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Abstract
Root nodules are major sources of nitrogen for soybean (Glycine max (L.) Merr.) growth, development, production, and seed 
quality. Symbiotic nitrogen fixation is time-limited, as the root nodule senesces during the reproductive stage of plant develop-
ment, specifically during seed development. Nodule senescence is characterized by the induction of senescence-related genes, 
such as papain-like cysteine proteases (CYPs), which ultimately leads to the degradation of both bacteroids and plant cells. 
However, how nodule senescence–related genes are activated in soybean is unknown. Here, we identified 2 paralogous NAC 
transcription factors, GmNAC039 and GmNAC018, as master regulators of nodule senescence. Overexpression of either gene 
induced soybean nodule senescence with increased cell death as detected using a TUNEL assay, whereas their knockout delayed 
senescence and increased nitrogenase activity. Transcriptome analysis and nCUT&Tag-qPCR assays revealed that GmNAC039 
directly binds to the core motif CAC(A)A and activates the expression of 4 GmCYP genes (GmCYP35, GmCYP37, GmCYP39, and 
GmCYP45). Similar to GmNAC039 and GmNAC018, overexpression or knockout of GmCYP genes in nodules resulted in preco-
cious or delayed senescence, respectively. These data provide essential insights into the regulatory mechanisms of nodule sen-
escence, in which GmNAC039 and GmNAC018 directly activate the expression of GmCYP genes to promote nodule senescence.
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Introduction
Legume–rhizobia symbiosis leads to the development of 
nitrogen-fixing nodules, in which atmospheric N2 is reduced 
to ammonia and assimilated by the host plant. This process, 
known as symbiotic nitrogen fixation, could potentially be 
manipulated through biotechnology to achieve sustainable 
agriculture (Oldroyd and Dixon 2014). Soybean (Glycine 
max (L.) Merr.) is a nutritious leguminous crop that is rich 
in protein and oil and used as a source of food and feed 
worldwide (Mus et al. 2016).

The life cycle of a nodule is much shorter than that of a 
soybean plant. Soybean nodules begin to have senescent cells 
about 4-wk post-inoculation. This process starts in the cen-
tral cells of the nodule and gradually spreads outward, indu-
cing complete degradation of the bacteroids and nodule 
necrosis (Puppo et al. 2005). Nodule senescence is acceler-
ated when plants are subjected to biotic or abiotic stresses, 
including pathogen attack, darkness-induced starvation, 
high temperature, water deficit, drought, and nitrogen ferti-
lizers, dramatically decreasing the symbiotic nitrogen- 
fixation efficiency.
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Moreover, inadequate nitrogen supply is a major con-
straint for legume growth and yield under sterile soil condi-
tions (Imsande 1986; Imsande and Schmidt 1998). For most 
leguminous plants, significant nodule senescence is observed 
during pod filling, when nutrient reallocation and remobiliza-
tion occur to ensure yield and seed quality. Indeed, nitrogen 
fertilizers are typically applied during pod filling (reproduct-
ive stage R5) to improve soybean yield and seed protein con-
tent (Imsande 1986). Therefore, increasing active nitrogen 
fixation in nodules by delaying their senescence might be a 
powerful strategy to improve nitrogen-use efficiency during 
seed development.

Organ senescence is an active process that involves extensive 
cell degradation, resulting in cell death and organ abscission. Leaf 
senescence is a well-studied process, in which leaf color changes 
from green to yellow due to the degeneration of chloroplasts 
(Woo et al. 2019). Similarly, during nodule senescence, the sym-
biosomes (specialized organelles that contain the bacteroids) 
and the heme groups of leghemoglobin (a pigment involved 
in O2 delivery to the bacteroids) are degraded, causing a visible 
color change of nodules from pink to green or even light brown 
(Perez Guerra et al. 2010). A hallmark of nodule senescence is 
dramatically increased proteolysis, associated with activated 
transcription of protease genes, for degradation of the bacteria 
and plant cells in the nodules (i.e. the catabolism of proteins 
and other cellular components) (Puppo et al. 2005). 
Compared with the well-documented mechanisms governing 
leaf senescence (Diaz et al. 2008), the current understanding of 
nodule senescence is largely limited to the physiological changes 
and transcriptional reprograming that occur in nodules.

Research on nodule senescence dates back to at least the 
1970s, when a study examined the degradation of nodule le-
ghemoglobin in different legumes (Lehtovaara and Perttila 
1978). As the heme groups of the oxygen-carrier protein le-
ghemoglobin are degraded to biliverdin and bilirubin, the 
nodule color changes from red to green, one of the typical 
indicators of nodule senescence (Kazmierczak et al. 2020). 
The degradation of leghemoglobin means that the bacter-
oids are exposed to millimolar levels of free oxygen, leading 
to a sharp decline in nitrogenase activity. Hence, this redox 
change is also viewed as a typical feature of nodule senes-
cence (Puppo et al. 2005).

Another well-studied feature of nodule senescence is seen 
in indeterminate nodules. Medicago (Medicago truncatula) 
indeterminate nodules have a visible senescence zone lo-
cated at root proximal which is distinct from persistent ap-
ical meristem zone required for nodule development 
(Ferguson et al. 2010). The different locations of the senes-
cence zone and meristem zone make it possible to identify 
specific cells involved in nodule senescence (Roy et al. 
2020). However, this does not seem to be the case in deter-
minant nodules. Due to the lack of active meristem cells in 
spherical nodule structure, the senescence in determinant 
nodules starts at the center and spreads outward leading 
to the necrosis of whole nodules (Ferguson et al. 2010). 
Thus, regulation mechanisms of senescence in determinate 
nodules might be different from that in indeterminate 
nodules.

Organ senescence could be activated prematurely by ei-
ther environmental stresses or gene mutations or induced 

IN A NUTSHELL
Background: Soybean (Glycine max) roots have nodules in which symbiotic bacteria reduce nitrogen gas into ammo-
nium, which nourishes the plants. The termination of symbiotic nitrogen fixation, termed nodule senescence, is an 
active process and soybean nodules are usually severely senescent when the plant begins flowering, which appears 
counterproductive, as seed maturation requires a large amount of nitrogen. While much has been discovered about 
symbiotic signaling and nodule organogenesis over the past 2 decades, knowledge about nodule senescence is largely 
limited to decreased nitrogenase activity and leghemoglobin content, physiological changes, and gene expression pro-
files of senescent nodules. One molecular marker of senescent nodules is an increase in the transcript levels of genes 
encoding cysteine proteases that break down proteins and degrade nodule cells. However, how nodule senescence is 
activated at the molecular level and what components activate the expression of senescence-related genes are largely 
unknown.

Question: What are the key components regulating nodule senescence in soybean?

Findings: We identified 2 NAC transcription factors from soybean, GmNAC039 and its paralog GmNAC018, as reg-
ulators of nodule senescence. GmNAC039 directly binds to the promoters of at least 4 cysteine protease genes and 
activates their expression. Knocking out these 4 cysteine protease genes in soybean delayed nodule senescence and 
increased nitrogenase activity. Thus, GmNAC039 and GmNAC018 activate the expression of cysteine protease genes 
to promote nodule senescence in soybean.

Next steps: Nodule senescence is associated with extensive cell degradation, which leads to programed cell death in 
nodules. The expression of genes encoding proteins with proteolytic activities is required for nodule senescence. Given 
that cysteine proteases have key roles in soybean nodule senescence, identifying their target proteins is an important 
future research goal.
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by developmental arrest. Senescence and developmental ar-
rest are closely related. However, senescence could also be 
viewed as the last phase of the whole development and in-
duce an irreversible arrest of growth (Woo et al. 2019). The 
continuation and aggravation of senescence will eventually 
induce a complete arrest of development leading to the ne-
crosis and abscission of an organ (Woo et al. 2019). A typical 
example came from the study on M. truncatula nodules. 
Mutation at DNF2 (defective in nitrogen fixation), NAD1 (no-
dules with activated defense), or SymCRK (symbiotic 
cysteine-rich receptor-like kinase) could activate strong 
immune responses in nodules which finally induce nodule 
senescence and necrosis (Bourcy et al. 2013; Wang et al. 
2016a; Domonkos et al. 2017; Berrabah et al. 2023). In either 
dnf2, nad1, or symCRK mutant plants, nodule senescence was 
only observed at the nitrogen-fixation zone in young nodules 
7-d post inoculation (dpi) when senescence zone was not de-
veloped, but gradually expanded to full nodules at 4-wk post 
inoculation (wpi). Based on gene expression analysis in 
Medicago nad1 mutant nodules, expression of 
immune-related genes was significantly induced in young no-
dules, while senescence-related genes were induced in the 
mature nodules (Wang et al. 2016a). The results suggested 
that the activated immune responses might be the direct 
reason to promote senescence in nad1 mutant nodules, 
which finally leads to developmental arrest with small-size 
nodules developed in nad1 or dnf2 mutant plants.

The host plant seems to have a predominant role in regu-
lating nodule senescence. Several studies have used transcrip-
tome analysis to identify senescence-related plant genes in 
aged nodules (Maunoury et al. 2010; Chungopast et al. 
2014; Wang et al. 2016a; Wang et al. 2019; Liu et al. 2021). 
Increased expression of a small family of genes encoding 
papain-like cysteine proteases (CYPs) and downregulation 
of genes encoding leghemoglobins have been used as mo-
lecular markers of nodule senescence (Kazmierczak et al. 
2020; Yang et al. 2020). In soybean, cysteine protease (CYP) 
genes were identified to be highly induced in aged nodules 
(Alesandrini et al. 2003b; Van Wyk et al. 2014). However, it 
is unclear which GmCYP genes play key roles in regulating 
nodule senescence and how GmCYP transcription is acti-
vated. Based on the expression pattern of CYPs and their pro-
tease activities, it has been proposed that the function of 
CYPs is to degrade proteins or other key components re-
quired for nodule development (Sheokand and Brewin 
2003; Pierre et al. 2014). However, the true function of 
CYPs in nodule senescence is unknown.

Because senescence could be viewed as a termination of 
plant development, the transcriptional switch from genes in-
volved in growth to those involved in senescence must be 
tightly regulated in response to developmental signals and/ 
or environmental stresses. Several transcription factor (TF) 
families have been identified as important regulators of leaf 
senescence–responsive gene expression, including NAC 
(NAM, ATAF1, and CUC2) (Balazadeh et al. 2010, 2011; 
Matallana-Ramirez et al. 2013; Fraga et al. 2021), MYB 

(Jaradat et al. 2013; Piao et al. 2019), AP2 (Phukan et al. 
2017; Chen et al. 2022), and WRKY (Zhang et al. 2016; Yu 
et al. 2021).

