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Abstract
Cryopreservation enables storage of genetic resources at ultra-low temperatures (<-150°C) while
maintaining viability and regeneration capability. The method is especially suitable for long-term
preservation of plant materials that cannot be stored as seeds. The genetic resources of potato
(Solanum tuberosum L.), one of the most important food crops in the world, are preserved almost
entirely by vegetative preservation. Cryopreservation is therefore increasingly applied for
securing potato genetic resources in plant genebanks. A major challenge is, however, that recovery
percentages can extensively vary among different genotypes.
Light spectral quality is among the most important factors affecting plant growth and
morphogenesis, but its effect with regard to cryopreservation has not been studied. In the present
thesis, I studied the effect of six different light qualities on cryopreservation success of five potato
cultivars before and after cryopreservation. I also explored how the different light conditions affect
gene transcript abundance of recovering potato shoot tips.
The results indicate that light spectral quality significantly affects the cryopreservation success
of potato shoot tips in vitro. Prior to cryopreservation, cultivation under blue LEDs resulted in high
initial survival, while post-cryopreservation exposure to a combination of red and blue LEDs (90%
red, 10% blue) doubled the regeneration percentages. Concurrently, for most cultivars, red LEDs
had adverse effects both before and after cryopreservation.
The transcriptome analysis of potato shoot tips revealed the complex and extensive effect of
cryopreservation on transcript abundance. Moreover, the expression level of stress- and defenceresponsive genes was affected by light spectral quality. The positive effect of red-blue LEDs on
shoot formation could tentatively be associated with a higher level of morphogenesis-related
transcripts and lower level of stress and defence-responsive transcripts. The present thesis reveals
that light spectral quality is an additional non-cryogenic factor, which can significantly increase
the cryopreservation efficiency of plant germplasm.

Keywords: clonal crop, gene expression, illumination, in vitro, LEDs, long-term
preservation, plant genetic resources, transcriptome, vegetative propagation

Edesi, Jaanika, Valon laadun vaikutus perunan (Solanum tuberosum L.)
versonkärkien selviytymiseen syväjäädytyksestä in vitro -olosuhteissa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 716, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Syväjäädytys mahdollistaa geenivarojen säilytyksen erittäin alhaisissa lämpötiloissa (<-150°C),
siten että niiden elin- ja uusiutumiskyky säilyvät. Menetelmä soveltuu erityisesti sellaisten kasvimateriaalien pitkäaikaissäilytykseen, joita ei voida säilöä siementen avulla. Peruna (Solanum
tuberosum L.) on yksi maailman tärkeimmistä ruokakasveista ja sen geenivaroja säilytetään
lähes pelkästään vegetatiivisesti. Syväjäädytysmenetelmää käytetäänkin kasvavissa määrin perunan geenivarojen taltioimiseen geenipankeissa. Haasteena on kuitenkin syväjäädytyksen jälkeinen suuri vaihtelu elpymisprosenteissa eri genotyyppien välillä.
Valon laatu on yksi tärkeimmistä kasvien kasvuun ja kehitykseen vaikuttavista tekijöistä,
mutta sen vaikutusta syväjäädytyksen yhteydessä ei ole tutkittu. Väitöskirjassani tutkin kuuden
erilaisen valonlaadun vaikutusta sekä syväjäädytystä edeltävän että sen jälkeisen kasvatuksen
aikana viiden perunalajikkeen selviytymiseen. Lisäksi tutkin, miten erilaiset valo-olosuhteet vaikuttivat geenien ilmenemiseen elpyvissä perunan versonkärjissä.
Tutkimukseni osoitti, että valon laatu vaikuttaa merkittävästi perunan versonkärkien kykyyn
elpyä syväjäädytyksestä in vitro -olosuhteissa. Kun perunan versonkärkiä kasvatettiin sinisten
LED-valojen alla ennen syväjäädytystä, niiden elävyysprosentit olivat korkeita, kun taas syväjäädytystä seuraava kasvatus sinipunaisten LED-valojen (90 % punaista, 10 % sinistä) alla kaksinkertaisti uusiutumisprosentit. Samanaikaisesti suurimmalle osalle lajikkeista punaisilla LEDvaloilla oli epäsuotuisat vaikutukset selviytymiseen sekä syväjäädytystä edeltävän että sitä seuraavan kasvatuksen aikana.
Perunan kärkisilmujen geeniekspressioanalyysi osoitti, että syväjäädyttäminen aiheuttaa laajoja ja monitahoisia vaikutuksia kasvin geenien toiminnassa. Valon laatu vaikutti erityisesti
stressi- ja puolustusgeenien ilmenemiseen. Tulokset viittaavat siihen, että sinipunaisten LEDvalojen uusiutumista edistävä vaikutus voi liittyä morfogeneesissä toimivien geenituotteiden
runsauteen ja toisaalta stressi- ja puolustusgeenituotteiden määrän laskuun. Kaiken kaikkiaan
tutkimukseni osoitti, että valon laatu on tärkeä ei-kryogeeninen tekijä, joka voi lisätä kasvien
syväjäädytyksen tehokkuutta.

Asiasanat: geeniekspressio, in vitro -kasvatus, kasvigeenivarat, kasvullinen lisäys,
LED-valot, pitkäaikaissäilytys, transkriptomi, valaistus
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1

Introduction

Food, feed, fibre, medicine, herbs, spices, wood and other raw materials are just a
few examples of plant genetic resources that humankind relies on. Plant genetic
resources for food and agriculture, including cultivated crop species and their wild
relatives, modern cultivars, landraces, breeding lines and genetic stocks with
present or potential value are a foundation for food security (Esquinas-Alcázar
2005; FAO 2009).
Modern crop species and their numerous varieties are a result of thousands of
years of domestication based on cultivation and selection of individuals with the
most desirable traits (Doebley et al. 2006; Larson et al. 2014). This has resulted in
numerous crop varieties, which are adapted to different climate and growth
conditions and have good gustatory, cooking and processing characteristics.
Modern agriculture favours large-scale cultivation of the selected top-quality
varieties with the most economical properties like high yield and low production
cost (Esquinas-Alcázar 2005). However, growing homogenous cultivars on large
areas increases the risk of susceptibility to new emerging pests and diseases
(Hodgkin 2002; Haussmann et al. 2004; Oerke 2006). Moreover, the changing
climate conditions set a need for crop varieties, which are adapted to more severe
and adverse weather conditions (Haussmann et al. 2004; Chakraborty & Newton
2011). Old indigenous varieties, landraces and their wild relatives, along with
present cultivars, provide a reservoir of genetic diversity, which forms the basis for
developing cultivars with improved abiotic and biotic stress tolerance, high yield
and nutritional value to ensure future food security (Esquinas-Alcázar 2005; Frison
et al. 2011; Hufler & Lefeber 2011; Roa et al. 2016).
The importance of preservation of plant genetic resources is recognised
worldwide and regulated at national and international levels (FAO 2009; Dulloo et
al. 2010; Hufler & Lefeber 2011; Roa et al. 2016). Plant genebanks collect, store
and backup a broad range of plant genetic resources with the aim of long-term
conservation and availability for breeders, researchers and other users (Dulloo et
al. 2010; Hufler & Lefeber 2011; FAO 2014). Currently, over 1750 genebanks
around the world hold approximately 7.4 million accessions (FAO 2010). The most
feasible storage method is by seeds in dry conditions at a low temperature, which
is suitable for many important crop (e.g. maize, wheat, rice) varieties (Li &
Pritchard 2009; Pence 2011; FAO 2014). However, the cultivars of several
economically important species (e.g. potato, banana, sweet potato) can be
propagated only vegetatively, e.g. by stem cuttings, grafts, bulbs, stolons or tubers
19

in the field or by in vitro techniques. The long-term storage of these species is more
complicated and costly due to the frequent propagation and maintenance activities
(Pence 2011).
Traditionally, vegetative crops are stored in field collections (short-term
conservation), which is the most common and easiest, but most vulnerable to
adverse climatic conditions as well as pests and diseases. In vitro preservation,
growing plant material aseptically in controlled growth conditions on artificial
nutrient medium, provides a safer means of storage (medium-term), but is more
expensive because of the need for specific tissue culture facilities and laborious
maintenance of the cultures. For the long-term conservation, cryopreservation, the
storage of plant genetic resources (germplasm) at an ultra-low temperature, usually
at the temperature of liquid nitrogen (-196oC) or in its vapour (<-150oC), is used.
Cryopreservation maintains the viability and potential for resuming plant growth
after thawing and is the most secure and cost-effective choice for clonally
propagated species (González-Benito et al. 2004; Li & Pritchard 2009; Dulloo et
al. 2010). At ultra-low temperatures, the metabolic processes are arrested and no
other maintenance activities but ensuring the low temperature are required, and
therefore the method is applicable for long-term storage (FAO 2014). For these
reasons, cryopreservation is increasingly applied for preservation and backup of
plant species/varieties, that cannot be stored as seeds (Jenderek & Reed 2017).
However, the main challenge is that each species and cultivar may require
optimisation of the cryopreservation protocol before sufficient recovery is achieved
(FAO 2014). The minimum acceptable viability percentages vary in different plant
cryobanks from 10% to 75% depending on plant material (Volk et al. 2017). The
recovery percentages may vary even between the different genotypes of the same
species (Keller et al. 2016; Vollmer et al. 2016).
In addition to a cryopreservation protocol (cryoprotection, cooling and
rewarming), non-cryogenic factors (e.g. plant health status, pre- and postcryopreservation culture conditions, in vitro age) affect cryopreservation success of
plant germplasm (Reed et al. 2004; Harding et al. 2009). Light intensity is known
to affect cryopreservation outcome but the effect of light quality – the composition
of different wavelengths – has not been studied before. In general, light quality is
among the most important factors affecting plant growth and morphogenesis
(Fankhauser & Chory 1997; Devlin et al. 2007). Therefore, in the present thesis, I
have studied how light spectral quality during pre- and post-cryopreservation
culture affects the cryopreservation success of potato shoot tips in vitro. Moreover,
with the help of the available potato genome information (The Potato Genome
20

Sequencing Consortium 2011; Sharma et al. 2013; Gálvez et al. 2017), I wished to
better understand the biological processes behind responses to light quality and
cryopreservation. To date, the effect of light spectral quality with regard to
cryopreservation has not been studied, and the overall information on functional
biological processes related to cryopreservation are scarce. Therefore, the present
thesis will shed light on the completely unstudied non-cryogenic aspect, which may
significantly affect the cryopreservation success of plant germplasm.
1.1

