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The varying responses of leaves and roots
and the link between sugar metabolic genes
and the SWEET family in Dendrobium officinale
under salt stress
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Abstract

Background Dendrobium officinale Kimura et Migo is a perennial epiphytic herb in traditional Chinese medicine,
showing remarkable resistance to salt stress. Water-soluble sugars serve as important osmoprotectants and play
crucial roles in plant stress responses. Previous studies have primarily focused on sugar metabolism in individual
tissues under stress, resulting in a limited understanding of the regulatory differences between tissues and the
relationship between sugar metabolism and transport.

Results A variety of salt-responsive genes were identified through transcriptome analysis of D. officinale. GO and
KEGG enrichment analyses revealed functional differences among the differentially expressed genes (DEGs) between
leaves and roots. Expression analysis indicated that sugar metabolic genes and D. officinale Sugars Will Eventually be
Exported Transporters (DoSWEETs) displayed distinct expression patterns in leaves and roots under salt stress. Most
sugar metabolic genes were up-regulated in the leaves and down-regulated in the roots in response to salt, while
DoSWEETs predominantly responded in the roots. Specifically, DOSWEET2a, 6a, 12a, 14, and 16 were confirmed via
RT-gPCR. Additionally, positive correlations were observed between certain genes (scrK, INV, SUS) and DoSWEETS,
with INV (LOCT110096666) showing a strong positive correlation with all detected DoSWEETs in both leaves and roots.

Conclusions Our findings not only illustrated the distinct responses of leaves and roots to salt stress, but also
highlighted the relationship between sugar metabolic genes and DoSWEETs in adapting to such stress. This enhances
our understanding of the differential responses of plant tissues to salt stress and identified candidate genes for salt-
resistance breeding in D. officinale.
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Background

Dendrobium officinale Kimura et Migo is a valued tra-
ditional Chinese medicine known for its high content of
polysaccharides, alkaloids, flavonoids, and various bioac-
tivities in its stem [1, 2]. Water-soluble polysaccharides,
a medicinal ingredient isolated from D. officinale stems
[3], have shown therapeutic effects, including immunity
enhancement, gastric benefits, anti-inflammation prop-
erties, and anti-tumor activity [4, 5].

In plants, photosynthetic sucrose is loaded into and
unloaded from the phloem by sugar transporters [6].
Subsequently, sucrose is hydrolyzed by sugar hydro-
lases or synthetases for reutilization and storage as
metabolites in sink tissues, including stems and leaves
[7]. Throughout its growth and development, D. offici-
nale often experiences various abiotic stresses [8]. Salin-
ity is a common abiotic stress factor that significantly
affects plant growth, development, and productivity [9].
When plants are exposed to salinity stress, high salin-
ity initially causes osmotic stress in the roots, leading
to reduced water availability. This inhibition affects the
growth of young leaves and reduces stomatal conduc-
tance in mature leaves. In the second phase, ionic stress
inflicts considerable damage on plant growth and devel-
opment by disrupting ion balance or causing excessive
ion accumulation [9]. High salinity can also trigger vari-
ous signal transduction pathways, including phytohor-
mone-mediated and Ca®* signaling pathways, to facilitate
communication between roots and leaves [10—12]. This
communication may lead to a decrease in photosynthetic
efficiency [12] or promote the biosynthesis of secondary
metabolites [13]. Water-soluble polysaccharides, recog-
nized as a type of plant secondary metabolite [14], may
function as osmoprotectants to help mitigate the chal-
lenges caused by salt stress [15]. However, the impact
of salt stress on sugar metabolism and transport in both
leaves and roots remains not fully understood.

Dendrobium has demonstrated remarkable tolerance to
high salinity (15 dS m™!) [16]. Benefiting from transcrip-
tome analysis and the available D. officinale genome, the
expression profiles of specific metabolite biosynthetic
genes under salt stress have been elucidated [13, 17].
Salt stress significantly alters various metabolic path-
ways, including phenylalanine metabolism, flavonoid
biosynthesis, and a-linolenic acid metabolism [13]. How-
ever, the impact of salt on sugar metabolism in D. offici-
nale remains poorly understood. Sugars Will Eventually
be Exported Transporters (SWEETs), a novel type of
sugar transporters [18], exhibit bi-directional transport
capabilities [7], and play roles in responses to various
abiotic stresses [19-23]. Our previous study identified
several members of the SWEET family in D. officinale
and revealed that the expression of DoSWEETs was reg-
ulated by cold, drought, and, Methyl jasmonate (MeJA)
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treatment [24]. However, it is still unclear whether
DoSWEET: respond to salt stress and how sugar metabo-
lism and transport are regulated and coordinated under
such conditions.

