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Abstract: Previous studies have identified numerous transcription factors involved in drought
response, each of which play different roles in plants. The objective of the present study was
to evaluate the effectiveness of two transcription factors on drought response in Jatropha curcas
L., JcNAC1 and JcZFP8. The overexpression of these transcription factors in tobacco (Nicotiana
benthamiana L.) improved drought resistance, but JcZFP8 delayed germination and JcNAC1 reduced
biomass and yield. By constitutively co-expressing these two genes in tobacco, drought resistance
was improved, and the negative effects of each of them were overcome. The transgenic plants with
double-gene co-expression showed stronger drought tolerance with 1.76-fold greater accumulation
of proline and lower H2O2 and malondialdehyde (MDA) content to 43 and 65% of wildtype (WT)
levels, respectively. The expression levels of NbbHLH1 and NbbHLH2 genes upregulated linearly
with the increased drought tolerance of double genes co-expression plants. In drought conditions,
the leaf water contents of bhlh1, bhlh2, and bhlh1bhlh2 deletion mutants obtained by CRISPR-CAS9
knockout technique were maintained at 99%, 97%, and 97% of WT. The bhlh1bhlh2 was found with
lower germination rate but with higher reactive oxygen levels (1.64-fold H2O2 and 1.41-fold MDA
levels). Thus, the co-expression of two transcription factors with different functions overcame the
adverse traits brought by a single gene and enhanced the shared drought-tolerant traits, which can
provide guidance on theory and selection of gene combinations for the application of multi-gene
co-expression in agriculture in the future.

Keywords: JcNAC1; JcZFP8; double gene co-expression; growth traits; drought stress

1. Introduction

Drought stress affects plant survival and growth. To explore this adverse effect,
scientists seek to breed highly drought-tolerant crops by transgenic technology or genetic
modification methods [1,2]. However, different drought tolerance genes have different
effects on plant drought resistance, and the strategy for using them in response to drought
stress must take these differences into account. Drought tolerance genes are often associated
with unfavorable plant growth traits, such as growth inhibition [3–5].

NAM/ATAF/CUC protein (NAC) and C2H2 zinc finger protein (ZFP) are involved
in plant growth and stress responses [6,7]. VaNAC17 improves drought tolerance in Ara-
bidopsis by upregulating genes involved in JA signaling pathways and enhancing ROS
scavenging [8]. OsZFP15 reduces sensitivity to ABA and improves drought tolerance in
rice [9]. OsDRZ1 enhances the drought resistance of rice by enhancing antioxidant capac-
ity [10]. The basic helix–loop–helix (bHLH) is involved in plant drought responses [11].
NbbHLH1 and NbbHLH2 function as positive regulators in the jasmonate signal transduc-
tion pathway [12]. AhbHLH112 enhances ROS-scavenging ability by regulating Peroxidase
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(POD)-mediated H2O2 homeostasis [13]. PtrbHLH66 improves the drought tolerance in Ara-
bidopsis by increasing the proline contents and antioxidant enzyme activities, and reducing
reactive oxygen species (ROS) and malondialdehyde (MDA) under drought stress [14].

Drought is a polygenic trait, and potential candidate genes contribute to cell detoxifi-
cation, osmotic accumulation, antioxidant mechanisms, and signaling pathways [15]. The
overexpression of both OsPIL1 and AtDREB1A in Arabidopsis improves drought tolerance
and plant growth [16]. The co-expression of AtGA5 and AtDREB1A increases Arabidopsis
biomass and flower induction, and leads to high levels of drought stress tolerance [17]. The
co-expression of NHX1 and eIF4A1 from Arabidopsis positively regulates drought stress
tolerance in sweet potato [18]. However, single gene transformation cannot meet our needs
for drought tolerance and agronomic traits, and the co-expression of multiple genes is
currently a major challenge in biogenetic engineering. Co-expressing stress response genes
and growth regulatory genes can compensate for the accumulation of trade-off genes. This
strategy can be effective in reducing adverse growth traits by the overexpression of stress
response genes, but the mechanism of this strategy is extremely complex and less research
has been conducted in this area [15,19].

Multiple research projects on drought resistance of transcription factors have mainly
focused on a single transcription factor, while few studies have thoroughly investigated
on the regulation of plant growth traits and drought resistance by co-expression of double
transcription factors. JcNAC1 and JcZFP8 are two different transcription factors cloned
from Jatropha curcas L. in our previous studies [20,21]. Experimental approaches transferred
JcNAC1 (NAC) and JcZFP8 (ZFP) into Nicotiana tabacum L., and the results confirmed that
plants with double gene co-expression (NZ) had preferable growth traits and drought
tolerance. Using qRT-PCR and CRISPR-Cas9, we found that JcNAC1 and JcZFP8 enhanced
the expression of NbbHLH1 and NbbHLH2, and the knocking out tobacco of NbbHLH1 and
NbbHLH2 reduces tolerance to drought. This combined pattern of transcription factors has
potential applications in crop improvement programs.

2. Results
2.1. Co-Expression of JcNAC1/JcZFP8 Not Only Improves PEG-Drought Resistance, but Also
Overcomes the Adverse Agronomic Traits Brought by Single Gene Transformation
2.1.1. Co-Expression of JcNAC1 and JcZFP8 Can Increase the Germination Rate of Plants
under Mannitol-Drought

We sought to determine the germination rate under the stress of low water potential
(physiological drought), which we imposed using a high concentration of the osmoticum
mannitol. When the mannitol concentration was 150 mM and 200 mM, the relative ger-
mination rates of NAC, ZFP, and NZ overexpression lines were significantly higher than
WT (Figure 1a and Table S1). Increasing the mannitol concentration from 150 to 200 mM
decreased the germination rate about 44% in WT, but only decreased it by about 17%
in the overexpression lines. This suggests that the tolerance of NAC, ZFP, and NZ to
mannitol-drought was higher than that of WT.

To understand the seed germination ability of transgenic plants, the number of ger-
minated seeds was counted daily from the beginning of inoculation (Figure 1b). All lines
started to germinate on day 3. Among them, the double overexpression line NZ had the
fastest germination rate, followed by WT, NAC, and ZFP. According to the calculation
of the germination index of the seeds of each strain, NZ had the highest germination
index, and the germination index of NAC and ZFP were lower than WT (Figure 1c and
Table S2), which indicated that the overexpression of JcNAC1 and JcZFP8 delayed seed
germination. The results with the two-gene overexpression line NZ suggested that there
was an interaction between two genes that enhanced seed germination rate.
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Figure 1. Growth and leaf gas exchange traits of WT and overexpression lines. (a) Germination rate 
of seeds treated with different mannitol concentrations; (b) germination rate in 1/2 MS medium; (c) 
germination index in 1/2 MS medium; (d) plant appearance after four days of 10%PEG6000 

Figure 1. Growth and leaf gas exchange traits of WT and overexpression lines. (a) Germination rate
of seeds treated with different mannitol concentrations; (b) germination rate in 1/2 MS medium;
(c) germination index in 1/2 MS medium; (d) plant appearance after four days of 10%PEG6000 treat-
ment (panels e–g); (e) stomatal conductance (mmol m−2·s−1); (f) transpiration rate (mmol m−2·s−1);
(g) photosynthetic rate (µmol·m−2·s−1); (h) growth traits after three weeks; (i) flowering time; (j) life
cycle time; (k) dry weight at harvest time; (l) seed yield at harvest time. Different letters indi-
cate significant difference determined by one-way ANOVA with Tukey’s test (p < 0.05), data are
means ± SEM.
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2.1.2. NAC, ZFP, and NZ Transgenic Tobacco Performed Better in PEG-Drought (Low
Water Potential) Compared to WT

Transgenic lines improved seed germination under osmotic stress. Five-week-old to-
bacco treated with 10% PEG6000 for 4 days showed significant differences between WT and
transgenic tobacco. WT showed obvious wilting, whereas the leaves of the overexpression
lines of tobacco showed only slight wilting (Figure 1d).