Potato

1.1.1 Potato as a worldwide food crop
Potato (Solanum tuberosum L.) is the fourth most important food crop in the world
after maize, rice and wheat (FAO 2017). Cultivated potato originates from South
America but is now grown and consumed worldwide (Hawkes 1990). That is not
surprising because potato has high nutritional value with balanced vitamin and
mineral content and high yield resulting in usage for food, feed, medicine (Van De
Velde et al. 2011), processed products (e.g. chips, alcoholic beverages), as well as
raw material for industry (e.g. paper and bioplastic industry) (Gonzalez-Gutierrez
et al. 2010). The fact that potato produces much more dry matter and protein per
land area with less water usage than cereal food crops makes it attractive for
countries where water availability is a limiting factor in agriculture (McGregor
2007). While formerly the biggest potato producers were Russia and Canada in
Northern Hemisphere, now the leading producer in the world is China (FAO 2017).
1.1.2 Cultivated potato
Potato belongs to the family Solanaceae, including many other economically
important crops, like tomato (Lycopersicon esculentum), eggplant (S. melongena),
peppers (Capsicum) and tobacco (Nicotiana tabacum). The genus Solanum is
highly diverse with more than 1000 species. A part from these are the tuber-bearing
species (subsection Potatoe in section Petota), which are highly diverse and
adapted to different growth conditions through South America up to south-west
North America (Hawkes 1990). Historically, tuber-bearing species have been
divided into more than 200 species (228 according to Hawkes 1990). The more
recent classifications have reduced the number by half, and studies by molecular
21

methods (AFLP, SSR, barcoding) indicate that the number might still be overestimated (Jacobs et al. 2008; Jacobs et al. 2011; Spooner et al. 2014). This is due
to the complex nature of these species, as they hybridize easily, have a great
phenotypic plasticity in different environments, are auto- and allopolyploids, and
have both sexual and asexual modes of reproduction (Ovchinnikova et al. 2011;
Machida-Hirano 2015).
The economically important potato cultivars belong to the single species
Solanum tuberosum, which has two subspecies, S. tuberosum ssp. tuberosum and S.
tuberosum ssp. andigenum. The common potato cultivars (more than 4000) belong
to S. tuberosum ssp. tuberosum (Hawkes 1990). Due to its origin in southern Chile,
it is adapted to long daylength, enabling production in northern areas outside of
South America. The S. tuberosum ssp. andigenum and other cultivated species (4
to 7 according to different authors) are mainly cultivated near the Equator mostly
in the high Andes from central Peru to central Bolivia, but they can also be found
in other areas from South America to south-west North America (Hawkes 1990;
Ovchinnikova et al. 2011).
The cultivated potato is highly susceptible to numerous pests and diseases
(Hawkes 1990; Machida-Hirano 2015). The Irish potato famine which caused death
to over a million people is an example of the worst scenarios that can happen with
the emergence of new pests and diseases (Hodgkin 2002). The indigenous cultivars
and landraces might lag behind in several agronomic characteristics valued in
modern agriculture, but they may present greater disease and pest resistance as well
as adaptation to extreme environmental conditions. The Andean S. tuberosum ssp.
andigenum varieties and landraces along with other cultivated species have tubers
with highly diverse shapes, colours and patterning. Wild potato species have high
alkaloid contents and are therefore not suitable for human consumption per se, but
they are known to have high disease resistance and adaptation to extreme weather
conditions (Hawkes 1990). Therefore, wild species and indigenous landraces form
a rich source of genetic diversity that can be utilized for maintaining and improving
the disease resistance, adaptability to various climatic conditions, as well as
favourable agronomic traits, e.g. tuber shape, nutrition value, vitamin and mineral
content of the present and future cultivars.
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1.1.3 The challenges related to preservation of potato genetic
resources
The diversity of wild potato species and highly variable landraces in the Andean
area can be stored by botanical seeds and/or vegetatively as tubers. However,
cultivated potato (Solanum tuberosum L.) is a tetraploid with highly heterozygous
seeds, and therefore, the genotype can be maintained only by vegetative
propagation either by tubers or by in vitro techniques (Fig. 1).
Preservation by tubers in field collections is the most feasible but also
vulnerable method, for instance due to various pests and diseases, as well as
unfavourable weather conditions (Dulloo et al. 2010). Field collections are suitable
for short-term storage when varieties are frequently needed (Benson et al. 2011).
The in vitro technique where the cultures are maintained aseptically under
controlled light and temperature conditions on artificial growth medium is a safer
method. The advantage of the method is that the disease-free plant material is
available throughout the year. However, it is mainly suitable for medium-term
conservation, as the cultures need regular maintenance, i.e. transfer to new nutrient
medium and prolonged in vitro culture may add to the genetic instability of the
material (Dulloo et al. 2010). In cryopreservation, the most laborious and therefore
costly part is the initial phase – the preparation of the plant material and application
of cryopreservation (Benson et al. 2011). However, after the material is
cryopreserved, no other maintenance activities except ensuring the ultra-low
temperature are needed (González-Benito et al. 2004; Bamberg et al. 2016). Thus,
cryopreservation is the most secure and economically feasible method for longterm conservation of potato genetic resources. The material is, however, not readily
available for research needs or breeders nor is it suitable for short- and mediumterm preservation purposes (Benson et al. 2011). Only a small area of cells in the
meristematic dome and leaf primordia survive cryopreservation (Ding et al. 2008;
Kaczmarczyk, Rutten, et al. 2008; Wang et al. 2014a; Wang et al. 2014b) and
therefore the regeneration into a sufficient amount of plants is time-consuming.
Recently, cryopreservation applied for preservation of potato genetic resources has
increased in plant gene banks (Kaczmarczyk et al. 2011; Niino & Arizaga 2015;
Vollmer et al. 2016). This is possible due to continuous development and
refinement of the cryopreservation protocols undertaken since the late 1970’s
(Benson 2004), which has resulted in several effective cryopreservation methods
(Reed 2008; Kaczmarczyk et al. 2011). However, the main challenge is still the
variability in cryotolerance among different genotypes. For example, the average
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regeneration rate for 1028 cryopreserved Solanum genotypes ranged from 34 to
59%, and for 70% of the accessions, the recovery rate exceeded 20% (Vollmer et
al. 2016).

Fig. 1. Preservation of potato genetic resources in short-term field collections (A, D),
medium-term in vitro cultures (B, E) and cryopreservation (C, F). Photos A, B, C, E, F by
J.E. and D from the photo collection of the Plant Biotechnology Department EVIKA
(ECRI), Estonia (used with permission).

The key to minimizing the variability between accessions and extending the
cryopreservation protocol for recalcitrant genotypes relies on understanding the
fundamental biological processes related to cryotolerance (Funnekotter et al. 2017).
Recently, several studies have specified the oxidative stress events during the
cryopreservation process at the molecular level. For example, Zhang et al. (2015)
revealed the responses of oxidative stress and the associated programmed cell death
occurring during cryopreservation. Reduction of oxidative stress by application of
antioxidant cinnamtannin B-1 or inhibition of apoptosis-like events by deactivating
proteases increased the cell viability of embryogenic callus of Agapanthus praecox
from 49 to 87 or 90%, respectively (Zhang et al. 2015). The study by Ren et al.
(2015) elaborated the antioxidant status and the effect of application of exogenous
antioxidants on cryopreservation success of Arabidopsis seedlings at the whole
transcriptome level. Gross et al. (2017) defined the effect of various cryoprotectants
(PVS2 and PVS3) on transcript abundance during the cryopreservation procedure
for Arabidopsis shoot tip-derived seedlings.
24

1.2

Light as a source of environmental information

For optimal growth and development, all organisms perceive and process
information about their biotic and abiotic environment. For plants, as sessile
photosynthetic organisms, the information about light conditions is particularly
important, as the light affects every aspect of plant growth and development
(Fankhauser & Chory 1997; Fiorucci & Fankhauser 2017). Besides providing
energy for photosynthesis, light intensity, direction, duration and spectral quality
(composition of wavelengths) of light forms a source of information for regulating
numerous plant physiological and metabolic processes (Gilmartin et al. 1990;
Devlin et al. 2007; Huché-Thélier et al. 2016). For example, germination, deetiolation, flowering, phototropism, stomatal opening, shade avoidance, organ
development and elongation growth are all light-regulated processes (Fankhauser
& Chory 1997). Compared to photosynthetically active radiation (PAR) (400–700
nm), which is also in the visible light range for the human eye, the wavelengths
inducing photomorphogenetic responses range from near-UVB to far-red (~280 to
~750 nm) (De Wit et al. 2016). The composition of photomorphogenetic
wavelengths – i.e. the light spectral quality – affects the quality and quantity of
plants and is therefore intensively studied in relation to crop production, storage
and protection (Ballaré & Casal 2000; Folta et al. 2005; Morrow 2008; Zoratti et
al. 2015). For example, a controlled amount of light with a modified spectrum
improves the nutritive quality and mitigates senescence and fruit ripening during
postharvest storage (reviewed by D’Souza et al. 2015). Moreover, light spectrum
affects the synthesis of bioactive compounds and antioxidants of many horticultural
crops (reviewed by Hasan et al. 2017). The exposure to monochromatic
wavelengths (e.g. blue, green or red) can even prevent microbial growth and induce
systemic acquired resistance against pathogens in various plant species (D’Souza
et al. 2015; Hasan et al. 2017).
Light conditions are sensed through specific photoreceptors detecting certain
wavelengths (phytochromes, cryptochromes, phototropins, 'Zeitlupes', UVR8).
However, the following photoresponses are a result of a complex signal
transduction network (Gilmartin et al. 1990; Casal & Yanovsky 2005;
Vandenbussche et al. 2005; Devlin et al. 2007; Chaves et al. 2011; Galvã &
Fankhauser 2015; OuYang et al. 2015; Wang & Wang 2015). Physiological
responses to spectral changes can vary among different plant species, varieties, and
even growth phases (Seabrook 1987; Benson et al. 1989; Goto 2003; Dutta Gupta
& Jatothu 2013; Manivannan et al. 2015; Hasan et al. 2017).
25

