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Abstract i

ABSTRACT

Sea buckthorn (Hippophaé rhamnoides) and currants (Ribes spp.) are rich
sources of flavonoids and other polyphenols. Both proanthocyanidins (PAs) in
sea buckthorn and flavonol glycosides (FGs) in currant leaves have biological
activity and may be effective in maintaining health.

The aim of this thesis was to establish methods for qualitative and
quantitative analysis of complex PAs in sea buckthorn berries and FGs in
currant leaves, and to investigate the effects of genetic background and growth
environment on the content and composition of these compounds.

A rapid and sensitive method based on hydrophilic interaction liquid
chromatography combined with electrospray ionization mass spectrometry
(HILIC-ESI-MS) was established for profiling of PAs of sea buckthorn berries.
B-type PAs up to degree of polymerization 11 were detected. Among them, the
main monomeric units were (epi)gallocatechins. Three PA dimers, four PA
trimers and five PA tetramers were quantified by HILIC-ESI-MS in selected
ion recording mode (SIR) using reference compound.

Sea buckthorn berries of three subspecies (H. rhamnoides ssp. rhamnoides,
ssp. mongolica and ssp. sinensis) including nine varieties grown in Finland,
Canada and China were collected and the contents of PA oligomers and total
PAs were detected using HILIC-ESI-MS-SIR method and the Brunswick
Laboratories ~ 4-dimethylaminocinnamaldehyde = (BL-DMAC)  method,
respectively. The three subspecies were separated by three validated factors in
the partial least squares discriminant analysis model (PLS-DA). The content of
PA oligomers ranged from 0.11 to 0.54 mg/100 g FW. The content of total PAs
in ssp. rhamnoides was significant higher than that in ssp. mongolica (p < 0.05).
Five varieties ‘Prevoshodnaya’, ‘Prozcharachnaya’, ‘Chuiskaya’, ‘Oranzhevaya’
and ‘Vitaminaya’ of ssp. mongolica were separated in principal component
analysis (PCA) model.

Sea buckthorn berries of ssp. rhamnoides (‘Tytti’, ‘Terhi’ and one of wild
origin) harvested during 2007-2013 in Finland and of ssp. sinensis (wild)
harvested in 2008 in China were investigated by the contents of PAs based on
growth environments. In ssp. rhamnoides, the levels of total PAs in the
northern samples (high latitude) (610-970 mg/100g DW) were significantly
higher than that in the southern samples (low latitude) (340-450 mg/100g DW)
(p < 0.05). The three varieties (‘Tytti’, ‘Terhi’ and one of wild origin) were all
well discriminated by latitude in the PLS-DA model (four factors, R? 0.75, Q2
0.70). Negative correlation was found between total PAs and most of the
temperature and radiation-related variables (p < 0.01), and positive correlation
with most of precipitation and humidity variables. In the northern ssp.
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rhamnoides samples, clearly decreasing trends were found in the contents of
total PAs during the growth season until harvest (p < 0.01) when length of the
growth season (r = -0.805), temperature sum (r = -0.829), and total radiation (r
= -0.874) were increasing. No significant correlation was found in southern
samples. Within ssp. sinensis, latitude correlated negatively to total PAs and
positively to PA oligomers. In comparison to the latitude, altitude showed less
impact on PAs.

The leaves of three black currant (Ribes nigrum L.) cultivars, ‘Mortti’,
‘Mikael’ and ‘Jaloste n:o 15°, a green currant (R. nigrum) ‘Vertti’, a red currant
(R. rubrum) ‘Red Dutch’ and a white currant (R. rubrum) ‘White Dutch’ were
collected at four time points during growth season in southern and northern
Finland, 2012. Twenty-seven FGs were identified in the leaf extracts by HPLC-
DAD combined with electrospray ionization tandem mass spectrometry, NMR
analysis and reference compounds. Quercetin and kaempferol were the major
aglycones of the glycosides. Quercetin-3-O-(2,6-a-dirhamnopyranosyl-f-
glucopyranoside), quercetin-3-O-(2-f-xylopyranosyl-6-a-rhamnopyranosyl-£-
glucopyranoside), kaempferol-3-0-(3,6-a-dirhamnopyranosyl-f-
glucopyranoside) and kaempferol-3-O-f-(6'-malonyl)glucopyranoside were
identified by NMR for the first time in currant leaves. The leaves of ‘Mortti’,
‘Jaloste n:o 15°, green currant ‘Vertti’ and red currant ‘Red Dutch’ had similar
profiles of FGs, which differed from those of ‘Mikael” and ‘White Dutch’ had
different profiles. During the growth season, the highest contents of FGs in the
southern samples occurred a few weeks earlier than in the northern samples.
The levels of malonylated FGs decreased regularly during the growth season.
Currant leaves collected randomly and from the middle positions had different
profiles of FGs.
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SUOMENKIELINEN ABSTRAKTI

Tyrni (Hippophaé rhamnoides) ja herukat (Ribes spp.) ovat saaneet yha
enenevdd huomiota osakseen siséltdmiensd flavonoidien ja muiden fenolisten
yhdisteiden vuoksi. Sekd tyrnimarjojen proantosyanidiinit (PA) ettd herukan
lehtien flavonoliglykosidit (FG) ovat biologisesti aktiivisia ja terveyttd
edistdvid yhdistita.

Tyon tavoitteena oli kehittdd ja soveltaa menetelmid tyrnimarjan
kompleksisten =~ PA-yhdisteiden  ja  herukanlehtien FG-yhdisteiden
kvalitatiiviseen ja kvantitatiiviseen analyysiin sekd selvittdd perimédn ja
kasvuympdiriston vaikutuksia fenolisten yhdisteiden méérdén ja koostumukseen.

Optimoitu, nopea ja herkkd menetelmi tyrnimarjojen proantosyanidiinien
profilointiin  perustui  hydrofiilisten = vaikutusten nestekromatografiaan
vhdistettynd sdhkosumutusionisaatiomassaspektrometriaan (HILIC-ESI-MS).
B-tyypin PA-yhdisteitd tunnistettiin aina polymeraatioasteeseen 1lasti, ja
tairkeimmaidt monomeeriset rakenneyksikot olivat (epi)gallokatekiineja. Kolme
PA-dimeerid, neljd PA-trimeerid ja viisi PA-tetrameerid kvantitoitiin HILIC-
ESI-MS-analyysin valitun ionien seurantamenetelmidd (SIR) kéyttden
vertailuyhdisteen avulla.

Tutkimuksen kohteina olevat kolmen alalajin tyrnimarjat (ssp. rhamnoides,
ssp. mongolica and ssp. sinensis) koostuivat yhdeksdn lajikkeen marjoista,
jotka olivat perdisin Suomesta, Kanadasta ja Kiinasta. PA-oligomeerit
madaritettiin HILIC-ESI-MS-SIR-menetelmalla ja PA-yhdisteiden
kokonaismaarat 4-dimetyylikanelialdehydimenetelmélla (BL-DMCA,
Brunswick Laboratories). Kolme alalajia erottuivat toisistaan PLS-
diskriminanttianalyysimallin (PLS-DA, Partial Least Squares Discriminant
Analysis) kolmella wvalidoidulla faktorilla. PA-oligomeerien pitoisuudet
vaihtelivat vélilla 0,11 — 0,54 mg/100 g tuorepainoa. PA-yhdisteiden
kokonaismaéra alalajilla #hamnoides oli merkittavisti suurempi kuin alaljilla
mongolica (p < 0.05). Viisi lajiketta, ‘Prevoshodnaya’, ‘Prozcharachnaya’,
‘Chuiskaya’, ‘Oranzhevaya’ and ‘Vitaminaya’ (ssp. mongolica) erottuivat
toisistaan paddkomponenttianalyysissa (PCA).

Alalajin rhamnoides marjat (‘Tytti’, ‘Terhi’ ja luonnonkanta) korjattiin
vuosina 2007-2013 (Suomessa) ja alalajin sinensis (luonnonkanta) vuonna
2008 (Kiinassa), ja ty0ssd tutkittiin kasvuolosuhteiden vaikutusta PA-
pitoisuuksiin. Alalajilla rhamnoides PA-yhdisteiden kokonaisméérédt pohjois-
suomalaisissa marjoissa (610-970 mg/100g kuivapainoa) olivat merkitsevisti
suuremmat kuin eteldsuomalaisissa néytteissd (340—450 mg/100g) (p < 0.05).
Suomalaiset marjat erottuivat hyvin latitudin perusteella PLS-DA mallissa
(nelji faktoria, R* 0.75, Q* 0.70). PA:n kokonaismdirin ja useimpien
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lampotilaan tai valaistukseen vaikuttavien tekijoiden vélilld oli negatiivinen
korrelaatio (p < 0.01), kun taas korrelaatio sademéérddn ja kosteuteen oli
positiivinen. Pohjoisissa rhamnoides-alalajin marjoissa oli havaittavissa selva
PA-yhdisteiden aleneva suuntaus kasvukauden aikana aina sadonkorjuuseen
asti (p < 0.01) kun kasvukauden pituus (r = -0.805), lamposumma (r = -0.829)
ja siteilyn konaismédrd (r = -0.874) lisddntyivit. Eteldisissd niytteissd ei
havaittu  merkitsevdd riippuvuutta. Kasvupaikan leveyspiiri  korreloi
negatiivisesti alalajin sinensis proantosyanidiinien kokonaisméédrddn, mutta
positiivisesti PA-oligomeereihin. Kasvupaikan korkeudella oli pohjoisuutta
vahdisempi vaikutus proantosyanidiineihin.

Kolmen mustaherukkalajikkeen (Ribes nigrum L., cv.‘Mortti’, cv. ‘Mikael’
ja cv. ‘Jaloste n:o 15’) yhden viherherukkalajikkeen (R. nigrum, cv. ‘Vertti’)
yhden punaherukkalajikkeen (R. rubrum, ‘Red Dutch’) ja yhden
valkoherukkalajikkeen (R. rubrum, ‘White Dutch’) lehtid kerdttiin neljani
ajankohtana kasvukauden aikana Eteld- ja Pohjois-Suomessa vuonna 2012.
Lehtiuutteista tunnistettiin 27 flavonoliglykosidia HPLC-DAD-ESI-MS/MS-
menetelmdn, NMR-analyysin ja vertailuyhdisteiden avulla. Kversetiini ja
kemferoli olivat glykosidien tirkeimmait aglykonit. Kversetiini-3-O-(2,6-a-
diramnopyranosyyli-f-glukopyranosidi), kversetiini-3-O-(2-f-
ksylopyranosyyli-6-a-ramnopyranosyyli-f-glukopyranosidi),  kemferoli-3-O-
(3,6-a-diramnopyranosyyli-f-glukopyranosidi) ja kemferoli-3-O-$-(6'-
malonyyli)glukopyranosidi tunnistettiin NMR-analyysin avulla ensimméisti
kertaa herukan lehdistd. ‘Mortin’, ‘Jaloste n:o 15:n°, ‘Vertin’ and red ‘Red
Dutch’-lajikkeen flavonoliglykosideilla oli samanlaiset profiilit, jotka erosivat
muista jalosteista. Kasvukauden aikana eteldiset niytteet saavuttivat
korkeimmat FG-pitoisuutensa muutamaa viikkoa aikaisemmin kuin pohjoiset
ndytteet.  Malonyloidut  flavonoliglykosidit ~ vdhenivdat  sddnnoéllisesti
kasvukauden edetessd. Lehden kasvupaikka pensaassa vaikutti FG-yhdisteiden
profiiliin.
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1 INTRODUCTION

Sea buckthorn (Hippophaé rhamnoides L.) is a species of berry-bearing, thorny,
deciduous shrubs with nitrogen-fixing root nodules in the family Eleagnaceae
(Rousi A, 1971). It is divided into eight subspecies which are native to Asia
and Europe and also introduced to North America and South Africa (Sun et al.,
2002). The plant can withstand extreme temperatures from — 43°C to 40°C, and
it is also drought-resistant. It grows typically in dry sand areas and is useful for
soil erosion control, land reclamation, wildlife habitat enhancement and
farmstead protection (T. S. Li, 2002; Rongsen, 1992). In ancient Greece, the
leaves of sea buckthorn have been used as horse feed for weight gain and shiny
hair. The Latin name ‘Hippophae’ has the meaning of a shiny horse in Greek
words (Rongsen, 1992). In Asia, the nutritional and medicinal effects of sea
buckthorn have been recorded in traditional Chinese medicine as early as
during the Tang Dynasty (Suryakumar & Gupta, 2011). The berries of sea
buckthorn contain health beneficial compounds such as vitamins, minerals,
carotenoids, fatty acids and flavonoids (Gao, Ohlander, Jeppsson, Bjork, &
Trajkovski, 2000; Kallio, Yang, Tahvonen, & Hakala, 2003). For the past 60
years, sea buckthorn berries have been used in clinical treatment of burns, skin
diseases, and gastric ulcers in China and Russia (Li & Schroeder, 1996; Singh
et al., 2006). Recent research further has increased understanding of the
biological activity and health benefits of sea buckthorn including anti-oxidative
(Geetha, Sai Ram, Singh, Ilavazhagan, & Sawhney, 2002; Suryakumar &
Gupta, 2011), hepatoprotective (Geetha et al., 2008), radioprotective (Chawla
et al., 2007), tissue repairing (Upadhyay et al., 2009) and cardiovascular effects
(Xu, Kaur, Dhillon, Tappia, & Dhalla, 2011).

Sea buckthorn berries are typically described as sour, bitter and astringent.
The sour taste is elicited by abundant fruit acids mainly malic acid and quinic
acid (Tiitinen, Hakala, & Kallio, 2005). The bitterness and astringency are
primarily due to flavonols, flavanols and proanthocyanidins (PAs) (Lesschaeve
& Noble, 2005). Moreover, the degree of polymerization of PAs also affects
the profile of bitterness and astringency. In addition, PAs have been reported to
possess various biological effects including antioxidative (Hsieh, Shen, Kuo, &
Hwang, 2008), anti-inflammatory (Terra et al., 2011), anticancer (Nandakumar,
Singh, & Katiyar, 2008) and antimicrobial activities (Zang et al., 2013) in vivo
and in vitro. However, the identification and quantification of PAs is
problematic due to the highly complex mixtures in sea buckthorn. These
restrictions hinder the understanding of the compounds, and new analytical
method needs to be established for identification of PAs in sea buckthorn
berries.



2 Introduction

Currants (Ribes spp. L.) are small, perennial, fruit-bearing and deciduous
shrubs of the genus Ribes of the family Grossulariaceae. They are mainly
distributed in temperate regions of Europe and the North America. The species
R. nigrum (black currants and green currants) and R. rubrum (red currants and
white currants) are commonly cultivated in home gardens for fruits and as
ornamental shrubs (Geils, Hummer, & Hunt, 2010; Hummer & Dale, 2010).
The less common unpigmented green and white currants are variants of black
and red currant, respectively (Méittd, Kamal-Eldin, & Torrénen, 2001). In
Europe, black currants are widely cultivated for industrial processing.

