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Abstract: Utilizing salt-tolerant plants is a cost-effective strategy for agricultural production on
salinized land. However, little is known about the mechanism of dandelion (Taraxacum mongolicum
Hand.-Mazz.) in response to saline stress and caffeic acid biosynthesis. We investigated the mor-
phological and physiological variations of two dandelions, namely, “BINPU2” (dandelion A) and
“TANGHALI"” (dandelion B) under gradient NaCl concentrations (0, 0.3%, 0.5%, 0.7%, and 0.9%),
and analyzed potential mechanisms through a comparison analysis of transcriptomes in the two
dandelions. Dandelion A had a high leaf weight; high p-coumaric acid, caffeic acid, ferulic acid,
and caffeoyl shikimic acid contents; and high activities of POD and Pro. The maximum content of
four kinds of phenolic acids mostly occurred in the 0.7% NaCl treatment. In this saline treatment,
2468 and 3238 differentially expressed genes (DEGs) in dandelion A and B were found, of which
1456 and 1369 DEGs in the two dandelions, respectively, showed up-regulation, indicating that more
up-regulated DEGs in dandelion A may cause its high salt tolerance. Further, Gene Ontology (GO)
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that dandelion
salt response and caffeic acid metabolism were mainly enriched in the phenylpropanoid biosynthesis
pathway (ko00940) and response to ethylene (GO: 0009723). The caffeic acid biosynthesis pathway
was reconstructed based on DEGs which were annotated to PAL, C4H, 4CL, HCT, C3'H, and CSE. Most
of these genes showed a down-regulated mode, except for parts of DEGs of 4CL (TbA05G077650 and
TbA07G073600), HCT (TbA03G009110, TbA03G009080, and novel.16880), and COMT (novel.13839).
In addition, more up-regulated transcription factors (TFs) of ethylene TFs in dandelion A were
found, but the TFs of ERF104, CEJ1, and ERF3 in the two dandelions under saline stress showed an
opposite expression pattern. These up-regulated genes could enhance dandelion salt tolerance, and
down-regulated DEGs in the caffeic acid biosynthesis pathway, especially CSE (TbA08G014310) and
COMT (TbA04G07330), could be important candidate genes in the synthesis of caffeic acid under
saline stress. The above findings revealed the potential mechanisms of salt response and caffeic acid
metabolism in dandelion under saline stress, and provide references for salt-tolerant plant breeding
and cultivation on saline-alkali land in the future.

Keywords: ethylene response; phenolic acid; salt-response genes; saline-alkali land; salt-tolerant plant

1. Introduction

China has a large area of saline-alkali land of approximately 100 million hectares. Soil
salinization has seriously restricted agricultural production [1]. Culturing salt-tolerant
plants is considered to be a cost-effective strategy for utilizing saline—alkali land [1,2]
because moderate saline stress is beneficial for the accumulation of osmoprotectants and/or

Genes 2024, 15, 220. https://doi.org/10.3390/ genes15020220

https://www.mdpi.com/journal /genes


https://doi.org/10.3390/genes15020220
https://doi.org/10.3390/genes15020220
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-6044-5306
https://doi.org/10.3390/genes15020220
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes15020220?type=check_update&version=1

Genes 2024, 15, 220

2 of 15

secondary metabolites in plants, thereby improving plant quality, especially in medicinal
plants such as Abelmoschus manihot (L.) Medik and Taraxacum mongolicum Hand.-Mazz [1-3].

Osmoprotectants include amino acids, sugar, polyhydric alcohol, etc. These com-
pounds accumulated in cells can improve plant stress tolerance, as they scavenge free
radicals and activate protective enzymes [3]. Huang et al. reported that the application
of proline (Pro) on cucumber was beneficial for the increase in leaf relative water content,
Pro content, and peroxidase (POD) activity and the decrease in malondialdehyde (MDA)
content, thereby decreasing the inhibitory effect of salt damage [4]. Phenolic compounds
are important plant secondary metabolites. They play important roles in eliminating reac-
tive oxygen species [5]. Phenolics have been found in various kinds of plants, especially
in compositae.

Dandelion belongs to the Asteraceae family. It is rich in phenolic acids; has antibacterial,
anti-inflammatory, and tumor-inhibiting effects; and is usually used in medicine and health
care in China [1,6,7]. Dandelion can tolerate strong salt stress and is easily found in saline—
alkali land [1]. According to the Chinese Pharmacopoeia (the 2015 edition), dandelion
caffeic acid content shall exceed 0.02%. Current studies found that appropriate saline stress
enhances the caffeic acid content in dandelion [1]. However, the mechanism of how saline
stress enhances caffeic acid biosynthesis in dandelion is still insufficiently studied.

Caffeic acid and its derivatives are synthesized in plants via the shikimic acid pathway
from phenylalanine through deamination to form cinnamic acid, which is then derived from
cinnamic acid [8]. However, their biosynthetic pathways in different plants or when under
abiotic stress are different, mainly including two pathways: one is the synthesis of rosmarinic
acid and salicylic acid using 4-coumaric acid and 4-hydroxyphenyllactic acid as precursors,
which mainly exist in plants of the family Labiatae, represented by Salvia divinorum; and the
other is the synthesis of chlorogenic acid compounds using quinic acid, caffeic acid, and ferulic
acid as precursors, which are mainly found in the family Lonicera, represented by Lonicera
japonica Thunb. During the biosynthetic pathway, enzymes such as phenylalanine ammonia
lyase (PAL), quinate O-hydroxycinnamoyl transferase (HQT), caffeic acid O-methyltransferase
(COMT), etc., regulate the synthesis of phenolic acids [6,9,10]. Meanwhile, researching the
function of these enzyme-related genes has also become a focus. Following the publication of
whole-genome sequences of dandelion, mining and researching caffeic acid and its derivative-
related genes has become feasible, which could help to understand the mechanism of dandelion
in response to saline stress [11,12].

Current studies mainly focus on the effects of abiotic factors on dandelion growth,
biomass, chemical components, etc., while the mechanism of caffeic acid and its derivatives’
synthesis under saline stress is still not sufficiently understood. Hence, the potential
mechanism of dandelion caffeic acid biosynthesis and salt response were investigated,
aiming to provide references for dandelion breeding.

