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Accumulation of chitinous material in Agaricus bisporus stalks was determined during postharvest
storage at 4 and 25 °C. The chitinous material was extracted after alkali treatment and acid reflux of
alkali insoluble material and analyzed for yield, purity, degree of acetylation (DA), and crystallinity.
The total glucosamine content in mushroom stalks increased from 7.14% dry weight (DW) at harvest
(day 0) to 11.00% DW and 19.02% DW after 15 days of storage at 4 °C and 5 days of storage at
25 °C, respectively. The yield of crude chitin isolated from stalks stored at 25 °C for 5 days was
27.00% DW and consisted of 46.08% glucosamine and 20.94% neutral polysaccharides. The DA of
fungal chitin was from 75.8 to 87.6%, which is similar to commercially available crustacean chitin.
The yield of crude fungal chitin of 0.65-1.15% on a fresh basis indicates the potential for the utilization
of these mushroom byproducts.
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INTRODUCTION

White common mushroom,Agaricus bisporus, is the most
consumed mushroom in the United States. Production of
Agaricusmushrooms has been relatively constant, and sales
totaled 382 million kilograms in the 2002/03 season (1). Waste
accumulated during mushroom production and harvest consists
mainly of stalks and mushrooms of irregular dimensions and
shape. Depending on the size of the mushroom farm, the amount
of waste ranges between 5 and 20% of production volume. This
results in approximately 50000 metric tons of waste material
per year with no suitable commercial use. Waste disposal creates
environmental problems for producers due to the large volume
and volatile degradation products. However,A. bisporusis rich
in chitinous biopolymers that can be utilized as a biopesticide
(2-4), antimicrobial agent (5,6), coating material (7), or for
water purification (8).

Fungal chitinous biopolymers, or glycosaminoglycans, consist
mainly of chitin and chitosan. Besides being found in fungal
cell walls, chitin is the major structural biopolymer in crustacean
shells, squid skeleton, and the cuticle of insects. Currently,
commercial chitin and its deacetylated derivate, chitosan, are
produced from shrimp and crab shells as byproducts of the
seafood industry. However, the conventional industrial isolation
of chitin from crustacean shells requires harsh solvents and high

temperature treatments and has seasonal supplies as well as
geographical limitations. Fungal biotechnology offers advantages
in the production of fungal chitin and chitosan over classical
processing procedures because chitinous material can be pro-
duced in a controlled environment all year round, and the
extraction process is simpler and requires less harsh solvents.

Chitosan, 2-amino-2-deoxy-â(1f4)-D-glucan, is one of the
structural biopolymers in fungal cell walls. However, its content
depends primarily on the taxonomy of the fungi. Thus, the
chemotype of the cell wall in Zygomycetes consists of a
chitosan-glucan complex, while in Homobasidiomycetes,
Euascomycetes, and Deuteriomycetes, it contains chitin-glucan
(9). Chitosan is commercially produced by deacetylation of
chitin from crustacean shells, but the technology requires strong
alkali, high temperatures, and a long processing time (10). Since
the late 1970s, when White et al. (11) proposed a laboratory-
scale method for the isolation of chitosan from mycelia ofMucor
rouxii, different protocols have been developed to utilize fungal
biomass rather than crustacean shells for the production of
chitosan (12-16). Mycelia of various fungi includingAbsidia
coerulea, Absidia glauca,Aspergillus niger,Colletotricum
lindemuthianum,Gangronella butleri,M. rouxii, Phycomyces
blakesleeanus,Pleurotus sajo-caju, Rhyzopus oryzae, Lentinus
edodes, andTrichoderma reeseihave been suggested as
alternative chitosan sources to crustaceans (14, 15, 17-20).
However, because of variations in extraction procedures reported
in the literature, it is impossible to reliably compare different
fungal species as potential chitin/chitosan sources. Nevertheless,
regardless of the fungal species or the method used, extraction
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of fungal chitinous material always starts with a dilute alkali
treatment to remove proteins, glycoproteins, and branched
polysaccharides. In a subsequent step, chitosan is isolated from
alkali insoluble material (AIM) by acid extraction, and chitin
andâ-glucan remain as alkali/acid insoluble residues.

