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Societal Impact Statement
Evidence has emerged that the antioxidant ergothioneine may be important in pre-
venting many inflammatory diseases in humans. However, ergothioneine is not pro-
duced by humans or plants and is only made by fungi and some bacteria in soils. As
such, humans get ergothioneine from eating fungi (mushrooms) or plants that take it
up from the soil. In this study, we found that growing plants with beneficial fungi
called arbuscular mycorrhizal fungi increased the amount of ergothioneine in plant
tissues. This suggests that promoting agricultural practices that maintain healthy
populations of beneficial soil fungi may improve the nutritional quality of crops.

Summary

e The amino acid ergothioneine (ERGO) has recently gained attention as an antioxidant
that benefits human health. ERGO is produced by fungi and mycobacteria in soils
and is acquired only from diet. The mechanism by which ERGO is transferred from
soil to plant is unknown. Recent work has shown that tillage reduces the amount of
ERGO in crops. As tillage also reduces arbuscular mycorrhizal fungi (AMF) popula-
tions, we examined the relationship between AMF and plant ERGO uptake.

e We grew asparagus, black beans, wheat, and oats with a variety of single and
mixed species AMF inocula and compared ERGO levels of these plants to plants
that were uninoculated.

e Mpycorrhizal inoculation enhanced ERGO content across all plants. There was a
positive correlation between AMF colonization level and plant ERGO content.

o AMF appear to be important mediators of plant ERGO uptake. Future research is
needed to identify the mechanism that leads to higher ERGO in plants colonized
by AMF in order to promote farming practices that enhance AMF populations and

increase crop ERGO concentration in field settings.
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1 | INTRODUCTION

Ergothioneine (herein ERGO) is a naturally occurring amino acid that
has recently gained attention as a potent antioxidant and anti-inflam-
matory, and as such, it has been labeled as a potential “longevity vita-
min” and “powerhouse nutrient” (Ames, 2018; Beelman et al., 2020).
In humans, ERGO is derived exclusively from diet and is absorbed via
the highly selective ERGO transporter during digestion where it accu-
mulates in tissues that are susceptible to high levels of oxidative stress
such as blood, eye lens, liver, bone marrow, and seminal fluid
(Beelman et al., 2020; Cheah et al., 2016; Grindemann et al., 2005;
Melville, 1959; Paul & Snyder, 2010; Shires et al., 1997). ERGO con-
sumption has been linked to a decreased risk of heart and cerebrovas-
cular disease (Smith et al., 2020; Wu et al., 2021). In addition, lower
life expectancy and higher mortality from neurological disorders in the
United States compared with several European countries have been
linked to less ERGO consumption (Beelman et al., 2020; Ramirez-
Martinez et al., 2016).

Although ERGO is acquired solely from the diet, it is not synthe-
sized by plants, is not detected in all plants, and there appears to be
high variation in ERGO levels in raw foods that have been tested thus
far (Ey et al., 2007; Halliwell et al., 2018). In fact, ERGO is synthesized
exclusively by fungi, mycobacteria, and cyanobacteria and is therefore
consumed only by eating the fruiting bodies of fungi (mushrooms) or
by eating plants that have acquired ERGO from soil or soil microor-
ganisms (Borodina et al, 2020; Ey et al., 2007; Genghof, 1970;
Genghof & Damme, 1964; Halliwell et al., 2018; Kalaras et al., 2017;
Narainsamy et al., 2016). However, the mechanism by which ERGO is
transported from the soil into plants is unknown. Therefore, there is a
need to understand the processes that lead to ERGO uptake by plants
to promote or develop agricultural practices that increase the amount
of ERGO in major crops.

Recent research has linked farming tillage practices to the ERGO
content of corn (Zea mays), soybean (Glycine max), and oats (Avena
sativa) (Beelman et al., 2021). Specifically, this work has shown that
the ERGO content of all three crops was the highest under no till
practices and declined with increased tillage intensity (Beelman
et al., 2021). One possible mechanism linking soil disturbance to
reductions in ERGO uptake are well-documented declines in the pop-

ulation of arbuscular mycorrhizal fungi (AMF) under long-term tillage

Species Accession ID Source
Claroideoglomus claroideum PA104A INVAM
Claroideoglomus etunicatum PA127B INVAM
Funneliformis mosseae PA127A INVAM
Gigaspora rosea FL105 INVAM
Scutellospora calospora PA103A INVAM
Septoglomus constrictum LGEO ERRC
Rhizophagus intraradices QE102 INVAM
Rhizophagus irregularis ON205B INVAM
Rhizophagus irregularis—AGTIV® N/A Premier Tech®

(Bowles et al., 2017; Brito et al., 2012; Dai et al., 2015; Frey
et al., 1999; Kabir, 2005). AMF are symbiotic fungi that associate with
over 80% of plants (including crops) and enhance plant access to
nutrients and water, which the fungi exchange for photosynthetically
derived carbon (C) (Read & Perez-Moreno, 2003). Therefore, it is pos-
sible that AMF play a role in the plant uptake of ERGO from soils.

To test the association of crop ERGO and AMF colonization, we
grew asparagus, black beans, wheat, and oats in a variety of media
with treatments that included uninoculated, single species AMF inoc-
ulation, and mixed species AMF inoculation. Mycorrhizal root coloni-
zation was measured across AMF treatments and compared with the
ERGO concentration of plant tissue at harvest.

2 | METHODS

2.1 | Inoculum preparation

Individual mycorrhizal species accessions were obtained from the
International Collection of Vesicular Arbuscular Mycorrhizal Fungi
(INVAM) at West Virginia University in Morgantown, WV, USA or in
the case of Septoglomus constrictum from the AMF collection at the
USDA Eastern Regional Research Center (ERRC) in Wyndmoor, PA,
USA (Table 1). The commercial product, AGTIV® (Rhizophagus irregu-
laris), was provided by Premier Tech Horticulture (Riviere-du-Loup,
Quebec, Canada). AMF were maintained in association with Bahia
grass (Paspalum notatum Fliigge) grown in a combination of sand, ster-
ile soil, vermiculite, and turface (herein SSVT; 1:0.75:1:0.75 v/v)
(Douds et al., 2010). A mixed species inoculum representing a native
AMF community was propagated by preparing a 1:10 dilution of agri-
cultural field soil from organically managed vegetable plots at the
Rodale Institute in Kutztown, PA, USA (herein natural community).
For the asparagus experiment, whole soil inoculum from SSVT pot cul-
tures was used directly for inoculation, and for the black bean, wheat,
and oat experiments, the increased volume of inoculum needed was
produced one growing season ahead in 5-gal grow bags and overwin-
tered outdoors prior to use as in Douds et al. (2010). To prepare inoc-
ulum, the aboveground biomass of the Bahia grass plants was
removed, and root tissue was cut into ~1-cm lengths and reincorpo-

rated into SSVT. In all experiments, plants grown under control

TABLE 1 Fungal spore isolates used
to propagate single-species arbuscular
mycorrhizal fungi (AMF) inoculants.
INVAM is the International Culture
Collection of Vesicular Arbuscular
Mycorrhizal Fungi, West Virginia
University, Morgantown, WV, USA.
ERRC is USDA-ARS Eastern Regional
Research Center, Wyndmoor, PA, USA.
AGTIV is the name of a commercial
product produced by Premier Tech
Horticulture (Riviere-du-Loup, Quebec,
N/A Canada). N/A indicates not applicable.

