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Abstract

The Mushroom Council convened the Mushrooms and Health Summit in Washington, DC, on 9–10 September 2013. The

proceedings are synthesized in this article. Although mushrooms have long been regarded as health-promoting foods,

research specific to their role in a healthful diet and in health promotion has advanced in the past decade. The earliest

mushroom cultivation was documented in China, which remains among the top global mushroom producers, along with the

United States, Italy, The Netherlands, and Poland. Although considered a vegetable in dietary advice, mushrooms are fungi,

set apart by vitamin B-12 in very low quantity but in the same form found in meat, ergosterol converted with UV light to

vitamin D2, and conjugated linoleic acid. Mushrooms are a rare source of ergothioneine as well as selenium, fiber, and several

other vitamins and minerals. Some preclinical and clinical studies suggest impacts of mushrooms on cognition, weight

management, oral health, and cancer risk. Preliminary evidence suggests that mushrooms may support healthy immune and

inflammatory responses through interaction with the gut microbiota, enhancing development of adaptive immunity, and improved

immune cell functionality. In addition to imparting direct nutritional and health benefits, analysis of U.S. food intake survey data

reveals thatmushrooms are associatedwith higher dietary quality. Also, early sensory research suggests thatmushrooms blended

with meats and lower sodium dishes are well liked and may help to reduce intakes of red meat and salt without compromising

taste. As research progresses on the specific health effects of mushrooms, there is a need for effective communication efforts

to leverage mushrooms to improve overall dietary quality. J. Nutr. 144: 1128S–1136S, 2014.

Introduction

Human health concerns such as cancers, diabetes mellitus, and
cardiovascular disease are clearly influenced by dietary intake

and other lifestyle factors. Both sound science and tools for

facilitating dietary change are fundamental to effective global

strategies for health promotion and disease risk reduction. Although

mushrooms have long been regarded as health-promoting foods,

research specific to the role of mushrooms in a healthful diet and the

potential for mushrooms in health promotion has advanced in the
past decades.

Therefore, the Mushroom Council convened the Mushrooms
and Health Summit in Washington, DC, on 9–10 September

2013 to explore the state of relevant science. These proceedings

are based on presentations made at the summit by experts from a

broad range of disciplines [presentations are archived on the

Mushroom Council Web site (1)]. They explored the following
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topics, focusing primarily on cultivated mushrooms consumed
as food in the human diet:

d historical and biological context;
d market trends;
d unique nutritional and bioactive components;
d evidence for the impact of mushrooms on health and related
biomarkers;

d potential mechanisms of action;
d consumer consumption trends; and
d ways to translate nutrition, health, and sensory science on
mushrooms into action to benefit human health.

Not a Plant or a Vegetable—but a Fungus

The role of mushrooms in diets and health has been documented
throughout human history. EarlyGreek, Egyptian, Roman, Chinese,
and Mexican civilizations valued mushrooms as culinary delicacies
and as medicine. Although dietary recommendations classify
mushrooms as vegetables, they are actually fungi. Although in
the past fungi were considered plants, some of the characteristics
that distinguish them from plants are that they possess cell
walls containing chitin rather than cellulose and lack chloro-
plasts (2,3).

Fungi are a large and diverse group of eukaryotic organisms
that include yeasts, molds, and mushrooms. Most start as
microscopic filaments, which grow by elongating threadlike
structures called hyphae. Fungi live on dead matter in soil or on
living animals, plants, or other fungi. They may also be airborne
or aquatic. Although some remain microscopic, others produce
large fruiting bodies (4).

Edible fungi include true mushrooms, as well as puffballs,
corn smut, jelly fungi, and cup fungi. There are ;20–30
cultivated edible species, ;15 wild edible species that are
commonly collected for commercial sale, and many more wild
noncommercial edibles (5–7). Agaricus bisporus, including

white button (WB)32, crimini, and portabella varieties, is especially
common in today�s culinary repertoire. The next most common
commercial species are shiitake (Lentinus edodes), straw (Volvari-
ella volvacea), oyster (Pleurotus ostreatus), and enoki (Flammulina
ostreatus) (8).

Market Trends

In many cultures, mushroom picking is an important tradition
and can be a substantial source of income. In the Pacific
Northwest of the United States, it is estimated that the value of
the yearly mushroom harvest in a forest can equal the value of
lumber produced from that same forest in some situations (9).
However, most of the mushrooms eaten in the United States are
cultivated and sold in stores. The USDA Extension Service is
workingwith small farmers to establish newmushroom businesses
in North Carolina (10,11) and New York (12). The forest farming
approach may help to diversify agricultural operations, contribute
to rural community health and well-being, and support environ-
mental health (11,12).

From 1970 to 2011, global mushroom and truffle production
grew from <1 million to 7.7 million metric tons (mt) and
by >500%between 1980 and 2011 (Fig. 1) (13). The rate of growth
has also increased over time, from an average of 5% annually
between 1980 and 1995 to nearly 7% annually since 1996. In
2011, China, Italy, the United States, The Netherlands, and
Poland were reported as the top 5 mushroom producers in the
world. Since 2009, China has produced 65% of global mush-
rooms and truffles, the European Union 24%, the United States
5%, and Japan, Indonesia, and Canada 1% each.

