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ARTICLE INFO ABSTRACT

Keywords: Vitamin D deficiency is a global issue that requires attention, given its essential functions in the human body. The
UVB synthesis of vitamin D3 in the human skin is subject to limitations related to the availability of UV radiation,
Lumisterol which can be particularly limited at higher latitudes, especially during the winter months. Additionally, vitamin
F(r:;f)l;zs::?flerol D3 can be acquired through diet. Given that most vitamin D sources are animal-based, the discovery of vitamin
Photochemical reactions D3 in plants is of particular interest to those following vegan or vegetarian diets. While the characteristics of
Model system vitamin D biosynthesis in the human skin are well established, there is a lack of knowledge regarding biosyn-
thesis in plants. This study aimed to evaluate the influence of several factors, including light, temperature, and
plant matrix compounds, on the vitamin D3 conversion reaction. The formation of previtamin D3 from 7-dehy-
drocholesterol (7-DHC) was demonstrated to be dependent on UVC and UVB light, while the subsequent for-
mation of vitamin D3 from previtamin D3 was shown to be dependent on temperature. Exposure to longer UV
wavelengths led to a relative increase in lumisterol content. Furthermore, a concentration-dependent effect of
UV-absorbing compounds was observed. These novel insights into the formation of vitamin D3 will underpin

future strategies aimed at optimising vitamin D3 content in crop species.

1. Introduction

The issue of adequate human nutrition remains unsolved, with the
prevalence of undernourishment increasing from 8.0 to 9.8 % of the
world population between 2019 and 2021 [1]. Malnutrition can result
not only from a lack of food, but also from an insufficient supply of
essential nutrients. Vitamin D deficiency is a global issue, with
approximately 40 % of the European population being deficient in this
vitamin [2].

Vitamin D is the only vitamin that can be synthesised by the human
body and is therefore classified as a pseudo-vitamin. It is vital for the
normal functioning of human physiology, specifically impacting the
processes of calcium and phosphate metabolism [3,4]. Hypovitaminosis
can result in rickets (a condition affecting children) and osteomalacia (a
condition affecting adults), as well as the decalcification of bones [5].
Vitamin D hypervitaminosis can also occur, but only following excessive
intake of vitamin D (mostly through supplements). Such hypervita-
minosis can lead to hypercalcaemia, osteoporosis and renal failure [2].

Vitamin D exists in several chemical forms, the most common of
which are vitamin D3 (cholecalciferol) and vitamin Dy (ergocalciferol)
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[6]. The structural difference between the two forms of vitamin D is a
double bond and a methyl group on the carbon chain moiety of vitamin
D, which is lacking in vitamin Ds. These structures originate from
different precursor molecules. Vitamin D3 is synthesised from 7-dehy-
drocholesterol (7-DHC), whereas vitamin D5 is synthesised from ergos-
terol [3].

Ultraviolet (UV) light is essential for the conversion of vitamin D3
precursor molecules into vitamin D3z and is categorised into three
distinct wavelength zones: UVC (200-280 nm), UVB (280-325 nm) and
UVA (325-380 nm). While all UV radiation has the potential to be
harmful to human and plant cells, the shorter UV wavelengths contain
more energy per photon and are more harmful to organisms. To date,
UVB light is reported to be the most effective wavelength-band for
driving the conversion reaction of provitamin D3 to vitamin D3 [6].

In humans, the synthesis of vitamin D3 occurs when UVB light from
the sun reaches the epidermal layer of the skin, inducing the synthesis of
vitamin D3 [7]. Following the conversion of 7-DHC to vitamin D3, the
latter undergoes further hydroxylation to yield the bioactive forms
calcifediol and calcitriol. The efficacy of the reaction in the skin is
contingent upon a number of factors, including the skin phototype and
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age of the individual, as well as environmental variables such as latitude,
seasonality and UV intensity and dose [8]. For example, during the
winter months the UVB intensity at latitudes above 35° (north and
south) is inadequate for the endogenous conversion of vitamin Ds.

Vitamin D3 can also be obtained from animal-based foods including
fatty fish, eggs, and cod liver oil, which all have a high content. Addi-
tionally, vitamin Dy is biosynthesized in mushrooms as a result of UV
exposure. Moreover, consumption of fortified foods, the best known of
which is vitamin D fortified milk, can also help to avoid/treat Vitamin D
deficiency [9]. The recommended daily vitamin D intake in the absence
of endogenous vitamin D synthesis is 20 ug day’, as outlined in the New
Reference values for Vitamin D by the German nutrition Society (DGE)
[10]. The No Observed Adverse Effect Level (NOAEL) is 250 pg day'1 as
outlined by the EFSA Panel on Dietetic Products, Nutrition and Allergies
(EFSA, 2021) [5].

As interest in vegetarian and vegan diets continue to grow, the
importance of plant sources of vitamin D is becoming increasingly
apparent. It has been demonstrated that plants can accumulate and
contain vitamin D3, vitamin Ds (sitocalciferol) and vitamin D; (campe-
calciferol) [11]. So far, especially plants of the Solanaceae family, such as
tomatoes, have been shown to contain vitamin D derivates [6].
Biosynthetically, 7-DHC is produced as part of phytosterol metabolism,
specifically in the pathway from cycloartenol to cholesterol [6]. During
exposure to UV light, 7-DHC is not only enzymatically converted to
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(Provitamin D,) H4C

CHy>
' CHs

CH
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cholesterol, but also photochemically converted to vitamin D3 [6]. The
precise relationship between the enzymatic and photochemical re-
actions during UV treatment is not yet fully understood. A study con-
ducted by Li et al., (2022) [12] demonstrated that genetically modified
tomatoes with higher 7-DHC content exhibited enhanced vitamin D3
content following UV treatment.

The synthesis of vitamin D3 from 7-DHC in humans is relatively well
understood [7,13]; however, the location of vitamin D3 synthesis in
plants, and its potential function, remain poorly understood [6]. It is also
largely unknown how vitamin D3 synthesis is affected by other meta-
bolic changes in UV exposed plants. For example, in response to UV
light, a plant accumulates UV-absorbing and antioxidant compounds to
prevent UV penetration and damage. UV absorbing compounds, such as
flavonoids, are localised in the leaf epidermis and chloroplast membrane
[14]. Thus, it can be speculated that plant UV protection will, in turn,
negatively affect the synthesis of vitamin D3 in plants. Similarly, com-
pounds with antioxidative properties are distributed throughout plant
cell compartments [15], rendering them highly probable to interact with
the vitamin D synthesis.