Site of origin
Kutztown, PA, USA
Pennsylvania, USA
Pennsylvania, USA
Florida, USA
Pennsylvania, USA
Kutztown, PA, USA
Quebec, Canada

Ontario, Canada
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conditions were “mock inoculated” with sterilized (autoclaved) unino-
culated Bahia grass grow bag media. This was to ensure that mea-
sured plant responses were not the result of the addition of grow bag
media but were driven by mycorrhizal inoculation.

We chose to inoculate black beans and asparagus with all the
AMF species propagated in our lab that met both the number of
spores needed for each trial and exhibited no cross-contamination
as determined by visual inspection of spores at the time of planting.
For this reason, the black bean trial included three additional AMF
inoculations compared with the asparagus trial. We chose to use all
available species based on our previous work that found a range of
colonization efficiencies across AMF and host species in corn
(Z. mays) and butternut squash (Cucurbita moschata) (Carrara &
Heller, 2022). Wheat and oat were inoculated with only
Scutellospora calospora and Claroideoglomus etunicatum based on pre-
vious trials completed in our lab that showed that inoculation with
these species had the highest colonization efficiency of these hosts
(data not shown).

2.2 | Plant growth conditions

221 | Asparagus

All pots used in this study were sourced from Stuewe and Sons,
Tangent, OR, USA. Asparagus, Asparagus officinalis cv. Millenium
(Johnny's Selected Seeds, Winslow, ME, USA), seedlings were

TABLE 2 Host crops, mycorrhizal
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germinated in a 1:1 mixture of Pro-Mix BX (herein: peat moss; Pre-

People Pla

mier Tech Horticulture) potting mix and sand in 160-ml Cone-tainers™
on February 27, 2020, in a reach-in growth chamber set to 12 h days,
25°C day/15°C night. After 3 months of growth, on May 3, 2020,
seedlings were transplanted to 650-ml Deepots™ containing the same
media composition plus AMF inoculum (500 spores per pot) or inten-
tionally kept uninoculated. AMF species treatments included
C. etunicatum, F. mosseae, R. irregularis (ON205B and AGTIV),
R. intraradices, S. calospora, and a mixed species inocula containing
equal volume mixture of all the above species, except AGTIV, plus
C. claroideum, G. margarita, G. gigantea, and S. constrictum (Table 2).
Plants were grown for an additional 14 months in the greenhouse
before repotting (June 30, 2021) into 5-L Treepots™ filled with three
different media compositions: equal volume mixtures of sand com-
bined with either peat moss (no ERGO), plant matter organic compost
sourced from the Rodale Institute (~1.2 mgkg™* ERGO), or freshly
collected spent mushroom compost (Mother Earth Organic Mush-
rooms, West Grove, PA, USA (~5.6 mg kg~! ERGO). Roots were sam-
pled for mycorrhizal colonization analysis at the time of the final
transplanting. Shoots were collected and frozen (—20°C) for ERGO
analysis on August 18, 2021.

2.2.2 | Blackbeans

To examine the role of mycorrhizal fungi in ERGO uptake by black

beans (Phaseolus vulgaris black turtle beans), the plants were grown in

. g . Host crop Mycorrhizal treatment Potting media

treatments, and potting media used in
each of the trials. Numbers describe the Asparagus Uninoculated 1:1 sand: peat moss
relative volume of each component used Mixed species inf |
. . . . :1 plant compost: peat moss
in each potting media. AGTIV is the name Claroideoglomus etunicatum and
of a commercial product produced by F i . 11 h " ‘
Premier Tech Horticulture (Riviere-du- unneliformis mosseae :1 mushroom compost: peat moss
Loup, Quebec, Canada) containing the Rhizophagus irregularis
arbuscular mycorrhizal fungus species Rhizophagus intraradices
Rhizophagus irregularis. AGTIV (Rhizophagus irregularis)

Scutellospora calospora

Black bean Mock-inoculated 2:2:1 sterilized field soil:peat moss:turface

Natural community

Claroideoglomus etunicatum

Claroideoglomus claroideum

Funneliformis mosseae

Gigaspora rosea

Rhizophagus irregularis

Rhizophagus intraradices

Scutellospora calospora

Septoglomus constrictum

Wheat and oat

Scutellospora calospora

Claroideoglomus etunicatum

Mock-inoculated

2:2:1 sterilized field soil:peat moss:turface

and

2:2:1 not sterilized field soil:peat
moss:turface
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2-L Treepots™ in a 2:2:1 mix of sterilized field soil:peat moss:turface.
AMF inoculum (2000 spores per pot) of S. constrictum, F. mosseae,
R. irregularis, C. claroideum, C. etunicatum, S. calospora, G. rosea,
R. intraradices, and the natural community produced from organically
managed field soil from the Rodale Institute or an equal volume of
“mock inoculum” were incorporated into the media prior to filling the
pots (Table 2). In each pot, four black bean seeds were planted on
June 3, 2021, and grown outdoors on raised benches. At harvest
(August 31, 2021), within each AMF treatment, the seeds from all
plants in three pots were composited for ERGO analysis (12 plants
per composite sample, 4 replications per treatment). Similarly, com-
posite root samples were collected immediately following harvest and
subsampled for staining and determination of AMF colonization. Pods
were dried at 55°C for 1 week, then bean seeds were threshed and
ground to powder in a tube mill (IKA Tube-Mill 1000, Wilmington,
NC, USA) using a speed of 15,000 rpm for 1 min, prior to ERGO
analysis.

