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Underlying mechanism of Dendrobium
huoshanense resistance to lead stress using
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Abstract

Lead affects photosynthesis and growth and has serious toxic effects on plants. Here, the differential expressed
proteins (DEPs) in D. huoshanense were investigated under different applications of lead acetate solutions. Using
label-free quantitative proteomics methods, more than 12,000 peptides and 2,449 proteins were identified. GO and
KEGG functional annotations show that these differential proteins mainly participate in carbohydrate metabolism,
energy metabolism, amino acid metabolism, translation, protein folding, sorting, and degradation, as well as
oxidation and reduction processes. A total of 636 DEPs were identified, and lead could induce the expression

of most proteins. KEGG enrichment analysis suggested that proteins involved in processes such as homologous
recombination, vitamin B6 metabolism, flavonoid biosynthesis, cellular component organisation or biogenesis,

and biological regulation were significantly enriched. Nearly 40 proteins are involved in DNA replication and

repair, RNA synthesis, transport, and splicing. The effect of lead stress on D. huoshanense may be achieved through
photosynthesis, oxidative phosphorylation, and the production of excess antioxidant substances. The expression of
9 photosynthesis-related proteins and 12 oxidative phosphorylation-related proteins was up-regulated after lead
stress. Furthermore, a total of 3 SOD, 12 POD, 3 CAT, and 7 ascorbate-related metabolic enzymes were identified.
Under lead stress, almost all key enzymes involved in the synthesis of antioxidant substances are up-regulated,
which may facilitate the scavenging of oxygen-free radical scavenging. The expression levels of some key enzymes
involved in sugar and glycoside synthesis, the phenylpropanoid synthesis pathway, and the terpene synthesis
pathway also increased. More than 30 proteins involved in heavy metal transport were also identified. Expression
profiling revealed a significant rise in the expression of the ABC-type multidrug resistance transporter, copper
chaperone, and P-type ATPase with exposure to lead stress. Our findings lay the basis for research on the response
and resistance of D. huoshanense to heavy metal stress.
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Introduction

Lead (Pb), a heavy metal, does not easily decompose and
significantly exhibits toxicity to organisms in nature,
resulting in long-lasting toxic effects. Lead has seri-
ous effects on plant growth. The root system is the first
to sense heavy metals in the soil and is highly suscep-
tible to their effects of heavy metals Heavy metal ions
first enter the plant through the absorption of plant rhi-
zomes. When the heavy metals in the soil reach a certain
concentration, they will inhibit the elongation of plant
root tip cells and accelerate the lignification of the cells,
resulting in poor root growth, short plants, and yellow
leaves [1]. It will wither and affect the growth and devel-
opment of the whole plant. Roots not only absorb water
and nutrients from the environment but also secrete
organic compounds such as sugars and organic acids
into the growth medium. These organic compounds can
chelate, complex, and precipitate heavy metals in the
environment, thereby affecting the availability of heavy
metals in the soil [2]. Heavy metals primarily exist in ion
form or bind to cellulose, lignin, etc. Lead has very little
mobility in plants. A small amount of lead can be trans-
ferred upward or downward; however, it rarely enters the
inside of fruits or the starch of roots. Heavy metal stress
affects the germination potential, germination rate, main
root length, epicotyl length, plant height, and plant bio-
mass of seeds to varying degrees [3]. Although heavy
metals cause certain damage to plant growth, over the
long-term evolution or due to plant factors, plants have
developed specific tolerance mechanisms to heavy metal
stress environments. The response of plants to heavy
metal stress varies depending on their type, variety, and
growth period. The sustained tolerance to heavy met-
als is not only related to the variety but also to the type
and concentration of heavy metals, and it shows a certain
dose effect.

Plants gradually develop a series of physiological
defense mechanisms to deal with the accumulation and
positioning of heavy metals. They have formed a dynamic
regulatory system that controls the absorption, accumu-
lation, distribution, and detoxification. In recent years,
research on screening plants for tolerance to heavy met-
als has made some progress, but the criteria used to
screen each variety are different [4]. Low concentrations
of Pb>* promote the germination of wheat seeds, while
high concentrations inhibit the germination of seeds. The
germination rate is significantly affected, and the higher
the concentration, the more obvious the inhibitory effect.
When the Pb?* concentration is 50 mg/L, the germina-
tion rate and germination potential of the durum wheat
variety “Zhongyin 1320” are 12.9% and 4.4% higher than
the control, respectively; when the Pb**concentration
reaches 200 mg/L, the germination rate and germina-
tion potential drop by 0.5% and 2.2%, respectively [5].
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Hydroponic experiments revealed that wheat’s chloro-
phyll content in the early growth stage can be promoted
by low concentrations of Cd and Pb, while high concen-
trations inhibit chlorophyll synthesis. Additionally, dif-
ferent heavy metals exhibit varying degrees of inhibition.
Under lead stress above 500 mg/L, the leaves of wheat
seedlings may even develop chlorosis [6].

Cell wall is the first barrier for toxic and harmful sub-
stances to enter the cells, and it also plays a pivotal role
in their resistance to heavy metals. Lead is mainly distrib-
uted in the cell wall and the soluble part of the cell. The
pectin component in the cell wall provides a large num-
ber of exchange sites for heavy metal binding [7]. When
the binding of heavy metal ions on the cell wall reaches
saturation, most of the heavy metals entered into the cell
will be transported into the vacuole. They complex with
various substances, such as inorganic salts, sugars, amino
acids, and organic acids contained in the vacuoles, to
achieve compartmentalization and thereby reduce dam-
age to other cell structures [8]. Among the various sub-
cellular components in Hemerocallis fulva leaves, the
vacuole and cell-soluble parts contained the most Pb, fol-
lowed by the cell wall and its residue parts, and the cell
membrane and organelle parts were the least distributed.
Cell wall and vacuole compartmentalization are impor-
tant tolerance mechanisms for plants to cope with heavy
metal stress. The localization at the subcellular level is
necessary to clarify its role in plant resistance to Cd and
Pb toxicity. Low-concentration Pb treatment of liquidam-
bar seeds can stimulate the synthesis of ester compounds
in membrane lipids and cell wall pectin, while high-con-
centration Pb and Cd treatment both promote the syn-
thesis of organic matter such as cellulose, hemicellulose,
polysaccharides, and proteins, thus increasing plant’s
stress tolerance [9].

