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Abstract

Ginseng rusty root symptoms (GRS) is a primary disease of ginseng, which seriously
decreases the yield and quality of ginseng and causes enormous losses to ginseng
production. GRS prevention and control is still challenging due to its unclear etiology.
In this study, the phloem tissue of healthy Panax ginseng (AG), the nonred tissue of
the phloem epidermis around the lesion (BG), and the red lesion site tissue of GRS
(CG) were extracted for mRNA transcriptomic analysis; 35,958 differentially
expressed genes (DEGs) were identified and were associated with multiple stress
resistance pathways, reactive oxygen species (ROS), and iron ion binding. Further
study showed that the contents of O,°, H,O,, and malondialdehyde (MDA) were
significantly increased in BG and CG tissues. Under anaerobic conditions caused by
excessive soil moisture, the overproduction of ROS destroys cell membranes, simul-
taneously converting Fe?* to Fe3* and depositing it in the cell wall, which results in

GRS, as evidenced by the success of the GRS induction test.
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common disease of ginseng (Figure 1). In diseased plants, the root

epidermis is covered with rough, irregular rust-like red patches with

Ginseng is a well-known botanical medicine from Panax ginseng
C.A. Meyer, which has been used medicinally for thousands of years
in China, Korea, Japan, and other Asian countries (Proctor &
Bailey, 1987). Ginseng contains saponins, polysaccharides, volatile oil,
and other active ingredients, with pharmacological effects of neuro-
modulation, cardiovascular regulation, anti-injury, anti-inflammation,
antitumor, anti-obesity, and others (Fan et al., 2021; Li et al., 2021).
P. ginseng, as a shady plant with long growth, has high requirements
for the growth environment, prefers humidity and weak acidic soil
with good ventilation (pH 4-6), and fails to tolerate excessive mois-
ture. (Shin et al,, 2021). Ginseng rusty root symptoms (GRS) is a

different depths and cracks (Liu et al., 1998; Zhao et al., 1999). Several
studies have shown that Fe®* content is significantly increased in
GRS compared with healthy ginseng, which is also the main reason for
the red rust color of GRS. (Lee et al., 2011; Li et al., 1999; Wang, Sun,
Xu, Ma, Li, Shao, Guan, Liu, & Liu, 2019; Zhang et al., 2016). During
GRS, the contents of active ingredients such as ginsenosides signifi-
cantly decreased, seriously reducing ginseng quality and yield (Guan
et al., 2022). In the 1990s, the economic loss caused by GRS was as
high as millions of dollars, and the incidence rate has remained high in
recent years (Zhao et al., 2022). In areas with a high incidence of GRS,
environmental conditions often include high soil moisture, excessive
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FIGURE 1 Ginseng rusty root symptom (GRS) (left) and healthy
ginseng (right).

metal ions, and high microbial abundance. Some studies have shown
that GRS is an infectious disease (Wei et al., 2020), while others have
demonstrated that GRS is a physiological disease caused by soil
condition deterioration (Wang et al., 2016) and metal ion stress
(Farh et al., 2017). The essential etiology of GRS so far is not clear,
and the prevention and control of GRS is still a challenge. However,
whether it is a physiological or invasive disease, they all have one thing
in common: ecological coercion, which leads to metabolism changes.
These diseases are associated with stress, and stress inevitably leads
to a significant increase in reactive oxygen species (ROS). ROS are a
class of oxygen-containing molecules, including O,°", H,O,, and -OH,
with a high active and oxidizing capacity (Gill & Tuteja, 2010), which is
a fundamental reason for plant damage (Mansoor et al., 2022; Yana
et al., 2017). It has been shown that ROS can oxidize and decompose
the long-chain fatty acids in the phospholipid bilayer of the cell mem-
brane and destroy the carbon chain (Garg & Manchanda, 2009). The
red-skin components Al;Cl (CH3COO)s-1.5 CH3COOH, C43H51Al;043,
C14H10FesNS,, and other complexes have a small C: H ratio or two
carbon molecules (Garg & Manchanda, 2009; Zhao, 1998), suggesting
that they are likely to be the product of cell membrane damage. In
addition, the H,O, content in the red-skin area of ginseng is increased,
and the activities of antioxidant enzymes such as superoxide dismu-
tase, catalase, and phenolic compounds are increased accordingly
(Zhou et al., 2017). This also suggests an association between GRS and
ROS, originating from stress.

