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Abstract: Polygonatum cyrtonema Hua is a perennial herb belonging to the Liliaceae family, with significant medicinal and7

dietary value. However, root rot， a server disease, has led to a decline in yield and quality of this species. In this study, a fungus8

was isolated from symptomatic samples of root rot and identified as Fusarium commune through molecular and morphological9
analyses. After re-isolation, the identification of F. commune as the causative agent of root rot was confirmed by fulfilling Koch's10

postulates in subsequent tests.. Biological characteristics indicated that the optimal growth conditions for F. commune were a11
temperature of 25℃, pH of 8, carbon source of soluble starch, nitrogen source of peptone, and a photoperiod of 24 hours. In order12
to reduce the use of chemical fungicides and explore natural substances to control the disease, the sensitivity of F. commune to13
seven phytochemicals was studied. Four phytochemicals showed apparent inhibitory activity and honokiol displaying the highest14
antifungal activity, having a 50% of the maximal effect concentration (EC50) of 8.2628 ± 0.27 mg/L. These findings provide a15
scientific basis for the control of root rot in P. cyrtonema Hua.16

Keywords: Polygonatum cyrtonema Hua; root rot; Fusarium commune; biological characteristics; phytochemicals17
18

1. Introduction19

Polygonatum, a genus in the Liliaceae family commonly known as Solomon's seal, is primarily distributed in China, North20

Korea, Russia, India, Myanmar, and Mongolia (Sharma et al. 2021a). The genus has also been studied and cultivated in other21

countries, including the United States of America and Austria (Khan et al. 2010; Mottaghipisheh and Stuppner 2021). From the22

early to mid-1990s, the demand for Polygonatum remained stable at around 800 tons. By the end of 2019, the planting area of23

Polygonatum in China had expanded to approximately 4,000 ha, and the production had increased to about 18,000 tons due to24

economic development and increased demand for the plant's health benefits. The need for Polygonatum had increased to 3,00025

tons for medicinal purposes, 12,000 tons for food processing applications, and 3,000 tons for Polygonatum extract production for26

processing and new product development.27

Polygonatum cyrtonema Hua, commonly known as chicken head ginseng or tiger ginger, is a perennial herb that has been28
widely used in Chinese herbal medicine as valuable as Polygonatum sibiricum Red and Polygonatum kingianum Coll. Et Hemsl.29
Its rhizome is an excellent source of essential trace elements that provide multiple health benefits, such as lowering blood sugar,30
anti-tumor effects, improving immunity, and delayed aging (Liu et al. 2022; Wang et al. 2019; Hu et al. 2022; Luo et al. 2022;31
Chen et al. 2022a). Moreover, it holds high commercial value for new drugs development and health products creation. The32
supply of P. cyrtonema Hua has been predominantly based on wild resources for an extended period. However, the gradual33
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increase in market demand has led to large-scale artificial cultivation of this species. The condition of artificial cultivation have34
disruptedthe ecological balance of the original organisms of P. cyrtonema Hua leading to rampant pests and diseases. This35
situation adversely affects the growth and yield of P. cyrtonema Hua, posing a significant obstacle to the implementation of Good36
Agricultural Practice (GAP) for Chinese herbal medicine ) and the development of modern medicine industry development.37
Additionally, it raises various safety hazards in the processing of Chinese herbal medicine products.38

Root rot,caused by fungi, is a soil-borne disease that significantly restricts the yield and quality of P. cyrtonema Hua. In the39

early stages of this disease, the plants' aboveground parts do not show apparent symptoms. The leaves subsequently turn yellow40
from bottom to top, and the roots develop watery brown necrotic spots. As the disease progresses, the leaves slowly turn yellow41
from the outside to the inside, wilt from bottom to top, and ultimately causing the entire plant to wither and die. The underground42
rhizomes show expanding water stains and rot. When the disease is severe, only fibrous vascular bundles remain once the entire43
root has rotted. The affected parts appear brown or reddish-brown, with white mycelia visible on the surface of the rhizomes.44
Different fungal species, such as Fusarium oxysporum, Fusarium solani, and Fusarium hostae, are root rot pathogens that result in45
substantial economic losses (Ye et al., 2020; Özer et al., 2020).46

F. commune, a member of the ascomycetes family, act as a causal pathogen for multiple diseases including butt rot in lotus47
(Nelumbo nucifera), rice (Oryza), alfalfa (Medicago sativa), and soybean (Glycine max (L.) Merr), stalk rot in tobacco (Nicotiana48
tabacum), and root and crown rot in maize (Zea). It alsocauses blight in potato (Deng et al. 2022; Husna 2020; Yang et al. 2022;49

