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A B S T R A C T   

This study was conducted to determine the most efficient method to produce vitamin D in mushrooms using UV 
radiation. For this purpose, mushrooms were irradiated with UV-B and UV-C lamps from their caps, stems, both 
caps and stems (oblique), and sliced surface at doses of 12.5 kJ m− 2 and 3.6 kJ m− 2, respectively. Then, they 
were treated by UV-B at 27 ◦C, 35 ◦C, and 43 ◦C. In the next steps, samples were placed in 30 cm and 50 cm 
distances from the UV source. Afterward, they were irradiated from 15 to 120 min at an intensity of 3.5 W m− 2. 
In the stability tests, samples were stored at 25 ◦C, frozen, refrigerated and were cooked and their vitamin D2 
content was re-analyzed using HPLC. All experiments were repeated three times. In the sliced group treated with 
UV-B, vitamin D2 content 14.43 μg gr− 1 was significantly higher than other groups. The internal temperature of 
27 ◦C was found as optimum temperature with the production of 3.81 μg gr− 1 vitamin D. It was revealed that 
increasing the distance from the UV source had a significant effect on vitamin D production. After 90 min of 
exposure, the highest amount of vitamin D2 was produced. Data showed that the vitamin D2 content remained 
almost stable after one day at 25 ◦C and during the cooking but it decreased about 50% after 7 days of cold 
storage. The optimal method observed in this study incorporates the use of UV-B lamps, incensement of radiation 
area in mushrooms and distance reduction from the UV source within 30 cm the internal temperature of 27 ◦C 
should be considered as well in the experiment.   

1. Introduction 

Vitamin D is an essential micronutrient that plays a vital role in 
human health and prevents many diseases such as, cancers, diabetes, 
cardiovascular and autoimmune diseases. Deficiency of this vitamin is 
considered as a main global health problem in all ages. Vitamin D has 
two main forms of D3 and D2. Vitamin D3 is found in animal foods and 
vitamin D2 is found in plant food sources like mushrooms, fortified foods 
and supplements. Both types of vitamin D are well-responsible for 
maintaining the serum level of 25-hydroxy vitamin D in humans (Chen 
et al., 2015; Phillips et al., 2011). Although vitamin D3 is generally 
formed under the human skin from 7-dehydrocholesterol because of the 

sunlight exposure, the production seems to be inefficient due to the 
seasonal variation and also the air pollution (Elangovan et al., 2017). 
Considering that only few natural foods contain vitamin D, the best way 
to receive adequate daily amounts of vitamin D is obtaining it from 
supplements or fortified foods (Barnkob et al., 2016). Despite the 
abundance and availability of vitamin D fortified products and supple
ments, the problem of vitamin D deficiency has not been solved yet. 
Some possible explanations could be an inadequate level of fortification 
or poor coverage of these foods by people due to food accessibility, 
allergic reactions to lanolin in supplements, or food avoidance due to 
veganism. Therefore, an alternative solution to meet the vitamin D 
requirement in this population is needed (Calvo & Whiting, 2013; Jover 
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et al., 2002). 
Following the global pandemic of COVID-19, the importance of 

preventing virus infection and the improvement of the immune system 
has received much attention. Studies have shown that vitamin D can be 
effective in preventing coronavirus infection in the respiratory tract. It is 
also demonstrated that the mortality rates of COVID-19 were lower in 
people with higher serum 25-hydroxy-D levels (Grant et al., 2020; Ilie, 
Stefanescu, and Smith 2020; Rhodes et al., 2020). Since the vitamin D 
deficiency is prevalent all around the world and vitamin D rich sup
plements may not be widely available worldwide in the current state of 
the pandemic, presenting a natural, rich and cost-effective source of this 
vitamin in family food basket is consequential for promoting community 
health and decreasing morbidity and mortality rate of COVID-19 (But
triss and Lanham-New, 2020; Panarese & Shahini, 2020). 

Mushrooms, similar to human skin, can produce vitamin D when 
exposed to UV radiation . During this process, the ergosterol content of 
the surface of the mushroom is converted to ergocalciferol (vitamin D2) 
within a series of photochemical and thermal reactions (Mau et al., 
1998). The amount of vitamin D that is made in mushrooms is consid
erably higher than the content of vitamin D in fortified products of the 
food industry. For example, if 100 g of fortified milk presents approxi
mately 37 IU vitamin D, there could be an average amount of 19,000 IU 
of vitamin D per 100 g of mushrooms which faced to UV-B with dose of 
15 kJ m− 2 (Aborhyem et al., 2020; Urbain et al., 2011). 

