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Abstract

:

Including pest resistance elements against the major local concern is naturally important in the breeding process. Oat (Avena sativa L.) has been recently reintroduced into Taiwan as a winter alternative forage crop, and its agronomic performance has been evaluated at different locations in the country. This study examined the resistance to root-knot nematode, Meloidogyne graminicola, in four oat (Avena sativa L.) breeding lines of mass planting potential for winter in Taiwan. The host attraction level to the nematode, and the penetration and reproduction ability of nematode towards host roots were evaluated by chemotaxis assay, root staining assay, root galling, and nematode extraction. Based on the gall index (GI) and multiplication factor (R), the resistance of each oat line was evaluated. At 24 h postinoculation, second-stage juvenile (J2) nematodes appeared most attracted by oat breeding lines UFRGS136104-3 and UFRGS136119-2. The number of J2s successfully penetrated into the two breeding lines were also high. However, at 40 days postinoculation, observation of the oats in the newly developed culture bag nematode-inoculation system revealed that the amount of root galls and 2nd generation nematodes were significantly higher in line LA08085BS-T2 than in other lines. In sum, oat breeding line UFRGS136104-3 was highly resistant to M. graminicola by inhibiting the gall formation and nematode reproduction, while UFRGS136106-3 and UFRGS136119-2 showed relatively weak resistance and oat line LA08085BS-T2 would be a moderately susceptible host to M. graminicola, with high numbers of root gall formation. The outcome of this study provides ground information for nematode-resistant oat cultivar breeding.
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1. Introduction


The rice root-knot nematode, Meloidogyne graminicola, is a common plant-parasitic nematode to the Poaceae crops globally. The main hosts of M. graminicola in the family of Poaceae includes rice, wheat, barley, oat, and sorghum [1]. Research has shown that this nematode can result in up to 73–80% yield loss on rice whether in upland or intermittently flooded condition when the nematode population is high [2,3]. M. graminicola is widely distributed in all agricultural regions in Taiwan. It completes one life cycle within 19–21 days at 28–30 °C and causes an average of 80% disease rate in rice paddy fields [4]. The aboveground symptoms of M. graminicola infections often appear as patch patterns in a field, with the infected plants showing growth reduction, less vigor, yellowing and curling of leaves, wilting, and poor yield [5]. Underground, the 2nd juvenile stage of the nematode invades rice roots tips and the infected root tips would swell and form horseshoe-like hooks, the characteristic disease symptom of this nematode, as the female develops and lays eggs within the roots. Management of the M. graminicola in Taiwan is difficult since no nematicide is currently approved on the Poaceae crops for M. graminicola because of concerns for human and environment health [6]. Long-term crop rotation or bare fallow without any weed in field were shown to be effective in nematode control with the use of proper crop sequence [7] but is very impractical to most growers. Although recent progress had been made in biological control research [8], planting M. graminicola-resistant cultivars still remains the most promising option for future effective and economic control.



Oat (Avena sativa L.) is an annual grass grown worldwide. It is mainly cultivated for grain use in temperate regions between 45–65° of the northern hemisphere and 20–46° in the southern hemisphere [8]. Meanwhile, in the tropics and subtropics regions, oats are grown as forage for local use in some mountainous area or during cooler seasons [9]. As forage, oat is a high biomass crop with good nutrition composition profile that contains high crude protein and water-soluble carbohydrate and could be used as fresh feed, hay, or plant material for silage. Recent years, under the government’s support and promotion, oat has been reintroduced to Taiwan as a winter forage crop [10,11].



Natural nematode resistance has been reported in oats to some root-knot nematodes [12,13] and to cereal cyst nematode Heterodera avenae [14]. Three oat cultivars, Sniper, Tachiibuki, and Haeibuki, have been tested against three root-knot nematode species, M. incognita, M. arenaria, and M. hapla. Oat cultivars Sniper and Tachiibuki showed suppressive ability in the reproduction and development of these 3 Meloidogyne species in contrast to cultivar Haeibuki [12,13]. However, no breeding or experiments in oats for M. graminicola resistance have been reported. Given the fact that oat planting has gradually gained popularity in Taiwan, along with the raising economic risk caused by nematode infection, the aim of this study was to examine the disease resistance to M. graminicola among the putative oat lines that are currently used for winter forage crop breeding in Taiwan.




