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Maize is important to global food security, being one of the predominant cereals in human and domesticated livestock diets worldwide. Due to the increasing human population, it will be important to not only design cropping systems to increase maize yield and sustainability but also to improve the nutritional quality of maize edible tissues. To determine cropping system impacts on maize grain nutritional content, we sampled grain from conventional and organic maize varieties grown for three growing seasons using five cropping systems. We analyzed the grain using metabolic fingerprinting of methanol extracts with ultra-high performance liquid chromatography (UHPLC) coupled with mass spectrometry (MS), adopting both non-targeted and targeted approaches. The cropping systems are part of a long-term study at the Beltsville Agricultural Research Center in Beltsville, Maryland, and were a three-year conventional no-till rotation (NT), a three-year conventional chisel-till rotation (CT), a two-year organic rotation (Org2), a three-year organic rotation (Org3), and a six-year organic rotation (Org6). Each cropping system had been in place for at least 10 years, allowing specific cropping-system-induced alterations of soil edaphic and microbial properties. Non-targeted metabolic fingerprinting detected a total of 90 compounds, the majority of which were phenolics. Metabolic profiling was further targeted toward 15 phenolics, 1 phytohormone, 7 carbohydrates and 7 organic acids, which were quantified in the maize grain originating from the five cropping systems. Statistical analysis of this subset of quantitative data determined that cropping system can significantly influence levels of certain maize grain metabolites. However, natural impacts (growing year) were substantially greater than cropping system impacts, likely masking or over-riding some cropping system impacts. Additionally, maize cultivar genetics had greater impact than cropping system on the maize grain metabolome and was the greatest “managed” impact on the metabolite profiles. Results indicate that until natural environmental impacts on maize grain metabolite levels are understood and managed, the best approach to reliably increase maize grain nutritional quality is through development of maize cultivars with enhanced nutritional content that are robust to natural environmental influence.

KEYWORDS
cropping system, environment, maize grain, metabolomics, phenolics


Introduction

Maize (Zea mays L.) is important to global food security, being one of the predominant cereals in human and domesticated animal diets worldwide. Maize grain contains energy-generating carbohydrates, lipids, and proteins as well as minerals and micronutrients such as essential fatty acids, vitamin A as provitamin A, several B complex vitamins (thiamine, niacin, riboflavin, pantothenic acid, pyridoxine, folic acid), and vitamins E and K (Nuss and Tanumihardjo, 2010; Sheng et al., 2018). These, and other, minerals and micronutrients are necessary as insufficient dietary doses can negatively impact human health, causing classical micronutrient deficiency diseases (Grusak and DellaPenna, 1999; Martin and Li, 2017). Maize grain also contains beneficial bioactive compounds such as phenolics, carotenoids, and phytosterols (Jiang and Wang, 2005; Lopez-Martinez et al., 2009; Nuss and Tanumihardjo, 2010; Sheng et al., 2018). Consumption of certain of these bioactive compounds has been correlated with decreased incidence of chronic diseases such as stroke, diabetes, heart disease, Alzheimer's, cataracts, and age-related functional decline (Grusak and DellaPenna, 1999; Liu, 2013; Martin and Li, 2017). Additionally, maize is important in production of raw materials (e.g., starch, oil) and fuel (Tanumihardjo et al., 2020).

There is increasing research on various cropping systems to produce maize and other crops in efforts to satisfy consumer demand, increase yield, and increase environmental sustainability (Roberts and Mattoo, 2018, 2019). One approach to meeting consumer demand is organic production [National Organic Program Standards; Organic Regulations|Agricultural Marketing Service (usda.gov)], which differs from conventional production in that several tools commonly used in conventional systems are prohibited, including genetically modified organisms, synthetic fertilizers, and many pesticides. Instead, organic production systems rely on leguminous cover crops to supply nitrogen, and animal manures and by-products to recycle crop nutrients, while pest management focuses on avoiding pest problems via crop rotation or using pest control chemicals that are usually expected to be less toxic than those used in conventional production. Within conventional production, cropping systems can vary by tillage intensity, varying from full inversion tillage, reduced tillage, and no-tillage. Aspirational cropping systems under development strive for high yield potential and low negative environmental impacts, drawing on the most sustainable management practices from organic and conventional crop production systems (Reganold and Wachter, 2016; Roberts and Mattoo, 2018). Going forward, it will be important to not only design cropping systems to increase maize yield and sustainability but also to improve the nutritional quality of edible tissues of maize to meet the nutritional/raw material requirements of the growing human and livestock populations (Roberts and Mattoo, 2019).

The quantity of nutrients and beneficial bioactive compounds in edible plant tissues is dependent on crop genetics but regulated by complex and overlapping mechanisms in response to developmental and environmental cues. Environmental cues are naturally occurring—temperature, light intensity, precipitation, and various stressors—or result from agricultural management practices—such as soil organic matter and nutrient levels (Zhu et al., 2007; Hirschi, 2009; Fatima et al., 2016; Vasconcelos et al., 2017; Roberts and Mattoo, 2019). Several studies have demonstrated the influence of genetics (crop varieties) and naturally occurring cues (year, drought, geographic location) on the biochemical composition of maize grain and other maize tissues (Reynolds et al., 2005; Röhlig et al., 2009; Anttonen et al., 2010; Röhlig and Engel, 2010; Frank et al., 2012; Baniasadi et al., 2014; Chen et al., 2016; Venkatesh et al., 2016; Zhang L. et al., 2020; Gaffney et al., 2021; Zhang et al., 2021). But there has been less work on maize grain biochemical composition and environmental cues resulting from agricultural management practices in replicated experiments. Nitrogen fertilizer rate and planting density (management cues) significantly impact maize protein and oil macronutrient contents (Genter et al., 1956; Jellum and Marion, 1966; Wang et al., 2008) while tillage impacts yield and macronutrient content in certain cereal crops (Malhi and Nyborg, 1990; Malhi et al., 2001; Gan et al., 2003; Wang et al., 2008). In studies with non-cereal crops, nitrogen (source, quantity), and certain environmental conditions influenced by cropping system, impacted micronutrients and beneficial bioactive compounds (Poiroux-Gonord et al., 2010; Fatima et al., 2016). There is also limited literature on the impact of biological components (cover crops, beneficial microbes) used in sustainable cropping systems on crop physiology or micronutrient quality (Mattoo and Teasdale, 2010; Roberts and Mattoo, 2019), but impacts can be substantial (Neelam et al., 2008; Mattoo and Teasdale, 2010; Fatima et al., 2012, 2016; Roberts and Mattoo, 2019). Clearly there is a need for further study to determine the importance of naturally occurring and cropping system impacts on the nutritional status of maize grain as information to date is piecemeal, being gathered from studies on a variety of crops and cultivars. Knowledge concerning these impacts may allow optimization of cropping systems to maximize maize nutritional content.

