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Abstract

Drought is the main factor that significantly affects plant growth and has devastating effects on crop production of jute. NAC
(NAM, ATAF, and CUC2) transcription factors (TFs) are a large gene family in plants that have been shown to play many
important roles in regulating developmental processes and abiotic stress resistance. In this study, a NAC transcription factor,
CcNACI, was cloned and characterized its function in jute. RT-qPCR analysis showed that CcNAC1 expression peaks after 8 h
of drought stress. CcNAC1 overexpression and knockdown plants were created by Agrobacterium-mediated genetic transfor-
mation. PCR and southern hybridization results indicate that the CcNACI gene was integrated into the genome of jute.
Overexpression of the CcNAC! gene sped up the plant growth, promoted early flowering, and increased drought tolerance
compared to the control plants. 3-Ketoacyl-CoA synthase (KCS) gene expression level increased significantly in the
CcNACT-overexpression plants and decreased in knockdown plants, which showed that CcNACI transcription factor regulated
KCS gene expression. Yeast-2-Hybrid (Y2H) assays validated the physical interaction between CcNAC1 and KCS. The results
provide relatively comprehensive information on the molecular mechanisms of CcNAC1 gene underlying the regulation of plant
growth and drought stress resistance, and indicate that CcNACI acts as a positive regulator in drought tolerance in jute
(Corchorus capsularis L.).
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Introduction

Jute (Corchorus capsularis L.) is a plant that is conventionally
used for the production of natural fibers, paper, chemical fer-
tilizers, building materials, and medicine. Fibers from jute
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have good glossiness, high drapability, good hygroscopicity,
high water dispersibility, good biodegradability, and other
beneficial characteristics. The advantages of jute over other
plants have led to it being widely applied in various fields.

Drought is among the most important abiotic factors that
affect the growth and development of jute. Studies on drought
tolerance of jute have mainly focused on its physiological and
biochemical aspects (Li et al. 2013; Yao et al. 2013). The
water content of jute plants is approximately 70-91% and
varies greatly among different tissues, organs, growth states,
and reproductive stages (Su and Dai 2017; Mitra and Basu
1974; Ayodele and Fawusi 1990). During its reproductive
period, jute shows the greatest water consumption, the highest
sensitivity to drought stress, and the largest leaf area (Li et al.
2013). In another study of jute, Li et al. revealed that the plant-
height ratio and stem diameter ratio between the seedling stage
and rapid growth stage decreased as the time and severity of
drought stress increased (Li et al. 2013). Moreover, drought
stress increased the ratio of electric conductivity, the content
of chlorophyll, proline, soluble protein, soluble carbohydrate,
and malondialdehyde in the leaf between the seedling, and
rapid growth stage of jute.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00709-020-01569-y&domain=pdf
https://doi.org/10.1007/s00709-020-01569-y
mailto:chinakenaf@126.com
mailto:qjm863@163.com

338

G.Zhang et al.

