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Abstract

Fresh Shiitake mushrooms (Lentinula edodes), Oyster mushrooms (Pleurotus ostreatus), Button mushrooms (Agaricus bisporus),
and Abalone mushrooms (Pleurotus cystidus) were irradiated with Ultraviolet-A (UV-A; wavelength 315-400 nm), Ultraviolet-B
(UV-B; wavelength 290-315 nm), and Ultraviolet-C (UV-C; wavelength 190-290 nm). Irradiation of each side of the mushrooms
for 1 h, was found to be the optimum period of irradiation in this conversion. The conversions of ergosterol to vitamin D, under
UV-A, UV-B, and UV-C were shown to be significantly different (» < 0.01). The highest vitamin D, content (184 + 5.71 pg/g DM)
was observed in Oyster mushrooms irradiated with UV-B at 35 °C and around 80% moisture. On the other hand, under the same
conditions of irradiation, the lowest vitamin D, content (22.9 * 2.68 ng/g DM) was observed in Button mushrooms.
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1. Introduction

Vitamin D and calcium are well known to be vital for
bone health. The deficiency of this vitamin, results in
rickets in children and osteoporosis in adults. Vitamin
D deficiency is an unrecognized epidemic among elderly
(Holick, 2001). Most of the foods which are normally
consumed by humans, are deficient in vitamin D and,
especially, the vegetarians are at risk of vitamin D defi-
ciency disorders.

Clinically, vitamin D deficiency has been proven to be
associated with cancers (Grant, 2002; Hansen, Bind-
erup, & Hamberg, 2001; Majewski, Kutner, & Jab-
lonska, 2000; Mehta & Mehta, 2002; Mokady,
Schwartz, & Shany, 2000; Platz, Hankinson, & Hollis,
2000; Polek & Weigel, 2002; Tuohimaa, Lyakhovich,
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& Aksenov, 2001), heart diseases (Mancini et al., 1996;
Norman, Moss, Minder, Gosling, & Powell, 2002; Se-
gall, 1989; Williams & Lloyd, 1989; Zittermann et al.,
2003), obesity (Cantorna, 2000; Heldenberg, Gershon,
& Weisman, 1992; Speer, Cseh, & Winkler, 2001), diabe-
tes (Billaudel, Barakat, & Faure-Dussert, 1998; Bourlon,
Billaudel, & Faure-Dussert, 1999; Hypponen, Laara, &
Reunanen, 2001) and arthritis (Braun & Tucker, 1997;
McAlindon & Felson, 1996). In addition, Vitamin D
has been suggested for therapeutic applications in the
treatment of several diseases, including hyperprolifera-
tive diseases, secondary hyperparathyroidism, post-
transplant survival, and various malignancies (Peleg,
1997). However, hypercalcemic effects limits the thera-
peutic application of vitamin D5 analogues, and, there-
fore, vitamin D, analogues may be used to replace D;
analogues, since vitamin D, analogues do not have
hypercalcemic effects (Mawer et al., 1995). Therefore
studies on vitamin D, could be useful in future clinical
applications.
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Mushrooms are highly prized in the Orient for their
flavour and are reputed to have medicinal value. Cul-
tivated mushrooms are deficient in vitamin D,; how-
ever, they are found to be rich sources of ergosterol,
the precursor of vitamin D, (Mattila, Lampi, Ronkai-
nen, Toivo, & Piironen, 2002). Even though the con-
version of ergosterol, in mushrooms, to vitamin D,
is not a new idea, there are only a handful of exper-
imental data reported in the literature. Mau, Chen,
and Yang (1998) reported that UV-B was more effec-
tive than UV-C in conversion of ergosterol to vitamin
D,. Perera, Jasinghe, Ng, and Mujumdar (2003) re-
ported higher values of vitamin D, under UV-B than
those under UV-B and UV-C, previously reported by
Mau et al. (1998). Moreover, we have optimized the
conditions for this conversion (Jasinghe & Perera,
2004) in order to maximize the yield of vitamin D,.
A comparative study of conversion of ergosterol in
mushrooms under UV-A, UV-B, and UV-C could be
useful for further optimization studies. Hence, the fo-
cus of this study was to investigate how this conver-
sion takes place under irradiation with different UV
wavelength bands.

2. Materials and methods
2.1. Raw materials

Fresh Shiitake mushrooms (Lentinula edodes),
Oyster mushrooms (Pleurotus ostreatus), Button mush-
rooms (Agaricus bisporus), and Abalone mushrooms
(Pleurotus cystidus) were purchased fresh from a local
grower and were used immediately in the experiments.
In the experiments to study the conversion of ergos-
terol to vitamin D, under different bands of UV irra-
diations, the moisture contents of mushrooms were
pre-adjusted to around 80% before the commencement
of experiments as this was found to be the optimum
moisture content for the conversion (Perera et al.,
2003; Jasinghe & Perera, 2004). The moisture content
of mushrooms was reduced to a value of around 80%
by vacuum-drying at the ambient temperature of
27 °C.