NAC TFs are plant-specific and constitute one of the lar-
gest gene families in plants. NAC proteins were divided 
into different subgroups based on their C-terminal domain. 
Some NAC TFs function as transcriptional activators, while 
others possess an NAC repression domain (NARD) and func-
tion as transcriptional repressors (Hao et al. 2010). A great 
number of NAC TFs have been shown to play fundamental 
roles in organ senescence; for example, about one-third of 
the NAC TFs in Arabidopsis (Arabidopsis thaliana) are in-
volved in plant senescence (Li et al. 2018). The Arabidopsis 
NAC TFs ANAC092, ANAC029, ANAC059, and ANAC016 
promote leaf senescence, while ANAC082 and JUB1 
(JUNGBRUNNEN1) are repressors of leaf senescence (Wu 
et al. 2012; Woo et al. 2019).

In soybean, an extensive genome-wide analysis identified 
more than 180 genes encoding NAC TFs (Melo et al. 2018). 
Soybean salt-induced NAC1 (GmSIN1) mediates the cross-
talk between ABA (abscisic acid) signaling pathway and 
ROS (reactive oxygen species) production, to increase salt 
tolerance (Li et al. 2019). GmNAC06 is another NAC TF 
that promotes salt tolerance (Li et al. 2021). GmNAC081 
and GmNAC030 form heterodimers to activate cell death 
program via upregulation of caspase1-like vacuolar process-
ing enzyme (VPE) gene expression (Mendes et al. 2013). 
GmNAC020 promotes abiotic stress tolerance and lateral 
root formation in transgenic Arabidopsis plants (Hao et al. 
2011). Soybean SHATTERING1-5 (SHAT1-5) encodes a NAC 
TF that has been artificially selected for pod-shattering resist-
ance during soybean domestication (Dong et al. 2014). 
Despite all these data, very few studies have focused on 
the involvement of NAC TFs in soybean developmental 
senescence.

Nodule senescence involves programed cell death, reactive 
oxygen species production, and increased expression of CYPs. 
However, the key factors that orchestrate nodule senescence 
have not been identified (Roy et al. 2020; Wang et al. 2022). In 
this study, we identified 2 NAC TFs, GmNAC039, and its 
paralog GmNAC018, as key regulators of nodule senescence 
through directly activating the expression of 4 GmCYP genes 
in soybean nodules. Knocking out these 4 genes delayed nod-
ule senescence and increased the nitrogenase activity in soy-
bean nodules. Our results demonstrate that the activation of 
CYP gene expression by 2 NAC transcription factors repre-
sents an important regulatory module mediating soybean 
nodule senescence.

Results
Nodule nitrogenase activity decreases during 
senescence
To investigate the molecular mechanisms underlying nodule 
senescence, we inoculated greenhouse-grown soybean 

NAC and CYP regulate nodule senescence                                                                    THE PLANT CELL 2023: 35; 2929–2951 | 2931



(G. max (L.) Merrill) cultivar Williams 82 (W82) plants with 
its symbiont, Bradyrhizobium diazoefficiens USDA 110, and 
monitored them over time (Fig. 1A). We evaluated the 
nitrogen-fixation ability of nodules at different developmen-
tal stages by examining their internal color. Accumulation of 
the pigment leghemoglobin results in a pink color and indi-
cates that nitrogen fixation has started, while degradation of 
leghemoglobin results in a green or pale color and is asso-
ciated with decreased nitrogen-fixation activity (Navascues 
et al. 2012). Because nodulation is not a homogenous pro-
cess, we used the largest nodules at the base of the primary 
root for comparisons of senescence in different genotypes 
and at different plant developmental stages.

Pink coloration was observed in longitudinal sections of 
the biggest nodule at the base of the primary root 2–6 wpi 
with rhizobia. By 4 wpi, a slightly brown area was observed 
in the center of the nodule, indicating that these cells had be-
gun to senesce. By 8 wpi, the nodules had become pale pink, 
suggesting that senescence had begun to spread throughout 
the entire nodule. At 10 and 12 wpi, the nodules were partial-
ly green and light brown, respectively (Fig. 1A). The gradual 
changes in the color of the nodules between 8 and 12 wpi 
suggest that their nitrogenase activities gradually decreased 
during this time. The color change began at the center of no-
dules and gradually spread outward across the entire nodule 
(Fig. 1A). This finding is consistent with the conclusion 
that senescence in determinant nodules, such as those of soy-
bean, begins at the center, and gradually spreads outward 
(Kazmierczak et al. 2020).

To further confirm the above conclusion, we performed 
acetylene reduction assays using all nodules from soybean 
plants at 2, 3, 4, 5, 8, 10, and 12 wpi with rhizobia. This assay 
is a direct measure of the relative reductase activity of nitro-
genase in soybean nodules. The nitrogenase activity per plant 
at 2 wpi was relatively low but increased gradually as the 
number of mature nodules increased and peaked at 8 wpi 
(Fig. 1, A and B; Supplemental Fig. S1). By contrast, the nitro-
genase activity per plant by 10 and 12 wpi had declined due 
to the increased number of senescent nodules on the whole 
plant (Fig. 1, A and B; Supplemental Fig. S1). The gradual re-
duction in nitrogenase activity per nodule fresh weight in 
plants from 2 to 12 wpi is consistent with a change in nodule 
color from pink to green and then to brown (Fig. 1, A and B). 
These data indicated that the combined nitrogen-fixation ac-
tivity of all nodules from a soybean plant substantially de-
clined after 8 wpi, with significant browning of the nodules, 
and that the color change from pink to brown reflects the 
progression of nodule development from maturity to 
senescence.

High nitrogenase activity depends on high levels of leghe-
moglobin, an oxygen-carrying protein that maintains the 
low-free-oxygen conditions needed for optimal nitrogenase 
activity in nodules (Wang et al. 2019). To determine the ex-
pression profiles of leghemoglobin genes in soybean nodules 
at different developmental stages, we collected several of the 
largest nodules at the base of primary roots for qPCR analysis. 

The soybean genome contains 4 major leghemoglobin genes: 
LbA, LbC1, LbC2, and LbC3. These Lb genes were expressed at 
high levels in the nodules from 2 to 8 wpi, but at lower levels 
at 12 wpi (Fig. 1C), consistent with the nitrogenase activities 
at these developmental stages. Together, these data show 
that the levels of nitrogenase activity and Lb gene expression 
decrease as soybean nodules senesce.

Transcription factors are expressed at high levels in 
senescent nodules
To study the molecular mechanisms of nodule senescence, we 
next performed a large-scale transcriptome analysis. Having es-
tablished that nodules were severely senescent at 12 wpi 
(Fig. 1), we compared the gene expression profiles of nodules 
at 4, 8, and 12 wpi. Because nodulation is not a homogenous 
process, several bigger nodules at the base of each primary 
root were used for RNA-Seq analysis. We mined the soybean 
gene expression atlas (http://www.soybase.org) and compared 
the expression differences among 2,789 and 6,491 upregulated 
genes in 8 wpi vs. 4 wpi nodules and 12 wpi vs. 4 wpi nodules, 
respectively (Supplemental Data Set 1). We identified 1,710 
genes (fold change (FC) > 2) that were significantly induced 
in nodules at both 8 and 12 wpi compared with those in no-
dules 4 wpi (Supplemental Fig. S2A).

To identify the TFs involved in regulating nodule senes-
cence, we analyzed the upregulated genes encoding TFs 
among the 1,710 genes that were specifically expressed in 
senescing nodules (Supplemental Fig. S2B). Based on the 
plant TF database for soybean (http://planttfdb.gao-lab.org/), 
210 genes encoding TFs from 5 of the main TF families 
(NAC, WRKY, MYB, ERF, and AGAMOUS-like) were identified 
as nodule senescence–induced (Supplemental Fig. S2C), sug-
gesting that transcription factors might play important roles 
in activating the process of nodule senescence.

Two NAC transcription factors promote early 
senescence in soybean nodules
Abundant data indicate that a substantial number of NAC 
TFs play essential roles in regulating leaf senescence (re-
viewed by Kim et al. 2016), so we wondered whether any 
NAC TFs are involved in soybean nodule senescence. We 
compared the expression levels of soybean NAC genes in no-
dules at 8 and 12 wpi with those in nodules at 4 wpi. 
Expression profiles from the transcriptomic data and phylo-
genetic analysis showed that 24 NAC genes were specifically 
expressed in senescent nodules and clustered into 5 sub-
groups: SNAC-A (ATAF), SNAC-B (NAP), Senu5, ONAC022, 
and ONAC063 (Fig. 1D).

To investigate whether any of the senescence-induced 
NACs function in nodule senescence, we ectopically ex-
pressed them in soybean hairy roots using the leghemoglobin 
(Lb2) promoter and determined the nitrogenase activity and 
number of nodules per plant at 4 wpi. Due to gene duplica-
tion and high sequence similarity among the 24 NAC genes, 
we narrowed down the investigation to 10 NAC genes 
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Figure 1. Analysis of plant-specific NAC family during soybean nodule senescence. A) Plant and nodule development at different time points after 
inoculation with rhizobia. Five-day-old soybean seedlings grown in vermiculite were inoculated with rhizobia and grown for an additional 2, 3, 4, 5, 6, 
8, 10, or 12 weeks (W). The upper panel illustrates plant growth at the different stages; scale bar = 5 cm. The lower panel shows longitudinal sections 
of nodules at the different stages; scale bar = 0.3 mm. The largest nodules at the base of the primary root were used for sections. B) Nitrogenase 
activity and nodule number at different developmental stages. Values represent the means (2W, n = 8; 3W, n = 15; 4W, n = 15; 5W, n = 15; 8W, n = 7; 
10W, n = 7; 12W, n = 8). ARA, Acetylene reduction activity. Significant differences were determined by a two-tailed Student’s t-test and are indicated 
by lower-case letters. C) Relative expression of leghemoglobin genes LbA, LbC1, LbC2, and LbC3 in nodules at different developmental stages deter-
mined using the comparative Ct method. Soybean ACT11 was used as an internal reference. Two samples for each time point were used for RT-qPCR. 
The largest nodules at the base of the primary root were harvested for each sample. D) Phylogenetic analysis of NAC proteins and gene expression 
patterns of senescence-induced NAC genes in soybean nodules. Expression data were obtained from RNA-Seq analysis of 4-, 8-, and 12 wpi (weeks 
post-inoculation) nodule samples. Number indicates the relative expression levels of genes.
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representing the 5 subfamilies (GmNAC018, GmNAC030, 
GmNAC039, GmNAC043, GmNAC065, GmNAC091, GmNAC114, 
GmNAC127, GmNAC142, and GmNAC154). Transgenic hairy 
roots overexpressing GmNAC114, GmNAC142, and GmNAC154 
had similar nitrogenase activities and nodule numbers as the 
control (Supplemental Fig. S3, A to F), indicating that these 
NAC proteins might not substantially promote nodule early 
senescence.