Transcriptomics can provide insights into gene transcription
and transcriptome regulation in cells at an integrative level
(Lowe et al., 2017): The transcriptome can reflect the dynamic genes

expression of cells at a specific stage and under one particular

environment, unearth functional genes, reveal the regulation of
secondary metabolic networks and molecular markers, and more com-
prehensively reveal the nature of the growth and development of
medicinal plants, stress resistance, and the influence of various
metabolic environments on metabolism (McGettigan, 2013; Wan
et al,, 2011). Bian et al. (2021) conducted a transcriptomic study on gin-
seng and performed Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses. They found that several stress-
related pathways, such as phenylpropanoid biosynthesis, peroxisome,
plant-pathogen interaction, and plant hormone signal transduction,
were upregulated in GRS ginseng. However, the results of Bian et al.
only describe the phenomena after the occurrence of GRS, fail to clar-
ify the causality and parallels between various indicators, or find the
underlying cause of these phenomena, due to the limitation of GO and
KEGG analyses, which can only locate gene function. Therefore, in our
study, we used a transcriptome study with a focus on ROS and added
a macro gene set enrichment analysis (GSEA) analysis to examine the
expression level of overall gene sets instead of individual genes (Hung
et al, 2012). Targeted research on the relationship between stress-
induced ROS of rusty ginseng and the expression of the overall gene
set can more accurately reveal the biological nature of rusty ginseng. In
addition, the nonred tissue of the phloem epidermis around the lesion
was added as a sample for this study, which more clearly showed the
genetic changes in the transition state from healthy ginseng to rusty
ginseng. Meanwhile, NayS,0, (Carrier of O,*") induced the occurrence
of GRS, further demonstrating that ROS is the essential cause of GRSs.

2 | MATERIALS AND METHODS

21 | Collection of plant materials

All the plant experiments complied with relevant institutional,
national, and international guidelines and legislation. Cultivated
P. ginseng (RS2022081) collection was done with permission. All
ginseng samples (5 years old), identified by Prof. Xiang-Cai Meng of
the Heilongjiang University of Chinese Medicine, were collected in
Baishan City, Jilin Province, China (42.17 N and 127.48E) in August
2022 (the rainy season with high incidence of GRS). Healthy phloem
tissue (AG), phloem tissue around red plaques of GRS (BG), and red
plaques tissue of GRS (CG) were collected immediately, frozen with
liquid nitrogen, and stored at —80°C. Three independent biological
replicates were prepared for each group, and each replicate included
individuals from five or more roots, which were collected in different

periods.

2.2 | RNAisolation

Nine complementary DNA (cDNA\) libraries were constructed: three for
AG tissues, three for BG tissues, and three for CG tissues. Total RNA
was extracted and isolated from each sample using an RNA extraction

kit (Tian gen, Beijing, China). RNA concentration and purity were
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measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). RNA integrity was assessed using an
Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

2.3 | Construction and quality control of
transcriptome libraries

The 3 pg of RNA per sample was used as the input material for
RNA sample preparation. mMRNA was separated from total RNA and
purified by mRNA Capture Beads (Vazyme, Nanjing, China). The
purified mRNA was incubated in a preheated Polymerase chain
reaction (PCR) instrument (Life Technologies, CA, USA) at 94°C for
7 min, interrupted, cooled immediately after the interruption, and
centrifuged. The first strand of cDNA was synthesized using the
supernatant containing fragment RNA as the template. The double-
strand synthesis reaction reagents were added to the first strand
product of the synthesized cDNA, mixed, centrifuged, and incubated
in a metal bath to synthesize the second strand. Magnetic beads were
used to purify the double-strand cDNA product. After adapter
ligation, the fragments were screened by DNA clean beads (Vazyme,
Nanjing, China), and the library was enriched by PCR using the
screened cDNA fragments as templates.

Qubit 3.0 fluorescence quantifier (Thermo Fisher Scientific,
Waltham, MA, USA) was used for preliminary quantification until the
concentration reached more than 1 ng/pL. The Qsep400 high
throughput analysis system was used to detect the inserted fragments
of the library. After the pieces were inserted as expected, Q-PCR was
used to accurately quantify the effective concentration of the library
(effective concentration>2 nM).

24 | Transcriptome sequencing, data assembly,
and quality control

A sequence was performed by Biomarker Technologies Co., Ltd
(Beijing, China). Qualified libraries were sequenced in PE150 mode
using the Illlumina novaseq6000 high-throughput sequencing platform
(Illumina, San Diego, CA, USA). The raw RNA-seq data are available at
https://dataview.ncbi.nlm.nih.gov/object/PRINA993718?reviewer=
j4dqg5solvftnkl319f5ppi?50s in read-only format. The resulting Raw
Data were provided in fastq format, and high-quality Clean Data was
obtained after filtering low-quality Reads.

