Pre prints.org

Article Not peer-reviewed version

Diversity, Pathogenicity, and Biological
Characteristics of Root Rot Pathogens
from Lycium barbarum L.

Yongbao Zhao, Lingshan Wang , Kaifu Zheng , Chengwen Zheng, Lijie Liu, Hexing Qi .
Posted Date: 29 September 2025
doi: 10.20944/preprints202509.2297v1

Keywords: Gouqi; root rot; Fusarium fungi; diversity; pathogenicity; biological characteristics

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of
(=] Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3572037

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2025 d0i:10.20944/preprints202509.2297.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Diversity, Pathogenicity, and Biological
Characteristics of Root Rot Pathogens from Lycium
barbarum L.

Yongbao Zhao !, Lingshan Wang !, Kaifu Zheng 2, Chengwen Zheng 2, Lijie Liu !
and Hexing Qi 1*

1 College of Agriculture and Animal Husbandry, Qinghai University, Qinghai, Xining, 810016
2 Qinghai University, Qinghai, Xining, 810016
* Correspondence: author. E-mail: ghx390495559@126.com. Tel: 86971-5318437

Abstract

Lycium barbarum L. is an important economic crop in Qinghai province, China. However, root rot
seriously reduces the economic results of L. barbarum. Here, we collected the diseased L. barbarum
roots from Nuomuhong Farm of Haixi Mongolian and Tibetan Autonomous Prefecture, Qinghai
Province, China, to clarify the diversity, pathogenicity, and biological characteristics of its root rot
pathogens. A total of 125 isolates were collected, and based on morphological characteristics and
rDNA-ITS, TEF-1a, and RPB2 gene sequence analysis, they were identified as Fusarium equiseti, F.
avenaceum, F. solani, F. citri, F. acuminatum, F. culmorum, F. sambucinum, F. incarnatum, F. oxysporum, F.
tricinctum, Microdochium bolleyi, and Clonostachys rosea. These fungi were used to inoculate the roots
of 1-year-old L. barbarum seedlings using scratching and root-irrigation inoculation methods, and all
isolates caused root rot. The lethal temperatures were 50°C for F. acuminatum, F. sambucinum, and F.
culmorum; 55°C for F. equiseti, C. rosea, M. bolleyi, F. avenaceum, F. citri, F. incarnatum, and F. tricinctum;
and 65°C for F. solani, and F. oxysporum. The best media for the 12 pathogen species were potato
dextrose agar, mung bean soup culture, and carnation leaf piece agar. The optimum carbon sources
were sucrose, dextrin, and soluble starch, and the optimum nitrogen sources were beef extract,
peptone, and yeast extract. This is the first report that M. bolleyi, F. avenaceum, and F. citri cause root
rot in L. barbarum. Moreover, our findings provide a theoretical foundation for root rot management
in the future.
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1. Introduction

“Gougqi” is the common name for Lycium barbarum L., which belongs to the Solanaceae family is
a medicinal plant with a long history of use in traditional Chinese medicine [1]. The Lycium genus
comprises approximately 70 species that vegetate in separate and distinct regions distributed from
the temperate to the subtropical regions of Eurasia, North America, South America, southern Africa,
and Australia [2]. In China, there are seven species and two varieties of the genus Lycium, four of
which have been used by different ethnic groups. Only L. barbarum and L. chinense have been
transformed into globally traded commodities. Lycium barbarum berries are red or orange-yellow and
oblong or ovoid [3], and the morphological characteristics of L. chinense are similar to those of L.
barbarum. The term Chinese-cultivated Gougi generally refers to L. barbarum, which has a long history
of traditional use. In Northern and Central China, it has been used in traditional medicine for 2000
years to promote longevity, vision, and wellness. Since the Tang Dynasty, L. barbarum has been noted
for its traditional health benefits, such as nourishing the yin, strengthening the liver and kidney, and
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sustaining the blood [4,5]. Modern studies have found that L. barbarum also has anti-aging, immuno-
modulation, anti-cancer, and anti-fatigue. Traditional Chinese medicine makes use of both the root
bark (Digupi) and fruit (Gougqizi), moreover, fruit is well known in traditional Chinese herbal
medicine and has been widely used as a popular functional food [6]. The utilization of its leaves and
seeds has also been mentioned in a few medicinal books [7]. The nutritional effects of L. barbarum are
mainly due to its rich content of compounds such as polysaccharides, flavonoid polyphenols,
carotenoids, and alkaloids [8,9]. Therefore, the demand for Gougqi and its price are increasing in
China.

Fusarium species, which are part of the Nectriaceae family in the Hypocreales order within the
Ascomycota phylum, are widely distributed across environments such as air, water, soil, plants,
insects, and organic substrates. This genus encompasses over 200 species grouped into 22 species
complexes [10]. The name Fusarium was coined by Fries in 1821, and its species are recognized as one
of the most important pathogens in agriculture and horticulture, infecting a variety of crops [11]. In
addition, this genus of pathogenic fungi is known in the food industry [12]. Fusarium species are
major soil-borne pathogens. In China, they are common in the northwest, southwest, central, and
southeast regions. They cause economic losses by limiting crop growth and yield and pose a threat
to food safety and human health by producing fungal toxins, such as trichothecene, fumonisins, and
zearalenone [13-16]. Of the top 10 pathogenic fungi in molecular plant pathology in 2012, F.
graminearum and F. oxysporum ranked fourth and fifth, respectively, indicating that Fusarium fungi
have a strong destructive effect as plant pathogens [17]. Fusarium species cause many diseases. For
example, F. graminearum and F. verticillioides cause ear rot in Zea mays; Fusarium solani causes collar
rot in Pisum sativum [18]. Fusarium oxysporum causes Fusarium wilt in banana, having a serious impact
on banana production worldwide [19]. Fusarium graminearum causes Fusarium head blight on
Triticum aestivum [20]. Fusarium fujikuroi causes rice bakanae disease [21], and F. graminearum causes
Z. mays stalk rot [22]. Moreover, Fusarium species interact with other plant pathogens, and mycotoxin
accumulation plays an important role in disease outbreaks [23].

Microdochium bolleyi typically resides endophytically in plant roots, especially in herbaceous
plants, and is abundant in the roots of coastal herbaceous plant species along the Pacific Northwest
coast of the United States [24]. Microdochium bolleyi primarily colonizing the roots of cereals and
grasses, including T. aestivum and Hordeum vulgare, suppresses some plant pathogens affecting
cereals. The formation of typical chlamydospore clusters, which are visible under light microscopy,
in colonized plant cells makes this endophytic fungus an excellent model organism for studying
plant-endophyte interactions [25]. However, some studies have shown that M. bolleyi causes crown
and root rot in grasses, such as T. aestivum and H. vulgare [26], and is associated with basal rot of
Agrostis stolonifera [27] and root rot in Linum usitatissimum [28]. Therefore, M. bolleyi is generally
considered a commensal or weak pathogen [24].

Clonostachys rosea is a filamentous fungus with a widespread distribution across a range of
habitats [29]. Clonostachys rosea is a potent biocontrol agent against F. oxysporum, using
mycoparasitism and its bioactive metabolites [30], and reduces the severity of diseases caused by soil-
and seed-borne pathogens [31]. However, C. rosea can also cause root rot and was first reported on
Glycine max in the United States [32]. It can also cause stem end rot of Actinidia chinensis [32] and root
rot of naked H. vulgare var. nudum, Xanthoceras sorbifolium [34], G. max [35], Allium sativum [36], and
Astragalus membranaceus [37].