Stomata are the structures that regulate plant transpiration. Under stress, the stomata
of WT closed on day 2, and remained closed through day 8, while the stomata of NAC,
ZFP, and NZ plants closed more slowly and had significantly higher stomatal conductance
on day 2 than WT (Figure 1e and Table S3). Correspondingly, transpiration rate of WT
decreased fastest and transpiration rate of NAC, ZFP, and NZ decreased more slowly
(Figure 1f and Table S3).

The photosynthetic rate of WT decreased to near zero at day 2 of PEG osmotic stress
whereas the overexpression lines maintained high photosynthetic rates at day 2, and the
ZFP and NZ overexpression lines maintained high photosynthetic rates at day 4 (Figure 1g
and Table S3). ZFP and NZ had higher photosynthetic rates than WT at day 6 and day 8 of
stress as well.

2.1.3. Double Gene Co-Expressing Plants Overcome the Adverse Agronomic Traits Brought
by Single Gene Transformation

For the changes in germination of transgenic lines, we studied the growth traits
of transgenic lines. At three weeks after planting, ZFP lines had only developed about
3.5 expanded leaves, whereas WT, NAC, and NZ lines had developed 4.5 leaves. Upon
observing the leaf size, we found that ZFP had smaller leaves. Fewer and smaller leaves
indicated ZFP’s early stage growth inhibition (Figures 1h and S1).

Upon observing the flowering time of different plant lines, we found that the average
flowering time from early to late was NAC, NZ, WT, and ZFP. The flowering period of
NAC was 3 days earlier than WT (Figure 1i and Table S2). The average life cycle of NAC
was 4 days shorter than that of WT and ZFP (Figure 1j and Table S2). However, in NZ,
while flowering was intermediate between wildtype, ZFP, and NAC, the duration of the
life cycle was short, as in NAC.

After harvesting the plants that had completed the life cycle, the biomass and yield
of the different plants were statistically analyzed. The results showed that the average
biomass of NZ and ZFP was significantly higher than WT and NAC, and the biomass of
NZ was 16% higher than WT (Figure 1k and Table S2). The seed yields of NZ and ZFP were
also significantly higher than WT, while the seed yield of NAC was lower than WT and the
yield of NZ was 14% higher than WT (Figure 1l and Table S2). In conclusion, NZ obtained
higher biomass accumulation and seed yield, suggesting that co-over-expression of the
two genes in tobacco NZ may have overcome the germination delay and growth inhibition
phenotype in early stage caused by the overexpression of JcZFP8, and the reduction in
biomass and yield caused by the overexpression of JcNAC1.

2.2. More Proline and Less Reactive Oxygen Species (ROS) Level Endows the Double Gene
Overexpression Lines with Stronger PEG-Drought Resistance
2.2.1. Under 10%PEG6000 Treatment, the Accumulation of ROS in Transgenic Plants
Was Less

In this study, five-week-old plants were treated with PEG6000 at 10% concentration,
to compare the ROS levels of WT and transgenic plants after 4 days of stress. NBT and
DAB staining were used to provide a qualitative measure of the levels of O2− and H2O2
(Figure S2a,b). According to the degree of leaf staining, it appeared that ROS accumula-
tion in NAC, ZFP, and NZ was less than in WT. A quantitative assay of O2− and H2O2
levels indicated that WT accumulated considerably higher concentrations of ROS than the
overexpression lines; the accumulated O2− of ZFP was higher than that of NAC and NZ
(Figure 2a and Table S4), and the H2O2 content of NAC was higher than that of ZFP and
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NZ (Figure 2b and Table S4). The content of O2- and H2O2 in NZ was 33% and 43% of that
in WT.
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Figure 2. The effect of single-gene overexpression (NAC and ZFP) versus double gene co-expression
(NZ) on tolerance to 10% PEG6000 osmotic stress treatment. (a) O2− content; (b) H2O2 content;
(c) Proline content; (d) MDA content; (e) transcription factor regulation involved in tobacco drought
response. The superscript letters in the table represent the differences between different genotypes,
and different letters indicate significant differences (p < 0.05), data are means ± SEM.

Proline concentration was lowest in WT, and was considerably higher in the over-
expression lines (Figure 2c and Table S4). The accumulation of proline in NZ plants was
1.76 times in WT and higher than that in NAC and ZFP.

At under 10% PEG6000 stress, the MDA content in WT was the highest, and was
significantly lower in the other lines (Figure 2d and Table S4). The MDA accumulation of
NZ plants was 65% of that of WT; the oxidative damage in NZ and ZFP was less than that
in WT and NAC.

In conclusion, under drought stress, the co-expressed tobacco NZ had more proline
and less ROS, which likely contributed to its tolerance of osmotic stress.

2.2.2. NbbHLH1 and NbbHLH2 Genes Increased Linearly from WT to
Single-Overexpression Lines to NZ under PEG-Drought

To further test the relationship between the transcription factors JcNAC1 and JcZFP8 in
hormone signaling, we analyzed the expression of several key genes in the ABA, JA, and
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BR signaling pathways and the regulation of downstream transcription factors by qRT-PCR
(Figure 2e). The expression of several of these genes was substantially higher in NZ than in
WT and the other lines, while the single-gene overexpressed lines tended to have only slightly
increased or the same level of expression as the WT. Those in which NZ was substantially
higher than the other lines included: the ABA-related genes NbSNRK2E and NbSNRK2.7, the
JA-related genes NbCOI1 and NbJAZ, the BR-related genes NbBRI1 and NbBSK, the NAC
gene NbNAC25, the MYB-related genes NbMYB44 and NbMYB86, the ZFP gene NbZFP8,
the ERF-related genes NbERF3 and NbDREB2a, the WRKY gene NbWRKY40, and the bHLH
genes NbbHLH1 and NbbHLH2 (Figure 2g). Overall, the expression of other transcription
factors was changed, but there was no obvious rule. The expression levels of NbbHLH1 and
NbbHLH2 genes increased linearly from WT to single-overexpression lines to NZ.

2.3. The NbbHLH1 and NbbHLH2 Were Involved in Drought Resistance of Tobacco
2.3.1. The Germination Rate of bhlh1, bhlh2, and bhlh1bhlh2 Decreased under
Mannitol Treatment

To further explore the effect of NbbHLH1 and NbbHLH2 on the drought-resistant char-
acteristics of tobacco, we selected WT for gene knockout verification The CRISPR knockout
technique was used to study the role of NbbHLH1, NbbHLH2 in drought tolerance. The
vectors PHSE401-bHLH1A1B1, PHSE401-bHLH2A2B2, and PHSE401-bHLH1B2-bHLH2B2 were
constructed. The mutants of bhlh1, bhlh2, and bhlh1bhlh2 were obtained (Figures S4 and S5).