The accumulation of heavy metals in leaves cause the
disintegration of chloroplasts and pigments, reduce pho-
tosynthetic efficiency, and thus affect the nutritional
metabolism of plants [10]. Leaves often turn yellow when
stressed by heavy metals. Plants absorb heavy metal ions,
which replace iron, magnesium, and other ions in the
leaves, changing the configuration of key enzymes and
inhibiting enzyme activity, thereby hindering chlorophyll
synthesis. As a non-essential element for plants, lead has
a certain promoting effect at a low level. However, a cer-
tain accumulation of lead content outside the plant inhib-
its photosynthesis. The combined stresses of Pb?*and
Cd**lower the activity of the RuBP enzyme, make car-
boxylation less efficient, and drastically reduce the con-
tent of chlorophyll a, chlorophyll b, and chlorophyll a/b
ratio. The fluorescence parameter Fv/Fm decreases with
the increase in Cd and Pb concentrations [11]. Addition-
ally, the net photosynthetic rate Pn, Fv/Fm, @PSII, and
gN of rapeseed increased under low concentration Pb
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stress. Low-concentration stress activates the energy dis-
sipation pathway, disperses excess light energy, and pro-
tects photosynthetic machinery from damage. Cd and
Pb can also affect the absorption and transportation of
mineral nutrients by roots. Some studies have demon-
strated that radish treatment with cadmium inhibits the
absorption and accumulation of Cu, Mn, Zn, K, and Ca
in leaves. Pb significantly inhibited the absorption of Zn,
K, Ca, and Mn. Pb and Cd composite treatment signifi-
cantly inhibited the absorption of K, Mn, Zn, and Fe. It
is indicated that high concentrations of Pb significantly
inhibit the absorption of Cu, Ca, Mg, Zn, and Fe in soy-
bean plants while increasing the accumulation of Mn
[12].

Once heavy metals enter the plant, they will cause
membrane lipid peroxidation. This releases large
amounts of superoxide anions (O?7), hydrogen peroxide
(H,0,), hydroxyl radicals (.OH"), singlet oxygen (*0?)
and other reactive oxygen-free radicals, systematically
causing chaos in the redox reactions [13]. Mmembrane
lipid peroxidation is a significant cause of membrane
damage. Plant antioxidants mainly include enzymatic and
non-enzymatic antioxidants.Among them, enzymatic
antioxidants mainly include SOD, APx (ascorbate peroxi-
dase), GPx (glutathione peroxidase), CAT, and GR (glu-
tathione reductases); non-enzymatic antioxidants include
glutathione, NP-SH (non-protein thiols), cysteine, ascor-
bic acid, and proline. This antioxidant systems includ-
ing enzymes such as POD, CAT, and SOD, is produced
in significant quantities to scavenge free radicals gener-
ated during the process of membrane lipid peroxidation.
Intracellular heavy metals significantly affect the activi-
ties of SOD and POD [14]. The activities of SOD, CAT,
and POD in plants were enhanced when exposed to low
concentrations of lead ions. These enzymes played a role
in eliminating reactive oxygen-free radicals. The treat-
ment of lead nitrate solution will cause substantial altera-
tions in the antioxidant enzyme activity within plant
cells. Pb also affects the nucleic acid metabolism, respira-
tion, nitrogen metabolism, and carbohydrate metabolism
by affecting the activity of some important enzymes in
the plant metabolism process [15].

Due to environmental pollution and the abuse of
organic fertilizers, pesticides, etc., the content of harm-
ful heavy metal elements in Chinese medicines has
increased significantly. The excessive levels of Cd, Pb, and
other heavy metals in Dendrobium cultivars from differ-
ent production areas are associated with the local soil
and planting environment [16]. At present, the under-
lying clues of absorption, enrichment, transport, and
detoxification responses to heavy metal pollution are still
unclear. In this study, variations at the proteome level
were examined in D. huoshanense grown in the Ta-pieh
Mountains in response to lead stress. GO and KEGG
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enrichment analyses showed that lead acetate treatment
first increased the expression of genes responsible for
RNA, DNA, and protein synthesis and transport. Lead
acetate treatment also induced genes involved in photo-
synthesis and oxidative phosphorylation. The expression
of antioxidant-related proteins in vitamin B6 metabolism,
thiamine metabolism, ascorbate and aldarate metabo-
lism, and glutathione metabolism increased. Lead stress
stimulates the biosynthesis of some key enzymes realted
to sucrose and glycosides. It also elevated the enzyme
levels of some secondary metabolites such as flavonoids,
phenylpropanoids, terpenes, and ubiquinone. Through
the above-mentioned regulatory mechanism, D. huosha-
nense has completed the resistance mechanism of lead
stress.

Materials and methods

Lead treatment and plant sampling

The D. huoshanense tissue culture seedlings used for the
experiment all from the Plant Cell Engineering Center of
West Anhui University (Luan, China). After twenty-five
days of propagation on the medium, the seeds undergo
a color change from pale yellow to green. After a period
of 30 days, the seedlings were moved to the germination
medium for further growth. A 40-day period was estab-
lished for subcultures. The chosen materials were grown
for three successive generations. The samples in the con-
trol group were added with the same amount of water
daily, and the samples in the Pb group were added with
a solution containing 200 mg/L Pb(NO;), and sampling
on day 7 and 15. We harvested foliage from the perennial
plants in order to acquire three biological duplicates.

