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Herbal materials used as soil
amendments alleviate root rot of
Panax ginseng

Jie Li%, Yingying Chen?, Guiping Zhao'?, Yanguo Chen?, Naiwu Zhang?, Dade Yu'™ &
Xiwen Li**

Root rot is a serious soil-borne fungal disease that seriously affects the yield and quality of Panxa
ginseng. To develop a sustainable strategy for alleviating ginseng root rot, an herb-based soil
amendment is suggested in this study. Mixed powers of medicinal herbs (MP) and corn stalks (CS)
were used as soil amendments, respectively, along with a control group (CK) without treatment.

The application of MP and CS led to significant relief from ginseng root rot. The disease index (%)
represents both the incidence rate and symptom severity of the disease. The disease index of the MP
and CS group was 18.52% and 25.93%, respectively, lower than that of CK (40.74%). Correspondingly,
three soil enzyme activities improved; the antifungal components in the soil increased; and the relative
abundances of root rot pathogens decreased in response to MP Soil enzyme activities were negatively
correlated with disease grades. MP group also led to possible interactive changes in the communities
of soil fungi and chemical components. In conclusion, our results suggest that the use of herb-based
soil amendments has significant potential as an ecological and effective approach to controlling root
rot disease of ginseng by the changing rhizosphere fungal community and soil compositions.
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Panax ginseng C. A. Meyer (hereinafter referred to as ginseng) is a valuable plant with high edible and medical
uses!'~%. Currently, ginseng is intensively cultivated in farmland to meet the increasing demand for medicine
production. Like most crops, continuous cropping of ginseng has negative impacts on soil physicochemical
properties? and the soil microbial community®. This leads to frequently occurring soil-borne fungal diseases®.
Root rot is a serious soil-borne fungal disease that limits the growth of ginseng and causes yield reductions of
more than 20%’. The occurrence of root rot causes stunted plant development, resulting in dead, dry, scaly, and
blackened roots. In severe cases, only the epidermal part of the root remains®. Root rot is primarily caused by
the fungus genus Fusarium®, such as Fusarium oxysporumlo’“, and Fusarium solani, as well as other fungi like
Cylindrocarpon destructans'?, Ilyonectria'® and Pseudomonas aeruginosa'®. Due to the persistence and virulence,
root rot can worsen the issue of replanting in the same soil.

Currently, the application of chemical pesticides is one of the most widely used methods, which reduces
pests and diseases and increases crop yield'>"17. Applying pesticides is one of the most crucial practices for
disease control in ginseng cultivation. However, the commonly used chemical pesticides were not specifically
designed for ginseng, so their effectiveness in controlling ginseng disease is often unstable. Furthermore, due
to physicochemical properties and resistance to biodegradation, chemical pesticides are not environment-
friendly'®. The fungicides difenoconazole and tebuconazole, when applied to the soil, reduce the diversity and
complexity of the soil bacterial community'®. A similar situation also occurs in the repetition of carbendazim?.
At the same time, the chemical residues in the soil and even in ginseng roots?!, are harmful to the safety of
medicine??. The biological control methods, including organic fertilizer, botanical pesticide and microbial agent,
are eco-friendly and have the potential to reduce disease incidence while improving soil conditions?>?%. It is also
a possible strategy to aid or substitute chemical method?*. However, its efficacy requires further investigation.

Healthy soil is one of the important environmental factors that affect plant growth?®. The application of
soil amendments is one of the important measures to improve the degree of soil health?”’, which effectively
improves the soil nutrient status or the microbial community?®?® and reduces the occurrence of diseases?®%.
As a kind of agricultural waste, corn stalk is widely used for soil improvement®*-*2, The corn stalk returned
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to the soil or used as organic fertilizer plays an important role in maintaining soil moisture®*>4, increasing
soil organic matter®, increasing crop grain yield, and altering micro-ecosystem of the soil***”. Likewise, herbs
with certain medicinal effects, which are easily accessible and environmentally friendly, can also be used as
soil amendments. Compared to corn stalks, medicinal herbs contain antibiotic components. For example, the
components of Astragalus membranaceus®® and Epimedium acuminatum® possessed potent antifungal activity,
and Osthenol showed effective antifungal activity for Fusarium®’, which was similar to the function of essential
oils of Cinnamomi cortex*"*2. The component of Atractylodis rhizoma plays an important role in protective
activity against Candida-infected mice®’. The application of herbs with antibiotic components to the soil can
reduce the richness of soil pathogens and thus inhibit the development of root diseases in ginseng. In addition,
ginseng grown in the wild communities interacts with numerous other plants and forms a mixed population
with allelopathy. The addition of herbs to the soil is a way to establish allelopathy and imitate the original habitats
of wild ginsengs just like natural fostering*.

In this study, we proposed a new type of herb-based soil amendment, which is a mixed powder of herbs
(astragali radix, cnidii fructus, atractylodis rhizome, epimedii folium, and cinnamomi cortex). The incidence
and severity of ginseng root rot were observed and calculated, and the composition of the microbial community
and the soil compositions were analyzed in response to this herb-based soil amendment. We hypothesized that
the herb-based soil amendment (1) can reduce the incidence and severity of ginseng root rot and (2) result in a
healthier soil community for ginseng production. Using this new type of soil amendment, the study provides a
new idea of soil improvement for the alleviating of root rot in ginseng cultivation.