The germination rate of the three knockout lines in 150 mM and 200 mM mannitol
medium was substantially lower than in 0 mM mannitol medium, but in 150 and 200 mM
mannitol, the knockout lines were only slightly lower, though significantly (p ≤ 0.05) than
the WT (Figure 3a,b and Table S5).
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c to g were measured on leaves of pot-grown plants that were subjected to drought by withholding
water for 7 days. (a) germination and growth of bhlh1, bhlh2, and bhlh1bhlh2 in control and mannitol
medium; (b) germination rate of bhlh1, bhlh2, and bhlh1bhlh2 under mannitol treatment; (c) relative
water content of bhlh1, bhlh2, and bhlh1bhlh2; (d) H2O2 content; (e) MDA content; (f) expression
of genes in the JA signaling pathway; and (g) gene expression of MYB transcription factors. The
superscript letters in the table represent the differences between different genotypes, and different
letters indicate significant differences (p < 0.05), data are means ± SEM.

The knockout lines at five weeks of age were stressed with withholding watering for
7 days. The relative water contents of bhlh2 and bhlh1bhlh2 leaves were significantly lower
than in the WT, although the magnitude of the effect was relatively small (Figure 3c and
Table S6). The relative water content of in bhlh1, bhlh2, and bhlh1bhlh2 was 99%, 97%, and
97% of that in WT, respectively.

2.3.2. H2O2 and MDA Was Increased in bhlh1, bhlh2, and bhlh1bhlh2

The knockout lines at five weeks of age were stressed with withholding watering
for 7 days, MDA and H2O2 contents of mutant tobacco were higher than WT, indicating
that bhlh1, bhlh2, and bhlh1bhlh2 accumulate more ROS. (Figure 3d,e and Table S6). By
comparing single knockout tobacco with double knockout tobacco, it was found that the
H2O2 content of bhlh2 was lower than that of bhlh1 and bhlh1bhlh2, while the contents of
MDA were higher than WT in all three mutants. The contents of MDA and H2O2 in the
leaves of bhlh1bhlh2 were 1.41 and 1.64 times that of WT, indicating that the ROS scavenging
ability of bhlh1bhlh2 tobacco was weaker than that of WT.

2.3.3. NbbHLH1 and NbbHLH2 May Not Affect Drought Resistance by Regulating the
Expression of NbMYB21 and NbMYB86

Since NbbHLH1 and NbbHLH2 are important response genes downstream of JA signal
transduction, we determined the regulation of the expression of key JA signaling genes in
WT and mutant tobacco under drought conditions (Figure 3f). All three knockout lines had
a lower expression than WT of NbJAR1, NbCOI1, and NbJAZ, but the expression of NbJA3
was only slightly lower in bhlh1 and bhlh1bhlh2 than in WT. We analyzed the expression of
MYB-type transcription factors in the knockout lines and found that two genes, NbMYB21
and NbMYB86, were downregulated only in bhlh1 mutants (Figure 3g). There was no
significant difference in expression in the other two knockout lines compared with the
WT, suggesting that NbbHLH1 and NbbHLH2 might not regulate the drought response by
affecting the expression of NbMYB21 and NbMYB86.

In conclusion, knock-out tobacco bhlh1, bhlh2, and bhlh1bhlh2 had lower germination
rate under mannitol, more MDA and H2O2 under drought, which indicates its weakened
tolerance to drought stress.

3. Discussion

Drought stress is the most catastrophic stress affecting crops that has a serious impact
on crop yield [22]. Most of the research on the application of transcription factors to drought
resistance has focused on the effect of individual transcription factors on the resistance
of plants [23]. The overexpression of a transcription factor alone can enhance drought
resistance while often associating adverse growth traits such as retarded growth [5]. There
are few reports of co-expression of different transcription factors to produce better growth
and drought resistance traits in plants. We characterized JcNAC1 and JcZFP8 co-expression
and found that it can overcome the unfavorable growth traits of single gene plants and
engender stronger drought resistance. JcNAC1 and JcZFP8 synergistically enhanced the
expression of NbbHLH1 and NbbHLH2 to improve the drought resistance of plants. This
gene combination had a good balance between growth traits and stress resistance, which
has great potential in agriculture.
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Studies have shown that stress-induced promoters are crucial for achieving ideal ex-
pression of transcription factors, which can eliminate the damage of constitutive expression
on plant growth and development [24]. By using the Oshox24 promoter, AtDREB1A can en-
hance rice drought resistance through stress-induced expression while relieving the growth
inhibition caused by constitutive expression [25]. Prd29A:TaDREB2B transgenic sugarcane
can enhance drought resistance without affecting growth [26]. The inducible composition of
pAsr11875:SaADF2 in Arabidopsis enhances drought resistance while relieving the growth
inhibition caused by constitutive expression [24]. In our study, both JcNAC1 and JcZFP8
were constitutively expressed and not only enhanced tobacco drought-resistance but also
affected plant growth. The use of drought-induced promoters to achieve the induced
expression of JcNAC1 and JcZFP8, which can improving plant drought resistance with-
out affecting plant growth, was considered. The strategy can be considered but requires
further research.

The current studies showed that single-gene overexpression of JcNAC1 or JcZFP8 in
tobacco decreased germination index, but the co-expression of these genes in NZ stimulated
germination index to levels higher than WT (Figure 1c). In Arabidopsis, gibberellin (GA)
can mediate endosperm expansion and regulate seed germination, and RGL2 in the GA
pathway repressed activation of the EXPA2 promoter by NAC25/NAC1L, while NAC1L
has been identified as an upstream regulator of EXPA2 expression [27]. JcZFP8 affects
tobacco plant height via GA [21]. According to these studies, the co-expression of JcNAC1
and JcZFP8 may play a role in the GA/DELLA-NAC-EXPA2 network, to promote seed
germination. However, how these two genes function through this pathway requires
further research.

OsERF83 improves drought tolerance in rice but also causes growth inhibition and
reduced yield [28]. AmDREB1F increases the drought tolerance of Arabidopsis, but consti-
tutive expression also leads to a phenotype of delayed growth [29]. OsTZF5 improves the
survival rate of rice under drought stress and leads to growth inhibition [3]. The constitu-
tive expression of GmNAC085 in Arabidopsis improves drought tolerance and also results
in delayed growth of aboveground and root [30]. These transcription factors all enhance
plant drought resistance while causing plant growth inhibition. JcZFP8 enhanced tobacco
drought resistance and also caused delayed germination and early growth inhibition. We
also used qRT-PCR to determine the expression of some NAC, ZFP, and ERF transcription
factors in NAC, ZFP, and the co-overexpression line (Figure 2e). While ZFP overexpres-
sion improved tolerance to osmotic stress (Figure 1k,l), ZFP alone did not significantly
upregulate the tested stress-related transcription factors (Figure 2e). Zinc finger proteins
in Arabidopsis are involved in enhancing stress tolerance, but often have a negative effect
on growth [10]. In ZFPL-overexpressing plants, the expression of photosynthesis-related
genes was downregulated, resulting in plant growth inhibition [31]. In the current study,
the overexpression of JcZFP8 transiently maintained photosynthetic rate on day 2 after
drought stress treatment (Figure 1g). In previous studies, JcZFP8 affected the growth of
Nicotiana tabacum L. via GA, resulting in plant dwarfing [21]. It is possible that other types
of transcription factors are regulated by JcZFP8, resulting in ZFP improving plant drought
resistance and inhibiting growth.

