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Abstract

:

Fusarium head blight (FHB), caused by Fusarium graminearum, occurs mainly on developing wheat seeds, which are important energy sinks. Leaf cutting (removing a portion of the energy sources) could have an effect on the damage caused by F. graminearum. To determine the effects of leaf cutting on disease development, photosynthesis parameters, and yield components between resistant and susceptible wheat genotypes, the wheat FHB-resistant line L693 and FHB-susceptible line L661, which have similar genetic backgrounds, were used in this study. Different numbers of leaves were removed before inoculation with F. graminearum, and photosynthesis parameters, including the net photosynthesis rate (Pn), stomatal conductance (Gs), and intercellular CO2 concentration (Ci), were measured at various time points both before and after F. graminearum infection. The number of diseased spikelets (NDS) and yield components were also measured. The greenhouse and field experiments results showed that cutting leaves could decrease the NDS and alleviate the damage from FHB, which could partly compensate for the yield loss caused by F. graminearum under F. graminearum inoculation condition. Leaf cutting did not significantly change the total grain weight per spike (GWS) after F. graminearum inoculation in both L661 and L693. Further study found that the Pn obviously differed between L661 and L693 after infection with F. graminearum and cutting leaves could aggravate the Pn difference between L661 and L693, which revealed cutting leaves could change the balance between source and sink, with the change of Pn, which may refer to FHB resistance. This study provides new insights into both energy sources and sinks for future studies on the physiological mechanism underlying systematic resistance against FHB.
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1. Introduction


Fusarium head blight (FHB), which is caused mainly by Fusarium graminearum Schwabe and Fusarium culmorum WG Smith, is a destructive disease of wheat (Triticum aestivum L.) worldwide [1,2]. FHB threatens food security and quality through contamination with mycotoxins such as deoxynivalenol (DON), which affects the health of both animals and humans [3,4]. FHB resistance is also a complex trait with multiple components. Five type resistances were included, such as resistance to initial penetration of the pathogen (type I), resistance to disease spread within a spike (type II), resistance to accumulation of DON in infected kernels (type III); resistance to Fusarium-damaged kernels (type IV) and tolerance to FHB (type V) [1]. In five type resistances, type II resistance is characterized extensively and used in cultivar improvement due to its stability and robustness, such as the number of diseased spikelets.



Photosynthesis is a key link between grain yield and carbon assimilation in natural ecosystems. The infection of plant tissue with fungal pathogens is definitively associated with variation in metabolic pathways, including pathways associated with photosynthesis [5]. At present, the effects of pathogen infection on photosynthesis parameters are highly contrasting. Some studies have shown that the net photosynthesis rate (Pn) decreased after pathogenic infection, as was the case for summer squash infected with Bemisia argentifolii [6], Douglas-fir (Pseudotsuga menziesii) infected with Pheocryptopus gaeumannii [7], grapevine (Vitis vinifera L.) infected with Uncinula necator or Plasmopara viticola [8] and rice infected with Bipolaris oryzae [9]. In contrast, other studies have shown that the Pn increased after pathogenic infection, as was the case for wheat inoculated with Septoria nodorum at the three-leaf stage [10].



In terms of energy, plant tissues attacked by pathogens can be divided into energy sources or energy sinks. Wheat leaves are major energy sources and synthesize energy-rich carbohydrates via photosynthesis, whereas developing seeds are a type of carbohydrate energy sink [11]. Therefore, various diseases that occur in different types of plant tissues could have different and even contrasting effects on photosynthesis. Powdery mildew caused by Blumeria graminis f. sp. tritici (Bgt) [12] and stripe rust caused by Puccinia striiformis f. sp. tritici [13] are two important leaf diseases that occur mainly in source tissues, while the causal agents of F. graminearum infect mainly the energy sinks of developing wheat seeds [14]. Therefore, powdery mildew, stripe rust, and FHB compose a source and sink disease system that can be used to identify the effects of pathogen infection of energy-associated organs on photosynthesis in wheat. However, whether the effects of disease on the photosynthesis of hosts with different resistance abilities are similar and whether artificially induced changes to the balance between sources and sinks influence disease development are currently unknown.



