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Abstract

not fully understood yet.

Background: High soil salinity often adversely affects plant physiology and agricultural productivity of almost all
crops worldwide, such as the crude drug known as wolfberry. However, the mechanism of this action in wolfberry is

Results: Here in this study, we studied different mechanisms potentially in Chinese wolfberry (Lycium chinese, LC) and
black wolfberry (L. ruthenicum, LR) under salinity stress, by analyzing their transcriptome, metabolome, and hormone
changes. The hormone detection analysis revealed that the ABA content was significantly lower in LR than LC under
normal condition, and increased sharply under salinity stress in LR but not in LC. The transcriptome analysis showed
that the salinity-responsive genes in wolfberry were mainly enriched in MAPK signaling, amino sugar and nucleotide
sugar metabolism, carbon metabolism, and plant hormone signal transduction pathways in LC, while mainly related
to carbon metabolism and protein processing in endoplasmic reticulum in LR. Metabolome results indicated that LR
harbored higher flavone and flavonoid contents than LC under normal condition. However, the flavone and flavonoid
contents were hardly changed in LR, but increased substantially in LC when exposed to salinity stress.

Conclusions: Our results adds ABA and flavone to mechanism understanding of salinity tolerance in wolfberry. In
addition, flavone plays a positive role in resistance to salinity stress in wolfberry.
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Background

Currently, more than one-third of the world’s agricultural
acreage is affected by salinization. Soil salinity is a wors-
ening global problem that impairs plant growth and crop
yield, posing serious problems to modern agriculture [1].
Accordingly, perhaps the most efficient way to prevent
such crop production losses induced by salinity is to cul-
tivate salt-tolerant plant varieties. Hence, a better under-
standing of the mechanisms by which plants respond
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to salt stress becomes imperative, as this will help to
improve tolerance to salinity in crops via biotechnologi-
cal approaches. To achieve this goal, it is imperative to
study the salt-tolerance mechanisms of plants native to
high-salinity environments, such as wolfberry. For exam-
ple, the leaves of Lycium ruthenicum are notably thick-
ened to adapt to high salinity conditions. Importantly,
salinity stress can suppress plants growth and impair
their development at multiple scales, such as physiologi-
cal, phytohormone, and metabolism.

In terms of physiological responses, salinity stress
typically induces osmotic stress and ionic imbalance in
plants. Osmotic stress accompanied with salinity stress
gives rise to the rapid closure of stomata, which reduces
the plant’s ability to absorb CO, [2]. Furthermore, the
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ionic imbalance induced by the excessive accumulation
of Na* and CI™ results in ionic toxicity, which does harm
to plant and may even kill it by inhibiting the activity of
enzymes under salinity stress conditions [3]. Since Na™ is
similar to K, any surplus Na* would replace K in some
enzymatic reactions to reduce various enzyme activities,
such as those involved in primary metabolism, glycolysis,
and Calvin cycle [4, 5]. Superabundant Cl™ in the shoot
tissue can replace the non-selective anion transporters
of NO,™ and SO,*~, thereby leading to a shortage of key
macro-nutrients like N and S in the affected plants [6].

Furthermore, being a versatile signal, reactive oxy-
gen species (ROS) are rapidly induced by salinity stress,
mainly in the apoplast, chloroplast, mitochondria, and
peroxisomes [7]. The AtRbohD and AtRbohF genes
responsible for ROS production are both up-regulated
under high salinity [8]. Several studies have revealed
that AtRbohD and AtRbohF play positive roles in the
salinity stress tolerance. ROS production from AtRbohD
and AtRbohF at the early stage of salt stress contributes
to lignin formation under saline environment and this
reduces oxidative damage to cells [8]. At low concen-
trations, ROS often act as normal signals in regulating
many biological processes, but when in excess they play
a harmful role in plant growth, which manifests as lipid
peroxidation in cellular membrane, protein denaturation,
and impairment of enzymatic activities [9]. The greater
ion fluxes across the thylakoid membrane via ion chan-
nels, activated by H,0,, cause thylakoids swelling, leaving
the photosynthetic performance of chloroplasts dimin-
ished [10, 11].

Many sensors operate along the salt stress-signaling
pathway in plant to avoid damage caused by high salin-
ity. High salinity could increase cytosolic Ca*" within
just seconds to minutes [12, 13]. Recently, researchers
have identified that glycosyl inositol phosphorylceramide
(GIPC) sphingolipids directly bind to Na' and regulate
the entry of Ca’>" into cytosol [14]. Some other proteins
also have been reported as mediators in salt-induced
Ca?"  signaling, namely FERONIA(FER), annexinl
(ANNI) and plastid K™ exchange antiporters (KEAs)
[15-17]. The cell wall-localized leucine-rich repeat exten-
sions LRA3, LRX4, and LRX5 participate in the sensing
and relaying of salt stress signals by monitoring the status
of cell wall integrity, and function together with secretory
peptides RALFs and the receptor-like kinase FER [18].

High salinity also induces osmotic stress in plants as
well as organellar stress such as chloroplast stress. For
example, the SNF1-related protein kinase 2s (SnRK2) can
be activated by osmotic stress in an ABA-dependent or
ABA-independent manner, which contributes to greater
inhibition of plant growth and promotes leaf chlorosis
under osmotic stress [19-21]. Moreover, the biosynthesis
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of amino acids, fatty acids, and lipids occurs in chloro-
plasts [22]. The photosynthetic impairments arising from
by damaged chloroplast is a major reason why plant
growth is inhibited under salt stress [23, 24]. Most ABA
biosynthesis-associated proteins, such as ABAI, ABA4,
and NCED3, are localized in chloroplast where most of
the steps in ABA biosynthesis also take place, which are
required in ABA accumulation that induced by salt stress
[25]. As the predominant phytohormone involved in the
plant response to salinity stress, ABA increases rapidly
and massively in root and leaf tissues within just several
minutes [26, 27]. Furthermore, it has been reported that
precursors transported from leaves are required for ABA
synthesis in roots [28]; the stress-induced augmentation
of ABA levels in roots is several fold higher than in leaves
[27] and salinity stress is known to induce a significant
accumulation of ROS in plant roots [29]. In this respect,
ABA can interact with H,O, in plant systemic responses
to abiotic stresses [30]. For osmotic stress to induce
greater H,O, production requires NADPH oxidase, with
the latter was stimulated by ABA [31].