ZFP exhibited growth inhibition at three weeks of age, but there was no significant
difference between the double gene co-expression line NZ and WT (Figures 1h and S1).
The NAC protein is located at the branching point of the ABA-dependent and independent
pathway, which can avoid cross talk between stress resistance genes and growth genes [32].
The interaction between the GA inhibitor DELLA and NAC protein in cotton mediates GA
signal transduction [33]. ScNAC23 can accelerate GA-mediated flowering and senescence in
Arabidopsis [34]. JcZFP8 inhibits plant growth and development via GA, whereas JcNAC1
can regulate plant flowering and premature senescence by enhancing GA signaling. JcNAC1
and JcZFP8 may work antagonistically via GA to regulate the growth of NZ, avoiding early
flowering and senescence caused by JcNAC1, accelerating growth inhibition caused by
JcZFP8 and ensuring the agronomic advantage of NZ.
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NAC, ZFP, and NZ accumulated less reactive oxygen species and more proline under
osmotic stress, endowing plants with stronger osmotic stress tolerance (Figures 1d–g and
2a–d). Under drought stress, CarNAC4 in Arabidopsis resulted in lower MDA and low wa-
ter loss [35]. SlNAC10 improved drought tolerance by increasing proline synthesis [36]. The
gene expression in jasmonic acid (JA) synthesis and the signaling of VaNAC17-expressing
Arabidopsis plants is upregulated under drought stress, resulting in the reduced accumu-
lation of reactive oxygen species in plants [8]. The overexpression of ZF2 in Arabidopsis
enhanced drought tolerance by increasing proline [37]. The overexpression of OsDRZ1
in rice improves plant drought resistance by reducing ROS, and increasing proline [10].
These studies suggest that NAC and C2H2-ZFP transcription factors can regulate drought
resistance by reducing ROS accumulation, increasing proline content, and regulating the
expression of downstream jasmonic acid response genes. We found that NAC, ZFP, and
NZ improved resistance to drought stress in these ways. The content of O2− and H2O2 in
NZ was lower, but NZ had significantly increased proline content, which ensured stronger
tolerance to drought stress in NZ.

Our results demonstrated that the drought resistance of the double-gene transformed
lines was stronger than that of the single-gene transformed lines, and the drought resis-
tance was superimposed in the double-gene transformed lines. PpNAC2 and PpNAC3 were
related to the JA response in pine [38]. AtZP1 regulates genes encoding bHLH transcription
factors [39]. NbbHLH1 and NbbHLH2 were upregulated in transgenic plants; in addition,
superimposed expression was found in the double gene co-expressed plants. These re-
sults indicate that these two transcription factors are involved in the increasing drought
resistance of transgenic plants.

Under drought stress, the mutant tobacco bhlh1, bhlh2, and bhlh1bhlh2 accumulated
more H2O2 and MDA (Figure 3d,e). MYC2 was involved in plant drought tolerance
associated with JA [40]. PxbHLH02 increased the drought tolerance of poplar with lower
H2O2 [41]. MdCIB1-transgenic Arabidopsis exhibited drought tolerance with lower MDA
and H2O2 accumulation [42]. NbbHLH1 and NbbHLH2 were positive regulators in the JA
pathway [11]. The JAZ-MYC module was a central component of JA response [43]. Our
studies provide evidence that NbbHLH1 and NbbHLH2 may not regulate the expression
of NbMYB21 and NbMYB86, Further research is needed on how NbbHLH1 and NbbHLH2
regulate tobacco drought resistance through the JA pathway.

4. Materials and Methods
4.1. Construction and Transformation of JcNAC1, JcZFP8, and JcNAC1-JcZFP8

JcNAC1 and JcZFP8 were cloned from the cDNA of Jatropha curcas L. [21,22]. pBI121
vector was digested with BamHI and SacI, the JcZFP8 gene was then cloned into the pBI121
(named pBI121-JcZFP8) vector. pCMBIA1302 vector was digested with BamHI and HindIII,
the JcNAC1 gene was then cloned into the pCMBIA1302 (named pCMBIA1302-JcNAC1)
vector. JcZFP8 and JcNAC1 were driven by the CaMV35S promoter (Figure S3a).

pBWA(V)B2C vector was digested with BsmBI, the JcNAC1 gene was then cloned
into the pBWA(V)B2C (named pBWA(V)B2C-JcNAC1) vector by ClonExpress ultra one step
cloning Kit (Vazyme). pBWA(V)B2C-JcNAC1 vector was digested with Esp3I, the JcZFP8
gene was then cloned into the pBWA(V)B2C-JcNAC1 (named pBWA(V)B2C-JcNAC1-JcZFP8)
vector by ClonExpress ultra one step cloning Kit (Vazyme) (Figure S3a). The pBWA(V)B2C
vector was purchased from BioRun Bio (Wuhan, China) and had two Ubi promoters that
can overexpress two different genes simultaneously.

After identification and sequencing, the correct recombinant vectors were transformed
into Agrobacterium GV3101, which was used for genetic transformation as previously de-
scribed [44]. Positive transgenic plants were selected as follows: Single gene overexpression
JcNAC1 lines (named NAC) by hygromycin (50 mg/L), Single gene overexpression JcZFP8
lines (named ZFP) by kanamycin (50 mg/L) and the double-gene overexpression JcNAC1-
JcZFP8 lines (named NZ) by basta (20 mg/L). The expression of JcNAC1 and JcZFP8 in T1
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were verified by PCR and qRT-PCR (Figure S1b). Subsequent experiments were performed
using T2 tobacco.

All primers were synthesized by Sangon (China), the primer sequences are shown in
(Table S7).

4.2. Construction and Transformation of NbbHLH1, NbbHLH2, and NbbHLH1–NbbHLH2

The sequences of NbbHLH1 (NbS00019773g0102) and NbbHLH2 (NbS00001919g0002)
were extracted from previous studies [12]. sgRNA for NbbHLH1 and NbbHLH2 were
designed on the website https://crispr.dbcls.jp/ (last access date 13 August 2023), and
different knockout vectors of NbbHLH1 and NbbHLH2 were constructed on PHSE401 [45].
The vector was transformed into Agrobacterium GV3101 and then used for genetic transfor-
mation as described in 2.1 (Figure S5). Knocked-out lines of NbbHLH1 (named bhlh1) and
knocked-out lines of NbbHLH2 (named bhlh2) were selected by hygromycin (50 mg/L). The
knockout results in T1 were validated by PCR and sequencing (Figure S4a,b). We selected
T2 bhlh1 and bhlh2, which can only be knocked out at one site, for subsequent experiments.

Based on the knockout results of bhlh1 and bhlh2, we selected sgRNA for NbbHLH1
and NbbHLH2 to construct the knockout vector (Figure S5) and obtained double knocked-
out lines (named bhlh1bhlh2) using the method described above. Double knocked-out
lines of bhlh1bhlh2 were selected by hygromycin (50 mg/L). We selected T2 bhlh1bhlh2 for
subsequent experiments.