The currant berries have a number of health-promoting effects due to the
high content of bioactive compounds (Cassidy et al., 2012; Gopalan et al., 2012;
McCullough et al., 2012; C. Wang, Mehendale, Calway, & Yuan, 2011). Also
the leaves of currants have received considerable attention as rich sources of
phenolic compounds (He et al., 2010; Tabart et al., 2007; Vagiri, Ekholm,
Andersson, Johansson, & Rumpunen, 2012). In traditional folk medicines,
black currant leaves have been used to treat rheumatism and arthritis (Declume,
1989). Recent research has shown anti-inflammatory properties of black currant
leaves (Garbacki, Kinet, Nusgens, Desmecht, & Damas, 2005). It has been
shown that black currant leaves harvested in June have higher antioxidant
activity and a higher content of total phenolics than fully ripened berries
(Tabart, Kevers, Pincemail, Defraigne, & Dommes, 2006). The main group of
phenolics in currant leaves are flavonoids, especially derivatives of kaempferol,
quercetin and myricetin (Liu, Kallio, & Yang, 2014; Vagiri et al., 2012). These
flavonol glycosides (FGs) are of particular interest, because they have shown
anti-inflammatory, antiviral and antioxidant properties, and may reduce the risk
of coronary heart disease (Haasbach et al., 2014; Middleton, Kandaswami, &
Theoharides, 2000; Moon, Tsushida, Nakahara, & Terao, 2001; Tabart et al.,
2012).

As an important berry, the world harvest of currants amounted to
approximately 770,000 tonnes in 2013 (data from www.helgilibrary.com),
mainly for the juice processing industry. Meanwhile, a large number of leaves
are produced every year. Although black currant leaves are used as raw
materials to produce tea and beverages in some European countries, the
majority of the leaves are still left unused as agricultural waste. In order to
provide better exploitation of currant leaves, isolation, identification and
quantitative determination of their FGs are of special importance.

Biosynthesis and accumulation of plant secondary metabolites, such as PAs
and FGs, are regulated especially by genetic background but also by the growth
environment. The growth locations at different latitudes and altitudes have their
own environmental profiles, such as growth season, day length, temperature,
radiation, precipitation and humidity. Accumulation of secondary metabolites
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in plants is a result of complex gene-environment interactions. Investigation on
the impact of different genetic backgrounds and environmental factors are
essential for a better understanding of plant physiology, and for berry breeding
and cultivation as well as for optimization of use of raw materials.

In this thesis, sea buckthorn of three subspecies (ssp. rhamnoides, ssp.
mongolica and ssp. sinensis) were compared based on the content and
composition of PAs. Moreover, the impact of latitudes, altitudes and weather
conditions at the growth sites were also studied. In the study related to currants,
the FGs in leaves of three cultivars of black currant (R. nigrum), one of green
currant (R. nigrum), one of red currant (R. rubrum) and one of white currant (R.
rubrum) were compared, taking growth seasons, growth locations, and leaf
positions into account.

In the literature review, the recent publications are summarized on chemical
structures, sensory characteristics and biological activities of PAs and FGs in
food. Moreover, the review also covers the effects of growth environment on
biosynthesis of PAs and FGs, as well as the most recent methods for analysis of
these two groups of compounds.
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2 REVIEW OF THE LITERATURE

2.1 Proanthocyanidins

Proanthocyanidins (PAs), also known as condensed tannins, are oligomers and
polymers consisting of flavan-3-ol units produced via the biosynthetic pathway
of flavonoids. PAs are widely distributed in seeds, bark, flowers, leaves, roots
and even fruit skin in woody and some herbaceous plants, providing specific
physiological functions. Research on PAs has attracted high interest over the
past decades due to their potentially beneficial effects on human health and due
to their contribution to astringency and bitterness in food and beverages such as
wine, tea and juices.

2.1.1 Structures and existence of proanthocyanidins

As the monomeric unit of PAs, flavan-3-ols have the typical C6—-C3-C6
flavonoid skeleton. The structures of PAs vary depending on the hydroxylation
pattern and stereochemistry of the flavan-3-ol units, as well as on the type of

linkages between monomeric units and on the degree of polymerization (DP).
R¥

Proanthocyanidins (PAs)  Flavan-3-ol R¥ R R®
Proguibourtinidins (PGs)  (epi)guibourtinidol H H H
Propelargonidins (PPs) (epi)afzelechin H H OH
Profisetinidins (PFs) (epi)fisetinidol OH H H
Procyanidins (PCs) (epi)catechin OH H OH
Prorobinetinidins (PRs) (epi)robinetinidol OH OH H
Prodelphinidins (PDs) (epi)gallocatechin OH OH OH

Fig. 1 Structures of flavan-3-ol units
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The names of flavan-3-ols and classes of PAs are shown in Figure 1. The
most common PA oligomers and polymers consisting of only (epi)catechin,
(epi)gallocatechin or (epi)afzelechin subunits are called procyanidins (PCs),
prodelphinidins (PDs) or propelargonidins (PPs), respectively. Oligomers or
polymers of the other three flavan 3-ols listed in Figure 1 are less common in
nature (Porter, 1988). Flavan-3-ols differ by the presence of hydroxyl groups at
positions C3’, C5” and C5 (substituents R*, R> and R”) on the aromatic rings A
and B, as well as on the stereochemistry of substituents at C2 and C3 in the
heterocyclic ring C. There are chiral centers at C2 and C3 forming four
diastereoisomers, two of them are in cis configuration and the other two in
trans configuration. In order to distinguish the cis/trans isomers, the prefix ‘epi’
is used for cis stereochemistry. R and S configurations at C2 and C3 are used to
distinguish the stereoisomers, such as (-)-epicatechin (2R,3R) (Figure 2A),
(+)-catechin (2R,3S) (Figure 2B) (Santos-Buelga & Scalbert, 2000).

C D

Fig. 2 Structures of (—)-epicatechin (2R,3R) (A), (+)-catechin (2R,3S5) (B), B-
type procyanidin dimer B1 (C) and A-type procyanidin dimer A1 (D)

Two types (B-type and A-type) of linkages between these monomeric units
occur in PAs. B-type PAs consist of flavan-3-ol units linked via C4—C8 and/or
C4-C6 carbon-carbon bonds (Figure 2C). A-type PAs contain an additional
ether bond C2—-O—-C7 between the monomeric units (Figure 2D) (Porter, 1988).
Most of the common PAs are of B-type, whereas the A-type PAs are present in
a few specific foods only (Hellstrom, Torronen, & Mattila, 2009). As shown in
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Table 1, A-type PCs are found exclusively in cranberries, lingonberries, plums,
avocados and peanuts. Mixed PCs and PPs coexist in raspberries, strawberries,
almonds and some beans. Cinnamon contains even highly heterogeneous
mixture of PCs, PDs, and PPs.

Table 1. Proanthocyanidins in common foods (Hellstrom et al., 2009)

Linkage Type Food

AB PC cranberries, lingonberries, plums, avocados, peanuts

AB PC PD PP cinnamon

B PC apple, apricots, bananas, barley, blueberries, blackberries,

black eye peas, black beans, cashews, chocolate, choke
berries, cherries, cates, grape seed , indian squash, mangos,
nectarines, marion berries, peaches, pears, kiwis, sorghum,
walnuts

B PC PD beer, blackcurrants, green grapes, red grapes, grape juice, red
wine, hazelnuts, pecans, pistachios, sea buckthorn berries

B PC PP raspberries, strawberries, pinto beans, small red beans, red

kidney beans, almonds

In addition, PA esters and PA glycosides are also commonly found in food.
Gallic acid can be esterified with the hydroxyl groups of flavan-3-ol units at C3
position, such as epigallocatechin gallate, epicatechin gallate and epiafzelechin
gallate present in green tea. Esterification with hydroxyl groups at positions C5
or C7 is rare. PA esters can be e.g. monogalloylated as dimeric epicatechin-
(4 — 8)-epicatechin-3-O-gallate (Phansalkar et al.,, 2015), or highly
galloylated as trigalloylated procyanidin trimers (Russo et al., 2013). The PA
glycosides are generally formed through the hydroxyl group at C3 position, but
also at C5, C6 and C7 positions are possible. Complex structures of PAs bring
many difficulties in naming the individual compounds. The formal names are
listed according to the names of flavan-3-ol units, interflavanoid linkages and
the terminal flavan-3-ol units. The interflavanoid linkages give the connection
direction of C4 (B-type) or/and C2 (A-type), and their stereochemistry bonds
distinguished by a and f. In addition, common names are also widely used for
individual PAs (Table 2).
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Table 2. Common names and structures of PA dimers. Adapted from Karonen,
2007.

Name Extension unit Interflavan Linkage Terminal Unit
Procyanidin B1 Epicatechin (48 —8) Catechin
Procyanidin B2 Epicatechin (48 —8) Epicatechin
Procyanidin B3 Catechin (4a —8) Catechin
Procyanidin B4 Catechin (40 —8) Epicatechin
Procyanidin B5 Epicatechin (48 —06) Epicatechin
Procyanidin B6 Catechin (40 —6) Catechin
Procyanidin B7 Epicatechin (45 —6) Catechin
Procyanidin B8 Catechin (40 —6) Epicatechin
Procyanidin A1 Epicatechin 2—7,4p—8) Catechin
Procyanidin A2 Epicatechin 2—7,46—38) Epicatechin
Prodelphinidin B1 ~ Epigallocatechin (45 —8) Gallocatechin
Prodelphinidin B2~ Epigallocatechin (45 —8) Epigallocatechin
Prodelphinidin B3 Gallocatechin (40 —8) Catechin
Prodelphinidin B4  Gallocatechin (40 —8) Epigallocatechin
Prodelphinidin B5  Epigallocatechin (45 —6) Epigallocatechin
Prodelphinidin A1  Epigallocatechin (2—7,46—8) Gallocatechin
Prodelphinidin A2  Epigallocatechin (2—7,45—8) Epigallocatechin

2.1.2 Functions of proanthocyanidins in plants

PAs and their derivatives are widely distributed in plant tissues, such as bark,
leaves, fruits, seeds and roots, where the metabolites exhibit several biological
and physiological properties. PAs have properties related to protein-binding
and metal-binding. The former may result in aversion to the plant and protect
the plant from predation by herbivores. PAs also contribute to the astringency
and bitterness in plants (Aziz, Paiva, May, & Dixon, 2005; Dixon, Xie, &
Sharma, 2005). The compounds may be even poisons to insects and other
herbivores. PAs in glandular hair of plant cuticles further illustrate this fact.
However, for specific species of insects, PAs can act as feeding and oviposition
stimulants (Barbehenn & Constabel, 2011; Sato, Islam, Awata, & Yamasaki,
1999). Plants may also accumulate PAs in the endothelium cell layers or
subepidermal layers of fruit and seed coat to fight against bacteria or other
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pathogens (Barbehenn & Constabel, 2011). The mechanism for the activity
may be derived from the competition between PAs and bacteria to bind iron
(Scalbert, 1991). In most plants, PAs are involved in dormancy and
germination during the seed development (Debeaujon, Leon-Kloosterziel, &
Koornneef, 2000; Lepiniec et al., 2006). In the case of the invasive species
Centaurea maculosa (spotted knapweed) in western America, PAs are released
from the root as phytotoxin which may influences growth of the neighbouring
plants (Bais, Vepachedu, Gilroy, Callaway, & Vivanco, 2003).

2.1.3 Role of proanthocyanidins in sensory properties of food

The astringency and bitterness are important oral sensations. Astringency is
generally defined as “the complex of sensations due to shrinking, drawing or
puckering of the epithelium as a result of exposure to substances such as alums
or tannins” (ASTM International, 2004). One characteristic of PAs is the ability
to complex or precipitate salivary proteins, thus producing tactile sensation by
friction in the oral cavity (Breslin, Gilmore, Beauchamp, & Green, 1993; De
Freitas & Mateus, 2001). Bitterness is a taste perception perceived through the
bitter taste receptor cells (TRC) in taste buds, then transmitted to the brain
through the nerves. Taste buds are distributed on the tongue and each of them
contains 50-150 different TRCs. In humans, about 25 taste receptors type 2
(TAS2Rs) are responsible for bitter taste (Conte, Ebeling, Marcuz, Nef, &
Andres-Barquin, 2002).

PAs play an essential role in sensory properties of astringency and bitterness
in food, especially in fruits, wine, tea and cider (Peleg, Gacon, Schlich, &
Noble, 1999). In fruits and berries, the content of total PAs ranged from 20 to
2200 mg/100g (FW) (Hellstrom et al., 2009). In water solution, the threshold
value of astringency with polymeric PAs, procyanidin B1, procyanidin B2 and
procyanidin B3 is 22, 139, 110 and 116 mg/L, respectively. The threshold
concentrations of B-type PAs for bitterness are 230-280 mg/L (Hufnagel &
Hofmann, 2008; Schwarz & Hofmann, 2007). It is believed that the intensity of
astringency and bitterness sensation depends on the stereochemistry and
linkage of PAs, degree of polymerization, galloylation and esterification.

As the subunits and monomers of PAs, (—)-epicatechin and (+)-catechin are
stereoisomers, but the former is more bitter and astringent than the latter. The
composition of the monomeric subunits affect the intensity of astringency and
bitterness of PAs. Cala et al. compared four PC dimers and one PC trimer by
their ability to to bind peptides (14 amino acid residues) as a mechanism for
simulating astringency. The order of binding capacity was PC C2 > PC B2 >
PC B4 > PC B1 > PC B3 (Cala et al., 2010). In addition, the ratio of PC: PD
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may influence the profiles of astringency (Laaksonen, Salminen, Makila, Kallio,
& Yang, 2015). In the time-intensity evaluation of astringency and bitterness,
PC B6 with interflavan linkage (4a—6) is more astringent and bitter than PC
B3 and B4 with the linkage (4a—8) (Peleg et al., 1999). The degree of
polymerization (DP) also affects astringency and bitterness of PAs. PAs with
higher DP values contain more hydrophobic groups, which may increase the
ability to bind proteins (Soares, Mateus, & De Freitas, 2007). In contrast to
astringency, bitterness has a negative correlation with DP values of PAs (Chira,
Schmauch, Saucier, Fabre, & Teissedre, 2008; Peleg et al., 1999).
Esterification of PAs with gallic acid can also affect the ability to bind proteins.
Esterified PAs in grape seeds are more astringent than the non-esterified PAs.
(—)-Epicatechin simultaneously responding to TAS2R4, TAS2RS5, and
TAS2R39 receptors, whereas PC trimer (PC C2) can only activate TAS2RS
receptor. The bitterness of PAs experienced by consumers may be related to the
type and quantity of TAS2Rs (Soares et al., 2013).

2.1.4 Heath effects of proanthocyanidins

PAs are the most common flavonoids in the human diet, and they have received
attention in the past decades because of their antioxidative properties and other
potential benefits to human health. As natural antioxidants, PAs can eliminate
the free radicals that cause oxidative damage to DNA, lipids, and proteins in
human body (Es-Safi, Guyot, & Ducrot, 2006; Oki et al., 2002). PAs have also
anti-inflammatory properties. The mechanism of action is related to inhibiting
the formation of inflammatory cytokines (such as TNFa, IL-1, IL-6) and to
limiting the endothelial expression of the adhesion molecules (Giovinazzo &
Grieco, 2015; Zhang & Tsao, 2016). According to studies with tumor models
created in vitro and in vivo, PAs can activate the immune system, inhibit cell
proliferation and malignant transformation of benign tumors to carcinoma,
induce apoptosis of cancer cells and arrest the cancer cell cycle in Gap 2 phase
(Katiyar, 2016; Kaur, Singh, Gu, Agarwal, & Agarwal, 2006). A variety of
molecular targets modulated by PAs confirmed that PAs can play a potential
role in anti-cancer therapy (Nandakumar et al., 2008). In epidemiological
surveys, dietary PA consumption is significantly associated with reduced risk
of chronic diseases, such as cardiovascular disease (CVD) and type 2 diabetes,
which are major causes of morbidity and mortality in Western countries
(Kruger, Davies, Myburgh, & Lecour, 2014; X. Wang, Ouyang, Liu, & Zhao,
2014; Zamora-Ros et al., 2014). Recently, Ribas et al. reported that PAs from
grape seed extract can modulate the body circadian rhythm and have
chronobiological properties (Ribas - Latre et al., 2015). Moreover, the grape
seed PAs can relieve postweaning diarrhea in rats (Song et al., 2011) and
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enhance the biological stability of dentin collagen in clinical trials (Y. Liu et al.,
2013). Sea buckthorn seed PA extract showed protective effects against light-
induced retinal degeneration (Wang et al., 2016).

