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Abstract

that the transcriptome sequencing results were reliable.

As high soil salinity threatens the growth and development of plants, understanding the mechanism of plants’salt
tolerance is critical. The Chrysanthemum x grandiflora is a newly developed species with a strong salt resistance that
possesses multiple genes controlling its quantitative salt resistance. Because of this multigene control, we chose

to investigate the plant stress genes overall responses at the transcriptome level. C. grandiflora were treated with a
200 mM NaCl solution for 12 h to study its effect on the roots and leaves via lllumina RNA sequencing. PAL, CYP73A,
and 4CL in the phenylpropanoid biosynthesis pathway were upregulated in roots and leaves. In the salicylic acid
signal transduction pathway, TGA7 was upregulated in the roots and leaves, while in the jasmonic acid signal trans-
duction pathway, TIFY9 was upregulated in the roots and leaves. In the ion transporter gene, we identified HKTT that
showed identical expression patterns in the roots and leaves. The impact of NaCl imposition for 12 h was largely due
to osmotic effect of salinity on C. grandiflora, and most likely the transcript abundance changes in this study were
due to the osmotic effect. In order to verify the accuracy of the lllumina sequencing data, we selected 16 DEGs for
transcription polymerase chain reaction (qRT-PCR) analysis. gRT-PCR and transcriptome sequencing analysis revealed
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Introduction

Soil salinity is a serious global threat to the environment
and to agricultural production. Currently, more than 20%
of the world’s arable land (1 billion hectares) is affected
by salinity, and this number is increasing due to global
climate change and poor irrigation and fertilization man-
agement. Generally, when the salt content of the soil
exceeds 1%, it becomes difficult for plants to grow. Salt
stress affects the various stages of plant seed germination,
growth, differentiation, and development. The study of
plant salt tolerance and the development of salt-tolerant
plant varieties are critical for environmentally sustainable
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development [1, 2]. At present, salt tolerance and the
potential mechanisms of salt tolerance of a large number
of plant varieties have been studied, such as Arabidopsis
[3, 4], tobacco [5], corn [6] and tomato [7]. Research on
soybeans [8] and rice [9] have shown that the method of
increasing the plant expression of intrinsic salt tolerance
genes can effectively enhance their salt tolerance.

Salinity stress has a significant impact on plant growth
and development. First, salt stress reduces plant water
absorption capacity and inhibits their growth. This is
called osmotic stress, in which lowering the soil solu-
tion water potential by high level of salts induces an
early osmotic stress, whereas ionic imbalance and toxic-
ity occurs after a longer time of stress [10]. If excessive
salt enters the transpiration stream of plants, it damages
cells in the leaves, thus further affecting plant growth.
When the salt level reaches a threshold value, the plant
cannot maintain an ion balance, which can also cause
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secondary reactions such as oxidative stress [11]. Stud-
ies have shown that under salt stress conditions, more
transcriptome changes were observed in the root tissue
than in the leaf tissue of the Chrysanthemum cultivar
‘Jinba’ [12]. Its response to stress was mainly manifested
in the downregulation of genes in the leaves and roots.
Under drought conditions and salt stress, transcriptome
changes were observed more in the leaf tissue compared
with the root tissue of Chrysopogon zizanioides. The
response to stress in the transcriptome of C. zizanioides
was mainly manifested in the upregulation of genes in the
leaves and roots [13]. Finally, when comparing root with
leaf tissues in Rosa chinensis under drought conditions,
the transcriptome underwent more changes in the leaf
tissues, with a downregulation of genes in the leaves and
roots [14].

Generally, plants respond to salt stress by developing
a series of morphological, physiological, biochemical,
and molecular regulation mechanisms to ensure normal
growth and development. These mechanisms include
osmotic regulation, ion homeostasis, signal transduc-
tion, and the induction of antioxidant enzyme activity.
Salt tolerance is a complex trait controlled by genetic fac-
tors. The functions of many salt-responsive genes involve
the regulation of ion accumulation, stress signal trans-
duction, transcription regulation, redox reactions, and
the accumulation of specific osmolytes [15]. Transgenic
plants with different degrees of enhanced salt tolerance
can be obtained by controlling the expression of some
salt tolerance genes. These genes include HKT (high
affinity potassium transporter) [16], AKT (K' channel
gene) [17], NHX (Nat/ H* antiporter gene) [18], WRKY
transcription factor gene [19], NAC transcription factor
gene [20], bZIP transcription factor gene [21], and ERF
transcription factor gene [22].

The C. grandiflora is a new ground-planted chrysanthe-
mum species selected after natural hybridization and sat-
ellite loading based on the introduction of ground cover
chrysanthemums (Chrysanthemum morifolium). C. mori-
folium characterized by its long flowering period, copi-
ous dense flowers, bright color, as well as high resistance
to stress. This new species has become a popular urban
green ground cover plant in recent years [23]. Transcrip-
tome sequencing was used to find C. grandiflora genes
that were resistant to abiotic stress, and thus provides
a physical foundation to improve plant stress resistance
and to provide new stress-resistant materials; both would
have a great significance in the study of chrysanthemum
germplasm resources. Current studies have shown that
when the chrysanthemum is exposed to salt stress, genes
encoding proteins related to osmotic regulation, ion
transport (Na*, K*, and Ca®" transport), ROS scaveng-
ing, and ABA signaling are all affected in the roots and
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leaves [12]. Osmotic regulation genes and Ca®* transport
genes overlap in the roots and leaves after salt treatment,
which may serve as the main regulator of the plant salt
response. These results indicate that the regulation of the
transcriptome plays a key role in the morphological and
physiological adaptation of chrysanthemum roots and
leaves in response to salt stress [12]. In our research, we
discovered the key metabolic pathways, a large number
of salt-tolerant genes, and the underlying mechanisms of
adaptation of C. grandiflora in response to salt stress.