Fungal chitin and chitosan potentially differ from those
isolated from crustaceans in molecular weight, degree of
acetylation (DA), and distribution of charged groups (21-23).
These differences can alter their functional properties and
bioactivity. However, research is needed to evaluate the most
economical way of obtaining chitinous material from fungal
sources. The objectives of this study were to determine the
content and properties of chitinous material inA. bisporusstalks
and to design a process for extraction of these bioactive
polymers from mushroom waste.

MATERIALS AND METHODS

Mushroom Samples.White button mushrooms,A. bisporus,were
donated from Monterey Mushrooms, Inc. (Loudon, TN). Whole fruit
bodies were harvested in the “closed cap” stage with a cap diameter of
30 ( 5 mm and transported to the laboratory within 1 h after harvest.
Immediately upon arrival at the laboratory, stalks were separated from
the caps, packed in paper bags (100 g of stalks per bag, one bag
representing one replication), and stored at 4 and 25°C. Triplicate
samples were taken for analysis after 0, 1, 2, 3, 4, and 5 days of storage
at 25°C and after 0, 3, 6, 9, 12, and 15 days at 4°C. At each sampling
time, fresh weight losses and dry weight (DW) content were determined
and the rest of the stalks were freeze-dried, ground to a powder with
a Thomas Wiley mill (Thomas Co., Philadelphia, PA), sieved through
a #40 mesh, and stored in a desiccator at room temperature for further
analyses and extraction. Commercial chitins and chitosans obtained from
crustacean shells were provided by Primex, Co. (Iceland) and purchased
from ICN Biomedicals, Inc. (Aurora, OH), Fluka (Lausanne, Switzer-
land), and Aldrich (Milwaukee, WI).

Glucosamine Determination. The procedure for glucosamine
determination was based on the 3-methyl-2-benzothiazolone hydrazone
hydrochloride (MBTH) colorimetric assay of Tsuji et al. (24) with minor
modifications. Chitin and chitosan standards and samples at various
stages of extraction were hydrolyzed with 6 M HCl at 110°C.
Hydrolysis by strong acid causes depolymerization of the polysaccha-
rides and deacetylation of acetylglucosamine units, resulting in free
glucosamine residues (25). However, the time necessary for complete
hydrolysis of each type of the chitinous material depends on the level
of crystallinity between the macromolecules and was determined in
preliminary experiments. Hydrolyzate was neutralized with sodium
acetate (26), and glucosamine was deaminated with nitrous acid to yield
the anhydromannose. After the reaction, the excess nitrous acid was
neutralized with ammonium sulfamate, and MBTH and FeCl2 were
added to produce a blue color complex with anhydromannose. The
absorbance was measured at 650 nm. A calibration curve was prepared
from glucosamine chloride standards (10-150µg/mL).

Extraction of Chitinous Material. Chitinous material was obtained
after treatments with alkali and acid by a procedure adapted from Rane
and Hoover (16) and Synowiecki and Al-Khateeb (27) (Figure 1). The
freeze-dried stalk powder was stirred with 1 M NaOH (w:v/1:40) and
refluxed at 95 °C for 30 min to extract proteins, alkali soluble
polysaccharides, and small molecules (e.g., monosaccharides, phenolics,
amino acids, and salts). The slurry was centrifuged (12000g, 20 min,
22 °C), and AIM was washed two times with deionized water and 95%
ethanol. After the final centrifugation, the alkali insoluble residue was
freeze-dried and ground to a fine powder. To obtain insoluble crude
fungal chitin, AIM was refluxed in 2% acetic acid (w:v/1:100) for 6 h
at 95 °C. The acid-treated slurry was centrifuged (12000g, 20 min,
22 °C) and washed with d.i. water and ethanol as described for AIM.
Chitin, if present, remained as an insoluble residue (crude chitin), and
chitosan, if present, was extracted with aqueous acetic acid and
precipitated from the supernatant after adjustment of the pH to 10.