The U.S. mushroom farm community is small in acreage but an
important contributor to the agricultural economy. Pennsylvania
is historically the biggest U.S. producer of mushrooms. Collab-
oration between growers and researchers at The Pennsylvania
State University has fostered both mushroom production and
processing-company development in the state (14). Notably,
supported through USDA National Institute for Food and Agricul-
ture grants, North Carolina A&T University is breeding, screening,
and selecting shiitake for indoor cultivation (10).

Sales by U.S. mushroom producers reached $1.1 billion
during the 2012–2013 growing season, with increases mainly
among fresh vs. processed mushrooms (14). In 2011, cash receipts
for mushrooms ranked fifth among vegetables (15). Exports remain
a small part of the U.S. mushroommarket, with <5% of both fresh
mushrooms and processed mushroom supplies exported annually.

In addition to the economic value of mushroom agriculture
for growers, mushrooms have a small environmental footprint.
Mushrooms grow from agricultural and forest wastes and
require relatively little water or land. For example, per hectare of
cultivated land, 370mt of mushrooms were produced globally in
2011, compared with only 44 mt of rice and 56 mt of asparagus
(13). Furthermore, spent substrate (i.e., used compost) may be
used after harvesting as a soil amendment (i.e., an input to crop
production) or processed further for biofuel.

More information is needed regarding the relations between
mushroom markets, such as fresh vs. processed, and the growth
potential for specialty mushrooms. The complexity of consumer
demand patterns, including changing demographic characteristics,
changes in healthful eating priorities, and the relation between price
swings and purchase patterns will inform the ability to meet the
demand of current and future consumers.

1 Published in a supplement to The Journal of Nutrition. Presented at theMushrooms

and Health Summit held inWashington, DC, 9–10 September 2013. The summit was

sponsored by the Mushroom Council. The Supplement Coordinator for this

supplement was Cheryl D. Toner, CDT Consulting, LLC, Herndon, VA. Supplement

Coordinator disclosures: Cheryl D. Toner performed the services of Supplement

Coordinator and manuscript writer as a consultant to the Mushroom Council. This

supplement is the responsibility of the Guest Editor towhom the Editor of The Journal

of Nutrition has delegated supervision of both technical conformity to the published

regulations of The Journal of Nutrition and general oversight of the scientific merit of

each article. The Guest Editor for this supplement was Kevin L. Schalinske. Guest

Editor disclosure: no conflicts of interest. Publication costs for this supplement were

defrayed in part by the payment of page charges. This publication must therefore be

hereby marked "advertisement" in accordance with 18 USC section 1734 solely to

indicate this fact. The opinions expressed in this publication are those of the authors

and are not attributable to the sponsors or the publisher, Editor, or Editorial Board of

The Journal of Nutrition.
2 Author disclosures: M. J. Feeney is the Consultant Nutrition Research Coordinator

for the Mushroom Council. J. A. Milner (no honorarium; deceased), J. Dwyer, C. M.

Hasler-Lewis, M. Noakes, and M. Wach (no honorarium) are members of the

International Mushroom Research Advisory Panel, Mushrooms and Health Summit

Steering Committee. S. Rowe (no honorarium) is on the Mushrooms and Health

Summit Steering Committee. M. Wach, J. Caldwell, D. Law, and B. Minor are

employed in the mushroom industry. M. Noakes, R. B. Beelman, M. T. Cantorna,

S.-T. Chang, L. J. Cheskin, R. Clemens, G. Drescher, V. L. Fulgoni, D. B. Haytowitz,

A. Myrdal Miller, S. S. Percival, B. Schneeman, and D. Wu received research grants

and/or speaking honoraria from the Mushroom Council. C. D. Toner was a con-

sultant to the Mushroom Council for this manuscript. L. A. Castlebury, V. S. Hubbard,

G. Riscuta, S. Thornsbury, and C. E. Woteki, no conflicts of interest.
3 The views expressed in this article are those of the authors and do not necessarily

represent those of the U.S. government, USDA, Agricultural Research Service,

Economic Research Service, or Department of Health and Human Services.

*To whom correspondence should be addressed. E-mail: mj@feeney.us.com.

32 Abbreviations used: DC, dendritic cell; HEI, Healthy Eating Index; mt, metric

ton; WB, white button; 25(OH)D, 25-hydroxyvitamin D.
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Nutritional and Other Bioactive

Components

The USDA National Nutrient Database for Standard Reference,
release 26, contains 22 mushroom records, including raw and
processed forms of WB, crimini, shiitake, enoki, maitake, oyster,
portabella, morel, and chanterelle, as well as portabella treated
with UV light to enhance the ergocalciferol (vitamin D2) content
(16,17). Mean nutrient values for WB, enoki, maitake, and
oyster mushrooms are presented in Table 1, as well as SEs where
available. Differences in mean nutrient values were analyzed
with ANOVA (Table 1).

