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Abstract

:

Ergothioneine (ERGO) is a potent antioxidant and anti-inflammatory amino acid that is produced in nature mainly by non-yeast fungi, cyanobacteria, and mycobacteria. Mounting evidence suggests that ERGO can be considered a longevity vitamin that can mitigate chronic diseases of aging and thereby increase life expectancy. Humans must obtain ERGO from their diet, and it is therefore important to know which foods contain it. Although ERGO is not produced by plants it is found in plant products such as grain, apparently because detrital or symbiotic soil fungi pass on ERGO to plants through their roots. Besides differences between plant species in their ability to accumulate ERGO, how they are managed might also affect its concentration. Soil tillage has been shown to reduce soil fungal biomass, and therefore ERGO contents in maize, soybeans, and oats grown in soil managed with annual moldboard plowing (most intensive), chisel/disking (less intensive), or no-tillage (least intensive) in crop rotation were compared. ERGO concentrations declined in all three crops as tillage intensity increased, with reductions from no till to moldboard plow of approximately 30% in all three crops. Because crop yield was also negatively impacted by intensive tillage, ERGO yield per hectare was reduced even more due to increasing tillage intensity. This study is one of the first to show that soil health improving practices that minimize soil disturbance can directly enhance a key dietary factor associated with long-term human health.
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1. Introduction


A recent study hypothesized that an important link between soil health and human health is the potent dietary antioxidant amino acid, ergothioneine (ERGO) [1]. Ames previously suggested that ERGO is a “longevity vitamin” and lack of it in the diet can result in a greater incidence of chronic diseases of aging and reduced life expectancy, and because it is not produced by the human body, it must be obtained through the diet [2]. Unfortunately, the American diet has been shown to be quite low in ERGO compared to four European countries, and this lack was associated with a higher incidence of chronic diseases of aging and reduced life expectancy [1]. ERGO is produced in nature primarily by fungi and some bacteria [3,4,5,6]. Cultivated mushrooms have been shown to be, by far, the leading dietary source of ERGO. However, it is also detected in small quantities in plants, even though plants are not known to produce ERGO themselves. It appears, therefore, that soil microorganisms such as mycorrhizae and saprobic fungi pass ERGO on to plants through their roots, and it then becomes widely distributed in the food chain. Research has demonstrated that tillage of agricultural soils can disrupt and diminish saprobic and mycorrhizal fungi populations and thereby compromise soil health [7,8,9,10]. This led us to speculate that minimal or no tillage could help to maintain robust levels of soil-borne fungi and thereby result in crops with higher ERGO levels than if grown with aggressive tillage [1].



Scientists define soil health (sometimes called soil quality) as “the capacity of a living soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and promote plant and animal health” [11]. The link between soil health and human health, however, has proven elusive [12]. Sometimes soil health is limited to the ability of soil to supply essential nutrients and water to plants, or the absence of soil pollutants [13,14]. However, this ignores the biological aspect of soil health [11]. Soil health is determined by an active soil food web, its foundation being photosynthetic autotrophs that feed a large diversity of heterotrophs ranging from submicroscopic organisms to large burrowing animals that live in soil. Soil health is determined by the entire sequence, from living organisms, to dead organisms, all the way through a cascade of trophic levels to highly stable organic humified compounds that are physically protected inside soil aggregates. Soil organic matter content, which encompasses all living and dead organisms and humus, is therefore one of the most important indicators of soil health [15]. The living portion of soil, however, is still very poorly understood, because most species are submicroscopic and techniques to identify them are still in development [16]. A tablespoon (about 15 g) of soil typically contains more than 1 billion bacterial cells, representing thousands to millions of individual species, most of which are not identified at the species level [17]. Our understanding of microbial diversity has improved tremendously in the last 30 years, but much still remains to be discovered [16]. Better characterization of the diversity of submicroscopic soil organisms and understanding of their respective roles will be essential to the development of management practices that result in more healthy soil.