The accumulation of compatible osmolytes helps plants
maintain a low intracellular osmotic potential under con-
ditions of high salinity [32, 33], including proline, glycine
betaine, sugars, and polyamines, among others [34, 35].
Proline in particular is pivotal for an osmotic adjustment
under salt stress; it accumulates through the activation
of its biosynthesis pathway and the suppression of its
catabolic pathway [36]. Furthermore, proline also acts
as a ROS scavenger to attenuate oxidative stress and this
assists in stabilizing proteins and membrane structures
under high salinity [37-39]. Besides proline, some sugars,
namely glucose, fructose, and myoinositol, can also func-
tion as signals in plants response to high salinity [40].

Soil salinity will continue to threaten crop production
and food security in the future. Therefore, additional
research on the dynamics of transcriptome and metabo-
lism networks of plants as they respond to salinity stress
is necessarily. Nevertheless, since the ability of plants to
tolerate high salinity varies widely among species, this
provides an opportunity to identify genes and metabo-
lites that are pivotal for conferring salinity tolerance to
plants.

Wolfberry is a genus of perennial shrub (Lycium L.), in
the Solanceae family, whose distribution in China ranges
across Xinjiang, Ningxia, Qinghai, Gansu, and Inner
Mongolia. The black wolfberry (L. ruthenicum, LR) gen-
erally occurs in saline soil or in desert ecosystem, being
a typical wild plant that is both drought-resistant and
salt-tolerant, which also has high economic and nutritive
value in China. Black wolfberry is recognized for its many
advantages in cultivation, mainly its resistance to drought
and cold, and its tolerance to salinity. Salt stress had
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negative effects on photosynthesis, Chlorophyll fluores-
cence, and physiology of Goji berry [41]. Another study
consider the mechanism which ABA affects drought
resistance in tetraploids and diploids, to understand the
physiological and molecular mechanisms that enhance
abiotic stress tolerance in polyploid plants [42]. A study
in tobacco demonstrated that LchERF, a novel ethylene
responsive transcription factor from Lycium chinense,
might confer salt tolerance in transgenic tobacco and
mediate various physiological pathways that enhance salt
stress tolerance in plants [43]. At the same time, overex-
pression of the flavanone 3-hydroxylase gene LcF3H from
Lycium chinense enhances drought stress in tobacco, and
there is a positive link with endogenous LcF3H expres-
sion level [44].

However, only few studies have investigated the molec-
ular mechanism underpinning salinity resistance in dif-
ferent wolfberry species. As black wolfberry (Lycium
ruthenicum Murr., LR) often live in the saline desert,
with blade fleshy leaves, which is a characteristic of the
salt-tolerant plants. We want to know the advantages of
black wolfberry compared to other wolfberry species
in living in the salinity soil. While Chinese wolfberry
(Lycium chinese Mill, LC) is a kind of Lycium barbarum
which is widely distributed worldwild, also including
saline soil. Therefore, in this study, we choose black wolf-
berry and Chinese wolfberry as research materials, to
explore the difference between these two wolfberry spe-
cies when exposed to salinity stress at transcriptome or
metabolom level. The differentially expressed genes and
metabolites in LC and LR were analyzed and filtered via
transcriptome and metabolism sequencing techniques.
Furthermore, complementing this, we also investigated
the different responses to salinity stress between Chinese
wolfberry and black wolfberry, and,analyzed by exam-
ining their transcriptome and metabolom. With these
results, the molecular mechanisms of tolerance to salinity
stress in black and Chinese wolfberry could be revealed,
as well as the key players involved was identified, which
will improve our understanding of how these species
respond to salinity stress.

Results

Phenotypic differences between L. chinese and L.
ruthenicum in response to salinity stress

To investigate the effect of salinity stress on growth and
development of wolfberry, and the possible mechanisms
regulating responses to high salinity, Chinese wolfberry
(Lycium. chinese) and black wolfberry (Lycium. rutheni-
cum) were selected as experimental materials. Firstly,
the growth statement of LC and LR was examined, by
planting twig cuttings in the Murashige and Skoog (MS)
medium containing 0mM (control), 150 mM, 200 mM,
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250mM, and 300mM of NaCl. Figure la shows the
images taken after three weeks cultivation. The growth
of wolfberry seedlings was increasingly inhibited by
salinity stress, they had fewer and shorter roots under
higher salt concentration, and their leaves number was
reduced and became more yellowish. For LR, its leaves
displayed a sharp yellowish phenomenon and roots were
notably shortened under 300mM NaCl condition; this
phenomenon was occoured in LC as well, but became
occour from 200mM NaCl condition and more seri-
ously under 300 mM NaCl. Hence, the capacity to with-
stand salinity stress was significantly weaker in LC than
LR seedlings. Furthermore, the root system of wolfberry
usually consists of taproot, lateral root and fibrous root.
The taproot is developed from germinated seed, so that
only seed-propagating wolfberry plants have taproots. In
addition, the seedlings propagated by vegetative propa-
gation, such as cuttage in Fig. 1a, only have lateral roots
and fibrous roots, but have no taproots. So that the root
growth analyses didn’t carry out continuely.

In addition, the seed germination rate of LC and LR
under salinity stress was also tested. There was stress
effect but not lethal to seedlings under 150mM NaCl
concentration, and the response differences between dif-
ferent species could be observed, which can be seen from
Fig. 1a. Therefore, 150 mM was selected as the concentra-
tion in germination experiment. As Fig. 1b and ¢ shown,
germination rate was more severely impaired in LC than
LR; the germination in LR was higher and occurred
sooner than LC under the control condition and 150 mM
NaCl concentration. Furthermore, relative to the control
group, more sown seeds of LR (86%) germinated than
those of LC (18%), indicating the ability to germinate of
LC is hindered by salinity stress severely, but not LR.

In addition, the salt content has been determined. As
shown in the Fig. S1, the Na™ content + K™ content and
K*/Na™ ratio has been determined respectivily. The LR
leaves have a higher Na® content than LC when under
150mM NaCl condition, and a smaller K*/Na™ ratio
decrease scale from mock to 150mM NaCl condition
than LC (Figure Slabc). Furthermore, the LC contains a
wide decrease of Fv/Fm » a sharp increase of MDA con-
tent and GSH content than LR from mock to 150 mM
NaCl condition. The LR leaves contain a higher GSH
content under mock condition than LC so that possess a
stronger antioxidant effect. And the LR accumulate more
proline under salinity condition than LC to defence per-
oxidating (Figure S1defgh).