NAC transcription factors are a family of plant-specific tran-
scription factors. Appeared to be widespread in plants such as
Arabidopsis, rice, wheat, soya bean, and cotton (Meng et al.
2009; Puranik et al. 2012; Mao et al. 2012; Wu et al. 2012).
Studies have shown that NAC transcription factors regulate
plant growth and development and have important functions
in biotic and abiotic stress responses (Peng et al. 2009; Jeong
et al. 2013). Several studies reported that a subfamily of NAC
transcription factors played a pivotal role in various abiotic
stresses including salinity, drought, and low temperature
(Yuan et al. 2019; Puranik et al. 2012; Hao et al. 2011; Hu
et al. 2008). A cotton NAC transcription factor GhirNAC2
plays positive roles in drought tolerance via regulating ABA
biosynthesis. The rice NAC TFs play vital roles in diverse
aspects of plant growth, development, and stress responses
(Puranik et al. 2012). The involvement of the NAC TFs in rice
abiotic stress responses has been extensively explored, and
some rice NAC genes have been reported to function in abiotic
stress tolerance (Chen et al. 2014). Several studies have report-
ed that OsNAC?2 has important functions in rice (Jiang et al.
2018). In a promoter activation—tagging mutant, an increase in
OsNAC?2 expression results in an increased tiller angle in rice
(Mao et al. 2007). In addition, OsNAC2 is associated with plant
height (Chen et al. 2015), the promotion of leaf senescence
(Mao et al. 2017), and increased yields (Jiang et al. 2018),
highlighting the important roles this gene plays in rice growth
and development. Some NAC TFs can improve abiotic stress
tolerance (Hu et al. 2006; Saada et al. 2013; Chen et al. 2014,
Hong et al. 2016; Huang et al. 2016), with some even increas-
ing yields under abiotic stress conditions (Jeong et al. 2010;
Redillas et al. 2012). Recent results showed a novel stress-
responsive grapevine (Vitis vinifera L.) NAC transcription fac-
tor (VVNACI17) increases sensitivity to abscisic acid and en-
hances salinity, freezing, and drought tolerance in transgenic
Arabidopsis (Ju et al. 2019). Overexpression of a microRNA-
targeted NAC transcription factor improves drought and salt
tolerance in rice via ABA-mediated pathways (Jiang et al.
2019). Additionally, transgenic rice lines overexpressing some
of the stress-related NAC TFs exhibited significant improve-
ment of abiotic stress tolerance under severe stress conditions
without any adverse effect on yield or even with yield increase
(Jeong et al. 2013), providing a promising potential for appli-
cation of these stress-related NAC TFs in improvement of abi-
otic stress tolerance in crops (Hu and Xiong 2013).

3-Ketoacyl-CoA synthase (KCS) is involved in very long-
chain fatty acid synthesis in vegetative tissues and also plays a
role in wax biosynthesis. Accumulation of cuticular waxes is
one contributor to drought resistance for coping with drought
or water-deficit conditions in plants. It has been reported that
MYB96 TFs play a role in drought resistance; it regulates
cuticular wax biosynthesis by binding directly to the pro-
moters of KCS gene that constitute a rate-limiting step in
cuticular wax biosynthesis (Pil et al. 2011). The KCSI
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synthase gene related to drought stress has been analyzed
in cotton (Meng et al. 2009) and ramie (An et al. 2015),
which is involved in both the decarbonylation and acyl-
reduction wax synthesis pathways (Todd and Jaworski
1999). NAC TFs and KCS gene expression are induced
by drought stress in our previous studies (Zhang et al.
2018); however, there have been no reports on the relation-
ship between NAC transcription factors and 3-ketoacyl-
CoA synthase in jute.

Here, we reported the CcNAC! gene and identified the gene
function in jute. CcNAC! gene expression peaks after 8 h of
drought stress analyzed by RT-qPCR. CcNACI-
overexpression transgenic jute increased drought tolerance,
sped up the plant growth, and promoted early flowering, but
the CcNACI gene knockdown plants were drought-sensitive.
We also found that the expression levels of the KCS gene were
increased in CcNAC1-overexpression lines compared to the
control plants. Y2H assays validated the physical interaction
between CcNACI and KCS. The study provides new insights
that may enable the development of high-yielding jute varieties
with increased drought tolerance using genetic engineering.

Materials and methods
Experimental materials and PEG6000 treatment

The seeds of “Huangma 179 were provided by Professor
Jianmin Qi of Fujian Agricultural and Forestry University;
they were bred from the hybrid offspring of Meifeng 2 x
Minma 5; the variety has early maturation, high yield, and
drought tolerance. The seeds were planted on MS solid medi-
um and cultured in a light incubator (32 °C/24 °C, 16 h light/
8 h dark). The leaves of the plant were used for DNA and
RNA extraction. After 30 days, the plantlets were planted in
pots. Vegetable soil (contains humus, straw fiber, perlite, and
bioorganic matter) and sandy soil (agglomerate particle from
mountain slopes facing the sun in Shangrao area) were mixed
(3:1), when plants with similar height and growth vigor were
subjected to controlled trials under drought stress. Each pot
was fully irrigated. The soil water content of each pot was
maintained at an identical level. After irrigation was stopped,
15-day seedlings were treated by 20% polyethylene glycol
(PEG6000) hypertonic solution simulating drought stress for
24 h for RT-qPCR analysis, and the plant nutrient solution
(PEG6000-free)—treated plants as control lines. There were 3
biological replicates in this experiment.

