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Trivedi, Priyanka, Cuticular wax of Nordic berries. Focus on composition,
biosynthesis, and the effect of environmental factors
University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 769, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract
Berries have an outer layer of hydrophobic cuticular wax which plays a role in preventing non-
stomatal water loss and protection against UV-B radiation. In this thesis, the chemical composition
and morphology of cuticular wax in the fruit of Nordic wild berry species, namely bilberry
(Vaccinium myrtillus L.), lingonberry (V. vitis-idaea L.), bog bilberry (V. uliginosum L.), and
crowberry (Empetrum nigrum L.) were explored. In bilberry, glossy type (GT) mutant and wild-
type (WT) fruits at different developmental stages were investigated for the chemical composition,
morphology, and biosynthesis of cuticular wax. Further, the effect of temperature and
precipitation on the chemical composition of cuticular wax of bilberry fruit was studied through a
latitudinal gradient from Latvia to Finland and Norway. The effect of temperature on the cuticular
wax of bilberries was investigated through phytotron experiments.

Results showed that triterpenoids were the dominant compound class in the cuticular wax of
bilberry and lingonberry, whereas fatty acids and alkanes dominated in bog bilberry and
crowberry, respectively. During bilberry fruit development, a decrease in the proportion of
triterpenoids was observed with an increase in total aliphatic compounds. A higher proportion of
triterpenoids along with a lower proportion of fatty acids and ketones was found in GT fruit
cuticular wax compared with WT. A lower density of crystalloid structures on GT fruit than on
WT fruit could be attributed to a lower content of ketones and fatty acids. Wax biosynthetic genes
CER26-like, FAR2, CER3-like, LTP, MIXTA, and BAS exhibited prevalent expression in bilberry
fruit skin, indicating their role in cuticular wax biosynthesis and secretion.

Generally, through the latitudinal gradient, a decrease in the proportion of triterpenoids was
observed in cuticular wax of bilberry fruit in the studied seasons. In phytotron studies, an increase
in temperature led to an increase in the proportion of triterpenoids, as well as decrease in fatty
acids, alkanes and ketones in bilberry fruit cuticular wax in both southern and northern clones.

This thesis brings new insights into the composition and biosynthesis of cuticular wax in
Nordic wild berries. These findings serve as a stepping stone for future berry wax research and the
results could have applications in the food industry.

Keywords: bilberry, biosynthesis, cuticular wax, glossy mutant, lingonberry,
temperature, triterpenoids





Trivedi, Priyanka, Pohjoisten marjojen kutikulaarinen vahakerros. Tarkastelussa
vahan koostumus, biosynteesi ja ympäristötekijöiden vaikutus 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 769, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Pohjoisessa kasvavia marjoja ympäröi uloimpana hydrofobinen vahakerros, kutikulaarinen vaha,
joka ehkäisee veden haihtumista ja suojaa marjoja UV-B-säteilyltä. Tässä väitöstyössä tutkittiin
mustikan (Vaccinium myrtillus L.), puolukan (V. vitis-idaea L.), juolukan (V. uliginosum L.) ja
variksenmarjan (Empetrum nigrum L.) kypsien marjojen vahakerroksen morfologiaa ja kemial-
lista koostumusta. Mustikan osalta sekä villityypin marjan että kiiltävän mutantin vahakerrok-
sen koostumusta, morfologiaa ja biosynteesiä tutkittiin myös marjan kehityksen eri vaiheissa.
Lisäksi ympäristötekijöiden vaikutusta mustikan vahakerrokseen tutkittiin eri leveyspiireiltä
kerätyissä marjoissa. Näytteitä kerättiin Latviasta, Suomesta ja Norjasta. Työssä tarkasteltiin
myös ilmastotekijöiden vaikutusta mustikan pohjoisten ja eteläisten ekotyyppien vahakerroksen
koostumukseen käyttäen hyväksi suljettuja tutkimuskasvihuoneita eli fytotroneja.

Tutkimuksessa saatiin selville, että mustikoiden ja puolukoiden marjan vahakerros koostuu
pääosin triterpenoideista, kun taas juolukalla ja variksenmarjalla se koostuu pääosin rasvaha-
poista. Mustikan marjan kehityksen aikana triterpenoidien määrän havaittiin vähenevän ja ali-
faattisten yhdisteiden määrän kasvavan. Kiiltävän mutanttimarjan vahakerroksen havaittiin sisäl-
tävän villityypin mustikkaan verrattuna suhteessa enemmän triterpenoideja, mutta vähemmän
ketoneja ja rasvahappoja. Myös kristalloidirakenteiden määrä oli kiiltävässä marjassa alhaisem-
pi. Vahan biosynteesiin osallistuvien geenien CER26-like, FAR2, CER3-like, LTP, MIXTA ja BAS
havaittiin ilmentyvän vahvasti mustikan kehityksen eri vaiheissa, mikä viittaa niiden olevan tär-
keässä roolissa kutikulaarisen vahakerroksen synteesissä.

Perustuen väitöstyön aikana eri leveyspiireillä tehtyihin keräyksiin, triterpenoidien osuuden
mustikan vahakerroksessa havaittiin laskevan etelästä pohjoiseen mentäessä. Fytotronikokeet
osoittivat, että lämpötilan nousu johtaa triterpenoidien määrän ja osuuden kasvuun, mutta toi-
saalta rasvahappojen, alkaanien ja ketonien määrän laskuun sekä eteläisten että pohjoisten mus-
tikkakloonien vahakerroksessa.

Väitöstyö tuo uutta tietoa liittyen pohjoisten marjojen vahakerroksen kemialliseen koostu-
mukseen ja biosynteesiin. Tutkimuksen tulokset luovat pohjaa tulevaisuuden vahatutkimukselle,
minkä lisäksi niitä voidaan hyödyntää mustikan osalta myös elintarviketeollisuudessa.

Asiasanat: biosynteesi, kiiltävät mustikat, kutikulaarinen vaha, lämpötila, mustikka,
triterpenoidit
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1 Introduction  

1.1 Wild Nordic berry species 

Vaccinium is a major genus among important wild Nordic berry species. It consists 
of terrestrial shrubs distributed in the northern hemisphere and mountains of 
tropical Asia and Central and South America (Song & Hancock, 2011). The most 
important cultivated species domesticated in the 20th century are blueberry (V. 
corymbosum L.), cranberry (V. macrocarpon) and lingonberry (V. vitis-idaea L.). 
Wild bilberry (Vaccinium myrtillus L.) is a non-cultivated Vaccinium species which 
shows good potential as a berry crop. 

Wild berries are a significant and valuable part of European nature and tradition. 
In the Nordic countries, wild berries are picked extensively by people as a 
recreational activity (Zoratti et al., 2016). The health beneficial properties of wild 
berries have been well documented and attributed to bioactive compounds such as 
phenolics, flavonoids, and carotenoids (Jimenez-Garcia et al., 2013). Due to their 
health beneficial properties, the demand for bilberry and lingonberry will continue 
to grow (Song & Hancock, 2011). They are widely used in the food industry, 
especially the juice industry. The industrial leftovers of the juice industry, i.e. berry 
press cake, can be a potential source of bioactive compounds, and other ingredients, 
such as wax. Berry press cakes could be better utilized if basic research is done 
considering potential applications. Currently only 3% of the wax used in industrial 
production comes from plant sources, while the remaining 97% is derived from 
fossil-based sources, such as oil. There is a need to explore more plant-based 
sources of wax. Due to its specific composition, wild berry wax may find 
applications in cosmetics as well as the food industry. 