Root rot is one of the most common diseases affecting L. barbarum, seriously affecting its quality
and posing a huge threat to local economic development. In the early stages of the disease, the roots
swell, intensifying in the middle stage with a small amount of defoliation. In the later stage, the roots
rot and show reddish brown and the plants shed many leaves until they wither and die. In the main
L. barbarum cultivation areas, the root rot incidence can reach 50%, resulting in serious yield and
income reduction, hindering the development of the L. barbarum industry [38]. Fusarium species have
been reported as the main pathogens causing root rot in L. barbarum [39]. Our investigation into root
rot of L. barbarum in Qinghai Province from 2022 to 2023 revealed that root rot caused by Fusarium
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commonly occurred. The objectives of this study were to determine the phylogenetic diversity,
morphological characteristics, and pathogenicity of isolates to L. barbarum and to clarify their
biological characteristics to provide a foundation for comprehensive disease control.

2. Materials and Methods
2.1. Collection Site

Gougi root rot samples were collected from Nuomuhong Farm (96° 14’ 59.95"-96° 30’ 37.46" E,
36°24'20.21"-36° 26" 45.66" N), Dulan County, Haixi Mongolian and Tibetan Autonomous Prefecture,
Qinghai Province, China, at an altitude of 2800 m. The area covers 130,000 acres, with a low annual
rainfall of 43.5 mm, strong solar radiation, and more than 3100 h of sunshine per year. The average
annual temperature is 4.9°C, with distinct differences between day and night, and the annual
maximum and minimum temperatures are 35.8 and -31°C, respectively. The frost-free period is 70
days [40]. The soil type is gray-brown desert soil and sandy soil, which is highly suitable for Gougqi
growth. On the farm, the Gougqi planting area is approximately 80,000 acres, which is the largest
Gougi planting area in Qinghai Province. In this study, 36 samples showing root rot were collected
in July and August 2022 and 2023 from 12 sites on the farm.

2.2. Media Used in the Study

Potato dextrose agar (PDA) [24] (200 g of potato, 20 g of glucose, 18 g of agar, and distilled water
to a volume of 1000 mL) was used to preserve, activate, and observe the morphological characteristics
of fungi. For isolations, 2% water agar (2% WA) medium (20 g of agar and distilled water to a volume
of 1000 mL) was used. The following media were used to evaluate the biological characteristics: carrot
agar (CA) medium (200 g of carrot, 20 g of glucose, 20 g of agar, and distilled water to a volume of
1000 mL), carnation leaf-piece agar (CLA) medium (14.4 g of agar, distilled water to a volume of 1000
mL, and carnation leaves), complete (CM) medium (6 g of yeast extract, 3 g of enzymatic casein, 3 g
of acid-hydrolyzed casein, 10 g of sucrose, 900 uL of dd H20, and distilled water to a volume of 1000
mL), mung bean soup culture (MB) medium (20 g of mung beans and distilled water to a volume of
1000 mL), and Czapek (Czapek-Dox) medium (3 g of sodium nitrate, 1 g of dipotassium hydrogen
phosphate, 0.5 g of magnesium sulfate, 0.5 g of potassium chloride, 0.01 g of ferrous sulfate, 30 g of
sucrose, 20 g of agar, and distilled water to 1000 mL).

2.3. Isolation, Purification, and Preservation of Pathogenic Fungi

To isolate the fungi, root pieces (approximately 0.5 cm) were obtained with sterile scissors from
the junction of infected and healthy tissues. They were surface-disinfected with 3% NaClO for 1.5
min and washed 3 times with sterile water. The disinfected pieces were dried and placed on 2% WA
plates in an incubator at 25°C for 2 days. After the root surface became moldy, abundant
conidiophores and conidia formed. Conidia were placed into sterile water with a pipette to prepare
a spore suspension. Then, 200 pL of the spore suspension was spread on the surface of a 2% WA plate
and placed in an incubator at 25°C for 12 h. Single spores were selected under a stereomicroscope
and cultured on PDA. A total of 125 isolates were collected from rotted roots. Fungal isolates were
cultured on PDA at 25°C, maintained on filter paper, and stored at ~20°C for long-term conservation
[41].

2.4. Pathogen Identification
2.4.1. Morphological Identification

Colony and conidia morphology were observed, and isolates were identified according to the
Fusarium Laboratory Manual [42]. Representative single spore isolates were used to inoculate a PDA
plate and cultured for 5 days, and a mycelial block with a diameter of 5 mm was placed on a PDA
plate. After 7 days of culture in an incubator at 25°C, the diameter was measured using the cross
method. Each isolate was tested three times. Conidia were used to make temporary slides, and
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conidial morphology was observed under a 40x optical microscope (OLYMPUS IX71, Olympus,
Tokyo, Japan). To characterize conidial morphology, the length and width of at least 30 conidia per
isolate were observed under a light microscope and measured with Image-Pro Plus version 6.0.0
software (Media Cybernetics, Silver Spring, MD, USA). The length of a conidium from apex to base
was defined as the conidial length, and the widest part of each conidium was defined as the conidial
width.

2.4.2. DNA Extraction, PCR, and Sequencing

Genomic DNA was extracted from vegetative mycelia using the cetyltrimethylammonium
bromide protocol [43]. DNA amplification was performed for the DNA sequences of the nuclear
ribosomal internal transcribed spacer (rDNA-ITS), the translation elongation factor 1-alpha (TEF-1a),
and the RNA polymerase Il gene (RPB2). The PCRs were performed in 25-puL mixtures with 1 pL of
genomic DNA, 12.5 puL of 2x Taq PCR Master Mix (Biomed, Beijing, China), and 10 pM of each primer.
The following PCR primers were used: rDNA-ITS amplification primers, ITS1 (5'-
TCCGTAGGTGAACCTGCGG-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3") [44,45]; TEF-1a
gene amplification primers, EF-1 (5'-ATGGGTAAGGARGACAAGAC-3), EF-2 (5-
GGARGTACCAGTSATCATGTT-3") [46,47]; and RPB2 gene amplification primers, RPB2-5F (5'-
GAYGAYMGWGATCAYTTYGG-3'), RPB2-7CR (5-CCCATRGCTTGYTTRCCCAT-3’) [48]. DNA
sequencing was performed at Tsingke Biological Technology Company (Beijing, China).

2.4.3. Phylogenetic Analysis

The phylogenetic tree was constructed with reference to Swofford [49]. DNA sequences were
aligned with an online version of MAFFT (https://mafft.cbrcjp/alignment/software/), and the
alignment was manually adjusted using MEGA version 6.0.6 (Tokyo Metropolitan University, Tokyo,
Japan). Maximum parsimony trees were constructed using PAUP* version 4.0 alpha for all datasets,
and they were generated by heuristic searches with Alternaria alternata (GenBank accession number
CBS 130263), as a reference taxon and 1000 bootstrap replicates. The sequences of the 21 reference
strains were downloaded from the NCBI database. The NCBI accession numbers of 125 pathogens
were PV592419-PV592543 for the ITS sequences, PV567778-PV567888 for TEF-1a, and PV595151—
PV595275 for RPB2.