Overexpression of GmNAC030, GmNAC065, GmNAC091, or 
GmNAC127 led to decreased nitrogenase activity but had no 
effect on the nodule numbers, except in the case of the 
GmNAC127 transgenic roots, which had slightly fewer no-
dules than the control transgens (Supplemental Fig. S3, A 
to D and J to L). Overexpression of GmNAC043 slightly in-
creased the nitrogenase activity of nodules, but the nodule 
number was comparable to the control (Supplemental Fig. 
S3, G to I). Overexpression of GmNAC039 and GmNAC018 re-
sulted in the most striking symbiotic phenotypes (Fig. 2). The 
shoots of plants with transgenic hairy roots overexpressing 
GmNAC039 or GmNAC018 displayed yellowish leaves, which 
is indicative of nitrogen deficiency (Fig. 2, A to D). In addition, 
at 4 wpi, GmNAC039-OE or GmNAC018-OE nodules were 
much smaller than control nodules and had light green or 
pale centers (Fig. 2, E and F).

Toluidine blue staining of longitudinal cross sections in no-
dules revealed that GmNAC039 or GmNAC018 overexpression 
reduced the number of bacteroids and increased the size of va-
cuoles in infected cells compared to control nodules (Fig. 2, E 
and F). Additionally, nodules overexpressing GmNAC039 or 
GmNAC018 had significantly reduced nitrogenase activity 
compared with controls (Fig. 2, G and H). Interestingly, trans-
genic hairy roots expressing GmNAC039 or GmNAC018 formed 
more nodules than the controls (Fig. 2, I and J), perhaps as a 
result of a developmental regulatory mechanism that com-
pensates for the drastically reduced nitrogenase activity of 
the nodules. In addition, leghemoglobin gene expression levels 
were reduced in the transgenic nodules compared with the 
controls (Fig. 2, K and L). All these results are consistent 
with the conclusion that nitrogenase activity was significantly 
reduced in the transgenic nodules. Therefore, these data sug-
gest that among the 10 senescence-induced NAC genes tested, 
GmNAC039 and its paralog GmNAC018 were the strongest 
promoters of nodule early senescence.

To examine whether the defective nodules in GmNAC039- 
OE and GmNAC018-OE nodules are due to early senescence 
or developmental arrest, sections of nodules 2 wpi were 
made for cell morphology analysis. GmNAC039-OE or 
GmNAC018-OE transgenic roots generate similar-size nodules 
compared with those from control plants (Fig. 3A and 
Supplemental Fig. S4). An abundant, clear, and multi-vesicles 
or large-vacuolated cytoplasm with the reduced population 
of bacteroids in infected cells were observed in nodules of 
GmNAC039-OE or GmNAC018-OE relative to controls 
(Fig. 3A). Overexpression of GmNAC039 or GmNAC018 sig-
nificantly reduced the nitrogenase activity in nodules 
(Fig. 3B), but did not significantly alter the nodule numbers 

compared with control nodules 2wpi (Fig. 3C). The data sug-
gested that overexpression of GmNAC039 or GmNAC018 
might promote early senescence in nodules at early stage.

To confirm this hypothesis, expression of genes involved in 
nodule development and senescence was analyzed. The tran-
script levels of symbiosis genes including GmLbA, GmLbC, and 
rhizobial nifH in the GmNAC039-OE or GmNAC018-OE nodules 
were detected at reduced levels (Fig. 3D). However, soybean 
DD15 (Glyma.02G021600), a nodule senescence-associated 
marker gene (Alesandrini et al. 2003a), was significantly induced 
in both GmNAC039-OE and GmNAC018-OE nodules com-
pared with controls (Fig. 3D). These data indicated that 
GmNAC039 or GmNAC018 has a role in promoting nodule 
early senescence with decreased nitrogen-fixing ability dur-
ing nodule development.

To further characterize the roles of GmNAC039 and 
GmNAC018 in nodule senescence, we quantified apoptosis 
in senescent nodules using a TUNEL assay, a method that 
detects double-strand breaks in the nuclear DNA, which in-
crease during apoptosis (Xia 2018). Cells within longitudinal-
ly sectioned fresh nodules were stained both with 
4′,6-diamidino-2-phenylindole (DAPI) and by fluorescently 
labeled terminal dUTP nick-end labeling. Transgenic nodules 
overexpressing either GmNAC039 or GmNAC018 displayed 
reduced numbers of bacteroids, large vacuole-like lytic struc-
tures, a typical marker of nodule senescence, and nuclear 
degradation (Fig. 3E). By contrast, the symbiotic cells of con-
trol nodules had fully developed symbiosomes that were 
packed in a radial pattern around an intact nucleus 
(Fig. 3E). These data further confirmed that GmNAC039 
and GmNAC018 play essential roles in mediating soybean 
nodule senescence.

Knockout of GmNAC039 and GmNAC018 causes 
delayed nodule senescence
Having determined that overexpression of GmNAC039 or 
GmNAC018 accelerated nodule senescence in soybean, we hy-
pothesized that knocking out these NAC genes would delay 
nodule senescence. GmNAC039, GmNAC018, and GmNAC030 
belong to the same SNAC-A subgroup and share high sequence 
similarity (Supplemental Fig. S5A) and promote nodule senes-
cence. Therefore, 4 gRNAs (guide RNAs) that simultaneously 
target all 3 NAC genes were designed and cloned into one plas-
mid using polycistronic-tRNA CRISPR/Cas9 technology (Xie 
et al. 2015) (Supplemental Fig. S5B). To verify the editing of 
these 3 NAC genes, the DNA sequences flanking each gRNA tar-
get site from 3 random individual transgenic hairy roots were 
amplified and sequenced (Supplemental Fig. S5, C and D). 
Sequencing of PCR products from independent biallelic mutant 
roots revealed a variety of mutations per transgenic root and 
mutation efficiencies with the 4 sgRNAs for GmNAC039, 
GmNAC018, and GmNAC030 genes were approximately 100% 
(Supplemental Fig. S5, C and D).

Nitrogenase activity was measured in soybean plants at 6 
wpi from the control (wild type transformed with empty 
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vector) and GmNAC039/GmNAC018/GmNAC030 knockout 
(NACs-KO). The most of bigger nodules at the base of the 
primary roots of NACs-KO plants were slightly pinker in 
the center area than those formed by the control 
(Supplemental Fig. S5E). Consistent with this, the NACs-KO 

nodules had higher nitrogenase activity than the control no-
dules (Supplemental Fig. S5F), but there was no significant 
difference in nodule number (Supplemental Fig. S5G). The 
expression levels of LbA and LbC1 were higher in NACs-KO 
nodules than in control nodules (Supplemental Fig. S5, H 
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Figure 2. Overexpression of GmNAC039 or GmNAC018 promotes nodule senescence in soybean. A and B) Comparison of growth phenotypes at 4 
wpi of control soybean plants transformed with empty vector and plants overexpressing 3× Flag-tagged GmNAC039 or GmNAC018 (NAC039-OE or 
NAC018-OE). Scale bars = 5 cm. C and D) Nodule phenotypes of soybean plants harboring the empty vector (control) or overexpressing 3× 
Flag-tagged GmNAC039 or GmNAC018 (NAC039-OE or NAC018-OE). In each row, the two images at left show transgenic roots harboring the empty 
vector (Control) or overexpressing GmNAC039 or GmNAC018 (NAC039-OE or NAC018-OE) as seen under white light (first image) or fluorescent 
light (second image; green fluorescent protein (GFP) fluorescence). The third panels illustrate the size and color of nodules from one transgenic 
seedling. GFP served as a positive marker for transformed lines. Scale bars = 1.5 mm. E and F) Cell morphology and organization of nodules 
from transgenic hairy root plants of NAC039-OE (E) or NAC018-OE (F). The left panel illustrates the internal color of nodules from transgenic 
root, scale bars = 0.3 mm. The right panel represents longitudinal sections of nodules stained with toluidine blue dye. Scale bars = 100 μm. G 
and H) Nitrogenase activity of control and NAC039-OE (G) or NAC018-OE (H) nodules determined using an acetylene reduction assay. ARA, acetyl-
ene reduction activity. I and J) Nodule number of control, NAC039-OE (I), or NAC018-OE (J). Data shown in bar charts are mean ± SD. K and L) 
Relative expression of LbA and LbC1 in nodules from NAC039-OE (K), or NAC018-OE (L) from 3 transgenic roots per genotype, determined by qPCR. 
GmACT11 was used as the reference. Data shown in bar charts are means ± SD. Significance analyses were performed using GraphPad Prism version 
9 based on paired Student’s t-tests compared with the control (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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Figure 3. Cell structures of GmNAC039-OE/GmNAC018-OE transgenic nodules. A) Toluidine blue-stained transverse sections of transgenic nodules 
at 2 wpi. From left to right, scale bar = 0.5 mm, 50 μm, 25 μm, and 10 μm. B and C) Nitrogenase activity determined by acetylene reduction activity 
(ARA) (B) and nodule number (C) in transgenic roots at 2 wpi. D) RT-qPCR analyses of symbiotic genes and senescence-associated marker gene 
DD15 in transgenic nodules at 2 wpi. Data shown in bar charts are means ± SD from 3 biological replicates. E) Apoptosis analysis in 
NAC039-OE and NAC018-OE nodules 4 wpi using a TUNEL assay. The upper panel (DAPI) illustrates DAPI-stained nuclei and rhizobia. The middle 
panel (TUNEL) represents double-strand DNA breaks labeled using the TUNEL assay. The lower panel (Merged) represents merged images of the 
DAPI and TUNEL signals. Nuclei and vacuoles are indicated by white arrows and arrowheads, respectively. Scale bar = 20 μm. Significance analyses 
were performed using GraphPad Prism version 9 based on paired Student’s t-tests compared with the control (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 
****P ≤ 0.0001).
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and I), which is consistent with their higher nitrogenase 
activity.