Lingonberry (V. vitis-idaea L.) is a perennial, evergreen dwarf shrub that 
prefers acidic soils and grows in circumboreal regions. It is distributed in northern 
Europe, Fennoscandinavia, north Russia, and northern Italy (Song & Hancock, 
2011). Lingonberry plants are known for their winter hardiness and tolerance to 
extreme climates (-40°C or lower) and their small red berry fruit is rich in 
antioxidant, vitamin (C, A, E) and polyphenol content (Mane et al., 2011). They are 
popular berries in European Nordic countries, and in North America, and have been 
used traditionally in jams, juices, pies, jellies, etc. Lingonberries are generally 
collected from the wild, and the domestication of lingonberry is still in 
developmental phase (Kowalska, 2021).  
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Bog bilberry (V. uliginosum L.) and crowberry (Empetrum nigrum L.) are other 
important wild berry species widely distributed in the northern hemisphere but less 
explored economically. Crowberry (Empetrum nigrum L.) is found in the northern 
hemisphere including Europe and Canada and Eurasia (Jurikova et al., 2016). 
Crowberries are slightly acidic and stringent, and therefore consumption after 
freezing or processing is preferred. It has been traditionally used for medicinal 
purposes due to the presence of high quantities of polyphenol compounds 
especially flavanols and anthocyanins (Ogawa et al., 2008). Bog bilberry 
(Vaccinium uliginosum L.) is a low-bush shrub distributed in northern Europe, 
mountains of southern Europe, temperate Asia and North America. (Colak et al., 
2016). Bog bilberries are blue colored edible berries, which have been explored 
less than bilberry and blueberry from the same genus, Vaccinium. 

1.1.1 Bilberry 

Wild bilberry, also known as the European blueberry, is distributed widely across 
Europe and Northern Asia in birch, spruce and pine dominated forests (Fig. 1). The 
bilberry plant is a perennial, deciduous dwarf shrub (10–16 cm) propagating 
clonally through axils from rhizome growing in well drained acidic soils (Nestby 
et al., 2011). 

Bilberry fruit is non-climacteric and abscisic acid is involved in its 
development (Karppinen et al., 2013). The fruit development is initiated by 
pollination and fruit set and the ripening process includes morphological, 
biochemical and physiological changes. The first stage of berry development after 
flowering is small unripe green berry, followed by large unripe green berry fruit 
and further ripening red, bluish purple berry fruit (Nguyen et al., 2018). Bilberries 
have a characteristic aroma and taste and are a rich source of anthocyanins, and 
they have been consumed in human diet since ancient times (Dróżdż et al., 2017). 
They are one of the economically most important wild berry species in Finland, 
Norway and Sweden (Kangas & Markkanen, 2001). The bilberry yield in Nordic 
countries has been estimated to be higher than 500 million kg per year, while only 
5–10% is picked (Paassilta et al., 2009). Research on bilberries has mostly been 
focused on phenolic compounds, flavonoids and carotenoids (Zoratti et al., 2015; 
Karppinen et al., 2016; Jaakola et al., 2017).  
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Fig. 1. Bilberry plant with ripe bilberry fruits. 

1.2 Cuticular wax 

Approximately 450 million years ago, plants moved from aquatic to land habitat. This 
transition to a new environment made the formation of an extracellular hydrophobic 
cuticle around aerial plant parts a necessity for survival (Yeats & Rose, 2013). Plants 
evolved a protective layer called the cuticle, which could protect them against non-
stomatal water loss, UV-B radiation and pathogens (Martin & Rose, 2014). Cuticle is 
composed of cutin and a lipidic outer layer called cuticular wax. Cutin is a polyester 
polymer containing C16 and C18 hydroxy fatty acids (Heredia, 2003; Pollard et al., 
2008).  

In layman’s terms, cuticular wax is the whitish or glossy covering which can 
be seen through naked eyes on various fruits such as apples and plums as well as 
other plant parts such as leaves and stem. Chemically, cuticular wax is a complex 
mixture of very long chain fatty acids (VLCFAs), their derivatives as well as 
secondary metabolites such as triterpenoids and sterols. The predominant chain 
lengths of VLCFA and their derivatives such as, alkanes, aldehydes, ketones, 
primary and secondary alcohols is 20–34 carbons (Fig. 2; Kunst & Samuels, 2009).  
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Fig. 2. General structures of components occurring in plant cuticular waxes (18–34). 

Cuticular wax is present as surfacial epicuticular and inner intracuticular wax. 
Intracuticular wax is the amorphous mixture of lipids embedded in the cutin while 
epicuticular wax can be seen as a whitish, dull (glaucous and waxy bloom) or glossy 
coating on leaves, stem and fruits (Fig. 3; Barthlott et al., 2017). Epicuticular wax can 
be amorphous, or present as films and crystalline (Ensikat et al., 2006). Generally, 
solvent extraction of waxes results in cuticular wax, which is a mixture of both 
intracuticular and epicuticular wax. 

 



23 

Fig. 3. A) SEM image of crowberry fruit surface seen in cross section B) Schematic 
diagram illustrating the major structural features of the cuticle including cuticular wax 
(modified from Bargel et al., 2006; Barthlott et al., 2017) (not drawn to scale). 

1.2.1 Fruit cuticular wax composition 

The fleshy fruits’ cuticle is generally astomatous and thicker than that of leaves (Martin 
& Rose, 2014). It plays an important role in maintaining fruit quality and has an 
influence on post-harvest shelf-life. Majority of the studies done on plant waxes have 
focused on vegetative plant parts, mainly leaves (Lara et al., 2015), and there is a need 
to explore fruit cuticular waxes since they present a potential source of health beneficial 
bioactive compounds such as triterpenoids (Szakiel et al., 2012b). Triterpenoids have 
various health beneficial properties, such as anticancer, anti-inflammatory, 
antimicrobial and cardioprotective effects (Trivedi et al., 2019).  

Compositional diversity of cuticular wax has been reported between different 
organs (Szakiel et al., 2013; Guo et al., 2017), species, cultivars and stages of plant 
development (Van Maarseveen et al., 2009; Laila et al., 2017; Arand et al., 2021). 
Among fruit cuticular waxes, high amounts of triterpenoids were reported in the 
cuticular wax of grape (Vitis vinifera; Pensec et al., 2014), olive (Olea europaea; Huang 
et al., 2017), persimmon (Diospyros kaki; Tsubaki et al., 2013), apple (Malus 
domestica; Leide et al., 2018), sweet cherry (Prunus avium; Peschel et al., 2007) and 
blueberries (Vaccinium spp.; Chu et al., 2017, 2018). Triterpenoids and alkanes are the 



24 

dominant components of cuticular wax of tomato (Solanum lycopersicum), apple 
(Malus domestica), Asian pear (Pyrus spp.), sweet cherry (Prunus avium), peach 
(Prunus persica), and pepper (Capsicum annuum). Oleanolic acid was found to be 
the predominant triterpenoid in grapes while amyrins dominated in tomato fruit 
cuticular wax. Ursolic acid was the dominant triterpenoid in apple and sweet cherry 
fruit cuticular wax while friedelin was the dominant one in cuticular wax of fruits 
from citrus species. Both ursolic acid and oleanolic acid were found to be the 
abundant triterpenoids in blueberry fruit cuticular wax. Among alkanes, n-
hentriacontane or n-nonacosane were found to be the predominant alkanes in 
cuticular wax of fruits such as tomato, Asian pear fruit, sweet cherry, plum, orange 
and cucumber (Trivedi et al., 2021).  

 Most of the studies on fruit cuticular waxes have been done on cultivated varieties 
of fruits, and wild fruit species would need to be explored more. Cultivated fruit species 
undergo domestication and breeding and probably specific cuticle compositional 
features are favored. Wild species, on the other hand, experience different selective 
pressures and the cuticular wax composition can exhibit specific adaptations to the 
growth locations, which needs to be studied further (Martin & Rose, 2014).  

Some fruit cuticular waxes have specific dominant components, as for example 
high amounts of primary alcohols and tocopherols have been reported in pear cultivars 
(Wu et al., 2017, 2018). High amounts of flavonoids were reported in tomato cuticular 
wax during maturation (Bauer et al., 2004). Aldehydes were found to be the present in 
high amounts in cucumber (Cucumis sativus; Wang et al., 2015a), cranberry (Vaccinium 
macrocarpon; Croteau & Fagerson, 1971), and citrus fruits (Wang. et al., 2014; Wang 
et al., 2016). Glycerolipids were the dominant components in fruit cuticular wax of 
bayberry (Myrica pensylvanica) (Simpson & Ohlrogge, 2016) while high levels of β-
diketones were reported in blueberries (Vaccinium corymbosum) (Chu et al., 2017, 
2018).  