WB mushrooms, the most commonly consumed in the United
States, are;92%water (16). A 100-g serving contains 3.06 0.22 g
protein (Table 1). There are very limited data on mushroom�s
Protein Digestibility Corrected Amino Acid Score, a method of
evaluating protein quality that is based on the amino acid
requirements of humans and a correction for digestibility. One
study found a Protein Digestibility Corrected Amino Acid Score
for mushroom protein of 0.66, assuming a digestibility of 70%
(18), which suggests a moderate-quality protein. Further research
on the quality of mushroom protein is warranted.

The carbohydrate fraction includes 1.5 g of mannitol (19),
1.45 6 0.46 g dietary fiber (Table 1) (16), and 0.21 6 0.04 g
b-glucans (unpublished data presented by D. B. Haytowitz,
Nutrient Data Laboratory, Beltsville Human Nutrition Research
Center, Agricultural Research Service, USDA, at theMushrooms
and Health Summit, 9 September 2013). b-Glucans are key
bioactive compounds in mushrooms (20), with oyster and enoki
containing substantially more thanWB or maitake varieties. The
small amount of fat in mushrooms is predominantly linoleic
acid, including conjugated linoleic acid normally found in animal
foods (21). WB mushrooms are also a source of several micro-
nutrients, including riboflavin, niacin, pantothenic acid, copper,
phosphorus, and selenium (16).

The form of vitamin B-12 in mushrooms was found to be the
same form found in beef, liver, and fish, suggesting that it is
highly bioavailable (22). However, fresh WB mushrooms con-
tain <2% of the RDA for this nutrient (2.4 mg/d). This low

amount of the highly bioavailable form of vitamin B-12 may be
important for individuals consuming a vegan diet over a lifetime.

Mushrooms are a natural source of ergosterol, which is
converted to vitamin D2 with exposure to UV light. In rats,
ergocalciferol-enriched mushroom powders were effective in
increasing 25-hydroxyvitamin D [25(OH)D] concentrations
and improving bone mineralization, thus demonstrating bio-
availability (23). Although simple sun exposure can increase the
ergocalciferol amounts in sliced mushrooms, time of day or year,
geographic location, and other factors affect the rate of accumu-
lation. Therefore, amore controlled approach is used in commercial
mushroom production to provide a 100% Daily Value (400 IU) of
vitamin D in 3 oz (85 g) of fresh mushrooms. For the 41–78% of
Americans who consume less than the Adequate Intake level (24),
ergocalciferol-enriched mushrooms have the potential to provide
a safe and effective way to increase 25(OH)D concentrations.
Additional studies arewarranted to determine effectiveness in young
replete or older deficient populations and to assess effects on health
outcomes.

The selenium content of mushrooms varies by type and
geographic area based on the soil selenium content (25). The
compost of cultivated mushrooms can be controlled to increase
selenium content (26). Selenium is a cofactor for glutathione
peroxidase, an enzyme essential for destroying lipid hydroper-
oxides and endogenous hydrogen peroxide. It helps prevent
oxygen-radical–induced lipid peroxidation and is essential for
sperm motility. Marginal selenium deficiency (seen around the
world but rarely in the United States) may contribute to reduced
immune function, some cancers, viral diseases, and reduced
fertility (27,28).

L-Ergothioneine (ergothioneine) is a unique sulfur-containing
amino acid that cannot be synthesized by humans. It is available
only from certain dietary sources, specifically fungi, kidney, liver,
black and red beans, oat bran, and a few bacteria. Mushrooms
are a primary source of ergothioneine, containing from 0.4 to
2.0 mg/g (dry weight) (29). King oyster, maitake, oyster, and
shiitake contain the highest amounts of ergothioneine (30).

Ergothioneine bioavailability was documented in a randomized
controlled trial (31). Therewas a significant increase in ergothioneine

FIGURE 1 Growth in world mushroom and

truffle production, 1980–2011 (source: reference

19). MT, metric ton.
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content of RBCs (mg/dL) with 16 g of mushroom powder
(equivalent to 2 servings of fresh mushrooms) vs. placebo after
2, but not 1, 4, or 6 h. There was no effect on several lipid,
glycemic, and inflammation biomarkers, although the postpran-
dial TG response was blunted after both 8 and 16 g powdered
mushroom doses compared with placebo. Because ergothioneine
was shown in humans to be taken up into RBCs (31), and the
ergothioneine transporter was noted in animals to be present in
fetal liver, bone marrow, kidney, small intestine, cerebellum, and
lung (32), where it is stored for 30 d (33), it may prove to be a
useful biomarker of mushroom intake compliance in research.

More than a compliance marker, however, ergothioneine is a
stable antioxidant in that it does not auto-oxidize at physiologic pH,
does not promote generation of hydroxyl radicals from H2O2 and
Fe2+ ions (34), and may serve as a final defense against oxidation in
cells where glutathione may be depleted (35). It has its own unique
transport system in mammals (36), suggesting an advantageous role
for long-term human health (34). It has been suggested that
ergothioneine should be designated as a vitamin because of its
unique role in protecting mitochondria from oxidation (35).
Furthermore, ergothioneine may serve as a longevity vitamin on
the basis of the triage theory (37). In this theory, nutrients in short
supply in the body could be exhausted for use in short-term survival
at the expense of long-term disease susceptibility (38).

