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Abstract

Background Dendrobium officinale Kimura et Migo, a renowned traditional Chinese orchid herb esteemed for its
significant horticultural and medicinal value, thrives in adverse habitats and contends with various abiotic or biotic
stresses. Acid invertases (AINV) are widely considered enzymes involved in regulating sucrose metabolism and have
been revealed to participate in plant responses to environmental stress. Although members of AINV gene family have
been identified and characterized in multiple plant genomes, detailed information regarding this gene family and its
expression patterns remains unknown in D. officinale, despite their significance in polysaccharide biosynthesis.

Results This study systematically analyzed the D. officinale genome and identified four DoAINV genes, which were
classified into two subfamilies based on subcellular prediction and phylogenetic analysis. Comparison of gene struc-
tures and conserved motifs in DoAINV genes indicated a high-level conservation during their evolution history. The
conserved amino acids and domains of DoAINV proteins were identified as pivotal for their functional roles. Addition-
ally, cis-elements associated with responses to abiotic and biotic stress were found to be the most prevalent motif

in all DoAINV genes, indicating their responsiveness to stress. Furthermore, bioinformatics analysis of transcriptome
data, validated by quantitative real-time reverse transcription PCR (qRT-PCR), revealed distinct organ-specific expres-
sion patterns of DoAINV genes across various tissues and in response to abiotic stress. Examination of soluble sugar
content and interaction networks provided insights into stress release and sucrose metabolism.

Conclusions DoAINV genes are implicated in various activities including growth and development, stress response,
and polysaccharide biosynthesis. These findings provide valuable insights into the AINV gene amily of D. officinale
and will aid in further elucidating the functions of DoAINV genes.
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Background

Dendrobium officinale Kimura et Migo, known as Den-
drobium catenatum, is an endangered perennial herbal
plant belonging to the Orchidaceae family, endemic to
China, and esteemed for its significant ornamental and
medicinal values [1, 2]. As an epiphytic plant, wild D.
officinale usually grows in challenging environments,
such as perching on cliffs or tree trunks, and distributed
at altitudes exceeding 1,200 m [3]. While it naturally
thrives in, warm and humid climates, D. officinale faces
inevitable abiotic stresses, including low temperature and
drought, leading to reduced growth and yield [4, 5]. How-
ever, even in such harsh habitats, D. officinale exhibit well
growth and accumulate important medicinal compounds
due to their evolved stress tolerance system. Moreover,
D. officinale ranks the top position among nine Chinese
herbs for longevity and has had a documented use in folk
medicine for over 1300 years [6]. Over recent decades,
various bioactive constituents, including polysaccharides,
bibenzyls, alkaloids, and flavones, have been identified
and isolated from D. officinale plants [7, 8]. Notably, poly-
saccharides in stems of D. officinale serve as crucial active
ingredient, exhibiting antioxidant [9], antitumor [1], and
anti-inflammatory properties [10], while also supporting
immune modulation [11], hepatic protection [12], and
hypoglycemic effects [13], resulting in their high com-
mercial values as traditional medicines [14, 15].

Sucrose, the primary product of photosynthesis and
the principal form of carbohydrate transport, is an essen-
tial element of the life cycle in higher plants [16]. In D.
officinale, polysaccharides are synthesized through the
hydrolysis of sucrose, which necessitates the involve-
ment of multiple protein or enzymatic genes [17]. The
sucrose hydrolysis depends on two critical gene families:
sucrose synthase (SUS, EC 2.4.1.13) and invertase (INV,
EC 3.2.1.26) [18]. While SUS catalyzes the reversible con-
version of sucrose and uridine diphosphate (UDP) into
uridine diphosphate glucose (UDP-glucose) and fruc-
tose, INV irreversibly hydrolyze sucrose into glucose and
fructose. Despite SUS’s crucial role in mumerous meta-
bolic pathways, INV surpasses SUS in its significance
for sucrose hydrolysis. Previous studies into D. officinale
polysaccharides primarily focused on their chemical
composition and pharmacological activities. However,
polysaccharide biosynthesis at the molecular level in D.
officinale remains unclear, especially concerning gene
function and transcriptional regulation. As an essential
enzyme for polysaccharides synthesis, INV promotes
the accumulation of polysaccharides through sucrose
hydrolysis, thereby modulating various biological pro-
cesses including growth and development [19, 20], stress
resistance [21], signal transduction, and the biosynthesis
of secondary metabolites [22, 23].
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A multigene family in plants encodes INV proteins.
According to their optimal pH value, solubility, and
subcellular localization, INVs are primarily classified
into three types: cytoplasmic invertase (CINV), insolu-
ble cell wall invertase (CWINV), and soluble vacu-
olar invertase (VINV) [24]. CINV belongs to a neutral/
alkaline invertase (NINV), whereas CWINV and VINV
pertain to acid invertases (AINV), also referred to as
B-fructofuranosidase, owing to their ability to hydro-
lyze sucrose and other B-fructose oligosaccharides [25,
26]. Moreover, AINV can hydrolyze fructose-containing
compounds apart from sucrose, such as raffinose and
stachyose, which are strongly inhibited by heavy met-
als [24]. The initial three AINV proteins isolated from
carrot (Daucus carota) were encoded by distinct genes
[27]. In recent years, as more plant genomes have been
assembled and reported, AINV gene families have been
identified across numerous plant species, including
Arabidopsis thaliana (28], rice (Oryza sativa) [29], sweet
sorghum (Sorghum Bicolor) [30], and poplar (Populus
trichocarpa) [31].

Prior reports have suggested that the number of genes
encoding AINV proteins varies among different spe-
cies, and they are expressed independently at specific
stages and tissues during growth and development [32,
33]. For instance, two VINV genes, named A¢fSfruct3 and
Atffruct4, displayed distinct expression patterns during
organ development across various organs of A. thaliana
[28]. Similarly, the two VINV genes exhibited differen-
tial expression in carrot, with SI primarily expressed in
primary roots and SII exclusively expressed, playing a
central role in root tip development [27]. GhVINI dem-
onstrated specific expression in the cotton (Gossypium
hirsutum) seed coat, critical for pollination success and
the fertility of paired male and female organs [33]. In
other plant species such as tea (Camellia sinensis) [34],
tomato (Solanum lycopersicum) [35], pepper (Capsi-
cum annuum) [36], cassava (Manihot esculenta) [37],
and potato (Solanum tuberosum) [38], AINV genes also
exhibit tissue-specific expression patterns, implying
their involvement in specialized physiological functions.
Despite extensive exploration of, AINV genes in various
species, little is known about these genes in D. officinale.