Detranaltes et al. 2022; Mezzalama et al. 2021; Osawa et al. 2020). F. commune infestations in a field can lead to considerable50
reductions in yield (Audenaert et al. 2013). This pathogen produces mycotoxins that have poisonous effects on plants, animals,51
and humans (Arunachalam and Doohan 2013; Maresca 2013).52

Temperature, light, pH, carbon, and nitrogen sources have a significant impact on the growth and pathogenicity of53
pathogenic fungi (Kaur et al. 2022; Telli et al. 2020; Kim et al. 2019; Tays et al. 2018). Therefore, it is crucial to study the54
biological characteristics of this pathogen，as well as the conditions that can trigger its occurrence and spread. Although chemical55
fungicides, such as benomyl, pyraclostrobin, and etridiazole, are commonly used to prevent and control root rot (Barbett and56
Sivasithamparam 1987; Wang et al. 2005; Lookabaugh et al. 2021), their repetitive use in high doses may lead to the development57
of pathogen resistance. Moreover, these fungicides have harmful environmental effects (Wu et al. 2019). Therefore, finding58
alternative disease control strategies is essential.. Previous research has shown phytochemicals, such as honokiol, magnolol,59
2-allylphenol, eugenol, carvacrol, geraniol, and cinnamaldehyde, effectively combat plant pathogens (Qu et al., 2017; Yang et al.,60
2021; Zhou et al., 2019; Lima et al., 2017; Chen et al., 2019). Hence, exploring the use of phytochemicals as an alternative to61
chemical fungicides is a promising approach. Previous research has shown that phytochemicals, such as honokiol, magnolol,62
2-allylphenol, eugenol, carvacrol, geraniol, and cinnamaldehyde, effectively combat plant pathogens (Qu et al., 2017; Yang et al.,63
2021; Zhou et al., 2019; Lima et al., 2017; Chen et al., 2019).64

In July 2021, a typical case of root rot was observed in P. cyrtonema Hua in Tajiang County, Guizhou Province, China. The65
initial stages of the disease in the roots' belowground parts were characterized by water-stained brown necrotic spots that66
progressed to severe root rot, exhibiting a brown or reddish-brown color.. dentifying the underlying causes of P. cyrtonema Hua67
root rot and developing effective control methods are crucial for crop management and Chinese medicinal material cultivation.68
This study seeks to determine the pathogenic factors responsible for this disease, evaluate the pathogens' response to crucial69
environmental factors, and screen effective phytochemicals in vitro, providing a foundation for root rot control.70

71

72
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2. Materials and Methods73

2.1. Pathogen isolation and purification74

In 2021, a five-point survey method was employed to investigate sixteen fields of P. cyrtonema Hua in Taijiang County,75
Guizhou Province (26°66’91.6” N–108°31’81.4” E) . Each block (10 m2 ) was assessed for the incidence rate of root rot, and76
samples exhibiting root rot symptoms were collected. Conventional tissue isolation methods were used, where in the77
symptomatic tissue samples were rinsed with sterile distilled water, followed by cutting them into approximately 1 cm × 1 cm78
slices using a sterile scalpel. The slices were then soaked into 75% alcohol for 30 s, disinfected for 1–2 min in 10% sodium79
hypochlorite, cleaned thrice with sterile water, drained using sterile paper, and dried in sterile Petri dishes. These dried80
symptomatic tissues were transferred to potato dextrose agar (PDA: 200.0 g potato, 20.0 g glucose, 17.0 g agar/L) plates on an81
ultra-clean at 25℃ inside a biochemical incubator (Ningbo Jiangnan Instrument Co., Ltd, Zhejiang, China). After 4 days of82
culture, the mycelia edge of typical single colonies were selected and purified repeatedly on PDA plate until pure colonies were83
obtained. These purified strains were cryopreserved with 30% glycerol and stored inside a refrigerator at -80℃ for further use.84

2.2. Pathogenicity test of the isolated strain on P. cyrtonema Hua85

The pathogenicity tested was conducted according to Koch’s postulates (Zhang et al. 2021). The fungal isolates were86
cultivated on PDA at 25℃ for 7 d, while F. commune ZW0619 was cultured on carnation leaf-piece agar (CLA) medium to87
promote spore production (Choi et al. 2014). Spores were suspended in sterilized distilled water at a concentration of 10688
conidia/mL, as determined using a cytometer (Solarbio Science and Technology Co., Ltd., Beijing, China). The pathogens were89
then inoculated into healthy P. cyrtonema Hua plants (Windham et al. 2018). The root and stem epidermis of healthy P.90
cyrtonema Hua were sprayed with 500 μL of 106 conidia/mL spore suspension or 500 μL sterile water as a control, and then91
transferred to a small bowl filled with sterilized soil. Three replicates were used for each isolate and the plants were incubated at92
25℃, 85% relative humidity, and 12-h light/12-h dark for 14 days. The progression of the disease was recorded and the pathogens93
were re-isolated from the pathogenic sites for identification. The experiment was repeated thrice.94