Characterization of Extracted Chitinous Material. Glucosamine
and glucan contents in AIM, insoluble residue, and supernatants were

determined by the MBTH (24) and the anthrone method (28),
respectively. Crystallinity of chitinous material was estimated by a
Nexus-670 FT-IR spectrometer using attenuated total reflection sam-
pling accessory with germanium crystal (ThermoNicolet, Mountain
View, CA). The FT-IR analysis was performed between 700 and 4000
cm-1 with 64 scans and resolution of 4 cm-1. Calculations were
performed using OMNIC 6.1 software (ThermoNicolet Co.) based on
the ratio of peak area at 1379 and 2900 cm-1 in spectra obtained in the
absorption mode (29). The DA was determined after hydrolysis of
chitin/chitosan samples following the method of Niola et al. (30).
Hydrolysis was performed in 12 M H2SO4, with an oxalic and propionic
acid standard mixture, at 155°C for 1 h byusing vacuum hydrolysis
tubes and heating blocks (Pierce Biotechnology, Inc., Rockford, IL).
Acetic acid liberated during hydrolysis was analyzed on a HPX 87H
column (BioRad, Hercules, CA) using a high-performance liquid
chromatography system with a photodiode array detector (Dionex,
Sunnyvale, CA). The mobile phase was 10 mM H2SO4, the flow rate
was 0.60 mL/min, the injection volume was 10µL, and the absorbency
was monitored at 210 nm.

Data are shown as the means( standard deviation (SD) of triplicate
determinations. Statistical analysis included analysis of variance and
comparisons of least squares means in the model using the Student’s
test (p< 0.05) (JMP, SAS Institute Inc., 2003).

RESULTS AND DISCUSSION

Fresh Weight Losses and DW Content.The fresh weight
of mushroom stalks declined during storage, more rapidly at
25 than at 4°C (Figure 2A). The average fresh weight loss
was 35.65% after 5 days at 25°C and 26.50% after 15 days at
4 °C. The weight reduction of fresh mushrooms due to extensive
moisture loss has previously been reported (31). Moisture loss
presents a significant problem in marketing of fresh mushrooms
and is commonly reduced by modified atmosphere packaging.
However, the reduction of fresh weight in mushroom waste has
no adverse effects on waste handling and is advantageous due
to the reduction of waste to be processed. However, it appears
that losses during storage were caused not only by water
evaporation but also due to DW reduction (Figure 2B). DW
also declined more rapidly at the higher storage temperature.
At harvest, fresh stalks contained 7.79% DW. However, DW
declined to 6.79% after 15 days at 4°C and to 4.27% after 5
days at 25°C. The DW decrease can be explained by bio-
chemical processes, such as respiration, that continue within
the cells even after harvest (32). Although this fact can have
negative implications on the potential utilization of the mush-
room waste for extraction of structural biopolymers, an increase
in chitin content in cell walls may compensate for the decrease
in total dry matter (33).

Figure 1. Extraction of chitinous material from A. bisporus stalks.
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Total Glucosamine Content.Chitin and chitosan are linear
polysaccharides consisting ofN-acetyl-D-glucosamine andD-
glucosamine units present in different ratios in the polymers.
Regardless of the method used for the determination of chitin
and chitosan concentrations, a complete hydrolysis of the
polymers is needed prior to the analysis. Acid hydrolysis results
in cleavage of the glycoside bonds between (acetyl)glucosamine
molecules and in deacetylation ofN-acetyl-D-glucosamine
monomers (25). The amount of end products, glucosamine
residues, can be easily determined and used to estimate the
amount of chitin and chitosan in the analyzed material. However,
the type of material tested, the type and concentration of the
acid, and the temperature and time of hydrolysis influence the
recovery of glucosamine. According to Cousin (34), the
optimum hydrolysis of chitinous material fromL. edodes
occurred with 6 M HCl, for 2 h at 110°C. However, 2 h was
insufficient for complete hydrolysis of the materials used in this
study. To determine the optimum hydrolysis time for complete
depolymerization of the fungal material, we examined glu-
cosamine recovery during 18 h of hydrolysis in 6 M HCl at
110 °C. Because the extended crystallinity can reduce the
accessibility of the polymers by acid molecules, commercial
chitin and chitosan standards were included in the study. The
results showed that the maximum recovery of glucosamine was
achieved after 3 h ofhydrolysis of chitosan and freeze-dried
stalks and after 12 h of hydrolysis of chitin and AIM (Figure
3). With a prolonged time of hydrolysis, the amount of detected
glucosamine decreased, apparently due to degradation of liber-

ated monomers under harsh conditions of hydrolysis. Thus, the
hydrolysis time for further analysis was 3 h for freeze-dried
stalks and 12 h for AIM and fungal chitin. However, the absolute
recovery of glucosamine from highly crystalline chitin was much
lower than from chitosan. Analyzing commercial chitosan
standards, we determined 93.02( 4.55% glucosamine after 3
h of hydrolysis and a maximum of 68.66( 2.42% from chitin
standard although the hydrolysis lasted 12 h (Table 1).

