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Rings or arcs of fungus-regulated plant growth occur often on the floor of woodlands, in agricultural

areas, and in grasslands worldwide. These rings are commonly called “fairy rings”. A plant-growth

regulating compound was isolated from a fairy ring forming fungus, Lepista sordida, and its chemical

structure was identified as imidazole-4-carboxamide (ICA) by spectroscopic analyses including

single-crystal X-ray diffraction techniques. ICA inhibited the growth of turfgrass and rice seedling.

On the other hand, in a greenhouse experiment, this compound increased rice grain yield by 26%

compared with control.
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INTRODUCTION

The rings, ribbons, or arcs of stimulated plant growth or of the
fruiting bodies of the larger fungi which often occur on the floors
ofwoodlands or in agricultural or amenity grassland inmost parts
of the world are commonly called “fairy rings” (Figure 1) (1-6).
The term “fairy rings” has its origin in themyths and superstitions
associated with their occurrence in theMiddle Ages. The rings are
produced by the interaction between grasses and fungi (4). The
mycelium of the fungus in the soil of a fairy ring grows in a
centrifugal fashion as a fungal isolate would do in pure culture on
a plate of agar media, because of the apical growth habit of the
fungi (6). Actively growing hyphae are found at the periphery of
the ring, and fruiting bodies, if present, are often found closer to
the center of the ring (1-6). Fairy ring fungi are classified into
three types according to their effect on grassland: type I, those in
which the grass is ultimately killed or badly damaged; type II,
those in which the grass is only stimulated; type III, those which
apparently do not influence the growth of the turfgrass (4).

The reason for the plant-growth stimulation by the fungi has
been explained as follows: through the saprophytic action of the
fungusmycelium, the protein portion of nonliving organicmatter
in the soil is decomposed to ammonia. The ammonia combines
with other compounds or is used as a substrate by successive
bacteria to generate nitrites and nitrates. The resulting accumula-
tion of nitrogen in the soil in a form readily available to higher
plants causes the typical growth pattern of conspicuous bands of
taller, darker green plants (1-6). However, we investigated the
possibility of a specific plant growth-regulating substance(s)
being produced by one fairy ring forming fungi, Lepista sordida,

and found a “fairy” (plant-stimulating compound), 2-azahypox-
anthine (AHX), as reported previously (7). L. sordida is wide-
spread in northern temperate zones throughout theworld (8). The
growth-promoting activity of AHX was observed toward all of
the plants tested regardless of their families and suggested the
possibility of its practical use in agriculture. For example, when
biomass crops, rice or potato, were cultivated with 5 or 50 μM

Figure 1. Fairy rings caused by Lepista sordida. Fairy rings occurred on the
Turfgrass Study Field, Chiba Prefectural Agriculture and Forestry Research
Center, Japan.
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AHX, the grain yield per plant increased by 25.5% (rice), 19.3%
(potato, total yield), or 40.6% (potato, esculent size).

During further searches for other plant-growth regulator(s) from
L. sordida, we succeeded in the isolation and structural identification
of another active compound. We report the study here.

MATERIALS AND METHODS

Chemicals.All solvents used throughout the experimentswere obtained
from Kanto Chemical Co. (Tokyo, Japan). Ethyl imidazole-4-carboxylate
(EIC) was purchased from Combi-Blocks (San Diego, CA). Imidazole,
5-aminoimidazole-4-carboxamide (AIC), and N-acetylimidazole were ob-
tained from Wako Pure Chemical Industries (Osaka, Japan).

Fungus and Plant Materials. L. sordida (Schuml: Fr.) Sing. was
identified and kindly provided by FumioKobayashi of Nasu Biofarm, Ltd.
(Nasu, Japan). The fungus strain was stored at 4 �C on PYG agar (0.3%
polypepton, 0.3% yeast extract, 1% glucose, and 1.8% agar). Bentgrass
(Agrostis palustrisHuds.), a rice cultivar (Oryza sativa L. cv. Nipponbare),
lettuce (Lactuca sativa L. cv. Great Lakes 366), and tea cells (Camellia
sinensis L. cv. Yabukita) were used in this study.