In addition, AINVs have also been identified to be
involved in responses to environmental stress [28, 34].
For example, StVINI was induced by low temperatures
in mature potato tubers and played a crucial role in sac-
charification [38]. In poplar, the three AINV genes,
PtVINV1/2 and PtVINV3, were up-regulated under low-
temperature treatment, while PtVINV1/2 was also up-
regulated under NaCl treatment [31]. Conversely, under
drought stress, the expression of AINV genes in maize
(Zea mays) ovaries was decreased. However, expression
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could be restored upon sucrose supplementation, sug-
gesting the significant role of AINV in response to
drought stress. Although extensive research on AINVs
in various plant species, a comprehensive investigation
of the AINV gene family in D. officinale (DoAINV) has
not yet been undertaken. Therefore, the present study
utilized bioinformatics methods to analyze the charac-
teristics of DoAINV genes on a genome-wide scale in D.
officinale based on publicly available data [6, 39]. Fur-
thermore, we examined the expression profiles of the
DoAINYV genes in different tissues and their response to
various abiotic stresses. These comprehensive findings
will contribute to a better understanding of the potential
functions of AINV enzymes in polysaccharide biosynthe-
sis in Dendrobium plants for further research.

Results

Identification of the AINV gene family in D. officinale

To identify DoAINV genes, a Hidden Markov Model
(HMM) was constructed by querying sequences against
glycosyl hydrolases family domains (PF00251 and
PF08244), which were then searched against the D.
officinale genome. A. thaliana and rice AINV sequences
served as queries in the BLAST program. Furthermore,
The resulting sequences were confirmed using an online
CDD-search tool, resulting in the identification of four
putative AINV members in the D. officinale genome
after removing redundant sequences. Following manual
reannotation and confirmation of protein character-
istic domain, the four DoAINV genes were designated
DoVINI and DoVIN2, belonging to the VINV sub-
family, and DoCWIN1 and DoCWIN2, belonging to the
CWINV sub-family, consistent with the nomenclature
proposed in previous study [29]. The basic characteristics
of DoAINV members are presented in Table 1. The size
of DoAINV genes varied from 3,345 bp to 13,803 bp, with
coding DNA sequences (CDS) ranging from 1,725 bp to
1,983 bp. Molecular analysis of the full-length deduced
polypeptides revealed that the putative proteins of
DoAINVs ranged from 574 to 660 amino acid residues,
with relative molecular weights and isoelectric points
varying between 65.86 to 72.74 kDa, and 5.54 to 9.21,
respectively. This range of variability implies that differ-
ent D. officinale AINV proteins may operate in different
microenvironments.

Sequence comparison among DoAINVs revealed high
sequence homology at both the nucleotide level (47.09%
to 60.93% identity) within the coding region and at the
amino acid level (37.02% to 65.76% identity) (Table 2).
Notably, gene pairs DoVINI and DoVIN2, and DoCWIN1
and DoCWIN2, exhibited a higher sequence identity at
the nucleotide and amino acid levels, respectively, indi-
cating the division of DoAINVs into two evolutionary
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sub-families. Furthermore, two conserved domains, gly-
cosyl hydrolases family 32 N-terminal and 32 C-terminal
domains, recognized as typical plant AINV domains,
were detected in all DoAINVs and A. thaliana AINVs
(Fig. 1). Both four AINVs from D. officinale and eight
AINVs from A. thaliana contained the catalytic motifs
NDPNG, RDP, and WECXDE. These findings suggest
that the four DoAINVs encode different AINV isozymes.

To further elucidate the evolutionary relationship
between AINV gene families from D. officinale and other
species, 103 full-length amino acid sequences from 14
plant species (comprising 2 early terrestrial plants, 2
base angiosperms, 5 eudicots, and 5 monocots, Table S1)
were aligned, and an unrooted phylogenetic tree was
constructed (Fig. 2A). All 103 AINV proteins clustered
into two major subfamilies according to the phylogenetic
tree, designated as VINV and CWINYV, consistent with
the previous classification of the AINV family in rice and
poplar [29, 31]. These groups could be further classified
into early terrestrial, basal angiosperm, eudicotyledon-
ous, and monocotyledonous sub-groups (Fig. 2B). The
AINV gene family, with an ancient origin and no expan-
sion through gene duplication beyond the event of poly-
ploidization, has undergone both positive and negative
selection pressures [31, 40]. These results suggest that the
evolutionary divergence of the AINV genes could have
occurred before the differentiation of dicot and monocot
ancestor. DoVIN1 and DoVIN2 clustered in the VINV
group, while DoCWIN1 and DoCWIN2 clustered in the
CWINYV group.

Gene structure and conserved motifs of D. officinale AINVs
The distributions of protein-conserved motifs and gene
intron-exons were comparatively analyzed across the
genomes of D. officinale, A. thaliana, and rice to inves-
tigate the structural features and explore the evolution-
ary mechanisms of AINV gene families. Ten distinct
motifs (motifs 1-10) were identified in the AINV protein
sequences of these three plants, with the longest con-
served motif spanning 50 amino acids (Table 3). While
most motifs classified as AINVs exhibited similarity,
their distribution patternss differed significantly among
species. Notably, conserved motifs located within the
N-terminal region in CWINVs were longer than those
in VINVs (Fig. 3), suggesting common ancestral AINV
genes between monocots and dicots at these positions.
The exon—intron arrangement is considered a crucial
parameter in gene phylogenies [41]. Analysis of AINV
gene structures in D. officinale, A. thaliana, and rice
revealed variation in the number of introns, ranging
from four to six. Similarly, the number of exons ranged
from five to seven, with the exception of a rice mem-
ber (0s02g01590.1, Fig. 3C). Most AINV genes, except
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Table 2 Analysis of homology between DoAINV nucleotide and amino acid sequences
Identity of amino acid sequences (%)
DoVIN1 DoVIN2 DoCWIN1 DoCWIN2
Identity of nucleotide sequences (%) DoVINT 65.76 3948 4214
DoVIN2 60.93 37.02 40.75
DoCWINT 50.84 48.59 52.03
DoCWIN2 50.94 47.09 58.90

DoCWINV2 and 0s02¢01590.1, included a mini exon
consisting of nine nucleotides. The mini exon encoded
aspartic acid, proline, and asparagine, ranking sec-
ond, and was situated within the p-fructosidase motif
(NDPNG). Additionally, all AINV genes contained a typi-
cal Glyco_32 domain belonging to the glycosyl hydrolases
family 32. Only VINV genes possessed an additional
domain of unknown function (DUF3357). Phylogenetic
analysis of the four DoAINVs revealed their classifica-
tion into two distinct groups (Fig. 3A), consistent with
the pattern observed in the phylogenetic tree of AINV
sequences (Fig. 2A). These findings support the specific
evolutionary characteristics of the AINV gene family
across different plant species.

