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Abstract

Abscisic acid (ABA) research has focused on improving plant resistance under stress; however, the effects of exogenous
ABA application in plants under non-stress conditions have not been thoroughly analyzed. Here, we explored the regula-
tory effects of exogenous ABA application on the growth of a model plant, tobacco, in an environment with no stressors
by spraying leaves at the seedling stage. At the same time, as an important cash crop in the world, ABA can improve the
growth ability of tobacco seedling stage and have a positive impact on the later growth.We found a significant increase in
tobacco biomass under a 0.5 mg/L ABA treatment. Chlorophyll fluorescence parameters, including Plabs, Fm, Phi (Eo),
Phi (Po), Sm, and N in the ABA group increased in different degrees compared with the control (CK group). Ultrastruc-
ture observation of tobacco leaves showed that chloroplast, plasmid, and mitochondria ultrastructure were significantly
different from those in the CK group. qRT-PCR confirmed the reliability of the transcriptome results. ABA may increase
the biomass of tobacco by affecting the expression of receptor genes of plant hormones such as auxin and gibberellin, as
well as the synthesis of alkaloids and metabolism of amino acids such as phenylalanine. We found that genes expressed in
related resistance pathways, such as CNGCs and CDPK, were down-regulated, suggesting that they may affect the tobacco
plants’ ability to defend itself against pathogens. These preliminary findings provide a reference for further revealing the
mechanism of exogenous ABA in regulating plant growth under non-stress environments.

Keywords Exogenous application of ABA - Tobacco seedling growth - Growth regulating mechanisms -
Transcriptomic - Metabolomic

Introduction Veselov et al. 2008). Its physiological activity can promote

plant leaf aging and shedding, organ aging, and other pro-
Abscisic acid (ABA) is an endogenous plant hormone that ~ cesses (Addicott et al. 1983; Osborne et al. 1989). ABA
was first described in the 1960s. Much of the research on  seems to inhibit plant growth compared with other endog-
ABA has focused on enhancing stress tolerance in plants  enous hormones, but recent study results (Teng et al. 2021;
(Yao et al. 2019; Dong et al. 2020; Etehadnia et al. 2008; Shu et al. 2013, 2016a, b; Shu et al. 2016a) show that the
above understanding is not comprehensive. ABA can both
promote and inhibit growth under different treatment con-
centrations and times (Skriver et al. 1990; Tari et al. 2010;
Fukaki et al. 2009; Anandan et al. 2012). As a strong growth
04 Fengwen Zhang inhibitor, a high concentration of ABA mainly restricts cell
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varieties showed a downward trend, while cell membrane
permeability significantly increased. However, Ghassemian
et al. (2000) found that ABA promoted root growth when
its exogenous concentration was 0.1 mmol/L. When its
concentration reached 1.0 mmol/L, root elongation and
growth were inhibited. Li et al. (2012) found that different
exogenous ABA applications had a significant impact on
the photosynthesis and yield of rapeseed. Treatment with
high-concentration ABA reduced photosynthesis, water use
efficiency (WUE), and yield of rapeseed, while these indi-
cators increased significantly after low-concentration ABA
treatment. Previous studies (Su et al. 2011) have found that
ABA-deficient plants have a short stature even under good
growth conditions, which may imply that lower concentra-
tions of endogenous ABA can promote growth when plants
are not stressed. In summary, these results suggest that high
ABA concentrations inhibit plant growth, while low ABA
concentrations promote it.

This study explored whether exogenous ABA is able to
promote growth, and how it is promoted in the early stage
of plant growth. We chose the model plant tobacco variety
CF965 because of its rapid growth, large leaves, and simple
laboratory culture, as well as its large cells that are suscep-
tible to external factors. In addition tobacco provides a large
amount of plant physiology information, which enabled
us to collect more detailed experimental results. At the
same time, as an important cash crop, the yield and qual-
ity of tobacco have a critical impact on its economic value.
Therefore, the cultivation of tobacco seedlings at the seed-
ling stage can: (1) shorten the growth period of the field
and make economic use of land. (2) Environmental condi-
tions are easy to meet, conducive to the cultivation of strong
seedlings. (3) Using the independent stage, can improve the
uniformity of tobacco seedlings. (4) Overcome the restric-
tion of short frost-free period on tobacco. This has economic
and practical significance in production.

Materials and methods
Plant materials and growth conditions

The tobacco variety CF965 (from The College of Tobacco,
Shandong Agricultural University) was selected in this
study. Tobacco seeds were washed in 75% ethanol for 45 s,
soaked in 5% sodium hypochlorite for 8 min, and washed
in sterile water three times. Appropriate amounts of perlite,
peat soil, and horticultural vermiculite were prepared, and
then mixed in a ratio of 1:1:1 to form a matrix, which was
sterilized under high temperature and high humidity for
tobacco cultivation. Plants were cultured in a greenhouse
at 27 °C, 16/8 h light/dark cycle, and 70% humidity. When
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seedlings in the suspension tray grew to have four leaves,
healthy looking similar sized plants were transplanted into
a small 90 mm x 110 mm pot where they were raised in a
nutrient rich soil. In the experiments, tobacco plants treated
with different concentrations of exogenous ABA spray were
selected as the experimental material, and tobacco plants
treated with water spray was used as blank control (CK),
with three replicates in each treatment and 10 plants in each
replicate.