2.5. Pathogenicity Assays

All isolates were cultured on PDA plates at 25°C for 5 days, and a pathogenicity test was
performed by inoculating the roots of 1-year-old L. barbarum seedlings with conidial suspensions at
a concentration of 1 x 106 per mL in 0.025% Tween 20. Two inoculation methods, scratching and root-
irrigation inoculation, were used to determine the pathogenicity of isolates to L. barbarum. For the
scratching inoculation method, the root epidermis was evenly pierced with a sterile inoculation
needle, and a 10 pL conidial suspension was used to inoculate each wound. Inoculated roots were
incubated in a humid and dark chamber at 25°C for 14 days. For the root-irrigation inoculation
method, the L. barbarum root epidermis was pierced, and a 15 mL spore suspension was poured into
each pot to irrigate the roots. Inoculated plants were incubated in a humid and dark chamber at 25°C
for 24 h and moved to a greenhouse with a 12-h light/12-h dark photoperiod for 30 days. Sterile water
was used as a control. The pathogenicity test was repeated three times for each isolate.

2.6. Biological Characteristics of Pathogens
2.6.1. Effects of Different Media
PDA, CA, CLA, CM, and CB media 50 were used to investigate their effects on mycelial growth.

A 5-mm diameter mycelial plug was transferred to the center of each medium and incubated at 25°C
in an incubator for 7 days. Each isolate was repeated three times.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2297.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2025 d0i:10.20944/preprints202509.2297.v1

5 of 22

2.6.2. Effects of Temperature

To determine the effect of temperature on mycelial growth, 5-mm diameter mycelial plugs of
the isolates were incubated at different temperatures (35, 40, 50, 55, 60, 65, and 70°C) for 10 min and
incubated at 25°C in an incubator for 7 days. Each isolate was repeated three times.

2.6.3. Effects of pH

To determine the effect of pH on mycelial growth, PDA media were adjusted with 0.1 M HCl
and 0.1 M NaOH to obtain pH values of 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0 [50,51]. A 5-mm
diameter plug was placed in the center of a PDA plate and incubated at 25°C in an incubator for 7
days. Each isolate was repeated three times.

2.6.4. Effects of Carbon and Nitrogen

Czapek-Dox medium was used as the basic medium to determine the utilization of nitrogen and
carbon sources [50]. In the media, 20 g of sucrose was replaced with 20 g of soluble starch, maltose,
glucose, dextrin, cellulose, mannitol, lactose, fructose, and xylose to determine the effects of different
carbon sources on growth. Furthermore, 4 g of sodium nitrate was replaced with 4 g of beef extract,
peptone, yeast extract, urea, potassium nitrate, ammonium nitrate, ammonium chloride, and sodium
nitrate to determine the effects of different nitrogen sources on growth. A 5-mm diameter mycelial
plug was transferred to the center of each carbon source medium and nitrogen source medium, and
plates were incubated at 25°C in an incubator for 7 days. Each isolate was repeated three times.

2.7. Data Processing

Microsoft Excel worksheet was used for data integration, IBM Statistics SPSS 20.0 software was
used for one-way ANOVA, and Duncan's multiple range test was used to test the significance of
differences.

3. Results
3.1. Field Symptoms of Gouqi Root Rot and the Diversity of Pathogenic Fungi

The incidence of Gougi root rot at Nuomuhong Farm, Dulan County, Haixi Mongolian and
Tibetan Autonomous Prefecture, Qinghai Province, China, was serious, with an incidence rate of 10—
50%. The leaves on the ground were yellow, and some of the Gougqi leaves fell off (Figure 1B). The
epidermis near the roots fell off, and the branches and main stems turned white and dry. The main
roots of the underground part were short, and the number of roots was reduced. The fibrous roots
were short and thin, and main and fibrous roots were rotted (Figure 1C).
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Figure 1. Symptoms of root rot disease on L. barbarum in the field: A, healthy Gougqi; B, diseased Gougqi; and C,
rotted roots of Gougqi.

A total of 125 pathogenic fungi were isolated from 36 root samples of cultivated Gouqi and
identified using morphological and molecular biology techniques. There were 34 F. equiseti, 22 C.
rosea, 14 M. bolleyi, 12 F. solani, 11 F. acuminatum, 8 F. sambucinum, 6 F. avenaceum, 6 F. citri, 5 F.
incarnatum, 3 F. culmorum, 2 F. oxysporum, and 2 F. tricinctum isolates, with separation frequencies of
27.2,17.6,11.2, 9.6, 8.8, 6.4, 4.8, 4.8, 4.0, 2.4, 1.6, and 1.6%, respectively. Among them, F. equiseti, C.
rosea, and M. bolleyi were the dominant pathogens, and F. avenaceum, F. citri, F. incarnatum, F.
culmorum, F. oxysporum, and F. tricinctum were rare.

3.2. Morphology and Phylogenetic Analysis of Root Rot Pathogens

The morphological characteristics of the 125 pathogens were observed (Figure 2; Table 1).
Fusarium equiseti colonized the whole plate in 7 d and produced pale yellow colony. Microconidia
were sparse and measured 11.56 + 1.46 x 3.85 + 0.56 um. Macroconidia were slightly curved with 1-5
septa and were 26.44 + 2.14 x 5.69 + 1.43 um in size. Its chlamydospores were 16.34 + 1.58 x 14.15 +
2.08 um in size.
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Figure 2. Morphological characteristics of root rot pathogens of Gougi: A, colony morphology of original isolates;
B, colony morphology of re-isolated isolates from infected roots after artificial inoculation; C, conidiophores; D,
conidia; and E, chlamydospores.

Table 1. Conidia length and width of twelve species of root rot pathogens from L. barbarum (um).

E. E. F. E. F.

Types E. M. E. . F. F.
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rosea inatu buci mnac citri natu poru
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m num  eum m m

¢ mic 1156 7.04+ 955+ 7.63+ 8.82+ 7.72+ 824+ 722+ 1320
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o roc 146 041x 204x 091x 1.65x 1.36x 1.56x  1.12x  +2.16
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26.44 39.09 20.16 34.75 464 30.84 30.02 3799 33.68 33.97
mac +2.14 +4.63 +3.02 538 5+4. 4541 +£1.51 196 +221 +4.95
roc‘ x5.69 x7.07 x4.79 x756 96x x572 x6.17 x8.97 x114 x7.17
Ofu +1.43 +1.21 +0.88 +1.20 574 +1.02 +1.07 046 504 +1.34
diu +1.5 2
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4
16.34 11.38 11.28 15.74 13.07 13,12 not 11.32 13.06 13.77 1391 14.76
chlamyd +1.58 225 +146 +2.02 +2.15 +3.80 fou 210 348 271 +1.36 +4.45
x14.1 x124 x8.00 =141 x12.8 x nd x10.5 x16.7 x11.9 x12.7 x13.5
ospore 5+2.0 5+2.0 059 9+19 4+1.2 945+ 7829 325 1£1.7 7+¢1.6 6122
8 2 0 3 2.15 3 4 9 8 5

Clonostachys rosea formed a white mold, the hypha was colorless with septa, and conidiophores
were broom-shaped. Conidia colorless, round or oval, no septum, 7.04 + 0.41 x 4.36 + 0.37 pm in size,
and chlamydospores were 11.38 +2.25 x 12.45 + 2.02 um in size.