Materials and methods

Plant materials and experimental design
Chrysanthemumx grandiflora is a new chrysanthemum
variety cultivated in Northeast Forestry University. It is a
new ground-grown chrysanthemum variety group based
on the introduction of Chrysanthemum morifolium, after
natural hybridization and satellite loading. The stem
explants collected from the mother plant were rinsed
in tap water for 60min. The stems were sterilized with
75% ethanol solution for 30s, rinsed with sterile distilled
water for 1 min, and soaked in a 4% sodium hypochlorite
solution for 10 min. The stems were then rinsed with ster-
ile, distilled water 5 times, placed on sterile filter paper to
absorb the water, and cut open into sections about 2.5cm
long. One or more of the shoots were inoculated in MS
medium. When the plant had grown 7-8 cotyledons, the
seedlings were transplanted into plastic pots with a diam-
eter of 10cm, a bottom diameter of 7.3 cm, and a height
of 8.5cm, and the cultivation substrate was humus: ver-
miculite: perlite (2:1:1, v/v/v), pH6.65 [24].

In our previous study, it was found that when C. gran-
diflora was treated with 200mM NaCl solution con-
centration, and compared with the control group in the
normal growth environment, the treated plants showed
an obvious stress response, such as changes in plant mor-
phology, antioxidant enzyme systems, and ion accumu-
lation, and therefore this concentration was used in the
current work. When the plants had grown 9-10 leaves,
they were treated with 200mM NaCl. We irrigated with
60mL of 200mM NacCl at 8am. After 12h of treatment,
all the root and leaf samples of the treated and the con-
trol groups were taken for transcriptome sequencing.
Root and leaf samples were collected at 0, 0.5, 3, 6, and
9 d after plant cultivation to determine the relative water
content of leaves, Nat, K*, and H,0, content and SOD,
POD, and CAT activity.

The plant growth media contained 30g/L sucrose and
0.6% (w/v) agar and was adjusted to pH 5.8-6.0 and auto-
claved at 121°C for 20min. The plants were grown in
plant culture pots (11 cm high x 7cm diameter, 300 mL)
and placed in an air-conditioned incubator with a tem-
perature of 25°C+2°C, a relative humidity of 50-70%
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and a G13 fluorescent lamp (Philips, Tianjin, China) as a
light source, the light intensity was 75 umolm™=2s~1,

Determination of antioxidant enzyme activity and H,0,
content

From the roots and leaves, 0.1 g fresh weight were taken
and the antioxidant enzyme activity was measured on
0, 0.5, 3, 6 and 9 d. The activities of SOD (U/g FW),
POD (U/g FW), and CAT (nmol/min/g FW), and the
content of H,O, (umol/g FW) were determined accord-
ing to the instructions included in the chemical analy-
sis kit (Solebao Technology Co., Ltd., Beijing, China).
Experimental methods are available at https://www.
solarbio.com/. One-way anova analysis of variance was
performed, and then Dunnett’s test in SPSS26 was used
to compare the means of all treatments..

Determination of Nat and K* content

The collected root and leaf samples were dried at 80°C
for 2 d. The samples were then ground into powder,
and 1mM HCI was added to the samples to react for
12h. The volume of the filtered solution was adjusted
to 50mL, and the content of Na* and K™ was measured
using 4210MP-AES (Agilent Technology, USA) [25].

Transcriptome sequence annotation

Based on the original data, we calculated the propor-
tion of unknown nucleotides, and the base (Q20) base
recognition accuracy exceeded 99.0%. In order to anno-
tate the reassembled sequence, after cleaning the origi-
nal reader and processing the poor-quality reader, the
assembled transcript was aligned with NCBI (https://
www.ncbi.nlm.nih.gov/; June 2021, 1st visit).

Gene expression level analysis

FPKM was used to calculate gene expression levels
through density distribution and analysis of the num-
ber of selected transcripts, and the expression of all
the samples was analyzed. According to the results of
FPKM, the correlation between the samples was cal-
culated to determine the stability and reliability of the
experimental operation.

Identification and functional annotation of DEGs

The DEGs were mapped to each item in the GO database.
The hypergeometric test method was used to detect sig-
nificantly rich GO annotations. The corrected P value was
<0.05. In addition, the hypergeometric test calculated the
number of DEGs at different levels to determine the main
pathways involved in salt tolerance. When P<0.05, the
KEGG pathway was significantly enriched [26, 27].
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qRT-PCR analysis

For qRT-PCR analysis in the KEGG enrichment path-
way, 16 candidate genes, including 8 upregulated genes
and 8 downregulated genes, were randomly selected.
The Roche LightCycler96® system was used for qRT-
PCR. The differential expression analysis of each candi-
date gene used the 2-AACT method, and each candidate
gene was repeated three times [28].

Results

Effects of salt stress on the contents of Nat and K*

and the activities of antioxidant-related enzymes

in the roots and leaves of C. grandiflora

After treatment with 200mM NacCl solution, the growth
of C. grandiflora in the control group was significantly
better than the growth of those in the treatment group
(Fig. 1a). As the treatment time increased, the relative
water content of leaves gradually decreased (Table 1). The
activity of superoxide dismutase (SOD) in the roots and
leaves increased initially and then decreased (Fig. 1b).
The SOD activity of the roots and leaves on the sixth day
of treatment was significantly higher than the activity at
the other time points. The peroxidase (POD) activity in
the roots and leaves (Fig. 1c) showed a trend of an ini-
tial increase followed by a subsequent decrease. The POD
activity of the roots was significantly higher at Day 6 of
treatment than at the other time points, and the activity
of the leaves was significantly higher than at the other
time points at Day 3 of treatment. CAT activity in the
roots and leaves showed a trend of an initial increase fol-
lowed by a subsequent decrease similar to that of POD.
CAT activity in the roots at Day 3 and in the leaves at Day
6 were significantly higher than at the other time points
in the treatment (Fig. 1d). The H,O, content in both the
roots and the leaves increased over the course of treat-
ment with the most significant content change occur-
ring after Day 3 in the roots and after Day 9 in the leaves
(Fig. 1e). The Na™ content in both the leaves and the roots
increased as well with the greatest Na™ change occurring
in the roots and the leaves at Day 9 of treatment (Fig. 1f).
The K* content showed a downward trend in both the
roots and the leaves with the most significant change
in KT concentration occurring after Day 3 for both the
leaves and the roots (Fig. 1g). Under salt stress, antioxi-
dant enzyme activities and ion accumulation in the roots
and leaves of C. grandiflora began to change after 12h of
200 mM NacCl treatment, indicating that the expression of
salt stress-responsive genes were upregulated. Therefore,
we used RNA-seq to analyze the root and leaf samples of
C. grandiflora during the 12 h salt stress treatment.
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Table 1 Relative water content of leaves of C. grandiflora leaves
under 200mM NaCl stress. The data are the mean = standard
error