The Q30 and GC contents of clean data were calculated simulta-
neously. Trinity software (Grabherr et al., 2011) breaks sequencing
Reads into shorter fragments (K-mer), then extends these smaller
fragments into longer fragments (Contig), and utilizes the overlap
between these fragments into Component sets to identify transcribed
sequences in each fragment set, complete data assembly and obtain
Unigene libraries. The N50 length was calculated to evaluate the
quality of the data assembly, the length of the series from large to
small, and the length of the cumulative line when the length exceeds
1/2 of the total length.
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2.5 | Differentially expressed gene (DEG) analysis
and functional annotation

DESeq2 software (Love et al., 2014) was used to screen DEGs among
sample groups based on the count value of genes in each sample. Fold
change (FC) = 2 and false discovery rate (FDR) < .01 were considered
as DEGs. FDR was obtained by correcting the difference significance
p-value, and FC represents the expression ratio between two
samples. Based on this, GO, KEGG, and GSEA were performed using
BMKCloud (www.biocloud.net).

2.6 | Quantitative real-time PCR

According to the gene expression levels and differences between
samples, six genes were randomly selected for quantitative real-time
(gRT-PCR) verification by using gTOWER 2.2 Quantitative Real-Time
PCR Thermal Cyclers (Analytik Jena GA, Jena, Germany). All of
the primers used in this study are listed in Table 1. Three biological
replicates were performed, and the relative RNA expression was

calculated using the 2744 method.

2.7 | Determination of O,°, H202 and MDA

The plant tissue was accurately weighed, and the extraction solution
was added according to the weight-to-volume ratio of 1:9. After
grinding under the ice bath, the homogenate was centrifuged at
2500 rpm/min for 10 min. The contents of O,*, H,O,, and MDA
were determined according to the instructions (O,*" content detec-
tion kit: Solarbio, Beijing, China; H,O, and MDA content detection
kit: Jiancheng, Nanjing, China), respectively, and the determination

was repeated three times.

TABLE 1 Primer sequences of the genes for gPCR verification.

Gene Primer Sequence

ACTIN Forward 5‘-CAACCATAAACGATGCCGA-3’
Reverse 5-AGCCTTGCGACCATAC-3’

104256 Forward 5:-ATCTCTCAGTCCCTGTAGAAAGA-3’
Reverse 5‘-GAATGACGACCGAAGCAGT-3’

111443 Forward 5‘-CGTATCAGTGAAAGCAACAT-3’
Reverse 5-TTGGAGAAGAGGAATGGC-3’

076652 Forward 5‘-GCTACGGTGTCATCACTAAC-3’
Reverse 5-TCCCATAGCCAACTTTCAGA-3’

007124 Forward 5:-CAACGCCTGCTGTGATAAG-3’
Reverse 5‘-CAGATCCACTCGGGTATGAC-3’

005058 Forward 5-GTCGTTCTGAATCCCTACTG-3’
Reverse 5-TTTCCATCGGTGCCAAAT-3’

073540 Forward 5-GGTCTTGTATATCTTCTGGTTACG-3’
Reverse 5-GATGAGGGTGGCAAACAG-3’


https://dataview.ncbi.nlm.nih.gov/object/PRJNA993718?reviewer=j4dq5solvftnkl319f5ppi950s
https://dataview.ncbi.nlm.nih.gov/object/PRJNA993718?reviewer=j4dq5solvftnkl319f5ppi950s
http://www.biocloud.net
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2.8 | Validation of ROS-induced GRS

The soil was collected from farm, where GRS had never occurred.
Selected healthy ginseng were planted in pots, irrigated with
15 mmol/L NayS,0,4 solution (the carrier of O,*") to saturation, and
covered with plastic wrap to simulate a hypoxic environment. After
20 days, the ginseng was dug out and photographed.

2.9 | Statistical analysis

Statistical analysis was performed with SPSS 20.0 software. The data
were expressed as the mean * standard deviation (SD). p < .05 was

considered to be statistically significant.

3 | RESULTS
3.1 | Sequencing and assembly of transcriptomics

A total of 55.86 Gb of high-quality Clean Data was obtained by tran-
scriptome sequencing of 9 samples, and the Clean Data of all models
reached more than 5.87 Gb. The contents of the Q30 base were more
than 92.93%, and the contents of the GC base were between 42.71%
and 43.73% (Table 2). The assembly obtained a total of 915,750
transcripts (Table 3). The total sequence length was 1264342025bp,
the average size was 1380.66 bp, and the N50 was 2033 bp. A
total of 99,944 Unigenes were obtained, with a total length of
90317094bp, an average length of 903.68bp, and an N50 of 2001bp.

versus CG, AG versus CG, and BG versus CG, there are 739 co-
expression DEGs, 295, 2800, and 2060 Specific DEGs, respectively
(Figure 2a). Compared with the AG group, 2369 DEGs were identified
in the BG group, with 1346 upregulated, 1023 downregulated
(Figure 2b,c), and 17,103 DEGs were placed in the CG group, with
8348 upregulated, 8755 downregulated (Figure 2b,d). Compared
with the BG Group, 16,486 DEGs were identified in the CG group,
with 8120 upregulated and 8366 downregulated (Figure 2b,e).

