( BioMed Central

BMC Plant Biology The Open Access Publisher

This Provisional PDF corresponds to the article as it appeared upon acceptance. Fully formatted
PDF and full text (HTML) versions will be made available soon.

Monochromatic light increases anthocyanin content during fruit development in
bilberry

BMC Plant Biology 2014, 14:377 doi:10.1186/s12870-014-0377-1

Laura Zoratti (laura.zoratti@oulu.fi)

Marian Sarala (marian.sarala@posti.talonetti.fi)
Elisabete Carvalho (elisabete.carvalho@rhul.ac.uk)
Katja Karppinen (katja.karppinen@oulu.fi)
Stefan Martens (stefan.martens@fmach.it)
Lara Giongo (lara.giongo@fmach.it)

Hely Haggman (hely.haggman@oulu.fi)
Laura Jaakola (laura.jaakola@uit.no)

Published online: 16 December 2014

ISSN  1471-2229
Article type  Research article
Submission date 31 October 2014

Acceptance date 10 December 2014

Article URL  http://www.biomedcentral.com/1471-2229/14/377

Like all articles in BMC journals, this peer-reviewed article can be downloaded, printed and distributed
freely for any purposes (see copyright notice below).

Articles in BMC journals are listed in PubMed and archived at PubMed Central.

For information about publishing your research in BMC journals or any BioMed Central journal, go to
http://www.biomedcentral.com/info/authors/

© Zoratti et al.; licensee BioMed Central
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



http://www.biomedcentral.com/1471-2229/14/377
http://www.biomedcentral.com/info/authors/
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/

Monochromatic light increases anthocyanin content
during fruit development in bilberry

Laura Zorattl’
Corresponding author
Email: laura.zoratti@oulu.fi

Marian Sarala
Email: marian.sarala@posti.talonetti.fi

Elisabete Carvallfc
Email: elisabete.carvalho@rhul.ac.uk

Katja Karppineh
Email: katja.karppinen@oulu.fi

Stefan Marterts
Email: stefan.martens@fmach.it

Lara Giongd
Email: lara.giongo@fmach.it

Hely Haggmah
Email: hely.haggman@oulu.fi

Laura Jaakofe’
Email: laura.jaakola@uit.no

! Department of Biology, University of Oulu, PO B8R00, FI-90014 Oulu,
Finland

2 Plant Molecular Science, Centre for Systems amdHgyic Biology, Royal
Holloway University of London, TW20 OEX Egham, UK

3 Fondazione Edmund Mach, Research and Innovatiote€evia E. Mach 1,
38010S Michele all’Adige, TN, Italy

* Climate laboratory, Department of Arctic and Mariiology, UiT the Arctic
University of Norway, NO-9037 Tromsg, Norway

> Norwegian Institute for Agricultural and Environntal Research, Bioforsk
Nord Holt, Box 2284, NO-9269 Tromsg, Norway



Abstract

Background

Light is one of the most significant environmenfi@ttors affecting to the accumulation|of
flavonoids in fruits. The composition of the lighpectrum has been shown to affect|the
production of phenolic compounds during fruit ripgn However, specific information gn
the biosynthesis of flavonoids in fruits in respere different wavelengths of light is still
scarce. In the present study bilbersagcinium myrtillus L.) fruits, which are known to Qe
rich with anthocyanin compounds, were illuminatedhwblue, red, far-red or white light
during the berry ripening process. Following théunlination, the composition o©f
anthocyanins and other phenolic compounds was sewlgt the mature ripening stagg of
fruits.

Results

All the three monochromatic light treatments hadngicant positive effect on the
accumulation of total anthocyanins in ripe fruitsrgpared to treatment with white light |or
plants kept in darkness. The elevated levels dfaayanins were mainly due to a significant
increase in the accumulation of delphinidin glydesi. A total of 33 anthocyanin compounds
were detected in ripe bilberry fruits, of which sise novel in bilberry (cyanidin acetyl&-
galactose, malvidin acetyl-3-galactose, malvidin coumaroyl@3-galactose, malvidip
coumaroyl-30-glucose, delphinidin coumaroyl-3-galactose, delphinidin coumaroyl€3-
glucose).

Conclusions

Our results indicate that the spectral compositériight during berry development has
significant effect on the flavonoid compositionrgfe bilberry fruits.

Keywords

Light quality, Vaccinium myrtillus L, Flavonoids, Anthocyanins, Bilberry, Berries, IR
MS/MS

Background

Anthocyanins, a class of flavonoid compounds, eemhain pigments found in many flowers
and fruits, in which they act as insect and aniatithctants and protect the plant from light
oxidative stress [1]. Furthermore, these metalwltee powerful antioxidants and therefore
shown to be beneficial for human health [2]. Selverports have focused on their effects in
the prevention of neuronal and cardiovascular degacancer and diabetes as well as in
promoting human nutrition [2,3].

