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Abstract. Non-toxic Neotyphodium (novel endophyte) has been shown to provide similar agronomic performance as wild-type endophyte to deter pathogens without exerting adverse effects on livestock. While the grass/novel endophyte interaction does not synthesize alkaloid peramine that has been linked to mammal toxicity, the connection between wild (naturally occurring) and/or novel endophyte infection and tetany ratio in forage has not been evaluated. The risk of grass tetany was evaluated in naturally occurring endophyte-infected tall fescue grass grown in Japanese Andisol. Three tall fescue (Festuca arundinacea Schreb.) ecotypes (Fukaura, Koiwai and Showa) either infected with Neotyphodium coenophialum (Morgan-Jones and Gams) Glenn, Bacon and Hanlin (E+), or noninfected (E-) were grown in low phosphorus (P) availability black Andisol and high P availability red Andisol under a controlled environment. The biomass nutrient concentration was measured and the tetany ratio, K/(Ca+Mg), was established for all three fescue ecotypes. 
Results showed that K, Ca, and Mg concentrations and the K/(Ca+Mg) were significantly affected by endophytes, soils, and ecotypes and their interactions. Regardless of ecotypes and soils, K, Ca, and Mg concentrations were higher in endophyte-infected plants when compared to the control. Among the endophyte-infected ecotypes, the Fukaura and Koiwai showed higher K, Ca, and Mg concentrations in red Andisol. In contrast, the Showa ecotype showed higher K, Ca, and Mg concentrations in endophyte-infected plants than the control in black Andisol. Notwithstanding ecotypes and soils, endophyte-infected plants showed lower K/(Ca+Mg) than their counterparts, suggesting that the grass/endophyte interaction could provide a means of reducing the incidence of grass tetany in livestock.
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Introduction. Tall fescue is a long-lived, cool season C3 perennial grass, which is well-adapted for its tolerance to diverse soil and climatic conditions, including marginal, degraded, acidic, and poorly drained soils, and is tolerant to abiotic stresses such as drought and overgrazing [12].
While tall fescue is a highly productive and nutritionally valuable forage species [38], several studies have reported that ruminants feeding on tall fescue suffer from serious disorders. One of them is grass tetany (also known as grass staggers, crested wheatgrass poisoning, wheat pasture poisoning, winter tetany, transport tetany, pasture flush staggers, and in calves, a disorder called milk tetany) associated with nutrient imbalance in forage, especially for the period of the autumn growth [18. 39]. The other one is ergotism caused by the synthesized ergot alkaloids in forage due to the infection of grass by the wild fungal endophytes [13]. 