1.2.1 Light in vitro
In vitro plants are generally not autonomous for photosynthesis but depend on a
source of organic carbon, such as sucrose, added to the growth medium (Marks &
Simpson 1999; George et al. 2008; Badr et al. 2011). For example,
photomixotrophic in vitro potato plants (S. tuberosum cv Norland) have low
photosynthetic capability, low CO2 conductance and a distinct metabolite profile
compared to photoautotrophic plants (Badr et al. 2011). Similar to
photoautotrophic plants, light intensity, spectral quality and duration affect the
photomorphogenetic development and quality of in vitro plants (Read 1988;
George et al. 2008; Dutta Gupta & Jatothu 2013). Altered spectral composition
affects the growth and morphogenesis, chlorophyll content, sucrose, starch, soluble
sugar accumulation, as well as size and number of stomata in the leaves of in vitro
plants (Dutta Gupta & Jatothu 2013; Liu et al. 2014). Moreover, monochromatic
red or blue LEDs, separately or in combination, increase accumulation of phenolic
antioxidants in several medicinal species (Liu et al. 2014; Manivannan et al. 2015;
Pedroso et al. 2017). Therefore, the light quality greatly affects the physiological
status and performance of in vitro cultures.
1.2.2 Light and cryopreservation
Light conditions play a significant role in plant germplasm cryopreservation. For
several potato cultivars, recovery was higher when the plants originated from high
light intensity conditions (Benson et al. 1989; Yoon et al. 2006). However, intense
light before cryopreservation was not beneficial for all potato species/cultivars. For
Lomandra sonderi (F. Muell) Ewart (Asparagaceae), an endemic plant of southwest Western Australia, low light conditions prior to cryopreservation resulted in a
significant increase in recovery percentages compared to high light conditions
(Funnekotter et al. 2016).
During the initial post-cryopreservation recovery, intense light has an adverse
effect on survival of plant germplasm. The survival of in vitro shoot tips of Garcinia
mangostana L. increased from 7%, without dark incubation to 25%, 30% or 50%
survival after 3-, 5- or 7-day dark incubation, respectively, before transfer to light
(22 µmol m-2s-1) (Ibrahim & Normah 2013). Similarly, the recovery of embryos of
Zizania palustris increased from 35% to 56% when recovered in darkness (Touchell
& Walters 2000). Also, the post-cryopreservation viability of the freshwater diatom
Planothidium frequentissimum and several Chlorophyte microalgae species depend
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on light levels (Buhmann et al. 2013; Bui et al. 2013). For potato, postcryopreservation light levels affect recovery, but the requirements depend on
cultivar, recovery phase and cryopreservation protocol. Intense light was
detrimental to the survival of the potato cultivar Désirée during the first week after
thawing. However, increase in light intensity was important during the later
recovery phase to support morphological development (Benson et al. 1989). In
contrast, for the cultivar Golden Wonder, the highest recovery was obtained in high
post-freeze light when the ultra-rapid freezing protocol was used, and a low
survival was related to a controlled freezing followed by low light conditions
(Benson et al. 1989).
Too-intense light increases the production of reactive oxygen species (ROS),
which damage the photosynthetic apparatus (Müller et al. 2001; Domingues et al.
2012; Ahmad 2014). Post cryopreservation, the photosynthetic capacity can be
significantly reduced due to freezing-induced structural and functional damage in
chloroplasts. For example, protocorm-like bodies of several orchid species remain
green when incubated in darkness but undergo bleaching or browning when
exposed to light during initial post-cryopreservation recovery (Bratonia orchid,
Dendrobium nobile Lindl. (Bukhov et al. 2006; Mohanty et al. 2012). In general,
to avoid the light-related oxidative stress after cryopreservation, a period of full
darkness or diffuse light is applied from a few days to several weeks after
cryopreservation (Gonzalez-Arnao & Engelmann 2006; Reed 2008; Zhao et al.
2008).
These studies indicate that good recovery may not be possible in plants that
have been subjected to sub-optimal, pre-, and post-freeze light conditions.
Considering the pivotal role of light intensity on cryopreservation and the
significant effect of light spectral quality on plant development, morphogenesis and
physiological status, it is surprising that there is no information on the effect of
light spectral quality on cryopreservation success of plant germplasm. Until now,
the pre- and post-culture of cryopreserved material has been carried out under
fluorescent tubes, which are (at least this far) the most common light sources in in
vitro culture rooms. Light emitting diodes (LEDs) with their fully controllable
spectral emission, low heat emission, and energy consumption are superior light
sources for illumination in controlled growth conditions. Therefore, there is an
increasing trend to introduce LEDs into tissue culture chambers. However, a
change in the illumination type will cause a change in light spectral quality, which
may affect the in vitro plants and their cryopreservation success. On the other hand,
modification of light spectral quality may provide an additional tool to adjust the
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light conditions both prior to and post-cryopreservation, which may significantly
improve the cryopreservation success of plant germplasm.
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2

The aim of the study

Despite the facts that light is one of the most important factors affecting growth and
morphogenesis of plants, in general, and specific wavelengths drive specific
responses during the different developmental stages, the effect of light spectral
quality on cryopreservation success has not been studied before. The present
thesis aimed to determine whether and how different light spectra applied before
or after cryopreservation influence recovery and regeneration of potato shoot tips
in vitro. Through two original papers (I–II) and a manuscript (III), I searched for
answers to the following questions:
1.
2.
3.

Does pre-cryopreservation light quality affect cryopreservation success of
potato shoot tips?
Does post-cryopreservation light quality affect survival and regeneration of
potato shoot tips?
How do cryopreservation and different light conditions affect gene expression
of recovering potato shoot tips at the whole transcriptome level?
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3

Material and methods

The material and methods presented here are described only briefly. The full details
can be found in the original papers (I–II) and in the manuscript (III).
3.1

Plant material

For cryopreservation experiments (I, II), in vitro plants of potato (Solanum
tuberosum L.) cultivars Agrie Dzeltenie, Bintje, Maret, Anti and Désirée were used.
The transcriptome profiling (III) was done for the cultivar Agrie Dzeltenie. The in
vitro plants were obtained from the potato genebank of the Estonian Crop Research
Institute (ECRI). The cultivar selection was based on their in vitro growth
characteristics: cv Agrie Dzeltenie representing a fast-growing, cv Maret a
medium-growing, and cv Anti a slow-growing cultivar. Cultivars Désirée and
Bintje, which also belong to the medium-growing cultivars were included to allow
comparison with the results of other cryopreservation studies dealing with potato
cryopreservation. In the field, the growth characteristics are similar to in vitro
conditions: Agri Dzeltenie and Mare are fast-growing early cultivars, cvs Désirée
and Bintje medium-growing and Anti is a late cultivar with short and compact
stems. The material was multiplied by placing nodal cuttings on MS medium with
2% sucrose, 6.4 g/l agarose at pH 5.7 without growth regulators and placed in 250ml aerated plastic jars (Combiness). The cultures were kept in a growth room at
22oC and 16/8-h photoperiod under cool white fluorescent tubes (Philips TL-D 840)
at 40 µmol m-2s-1.
3.2

Light treatments

Six different light treatments were applied either before or after cryopreservation
to dissect the effect of pre- and post-cryopreservation light quality. In study I, prior
to cryopreservation, the nodal cuttings were exposed for 3.5 weeks to cool white
fluorescent tubes (CW), hydrargyrum quartz iodide, i.e. warm white (HQI), white
LEDs (W), blue LEDs (B), red LEDs (R) or a combination of 90% red and 10%
blue LEDs (RB), while post-cryopreservation recovery was carried out under CW
(Fig. 2). In study II, prior to cryopreservation, the nodal cuttings were exposed to
CW (for 4 weeks), and the light treatments were applied during recovery. In study
II, the light treatments were the same as in study I, except instead of white LEDs
(W), a treatment of 90% red and 10% blue LEDs (of PAR) with 20% far-red (RBF)
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was included (Fig. 3). In study III, before cryopreservation, the nodal cuttings were
illuminated by CW for 4 weeks and the light treatments (16 hours of 40 µmol m-2s1
CW, RB, or total darkness (D)) were started after 48-h dark-incubation post
rewarming (Fig. 3). In all three studies, the light intensity before cryopreservation
was 40 µmol m-2s-1. The post-cryopreservation recovery in study I was carried out
by dark-incubation (one week) followed by exposure to low light conditions (20
µmol m-2s-1 for one week) before transfer to the standard conditions (40 µmol m-2s1
CW). In study II, the shoot tips were exposed to low light conditions (20 µmol m2 -1
s ) for 2 days before the light intensity was increased to 40 µmol m-2s-1.
The reported light quality, as well as intensity, was measured by
spectroradiometer (OceanOptics USB2000+RAD) at the level of explants outside
the vessel. The culture vessel material (Combiness plastic jars and Petri plates) did
not affect the light quality. Inside the vessel, the light intensity was approximately
2 µmol m-2s-1 lower than outside the vessel.

Fig. 2. The light quality treatments applied either during pre- or post-cryopreservation
culture of potato shoot tips in vitro. CW – cool white fluorescent tubes, HQI – warm
white, W – white LEDs, B – blue LEDs, R – red LEDs, RB – a combination of red and blue
LEDs (90% red, 10% blue), RBF – the same as RB with 20% far-red.
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Fig. 3. Experimental design. The light quality treatments were applied either before (I)
or after cryopreservation (II, III). CW – cool white fluorescent tubes, HQI – warm white,
W – white LEDs, B – blue LEDs, R – red LEDs, RB – a combination of red and blue LEDs
(90% red, 10% blue), RBF – the same as RB with 20% far-red.

3.3

Morphological measurements

In study I, 10–15 plants were measured per five cultivars divided into six light
quality treatments after 3.5-weeks exposure to each light treatment. The measured
characteristics were the shoot and root lengths, as well as fresh weight (FW) and
the number of axes.
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3.4

Cryopreservation

In all three studies, cryopreservation was done by the DMSO-droplet method
originally developed by Schäfer-Menuhr et al. (1997) and further improved by
Kaczmarczyk et al. (2008). On the first day, 1–3 mm shoot tips were excised under
stereomicroscope and incubated overnight on filter paper (ø 4.5 cm) moistened with
2 ml MS solution (Murashige & Skoog 1962) including 3% sucrose in 5.5-cmdiameter Petri dishes (Fig. 4). The next day, the shoot tips were cryoprotected by
incubating in 10% DMSO in liquid MS with 3% sucrose for 2 h. After that, the
shoot tips were transferred to sterile foil strips carrying 2.5 µl droplets of
cryoprotectant, cooled by transferring the foil strips into cryotubes filled with liquid
nitrogen (LN) and stored in an LN container for 1 h. The rewarming was carried
out by transferring the foils into 30 (I, II) or 50 (III) ml of MS solution at room
temperature (RT). For recovery, the shoot tips were placed on regeneration medium
(MS medium with 0.5 mg/l zeatin riboside, 0.2 mg/l GA3 and 0.5 mg/l IAA, 30 g/l
sucrose). Non-cryopreserved controls were treated like the cryopreserved ones
without the cooling step. The survival (viable shoot tips without shoot formation)
and regeneration (shoot tips with new green shoots) were evaluated 2, 4 and 6
weeks after cryopreservation (Fig. 4). In all three studies, only apical shoot tips
were used for cryopreservation.
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Fig. 4. Overview of potato shoot tip cryopreservation by the DMSO-droplet method.