Extraction of total proteins

We extracted the total protein using a previous method
[17]. We added the SDT protein lysate to the protein
solution and kept it in an ice bath for 5 min. The reac-
tion was then centrifuged at 95 °C for 8 min. We add
DTT reagent to the supernatant, and add pre-cooled
acetone to the reaction solution. After two hours, the
precipitate was obtained by centrifugation at 12,000 g for
15 min. The precipitate was rinsed multiple times with
acetone and freeze-dried to obtain a lyophilized prod-
uct. For protein trypsinolysis and extraction, the sample
was first added to a DB protein lysis solution (8 M urea,
100 mM TEAB, pH=8.5) to make up 100 pL. Trypsin
and 100 mM TEAB buffer were added to the lysis solu-
tion, mixed, and digested at 37 °C for 4 h. The solution
was then supplemented with trypsin and CaCl, solutions,
which were digested overnight. Formic acid was added to
the digestion solution to adjust the pH to less than 3. The
digestion solution was centrifuged at 12,000 g for 5 min
at room temperature. The supernatant was slowly passed
through a C18 desalting column and then washed three
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times with a cleaning solution (0.1% formic acid, 3% ace-
tonitrile). The C18 desalting column was added with an
eluent (0.1% formic acid, 70% acetonitrile), and the fil-
trate was collected and freeze-dried to obtain a protein
sample.

LC-MS/MS conditions

Liquid chromatography mass spectrometry analysis used
a UHPLC-Q Exactive tandem mass spectrometry sys-
tem and a Nanospray ESI ion source [8]. Xcalibur 2.2
software was used for mass spectrometry analysis. We
used a data-dependent acquisition mode to acquire mass
spectrometry data, setting the mass detection range at
m/z 350—1500. For secondary fragment acquisition, high-
energy collision fragmentation selects the top forty most
ionized quasi-molecular ions. We set the dynamic exclu-
sion range to 20 s.

Raw data processing and functional enrichment analysis
To identify and decipher proteins, all spectra obtained
were searched using the search software Proteome Dis-
coverer 2.2, which was aligned with a public database.
The search parameters were established in the follow-
ing manner: The precursor ion had a mass tolerance of
10 parts per million (ppm), while the fragment ion had
a mass tolerance of 0.02 Daltons (Da). The fixed modi-
fication involved the alkylation of cysteine, whereas the
variable modification consisted of the oxidation of methi-
onine. The N-terminus was acetylated, and a maximum
of two missed cleavage sites were permitted. To enhance
the accuracy of the analysis results, the PD2.2 software
applied further filtering to the search results. Peptide
spectrum matches (PSMs) with a credibility over 99%
were considered credible PSMs, while proteins that con-
tained at least one unique peptide were deemed credible
proteins. Only peptides and proteins that were deemed
trustworthy were kept, and a verification process was
conducted to eliminate peptides and proteins with a false
discovery rate (FDR) exceeding 1%. The protein quantifi-
cation results were subjected to statistical analysis using
the T-test. Proteins exhibiting significant quantitative
differences between the experimental group and the con-
trol group (p<0.05, FC<0.25) were classified as differen-
tially expressed proteins. The interproscan program was
employed for functional annotation of GO and IPR data-
bases. The discovered proteins went through functional
protein pathway and family studies utilizing the COG
and KEGG databases.

Results

Data quality and protein identification

We obtained a total of 63,194 matched spectra, 12,402
identified peptides, and 2,449 identified proteins using
the label-free quantitative method. Among them, the
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number of proteins identified in the control group was
1,696, and the average number of proteins identified in
the lead acetate-treated group was 2,216 (Fig. 1A). Fur-
ther quality assessment of our proteomics data was
performed, including principal component analysis, pre-
cursor ion mass tolerance distribution, protein sequence
coverage distribution, peptide length, and protein molec-
ular weight distribution. The results showed that the pep-
tide length was mainly distributed between 10 and 16
amino acid residues (Fig. 1B). The mass error distribution
diagram of precursor ions shows the accuracy of mass
spectrometry data. Most proteins have smaller precur-
sor ion mass errors and higher mass spectrometry accu-
racy (Fig. 1C). The distribution of the number of unique
peptides shows that the proportion of proteins contain-
ing unique peptides in the total protein gradually both
increases. When the number of unique peptides equals
16, the ratio tends to 1 (Fig. 1D). Protein coverage shows
that for proteins whose full length accounts for less than
10%, the number of peptides containing this protein is
larger, accounting for 43.61% of the total protein. Peptide
coverage of less than 30% was observed in 81.46% of the
identified proteins, indicating the need for improvement
in the depth of protein identification (Fig. 1E). The pro-
tein molecular weight distribution showed that the iden-
tified proteins mainly ranged in molecular weight from
10 to 60 kDa (Fig. 1F).

Annotation of identified proteins

The functional annotation of the discovered proteins
was performed using databases such as GO, KEGG, and
COG. The Interproscan software utilized the six data-
bases of Pfam, PRINTS, ProDom, SMART, ProSite, and
PANTHER to accurately identify the gene families and
structures of all discovered proteins. Sum of 1,170 pro-
teins have been annotated by the four databases, includ-
ing GO, KEGG, COG, and IPR (Fig. 2A; Table S1). The
COG annotation reveals the greatest abundance of
homologous genes associated with protein turnover,
chaperones, translation, ribosomal structure and biogen-
esis, posttranslational modification, glucose transport,
and metabolism (Fig. 2B). The GO functional annotation
results indicate that the discovered proteins primarily
participate in biological activities such as oxidation and
reduction, as well as metabolic processes. They are pri-
marily found in cellular structures, such as ribosomes,
and within cells. GO functions primarily encompass
biological activities such as protein binding, ATP bind-
ing, nucleic acid binding, oxidoreductase activity, and
nucleic acid binding (Fig. 2C). The KEGG pathway anno-
tation results indicate that the main biochemical meta-
bolic pathways include carbohydrate metabolism, energy
metabolism, protein folding, sorting, and degradation
activities (Fig. 2D). The IPR annotation indicated that
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all the proteins that discovered possessed an abundance
of RNA recognition domains, protein kinase domains,
ATPase domains, and several other domains (Fig. 2E).
The subcellular localization study revealed that 20.8% of
the protein was localized in the cytoplasm, 19.27% in the
chloroplasts, 13.97% in the mitochondria, and 12.64% in
the nucleus (Fig. 2F).