2. Materials and Methods
2.1. Materials and Design

Dandelion (T. mongolicum Hand.-Mazz.) resource A (T. mongolicum cv. “BINPU2”) and
B (T. mongolicum cv. “TANGHAI”) were used in this research. Dandelion A was bred by our
institute and dandelion B was a wild resource in the locality. Dandelion A performs better
in leaf yield and phenolic acid content under saline stress than dandelion B. The dandelion
breeding process and performance of the dandelion resources are described in [7].

The experiment was conducted in a rain-proof shelter at our institute of Hebei
Academy of Agriculture and Forestry Sciences in Hebei Province, China in April of 2023.
Dandelion seeds were sown in flower pots (height of 32 cm, and diameter of 28 cm) with
a mixed substrate of perlite, vermiculite, and peat at a ratio of 2:1:1. Each pot had one
healthy seedling with 5 leaves after germination of 25 days, and was then irrigated with
150 mL NaCl solutions every 2 days. NaCl concentrations were set at 0, 0.3%, 0.5%, 0.7%,
and 0.9%, the first of which was the NaCl-free control treatment (CK). Each NaCl treat-
ment was repeated 7 times. The temperature of the whole treatment period ranged from
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25 °C to 32 °C, and water relative humidity was maintained at around 65%. After 21 days
of NaCl treatment, fresh and dry leaf weight (g) and leaf length (cm) were checked. The
physiological parameters involving enzyme activity and phenolic acid content were also
determined, as described in the following sections.

2.2. Phenolic Acid Examination

Caffeic acid (ng/g), p-coumaric acid (ng/g), ferulic acid (ug/g), and caffeoyl shikimic
acid contents (ug/g) were determined based on the method described in [13,14]. Dandelion
leaves were dried at 80 °C in an oven, and then were soaked in 80% methanol with a
liquid-to-solid ratio of 15:1 and ultrasonic-extracted for 30 min. The obtained extracts were
analyzed using ultra-high-performance liquid chromatography (Vanquish series UHPLC,
Thermo Fisher Scientific Inc., Waltham, MA, USA). Details of the analytical conditions are
described in the literature [15].

2.3. MDA, POD, and Pro Measurements

A total of 0.5 g fresh leaf sample was taken for the determination of the contents or
activity of POD (U/g), MDA (umol/g), and Pro (ug/g). The leaf samples were extracted
and centrifuged following the instructions of the POD, MDA, and Pro assay kits (m1095259,
ml093064, and m1094958; Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai,
China). Then, a microplate reader (Varioskan Lux, Thermo Fisher Scientific Inc., Waltham,
MA, USA) was used to assay the three physiological parameters following the test kit
instructions.

2.4. RNA-Seq Analysis

Fresh leaf samples were collected from a 0.7% NaCl treatment for RNA-Seq analysis
because the highest contents of phenolic acids in the two dandelions were mostly found in
this saline treatment based on the current experimental results. RN A-Seq was performed
by Biomarker Technologies Co., Ltd. (Beijing, China). The sequence data were aligned
to reference genome GWHBCHG00000000 (https://ngdc.cncb.ac.cn/gwh/Assembly /19
733, accessed on 5 February 2024). Differentially expressed genes (DEGs) analysis, Gene
Ontology (GO) analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
were carried out with default values using online tools at https:/ /cloud.metware.cn. Details
are referred to in the literature [16].

2.5. Real-Time Quantitative PCR (RT-qPCR) Validation

Eight DEGs were randomly selected to validate transcriptome data with the reference
gene of GAPDH. Primers were designed by Primer 6.0 software (Table S1). RT-qPCR was
performed as described in the literature [17].

2.6. Data Processing

The experimental data were analyzed by one-way analysis of variance (ANOVA), and
significant differences were determined by Duncan’s multiple range test using SPSS 22.0
Statistics (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Dandelion Morphological and Physiological Changes

The leaf weight and leaf length of dandelion A (BINPU2) and dandelion B (TANGHAI)
in all the saline treatments significantly declined compared with the CK treatment after
21 days of NaCl solution treatment (Figure 1). Dandelion A had a higher leaf weight and
leaf length than dandelion B in all saline treatments. The two parameters of dandelion
A were significantly declined when the NaCl concentration was over 0.5%, while those
of dandelion B were significantly declined in the saline treatment over 0.3%. However,
the physiological indices involving Pro, MDA, and POD in the two dandelions were
significantly changed with the saline treatment at 0.5% or 0.7%. Saline stress promotes the
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accumulation of protection substances such as POD and Pro, and harmful substances such
as MDA in plants [18]. Dandelion A showed a higher content of POD and Pro and lower
content of MDA than dandelion B. These results indicated that dandelion A has relatively
strong salt tolerance.
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Figure 1. Performance of two dandelions under different NaCl treatments. Blue represents dandelion
A (BINPU2), and orange represents dandelion B (TANGHAI) after 21 days of NaCl treatment. Error
bars are standard deviations, n = 7. One-way ANOVA with Duncan’s multiple range test was used to
compute p-values; ** p < 0.01, * p < 0.05; ns, no significant difference.

3.2. Changes in Caffeic Acid and Its Derivatives

Dandelion A showed higher phenolic acid contents than dandelion B in all saline
treatments (Figure 2). The contents of caffeic acid and p-coumaric acid increased following
the increase in NaCl concentration in the two dandelions, and were highest with the 0.7%
NaCl treatment in dandelion A and 0.9% NaCl treatment in dandelion B. Ferulic acid and
caffeoyl shikimic acid overall showed similar variation trends with the saline treatment;
however, their contents significantly varied with the saline treatment of 0.3%.

3.3. Transcriptome Sequencing and Alignment

We analyzed the RNA-seq data from dandelion A and dandelion B under saline
treatment (0.7% NaCl treatment), with three biological replicates. An average of 47.1 Mb
of clean reads and 7.08 Gb of clean bases were obtained (Table 1). The clean read ratios
were all above 97.42%. Q20 values all exceeded 97%. The R? values within the same groups
were all above 0.9 (Figure 3). The valid read rate of mapping between each sample and the
reference genome exon region all exceeded 86.59% (Figure 3).