2. Materials and Methods


2.1. Nematode Inoculum


The nematode M. graminicola was first collected from a field with rice cropping history in Taiwan and identified morphologically through microscopic anatomy observation and body measurements with the deMan formula [15] and confirmed molecularly with ribosome gene sequences [8]. A single egg population was maintained on rice (cultivar Taoyuan No. 3) at 28 °C in a growth chamber. Prior to each experiment, eggs were extracted by macerating oats roots for 2 min in 1% NaClO [16] and placed in a Petri dish that contains water for hatching. The 2nd stage juveniles (J2) were collected on the same day of experiment.




2.2. Plant Materials


Four oat breeding lines (LA08085BS-T2, UFRGS136104-3, UFRGS136106-3, and UFRGS136119-2) from Quaker Oat International Nursery (QION) 2015 and 2016 were tested in this study. LA08085BS-T2 was a breeding line from the oat breeding program of the University of Florida, derived from a cross of a Brazilian line and a Florida line (UFRGS 046048-1 F6/FL0206FSB-34-S1-B-S1). The UFRGS series were from the breeding program of Universidade Federal do Rio Grande do Sul, Brazil, where UFRGS136104-3 and UFRGS136106-3 had the same pedigree but were from two independent crosses and UFRGS136119-2 was derived from a cross between UFRGS 988012-1 and UFRGS 995088-3 (Supplementary Table S1). We have selected these four oat lines for their good adaptation to subtropical climates. Thirty-five seedlings of each oat line were used in this study.




2.3. Attraction and Penetration Study


To quickly examine the oat lines for potential resistance to M. graminicola, the chemotaxis assay was conducted with oat seedlings. The seed of selected oat lines were sterilized with 1% sodium hypochlorite (NaClO) solution for 3 min and then thoroughly washed with distilled water. After soaking in distilled water for 2 h, the seeds were set to germinate in the dark for 24 h at 27 °C. The seedlings were then moved to 24 °C with 12–12 light/dark condition for 2 days before use. For evaluating the attraction of oats to M. graminicola, 200 J2 was added together with 18 mL of 23% Pluronic gel (Pluronic F-127, Sigma-Aldrich, St. Louis, MO, USA) in a petri dish (9 cm diameter) by shaking gently for uniform distribution. Then, one oat seedling was put in the gel in each petri dish. Throughout the process, the petri dishes were placed on ice to retain the liquid state of gel. The petri dishes were then transferred to room temperature for the gel to set. The number of nematodes within 1 mm diameter of the oat root tip were recorded at 8 and 24 h after inoculation. Five replications were set up for each tested oat line.



To determine the penetration rate of an oat breeding line, the total number of J2 which had completed root penetration at 24 h after inoculation were counted after staining with acid fuchsin, as described by Bybd et al. [17]. In brief, the roots were washed and placed in 1.5% NaClO solution for 4 min with occasional agitation. After removing residual NaClO, the segments were stained by boiling for 30 s in staining solution. The staining solution contains 1 mL stain (3.5 g acid fuchsin, 250 mL acetic acid, and 750 mL distilled water) with 30 mL water. The roots were rinsed in running water and then placed in acidified glycerin, heated to boiling, and then cooled to room temperature. The stained J2 inside the roots were counted under a stereoscopic binocular microscope. Five replications were set up for each treatment.




2.4. Inoculation Study


In order to observe and compare the disease development difference among oat breeding lines, a nematode-inoculation culture bag system was used. Three fresh germinated seeds of each breeding line were placed in the folding line of one culture bag and incubated in the growth chamber at 24 °C for 3 days. 200 J2 was inoculated to the 3-day-old seedlings as described by Lasserre et al. [18]. The disease severity and nematode reproduction ability were used to evaluate the resistance of oat genotypes. Plants with no nematode inoculation were used as controls. Five replicates were set up for each treatment.



The numbers of root galls represent the disease severity in this trail. The gall index (GI) was rated at 40 days postinoculation (dpi) with a five-scales system: 1 = no galling; 2 = 1–10 galls; 3 = 11–30 galls; 4 = 31–100 galls; and 5 = >100 galls/root system [18]. In addition, the culture bags were observed every day to record the occurrence of the first gall on each root system. All root was freshly weighted at the end of the experiment.



The number of eggs and the juveniles of the 2nd generation were used to evaluate the nematode reproduction ability. At the end of the trial, the total amount of J2 and eggs were collected and counted. With the initial population density (Pi) as 200, the J2 amount at the beginning of the inoculation, the J2 collected from the water in culture bags were used to calculate the final population density (Pf). Then, the multiplication factors (R) were calculated (R = Pf/Pi). Eggs were harvested by macerating oat roots in 1% NaClO for 2 mins, and the eggs were transferred into sterile water for counting as previously described [19].