General Apparatus. A JASCO grating infrared spectrophotometer
was used to record the IR spectra (Tokyo, Japan). UV spectra were
recorded on a UV-visible spectrophotometer (Ultrospec 2100 pro;
Amersham Pharmacia Biotech, Piscataway, NJ). 1H NMR spectra were
recorded on a JEOL λ-500 spectrometer at 500 MHz, whereas 13C NMR
spectra were recorded on the same instrument at 125MHz (JEOL, Tokyo,
Japan). The HRESIMS spectra were measured on a JMS-T100LC mass
spectrometer (JEOL). HPLC separations were performed with a JASCO
Gulliver system using reverse-phase HPLC columns (Develosil C30-UG-
15/30 and C30-UG-5, Nomura Chemical, Japan). A silica gel plate (F254;
Merck Co., Darmstadt, Germany) and ODS gel (Wakogel 50C-18; Wako
Pure Chemical Industries, Ltd., Osaka, Japan) were used for analytical
TLC and for flash column chromatography, respectively.

Purification of the Active Compound from the Fungus. Five pieces
(5 � 5 � 3 mm) cut from 20-day-old mycelium cultures of L. sordida on
PYG agar were inoculated into a 500 mL Erlenmeyer flask containing
300 mL of PYG liquid medium and incubated at 25 �C and 120 rpm for
4weeks in the dark. The liquid-cultured funguswas filtered, and the filtrate
(12 L, 122.7 g, dry weight) was partitioned between EtOAc and H2O. The
aqueous layer was dried under reduced pressure and extractedwith EtOH.
The EtOH-soluble components (2.1 g) were fractionated by ODS flash
column chromatography (Wakogel 50C-18;L 30� 520 mm;MeOH/H2O
1:9, 1:1, MeOH, 1.0 L each) to obtain three fractions, and fraction 1 (1.5 g)
was further separated byHPLCwith aDevelosil C30-UG-15/30 column (L
50 � 500 mm, 15-30 μm; Nomura Chemical, Japan; flow rate = 25 mL
min-1; injection volume=35mL; H2O;UV detection at 230 nm; retention
time = 85.2 min) being guided by the result of the bioassay to give nine
fractions. Fractions 1-6 (27 mg) were further separated by HPLC with a
Develosil C30-UG-5 column (L 20 � 250 mm, 5 μm; flow rate = 5 mL
min-1; injection volume=0.5mLH2O;UV detection at 230 nm; retention
time=28.4min) and then recrystallized to afford imidazole-4-carboxamide
(ICA; 2.2 mg; 0.0017% from the filtrate). The structure of ICA was
confirmed by single-crystal X-ray analysis (Figure 2A; Figure S1 and Tables
S1-S71 in the Supporting Information). ICA for bioassays was synthesized
according to the method reported previously (9).

Imidazole-4-carboxamide (ICA): IR, vmax (KBr) cm-1 3106, 2858,
2037, 1618; UV, λmax nm 234, 204 (H2O); 1H NMR (CD3OD) 7.72 (s,
1H), 7.68 (s, 1H); 13C NMR (CD3OD) 122.7, 135.5, 137.5, 167.2; ESIMS,
m/z 134 [M þ Na]þ; HRESIMS, m/z 134.0321 [M þ Na]þ (calcd for
C4H5N3NaO, 134.0330).

Crystal Structure Analysis of ICA. A plate-shaped colorless single
crystal with dimensions of 0.19� 0.12� 0.04mmwas selected andmounted
on a glass capillary. The diffraction data were collected using a Rigaku
AFC-8 diffractometer equipped with a Saturn70 CCD detector with Mo
KR radiation by an oscillationmethod at 90K. Bragg spots were integrated,
scaled, and averaged to sin ν/λ=0.77 Å-1 by the programCrystalClear (10)
to give 1313unique reflectionswithRint of 0.054.The initial structure of ICA
was solved by a direct method using the program SIR2004 (11) and refined
by a full matrix least-squares method using the program SHELXL97 (12).

Crystal data: C4H5N3O 3H2O, FW = 129.13, triclinic, P 1, a =
6.539(2), b=7.013(3) c=7.293(3) Å, R=74.810(16), β=75.146(16),

γ= 63.994(13)�, V=286.17(19) Å3;DX = 1.499Mg m-3; Z=2; μ(Mo
KR) = 0.122 mm-1;R(F) = 0.0496, wR(F2) = 0.1072, and S=1.045 for
1013 reflections with I > 2σ(I).