Several radiation protocols have been reported by different treating 
methods. Multiple studies have shown disagreements regarding the ef
fect of UV exposure to the different parts of mushrooms. Some of them 
reported vitamin D2 production was higher in the stem and others stated 
it was more generated in the caps. Likewise, in the matter of radiation 
temperature, investigations have stated various results from 25 to 45 ◦C 
as the optimum temperature. Concerning the duration of UV exposure, 
researchers have diversely claimed that vitamin D2 formation was 
completed within 1 h and also 2 h in different types of mushrooms (Guan 
et al., 2016; Huang et al., 2015; Jasinghe and Perera 2005, 2006; Kalaras 
et al., 2012; Koyyalamudi et al., 2009; Lee & Aan, 2016; Teichmann 
et al., 2007; Wu and Ahn 2014b). Since, various factors could affect the 
production of vitamin D in mushrooms, more studies are needed to 
determine the most efficient protocol of UV light exposure on vitamin D 
production in white button mushrooms. 

Many experimental studies have shown that white button mush
rooms are rich in ergosterol and thus it could produce a high amount of 
vitamin D2 by UV irradiation (Jasinghe & Perera, 2005). Since these 
mushrooms are very popular and accessible, if an efficient protocol is 
found for mushroom production, vitamin D mushrooms could help to 
decrease the rate of vitamin D deficiency effectively. In this study, for 
the first time, this method is examined in the Middle East region. The 
objective of this study is to determine the most effective protocol of 
vitamin D production in white button mushrooms (A.bis) in terms of 
optimum wavelength, mushrooms orientation, ambient temperature, 
distance from UV source and duration of exposure by using UV irradi
ation and measuring its stability. 

2. Materials and methods 

2.1. Materials 

Six sheets of PVC with the thickness of 16 mm were purchased from 
PVC-Tehran (Iran) for the radiant chamber designation, The UV lamps 
used in this study included a 30 W UVB-89 cm with the output peak 
wavelength of 312 nm and a 30 W UVC-89 cm with the output peak 
wavelength of 254 nm, were provided form Vilber (France). UV-proof 
Plexiglas (Evonic, Germany) was utilized in the frame of radiant 
chamber. 34 kg of white button mushrooms with 3–4 cm caps diameter 
were provided from Armita producer (Iran). UV light meter, Lutron 
(made in Taiwan) was used to measure the dose and the intensity of UV 
radiation. Standards of Ergocalciferol (D2) and cholecalciferol (D3) 

(Sigma-Aldrich, Germany), potassium hydroxide (85% pure, Merck 
Chemicals, Germany), C18 HPLC column (Sigma-Aldrich C18, 2.7 μm, 
15 cm × 4.6 mm, Germany) were used in HPLC analyze of vitamin D2. 
Furthermore, methanol (HPLC grade), acetonitrile (HPLC grade), n- 
pentane, ethanol (95% pure), sodium ascorbate and sodium hydroxide 
were purchased from Fisher Chemical (Canada). 

2.2. Methods 

2.2.1. Design of radiant chamber 

The radiant chamber was designed by the authors. According to the 
picture 1 the dimensions of the chamber are 100 cm × 65 cm × 55 cm. 
Since UV does not pass through the PVC, all six surfaces of the chamber 
were covered by PVC sheets. The lamps were attached to a holder on the 
top center of the chamber, which has three removable internal stainless 
steel trays (52 cm × 32 cm). The chamber allows adjusting the distance 
between the tray and lamp at 30, 40, and 50 cm. The door of the 
chamber contained a transparent UV-proof Plexiglas shield that allows 
observing inside of the chamber. Since aluminum has more than 90% UV 
reflectance (Fearon et al., 2007, pp. 379–390), it was used to cover the 
inner walls of the chamber to reach the maximum level of UV reflection. 
The chamber was equipped with an industrial ventilator on the top side 
to prevent excessive temperature rise while radiation. A small regular 
light bulb was installed on the inside wall of the chamber to observe the 
color change of mushrooms. A digital thermometer was installed on the 
outer wall of the chamber to measure the internal temperature of the 
chamber during radiation. The chamber had three separate switches for 
visible light, ventilator, and UV lamp. 