Bilberry (Vaccinium myrtillus L.) is among the most significant wild berry smecin the

Northern and Eastern Europe. Bilberry fruits arehrin phenolic acids, stilbenes and
flavonoids, particularly in anthocyanins, which &asiimated to represent nearly 90% of the
total phenolics in these berries [4,5]. Anthocyanimre biosynthesized via the



phenylpropanoid/flavonoid pathway consisting ofumiber of enzymatic steps that catalyze a
sequential reaction leading to the production offedent anthocyanidins including
delphinidins (Dp), cyanidins (Cy), petunidins (Ppeonidins (Pn) and malvidins (Mv)
(Additional file 1). In bilberry fruits, the quamdtive and qualitative composition of
flavonoids is known to be strongly affected by thét developmental stage [6,7]. Bilberry
fruits are known to accumulate high yields of vasaanthocyanins both in skin and flesh
during the ripening period, although genetic andirenmental factors are also reported to
affect the final composition [8-10]. Two familied transcription factors, the bHLH and
MYB proteins, are strongly associated in the regotaof the anthocyanin pathway [11,12].
The phenylpropanoid pathway responds to variousir@mwental stimuli such as
temperature, photoperiod, soil fertility [10,13,541d light in particular [15,16].

Plants can sense multiple aspects of the lightatsgmcluding light quantity (fluence),
quality (wavelength), duration (photoperiod) ancediion [17], which are perceived through
at least four different families of photoreceptarsluding phytochromes (red/far-red light
receptors), cryptochromes and phototropins (blgbt lreceptors) and UV-B photoreceptor
(UVRS8). These proteins perceive specific wavelesgththe visible light spectrum (380-740
nm) or the UV-light (280-315 nm) and transduce $ignal to regulate photosynthesis,
photomorphogenesis, phototropism, circadian rhytlsisvell as biosynthesis of secondary
metabolites [18].

The induction of flavonoid and anthocyanin prodoictby visible light has been extensively
studied in several plant species, and it was fothed the composition of light spectra
regulated the biosynthesis of anthocyanins Arabidopsis [19], cranberry Yaccinium
macrocarpon Ait.) [20], Gerbera [21], grape Vitis vinifera L.) [22,23], lettuce l(actuca
sativa L.) [24], strawberry Eragaria x ananassa -Weston- Duchesne ex Rozier) [25] and
turnip Brassica napus L.) [26]. A significant increase in the amountpsfenolic compounds
has been seen in bilberry plants grown under dgeclight when compared to plants grown
under forest canopy [9,15,27], but there is norimfation available on the effects of specific
light wavelengths on their biosynthesis. Therefdtee aim of the present study was to
analyze the influence of monochromatic wavelengthshe visible light spectrum on the
production of phenolic compounds in bilberry fru@ur particular interest was to study
whether specific light wavelengths during berry élepment affect the biosynthesis and
content of phenolic compounds. For this purpodegliy plants were illuminated with blue,
red, far-red or white light during the berry ripegi process and composition of the
accumulated phenolic compounds was analyzed in fripgs. We also investigated the
expression of key genes of bilberry flavonoid patiwn order to better understand the
regulatory processes affecting biosynthesis of phencompounds during berry
development.

Results

Characterization and quantification of phenolic conpounds in ripe bilberry
fruits

The phenolic compounds other than anthocyaninseptes ripe bilberry fruits were

analyzed by a UPLC-MS/MS method that has beenesaptimized for berry fruit species
[28]. The phenolic compounds found in ripe bilbefnyits are listed in Table 1. The most
abundant of those were hydroxycinnamic acids, narcidbrogenic acid and neochlorogenic



acid. Naringenin (the precursor of flavonoid compds) varied between 0.08 and 0.44
mg/100 g DW, and was present in much higher conagom in the glycosylated form
(naringenin 79-glucoside) which, to our knowledge, is reportedtfee first time in bilberry
in the present study. Also among stilbenes, (iragh was detected in this study for the
first time to our knowledge in bilberry fruits. ThHiavone luteolin 70-glucoside was found
only in trace amounts.