To further confirm the role of GmNAC039, GmNAC018, 
and GmNAC030 in regulating nodule senescence, we gener-
ated stable transgenic soybean plants. Soybean nac039/ 
nac018/nac030 triple knockout and nac039/nac018 double 
knockout homozygous mutants were obtained through 
gene editing (Fig. 4A). We observed no significant differences 
in growth rate between wild-type (WT) and stable NACs-KO 
plants during vegetative growth (Supplemental Fig. S6). 
Similar to the phenotype of the NACs-KO transgenic hairy 
roots, the nodules of both nac039/nac018/nac030 and 
nac039/nac018 homozygous mutant plants had higher nitro-
genase activities than control nodules at 4 and 6 wpi (Fig. 4, B
to D). The nodule numbers were similar for the control and 
the nac039/nac018/nac030 and nac039/nac018 homozygous 
mutant soybean plants (Fig. 4, B to D). Consistent with the 
elevated nitrogenase activity, significantly increased expres-
sion of the leghemoglobin genes LbA and LbC1 was detected 

in the mutant nodules compared to the WT nodules (Fig. 4E). 
Overall, these data strongly indicated that GmNAC039, 
GmNAC018, and GmNAC030 are essential components pro-
moting nodule senescence in soybean.

GmNAC039-mediated transcriptional activation is 
required for nodule senescence
Previous studies have demonstrated that several NAC pro-
teins contain a NARD and can function as either transcrip-
tional activators or repressors (Hao et al. 2010; Nagahage 
et al. 2018). Amino acid sequence alignment showed that 
GmNAC039, GmNAC018, and GmNAC030 contain a con-
served N-terminal DNA-binding domain with an NARD for 
transcriptional repression as well as a variable C-terminal 
transcriptional regulatory domain (Supplemental Fig. S5A). 
Therefore, we tested whether GmNAC039 functions as a 
transcriptional activator or repressor to promote nodule sen-
escence. To test this, SRDX and VP16, protein domains 

A

C D E

B

Figure 4. Nodule number and nitrogenase activity in nac039/nac018/nac030 knockout mutant plants. A) Gene editing types in NACs-KO (knock-
out) stably transformed plants. An inversion between gRNA1 and gRNA3 within NAC039, a 16 bp fragment deletion at gRNA1 within NAC018, and 
an 8-bp deletion at gRNA1 within NAC030 were found in the nac039/nac018/nac030 triple homozygous mutant plants. A 5-bp deletion at gRNA3 
within NAC039 and 16 bp deletion at gRNA1 within NAC018 were found in the nac039/nac018 double homozygous mutant plants. B) Nitrogenase 
activity and nodule number of NACs-KO stably transformed plants at 4 wpi. Soybean wild-type W82 was used as the control. C) Nodule phenotype 
of NACs-KO stably transformed plants at 6 wpi. Scale bar = 1.5 mm. D) Nitrogenase activity and nodule number of NACs-KO stably transformed 
plants at 6 wpi. Data shown in bar charts are means ± SD. E) Relative expression of LbA and LbC1 in hairy root nodules at 6 wpi. Three individual 
nodule samples were analyzed by qPCR using GmACT11 as a reference. Data shown in bar charts are means ± SD. Asterisks show significant differ-
ences determined using GraphPad Prism version 9 through unpaired Student’s t-tests of comparisons with the control (*P ≤ 0.05; **P ≤ 0.01; ns, no 
significant difference).
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known to effectively repress and activate gene expression, 
respectively, were fused with GmNAC039 for overexpression 
in soybean hairy roots. Transgenic GmNAC039 or 
GmNAC039-VP16 roots produced elevated numbers of no-
dules, which were small and white or light green, whereas no-
dules from control or GmNAC039-SDRX-expressing plants 
were pink (Fig. 5A), indicating that transcriptional activity 
of GmNAC039 is required for promoting nodule senescence. 
In agreement with their defective nodule development, 
transgenic hairy roots expressing GmNAC039-VP16 and 
GmNAC039 had nodules with significantly reduced nitro-
genase activities compared with control nodules at 4 wpi, 
whereas nodules from GmNAC039-SDRX-expressing hairy 
roots had slightly higher nitrogenase activity than the con-
trols (Fig. 5B). These results are in agreement with the 

observed nodule phenotypes of both transgenic hairy 
roots and stably transformed plants overexpressing or lack-
ing GmNAC039/GmNAC018. These data indicate that 
GmNAC039-mediated transcriptional activation is required 
for accelerating nodule senescence in soybean.

GmNAC039-overexpressing transgenic nodules have 
altered expression of senescence-related genes
To decipher the molecular mechanisms underlying the regu-
lation of nodule senescence by GmNAC039, we aimed to 
identify its downstream target genes. To this end, we per-
formed RNA-seq analysis to compare genome-wide tran-
script levels in GmNAC039-overexpressing and wild-type 
nodules at 12 wpi, a stage characterized by severe nodule 
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Figure 5. RNA-Seq analysis of gene expression patterns in NAC039-overexpression and naturally senescent nodules. A) Nodule phenotypes at 4 wpi 
of plants transformed with empty vector (Control), GmNAC039, GmNAC039-VP16, or GmNAC039-SRDX. Scale bars = 1.5 mm. B) Nitrogenase ac-
tivity of nodules at 4 wpi. Asterisks show significant differences compared with the control determined by unpaired Student’s t-test using 
GraphPad Prism version 9 (*P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001). C) Comparison of the numbers of upregulated and downregulated differentially 
expressed genes (DEGs) in nodules at 12W vs. 4W and of NAC039-OE vs. Ctrl detected by RNA-Seq. D) Venn diagrams showing unique and common 
genes from different pairwise comparisons among DEG data sets. The 12W vs. 4W data set is shown in green, and the NAC039-OE vs. Ctrl. data set is 
shown in blue. E) Phylogenetic analysis and heatmap showing cysteine protease genes (CYPs) differentially expressed in naturally senescent nodules 
(12W vs. 4W) and NAC039-OE nodules (NAC039-OE vs. Ctrl). Significant DEGs had fold changes ≥  ± 1.5; P < 0.05. Number indicates the relative 
expression levels (log2 fold changes) of genes.
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senescence. Differentially expressed genes (DEGs) were iden-
tified (P-value < 0.05, FC ≥ 2) in comparisons between 
healthy nodules (at 4 wpi) and fully senescent nodules (at 
12 wpi) of the wild type and between senescent 
GmNAC039-OE nodules and control transgenic nodules at 
4 wpi (Supplemental Data Set 2). These DEGs included 
6,491 upregulated and 7,446 downregulated genes in nodules 
at 12 wpi vs. 4 wpi and 4,121 upregulated and 3,271 downre-
gulated genes in nodules of NAC039-OE vs. Control (Ctrl.) 
(Figure 5C).

We further classified DEGs from NAC039-OE vs. Ctrl. based 
on Gene Ontology (GO) and KEGG pathway enrichment 
analysis. Significant DEGs in GO analysis were related to 
cell wall biogenesis or responses to wounding, reactive oxy-
gen species, and defense, indicative of plant–microbial inter-
actions. Remarkably, genes involved in phenylpropanoid 
biosynthesis and in the metabolism of starch and amino 
acids were also highly enriched in the KEGG pathway 
analysis, indicative of plants undergoing successive develop-
mental processes in response to stressful environments 
(Supplemental Fig. S7). These data indicate substantial tran-
scriptional reprograming related to stress responses and im-
mune responses during nodule senescence.

To determine whether GmNAC039 regulates the expres-
sion of senescence-related genes in nodules, DEGs common 
to NAC039-OE and 12-wpi nodules were identified by per-
forming pairwise comparisons (NAC039-OE vs. Ctrl., 12 wpi 
vs. 4 wpi) of gene expression using the aligned reads. We 
identified 845 common upregulated genes and 657 common 
downregulated genes in the NAC039-OE vs. Ctrl. and 12 wpi 
vs. 4 wpi (Fig. 5D). These data indicated that GmNAC039 par-
ticipates in controlling transcriptional reprograming of 
senescence-related genes during nodule senescence.

Given that GmNAC039-mediated transcriptional activa-
tion is required for nodule senescence, we focused on genes 
upregulated during nodule senescence as potential direct 
downstream targets of GmNAC039. Previously, strong ex-
pression of nodule-specific papain-like CYP genes was ob-
served in senescent nodules in soybean (Van Wyk et al. 
2014; Yuan et al. 2020), Chinese milk vetch (Astragalus sini-
cus) (Naito et al. 2000; Li et al. 2008), pea (Pisum sativum) 
(Kardailsky and Brewin 1996), and M. truncatula (Pierre 
et al. 2014; Deng et al. 2019) and is viewed as a hallmark of 
nodule senescence. Therefore, we analyzed the differentially 
expressed GmCYPs in both 12-wpi WT and GmNAC039-OE 
nodules. Among the upregulated DEGs common to 
GmNAC039-OE and 12 wpi nodules, GmCYP37, GmCYP35, 
GmCYP39, GmCYP45, and GmCYP7 were highly induced dur-
ing nodule senescence (Fig. 5E). Phylogenetic analysis based 
on sequence similarities showed that all the nodule senes-
cence–induced GmCYPs except for GmCYP7 are in the 
same subclade, have high sequence similarity, and are located 
adjacent to each other on chromosome 6 (Fig. 5E). The data 
indicate at least 4 GmCYP genes are nodule senescence mark-
er genes and are highly induced in GmNAC039-OE and 
12-wpi nodules.

GmNAC039 directly regulates the expression 
of CYP genes
Due to their high expression levels and potential roles in sen-
escent nodules, we hypothesized that GmCYP37, GmCYP35, 
GmCYP39, and GmCYP45 might be directly targeted and 
regulated by GmNAC039 and GmNAC018. To test this hy-
pothesis, we analyzed the expression levels of GmCYP35, 
GmCYP37, GmCYP39, and GmCYP45 in GmNAC039-OE and 
nac039/nac018/nac030 mutant nodules. Due to their high se-
quence similarity, we used the same primers to amplify 3 CYP 
genes (GmCYP35, GmCYP37, and GmCYP39) and measured 
their expression levels using qPCR. A separate set of primers 
was used to amplify GmCYP45. As shown in Fig. 6, A and B, 
the expression of all 4 GmCYPs was highly induced in 
GmNAC039-OE nodules but suppressed in nac039/nac018 
and nac039/nac018/nac030 mutant nodules compared 
with that in the control nodules. In addition, we observed 
a high sequence similarity in the promoter regions of 
GmCYP35, GmCYP37, and GmCYP39 (Supplemental Fig. 
S8A), which led us to hypothesize that the expression of 
GmCYP35, GmCYP37, and GmCYP39 might be regulated by 
similar TFs, including GmNAC039 and GmNAC018.