Hormone changes in wolfberry in response to salinity
stress

To further explore the differences between LC and LR
in resistance to salinity stress, the abscisic acid (ABA),
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Fig. 1 Phenotype analysis of Lycium chinese and L. ruthenicum under salinity stress. a The twig cuttings of L. chinese and L. ruthenicum were planted
in the MS medium containing 0 mM (CK), 150 mM, 200 mM, 250 mM or 300 mM of NaCl. Pictures were taken after three weeks of cultivation. b Seed
germination rate of L. chinese and L. ruthenicum under control and 150 mM NaCl concentrations was calculated from day 3 to day 24. ¢ The ratio of
germination rate 150mM NaCl/ CK was calculated at day 24 after seeds were sown. * P<0.05, ** P<0.01. N=3. Bars=means £ SEM
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jasmonic acid (JA), and salicylic acid (SA) content in
leaves of LC and LR under control and 150mM NaCl
conditions were tested. As Fig. 2 shows, for the control
group, the ABA content in LR was significantly lower
than that in LC. Compared with the control condi-
tion, 150mM NaCl treatment induced the ABA content

slightly increase in LC leaves, whereas a significantly
large amount of ABA accumulated in the leaves of LR
(Fig. 2a). Further, the JA content was significantly higher
in leaves of LR than LC under control condition, though
JA accumulation was significantly reduced by salinity
stress, more in LR than LC (Fig. 2b). The SA content in
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Fig. 2 Hormonal variation of Lycium chinese and L. ruthenicum in response to salinity stress. Quantification of ABA (Abscisic acid), JA (Jasmonic acid),
and SA (Salicylic acid) contents of L. chinese and L. ruthenicum leaves at indicated time points after NaCl treatment. ABA content in a, JA content
in b, and SA content in ¢. Data represent the means + SEM of three replicates. Asterisks indicate a significant difference from mock (non-stressed
treatment at the same time point (N =3, Student’s t-test: * P <0.05, ** P <0.01)
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Fig. 3 Transcriptome data of Lycium chinese and L. ruthenicum leaves in response to salinity stress. a Number of differentially expressed genes
(DEGs) in L. chinese and L. ruthenicum under salinity stress. b PCA (Principal component analysis) clustering based on the plants'transcriptome data.
cVenn diagrams of DEGs between normal and salinity stress conditions in L. chinese and L. ruthenicum

the leaves of LR was lower than that in LC under control
condition, but was not significantly affected by the salin-
ity treatment in both species (Fig. 2c). These results indi-
cated that the resistance to high salinity stress in LR was
driven by accumulating ABA while reducing JA content.

The transcriptomic of LC and LR responsing to salt stress

To better understand the molecular basis of salinity
stress responses in LC and LR, we carried out transcrip-
tomic sequencing and analyzed different expressed genes
(DEGs) in LC and LR under control and salinity condi-
tions. A total of 2836 DEGs were detected in LC under
salinity stress compared with the control group, in which
1337 genes were up-regulated and 1499 genes down-
regulated. For LR, however, only 141 genes were differen-
tially expressed when treated with high salinity, in which
80 genes were up-regulated and 61 genes were down-reg-
ulated (Fig. 3a). To identify the key determinate factors
of the transcriptome, PCA was performed on the genes
of the two species under control and salinity treatment

conditions. The first two principal components (PCI,
PC2) were able completely distinguish our combinations
of species and treatment (i.e., 2 species x 2 treatment lev-
els [mock and 150 mM salinity concentration]). The PCA
shows a clear separation between different species along
PC1 and the separation of treatment can be observed
along PC2. In addition, the three biological replicates
were projected closely in the ordination space, which
suggested a good correlation between replicates (Fig. 3b).
A Venn diagram was used to analyze and display the dif-
ferences between variation genes of LC and LR under
salinity stress respectively. As depicted in Fig. 3¢, group
LC-mock vs. LC-NaCl and group LR-mock vs. LR-NaCl
only shared two changed genes in total under salinity
stress, and only 1 common regulated gene in the up venn
diagram and no common regulated gene in the down
venn diagram. It is because that the common regulated
genes in the total venn diagram refers to the genes whose
expression level has changed in the both groups, no mat-
ter up-regulated or down-regulated. But the common
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genes in the up venn diagram only refers to the up-reg-
ulated genes and so does in down venn diagram. In addi-
tion, the ferritin-3 gene (Cluster-40,571.167017) was
up-regulated both in group LC-mock vs. LC-NaCl and
group LR-mock vs. LR-NaCl, and the heat shock cognate
gene (Cluster-40,571.121975) was up-regulated in group
LC-mock vs. LC-NaCl but down-regulated in group LR-
mock vs. LR-NaClL

KEGG enrichment of DEGs in LC and LR under salinity stress
Evidently, as shown in Fig. 4a, for LC-mock vs. LC-NaCl,
the differential genes between the control and salinity
condition in LC are mainly enriched in metabolic path-
ways (48.57%), biosynthesis of secondary metabolites
(22.81%), plant—pathogen interaction pathway (10.26%),
MAPK signaling pathway (6.16%), amino sugar and
nucleotide sugar metabolism pathway (6.16%), carbon
metabolism (5.47%), and plant hormone signal transduc-
tion (5.02%). In the group LR-mock vs. LR-NaCl (Fig. 4b),
the DEGs between control and salinity condition in LR
are mainly enriched in metabolic pathways (60%), bio-
synthesis of secondary metabolites (38.18%), carbon
metabolism, protein processing in endoplasmic reticu-
lum, spliceosome, tryptophan metabolism, and lysine
degradation.