We report here impacts of naturally occurring cues and management cues on metabolite (nutrient) levels in the metabolome of maize grain grown under five cropping systems at the Farming Systems Project (FSP) in Beltsville, MD in three consecutive years (Table 1). The five cropping systems were a three-year conventional no-till rotation (NT), a three-year conventional chisel-till rotation (CT), a two-year organic rotation (Org2), a three-year organic rotation (Org3), and a six-year organic rotation (Org6) (Cavigelli et al., 2008; Spargo et al., 2011). These cropping systems, all of which include maize, represent a wide range of management practices used in the mid-Atlantic region of the US. They differ regarding use of legume cover crops and forage, tillage intensity, and fertility management, including materials used for nitrogen fertility. The five cropping systems have resulted in differences in crop yield and factors associated with soil health such as fertility, aggregate stability, organic carbon and nitrogen pools, and microbiome composition (Green et al., 2005; Cavigelli et al., 2008; Spargo et al., 2011; Teasdale and Cavigelli, 2017; Treonis et al., 2018; Maul et al., 2019; Kepler et al., 2020; White et al., 2021; Schmidt et al., 2022).


TABLE 1 Cropping systems and crop rotations (including cover crops) at the USDA-ARS Farming Systems Project (FSP).

[image: Table 1]

Since soil fertility and soil health impact crop nutrient content, we hypothesized that cropping systems, which have been shown to affect soil properties, would also impact maize grain metabolite content. To test this hypothesis, we compared first order moments (means) of individual metabolites in the metabolome of grain from conventional and organic maize varieties grown under these five FSP cropping systems. We also compared second order moments (correlations) between metabolite pairs among cropping systems. Correlations, representing labile links among metabolite pathways, may constrain how metabolic responses can occur in plants grown under different cropping systems in field settings (Fukushima et al., 2011; Fatima et al., 2016).



Materials and methods


Field site and soil sampling

The field site was the long-term FSP at the Beltsville Agricultural Research Center, Beltsville, MD, USA (39.0° N, 76.9° W). The climate is humid subtropical, with average annual precipitation of ~1,110 mm, and average temperature of 12.8°C. Dominant soil types include Christiana (fine, kaolinitic, mesic Typic Paleudults), Keyport (fine, mixed, semiactive, mesic Aquic Hapludults), Matapeake (fine-silty, mixed, semiactive, mesic Typic Hapludults), and Mattapex (fine-silty, mixed, active, mesic Aquic Hapludults) silt loams (Spargo et al., 2011). All soils are designated as Ultisols with variable amounts of clay in illuvial horizons, and variable average water table depths (Schmidt et al., 2022).

The FSP plots were established in 1996 in a randomized complete block split plot design with cropping system as the main plot, crop as the split, and with four replicates. Two of the cropping systems are managed using conventional and three using organic management practices (Cavigelli et al., 2008; Teasdale and Cavigelli, 2017; Table 1). All crops in a given rotation are present every year such that maize, for example, is present in each system each year. Management details are as previously reported (Cavigelli et al., 2008; White et al., 2019). Briefly, nutrients harvested in grain, straw, and forages were replaced with potassium fertilizer as K2SO4 in all systems, synthetic nitrogen (N; usually urea ammonium nitrate) and triple super phosphate fertilizers in the conventional systems (CT and NT), and poultry litter in the organic systems, with rates based on soil test results from the previous fall and Maryland Agricultural Nutrient Management Program recommendations (https://extension.umd.edu/anmp). Weed management practices included crop rotation in all systems, herbicides in the conventional systems, pre-plant tillage in CT and organic systems, and post-planting tillage (rotary hoeing and between row cultivation) in the organic systems.

Cropping systems were managed to mimic regional farmer practices so that research results are applicable to the mid-Atlantic region of the United States. Since most conventional farmers use genetically modified crop varieties, which are prohibited in certified organic systems, different crop varieties are used in the two conventional vs. the three organic systems. In 2011 and 2012 maize variety TA 65713 VP was used in conventional systems and in 2013 TA 647-22 DP was used. In organic systems, Blue River variety 53R57 was used in 2011 and 2012 while Blue River variety 51B57 was used in 2013. To assess whether differences in maize grain yield and nutrient content between conventional and organic systems (Cavigelli et al., 2008; Teasdale and Cavigelli, 2017) might be partly attributable to inherent differences between conventional and organic varieties, microplots were established in the 9.1 × 111 m main plots beginning in 2011 in which the conventional maize variety was grown in 3.0 × 27.7 m areas within the main organic plots that were otherwise planted to the organic variety. In 2012 and 2013, the same types of microplots were established in all maize plots, with the organic maize variety grown in microplots in the conventional systems and, as in 2011, the conventional maize variety grown in microplots in the organic systems. In 2013, the size of the microplots was reduced to 3.0 m x 18.5 m. Maize grain from microplots and adjacent, similarly sized areas of main plots was harvested using a small plot combine that harvested the two middle rows (Almaco Co., Nevada, IA). Subsamples were collected, dried, and stored in glass jars in an archive, which was housed in a climate-controlled building.

Soil samples were collected every fall or winter from the 0–15 or 0–20 cm depth increment. Eight cores (19 mm diameter) were taken per plot and combined to form one sample. Fresh soils were analyzed by A&L Great Lakes Labs in Fort Wayne, Indiana. Soil organic matter was analyzed by loss on ignition, pH using a glass electrode in a slurry formed from a 10 mL: 8.5 cm3 ratio of water:soil; and soil test P and K were extracted using the Mehlich 3 method and analyzed using ICP.



Maize grain sample preparation

Maize grain samples of conventional and organic varieties grown side-by-side within each of the five FSP cropping systems were sub-sampled from the archive for this study. Thus, 40 samples (5 cropping systems x 2 varieties x 4 field replicates) from each of 2012 and 2013 were finely ground using a coffee grinder that was cleaned between samples. In 2011, 32 samples (3 organic cropping systems x 2 varieties x 4 field replicates + 2 conventional cropping systems (only one variety) x 4 field replicates) were processed in similar fashion.