2.2.3 | Wheat and oats

Wheat and oats were grown in a temperature-controlled green-
house in 650-ml Deepots using 2:2:1 field soil:peat moss:turface.
Field soil was sourced from organically managed agricultural plots
at the Rodale Institute and was screened to remove particles
>5 mm, then autoclaved at 121°C (probe temperature) for 60 min
for sterilized soil treatments or untreated for native soil treatments.
AMF inoculum (800 spores per pot) of S. calospora, C. etunicatum,
or an equal volume of “mock inoculum” was incorporated into
media prior to filling pots. Seeds of Triticum aestivum cv. Surpass or
A. sativa cv. Corral (Preferred Seed, Buffalo, NY, USA) were pre-
germinated on moistened paper towels in Petri dishes for 4 days
before sowing 1 seedling per pot on May 6, 2021. Three racks of
25 plants were grown for each treatment, and each rack was trea-
ted as a replication. Roots were sampled for colonization on June
8, 2021, and the average percent colonization was calculated for
each rack. Composite grain samples were collected on August
3, 2021 (wheat) and August 23, 2021 (oats) from the 15 most vig-
orous plants from each rack, threshed, then prepared for ERGO

analysis.

2.3 | Mycorrhizal colonization

To determine the efficiency at which each mycorrhizal species (or mix
of species) colonized host roots, we determined percent colonization
through staining and the grid-intersect method (Giovannetti &
Mosse, 1980). To summarize, roots were soaked at room temperature
in 10% potassium hydroxide for ~4 days and brought to a boil to clear
and remove pigment from cells. Roots were then acidified in 1%
hydrochloric acid for 5 min at room temperature to prepare them for
staining in 0.5% trypan blue (Phillips & Hayman, 1970) for 5 min
at 90°C.

24 | ERGO analyses

ERGO is commonly analyzed using liquid chromatography (LC), and
Tsiantas et al. (2021) demonstrated that detection based on mass
spectrometry (MS) provides more reliable results than less selective
detectors (UV/vis, for example) due to potential chemical matrix inter-
ferences. The ERGO concentration of wheat and oats was measured
at The Penn State College of Medicine Mass Spectrometry Core Facil-
ity, using the LC-MS method reported in Beelman et al. (2021). The
ERGO concentration of asparagus and black beans were analyzed at
the USDA ARS ERRC using alternative methods described below.

L-(+)-ergothioneine (>98% purity) was obtained from Alfa Aesar
(Tewksbury, MA, USA), and L-(+)-ergothioneine-d9 (“highly purified”)
used as an internal standard (ISTD) for analysis was from US Biological
(Swampscott, MA, USA). Optima LC-MS grades methanol and formic
acid were from Fisher (Fair Lawn, NJ, USA), and water was obtained
from a Barnstead E-Pure system (Dubuque, IA, USA).

Asparagus was analyzed per wet weight, and black beans were
analyzed per dry weight (as these are the states that the respective
crops are harvested, stored, and/or commonly available to con-
sumers). For asparagus, the frozen tissue samples were weighed and
then combined with ~5-ml chunks of dry ice in the bullet-shaped
blender container of an IKA Tube-Mill 100 and ground at 5000-
8000 rpm for ~1 min until the sample was a homogeneous powder.
All samples were transferred to 50-ml polypropylene (PP) tubes and
stored at —18°C until analysis.

For both asparagus and black beans, the USDA ARS ERRC labora-
tory followed a slightly modified LC-MS/MS method described by
Sapozhnikova et al. (2014). In brief, 2-g fresh asparagus or 0.5-g dried
black bean test portions were weighed into 15-ml PP tubes; 1.5-ml
water was added to the dry samples. For spiked test portions, ERGO
was added, and in all cases, ERGO-d9 ISTD was added, both in aque-
ous solutions to yield 1 pg g~ concentrations. Then, 10 ml of 4:1 (v:v)
methanol:water was dispensed into the tubes, which were capped,
inverted several times, and shaken for 10 min at room temperature
using a Glas-Col (Terre Haute, IN, USA) vortex platform shaker at 80%
intensity and maximum pulsation. The tubes were then centrifuged
for 5 min at 4150 rpm (3711 rcf) at room temperature. For asparagus,
0.4-ml extract (69-mg wet sample equivalent) was pipetted into
0.45-um PVDF membrane syringeless filter vials and filtered. In the
case of black beans, 0.58 ml (25 mg dry sample equivalent) of each
extract was transferred to autosampler vials without filtration.
Reagent-only and matrix-matched calibration standards of 7 points
each of ERGO were prepared in all cases ranging from 0.0625 to
2 ug g~ in wet asparagus and 0.125 to 8 ug g~ ! in dry black beans.
Limits of quantification were <0.05 pg g~* ERGO in the sample ana-
lyses, including qualitative identification.

LC-MS/MS was conducted using a Sciex (Foster City, CA, USA)
6500 QTrap coupled with a Shimadzu (Columbia, MD, USA) Nexera Il
LC. The analytical column was a Phenomenex (Torrance; CA, USA)
Luna C8 (100 mm long, 4.6 mm i.d., 3-um particles) connected to a
5-mm guard column kept at 40°C. An isocratic mobile phase consist-

ing of 70:30 methanol:water containing 0.1% formic acid was used at
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0.5 ml min~? flow rate, leading to a retention time of 2.3 min for both
ERGO and ERGO-d9. After each injection, the column was back-
flushed for 3 min with 0.1% formic acid in 98:2 methanol:water at
0.15 ml min~! followed by re-equilibration of the mobile phase at
0.5 ml min~t in the forward direction for 4 min. The autosampler tray
was maintained at 15°C, and injection volume was 8 ul (4 ul for
asparagus).

For detection, electrospray ionization was used in positive mode
with 5000 V ion spray and 450°C source temperature. Multiple reac-
tion monitoring was conducted with 75-ms dwell times, entrance
potential of 10 V, and unit mass resolution. For ERGO, the precursor
ion was m/z 230 with declustering potential of 61 V for product ion
transitions (m/z) of 1) 127, 2) 186, and 3) 60 with collision energy/
capillary exit potential (V) of 25/6, 17/8, and 19/10, respectively. For
ERGO-d9, the precursor ion was m/z 239 with declustering potential
of 66 V for product ion transitions (m/z) of 127, 195, and 69 with col-
lision energy/capillary exit potential (V) of 27/6, 17/10, and 23/10,
respectively. CAD = medium; MR pause=5 ms; CUR =25,
GS1 = 60; GS2 = 30.

Calibrations were linear using 1/x weighting with R? >.99.
Average recoveries of spiked samples were 74% (14%
relative standard deviation, RSD), n = 9, in asparagus and 89% (13%
RSD), n = 12, in black beans. Reference ion ratios measured by peak
areas for ERGO were 2/1) 81%, 3/1) 18%, and 3/2) 22%; and for posi-
tive identifications in the samples, at least one of the three ion ratios
had to fall within £30% relative difference from the reference ion ratio

with all three ERGO ion peaks co-eluting between 2.2 and 2.4 min.