From a chemical perspective, the vitamin D3 conversion reaction can
be divided into two distinct phases. The initial step is the B-ring-opening
reaction of 7-DHC to previtamin D3, which is photochemically driven by
UV radiation (Fig. 1) [16]. Subsequently, the [1, 7]-sigmatropic
hydrogen shift of previtamin D3 to vitamin D3 is thermally driven

o Q
T

HO

OH

Tachysterol,

Previtamin D,

CHjy

Vitamin D,
(Cholecalciferol)

Fig. 1. Vitamin D3 conversion reaction adapted from Okamura et al., (1993) [16].
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[16]. The yield of vitamin D3 is contingent upon the efficiency of both
steps of the conversion process. Once a balance between previtamin D3
and vitamin D3 is reached, the content of vitamin Dj3 is stable.
Furthermore, the occurrence of reaction by-products cannot be ruled
out. 7-DHC can be photochemically converted to lumisterols and pre-
vitamin D3 can be thermally converted to tachysterols, which are the
trans- and cis-isomers of 7-DHC and previtamin D3, respectively [16,17].
The quantity of by-products generated can influence the yield of vitamin
Ds. These photo- and thermochemical conversion reactions are critical
in determining vitamin D3 content yet have only been characterised for
human skin. It is currently unknown how these reactions determine in
planta vitamin D3 accumulation.

The aim of this study was to investigate the kinetics of vitamin D3
synthesis reactions using varying levels of UV light and temperature. In
addition, the influence of UV absorbing, and antioxidant compounds
was evaluated using an in vitro system. The characterisation of vitamin
D3 biosynthesis reaction provides novel insights that can be used as a
starting point to understand vitamin D3 synthesis and accumulation in
plants.

2. Material and methods
2.1. Chemicals

L-ascorbic acid (99 %), caffeic acid, cholecalciferol (vitamin Ds), p-
coumaric acid, 7-dehydrocholesterol (7-DHC), trans-ferulic acid, gallic
acid, isopropanol (for HPLC, 99.9 %), reduced l-glutathione, and quer-
cetin (95 %, HPLC grade), were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Acetonitrile (HPLC grade) and methanol
(HPLC grade) were purchased from Fisher Scientific (Dublin, Ireland).
Tachysterols (80 %) and lumisterols (<90 %) were purchased from
Toronto Research Chemicals (North York, Canada).

2.2. Experimental design: in vitro study

An in vitro system was developed to study how the vitamin D3 con-
version reaction is influenced by various factors namely, UV exposure
conditions, PAR background, temperature and plant matrix compounds.
This system monitored the conversion of 7-DHC into vitamin D3 using a
stock solution of 7-DHC in isopropanol (5 mg ml!) as a substrate for the
reaction. The experiments were performed in two stages. Firstly, the
reaction was performed in open, square 25-well plates (Fisher Scientific,
Dublin, Ireland) for the UV exposure stage and secondly in closed 2 mL
microtubes (Fisherbrand, Fisher Scientific, Dublin, Ireland) for the
temperature incubation stage. In all experimental setups, UV exposure
was performed using broadband TL12 lamps (BB) (40 W, Phillips,
Amsterdam, The Netherlands), except for the narrowband UV exposure,
which was performed with TLO1 lamps (NB) (315 nm, 40 W, Phillips,
Amsterdam, The Netherlands). The experiments were conducted
without a UVC blocking filter, unless otherwise stated. The light emis-
sion spectrum as well as the intensity of both UV lamps were measured
with a FLAME-T-UV-VIS-ES spectroradiometer (Ocean Insights, Duiven,
The Netherlands) (Fig. Sla, c). Each experiment was performed at least
twice and with four to five replicate reaction vessels per experiment.
After the UV exposure, samples were incubated at 40 °C for 2 h, unless
otherwise stated.

2.2.1. Influence of UV dose

The samples containing the 7-DHC standard were exposed to four
different UV intensities (UV1, UV2, UV3 and UV4) for three irradiation
durations, resulting in twelve UV doses (Table 1). The set-up was such
that the distance between the samples and the UV lamps varied, there-
fore the temperature was also measured and was found to vary between
UV1 (25 °C) and UV4 (31 °C).
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Table 1
UV intensities and dose for TL12 lamps.

Irradiation duration [min] UV intensity [mW m?] UV dose [kJ m]

Uuvil 120 4.5 32.4
240 4.5 64.8
360 4.5 97.2
uv 2 120 7 50.4
240 7 100.8
360 7 151.2
Uuvs3 120 11.4 82.08
240 11.4 164.16
360 11.4 246.24
Uv 4 120 15.8 113.76
240 15.8 227.52
360 15.8 341.28

2.2.2. Influence of UV spectrum and PAR background

Samples were exposed to UV light of different spectra emitted from
TL12 lamps by means of different UV filtering films. The cellulose ace-
tate filter (95 pm thickness; Kunststoff Folien Vertrieb GmbH, Hamburg,
Germany) blocks mainly UVC light and emission is referred to as UVAB;
the mylar (MY) filter (125 um thickness; Tocana Ltd., Dublin, Ireland)
blocks UVC and UVB light and emission is referred to as UVA; and the
LEE filter (80 um thickness; 226R LEE filter U.V., from QLX Lighting
Ltd., Dublin, Ireland) blocks all UV light and emission is referred to as
noUV (Fig. S1 and S2). The transmission of the filters was measured
using a spectrophotometer (Genesys 50, Fisher Scientific, Dublin,
Ireland) (Fig. S2). Spectra, of TL12 lamps with the different filters were
measured with a FLAME-T-UV-VIS-ES spectroradiometer (Fig. S1b, d,
e). The UV intensities for the no filter (UVABC), cellulose acetate
(UVAB), mylar (UVA) and noUV covered lamps were 11.1 mW m'2, 10
mW m'2, 6 mW m™ and, 0 mW m'z, respectively, with a radiation
duration of 2h (UV dose: 130 kJ m'z, 125kJ m'2, 66 kJm2and 0 kJm2).
To study the influence of the Photosynthetic Active Radiation (PAR)
background, the samples were exposed to UV with and without addi-
tional PAR light. PAR intensities were measured using a PAR meter
(SKR100, Skye instruments, Wales, UK) and were as follows: UVABC,
169 pymol m? s; UVAB, 165 umol m2 sl UVA, 155 umol m?2s?; and
noUV, 160 umol m?2st

2.2.3. Comparison of narrowband UVB vs. broadband UV light

To further investigate the influence of the UV spectrum, the samples
were exposed to UV using either a narrowband (NB) TLO1 UVB lamp
(315 nm) or a broadband UV (BB) TL12 (Fig. Sla, c). The UV intensity
for both lamps was set to 10 mW m2 (72 kJ m?) and the samples were
exposed for 2 h. The temperature was monitored during UV exposure
and was found to be: 23.3 + 0.2 °C for NB and 23.8 + 0.5 °C for BB.