Isolation of NAC transcription factor (CcNAC1) and
analysis of expression pattern under drought stress

We used Significance Analysis of Microarray (SAM) method
for selecting NAC transcription factor (CcNAC1) gene from
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the transcriptome database on drought stress of jute. The
CcNAC! gene was isolated by the following method: Total
RNA was extracted from jute leaves using Trizol reagent
(5417-12), and cDNA was synthesized using a reverse tran-
scription kit (R235, Shanghai Biology Company). Full-length
of CcNAC1 cDNA was amplified using the following
primers: F1, 5~ ATGGGAGTCCCGGAAACAGACCCCT-
3" and R1, 5'-TTATTGCCTAATCCCAAACCCACCC-3'
(primers were designed by the primer premier 5.0 software).
The PCR reactions and cloning were performed as previously
described (Zhang et al. 2014). The reaction system contained
1 uL ¢cDNA, 1 puL upstream and downstream primers
(10 umol L™"), 2.5 uL 10 x buffer, 2 uL dNTP, 0.2 uL
Taq polymerase (10 U/uL), and brought to 25 pL with
ddH,O. PCR conditions were as follows: denaturation at
94 °C for 30 s, followed by 35 cycles at 58 °C for 40 s,
and extension at 72 °C for 2 min; the final extension was
carried out at 72 °C for 10 min. The resulting CcNACI
sequence was used to perform a homology search of the
NCBI BLAST database. When the plants are in rapid grow-
ing period (about 50 days after seed germination), a 20%
polyethylene glycol (PEG6000) hypertonic solution was
used to treat plants for 24 h to simulate drought stress.
Leaves were collected at O h, 2 h,4h, 6 h, 8 h, 12 h, 16 h,
20 h, and 24 h after drought stress for analysis of the ex-
pression level CcNACI gene. RT-qPCR was performed
using SYBR Green qPCR Master Mix (Takara) on a
iQ5™ multicolor real-time PCR detection system (Bio-
Rad) according to the method described by Livak and
Schmittgen (Livak and Schmittgen 2001). The following
primers were used for qRT-PCR: QF, 5'-TCGG
CTATGACTGGGCACAACAGA-3 and QR, 5-TTGA
AGCTGGGACATACGGAAC-3". The RT-qPCR thermal
cycle was as follows: denaturation at 95 °C for 8 min,
followed by 40 cycles at 95 °C for 15 s, and 56 °C for
40 s, the actin 7 (ACT7) gene of jute was selected as the
endogenous control (Hossain et al. 2019). There were 3
biological replicates in the PEG6000 drought stress
experiment.

The sequence analysis of NAC transcription factor
(CcNACT)

The cDNA sequences of CcNAC1 were used as queries in
BLASTX searches against NCBI (https://www.ncbi.nlm.
nih.gov/). The open reading frame (ORF) and amino acid
sequences were analyzed by DNAMAN 6.0, and a phyloge-
netic tree was constructed using the MEGA 6 software. The
conserved domains were predicted by Pfam 26.0 (http://
pfam.xfam.org/) and the Conserved Domains program in
NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi).

Transformation vector construction and validation of
transgenic plants

The pCAMBIA1301 plasmid (Fig. 1a) contains the jute
CcNACI gene driven by the (CaMV) 35S promoter and a
hygromycin resistance marker gene (HYG). The TCK303
plasmid (Fig. 1b) contains a rice intron, CcNAC1 gene frag-
ments inserted into vector in opposite directions between the
rice intron, and the same HYG selectable marker as plasmid
pCAMBIA1301.