The glucosamine content in mushroom stalks increased from
7.14% DW at day 0 (at harvest) to 11.00 and 19.02% DW after
15 days of storage at 4°C and 5 days of storage at 25°C,
respectively (p< 0.0001;Figure 4B). Calculated on a fresh
weight basis, the maximum glucosamine content of 0.88% was
reached in the stalks stored at 25°C after 4 days (Figure 4A).
More chitinous material was produced at 25°C than during
storage at 4°C (maximum 0.75%). However, the content of
chitinous material on fresh basis decreased after 4 days at
25 °C due to extensive DW loss and deterioration, either by
endogenous enzymes and/or spoilage microorganisms.

The amount of chitin determined in stalks stored at 25°C
for 5 days expressed on a DW basis was 19.02% (Figure 4B)

Figure 2. Fresh weight losses (A) and DW content (B) in mushroom
stalks during storage at 4 and 25 °C. Error bars represent SDs of three
replications.

Figure 3. Effect of hydrolysis time on recovery of glucosamine from
commercial chitin and chitosan (ICN), freeze-dried mushroom stalks
obtained at harvest, and AIM from stalks stored for 5 days at 25 °C. All
samples were hydrolyzed in triplicate in 6 M HCl at 110 °C. Glucosamine
recovery represents the ratio of detected glucosamine at a particular point
and maximum detected glucosamine in the sample. Error bars represent
SDs of three replications.

Table 1. Effects of Hydrolysis Time on Glucosamine Extracted from
Mushroom Sources

glucosamine (%)

time (h) chitosana chitinb stalksc AIMd

0.5 e 21.74 ± 2.42 d 5.36 ± 0.16 d
1.0 47.93 ± 7.98 bf 6.03 ± 0.18 bc
1.5 32.64 ± 2.75 c 6.48 ± 0.12 ab 37.33 ± 0.37 c
2.0 82.87 ± 5.07 a
3.0 93.02 ± 4.55 a 48.69 ± 2.68 b 7.00 ± 0.35 a 42.74 ± 1.78 b
4.0 92.88 ± 7.93 a
5.0 83.22 ± 2.54 a 44.31 ± 6.12 ab
6.0 64.03 ± 1.17 a 6.90 ± 0.24 a
9.0 67.54 ± 1.56 a 5.82 ± 0.22 cd 50.21 ± 2.54 a

12.0 68.66 ± 2.42 a 5.72 ± 0.19 cd 53.59 ± 0.12 a
18.0 64.51 ± 0.88 a 5.71 ± 0.10 cd 44.90 ± 0.34 ab

a ICN chitosan. b ICN chitin. c Freeze-dried stalks obtained at harvest. d AIM
extracted from stalks stored for 5 days at 25 °C. e Not determined. f Mean values
within the column followed by the same letter are not significantly different
(p < 0.05).
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and was consistent with 21% inA. bisporus, 19.0% in mushroom
LactariusVellereus, and 18.5% inPenicillium notatum(9, 35).
However, quantity and solubility of wall polymers largely
fluctuate with the development stage of mycelia (13). Experi-
ments with filamentous fungiAbsidiaspp.,M. rouxii, R. oryzae,
and mushroomL. edodeshave indicated that the highest
accumulation of chitosan in hyphae walls was in the late
exponential phase (18,27,36,37). Thus, althoughM. rouxii is
the most commonly explored fungi for chitosan extraction, the
content of chitosan reported by different authors ranges from
8.8 to 44.5% on a dry cell wall weight basis (8, 9, 11,38). The
total glucosamine level of 19.02% on a DW basis ofA. bisporus

stalks is significant for commercial production considering the
amount of waste generated during mushroom production.

