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Legume-rhizobia symbiosis is a time-limited process due to the onset of senescence, which results in the degradation of host
plant cells and symbiosomes. A number of transcription factors, proteases, and functional genes have been associated with
nodule senescence; however, whether other proteases or transcription factors are involved in nodule senescence remains poorly
understood. In this study, we identified an early nodule senescence mutant in Medicago truncatula, denoted basic helix-loop-helix
transcription factor2 (bhih2), that exhibits decreased nitrogenase activity, acceleration of plant programmed cell death (PCD), and
accumulation of reactive oxygen species (ROS). The results suggest that MtbHLH?2 plays a negative role in nodule senescence.
Nodules of wild-type and bhlh2-TALEN mutant plants at 28 d postinoculation were used for transcriptome sequencing. The
transcriptome data analysis identified a papain-like Cys protease gene, denoted MtCP77, that could serve as a potential target of
MtbHLH2. Electrophoretic mobility shift assays and chromatin immunoprecipitation analysis demonstrated that MtbHLH2
directly binds to the promoter of MtCP77 to inhibit its expression. MtCP77 positively regulates nodule senescence by
accelerating plant PCD and ROS accumulation. In addition, the expression of MtbHLH? in the nodules gradually decreased
from the meristematic zone to the nitrogen fixation zone, whereas the expression of MtCP77 showed enhancement. These results
indicate that MtbHLH2 and MtCP77 have opposite functions in the regulation of nodule senescence. These results reveal
significant roles for MtbHLH2 and MtCP77 in plant PCD, ROS accumulation, and nodule senescence, and improve our

understanding of the regulation of the nodule senescence process.

Legumes play an important role in sustainable ag-
riculture by increasing crop yields due to their sym-
biotic association with rhizobia (Fox et al.,, 2007).
Symbiotic nitrogen fixation occurs in special organs,
named nodules, and these organs provide a suitable
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microenvironment for supplying the carbon obtained
from photosynthesis to rhizobia. Rhizobia can fix
nitrogen by nitrogenase to provide ammonium to le-
gumes (Stonoha-Arther and Wang, 2018). The late stage
in the development of nodules, including determinate
and indeterminate nodules, regulates their fate, namely
senescence. Determinate nodules have nonpersistent
meristems and result from the development of radial
gradients, as has been observed in Glycine max, Lotus
japonicus, Phaseolus vulgaris, and Vigna unguiculata. The
senescence of determinate nodules begins at the nodule
center and gradually extends to the periphery (Puppo
et al., 2005). Indeterminate nodules, such as those in
Medicago truncatula, Pisum sativum, Vicia faba, and Tri-
folium repens, contain five different zones: zone I (mer-
istematic zone), zone Il (infection zone), zone III
(nitrogen fixation zone), zone IV (senescence zone), and
zone V. Zone IV does not exist during the early stages of
nodule differentiation but appears with nodule devel-
opment. In addition, zone IV increases in size with
increased age of the host plant and triggers the degra-
dation of symbiosomes in response to aging or envi-
ronmental stress. Zone V is proximal to zone IV and
shows ultra-structural features of free-living bacteria
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(Timmers et al., 2000; Dupont et al., 2012). During
nodule senescence, the color of the nitrogen fixation
zone is converted from pink, which is associated with
functional leghemoglobin, to green, which is related to
nitration of the heme group of leghemoglobin
(Navascués et al., 2012). At the ultrastructural level, the
following changes in cell organelles and symbiosomes
have been observed: the electron density of the cyto-
plasm becomes progressively lower, the loose plasma
membrane separates from the cell wall, the cell wall
becomes damaged, bacteroids undergo lysis, and the
peribacteroid membrane is degraded (Timmers et al.,
2000; Van de Velde et al., 2006). Another study reported
the existence of a conical front in the senescence zone of
indeterminate nodules (Pérez Guerra et al., 2010). The
early signs of senescence occur in some infected cells in
the center of the nitrogen fixation zone and then grad-
ually extended to the proximal cell layers of the nodule
periphery, leading to the formation of a conical front
during nodule growth (Pérez Guerra et al., 2010).

At the senescence stage, several kinases, nodule-
specific Cys-rich (NCR) peptides, membrane proteins,
and other functional genes in L. japonicus or M. trunca-
tula are involved in nodule senescence. MtSymCRK
encodes a Cys-rich receptor-like kinase of the non-
Arg Asp (nonRD) family and is required to prevent
nodule senescence and to avoid defense-like reac-
tions (Berrabah et al., 2014). DEFECTIVE NITROGEN
FIXATION?7 (MtDNF7) encodes NCR169, which
contributes to bacteroid differentiation and is asso-
ciated with early senescence of the symbiotic cells
(Horvath et al., 2015). Two mutants of MtNCR211,
early senescent nodulel (esnl) and dnf4, both present
spherically shaped nodules, ineffective nitrogen fix-
ation, and premature senescence (Xi et al., 2013; Kim
et al., 2015). NITROGEN FIXATION SPECIFICITY1
(MtNFS1) and MtNFS2 encode NCR peptides and
negatively regulate nitrogen fixation symbiosis in a
rhizobial strain-specific manner (Wang et al., 2017;
Yang et al., 2017; Wang et al.,, 2018). SYMBIOTIC
SULFATE TRANSPORTER1 (LjSST1) is a nodule-
specific sulfate transporter that is localized on the
symbiosome membrane (Krusell et al., 2005). INEF-
FECTIVE GREENISH NODULES1 (LjIGN1) encodes
an ankyrin-repeat membrane protein that is essential
for the differentiation or persistence of bacteroids and
symbiosomes (Kumagai et al., 2007). STATIONARY
ENDOSYMBIONT NODULE1 (LjSENT) is an integral
membrane protein required for nitrogen fixation ac-
tivity and the differentiation of bacteroids or sym-
biosomes (Hakoyama et al., 2012). REGULATOR OF
SYMBIOSOME DIFFERENTIATION (MtRSD) en-
codes a Cys-2/histone-2 (C;H,) transcription factor
that inhibits the expression of VESICLE-ASSOCI-
ATED MEMBRANE PROTEIN721A (MtVAMP721a),
which indicates that it influences nitrogen fixation
and the differentiation of symbiosomes and bacte-
roids (Sinharoy et al., 2013). NODULES WITH ACTI-
VATED DEFENSE1 (MtNAD1) is a small uncharacterized
protein localized in the endoplasmic reticulum, which
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indicates that it plays a positive role in the main-
tenance of rhizobial endosymbiosis (Wang et al.,
2016; Domonkos et al., 2017). MtDNEF2 encodes a
phosphatidylinositol-specific phospholipase C X
domain (PI-PLC-XD) protein, and its mutants ex-
hibit fewer cell layers in the infection zone, where bac-
teria do not differentiate, and rapid senescence (Bourcy
et al, 2013). ASPARTIC PEPTIDASE NODULE-IN-
DUCED1 (LjAPN1) is a nepenthesin-type aspartic pep-
tidase that plays a necessary role in nitrogen fixation
symbiosis in a rhizobial strain-dependent manner
(Yamaya-Ito et al., 2018). M. truncatula has five
nodule-specific PLAT (polycystin-1, lipoxygenase,
alpha toxin) domain proteins (NPDs), and lines with
different mutation combinations presented smaller
nodules, earlier nodule senescence, or ineffective
nodules (Trujillo et al., 2019).

In addition to various mutations in symbiotic genes,
nodule senescence is also affected by diverse environ-
mental stresses, such as drought, salt, cold, continuous
darkness, and nitrate (Dupont et al., 2012), and previ-
ous studies have indicated that different stresses ac-
celerate nodule senescence (Pérez Guerra et al., 2010;
Dhanushkodi et al., 2018). Moreover, phytohormones,
such as abscisic acid, ethylene, and jasmonic acid (JA),
might positively regulate nodule senescence (Puppo
et al.,, 2005; Van de Velde et al., 2006; Karmarkar,
2014; Guinel, 2015). The positive role of abscisic acid
induces nodule senescence (Gonzalez et al., 2001;
Puppo et al, 2005) and the expression of some
senescence-associated genes (SAGs; Fukudome et al,,
2019). The positive roles of ethylene and JA have been
suggested by the induction of ETHYLENE RESPONSE
FACTOR (ERF) transcription factors and genes related
to ethylene and JA biosynthesis (Van de Velde et al,,
2006; Serova et al., 2017). Ethylene can also trigger plant
defense responses and results in necrosis that coloc-
alizes with infected cells by rhizobia (Berrabah et al.,
2018). GAs play a negative role in nodule senescence
(Van de Velde et al., 2006; Hayashi et al., 2014; Serova
etal., 2019), and nitric oxide positively regulates nodule
senescence (Cam et al., 2012; Berger et al., 2019).