Preparation of maize grain extracts

Extraction of phenolics and sugars from finely ground maize grain samples was performed with 96% methanol (w:v = 1:10) and involved vortexing for 5 min followed by sonication in an ultrasonic bath for 10 min. After centrifugation for 10 min at 8,000 × g, supernatants were filtered through 0.2 μm cellulose filters (Agilent Technologies, Santa Clara, CA) and stored at 4°C until used (Banjanac et al., 2017). Extraction of organic acids was performed in 5% solution of phosphoric acid in water (w:v = 1:10), according to procedure previously published by Mišić et al. (2012), with some modification. Samples were vigorously mixed, vortexed for 10 s, sonicated in an ultrasonic bath for 10 min, and incubated overnight at 4°C. The following day, samples were vortexed for 10 s, centrifuged at 8,000 × g for 10 min at room temperature, the supernatants filtered through a 0.2 μm Econofilter (Agilent Technologies), and kept at 4°C until used. All extractions were performed in triplicate.



Metabolic analysis
 
UHPLC/LTQ–Orbitrap MS

Chromatographic separations were performed using an Accela ultra-high performance liquid chromatography (UHPLC) system (ThermoFisher Scientific, Bremen, Germany) fitted with a Syncronis C18 100 × 2.1 mm analytical column with 1.7 μm particle size (ThermoFisher Scientific). The mobile phase consisted of (A) ultrapure water with 0.1% formic acid and (B) acetonitrile (MS grade) + 0.1% formic acid. The elution gradient program was as follows: 0.0 – 1.0 min, 5% B; 1.0 – 16.0 min, 5 – 95% B; 16.0 – 16.2 min, 95 – 5% B; 16.2 – 20.0 min, 5% B. The injection volume for all samples was 25 μL, and the flow rate was 0.3 mL/min.

The UHPLC system was coupled to a LTQ OrbiTrap mass spectrometer (ThermoFisher Scientific) equipped with a heated-electrospray ionization probe (HESI-II) operated in negative ionization mode. HESI-source parameters were the same as previously described (Banjanac et al., 2017). Mass spectra were acquired by full range acquisition covering 100–1,500 m/z. For the fragmentation study, a data-dependent scan was performed by deploying collision-induced dissociation (CID). The normalized collision energy of the CID cell was set to 35 eV.

Metabolites were identified and some of them quantified according to the corresponding spectral characteristics: mass spectra, accurate mass, characteristic fragmentation, and characteristic retention time. ThermoFisher Scientific Xcalibur software (version 2.1) was employed for instrument control, data acquisition, and data analysis. Fragmentation mechanism and characteristic MS2 and MS3 fragments were confirmed using ThermoFisher Scientific Mass Frontier software (version 6.0).



HPLC analysis of organic acids

Separation of organic acids was performed on a Waters HPLC system (Waters Corp., Milford, MA, USA) consisting of 1525 binary pumps, thermostat, and 717+ autosampler connected to the Waters 2996 diode array detector (DAD) adjusted at 210 nm. The HPLC system was fitted with a Supelco C-610H (300 x 7.8 mm) anion exchange column (Sigma-Aldrich Co., Barcelona, Spain) connected to the appropriate guard column. Isocratic elution was carried out with 0.1% H3PO4 as the mobile phase at a flow rate of 0.5 ml/min and a holding column temperature of 40°C. Quantification of organic acids was based on developing calibration curves of pure compounds. Values are expressed as μg per g of dry weight (μg g−1 DW). Standards of tartaric, citric, isocitric, fumaric, malic, formic, and oxalic acids were purchased from Sigma Aldrich Co. (Steinheim, Germany).



HPLC analysis of sugars

Separation of sugars was performed on a Waters Breeze chromatographic system (Waters Corp.) connected to a Waters 2465 electrochemical detector (pulsed amperometric detection, PAD) with a 3 mm gold working electrode and hydrogen reference electrode. This HPLC system was fitted with a CarboPac PA1 (Dionex Corp., Sunnyvale, CA) 250 × 4 mm column equipped with the corresponding CarboPac PA1 guard column, held at 30°C, and used a flow rate of 1.0 ml/min. Sugars were eluted using 0.2 M sodium hydroxide (50% w/w, low carbonate; J.T. Baker Co., Deventer, Holland). Signals were detected in pulse mode using the following waveform: E1 = +0.15 V for 400 ms; E2 = +0.75 V for 200 ms; E3 = −0.80 V for 300 ms and within 150 ms of integration time. Filter timescale was 0.2 s and range set at 500 nA for the full mV scale. For both sugars and organic acids, data acquisition and spectral evaluation for peak confirmation were carried out using Waters Empower 2 Software (Waters Corp.). Quantification was performed using calibration curves of pure compounds. Standards of sucrose, fructose, glucose, sorbitol, and mannitol were purchased from Sigma Aldrich (Steinheim, Germany).




Statistical methods

Metabolite variables were transformed as needed prior to statistical analyses due to skewed distributions. Sugars (sorbitol, mannitol, glucose, fructose, sucrose, monosaccharide, and disaccharide) were log transformed, as were gallic acid, p-hydroxyphenylacetic, and cis, trans abscisic acid. Organic acids (citric, tartaric, malic, isocitric, formic, and fumaric acids) were log (x + 1) transformed. Remaining metabolite variables were not transformed.

Linear mixed models, using lme4 (Bates et al., 2015), lmerTest (Kuznetsova et al., 2017), emmeans (Lenth, 2022), and pbkrtest (Halekoh and Højsgaard, 2014) packages in R (R Core Team, 2018), were used to determine the impact of fixed (cropping system, maize variety, soil properties, and their interactions) and random (year, interactions of year with fixed effects) effects on metabolite mean values (first moment effects), and for a stepwise variable selection on the full model (for both fixed and random effects). p-values on fixed effects following variable selection were adjusted using FDR (false discovery rate) since this is a repeated measures analysis. Variance decomposition was performed for each metabolite using the lme4 package to determine what percent of the variance could be attributed to each fixed or random effect. For variance decomposition, quantitative variables (e.g., soil pH) were transformed into qualitative ones by creating five bins capturing the range of values of that variable, with approximately equal numbers of observations in each bin (thus bin width was not fixed). The psych package in R (Revelle, 2018) was used to test if the correlation between metabolites significantly changed (second moment effects) among levels of some effects with a cutoff of α = 0.01 for significance. Due to sample size limitations, when testing for changes in correlation for levels in one effect, other effects were ignored.