To test this idea, we examined the ability of GmNAC039 to 
bind directly to the promoters of GmCYP35, GmCYP37, 
GmCYP39, and GmCYP45. The nodule is a specialized organ 
in which the majority of DNA is in the bacteroids, making 
it difficult to perform chromatin immunoprecipitation 
(ChIP) assays to identify the binding sites of GmNAC039. 
Because of this, we used a new method, a modified version 
of the nucleus CUT&Tag-qPCR (nCUT&Tag-qPCR) assay re-
cently used in mammalian cells (Bartosovic et al. 2021). 
Soybean nodule cells were filtered using a special mesh to re-
move bacteroids before the assay. Filtered plant cells from 
GmNAC039-OE nodules were further confirmed using im-
munoblotting to detect FLAG-tagged GmNAC039 and 
stained with DAPI to check that the nuclei were intact 
and purified (Supplemental Fig. S9). Nuclei from 
GmNAC039-OE nodules were collected and used for the 
CUT&Tag assay. Genomic DNA fragments were then pulled 
down with or without an anti-FLAG antibody followed by 
qPCR analysis. Multiple primer pairs were designed to amp-
lify DNA fragments from the 1,820- and 1,196-bp regions up-
stream of the start codons and introns of GmCYP37 and 
GmCYP45, respectively (Fig. 6, C and D). The GmCYP37 
DNA region from −1 to −197 bp was detected at high levels 
by qPCR analysis in GmNAC039-OE nodule cells compared 
with the mock control (Fig. 6C). A single strong 
GmNAC039 binding peak was also identified in the 
GmCYP45 promoter region from −1 to −62 bp (Fig. 6D). 
These data suggest that GmNAC039 binds directly to the 
promoters of GmCYP37 and GmCYP45 near the start codon.

To confirm that GmNAC039 physically binds to the pro-
moters of GmCYP37 and GmCYP45, an electrophoretic mo-
bility shift assay (EMSA) was performed using the purified 
NAC domain of GmNAC039 and synthetic DNA fragments. 
To determine the specific binding sites of GmNAC039 on 
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the GmCYP37 and GmCYP45 promoters, 5 different DNA 
fragments were synthesized: 4 between −76 and –205 bp 
of the GmCYP37 promoter and one from –4 to –62 bp of 
the GmCYP45 promoter. The NAC domain of GmNAC039 
bound directly to the DNA fragments from −76 to 
−147 bp, −76 to −121 bp, and −93 to −121 bp, but not 
the fragment from −76 to −100 bp in the GmCYP37 pro-
moter (Supplemental Fig. S8C and Fig. 6E). The NAC domain 
of GmNAC039 could also directly bind to the DNA fragment 
from −4 to −62 bp of the GmCYP45 promoter (Fig. 6E). We 
then wondered whether the GmNAC039 binding site is con-
served among the promoters of GmCYP35/37/39/45. 
Sequence alignment analysis showed that the DNA fragment 
from −93 to −121 bp of GmCYP37 promoter is identical to 
sequences in the promoters of GmCYP35 and GmCYP39 
(Supplemental Fig. S8A), but it is slightly different from the 
GmNAC039-bindng site (−4 to −62 bp) in the GmCYP45 
promoter (Supplemental Figs. S8, A and B).

To precisely identify the cis-regulatory element targeted by 
GmNAC039, we conducted a random DNA-binding selection 
assay using random oligonucleotides. Analysis of the pulled- 
down sequences revealed a 10-nt consensus sequence that 

corresponded to a 23-bp sequence identified from 30 ran-
dom oligonucleotides bound by the NAC domain of 
GmNAC039 (Supplemental Fig. S8D). Weblogo analysis 
showed that the core consensus sequence is CACA or 
CAAA, in which the flanking regions are A-rich (Fig. 6F). 
Furthermore, mutation of the core CAC(A)A motif in the re-
gion of −93 to −121 bp of the GmCYP37 promoter resulted 
in a dramatic reduction in GmNAC039 binding (Fig. 6G). 
Together, these data indicate that GmNAC039 directly tar-
gets the promoters of cysteine protease genes via the core 
consensus sequence CAC(A)A.

Overexpression of GmCYP genes promotes nodule 
senescence in soybean
Our results indicated that at least 4 GmCYP genes are direct 
targets of GmNAC039. We then sought to test whether these 
genes are involved in nodule senescence. Amino acid se-
quence alignment showed that GmCYP35, GmCYP37, 
GmCYP39, and GmCYP45 share a highly conserved amino 
acid sequence (Supplemental Fig. S10). Among these 
GmCYP proteins, GmCYP37 is paralogous to GmCYP35.
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Figure 6. NAC039 directly targets cysteine protease (CYP) genes. A) Gene expression of GmCYP35, GmCYP37, GmCYP39, and GmCYP45 in 
GmNAC039-OE nodules at 4 wpi determined by RT-qPCR. Data shown in bar charts are means ± SD of 3 biological repeats. B) Gene expression 
of GmCYP35, GmCYP37, GmCYP39, and GmCYP45 in 6-wpi nodules of NACs-KO stably transformed plants determined by RT-qPCR. Data shown 
in bar charts are means ± SE of 3 biological repeats. C and D) nCUT&Tag-qPCR analysis showing that GmNAC039 directly targets the 
GmCYP37 and GmCYP45 promoters. Anti-Flag antibody was used to pull down DNA fragments from GmNAC039-3×Flag transgenic nodules, fol-
lowed by qPCR analysis using different primer pairs. The positions of the promoter segments are indicated relative to ATG. E) Confirmation of the 
binding of GmNAC039 to GmCYP37 and GmCYP45 promoters by EMSA. EMSA was performed using truncated GmNAC039 (residues 1–159) pro-
tein purified from E. coli. Different promoter fragments were labeled with fluorescein amidite (FAM), and unlabeled DNA was used as a competitor 
for GmNAC039 binding. The mobility shift represents GmNAC039 DNA binding activity. The positions of the promoter segments are indicated 
relative to ATG. F) GmNAC039 consensus binding sequence determined by a random DNA binding selection assay. Truncated glutathione S-trans-
ferase (GST)-NAC039 (residues 1–159) fused with GST tag was incubated with the random DNA fragments. 10-nt consensus sequences from the 
pulled-down sequences were analyzed online (http://weblogo.Berkeley.edu/). G) Identification of the conserved binding site of GmNAC039. 
Wild-type and mutant versions of nucleotides 93–121 of the GmCYP37 promoter were used for the EMSA. The DNA motif “CACAAA “in red 
font represents NAC039-binding sites, while “GGGGGG” indicates the mutant version [CYP37pro(93-121)M].
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To test whether GmCYP35, GmCYP37, GmCYP39, GmCYP45, 
and GmCYP7 regulate nodule senescence, all 5 GmCYP genes 
were individually overexpressed in soybean roots using green 
fluorescent protein (GFP) as a selection marker, and the nod-
ule phenotypes of the transgenic roots were examined. The 

leaves of GmCYP35, GmCYP37, GmCYP39, and GmCYP45 hairy 
root transformation plants displayed visible yellowing com-
pared with the control plants, indicative of nitrogen deficiency 
(Fig. 7, A to D). Compared with control plants, transgenic hairy 
roots overexpressing GmCYP37, GmCYP35, GmCYP39, or 
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Figure 7. The symbiotic phenotypes of plants overexpressing GmCYP37, GmCYP35, GmCYP39, or GmCYP45. A–D) Phenotypes of plants trans-
formed with the empty vector (control), GmCYP37 (A), GmCYP35 (B), GmCYP39 (C), or GmCYP45 (D) at 4 wpi. Scale bars = 5 cm. E–G) Nodule 
phenotypes of transgenic roots at 4 wpi. GFP served as a positive marker for selection. The two left-most panels show nodulated transgenic roots 
under white light (first panel) and fluorescent light (second panel). The middle two panels show nodules picked from one transgenic root (third 
panel) and a longitudinal section of one of the nodules (fourth panel). The right-most two panels show nodule sections stained with toluidine blue 
dye and viewed at two different magnifications. The largest nodules at the base of the primary root were used for sections. Scale bars on the panels 
from left to right = 1.5 mm, 1.5 mm, 1.5 mm, 0.3 mm, 0.3, and 10 μm, respectively. H, J, and L) Nitrogenase activity of nodules at 4 wpi. I, K, and M) 
Nodule numbers of the overexpression hairy roots. Data are given as means ± SD. Significant differences were determined by unpaired Student’s 
t-tests using GraphPad Prism version 9 (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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GmCYP45 produced more nodules that were smaller in size 
compared with the control (Fig. 7, E to G). A toluidine blue 
staining assay showed that transgenic nodules overexpressing 
GmCYP35, GmCYP37, GmCYP39, or GmCYP45 had few sym-
biosomes and bacteroids (Fig. 7, E to G). At 4 wpi, these trans-
genic hairy roots produced more nodules, which were pale 
and had decreased nitrogenase activity compared to control 
nodules (Fig. 7, H to M). Although GmCYP7 is also the direct 
target of GmNAC039 (Supplemental Fig. S11, A and B), over-
expression of GmCYP7 did not induce nodule senescence like 
the other GmCYPs tested (Supplemental Fig. S11, C to E). 
Together, these data indicated that GmCYP35, GmCYP37, 
GmCYP39, and GmCYP45 but not GmCYP7 play important 
roles in nodule senescence.

Knockout of GmCYP genes in soybean delays nodule 
senescence
To further confirm the role of GmCYP35, GmCYP37, 
GmCYP39, and GmCYP45 in promoting nodule senescence, 
CRISPR–Cas9 technology was used to simultaneously 

target all 4 CYPs with conserved gRNAs (Supplemental Fig. 
S12A). The gene editing efficiency at the 4 different CYP 
loci in transgenic nodules was confirmed by sequencing 
DNA from 3 random individual transgenic hairy roots 
(Supplemental Fig. S12, B and C). Compared with the control, 
the nodules that formed at 6 wpi on CYPs-KO transgenic 
hairy roots were slightly pinker in the center and exhibited 
higher nitrogenase activity (Fig. 8, A and B). In contrast to 
the GmCYP overexpression lines, fewer nodules were gener-
ated on the CYPs-KO hairy roots compared with the control 
(Fig. 8C). Consistent with their increased nitrogenase activity, 
expression of the leghemoglobin genes LbA and LbC1 in 
CYPs-KO nodules was double that of the control nodules 
(Fig. 8, D and E). Together, these data confirm that, like 
GmNAC039 and GmNAC018, GmCYP35, GmCYP37, 
GmCYP39, and GmCYP45 play major roles in nodule 
senescence.

Discussion
Nodule senescence, marked by high levels of cysteine pro-
teases (CYPs), is an active process programed by the whole 
plant development. However, the key components regulat-
ing nodule senescence remain largely unknown, limiting 
our understanding of the regulatory mechanisms underlying 
this process. In this study, we explored the molecular basis of 
nodule senescence in the soybean-rhizobia symbiosis. Two 
NAC TFs, GmNAC039 and its paralog GmNAC018, were 
identified as essential regulators of soybean nodule senes-
cence. GmNAC039 directly binds to the promoters of 4 
GmCYP genes and enhances their expression. In turn, 
GmCYPs promote nodule senescence in soybean. Our data 
provide clear evidence for a regulatory pathway in which 
the activation of GmCYPs expression by GmNAC TFs regu-
lates nodule senescence in soybean (Fig. 9).