3.5

RNA extraction and sequencing (III)

For transcriptome profiling, 150 shoot tips from each treatment (non-cryopreserved
control shoot tips exposed to CW, cryopreserved shoot tips exposed to CW, RB, or
D) were collected and placed into RNALater stabilization reagent (Qiagen) under
ambient light conditions. The cultivar Agrie Dzeltenie was selected for the
transcriptome study because it had the highest regeneration percentage among all
cultivars in the post-cryopreservation treatment with RB. The shoot tips were
transferred to -80oC until RNA extraction. RNA was extracted from 10 shoot tips
originating from the same culture vessel and replicated three times for each
treatment, therefore forming three biological replicates per treatment. The total
RNA was isolated by RNeasy Plant Mini Kit (Qiagen) and purified by RNase-free
DNase Set (Qiagen). The quality and quantity of total RNA were assessed using
Agilent Bioanalyzer 2100 (Agilent Technologies), and only high-quality samples
(RIN >7.4) were used for library preparation using Illumina’s TruSeq Stranded
mRNA Library Prep Kit (Illumina, San Diego, CA, USA). The 12 paired-end
libraries were sequenced by Illumina HiSeq2500 by 100 cycle mode in the Finnish
Functional Genomics Centre of the Turku Centre for Biotechnology.
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3.6

Statistical and bioinformatics analyses

3.6.1 Growth characteristics (I)
The growth characteristics of in vitro plants (I) were analysed by analysis of
variance (ANOVA) followed by multiple comparisons of means by Tukey contrasts
by the Rcmdr package (Fox 2005). Samples that did not fulfil assumptions for
ANOVA were analysed by the Kruskal-Wallis test followed by Dunn's test (Dunn
1964) using the dunn.test package (Dinno 2016). P-values of pairwise comparisons
were corrected by Holm's correction (Holm 1979). For visualization, the ggplo2
package was used (Wickham 2009). The analyses were performed with statistical
programming language R (R Core Team 2015).
3.6.2 Cryopreservation (I, II)
The counts of survived, regenerating and dead shoot tips in each light quality
treatment were analysed in contingency tables by a Chi-squared test of
independence followed by pair-wise comparisons by a Fisher exact test with Holm's
p-value correction (Holm 1979) performed by the R package fmsb (Nakazawa 2015)
For visualization, the residual-based mosaic plots generated by the vcd package
were used (Meyer et al. 2013). The analyses were performed in the R statistical
environment (R Core Team 2015).
3.6.3 Bioinformatics analysis
The quality of reads was checked by FastQC (Andrews 2010) and aligned to the S.
tuberosum reference genome (PGSC v4.03) (The Potato Genome Sequencing
Consortium 2011; Sharma et al. 2013) by TopHat and bowtie1 (Langmead et al.
2009; Trapnell et al. 2009). The reads per gene were counted based on the TopHat
output using featureCounts (Liao et al. 2014). For differentially expressed gene
(DEG) detection between different treatments (III, Fig. 1), DESeq2 was used
(Anders & Huber 2010; Love et al. 2014). A false discovery rate (FDR) was
estimated based on Benjamini Hochberg correction (Benjamini & Hochberg 1995),
and only genes with a FDR of <0.05 were considered significant. The similarities
and distances between samples were analysed and visualized by principal
component analysis (PCA) and a heatmap (Yao et al. 2012; Love et al. 2014). Gene
Ontology (GO) enrichment analysis of DEGs in each treatment comparison was
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performed using the PlantRegMap (PlantTFDB v4.0) GO enrichment tool (Jin et
al. 2016), and it was visualized by R package pheatmap (Kolde 2015) and BiNGO
plug-in for Cytoscape (Maere et al. 2005). GO terms with corrected p-values <0.05
were considered significantly enriched.
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4

Results

The results presented here are described only briefly. The full details can be found
in the original papers (I–II) and the manuscript (III).
4.1

The effect of pre-cryopreservation light quality (I)

4.1.1 Growth characteristics (I)
All light quality treatments produced visibly healthy and vigorously growing in
vitro plants. However, the light quality significantly affected the growth and
morphology of all cultivars tested. The most prominent response in growth
characteristics was shoot elongation. R and RB promoted shoot elongation while
the shortest plants were recorded in broad-spectra treatments, specifically under W
(I, Fig. 2 and Fig. 3). R affected primarily the elongation growth, as for most of the
cultivars, the number of axes was not affected by the different light treatments,
although the cv Maret had a significantly lower number of axes in R. Root
elongation was induced only in the cv Désirée, which had the longest roots in HQI
and shorter in R and RB.
Among the other measured growth characteristics, light spectral quality
significantly affected biomass accumulation. The shoot and root biomasses were
higher in plants treated with broad wavelengths compared to narrow wavelength
treatments. However, different cultivars responded slightly differently, as
significant changes were observed only for cvs Agrie Dzeltenie, Désirée and Anti,
and not for cvs Bintje and Maret. Specifically, the highest shoot fresh weights were
recorded in W for cvs Anti and Désirée, and in HQI for cv Agrie Dzeltenie. In
addition, the highest root fresh weight was recorded under W for cvs Agrie
Dzeltenie and Anti, while for cv Désirée, in HQI. The lowest shoot biomass was
found in B for cv Anti, and in RB for cvs Désirée and Agrie Dzeltenie. The lowest
root biomass accumulation occurred under B and RB for cv Anti, RB for cv Désirée,
and RB and R for cv Agrie Dzeltenie.
4.1.2 Cryopreservation (I)
Some of the pre-cryopreservation light treatments significantly affected the postcryopreservation recovery, but the specific responses varied during the 6-week
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follow-up period between different cultivars. Under B, high early recovery (2
weeks post-cryopreservation) was observed for all cultivars tested, whereas under
R or HQI, depending on cultivar, the lowest survival percentages were obtained 2–
4 weeks after thawing. Specifically, 2 weeks post-cryopreservation, the highest
survival was in B-grown shoot tips with 66% survival compared to 48% in CW and
26% in R for cv Agrie Dzeltenie. Similarly, for cv Anti, the highest survival of 31%
was observed in B-grown shoot tips 2 weeks post-cryopreservation, compared to
22% in CW and 4% in R. The same trend was observed for cv Désirée with the
highest survival of 48% in B, 9% in CW and only 2% in HQI (I, Fig. 4). For cv
Bintje, the recovery was 20% in CW, while in B and RB it was 41% and 44%,
respectively. For cv Maret, the regeneration was 40% in CW, and in B and R 62%
and 63%, respectively. However, the differences in survival percentages decreased
during the 6-week follow-up period. This was caused by a decline in recovering
shoot tips starting either 2, 4 or 6 weeks post-cryopreservation, depending on
cultivar (I, Fig. 4). The green recovering shoot tips turned brown, and some
exhibited signs of contamination (I, Supplementary material).
The first regenerating plants were recorded 2 weeks post-thawing for cv Désirée
and 4 weeks post-thawing for other cultivars. Cv Désirée was also the only cultivar,
which showed different regeneration percentages in plants originating from
different light treatments. Specifically, 6 weeks post-cryopreservation, the highest
regeneration for cv Désirée was in RB with 19% regenerating shoot tips while in
CW the regeneration percentage was only 5%. For cv Agrie Dzeltenie, the
regeneration percentages from different light treatments ranged from 10% to 21%
and for cv Bintje from 21% to 33%. For cvs Anti and Bintje, the regeneration
percentages remained lower and varied from nil to 3% and 5%, respectively (I,
Fig. 4).
4.2

The effect of post-cryopreservation light spectral quality (II, III)

4.2.1 Cryopreservation (II)
Post-cryopreservation light quality significantly affected regeneration of all
cultivars tested, while for most cultivars, light quality did not affect the survival
percentages. The highest regeneration percentages were obtained for all cultivars
under RB, while R resulted in low regeneration for most cultivars. In RB, the
regeneration percentages increased in comparison to CW from 26% to 53% for cv
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Agrie Dzeltenie, 25% to 44% for cv Maret, 8% to 26% for cv Bintje, 0% to 17%
for cv Anti and 18% to 36% for cv Désirée (II, Fig. 2). At the same time, the
regeneration percentages in R were 3% and 11% for cvs Désirée and Maret,
respectively, while no regeneration was found in R for cv Anti. In addition to R,
low regeneration was observed in HQI for cv Agrie Dzeltenie (12%) and in RBF
for cvs Maret and Bintje (6% and 1%, respectively). The monochromatic B had a
genotype-specific effect. For cv Agrie Dzeltenie, the regeneration in B (47%)
reached the same level as in RB (52%), but for cv Bintje, the shoot regeneration
was significantly lower in B (2% regenerating). Simultaneously, B did not affect
the regeneration of cvs Maret, Désirée and Anti.
In general, the survival percentages did not differ between the light quality
treatments. The only differences found were in CW for cv Agrie Dzeltenie and HQI
for cv Bintje, where the survival remained lower (58% and 26%, respectively) in
comparison to the average of other light treatments (II, Table 2).
4.2.2 Transcriptome (III)
Light effect: CW+ and RB+ compared to D+
Based on the transcriptome analysis, post-cryopreservation light conditions
significantly affected the gene expression of recovering shoot tips, as 3,284 genes
were significantly up- or down-regulated in CW+ and RB+ when compared to D+
(III, Fig. 3B). In CW+, the number of both up- and down-regulated genes (1,923
and 976, respectively) was double compared to RB+ (1,024 up- and 462 downregulated). Moreover, most of the RB+ -up-regulated differentially expressed genes
(DEGs) were the same as in CW+ (867), and only 157 were specific to RB+. At the
same time, the number of CW+ -specific DEGs was 1,056. Also, among the downregulated genes, most of DEGs were specific to CW+ (742), while 234 were
common to CW+ and RB+, and 228 to D+ (III, Fig. 3B).
Gene ontology (GO) analysis revealed that the main up-regulated biological
processes (BP) in both light treatments were related to photosynthesis, response to
light stimulus and response to high light intensity. Most of these responses were
more pronounced in CW+ than in RB+ (III, Fig. 6A, B and C). The top enriched
GO terms common to both light treatments were ‘photosynthesis’, ‘photosynthesis,
light reaction’, ‘generation of precursor metabolites and energy’, ‘photosynthetic
electron transport chain’ and ‘electron transport chain’.
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Moreover, in CW+, several repair and assembly processes (‘photosystem II
assembly’, ‘protein complex assembly’, ‘protein complex biogenesis’, ‘cellular
component assembly’, ‘photosystem II oxygen-evolving complex assembly’) as
well as defence responses (‘defence response to bacterium’, ‘response to
bacterium’, ‘response to stress’, ‘response to redox state’) were activated. In RB+,
secondary metabolite processes (‘secondary metabolic process’, ‘phenylpropanoid
metabolic process’, ‘phenylpropanoid catabolic process’) were activated (III, Fig.
6D, E and F). Among the other responses, ‘response to karrikin’ was activated in
both CW+ and RB+ in comparison to D+ (Fig. 6G). No significant GO term
enrichment was found for down-regulated DEGs in light compared to darkness.
The differences between CW+ and RB+
The shoot tips recovering in RB+ had 495 DEGs when compared to CW+.
Specifically, in RB+, 158 genes were up- and 340 down-regulated. GO analysis
indicated that in RB+, photosynthesis and several stress and defence responses
were down-regulated (III, Fig. 7), while the up-regulated DEGs referred to
activation of shoot system development and organ morphogenesis (III,
Supplementary Fig. 2). The top morphogenesis-related GO terms were
‘regionalization’, ‘regulation of meristem growth’, ‘pattern specification process’,
‘anatomical structure arrangement’ and ‘determination of dorsal/ventral symmetry’
(III, Supplementary Fig. 2). The top enriched GO terms related to down-regulated
DEGs were ‘photosynthesis’, ‘response to abiotic stimulus’, ‘response to
temperature stimulus’, ‘generation of precursor metabolites and energy’, ‘response
to stimulus’ and ‘response to stress’ (III, Fig. 7).
Cryopreservation effect: CW+, RB+ and D+ compared to CWCryopreservation had an extensive effect on the transcriptome profile of potato
shoot tips. In total, 12,017 DEGs were significantly up- or down-regulated in the
cryopreserved shoot tips (CW+, RB+ and D+) in comparison to non-cryopreserved
ones (CW-) (III, Fig. 3A). Half of the up-regulated DEGs were common to all
cryopreserved samples (3,040), 589 were specific to CW+, 314 to RB+ and 861 to
D+. Among down-regulated DEGs, 2,738 were common to all cryopreserved
samples while 675 were specific to CW+, 276 to RB+ and 1,081 to D+ (III, Fig.
3A).
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GO enrichment analysis indicated that cryopreservation activated numerous
stress and defence responses (III, Fig. 4), while the main down-regulated biological
processes (BP) were related to morphogenetic development (III, Supplementary
Fig. 1). The top enriched GO terms among up-regulated DEGs were ‘response to
biotic stimulus’, ‘response to external biotic stimulus’, ‘response to other organism’,
‘multi-organism process’ and ‘defence response’ (III, Fig. 4). The top GO terms
related to down-regulated DEGs were ‘shoot system development’, ‘reproductive
shoot system development’, ‘anatomical structure morphogenesis’, ‘postembryogenic plant morphogenesis’ and ‘regulation of organ morphogenesis’ (III,
Supplementary Fig. 1)
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5