Dynamic transcriptome analysis in LC and LR in response
to salinity stress

To study the genes expression patterns in LC and LR
under mock and salinity conditions, a K-means cluster
analysis was performed, in which the expression patterns
of genes in LC-mock, LC-NaCl, LR-mock, and LR-NaCl
groups were classified into 10 subclasses, which were
then roughly divided into six categories (Fig. 5). The first
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category was class of genes that showed no regulation
change when subjected to salinity stress compared with
the background condition in LC, yet they showed a trend
of up-regulation in LR (subclassl, subclass9). By contrast,
the second category was a class of genes whose regulation
levels also unchanged under salinity stress (compared
with background condition) in LC but whose tendency
was down-regulated in LR under salinity stress (sub-
class7, subclass8). The third category of genes featured an
up-regulated expression trend under salinity stress in LC,
which remained unchanged in LR under salinity stress
(subclass2, subclass3). The genes in the fourth category
were down-regulated in LC while mostly unchanged in
LR under salinity stress (subclass6, subclass10). Concern-
ing the fifth category genes, they were up-regulated in LC
yet down-regulated in LR when exposed to high salinity
stress (subclass4). The expression level of the sixth cate-
gory genes had not induced by salinity stress in either LC
or LR (subclass5).

KEGG pathway enrichment analysis was carried
out for the 10 subclasses. These results demonstrated
that these DEGs were mainly involved in metabolic
pathways and biosynthesis of secondary metabolites
pathways. In the first category, the first five pathways
in both subclassl and subclass9 are plant—pathogen
interaction, plant hormone signal transduction, car-
bon metabolism, MAPK signaling pathway, and RNA
transport. In the second category, the first five path-
ways in subclass7 are protein processing in endo-
plasmic reticulum, carbon metabolism, starch and
sucrose metabolism, plant—pathogen interaction, and
phenylpropanoid biosynthesis; the first five path-
ways in subclass8 are plant—pathogen interaction,
ribosome, carbon metabolism, plant hormone signal
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Fig. 4 Statistics of KEGG enrichment analysis of DEGs (different expressed genes) in Lycium chinese (LC) and L. ruthenicum (LR) under salinity stress. a
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Fig.5 K-means transcriptomic analysis of significant DEGs in Lycium chinese and L. ruthenicum under control and salinity stress conditions. The
DEGs are divided into 10 groups, which are classified into six types. The top 10 KEGG pathways in each group are listed on the corresponding right
panel

transduction, and biosynthesis of amino acids. In the
third category, the first five pathways in subclass2
and subclass3 are plant—pathogen interaction, plant
hormone signal transduction, protein processing in
endoplasmic reticulum, MAPK signaling pathway,
and carbon metabolism. In the fourth category, the
first five pathways in subclass6 and subclass10 are car-
bon metabolism, plant hormone signal transduction,

biosynthesis of amino acids, starch and sucrose metab-
olism, and MAPK signaling pathway. In the fifth cat-
egory, the main enriched pathways in subclass4 are
plant—pathogen interaction, and protein processing in
endoplasmic reticulum. In the sixth category, the main
enriched pathways in subclass5 are plant—pathogen
interaction, carbon metabolism, ribosome, biosynthe-
sis of amino acids, and RNA transport.
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Metabolomic analysis of LC and LR in response to salinity
stress

Nextly, the metabolites of Chinese wolfberry and black
wolfberry under salinity stress were detected, and the
difference of the metabolites between species or condi-
tions were analyzed. As Fig. 6a shows, the expression
level of 80 metabolites were changed in LC under salinity
stress, in which 57 were up-regulated and 23 were down-
regulated. The expression levels of 69 metabolites were
changed in LR under salinity stress, in which 34 were
up-regulated and 35 were down-regulated. Compared
with LC, 207 metabolites were differentially expressed
in the leaves of LR under control condition, in which
151 were up-regulated and 56 were down-regulated. In
all, 234 metabolites were differentially expressed in the
leaves between LC and LR under salinity stress, of which
146 were up-regulated and 88 were down-regulated. The
PCA of the metabolites in the control group and the
salinity group of LC and LR showed that PC1 and PC2
could completely distinguish the four combinations of
species and treatment (Fig. 6b). In Fig. 6c, the difference
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in metabolites change between different comparative
groups was summarized (using a Venn diagram). Groups
LC-mock vs. LC-NaCl and LR-mock vs. LR-NaCl shared
eight metabolites with common changes, in which seven
were up-regulated, and one was down-regulated. Com-
pared with LC-mock vs. LR-mock, the group LC-NaCl
vs. LR-NaCl had 161 metabolites featuring the same
change tendency, of which 113 were up-regulated and 48
were down-regulated.

The different metabolites enrichment analysis in LC and LR
under salinity stress

The metabolites in the four comparison groups (LC-
mock vs. LC-NaCl, LR-mock vs. LR-NaCl, LC-mock
vs. LR-mock, LC-NaCl vs. LR-NaCl) were enriched
by KEGG, with the results summarized in Fig. 7. All
the metabolites were mainly enriched in metabolic
pathways and biosynthesis of secondary metabolites
pathways, followed by a detailed analysis of other
enrichment pathways. As seen in Fig. 7a, in the group
LC-mock vs. LC-NaCl, the changes in metabolites
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induced by salinity stress in LC mainly concerned
these pathways: microbial metabolism in diverse envi-
ronments, biosynthesis of alkaloids derived from shi-
kimate pathway, biosynthesis of phenylpropanoids,
arginine and proline metabolism, and flavone and fla-
vonol biosynthesis. In Fig. 7b, in the group LR-mock vs.
LR-NaCl, the metabolites variation induced by salin-
ity stress in the leaves of LR were mainly enriched in
the following pathways: biosynthesis of amino acids,
purine metabolism, cysteine and methionine metabo-
lism, biosynthesis of amino acids, and protein digestion
and absorption. In the group LC-mock vs. LR-mock
(Fig. 7c), the different metabolites between leaves of
LC and LR under the control condition were mainly
concentrated in five pathways: microbial metabo-
lism in diverse environments, pyrimidine metabolism,
purine metabolism, flavone and flavonol biosynthe-
sis, and biosynthesis of phenylpropanoids. Finally, in
the LC-NaCl vs. LR-NaCl group (Fig. 7d), the dispar-
ity in leaf metabolites between LC and LR under salin-
ity pressure mainly arose in the following pathways:
microbial metabolism in diverse environments, purine

metabolism, tryptophan metabolism, phenylpropanoid
biosynthesis, and flavone and flavonol biosynthesis.