Results

Reduction of the incidence and severity of ginseng root rot

After harvest, we found that root rot disease was very common within ginseng planted on farmland (Fig. 1A),
and the incidence of root rot was greater than 80% in each group. This accords with the previous observation®*
that soils under continuous cropping have a high incidence of root rot. Only three ginsengs (one in each group)
were completely healthy (Disease grade 0) in the three groups, and for other ginsengs, the infection was not
lethal as only one ginseng in the CK group was observed at Disease grade 5 (most severe disease grade) (Fig. 1A,
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Fig. 1. The occurrence of root rot disease of Panax ginseng in response to MP, CS and CK treatments.
Symptoms of panax ginseng root under different treatments (A). The numbers at the bottom indicate the
disease grade of each ginseng. The frequency of disease grade in response to different treatments (B). The
average disease grade and disease index of different treatments (C). *Disease index = X[(Xi X Si) / (Smax X N)]
Xx100%. Xi is the number of ginseng plants with disease; Si is the degree of disease; Smax is the highest degree
of disease in the diseased ginseng plants; N is the total number of ginseng plants.
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B). In the CK group, eight out of nine ginsengs were observed as diseased ones (~88.9%), and more than half
are at disease grade higher than 3 with incomplete main roots (Fig. 1A, B). However, the ginsengs of CS and MP
treatments were slightly infected. Both the CS and MP groups had smaller lesion areas on the ginsengs compared
to that of the CK group (Fig. 1A). Additionally, the lesion areas of the MP group were smaller compared to CS
and MP treatments. Most of the ginsengs in the MP group (7 out of 9, ~77.8%) were healthy or slightly infected
at Disease grade 1, and ginsengs in the CS group were mostly moderately infected at Disease grade 2 or 3
(Fig. 1A, B). In general, the average disease grades and the disease index of ginsengs in the three groups from
high to low were: CK, CS, and MP (Fig. 1C), showing that MP and CS treatments inhibit the root disease from
being severe, and MP was more effective than CS.

Differences in plant growth were observed between the three groups. Ginseng root diameter was reduced
by ~22% in the CS or MP groups compared to the CK group with a statistical difference (One-way ANOVA,
P <0.05) (Tab. S1). There was no significant difference in plant height, stem diameter, root length, and root fresh
weight, while these indicators have a trend toward a higher value in MP compared with CK. The intercellular
CO, concentration of CK is significantly higher than that of CS and MP (Tab. $2). There were no significant
differences in the net photosynthetic rate, stomatal conductance, and transpiration rate among the three groups.

Increases in soil enzyme activities

The responses of soil pH value, organic matter, and enzyme activities to the herb-based soil amendments were
analyzed. The soil pH value and organic matters of the three groups were not significantly changed by MP
or CS treatments compared to CK (Table 1). However, remarkable increases in the activities of urease, acid
phosphatase, and sucrase were observed in MP and CS treatments compared to CK (Table 1).

Alteration in the composition of ginseng rhizosphere soil

Among all 985 soil compositions (SCs) identified, there were nine classes: benzenoids (BZ), lipids and lipid-
like molecules (LL), nucleosides nucleotides and analogues (NN), organic acids and derivatives (OA),
organoheterocyclic compounds (OC), organic nitrogen compounds (ON), organic oxygen compounds (OO),
phenylpropanoids and polyketides (PP), and unclassed (UN). LL dominated the largest proportion, accounting
for 10.15% of all SCs, followed by OC (9.85%) and OA (7.41%). Compared to CK, there were 50 SCs significantly
affected by CS (35 increased and 15 decreased), and 51 MP (40 increased and 11 decreased) (Fig. 2A, Tab. S3).
Among them, 14 SCs were significantly affected by both MP and CS treatments with the same increasing or
decreasing trends (Fig. 2A).

The relative contents of SCs that were significantly affected by CS or MP were shown in Fig. 2B. The
compositions of the three replications of each treatment were first clustered, and MP and CS were clustered
before CK (Fig. 2B), showing a closer chemical property of MP and CS than to CK. Based on each component,
three clusters were observed (©-®, Fig. 2B). There were 19 SCs in Fig. 2B cluster @, which mainly belong to PP,
OC, 00, OA, BZ, and LL. The SCs in cluster ® were decreased in CS or MP groups, compared to CK group.
Among them, there were seven SCs belonging to the common 14 SCs affected by both MP and CS treatments.
There were 32 SCs in cluster @, which were increased by MP or CS compared to CK, except three SCs in CS group
belonging to UP and PP. These SCs belong mainly to OC, NN, PP, BZ, and UN. The last cluster ® contained
36 SCs, which were strongly increased by CS and lightly by MP, compared to CK. These compositions belong
mainly to NN, LL, OC, OA, PP, ON, BZ, and UN.

The results of the partial least squares discriminant analysis (PLS-DA) (Fig. 2C) showed significant changes
in the aggregation positions of the MP group and the CS group compared to the CK group, indicating that the
application of plant material to the soil changed the chemical properties of the soil. The changes may also be
consequences caused by soil microbes in response to the addition of plant herb-based soil amendments.

Changes in the fungal composition of ginseng rhizosphere soil

In this study, the fungal community of the soil of the ginseng rhizosphere was sequenced and analyzed. A total
of 1814 OTUs were obtained from soil samples of all three treatments. The majority of soil microbes (Fig. 3A)
were Ascomycota (71.29%~80.25%), Basidiomycota (4.77%~10.79%), Mortierellomycota (10.73%~6.18%),
Mucoromycota (2.22%~8.17%), and Chytridiomycota (0.54%~0.10%) (Fig. 2A).