Grass tetany (Hypomagnesemia) is a non-infectious, but often fatal, metabolic ailment to cattle and sheep in temperate climates that is caused by nutritional imbalances associated with K, Ca, and Mg concentrations in forages [18]. The problem is prevalent in the United Kingdom, western Europe, South Africa, Argentina, New Australia, Zealand, the United States [25] and Japan [34], and losses of livestock are well documented. Neotyphodium is a genus of symbiotic endophytic fungi that exists with tall fescue grass. Most of fungi including the type of species Neotyphodium coenophialum (Morgan-Jones & W. Gams) Glenn, C.W. Bacon & Hanlin (1996), were merged into the genus Epichloë [22]. It used to store several asexually reproducing species that colonize the cool-season grass leaves. The intrusion of these fungi into grasses occurs either naturally or artificially [21], which can be considered as a biological modification of plant. The association between grass and the fungal endophyte is a mutualistic, symbiotic relationship, as both symbionts derive benefits from their interaction. The tall fescue-endophyte symbiosis confers a competitive advantage to the plant. Host plants express increased tolerance to biotic- and abiotic stresses, which results in better ecosystems persistence [23]. The endophyte-infected tall fescue deters herbivorous insects and mammals, while also inciting drought and disease resistance [16]. Moreover, endophyte-infected diets significantly reduced body weight of mouse [19]. Rahman et al. (2006) reported that growth responses of tall fescue to endophyte infection depended on the grass host ecotype and soil nutrient status. Rahman and Saiga (2007) also observed that endophyte-infected tall fescue produced significantly higher amount of dry-matter than that of the endophyte-free tall fescue, when grown in P-deficient and other nutrient-limited soils, and the reverse is true for P-enriched, but otherwise nutrient-deficient soils. Rahman and Saiga (2005) indicated that responses to endophyte infection by tall fescue varies physiologically and morphologically depending on soil nutrient status. However, in nutrient deficient soils with a higher reactive P content, the endophyte infection may instead be a disadvantage as growth and nutrient acquisition of tall fescue is dependent on abiotic (soil fertility) and biotic (endophyte infection) factors.
In the mutualisms, the symbiont produces secondary metabolites called alkaloids, including lolines (saturated 1-aminopyrrolizidines with an oxygen bridge), peramine (a pyrrolopyrazine), and ergot alkaloids [4]. While N. coenophialum possesses all the genes for loline biosynthesis [20], it did not produce any loline in cultured systems [3]; only the symbiotic relationship between fescue and endophyte produces lolines [37]. The loline have been shown to deter insect herbivory (biocontrol services) and may cause various other responses in higher organisms. Despite their lower concentrations, the ergot alkaloids significantly affect animal growth, resulting in homeostatic instability such as reduced weight gains, elevated core temperatures, restricted blood flow, reduced milk production, and reproductive problems. Peramine, alike the ergot alkaloids, is found in much lower concentrations in the host compared to loline alkaloids. It is primarily insecticidal and adversely affects mammals or other herbivores [32].

It is reported that ergotism, as well as grass tetany, in livestock caused by tall fescue needs to be managed proactively in a sustainable manner. To address this concern, (i) non-toxic Neotyphodium AR542 (e.g., MaxQTM & MaxPTM), known as novel endophyte, was released and has been proven to provide similar levels of agronomic performance as wild-type endophyte for deterring the impact of insects without adverse effects on livestock [27]; and (ii) significant advancement has been made in breeding plants that exhibit constantly higher Mg content cultivars viz., Magnet (Italian ryegrass), HiMag (Tall fescue), Mgwell (Orchardgrass) succeeded by Hides and Thomas (1981), and bred by Mayland and Sleper (1993), and Saiga et al. (2002), respectively. Selective plant breeding was successful in producing an experimental tall fescue cultivar, HiMag, containing higher Mg and Ca concentrations compared to K content in the forage. The Mg concentration consistently above the 0.2% threshold and a tetany ratio [K/(Ca+Mg)] below 2,2 suggests that the HiMag grass would greatly reduce the risk of grass tetany [39].
There is an urgent need to delve into the relationship, if any, between endophyte infection and grass tetany risk in tall fescue, as it has yet to be investigated. We hypothesized that endophyte infection will minimize the tetany risk in tall fescue. To test the hypothesis, a pot culture study was conducted with three tall fescue (Festuca arundinacea Schreb.) ecotypes either infected with N. coenophialum (E+) or noninfected (E-) under greenhouse conditions.
Materials and methods 
Grass species. Three tall fescue ecotypes, viz. Fukaura (at 40o 38' 52.3" N, 139o 55' 39.1" E), Koiwai (at 39° 44' 53" N; 141° 0' 53" E), and Showa (at 39o 52' 0" N; 140 o5' 0 E) were collected from Aomori (40o 49' 28.8" N; 140o 44' 26.3" E), Iwate (39o 42' 57" N; 141o 8' 14" E), and Akita (39o 43' 7" N; 140o 6' 9" E) prefectures, respectively, in the northern region of Honshu Island, Japan. The ecotypes were collected 80-100 km apart among the sites to maximize the likelihood of different ecotypes that were infected with their naturally occurring strains of N. coenophialum. Endophyte-infected plants were divided into two groups, one group was then treated with benomyl fungicide [21] to eliminate the endophytic fungus N. coenophialum and the other group was untreated control. Fungicide-treated and untreated plants were grown in the research field plots at Iwate University (39o 41' 59.81" N; 141o 09' 0.04" E), Japan in black Andisol, without any chemicals or fertilizers, under natural climatic conditions. At every 60 days after panting, the plants were tested for the endophyte infections by staining fresh tissues with rose Bengal [35]. Ramets were prepared of equal size and shape by cutting the shoots 5 cm above the crown, and the roots 5 cm below the crown. Each ramet was selected from a single tiller with three adventitious roots to equalize their initial sizes and shapes.
Soil processing and analysis. Composite samples of both black and red Andisols were collected from Iwate University campus (Uedai: Upper grassland) in Morioka city (39o 41' 59.81" N; 141o 09' 0.04" E) in the prefecture of Iwate and the Nikaho highland in the prefecture of Akita (39o 12' 10.8" N; 139o 54' 27.9" E), respectively, in the northern region of Japan. Soil samples were air-dried under shade at room temperature for 15 days, gently crushed with a ceramic pestle and mortar, and 2-mm sieved for selected chemical and physical analysis using standard methods.  