Extraction and Characterization of Chitinous Material.
The freeze-dried samples obtained from stalks stored at 25°C
for 5 days were used for the extraction and characterization of
chitin and chitosan. The yield of AIM was 32.03% DW and
contained 43.84% glucosamine and 17.92%â-glucan (Table
2). Alkali extraction has usually been carried out in 1 N NaOH
by autoclaving a mycelia suspension at 121°C for 15 min (15,
18, 19, 39). McGahren et al. (13) used milder conditions of
alkali extraction but reported that protein impurities were still
present. The AIM in our experiments contained no residual
proteins, and extraction under atmospheric pressure is more
practical for commercial applications. Boiling acetic acid further
removed impurities, and the treatment resulted in 27.00% crude
chitin but did not yield any chitosan. Chitosan is commonly
extracted from AIM by aqueous acids at temperatures from 25
to 121 °C during 1-14 h, with higher yields achieved with
higher temperatures and longer treatments (11,14,16,20,39).
Nevertheless, the acid extraction ofA. bisporusstalks did not
yield any chitosan. This result was consistent with the results
of Mol and Wessels (40) who found that chitinous material in
theA. bisporus(phylum Basidiomycota) cell wall is mainly in
the acetylated form as chitin, contrary toM. rouxii (phylum
Zygomycota) where it is present in the deacetylated, acid
soluble, chitosan form.

The acid insoluble residue, crude chitin, was apparently a
chitin-glucan complex composed of 46.07% glucosamine
polymers and 20.94% glucan (Table 2). The total amount of
glucosamine in acid insoluble residue was lower than expected.
The total glucosamine content in mushroom stalks after 5 days
of storage at 25°C was 19.02% DW (Figure 4B), but only
12.44% was obtained after alkali and acid treatments. The loss
of (acetyl)glucosamine and its oligomers during extraction was
excluded as the potential reason for the difference since no
glucosamine was detected in either alkali or acid soluble material
(data not shown). More likely, the difference may be attributed
to crystallinity of chitin alone and/or within the chitin-glucan
complex (40). Crystallinity would prevent accessibility of chitin
molecules by hydrochloric acid and result in incomplete
hydrolysis. If the maximum recovery of glucosamine from chitin
standards is taken into account (68.66%;Table 1), the detected
glucosamine in crude fungal chitin would represent 67.10%
chitin. In other words, out of 19.02% of total glucosamine
originally present inA. bisporus stalks, 18.11% DW was
extracted in the crude chitin fraction.

The coexistence of glucan in crude fungal chitin has been
reported (9, 40). The presence ofâ-glucan provides an additional
benefit to the crude fungal chitin since theâ-glucan has been

Figure 4. Total glucosamine content in mushroom stalks stored at 4 and
25 °C. The results are expressed on a fresh weight (A) and DW (B)
basis. Error bars represent SDs of three replications.

Table 2. Yield and Composition of Material Obtained during Extraction of Chitinous Material from A. bisporus

sample treatment yielda glucosamineb glucansc

freeze-dried
stalks

freshd (100) 7.14 ± 0.01 ce 18.99 ± 1.16 a
15 days at 4 °C (100) 11.00 ± 0.16 b 14.03 ± 2.88 a
5 days at 25 °C (100) 19.02 ± 0.32 a 15.90 ± 2.92 a

AIM fresh 12.65 ± 0.53 c 38.17 ± 2.12 a 34.99 ± 1.18 a
15 days at 4 °C 17.47 ± 1.09 b 45.76 ± 1.89 a 22.07 ± 3.74 b
5 days at 25 °C 32.03 ± 0.42 a 43.84 ± 5.96 a 17.92 ± 2.24 b

acid insoluble
residue
(crude chitin)

fresh 8.30 ± 0.33 c 43.36 ± 1.61 b 46.27 ± 2.21 a
15 days at 4 °C 13.90 ± 1.24 b 48.07 ± 1.86 a 26.79 ± 2.88 b
5 days at 25 °C 27.00 ± 0.39 a 46.07 ± 3.02 ab 20.94 ± 1.75 c

a Yield expressed as % of DW of stalks. b Cell wall chitin was hydrolyzed and determined as glucosamine (% of analyzed material). c Cell wall neutral polysaccharides
were determined by anthrone reagent (% of analyzed material). Results are presented as mean values of three determinations ± SDs. d Mushrooms were freeze-dried and
tested before any extraction treatments. e Mean values within the column and the same sample type followed by the same letter are not significantly different (p < 0.05).
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shown to act as a potent elicitor that induces defense responses
in several plants (4). Currently, only shrimp chitin has been
registered as a nematocide (41) but the applications of fungal
chitin-glucan complex as a biopesticide or plant growth
regulator are promising, and this research is under way in our
laboratories.