2.5. Evaluation of Resistance and Susceptibility of Oat Lines


The gall index (GI) and multiplication factor (R) were used to infer the resistance/susceptibility of oat lines to M. graminicola [20,21]. The modified rating scale is shown in Table 1.




2.6. Data Analysis


For attraction and penetration study, the numbers of J2 were analyzed through the analysis of variance (ANOVA) and followed with the Duncan’s Multiple Range Test (DMRT) to measure the differences between means. For inoculation study, all data of root gall formation, nematode reproduction, and plant weight were analyzed by ANOVA and means were separated by DMRT. All the statistical analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA). Significant differences were determined by p < 0.05.





3. Results


3.1. Attraction and Penetration Study


Test oat lines showed variable attraction to J2. After 8 h, there were the most amounts of J2 observed around the root tips of UFRGS136104-3, which were significantly (p < 0.05) greater than the number of J2 around the root tips of lines LA08085BS-T2 and UFRGS136106-3, while no significant difference was found between UFRGS136119-2 and the other three genotypes (Figure 1A). After 24 h, significantly fewer J2 were found around UFRGS136119-2, followed by UFRGS136104-3, LA08085BS-T2, and UFRGS136106-3 (Figure 1B).



After acid fuchsin staining, J2 could be clearly found inside the root tips of oats at 24 h after inoculation (Figure 2). There were significant differences (p < 0.05) in J2 penetration observed after 24 h (Figure 1C). Four to eight times the number of J2 were found in the root tips of lines UFRGS136104-3 and UFRGS136119-2 compared to lines LA08085BS-T2 and UFRGS136106-3 (Figure 1C). Combining the number of J2 around and inside the root tips of each oat line after 24 h, a significantly (p < 0.05) greater number of J2 were attracted and penetrated to the root tips of lines UFRGS136104-3 and UFRGS136119-2 than those of lines LA08085BS-T2 and UFRGS136106-3 (Figure 1D).




3.2. Inoculation Study


The first gall formation of lines LA08085BS-T2, UFRGS136106-3, and UFRGS136119-2 could be observed at 10 dpi, 3 dpi, and 6 dpi, respectively. At 40 dpi, the typical symptoms caused by M. graminicola such as swellings and horseshoe-like hooks were observed on several root tips of tested oat lines, except UFRGS136104-3 (Figure 2). No gall was observed in UFRGS136104-3 during the trial time (Table 2). The total number of root galls, incompletely developed root galls, and completely developed root galls of line LA08085BS-T2 were all significantly higher (p < 0.05) when compared with UFRGS136106-3 and UFRGS136119-2 (Table 2). At 40 dpi, M. graminicola produced a significantly (p < 0.05) high number of eggs in LA08085BS-T2 (Table 2). Also, the number of J2 harvested in LA08085BS-T2 were more than UFRGS136104-3, UFRGS136106-3, and UFRGS136119-2 (Table 2). The fresh root weight of oats was increased in lines LA08085BS-T2, UFRGS136106-3, and UFRGS136119-2 at 40 dpi, but there were no significant differences in fresh root and leaf weight of inoculated oat lines compared with control plants (Table 3).




3.3. Resistance/Susceptibility of Oats Evaluation


The resistance/susceptibility of tested oat lines are summarized in Table 4. LA08085BS-T2 expressed as a moderately susceptible host to M. graminicola, which might not be easily invaded (Figure 1) initially but the nematodes population could successfully establish feeding sites and form many root galls in the later stage. In contrast, UFRGS136104-3 was highly resistant to M. graminicola; Even with some J2 penetration in the roots (Figure 1), the nematodes did not survive, no feeding sites could be developed within, and therefore no gall was observed. UFRGS136106-3 showed resistance to M. graminicola, and the nematode population within was the smallest among the tested oat lines. Finally, UFRGS136119-2 exhibited resistance by possessed fewer root gall formation and led to ineffective nematode reproduction.





4. Discussion


Meloidogyne graminicola, rice root-knot nematode, is one of the limiting factors for the production of the Poaceae crops, yet little is known about the pathogenicity of M. graminicola to oats. In the present study, the resistance level of oat lines from forage crop breeding lines in Taiwan were revealed using petri dish chemotaxis assay, root-tip penetration assay, and the newly developed culture bag nematode-inoculation system. The experiment results not only filled the important gap knowledge for M. graminicola host range and disease development on root but also revealed the limitation of using the results of petri dish chemotaxis and root-tip penetration assays as resistance/susceptibility indicators. In the case of oat line UFRGS136104-3, many J2s were attracted to the root tip and successfully entered the root, but a strong resistance occurred at a later stage in plants that led to no gall formation. On the other hand, on oat line UFRGS136106-3, even though the first gall was observed very early in the trail, only gentle damage was caused by the nematode at the end of the experiment.