A pivotal characteristic of the nodule senescence
process is the involvement of proteolytic activity, which
can act in the degradation of misfolded or modified
proteins (Pladys and Vance, 1993). Cys protease (CP;
EC3.4.22) uses catalytic Cys as a nucleophile during
proteolysis (van der Hoorn, 2008). Most plant Cys
proteases belong to the papain (C1) and legumain (C13)
families, and metacaspases (family C14) and calpains
(family C2, calcium-dependent proteases) have been
detected in plants (Grudkowska and Zagdanska, 2004).
The plant papain-like Cys proteases (PLCPs) are the
most researched of all Cys proteases. PLCP genes are
significantly induced in senescent nodules of G. max,
Astragalus sinicus, P. sativum, and M. truncatula
(Fedorova et al., 2002), such as GmCYSP1 (Alesandrini
etal., 2003; Oh et al., 2004), AsNodf32 (Naito et al., 2000),
PsCYP1, and PsCYP15A (Kardailsky and Brewin, 1996;
Vincent and Brewin, 2000). MsCYP15A, AsNodf32, and
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MtCP6 belong to the PLCP family and positively reg-
ulate nodule senescence (Sheokand et al., 2005; Li et al.,
2008; Pierre et al., 2014). The senescence of root nodules
is modulated by transcription factors. To date, three
transcription factors, namely MtATB2, MtNAC969, and
MtNAC920, have been found to be involved in nodule
senescence. MtATB2, which encodes a bZIP transcrip-
tion factor, is more highly expressed in senescent nod-
ules (D’haeseleer et al., 2010). The knockdown of
MtNACI69 results in a higher number of amyloplasts in
the nitrogen fixation zone and thereby triggers prema-
ture senescence (de Zélicourt et al., 2012). MtNAC920,
which is induced by nitrate and ethylene, serves as a
positive regulator of nodule senescence and directly
targets MtCP2, which was previously reported to be a
marker gene for nodule senescence (Karmarkar, 2014).
However, whether other proteases or transcription fac-
tors are involved in nodule senescence remains unclear.

In this study, we demonstrate that a basic helix-loop-
helix (bHLH) transcription factor in M. truncatula,
named MtbHLH?, is a key regulatory component that
negatively regulates nodule senescence. Moreover, we
show that MtbHLH2 binds to the promoter of the Cys
protease MtCP77 to repress its expression and reveal
that MtCP77 plays a positive role in nodule senescence.

RESULTS
MtbHLH2 Is a Negative Regulator of Nodule Senescence

The M. truncatula mutant line NF11035 with early
nodule senescence (Fig. 1D) was isolated from the M.
truncatula Tntl insertion mutant database by forward
genetic screening. To identify which gene was involved
in nodule senescence, 16 flanking sequence tags (FSTs)
available in the M. truncatula Mutant Database at the
Noble foundation for this mutant line were analyzed.
Only one Tnt1 FST inserted between 1916 and 1917 bp
of Medtr5g030430 was linked to the phenotype, and
this gene was denoted basic helix-loop-helix transcription
factor2 (MtbHLH?2; Fig. 1, A and B). We then selected
another Tnt1 insertion mutant (NF13601) of MtbHLH?2,
in which the Tntl FST was located between 1022 and
1023 bp of MtbHLH? (Fig. 1, A and B). The phenotype
of NF13601 was consistent with that of NF11035 and
was associated with prematurely senescent nodules
(Fig. 1D). The MtbHLH? full-length transcripts in NF11035
and NF13601 were not detected by RT-PCR, which
suggested that the expression of MtbHLH? was impaired
(Fig. 1C).

To elucidate the influences of the MtbHLH2 mutation
on nodule senescence, the nodules of the wild-type and
bhlh2 mutant were harvested at 28 d postinoculation
(dpi), sectioned, stained with toluidine blue, and ob-
served. Compared with the pattern observed in the
wild type, most of the senescence zone and a small part
of the nitrogen fixation zone were found in the bhlh2
nodules (Fig. 1E). To investigate the effects of the
MtbHLH?2 mutation at the ultrastructural level, the
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nitrogen fixation zone of the wild type and bhlh2 nod-
ules was observed at 28 dpi with a transmission elec-
tron microscope (TEM). In agreement with the light
microscopy observations, the nitrogen fixation zone
was substantially modified in the bhlh2 mutants. In the
wild-type nodules, symbiosomes completely filled the
infected cells, whereas in the mutant nodules, symbio-
somes appeared to be loosely placed within the infected
cells, the host cells died, and the symbiosomes decayed
(Fig. 1F). This result suggested that the mutation of
MtbHLH2 might promote host cell death and symbio-
some decay. The nitrogenase activity of the wild type
and bhlh2 mutant nodules at 28 dpi was measured
through an acetylene reduction assay (ARA). The ni-
trogenase activity of the bhlh2 mutants was significantly
lower than that of the wild type, which suggested that
MtbHLH2 affects the efficiency of symbiotic nitrogen
fixation (Fig. 1G).

To further determine the function of MtbHLH? in
nodule senescence, MtbHLH?2-knockout mutants were
obtained using transcription activator-like effector nu-
clease (TALEN) technology. Stable transgenic lines
were generated by Agrobacterium tumefaciens-mediated
transformation and identified by sequencing. The
bhlh2-T36- and bhih2-T43-knockout mutants containing
58- and 47-bp deletions, respectively, triggered the
frameshift mutation (Fig. 2A). The bhlh2-T138-knockout
mutant caused the deletion of a large fragment, which
included the transcriptional start site (ATG; Fig. 2A).
The phenotype of the bhlh2-TALEN mutants was sim-
ilar to that of the TntI-insertion mutants (Fig. 2, B-D),
which further confirmed that the MtbHLH2 single-gene
mutation affected nodule senescence.

MtbHLH2 Is Localized in the Nucleus and Encodes a
Transcriptional Repressor

The cDNA fragment of MtbHLH2 was 2034 bp in
length, and this gene did not contain introns (Fig. 1A).
This transcript was predicted to encode a 677-amino-
acid protein (Supplemental Fig. S1A). The typical
bHLH motif was located in the C terminus of
MtbHLH2, in which the basic region contained five
basic amino acids for DNA binding and highly con-
served hydrophobic residues in helices 1 and 2 for
protein-protein interactions (Fig. 3A). The phylogenetic
analysis showed that MtbHLH2 belongs to subfamily
I (d+e; Supplemental Fig. S1B; Supplemental Notes
S1). These results suggest that MtbHLH2 could be a
functional transcription factor.

To address the subcellular localization of MtbHLH?2,
MtbHLH2-eGFP was transiently expressed in onion
(Allium cepa) epidermal cells. Costaining with 4’,6-dia-
midino-2-phenylindole (DAPI), a dye that is used for
nuclear quantitation, showed that MtbHLH2 was lo-
calized in the nucleus (Fig. 3B) with an intensity cor-
relation quotient (ICQ) of 0.386 (Supplemental Fig. S2).
A protein immunoblot analysis confirmed that MtbHLH2
was detected only in the nucleus (Fig. 3C), which is
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Figure 1. The mutation of MtbHLH2 results in early-nodule senescence and decreased nitrogen fixation. A, Schematic diagram of
the TntT insertion site in the MtbHLH?2 gene. The box shows the exon, and this gene has no intron. The orientations of TntT are
indicated. B, Identification of homozygous lines of TntT-insertion mutants (NF11035 and NF13601). The insertion site analysis
was performed at the DNA level. C, RT-PCR analysis of MtbHLH2 transcripts in the wild type (WT) and bhlh2 TntI-insertion
mutants. MtACTIN was used as the loading control. D, Light micrographs of wild-type and bhlh2 Tnt1-insertion mutant nodules at
28 dpi. Bars = 1 mm. E, Longitudinal sections of toluidine blue-stained wild-type and bhlh2 Tnti-insertion mutant nodules at 28
dpi. The section thickness is 8 um. The different zones of the nodules (I-1V) are shown. I, Meristematic zone; 1, infection zone; lI,
nitrogen fixation zone; 1V, senescence zone. Bars = 200 um. F, Electron micrographs of longitudinal ultrathin sections of wild-
type and bhlh2 Tntl-insertion mutant nodule cells from the nitrogen fixation zone at 28 dpi (4000 magnification). Bars = 5 um.
G, The nitrogenase activity of wild type and bhlh2 Tnti-insertion mutant nodules (NF11035 and NF13601) at 28 dpi was de-
termined by an ARA. The error bars represent the = sb of the means, and asterisks indicate a significant difference between the
wild-type and bhlh2 TntI-insertion mutant nodules (one-way ANOVA followed by Tukey’s post-hoc test, ***P < 0.001, n = 19).
Similar results were obtained from three independent experiments.