In this study, using online transcriptome data from
leaves and roots under salt treatment [13], we analyzed
the expression profiles and correlations of sugar meta-
bolic genes and DoSWEETs employing multiple bioin-
formatic tools and resources, which were further verified
by RT-qPCR. Our findings illustrated the differential
regulation and potential cooperation of sugar metabolic
genes and DoSWEETS in different tissues of D. officinale
in response to salt stress. The new insight enhances our
understanding of salt adaptation in D. officinale and
provides potential candidates as molecular markers for
breeding salt-resistant varieties.

Results

Gene expression comparison of salt-treated leaves and
roots from D. Officinale

To identify the differences in gene regulation between
the leaves and roots of D. officinale in response to salt
stress, the relevant transcriptome datasets with acces-
sion number PRJNA715099 [13] were downloaded
for bioinformatic analysis. TPM values of genes at dif-
ferent time points (0 h, 4 h, and 12 h) under salt treat-
ment were obtained (Additional file 1: Table S1). In the
roots, about 6,000 genes were significantly regulated by
salt stress, defined by the criteria of |log,FoldChange| >
1 and p-value<0.05. In comparison, the number of dif-
ferentially expressed genes (DEGs) in the leaves was rela-
tively lower, at around 4,000 genes (Fig. 1 and Additional
file 1: Table S2). This suggested that salt stress had a more
pronounced impact on gene regulation in the roots com-
pared to the leaves.

Notably, the numbers of up-regulated and down-reg-
ulated genes in response to salt treatment showed little
variation at both 4 h and 12 h in both leaves and roots
(Fig. 1). Among the DEGs, over 900 genes were identified
as responsive to salt treatment in both tissues (Fig. 1).
Specifically, we identified 151 up-regulated DEGs (Addi-
tional file 2: Fig. S1A) and 69 down-regulated DEGs
(Additional file 2: Fig. S1B) in the leaves across the three
comparisons (4 h vs. 0 h, 12 h vs. 0 h, and 12 h vs. 4 h).
In the roots, 109 up-regulated DEGs (Additional file 2:
Fig. S1C) and 53 down-regulated DEGs (Additional file 2:
Fig. S1D) were detected in the same comparisons. These
observations revealed that approximately 200 genes were
consistently up- or down-regulated in both leaves and
roots under salt stress.
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Fig. 1 Venn diagram of salt-responsive DEGs in leaves and roots. A, C Venn diagrams illustrating the up-regulated genes in leaves and roots for the
comparisons of 4 h vs.0 h (A) and 12 h vs. 0 h (C). B, D Venn diagram of the down-regulated genes in leaves and roots for the comparisons of 4 h vs.0 h

(B)and 12 hvs.0h (D)

Functional comparison of DEGs of in salt-treated leaves
and roots

To investigate the potential functional differences
between the DEGs in leaves and roots in response to salt
stress, we conducted Gene Ontology (GO) and Kyoto
encyclopedia of genes and genomes (KEGG) enrich-
ment analyses. The DEGs were assigned into three major
GO categories, highlighting significant differences in the

response patterns of leaves and roots (Fig. 2 and Addi-
tional file 1: Table S3). In the biological process category,
a majority of the DEGs in leaves (4 h vs. 0 h) were associ-
ated with functions such as ‘RNA modification; ‘photo-
synthesis, ‘response to blue light, ‘secondary metabolic
process, and ‘regulation of hormone level’ (Fig. 2A). In
contrast, the most significantly enriched function among
the DEGs in the roots was ‘response to water, observed
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Fig. 2 Top five GO enrichment circle diagrams for DEGs in response to salt in leaves and roots. A-B Go enrichment circle diagrams for DEGs in response
to salt in the leaves for the comparisons of 4 h vs. 0 h (A) and 12 h vs. 0 h (B). C-D Go enrichment circle diagram for DEGs in response to salt in the roots
for the comparisons of 4 h vs. 0 h (C) and 12 h vs. 0 h (D). Outside circle: classification of GO categories. Medium circle: enriched dots representing up-
regulated genes (yellow) and down-regulated genes (blue) within each category. Inside circles: change trend of each category, represented by z-score
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in both comparisons (4 h vs. 0 h and 12 h vs. 0 h) (Fig. 2C
and D, and Additional file 1: Table S3). Moreover, func-
tions related to ‘response to salt’ and ‘response to water
deprivation’ were enriched among the DEGs in both
leaves and roots (12 h vs. 0 h) (Fig. 2B and D). Interest-
ingly, in the cellular component category, DEGs in the
roots were more frequently associated with thylakoid-
related functions, including ‘chloroplast thylakoid; ‘plas-
tid thylakoid; ‘thylakoid, ‘plastid thylakoid membrane;
and ‘chloroplast thylakoid membrane’ (Fig. 2C and
D). While the DEGs in the leaves exhibited significant
enrichment in the ‘plant-type cell wall’ category (Fig. 2A
and B).