Discussion

5.1

Growth characteristics (I)

The growth characteristics of five potato cultivars under different light quality
treatments were studied to define the association between photomorhogenetic
responses and the subsequent cryopreservation success. Most of the growth
characteristics are in line with the previous studies carried out on in vitro plants of
potato in different light wavelengths. The 52% increase in average shoot length of
five potato cultivars in red light (I) is comparable to the average of 58% increase
of the three most common commercial potato cultivars in Brazil (Asterix, Catucha,
Macaca ) and 59% of four North American cultivars (Norland, Superior, Kennebec,
Denali) after 4 weeks in red light compared to fluorescent tubes (Wilson et al. 1993;
Rocha et al. 2015). The effect of red light on in vitro shoot elongation is well known
not only for potato (Wilson et al. 1993; Aksenova et al. 1994; Seabrook 2005;
Rocha et al. 2015) but also for a broad range of species (Goto 2003; Kim et al.
2004).
Blue light reduces cell expansion and thus inhibits stem elongation and leaf
growth (Cosgrove & Green 1981). This has been proven for the Brazilian, as well
as North American cultivars (described above), which produced the shortest in vitro
shoots in blue light (Wilson et al. 1993; Rocha et al. 2015). However, for some
cultivars (Asterix and Kennebec), the shoot length in blue light was comparable to
that seen under fluorescent lamps or VitaLite fluorescent tubes (Wilson et al. 1993;
Rocha et al. 2015). Also, Aksenova et al. (1994) reported that blue light suppressed
in vitro stem growth of the cultivar Miranda in comparison to red light. In the
present study, for all cultivars, the shortest plants were observed under white LEDs,
while blue light-treated shoots did not differ from those of broad-spectra light
treatments. This may be explained by the different light intensities used by Rocha
et al. 2015 (20 µmol m-2s-1) and Wilson et al. 1993 (100 µmol m-2s-1) compared to
the 40 µmol m-2s-1 and different cultivars used in the present study. Moreover,
Aksenova et al. (1994) claimed that the blue-grown plantlets were short, thick and
had large, well-developed leaves. In the present study, the blue-grown shoots
appeared thin and tiny. The difference is likely the result of different light intensity,
as Aksenova et al. (1994) had four times higher PPF (160 µmol m-2s-1).
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5.2

Cryopreservation (I, II)

The present study revealed that both pre- and post-cryopreservation light spectral
quality significantly affect the cryopreservation result of potato shoot tips in vitro.
Monochromatic wavelengths alone or in combination (R, B, or RB) had the most
prominent effect on cryopreservation success, but the beneficial light qualities
differed between pre- and post-cryopreservation culture. Specifically, blue lightgrown shoot tips had high recovery two to four weeks after thawing, while postcryopreservation recovery under RB doubled the regeneration percentages of all
cultivars. At the same time, for most cultivars, monochromatic red LEDs were
adverse both before and after cryopreservation.
For a genebank, the success of a shoot tip/meristem cryopreservation protocol
is defined by the percentage of plant material able to resume its growth, e.g. to form
new shoots (Benson & Harding 2012; FAO 2014; Vollmer et al. 2016). By these
values, some of the post-cryopreservation light quality treatments directly affected
the cryopreservation success of potato shoot tips in the present study. In RB, the
average regeneration percentage of all cultivars increased by 56%, while in
monochromatic R the regeneration reduced by 40% in comparison to cool white
fluorescent tubes CW (II).
There are no previous studies on the effect of light spectral quality in relation
to cryopreservation of plant germplasm. Therefore, the responses to various light
spectra can only be compared to the studies done on in vitro growth characteristics
without cryopreservation. However, the evaluation is not straightforward because
the reaction depends not only on the species and cultivar, but also on the
developmental stage, origin of explant material, photosynthetic photon flux (PPF)
and growth medium (Seabrook 1987; Benson et al. 1989; Aksenova et al. 1994;
Schuerger et al. 1997; Nhut et al. 2003; Kim et al. 2004; Kurilčik et al. 2008; Dutta
Gupta & Jatothu 2013; Manivannan et al. 2015).
Of the in vitro growth characteristics, in study I the highest shoot elongation
occurred under R LEDs followed by RB LEDs. However, the exposure to R during
post-cryopreservation recovery did not have a similar response. RB promoted the
shoot formation the most, while for the majority of the cultivars, shoot formation
was inhibited under R. The unfavourable effect of R light was observed even among
non-cryopreserved controls (II). The survival and regeneration of control shoot tips
were in general very high, but in R, the survival was 85% with 80% regeneration
for cv Agrie Dzeltenie (II, Table 2). Therefore, in the present study, the light
treatment that promoted the in vitro shoot elongation from nodal cuttings the most
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(R) was not suitable for induction of shoot organogenesis of recovering meristems
post-cryopreservation.
For successful cryopreservation, the source plants need to be in optimal
physiological state (Engelmann 2004; Reed 2008). In the present study, all tested
light spectral qualities produced visibly healthy in vitro plants, but the growth and
morphology were significantly altered. The visually strongest and healthiest plants
were grown in the wide-spectra treatments (CW, HQI, W), while the red-treated
shoots were elongated, and blue-treated shoots remained thin and tiny. However,
from the tested light quality treatments, blue-grown shoot tips resulted in high
initial survival for all cultivars, while for most cultivars the red-grown shoot tips
had low survival. Post-cryopreservation survival is a pre-requisite for regeneration,
and therefore it may significantly affect the overall cryopreservation success,
measured as the formation of new shoots.
In blue light, the cell wall expansion, elongation growth, as well as gibberellin
and auxin synthesis and sensitivity are suppressed (Cosgrove & Green 1981;
Wilson et al. 1993; Folta et al. 2003). For potato, the cells were the shortest in blue
light and the longest in red light (Wilson et al. 1993). Therefore, the higher early
survival may relate to the reduced elongation growth and smaller cell size caused
by blue light. For cryopreservation, small cell size is beneficial due to small
vacuoles with lower water content and high nucleo-cytoplasmic ratio (Engelmann
2004; Martinez-Montero & Harding 2015). However, in the present study, the cell
morphology was not studied; therefore, this could be a subject of further study.
Light spectrum not only affects morphological characteristics but also
significantly influences the accumulation of both primary and secondary
metabolites as well as antioxidants (e.g. soluble sugars, starch, vitamin C, soluble
protein and polyphenol composition) during in vitro culture (Hasan et al. 2017).
For several medicinal plants, the modified light conditions affect the production of
bioactive compounds, which increases their pharmacological value. For example,
for critically endangered medicinal plant Swertia chirate, illumination by
monochromatic blue LEDs resulted in the highest total phenolic, total flavonoid,
and total flavonol content, as well as total antioxidant capacity. At the same time,
in red light, these values were the lowest (Dutta Gupta & Karmakar 2017). For in
vitro cultures of Plectranthus amboinicus (Lour.) Spreng, the highest content of the
antioxidant compound carvacol was recorded in blue light, but in comparison to
fluorescent tubes, the carvacol content was significantly higher also in
monochromatic red and in the combination of RB (1:1). Interestingly, in other RB
combinations (2.5B:1R and 1B:2.5R), the carvacol content was at the same level
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as under fluorescent tubes (Silva et al. 2017). Therefore, the RB ratio significantly
affects the metabolite as well as antioxidant accumulation in in vitro plants. In the
present study, the tested LEDs were monochromatic R, B and a combination of RB
with 9:1 RB ratio. The optimisation of RB ratio during both pre- and postcryopreservation culture could significantly improve the cryopreservation
efficiency of potato shoot tips in vitro.
In addition to metabolite and antioxidant content, light spectral quality also
affects the reactive oxygen species (ROS) generation and the associated
antioxidative system of in vitro plants (Dutta Gupta & Sahoo 2015; Dutta Gupta &
Agarwal 2017). The in vitro plant recalcitrance is closely related to the balance
between antioxidant status and oxidative stress caused by ROS (Benson 2000;
Dutta Gupta & Datta 2003; Blazquez et al. 2009). However, ROS play a dual role
in plant biology, as ROS are required for many important signalling reactions to
abiotic stress responses and for progression of cellular proliferation and
differentiation, while the over-production of ROS is detrimental, leading to lethal
events (Mittler 2002; Mittler 2017).
In the study by Dutta Gupta and Sahoo (2015), irradiation by R, B and RB (1:1)
significantly affected the in vitro shoot formation, as well as hydrogen peroxide and
lipid peroxidation level (MDA content) and antioxidant enzyme activity (SOD,
CAT, POX, APX, GR) of Curculigo orchioides Gaertn. In the monochromatic blue
light, high shoot regeneration was accompanied by an increase of superoxide
dismutase (SOD) activity, while in red light, the organogenesis was inhibited by
the high level of hydrogen peroxide and lipid peroxidation in terms of MDA content.
In R, the level of hydrogen peroxide and MDA level was more than double
compared to other light treatments (Dutta Gupta & Sahoo 2015). In in vitro shoots
of the medicinal plant Rehmannia glutinosa, the highest total phenol and flavonoid
levels were obtained under monochromatic blue and red LEDs, respectively, which
significantly correlated with the total antioxidant capacity of the leaf extracts. In
addition, the highest antioxidant enzyme activity (SOD, GPX, APX, CAT and PAL)
was obtained in blue light, followed by red LEDs in comparison to cool white
fluorescent tubes (Manivannan et al. 2015). Therefore, the light spectral quality
significantly modulates the cellular redox balance and significantly affects the in
vitro shoot formation potential (Dutta Gupta & Agarwal 2017).
The cryopreservation procedure causes extreme stress, accompanied by the
formation of ROS (e.g. superoxide radical O2.-, hydrogen peroxide H2O2, singlet
oxygen 1O2), which may lead to excessive oxidative stress and thereby compromise
the post-cryopreservation recovery (Chen et al. 2015; Zhang et al. 2015;
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Funnekotter et al. 2017). As reported on cryopreservation of Ribes nigrum
(Harding et al. 2009), Agapanthus praecox subsp. orientalis (Chen et al. 2016), and
Arabidopsis thaliana seedlings (Ren et al. 2015), the enhancement of plant cellular
antioxidant status may significantly increase the plant’s cryotolerance. As light
quality significantly contributes to the cellular redox balance, it may be an
additional parameter to optimize in cryopreservation protocols.
Despite the fact that blue-grown shoot tips showed high initial postcryopreservation survival, the survival percentages declined depending on both
cultivar and treatment at 4 or 6 weeks post-cryopreservation, and at the final
evaluation of the experiment, no differences in regeneration percentages were
found for most cultivars (I). In study II, no decline in survival, nor in regeneration
percentages were observed during the 6-week follow-up period. The comparison
of survival and regeneration of the control light treatment (CW) in both studies
showed that some cultivars had lower survival and regeneration in study I in
comparison to study II. The cultivar Anti had exactly the same survival and
regeneration percentages in both studies in CW. Cultivars Maret and Agrie
Dzeltenie had higher survival in study II (73% and 56%, respectively) compared to
study I (35% and 42%, respectively), but the regeneration percentages in CW were
similar in both studies. Cultivars Bintje and Désirée had bigger differences – for
both cultivars in study II, the survival was over 40%, whereas in study I, the final
survival remained low (5%) and nearly zero regeneration in CW for Binjte and 5%
for Désirée. From the studied cultivars, only Désirée has been cryopreserved by the
DMSO-droplet method previously. The results vary similarly from 65 % survival
and 5 % shoot formation (Harding et al. 1991), 41 % survival and 25% regeneration
(Schäfer-Menuhr et al. 1997), to 8% survival and 19% regeneration (Kaczmarczyk,
et al. 2008).
It is well known that sub-optimal physiological status may adversely affect
cryopreservation success even if the cryopreservation protocol has been fully
optimised. In the present study, several factors may have affected the performance
of plants in study I. One such critical factor is the in vitro age. The younger in vitro
cultures are known to have higher survival and regeneration percentages (Keller &
Dreiling 2003; Harding et al. 2009). Harding et al. (2009) found significant
differences in survival and regeneration percentages between cultures, which were
initiated either 6–8 weeks or 3 years before the cryopreservation experiment
(Harding et al. 1991; Harding et al. 2009). In the present study, the in vitro age
between study I and II was approximately 3 years, study II being performed before
study I, which may explain the differences in survival and regeneration percentages.
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Therefore, older in vitro cultures may need regeneration/rejuvenation procedures,
such as microtuber rejuvenation, to increase cryopreservation efficiency (Harding
et al. 2009; Benson et al. 2011; Bamberg et al. 2016).
Another factor which may have reduced the survival and regeneration
percentages (in study I) is the presence of latent endophytic bacteria, which may
reside in the tissues without causing any sign of contamination under propitious
growth conditions, but can become pathogenic under extreme stress (Podolich et
al. 2009; Podolich et al. 2015). In long-term in vitro culture, covert endophytic
bacteria may cause a decline in in vitro shoot and root growth (Thomas 2004) and
increase the endophyte breakout frequency (Keller et al. 2011; Senula & Keller
2011; Edesi et al. 2017; Jenderek & Reed 2017). In study I, to avoid possible in
vitro age and cryopreservation stress-related endophyte breakout, plant
preservative mixture (PPM), a broad-spectrum biocide, was added to both pre- as
well as post-cryopreservation growth media. Regardless, the first signs of
endophyte breakout appeared 4 or 6 weeks after thawing. The signs of
contamination were present only in some cultivars/treatments without a clear
pattern, and some shoot tips lost their viability and turned brown without any sign
of microorganism breakout (I, Supplementary material). Therefore, these results
highlight the importance of in vitro plant quality as one of the most critical factors
affecting post-cryopreservation recovery (Reed et al. 2004).
5.3