Results and discussion


Maize grain yields

Naturally occurring impacts on maize yield were clearly greater than impacts associated with cropping system as most of the variability (85.5%) in maize grain yield was attributable to the year random effect (Table 2). This is consistent with an earlier study where year effects were greatest and due mostly to amount of rainfall during critical periods (especially 9 to 13 weeks after planting for conventional maize and 6 to 11 weeks after planting for organic maize) (Teasdale and Cavigelli, 2017). The years 2011 and 2012 (Table 3) were relatively dry years (14.6–15.8 mm wk−1 during critical time periods) while 2013 had adequate rainfall for crop growth (20.3–23.4 mm wk−1 during critical time periods). Maize grain yields reflected these weather patterns during these years (Table 3).


TABLE 2 Percent of explained variation of fixed and random effects.
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TABLE 3 Stepwise selected model mean and standard error (SE) estimates of maize grain yields in 2011, 2012, and 2013 in FSP microplots (see text); multiple comparison letters (α = 0.01) following the SE apply across all 3 years. Data were not taken for some microplots in 2013 (NA).
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Maize genetics also played a role in yield as maize grain yields in general were greater for the conventional than the organic variety regardless of year or cropping system (Table 3). The one exception was in year 2013 when yields were similar for the conventional and organic varieties when grown in the organic cropping system plots. Differences between conventional and organic varieties in the conventional cropping systems likely reflect differences in yield potential of the varieties while differences in yield between varieties within organic cropping systems likely reflect differences in yield potential and impacts of weed competition. Earlier research showed that impacts of weed competition on maize yields at FSP were greater in dry than wet years (Cavigelli et al., 2008; Teasdale and Cavigelli, 2010).

Soil test results (Table 4) show that soil organic matter was greater in organic than conventional plots in all years except for Org2 in 2011. There were few substantial differences in pH among systems. Soil test P was similar in the plots sampled in 2011 but substantially greater in organic than conventional systems in 2012 and 2013. Soil test K was always greater in organic than conventional systems. These differences are consistent with published reports showing that organic systems tend to have greater soil fertility, including soil organic matter, than conventional systems in FSP plots (Spargo et al., 2011; White et al., 2021; Boniface et al., 2022; Schmidt et al., 2022).


TABLE 4 Stepwise selected model mean and (SE) estimates of soil fertility parameters for FSP cropping systems collected to evaluate soil fertility requirements for maize in 2011, 2012, and 2013; multiple comparison letters (α = 0.01) following the SE are relevant only within a given column.
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Metabolomics
 
LC/MS metabolic fingerprinting of maize grain

Metabolic fingerprinting of methanol extracts of maize grain using UHPLC coupled with mass spectrometry (MS) detection, which combines high-resolution mass spectrometry (HRMS) and multistage mass spectrometry (MS2 and MS3 fragmentation), identified a total of 90 compounds (Supplementary Table 1). The identity of 16 compounds (compounds 1, 5, 9, 12, 14, 21, 25, 26, 32, 66–68, 76, 87, 89, 90) were confirmed by direct comparison with appropriate standards, while the identity of the remaining 74 compounds were obtained after examination of MS data (exact mass and specific fragmentation), in consultation with the available literature on LC/MS and nuclear magnetic resonance (NMR) analysis of maize metabolites (Li et al., 2018; Zhou et al., 2019; Lux et al., 2020; Eleazu et al., 2021). Basic retention and MS data, as well as references confirming the presence and, in some cases, mass fragmentation of specific compounds in maize are listed in Supplementary Table 1. The structures of some compounds (compounds 10, 11, 15, 22, 27, 28, 33, 34, 38, 45, 70, 71) were proposed based only on MS data, because a search of available databases did not provide confirming information. These newly identified compounds are clearly labeled in Supplementary Table 1, as is the availability of very similar derivatives in the maize literature, which helped with their identification. Several compounds were identified in maize for the first time but previously detected in other species of the Poales order. These are compounds 29 (Lee et al., 2010), 42–44 (Shirota et al., 1996), and 72 and 73 (Kang et al., 2018). The chromatograms of all maize samples showed similar metabolic profiles. As an example, the base peak chromatogram of maize grain extract (Organic variety, Org6 cropping system) is shown in Supplementary Figure 1. The peak numbers in Supplementary Figure 1 correspond to the compound numbers in Supplementary Table 1. For easier understanding of Supplementary Table 1, the compounds were divided into subgroups based on structure: benzoic acid derivatives (12 compounds), cinnamic acid derivatives (33 compounds), hydroxycinnamic acid amides (20 compounds), flavonoids (3 compounds), lignans (5 compounds), plant hormones (11 compounds), and “other” compounds that didn't fit into this grouping (6 compounds).

Benzoic acid is the simplest aromatic carboxylic acid, with a carboxylic group bonded to the benzene ring. Benzoic acid derivatives were represented in the maize samples by simple acids (compounds 1, 5, 9, 12) and various glycosides (Supplementary Table 1). Mass spectra of all glycoside derivatives showed a similar fragmentation pathway characterized by loss of hexoside (162 Da), dihexoside (324 Da) or pentosyl hexoside (294 Da).

Cinnamic acid derivatives are polyphenolic compounds originating from the mavolanate-shikimate pathway that include simple phenolic compounds such as cinnamic acid, p-coumaric acid, ferulic acid, and caffeic acid. Monomers, dimers, and rarely trimers of hydroxycinnamic acids were detected in maize samples as sucrose acetyl esters (15 compounds) or bound to glycerol (5 compounds) (Supplementary Table 1). Consistent with the literature, there were numerous ferulic acid derivatives (dehydrodimers, glycosides, acyl glycosides, and soluble and insoluble amide derivatives) with a significant number of compounds containing two ferulic acids or one ferulic and one caffeic acid, sucrose, and several acetyl groups (Bento-Silva et al., 2018, 2020; Zhou et al., 2019). For example, compound 28, found at 763 m/z, showed a MS2 base peak at 721 m/z (loss of one acetyl group – 42 Da) and MS3 base peak at 545 m/z (further loss of feruloyl unit – 176 Da). All other MS2 and MS3 secondary peaks are depicted in Supplementary Figure 2. Based on all these findings, this compound was identified as feruloyl-caffeoyl-sucrose di-acetyl ester. The exact position of the two acetyl groups could not be determined. Supplementary Figure 2 presents the tentative structure and proposed fragmentation pathway of this compound.