2.2.4. Influence of temperature post UV exposure

To study the influence of the temperature on the conversion of pre-
vitamin D3 to vitamin D3, samples containing 7-DHC were exposed to
broadband UV at 15.0 mW m™ (108 kJ m?) for 2 h (mean temperature
29 °C) and then incubated at one of five temperatures: 4 °C, room
temperature (RT), 30 °C, 40 °C, and 50 °C. RT was measured throughout
the experimental period and averaged 19 °C. Samples were collected at
eight time points over a 6-day experimental period at 0 h, 1 h, 4 h, 6 h,
24 h, 48 h, 72 h and 144h

2.2.5. Influence of temperature during UV exposure

To study the influence of temperature during UV exposure, samples
were exposed to broadband BB UV (7 mW m?for2h, 84 kJm?) ina
heated water bath. A control, without an elevated temperature (7.7 mW
m? for 2 h, 92.4 kJ m2), was set up with the same UV lamps. Tem-
perature was measured both in the heated water bath (38.6 + 0.4 °C)
and the unheated control (29.2 + 1.3 °C). To account for potential dif-
ferences in evaporation from the open vessels at the two temperature
regimes, the experiment was repeated without UV light exposure and a
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reference factor was calculated for the control vs. heated water bath (39
°C). Additionally, after the UV exposure the samples were incubated at
40 °C for 2 h During this incubation the samples were sealed and thus no
evaporation occurred. Samples were collected both before and after the
incubation period (before IC, after IC respectively).

2.2.6. Influence of UV absorbing compounds

To study the influence of plant UV-absorbing compounds on the
vitamin D3 conversion reaction, four different UV absorbing compounds
(quercetin, QCT; caffeic acid, CA; p-coumaric acid, pCoA and, ferulic
acid, FA) were added to the in vitro system. The compounds were added
in five different concentrations ranging from 0.75 mg mL™ to 7.5 mg mL’
! while the 7-DHC concentration was kept at 5 mg mL™. As a control, 7-
DHC (5 mg mL™') was added to the system without any added UV-
absorbing compound. The samples were exposed to 15 mW m™ (110
kJ m’z) BB UV radiation for 2 h The levels of 7-DHC, previtamin D3 and
vitamin D3 were measured before and after UV exposure.

2.2.7. Influence of antioxidative compounds

To study the influence of plant antioxidant compounds on the
vitamin D3 conversion reaction, four different compounds with antiox-
idant activity (ascorbic acid, AC; dehydroascorbic acid, DHA; gallic acid,
GA; 1-glutathione reduced, GSH) were added to the in vitro system. AC,
DHA, and GSH were freshly dissolved in water and added to the 7-DHC
solution, resulting in a concentration of 1.5 mg mL™! for the antioxidant
compounds and a concentration of 3.3 mg mL™ for 7-DHC. The control
contained the same water/isopropanol ratio (30 % v/v) and 7-DHC
concentration, and no antioxidant was added. Gallic acid was added in
five different concentrations increasing from 0.75 mg mL™ to 7.5 mg mL’
! while the 7-DHC concentration was 5 mg mL . GA was dissolved in
isopropanol and 7-DHC was directly added to this solution. The samples
were exposed to BB UV light for 2 h at 12 mW m (87 kJ m2). The 7-
DHC, previtamin D3 and vitamin D3 contents were measured before
and after UV exposure

2.3. Determination of sterols

All samples were filtered through a PTFE filter (Fisherbrand, Fisher
Scientific, Dublin, Ireland) and then transferred to HPLC vials and
measured immediately. The measurement was performed on an Agilent
1290 Infinity II HPLC equipped with a DAD detector (Agilent Technol-
ogies, Schnelldorf, Germany). The chromatographic separation was
performed using an Ascentis C18 column (150 mm x 4.6 mm, 3 pm;
Supelco, Sigma Aldrich Intl GmbH, Schnelldorf, Germany) and a mobile
phase containing 95 % A: ACN (+0.1 % H30) and 5 % B: MeOH. The
flow rate was set to 1.1 ml min™ and an isocratic elution was used. 7-
DHC was quantified at 282 nm and vitamin D3 and pre-vitamin D3 at
265 nm. Identification and quantification were based on an external
calibration with authentic standards of 7-DHC, vitamin Ds, tachysterols
and lumisterol; (Fig. S3).

2.4. Statistical analysis

Statistical differences were tested using either a student’s t-test, a 1-
way ANOVA or a 2-way ANOVA followed by the appropriate post-hoc
test (indicated in each figure) (p < 0.05) applied to the data. Correla-
tion analyses were performed using Pearson’s method. Data are pre-
sented as means + SEM, unless otherwise stated.

3. Results
3.1. Influence of light on the vitamin D3 conversion reaction
3.1.1. Influence of UV dose

The influence of the UV dose (intensity x duration) on the vitamin D3
conversion reaction was determined. Firstly, 7-DHC was exposed to four
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different UV intensities for three different irradiation durations. The
findings revealed a decreasing 7-DHC content with an increasing UV
dose, whereas the levels of pre- and vitamin D3 content demonstrated a
more complex dose-response curve (Fig. 2). Previtamin D3 and vitamin
D5 contents increased up to a UV dose of 82 kJ m™? and 65 kJ m?,
respectively. However, UV doses above 151 kJ m™ led to a decrease in
vitamin D3 and previtamin D3 content. Overall, correlation analysis
revealed a negative correlation between the UV dose and the content of
the three compounds (Fig. S4a-c). While the decrease of 7-DHC content
with an increasing UV dose can be explained by the conversion reaction,
vitamin D3 content was shown to be lowered by high doses of UV
exposure (Fig. S4). Lumisterols content increased at UV doses up to 164
kJ m™2 and then decreased rapidly, whereas tachysterol; was only pre-
sent at UV doses from 228 kJ m™ upwards (Fig. S4d).

In summary, a higher UV dose does not automatically lead to a
higher vitamin D3 content, the most efficient UV dose was found to be
between 82 kJ m? and 151 kJ m™%.