The two Andisols used in this experiment were in different soil fertility status (Table 1). The black Andisol (naturally low content of available P with high P retention capacity but high in other nutrients) and the red Andisol (naturally high content of P with low P retention capacity and low in other nutrients). The plastic containers used in this were filled with 2 kg of air-dried soil after removing large and visible plant debris, which was passed through a 4-mm sieve. The soils were brought to field moisture-holding capacity (333 mbar) after adding the required amount of water and then covered with a black polyethylene film to prevent evaporation followed by equilibrium at greenhouse temperature for five days. The pots were then weighted and considered the initial weight at filed moisture-holding capacity.
1. Properties of Andisols for growing tall fescue under controlled conditions 
	Properties  
	Unit/System 
	Value

	
	
	Black Andisol
	Red Andisol

	Color (Moist) 
	Munsell color chart
	 Black (7.5Y2/1)
	Redish brown (2.5YR4/6)

	Structure 
	-
	Massive 
	Granular and crumb

	pH 
	-
	6.02
	5.00

	EC 
	μS cm−1 
	65.3
	57.6

	CEC
	meq 100g-1 soil
	28.8
	25.6

	Organic matter
	gkg-1
	184
	94

	P retention capacity
	-
	1962
	604

	N
	%
	0.34
	0.12

	P
	mg100-1g soil
	6.71
	15.3

	K
	mg100-1g soil
	39.6
	20.3

	Ca
	mg100-1g soil
	316
	0.91

	Mg
	µg100-1g soil
	31.8
	1.18

	Cu
	µg100-1g soil
	1.42
	0.36

	Mn
	µg100-1g soil
	29.4
	3.2

	Zn
	µg100-1g soil
	2.18
	0.10

	Textural class
	Australian System
	Sandy loam
	Sandy clay loam


Experimental design and cultural practices. The experiment was established as a split-plot model with two soil fertility levels (main plot) and endophyte/tall fescue ecotype associations (split-plot) with three replications for each treatment combination. The plants with E+ and E- tall fescue ecotypes were transplanted into the pots and allowed to grow under greenhouse conditions with mean maximum and minimum temperatures of 24/11oC maintaining 14 h photoperiod, @ 280 μmolm-2s-1 light density, and average relative humidity 75±5 % for 133 days without any chemical fertilizers and chemical treatments. The pots were weighed immediately after transplanting the plants and was maintained at field moisture-holding capacity. Water was added on a weekly basis to maintain field moisture capacity during the primary growth period (11 weeks) and every alternate day throughout the regrowth period (8 weeks) because of rapid changes in the diurnal water content of the soils.
Plant harvest and nutrient analysis. 
The plants were clipped at a cutting height of 3-cm after 11 weeks of planting and allowed to regrow for another eight weeks and clipped again at the same height. The clippings (primary growth and regrowth) were dried at 55°C for 48-h in a forced-air oven followed by grinding and digested with a nitric acid-perchloric acid mixture at a 2:1. The concentrations of K, Ca, and Mg in the diluted aliquots were measured using Perkin Elmer-3300 atomic absorption spectrophotometry. The tetany ratio was computed [(K/(Ca+Mg) on Mc basis] according to Kemp and T‘Hart (1957).