Host resistance to disease can have different effects on photosynthesis. For example, 3–6 days after pathogen infection, the Pn of flag leaves significantly decreased in the stripe rust-susceptible line Mingxian 169, while the Pn of flag leaves significantly increased in the stripe rust-resistant wheat line 88357 [15]. A similar effect of stripe rust infection on photosynthesis was also shown by another independent study [16]. Similarly, a recent study showed that there were significantly different effects of Bgt infection between the photosynthesis parameters of the powdery mildew-susceptible genotype L1095 and the powdery mildew-resistant genotype L693 [17]. In a previous study, F. graminearum infection caused more significant reductions in the Pn and stomatal conductance (Gs) of flag leaves and a smaller reduction in 1000-grain weight (TGW) and total grain weight per spike (GWS) in the FHB-resistant genotype L699 than in the FHB-susceptible genotype L661 [18]. We further demonstrated that photosynthesis is involved in FHB resistance and suggested that F. graminearum infection could cause brief susceptibility in local spikes and that the brief susceptibility response further increased the expression of genes previously identified to be involved in systemic acquired resistance in the FHB-resistant genotype L693 [14].



To determine the different effects on disease development, photosynthesis parameters and yield components of wheat with different FHB resistance capabilities under various leaf-cutting treatments, a resistant line L693 and a susceptible line L661 [19,20], were used. Photosynthesis parameters such as the net photosynthesis rate, stomatal conductance, and intercellular CO2 concentration (Ci) were measured via an LI-6400 photosynthesis measurement system. In addition, the yield index, including the number of kernels per spike (NKS), total grain weight per spike, and 1000-grain weight was also investigated. The number of diseased spikelets and the percent of Fusarium-damaged kernels (PFDK) were evaluated as the disease index (DI) of FHB in this study.




2. Materials and Methods


2.1. Plant Materials and Cultivation


Two sister wheat lines, the FHB-resistant genotype L693 (Reg. No. GP-974, PI 672538) and the FHB-susceptible genotype L661, derived from an MY11/YU25 cross [20] were selected and planted in a greenhouse in 2019 and 2020, and a field in Wenjiang (30.70° N; 103.83° E) at Sichuan Agricultural University in 2021.



In the greenhouse, more than 200 seeds of each genotype were planted in round plastic basins (top diameter = 20 cm, bottom diameter = 15 cm, height = 15 cm) filled with organic nutrient soil in 2019 and 2020 year. Many seeds are germinated by running water on the tray. Four germinated seeds of the same state were randomly selected and evenly distributed in each basin and just covered the seeds with a little nutrient soil in a day. The light intensity was 150 µmol m−2 s−1 and persisted for 15 h per day. The air temperature was maintained at 17 °C before the seedlings elongated, after which point the air temperature was maintained at 19 to 20 °C. The relative humidity, an important factor influencing FHB development, was approximately 60%.



The field experiments were conducted in a field of Wenjiang (30.70° N; 103.83° E) at Sichuan Agricultural University, where the climate was warm and rainy and the soil type was loam. The soil with homogeneous fertility and moisture was selected in our study. Wheat seeds were sowed on 25 October 2020. The previous crop is rice. The soil was deep tilled twice using a cultivator on 22 October. Each genotype was sown in six rows with a blank row between two genotypes and six rows in each genotype were divided into two groups. Each group contains three rows in each genotype. Each row was 1.5 m long with 30 seeds and a row spacing of 30 cm. The field aisle is 50 cm. N-P-K compound fertilizer (1280 kg) was used per hectare during sowing time in winter. The field was managed using standardized management.