Prediction of the protein structure of D. officinale AINV
proteins

The secondary structure analysis revealed that the four
DoAINV proteins consisted of a-helices, extended f
strands, 8-turns, and random coils (Fig. S1, Table 4). Ran-
dom coils were the predominant secondary structures
among the DoAINV proteins, accounting for 51.62 to
55.41%, followed by extended j5 strands (23.76 to 26.88%).
The a-helices were less prevalent, ranging from 13.38 to
18.97%, implying that the DoAINYV proteins were highly
unstable and susceptible to degradation (Table 4). These
distributions of secondary structures were also highly
conserved across four DoAINYV polypeptide chains (Fig.
S1).

Structures of the four DoAINV proteins were predicted
using the Swiss-model online software (Fig. 4), and their
tertiary dimensional models (3D) were based on tem-
plates 3ugf.l.A (6-fructosyltransferase) and 2acl.l.A
(invertase). Each DoAINV tertiary structure consisted of
a single monomer, comprising a single main polypeptide
chain. The 3D structures DoVIN1 and DoVIN2 exhibited
similarity, while DoCWIN1 was closer to DoCWIN2.

Prediction of the transmembrane structure (Fig. S2)
indicated that DoVIN1 and DoVIN2 protein sequences
contained a high reliable hydrophobic region at the
N-terminal; however, DOCWIN1 and DoCWIN?2 did not
(Fig. 1). Conversely, the SignalP-5.0 prediction results
showed that DoCWIN1 and DoCWIN2 contained one

signal peptide composed of 19 to 27 amino acids and 34
amino acids, respectively, with reliabilities of 0.5201 and
0.939, while no signal peptide was detected in DoVIN1
and DoVIN2 proteins (Fig. 1 and Fig. S3). This implies
that DoVIN1 and DoVIN2 might function as mem-
brane proteins in the endoplasmic reticulum, whereas
DoCWIN1 and DoCWIN2 might act as secreted pro-
teins. Furthermore, phosphorylation is crucial for protein
activity, function, and intracellular signal transduction.
Prediction of phosphorylation sites in DoAINV proteins
indicated that serine was the most common site for phos-
phorylation in all DoAINVs, followed by threonine and
tryptophan phosphorylation sites (Fig. S4).

Cis-elements analysis in promoter regions of D. officinale
AINV genes
The cis-acting elements play a vital role in the regulatory
networks that govern plant growth and development, as
well as in determining the spatial-temporal and tissue-
specific expression of genes. Utilizing the PlantCARE
database, the cis-acting elements within the promoter
regions of DoAINV genes were classified into three main
groups: abiotic and biotic stress responses, phytohor-
mone responses, and plant growth and development
(Fig. 5). Notably, within all cis-acting element classes,
those associated with abiotic and biotic stress responses
were the most prevalent, followed by growth and devel-
opment and phytohormone response classes, even within
the DoAINV promoters (Fig. 5A, B). This implies that
AINV genes may actively respond to abiotic stress and
have the potential to enhance abiotic stress tolerance.
Within the abiotic and biotic stress responses category,
various stresses-related elements were identified, includ-
ing ARE (anaerobic induction), MBS (drought induc-
tion), LTR (low-temperature responses), TC-rich repeats
(defense and stress responses), WUN-motif (wound
responses), and other cis-acting elements (Fig. 5C). In
the phytohormone responsive category, elements such
as AuxRR-core and TGA-element associated with auxin
response, ABRE and AAGAA-motif for the abscisic acid
(ABA) response, and ERE for ethylene response were
detected. Additionally, the TCA-element, linked to sali-
cylic acid-responsive genes, was found in all DoAINV
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Fig. 1 Sequence alignment of AINV genes from A. thaliana and D. officinale. Dark blue, pink, and light blue shading denote 100%, 75%, and 50%

conservation of amino acid residue, respectively. Yellow lines indicate the predicted transmembrane domains. Green lines highlight the predicted
signal peptides. Orange dots represent conserved motifs of NDPNG (3-fructosidase), FRDP, and WECXDF. The solid black line indicates the glycosyl
hydrolases family GH32 N-terminal domain, and the black dashed line represents glycosyl hydrolases family GH32 C-terminal domain
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Table 3 Putative conserved amino acid sequences of AINV motifs from D. officinale and A. thaliana

Motif  Conserved amino acid sequences with best possible match width  E-value Protein domain
1 MFYKCIY LEYQYN NCAVWCNIVW 27  9.7e-174  Glyco hydro 32 N
LRFDYCNFYASKTFFDYKKNRRILWCGWANESDTVEDDILK
2 50 6.4¢-316  Glyco hydro 32 N
WACLQVI R
AVSKDLINWL L IAME DRWYDINCVWSGSATLL DGR
3 50 3.0e-284  Glyco hydro 32 N
LVMLYTCST
4 EKLTMRILVD SIVEAFGCQGCRTCITSRVY TTAIYCA 39 8.0e-232 Glyco_hydro 32 C
5  RRCIAVIVRSRDFK WVKAK V SKQSTCMWEC DFF VS 41  53e-204  Glyco hydro 32 C
6  MSCLC FCLMVLASNDMEEYTSVYFRIFK 29  1.8e-134  Glyco hydro 32 C
7 RQVONVAF KNLSD YLREWVK DYN VI 29 3.0e-133 None predicted
8 ERIK ILKASLDDDR DYYAIGCRYDANENKWV DDAEKDV 4] 1.4e-136  Glyco_hydro 32 N
9 WQRTAF FQ EKNWMND N 19 1.8e-124 None predicted
10 KQLVFW IEEIESLRGCKNVOM 21 1.4¢-085 None predicted

promoters. Notably, the most prevalent motifs were
the TGACG-motif and CGTCA-motif, related to MeJA
(Methyl Jasmonate) responsiveness, accounting for
28% of the scanned hormone-responsive motifs. Unu-
sually, no cis-acting elements involved in gibberellin
response were identified. Lastly, in the plant growth and

development category, cis-acting elements were sparsely
distributed in the promoter regions, including GCN4_
motif for endosperm expression, CAT-box for meristem
expression, Circadian for circadian control, and MRE and
Box-4 for light responsiveness. Among these, Box-4 ele-
ments represented the majority, accounting for 70% of all
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Table 4 Secondary structural statistics of DoAINV proteins