consistent with the fluorescence data. These findings
verified that MtbHLH?2 was localized to the nucleus.
To test whether MtbHLH?2 serves as a transcriptional
activator or repressor, a transient expression assay was
performed using yeast cells with the GAL4 DNA-
binding domain (DBD) reporter system. Only the pos-
itive control grew well on synthetic dropout minimal
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base medium lacking Trp, His, and adenine and dis-
played X-a-gal activity. The DBD-MtbHLH2 and neg-
ative control did not grow (Fig. 3D), which implied that
MtbHLH?2 did not act as a transcriptional activator in
yeast. The reporter construct 355-UAS-GUS (Tao et al.,
2013) was then cotransformed with G4DBD or G4DBD-
MtbHLH?2 into Nicotiana benthamiana leaves. Strong

Plant Physiol. Vol. 181, 2019
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Figure 2. Identification and phenotype of the bh/h2-TALEN mutant nodules. A, The bhlh2-TALEN mutants bhlh2-T36, bhlh2-T43,
and bhl/h2-T138 mutants had deletions of 58, 47, and 458 bp, respectively. The first base of the transcriptional start site (ATG) is
shown at position +1. B, Light micrographs of wild-type (WT) and bhlh2-TALEN mutant nodules at 28 dpi. Bars = 1 mm. C,
Longitudinal sections of toluidine blue-stained wild-type and bh/h2-TALEN mutant nodules at 28 dpi. The section thickness is 8
pm. The different zones of the nodules (I-1V) are shown. |, Meristematic zone; Il, infection zone; Ill, nitrogen fixation zone; 1V,
senescence zone. Bars = 200 um. D, The nitrogenase activity of wild-type and bhlh2-TALEN mutant nodules at 28 dpi was
determined by an ARA. The error bars represent the = sp of the means, and asterisks indicate a significant difference between the
wild-type and bh/h2-TALEN mutant nodules (one-way ANOVA followed by Tukey’s post-hoc test, ***P < 0.001, n = 19). Similar

results were obtained from three independent experiments.

GUS staining was obtained with the combination of
355-UAS-GUS with G4DBD, whereas considerably
weakened GUS staining was obtained with the com-
bination of 355-UAS-GUS with G4DBD-MtbHLH2 in
N. benthamiana leaves (Fig. 3E). Transient GUS quanti-
tative experiments were performed, and the results
revealed that MtbHLH? significantly repressed the ex-
pression of GUS. These results demonstrated that
MtbHLH?2 was a transcriptional repressor.

To determine the tissue expression pattern of
MtbHLH?, the transcript level of MtbHLH? in different
tissues of M. truncatula R108 at 28 dpi with Sino-
rhizobium meliloti 1021 (Sm1021) was analyzed by RT-
qPCR, and MtACTIN (Medtr3g095530) was selected as
the reference gene because the expression of MtACTIN
was found to be stable at the lowest M value (M =
0.047 < 0.5). The results showed that MtbHLH?2 was
expressed in the roots, stems, leaves, and nodules
(Fig. 4A). The expression of MtbHLH? during nodule
organogenesis was also analyzed, and the RT-qPCR
results indicated that the expression of MtbHLH? first

Plant Physiol. Vol. 181, 2019

showed a slow decrease until the lowest point was
reached at 28 dpi and then exhibited a slow increase
(Fig. 4B). These results were consistent with the
data of the M. truncatula Gene Expression Atlas
(Supplemental Fig. S3A). The putative promoter-
GUS-transgenic lines were obtained from M. truncatula
by A. tumefaciens-mediated transformation, and a histo-
chemical analysis of GUS staining in stable transgenic
lines was performed at 14, 28, and 42 dpi with Sm1021.
The results indicated that MtbHLH? was expressed in the
vascular bundles of roots, stems and nodules as well as
in leaf veins (Fig. 4, C-H). The expression of MtbHLH?2
decreased gradually from the meristematic zone to the
nitrogen fixation zone (Fig. 4, I-K), and this expression
pattern was consistent with the data in the Symbimics
website (https:/ /iant.toulouse.inra.fr/symbimics; Roux
et al., 2014; Supplemental Fig. S3B). To gain insight into
the relationship between the MtbHLH? expression pat-
tern in nodules and its negative regulation of nodule
senescence, we performed high-throughput RNA-
sequencing (RNA-seq) studies.
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Figure 3. MtbHLH?2 is localized in the nucleus and serves as a transcriptional repressor. A, bHLH domain structures of some 111
(d+e) subfamily members in M. truncatula and Arabidopsis. These Ill (d+e) subfamily sequence alignments were constructed
using CLC Sequence Viewer 7.0 software. The conserved residues for DNA binding or protein-protein interaction are shown by
red boxes. B, Subcellular localization of MtbHLH2 in onion epidermal cells. The MtbHLH2-eGFP fusion protein driven by the
Cauliflower mosaic virus (CaMV) 35S promoter was transiently expressed in onion epidermal cells via particle bombardment. The
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Transcriptome Analysis of the Wild-Type and
bhih2-TALEN Mutant Nodules

Because the Tntl mutants contained many insertion
sites, MtbHLH2-TALEN mutants were subjected to
transcriptome sequencing. To investigate the target
genes and pathways regulated by MtbHLH?2, RNA-seq
digital gene expression profiling was performed using
wild-type and bhlh2-T36 nodules at 28 dpi. The total
number of clean reads in the wild-type and bhlh2-T36
nodules was 72,311,379 and 77,666,037, respectively.
Among the 929 differentially expressed genes, 433 and
496 genes were upregulated and downregulated
(|logofold change| = 0.6, P =< 0.05) in the bhlh2-T36
nodules compared with the wild-type nodules, re-
spectively. The enrichment of Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways showed that
the upregulated genes were related to purine and py-
rimidine metabolism, vitamin Bg metabolism, starch
and Suc metabolism, and diterpenoid biosynthesis
(Supplemental Fig. S4A). The enrichment of KEGG
pathways revealed that the downregulated genes were
involved in starch and Suc metabolism and the degra-
dation of various branched amino acids, glycosamino-
glycan, and amino sugar (Supplemental Fig. S4B). The
analysis of the Gene Ontology (GO) terms of the dif-
ferentially expressed genes showed that these genes
were associated with carbohydrate biosynthetic pro-
cess in the biological process category and in the
transfer of hexosyl groups, the transfer of glycosyl
groups, and Cys-type endopeptidase activity in the
molecular function category (Fig. 5A).

Due to the transcriptional repression activity of
MtbHLH?2, we subsequently focused on upregulated genes.
These genes included MtDMPP950 and MtDMPPI10,
which influence the homeostasis of the active form
of coenzyme vitamin B¢ (ShuoHao et al., 2019);
MtKAO230 and MtKAO240, which are associated
with GA biosynthesis (Sun, 2008); MtGPA, which
promotes the production of ADP-Glc, the precursor of
amylose (H&drich et al., 2012); MtFRUCT2, which is
related to Suc degradation and might be involved in
leaf senescence (Buchanan-Wollaston et al., 2005;
Gomez et al., 2006); MtCaspase, which is involved in
programmed cell death (PCD) and the hypersensitive
response (Coll et al., 2011); and senescence-associated

bHLH2 Represses CP77 to Prevent Nodule Senescence

genes (Lohman et al., 1994; Zhang et al., 2012b), such
as Cys protease and PP2C-type protein phosphatase.
To examine whether these genes were modulated by
MtbHLH?2, the relative expression of these candidate
genes was detected by reverse transcription quantita-
tive PCR (RT-qPCR). The findings revealed that the
genes were upregulated in the bhlh2 mutant nodules at
28 dpi compared with those in the wild-type nodules,
and the most highly upregulated gene was a PLCP
involved in Cys-type endopeptidase activity, which is
denoted MtCP77 (Fig. 5B; Supplemental Table S1). The
results indicated that MtbHLH2 might negatively
regulate the expression of candidate genes that re-
spond to the nodule senescence process.

MtbHLH2 Directly Binds to the Promoter of MtCP77 In
Vitro and In Vivo

An EMSA was performed to determine whether
MtbHLH2 can bind to the promoter of MtCP77. Both
probes contained three G-boxes in the MtCP77 pro-
moter (Fig. 6A). The MtbHLH?2 protein can bind to both
wild-type probes (P1 and P2), and this binding effec-
tively competed with the respective unlabeled probe.
MtbHLH?2 did not bind to the respective mutant probe
(the 5'-AAAAAA-3" motif instead of the 5'-CACGTG-
3’ motif), and neither unlabeled mutant probe com-
peted with the binding of MtbHLH?2 to the wild-type
probe (Fig. 6B). These results demonstrated that
MtbHLH2 could bind to G-box cis-elements in the
promoter region of MtCP77 in vitro.