The plant-parasitic nematodes can recognize specific chemical substances from the hosts by their sensory organs (e.g., amphids and phasmids), and it allows the nematodes to seek for food [22]. We found that the attraction to M. graminicola J2 of tested oat lines UFRGS136104-3 and UFRGS136119-2 were much higher than lines LA08085BS-T2 and UFRGS136106-3. However, the level of host attraction to J2 did not associate with the plant resistance level. Cabasan et al. [23] have observed the equal attraction to M. graminicola J2 between resistant and susceptible rice genotypes.



Host penetration is a key step of root-knot nematodes to complete their life cycles, and the defense responses that they may encounter from host plants could be pre-penetration, post-penetration, or both [24]. Pre-penetration defenses include physical root barriers and plant defensive biochemicals to inhibit Meloidogyne spp. penetration [25,26]. Two types of post-penetration defenses of M. graminicola-resistant rice genotypes were previously described [27]. First, an early hypersensitive-response (HR)-like reaction caused cell necrosis to prevent nematode feeding. Second, a late response resulted in poor developments of giant cells. Our results indicated that there are different defense response expressions in oat lines UFRGS136104-3, UFRGS136106-3, and UFRGS136119-2. The reproduction results suggest that oat lines UFRGS136104-3 and UFRGS136106-3 expressed pre-penetration or early stage post-penetration resistance, while line UFRGS136119-2 exhibited late post-penetration resistance (Figure 3). Further gene expression studies on nematode associated molecular pattern (NAMP)-induced basal defense associated host genes or markers of effector triggered host defense pathways would support the observation.



The resistance mechanism that lies in the M. graminicola oat line may not resemble the ones previously reported from other Poaceae plants. To date, 19 resistant genes to Heterodera avenae have been identified in wheat, barley, and oat [28,29,30,31,32]. Three flavone-C-glycoside compounds in methanolic root and shoot extracts of oats were found to be induced by Pratylenchus neglectus and H. avenae invasion and by methyl jasmonate [33]. Treatment with methyl jasmonate reduced invasion of both nematodes and increased plant mass, compensating for damage caused by the nematodes, and is attributed to the active flavone-C-glycoside [33]. In M. graminicola-resistant rice cultivars, the amount of nematode J2 with successful penetration was significantly lower, the nematode development was slower, their reproduction in the host was slower, significantly fewer galls were observed, and the size of mature females were significantly smaller [23]. However, in the inoculation experiment of this study, M. graminicola successfully penetrated the root of oat line UFRGS136104-3 with relatively high J2 amounts at 24 hours postinoculation but was not able to induce any gall or to reproduce. Based on the data obtained in the present research, there might be certain genetic properties for the resistances to M. graminicola existing in oat lines UFRGS136104-3, UFRGS136106-3, and UFRGS136119-2. Previous studies showed that the resistance genes in peppers (N, Me1, Me2, Me3, Me4, Me5, Me6, Mech1, and Mech2) and in tomato (Mi) regulated the plants abilities to defend against the penetration of Meloidogyne spp. and inhibited nematode reproduction [34,35,36,37]. Therefore, further plant physiological experiments along with genomic studies would be needed to reveal the M. graminicola-resistant mechanism in oats.



The management of M. graminicola currently relies heavily on nematicides application. For long-term sustainable farming, incorporating the nematode-resistance quality into oat cultivar selection would be ideal to prevent disease occurrence in fields. This study demonstrated and provided essential information on the natural M. graminicola resistance for future crop breeding.
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Figure 1. Numbers of M. graminicola J2 in a 1 mm diameter area around the root tips and in the roots of oat lines at 8 h and 24 h after inoculation: (A) Number of J2 around the oat root tips at 8 h after inoculation, (B) number of J2 around the oat root tips at 24 h after inoculation, (C) number of J2 in the oat roots at 24 h after inoculation, and (D) total number of J2 around the oat root tips and inside the oat roots after 24 h. Data points are mean ± standard error (SE) of 5 replicates. Means followed by the same letter are not significantly different (p ≥ 0.05). 
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Figure 2. Penetration of M. graminicola observed by acid fuchsin staining at 24 h after inoculation and root symptoms at 40 days postinoculation (dpi): The arrow sticks indicate the swollen and horseshoe-like hooked root tips. The scale bars represent 1 mm. 
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Figure 3. Overview of different defenses of oats against root-knot nematodes observed in this study. H = high; L = low; N = (almost) not observed; EPoP = early post-penetration; PrP = pre-penetration; LPoP = late post-penetration. 
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Table 1. Resistance rating scale for Meloidogyne graminicola based on root gall index (GI) and multiplication factor (R).
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	GI
	R
	





