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scavenging, whereas silencing this gene resulted in
opposite phenotypes. JA-rich IbNAC087-OE (over-
expression) plants exhibited more stomatal closure
than wild-type (WT) and IbNACO087-Ri plants under
NaCl, polyethylene glycol, and methyl jasmonate
treatments. IDNACO087 functions as a nuclear tran-
scriptional activator and directly activates the ex-
pression of the key JA biosynthesis-related genes
lipoxygenase (IbLOX) and allene oxide synthase
(IbAOS). Moreover, IbNACO087 physically interacted
with a RING-type E3 ubiquitin ligase NAC087-
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INTERACTING E3 LIGASE (IbNIEL), negatively reg-
ulating salt and drought tolerance in sweet potato.
ABSTRACT IbNIEL ubiquitinated IbNAC087 to promote 26S

proteasome degradation, which weakened its ac-
tivation on IbLOX and IbAOS. The findings provide
insights into the mechanism underlying the IbNIEL-
IbNAC087 module regulation of JA-dependent
salt and drought response in sweet potato and
provide candidate genes for improving abiotic
stress tolerance in crops.
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Sweet potato (lpomoea batatas [L.] Lam.) is a cru-
cial staple and bioenergy crop. Its abiotic stress
tolerance holds significant importance in fully uti-
lizing marginal lands. Transcriptional processes
regulate abiotic stress responses, yet the molecular
regulatory mechanisms in sweet potato remain
unclear. In this study, a NAC (NAM, ATAF1/2,
and CUC2) transcription factor, IbNAC087, was
identified, which is commonly upregulated in salt-

and drought-tolerant germplasms. Overexpression
of IbNACO087 increased salt and drought tolerance
by increasing jasmonic acid (JA) accumulation
and activating reactive oxygen species (ROS)
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IbNACO087 regulates abiotic stress response

INTRODUCTION

Salinity and drought pose significant threats to global food
security, causing severe losses in agricultural production
(Bartels and Sunkar, 2005). Salt-affected soils cover ap-
proximately 1.029 billion ha worldwide, of which 40% are
saline, and 60% are sodic (Squires and Glenn, 2004). Sweet
potato (lpomoea batatas [L.] Lam. (2n =6x =90)) is a crucial
crop for food, bioenergy, and healthcare (Gao et al., 2023). It
is primarily grown on marginal lands and ranks eighth in
global food production (FAO, 2022). Developing and culti-
vating stress-tolerant sweet potato varieties play important
roles in fully utilizing marginal land and securing the food
supply (Schmidt et al., 2023). Therefore, in-depth studies on
the molecular mechanisms underlying abiotic stress toler-
ance are important for genetically engineering stress-tolerant
sweet potato (Zhang et al., 2019).

Jasmonic acid (JA) was initially identified as a plant
stress-related hormone (Wasternack and Song, 2017). Accu-
mulating evidence indicates that JA plays a pivotal role in
enabling plants to adapt to abiotic stresses by activating an-
tioxidant systems (Kazan and Manners, 2013; Qiu et al.,
2014; Yan et al., 2015), regulating stomatal closure (Munemasa
et al., 2007; Rohwer and Erwin, 2008; Xing et al., 2020), and
increasing osmotic pressure (Ahmadi et al., 2018; Ming et al.,
2021). JA-related genes are also involved in abiotic stress
tolerance (Seo et al., 2011; Wang et al., 2019; Singh et al.,
2021). OsbHLH062 interacts with OsJAZ9 in rice to improve
salt tolerance by regulating ion homeostasis under salt stress
(Wu et al., 2015). In Arabidopsis, glucosinolate transporter1
(GTR1/NPF2.10), a JA-lle transporter, mediates JA signaling
and represses HKT1 expression to regulate lateral root de-
velopment under salt stress (Kuo et al., 2020). In oriental melon
seedlings, CmLOX10 increases drought tolerance by inducing
JA-mediated stomatal closure (Xing et al., 2020). Under salt
stress, the JA level in the salt-tolerant sweet potato line ND98
was increased, leading to stomatal closure and ion homeo-
stasis maintenance (Zhang et al., 2017b). However, the in-
trinsic regulatory mechanisms of JA-mediated abiotic stress
tolerance in sweet potato remain unclear.

The NAC (NAM, ATAF1/2, and CUC2) transcription factor
(TF) family is one of the largest families of plant-specific TFs.
It is characterized by a conserved NAC domain at the
N-terminus and a diverse transcriptional regulatory region at
the C-terminus (Olsen et al., 2005). NACs have important roles
in a variety of developmental processes (Mao et al., 2017;
Fang et al., 2020; Mao et al., 2020) and biotic (Li et al., 2021;
Meng et al., 2022; Bi et al., 2023) and abiotic stress responses
(Hu et al.,, 2006; Zheng et al., 2009; Nakashima et al.,
2012; Xiang et al., 2021a, 2021b). Overexpressing sweet po-
tato IbNAC7 in Arabidopsis increases salt tolerance by acti-
vating reactive oxygen species (ROS) scavenging and affecting
the transcription of stress-related genes (Meng et al., 2020).
IbNAC3 participates in abscisic acid (ABA)-dependent salt and
drought responses (Meng et al., 2023). However, the biological
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functions and regulatory mechanisms of NACs in the abiotic
stress responses of sweet potato remain largely unknown.

Ubiquitination is an important post-translational mod-
ification involved in cellular processes that regulate protein
stability and biological activity (Yu et al., 2016). It requires the
sequential action of three types of enzymes: ubiquitin-
activating enzymes (E1), ubiquitin-conjugating enzymes (E2),
and ubiquitin ligases (E3) (Vierstra, 2009). The main specificity
determinants for ubiquitination are E3 ligases, classified
into three major types: RING, HECT, and RBR E3s (Trujillo
and Shirasu, 2010; Morreale and Waldenand, 2016). Most
ubiquitination-modified proteins are subsequently degraded
by the 26S proteasome, a major protein degradation pathway
(Stone, 2014). In plants, ubiquitination engages in different
abiotic stress-response pathways. OsMSRFP (RING E3) in rice
ubiquitinates and degrades OsMYBc, inhibiting OsHKT1;1
expression and weakening salt stress tolerance (Xiao et al.,
2022). MYB30-INTERACTING E3 LIGASE 1 (MIEL1, RING E3)
in apples mediates the ubiquitination and degradation of
MdBBX7 by the 26S proteasome pathway and negatively
regulates drought stress response (Chen et al., 2021). A
U-box-type E3 ubiquitin ligase, MdPUB23, regulates the
cold-stress response by controlling the stability of the positive
regulator MdICE1 (Wang et al., 2022). Nevertheless,
the functions, substrates, and regulatory mechanisms of E3s
in sweet potato remain unclear.

In this study, a NAC TF, IbNACO087, was identified, which
is commonly upregulated in multiple salt- and drought-
tolerant germplasms. Overexpression of IbNACO087 in sweet
potato increased salt and drought tolerance by promoting
JA-mediated ROS scavenging and stomatal closure.
IbNACO087 directly targeted the key JA biosynthesis-related
genes IbLOX and IbAOS to activate their expression. More-
over, the E3 ubiquitin ligase NACO087-INTERACTING E3
LIGASE (IbNIEL), which negatively regulated salt and drought
tolerance, ubiquitinated and promoted its degradation,
and inhibited its activation on IbLOX and IbAOS. Collectively,
our data demonstrate that the IbNIEL-IbDNAC087 module
regulates JA-dependent salt and drought response in sweet
potato.