KEGG analysis revealed that the number of DEGs
related to transcription factors was the highest in both
leaves and roots under salt stress (Fig. 3 and Additional
file 1: Table S4). Five pathways, including ‘cytochrome
P450; ‘glutathione metabolism, ‘plant hormone signal
transduction, ‘M APK signaling pathway-plant; and ‘pho-
tosynthesis proteins, were enriched across at least three
comparison groups (Fig. 3 and Additional file 1: Table
S4). Furthermore, DEGs in the roots (4 h vs. 0 h) were
significantly associated with the ‘starch and sucrose
metabolism’ pathway (Fig. 3C and Additional file 1: Table
S4), indicating that sucrose might play a critical role in
the rapidly response to salt stress in D. officinale roots.
Additional analysis revealed that genes involved in the
‘glutathione metabolism’ pathway were more likely to be
induced by salt stress, whereas those in the ‘photosyn-
thesis proteins’ and ‘photosynthesis’ pathways predomi-
nantly consisted of down-regulated genes (Fig. 3).

Differential responses of the sugar metabolic genes in
leaves and roots under salt stress
To analyze the response of sugar metabolic genes in D.
officinale under salt stress, we focused on the expression
of genes within the KEGG pathway ko00500 (starch and
sucrose metabolism) and ko00051 (fructose and man-
nose metabolism). The selected genes included invertase
(INV)|B-fructofuranosidase (sacA), a-glucosidase (malZ),
phosphotransferase system (scrA), hexokinase (HK), phos-
phoglucomutase (pgm), UTP-glucose-1-phosphate uridyl-
yltransferase 2 (UGP2), ectonucleotide pyrophosphatase/
phosphodiesterase family member 1/3 (ENPP1_3), sucrose
synthase (SUS), fructokinase (scrK), mannose-6-phos-
phate isomerase (MPI), phosphomannomutase (PMM),
and mannose-1-phosphate guanylyltransferase (GMPP).
We also analyzed the expression changes of cellulose
synthase like genes (CSLs), which are a class of glycosyl-
transferases (GT5) involved in the biosynthesis of water-
soluble polysaccharides in D. officinale [25, 26].

Under salt stress, the analyzed sugar metabolic genes
were predominantly up-regulated in the leaves, with
a ratio of 19/59 (up-regulated/total, log,FC>1 and
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p<0.05), while in the roots, they were primarily down-
regulated, with a ratio of 20/59 (down-regulated/total,
log,FC < -1 and p<0.05). In contrast, six genes showed
decreased expression in the leaves (log,FC < -1 and
p<0.05), whereas seven genes were induced in the roots
(log,FC>1 and p<0.05) (Fig. 4). Notably, different regu-
latory patterns were observed for specific genes between
leaves and roots. SUS, malZ, and INV/sacA were up-
regulated in the leaves at 4—12 h under salt treatment,
indicating an increase in sucrose hydrolysis during
short-term salt stress. Conversely, while the expression
of SUS in the roots significantly decreased in response
to salt, malZ and INV/sacA exhibited an upward trend
(Fig. 4). Similar different expression patterns were evi-
dent for genes encoding HK, PMM, GMPP, and CSL,
all with |log,FC| > 1 and p<0.05 (Fig. 4). These findings
indicated that the expression of sugar metabolic genes
was enhanced in the leaves but weakened in the roots in
response to salt stress.