Table 1 Concentration of phenolic compounds (mg/100 g DW)ealected in ripe bilberry fruits after monochromatic light treatment (n =
3)

Compound Blue Red Far-red White Dark

Av. SD St.  Av. SD St.  Av. SD St.  Av. SD St. Av. SD St.
Neochlorogenic acid 80 35 129 29 105 27 8 27 96 21
Chlorogenic acid 113 59 207 67 162 58 117 50 135 36
Total hydroxycinnamic acids 193 94 96 24 168 55 133 40 100 24
Naringenin 0.3 0.2 0.4 0.2 0.2 0.1 0.2 0.06 0.2 0.1
Naringenin 7 glucoside ** 82 26 70 9 69 7 50 17 68 29
Total flavanones 83 26 70 9 69 7 50 17 68 29
(-)-Astringin ** 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.06 0.1 0.05
Total stilbenes 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.06 0.1 0.05
Kaempferol 3 rutinoside 4 1 4 2 5 1 4 2 4 3
Quercetin 3 glu 5 3 3 1 4 2 4 2 4 2
Quercetin 3 gal 9 3 b 17 2 a 15 10 a,b 17 4 a 21 12 a,b
Quercetin 3 glucuronide 35 1 46 9 28 9 42 5 36 3
Syringetin 3 gal + glu 4 2 6 6 4 2 4 0.5 3 0.9
Myricetin hexoses 7 2 b 12 1 a 12 1 a 5 1 b 8 3 b
Total flavonols 65 5 86 19 66 19 76 10 75 13
Catechin 1 0.8 0.6 0.3 2 1 1 0.4 0.7 0.3
Epicatechin 45 6 45 19 30 11 43 7 35 10
Epigallocatechin 11 1 10 4 9 5 13 6 11 3
Gallocatechin 15 1 14 5 12 6 17 7 14 4
Procyanidin A2 0.25 0.07 a 008 006 b 009 0.03 b 025 010 a 30.20.18 a
Procyanidin B1 008 010 b 015 012 b 0213 0.12 b 0.24  0.02 a 10.10.08 b
Procyanidin B2/B4 0 0 132 1.32 0.41 0.36 0.23 0.23 0.32 0.32
Procyanidin B3 44 10 45 16 33 15 41 6 35 8
Total proanthocyanidins 116 16 117 43 86 37 116 19 96 21

glu = glucose, gal = galactose, Av. = average iidhreplicates, SD = standard deviation, St. Fstizd.
The compounds marked with asterisk (**) are fiigteé detected in bilberry fruits to present. Sigrafit differences by Tukey HSD (P < 0.05) in respottsthe light
treatments are marked by different letters for eamhpound and total amounts of compounds.



Ripe bilberries also contained flavonols, whichluded kaempferol ®-rutinoside, the
guercetin derivatives (quercetin GBglucose, quercetin @-galactose, quercetin G-
glucuronide) and the myricetin derivatives (syriig&-O-glucose, syringetin ®-galactose
and myricetin hexoses) in amounts comparable vethes reports for bilberry [29].

The detected proanthocyanidins included monomers aatechin, epicatechin,
epigallocatechin and gallocatechin. Among polym#rs,most abundant was procyanidin B3
accompanied by lowers amounts of procyanidin ABcyanidin B1, procyanidin B2 and/or
B4 (which could not be separated using the presetihod [28]).

Characterization and quantification of anthocyaninsin ripe bilberry fruits

Anthocyanins are the most abundant class of flaxsnpresent in ripe bilberry fruits. The
anthocyanin content in ripe bilberry fruits was lgpad by a UPLC-MS/MS method which
had been earlier optimized for grapevine [30]. Tethod was slightly modified to allow the
detection of anthocyanidin galactosides and arainiles that have earlier been described for
bilberry (see Methods).

The total amount of anthocyanins in ripe berriesedabetween 1860 to 3397 mg/100 g DW,
which is comparable with the amounts reported eaffior bilberry [6,8]. Altogether 33
anthocyanins were detected (Table 2), including khewn 15 anthocyanins; Dp’s, Cy'’s,
Pt's, Pn’s and Mv’'s combined with the sugars glecagalactose and arabinose [8,31]. In
addition, acetylated ang-coumaroyl-binded forms of anthocyanins, Pg's ang 330-
sambubioside compounds were found. To our knowlesig@me of the acetylated (Cy acetyl
3-O-galactose and Mv acetyl @-galactose) and coumaroylated compounds (Dp cowharo
3-O-glucose, Dp coumaroyl @-galactose, Mv coumaroyl @-glucose, Mv coumaroyl 8-
galactose) that were detected in this study havebeen previously reported in bilberry
fruits. Acetylated compounds were present in lowoants, with an average concentration
between 0.05 to 0.72 mg/100 g DW for the single poamd detected (Table 2). The amount
of p-coumaroylated anthocyanins was generally highan tthe acetylated forms, even
though the presence of these forms was more variabtween the replicate plants. The
contents ranged from the lowest of Mv coumaro@-galactose to the highest of Pn and Mv
coumaroyl 30©-glucoside. However, the concentration of Pn and &bumaroyl 30-
glucoside was in the same range with the knownaaytimins including Pt 8-glucoside, Pt
3-O-galactose, Mv 3-glucoside, Mv 30-galactose, Mv 3-arabinose, Pn &-glucoside,
Pn 30-galactose and Pn@-arabinose (Table 2). The amounts of Pg derivativa® low in
bilberry fruits, 0.36 mg/100 g of Pg @-glucoside and 0.11 mg/100 g DW of PgO3-
galactose, while Pg @-arabinose was not detected. The presence of Gys&nbubioside
has also previously been reported in bilberry byedal. [32] in similar amounts that were
found in our study.