Table 1. Summary of RNA-seq data of 12 libraries.

Raw Reads  Clean Reads Clean Base 020 (%) GC Content Mapped Mapped
(Mb) (Mb) G) ° (%) Reads Ratio
ACK! 47.35+1.21 46.27 +1.02 6.94 £+ 0.15 97.41 £ 0.08 43.69 + 0.15 35.95 +0.73 0.78 £+ 0.003
AS! 4739 £0.48 46.29 £0.3 6.94 £ 0.05 97.33 £0.12 43.49 £0.16 36.27 £0.18 0.78 £ 0.001
BCK ! 50.39 £ 1.5 48.86 £ 1.83 7.33 +0.27 97.39 £ 0.04 43.81 £0.54 4213 £1.73 0.86 £ 0.003
BS! 48.65 £ 0.83 47.35 £ 0.83 7.10 £ 0.12 97.34 £0.15 44.52 £0.16 40.60 £0.7 0.86 £ 0.002

1 ACK, AS, BCK, and BS are the treatments of dandelion A (BINPU2) or dandelion B (TANGHALI) under non-saline
stress (CK) and saline stress (S), and all of the group symbols in this text have these same definitions. Data in each
group are shown as mean =+ standard deviation, n = 3.
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Figure 2. Phenolic acid contents of two dandelions after 21 days of NaCl treatment. Error bars
represent standard deviation, 7 = 7. One-way ANOVA with Duncan’s multiple range test was used
to compute p-values; ** p < 0.01, * p < 0.05; ns, no significant difference.

Figure 3. Sequencing quality analysis for two dandelions. (A) Pearson’s correlation coefficient (R?)
between different samples. (B) Reads comparison region distribution.

3.4. Analysis of DEGs

The DEGs of dandelion A and dandelion B with CK vs. saline treatment were obtained
(Figure 4): 2468 and 3238 DEGs for ACK vs. AS and BCK vs. BS, respectively, were
identified, with 673 common DEGs, of which 1456 and 1369 were up-regulated genes in
each group, implying that dandelion A could have higher salt tolerance. Moreover, we
compared DEGs within the dandelion resources and found 9354 and 10148 DEGs in the
groups of ACK vs. BCK and AS vs. BS, indicating a different salt tolerance or salt response
in dandelion A and B.
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Figure 4. Venn and volcano plot of DEGs within groups of dandelion A (BINPU2) and dandelion B
(TANGHALI) with CK vs. saline treatment (S).

3.5. GO Enrichment Analysis of DEGs

The results showed that the category of biological process mainly involved GO terms
of cellular process, metabolic process, response to stimulus, etc.; the category of cellular
component mainly involved the GO term of cellular process; and the category of molecular
function mainly involved GO terms of binding, catalytic activity, transcription regulator ac-
tivity, etc. Upon further analysis of the top 50 GO terms, the DEGs of the dandelion under
saline stress were found to be highly enriched in the secondary metabolite biosynthetic pro-
cess (GO:0044550), response to ethylene (GO:0009723), phenylpropanoid catabolic process
(GO:0046271), cinnamic acid metabolic process (GO:0009803), apoplast (GO:0048046), hy-
drolase activity, hydrolyzing O-glycosyl compounds (GO:0004553), monooxygenase activity
(GO:0004497), O-methyltransferase activity (GO:0008171), etc. (Figures 5 and S1). The above
enriched GO terms involved 298 and 305 DEGs in dandelion A and B under saline stress, of
which 177 and 164 genes were up-regulated, respectively, in the two dandelions (Table S2).
These DEGs were closely related to the synthesis of phenolic compounds in the dandelion
under saline stress.

3.6. KEGG Pathways of DEGs

All the DEGs for dandelion A and dandelion B under saline treatment (namely, ACK
vs. AS, and BCK vs. BS) were assigned to 121 and 124 pathways in the KEGG database,
respectively. Of these, the significantly enriched terms were plant hormone signal transduc-
tion (ko04075), MAPK signaling pathway (ko04016), metabolic pathways (ko01100), starch
and sucrose metabolism (ko00500), biosynthesis of secondary metabolites (ko01110), and
phenylpropanoid biosynthesis (ko00940) (Figure 6). These results indicated that biosynthe-
sis of dandelion caffeic acid and its derivatives and salt response were mainly concentrated
in the pathways of secondary metabolism and plant signal transduction under saline stress.

3.7. DEG Analysis of Phenylpropanoid Biosynthesis Pathway

Caffeic acid is a kind of secondary metabolite and the main bioactive component in
dandelion. To reveal the salt response mechanism of caffeic acid biosynthesis, the DEGs of
the phenylpropanoid biosynthesis pathway was studied through the KEGG pathway. We
have summarized the DEGs related to caffeic acid biosynthesis in Table S3. Dandelion A
and dandelion B showed 20 and 21 DEGs in this pathway (Figure 7). These DEGs were
expressed in the path from cinnamic acid to caffeoyl shikimic acid, which were annotated
to PAL, C4H, 4CL, HCT, C3'H, and CSE. Most of these DEGs exhibited down-regulation
under saline stress, except for parts of DEGs in the two dandelions that exhibited opposite
expression patterns, including the following:
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MYB-related

GRF

Six DEGs of PAL in the two dandelions all showed a down-regulated pattern, but
two DEGs of 4CL in two dandelions simultaneously expressed an up-/down-regulated
pattern during the path of cinnamic acid to cinnamoyl-CoA. Similarly, different quantities
of HCT genes in the two dandelions also showed an opposite regulation pattern simul-
taneously. Most notably, CSE was significantly down-regulated under saline treatment
in dandelion A, but non-significantly expressed in dandelion B. In addition, two COMT
genes in dandelion A expressed an opposite regulation pattern, but four COMT genes
in dandelion B all expressed a down-regulated pattern. Therefore, we speculate that the
different DEGs in dandelion A and B, especially COMT and CSE, played important roles in
the synthesis of caffeic acid compounds and the response to saline stress.