Bioassay. For fractionation, sterilized bentgrass seeds were sown on
100 mL of 0.8% agar (v/w) containing distilled water in a deep Petri dish
and incubated in a growth chamber under an 18 h photoperiod at 25 �C for
5 days.After the incubation, 20 seedlingswere transferred on theAdvantec
no. 2 filter paper soaked in 1 mL of sample solution (in distilled water) in a
Petri dish (L 55 mm) and incubated in a growth chamber under an 18 h
photoperiod at 25 �C for 5 days. The effect of each fraction on shoot and
root elongations (n=20) wasmeasured using a ruler. For ICA evaluation
toward bentgrass, ICA was dissolved at various concentrations in 100 mL
of 0.8% agar (v/w) containing nutrient solution A (1 mM NH4NO3,
0.6 mM Na2HPO4, 0.3 mM K2SO4, 0.4 mM MgCl2, 0.2 mM CaC12,
45 μM iron ethylenediaminetetraacetic acid (Fe-EDTA), 50 μM H3BO3,
9 μMMnSO4, 0.3 μMCuSO4, 0.7μMZnSO4, and 0.1 μMNa2MoO4), and
the solution was autoclaved. Sterilized bentgrass seeds (∼600 mg) were
sown on the ICA solution in a deep Petri dish and incubated in a growth
chamber under an 18 h photoperiod at 25 �C for 30 days. The effect of ICA
on shoot elongation (n=50) wasmeasured using a ruler. For ICA evalua-
tion toward rice, sterilized seeds were germinated in the dark at 28 �C for
3 days and then transferred to a plastic dish (110� 110� 20mm) contain-
ing half-strength nutrient solution A with various concentrations of ICA.
The 15 seedlings were grown under an 18 h photoperiod at 28 �C for
20 days, and the nutrient solution was replaced daily. The effect of ICA on
shoot and root elongations (n = 15) was measured using a ruler.

Greenhouse Pot Experiment. Pot experiments for rice, using soil
culture, were conducted from June 10 to September 29 at the Faculty of
Agriculture, Shizuoka University, in 2009. A 30-day-old seedling was
transplanted into an individual Wagner pot (1/5000 a) containing fertili-
zers (N, 1440 mg; P2O5, 12 mg; K2O, 760 mg; CaO, 806 mg) on June 10.
Rice plants were watered with tap water (control) or 300 mL of 2 μM ICA
daily. The panicle number and length were measured at harvest time, and
the yields were evaluated after air-drying at 30 �C for 15 days.

Statistical Analysis. Data thus collected were analyzed statistically
using Student’s t test to determine significant difference in the data among
the groups.P values of<0.05 and<0.01were considered tobe significant.

RESULTS AND DISCUSSION

Purification of Plant Growth-Regulating Compound. Isolation
of the active compound fromL. sordidawas guided by its growth-
regulating activity on bentgrass. The liquid-cultured fungus was
filtered, and the filtrate was partitioned between EtOAc and H2O.
The aqueous layer was dried under reduced pressure and extracted
with EtOH. The EtOAc-soluble part promoted the growth of
bentgrass, and the EtOH-soluble part and the residue after the

Figure 2. Structure of ICA and growth inhibitory activity of ICA toward
bentgrass for 1 month. Results are the mean ( standard error (n = 50).
The asterisk indicates significant difference from control (/, P < 0.01).
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extractionwithEtOHshowedno effect on the growth (Figure S2A).
A growth-promoting compound,AHX, has been obtained from the
EtOAc-soluble part as reported previously (7). To search for other
plant-growth regulating compound(s), the EtOH-soluble part and
the residue were fractionated by ODS flash column chromato-
graphy, giving three and five fractions, respectively. Because frac-
tion 1 of the EtOH-soluble part inhibited the growth of bentgrass
(Figure S2B), the fraction was further separated by successive
chromatography. As a result, ICA was isolated as the inhibitory
principle (Figure 2A; Figure S1). Although ICA has been synthe-
sized (9) and has been reported as an inhibitor of guanine deami-
nase (13), this is the first isolation of ICA from a natural source.