Table 2 Concentration of anthocyanin compounds (mg/100 g DYWetected in ripe bilberry fruits after monochromatic light treatment

(hn=3)
Compound Blue Red Far-red White Black
Av. Av. St.  Av. SD St.  Av. SD St.  Aw. SD St.
Cy acetyl 3 glu 0.59 0.88 0.49 0.64 0.33 0.16 540. 0.38 0.74 0.73
Pt acetyl 3 glu 0.10 0.09 0.12 0.10 0.08 0.01 070. 0.06 0.26 0.45
Pn acetyl 3 glu 0.18 0.07 0.11 0.09 0.21 0.10 390. 0.24 1.12 1.42
Mv acetyl 3 glu 0.35 0.30 0.43 0.50 1.04 0.53 750. 0.24 4.54 4.54
Cy acetyl 3 gal ** 0.10 0.18 0.13 0.12 0.17 0.16 0.32 0.19 0.59 0.56
Mv acetyl 3 gal ** 0.17 0.11 0.17 0.05 0.34 0.16 0.26 0.12 0.52 0.52
Dp acetyl 3 glu 0.07 0.06 0.05 0.09 0.00 0.00 030. 0.05 0.00 0.00
Cy coum 3 glu 10 3 8 7 11 4 9 5 24 27
Dp coum 3 glu ** 1.8 0.3 2.4 1.4 1.6 1.6 0.72 1. 2 2
Pn coum 3 glu 15 6 18 15 27 8 28 13 93 127
Mv coum 3 glu ** 24 9 31 12 41 5 24 2 121 181
Cy coum 3 gal 3 1 4 0.6 4.5 0.7 5 2 7 6
Dp coum 3 gal ** 0.88 0.37 0.87 0.34 1.21 0.25 .640 0.15 0.57 0.38
Pn coum 3 gal 0.69 0.28 1.22 0.49 1.63 0.20 3.052.14 3.32 3.32
Mv coum 3 gal ** 0.22 0.21 0.52 0.44 0.97 0.22 AD 0.41 1.96 1.96
Cy sambubioside 2.4 0.48 2.3 1.9 1.46 0.49 1.911.21 2.36 1.99
Cy3glu 600 174 470 314 557 71 497 106 554 103
Dp 3glu 1135 29 a 1306 310 a 1075 96 a 665 164 b79 5 37
Pt 3 glu 24 5 a 28 1 a 25 6 a 15 2 b 18 2 b
PI3glu 0.49 0.48 0.16 0.28 0.16 0.28 0.49 0.49 0.49 0.01
Mv 3 glu 47 1 59 16 69 21 41 14 57 16
Pn 3 glu 11 1 10 3 13 3 12 2 19 4
Cy 3 gal 214 44 250 48 248 44 212 44 197 17
Dp 3 gal 95 9 a 100 5 a 108 17 a 61 12 b 47 3 b
Pt 3 gal 31 5 b 42 4 a 43 5 a 25 6 b 22 1 b
PI 3 gal 0.05 0.04 0.12 0.11 0.09 0.08 0.10 0.02 0.19 0.08
Mv 3 gal 14 2 b 31 10 a 33 16 a 16 4 b 20 5 a,b
Pn 3 gal 39 12 55 36 60 29 53 17 72 7
Cy3ara 159 42 193 35 152 39 162 16 145 27
Dp 3 ara 152 15 a 167 16 a 159 14 a 90 18 b 70 12 b
Pt 3 ara 43 7 a,b 64 10 a 57 10 a 35 6 b 32 11 b
Mv 3 ara 23 4 b 48 15 a 46 17 a 25 2 b 43 15 a
Pn 3 ara 11 3 16 8 18 12 13 5 17 8

glu = glucose, gal = galactose, ara = arabinosance coumaroyl, Av. = average of three replicagf3,= standard deviation, St. = statistics.

The compounds marked with asterisk (**) are fiigte detected in bilberry fruits to present. Sigrdfit differences by Tukey HSD (P < 0.05) in respotwsthe light

treatments are marked by different letters for earhpound.