Because MtbHLH2 could bind to the promoter of
MtCP77 in vitro, whether MtbHLH?2 could also bind to
the promoter of MtCP77 in vivo was then investigated.
A chromatin immunoprecipitation (ChIP) experiment
was performed using empty vector (EV)-transgenic
lines and MtbHLH2-FLAG (MtbHLH2OE)-transgenic
lines (Supplemental Fig. S5). The anti-FLAG antibody
was used for immunoprecipitation. In the nodules and
roots collected from the materials at 28 dpi, the MtCP77
promoter fragment F2R2 (primers MtCP77-ChIP-qF2
and MtCP77-ChIP-qR2) containing the G-box cis-
element was enriched in MtbHLH2-FLAG-transgenic
lines compared with the EV-transgenic lines used as a
control, whereas promoter fragments lacking the G-box

Figure 3. (Continued.)

fluorescence signals, namely GFP and DAPI, were detected by a confocal laser scanning microscope (CLSM) using excitation
wavelengths of 488 and 385 nm, respectively. Bars = 50 um. C, Cellular fractionation and immunoblot analysis of transiently
expressed MYC-MtbHLH2 in N. benthamiana leaves. Anti-histone H3 and anti-cFBPase were used as nucleus and cytoplasm
markers, respectively. D, MtbHLH2 has no transcriptional activation activity in yeast. The GAL4 DBD-MtbHLH2 construct was
transformed into the yeast strain AH109. The transformed yeast solutions were spotted in SD medium lacking Trp, His, and
adenine. The plates were incubated for 3 d and examined through an X-a-gal assay. p53+RecT (positive control); Lam+RecT
(negative control). E, MtbHLH2 is a transcriptional repressor. The transcriptional activity of MtbHLH2 in N. benthamiana leaves
was detected using a GAL4/UAS-based system. CaMV 35S, 35S promoter without a TATA box; 6 X GAL4 UAS, six copies of the
GAL4-binding site (UAS); NOS ter, terminator of the nopaline synthase gene; G4DBD, GAL4 DNA-binding domain; G4DBD-
MtbHLH2, G4DBD fused with MtbHLH2. Measurements obtained through transient GUS activity assays are shown on the right.
The error bars represent the * sp of the means, and asterisks indicate a significant difference between G4DBD and G4DBD-

MtbHLH2 (Student’s t test, **P < 0.01, n = 3).
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Figure 4. Expression pattern of MtbHLHZ2. A, The relative expression of MtbHLH?Z in the roots, stems, leaves, and nodules of wild-
type plants at 28 dpi with Sinorhizobium meliloti 1021 was measured by RT-qPCR using MtACTIN as the reference gene. The
error bars represent the = sp of the means of two biological replicates. B, Relative expression of MtbHLH2 in the nodules of wild-
type plants at different time points after inoculation (7, 14, 21, 28, 35, and 42 dpi) with S. meliloti 1021. MtACTIN was used as the
reference gene. The error bars represent the =+ sp of the means of two biological replicates. C to K, GUS staining of MtbHLH2
expressed in M. truncatula. The expression pattern of the 2.3-kb promoter region of MtbHLH2 was detected. Expression of
MtbHLH?2 in the roots (C), stems (D), and leaves (E) at 14 dpi with S. meliloti 1021. F to H, GUS staining of nodules on stable
transgenic plants at 14 (F), 28 (G), and 42 dpi (H). I to K, Sections of nodules at 14 (1), 28 (), and 42 dpi (K). The section thickness is
80 um. The different zones of the nodules (I-1V) are shown. |, Meristematic zone; Il infection zone; Ill, nitrogen fixation zone; IV,
senescence zone. Bars = 200 um (C-E and 1-K) and 1 mm (F-H).
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Figure 5. MtbHLH2 regulates various genes involved in nodule senescence. A, GO analysis of differentially expressed genes at
the biological process, cellular component, and molecular function levels. The 30 most significantly enriched GO terms were
analyzed using the GOseq R package. GO terms with an adjusted P < 0.05 were considered significantly enriched. B, The relative
expression of senescence-, programmed cell death (PCD)-, vitamin Bs metabolism-, starch and Suc metabolism-, and GA
biosynthesis-related genes in wild-type (WT) and bh/h2 mutant nodules at 28 dpi was quantified by RT-qPCR using MtACTIN as
the reference gene. The error bars represent the = sp of the means of two biological replicates, and asterisks indicate a significant
difference between the wild-type and bhlh2-T36 nodules (Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001).

cis-elements, namely F1R1 (primers MtCP77-ChIP-qF1
and MtCP77-ChIP-qR1) and F3R3 (primers MtCP77-
ChIP-gF3 and MtCP77-ChIP-qR3), which were up-
stream and downstream of F2R2, respectively, were not
enriched (Fig. 6, C and D). These results indicated that
the MtbHLH?2 protein could bind to the MtCP77 pro-
moter in vivo, which suggests that MtbHLH2 could
directly regulate MtCP77 in M. truncatula.

MtCP77 and MtbHLH2 Show Opposite Expression Patterns
from the Meristematic Zone to the Nitrogen Fixation Zone

To explore the tissue expression pattern of MtCP77,
the transcript levels of MtCP77 in different tissues of M.
truncatula R108 at 28 dpi with S. meliloti 1021 were an-
alyzed by RT-qPCR. The results showed that the ex-
pression of MtCP77 in the nodules was higher than that
in the roots, stems, and leaves (Fig. 7A), which sug-
gested that MtCP77 might primarily function in the
nodules. Putative M. truncatula promoter-GUS-trans-
genic lines were obtained by A. tumefaciens-mediated
transformation, and a histochemical analysis of GUS
staining in stable transgenic lines at 14 dpi, 28 dpi, and
42 dpi with Sm1021 was performed. The tissue ex-
pression pattern of MtCP77 in nodules was analyzed,
and the results showed that MtCP77 was mainly
expressed in the nitrogen fixation zone and vascular
bundles (Fig. 7, B-D). The expression of MtCP77 was
increasingly enhanced from the meristematic zone to
the nitrogen fixation zone (Fig. 7, E-G), which was
consistent with the data in the Symbimics website
(https:/ /iant.toulouse.inra.fr/symbimics; Roux et al.,
2014; Supplemental Fig. S3C) and opposite to the
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MtbHLH? expression pattern. These results imply that
MtCP77 may be involved in nodule senescence and is
inhibited by MtbHLH2.

To address the subcellular localization of MtCP77,
MtCP77-eGFP alongside RFP-HDEL (endoplasmic re-
ticulum [ER] localization marker; Zhang et al., 2015) or
GONST1-RFP (Golgi localization marker; Tse et al.,
2006) were transiently coexpressed in onion epider-
mal cells. MtCP77 colocalized with HDEL (Fig. 7H)
with an ICQ of 0.402 (Supplemental Fig. S6A) and
partially colocalized with GONST1 (Fig. 7I) with an
ICQ of 0.316 (Supplemental Fig. S6B). Therefore,
MtCP77 was found to be localized in the ER and Golgi
apparatus.