2.5 | Statistical analysis

Al statistical analysis was completed in R version 4.2.1. After confirm-
ing data were normally distributed via the Shapiro-Wilk test and not
heteroscedastic via the Breush-Pagan test, we performed one-way
analysis of variance (ANOVA) on plant tissue ERGO concentration for
each plant species with AMF treatment as the main factor. After
determining the significance of ANOVA (p <.05), we performed
Tukey-Kramer Honestly Significant Difference (HSD) tests to exam-
ine for significant differences between means at the p < .05 level. If
data did not meet the assumptions of ANOVA (non-normal, hetero-
scedastic), we used the non-parametric Kruskal-Wallace H test fol-
lowed by Conover's test of multiple comparisons. We performed
Pearson's product moment tests to determine significance in correla-
tion between % colonization and plant ERGO concentration for all

host plants.

3 | RESULTS
3.1 | Asparagus

Percent root colonization of asparagus varied across mycorrhizal

treatments. For asparagus grown in peat moss, the AMF mixed

P 453

species treatment had the highest level of root colonization (88%),

People P

whereas the C. etunicatum treatment was the lowest (32%;
Table S1). When grown in sterilized plant-compost, R. irregularis
had the highest rate of colonization (71%), and F. mosseae had the
lowest (25%). In mushroom compost, the mixed inoculum had the
highest rate of colonization (79%), and F. mosseae had the lowest
(25%). The uninoculated plants had no mycorrhizal colonization
(Table S1).

In the peat moss, the only AMF treatment that had an impact
on ERGO level was AGTIV, which increased the ERGO concentra-
tion of asparagus stalks by 1.3x (Figure 1). In plant compost media,
there was no increase in the ERGO content of asparagus in any
mycorrhizal treatment compared with the uninoculated control.
However, in the mushroom compost media, plants inoculated with
the mixed AMF inoculum had 10x more ERGO (Conover's test
p <.05), and plants inoculated with R. irregularis had 6.6x more
ERGO (Conover's test p =.08) compared with uninoculated plants
(Figure 1).

3.2 | Blackbeans

The level of root colonization of black bean roots varied across
mycorrhizal treatments with S. calospora being the best colonizer
(57% of root length colonized) and R. intraradices having the lowest
colonization level (13%; Table S2). Bean seeds from plants inocu-
lated with AMF had higher ERGO content than those grown with
sterile inoculum for 7 out of the 9 mycorrhizal treatments and dis-
played the largest increases in ERGO across all crops tested. These
increases in ERGO ranged from 72x higher than the level in
mock-inoculated plants when grown with the AMF species
S. constrictum to 36x higher in plants grown with C. claroideum
(Figure 2).

3.3 | Wheatand oats

In the sterile soil trial, wheat inoculated with S. calospora were 42%
colonized, and wheat inoculated with C. etunicatum were 13% colo-
nized (Table S3) after 30 days of growth. Wheat grown in native soil
were 33% colonized, and wheat grown in native soil supplemented by
S. calospora and C. etunicatum were 57% and 30% colonized, respec-
tively. For oats grown in sterile soil, oats inoculated with S. calospora
were 42% colonized, and oats inoculated with C. etunicatum were 5%
colonized (Table S3). Oats grown in native soil were 10% colonized,
oats grown in native soil supplemented with S. calospora were 50%
colonized, and oats grown in native soil supplemented with
C. etunicatum were ~10% colonized (Table S3).

In sterile soil, S. calospora increased the ERGO concentration in
wheat seeds by 4x and in native soil by 2x relative to mock-
inoculated wheat grown in the same media (Figure 3a). C. etunicatum
did not enhance ERGO uptake in wheat. Similarly, S. calospora

increased ERGO concentration of oat seeds in sterile soil by 5x and
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FIGURE 2 Arbuscular mycorrhizal fungus inoculation resulted in
increased black bean seed ergothioneine concentration in 7 of the

9 arbuscular mycorrhizal fungus treatments examined. Values shown
are means and error bars are +SE, n = 4. Asterisk indicates a
significant difference between the arbuscular mycorrhizal fungi
treatment and the mock-inoculated treatment (Kruskal-Wallis Chi
squared = 36.5, df = 9, p < .0005; Conover's test: p < .05).

by 2x in native soil compared with mock-inoculated plants grown in
the same media, but there was no impact of C. etunicatum on ERGO

concentration (Figure 3b).

3.4 | Correlation of root colonization and tissue
ERGO concentration

There was a positive correlation between % root colonization and
ERGO content across all mycorrhizal treatments for asparagus grown
in mushroom compost (p < .05; Figure 4a) and a marginally significant
correlation for asparagus grown in plant compost (p < .10; Figure S1)
but no relationship for asparagus grown in peat moss. In black beans,
across AMF treatments, there was a positive relationship between %
colonization and seed ERGO concentration level (Figure 4b). Finally,
as in the other crops examined, % colonization was positively corre-
lated with wheat and oat seed ERGO concentration across AMF treat-

ments in both sterile and native soils (Figure 4c-f).

4 | DISCUSSION

ERGO is an antioxidant present in most food crops and has potential
as a therapeutic agent, with some advocating that it be considered a
vitamin essential for human health (Ames, 2018; Beelman et al., 2020,
2022). However, ERGO is not biosynthesized by animals or plants and
the mechanism by which it is taken up from soils is unknown. Here,
we show that AMF play a key role in plant tissue ERGO uptake.
Whether AMF biosynthesize ERGO and directly transfer it hosts,
scavenge ERGO from the soil environment and transfer it to hosts, or
they alter plant physiology such that root uptake of ERGO in
enhanced, this work shows that plants inoculated with AMF generally
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F = 34.08, df = 5, p < .001, Tukey HSD: p < .005).

have higher ERGO tissue concentration than uninoculated plants. In
addition, we found that AMF species display a range of efficiencies at
both colonizing host plants and influencing ERGO uptake from the soil
to the host.

AMF inoculation of asparagus grown in peat moss, which does
not contain ERGO, had a limited effect on tissue ERGO concentra-
tion. This suggests that the observed AMF-induced increases in plant
ERGO concentration are the result of either AMF transfer of soil
ERGO to plants or AMF-induced shifts in plant physiology that
enhance root ERGO uptake but are not the result of AMF ERGO
synthesis (Figure 1). In fact, ERGO uptake in plants is highest when
there is both a belowground ERGO source and AMF to influence
host uptake. We make this assertion because asparagus inoculated
with mixed AMF species, as well as the single species R. irregularis,
that was grown in mushroom compost media containing ~5.6-mg
ERGO kg~! had higher ERGO content than uninoculated asparagus
grown in the same media (Figure 1). Additionally, while wheat and
oats grown with the AMF species S. calospora had higher ERGO con-
tent than plants grown without AMF and with C. etunicatum, plants
generally had higher ERGO content when grown in native soil than
sterile soil (Figure 3). We posit that this may be due to the continu-
ous replenishment of the soil ERGO pool through fungal and bacte-
rial biosynthesis during the duration of the trial, which did not occur
in sterile soil.