2.3. Morphological characterization95

For morphological characterization, the isolated and purified pathogens were sampled using a 5-mm perforator at the edge of96
colonies. Fungus discs were then transferred to the center of a 9-cm PDA plate and on CLA for macroconidium production. The97
plates were inoculated at 25℃ for 7 d in a incubator for 7 days and the colony morphology and medium color were observed. The98
diameter of colony was measured as well. The shape of the hyphae and conidia of the representative isolates was observed under a99
binocular microscope (Leica DM500, Leica Microsystems (Shanghai) Trading Co., Ltd., Shanghai, China) equipped with a digital100
camera, and the size of conidia was measured. All experiment was repeated thrice.101

2.4. Molecular identification of the pathogen102

To identify the pathogen, targeted DNA sequence amplification and sequencing were performed. Fungal DNA was103

extracted from fresh aerial mycelia grown on PDA plates using a Fungal Genomic DNA Kit (Solarbio Science and Technology104

Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The amplification of translation elongation factor 1 alpha105

(EF-1α) RNA polymerase II encoding the second largest subunit (RPB2), and beta-tubulin (TUB2) (Table 1) was carried out. The106

PCR amplification procedure involved a final volume of 25 μL containing 12.5 μL of 2×Taq Master Mix (Sangong107



Journar of Plant Disease and Protection 4 of 21

Bioengineering Co., Ltd. (Shanghai)), 10 μM of each forward and reverse primer, 100 ng of DNA template, and ddH2O. The108

cycling parameters followed the method described by Choi et al. (2010), including a denaturation step at 94℃ for 10 min109

followed by 35 cycles at 94℃ for 1 min, annealing at 60℃ (TUB2 and EF-1α) or 64℃ (RPB2) for 1 min, and extension at 72℃110

for 1 min, with a final extension step at 72℃ for 7 min and storage at 4℃. The PCR products were visualized on a 1.5% agarose111

gel prepared in 1× TAE using the BIO-RAD Gel Doc X.R.XR + Gel imaging system (BIO-RAD, Hercules, CA, USA), and the112

products were sent to Sangong Bioengineering Co., Ltd. (Shanghai) for sequencing. The measured gene sequences were spliced113

using ContigExpress, and the sequences were then uploaded to the GenBank database in NCBI (http://www.ncbi.nlm.nih.gov) for114

comparative analyses. A phylogenetic tree based on multigene sequences was constructed using the maximum likelihood (ML)115

method with 1000 bootstrap replications according to the method of Sharma and Kumar (2021b) using MEGA 7.0 (Kumar, 2018).116

Evolutionary distances were computed using the Kimura 2-parameter model (Kimura, 1980).117

Table 1. PCR primers for EF-1α, RPB2, and TUB2 gene amplification.118

119
2.5. Biobiological characteristics of ZW0619120

The biological characteristics of the pathogen were investigated by assessing the effects of temperature, light, pH, and121
carbon and nitrogen sources on mycelial growth as described by Zhao et al. (2019) and Zambounis et al. (2020). To determine122
optimal growth conditions, the following experiments were conducted:.123

(1) Effect of temperature on hyphae growth124

Target sequence Primer Primer sequence (5’–3’) Reference

TEF
EF1 ATGGGTAAGGAGGACAAGAC

O'Donnell et al. (1998)
EF2 GGAGGTACCAGTGATCATGTT

RPB2
RPB2-5f2 GCCGTCAACGACCCCTTCATT

O'Donnell et al. (2010)
RPB2-7cr GGGTGGAGTCGTACTTGAGCATGT

TUB2

Bt2a GGTAACCAAATCGGTGCTGCTTTC

Nosratabadi et al. (2018) Glass

and Donaldson (1995)Bt2b ACCCTCAGTGTAGTGACCCTTGGC

http://www.ncbi.nlm.nih.gov/
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The colony edges of ZW0619 after 5 days of incubation were taken useing a 5 mm hole punch, inoculated on new PDA125

plates, and incubated in light incubators at 10, 15, 20, 25, 28, 30, and 35℃, respectively. The mycelial growth was assessed by126

measuring the colony diameter after 5 days.127

(2) Effect of light on hyphae growth128
A 5-mm diameter hole punch was used to punch out the colonie discs to inoculate in the center of the PDA medium, and129

three treatments (24 h of full light, 24 h of full darkness, and 12-h light/12-h dark) were set to determine the optimal lighting130
conditions for mycelial growth. The strains were incubated in new PDA plates and incubated in a constant temperature incubator131
at 25℃ for 5 d.132