4.3. Plant Materials and Drought Stress Treatments

Nicotiana benthamiana L. was used in this study. Seeds were sterilized with 75%
alcohol for 3 min and planted on 1/2 Murashige Skoog (MS) medium (1/2 MS medium
containing 3% sucrose and 0.7% agar). Seven days later, tobacco was planted in the
pot (Diameter × Bottom diameter × Height: 90 mm × 60 mm × 75 mm) full of soil
(nutrient soil: vermiculite = 1:1) at 25 ◦C with a light density of ~120 µmol m−2 s−1 under
a photoperiod of 16/8 h in greenhouse.

WT and transgenic tobacco “JcNAC1(NAC), JcZFP8 (ZFP) and JcNAC1-JcZFP8(NZ)”
at five weeks of age were stressed with 10% PEG6000 for 4 days. WT and knockout tobacco
“bhlh1, bhlh2 and bhlh1bhlh2” at five weeks of age were stressed with withholding watering
for 7 days. The second fully unfolded leaf from the top to the bottom was selected, frozen
in liquid nitrogen for 30 min, and stored in a −80 ◦C low-temperature refrigerator for use.

4.4. Germination Rates and Other Growth Trait

Sterilized seeds of WT, overexpression lines (NAC, ZFP and NZ), and knockout lines
(bhlh1, bhlh2, and bhlh1bhlh2) were placed on 1/2 MS medium with mannitol (0 mM,
150 mM, 200 mM). The seed germination rates were counted and assayed with three
biological replicates. Germination index = ∑ ni

ti
, ni is the number of germinated seeds on

the ith day (ti) in percentage by days−1 [46].

4.5. Flowering Period, Life Cycle, Weight, and Yield

Flowering time was defined as full expansion of the first flower. Life cycle was defined
as the first upper leaf turning completely yellow. After the plant was fully harvested, the
above-ground parts were oven-dried at 70 ◦C for 3 days and the seeds were oven-dried
at 37 ◦C for 7 days and weighted. Twenty-four biological replicates of each sample were
collected for analysis [47].

4.6. Photosynthesis, Stomatal Conductance, and Transpiration Rate

Five-week-old WT, NAC ZFP, and NZ leaves were treated with 10% (w/v) PEG 6000,
and stomatal conductance, transpiration rates, and photosynthesis were measured with
GFS-3000 (WALZ-Cor, Effeltrich, Germany). Data were collected at 0, 2, 4, 6, 8 days of 10%
PEG 6000 treatment [48]. Nine biological replicates were prepared for each plant group.

https://crispr.dbcls.jp/
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4.7. Expression Analysis of Important Genes in Drought Treatments

Plant leaves were stored in −80 ◦C low-temperature refrigerator for use in Section 2.3.
Total RNA was extracted using Kit from Foregene (Chengdu, China). The cDNA synthe-
sized and qPCR performed using Kit from Vazyme (Nanjing, China), all primers were
synthesized by Sangon (Shanghai, China), the primer sequences are shown in (Table S1),
and the reaction system and procedure were performed according to Shi et al. [21]. Three
biological replicates were prepared for each plant group.

4.8. Measurements of Physiological Parameters

Fresh leaves of WT, NAC, ZFP, and NZ lines were collected after 10% PEG6000 treat-
ments for 4 days for measurement of O2− and H2O2, malondialdehyde (MDA), and proline
level using the related test kits (Solarbio, Beijing, China); we followed the instructions of
the reagent kit for specific operations. [49].

Fresh leaves of WT, bhlh1, bhlh2, and bhlh1bhlh2 knockout lines at five weeks of age were
stressed with withholding watering for 7 days for measurement of physiological parameters
related to drought, including relative water content (RWC), MDA, and H2O2 [50].

The second fully unfolded leaf from the top to the bottom was selected with three
biological replicates.

RWC = (FW − DW)/(TW − DW) × 100% (FW: fresh weight; DW: dry weight; TW:
turgid fresh weight).

5. Conclusions

In this study, the co-expression of two different transcription factors JcNAC1 and
JcZFP8 in tobacco demonstrated better growth and drought resistance traits. Under
10% PEG6000 treatment, transgenic plants, especially the double overexpression line NZ,
showed better drought tolerance, accumulating more proline and less H2O2 and less MDA.
In transgenic plants. NbbHLH1 and NbbHLH2 manifested a superimposed effect, which
played significant roles in the increased drought resistance of transgenic plants. Under
drought treatment, the drought resistance of the knock-out lines bhlh1, bhlh2, and bhlh1bhlh2
was weakened, and more H2O2 and MDA were accumulated. We provided evidence that
NbbHLH1 and NbbHLH2 might not regulate the drought response by affecting the expres-
sion of NbMYB21 and NbMYB86 in the JA pathway. Our findings can provide guidance on
theory and selection of gene combinations for application of multi-gene co-expression in
agriculture in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12173029/s1, Figure: S1 Growth traits of three weeks of
WT and overexpression lines; Figure S2: ROS of single-gene overexpression (NAC and ZFP) versus
double gene co-expression (NZ) on tolerance to 10% PEG6000 osmotic stress treatment; Figure S3:
Construction of overexpressed plants and Map of genes overexpression vector; Figure S4: Sequence
analysis of NbbHLH1 and NbbHLH2 gene knockout tobacco; Figure S5: Schematic diagram of double
target vector construction; Table S1: Germination rate of overexpressed tobacco under Mannitol
germination stress.; Table S2: Growth traits of WT and overexpression lines 4; Table S3: Leaf gas
exchange traits of WT and overexpression lines under PEG-drought; Table S4: Effect of single-
gene overexpression (NAC and ZFP) versus double gene co-expression (NZ) on tolerance to 10%
PEG6000 osmotic stress treatment.; Table S5: Germination rate of knock-out tobacco under Mannitol
germination stress; Table S6: Effect of knock-out tobacco on tolerance drought stress; Table S7: Primers
used in this study.

Author Contributions: Y.X., F.C. and X.N. conceived and designed the experiments; X.N. performed
most experiments; The first draft of the manuscript was written by X.N. and all authors commented
on previous versions of the manuscript. X.N. and Z.L. performed expression analysis. L.W. Provide
plant materials. Y.R., R.M., X.W., C.C. and T.W. performed physiological and biochemical indices
measures. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/plants12173029/s1
https://www.mdpi.com/article/10.3390/plants12173029/s1


Plants 2023, 12, 3029 12 of 14

Funding: This work was supported by the Special Project for New Transgenic Technologies and
Methods of Ministry of Agriculture [No. 2016ZX08010001-010].

Data Availability Statement: The data supporting this study’s findings are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Diatta, A.A.; Min, D.; Jagadish, S.V.K. Chapter Two—Drought stress responses in non-transgenic and transgenic alfalfa—Current

status and future research directions. In Advances in Agronomy; Sparks, D.L., Ed.; Academic Press: Cambridge, MA, USA, 2021;
Volume 170, pp. 35–100.