RESULTS

IbNACO087 is commonly upregulated in multiple

salt- and drought-tolerant germplasms

To identify potential regulatory factors of abiotic stress
responses, the transcriptomes of the salt-tolerant sweet
potato germplasms JA-rich ND98 (Zhang et al., 2017a)
and Xushu22 (X22) (Yu et al., 2016), as well as that of
the drought-tolerant sweet potato diploid relative Ipomoea
triloba NCNSP0323 (2n=2x=30; Yang et al., 2018), were
re-analyzed. The expression of 148 genes was commonly
upregulated (Figure 1A) in the salt- and drought-tolerant
germplasms, including that of the functionally validated
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Figure 1. IbNACO087 is commonly upregulated in multiple salt- and drought-tolerant germplasms

(A) Venn diagrams showing the numbers of candidate abiotic-related genes detected in salt- and drought-tolerant germplasms. ND98, salt-tolerant line;
X22, salt-tolerant variety; Ipomoea triloba, drought-tolerant diploid relative. (B) The expression patterns of the candidate abiotic-related transcription factors
(TFs) as determined by RNA sequencing (RNA-seq). (C-E) Expression analysis of IbNAC087 in salt-tolerant line ND98 and salt-susceptible variety Lizixiang
in response to 200 mmol/L NaCl, 20% polyethylene glycol (PEG)6000 and 100 umol/L methyl jasmonate (MeJA). The sweet potato 5-Actin gene was used
as an internal control. Data are presented as the means + SD (n =3). Different lowercase letters indicate significant differences (one-way analysis of
variance followed by post-hoc Tukey test; P < 0.05). (F) Multiple sequence alignment of the NACO087 protein in sweet potato and other plants. The NAM
domain is represented with lines. (G) Phylogenetic analysis and genomic structures of NACs (NAM, ATAF1/2, and CUC2) in sweet potato and other plants.
The IbNACO087 cloned in this study is marked in red. Distances were estimated using a neighbor-joining algorithm. Exons are represented by yellow boxes,
and introns are represented by black lines.

stress-tolerant genes POD (Michiels et al., 1994) and HPPD
(Kim et al., 2021) in sweet potato. There were 10 TFs among
these genes (Table S1). Notably, IbNAC087 was upregulated

(MeJA) treatments in salt-tolerant line ND98 and salt-
susceptible variety Lizixiang. The expression levels of
IbNACO087 increased significantly under PEG (4.44 + 0.15 fold)

in the salt- and drought-tolerant germplasms under salt and
drought stresses, respectively (Figure 1B). Real-time quanti-
tative polymerase chain reaction (RT-qgPCR) analysis was used
to determine the relative transcript abundance of IbNAC087
under NaCl, polyethylene glycol (PEG), and methyl jasmonate
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and NaCl (3.80 + 0.07 fold) treatments at 1 h and under MeJA
treatment (4.70 +0.35 fold) at 0.5h (Figure 1C-E) in ND98
leaves. In contrast, its expression in Lizixiang had no sig-
nificant change. Therefore, the study focused on IbNAC087 for
its potential role in the abiotic stress response in sweet potato.
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The IbNAC087 from the JA-rich salt-tolerant line ND98
was cloned. It encoded a 318-amino acid NAC TF with an
open reading frame (ORF) sequence of 957 bp, a predicted
molecular weight (MW) of 35.575kDa, and an isoelectric
point (pl) of 5.04. The protein contained a highly conserved
nucleic acid memory (NAM) DNA-binding domain (Figure 1F).
IbNACO087 in sweet potato shared the highest homology with
ItbNACO087 in other plants (Figure 1G) and ANAC087 among
Arabidopsis (Figure S1). Moreover, its homologs cluster
separately in monocots and dicots, and IbNAC087 has a high
homology with its homologs in dicots (Figure S2). Multiple
sequence alignment showed that the A and D subdomains of
the NAC087 homologs showed high conservation. At the
same time, differentiation was observed in the B, C, and E
subdomains between monocots and dicots, especially in E
(Figure S3). The C-terminus of the NAC087 homologs dis-
played significant diversity in both monocots and dicots
(Figure S3). The 1,832-bp genomic sequence of IbNAC087
contained two introns and three exons, similar to homolo-
gous NACs in other plants, such as ANAC087, CsNAC92,
EsNAC87, and RsNAC92 (Figure 1G). The results indicated
that IbNAC087 might be involved in salt and drought re-
sponses in sweet potato.

IbNACO08?7 is highly expressed in leaves, and MeJA
induces its promoter
To investigate the potential role of IbNAC087, RT-gPCR
analysis was performed to determine its relative transcript
levels in different tissues of ND98. The highest expression
levels of IbDNACO087 (almost 3.42-fold vs. storage root as the
control) were in the leaves of field-grown plants (Figure 2A).
Various abiotic stress-responsive and development-
related elements were found in the 1,590-bp promoter region
of IbNAC087, such as drought-responsive MYB binding site
(MBS; Karkute et al., 2018), MeJA-responsive elements
(CGTCA and TGACG motifs; Rouster et al., 1997; Wang
et al., 2010), and ABA-responsive elements (ABREs; Michel
et al.,, 1993; Busk and Pages, 1997), and auxin-responsive
elements (AuxRE motif; Ballas et al., 1993) (Figure S4). The
spatial expression pattern of IbNAC087 in IbNACO087pro-
gusA transgenic sweet potato plants was also determined. In
transgenic plants, gusA was expressed in leaves, stems and
roots, but especially in the leaves (Figure 2B). The expression
of gusA increased significantly with NaCl, PEG, and MeJA
treatments (Figure 2C). The expression patterns were con-
sistent with the tissue-specific and abiotic stress-induced
expression of IbNAC087 (Figure 1C-E). IbNACO087 was highly
expressed in sweet potato leaves, with expression increasing
under NaCl and PEG, particularly MeJA treatments.

IbNACO087 is a nucleus-localized transactivator

To determine the subcellular location of IbNACO087,
the IbNACO087-GFP (green fluorescent protein) fusion protein
was transiently expressed in protoplasts. Under confocal
microscopy, IbNAC087-GFP was observed in the nucleus
(Figure 2D).
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Transactivation activity in yeast cells was evaluated
with the full-length IbNAC087 and three of its fragments
(IbNAC087N%21-32 amino acid residues at the N-terminal;
IbNAC087N?%4 1234 amino acid residues at the N-terminal;
IbNAC087°8*, 235-318 amino acid residues at the C-terminal).
IbNACO087, with a total length of 318 amino acid residues,
showed transcriptional activation, and IbNAC087°%* was re-
quired for transcriptional activation (Figure 2E). IbNAC087 was
further fused to the DNA-binding domain of GAL4 and tran-
siently transfected in protoplasts. The full-length IbNAC087
and IbNAC087°%* fragments possessed much stronger
transactivation activity than IbNAC087MN?%4. The result of
amino acid species statistics showed IbNAC087°% enriched
in simple amino acids (serine-S, threonine-T, proline-P; 23/84)
and acidic residues (glutamic acid-E, aspartic acid-D; 11/84)
(Table S2). Thus, the C-terminus of IbNACO087 was critical
for its transactivation activity, and IbNAC087 was a nucleus-
localized transactivator (Figure 2F).

Overexpression of IbNACO087 increases JA-dependent
salt and drought tolerance

To verify whether IbNAC087 contributed to abiotic stress
tolerance, 25 overexpression (OE) lines (OE-N1 to OE-N25)
and three RNA interference (RNAI) lines (Ri-N1 to Ri-N3) were
generated from 682 and 273 cell aggregates, respectively,
of the salt-susceptible variety Lizixiang via Agrobacterium-
mediated transformation (Figure S5). In vitro-grown
IbNACO087-OE lines exhibited increased growth and rooting
under 200 mmol/L NaCl or 20% PEG6000 treatments com-
pared with wild-type (WT) plants (Figure S6A, C-F; Table S3).
The increases were associated with decreases in ma-
londialdehyde (MDA) and H,O, contents and increases in
superoxide dismutase (SOD) and catalase (CAT) activities
(Figure S6B, G-J; Table S3).

The survival rate of all transgenic and WT plants after
transfer to the field was 100%. Three IbNAC087-OE lines
(OE-N3, N4, N19) and two IbNACO087-Ri lines (Ri-N1, N3)
were selected for further phenotyping. They were grown in
transplanting boxes and subjected to 200 mmol/L NaCl and
drought stresses. After 64 d of NaCl and 53 d of drought
treatments, the IbNACO087-OE lines displayed traits indicating
salt and drought insensitivity, whereas the IbNACO087-Ri lines
showed early browning (Figure 3A). In the IbNAC087-OE
lines, rooting abilities improved and fresh weight (FW) and dry
weight (DW) increased, whereas the opposite phenotypes
were observed in the IbNACO087-Ri lines (Figures 3B, C, S7;
Table S4).