2.2.2. Mushrooms initial preparation 
White button Mushrooms (A.bis) were purchased from growers in 

the day of harvest. Then, they were transferred from the farm to the 
laboratory in the sealed boxes to prevent any light exposure before the 
UV irradiation process. Each step of the experiment took approximately 
a week and all mushrooms were treated by UV approximately 5 h after 
the harvest. To prevent changing their moisture content, the mushrooms 
were not washed; however, any dirt or residue on the surface of the 
mushrooms that prevent UV reaching was removed. In each category of 
treatment, 500 ± 10 g of mushrooms were used. All experiments were 
carried out in triplicate. After the irradiations, each group of mushrooms 
was individually mixed using a blender for 2 min, three times and 
ground to become a homogeneous substance to minimize sampling er
rors in the extraction procedure. Each sample was packaged in small 
plastic bags and labeled with encrypted code to blind all analyses. 

2.2.3. Mushrooms orientation test with UV-B and UV-C irradiation 
In the first step, on the day of harvest mushrooms were purchased 

from the producer and were divided into four separate groups. In Group 
I, the mushrooms were exposed to the UV only from their cap’s side 
while positioned horizontally. In Group II, mushrooms were placed 
upside-down while their stems and gills faced to UV lamp. In Group III, 
mushrooms were laid oblique on the trays while most of their caps area 
and one side of their stems were exposed to UV. In Group IV, sliced 
mushrooms were exposed to the UV which sliced manually with a 
thickness of approximately 3–4 mm. To compare the effect of different 
wavelengths on the conversion of ergosterol to D2, this stage of the study 
was performed with both UV-B and UV-C lamps. The mushroom’s caps 
were about 3–4 cm in diameter and they were all placed in a single layer 
at 2 cm apart from each other. The total tray’s area was 0.49 m2. This 
study was done within 30 cm away from the light source at intensities of 
1.8 W m− 2 and 3.5 W m− 2 with UV-C and UV-B lamps. The irradiation 
intensities and doses were measured by UV light meter. The average 
internal temperature during the experiment was 27 ◦C and the exposure 
time was 1 h. This period was selected according to previous studies, 
which claimed that the conversion of ergosterol to ergocalciferol could 
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be completed within 1 h (Jasinghe & Perera, 2006). All four experiments 
were performed simultaneously in the radiation chamber and under the 
completely similar irradiation processes with both lamps, separately. 

2.2.4. Temperature test 
At this stage of the experiment, the mushrooms were divided into 

three groups based on the results of previous studies (Jasinghe & Perera, 
2005; Ko et al., 2008; Lee & Aan, 2016; Wu and Ahn 2014b). The first 
group irradiated at 27 ◦C average internal temperature, the second 
group at 35 ◦C average temperature, and the third group irradiated at 43 
◦C average ambient temperature. In the first group, the ventilator was 
used to prevent excessive temperature rise. In the second group, in order 
to reach higher temperatures, the tube was switched on to warm up for 
30 min and in the third group, heating candles were used to reach the 
internal temperature of 43 ◦C. Considering the previous stage, Mush
rooms were laid oblique on trays into the irradiation chamber. The 
mushroom’s caps were about 3–4 cm in diameter and they were placed 
in 2 cm apart from each other. This experiment was carried out within 
30 cm distance from the UV-B lamp and exposure time was one hour. 

2.5. Distance test 

To determine the effect of different distancing from UV source, the 
mushrooms were placed at two different distances from the UV lamp (i. 
e., 30 cm and 50 cm) with the calculated intensity of 3.5 W m− 2 and 1.9 
W m− 2, respectively. Considering the last two steps this phase was 
irradiated at 27 ◦C and oblique orientation with a UV-B lamp within 1 h. 
The mushroom’s caps size was 3–4 cm in diameter and they were placed 
in trays inside the chamber 2 cm apart from each other to not prevent 
delivery of UV. 

2.2.6. Duration of UV exposure test 
The mushrooms were divided into six groups and each group was 

irradiated respectively with UV-B lamps for 15, 30, 45, 60, 90, and 120 
min. The calculated UV doses for these periods were 3.1, 6.3, 9.4, 12.6, 
18.9, and 25.2 kJ m− 2, respectively. Based on the results of the last three 
stages, this irradiation phase was performed at 27 ◦C and oblique 
orientation and distance from UV-B light was 30 cm at the intensity of 
3.5 W m− 2. The mushroom caps were 3–4 cm in diameter and they were 
placed 2 cm apart. 