Salt stress days(d)  Control leaf water Treatment
content(%) group leaf water
content(%)
93.73+£033 93.71£0.35
0.5 93.65 £ 0.37 9342 £043
9351 £ 041 92.76 £ 045
6 9247 £0.32 9047 £0.36
9 9228 £ 044 8758 £0.38

Assembly and transcriptome quality assessment

Twelve samples were sequenced on the Illumina sequenc-
ing platform. Among them, there were 558,054,470
original fragments. By removing low-quality areas
and adapters, 543,328,476 clean readings remained,
Q20>97.05% (Table S1). Figure S1 shows the transcrip-
tome’s quality and single gene length distribution.

Transcriptome annotation

Using BLAST to screen data with an E value of <le-
5, there were 31,181 (79.57%) unigenes matching the
known genes in the NR database, and 21,333 (54.44%)
unigenes matching the Swiss-Prot database (Table S2).
The sequence with the highest annotation rate in the
NR database (E value <le-45) was 32.70% (Fig. S2a).
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Approximately 70.54% of the unigenes were similar to
the identified sequence (Fig. S2b). Among the following
6 species, about 94.30% of the single gene annotations
matched C. grandiflora, including mugwort (79.55%),
sunflower (4.97%), thistle (4.75%), lettuce (3.46%), chry-
santhemum (1.08%), and grapes (0.42%) (Fig. S2c).

Unigenes’ EggNOG functional categories annotation
Comparing the unigenes with the eggNOG database, we
found that 28,580 unigenes in C. grandiflora could be
classified into 24 categories according to the prediction
function (Fig. 2). Unknown function is the most anno-
tated category among these eggNOG categories, followed
by post-translational modification, protein renewal,
chaperone protein, and nuclear structure in that order.

Gene expression and differentially expressed gene analysis
According to the hierarchical clustering analysis of the
differentially expressed gene expression pattern, we
found that there were more downregulated expressed
genes in the samples of C. grandiflora (Fig. 3). Compar-
ing the treatment group with the control group, there
were more DEGs in the leaves (Fig. 4a), and the ratio of
DEGs in the NR database was 79.57%. A total of 3094
DEGs were obtained from the roots treated for 12h, and
7880 DEGs were obtained from the leaves treated for 12h
(Fig. 4b). In the roots, there were 1297 upregulated genes,
while in the leaves there were upregulated genes.

eggNOG functional categories
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Fig. 2 EggNOG functional classification of all unigenes in C. grandiflora
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DEGs GO annotation enrichment analysis

There was a total of 135,710 genes annotated in the GO
database in the C. grandiflora library undergoing salt
stress for 12h. Among them, there were 49,890 uni-
genes for biological processes; 45,951 unigenes for cell
components; and 39,869 unigenes for molecular func-
tions, including nuclear, cytoplasmic, and cytoplasmic
genes. The number of DEGs enriched in membranes,
membrane components, and the cytosol was the largest
(Fig. 5a). A total of 13,245 genes in the root library were
annotated in the GO database. Within these genes,
there were 5116 unigenes for biological processes; 4159
unigenes for cell components; and 3970 unigenes for
molecular functions, including nuclear, plasma mem-
brane, cytoplasm, and membrane components. The

number of DEGs enriched in protein binding was the
largest (Fig. 5b). There were 33,729 genes in Ye’s library
annotated in the GO database. Among them, there
were 12,524 unigenes for biological processes; 11,271
unigenes for cell components; and 9934 unigenes for
molecular functions, including nuclear, plasma mem-
brane, cytoplasm, and membrane components. The
number of DEGs enriched in chloroplasts was the larg-
est (Fig. 5¢).

Enrichment analysis of the KEGG pathway of DEGs

There was a total of 14,059 genes annotated in 140 KEGG
pathways in the library of C. grandiflora undergoing salt
stress for 12h. Among these genes, differences could be
seen in ribosomes, protein processing in the endoplasmic

a Venn diagrams of differential expressed genes b
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Fig. 4 Venn diagram analysis of the number of DEGs after 12 h of NaCl treatment: (a) Venn diagram analysis of DEGs annotated in the NR database,
and (b) the number of DEGs upregulated and downregulated after 12 h of 200 mM NaCl imposition




Liu et al. BMC Plant Biology ~ (2022) 22:240 Page 7 of 19

a . biological_process . cellular_component . molecular_function

6000-

5
g

0IIIIIIIllllln

;"';é'swg'é';;g; """""""""""""""""

i;fi‘;j fg ;j;gfiag

s“

;’”’ j} Vi

g /

400

g
s
£
é 200
0
ii
&
Cc - biological_process . cellular_component . molecular_function
1000
H
s
2
£
Z 500
IIIIIIIllIIlIlIIlIlIlIlll IIIIII I IIIIIII.'
i 47 7
e
g\ g F55is i 3’ é
sg\f* 7 **f’g?
7 /
Fig. 5 Classification of unigenes of GO annotation of C. grandiflora: (@) S200_R vs SCK_R vs S200_L vs SCK_L, (b) S200_R vs SCK_R, and (c) S200_L vs