2.2. Effect of duration of irradiation on the conversion of

ergosterol to vitamin D, and optimization of radiation
dose

Fresh shiitake mushrooms were used in this experi-
ment. Each side of the mushrooms was irradiated with
the UV-A source [Mineralight UVGL - 25, San Gabriel,
U.S.A. with UV-A lamp (measured intensity at 15 cm,
3.5W/m?)], for different time periods from 10 to
120 min. These samples were freeze-dried and kept in a
vacuum-desiccator for further analysis.

2.3. Effect of different orientations of mushrooms to the
UV source and duration of irradiation on the conversion of
ergosterol to vitamin D,

Fresh Shiitake mushrooms were subjected to three
different irradiations with UV-A. The first lot of mush-
rooms was irradiated for 2 h with their gills facing the
UV source, the second lot of mushrooms was irradiated
with their gills facing the UV source for 1 h and then
they were further irradiated for another hour with their
caps facing the UV source, and the third lot was irradi-
ated with their gills facing the UV source for 2 h and
then they were further irradiated for 2 h with their caps
facing the UV source. These samples were separately
freeze-dried to prepare for the analysis.

In these experiments, the source of irradiation was
placed at a distance of 15 cm away from the samples
in an irradiation chamber. The calculated irradiation
dose was 0.21 kJ/m*min. All the above irradiation
experiments were carried out at an ambient tempera-
ture of 27 °C, and average moisture content of mush-
rooms was found to be around 82% on a wet basis
(w.b).

2.4. Conversion of ergosterol in mushrooms under
different bands of UV irradiations

In this experiment, four different types of edible
mushrooms were used. Each side of the mushrooms
was irradiated for 1 h with UV-A [Mineralight UVGL
— 25, San Gabriel, U.S.A. with a UV-A lamp (mea-
sured intensity at 15cm, 3.5 W/m?)], UV-B [MODEL
UVM-57, UVP, Upland, CA, U.S.A. (measured inten-
sity 4.9 W/m?)], and UV-C [Mineralight UVGL — 25,
San Gabriel, U.S.A. with UV-C lamp (measured
intensity at 15 cm, 3.2 W/m?)]. The rates of irradiation
doses received by the mushrooms under UV-A, UV-B,
and UV-C were 0.21, 0.29, and 0.19 kJ/m*/min and
the calculated radiation doses after 1 h of irradiation
of each side were 25.2, 35.3, and 23.0 kJ/m?, respec-
tively. All the irradiations in this experiment were per-
formed under the optimized conditions of temperature
(35°C) and moisture (80%). The moisture content of
fresh mushrooms was measured gravimetrically by
drying samples in an air convection drier at 105 °C
for at least 20 h.

2.5. Analysis of vitamin D,

The analysis and quantification of vitamin D, were
performed by the method described previously (Perera
et al., 2003).

Freeze-dried mushroom sample powders (0.5 g) were
accurately weighed into 250 ml round bottom flasks and
mixed with 4 ml of sodium ascorbate solution (17.5 g of
sodium ascorbate in 100 ml of 1 M NaOH), 50 ml of
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ethanol (95% pure, Riverbank Chemicals, Singapore),
and 10ml of 50% potassium hydroxide (85% pure,
Merck Chemicals, Darmstadt, Germany). The mixture
was saponified under reflux at 80 °C for 1 h, then, it
was immediately cooled to room temperature and trans-
ferred into a separating funnel. The mixture was first ex-
tracted with 15 ml de-ionized water, followed by 15 ml
ethanol and then with a three-stage n-pentane extraction
of volumes 50, 50 and 20 ml, respectively. The pooled
organic layers were washed three times with 50 ml of
3% KOH in 5% ethanol and then finally with de-ionized
water until neutralized. The organic layer was trans-
ferred into a round-bottom flask, rotary-evaporated to
dryness at 40 °C, and immediately re-dissolved in 5 ml
ethanol.

The samples were passed through a 0.45 pm Non-
Pyrogenic filter (Schleicher & Schuell, Dassel,
Germany). A volume of 20 pl of filtered sample was
injected into a Waters 600E HPLC system equipped
with Waters 486 tunable absorbance UV detector
(Waters, Milford, MA, USA) and eluted through a re-
verse phase C18 column (Maxsil 5 C18, 250x4.6 mm,
Phenomenex, Torrance, CA, USA) using acetonitrile/
methanol (HPLC grade Merck Chemicals, Darmstadt,
Germany) (75:25) as the mobile phase at a flow rate
of 2.3 ml/min. The UV detection of the eluate was
performed at 282 nm. Vitamin D, qualitatively ana-
lyzed by comparing the retention times of standards
obtained, and quantification was done using a calibra-
tion curve.
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2.6. Statistical analysis

The results were statistically analyzed by analysis of
variance (ANOVA, Vassar stats statistical computa-
tions). The data were expressed as means = SD (stan-
dard deviation). The test results were considered
significant at p <0.01. The statistical analyses were
based on ANOVA and Tukey’s HSD test.