2.2.7. Stability of produced vitamin D tests 
To perform the stability test of the UV-B treated mushrooms, they 

were purchased on the day of harvest and were irradiated at 30 cm 
distance from the UV lamp. In this process, the temperature of the 
chamber was 27 ◦C and the duration of exposure was 60 min at the dose 
of 12.5 kJ m− 2. After the irradiation process, mushrooms were randomly 
divided into seven groups. Group 1 was immediately prepared for 
extraction and HPLC analysis. Group 2 was kept at 25 ◦C (room tem
perature) for 24 h. Group 3 was kept at 4 ◦C for a week in the fridge. 
Group 4 was kept at − 14 ◦C for a week in the ordinary freezer. Group 5 
was kept at − 74 ◦C for a week in the laboratory ultra-freezer. Group 6 
was fully roasted for 10 min after the irradiation process. Finally, Group 
7 was fully boiled for 14 min after irradiation. 

2.2.8. Analysis of vitamin D2 in UV irradiated mushrooms 
Vitamin D2 was extracted and analyzed according to the method 

developed by Mau et al. (1998) with slight modification as follows (Mau 
et al., 1998). Freeze-dried mushrooms sample (0.5 g) was accurately 
weighed into a 250 mL round bottom flask. Then, it was mixed with 4 mL 
of sodium ascorbate solution (17.5 g in 100 mL of 1 mol L− 1 NaOH), 50 
mL of 95% ethanol, 10 mL of 50 g 100 mL− 1 KOH, and 50 μg of 
cholecalciferol dissolved in 1 mL methanol. Cholecalciferol was used as 
the internal standard to apply the recovery due to its structural simi
larity with vitamin D2. In the next step, the mixture was saponified for 1 
h under reflux at 80 ◦C. The mixture was immediately cooled to the room 

temperature and transferred into a separating funnel. The mixture was 
extracted with 15 mL de-ionized water, followed by 15 mL ethanol and 
then with a three-stage N-pentane of volumes 50, 50, and 20 mL, in the 
order of their appearance. The pooled organic layers were washed three 
times by 50 mL of 3 g 100 mL− 1 KOH in 5% ethanol. Next, they were 
washed by deionized water until neutralized. The organic layer was 
transferred into a round bottom flask, rotary evaporated to dryness at 40 
◦C, and immediately re-dissolved in 5 mL ethanol for HPLC analysis. The 
samples were filtered through 0.45 μm filter units. A volume of 20-μl 
filtered sample was injected into the Waters 600E HPLC system equip
ped with a Waters 486 tenable absorbance UV detector. Afterward, it 
was eluted through a reversed phase C18 column (using acetoni
trile/methanol (75:25) as the mobile phase at a flow rate of 2.3 mL 
min− 1. The UV detection of the eluate was performed at 282 nm. The 
vitamins D2 and D3 were qualitatively analyzed by comparing the 
retention times of standards obtained and quantification was done using 
a calibration curve. The results are expressed on μg per each grams of 
mushrooms fresh body weight. 

2.9. Statistical analysis 

The data were expressed as means ± SD. When appropriate, a 
comparison was made between treatment groups using the one-way 
analysis of variance (ANOVA). Next, pairwise comparisons were used 
to determine the significance of any differences among the groups and 
independent t-test. A P-value of <0.05 was considered to be significant. 
All analyses were performed using the SPSS 25.0 statistical software. 

3. Results 

The concentration of vitamin D2 in all orientation groups was 
analyzed by HPLC (Fig. 1). Before the radiation processes, the amount of 
vitamin D2 in the control group was 0.004. After 1 h of radiation, at the 
intensity of 3.5 W m− 2 in the first category, which was irradiated from 
the side of their caps the vitamin D2 content , was 2.78. In the second 
category, which faced from their stems to the UV-B lamp, it was 3.00. In 
the third category, which was laid oblique on the trays, it was 3.76. In 
the sliced group, 14.43 of vitamin D2 was produced. In the UV-C group, 
the obtained results were 1.78, 2.39, 1.82, and 7.75, for categories 1 to 
4, respectively. 

The data of vitamin D2 concentration in processes with different 
temperatures are given in Fig. 2. According to the results, among these 
three groups, 27 ± 1.3◦C (which produced 3.81 vitamin D) is an 
appropriate temperature for converting ergosterol to ergocalciferol (p <
0.05). In the distance test (Fig. 3), between 30 and 50 cm distance from 
the UV source, a steep descending slope occurred in vitamin D produc
tion. At the intensity of 3.5 W m− 2 in 30 cm distance from UV source, 
3.74 of vitamin D2 was produced. Finally, in 50 cm away from UV with 
1.9 W m− 2 intensity, 1.94 vitamin D2 was produced (p < 0.05). 