3.1.2. Influence of UV light spectra altered using filters

In addition to the UV dose, the UV spectrum was hypothesised to be
an important factor for the conversion of 7-DHC into vitamin Dj3. To
investigate the influence of the UV spectrum on the vitamin D3 con-
version, three UV-blocking filters (cellulose acetate — UVAB; mylar —
UVA and UV blocking LEE filter - noUV) were used as well as no filter
treatment (UVABC) (Fig. S1 and S2). UVABC showed the lowest content
of 7-DHC, corresponding to the highest content of previtamin D3 and
vitamin D3 (Fig. 3). This was followed by UVAB treatment, which
showed a higher content of 7-DHC compared to UVABC, but a lower 7-
DHC content compared to UVA and noUV treatments. The lower 7-DHC
content of the UVAB treatment was reflected in higher previtamin D3
and vitamin D3 contents. UVA and noUV treatments showed almost no
pre- and vitamin D3 content, while UVA showed a significantly lower 7-
DHC content than noUV.

In summary, the highest content of pre- and vitamin D3 can be found
when no filters were applied (UVABC). UVA and noUV treatments
proved to be ineffective for vitamin D3 conversion.

3.1.3. Influence of background PAR light

To explore the influence of background PAR light on vitamin D3
conversion, the same experimental setup as used for determining the
effect of UV spectra was repeated with and without PAR light (-PAR,
+PAR). To account for the heat generated by the additional light sour-
ces, the temperature was measured over the experimental period for
both setups (Fig. S6). The 7-DHC content was higher without additional
PAR (-PAR) light for all filters (Fig. 4a). Since the content of pre- and
vitamin D3 was very low under UVA and noUV treatments, no significant
differences were observed between -/+ PAR. Under UVABC and UVAB
treatments, higher previtamin D3 contents were found in -PAR and this
was matched by a higher vitamin D3 content under UVABC (Fig. 4c, d).
The lumisterols content was increased under additional PAR light at
UVAB (Fig. 4b).

In summary, additional PAR has an influence on the vitamin D3
conversion in such a way that more 7-DHC is converted in the presence
of PAR, while effects on pre- and vitamin D3 content are modest.

3.1.4. Comparison of narrowband vs. broadband UV light

To study the differences between broadband and narrowband UV,
samples were exposed to either a NB UV lamp (max. ABS: 315 nm) or a
BB UV lamp (max. ABS: 300 - 325 nm). The content of previtamin D3 and
vitamin D3 was 5.3- and 6.4-fold higher under the BB lamps compared to
the NB lamps (Fig. 5¢c, d). This was also reflected in the yield, with the
reaction under BB converting 4 % of 7-DHC into vitamin D3, 21 % into
previtamin D3, 17 % into lumisterols and 58 % into unknown reaction
products. The reaction under NB UV converted only 1 % of 7-DHC into
vitamin Dg, 4 % into previtamin D3, 10 % into lumisterols, but into 85 %
of unknown reaction products (Fig. 5e).
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In conclusion, the conversion of vitamin D3 from 7-DHC was less
effective under NB UV light than under BB UV light.

3.2. Influence of temperature on the conversion reaction

3.2.1. Effect of temperature post UV radiation on the conversion of
previtamin D3 to vitamin D3

To test the influence of temperature on the conversion of previtamin
D3 to vitamin D3, previously UV-exposed 7-DHC samples were incubated
at different temperatures for a period of up to 144 h. The results showed
that the previtamin D3 content decreased with increasing temperature
and time, corresponding to the increase in vitamin D3 content (Fig. 6b,
c). Depending on the temperature, the equilibrium of the reaction was
reached after a certain time point. The higher the temperature, the faster
the equilibrium was reached. At both 40 °C and 50 °C, the highest
content of vitamin D3 was reached after 48 h The greatest differences in
vitamin D3 content were found between 4 °C and 20 °C, with up to 3.5-
fold higher vitamin D3 content at 20 °C.

In summary, a higher temperature increases the conversion rate of
previtamin D3 to vitamin D3 (Table S1).

3.2.2. Interaction of UV light and temperature on the conversion reaction

To test the hypothesis that an elevated temperature during UV
exposure affects vitamin D3 conversion, the samples were exposed to UV
light at 39 °C in a heated water bath. This was compared to the control
condition. The results showed no effect of increased temperature on 7-

DHC, lumisterolg and previtamin D3 contents either during the UV
treatment or the subsequent incubation period (Fig. 7a, b, ¢). However,
the vitamin D3 content was increased by 4-fold after UV exposure in a
heated water bath (39 °C) (Fig. 7d, before IC). In comparison, the in-
crease of vitamin D3 content when samples were incubated at 40 °C after
the UV-treatment, was 2-fold (Fig. 7d, after IC). This is also reflected in
an increased reaction rate at 40 °C (Table S2). To exclude any side effects
of the temperature, not converted 7-DHC samples (i.e. those that had not
been UV exposed) were heated at 40 °C and no changes were observed
(Figure S7).

In summary, increased temperature increases the reaction rate and
therefore the vitamin D3 content during UV exposure.

3.3. Influence of plant matrix compounds on the conversion of vitamin D3

3.3.1. Influence of UV-absorbing compounds

To explore the influence of UV-absorbing compounds on the vitamin
D3 content, four different UV-absorbing compounds were added to the in
vitro system in five different concentrations while the initial 7-DHC
concentration remained constant. All absorbing compounds influenced
the pre- and vitamin D3 content (Fig. 8). The addition of quercetin
increased the pre- and vitamin D3 content at the lowest concentration
but decreased the pre- and vitamin D3 content at the three highest
concentrations compared to the control (Fig. 8a). p-Coumaric, caffeic,
and ferulic acid decreased the pre- and vitamin D3 content at all con-
centrations (Fig. 8b, c, d). Correlation analysis revealed a negative
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correlation between the concentration of the UV-absorbing compounds
and the pre- and vitamin D3 content (Table S3). Thus, a higher con-
centration of UV-absorbing compounds leads to a lower vitamin Dg
content. The lumisterols content was reduced compared to the control
for all additions of UV-absorbing compounds. For p-coumaric, caffeic
and ferulic acid additions, lumisterol; was formed only at the two
highest concentrations. When quercetin was added, lumisterols was also
formed at intermediate concentrations.

In summary, UV-absorbing compounds influence the vitamin D3
conversion depending on their concentration in the in vitro system.

3.3.2. Influence of antioxidative compounds

To investigate the influence of antioxidants on the vitamin D3 con-
version, different antioxidative compounds were added to the in vitro
system. In the first experiment, three different antioxidative compounds
(AC, DHA and GSH) were added and their effects compared to a control
with no added antioxidative compounds but the same 7-DHC concen-
tration. In a second experiment, gallic acid was added at five different
concentrations and a zero-concentration was used as a control.