Despite the need for a better understanding of soil microbes, broad categories are already identified and their importance for soil health recognized. The kingdom of fungi has been found to be especially important to soil health. Saprophytic fungi are crucial to the decomposition of highly lignified plant matter, liberating nutrients for other microbes and higher life forms [18]. Saprobic soil fungi that decompose dead plant and animal remains stimulate macroaggregate formation—critical for erosion resistance, soil aeration, water infiltration, and percolation [19]. Mycorrhizal fungi live in symbiotic relationship with plant roots common in more than 80% of plant species [20]. Arbuscular mycorrhizae are most common, which penetrate plant roots and form tree-like structures inside root cortical cells where the exchange of carbohydrates, nutrients, and water between plant and fungus takes place [21]. Other plants (mostly perennial tree species) have associations with ectomycorrhizae, the hyphae of which only penetrate the intercellular spaces between root cortical cells where energy, nutrient, and water exchange take place [22]. Mycorrhizae are important for soil health for several reasons: (1) they favor soil aggregation because their hypha form nets that stabilize macroaggregates, while they also produce glomalin, a hydrophobic glycoprotein that acts as a glue between soil particles and (2) they extend the reach of plant roots and increase access to immobile plant nutrients such as phosphorus and potassium, increase water uptake, and also produce exudates and enzymes that help solubilize nutrients from soil minerals and organic matter [23].



Recently, there has been a movement to make changes to conventional agricultural practices that can lead to improvements in soil health. Regenerative, restorative, and conservation agriculture have all been employed to describe this movement. All of these employ the combination of three principles: (1) no or limited soil disturbance, (2) permanent organic cover of the soil, and (3) diversity in crop rotations and/or associations [24]. Compared with conventional crop production, conservation agriculture leads to reduced soil erosion [25,26] greater infiltration [27,28], more soil organic carbon [29,30], soil structure development [31], more earthworms [32,33], improved biological nitrogen fixation [34], fungal hyphae growth [10], and arbuscular mycorrhizae colonization [9,35]. More healthy food from conservation agriculture due to its improvement in soil health, however, remains to be confirmed. To address this gap in knowledge, our objective was to determine the specific impact of tillage on the content of ERGO in grain crops utilizing an existing 40+ year tillage study. We hypothesized that increased tillage would lead to lower levels of ERGO when compared to crops grown using minimal or no-till methods.




2. Materials and Methods


2.1. Cultivation of Grain Crops


Grain was obtained from the continuous, long-term tillage trial at the Russell E. Larson Agricultural Research Center at Rock Springs as described previously [36]. The tillage study was started in 1978 in a randomized complete block design with three tillage treatments: moldboard plowing/disking/harrowing (MB), chisel plowing/disking/harrowing (CD), and no-till (NT), replicated four times. Plots were 225 m long by 14 m wide (with exception of no-till in the 4th replicate, which was 188 m long). The field was undulating, with the first replicate being at the lowest position and the fourth replicate at a higher position in the landscape. The first replicate was subject to repeated extended flooding events and standing water in the last 10 years and was therefore excluded from the analysis in this paper. The soils of replications 2–4 that are the subject of this study are primarily classified as Hagerstown silt loam (mixed, semiactive, mesic Hapludalf in the USDA Taxonomy). These are well-drained limestone-derived valley soils common in the Ridge and Valley ecoregion that stretches from western Virginia to northeastern Pennsylvania.



After 25 years of continuous maize (Zea mays, L.) with occasional exceptions, the study was converted in 2004 to a more diverse maize–soybean (Glycine max L. Merr)–wheat (Triticum aestivum L.) rotation followed by a leguminous cover crop. Maize and soybeans were usually planted in May, while wheat was planted immediately after soybean harvest in the fall (typically October). After wheat harvest, a hairy vetch (Vicia villosa, Roth)/oat (Avena sativa L.) cover crop was planted in the second half of August. In some years it was not possible to plant wheat after soybeans in the fall due to late soybean harvest or extremely wet conditions in the fall, so oats were planted in April instead. Therefore, oats were grown in 2020 instead of wheat.