The top 20 differentially expressed metabolites in LC

and LR

The top 20 differentially expressed metabolites with more
significant log,FC whose expression pattern matched
their related genes in the four comparison groups (LC-
mock vs. LC-NaCl, LR-mock vs. LR-NaCl, LC-mock vs.
LR-mock, LC-NaCl vs. LR-NaCl) are shown in Fig. 8.
In the group LC-mock vs. LC-NaCl, the highly ranked
metabolites were linked to flavonol, anthocyanins, pol-
yamine, nucleotide and its derivatives, organic acids
and quinate. More specifically, most flavonols, includ-
ing hyperoside, hyperin, avicularin, and biorobin, were
down-regulated in LC when exposed to salinity. In the
anthocyanins classification, malvidin-3-O-rutinoside-5
-O-glucosides were up-regulated, while both delphi-
nidin 3-galaactoside chloride and procyanidin B2 were
down-regulated. The polyamines were up-regulated,
while the nucleotide and its derivatives were down-
regulated (Fig. 8a). In the group LR-mock vs. LR-NaCl,
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the primarily changed metabolites were associated with
amino acids derivatives, nucleotide and its derivatives,
polyamine, vitamins, anthocyanin, coumarins, nicotinic
acid derivatives, hydroxycinnamoyl derivatives, and
organic acids. In greater detail, the amino acids deriva-
tives, 3-hydroxykynurenine and L-(—)-cystine were
all down-regulated, whereas S-(5'-adenosy)-L- homo-
cysteine and L-cysteine were both up-regulated dur-
ing salinity stress. Nucleotide and its derivatives, such
as adenosine 5’-monophosphate, adenine, and iP7G,
along with the polyamines, such as N-sinapoyl cadav-
erine, diCaf-put, and N-sinapoyl putrescine, in addi-
tion to the organic acids like D-erythronolactone, were
all up-regulated in LR when exposed to high salinity.
Furthermore, some vitamins, namely nicotinamide-N-
oxide and (—)-riboflavin, were down-regulated in LR
during salinity stress (Fig. 8b). In the group LC-mock
vs. LR-mock, under background condition, the main
differential metabolites found were flavonoid, antho-
cyanins, and polyamine. Some flavonoids were up-regu-
lated in LR compared with LC, like C-hexosyl-apigenin
O-caffeoylhexoside, C-hexosyl-tricetin O-pentoside and
isorhamnetin rutinose, but others were evidently down-
regulated, such as hesperetin C-hexosyl-O-hexosyl-O-
hexoside, kaempferol-3-O-glucoside-7-O-soph, luteolin
O-hexosyl-O-hexoside and quercetin-3-O-glucose-7-O-
soph (Fig. 8c). In the group LC-NaCl vs. LR-NaCl, the
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major differential metabolites in LR compared with LC
under salinity stress were related to flavonoid anthocya-
nins and polyamine. Most of the gathered anthocyanins
and polyamines were down-regulated in LR compared
with LC under high salinity. In the flavonoid classifi-
cation (Fig. 8d), some were up-regulated in LR com-
pared with LC, such as C-hexosyl-tricetin O-pentoside,
quercetin-O-glucoside, isoquercitroside, physcion-8-
O-B-D-glucoside, biorobin and C-hexosyl-apigenin
O-caffeoylhexoside—while several other flavonoids
were down-regulated in LR compared with LC under
salinity stress (such as kaempferol-3-O-glucoside-7-O-
soph, luteolin O-hexosyl-O-hexosyl-O-hexoside, and
quercetin-3-O-glucose-7-O-soph).

KEGG pathway enrichment in DEGs and different
expressed metabolites in LC and LR

According to the above KEGG enrichment analysis, a
histogram was drawn to show the common pathways
in which DEGs and differential expressed metabolites
were highly enriched. As Fig. 9 shows, in which a taller
ordinate column corresponds to greater enrichment.
In group LC-mock vs. LC-NaCl (Fig. 9a), the metabolic
pathways distinguished by a simultaneously higher
enrichment of DEGs and differential metabolites are
arginine and protein metabolism, benzoxazinoid biosyn-
thesis, and riboflavin metabolism. In group LR-mock vs.
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Fig.9 KEGG pathway enrichment (histogram of P-values) analysis of Lycium chinese (LC) and L. ruthenicum (LR) under normal and salinity stress
conditions. a Group LC-mock vs. LC-NaCl. b Group LR-mock vs. LR-NaCl. The abscissa represents metabolic pathways, the ordinate represents
enriched P-values, expressed as —log(P-value); the red and green columns respectively represents the differential expressed genes and metabolites
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LR-NaCl (Fig. 9b), the corresponding metabolic pathways
are lysine degradation pathway, nitrogen metabolism,
and purine metabolism.

Flavonoid metabolism in LC and LR under salinity stress

Flavonoid metabolism plays an important role in pro-
tecting plants against adverse effects of salinity stress.
Figure 10a illustrates the flavonoid biosynthesis pathway,
for which the marked genes were analyzed in Fig. 10b.
The expression profiles of almost all these marked genes
in the flavonoid metabolism pathway had a pattern of
lower abundance in LR than LC, either under the control
condition or salinity stress. Specifically, the genes encod-
ing chalcone synthase (Cluster-40,571.102907), flavone
synthase II, 2-hydroxyisoflavanone synthase-like (Clus-
ter-40,571.125750), and flavonol synthase, and flavonol
synthase/flavanone 3-hydroxylase (Cluster-40,571.25710)
were apparently up-regulated in LC but not in LR when
exposed to salinity stress. However, the genes for fla-
vone synthase II, 2-hydroxyisoflavanone synthase-like
(Cluster-40,571.123809), flavone synthase II, 2-hydroxy-
isoflavanone synthase-like (Cluster-40,571.199168), and
flavonoid 3’-monooxygenase, flavonoid 3’-monooxy-
genase (Cluster-40,571.294286) were all not regulated
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in LR yet down-regulated in LC under salinity stress.
Moreover, the genes encoding naringenin 3-dioxygenase
and naringenin 2-oxoglutarate 3-dioxygenase (Clus-
ter-40,571.120883) were up-regulated in both LC and
LR under salinity stress, while naringenin 3-dioxygenase
(Cluster-40,571.135119) was up-regulated in LR but
not regulated in LC. Furthermore, the genes of flavone
synthase II, 2-hydroxyisoflavanone synthase-like (Clus-
ter-40,571.303908) were down-regulated both in LR and
LC under salinity stress (Fig. 10b). Interestingly, most of
the changed metabolites in the flavonoid biosynthesis
pathway persisted in higher abundance in LR but stay at
a lower level in LC under salinity stress, including butin,
catechin, neohesperidin, naringenin, and afzelecin, in
which, butin was down-regulated both in LR and LC, cat-
echin was non-regulated in LR but up-regulated in LC,
neohesperidin was up-regulated in LR but down-reg-
ulated in LC, naringenin was down-regulated in LR but
up-regulated in LC, and afzelechin was non-regulated in
LR but up-regulated in LC. Apart from those metabo-
lites, eriodictyol remained at a lower level in LR than LC,
yet it was down-regulated in LR though not regulated in
LC. While pinocembrin also occurred at a lower level
in LR than LC, it was up-regulated in both LR and LC.
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Fig. 10 Adaptive changes in flavonoid metabolism in Lycium chinese and L. ruthenicum under salinity stress. a The flavonoid biosynthesis pathway.
b Heatmap of DEGs (differentially expressed genes) involved in the flavonoid metabolic pathway. ¢ Heatmap of differential expressed metabolites in
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In contrast, chlorogenic acid was generally higher in LR
than LC, and it was up-regulated in LR but down-regu-
lated in LC (Fig. 10c).