Effects of Mushrooms on Health and

Related Biomarkers

A variety of preclinical and clinical studies suggest that con-
sumption of certain mushroom species, as either food or extracts,

or consumption of specific constituents from mushrooms may
reduce the risk of certain diseases (18). Although Roupas et al.
(18) reviewed evidence for a range of health effects, the following
sections touch on evidence pertaining to mushrooms and cogni-
tion, cancer, weight management, and oral health, in keeping with
the summit presentations.

Cognition. Very preliminary experimental animal data suggest a
protective effect of ergocalciferol-enrichedmushrooms onb-amyloid
peptide toxicity in the brain and mild cognitive impairment
(both precursors to dementia) in mice. The findings warrant re-
plication and further research on the potential role for mush-
room consumption in delaying the onset of dementia and Alzheimer
disease (39,40).

Cancer. WBmushrooms have been proposed as a potential breast
cancer risk reduction agent, because they partially suppress
aromatase activity and estrogen biosynthesis in vitro and in vivo
(21). The association of mushroom intake with breast cancer risk
was assessed in 358 Korean female patients with breast cancer
and 360 cancer-free Korean control women (41). The highest
(11.37 g/d) vs. the lowest (2.61 g/d)mushroom intakewas associated
with a lower risk of breast cancers among premenopausal women
with estrogen receptor–positive/progesterone receptor–positive
(ER+/PR+) tumors than those with ER-negative/PR-negative
(ER2/PR2) tumors [OR for the highest (11.37 g/d) compared with
the lowest quartiles of intake (2.61 g/d): 0.30; 95%CI: 0.11, 0.79].

Weight management. The substitution of low-calorie foods
for high-calorie foods has been proposed as a means of reducing
overall caloric intake, therefore reducing risk of obesity. However,

TABLE 1 Mean nutrient content of raw mushrooms per 100 g edible portion1

Nutrient White button2 Enoki3 Maitake4 Oyster5

Moisture, g/100 g 92.2 6 0.5a 87.8 6 0.5b 90.5a 90.2 6 0.5a

Energy, kcal/100 g 24 29 29 31

Protein, g/100 g 3.00 6 0.22 2.66 6 0.25 1.94 2.75 6 0.24

Fat, g/100 g 0.34 6 0.06 0.28 6 0.08 0.20 0.33 6 0.04

Ash, g/100 g 0.79a 0.91 6 0.08b 0.52a 0.77 6 0.02a

Carbohydrate (by difference), g/100 g 3.69 8.42 6.81 5.95

Dietary fiber, g/100 g 1.45 6 0.46 2.80 6 0.21 2.70 2.10

Ergosterol, mg/100 g 59 6 4 37 6 9 59 69

b-Glucan, g/100 g 0.21 6 0.04a 0.62b 0.29a 0.79 6 0.06b

Calcium, mg/100 g 4 6 1a 0a 1b 1b

Copper, mg/100 g 0.30 6 0.01a 0.11 6 0.02a 0.25b 0.12a

Iron, mg/100 g 0.22 6 0.05a 1.15 6 0.09b 0.30a 0.91b

Magnesium, mg/100 g 10 6 0a 16b 10a 15b

Manganese, mg/100 g 0.05 6 0.01a 0.08b 0.06b 0.10c

Phosphorus, mg/100 g 94 6 8 105 74 98b

Potassium, mg/100 g 358 6 16a 359 6 20a 204b 324a

Sodium, mg/100 g 15 6 4 3 6 0 1 6

Riboflavin, mg/100 g 0.22 0.20 6 0.02 0.24 0.33

Niacin, mg/100 g 2.80 6 0.94a 7.03 6 0.86b 6.58b 5.87 6 0.97

Pantothenic acid, mg/100 g 1.36 1.35 0.27 1.30

Vitamin B-6, mg/100 g 0.05 6 0.01 0.10 6 0.02 0.05 0.10

Folic acid, mg/100 g 19a 52 6 2b 29a 6c

1 Values are means 6 SEs unless otherwise indicated. No variance was determined when n , 3. Source: reference 6, except for b-glucan

data, which are unpublished (D. B. Haytowitz, Nutrient Data Laboratory, Beltsville Human Nutrition Research Center, Agricultural Research

Service, USDA; presented at the Mushrooms and Health Summit on 9 September 2013). Means with the same letter are not significantly

different (P $ 0.05). Values without SEs (n , 3) were grouped with other values for analysis with ANOVA.
2 n = 3, except n = 4 for niacin, n = 2 for folic acid, and n = 1 for riboflavin and pantothenic acid.
3 n = 3, except n = 4 for niacin and vitamin B-6, n = 2 for magnesium and phosphorus, and n = 1 for pantothenic acid.
4 n = 2, except n = 1 for pantothenic acid.
5 n = 3, except n = 2 for vitamin B-6 and folic acid and n = 1 for riboflavin and pantothenic acid.
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individuals tend to compensate for lower-calorie meals or increased
physical activity with higher calories at subsequent eating occasions.