Effect of monochromatic light on phenolic compositin of ripe bilberry fruits

In order to investigate the effect of light qualiy flavonoid accumulation in ripe berries,
bilberry plants were treated with selected wavalengf the visible light spectrum (blue, red,
far-red or white light) during the fruit developmeprocess or left in the dark, as detailed in
Figure 1. The effect of monochromatic light treatmse during berry development on
phenolic compounds in ripe berries is shown in &ahl Significant variations (P < 0.05)
were detected in flavonols and proanthocyanidinpaumds for some of the light treatments.
The level of quercetin 8-galactose was significantly (P < 0.05) lower inélight treated
plants compared with the other treatments. Theldesfemyricetin hexoses on the other hand
were significantly higher under the red and far-figiht treatments. On the contrary, the
amounts of procyanidin A2 were lower under red dadred light treatments, and
procyanidin B1 level was higher under white liglgatment compared with all the other light
treatments.

Figure 1 Design of light treatments and sample collectionsutling the ripening process

of bilberry fruits. Bilberry plants with unripe berries (developmerstage 2, about 2 weeks
after pollination) were kept for 14 h in darkne8d(sample) and then exposed to continuous
blue, red, far-red or white light for 48 h. A sétptants left in continuous darkness (dark
treatment) for 48 h represented negative contriterAhe light treatments, plants were grown
in greenhouse under natural photoperiod and cdatkoémperature (21 £ 1°C) until ripening
of fruits (developmental stage 6).

Monochromatic light affects anthocyanin compositiorof ripe bilberry fruits

The most prominent effect of monochromatic ligrgatments was seen on anthocyanin
content. Figure 2 shows the effect of light treattaeon the total amount of each class of
anthocyanidins (Dp, Cy, Pn, Mv, Pt, Pg) calculafedm the sum of the individual
anthocyanin glycosides (Table 2). From the resulssevident that the content of Cy and Pn
was not affected by the light treatments, wherepsNdv and Pt showed a significant (P <
0.05) increase (33%, 46% and 38%, respectivelyperries of the plants treated with
monochromatic light wavelengths when compared ¢obidrries of the plants grown in white
light conditions, suggesting that light quality edts the flavonoid pathway. The content of
Mv showed a different behavior than Dp and Pt carntéhe concentration of Mv was
significantly higher (P < 0.05) in berries left dark than under any of the light treatments
(Figure 2). Table 2 shows effect of each of thdtligeatments on the accumulation of
specific anthocyanin compounds. Red and far-relat lipeatment increased Dp, Mv and Pt
compounds conjugated with glucose, galactose afdrarse sugars, but had no effect on the
acylated and coumaroylated compounds. The sameaiserwas induced by blue light, with
the exception of Pt ®-galactose, Pt ®-arabinose, Mv 3-galactose and Mv 8-
arabinose.

Figure 2 Concentration of anthocyanidin classes in ripe bilbrry fruits treated with
different light wavelengths (blue, red, far-red orwhite) or in dark conditions (n = 3).

Pg’s are not reported here due to their low amocmrtspared to the other classes of
anthocyanidins (Dp, Cy, Pt, Pn, Mv). For each ct#santhocyanidin and the total amount of
anthocyanins, significant differences by Tukey H®DB< 0.05) in response to the light
treatments are marked by different letters.




The expression of flavonoid pathway genésiCHS VmF3'5'H, VmMDFR, VmMANS and
VMANR, and the transcription fact®mMYB2 were also measured during the monochromatic
light treatments at the stage of immature berflé® most of the examined genes showed
increase in their expression during the first 12rboof the study in the plants treated with
monochromatic light compared with plants kept inkdass or under white light, even though
variation between samples and time points was Mglditional file 2). However VmANS
showed the evident increase in the expression aftesind 48 hours under monochromatic
light when compared to dark treated plants. Orctivdrary, under white light, the expression
was not increased compared to dark treated pldfdsochromatic light continued to up-
regulate the expression ®mANS over dark treated plants throughout the light ttresnt
until 48 h, when the gene was increased up to-3ana 3.5-folds under blue, red and far-red
light treatments, respectively, compared to dadated plants. Under white light, the
expression was only slightly increased (up to dl&8)f compared to dark treated plants
(Additional file 2).

Discussion

Recent studies have shown that bilberry populatgnasving at northern latitudes contain
higher amounts of flavonoids, in particular anthenops, in comparison to the southern
populations [8,9]. The phenomenon is known to bdeurstrong genetic control [9] even
though environmental factors may also be involvethe regulation. Solar radiation is one of
these factors, and it is known to increase theesgion of the flavonoid biosynthesis genes
and the content of flavonoids in bilberry leave®,Bll]. Moreover, higher amounts of
anthocyanins were found in bilberry fruits grownciontrolled conditions in a phytotrone in
24 h natural daylight, mimicking the light condit® of Arctic summers [10]. In the present
study, the total anthocyanin content in ripe berriwas significantly increased by
monochromatic lights of blue, red and far-red, amparison to fruits treated with white light
or kept in darkness (Figure 2). Various effectsnadnochromatic light wavelengths on
anthocyanin biosynthesis have also been reportemther species. For example, in turnip
hypocotyls, far-red light had the most prominenfeeff on anthocyanin biosynthesis,
comparable with the amount reached under sunligi@]. [In Gerbera, anthocyanin
accumulation in flowers was particularly stimulateg blue light [21]. Blue light has been
found to significantly increase the biosynthesisnthocyanins also in fruit species, such as
strawberries [25] and grape fruits [22,23], whife dranberry fruits, red and far-red light
increased the anthocyanin accumulation over wigte [20].