Nodules are specialized plant organs that provide large 
amounts of nitrogenous nutrients to the host. However, 
the life cycle of a nodule, from initiation to complete senes-
cence, is usually shorter than that of its host plant. For ex-
ample, most soybean plant nodules senesce during the 
bloom stage, causing a rapid decrease in nitrogenase activity. 
Nodule senescence seems to be poorly timed in soybean 
plants, as this process reduces nitrogen fixation when the 
plant has an urgent need for nitrogen to support seed devel-
opment. Therefore, external N fertilizer must be applied to 
meet the requirements of seed development. The termin-
ation of a nodule development may result from the nutrient 
remobilization that occurs at this stage of plant development 
to ensure seed quality (Imsande 1986; Imsande and Schmidt 
1998; Schiltz et al. 2005). In any case, delaying the senescence 
of symbiotic nodules could prolong active nitrogen fixation, 
resulting in an increased overall nitrogen supply for seed de-
velopment during seed filling.

The NAC family is one of the largest TF gene families in 
plants, and its members play a central role in organ senes-
cence. Among ∼180 genes encoding NAC TFs identified in 

A

B C D E

Figure 8. Phenotypes caused by CRISPR/Cas9-mediated CYP35/CYP37/ 
CYP39/CYP45 knockout in soybean hairy roots. A) Nodulation pheno-
types at 6 wpi of plants transformed with the empty vector (control) or 
the CYPs CRISPR vector (CYPs-KO). The first panel in each row shows 
the nodulated roots under white light. The second panel shows GFP 
fluorescence signals representing positive transgenic nodules. The third 
panel shows the nodules produced by a single plant. The fourth panel 
shows a longitudinal section of a nodule. The largest nodules at the 
base of the primary root were used for the sections. From left to right, 
scale bars = 1.5, 1.5, 1.5, and 0.3 mm. B and C) Nitrogenase activity (B) 
and nodule number (C) of the control and CYPs-KO hairy roots. 
Asterisks show significant differences determined by unpaired 
Student’s t-tests using GraphPad Prism version 9 (**P ≤ 0.01; ***P ≤  
0.001). D and E) Relative expression of LbA and LbC1 in control and 
CYPs-KO hairy root nodules. Data shown in bar charts are means ±  
SD of 3 biological repeats.
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the soybean genome (Melo et al. 2018), 79 are differentially 
expressed and involved in leaf senescence (Melo et al. 2018; 
Fraga et al. 2021). The key roles of NAC TFs in leaf senescence 
have been well studied in Arabidopsis. For example, ATAF1 
(ARABIDOPSIS TRANSCRIPTION ACTIVATOR FACTOR 1) 
and ATAF2, 2 SNAC-A subfamily NAC TFs and representative 
senescence-associated genes, promote age-dependent and 
dark-induced leaf senescence (Garapati et al. 2015; 
Nagahage et al. 2020). A SNAC-A septuple mutant in 
Arabidopsis displayed delayed ABA-induced leaf senescence 
(Takasaki et al. 2015), and ANAC07 regulates both age- 
and dark-induced leaf senescence (Li et al. 2016). Through 
evolutionary analysis of nodule senescence–induced NACs, 
we established that 8 of 11 NAC genes in the SNAC-A sub-
family and 5 of 23 NAC genes in the SNAC-B subfamily are 
induced in senescent nodules.

Based on the transcriptional changes that occur during leaf 
and nodule senescence, the SNAC-A and SNAC-B subfamily 
proteins are important components in the regulation of sen-
escence. In soybean, GmNAC039, its paralog GmNAC018, 
and GmNAC030 belong to the SNAC-A subfamily and have 
identical expression patterns in senescent nodules. The essen-
tial roles of GmNAC039, GmNAC018, and GmNAC030 in me-
diating nodule senescence were confirmed by a variety of 
transgenic studies in transgenic hairy roots and stably trans-
formed plants. Given that GmNAC030 was also shown to 
regulate soybean leaf senescence (Fraga et al. 2021), this 
gene might have dual roles in regulating both leaf and nodule 
senescence. Overall, these data support the roles of SNAC-A 

subfamily members not only in leaf senescence but also in 
nodule senescence during plant development.

In addition to SNAC-A TFs, 5 SNAC-B subfamily TFs 
(GmNAC127 and its paralog GmNAC006, GmNAC102 and 
its paralog GmNAC091, and GmNAC044) were also highly 
expressed in senescent nodules. However, their abilities 
to promote nodule senescence were not as strong as 
that of GmNAC039 or GmNAC018. Instead, GmNAC127, 
GmNAC006, and GmNAC102 play roles in soybean abiotic 
stress responses to salinity and drought (Tran et al. 2009; 
Hussain et al. 2017). The importance of SNAC-B TFs in response 
to environmental stresses has also been studied in Arabidopsis. 
ANAC047, the Arabidopsis ortholog of GmNAC127, increased 
plant salt tolerance when it was fused with the chimeric repres-
sor SRDX (Mito et al. 2011). ANAC029, another SNAC-B TF, 
plays a positive role in salt-induced senescence in Arabidopsis 
(Guo and Gan 2006). Similarly, the rice (Oryza sativa) SNAC-B 
TF ONAC058 (OsNAP) is induced during the onset of leaf sen-
escence and improves drought and salt tolerance when overex-
pressed in rice (Liang et al. 2014). In soybean, overexpression of 2 
SNAC-B TFs, GmNAC127, and GmNAC091, also led to early 
senescence during nodule development, but the senescence 
phenotype was much weaker than that caused by overexpres-
sion of GmNAC039 and GmNAC018. Thus, although both 
SNAC-A TFs and SNAC-B TFs subfamilies function in soybean 
nodule senescence, SNAC-A TFs other than SNAC-B TFs seem 
to play prominent roles in this process.

NAC TFs are involved in various growth and developmental 
processes, as well as in environmental stress responses 
(Nuruzzaman et al. 2013). In general, many TFs function as ac-
tivators or repressors of gene expression in different processes, 
and NAC TFs are certainly no exception (Fujita et al. 2004; 
Tran et al. 2004; Mendes et al. 2013). For example, ATAF1 
serves as a core transcriptional activator of senescence by in-
ducing the senescence-related gene ORESARA1 (ORE1) and re-
pressing the photosynthesis-associated gene GOLDEN2-LIKE1 
(GLK1) during developmental and stress-induced leaf senes-
cence in Arabidopsis (Garapati et al. 2015). OsNAC6, a rice 
ortholog of Arabidopsis ATAF1, positively regulates disease re-
sistance and salinity tolerance, whereas ATAF2 represses 
pathogenesis-related (PR) genes in Arabidopsis (Delessert 
et al. 2005; Nakashima et al. 2007).

Some TFs have dual functions as transcriptional activators 
and repressors (Sridhar et al. 2006; Vaquerizas et al. 2009; 
Mendes et al. 2013). GmNAC81 and GmNAC30 form 
homo- and heterodimers to function either as transcriptional 
activators or repressors in response to abiotic stresses 
(Mendes et al. 2013). These 2 GmNACs regulate programed 
cell death by transactivating the expression of the VPE gene 
(Mendes et al. 2013). Our data revealed that ectopic expres-
sion of GmNAC039 and GmNAC039-VP16 in nodules con-
tributed to nodule senescence, whereas GmNAC039-SRDX 
did not. This result suggests that GmNAC039 functions as 
a transcriptional activator in accelerating nodule senescence.

Leaf senescence is often accompanied by a series of metabol-
ic changes that allow nutrient recycling and remobilization 

Figure 9. Model of GmNAC–GmCYP regulation of nodule senescence. 
Chlorophyll degradation and decreased photosynthesis are hallmarks 
of leaf senescence. In nodules, the amount of leghemoglobin is an indi-
cator of nitrogen-fixation ability. When soybean is at the full bloom 
stage, the nodules undergo extensive senescence along with a reduc-
tion in nitrogen-fixation capacity. Some NAC transcription factors, in-
cluding GmNAC039 and GmNAC018, are significantly induced during 
nodule senescence. This model proposes that GmNAC039/018 may ac-
tivate downstream SAG expression to promote nodule senescence in 
soybean.
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(Diaz et al. 2008). Cysteine proteases are the most abundantly 
expressed gene family during leaf senescence in Arabidopsis 
(Guo et al. 2004). Cysteine protease genes are often markers 
for senescence, such as SAG12 (SENESCENCE-ASSOCIATED 
GENE 12), which is involved in Rubisco degradation during 
leaf senescence (James et al. 2018). A genome-wide survey 
identified 106 putative GmCYP genes in soybean (Yuan et al. 
2020). There is increasing evidence suggesting that CYP ex-
pression is dramatically induced during nodule senescence 
in different legumes (Kardailsky and Brewin 1996; Pierre 
et al. 2014; Yuan et al. 2020). For example, a cysteine protease 
gene from M. truncatula, MtCP77, positively regulates nodule 
senescence by promoting plant programmed cell death and 
ROS accumulation (Deng et al. 2019).

Our RNA-seq results showed that several GmCYP genes from 
the same phylogenetic clade, GmCYP37, GmCYP35, GmCYP39, 
and GmCYP45, are strongly induced in GmNAC039- 
overexpressing nodules and naturally senescent nodules. The 
upregulation of these GmCYPs in GmNAC039-overexpressing 
nodules suggests that they likely play important roles in soy-
bean nodule senescence. However, the degradation targets of 
the upregulated CYPs remain unknown, and their identification 
would be of great interest. Our in vivo and in vitro assay results 
showed that GmNAC039 specifically binds to a segment of 
the GmCYP37 promoter that is highly conserved in the promo-
ters of GmCYP37, GmCYP35, and GmCYP39. The 29-bp region 
identified as the GmNAC039 binding site is an A/T-rich, 
CAC(A)A-containing motif, similar to the binding sites for 
Arabidopsis ATAF2 and soybean GmNAC030 (Wang and 
Culver 2012; Mendes et al. 2013). A conserved CAC(A)A motif 
was also identified in the GmCYP45 promoter, but not at the 
same position as in the GmCYP37 promoter, which is consist-
ent with our results showing that GmNAC039 binds to different 
regions of the GmCYP37 and GmCYP45 promoters in vivo. 
Therefore, GmCYP37, GmCYP35, GmCYP39, and GmCYP45 
are direct targets of GmNAC039 via binding to their conserved 
CAC(A)A motifs.