Endogenous JA levels in normal and stress-treated
plants were then quantified. JA was much more abundant
in IbNAC087-OE plants but significantly less abundant in
IbNAC087-Ri lines under normal, salt, and drought conditions
than in WT plants (Figure 3D; Table S4). Because JA is a
crucial regulator in activating antioxidant enzymes to pro-
mote reactive oxygen species (ROS) scavenging mecha-
nisms under abiotic stress in plants (Ma et al., 2021; Liu et al.,
2023), several related physiological indices were measured.
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Figure 2. IbNACO087 is a nucleus-localized transactivator

(A) Transcript levels of IbDNAC087 in different tissues of ND98. L, leaf; S, stem; FR, fibrous root; PR, pencil root; SR, storage root. (B) The expression of gusA
driven by the IbNAC087 promoter in different tissues of transgenic sweet potato plants. Bars = 0.5 cm. (C) The expression of gusA driven by the IbNAC087
promoter in leaves of transgenic sweet potato plants treated with 200 mmol/L NaCl, or 20% polyethylene glycol (PEG)6000, or 100 umol/L methyl
jasmonate (MeJA) for different times. (D) The IbDNAC087-GFP (green fluorescent protein) fusion protein was transiently expressed into rice protoplasts and
visualized by fluorescence microscopy. Bars = 10 um. (E) Transcriptional activation assay of IbNACO087. Fusion proteins of the GAL4 DNA-binding domain
and different portions of IbNAC087 were expressed in yeast strain Y2H (yeast two-hybrid). The pGBKT7 empty vector was used as a negative control (N),
while pGBKT7-53 was used as a positive control (P). The positive transformants were cultured on synthetic defined (SD)/-Trp/-His/-Ade/X-a-gal medium.
NAC, full-length IbNAC087; NACN®2,1-32 amino acid residues at the N-terminal; NACN234, 1-234 amino acid residues at the N-terminal; NAC®®*, 235-318
amino acid residues at the C-terminal. (F) Transactivation analysis of IDNAC087 in protoplasts. The transactivation ability of IbNAC087 was demonstrated
by the ratio of luciferase (LUC) to renilla luciferase (REN). The LUC/REN ratio of the empty GAL4BD vector (negative control) was used as a calibrator (set as
1). Data are presented as the means + SD (n=3). * and ** indicate a significantly difference compared with the wild-type (WT) at P <0.05 and P <0.01
based on Student's t-test, respectively. Different lowercase letters indicate significant differences (P < 0.05; one-way analysis of variance).

Compared with WT plants, IbNAC087-OE lines had higher
SOD, CAT, and peroxidase (POD) activities and accumulated
less MDA and H,0, under salt and drought stresses,
whereas the opposite patterns were observed in IbNAC087-
Ri plants (Figure 3E-I; Table S4).

The expression levels of abiotic stress-responsive genes
were also analyzed after salt and drought stresses. Ex-
pression levels of the ROS scavenging-related genes IbSOD
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(Duroux and Welinder, 2003), IbCAT (Wang et al., 2016),
IbPOD, and IbAPX (Zhai et al., 2016) were significantly higher
in the IbNAC087-OE lines than in the WT and IbNACO087-Ri
plants under salt and drought stresses (Figure S9A-D).

JA signaling leads to stomatal closure as an essential
response to environmental challenges (Pospiilova, 2003).
Stoma aperture changes were observed in the leaves of WT
and IbNACO087 transgenic plants after exposing the leaves to
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Figure 3. Overexpression of IbNAC087 enhances jasmonic acid (JA)-dependent salt and drought tolerance in sweet potato

(A) Growth condition, (B) fresh weight (FW), (C) fry weight (DW) of IbNAC087-transgenic lines and wild-type (WT) grown in transplanting boxes without
stress or with 200 mmol/L NaCl and drought stress. Bars = 10 cm. Time-course phenotypes of IbNAC087-transgenic and WT plants grown in transplanting
boxes under abiotic stresses are shown in Figure S8. (D) JA content, (E) superoxide dismutase activity, (F) peroxidase activity, (G) catalase activity, (H)
malondialdehyde content, and (I) H,O, content in leaves of IbNACO087-transgenic plants and the WT under normal conditions or NaCl or drought stresses.
Data are presented as the means + SD (n = 3). * and ** indicate a significant difference compared with the WT at P < 0.05 and P < 0.01, respectively, based
on Student's t-test.

200 mmol/L NaCl, 20% PEG6000 for 1 h, or 50 umol/L MeJA
for 2 h. Under normal conditions, most stomas in the WT and
transgenic lines were partially open; however, under NaCl,

potato.

PEG, and MeJA treatments, stomatal closure was faster in

IbNACO087-OE lines than in WT plants, whereas closure was
slower in IbNACO087-Ri lines (Figure S10A, B).
under NaCl and PEG treatments, applying exogenous MeJA
effectively promoted stomatal closure and enhanced ROS
scavenging, reducing MDA and H,O, contents (Figure S10C,
D; Table S5). The results indicated that OE of IbNAC087

6 Month 2024 | Volume 00 | Issue 00 | 1-20

Moreover,

increased salt

and drought tolerance by promoting
JA-mediated ROS scavenging and stomatal closure in sweet

IbNACO087 promotes JA biosynthesis by activating the
expression of IbLOX and IbAOS

The effect of IDONAC087 on JA accumulation was investigated
by analyzing the expression of JA biosynthesis-related genes.
IbLOX and IbAOS expression levels were significantly higher in
IbNAC087-OE lines but lower in IbNACO087-Ri lines compared
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with WT plants (Figure 4A, B). Previous studies have docu-
mented that the NACs bind to the NACBS (including the rec-
ognition site (NACRS, CGT(G/A)) and the DNA-binding core
sequence (CACG)) or motifs that contain the CGTC sequence
in the promoters of their target genes (Simpson et al,
2008; Ernst et al., 2004). IbLOX and IbAOS promoter elements
analysis revealed NAC-binding motifs (Figure 4C; Table S6).
Yeast one-hybrid (Y1H) and chromatin immunoprecipitation-
quantitative PCR (ChIP-gPCR) assays indicated that IDNAC087
directly bound to gene promoters, both in yeast cells and in
vivo (Figure 4D, E). To further determine the binding of
IbNACO087 on the promoter of IbLOX and IbAOS, we purified
His-IbNACO087 fusion protein in vitro (Figure S11), and elec-
trophoretic mobility shift assays (EMSA) were performed
(Figure 4F, G). The IbNACO087 bound directly to the WT probe,
whereas there was no bound probe when the CGTG in
IbLOXpro was mutated to AAAA (Figure 4F) and CGTC in
IbAOSpro was mutated to TTTT (Figure 4G). Transient dual-
luciferase assays with the LUC reporter gene driven by the
IbLOX and IbAOS promoters were performed to investigate
how IbNACO087 regulated the transcription of /bLOX and
IbAOS. IbNACO087 strongly activated IbLOXpro-LUC and
IbAOSpro-LUC expression in protoplasts (Figure 4H).

We generated their overexpression lines using the
Cut-Dip-Budding (CDB) delivery system to investigate the
potential biological function of IbLOX and IbAOS in sweet
potato (Cao et al., 2022). Under NaCl and drought treat-
ments, IbLOX-OE and IbAOS-OE plants exhibited better
growth, longer roots, higher CAT and POD activities, and
lower MDA and H,O, contents than WT plants (Figure
S12; Table S7). These results indicate that /IbLOX and IbAOS
function as positive regulators against salt and drought
stresses in sweet potato. Together, the results suggested
that IbNAC087 promotes JA-dependent salt and drought
tolerance via direct binding to the promoters of the key JA
biosynthesis-related genes /bLOX and IbAOS and activation
of their expression.

IbNACO087 physically interacts with a RING-finger E3
ubiquitin ligase IbNIEL

A yeast two-hybrid (Y2H) system was used to identify proteins
interacting with IbNAC087 to better understand the regulatory
mechanisms of IbNAC087-mediated abiotic stress responses.
A Y2H library was generated using RNA from sweet potato
leaves, and the IbNAC087N2%4 fragment was used as the bait in
Y2H screens. A RING-finger E3 ubiquitin ligase, which inter-
acted with IbNAC087N?%* in yeast, was identified and named
NACO087-INTERACTING E3 LIGASE (IbNIEL) (Figure 5A;
Table S8). To corroborate that IDNIEL was one of the interacting
partners of IbNACO087, bimolecular fluorescence com-
plementation (BiFC) assays were performed in Nicotiana ben-
thamiana leaves. When IbNACO087-nYFP (yellow fluorescent
protein) and IbNIEL-cYFP were co-expressed, strong YFP flu-
orescence was detected in the nucleus of transformed cells
(Figure 5B). In addition, a co-immunoprecipitation (Co-IP) assay
was conducted in N. benthamiana leaves co-transformed with
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hemagglutinin (HA)-tagged IbNAC087 and MYC-tagged IbNIEL.
Proteins were immunoprecipitated using anti-HA beads and
detected with MYC antibody. The Co-IP results confirmed the
interaction between IbNAC087 and IbNIEL in vivo (Figure 5C).

The RING-finger E3 ubiquitin ligase IbNIEL contained a
zf_CHy motif, a RING_Ubox superfamily motif, and a zin-
c_ribbon_6 motif (Figure S13A, B). Notably, its protein se-
quence was the same as that of RbNIEL in the sweet potato
diploid relative lpomoea trifida (Figure S13C). IbNIEL-GFP
was observed in the nucleus, cytoplasm, and on membranes
(Figure S13D). The expression levels of IbNIEL decreased
significantly under salt, drought, and MeJA treatments
(Figure S13E). An E3 ubiquitin ligase activity assay showed
that the recombinant IbNIEL protein had autoubiquitination
activity with E1 and E2 (Figure 5D). The results indicated that
IbNACO087 physically interacted with the conserved RING-
finger E3 ubiquitin ligase IbNIEL in sweet potato.