2. Shinwari, Z.K.; Jan, S.A.; Nakashima, K.; Yamaguchi-Shinozaki, K. Genetic engineering approaches to understanding drought
tolerance in plants. Plant Biotechnol. Rep. 2020, 14, 151–162. [CrossRef]

3. Selvaraj, M.G.; Jan, A.; Ishizaki, T.; Valencia, M.; Dedicova, B.; Maruyama, K.; Ogata, T.; Todaka, D.; Yamaguchi-Shinozaki, K.;
Nakashima, K.; et al. Expression of the CCCH-tandem zinc finger protein gene OsTZF5 under a stress-inducible promoter
mitigates the effect of drought stress on rice grain yield under field conditions. Plant Biotechnol. J. 2020, 18, 1711–1721. [CrossRef]
[PubMed]

4. Yamaguchi-Shinozaki, K.; Shinozaki, K. Transcriptional regulatory networks in cellular responses and tolerance to dehydration
and cold stresses. Annu. Rev. Plant Biol. 2006, 57, 781–803. [CrossRef] [PubMed]

5. Yoshida, T.; Yamaguchi-Shinozaki, K. Metabolic engineering: Towards water deficiency adapted crop plants. J. Plant Physiol. 2021,
258–259, 153375. [CrossRef] [PubMed]

6. Srivastava, R.; Kobayashi, Y.; Koyama, H.; Sahoo, L. Cowpea NAC1/NAC2 transcription factors improve growth and tolerance
to drought and heat in transgenic cowpea through combined activation of photosynthetic and antioxidant mechanisms. J. Integr.
Plant Biol. 2022, 65, 25–44. [CrossRef]

7. Alam, I.; Batool, K.; Cui, D.L.; Yang, Y.Q.; Lu, Y.H. Comprehensive genomic survey, structural classification and expression
analysis of C2H2 zinc finger protein gene family in Brassica rapa L. PLoS ONE 2019, 14, e0216071. [CrossRef] [PubMed]

8. Su, L.; Fang, L.; Zhu, Z.; Zhang, L.; Sun, X.; Wang, Y.; Wang, Q.; Li, S.; Xin, H. The transcription factor VaNAC17 from grapevine
(Vitis amurensis) enhances drought tolerance by modulating jasmonic acid biosynthesis in transgenic Arabidopsis. Plant Cell Rep.
2020, 39, 621–634. [CrossRef]

9. Wang, Y.; Liao, Y.; Quan, C.; Li, Y.; Yang, S.; Ma, C.; Mo, Y.; Zheng, S.; Wang, W.; Xu, Z.; et al. C2H2-type zinc finger OsZFP15
accelerates seed germination and confers salinity and drought tolerance of rice seedling through ABA catabolism. Environ. Exp.
Bot. 2022, 199, 104873. [CrossRef]

10. Yuan, X.; Huang, P.; Wang, R.; Li, H.; Lv, X.; Duan, M.; Tang, H.; Zhang, H.; Huang, J. A Zinc Finger Transcriptional Repressor
Confers Pleiotropic Effects on Rice Growth and Drought Tolerance by Down-Regulating Stress-Responsive Genes. Plant Cell
Physiol. 2018, 59, 2129–2142. [CrossRef]

11. Liang, Y.; Ma, F.; Li, B.; Guo, C.; Hu, T.; Zhang, M.; Liang, Y.; Zhu, J.; Zhan, X. A bHLH transcription factor, SlbHLH96, promotes
drought tolerance in tomato. Hortic. Res. 2022, 9, uhac198. [CrossRef]

12. Todd, A.T.; Liu, E.; Polvi, S.L.; Pammett, R.T.; Page, J.E. A functional genomics screen identifies diverse transcription factors that
regulate alkaloid biosynthesis in Nicotiana benthamiana. Plant J. 2010, 62, 589–600. [CrossRef] [PubMed]

13. Li, C.; Yan, C.; Sun, Q.; Wang, J.; Yuan, C.; Mou, Y.; Shan, S.; Zhao, X. The bHLH transcription factor AhbHLH112 improves the
drought tolerance of peanut. BMC Plant Biol. 2021, 21, 540. [CrossRef] [PubMed]

14. Liang, B.; Wan, S.; Ma, Q.; Yang, L.; Hu, W.; Kuang, L.; Xie, J.; Huang, Y.; Liu, D.; Liu, Y. A Novel bHLH Transcription Factor
PtrbHLH66 from Trifoliate Orange Positively Regulates Plant Drought Tolerance by Mediating Root Growth and ROS Scavenging.
Int. J. Mol. Sci. 2022, 23, 15053. [CrossRef] [PubMed]

15. Shailani, A.; Joshi, R.; Singla-Pareek, S.L.; Pareek, A. Stacking for future: Pyramiding genes to improve drought and salinity
tolerance in rice. Physiol. Plant. 2021, 172, 1352–1362. [CrossRef]

16. Kudo, M.; Kidokoro, S.; Yoshida, T.; Mizoi, J.; Todaka, D.; Fernie, A.R.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Double
overexpression of DREB and PIF transcription factors improves drought stress tolerance and cell elongation in transgenic plants.
Plant Biotechnol. J. 2017, 15, 458–471. [CrossRef]

17. Kudo, M.; Kidokoro, S.; Yoshida, T.; Mizoi, J.; Kojima, M.; Takebayashi, Y.; Sakakibara, H.; Fernie, A.R.; Shinozaki, K.;
Yamaguchi-Shinozaki, K. A gene-stacking approach to overcome the trade-off between drought stress tolerance and growth in
Arabidopsis. Plant J. 2019, 97, 240–256. [CrossRef]

18. Zhang, Y.; Deng, G.; Fan, W.; Yuan, L.; Wang, H.; Zhang, P. NHX1 and eIF4A1-stacked transgenic sweetpotato shows enhanced
tolerance to drought stress. Plant Cell Rep. 2019, 38, 1427–1438. [CrossRef]

19. Srivastava, R.; Kobayashi, Y.; Koyama, H.; Sahoo, L. Overexpression of cowpea NAC transcription factors promoted growth and
stress tolerance by boosting photosynthetic activity in Arabidopsis. Plant Sci. 2022, 319, 111251. [CrossRef]

20. Qin, X.; Zheng, X.; Huang, X.; Lii, Y.; Shao, C.; Xu, Y.; Chen, F. A novel transcription factor JcNAC1 response to stress in new
model woody plant Jatropha curcas. Planta 2014, 239, 511–520. [CrossRef]

https://doi.org/10.1007/s11816-020-00598-6
https://doi.org/10.1111/pbi.13334
https://www.ncbi.nlm.nih.gov/pubmed/31930666
https://doi.org/10.1146/annurev.arplant.57.032905.105444
https://www.ncbi.nlm.nih.gov/pubmed/16669782
https://doi.org/10.1016/j.jplph.2021.153375
https://www.ncbi.nlm.nih.gov/pubmed/33609854
https://doi.org/10.1111/jipb.13365
https://doi.org/10.1371/journal.pone.0216071
https://www.ncbi.nlm.nih.gov/pubmed/31059545
https://doi.org/10.1007/s00299-020-02519-x
https://doi.org/10.1016/j.envexpbot.2022.104873
https://doi.org/10.1093/pcp/pcy133
https://doi.org/10.1093/hr/uhac198
https://doi.org/10.1111/j.1365-313X.2010.04186.x
https://www.ncbi.nlm.nih.gov/pubmed/20202168
https://doi.org/10.1186/s12870-021-03318-6
https://www.ncbi.nlm.nih.gov/pubmed/34784902
https://doi.org/10.3390/ijms232315053
https://www.ncbi.nlm.nih.gov/pubmed/36499381
https://doi.org/10.1111/ppl.13270
https://doi.org/10.1111/pbi.12644
https://doi.org/10.1111/tpj.14110
https://doi.org/10.1007/s00299-019-02454-6
https://doi.org/10.1016/j.plantsci.2022.111251
https://doi.org/10.1007/s00425-013-1993-y