2.2. Leaf Cutting Treatment and Host FHB Resistance Screening


In the greenhouse, to test the effects of cutting different numbers of leaves on disease development and yield parameters, various leaves were respectively cut at the beginning of flowering stage one day before F. graminearum inoculation in 2019 and 2020 year; this time point was denoted as minus one (−1) day after inoculation (DAI). Three treatments, including no cutting, cutting all leaves except the flag leaf, and cutting all leaves, were applied. More than 20 randomly selected spikes of each treatment of each genotype were then inoculated with F. graminearum No F15. The F. graminearum No F15 was provided by Professor Gong Guoshu, Plant Pathology Laboratory, Sichuan Agricultural University. The F. graminearum No F15 was used as inocula, and conidia were prepared as follows. The strain was rejuvenated for 4 days at 25 °C using Potato Dextrose Agar (PDA). PDA contains 200 g/L peeled potatoes, 20 g/L agar, and 15 g/L glucose. Then the conidia propagation was cultured for 3 days in the liquid CMS medium in a shaking table at about 28 °C. CMS medium contains 7.5 g/L sodium carboxymethyl cellulose, 0.5 g/L yeast paste, 0.5 g/L dipotassium hydrogen phosphate and 0.25 g/L magnesium sulfate. The concentration of conidia was calculated using a hemocytometer under a light microscope. The final concentration of inocula was adjusted to 100,000 conidia per ml. At early anthesis, 10 µL conidial suspension (~1000 conidia/spike) was respectively injected into two small flowers in a central spikelet of a spike using a syringe (Hamilton, Reno, NV, USA). The inoculated spikes were then covered with plastic bags to maintain a relatively high humidity, and the plastic bags were removed at 72 h after inoculation. The disease index NDS that was associated with the content of DON was used to evaluate the FHB spread resistance. The number of diseased spikelets (NDS) at 7 and 14 DAI were recorded as NDS1 and NDS2, respectively, and the average of all the inoculated spikes of the same treatment was used to represent the value of the treatment. The NDS1 in 2019, NDS1 in 2020, and NDS2 in 2020 year were investigated.



In the field, the experiment was divided into two groups. To test the effects of cutting different numbers of leaves on disease development and yield parameters, various leaves were respectively cut at the beginning of the flowering stage one day before F. graminearum inoculation in each group in 2021. Three treatments, including no cutting, cutting all leaves except the flag leaf, and cutting all leaves, were applied in each group. Each treatment of each genotype was respectively conducted in a row in each group. More than 14 randomly selected spikes of each treatment of each genotype in a group were then inoculated with F. graminearum No F15 using the above method. The inoculated spikes were then covered with plastic bags to maintain a relatively high humidity, and the plastic bags were removed at 72 h after inoculation. The NDS at 14 and 21 DAI were recorded as NDS1 and NDS2, respectively, and the average of all the inoculated spikes of the same treatment was used to represent the value of the treatment.




2.3. Measurement of Photosynthesis Parameters


To estimate the different effects of leaf cutting and F. graminearum inoculation on the photosynthesis of wheat with different FHB resistance levels, photosynthesis parameters such as the photosynthesis rate, stomatal conductance, and intercellular CO2 concentration (Ci) were measured in the middle of the flag leaves with an LI-6400 photosynthesis measurement device (LI-COR, Lincoln, NE, USA), with an air temperature from 19 to 20 °C, a vapor pressure deficit (VPD) from 0.55 to 0.65 kPa and an actinic light intensity of 1000 μmol m−2 s−1 in 2019. To compare the different effects of disease infection on photosynthesis parameters at various stages under different leaf cutting conditions, the day before inoculation (−1 DAI) was set as the first time point to compare the two genotypes under the no cutting control conditions. The second time point was set at 1 DAI, which is considered an important time point at which plants develop systemic resistance to F. graminearum infection [14]. The final time point was set at 7 DAI, at which point disease development visibly differs between resistant and susceptible genotypes [18]. More than four plants of each genotype (L661 and L693) were randomly selected from among the F. graminearum inoculation. The mean value of two measurements of one flag leaf per plant represented a replicate sample, and the mean from all four plants represented the value for a given genotype at a given time point. The measurements of photosynthetic parameters were made in the middle of the flag leaf, based on leaf width. Each measurement took approximately 30 s.