MtCP77 Is a Functional Cys Protease That Plays a Positive
Role in Nodule Senescence

The genomic fragment of MtCP77 is 1672 bp in length,
and this gene contains three introns (Supplemental Fig.
S7A). The ¢cDNA fragment of MtCP77 is 1092 bp in
length, and this transcript is predicted to encode a 363-
amino -acid protein (Supplemental Fig. S7B). MtCP77
belongs to the PLCP family, which is also referred to as
the C1A family. The PLCP subfamilies 1 to 6 and 8 have
an inconsecutive ERFNIN (ExxxRxoxFxxINxxx[I/ V]xxxIN)
motif in the prodomain that contains an autoinhibitory
domain. The PLCPs contain a catalytic triad (Cys-25-His-
159-Asn-175), which implies that they are functional Cys
proteases (Richau et al., 2012). Phylogenetic analysis
showed that MtCP77 belongs to the CathL-like subfamily
(Supplemental Fig. S7C; Supplemental Notes S2). MtCP77
contains the catalytic triad Cys-22-His-25-Asn-179, which
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Figure 6. MtbHLH2 directly binds to the promoter of MtCP77. A, Schematic diagram of G-box cis-elements in the promoter of
MtCP77for the EMSA assay. The sequence 2000 bp upstream of the transcriptional start site (ATG) and part of the coding sequence
of MtCP77 are shown. The transcriptional start site is shown at position +1. B, EMSA for the analysis of MtbHLH2 binding to
G-box cis-elements in the promoter of MtCP77. A purified His-MtbHLH2 protein (200 ng) was incubated with biotin-labeled
probes (Biotin-P1 and Biotin-P2, 20 fM) or biotin-labeled mutant probes (Biotin-mP1 and Biotin-mP2, 20 fM). For the competition
assay, unlabeled probes with different concentrations (from 10 to 1000 times, Cold-P1 and Cold-P2) or unlabeled mutant probes
(1000 times, Cold-mP1 and Cold-mP2) were added. mP, Mutant probe with the 5'-AAAAAA-3" motif instead of 5'-CACGTG-3'.
The G-box cis-elements are presented in bold red text. MtCAS31, a dehydrin, was used as a negative control. The numbers of bp
upstream of the transcriptional start site (ATG) are indicated on the primer sequence. C, Schematic diagram of G-box cis-elements
in the promoter of MtCP77 for the ChIP assay. The approximate sequence 4000 bp upstream of the transcriptional start site (ATG)
and part of the coding sequence of MtCP77 are shown. The transcriptional start site is shown at position +1. Three pairs of primers
were used for RT-qPCR: the F2/R2 pair containing the G-box cis-elements in the MtCP77 promoter region (—1080 to —771 bp),
the F1/R1 pair located upstream of the G-box cis-elements (—3622 to —3493 bp), and the F3/R3 pair located downstream of the
G-box cis-elements (+1451 to +1623 bp). D, In vivo ChIP assay showing the binding of MtbHLH2 to the promoter of MtCP77.
The ChlIP assay was performed using EV-transgenic plants and MtbHLH2OE-transgenic plants at 28 dpi with S. meliloti 1021. EV-
transgenic plants were used as the negative control. MtACTIN was used as the reference gene. The error bars represent the = sp of
the means of two independent experiments (Student’s t test, **P < 0.01). Three G-box cis-elements are shown by gray boxes.
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Figure 7. Expression pattern and Cys protease activity of MtCP77. A, The relative expression of MtCP77 in the roots, stems,
leaves, and nodules of wild-type plants at 28 dpi with S. meliloti 1021 was quantified by RT-qPCR using MtACTIN as the reference
gene. The error bars represent the * sp of the means of two biological replicates. B to G, GUS staining of MtCP77 expressed in M.
truncatula nodules. The expression pattern of the 2-kb promoter region of MtCP77 was detected. B to D, GUS staining of nodules
on stable transgenic plants at 14 (B), 28 (C), and 42 dpi (D). E to G, Sections of nodules at 14 (E), 28 (F), and 42 dpi (G). The section
thickness is 80 um. The different zones of the nodules (I-1V) are shown. |, Meristematic zone; ll, infection zone; Ill, nitrogen
fixation zone; IV, senescence zone. Bars = T mm. H and |, Subcellular localization of MtCP77 in onion epidermal cells. MtCP77-
eGFP fusion protein driven by the CaMV35S promoter was transiently coexpressed with RFP-HDEL (ER marker, H) and GONST1-
RFP (Golgi marker, 1) in onion epidermal cells via particle bombardment. The fluorescence signals, i.e. GFP and RFP, were
detected by CLSM using excitation wavelengths of 488 nm and 546 nm, respectively. Bars = 20 um. ], The Cys protease activity of
MtCP77 in EV, MtCP770E, and Mtcp77. The protein extracts of roots of EV, MtCP770E, and Mtcp77 at 14 dpi were used to
characterize their proteinase activity. The Cys activity of MtCP77 was assayed for Z-FR-AMC (cathepsin-L) and Z-RR-AMC (ca-
thepsin-B) proteolytic activity, and the papain inhibitor E-64d was used to inhibit the Cys protease activity. The data are repre-
sented as a percentage of the Z-FR-AMC proteolytic activity of the EV. The error bars represent the means = sp of three biological
replicates, and significant differences were determined with ANOVA with a post-hoc Tukey test and are indicated by letters
(P <0.05).
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is not a typical catalytic triad and shows a change in the
His position; however, this Cys-22-His-25-Asn-179 triad
was mutually adjacent according to the predicted protein
structure (Supplemental Fig. S7D), suggesting that
MtCP77 is likely a functional Cys protease.

To elucidate the biological functions of MtCP77 in
nodule senescence, transgenic M. truncatula lines over-
expressing MtCP77 and Empty Vector (EV) were obtained
by A. tumefaciens-mediated transformation. Three stable
transgenic lines (MtCP770E-20, MtCP770E-44, and
MtCP770E-51) were selected following RT-gPCR and
western blotting analysis (Supplemental Fig. S8). Fur-
thermore, MtCP77-knockout mutants were generated
using clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9)
technology via A. tumefaciens-mediated transformation.
The transgenic plants were identified by sequencing. The
cp77-Cl4-knockout mutant containing a 4-bp deletion
triggered the frameshift mutation (Supplemental Fig. S9).
The cp77-C15- and cp77-C30-knockout mutants contained
a guanine (G) insertion and an adenine (A) insertion,
respectively, which led to an insertion mutation
(Supplemental Fig. S9). Overall, these overexpression
lines and mutants were suitable to analyze the bio-
logical function of MtCP77.

The Cys protease activity of MtCP77 in EV,
MtCP770E, and Mtcp77 was assayed with Z-FR-AMC
(cathepsin-L activity) and Z-RR-AMC (cathepsin-B ac-
tivity), two papain substrates. Compared that in the EV
root lines, Z-FR-AMC proteolytic activity was signifi-
cantly increased with the overexpression of MtCP77 and
decreased with the mutation of MtCP77, whereas no
significant difference in Z-RR-AMC proteolytic activity
was observed (Fig. 7]). Furthermore, both Z-FR-AMC
and Z-RR-AMC proteolytic activity were inhibited in the
presence of the papain inhibitor E-64d (Fig. 7]). These
results indicated that MtCP77 is a functional CathL-like
Cys protease and imply that MtCP6 is involved in the
nodule senescence process.

The nodule developmental phenotype and nitroge-
nase activity assays showed that the overexpression of
MtCP77 led to an acceleration of nodule senescence and
a decline in nitrogenase activity (Fig. 8, A, B, and E),
which is consistent with the findings obtained for bhlh2
mutants. At 49 dpi, the wild-type nodules were green,
which suggested that the nodules had entered the
senescence stage, and the cp77 nodules were pink
(Fig. 8D). The nitrogenase activity of cp77 nodules
was significantly higher than that of the wild-type
nodules, as demonstrated by the ARA (Fig. 8F). In
summary, the mutation of MtCP77 delays nodule
senescence.

MtbHLH2 and MtCP77 Play Opposite Roles in Plant PCD
and ROS Accumulation during Nodule Senescence

To determine whether MtbHLH2 and MtCP77 can
affect plant PCD and reactive oxygen species (ROS)
accumulation, a terminal deoxynucleotidyl transferase
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(TdT)-mediated dUTP nick end labeling (TUNEL)
assay and 3,3'-diaminobenzidine (DAB) staining were
performed. Wild type, bhlh2 mutant, EV, and MtCP770E
nodules were used for DAB staining at 28 dpi. Com-
pared with the wild-type or EV nodules, the bhlh2 and
MtCP770E nodules presented higher concentrations of
hydrogen peroxide (H,O,; Fig. 9, A and B). Addition-
ally, a TUNEL assay, which was used to detect PCD
events in plant tissues with cell death signals, showed
that the bhlh2 nodules exhibited strong DNA frag-
mentation at 28 dpi compared with the wild-type
nodules (Fig. 9, C and E), and weaker staining of
DNA fragmentation was observed in the c¢p77 nod-
ules than in the wild-type nodules at 49 dpi (Fig. 9, D
and F). Therefore, MtbHLH2 and MtCP77 play op-
posite roles in plant PCD and ROS accumulation
during nodule senescence.