IbNIEL ubiquitinates IbDNAC087 and accelerates its
degradation via the 26S proteasome
The 26S proteasome degrades most ubiquitylated proteins,
with the concomitant release of ubiquitin moieties for reuse
(Vierstra, 2009). We purified the glutathione S-transferase
(GST)-IbNIEL fusion protein in vitro (Figure S14) and per-
formed an in vitro ubiquitination assay. The addition of maltose-
binding protein (MBP)-IbNAC087 into the reaction led to the
production of MBP-IbNACO087-Ub ladders, a key characteristic
of ubiquitination reaction, but reactions missing any of these
components failed to ubiquitinate IbNAC087. The results
showed that IbNIEL ubiquitinates IoONACO087 in vitro (Figure 5E).
Whether IbNIEL could promote IbDNAC087 degradation was
then determined by cell-free degradation assays using proteins
extracted from WT and IbNIEL-OE plants. The His-IbNAC087
protein levels decreased in the IbNIEL-OE plants compared
with the WT plants, indicating that IbNAC087 was unstable and
prone to degradation. Thus, IbNIEL promoted the degradation
of IbNACO087 (Figure 5F, G). To investigate whether IoNAC087
degraded through the 26S proteasome, the stability of
IbNACO87 in the presence of the proteasomal inhibitor MG132
was also measured. IbNAC087 was less abundant in IbNIEL-
OE plants than in WT plants, and adding MG132 increased the
stability of IbNAC087 (Figure 5H). Whether IbNACO087 under-
went IbNIEL-mediated 26S proteasomal degradation was also
investigated by dual-luciferase reporter assays. IbLOXpro-LUC,
IbAOSpro-LUC, IbNAC087, and IbNIEL were transiently
expressed in protoplasts and then treated with MG132. IbNIEL
weakened the activation of /bLOX and IbAOS by IbNAC087,
whereas the addition of MG132 attenuated the effect
(Figure 5I). The results indicated that IbNIEL ubiquitinates
IbNACO087 and accelerates its degradation via the 26S pro-
teasome in sweet potato.

IbNIEL negatively regulates salt and drought tolerance
of sweet potato

The biological functions of E3 ubiquitin ligases in sweet po-
tato remain unknown. Four IbNIEL-OE lines (OE-E1 to OE-E4)

Month 2024 | Volume 00 | Issue 00 | 1-20 7

85U0|7 SUOWWOD aAeR.D (el (dde 8Ly Aq peusenob e sejolie YO ‘8sn Jo Sa|ni Joy ArIqIT8UIUO A8]IM UO (SUORIPUOD-PUe-SW.BY /W00 A3 1M AReiq Ul |uo//Sdny) SUOIIPUOD pUe SWe 1 8y} 89S *[7202/T0/TE] uo AriqiTauliuo (1M ‘AiseAiun eamnouby euiyd Aq ZToeT qdiTTTT'0T/I0p/w0D 8| IM Aeiq 1 euluo//Sdhy Wou) pepeoumod ‘0 ‘606.L172T



IbNACO087 regulates abiotic stress response

Journal of Integrative Plant Biology

A C

>o< 9- Normal =, NaCl Drought & g . Normal NaCl Drought Promoter | NACBS or CGTC

g ! g T I T

= = 1 IbLOXpro

‘G *x o S 6 - l P1

g 6 - I *: S *k

2 . @ 4 I i IbAOSpro l I " " I I

3 1 . o "7 L. P2 L

S 3 * o 2

i * I I: £ I i 2 J 1T . = Ii** IbAOCproI” | il

2 1 [, I 1 2 'Y z i

g g . L & T IbOPR3pro ] N A

& '{ :b Ib‘l I'\I{b '{ :blb‘l T Io) LI I LI I(b &) T :b T I%I I,b T :%Ib‘ I%I I{b T :.gb‘l%l Irb b

N N N P L 1 1 1 )
g&%@% §‘o% > i Y Q/Q,%sq-é ix % i ¥ 2,000  -1,500  -1,000 -500 TSS
D No Ko 1> ,‘/(1,*? © F IbLOXpro-P1: -1,716 bp ~ -1,689 bp G IbAOSpro-P2: -172 bp ~ -145 bp
H \/0+Q Q\'bovoe’Q Q\‘b ?’ QQ" TCCCATATTACTCGTGTGCTATATTGTG AATCATATCATCCGTCCCAAAGTCAGAA
&f & IbLOXpro-P1-mu: IbAOSpro-P2-mu:

-y

TCCCATATTACTAAAATGCTATATTGTG

AATCATATCATCTTTTCCAAAGTCAGAA

Ny, | ey
pB42AD- S, His-IbNACO087 - + + + + His-IbNAC087 - + + + +
IbNAC087 EH IbAOSpro-Probe +  + + + - IbAOSpro-Probe +  + + + -
E IbAOSpro-Probe-mu - - - - + IbAOSpro-Probe-mu - - - - +
5 Competitor - - 50x 100x - Competitor - - 100x 200x -
@l /bNACO087-OE 7
41 Bound prob ‘
= ound probe — “ Bound probe — =: :
a 34
£
T 2
j I [ bl
0 o .
© ﬁ
O«\$Q \/O o ?‘O ?*O OQQS)Q Free probe — s #+ = 7 = Free probe *
v © © O 8
s °7 5 40
H 3 a =) 30 a
Effectors 35S Promoteri X 6 = b
Qo b o 20
5 b 5 I'-'I
@© @ 10 L
Internal control 35S Promoter% g 4 < 3 c
Z c
w w
€, c X 24
Reporter [[JHY (TN Firely Luciferase § I—:EI % 1 -
" . O T T T T 0 T T T T
1AOSpro WIEMAEICER)  ,GREENI62-SK  + -  + - pGREENII 62-SK + -  + -
IbNAC087 - + - + IbNAC087 - + - +
pGREENII 0800-LUC  + + - - pGREENII 0800-LUC  + + - -
IbLOXpro - - + + IbAOSpro - - + +

Figure 4. IbNACO087 directly activates the expression of IbLOX and IbAOS

(A, B) The expression of jasmonic acid (JA) biosynthesis-related genes IbLOX and IbAOS in IbNAC087 transgenic and wild-type (WT) plants under salt and
drought stresses. (C) Distribution of NAC (NAM, ATAF1/2, and CUC2)-binding motifs on the promoters of JA biosynthesis-related genes. NACBS, the NAC
recognition site (NACRS, CGT(G/A)), and the DNA-binding core sequence (CACG). (D) Yeast-one-hybrid (Y1H) assays showing that IbONAC087 bound to the
IbLOX and IbAOS promoters. (E) Chromatin immunoprecipitation — quantitative polymerase chain reaction (ChIP-qPCR) assays using IbNAC087-OE-N3
and WT plants showed that IbNAC087 could directly bind to the IbLOX and IbAOS promoters. The -Actin promoter was used as an internal reference.
(F, G) Electrophoretic mobility shift assays (EMSA) analysis of the directive binding of IbNACO087 to the promoter of IbLOX and IbAOS, respectively.
(H) Dual-luciferase reporter assays in protoplasts showed that IDNAC087 activated the expression of /bLOX and IbAOS. Pro35S:REN was used as an

internal control. Data are presented as the means +SD (n=3). *

and ** indicate a significant difference compared with the WT at P <0.05 and P <0.01,

respectively, based on Student's t-test. Different lowercase letters indicate significant differences (P < 0.05; one-way analysis of variance).

were generated from 297 cell aggregates of Lizixiang via
Agrobacterium-mediated transformation to investigate the
role of IbNIEL in sweet potato (Figure S15). The in vitro-grown
IbNIEL-OE lines were more sensitive to 86 mmol/L NaCl and
20% PEG6000 stresses than WT plants, with lower FWs and
numbers (no.) of main roots (Figure S16; Table S9). The OE-
E1, OE-E3, and OE-E4 plants were then planted in trans-
planting boxes and subjected to 200 mmol/L NaCl or drought

8 Month 2024 | Volume 00 | Issue 00 | 1-20

treatment. The IbNIEL-OE lines exhibited poor growth than
WT under normal conditions, with the average FW and DW
decreased by approximately 34% and 44%, respectively.
Furthermore, under salt and drought stress, the growth of
IbNIEL-OE lines was more severely inhibited, with FW
and DW decreasing by approximately 72% and 42% under
NaCl stress and 73% and 59% under drought stress,
respectively (Figure 6A-D; Tables S10, S11). Therefore, the
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Figure 5. IbNIEL (NACO087-INTERACTING E3 LIGASE) ubiquitinates IDNAC087 and accelerates its degradation