1.2.2 Epicuticular wax morphology 

Morphology of epicuticular wax has been studied using Scanning electron 
microscope (SEM) and classified in various categories (Barthlott et al., 1998; 
Jeffree, 2007). In the last decade, different wax morphologies have been reported 
in fruits. Tubular wax was reported on the surface of blueberry fruits due to the 
presence of β-diketones (Chu et al., 2017). In citrus fruits, flattened plate 
morphology is known to be a characteristic feature (Cajuste et al., 2010). Platelets 
were hypothesized to be formed due to higher proportions of aldehydes and alkanes 
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in orange fruits (Wang et al., 2014). In Asian pear fruits, SEM showed amorphous 
structures including plates, platelets and ovate crystals (Wu et al., 2018). Olive fruit 
surface waxes were reported to contain granules, platelets, plates and rodlets (Lanza 
& Di Serio, 2015). 

It has been suggested that there is a close relationship between the particular 
shape of wax crystalloid and its chemical composition (Bargel et al., 2006; 
Barthlott et al., 2017). Few studies have shown that waxes often consist of a single 
dominant compound which determines the characteristic morphology such as 
tubules and platelets. For example, tubules have been associated with the presence 
of either secondary alcohol (nonacosan-10-ol)(R. Jetter & Riederer, 1995) or β-
diketones (hentriacontane-14,16-dione) (Meusel et al., 2000). However, such 
correlations are few and further research with different plant species is needed to 
deepen the understanding on this coherence between wax composition and 
morphology.  

1.3 Changes in cuticular wax during fruit development 

Dynamic changes occur in the cuticular wax composition and wax load during fruit 
development (Peschel et al., 2007; Kosma et al., 2010; Dong et al., 2012). Cutin 
and wax biosynthesis occur to coordinate expansion of fruit surface to maintain 
structural integrity during fruit development. A separate deposition pattern has been 
observed between cutin and wax during fruit development, highlighting their 
differential regulation (Wang et al., 2016). Cuticular wax deposition pattern varies 
between different species and a regular pattern cannot be seen. It has been reported 
that the cuticular wax load increases during fruit development in mango (Tafolla-
Arellano et al., 2017), bayberry (Simpson & Ohlrogge, 2016), blueberry (Chu et 
al., 2018), apple (Ju & Bramlage, 2001) and orange (Wang et al., 2016). In other 
fruits, such as sweet cherry (Peschel et al., 2007) and grapes (Pensec et al., 2014), 
a higher cuticular wax deposition rate in the initial stages of fruit development 
followed by a decrease in later stages has been reported.  

Changes in cuticular wax profile through fruit development have also been 
reported (Trivedi et al., 2019). An increase in the content of triterpenoids was 
reported during the ripening period in blueberry fruits (Chu et al., 2018) with 
ursolic acid increasing in content through fruit development in the studied cultivars . 
By contrast, in grape cultivars, a high level of triterpenoids was reported in young 
grapes which was followed by a decrease in the mature fruit, mostly contributed by 
oleanolic acid (Pensec et al., 2014). Similarly, in apples, hydrocarbons and 
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triterpenoids predominate in young immature fruits while free fatty acids and 
alcohols contribute to the wax load during fruit ripening (Ju & Bramlage, 2001). 
During sweet cherry (Prunus avium) fruit development it was reported that 
triterpenes per unit area decreased while other components of wax, alcohols and 
alkanes remain constant (Peschel et al., 2007). Considering this variability, there is 
a need of more species-specific studies to understand the cuticular wax deposition 
and alterations in chemical composition during fruit development. 

1.4 Effect of environmental factors on cuticular wax 

As plants are sessile organisms, they constantly face various abiotic stresses, such 
as drought, heat, cold, and varying radiation levels (Shepherd & Griffiths, 2006). 
The outermost cuticular wax layer plays a role in mediating the plant’s response 
against various abiotic and biotic stresses (Reinhard Jetter & Riederer, 2016). It is 
known that cuticular wax composition and load varies under drought (Kim et al., 
2007; Kosma et al., 2009), cold (Wu et al., 2017; Chu et al., 2018) and UV radiation 
(Fukuda et al., 2008). In the last decade, the functional role of cuticular wax 
components has been clarified: the very long chain fatty acid (VLCFA) component 
plays a role in maintaining the transpiration barrier, where triterpenoids contribute 
to herbivore interaction and to the maintenance of cuticular wax stability during 
thermal stress (Bueno et al., 2019).  

Various studies have been done to elucidate the effect of temperature on plant 
cuticular waxes, mostly alkanes through natural environmental gradients. For 
example, a positive correlation between average carbon chain length of alkanes and 
high temperature was found in 357 plant species across a temperature gradient 
along an isohyet in China (Wang et al., 2018). Temperature and aridity index data 
were found to correlate with alkane composition for the elevational transect in the 
Pyrenees for Juniperus communis populations (Dodd & Poveda, 2003). However, 
cuticular wax from the leaves of 59 populations of Leymus chinensis could not be 
distinguished based on environmental factors in a garden experiment (Li et al., 
2020). Similarly, no significant correlation was found between cuticular wax 
composition and climatic variables, such as temperature, aridity index and 
precipitation in alpine meadow plants (Guo et al., 2015).  
Temperature affects the wax load and composition in various plant species. It has 
been reported previously in Brassica species, that a higher amount of waxes are 
produced at optimal (21–23°C) temperature; however, this is not true for all plant 
species (Shepherd & Griffiths, 2006). In cuticular wax of Arabidopsis, an increase 
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in the total wax amount and content of alkanes and secondary alcohols was reported 
when seedlings were grown at cold (4°C) temperature (Ni et al., 2014). Similarly, 
an increase in the wax content and the proportion of fatty acids (dominated by 
C18:3 fatty acid) after exposure to cold stress in Thellungiella salsuginea leaves 
was reported (He et al., 2019). Studies on the effect of temperature on fruit cuticular 
waxes has been limited mostly to post harvest aspects (Lara et al., 2014; Chu et al., 
2018). In Asian pear cultivars (Wu et al., 2017) and blueberries (Chu et al., 2018), 
it has been observed that after cold storage (4°C), wax concentration decreased and 
wax composition altered. Among triterpenoids in Asian pear fruit, amyrin and 
tocopherol were detected both at harvest and post cold storage. In Malus fruits, low 
temperature treatment (4°C) increased the thickness of cuticular wax compared 
with control fruits (Hao et al., 2017). A comprehensive study on the effect of the 
varying climate conditions on all the wax components in fruits, especially the 
triterpenoids is still missing.  

1.5 Biosynthesis of cuticular wax 

The wax biosynthesis has been largely elucidated using model organisms such as 
Arabidopsis and tomato. The biosynthesis of cuticular wax occurs in the plastids 
and endoplasmic reticulum (ER) of the epidermal cell. At the beginning of wax 
biosynthesis, de novo fatty acid synthesis of precursors (C16-18 fatty acid 
thioesters) is catalyzed by fatty acid synthase complex (FAS) in stroma of plastids 
(Fig. 4). The fatty acid precursors are hydrolyzed to free fatty acids and transported 
to ER. In endoplasmic reticulum, the elongation of fatty acyl-CoAs precursors to 
very long chain FAs (C26-C34) occurs, catalyzed by repeating reactions by fatty 
acid elongases (FAE) complex with β-ketoacyl-CoA synthase (KCS) as the rate-
limiting enzyme of the complex. The reaction catalyzed by KCS determines the 
chain length of substrate and products of the FAE complex. After elongation, acyl 
CoAs are modified in two different pathways, the alkane and the alcohol forming 
pathway (Fig. 4). Decarbonylation reaction of acyl CoAs during alkane forming 
pathway catalyzed by CER3 and CER1 enzymes consecutively leads to the 
formation of alkanes and aldehydes. Alkanes may further be converted to secondary 
alcohols and ketones by the mid-chain alkane hydroxylase enzyme1 (MAH1). In 
the alcohol forming pathway, reduction of acyl CoAs leads to the formation of 
primary alcohols, catalyzed by fatty acyl-CoA reductase (FAR) and further to wax 
esters, catalyzed by wax synthase/ diacyl glycerol acyltransferase 1 enzyme 
(WSD1).The synthesized wax is transported from ER to plasma membrane (PM), 
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and exported to the surface via cell wall ( Yeats & Rose, 2013; Lee & Suh, 2015). 
Cuticular wax export is mediated by the ATP binding cassette (ABC) transporters. 
In addition, LTP (lipid transfer protein) have been shown to participate in the output 
of cuticular wax (Albert et al., 2013). Cuticular wax also contains aromatic and 
cyclic compounds including triterpenoids, sterols and phenolic acids. The most 
prominent ones found in high quantities in fruit cuticular wax are triterpenoids. 
Triterpenoids are derived from C 30 squalene in the cytosol of epidermal cell. 
Squalene is synthesized by joining 6 isoprene units together to form branched long 
hydrocarbon squalene. In eukaryotes, squalene is activated to 2,3-epoxysqualene 
and then cyclized to triterpenoids catalyzed by OSC’s (oxidosqualene cyclases). 
The diversity in triterpenoid chemical structure arises from the diversity of 
reactions that OSCs can catalyze. The examination of chemical profiles of wax 
mutants has played an important role in gaining understanding of genes functioning 
in wax biosynthesis pathway (Bianchi & Figini, 1986; Jenks et al., 1996; Hen-Avivi 
et al., 2016).  
 