Protein  Alpha helix Extended Beta turn Random coil
(%) Betastrand (%) (%)
(%)
DoVIN1 13.38 258 541 5541
DoVIN2 17.42 24.09 4.7 53.79
DoCWINT 15,01 26.88 593 52.18
DoCWIN2 1897 23.76 5.64 51.62

elements. These findings imply that DoAINV genes may
play diverse roles in plant growth and development.

The organ-specific expression patterns of AINV genes in D.
officinale

To further understand the potential functions of AINV
gene familyin D. officinale, throughout its develop-
ment, the expression profiling of DoAINV genes were
performed by reanalyzing RNA-seq data from eight tis-
sues: flower buds, sepal, gynostemium, labellum, leaf,
stem, white root (equivalent to mature zone), and green
root tip [39]. Based on the expression patterns, the
four DoAINV genes exhibited distinct organ-specific

expression (Fig. 6A). Within the VINV group, DoVINI
displayed high expression levels in sepal, gynoste-
mium, labellum, and white root, while it was expressed
at lower levels in green root tip, stem, leaf, and flower
buds. DoVIN2 showed high expression across all exam-
ined reproductive organs, including sepal, gynostemium,
flower buds, and labellum, as well as in stem and white
root. Among the CWINV group, flower buds exhibited
the highest expression of DoCWINI, followed by white
root. DoOCWIN?2 transcripts were most abundant in leaves
and gynostemium, moderately expressed in flower buds
and roots. These findings suggest that DoAINV genes
might indirectly or directly participate in the develop-
ment and formation of reproductive organs. In par-
ticular, each DoAINV gene displayed high expression
in reproductive organs as well as other tissues such as
leaf, stem, and root (Fig. 6B). The expression patterns of
DoAINV genes were further evaluated and confirmed
through qRT-PCR in selected organs of the D. officinale
DanXia cultivar (Fig. 6C). This implies a diverse array of
tissue expressions among genes within the same and dif-
ferent DoAINV clades, suggesting potential redundant,
complementary, or alternate roles in plant growth and
development.
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Regulation of of D. officinale AINV genes expression

by abiotic stress

To explore the expression patterns of DoAINV genes in
response to abiotic stress-related stimuli, the transcript

levels of DoAINV genes in the DanXia cultivar under
cold, dehydration, and ABA treatments were analyzed.
The four DoAINV genes exhibited distinct expression
patterns in response to the different treatments. Notably,
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replicates are presented, and the significant differences were analyzed by t-test. **** and *** significant difference represent P<0.001, ** represent
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all of them were up-regulated under cold treatment,
reaching peak expression levels at 6 h or 9 h. Particularly,
DoVINI displayed up-regulated across all stress treat-
ments, with the highest expression observed at 6 h or 9
h. Conversely, DoVIN2 and DoCWINI showed minimal
changes during dehydration and ABA treatments, main-
taining high expression levels relative to other two genes.
DoCWIN2 exhibited significant changes in expression
patterns across the treatments (Fig. 7A). These findings
confirm the potential involvement of DoAINV genes in
abiotic stress responses, especially in cold resistance.

To further determine whether DoAINV genes were
involved in abiotic stress resistance and the reliability
of the transcriptome data, qRT-PCR was performed to
measure the expression patterns and levels of DoAINV
genes in the DanXia cultivar, also treated with cold, dehy-
dration, and ABA stresses. Figure 7B to D illustrate that
DoVINI and DoCWIN2 transcript abundances increased
across all three treatments. Conversely, DoVIN2 and
DoCWINI were significantly up-regulated under cold
treatment but down-regulated or unaffected under the
other treatments. Specifically, under cold stress, all four
DoAINV genes were up-regulated, peaking at 6 h and

gradually decreasing to untreated levels by 24 h (Fig. 7B).
Notably, DoCWINI exhibited particularly strong respon-
siveness, with transcript levels increasing almost 600-fold
at 6 h of cold stress, indicating a crucial role in cold resist-
ance for D. officinale. In dehydration treatment, DoVINI
and DoCWIN2 expression levels were significantly up-
regulated, reaching 15-fold and 6-fold increases, respec-
tively, at 9 h (Fig. 7C). Despite variations in transcript
levels among family members, DoAINV genes exhibited
similar expression patterns under dehydration and ABA
stress. For instance, DoVINI and DoCWIN2 transcript
levels sharply increased at 9 h (over 200-fold and 1000-
fold, respectively) after ABA treatment before rapidly
decreasing (Fig. 7D). Similarly, DoVIN2 and DoCWINI
shared similar expression patterns in response to dehy-
dration stress and ABA treatment, suggesting potential
roles of DoVINI and DoCWINZ2 in dehydration and ABA
stress responses in D. officinale.

In order to investigate the correlation between the
expression levels of the DoAINV genes and polysac-
charide accumulation under cold, dehydration, and
ABA treatments, soluble sugar content was measured
in the leaves of D. officinale DanXia cultivar. The results
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revealed a significant increase in soluble sugar content
at 24 h and 48 h compared to 0 h and 12 h under cold
treatment (Fig. 8A) Similarly, soluble sugar content con-
sistently increased during dehydration treatments in
leaves compared to untreated control (Fig. 8B). Interest-
ingly, the dramatic expression of DoVINI and DoCWIN2
genes under ABA treatment did not affect soluble sugar
content accumulation in D. officinale (Fig. 8C). Addition-
ally, it is worth mentioning that the stem of D. officinale,
which has the highest polysaccharide content, is the tis-
sue used for medicinal purposes [3, 7]. Therefore, the
changing trend of soluble sugar content in the stem was
also analyzed under different stress conditions. Overall,
the results demonstrated that the soluble sugar content
in the stem was higher compared to the leaves. Interest-
ingly, the accumulation patterns in response to cold stress
were almost the same in both leaves and stem (Fig. 8A).