Plant Growth-Regulating Activity. ICA exhibited growth-inhi-
bitory activity against shoots and roots of bentgrass seedlings at
1mM(Figure 2B). To elucidate the structure-activity relationship,
ICA, AHX, ethyl imidazole-4-carboxylate (EIC), which is the
precursor of ICA in chemical synthesis, and 5-aminoimidazole-4-
carboxamide (AICA), which is the precursor of AHX in chemical
synthesis, were tested toward bentgrass (Figure 3). Only ICA
inhibited the growth of bentgrass, and AHX and AICA exhibited
growth-promoting activity. In the previous study, the examination
concerning the structure-activity relationship among AHX and
its analogues (xanthine and hypoxanthine) revealed that only
AHX had a promoting activity similar to this study (7).

The plant-growth regulating of ICA was also investigated
using rice (O. sativa L. cv. Nipponbare), which belongs to the
same family as the turfgrass. The rice seedlings were incubated
with various concentrations of ICA. The compound suppressed
shoot and root elongations significantly (Figure 4; Figure S3). In
addition, we elucidated the structure-activity relationship
among various ICA analogues toward rice (Figure 5). The results
were similar to those toward bentgrass; only AHX showed root-
promoting effect, and only ICA exhibited growth-inhibitory
effect on shoot and root elongations. The growth-inhibitory
activity of ICA was also observed toward lettuce, which belongs
to a family different from that of the turfgrass or rice (Figure 6).

In the previous study, when rice was cultivated with 5 μM
AHX, the grain yield per plant increased by 25% (7).We thought
that ICA also might affect rice yield, because both of the
compounds have structural similarity to each other and will
relate to each other in their biosynthesis and/or their metabolism
in rice. Therefore, we examined the effect of ICA on rice grain
yield in a greenhouse experiment (Table 1). The soil cultivation of
rice with 2 μM ICA for about 3 months resulted in grain yield’s
increment from 36.9 g (control) to 46.5 g (rate of increase, 26%),
and the seed weight per 100 seeds did not change as AHX did (7).

This result indicated that the weight per seed in the ICA-treated
group was the same as the control, but the number of the seeds in
the treated group increased.

It has been reported that various imidazole derivatives, in
whichAHXand ICAwere not included, showed growth-promot-
ing activity toward some plants and that the derivatives acted as
the substitute for cytokinin (14). Therefore, we examined the
relationship between cytokinin and ICA using tea cells. Tea cells
were incubated in the presence of a cytokinin, 6-benzylamino-
purine (BAP), an auxin, naphthaleneacetic acid (NAA), and/or

Figure 3. Effect of ICA and its analogues on bentgrass growth for 1 month.
Results are the mean( standard error (n = 40). AHX, 2-azahypoxanthine;
EIC, ethyl imidazole-4-carboxylate; AICA, 5-aminoimidazole-4-carboxamide.
The asterisk indicates significant difference from control (/, P < 0.01).

Figure 4. Effect of ICA on the growth of rice. Twenty-day-old seedlings were
treated with or without ICA. Results are the mean( standard error (n = 15).
The asterisk indicates significant difference from control (/, P < 0.01).

Figure 5. Effect of ICA and its analogues on rice growth. Sterilized rice
seeds were sown on 0.85% w/v agar in 50 mL of nutrient solution A
containing various samples at a concentration of 20μM in a deep Petri dish
and incubated in a growth chamber under an 18 h photoperiod at 28 �C for
12 days. Results are the mean( standard error (n = 20). NAI, N-acetyl-
imidazole; IMI, imidazole. The asterisks indicate significant difference from
control (/, P < 0.05; //, P < 0.01).

Figure 6. Effect of ICA on fresh weight of lettuce. Sterilized lettuce seeds
were sown on 100 mL of 0.85% agar (v/w) containing nutrient solution A
with various concentrations of ICA in a deep Petri dish and incubated in a
growth chamber under an 18 h photoperiod at 25 �C for 40 days (mean(
standard error, n = 6). The asterisk indicates significant difference from
control (Student’s t test; /, P < 0.01).
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ICA. Both hormones were necessary for normal cell proliferation
of the cells. In the presence of both hormones, ICA inhibited cell
proliferation at 200 μM (Figure S4A). When ICA was used
instead of BAP or NAA, ICA did not act as a substitute for
cytokinin (Figure S4B,C). ICA in the absence of both of the
hormones also showed no influence for cell proliferation (Figure
S4D). In the previous paper, a similar experiment done using
AHX and AHX promoted cell proliferation dose-dependently in
the absence of both of the hormones (7). These results suggest that
the effect of ICA differs from those of the imidazole analogues
reported previously and AHX.