Fig. 4. Wax biosynthetic pathway (modified from Kunst & Samuels, 2003; Bernard & 
Joubès, 2013). 
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1.6 Glossy wax mutants 

Glaucous and glossy mutants have been used to derive significant information 
about the correlation between wax micromorphology and chemical composition. 
The chemical basis for the difference between glaucous and glossy mutant wax 
phenotypes has been studied in various species; however, there is a need for fruit- 
specific studies. In the case of Macaranga species, a correlation between 
glaucousness and high proportion of triterpenoids has been reported (Markstädter 
et al., 2000). Previously, a higher wax load along with higher density of epicuticular 
wax crystals was observed in glaucous leaf and stem mutants of Arabidopsis (Jenks 
et al., 1996). β-diketones were identified to be responsible for glaucousness in 
wheat and barley through characterization of naturally occurring glaucous lines 
(Hen-Avivi et al., 2016). Among fruits, a decrease in wax load accompanied by 
reduction in proportion of aldehydes affecting crystalloid formation was observed 
in orange glossy type mutant fruits (Liu et al., 2012, 2015). Interestingly, black 
glossy bilberry fruits that differ in appearance from the whitish or glaucous wild-
type (WT) bilberry fruits have been observed in nature. These black glossy 
bilberries have previously been assumed to be wax less without any scientific 
evidence previously (Colak et al., 2017).  
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2 Aims of the study  
The cuticular wax of northern wild berries has been an unexplored topic. There is 
an increasing demand for natural wax sources and, in this respect, wild berries 
growing abundantly in forests could be a good potential candidate.  The objective 
of this thesis was to elucidate the chemical composition and morphology of 
cuticular wax in wild Nordic berries: bilberry, lingonberry, crowberry and bog 
bilberry. Further, the thesis was focused on bilberry fruit to study glossy wax 
mutants and the effect of fruit development and environmental conditions on 
cuticular wax.  

The objectives of the study were: 

1. To investigate the composition and morphology of cuticular wax in fruits of 
four important northern wild berry species.  

2. To study how the cuticular wax composition changes during bilberry fruit 
development.  

3. To study the wax biosynthetic pathway and identify genes responsible for wax 
formation in bilberry fruit.  

4. To characterize the differences in cuticular wax composition, morphology and 
between glossy type mutant (GT) and wild-type (WT) bilberry fruit.   

5. To study the effect of temperature and precipitation on the bilberry fruit 
cuticular wax composition through a latitudinal gradient. 

6. To study the effect of temperature on the chemical composition of bilberry 
cuticular wax in a controlled phytotron study.  
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3 Materials and methods 

3.1 Plant material and sample collection 

Ripe fruits of wild berry species namely, bilberry (Vaccinium myrtillus L.), 
lingonberry (V. vitis-idaea L.), bog bilberry (V. uliginosum L.) and crowberry 
(Empetrum nigrum L.) were collected using forceps from natural forest stands in 
the Oulu region, Finland in 2017 (I). Bilberry and lingonberry press cakes were 
procured from Polarica Ltd, Tornio, Finland (I). WT and GT fruits of bilberry from 
four developmental stages, named S2 (small green fruits), S3 (large green fruits), 
S4 (ripening red fruits), and S5 (fully ripe blue fruits) were collected in 2018 for 
the study (II, Fig. 1). Ripe bilberry fruits were collected from three different 
geographical locations through a latitudinal gradient (from Latvia to Finland and 
north Norway) during two berry ripening seasons, 2018 and 2019. Berries were 
harvested from 5 different sublocations from each geographical location. The 
weather climate data was obtained from the weather stations in 50 km radius from 
the bilberry collection area (III). 

3.2 Phytotron experiments 

Bilberry plants were collected from forests in Alnarp (55°N 13°E, southern clones) 
and Tromsø (69°N 18°E, northern clones) with berries at large green stage of fruit 
development. Plants were kept in water without roots, in two different controlled 
plant growth chambers (Phytotrons) in triplicates at temperature of 12°C and 18°C 
(humidity 70%, photoperiod 21-hour day/3-hour night, light intensity 100 µmol 
m−2 s−1) for 14 days till berries ripened (purple colored large fruits). Berries were 
collected with forceps and immediately taken for cuticular wax extraction (III) (Fig 
5). 
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Fig. 5. Collection of bilberries after phytotron temperature experiment. 

3.3 Scanning electron microscopy (SEM) 

Fresh berries were collected and dried immediately using a vacuum freeze-drier 
(Edwards High Vacuum International, West Sussex, England) for SEM analysis. 
The vacuum dried berries were fixed on aluminium stubs and sputter-coated with 
a 20 nm layer of platinum using a sputter coater (Agar High Resolution Sputter 
Coater, Agar Scientific Ltd, Essex, UK). Berry surfaces were investigated for the 
three-dimensional surface micromorphology using SEM (Helios Nanolab 600, 
Oregon, USA). SEM was operated at 5 kV with a current value of 86 pA at 
secondary electron mode (I and II). 

3.4 Cuticular wax extraction and determination of wax amount 

Cuticular wax was extracted from (i) ripe fruits of four wild berry species, (ii) 
bilberry fruits at four developmental stages (S2, S3, S4, S5) of WT and GT 
bilberries, (iii) ripe bilberry fruits from three latitudes, and (iv) and ripe bilberry 
fruits after temperature treatments in phytotrons.  

For the first study (I), 100 berries were individually dipped twice in 5 ml 
chloroform for each studied berry species for 30 seconds. The two extracts were 
then combined and evaporated to dryness under nitrogen flow at room temperature. 
For subsequent studies, the cuticular wax from berry fruits were dipped in 15 mL 
chloroform for 1 min (II, III). The extract was then evaporated to dryness under 
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nitrogen flow at room temperature, followed by the measurement of dry weight. 
The cuticular wax extraction was performed in triplicates per sample of berry fruits 
(I, II, III), except for GT stage S4, where due to unavailability of berries, extraction 
was performed in duplicates). 
The amount of wax was expressed as weight per unit surface area, µg/cm2 (I, II) or 
µg/mg (III). For calculating the surface areas, images of the dipped and dried 
berries were placed on a white surface after extraction. The total surface area of the 
berries was calculated using the Image J software v1.50i (NIH, Maryland, USA) 
using the formula S = 4 πr2, where r is the radius of the berry, assuming that the 
berries are spherical (I, II).  

3.5 Lipid extraction from industrial berry press cakes 

Bilberry and lingonberry press cakes were dried in an oven at a temperature of 
60°C. The dried cakes were milled to fine powder using a handheld grinder before 
wax extraction. Supercritical fluid extraction (SFE) was performed by using an 
Xtractor (Chematur Ecoplanning Pvt Ltd, Tampere, Finland). The operating 
parameters used for extraction were 350 bars at 60°C with a CO2 flow rate of 0.4-
0.5 6 L/min for 10-L extraction. The yield of the wax-like lipid extract was 
expressed as mg/g dry weight of starting material (I). 