Statistical analysis. A three-way analysis of variance (ANOVA) was employed to determine whether endophyte infection affected soil nutrient concentration (K, Ca, and Mg) and grass tetany ration [K/(Ca+Mg)] of tall fescue. The ANOVA model was comprised of endophyte, soil, and ecotype as the main fixed source of variation with three pairwise: endophyte x soil, endophyte x ecotype, and soil x ecotype and one three-way: endophyte x soil x ecotype interactions. To assess the results, Duncan Multiple Range test was performed using the approach of RYAN-EINOT-GABRIEL-WELSCH (Ryan 1960) and compared with the variables at p<0.05 level of significance. The Statistical Analysis System (SAS Institute, Cary, NC, USA) was used for all statistical analyses.
Results. The ANOVA showed that concentrations of K, Ca, and Mg were significantly influenced by endophyte, soil, ecotype, and their interactions (Table 2).
2. Three-way ANOVA for mineral nutrient concentration of tall fescue ecotypes
	Variable
	Source of variations
	df
	MS
	F
	Pr>F

	Potassium (K)
	Endophyte 
	1
	211398
	8922
	0.0001

	
	Soil 
	1
	57903
	2444
	0.0001

	
	Ecotype 
	2
	59683
	2519
	0.0001

	
	Endophyte x Soil
	1
	191949
	8102
	0.0001

	
	Endophyte x Ecotype
	2
	72140
	3045
	0.0001

	
	Soil x Ecotype
	2
	59111
	2495
	0.0001

	
	Endophyte x Soil x Ecotype
	2
	68917
	2909
	0.0001

	Calcium (Ca)
	Endophyte 
	1
	4602
	493.9
	0.0001

	
	Soil 
	1
	1529
	164.1
	0.0001

	
	Ecotype 
	2
	1412
	151.6
	0.0001

	
	Endophyte x Soil
	1
	3345
	359.0
	0.0001

	
	Endophyte x Ecotype
	2
	1638
	175.8
	0.0001

	
	Soil x Ecotype
	2
	1599
	171.6
	0.0001

	
	Endophyte x Soil x Ecotype
	2
	1550
	166.3
	0.0001

	Magnesium (mg)

 
	Endophyte 
	1
	1574
	513.625
	0.0001

	
	Soil 
	1
	72.82
	23.762
	0.0001

	
	Ecotype 
	2
	314.0
	102.464
	0.0001

	
	Endophyte x Soil
	1
	798.3
	260.488
	0.0001

	
	Endophyte x Ecotype
	2
	378.5
	123.504
	0.0001

	
	Soil x Ecotype
	2
	553.1
	180.503
	0.0001

	
	Endophyte x Soil x Ecotype
	2
	518.0
	169.0
	0.0001


The two-way interaction (endophyte x soil, endophyte x ecotype, and soil x ecotype) on nutrient contents indicated that endophyte exhibited variable effects on the host plants anticipated to variations in soil fertility status. Concentration of Ca and Mg in endophyte-infected plants were significantly higher irrespective of ecotypes and soils while K concentrations were almost same in endophyte-infected, and endophyte free tall fescue shoot regardless of ecotypes and soil with the exception for ecotypes Fukaura and Koiwai grown in red Andisol (Table 3).
3. Nutrient element concentration in tall fescue ecotypes as affected by endophyte infection*
	Ecotype
	Soil Type
	Nutrient (mg g-1)

	
	
	K
	Ca
	Mg

	
	