MtbHLH2 Represses the Expression of MtCP77 to Prevent
Early Nodule Senescence in M. truncatula

To confirm that endogenous MtbHLH2 can repress
the expression of MtCP77, ProMtCP77:GUS was
inserted by Agrobacterium rhizogenes-mediated hairy
root transformation (Supplemental Fig. S10). The
construct was expressed in the wild-type and bhlh2
nodules, and an immunoblot analysis was performed
to test the protein level of GUS using GFP-FLAG as
the loading control. GUS was barely detectable in
ProMtCP77:GUS /wild type and strongly expressed in
ProMtCP77:GUS /bhih2-136, ProMtCP77:GUS /bhih2-T43,
and ProMtCP77:GUS/NF13601 (Fig. 10A). In addition,
GUS staining of ProMtCP77:GUS/bhlh2-T36 showed
that, apart from nitrogen fixation and senescence zone,
GUS was expressed in the meristematic zone (Fig. 10, B
and C), similar to ProMtCP77:GUS/wild type. Thus,
endogenous MtbHLH2 suppresses the expression of
MtCP77 with respect to both expression level and ex-
pression tissue area in nodules. We further compared
the expression pattern of MtCP77 in wild type and
bhlh2-TALEN mutants at different stages of nodule
development. RT-qPCR analysis confirmed that during
nodule development, the relative expression of MtCP77
progressively increased until it reached a peak at
28 dpi and then gradually decreased. The expression
of MtCP77 in the bhih2 nodules was always higher
than that in the wild-type nodules and significantly
higher than that in the wild-type nodules at 28 dpi
(Fig. 10D). These results imply that MtbHLH2 can re-
press the expression of MtCP77 at different stages of
nodule development.

In this study, we found a repressive transcription
factor, MtbHLH?2, that negatively regulates nodule se-
nescence, and mutants defective in MtbHLH?2 show
premature senescence and decreased nitrogenase
activity. In the nodules, the expression of MtbHLH?2
and MtCP77 gradually decreased and increased, re-
spectively, from the meristematic zone to the nitro-
gen fixation zone. The binding of MtbHLH?2 to the
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M{CP770E-51 Figure 8. MtCP77 positively regulates

nodule senescence. A, Light micrographs
of nodules in EV-transgenic plants and
MtCP770E-transgenic plants at 28 dpi.
Bars = 1 mm. B, Longitudinal sections
of toluidine blue-stained nodules in
EV-transgenic plants and MtCP770OE-
transgenic plants at 28 dpi. The sec-
tion thickness is 8 um. The different
zones of the nodules (I-1V) are shown.
1, Meristematic zone; ll, infection zone;
I, nitrogen fixation zone; 1V, senes-
cence zone. Bars = 200 um. C, Light

Y

micrographs of wild-type (WT) and

cp77 mutant nodules at 49 dpi. Bars =
1 mm. D, The nitrogenase activity of
EV-transgenic and MtCP77OE-transgenic
plant nodules at 28 dpi was determined
by an ARA. The error bars represent the
+ sp of the means, and asterisks indi-
cate a significant difference between
the EV and MtCP770E-transgenic
plants (one-way ANOVA followed
by Tukey’s post-hoc test, **P < 0.01,
***P < 0.001, n = 19). E, The nitroge-
nase activity of the wild-type and cp77
nodules at 49 dpi was determined by
an ARA. The error bars represent the +
s of the means, and asterisks indicate a
significant difference between the wild-

cp77-C14 cp77-C15

type and ¢p/7 mutant nodules (one-way
ANOVA followed by Tukey’s post-hoc

cp77-C30

N

test, *P < 0.05, **P < 0.01, n = 15).
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promoter of MtCP77 inhibited MtCP77 expression
to delay nodule senescence, which suggests that
MtbHLH?2 can prevent early nodule senescence to
ensure effective nitrogen fixation by inhibiting the
expression of MtCP77 (Fig. 10E). Taken together,
the results show that MtbHLH?2 is a negative regu-
lator of nodule senescence and inhibits the expres-
sion of MtCP77, which positively modulates plant
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PCD, ROS accumulation, and nodule senescence in
M. truncatula.

DISCUSSION

Approximately 100 bHLH genes exist in the M.
truncatula genome (Young et al., 2011), and to date, only
two legume bHLHs related to nodulation have been
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A WT bhih2-T36 bhih2-T43 bhlh2-T138

B EV MICP770E-20  MICP770E-44  MICP770E-51

Figure 9. MtbHLH2 and MtCP77 play opposing roles in plant PCD and ROS accumulation. A and B, The accumulation of H,O,
in longitudinal sections of bhlh2 (A) or MtCP77OE nodules (B) at 28 dpi was detected. A higher concentration of H,O, was found
in the bhlh2 (A) or MtCP770E nodules (B). Bars = 200 um. C and D, DNA fragmentation in longitudinal sections of wild-type
(WT) and bhlh2 nodules at 28 dpi (C) or wild-type and cp77 nodules at 49 dpi (D) was detected by TUNEL assay. DNA
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Figure 10. MtbHLH2 represses the expression of MtCP77. A, MtbHLH2 represses the expression of MtCP77 in M. truncatula. The
2-kb promoter region of MtCP77 was used for this assay. ProMtCP77:GUS, which carried an expression box of GFP-FLAG under
the control of the CaMV35S promoter, was transformed into the wild type (WT) and bhlh2 mutants (bhlh2-T36, bhlh2-T43, and
NF13601) by A. rhizogenes-mediated hairy root transformation. Composite transgenic plants were harvested, and proteins were
extracted from ProMtCP77:GUS/wild type, ProMtCP77:GUS/bhlh2-T36, ProMtCP77:GUS/bhlh2-T43, and ProMtCP77:GUS/
NF13601 for immunoblot analysis. GFP-FLAG was used as a loading control. ImageJ software was used to quantify the immu-
noblot bands. B and C, GUS staining of MtCP77 expression in the nodules of ProMtCP77:GUS/bhlh2-T36. B, GUS staining of
nodules on ProMtCP77: GUS/bhlh2-T36 hairy roots at 14, 21, and 28 dpi. C, Sections of nodules at 14, 21, and 28 dpi. The section
thickness is 80 wm. The different zones of the nodules (I-111) are shown. Bars = 1 mm. D, The relative expression of MtCP77 in
wild-type and bh/h2 mutant nodules (bhlh2-T36 and bhlh2-T138) at different time points after inoculation (7, 14, 21, 28, 35, and
42 dpi) with S. meliloti 1021 was quantified by RT-qPCR using MtACTIN as the reference gene. The error bars represent the = sp of
the means of two biological replicates, and asterisks indicate a significant difference between the wild-type and bh/h2 mutant
nodules (one-way ANOVA followed by Tukey’s post-hoc test, *P < 0.05, **P < 0.01, ***P < 0.001). E, A proposed model for the
regulation of MtbHLH2 during nodule senescence in M. truncatula. In the nodules, the expression of MtbHLHZ2 gradually de-
creases from the meristematic zone to the nitrogen fixation zone, whereas the expression of MtCP77 gradually increases. The
binding of MtbHLH2 to the promoter of MtCP77 inhibits MtCP77 expression to delay nodule senescence. The different zones of
the nodules (I-1V) are shown. |, Meristematic zone; ll, infection zone; lll, nitrogen fixation zone; IV, senescence zone.

reported. GmSAT1, which is also called GmbHLHm1,
encodes a symbiotic ammonium transporter and is as-
sociated with nodule development and NH,* transport

not yet been identified in M. truncatula. In this study,
mutants showing early nodule senescence were iden-
tified, and the gene responsible for this process was

(Kaiser et al., 1998; Marini et al., 2000; Chiasson et al.,
2014). MtbHLH1, which is particularly expressed in the
roots and nodules, exerts a critical influence on nodule
vascular patterning and nodule-to-plant nutrient ex-
change (Godiard et al., 2011). However, bHLH tran-
scription factors involved in nodule senescence have

MtbHLH? (Figs. 1 and 2).

The analysis of transcriptome data indicated that
MtbHLH2 regulates vitamin Bg metabolism (Supplemental
Fig. S4A). As an important cofactor, vitamin Bg is in-
volved in many biochemical reactions, including decar-
boxylation, transamination, elimination, racemization,

Figure 9. (Continued.)

fragmentation resulting from the cell death signaling cascade is shown as brown signals in both plant nuclei and rhizobia of bhlh2
nodules at 28 dpi (C) or wild-type nodules at 49 dpi (D). Bars = 200 um. E and F, Magnification of the boxed areas in (C) and (D).

Bars = 50 um.
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and transsulfuration reactions, which are mainly related
to the synthesis of amino acids (Drewke and Leistner,
2001). The active forms of vitamin By are pyridoxal-5-
phosphate and pyridoxamine-5-phosphate, which act as
cofactors of many enzymes involved in the metabolism
of amino acids. In this study, MtDMPPI50 and
MtDMPP910, which encode 2,3-diketo-5-methylthio-1-
phosphopentane phosphatases, were upregulated in
the bhlh2 mutant nodules at 28 dpi compared with that
in the wild-type nodules (Fig. 5B). These enzymes
convert pyridoxal-5-phosphate and pyridoxamine-5-
phosphate into pyridoxal and pyridoxamine, respec-
tively, and thereby hinder amino acid synthesis. These
results suggest that MtbHLH2 might also be involved
in nodule senescence by affecting the synthesis of
amino acids.