3.8. Transcription Factors (TFs) and Ethylene Response

TFs in the two dandelions under saline stress were expressed. Most TFs were clas-
sified into the families of MYB, C2H2, WRKY, bHLH, ERF, LOB, and bZIP. The quan-
tity of TFs in the ERF, C2H2, and MYB families were all more highly expressed in the
two dandelions (Figure 8). A total of 181 and 162 TFs in dandelion A and B were specifically
expressed under saline stress. Among them, there were 109 and 62 up-regulated genes in the
two dandelions, respectively (Figure 8).
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Figure 8. Expressed TFs in two dandelions under saline stress. (A) and (B) represent dandelion A
(BINPU2) and dandelion B (TANGHALI); the left column is the quantity of enriched TF families for
the two dandelions; and the right column is the number of DEGs in the main TF families for the
two dandelions.
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TFs typically work together with signaling pathways to actively cope with saline
stress [19,20]. We identified all the DEGs related to ethylene response (Figure 9). The
ethylene transcription factors ERF104 and CEJ1 in dandelion A and ERF3 and ERF8 in
dandelion B were significantly up-regulated under saline stress, but ERF104, ERF3, and
CEJ1 showed an opposite expression mode in the two dandelions (Figure 9), indicating that
the three TFs may use bidirectional regulation for saline stress or be activated by multiple
abiotic factors such as ABA and jasmonic acid [19,20].

B
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Figure 9. Heatmap of TFs related to ethylene response for two dandelions. (A) and (B) represent
dandelion A (BINPU2) and dandelion B (TANGHAI).

3.9. Verification of RNA-seq Data

We performed RT-qPCR analysis with the same RNA-seq samples to validate the
transcriptome data. A total of eight DEGs enriched in the phenylpropanoid biosynthesis
pathway were randomly selected (Table S1). The results of RT-qPCR for the eight DEGs
showed the same expression pattern as the RNA-seq data (Figure 10).
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Figure 10. Expression patterns of eight genes in two dandelions. (A) Dandelion A (BINPU2),

(B) dandelion B (TANGHALI); the bar graphs represent the RNA-seq data (FPKM), and the line graphs

represent the RT-qPCR result. Data are mean + SD, n = 3.

4. Discussion

Soil salinization limits crop production, ultimately making food security a priority
consideration for agricultural development in many countries [21]. Utilizing salt-tolerant
plants is a very cost-effective strategy for the utilization of saline-alkali land [22]. Dandelion
is a prosperous and widely used medicinal plant in China. It can be grown in saline-alkali
land. Here, we discuss the differences in the salt response and caffeic biosynthesis between
the two dandelions to explore the mechanism of dandelion salt tolerance and caffeic acid
biosynthesis under saline stress.

4.1. Morphological and Physiological Adaptation to Saline Stress

Plants undergo a series of complex morphological and physiological changes under
saline stress [6]. Saline stress significantly restricts plant growth at the bud and seedling stages,
and finally affects the yield and quality [23]. But some halophytes such as Mesembryanthemum
crystallinum L. have higher yield and better growth under a moderate soil salt content [24]. In
this study, dandelion leaf weight and phenolic acid compounds showed an increasing pattern
with increasing salt treatment. Dandelion A exhibited higher salt tolerance than dandelion B
(Figure 1). This could be attributed to enhanced physiological regulation of saline stress due
to the high level of Pro and POD in dandelion A under saline stress.

A water deficit and excessive Na* and C1~ content in plant cells are the main causes
of salt damage. The excessive irons accumulated in the cells cause osmotic and ionic stress
in plants [25]. Osmotic and ionic stress also lead to ROS production [26]. To cope with
the oxidative damage, plants can activate the protection enzymes to eliminate ROS. These
protection enzymes include superoxide dismutase (SOD), peroxidase (POD), ascorbate
peroxidase (APX), catalase (CAT), etc. [27]. Hence, the levels of these parameters including
morphological indices could reflect a certain plant’s salt tolerance [1,2]. A report shows
that dandelion could tolerate 1.5% NaCl and its salt tolerance threshold was around 0.43%
based on morphological parameters [1]. In this study, the morphological and physiological
parameters in dandelion A significantly changed after the treatment from 0.5% to 0.7%
NaCl, and dandelion B after 0.3% to 0.5% NaCl (Figure 1), which meant that dandelion A
had a higher salt tolerance threshold.

Saline stress promotes plants to convert carbohydrates into secondary metabolites [6].
Reports show that some plants such as Carthamus tinctorius L can adapt to saline stress
by accumulating phenolic compounds [25,27]. We checked the contents of caffeic acid,
p-coumaric acid, ferulic acid, and caffeoyl shikimic acid and found that they increased
following the saline treatment, and the maximum phenolic acids content was found with
the NaCl treatment of 0.7-0.9% (Figure 2). This result was consistent with the report that
moderate salt stress was beneficial for the production of phenolic acid in dandelion [1].

4.2. DEGs in Dandelion under Saline Stress

The genus Taraxacum contains more than 3000 species [11]. Dandelion commonly ex-
hibits apomixes [28]. Thus, the variation in genomes among dandelions is very complex [12].
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We used RNA-Seq technology with the published dandelion genome as a reference to an-
alyze the DEGs of the two dandelions under saline stress (Table 1). This method could
identify salt-response genes as accurately as possible. We found a total of 2468 and 3238
DEGs in dandelion A and dandelion B, respectively, under saline stress (Figure 4). We
confirmed that caffeic acid biosynthesis in dandelion was mainly involved in the phenyl-
propanoid pathway via GO function and KEGG function enrichment analysis [6,9,10], and
reconstructed the biosynthesis path of caffeic acid under saline stress (Figure 7).