2.4. Measurement of Yield Components and the Percent of Fusarium-Damaged Kernels


In 2019, 2020, and 2021, the seeds of the inoculated spikes of each genotype were harvested by hand to avoid the loss of severely wrinkled grains and then dried in an oven. To estimate the different effects of leaf cutting and F. graminearum inoculation on yield parameters, the number of kernels per spike, total grain weight per spike, and 1000-grain weight were determined. In addition, to evaluate the effect of cutting leaves and F. graminearum inoculation on kernels, the percent of Fusarium-damaged kernels per spike (PFDK) was investigated by artificial recognition. The mean value of all the inoculated spikes under the same treatment represented the treatment value.




2.5. Statistical Analysis


Significant differences in disease index, photosynthesis parameters, and yield parameters between L693 and L661 were evaluated separately for each treatment using one-way ANOVA tests and multiple comparison tests (LSD test) with IBM SPSS Statistics 19 software (SPSS Inc., Chicago, IL, USA). In addition, the photosynthesis parameters of adjacent time points were performed using multiple comparison tests (LSD test) using the same software.





3. Results


3.1. FHB Resistance of Wheat under Various Leaf Cutting Treatments


In the greenhouse, all the plants displayed visible FHB symptoms at 7 DAI, with FHB fully developed at 14 DAI (Figure 1), while in the field all the plants also displayed visible FHB symptoms at 14 and 21 DAI (Figure 2). The NDS1 and NDS2 in the greenhouse in 2019 and 2020 were significantly (p < 0.05) bigger than in the field in 2021 under the same leaf-cutting treatments (Table 1). This illustrated that the FHB severity in the greenhouse in 2019 and 2020 was obviously heavier than in the field in 2021. Four experiments in the greenhouse and field showed that the NDS1 and NDS2 of L661 were obviously greater than those of L693 under leaf-cutting treatments, and most differences were significant at the p = 0.05 level at the same time points (Table 1). This illustrated that host resistance is an important factor that influences disease development.



Moreover, four experiments in the field and greenhouse showed that cutting some or all leaves could decrease the NDS1 and NDS2 of FHB-susceptible L661 and alleviate the damage of L661 caused by F. graminearum inoculation (Table 1). However, in FHB-resistant L693, cutting some or all leaves could only decrease the NDS2 in the greenhouse, where the FHB is heavy, but could not significantly change the NDS1 and NDS2 in the field in 2021, and NDS1 in the greenhouse in 2019 and 2020 (Table 1).




3.2. Effects of FHB on Photosynthesis Parameters under Various Leaf Cutting Treatments


In 2019, no differences in the Pn, Gs, or Ci at day −1 were detected (Figure 3), which perhaps resulted from the similar genetic makeup between L661 and L693 [19]. The results showed that the Pn of the L693 plants rapidly increased from −1 DAI to 1 DAI, while the Pn of the L661 plants rapidly decreased during the same timeframe (Figure 3A). Further analysis revealed that the difference in the change in Pn between L693 and L661 increased when only some leaves were cut (only the flag leaf remained) (CP) compared with that when no leaves were cut (CN), so that the Pn of the L693 plants of CP was significantly (p < 0.05) greater than the Pn of the L661 plants of CP (Figure 3A). In addition, the Pn of the L693 plants of CP and the L693 plants of CN rapidly decreased, while the Pn of the L661 plants of CP rapidly increased. The change in the Pn of other plants of CN was minimal from 1 day to 7 days (Figure 3A). Last, the change in both Gs and Ci between L693 and L661 differed to some extent among the different treatments, although the patterns of change were similar (Figure 3B,C).




3.3. Effects of FHB on Yield Components


Yield component analysis found that cutting some leaves (flag leaf remains) and all leaves resulted in an obvious decrease in NKS in FHB-resistant L693 in four experiments, and significantly (p < 0.05) in field group 1 in 2021 (Table 2). In FHB-susceptible L661, cutting some leaves and all leaves could also result in a decrease in NKS in the greenhouse, although it resulted in an increase in NKS in field group 1 and field group 2 (Table 2).