Differential responses of DoSWEETs between leaves and
roots under salt stress

In addition to metabolic functions, the transport of
water-soluble sugars plays a crucial role in plant resis-
tance to salt stress. The SWEET family of sugar transport-
ers in known to participate in responses to various abiotic
stresses [19-23]. In our previous study, we identified 25
members of the SWEET family in D. officinale [24]. To
further elucidate the roles of DoSWEETs in salt response,
we analyzed their expression patterns (Additional file 1:
Table S5). In the transcriptomic datasets examined in
this study, nine DoSWEETs were detected, of which eight
were significantly regulated by salt stress (Additional file
1: Table S6 and Additional file 2: Fig. S2). Among these
eight salt-responsive  DoSWEETs, only DoSWEETI1I
exhibited a downward trend in expression in the leaves
following 4 h of treatment, the remaining DoSWEETs
were all induced by salt stress (Fig. 5A and D). Notably,
compared to the leaves, a greater number of DoSWEETs
were induced in the roots under salt stress. DoOSWEET2a
and DoSWEETI16 were up-regulated in both leaves and
roots following salt treatment (Fig. 5A and D). Mean-
while, DoSWEETI13 was uniquely induced in the leaves
by salt stress, while DoSWEET6b, DoSWEET12a, and
DoSWEET14 were only up-regulated in the roots (Fig. 5A
and D). Results from RT-qPCR further confirmed the
salt-responsive behavior of DoSWEETs (Fig. 5E and F).
Importantly, a more rapid regulation of DoSWEETs was
observed in the roots compared to the leaves under salt
stress. Following a 4 h treatment, the expression changes
of salt-responsive DoSWEETs in the leaves (DoSWEET2a,
DoSWEET13, and DoSWEETI6) were noticeably
smaller than those detected in the roots (DoSWEET2a,
DoSWEET6a, DoSWEET!2a, DoSWEETI13,
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Fig. 4 Expression profiles of sugar metabolic genes and DoSWEETs in response to salt stress. Each cell represents the mean TPM value derived from three
biological replicates. The number in each cell represents the log,FC value compared to the control group (LO or R0) with a significant level of p <0.05.
L0, L4, and L12 represent leaves treated with salt for 0 h, 4 h, and 12 h, respectively. RO, R4, and R12 represent roots treated with salt for O h, 4 h,and 12 h,

respectively. Glycosyltransferases (GTs) are marked in light brown

DoSWEET14, and DoSWEET16) (Fig. 5E and F). In con-
clusion, the expression of DoSWEETs involved in sugar
transport was enhanced in both leaves and roots after
salt treatment. However, the roots exhibited a greater
sensitivity to high salinity, showing a quicker and more
substantial regulation in DoSWEETs expression than the
leaves during short-term salt stress.

Correlation of sugar metabolic genes and DoSWEETs under
salt stress

To elucidate the relationship between sugar metabo-
lism and transport in response to salt stress, we ana-
lyzed the correlation between sugar metabolic genes
and DoSWEETs. Based on the associated KEGG path-
ways, sugar metabolic genes were categorized into three
groups: those involved in glucose metabolism, those in

fructose and mannose metabolism, and genes implicated
in both pathways (Fig. 6A, S3, and Additional file 1: Tables
S7-S10). DoSWEETI2a exhibited strong correlations
with all three groups, with correlation coefficients of 0.64,
0.41, and 0.41, respectively (Fig. 6A and Additional file 1:
Table S7). At the single gene level, scrK (LOC110113984
and LOCI10116405), INV (LOCI110096666), and SUS
(LOC110110417) exhibited positive correlations with
most DoSWEETs (Fig. 6A and Additional file 1: Table
S8). RT-qPCR analysis revealed that the expression lev-
els of scrK (LOCI110113984), INV (LOCI110096666), and
SUS (LOC110110417) consistently increased in both
leaves and roots during short-term salt stress, except
for INV (LOC110096666) in the roots (Fig. 6B). Based
on the confirmed expression patterns of DoSWEETs
(Fig. 5E and F) and sugar metabolic genes (Fig. 6B), the
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correlation relationships were re-evaluated (Fig. 6C). In
leaves, the up-regulated DoSWEET2a, DoSWEET13, and
DoSWEETI16 exhibited high positive correlations (cor-
relation coefficient>0.82) with scrK (LOCI110113984),
INV (LOC110096666), and SUS (LOCI10110417). In
roots, the up-regulated DoSWEET2a, DoSWEET6a,
DoSWEET12a, DoSWEETI14, and DoSWEET16 showed
positive correlations with INV  (LOCI110096666)
(Fig. 6C). These findings aligned closely with the tran-
scriptome data (Additional file 2: Fig. S3, Additional file
1: Tables S9 and S10), suggesting potential cooperation
between DoSWEETs and key sugar metabolic genes in
modulating resistance to salt stress.