One possible dietary substitution for high-fat meats is
mushrooms based on their nutritional, satiating, and sensory
qualities. In a small (n = 54) 4-d crossover design intervention
study in healthy overweight or obese adults, energy intake from
mushroom meals was less than half the energy consumed from
meat meals consumed in a laboratory setting (42). Energy intake
was only partially compensated for over 4 d (11.4 6 12%),
according to self-reported intake. There were no differences in
ratings of hunger, satiety, or palatability between the mushroom
and meat weeks, but average daily calories and fat were lower
during the mushroom vs. meat weeks. These short-term findings of
reduced intake without negative effects on appetite warrant further
study to determine if such effects could be sustained over time.

A follow-up randomized, controlled, parallel-group 1-y trial
was conducted in men and women who were overweight or
obese, seeking to lose weight, and willing to substitute mush-
rooms for meat (n = 73) (43). The control group was advised to
eat healthy foods without changing meat intake, and the
mushroom group was advised to substitute 8 oz of fresh
mushrooms for 8 oz (227 g) of meat 3 times/wk. Both groups
were assigned a 500-kcal/d energy-deficit diet with diet coun-
seling for 6 mo, followed by a weight-maintenance diet with no
diet counseling for 6 mo. A paired-sample t test was conducted
to assess differences within groups (P < 0.05), and multivariate
ANOVA was used to assess intervention effects (P < 0.05).
During the 6-mo energy restriction phase, those consuming the
mushroom diet experienced a significant loss in body weight,
BMI, and waist circumference compared with baseline, and the
meat diet group had a lower BMI and waist circumference (43).
From baseline to 12 mo, there were trends toward greater losses
in weight, waist circumference, and BMI in the mushroom vs.
meat groups, but the differences were not significant (P = 0.23–
0.31). Additional research is warranted to determine if the
findings are replicable.

Oral health. A shiitake mushroom fraction was shown in an in
vitromodel to strongly inhibit dentin demineralization and induce
microbial shifts that could be associated with oral health (44). In a
randomized controlled trial (n = 30), participants treated with a
shiitake-extract oral mouth rinse (2 rinses with 10mLmouthwash
for 30 s at a 1-min interval twice daily, morning and evening) had
a better plaque index than those treated with a water placebo
(45). The gingival index was better for mushroom than for
placebo or a leading gingivitis mouthwash. Decreases in total and
specific oral bacterial pathogen counts were observed for both the
mushroom extract and the gingivitis mouthwash vs. placebo. This
emerging science is intriguing and, if confirmed, would suggest a
potential role for mushrooms in maintaining oral health.

Associations between intakes and disease risk. Analysis of
mushroom consumption data collected in a single 24-h recall
with U.S. adults ($19 y) from 2001 to 2010 in the NHANES
revealed associations with disease risk factors. (unpublished
data presented by V. L. Fulgoni, III, Nutrition Impact, LLC, at
the Mushrooms and Health Summit on 10 September 2013).
Mushroom consumers were defined as those with intakes of 281
mushroom-containing food codes. Means and SEs were deter-
mined by covariate adjusted regression analyses using appropri-
ate sample weights. Mushroom consumers had a lower risk of
being overweight/obese and of having metabolic syndrome,
apparently driven by reduced risk of high waist circumference
(Table 2).

Mechanisms of Action

The mechanisms by which mushrooms may influence health
benefits remain an active area of investigation. Undeniably, the
chemical composition and total intake of mushrooms determine
their potential attributes. Below are some areas that have emerged
as potential sites of action of mushrooms.

Gut microbiota. Interactions between the host and its microbiota
are increasingly recognized to be critical for health. A healthy
microbiota acts as a barrier to pathogens, supports development
and appropriate response of the immune system to threats, and
supports tolerance to food antigens and harmless microbes (46,47).

The effects of adding 1%WBmushrooms (equivalent to 75 g
fresh weight in a human diet) to a purified diet (48) resulted in
increased gut bacterial diversity, including increases in the
Bacteroidetes phyla and decreases in the Firmicutes phyla
compared with control-fed mice (47). In 2 different models
of gastrointestinal injury (dextran sulfate sodium treatment and
Citrobacter rodentium infection), resolution from injury
and infection were improved in the WB mushroom–fed mice,
and included more rapid recovery of weight loss and colonic
length, and reduced hyperplasia and immune infiltrates in the
colon histopathology (47,49). These findings highlight the
potential of using diets that contain WB mushrooms to reduce
risk of diseases where the microbial flora has been demonstrated
to have an impact. Studies with other types of mushrooms and
other background diets are warranted.