3.3 | GO annotation and enrichment analysis

GO is the international standard classification system for gene func-
tion, which divides DEGs into three categories: biological processes
(BP), cellular components (CC), and molecular functions (MF). The
directed acyclic graph (DAG) of these three categories and the GO
enrichment histogram generated by classifying the rich GO entries are
shown in Figure S1. The top five terms for the number of enriched
DEGs in BPs, CCs and MFs in each comparison group are listed
below.

In the AG versus BG comparison (Figure S1a and Table S1), DEGs
in BPs were mainly enriched in the metabolic process (GO: 0008152,
703 genes), single-organism process (GO: 0044699, 551 genes),
cellular process (GO: 0009987, 547 genes), biological regulation
(GO: 0065007, 282 genes), and response to stimulus (GO: 0050896,

TABLE 3 Assembly result statistics.

Length range

Transcript

Unigene

The N50 of Transcript and Unigene were 1.47 and 2.21 times their 200-300 12,6075 (13.77%) 37,514 (37.54%)
average size, respectively, indicating high assembly integrity of the 300-500 112,860 (12.32%) 24,489 (24.50%)
data, which can be used for subsequent analysis. 500-1000 182,922 (19.98%) 10,858 (10.86%)
1000-2000 279,333 (30.50%) 12,785 (12.79%)
2000+ 214,560 (23.43%) 14,298 (14.31%)
32 | Identification by DEGs Total number 915,750 99,944
Total length 1,264,342,025 90,317,094
DEGs were identified and labeled by comparing AG, BG, and CG
groups. The differences between AG, BG, and CG samples are shown N30 length 2033 2001
in the Venn and volcano diagrams (Figure 2). In the comparison of AG Mean length 138066 903.68
TABLE 2 Summary of RNA-seq data for mRNA.
Sample name Read number Base number GC content (%) >2Q30 (%)
AG1 20,655,120 6,184,700,152 42.71 93.94
AG2 20,970,369 6,279,362,032 43.47 93.75
AG3 20,730,511 6,207,578,484 43.39 92.93
BG1 20,999,338 6,286,559,408 43.32 93.74
BG2 20,862,349 6,245,083,188 43.73 93.58
BG3 21,925,055 6,562,503,388 43.70 93.81
CG1 19,619,650 5,870,716,890 43.50 92.99
CG2 20,518,995 6,139,118,844 43.73 93.74
CG3 20,346,158 6,088,909,376 43.71 93.13
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FIGURE 2 Expression profiling of genes in different tissues. (a) Venn diagram of differentially expressed genes (DEGs) in different tissues.
(b) Numbers of upregulated and downregulated genes of different tissues. (c) Gene expression changes of AG versus BG. (d) Gene expression
changes of AG versus CG. (e) Gene expression changes of BG versus CG. Red and blue represent DEGs upregulation and downregulation,

respectively.

181 genes). DEGs in CCs were mainly enriched in membrane
(GO: 0016020, 587 genes), membrane part (GO: 0044425, 539 genes),
cell (GO: 0005623, 443 genes), cell part (GO: 0044464, 443 genes),
and organelle (GO: 0043226, 321 genes). In MFs, DEGs were mainly
enriched in catalytic activity (GO: 0003824, 807 genes), binding
(GO: 0005488, 737 genes), nucleic acid binding transcription factor
activity (GO: 0001071, 94 genes), transporter activity (GO: 0005215,
84 genes), and MF regulator (GO: 0098772, 28 genes).

In the AG versus CG comparison (Figure S1b and Table S2),
DEGs in BPs were mainly enriched in metabolic process
(GO: 0008152, 5693 genes), cellular process (GO: 0009987, 5414
genes), single-organism process (GO: 0044699, 3582 genes),
biological regulation (GO: 0065007, 2132 genes), and localization
(GO: 0051179, 1258 genes). In CCs, DEGs were mainly enriched
in cell (GO: 0005623, 4151 genes), cell part (GO: 0044464,
4151 genes), organelle (GO: 0043226, 3307 genes), membrane
(GO: 0016020, 3836 genes), and membrane part (GO: 0044425,
3400 genes). In MFs, DEGs were mainly enriched in binding
(GO: 0005488, 6482 genes), catalytic activity (GO: 0003824, 5845
genes), transporter activity (GO: 0005215, 609 genes), nucleic acid
binding transcription factor activity (GO: 0001071, 436 genes), and
MF regulator (GO:0098772, 197 genes).