However, no significant differences were observed during
the treatment periods of dehydration and ABA (Fig. 8B
and C). In summary, these results highlight the varying
expression of DoAINV genes in response to different
abiotic stress, indicating diverse roles in abiotic stress
responses.

Interaction network analysis of AINV proteins in D.
officinale

To gain deeper insights into the biological functions of
DoAINVs in response to abiotic stress, possible protein—
protein interaction (PPI) networks were further analyzed
among DoAINV proteins and related proteins based
on the potential interaction data for 1,363 differentially
expressed genes (DEGs) using the new STRING 11.5
database. These DEGs were filtered based on a compar-
ison of RNA-seq data from cold stress treatment at 6 h
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and untreated control (0 h). The genes harboring poten-
tial interaction relationships (Source-Target) are detailed
in Supplementary Table S2 in Supplementary Material.
The analysis, conducted using Cytoscape software (Ver-
sion 3.9.1), identified a total of 147 nodes (genes) and 684
edges (interactions) in the PPI network (Fig. 9).

The PPI network, involved in cold stress signal trans-
duction, revealed that DoAINV members had the
strongest association with genes encoding calcium and
calmodulin signaling network proteins (CML14, CBP3,
and AOA2I0W7MO) (Fig. 9). Additionally, a second cat-
egory of proteins closely interacting with DoAINVs
included enzymes involved in carbohydrate synthesis and
metabolism, such as IRX9, Glucl8, XTH32, SPS1, SPS2,
and UDP83Al. Furthermore, the network comprised
multiple receptor kinases, including CDPK gene fami-
lies related to Ser/Thr protein kinases (STN7, CIPK12,
and ATR), heat shock proteins (HSP20 and HSP23),
and signal recognition proteins (SRP14, CPRF2, and
AO0A2I0V753). Notably, various types of transcription
factors (TFs) related to adversity resistance and plant
growth were also identified to interact with DoAINV
proteins in the network, such as bHLH TFs (AIB,
bHLH25, and bHLH35), MYB TFs (MYB46 and MYB86),
ERF TFs (AP2/ERF, ERF1A, and ERF118) and NAC TFs
(NAC10, NAC43, and NAC74). These results underscore
the pivotal roles of DoAINYV proteins in multiple biologi-
cal functions, including stress response and plant growth.

Discussion

Characteristic features and evolutionary conservation
among D. officinale AINV genes

Previous studies have elucidated variations in the num-
ber of AINV family members across different species,
categorized into two subgroups: CWINV and VINV. For
instance, A. thaliana harbors eight members, comprising

two VINVs and six CWINVs [42], while rice possesses
nine members, consisting of two VINVs and seven
CWINVs [29], and poplar possesses eight members,
encompassing three VINVs and five CWINVs [31]. In this
study, all vacuolar IN'Vs from base angiosperms, eudicots,
and monocots were grouped into the VINV group based
on phylogenetic analysis of AINVs from fourteen plant
species. The VINV group was clearly distinguished from
the cell-wall INV, grouped as the CWINV group. How-
ever, AINVs from early terrestrial plants remained clus-
tered on the same branch, without division into VINV or
CWINYV subgroups (Fig. 2). Genome duplication events
are frequent in higher plants. The salicoid duplication
event, occurring approximately 65 million years ago,
significantly contributed to the expansion of numerous
multi-gene families through segmental duplication [43].
Evidence suggests that a genomic duplication event of
a progenitor CWINV transpired in a common ances-
tor of pepper and tomato [44]. In Populus, estimation of
Ks values revealed the ancient origins of CWINVs and
indicated that the genome has undergone at least three
rounds of genome-wide duplication [31]. These findings
suggest that the origin of VINVs form CWINVs probably
occurred in the early period of angiosperm formation,
broadening previous deductions that the separation of
AINVs predates the last common ancestor of dicots and
monocots [45]. In the phylogenetic tree of AINVs from
fourteen plant species, the VINV groups were catego-
rized into four distinct categories: early terrestrial, base
angiosperms, eudicots, and monocots. Interestingly, the
number of CWINVs varied more among different plant
species than VINVs. This discrepancy may be attrib-
uted to the diverse functions performed by members of
these two subgroups. VINVs regulate the entry of sucrose
into different utilization pathways [46], while CWINVs
hydrolyze incoming translocated sucrose into glucose
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Fig. 9 Protein—protein interaction (PPI) networks of DoAINV proteins. The network was generated based on the potential interaction data for 1,363
DEGs, extracted from the latest STRING database (STRING v11.5) and screened for transcriptomic data in cold stress treatment at 6 h compared

to 0 h. Node size indicates its connectivity measured as node degree (i.e, the number of edges connecting the node); the bigger node means
higher connectivity. Blue, green, and orange nodes represent different degrees of importance, with orange nodes indicating a Betweenness (BC)
value > 1,000, green nodes presenting 1,000 > BC > 400, and blue nodes at BC <400. Red nodes represent DoAINV family members. The edges

(the connecting line) indicate the interaction between two genes, with the weight of the edges measuring their interaction strength. Thick edges

denote strong interaction, whereas thin edges represent weak interaction

and fructose molecules, providing substrates for respi-
ration and other metabolic processes [47]. Notably, the
two VINVs of D. officinale, DoVIN1 and DoVIN2, were
categorized within the monocotyledonous category. In
the CWINV group, cell-wall INVs from fourteen plants
exhibited similar evolutionary relationships, distributed

in the four non-contiguous categories, following differ-
ent branches. It is noteworthy that all CWINV mem-
bers of monocotyledonous and eudicotyledonous plants
were dispersed in two separate lineages in the phyloge-
netic tree, respectively. This observation may be linked to
functional divergence of the CWINV subfamily during
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the evolution of monocotyledonous and dicotyledonous
plants [44, 48]. These results also indicate that forerun-
ners of AINVs in the CWINYV group were more divergent
than those in the VINV group.