SCK_L
\ J




Liu et al. BMC Plant Biology (2022) 22:240 Page 8 of 19
a Statistics of Pathway Enrichment
Stilbenoid, diarylheptanoid and gingerol biosynthe... - ®
Selenocompound metabolism -
Ribosome biogenesis in eukaryotes - [ J pvalue
Photosynthesis — antenna proteins -
c Photosynthesis - [ ! 010
:_g Phenylpropanoid biosynthesis - [ )
k= Pentose phosphate pathway- @ 0.05
"'a_) Other types of O—glycan biosynthesis - .
© Monoterpenoid biosynthesis - ) .
(>€ Monobactam biosynthesis - o
3 Linoleic acid metabolism -
= ) Gene_number
*&' Folate biosynthesis - °
o Flavonoid biosynthesis - ® 100
Fatty acid degradation - @ 200
Cutin, suberine and wax biosynthesis - ° . 300
Biosynthesis of unsaturated fatty acids -
Ascorbate and aldarate metabolism - [ ]
Amino sugar and nucleotide sugar metabolism -
alpha-Linolenic acid metabolism - o
AGE-RAGE signaling pathway in diabetic complicatio... - °
0.93 0.95 0.97
Rich factor
b Statistics of Pathway Enrichment
Stilbenoid, diarylheptanoid and gingerol biosynthe... °
Starch and sucrose metabolism{ @
Sphingolipid metabolism
Protein processing in endoplasmic reticulum pvalue
Phenylpropanoid biosynthesis [ ] 0.03
- Phenylalanine metabolism ° I .
o Peroxisome| ® 0.02
-‘é’ Pentose and glucuronate interconversions{ ® 0.01
= Nitrogen metabolism ° .
8 Neomycin, kanamycin and gentamicin biosynthesis .
> Indole alkaloid biosynthesis °
g Galactose metabolism ( J Gene_number
£ Flavonoid biosynthesis [ ] ® 20
© Fatty acid elongation ® 40
o Cutin, suberine and wax biosynthesis ° ® 60
Circadian rhythm - plant [ ]
Brassinosteroid biosynthesis
Anthocyanin biosynthesis
Amino sugar and nucleotide sugar metabolism{ @
ABC transporters [ ]
0.10.19.20.29.30
Rich factor
c Statistics of Pathway Enrichment
Zeatin biosynthesis .
Ubiquinone and other terpenoid—quinone biosynthesi... °

Fig. 6 Enrichment analysis of the KEGG pathway of DEGs in C. grandiflora: (@) S200_R vs SCK_R vs S200_L vs SCK_L, (b) S200_R vs SCK_R, and (c)

S200_L vs SCK_L

Tyrosine metabolism
Starch and sucrose metabolism{ @
Plant-pathogen interaction{ @

c Plant hormone signal transduction ® 50

-g Photosynthesis — antenna proteins ¢ @ 100

c Photosynthesis{ @

“_g, ) ) Phenylpropanoid tl)iosynthe§is [ ] pvalue

Phenylalanine, tyrosine and tryptophan biosynthesi...{ @

%‘ Phenylalanine metaboli§m [ ] l 0.0075

s Other glycan degradation{ @

% MAPK signaling pathway - plant#® 0.0050

o Isoquinoline alkaloid biosynthesis{ @ 0.0025
Glycerolipid metabolism{ ® .
Circadian rhythm - plant [ ]

Biosynthesis of unsaturated fatty acids{ @
Ascorbate and aldarate metabolism [ ]
Anthocyanin biosynthesis +
Amino sugar and nucleotide sugar metabolism- ®
0.30.40.50.60.7
Rich factor

Gene_number




Liu et al. BMC Plant Biology (2022) 22:240

Table 2 Differential related to salt stress-induced

transporters

genes

Tissue site  Gene_ID Name log2FC regulation

root TRINITY_DN116960_c1_g1
TRINITY_DN119869_c1_g2
TRINITY_DN110456_c0_g2
TRINITY_DN109744_c0_g1
TRINITY_DN90305_c0_g1
TRINITY_DN121777_c2_g1
TRINITY_DN109895_c0_g3
TRINITY_DN109895_c0_g1

leaf TRINITY_DN101309_c3_g1
TRINITY_DN124753_c1_g3
TRINITY_DN124753_c1_g2
TRINITY_DN110456_c0_g2
TRINITY_DN90305_c0_g1

HKTT 097 up
AKTT1 1.05 up
AKT2 1.86 up
NHX2 056 up
NHX3 050 up
NHX5 045 up
CLC-A 078 up
CLC-B —063  down
HKTT  3.39 up
CHX17 382 up
CHX18 4.38 up
AKT2 369 up
NHX3 2.0 up

TRINITY_DN124299_c2_g4 AKTI —148  down
TRINITY_DN115730_c1_g1 CLC-C —144  down
TRINITY_DN108068_c1_g3 CLC-D —126  down

reticulum, plant hormone signal transduction, spli-
ceosomes, and plant pathogen interaction pathways.
The number of expressed genes was the most enriched
(Fig. 6a). A total of 1417 genes in the root library were
annotated in 120 KEGG pathways. Of these genes, phe-
nylpropane biosynthesis, protein processing in the endo-
plasmic reticulum, starch and sucrose metabolism, plant
hormone signal transduction, and galactose metabolism
pathways were abundant in DEGs. The number of sets
was the largest (Fig. 6b). There was a total of 3480 genes
in Ye’s library annotated in 132 KEGG pathways, among
which are DEGs in plant pathogen interactions, plant
hormone signal transduction, protein processing in the
endoplasmic reticulum, starch and sucrose metabolism,
and phenylpropane biosynthesis pathways. The number
of enrichments was the largest (Fig. 6¢).

Analysis of DEGs of plant salt stress-induced transporters

Although 200mM NaCl stress for 12h induced osmotic
stress in plants, different ion transporter genes were also
modulated, either upregulated or downregulated in the
roots and leaves. This is because in order to maintain ion
homeostasis and osmotic adjustment under saline condi-
tions, tolerant plants like C. grandiflora modify the ion
transporters activities to achieve this task [29]. In this
study, the root transport genes HKT1, AKT1, AKT2,
NHX2, NHX3, NHX5, and CLC-A were all upregulated,
and CLC-B genes were downregulated. In the leaves,
the salt stress transporter genes HKT1, CHX17, CHX18,
AKT2, and NHX3 were upregulated, and AKTI, CLC-
C, and CLC-D were downregulated. We found that the
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accumulation of Na™ in roots was greater than that in
leaves after salt stress, while the accumulation of K* in
leaves was more, indicating that ion transporter genes
could limit the transport of Na* to shoots while main-
taining a higher K* content. The expression and regula-
tion of genes related to ion transport such as HKT, AKT
and NHX were changed afterward, so that C. grandiflora.
Showed better osmotic regulation ability and maintained
high biofilm stability, thus adapting to the salt stress envi-
ronment (Table 2).