3.6 GC-MS analysis 

For GC-MS analysis, derivatization of fatty acids was performed using a modified 
procedure derived from Dobson et al., 2012. Berry wax was dissolved in 0.5 ml 
toluene (Sigma-Aldrich), followed by addition of 3 ml of 14% boron trifluoride-
methanol solution (Sigma-Aldrich). This mixture was heated at 60°C for 180 min 
and re-extracted with hexane. The resulting fatty acid methyl esters (FAME’s) were 
dissolved in hexane and used for GC–MS analysis.  
GC–MS analysis was done using a PerkinElmer Clarus 580 system equipped with 
a Clarus SQ 8C mass-selective detector (Waltham, MA, USA). FAME’s were 
analyzed using an Omegawax 250 column (30m×0.25 mm, 0.25 μm, Darmstadt, 
Germany). Other chemical compounds were analyzed as trimethylsilyl derivatives 
on an Elite-5MS column (30m×0.25 mm, 0.25 μm, PerkinElmer) after 
derivatization of hexane fraction with 60 μL N,O-Bis 
(trimethylsilyl)trifluoroacetamide (Sigma-Aldrich). Analysis in Omegawax 250 
column and Elite-5MS column was initiated at 75°C for 2 min and then increased 
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from 75°C to 150°C at a rate of 20°C/min. For Omegawax 250 column, temperature 
was further increased from 150°C to 270°C and for Elite-5MS the increase was 
from 150°C to 310°C at 4°C/min. In the final isothermal step, temperature was held 
for 5 min at 270°C for Omegawax 250 and 310°C for Elite-5MS. Injection volume 
was 0.5 μL and interface temperatures kept at 290°C. Helium (AGA, Riga, Latvia) 
was used as a carrier gas at the flow rate of 1.0 ml/min and split flow of 10.0 ml/min. 
Electron impact was set to 70 eV and scan range from 42 to 750 m/z. Quantification 
of compounds was done using standard solutions of methyl heptadecanoate (≥
99.0%), ergosterol (≥99.0%), hexadecanol (≥99.0%), 1-dodecanal (≥98.0%), 
(±)-α-tocopherol (99.0%), 1-octadecanol (99.0%) and n-tetracosane (≥99.5%) 
obtained from Sigma-Aldrich in the concentration range of 1.5–500 μg/ml. 
Compounds were identified using NIST MS 2.2 library (Gaithersburg, USA) and 
Kovat’s Retention indices (Kováts, 1958). The analysis was performed in triplicate. 

3.7 Determination of in vitro sun protection factor (SPF) 

For SPF analysis, the solubility of waxes was tested in various solvents. Based on 
maximum solubility of wax, the solvent was chosen. Wax was dissolved in 
methanol (Fisher Scientific, Waltham, USA) for bilberry and lingonberry waxes, 
and hexane (Fisher Scientific) was used for bog bilberry and crowberry waxes. 
Quartz cuvette was used to obtain the absorption spectra of the wax solutions. UV-
Vis spectrophotometer (Genesys 10S, Thermo Scientific, Waltham, USA) was used 
in the range of 290 to 320 nm every 1 nm to obtain absorption spectra for waxes. 
Measurements were done in triplicates. SPF was calculated by the following 
equation (Mansur et al., 1986):  

 

𝑆𝑃𝐹 = 𝐶𝐹 × 320 ∑ 290 𝐸𝐸 (𝜆) × 𝐼 (𝜆) × 𝐴𝑏𝑠 (𝜆)  

 
EE (λ) is erythemal efficiency spectrum, I (λ) is solar simulator intensity spectrum, 
Abs (λ) is the absorbance of the measured sample, and CF is a correction factor (= 
10).  

3.8 RNA extraction and qRT- PCR 

The identification of the candidate genes involved in wax biosynthesis in bilberry 
was conducted using de novo transcriptome database of bilberry (Nguyen et al., 
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2018). BLASTX was used to verify the identity of the genes with threshold E-value 
cut-off of 1e-5 against reference protein sequences of Arabidopsis (The Arabidopsis 
Information Resource – TAIR, https://www.arabidopsis.org/) and other fruits 
(National Centre for Biotechnology Information – NCBI). 

For gene expression study, the skin and pulp of WT and GT fruits were 
separated from four developmental stages with three biological replicates using a 
razor blade. Samples were frozen in liquid nitrogen and stored at –80 °C. Total 
RNA was extracted with CTAB-based method developed for bilberry fruit (Jaakola 
et al., 2001). Quantitative reverse transcription PCR (qRT-PCR) analysis was 
performed as described in Nguyen et al. (2018). Glyceraldehyde-3-phosphate 
dehydrogenase gene (GAPDH, GenBank accession number AY123769) was used 
as an internal control to normalize the relative transcript levels. The expression of 
GAPDH has been shown to be stable during bilberry fruit development (Jaakola et 
al., 2002). Gene-specific primer sequences were used for qRT-PCR analysis.  

3.9 Statistical analysis  

One-way analysis of variance (ANOVA) with Duncan’s multiple range test was 
performed to find significant differences in the cuticular wax compounds of 
different wild berries using SPSS statistical program version 25.0 (IBM, Chicago, 
USA) (p < 0.05). Principal component analysis was also performed by using SAS 
JMP®, Version 13 (SAS Institute Inc., Cary, NC, USA) (I). To elucidate significant 
differences in wax between WT and GT fruit, chemical compounds were analyzed 
by independent sample t-test using SPSS Statistic program v26 (p < 0.05). The 
relative means of expression of the studied genes in WT and GT fruit were 
compared with either t-test or Mann-Whitney U test using R v3.6.2 (R Core Team, 
2019)(II). Relationship between the composition of cuticular wax and 
environmental factors was analyzed using redundancy analysis (RDA) as 
implemented in R 1.3.1093 (R Core Team 2020) package vegan (Oksanen et al. 
2017). Significance of RDA was analyzed using ANOVA like permutation test for 
redundancy analysis (III). Significant differences in wax load and wax compounds 
between cuticular wax of bilberry fruits ripened at 12°C and 18°C (p < 0.05) were 
analyzed by independent sample t-test using SPSS Statistic program v26. One-way 
analysis of variance (ANOVA) was performed to find significant differences in wax 
compounds for the three studied latitudes using SPSS statistical program version 
26.0 (IBM, Chicago, USA) (p < 0.05) (III) 
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4 Results 

4.1 Cuticular wax load, composition, and morphology in wild 
Nordic berry species (I) 

A high variability was observed in the wax load among the four wild berry species, 
bilberry, lingonberry, bog bilberry, and crowberry. Glossy berries of lingonberry 
and crowberry had a higher wax load compared with glaucous (whitish) bilberries 
and bog bilberries. The quantity of wax was 108.5, 331.3, 921.8 and 871.1 µg cm-

2 in fruits of bilberry, bog bilberry, crowberry and lingonberry, respectively (I, Fig. 
2). 

Triterpenoids, fatty acids, aldehydes, alkanes, primary alcohols and ketones 
were the identified compound classes in four berry cuticular waxes. The cuticular 
wax composition varied markedly between the studied species as indicated by 
formation of distinct clusters in the PCA analysis (I, Fig. 2). Bilberry and 
lingonberry cuticular wax was found to be rich in triterpenoids. Bog bilberry wax 
had fatty acids while crowberry had alkanes as the dominant compounds in fruit 
cuticular wax. Regarding triterpenoid profile, β-amyrin was found to be the most 
abundant triterpenoid followed by oleanolic acid and α-amyrin in bilberry fruit 
cuticular wax while lingonberry cuticular wax had adriaticol as the dominant 
triterpenoid followed by α- amyrin and β-amyrin. Arachidic acid was the dominant 
fatty acid while 2-heneicosanone was the most prominent ketone in bog bilberry 
fruit cuticular wax. Cinnamic acid was also found in bog bilberry cuticular wax in 
minute quantities (I, Table 1).  

 Different types of three-dimensional epicuticular wax morphology were seen 
in the studied berries. The bog bilberry showed coiled rodlet like structures while 
crowberry surface had platelike morphology on a smooth layer of wax. Syntopism, 
the phenomenon of occurrence of more than one type of crystalloid on one cell 
surface (Barthlott et al., 1998), was observed on bilberry and lingonberry surface. 
Platelets with rodlet-like structures were seen on bilberry surface, while 
lingonberry surface showed plates with platelets on a thick wax crust (I, Fig. 1). 

Interestingly, berry waxes showed high in vitro SPFs varying between 7 to 25 
at a wax concentration of 2 mg/ml. Cuticular wax of bog bilberry showed the 
highest SPF among the studied berry waxes (I, Table 2).  
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4.2 Lipid extract from bilberry and lingonberry press cakes (I) 

Supercritical fluid extraction proved to be a suitable method for extraction of wax-
like lipid mixture from bilberry and lingonberry press cake (I, Fig. 3). The yield for 
lingonberry lipid extract was higher in comparison to bilberry. The extracted berry 
lipid mixture had fatty acids, mainly linoleic acid and γ-linolenic acid, as the 
dominant components. Other components were alkanes, triterpenoids, phytosterols 
and vitamin E. Minute amounts of aldehydes and cinnamic acid were also detected. 
β-amyrin and lupeol were the dominant triterpenoids found in bilberry and 
lingonberry lipid extracts and, additionally, β-sitosterol was also detected in both 
extracts. High in vitro SPFs (13–15at 2 mg ml-1 wax concentration) were found for 
lipid extract from bilberry and lingonberry press cake (I, Table 2). 