The construction of the overexpression and RNAI interfer-
ence vectors was performed as Zhang described. The open
reading frame of CcNACI gene was amplified with the sense
primer (5'-GAAGATC ATGGGAGTCCCGGAAACAGAC-
3"), and antisense primer (5-GGGTAACC TTATTGCC
TAATCCCAAAC-3") (restriction endonuclease BglIl and
BstEIl sites are noted in underlined letters). The amplified
PCR product was digested with BglIl and BSTEII, and
inserted into the pPCAMBIA1301 binary vector containing
the hygromycin phosphotransferase (hpt) gene, under the con-
trol of a CaM V35S promoter. Sequence analysis confirmed
proper insertion of CcNACI gene into the vector (Zhang et al.
2014). Stable transgenic jute plants were obtained by
Agrobacterium-mediated gene transfer following a method
described previously. Agrobacterium tumefaciens EHA105
carrying the binary vector pPCAMBIA 1301 that contains the
selectable marker nptll gene and screenable marker GUS
gene were grown on a YEB medium (0.5% beef extract,
0.4% yeast extract, 0.1% peptone, 0.04% MgSQO,, 7H,0;
pH =7.4) containing kanamycin 50 pug/mL as the selective
agent at 230 rpm in a shaker for 18 h at 28 °C. The bacterial
concentration (OD =0.5) was determined using a spectro-
photometer at a wavelength of 600 nm. The prepared ex-
plants (cotyledonary nodes of jute) were transferred into
Agrobacterium bacterial liquid. The infection time was
10 min, post-infection; the explants were co-cultured on
MS medium without a regulator at 28 °C in the dark for
2 days (Bharadwaj et al. 2011; Zhang et al. 2014). Total
DNA was isolated from putative transgenic plants of TO
generation, and the hygromycin phosphotransferase (selec-
tion marker) gene was detected using PCR with the follow-
ing primers: 5-TAGCTAGCATGCAGTTGCAG-3' and
5'-AGTCGTCGACGATGCTAGAGTA-3'". We then used
the PCR-validated transgenic plants for Southern blot anal-
ysis. According to the transformation vector plasmid
pCAMBIA1301, the chosen three single restriction sites,
respectively, are BSTEIIL, Bglll, and Ncol; 5-10 g genomic
DNA was digested overnight, after electrophoresis, transfer
film, print, pre hybridization, and hybridization.
Hygromycin phosphotransferase gene probe was labeled
with the alkaline phosphatase labeling kit (ROCHE
Company). The primers for southern hybridization are R:
5'-CATACTTGAGACCAGTGTTT-3', F: 5'-CCGA
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Fig. 1 Schematic diagram of a BgIL 11
plasmids. a CcNACI-
Overexpression vector. b +| H Nos H CaMV35s m+
CcNACI1-RNAI vector Ncol

b Xbal Spel

BOILmHl

CCTTAACTAGCTCAAT-3'; the results were collected
use the gel imaging system Fluor Chem SP 50-mm f11.4
lens (Zhang et al. 2014).

The drought resistance evaluation and the growth
rate measurement of Cc(NAC1-overexpression and
control plants

The seeds of CeNACT1 overexpression and control plants were
planted in the germinating box. Two treatments were set, 20%
PEG6000 drought stress and distilled water treatment; 10 mL
of 20% PEG6000 was added to each germination box in the
drought stress treatment group, and 10 mL of distilled water
was added to each germination box as control group. The
seeds were cultured in a light incubator (32 °C/24 °C, 16 h
light/8 h dark) for germination. The number of seed germina-
tion was recorded once a day; the record lasted for 10 days;
there are 3 replicates per treatment. The germination rate (%)
= the number of all germinated seeds/all the tested seeds X
100%. The standard of drought resistance of seed germination
was estimated according to Lan’s method in Table 1 (Lan
1998).

The plantlets were planted in pots. Vegetable soil (contains
humus, straw fiber, perlite, and bioorganic matter) and sandy
soil (agglomerate particle from mountain slopes facing the sun
in Shangrao area) were mixed (3:1), After 15 days of growth
under normal conditions, the plants were treated with 20%
PEG for 2 h for observing the phenotypes of CcNACI-
overexpression and control plants. After 40 days of growth
under normal conditions of CcNACI-overexpression and

Table 1 Estimation standard of drought resistance at germination stage
(Lan., 1998)

Relative germination rate Estimation of drought
(%) resistance information
>90 High resistance
70—89.9 Resistance

50—69.9 Moderate resistance
30—49.9 Sensitivity

0—29.9 High sensitivity
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control plants, the whole aboveground and root parts of the
plants were measured.

Yeast two-hybrid assays

To examine the protein-protein interactions between NAC
and KCS, the coding regions of NAC and KCS were cloned
from jute cDNA for use in yeast two-hybrid (Y2H) assays.
Y2H experiments were performed using the pGBKT7-
KNAC, pGADT7-KCS, and pGBKT7 (empty vector control)
constructs transformed into the yeast strain MaV203. The
subsequent yeast mating and selection were performed as pre-
viously described (Sanz et al. 2018).