3. Results and discussion

3.1. Effect of duration of irradiation on the conversion of
ergosterol to vitamin D,

Fig. 1 shows the effect of period of irradiation of each
side of the mushrooms on the conversion of ergosterol
to vitamin D,. The conversion was almost completed
within 1 h when each side of the mushrooms was sub-
jected to irradiation. The graph shows that prolonged
irradiation does not increase vitamin D,. Previtamin D
intermediates also absorb UV radiation, producing
tachysterol and lumisterol by photoisomerization (Ha-
vinga, 1973; Havinga, Kock, & Rappoldt, 1960), and
prolonged irradiation produces irreversible “over-irradi-
ation products” by dimerization and ring cleavage
(Braun, Fub, & Kompa, 1991). These may be the rea-
sons for the slight reduction in vitamin D5 content close
to a 2-h period of irradiation. In addition, irradiation
also contributes to an oxidative atmosphere (Vayalil,
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Fig. 1. The effect of time of UV-A irradiation of each side of the mushrooms on the conversion of ergosterol in Shiitake mushrooms to vitamin D,.
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Elmets, & Katiyar, 2003), and prolonged exposure of
vitamin D to UV radiation may result in photo-degrada-
tion of vitamin D, (Webb, DeCosta, & Holick, 1989).

3.2. Investigation of duration of irradiation and the
orientation of mushrooms on the conversion of ergosterol
to vitamin D,

Fig. 2 shows the effect of orientation of mushrooms
and the duration of irradiation on this conversion. The
yields of vitamin D,, after the irradiation of each side
of the mushrooms (cap and gills) for 1 and 2 h were
shown to be significantly higher (p < 0.01) than the value
observed from the mushrooms irradiated with their gills
facing the UV source for 2 h. The vitamin D, yield ob-
tained by irradiation of each side of the mushrooms
for 2-h was 38.5%3.18 ug/lg DM, whereas it was
36.1 £ 2.32 ug/g DM when each side of the mushroom
was irradiated for 1 h. However, the difference between
the two values was not significant (p = 0.154). The con-
version of ergosterol in mushrooms to vitamin D, is al-
most completed within an hour (Fig. 1), and this could
be the reason why prolonged irradiation of each side,
after 1 h, does not contribute much to this conversion.

3.3. Conversion of ergosterol to vitamin D, by different
bands of UV (UV-A, UV-B, and UV-C)

In this experiment, the moisture content of mush-
rooms was adjusted to around 80% by removing the

moisture in a vacuum dryer at ambient temperature.
The irradiations were performed at 35 °C, since these
are the optimum reaction conditions for this conversion
(Jasinghe & Perera, 2004).

The yields of vitamin D, under UV-A, UV-B, and
UV-C are significantly different. The calculated radia-
tion doses of UV-A, UV-B, and UV-C after a 2-h per-
iod of irradiation (1 h each side) were 25.2, 35.3, and
23.0 kJ/m?, respectively. Fig. 3 illustrates the effect of
different bands of UV on the conversion of ergosterol
to vitamin D,. The results clearly indicate that the
conversion of ergosterol to vitamin D, under UV-C
was significantly higher (p <0.01) than that under
UV-A and the conversion under UV-B was signifi-
cantly higher (p <0.01) than those under UV-A or
UV-C. The highest yields of vitamin D, were obtained
under UV-B irradiation. However, under UV-B,
mushrooms received 50% more irradiation dose than
under UV-C. Therefore, the vitamin D, yields under
UV-B and UV-C cannot be reconciled. Mau et al.
(1998) have reported a value of 6.58 pg/g DM of vita-
min D, from Shiitake mushrooms after a 2-h period
of UV-B irradiation. However, the orientation of
mushrooms to the UV source and the moisture con-
tent were not reported. The temperature of irradia-
tion, reported in their study (12 °C) was much lower
than that which we have maintained in the current
study (35°C). Temperature of irradiation plays an
important role in this conversion and this may be
one of the reasons why they obtained low conversion

B Mushrooms irradiated for two-hours with their gills facing UV-A
OEach side of the mushrooms Irradiated for two-hours with UV-A

O Each side of the mushrooms Irradiated for one-hour with UV-A
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Fig. 2. Effect of orientation of mushrooms and the duration of irradiation on the conversion of ergosterol to vitamin D,.
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Fig. 3. The conversion of ergosterol to vitamin D, under UV-A, UV-B and UV-C.

rates. In addition, the irradiation dose used in their
study (9.86 kJ/m?) was much lower than the irradia-
tion dose which we have used (35.3kJ/m?) and of
course the orientation of the mushrooms to UV
source is most important, as we have shown earlier
(Jasinghe & Perera, 2004).

4. Conclusion

It can be concluded from the results that UV irradia-
tion of each side of the mushrooms for 1 h is more than
enough for this conversion. Furthermore, remarkably
high amounts of vitamin D, could be obtained by UV
irradiation of each side of the mushrooms under opti-
mized conditions. In addition, intensity of the UV radi-
ation and the dose of irradiation applied, also
contributed to the conversion of ergosterol in mush-
rooms to vitamin D,. Even under normal conditions,
5 g of fresh shiitake mushrooms irradiated for 15 min
with UV-A, or UV-B is more than enough to obtain
the recommended allowances of vitamin D for adults
(10 pg/day).
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