Protein quantification and differential protein analysis

A total of 636 DEGs were identified, including 518 sig-
nificantly different upregulated proteins (fold change>4,
»<0.05) and 118 down-regulated proteins with signifi-
cant differences (fold-change<0.25, p<0.05). The vol-
cano plot indicated the distribution of the two groups
of differential proteins (Fig. 3A). Differential protein
clustering analysis shows the up-regulation and down-
regulation of different proteins between different sam-
ples. Heavy metal lead caused the up-regulation of most
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differential proteins (Fig. 3B). GO enrichment analysis
results show that the proteins are mainly involved in
cellular component organization or biogenesis, biologi-
cal regulation, regulation of cellular processes, oxidore-
ductase activity, ligase activity, carbon-nitrogen lyase
activity, and protein disulfide oxidoreductase activity
(Fig. 3C). KEGG enrichment analysis showed significant

enrichment in homologous recombination, vitamin B6
metabolism, flavonoid biosynthesis, and other processes
(Fig. 3D). In addition, we screened out nearly 40 proteins
involved in DNA replication and repair, RNA synthesis,
transport, and splicing from these differential proteins
(Table 1). Replication factors Al and A2 are crucial for
homologous recombination and DNA replication, or
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mismatch repair. These proteins showed up-regulated
expression under lead stress. A total of 15 small and large
subunit ribosomal proteins are involved in protein pro-
cessing in ribosomes, and most of them are up-regulated
after lead acetate treatment. Translation initiation factor
3, translation initiation factor 1 A, translation initiation
factor 4E, polyadenylate-binding protein, etc. showed
increased expression levels during the RNA transport
process. A total of ten splicing body proteins were iden-
tified. Except for U5 small nuclear ribonucleoprotein,
splicing factor 3B, and FUS-interacting serine-arginine-
rich protein 1, the expression of other proteins was up-
regulated after lead treatment. We also found that the
effect of D. huoshanense on heavy metal lead stress was
mainly achieved by enhancing photosynthesis, oxidative
phosphorylation, and the synthesis of antioxidant sub-
stances. A total of nine genes involved in photosynthesis
were identified. The expression levels of cytochrome b6-f
complex, F-type h*-transporting ATPase, photosystem 11
oxygen-evolving enhancer, photosystem II Psb27 protein,

F-type H*-transporting ATPase, ferredoxin, etc. were up-
regulated under lead stress. Twelve genes involved in the
oxidative phosphorylation pathway were identified, and
V-type ATPase, F-type ATPase, NADH dehydrogenase 1,
ubiquinol-cytochrome c reductase, succinate dehydroge-
nase, etc. showed up-regulated expression (Table 2).
Peroxidases family involved in scavenging oxygen-free
radicals and the differential expression of key enzymes
involved in antioxidant were identified. Superoxide dis-
mutase (SOD), peroxidase (POD), and catalase (CAT)
are the main antioxidases (Table 3). We identified a total
of 3 SODs, 6 PODs, 5 L-ascorbate peroxidase (APx),1
glutathione peroxidase (GPx), 1 polyphenol oxidase
(PPO) and 3 CATs. All SOD genes had significantly up-
regulated expression. There are 2 PODs, 2 APx, 1 GPx
gene, and 1 CAT whose expression is up-regulated under
lead stress. In addition to activating the expression of
POD, lead stress also increased the synthesis of antioxi-
dants such as vitamin B6, vitamin C, thiamine, gluta-
thione. The DEGs showed that lead stress can raise the
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Table 1 DEGs involved in DNA replication and repair, RNA synthesis, transport and splicing

KEGG term Protein ID log2fc p-Value

Homologous recombination Dhu000026760 Infinity 0.00
Dhu000026446 Infinity 0.00

Dhu000017350 -Infinity 0.00
DNA replication/ Dhu000002634 2.0956 0.00038
Mismatch repair
RNA transport Dhu000007551 2.3068 0.00657
Dhu000025977 -3.3673 140e-05
Dhu000006080 -2.4857 0.00178
Dhu000009649 3.5484 0.00939
Dhu000013536 Infinity 0.00
Dhu000022628 Infinity 0.00
Dhu000028824 Infinity 0.00
Dhu000010912 2.0183 0.00782
Dhu000002565 2.3284 0.00034
Dhu000014780 Infinity 0.00
Dhu000017521 Infinity 0.00
Dhu000012452 22565 0.00048
Ribosome Dhu000009495 26292 2.31e-05
Dhu000021321 -5.4675 2.76e-06
Dhu000011193 32359 7.82e-06
Dhu000005346 3.2041 0.00152
Dhu000016133 2.0349 0.00203
Dhu000005028 Infinity 0.00
Dhu000013939 2.9020 1.25e-05
Dhu000019946 3.1997 0.00121
Dhu000024895 2.6700 0.00109
Dhu000023682 3.6982 291e-06
Dhu000023585 2.1081 0.00034
Dhu000003738 23842 0.00011
Dhu000025515 -4.0546 0.00045
Dhu000017134 2.6055 0.00066
Dhu000001456 4.2940 0.00309
Spliceosome Dhu000019670 Infinity 0.00
Dhu000016515 -2.7027 4.96e-05
Dhu000006224 Infinity 0.00
Dhu000006583 Infinity 0.00
Dhu000003217 -24813 5.96e-07
Dhu000027568 Infinity 0.00
Dhu000017002 Infinity 0.00
Dhu000014916 Infinity 0.00
Dhu000026442 -4.708 0.00136
Dhu000001640 Infinity 0.00
RNA degradation Dhu000004787 Infinity 0.00