The DA of crude chitin was determined as liberated acetic
acid after hydrolysis of insoluble residue in sulfuric and oxalic
acid (28). The DA of crude chitin was 36.7( 1.7%. However,
when theâ-glucan content was considered, the DA value of
fungal chitin was calculated to be 79.7( 3.6%, which is in the
range of DA values of commercial crustacean chitin (70-90%).
Furthermore, the high DA value confirms that chitinous material
of A. bisporusis insoluble acetylated chitin rather than the
deacetylated polymer, chitosan.

The FT-IR spectra of chitin and chitosan standards, fungal
AIM, and chitin-glucan complex are shown inFigure 5. The
spectra of AIM, chitin-glucan complex, and crustacean chitin
were similar but the chitosan spectrum was different. Several
important characteristics in the spectra of AIM and chitin-
glucan complex were observed. According to Focher et al. (42),
the split of the amide I vibration band occurring at 1655 cm-1

indicates that the fungal chitin is in an antiparallel,R-conforma-
tion. Furthermore, the weakening of the band occurring at 1655
cm-1 and absence of the band at 3100 cm-1 was associated
with deacetylation and clearly differentiated chitosan standards
from chitin and fungal chitinous materials in our experiment.
These results further confirmed that glycosaminoglycans ofA.
bisporuswere exclusively in a form of highly acetylated chitin
molecules. The ratio of intensities of the bands at 1379 and
2900 cm-1 has been suggested as the crystallinity index for
chitin and chitosan (29). As shown inTable 3, the crystallinity
increased in the following order: commercial chitosan< fungal
AIM < fungal chitin< commercial chitin. These results were
expected because of the high DA of crudeAgaricus chitin
(79.7%). The high DA of chitin molecules (>70%) was
associated with extended crystallinity while the low DA of
chitosan molecules (<30%) resulted in a random distribution
of the acetyl groups that did not allow significant development
of the crystalline regions. The crystallinity index increased with
purification of fungal material (fungal chitin> fungal AIM)
mainly due to removal of interfering amorphous components.
Similarly, Mol and Wessels (40) used X-ray diffraction to
evaluate the crystallinity of untreated, alkali-, and acid-treated
hyphae walls and found that X-ray patterns sharpened with
purification and characteristic crystallinity peaks ofR-chitin
appeared after acid treatment of alkali insoluble material.

We found that the chitin content inA. bisporusstalks reached
19.02% DW during postharvest storage and could be efficiently
extracted. Given the composition and amount of mushroom
waste annually accumulated by growers, the proposed procedure
could yield about 1000 metric tons of crude fungal chitin per
year. The crude chitin fromA. bisporusis composed of a chitin-
glucan complex that has the potential to be used as a biopes-
ticide, plant growth regulator, and feed additive. This research
was the first step in our attempts to utilize the waste material
from mushroom production as a value-added product. Future
research will focus on production of fungal chitin from the waste
and evaluation of its bioactive effects.

LITERATURE CITED

(1) U.S. Department of Agriculture (USDA). Mushrooms. National
Agricultural Statistic Service, Agricultural Statistics Board. http://
www.usda.gov., 2003.

(2) Hadwiger, L. A.; Fristensky, B.; Riggleman, R. C. Chitosan, a
natural regulator in plant-fungal pathogen interaction, increases
crop yields. InChitin, Chitosan, and Related Enzymes; Zikakis,
J. P., Ed.; Academic Press: New York, 1984; pp 291-302.

(3) Reddy, M. V. B.; Arul, J.; Angers, P.; Couture, L. Chitosan
treatment of wheat seeds induces resistance toFusarium
graminearumand improves seed quality.J. Agric. Food Chem.
1999,47, 1208-1216.

(4) Shibuya, N.; Mimami, E. Oligosaccharide signaling for defense
responses in plant.Physiol. Mol. Plant Pathol.2001,59, 223-
233.

(5) Roller, S.; Covill, N. The antifungal properties of chitosan in
laboratory media and apple juice.Int. J. Food Microbiol. 1999,
47, 67-77.

(6) Zivanovic, S.; Basturo, C. C.; Chi, S.; Weiss, J.; Davidson, P.
M. Molecular weight and concentration of chitosan influences
its antimicrobial activity in oil-in-water emulsions.J. Food Prot.
2004, in press.

(7) Begin, A.; Calsteren, M. R. Antimicrobial films produced from
chitosan.Int. J. Biol. Macromol.1999,26, 63-67.