Transcriptome characteristics (III)

The transcriptome analysis of the non-cryopreserved and recovering shoot tips
exposed to different light conditions (CW, RB, and D) was performed to explore
why the shoot tip recovery was increased in RB when compared to the cool white
fluorescent tubes (CW) (II), and how the presence of light affects the transcriptome
profile of the recovering shoot tips.
The analysis revealed that cryopreservation induced expression of a myriad of
stress and defence-responsive genes, which were more enhanced in CW+ than in
RB+ and D+. Interestingly, the number of genes specifically activated in CW+,
which is the commonly used illumination source during post-cryopreservation
recovery, was much higher than in RB+ (1056 vs 157) when compared to D+ (III,
Fig. 3B). In CW+, numerous stress and defence responses to both biotic and abiotic
stimuli were abundant in comparison to shoot tips recovering in RB+.
Photosynthesis and light stimulus-responsive genes were activated in both CW+
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and RB+, whereas several morphogenesis-responsive genes were activated only in
RB+ but not in CW+ (III, Fig. 6, Fig. 7 and Supplementary Fig. 2).
The light intensity in both light treatments was the same (40 µmol m-2s-1) with
the only difference being the spectral distribution. CW had a higher proportion of
blue and less red, while 44% of the spectrum composed of green and yellow
wavelengths (III, Supplementary Table 1). It has been shown that the yellow parts
of the photosynthetically active radiation (PAR) may be harmful and cause damage
to photosystem II (Takahashi et al. 2010). Alternatively, although the light
treatments were carried out in a climate-controlled growth chamber, it is possible
that the fluorescent tubes have emitted heat and caused a local increase in
temperature, which may explain the photoinhibition and photosystem repair
processes obvious in CW+.
The present study also enabled following the general transcriptional changes
related to cryopreservation of clonally propagated in vitro shoot tips of potato. The
analysis revealed the extent of the effect of cryopreservation on transcript
abundance, as 64–73% of up- and 59–70% of down-regulated genes in each
treatment were affected by cryopreservation, independent of light treatment (III,
Fig. 3A). In the study by Ren et al. (2015), cryopreservation also resulted in a high
number of DEGs in the recovery phase in comparison to non-cryopreserved
seedlings. Therefore, both of these studies (II, Ren et al. 2015) illustrate the
complex and extensive effect induced on the plant by cryopreservation.
The majority of up-regulated DEGs in all cryopreserved samples were related to
stress, defence responses to biotic stimuli, and oxidative stress (III, Fig. 4 and Fig.
5). This may be related to the overall activation of quantitative defence responses
caused by cryoinjury. However, the earlier transcriptome studies on Arabidopsis
seedlings did not highlight activation of response to biotic stimulus (Ren et al. 2015;
Gross et al. 2017). Therefore, the defence responses could be related to the
preservation of clonally propagated tuber crops, usage of different cryopreservation
protocols, or the presence of latent endophytic organisms. The breakout of
endophytes occurring in study I was already discussed above. Therefore, it is
possible that the biotic responses seen in gene expression were caused due to
activation of hidden endophytes by the severe stress conditions of cryopreservation.
However, the presence of endophytic organisms did not appear during study III.
Therefore, it would be interesting to determine whether the activation of biotic
defence-responsive genes was of a quantitative nature related to the overall
cryopreservation stress or due to the presence of hidden endophytes. In addition, as
the light spectrum has a general effect on the redox status of in vitro plants, a more51

focused study on the effect of light quality on the gene expression of recovering
shoot tips and their antioxidant status might be of interest.

52

6

Conclusions and future prospects

The present results revealed the significant role of light spectral quality in
cryopreservation success of potato germplasm. Specifically, five potato cultivars
were cultivated in vitro under six different light qualities applied either before or
after cryopreservation. Blue light-grown shoot tips had high initial recovery after
thawing, while post-cryopreservation exposure to a combination of red and blue
LEDs (90% red 10% blue, RB) doubled the regeneration percentages of all cultivars.
At the same time, for most cultivars, monochromatic red LEDs had adverse effects
both before and after cryopreservation culture. The present study also indicated that
all light qualities produced healthy in vitro plants, but the morphology was altered.
In general, monochromatic R and RB promoted elongation growth while biomass
accumulation was higher in broad-spectra illumination. In the present thesis, light
quality treatments were applied either before or after cryopreservation. The
combination of beneficial pre- and post-cryopreservation light treatments (e.g. blue
prior and RB post cryopreservation) could further improve the cryopreservation
efficiency. However, thorough studies on a variety of different genotypes and
combinations of red and blue are needed to find the optimal light quality
requirements regarding cryopreservation. Moreover, in addition to the DMSOdroplet method used in the present thesis, the effect of different light quality
treatments should be tested with other commonly used cryopreservation methods,
e.g. droplet vitrification.
To understand the processes behind the positive effect of RB LEDs on shoot
tip regeneration, a whole transcriptome analysis of recovering shoot tips of the
cultivar Agrie Dzeltenie was performed. The transcriptome analysis revealed that
most of the activated responses in recovering shoot tips exposed to RB were related
to the activation of organ morphogenesis processes while at the same time several
stress and defence-responsive genes were down-regulated when compared to cool
white fluorescent illumination. These results suggest that the optimisation of light
spectral quality during the recovery phase may reduce light-related stress levels
while simultaneously supporting morphogenesis towards new shoot formation.
However, the results are based on bioinformatics study of transcriptome data and
need to be confirmed by quantitative real-time PCR, before final conclusions can
be made.
The transcriptome analysis also enabled, for the first time, following the
general transcriptional changes related to cryopreservation of potato – the most
important clonally propagated food crop in the world. The results emphasize the
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complex and extensive effect of cryopreservation on gene expression and
accentuate the activation of various defence responses to biotic stimuli and
oxidative stress. In the future, the reason for activation of defence responses to
biotic stimuli could be uncovered by microbiological analyses of the cryopreserved
samples. These findings may help to further understand the critical steps needed
for successful cryopreservation of clonal crops and therefore improve the
cryopreservation efficiency of plant germplasm in the future.
The present thesis reveals that light spectral quality is an additional noncryogenic factor, which can significantly increase the cryopreservation efficiency
of plant germplasm. However, the reasons behind the observed responses need to
be further studied to understand the processes behind successful cryopreservation.
For example, the effect of light quality on shoot tip ultrastructure, metabolite
composition and redox balance could shed light on the observed effects in the
present thesis.