For GWS, In FHB-susceptible L661, cutting some leaves and all leaves resulted in no significant change of GWS in four experiments. In FHB-resistant L693, cutting some leaves and all leaves also resulted in no significant change of GWS in the greenhouse in 2019 and 2020, but a significant (p < 0.05) decrease in field group 1 and field group 2 in 2021 (Table 2), which might be associated with the FHB severity.



For PFDK, In FHB-susceptible L661, cutting some leaves and all leaves resulted in a little decrease of PFDK in four experiments in the greenhouse in 2019 and 2020 and in the field in 2021, and significantly (p < 0.05) in field group 1 in 2021. However, in FHB-resistant L693, cutting some leaves and all leaves resulted in no significant change of PFDK in four experiments (Table 2).
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Table 2. Yield indices and PFDK in the greenhouse and field.






Table 2. Yield indices and PFDK in the greenhouse and field.





	
Year

	
Genotype

	
Treatments

	
N

	
NKS

	
TGW

	
GWS

	
PFDK






	
2019 greenhouse

	
L661

	
No leaf cutting

	
29

	
26.3 ± 1.3 a C

	
4.72 ± 0.43 b B

	
0.13 ± 0.02 c C

	
0.77 ± 0.05 a A




	
Flag leaf remains

	
27

	
25.4 ± 1.2 a b B

	
5.06 ± 0.39 b B

	
0.13 ± 0.01 c B

	
0.75 ± 0.06 a A




	
Cutting all leaves

	
27

	
25.5 ± 1.5 a b C

	
5.90 ± 0.67 b B

	
0.15 ± 0.02 b c C

	
0.67 ± 0.05 a A




	
L693

	
No leaf cutting

	
22

	
21.8 ± 2.2 b c B

	
14.13 ± 3.17 a C

	
0.31 ± 0.06 a B

	
0.44 ± 0.30 b A




	
Flag leaf remains

	
24

	
21.0 ± 1.3 c B

	
11.29 ± 1.64 a B

	
0.24 ± 0.04 a b B

	
0.46 ± 0.04 b A




	
Cutting all leaves

	
26

	
20.0 ± 1.6 c B

	
11.67 ± 1.30 a B

	
0.25 ± 0.04 a B

	
0.32 ± 0.07 b A




	
2020 greenhouse

	
L661

	
No leaf cutting

	
29

	
16.0 ± 1.0 a D

	
5.06 ± 0.42 c B

	
0.08 ± 0.01 b C

	
0.68 ± 0.04 a A




	
Flag leaf remains

	
28

	
15.6 ± 1.1 a C

	
4.98 ± 0.50 c B

	
0.08 ± 0.01 b B

	
0.66 ± 0.06 a A




	
Cutting all leaves

	
31

	
10.8 ± 0.9 b D

	
7.56 ± 1.48 b B

	
0.06 ± 0.01 b C

	
0.64 ± 0.06 a A




	
L693

	
No leaf cutting

	
27

	
16.9 ± 0.8 a B

	
9.26 ± 1.35 a b B

	
0.16 ± 0.03 a B

	
0.52 ± 0.04 b A




	
Flag leaf remains

	
29

	
16.7 ± 1.0 a B

	
10.59 ± 1.21 a b B

	
0.19 ± 0.03 a B

	
0.45 ± 0.04 b A




	
Cutting all leaves

	
25

	
15.9 ± 0.8 a B

	
11.99 ± 1.43 a B

	
0.18 ± 0.02 a B

	
0.40 ± 0.05 b A




	
2021 field group 1

	
L661

	
No leaf cutting

	
24

	
31.5 ± 2.7 c B

	
25.61 ± 2.76 b A

	
0.83 ± 0.13 c B

	
0.30 ± 0.04 a B




	
Flag leaf remains

	
19

	
32.5 ± 2.8 c A

	
29.18 ± 2.80 b A

	
0.98 ± 0.14 c A

	
0.22 ± 0.04 b B




	
Cutting all leaves

	
31

	
33.3 ± 2.0 c B

	
26.62 ± 1.19 b A

	
0.90 ± 0.07 c B

	
0.11 ± 0.01 c B




	
L693

	
No leaf cutting

	
24

	
47.8 ± 2.2 a A

	
49.14 ± 1.60 a A

	
2.35 ± 0.14 a A

	
0.05 ± 0.01 c B




	
Flag leaf remains

	
14

	
44.2 ± 3.4 a b A

	
43.75 ± 2.99 a A

	
1.94 ± 0.20 b A

	
0.08 ± 0.03 c B




	
Cutting all leaves

	
23

	
40.8 ± 1.6 b A

	
44.53 ± 1.79 a A

	
1.83 ± 0.10 b A

	
0.05 ± 0.01 c B




	
2021 field group 2

	
L661

	
No leaf cutting

	
20

	
38.05 ± 3.02 c A

	
29.29 ± 2.25 b A

	
1.13 ± 0.13 c A

	
0.24 ± 0.02 a b B




	
Flag leaf remains

	
22

	
35.41 ± 2.99 d A

	
31.21 ± 2.28 b A

	
1.14 ± 0.14 c A

	
0.26 ± 0.03 a B




	
Cutting all leaves

	
23

	
39.96 ± 1.78 b c A

	
29.61 ± 1.69 b A

	
1.20 ± 0.10 c A

	
0.2 ± 0.03 b B




	
L693

	
No leaf cutting

	
26

	
47.19 ± 1.72 a A

	
51.17 ± 1.43 a A

	
2.42 ± 0.11 a A

	
0.08 ± 0.01 c B




	