Discussion

Salt stress is a significant abiotic factor that poses a
major threat to the agriculture industry, adversely affect-
ing plant growth and development, ultimately leading to
reduced yields [12]. Under salt stress conditions, Na™ or
Cl™ can rapidly impact plant roots by triggering osmotic
stress, or they can exert a gradual impact through ionic
stress [9]. Consequently, high salinity diminishes photo-
synthetic rates in leaves and promotes the accumulation
of water-soluble osmoprotectants, such as proline, gly-
cine betaine, and sugars, in the roots, stems, and leaves
[15, 27]. Dendrobium species belong to the largest family
of angiosperm [28] and have evolved various mechanisms
to adapt to diverse natural habitats. These plants charac-
terized by thick roots that enable them to live epiphyti-
cally on rock surfaces or tree trunks [29]. They exhibit a
high tolerance to salt stress [16]. Under salt stress con-
ditions, specific biosynthesis pathways are activated,
leading to the accumulation of secondary metabolites,
including sugars, flavonoids, and alkaloids in the leaves
of D. officinale [13]. Notably, water-soluble polysaccha-
rides, key osmoprotectants involved in the response to
salt stress [15], are also the most important medicinal
ingredients in D. officinale. Polysaccharides are synthe-
sized through the sugar metabolic pathway and are trans-
ported by sugar transporters [14, 24]. Thus, elucidating
the differential regulation and potential interactions
between sugar metabolic genes and sugar transporters in
both leaves and roots is crucial for gaining comprehen-
sive insights into the transcriptional regulation of D. offi-
cinale in response to salt stress.

Based on the expression profiles, a greater number of
DEGs were observed in the roots in rapid salt-response
compared to the leaves (Fig. 1), indicating tissue-spe-
cific responses at the transcriptional level. Among these
numerous DEGs, approximately 200 showed consistent
up- or down-regulation in response to salt treatment
(Additional file 2: Fig. S1). This suggested that the major-
ity of early salt-responsive genes were activated rapidly
and displayed transient changes in expression. Notably,
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the consistently up-regulated DEGs in the leaves were
significantly related to cytochrome P450, o-linolenic
acid metabolism, and the jasmonic acid (JA) metabolic
process (Additional file 1: Table S11). The a-linolenic
acid serves as a precursor for JA biosynthesis and has
been observed with increased content in salt-tolerant
transgenic rapeseed [30]. Similarly, sugar beet, is a high-
sugar-yielding crop known for storing amount of sugar in
its roots, exhibited DEGs and differentially accumulated
metabolites (DAMs) associated with starch and sucrose
metabolism, a-linolenic acid metabolism, and plant hor-
mone signal transduction pathways. When subjected to
salt stress for 24 h [31]. These findings suggest that sugar
metabolism and a-linolenic acid metabolism likely play
critical roles in enhancing salt tolerance in D. officinale.
The consistently up-regulated genes may serve as key
regulatory components in this progress.

In the roots, the DEGs were significantly enriched
in biological processes related to ‘response to water,
‘response to water deprivation, and ‘response to salt’
(Fig. 2C and D). The pattern aligns with the conditions
observed in roots experiencing osmotic stress during the
initial phase of salinity stress. Osmotic stress not only
impairs the root’s ability to absorb water but also triggers
water loss from leaves [15]. Consistent with the physi-
ological change observed in model plants, DEGs in the
leaves of D. officinale were significantly enriched in the
category ‘response to water deprivation’ during late-stage
salt stress (12 h) (Fig. 2B). Conversely, during early salt
stress (4 h), the DEGs were associated with ‘photosynthe-
sis, ‘secondary metabolic process; and ‘regulation of hor-
mone levels’ (Fig. 2A). The findings suggest that the roots
of D. officinale respond to salt stress by regulating water
loss, while the leaves initially react to salt stress by down-
regulating photosynthesis and activating secondary
metabolic processes and hormone-mediated pathways.
Previous reports have indicated that osmotic adjustment
in the leaves helps protect Dendrobium plants from salt
stress [16]. Osmoprotectants, including proline, sugars,
and polyols produced through secondary metabolic pro-
cesses, play a crucial role in osmotic adjustment in plants
[32, 33]. In this study, we detected the sugar content,
including sucrose, glucose, and fructose, in both leaves
and root following salt treatment. Generally, the sugar
contents in both tissues were found to be induced by salt
stress (Additional file 2: Fig. S4). In the leaves, sucrose
and glucose levels continued to rise after salt treatment,
which was consisted with the result from metabolome
[13]. Comparatively, the sugar content in the roots exhib-
ited greater sensitivity to high salinity, showing a rapid
and significant increase during early salt stress (4 h),
followed by a decreased or stabilization at 12 h (Addi-
tional file 2: Fig. S). Therefore, the induction of second-
ary metabolic processes in salt-treated D. officinale may
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contribute to the plant’s adaptation to salt stress by gen-
erating osmoprotectants, such as water-soluble sugars.