	E+
	E- 
	E+
	E- 
	E+
	E-

	Fukaura
	Black Andisol
	142.63aB
	142.40aA
	18.01aB
	16.71aA
	17.81aB
	13.05bA

	
	Red Andisol
	388.53aA
	116.03bA
	38.84aA
	10.22bB
	23.21aA
	6.33bB

	Koiwai
	Black Andisol
	187.22aB
	173.21aA
	20.89aB
	16.34bA
	15.93aB
	12.38aA

	
	Red Andisol
	692.67aA
	74.28bB
	103.67aA
	10.54bB
	55.67aA
	5.29bB

	Showa 
	Black Andisol
	182.14aA
	174.15aA
	22.98aA
	18.84bA
	18.98aA
	13.86bA

	
	Red Andisol
	108.97aB
	101.97aB 
	16.13aB
	12.40aA 
	8.61aB
	6.95aB


*Values within the rows and endophyte infections within ecotypes for each variable with the same uppercase letter (s) are not significantly different at P≤0.05.

*Values within the columns and soils within ecotypes for each variable with the same lowercase letters are (s) not significantly different at P≤0.05.
The nutrient content in endophyte infected Fukaura and Koiwai ecotypes was consistently higher in the black Andisol when compared to the red Andisol (Table 3); however, an opposite trend was observed for all noninfected ecotypes of Showa grown in the red Andisol. Irrespective of ecotypes, endophyte-infected tall fescue grown in both black and red Andisols had 0,2 to 7,5 % and 4,4 to 89,3 % higher K contents, respectively. The Ca and Mg contents in Fukaura ecotypes grown in the black Andisol showed 7,2 % and 26,3 % higher in E+ plants. The ecotypes Koiwai and Showa showed 21,8 % and 18,2 %, and 22 % and 27 % higher Ca and Mg concentrations in E+ than E- plants grown in the black Andisol, respectively. In contrast, endophyte-infected ecotypes Koiwai and Showa showed 89,8 % and 23,0 %, and 90,5 % and 19,4 % higher Ca and Mg concentrations, respectively, in the red Andisol. Regardless of ecotypes and soils, the K, Ca, and Mg concentrations were higher in E+ plants than in E- plants. 
The K/(Ca+Mg) did significantly influence by endophyte, soil, and ecotype (Table 4) and their interactions, except for endophyte x soil, endophyte x ecotype, and endophyte × soil × ecotype. A significant soil x ecotype indicated there were ecotype-specific differences K/(Ca+Mg) in response to soil types. The concentrations of K, Ca, Mg, and grass tetany ratio were consistently affected by the endophyte infection, accounting for 64, 61, 80,3, and 54,9 %, respectively (Table 2). The influence of predictor variables was in the order of endophyte > ecotype > soil for the concentration of K and Mg, and endophyte > soil > ecotype for the concentration of Ca and K/(Ca+Mg).
4. Three-way ANOVA for mineral nutrient ratio of tall fescue ecotypes
	Variable
	Source of variations
	df
	MS
	F
	Pr>F

	K/Ca+Mg
	Endophyte 
	1
	0.70
	21.4
	0.0001

	
	Soil 
	1
	0.362
	11.0
	0.0030

	
	Ecotype 
	2
	0.215
	6.54
	0.0050

	
	Endophyte x Soil
	1
	0.028
	0.86
	0.8610

	
	Endophyte x Ecotype
	2
	0.059
	1.78
	0.1890

	
	Soil x Ecotype
	2
	1.678
	51.0
	0.0001

	
	Endophyte x Soil x Ecotype
	2
	0.005
	0.14
	0.8710

	K/Mg 
	Endophyte 
	1
	0.85
	29.4
	0.0001

	
	Soil 
	1
	0.469
	13.8
	0.0010

	
	Ecotype 
	2
	0.295
	7.94
	0.0050

	
	Endophyte x Soil
	1
	0.088
	1.06
	0.9620

	
	Endophyte x Ecotype
	2
	0.079
	2.28
	0.2019

	
	Soil x Ecotype
	2
	3.678
	61.1
	0.0001

	
	Endophyte x Soil x Ecotype
	2
	0.009
	0.19
	0.9876


The highest K/(Ca+Mg) was observed in non-infected tall fescue irrespective of ecotype and soils (Table 5). In our study, the values for tetany ratio, K/(Ca+Mg) were significantly higher than the threshold (>2,2) values when compared to endophyte infection in Fukaura ecotype grown on both Andisols.
5. Mineral nutrient ratio in tall fescue ecotypes as affected by endophyte infection*
	Ecotype 
	Soil 
	K/(Ca+Mg)** 
	K/Mg