The mycelium of the fairy ring forming fungus Marasmius
oreades interferes with plant-water relationships and produces
hydrogen cyanide, polyacetylene, and sesquiterpene, which are
capable of damaging grass roots (15,16). The fungus used in this
study, L. sordida, also causes a withered zone of dead grass
occasionally (Figure 1B). The relationship between the inhibitory
activity of ICA against turfgrass and the dead grass zone is
unclear at the present time.

ICA andAHXhave been chemically synthesized from 5-aminoi-
midazole-4-carboxamide (AICA) (17-19). AICA-riboside and its
monophosphate exist in various organism species (20). A previous
paper has described that AICA-riboside promoted infection of
Rhizobium spp. purine auxotrophs and enhanced the development
of bean root nodules elicited by the auxotrophs (21), and the con-
version of AICA-riboside into its monophospate and then inosine
monophospate inRhizobium etlihas been reported (20). In addition,
the crystal structure and function of an enzyme that catalyzes
formylation of AICA-nucleotide, 5-formaminoimizadole-4-carbox-
amide ribonucleotide synthetase, from the bacteiumMethanocaldo-
coccus jannaschii have been published (22). Although we have not
detected AICA, AICA-riboside and its monophosphate in
L. sordidayet, itmight bepossible that thebiosynthetic pathway from
AICA or its nucleoside to ICA and/or AHX exists in the fungus.

Many challenges, such as the role of ICA in the fairy rings and
the fungus, the biosynthetic pathway of ICA and AHX in the
fungus, and the metabolism of the compounds in the fungus and
plants, remain unsolved. However, the results mentioned above
allowed us to conclude that this compound has the possibility for
practical use in agriculture.

ACKNOWLEDGMENT

We thank F. Kobayashi (Nasu Biofarm, Ltd.) for providing
the fungus L. sordida, Y. Terashima (Chiba Prefectural Forest
Research Center) for providing a picture of fairy rings, and
V. K. Deo (Shizuoka University) for valuable discussion.

Supporting Information Available: X-ray analysis and effect

on rice and tea cell. Thismaterial is available free of charge via the

Internet at http://pubs.acs.org.

LITERATURE CITED

(1) Couch, H. B. Diseases of Turfgrasses, 3rd ed.; Krieger Publishing:
Malabar, FL, 1995.

(2) Evershed, H. Fairy rings. Nature 1884, 29, 384–385.
(3) Ramsbottom, J. Rate of growth of fungus rings. Nature 1926, 117,

158–159.
(4) Shantz, H. L.; Piemeisel, R. L. Fungus fairy rings in eastern

Colorado and their effect on vegetation. J. Agric. Res. 1917, 11,
191–245.

(5) Smith, J. D. Fungi and turf diseases. 7: Fairy rings. J. Sports Turf.
Res. Inst. 1957, 10 (35), 324–352.

(6) Smith, J. D.; Jackson, N.; Woolhouse, A. R. Fungal Diseases
of Amenity Turf Grasses, 3rd ed.; E. and F. N. Spon: London, U.K.,
1989.

(7) Choi, J.-H.; Fushimi, K.; Abe, N.; Tanaka, H.; Maeda, S.; Morita,
A.; Hara, M.; Motohashi, R.; Matsunaga, J.; Eguchi, Y.; Ishigaki,
N.; Hashizume, D.; Koshino, H.; Kawagishi, H. Disclosure of the
“fairy” of fairy-ring forming fungus Lepista sordida. ChemBioChem
2010, 11, 1373–1377.

(8) Terashima, Y.; Fujiie, A. Development of a fairy ring caused by
Lepista sordida on Zoysiagrass over an eight-year period. Int.
Turfgrass Soc. Res. J. 2005, 10, 251–257.