Experimental design

1) ABA was dissolved in acetone and deionized water at
a constant volume of 100 mL to prepare 1000 mg/L
ABA solution. When the seedlings grew to the four-leaf
stage, healthy seedlings of similar size were selected
and transplanted into small pots (90 mmx110 mm), cul-
tivated with nutrient soil, and transplanted for a week.
Through a pre-test screening in the early stage, we
established this experiment with four ABA groups and
one control group, with three replicates in each group,
and 10 tobacco plants in each replicate. The 1000 mg/L
ABA solution was diluted with water to 50 mg/L,
10 mg/L, 5 mg/L and 0.5 mg/L. The control group was
treated with water. The solutions were applied evenly
to the leaves with a watering can. The treatment was
applied only once in the whole experimental cycle, and
each tobacco plant was sprayed with about 15 mL of
solution.

2) When the tobacco grew to the 6—7-leaf stage, the pho-
tographic comparison, phenotypic investigation, and
fresh and dry weight determination were carried out.

3) When the tobacco grew to the eight-leaf stage (seed-
ling stage), we selected the third tobacco leaf (from the
top down) as the experimental object. The chlorophyll
fluorescence parameters of tobacco leaves were deter-
mined using a cirAS-3 portable photosynthetic fluores-
cence system. Chlorophyll content was determined by
spectrophotometry.

4) When the tobacco grew to eight leaves (seedling stage),
we choose the third leaf (top to bottom) as the experi-
mental subject. Samples were taken from the middle of
a vein and were 1.5 mm X 20 mm X 1.5 mm in size. PB
quickly rinsed the tissue and it was immediately placed
in 3% glutaraldehyde fixative solution (pH 7.4). Trans-
mission electron microscopy was performed.

5) When tobacco grew to the eight-leaf stage (seedling
stage), the treatment with the largest phenotypic differ-
ence was selected. The third leaf (from top to bottom)
was used as the experimental material, wrapped in tin
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foil and immediately stored in liquid nitrogen at -80°C
for transcriptome and metabolome analysis.

Determination of plant body size and biomass

Leaf length and width were measured using a ruler. For the
fresh weight measurement, the plant material was quickly
cut, placed into a container (or plastic bag) of known
weight, taken indoors, and placed in an analytical balance
for fresh weight (FW) measurement. For dry weight (DW)
measurement, we turned on the oven in advance and let the
temperature rise to 100-105 °C. The fresh-weighed plant
material was placed into a paper bag, placed in the oven at
100-105 °C for 10 min, then the temperature was reduce to
about 70 ~ 80 °C where it was baked until it had a constant
weight. The samples were cooled in a dryer to room tem-
perature and the dry weight (DW) was recorded.

Determination of chlorophyll fluorescence
parameters and chlorophyll determination

The portable photosynthetic apparatus is simple, fast, and
accurate, but a change in environmental factors may have a
greater impact on the results. Therefore, the data were mea-
sured in a greenhouse with good fresh-air ventilation. The
third leaf was used as the test sample. Chlorophyll content
was determined by ultraviolet spectrophotometry. Three
tobacco plants were randomly selected from each treatment
and 2 g of material were obtained from each leaf. The third
leaf was used as the test sample. Chlorophyll content was
calculated according to: (chlorophyll content at equal mass)
X (ratio of leaf area between treatmenup and control group).

Observation on microstructure of mesophyll cells

When the tobacco grew to the eight-leaf stage (seedling
stage), we selected the third tobacco leaf (from the top
down) as the experimental object. Samples were taken from
the middle of the veins, with a size of 1.5 mm X 20 mm
X 1.5 mm. The tissues were quickly rinsed with PB and
immediately placed in 3% glutaraldehyde fixative solution
(pH 7.4). The sample block was dressed to 1 mm X 1 mm
X 3 mm, and then rinsed, immobilized with 1% osmium
tetroxide, rinsed, dehydrated, soaked, and embedded with
Epon812 according to the conventional TEM sample prepa-
ration method. After positioning the semi-thin section, the
70~100 nm ultra-thin sectioning was carried out with an
LKB-V ultra-thin slicer. Electron staining of lead citrate
and uranium acetate was observed using a JEOL-1200E
transmission electron microscope, and recorded with a
Morada-G2.

Data analysis and collation

The above data were processed using a DPS data processing
system; significant differences were analyzed by Duncan’s
new rich range method, and the Origin system was used for

mapping.
Transcriptome sequencing

When tobacco reached the eight-leaf stage, the treatments
with the largest phenotypic differences were used as experi-
mental materials, wrapped with tin foil, immediately frozen
in liquid nitrogen, and used for transcriptome sequencing.
Total RNA was extracted with Trizol reagent (Invitrogen)
with a kit (Evo M-MLV AG11728) to form cDNA. RNA
integrity was assessed using the RNA Nano 6000 Assay Kit
of the Bioanalyzer 2100.