Firstly, the yield of vitamin D3 increased with the addition of AC and
particularly with a combination of AC+GSH (Fig. 9a). Previtamin D3
content was decreased by GSH and DHA additions compared to the
control (Fig. 9b).

Secondly, the effects of gallic acid (GA) on previtamin D3 and
vitamin D3 differed. While the content of previtamin D3 showed a
decrease with increasing GA concentrations, the yield of previtamin D3
remained consistent across all concentrations (Fig 9¢c, Fig S9a). This was
also demonstrated by a negative correlation between previtamin D3
content and GA concentration, and by the absence of a correlation be-
tween previtamin D3 yield and GA (Table S4). This can be explained by

changes in the converted 7-DHC, which displayed a negative correlation
with the GA concentration (Figure S9b, Table S4). In contrast, no cor-
relation was observed between vitamin D3 content and GA concentra-
tions (Fig. S9c, Table S4). Conversely, an increase in vitamin D3 yield
was noted with increasing GA concentrations (Fig. S9a). Similarly,
lumisterol; and tachysterols showed a GA concentration-dependent
change in content. However, lumisterols content decreased with
increasing GA (Fig. 9d), whereas tachysterols increased with increasing
GA. Digging deeper, the yield of vitamin D3 and previtamin D3 was
influenced in different ways (Figure S9a).

4. Discussion

The aim of this study was to investigate the effect of various factors
on the kinetics of vitamin D3 conversion in an in vitro system, as a model
to gain insight into in vivo plant studies. The initial step involved
investigating, the influence of UV and PAR light. Secondly, the influence
of temperature and thirdly, the influence of plant matrix compounds was
investigated. In accordance with the literature, it was demonstrated that
the initial reaction from 7-DHC to previtamin D3 is a UV-driven reaction,
while the subsequent reaction from previtamin D3 to vitamin D3 is a
thermal-driven reaction [16].

4.1. Influence of light

The first investigation indicated the presence of a complex dose-
response curve, with UV light exerting distinctive effects on vitamin
D3 accumulation at low doses, in comparison to high doses. A narrow
range of efficacious doses was identified. The complex dose-response is
likely caused by competing UV effects. Firstly, the reaction requires a
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certain amount of activation energy, which must be reached. Lower
doses are unable to reach the requisite energy level, rendering them
insufficient. Secondly, at higher doses, UV radiation results in a deple-
tion of vitamin D3 (Fig. S5). The photodegradation of vitamin D3 was
reported for sunlight, and the main products of photolysis were identi-
fied as suprasterols and trans-vitamin D3 [18]. Furthermore, the

formation of lumisterols and tachysterols was observed to be dependent
on UV dose. This is consistent with previous literature, which demon-
strated the formation of lumisterol, and tachysteroly during UV radia-
tion [17]. The formation of lumisterols was observed to occur at lower
UV doses, with the extent of this occurrence dependent on the 7-DHC
content. This indicates that lumisterols is derived from 7-DHC. At the
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higher UV doses, tachysterols is formed from previtamin Ds. However, it
is also possible that tachysterols is formed from lumisterols.

In terms of spectral responses, the maximal yield was achieved in the
absence of any filter, which means that samples were exposed to a UVA,
UVB and the small amount of UVC emitted by UVB tubes. The cellulose
acetate filter is designed to filter-out UV light with a wavelength below
300 nm, which results in a reduction in the availability of shorter
wavelength UV light [19]. As the small amount of UVC corresponds to
the maximal absorbance of 7-DHC around 270-280 nm [20], filtering
out these wavelengths with a cellulose acetate filter results in a de facto

reduction in the efficacy of the conversion of 7-DHC to previtamin D3. In
plant photobiology the cellulose acetate filter is typically employed to
exclude UVC, and hence deleterious effects on plants. Thus, there is a
conflict-of-interest between induction of vitamin D3, and prevention of
plant stress. Nevertheless, recent studies have demonstrated the poten-
tial of UVC radiation in plant cultivation, particularly for enhancing
stress tolerance and reducing pest infestation [21,22].

UVB in the presence of the cellulose acetate filter also effectively
mediates conversion of 7-DHC to vitamin D3. However, the results
clearly demonstrated that UVA (in the presence of a mylar filter)
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exhibited a markedly inefficient performance, resulting in a 300-fold
lower vitamin D3 content relative to the corresponding UVABC
treatment.

A comparison of the UV spectra also revealed that broadband UVB
spectra were more efficacious than narrowband spectra in driving for-
mation of vitamin Ds. As equal intensities were used, this difference can
be attributed to the differing wavelengths. The TLO1 lamp exhibits a
peak intensity at 315 nm and lacks UV light below 300 nm, whereas the
broadband lamp emits irradiance below 300 nm (Fig. S1). Thus, these
data are consistent with those obtained through the use filters, which
shows the relative effectiveness of shorter UV wavelengths in driving
vitamin D3 formation. However, it is noteworthy that the use of the
narrowband lamp resulted in a higher content of lumisterol; relative to
previtamin Ds. This suggests that at higher UV wavelengths, corre-
sponding to lower energy, the reaction is favoured in the direction of
lumisterol; rather than previtamin Ds, ie. a higher ratio between
lumisterols and previtamin Ds. This finding is consistent with the data
observed using different UV spectra, i.e. UVAB yields a lumisterols/
previtamin D3 ratio of 1:2.5 while in the absence of any filter the
lumisterols/previtamin Dg ratio is 1:4 (Table S5). When additional PAR
is used the lumisterols/previtamin D3 ratio is even smaller, 1:1.2 and
1:1.4 for UVAB and no filter, respectively. This means that the lower the
energy the more lumisterols relative to previtamin D3 is formed, which
suggest that higher energy/shorter wavelength are favourable to a
higher previtamin D3 content. Under a narrowband UV source, the
lumisterols content is lower compared to under a broadband UV source.
This is due to a higher yield of all vitamin D3 related compounds under a
broadband lamp. This leads to the hypothesis that a narrowband UVC

lamp, ideally with an emission peak at 275 nm the absorption maximum
of 7-DHC, could result in a higher yield of previtamin D3, due to a
decrease in the formation of lumisterols. The use of shorter wavelengths
and narrowband UV lamps, for example to increase disease resistance or
enhance metabolite profile [23], is an emerging field that is expected to
undergo significant development in the near future. The utilisation of
those narrowband UV LED lamps with an emission wavelength of
approximately 270 to 280 nm represents a promising avenue of research
on vitamin D3 metabolism.