(9) Leone-Bay, A.; Glaser, L. An efficient method for the preparation of
4(5)-cyanoimidazole. Synth. Commun. 1987, 17, 1409–1412.

(10) Rigaku CrystalClear, version 1.3.6, Rigaku American Corp., The
Woodlands, TX.

(11) Burla,M. C.; Caliandro, R.; Camalli, M.; Carrozzini, B.; Cascarano,
G. L.; Caro, L. D.; Giacovazzo, C.; Polidori, G.; Spagna, R.
SIR2004: an improved tool for crystal structure determination and
refinement. J. Appl. Crystallogr. 2005, 38, 381–388.

(12) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr. Sect.
A. 2008, 64, 112–122.

(13) Kanzawa, F.; Hoshi, A.; Kuretani, K. Inhibition of guanine deami-
nase with derivatives of imidazole. Chem. Pharm. Bull. 1971, 19,
1737–1738.

(14) Cavender, P. L. Imidazole plant growth regulators. 1986.
(15) Ayer, W. A.; Craw, P. A. Metabolites of the fairy ring fungus,

Marasmius oreades: Part 2. Norsesquiterpenes, further sesquiter-
penes, and agrocybin. Can. J. Chem. 1989, 67, 1371–1380.

(16) Traquair, J. A.; McKeen, W. E. Fine structure on root tip cells on
winter wheat exposed to cultural filtrates of Coprinus psychromorbi-
dus and Marasmius oreades. Can. J. Plant Pathol. 1986, 8, 59–64.

(17) Kang, U. G.; Shechter, H. Insertion reactions of 4H-imidazolyli-
denes into carbon-hydrogen bonds of alcohols. J. Am. Chem. Soc.
1978, 100, 651–652.

(18) Vaughan, K.; Wilman, D. E. V.; Wheelhouse, R. T.; Stevens,
M. F. G. A 15N NMR investigation of a series of benzotriazinones
and related antitumour heterocycles. Magn. Reson. Chem. 2002, 40,
300–302.

(19) Wang, Y.; Stevens, M. F. G. Synthetic studies of 8-carbamoyl-
imidazo-[5,1-d]-1,2,3,5-tetrazin-4(3H)-one: a key derivative of anti-
tumour drug Temozolomide.Bioorg. Med. Chem. Lett. 1996, 6, 185–
188.

(20) Newman, J. D.; Rosovitz, M. J.; Noel, K. D. Requirement for
rhizobial production of 5-aminoimidazole-4-carboxamide ribonu-
cleotide (AICAR) for infection of bean. Mol. Plant-Microbe Inter-
act. 1995, 8, 407–414.

(21) Newman, J. D.; Diebold, R. J.; Schultz, B. W.; Noel, K. D. Infection
of soybean and pea nodules by Rhizobium spp. purine auxotrophs
in the presence of 5-aminoimidazole-4-carboxamide reboside.
J. Bacteriol. 1994, 176, 3286–3294.

(22) Zhang, Y.; White, R. H.; Ealick, S. E. Crystal structure and function
of 5-formaminoimidazole-4-carboxamide ribonucleotide synthetase
from Methanocaldococcus jannaschii. Biochemistry 2008, 47, 205–
217.

Received for reviewApril 28, 2010.Revisedmanuscript receivedAugust 5,

2010. Accepted August 9, 2010. This project was funded by Science and

Technology Incubation Program in Advanced Regions, Japan Science

and Technology Agency.

Table 1. Effect of ICA on Greenhouse-Grown Rice (Oryza sativa L. cv.
Nipponbare) in Soil Culturea

soil culture trait control 2 μM ICA (rate of increase, %)

grain yield

grain yield (g plant-1) 36.9 ( 6.43 46.5 ( 6.27* (26%)

wt (g 100 seed-1) 2.19 ( 0.04 2.21 ( 0.05

plant size

panicle length (cm) 20.7 ( 0.56 22.1 ( 3.06

stem length (cm) 84.6 ( 6.52 87.2 ( 5.05

no. of panicles plant-1 27.3 ( 3.78 30.5 ( 2.35

wt of shoot (g plant-1) 133.6 ( 15.5 152 ( 7.32

aResults are the mean ( standard deviation (n = 6). The asterisk indicates
significant difference from control (/, P < 0.05).