Fungi in the soil samples, at the genus level, consisted mainly of Humicola (3.42~41.07%), Albifimbria
(1.12~41.67%), Mortierella (4.15~12.98%), Fusarium (1.82~17.77%), and so on (Fig. 3C). Considering the
relative abundances of the top 20 genera of fungi identified in samples, significant differences in the abundances
of Saitozyma, Humicola, Trichoderma, Plectosphaerella were observed between the three treatments (Fig. 3B,
C). Saitozyma is from the Tremellomycetes (Basidiomycota), and the other three are from Sordariomycetes
(Ascomycota). After treatment of MP or CS, the relative abundances of Athelia, Fusarium, Plectosphaerella,

Group | pH Organic matter (g/kg) | Urease activity (mg/g) | Acid phosphatase activity(mg/g) | Sucrase activity (mg/g)
CK 596+0.10a | 56.91+1.64a 32.00+2.31b 350.08+27.13b 51.75+12.63 ¢

CS 595+0.03a | 61.46+3.88a 72.19+3.26 a 479.78+19.72 a 137.88+20.19b

MP 6.07+0.13a | 60.90+4.04a 70.86+8.24a 515.14+18.49a 167.86+17.27 a

Table 1. Changes in soil properties and soil enzyme activities under different treatments. *n =3 for pH
and organic matter, n =5 for enzyme activity. Different letters within the same column indicate significant
differences among different treatments (One-way ANOVA, P< 0.05).

Scientific Reports |

(2024) 14:23825

| https://doi.org/10.1038/s41598-024-74304-9

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Y —
—
A B = o
- - Z -chlofobe I)su ?24 ,6-dimethyInicotinonitrile UN
f} A-dlhxgr henyl)-3,5,7-trihydroxy-4H-chromen-&-one_PP
alIol
-c.glnocrylure
B“ngsd;o 1 33-(nmemyl -2H-indol-2-ylidene acetaldehyde_UN
iyl 4-3Celi-L.mothyL5-(methyithigihiophene-2-carboxylate_UN
T Hindol 31 yridin-2-yl)me
] 4-di nzyildsrhﬁ'ydvazme 1-carboximidamide_UN
1 Lhiciebs rophon
ophan_0OC
i avid
1: hydroxy-3-methoxyphenyl)propanoic acid_PP
37 14 36 smenqgnm oc
= _NNA
! E ‘:l'y J-dlhydro-‘l 4-benzodioxin-6-yl)butanoic acid_UN
H 1 idlﬂe 'NMA acid UN
4 um rox henyl Jacetamide fl =
= 3,5-dihydroxyphenyl)acelic acid_UN
T—1 ! (23}5 hydroxy-7-methoxy-2-phenyl-3 4-dihydro-2H-1-benzopyran-4-one_UN
I —0C
—— H gdrocho{m acid UN )
— {8255 2 1,3-diol_UN
MP-vs-CK CS-vs-CK @ [ glncﬁiomrh?oxy)pynmn 3-amine_UN
L
2.3-dihydoxy-3-methylbutoxy ). THfurol3.2-glchromen-7-one_UN
oo e .?
L ol z"r:%\n‘ﬁm"u' 2 i HRAG5 3 Stvomen-7-one_UN
— 3 "?y?;:f\lﬁg}(ﬂmmmmyi I—oxoh dvatlnlum H:rla(e UN
C v & ¥t 1H-pyrazole_UN
Yl zﬂ -d-oxn—dﬁ—chrom??eF UN
cyfohex H{4-[4-nitro-2-(1H-pyrrol y)phsnyl] peraznno)memanone UN
ione
g —g hy by ? thoxy-2H-chs -2 UN
5= HAL m;@m S e ey
: ; e s
Ir { 'wono | 4 Iaclo ne_|
Ny i i 19-GRb
finic acid T
200000 f Gholie GAD
—— 2Z- eoxyadenusme NNA
PP
0 £ BPatelacia oAD B
by CK r il Sladﬁ"yrdmfé UN
. Wﬂniyl)mslabome UN
- CS L xynlva ennl LL
N 0 LBfEIdRe kD :
d 7 -1
7 o MP @ ! =1 Sepaplerin OC " -
N Fmmrag.
DAG (3:0/4:0)_UN
o G
a-
-200000 3%);M~ 4E'LLM 2 acid_UN
L Nmbtljlﬂvpha_rvol‘ﬁ
= : N
= I{gmethoxy-4 _UN
-4-methy ithe
C L i I?‘ﬁ“(’::’hyg“roaxyg: a0
¢ 'L'fr% i N-{1-{amimocarbonyi)-3- mamwnum]camam:e UN
-500000 -250000 0 250000 ! { 2)910||Inhydroxyuctadec 12-enoic acid_UN
0,
C1(30.8%) % % % BB DB

Fig. 2. The changes of soil compositions in response to different treatments. Venn diagram of soil
compositions that were significantly different between MP and CK and between CS and CK (A). Heatmap

of the 87 SCs that were significantly regulated by MP of CS compared to the CK (B). Partial least squares
Discriminant analysis (PLS-DA) plots of the soil compositions (C). *The 14 SCs that were significantly
affected by both MP and CS were marked in bold. On the left side of the figure ©-® indicates different
clustering modules. The majuscule at the end of the names represents different chemical composition classes.
(PP =phenylpropanoids and polyketides, OC = organoheterocyclic compounds, OO = organic oxygen
compounds, ON = organic nitrogen compounds, OC = organic acids and derivatives, NN =nucleosides
nucleotides and analogues, LL =lipids and lipid-like molecules, B=benzenoids, UN =unclassed)

and Pseudogymnoascus were reduced in the rhizosphere compared to those in CK (Fig. 3B, C). The relative
abundances in CK, CS, and MP group were 7.85%, 4.97%, and 6.03%, respectively. On the contrary, the relative
abundances of Trichoderma, Pseudopithomyces, Albifimbria, and Chaetomium were increased in response to
MP or CS treatment than CK (Fig. 2B, C). In the MP group, the relative abundances of Mortierella, Humicola,
Trichoderma, Pseudopithomyces, and Sampaiozyma were higher than those of CK and CS, and the relative
abundance of Alternaria and Saitozyma was lower than those of CK and CS (Fig. 3B, C).