The two CWINVs of D. officinale were distributed in
two lineages of monocotyledonous plants, respectively.
DoCWIN1was positioned on an earlier branch of mono-
cotyledonous plants, leading to speculate that the ances-
tor of DoCWIN1 originated earlier than DoCWIN2.
Interestingly, only two CWINVs were identified in D.
officinale, significantly differing in number from other
species, indicating no potential duplication events or
gene functional redundancy in DoAINVs. This implies
that the loss of CWINV genes occurred during the evolu-
tion of D. officinale in harsh environments such as cliffs,
cold, and dry conditions. In such cases, the inability of D.
officinale to form fruits, similar to rice, sweet sorghum,
potato and other crops with high carbon sources and
sugars throughout the development process, may ensue
[29, 30, 38].

We also estimated the exon/intron structures of
DoAINV genes to further understand the conservation
and evolutionary relationship of AINV genes between
dicot and monocot plants (Fig. 3). The integrated gene
structure model in DoAINVs closely resembled that of
AINV genes from A. thaliana and rice. A typical feature
of the AINV gene family in plants is a mini second exon,
located in the B-fructokinase motif (NDPNG), encod-
ing only three amino acids [49]. In D. officinale, three
out of four DoAINVs contain the conserved mini exon,
except for DoCWIN2, suggesting that DoCWIN2 expe-
rienced exons loss during evolution. This observation,
not an isolated incident, aligns with Os02g01590.1 of
CWINV in rice; PerCWINVI and PirCWINV2 in pop-
lar [31]; and ShCWINV3, ShCWINVS-1, ShCWINV9-1,
and SACWINV9-2 in sugarcane (Saccharum officinarum)
[45]. Interestingly, despite DoCWIN2 having the long-
est DNA sequence, even longer than any AINV genes in
A. thaliana and rice, it contains only five exons. While
motif comparison showed that the main motifs were con-
served in all the DoAINV genes, suggesting gene struc-
ture variation was caused by exon splitting or intron
length variation rather than pseudo-exonization. These
findings further support the conclusions of Wang et al.
[45]. Additionally, DoAINV proteins exhibited highly
similar tertiary structural models, with all four form-
ing a B-propeller module at the N-terminal domain and
a B-sandwich module at the C-terminal domain (Fig. 4).
This is consistent with reported AINVs in other plants
[44, 50]. Overall, despite differences in genome length
and exon/intron structure among DoAINV genes, they
all exhibit typical conservative motifs and tertiary dimen-
sional structures of AINVs, confirming that the gene
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organization is highly conserved within the plant AINV
gene family.

Sophisticated roles of AINV genes in D. officinale

The AINV gene family, serving as a pivotal enzyme in
sucrose metabolism regulation, exhibits diverse mem-
bers across species, with tissue-specific expression pat-
terns observed in various organs and developmental
stages. Previous studies have established the crucial role
of AINV proteins in plant morphogenesis, growth, and
development [4]. Analysis gene expression patterns in
different tissues provides a reliable approach to study-
ing the molecular functions of genes in various physi-
ological processes. In our study, we found that DoAINV
genes displayed tissue-specific expression patterns in D.
officinale. Several cis-acting elements associated with
flowering were identified in DoAINV promoter regions,
indicating their potential role in reproduction organ for-
mation and development by regulating sucrose metabo-
lism (Fig. 5). Expression analysis revealed high expression
of all DoAINV genes in specific floral organs of D. offici-
nal (Fig. 6A and B), indicating their importance role in
reproductive organ development. DoVIN1 exhibited high
expression in the white root, while DoCWINI showed
the highest expression in the tissue, suggesting these two
genes potentially playing important physiological func-
tion in absorbing water and nutrient uptake. Conversely,
DoCWIN2 displayed the highest transcript abundance
in the leaf, likely involved in phloem unloading in source
organs. Additionally, DoVIN2 exhibited high expression
in stem, may play a vital role in regulating sucrose metab-
olism in vegetative organ. These results suggest diverse
functions of DoAINV genes without functional redun-
dancy, hinting at a functional collaboration among differ-
ent DoAINV proteins in polysaccharide biosynthesis.

In addition to plant development, AINV proteins are
associated with plant signal transduction and responses
to various environmental stress [51, 52]. In our study, a
variety of frequently occurring cis-acting elements was
identified in the promoter regions of DoAINVs, suggest-
ing their involvement in responding to both biotic and
abiotic stress. Under cold, dehydration, and ABA treat-
ments, the expression levels of DoVINI and DoCWIN2
were up-regulated,indicating their predominant role
in responding to abiotic stress. DoVIN2 and DoCWINI
were significantly up-regulated in response to cold stress,
while their expression was down-regulated or unaffected
after dehydration and ABA treatments. Similar expres-
sion response of AINV genes have been observed in
sugarcane [45], suggesting conserved regulatory mecha-
nisms across plant species.

Polysaccharide accumulation and sucrose metabolism
in higher plant are often influenced by growth conditions
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and exogenous hormones, leading to changes in sugar
contents and various physiological functions to resist
environmental stress [53]. We examined soluble sugar
content under cold, dehydration, and ABA treatments
and observed that it was affected by cold and dehydra-
tion treatment but remained unchanged in response to
ABA treatment (Fig. 8). The increase in soluble sugar
content in D. officinale in response to cold stress and
dehydration treatment likely resulted from up-regulation
of AINV gene expression to enhance protein activity and
cleaved more sucrose into glucose and/or fructose to
maintain osmotic homeostasis and enhance stress resist-
ance [46, 54]. All four DoAINV genes were up-regulated
(especially DoCWINI) under cold stress (Fig. 7B), con-
sistent with findings in populus [31] and tulip [55], sug-
gesting induction of both VINVs and CWINV5s to ensure
sucrose accumulation and promote unloading for glucose
or fructose production to maintain osmotic homeosta-
sis and improve cold tolerance. However, DoVINI and
DoCWIN2 of the examined genes were up-regulated,
and DoVIN2 and DoCWINI1 were down-regulated under
dehydration treatment (Fig. 7C), aligns with the expres-
sion patterns of AINV genes in sugarcane [45]. This sug-
gests that the raised AINVs levels may be necessary to
enhance the ability to stabilize osmotic homeostasis,
while the down-regulated of AINV genes could be due
to the need for receiving and integrating sugar modula-
tion signals to block downstream metabolism and adapt
to dehydration stress. Thus, there may be difference in
the molecular response mechanism between cold and
dehydration stress. Under dehydration stress, DoVINI
and DoCWIN2 contributed the most to polysaccha-
ride synthesis. Noteworthy, cold and dehydration stress
may regulate gene expression despite decreasing actual
protein activity in the plant. In our study, we compared
soluble sugar content between the stem and leaf of D.
officinale and observed consistent accumulation patterns
in both tissues. Remarkably, the soluble sugar content
in both leaf and stem, during cold stress and dehydra-
tion treatment was increased compared with untreated
control (Fig. 8), especially under dehydration treatment,
significant differences were observed in the soluble sugar
content of the leaf at different time points (Fig. 8B). This
suggests a response mechanism to mitigate damage form
environmental stressors. The increase in AINV protein
may serve to enhance actual protein activity under these
conditions, accelerating sucrose hydrolysis and leading
to polysaccharides accumulation to maintain osmotic
homeostasis, protect membrane stability, and reduce or
prevent damage to plant, including but not limited to
leaves and stems.