Analysis of DEGs in the phenylpropanoid biosynthesis
pathway

Phenylpropane compounds play an important role in
plant growth, development, and response to adverse
stresses. The phenylpropane biosynthesis pathway is
important for plant secondary biomass metabolism. All
substances containing the phenylpropane skeleton are
the direct or indirect products of this pathway, and these
compounds play a critical role in the growth, develop-
ment, and resistance of plants. Phenylpropane biosyn-
thesis also has an important physiological significance
in plants, which is mainly manifested by changes in
enzyme activity and the differentiation of intermediate
products, further transformation products, and cells in
plant development. In this study, there were 268 DEGs
annotated in the phenylpropanoid biosynthesis path-
way in the C. grandiflora samples. In the phenylpropane
synthesis pathway in the roots, all 17 of the DEGs were
upregulated, including PAL (10), CYP73A (5), and 4CL
(2). On the other hand, in the phenylpropane synthesis
pathway in the leaves, there were 25 DEGs, of which 24
were upregulated, including PAL (16), CYP73A (5), and
4CL (3). We found that there were more upregulated
genes in the leaves, indicating that under conditions of
salt stress, phenylpropane biosynthesis in C. grandiflora
leaves was more active, thereby providing leaves with
more salt stress resistance (Table 3, Fig. 7).

Analysis of DEGs in the plant hormone signal transduction
pathway

Phytohormones are key endogenous factors that mediate
plant stress responses, and they play an important role in
plant defense and response to environmental stimuli. In
the plant hormone signal transduction pathways of this
study, a total of 329 DEGs were found. We focused on the
salicylic acid and jasmonic acid signal transduction path-
ways. The results showed that there were 7 DEGs in the
salicylic acid signal transduction pathway in the C. gran-
diflora samples, of which 6 genes were upregulated and
1 gene was downregulated; there were 13 DEGs in the
jasmonic acid signal transduction pathway, of which 11
genes were upregulated and 2 genes were downregulated.
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Table 3 Differentially expressed genes in the phenylpropanoid biosynthesis pathway

Tissue site Gene_ID KOEntry Name log2FC regulation

root TRINITY_DN110915_c2_g1 K10775 PAL 1.69 up
TRINITY_DN95790_c1_g4 K10775 PAL1 1.65 up
TRINITY_DN123821_c2_g5 K10775 PAL 149 up
TRINITY_DN112712_c0_g1 K10775 PALS 1.32 up
TRINITY_DN101076_c4_g6 K10775 PAL 1.23 up
TRINITY_DN112712_c0_g3 K10775 PAL1 1.19 up
TRINITY_DN105957_c0_g1 K10775 PAL1 1.16 up
TRINITY_DN94239_c0_g3 K10775 PALT 1.15 up
TRINITY_DN112712_c0_g2 K10775 PAL 1.10 up
TRINITY_DN123821_c2_g1 K10775 PAL 1.79 up
TRINITY_DN93014_c2_g1 K00487 CYP73A12 1.58 up
TRINITY_DN115534_c1_g1 K00487 CYP73A1 1.54 up
TRINITY_DNO93497_c3_g1 K00487 CYP73A1 1.29 up
TRINITY_DN115534_c1_g3 K00487 CYP73A1 1.14 up
TRINITY_DN115534_c0_g1 K00487 CYP73A13 1.07 up
TRINITY_DN100929_c1_g1 K01904 4CL2 2.12 up
TRINITY_DN122193_c0_g2 K01904 4CL 1.40 up

leaf TRINITY_DN123821_c2_g4 K10775 PAL 4.21 up
TRINITY_DN112712_c0_g2 K10775 PAL 4.05 up
TRINITY_DN94239_c0_g3 K10775 PAL1 373 up
TRINITY_DN112712_c0_g3 K10775 PAL1 3.61 up
TRINITY_DN123821_c2_g5 K10775 PAL 341 up
TRINITY_DN123821_c2_g1 K10775 PAL 335 up
TRINITY_DN110915_c2_g1 K10775 PAL 2.74 up
TRINITY_DN94239_c0_g4 K10775 PAL 2.63 up
TRINITY_DN95790_c1_g1 K10775 PAL 2.50 up
TRINITY_DN94239_c0_g1 K10775 PAL1 249 up
TRINITY_DN123821_c1_g1 K10775 PAL1 245 up
TRINITY_DN94239_c0_g5 K10775 PAL 2.32 up
TRINITY_DN105957_c0_g1 K10775 PAL1 228 up
TRINITY_DN110915_c2_g3 K10775 PAL 2.20 up
TRINITY_DN123821_c1_g2 K10775 PAL 207 up
TRINITY_DN108603_c1_g2 K10775 PAL 1.71 up
TRINITY_DN115534_c0_g1 K00487 CYP73A13 6.47 up
TRINITY_DN93497_c3_g1 K00487 CYP73A1 562 up
TRINITY_DN115534_c1_g1 K00487 CYP73A1 536 up
TRINITY_DN115534_c1_g3 K00487 CYP73A1 263 up
TRINITY_DN93014_c2_g1 K00487 CYP73A12 2.55 up
TRINITY_DN100199_c0_g1 K01904 4CL9 1.39 up
TRINITY_DN100929_c1_g1 K01904 4CL2 6.93 up
TRINITY_DN122193_c0_g?2 K01904 4CL 4.78 up