To distinguish between early senescence and developmen-
tal arrest in GmNAC039-OE or GmNAC018-OE nodules, 
analysis of the symbiosis genes and nodule senescence- 
associated genes is performed. GmNAC039-OE induced the 
expression of nodule senescence-associated genes DD15 
and GmCYPs and suppressed the expression of Lbs genes 
and rhizobial nifH genes, suggesting that GmNAC039 has a 
role in promoting early senescence in soybean nodules. 
Senescence has been viewed as the last phase of development 
and induces developmental arrest. Thus, it was not surprising 
to see that nodules 4wpi generated from GmNAC039-OE and 
GmNAC018-OE plants were at smaller sizes than control no-
dules. Thus, we propose that GmNAC039 or GmNAC018 
have primary roles in activating early senescence in nodules 
which then inevitably induces developmental arrest leading 
to smaller-size nodule formation. But, how senescence med-
iates developmental arrest is unclear.

Legume CYPs are putative hydrolytic enzymes that func-
tion as executors of cell death during nodule senescence, 

but their precise functions remain unknown. In M. truncatu-
la, the nodule senescence-induced cysteine protease gene 
MtCP6 is exclusively expressed in the symbiosomes of in-
fected cells (Pierre et al. 2014), indicating that this cysteine 
protease may directly participate in symbiosome degrad-
ation, leading to the formation of the central lytic vacuole 
in infected cells. It is predicted that a putative N-terminal 
endoplasmic reticulum- and/or vacuole-targeting signal pep-
tide might direct CYP proteins to the large lytic vacuoles or 
to the bacteroid-containing symbiosomes to contribute to 
protein proteolysis and degradation (Vincent and Brewin 
2000; Pierre et al. 2014).

In cells of senescent nodules, vacuoles and symbiosomes col-
lapse to form a large lytic vacuolar compartment through 
membrane fusion (Limpens et al. 2009; Gavrin et al. 2014). 
The large lytic compartment formed during symbiosome deg-
radation harbors typical vacuolar enzymes for lipid, nucleotide, 
and protein degradation in the peribacteroid space (Vincent 
and Brewin 2000; Van de Velde et al. 2006). Symbiosome deg-
radation is similar to chloroplast degradation, during which 
the chloroplasts become encapsulated in cytoplasmic vesicles 
and are delivered to the vacuole/lysosome to be broken down 
by proteolytic enzymes (Dominguez and Cejudo 2021). 
Whether GmCYP-containing vesicles are involved in symbio-
some degradation is currently unknown. Further experiments 
are required to identify GmCYP-interacting partners and tar-
get substrates to understand how CYPs mediate symbiosome 
degradation within host plant cells during nodule senescence.

Overall, our data provide valuable insights into the mo-
lecular mechanisms of nodule senescence in soybean. We 
identified 2 key NAC TFs, GmNAC039, and GmNAC018, 
which are essential for soybean nodule senescence through 
their transcriptional activation of multiple GmCYP genes. 
Thus, genetic modification of GmNAC–GmCYP module 
might be an efficient way to prolong active nitrogen fixation 
in nodules during soybean developmental stages with the 
potential to improve soybean production or seed quality. 
However, how GmNAC039 and GmNAC018 are programed 
by whole plant development and what are the targets of 
CYPs are 2 opening questions remaining to be answered in 
the future.

Materials and methods
Plant materials and growth conditions
Soybean (G. max (L.) Merrill) cultivar Williams 82 (W82) was 
used in this study. For the W82 nodulation assay, soybean 
seeds were sterilized with chlorine gas for 14–18 h and germi-
nated in pots filled with sterilized vermiculite in a greenhouse 
at 26 °C for 5 d under a day/night cycle of 16/8 h. Then, the 
seedlings were watered with Fahraeus medium (FM) contain-
ing 0.5 mM KNO3 and inoculated with 20 ml Bradyrhizobium 
diazoefficiens strain USDA 110 (OD600 = 0.01) for each pot. 
Soybean seedlings were grown at 400–710 nm, 200 µmol 
m−2 s−1 light condition (16-h light/8-h dark) in a growth 
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room at 26 °C. The largest nodules at the base of the primary 
roots were collected at different time points post inoculation 
for symbiotic phenotyping and RNA isolation.

Plasmid construction
For gene overexpression, a 1261-bp promoter fragment up-
stream of the start codon of the M. truncatula leghemoglobin 
gene Lb2 (Medtr5g066070) was amplified and inserted be-
tween the PstI/XbaI restriction sites of the pUB-GFP-3xFlag 
plasmid (Yu et al. 2018) to replace the ubiquitin promoter, 
resulting pUB-GFP-pLb2-3xFlag. The full-length coding se-
quences of NAC genes and genomic DNA of CYPs genes 
were amplified and cloned into pUB-GFP-pLb2-3xFlag 
through XbaI/StuI double digestion. These constructs were in-
troduced into Agrobacterium rhizogenes K599 for hairy root 
transformation. For gene knockout experiments, the 
CRISPR/Cas9 vector was constructed as previously reported 
(Yu et al. 2018). In brief, the ubiquitin promoter was amplified 
from pUB-GFP-3xFLAG and introduced into the KpnI/XhoI re-
striction sites of pBluescript sk(+)−2 × 35S–Cas9 to replace 
the 2 × 35S promoter (Wang et al. 2016b). Then, 
LjUbipro-Cas9 was introduced into the KpnI/EcoRI restriction 
sites of pCAMBIA1300-sGFP. The LjU6-gRNA fragments be-
tween the KpnI and XbaI sites of pBluescript SK(+) 
−LjU6-tRNA–gRNA vector were cloned into the 
pCAMBIA1300−sGFP LjUbipro-Cas9 vector, which was then 
used for gene knockouts via soybean hairy root transform-
ation. The CRISPR/Cas9 target sequences were designed using 
the web tool CRISPR-P 2.0 (http://crispr.hzau.edu.cn/CRISPR2/). 
NAC039 (residues 1–159) was introduced into the EcoRI/SalI 
restriction sites of pGEX–4T1 (GenBank: U13853.1) to express 
glutathione S-transferase (GST)-tagged protein in Escherichia 
coli. All primers and vectors used for vector construction are 
listed in Supplemental Data Set 3.

Hairy root transformation
Hairy root transformation was performed as described previ-
ously with some modifications (Kereszt et al. 2007; Toth et al. 
2016). In brief, soybean seeds were sterilized with chlorine gas 
for 14–18 h and germinated in sterilized vermiculite for 5 
d. A double-edged blade was then used to cut the seedling 
about 1 cm above the hypocotyl to remove the root part. 
The cut ends of the shoots were inoculated with A. rhizogenes 
strain K599 carrying the gene construct and then placed in 
sterilized vermiculite medium under high humidity for 1–2 
d in the dark followed by 3–5 d in the light. After removing 
the untransformed roots, plants were transferred to a 178 ×  
98 × 69-mm box with liquid FM and cultured for 8–10 d un-
der 16-h light/8-h dark conditions at 26 °C. Successfully 
transformed roots were identified by the presence of GFP 
fluorescence, observed using a stereoscopic fluorescence 
microscope (Nikon) or portable dual fluorescent protein 
flashlights (LUYOR-3415RG). One healthy GFP-positive 
transgenic root was selected, and all other roots were re-
moved. The base of the shoot was covered with a thin film 
to inhibit the formation of untransformed roots after 

planting. The transformed plants were transferred to ver-
miculite pots and inoculated with B. diazoefficiens USDA 
110 (OD600 = 0.01, 20 ml) in liquid FM containing 0.5 mM 

KNO3 3 d later. The symbiotic phenotypes of the trans-
formed plants were assessed 4 or 6 wpi. The largest nodules 
(3–5) on the base of the primary roots were used for sections 
and reverse transcription quantitative PCR (RT-qPCR). At 
least 20 transgenic hairy roots were generated and used for 
analysis in each experiment. For gene overexpression, nodule 
samples were harvested at 4 wpi. For gene knockout experi-
ments, nodule samples were harvested at 6 wpi. At least 3 
transgenic hairy roots were randomly selected to extract 
the genome DNA for determining the targeted DNA inser-
tions/deletions in CRISPR/Cas9-based knockout experi-
ments. The primer sequences used for generating vectors 
are shown in Supplemental Data Set 3. Toluidine blue stain-
ing and TUNEL (terminal deoxynucleotidyl transferase dUTP 
nick-end labeling) assay of soybean nodule sections from 20 
to 30 samples were performed as described previously (Wang 
et al. 2016a; Xia 2018).

Stable transgenic soybean
The DNA fragments containing pUbi:Cas9 and pLjU6:gRNAs 
were digested with EcoRI and XbaI and ligated into 
pZY101 for stable soybean transformation mediated by 
Agrobacterium tumefaciens strain EHA105 (Zeng et al. 
2004). Stably transformed soybean plants were generated 
using a previously reported Agrobacterium-mediated meth-
od (Chen et al. 2018).

Nitrogenase activity
An acetylene reduction activity (ARA) assay was used to 
measure the nitrogenase activity of root nodules. Acetylene 
gas was produced by reacting CaC2 (Sigma–Aldrich CAS 
No.: 75-20-7) with H2O and purified by filtering through a sa-
turated CuSO4 solution. The nodulated roots from each 
plant were placed inside a sealed 40-ml vial. To begin the as-
say, 3 ml of the air inside the vial was removed and then re-
placed with 3 ml acetylene gas. The vials were placed upside 
down in a tray of water to keep them sealed and incubated at 
28 °C for 2 h. Then, the vials were cooled with ice to stop the 
acetylene reduction reaction. One hundred microliters 
of the gas in each vial was used for the measurement of ethyl-
ene content (the product of acetylene reduction) using a 
GC–4000A gas chromatograph (Dongxi, Beijing, China). 
Nitrogenase activity was calculated by normalizing nodule 
fresh weight and/or per plant (Yu et al. 2018). For each ex-
periment, root nodules from at least 20 soybean plants 
were used for analysis. Statistical analysis was carried out 
using GraphPad Prism version 9 based on a paired t-test; a 
probability value of less than 0.05 was regarded as statistically 
significant.

Reverse transcription quantitative PCR analysis
Total RNA was extracted using an EasyPure Plant RNA Kit 
(Yeasen, Shanghai, China) according to the manufacturer’s 
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instructions. The RNA samples were quantified using a 
NANODROP 2000 (Thermo–Fisher, Waltham, MA, USA). 
First-strand cDNA was synthesized from 1 μg of total RNA 
using a Primescript RT Reagent Kit (ABclonal, Wuhan, 
China). RT-qPCR was performed using SYBR Select Master 
Mix reagent (ABclonal, Wuhan, China) on an Applied 
Biosystems ViiA 7 Real-Time PCR System under the standard 
cycling conditions: 2 min at 50 °C, 10 min at 95 °C, followed 
by 40 cycles of 15 s at 94 °C and 1 min at 60 °C. The soybean 
Actin gene (GmACT11) and bacterial 16S ribosomal RNA 
gene (16S) were used as an internal control. All the qPCR 
data were generated from 3 biological replicates with 3 tech-
nical repeats for each biological replicate. The primers are 
listed in Supplemental Data Set 3.