(3) Effect of pH on hyphae growth133
To assess the effect of pH on hyphal growth, the pathogen was cultured on PDA plates adjusted to pH 4, 5, 6, 7, 8, 9, and 10134

using hydrochloric acid (1 mol·L-1) or sodium hydroxide (1 mol·L-1) 0.5 cm colonies are inoculated onto plates at different pHs135
and cultured in a constant temperature incubator at 25℃ for 5 d.136

(4) Effects of carbon and nitrogen sources on the growth of the pathogen137
Czapek medium (Czapek medium formula: 3 g sodium nitrate, 1 g dipotassium hydrogen phosphate, 0.5 g magnesium138

sulfate, 0.5 g potassium chloride, 0.01 g ferrous sulfate, 30 g sucrose, 15 g agar/L) was used as the base medium, and the sucrose139
was replaced with the same amount of glucose, lactose, soluble starch, fructose, glycerol or mannitol to make media with different140
carbon sources. A carbon-deficient medium was used as the control. Different nitrogen source media were prepared by replacing141
sodium nitrate in basal medium with equal amounts of ammonium sulfate, glycine, peptone, urea, beef paste, yeast paste or142
ammonium chloride, and a nitrogen-deficient medium was used as a control. A 0.5 cm of the colony was inoculated onto a143
medium containing different carbon sources and nitrogen sources,and the other steps were the same as the pH experiments on the144
growth of the pathogen.145

The colony diameter for the temperature, light, pH, carbon and nitrogen sources tests was measured using the "ten" crossing146
method (Zhu et al. 2022; Chen et al. 2022). Three replicates were performed for each treatment.147

148

2.6. In vitro toxicity tests149

The in vitro toxicity of seven phytochemicals on the pathogen was determined using the mycelial growth rate method (Xing150
et al. 2017). All phytochemicals (Carvacrol, 2-Allylphenol, eugenol, honokiol, magnolol, cinnamaldehyde, geraniol) used in the151
study had purities of ≥95% and were provided by Aladdin Reagent Co., Ltd. (Shanghai, China). The phytochemicals were stored152
at 4℃ until use. Carvacrol, 2-Allylphenol, and eugenol were dissolved in ethanol, while honokiol and magnolol were dissolved in153
dimethyl sulfoxide, and cinnamaldehyde and geraniol were dissolved in acetone. The original solution of each agent was154
gradient-diluted based on the concentration range determined in the preliminary test.155

Based on the concentration range determined in the preliminary test, the original solution of each agent was gradient-diluted.156
On an ultra-clean table, five effective concentrations of test agents were prepared with sterile water (Table 2). Five mL of each157
test phytochemical at various concentrations were added to 45 mL of PDA medium using a pipettor. The mixtures were sterilized,158
cooled to 55℃, and then mixed and shaken to prepare solid PDA plates with varying concentrations of phytochemicals. The water159
with the appropriate concentration of solvents was used as a control and three replicates for each treatment concentration were160
cooled and solidified. Holes were punched at the edge of the pathogen colony with a 5-mm hole punch, transferred to the center of161
the medium with a sterilized inoculation ring, sealed with a sealing film, and incubated at 25℃. After 5 d, the colony diameter for162
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different treatment concentrations was measured using the "+" crossing method, and the mean value and antifungal rate were163
calculated. The rate of inhibition of mycelial growth was determined using formula (1):164

Growth inhibition rate (%) = 100 × (Dc − Dt) / (Dc − 0.5) (1)165
Where Dc is the diameter of the colony on the control plate, 0.5 cm is the diameter of the inoculated mycelial disks, and Dt is166

the diameter of the colonies on plates with different concentrations of phytochemicals. The EC50 (concentration for 50% of the167
maximal effect) values of different phytochemicals were calculated using IBM SPSS analytics (SPSS Inc., Chicago, IL, USA)168
(Mo et al., 2021).169

Table 2. Concentration gradients of the phytochemicals in the virulence assay experiments against ZW0619170
171
172
173
174
175
176
177
178

179

2.7. Data Analysis180

The data were analyzed using Microsoft Excel 2021 (Microsoft Inc., Redmond, MA, USA), and plots were generated using181
OriginPro 2021 (OriginLab Corporation, Northampton, MA, USA). One-way analysis of variance (ANOVA) was conducted using182
DPS v16.0 (Ruifeng Information Technology Co., Ltd., Zhejiang, China), and Tukey’s multi-range test was used to determine183
statistical significance at P < 0.05.184