	
	
	E+
	E-
	E+
	E-

	Fukaura
	Black Andisol
	1.51bA
	1.95aA
	7.99bB
	10.92aB

	
	Red Andisol
	2.55bB
	2.88aB
	15.07bA
	18.93aA

	Koiwai
	Black Andisol
	2.05aA
	2.42aA
	11.58bA
	14.09aA

	
	Red Andisol
	1.83aA
	1.92aB
	12.17aA
	14.49aA

	Showa
	Black Andisol
	1.72bA
	2.13aA
	9.59bB
	12.86aB

	
	Red Andisol
	1.81bA
	2.19aA
	12.44bA
	14.97aA


*Values within the rows and endophyte infections within ecotypes for each variable with the same uppercase letter (s) are not significantly different at P≤0,05.

* Values within the columns and soils within ecotypes for each variable with the same lowercase letter (s) are not significantly different at P≤0,05.

**Safe if K/(Ca+Mg) is ≤ 2.2; Risky if K/(Ca+Mg) is >2,2.

The value of K/(Ca+Mg) was significantly higher than the threshold values in Koiwai ecotype grown in the black Andisol. Irrespective of soils and endophyte infections, Showa had lower threshold values of K/(Ca+Mg) than the other ecotypes. The highest value of tetany ratio (2,9) was recorded in endophyte-infected Fukaura ecotype grown in the red Andisol, and the lowest (1.5) in endophyte-infected Fukaura ecotype grown in the black Andisol. A significantly lower K/Mg in endophyte-infected plants irrespective of ecotypes and soils was observed. In black Andisol, the K/Mg were 36,6 %, 27,7 % and 34,1 % lower in endophyte infected ecotypes of Fukaura, Koiwai and Showa, respectively. In red Andisol, the K/Mg were 25,6 %, 22,7 % and 20,2 % lower in endophyte infected ecotypes of Fukaura, Koiwai and Showa, respectively.
Discussion. The significant three-way interaction (endophyte x soil x ecotype) for nutrient contents related to grass tetany showed that the ecotype-specific nutrient acquisition responses to endophyte were dependent on soil nutrient contents. A significantly higher concentration of Ca and Mg in endophyte-infected plants irrespective of ecotypes and soils was due to altered plant characteristics which enhances transport and uptake of Ca and Mg from root to shoot (Table 3). The process responsible for increased transport of Ca and Mg from roots to shoot of endophyte-infected plant may be due to greater root exudation, fine root production, and carrier-mediated transport systems. The uptake and translocation mechanisms of essential nutrients in endophyte-infected plants depend on root architecture creating nutrient-specific root morphology (length, number, density, angle, and diameter) and activities of diverse nutrient transporters (transcription, mRNA stability, translation, polar localization, protein modification and protein degradation) in response to greater nutrient availability [1]. The highest shoot Ca and Mg concentrations were observed due to root alteration which accounted plant’s ability to absorb greater amounts of Ca and Mg or a difference in their ability to transport those essential elements. Our results justified that the endophyte infections proactively translocate more Ca and Mg from roots to shoot than its counterparts, and that endophyte infection is associated with greater synthesis of active nutrient transporters in plants. 