Fig. 4 presents the effect of different duration of exposure on vitamin 
D production in A.bis mushrooms treated by UV-B lamps. The intensity 
of lamps was 3.5 W m− 2 during 15, 30, 45, 60, 90, and 120 min and had 
a 30 cm distance from UV lamp. The findings show that vitamin D 
production in mushrooms increased by longer duration of exposure up 
to 90 min, where the highest amount of vitamin D2 was produced (p <
0.05). However, it was reduced from 5.10 to 3.60 after 120 min exposure 
due to the excessive radiation (p < 0.05). 

In the stability tests (Fig. 5), the vitamin D2 content of A.bis sliced 
mushrooms treated with 12.5 kJ m− 2 UV-B light after 24 h retention in 
room temperature was slightly decreased (6% reduction) from 14.80 to 
13.70 (non-significantly, p > 0.05). Fig. 6 shows that the vitamin D2 
content was decreased significantly after 7 d of cold storage in all three 
temperature groups (p < 0.05). The stability of produced Vitamin D in 
mushrooms was reported after cooking processes on a dry weight basis 
due to the difference in the moisture content of cooked and raw mush
rooms. Cooking by both boiling and roasting methods does not 
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significantly reduce the vitamin D content which produced in mush
rooms. The vitamin D2 retention was measured 92% ± 1.2% in boiled 
mushrooms and 94% ± 2.3% in roasted mushrooms (Fig. 7). 

4. Discussion 

4.1. Effect of mushrooms orientation during radiation on the conversion 
of ergosterol to vitamin D2 

The first step of the preliminary experiment was to determine an 

appropriate orientation for vitamin D2 synthesis in A.bis mushrooms. 
The moisture content of mushrooms in all groups and all stages were 
measured to be about 89% ± 2%. As expected, the amount of vitamin D2 
in the sliced groups was significantly higher than the other groups in 
both UV-B and UV-C radiations (p < 0.05). One explanation for this 
result could be the higher area of exposure in the sliced group in com
parison to the whole body mushrooms. According to the results of this 
phase of the study, it is clear that if sliced mushrooms were exposed for 
much lower time to the UV, it could easily achieve the RDA of vitamin D 
in each serving of mushrooms in all age groups. However, in the study 

Fig. 1. Effect of mushrooms orientation during radiation on vitamin D2 production (error bars represent standard deviation). Means assigned with different letters 
indicate significant differences (p < 0.05). 
C: caps faced UV, G: gills faced UV, CG: caps and gills faced UV (oblique), and S: sliced mushrooms. 

Fig. 2. Effect of different temperatures on vitamin D2 production by UV-B radiation (error bars represent standard deviation). Means assigned with different letters 
indicate significant differences (p < 0.05). 
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area, sliced mushrooms are not popular and people prefer buying whole 
mushrooms. Besides, since not all growers present sliced mushrooms, it 
seems that if we intend to provide a new source of vitamin D in the 
family food basket, it is better to present it in the most popular form 
regarding the economic aspects for growers. Since the ultimate objective 
of this study was to achieve a proper protocol for producing vitamin D 
mushrooms for commercialization, the mushrooms radiated with obli
que orientation seem to be a good choice to use for mass production 
concerning attainability in farms and industrialization. It also should be 
considered that which orientation is more suitable for growers to expose 
mushrooms to the UV after harvest in mass production. Our results 
showed that the oblique group produced vitamin D2 efficiently and 
significantly higher than the cap and stem faced groups (p < 0.05). 
Therefore, an oblique orientation that both caps and stems were faced 

up to the UV source was chosen for the rest of the experiment. 
Furthermore, if consumers throw out the stems during the washing or 
preparation process, the caps still provide high amounts of vitamin D. 

Jasinghe and Perera (2005) reported that the conversion of ergos
terol to vitamin D2 was four times higher when gills were exposed to the 
UV; however, we did not meet any significant difference in both UV-B 
and UV-C exposures between caps faced and gills faced groups. This 
discrepancy might be due to the usage of UV-A lamps in their study 
instead of UV-B and UV-C. One year later, these researchers also 
investigated the effect of the orientation of exposure in shiitake mush
rooms and reported that when mushrooms faced from their gill side to 
the UV for 2 h, the production of vitamin D2 became more than three 
times higher compared to the caps side group. These inconsistent out
comes may be appeared due to the fact that shiitake mushrooms and 

Fig. 3. Effect of distance from UV source of vitamin D2 production (error bars represent standard deviation). Means assigned with different letters indicate sig
nificant differences (p < 0.05). 