There are several possible mechanisms that might explain the
effects ofWBmushrooms on colitis susceptibility. The polysaccharides
in mushrooms may mimic bacterial polysaccharides and bind to Toll-
like receptors expressed in the host. They may function through
immune regulation or by altering inflammatory response. Indeed, a
WB mushroom–enriched vs. control diet resulted in higher concen-
trations of TNF-a in the colon and serumafter dextran sulfate sodium
treatment (49). After C. rodentium infection, a WB mushroom–
enriched vs. control diet resulted in higher concentrations of IFN-g
and IL-17 (47). Several inflammatory responses were higher in the
WB mushroom–fed mice than in controls.

WB mushrooms also may affect gastrointestinal tract healing
through the action of prebiotics, nondigestible food ingredients
that stimulate the growth and/or activity of commensal bacteria
in the digestive system. It was hypothesized that the microbiota
and the host both use the nutrients that are present in WB
mushrooms, and that the microbiota makes bioactive com-
pounds from the polysaccharides in mushrooms. Further exper-
imentation would be necessary to determine which, if any, of
these possible mechanisms are most viable.

Immune function. Dietary WB mushrooms were reported to
enhance the activity of NK cells in mice (50). NK cells are an

TABLE 2 Risk of overweight/obesity (BMI $25 kg/m2) and
metabolic syndrome for mushroom consumers vs. noncon-
sumers1

Health outcome OR 95% CI

Overweight or obesity 0.87 0.78, 0.98

Metabolic syndrome 0.85 0.73, 0.99

1 Values were adjusted for gender, race/ethnicity, age, poverty-income ratio, physical

activity level (categorized as sedentary, moderate, or vigorous), smoking status, and

alcohol consumption (P, 0.05). Source: NHANES 2001–2010 (http://www.cdc.gov/nchs/

nhanes/nhanes_questionnaires.htm). Mushroom consumers were defined as having

reported consuming foods corresponding to 1 of 281 mushroom-containing food codes.
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important component of the innate immune system, which is
responsible for antiviral and antitumor defense. Increased NK
activity may be mediated through increased production of IFN-g
and TNF-a. WB mushroom consumption appears to elicit a shift
toward T-helper 1 response, and there is a trend for higher IL-2
production and lymphocyte proliferation.

In vitro, WB mushroom supplementation was shown to
promote maturation and function of dendritic cells (DCs), which
are the most important antigen-presenting cells that bridge innate
and adaptive immunity, suggesting an enhanced development of
adaptive immunity (51). Enhanced DC maturation was further
evidenced by the changes in DC function, including increased
IL-12 production, reduced phagocytosis, and enhanced antigen-
presenting function, resulting in an elevated T-cell response to the
specific antigen. These results suggest that WB mushrooms may
have the potential to improve the development of adaptive
immunity after initial exposure to an antigen or pathogen.

The protective effect of mushrooms against Salmonella
typhimurium infection was demonstrated in mice (52). Feeding
WB mushrooms (2%; equivalent to 150 g/d fresh mushrooms in
a human diet) did not improve gastroenteritis or systemic
(typhoid) salmonellosis infection with a virulent strain (SL1344)
of S. typhimurium. However, when the mice were immunized
with an attenuated strain (SL1479 Δaro A) and then infected
with the virulent strain, the vaccination-induced protection
(lower weight loss and higher survival) was further enhanced by
WB mushroom supplementation. Consistently, mice fed WB
mushrooms had higher concentrations of antigen-specific anti-
body (both serum IgG and fecal IgA) and higher antigen-specific
CD4+ T-cell subset Th1 and Th17 response, as well as
upregulated number and function of DCs, all of which may
contribute to improved vaccine efficacy. These results suggest
that WB mushrooms may enhance pathogen exposure–induced
adaptive immunity and may reduce the risk of future infections.

One randomized parallel-design study was conducted to
determine if consumption of whole shiitakemushrooms (Lentinula
edodes) could improve human immune function (53,54). Fifty-one
healthy adults consumed either 5 or 10 g/d of dried shiitake
mushrooms for 4 wk. The ability of gd-T cells and NK-T cells to
proliferate ex vivo in autologous serum was enhanced, indicat-
ing improved cell functionality after mushroom consumption.
Both cell types expressed a greater number of surface mole-
cules, indicating that mushroom consumption improved the
cell�s ability to become activated. An increase in the concentra-
tion of salivary secretory IgA indicates an improvement in gut
immunity. The pattern of cytokine secretion was remarkably
altered aftermushroom consumption, evoking an anti-inflammatory
milieu, with increased secretion of IL-4, IL-10, TNF-a, and IL-1a;
decreased macrophage inflammatory protein-1a; and no change in
IL-6, IL-1b, macrophage inflammatory protein-1b, IL-17, or IFN-g.
Although the mechanism is unknown, 1 possibility is that
mushrooms prime the immune cells so that they are more res-
ponsive to future insults.

Mushroom Safety

Currently available evidence indicates that the consumption of
A. bisporus mushrooms poses no toxicologic risk to humans
(55). Fresh mushrooms contain 200–500 mg agaritine/kg fresh
weight (56), an aromatic hydrazine-derivative mycotoxin. High
amounts of chemically synthesized and chemically modified
hydrazine compounds, including agaritine, were reported to
have carcinogenic effects in mice (57–60). However, these effects

could not be replicated in a later study (61). Review of these
studies by others concluded that the studies were not performed
in accordance with approved protocols for carcinogenicity
studies, such as those outlined by the International Conference
on Harmonization (62).