In the leaves and roots, both signal transduction path-
ways revealed DEGs that were annotated. TGA7 was
upregulated and PRIBI was downregulated in the sali-
cylic acid signal transduction pathway in the roots. In
the jasmonic acid signal transduction pathway, TIFY9
was upregulated, and COI2 was downregulated in the

roots. NPR1, NPR2, NPR3, TGALS, and TGA? in the sali-
cylic acid signal transduction pathway in the leaves were
all upregulated. Similarly, TIFYI0B, TIFY9, TIFY10A,
TIFY6A, TIFY6B, MYC2, MYC4 and AIB were all upreg-
ulated in the jasmonic acid signal transduction pathway
in the leaves, yet GH3.5 and COI were downregulated. By
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Fig. 7 DEGs in the phenylpropane biosynthesis pathway under 200mM NaCl stress, (a) Roots, (b) leaves

comparing the expression patterns of DEGs in the roots
and leaves, we found that the number of leaf genes in
both the salicylic and jasmonic acid signal transduction
pathway was relatively larger than roots. The differential
gene expression patterns of the salicylic and jasmonic
acid signal transduction pathways in the leaves and roots
were similar (Table 4, Fig. 8).

Differentially expressed transcription factor analysis

As transacting factors, transcription factors can bind
to cis-acting element regions upstream of the target
gene through the protein structure specific DNA bind-
ing region, thereby activating the expression of the tar-
get gene. This transcription level regulation is the most
important way to regulate gene expression. From a pro-
tein structure analysis, a transcription factor is composed
of a DNA binding region, a transcription regulatory
domain, an oligomerization site, and a nuclear localiza-
tion signal. These functional regions determine a tran-
scription factor structure and characteristics. According
to the characteristics of DNA binding regions, transcrip-
tion factors can be divided into different families. In this
study, a total of 1604 transcription factors from 54 fami-
lies were annotated. Among them, the transcription fac-
tor families bHLH, NAC, MYB, ERF, WRKY, and bZIP

had the most annotated transcription factors, which were
171, 139, 101, 88, 82, and 75, respectively (Table 5, Fig. 9).

Analysis of gene expression with qRT-PCR

We selected 16 candidate DEGs for transcription poly-
merase chain reaction (qQRT-PCR) analysis to verify the
accuracy of the Illumina sequencing data. In the two pro-
cessing parts, QRT-PCR and RNA-seq analysis showed
that the single gene expression trend was basically the
same (Fig. S3). The gene expression results revealed that
the transcriptome sequencing data reflected the response
of the roots and leaves of the C. grandiflora to NaCl
stress.

Discussion

Under saline conditions, plants utilize a series of physi-
ological and biochemical responses to cope with the
stressful effects [30]. Excessive salt in the growth medium
induces osmotic stress and causes plant cells to lose
water, while long term salinity stress causes nutrient
imbalance and ion toxicity [31]. Salinity-induced oxi-
dative stress is a secondary stress due to the increase in
reactive oxygen species that leads to metabolic disorders
and a decline in photosynthetic efficiency [32]. Exces-
sive amounts of active oxygen leading to an excessive
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Table 4 Differentially expressed genes of the plant hormone signal transduction pathways

Tissue site Hormone signal transduction pathway Gene_ID KOEntry Name log2FC regulation

root Salicylic acid signal transduction pathway TRINITY_DN104980_c2_g1 K14431 TGA7 1.88 up
TRINITY_DN87692_c0_g1 K13449 PRIBI1 —4.10 down

Jasmonic acid signal transduction pathway TRINITY_DN111903_c2_g1 K13463 con2 —1.48 down

TRINITY_DN91100_c0_g2 K13464 TIFY9 1.05 up

leaf Salicylic acid signal transduction pathway TRINITY_DN93638_c0_g1 K14508 NPR3 2.14 up
TRINITY_DN111453_c0_g1 K14508 NPR2 1.69 up
TRINITY_DN107526_c3_g1 K14508 NPR3 1.68 up
TRINITY_DN123194_c1_g2 K14508 NPR1 1.1 up
TRINITY_DN119181_c0_g2 K14431 TGALS 1.31 up
TRINITY_DN104980_c2_g1 K14431 TGA7 6.81 up

Jasmonic acid signal transduction pathway TRINITY_DN123106_c1_g2 K14506 GH3.5 —1.11 down

TRINITY_DN111903_c2_g1 K13463 coPR —2.60 down
TRINITY_DN110816_c0_g1 K13464 TIFY108 447 up
TRINITY_DN91100_c0_g2 K13464 TIFY9 3.07 up
TRINITY_DN92901_c0_g2 K13464 TIFY10A 191 up
TRINITY_DN91844_c0_g3 K13464 TIFY6A 1.67 up
TRINITY_DN116306_c1_g1 K13464 TIFY10A 1.63 up
TRINITY_DN113060_c0_g1 K13464 TIFY6B 137 up
TRINITY_DN109853_c2_g3 K13422 Myc2 1.44 up
TRINITY_DN111782_c0_g3 K13422 MYC4 142 up
TRINITY_DN120917_c6_g4 K13422 MYC4 1.11 up
TRINITY_DN111782_c0_g1 K13422 AlB 1.08 up
TRINITY_DN110997_c0_g2 K13422 BHLH14 3.76 up

membrane peroxidation reaction, which produces harm-
ful substances like malondiene. In order to cope with the
increase in active oxygen, plants own peroxidation pro-
tection enzyme systems (e.g., SOD, POD, and CAT) [13].
In this study, the tissue water content of C. grandiflora
showed a downward trend, which indicates a water defi-
cit induction by NaCl imposition at short term salinity,
and ionic effect at long term salinity [10]. Osmotic stress
reduces the ability of plants to absorb water; this phase
is short-lived resulting in stomatal closure and inhibi-
tion of cell expansion in the bud [10, 32]. In response to
osmotic stress, tolerant plants synthesize and accumulate
compatible osmolytes and/or inorganic ions (provided
they are compartmentalized into vacuoles to reduce their
cytotoxicity) in order to maintain water absorption and
turgor pressure, thereby alleviate plant growth inhibition
[33-35]. In the present study, the accumulation of Na™
in C. grandiflora may contribute to osmotic adjustment,
thereby allowing C. grandiflora to adapt to the salinity
stress.