In the BG versus CG comparison (Figure S1C and Table S3), DEGs
in BPs were mainly enriched in metabolic process (GO: 0008152, 5437
genes), cellular process (GO: 0009987, 5173 genes), single-organism
process (GO: 0044699, 3349 genes), biological regulation (GO:
0065007, 1993 genes), and localization (GO: 0051179, 1217 genes). In
CCs, DEGs were mainly enriched in cell (GO: 0005623, 4030 genes),
cell part (GO: 0044464, 4030 genes), organelle (GO: 0043226, 3228
genes), membrane (GO: 0016020, 3631 genes), and membrane part
(GO: 0044425, 3216 genes). In MFs, DEGs were mainly enriched in
binding (GO: 0005488, 6141 genes), catalytic activity (GO: 0003824,
5483 genes), transporter activity (GO: 0005215, 592 genes), nucleic
acid binding transcription factor activity (GO: 0001071 397 genes), and
structural molecule activity (GO: 0005198, 250 genes).

3.4 | KEGG enrichment analysis

Taking pathway in the KEGG database as a unit, significant enrich-
ment of pathways can identify the most critical biochemical metabolic
pathways and signal transduction pathways involved in the response
to the treatment of study. The top 20 KEGG pathways with the
highest amount of DEGs enrichment were screened in different
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groups. The results of DEGs in KEGG enrichment analysis were
displayed by scatter plot (Figure 3). Compared with the AG, DEGs of

the BG were mainly enriched in phenylpropanoid biosynthesis, plant
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hormone signal transduction, and MAPK signaling pathway-plant
(Figure 3a and Table S4). Compared with AG and BG, the expression
of DEGs related to plant hormone signal transduction and MAPK
signaling pathway-plant was upregulated in the CG (Figure 3b,c,
Tables S5 and Sé). In the pathogenesis of GRS, phenylpropanoid
biosynthesis, plant hormone signal transduction, and MAPK signal
pathway-plant were enriched in more genes. Figures S2-S4 shows

the specific pathway diagrams.

3.5 | GSEA analysis

In GSEA analysis, the KEGG pathway and the gene sets of BP, CC,
and MF branches of GO were used as target gene sets, and log2FC
scores of each different group were used as background gene sets to
analyze the enrichment of target gene sets. Compared with the AG,
the expression of genes related to lipid metabolic process, response
to oxidative stress, cell wall, mitochondrial respiratory chain
complex |, glycolysis/gluconeogenesis, a-linolenic acid metabolism,
biosynthesis of unsaturated fatty acids, phenylpropanoid biosynthesis,
fatty acid metabolism, monooxygenase activity, iron ion binding,
UDP-glycosyltransferase activity, and oxidoreductase activity were
upregulated in BG. In contrast, genes related to epithelium develop-
ment were downregulated, as shown in Figure 4 and Table S7.

Between the AG versus CG, the upregulation of DEGs in the CG
included pathways such as glucose metabolic process, ATP synthesis
coupled proton transport, proteasome regulatory particle, oxidative
phosphorylation, proteasome, and UDP-glycosyltransferase activity,
as shown in Figure 5 and Table S8.

Compared with the BG, oxidative phosphorylation and
proteasome-related DEGs expression were upregulated in the CG,
while cortical microtubule cytoskeleton and amyloplast-related DEGs
were downregulated, as shown in Figure 6 and Table S9.

3.6 | QRT-PCR validation of mMRNA expression
Three upregulated and three downregulated DEGs were randomly
selected from the transcriptome results for qRT-PCR analysis. The
expression pattern of the gRT-PCR genes was consistent with
the trend of RNA-seq data. As shown in Figure 7.

37 |
contents

Determination of O,°", H202, and MDA

The contents of O,*", H,0,, and MDA in BG and CG were higher than
those in the AG, among which the contents of O,° and H,O, were
the highest in the BG group, and the contents of MDA were the
highest in CG. As shown in Figure 8.

3.8 | Validation of ROS-induced GRS
As shown in Figure 9, ginseng in the Na,S,04-stress group showed
irregular red rust-colored scars on the epidermis after treatment,

consistent with the appearance characterization of GRS.