Library preparation

A total amount of 1 pg RNA per sample was used as input
material for the RNA sample preparations. Briefly, mRNA
was purified from total RNA using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using diva-
lent cations under elevated temperature in First Strand
Synthesis Reaction Buffer (5X). Firststrand cDNA was-
synthesized using random hexamer primer and M-MuLV
Reverse Transcriptase (RNase H-). Second strand cDNA
synthesis was subsequently performed using DNA Poly-
merase [ and RNase H. Remaining overhangs were converted
into blunt ends via exonuclease/polymerase activities. After
adenylation of 3’ ends of DNA fragments, Adaptor with
hairpin loop structure were ligated to prepare for hybrid-
ization. In order to select cDNA fragments of preferentially
370~420 bp in length, the library fragments were purified
with AMPure XP system (Beckman Coulter, Beverly, USA).
Then PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X) Primer.
At last, PCR products were purified (AMPure XP system)
and library quality was assessed on the Agilent Bioanalyzer
2100 system.

Data processing and differential expression analysis

To ensure the quality and reliability of our data analysis,
raw data was filtered to remove reads with joints (adapter);
remove reads with N (N means uncertain base informa-
tion); remove low quality reads. After raw data filtering,
sequencing error rate checking, and GC content distribution
checking, the clean reads system (Agilent Technologies,
CA, USA) used for subsequent analysis was obtained. The
sequencing fragment was randomly interrupted by mRNA.
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To determine which genes were transcribed, the quality
control clean reads were aligned to the reference genome. A
fast and accurate alignment of Clean Reads to the reference
genome was achieved using HISAT?2 software to obtain the
mapping information of Reads on the reference genome.

After the assembly of the new transcripts, they were
annotated with Pfam, SUPERFAMILY, GO, KEGG data-
bases, and the differentially expressed genes (DEGs) gen-
eral reference | log2 (FoldChange) |[> 1 & padj<=0.05, to
identify the DEGs between the two samples and the enrich-
ment analysis of gene function.

gRT-PCR analysis of the expression levels of DEGs

Candidate DEGs were detected by RT-qPCR. The sequences
of the primer pairs designed in this experiment were selected
in NCBI, using the ACTIN gene as the internal reference
gene. Each sample consisted of three biological and techni-
cal replicates. The 2722Ct method was used to calculate the
relative gene expression.

Metabolomics study

Liquid mass linking (LC-MS) technology was used in this
study (Dunn et al. 2011; Want et al. 2010). A class-targeted
metabolomics study based on the high-sensitivity SCIEX
QTRAP® 6500 + mass spectrometry platform, with SCIEX
OS V1.4 software, was used to open the underlying mass
spectrometry file (.wiff). The integration and calibration
of chromatographic peaks were carried out, and the peak
Area (Area) of each chromatographic peak represented the
relative quantitative value of the corresponding substance.
Finally, the integral data of all chromatographic peak areas
were derived. The quality control (QC) of QC samples was
used to ensure the accuracy and reliability of data results.

Fig. 1 Tobacco growth after 8
days of application of different
ABA concentrations
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Next, a multivariate statistical analysis of metabolites,
including principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA), were con-
ducted to reveal differences in metabolic patterns of differ-
ent groups. Hierarchical clustering (HCA) and metabolite
correlation analysis were used to reveal the relationship
between samples and metabolites. Finally, the biological
significance of metabolite correlation was explained by
functional analysis such as that of metabolic pathways.

Screening of the differential metabolites

Partial Least Squares Discrimination Analysis (PLS-DA) is
a supervised statistical method for discriminant analysis that
uses partial least squares regression (Boulesteix et al. 2007).
The relationship between the relative quantitative value of
metabolites and sample category was modeled to achieve
the prediction of sample category. PLS-DA models were
established for each comparison group, and 7-fold cross-
validation was performed. The model evaluation parameters
(R2, Q2) were obtained when the biological repetition num-
ber of samples n<3, and k=2n, respectively. If the values
of R2 and Q2 were closer to 1, the model was more stable
and reliable.

Results

Effects of exogenous application of ABA on tobacco
seedling biomass

It can be seen from Fig. 1 that the plant body size of the CK
group was smaller than that of the ABA treatment group.
Compared with those in CK, the leaf length and width in
the 0.5 mg/L treatment increased by 52.86% and 33.95%,
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respectively (Fig. 2a). Fresh weights of aerial and under-
ground parts increased by 34.91% and 46.47%, respectively
(Fig. 2b and d), while the dry weight of aerial and under-
ground parts increased by 86.09% and 84.09% (Fig. 2b and
d). Leaf length and width increased in plants with ABA
treatment. However, such increase was negatively related
with ABA concentration. Of all the treatments, the most
significant increase in biomass was seen with the 0.5 mg/L
ABA treatment.

Effects of exogenous ABA on chlorophyll and
chlorophyll fluorescence parameters in tobacco
seedlings

As can be seen from Fig. 3, chlorophyll A, chlorophyll B,
and carotenoids of tobacco seedlings treated with all ABA
concentrations increased to varying degrees compared

oy

[*]
U
1

ameter(cm)

=204

”
1

10 4

w
1

0

leaf length diameter and leaf cross d

CK 0.5 5 10 50
ABA (mg/L)

"~

Number of leaves and stem length

CK 0.5 5 10 50
ABA (mg/L)