Hydroxycinnamic acid amides are a diverse class of secondary metabolites that arise from condensation reactions between CoA esters of hydroxycinnamic acids with aliphatic/di/poly- or aromatic mono-amine groups. The combination of 96% methanol and ultrasound during extraction resulted in identification of 20 hydroxycinnamic acid amides in maize grain samples (Supplementary Table 1). Hydroxycinnamic acid amides, commonly present in maize, were detected as derivatives of putrescine (compounds 46, 55, 57, and 57–59), spermidine (compounds 47–54 and 61–63), and tryptamine (compounds 56, 64, 65) (Li et al., 2018; Bartolić et al., 2020; Bento-Silva et al., 2020), and one compound (60) was detected as a tyramine derivative (Marti et al., 2013). Only one glycosidic derivative (compound 47; 598 m/z) was detected, and the molecular formula, C31H41N3O9, was calculated by examining its exact mass. MS2 and MS3 spectra confirmed that this compound can be identified as a dicoumaroyl spermidine hexoside (Supplementary Figure 3), which was previously detected in maize seeds (Li et al., 2018).

Many different hydroxycinnamic acid amides consisting of 2 hydroxycinnamic acids linked through their carboxylic acid moiety by a chain of putrescine or spermidine, were also detected in the maize grain samples (Supplementary Table 1). Some of the feruloyl putrescines previously reported for maize are coumaroyl-feruloyl putrescine, Di feruloyl putrescine (Sen et al., 1994; Acosta-Estrada et al., 2015), dicoumaroyl putrescine, feruloyl putrescine, and p-coumaroyl putrescine (Sen et al., 1994). Most of these compounds were also present in maize grain samples analyzed in the present study. According to previous studies, the majority of the hydroxycinnamic acid amides are in the outer tissues of maize grain (Burt et al., 2019) and can be involved in defense against postharvest insect pests (García-Lara et al., 2010; García-Lara and Bergvinson, 2014) and serve as co-pigments in colored maize (Collison et al., 2015). This group of compounds was not quantified due to the lack of available standards.

Flavonoids are synthesized through the phenylpropanoid pathway, transforming phenylalanine into 4-coumaryoyl-CoA, which is transformed via chalcone synthase, the first enzyme in the flavonoid biosynthesis pathway, into chalcone scaffolds from which all flavonoids are derived. All three flavonoids detected, naringenin, apigenin, and hesperetin (compounds 66–68), were previously detected in maize, and their identity confirmed using appropriate standards (Supplementary Table 1).

Lignans share common biosynthetic pathways and consist of two propyl-benzene units coupled by a ß, ß'-bond. Of the 5 lignans identified in the methanol extracts of maize grain (Supplementary Table 1), none were previously detected in maize. Compound 69 (syringaresinol 4-O-hexoside) was not common in the Poales order, but its structure was confirmed in the literature (Li et al., 2018). Oryzativol A and B (compounds 72, 73), specific for rice (Kang et al., 2018), as well as two derivatives of oryzativol without the cinnamic acid residue (compounds 70 and 71) were detected in methanol extracts of the maize samples.

A total of 11 phytohormone compounds were identified in methanol extracts of maize grain (Supplementary Table 1). Zeanosides A and C (compounds 74, 75), named after maize, are indole-3-acetic acid (IAA)-related compounds (Tateishi et al., 1987). Three gibberellins (compounds 78, 79, 81) were detected: gibberellin A53, A12, and A53-aldehyde (Kobayashi et al., 1996). The stress hormone abscisic acid (compound 76) was also detected in maize grain.

Six compounds did not fit into the above grouping. Of these “other” compounds, the most interesting was DIMBOA-Glc (compound 85; Supplementary Table 1). DIMBOA-Glc is a glucoside derivative of DIMBOA, a powerful antibiotic naturally occurring in maize (Sauter et al., 2002).



Quantification of major phenolics, soluble sugars, and organic acids

Data presented here are consistent with previous studies that revealed that grain of various maize varieties contain several phenolic compounds, including phenolic acids (e.g., vanillic, p-hydroxybenzoic, caffeic, p-coumaric, ferulic, syringic, synaptic, protocatechuic) and flavonoids (Kandil et al., 2012; Guo and Beta, 2013; Das and Singh, 2015, 2016; Thakur et al., 2017) with ferulic acid and p-coumaric acid present in high concentrations (Mathew and Abraham, 2004; Vitaglione et al., 2008; Santiago and Malvar, 2010). Ferulic acid, p-coumaric acid, and vanillin were the predominant phenolic compounds in analyzed maize grain samples, in both conventional and organic varieties. Amounts of ferulic acid ranged between 0.39 and 3.68 mg kg−1 DW, while p-coumaric acid was present in amounts ranging between 0.99 and 7.62 mg kg−1 DW. Vanillin (0.41–3.64 mg kg−1 DW), vanillic acid (0.45–2.30 mg kg−1 DW), and p-hydroxybenzoic acid (0.24–1.37 mg kg−1 DW) were also abundant. All other phenolic compounds were present in significantly lower amounts. Among the flavonoids, the flavanones naringenin and hesperetin were detected in amounts up to 0.73 and 0.41 mg kg−1 DW, respectively. The flavone apigenin was detected at ≤ 0.30 mg kg−1 DW. Supplementary Table 2 contains concentrations of phenolics, sugars and organic acids by replicate, variety, cropping system, and year in maize grain for which quantitative data could be obtained.

Soluble sugars identified in maize grain samples (Supplementary Table 2) were the disaccharide sucrose, the monosaccharides glucose and fructose, and the sugar alcohols mannitol and sorbitol. Two more compounds, one monosaccharide and one disaccharide, were visible in HPLC-PAD chromatograms (Supplementary Figure 4); however, due to the lack of appropriate standards they were not unambiguously identified. The amounts of these unidentified saccharides in samples were calculated relatively, based on calibration curves for glucose and sucrose. The amount of sucrose in samples varied between 5.50 and 52.50 g kg−1 DW, depending on the maize variety, cropping system, and year. The second most abundant soluble sugar in maize grain was fructose with concentrations ranging between 0.04 and 2.00 g kg−1 DW, while glucose was detected between 0.04 and 1.41 g kg−1 DW. The sugar alcohols mannitol and sorbitol were detected at 0.31 and 0.55 mg kg−1 DW, respectively.