Microdochium bolleyi produced few aerial mycelia, and the middle of the colony was orange. It
produced a large number of conidia that were colorless and slightly curved. Conidia were produced
laterally on the conidiophore, about 9.55 + 2.04 x 3.39 + 0.78 um in size, and chlamydospores were
11.28 £1.46 x 8.00 = 0.59 um in size.

The aerial mycelium of F. solani had weak growth, producing less mycelia. The mycelia were
white in the early stage and produced red, purple, or blue pigments in the later growth stage. It
produced many macroconidia and microconidia. Macroconidia were colorless, with 1-4 septa, and
were 39.09 +4.63 x 7.07 + 1.21 pum in size. Microconidia were ovate to round and single-spored, with
a size of 7.63 + 0.91 x 4.7 + 0.68 um. Chlamydospores were round or oval, with a size of 15.74 +2.02 x
14.19 £ 1.90 pm.

Fusarium acuminatum produced abundant, dense aerial hypha that was rose red and had a slow
growth rate. Macroconidia were colorless and falciform, had 1-3 septa, and were 20.16 + 3.02 x 4.79 +
0.88 um in size. Microconidia were hyaline, had 0-1 septa, and were 8.82 + 1.65 x 4.32 + 0.83 um in
size. Chlamydospores were 13.07 +2.15 x 12.84 + 1.23 um in size.

The mycelia of F. sambucinum were loose, covered the dish in 7 days, and was light orange near
the center. Macroconidia were fascicled, had 14 septa, and were 34.75 + 5.38 x 7.56 + 1.20 um in size.
Microconidia were colorless, had 0-1 septa, and were 7.72 + 1.36 x 422 + 0.92 pm in size.
Chlamydospores were 13.12 + 3.80 x 9.45 = 2.15 yum in size.

The aerial hyphae of F. avenaceum were villous and pale red, and macroconidia were thin at both
ends and wide in the middle, 46.45 + 4.96 x 5.74 + 1.54 um in size, and had 1-7 septa. Conidiogenous
cells arose laterally, and were phialidic and slender. Chlamydospores were not found.

Fusarium citri grew abundant, dense pale-yellow mycelia. Its macroconidia were colorless and
laterally on conidiophores, with 1-5 septa. The tip of macroconidia was curved, and they were 30.84
+5.41 x5.72 +1.02 um in size. Microconidia were rare. Chlamydospores were round or oval and were
11.32 £2.10 x 10.57 £ 2.93 um in size.

Fusarium incarnatum grew fast and had dense hyphae, and the surface was dark yellow.
Macroconidia were colorless and 30.02 +1.51 x 6.17 + 1.07 um in size and had 1-5 septa. Microconidia
were rare. Chlamydospores were 13.06 + 3.48 x 16.73 + 2.54 um in size.

The aerial hypha of F. culmorum was sparse, and the colony was red. The top and bottom sides
of the colony were initially dark red in the middle, surrounded by light red, and the dish was covered
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after 7 days. Macroconidia were pale yellow or colorless, with 1-4 septa, and were 37.99 +1.96 x 8.97
+0.46 um in size. Microconidia were colorless, ovoid, and 8.24 + 1.56 x 4.43 + 1.14 um in size and had
0-2 septa. Chlamydospores were round or ovoid and 13.77 +2.71 x 11.91 £ 1.79 um in size.

The aerial hyphae of F. oxysporum were panniform and grew fast. The colony was light purple
in the middle. Microconidia were rich, colorless, 7.22 + 1.12 x 3.26 + 0.70 um in size, and had 0-1
septum. Macroconidia were colorless, 33.68 = 2.21 x 11.45 + 0.42 um in size, and had 14 septa.
Chlamydospores were 13.91 +1.36 x 12.77 = 1.68 um in size.

Fusarium tricinctum had white flocculent mycelia that covered the dish in 7 d. Its macroconidia
were colorless, falciform, and slightly curved, with 1-5 septa, and were 33.97 +4.95 x 7.17 + 1.34 um
in size. Microconidia were limoniform, oval, or pyriform, with 0-1 septa, and were 13.20 +£2.16 x 4.52
+ 1.44 um in size. Chlamydospores were 14.76 + 6.45 x 13.56 + 2.25 um in size.

Values are presented as the mean * standard deviatioThe single most parsimonious trees were
generated from the combined sequences of DNA-ITS and RPB2 genes (Figure 3), as the TEF-1a gene
of M. bolleyi was not amplified using the primers used in this study, and individual rDNA-ITS, TEF-
la, and RPB2 genes from 125 isolates (Figures S1-S3). A total of 22 strains published in the NCBI
database were used as reference strains (gray characters in Figures 3 and S1-53). Overall, the trees in
each phylogeny had the same topology, and 11 or 12 clades with high bootstrap values were resolved
in the phylogenies inferred for F. equiseti, C. rosea, M. Bolleyi, F. solani, F. acuminatum, F. sambucinum,
F. avenaceum, F. citri, F. incarnatum, F. culmorum, F. oxysporum, and F. tricinctum. In total, 22 isolates
and 2 control strains (SJ123 and SJ62) clustered in the C. rosea clade, and 11 isolates and 2 control
strains (NRRL5 4212 and NRRL 54214) clustered in the F. acuminatum clade. P612A, P415, P612B, and
P111 clustered in the F. culmorum clade; N131 and GQ421 in the F. oxysporum clade; and GQ42 with
control isolates CBS 110262, CBS133023, and CBS 25350 in the F. tricinctum clade. Five isolates and
two control strains (CBS 132194 and CBS 133024) clustered in the F. incarnatum clade, and six isolates
and two control strains (CBS 12173 and NRRL 54939) clustered in the F. avenaceum clade. Five isolates
and two control strains (CBS 130905 and NRRL 25084) clustered in the F. citri clade, and nine isolates
and two control strains (CBS 14695 and QJ 20911) clustered in the F. sambucinum clade. Thirty-four
isolates and two control strain (CBS 18534 and CBS 30794) clustered in the F. equiseti clade. Twelve
isolates and two control strains (CBS 102429 and CBS 131775) clustered in the F. solani clade. Fourteen
isolates and two control strains (CBS 54092 and KAS 1350) clustered in the M. bolleyi clade.
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Figure 3. Maximum parsimony tree of root rot pathogens from Gouqi inferred from combined rDNA-ITS, EF-
1a, and RPB2 sequences. The tree length is 14355. The consistency index (CI), retention index (RI), and rescaled
consistency (RC) index were 0.531, 0.939, and 0.498, respectively.

3.3. Pathogenicity Analysis

The pathogenicity test was conducted using scratching and root-irrigation inoculation methods.
The results of scratching inoculation showed that all isolates caused root rot in L. barbarum (Figure 4).
Notably, distinct black lesions were observed after inoculation with F. solani, F. avenaceum, and F.
citri. In contrast, the control group displayed lighter coloration with no symptoms. Robust my-celial
growth was visible, with discoloration and decay around the wound, following inoculation with F.
tricinctum, F. oxysporum, and C. rosea. Inoculation with F. oxysporum, F. equiseti, and F. sambucinum
resulted in significant root decay and a color change at the inoculation site, confirming the disease.
Inoculation with M. bolleyi and F. culmorum led to color changes and rot at the inoculation site.

n
W i (i or\l‘“

.Sel.\ i nd 3 a
g F.C‘“‘ F '\\‘CO‘ F oxy® C.t'obe

. i m
\ qunt na? o . cew
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Figure 4. Root rot symptoms of Gougqi using the scratching inoculation method.