Salt stress typically inhibits cell expansion and root
growth in plants [34]. Hormonal signaling from the roots
can regulate the growth of other plant tissues [35, 36]. In
this study, the ‘plant-type cell wall’ emerged as the pre-
dominant cellular component among the DEGs in both
roots and leaves under short-term salt stress (Fig. 2).
The cell wall is crucial for maintaining plant growth
and morphology. Osmotic stress caused by high salinity
leads to water loss in the roots, disrupting the integrity
of the cell-wall [37]. This elucidates the association of
salt-responsive DEGs with the ‘plant-type cell wall’ cel-
lular component. Additionally, the thylakoid membrane,
which is abundant in ion channels and transporter [38],
plays a crucial role in regulating pH and osmosis balance.
This is consistent with our observations in the roots, as
illustrated in Fig. 2.

Sugar metabolism is vital for plants responses to salt
stress [39—42]. Water-soluble polysaccharides are abun-
dant in the stems and leaves of D. officinale. Distinct
patterns were noted in the responses of sugar metabolic
genes in the leaves and roots under salt stress. The major-
ity of DEGs related to sucrose hydrolysis, including SUS,
malZ, and INV/sacA, were significantly induced in the
leaves during salt stress. However, SUS expression mark-
edly decreased in the roots when exposed to salt stress in
transcriptome analysis (Fig. 4). SUS, which functions as
a reversible enzyme, is crucial in plant sugar metabolism
by hydrolyzing sucrose into D-fructose and UDP-glu-
cose [43]. An increased level of SUS resulted in elevated
D-fructose accumulation in the leaves of rice seedlings
under salt stress [44], which was also observed in D. offi-
cinale in this study (Additional file 2: Fig. S4). Elevated
fructose content helps alleviate osmotic stress and main-
tain osmotic balance, thus preventing further water loss
[45].

Leaves serve as the primary source of sugar in D. offici-
nale. In addition to sugar metabolism, its transportation
is essential for plant adaptation to salt stress. We observed
that several DoSWEETs were up-regulated in response to
salt stress. Interestingly, roots exhibited a more rapid and
pronounced regulation of DoSWEETs compared to leaves
during short-term salt exposure (Fig. 5), which was con-
sistent with the changes of sugar content (Additional file
2: Fig. S4). In the leaves, the expression of DoSWEET2a,
DoSWEET13, and DoSWEETI6 also gradually increased
with treatment time (Fig. 5B). This suggests that sugars
synthesized in the leaves may be transported to the roots
to mitigate osmotic stress induced by high salinity.

Both sugar metabolism and transportation play cru-
cial roles in plant responses to salt stress, but how do
they interact? In the leaves of D. officinale, three salt-
responsive DoSWEETs (DoSWEET2a, DoSWEETI13,
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and DoSWEETI6) exhibited a strong positive correla-
tion with various enzymes involved in sugar metabolism
(Additional file 2: Fig. S3A). Conversely, in the roots, the
salt-responsive DoOSWEETs (DoSWEET2a, DoSWEET6a,
DoSWEETI2a, DoOSWEETI14, and DoSWEETI16) showed
a negative association with most sugar metabolic
enzymes (Additional file 2: Fig. S3B). These findings indi-
cated that not only do the transcriptional regulations of
sugar-related genes differed between leaves and roots in
response to salt stress, but the relationships among these
genes also displayed diverse patterns. In Arabidopsis
thaliana (L.) Heynh., SWEET14 was up-regulated after
salt treatment [46] and correlated with a gene involved
in proline biosynthesis during early salt stress [47]. Our
previous study identified DoSWEET13 and DoSWEET14
as potential paralog pairs in sugar transport, both closely
associated with SUC2 [24], a predominant sucrose/pro-
ton symporter in phloem loading in A. thaliana [48].
In the current study, DoSWEET13 and DoSWEETI14
exhibited a high correlation with pgm (LOC110115522)
and INV (LOC110096666) in D. officinale roots (Addi-
tional file 2: Fig. S3B), indicating their potential func-
tion in sugar transport within the roots under salt stress.
However, further experimental evidence is required to
illustrate the underlying regulatory mechanisms of sugar-
related genes in different tissues of D. officinale, as well as
to investigate their functions and interactions in response
to salt stress.

