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Abstract

Fusarium crown rot (FCR), mainly caused by Fusarium pseudograminearum, is a devastating soil-borne disease of wheat
that results in severe yield and quality reduction. FCR is characterized by stem base necrosis and whitehead development.
In recent years, FCR has escalated in both incidence and severity, emerging as a critical threat to global wheat production,
particularly within key cultivation zones such as China's Huang-Huai-Hai Plain. The development of resistant cultivars is
an effective and environmentally sustainable strategy for FCR disease control. However, the lack of standardized and
reproducible inoculation protocols has hindered the accurate assessment and screening of disease-resistant wheat
germplasms. To address this limitation, we established a robust FCR inoculation system utilizing F. pseudograminearum
propagated on a millet grain substrate, facilitating rapid and reliable evaluation of both host resistance and fungal
pathogenicity. Laboratory validation demonstrated high infection efficiency and strong reproducibility of this method.

Key features

e Standardized and reproducible greenhouse inoculation protocol for Fusarium crown rot resistance assessment,
established in wheat.

e This system enables accurate quantification of F. pseudograminearum pathogenicity and facilitates high-throughput
screening of resistant wheat germplasm.
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Background

Fusarium crown rot (FCR) is a soil-borne disease caused by multiple Fusarium species, including F. pseudograminearum,
F. graminearum, and F. culmorum [1]. Among these, F. pseudograminearum is the predominant causal agent in the
Huang-Huai-Hai wheat region of China, a critical area for national wheat production [2]. FCR can infect wheat throughout
its entire growth cycle. At the seedling stage, typical symptoms include browning of the leaf sheaths and stem bases, with
severe infections leading to chlorosis and seedling death [3]. As plants advance to jointing and heading stages, stem base
necrosis intensifies, often accompanied by pink mycelial growth at nodes under high humidity [4]. By maturity, severely
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infected plants exhibit premature senescence, whiteheads, and grain defects such as shriveled kernels or sterility,
collectively leading to significant reductions in both yield and grain quality [5-6].

Currently, breeding resistant cultivars remains the cornerstone for effective management of FCR [7]. Chemical control
strategies are constrained by the emergence of fungicide resistance and concerns over environmental contamination, which
are also inconsistent with China’s Dual Reduction policy aimed at reducing pesticide and fertilizer use [8]. In this context,
biological control has emerged as a promising alternative due to its sustainability and compatibility with ecological
agriculture practices [9].

A major bottleneck in FCR research is the lack of reliable phenotyping tools. The terrace method can detect adult plant
resistance, but it does not distinguish the very high level of susceptibility observed in durums in the field [8]. In current
greenhouse resistance screening methods, glasshouse seedling bioassay is a good predictor of crown rot resistance in adult
plants under field conditions, but crown rot severity is assessed 35 days after inoculation [10]. To overcome these
limitations, we developed a standardized greenhouse inoculation protocol for FCR by optimizing pathogen preparation
and the inoculation method. This system enables accurate quantification of F. pseudograminearum pathogenicity and
high-throughput screening of resistant wheat germplasm under controlled environmental conditions.

Materials and reagents

1. Fusarium pseudograminearum strain Fp22-2 (provided by Huiquan Liu lab, College of Plant Protection, Northwest
A&F University, Shaanxi, China) [11]

2. Wheat seeds (Triticum aestivum cv. Fielder, Huiquan Liu lab in College of Plant Protection, Northwest A&F University,
Shaanxi province, China)

3. Wheat seeds (Xinong 529, Wanquan Ji lab, College of Agronomy, Northwest A&F University, Shaanxi province, China)
4. Millet grains (Beijing Heyatang Food Co., Ltd, catalog number: Gaia Farm 10013579379)

5. Substrate (Pindstrup Mosebrug A/S, Denmark, catalog number: 14013529)

6. Deionized water

7. Potato dextrose agar (PDA) medium (Beijing Aoboxing Bio-tech Company, Aobox®, catalog number: 02-023)

8. Ethanol (Tianjin Fuyu Fine Chemical Co., Ltd, AR 500 mL)

9. Sodium hypochlorite (Shanghai Macklin Biochemical Co., Ltd, catalog number: S828471-500mL)

10. 35 mm Petri dishes (Changde Bickman Biotechnology Co., Ltd, catalog number: B-SLPYM35)

11. 90 mm Petri dishes (Changde Bickman Biotechnology Co., Ltd, catalog number: B-SLPYM?90)

12. Conical flasks, 250 mL (Haimen Ruibo Experimental Equipment Company, catalog number: RBSLZXP-250)

13. Black plastic pots (8 cm height x 7 cm diameter)

14. Toothpicks (Yekee, catalog number: Y-9892)

15. Filter paper (Shuangquan, catalog number: 99-202-090)

16. Tweezers (Haimen Chuangxin Experimental Equipment Company, catalog number: CX184-13)

Equipment

1. Automatic autoclave (Sanyo, model: MLS-3780)

2. Analytical balance (Shimadzu Tianping, Japan, model: AUX220)

3. Programmable growth chamber (controlling temperature and humidity) (Percival, model: E-36HO)
4. Digital camera (Nikon, model: D3000)

5. Calibrated ruler (Shanghai M&G Stationery INC, model: ARL96004)

Software and datasets

1. GraphPad Prism 10.0.3 software
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Procedure

A. Millet grain substrate preparation

Boil millet grains (200 g) in 800 mL of deionized water for 3 min and then drain them. Autoclave the grains at 121 °C (15
psi) for 20 min and subsequently air-dry for 24 h before use.