Organic acids identified and quantified in maize grain samples were oxalic, citric, tartaric, malic, iso-citric, formic, and fumaric acids (Supplementary Table 3). A representative HPLC-DAD chromatogram is shown in Supplementary Figure 5. The most abundant organic acid was tartaric acid, detected at 2.19 g kg−1 DW, followed by formic acid, detected at ≤ 1.68 g kg−1 DW, oxalic acid detected at ≤ 1.08 g kg−1 DW, and iso-citric acid detected at ≤ 1.01 g kg−1 DW. Malic, citric, and fumaric acids were present in significantly lower concentrations.



Means analyses of naturally occurring, cropping system, and maize variety impacts on grain metabolites

Quantitative data for 30 compounds detected in maize grain for which standards were available (15 phenolics, 1 phytohormone, 7 sugars, and 7 organic acids) were statistically analyzed. Variance decomposition showed that fixed effects (cropping system, maize variety, soil properties, and their interactions) explained little of the total variance in measured metabolites except for maize variety (Table 2). Importantly, cropping system was associated with very little of the variation in mean levels of any metabolites. Cropping system explained <7% of the variation among all 30 metabolites and 2% or less of the variation with 25 of the metabolites. Available soil fertility variables were not predictive (results not presented). Maize variety explained most of the variability associated for fixed effects with almost all metabolites. With certain metabolites (tartaric, isocitric, fumaric, formic, malic, unknown disaccharide, ferulic, caffeic) maize variety explained a sizable effect (>20%) of variation. In contrast to fixed effects, random effects, or naturally occurring impacts (year, interactions of year with fixed effects), explained a large percentage of the explainable variance. Of the 30 metabolites, 16 (including all sugars) had a sizable year effect (> 20% of the total variance). However, for most metabolites, the largest proportion of the total variance was unexplained (i.e., residual error), indicating that either there are other important and unmeasured factors influencing metabolite levels or that there was considerable biological variability in the system such as soil moisture and soil fertility factors that can vary substantially within fields.

In tests of significance, cropping system affected 9 of 30 metabolites and maize variety affected 11 of 30 metabolites (Table 2). Only one metabolite, unidentified disaccharide, was significantly affected by the cropping system × maize variety interaction. Tests of significance were also performed on soil fertility variables as cropping systems can affect soils. Soil organic matter impacted no metabolite while soil pH, P, and K impacted 4 to 6 metabolites (mannitol [K, pH], sucrose [pH], p-hydroxybenzoic [P], caffeic [P], vanillic [K, P], vanillin [P], ferulic [K, P], coniferyl aldehyde [P], oxalic [pH], citric [pH], malic [K], iso-citric [pH]; data not shown). Examining these results by metabolite, we found that two metabolites were affected by three fixed effect factors, eight metabolites were affected by two fixed effect factors, 11 by one fixed effect factor, and nine were unaffected by any of the fixed effect factors (Table 2). Thus, levels of 2/3 of the metabolites in maize grain tested responded to at least one potential cropping system management factor. However, while these changes in metabolite means were statistically significant, they accounted for very little of the total variance. Thus, most traditional crop production management practices represented among the five FSP cropping systems, such as tillage, crop rotation, fertility management, and pesticide use are poor candidates for manipulating metabolite levels in maize grain.

Separate quantitative data subsets for organic and conventional maize varieties were tested for the significance of cropping system impacts on the mean content of metabolites (Figure 1) as maize genetics (variety selection) can impact some metabolites substantially. Results indicate that cropping system is a significant factor determining the content of glucose, fructose and the unknown monosaccharide in the organic variety, and the unknown monosaccharide in the conventional variety. Among phenolics, the content of naringenin and luteolin in the conventional variety were significantly influenced by the cropping system. Other phenolic compounds, including the most abundant phenolic acids (ferulic acid, p-coumaric acid, and vanillin) and formic acid, were not influenced by the cropping system in either organic or conventional varieties.


[image: Figure 1]
FIGURE 1
 Heat map giving contrast results for metabolite compounds (x-axis) for the two different maize varieties (organic, conventional) grown under various systems (y-axis). Blue squares are contrasts where the mean levels of the metabolite are significantly higher for the first system of the pair, at p < 0.01 for dark blue, and 0.01 < p < 0.05 for light blue. Red squares are contrasts where the mean levels of the metabolite are significantly higher for the second system of the pair, at p < 0.01 for dark red, and 0.01 < p < 0.05 for light red. O, Organic maize variety; C, Conventional maize variety; O2, Org2 or 2-year organic rotation; O3, Org3 or 3-year organic rotation; O6, Org6 or 6-year organic rotation; NT, 3-year conventional no-till rotation; CT, 3-year conventional tillage rotation. See materials and methods for more details.


The variance decomposition and results of F-tests for significance on the stepwise selected variables were largely consistent (i.e., fixed effects that explained a relatively large percent of the variance attributable to fixed effects were often significant). However, there were also instances where the two sets of results appeared contradictory. For example, there were four cases where the estimated percent contribution to the total variance was zero, yet that variable was deemed significant, and in several cases seemingly large percentages were not significant. Part of this, especially for low percentages, may have been due to the way the variables were constructed. For example, pH in the F-tests was a one degree of freedom linear effect; in the variance decomposition it was a four degree of freedom factor. However, for other effects, it appears that the parameters were simply poorly estimated within the model, i.e., with large standard errors. The variance decomposition does not include the accuracy of each estimated percent, and some were likely poorly estimated.



Correlation analysis of naturally occurring, cropping system, and maize variety impacts on the maize metabolome

Metabolomic correlation analysis has been used to study impacts of genetic or environmental changes on metabolomes of plants and other organisms (Steuer, 2006; Szymanski et al., 2009; Fukushima et al., 2011; Fatima et al., 2016), and serves as a proxy indicating how metabolic pathways change under different conditions. Metabolomic correlation analysis was applied here to determine impacts of naturally occurring, cropping system, and crop variety impacts on the maize physiological state to complement the means analysis presented above. Metabolite interrelationships with significant changes in correlation (at α = 0.01) are given in Supplementary Table 2, except for six metabolites showing no changes in correlation and few significant changes among the various organic systems. The largest number of changes in metabolite correlations occurred among years, likely a response to strong environmental differences plants experienced with different years, such as rainfall. There were also a fair number of changes in correlations in the maize metabolome when conventional and organic varieties were compared. Changes in correlations among metabolites when organic systems were compared were small and few. When comparing Org2 to Org6 or Org3 to Org6, there were just two or three decreases in correlation. Between Org2 and Org3, there were two increases involving sugars and yield. More changes in correlation between metabolites occurred when comparing CT to the collective organic cropping systems (Org2, Org3, and Org6 collectively) or to the NT system. Importantly, correlation analysis showed that correlations between metabolites were not fixed, likely due to differences in regulation of biosynthetic pathways responsible for production of the evaluated compounds (e.g., see above the variety of biosynthetic pathways involved in production of phenolics detected with this present study) with different environmental conditions and crop varieties.