Some wild mushrooms are recognized to be poisonous.
Amanita phalloides (death cap) contains amatoxins that cause
severe gastroenteritis and hepatic necrosis (63). The toxin of
Psilocybe semilanceata (liberty cap) is a potent hallucinogen.
Anxiety, panic reactions, and peripheral sympathomimetic
symptoms may follow ingestion. Amanita pantherina (panther
cap) may cause severe anxiety and agitation, hallucinations, and
peripheral anticholinergic symptoms. The toxin in Cortinarius
speciosissimus has an almost exclusively nephrotoxic action.
Schenk-Jaeger et al. (64) recommended that ‘‘Inspection of wild
mushrooms by a certified mushroom expert or a mycologist
prior to consumption seems to be a safe procedure which should
be recommended.’’

Intersection of Consumer Interests with

Mushrooms� Sensory Properties

In 2011 Americans consumed 1.8 kgmushrooms, including 1.3 kg
of fresh mushrooms, per capita (65). A national survey of 12,618
U.S. consumers estimated that 41% of households purchased
mushrooms at least once in 2012, spending $553 million (66). In
two-thirds of those mushroom-purchasing households, the head
of household was younger than 45 y, 31% had children in the
home, and 59% were households of 1 to 2 people. Eighty-one
percent were white, 7% were African American, and 6% were
Asian American. Among all households reporting, 91%were non-
Hispanic. Households with income levels >$60,000 generated
47% of the expenditures on mushrooms.

According to the ‘‘Menus of Change’’ initiative of The
Culinary Institute of America and the Harvard School of Public
Health Department of Nutrition, pairing the evidence for health-
and sustainability-linked food choices with flavor, other culi-
nary, and demographic trends and plausible business scenarios
allows flavor-rich, largely plant-based food and menu choices to
emerge (presented by G. Drescher, The Culinary Institute of
America, at the Mushrooms and Health Summit on 9 September
2013). Mushrooms, with their unique sensory and culinary
functional properties, may help Americans move toward health-
ier, plant-based choices. Of particular interest are the high
amounts of both glutamates (not as monosodium glutamate)
and ribonucleotides in A. bisporus. Glutamate and certain 5#-
ribonucleotides are taste-active chemicals responsible for umami,
considered by some to be the fifth flavor of food. Calcium
diglutamate, in particular, was shown to improve the flavor of
low-sodium products (67,68).

The public is being advised to ‘‘Make half your plate fruits
and vegetables,’’ ‘‘Skip the salt,’’ and ‘‘Eat plant protein foods
more often’’ (69). These challenges can be met with culinary
strategies that center on how to improve both health and flavor.
Specifically, rather than tell consumers they must choose be-
tween indulgence and health, the emerging trend is to blend
health, taste, and functionality through strategic innovation in
culinary practice and menu language.

A key emerging contribution of mushrooms appears to be
their ability to blend with reduced quantities of meat and still
score high with consumers (unpublished data presented by A.
Myrdal Miller, The Culinary Institute of America, at the Mush-
rooms andHealth Summit on 10 September 2013). Fourmushroom
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cooking techniques (steaming, sautéing, searing, and oven roasting)
were evaluated by a 13-member descriptive analysis panel to
determine the cooking technique(s) that provide the most favorable
sensory attributes. The sensory attributes and consumer acceptance
of 6 taco blends (100% beef, 50% beef/50%WBmushroom, 20%
beef/80%WBmushroom, plus the same 3 combinations with 25%
less sodium) were then evaluated by the descriptive analysis panel
as well as 147 consumers ages 18–65 y (43% male).

Preference mapping analysis, a combination of factor anal-
ysis and classification methods designed to assess preference
market segmentation and identify drivers of liking for the
market segments, uncovered 4 consumer clusters that differed
on the basis of their preferences (unpublished data presented by
A. Myrdal Miller, The Culinary Institute of America, at the
Mushrooms andHealth Summit on 10 September 2013). Cluster
1 (n = 35) preferred the 100% beef taco blend and the full-salt
recipes overall. Most consumers in cluster 1 consumed an animal-
based diet, were in the medium-income bracket ($50,000–
100,000), and did not exercise regularly. Cluster 2 (n = 49) liked
every recipe and liked the meat-mushroom blends best. They were
‘‘foodies’’ for whom flavor is key. They included younger women
and were the most educated and affluent cluster. Cluster 3 (n = 27)
disliked the 100% beef blends but liked the mushroom-based
blends. Consumers in this cluster consumed a plant-based diet and
had a low liking for meat. Fewwere in the high-income bracket (>
$100,000), many were single (74%) or students (44%), and they
exercised often. Consumers in cluster 4 (n = 36) only liked the
100% beef recipe with full salt. They consumed a plant-based diet
with chicken and demonstrated limited enjoyment of food. This
group included more men than women, were older, and were
either in the lower (<$50,000) or higher (>$100,000) income
brackets.