Additional PAR light resulted in a reduction in the efficacy of the
vitamin D3 conversion process, accompanied by an increase in the
quantity of by-products. This indicates that a greater quantity of energy
in the visible wavelength range is responsible for the generation of by-
products rather than vitamin Ds. In detail, 7-DHC is converted to
lumisterols rather than to previtamin Ds. In conclusion, the additional
PAR results in a higher conversion of 7-DHC, but not in previtamin D3
content.

4.2. Influence of temperature

It was demonstrated that a higher temperature following UV treat-
ment resulted in a greater conversion of previtamin D3 to vitamin Ds.
This finding aligns with literature [24], which indicates that this stage of
the reaction is temperature-dependent. It can be shown that the reaction
follows the RTG rule, which states that with a 10 °C increase in tem-
perature, the reaction rate doubles. The reaction rate appears to be
slowing down over time, which suggests that an equilibrium may be
reached. An equilibrium is reached more rapidly at higher temperatures
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than at lower temperatures. In the context of human skin or plant
biology, the equilibrium of the reaction in question will most likely not
be reached, given that vitamin D3 is immediately bound to the vitamin D
binding proteins (in humans) or glycosides and esters (in plants) [6,24].
Tian et al. (2018) demonstrated that the conversion reaction from pre-
vitamin D3 to vitamin D3 in the human skin occurs at a faster rate than in
a hexane model system [24]. The authors postulate that this is caused by
the presence of highly ordered phospholipids in the human skin.
Furthermore, an elevated temperature during UV treatment leads to an
increased reaction rate and thus vitamin D3 yield with unchanged con-
tent of lumisterols. In the human skin, the body temperature is
approximately 36 °C, which is high in comparison to the typical tem-
perature of plants or mushrooms undergoing UV treatment. Further
studies should be conducted to investigate the influence of temperature
on vitamin D3 conversion in poikilothermous plants, temperatures of
which may vary widely.

4.3. Influence of plant matrix compounds

In considering the vitamin D3 conversion reaction in plants, it is
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important to recognise that exogenous and endogenous factors combine
to determine the reaction rate. In the case of the required UVB dose, both
endogenous and exogenous factors interact closely. Seasonal variations
in solar UVB can drive UV-acclimation responses that can, in turn, limit
penetration of UV into plant tissues [25]. The main absorbing com-
pounds in plants are derivatives of the phenylpropanoid pathway,
including flavonoids and phenolic acids. For the purpose of this study,
one flavonoid and three hydroxy-cinnamic acids were selected. It was
demonstrated that the UV-absorbing compounds result in a reduction in
the conversion of 7-DHC to previtamin Ds, with this effect being
concentration-dependent. A correlation with the absorption maximum
of the compounds was also noted, showing that UV-absorbing pigments
are more effective in decreasing 7-DHC conversion (p-coumaric acid >
ferulic acid > caffeic acid > quercetin) if their absorption maximum
matches the absorption maximum of 7-DHC (275 nm).

In plants, flavonoids are accumulated in the vacuoles of leaf
epidermal cells in order to protect underlying plant cells and tissues
against UV radiation [26]. However, the precise location of vitamin D3
synthesis within the plant cell remains unclear. Given that vitamin D3 is
linked to cholesterol biosynthesis, with 7-DHC acting as a precursor for
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cholesterol, it is possible that vitamin D3 synthesis may also occur where
cholesterol biosynthesis takes place. The DWARF5 enzyme, which con-
verts 7-DHC to cholesterol, was shown to be active in the endoplasmic
reticulum in Arabidopsis thaliana [27]. However, phytosterol biosyn-
thesis takes place also in the plasma membrane and the cholesterol and
phytosterol biosynthesis were shown to be linked and cholesterol is also
present in the plasma membrane [27-29]. In that instance, the uti-
lisation of a UV-absorbing compound would serve to influence the
synthesis of vitamin D3, given that a reduced quantity of UV light is
reaching 7-DHC molecules. As pre-treatment with red or far-red light has
been demonstrated to reduce the content of anthocyanins, chlorogenic
acid and flavonoid compounds in lettuce [30]. It is conceivable that a
pre-treatment with far/far-red light followed by UV light treatment
could enhance the efficacy of the vitamin D3 conversion reaction.
Further research is needed to unravel the precise location of the vitamin
D3 conversion reaction.

In addition to the aforementioned UV-absorbing compounds, anti-
oxidants represent a significant group of plant compounds that influence
chemical reactions. Ascorbic acid and dehydroascorbic acid, glutathione
and gallic acid are among the most prominent antioxidants in plants.
Consequently, we sought to investigate their influence on vitamin D3
production. Interestingly, ascorbic acid and glutathione had opposing
effects on vitamin D3 accumulation, despite both being reducing com-
pounds. However, glutathione had the same stimulatory effect on
vitamin D3 content as dehydroascorbic acid, which is the oxidized form
of ascorbic acid. The combination of ascorbic acid and glutathione was
found to balance their influence. Ascorbic acid is able to catalyse a
sigmatropic H-shift [31], which is necessary for the conversion of pre-
vitamin Dg to vitamin D3. Gallic acid demonstrated the capacity to exert
both UV-absorbing and antioxidative effects. As an absorbing compound
(260 nm) it inhibits the conversion of 7-DHC to previtamin D3. As an
antioxidant, it was found to favour the reaction of previtamin D3 to
vitamin Ds.

5. Conclusion

One advantage of in vitro studies is that they are not as constrained by
technical and/or ethical restrictions as studies on plants, humans and/or
human cell lines. The objective of this study was to characterise the
vitamin D3 conversion reaction under in vitro conditions to gain insight
in these reactions in plants, and to provide leads for future research in
food applications. It was demonstrated that a specific quantity of energy
is necessary to initiate the conversion reaction of 7-DHC to vitamin D3.
Furthermore, it was shown that shorter wavelengths facilitate this re-
action, while the addition of extra PAR light has the effect of reducing
conversion efficiency. It was demonstrated that an evaluated tempera-
ture is conducive to the reaction, which could be employed as either a
pre- or post-harvest treatment. These data emphasise the regulatory
complexity of the conversion of 7-DHC to vitamin Ds. It is likely that this
reaction is even more complex in vivo, where complex relationships
between phenylpropanoids, UVB penetration and the vitamin D3 con-
tent in plants can occur.