The antioxidative and anti-inflammatory effects are influenced by the
structure of PAs. PDs with trihydroxyphenyl structures show stronger free
radical scavenging activity than PCs with dihydroxyphenyl structures (Santos
- Buelga & Scalbert, 2000). The antioxidant activity increases with the
increasing DP values and with increasing number of esterified groups in ring B
(Da Silva Porto, Patricia Andréia Leite, Laranjinha, & de Freitas, Victor
Armando Pereira, 2003; Osakabe et al., 2002). In a study of anti-inflammatory
properties of PAs from peanut skin, the dimers and trimers showed stronger
activities against melanogenesis and cytokine production than monomers or
tetramers of PAs (Tatsuno et al., 2012).

2.1.5 Absorption and metabolism of proanthocyanidins

Absorption of PAs depends largely on their degree of polymerization (DP).
Only PA monomers, dimers, trimers and tetramers are absorbed through the
wall of the small intestine by passive diffusion and the rest of PA polymers
with DP >4 are not absorbed as such in the small intestine (Manach,
Williamson, Morand, Scalbert, & Rémésy, 2005). Compared with absorption
rates of PA dimers, trimers and tetramers, the PA monomer has a higher rate of
absorption. The metabolites of (—)-epicatechin are present as methylated,
glucuronidated and sulphated conjugates in blood and urine (Romanov-
Michailidis et al., 2012). PC dimers are absorbed without conjugation or
methylation and are directly detected in plasma. The absorption rate of A-type
PC dimers (A1 and A2) is higher than that of B-type dimers (B2) (Appeldoorn,
Vincken, Gruppen, & Hollman, 2009; Holt et al., 2002; Sano et al., 2003; Serra
et al., 2010). However, these absorbable oligomers are not degraded and they
do not affect the concentration of (—)-epicatechin (monomeric flavanol) in
blood or urine (Ottaviani, Kwik-Uribe, Keen, & Schroeter, 2012). Also food
matrix affects the absorption of PAs. Carbohydrate-rich and protein-rich diets
may have a negative effect on the absorption of PAs (Serafini et al., 2003;
Serra et al., 2010).

The bioavailability of PAs is limited by DP, only a small amount of
absorbable PAs are absorbed in the small intestine. The remaining majority of
PAs pass from the small intestine into the colon, where these non-absorbable
PAs with DP >4 are catabolized by gut microflora, and still have potential
health benefits due to prebiotic activities and microbial metabolites (Ou & Gu,
2014). In the early stage of microbial catabolism of B-type PAs (procyanidin
B2), the C-ring and A-ring are cleaved and oxidized. In addition, also the
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interflavan bond can be cleaved by bacteria to form monomeric PAs (Stoupi,
Williamson, Drynan, Barron, & Clifford, 2010). Compared to B-type PAs, A-
type PAs are more stable due to their additional C2-O—C7 bond and only C-
ring is cleaved during degradation (Engemann, Hiibner, Rzeppa, & Humpf,
2012). In the model of fermentation with human colonic fecal bacteria, major
catabolites of PAs are benzoic acid derivatives, phenylacetic acids, and
phenylpropionic acids, which may play a role in inhibiting inflammatory
factors and preventing atherosclerosis (Cueva et al., 2013; Engemann et al.,
2012; Karlsson et al., 2005). PAs also offer potential health benefits by
modulation of intestinal flora. Recent studies have shown that grape seed PAs
promote the growth of Bifidobacterium, Lactobacillus and Enterococcus
species, and decrease the population of Clostridium histolyticum and other
clostridia (Cueva et al., 2013). Moreover, A-type PAs from cranberries
combined with probiotics as a synergistic functional food inhibit in vitro
invasion of gut epithelial cells by extra-intestinal pathogenic Escherichia coli
(Polewski, Krueger, Reed, & Leyer, 2016).

2.2 Flavonol glycosides

Flavonols are a class of flavonoids which widely occur in fruits, vegetables,
and beverages. Though some flavonols exist as aglycones, most of them are
typically conjugated with sugars as FGs (Del Rio et al., 2013). Increasing
evidences suggest that dietary flavonols and FGs may have protective effects
against human chronic diseases, and may reduce the risk of certain cancers
(Del Rio et al., 2013; Y. Xie, Huang, & Su, 2016)

2.2.1 Structure of flavonol glycosides

The structure of flavonols also consists of two aromatic rings and one
heterocyclic pyran ring (C6—C3-C6) (Figure 3). C-ring of flavonols has a
double bond between C2 and C3, a keto group at C4 and a hydroxyl group in
position C3.

The positions C3’, C4" and C5' in B-ring may be substituted with methoxy
groups or hydroxyl groups, thus forming different flavonol aglycones (Aherne
& O’Brien, 2002). Practically, the common aglycones are galangin, kaempferol,
quercetin, myricetin, and isorhamnetin (Figure 3). The aglycones can be
glycosylated by even up to four or more saccharides. The most common
monosaccharides are glucose (Glu), galactose (Gal), rhamnose (Rha) and
xylose (Xyl), whereas the common disaccharides are sophorose (Glu-f-(1—2)-
Glu), gentiobiose (Glu-f-(1—6)-Glu), and rutinose (Rha-a (1—6)-Glu) (Veitch
& Grayer, 2008). The preferred site of glycosylation is C3, and less frequently
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at position C7 (Fossen, Pedersen, & Andersen, 1998). The presence of various
saccharides and complex linkages results in diverse FGs. For example, more
than 200 kaempferol glycosides are found in plants (Del Rio et al., 2013). With
the rapid development of MS and NMR analysis, more complex FGs can be
identified.

Name RY RY R¥
Galangin H H H
Kaempferol H OH H
Quercetin OH OH H
Myricetin OH OH OH

Isorhamnetin OCH; OH H

Fig. 3 The structure of flavonols

2.2.2 Flavonols and flavonol glycosides in food

Dietary flavonols are widely distributed in vegetables and fruits where FGs are
the main forms of existence. FGs are mainly accumulated in leaves and peels,
but rare in the rhizome with the exception of onions (Aherne & O’Brien, 2002).
Among the dietary flavonols, glycosides of kaempferol, quercetin, myricetin
and isorhamnetin are most widespread. Kaempferol is abundantly found in
leafy vegetables and some spices, such as spinach, kale, endive and fennel,
with concentrations between 0.1 and 27 mg/100 g FW. Capers, cocoa, onions
and berries are good sources of quercetin glycosides (Tan et al., 2003). The
richest sources of myricetin are some spices and medicinal herbs such as
parsley and dill weed, as well as some berries such as currants and cranberries
(Ong & Khoo, 1997). Isorhamnetin is present in some spices such as fennel,
and in fruits like almonds and sea buckthorn berries at levels ranging from 1 to
10 mg/100 g FW (De la Rosa, Alvarez-Parrilla, & Gonzalez-Aguilar, 2009; Ma
et al., 2016). Moreover, beverages such as tea and wine are also good sources
of flavonols, together with PAs contributing to the astringent taste (Hufnagel &
Hofmann, 2008).

2.2.3 Health effects of flavonols

Flavonols are bioactive compounds directly associated with human health. As
the active ingredients of some traditional Chinese medicine, such as white
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mulberry leaf (Morus alba L., Sang ye), sophorae flower (Sophora japonica L.,
Huai hua), and polygoni avicularis herba (Polygonum aviculare L., Bian xu),
flavonols and their glycosides have been used as drugs for centuries
(Matkowski, Jamiolkowska-Kozlowska, & Nawrot, 2013). Flavonols are non-
essential nutrients, but long-term moderate dietary intake may play a role in
promoting health. In the past decades, evidences of epidemiological studies
have suggested that dietary flavonols can significantly reduce the incidence of
some chronic diseases such as type 2 diabetes, CVD and even cancers (X.
Wang et al., 2014; Y. Xie et al., 2016). Flavonols have the common properties
of flavonoids, of which the antioxidant and anti-inflammatory activities are the
most representative. Recent research suggestes that quercetin induces
autophagy, nuclear erythroid 2-related factor 2-antioxidant responsive element
(Nrf2-ARE), and antioxidant/anti-inflammatory enzyme paraoxonase 2 against
oxidative stress (Costa, Garrick, Roque, & Pellacani, 2016). Flavonols and FGs
have antibacterial and antiviral activity, they can inhibit bacterial DNA
synthesis and various enzymes related to the life cycle of viruses (Cushnie &
Lamb, 2005; Kumar & Pandey, 2013). Quercetin has been shown to inhibit
Escherichia coli DNA gyrase, and to prevent infection and replication cycle of
herpes simplex virus type-1 and dengue virus type-2 (Kumar & Pandey, 2013).
Among the flavonols, myricetin can affect glucose metabolism by increasing
hepatic glycogen synthase I activity and stimulating the transport of glucose
alleviating the symptoms of diabetes (Ong & Khoo, 2000). Moreover, a recent
study showed that oral flavonols may be used as inhibitors of serine-threonine
kinase CK2, which is over-expressed in various cancers (McCarty, 2015).

Structures of aglycones and the total number of sugar moieties affect the
properties and biological activity. Comparing the antioxidant capacity and
toxicology of four aglycones, myricetin, quercetin, kaempferol and galangin,
Kim et al. reported that the intracellular antioxidant activity and LDs, values
enhanced with the increasing number of hydroxyl groups on B-ring (Kim, Liu,
Guo, & Meydani, 2006). Usually, the antioxidant activity of aglycones is
stronger than their corresponding glycosides (Kumar & Pandey, 2013). In
aqueous phase trolox equivalent antioxidant capacity assay, the effect of
quercetin is almost twice as high as that of quercetin monoglycosides and
diglycosides. The effect of kaempferol is about 3—10 times higher than that of
kaempferol glycosides. (Plumb, Price & Williamson, 2013)

2.2.4 Absorption and metabolism of flavonols

Glycosides are the main forms of dietary flavonol compounds. Particularly, the
type and number of glycosidic moieties affect the bioavailability and
absorption of flavonols. Free flavonol aglycones are relatively hydrophobic and
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can be transported by passive diffusion (Day, Gee, DuPont, Johnson &
Williamson, 2003). With the addition of a glycosidic substituent, hydrophilicity
is enhanced, which reduces the capability of passive diffusion, and the glucose
transporter can transport the FGs (Aherne & O’Brien, 2002; Hollman, de Vries,
van Leeuwen, Mengelers & Katan, 1995). Nelson et al. detected FGs in urine
after consumption of cranberry juice. Among the five FGs studied, myricetin-3-
galactoside was the earliest postprandial peak of FGs in plasma, whereas
appearance of quercetin-3-arabinoside took the longest time. Quercetin-3-
galactoside was the most abundant FG in urine after consumption of cranberry
juice (Nelson et al., 2016). Quercetin glucoside is more efficiently absorbed
than the aglycone itself, whereas rutin with disaccharide rutinose is less
efficiently absorbed than quercetin aglycone (Hollman, de Vries, van Leeuwen,
Mengelers & Katan, 1995).

The first step of metabolism of FGs is deglycosylation. There are two
possible ways of hydrolysis of flavonoid glycosides. One is the hydrolysis by
the lactase phloridzin hydrolase (LPH) at the brush border membrane of
epithelial cell. LPH can deglycosylate FGs by the specificity for flavonoid-O-
B-D-glucosides, after which the aglycone is absorbed by passive diffusion (Day
et al., 2000). Another is the transport mediated by cytosolic S-glucosidase
(CBGQG) in epithelial cells. Hydrolysis by CBG requires active transport of the
FGs into epithelial cell as entirety (Gee, DuPont, Day, Plumb, Williamson &
Johnson, 2000). After absorption, flavonols undergo hydroxylations,
methylations and sulfation in multiple organs such as liver, small intestine,
colon and kidney (Aherne & O’Brien, 2002). Liver is considered the major
metabolic organ, but a research suggests that sulfation of quercetin occurs only
in the small intestine instead of liver or colon (Del Rio, Rodriguez-Mateos,
Spencer, Tognolini, Borges & Crozier, 2013). In a metabolic study with rats,
radiolabeled quercetin-4'-glucoside (4 mg/kg body weight) was rapidly
degraded to phenolic acids, principally to 3-hydroxyphenylacetic acid and
benzoic acid in gastrointestinal tract, and then excreted with urine in 72 hours
(Mullen et al., 2008).

Increasing evidence shows that FGs are not only absorbed in epithelial cells,
but also can be degraded by gut microflora into aglycones and phenolic acids.
Rutin and robinin (kaempferol-3-O-robinoside-7-O-rhamnoside) are bacterially
converted into quercetin and kaempferol in human gut, respectively. These
mechanisms are associated with cleavage of glycosidic bonds by bacterial
glycosidases and/or C-ring cleaving enzyme produced by intestinal bacteria
(Aherne & O’Brien, 2002).
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2.3  Biosynthesis of proanthocyanidins and flavonol
glycosides

2.3.1 General biosynthetic pathway of proanthocyanidins and
flavonol glycosides

Both PAs and FGs are synthesized as end products in different branches of the
flavonoid pathway. They share the same upstream pathways, the
acetate/malonate pathway and the shikimate pathway. The main steps of the
biosynthesis pathways of PAs and FGs are shown in Figure 4.

In the first step, p-coumaroyl-CoA produced from the shikimate pathway
and three malonyl-CoAs from the acetate/malonate pathway are combined to
form chalcone by chalcone synthase (CHS). P-coumaroyl-CoA is considered to
form the aromatic B-ring and the heterocyclic C-ring, and three malonyl-CoAs
are added through sequential decarboxylation and condensed to A-ring (Tsao,
2010). The second step of the pathway is the isomerization reaction from
chalcone to naringenin. This reaction can occur spontaneously but it can also
occur more efficiently by the action of chalcone isomerase (CHI) (Cain,
Saslowsky, Walker & Shirley, 1997). Naringenin is further transformed into
dihydrokaempferol by flavanone 3-hydroxylase (F3H) (Holton & Cornish,
1995). Dihydrokaempferol is converted to dihydroquercetin and
dihydromyricetin by the catalysis of flavonoid 3'-hydroxylase (F3'H) and
flavonoid 3', 5'-hydroxylase (F3'5'H), respectively. These compounds can also
be converted from eridictyol and pentahydroxyflavanone derived from
naringenin in the previous step. From dihydroflavonols, PAs and FGs will have
their own branches of pathway.

Dihydroflavonols (dihydrokaempferol, dihydroquercetin and
dihydromyricetin) are converted to kaempferol, quercetin and myricetinis
mediated by flavonol synthase (FLS) (Tsao, 2010). These flavonols are
glycosylated, thereby formed FGs by glycosyltransferases (GTFs) (De la Rosa,
Alvarez-Parrilla & Gonzalez-Aguilar, 2009). The dihydroflavonols are reduced
by dihydroflavonol reductase (DFR) to (2R, 3S, 4S)-leucoanthocyanidins and
further to (2R, 3S)-flavan-3-ols by leucoanthocyanidin reductase (LAR), which
are subunits of PAs. (2R, 35, 45)-leucoanthocyanidins can also be oxidized by
anthocyanidin synthase (ANS) to anthocyanidins, which are converted to
(2R,3R)-flavan-3-ols by anthocyanidin reductase (ANR) (He, Pan, Shi & Duan,
2008, Tsao, 2010). All the (2R, 3S, 4S)-leucoanthocyanidins, (2R, 3S)-flavan-
3-ols and (2R, 3R)-flavan-3-ols are potential precursors for PAs (Dixon, Xie &
Sharma, 2005; Tian, Pang & Dixon, 2008).
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leucoanthocyanidin  reductase; ANS, anthocyanidin synthase; ANR,
anthocyanidin reductase.