Plants 2023, 12, 3029 13 of 14

21. Shi, X.; Wu, Y.; Dai, T.; Gu, Y.; Wang, L.; Qin, X.; Xu, Y.; Chen, F. JcZFP8, a C2H2 zinc finger protein gene from Jatropha curcas,
influences plant development in transgenic tobacco. Electron. J. Biotechnol. 2018, 34, 76–82. [CrossRef]

22. Manna, M.; Thakur, T.; Chirom, O.; Mandlik, R.; Deshmukh, R.; Salvi, P. Transcription factors as key molecular target to strengthen
the drought stress tolerance in plants. Physiol. Plant. 2020, 172, 847–868. [CrossRef]

23. Yoon, Y.; Seo, D.H.; Shin, H.; Kim, H.J.; Kim, C.M.; Jang, G. The Role of Stress-Responsive Transcription Factors in Modulating
Abiotic Stress Tolerance in Plants. Agronomy 2020, 10, 788. [CrossRef]

24. Sengupta, S.; Pehlivan, N.; Mangu, V.; Rajasekaran, K.; Baisakh, N. Characterization of a Stress-Enhanced Promoter from the
Grass Halophyte, Spartina alterniflora L. Biology 2022, 11, 1828. [CrossRef] [PubMed]

25. Ahmad, F.; Shah, S.H.; Jan, A. Overexpression of the DREB1A gene under stress-inducible promoter delays leaf senescence and
improves drought tolerance in rice. Cereal Res. Commun. 2023, 11, 1828. [CrossRef]

26. Xiao, S.; Wu, Y.; Xu, S.; Jiang, H.; Hu, Q.; Yao, W.; Zhang, M. Field evaluation of TaDREB2B-ectopic expression sugarcane
(Saccharum spp. hybrid) for drought tolerance. Front. Plant Sci. 2022, 13, 963377. [CrossRef] [PubMed]

27. Sanchez-Montesino, R.; Bouza-Morcillo, L.; Marquez, J.; Ghita, M.; Duran-Nebreda, S.; Gomez, L.; Holdsworth, M.J.; Bassel, G.;
Onate-Sanchez, L. A Regulatory Module Controlling GA-Mediated Endosperm Cell Expansion Is Critical for Seed Germination
in Arabidopsis. Mol. Plant 2019, 12, 71–85. [CrossRef] [PubMed]

28. Jung, S.E.; Bang, S.W.; Kim, S.H.; Seo, J.S.; Yoon, H.-B.; Kim, Y.S.; Kim, J.-K. Overexpression of OsERF83, a Vascular Tissue-Specific
Transcription Factor Gene, Confers Drought Tolerance in Rice. Int. J. Mol. Sci. 2021, 22, 7656. [CrossRef]

29. Tang, K.; Dong, B.; Wen, X.; Yin, Y.; Xue, M.; Su, Z.; Wang, M. Ectopic expression of the AmDREB1F gene from Ammopiptanthus
mongolicus enhances stress tolerance of transgenic Arabidopsis. Sheng Wu Gong Cheng Xue Bao = Chin. J. Biotechnol. 2021, 37,
4329–4341. [CrossRef]

30. Nguyen, K.H.; Mostofa, M.G.; Watanabe, Y.; Tran, C.D.; Rahman, M.M.; Tran, L.-S.P. Overexpression of GmNAC085 enhances
drought tolerance in Arabidopsis by regulating glutathione biosynthesis, redox balance and glutathione-dependent detoxification
of reactive oxygen species and methylglyoxal. Environ. Exp. Bot. 2019, 161, 242–254. [CrossRef]

31. Kobayashi, M.; Horiuchi, H.; Fujita, K.; Takuhara, Y.; Suzuki, S. Characterization of grape C-repeat-binding factor 2 and B-box-type
zinc finger protein in transgenic Arabidopsis plants under stress conditions. Mol. Biol. Rep. 2012, 39, 7933–7939. [CrossRef]

32. Srivastava, R.; Sahoo, L. Balancing yield trade-off in legumes during multiple stress tolerance via strategic crosstalk by native
NAC transcription factors. J. Plant Biochem. Biotechnol. 2021, 30, 708–729. [CrossRef]

33. Wang, Y.; Yu, W.; Ran, L.; Chen, Z.; Wang, C.; Dou, Y.; Qin, Y.; Suo, Q.; Li, Y.; Zeng, J.; et al. DELLA-NAC Interactions Mediate GA
Signaling to Promote Secondary Cell Wall Formation in Cotton Stem. Front. Plant Sci. 2021, 12, 655127. [CrossRef] [PubMed]

34. Fang, J.; Chai, Z.; Yao, W.; Chen, B.; Zhang, M. Interactions between ScNAC23 and ScGAI regulate GA-mediated flowering and
senescence in sugarcane. Plant Sci. 2021, 304, 110806. [CrossRef] [PubMed]

35. Singh, S.; Koyama, H.; Bhati, K.K.; Alok, A. The biotechnological importance of the plant-specific NAC transcription factor family
in crop improvement. J. Plant Res. 2021, 134, 475–495. [CrossRef]

36. Du, X.; Su, M.; Jiao, Y.; Xu, S.; Song, J.; Wang, H.; Li, Q. A Transcription Factor SlNAC10 Gene of Suaeda liaotungensis Regulates
Proline Synthesis and Enhances Salt and Drought Tolerance. Int. J. Mol. Sci. 2022, 23, 9625. [CrossRef]

37. Liu, S.; Liu, Y.; Liu, C.; Yu, X.; Ma, H. Chickpea C2H2-Type Zinc Finger Protein ZF2 is a Positive Regulator in Drought Response
in Arabidopsis. Phyton 2023, 92, 577–590. [CrossRef]

38. Pascual, M.B.; Canovas, F.M.; Avila, C. The NAC transcription factor family in maritime pine (Pinus Pinaster): Molecular regulation
of two genes involved in stress responses. BMC Plant Biol. 2015, 15, 254. [CrossRef]

39. Han, G.; Wei, X.; Dong, X.; Wang, C.; Sui, N.; Guo, J.; Yuan, F.; Gong, Z.; Li, X.; Zhang, Y.; et al. Arabidopsis ZINC FINGER
PROTEIN1 Acts Downstream of GL2 to Repress Root Hair Initiation and Elongation by Directly Suppressing bHLH Genes. Plant
Cell 2020, 32, 206–225. [CrossRef]

40. Guo, J.; Sun, B.; He, H.; Zhang, Y.; Tian, H.; Wang, B. Current Understanding of bHLH Transcription Factors in Plant Abiotic
Stress Tolerance. Int. J. Mol. Sci. 2021, 22, 4921. [CrossRef]

41. Gao, S.; Li, C.; Chen, X.; Li, S.; Liang, N.; Wang, H.; Zhan, Y.; Zeng, F. Basic helix-loop-helix transcription factor PxbHLH02
enhances drought tolerance in Populus (Populus simonii x P. nigra). Tree Physiol. 2022, 43, 185–202. [CrossRef]