(A) IbNIEL interacts with IbDNAC087"2** in yeast. Yeast cells were plated onto synthetic defined (SD)/-Ade/-His/-Leu/-Trp +X-a-gal +3 mmol/L 3AT medium
to screen for possible interactions. (B) IDNAC087-nYFP (yellow fluorescent protein) and IbNIEL-cYFP were co-expressed in the nucleus of transformed cells
in tobacco leaves. Bars =20 um. (C) Co-immunoprecipitation assays showed the association between IbNAC087 and IbNIEL in vivo. Total proteins were
immuno-precipitated using anti-hemagglutinin (HA) beads and detected with MYC antibody. Red arrow, the interacting protein band; *, nonspecific protein
band. (D) IbNIEL is an active E3 ligase. GST-IbNIEL was tested for E3 ubiquitin ligase activity in the presence and absence of adenosine triphosphate (ATP),
ubiquitin, E1, and E2. The protein gel blot was analyzed using anti-glutathione S-transferase (GST) and anti-HA antibodies. (E) IbNIEL ubiquitinates
IbNACO087 in vitro. Maltose-binding protein (MBP)-IbNAC087 was tested in the presence and absence of ATP, ubiquitin, E1, E2, and GST-IbNIEL. The
protein gel blot was analyzed using anti-MBP and anti-HA antibodies. (F, G) IbNIEL promotes the degradation of IDNACO087 in vivo. Total proteins extracted
from wild-type (WT) and IbNIEL-OE-E1 and purified 6His-IbNACO087 protein were incubated, and a Western blot was used for detecting the abundance of
IbNAC087. The samples were collected at the indicated time. (H) IbNIEL promoted the degradation of IbNACO087 through the 26S proteasome pathway.
Total proteins extracted from WT and /IbNIEL-OE-E1 and purified 6His-IbNAC087 protein were incubated with 10 umol/L and 50 umol/L MG132 treatment,
respectively. (I) Dual-luciferase reporter assays in protoplasts showed that IbNIEL inhibited the activation of IbNAC087 on IbLOX and IbAOS. Pro35S:REN
was used as an internal control. Data are presented as the means + SD (n = 3). Different lowercase letters indicate significant differences (P < 0.05; one-way
analysis of variance).
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growth of the IbNIEL-OE lines was more severely inhibited
under salt or drought stress than under normal conditions.
The growth and rooting were also weaker in the IbNIEL-OE
lines than in the WT plants for 7 weeks in a greenhouse
without watering (Figure 6E-H). The results indicated that
IbNIEL negatively regulates salt and drought tolerance in
sweet potato.

Endogenous JA levels were significantly lower in IbNIEL-
OE lines than in WT plants under all salt and drought con-
ditions (Figures S17A, F). The IbNIEL-OE lines exhibited lower
SOD and POD activities and accumulated more MDA and
H>O0, under salt and drought stresses compared with the WT
(Figure S17B-E, G-J). Leaf stomata of the IbNIEL-OE lines
and WT plants were observed after no stress, 200 mmol/L
NaCl, 20% PEG, and 20 umol/L MeJA treatments. Under
normal conditions, most stomas in the IbNIEL-OE lines and
WT plants were partially open. However, under salt and
drought stresses, stomas of the IbNIEL-OE lines closed more
slowly than those of WT plants (Figure S19).

The RT-gPCR assays indicated that the expression of IbLOX
and IbAOS also decreased in the IbNIEL-OE plants compared
with that in the WT plants (Figure S20A, B, |, J). Additionally,
expressions of the ROS scavenging-related genes /bSOD,
IbCAT, IbAPX, and IbPOD, the ABA biosynthesis-related gene
IbNCED (Bao et al., 2016), and the photosynthesis-related
genes IbPRK (Zhang et al., 2019) and IbCAO (Yamasato et al.,
2005) were significantly lower in the IbNIEL-OE lines than in the
WT plants under salt and drought stresses (Figure S20C-H,
K-P). The results demonstrated that IbNIEL reduces salt and
drought tolerance by inhibiting IbNAC087-mediated JA-
dependent ROS scavenging and stomatal closure in sweet
potato.

A working model was proposed for this study based on
the results obtained above (Figure 7). Abiotic stresses trigger
the reduced transcription of IbNIEL, resulting in the weak-
ened degradation of IDNAC087, mediated and promoted by
IbNIEL. IbNACO087 directly targets and activates /bLOX and
IbAOS expressions and promotes JA biosynthesis. Increased
JA content triggers a ROS scavenging system and stomatal
closure to improve salt and drought stress tolerances in
sweet potato. Our results provide a novel regulatory mech-
anism underlying the IbNIEL-IbNAC087 module regulating
JA-dependent salt and drought responses in sweet potato.

DISCUSSION

Soil salinity and drought cause metabolic and osmotic
damage and repress crop cell growth and yield. Plants
have accordingly established efficient mechanisms to cope
with such stressful environments (Umezawa et al., 2006;
Shinozaki and Yamaguchi-Shinozaki, 2007). The importance
of JA signaling in adapting plants to abiotic stress is well
documented (Clarke et al., 2009; Liu et al., 2012; Xing et al.,
2020; Gao et al., 2022). Although the remarkable JA-rich
sweet potato line ND98 possesses superior salt tolerance,
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the underlying mechanisms have not yet been elucidated
(Zhang et al., 2017a, 2017b). In this study, IbNAC087, which
was commonly upregulated in multiple salt- and drought-
tolerant germplasms, was cloned from ND98. It promotes JA-
dependent salt and drought tolerance by directly binding to
the promoters of the JA biosynthesis-related genes IbLOX
and IbAOS and activating their expression.

As a key regulator of plant adaptations, JA acts as a
signaling molecule that regulates the antioxidant defense
system (Su et al., 2021; Esmaielzadeh et al., 2022), stomatal
closure (Raghavendra and Reddy, 1987; Evans, 20083;
Xu et al., 2022), and osmotic adjustment (Abouelsaad and
Renault, 2018) in response to abiotic stresses. AtLOX6 is
responsible and essential for stress-induced jasmonate ac-
cumulation in roots, and loss-of-function mutants of LOX6
were more attractive to a detritivorous crustacean and
more sensitive to drought (Grebner et al., 2013). JA-deficient
mutant defenseless-1 (def-7) in tomato had lower activity of
enzymatic and nonenzymatic antioxidants under salt stress
than WT plants (Abouelsaad and Renault, 2018). ZmEREB57
in maize increases salt tolerance by directly binding to
ZmAOC2 to activate JA signaling (Zhu et al., 2023). The key
JA signaling gene, SIMYC2, regulates ROS levels in guard
cells and promotes stomatal closure (Xu et al., 2022). In the
JA-rich salt-tolerant sweet potato line ND98, stomatal closure
and ion homeostasis were maintained under salt stress
(Zhang et al., 2017a, 2017b). In this study, the expression
of IbNAC087 increased significantly under MeJA treatment
in ND98 (Figure 1E). Under salt and drought stresses,
IbNAC087-OE plants exhibited significant increases in JA
content, whereas the opposite phenotypes were observed in
IbNACO087-Ri plants (Figure 3D). Exogenous MeJA applica-
tion effectively promoted stomatal closure and enhanced
ROS scavenging in IbNAC087-OE plants (Figure S10; Table
S5). JA biosynthesis-related genes IbLOX and IbAOS were
targeted directly by IbNAC087 and proved to be positive
regulators against salt and drought tolerance in sweet potato
(Figures 4, S12).

NAC TFs play an important regulatory role in plant growth
and development and also regulate plant stress responses
under adverse conditions, including abiotic stress tolerance
(Zheng et al., 2012; Hu et al.,, 2019; Shang et al., 2020).
SNACT1 increases drought tolerance in rice by increasing root
development and decreasing the transpiration rate (Hu et al.,
2006; You et al., 2013; Liu et al., 2014; Chen et al., 2023).
TaNAC29 in wheat regulates salt stress tolerance by acti-
vating the antioxidant system, which decreases H,O, accu-
mulation and membrane damage (Xu et al., 2015). SINAM3 in
tomato confers cold tolerance by increasing ethylene pro-
duction (Dong et al., 2022). Overexpression of VaNAC26 in
Arabidopsis improves drought tolerance by promoting JA
biosynthesis (Fang et al., 2016). The NAC protein family
consists of a conserved NAC domain at the N-terminus,
usually divided into five subdomains (A-E) and a highly
variable transcriptional region at the C-terminus (Puranik
et al., 2012). Limited reports have described the sequence
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(A, B) Phenotypes and fresh weight (FW), dry weight (DW) of IbNIEL-OE (overexpression) and wild-type (WT) grown in transplanting boxes without stress or
with 200 mmol/L NaCl treatment. Bars = 10 cm. (C, D) Responses and FW, DW of IbNIEL-OE and the WT grown in transplanting boxes without stress or
with drought treatment. Bars = 10 cm. (E) Responses of 3-month-old field-grown IbNIEL transgenic and WT plants (separated by white dotted lines) grown
for 7 weeks in greenhouse without watering. (F-H) The rooting of IbNIEL-OE and WT grown in a dry pond. Bars =5 cm. The phenotypes are shown after
long-term salt treatment for 6 weeks, drought treatment for 7 weeks in box and dry pond. Time-course phenotypes of IbNIEL transgenic and WT plants
grown in transplanting boxes under abiotic stresses are shown in Figure S18. Data are presented as the means + SD (n = 3). * and ** indicate a significant
difference compared with the WT at P < 0.05 and P < 0.01, respectively, based on Student's t-test.