Tillage for MB and CD was done annually before main crop or cover crop establishment. This was in April/May for summer crops maize, soybean, and oats, October for wheat, and August for the cover crop. In the case of MB, primary tillage was done with an International 710 Automatic (with six general purpose bottoms and trash boards for better residue coverage). One side of the tractor drives in the front furrow, and the depth of tillage was 30–35 cm. The moldboard plow inverts the soil and leaves virtually no crop residue cover after planting. In the case of CD, a John Deere 714 chisel plow was used. This model has one row of spherical disks up front to cut crop residue and three rows of 7.6 cm wide twisted points, totaling 11 chisel points. The depth of tillage was 20–25 cm. Chisel plowing is a much less intensive tillage operation than moldboard plowing, does not completely invert the topsoil, and leaves more crop residue cover after planting. Secondary tillage was the same for CD and MB and included disking with a Pittsburgh MT10 tandem disk. This disk has 48 cm diameter spherical notched disks on the front and 43 cm diameter spherical smooth disks on the rear. The depth of disk harrowing was approximately 10 cm deep. Disking was followed by final seedbed preparation with a Brillion cultimulcher spring-tooth harrow. This harrow has one row of crowsfoot cultipacker wheels followed by two rows of spring-tooth harrow tines, followed by one row of solid cultipacker wheels to firm up the soil. The depth of the spring-tooth tillage was approximately 8–10 cm. All treatments were planted with a no-till planter or drill after tillage was completed in the respective plots. Maize was planted with a 6-row (4.56 m wide) John Deere no-till planter (JD 1780 from 2001–2014, and JD 1755 from 2015–2019) with 76 cm row spacing. Soybeans, wheat, oats, and cover crops were planted with a 3 m wide Great Plains no-till drill with 19 cm row spacing. Typical plant populations were 79,000 ha−1 for maize, 430,000 ha−1 for soybeans, and 3.5 million ha−1 for wheat and oats. Cover crop seeding rate was 36 kg ha−1 oats and 28 kg ha−1 hairy vetch. Soybeans and hairy vetch were inoculated with the proper rhizobial bacteria for biological nitrogen fixation. Crops were fertilized with chemical fertilizer and no animal manure or compost was used. The soil in the experiment was tested regularly and lime, phosphorus, and potassium were applied according to recommendations by Penn State’s Agricultural Analytical Laboratory. Nitrogen was applied according to yield goal, which typically meant 168 kg ha−1 total N was applied for maize (split between at planting and side-dress application) and 70 kg ha−1 N for wheat and oats (topdressed in spring), while no nitrogen was applied to soybeans, since it fixes atmospheric nitrogen. Herbicides were used for weed control. The same herbicides were used in all tillage treatments. This involved annual glyphosate application before crop establishment to kill all living vegetation, and another post-emergence glyphosate application in soybeans. In the case of maize, a residual herbicide program was used. No in-crop herbicide application was used for wheat or oats. Glyphosate has been used in these tillage study plots for at least 20 years annually for burn-down as well as during crop growth when glyphosate-resistant crops were utilized, i.e., soybeans.



Crop yields were determined by combine harvesting the center 4.56 m of each plot and weighing the grain in a weighing wagon. Random samples were taken from each load to determine moisture content. Grain yields are reported at standard moisture contents. For the present study, random samples of maize (2018), soybeans (2019), and oats (2020) were collected for ERGO analysis. Random samples were obtained while the fields were harvested and stored. Prior to ERGO analysis, samples were hot air dried at 55 °C for 10 h to account for any moisture gain during storage. The dried samples were then ground into a fine powder using a Vitamix Blender equipped with a 32-ounce dry grain container. In the case of maize (2018), the samples were collected as an exploratory experiment to see if differences in tillage led to difference in ERGO. For this reason, ERGO results are from a pooled sample analysis without controlled reps for each tillage type. In subsequent years replicates were available. Thus, statistical analysis was not performed for ERGO in maize (2018).