Dhu000002565 2.3284 0.00034
Dhu000019670 Infinity 0.00

Dhu000004415 Infinity 0.00
Dhu000002005 -2.9928 0.00227
Dhu000003802 -2.0687 0.04845

Regulated KEGG description

Up Replication factor A1

Up Replication factor A2

Down Recombination factor Rad54

Up Proliferating cell nuclear antigen

Up Elongation factor 1-alpha

Down Importin subunit beta-1

Down Translation initiation factor 3 subunit E

Up Translation initiation factor 3 subunit A

Up Translation initiation factor 3 subunit A

Up Translation initiation factor 1 A

Up Translation initiation factor elF-2B subunit gamma
Up Translation initiation factor 4E

Up Polyadenylate-binding protein

Up THO complex subunit 2

Up THO complex subunit 4

Up Pinin

Up Small subunit ribosomal protein S10

Down Large subunit ribosomal protein L4

Up Large subunit ribosomal protein L35e

Up Large subunit ribosomal protein L24

Up Large subunit ribosomal protein L26e

Up Small subunit ribosomal protein S2e

Up Small subunit ribosomal protein S14e

Up Large subunit ribosomal protein L7

Up Large subunit ribosomal protein L10

Up Large subunit ribosomal protein L11

Up Small subunit ribosomal protein S13e

Up Large subunit ribosomal protein L21

Down Large subunit ribosomal protein L15e

Up Large subunit ribosomal protein L31e

Up Small subunit ribosomal protein S19e

Up U6 snRNA-associated Sm-like protein LSm3
Down U5 small nuclear ribonucleoprotein component
Up U4/U6 small nuclear ribonucleoprotein PRP3
Up U4/U6 small nuclear ribonucleoprotein PRP4
Down Splicing factor 3B subunit 3

Up RNA-binding protein 25

Up ATP-dependent RNA helicase DDX5/DBP2
Up Heterogeneous nuclear ribonucleoprotein G
Down FUS-interacting serine-arginine-rich protein 1
Up Intron-binding protein aquarius

Up CCR4-NOT transcription complex subunit 3
Up Polyadenylate-binding protein

Up U6 snRNA-associated Sm-like protein LSm3
Up ATP-dependent DNA helicase RecQ

Down 6-Phosphofructokinase 1

Down Molecular chaperone DnaK

level of pyridoxal 5-phosphate synthase, an important
enzyme in the biosynthesis pathway for vitamin B6, and
directly raise the amount of pyridoxal 5-phosphate. Lead
stress downregulated pyridoxine 4-dehydrogenase and

phosphoserine aminotransferase, as well as decreased
pyridoxine 4-dehydrogenase’s level. Ascorbic acid is one
of the strongest natural antioxidants, and the heavy metal
lead can stimulate the accumulation of root apoplastic
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Table 2 DEGs involved in photosynthesis and oxidative phosphorylation under pb stress
KEGG term Protein ID log2fc p-Value Regulated KEGG description
Photosynthesis Dhu000018784 35639 2.76e-08 Up Cytochrome b6-f complex iron-sulfur subunit
Dhu000002238 49756  0.00673  Up Cytochrome b6-f complex iron-sulfur subunit
Dhu000022570 29183  0.00666  Up F-type h+-transporting atpase subunit b
Dhu000027584 24682 0.00197 Up Photosystem Il oxygen-evolving enhancer protein 3
Dhu000018717  3.1809 0.00178  Up F-type h+-transporting atpase subunit &
Dhu000002825 2.8333  0.00075 Up Photosystem Il Psb27 protein
Dhu000016663  Infinity ~ 0.00 Up Plastocyanin
Dhu000028844  4.6143  0.00128 Up Ferredoxin
Dhu000002675 25765  1.56e-05 Up F-type H+-transporting ATPase subunit beta
Oxidative phosphorylation ~ Dhu000008527  Infinity ~ 0.00 Up V-type h+-transporting atpase 16kda proteolipid subunit
Dhu000010659  Infinity  0.00 Up Nadh dehydrogenase (ubiquinone) 1 beta subcomplex subunit 7
Dhu000028439  Infinity  0.00 Up Nadh dehydrogenase (ubiquinone) fe-s protein 6
Dhu000014507  4.7665  4.80E-05 Up Nadh dehydrogenase (ubiquinone) 1 a subcomplex subunit 5
Dhu000000294  3.1013  0.00165 Up Nadh dehydrogenase (ubiquinone) 1 3 subcomplex subunit 9
Dhu000006207 25308 0.00019  Up Ubiguinol-cytochrome ¢ reductase cytochrome c1 subunit
Dhu000000527 28147 000127 Up Succinate dehydrogenase (ubiquinone) Iron-sulfur subunit
Dhu000017283  6.1260 4.67E-07 Up V-type h+-transporting atpase subunit g

Table 3 Key enzyme related to antioxidant biosynthesis involved in ROS scavenging