(8) Knorr, D.; Beaumont, M. D.; Pandya, Y. Potential of acid soluble
and water soluble chitosan in biotechnology. InChitin and
Chitosan; Skjak-Braek, G., Anthonsen, T., Sanford, P., Eds.;
Elsevier Applied Science: London, New York, 1989; pp 101-
118.

(9) Rouiz-Herrera, J.Fungal Cell Walls, Structure, Synthesis, and
Assembly; CRC Press Inc.: Boca Raton, FL, 1992.

(10) Muzzarelli, R. A. A.Chitin; Pergamon Press: Oxford, United
Kingdom, 1977.

(11) White, S. A.; Farina, P. R.; Fulton, I. Production and isolation
of chitosan fromMucor rouxii.Appl. EnViron. Microbiol.1979,
38 (2), 323-328.

Figure 5. FT-IR spectra of commercial chitin and chitosan and AIM and
acid insoluble residue (chitin−glucan complex) from A. bisporus.

Table 3. Crystallinity of Chitinous Materialsa Determined by FT-IR

peak area

chitinous material A1379cm−1 A2920cm−1 A1379cm−1/A2920cm−1

chitin-1 0.15 0.12 1.25
chitin-2 0.18 0.15 1.20
chitin−glucan complex-1 0.22 0.29 0.76
chitin−glucan complex-2 0.12 0.16 0.75
AIM-1 0.18 0.33 0.55
AIM-2 0.20 0.39 0.51
chitosan-1 0.08 0.30 0.27
chitosan-2 0.05 0.25 0.20
chitosan-3 0.05 0.19 0.26
chitosan-4 0.08 0.40 0.20
chitosan-5 0.07 0.31 0.23

a Chitinous material included crustacean chitin (ICN and Primex), crustacean
chitosan (Aldrich, Fluka, ICN, Primex), AIM, and crude chitin (chitin−glucan complex)
from A. bisporus stalks stored for 5 days at 25 °C.

Fungal Chitin and Chitosan J. Agric. Food Chem., Vol. 52, No. 26, 2004 7909



(12) Arcidiacono, S.; Kaplan, D. L. Molecular weight distribution of
chitosan isolated fromMucor rouxii and processing conditions.
Biotechnol. Bioeng.1992,39, 281-286.

(13) McGahren, W. J.; Perkinson, G. A.; Growich, J. A.; Leese, R.
A.; Ellestad, G. A. Chitosan by fermentation.Process Biochem.
1984,19, 88-90.

(14) Nwe, N.; Chandrkrachang, S.; Stevens, W. F.; Maw, T.; Tan,
T. K.; Khor, E.; Wong, S. M. Production of fungal chitosan by
solid state and submerged fermentation.Carbohydr. Polym. 2002,
49, 235-237.

(15) Pochanavanich, P.; Suntornsuk, W. Fungal chitosan production
and its characterization.Lett. Appl. Microbiol.2002,35, 17-
21.

(16) Rane, D. K.; Hoover, G. D. Production of chitosan by fungi.
Food Microbiol.1993,7 (1), 11-33.

(17) Brown, D. E.; Thronton, A. J. Chitonous material inTrichoderma
reesei.Biotechnol. Lett.1998,20 (8), 777-779.

(18) Crestini, C.; Kovac, B.; Giovannozzi-Sermanni, G. Production
and isolation of chitosan by submerged and solid-state fermenta-
tion from Lentinus edodes.Biotechnol. Bioeng.1996,50, 207-
210.

(19) Hu, K. J.; Yeung, K. W.; Ho, K. P.; Hu, J. L. Rapid extraction
of high-quality chitosan from mycelia ofAbsidia glauca. J. Food
Biochem.1999,23, 187-196.

(20) Suntornsuk, W.; Pochanavanich, P.; Suntornsuk, L. Fungal
chitosan production on food processing byproducts.Process
Biochem.2002,37, 727-729.

(21) Machova, E.; Kvapilova, K.; Kogan, G.; Sandula, J. Effect of
ultrasonic treatment on the molecular weight of carboxymeth-
ylated chitin-glucan complex fromAspergillus niger. Ultrason.
Sonochem.1999,5, 169-172.

(22) New, N.; Stevens, W. F. Effect of urea on fungal chitosan
production in solid substrate fermentation.Process Biochem.
2004,39, 1639-1642.

(23) Teng, W. L.; Khor, E.; Tan, K. T.; Lim, L. Y.; Tan, S. C.
Concurrent production of chitin from shrimp shells and fungi.
Carbohydr. Res.2001,332, 305-316.