2.2. Analysis of ERGO Content in Crop Samples


2.2.1. Chemicals and Materials


L-(+)-ergothioneine standard was purchased from Toronto Research Chemicals (Toronto, ON, CA), and L-(+)-ergothioneine-d9 (ERGO-d9) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA) as internal standard. Formic acid was purchased from ACROS (Fair Lawn, NJ, USA). Optima LC-MS grade water, acetonitrile, methanol, and other chemicals were purchased from Fisher Scientific (Fair Lawn, NJ, USA).




2.2.2. Sample Preparation Procedure


ERGO and ERGO-d9 stock solutions (1 mg/mL) were prepared in methanol. The standard working solutions were prepared by series dilution of the standard stock solution in methanol/water (50/50), resulting in concentrations from 50 to 10,000 ng/mL. ERGO-d9 working solution was prepared by dilution of its stock solution using methanol/water (50/50) to make the concentration at 500 ng/mL. ERGO standard curve was prepared by spiking 5 μL of standard working solution and 2.5 μL of internal standard working solution into 42.5 μL of 50% methanol to make the standard concentrations from 5 to 1000 ng/mL while the internal standard concentration was kept at 25 ng/mL. The standard curves were constructed by plotting the ratio of the peak area of ERGO to the peak area of ERGO-d9 versus ERGO concentration. The stock solutions and working solutions were kept at −20 °C before use.



The grain samples were ground into powder before being processed. After weighing the grain powders (around 50 mg), 10 μL of internal standard working solution was spiked in, and 990 μL of methanol was used to extract ERGO from the grain powder. The mixture was vortexed, and centrifuged at 4 °C, 8765× g for 10 min, and the supernatant was diluted by an equal volume of water before being loaded onto a UPLC-MS/MS system for analysis.




2.2.3. UPLC-MS/MS Analysis


ERGO was analyzed using a Sciex 4000 Q Trap mass spectrometer coupled with a Waters ACQUITY UPLC separation system. A 1.7 μm ACQUITY UPLC BEH C18 analytical column (2.1 × 100 mm, Waters, Ireland) was used with the following mobile phase: mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted of acetonitrile. The gradient elution was conducted using a flow rate of 0.3 mL/min with the following conditions: initiate at 1% mobile phase B, linear gradient to 80% mobile phase B in 2.5 min, and further gradient to 100% mobile phase B in 1 min. Mobile phase B was continued at 100% for another 1 min to flush the column before returning to initial conditions to equilibrate the column. The autosampler was kept at 4 °C, and the column temperature was maintained at 30 °C.



The Sciex 4000 QTrap mass spectrometer was equipped with an electrospray ionization probe operated in positive mode. The decluster potential was 52 V; the entrance potential was 10 V; the collision energy was 29 V for ERGO and 25 V for ERGO-d9; and the collision cell exit potential was 9.9 V, while the curtain gas was 30 L/h and the collision gas was 10 L/h. The ionSpray voltage was 5500 V, the temperature was 500 °C, the ion source gas 1 was 60 L/h, and the ion source gas 2 was 20 L/h. The multiple reaction monitoring mode was used to analyze and quantify ERGO and ERGO-d9, with transitions of m/z at 230.3 > 127.3 for ERGO and m/z at 239.3 > 127.3 for ERGO-d9. All peaks were integrated and quantified by Sciex MultiQuant 2.1 software (Sciex, Framingham, MA, USA).





2.3. Statistical Analysis


Data were entered in Microsoft Excel and subsequently imported into R studio. Prior to statistical analysis, the data were tested for normality. Crop yield, ERGO concentration, and ERGO yield were analyzed in the statistical package R Studio (R version 4.0.3) (Boston, MA, USA). A least squares analysis of variance (ANOVA) was performed and, if the F-test was significant at p < 0.05, then the separation of means was calculated using the least significant difference test at p < 0.05.