Across all hosts and mycorrhizal treatments, it appears that AMF
colonization generally increased the amount of ERGO in plant tissue
(Figure 4). However, our results show that AMF species vary in their
efficiency to colonize and enhance ERGO uptake in plant hosts. For
example, while the inoculation of black beans with 7 out of 9 AMF
treatments enhanced ERGO content by up to 72x, 2 individual AMF
species did not enhance ERGO concentration (Figure 2). Differences

in the impact of AMF species on nutrient uptake and growth of plant
hosts have been documented, and species with a greater ability to
access and transfer nutrients to host plants at lower C costs better
benefit plant health. (Carrara & Heller, 2022; Cavagnaro et al., 2005;
Feddermann et al., 2008; Hart & Reader, 2002; Lanfranco et al., 2018;
Munkvold et al., 2004). Past work on mycorrhizal nitrogen (N) uptake
and transfer to host plants has shown that direct mycorrhizal uptake
of amino acids from soil is an important component of the plant-
mycorrhizal N economy (Talbot & Treseder, 2010; Whiteside
et al., 2012). Therefore, it is possible that differences in the level of
root colonization across AMF species may be driven by differences in
the exchange rate of C for nutrients between mycorrhizal species and
that ERGO may be traded for plant C as an amino-N source; however,
this mechanism requires further testing.

Regardless of the mechanism that explains AMF-induced
enhancements in plant ERGO uptake or the role ERGO plays in plant
physiology, these results show that AMF act as an important regulator
of the transfer of microbially biosynthesized ERGO in soils to plant tis-
sue. AMF inoculation of a variety of crops including eggplant, peppers,
potatoes, sweet potatoes, and strawberries has already been shown
to enhance yield by up to 15% (Douds et al., 2007, 2008, 2014, 2017;
Douds & Reider, 2003), and this study provides evidence that AMF
inoculation also improves crop nutrient quality and antioxidant poten-
tial. In addition, this work shows that using mixed species inocula is a
promising and effective route to enhancing ERGO content in a variety
of crops, and some crops, such as black beans, may benefit even more
from single species AMF.

Over recent decades, many farmers, activists, and scientists
have worked diligently to promote the benefits of conservation
agriculture on soil health by encouraging the use of cover

crops, crop rotation, and practices that limit soil disturbance
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concentration. P values are derived from Pearson's product moment correlation test. Each point represents an individual composite plant sample.

Asparagus n = 24, black bean n = 40, wheatn = 9, and oatn = 9.

(Kassam et al., 2010). While these methods have proven useful in
reducing soil erosion, sequestering soil C, and increasing soil micro-
bial populations, direct links to plant nutritional benefits and ulti-
mately human health have been more difficult to prove (Brevik
et al., 2020). This work demonstrated that farming practices that
bolster the population of AMF and other ERGO producing microbes
in cropping systems will increase the ERGO content of a variety of

crops. Future research on the effectiveness of AMF inoculation on
field crops will further bridge the suspected relationship between
soil health and human health.

AUTHOR CONTRIBUTIONS
Wade P. Heller designed the experiments. Wade P. Heller, Joseph
E. Carrara, Steven J. Lehotay, Alan R. Lightfield, Dongxiao Sun, John

85U80|7 SUOWLWIOD dAeaID 8|qed!|dde ay3 Aq pausenob are ssjone YO ‘8sN JO Se|n. 10} Areiq1T8ulUQ AB]IA UO (SUORIPUOO-pUE-SWLBYLICD" A8 1M Afe1q1jBU1 [UO//:SANY) SUORIPUOD PUe Swie 1 8ys 88S *[9202/60/62] Uo Areiqiaulluo A|im unuebiveueiyood Aq oe0T eddd/zo0T 0T/I0p/woo A8 1M Areiqjeuljuoyduy/sdny wo.y pepeojumod ‘€ ‘€202 ‘T1922.52



CARRARA ET AL.

P. Richie, and Andrew H. Smith collected, analyzed, and interpreted
the data. The manuscript was drafted by Joseph E. Carrara, and all

authors read, edited, and approved the final version.

ACKNOWLEDGMENTS

We would like to thank Lindsay McKeever, Jacob Lucabeche, and
Amiya Kalra for technical assistance. We would like to thank the
Rodale Institute for providing greenhouse and bench space to
complete some of the work described here. Mention of trade
names or commercial products in this publication is solely for the
purpose of providing specific information and does not imply
recommendation or endorsement by the U.S. Department of
Agriculture or the Foundation for Food and Agriculture Research.
The content of this publication is solely the responsibility of the
authors and does not necessarily represent the official views of the
Foundation for Food and Agriculture Research. The U.S. Department
of Agriculture (USDA) prohibits discrimination in all its programs and
activities on the basis of race, color, national origin, age, disability,
and where applicable, sex, marital status, familial status, parental
status, religion, sexual orientation, genetic information, political
beliefs, reprisal, or because all or part of an individual's income
is derived from any public assistance program. (Not all prohibited
bases apply to all programs.) Persons with disabilities who require
alternative means for communication of program information
(Braille, large print, audiotape, etc.) should contact USDA's TARGET
Center at (202) 720-2600 (voice and TDD). To file a complaint of
discrimination, write to USDA, Director, Office of Civil Rights, 1400
Independence Avenue, S.W., Washington, D.C. 20250-9410, or call
(800) 795-3272 (voice) or (202) 720-6382 (TDD). USDA is an equal
opportunity provider and employer.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in this
article and the supplementary material of this article. Further inquiries

can be directed to the corresponding author.