4.3 Bilberry fruit cuticular wax load and composition through the 
course of fruit development (II) 

Cuticular wax was found to be already present in the S2 (small green) stage of 
bilberry fruit development (Fig. 6). An increase in the amount of wax per berry was 
found from S2 to S5 stages of bilberry fruit development. Wax amount per surface 
area remained similar in early development stages (S2 and S3) followed by a slight 
increase in S4 and decrease towards S5 stage in bilberry fruit (II, Fig. 2). 

Compositional analysis of fruit cuticular wax of bilberry showed that 
triterpenoids were the dominant compound at all the studied developmental stages 
followed by fatty acids. The proportion of triterpenoids decreased from S2 to S5, 
while the proportion of total aliphatic compounds (including fatty acids, aldehydes, 
ketones, alkanes and primary alcohols) increased from S2 to S5 stage during fruit 
development in bilberry fruit cuticular wax (II, Fig. 3).  
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Fig. 6. Cross section of bilberry fruit at S2 stage, with cuticular wax stained by Nile red.  

4.4 Wax load, composition and morphology of wild-type and 
glossy wax mutant bilberry fruit (II) 

Significant differences were not observed in the wax load between the WT bilberry 
fruit cuticular wax and GT bilberry fruit cuticular wax. Marked differences were 
observed in the chemical composition of bilberry fruit cuticular wax between WT 
and GT (II, Fig. 3). GT had higher proportion of triterpenoids than WT at all stages 
of bilberry development. By contrast, a markedly lower percentage of ketones and 
fatty acids was observed in GT fruit in comparison with WT at all studied 
developmental stages. The predominant triterpenoid in cuticular wax of both WT 
and GT cuticular wax was oleanolic acid, and it was found in higher amounts in 
GT than WT fruit in S3, S4, and S5 stages (II, Table 1). Among triterpenoids, 
ursolic acid, β-amyrin, and α-amyrin were detected in all stages of WT and GT fruit 
cuticular wax. Lupeol was detected in S3, S4, and S5 stages in both WT and GT 
berries. The content of amyrins and lupeol were highest in S4 stage in WT and GT 
fruit. Esters of oleanane and ursane type triterpenoids were found in the S4 and S5 
ripening stages of bilberry fruit development. Phenolic acids were found 
specifically in S2 and S3 stages in WT and GT fruit. The dominant ketone found in 
both WT and GT fruit at all developmental stages was 2-heneicosanone (C21) while 
the dominant fatty acid in both WT and GT fruit during ripening (S4 and S5) stages 
was montanic acid (C28).  

A significant difference in the epicuticular wax morphology between WT and 
GT bilberry could be detected. WT bilberry fruit surface had a dense cover of 
irregular platelets (S2 stage) and dense rod-like structures with irregular platelets 
(S3, S4, and S5stages). By contrast, only an amorphous layer of wax with markedly 
lower density of crystalloid structures as compared to WT bilberry fruit was 
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detected throughout the fruit development on the GT fruit surface. No rod-like 
structures were seen on the GT fruit surface (II, Fig.1).  

4.5 Expression of wax biosynthetic genes in bilberry fruit (II) 

Bilberry transcriptome database (Nguyen et al., 2018) was used to identify 
unigenes encoding enzymes predicted to be involved in biosynthesis of aliphatic 
compounds. Gene expression analysis using qRT-PCR showed a differential pattern 
during four stages of fruit development in both WT and GT bilberry (II, Fig. 4). 
CER26-like, FAR2, CER3-like, LTP, MIXTA, and BAS genes were expressed at 
higher levels in the skin compared with pulp in both WT and GT fruit. Among the 
genes involved in VLCFA pathway, CER26-like gene showed higher expression at 
early developmental stages (S2 and S3), while in WT, this gene showed 
upregulation at S4 ripening stage. For the alcohol forming pathway, FAR2 gene 
expression was observed to be highest at early development stages, dropping 
thereafter in both WT and GT fruit. FAR2 gene also showed higher expression in 
GT fruit compared with WT in all the developmental stages. In the alkane forming 
pathway, CER3-like gene was markedly upregulated at S4 stage of bilberry 
development in both WT and GT fruit. The expression pattern of the BAS gene, 
involved in the triterpenoid pathway, was found to be high at the early development 
stage S2, followed by gradual decrease in expression in the following stages in GT 
fruit. ABCG11 and ABCG15-like genes, which are putatively involved in the 
transport of wax compounds, were expressed at higher levels in skin compared with 
pulp, especially at the S4 and S5 ripening stages. MIXTA encodes a MYB 
transcription factor related to the regulation of cuticle formation, and it was up-
regulated at the early developmental stages, and showed slightly higher expression 
level in WT fruit cuticular wax than in GT bilberry fruit skin. 

4.6 Bilberry cuticular wax composition through the latitudinal 
gradient (III) 

The major chemical compound classes in the studied latitudinal gradient, from the 
southernmost location in Latvia to the middle one in Finland and northernmost in 
Norway, were triterpenoids, fatty acids, alkanes, aldehydes, ketones and primary 
alcohols in both seasons of 2018 and 2019. In the season of 2018, a clear trend of 
decrease in proportion of triterpenoids and a simultaneous increase in proportion 
of fatty acids, aldehydes and alkanes was observed from southern to northern 



43 

latitudes. A trend of decrease in proportion of triterpenoids was seen in the 2019 
season from Latvia to Finland, but this trend could not be seen in the northern 
location in Norway. For fatty acids, the proportion increased from Latvia to Finland,  
but in Norway the proportion of fatty acids was the same as in Finland. 

A variation was seen in the cuticular wax load through the latitudinal gradient 
from Latvia to Finland and Norway and also between the two studied seasons of 
2018 and 2019. A more or less similar average wax load was detected in the 
southern location in Latvia and the middle one in Finland in 2018, while in the 
northern location in Norway, a lower wax load was observed. In the 2019 season, 
berries growing in Latvia and Norway had a higher wax load than in Finland. 
Among the 2018 and 2019 seasons, generally a higher bilberry fruit wax load was 
observed in 2019 than in 2018 through the latitudinal gradient. 

The triterpenoid profile and dominant triterpenoid varied in different 
geographical locations, while the dominant components of fatty acids and their 
derivatives, ketones, aldehydes and alkanes remained constant. β-amyrin was the 
dominant triterpenoid in berry samples from the Norwegian and Finnish locations 
in both seasons while in berry samples from the Latvia location, oleanolic acid was 
the dominant one.. In case of fatty acids and derivatives, the dominant components 
remained constant through the latitudinal gradient. Montanic acid was the dominant 
fatty acid in 2018 and 2019 samples from the three studied locations. Heptacosane 
was the dominant alkane, while 2-heneicosanone was the dominant ketone in all 
the studied samples. Octacosanal was the dominant aldehyde in berry cuticular wax 
samples from Latvia, Finland and Norway in 2018 as well as in Norwegian and 
Latvian samples in 2019. 