3. Results


The effect of soil tillage on the ERGO content of maize, soybeans, and oats is presented in Figure 1. A trend was observed where ERGO concentrations generally declined as tillage intensity increased from NT to CD to MB. ERGO content was decreased from NT to MB by 31%, 33%, and 28% for maize, soybeans, and oats, respectively. The data from maize grown in 2018 (Figure 1a) were derived from pooled samples of all four replications from each tillage treatment. Hence, no statistical comparison was possible, but a clear trend of declining ERGO with more aggressive tillage was evident. The same trend observed with maize was observed with oats (Figure 1c). A significant reduction in the ERGO content of oats only occurred when comparing NT with the most aggressive tillage method (MB), with CD not being significantly different from either one of those, showing it is intermediate in its effect on ERGO. In soybeans, the trend was similar (Figure 1b); however, the difference in ERGO between CD and MB was significant, while NT was slightly lower than CD but not significant. The overall ERGO levels of maize and soybeans were similar to each other while ERGO levels in oats were much higher. This was not surprising since oats have previously been reported to be one of the best dietary sources of ERGO [1,37,38].



The effect of tillage on crop yields is illustrated in Figure 2. A trend is evident in which increasing tillage generally leads to a decrease in yield. NT resulted in the highest maize and soybean yields, followed by CD and then MB, with only the difference between MB and NT being significant. Oat yields were similar in CD and NT and lower in MB with only the difference between MB and CD being significant. In all three crops, the use of MB resulted in the lowest yields. Aggressive tillage using MB compared to NT decreased yields by 6.5%, 26%, and 3.7% in maize, soybeans, and oats, respectively.



Another way to assess the effects of tillage on ERGO is by expressing ERGO production per hectare (Figure 3). For this estimation, the ERGO data was multiplied by yield per hectare and multiplied by 1000 to give the approximate amount of ERGO in grams per hectare. For oats, a yield correction factor of 0.75 was used to account for the ERGO being measured in dehulled oats as opposed to whole oats, which accounts for approximately 75% of the whole grain. When expressed in this fashion, the ERGO production in all crops was greater in NT than in MB. In soybean and oats, production was similar for NT and CD. In maize, each tillage treatment for ERGO per hectare was significantly different from one another. Elimination of tillage had a positive effect on both crop yield and ERGO content in the crops, which suggests that there was no dilution effect due to yield responsible for the higher ERGO in NT crops.




4. Discussion


Aggressive tillage of the soil is still a common practice in conventional agriculture in many countries. According to the 2017 U.S. Agricultural Census, intensive till was used on 32.4 million ha (28%), reduced till on 39.6 million ha (35%), and NT on 42.3 million ha (37%) [39]. We speculated that aggressive tillage of the soil might lead to a reduced amount of a putative longevity vitamin, ERGO, in the food supply [1]. Our hypothesis was based on the possibility that tillage of the soil disrupts mycorrhizal and saprobic fungal networks in the soil as previously reported [7,10,35]. Mycorrhizal fungi live in symbiotic association with the roots of plants and can presumably pass ERGO to plants, but the specific mechanism remains unknown. Saprobic fungi and actinobacteria that do not live in symbiosis with plant roots may produce ERGO as well [40]. If they release ERGO into the soil, it might be taken up by plant roots as was reported previously [41]. Since only the mycorrhizal fungi are known to have a symbiotic relationship with roots of plants, however, they are likely the primary source of ERGO in the food supply. The results presented in Figure 1 showing the negative effects of tillage on the ERGO content of food crops appear to support this hypothesis. However, it was demonstrated that the degree of tillage was also important. Significant negative effects were observed when NT was compared with the most aggressive MB tillage. The use of the less aggressive CD had intermediate effects on reduction in ERGO content in the crops. These results suggest that NT is the system that results in the highest ERGO concentrations and that increasing the intensity of tillage results in progressively less ERGO.