Conclusions

In this study, we analyzed the differential responses of tis-
sues in D. officinale to salt stress, focusing on the inter-
play between sugar metabolic genes and DoSWEETs in
adapting to high salinity. A total of eight DoOSWEETs were
found to respond to salt, exhibiting tissue-specific pref-
erences. Notably, DoOSWEET2a and DoSWEET16 showed
a strong correlation with INV in both leaves and roots.
These findings greatly advance our understanding of the
mechanisms underlying salt adaptation in different plant
tissues of D. officinale and highlight potential candidates,
such as the key enzymes and the DoSWEETS, for breed-
ing salt-resistant varieties by regulating the sugar metab-
olism and transport.

Methods

Transcriptome analysis of D. Officinale

Transcriptome datasets of D. officinale treated with 250
mM NacCl for 0, 4, and 12 h were obtained with the acces-
sion number PRJNA715099 (https://www.ncbi.nlm.nih
.gov/bioproject/, accessed on December 15, 2023) [13].
Gene expression levels were quantified using Salmon
1.8.0 (accessed on April 14, 2022) [49]. Before quantifi-
cation, a salmon index was built utilizing the RNA and
genome sequences of D. officinale with the accession
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number PRJNA262478 (https://www.ncbi.nlm.nih.gov/bi
oproject/, accessed on December 15, 2023) [26, 50]. Clean
data, filtered using Trimmomatic (accessed on April 14,
2022) [51], were then input into salmon 1.8.0 to calculate
values of transcripts per million (TPM) using the quasi-
mapping-based mode. To access DEGs in response to
salt stress, the DESeq2 package [52] (accessed on April
14, 2022) was employed to analyze the salmon out-
puts, applying the criteria of |log2FoldChange| > 1 and
p-value<0.05. Visualization of the results was performed
using the ggplot2 package (https://github.com/tidyverse/
ggplot2, accessed on April 14, 2022).

Functional enrichment of DEGs in response to salt

GO enrichment analysis [53] was performed using the
clusterProfiler package (accessed on April 14, 2022) [54],
with pvalueCutoff=0.05 and qvalueCutoff=0.02. The top
five most significant processes in each category (biologi-
cal process, cellular component, and molecular function)
were extracted for visualization using the GOplot pack-
age (accessed on February 27, 2024) [55].

KEGG enrichment analysis [56] was also conducted
using the clusterProfiler package (accessed on April 14,
2022) [54], with the same pvalueCutoff and gvalueCutoff
values. The top ten most significant pathways were visu-
alized with the ggplot2 package (https://github.com/tidy
verse/ggplot2, accessed on April 14, 2022). The numbers
of up- and down-regulated genes in each pathway were
visualized using the sankeyNetwok function from the
networkD3 package (https://github.com/christophergan
drud/networkD3, accessed on February 29, 2024,).

Screening and expression profiling of the genes involved
in sugar metabolism in D. Officinale
Initially, the protein sequences of genes in D. offici-
nale genome were annotated using eggNOG-MAPPER
(http://eggnog-mapper.embl.de, accessed on February
26, 2024) [57]. Genes associated with sugar metabolism
were extracted based on their ORTHOLOGY numbers
(K02810, K01193, K01187, K00695, K00844, K00847,
K01810, K01835, K00963, K01809, K17497, K00966, and
K01513) in KEGG pathways ko00500 (starch and sucrose
metabolism) and ko00051 (fructose and mannose metab-
olism) (https://www.kegg.jp/, accessed on March 1,
2024). Cellulose synthase like genes (CSLs), classified as
glycosyltransferase genes (GTs), are known to be involved
in the biosynthesis of glucomannan polysaccharides in
D. officinale [25, 26]. DoCSLs were screened using the
following ORTHOLOGY numbers: K13680, K20887,
K20924, and K20923.