KEGG term Protein ID log2fc p-Value Regulated KEGG description

Antioxidases Dhu000028022 1.8872 1.27E-05 Nonsignificant  Superoxide dismutase
Dhu000015323 20411 0.00641 up Superoxide dismutase
Dhu000020666 Infinity 0.00 up Copper chaperone for superoxide dismutase
Dhu000016068 Infinity 0.00 up Superoxide dismutase
Dhu000021108 -0.1656  0.02582 Nonsignificant ~ Catalase
Dhu000010726 0.5575 0.00012 Nonsignificant Catalase
Dhu000014602 36757 0.00185 up Catalase
Dhu000003920 -0.2587  0.01211 Nonsignificant ~ Peroxidase
Dhu000011608 -04039  0.06789 Nonsignificant ~ Peroxidase
Dhu000027806 Infinity 0.00 up Peroxidase
Dhu000005526 Infinity 0.00 up Peroxidase
Dhu000012112 0.3981 0.25471 Nonsignificant ~ Peroxidase
Dhu000018249 -2.0542  0.09989 Nonsignificant ~ Peroxidase
Dhu000016586 -1.1297 0.05514 Nonsignificant Polyphenol oxidase

Vitamin B6 metabolism Dhu000007824 3.1005 0.00271 Up Pyridoxal 5-phosphate synthase
Dhu000002640 Infinity 0.00 Up Pyridoxal 5-phosphate synthase
Dhu000028434 -6.5826  0.00924 Down Pyridoxine 4-dehydrogenase
Dhu000010367 Infinity 0.00 Up Phosphoserine aminotransferase

Thiamine metabolism Dhu000026717 24968 0.00069 Up Cysteine desulfurase

Ascorbate and aldarate metabolism Dhu000017762 3.2938 1.81E-06 Up Dehydroascorbic reductase
Dhu000012810 Infinity 0.00 Up L-galactose dehydrogenase
Dhu000018823 34734 2.38E-07 Up L-ascorbate peroxidase
Dhu000018044 2.0075 3.48E-06 Up L-ascorbate peroxidase
Dhu000028960 -5.1318 0.01809 Down L-ascorbate peroxidase
Dhu000028634 1.1110 0.00023 Nonsignificant  L-ascorbate peroxidase
Dhu000019246 1.8758 9.05E-06 Nonsignificant ~ L-ascorbate peroxidase

Glutathione metabolism Dhu000023012 2.1224 0.00558 Up Glutathione S-transferase
Dhu000021472 -2.0814 0.00148 Down Glutathione S-transferase
Dhu000010171 2.7129 0.00073 Up Glutathione peroxidase
Dhu000020272 3.5236 6.86E-05 Up Glutathione S-transferase
Dhu000028205 -26148  0.00139 Down Glutamate—-cysteine ligase
Dhu000001976 0.7666 0.00036 Nonsignificant Glutathione reductase
Dhu000025514 0.3992 0.01215 Nonsignificant  Glutathione reductase
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ascorbyl radicals. A total of 7 ascorbate-related meta-
bolic enzymes were identified, among which dehydro-
ascorbic reductase, L-galactose dehydrogenase, and a
few APx genes were up-regulated, and 1 APx gene was
down-regulated. A total of 11 glutathione-related syn-
thases were identified in this study, including glutathi-
one S-transferase (GST), GPx, glutamate-cysteine ligase
(GCL), and glutathione reductase (GR). Among them,
four GSTs and one GPx were induced by membrane lipid
peroxidation caused by lead stress, and their expression
levels increased, while the expression level of GCL was
down-regulated.

D. huoshanense is rich in polysaccharides, alkaloids,
flavonoids, and other active substances. In this study, we

Table 4 DEGs involved in sugar and glycoside biosynthesis
KEGG Protein ID log2fc p-Value Regulated KEGG
term description
Amino Dhu000006991 Infinity 0.00 Up Chitinase
sugarand  Dhu000006916 2.9940 847E-05 Up UDP-ap-
nucleo- iose/xylose

tide sugar Synthase
metabo- UDP-

lism glucose
4,6-dehy-
dratase

Dhu000007460 2.3095 0.00060 Up

Dhu000024131 3.1023 0.01471 Up Fructokinase

Dhu000001044 - 124E-05 Down
2.0457

Dhu000006988  Infinity 0.00 Up
Dhu000010306 Infinity 0.00 Up

Hexokinase

Chitinase
GDPman-
nose
4,6-dehy-
dratase

Dhu000017859 Infinity 0.00 Up Mannose-
6-phos-
phate

isomerase
Phospho-
acetylglu-
cosamine
mutase

Dhu000025211  Infinity 0.00 Up

Galactose  Dhu000001044 -
metabo- 2.0457

lism Dhu000023690 Infinity 0.00  Up

124E-05 Down Hexokinase
Raffinose
synthase
Dolichyl-
phosphate
beta-glu-
cosyltrans-
ferase

N-Glycan
biosyn-
thesis

Dhu000002200 Infinity 0.00 Up

Dhu000008194  Infinity 0.00 Up Oligosac-
charyl-
transferase
complex
subunit
gamma
Arabinosyl-
transferase

Dhu000013620 Infinity 0.00 Up
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identified several differential proteins in sucrose metabo-
lism and glycoside synthesis. Under lead stress, the levels
of chitinase, UDP-apiose/xylose synthase, fructokinase,
GDP-mannose 4,6-dehydratase, mannose—6-phosphate
isomerase, and raffinose synthase all went up, while the
levels of hexokinase went down. For N-glycan biosyn-
thesis, dolichyl-phosphate beta-glucosyltransferase, the
oligosaccharyltransferase complex, and arabinosyltrans-
ferase showed down-regulated expression (Table 4). In
addition to primary metabolites, many key enzymes for
the synthesis of secondary metabolites are also responsive
to lead stress. Chalcone synthase (CHS), caffeoyl-CoA
O-methyltransferase (CCoAOMT), chalcone isomerase
(CHI), cinnamyl-alcohol dehydrogenase (CAD), ferulate-
5-hydroxylase (F5H), and caffeoyl shikimate involved in
the biosynthesis of phenylpropanoid, and flavonoid ester-
ase is up-regulated under lead stress. For terpenoid bio-
synthesis, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase (MCS) and hydroxymethylglutaryl-CoA reduc-
tase (HMGR) were up-regulated under lead stress, while
geranylgeranyl pyrophosphate synthase (GGPPS) and
mevalonate kinase (MVK) decreased (Table 5).