3. Results185

3.1. Occurrence of root rot in P. cyrtonema Hua and field disease symptoms186

In Guizhou Province, the root rot incidence in P. cyrtonema Hua was found to be more severe during the growth period187
(April to July), with an average incidence of 14%, which could increase up to 20% in severe cases. The rhizome was identified as188
the main site of disease occurrence. During the early stages of the disease, no obvious symptoms were observed on the189
leaves,however, water-stained brown necrotic spots were visible on the belowground roots accompanied by a fishlike smell.190
Under high humidity, white mildew could be observed on the surface of P. cyrtonema Hua Later, serious internal root decay was191
observed, and only residual fibrous vascular bundles with a brown or reddish-brown color remained (Fig. 1A, D). The192
aboveground leaves gradually turned yellow from the outside toward the inside; ultimately leading to the death of the entire plant.193

194

3.2. Pathogenicity test of the strain isolated on P. cyrtonema Hua195

Twenty-two strains were isolated from the rhizomes of P. cyrtonema Hua. The conidia were inoculated in the rhizomes of196
healthy P. cyrtonema Hua plants. After 7 days of inoculation with the ZW0619 strain, the rhizome’s color began to change, and197
after 10 days, brown spots appeared on the surface of the rhizomes.. After 14 days, the surface of the rhizomes began to rot with198
white mycelium, and the symptoms observed were consistent with those in the field, indicating strong pathogenicity. Moreover,199
because of the later lesions on the roots, the rotten parts appeared concave, which is similar to root rot (Fig. 1B, E). While the200
plants inoculated with sterile water showed no symptoms (Fig. 1C, F). According to Koch’s postulate, the pathogens were201

Phytochemicals Concentration Gradient (µg mL−1)
T1 T2 T3 T4 T5

2-Allylphenol 9.375 18.75 37.5 75 150
Eugenol 18.75 37.5 75 150 300
Carvacrol 9.375 18.75 37.5 75 150
Geraniol 18.75 37.5 75 150 300

Cinnamaldehyde 18.75 37.5 75 150 300
Honokiol 9.375 18.75 37.5 75 150
Magnolol 9.375 18.75 37.5 75 150
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sampled again after inoculation, separated and purified. All isolated strains were the same as the original inoculated strain,202
confirming that strain ZW0619 was the causal pathogen of root rot in P. cyrtonema Hua.203

204
Figure 1. Field symptoms and pathogenicity verification. (A, D) Natural field symptoms of root rot in P. cyrtonema Hua. (B, E) Symptoms 2205
weeks after artificial inoculation of the isolate ZW0619. (C, F) Symptoms 2 weeks after artificial inoculation with sterile water.206

3.3. Morphological characterization207

Once the virulence of strain ZW0619 was determined, morphological analyses of its colonies and spores were conducted.208
The colonies were initially milky white and fluffy, which gradually turned pale yellow or pinkish purple, and had a red halo with209
an off-white edge on the reverse side of the PDA plate. There was less hypha in the middle of the plate, while the edge hypha was210
developed (Fig. 2A). The macroconidia, as observed in the fungi culture on CLA, had 2-4 septa and were slender, sickle-shaped,211
or almost straight, with an average size of approximately 24.2-59.7 x 3.6-7.5 μm (n=50) (Fig. 2B). The chlamydospores were212
round and measured 11.8 ± 1.9 µm in size. (Fig. 2D, E).213

214
215

Figure 2. (A) Colony morphology of strain ZW0619 on potato dextrose agar (PDA), (B, C) chlamydospore of strain ZW0619, (D, E)216
macroconidia of strain ZW0619 on septate mycelium, (F–I) macroconidia of strain ZW0619. Scale bars: B, C = 10 μm; D–I = 50 μm.217
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3.4. Molecular identification of the pathogen218

In this study, the RPB2, EF-1α, and TUB2 fragments of the pathogenic fungus were amplified using the isolated and purified219
mycelium as material and genomic DNA as the template. The PCR products were then recovered and sequenced. Sequence220
alignments of RNA polymerase II encoding the second largest subunit (RPB2), the translation elongation factor 1 alpha (EF-1α),221
and beta-tubulin (TUB2) from ZW0619 and a reference strain (obtained from GenBank) were generated (Table 3). A phylogenetic222
tree was constructed based on RPB2-EF-1α-TUB2 (Maryani et al. 2019). Using Fusarium acutatum NRRL 54218 as the outgroup,223
the strain ZW0619 (GenBank accessions: TEF-1α, OP204202; RPB2, OP204203; TUB2, OP292972) and F. commune were224
clustered into a single group with a bootstrap support value of 98% (Fig. 3), which is consistent with morphological and molecular225
identification results.226