B. Fungal preparation

1. Inoculate F. pseudograminearum strain Fp22-2 on PDA plates (d = 35 mm) and incubate in the dark at 25 °C for 3 days.
2. Transfer a quarter square centimeter (0.25 cm?) of fungal plug using sterilized toothpicks from the PDA plate to 250 mL
conical flasks containing 100 g of sterilized millet grains on a sterile bench. Incubate the flasks at 25 °C for 7 days, hand-
shaking twice daily to ensure even colonization of Fp22-2 in millet grains.

C. Wheat seed preparation

1. Surface-sterilize wheat seeds of variety Fielder through sequential immersion in 75% (v/v) ethanol for 1 min, followed
by 1% sodium hypochlorite for 3 min. Then, rinse three times with sterile distilled water. Dry surface-sterilized seeds on
sterile filter paper and germinate on moistened filter paper in 9 cm Petri dishes at 25 °C in the dark for 24 h. Select seeds
exhibiting uniform radicles (1-2 mm length) for planting.

2. Inoculation on wheat seedlings:

a. Fill black plastic pots (8 cm in height x 7 cm in diameter) to three-quarters capacity with autoclaved substrate (121 °C,
30 min). Moisten each pot with 50 mL of sterile distilled water to achieve uniform substrate moisture.

b. Distribute colonized millet substrate (0.5 g) evenly over the substrate surface using tweezers. Arrange 16 germinated
seeds on the inoculated substrate with a spacing of 15 mm and cover with a 15-mm layer of sterile substrate (Figure 1).
Each treatment consists of three biological replicates arranged in a randomized complete block design.

Figure 1. Pre-germinated seeds planting. A: Colonized millet substrate; B: pre-germinated seeds.

c. Maintain pots in a climate-controlled growth chamber under a photoperiod of 18 h light (25 °C)/6 h dark (18 °C), with
humidity maintained at 40%—-60% for 14 days. Only on the fifth day, irrigate each pot with 10 mL of sterile distilled water.
From day 6 to day 14, withhold irrigation to impose drought stress, a condition known to enhance the development of
crown rot.

d. For each treatment, use three biological replicate pots. At 14 days post-inoculation, carefully uproot seedlings from the
pots to avoid damage to the roots and stem base. Measure lesion lengths at the stem base using a plastic ruler. Assess
disease severity according to the rating scale defined in Figure 2.
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Figure 2. Disease severity level of Fusarium crown rot. Grade 0: No lesion (0 cm). Grade 1: Lesion length > 0 cm and <
1 ecm. Grade 2: Lesion length > 1 cm and <2 cm. Grade 3: Lesion length > 2 ¢cm and < 3 cm. Grade 4: Lesion length > 3
cm and <4 cm. Grade 5: Lesion length > 4 cm or plant death.

D. Inoculation result
About 14 days post-inoculation, the growth status of wheat is displayed; wheat did not show yellowing of leaves or death

of plants due to drought stress. The enlarged wheat base in pots illustrates FCR occurrence (Figure 3A). The disease index
of XN 529 is significantly lower than that of Fielder (Figure 3B).

A B

Fp22-Fielder Fp22-Xinong 529

80+

60 =

40

Disease index

20+

Figure 3. Disease response of wheat varieties with varying resistance to F. pseudograminearum. (A) Disease
symptoms between wheat varieties Fielder and Xinong 529 (XN529). (B) Box plots comparing the disease index of
Fielder and Xinong 529 (XN529). Significant difference was determined by Student’s t-test. ** p < 0.01.
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Data analysis

The disease grade of each wheat plant (16 wheat plants in each pot) was determined according to Figure 2. The disease
index of 3—5 pots (at least three) as a set of biological replicates was calculated using the following formula: Disease index
(DI) = X (number of plants at each disease grade X representative value for that grade) / (maximum disease grade value x
total number of plants surveyed) x 100%.

Upon inoculation with F. pseudograminearum strain Fp22, the susceptible wheat cultivar Fielder developed severe crown
rot symptoms with a mean disease index of 62.92 + 8.13. In contrast, the resistant cultivar XN529 exhibited significantly
lower susceptibility, showing a mean disease index of 22.08 = 5.91. Disease indices from different treatments were
compared using bar charts or box plots. Statistical analyses were performed using GraphPad Prism version 10.0.3 (Figure
3B), and differences between groups were assessed using Student’s t-test with a significance threshold set at P < 0.05. The
statistical result suggests that the FCR resistance of XN529 is significantly higher than that of Fielder.

Validation of protocol

To validate this protocol, we conducted disease resistance evaluation on different wheat cultivars. Chen et al. [12] found
that, compared to tall wheat, dwarf wheat has a higher plant cell density and milder symptoms of disease. Zhang et al. [13]
found that the FCR incidence rate of wheat varieties with strong cold resistance is also low. In terms of these traits,
XN529 outperforms Fielder. The XN529 variety demonstrated significant disease resistance, while the Fielder exhibited
susceptibility (Figure 3). This evidence indicates that the inoculation method is suitable for assessing disease resistance in
wheat cultivars. In addition, we used this method to successfully identify the biocontrol agent Clonostachys chloroleuca
Cc620, which can prevent and control FCR, and applied for a patent [14].

General notes and troubleshooting

1. Pre-soaking of millet grains is not required. After boiling, excess water must be thoroughly drained, as excessive
moisture can compromise the colonization process and lead to experimental failure.

2. The flasks should be manually shaken to evenly disperse the millet grains and ensure sufficient contact with the fungal
inoculum. The surface of the millet grains is uniformly covered with white mycelium, and millet grains turn red,
indicating successful colonization of F. pseudograminearum (Figure 4). The absence of grain clumping confirms effective
sterilization and adequate drying of the substrate.

Figure 4. Millet grains before and after colonization. (A) Mixture of millet grains and F. pseudograminearum strain
Fp22-2 on day 1. (B) Mixture of millet grains and F. pseudograminearum strain Fp22-2 on day 7.
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