Alterations in flavone and flavonol metabolism in LC

and LR under high salinity

It is noteworthy that the flavone and flavonol bio-
synthesis pathway was enriched significantly in both
transcriptomic and metabolomic data of wolfberry
plants. The flavone and flavonol biosynthesis path-
way appears in Fig. 11a, and the marked expression
pattern of relative genes are detailed in Fig. 11b.
This revealed that most of the genes involved in fla-
vone and flavonol biosynthesis pathway stay consti-
tutively expressed at low level in LR but at a higher
level in LC, such as flavonol-3-O-glucoside gluco-
syltransferase (Cluster-40,571.113183) and galac-
toside glucosyltransferase (Cluster-40,571.291876),
although both their expression levels went
unchanged during salinity stress in both species.
For glucosyltransferase (Cluster-40,571.113184),
flavonol-3-O-glucoside galactoside glucosyltrans-
ferase  (Cluster-40,571.249135), and flavonoid
3’-monooxygenase (Cluster-40,571.294286), their
transcription levels were higher in LC and lower in
LR, and down-regulated in LC but not-regulated
in LR when exposed to salinity stress. Regarding
flavonol-3-O-glucoside L-rhamnosyltransferase
(Cluster-40,571.163208) and kaempferol 3-O-beta-
D-galactosyltransferase (Cluster-40,571. 188,476),
their abundance of transcripts were higher in LC
than LR, with expression up-regulated in LC yet
non-regulated in LR under salinity stress. Besides,
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some other genes—including the novel plant SNARE
(Cluster-40,571.242780), flavonoid 3’-monooxy-
genase (Cluster-40,571.294284), and flavonoid
3’-monooxygenase-like (Cluster-40,571.294288),
showed consistently greater expression in LR than
LC, with transcription levels up-regulated in LR
but down-regulated or not regulated in LC when
the plants were exposed to salinity stress (Fig. 11b).
Further, for most of the changed metabolites in fla-
vone and flavonol biosynthesis pathway under salin-
ity stress in wolfberry, their content stayed at a
higher level in LR but a lower level in LC. As shown
in Fig. 11c, the 3,7-di-O-methylquercetin continued
to have a lower content under the control condition,
but this was up-regulated to greater extent in LC
and down-regulated in LR when exposed to salinity
stress. Moreover, the content of isovitexin, astraga-
lin, and cosmosiin stayed at higher level in LR than
LC under control condition, yet down-regulated both
in LR and LC under salinity stress. The rutin content
was found higher in LR than LC, and this did not
change under salinity stress. The cynaroside content
remained at a lower statement in LC but higher in LR
under control condition, while it was down-regulated
in LC and up-regulated in LR under high salinity
condition (Fig. 11c).

Discussion

Soil salinity will continue to threaten crop production
and security in the future. Cultivation of salt-tolerant
crops is therefore the most effective way to overcome
this pressing environmental problem. In this study, we
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found that black wolfberry was more resistive to salin-
ity than Chinese wolfberry.

ABA content is normally low but increases sharply

when exposed to high salinity in LR

ABA is involved in the growth and development regula-
tion of plants, such as inhibiting seed germination, promot-
ing dormancy, causing stomatal closure, inhibiting growth,
and promoting leaf senescence and shedding [45]. At the
same time, it also plays a vital role in coping with a vari-
ety of stresses that plants might incur in nature [46]. ABA
is a kind of hormone which stay at a low content but with
great effects in plants. Under stressful condition, the ABA
concentration will increase and induce changes in certain
metabolic processes in plants and play a role in resistance
to adversity. Salinity stress leads to much ABA accumulat-
ing in plant roots, which is transported to the above ground
parts via xylem fluid flow. As a result, ABA accumulation in
leaves delays the leaf expansion rate and promotes stomatal
closure, which reduces the transpiration rate of plants and
the transport of salt in root caps, thus alleviating the dam-
age to plants caused by salinity stress [47].

Comparing LC and LR, we found that the ABA con-
tent in LR was significantly lower than that in LC under
non-stressed growing condition. When exposed to the
high salinity condition, the LR quickly accumulated a
large amount of ABA to resist salinity stress, but only a
small amount of ABA was increased in LC to withstand
injury from high salinity. These results confirm the strong
resistance to salinity stress of black wolfberry.