Phenylalanine ammonia lyase (PAL) is the first key enzyme involved in the phenyl-
propanoid metabolism pathway for the biosynthesis of phenolic compounds in plants [5,29].
High saline treatment could induce an increase in PAL activity [5]. However, we found that
all the DEGs of PAL in the two dandelions showed a down-regulated mode under saline stress
(Figure 7). There were similar findings that 10 PAL genes in Lotus japonicus all exhibited down-
expression under long-term NaCl treatment [30]. Thus, we suppose that long-term salt stress
has led to the accumulation of massive synthetic substrates such as phenylalanine, and that
the plant, in order to regulate the synthesis of downstream products, inhibits the expression
of PAL genes to reduce enzyme activity, thereby playing a rate-limiting role. Similarly, most
DEGs of C4H, 4CL, HCT, C3'H, and CSE exhibited a down-regulated mode (Figure 7 and
Table S3), and they also played a similar rate-limiting role.

Interestingly, some DEGs, especially more HCT genes in dandelion B, exhibited an
up-regulated mode under saline stress. These up-regulated genes involved 4CL, HCT, and
COMT, but all exhibited far lower expression levels than the down-regulated genes except
for COMT (Figure 7 and Table S3). 4-Coumarate: CoA ligase (4CL) regulates the conversion
of coumarin to different branching products in the phenylpropanoid metabolism pathway.
These downstream products involve caffeic acid, cinnamic acid, and o-coumaric acids, etc.,
but most 4CL gene functions are still unknown [31]. Liu et al. isolated three 4CL genes
from Peucedanum praeruptorum and found that the 4CL genes significantly exhibited an up-
regulated pattern with the treatment of MeJA, but were less expressed or down-regulated
under NaCl treatment [31].

Hydroxycinnamoyl transferase (HCT) is generally related to lignin biosynthesis. Over-
expression or inhibition of HCT genes could alter lignin composition [32]. Some plants also
accumulate more lignin in cell walls to cope with salt damage [33]. Chowdhury et al. found
that HcHCT from kenaf plant was positively expressed under long-term NaCl treatment.
Also, they found that lignification clearly occurred in Brassica oleracea root under saline treat-
ment [32,34]. Given the above discussion, we infer that up-regulated 4CL and HCT have more
effect on downstream product lignin synthesis than caffeic acid under saline stress.

Moreover, there are three notable genes in the caffeic acid biosynthesis path, namely,
C3H, CSE, and COMT. p-Coumarate 3-hydroxylase (C3H) can convert p-coumaric acid
into caffeic acid. However, we did not find it significantly expressed in the two dandelions
under saline stress, but CSE was significantly down-expressed in dandelion A (Figure 7).
A study reported that recombinant CSE could convert caffeoyl shikimate into caffeic acid
efficiently in vitro [35]. Compared with upstream genes such as PAL, HCT, 4CL, etc., CSE
may be the key rate-limiting enzyme directly influencing the synthesis of caffeic acid. Due
to this, dandelion A exhibited higher salt tolerance and caffeic acid content than dandelion
B. And combined with the above discussions of upstream genes, it could be inferred
that dandelion A could clearly accumulate massive synthetic substrates under long-term
salt stress; in order to regulate the synthesis of downstream metabolites or maintain a
certain physiological balance, more upstream enzyme-related genes were inhibited to limit
enzymes to synthesize excessive downstream metabolites. However, this hypothesis needs
to be further verified.

Contrary to CSE, caffeic acid o-methyltransferase (COMT) is a key rate-limiting en-
zyme converting caffeic acid to ferulic acid. Up-regulation of COMT enhances the salt
stress tolerance of plants. Sun et al. found that overexpression of SICOMT1 could maintain
the balance of Na* /K" in tomato under salt treatment and up-regulate some stress-related
genes, such as WRKY33, MAPK1, AREBI, etc., thereby enhancing salt tolerance. [36]. We
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found two COMT genes (novel.13839 and TbA04G072330) in dandelion A exhibiting up-
regulation and down-regulation patterns, respectively, while all four COMT genes in
dandelion B showed down-regulation patterns (Figure 7). Thus, we speculate that the
up-regulated COMT enhanced dandelion salt tolerance, and down-regulated COMT was
favored for the accumulation of caffeic acid. However, the functions of the specific DEGs of
COMT that are related to salt tolerance or caffeic acid synthesis still need to be verified.

4.3. Specific Expression of TFs

GO and KEGG pathway enrichment analyses showed that the DEGs of dandelion
under saline stress were annotated to response to ethylene (GO: 0009723) and plant hor-
mone signal transduction (ko04075) (Table S2). The synthesis of ethylene in plants is closely
related to abiotic stress. The TFs related to ethylene transcription factors in the two dande-
lions were mainly enriched in the ERF family (Figure 8). ERF transcription factors regulate
the expression of ethylene-responsive genes, thereby participating in plant development
and stress response [37].

ERF104 is a substrate of MAPK 6 and affects some genes encoding TFs such as WRKY25,
ZAT6, ERF-1, etc. [20]. ERF104 can regulate the expression of salt-tolerant genes in different
signaling pathways, thereby enhancing plant salt tolerance [38]. Overexpression of ERF3
also significantly improved salt tolerance in wheat [39]. ERF8 induces ethylene biosynthesis.
It was up-regulated under salt stress in Arabidopsis thaliana [20]. CE]J1 transcript behaves
like ERF8, and both respond to ethylene and ABA. But CEJ1 responds more to ABA [19]. In
this study, ERF104 and CEJ1 in dandelion A showed significant up-expression under saline
stress, but down-expression in dandelion B, and ERF3 and ERF8 showed up-expression
in dandelion B, but ERF3 showed down-expression in dandelion A (Figure 9), indicating
that dandelion A and dandelion B had different salt-response mechanisms. Given the
above discussion, the higher number of TFs up-regulated in dandelion A may be one of the
reasons for its high salt tolerance.