42. Ren, Y.-R.; Yang, Y.-Y.; Zhao, Q.; Zhang, T.-E.; Wang, C.-K.; Hao, Y.-J.; You, C.-X. MdCIB1, an apple bHLH transcription factor,
plays a positive regulator in response to drought stress. Environ. Exp. Bot. 2021, 188, 104523. [CrossRef]

43. Wang, J.; Song, L.; Gong, X.; Xu, J.; Li, M. Functions of Jasmonic Acid in Plant Regulation and Response to Abiotic Stress. Int. J.
Mol. Sci. 2020, 21, 1446. [CrossRef] [PubMed]

44. Wang, L.; Wu, Y.; Tian, Y.; Dai, T.; Xie, G.; Xu, Y.; Chen, F. Overexpressing Jatropha curcas CBF2 in Nicotiana benthamiana
improved plant tolerance to drought stress. Gene 2020, 742, 144588. [CrossRef] [PubMed]

45. Xing, H.-L.; Dong, L.; Wang, Z.-P.; Zhang, H.-Y.; Han, C.-Y.; Liu, B.; Wang, X.-C.; Chen, Q.-J. A CRISPR/Cas9 toolkit for multiplex
genome editing in plants. BMC Plant Biol. 2014, 14, 327. [CrossRef] [PubMed]

46. de Souza, R.R.; Moraes, M.P.; Paraginski, J.A.; Moreira, T.F.; Bittencourt, K.C.; Toebe, M. Effects of Trichoderma asperellum on
Germination Indexes and Seedling Parameters of Lettuce Cultivars. Curr. Microbiol. 2021, 79, 5. [CrossRef] [PubMed]

47. Lee Yun, D.; Jung Song, S.; Jin Kim, Y. Plant Maturity and Vernalization Affect Flowering in Dianthus japonicus Thunb. Hortic. J.
2020, 89, 37–44. [CrossRef]

https://doi.org/10.1016/j.ejbt.2018.05.008
https://doi.org/10.1111/ppl.13268
https://doi.org/10.3390/agronomy10060788
https://doi.org/10.3390/biology11121828
https://www.ncbi.nlm.nih.gov/pubmed/36552337
https://doi.org/10.1007/s42976-023-00359-5
https://doi.org/10.3389/fpls.2022.963377
https://www.ncbi.nlm.nih.gov/pubmed/36388609
https://doi.org/10.1016/j.molp.2018.10.009
https://www.ncbi.nlm.nih.gov/pubmed/30419294
https://doi.org/10.3390/ijms22147656
https://doi.org/10.13345/j.cjb.210092
https://doi.org/10.1016/j.envexpbot.2018.12.021
https://doi.org/10.1007/s11033-012-1638-4
https://doi.org/10.1007/s13562-021-00749-y
https://doi.org/10.3389/fpls.2021.655127
https://www.ncbi.nlm.nih.gov/pubmed/34305962
https://doi.org/10.1016/j.plantsci.2020.110806
https://www.ncbi.nlm.nih.gov/pubmed/33568306
https://doi.org/10.1007/s10265-021-01270-y
https://doi.org/10.3390/ijms23179625
https://doi.org/10.32604/phyton.2022.023738
https://doi.org/10.1186/s12870-015-0640-0
https://doi.org/10.1105/tpc.19.00226
https://doi.org/10.3390/ijms22094921
https://doi.org/10.1093/treephys/tpac107
https://doi.org/10.1016/j.envexpbot.2021.104523
https://doi.org/10.3390/ijms21041446
https://www.ncbi.nlm.nih.gov/pubmed/32093336
https://doi.org/10.1016/j.gene.2020.144588
https://www.ncbi.nlm.nih.gov/pubmed/32179173
https://doi.org/10.1186/s12870-014-0327-y
https://www.ncbi.nlm.nih.gov/pubmed/25432517
https://doi.org/10.1007/s00284-021-02713-4
https://www.ncbi.nlm.nih.gov/pubmed/34902081
https://doi.org/10.2503/hortj.UTD-090


Plants 2023, 12, 3029 14 of 14

48. Zarco-Tejada, P.J.; Berni, J.A.J.; Suárez, L.; Sepulcre-Cantó, G.; Morales, F.; Miller, J.R. Imaging chlorophyll fluorescence with an
airborne narrow-band multispectral camera for vegetation stress detection. Remote Sens. Environ. 2009, 113, 1262–1275. [CrossRef]

49. Yan, H.; Jia, H.; Chen, X.; Hao, L.; An, H.; Guo, X. The cotton WRKY transcription factor GhWRKY17 functions in drought and
salt stress in transgenic Nicotiana benthamiana through ABA signaling and the modulation of reactive oxygen species production.
Plant Cell Physiol. 2014, 55, 2060–2076. [CrossRef]

50. Tian, H.; Zhou, Q.; Liu, W.; Zhang, J.; Chen, Y.; Jia, Z.; Shao, Y.; Wang, H. Responses of photosynthetic characteristics of oat flag
leaf and spike to drought stress. Front. Plant Sci. 2022, 13, 917528. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.rse.2009.02.016
https://doi.org/10.1093/pcp/pcu133
https://doi.org/10.3389/fpls.2022.917528

	Introduction 
	Results 
	Co-Expression of JcNAC1/JcZFP8 Not Only Improves PEG-Drought Resistance, but Also Overcomes the Adverse Agronomic Traits Brought by Single Gene Transformation 
	Co-Expression of JcNAC1 and JcZFP8 Can Increase the Germination Rate of Plants under Mannitol-Drought 
	NAC, ZFP, and NZ Transgenic Tobacco Performed Better in PEG-Drought (Low Water Potential) Compared to WT 
	Double Gene Co-Expressing Plants Overcome the Adverse Agronomic Traits Brought by Single Gene Transformation 

	More Proline and Less Reactive Oxygen Species (ROS) Level Endows the Double Gene Overexpression Lines with Stronger PEG-Drought Resistance 
	Under 10%PEG6000 Treatment, the Accumulation of ROS in Transgenic Plants Was Less 
	NbbHLH1 and NbbHLH2 Genes Increased Linearly from WT to Single-Overexpression Lines to NZ under PEG-Drought 

	The NbbHLH1 and NbbHLH2 Were Involved in Drought Resistance of Tobacco 
	The Germination Rate of bhlh1, bhlh2, and bhlh1bhlh2 Decreased under Mannitol Treatment 
	H2O2 and MDA Was Increased in bhlh1, bhlh2, and bhlh1bhlh2 
	NbbHLH1 and NbbHLH2 May Not Affect Drought Resistance by Regulating the Expression of NbMYB21 and NbMYB86 


	Discussion 
	Materials and Methods 
	Construction and Transformation of JcNAC1, JcZFP8, and JcNAC1-JcZFP8 
	Construction and Transformation of NbbHLH1, NbbHLH2, and NbbHLH1–NbbHLH2 
	Plant Materials and Drought Stress Treatments 
	Germination Rates and Other Growth Trait 
	Flowering Period, Life Cycle, Weight, and Yield 
	Photosynthesis, Stomatal Conductance, and Transpiration Rate 
	Expression Analysis of Important Genes in Drought Treatments 
	Measurements of Physiological Parameters 

	Conclusions 
	References