Fig. 2 Effects of different ABA concentrations on the biomass of
tobacco seedlings after 8 days. a, leaf length diameter and leaf cross
diameter of tobacco seedlings treated with different ABA concentra-
tions (A: leaf length diameter, B: leaf cross diameter). b, Aerial bio-
mass of tobacco seedlings (A: Fresh weight of aerial part B: dry weight
of aerial part). ¢, Leaf-number and stem-length of tobacco seedlings

with CK. In this experiment, exogenous ABA had almost
no effect on Fv/Fm of tobacco seedlings (Fig. 5), but Plabs
value was higher than for CK. However, such increase was
negatively related-with ABA concentration. (Fig. 4). After
ABA treatment, Phi (Po) was only slightly increased com-
pared with CK after 0.5 mg/L treatment, and the remainder
showed no significant change (Fig. 4). Compared with CK,
ABA significantly increased Phi (Eo) and Fm at 0.5 mg/L
and 5 mg/L. As can be seen from (Fig. 5), compared with
CK, Sm index of the treatment group increased signifi-
cantly, and N index of the treatment group also increased to
varying degrees. Meanwhile, Vj of the treatment group was
significantly lower than that of CK.
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(A: leaf-number, B: stem-length). d, underground biomass of tobacco
seedlings (A: fresh underground weight, B: dry underground weight).
Duncan’s test showed that there were significant differences among
groups (P<0.05). The bar chart above the mean represents the stan-
dard deviation of +5 repetitions. The above lowercase letters indicate
significant differences between treatments
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Fig. 3 Chlorophyll content of tobacco seedlings under different
treatments (a: chlorophyll A; B: chlorophyll B; C: carotenoid). Dun-
can’s test showed that there were significant differences among groups

Electron microscopic observation on chloroplast
ultrastructure of mesophyll cells of tobacco
seedlings

As can be seen in Fig. 6, the number of osmiophilic granules
in the form of black oil droplets increases significantly at
the same magnification and under 0.5 mg/L ABA treatment.
The black rectangle around the starch granule is called the
grana lamella and the rest is called the stromal lamella. The
grana lamella and stroma lamella make up the chloroplast
stroma. Figure 6 shows that under 0.5 mg/L ABA treatment,
the chloroplast stroma volume increased, the number of
stromal lamella increased and the volume of stromal lamella
increased.

@ Springer

(P<0.05). The bar chart above the mean represents the standard devia-
tion of + 3 repetitions. The above lowercase letters indicate significant
differences between treatments

Analysis of the effects of exogenous ABA application
on tobacco seedlings on the transcriptome

The correlation of gene expression levels between samples
is an important indicator for testing the reliability of the
experiment and sample selection. The closer the correlation
coefficient is to 1, the higher the similarity of expression
patterns between the samples. If it is < 0.8, the experimental
procedure needs to be repeated. Figure 7 A shows that the
R2 of six samples in two treatments were all > 0.8, indicat-
ing the reliability of samples in this experiment. A total of
680 DEGs were found from this transcriptome (Fig. 7C), of
which 501 genes were downregulated and 189 were upregu-
lated. KEGG enrichment showed that (Fig. 7B) these genes
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Fig. 5 Effects of exogenous ABA on Sm, N, Vj, and Fv/Fm of
tobacco seedlings. Duncan’s test showed that there were significant
differences among groups (P<0.05). The bar chart above the mean

were mainly involved in plant-pathogen interactions, the
fatty acid chain extension system, MAPK signaling path-
way, biosynthesis of stilbene, diarylheptane and gingerol,
phosphatidylinositol signaling system, glutathione metabo-
lism, biosynthesis of phenylalanine, tyrosine and trypto-
phan, ether lipid metabolism, nitrogen metabolism, and
plant hormone signal transduction. We screened some genes
for analysis and validation, these genes were involved in
plant-pathogen interactions and plant hormone signal trans-
duction pathways.

Effect of exogenous ABA on tobacco seedlings on
the metabolome

To represent the differential significance level, we set a
threshold of VIP (Variable Importance in the Projection. Rep-
resents the metabolite’s contribution to the group) > 1.0, dif-
ference multiple FC (Fold Change) > 1.2 or FC <0.833, and
P-value <0.05. A total of 53 differentially expressed metab-
olites were selected (Fig. 8B), 24 of them were up-regulated,

represents the standard deviation of + 10 repetitions. The above lower-
case letters indicate significant differences between treatments

including deoxyadenosine triphosphate, alkaloids atropine,
keraxanthin, flaproone, L-phenylalanine,inositol, cinnamic
acid, hydroxycinnamon acid, feruate, and some nucleo-
tides; and 29 metabolites were down-regulated, including
nucleotides, alkaloids, amino acids, phenylpropanoids,and
alcohols. (Fig. 8C) Using the hypergeometric test, pathway-
enriched P-values were obtained, with a P-value of 0.05 used
as the threshold; KEGG pathways satisfying this condition
were defined as the KEGG pathways significantly enriched
in differentially expressed metabolites. We obtained three
significant KEGG pathways: biosynthesis of bases, piperi-
dine and pyridine alkaloids, biosynthesis and metabolism
of phenylpropane, including (upregulated) L-phenylala-
nine, N-acetyl-D-phenylalanine, ketone, (downregulated)
1,5-diaminamentane, adjacent hydroxycinnamic acid (cou-
maric acid), and coumaraldehyde.
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Fig. 4 Effects of exogenous ABA on Plabs, Fm, Phi (Eo), and Phi
(Po) of tobacco seedlings. Duncan’s test showed that there were sig-
nificant differences among groups (P <0.05). The bar chart above the