The analysis of transcriptome data also showed that
MtbHLH?2 modulates diterpenoid biosynthesis, which
was found to be associated with GA biosynthesis
(Supplemental Fig. S4A). Ent-kaurene synthase, cyto-
chrome P450 family ent-kaurenoic acid oxidase (KAO),
and GA 2-beta-dioxygenase (also called GA 2-oxidase,
MtGA20x) are the key enzymes in the GA biosynthetic
pathway (Sun, 2008), and the transcriptome data
obtained in this study showed that these enzymes were
upregulated in the bhlh2 mutant nodules. The RT-qPCR
results also showed that MtKAO230 and MtKAO240
were significantly upregulated in the bhlh2 mutant
nodules (Fig. 5B), and these enzymes are associated
with the first steps of GA biosynthesis and promote the
generation of GA;,, the common precursor of all types
of GAs in plants (Hedden and Phillips, 2000). Previous
studies have reported that GA might inhibit nodule
senescence (Van de Velde et al., 2006; Serova et al., 2019),
so the up-regulation of MtKAO230 and MtKAO240
appeared to contradict the phenotype of bhlh2. How-
ever, the transcriptome data obtained in this study also
indicated that MtGA2ox was upregulated in bhlh2
(Supplemental Fig. S11), and this up-regulation might
result in conversion of the bioactive form of GA into the
inactive form to maintain GA homeostasis in bhlh2.
These results suggest that the regulation of GA bio-
synthesis might also be involved in the nodule senes-
cence processes regulated by bHLH?2.

The target gene MtCP77, which is modulated by
MtbHLH?2, was identified by transcriptome sequenc-
ing. The expression of MtCP77 in nodules was higher
than that in roots, stems, and leaves (Fig. 7A), which
suggested that MtCP77 might play a crucial role in root
nodules. This study showed that the overexpression of
MtCP77 decreased the nitrogen fixation abilities of
nodules and promoted nodule senescence (Fig. 8, A, B,
and D), and the ¢p77 mutants exhibited the opposite
phenotype (Fig. 8, C and E). In agreement with previous
studies, the knockdown of AsNodf32, a PLCP, delayed
nodule senescence (Li et al., 2008), and the down-
regulation of MtCP6 increased the nitrogen fixation
abilities of nodules and delayed nodule senescence;
moreover, the overexpression of MtCP6 accelerated
nodule senescence (Pierre et al., 2014). Additionally, the
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overexpression of MtCP77 triggered a decrease in ni-
trogenase activity and high concentrations of hydrogen
peroxide (H,O,; Figs. 8D and 9B), and the mutation of
MtCP77 resulted in an increase in nitrogenase activity
and a reduction in DNA fragmentation (Figs. 8E and 9,
D and F), which suggested the occurrence of PCD and
ROS accumulation during nodule senescence. These
results were similar to those obtained in previous
studies, which showed that PCD events could be
regarded as the initiation of senescence (Alesandrini
et al., 2003). The ROS that were accumulated in re-
sponse to MtCP77 overexpression (Fig. 9B) might pro-
duce highly oxidizing conditions to result in nodule
senescence, which implies the occurrence of a redox
shift in the nodules from a highly reducing status,
which is required for nitrogen fixation in nodules, to
highly oxidizing conditions, which might lead to se-
nescence (Puppo et al., 2005).

Many endogenous plant Cys proteases are located in
the vacuole (Callis, 1995). Many vacuolar proteases are
transported from the ER to the vacuole through the
Golgi apparatus, and this transport is a Golgi-
dependent pathway (Okamoto, 2006; Xiang et al.,
2013). In general, PLCPs that do not contain ER reten-
tion signal Lys-Asp-Glu-Leu-tail Cys proteases are first
transported from the ER to the Golgi apparatus and are
then recognized by vacuolar sorting receptor on the
Golgi apparatus, leading to the transport of proen-
zymes to the vacuoles. During or after transport to the
vacuoles, the proenzymes are converted into mature
enzymes via proteolytic processing (Okamoto, 2006).
This study revealed that MtCP77 is localized in the ER
and Golgi apparatus (Fig. 7, H and I), which might be
due to the presence of the full-length coding sequence
of MtCP77 as a proenzyme in the onions and its in-
ability to be transported to the vacuoles without un-
dergoing proteolysis and becoming a mature enzyme.
The subcellular localization of MtCP77 in M. truncatula
should be further studied.

In conclusion, this study describes an important
regulatory module of nodule senescence, namely
MtbHLH2-MtCP77, that is associated with plant PCD
and ROS accumulation and ultimately leads to nodule
senescence.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The Medicago truncatula ecotype R108 was used as the wild-type material in
all the experiments performed in this study. Both bhlh2 Tntl-insertion mutants
were isolated from the M. truncatula mutant database (primers are listed in
Supplemental Table S2). The T1 generation bhlh2 Tntl-insertion mutants were
used for phenotypic experiments.

The full-length coding sequences of MtbHLH2 and MtCP77 were cloned into
pCAMBIA1307-FLAG (primers are listed in Supplemental Table S2). Stable
transgenic plants were obtained by Agrobacterium tumefaciens-mediated trans-
formation as previously described (Cosson et al., 2006).

Seeds were sterilized for germination as described previously (Duan et al.,
2017). For nodule sectioning and the ARA, seedlings were grown on Féhraeus
solid and liquid media (Fahraeus, 1957) without nitrogen (pH 6.5) in square
dishes and containing a vermiculite:perlite (5:2, v/v) mixture, respectively. For
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all the experiments, the plants were incubated in a growth chamber at 24°C with
a 16-h light/8-h dark cycle and 70% relative humidity.

RNA Extraction and RT-qPCR

Total RNA was extracted using the TRIzol reagent (Invitrogen), and 2 ug of
total RNA was used for reverse transcription. The RT-qPCR analysis was per-
formed using a CFX-96 Real-Time System (Bio-Rad) with TB Green Premix
ExTaq (TaKaRa). To verify the expected stable expression of the reference genes
during nodule development, the stability of four candidate reference genes
(MtACTIN, MtACTIN11, MtH3L, and MtRBP1) at different time points after
inoculation with Sinorhizobium meliloti 1021 was assessed using geNorm soft-
ware (Vandesompele et al., 2002). The expression of MtACTIN was stable at the
lowest M value (M = 0.047 < 0.5). MtACTIN was selected as the reference gene,
and the relative expression data were normalized to MtACTIN expression. The
mean and sD values were calculated from the results of two biological replicates.
The primers used in this study are listed in Supplemental Table S2. MtACTIN11,
MtH3L, and MtRBP1 genes were used as references (Plet et al., 2011).

Rhizobial Inoculation and ARA

Seven-day-old seedlings were inoculated with S. meliloti 1021 for the nod-
ulation assay, and the nitrogen fixation ability of rhizobia was measured using
an ARA as previously described (Li et al., 2018).

Histochemical GUS Staining

The 2.3-kb promoter of MtvHLH?2 and the 2-kb promoter of MtCP77 up-
stream of the transcriptional start site (ATG) were amplified by PCR from
M. truncatula genomic DNA and cloned into pPCAMBIA1381 carrying the GUS
reporter gene (primers are listed in Supplemental Table S2). The transgenic
plants were stained as previously described (Li et al., 2018).

Microscopic Analysis

Nodules were fixed overnight at 4°C with formalin-acetic-alcohol (50% [v/v]
ethanol, 5% [v/v] acetic acid, and 3.7% [v/v] formalin) solution. The fixed
materials were dehydrated in an ethanol series and subsequently embedded in
Paraplast (Sigma). Longitudinal sections (8 wum) were prepared using an
RM2235 microtome (Leica) and stained with 0.5% (w/v) toluidine blue for
10 min. The nodules for GUS staining were embedded in 6% (w/v) agarose, and
longitudinal sections (80 wm) were cut using a VT1000S vibratome (Leica). The
sections were photographed using a light microscope (Olympus BX51).

For electron microscopy analysis, the nodules were fixed in 2.5% (v/v)
glutaraldehyde, washed three times with phosphate buffer (pH7.2), fixed in 1%
(v/v) osmic acid, washed three more times, dehydrated in an acetone series, and
embedded with a Spurr Embedding Kit. Serial sections were prepared using a
UC6 microtome (Leica) equipped with a diamond knife, and the sections were
photographed using a JEOL JEM-1230 transmission electron microscope.