	1
	<0.1
	Highly resistant



	2
	≤1
	Resistant



	3
	>1
	Moderately susceptible



	4
	>1
	Susceptible



	5
	>10
	Highly susceptible
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Table 2. Comparison of root gall formation and nematode reproduction of M. graminicola on oat lines at 40 days postinoculation (dpi).
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Oat Line

	
Root Gall Formation

	
Nematode Reproduction




	
Total Number of Root Galls

	
Numbers of Incompletely Developed Root Galls

	
Numbers of Completely Developed Root Galls

	
Total Number of Eggs

	
Numbers of Harvested J2






	
LA08085BS-T2

	
17 ± 6.26 a

	
11.6 ± 4.5 a

	
5.4 ± 2.2 a

	
325.27 ± 131.96 a

	
203.4 ± 160.55 a




	
UFRGS136104-3

	
0.00 ± 0.00 b

	
0.0 ± 0.0 b

	
0.0 ± 0.0 b

	
0.00 ± 0.00 b

	
11 ± 4.65 b




	
UFRGS136106-3

	
3 ± 0.71 b

	
1.6 ± 0.7 b

	
1.4 ± 0.9 b

	
2.2 ± 1.16 b

	
0.00 ± 0.00 b




	
UFRGS136119-2

	
2.8 ± 0.86 b

	
1.4 ± 0.9 b

	
1.4 ± 0.6 b

	
58.4 ± 25.96 b

	
125 ± 64.02 a








Values are mean ± standard error (SE) of 5 replicates. Means within columns followed by the same letter are not significantly different (p ≥ 0.05).
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Table 3. Fresh leaf and root weight of oat lines at 40 days postinoculation (dpi) with M. graminicola.
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Oat Line

	
Leaf Weight (g)

	
Root Weight (g)




	
Inoculated

	
Control

	

	
Inoculated

	
Control

	






	
LA08085BS-T2

	
0.138 ± 0.006

	
0.132 ± 0.008

	
NS

	
0.431 ± 0.017

	
0.365 ± 0.035

	
NS




	
UFRGS136104-3

	
0.141 ± 0.005

	
0.151 ± 0.006

	
NS

	
0.589 ± 0.039

	
0.704 ± 0.051

	
NS




	
UFRGS136106-3

	
0.197 ± 0.004

	
0.188 ± 0.013

	
NS

	
0.723 ± 0.053

	
0.701 ± 0.049

	
NS




	
UFRGS136119-2

	
0.144 ± 0.015

	
0.151 ± 0.008

	
NS

	
0.523 ± 0.062

	
0.475 ± 0.034

	
NS








Data are mean ± standard error (SE) of 5 replicates. NS = no significant difference (p ≥ 0.05) between control and inoculated plants of each oat line.
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Table 4. Evaluation of the resistance and susceptibility of oat lines to M. graminicola based on root galls index and multiplication factor.
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	Oat Line
	Root Galls Index 1
	Multiplication Factor 2
	Resistance/Susceptibility 3





	LA08085BS-T2
	2.80 ± 0.37 a
	2.64 ± 1.36 a
	MS



	UFRGS136104-3
	1.00 ± 0.00 b
	0.06 ± 0.02 b
	HR



	UFRGS136106-3
	2.00 ± 0.00 b
	0.01 ± 0.01 b
	R



	UFRGS136119-2
	1.80 ± 0.2 b
	0.92 ± 0.41 a
	R







Values are mean ± standard error (SE) of 5 replicates. Means within columns followed by the same letter are not significantly different (P ≥ 0.05); 1 Root galls index rated on a scale of 1 to 5: 1 = no gall; 2 = 1–10 galls; 3 = 11–30 galls; 4 = 31–100 galls; and 5 = more than 100 galls/root system; 2 Multiplication factor = (total number of eggs + numbers of harvested J2)/200, the initial numbers of J2 inoculation. 3 HR = highly resistant; R = resistant; MS = moderately susceptible; S = susceptible; HS = highly susceptible.
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