Flavone and flavonoid stay at a higher content

under non-stressed condition than salinity stress in LR
Flavonoids constitute a class of important secondary
metabolites widely found in plants, and they can affect
many traits of plants [48]. Flavonoids play a key role
in plant growth and protection against extreme envi-
ronments [49, 50]. The type, content, distribution, and
function of particular flavonoids vary greatly among
species but also different among plant tissues and even
across development stages. During the growth and
development of a plant, the metabolites of flavonoids
are in a process of dynamic change [51-53]. Many stud-
ies have reported that the metabolism of flavonoids
is involved in plants responding to biotic and abiotic
stress, such as salinity stress, oxidative stress, drought
stress, insect chewing, and others [54—56]. Flavonoids
can improve the adaptability of plants to adversity by
eliminating the accumulation of ROS, or cooperate with
other stress response factors (such as ABA and GA) to
mitigate the damage caused by adverse biotic or abiotic
factors [57-59].
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In this paper, through the joint analysis of transcrip-
tome and metabolome data, we find that irrespective
of exposure to salinity stress or not, flavonoids and fla-
vonoids were occurred at significantly higher content in
LR than in LC, which likely promoted the higher salinity
tolerance of LR than LC. In addition, via comparing their
content in leaves under salinity stress and normal grow
conditions, it was found that the accumulation of flavo-
noids and flavonoids in LC was significantly augmented
under high salinity stress, indicating that LC need more
flavones to resist the harm caused by high salinity. How-
ever, high salinity stress did not likewise induce a large
accumulation of flavonoids in LR, perhaps it is because
that the already higher content of flavonoids under nor-
mal condition, which was sufficient to resist high salin-
ity stress. This would also explain the higher tolerance of
black wolfberry to salinity stress.

Conclusions

To sum up, through this study, we have shown that
LR is ready to defence high salinity stress under nor-
mal condition, due to a lower ABA content and a
higher level of flavonoids. Furthermore, when exposed
to a high salinity environment, these LR plants will
improve their resistance by accumulating much ABA
on one hand, and on the other hand, mitigate oxida-
tive damage which caused by high salinity via the high
level of flavonoids already presented in their tissues.
This research not only reveals the intrinsic reason why
the black wolfberry tolerant to high salinity stress, but
also suggests that to enhance the salinity tolerance of
Chinese wolfberry by improving its flavonoids level,
through in vivo or in vitro techniques, which would
also simultaneously increase the nutritional value of its
fruits and leaves.

Methods

Plant materials and growth conditions

Seedlings used in the experiments were cultured from
twigs cuttage of Chinese wolfberry (Lycium chinese,
LC) and black wolfberry (L. ruthenicum, LR). Both Chi-
nese wolfberry and black wolfberry were gained from
the Lycium barbarum germplasm nursery in Ningxia,
China. All the wolfberry seeds were surface-sterilized
with 25% sodium hypochlorite, and then air-dried inside
a horizontal laminar-flow hood, before sowing them on
Murashige and Skoog(MS) medium which containing
1% sucrose and 0.8% agar. After stratification at 4°C in
dark for 3days, the seed plates were transferred into a
10h-light/14 h-dark photoperiod growth chamber whose
temperature was controlled at 25°C. Then, the seed ger-
mination rate of each plate was recorded every day from
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1st day to 24th day. In addition, the wolfberry twigs were
sterilized successively by 0.1% mercuric chloride, 70%
ethyl alcohol, sterile water, and dried inside a horizontal
laminar-flow hood subsequently. Then cut into the MS
medium containing NaCl or not, which finally moved
into the growth chamber to continue growing. After
growing 21days, the leaves were collected respectively,
frozen into liquid nitrogen immediately, and stored in the
—80°C refrigerator for later detection using.

Phenotype characterization

The salinity tolerance of each wolfberry species (LC and
LR) was determined experimentally. Firstly, to assess this
phenotypic trait at germination stage, sterilized seeds of
the two species were germinated on MS medium con-
taining 150 mM of NaCl or control. The germination rate
of LC and LR seeds were recorded after their stratification
and development in the growth chamber for a few days.
To evaluate salt tolerance at the vegetative growth stage,
tissue-cultured seedlings of both wolfberry were cut and
inserti into MS medium containing 150mM NaCl or
control, followed by their transferal to the growth cham-
ber to grow continuously.

Phytohormones ABA, JA and SA quantifications

For ABA, JA and SA content measurement, the wolf-
berry leaves were harvested, weighted, and immedi-
ately frozen into liquid nitrogen, and stored at —80°C
until needed. Then the leaf tissues (50 mg fresh weight)
were grounded to fine powder in liquid nitrogen, and
extracted with extraction buffer containing metha-
nol/water/formic acid (15:4:1,V/V/V). The combined
extracts were evaporated to dryness under nitrogen gas
stream, reconstituted in 80% methanol (V/V), and fil-
trated (PTFE, 0.22 um; Anpel) before LC-MS/MS analy-
sis. Nextly, the sample extracts were analyzed using an
LC-ESI-MS/MS system (HPLC, Shim-pack UFLC SHI-
MADZUCBM30A system, www.shimadzu.com.cn/; MS,
Applied Biosystems 6500 Triple Quadrupole, www.appli
edbiosystems.com.cn/). The analytical conditions were
as follows, HPLC: column, Waters ACQUITY UPLC
HSS T3 C18 (1.8 um, 2.1 mm*100 mm). The solvent sys-
tem was composed of water (0.05% acetic acid) and
acetonitrile (0.05% acetic acid), the gradient program
was carried out as follows, which is water (0.05% acetic
acid): acetonitrile (0.05% acetic acid) (95:5V/V) at O min,
water (0.05% acetic acid): acetonitrile (0.05% acetic acid)
(95:5V/V) at 1min, water (0.05% acetic acid): acetoni-
trile (0.05% acetic acid) (5:95V/V) at 8 min, water (0.05%
acetic acid): acetonitrile (0.05% acetic acid) (5:95V/V) at
9 min, water (0.05% acetic acid): acetonitrile (0.05% ace-
tic acid) (95:5V/V) at 9.1 min, water (0.05% acetic acid):
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acetonitrile (0.05% acetic acid) (95:5V/V) at 12 min; the
flow rate was 0.35mL/min; the temperature was 40°C;
the injection volume was 2pL. The effluent was alterna-
tively connected to an ESI-triple quadrupole-linear ion
trap (QTRAP)-MS.AB 6500 QTRAP LC/MS/MS System,
equipped with an ESI Turbo Ion-Spray interface, oper-
ating in both positive and negative ion modes and con-
trolled by Analyst 1.6 software (AB Sciex). The ESI source
operation parameters were as follows: ion source, turbo
spray; source temperature was 500°C; ion spray voltage
(IS) was 4500V; curtain gas (CUR) were set at 35.0 psi;
the collision gas (CAD) was medium. DP and CE for indi-
vidual MRM transitions was done with further DP and
CE optimization. A specific set of MRM transitions was
monitored for each period according to the plant hor-
mones eluted within this period. Three replicates of each
assay were performed [60—-63].