227
Figure 3. Best scoring RAxML tree obtained from the combined sequence alignment of rpb2, tef1-α, and β-tubulin of Fusarium spp. Bootstrap228
support values and maximum parsimony posterior probabilities are given at each node based on 1000 bootstrap replicates. Fusarium acutatum229
NRRL 54218 was used as the outgroup. The five-pointed star indicates the new isolate in this study.230

231

Table 3. Reference isolates used in this study and GenBank accession numbers.232

Species Culture Collection
Accession Numbers

GenBank Accession

TEF-1α RPB2 TUB

Fusarium commune ZW0619 OP204202 OP204203 OP292972
Fusarium fujikuroi CBS 257.52 MW402119 MW402812 KU603885
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Fusarium oxysporum B2 MN754062 - MN754078
Fusarium proliferatum M259 KJ555080 - KJ544176
Fusarium graminearum 140/13 KP400720 - KP710664

Fusarium coffeatum CBS 635.76 MN120755 MN120736 -
Fusarium subglutinans CBS 136481 KU711692 KU604282 KU603893
Fusarium mangiferae CBS 119853 MN534016 MN534270 MN534140

Fusarium pseudograminearum CBS 131261 JQ429338 JX162517 -
Fusarium odoratissimum CBS 130310 MH485013 MH485013 MH485104

Fusarium equiseti UP-PA002 MH521297 - MH521296
Fusarium circinatum CBS 405.97 KM231943 MN534252 KM232080
Fusarium oxysporum UP3 MN754063 - MN754079
Fusarium oxysporum U30 MN754061 - MN754077
Fusarium commune gss180 MH341219 - MH341249
Fusarium commune NRRL 28387 AF246832 JX171638 JX171638
Fusarium commune MRC 2566 MH582348 MH582181 -
Fusarium gaditjirri 45417 MN193881 MN193909 -
Fusarium nisikadoi 25179 MN193879 MN193907 -

Fusarium acuminatum NRRL 54218 HM068316 HM068336 -
233

3.5. Biological characteristics of ZW0619234

After being cultured for 5 days under different temperatures, ZW0619 showed a colony diameter of 19.83 mm at 10℃, 28235
mm at 15℃, 45.67 mm at 20℃, 73.67 mm at 25℃, 66.17 mm at 28℃, and 59.33 mm at 30℃ (Fig. 4A). These results236
demonstrate that 25℃ was the most suitable temperature for the growth of ZW0619.. The isolate was able to grow in pH237
conditions ranging from 4 to 11, reaching a maximum colony diameter of 61.33 mm at pH 8, indicating that this was the most238
optimum pH for growth (Fig. 4B). ZW0619 was able to grow on all the tested carbon and nitrogen sources. However, it showed239
the fastest growth on soluble starch and peptone compared to other carbon and nitrogen sources. Soluble starch was the optimal240
carbon source while peptone was the optimal nitrogen source for its growth (Fig. 4C). When exposed to 24 hours of full light, the241
mycelia of ZW0619 showed the most favorable growth (Fig. 5). In summary, the results showed that ZW0619 can grow in a wide242
range of pH and temperature conditions. The strain prefers soluble starch and peptone as carbon and nitrogen sources, and full243
light for growth. These findings provide useful information for the management and control of root rot caused by ZW0619 in P.244
Cyrtonema Hua.245

246
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247

248
Figure 4. Effects of temperature, pH, carbon, and nitrogen sources on mycelial growth of F. commune ZW0619. (A) Colony diameter under249
different temperatures. (B) Colony diameter under different pH values. (C) Colony diameter under different carbon sources. (D) Colony250
diameter under different nitrogen sources. Different lowercase letters indicate significant differences (P < 0.05). Data are presented as mean ±251
S.D. (n = 3).252
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253

Figure 5. Effects of photoperiod on mycelial growth of F. commune ZW0619. Different lowercase letters indicate significant differences (P <254
0.05). Data are presented as means ± S.D. (n = 3).255

3.6. Toxicity of phytochemicals against F. commune ZW0619256

Figure 6 and Table 4 present the inhibitory activity of seven phytochemicals (2-allylphenol, eugenol, carvacrol, geraniol,257

cinnamaldehyde, magnolol, and honokiol) on the mycelial growth of F. commune ZW0619. . Regression analyses showed a258

positive correlation between concentration and pathogen growth inhibition with R2 values close to 1,indicating that all equations259

were reliable.. The results showed that the phytochemicals had different levels of inhibitory effects on the pathogen. Honokiol >260

magnolol > 2-allylphenol > carvacrol > eugenol > cinnamaldehyde > geraniol exhibited decreasing antifungal activities..261