Another benefit of minimal tillage was the higher crop yields observed with the NT or CD systems compared to MB. Reduced crop yields with intensive tillage are not always reported [42], but were quite evident in our study. One reason may be that most trials on research stations are small and laid out on level soil, where the effects of soil erosion are small. Another reason may be that the plots used in the current study have been ongoing for more than 40 years, while most research is not that long lasting, so crop yield reductions due to soil degradation might not be noticed yet. Most non-irrigated crops in the world are grown on undulating terrain where soil degradation due to tillage is much more severe than in typical research stations. A recent study estimated that 35% of U.S. Corn Belt soils have lost the entire A-horizon due to intensive tillage [43]. These findings suggest yield reductions due to intensive tillage, such as those observed in our study, are common. Long term use of excessive tillage is a well-known cause of soil degradation and poor soil health is equated with a diminution of healthy microbial populations [44]. In this regard, a recent study compared measures of soil quality 15 years after conversion from plowing to reduced tillage [45]. In that study, soil organic carbon increased by 25%, microbial biomass by 32%, and microbial biomass activity by 34%. Minimal tillage also has some important economic benefits. Reduced input costs can occur due to reduction in fuel and labor costs associated with plowing. Also, reduction in greenhouse gas emissions and runoff issues caused by erosion make it more sustainable and environmentally friendly.



Recently, there has been growing interest in implementing regenerative agriculture as an alternative to conventional agricultural methods in order to restore soil health [46]. The hallmarks of regenerative agriculture are the use of no-till or minimal tillage, the use of cover crops, and crop rotations along with reduction in the use of chemical fertilizers. The use of no-till or minimal tillage is less damaging than conventional tillage or plowing.



There is mounting interest in the connection between soil health and human health based primarily on the idea that healthy soils produce healthier foods [12]. However, there is currently a lack of a definitive link between them. ERGO may well be such a link since it is derived from the soil, and it has a growing bank of evidence for its benefits to human health. The results of this current study show the benefits of no or reduced tillage on the ERGO content of foods, which can be a model practice of studying this important link. However, there is a need to evaluate other practices employed in regenerative agriculture on ERGO content that could provide further evidence of its link to soil and human health. For example, it has been shown that brassica crops such as canola do not serve as hosts for mycorrhizal fungi and thereby reduce mycorrhiza populations in the soil for the succeeding crop [47]. Since mycorrhizae are symbiotic obligants, it is also suspected that fallow periods without living roots lead to reduced mycorrhizal colonization [48,49]. Further, there is some evidence pointing to reductions in mycorrhizae due to use of certain pesticides [50,51]. It is possible that these management practices could affect ERGO uptake in crops. Finally, the present results support the role of direct uptake by plants of ERGO from mycorrhizal fungi associated with their root structure. However, there is a need for further research to definitively identify the specific mechanisms of ERGO incorporation into different crops.




5. Conclusions


The results of this study confirmed that aggressive tillage of agricultural soils significantly reduced ERGO content in three grain crops grown over three years when compared to alternative agriculture methods involving little or no disturbance of the soil. Further, crop yields were increased with the regenerative (non-conventional) agricultural methods, indicating that it is possible to increase the ERGO content of the American food supply by using practices that can be profitable, more sustainable, and environmentally friendly. Use of minimal tillage is known to improve soil health by maintaining the abundance of microbial populations, including mycorrhizal fungi, that are thought to be the primary source of ERGO in the food supply. Since ERGO is considered to be a “longevity vitamin”, its enhancement in foods may represent a critical and useful link between soil health and human health that is currently lacking. However, the mechanism responsible for the transfer of ERGO from soil microbes to the roots of plants has been underexplored and additional research is clearly needed. Also, other agricultural practices that might increase ERGO content in food crops should provide additional means to improve our long-term health outcomes.
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Figure 1. ERGO content of crops (a) maize (2018), (b) soybean (2019), and (c) oats (2020) grown using different tillage methods; different letters above the bars indicate significant difference (p > 0.05) within each crop type, error bars represent the standard deviation of each tillage type. 
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Figure 2. Yield of crops (a) maize (2018), (b) soybean (2019), and (c) oats (2020) grown using different tillage methods; different letters above the bars indicate significant difference (p > 0.05) within each crop type, error bars represent the standard deviation of each tillage type. 
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Figure 3. Ergothioneine production per hectare of crops (a) maize (2018), (b) soybean (2019), and (c) oats (2020) grown using different tillage methods; different letters above the bars indicate significant difference (p > 0.05) within each crop type, error bars represent the standard deviation of each tillage type. 
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