4 | ANALYSIS AND DISCUSSION

41 | GO enrichment analysis

The expression of DEGs in each group is shown in Figure 2.
Compared with AG and BG, CG contains more DEGs, indicating sig-
nificant changes in transcription levels before and after GRS. Com-
pared with the two pairs of AG versus CG and BG versus CG,
fewer DEGs were identified between AG and BG, but it was still as
high as 2349 genes, which was not negligible. Figure S1 shows the
order of the GO terms ranked by the quantity of DEG enrichment,
in which the metabolic process ranked first in the BPs of the three
comparison groups, indicating that metabolism changes accompany
the entire occurrence process of GRS. The order of GO terms of
AG versus CG and BG versus CG in BPs, CCs, and MFs was almost
entirely consistent (Figure S1a,b), and the number of co-expressed
DEGs reached 13,460 (Figure 2a), with a high degree of similarity.
The specific DEGs in the two comparison groups were as high as
2800 and 2060 genes, respectively (Figure 2a). However, most of
them were located downstream of the reaction pathway after
identification. For example, GH3 is the downstream gene of the
plant hormone signal transduction pathway (Jain et al, 2006);
DWEF1 is a downstream gene of the steroid biosynthesis pathway
(Choe et al., 1999). The presence of so many specific DEGs may be
due to metabolic disorders in the rusty plaque tissue. Unlike AG
versus CG and BG versus CG, GO terms strongly correlated with
the stress response, such as response to stimulus, membrane, and
catalytic activity, ranked first in the AG versus BG comparison. Only
295 specific DEGs exist in the AG versus CG comparison, but most
are upstream genes involved in stress response pathways. For
instance, ACOX is the upstream gene of the peroxisome pathway,
which is closely associated with oxidative stress in plants (Vasilev
et al, 2022). For the rusty ginseng, DEGs in CG were also the
marker genes of GRS, but it was only the result of GRS, not the
cause. Although no characteristics of GRS were found in BG sam-
pling sites, the above results indicated that ginseng tissues in the
BG group had an initial physiological response to stress. Therefore,
the DEGs in AG versus BG are the focus of the subsequent

research on the genesis of GRS.

4.2 | KEGG enrichment analysis
Figure 3 shows that DEGs in KEGG enrichment were mainly
concentrated in phenylpropanoid biosynthesis, plant hormone signal

transduction, and MAPK signaling pathway.
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FIGURE 3 Scatter plot of
Kyoto Encyclopedia of Genes and
Genome (KEGG) pathway
enrichment of differentially
expressed genes (DEGs).

(a) Pathways of DEGs in AG and
BG. (b) Pathways of DEGs in AG
and CG. (c) Pathways of DEGs in
BG and CG. The color and size of
the scatter represent the g-value
and the number of enriched
genes, respectively. The smaller
the g-value, the more enriched
genes, indicating that enrichment
results are more reliable.
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421 | Phenylpropanoid biosynthesis

Phenylpropanoid is the basic unit in the formation of lignin, a highly
branched polymer of phenylpropanoid compounds, which enhances the
stability of the cell wall structure and provides the plant’s first defensive
barrier (Pesquet et al., 2019; Shi et al., 2022). ROS can regulate lignin
synthase activity, promote lignin accumulation, and improve plants’

antioxidant capacity (Chenyu et al., 2018; Zheng et al., 2021).

Compared with the AG, the number of upregulated phenylpropanoid
biosynthetic pathway genes in BG ranked first (Figure 3a), among which
4-coumarate-CoA ligase (4CL), ferulate 5-hydroxylase (F5H), and shiki-
mate O-hydroxycinnamoyl transferase (HCT), are essential enzyme-
related genes in lignin synthesis (Figure S2), and ROS may cause these
changes. Compared with the AG, the DEGs of this pathway in the CG
were insignificant (Figure 3b,c), possibly due to the severe damage to
the cell wall and the weakening of related metabolism in the CG.
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4.2.2 | Plant hormone signal transduction and organ differentiation, flowering and fruit set, maturation and
senescence, and dormancy and germination.

Plant hormones are active substances that regulate physiological Plant growth and development retardation under stress condi-

responses in plants and are induced by plant cells receiving specific tions are inevitably related to hormones (Verma et al, 2016).

environmental signals to regulate cell division and elongation, tissue Figure S3 shows that abscisic acid (ABA), salicylic acid (SA),
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methyl-jasmonate (MeJA), and ethylene (ET)-related regulatory factors
PYR/P4YL, TGA, COI1, and ETR were all upregulated after stress,
which is consistent with the results of Bian et al. (Bian et al., 2021). It
has been shown that ROS can affect the biosynthesis of hormones
1995;
Tillberg, 1995). In addition, as the most critical stress-regulatory

such as SA and ET (Dempsey & Klessig, levinsh &
hormone in plants, ABA can also interact with ROS in response to
stress (He et al., 2022; Kun et al., 2016; Liu et al., 2010).