Shifts in fungal diversity of ginseng rhizosphere soil

The diversity indices of Ace, Chao, Shannon, and Simpson were calculated to analyze the richness and diversity
of the soil fungal communities in response to the application of herb-based soil amendments (Table 2). The
Simpson and Shannon indices of MP or CS were lower than those of the CK, but the differences were not
significant at P < 0.05 by one-way ANOVA. The Chaol and ACE indices of MP were significantly lower than
those in CK. This indicated a reduction in fungal diversity in response in MP and CS treatments to the soil.

Data of relative abundances of all samples were used to generate a dendrogram using an unweighted pair
group method with arithmetic mean (UPGMA) cluster analysis (Fig. 4A). As shown in Fig. 4A, the samples were
clustered under their respective component branches, indicating that the differences between the treatments
in the samples were greater than the differences within each treatment. Thus, the composition of the fungal
community in the rhizosphere of ginseng strongly affected the soil amendments. This was also supported by
the partial least squares discriminant analysis (PLS-DA) (Fig. 4B), in which the fungal communities were well
separated into three main groups of CK, MP, and CS.

The result of the LEfSe analysis of the contribution of species is shown in Fig. 4C (LDA score > 3.5). LEfSe
analysis is used to analyze the differences between treatments and to find out the main groups of fungi, which
are helpful for developing biomarkers for different treatments. The CK group contained six rich fungal branches,
including Trametes, Polyporaceae, Plectosphaerella, Simplicillium, Mycenella, and Pseudocercospora (Fig. 4C).
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Fig. 3. Effects of herb-based soil amendments on the richness and relative abundances of fungal communities.
Fungal community compositions of rhizosphere soil under different treatments at the phylum (A) and genus

level (the relative abundance of top 20 genera) (B). Heatmap of the relative abundance of top 20 genera of fungi
(C). * indicate significant differences compared to the CK (T-test, P< 0.05).

Group | OTUs Shannon Simpson | Chaol Ace

CK 788.67+81.74a | 4.85+0.63a | 0.87+0.08 | 855.50+101.97a | 858.51+103.57 a
CS 703.00+49.40a | 4.81+0.77a | 0.89+0.08 | 767.33+85.81 ab | 780.36 +89.08 ab
MP 587.33+62.70b | 3.97+0.18a | 0.82+0.01 | 659.31+94.63b | 664.73+88.42b

Table 2. Fungal alpha diversity index values observed in different soil amendments. *n=3. Different lowercase
letters within the same column indicate significant differences among different treatments (One-way ANOVA,
P< 0.05).

The CS group contained seven rich fungal branches, including genera of Agaricales, Bolbitiaceae, Diloszegia,
which were of the Agaricus order, and other four fungi of different genera Waitea, Conocybe, Stachybotrys,
and Curvularia. The MP group contained three rich fungal branches of Sordariomycetes, Sordariales, and
Chaetomiaceae. Coincidentally, they all belong to the Sordariomycetes.

Functional changes in the fungal community of ginseng rhizosphere soil

FUNGuild was used to predict the functional and trophic modes of the specific fungal community. In the Trophic
mode of Funguild (Fig. 5A), the highest proportion was Pathotroph-Saprotroph-Symbiotroph 16.47-24.32%. In
the Guild mode of FUNGuild, the functional prediction of the fungal communities of the MP treatment was
mainly related to the Animal Pathogen (15.4%), followed by the Endophyte (12.2%) and the Plant Pathogen
(2.8%). In response to CS treatment, three main species in function prediction of fungal communities are the
Animal Pathogen (15.8%), the Plant Pathogen (8.9%), and the Endophyte (7.3%). The functional prediction of
the fungal communities of CK is mainly related to the Animal Pathogen (17.9%), the Endophyte (9.2%), the
Plant Pathogen (8.2%), and the Epiphyte (4.7%), suggesting that the existence of the Animal Pathogen and the
Epiphyte may aid the plant pathogen in infecting the hosts. In the Guild mode of FUNGuild (Fig. 5B), there
were significant differences in Arbuscular Mycorrhizal, Dung Saprotroph, Ectomycorrhizal, Lichen Parasite,
and Soil Saprotroph among the three treatments. There were no significant differences between CK and CS
in Arbuscular Mycorrhizal, and Dung Saprotroph, but the relative abundance of Arbuscular Mycorrhizal, and
Dung Saprotroph in CK was significantly higher than that of MP. The relative abundance of Soil Saprotroph was
significantly lower in CS and MP than in CK. In the classification of Ectomycorrhizal, the relative abundance of
CS was significantly higher than that of MP. The relative abundance of Lichen Parasite in CS was significantly
higher than that of CK and MP.
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Correlation of soil properties, fungal community, and soil composition
As shown in Fig. 6A, there was a positive correlation found in the activities of the three soil enzymes (urease,
sucrase, and acid phosphatase), and they were negatively correlated to the disease severity. This indicated that
the occurrence of root rot was related to low soil enzyme activity. The organic matter of the soil was positively
correlated with the activities of the three enzymes (Fig. 6A), showing the relationship between soil fertility
and soil enzyme activity. The activities of the three soil enzymes were also negatively correlated with Chaol
index, ACE, and root diameter (Fig. 6A), suggesting an interaction between soil enzyme activity and fungus
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Fig. 6. Correlation analysis between soil environmental factors, fungi communities, and oil compositions.
Correlation Analysis of soil environmental factors (person, P <0.05) (A). Heatmap fungal communities (genus,
top 20 of relative abundance) and the classes of soil compositions that are significantly affected by MP or CS
(person) (B). * refers to the significant difference with P < 0.05. ** refers to the significant difference with P <
0.01. *** refers to the significant difference with P< 0.001.

abundance. In addition, a negative correlation between fresh weight of root and Simpson and Shannon Indexes
was observed (Fig. 6A).

