenic nodule samples were observed with a laser scanning confo-
cal microscope (Leica SP2 TCS AOBS; Leica Microsystems). Composite plants
were also evaluated for complementation by pMtNPD1:MtNPD1:GFP, as de-
scribed above, by assessing plant appearance and acetylene reduction activity.

Transient Expression in Tobacco

Rhizobium tumefaciens C58C1 carrying p35S:MtNDPL:RFP or the empty
vector pB/RWG2.0 (Karimi et al., 2002) was vacuum infiltrated into tobacco
leaves as previously described (Goodin et al., 2002). The following constructs
were used for coinfiltration and colocalization experiments: p35S:sGFP (se-
creted GFP; Chiu et al., 1996); p35S:ST:sGFP (Boevink et al., 1998); p35S:mGFP5-
ER (Haseloff et al., 1997); and p35S:y-TIP:CFP (Nelson et al., 2007). Confocal
images were acquired using a Leica SP2 TCS AOBS laser scanning confocal
microscope (Leica Microsystems) using appropriate lasers and transmitted light
and a sequential (“between lines”) scanning mode.

RNA Extraction and RT-qPCR Analysis

Total RNA was extracted using the TRIZOL reagent from nodulated root
systems harvested at 2, 4, 6, 8, 10, 15, and 21 DPIL Samples at 2 and 4 DPI
represented root segments from the nodulation-susceptible zone. This region
consisted of the root hair zone II (root hairs that had nearly finished growing),
between (but not including) the growing root tip, and the zone of fully elon-
gated root hairs, as previously defined (Gage, 2004). Only bumps and nodules
were dissected out at all other time points (6-21 DPI). Tissue from at least 40
plants was harvested at each time point, and data were acquired from three
independent biological replicates. To gain spatial resolution of MtNPDI ex-
pression during nodule development, RNA was extracted from five develop-
mentally distinct zones: the meristem, the infection zone, the distal nitrogen
fixation zone, the nitrogen fixation zone, and the senescence zone. RNA was
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extracted and processed in a similar fashion from 15 DPI nodules harvested
from symbiotic mutants (dnfl, dnf2, dnf3, dnf4, dnf5, dnf6, dnf7, and TE7 [ipd3];
Benaben et al., 1995; Mitra and Long, 2004; Starker et al., 2006), and from R108
plants inoculated with Sm1021, exoA, bacA, and fix]. Gene expression was
quantified by RT-qPCR as previously described (Kakar et al., 2008). Transcript
levels were normalized using the mean average of three housekeeping genes:
Ubiquitin-Conjugating Enzyme-E2, MtUBC9 (Medtr7¢116940); Ser/Thr Phospha-
tase 2A regulatory subunit A, MtPDF2 (Medtr6g084690); and Ubiquitin-
Conjugating Enzyme, MtUBC (Medtr3g110110), whose expression is stable
across all samples.

Bioinformatics and Phylogenetic Analysis

The MtNPD1 sequence in Medicago R108 ecotype was revealed by cloning
and sequencing. The result was cross-referenced with the M. truncatula R108
v0.95 Assembly and with the Mt4.0 vl Al17 genome (JCVI, http:/ /blast.jcvi.
org/Medicago-Blast/index.cgi). BLAST searches of the Medicago genome and
the NCBI database using the MtNPD1 deduced amino acid sequence were
carried out to identify single PLAT domain plant proteins with similar orga-
nization (Altschul et al., 1990). A representative sample of 40 proteins including
MtNPD1, were aligned with ClustalW, and an unrooted maximum-likelihood
phylogenetic tree was generated using the PhyML tool and the LG substitution
model (Le and Gascuel, 2008) in the Geneious 10.2.5 software (Biomatters Ltd.).

Statistical Analysis

Student’s f test was used to compare statistical significance between ob-
served differences. The analysis was carried out using the Microsoft Excel
T.TEST function, considering two-tailed distribution and unequal variances.
One-way ANOVA tests were also carried out for multiple comparisons.
P values =0.05 were considered statistically significant. Bar graphs and statis-
tical analyses were carried out using Prism 7 (GraphPad).

Accession Numbers

The MtNPD1 gene sequence was submitted to GenBank and assigned ac-
cession number KX579942. Accession numbers of other major genes discussed
in the paper are listed in Supplemental Table S5.

SUPPLEMENTAL MATERIAL

The following supplemental information is available:

Supplemental Figure S1. Nodule development and early infection in the
mutant isolated from NF4608.

Supplemental Figure S2. Alignment between the M{NPD1_R108 CDS and
MINPD1_A17.

Supplemental Figure S3. Alignment between the M{NPD1_R108 CDS and
the R108 v0.95 genome assembly (http://medicago.jcvi.org).

Supplemental Figure S4. Nitrate complements the npdl symbiotic
phenotype.

Supplemental Figure S5. Confocal imaging of Syto13-stained rhizobia.

Supplemental Figure S6. Rhizobia undergo quick degradation in npdl
nodules.

Supplemental Figure S7. npd1-1 nodules inoculated with Sm2011 accumu-
late brown material of a polyphenolic nature.

Supplemental Figure S8. MtNPD1, MtNPD2, MtNPD3, MtNPD4, and
MEINPDb5 genes are expressed exclusively in root nodules.

Supplemental Figure S9. MtNPD1 belongs to a cluster of PLAT-encoding
nodule-specific genes.

Supplemental Figure S10. Expression pattern of the MtNPD1 promoter-
GUS fusion in unfixed M. truncatula nodules.

Supplemental Figure S11. Relative expression of bacterial genes in npd1-1.

Supplemental Figure S12. A pM{NPD1:MtNPD1:GFP construct comple-
ments the symbiotic phenotype of the npdl-1 mutant.
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Supplemental Figure S13. MtNPD1:RFP fusion driven by the 35S pro-
moter localizes to vacuoles and the endoplasmic reticulum in tobacco
epidermal cells.

Supplemental Figure S14. Symbiosome degradation in npd1 nodules.

Supplemental Figure S15. Relative expression of defense-related
symbiotic genes.

Supplemental Table S1. FSTs retrieved from NF4608, NF6576, and
NF9985.

Supplemental Table S2. Primers used in this work.
Supplemental Table S3. PLAT domain proteins in the Medicago genome.
Supplemental Table S4. PLAT domain proteins in plants.

Supplemental Table S5. Accession numbers of major genes mentioned in
the article.
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