The results of root-irrigation inoculation showed that all isolates could cause root rot. Thirty
days after inoculation, the plants exhibited stunted growth and wilting and drying symptoms (Figure

). Distributed under a Creative Commons CC BY license.
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5A and B). Root rot was evident, with internal discoloration visible upon cutting, and black lesions
appeared centrally. In contrast, the blank control roots showed no decay or discoloration,
maintaining a milky white appearance. Inoculation with F. solani, F. oxysporum, F. sambucinum, and
F. avenaceum resulted in pronounced internal root discoloration, with the blackened areas larger than
those observed after inoculation with other pathogens (Figure 5C and D). Pathogens were re-isolated
from the diseased roots, and their morphology matched that of the field pathogens (Figure 2A and
B).

M. bolleyi
C. rosea

E solani

F. citri

F. culmorum

F. oxysporum
F. sambucinum
F. equiseti

F. acuminatum
F. tricinctum

F. incarnatum

B ' ' ‘“

Figure 5. Root rot symptoms of Gougqi using the root-irrigation inoculation method. A, aboveground part; B,

inoculated seedlings; C, underground part; and D, root cross-section.
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3.4. Biological Characteristics of Root Rot Pathogens
3.4.1. Effect of Different Media on Mycelial Growth

The optimum culture medium for the 12 pathogen species was determined using PDA, CM, MB,
CLA, and CA media. The results showed that the best media were PDA, MB, and CLA. The optimum
culture medium for F. solani, F. sambucinum, F. avenaceum, F. citri, F. incarnatum, F. culmorum, and F.
oxysporum was PDA, with growth rates ranging from 0.78 to 0.80 mm/d. The optimum culture
medium for F. equiseti, C. rosea, F. culmorum, F. oxysporum, and F. citri was MB, with growth rates
ranging from 0.61 to 0.80 mm/d. The optimum culture medium for F. culmorum, F. oxysporum, F.
tricinctum, M. bolleyi, F. acuminatum, and F. citri was CLA, with growth rates ranging from 0.69 to 0.80
mm/d. Fusarium equiseti, C. rosea, and Fusarium acuminatum had the worst growth on PDA, with
growth rates of 0.68 + 0.06, 0.44 + 0.04, and 0.52+0.01 mm/d, respectively. Microdochium bolleyi showed
the worst growth on CA, with growth rates of 0.28 + 0.02. MB resulted in the worst growth for F.
avenaceum, with growth rates of 0.56+0.06 mm/d. (Table 2, Figure S4).

Table 2. Effects of different media on the growth rate of root rot pathogens from L. barbarum (mm).

. E. E. E. E. E. E. E.
Medi F. . . , , o .
. ..C.rosea . . acuminat sambucin avenaceu F. citri incarnatu culmoru oxysporu tricinctu
a equiseti bolleyi solani
um um m m m m m
PDA 0.68+0.0 0.44+0.00.47+0.190.78+0.0 0.5240.01c 0.80+0.00a 0.80+0.01 0.80+0.00 0.80+0.00 0.80+0.0 0.80+0.00 0.72+0.08
6b 4b bc la a ab a Oa a ab
M 0.79+0.0 0.50+0.00.34+0.02 0.77+0.0 0.5240.06¢ 0.80+0.01a 0.62+0.070.80+0.01 0.80+0.01 0.80+0.0 0.78+0.01 0.64+0.09
Oa 1b c 1b b a a Oa c bc
CA 0.79+0.0 0.50+0.00.28+0.02 0.72+0.0 0.6240.07b 0.80+0.00a 0.77+0.03 0.79+0.01 0.80+0.00 0.80+0.0 0.79+0.01 0.68+0.07
Oa 7b c 1d a b a Oa b bc
MB 0.80+0.0 0.61+0.00.60+0.16 0.760.0 0.5340.01c 0.76+0.04a 0.56+0.06 0.80+0.00 0.81+0.01 0.80+0.0 0.80+0.01 0.61+0.05
la 4a ab 1b c ab a Oa a c
CLA 0.79+0.0 0.48+0.00.69+0.03 0.73+0.0 0.74+0.03a 0.78+0.03a 0.79+0.01 0.80+0.01 0.79+0.02 0.80+0.0 0.80+0.00 0.80+0.01
la 3b a Oc a a b Oa a a
Values are presented as the mean + standard deviation. Letters represent the significance of differences.
3.4.2. Effect of Temperature on Mycelial Growth
The lethal temperatures of the 12 pathogen species were between 50 and 65°C. The lethal
temperatures were 50°C for F. acuminatum, F. sambucinum, and F. culmorum; 55°C for F. equiseti, C.
rosea, M. bolleyi, F. avenaceum, F. citri, F. incarnatum, and F. tricinctum; and 65°C for F. solani, and F.
oxysporum (Table 3, Figure S5).
Table 3. Effects of different temperatures on the growth rate of pathogens from L. barbarum (mm).
Temp F. F. E. F. F. E. E.
eratur . C.rosea " . F.solani acuminat sambucin avenaceu F. citri incarnat culmoru oxyspor tricinctu
equiseti bolleyi
um um m um m um m
350C 0.760.0 0.51+0.0 0.36:0.03 0.77+0.01 0.61+0.01 0.7%0.01&10.8010.01 0.79+0.0 0.79+0.01 0.80+0.01 0.79+0a 0.79+0.01
3a 5a a a a a la a a
0.78+0.0 0.51+0.0 0.34+0.01 0.78+0.01 0.61+0.03 0.78+0.01 0.80+0.0 0.79+0.01 0.79+0.01 0.80+0.0 0.76+0.04
40°C 0.79+0.01a
2a la a a a a la a a la a
50°C 0.77+0.0 0.40+0.0 0.25+0.01 0.77+0.01 0 0 0.17+0b 0.58+0.1 0.79+0.01 0 0.80+0.0 0.63+0.05
3a 3b b a 2b a la b
55°C 0 0 0 0.47+0b 0 0 0 0 0 0 0'7220'0 0
60°C 0 0 0 0.35+0c 0 0 0 0 0 0 0'8220'0
65°C 0 0 0 0 0 0 0 0 0 0 0 0
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70°C 0 0 0 0 0 0 0 0 0 0 0 0

Values are presented as the mean + standard deviation. Letters represent the significance of differences.

3.4.3. Effect of pH on Mycelial Growth

The optimum pH of the 12 pathogen species ranged from 4 to 11. The optimum pH of C. rosea,
F. citri, F. oxysporum, F. sambucinum, F. equiseti, and F. tricinctum was 4-7, with growth rates ranging
from 0.52 +0.02 to 0.80 + 0.01 mm/d. The optimum pH of F. incarnatum, F. culmorum, C. rosea, F. solani,
F. citri, F. oxysporum, F. sambucinum, F. equiseti, F. tricinctum, and F. avenaceum was 7-11, with growth
rates from 0.53 £ 0.03 to 0.80 + 0.01 mm/d. The optimum pH of M. bolleyi was 9, showing growth rates
of 0.59 £ 0.02 mm/d. The optimum pH of F. acuminatum was 8, with a growth rate of 0.73 + 0.04 mm/d
(Table 4, Figure S6).