5. Conclusions

The potential mechanisms of salt response and caffeic acid metabolism in dandelion
under saline stress were investigated through a comparison analysis of transcriptomes with
the reference genome of the two dandelions. Morphological and physiological parameters
analysis under gradient NaCl solution treatments confirmed that dandelion A (BINPU2)
had higher salt tolerance and phenolic acid accumulation than dandelion B (TANGHALI).
Transcriptome analysis found different quantities of DEGs in the two dandelions and
more up-regulated DEGs in dandelion A. Further GO and KEGG analyses of the DEGs
found that dandelion caffeic acid metabolism and salt response were mainly enriched
in the phenylpropanoid biosynthesis pathway (ko00940) and response to ethylene (GO:
0009723). We reconstructed the caffeic acid biosynthesis pathway based on the DEGs,
showing that most rate-limiting enzyme-related genes exhibited a down-regulated pattern.
Among these down-regulated genes, CSE (TbA08G014310) and COMT (TbA04G07330)
could be the key genes regulating the metabolism of caffeic acid under saline stress. For the
response to ethylene, more up-regulated TFs of ethylene transcription factors were found
in dandelion A; however, the TFs of ERF104, CEJ1, and ERF3 in the two dandelions showed
opposite expression patterns. Given the above DEG analysis, it can be inferred from the
gene responses that the two dandelions have different salt-response mechanisms, and that
more up-regulated genes in dandelion A may cause its higher salt tolerance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes15020220/s1, Figure S1: Go term classification and enrichment
analysis of DEGs for dandelion group of BCK vs. BS; Table S1: Primer pairs for qRT-PCR; Table S2:
DEGs in enriched GO terms; Table S3: All DEGs related to caffeic acid synthesis in phenylpropanoid
biosynthesis pathway.


https://www.mdpi.com/article/10.3390/genes15020220/s1
https://www.mdpi.com/article/10.3390/genes15020220/s1

Genes 2024, 15, 220 14 of 15

Author Contributions: Conceptualization, formal analysis, and writing, Z.W.; methodology and
investigation, W.F,, TW. and X.L.; software, Z.W., TW., RM. and Z.L.; validation, W.F. and R.M.;
supervision and project administration, X.W.; funding acquisition, T.W. and X.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Basic Research Funds of Hebei Academy of Agriculture and
Forestry Sciences (2021010202); Tangshan Applied Basic Research Program (21130220C); S&T Program
of Hebei (21326312D-8 and 21322918D); S&T Program of Hebei (19392507D) (Hebei International
Science and Technology Cooperation Project); and HAAFS Agriculture Science and Technology
Innovation Project (2022KJCXZXBHS-4).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and supplementary materials.

Acknowledgments: We thank Ji’an Li, College of Traditional Chinese Medicine, North China Univer-
sity of Science and Technology for support with the experimental materials. We also thank Promsap
Duangmanee for her kind assistance.

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

References

1.  Wu, Z; Xue, Z,; Li, H.; Zhang, X.; Wang, X.; Lu, X. Cultivation of dandelion (Taraxacum erythropodium) on coastal saline land
based on the control of salinity and fertilizer. Folia Hortic. 2019, 31, 277-284. [CrossRef]

2. Wu, Z;Xue, Z,; Lu, X, Jia, Y.; Wang, X.; Zhang, X. Salt-tolerance identification and quality evaluation of Abelmoschus manihot (L.)
Medik. Can. J. Plant Sci. 2020, 100, 568-574. [CrossRef]

3. Muchate, N.S.; Nikalje, G.C.; Rajurkar, N.S.; Suprasanna, P.; Nikam, T.D. Plant Salt Stress: Adaptive Responses, Tolerance
Mechanism and Bioengineering for Salt Tolerance. Bot. Rev. 2016, 82, 371-406. [CrossRef]

4. Huang, Y.; Bie, Z.; Liu, Z.; Zhen, A.; Wang, W. Protective role of proline against salt stress is partially related to the improvement
of water status and peroxidase enzyme activity in cucumber. Soil Sci. Plant Nutr. 2009, 55, 698-704. [CrossRef]

5. Sirin, S.;; Aslim, B. Determination of antioxidant capacity, phenolic acid composition and antiproliferative effect associated with
phenylalanine ammonia lyase (PAL) activity in some plants naturally growing under salt stress. Med. Chem. Res. 2019, 28, 229-238.
[CrossRef]

6. Zhu, Y,;Gu, W; Tian, R;; Li, C,; Ji, Y.; Li, T.; Wei, C.; Chen, Z. Morphological, physiological, and secondary metabolic responses of
Taraxacum officinale to salt stress. Plant Physiol. Biochem. 2022, 189, 71-82. [CrossRef] [PubMed]

7. Wu, Z;Li, Z; Feng, W.; Meng, R.; Wang, X.; Wu, C. The breeding of high-quality dandelions by NaCl induced callus variation
combined with a Drosophila tumor cell migration test. Horticulturae 2022, 8, 1167. [CrossRef]

8.  Bao, Y.-F; Shen, X.-C.; Wang, F. The research progress and development prospects of biosynthesis, structure activity relationship
and biological activity of caffeic acid and its main types of derivatives. Nat. Prod. Res. Dev. 2018, 30, 1825-1833.

9.  Amirbakhtiar, N.; Ismaili, A.; Ghaffari, M.R.; Nazarian Firouzabadi, F.; Shobbar, Z.-S. Transcriptome response of roots to salt
stress in a salinity-tolerant bread wheat cultivar. PLoS ONE 2019, 14, e0213305. [CrossRef]

10. Liu, Q.; Liu, Y;; Xu, Y;; Yao, L.; Liu, Z.; Cheng, H.; Ma, M.; Wu, J.; Wang, W.; Ning, W. Overexpression of and RNA interference
with hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase affect the chlorogenic acid metabolic pathway and enhance
salt tolerance in Taraxacum antungense Kitag. Phytochem. Lett. 2018, 28, 116-123. [CrossRef]

11. Lin, T; Xu, X,; Du, H; Fan, X,; Chen, Q.; Hai, C.; Zhou, Z.; Su, X.; Kou, L.; Gao, Q.; et al. Extensive sequence divergence between
the reference genomes of Taraxacum kok-saghyz and Taraxacum mongolicum. Sci. China Life Sci. 2022, 65, 515-528. [CrossRef]
[PubMed]

12.  Lin, T; Xu, X,; Ruan, J.; Liu, S.; Wu, S.; Shao, X.; Wang, X,; Gan, L.; Qin, B.; Yang, Y.; et al. Genome analysis of Taraxacum kok-saghyz
Rodin provides new insights into rubber biosynthesis. Nat. Sci. Rev. 2017, 5, 78-87. [CrossRef]