RNA-seq of differentially expressed genes (DEGs)
compared with qRT-PCR

We screened seven genes of interest in pathways related to
disease resistance and endogenous hormones and evalu-
ated their expression patterns by qRT-PCR. All seven genes
showed similar patterns to those obtained in RNA-seq
results, which demonstrated the reliability of this experi-
ment. The results indicate that exogenous ABA affects the
plant-pathogen interactions and plant hormone signal trans-
duction in tobacco. In the next experiments, these DEGs
can be subjected to functional validation of genes to further
reveal the effects of exogenous ABA on tobacco growth.
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mean represents the standard deviation of + 10 repetitions. The above
lowercase letters indicate significant differences between treatments

Discussion

Physiological effects of exogenous ABA
administration on tobacco seedlings

According to the results (Figs. 1 and 2), exogenous ABA
significantly promoted the growth of tobacco seedlings,
which meant that the treated seedlings exhibited stronger
growth than the control seedlings at the seedling stage. In
agricultural and forestry production, the transplantation of
plants is often necessary, but transplanting plants from their
accustomed growth environment to a strange soil and cli-
mate environment can be an adverse process (Parihar et al.
2015). At this time, plants are in a relatively weak physi-
ological state and have weak resistance to adverse factors
present in the external environment. Munns and Tester
(2008) found that salt stress inhibited the growth of young
leaves and accelerated the senescence of mature leaves.
Drought, high temperature, and cold stress (Wang et al.
2004; Winfield et al. 2010) destroy protein conformation in
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Fig. 6 Effects of exogenous ABA

on chloroplast ultrastructure

of tobacco seedling mesophyll

cells (Magnification: 15000x).

a: CK, b: 0.5 mg/L. (Cw: Cell

walls, SG: Starch granule, SL:

Stroma lamella, GL: Grana

lamella, M: Mitochondria, O:
Osmiophilic granule) )

plants, affect their normal functions, and eventually lead to
physiological and anatomical damage. Therefore, improv-
ing growth at the seedling stage can increase survival rate
and resistance to adversity after transplantation. As can be
seen from our results (Fig. 3), the total chlorophyll content
of tobacco seedlings in the treated group was higher than
that in CK. Through its properties as a photosynthetic pig-
ment, chlorophyll content can directly reflect the strength of
the photosynthetic capacity of plants. When photosynthesis
is weak (South et al. 2019; Nayak et al. 2022), plant bio-
mass will be significantly reduced; when it is strong, it will
increase the biomass of plants and promote growth. There-
fore, photosynthesis is the most important physiological
process in plants, and chlorophyll fluorescence parameters
are an effective means of analyzing photosynthesis (Faseela
et al. 2020). Fv/Fm reflects the maximum light energy con-
version efficiency of the PS reaction center, and this value
hardly changes under non-adverse conditions. In this exper-
iment, exogenous ABA had almost no effect on Fv/Fm of

tobacco seedlings (Fig. 5), but the Plabs value was higher
than CK, and gradually decreased with the increase of con-
centration (Fig. 4). Plabs is based on light absorption. When
the maximum light conversion efficiency of tobacco seed-
lings remained constant, Plabs increased, which improved
the ability of seedling leaves to absorb light energy.

When visible light hits the plant, the antenna pigment
molecules (most of chlorophyll a and all of chlorophyll b,
carotene) are excited by the absorption of light quanta and
cause a primary reaction (the process of absorption, conver-
sion and utilisation of light energy by the chloroplast pigment
molecules). The reaction centre is the most basic pigment-
protein complex for primary reactions and includes primary
electron acceptors, donors and secondary electron donors.
In the presence of light, the primary reactions are carried
out continuously, constituting a “source” and “library” of
electrons, which are converted into electrons by absorbing
light quanta, enabling the conversion of light energy into
electrical energy and ultimately the production of water and
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expressed genes)
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Fig. 8 Metabolomic results of 0.5 mg/L ABA treatment and CK
(0.5 mg/L: XS CK: XK).a, Cluster analysis of group differentially
expressed metabolites. Longitudinally shown is the cluster of samples,
and transversely shown is the cluster of metabolites. The shorter the
cluster branch is, the higher the similarity. b, Volcanic map of differen-
tially expressed metabolites. The horizontal coordinate represents the
difference multiple of metabolites in different groups (1og2FC), and the
vertical coordinate represents the significance level (-log10(p-value).
Each point in the volcano map represents a metabolite, and the signifi-
cantly up-regulated metabolites are represented by red dots, while sig-
nificantly down-regulated metabolites are represented by green dots.
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The size of the dot represents the VIP value. ¢, KEGG enrichment
bubble diagram (positive and negative). The horizontal coordinate in
the figure is X/Y (the number of differentially expressed metabolites
in the corresponding metabolic pathway/the total number of identi-
fied metabolites in this pathway). The larger the value, the higher the
degree of accumulation of differential metabolites in this pathway. The
color of the point represents the P-value value of the hypergeometric
test. The smaller the value, the more reliable and statistically signifi-
cant the test. The size of the point represents the number of differen-
tially expressed metabolites in the corresponding pathway. The larger
the point, the more differentially expressed metabolites in the pathway
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Fig.9 RNA-seq (left) and qRT-PCR (right) results at 0.5 mg/L ABA
concentration showed (0.5 mg/L: ZS CK: ZK, The Y-axis is a Fold
Change). Duncan’s test showed that there were significant differences
among groups (P <0.05). The bar chart above the mean represents the
standard deviation of +3 repetitions