A possible explanation of the present results eafolind from the gene expression analyses
of flavonoid pathway genes. The expression of tbeegVmCHS VmF3'5'H, VmDFR and
VMANR was less influenced by the light treatments (Addal file 2), which was consistent
with the detected levels of flavanones, flavonaslbenes and proanthocyanidins in the
berries kept under different light treatments (€ab). Moreover, in earlier studies it has been
shown that flavonoid pathway genes, for insta@etS, can have a diurnal rhythm [33,34].
This is one factor that can have affected the tianan the gene expression results between
the different time points. On the contrary, thereggion ofVmANS, which is the key gene in
the biosynthesis of anthocyanins, shows a cleaeasing trend under monochromatic light
treatments, while white light and dark treatmene¢sioot have influence. Blue, red and far-
red light all up-regulated the expression\WhANS already within the first 6 h after the
beginning of the light treatment and also throudghtbe 2-day treatment (Additional file 2).
According to Jaakola et al. [A¥mMANS s expressed only at a very low level in bilbefmyits

at the early stage of fruit development. Howevke early stages of berry development



appeared to be reactive to the light treatmentthénpresent study. Monochromatic light
treatments affected the accumulation of anthocyabynincreasing the expression\hANS
already at this early stage of berry development.

The higher amount of total anthocyanins in bilbdroyts in response to monochromatic light
wavelengths was due to the increased producti@paf and Pt's over Cy’s and Pn’s (Table
2, Figure 2). In the present study, the bilbergnps originated at the 65°N latitude and the
amounts of Cy’s and Dp’s produced in plants treatgld monochromatic lights were similar
to the studies in which berries were grown in ragtenvironment at similar latitudes (64°N
[9] and 66°N [10]). Plants kept under white light im darkness, showed a significant
decrease in the content of Dp’s, indicating thatspectral composition of light is involved in
the accumulation of this class of anthocyanidinengidering that in northern latitudes,
summer nights are characterized by long twilighthwiigh ratios of blue and far-red light
[35], the present study emphasizes that northght Bnvironment promote the accumulation
of anthocyanins in bilberry already at the earlpgss of fruit ripening, by inducing
gualitative and quantitative changes in anthocyaoimtent of ripe fruits.

Conclusions

We showed that the treatment of bilberry plantsemndonochromatic light wavelengths of
the visible light spectrum, for even short timegsinly the ripening period of the fruits, is
enough to induce a significant increase in the @yanin content in ripe fruits. Moreover,
the quality of light affected particularly the byodhesis of delphinidin glycosides. Our
results indicate that the spectral composition ightl regulates the accumulation of
anthocyanins in fruits, showing an interaction kexw the flavonoid biosynthetic pathway
and the composition of the light spectrum receivgdhe plant.

Methods

Plant material

Bilberry (Vaccinium myrtillus L.) plants were harvested from three differenatams I-111 (I:

65° 06 N, 25° B E; II: 65° 04 N, 25° 31 E; Ill: 65° 03 N, 25° 28 E) in forest stands in
Finland. Plants were collected, in each locatioithiww an area of 10 m x 10 m, assuming that
the plants within this area belonged to the sammetiiebackground [36] and thus represented
specific ecotypes. Plants were collected at thgestghen their fruits were small and green,
presenting developmental stage 2 (Figure 1). Plaate harvested with their root system and
were placed in boxes (50 cm x 70 cm) containingdbpeat soil.

After pollination, berries take usually six to seweeeks to ripe in natural stands of Finland.
Bilberry fruit ripening stages were identified amting to Jaakola et al. [6] and are presented
in Figure 1. Developmental stage 2 represented| ggre¢n unripe berries of 3 to 4 mm in
size, approximately two weeks after pollinationdesf June). At ripeness (developmental
stage 6), which occurs about six weeks after patilom (end of July), the berries were 6 to 8
mm in diameter and turned to dark blue.



Light sources

Selador led lamps by PALETT (BMI supply, Queensbury, NY, USA) were used to
irradiate plants with blue (400-500 nm), red (60@WB-Am), far-red (700—-800 nm) and white
light (400-800 nm, Figure 3) wavelengths. The @amadiated under blue light received a
photon fluence rate of 8.1mol m 2 s, under red 7.8mol m? s, under far-red 7.@mol

m 2 s ' and under white 43.04mol m? s *. Plants exposed to white light were considered as
a positive control. A set of plants kept in totarkkhess was considered as negative control.
Light measurements were conducted by using USB RApectroradiometer (Ocean Optics
Inc., Dunedin, FL, USA).