Furthermore, the induction of AINV gene expression
by ABA, a crucial phytohormone, has been observed in
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various plant species, including green bamboo (Bambusa
oldhamii) [56]. Consistent with these findings, our study
showed that after ABA treatment, two DoAINV genes
(DoVINI and DoCWIN2) were significantly up-regulated,
while the other two genes (DoVIN2 and DoCWIN1) were
down-regulated (Fig. 7D). This expression pattern mir-
rors that observed under dehydration stress (Fig. 7C),
indicating that DoVIN1 and DoCWIN2 may play a major
role in the response of the entire AINV gene family to
both dehydration stress and ABA treatment. Interest-
ingly, although the increased transcript abundance of
DoVINI and DoCWIN?2 genes did not significantly alter
the soluble sugar content of D. officinale during ABA
treatment (Fig. 8C), this could be explained by this could
be explained by the multifaceted functions of AINVs.
Besides their role in sucrose degradation and sugar con-
centration maintenance, AINVs may also act as signaling
molecules in modulating different signal transduction
pathways and protecting cellular structural integrity from
damage. These results underscore the diverse functions
of AINV genes in D. officinale and provided evidence that
plant AINV members can participate in abiotic stress
responses. The gene expression patterns, changes in solu-
ble sugar content, and PPI networks under abiotic stress
conditions contribute to a deeper understanding of the
interactive regulatory network of AINV genes and poly-
saccharide biosynthesis pathways.

Conclusions

In this study, four D. officinale AINV genes were identi-
fied and characterized bioinformatically. The DoAINV
family members were found to share two conserved
domains and were classified into two subfamilies based
on the cellular locations and phylogenetic analysis. Fur-
thermore, the functional characteristics of the DoAINV
domains were identified. The expression of the four
DoAINV genes was observed to be up-regulated under
cold stress, aiming to protect cellular structural integ-
rity from damage. Similarly, under dehydration stress
and ABA treatment, the expression of DoVINI and
DoCWIN2 was also up-regulated to meet the require-
ment for cleaving more sucrose. Conversely, the expres-
sion of DoVIN2 and DoCWINI could be down-regulated
to preserve sucrose homeostasis. Specifically, the expres-
sion of DoAINV genes led to an increase in soluble sugar
content of D. officinale in response to cold and dehy-
dration stresses. Based on our experimental results, it
is speculated that DoAINVs play a significant role in
regulating sucrose metabolism and polysaccharide accu-
mulation, as well as serving as signaling molecules to
modulate ABA signal transduction pathways. In conclu-
sion, our study provides insightful perspectives on the
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function of DoAINV genes in alleviating stress and poly-
saccharide biosynthesis.

Methods

Plant materials, growth conditions and treatments

The D. officinale used in this work were sourced from
the DanXia cultivar, cultivated at the Engineering Tech-
nology Development Center of Dendrobium herb in
Shaoguan, China. Following surface disinfection of D.
officinale capsules, the seeds were sown in half-strength
Murashige and Skoog (1/2 MS) medium (Sigma-Aldrich,
St. Louis, MO, USA), supplemented with20% potato
flour, and subjected to sterile growth conditions at a tem-
perature of 25+ 1 °C, with a light/dark cycle of 12/12 h,
and a relative humidity of 60-70% within a growth cham-
ber at Shaoguan University (Shaoguan, China). The asep-
tic seedlings underwent subculture every two months
until the stems were 5-6 c¢m, approximately six months
post-germination. Then young seedlings were selected
for various treatments. For each treatment, six leaves
from six separate seedlings were pooled to form one
sample, and all experiments were performed in triplicate.

For exogenous ABA treatment, seedlings were cultured
in liquid 1/2 MS supplemented with 100 uM ABA for
2 days. For dehydration stress treatment, seedlings were
cultured in 1/2 MS supplemented with 20% polyethylene
glycol (PEG) 6000 for 2 days. Seedlings cultured in 1/2
MS served as control. For cold stress treatment, seedlings
were moved to a growth chamber set at a temperature of
4+1 °C for 2 days. Untreated seedlings were used as con-
trols. Subsequently, all treated leaves were harvested at
0-, 1-, 3-, 6-, 9-, 12-, 24- and 48-h post-treatment, flash-
frozen in liquid nitrogen, and stored at -80 “C for further
expression analysis.

Moreover, leaf, stem, root, and flower samples were
collected from D. officinale plants during the flowering
stage grown under normal conditions. These samples
were also flash-frozen in liquid nitrogen and stored at -80
°C for further expression analysis. Three biological repli-
cates were collected for each sample.

Identification of the AINV family genes from D. officinale
genome

The whole-genome sequence of D. officinale were
obtained from the National Centre for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/). Sub-
sequently, the HMM profiles corresponding to the glyco-
syl hydrolases family 32 N-terminal domain (PF00251)
and 32 C-terminal domain (PF08244), which repre-
sent conserved domain of the AINV gene family, were
retrieved from Pfam (http://pfam.xfam.org/, 35.0). These
HMM profiles were then used to identify all AINV pro-
teins encoded in the D. officinale genome. Additionally,
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to avoid any non-specific sequences located outside the
AINV cluster, sequences of eight AINVs from A. thaliana
[26] and nine AINVs from rice [29] were emplyed as que-
ries in iterative BLAST searches against the D. officinale
database using default parameters. Finally, all candidate
DoAINV genes were subjected manual verification using
the Conserved Domains Database (http://www.ncbi.
nlm.nih.gov/cdd) to confirm the completeness of all core
domains.