ATP. In the PS II electron transport chain, the secondary
electron donor provides electrons directly to the antenna
pigment molecules and releases O,. The antenna pigment
molecules also pass electrons to QA, which in turn passes
electrons to QB, which constitutes a source-to-library and
ultimately generates ATP. Phi (Po) reflects the maximum
photochemical efficiency of plants after dark adaptation.
Phi (Eo) refers to the quantum yield of photons absorbed
by the reaction center for electron transport. Fm refers to
the fluorescence when all reaction centers are completely
closed; that is, the maximum fluorescence intensity after
dark adaptation. Reflects electron transfer through PSII.
The results showed that exogenous ABA enhanced photo-
synthesis of tobacco seedlings by increasing electron trans-
port quantum yield. Sm reflects the energy required for QA
to be completely reduced from 2 ms to tFm; that is, the size
of QA’s downstream electron receptor library. The lower the
proportion of electrons transferred from QA, the shorter the
time required for the fluorescence signal to reach Fm, and
the smaller Sm is. N reflects the REDOX times of QA from
2 ms to tFm. If N decreases, it indicates that QA’s ability to
transfer electrons decreases and the openness of the reac-
tion center decreases (Liu 2009). Vj refers to the relative
variable fluorescence intensity of point J, which reflects the
closing degree of the active reaction center under a 2 ms
illumination, and its size reflects the balance between the
excitation rate of the pigment in the PSII antenna and the
forward electron transfer rate. The results showed that exog-
enous ABA increased the electron transfer capacity of the
PSII receptor side, increased the openness of reaction center
and forward electron transfer efficiency, and promoted the
absorption of light energy and the transfer and utilization of
excitation energy.

Effect of exogenous ABA on the transcriptome of
tobacco seedlings

As per KEGG enrichment (Fig. 7B), of the 20 pathways
with P-values<0.05 as the threshold of significance for
the enrichment, we selected three extremely significantly
enriched pathways, namely “Plant-pathogen interaction”,
“Fatty acid elongation”, and “MAPK signaling pathway-
plant”. This phenomenon is interesting, as the three path-
ways are the main channels of tobacco defense against
pathogen invasion. We analyzed the genes in all the path-
ways, screened and identified seven major differentially
expressed genes, and found that they mainly encoded
CNGC, CDPK, CaM/CML, FLS2, RIN4, AUXI, GIDI, and
other proteins at the protein level. They are concentrated
in the plant-pathogen interaction pathway and plant signal
transduction pathway.

Differentially expressed genes in the plant-pathogen
interaction pathway

Currently, there is a great controversy regarding the effects
of ABA on plant disease resistance. As a plant hormone to
resist stress, ABA induces the production of reactive oxy-
gen species (ROS) in plant tissues, that is, it induces self-
defense (Muhammad et al. 2015; Almeselmani et al. 2006;
Liu et al. 2000; Larkindale et al. 2004; Sairam et al. 2000;
Bhaskara et al. 2017; Gao et al. 2021). However, ABA is
also widely involved in the response of plants to various
biological stressors caused by various plant pathogens as a
negative regulator of disease resistance (Mauch-Mani et al.
2005; Curvers et al. 2010; Fan et al. 2009). It was found
that applying exogenous ABA at appropriate concentrations
could induce plant disease resistance. For example, lilium
plants were treated with 1.0 mg/L ABA, and their toler-
ance to root rot was observed. After spraying, the activity of
defense enzymes in plant leaves increased, plant body size
and growth traits significantly improved, and disease index
decreased (Fang et al. 2010). Treatment with an appropriate
concentration of exogenous ABA induced downy mildew
resistance and reduced the cucumber disease index, with
10.0 mg/L ABA treatment concentration having the best
effect (Liu et al. 2012). In mutants lacking ABA biosynthe-
sis, resistance to the biotrophic pathogen Hyaloperonospora
parasitica is increased (Mohr et al. 2003), while resistance
to the necrotizing pathogen A. Brassicola is impaired (Ton
et al. 2009). Therefore, the effect of ABA on the defense
system of plant pathogens is complex.

From the results of this experiment, among the CNGCs,
CDPK, CAM / CML, FLS2, and RIN4 protein genes that
are differentially expressed in plant pathogen interaction,
FLS?2 is a typical leucine-rich repeat receptor-like kinase,
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which starts immune signaling by heteromerization with its
co-receptor BAK1 after recognizing bacterial flagella fig22
(Chinchilla et al. 2007). The down-regulation of the LRR
receptor-like serine/threonine protein kinase coding gene in
FLS2 protein may lead to the obstruction of the plant innate
immune system.

Plant cyclic nucleotide-gated channels (CNGCs) are
a large family of proteins (Méser et al. 2001). The results
of this study showed that N¢\GNGC]! protein gene expres-
sion was down-regulated. Previously, Arazi et al. (1999)
revealed the function of its homologous gene NtCBP4 in
tobacco. Studies have also shown that transgenic tobacco
with overexpression of Nt*CBP4 could improve Ni2 + toler-
ance and sensitivity to Pb2+.