Cropping system management cannot consistently manipulate maize nutrient levels

Metabolic fingerprinting of methanol extracts of maize grain using UHPLC coupled with MS detection identified a total of 90 compounds, the majority of which were phenolics. Phenolics from grain and other plant dietary sources are important phytochemicals that possess human health beneficial effects including antioxidant and anti-inflammatory activities that reduce certain chronic diseases (Liu, 2013; Zhang B. et al., 2020). Ferulic acid, p-coumaric acid, and vanillin were the predominant phenolic compounds detected, consistent with maize grain being considered an important source of ferulic acid and fiber in the human diet (Mathew and Abraham, 2004; Vitaglione et al., 2008). Other nutritional components of the maize grain metabolome, 7 carbohydrates and 7 organic acids, were also detected and analyzed. Macronutrients, minerals, vitamins, and essential amino acids and fatty acids important to human nutrition were not the subject of this investigation.

Means analysis on a subset of the metabolites we evaluated (15 phenolics, 1 phytohormone, 7 sugars, and 7 organic acids) indicated that the 5 cropping systems at FSP (two conventional and 3 organic systems) could significantly impact quantities of certain of these metabolites, and by extension other maize-grain nutrients important to human nutrition. However, cropping system effects explained very little of the total explainable variability, indicating that cropping system management tactics cannot be employed to consistently manipulate maize nutrient levels. By contrast, natural environmental influences (growing year) had a much greater impact on quantities of nutrients analyzed in maize grain. Correlation analysis of this same subset of compounds was consistent with the means analysis. Importantly, this is the first thorough analysis of the impact of cropping system on the maize metabolome where experiments were performed in well characterized soils where cropping systems had been in place long enough to alter soil edaphic and microbial properties (Green et al., 2005; Cavigelli et al., 2008; Spargo et al., 2011; Maul et al., 2019; Kepler et al., 2020; Schmidt et al., 2022). A second study comparing impacts of one organic and one conventional cropping system on a complementary set of maize grain metabolites (fatty acids, sugars, sugar alcohols, organic acids, amino acids and amines) support our findings as cropping systems impacts only led to minor changes in metabolite profiles and were subordinate to naturally occurring environmental impacts (Röhlig and Engel, 2010). However, the experiment was conducted only 1 year for this comparison. Our results are also consistent with the litany of studies finding no clear evidence for differences in nutritional quality between foods grown under conventional and organic production systems (Giampieri et al., 2022).

Large impacts of growing year on metabolite means and metabolite correlations were likely a response to strong environmental (non-management related) differences maize plants experienced during different years. This is consistent with findings from several metabolomic studies with maize looking at growing year impacts (Röhlig et al., 2009; Anttonen et al., 2010; Röhlig and Engel, 2010; Frank et al., 2012). Candidate factors in the present study that possibly varied yearly contributing to growing season impacts include rainfall, temperature, and light intensity. Substantial impacts have been found with geographically distant fields that differed in mean temperature, duration of day/night, average rainfall, and planting and harvesting date (Röhlig et al., 2009; Anttonen et al., 2010; Röhlig and Engel, 2010; Skogerson et al., 2010; Asiago et al., 2012; Frank et al., 2012; Baniasadi et al., 2014; Chen et al., 2016); which could influence the aforementioned factors.





Conclusion

Results indicate that until natural environmental impacts on maize grain metabolite levels are understood and can be managed, the best approach to reliably increase maize grain nutritional quality is through development of maize cultivars with enhanced nutritional content. Maize cultivar genetics had greater impact than cropping system on the maize grain metabolome and the greatest “managed” impact on the metabolite profile. Also, maize grain germplasm has moderate variability in metabolite concentrations to support a breeding approach and genetic manipulation to obtain improved maize grain nutritional content has been successful for high vitamin A and high lysine maize. However, new maize germplasm must be made that is robust to a variety of environmental conditions. It is possible that cropping system management of field-grown crops for improved nutritional content may never be obtained due to the variety and intricacy of regulation of biosynthesis of the nutrients, the difficulty in controlling environmental cues in production fields, and the interactions among environmental cues that influence the synthesis of these nutrients. Environmental factors that influence production of plant nutrients such as soil fertility, soil water availability, soil salinity, light intensity, ambient temperature, and pathogen infection are difficult to control and vary spatially and among production fields and temporally over growing seasons.
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Soil fertility parameters®

Cropping System? Soil organic matter (%) pH Soil test P (mg kg™!)  Soil test K (mg kg™)
2011
NT 2.57 (0.073) *¢ 6.64 (0.058) eighi 101 (11.4)%¢ 438 (520"
cr 251 (0.073)* 6.88 (0.058)°¢s1 120 (11.4)%¢ 54.8 (5.2)°
Org2 2.69 (0.065)0<del 7.06 (0.062)! 110 (8.1)¢ 71.5(3.7)%
Org3 2.92 (0.064)™f¢ 6.85 (0.052) dehii 112 (8.1)%¢ 61.2 (3.7)de
Org6 2.94 (0.064)°%e" 6.85 (0.052)hi 91.8 (8.1)™ 60.5 (3.7)%d¢
2012
NT 261 (0.065)¢ 6.67 (0.056)°efehi 71.8 (8.1 235378
cT 2.55 (0.065)™ 691 (0.056)°¢8i 815 (8.1)% 250 (378
Org2 2.73 (0.063)0<defl 7.09 (0.059)! 125 (8.1)* 78.8 (3.7)°
Org3 2.96 (0.063)% 6.88 (0.054)hii 101 (8.1)*¢ 633 (3.7)%¢
Org6 2.98 (0.063)4sh 6.88 (0.054)ehi 121 8.1)% 328 (3.7)%
2013
NT 2.98 (0.065)% 639 (0.055) 925 (8.1)® 500 (3.7)
CT 2.91(0.065)°f¢ 6.63 (0.055)4M 98.8 (8.1)% 56.0 (3.7)
Org2 3.10 (0.064) i 6.81 (0.061)bedefihi 124 (8.1)* 109 (3.7)°
Org3 332 (0.063) M 6.60 (0.051)<fs 143 (8.1)° 101 3.7)f
Org6 3.34 (0.063)! 6.60 (0.051)bede 92.5(8.1)™ 66.5 (3.7)%d¢

ANT = conventional no-till, 3-year rotation; CT = conventional chisel till, 3-year rotation; Org2 = organic, 2-year rotation; Org3 = organic, 3-year rotation; Orgé = organic, 6-year rotation
(see Table 1).