Protein properties and sequence analyses

The molecular weights and isoelectric points of the
DoAINVs were predicted using the Expasy database
(http://expasy.org/). Motifs were identified using the
MEME (Multiple Em for Motif Elicitation) software
(http://meme.nbcr.net/meme/cgi-bin/meme.cgi) and vis-
ualized using the “visualize motif pattern” function of
the ToolKit for Biologists (TBtools) software (https://
github.com/CJ-Chen/TBtools) [57]. Motifs identified by
MEME were further queried in the InterPro database
(http://www.ebi.ac.uk/interpro/). The gene structure of
DoAINVs were determined using the Gene Structure Dis-
play Server (http://gsds.cbi.pku.edu.cn/, 2.0) by aligning
complementary DNA (cDNA) sequences with their cor-
responding genomic DNA sequences. Protein domain
were annotated using the PROSITE bioinformatics tool
(https://prosite.expasy.org/cgi-bin/prosite/mydomains/).
Secondary and tertiary structures were predicted using
SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_autom
at.pl?page=npsa_sopma.html) and the ExPaSy Swiss-
Model online software (http://swissmodel.expasy.org),
respectively. Transmembrane helices and signal peptides
were predicted using the TMHMM program (https://
services.healthtech.dtu.dk/service.php? TMHMM-2.0)
and SignalP 5.0 Server (https://services.healthtech.dtu.
dk/service.php?SignalP-5.0), respectively. Phosphoryla-
tion sites were predicted using the NetPhos 3.1 Servers
(https://services.healthtech.dtu.dk/service.php?NetPh
0s-3.1). The subcellular localization were predicted using
the Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/
Cell-PLoc-2/) online tools.

Cis-acting element and phylogenetic analyses

The promoter sequences, spanning 2.0 kb upstream
of the start codon, were extracted from D. officinale
genomic sequences. The cis-acting elements within
the DoAINV promoters were analyzed using the Plant-
CARE database (http://bioinformatics.psb.ugent.be/webto
ols/plantcare/html/). The identified promoter elements,
relevant to phytohormones, environmental response,
and adversity adaptation, were categorized and visual-
ized using the Simple BioSequence Viewer function of
TBtools. DNAMAN (version 6.0) were used for multiple
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alignments of the identified DoAINVs nucleotide and
amino acid sequences. The phylogenetic tree of AINV
amino acids form different species was constructed using
MEGA 11 and Clustal X (version 2.0) with the neighbor-
joining (NJ) algorithm, and bootstrap testing was per-
formed with 1, 000 replicates [58, 59].

Transcriptomic analysis

The sequencing procedures were completed by BGI
Tech Co., Ltd. (Shenzhen, China), including RNA extrac-
tion, library construction, and sequencing. Illumina
Hiseq™ 2500/Miseq” (Illumina, USA) served as the
sequencing platform. To ensure data quality, adapter
sequences and low-quality reads were eliminated using
the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolk
it/) and FastQC program (http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/), respectively. Bioinformatic
analyses of the raw sequencing data were conducted by
Yanke Gene (Gangzhou, China). Expression levels were
quantified and normalized as fragments per kilobase
per million mapped fragments (FPKM). The DEGseq R
package (version 1.12.0) was used to identify significantly
DEGs (Log2-based fold-changes>1; Log2-based fold-
changes < — 1) in response to treatment.

In silico expression profiling of D. officinale AINV genes

in different tissues

For tissue expression profiling of DoAINV genes, raw
RNA-seq reads from various tissues including flower
buds (SRR4431603), gynostemium (SRR4431596), labellum
(SRR4431602), sepal (SRR4431597), leaf (SRR4431601),
stem (SRR4431600), white part of root (SRR4431598)
and green root tip (SRR4431599) were obtained from the
NCBI Sequence Read Archive (SRA) [39]. Subsequently,
all samples’ reads were aligned to the NCBI Dendrobium
reference genome using the HISAT package [60]. FPKM
were calculated for mRNA expression quantification
using StringTie [61]. The resulting heatmap was gener-
ated using the eFP Browser feature of TBtools.

RNA extraction, cDNA synthesis and qRT-PCR

Total RNA was isolated from the leaves using the Min-
iBEST Plant RNA Extraction Kit (9769, TaKaRa, Japan).
Subsequently, first-strand c¢cDNA synthesis was per-
formed using the PrimeScriptTM RT Master Mix (RRO36A,
TaKaRa, Japan). A PCR reaction mixture (20 uL) was
prepared according to the manual of the TB Green® Pre-
mix Ex Taq"" (Tli RNaseH Plus) Kit (RR820A, TaKaRa,
Japan), in accordance with the manufacturer’s instruc-
tions. The reaction was conducted using the BIO-RAD
CFX Connect™ Real-time System (BIORAD, USA). The
DoACTIN gene was employed as an internal control [62].
Each experiment was replicated in triplicate, and three
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biological replicates were conducted. The primers used in
the qRT-PCR experiments are listed in Table S3. Relative
expression levels were calculated according to the Nor-
malized Expression method (2744T method) [63].

Measurement of total soluble sugar content

The total soluble sugar was extracted from the leaf and
stem of D. officinale DanXia cultivar seedlings, respec-
tively, using the water extraction and alcohol precipita-
tion method. Then soluble sugar content was measured
utilizing the phenol-sulfuric acid method, employ-
ing ultraviolet spectroscopy with anhydrous glucose as
the reference substance at a wavelength 483 nm wave-
length. The content was calculated through a standard
curve of anhydrous glucose, which exhibited excellent
linearity (r=0.999 3), based on the regression equation
y=3.5696x+ 0.0065.

Protein—protein interaction network construction

and visualization

The potential interaction data between DoAINVs
and related proteins under cold stress treatment were
extracted from the latest STRING v11.5 available data-
base (https://cn.string-db.org/) [64]. Subsequently, the
interactions between the genes was constructed using
Cytoscape v3.9.1 software (https://cytoscape.org/) for
visualization purposes. The Cytoscape plugin within
CytoNCA was utilized to identify the key targets [65].

Statistical analysis

All data were subjected to analysis using either a one-way
analysis of variance (ANOVA) or a Student’s t-test, with
a significance level set at 0.05, utilizing GraphPad Prism
v9.5 (GraphPad Software, Inc., Chicago, USA, www.
graphpad.com). The analyses were performed based on
three biological replicates, and the values shown in the
figures represent the average values derived from three
replicates. Sample variability is depicted as the standard
deviations (SDs) of the mean.
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