4.7 Effect of temperature on composition of cuticular wax of 
bilberry fruit (III) 

A correlation analysis that was performed to understand the effect of climatic 
factors on the cuticular wax composition of bilberry through the latitudinal gradient 
indicated temperature as the major contributing factor. A significant positive 
correlation was found between the maximum and average temperature with the 
proportion of triterpenoids. Simultaneously, a significant negative correlation was 
observed for proportion of fatty acids, alkanes, ketones and aldehydes with mean 
and max temperatures.  
Phytotron studies validated the positive correlation between triterpenoids in 
bilberry fruit cuticular wax and temperature in both southern and northern clones 
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of bilberry. A higher relative proportion of triterpenoids (85% in southern clones, 
29% in northern clones) was observed in cuticular wax of bilberry fruit grown at 
18°C than at12°C. A lower relative proportion for fatty acids (30% in southern 
clones, 12% in northern clones) and alkanes (94% in southern clones, 23% in 
northern clones) was seen in samples grown at 18°C than at 12°C. The relative 
proportion of aldehydes was found to be higher (104% in southern clones and 107% 
in northern clones) in bilberry fruits ripened at 18°C than at 12°C. A higher berry 
cuticular wax load was observed in both northern and southern clones of bilberry 
ripened at 18°C than at 12°C. The relative increase in berry wax load was 134% 
for northern clones and 20% for the southern clones.  
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5 Discussion 

5.1 Variation was observed in cuticular wax load  

In this thesis, a variation in cuticular wax load was observed among different wild 
berry species (I), in bilberry fruit through stages of development (II) and through a 
latitudinal gradient from Latvia, Finland and Norway (III). It was observed that 
fruits of lingonberry and crowberry, which grow naturally in more dry habitats than 
bilberry and bog bilberry, had higher wax load. Due to this, lingonberry and 
crowberry may have greater potential as raw material for industrial extraction of 
wax (I).  

Through the course of bilberry fruit development from S2 to S5 stage, wax 
amount per berry increased indicating continuous wax biosynthesis and 
transportation to berry surface (II). The decrease in wax load per unit surface area 
at the late stage of the ripening (S5) in WT bilberry fruit, could be due to rapid 
growth in berry size, rather than to wax production in S5 stage (II).  

A significant decrease in wax load has been indicated in glossy phenotypes in 
previous studies. For example, the wax load was found to be 44% lower in glossy 
orange fruit in comparison to glaucous WT fruit (Liu et al., 2012). However, in the 
study reported here, WT and GT bilberry fruit showed nearly similar cuticular wax 
load (II). Similarly, no relationship between plant cuticle and its visual phenotype 
was suggested by Adamski et al. (2013) based on previous studies in Arabidopsis 
(Broun et al., 2004) and wheat (Johnson et al., 1983). On the basis of the present 
study, it can therefore be concluded that glossiness in fruit does not necessarily 
mean a significant decrease in wax load.  

 Through the latitudinal gradient, bilberry fruits showed variations in wax load 
between the studied samples, and no clear trend could be observed (III). It is known 
that cuticular wax load is a comprehensive response to a complex combination of 
various genetic and environmental factors such as temperature, precipitation and 
light conditions in natural environment studies (Shepherd & Griffiths, 2006; Guo 
et al., 2015; Gosney et al.,2016). In the phytotron experiments, it was observed that 
increase of 6°C in temperature, from 12°C to 18°C, markedly increased the wax 
load of both southern and northern bilberry clones. The northern bilberry clones 
increased the wax load several folds more than the southern clones, which could be 
due to the lower natural ambient temperature of 12°C for the northern ones. 
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5.2 Genetic and environmental factors affect the composition of 
cuticular wax 

GC–MS analysis of cuticular wax showed that the chemical composition of fruit 
cuticular wax varies markedly between the studied wild berry species, bilberry, 
lingonberry, crowberry and bog bilberry. Triterpenoids are commonly found in 
cuticular waxes of fruits and in this study, they were the dominant compounds in 
bilberry and lingonberry cuticular wax (I). The composition of berry cuticular wax 
was characteristic for each of the studied berry species (I). The variation in the 
cuticular wax composition is presumably mostly due to the genetic differences 
between the berry species. Cuticular wax composition, especially n-alkanes have 
previously been used for taxonomic classification of plants (Maffei, 1996). 
Triterpenes and their diversity along with n-alkanes were used for taxonomic 
classification in various species from the genus Clusia (Medina et al., 2006). The 
results reported here concerning triterpenoid profile, and the dominant compounds 
in bilberry and lingonberry fruit cuticular wax, indicate that triterpenoid diversity 
can be used for species classification in the genus Vaccinium.  

Bilberry fruit cuticular wax is composed of the VLCFA and triterpenoid 
fraction. Previous reports of triterpenoid profiles in bilberry and blueberry cuticular 
waxes have indicated triterpene acids, namely oleanolic acid and ursolic acid, as 
the dominant compounds (Szakiel et al., 2012a; Chu et al., 2018). In the present 
study, triterpene alcohol, β-amyrin was the most abundant triterpenoid in bilberry 
fruit cuticular wax in samples collected in 2017 and 2019 from forests stands in 
Oulu (I, III), but oleanolic acid was the dominant one in samples collected in the 
2018 season from the same location (II). Therefore, it can be inferred that the wax 
biosynthetic pathway leading to the formation of fatty acids and their derivatives is 
precisely controlled so that they lead exactly to the same dominant components 
through different locations and seasons in ripe bilberry fruit cuticular wax  

In the case of profiles of fatty acids and their derivatives such as aldehydes, 
ketones and alkanes in bilberry fruit cuticular wax, a variation was not observed in 
the dominant component through different seasons and locations (I, II, III). 
Montanic acid was the dominant fatty acid, octacosanal, the dominant aldehyde, 2-
heneicosanone, the dominant aldehyde and heptacosane or hexacosane was the 
dominant alkane in bilberry. Therefore, we infer from our studies that the wax 
biosynthetic pathway leading to the formation of fatty acids and their derivatives is 
controlled precisely leading to the same dominant components through different 
locations and seasons in ripe bilberry fruit cuticular wax.  
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During the course of bilberry fruit development from S2 to S5 stage, a decrease 
in the proportion of triterpenoids was detected (II). However, earlier studies have 
found that the proportion of triterpenoids increased throughout development in 
blueberry (V. corymbosum) (Chu et al., 2018) and bilberry fruits (Dashbaldan et al., 
2020). This indicates the differences in wax biosynthesis patterns during fruit 
development within the Vaccinium species.  

5.3 Morphology of epicuticular wax and relationship with chemical 
composition  

According to the SEM analyses, glossy appearing lingonberry and crowberry fruit 
surface had a lower density of epicuticular wax crystals than the glaucous fruits of 
bilberry and bog bilberry (I, Fig. 1). A previous study on Arabidopsis wax mutants 
reported a reduced density of wax crystals and alterations in the crystal shape and 
size on glossy leaf and stems surface (Jenks et al., 1996). Glossy wax mutants of 
bilberry showed a clear decrease in the density of epicuticular wax crystal 
structures on the fruit compared with WT (II). Among fruits, a low density of 
epicuticular wax crystals has been associated with a glossy phenotype in orange 
fruits (Liu et al., 2012, 2015) and cucumber (Wang et al., 2015b). Therefore, it can 
be concluded that glossy appearance of fruit surface is the result of decrease in 
epicuticular wax crystals on the surface of wild berries (I and II).  

The dominant compounds in the cuticular wax of bilberry and lingonberry were 
triterpenoids, which could be responsible for the formation of platelets on the fruit 
surface. In earlier studies, triterpenoid-rich wax from olive (Olea europaea) fruits 
(Steven, 1995) and leaves of southern mahogany (Eucalyptus botryoides) 
recrystallized as platelets (Baker, 1982). However, care must be taken while 
drawing connections between epicuticular wax morphology and cuticular wax 
chemical composition since wax extracts are complex mixtures of compounds and 
extracts may also contain compounds from intracuticular wax (I).  

With glossy wax mutants of bilberry fruit, it was possible to study the 
correlation between epicuticular wax morphology and composition in more detail. 
The difference in the epicuticular wax morphology and the concomitant differential 
chemical composition in glaucous WT and GT fruit could be connected to find a 
correlation between wax composition and morphology. In a previous study, a 
correlation between glaucousness and a high triterpenoid content was suggested in 
Macaranga species (Markstädter et al., 2000). By contrast, in this thesis, GT 
bilberry fruit cuticular wax had a higher triterpenoid content than glaucous WT fruit. 
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A previous study has shown that intracuticular wax is dominated by triterpenoids 
(Jetter & Schäffer, 2001), which may not play a significant role in determining 
epicuticular wax morphology. Instead, epicuticular wax crystalloids are dominated 
by aliphatic compounds. For example, β-diketones have been found to be 
responsible for glaucousness in wheat flag leaf sheath (Zhang et al., 2013). 
Morphology analysis and chemical composition results (II) imply that glaucous 
appearance in WT bilberry fruits could be due to the presence of rod-like structures, 
and rod-like structures could be formed by the presence of ketones and fatty acids 
(II). The first study in this thesis (I) also showed that glaucous appearing bilberry 
with rod-like morphology and bog bilberry with coiled rodlet morphology 
contained ketones and high amounts of fatty acids, while glossy appearing 
lingonberry and crowberry lacked ketones as well as rod-like structures and 
contained lower amounts of fatty acids (I). Ketones have previously been reported 
to be responsible for the formation of rod-like structures in a few studies (Meusel 
et al., 1999; Ensikat et al., 2006). 