2.3.2 Transportation and polymerization of proanthocyanidins

Proanthocyanidins generally accumulate in the wvacuoles, whereas their
precursors are mostly located in endoplasmic reticulum or cytoplasm
(Saslowsky & Winkel-Shirley, 2001). Up to now, the mechanisms of transport
are still controversial. More and more attention has been paid to the role of
transparent testa 19 (TT19), a glutathione S-transferase (GST), in accumulation
and transformation of anthocyanidins in a variety of plants (Zhao, Pang &
Dixon, 2010). TT19 can be combined to flavonoids and prevent oxidation of
anthocyanins, and then transfer anthocyanins into vacuoles (Zhao, Pang &
Dixon, 2010). However, the role of TT19 in transformation of PAs is unclear.
A possible process is that PAs are bound to TT19, which contributes to
mediating intracellular membrane trafficking (Ichino et al.,, 2014).
Polymerization mechanisms of PAs are still poorly understood. Although
several potential mechanisms have been studied, such as catalysis by
polyphenol oxidase, regulation of transparent testa 10 gene and non-enzymatic
polymerization, none of them have been proven by enough evidence and direct
experimental support (He, Pan, Shi & Duan, 2008; Zhao, Pang & Dixon, 2010).
This unresolved question deserves further investigation.

2.4  Analysis of proanthocyanidins and flavonol glycosides

As natural flavonoids, the structure, composition and content of PAs and FGs
significantly affect their biological activities, absorption and metabolism as
reviewed in the previous section. Qualitative and quantitative analysis aims to
increase the overall understanding and exploitation of these flavonoids.
Although instrumentation and techniques of analysis are rapidly developing,
the complex glycosylation and polymerization still present many challenges.
This section is intended to review the preparation, extraction, purification and
analysis of PAs and FGs from plant foods.

2.4.1 Sample preparation

Fruits, berries, vegetables and beverages (wine, tea, juice) are the major
sources of flavonoids in the human diet. Sample preparation for analysis
usually depends on composition and matrix of the materials to be studied. In
the process of collection, transportation and preservation, plant samples have to
be handled with care. In order to avoid deterioration of the samples and
degradation of the target compounds by enzymes or oxidazion, samples are
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usually dried or frozen after collection (Stalikas, 2007). Samples are milled or
ground to obtain a certain particle size for higher extraction yields (Gido,
Pereira, Fonseca, Pintado & Malcata, 2009). In this case, liquid nitrogen is
usually the best choice, which reduces damage of phenolic compounds
compared to high-temperature drying.

2.4.2 Extraction and purification

Liquid-liquid and solid—liquid extractions are the most common technique
used to isolate flavonoids from food samples. As classes of flavonoids, PAs
and FGs in their natural forms are relatively hydrophilic. Thus, water, polar
organic solvents such as methanol, ethanol, acetone, and mixtures of water and
organic solvents are employed in extraction (Tsao, 2010). Also the weak
lipophilic solvent ethyl acetate is used to extract FGs. For instance, 70 %
aqueous acetone has been applied for extracting FGs from currant leaves (Liu,
Kallio & Yang, 2014; Yang, Alanne, Liu, Kallio & Yang, 2015). PAs are
generally more stable at low pH conditions and weak or strong acids at low
concentrations may be added in the extraction solvent. E.g. 0.5 % acetic acid in
the solvent has been used for PA extractions (Kallio, Yang, Liu & Yang, 2014).
When extracting PAs from grape seeds, 15 % aqueous ethanol combined with
maceration can give the highest extraction yields (Hernandez-Jiménez,
Kennedy, Bautista-Ortin & Gomez-Plaza, 2011). In recent years, other
techniques have arisen, such as supercritical fluid extraction, ionic liquids
extraction and ultrasound-assisted extraction. Compared to the conventional
extraction procedures, the solvents used in the new methods are easily recycled,
non-flammable and non-toxic (Khoddami, Wilkes & Roberts, 2013; Yang, Sun,
Yang, Zhao, Zhang & Zu, 2012) but their applicability and efficiency are
highly case-specific.

PAs and FGs have similar solubilities as many other flavonoids, which may
make the analyses complicated. Therefore, from samples rich in various groups
of flavonoids, isolation of the target compounds is necessary. Molecular
imprinting can be applied in solid-phase extraction of flavonols and FGs.
Molecularly imprinted polymer is prepared using target compound (template),
functional monomer and crosslinker. The porogen is used to remove the
template, leaving behind specific recognition sites for target compounds. As the
sorbent material, rutin, kaempferol and quercetin may be selected as a specific
class of compounds by specific recognition sites (Theodoridis, Lasakova,
Sketikova, Tegou, Giantsiou & Jandera, 2006; Xie, Zhu, Luo, Zhou, Li & Xu,
2001).

Sephadex LH-20 is commonly used to fractionate PAs (Naczk & Shahidi,
2004). Carbohydrates and low-molecular weight phenolics can be removed by
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20 % — 50 % aqueous methanol in Sephadex LH-20 column chromatography.
PA oligomers and polymers are eluted by 70 % aqueous acetone (Kallio, Yang,
Liu & Yang, 2014). In addition, other solid phases such as C18 Sep-Pak,
Sephadex G-25 and MCI gels are also used for purification of PAs (Karonen,
2007).

2.4.3 High performance liquid chromatography

In order to accurately characterize PAs and FGs, individual target compounds
must be well separated. High performance liquid chromatography (HPLC) is
the most widely used tool for separation of flavonoids. Reversed phase liquid
chromatography (RP-HPLC) and normal phase liquid chromatography (NP-
HPLC) are both used for separation of flavnoids (Karonen, 2007). Hydrophilic
interaction liquid chromatography (HILIC) is an alternative LC method, a
variant of NP-HPLC, which is used for separating polar compounds. Moreover,
a combination of two of the methods above forms two-dimensional liquid
chromatography (2D-HPLC), which is a powerful technique for the separation
and analysis of complex samples, especially of PAs.

In RP-HPLC, the mobile phase is more polar than the stationary phase and
elution of the compounds takes place in the order of decreasing polarity. In the
late 1970s, RP-HPLC was applied to the analysis of PAs, and the method
separated successfully PA oligomers. A typical elution order of the PA
monomers is (+)-gallocatethin, (—)-gallocatethin, (+)-catethin, (—)-catethin and
the order of PC oligomers is C2, B3, B1, B6, B4, B2, B7, C1 and B5 (Karonen,
2007, Koupai-Abyazani, McCallum & Bohm, 1992). PAs with cis
stereochemistry and linkage through C4—C8 are eluted earlier than other PAs in
RP-HPLC. However, PA polymers are not well separated by RP-HPLC and
they overlap with oligomers due to similar polarity, which gives challenges to
mass spectrometric analysis.

RP-HPLC is used to separate also flavonols. The more polar compounds are
generally eluted first and the elution order is: flavonol diglycosides, flavonol
monoglycosides, and flavonol aglycones (Harborne & Mabry, 2013, Watson,
2014). Also the structures of the sugar moieties affect the elution order. In case
of same aglycone and same position of glycosylation, the elution order is:
galactoside, glucoside, pentoside, rhamnoside, and glucurunoside (Cuyckens &
Claeys, 2004, Ma et al., 2016).

In NP-HPLC analysis, combination of a polar stationary phase (silica) and a
mobile phase of low polarity (organic solvent) is used. In 1993, NP-HPLC was
for the first time used in separation of PCs up to tetramers from cacao beans
and grape seeds (Rigaud, Escribano-Bailon, Prieur, Souquet & Cheynier, 1993).
Then, the methods were improved to further separate the PAs up to decamers
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(Gu et al., 2002), and successfully applied to separate PAs in 39 different foods
including fruits, vegetables, cereals, nuts, beverages and spices (Gu et al.,
2003a). In NP-HPLC, PAs are usually eluted in the order of increasing DP. In
addition, also galloylation of PAs influence the order of elution. The non-
galloylated PAs are eluted earlier than the galloylated ones, and increasing the
number of galloyl substituents increases elution time (Rigaud, Escribano-
Bailon, Prieur, Souquet & Cheynier, 1993).

In 1990, HILIC was the first time proposed for analysis of peptides and
nucleic acids (Alpert, 1990). Although a variant of NP-HPLC, the separation
mechanism of HILIC is different and more complex than in NP-HPLC. HILIC
shares the same stationary phases with NP-HPLC (silica, amino) and uses
similar mobile phase as in RP-HPLC (water and acetonitrile). Further, it is also
compatible with ion chromatography (IC) for separating charged substances
(Figure 5) (Buszewski & Noga, 2012). Compared with traditional LC methods,
HILIC has its advantages. Aqueous mobile phase is more suitable for polar
samples and high concentrations of organic solvents make samples more
conductive to ionization in mass spectrometry (MS). HILIC has been
successfully applied for separation of PAs (Buszewski & Noga, 2012; Karonen,
Liimatainen & Sinkkonen, 2011; Kelm, Johnson, Robbins, Hammerstone &
Schmitz, 2006; Yanagida et al., 2007). PAs are eluted according to DP in
HILIC, which is similar with NP-HPLC, but HILIC has better stability and
higher sensitivity (Kallio, Yang, Liu & Yang, 2014).

Mobile phase: >| Stationary phase:
organic solvent S|I|(_:a
pH value amino
ion strength applicatio cyano

A4

Target compound:
charged substances

Fig. 5 The characteristics of HILIC overlap with those of RP-HPLC, NP-HPLC
and IC.

Polymeric PAs with the same DP values generally include a number of
isomers due to multiple linkages of subunits. Separation of individual
compounds from these complex mixtures of PAs cannot be implemented by
any single method of RP-HPLC, NP-HPLC or HILIC. With two-dimensional
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HPLC technique, separation of complex mixtures of PAs became possible in a
single run. In this method, the first-dimension and second-dimension columns
have different separation mechanisms. Compounds with poor separation in the
first dimension may be well separated in the second dimension. Two-
dimensional HPLC has been successfully applied to the analysis of PAs (Kalili
& de Villiers, 2009; Montero, Herrero, Prodanov, Ibafiez & Cifuentes, 2012;
Montero, Herrero, Ibafiez & Cifuentes, 2013). Usually, NP-HPLC or HILIC is
used as the first dimension, which can separate PAs by DP, and RP-HPLC is
employed in the second dimension for eluting PAs isomers of the same DP by
polarity.

The individual compounds separated by HPLC needs to be identified based
on spectral properties. Ultraviolet-visible (UV-Vis), photo diode array (PDA) /
diode array detector (DAD) and fluorescence detector (FLD) are the most
common detectors for HPLC. PAs and FGs have characteristic absorbance
peaks at 280 nm and 360 nm, respectively. The two channels are usually
recorded simultaneously to exclude interference from other compounds.
Fluorescence detection is more suitable and selective for PAs and it is often
conducted with an excitation wavelength of 230 nm and an emission
wavelength of 321 nm (Huemmer & Schreier, 2008)

2.4.4 Mass spectrometry

Mass spectrometry is the primary tool in identification of specific compounds.
It provides indication of chemical structures with excellent sensitivity and
selectivity. Atmospheric pressure ionization (API) interface is often coupled
with HPLC, mainly in electrospray ionization (ESI) and atmospheric pressure
chemical ionization (APCI) modes (Thomson, 1998). Compared to APCI, ESI
is more suitable for analysis of phenolic compounds due to better sensitivity
and lower background noise (Pérez-Magarifio, Revilla, Gonzalez-SanJos¢ &
Beltran, 1999). ESI is a kind of soft ionization method, in which the analytes in
the samples are atomized into charged droplets (Diameter 20 nm) by high
voltage capillary and reach the mass analyzer (Greaves & Roboz, 2013).
Commonly used analyzers for flavonoid analyses include quadrupoles,
quadrupole ion traps, and time of flight analyzers. Moreover, multi-analyzers
can also be used in conjunction, called tandem mass spectrometry (MS/MS),
which can examine selectively the fragmentation of particular ions in a mixture
of ions (Greaves & Roboz, 2013).

ESI-MS and ESI-MS/MS have been widely applied in the analysis of PAs
(Callemien & Collin, 2008, Gu et al., 2002, Karonen, Liimatainen &
Sinkkonen, 2011, Karonen, Loponen, Ossipov & Pihlaja, 2004, Montero,
Herrero, Prodanov, Ibafez & Cifuentes, 2012; Montero, Herrero, Ibafez &
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Cifuentes, 2013). The fragmentation pathway of PAs includes retro-
Diels—Alder reaction (RDA), heterocyclic ring fission (HRF), benzofuran-
forming (BFF), and quinone methide (QM) fissions (Li & Deinzer, 2007). The
ESI source operated in negative ion mode is commonly used for PAs, where
PA oligomers and polymers are detected as [M-H] ions, or multiply charged
[M-2H]* and [M-3H]> ions in full scan mode (Gu et al., 2003b; Hayasaka,
Waters, Cheynier, Herderich & Vidal, 2003; Kallio, Yang, Liu & Yang, 2014).
In selected ion recording (SIR)/selected ion monitoring (SIM) mode of MS and
in selected reaction monitoring (SRM) or multiple reactions monitoring (MRM)
mode of MS/MS, PAs with specific m/z values based on full scan mode are
detected thus increasing the separation capacity (Kallio, Yang, Liu & Yang,
2014; Prasain et al., 2009). Recent research showed that ESI-MS/MS with
optimized cone voltages can be used for analyses of PAs of a wide range of DP
values (Engstrom, Pilijarvi, Fryganas, Grabber, Mueller-Harvey & Salminen,
2014).

FGs are the most common forms of flavonols in nature. ESI-MS and ESI-
MS/MS analyses in positive ion mode produce fragments providing significant
amount of information on the structures of the compounds. Loss of sugar
residues, glucose as the most common one in FGs, was revealed. In addition,
typical existence of galactose, rhamnose, pentose and disaccharide substituents
were found in fruits and leaves of various plants (Liimatainen, 2013). Aglycone
ions are formed by the cleavage of sugar moities. However, identification of
FGs is still problematic even though the type and position of the sugar
substitution of the FGs affect to some extent the fragmentation of aglycone
(Hvattum & Ekeberg, 2003). SRM/MRM methods with the appropriate
precursor ion improve the selectivity (Wang, Sha, Yu & Liang, 2015). In
addition, a method for differentiating between sugar residues with the same
molecular weight is proposed by identifying radical and even-electron flavone
ions (March, Lewars, Stadey, Miao, Zhao & Metcalfe, 2006).

245 NMR

NMR has an irreplaceable role in analyses when accurate configurational and
conformational information on molecular structures is required. Briefly, the
principle of NMR is based on the energy transition of certain atomic nuclei in
an external magnetic field. The nuclei are excited with a radio frequency pulse.
The frenquency of the signals emitted by the nuclei is measured and processed
for analysis. The most commonly used one-dimensional and two-dimensional
(2D) NMR techniques are 'H, '">C, correlation spectroscopy (COSY),
heteronuclear single quantum coherence (HSQC), heteronuclear multiple
quantum correlation (HMQC), and heteronuclear multiple bond correlation
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(HMBC). These techniques are widely used to identify PAs and FGs. The ratio
of 2,3-cis to 2,3-trans stereochemistries in PAs can be obtained from the
difference in C2 position chemical shifts through BC NMR (Behrens, Maie,
Knicker & Kogel-Knabner, 2003). In sea buckthorn containing mixtures of PCs
and PDs, most subunits of PAs possessed a 2, 3-trans configuration (Rosch,
Mugge, Fogliano & Kroh, 2004). "H NMR was employed to estimate the DP of
PAs by integrating the A-ring proton signals (Guyot, Le Guernevé, Marnet &
Drilleau, 1999). 2D-NMR measurements proved the existence of four
rotameric forms in two native PC trimers (Tarascou et al., 2007). Moreover,
recent research demonstrated that quantum-mechanics driven 'H iterative Full
Spin Analysis (QM-HiFSA) of 'H NMR spectra can distinguish spectral detail
and rapidly provide information of the 3D structure and bonding activity of PA
oligmers (Nam et al., 2015). For FGs, 'H NMR is particularly useful in
identifying the aglycone type and the anomeric configuration of the glycoside
moieties, while *C NMR is more suitable for identification of the type of
glycoside moieties. (Pinheiro & Justino, 2012). HMBC helps to distinguish
anomeric resonances from aromatic resonances in high resolution (Liimatainen,
2013).