423 | MAPK signaling pathway

MAPK signaling pathway plays a vital role in cell growth, differentia-
tion, and adaptation to environmental stress. There is a feedback loop
of mutual regulation between ROS and MAPKs: ROS can activate
MAPKSs under stress conditions and are further regulated by MAPK to

maintain homeostasis (Jalmi & Sinha, 2015). Figure S4 shows the
changes in the MAPK signaling pathway after environmental stress.
Respiratory burst oxidase homolog D (RbohD), a ROS-related enzyme
located on the cell membrane, was activated in the BG, promoting
ROS accumulation (Miller et al., 2009). Compared with the AG, the
BG directly upregulates the expression of genes related to upstream
protein MPK3/6 and then upregulates the expression of genes
associated with WRKY22/29. WRKY22/29 not only acts on the early
defense response to pathogens but also promotes excessive produc-
tion of H,O, (Kovtun et al., 2000). Multiple plant hormone receptors
acting upstream of MAPK were also identified. Compared with the
AG, abscisic acid receptor PYR/PYL-related genes were upregulated
in the BG and regulated the adaptation of P. ginseng to stress
(Hu et al., 2012). In this study, the upregulated MPK 3/6 and ACS6 in
the BG group would promote ethylene biosynthesis, further leading
to the upregulation of PDF1.2 and ChiB expression, ultimately
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FIGURE 9 Verification of reactive oxygen species (ROS)-induced Ginseng rusty root symptoms (GRS). (a,b) Ginseng before Na,S,0,4
induction. (c,d) Ginseng after Na,S,0, induction; red circle: red rust-like patches.

regulating the defense response to stress (Ju et al, 2012; Liu &
Zhang, 2004; Solano et al., 1998).

In addition, Figure S4 also shows that the downstream gene
MYC2 of the JA pathway branch was upregulated, which would
further activate VSP2 and antagonize the damage caused by ROS
(Howlader et al., 2020; Vos et al., 2013).

4.3 | GSEA analysis
The analysis of GSEA shows that compared with the AG, the
expression of genes related to epithelium development (25 genes)
was downregulated. The expression of genes related to the cell wall
(180 genes) was upregulated in the BG, indicating that the physiologi-
cal state of the plants had changed before the onset of GRS (Figure 4
and Table S7). The proteasome, which maintains cell stability and
regulate stress response, is an essential regulatory complex in plant
response to stress (Xu & Xue, 2019). Compared with the AG, the
expressions of genes related to the proteasome (116 genes) and
proteasome regulatory particle (16 genes) were upregulated in the
CG, further indicating that the occurrence of GRS was related to
stress (Figure 5 and Table S8).

ROS is the product of organisms under stress, and its content is
under unfavorable conditions (Caverzan

bound to increase

et al., 2016). Mitochondria are the main organelles of ROS production

in ginseng root. Electron leakage of the respiratory chain enzyme
complex | and Ill results in the single-electron reduction of molecular
oxygen to O,°". At the same time, excessive production of ATP can
also cooperatively produce a large number of ROS (Jardim-Messeder
et al., 2022). Figures 4-6 and Tables S7-S9 show that the genes
related to mitochondrial respiratory chain complex | (19 genes), oxida-
tive phosphorylation (295 genes), and ATP synthesis coupled proton
transport (57 genes) were upregulated with the occurrence of GRS.
Excessive ROS can cause lipid peroxidation damage to the cell mem-
brane, but plants can protect cells by maintaining membrane fluidity
and integrity. a-linolenic acid is the primary unsaturated fatty acid in
membranes and can play an essential role in lipid metabolism and
maintaining the normal function of cell membrane under stress
(Liu et al., 2021). The glycolysis process is the prerequisite for synthe-
sizing fatty acids, followed by the formation of various lipids in the
cytoplasm and endoplasmic membrane through the elongation and
desaturation of fatty acid carbon chains (Plaxton, 1996). The expres-
sion of lipid metabolic process (255 genes), a-linolenic acid metabo-
lism (131 genes), glycolysis/gluconeogenesis (336 genes), biosynthesis
of unsaturated fatty acids (88 genes), and fatty acid metabolism
(214 genes) in the BG were also upregulated compared with AG, as
shown in Figure 4 and Table S7. With this, resistance of ginseng to
stress was enhanced.

Plants always adopt a series of protective measures to cope with

the ROS explosion caused by environmental stress, among which the
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remove ROS. Antioxidant enzymes begin to function when plants are
subjected to environmental stress (Dvorak et al., 2021). Compared
with the AG, the expression of antioxidant-related genes, such as
oxidative stress (238 genes) and oxidoreductase activity (272 genes),
was upregulated in the BG (Figure 4 and Table S7). With the aggrava-
tion of GRS (Figure 5 and Table S8), the expression of DEGs related to
oxidative phosphorylation (294 genes) in the CG was upregulated,
indicating that a large number of ROS were produced in GRS, and the
antioxidant oxidase system was also activated, with a positive correla-

tion with the environmental stress.