Subcellular Localization and Confocal Microscopy

MtbHLH2-GFP, MtCP77-GFP with RFP-HDEL (ER), and GONST1-RFP
(Golgi marker) were transiently expressed or coexpressed in onion (Allium cepa)
epidermal cells as previously described (Duan et al., 2017). The intensity cor-
relation analysis was described previously (Li et al., 2004). The ICQ is based on
nonparametric test analysis of the product of the differences from the mean
(PDM) values: —0.5 = ICQ < 0, segregated staining; ICQ ~ 0, random staining;
0 <ICQ = +0.5, dependent staining. The samples were photographed using a
confocal laser scanning microscope (CLSM, Olympus FluoView FV1000).

Nuclear/Cytoplasmic Fraction and Immunoblot Assays

A. tumefaciens EHA105 carrying the MYC-MtbHLH2 plasmid was infiltrated
into Nicotiana benthamiana leaves (primers are listed in Supplemental Table S2).
Three-day-infiltration samples were extracted as previously described (Du
et al., 2015). An immunoblot analysis was performed with anti-MYC (Sigma),
antihistone H3 (Agrisera, nuclear fraction marker), and anticFBPase (Agrisera,
cytosolic fraction marker).
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Analysis of Transcriptional Activation or Repression in
Yeast Cells and N. benthamiana Leaves

MtbHLH2 was cloned into the pGBKT7 vector, and yeast transcriptional
activation was performed as previously described (Shan et al., 2012). DBD-
MtbHLH2 was cloned into pCAMBIA1302, and an assay of transcriptional
repression in N. benthamiana leaves was performed as previously described (Tao
et al., 2013; primers are listed in Supplemental Table S2).

Design, Assembly, and Identification of TALEN Constructs
of MtbHLH?2

The target sequence of MtbHLH2 was designed using TAL Effector Nucle-
otide Targeter 2.0 (https://tale-nt.cac.cornell.edu/) as previously described
(Ma et al., 2015). The two target sequences of MtbHLH2 had 16 and 19 repeat-
variable diresidues, which were assembled by the three-step golden gate
method as previously described (Cermak et al, 2011) and added to the
pCAMBIA1300 vector (primers listed in Supplemental Table S2). The T1 gen-
eration bhlh2-TALEN mutants are used for phenotypic experiments.

Transcriptome Analysis

Sequencing was carried outby Novogene. At 28 dpi, wild-type and bhih2-T36
nodules were used for digital high-throughput RNA-seq gene expression
profiling, and 3 ug of total RNA per sample was then used to generate non-
directional Illumina sequencing libraries. Each library was generated using the
SE50 single-read sequencing method with the Illumina HiSeq 2500 platform.
The gene annotation files were referenced against the M. truncatula genome
(version 4.0) and downloaded from the J. Craig Venter Institute (http://www.
jevi.org/medicago/). Genes with an adjusted P value = 0.05 were considered
differentially expressed. The significantly enriched GO terms were analyzed
using the GOseq R package (Young et al., 2010). The statistical analysis of KEGG
pathway enrichment was performed using KOBAS software (Mao et al., 2005).

Protein Purification and EMSA

His-MtbHLH2 was expressed in Escherichia coli BL21 and purified by Ni
affinity chromatography according to the manufacturer’s instructions. Elec-
trophoretic mobility shift assay (EMSA) experiments were performed using a
LightShift Chemiluminescent EMSA kit (Thermo Fisher) as previously de-
scribed (Duan et al., 2017; primers are listed in Supplemental Table S2).

Hairy Root Transformation and Immunoblot Assays

ProMtCP77:GUS carried an expression box, GFP-FLAG, driven by the
CaMV35S promoter, which was used as a loading control (primers listed in
Supplemental Table S2). Composite transgenic plants of wild type and bhilh2
mutants were created by Agrobacterium rhizogenes-mediated hairy root trans-
formation as previously described (Boisson-Dernier et al., 2001). Immunoblot
analysis was performed with anti-GUS (Sigma) and anti-FLAG (Sigma).

Design and Identification of CRISPR/Cas9 Constructs
of MtCP77

The target site of MtCP77 was designed using CRISPR-PLANT (https://
www.genome.arizona.edu/ crispr/ CRISPRsearch.html). The length of each of
the two target sites of MtCP77 was 19 bp. The PCR fragment was amplified
from pCBC-DT1T2, and the purified PCR fragment (T1T2-PCR), combined with
the binary vector pHSE401, was established by restriction-ligation reactions as
previously described (Xing et al., 2014; primers are listed in Supplemental Table
S2). The T1 generation of cp77-Cas9 mutants are used for phenotypic
experiments.

Cys Protease Enzymatic Activities
The Cys protease enzymatic activities were determined as in a previous
report (Pierre et al., 2014). The 14-dpi roots were harvested, and the total protein

was extracted. The extraction buffer contained 50 mm Tris, pH 8, 5 mm EDTA,
20 mm NaCl, and 10% (v/v) glycerol. A Bradford protein assay (Bio-Rad) was
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used to quantify the protein concentrations. N-acetyl-FR7-amido-4-methyl-
coumarin (Sigma, #C9521) and N-acetyl-RR7-amido-4-methylcoumarin
(Sigma, #C5429) were used as substrates to assay cathepsin-L and cathepsin-B
activity, respectively. The reaction mix contained 100 mm sodium acetate (pH
5.5), 1 mm EDTA, 1 mm dithiothreitol, 10 ug/mL total protein and 50 um of
substrate and was incubated at 28°C for 20 min; the papain inhibitor E-64d
(Sigma, #E8640) was used as a negative control. Then, the proteolytic pro-
duct, coumarin, was assayed with a spectrofluorimeter (Hitachi F-7000) at a
380-nm excitation wavelength and a 460-nm emission wavelength. Activity
was measured as cleavage of substrate over time, and its values were
expressed as A(fluorescence).min~!.

ChIP

ChIP was performed as described previously (Saleh et al., 2008), with some
modifications (Zhang et al., 2016; Duan et al., 2017). At 28 dpi, 2.5 g root and
nodule samples were cross linked and then sonicated using a Bioruptor Plus
(Diagenode; low power, on for 60 s, off for 60 s, four cycles). Anti-FLAG (Sigma)
was used to immunoprecipitate the target MtbHLH2-FLAG fusion protein. The
enriched DNA fragments that contrasted with the input samples were detected
by RT-gPCR (primers are listed in Supplemental Table S2) using MtACTIN as
the negative control.

DAB Staining and TUNEL Assay

At 28 dpi, nodules were collected for DAB staining as previously described
(Zhou et al., 2015). At 28 or 49 dpi, nodules were fixed in formalin-acetic-alcohol
solution, and TUNEL assays were performed using the DeadEnd Colorimetric
TUNEL System (Promega) according to the manufacturer’s instructions.

Phylogenetic Analysis

Protein sequences of bHLH transcription factors or PLCPs in M. truncatula
and Arabidopsis (Arabidopsis thaliana) were obtained from the JCVI and TAIR
databases, respectively. The multiple sequence alignment was analyzed using
ClustalW2 software (Larkin et al., 2007) or the MAFFT online service (Katoh
etal.,, 2002,2017), and a phylogenetic tree was generated using PhyML with the
neighbor-joining method or the maximum likelihood method (Guindon et al.,
2010). The numbers on the branches show bootstrap values based on 1000
replicates. The phylogenetic analysis was performed using EvolView (Zhang
et al,, 2012a).

Statistical Analysis

All data analyses and calculations of the means and sb were performed using
Sigma Plot 12.0 and Microsoft Excel 2010. The statistical significance of the
differences was assessed by Student’s t test or one-way ANOVA followed by
Tukey’s post-hoc test using SPSS software (version 16.0). The P values for each
statistical test are reported.

Accession Numbers

The sequence data obtained in this study can be found in the GenBank data
library under the accession numbers MK798038 (MtbHLH2) and MK798039
(MtCP77). The raw data used for the RNA-seq analysis have been submitted to
the NCBI database under the accession number PRINA383274.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Schematic diagram of the domain structure in
MtbHLH2 and phylogenetic analysis of MtbHLH2.

Supplemental Figure S2. Analysis of the intensity of the colocalization of
MtbHLH2 with the nuclear dye DAPL

Supplemental Figure S3. Expression patterns of MtbHLH2 and MtCP77.

Supplemental Figure S4. Analysis of pathways enriched with differen-
tially expressed genes regulated by MtbHLH2.
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Supplemental Figure S5. Molecular identification of MtbHLH2OE-
transgenic plants.

Supplemental Figure S6. Analysis of the intensity of the colocalization of
MtCP77 with an ER marker and a Golgi marker.
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