2.5 Effects of growth conditions

Environmental factors such as latitude, altitude, light, temperature,
precipitation and soil have influence on biosynthesis and accumulation of the
secondary metabolites in plants. As a part of the plant defense mechanism,
secondary metabolites are self-regulated for adaption to various environmental
conditions. Flavonoids have important physiological functions in plants and the
compounds also exert biological activities in humans. Thus, it is necessary to
understand the impact of environmental factors on the biosynthesis of
flavonoids.

2.5.1 Effects of latitude and altitude

Changes in the latitude and the altitude of the growth place are usually
accompanied by changes in environmental factors, such as temperature,
radiation, photoperiod, light quality and light intensity. The further north the
growth site, the higher is the impact of latitude on flavonoids. At high latitudes
like in Scandinavia, latitude typically correlates negatively with temperature,
radiation and length of the growth season whereas positive correlation is seen
with day-length during the growth season.

Impact of latitude on the flavonoid contents in various plant species has been
reviewed by Jaakola and Hohtola (Jaakola & Hohtola, 2010). Létti et al.
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analyzed anthocyanins in bilberry (Vaccinium myrtillus) and both anthocyanins
and flavonols in bog bilberry (Vaccinium uliginosum) samples collected from
northern and southern Finland. The contents of anthocyanins and flavonols in
the northern samples were higher than those in the southern samples (Latti,
Jaakola, Riihinen & Kainulainen, 2010, Litti, Riihinen & Kainulainen, 2008).
Similar results have been obtained in bilberries grown in Sweden and Denmark
(Akerstrom, Jaakola, Bdng & Jiderlund, 2010). In studies of pomegranate and
red currants, the total contents of anthocyanins were significantly higher in
samples grown at higher latitude (Borochov-Neori et al., 2011; Schwartz et al.,
2009; Yang, Zheng, Laaksonen, Tahvonen & Kallio, 2013). The concentration
of phenolic compounds and terpenoids in juniper (Juniperus communis)
needles have been shown to increase with latitude and altitude in Finland.
(Martz, Peltola, Fontanay, Duval, Julkunen-Tiitto & Stark, 2009). A recent
study showed that berries of most varieties of sea buckthorn (Hippophaé
rhamnoides ssp. mongolica) grown in northern Finland (high latitude) had
higher levels of total FGs compared to the same varieties grown in southern
Finland or in Québec, Canada (low latitude) (Ma et al., 2016). In this thesis
research, sea buckthorn berries (H. rhamnoides ssp. rhamnoides) grown further
north contained more than twice the amount of total PAs compared with the
berries grown in southern Finland (Yang, Laaksonen, Kallio & Yang, 2016).
The effects of altitude on flavonoids have been observed in a variety of
plants. In a study on grape fruits (Vitis vinifera L. cv. Malbec) grown at three
altitudes (500 m, 1000 m, 1500 m), the total anthocyanins and total
polyphenols in the skin showed a significantly increasing trend as the altitude
increased from 500 m to 1000 m (Berli, D’Angelo, Cavagnaro, Bottini,
Wauilloud & Silva, 2008). Camas et al. investigated St. John’s Wort
(Hypericum orientale L. and Hypericum pallens Banks & Sol.) grown at
different altitudes (from 400 m to 3250 m) and found that both species
produced significantly higher amount of flavonols at higher altitudes (Camas,
Radusiene, Ivanauskas, Jakstas & Cirak, 2014). Leaves of Du-Zhong
(Eucommia ulmoides Oliv.) are a known raw material for traditional Chinese
medicine. Leaves of four selected superior clones grown at different altitudes
( from 550 m to 1180 m) were investigated, and the results showed that the
contents of chlorogenic acid and flavonoids correlated positively with altitude
(» <0.05) (Dong, Ma, Wei, Peng & Zhang, 2011). Similarly, the contents of
quercetin-3-O-rutinoside in elderberries (Sambucus nigra L.) and of phenolic
compounds in juniper needles clearly increased with increasing altitude (Martz,
Peltola, Fontanay, Duval, Julkunen-Tiitto & Stark, 2009; Rieger, Miiller,
Guttenberger & Bucar, 2008). In a study on wild sea buckthorn berries (H.
rhamnoides ssp. sinensis), increasing trends were found in the contents of most
flavonols as the altitude increased from 200 m to 3000 m (Ma et al., 2016). In
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the same subspecies grown in China, the content of total PAs slightly increased
as the altitude increased (p < 0.05) (Yang, Laaksonen, Kallio & Yang, 2016).
Multiple environmental factors are overall reflections of latitude and altitude,
among which temperature and light conditions are considered as the most
important factors affecting flavonoid biosynthesis in plants (Azuma, Yakushiji,
Koshita & Kobayashi, 2012; Jaakola & Hohtola, 2010; Zoratti, Karppinen,
Escobar, Higgman & Jaakola, 2014; Yang, Laaksonen, Kallio & Yang, 2016).

2.5.2 Effects of temperature

As an expression of self-defense mechanism of plants, secondary metabolites
are produced by temperature stress. Typically, when grown at low temperatures
plants have higher photosynthetic rates compared to those at higher
temperatures, providing more carbon source for synthesis of secondary
metabolites (Jaakola & Hohtola, 2010, Zobayed, Afreen & Kozai, 2005). High
latitude and high altitude are usually accompanied by low temperature, which
partially explains the increased content of flavonoids at higher latitudes and
altitudes, as described in many studies in previous literature. For instance in
grape skin, reduction of phenolic compounds was found with increasing
temperature. Accumulation of anthocyanins at 20 °C was significantly higher
than at 30 °C (Goto-Yamamoto, Mori, Numata, Koyama & Kitayama, 2010;
Tarara, Lee, Spayd & Scagel, 2008, Yamane, Jeong, Goto-Yamamoto, Koshita
& Kobayashi, 2006).

Christie et al. and Mori et al. have analyzed the transcript abundance of the
flavonoid pathway genes and anthocyanin degradation at high or low
temperature stress. They found that inhibition of mRNA transcription and
degradation occurred at a high temperature, whereas transcript levels of
phenylpropanoid pathway increased several fold at a lower temperature
(Christie, Alfenito & Walbot, 1994; Mori, Goto-Yamamoto, Kitayama &
Hashizume, 2007).

Flavonoid biosynthesis of the pathways from phenylalanine to the final
products as reviewed in section 2.3.1 requires coordinated expression of
enzymes. The key enzymes are PAL, C4H, CHS, CHI, F3H, FLS, ANS and
ANR. Several studies have shown increased expression of PAL, C4H and CHS
at low temperature in leaves of tomato (Solanum Ilycopersicum, cv. Suzanne)
and ginkgo (Ginkgo biloba L.) (Levdal, Olsen, Slimestad, Verheul & Lillo,
2010; Wang, Cao, Wang & El-Kassaby, 2015). Similar results have been
obtained in expression of PAL in leaves of Arabidopsis thaliana L., and of
C4H and CHS in grape skin (‘Pione’, V. vinifera x V. labruscana) (Azuma,
Yakushiji, Koshita & Kobayashi, 2012, Leyva, Jarillo, Salinas & Martinez-
Zapater, 1995). Again, F3H, the key enzyme of flavonoids biosynthesis and
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FLS, the essential enzyme of flavonols biosynthesis, showed increased
expression in ginkgo leaves at low temperature (Wang, Cao, Wang & El-
Kassaby, 2015).

2.5.3 Effect of light

A prerequisite for plants to survive is light, which can be classified according
to photoperiods, intensity, direction and quality. All these affect also the
biosynthesis and accumulation of secondary metabolites in plants (Zoratti,
Karppinen, Escobar, Higgman & Jaakola, 2014). Changes in latitude and
altitude are accompanied by variation in light effects. The short growth season
of plants at high latitudes is characterized by long day-time, low total solar
irradiance but high level of UV radiation. Photoperiod affects biosynthesis of
secondary metabolites by regulating the circadian clock (Zoratti, Karppinen,
Escobar, Higgman & Jaakola, 2014). In a previous study, accumulation of
anthocyanins and flavonols in black currant (Ribes nigrum L.) increased under
long photoperiod (Woznicki, Aaby, Sensteby, Heide, Wold & Remberg, 2016).
A long-day photoperiod upregulated synthesis of flavanols and catechins in
sweet potato leaf and tea leaf (Carvalho, Cavaco, Carvalho & Duque, 2010;
Pavarini, Pavarini, Nichues & Lopes, 2012). Similar results in purple and red-
flesh potatoes were obtained by Reyes et al. who observed increase in
anthocyanin content with longer photoperiod (Reyes, Miller & Cisneros-
Zevallos, 2004). In a period of six years of research in Finnish black currants
(‘Mortti’, ‘Ola’ and ‘Melalahti’), the content of anthocyanins (delphinidin-3-O-
glucoside, delphinidin-3-O-rutinoside) and content of FG (myricetin-3-O-
glucoside) correlated positively with radiation in all three cultivars (Zheng et
al., 2012).

As primary regulators in flavonoid biosynthesis, the R2R3 MYB
transcription factors can control the accumulation of flavonoids (Czemmel,
Heppel & Bogs, 2012; Jaakola, 2013). Recent studies have shown that some of
R2R3 MYB transcription factors are induced by light and are thus indirectly
regulating the synthesis of flavonoids in several fruit species (Zoratti,
Karppinen, Escobar, Higgman & Jaakola, 2014). Zoratti et al. summarized the
functions of these light-inducible R2ZR3 MYB transcription factors. Five factors
were identified in apple, eight in grape, and one was identified in Chinese
bayberry, litchi, nectarine, pear, and strawberry (Zoratti, Karppinen, Escobar,
Héaggman & Jaakola, 2014). These light-induced factors regulate flavonoid
biosynthesis through interaction with PHLH (basic helix—loop-helix) (Ravaglia
et al.,, 2013, Vimolmangkang, Zheng, Han, Khan, Soria-Guerra & Korban,
2014). Moreover, these factors also bring about interaction with the MYB
recognition element, which is necessary for activation of promoter of CHS, and
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is thereby a step in flavonoid biosynthesis (Feldbriigge, Sprenger, Hahlbrock &
Weisshaar, 1997; Hartmann, Sagasser, Mehrtens, Stracke & Weisshaar, 2005).
Generally, plants exposed to high levels of UV radiation are susceptible to
DNA damages, and abiotic stress stimulates flavonoid accumulation for
protection (Woznicki, Aaby, Sensteby, Heide, Wold & Remberg, 2016).
Flavonols generally protect plants from UV radiation, and a significant increase
in flavonols was demonstrated in plants exposured to elevated UV-B light,
which even generated an epigenetic memory of UV stress (Muller-Xing, Xing
& Goodrich, 2014). With this feature, UV radiation has been applied as a novel
technique to increase the content of flavonols to elongate the shelf life of
lettuce, and to enhance health-promoting properties of grape (Allende & Artés,
2003; Cantos, Espin & Tomas-Barberan, 2001). Liu et al. investigated the UV-
B induced pathways in Vitis vinifera L. var. Sauvignon blanc grapes,
expression of vwFLS4 (flavonol synthase genes) and the transcription factor
VvMYB12 responded to UV-B, the regulation and transcription factors of both
genes are involved in regulating FLS, thus affecting the synthesis of flavonols.

2.5.4 Genome X environment interaction

The biosynthesis of flavonoids is affected by interaction of genetic background
and the environmental factors, which is essential for adaptation of plants to
distinct environments. The interaction was investigated in six cultivated
strawberry (Fragaria * ananassa Duch.) cultivars grown at two locations in
Italy. Traits associated with levels of flavonols and PAs showed significant
dependence on environmental factors, whereas the level of anthocyanins was
more dependent on the genetic background (Carbone et al., 2009). In
strawberry, flavonols and PAs accumulated at early stages of development to
protect from feeding by animals and from attack of pathogens, whereas
anthocyanin are mainly visual attractants, and their synthesis begun at later
stages (Fait et al., 2008). In another research, clones of bilberries (Vaccinium
myrtillus L.) originating from northern and southern Finland were studied in a
controlled experiment at 12 °C and 18 °C. Northern clones showed
significantly higher contents of total anthocyanins and shorter ripening times at
12 °C (Uleberg et al., 2012). Northern clones of bilberries, even in changed
growth environment, maintained their northern genetic behavior such as shorter
ripening time at lower temperature and higher level of total anthocyanins.
These results suggest latitude—related genetic adaptation. In a research period
of seven years of Finnish wild sea buckthorn berries (ssp. rhamnoides), native
bushes from southern Finland were transplanted to northern Finland. In the
berries of northern bushes, the content of total PAs was significantly higher
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than in those of the southern bushes (p < 0.05) (Yang, Laaksonen, Kallio &
Yang, 2017).

More studies related to gene—environment interaction have been reviewed
by Jaakola and Hohtola (Jaakola & Hohtola, 2010). Some results suggest the
existence of environment-related genetic adaptation. At the same time, there is
also maintenance of gene expression. The genetic adaptation to environment
may also be understood as “plant memory”. Plants can remember the external
stresses from environmental changes through epigenetic mechanisms. Several
studies indicate the existence of epigenetic memory caused by radiation in
some plant species (Muller-Xing, Xing & Goodrich, 2014). However, the
conclusion of gene—environment interaction is still not clear. A better
understanding of secondary metabolism in various plant species requires long-
term studies.



Aims of the Study 29

3 AIMS OF THE STUDY

PAs in sea buckthorn berries and FGs in currant leaves have benefits on human
health. A better understanding of these compounds may contribute to a better
use of these crops. In this thesis, PAs and FGs have been investigated in sea
buckthorn berries and currant leaves, respectively. The main aim was to
characterize these compounds and wunderstand the impact of genetic
background and environmental factors on their contents.

The main objectives of the current investigation were:

1. To establish an HPLC method combined with UV and MS detection for
qualitative and quantitative analysis of the key PA oligomers in sea
buckthorn berries (Paper I).

2. To characterize the FGs from leaves of six currant cultivars with HPLC,
MS and NMR methods (Paper II).

3. To investigate the effects of growth environment and leaf positions on
the content and composition of FGs in currant leaves (Paper II).

4. To investigate the effects of genetic background and growth
environment on the content and composition of PAs in sea buckthorn
berries (Papers III and IV).
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4 MATERIALS AND METHODS

4.1 Plant samples

The sea buckthorn berries and currant leaves used in this thesis are summarized
in Table 3 and Table 4, respectively. Berries of three subspecies of sea
buckthorn and leaves of two species (six cultivars) of currant were investigated.