A correlation analysis of the top 20 relative abundant genera of fungi in all three treatments and all classes
of the SCs differentially affected by MP or CS treatments was conducted (Fig. 6B). The genera of Albifimbria,
Conocybe, Rhizopus, and Waitea, the abundances of which were significantly higher in CS than in CK (Fig. 3C),
were positively correlated with OC, ON, OA, NN, and BZ (Fig. 6B). In addition, the abundances of Coniochaeta
and Paraphaeosphaeria, which were significantly lower in CS than in CK or MP, were negatively correlated with
BZs (Fig. 6B). The abundances of Ilyonectria, Plectosphaerella, and Pseudogymnoascus were positively correlated
with OO and LL (Fig. 6B). The abundances of Mortierella, Humicola, Pseudopithomyces, and Saitozyma, which
were higher in MP than in CK, showed a positive correlation with PP and other UNs (Fig. 6B). These results
suggested an interaction affected by MP treatment between SCs and microorganisms.

Discussion

Many studies demonstrated the benefits of using herb-based soil amendments, as they can improve soil nutrients,
repair soil, and inhibit pathogenic microorganisms by altering soil properties*¢~*%. The addition of humic acid
improved the yield and quality of continuous cropping peanut due to the improved physicochemical properties
and enzymatic activities of the soil*’. However, herb-based materials with medicinal functions were rarely used
as soil amendments for cultivation. In this study, the most significant changes in ginsengs were the alleviation
of root rot after the application of the herb-based soil amendments. The soil amendments significantly reduced
the incidence and severity of ginseng root rot. Specifically, MP treatment resulted in a reduction in the disease
index by 54.5% of ginseng root rot.

The herbs of MP contain a variety of components, like flavonoids(astragali radix®®, cinnamomi cortex”!,
epimedii folium®2), saponins (astragali radix*°), phenylpropanoid (cinnamomi cortex™?), terpenoids (atractylodis
rhizoma®*), organic acid (epimedii folium®?, cinnamomi cortex>), and so on. And the application of these herbs
altered the soil. After MP and CS treatments, soil organic matter tended to increase (Table 1), indicating a higher
soil fertility. MP promoted the composition of OC, OA, and PP in the soil and decreased BZ and PP in the
soil. Especially, coumarins and isoflavonoids (which belong to PP) were notably increased by MP. Coumarins
were growth promotion stimulators observed among the high abundance factors responding to abiotic stress in
inoculated mulberry®’. Similarly, in the study of chlorine dioxide repressed potato germination, the upregulated
SCs were composed mainly of coumarins®. These results suggest that increased antifungal components are
beneficial for reducing the occurrence of ginseng root rot. Interestingly, the contents of carbendazim (which
belong to OC) and flavonoids (which belong to PP) in MP were significantly reduced Carbendazim is an
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organoheterocyclic fungicide and is widely used throughout the world, however, with the risks of causing
environmental pollution®. Flavonoids are reported to have inhibition effects on Fusarium®. The decrease in
carbendazim in MP treatment suggested that the addition of herbal powders could reduce the chemical risks
to the environment by the degradation of carbendazim, and inhibit the occurrence of root rot in other ways.
Despite the decrease in antifungal substances, such as flavones and triterpenoids, the disease index of MP is
lower than that of CK group. Therefore, we speculate that the use of herb-based soil amendment is beneficial
to the soil by increasing antifungal ingredients. Pteridines and derivatives (which belong to OC) and phenolic
compounds (which belong to BZ) produced in plants were improved by salt stress® or water stress®! with
antifungal activities. Therefore, the increase in phenolic compounds, commonly involved in plant’s biotic stress
as defensive responses®, in this study suggests that adding herb-based soil amendment was conducive to the
response to stress from a deteriorating environment.

Although soil organic matter improved in the MP group (Table 1), ginseng growth was not strongly affected
by adding soil amendments. The root diameter of CK group was larger than that of MP group (Tab. S1), which
may be a compensatory increase. The root length and root fresh weight of MP group tended to increase after MP
treatment (Tab. S1, not significantly). This suggested that the herb-based soil amendments contributed to the
longitudinal growth of the main root of ginseng.

By the application of herb-based soil amendments, the fungal diversity was changed. The values of the
Shannon Index and Simpson index were not significantly affected, but values of Chaol index and Ace index were
decreased significantly (Table 2). The Chaol and Ace indices mainly represented the abundance of the fungal
community®. Thus, the richness of fungal community was reduced by MP amendment, while the incidence
and severity of ginseng root rot was also reduced by MP treatment. Thus, we assume that herb-based soil
amendments reduced pathogenic fungi, resulting in a healthier soil environment for ginseng growth. Based on
our results, the relative abundances of Fusariums and Ilyonectria decreased in MP group. The genera Fusariums
and Ilyonectria are among the most common fungal genera in the ginseng rhizosphere® and are reported to be
the pathogenic fungi of ginseng root rot®>%. The relative abundances of Fusariums and Ilyonectria in MP grouop
were lower than those in CK group in this study (Fig. 3), and this could be the reason for the alleviation of root
rot, as the abundance of Fusarium was positively correlated with the incidence of plant disease®”:,

Based on the UMPGA cluster tree and the PLS-DA analysis, herb-based soil amendments significantly
affected the composition of the soil fungal community, as evidenced by the reduction of functional abundance
predicted by FUNGuild (Fig. 5A). The Soil Saprotroph and Dung Saprotroph of the Guild mode of FUNGuild
were reduced by the application of MP (Fig. 5B), and thus we assumed that Soil Saprotroph and Dung
Saprotroph were related to the decay and the spread of plants infected by pathogens. Fusarium was not only the
soil saprotroph, but also known as phytopathogens that cause rot root in various plants®”%*”C, The abundances of
llyonectria and Plectosphaerella decreased in MP compared to CK (Fig. 3B). This suggested that the application of
MP inhibited the abundance of pathogenic fungi, which is in accordance with the results of function prediction
of the fungi community.