Flag leaf remains

	
26

	
44.54 ± 2.24 a b A

	
48.66 ± 1.49 a A

	
2.16 ± 0.12 a b A

	
0.06 ± 0.01 c B




	
Cutting all leaves

	
16

	
43.44 ± 1.87 a b c A

	
43.77 ± 2.05 a A

	
1.90 ± 0.12 b A

	
0.03 ± 0.00 c B








All the indices are described as the means ± standard errors; N−the number of spikes inoculated with F. graminearum; NKS−the number of kernels per spike; TGW−1000-grain weight; GWS−grain weight per spike; PFDK−the percent of Fusarium-damaged kernels; the means in a column followed by the same lowercase letter(s) are not significantly different at the 5% probability level in the same year. The means in a column followed by the same capital letter(s) are not significantly different at the 5% probability level in the same treatments and different years.













4. Discussion


F. graminearum primarily infects developing wheat seeds [1], making it a typical disease that attack photosynthesis energy sinks. There is usually a balance between energy sources and energy sinks, but the balance can change because of biological factors such as pathogen attack [21] and plant development [22,23] and because of abiotic factors such as light intensity [24,25] and temperature [26]. This suggests that an artificial change in the balance between sources and sinks could have an effect on disease development, physiological responses, and yield components. Therefore, in the present study, wheat plants were subjected to different leaf-cutting treatments, both the resistant and susceptible cultivars were inoculated with F. graminearum, after which photosynthesis parameters and the yield index were measured.



Various studies have demonstrated that natural genetic variation exists between both species and genotypes with respect to photosynthesis after wheat heading, especially during grain filling [12,27,28,29]. We found that the difference in photosynthesis parameters between L661 and L693 at -1 DAI was very low and that the difference was largest at 1 DAI (Figure 3). This result can be explained by the slight difference before inoculation resulting from the similar genetic makeup of the hosts [19], while the largest difference at 1 DAI could be due to F. graminearum inoculation. Our previous study suggested that photosynthesis is involved in FHB resistance [18] and that the change in photosynthesis during the early stage plays a crucial role in the development of systemic acquired resistance in response to FHB [14]. However, other studies have suggested that systemic acquired resistance conversely results in changes in photosynthesis during the later stage (usually 2 days or more), after F. graminearum inoculation [18,30,31]. In addition, some previous reports indicated that a broad range of defense responses in early incompatible interactions similarly occurred in late compatible interactions [32,33]. In the present study, within 1 day after F. graminearum inoculation, the Pn increased rapidly in the L693 plants but decreased rapidly in the L661 plants, and the tendency for the Pn to change after 1 day after F. graminearum inoculation in L661 was similar to that before 1 day after F. graminearum inoculation in L693 (Figure 3). Furthermore, the rate of change in the Pn of both L661 and L693 after some leaves cut was faster than that when no leaves were cut (Figure 1), which suggested that cutting some leaves could increase the robustness of the physiological adaptations of both the FHB-susceptible and FHB-resistant wheat during the early stage after F. graminearum inoculation.