Table 4. Effects of different Ph on the growth rate of pathogens from L. barbarum (mm).

. . F. . F F. F. F.
C. rosea . . . sambuci F. ) F.
pHvalue . . bolleyi . acumin avenace , . incarna culmoruoxysporu . .
equiseti solani num citr tricinctum
atum um tum m m
4 0.59+0.0 0.50+0.0 0.43+0.0 0.68+0.00.45+0.0 0.79+0.0 0.52+0.0 0.80+0.0 0.78+0.0 0.79+0.0 0.70+0.02 0.6740.04d
2f 3¢ 1b le 3d lab le la le lab C B
5 0.70+0.0 0.52+0.0 0.36+0.0 0.71+0.0 0.57+0.0 0.79+0.0 0.70+0.0 0.79+0.0 0.79+0.0 0.79+0.0 0.79+0.00 0.77+0.02abc
2cd 2abc  lcde Oc 1c lab 2cd lab lcd Ob a R
6 0.73+0.0 0.54+0.0 0.35+0.0 0.73+0.0 0.63+0.0 0.79+0.0 0.76+0.0 0.79+0.0 0.79+0.0 0.79+0.0 0.79+0.00 0.78+0.01ab
labc 3ab le O0ab 3b lab 3b lab 1bc Ob a B
- 0.75+0.0 0.53+0.0 0.35+0.0 0.70+0.0 0.64+0.0 0.79+0.0 0.79+0.0 0.79+0.0 0.78+0.0 0.79+0.0 0.79+0.02 0.79+0.01a
la Oab 1de 1d 3b Ob lab lab 1de Ob a o
8 0.73+0.0 0.53+0.0 0.38+0.0 0.72+0.0 0.73+0.0 0.80+0.0 0.79+0.0 0.79+0.0 0.80+0.0 0.79+0.0 0.75+0.01 0.78+0.01ab
4ab 3ab 1c 1b 4a la lab lab Oa Ob b B
9 0.73+0.0 0.54+0.0 0.59+0.0 0.73+0.0 0.58+0.0 0.80+0.0 0.76+0.0 0.80+0.0 0.80+0.0 0.79+0.0 0.79+0.01 0.78+0.01ab
2abc 2a 2a lab 2c la 3b la Oa lab a R
10 0.66+0.0 0.51+0.0 0.36+0.0 0.74+0.0 0.59+0.0 0.79+0.0 0.72+0.0 0.79+0.0 0.80+0.0 0.80+0.0 0.80+0.01 0.74:40.05¢
3e 1bc 4cd la 3¢ lab 2c Ob Oa la a B
1 0.70+0.0 0.52+0.0 0.3620.0 0.73+0.0 0.58+0.0 0.79+0.0 0.68+0.0 0.79+0.0 0.80+0.0 0.79+0.0 0.79+0.01 0.75+0.02be
2bcd labc  2cde Oab 2c lab 3d Ob lab lab a h

Values are presented as the mean + standard deviation. Letters represent the significance of differences.

3.4.4. Effect of Carbon and Nitrogen Sources on Mycelial Growth

The optimum carbon sources for the 12 pathogen species were screened using 10 carbon sources.
The optimum carbon source for F. equiseti, F. citri, F. incarnatum, F. culmorum, and F. oxysporum was
sucrose, with growth rates of all were 0.80 mm/d. The optimum carbon source for C. rosea was
fructose, with growth rates of 0.57 + 0.03 mm/d. Dextrin was the optimum carbon source for F.
incarnatum, F. culmorum, F. oxysporum, and F. tricinctum with growth rates of all were 0.80 mm/d. The
optimum carbon source for F. acuminatum was cellulose, showing a growth rate of 0.72 + 0.03 mm/d.
Soluble starch was the optimum carbon source for F. avenaceum, F. incarnatum, F. culmorum, and F.
oxysporum, resulting in growth rates of 0.76 + 0.0, 0.80+0.01, 0.80+0.01, and 0.80+0.01 mmy/d,
respectively. The growth rates of CK for F. equiseti, F. incarnatum, F. culmorum, and F. oxysporum were
also fast, but the mycelia were only a thin layer and grew poorly. Glucose, lactose, cellulose, and
xylose were not good carbon sources for any of the 12 pathogen species. For example, lactose as the
carbon source resulted in the worst growth for F. equiseti, F. acuminatum, F. citri and F. tricinctum, with
growth rates ranging from 0.39 + 0.03 to 0.65 + 0.03 mm/d (Table 5, Figure S7).

Table 5. Effects of different carbon sources on the growth rate of pathogens from L. barbarum (mm).
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Carb F. C. M. F. F. F. F. F. F. F. F. F.
on equis rosea bolle sola acumi samb aven citri incar culm oxys trici
sour eti yi ni natu  ucinu  aceu natu oru poru nctu
ce m m m m m m m

CK 080+ 044+ 030+ 078 0.64+ 0.75+ 0.62+ 0.73+ 079+ 0.79+ 0.79+ 0.65+
0.0la 0.03¢ 0.0lc 0.0 0.01b 0.02b 0.03c 0.03b 0.0la 0.00a 0.0l1a 0.02d

gluc 076+ 043+ 035+ 0.79 048+ 072+ 059+ 0.73+ 077+ 0.80+ 0.80+ 0.74«

ose 0.05b 0.02d 0.02b 0.0 0.02d 0.06b 0.03d 0.04b 0.03b 0.00a 0.01a 0.03b
la C e c

sucr 0.80+ 043+ 0.63+ 079 046+ 079+ 0.64+ 0.80+ 0.80+ 0.80+ 0.80+ 0.79+

ose 0.00a 0.0lc 0.02a 0.0 0.02d 0.0la 0.05c 0.00a 0.00a 0.00a 0.0l1a 0.01a

man 080+ 045+ 037+ 080 039+ 075+ 046+ 079+ 079+ 079+ 080+ 0.71%
nitol 0.0la 0.03c 020c 0.0 0.02e 0.0lb 0.03g 0.00a 0.0la 0.0la 0.0la 0.06c

dext 0.79+ 048+ 030+ 0.74 052+ 080+ 0.75+ 0.79+ 0.80+ 0.80+ 0.80+ 0.80+
rin 0.0la 0.07b 0.03c 0.0 0.0lc 0.0la 0.04a 0.0la 0.0la 0.0la 0.0la 0.00a

malt 0.70+ 050+ 029+ 073 0.66x 061+ 0.69¢ 075+ 0.80x 0.79+ 0.80x 0.72+
ose 0.05c 0.06b 0.02c +0.0 0.05a 0.04d 0.02b 0.02b 0.0la 0.0la 0.01a 0.02b
2c c C
solu 079+ 043+ 030+ 076 0.69+ 080+ 076+ 0.79+ 0.80+ 0.80+ 0.80+ 0.79+
ble 0.0la 0.03d 0.03c +0.0 0.03a 0.0la 0.04a 0.0la 0.0la 0.0la 0.0la 0.01la
starc b 2b