Fig. 4. Effect of duration of UV-B exposure on vitamin D2 production (error bars represent standard deviation). Means assigned with different letters indicate 
significant differences (p < 0.05). 
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white button mushrooms have different properties. These results are 
supported by Ko et al. (2008) on shiitake and white button mushrooms, 
but the difference between cap faced UV and gill faced was observed 
lower in white button mushrooms than in shiitake. Guan et al. (2016) 
using UV-C lamps showed that vitamin D2 content was higher in caps 
than stems in white button mushrooms after irradiation 
dose-dependently, which this result is consistent with our findings 
(Guan et al., 2016; Jasinghe and Perera 2005, 2006; Ko et al., 2008). 
Although it was claimed that the concentration of ergosterol was higher 
in mushroom’s gills than other parts, the area of exposure in the 
cap-faced group was higher as well as sliced mushrooms. Our results 
support that the wideness of the exposure area has an important influ
ence on vitamin D2 production rather than the effect of ergosterol 

distribution in the mushrooms body. 

4.2. Effect of treatment with different UV wavelength on the conversion of 
ergosterol to vitamin D2 

Ergosterol absorbs UV radiation between 240 and 320 nm (Holick, 
1989). In Fig. 1, it is clear that UV-B lamp with the output peak wave
length of 312 nm and intensity of 3.5 W m− 2 was significantly more 
efficient in converting the ergosterol to ergocalciferol than UV-C with 
the output peak wavelength of 254 nm and intensity of 1.8 W m− 2 (p <
0.05). Similar results also were reported by Jasinghe and Perera (2005) 
and ; Mau et al. (1998) with different intensities of irradiation and 
output peak wavelengths in the range of UV-B and UV-C. These findings 

Fig. 5. Stability of produced vitamin D2 at room temperature (error bars represent standard deviation). Data shows that there is no significant reduction in produced 
vitamin D2 after a day in 25 ◦C (P > 0.05). 

Fig. 6. Stability of produced vitamin D2 in cold storage (error bars represent standard deviation). Means assigned with different letters indicate significant dif
ferences (p < 0.05). 
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may also showed up due to a lower intensity of radiation in the UV-C 
group. 

4.3. Effect of different internal temperature during radiation on the 
conversion of ergosterol to vitamin D2 in mushrooms 

According to Fig. 2, it is concluded that the average temperature of 
27 ± 1.3 ◦C was more effective than other groups in ergosterol 

conversion. It seems that temperatures higher than 43 ◦C may not be the 
optimum, moreover, it could affect the quality characteristics of mush
rooms such as their color and texture. Nevertheless, further studies are 
needed to evaluate different temperatures near room temperature. 
Previous studies have reported different temperatures as optimum for 
converting ergosterol to vitamin D2 in different types of mushrooms. 
Temperatures lower than room temperature were also investigated and 
provided poorer results (Mau et al., 1998). It is of note that temperatures 
higher than 35 ◦C had not been tested before in A.bis mushrooms. 

Contrary to our results, Jasinghe and Perera (2005) reported 35 ◦C as 
the optimum temperature for converting ergosterol to vitamin D2 in 
mushrooms. However, they also investigated the ambient temperature 
of 27 ◦C in shiitake mushrooms, but they did not reveal this temperature 
as optimum (Jasinghe & Perera, 2005).. Wu et al. (2014) examined the 
effect of ambient temperature in the range from 15 ◦C to 45 ◦C in oyster 
mushrooms. They found out that the vitamin D2 content increased while 
the ambient temperature rises to 35 ◦C in oyster mushrooms. They 
represented 28.16 ◦C as the optimum temperature for their experiment, 
this finding is very close to our result on the optimum radiation tem
perature (Wu & Ahn, 2014a). Lee (2016) et al. used the Response Sur
face Methodology (RSM) to determine the optimum level of ergosterol to 
ergocalciferol transformation in A.bis powder by UV-B radiation. They 
reported that 26.33 ◦C is the optimum temperature for this experiment. 
This temperature likewise, almost similar to our results (Lee & Aan, 
2016). Although the ambient temperature during irradiation plays an 
important role in vitamin D2 production, not all studies reported this 
factor in their results. 

4.4. Effect of different distances from UV source on the conversion of 
ergosterol to vitamin D2 

It is deduced that the distance from UV source is a major factor of UV 
reaching and highly affects the production of vitamin D2. This finding 
also was reported by other researchers for different irradiation condi
tions and various distances from UV source from 3.18 cm up to 137 cm 
on several types of mushrooms (Morales et al., 2017; Ozzard et al., 2008; 
Urbain et al., 2016). Results indicated that the transformation of 
ergosterol into ergocalciferol was enhanced when samples were placed 
closer to the UV source. For instance, vitamin D2 production within 4 cm 
away from the UV lamp source was 5 times higher than 24 cm distance 

Fig. 7. Fig. 7. Stability of produced vitamin D2 after cooking processes (error bars represent standard deviation). Data shows that there is no significant reduction in 
produced vitamin D2 after cooking processes (P > 0.05). 