Generally, nutrient uptake in plants depends on concentrations and ionic activity of nutrients in soil solution as well as the soil’s ability to replenish and/or buffer those nutrients in the soil solution. It is expected that nutrient uptake and transport mechanisms could have been enhanced in the rhizosphere of biologically modified (like endophyte infection) plants through altering mass flow and diffusion processes. Barber (1984) reported that both Mg and Ca ions are often supplied to the roots by mass flow and ion exchange, while K is supplied by diffusion process. The Mg availability is influenced by the Mg concentration relative to the soluble and exchangeable K and Ca, respectively. In contrast, the K concentration had a greater suppressive effect on Mg translocation to the shoot than Mg uptake by roots as reported by Hannaway et al. (1982). It is expected that endophyte-infected plants might absorb more Mg and Ca due to greater release of organic acids as well as chelate production in the rhizosphere [9]. Increased Mg and Ca concentrations relative to K concentration in the herbage is expected to contribute significantly to the value of the forage grass and greatly reduce animal losses [39]. It was suggested that endophyte infection alters the soil enzyme activities which improves the plant nutrient availability over time. A greater enzymes activity was recorded in endophyte-infected plant rhizospheres which as well is dependent on plant growth stage [17]. Fang et al. (2010) reported that enhanced urease and acid phosphatase activities which lead to increase of nutrient concentrations in both rhizosphere and soils. Moreover, the solubility of each nutrient depends on internal soil environment and root induced changes in the rhizosphere is also a causative factor for increased nutrient availability for plants [24]. The relation between endophyte infection and dry matter production, water use efficiency and chlorophyll content were studied by Rahman et al (2003). They observed the higher dry matter production associated with higher water use efficiency and higher chlorophyll content in endophyte infected plants. They pointed out that plant biomass production depends on the accumulation of carbon products via photosynthesis. Carbohydrate accumulation in leaves is boosted with Mg content and which is engaged in the source-to-sink transport of carbohydrates [11]. Therefore, it could be conferred that Mg as a highly movable element favourably transported to leaves in E+ plants to enhance in photosynthetic activity.
The risk of grass tetany increases at a K/(Ca+Mg) of 2,2 or higher [5, 18]. While the mechanism for decreased tetany potential ratio is still unknown; however, the endophyte/grass interaction may have involved to increase the uptake of nutrients by roots and translocation to shoot in a synergistic manner to balance the system. Endophyte/grass interaction has been found to alter the composition of root exudates, which leads to increased microbial activity and diversity as well as nutrient mining from rhizosphere [40]. Several studies have indicated that Neotyphodium shoot endophytes can influence root architecture in grasses [7]. While the root characteristics were not evaluated between infected and non-infected plant grown in different Andisols, we expected that root length was higher due to endophyte infection in Andisols, which is collaborated with the results of Crush et al. (2004). They reported that the endophyte-infected plants had fewer roots close to the surface than the subsurface. Carrow (1996) reported that endophyte-infected tall fescue had a higher root length density in subsurface soil, suggesting the plant’s ability to maintain evapotranspiration while the soil moisture availability was limited. This pattern of root distributions is important for abiotic stress especially drought resistance of endophyte-infected grasses. Conversely, if endophyte infected plants were able to extract more soil solution from deeper soil depths, this should be advantageous for K/(Ca+Mg), which would be lower because of K dilution when compared to more Ca and Mg content. Shawmaker et al. (2004) observed that the K concentration decreased with soil depth. They concluded that roots growing at the deeper soil depths had a substantially more favourable K/(Ca+Mg) and K/Mg in the soil solution than that at the shallower depths. The lower K/(Ca/Mg) in soil solution should have to allow for a lower grass tetany risk in the endophyte-infected plant tissue. 