(24) Tsuji, A.; Kinoshita, T.; Hoshino, M. Analytical chemical studies
on amino sugars. II determination of hexosamines using 3-Meth-
yl-2-benzothiazolone hydrazone hydrochloride.Chem. Pharm.
Bull. 1969,17 (7), 1505-1510.

(25) Novikov, V. Y. Kinetics of formation ofD(+)-glucosamine by
acid hydrolysis of chitin.Russ. J. Appl. Chem. 1996, 72 (1),
156-161.

(26) Plassard, S. C.; Mousain, G. D.; Salsac, E. L. Estimation of
mycelial growth of basidiomycetes by means of chitin determi-
nation.Photochemistry1982,21 (2), 345-348.

(27) Synowiecki, J.; Al-Khateeb, N. A. A. Q. Mycelia ofMucor
Rouxiias a source of chitin and chitosan.Food Chem.1997,60
(4), 605-610.

(28) Fairbairn, N. J. A modified anthrone reagent.Chem. Ind.1953,
72, 86.

(29) Focher, B.; Beltrame, L. P.; Najji, A.; Torri, G. Alkaline
N-deacetylation of chitin enhanced by flash treatments. Reaction
kinetics and structure modificatios.Carbohydr. Res.1990,12,
405-418.

(30) Niola, F.; Basora, N.; Chornet, E.; Vidal, F. P. A rapid method
for the determination of the degree of N-acetylated of chitin-
chitosan samples by acid hydrolysis and HPLC.Carbohydr. Res.
1991,238, 1-9.

(31) Roy, S.; Anantheswaran, R. C.; Beelman, R. B. Sorbitol increases
shelf life of fresh mushrooms stored in conventional packages.
J. Food Sci.1995,60, 1254-1259.

(32) Varoquaux, P.; Gouble, B.; Barron, C.; Yildiz, F. Respiratoru
parameters and sugar catabolism of mushroom (Agaricus bisporus
Lange).PostharVest Biol. Technol.1999,16, 51-61.

(33) Zivanovic, S.; Buescher, R. W.; Kim, K. S. Textural changes in
mushrooms (Agaricus bisporus) associated with changes in cell
wall composition and ultrastructure.J. Food Sci.2000,48 (8),
1404-1408.

(34) Cousin, A. M. Chitin as a measure of mold contamination of
agricultural commodities and foods.J. Food Prot. 1994,59 (1),
73-81.

(35) Braaksma, A.; Schaap, D. J. Protein analysis of the common
mushroom Agaricus bisporus.PostharVest Biol. Technol. 1995,
7, 119-127.

(36) Hang, Y. D. Chitosan production fromRhizopus oryzaemycelia.
Biotechnol. Lett.1990,12, 911-912.

(37) Hansson, N.; Hannson, G. Identifying the conditions for develop-
ment of beneficial mycelium morphology for chitosan-producing
Absidiaspp. in submersed cultures.Appl. Microbiol. Biotechnol.
1992,36, 618-620.

(38) Bratnicki-Garcia, S.; Nickerson, W. J. Nutritiion, growth, and
morphogenesis ofMucor rouxii. J. Bacteriol.1962,84, 841-
858.

(39) Tan, S. C.; Tan, T. K.; Wong, S. M.; Khor, E. The chitosan
yield of zygomycetes at their optimum harvesting time.Carbo-
hydr. Polym.1996,30, 239-242.

(40) Mol, P. C.; Wessels, J. G. H. Differences in wall structure
between substrate hyphae and hyphae of fruit-body stripes in
Agaricus bisporus.Mycol. Res.1990,94 (4), 472-479.

(41) U.S. Environmental Protection Agency (EPA). Biopesticides
active ingredient fact sheets. http://www.epa.gov/pesticides/
biopesticides, 2004.

(42) Focher, B.; Najji, A.; Torri, G.; Cosani, A.; Terbojevich, M.
Structural differences between chitin polymorphs and their
precipitates from solutions-evidence from CP-MAS 13 C NMR,
FT-IR and FT-Raman spectroscopy.Carbohydr. Res. 1992,17,
97-102.

Received for review May 10, 2004. Revised manuscript received
September 6, 2004. Accepted October 26, 2004.

JF0492565

7910 J. Agric. Food Chem., Vol. 52, No. 26, 2004 Wu et al.