lacto 0.65+ 044+ 024+ 0.73 039+ 0.71x 056+ 0.63x 0.64+ 0.69+ 0.78+ 0.47+

se 0.03d 0.08b 0.03d 0.0 0.03e 0.01c 0.03ef 0.04d 0.02d 0.17 0.01b 0.02f
cd e 1c b

cellu 079+ 051+ 037+ 0.79 072+ 079+ 070+ 0.79+ 0.17+ 0.79+ 0.79+ 0.78+

lose 0.0la 0.04b 0.02b 0.0 0.03a 0.0la 0.03b 0.00a 0.02e 0.00a 0.0la 0.0la

fruct 0.79+ 057+ 025+ 0.79 053+ 079+ 058+ 0.79+ 0.78+ 0.79+ 0.80+ 0.70
ose 0.0la 0.03a 0.02d =+0.0 0.02c 0.00a 0.02d 0.00a 0.0la 0.00a 0.0l1a 0.02c
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xylo 0.72+ 044+ 021+ 076 046z 074+ 054+ 0.72+ 075+ 0.79+ 0.79¢ 0.59+
se 0.04c 0.02c 0.03e +0.0 0.04d 0.02b 0.02f 0.01c 0.02c 0.0la 0.0l1a 0.02e
d 1b c b

Values are presented as the mean + standard deviation. Letters represent the significance of differences.

The optimum nitrogen sources for the 12 pathogen species were determined using 8 nitrogen
sources, and we found that beef extract, peptone, and yeast powder resulted in optimum growth.
The optimum nitrogen source for F. oxysporum, F. tricinctum, F. equiseti, M. bolleyi, F. sambucinum, F.
incarnatum, and F. culmorum was beef extract, showing growth rates of 0.80 mm/d. Peptone was the
optimum nitrogen source for F. equiseti, C. rosea, M. bolleyi, F. incarnatum, F. culmorum, F. oxysporum,
F. tricinctum. Yeast powder was the optimum nitrogen source for F. equiseti, M. bolleyi, F. sambucinum,
F. avenaceum, F. citri, F. incarnatum, F. culmorum, F. oxysporum, F. tricinctum, and with growth rates
ranging from 0.78 to 0.80 mm/d. Saltpeter was the optimum nitrogen source for F. equiseti, and C.
rosea, with a growth rate of 0.80+0.01, and 0.51 + 0.06 mm/d, respectively. The optimum nitrogen
source for F. solani was sodium nitrate, with a growth rate of 0.79 + 0.01 mm/d. The growth rates of
CK for F. equiseti, F. acuminatum, F. culmorum, and F. oxysporum were fast, however, the mycelia were
sparse and only a thin layer. The worst growth was observed on the media with ammonium chloride,
and ammonium nitrate, respectively, with growth rates ranging from 0.28 + 0.04 to 0.79 + 0.00 mm/d
(Table 6, Figure S8).

Table 6. Effects of different nitrogen sources on the growth rate of pathogens from L. barbarum (mm).

Nitro F. C. M. F. F. F. F. F. F. F. F. E.
gen equis rosea bolle sola acumi samb aven citri incar culmo oxysp trici
sourc  eti yi ni  natum ucinu  aceu natu  rum  orum nctu

e m m m m

CK 080+ 044+ 063+ 0.71x 0.71+0 0.69+0 054+ 0.62+ 0.61+ 0.80+0 0.74+x 0.73+
0.00a 0.04b 0.02c¢ 0.02b  .05a .03d  0.02c 0.08c 0.04e .0lab 0.02c 0.01b

beef 0.80+ 043+ 0.80+ 076+ 057+0 0.80£0 0.75+ 0.71+ 0.80+ 0.80+0 0.80+ 0.80+
extrac 0.00a 0.01b 0.00a 0.02a .10cd .00a 0.03a 0.00b 0.00a .00a 0.00a 0.01a

t C
urea 0.80+ 038+ 0.69+ 0.64+ 0.37+0 0.71+0 049+ 0.68+ 0.72+ 0.80+0 0.79+ 0.49+
0.0la 0.01c 0.01b 0.01c  .01f .02cd 0.08d 0.03b 0.04c .00a 0.0la 0.02d

pepto 0.80+ 0.51+x 0.80+ 0.72+ 0.64+0 0.74+0 0.76x 0.78+ 0.80+ 0.80+0 0.80+ 0.80+
ne 0.00a 0.10a 0.00a 0.02b .05bc  .04bc 0.02a 0.04a 0.00a .00a 0.0la 0.0la

yeast 0.80+ 045+ 0.80+ 0.71x 0.59+0 0.80+0 0.78+ 0.80+ 0.80+ 0.80+0 0.80+ 0.80+
powd 0.0la 0.0la 0.00a 0.01b .06bc Ola 0.02a 0.00a 0.00a .0lab 0.00a 0.00a

er b
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sodiu 0.79+ 042+ 0.25+ 0.79+ 0510 0.77+0 0.69+ 0.79+ 0.78+ 0.80t0 0.79+ 0.73%
m 0.0la 0.02b 0.01f 0.0l1a .02d .02ab 0.04b 0.0la 0.0la .00a 0.0la 0.04b
nitrat C b b

e

amm 0.64+ 028+ 0.59+ 049+ 0.35:0 0.53+0 0.34+ 042+ 050+ 0.7820 0.67+ 0.45%
oniu 0.05b 0.04e 0.05d 0.05e  .05f .07e  0.04e 0.03d 0.04f .03c  0.03d 0.05e
m

chlori

de

amm 0.79+ 035+ 0.71x 0.60+ 0.44+0 0.78+0 048+ 0.63+ 0.65+ 0.79¢0 0.78+ 0.65%
oniu 0.00a 0.03d 0.03b 0.02d .0le .0lab 0.04d 0.06c 0.02d .0labc 0.01b 0.03c
m

nitrat

e

saltpe 0.80+ 0.51+ 034+ 0.78+ 0.52+0 0.78+0 0.66+ 0.73+ 0.76x 0.79+0 0.78+x 0.79+
ter 0.0la 0.06a 0.0le 0.02a .01d .0lab 0.06b 0.03b 0.03b .00abc 0.01b 0.01a

Values are presented as the mean + standard deviation. Letters represent the significance of differences.

4. Discussion

Root rot is one of the main reasons for the decrease in L. barbarum yield, and Fusarium species
are the main causative pathogens [38]. The root rot pathogens of L. barbarum mainly damage its
rhizome, and diseased plants exhibit symptoms including root rot, leaf etiolation, wilting, and
stunted growth, resulting in reduced water and nutrient transport and sometimes plant death [52].
The yield and quality of Gouqi berry decrease, causing serious economic losses. Nuomuhong Farm
in Qinghai Province is one of the main L. barbarum—producing areas. The large-scale cultivation of L.
barbarum has brought huge economic benefits. However, root rot is becoming increasingly serious in
L. barbarum. To effectively control root rot in L. barbarum, it is necessary to identify the pathogens
causing this disease.