Figure 3 Light spectra used for the 48 h light treatment expriments in bilberry plant.
White, 400-800 nm; blue, 400500 nm; red, 600—#0Pand far-red, 700—800 nm.

Light treatments and sample collection

Bilberry plants were treated with each specifihtigvavelength during the berry ripening
period, as shown in Figure 1. Pools of bilberryngdafrom each location (I-111), were used for
the treatments. Plants holding berries at stagee®e initially kept in darkness for 14 h and
then exposed to the continuous blue, red, far-nedviote light induction or placed to
darkness for 48 h (Figure 1). The berry developalestage 2 was selected for the
experiments based on preliminary analyses (datahmwn) which indicated stage 2 to be the
most reactive one, among all the bilberry fruienmg stages, in the expression of flavonoid
pathway genes in response to the light illuminatibme light treatments were conducted in
growth chambers with controlled temperature (21°€)land humidity (60%) to erase the
effect of temperature on flavonoid biosynthesisteAthe light treatment, growth of plants
was conducted in greenhouse under controlled teatyrer condition (21 + 1°C) and natural
photoperiod. When fully ripened (stage 6, Figuretii¢ berries were harvested and stored at
—80°C before freeze-dried within six months. Thghtitreatments did not affect the process
of ripening of the berries. Freeze-dried berriesewstored in a desiccator at —20°C until
analysed for metabolic compounds.

Metabolic analyses

The ground material (100 mg out of 3 g) of each@arnwas extracted with 1.5 mL of 80%
methanol on shaking for 1 h. Samples were ceneduat 12000 g for 2 min (Sigma 3-30 Kk,
Osterode, Germany) and the supernatants were tsalléEhe extraction was repeated and the
supernatants were combined and brought to a voloimg mL. After filtering (0.22um
PVDF filters) and transferring to glass vials, g@nples were randomized and analyzed for
anthocyanins, flavonols, proanthocyanidins, stiiserand other phenolic compounds by
UPLC-MS/MS.

Analysis of phenolic compounds

Flavonols, flavanones, hydroxycinnamic acids, ptieacyanidins and stilbenes were
analysed as described in Vrhovsek et al. [28]. @atography, mass spectrometry conditions
and multiple reaction monitoring (MRM) transitionan be found in the referred literature.
Quantification was made by external calibrationvesy injecting authentic standards of each
of the detected compounds at different concentratio



Analysis of anthocyanins

Anthocyanins were analysed by using UPLC-MS/MS escdbed by Arapitsas et al. [30].
Anthocyanins were detected by MRM, by screening M&MS transitions and using the
parameters described in Additional file 3. For soofethe compounds, there were no
standards available, but they could be tentativégntified on the basis of their MRM
transitions and the relative retention time, inpeet to known compounds and considering
previous results [37]. For example, standards efghlactoside derivatives of cyanidin and
peonidin were available, and these compounds seemiute before but closely to the
respective glucoside derivatives (peaks 1, 2 an@22n Additional file 3). As such, the peak
eluting 0.15 seconds before malvidin glucoside shguhe same MRM transition is likely to
be malvidin galactose (peak 15 in Additional filg &nd this reasoning can also be applied to
the other galactoside and arabinoside derivatives.

For quantification, external calibration curves e@repared by injecting authentic standards
of each compound at different concentrations. Isectéhe authentic standard was not
available, the anthocyanins were quantified retatte malvidin-30-glucose, using the
malvidin-3-O-glucose calibration curve (Additional file 3).

Statistical analysis

The effect of the light treatment on every metabaddinalyzed in the berries was tested with
One-way ANOVA. Multiple comparisons were made bykd&y HSD’s post-hoc test. The
tests were performed using STATISTICA version 12.

Supplementary analyses

A supplementary study was conducted in order talystii the increased amount of
anthocyanins was related to the gene expressidtaainoid pathway genes in bilberries
(Additional file 1). Bilberry plants from locationsand Il, with berries at developmental
stage 2, were initially kept in darkness for 14 thh( sample) and then exposed to the
continuous blue, red, far-red or white light indantor placed to darkness for 48 h. During
the light treatment, berry samples were collectgRINA isolation after 0, 6, 12, 24 and 48 h
of treatment. Samples were immediately stored @¢€&intil analysed for gene expression.