Results

Isolation of full-length transcription factor (CCNAC1)
cDNA and determination of the expression patterns
under drought stress

The NAC-like transcription factor SINAC110 in foxtail millet
(Setaria italica L.) confers tolerance to drought and high salt
stress through an ABA-independent signaling pathway (Xie
et al. 2017); six NAC-like transcription factors were discov-
ered from the transcriptome of jute; we selected the one with
the most expression level after drought stress treatment for
analyzing its function. The CcNACI1 gene is predicted to en-
code a 348—amino acid (Supplementary material), 38.65-kDa
protein. Alignment analyses (Fig. 2) demonstrated that
CcNACI shares 84% similarity with Hibiscus syriacus NAC
domain—containing protein 72, which belongs to the NAC
family in hibiscus (Hibiscus syriacus). The N-terminal of
NAC transcription factor contains a highly conserved DNA-
binding domain, consisting of about 160 amino acid residues,
and the C-terminal is a highly variable transcriptional activa-
tion or inhibition domain. The N-terminal of NAC transcrip-
tion factor regulates the expression of genes by recognizing
that NACRS, CGTA, CGTC, and CACG are core sites of
NAC transcription factor binding. CcNACT transcription fac-
tor with a cDNA length of 1044 bp was isolated from jute
(Fig. 3a and Supplementary material). Expression of the
CcNACI transcription factor gene peaks at 8 h of drought
stress (Fig. 3b) and then gradually decreases, but there were
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Fig. 2 The phylogenetic tree of
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no changes observed in the CK (the control plants) lines. (Fig.
3b).

PCR and Southern blots identification of CcNAC1-
overexpression and knockdown plants

In order to determine the function of the CcNACI transcrip-
tion factor, we analyzed CcNAC-overexpression and RNAi
knockdown lines of jute. We used gene-specific primers to
amplify a fragment of the HPT marker gene (approximately
795 bp) in plants with CcNAC1-overexpression and CcNAC1
knockdown plants, but no amplified bands were found in neg-
ative control plants (Fig. 3c). We then used the HPT gene
fragment as a probe for Southern blots to validate plants pos-
itive for the transgene construct. Genomic DNA was digested
with HindIlI, and the abovementioned HPT gene probe was
used for Southern hybridization. The PCR result showed that

Relative expression of T
CceNACI

Fig. 3 Isolation and expression of the transcription factor CCNACI and
molecular detection of the transgenic plants. a Isolation of transcription
factor CcNACI1, M: DNA marker, 1 and 2: CNACI transcription factor. b
The relative expression level of CcNACI gene in leaves under drought
stress and CK lines. ¢ PCR screening of CcNAC1-overexpression and

Oryza_sativa_ ATUS0112.1

Malus_domestica_ ATW01063.1

= Zea_mays NP 001150879.1

0.2€8

a single copy of the HPT gene was inserted into the genome of
all positive plants (Fig. 3d).

The physiological characteristics and drought
tolerance of CCNAC1 gene transgenic and control lines

There are many transcription factors that regulate plant growth
and development; the NAC gene superfamily transcription fac-
tors were discovered in the plant kingdom recently. Previous
studies have shown that NAC TF proteins have important
functions in the growth and development of many plants.
Under 20% PEG stress, the seed germination rate and growth
rate after germination of CcNAC! gene transgenic plants and
the control plants were significantly different (Table 2, Table 3,
Fig. 4a). Compared with the control lines, the germination rate
of CcNACI gene transgenic plants was significantly higher
than that of the control group (Table 3), and the germination
rate of transgenic lines was increased by 34.1%, 36.8%, and

M PEG6000 drought stress

CK lines

knockdown plants, M: DNA marker: 1-4, CcNAC1-overexpression
plants; 5-8, CcNAC1 knockdown plants; 9, Negative control. d
Southern blot identification of CcNACI-overexpression and CcNACI
knockdown plants. 1-5, samples; 6, negative control; M, DNA marker
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Table2 Comparison of the growth rate at the seedling stage

No. Increasing weight(kg)