Fusarium species are the most widely distributed fungi, and they are connected to the
environment, plants, and insects [10]. Compound infection and toxin secretion by Fusarium cause
many diseases, reducing yield and quality and economic benefits. In this study, 36 root samples were
collected from 12 locations on Nuomuhong Farm, Qinghai Province, China, and 125 isolates were
confirmed as pathogens based on Koch'’s postulates. The pathogenic isolates showed differences in
colony color and morphological characteristics of conidia. Molecular biology analyses revealed that
these pathogens belonged to 12 species. Among the isolated pathogens, F. equiseti, C. rosea, and M.
bolleyi were dominant. Fusarium avenaceum, F. citri, F. incarnatum, F. culmorum, F. oxysporum, and F.
tricinctum were isolated less frequently. Additionally, F. sambucinum, F. acuminatum, and F. solani
were common species. To our knowledge, this is the first report of M. bolleyi, F. avenaceum, and F. citri
as pathogens causing root rot in L. barbarum in China.

Uwaremwe et al. confirmed the presence of Fusarium species, including F. oxysporum, F. solani,
F. tricinctum, and F. chlamydosporum, and A. alternata, which are responsible for root rot disease, in
Gougi plants in Gansu and Ningxia provinces, China [53]. Bai et al. first reported root rot caused by
F. culmorum and F. equiseti on L. barbarum in Qinghai Province, China [52]. Feng et al. found that fungi
isolated from Gougi roots in the Qaidam Basin, China, were mainly Fusarium species, including F.
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lichenicola, F. oxysporum, F. redolens, and F. solani; Plectosphaerella plurivora; and Ple. cucumerina.
Mortierella alpina, Mucor hiemalis, Penicillium janthinellum, Verticillium nonalfalfae, C. rosea, and Pen.
simplicissimum were also identified [54]. Compared with these studies, in Qinghai, the composition
of pathogenic fungi causing root rot on Gougqi differed. In this study, we found 12 species of
pathogenic fungi, but F. chlamydosporum, A. alternata, Plectosphaerella plurivora, Mortierella alpina, and
P. cucumerina were not found. We also identified F. oxysporum, F. solani, F. tricinctum, F. culmorum, F.
equiseti, and C. rosea. This could have occurred because of regional differences and different planting
years.

Pathogenic fungi infect the roots and rhizomes of L. barbarum, and root rot occurs from the
seedling stage to the mature plant stage. In this study, the pathogenicity of 125 isolates was tested,
and they could infect 1-year-old L. barbarum seedlings, as shown using scratching and root-irrigation
inoculation techniques. Fusarium also affects other medicinal plants, such as Angelica [55] and A.
membranaceus var. mongholicus [56], and leads to root rot and wilt in several important economic
crops, including Cucumis melo [57], C. sativus [58] and Solanum lycopersicum [59]. Other plants, such as
Codonopsis pilosula and Zea mays, also suffer from root and stem rot due to this pathogen. Furthermore,
Fusarium causes needle blight in coniferous trees, such as Pinus thunbergii [60], and damping-off
disease in P. pinea [61]. It also secretes toxins that contaminate fruit, reducing their shelf life. Common
toxins produced by Fusarium include trichothecenes, zearalenones, fumonisins, beauvericin, and
enniatins, all of which pose health risks to plants, livestock, and humans [62,63]. Efforts to control
Fusarium in China primarily focus on selecting biocontrol microorganisms, including Metarhizium
robertsii [64], fluorescent Pseudomonas [65], and Trichoderma harzianum [66], which have shown a control
effect against root rot.

Morphological characteristics of pathogenic fungi from different hosts or different ecological
regions vary to some extent. Research on the biological characteristics of plant pathogens lays the
foundation for determining the occurrence patterns of diseases and formulating prevention and
control measures. Therefore, the biological characteristics, including the optimal pH, temperature,
and carbon and nitrogen sources, were also determined. Li et al. found that optimum growth
conditions for F. oxysporum, causing black rot in Gastrodia elata, were as follows: pH 9, 28°C, fructose
as a carbon source, and beef extract as a nitrogen source. The strain died after 40 min of treatment at
60°C [67]. Here, the optimum carbon source for F. oxysporum were sucrose, dextrin, soluble starch,
and fructose, etc. The optimum nitrogen sources were beef extract, peptone, and yeast powder. The
lethal temperature was 65°C, and the best pH was 10. The lethal temperature, and best pH differed
from those reported by Li et al. [67]. According to Li et al.,, the optimum growth conditions for F.
solani, causing black rot in Gastrodia elata, were as follows: pH 7, 30°C, mannitol as a carbon source,
sodium nitrate as a nitrogen source, and PDA medium as a base medium. The strain died after 40
min of treatment at 65°C [67]. In this study, the optimum culture medium for F. solani was PDA, and
the lethal temperature was 65°C. A pH of 10, a carbon source of mannitol, and a nitrogen source of
sodium nitrate were optimal. Therefore, the results for F. solani are similar to those found by Li et al.
[67]. Nikitin et al. found that F. acuminatum and F. culmorum were mostly identified in temperate
climates and did not develop at temperatures above 25°C [68]. Li et al. found that F. sambucinum and
F. culmorum, causing potato dry rot, were sensitive to temperature and pH. Fusarium sambucinum
showed favorable growth on the glucose-based culture, while F. culmorum preferred the sucrose-
based culture [69]. Here, the lethal temperature of F. acuminatum was 50°C, with the lethal
temperature for F. culmorum was 50°C, and the best carbon source were sucrose, glucose, dextrin, and
soluble starch. The biological characteristics of F. acuminatum and F. culmorum differed from those
observed by Li et al. [69] and Nikitin et al. [68]. These differences in the biological characteristics
might be related to the source, hosts, and environment of the isolates.

5. Conclusions

This study has provided preliminary insights into the fungal species responsible for root rot in
L. barbarum at Nuomuhong Farm in Qinghai Province, China. Following Koch's postulates, 12
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pathogen species were identified to cause root rot in L. barbarum. The dominant pathogens included
F. equiseti, C. rosea, and M. bolleyi. This research marks the first report of M. bolleyi, F. avenaceum, and
F. citri as pathogens causing L. barbarum root rot in China. The lethal temperatures for these 12
pathogen species generally exceeded 50°C. The best media for the 12 pathogens were PDA, CM, and
CLA. The optimum carbon sources were sucrose, dextrin and soluble starch, and the optimum
nitrogen sources were beef extract, peptone, and yeast extract. These results establish a foundation
for the comprehensive prevention and control of Gougi root rot. Future studies should focus on the
screening and development of control agents for these 12 pathogenic fungal species.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1. Maximum parsimony tree of root rot pathogens from L. barbarum
inferred from rDNA-ITS sequences. The tree length is 3561. The CI, RI, and RC index were 0.537, 0.950, and 0.510,
respectively. Figure S2. Maximum parsimony tree of root rot pathogens from L. barbarum inferred from TEF-1a
gene sequences. The tree length is 3871. The CI, RI, and RC index were 0.582, 0.952, and 0.554, respectively.
Figure S3. Maximum parsimony tree of root rot pathogens from L. barbarum inferred from RPB2 gene
sequences. The tree length is 7092. The CI, RI, and RC index were 0.594, 0.935, and 0.555, respectively. Figure S4.
Effects of different media on the pathogen growth rate. Figure S5. Effects of different temperatures on the
pathogen growth rate. Figure Sé6. Effects of different pH values on the pathogen growth rate. Figure S7. Effects
of different carbon sources on the pathogen growth rate. Figure S8. Effects of different nitrogen sources on
the pathogen growth rate.
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