Biomarkers found by the analysis of LEfSe (Fig. 4C) helped to identify key fungal communities between
treatments. The biomarkers in MP have obvious subordination, suggesting that attention should be paid to
Sordariomycetes, Sordariales, and Chaetomiaceae. It may also be related to the improvement of plant resistance
and the reduction of disease occurrence. The isolated endophytic fungi from R. roxburghii suggested that
endophytic Sordariomycetes from R. roxburghii were potential sources to explore antimicrobial agents’!. Maize
soils in different cropping patterns show that Sordariales is more abundant in the organic farming system than
the conventional farming system’2. Sordariales have been reported with antifungal activities in the study of
fungal community succession across a gradient from bulk soil to the plant endosphere of diseased and healthy
lisianthus”>. Hung et al.”* reported that the application of Chaetomiaceae spores to pomelo seedlings inoculated
with Phytophthora nicotianae reduced the extent of root rot and increased plant weight. Chaetomiaceae was
significantly enriched in non-continuous cropping soil compared to continuous-cropping soil’>. Thus, the
application of MP materials to soil promotes the growth of Sordariomycetes, Sordariales, and Chaetomiaceae,
which inhibit the growth of fungi, aiding the reduction of the occurrence of root rot. After the application of corn
stalks, seven biomarkers were identified by LEfSe analysis. Among them, three were of Agaricus order and were
mainly involved in the decomposition and maintenance of the organic balance of the soil. The addition of corn
straw to the soil can promote the circulation and utilization of soil organic matter’®”’, and this therefore benefits
plant growth. Interestingly, according to the results of the LEfSe analysis, Pseudocercospora from Ascomycota
was identified only in the soil of the CK Group, and not in the soil of the other two treatments. The fungi of this
genus are the pathogens of Sigatoka disease’®. Therefore, the biomarkers of the CK soil were pathogenic fungi,
indicating there were more pathogenic fungi in the continuously cultivated soil of ginseng.

The interactions between soil nutrient content, enzyme activity, and microbial biomass jointly regulate
plant growth”. In this study, we found a significant correlation between the activities of the soil enzymes of
sucrase and acid phosphatase, and they were negatively correlated with the occurrence of root rot disease
grade(Fig. 6A). The increase of soil enzyme activities is beneficial to the soil nutrient cycling, and improves the
microbial environment to reduce root diseases’>®. Therefore, the addition of herb-based soil amendments has
the potential to inhibit ginseng root rot by increasing soil enzyme activities. Although significant changes in root
fresh weight were not observed, a negative correlation was observed between root fresh weight and Simpson and
Shannon Indices (Fig. 6A). These results suggest that the higher the diversity of soil rhizosphere fungi, the more
unfavorable it is to increase the fresh weight of the roots. The direct effect of fungal diversity on ginseng growth
is still not clear, and the correlation is related to the increase in pathogen species of rhizosphere fungi, leading to
an increase in root rot disease.

Enzymatic activities are expected to enhance soil nutrient availability in order to meet the demand for
microbial metabolism®"#2. Abundant nutrients attract more microorganisms and simultaneously increase soil
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enzyme activity®. Soil sucrase promotes saccharose catabolism, which provides a carbon source for microbes,
thus promoting their growth®. Urease catalyzes the hydrolysis of urea into ammonia and carbonic acid, and
plays an important role in the nitrogen cycling driven by soil microorganisms®. Acid phosphatase secreted by
soil microorganisms plays a critical role in soil P cycle and determines the availability of this element®®. The
altered soil properties and enzyme activity inevitably affected soil microorganisms and plant roots®”. Therefore,
the significantly increased activities of sucrase, urease, and acid phosphatase in this study are supposed to be
related to the increase in available nutrients in the soil, such as saccharose, carbon, nitrogen, and phosphorus,
which play important roles in the promotion of plant root growth. Furthermore, the enzyme activity, plant
growth, and the accumulation of beneficial soil microorganisms formed a benign cycle, which improved the
level of soil health and reduced the occurrence of root rot.

The changes in soil chemical compounds were highly correlated with the changes in the abundance of
soil fungi in response to the application of CS (Figs. 3C and 6). The abundances of Alternaria, Sampaiozyma,
Phizopus, Aspergillus, Waitea, Conocybe, Chaetomium and Albifimbria showed an increasing trend in response
to CS treatment (Fig. 3C), and were positively related to the composition of OC, ON, OA NN, and BZ (Fig. 6).
ON and NN are important bioactive compounds in favor of plant growth3$%. OA*® and BZ°! have been proven
to play roles in stress resistance or antifungal activity in plants. The relative abundances of Mortierella, Humicola,
Saitozyma, Trichoderma, and Pseudogymnoascus increased with the application of MP (Fig. 3C). They are known
to inhibit plant pathogens®?, decompose dead plant biomass®?, and degrade phenylurea herbicides®. The increase
in the relative abundances of these fungi was beneficial in reducing the pathogenic fungus and increasing the
soil organic matter. Meanwhile, they were positively correlated with the compositions of PP and UN, and were
not significantly or tended to be correlated with other SCs. In particular, among the soil compositions correlated
to the MP-induced fungi, UNs were of a great proportion. This indicated that the changes in SCs caused by MP
treatment were unclear to a great extent and needed further investigation. These unclassed compounds have the
potential to be the key substance that limits the spread and severity of ginseng root rot.