0.114 £ 0.0015

0.171 £ 0.0020 *
0.161 £ 0.0034 *
0.162 £ 0.0018 *

Control lines

CcNAC1-overexpression line 1
CcNACT1-overexpression line 2
CcNACT-overexpression line 3

Each value represents mean of five replicates = SD. Means were com-
pared using ANOVA

Letter a after data within a column represents significant difference at 5%
probability level

27.6%. According to the evaluation standard of drought resis-
tance during seed germination, the drought resistance of the
control lines was close to moderate resistance, while that of
CcNACI gene transgenic plants was close to strong resistance
(Table 3). Our results show that the overexpression of the
CcNACI transcription factor increased the growth rates
(Table 2, Fig. 4a) and drought tolerance (Table 3, Fig. 4b)
and promoted early flowering of jute (Fig. 4c), compared to
that of the control plants. These results indicated that CcNAC1
transcription factor was involved in plant growth and drought
stress response.

CcNAC1 directly regulates expression of KCS gene

To assess the relationship between the KCS gene and the
CcNACT transcription factor and further investigate the pos-
sible mechanisms by which CcNAC1 regulates the expression
ofrelated gene, we evaluated KCS gene expression level in the
WT, CcNACI-overexpressing and CcNACI1-RNAi knock-
down lines by RT-qPCR. Total RNA was extracted from these
three lines. The expression of the drought-induced gene KCS
(encoding 3-ketoacyl-CoA synthase) was more than 2-fold
higher in the CcNAC1-overexpressing plants (Fig. 5a), while
the expression of KCS gene was significantly decreased in
CcNACI-RNAI knockdown lines compared with the WT

Table 3  Estimation standard of drought resistance at germination stage
of CcNACT-overexpression and the control seeds

Lines Relative Estimation of
germinationrate (%)  drought resistance
The control lines 53.8 Moderate
resistance

CcNACT1-overexpression  89.3 Resistance

line 1
CcNACI1-overexpression  86.4 Resistance

line 1
CcNACI-overexpression  85.8 Resistance

line 1
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(Fig. 5a). To further verify the protein-protein interaction data,
Y2H assays was conducted. After resolving the auto-
activation issue by using auto-activation detection, a strong
protein—protein interaction between CcNACI transcription
factor and KCS protein was detected (Fig. 5b and Fig. 5c).
These results suggest that the CcNACI transcription factor
regulated KCS gene expression in a manner involved in
drought tolerance in jute.

Discussion

NACs (NAM (No apical meristem), ATAF1 (Arabidopsis
transcription activation factor 1), ATAF2, and CUC2 (cup-
shaped cotyledon 2)) are important, plant-specific transcrip-
tion factors involved in growth and physiological processes in
plants, including senescence, positive regulation of cell death,
and salt stress response (Buchanan Wollaston et al. 2010).
NAC transcription factors not only regulate plant growth
and development but also have important functions in biotic
and abiotic stress responses. In this study, we identified
CcNACT as a positive regulatory factor of drought stress toler-
ance, as the CcNACI1-overexpressing plants exhibited an in-
creased tolerance to drought. Previous studies have shown that
the expression levels of SNACI (stress-responsive NAC1) and
OsNAC6 are induced by drought stress, and that transgenic rice
plants overexpressing these genes also display increased
drought tolerance (Hu et al. 2006; Lee et al. 2017). Taken
together, these results and our work point to similar roles for
the NAC transcription factors in abiotic stress responses.
Several other plant NAC TFs can increase yields under abiotic
stress conditions (Shang et al. 2020; Jeong et al. 2010, 2013). In
rice, OsNAC10 overexpression increased plants yields under
stress conditions (Jeong et al. 2013); overexpressing OsNACS
plants enhanced drought tolerance and increased grain yields
under drought stress; overexpressing OsNAC2 plants have an
ideotype architecture, with thick stems, well-developed root
systems, and high yields (Jeong et al. 2013). Our results also
revealed that overexpressing CcNAC1 enhances plants growth
and promotes early flowering; this is partly because of NAC
TFs’ direct regulation of other genes involved in the growth and
development.