Honokiol, magnolol, 2-allylphenol, and carvacrol showed a clear inhibitory effect on F. commune with EC50 values below 100262

mg/L. The EC50 value for Honokiol was 8.2628 ± 0.27 mg/L. Eugenol and cinnamaldehyde also exhibited a certain inhibitory263

effect,, with the EC50 values of 107.5953 ± 0.19 and 150.5492 ± 0.14 mg/L, respectively. The antifungal effect of geraniol was264
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relatively weak with an EC50 value of 260.7979 ± 0.18 mg/L. Therefore, honokiol exhibated the potential to control root rot in P.265

cyrtonema Hua.266

In conclusion, the results provide valuable information on the inhibitory effects of different phytochemicals on the root rot267
pathogen in P. Cyrtonema Hua. The findings demonstrate that honokiol, magnolol, 2-allylphenol, and carvacrol can be used to268
control root rot, with honokiol exhibiting the highest antifungal activity. These results offer important insights into the269
development of natural and environmentally friendly treatments for root rot disease in crops.270

271
Figure 6. Mycelial growth inhibition of Fusarium commune ZW0619 after the application of different phytochemicals at various concentrations,272
with fungicide-free plates (C.K.) as the control.273

Table 4. Toxicities of different phytochemicals against Fusarium commune.274

Active Ingredients of
Biological Fungicides Regression Equation EC50 (µg mL−1) r 95% Confidence Intervals

2-Allylphenol y=0.0463+2.8861x 52.0474±0.12 0.9588 38.3701–70.6000
Eugenol y=0.7333+2.1000x 107.5953±0.19 0.9861 74.6016–155.1810
Carvacrol y=0.3541+2.6311x 58.3143±0.44 0.9464 41.5224–81.8969
Geraniol y=3.5617+0.5953x 260.7979±0.18 0.9524 61.2590–1110.2953

Cinnamaldehyde y=0.0084+2.2922x 150.5492±0.14 0.9835 100.3333–225.8977
Honokiol y=4.0944+0.9874x 8.2628±0.27 0.9727 2.2854–29.8734
Magnolol y=1.5534+2.0305x 49.8209±0.23 0.9667 34.7621–71.4030
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Each value indicates the mean ± S.D. of three replicates; X and Y represent the phytochemical concentrations and growth inhibition rate for275
active ingredients, respectively.276

4. Discussion277

Polygonatum (Huangjing in Chinese) is a wildly used multi-purpose material in food and medicine (Hu et al. 2022).278
However, severe root rot has been reported, in recent years, causing rhizome rot and plant death in severe cases, leading to a279
significant impact. on the quality and yield of the plant. The root rot is caused by various soil-borne pathogens,. One of the most280
important pathogens is Fusarium(division Ascomycota), which has a wide range of hosts, including corn, soybean, and wheat281
crops, as well as horseradish (Yu and Babadoost 2013). Furthermore, Fusarium sp. has wide geographic and host ranges (Al-Sadi282
et al. 2014; Rahman and Punja 2005; Stefańczyk et al. 2016; Parikh 2018). To the best of our knowledge, this is the first report of283
F. commune causing root rot in P. Cyrtonema Hua. These findings provide important insights for the management and control of284
root rot in P. Cyrtonema Hua and other susceptible crops.285

F. commune has various modes of transmission, including through chlamydospores and macroconidia that can be carried by286
air, rain, and insects (Husna 2020; Yang et al. 2022; Heck 2018; Chen et al. 2021; Shimwela et al. 2016). Additionally,287
environmental and nutritional factors, such as temperature, pH, carbon and nitrogen sources, and light, can significantly affect the288
pathogen infection (Moreno-Amores et al. 2020; Alves et al. 2017; Liu et al. 2017; Anja et al. 2021). However, knowledge of the289
biological characteristics of F. commune is limited. Previous studies have s reported that the optimal growth temperature for290
related pathogens, such as Fusarium meridionale, Fusarium poae, and Fusarium graminearum, is 25℃ (Rybecky et al. 2018;291
Nazari et al. 2018; Chen et al. 2022b). Our results are in consistent with those findings. Moreover, Zhao et al. (2019) reported that292
F. graminearum grows best in a neutral or alkaline medium. Similarly, the current study found that mycelia grew fastest at pH 8.293
These findings can help to develop optimal environmental conditions for growth and control measures for F. commune in P.294
Cyrtonema Hua and crops susceptible to this pathogen..295