ORCID
Joseph E. Carrara "> https://orcid.org/0000-0003-0597-1175
https://orcid.org/0000-0002-5934-7469
https://orcid.org/0000-0002-4782-3149
https://orcid.org/0000-0003-4902-4292
https://orcid.org/0000-0001-8239-2850
https://orcid.org/0000-0001-6812-1106

https://orcid.org/0000-0002-5964-9715

Steven J. Lehotay
Alan R. Lightfield
Dongxiao Sun
John P. Richie Jr
Andrew H. Smith
Wade P. Heller

REFERENCES

Ames, B. N. (2018). Prolonging healthy aging: Longevity vitamins and pro-
teins. Proceedings of the National Academy of Sciences of the
United States of America, 115(43), 10836-10844. https://doi.org/10.
1073/pnas.1809045115

e | 457
ts People Planet "PJ‘J—

Beelman, R. B., Kalaras, M. D., Phillips, A. T., & Richie, J. P. Jr. (2020). Is
ergothioneine a ‘longevity vitamin’ limited in the American diet?
J Nutr Sci, 9, €52. https://doi.org/10.1017/jns.2020.44

Beelman, R. B., Phillips, A. T., Richie, J. P. Jr,, Ba, D. M., Duiker, S. W., &
Kalaras, M. D. (2022). Health consequences of improving the content
of ergothioneine in the food supply. FEBS Letters, 596(10),
1231-1240. https://doi.org/10.1002/1873-3468.14268

Beelman, R. B., Richie, J. P. Jr., Phillips, A. T., Kalaras, M. D., Sun, D., &
Duiker, S. W. (2021). Soil disturbance impact on crop ergothioneine
content connects soil and human health. Agronomy, 11(11), 2278.
https://doi.org/10.3390/agronomy11112278

Borodina, I., Kenny, L. C., McCarthy, C. M., Paramasivan, K., Pretorius, E.,
Roberts, T. J., van der Hoek, S. A., & Kell, D. B. (2020). The biology of
ergothioneine, an antioxidant nutraceutical. Nutrition Research Reviews,
33(2), 190-217. https://doi.org/10.1017/50954422419000301

Bowles, T. M., Jackson, L. E., Loeher, M., & Cavagnaro, T. R. (2017). Eco-
logical intensification and arbuscular mycorrhizas: A meta-analysis of
tillage and cover crop effects. Journal of Applied Ecology, 54(6),
1785-1793. https://doi.org/10.1111/1365-2664.12815

Brevik, E. C., Slaughter, L., Singh, B. R., Steffan, J. J., Collier, D.,
Barnhart, P., & Pereira, P. (2020). Soil and human health: Current sta-
tus and future needs. Air, Soil and Water Research, 13,
1178622120934441. https://doi.org/10.1177/1178622120934441

Brito, I., Goss, M. J., de Carvalho, M., Chatagnier, O., & van Tuinen, D.
(2012). Impact of tillage system on arbuscular mycorrhiza fungal com-
munities in the soil under Mediterranean conditions. Soil and Tillage
Research, 121, 63-67. https://doi.org/10.1016/j.still.2012.01.012

Carrara, J. E., & Heller, W. P. (2022). Arbuscular mycorrhizal species vary
in their impact on nutrient uptake in sweet corn (Zea mays) and but-
ternut squash (Cucurbita moschata). Frontiers in Agronomy, 4. https://
doi.org/10.3389/fagro.2022.1040054

Cavagnaro, T., Smith, F. A, Smith, S., & Jakobsen, I. (2005). Functional
diversity in arbuscular mycorrhizas: Exploitation of soil patches with
different phosphate enrichment differs among fungal species. Plant,
Cell & Environment, 28(5), 642-650. https://doi.org/10.1111/j.1365-
3040.2005.01310.x

Cheah, I. K, Feng, L., Tang, R. M. Y., Lim, K. H. C., & Halliwell, B. (2016).
Ergothioneine levels in an elderly population decrease with age and
incidence of cognitive decline; a risk factor for neurodegeneration?
Biochemical and Biophysical Research Communications, 478(1),
162-167. https://doi.org/10.1016/j.bbrc.2016.07.074

Dai, J., Hu, J., Zhu, A,, Bai, J., Wang, J., & Lin, X. (2015). No tillage enhances
arbuscular mycorrhizal fungal population, glomalin-related soil protein
content, and organic carbon accumulation in soil macroaggregates.
Journal of Soils and Sediments, 15(5), 1055-1062. https://doi.org/10.
1007/s11368-015-1091-9

Douds, D. Jr., Carr, E.,, Shenk, J., & Ganser, S. (2017). Positive yield
response of eggplant (Solanum melongena L.) to inoculation with AM
fungi produced on-farm. Scientia Horticulturae, 224, 48-52. https://
doi.org/10.1016/j.scienta.2017.05.017

Douds, D. Jr., & Reider, C. (2003). Inoculation with mycorrhizal fungi
increases the yield of green peppers in a high P soil. Biological Agricul-
ture & Horticulture, 21(1), 91-102. https://doi.org/10.1080/
01448765.2003.9755251

Douds, D. D. Jr., Nagahashi, G., & Hepperly, P. R. (2010). On-farm produc-
tion of inoculum of indigenous arbuscular mycorrhizal fungi and
assessment of diluents of compost for inoculum production. Biore-
source Technology, 101(7), 2326-2330. https://doi.org/10.1016/j.
biortech.2009.11.071

Douds, D. D. Jr., Nagahashi, G., Reider, C., & Hepperly, P. R. (2007). Inocu-
lation with arbuscular mycorrhizal fungi increases the yield of potatoes
in a high P soil. Biological Agriculture & Horticulture, 25(1), 67-78.
https://doi.org/10.1080/01448765.2007.10823209

Douds, D. D., Nagahashi, G., Reider, C., & Hepperly, P. R. (2014). Inocula-
tion with arbuscular mycorrhizal fungi increases the yield of potatoes

85U80|7 SUOWLWIOD dAeaID 8|qed!|dde ay3 Aq pausenob are ssjone YO ‘8sN JO Se|n. 10} Areiq1T8ulUQ AB]IA UO (SUORIPUOO-pUE-SWLBYLICD" A8 1M Afe1q1jBU1 [UO//:SANY) SUORIPUOD PUe Swie 1 8ys 88S *[9202/60/62] Uo Areiqiaulluo A|im unuebiveueiyood Aq oe0T eddd/zo0T 0T/I0p/woo A8 1M Areiqjeuljuoyduy/sdny wo.y pepeojumod ‘€ ‘€202 ‘T1922.52