The enzyme activities of SOD, POD, and CAT of C.
grandiflora initially increased followed by a subsequent
decrease with time and with increasing salt concentra-
tions. This response might indicate that after long time
and high concentration of salt imposition, antioxidant

enzymes’ effectiveness was greatly inhibited to scavenge
excessive reactive oxygen species. Alternatively, non-
enzymatic antioxidants may increase and take a role to
eliminate the hazardous impact of ROS [36].

Studies have shown that under salt stress, Na* enters
the cell through nonselective cation channels and
causes plasma membrane depolarization, which in
turn activates the outward KT channel, allowing K* to
flow out of the cell [37]. In this study, with an increase
in time under salt stress, the Nat content gradually
increased and the K* content gradually decreased in
the roots and leaves of C. grandiflora, which agrees
with the previous studies. There are a large number
of ion transporter genes that play important roles in
the process of ion transport in plants such as HKT,
NHX and AKT [38]. During Na™ transport in plants,
HKT is located on the plasma membrane while NHX
is located on the vacuolar membrane [39]. HKT is
responsible for the recovery of Na™ entering the root
xylem into xylem parenchyma cells, thereby reducing
the Na® accumulation of xylem. NHX sequesters Na™
into the vacuoles and thus reducing its ion toxicity for
the cytoplasm and other organelles. It is reported that
accumulation of Na' in the vacuoles not only avoid
cytoplasmic toxicity, but also is used as an osmolyte to
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alleviate osmotic stress [40]. Our results revealed that
there were more upregulated ion transporter genes in
the roots, and we concluded that this upregulation of
ion transporter genes is one of the important factors
that affects C. grandiflora response and tolerance to
salt stress.

According to GO annotations, the largest number
of differentially expressed genes were enriched in the
nuclear, plasma membrane, cytoplasm, membrane com-
ponents, and protein binding in the root library. The
largest number of differentially expressed genes were
enriched in the leaf library for the nuclear, plasma mem-
brane, cytoplasm, membrane components, and in the
chloroplasts. We found that the GO annotations with the
highest degree of enrichment of DEGs in the roots and

leaves were the same. According to the KEGG annota-
tion, in the samples of C. grandiflora, the number of
DEGs enriched in the ribosomes and spliceosomes or
those genes involved in protein processing in the endo-
plasmic reticulum, phytohormone signal transduction,
and phytopathogen interaction pathways was the larg-
est. We also found the largest number of differentially
expressed genes were enriched in the root library for
phenylpropane biosynthesis, ER protein processing,
starch and sucrose metabolism, plant hormone signal-
ing, and galactose metabolism pathways. Also, the largest
number of differentially expressed genes were enriched in
the library of plant pathogen interactions, plant hormone
signaling, protein processing in the endoplasmic reticu-
lum, starch and sucrose metabolism, and phenylpropane
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Table 5 Analysis of differentially expressed transcription factors

TF_family  TF_ID Quantity Percentage
bHLH MDP0000254650 171 10.66%
NAC KN539001.1_FGP003 139 8.67%
MYB Aan017619 101 6.30%
ERF GSVIVT01018226001 88 549%
WRKY Aan015851 82 5.11%
bzIp Do001279.1 75 4.68%
FAR1 KN538871.1_FGPOO5 74 4.61%
GRAS MDP0000258655 68 4.23%
C3H Bostr.1899450001.1.p 64 4.00%
B3 676,753,378 58 3.61%
C2H2 MDP0000321222 58 3.61%
G2-like KHN04400.1 47 2.93%
MYB Sme2.5_02552.1_g00001.1 44 2.74%
GATA KN538788.1_FGP023 41 2.56%

biosynthesis pathways. Transcriptomic and metabolomic
analysis have shown that DEGs and differential metab-
olites obtained in the phenylpropanoid biosynthesis
pathway are significantly related under salt stress [41].
Previous studies have found that plant hormones are
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small chemicals that play a key role in plant growth
and development [42]. Stress hormones such as sali-
cylic acid (SA) and jasmonic acid (JA) mediate the bal-
ance between salt stress signals and control growth and
stress responses. Therefore, we mainly identified the SA
and JAs signal transduction pathways in the phenylpro-
pane biosynthesis pathway and the plant hormone signal
transduction pathway.

The metabolic pathway of phenylpropane in plants is
a very complex metabolic network, which is the main
synthesis pathway of important secondary metabolites
such as phenols, flavonoids, anthocyanins, and lignins
[43]. These secondary metabolites are widely involved in
various physiological activities of plants, especially in the
response process of plants to biotic and abiotic stresses
[44]. In this study, 268 DEGs were annotated in the phe-
nylpropanoid biosynthesis pathway in the C. grandiflora
samples. Among them, there were 24 DEGs in the phe-
nylpropane synthesis pathway of the leaves, all of which
were upregulated, including PAL, CYP73A and 4CL.
In the roots, there were 17 DEGs in the phenylpropane
synthesis pathway, all of which were upregulated includ-
ing PAL, CYP73A and 4CL. PAL is the key rate-limiting
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enzyme that plays an important role in the plant growth
and development, connects plant primary and secondary
metabolism, and catalyzes the first reaction of phenylpro-
pane metabolism [45]. In addition, PAL is closely related
to the content of secondary metabolites (such as lignin,
phytoalexin, flavonoids), and it also plays an important
role in the response of plants to biotic and abiotic stress
[46]. 4-coumarate:coenzyme A ligase (4CL) is the last
key enzyme for the phenylpropane biosynthesis pathway
to shift to the downstream branch pathway. It contains
cinnamic acid, 4-coumaric acid, caffeic acid, erucic acid,
ferulic acid, and 5-hydroxyferulic acid, which are used as
substrates to generate corresponding acyl-CoA esters.
Chlorogenic acid is then generated under the action of
hydroxycinnamoyl coenzyme quinic acid hydroxycin-
namate acyltransferase (HQT) [47]. We found that the
upregulated expression of genes was closely related to
salt tolerance of C. grandiflora: upregulated expression
of PAL in the roots and leaves could affect the content
of secondary metabolites, and expression of 4CL affects
chlorogenic acid. The synthesis of chlorogenic acid is
closely related to antioxidants [48]. There were more
PAL, CYP73A and 4CL genes involved in phenylpropane
biosynthesis in the leaves of C. grandiflora. Therefore,
we speculate that the phenylpropane biosynthesis path-
way is an important tolerance feature for leaves to defend
against salt stress.