44 | GRS and secondary metabolites

Plants cannot avoid stress by moving and inevitably produce exces-
sive ROS under unfavorable conditions. Due to the damage that ROS
causes to proteins, it is impossible for plants to eliminate redundant
ROS by antioxidant enzymes alone, and plants have therefore evolved
unique secondary metabolites to reduce the damage caused by ROS
(Cao et al., 2022; Huimin et al., 2019). Ginsenosides, a triterpenoid
component, are ginseng's most important secondary metabolites.
Compared with the AG, the expression of genes related to ginseno-
side synthesis, such as sesquiterpenoid and triterpenoid biosynthesis
(21 genes), were upregulated in the BG (Figure 3a and Table S4).
GSEA analysis results show (Figures 4 and 5 and Tables S7 and S8)
that UDP-glycosyltransferase activities-related genes (AG versus
BG: 164 genes, BG versus CG:178 genes)were upregulated, likely
promoting ginsenoside synthesis and modification. Additionally,
the expression of phenylpropanoid biosynthesis (319 genes) and
monooxygenase (223 genes), which are involved in the biosynthesis
of various secondary metabolites (Guo et al., 2016; Zhao et al., 2018)
were also upregulated (Figure 4 and Table S7). It has been shown that
ROS can induce the biosynthesis of secondary metabolites and
that secondary metabolites increase with the increasing ROS contents
over a range (Xiao et al., 2009). The above result indicates that these
changes are also related to ROS.

4.5 | Etiological analysis of GRS

Previous work showed that bacterial species diversity in the rhizo-
sphere soil of GRS was higher (Bian et al., 2020). However, there was
no significant correlation between the degree of GRS and the abun-
dance of bacteria in the rhizosphere of ginseng (Wang, Sun, Xu, Ma,
Li, Shao, Guan, Liu, Liu, & Zhang, 2019). It has been shown that GRS is
related to the synthesis of phenolic compounds, and these phenolic
compounds are also induced by ROS produced in plants under stress
(Gill & Tuteja, 2010; Naikoo et al., 2019). A large amount of heavy
metal ions such as AI** and Fe® were detected in the GRS epidermis
(Yang et al., 1997; Zhao & Li, 1998). Excessive soil moisture will cause
poor soil aeration, anaerobic bacteria that proliferate rapidly, and

increased soil acidity (Van Breemen et al., 1983), resulting in an

increase of AI**. Under acidic, anaerobic conditions, Fe?* content
increases and is quickly oxidized by ROS efflux from the cells to red
Fe*, which is deposited in the ginseng epidermis. In the conversion
of Fe?* to Fe®*, more of the highly destructive -OH is produced,
causing oxidative stress and damaging cell membrane structure
(Kehrer, 2000). Moreover, a variety of complex organic complexes
containing aluminum and iron were detected on the surface of GRS,
which may be a product of cell membrane disruption by ROS
(Zhao, 1998), and during the occurrence of GRS, the expression of
genes related to iron ion binding (355 genes) was upregulated
(Figure 4 and Table S7).

To verify the hypothesis that ROS caused GRS, the contents of
05", H,O,, and MDA were detected. The content of O,*” and H,0,
represents the level of ROS, MDA can be used to evaluate the extent
of lipid peroxidation of membrane and damage to the membrane
system, and is a product of ROS damage to the cell membrane
(Liu et al., 2015). The contents of O,*", H,O,, and MDA in the BG and
CG are higher than those in the AG, among which the contents of
0,°" and H,0, in BG are the highest, while the contents of MDA in
the CG are the highest, as shown in Figure 8.

4.6 | Validation of ROS-induced GRS

The results of the above studies showed that ROS is the underlying
cause of GRS production. To verify the hypothesis, Na,S,0,4 solution
was chosen as the O, donor for the induction test of ginseng to
stimulate the production of excess ROS under environmental stresses.
As shown in Figure 9, ginseng plants treated with Na;S,0,4 showed
prominent GRS characteristics, which showed irregular patches of dif-
ferent shades of color from red to red-brown. Induction experiments
successfully demonstrated that ROS produced under environmental

stress was the essential cause of GRS.

5 | CONCLUSION

During the occurrence of GRS, the genes associated with plant stress
resistance respond rapidly. The hypoxic environment developed in
acidic waterlogged soils leads to an overproduction of ROS in the
roots, which alters the expression and pathway of defense-related
genes to cope with the outbreak of ROS. In the meantime, Fe?*
around the root zone is reduced to red Fe3* by ROS and deposited,
giving a reddish-brown phenotype. The results of this study provide a

basis for future prevention and treatment of GRS.
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