https://orcid.org/0000-0003-0597-1175
https://orcid.org/0000-0003-0597-1175
https://orcid.org/0000-0002-5934-7469
https://orcid.org/0000-0002-5934-7469
https://orcid.org/0000-0002-4782-3149
https://orcid.org/0000-0002-4782-3149
https://orcid.org/0000-0003-4902-4292
https://orcid.org/0000-0003-4902-4292
https://orcid.org/0000-0001-8239-2850
https://orcid.org/0000-0001-8239-2850
https://orcid.org/0000-0001-6812-1106
https://orcid.org/0000-0001-6812-1106
https://orcid.org/0000-0002-5964-9715
https://orcid.org/0000-0002-5964-9715
https://doi.org/10.1073/pnas.1809045115
https://doi.org/10.1073/pnas.1809045115
https://doi.org/10.1017/jns.2020.44
https://doi.org/10.1002/1873-3468.14268
https://doi.org/10.3390/agronomy11112278
https://doi.org/10.1017/S0954422419000301
https://doi.org/10.1111/1365-2664.12815
https://doi.org/10.1177/1178622120934441
https://doi.org/10.1016/j.still.2012.01.012
https://doi.org/10.3389/fagro.2022.1040054
https://doi.org/10.3389/fagro.2022.1040054
https://doi.org/10.1111/j.1365-3040.2005.01310.x
https://doi.org/10.1111/j.1365-3040.2005.01310.x
https://doi.org/10.1016/j.bbrc.2016.07.074
https://doi.org/10.1007/s11368-015-1091-9
https://doi.org/10.1007/s11368-015-1091-9
https://doi.org/10.1016/j.scienta.2017.05.017
https://doi.org/10.1016/j.scienta.2017.05.017
https://doi.org/10.1080/01448765.2003.9755251
https://doi.org/10.1080/01448765.2003.9755251
https://doi.org/10.1016/j.biortech.2009.11.071
https://doi.org/10.1016/j.biortech.2009.11.071
https://doi.org/10.1080/01448765.2007.10823209

CARRARA ET AL.

ts People Planet I

in a high P soil. Biological Agriculture & Horticulture, 25(1), 67-78.
https://doi.org/10.1080/01448765.2007.10823209

Douds, D. D. Jr., Nagahashi, G., Shenk, J. E., & Demchak, K. (2008). Inocu-
lation of strawberries with AM fungi produced on-farm increased
yield. Biological Agriculture & Horticulture, 26(3), 209-219. https://doi.
org/10.1080/01448765.2008.9755084

Ey, J., Schémig, E., & Taubert, D. (2007). Dietary sources and antioxidant
effects of ergothioneine. Journal of Agricultural and Food Chemistry,
55(16), 6466-6474. https://doi.org/10.1021/jf071328f

Feddermann, N., Boller, T., Salzer, P., Elfstrand, S., Wiemken, A., &
Elfstrand, M. (2008). Medicago truncatula shows distinct patterns of
mycorrhiza-related gene expression after inoculation with three differ-
ent arbuscular mycorrhizal fungi. Planta, 227(3), 671-680. https://doi.
org/10.1007/s00425-007-0649-1

Frey, S. D., Elliott, E. T., & Paustian, K. (1999). Bacterial and fungal abun-
dance and biomass in conventional and no-tillage agroecosystems
along two climatic gradients. Soil Biology and Biochemistry, 31(4),
573-585. https://doi.org/10.1016/50038-0717(98)00161-8

Genghof, D. S. (1970). Biosynthesis of ergothioneine and hercynine by
fungi and Actinomycetales. Journal of Bacteriology, 103(2), 475-478.
https://doi.org/10.1128/jb.103.2.475-478.1970

Genghof, D. S., & Damme, O. V. (1964). Biosynthesis of ergothioneine and
hercynine by mycobacteria. Journal of Bacteriology, 87(4), 852-862.
https://doi.org/10.1128/jb.87.4.852-862.1964

Giovannetti, M., & Mosse, B. (1980). An evaluation of techniques for mea-
suring vesicular arbuscular mycorrhizal infection in roots. New Phytolo-
gist, 84, 489-500. https://doi.org/10.1111/j.1469-8137.1980.
th04556.x

Griindemann, D., Harlfinger, S., Golz, S., Geerts, A., Lazar, A., Berkels, R.,
Jung, N., Rubbert, A., & Schémig, E. (2005). Discovery of the ergothio-
neine transporter. Proceedings of the National Academy of Sciences,
102(14), 5256-5261. https://doi.org/10.1073/pnas.0408624102

Halliwell, B., Cheah, I. K., & Tang, R. M. Y. (2018). Ergothioneine—A diet-
derived antioxidant with therapeutic potential. FEBS Letters, 592(20),
3357-3366. https://doi.org/10.1002/1873-3468.13123

Hart, M. M., & Reader, R. J. (2002). Host plant benefit from association
with arbuscular mycorrhizal fungi: Variation due to differences in size
of mycelium. Biology and Fertility of Soils, 36(5), 357-366. https://doi.
org/10.1007/s00374-002-0539-4

Kabir, Z. (2005). Tillage or no-tillage: Impact on mycorrhizae. Canadian
Journal of Plant Science, 85(1), 23-29. https://doi.org/10.4141/
P03-160

Kalaras, M. D., Richie, J. P., Calcagnotto, A., & Beelman, R. B. (2017).
Mushrooms: A rich source of the antioxidants ergothioneine and glu-
tathione. Food Chemistry, 233, 429-433. https://doi.org/10.1016/j.
foodchem.2017.04.109

Kassam, A., Friedrich, T., & Derpsch, R. (2010). Conservation agriculture in
the 21st century: A paradigm of sustainable agriculture. European Con-
gress on Conservation Agriculture, 4-6.

Lanfranco, L., Fiorilli, V., & Gutjahr, C. (2018). Partner communication and
role of nutrients in the arbuscular mycorrhizal symbiosis. The New Phy-
tologist, 220(4), 1031-1046. https://doi.org/10.1111/nph.15230

Melville, D. B. (1959). Ergothioneine (pp. 155-204). Elsevier. https://doi.
org/10.1016/50083-6729(08)60271-X

Munkvold, L., Kjoller, R., Vestberg, M., Rosendahl, S., & Jakobsen, I. (2004).
High functional diversity within species of arbuscular mycorrhizal
fungi. The New Phytologist, 164(2), 357-364. https://doi.org/10.1111/
j.1469-8137.2004.01169.x

Narainsamy, K., Farci, S., Braun, E., Junot, C., Cassier-Chauvat, C., &
Chauvat, F. (2016). Oxidative-stress detoxification and signalling in
cyanobacteria: The crucial glutathione synthesis pathway supports the
production of ergothioneine and ophthalmate. Molecular Microbiology,
100(1), 15-24. https://doi.org/10.1111/mmi.13296

Paul, B. D., & Snyder, S. H. (2010). The unusual amino acid L-ergothioneine
is a physiologic cytoprotectant. Cell Death and Differentiation, 17(7),
1134-1140. https://doi.org/10.1038/cdd.2009.163

Phillips, J. M., & Hayman, D. (1970). Improved procedures for clearing
roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi
for rapid assessment of infection. Transactions of the British Mycologi-
cal Society, 55(1), 158-IN118. https://doi.org/10.1016/S0007-1536
(70)80110-3