Plants use complex signaling pathways to respond to
stress. In addition to some other small molecules (such as
Ca*" and ROS), plant hormones can initiate a specific sig-
nal cascade after sensing biological and abiotic stress [49].
Fluctuations in the levels of several major hormones such
as ABA, ET, SA, and JA, as an early response to stress,
initiate metabolic processes that lead to changes in the
plant growth patterns. The Nonexpressor of Pathogene-
sis-Related gene 1 (NPRI) is an activator of plant resist-
ance. NPR1I not only plays a core regulatory role in plant
system resistance acquisition and induction of systemic
resistance, but also acts as an important regulatory fac-
tor for plant basic resistance and resistance determined by
disease resistance genes [50]. Transcription factors TGA
[51], TIFY [52], and MYC [53] also play an important role
in plant resistance to abiotic stresses. This study revealed
that a large number of genes related to salt stress were in
the signal transduction pathway of plant hormones, and
the number of DEGs in the leaves was relatively large.
In the SA signal transduction pathway, NPRI, NPR2,
NPR3, TGALS and TGA?7 are upregulated, and TGA7
was upregulated in the roots and leaves; the rest were
only upregulated in leaves. TIFY10B, TIFY9, TIFY10A,
TIFY6A, TIFY6B, MYC2, MYC4 and AIB are upregulated
in the JA signal transduction pathway. Studies have shown
that signal recognition is a key step for JA to play a role
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in plants, and TIFY is a key factor that regulates the sig-
nal recognition of JA [54]. When plants activate the JAs
signal pathway, MYC2, bHLH and other transcription fac-
tors are inhibited by the TIFY protein through ubiquitina-
tion [55]. The first step toward activation of this pathway
begins when the content of exogenous or endogenous JA
increases. With this increase in JA, the JA receptor COI1
binds to the TIFY protein to form a SCFCOI1 complex.
The deubiquitinated TIFY protein is degraded by the 26S
proteasome, and the MYC2 and bHLH transcription fac-
tors are released concurrently, which finally activates the
JAs signal pathway. Since TIFY9 was upregulated in the
roots and leaves in this study, by comparing gene expres-
sion patterns, we found that there were more upregulated
genes in the leaves. Therefore, we speculated that TIFY9
in C. grandiflora could play a role in both the roots and
the leaves. It is clear that both SA the JA signal trans-
duction pathways are important mechanisms to defend
against salt stress in the leaves of C. grandiflora.

Plant transcription factors are members of a vital gene
family that are widely present and participate in the regu-
lation of plant growth, development and resistance to
stresses. Transcription factors can regulate the expres-
sion of stress-responsive genes by combining with spe-
cific action elements in downstream gene promoters,
thereby directly or indirectly participating in many bio-
logical processes of plants, such as cell morphogenesis,
metabolism, physiological balance, and signal transduc-
tion [56]. Studies have shown that transcription factor
families such as bHLH, NAC, MYB, ERF, WRKY, and
bZIP regulate several aspects of plant growth, develop-
ment, secondary metabolism, and stress response [57—
60]. In this study, the transcription factor families bHLH,
NAC, MYB, ERF, WRKY and bZIP had the most anno-
tated transcription factors, which suggests that these
transcription factor families are strongly participate in
salinity tolerance of C. grandiflora.

In summary, transcriptome sequencing showed that
salt stress changed the transcription levels of many
genes related to multiple regulatory networks, includ-
ing osmotic regulation, ion transport, reactive oxygen
scavenging, and plant hormone signal regulation. Stud-
ies demonstrated that there are more DEGs in the roots
of the chrysanthemum cv. ‘Jinba’ than in the leaves, and
the number of downregulated genes involved in the salt
stress response exceeds the number of upregulated genes
under salt stress [12]. In addition, the roots of chrysan-
themums under salt stress are mainly dominated by the
upregulation of genes encoding proteins involved in ion
transport, while in the leaves the response is focused on
osmotic regulation and Ca®* transport [11]. Our research
showed that there were more DEGs in the leaves of C.
grandiflora than in its roots, and more upregulated than
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downregulated genes in the roots and leaves in response
to salt stress. Salinity responses in root include upregu-
lations of genes encoding ionic transporters, thereby
changing the osmotic regulation ability of C. grandi-
flora. Contrary, the leaf response focused on the SA and
JAs signal transduction pathways in phenylpropane bio-
synthesis and plant hormone signal transduction. We
propose that this may be a result of the differences in
the resistance of plant materials. Similarly, drought and
salt stress on Chrysopogon zizanioides resulted in more
transcriptome changes in leaf tissues than in root tissues
[13]. The results of the previous work are similar to our
findings concerns the number of genes and their expres-
sion patterns in the roots and leaves of C. grandiflora.
Figure 10 shows a molecular mechanism diagram of C.
grandiflora that summarizes C. grandiflora response and
tolerance mechanism under saline conditions.

Conclusions

The results of transcriptome sequencing showed that
salt stress changed the transcription levels of many
genes related to multiple regulatory networks, including
osmotic regulation, ion transport, and reactive oxygen
scavenging systems. The functional enrichment analysis
of candidate genes showed that the tissue-specific pat-
tern of the transcriptome under salt treatment: in C.
grandiflora, more transcriptome changes and number
of genes involved in the salt stress response was greater
in the leaf tissues than the roots. Root response to salin-
ity included upregulation of genes encoding involved
ion transporters. However, the leaf response focused on
phenylpropane biosynthesis and plant hormone signal
transduction. This work has greatly enriched the existing
sequence resources of C. grandiflora and provides a large
number of salt-tolerant candidate genes for further func-
tional analysis to improve plant salt tolerance.
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