Fig. 8. Schematic image of radiant chamber.  

S. Salemi et al.                                                                                                                                                                                                                                  



LWT 137 (2021) 110401

8

from the UV lamp in shiitake mushrooms (Morales et al., 2017). 
Although, according to the earlier results, it was obvious that decreasing 
the distance from the UV source could increases the vitamin D2 gener
ation in mushrooms, it was preferred to take this factor into account and 
evaluate the proportion of this effect in the experimental design. 

Koyyalamudi et al. (2009) examined the effect of distance from UV-C 
light on vitamin D2 production at 30, 40, and 50 cm and mean in
tensities of 4.03, 3.16, and 2.5 W m− 2, respectively, in A.bis mushrooms. 
They also achieved similar results, but they reported that in 50 cm 
distance from UV source, less discoloration occurs compared to 30 and 
40 cm intervals (Koyyalamudi et al., 2009). Since the interval between 
UV lamps and samples could affect the quality and nutritional properties 
of mushrooms, further studies are needed to evaluate the sensory and 
qualitative characteristics of UV-treated mushrooms at different dis
tances from the light source. 

4.5. Effect of duration of exposure on vitamin D2 production in 
mushrooms 

Vitamin D2 content in treated mushrooms was increased signifi
cantly with longer exposure time and different increment rates until 90 
min of exposure (p < 0.05). It is concluded that the transformation of 
ergosterol to ergocalciferol was completed between 60 and 120 min of 
radiation. After this maximization, photodegradation of vitamin D 
appeared due to extra irradiation. As a result, it reduced vitamin D2 
content from 5.10 at 90 min of exposure to 3.60 after 120 min, which is a 
30% reduction (p < 0.05). Jasinghe and Perera (2006) claimed that the 
conversion of ergosterol to vitamin D2 is completed within 1 h when 
each side of shiitake mushrooms was exposed to the UV simultaneously. 
In the case of the mushrooms which faced to the UV from their caps or 
from their gills, they also declared that the ergocalciferol formation was 
completed within 2 h in both groups. This dissimilarity is attributed to 
radiating not all sides of mushrooms concurrently in our experiment or 
the different exposure surface the mushrooms body and the usage of 
shiitake mushrooms instead of A.bis mushrooms (Jasinghe & Perera, 
2006). 

Pulsed UV (PUV) technology is an efficient method for enriching 
mushrooms with vitamin D. PUV delivers a wide range of 100–800 nm 
wavelength as a high amount of intensity in just one pulse. Studies in 
this technique showed that the PUV method could be more effective 
than continuous UV radiation in the production of vitamin D2. For 
example, Kelaras et al. (2012) demonstrated that they reached a 
maximum level of vitamin D2 after 12 pulses treatment in just a few 
seconds. Although this approach is effective and safe, the high cost of 
PUV instruments could be a limiting factor for use in mass production by 
growers, especially in developing countries (Kalaras et al., 2012; 
Koyyalamudi et al., 2011). 

4.6. Stability of vitamin D2 produced in the A.bis mushrooms by UV 
irradiation under different storage condition and cooking processes 

To determine the stability of produced vitamin D2 in mushrooms, it 
was compared using different storage methods rather than comparing 
the effect of storage time on vitamin D2 content. Since mushrooms are 
classified as perishable foods, they have a limited shelf life whether at 
room temperature or in the fridge. Therefore, the stability test was 
conducted after 24 h retention in room temperature, 7 d in cold storages, 
and after cooking processes. 

In a study by Ložnjak and Jakobsen (2018) on the retention of 
bio-fortified white button mushrooms after household cooking, the 
vitamin D2 retention was evaluated in fried mushrooms between 81 and 
88%, but in boiled mushrooms, the true retention was measured 62%. 
However, we did not meet a significant difference between the two 
methods of roasting and boiling, the retention of our bio-fortified 
mushrooms was 92% and 94%, clearly more than the described study. 
In another study by Matilla et al. (1999), vitamin D stability was 

measured in two types of wild mushrooms after frying. In the first type 
(C. Cibarius) the ergocalciferol retention was reported 86.5% and in the 
second type (C. Tubaeformis) the retention was calculated 99%; these 
results were more similar to our experiment. Jakobsen and Knuthsen 
(2014) also demonstrated a retention of 73% and 89% of vitamin D2 in 
different type of bread (Jakobsen & Knuthsen, 2014; Ložnjak & Jakob
sen, 2018; Mattila et al., 1999). Overall, it is concluded that vitamin D2 
content of irradiated mushrooms is almost stable during the cooking 
processes. 