PAs of berries of three subspecies of Hippophaé rhamnoides L., i.e. ssp.
rhamnoides, ssp. sinensis and ssp. mongolica were investigated. Two varieties
and one wild origin of ssp. rhamnoides were cultivated in southern and
northern Finland (harvests 2007-2013). The two varieties ‘Tytti’ and ‘Terhi’
were cultivated in Turku (south) and Kittild (north). The wild bushes from
Uusikaupunki (south) were transplanted also to Kolari (north). Wild berries of
ssp. sinensis (ten locations in six provinces in China) and five varieties of ssp.
mongolica (one location in Canada) were harvested in 2008 (Table 3). In each
growth place, the bushes were divided into two to four field blocks, and berries
were picked randomly from different blocks when optimally ripe. In addition,
overripe berries of ‘Terhi’ and ‘Tytti’ grown in Turku were collected at four
time points during September—December, 2011. All the berries were frozen
immediately after picking and stored at -18 °C until analysis. Wild berries of
ssp. rhamnoides from Uusikaupunki (2008) were investigated in Paper I,
berries from Finland, Canada and China were studied in paper III and ssp.
rhamnoides berries from four locations in Finland were analyzed in paper IV.

The currant study includes leaves of three black currant (Ribes nigrum L.)
cultivars, ‘Mortti’, ‘Mikael’ and ‘Jaloste n:o 15°, one green currant (R. nigrum)
cultivar ‘Vertti’, one red currant (R. rubrum) cultivar ‘Red Dutch’ and one
white currant (R. rubrum) cultivar ‘White Dutch’ (paper II). All the leaves
were collected from the test fields of LUKE (Natural Resources Institute
Finland) located in Piikki6 (south Finland) and Rovaniemi (north Finland) at
four time points during July—September in 2012 and 2013 (Table 4). Each
cultivar was planted in four blocks with 3—4 bushes each. Leaf samples were
divided into two groups by position. Leaves in the middle position of new,
berry bearing branches are referred as “middle leaves” (Figure 6), which were
analyzed to investigate the changes in the content and composition of FGs
during the growth season (2012 and 2013) in the two growth locations. A
separate set of samples referred as “random leaves”, were randomly collected
from the bushes grown in Piikki6 at four time points in 2012. These samples
were compared with the “middle leaves” in terms of the content and profile of
the FGs. All the leaves were mixed well after collection, frozen immediately
and stored at -18 °C until analysis.
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Before After

Fig. 6 The position of “middle leaves” in bushes of currant (Photo by Baoru

Yang)
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4.2  Sample extraction
4.2.1 Extraction of proanthocyanidins from sea buckthorn berries

In paper I, about 50 g of sea buckthorn berries were accurately weighed. The
whole berries were crushed with a disperser at 7000 rpm and extracted three
times with 200 mL of solvent consisting of acetone, water and acetic acid
(80:19.5:0.5, v/v) by sonicating for 15 min for each time of extraction. The
extracts were centrifuged and combined, and acetone was evaporated. The
remaining aqueous extract was defatted with petroleum ether and filtered. In
papers III and IV, about 10 g sea buckthorn berries were used in the analysis.
Extraction of PAs was accomplished according to the method in paper I, except
for the changes in the amount of extract solvent. The amount was 30 mL for
each time.

4.2.2 Extraction of flavonol glycosides from currant leaves

In the study on currant leaves (paper II), about 5 g of frozen leaves of each
cultivar were powdered in liquid nitrogen. One gram of leaf powders was
weighed in triplicate. The samples were extracted three times with a mixture of
acetone and water (70:30, v/v) by sonicating for 20 min for each time of
extraction. After centrifugation, the combined supernatants were evaporated to
dry extract under vacuum, re-dissolved in 1 mL methanol and clarified through
a polytetrafluoroethylene (PTFE) filter. For preparative chromatography, about
10 g leaves of ‘Mikael” and ‘White Dutch’ were milled and extracted using the
same method as described above.

4.3 Purification of proanthocyanidins

Further purification of the sea buckthorn berry samples was required and
carried out with activated Sephadex LH-20 column chromatography. In paper I,
the final extract (about 100 mL) was loaded to the column and eluted with 250
mL of methanol and water (20:80, v/v) (Fraction I), 200 mL of acetone and
water (70:30, v/v) (Fraction II), and 250 mL of acetone and water (70:30, v/v)
(Fraction III) in sequence. The three fractions were collected for the traces of
PAs. The fractions were dried by vacuum rotary evaporator, re-dissolved in
methanol and filtered (PTFE) before analysis. In papers III and IV, the final
extract (about 25 mL) was loaded to the column. The order of eluent was 150
mL of water, 100 mL of methanol and water (20:80, v/v), 150 mL of acetone
and water (70:30, v/v) and 100 mL of methanol. The fraction eluted by acetone
and water (70:30, v/v) was collected.
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4.4 LC and MS analysis
4.4.1 HPLC/UPLC-DAD-MS analysis of proanthocyanidins

Analysis of samples in paper I were carried out with a Waters Acquity Ultra
High Performance LC system coupled with Waters Quattro Premier triple
quadrupole mass spectrometer with an electrospray-ionization (ESI) source
(Waters Corp., Milford, MA). The UPLC system consisted of of a sample
manager, a binary solvent delivery system and a Waters 2996 PDA Detector.
The instrument was operated using the MassLynx 4.1 software. RP-HPLC, NP-
UPLC, and HILIC analyses were used to identify PAs in sea buckthorn berries
(paper I). In papers III and IV, only HILIC-MS analysis was applied.

In RP-HPLC, a Phenomenex Luna RP-C18 column (5 pum, 250 x 4.60 mm,
Torrance, CA) combined with a Phenomenex Prodigy guard column (5 pm, 30
x 4,60 mm) was employed. Formic acid/water (0.5:99.5, v/v) was used as
solvent A and acetonitrile/methanol (80:20, v/v) as solvent B for the gradient
elution. The gradient program was 0—5 min, 10 % B; 5—15 min, 10-18 % B;
1525 min, 18 % B; 25-30 min, 18-25 % B; 30—35 min, 25 % B; 3540 min,
25-35 % B; 40—45 min, 35-60 % B; 45—50 min, 60—10 % B; and 50—55 min,
10% B. The injection volume was 20 pL. Chromatograms were recorded at 280
nm and 360 nm. The total flow was 1 mL/min, which was split after UV
detector into the mass spectrometer with 0.3 mL/min, and the rest into a waste
bottle.

In NP-UPLC analysis, the column was Restek Pinnacle DB Silica UPLC
column (1.9 pm, 100 % 2.1 mm, Bellefonte, PA). The mobile phase was run as
gradient elution consisting of dichloromethane, methanol, water, and acetic
acid (82:14:2:2 v/v) as solvent A and methanol, water, and acetic acid (96:2:2
v/v) as solvent B. The gradient program was 0—15 min, 0—15 % B; 15-20 min,
15-30 % B; 20—25 min, 30—80 % B; 25—30 min, 80—0 % B; and 30—35 min, 0 %
B. The flow rate was 0.4 mL/min. The injection volume was 10 pL.
Chromatograms were recorded at 280 nm and 360 nm. The total flow of 0.4
mL/min was all transferred to the mass spectrometer after the UV detector.

In HILIC analysis, a Phenomenex Luna HILIC 200A column (3 pum, 150 x
3.00 mm, Torrance, CA) combined with a Phenomenex Security Guard
Cartridge Kit was used. A binary solvent system was employed consisting of
formic acid/water (0.5:99.5, v/v) as solvent A and acetonitrile as solvent B. The
gradient program was 0—5 min, 5-20 % B; 5—10 min, 20-30 % B; 10—12 min,
30—40 % B; 12—15 min, 40—65 % B; 15—17 min, 65—5 % B; and 17-30 min, 5 %
B. The injection volume was 10 pL. The peaks were monitored at 280 nm and
360 nm. The total flow of 0.5 mL/min was directed to the ion source of the MS.
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The mass spectrometer was operated in negative ion ESI ion mode. Full scan
(m/z 500—3000) and selected ion recording (SIR) modes were employed. The
most abundant PA ions were chosen for recording SIR chromatograms.

4.4.2 HPLC-DAD-ESI-MS/MS analysis of flavonol glycosides

For flavonol glycosides (paper II), the HPLC and MS systems were the same
as used in proanthocyanidins analysis. A Phenomenex Aeris peptide XB-C18
column (3.6 um, 150 x 4.60 mm, Torrance, CA) combined with a Phenomenex
Security Guard Cartridge Kit was used. The mobile phase consisting of two
solvents, were formic acid/water (0.1:99.9, v/v) as solvent A and formic
acid/acetonitrile (0.1:99.9, v/v) as solvent B. The gradient program was 0—15
min, 15-20 % B; 15—20 min, 20-25 % B; 20—25 min, 25 % B; 25-30 min,
25-60 % B; 30—35 min, 60—15 % B; 35—40 min, 15 % B. The injection
volume was 10 pL and the flow rate was 0.5 mL/min. The chromatograms were
monitored at 360 nm. Positive ion mode ESI was used for MS analysis. The
MS analysis was first carried out in full scan mode by scanning ions between
m/z 100 and 1000. Moreover, tandem MS (daughter scan and parent scan) was
also applied for identification of unknown FGs.

4.4.3 Semi-Preparative HPLC isolation of wunknown flavonol
compounds

The unknown FGs were isolated for NMR analyses (paper II) with a semi-
preparative HPLC system by using UV/VIS detection and a fraction collector
(Shimadzu, Kyoto, Japan). The mobile phase was run as gradient elution of
formic acid/water (0.1:99.9, v/v) as solvent A and formic acid/acetonitrile
(0.1:99.9, v/v) as solvent B. The total flow rate was 5 mL/min. Two gradient
programs were optimized to achieve sufficient separation of FGs from currant
leaves of different cultivars. The gradient program for cultivar ‘Mikael’ was
0—15 min, 15-30 % B; 15—20 min, 30-60 % B; 20—25 min, 60-15 % B; and
25-30 min, 15 % B. For ‘White Dutch’, the gradient program was 0—17 min,
15 % B; 17-25 min, 15-60 % B; 25—30 min, 60—15 % B; and 30—35 min, 15 %
B. The injection volumes for both gradient programs were 300 pL. The
chromatograms were monitored at 360 nm.

4.5 NMR analysis of purified flavonol compounds

The unknown compounds collected by Semi-Preparative HPLC were further
analyzed with NMR (paper II). NMR spectra were acquired using a Bruker
Avance 500 spectrometer operating at 500.13 and 125.77 MHz for 'H and "°C,
respectively. The spectra were recorded at 25 °C using CD;0D as a solvent
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with a non-spinning sample in a 5 mm NMR-tube. The spectra were calibrated
on the solvent residual signal of CD;0D at 3.31 ppm for 'H and 49.15 for "*C.
The spectra were processed with the TopSpin 3.2 software.

4.6 Quantitative analysis of proanthocyanidins and
flavonol glycosides

4.6.1 Quantitative analysis of proanthocyanidins by HPLC-MS

Quantitative analysis of PA oligomers (dimers, trimers and tetramers) of sea
buckthorn berries was carried out using HILIC-ESI-SIR and procyanidin B2 as
an external standard (papers I, IIT and IV). The peak areas in full scan and SIR
modes were corrected by isotopic abundances (13C, 14C, ZH, 3H, 0 and 18O).
The calibration curves were constructed by analysis of standard solutions of
procyanidin B2 in methanol with the concentration range of 0.01-10 mg/100
mL. The contents of PA oligomers were calculated with the calibration curves
and correction factors (isotopic abundances and ionization efficiency).

4.6.2 Quantitative analysis of flavonol glycosides in currant leaves
by HPLC-DAD

The quantitative analysis of FGs in currant leaves was carried out using HPLC-
DAD method and external standards (six commercial reference compounds and
four compounds isolated from currant leaves in our lab) (paper II). The
equipments and parameters of gradient elution were the same as described
above in section 4.4.2. The concentrations of the external standard solutions
ranged from 0.01 to 0.15 mg/mL. The injection volume was 10 pL for each
standard solution. The contents of FGs were calculated by calibration curves of
reference compounds based on peak areas at 360 nm.

4.6.3 Determination of total proanthocyanidins content by DMAC

In papers III and IV, the contents of total PAs were determined using BL-
DMAC assay and procyanidin B2 as an external standard. Preparation of the
DMAC reagent was performed according to the method described previously
(Prior et al., 2010). A 96-well plate was used as the reaction vessel. 100 uL. of
DMAC solution, 60 pL of extraction solvent and 10 pL of sea buckthorn
extract solution were added sequentially to each well and mixed thoroughly.
The OD values at 640 nm were detected at 30 min by a plate reader (Hidex,
Finland) against blank, which consisted of 100 pL of DMAC solution and 70
uL of extraction solvent. The concentrations of procyanidin B2 were ranged 1—
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20 mg/mL and the calibration curves were constructed by plotting the OD
values.

4.7 Determination of dry matters of sea buckthorn berries
and currant leaves

For dry matter measurement in papers I, III and IV, about 5 g of sea buckthorn
berries were weighed accurately in triplicate. The berries were thawed at room
temperaturein, and cut by a scalpel. The residue on the knife was rinsed by
distilled water. Samples were dried 103-105 °C, cooled in a desiccator and
weighed. The drying and weighing was continued till a constant weight was
reached. For samples of currant leaves (paper II), about 5 g fresh leaves of each
cultivar were milled into fine powder in liquid nitrogen. About one gram of
powder was weighed accurately in triplicate, dried to a constant weight at 103—
105 °C, cooled in a desiccator and weighed. In all the results of this thesis, the
contents of PAs and FGs were expressed as mg/100 mg (DW) or mg/g (DW).

4.8 Weather conditions

The meteorological data from Finland used in paper IV were provided by the
Finnish Meteorological Institute (Helsinki, Finland). The meteorological data
for Turku and Uusikaupunki were recorded at the weather stations in Kaarina
(Yltdinen, 60°23'N, 22°33'E, 6 m) during 2007-2008 and in Turku (Artukainen,
60°27" N, 22°10" E, 8 m) during 2009-2013. Data for Kittild and Kolari were
recorded at the weather station in Kittila (Pokka, 68°10" N, 25°47" E, 275 m)
during 2007-2013. The weather variables and abbreviations are listed in Table
5.

4.9 Statistical analyses

Statistical analyses and multivariate models were performed using SPSS 16.0.1
(SPSS Inc., Chicago, IL) and Unscrambler X, version 10.3 (CAMO Software,
Oslo, Norway). A one-way analysis of variance (ANOVA) and independent-
sample t test were performed to compare the content and composition of PAs in
different subspecies, varieties, latitudes, altitudes and harvest time points
(papers I1I and 1V), and the FGs of currant leaves at different growth locations
(paper II). Bivariate (Pearson’s Correlation Coefficients) and partial correlation
analyses was applied to investigate the correlation coefficients among content
of PAs, latitude and altitude in sea buckthorn berries (paper III). Partial least
squares regression discrimination analysis (PLS-DA) was used to explain the
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difference among subspecies, varieties and growth locations according to the
PA contents in sea buckthorn berries (papers III and IV). Principal component
analysis (PCA) was applied to explain the difference of PAs among varieties of
sea buckthorn berries (paper I1I) and to study the effects of weather condition
on the content and composition of PAs in sea buckthorn (paper I'V).

Table 5. The abbreviations of weather variables. Reprinted from the original
publication IV (Yang, Laaksonen, Kallio & Yang, 2017) (supplementary) with
permission from Elsevier.