The carbon source can also have an impact on the secondary metabolism of Fusarium. Achimón et al. (2019) demonstrated296
that carbon sources affect the secondary metabolism of Fusarium verticillioides, a pathogen that infects maize, whilth starch297
promoting fungal growth. In this study, mycelia grew in all the carbon sources tested, and the fastest growth was observed in the298
medium with soluble starch as a carbon source. Similar to our findings, Fusarium avenaceum and F. graminearum were reported299
to grow fastest in medium with soluble starch as a carbon source (Tang et al. 2022; Chen et al. 2022b). The types of carbohydrates300
used as an energy source may influence the production, liberation, and germination of zoospores outside the root and oospore301
formation inside the root (Papavizas and Ayers 1964). Further research is required to determine how various carbon sources affect302
pathogen growth. These findings could provide insight into the management and control of root rot in P. Cyrtonema Hua and303
other crops affected by F. commune.304

The effect of nitrogen on plant resistance to pathogens can vary, as increasing nitrogen has been reported to either increase or305
decrease plant resistance depending on the pathogen's infection strategy (Mur et al. 2017). Typically, during infection, pathogens306
use available nutrient sources for growth while evading or tolerating host defenses (Boyce et al. 2015). In our study, we observed307
that F. commune grew fastest in peptone and slowest in urea. Therefore, urea can be used as a nitrogen fertilizer for P. Cyrtonema308
Hua plants, providing nutrients to the plant and potentially slowing down the growth of F. commune. These findings could309
contribute to the development of integrated pest management strategies that include optimizing nitrogen sources to promote plant310
growth while limiting the negative impact of F. commune on plant health.311

Photoperiod is a critical environmental factor that can influencethe growth and pathogenesis of plant pathogens312
(Rasiukevičiūtė et al. 2021; Costa et al. 2021; Macioszek et al. 2021). In our study, we observed that full light was beneficial for313
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the growth of the F. commune ZW0619 mycelia. Studies have shown that that F. oxysporum hyphae can grow under alternating314
light and dark periods (Shao et al. 2014). Tang et al. (2022) found that an alternating cycle of 8 h of light and 16 h of dark is315
beneficial for the growth of F. avenaceum hyphae. However, Costa et al. (2020) did not observe a significant difference in the316
germination and growth of F. fujikuroi under different light and dark conditions. Hence, the response of mycelial growth to317
photoperiod could be widespread among Fusarium spp. These findings suggest the importance of considering photoperiod as a318
factor in the development of management strategies for Fusarium related plant diseases. Chemical fungicides are commonly used319
as the main control measure for plant pathogens (Tang et al. 2022; Chen et al. 2022c). However, their improper use can pose320
safety hazards. Long-term use of chemical fungicides can also lead to pathogen resistance, further complicating disease321
management (Romanazzi et al. 2016; Chaves et al. 2022; Choi et al. 2017). In recent years, there has been increasing attention to322
the potential health risks associated with synthesized fungicides, (Valcke et al. 2017; Gonçalves et al. 2021; García-Machado et al.323
2022). As an alternative to synthetic fungicides, biological agents, such as phytochemicals, have emerged as a sustainable and324
environmentally friendly option that complies with integrated pest management and organic farming regulations (Zhang et al.325
2020; Lamichhane et al. 2016). Therefore, the expanded use of phytochemicals to control pathogens is an important goal. In this326
study, inhibitory effects of seven phytochemicals against F. commune ZW0619 based on mycelial growth rate were studied. with327
four phytochemicals found to have notable antifungal effects, and honokiol demonstrating the strongest in-hibition (EC50 = 8.2628328
± 0.27 mg/L). Essential oils are aromatic substances extracted from plants, with terpenes and their oxides, as well as329
sesquiterpenes, being the main components. Moreover, aldehydes, alcohols, and phenolic compounds have shown certain330
antifungal activities in previous studies (Xie et al. 2017; Lee et al. 2010). Phytochemicals have a low risk of resistance331
development and high antifungal activity, and are considered safe and environmentally friendly..Honokiol has been found to332
inhibit other fungi, such as Alternaria alternata and Rhizoctonia solani (Chen et al. 2019; Yan et al. 2020; Wang et al. 2022).333
However, as this was a laboratory experiment, further research is needed to verify the field control effect of these phytochemicals334
against plant pathogens. Additionally, the antifungal mechanisms of these phytochemicals require further investigation.335

5. Conclusion336

In this study, the causative agent of P. cyrtonema Hua root rot was identified as F. commune based on morphological337
identification, molecular biological characteristics, and pathogenicity tests. This is the first report of F. commune as a causative338
agent for root rot of P. cyrtonema Hua. The biological characteristics of F. commune ZW0619 were studied, and the inhibitory339
effects of seven phytochemicals on the growth of F. commune ZW0619 were evaluated. These findings enhance our340
understanding of the factors contributing to P. cyrtonema Hua root rot and hold significant implications for the prevention and341
control of this diease.342
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