Calcium-dependent protein kinases, (CDPKs) are
involved in the regulation of many physiological processes
and stress responses, such as in the fruit development of
strawberry and apple (Nishiyama et al. 1999; Llop-Tous et
al. 2002) and root system elongation in cucumber (Lanteri
et al. 2006). The transcription of MsCPK3 was induced in
alfalfa after 30 min of heat shock at 37 °C (Davletova et al.
2001); and McCPK]I in Mesembryanrhemum crystallimum
is induced by salt and drought (Patharkar et al. 2000); mean-
while, plants overexpressing AtCPK23 are more sensitive
to drought and salt stress (Anil et al. 2003). These results
demonstrate that CDPK is involved in signal transduction
pathways transmitting information about adversity. Tran-
scriptome results showed that Nt*CDPKI gene expression
was down-regulated. N¢\CDPK] expression is known to be
limited to young tissues with rapidly dividing cells (Lee
et al. 2003), and is downregulated as these tissues mature
and differentiate. It may also regulate the division, differen-
tiation, and death of plant cells (Lee et al. 2003). Research
shows that Nt*CDPK] is an interesting scaffolding kinase
that increases the specificity and efficiency of signaling by
coupling catalysis with scaffolding on the same prote (Ito et
al. 2014). Furthermore, gibberellin can negatively regulate
NtCDPK] (Ito et al. 2018). NtCDPK1 is involved in feed-
back regulation of the plant hormone gibberellin through
the phosphorylation of the transcription factor, REPRES-
SION OF SHOOT GROWTH (RSG). In our transcriptome
results, we also detected the upregulated gene expression
of gibberellin receptor protein G/DI-C. This may indicate
an association where Nt*CDOK and GIDI-C can interact to
co-regulate the growth of tobacco seedling.

Much evidence indicates that the downregulation of
CaM /CMLs gene expression or loss of CaM /CMLs func-
tion can seriously affect the immune function of plants. The
overexpression of CaM! in pepper can activate the pro-
duction of ROS and NO and induce the expression of HR
and related defense genes to increase its local resistance to
pathogens (Choi et al. 2009). Studies have shown that the
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tobacco CML protein RGS-CAM (regulator of gene silenc-
ing) plays a role in plant defense responses by regulating
RNA silencing (Nakahara et al. 2012). SCaM-4 and SCaM-
5 are transcriptionally activated by plant pathogenic bacte-
rial infection or fungal elicitor application, indicating that
they are involved in defenses against pathogen attacks (Heo
et al. 1999). These studies also provide evidence for the
involvement of CaM subtypes and CMLs in plant immunity.
However, studies of the NtCaM7 protein gene downregu-
lated in this trial showed that it can interact with CNGC14
to regulate Arabidopsis root hair growth (Zeb et al. 2020).
Furthermore, it can also regulate trauma-induced responses
together with other CaM proteins (Yamakawa et al. 2001).

RIN4 is a conserved plant immunomodulator, where
pathogen-associated molecular patterns (PAMPs) (such as
flagellin in bacteria and chitin in fungi) are perceived by pat-
tern recognition receptors (PRRs) on the plant cell surface.
This process causes PAMP to trigger immunity (PTI), which
constitutes the first layer of plant defense response (Cyril
et al. 2009). RIN4 is a negative regulator of PTI processes,
and RIN4 mutants exhibit enhanced defense responses,
while the opposite occurs in plants overexpressing RIN4
(Kim et al. 2005). Transcriptome analysis showed that the
expression of the RIN4 protein gene in tobacco was down-
regulated, suggesting that exogenous ABA might affect the
disease resistance of tobacco.

Taken together, ABA promotes resistance in some plant-
pathogen interactions and increases susceptibility in others
(Ton et al. 2009). Therefore, the regulatory effect of exoge-
nous ABA on disease resistance in tobacco seedlings is also
complex. The results of this study also support this idea and
provide candidate genes for further research.

Differentially expressed genes in the plant hormone signal
transduction pathway

In the transcriptomic results, the expression of the genes
of JAZ, AUXI, GIDI, and other proteins changed, and the
NtTIFY 10 A gene of the JAZ protein was downregulated.
The TIFY family is a novel plant-specific protein family.
The TIFY gene plays an important role in the jasmonate
(JA) signaling pathway (Qi et al. 2014; Van et al. 2013),
plant growth and development (Oh et al. 2013; Toda et al.
2013; Hakata et al. 2012), and pathogen response (Song et
al. 2017; Ishiga et al. 2013). It has been shown that TIFY
10 A protein positively regulates plant alkaline stress
response and negatively regulates the JA signaling pathway
(Dan et al. 2014). Furthermore, (Qi et al. 2014) used various
aspects of development and defense to unravel the mech-
anism of GA and JA signaling. Both DELLAs and JAZs
interact with the WD-repeat/bHLH/MYB complex, mediat-
ing the synergistic and interdependent roles of GA and JA
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signaling in the regulation of plant trichome development.
DELLAs and JAZs interact with bHLH factors (EGL3 and
GL3) and important components of the MYB factor (GL1)
to inhibit their transcriptional activity; however, GA and
JA induce the degradation of DELLAs and JAZs. Through
transcriptomic results, upregulation of the GIDI-C protein
gene, GID1, was identified, which is one of the three recep-
tors for Arabidopsis gibberellin; it has special functions in
both proteolytic and non-protein pathways (Hauvermale et
al. 2014). DELLA protein plays a negative regulatory role in
gibberellin signaling and degrades DELLA protein to pro-
mote plant growth and development. These results indicate
that exogenous ABA may induce activation of JA signaling
by downregulating gene expression of the NtTIFY 10 A pro-
tein, thus inducing the expression of plant defense genes.
At the same time, the GIDI-C gene was up-regulated, the
DELLA protein was degraded, and the interaction with JA
signal was used to jointly regulate plant growth.