Abbreviations Weather variables

Dgs Length of the growth season (day)

XTgs Temperature sum of growth season (°C)

XTgh Temperature sum from start of growth season until harvest (°C)
XTmon Temperature sum over 5 °C of the last month before harvest (°C)
HDgh Hot days (>25°C) during growth season until harvest (day)
HDmon Hot days (>25°C) during last month before harvest (day)

TJan TFeb...TSep

MaTJan
MaTFeb...MaTSep
MiTJan
MiTFeb...MiTSep

Tmon

Tw

ATmon
MiTmon

LoTmon
MaTmon
HiTmon
YRgh
YRmon

2Rw

2RJan,
YRFeb...ZRSep

Prgh
PrM
Prw

Average temperature in January, February...September (°C)

Extreme maximum temperature of January, February...September
(°0)

Extreme minimum temperature of January, February...September
(°C)

Average temperature during the last month before harvest (°C)
Average temperature during the last week before harvest (°C)

Mean temperature difference between the highest and lowest temp in
the day during last month before harvest (°C)

Extreme lowest temperature during the last month before harvest
0

Average of daily lowest temperature during last month before
harvest (°C)

Highest temperature during the last month before harvest (°C)

Average of highest daily temperature during last month before
harvest (°C)

Radiation sum during growth season until harvest (kJ/m2)
Radiation sum during the last month before harvest (kJ/m2)

Radiation sum during last week before harvest (kJ/m2)
Radiation sum of January, February...September (kJ/m2)

Precipitation in growth season until harvest (mm)
Precipitation in the last month before harvest (mm)

Precipitation in the last week before harvest (mm)
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PrJan, PrFeb...
PrSep

Hgh

Hmon

Hweek

HJan, HFeb... HSep
DH20to30g
DH30to40g
DH40to50g
DHS50to60g
DH60to70g
DH70to80g
DHS80t0o90g
DH90to100g
DH50to60m
DH60to70m
DH70to80m
DHS80to90m
DH90to100m

Precipitation of January, February...September (mm)

Average humidity during growth season until harvest (mm)

Average humidity during last month before harvest (mm)

Average humidity during last week before harvest (mm)

Relative humidity of January, February...September (mm)

Percent of humidity 20-30% days during growth season until harvest
Percent of humidity 30-40% days during growth season until harvest
Percent of humidity 40-50% days during growth season until harvest
Percent of humidity 50-60% days during growth season until harvest
Percent of humidity 60-70% days during growth season until harvest
Percent of humidity 70-80% days during growth season until harvest

Percent of humidity 80-90% days during growth season until harvest

Percent of humidity 90-100% days during growth season until
harvest

Percent of humidity 50-60% days during last month until harvest
Percent of humidity 60-70% days during last month until harvest
Percent of humidity 70-80% days during last month until harvest
Percent of humidity 80-90% days during last month until harvest

Percent of humidity 90-100% days during last month until harvest
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5 RESULTS AND DISCUSSION

5.1 Proanthocyanidins in sea buckthorn berries
5.1.1 Purification of proanthocyanidins by column chromatography

Sephadex LH-20 column chromatography has been successfully used for
purification of PAs in number of studies (Naczk & Shahidi, 2004). Due to
hydrophilicity, carbohydrates, low-molecular weight phenolic compounds and
flavonols were also present in the crude extracts. In order to reduce these
disturbances in chromatographic and mass spectrometric analyses, purification
of PAs was needed. Typically, PAs have a maximum absorption at 280 nm
without a band beyond 300 nm. Some other substances in the crude extract,
such as flavonols and their glycosides had absorption maxima around both 280
nm 360 nm. The crude extract and three fractions were analyzed by RP-HPLC
at 280 nm and 360 nm (paper I). In the fraction eluted by 250 mL methanol and
water (20:80, v/v) (Fraction I) only non-tannin substances were found. In the
fraction eluted by 200 mL acetone and water (70:30, v/v) (Fraction II, PA
fraction), PAs were detected according to UV Spectra. Additional eluent of 250
mL acetone and water (70:30, v/v) (Fraction III) was collected and used to
confirm that no PAs remained in the column after fraction II. The RP-HPLC
chromatograms of the crude extract and of the PAs fraction recorded at 280 nm
and 360 nm are presented in Figure 7.

AU AU
A 280 nm B 280 nm
2.0
0.4
0.2 1.0
0 SEMRE i s———— 0 it
10 30 50 min 10 30 50 min
AU 360 nm AU 360 nm
0.2 1.5
1.0
0.1
0.5
0 Y e 0 idrrrrrerrrrereitbe i
10 30 50 min 10 30 50 min

Fig. 7 RP-HPLC-DAD chromatograms measured at 280 nm and 360 nm of the
crude extract of sea buckthorn berries (A) and of the Sephadex-purified
fraction of PAs (B).
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5.1.2 Identification of proanthocyanidins

RP-HPLC, NP-UPLC, and HILIC combined with DAD and ESI-MS were
employed to identify the PAs in sea buckthorn berries in paper I . Among the
chromatograms recorded at 280 nm (Kallio, Yang, Liu & Yang, 2014), the
peaks overlapped seriously with each other in both RP-HPLC and NP-UPLC
and no legible spectra of individual PAs were obtained. In the HILIC-DAD
chromatogram at 280 nm, 14 peaks were recorded between 3.5 min and 9 min.
All these peaks were tentatively identified as PAs based on the UV spectra. In
full-scan mode, scanning from m/z 500 to 3000 was applied to obtain the
profiles of PAs. The total ion spectra were recorded in 14 min (from 3.6 to 17.6
min) in HILIC-ESI-MS and in 22 min (from 3 to 25 min) in NP-UPLC-ESI-
MS. The recording times were obtained from duration of PAs in
chromatograms recorded by UV at 280 nm. As shown in the publication
(Kallio, Yang, Liu & Yang, 2014), the HILIC-ESI-MS method was the best
and most sensitive among the three types of LC analyses, and B-type
oligomeric PAs up to DP11 were detected. Among the PA oligomers, PAs with
DP from 2 to 6 and with DP from 8 to 11 were detected in form of [M-H] ions
and [M-2H]* ions, respectively. PAs with DP 7 were detected in both [M-H]
ions and [M-2H]" ions (Figure 8).
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Fig. 8 The total ion spectrum of PA fraction from 3.6 to 17.6 min analyzed by
HILIC-ESI-MS. Reprinted from the original publication I (Kallio, Yang, Liu &
Yang, 2014), with permission from American Chemical Society.

Due to the high complexity of PAs in sea buckthorn, neither the UV spectra
nor the total ion spectra could give more information about retention times and
isomers. In this case, SIR mode of ESI-MS was applied to selectively analyze
these PAs in 12 channels (PA dimers, m/z 577, 593, and 609; PA trimers, m/z
865, 881, 897, and 913; PA tetramers, m/z 1153, 1169, 1185, 1201 and 1217).
The NP-UPLC-ESI-MS-SIR and HILIC-ESI-MS-SIR analyses provided
separation methods based on molecular weight, and the RP-HPLC-MS-SIR
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method complemented the separation of PAs by polarity. In the chromatograms
of both NP-UPLC and HILIC-ESI analyses, PA oligomers were well separated
according to molecular weight within each PD, but the HILIC method had
more resolution and resulted in sharper peak shapes. In the chromatogram of
RP-HPLC-ESI-MS-SIR, at least 28 PA dimers (five isomers with [M-H] m/z
577, eleven isomers with [M-H] m/z 593, twelve isomers with [M-H]" m/z 609),
and at least 32 PA trimers (eight isomer with [M-H] m/z 865, eight isomer with
[M-H] m/z 881, eight isomer with [M-H] m/z 897, eight isomer with [M-H]
m/z 913), and numerous PA tetramers were detected. All these oligomers with
their molecular formulas, molecular weights, and number of subunits are
summarized in Table 6. However, the exact structures of PA oligomers, such
as interflavanoid linkages of monomeric units, the stereoisomerism of the B-
ring and hydroxyl group at position 3 are still unknown.
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Table 6. Composition of oligomeric proanthocyanidins estimated from the total
ion spectra obtained by HILIC-ESI-MS. Reprinted from the original
publication I (Kallio, Yang, Liu & Yang, 2014) with permission from
American Chemical Society.

DP° Molecular Number of subunits ° Exact mass Detected mass

formula (E)C (E)GC [M-HJ [M-2H]"

2 C30Ha6012 2 0 578.14 577.52

2 C;30H26013 1 1 594.14 593.52

2 C30H6014 0 2 610.13 609.52

3 Cy4sH3305 3 0 866.21 865.77

3 Cy4sH33019 2 1 882.20 881.77

3 C4sH3304¢ 1 2 898.20 897.77

3 Cy5H350,, 0 3 914.19 913.77

4 CsoHs50024 4 0 1154.27 1154.97

4 CeoHs0045 3 1 1170.26 1170.34

4 CeoHs0016 2 2 1186.25 1186.02

4 CeoHs00,7 1 3 1202.25 1202.06

4 CeoHs0015 0 4 1218.25 1217.88

5 C75HgO3, 3 2 147432 1473.89

5 C75HgO33 2 3 1490.32 1490.04

5 C75sHg034 1 4 1505.31 1505.34

5 C75Hg055 0 5 1522.31 1522.16

6 CooH74049 2 4 1794.38 1794.07

6 CooH7404; 1 5 1810.37 1811.01

6 CooH7404, 0 6 1826.37 1828.03

7 Ci0sHggO4s 4 3 2066.44 1032.84

7 C10sHggOu46 3 4 2082.43 1041.91

7 CisHgsO47 2 5 2098.43 1049.18

7 Ci0sHgOusg 1 6 2114.43 2115.64 1057.13

7 C10sHggO490 0 7 2130.42 2130.49 1065.00

8 C120HogOs0 6 2 2337.51 1168.25°¢

8 C120HogOs, 4 4 2369.49 1184.24¢

8 C20HogOs3 3 5 2386.50 1193.29

8 C120HogOs4 2 6 2402.49 1200.24°

8 C120HogOs5 1 7 2418.49 1209.18

8 C120HogOs6 0 8 2434.48 1216.23°

9 Ci35H;190s6 7 2 2626.58 1312.95

9 Ci3sH110057 6 3 2642.57 1319.95

9 Ci35H;100sg 5 4 2658.57 1328.61

9 Ci3sH110059 4 5 2674.56 1336.64

9 C135H110040 3 6 2690.56 1344.59

9 Ci35H;1906: 2 7 2706.55 1353.51

9 Ci35H;190¢2 1 8 2722.54 1361.31

9 Ci35H110063 0 9 2738.54 1369.33

10 Ci50H 122064 6 4 2945.62 1472.31¢

10 Ci50H 122066 4 6 2978.62 1488.30¢

10 CisoH122067 3 7 2994.61 1496.57

10 Ci50H122045 2 8 3010.61 1504.30¢

10 Ci50H122040 1 9 3026.60 1513.96

10 Ci50H 22079 0 10 3042.60 1520.29¢

11 Ci6sH134075 2 9 3314.67 1657.09

11 Ci65H 34076 0 11 3330.66 1665.49

*DP=degree of polymerization; ° (E)C=(epi)catechin, (E)GC=(epi)gallocatechin; ¢ [M-2H]* ions of DP8
overlapped with the [M-H]" ions of DP4; ¢ [M-2H]* ions of DP10 overlapped with the [M-H] ions of DP5.
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5.1.3 Quantitative profiling of oligomeric proanthocyanidins

The HILIC-ESI-MS-SIR was used to study the quantitative profiles of
oligomeric PAs in sea buckthorn in papers I, III and IV. The proportions of the
peak areas in SIR mode corrected by isotopic abundances were quite close to
the results in the total ion spectra (full scan mode). In wild sea buckthorn
berries, (epi)catechin was the main subunit of PA dimers, whereas
(epi)gallocatechin was the most abundant in both PA trimers and tetramers.
The peak areas of PAs with DP > 4 were quite small both in ESI-MS-SIR
analyses and in the total ion spectra. More details are shown in Table 2 in
publication L.

Our results showed that the peak areas of PC dimers and trimers in SIR
mode were very close to their molar proportions. The content of PC dimer with
[M-H] m/z 577 was calculated based on Procyanidin B2. Thus, the contents of
PA dimers ([M-H] m/z 593, [M-H] m/z 609, PA trimers ( [M-H] m/z 865, [M-
H] m/z 881, [M-H] m/z 897, [M-H] m/z 913), PA tetramers ( [M-H] m/z 1153,
[M-H] m/z 1169, [M-H] m/z 1185, [M-H] m/z 1201, [M-H] m/z 1217) were
all quantified by a known concentration of PC dimer with [M-H] m/z 577. The
contents of PA dimers, PA trimers and PA tetramers ranged between 1.4-8.9
mg/100 g, 1.3-10.7 mg/100 g, and 1.0-8.3 mg/100 g DW, respectively.

5.1.4 Comparison of subspecies and varieties

The contents of total PAs and PA oligomers in each sample were determined
by BL-DMAC method and HILIC-ESI-MS-SIR method, respectively. The
content and composition of PAs were compared among the three subspecies
(ssp. rhamnoides, ssp. mongolica and ssp. sinensis) (papers III and 1IV).
Significant differences in contents of total PAs, dimers, Dim-2, Dim-3, Tri-1,
Tet-1 and Tet-3 were found between ssp. rhamnoides and ssp. mongolica (p <
0.05). Ssp. sinensis had significantly lower content of dimers, trimers,
tetramers, Dim-1, Dim-3, Tri-2, Tri-4, Tet-2 and Tet-5 than the other
subspecies (p < 0.05). The three subspecies were relatively well classified with
three validated factors (R* 0.724, Q* 0.677) in the PLS-DA model (Figure 9).
In this model, the ssp. rhamnoides berries were characterized by more trimers
and tetramers, the ssp. mongolica berries were characterized to contain more
dimers, whereas the ssp. sinensis berries contained less all PAs (excluding total
PAs) than other two subspecies.
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Fig. 9 PLS-DA model for sea buckthorn samples (n = 20 x 2) classified
according to subspecies (ssp. rhamnoides, green triangles; ssp. mongolica, red
circles; and ssp. sinensis, blue squares) with the PA contents (variables; n = 16).
Reprinted from the original publication III (Yang, Laaksonen, Kallio & Yang,
2016) with permission from American Chemical Society.

Within ssp. rhamnoides, the berries of ‘Terhi’, ‘Tytti’ and the wild origin
harvested during 2007-2013 were compared according to the content and
composition of PAs. There were no significant differences in the content of
total PAs among the three sea buckthorn origins. The PA composition of ‘Terhi’
and ‘Tytti’ were similar to each other, except that the content of Tri-3 was
significantly higher in ‘Terhi’ (p < 0.05). In the wild berries, the contents of
some PA oligomers (Tri-1, Tri-2, Tri-3, Tet-1, Tet-2 and Tet-3) were
significantly lower than those in ‘Terhi’ (p < 0.05). In PLS-DA model, the
three origins were poorly separated. Most berries of ‘Tytti’ located on the
central axis were mixed with ‘Terhi’ and wild berries. ‘Terhi’ contained more
PA oligomers, and the wild berries were characterized by lower content of PA
oligomers. The overlapping distributions in PLS-DA model may be due to the
extreme variation of the PA contents in different growth places. Further
analyses based on the growth places will be described later.

Within ssp. mongolica, five varieties ‘Prevoshodnaya’, ‘Prozcharachnaya’,
‘Chuiskaya’, ‘Oranzhevaya’ and ‘Vitaminaya’ cultivated in Quebec, Canada
were compared with each other based on the content and composition of PAs.
‘Prevoshodnaya’ had higher content of total PAs than the other varieties,
whereas the lowest level of total PAs was found in ‘Prozcharachnaya’ (p <
0.05). In PCA model, the five varieties were well separated. ‘Prozcharachnaya’
was characterized by lower levels of all PAs, ‘Chuiskaya’ was characterized by
high contents of Dim-1 and Dim-2, whereas ‘Prevoshodnaya’ samples were
characterized by high levels of total PAs, Dim-3, Tet-2 and Tet-3.
‘Oranzhevaya’ was located between ‘Chuiskaya’ and ‘Prevoshodnaya’,
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correlated with PA dimers, trimers and tetramers. It is important to remember
that the results are based on one year samples only.