CRediT authorship contribution statement

Maria Fitzner: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing — original draft,
Writing — review & editing. Natalie Cunningham: Data curation,
Formal analysis, Writing — review & editing, Funding acquisition.
Marcel AK Jansen: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

11

Journal of Photochemistry and Photobiology 24 (2024) 100253
the work reported in this paper.
Funding

The financial support of Science Foundation Ireland (grant 16/1A/
4418) and Irish Research Council (grant GOIPG/2023/4071) is grate-
fully acknowledged.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.jpap.2024.100253.

Data availability
Data will be made available on request.

References
[1] FAO, Repurposing Food and Agricultural Policies to Make Healthy Diets More

Affordable, FAO, Rome, 2022.

K. Amrein, M. Scherkl, M. Hoffmann, S. Neuwersch-Sommeregger,

M. Kostenberger, A. Tmava Berisha, et al., Vitamin D deficiency 2.0: an update on

the current status worldwide, Eur. J. Clin. Nutr. 74 (2020) 1498-1513, https://doi.

org/10.1038/541430-020-0558-y.

H. Goring, Vitamin D in nature: a product of synthesis and/or degradation of cell

membrane components, Biochem. Moscow 83 (2018) 1350-1357, https://doi.org/

10.1134/50006297918110056.

N. Radlovic, M. Mladenovic, D. Simic, P. Radlovic, Vitamin D in the light of current

knowledge, Srp. Arh. Celok. Lek. 140 (2012) 110-114, https://doi.org/10.2298/

SARH1202110R.

EFSA Panel on Dietetic Products, Nutrition and Allergies, Scientific opinion on the

tolerable upper intake level of vitamin D, EFSA J. 10 (2012) 2813, https://doi.org/

10.2903/j.efsa.2012.2813.

R. Jépelt, J. Jakobsen, Vitamin D in plants: a review of occurrence, analysis, and

biosynthesis, Front. Plant Sci. 4 (2013), https://doi.org/10.3389/fpls.2013.00136.

B. Lehmann, M. Meurer, Vitamin D metabolism, Dermatol. Ther. 23 (2010) 2-12,

https://doi.org/10.1111/§.1529-8019.2009.01286.x.

C. Vergara-Maldonado, J.R. Urdaneta-Machado, The effects of latitude and

temperate weather on vitamin D deficiency and women’s reproductive health: a

scoping review, J. Midwifery Womens Health 68 (2023) 340-352, https://doi.org/

10.1111/jmwh.13516.

S.T. Itkonen, M. Erkkola, C.J.E. Lamberg-Allardt, Vitamin D fortification of fluid

milk products and their contribution to vitamin D intake and vitamin D status in

observational studies — a review, Nutrients. 10 (2018), https://doi.org/10.3390/

nul0081054.

German Nutrition Society, New reference values for vitamin D, Ann. Nutr. Metab.

60 (2012) 241-246, https://doi.org/10.1159/000337547.

Y. Tachibana, M. Tsuji, Structure-activity relationships of naturally occurring

active forms of vitamin D analogues, Atta-ur-Rahman (Ed.). Studies in Natural

Products chemistry: Bioactive natural Products (Part K), Elsevier, 2005,

pp. 483-513, https://doi.org/10.1016/51572-5995(05)80040-7.

J. Li, A. Scarano, N. Mora Gonzalez, F. D’orso, Y. Yue, K. Nemeth, et al.,

Biofortified tomatoes provide a new route to vitamin D sufficiency, Nat. Plants. 8

(2022), https://doi.org/10.1038/s41477-022-01154-6.

M. Shabhriari, P.E. Kerr, K. Slade, J.E. Grant-Kels, Vitamin D and the skin, Clin.

Dermatol. 28 (2010) 663-668, https://doi.org/10.1016/j.

clindermatol.2010.03.030.

J.B. Harborne, C.A. Williams, Advances in flavonoid research since 1992,

Phytochemistry 55 (2000) 481-504, https://doi.org/10.1016/50031-9422(00)

00235-1.

P. Das, K.K. Nutan, S.L. Singla-Pareek, A. Pareek, Oxidative environment and redox

homeostasis in plants: dissecting out significant contribution of major cellular

organelles, Front. Environ. Sci. 2 (2015), https://doi.org/10.3389/

fenvs.2014.00070.

W.H. Okamura, H.Y. Elnagar, M. Ruther, S. Dobreff, Studies of vitamin D

(calciferol) and its analogs. 44. Thermal [1,7]-sigmatropic shift of previtamin D3 to

vitamin D3: synthesis and study of pentadeuterio derivatives, J. Org. Chem. 58

(1993) 600-610, https://doi.org/10.1021/j000055a011.

K. Sommer, M. Hillinger, A. Eigenmann, W. Vetter, Characterization of various

isomeric photoproducts of ergosterol and vitamin D2 generated by UV irradiation,

Eur. Food Res. Technol. 249 (2023) 713-726, https://doi.org/10.1007/s00217-

022-04167-9.

A.R. Webb, M.F. Holick, The Role of Sunlight in the Cutaneous Production of

Vitamin D3, Annu. Rev. Nutr. 8 (1988) 375-399, https://doi.org/10.1146/

annurev.nu.08.070188.002111.

P.J. Aphalo, A. Albert, Beyond the visible: A handbook of Best Practice in Plant UV

Photobiology, 2nd ed., Helsinki: University, Department of Biosciences, Division of

Plant Biology, 2013.

(2]

[3]

[4]

[5]

[6]
71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]


https://doi.org/10.1016/j.jpap.2024.100253
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0001
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0001
https://doi.org/10.1038/s41430-020-0558-y
https://doi.org/10.1038/s41430-020-0558-y
https://doi.org/10.1134/S0006297918110056
https://doi.org/10.1134/S0006297918110056
https://doi.org/10.2298/SARH1202110R
https://doi.org/10.2298/SARH1202110R
https://doi.org/10.2903/j.efsa.2012.2813
https://doi.org/10.2903/j.efsa.2012.2813
https://doi.org/10.3389/fpls.2013.00136
https://doi.org/10.1111/j.1529-8019.2009.01286.x
https://doi.org/10.1111/jmwh.13516
https://doi.org/10.1111/jmwh.13516
https://doi.org/10.3390/nu10081054
https://doi.org/10.3390/nu10081054
https://doi.org/10.1159/000337547
https://doi.org/10.1016/S1572-5995(05)80040-7
https://doi.org/10.1038/s41477-022-01154-6
https://doi.org/10.1016/j.clindermatol.2010.03.030
https://doi.org/10.1016/j.clindermatol.2010.03.030
https://doi.org/10.1016/S0031-9422(00)00235-1
https://doi.org/10.1016/S0031-9422(00)00235-1
https://doi.org/10.3389/fenvs.2014.00070
https://doi.org/10.3389/fenvs.2014.00070
https://doi.org/10.1021/jo00055a011
https://doi.org/10.1007/s00217-022-04167-9
https://doi.org/10.1007/s00217-022-04167-9
https://doi.org/10.1146/annurev.nu.08.070188.002111
https://doi.org/10.1146/annurev.nu.08.070188.002111
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0019
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0019
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0019

M. Fitzner et al.

[20]

[21]

[22]

[23]

[24]

[25]

1. Terenetskaya, How to measure the Vitamin-p-synthetic activity of UV lamps used
in phototherapy? Integr. Mol. Med. 5 (2018) https://doi.org/10.15761/
IMM.1000327.