The AUX1/LAX auxin influx vector is a transmembrane
protein that is the main carrier of auxin influx and is involved
in regulating key plant processes, including root and lateral
root development, and root orientation (Swarup et al. 2019).
Studies have shown that the rice auxin input vector gene
OsAUX] plays an important role in root development, and
overexpression of Os4AUXI can promote lateral root devel-
opment (Zhao et al. 2015). Meanwhile, overexpression of
the MdAUXI gene in tobacco can significantly promote
plant growth (An et al. 2016). We hypothesized that exog-
enous ABA might regulate the growth of tobacco seedlings
by upregulating the gene encoding the NtAUX]I protein.

Effects of exogenous ABA on the metabolome of
tobacco seedlings

According to experimental results, after the application of
exogenous ABA, the fresh and dry weight of tobacco seed-
lings above and underground were greatly increased com-
pared with those in CK. From the metabolomic results, we
detected L-phenylalanine, ketone; (toppinone), phenylala-
nine, and inositol phospholipase C 2-like, inositol. We first
analyzed three metabolic pathways that showed significant
differences upon ABA treatment. We detected the upregu-
lation of scopolamine in the biosynthetic pathway of sco-
polamine, piperidine, and pyridine alkaloids. It has been
reported (Rocha et al. 2013) that, in most cases, the leaves of
transgenic plants overexpressing scopolamine show higher
nicotine content than the leaves of control plants. We also
detected the upregulation of L-phenylalanine in the phenyl-
propanine biosynthesis and metabolism pathway, as found
by previous studies (Sewalt et al. 1997); the L-phenylala-
nine content was positively correlated with the content of
lignin. In the metabolome results, the biosynthetic pathway

of lignin monomers, including ferulic and eruinic acids, was
found to be upregulated.

The alanine metabolic pathway is an important second-
ary metabolic pathway of flue-cured tobacco. Phenylala-
nine is also a precursor of the main polyphenol compounds
in tobacco leaves. Polyphenols play an important role in
tobacco growth and development and color, and are also an
important factor for measuring tobacco quality. There are
many factors affecting the synthesis of phenolic compounds,
including variety and environmental conditions (Xu et al.
2003). The phenolic compounds produced by tobacco may
also be a way to resist adverse environmental factors, with
the increased activity of enzymes regulating phenolic syn-
thesis in vivo and increased phenolic accumulation when
tobacco is in an adverse environment (Zhou et al. 1996).
Plant growth regulators also have a great impact on the syn-
thesis and accumulation of polyphenols in tobacco. Stud-
ies have shown that spraying IAA, 2, 4-D, and GA on the
surface of tobacco leaves can reduce the content of poly-
phenols in the upper leaves of flue-cured tobacco, while
spraying ABA can increase the content of polyphenols (Xu
et al. 2007). Amino acids are also one of the most important
compounds in tobacco which affect the quality and flavor of
tobacco leaves (Zhou et al. 1996; Yang et al. 1998). Some
amino acids such as phenylalanine can be decomposed into
benzyl methanol, phenylethanol, and other incense-causing
precursor substances through chemical reactions (Hecht et
al. 1977; Andersen et al. 1982; Gilchrist et al. 1980). Poly-
phenol compounds synthesized through the phenylalanine
pathway can be oxidized by quinol oxidase to form quinone
substances, and melanin substances can also be obtained by
the Maillard reaction to affect the color of tobacco leaves
(Xu et al. 2003). Therefore, from the metabolomic results,
exogenous application of ABA may affect the synthesis of
polyphenols in tobacco, leading to an increase in both the
fresh and dry weight of tobacco, thus changing its quality
and aroma.

Conclusions

Through a combined analysis of physiological, transcrip-
tomics, and metabolomics data, the effects of different
concentrations of exogenous ABA treatment on tobacco
seedling growth were revealed. We found that exogenous
ABA could change the content and size of chlorophyll in
tobacco leaves and change chlorophyll fluorescence param-
eters, thus promoting the growth of tobacco seedlings. In
transcriptome results, we found that exogenous ABA can
regulate the growth of tobacco seedlings by affecting hor-
mones. However, exogenous ABA may affect pathogen
defense of tobacco seedling as well as resistance to abiotic
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stresses and may regulate the growth of tobacco seedling
by affecting the synthesis of alkaloids and alkaloid precur-
sors. To explore the effects of exogenous ABA on tobacco
growth, this study screened some candidate genes and meta-
bolic pathways, and verified seven candidate genes of inter-
est. In qRT-PCR results, the seven genes showed similar
patterns to those obtained by RNA-seq, demonstrating the
reliability of this experiment. The collected data also pro-
vide a basis for future experiments.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10725-
023-01026-9.
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