®Soil organic matter measured using mass loss on ignition; pH using a glass electrode in a slurry formed from a 10 mL:8.5 em? ratio of water:soil; soil test P and K extracted using Mehlich 3
method and analyzed using ICP.

=il etters following values in columns refer to statistical significance relative to other values.
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Yield 02 11* 0.0 3.0 85.5 15 01 9.8 100.0
Tartaric acid 17+ 64.7% 27 713 55 0.0 42 19.0 100.0
p-Coumaric acid 20 7.6 0.0 112 526 112 56 195 1000
Fructose 0.3 1.8* 0.0 2.1 66.8 5.9 52 20.0 100.0
Isocitric acid 15 64.2% 13 68.7 i 0.0 34 20.5 100.1
Fumaric acid 13 498 0.0 511 208 00 72 210 100.1
Glucose 00 6.9* 0.0 7.6 65.4 35 14 2.1 100.0
Cinnamic acid 13 16 0.0 66 59.6 25 50 263 100.0
p-Hydroxyphenylacetic acid 31 0.0 0.0 5.1 58.2 42 56 269 100.0
Sucrose 1.0* 0.0 0.0 2.8 66.1 25 0.0 287 100.1
Syringic acid 1.6 0.0 0.0 5.1 49.7 15.5 0.0 29.7 99.9
Unknown disaccharide 0.9* 249 6.4* 375 205 63 56 301 100.1
Citric acid 0.0 7.1¢ 0.0 162 52.0 0.0 09 309 100.0
p-Hydroxybenzoic acid 43+ 19 0.0 100 44.1 80 0.0 37.9 100.0
Sorbitol 0.0 6.0* 0.0 7.0 53.6 06 0.0 388 100.0
Ferulic acid 12 31.9* 0.0 35.0 109 82 39 420 100.0
Malic acid 12 49.4% 0.0 52.9 29 0.0 1.8 2.5 100.2
Caffeic acid 0.1* 25.9 0.0 304 0.0 16.4 10.1 43.1 100.0
Unknown monosaccharide 00 17.0¢ 0.0 17.1 302 15 18 493 99.9
Formic acid 04 24.1 0.0 346 00 0.0 147 50.7 100.0
Oxalic acid 00 0.0 0.0 110 202 65 7.8 516 100.1
Vanillin 6.6* 0.0 0.0 18.6 257 0.0 0.0 857 99.9
cis,trans-Abscisic acid 0.3 0.0 0.0 32 324 34 0.0 61.0 100.0
Vanillic acid 5.1 0.0 0.0 129 49 140 0.0 682 100.0
Mannitol 0.0 11.0% 0.0 204 56 0.0 5.1 68.8 100.0
Naringenin 0.0 00 0.0 7.7 139 0.0 56 72.8 100.0
Coniferylaldehyde 0.0 0.0 0.0 42 85 6.1 6.4 748 100.0
Protocatechuic acid 12 0.0 0.0 3.1 17.5 0.0 0.0 79.4 100.0
Hesperetin 0.0 13.9% 0.0 14.3 0.0 1.6 0.0 84.1 99.9
Sinapic acid 0.0 0.8 0.0 3.6 0.7 3.6 4.7 87.4 100.0
Gallic acid 64 01 0.4 69 13 0.0 0.0 918 100.0

“Fixed effects include soil properties not shown because of their minor effects. The fixed effects are cropping system (system), variety type, and their interaction; their sum plus some additional
soil property variables (e.g., pH), all of which can theoretically be controlled or regulated, is given in the “sum of fixed” column. The percent of the total variability attributable to the four random
effects in the models, which are not controllable, are in columns 6-9. Note that “residual” includes all sources of variability not included in the model, e.g., biological variability within a sample
and between samples that are otherwise identical, model misspecification, missing covariates, etc. An “*” following a fixed effect indicates that it is statistically significant in a reduced model
(following stepwise model selection).
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Maize grain yield (kg ha~!) at 15.5% moisture (SE)

Cropping system? Maize varietyb 2011 2012 2013
NT Conventional 3,800 (399)%¢ 4,916 (371)° 11,013 (373)¢
NT Organic 2,979 (438)¢ 4,096 (385)*° 10,193 (388)*
cr Conventional 3,223 (399)™ 4,340 (371)¢ 10,437 (373)¢
CcT Organic 2,402 (438)> 3,519 (385)¢ 9,616 (388)*
Org2 Conventional 2,571 (382)%¢ 3,688 (383)"¢ NA
Org2 Organic 1,751 (400) 2,868 (372) NA
Org3 Conventional 2,624 (363)™ 3,741 (369) 9,838 (372)¢
Org3 Organic 1,803 (383)* 2,920 (359) 9,017 (363)¢
Org6 Conventional 3,174 (364) 4,291 (370)%¢ 10,388 (379)¢
Org6 Organic 2,353 (387)%* 3,470 (364)%¢ NA

*NT, conventional no-till, 3-year rotation; CT, conventional chisel till, 3-year rotation; Org2, organic, 2-year rotation; Org3, organic, 3-year rotation; Orgé, organic, 6-year rotation (see Table 1).
bConventional variety in 2011 and 2012 was TA 65713 VP, in 2013 it was TA 647-22DP. Organic variety in 2011 and 2012 was BR 53R57, in 2013 it was BR 51B57.
d ] etters following values in columns refer to statistical significance relative to other values.
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System = Crop rotation (cover crop)  Years in rotation
NT Maize-rye-Soybean-Wheat/Double 3
Crop Soybean
CT Maize-rye-Soybean-Wheat/Double 3
Crop Soybean
Org2 hairy vetch-Maize-rye-Soybean 2
Org3 hairy vetch-Maize-rye-Soybean-Wheat 3
Org6 Maize-rye-Soybean-Wheat-Alfalfa- 6
Alfalfa-Alfalfa

NT, conventional no-till, 3-year rotation; CT, conventional chisel till, 3-year rotation; Org2,
organic 2-year rotation; Org3, organic 3-year rotation; Org6, organic 6-year rotation; cover
crops are italicized.
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