54

List of references
Ahmad, P. (Ed.), 2014. Oxidative Damage to Plants. USA: Elsevier Inc.
Aksenova, N.P., Konstantinova, T.N., Sergeeva, L.I., Machácková, I. & Golyanovskaya,
S.A., 1994. Morphogenesis of potato plants in vitro I. Effect of light quality and
hormones. Journal of Plant Growth Regulation 13, 143–146.
Anders, S. & Huber, W., 2010. Differential expression analysis for sequence count data.
Genome Biology 11, R106.
Andrews, S., 2010. FastQC: a quality control tool for high throughput sequence data.
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
Badr, A., Angers, P. & Desjardins, Y., 2011. Metabolic profiling of photoautotrophic and
photomixotrophic potato plantlets (Solanum tuberosum) provides new insights into
acclimatization. Plant Cell, Tissue and Organ Culture 107(1), 13–24.
Ballaré, C.L. & Casal, J.J., 2000. Light signals perceived by crop and weed plants. Field
Crops Research 67(2), 149–160.
Bamberg, J. B., Martin, M.W., Abad, J., Jenderek, M.M., Tanner, J., Donnelly, D.J., Nassar,
A.M.K., Veilleux, R.E. & Novy, R.G., 2016. In vitro technology at the US Potato
Genebank. In Vitro Cellular and Developmental Biology - Plant (2005), 1–13.
Benjamini, Y. & Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society. Series B
(Methodological) 57(1), 289–300.
Benson, E.E., 2004. Cryo-conserving algal & plant diversity: historical perspectives & future
challenges. In: Fuller, B., Lane, N. & Benson, E. (Eds.) Life in the Frozen State. Florida:
CRC Press, 299–328.
Benson, E.E., 2000. In vitro plant recalcitrance: an introduction. In Vitro Cellular &
Developmental Biology – Plant 36, 141–148.
Benson, E. E., Harding, K., Debouck, D., Dumet, D., Escobar, R., Mafla, G., Panis, B., Panta,
A., Tay, D., Van den Houwe, I. & Roux, N., 2011. Refinement and standardization of
storage procedures for clonal crops. Global Public Goods Phase 2 Part 2. Status of in
vitro conservation technologies for: Andean root and tuber crops, cassava, Musa,
potato, sweetpotato and yam. System-wide Genetic Resources Programme, Rome, Italy.
https://www.bioversityinternational.org/fileadmin/_migrated/uploads/tx_news/Refine
ment_and_standardization_of_storage_procedures_for_clonal_crops_1501.pdf
Benson, E.E. & Harding, K., 2012. Cryopreservation of shoot tips and meristems: an
overview of contemporary methodologies. In: Loyola-Vargas, V., Ochoa-Alejo, V.
(Eds.) Plant Cell Culture Protocols. Methods in Molecular Biology vol 877. Totowa,
NJ: Humana press, 191–226.
Benson, E.E., Harding, K. & Smith, K., 1989. Variation in recovery of cryopreserved shoottips of Solanum tuberosum exposed to different pre- and post-freeze light regimes.
CryoLetters 10, 323–344.

55

Blazquez, S., Olmos, E., Hernández, J. A., Fernández-García, N., Fernández, J. A. &
Piqueras, A., 2009. Somatic embryogenesis in saffron (Crocus sativus L.). Histological
differentiation and implication of some components of the antioxidant enzymatic
system. Plant Cell, Tissue and Organ Culture 97(1), 49–57.
Buhmann, M.T., Day, J.G. & Kroth, P.G., 2013. Post-cryopreservation viability of the
benthic freshwater diatom Planothidium frequentissimum depends on light levels.
Cryobiology 67(1), 23–29.
Bui, T.V., Ross, I.L., Jakob, G. & Hankamer, B., 2013. Impact of procedural steps and
cryopreservation agents in the cryopreservation of chlorophyte microalgae. PLoS ONE
8(11), 1–9.
Bukhov, N.G., Popova, E.V. & Popov, A.S., 2006. Photochemical activities of two
photosystems in Bratonia orchid protocorms cryopreserved by vitrification method.
Russian Journal of Plant Physiology 53(6), 793–799.
Casal, J.J. & Yanovsky, M.J., 2005. Regulation of gene expression by light. International
Journal of Developmental Biology 49(5–6), 501–511.
Chakraborty, S. & Newton, A.C., 2011. Climate change, plant diseases and food security:
An overview. Plant Pathology 60(1), 2–14.
Chaves, I., Pokorny, R., Byrdin, M., Hoang, N., Ritz, T., Brettel, K., Essen, L.-O., van der
Horst, G.T.J., Batschauer, A. & Ahmad, M., 2011. The cryptochromes: blue light
photoreceptors in plants and animals. Annual review of plant biology 62(1), 335–364.
Chen, G., Ren, L., Zhang, J., Reed, B.M., Zhang, D. & Shen, X., 2015. Cryopreservation
affects ROS-induced oxidative stress and antioxidant response in Arabidopsis seedlings.
Cryobiology 70(1), 38–47.
Chen, G., Ren, L., Zhang, D. & Shen, X., 2016. Glutathione improves survival of
cryopreserved embryogenic calli of Agapanthus praecox subsp. orientalis. Acta
Physiologiae Plantarum 38(10), 250.
Cosgrove, D.J. & Green, P.B., 1981. Rapid suppression of growth by blue light: biophysical
mode of action. Plant physiology 68(6), 1447–1453.
De Wit, M., Galvão, V.C. & Fankhauser, C., 2016. Light-mediated hormonal regulation of
plant growth and development. Annual Review of Plant Biology 67, 513–37.
D’Souza, C., Yuk, H.G., Khoo, G.H. & Zhou, W., 2015. Application of Light-Emitting
Diodes in food production, postharvest preservation, and microbiological food safety.
Comprehensive Reviews in Food Science and Food Safety 14(6), 719–740.
Devlin, P.F., Christie, J.M. & Terry, M.J., 2007. Many hands make light work. Journal of
Experimental Botany 58(12), 3071–3077.
Ding, F., Jin, S., Hong, N., Zhong, Y., Cao, Q., Yi, G. & Wang, G., 2008. Vitrificationcryopreservation, an efficient method for eliminating Candidatus Liberobacter
asiaticus, the citrus Huanglongbing pathogen, from in vitro adult shoot tips. Plant Cell
Reports 27(2), 241–250.
Dinno, A., 2016. Package “dunn.test.” , ver 1.3.2. R package. https://cran.rproject.org/web/packages/dunn.test/dunn.test.pdf
Doebley, J.F., Gaut, B.S. & Smith, B.D., 2006. The molecular genetics of crop domestication.
Cell 127(7), 1309–1321.
56

Domingues, N., Matos, A. R., da Silva, J. M. & Cartaxana, P., 2012. Response of the diatom
Phaeodactylum tricornutum to photooxidative stress resulting from high light exposure.
PLoS ONE 7(6), 1–6.
Dulloo, M.E., Hunter, D. & Borelli, T., 2010. Ex situ and in situ conservation of agricultural
biodiversity: major advances and research needs. Notulae Botanicae Horti Agrobotanici
Cluj-Napoca 38(2), 123–135.
Dunn, O., 1964. Multiple comparisons using rank sums. Technometrics 6, 241–252.
Dutta Gupta, S. & Agarwal, A., 2017. Influence of LED lighting on in vitro plant
regeneration and associated cellular redox balance. In: Dutta Gupta, S. (Ed.) Light
Emitting Diodes for Agriculture. Springer Nature Singapore, 273–303.
Dutta Gupta, S. & Datta, S., 2003. Antioxidant enzyme activities during in vitro
morphogenesis of gladiolus and the effect of application of antioxidants on plant
regeneration. Biologia Plantarum 47(2), 179–183.
Dutta Gupta, S. & Jatothu, B., 2013. Fundamentals and applications of light-emitting diodes
(LEDs) in in vitro plant growth and morphogenesis. Plant Biotechnology Reports 7(3),
211–220.
Dutta Gupta, S. & Karmakar, A., 2017. Machine vision based evaluation of impact of light
emitting diodes (LEDs) on shoot regeneration and the effect of spectral quality on
phenolic content and antioxidant capacity in Swertia chirata. Journal of Photochemistry
and Photobiology B: Biology 174, 162–172.
Dutta Gupta, S. & Sahoo, T., 2015. Light emitting diode (LED)-induced alteration of
oxidative events during in vitro shoot organogenesis of Curculigo orchioides Gaertn.
Acta Physiologiae Plantarum 37, 233.
Edesi, J., Pirttilä, A.M. & Häggman, H., 2017. Modified light spectral conditions prior to
cryopreservation alter growth characteristics and cryopreservation success of potato
(Solanum tuberosum L.) shoot tips in vitro. Plant Cell, Tissue and Organ Culture 128,
409–421.
Engelmann, F., 2004. Plant cryopreservation: Progress and prospects. In Vitro Cellular &
Developmental Biology – Plant 40(5), 427–433.
Esquinas-Alcázar, J., 2005. Protecting crop genetic diversity for food security: political,
ethical and technical challenges. Nature Reviews Genetics 71(3), 1103–1109.
Fankhauser, C. & Chory, J., 1997. Light control on plant development. Annual Review of
Cell and Developmental Biology 13, 203–29.
FAO, 2014. Genebank Standards for Plant Genetic Resources for Food and Agriculture,
Rome. http://www.fao.org/docrep/019/i3704e/i3704e.pdf
FAO, 2009. International Treaty on Plant Genetic Resources for Food and Agriculture,
Rome. http://www.fao.org/3/a-i0510e.pdf
FAO, 2017. FAOSTAT Database. Available at: http://www.fao.org/faostat/en/ Accessed:
09.09.2017
FAO, 2010. The second report on the state of the world’s plant genetic resources for food
and agriculture, Rome. http://www.fao.org/docrep/013/i1500e/i1500e.pdf
Fiorucci, A.S. & Fankhauser, C., 2017. Plant strategies for enhancing access to sunlight.
Current Biology 27(17) R931–R940.
57