The expression patterns of the above genes derived
from the transcriptome data were visualized using the
pheatmap package (https://github.com/raivokolde/phe
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atmap, accessed on April 14, 2022), based on the mean
TPM values obtained from three biological replicates.

Expression correlation analysis between DoSWEETs and
sugar metabolism related genes

To analyze the correlation between DoSWEETs and sugar
metabolism-related genes, we utilized the Hmisc pack-
age (https://github.com/haxscramper/hmisc, accessed on
April 14, 2022) to calculate the Pearson correlation coef-
ficients. The results were subsequently visualized using
the corrplot R package (https://github.com/taiyun/corrp
lot, accessed on April 14, 2022).

To further investigate the correlation between
DoSWEETs and genes involved in different sugar metab-
olism pathways, the previously identified genes were
categorized into three groups based on their catalytic
functions: the glucose-related group, the fructose and
mannose-related group, and the both-related group.
Then we analyzed the correlation between DoSWEETSs
and these gene groups using the vegan package (https:/
/github.com/vegandevs/vegan, accessed on March 13,
2024) and visualized the results using the linkET package
(https://github.com/Hy4m/linkET, accessed on March
13, 2024).

Plant materials and salt treatment

The tissue-cultured D. officinale used in this study was
identified and cultured by professor Yuehua Wang at
Chengdu University. A voucher specimen of this mate-
rial has been deposited in the herbarium of Institute of
Botany, Chinese Academy of Sciences, with deposition
number PE02032867 (D. officinale Kimura et Migo, iden-
tified by Zhanhe Ji).

Tissue-cultured D. officinale plantlets with roots were
grown on Murashige and Skoog (MS) medium [58] at
pH 5.8, maintained at a temperature of 24+1 °C under a
photoperiod of 16 h light /8 h dark. For salt treatment,
the plantlets were transferred to the MS medium sup-
plemented with 250 mM NaCl. Leaves and roots were
harvested at 0 h, 4 h, and 12 h post salt treatment. All
samples were rapidly frozen in liquid nitrogen and stored
at -80 °C. Each experiment was conducted three times.

Detection of sucrose, D-glucose, and D-fructose

Leaves and roots were harvested from three tissue-cul-
tured D. officinale plantlets after following salt treatment.
Fresh samples for the detection of sucrose, D-glucose
were weighed to 0.1 g and then crushed. For the detec-
tion of D-fructose, fresh samples were weighed to 0.05 g
and extracted using the Plant Tissue Fructose Con-
tent Assay Kit (Solarbio Science & Technology Co., Ltd,
Beijing, China). Sucrose was extracted using the Plant
Sucrose Content Assay Kit (Solarbio Science & Technol-
ogy Co., Ltd, Beijing, China), while glucose was extracted
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using the Glucose Content Assay Kit (Sangon Biotech
Co., Ltd. Shanghai, China). The sugar content was mea-
sured using a spectrophotometer. All experiments were
performed with three independent biological replicates.

RNA extraction and RT-qPCR

RNA was isolated form collected samples using the
EASYspin Plus Complex Plant RNA (Aidlab Biotech-
nologies Co., Ltd., Beijing, China), followed by one-step
TRUEscript 1st Strand ¢cDNA Synthesis Kit (Aidlab
Biotechnologies Co., Ltd., Beijing, China). RT-qPCR
was performed using the 2x SYBR Green qPCR Mix
(Low ROX) (Aidlab Biotechnologies Co., Ltd., Beijing,
China) with QuantStudio 3 (ABI, California, USA) in
a total reaction volume of 20 pL. The reaction program
was set according to previously reported protocols [24].
DoGAPDH was used as the internal control [59]. The rel-
ative expression levels of the target genes were calculated
using the 2724 method [60]. All experiments included
three independent biological replicates. The primers used
in this study are listed in Additional file 1: Table S12.

Statistical analysis

The results of RT-qPCR and sugar content were visual-
ized using Graph-Pad Prism 9 (accessed on May 12,
2024). All experiments were conducted in triplicate. Sta-
tistical analysis to determine significant differences was
performed using Duncan’s multiple range test within a
one-way ANOVA framework in SPSS 25 (accessed on
May 20, 2024).
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