Ketoacyl synthases (KCSs) catalyze the condensation reac-
tion of acyl-CoA or acyl-acyl ACP with malonyl-CoA to form
3-ketoacyl-CoA, or with malonyl-ACP to form 3-ketoacyl-
ACP (Tresch et al. 2012). KCS is involved in very long-
chain fatty acid synthesis in vegetative tissues and also plays
a role in wax biosynthesis, can limit non-stomatal water loss,
and reduce damage due to UV radiation. Epidermal wax also
protects against bacterial and fungal pathogens and water
stress as well as reduces plant transpiration rate and the risk
of irreversible light suppression (Chen et al. 2011). To address
water deficits, there is increasing research on the important
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Fig. 4 Physiological characteristics and drought tolerance of CcNACI1-
overexpression and control plants. a The growth rate of CcNACI-
overexpression and control plants. Left: CCNAC1-overexpression plants,
Right: The control plants. b The drought tolerance of CcNACI-
overexpression and control plants after drought stress with 20%

roles of epidermal wax in plants. KCS is involved in very
long-chain fatty acid synthesis in vegetative tissues and also
plays a role in wax biosynthesis. In our study, the expression
of the KCS (encoding 3-ketoacyl-CoA synthase) gene was
more than 2-fold higher in the CcNACI-overexpressing
plants. These findings suggest that CcNACI1 regulates the ex-
pression of KCS biosynthesis gene to increase the wax content,
thereby increasing drought tolerance. It was previously report-
ed that OsNAC?2 directly promotes the expression of
OsNCED?3 to increase the ABA content (Mao et al. 2017).
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WT CNAC1-knockdown CNAC1-overexpression
lines lines

pGBKT7/pGADT7

pGBKT7-CNAC1/pGADT7-KCS

Fig. 5 The relative expression of KCS and physical interaction with
CNACI in yeast. a Expression level of KCS gene in WT (control
lines), CNACI1-knockdown lines and CNAC1-overexpression lines.
Error bars represent SD of three biological replicates. ** P <0.01 (Z test).

PEG6000 for 2 h. Upper: CcNAC1-overexpression plants; bottom: the
control plants. ¢ The comparison flowering of CcNAC1-overexpression
and control plants. Left: CcNAC1-overexpression plants; right: the con-
trol plants

Via analysis of KCS mutants in Arabidopsis, KCS
(KCS6/CER6) was found to be an important enzyme for cu-
ticular wax biosynthesis (Todd and Jaworski 1999). The ex-
pression levels of the KCS20 and KCS2/DAISY genes were
found to increase 2-fold and 65-fold, respectively, after
drought stress (Lee et al. 2009).

The NAC domain transcription factor VASCULAR-
RELATED NAC-DOMAIN7 (VND7) acts as a master regu-
lator of xylem vessel differentiation in Arabidopsis thaliana.
A yeast two-hybrid screen (Y2H) identified cDNAs encoding

SD-Leu X-Gal

pGADT7

pGBKT7-CNACI1

pGADT7-KCS

c SD-Leu-Trp-His-Ura

b Display of the auto-activation of CNAC1 and KCS in Y2H assays. ¢
Colonies were gown on Leu, Trp, His, and Ura (left panel) and with X-
Gal (right panel). Negative controls contained empty bait and prey vector
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a NAC domain protein, VND-INTERACTING1 (VNI2),
which interacts with VND7. VNI2 acts as a transcriptional
repressor and physically interacts with VND proteins involved
in xylem cell specification (Yamaguchi et al. 2010). OsNACS
directly interacts with the promoter of OsLEA3 to regulate salt
tolerance (Jeong et al. 2013). Here, we illustrated that
CcNACT interacts with the KCS in the Yeast-2-Hybrid sys-
tem; this showed that CCNAC1 directly interacts with KCS to
regulate drought tolerance.

NAC TF proteins have important functions in the growth
and development of jute. Our findings indicate that the
CcNACI gene is a potential positive regulator of the
drought stress response. Overexpressing CcNACI en-
hances plant growth (Table 2, Fig. 4a), promotes early
flowering (Fig. 4c), and increases drought tolerance
(Table 3, Fig. 4b). CcNACI transcription factor regulates
KCS gene expression level by binding to the KCS protein
involved in drought response. Our study, along with others,
indicates that NAC TF has several important functions in the
growth and development of rice (Jiang et al. 2018). These
findings provide new sight for understanding the regulatory
mechanism of CcNACI transcription factor and enable the
production of new drought-tolerant jute varieties.
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