Electrophoretic mobility shift assay
EMSAs were performed as described previously (Xiao et al. 
2020). The truncated NAC039 (residues 1–159) was fused 
with a GST tag. The GST-tagged fusion product was purified 
using GST MagBeads (GenScript, Nanjing, China) according 
to the manufacturer’s instructions. The binding buffer con-
tained 20 mM Tris–HCl (pH 8.0), 50 mM KCl, 1 mM MgCl2, 
1 mM dithiothreitol (DTT), 0.5 mM EDTA, 0.05% Triton X– 
100 (v/v), and 5% glycerol (v/v). The oligonucleotide probes 
were labeled with FAM at the 5′ end. Unlabeled oligonucleo-
tides of the same sequence were used as competitors. The oli-
gonucleotides used are listed in Supplemental Data Set 3.

Multiple alignment and phylogenetic analysis
The relevant protein and promotor sequences of G. max are 
available at Phytozome (https://phytozome-next.jgi.doe.gov/). 
The protein alignment was conducted using Clustal Omega 
on the EMBL-EBI website (https://www.ebi.ac.uk/Tools/ 
msa/clustalo/). The promoter alignment was conducted 
using MUSCLE on the EMBL-EBI website (https://www.ebi. 
ac.uk/Tools/msa/muscle/). The analyzed amino acid and nu-
cleotide sequences were edited using ESPript 3.0 (https:// 
espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). The upregulated 
NAC genes in the 12 wpi/4 wpi and 8 wpi/4 wpi comparisons 
and the upregulated CYPs common to GmNAC039-OE 
and 12-wpi nodules were used for phylogenetic analyses. 
The protein sequences were matched using MAFFT 
(GitHub–GSLBiotech/mafft: Align multiple amino acid 
or nucleotide sequences), and the phylogenetic tree was 
constructed using FastTree (FastTree 2.1: approximately– 
Maximum–Likelihood Trees for Large Alignments (microbe-
sonline.org)) based on the maximum likelihood method.

Transcriptome analysis
Several of the largest nodules at the base of the primary roots 
were collected at 4, 8, and 12 wpi. Nodules overexpressing 
GmNAC039, which were green in color, were harvested at 
4 wpi. Three individual samples were sequenced using 
Illumina HiseqPE150. Raw sequence files from the Illumina 
pipeline were evaluated using FastQC software (GitHub– 
s-andrews/FastQC). Next, we used STAR (GitHub– 

alexdobin/STAR: RNA-seq aligner) to generate the soybean 
(Wm82.a4.v1, SoyBase.org) genome index file, specifying a 
length of 149 (MaxReadLength-1) as the genomic sequence 
around the annotated junction to be used in constructing 
the splice junction database (Dobin et al. 2013). RSEM (de-
weylab/RSEM (github.com)) was used to extract reference 
transcripts from the soybean genome with gene annotations 
in a general transfer format file to calculate expression values 
(Li and Dewey 2011). The STAR aligner was used to obtain 
RSEM alignments of reads to reference transcripts. 
Abundance was determined as the estimated fraction of tran-
scripts aligned to a given isform or gene. Subsequently, the dif-
ferential expression analysis was performed using the R 
package DESeq2, and the differentially expressed genes were 
screened with Log2 fold change ≥ 1, E–value < 0.05, followed 
by GO annotation and KEGG annotation (Love et al. 2014).

Nucleus CUT&Tag-qPCR (nCUT&Tag-qPCR)
GmNAC039–3×FLAG overexpression nodules were har-
vested at 3 wpi for nCUT&Tag-qPCR assays, which were per-
formed as described previously with modifications 
(Kaya-Okur et al. 2020; Bartosovic et al. 2021; Ouyang et al. 
2021). About 0.1 g of fresh nodules was chopped thoroughly 
to complete homogeneity in a plastic petri dish with 1 ml 
phosphate-buffered saline (1× PBS, pH 7.4) containing prote-
ase inhibitor (P9599, Sigma–Aldrich) on ice. The homogen-
ate was filtered through 2 layers of Miracloth to remove 
large debris, followed by separation of plant cell nuclei 
from the rhizobia using 5 μm polyethersulfone (PES) film. 
The PES film was washed twice with 1 ml 1× PBS to remove 
residual rhizobia and rinsed with 1 ml 1× PBS to obtain the 
nuclei. The nuclei were isolated by centrifuging the filtrate in 
a swinging bucket rotor at 1000 g for 10 min at 4 °C. The nu-
clei pellet was then washed twice with 500 µl ice-cold wash 
buffer: 20 mM HEPES buffer (pH 7.5), 150 mM NaCl, 0.5 mM 

spermidine, and protease inhibitor. The nuclei were resus-
pended with 100 µl wash buffer. The collected nuclei were 
stained with 10 μg/ml DAPI and observed using a fluores-
cence microscope (Nikon ECLIPSE 80i, Tokyo, Japan). The fol-
lowing procedures were performed according to the 
instructions of the CUT&Tag kit (Yeasen, Shanghai, China). 
In brief: (i) the nuclei were bound to ConA beads, (ii) the 
bound nuclei were incubated with primary antibody 
(anti-FLAG: F1804, Sigma–Aldrich), (iii) the bound nuclei 
were incubated with secondary antibody (Goat 
Anti-Mouse IgG H&L: ab6708 Abcam), (iv) the bound nuclei 
were incubated with pA/G-Transposome adapter complex, 
and the transposase was activated, (v) the genomic DNA 
was released by Proteinase K digestion and recovered, and 
(vi) the genomic DNA was subjected to PCR amplification 
and purification. DNA library pooling without the addition 
of primary antibody was used as the negative control. qPCR 
conditions were as follows: initial denaturation, 50 °C for 
2 min followed by 95 °C for 10 min; amplification, 40 cycles 
of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 20 s. The reaction 
mix with SYBR was prepared according to the manufacturer’s 
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instructions (ABclonal, Wuhan, China). CUT&Tag-qPCR ex-
periments were performed with 2 biological replicates with 
3 technical repeats for each assay. Primers used for the real- 
time PCR are listed in Supplemental Data Set 3.

Random DNA-binding selection assay
The Random DNA-Binding Selection Assay (RDSA) was per-
formed according to previously described procedures with 
some modifications (Wang and Luo 2015). The double- 
stranded DNA fragments used for RDSA consisted of 23-bp 
random sequence regions flanked by adaptors for PCR amp-
lification using RDSA-F and RDSA-R primers. The reaction 
conditions were as follows: 5 min at 94 °C; 30 cycles of 30 s 
at 94 °C, 30 s at 50 °C, and 30 s at 72 °C; 10 min at 72 °C. 
Truncated GST-NAC039 (residues 1–159) bound to 
anti-GST magnetic beads was incubated with the RDSA ran-
dom DNA fragments (5–10 μg) in 500 μl RDSA buffer (5 mM 

Tris–HCl (pH 8.0), 75 mM NaCl, 2.5 mM MgCl2, 0.5 mM EDTA, 
5% glycerol (v/v), 1% Tween (v/v), and 1 mM DTT) for at least 
2 h at 4 °C with gentle rolling. The bound DNA was purified 
with an equal volume of 24:1 (chloroform:isoamyl alcohol). 
The purified DNA was used for the next round of PCR amp-
lification. The PCR products were purified using SiO2. The 
DNA templates and amplification cycles require proper ad-
justment for each RDSA cycle. After 8 or more rounds of 
binding and amplification, the eluted DNA was cloned and 
ligated into the vector pGEM-T (Cat#A1360, Promega). 
Individual clones were then randomly selected for sequen-
cing. The consensus sequence was analyzed online (http:// 
weblogo.berkeley.edu/). In each RDSA cycle, BSA and increas-
ing amounts of the nonspecific competitor poly (dIdC) (0, 50, 
100, 150, 200, 250, 300, and 350 ng) were added to increase 
the stringency.

Statistical analysis
Statistical tests used are listed in material methods or figure 
legends. Statistical data are provided in Supplemental Data 
Set 4.

Accession numbers
Sequence data from this article can be found in the 
Phytozome database (https://phytozome-next.jgi.doe.gov/) 
under the following accession numbers: LbA 
(Glyma.10G199100), LbC1 (Glyma.10G199000), LbC2 
(Glyma.20G191200), LbC3 (Glyma.10G198800), NAC134 
(Glyma.17G185000), NAC065 (Glyma.08G360200), NAC179 
(Glyma.18G301500), NAC077 (Glyma.11G096600), NAC116 
(Glyma.15G257700), NAC137 (Glyma.18G110700), NAC154 
(Glyma.02G284300), NAC106 (Glyma.14G030700), NAC114 
(Glyma.15G078300), NAC142 (Glyma.19G056400), NAC170 
(Glyma.10G204700), NAC092 (Glyma.12G221500), NAC085 
(Glyma.12G149100), NAC043 (Glyma.06G248900), NAC035 
(Glyma.06G114000), NAC022 (Glyma.04G249000), NAC030 
(Glyma.05G195000), NAC039 (Glyma.06G157400), NAC018 
(Glyma.04G208300), NAC006 (Glyma.02G070000), NAC127 
(Glyma.16G151500), NAC044 (Glyma.06G249100), NAC091 

(Glyma.12G221400), and NAC102 (Glyma.13G280000). The 
sequence alignments and tree file for the above NAC pro-
teins are shown in Supplemental Files 1 and 2, respectively. 
CYP92 (Glyma.16G095900), CYP95 (Glyma.17G126300), 
CYP76 (Glyma.12G131200), CYP36 (Glyma.06G278200), 
CYP45 (Glyma.06G283100), CYP35 (Glyma.06G278000), 
CYP37 (Glyma.06G279100), CYP39 (Glyma.06G279900), 
CYP46 (Glyma.07G169900), CYP6 (Glyma.04G027600), 
CYP94 (Glyma.17G049000), CYP93 (Glyma.16G107200), 
CYP51 (Glyma.08G116400), CYP12 (Glyma.05G159100), 
and CYP7 (Glyma.04G028300). The sequence alignments 
and tree file for the above CYP proteins are shown in 
Supplemental Data Files 3 and 4, respectively. The RNA-seq 
data generated in this study have been deposited at the 
National Center for Biotechnology Information Sequence 
Read Archive (SRA) database under accession number: 
PRJNA843914.
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