RNA extractions

Total RNA was extracted from detached leaves with the
Trizol reagent (Invitrogen) according to the manufac-
turer protocol. The extracted total RNA was treated with
RNase-free DNase I (Thermo Scientific) to remove any
trace amounts of DNA contamination. Next, the qual-
ity and quantity of extracted RNA were determined by
measuring the absorbance at A260/A280 and A260/A230
in a spectrophotometer (NanoPhotometer). RNA integ-
rity and its absence of DNA contamination were further
verified by agarose gel electrophoresis. The concentration
of RNA in a given sample was measured with high accu-
racy by a fluorimeter (Qubit 2.0), and the integrality of
RNA was precisely confirmed by a bioanalyzer (Agilent
2100).

cDNA library construction and sequencing

The mRNA was acquired in two ways: firstly, the mRNA
with a polyA tail were enriched by the Oligo(dT) mag-
netic beads, and secondly, mRNA was obtained by
removing rRNA from total RNA. Afterwards, RNA
strands were broken into short fragments in a fragmenta-
tion buffer. These short-RNA fragments served as a tem-
plate to synthesize the first strand cDNA with random
hexamers. The second strand cDNA was synthesized by
dNTPs (dUTP, dATP, dGTP, dCTP), DNA polymerase
I, and first strand cDNA immersed together in a buffer
solution. The ensuing double-stranded cDNA was puri-
fied by AMPure XP beads, after which the tail of purified
double-strand ¢cDNA was repaired, a polyA tail added,
and the sequencing joint connected. Patterns were then
picked by AMPure XP beads, and the final cDNA library
acquired via PCR enrichment. Next, the final cDNA
library was determined, mainly quantified by Qubit 2.0
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and its insert size detected by an Agilent 2100; the effec-
tive concentration was measured accurately by qPCR.
After the cDNA library was determined to be qualified,
sequencing was carried out using Illumina Hi-Seq.

Transcript splicing

Clean reads were gained after sequencing, filtration,
error rate checking, and GC content-distribution check-
ing. These clean reads were assembled to derive the refer-
ence sequence used later, by using Trinity software. The
transcriptomes were hierarchically clustered by Corset
(https://code.google.com/p/corset-project/), a software
tool designed for obtaining gene-level counts from any
de novo transcriptome assembly, from which the long-
est cluster sequence was designated the unigene for later
analysis. This work was performed in the Metware com-
pany (http://www.metware.cn/).

Gene annotations

Using BLAST software, each unigene was compared
with several public databases: KEGG (Kyoto Encyclope-
dia of Genes and Genomes), NR (NCBI non-redundant
protein sequences), Swiss-Prot (manually annotated
and reviewed protein sequences), GO (Gene Ontology),
and KOG/COG (Clusters of Orthologous Groups of
proteins). The amino acid sequence of a given unigene
was predicted, followed by blasting it against the Pfam
(Protein family) database using HMMER software.

Differentially expressed genes (DEGs)

To explore the profiles of DEGs between LR and LC
under different salinity conditions, we analyzed gene
expression patterns via DESeq2, to obtain robust
DEGs sets. The identification of statistically signifi-
cant DEGs and their respective fold-changes in gene
expression level were implemented by an R package.
After doing this, the multiple hypothesis testing was
performed by first correcting the P-value of each gene
to control the False Discovery Rate (FDR), using the
Benjamini-Hochberg procedure. The criteria used for
identifying DEGs were a |log,fold change| > 1 with an
FDR<0.05.

Functional annotation of DEGs

A cluster analysis of gene expression pattern was done to
predict the genes functions and determine their distribution
frequency across functional categories. This analysis relied
on annotating genes to KEGG database to identify signifi-
cantly enriched metabolic pathways or signal transduction
pathways in DEGs versus the whole-genome background.
Gene Ontology (GO) is another way to analyze gene sets, by
describing the functioning of DEGs in terms of molecular
function, biological progress and cellular component.
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Metabolomics

The detached leaves of wolfberry plants (LC and LR)
were freeze-dried and ground in a mixer mill. A 100 mg
powder subsample was extracted in 1.2ml of 70% aque-
ous methanol at 4°C overnight, followed by centrifug-
ing at 10000g for 10 min; the ensuing supernatant was
absorbed and passed through 0.22-pum pore size filter
before its UPLC-MS (Ultra Performance Liquid Chro-
matography - Tandem Mass Spectrometry) analysis.
Then, each extract sample was analyzed in an UPLA-
ESI-MS/MS system (UPLC, Shim-pack UFLC SHI-
MADZU CBM30A system, www.shimadzu.com.cn/;
MS, Applied Biosystems. 6500 Q TRAP, www.appli
edbiosystems.com.cn/). This work was performed in the
Metware company.

Screening of differential metabolites

Differential metabolites should be excavated accu-
rately from multiple perspectives, by applying both
univariate and multivariate statistical analyses. The
differential metabolites in the wolfberry species (LC
and LR) under salinity conditions could be screened
out, in a preliminary way, by the variable importance
in projection (VIP) value based on the OPLS-DA
(Orthogonal Partial Least Squares - Discriminant
Analysis) results. The threshold values used for
screening would assign a significant difference when
the fold change >2 or <0.5, in addition to having a
VIP > 1.

Enrichment analysis and functional annotation

of differential metabolites

The differential metabolites were annotated using
the KEGG database and enriched by KEGG pathway,
according to the results from the preceding differen-
tial metabolites analysis. The rich factor is a ratio of the
number of differential metabolites in corresponding
pathway to the total number of metabolites detected
and annotated in that pathway. Accordingly, the enrich-
ment degree is inferred to be higher when this ratio has
a larger value, In addition, the closer its P-value was to
zero, the more outstanding was a given enrichment.

Statistical analysis

All experiments were carried out at least three times,
independently, with similar results. All values are pre-
sented as means & SD. Statistical significance was based
on unpaired two-sample Student’s ¢-tests, as determined
in Sigmaplot 10 software. Principal component analysis
(PCA) was also performed on all data sets.
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