5.1.5 Comparison of latitudes

Three origins of ssp. rhamnoides berries, ‘Terhi’, ‘Tytti’ and wild, were used to
investigate the effects of growth latitude on the content and composition of PAs
in sea buckthorn (papers III and I'V). The effects of altitude (within around 200
m) were ignored in this section. The samples were collected during 2007-2013
in both southern (60°-61°N) and northern Finland (67°-68°N) separated by a
distance of around 800 km. An independent-sample t test was applied to study
the differences between samples from the south and the north. In all the three
sample groups, the contents of total PAs in the berries from the north were
significantly higher than in the berries from the south; the difference was 2.0
times in ‘Terhi’, 2.3 times in ‘Tytti’, and 1.7 times in the wild sea buckthorn (p
< 0.05). Most of the PA oligomers in both ‘Terhi’ and ‘Tytti’ had the same
trend, whereas, in wild samples, an opposite trend was found in the content of
Tri-1, Tet-1 and Tet-2. PLS-DA models were created to study the impact of
altitude on the content and composition of PAs. In PLS-DA model with all the
samples, berries from higher latitudes were well separated from those at lower
latitudes by higher levels of PAs (Figure 10). In PLS-DA models within each
variety, the loading plots showed similar trends and more detailed information.
In ‘Terhi’ and ‘Tytti’, the PA content variables (total PAs, Tri-4, Tet-4 and Tet-
5) were located close to high latitude samples, whereas, variables Tet-1, Tet-2
and Tri-1 were close to low latitude samples. Tet-1, Tet-2 and Tri-1 located
closer to the low latitude samples of wild berries than to the samples of ‘Terhi’
and ‘Tytti’. This was in agreement with the statistical results in the
independent-sample t test. Among PA oligomers, PDs were the main
components (Tri-4, Tet-4 and Tet-5) correlating positively to latitude, whereas,
PCs of the major oligomers (Tet-1, Tet-2 and Tri-1) correlated negatively to
latitude.
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Fig. 10 PLS-DA models for all the three origins (‘Tytti’, “Terhi’ and one of
wild origin) of sea buckthorn as proanthocyanidins as variables (n = 16) (South
samples, Blue icon).

5.1.6 The impact of latitude and altitude on proanthocyanidins in
Chinese berries of ssp. sinensis

To study the effect of latitude and altitude on the content and composition of
PAs, wild sea buckthorn berries of ssp. sinensis were collected from ten
different locations in six provinces in China (paper III). The spans of latitude
and altitude were from 31°N to 47°N and from 210 m to 3000 m, respectively.
Among the samples, the content of total PAs increased as the latitude decreased
and as the altitude increased (R’=0.1608), whereas PA oligomers (dimers,
trimers and tetramers) decreased as the latitude decreased and as the altitude
increased (R*=0.2345, R’=0.4254, R’=0.3914, respectively). Bivariate
correlation analysis (Spearman's correlation) showed that most of the PA
oligomers correlated positively to latitude, whereas total PAs correlated
negatively (p < 0.01). Altitude correlated negatively to all PAs, three (Tri-3,
Tri-4 and Tet-5) of which significantly (»p < 0.01). The main components of
Tri-3, Tri-4 and Tet-5 were PDs, analogously to the results of our previous
studies related to latitude. Partial correlation analysis showed similar results as
in bivariate correlation analysis, which indicated most of the PA oligomers to
correlate positively with latitude and negatively with altitude (p < 0.01). An
exception was total PA with negative correlation to latitude (p < 0.01). It is
worth mentioning that the effect of latitude in China does not have the same
influence as in Finland. Due to the complex topography in China, the effect of
latitude on radiation and temperature may be negligible. Moreover, the samples
collected at different altitudes from Shanxi (SX) (1515 m and 2182 m) and
Sichuan (SC) (2000 m, 2500 m, 3000 m) were investigated ignoring the impact
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of latitude. The levels of total PAs decreased as the altitude increased in both
SC and SX samples (p < 0.01). In SX berries, the contents of PA oligomers
increased as the altitude increased, whereas SC samples showed opposite
results. The changes in contents were not significant at altitudes above 2500 m.

5.1.7 Effects of weather conditions on proanthocyanidins

Changes in latitude and altitude are usually accompanied by changes in the
weather conditions. In order to understand the impact of climatic and weather
conditions on the content and composition of PAs in sea buckthorn, berries of
varieties ‘Terhi’ and ‘Tytti’ as well as wild ssp. rhamnoides were collected
from southern and northern Finland during 2007-2013 (paper 1V). Bivariate
correlation analysis (Pearson’s correlation coefficient) showed positive
correlation between total PAs and most of the precipitation and humidity-
related variables, whereas the correlation was negative between total PAs and
most of the variables of temperature and radiation in ‘Terhi’ and ‘Tytti’ (p <
0.01).

PCA models were employed to investigate correlations among specific
weather conditions and PA compositions in ‘Terhi’ and ‘Tytti’. All PA
variables were located around the northern growth sites, correlating negatively
with variables of temperature, radiation, precipitation around time of harvest
and relatively low humidity.

Separated PCA models of Kittild (northern Finland) and Turku (southern
Finland) were created to evaluate respective correlations. In Kittild, total PAs
were positively associated with low temperature and radiation, high
precipitation and humidity (weather conditions in 2008). High radiation, low
precipitation and low humidity (weather conditions in 2011) contributed the
accumulation of PA oligomers. In Turku, weather conditions in 2012 with low
temperature, low radiation, low humidity and high precipitation before ripening
were likely favorable for PA accumulation. In ‘Terhi’, ‘Tytti’ and wild sea
buckthorn, correlations between the contents of PAs and Dgs (length of the
growth season), between PAs and XTgh (temperature sum during growth
season until harvest) as well as between PAs and £Rgh (radiation sum during
growth season until harvest) were analyzed. The level of total PAs decreased as
the Dgs, £Tgh and XRgh increased (p < 0.01), whereas no significant
correlation between PA oligomers and these variables was observed.

5.1.8 Effects of over-ripening on proanthocyanidins in sea
buckthorn berries

Over-ripe sea buckthorn berries of ‘Terhi’ and ‘Tytti’ were collected at four
different time points in Turku in 2011 (paper 1V). Significant differences in the
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contents of total PAs were found between optimally ripe and over-ripe stages in
both ‘Terhi’ and ‘Tytti’ (p < 0.05). Most of the PA oligomers in ‘Tytti’
showed significant differences between the two stages, whereas only Dim-1 in
‘Terhi’ was found to be significantly influenced. ‘Terhi’ and ‘Tytti’ had the
same changing trend of total PAs and PA oligomers during the stage from
optimally ripe to overripe.

5.2  Flavonol glycosides in currant leaves (paper II)
5.2.1 Identification of flavonol glycosides

Twenty-seven FGs were identified/tentatively identified in the extracts of
currant leaves. Among them, seven FGs were identified using reference
compounds, four FGs were purified and identified using NMR (Figure 11) and
the remaining ones were tentatively identified by the UV spectra and the mass
spectra. The FGs are summarized in Table 7.

OH

Quercetin-3-0-(2,6-a-dirhamnopyranosyl- Quercetin-3-O-(2-/3-xy|opyranosyl-l6-a-
B-glucopyranoside) rhamnopyranosyl-8-glucopyranoside)

Kaempferol-3-0-(2,6-a-dirhamnopyranosyl- Kaempferol-3-0-8-
B-glucopyranoside) (6'-malonyl)glucopyranoside
C D

Fig. 11 Structures of four flavonol glycosides (A-D) identified by NMR
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Interestingly, quercetin and kaempferol with the same sugar moieties were
eluted in pairs, as seen with quercetin-3-O-(2,6-a-dirhamnopyranosyl-f-
glucopyranoside) and kaempferol-3-O-(2,6-a-dirhamnopyranosyl-f-
glucopyranoside), quercetin-3-O-rutinoside (rutin) and kaempferol-3-O-
rutinoside, quercetin-3-O-glucoside (isoquercitrin) and kaempferol-3-O-
glucoside, quercetin-3-0O-(6"-malonyl)-glucoside and kaempferol-3-O-5-(6'-
malonyl)-glucoside, and quercetin-malonylhexoside 1 and kaempferol-
malonylhexoside V. The flavonol glycosides with aglycone of quercetin eluted
faster than those of kaempferol.

5.2.2 Comparison of cultivars

Quercetin and kaempferol were the most important flavonol aglycones in the
FGs of all the currant cultivars. The profiles of FGs were quite similar in leaf
extracts of black currants ‘Mortti’ and ‘Jaloste n:o 15°, green currant ‘Vertti’
and red currant ‘Red Dutch’. Black currant ‘Mikael’ and white currant ‘White
Dutch’ had their own profiles of FGs. The black currant cultivar ‘Mikael” was
characterized by quercetin-rhamnosylhexoside, hyperoside, kaempferol-
hexoside, kaempferol-pentoside, kaempferol-malonylhexoside I, kaempferol-
malonylhexoside II, kaempferol-malonylhexoside V, whereas the white currant
‘White Dutch’ was characterized by the presence of quercetin-3-O-(2,6-0-
dirhamnopyranosyl-f-glucopyranoside), quercetin-3-O-(2-f-xylopyranosyl-6-
a-rhamnopyranosyl-S-glucopyranoside), quercetin-hexosylpentoside,
kaempferol-3-0-(2,6-a-dithamnopyranosyl-f-glucopyranoside), kaempferol-
rhamnosylglucoside 1.

5.2.3 Comparison of different time points within growth seasons

The twelve most abundant identified FGs accounted for approximately 90 %
proportion of the total peak area of the twenty-seven FGs detected. The
contents of FGs in leaves collected from the middle position at four different
time points were compared. The contents of FGs changed significantly during
the growth season. In Piikkio (south Finland), the contents reached the highest
levels around late July to mid—August, followed often by a decrease. The peaks
were typically postponed by three to four weeks in the samples from Apukka
(north Finland). The ratios of malonylated and non-malonylated FGs decreased
during the growth season from early July to early September. Such compounds
were e.g. quercetin-3-0-(6"-malonyl)-glucoside and isoquercitrin, kaempferol-
3-0-p-(6'-malonyl)-glucoside and kaempferol-3-O-glucoside. Moreover, the
contents of FGs were compared in 2012 and 2013 and all the cultivars
displayed similar changing trends in these two years.
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5.2.4 Comparison of growth places

The average contents of FGs at the four time points were compared in currant
leaves from the two orchards (Piikki6 in the north and Apukka in the south).
No significant differences were found between the two locations based on the
average contents of flavonol glycosides (p > 0.05), and the contents were thus
not affected by latitude. Only the peak in the content of FGs was postponed in
Apukka.

5.2.5 Comparison by leaf position

The leaves of green currant ‘Vertti’, red currant ‘Red Dutch’ and white currant
‘White Dutch’ were collected at random and middle positions in Piikkio in
2012. The contents of total FGs and of individual FGs were compared between
the samples harvested with the two methods. Some changing trends were
noticed. In random leaves, the increasing trends of total FGs were due to the
special increase of rutin, isoquercitrin, kaempferol-3-O-rutinoside, kaempferol-
3-O-glucoside at the end of growth season. Compared with the randomly
collected leaves, the leaves collected from the middle position contained
higher levels of malonylated FGs i.e. (quercetin-3-O-(6"-malonyl)-glucoside
and kaempferol-3-O-4-(6'-malonyl)glucopyranoside) as well as quercetin-3-O-
(2,6-a-dirhamnopyranosyl-S-glucopyranoside), quercetin-3-0O-(2-5-
xylopyranosyl-6-a-rhamnopyranosyl-$-glucopyranoside) and kaempferol-3-O-
(2,6-a-dirhamnopyranosyl-S-glucopyranoside) were higher than that in random
leaves.
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6 SUMMARY AND CONCLUSION

A rapid and sensitive method for profiling of proanthocyanidins (PAs) in sea
buckthorn (Hippophaé rhamnoides ssp. rhamnoides 1.) berries was established
based on HILIC-ESI-MS analysis. PA oligomers with degree of polymerization
from 2 to 11 were detected. All of them were B-type PAs with
(epi)gallocatechins as the main monomeric units. PA oligomers (dimers,
trimers and tetramers) were quantified with HILIC-ESI-MS method.

The three sea buckthorn subspecies (ssp. rhamnoides, ssp. mongolica and
ssp. sinensis) were well classified with three validated factors (R* 0.724, Q°
0.677) in PLS-DA model. Ssp. rhamnoides contained more PA trimers and
tetramers, ssp. mongolica contained more PA dimers, whereas berries of ssp.
sinensis had lower contents of all PAs compared with the other two subspecies.
Within ssp. rhamnoides, berries of ‘Terhi’ and ‘Tytti’ had similar compositions
of PAs, which were different from the wild ones in most PA oligomers (p <
0.05). Within ssp. mongolica, varieties ‘Prevoshodnaya’ and ‘Prozcharachnaya’
had the highest and lowest contents of total PAs among the five varieties,
respectively (p < 0.05), and ‘Oranzhevaya’ was characterized by high contents
of PA dimers, trimers and tetramers.

Growth environments, such as latitude, altitude and weather conditions
showed significant influence on the content and composition of PAs in sea
buckthorn. ‘Terhi’, ‘Tytti’ and wild sea buckthorn of ssp. rhamnoides grown at
higher latitude in northern Finland contained higher levels of PAs. The length
of the growth season, temperature sum and total radiation during the growth
season till harvest correlated negatively with total PAs in the berries from the
north. No respective correlations were found in the samples grown at the lower
latitude in southern Finland. In ssp. sinensis from China, the content of total
PAs correlated negatively with latitude, whereas PA oligomers showed positive
correlation. In comparison to latitude, altitude showed less impact on PAs in
ssp. sinensis berries.

Flavonols were analyzed in leaf extracts of four Ribes nigrum cultivars, i.e.
three black currants, ‘Mortti’, ‘Mikael” and ‘Jaloste n:015” and a green currant
‘Vertti’, as well as of two Ribes rubrum cultivars, i.e. one red currant ‘Red
Dutch’, and one white currant ‘White Dutch’. Twenty-seven flavonol
glycosides (FGs) were identified/tentatively identified using reference
compounds, UV spectra, mass spectra and NMR analysis. Among them, four

major previously unknown compounds quercetin-3-0-(2,6-a-
dirhamnopyranosyl-f-glucopyranoside), quercetin-3-O-(2-f-xylopyranosyl-6-
a-rhamnopyranosyl-f-glucopyranoside), kaempferol-3-O-(3,6-a-

dirhamnopyranosyl-f-glucopyranoside) and kaempferol-3-O-$-(6'-



56 Summary and Conclusion

malonyl)glucopyranoside) were identified by NMR for the first time in currant
leaves.

The profiles of FGs were highly affected by the genetic background. ‘White
Dutch’ differed clearly from all the other cultivars, and black currant ‘Mikael’
showed a different profile compared to black currants ‘Mortti’, ‘Jaloste n:015’
and green currant ‘Vertti’. The ratios between malonylated and non-
malonylated FGs reduced regularly during the growth season. The highest
contents of FGs in leaves of currants grown at the higher latitude were typically
postponed by a few weeks compared to the corresponding cultivars grown at
lower latitudes. The position of leaves had an effect on profiles of FGs.

This study investigated systematically the influence of genetic background
and growth environments on PAs in berries of three subspecies of sea
buckthorn and FGs of six cultivars of currants leaves. The results contribute to
understanding of the accumulation of PAs and FGs in plants in different
environments. The research provides guidance for the cultivation of sea
buckthorn berries and the exploitation of currant leaves as potential raw
material of nutraceuticals.
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