Significantly higher Mg concentration and lower tetany ratio with E+ plants suggested that all E+ ecotypes are expected to reduce the incidence of grass tetany in tall fescue grown on temperate Andisols. It is evident from our study that the grass tetany risk of ruminant is higher with noninfected tall fescue ecotypes grown in temperate Andisols. Our study also suggested that feeding cattle on tall fescue, the ecotype Fukaura grown in the red Andisol is a potential risk of grass tetany, irrespective of endophyte infections. The Koiwai non-infected ecotype grown in the black Andisol also has a risk of grass tetany for ruminants; however, ecotype Showa of tall fescue is expected to be safe for grazing cattle, regardless of soil types as well as endophyte infections.
Conclusions. The K/(Ca+Mg) is an important key index to predict grass tetany risk in ruminants. Our results showed that the K, Ca, and Mg contents were higher in endophyte-infected tall fescue when compared to the non-infected plants; however, the tetany ratio was lower for E+ than for E- tall fescue, regardless of ecotypes and soils. The endophyte-infected tall fescue could be considered as a suitable forage species for ruminants with low grass tetany risk grown in temperate Andisols. The lower tetany ratio in infected tall fescue ecotypes confirmed that biologically modified plants (the endophyte infection) can be used as a management tool to overcome the incidence of grass tetany in ruminants. Even though our study did not detect the factor(s) responsible for increased uptake and transport of Ca and Mg from roots to shoot of endophyte-infected plants, it is most probably due to greater root distribution and carrier-mediated transport. An experiment that measures the factors would probably be necessary to address the active uptake and translocation hypothesis anticipated. This is a model study which indicated that endophyte infection reduces the grass tetany ratio in tall fescue ecotypes irrespective of soil fertility status. Further studies are needed in field-scale trials to validate the optimal grazing management strategies of high Mg-containing forage strains or cultivars infected by wild, as well as novel endophytes throughout the year. 
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Х. Рахман, С. Сайга, С. Сабрін, Р. Іслам

Чи може інфікована ендофітами вівсяниця високоросла мінімізувати ризик трав’яної тетанії худоби?

Анотація. В результаті досліджень було виявлено, що нетоксичний Neotyphodium (новий ендофіт) забезпечує подібні агрономічні характеристики, як і ендофіт дикого типу, для стримування патогенів, не завдаючи негативного впливу на худобу. Хоча взаємодія трави та нового ендофіта не синтезує алкалоїд перамін, який був пов’язаний з токсичністю для ссавців, зв’язок між дикою (природною) та/або новою ендофітною інфекцією та співвідношенням тетанії в кормах не оцінювався. Ризик тетанії був оцінений у природньо інфікованій ендофітами вівсяниці високорослій, вирощеній у японському Андісолі. Три екотипи вівсяниці високорослої (Festuca arundinacea Schreb, Fukaura, Koiwai і Showa), інфікованих Neotyphodium coenophialum (Morgan-Jones та Gams), Glenn, Bacon і Hanlin (E+), або неінфікованих (E-) вирощували на чорних грунтах Андісолу з низьким вмістом F і на червоних грунтах Андісолу з високим вмістом  F в контрольованому середовищі. Визначали концентрацію поживних речовин у біомасі та встановили коефіцієнт тетанії K/(Ca+Mg) для всіх трьох екотипів вівсяниці. 

Результати показали, що на концентрації K, Ca, Mg та K/(Ca+Mg) значно впливали ендофіти, типи ґрунтів, екотипи рослин та їх взаємодія. Незалежно від екотипів рослин і типів ґрунтів концентрації K, Ca та Mg були вищими в інфікованих ендофітами  рослинах порівняно з контролем. Серед екотипів, інфікованих ендофітами, Fukaura та Koiwai показали вищі концентрації K, Ca та Mg на  червоних грунтах Андісолу. На відміну від цього, екотип Showa показав вищі концентрації K, Ca та Mg в рослинах, інфікованих ендофітами у порівнянні з контролем на чорних грунтах Андісолу.  Незважаючи на екотипи рослин та типи ґрунти, рослини, інфіковані ендофітами, показали нижчий рівень K/(Ca+Mg), ніж їхні аналоги, що свідчить про те, що взаємодія трави/ендофіту може бути засобом зниження захворюваності худоби на трав’яну тетанію. 
Ключові слова: Андісол, трава прохолодної пори року, біологічно модифікована рослина, екотип, Neotyphodium coenophialum
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