5.4 Role of wax biosynthetic genes in cuticular wax formation in 
bilberry 

Peel-specific expression of genes in both WT and GT bilberry fruit denotes their 
role in cuticular wax biosynthesis in bilberry. Skin-specific expression of the 
CER26 gene suggests that it may play an important role in fatty acids elongation 
and formation of VLCFAs of longer chain lengths in bilberry. Previously, CER26 
has been reported to be involved in elongation of specific chain lengths longer than 
C28 in leaves and stem of Arabidopsis (Pascal et al., 2013).  
The skin-specific expression of FAR2 in bilberry fruit indicates that it may be 
involved in biosynthesis of primary alcohols, as it is a homolog of AtFAR2, which 
has been reported to synthesize primary alcohols incorporated into sporopollenin 
of the pollen exine layer in Arabidopsis (Chai et al., 2018). The accumulation 
pattern of aldehydes in bilberry fruit cuticular wax is in line with the gene 
expression pattern of the CER3-like gene during berry development. A similar gene 
expression pattern was seen in sweet cherry and orange for the CER3 gene (Alkio 
et al., 2012; Wang et al., 2016). The LTP gene, involved in transport of wax 
compounds in Arabidopsis, was also expressed specifically in the peel of bilberry 
fruit, which suggest a role in cuticular wax transport in bilberry. The BAS gene, 
responsible for biosynthesis of β-amyrins in tomato fruit, was found to be expressed 
specifically in the peel of bilberry fruit, which suggests that it contributes to the 
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production of amyrins for the cuticular wax of bilberry fruit. Previously, it has been 
reported that the tomato OSC genes similar to BAS, SlTTS1 and SlTTS2 are 
exclusively localized in the epidermis, demonstrating the production of 
triterpenoids (β-amyrin, ẟ-amyrin and six other triterpenoids) for fruit cuticular wax 
(Wang et al., 2011).  

5.5 Temperature affects cuticular wax load and composition of 
bilberry fruit  

Studies elucidating the effect of environmental gradients on plant cuticular wax 
have been focused on alkanes due to their role as plant biomarkers in 
paleoenvironmental reconstructions (Dodd & Poveda, 2003; Wang et al., 2018). 
This thesis report describes, for the first time, variation in triterpenoid content and 
proportions and content through a natural latitudinal gradient (III). A trend of 
decrease in triterpenoid proportion and increase in fatty acids, aldehydes and 
alkanes was observed through the latitudinal gradient in both the studied seasons. 
Based on the results of RDA analysis, temperature was found to be a major factor 
affecting cuticular wax composition in bilberry fruit through the latitudinal gradient. 
However, an exception to this observed trend in bilberry fruit wax compounds was 
detected in the northernmost location in Norway during the 2019 season. This 
suggests that along with temperature, other factors such as light intensity, radiation 
level and humidity, play a role in determining chemical composition of bilberry 
fruit cuticular wax.  

The effect of temperature on cuticular wax compounds of bilberry fruit was 
validated by a controlled phytotron study. A similar change in cuticular wax 
composition in both southern and northern clones of bilberry, in response to the 
increase of 6°C in temperature, shows that cuticular wax composition is affected 
by environmental factors, along with genetic factors. Generally, the content of the 
secondary metabolites often increases at warmer temperatures in plants. It has been 
shown that the content of volatile monoterpenes increases with warmer 
temperatures in plants; however, the trend is not the same with diterpenes. Earlier, 
triterpenes have been shown not to be as responsive to temperature changes as other 
secondary metabolites (Holopainen et al., 2013). However, our study shows a clear 
effect of increase in temperature to increase in triterpenoid content in bilberry fruit 
cuticular wax. 

Among VLCFA compounds, in the phytotron study, a decrease in proportion 
of alkanes and fatty acids was observed with increase in temperature. In cold 
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storage temperatures (0–4°C), lower than the ones used in this study, an increase in 
proportion of fatty acids and alkanes has been detected. For example, an increase 
in the total wax amount and content of alkanes and secondary alcohols was reported 
in the cuticular wax of Arabidopsis plants, when seedlings were grown at cold (4°C) 
temperature in comparison with seedlings grown at 23°C (Ni et al. 2014). Similarly, 
an increase in the wax content and the proportion of fatty acids after exposure to 
cold stress in Thellungiella salsuginea leaves (He et al. 2019) was observed. The 
present study aligns with the conclusion that an increase in temperature could lead 
to a decrease in fatty acids and alkanes in cuticular wax and vice versa.  

In summary, the results of this study suggest that an increase in ambient 
temperature by a few degrees will lead to an increase in the wax load and alteration 
in the composition of bilberry cuticular waxes, with an increase in triterpenoid 
content and a decrease of fatty acids.  
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6 Conclusions and future perspectives 
This study brings new information on cuticular wax of Nordic wild berries, and 
natural glossy wax mutants of bilberry. The study of variation in cuticular wax 
composition and biosynthesis during berry fruit development also presents new 
avenues for future berry wax research. Biosynthesis of cuticular wax in bilberry 
was explored to find potential genes involved in the process. The variation in 
bilberry cuticular wax through a latitudinal gradient presents interesting insights on 
the effect of temperature on wax compounds.  

In the present study, cuticular wax composition of wild berries was explored 
along with the potential for industrial application of wax (lipid extract) from 
bilberry and lingonberry press cakes. New information on the chemical 
composition and morphology of cuticular wax in the previously unexplored wild 
berry fruits of bilberry, lingonberry, bog bilberry and crowberry was reported (I). It 
was found that bilberry and lingonberry could be a potential source of bioactive 
berry wax due to the presence of a considerable quantity of triterpenoids in their 
cuticular wax. Triterpenoids have been known to have several bioactive properties, 
including anticancer, anti-inflammatory, antimicrobial and cardioprotective. 
Currently, the widely used plant waxes are carnauba and candelilla wax which are 
mostly composed of long chain aliphatic compounds such as esters, fatty acids and 
alcohols.  

Owing to the limitation of small amount of cuticular wax for commercial 
applications, the extraction of berry waxes (bilberry and lingonberry lipidic extracts) 
from berry press cakes using SFE was explored (I). Due to high SPFs and the 
presence of bioactive compounds in the studied berry waxes, their incorporation in 
various applications in, for example, cosmetic and biomedicine can be explored. 
Further, the bioactivity of berry waxes for various potential applications should be 
investigated. 

It has been generally believed that the glossy type of bilberry is actually a 
waxless mutant. Before the study presented here, there was no scientific evidence 
for the reason behind the appearance of glossy type (GT) bilberry fruits, growing 
along with the glaucous (whitish) wild-type (WT) bilberries. In this thesis, the 
difference in chemical composition and morphology of cuticular wax between GT 
mutant fruits and WT bilberry fruits was established (II). Based on the results of 
this study, the hypothesis of correlation between rod like structures and the presence 
of ketones and fatty acids was presented. Some more questions can be considered 
and addressed in the future. For example, which advantage could be associated with 
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evolving the berries’ appearance evolving from glaucous to glossy, if any? Does 
the phenotypic variation allow the berries to hide or become more obvious to 
frugivores with UV vision? What role does UV radiation play in this change? Are 
the natural glossy mutants better protected from UV radiation?  

Further, in the study exploring the effects of environmental factors on bilberry 
cuticular wax, temperature was found to play a major role in the changes of the wax 
composition. The possible impact on bilberry of ongoing global warming due to 
climate change could be an increase in the fruit cuticular wax load and an increase 
in the proportion of triterpenoids. A prospect for future study is to disentangle 
genetic effects (origin) from environmental effects (climate) on bilberry cuticular 
wax. This could be done by growing southern clones of bilberry in northern 
environment and vice versa together with simultaneous controlled studies with the 
same clones. Long-term effects of different growth temperatures should also be 
explored. What is more, the functional role of an increase in triterpenoids at optimal 
temperature in bilberry fruit could be explored further.  
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