Contrary to our result, Koyyalamudi et al. (2009) reported that 
vitamin D2 produced in A.bis mushrooms under the UV-C irradiation is 
stable after 8 d of shelf life at the room temperature and at 4 ◦C. The 
decreasing trend at cold storage temperatures observed in our study was 
similar to the results of Robert et al. (2008) by the first-order kinetics. 
According to these authors, vitamin D2 content of UV-B treated mush
rooms with doses of 1 kJ m− 2 and 1.5 kJ m− 2 reduced after 4 d in the 
fridge (Koyyalamudi et al., 2009; Roberts et al., 2008). 

5. Conclusion 

It could be concluded that between the two wavelengths of UV-B and 
UV-C, UV-B produced a greater level of vitamin D2 with an output peak 
of 312 nm in mushrooms. In the orientation test, it was demonstrated 
that the sliced group and oblique group generated a higher amount of 
vitamin D with both UVB and UVC lamps, which indicates the positive 
effect of widening the exposure area. The findings of this article revealed 
that the optimum temperature of vitamin D2 formation is 27 ◦C. The 
reduction of the distance to 30 cm with the intensity of 3.5 W m− 2, 
generated a greater level of vitamin D2, therefore, it could be deduced 
that the intensity of radiation considerably effects on vitamin D2 for
mation. The maximum ergosterol conversion to vitamin D2 was 
observed after 90 min of exposure and then photodegradation occurred. 
Vitamin D2 which was produced in mushrooms was remained stable 
after 24 h.at room temperature and after the cooking processes. How
ever, it was reduced about 50% after 7 days of cold storage in the fridge 
and freezer; the observed reduction has a positive relationship with the 
storage temperature. 
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’Sterol and vitamin D2 concentrations in cultivated and wild grown mushrooms: 
Effects of UV irradiation. LWT-Food Science and Technology, 40, 815–822. 

Urbain, Paul, Singler, Fabian, Gabriele Ihorst, Biesalski, Hans-Konrad, & Bertz, Hartmut 
(2011). ’Bioavailability of vitamin D 2 from UV-B-irradiated button mushrooms in 
healthy adults deficient in serum 25-hydroxyvitamin D: A randomized controlled 
trial. European Journal of Clinical Nutrition, 65, 965–971. 

Urbain, Paul, Valverde, Juan, & Jakobsen, Jette (2016). ’Impact on vitamin D 2, vitamin 
D 4 and agaritine in Agaricus bisporus mushrooms after artificial and natural solar UV 
light exposure. Plant Foods for Human Nutrition, 71, 314–321. 

Wu, Wei-Jie, & Ahn, Byung-Yong (2014a). ’Statistical optimization of ultraviolet 
irradiate conditions for vitamin D2 synthesis in oyster mushrooms (Pleurotus 
ostreatus) using response surface methodology. PLoS One, 9. 

S. Salemi et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0023-6438(20)31390-6/sref1
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref1
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref2
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref2
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref2
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref3
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref3
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref4
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref4
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref4
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref5
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref5
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref5
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref5
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref6
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref6
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref6
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref7
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref7
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref7
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref9
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref9
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref9
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref9
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref10
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref10
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref10
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref10
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref11
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref11
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref11
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref12
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref12
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref12
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref13
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref13
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref13
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref14
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref14
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref15
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref15
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref15
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref16
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref16
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref17
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref17
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref17
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref17
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref18
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref18
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref18
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref18
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref19
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref19
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref19
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref19
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref20
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref20
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref20
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref21
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref21
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref21
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref21
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref22
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref22
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref22
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref23
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref23
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref24
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref24
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref24
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref25
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref25
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref25
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref26
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref26
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref26
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref26
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref26
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref27
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref27
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref27
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref28
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref28
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref29
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref29
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref29
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref29
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref30
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref30
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref30
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref30
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref31
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref31
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref31
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref32
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref32
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref32
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref34
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref34
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref34
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref34
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref35
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref35
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref35
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref36
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref36
http://refhub.elsevier.com/S0023-6438(20)31390-6/sref36