Expression profiles of proteins involved in lead
detoxification and transport

Thirty proteins involved in heavy metal transport, includ-
ing ABC transporter, P-type ATPase, NRAMP, HMA,
and antioxidantase, were selected from these DEGs to
further determine their potential involvement in the
extracellular and intracellular transport and enrichment
of lead ions. Expression profile analysis results showed
that Dhu000027032 (an ABC-type multidrug resistance
transporter) was almost not expressed before lead stress,
and the expression level surged rapidly after treatment
(Fig. 4A). Similar results are shown for Dhu000009772
(an ABC-type uncharacterized transporter) and
Dhu000001566 (a forkhead- associated domain protein).
HMA is widely involved in the migration and accumu-
lation of heavy metals in plants. We identified a total of
three HMA proteins, but they showed differential expres-
sion patterns before and after lead stress (Fig. 4B). The
expression level of Dhu000025719 (copper chaperone,
CopZ) increased significantly after exposure to lead
stress. Interestingly, Dhu000018148 (NRAMP) showed
downregulated expression after lead treatment (Fig. 4C).
Expression profile analysis revealed that Dhu000014277
(Ca**-transporting ATPase) and Dhu000014567 (man-
ganese-transporting P-type ATDPase) were sensitive
to lead stress, among the 5 identified P-type ATPases
(Fig. 4D). The expression of antioxidant enzymes was
mentioned earlier. After lead stress, the expression pro-
file analysis further determined significant effects on
Dhu000016068 (superoxide dismutase), Dhu000005526
(peroxidase), Dhu000020666 (copper chaperone for
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Table 5 DEGs involved in secondary metabolite biosynthesis

KEGG
term

Protein ID

log2fc p-Value Regulated KEGG de-

scription

Flavonoid
biosyn-
thesis

Stilbenoid,
diarylhep-
tanoid
and
gingerol
biosyn-
thesis
Terpenoid
backbone
biosyn-
thesis

Phenyl-
propanoid
biosyn-
thesis

Ubiqui-
none bio-
synthesis

Dhu000026929 Infinity 0.00

Dhu000023635

Dhu000001795

Dhu000023635

Dhu000023600

Dhu000019364

Dhu000015319

Dhu000004523

Dhu000027474

Dhu000019210

Dhu000014285

Dhu000006901

Dhu000023635

Dhu000013985

Dhu000020416

Infinity

2.0838
Infinity

Infinity

3.0844

8.4440
Infinity

2.7092

Infinity

Infinity

Infinity

Infinity

2.5468

24765

0.00

0.00306

0.00

0.00

0.00156

0.00071

0.00

530E-07

0.00

0.00

0.00

0.00

6.33E-05

9.34E-05

Up

Up

Down

Up

Up

Down

Down

Up

Down

Up

Up

Up

Up

Up

Up

Chalcone
synthase
Caffeoyl-
CoA
O-methyl-
transferase
Chalcone
isomerase
Caffeoyl-
CoA
O-methyl-
transferase

2-C-
methyl-D-
erythritol
24-cyclodi-
phosphate
synthase
Geranyl-
geranyl
pyrophos-
phate
synthase
Mevalon-
ate kinase
Hydroxy-
methylgl-
utaryl-CoA
reductase
Cinnamyl-
alcohol
dehydro-
genase
Cinnamyl-
alcohol
dehydro-
genase
Ferulate-
5-hydroxy-
lase
Caffeoyl-
shikimate
esterase
Caffeoyl-
CoA
O-methyl-
transferase
NAD(P)H
dehydro-
genase
NAD(P)H
dehydro-
genase
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superoxide dismutase), Dhu000027806 (peroxidase),
and Dhu000014602 (catalase). up-regulated expression
(Fig. 4E).

Analysis of differential protein interaction

Protein interaction network was constructed using signif-
icantly DEGs and analyzed the regulation between these
proteins (Table S2). The results showed that there were
278 pairs DEGs with score values more than 600 (Fig. 5).
Dhu000002840 (RNA polymerases I and III subunit
RPAC1) interacts strongly with other proteins and shows
opposite expression to Dhu000016515 (translation elon-
gation factor EF-G). Dhu000008563 (nucleoside-diphos-
phate kinase) interacts most strongly with Dhu000008599
(CTP synthase). Dhu000015455 (3-hydroxyacyl-CoA
dehydrogenase) interacts with Dhu000018551 (carni-
thine racemase) but exhibits opposite expression to
Dhu000015562 (3-hydroxyacyl-CoA dehydrogenase).

Discussion

Pb pollution in soil changes the chemical composition
of the soil, destroys the physical structure of the soil,
and directly affects the quality and safety of agricultural
products [18]. Pb have toxic effects on plant morphogen-
esis, physiology, biochemistry, and cell genetics at differ-
ent levels. The impact of Pb on plant morphology mostly
manifests in seed germination, root elongation, and seed-
ling development.It affects plant physiology by impairing
photosynthesis and respiration, as well as reducing and
blocking organic matter transportation and absorption
[19]. In addition, heavy metal pollution can also pro-
duce some other negative effects, such as inhibition of
cell division and genotoxicity [20]. In our study, the toxic
effects of lead on Dendrobium seedling are mainly mani-
fested by destroying the permeability of cell membranes
and affecting the balance of mineral element absorption,
transportation, penetration, and regulation (Figs. 1 and
2). Pb also cause mineral element metabolism disorders
and inhibit the metabolism of nucleic acids, carbohy-
drates, proteins, etc. [21]. The impact of heavy metal lead
ions on plant cell membranes is that lead ions can change
the physical structure of the cell wall and affect the cell
membrane. After the lead ions interact with the cell
membrane, they destroy the structure of the cell mem-
brane and increase the permeability of the cell membrane
[22]. As lead ions enter the cells through the cell wall,
they can change the ultrastructure of the chloroplasts in
the plant cells, thereby affecting the synthesis of chloro-
phyll [23].