In our study, the NDS1 and NDS2 of L693 were significantly lower than L661 (Table 1), which illustrated that the FHB resistance of L693 is significantly stronger than L661. Further study found that leaf cutting could decrease the NDS1 and NDS2 in both FHB-resistant L693 and FHB-susceptible L661 in the greenhouse (Table 1), which demonstrated that the decrease in NDS after leaf cutting was a physiological response. Further results showed that leaf cutting could also decrease the NDS1 and NDS2 in FHB-susceptible L661 in the field (Table 1), which further supported that the decrease in NDS after leaf cutting was a physiological response. However, leaf cutting did not significantly change the NDS1 and NDS2 in FHB-susceptible L693 in the field in 2021 (Table 1), which may be explained by the field environmental condition not being conducive to FHB disease for FHB-resistant L693 and the decreased NDS content depended on host resistance to FHB.



Researchers were usually attracted by the accumulation of mycotoxins produced by Fusarium, which cause acute food poisoning in both humans and animals that consume infected grains [34]. In the present study, leaf cutting could decrease the PFDK of L693 and L661 shortly after F. graminearum infection in the greenhouse and field (Table 2). This indicated that leaf cutting could decrease the mycotoxins content produced by Fusarium.



In fact, FHB also severely reduces wheat yield [1,2] and leaf cutting also could reduce wheat yield [35]. In the present study, we observed that F. graminearum infection led to an abundance of shriveled seeds for both L661 and L693, with impacts being greater in L661 (Figure S1), which indicated that the shriveled or incompletely developed seeds caused by F. graminearum inoculation might be the important factor responsible for the reduced yields. Further study found that, under the condition of F. graminearum inoculation, leaf cutting did not significantly change the GWS of wheat in L661 and L693 and the GWS of L693 is higher than L661 in the greenhouse in 2019 and 2020 (Table 2). This could be explained by the fact that leaf cutting could decrease the NDS (Table 2), which could partially compensate for the yield loss caused by leaf cutting and F. graminearum infection, resulting in no significant change of GWS. Furthermore, FHB could severely reduce wheat yield [1,2] and the NDS of L693 is lower than L661 under different leaf-cut treatments. This indicated that the decrease in GWS after cutting leaves and F. graminearum inoculation major depended on host resistance to FHB, not cutting leaves.




5. Conclusions


Leaf cutting could alleviate FHB, which is a physiological response and the effect of leaf cutting and F. graminearum inoculation on yield depend on the FHB resistance of the host. This study provides new insights into the physiological mechanism of systematic resistance against FHB.
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Figure 1. Fusarium head blight symptoms at 14 DAI in greenhouse for L661 and L693. CN, CP, and CA−cutting no leaf, cutting some leaves (flag leaf remains), and cutting all leaves, respectively. Scale bar, 1.0 cm. 
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Figure 2. Fusarium head blight symptoms at 21 DAI in field group 1 for L661 and L693. CN, CP, CA−cutting no leaf, cutting some leaves (flag leaf remains), and cutting all leaves, respectively. 
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Figure 3. Changes in photosynthesis parameters of plants in the greenhouse. (A–C) represent changes in the Pn, Gs, and Ci in the greenhouse, respectively. Pn−the net photosynthesis rate, Gs−stomatal conductance, and Ci−the intercellular CO2 concentration. CN−cutting no leaves; CP−cutting some leaves (flag leaf remains). The asterisks represent statistically significant differences, as follows: ** p < 0.01 and * p < 0.05. An asterisk on the trend line represents the difference between two adjacent time points for the same genotype and treatment. The same lowercase letter(s) at each time point are not significantly different at the 5% probability level in different genotypes and treatments. 
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Table 1. Evaluation FHB resistance and yield indices in the greenhouse and field.
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Year