These results suggest that there is great potential for mush-
rooms to be used as a partial substitute for meat in a wide variety
of mixed dishes without compromising the sensory acceptance of
those dishes. To be successful, such a strategy should map out
preferences of consumers and market alternative recipes to the
proper preference segments on the basis of demographic charac-
teristics, psychographics, usage, and attitudes.

However, research is needed to elucidate how such approaches
may work to improve consumers� eating patterns. Communica-
tions research is also needed to address the challenge of presenting
new food solutions in a way that is accurate but also compelling.

Exploring the Role of Mushrooms in

Dietary Advice

Mushrooms have been mentioned in a range of dietary guidance
in recent years. In the 2010 Dietary Guidelines for Americans,
mushrooms are noted to be one of the ‘‘best’’ sources of vitamin
D (70). The Dietary Guidelines for Americans is the basis for
federal nutrition policy, partially based on systematic review of
scientific evidence (71). Mushrooms have made their way into
nutrition promotion campaigns, such as the Academy of
Nutrition and Dietetics� National Nutrition Month, Health
Canada�s Eating Well with Canada Food Guide, and the New
Nordic Diet, which touts the value of ‘‘plants and mushrooms
from the wild countryside’’ (72). Still, it was noted that white
vegetables, such as potatoes, cauliflower, and mushrooms, are ‘‘a
forgotten source of nutrients’’ (73).

NHANES analysis (2001–2010) revealed associations be-
tween mushroom consumption and nutrient intake and diet
quality, as measured by the Healthy Eating Index (HEI)–2005 in

U.S. adults (74). Compared with nonconsumers, consumers had
higher intakes of energy, protein, thiamin, niacin, folate, copper,
selenium, and sodium. Total and added sugars were lower in
mushroom consumers. Consumers also had higher total HEI
scores than did nonconsumers; specifically, HEI subcomponent
scores were higher for total vegetables, dark-green/orange
vegetables, total grains, and milk and lower for sodium.

Because some of these data indicate that there are certain
foods with which mushrooms are commonly consumed (74),
mushrooms may also be used to promote other healthful foods.
Such a strategy is consistent with the overall public health and
nutrition education movement beyond single foods and toward
overall dietary patterns. For example, Americans do not consume
many dark-green or orange vegetables, but mushrooms are asso-
ciated with higher intakes of these vegetables. At the same time, the
savory flavor of mushrooms may help consumers who enjoy meat
to eat less of it. The flavor profile of mushrooms also could support
efforts to reduce sodium in diets, as noted previously.

Another source of dietary guidance for the public is the use of
nutrition-related claims in the labeling of food products (75).
However, claims regarding ergothioneine in mushrooms are not
authorized at this time. Ergothioneine is not a compound for
which a Daily Value has been established for a nutrient content
claim; likewise, a health claim petition has not been reviewed by
the FDA to establish this type of claim.

Overarching Research Needs

Numerous research needs were identified at the Mushrooms and
Health Summit, along with a discussion of the importance of
responsible communication of research results. Probing studies
in humans are needed to understand the implications of the
observed effects on immune function, gut microbiota, cognition,
periodontitis, cancer mechanisms, body composition, and body
weight. Studies are needed to define how much, how often, and
perhaps in what pattern specific mushroom species may be
consumed to bring about substantial biologic and health
responses, as well as to understand the specificity of mushroom
impacts on health. Similarly, comparative studies with other
mushroom species will likely identify which component(s) are
most critical for a biologic response.

On the cusp of an era of personalized nutrition, it is necessary to
determinewhowill benefitmost from a given pattern ofmushroom
consumption, as well as whomay not. Biomarkers of susceptibility
may be identified. Interaction between diet, the genome, and health
is fundamental to reducing the risk of noncommunicable diseases
worldwide.

There is a critical need for international public-private
collaboration on nutrition in order to address these research
needs. Collaboration and coordination allow for shared re-
sources and open science. Already, data.gov is a portal providing
G-8 country access to numerous U.S. research platforms.

Finally, society must move closer to sustainable and safe food
security solutions. The growing global demands for water, land,
and energy pose a serious challenge tomeeting food andwater needs.

In summary, research on mushrooms and health has emerged
rapidly over the past decade, building on thousands of years of
culinary and medicinal usage. Promising evidence suggests a
positive role for mushrooms and their bioactive components,
particularly ergothioneine, vitamin D, b-glucan, and selenium,
on immune function, gut function, and weight management.
Preliminary evidence suggests a role for mushrooms in reducing
the risk of chronic diseases, including cancer, obesity, Alzheimer
disease, and periodontitis. The evidence is still in its infancy;
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therefore, questions remain about how and for whom mush-
rooms may help support good health. As public health nutrition
information increasingly includes guidance on how to shift
toward healthier intakes in a manner that allows for continued
enjoyment of food, mushrooms appear to be an item that can be
leveraged to improve the healthfulness of dietary patterns.
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