differentiation of NAC proteins in plants. Our data indicated
that homologs of NACO087 cluster separately in monocots
and dicots, and IbNAC087 has a high homology with its
homologs in dicots (Figure S2). The A and D subdomains
of NAC087 homologs showed higher conservation, while
differentiation was observed in the B, C, and E subdomains
between monocots and dicots, especially in E (Figure S3).
Moreover, the C-terminus of the NACO087 homologs
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displayed significant diversity in both monocots and dicots
(Figure S3). It is speculated that the differentiation of sub-
domains B, C, and E and the C-terminus might contribute to
the functional diversification of NAC proteins in different
species.

Additionally, the C-terminus sequences of NAC proteins
lack known domains. Still, they are rich in repeats of some
simple amino acids (serine-S, threonine-T, proline-P, and STP
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Under normal conditions, IDNAC087 physically interacts with IbNIEL. IbNIEL ubiquitinates the IDNAC087 and accelerates its degradation by 26S pro-
teasome. Under abiotic stresses, the transcription of IbNIEL is reduced, resulting in the weakened degradation of IDNAC087. IbNAC087 directly binds on
the IbLOX and IbAOS promoters to activate their transcription and promote jasmonic acid (JA) biosynthesis. Increased JA content triggers reactive oxygen
species (ROS) scavenging system and stomatal closure to improve salt and drought stress tolerances in sweet potato. In conclusion, IbNAC087 is a major

positive regulator of abiotic stress response in sweet potato.

cluster) or acidic amino acid residues (glutamic acid-E, as-
partic acid-D), which are typical characteristics of transcrip-
tional regions (Kunzler et al., 1994; Bobb et al., 1995; Fang
et al., 2008). The highly variable transcriptional regions at the
C-terminus are critical for diversifying NAC protein functions
(Tran et al., 2004; Yamaguchi et al., 2010). Consistent with
this, IbDNAC087%84, which is crucial for the transactivation
activity of IDNACO087 (Figure 2E), was found to be abundant in
the STP cluster (23/84) and acidic residues (11/84) (Table S2).
Therefore, IbNACO087 directly activated /IbLOX and IbAOS to

12  Month 2024 | Volume 00 | Issue 00 | 1-20

promote JA-signaling-mediated ROS scavenging and sto-
matal closure under abiotic stresses.

The RING-type E3 ubiquitin ligases target specific sub-
strates participating in abiotic stress responses. AtPUB11
in Arabidopsis negatively regulates drought tolerance
by destabilizing LRR1 and KIN7 kinases, which regulate
ABA- and drought-promoted stomatal closures (Chen
et al.,, 2021). AtSRAS1.1 mediates the 26S proteasome-
dependent degradation of CSN5A, whereas the truncated
isoform SRAS1.2 protects CSN5A by competing with
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SRAS1.1 in normal conditions to balance plant develop-
ment and salt tolerance (Zhou et al., 2021). PalPUB79 in
populus regulates ABA-dependent drought tolerance by
mediating the degradation of PalWRKY77 and weakening
its inhibitory effect on PalRD26 (Tong et al.,, 2021).
OsRINGzf1 in rice, a RING-H2-type E3 ligase, positively
regulates drought tolerance by modulating the ubiquitin—
proteasome system (UPS)-dependent degradation of
OsPIP2;1 to reduce water loss (Chen et al., 2022). In this
study, a RING-type E3 ubiquitin ligase, IbNIEL, ubiquiti-
nated IbNACO087 and accelerated its degradation via the
26S proteasome (Figure 5E-H). IbNIEL interfered with
the activation mediated by IbNAC087 on /bLOX and
IbAOS (Figure 5I). Overexpression of IbNIEL reduced salt
and drought tolerance by inhibiting IbNAC087-mediated
JA-dependent ROS scavenging and stomatal closure in
sweet potato (Figures 6, S17-S20). For future germplasm
improvement, repressing the expression of IbNIEL in abiotic
stress-sensitive germplasms may enable activation of the
JA-dependent abiotic stress tolerance of sweet potato.

In summary, this study highlights the beneficial role of
IbNACO087 in increasing tolerance in sweet potato to salt and
drought stresses. We also uncovered the transcriptional and
post-transcriptional modification regulation mechanisms of
the IbNIEL-IbNAC087 module, which induced JA-mediated
ROS scavenging and stomatal closure in response to salt and
drought stresses in sweet potato. The findings also suggest
candidate genes to explore in improving abiotic stress tol-
erance in crops.

MATERIALS AND METHODS

Plant materials and growth conditions

The salt-tolerant sweet potato (Jpomoea batatas (L.) Lam.) line
ND98 (Zhang et al., 20172, 2017b) was used in the study, and
the salt-sensitive sweet potato variety Lizixiang was used as
the WT. The ND98 was used for cloning IbNAC087, IbLOX,
IbAOS, and IbNIEL, and the Lizixiang was used to charac-
terize the functions of IbNAC087 and IbNIEL. In vitro-grown
transgenic sweet potato, ND98, and Lizixiang plants were
cultured on Murashige and Skoog (MS) medium at 27°C + 1°C
under a photoperiod consisting of 13h of cool-white fluo-
rescent light (2,000 Ix) and 11 h of darkness.

Gene identification

The RNA sequencing (RNA-seq) data of ND98_Salt 24 h
versus 0h, Xu22_Salt versus CK, and . triloba_Drought
12h versus 0Oh were downloaded from previous
studies (Zhang et al., 2017b; Yang et al., 2018; Meng et al.,
2020). The false discovery rate (FDR) was used to de-
termine the threshold of the P-value in multiple tests; a
threshold of FDR < 0.05 according to DESeq. 2 (Love et al.,
2014) was considered to indicate differential expression.
Heat maps were constructed using the TBtools software
(v.1.098696) (Chen et al., 2020).
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Sequence isolation and phylogenetic analysis

Total RNA was extracted from fresh leaves of ND98 using an
RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China), and
first-strand complementary DNA (cDNA) synthesis was per-
formed using a PrimeScriptTM Il 1st Strand cDNA Synthesis
Kit (TaKaRa, Tokyo, Japan). Genomic DNA was extracted from
fresh leaves of ND98 plants using an EasyPure Plant Genomic
DNA Kit (TransGen, Beijing, China). The exon-intron structure
was constructed using GSDS2.0 (http://gsds.gao-lab.org/).
The MW and pl of IbNAC087 were calculated with EXPASy
(https://web.expasy.org/compute_pi/). The conserved do-
mains were searched using CD-SEARCH (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi). Phylogenetic analysis
was performed using the neighbor-joining method in MEGA X
with 1,000 bootstrap iterations (Kumar et al., 2018). Multiple
sequence alignments were conducted using DNAMAN 9.0
software (LynnonBioSoft, San Ramon, CA, USA). Genomic
structure was analyzed using the SPLIGN program (https://
www.ncbi.nlm.nih.gov/sutils/splign). PlantCARE (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)  was
applied to analyze the cis-elements in promoter regions
(Lescot et al., 2002).

Activity assessment of IbDNACO087 and IbNIEL in
Escherichia coli and recombinant protein purification
The coding sequence of IbNAC087 was amplified by PCR
using the primer pairs (pETM40-IbNACO087-F/R and pET28a-
IbNACO087-F/R) (Table S12) and inserted into pETM40 (Ncol
and Sall sites) and pET28a (BamHI and EcoRl sites) vectors,
respectively, to produce MBP/His-tagged fusion constructs.
The coding sequence of IbNIEL was amplified by PCR and
inserted into a pGEX6P-1 vector (BamHI and EcoRlI sites)
to produce GST-tagged fusion constructs. The pETMA40-
IbNAC087, pET28a-IbNAC087, and pGEX6P-1-IbNIEL were
introduced into E. coli strain Transetta (DE3) cells to produce
MBP-IbNACO087, His-IbNAC087, and GST-IbNIEL proteins.