J. Aarrouf, L. Urban, Flashes of UV-C light: an innovative method for stimulating
plant defences, PLoS. One 15 (2020) e0235918, https://doi.org/10.1371/journal.
pone.0235918.

H. Vasquez, C. Ouhibi, M. Forges, Y. Lizzi, L. Urban, J. Aarrouf, Hormetic doses of
UV-C light decrease the susceptibility of tomato plants to Botrytis cinerea infection,
J. Phytopathol. 168 (2020) 524-532, https://doi.org/10.1111/jph.12930.

P. Meyer, B. van de Poel, Coninck B de, UV-B light and its application potential to
reduce disease and pest incidence in crops, Hortic. Res. 8 (2021) 194, https://doi.
0rg/10.1038/s41438-021-00629-5.

X.Q. Tian, T.C. Chen, L.Y. Matsuoka, J. Wortsman, M.F. Holick, Kinetic and
thermodynamic studies of the conversion of previtamin D3 to vitamin D3 in human
skin, J. Biol. Chem. 268 (1993) 14888-14892, https://doi.org/10.1016/50021-
9258(18)82416-4.

M.AK. Jansen, V. Gaba, B.M. Greenberg, Higher plants and UV-B radiation:
balancing damage, repair and acclimation, Trends Plant Sci. 3 (1998) 131-135,
https://doi.org/10.1016/51360-1385(98)01215-1.

12

[26]

[27]

[28]

[29]
[30]

[31]

Journal of Photochemistry and Photobiology 24 (2024) 100253

Y. Qi, S. Bai, T. Vogelmann, G. Heisler, Penetration of UVA, UV-B, blue, and red
light into leaf tissues of pecan measured by a fiber optic microprobe system, in:
Proceedings of SPIE - The International Society for Optical Engineering, 2003,

p. 5156, https://doi.org/10.1117/12.506629.

D. Silvestro, T.G. Andersen, H. Schaller, P.E. Jensen, Plant sterol metabolism. A(7)-
Sterol-C5-desaturase (STE1/DWARF7), A(5,7)-sterol-A(7)-reductase (DWARF5)
and A(24)-sterol-A(24)-reductase (DIMINUTO/DWARF1) show multiple
subcellular localizations in Arabidopsis thaliana (Heynh) L, PLoS. One 8 (2013)
e56429, https://doi.org/10.1371/journal.pone.0056429.

P.D. Sonawane, J. Pollier, S. Panda, J. Szymanski, H. Massalha, M. Yona, et al.,
Plant cholesterol biosynthetic pathway overlaps with phytosterol metabolism, Nat.
Plants. 3 (2016) 16205, https://doi.org/10.1038/nplants.2016.205.

E.J. Behrman, V. Gopalan, Cholesterol and plants, J. Chem. Educ. 82 (2005) 1791,
https://doi.org/10.1021/ed082p1791.

C.E. Wong, Z.W.N. Teo, L. Shen, H. Yu, Seeing the lights for leafy greens in indoor
vertical farming, Trends Food Sci. Technol. 106 (2020) 48-63.

Latscha H.P., Kazmaier U., Klein H.A. (2016). Organische Chemie: Chemie-
Basiswissen II. (7th ed., Berlin) Springer Spektrum.


https://doi.org/10.15761/IMM.1000327
https://doi.org/10.15761/IMM.1000327
https://doi.org/10.1371/journal.pone.0235918
https://doi.org/10.1371/journal.pone.0235918
https://doi.org/10.1111/jph.12930
https://doi.org/10.1038/s41438-021-00629-5
https://doi.org/10.1038/s41438-021-00629-5
https://doi.org/10.1016/S0021-9258(18)82416-4
https://doi.org/10.1016/S0021-9258(18)82416-4
https://doi.org/10.1016/S1360-1385(98)01215-1
https://doi.org/10.1117/12.506629
https://doi.org/10.1371/journal.pone.0056429
https://doi.org/10.1038/nplants.2016.205
https://doi.org/10.1021/ed082p1791
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0030
http://refhub.elsevier.com/S2666-4690(24)00028-9/sbref0030

	An interplay of light and temperature: Vitamin D3 formation in vitro, a model for in vivo plant studies
	1 Introduction
	2 Material and methods
	2.1 Chemicals
	2.2 Experimental design: in vitro study
	2.2.1 Influence of UV dose
	2.2.2 Influence of UV spectrum and PAR background
	2.2.3 Comparison of narrowband UVB vs. broadband UV light
	2.2.4 Influence of temperature post UV exposure
	2.2.5 Influence of temperature during UV exposure
	2.2.6 Influence of UV absorbing compounds
	2.2.7 Influence of antioxidative compounds

	2.3 Determination of sterols
	2.4 Statistical analysis

	3 Results
	3.1 Influence of light on the vitamin D3 conversion reaction
	3.1.1 Influence of UV dose
	3.1.2 Influence of UV light spectra altered using filters
	3.1.3 Influence of background PAR light
	3.1.4 Comparison of narrowband vs. broadband UV light

	3.2 Influence of temperature on the conversion reaction
	3.2.1 Effect of temperature post UV radiation on the conversion of previtamin D3 to vitamin D3
	3.2.2 Interaction of UV light and temperature on the conversion reaction

	3.3 Influence of plant matrix compounds on the conversion of vitamin D3
	3.3.1 Influence of UV-absorbing compounds
	3.3.2 Influence of antioxidative compounds


	4 Discussion
	4.1 Influence of light
	4.2 Influence of temperature
	4.3 Influence of plant matrix compounds

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Funding
	Supplementary materials
	datalink4
	References