	
Genotype

	
Treatments

	
N

	
NDS1

	
NDS2






	
2019 greenhouse

	
L661

	
No leaf cutting

	
29

	
6.34 ± 0.35 a A

	
-




	
Flag leaf remains

	
27

	
6.07 ± 0.42 a A

	
-




	
Cutting all leaves

	
27

	
4.92 ± 0.34 b A

	
-




	
L693

	
No leaf cutting

	
22

	
4.00 ± 0.42 b A

	
-




	
Flag leaf remains

	
24

	
3.42 ± 0.31 b A

	
-




	
Cutting all leaves

	
26

	
3.50 ± 0.33 b A

	
-




	
2020 greenhouse

	
L661

	
No leaf cutting

	
29

	
6.24 ± 0.24 a A

	
7.93 ± 0.28 a A




	
Flag leaf remains

	
28

	
5.61 ± 0.24 a b A

	
7.25 ± 0.26 a b A




	
Cutting all leaves

	
31

	
5.55 ± 0.23 b A

	
7.03 ± 0.22 b A




	
L693

	
No leaf cutting

	
27

	
3.56 ± 0.28 c A

	
5.96 ± 0.33 c A




	
Flag leaf remains

	
29

	
3.66 ± 0.23 c A

	
5.48 ± 0.35 c d A




	
Cutting all leaves

	
25

	
3.04 ± 0.20 c A

	
4.83 ± 0.41 d A




	
2021 field group 1

	
L661

	
No leaf cutting

	
24

	
3.70 ± 0.30 a B

	
5.15 ± 0.62 a B




	
Flag leaf remains

	
19

	
2.56 ± 0.20 b c B

	
3.89 ± 0.42 b B




	
Cutting all leaves

	
31

	
2.81 ± 0.18 b B

	
3.76 ± 0.31 b B




	
L693

	
No leaf cutting

	
24

	
2.17 ± 0.10 c B

	
2.24 ± 0.12 c B




	
Flag leaf remains

	
14

	
2.21 ± 0.11 bc B

	
2.50 ± 0.18 c B




	
Cutting all leaves

	
23

	
2.00 ± 0.00 c B

	
2.18 ± 0.11 c B




	
2021 field group 2

	
L661

	
No leaf cutting

	
20

	
3.42 ± 0.27 a B

	
4.17 ± 0.38 a B




	
Flag leaf remains

	
22

	
2.95 ± 0.23 a b B

	
3.87 ± 0.35 a B




	
Cutting all leaves

	
23

	
2.80 ± 0.24 b B

	
3.17 ± 0.23 b B




	
L693

	
No leaf cutting

	
26

	
2.19 ± 0.19 c B

	
2.16 ± 0.10 c B




	
Flag leaf remains

	
26

	
2.09 ± 0.09 c B

	
2.12 ± 0.09 c B




	
Cutting all leaves

	
16

	
2.03 ± 0.03 c B

	
2.06 ± 0.06 c B








All the indices are described as the means ± standard errors; N-the number of spikes inoculated with F. graminearum; NDS1-The number of diseased spikelets at 7 DAI in greenhouse in 2019 and 2020, and 14 DAI in field in 2021 year; NDS2-the number of diseased spikelets at 14 DAI in greenhouse in 2019 and 2020, and 21 DAI in Field in 2021; The means in a column followed by the same lowercase letter(s) are not significantly different at the 5% probability level in the same year. The means in a column followed by the same capital letter(s) are not significantly different at the 5% probability level in the same treatments and different year.
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