Expression analysis

Total RNA was extracted from leaf, stem, petiole, fibrous root,
pencil root, and storage root tissues of 3-month-old field-grown
ND98 plants or leaves of 4-week-old in vitro-grown ND98 plants
treated with 200 mmol/L NaCl, 20% PEG6000, or 100 umol/L
MeJA in half-Hoagland solution. Experiments were conducted
with three biological replicates, each with three plants. Tran-
script abundances were determined using RT-gPCR (ZF502;
ZOMANBIO, Beijing, China). The expressions of IbNAC087
and IbNIEL were measured, and the sweet potato S-actin
(AY905538) gene was used as the internal control (Table S12).
Gene expression was quantified using the comparative cycle
threshold (Cy) method (Schmittgen and Livak, 2008).

Promoter expression analysis

The promoter of IbNAC087 was inserted into the Pacl and
Ascl sites of the expression vector pMDC 162 (Table S12).
As previously described, the pMDC162-IbNACO087pro
plasmid was transformed into Lizixiang via Agrobacterium
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tumefaciens-mediated transformation (Zhang et al., 2022).
The expression of gusA was determined in the leaves, stems,
and roots of in vitro-grown transgenic sweet potato. Four-
week-old in vitro-grown transgenic sweet potato plants were
cultured separately in half-strength Hoagland solution with
200 mmol/L NaCl, 20% PEG6000, or 100 umol/L MeJA for
0.5, 3, 12, and 48 h. The expression of gusA was determined
using RT-gPCR and the comparative Ct method (Schmittgen
and Livak, 2008). The sweet potato -actin (AY905538) gene
was used as the internal control (Table S12).

Subcellular localization

The encoding regions of IbNAC087 and IbNIEL without the
stop codon were amplified as primer pairs (1300-IbNAC087-
GFP-F/R or 1300-IbNIEL-GFP-F/R) and integrated into Kpnl
and Sall sites of the expression vector pCAMBIA1300-GFP
(Table S12) driven by the cauliflower mosaic virus (CaMV)
35S promoter to produce IbNAC087-GFP and IbNIEL-GFP
fusion constructs. Recombinant vectors p35S:IbNAC087-
GFP, p35S:IbNIEL-GFP, p35S:GFP (as the control), and the
PIP2A-mCherry (membrane marker) were transformed into
A. tumefaciens strain EHA105 using the heat shock method.
Isolation of rice protoplasts and transfection of vectors into
protoplasts were conducted, as previously described (Liu
et al., 2021). The fusion constructs were transfected into
isolated protoplasts. Protoplasts were resuspended in WI
solution for 16 h in the dark after transient transfection. The
GFP fluorescent signals were observed with an LSM880 mi-
croscope (Zeiss, Oberkochen, Germany) with an argon laser
(488 nm excitation wavelength).

Transcriptional activation assay

A transcriptional activation assay was conducted according to
the Yeast Protocols Handbook (Clontech, Mountain View, CA,
USA). The full-length, 1-32 N-terminal amino acid residues,
1-234 N-terminal amino acid residues, and 235-318 C-terminal
amino acid residues of IbNAC087 were amplified by PCR
using the primer pairs (pGBKT7-IbNAC087-F/R, pGBKT7-
IbNACO087-F/-R32, pGBKT7-IbNAC087-F/R234 and pGBKT7-
IbNACO087-FC/RC) (Table S12). These amplified regions were
then cloned into the Ndel and EcoRl sites of the pGBKT7
vector (Invitrogen) to produce pGBKT7-IbNAC087N2,
pGBKT7-IbNAC087N2%4 and pGBKT7-IbNAC087°%*  con-
structs. The pGBKT7-IbNAC087"%2, pGBKT7-IbNAC0O87N234,
and pGBKT7-IbNAC087°% constructs were transformed into
the Y2H gold yeast strain using the PEG/LiAc method. An
empty pGBKT7 vector was used as a negative control (N),
whereas pGBKT7-53 was used as a positive control (P). The
transformed yeast strains were screened on synthetic defined
(SD) plates without tryptophan (SD/-Trp) and then transferred
to SD medium lacking tryptophan/histidine/adenine (SD/-Trp/-
His/-Ade/X-a-gal) to observe yeast growth at 30°C for 2-3 d.

Production of transgenic sweet potato plants
The coding region of IbNAC087 was amplified by PCR using
the primer pairs (pCM1307-IbNAC087-F/R) (Table S12) and
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inserted into the Sall and Xbal sites of the plant expression
vector pCM1307 to produce the p35S:IbNAC087-HA fusion
construct. A pair of forward and reverse nonconserved
fragments of IbNAC087 were inserted into the plant RNA
interference (RNAI) vector pPCAMBIA1300-35SI-X to generate
358SI-X-IbNACO087 constructs. The p35S:IbNAC087-HA, 35SI-
X-IbNAC087, and p35S:IbNIEL-GFP constructs were sepa-
rately transfected into A. tumefaciens strain EHA105 by the
heat shock method. As previously described, transformation
and plant regeneration were performed using embryogenic
suspension cultures of the Lizixiang (Zhang et al., 2022).
Putative transgenic sweet potato plants were identified by
PCR analysis with identifying primers and RT-gPCR analysis
(Table S12). Transgenic and WT plants were transferred to
soils in a greenhouse and then to the field for evaluation.
Cuttings approximately 25cm in length were used for
further functional analysis, as previously described (Zhang
et al., 2019).

The coding regions of IbLOX and IbAOS were amplified by
PCR wusing the primer pairs (pCM1307-IbLOX-F/R and
pCM1307-IbAOS-F/R) (Table S12) and inserted into the Sall
and Xbal sites of plant expression vector pCM1307 to pro-
duce the p35S:IbLOX-HA and p35S:IbAOS-HA fusion con-
structs, and subsequently transfected into A. tumefaciens
strain EHA105 to infect Lizixiang as previously described
(Cao et al., 2022). The inoculated plants were incubated in
the transplantation box for 7 d and then challenged with NaCl
and PEG stresses. Six plants from each gene were used.

Assays for salt and drought tolerance

In vitro-grown IbNAC087-OE, IbNIEL-OE, and WT sweet po-
tato plants were treated separately on MS medium supple-
mented with 200 mmol/L NaCl or 86 mmol/L NaCl and 20%
PEG6000. After 4 weeks, growth and rooting were observed.
Staining with 3,30-diaminobenzidine (DAB) and nitro blue
tetrazolium (NBT) was performed as previously described
(Zhang et al., 2022). The contents of H,O, and MDA and the
SOD and CAT activities were measured using assay kits
(Comin Biotechnology Co. Ltd, Suzhou, China). Three plants
from each line were used.

Cuttings approximately 25 cm in length from field-grown
transgenic and WT sweet potato plants were planted in a
transplanting box in a glasshouse and irrigated with half-
strength Hoagland solution for 2 weeks. For salt and drought
tolerance assays, each plant was irrigated with 300 mL of
200 mmol/L NaCl solution once every 3 d or was drought-
stressed. Three cuttings from each line were treated. FW and
DW were immediately measured. The JA content (Ruixinbio,
Quanzhou, China), H,O, and MDA content, and SOD, POD,
and CAT enzyme activities in the leaves of transgenic and WT
plants were measured using assay kits (Comin Biotechnology
Co. Ltd). Three plants from each line were used.

Cuttings approximately 25 cm in length from field-grown
IbNIEL transgenic and WT sweet potato plants were planted
in a dry pond. Each plant was irrigated with 300 mL of
water for 1 week and then drought-stressed (without water)
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for 7 weeks. Twenty cuttings from each line were treated. The
main root length and number of roots were immediately
measured.

Observation of leaf stoma

Fully unfolded leaves at the same plant position were se-
lected for the stoma observations. The abaxial epidermal
stripes of the leaves were peeled away, and the stomas were
imaged using Echo Revolve light microscopy (ECHO, San
Diego, CA, USA). Stomatal apertures were estimated with
Imaged software (https://imagej.nih.gov/ij/download.html), as
previously described (Lin et al., 2020). Approximately 100
stomatal pores from the same leaf region were examined for
each measurement assay.

Chromatin immunoprecipitation assay

In brief, the leaves of IbNAC087-OE-N3 and WT plants were
used in a ChIP assay, according to Zhang et al. (2022). The
sample was ground to a powder in liquid nitrogen and sub-
jected to nuclear isolation. Anti-HA (1:1,000, H3663; Sigma;
Missouri, USA) antibodies were used to immunoprecipitate
the protein-DNA complex and the precipitated DNA was re-
covered. An equal number of chromatin samples without
antibody precipitation was used as an input control. The ChIP
DNA was analyzed by qPCR, and the ChIP values were
normalized against the values of the respective inputs. The
primers used in the ChIP-gPCR are listed in Table S12.