13.  Yazici, S.0. Optimization of all extraction process for phenolic compounds with maximum antioxidant activity from extract of
Taraxacum assemanii by statistical strategies. J. Food Meas. Charact. 2021, 15, 4388-4402. [CrossRef]

14. Li, C; Tian, Y,; Zhao, C,; Li, S.; Wang, T.; Qiao, B.; Fu, Y. Application of fingerprint combined with quantitative analysis and
multivariate chemometric methods in quality evaluation of dandelion (Taraxacum mongolicum). R. Soc. Open Sci. 2021, 8, 210614.
[CrossRef] [PubMed]

15. Li, H; Lv, Q.; Liu, A;; Wang, J.; Sun, X.; Deng, J.; Chen, Q.; Wu, Q. Comparative metabolomics study of Tartary (Fagopyrum
tataricum (L.) Gaertn) and common (Fagopyrum esculentum Moench) buckwheat seeds. Food Chem. 2022, 371, 131125. [CrossRef]

16. Zhang, Q.; Wang, L.; Wang, Z.; Zhang, R.; Liu, P,; Liu, M,; Liu, Z.; Zhao, Z.; Wang, L.; Chen, X. The regulation of cell wall
lignification and lignin biosynthesis during pigmentation of winter jujube. Hortic. Res. 2021, 8, 238. [CrossRef]

17.  Wu, Z,; Feng, W.; Lu, X.; Wang, X. Changes of Phenolic Acids Related Genes in Taraxacum mongolicumn Hand.-Mazz. under Saline

Stress. Open Access Libr. ]. 2023, 10, 1-14. [CrossRef]


https://doi.org/10.2478/fhort-2019-0022
https://doi.org/10.1139/cjps-2019-0231
https://doi.org/10.1007/s12229-016-9173-y
https://doi.org/10.1111/j.1747-0765.2009.00412.x
https://doi.org/10.1007/s00044-018-2278-6
https://doi.org/10.1016/j.plaphy.2022.08.002
https://www.ncbi.nlm.nih.gov/pubmed/36055055
https://doi.org/10.3390/horticulturae8121167
https://doi.org/10.1371/journal.pone.0213305
https://doi.org/10.1016/j.phytol.2018.10.003
https://doi.org/10.1007/s11427-021-2033-2
https://www.ncbi.nlm.nih.gov/pubmed/34939160
https://doi.org/10.1093/nsr/nwx101
https://doi.org/10.1007/s11694-021-01005-6
https://doi.org/10.1098/rsos.210614
https://www.ncbi.nlm.nih.gov/pubmed/34729206
https://doi.org/10.1016/j.foodchem.2021.131125
https://doi.org/10.1038/s41438-021-00670-4
https://doi.org/10.4236/oalib.1109925

Genes 2024, 15, 220 15 of 15

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kesawat, M.S.; Satheesh, N.; Kherawat, B.S.; Kumar, A.; Kim, H.-U.; Chung, S.-M.; Kumar, M. Regulation of Reactive Oxygen
Species during Salt Stress in Plants and Their Crosstalk with Other Signaling Molecules-Current Perspectives and Future
Directions. Plants 2023, 12, 864. [CrossRef] [PubMed]

Vogel, M.O.; Gomez-Perez, D.; Probst, N.; Dietz, K.-J. Combinatorial signal integration by APETALA2/Ethylene Response Factor
(ERF)-transcription factors and the involvement of AP2-2 in starvation response. Int. J. Mol. Sci. 2012, 13, 5933-5951. [CrossRef]
[PubMed]

Ghorbani, R.; Alemzadeh, A.; Razi, H. Microarray analysis of transcriptional responses to salt and drought stress in Arabidopsis
thaliana. Heliyon 2019, 5, €02614. [CrossRef]

Mukhopadhyay, R.; Sarkar, B.; Jat, H.S.; Sharma, P.C.; Bolan, N.S. Soil salinity under climate change: Challenges for sustainable
agriculture and food security. J. Environ. Manag. 2021, 280, 111736. [CrossRef]

Aghaei, K.; Komatsu, S. Crop and medicinal plants proteomics in response to salt stress. Front. Plant Sci. 2013, 4, 8. [CrossRef]
Nazari, M.; Ghasemi-Soloklui, A.A.; Kordrostami, M.; Abdel Latef, A.A.H. Deciphering the response of medicinal plants to
abiotic stressors: A focus on drought and salinity. Plant Stress 2023, 10, 100255. [CrossRef]

Gamage Kaushalya Madhavi, B.; Mun Choi, G.; Entaz Bahar, M.; Eun Moon, B.; Eun Kim, N.; Lee, H.-W.; Tae Kim, H. Assessment
of different salt concentrations on the growth and phytochemical change of the ice plants. J. King Saud Univ. Sci. 2022, 34, 102168.
[CrossRef]

Salem, N.; Msaada, K.; Dhifi, W.; Limam, F; Marzouk, B. Effect of salinity on plant growth and biological activities of Carthamus
tinctorius L. extracts at two flowering stages. Acta Physiol. Plant. 2014, 36, 433-445. [CrossRef]

Zhou, H.; Shi, H,; Yang, Y.; Feng, X.; Chen, X,; Xiao, F; Lin, H.; Guo, Y. Insights into plant salt stress signaling and tolerance.
J. Genet. Genom. 2023, 51, 16-34. [CrossRef]

Gengmao, Z.; Yu, H.; Xing, S.; Shihui, L.; Quanmei, S.; Changhai, W. Salinity stress increases secondary metabolites and enzyme
activity in safflower. Ind. Crops Prod. 2015, 64, 175-181. [CrossRef]

Iaffaldano, B.J.; Zhang, Y.; Cardina, J.; Cornish, K. Genome size variation among common dandelion accessions informs their
mode of reproduction and suggests the absence of sexual diploids in North America. Plant Syst. Evol. 2017, 303, 719-725.
[CrossRef]