In this study, a type of herb-based soil amendment was suggested, and it effectively alleviated ginseng root
rot in continuous cropping soil. The following effects were observed by the application of the herb-based soil
amendment: (1) significantly increased soil enzyme activity; (2) decreased the pathogenic fungi community
in soil; and (3) increased SCs with antifungal activity of the rhizosphere soil. Our findings suggest that the use
of herb-based soil amendments has significant potential as a sustainable and effective approach for root rot
prevention and control in ginseng. It provides a new strategy for ecological planting on the reduction of using
chemical pesticides. However, only five herbs with equal proportions were used in this experiment and the
effects of other antifungal herbs with unequal proportions are worth investigation. Additionally, this experiment
was conducted in pots with continuous cropping soil. Further research should focus on refining the application
of herb-based soil amendments in field conditions and elucidating the mechanisms underlying their suppressive
effect on soil-borne diseases, which can benefit the cultivation of ginseng on the farmland, solving the continuous
planting issue.

Materials and methods

Study sites and study design

The experiment was carried out in Jingyu County, Jilin Province (126.8 °E, 42.39 °N). The area belongs to
the monsoon climate zone. The annual average temperature was 2.6 °C, the annual average precipitation was
about 827 mm, and the average annual sunshine hours were about 2300 h. Chernozem soil that had been used
for continuous ginseng cultivation for 4 years was collected in the field and then placed in the open air for 6
months before this experiment. The physical and chemical properties of the soil are as follows: organic matter
content=>58.87 g kg~!, pH=5.75, total nitrogen content=2.6 g kg™, total phosphorus content=1.15 g kg™,
total potassium = 15.67 g kg ™!, alkaline hydrolyzable nitrogen =234.82 mg kg™, available phosphorus=7.43 mg
kg~!, available kalium133.67 mg kg~".

Forty-five 4-year-old healthy ginsengs (provided by Baishan Lincun Traditional Chinese Medicine Co., Ltd.)
were dug from the field and potted (one ginseng per pot; the pot is 25 cm in height with diameter of 22 cm). These
pots were placed under sunshade cloths in the field(the same environment as filed grown ginsengs) on June 21st
2022. The distance from the arched top of the sunshade cloths to the ground surface was 2.5 m. And the openings
were designed on the bottom (without sunshade cloths from ground to 70 cm) to improve internal ventilation
conditions. The grown environment of the potted ginsengs was the same as ginsengs cultivated in the farmland.
The potted ginsengs were divided into 3 groups, with 15 of each. One group was used for herb material treatment
(MP), one for corn stalk treatment (CS), and the other group was used as control without treatments. Before
potting, 5 kg of soil was added to each pot. For the MP group, the soil in each pot was mixed with powders (10 g
of each) of astragali radix, cinnamomi cortex, cnidii fructus, atractylodis rhizoma and epimedii folium (Tab. S4).
All these plant materials are commercially used as Chinese herbal medicine (China Pharmacopoeia Committee,
2020%), and were purchased from an herbal medicine pharmacy (Anguo Wanzongtang Traditional Chinese
Medicine Co., Ltd.). The main chemical composition of herbal mixture in MP treatment includes: (1) flavonoids,
including formononetin, calycosin, ononin, icariin, epimedin; (2) phenylpropanoids, including cinnamyl
alcohol, cinnamaldehyde, osthole, bergapten, imperatorin; (3) terpenoids, including atractylodin, atractylone,
atractylenolide; (4) saponins, including astragalosides; (5) saccharides, including astragali radix polysaccharides,
atractylodis rhizoma polysaccharide; (6) organic acids, including cinnamic acid. The confirmation and quality
control of these herbal medicines were based on the Chinese Pharmacopoeia. For the CS group, the particle
size was 2 cm, and 100 g of dry corn stalk (Jiangsu Surui Straw Processing Factory), were added and mixed
with the soil in each pot. The dosage was mostly based on previous planting experience of ginseng®®?’, that
6-8 kg/m?* was recommended. The CS dosage used in this study was calculated accordingly, that 100 g per pot
approximately equaled to 6.58 kg/m? of the field dosage. All ginsengs were collected on September 21st 2022.
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After potting, all pots were placed in the field. The grown environment of the potted ginsengs was the same as
ginsengs cultivated in the field. The irrigation, fertilization, pest control, and soil management were consistent
with local production practices.

Measurement of plant and the gas exchange

Plant height and stem diameter of each plant were also measured on the 60th day after transplanting. Six plants
were randomly selected from each group and the net photosynthesis, transpiration rate, stomatal conductance,
and substomatal CO, concentrations were measured on the largest leaf of each plant using LI-6800 (LI-COR,
USA). The built-in red and blue light source was set to be 300 umol m~2 s~*. The CO, concentration in the blade
chamber is controlled by the carbon dioxide cylinder, and the specific numerical value was set at 400 pmol
mol~!. The temperature of the blade chamber was set at 29 °C, the relative humidity was set at 55%, and the flow

rate was set at 500 umol s~ .