Isolation of RNA and cDNA preparation

Total RNA was isolated from bilberry fruits at s¢ag that were collected after O, 6, 12, 24
and 48 h from the beginning of the light treatmeiitse RNA was isolated according to the
method of Jaakola et al. [38] with the exceptioat tthe phenol-chloroform extraction was
substituted with the RNA purification protocol inZ2N.A.® Total RNA Kit | (Omega Bio-
Tek, Norcross, GA, USA). The quality of the isothteNA was verified by measuring the
absorbance spectrum with NanoDrop N-1000 specttopieter (NanoDrop Technologies,
Thermo Scientific, Wilmington, DE, USA) and on a 164/v) ethidium bromide-stained
agarose gel. RNA was converted to cDNA with ReviglitRremium Reverse Transcriptase
(Thermo Scientific) in accordance with the manufeet’'s instruction. RNA extraction (and
further gene expression analyses) was repeated fai@ach set of plants.



Gene expression analysis

Transcript accumulation of the genédsCHS, VmF3'5'H, VmMDFR, VMANS andVmANR, and
the transcription factovmMYB2 was detected using the LightCycler SYBR Green gR@R
(Roche Applied Sciences, Indianapolis, IN, USA)eTrimers used for the amplification are
listed in Additional file 4.

Analyses with gPCR were performed with a LightCyc®0 instrument and software
(Roche). The PCR conditions were 95°C for 10 nofiptved by 45 cycles of 95°C for 10 s,
60°C for 20 s, and 72°C for 10 ¥mACT gene (Additional file 4) was used as a reference
gene for relative quantification. Differential gemxpression levels were calculated by
comparing each of treatments to treatment O h.

Abbreviations

UPLC-MS/MS, Ultra performance liquid chromatographtandem mass spectrometer; Dp,
Delphinidin; Cy, Cyanidin; Pt, Petunidin; Pn, Pebinj Mv, Malvidin; Pg, Pelargonidin; Glu,
Glucose; Gal, Galactose; Ara, Arabinose; Coum, Googl; DW, Dry weightVmCHS
Vaccinium myrtillus chalcone synthasénF3'5'H, Vaccinium myrtillus flavonoid 5'-
hydroxylase VMDFR, Vaccinium myrtillus dihydroflavonol 4-reductasémANS, Vaccinium
myrtillus anthocyanidin synthas€mANR, Vaccinium myrtillus anthocyanidin reductase;
VmMYB2, Vaccinium myrtillus MYB2 transcription factoWmACT, Vaccinium myrtillus
actin; MRM, multiple reaction monitoring
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Addtional files provided with this submission:

Additional file 1. The flavonoid biosynthetic pathway of bilberry with particular emphasis on anthocyanin classes. Enzymes
for each step are shown in capitals. Enzymes required for flavonoid synthesis; PAL, phenylalanine ammonia-lyase; C4H,
cinnamate 4-hydroxylase; 4CL, 4-coumaroyl:CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H,
flavanone 3'-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3',5"-hydroxylase; FLS, flavonol synthase;
DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; UFGT, UDP glucose-
flavonoid 3-O-glucosyl transferase; MT, methyltransferase. The transcript levels of the genes CHS, F3'5'H, DFR, ANS and
ANR (in the figure marked with a square) was analyzed in response to the exposure to different light wavelengths (78k)
http//www.biomedcentral.com/content/supplementary/s 12870-014-0377-1-s1.png

Additional file 2. Relative transcript abundance of the flavonoid pathway genes VmCHS, VmF3'5'H, VmDFR, VmANS
and VmANR, and the transcription factor VmMYB?2 in bilberry fruits (at stage 2) after 6, 12, 24 and 48 h under different
light conditions. Data represent average and SD values of samples collected from two locations (see Methods) (490k)

http://www.biomedcentral.com/content/supplementary/s 12870-014-0377-1-s2.png

Additional file 3. UPLC-MS/MS data for anthocyanin quantification. In case of two MRM transitions for a given
compound, the first was used as quantifier and the second as qualifier. RT = retention time, CV = cone voltage, CE =
collision energy, Std = standard curve (62k)

http//www.biomedcentral.com/content/supplementary/s 12870-014-0377-1-s3.doc

Additional file 4. Sequences of the primers used in qPCR to determine gene transcripts (30k)
http://www.biomedcentral.com/content/supplementary/s 12870-014-0377-1-s4.doc


http://www.biomedcentral.com/content/supplementary/s12870-014-0377-1-s1.png
http://www.biomedcentral.com/content/supplementary/s12870-014-0377-1-s2.png
http://www.biomedcentral.com/content/supplementary/s12870-014-0377-1-s3.doc
http://www.biomedcentral.com/content/supplementary/s12870-014-0377-1-s4.doc

	12870_2014_377_Formatted_updated.pdf
	s12870-014-0377-1fmc1.tif
	s12870-014-0377-1fmc2.tif
	s12870-014-0377-1fmb3.tif