Liu, Q.; Xu, Y;; Wu, Z,; Qian, ].; Han, B.; Wang, G.; Gao, Y.; Liang, C.; Kai, G. Understanding the biosynthesis and regulatory
mechanisms of bioactive compounds in Taraxacum species (dandelions), a model system for natural rubber, food, and medicinal
plant biology. Crit. Rev. Plant Sci. 2022, 41, 406—425. [CrossRef]

Mrazova, A.; Belay, S.A.; ElidSova, A.; Perez-Delgado, C.; Kaducova, M.; Betti, M.; Vega, ]. M.; Pal'ove-Balang, P. Expression,
activity of phenylalanine-ammonia-lyase and accumulation of phenolic compounds in Lotus japonicus under salt stress. Biologia
2017, 72, 36—42. [CrossRef]

Liu, T; Yao, R.; Zhao, Y; Xu, S.; Huang, C.; Luo, J.; Kong, L. Cloning, functional characterization and site-directed mutagenesis of
4-coumarate: Coenzyme A ligase (4CL) involved in coumarin biosynthesis in Peucedanum praeruptorum Dunn. Front. Plant Sci.
2017, 8, 4. [CrossRef] [PubMed]

Chowdhury, EM.; Choi, B.S.; Park, S.U.; Lim, H.-S.; Bae, H. Transcriptional analysis of hydroxycinnamoyl transferase (HCT) in
various tissues of Hibiscus cannabinus in response to abiotic stress conditions. Plant Omics 2012, 5, 305.

Neves, G.; Marchiosi, R.; Ferrarese, M.; Siqueira-Soares, R.; Ferrarese-Filho, O. Root growth inhibition and lignification induced
by salt stress in soybean. J. Agron. Crop Sci. 2010, 196, 467—-473. [CrossRef]

Fernandez-Garcia, N.; Lopez-Perez, L.; Hernandez, M.; Olmos, E. Role of phi cells and the endodermis under salt stress in Brassica
oleracea. New Phytol. 2009, 181, 347-360. [CrossRef] [PubMed]

Ha, C.M.; Escamilla-Trevino, L.; Yarce, ].C.S.; Kim, H.; Ralph, J.; Chen, F,; Dixon, R.A. An essential role of caffeoyl shikimate
esterase in monolignol biosynthesis in Medicago truncatula. Plant J. 2016, 86, 363-375. [CrossRef] [PubMed]

Sun, S.; Wen, D.; Yang, W.; Meng, Q.; Shi, Q.; Gong, B. Overexpression of caffeic acid O-methyltransferase 1 (COMT1) increases
melatonin level and salt stress tolerance in tomato plant. J. Plant Growth Regul. 2020, 39, 1221-1235. [CrossRef]

Yang, R.; Liu, J.; Lin, Z.; Sun, W.; Wu, Z.; Hu, H.; Zhang, Y. ERF transcription factors involved in salt response in tomato. Plant
Growth Regul. 2018, 84, 573-582. [CrossRef]

Zhang, Q.; Dai, X.; Wang, H.; Wang, E; Tang, D.; Jiang, C.; Zhang, X.; Guo, W.; Lei, Y;; Ma, C. Transcriptomic Profiling Provides
Molecular Insights into Hydrogen Peroxide-Enhanced Arabidopsis Growth and Its Salt Tolerance. Front. Plant Sci. 2022, 13, 866063.
[CrossRef]

Rong, W.; Qi, L.; Wang, A.; Ye, X.; Du, L.; Liang, H.; Xin, Z.; Zhang, Z. The ERF transcription factor Ta ERF 3 promotes tolerance
to salt and drought stresses in wheat. Plant Biotechnol. J. 2014, 12, 468-479. [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/10.3390/plants12040864
https://www.ncbi.nlm.nih.gov/pubmed/36840211
https://doi.org/10.3390/ijms13055933
https://www.ncbi.nlm.nih.gov/pubmed/22754341
https://doi.org/10.1016/j.heliyon.2019.e02614
https://doi.org/10.1016/j.jenvman.2020.111736
https://doi.org/10.3389/fpls.2013.00008
https://doi.org/10.1016/j.stress.2023.100255
https://doi.org/10.1016/j.jksus.2022.102168
https://doi.org/10.1007/s11738-013-1424-5
https://doi.org/10.1016/j.jgg.2023.08.007
https://doi.org/10.1016/j.indcrop.2014.10.058
https://doi.org/10.1007/s00606-017-1402-2
https://doi.org/10.1080/07352689.2022.2152934
https://doi.org/10.1515/biolog-2017-0001
https://doi.org/10.3389/fpls.2017.00004
https://www.ncbi.nlm.nih.gov/pubmed/28144249
https://doi.org/10.1111/j.1439-037X.2010.00432.x
https://doi.org/10.1111/j.1469-8137.2008.02674.x
https://www.ncbi.nlm.nih.gov/pubmed/19121032
https://doi.org/10.1111/tpj.13177
https://www.ncbi.nlm.nih.gov/pubmed/27037613
https://doi.org/10.1007/s00344-019-10058-3
https://doi.org/10.1007/s10725-017-0362-4
https://doi.org/10.3389/fpls.2022.866063
https://doi.org/10.1111/pbi.12153

	Introduction 
	Materials and Methods 
	Materials and Design 
	Phenolic Acid Examination 
	MDA, POD, and Pro Measurements 
	RNA-Seq Analysis 
	Real-Time Quantitative PCR (RT-qPCR) Validation 
	Data Processing 

	Results 
	Dandelion Morphological and Physiological Changes 
	Changes in Caffeic Acid and Its Derivatives 
	Transcriptome Sequencing and Alignment 
	Analysis of DEGs 
	GO Enrichment Analysis of DEGs 
	KEGG Pathways of DEGs 
	DEG Analysis of Phenylpropanoid Biosynthesis Pathway 
	Transcription Factors (TFs) and Ethylene Response 
	Verification of RNA-seq Data 

	Discussion 
	Morphological and Physiological Adaptation to Saline Stress 
	DEGs in Dandelion under Saline Stress 
	Specific Expression of TFs 

	Conclusions 
	References