In order to cope with a series of adverse effects of the
heavy metal Pb on plants, plants have developed toler-
ance mechanisms at different levels, including morphol-
ogy, cytology, physiology, etc. Typically, plants adopt
an “avoidance strategy” toward Pb [24]. Through the
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Fig. 4 Expression profiling of proteins involved in lead ion detoxification and transport. (A) ATP-binding cassette (ABC) transporter. (B) heavy metal-
associated (HMA) protein. (C) natural resistance-associated macrophage protein (NRAMP). (D) P-type ATPase. (E) antioxidantase. The abundance of all

proteins was normalized by log10 calculation

activation of the antioxidant enzyme system and the
adsorption, separation, and excretion of lead, they can
tolerate Pb stress (Fig. 3). These tolerance mechanisms
collectively reduce or even prevent Pb uptake at the
source. During the transport process, Pb is bound or
retained in the cell wall and vacuoles. The enhanced efflux
reduces the accumulation of Pb concentrations. Physical
barriers, such as thick cuticles, are the first line of defense
for plants against heavy metal stress [25]. Exposure to
heavy metal toxicity slows root growth, reducing contact
with heavy metal pollution and minimizing harm caused
by heavy metals. Furthermore, plants respond to stress
by changing their growth direction and redirecting their
growth to minimize stress exposure [26]. Here, 30 pro-
teins involved in heavy metal transport, including ABC
transporter, P-type ATPase, NRAMP, HMA, and antioxi-
dantase were identified and used for expression pattern
analysis (Fig. 4).

To prevent heavy metal ions from causing damage
to plants, plants have built-in antioxidant defense sys-
tems and antioxidants. The antioxidant defense system
is based on enzymes that regulate cellular redox status

and reduce metabolites—GSH, PCs, and metallothio-
neins—that are involved in the detoxification of heavy
metal ions in plant cells [27]. Lead-induced toxicity can
inhibit the activity of the above enzymes or induce their
synthesis. Higher Pb concentrations decrease enzyme
activity due to enzyme inhibition caused by reactive oxy-
gen species, reduced enzyme synthesis, or changes in its
subunit assembly. When bamboo and cypress seedlings
were stressed by different concentrations of lead nitrate
solutions, the activities of SOD, CAT, and POD in their
leaves all went up and then down as the treatment con-
centration went up [28]. Lead ions enhance lipid peroxi-
dation of cell membranes in bamboo and cypress leaves,
resulting in the production of a large amount of reactive
oxygen species and the destruction of cell structures. The
roots retained most of the lead ions absorbed under the
stress of a lead nitrate solution, resulting in less transpor-
tation to the stems and leaves [29].

The accumulation and distribution of heavy metals in
subcellular cells is one of the important factors that deter-
mine the tolerance and detoxification ability of plants to
heavy metals [30]. Induced adsorption of lead on the cell



Song et al. BMC Plant Biology (2024) 24:748

Page 13 of 16

Fig. 5 Protein-protein interaction analysis. Node size represents the number of interacting proteins. The color of the node indicates the expression level

of the protein

wall is a common cellular mechanism to prevent the toxic
effects of lead. Polysaccharides from cell walls contain a
large number of negatively charged groups that can react
with metal cations to immobilize harmful metal ions.
Extracellular lead isolation mainly refers to cell wall isola-
tion [31]. Some functional groups (-COOH, -OH, -SH) in
the cell wall provide the ability to bind to divalent metal
cations. In addition, plant root exudates such as malic
acid, oxalic acid, and other organic anions can provide
extracellular isolation of heavy metal ions. Heavy metals
in cells are complexed with different polymers (pectin,
lignin, cellulose, hemicellulose, etc.) or organic anions.
The combined Pb is sequestered in vacuoles, endoplas-
mic reticulum vesicles, and plasma vesicles. This blocks
lead transport across the membrane. Some transport-
ers can excrete metal ions into the extracellular space
and play an important role in metal detoxification [32].
ATPases, COPT-type transporters, ZIP transporters, and
cation antiporters control metal transport in plasmodes-
mata, enhancing their efflux between cells when heavy
metal transport into the endoderm is blocked (Fig. 4).

Phytochelatins (PCs) are non-protein thiols known to
have metal-binding capabilities and can form sulthydryl
bonds with various metals. To reduce induced cell dam-
age, toxic metals trigger this defense mechanism [33].
First, metal ions activate PC synthase. After chelating
with metals, the synthesized PCs are transported to the
vacuoles, where they form complexes with sulfides or
organic acids, hence stabilizing the metal ion complexes.
Some organic anions (such as tartrate, aconitate, oxalate,
malate, malonate, or citrate) form strong bonds by chelat-
ing with the metal of the carboxylate group as an electron
donor. Plants reduce the concentration of heavy metals
in the body by reducing the intake of heavy metals [34].
Plants can store heavy metals in trichomes on the leaf
epidermis, thereby avoiding direct damage to mesophyll
cells by heavy metals. Plants can detoxify heavy metals
that enter their cells through compartmentalization, pre-
cipitation, and chelation [35]. Heavy metals such as Cr,
Cd, Hg, and Ni generate many reactive oxygen radicals.
These free radicals cause membrane lipid peroxidation
of major biological macromolecules. Various antioxidant
defense systems in plants can scavenge free radicals and
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proteins and oxidative phosphorylation. Reactive oxy-
gen species signals are transmitted into cells, causing the Supplementary Material 1
transcription levels of antioxidant enzymes and related
heavy metal (especially Pb) transporter genes to further
aggravate the expression of these enzymes, thus inhibit-
ing the generation of ROS and promoting the efflux and
transfer of lead.
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