Collection of plant and soil materials

Nine plants randomly selected from each group were collected on September 21st 2022. The length, diameter,
and fresh weight of the main root of each ginseng were recorded. Meanwhile, soil samples from the rhizosphere
and non-rhizosphere of each ginseng were collected respectively. The non-rhizosphere soil of each ginseng was
divided into two parts after evenly stirring in the pot. For the first part of the non-rhizosphere soil of 9 ginsengs,
every three samples were mixed into one, and the 3 mixed samples were air dried for the determination of soil
organic matter and pH value. For the second part of the non-rhizosphere soil of 9 ginsengs, 5 randomly selected
samples were stored at 4 °C to determine the enzyme activity of the soil. The root-attached soil of ginseng was
regarded as rhizosphere soil and sampled after gently shaking the root system. All soils in the rhizosphere were
collected within 5 mm of the surface of each root. The rhizosphere soils were from the 9 randomly selected
plants, every 3 mixed into one sample. Rhizosphere soil samples were transported back to the laboratory in
refrigerated containers at —78.5 °C and stored at —80 °C for the analysis of soil fungal community and soil
compositions.

Determination of root rot disease index
The severity of root rot in ginseng was visually assessed on a scale of 0 to 5 (Fig. S1) as follows: 0 (healthy roots);
1 (<1/5 of the root surface decayed or the fiber root was slightly decayed); 2 (~ 1/5 of the root surface decayed
or >1/5 of the fiber root decayed); 3 (~1/3 of the main root surface decayed or >1/3 of the fiber root decayed/
missing); 4 (~ 1/2 of the main root surface decayed/missing or >1/2 of the fiber root decayed/missing); 5 (> 1/2
of the main root surface and interior decayed, the main root is incomplete or without fiber roots).

The disease index was calculated as follows®®:

Disease index = Z [(Xi x Si)/Smax x N)| x 100.

Xi is the number of ginseng plants with disease; Si is the degree of disease; Smax is the highest degree of disease
in the diseased ginseng plants; N is the total number of ginseng plants.

Determination of soil properties and soil enzyme activities

Soil organic matter was detected using an external heating method with potassium dichromate-concentrated
sulfuric acid®. The power of hydrogen in the soil (pH) was detected using a PB-10 pH meter (Sartorius AG,
Germany). Soil urease activity was assessed by colorimetric analysis of sodium phenate-sodium hypochlorite!.
Sucrase activity was determined using the colorimetric method with 3,5-dinitrosalicylicacid!®. Acid phosphatase
activity was estimated using the disodium phenylphosphate colorimetric method'®.

Soil composition analysis

Soil samples were frozen dried using H1650-W (Eppendorf, Germany) prior to extraction. Samples were
extracted by 1000uL of methanol, and the supernatant was concentrated to dry in vacuum. The samples were
then dissolved with 150uL 2-chlorobenzalanine 80% methanol solution, and the supernatant was filtered
through a 0.22 ym membrane. The extracted samples were used for LC-MS detection. Soil composition analysis
was performed at Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China). Chromatographic separation was
performed using a Thermo Ultimate 3000 system that was equipped with an ACQUITY UPLC" HSS T3 column
(150%2.1 mm, 1.8 um, Waters, Milford, MA, USA). The ESIMSn experiments were executed using the Thermo
Q Exactive mass spectrometer with a spray voltage of 3.8 kV and —2.5 kV in positive and negative modes,
respectively. The sheath and auxiliary gases were set at 30 and 10 arbitrary units, respectively. The capillary
temperature was 325 oC. The analyzer scanned over a mass range of m/z 81-1000 for the full scan at a mass
resolution of 70,000. Data-dependent acquisition (DDA) MS/MS experiments were performed by an HCD scan.
The normalized collision energy was 30 eV. Unnecessary information in the MS/MS spectra was removed by
dynamic exclusion.

The correlation analysis of the components between treatments was performed by R and the heatmap was
drawn by the R package pheatmap!?!. For a preliminary visualization of differences between different groups of
samples, the unsupervised dimensionality reduction method principal component analysis (PCA) was applied
in all samples using R package models!'?2. The correlation heatmap was drawn using R corrplot package!'®.

Scientific Reports |

(2024) 14:23825 | https://doi.org/10.1038/s41598-024-74304-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Soil fungal community analysis

The microbial DNA was extracted using HiPure Soil DNA Kits (Magen, Guangzhou, China) according to the
manufacturer’s protocols. The rDNA target region of the ribosomal RNA gene was amplified by PCR using
primers ITS_1F_KYO2 (5'-TAGAGGAAGTAAAAGTCGTAA-3’) and ITS86R (5-TTCAAAGATTCGATGA
TTCAC-3’). The rDNA target region of the ribosomal RNA gene was amplified by PCR. The amplicons were
purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) and quantified
using the ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, USA). The purified
amplicons were pooled in equimolar and paired-end sequenced (PE250) on an Illumina platform according
to the standard protocols. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database
with the accession number PRJNA1035276.

Raw data containing adapters or low-quality reads were filtered using FASTP!* (version 0.18.0). Clean tags
were clustered into operational taxonomic units (OTUs) of >97% similarity using UPARSE!® (version 9.2.64)
pipeline. All chimeric tags were removed using the UCHIME algorithm!%* and finally obtained effective tags
for further analysis. The stacked bar plot of the community composition was visualized in the R project ggplot2
package!% (version 2.2.1). The heatmap of species abundance was plotted using pheatmap package (version
1.0.12)1°! in R project. The biomarker features in each group were screened by LEfSe software!?” (version 1.0) in
R project. The functional group (guild) of the Fungi was inferred using FUNGuild'%® (version 1.0).

Statistical data analysis

Data reported in this study were analyzed using IBM SPSS 27 software (IBM, USA). To determine whether there
were significant differences between the treatment and control groups, ANOVA was performed. Differences
were considered significant at P<0.05. The graphs were drawn with Origin 2021 Pro (Origin, USA), and the
image typesetting was performed with Adobe Photoshop 2023 (Adobe, USA).

Data availability
Data will be made available on request. Raw microbiome metagenomic sequences are available under the iden-
tification PRINA1035276 in the NCBI Sequence Read Archive.
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