Yeast one-hybrid assay

The coding sequence of IbNAC087 was amplified by PCR
using the primer pairs (pB42AD-IbNACO087-F/R) (Table S12)
and inserted into the EcoRI and Xhol sites of the pB42AD
vector to produce pB42AD-IbNAC087 constructs. In
contrast, promoter fragments of IbLOX and IbAOS were
amplified by PCR using the primer pairs (pLacZi2u-IbLOX/
IbAOSpro-F/R) (Table S12) cloned into the pLacZi2u vector to
produce pLacZi2u-IbLOX/IbAOSpro. The pB42AD-IbNAC087
and empty pB42AD vectors were separately transformed
into yeast strain EGY48 using the PEG/LiAc method with
pLacZi2u-IbLOXpro/IbAOSpro constructs. Yeast cells were
plated on SD plates without arginine and tryptophan
(SD/-Ura/-Trp). Positive clones were transferred to an SD
medium lacking arginine and tryptophan (SD/-Ura/-Trp) but
containing galactose (20%), raffinose (20%), buffered (BU)
salt, and X-gal for stringent screening of possible interactions
according to the protocol of the Matchmaker OneHybrid
System (Clontech).

Electrophoretic mobility shift assay

His-IbNACO087 was purified from E. coli strain Transetta (DE3)
cells using standard protocols. The DNA probes containing
CGT(A/C) were synthesized and labeled with biotin at the 5’
end. Unlabeled probes were used as competitors. Biotin
probes in which the CGT(A/C) were mutated to AAAA/TTTT
were used as mutant probes. Probe sequences are listed
in Table S12. The EMSAs were performed using a LightShift
Chemiluminescent EMSA Kit (20148; Thermo Scientific,
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Waltham, MA, USA) according to the manufacturer's in-
structions. The experiment was independently repeated three
times, with similar results.

Dual-luciferase assay

For the transcriptional activity assay, 1-234 aa N-terminal
amino acid residues and 235-318 aa C-terminal amino acid
residues from IbNACO087 were separately amplified by
PCR using the primer pairs (62SK-BD-IbNAC087-N234-F/R,
62SK-BD-IbNAC087-C-F/R) (Table S12) and inserted into the
pGreenll 62-SK-BD as effectors and the pGreenll 0800-LUC
vector containing the GAL4 DNA consensus binding site,
luciferase (LUC), and renilla luciferase (REN) was used as the
reporter.

In the assay of IbDNACO087 activation of IbLOX and IbAOS
promoters, the coding sequence of IbNAC087 and IbNIEL
were amplified by PCR using the primer pairs (62SK-
IbNAC087-F/R, 62SK-IbNIEL-F/R) (Table S12) and cloned
into the Pstl and EcoRl sites of the pGreenll 62-SK vector,
which was used as effectors. The IbLOX and IbAOS pro-
moters (Kpnl and Pstl sites) were amplified using PCR with
the primer pairs (0800-/bLOX/IbAOSpro-F/R) (Table S12) and
inserted upstream of LUC into the pGreenll 0800-LUC vector
to generate the IbLOX/IbAOSpro:LUC reporter construct,
which were used as reporters. Rice protoplasts were isolated
and used for dual-LUC assays, as previously described (Liu
et al.,, 2021), and were incubated overnight with 10 umol/L
and 50 umol/L MG132, respectively. Firefly LUC and REN
activity levels were measured using a Dual-Luciferase Re-
porter Assay System (E1910; Promega, Madison, WI, USA).
Luciferase activity was normalized to REN activity. Three
biological replicates were analyzed. The experiment was in-
dependently repeated three times, with similar results.

Yeast two-hybrid assay

Yeast two-hybrid assays were performed, as described in the
Yeast Protocols Handbook (Clontech). The coding sequence
of IbNIEL was amplified by PCR (Table S12) and cloned into
pGADT?. Constructs pGBKT7-IbNAC087N?** and pGADT7-
IbNIEL were introduced into the yeast strain Y2H gold using
the lithium acetate method. Yeast cells were plated onto an
SD medium lacking leucine and tryptophan (SD/-Leu/-Trp)
and transferred to an SD medium lacking adenine, histidine,
leucine, and tryptophan (SD/-Ade/-His/-Leu/-Trp) and con-
taining 3mmol/L 3-aminotriazole (3-AT) and X-a-gal for
stringent screening of interactions. The experiment was in-
dependently repeated three times, with similar results.

Bimolecular fluorescence complementation

The coding sequence of IbNAC087 was amplified by PCR
using the primer pairs (BiFC-IbNAC087-F/R) (Table S12) and
cloned into the Ascl and Kpnl sites of the pSPYCE-35S
vector harboring the coding sequence for the N-terminal half
of the YFP; IbNIEL was amplified by PCR using the primer
pairs (BiFC-IbNIEL-F/R) (Table S12) and cloned into the
Ascl and Kpnl sites of pSPYNE-35S vector encoding the
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C-terminal half of YFP (Walter et al., 2004). The pSPYCE-35S:
IbNAC087-nYFP and pSPYCE-35S:IbNIEL-cYFP vectors
were transformed into A. tumefaciens strain EHA105 and
coinjected into N. benthamiana leaves (Batoko et al., 2000).
After 48h of growth, yellow fluorescence was observed
under a confocal laser-scanning microscope (LSM880; Zeiss)
with an argon laser (514 nm excitation wavelength). The
experiment was independently repeated three times, with
similar results.

Co-immunoprecipitation assay

The p35S:IbNAC087-HA and p35S:IbNIEL-MYC constructs
were transiently transformed into N. benthamiana leaf epi-
dermal cells using A. tumefaciens infiltration (Batoko et al.,
2000). Total protein samples extracted from the leaves of
N. benthamiana were tagged with MYC and HA in a Co-IP
buffer. Protein extracts were mixed with HA agarose beads
(B26201; Bimake, Houston, TX, USA) and incubated at 4°C for
2h. After at least five washes, the agarose beads were re-
covered and mixed with sodium dodecyl sulfate sample buffer.
Samples were detected by immunoblotting using anti-MYC
(1:5,000, M4439; Sigma) and anti-HA (1:5,000, H3663; Sigma)
antibodies. Horseradish peroxidase-conjugated rabbit anti-
mouse immunoglobulin G (H+L) (1:20,000, 31450; Thermo
Fisher, Waltham, MA, USA) antibody was used as the secon-
dary antibody. Three biological replicates from different plants
were analyzed. The experiment was independently repeated
three times, with similar results.

In vitro ubiquitination assay

An in vitro ubiquitination assay was performed as previously
described (Chen et al., 2021) with minor modifications. His-Ub-
HA, GST-IbNIEL, and MBP-IbNAC087 were purified from
E. coli BL21 (DE3) cell cultures using standard protocols. The
UBE1 (UBE-024; Ubbiotech, Changchun, China) and UBE2D2
(UBE-622; Ubbiotech) enzymes and the ATP-Mg buffer (UBE-
001; Ubbiotech) were used in the study. One microgram of
MBP-IbNAC087 and 1.0ug of GST-IbNIEL recombinant
proteins were incubated at 37°C for 2h in the presence or
absence of 0.5 ug of UBE1, 1.5 pg of UBE2D2, and 2.5 ug of
Ub. Anti-GST (1:5,000, 05-782; Sigma) and anti-HA (1:5,000,
H3663; Sigma) antibodies were used to detect the self-
ubiquitination of IbNIEL. Anti-MBP (1:5,000, M1001; Lablead,
Beijing, China) and anti-HA (1:5,000, H3663; Sigma) antibodies
were used to detect the ubiquitination of IbNAC087 by IbNIEL.

Cell-free degradation assay

Cell-free degradation assays were performed as previously
described (Lv et al., 2014), with minor modifications. Total
proteins were extracted from the leaves of the WT and /b-
NIEL-OE plants and adjusted to equal concentrations in the
degradation buffer for each assay. The purified proteins of
His-IbNACO087 were incubated with various protein extracts
at 25°C for 0, 5, 10, and 20 min. In addition, His-IbNAC087
was incubated with multiple protein extracts at 25°C for
20 min with or without MG132 treatment. The His-IbNAC087
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protein was detected with diluted anti-His antibody (1:1,000,
AF2876; Beyotime, Shanghai, China). Quantitative analysis
of immunoblots was performed using the Quantity Tools of
Image Lab software (Bio-Rad).

Accession numbers

Sequence data from this article can be found in the Sweet-
potato GARDEN (Sweetpotato Genome and Resource Data-
base ENtry) (http://sweetpotato-garden.kazusa.or.jp/) under
accession numbers [bNACO087 (Itr_sc000462.1_g00010.1),
IbLOX (ltr_sc001012.1_g00005.1), IbAOS (Itr_sc001275.1_
g00001.1), IbNIEL (ltr_sc000449.1_g00025.1).
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