Ramirez-Martinez, A., Wesolek, N., Yadan, J.-C., Moutet, M, &
Roudot, A.-C. (2016). Intake assessment of L-ergothioneine in some
European countries and in the United States. Human and Ecological
Risk Assessment: An International Journal, 22(3), 667-677. https://doi.
org/10.1080/10807039.2015.1104241

Read, D., & Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in
ecosystems-a journey towards relevance? New Phytologist, 157(3),
475-492. https://doi.org/10.1046/j.1469-8137.2003.00704.x

Sapozhnikova, Y., Byrdwell, W. C., Lobato, A., & Romig, B. (2014). Effects
of UV-B radiation levels on concentrations of phytosterols, ergothio-
neine, and polyphenolic compounds in mushroom powders used as
dietary supplements. Journal of Agricultural and Food Chemistry, 62(14),
3034-3042. https://doi.org/10.1021/jf403852k

Shires, T. K., Brummel, M. C., Pulido, J. S., & Stegink, L. D. (1997). Ergothio-
neine distribution in bovine and porcine ocular tissues. Comparative
Biochemistry and Physiology Part C: Pharmacology, Toxicology and Endo-
crinology, 117(1), 117-120. https://doi.org/10.1016/50742-8413(96)
00223-X

Smith, E., Ottosson, F., Hellstrand, S., Ericson, U., Orho-Melander, M.,
Fernandez, C., & Melander, O. (2020). Ergothioneine is associated with
reduced mortality and decreased risk of cardiovascular disease. Heart,
106(9), 691-697. https://doi.org/10.1136/heartjnl-2019-315485

Talbot, J., & Treseder, K. (2010). Controls over mycorrhizal uptake of
organic nitrogen. Pedobiologia, 53(3), 169-179. https://doi.org/10.
1016/j.pedobi.2009.12.001

Tsiantas, K., Tsiaka, T., Koutrotsios, G., Siapi, E., Zervakis, G. I.,
Kalogeropoulos, N., & Zoumpoulakis, P. (2021). On the identification
and quantification of ergothioneine and lovastatin in various mush-
room species: Assets and challenges of different analytical approaches.
Molecules, 26(7), 1832. https://doi.org/10.3390/molecules26071832

Whiteside, M. D., Garcia, M. O., & Treseder, K. K. (2012). Amino acid
uptake in arbuscular mycorrhizal plants. PLoS ONE, 7(10), e47643.
https://doi.org/10.1371/journal.pone.0047643

Wu, L.-Y., Cheah, I. K, Chong, J. R, Chai, Y. L, Tan, J. Y., Hilal, S.,
Vrooman, H., Chen, C. P, Halliwell, B., & Lai, M. K. (2021). Low plasma
ergothioneine levels are associated with neurodegeneration and cere-
brovascular disease in dementia. Free Radical Biology and Medicine,
177,201-211. https://doi.org/10.1016/j.freeradbiomed.2021.10.019

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Carrara, J. E., Lehotay, S. J., Lightfield,
A. R., Sun, D., Richie, J. P. Jr, Smith, A. H., & Heller, W. P.
(2023). Linking soil health to human health: Arbuscular
mycorrhizae play a key role in plant uptake of the antioxidant
ergothioneine from soils. Plants, People, Planet, 5(3), 449-458.
https://doi.org/10.1002/ppp3.10365

85U80|7 SUOWLWIOD dAeaID 8|qed!|dde ay3 Aq pausenob are ssjone YO ‘8sN JO Se|n. 10} Areiq1T8ulUQ AB]IA UO (SUORIPUOO-pUE-SWLBYLICD" A8 1M Afe1q1jBU1 [UO//:SANY) SUORIPUOD PUe Swie 1 8ys 88S *[9202/60/62] Uo Areiqiaulluo A|im unuebiveueiyood Aq oe0T eddd/zo0T 0T/I0p/woo A8 1M Areiqjeuljuoyduy/sdny wo.y pepeojumod ‘€ ‘€202 ‘T1922.52


https://doi.org/10.1080/01448765.2007.10823209
https://doi.org/10.1080/01448765.2008.9755084
https://doi.org/10.1080/01448765.2008.9755084
https://doi.org/10.1021/jf071328f
https://doi.org/10.1007/s00425-007-0649-1
https://doi.org/10.1007/s00425-007-0649-1
https://doi.org/10.1016/S0038-0717(98)00161-8
https://doi.org/10.1128/jb.103.2.475-478.1970
https://doi.org/10.1128/jb.87.4.852-862.1964
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1073/pnas.0408624102
https://doi.org/10.1002/1873-3468.13123
https://doi.org/10.1007/s00374-002-0539-4
https://doi.org/10.1007/s00374-002-0539-4
https://doi.org/10.4141/P03-160
https://doi.org/10.4141/P03-160
https://doi.org/10.1016/j.foodchem.2017.04.109
https://doi.org/10.1016/j.foodchem.2017.04.109
https://doi.org/10.1111/nph.15230
https://doi.org/10.1016/S0083-6729(08)60271-X
https://doi.org/10.1016/S0083-6729(08)60271-X
https://doi.org/10.1111/j.1469-8137.2004.01169.x
https://doi.org/10.1111/j.1469-8137.2004.01169.x
https://doi.org/10.1111/mmi.13296
https://doi.org/10.1038/cdd.2009.163
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1080/10807039.2015.1104241
https://doi.org/10.1080/10807039.2015.1104241
https://doi.org/10.1046/j.1469-8137.2003.00704.x
https://doi.org/10.1021/jf403852k
https://doi.org/10.1016/S0742-8413(96)00223-X
https://doi.org/10.1016/S0742-8413(96)00223-X
https://doi.org/10.1136/heartjnl-2019-315485
https://doi.org/10.1016/j.pedobi.2009.12.001
https://doi.org/10.1016/j.pedobi.2009.12.001
https://doi.org/10.3390/molecules26071832
https://doi.org/10.1371/journal.pone.0047643
https://doi.org/10.1016/j.freeradbiomed.2021.10.019
https://doi.org/10.1002/ppp3.10365

	Linking soil health to human health: Arbuscular mycorrhizae play a key role in plant uptake of the antioxidant ergothionein...
	1  INTRODUCTION
	2  METHODS
	2.1  Inoculum preparation
	2.2  Plant growth conditions
	2.2.1  Asparagus
	2.2.2  Black beans
	2.2.3  Wheat and oats

	2.3  Mycorrhizal colonization
	2.4  ERGO analyses
	2.5  Statistical analysis

	3  RESULTS
	3.1  Asparagus
	3.2  Black beans
	3.3  Wheat and oats
	3.4  Correlation of root colonization and tissue ERGO concentration

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