Folta, K.M., Koss, L.L., McMorrow, R., Kim, H.-H., Kenitz, J. D., Wheeler, R. & Sager,
J.C., 2005. Design and fabrication of adjustable red-green-blue LED light arrays for
plant research. BMC plant biology 5, 17.
Folta, K.M., Pontin, M.A., Karlin-Neumann, G., Bottini, R. & Spalding, E.P., 2003.
Genomic and physiological studies of early cryptochrome 1 action demonstrate roles
for auxin and gibberellin in the control of hypocotyl growth by blue light. Plant Journal
36(2), 203–214.
Fox, J., 2005. The R commander: a basic statistics graphical user interface to R. Journal of
Statistical Software 14, 1–42.
Frison, C., López, F. & Esquinas-Alcázar, J.T. (Eds.), 2011. Plant Genetic Resources and
Food Security: Stakeholder Perspectives on the International Treaty on Plant Genetic
Resources for Food and Agriculture (FAO). FAO and Biodiversity International.
Funnekotter, B., Sortey, A., Bunn, E., Turner, S. & Mancera, R., 2016. Influence of abiotic
stress preconditioning on antioxidant enzymes in shoot tips of Lomandra sonderi
(Asparagaceae) prior to cryostorage. Australian Journal of Botany 64, 260–268.
Funnekotter, B., Mancera, R. & Bunn, E., 2017. Advances in understanding the fundamental
aspects required for successful cryopreservation of Australian flora. In Vitro Cellular
& Developmental Biology – Plant, 53(4) 289-298.
Galvã, V.C. & Fankhauser, C., 2015. Sensing the light environment in plants: photoreceptors
and early signalling steps. Current Opinion in Neurobiology 34, 46–53.
Gálvez, J.H., Tai, H.H., Barkley, N.A., Gardner, K., Ellis, D. & Strömvik, M.V., 2017.
Understanding potato with the help of genomics. AIMS Agriculture and Food 2(1), 16–
39.
George, E., Hall, M. & De Klerk, G., 2008. Effects of the physical environment. In: George,
E. (Ed.) Plant propagation by tissue culture. Dordrecht: Springer Netherlands, 423–464.
Gilmartin, P.M., Sarokin, L., Memelink, J. & Chua, N.-H., 1990. Molecular light switches
for plant genes. The Plant Cell 2, 369–378.
Gonzalez-Arnao, M.T. & Engelmann, F., 2006. Cryopreservation of plant germplasm using
the encapsulation-dehydration technique: review and case study on sugarcane. CryoLetters 27(3), 155–168.
González-Benito, M.E., Clavero-Ramírez, I. & López-Aranda, J.M., 2004. Review. The use
of cryopreservation for germplasm conservation of vegetatively propagated crops.
Spanish Journal of Agricultural Research 2(3), 341–351.
Gonzalez-Gutierrez, J., Partal, P., Garcia-Morales, M. & Gallegos, C., 2010. Development
of highly-transparent protein/starch-based bioplastics. Bioresource Technology 101(6),
2007–2013.
Goto, E., 2003. Effects of light quality on growth of crop plants under artificial lighting.
Environment Control in Biology 41(2), 121–132.
Gross, B.L., Henk, A.D., Bonnart, R. & Volk, G.M., 2017. Changes in transcript expression
patterns as a result of cryoprotectant treatment and liquid nitrogen exposure in
Arabidopsis shoot tips. Plant Cell Reports 36(3), 459–470.

58

Harding, K., Benson, E. & Smith, H., 1991. The effects of pre-freeze in vitro culture period
on the recovery of cryopreserved shoot-tips of Solanum tuberosum. CryoLetters 12, 17–
22.
Harding, K., Johnston, J.W. & Benson, E.E., 2009. Exploring the physiological basis of
cryopreservation success and failure in clonally propagated in vitro crop plant
germplasm. Agricultural and Food Science 18(2), 103–116.
Hasan, M., Bashir, T. & Ghosh, R., 2017. An overview of LEDs’ effects on the production
of bioactive compounds and crop quality. Molecules 22(1420), 1–12.
Haussmann, B.I., Parzies, H.K., Presterl, T., Suŝić, Z. & Miedaner, T., 2004. Plant genetic
resources in crop improvement. Plant Genetic Resources 2(1), 3–21.
Hawkes, J., 1990. The potato. Evolution, biodiversity and genetic resources. Washington
DC: Smithsonian Institution Press.
Hodgkin, V.R.R. & T., 2002. Genetic diversity and conservation and utilization of plant
genetic resources. Plant Cell, Tissue and Organ Culture 68, 1–19.
Holm, 1979. A simple sequentially rejective multiple test procedure. Scandinavian Journal
of Statistics 6, 65–70.
Huché-Thélier, L., Crespel, L., Gourrierec, J.L, Morel, P., Sakr, S. & Leduc, N., 2016. Light
signalling and plant responses to blue and UV radiations – perspectives for applications
in horticulture. Environmental and Experimental Botany 121, 22–38.
Hufler, C. & Lefeber, R., 2011. Our heritage is our future. Humankind’s responsibility for
food security. In: Plant genetic resources and food security: stakeholder perspectives
on the International Treaty on Plant Genetic Resources for Food and Agriculture.
London: Earthscan, 237–248.
Ibrahim, S. & Normah, M.N., 2013. The survival of in vitro shoot tips of Garcinia
mangostana L. after cryopreservation by vitrification. Plant Growth Regulation 70(3),
237–246.
Jacobs, M.M., van den Berg, R.G., Vleeshouwers, V.G., Visser, M., Mank, R., Sengers, M.,
Hoekstra, R. & Vosman, B., 2008. AFLP analysis reveals a lack of phylogenetic
structure within Solanum section Petota. BMC evolutionary biology 8, 145.
Jacobs, M.M., Smulders, M.J., van den Berg, R.G. & Vosman, B., 2011. What’s in a name;
Genetic structure in Solanum section Petota studied using population-genetic tools.
BMC Evolutionary Biology 11(1), 42.
Jenderek, M.M. & Reed, B.M., 2017. Cryopreserved storage of clonal germplasm in the
USDA National Plant Germplasm System. In Vitro Cellular and Developmental
Biology – Plant 53(4), 299-308.
Jin, J., Tian, F., Yang, D.-C., Meng, Y.-Q., Kong, L., Luo, J. & Gao, G., 2016. PlantTFDB
4.0: toward a central hub for transcription factors and regulatory interactions in plants.
Nucleic Acids Research 45, D1040-D1045
Kaczmarczyk, A., Shvachko, N., Lupysheva, Y., Hajirezaei, M.R. & Keller, E., 2008.
Influence of alternating temperature preculture on cryopreservation results for potato
shoot tips. Plant Cell Reports 27(9), 1551–1558.
Kaczmarczyk, A., Rokka, V. & Keller, E., 2011. Potato shoot tip cryopreservation. A review.
Potato Research 54(1), 45–79.
59

Kaczmarczyk, A., Rutten, T. & Melzer, M., 2008. Ultrastructural changes associated with
cryopreservation of potato (Solanum tuberosum L.) shoot tips. CryoLetters 29(2), 145–
156.
Keller, E.R.J., Senula, A., Zanke, C., Grübe, M. & Kaczmarczyk, A., 2011.
Cryopreservation and in vitro culture – state of the art as a conservation strategy for
genebanks. Acta Horticulturae 918, 99–111.
Keller, E.R.J. & Dreiling, M., 2003. Potato cryopreservation in Germany – using the droplet
method for the establishment of a new large collection. Acta Horticulturae 623, 193–
200.
Keller, E.R.J., Grübe, M., Hajirezaei, M.-R., Melzer, M., Mock, H.-P., Rolletschek, H.,
Senula, A. & Subbarayan, K., 2016. Experience in large-scale cryopreservation and
links to applied research for safe storage of plant germplasm. Acta Horticulturae 1113,
239–250.
Keller, E.R.J., Senula, A., Zanke, C., Grübe, M. & Kaczmarczyk, A., 2011.
Cryopreservation and in vitro culture – state of the art as a conservation strategy for
genebanks. Acta Horticulturae 918, 99–111.
Kim, S.J., Hahn, E.J., Heo, J.W. & Paek, K.Y., 2004. Effects of LEDs on net photosynthetic
rate, growth and leaf stomata of Chrysanthemum plantlets in vitro. Scientia
Horticulturae 101(1–2), 143–151.
Kolde,
R.,
2015.
Package
“pheatmap.”
R
package.
https://cran.rproject.org/web/packages/pheatmap/pheatmap.pdf
Kurilčik, A., Miklušytė-Čanova, R., Dapkūnienė, S., Žilinskaitė, S., Kurilčik, G., Tamulaitis,
G., Duchovskis, P. & Žukauskas, A., 2008. In vitro culture of Chrysanthemum plantlets
using light-emitting diodes. Open Life Sciences 3(2), 161–167.
Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L., 2009. Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biology 10(3), R25.
Larson, G., Piperno, D.R., Allaby, R.G., Purugganan, M.D., Andersson, L., Arroyo-Kalin,
M., Barton, L., Vigueira, C.C., Denham, T., Dobney, K., Doust, A.N., Gepts, P., Gilbert,
M.T., Gremillion, K.J., Lucas, L., Lukens, L., Marshall, F.B., Olsen, K.M., Pires, J.C.,
Richerson, P.J., de Casas, R.R., Sanjur, O.I., Thomas, M.G. & Fuller, D.Q., 2014.
Current perspectives and the future of domestication studies. Proceedings of the
National Academy of Sciences 111(17), 6139–6146.
Li, D.Z. & Pritchard, H.W., 2009. The science and economics of ex situ plant conservation.
Trends in Plant Science 14(11), 614–621.
Liao, Y., Smyth, G.K. & Shi, W., 2014. FeatureCounts: An efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30(7), 923–
930.
Liu, M., Xu, Z., Guo, S., Tang, C., Liu, X. & Jao, X., 2014. Evaluation of leaf morphology,
structure and biochemical substance of balloon flower (Platycodon grandiflorum (Jacq.)
A. DC.) plantlets in vitro under different light spectra. Scientia Horticulturae 174(1),
112–118.
Love, M.I., Huber, W. & Anders, S., 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology 15, 550.
60

Machida-Hirano, R., 2015. Diversity of potato genetic resources. Breeding Science 65(1),
26–40.
Maere, S., Heymans, K. & Kuiper, M., 2005. BiNGO: A Cytoscape plugin to assess
overrepresentation of Gene Ontology categories in biological networks. Bioinformatics
21(16), 3448–3449.
Manivannan, A., Soundararajan, P., Halimah, N., Ko, C.H. & Jeong, B.R., 2015. Blue LED
light enhances growth, phytochemical contents, and antioxidant enzyme activities of
Rehmannia glutinosa cultured in vitro. Horticulture Environment and Biotechnology
56(1), 105–113.
Marks, T.R. & Simpson, S.E., 1999. Effect of irradiance on shoot development in vitro.
Plant Growth Regulation 28(2), 133–142.
Martinez-Montero, M. & Harding, K., 2015. Cryobionomics: evaluating the concept in plant
cryopreservation. In: Barch, D., Khan, M.S. & Davies, E. (Eds.) PlantOmics: the omics
of plant science. Springer Science and Business Media, 655–682.
McGregor, I., 2007. The fresh potato market. In: Vreugdenhil, D., Bradshaw, J., Gebhardt,
C., Govers, F., MacKerron, D., Taylor, M. & Ross, H. (Eds.) Potato biology and
biotechnology: advances and perspectives. Amsterdam: Elsevier, 3–26.
Meyer, D., Zeileis, A., Hornik, K. & Friendly, M., 2013. Package ‘vcd’. Visualizing
categorical data. R package. https://cran.r-project.org/web/packages/vcd/vcd.pdf
Mittler, R., 2002. Oxidative stress, antioxidants and stress tolerance. Trends in Plant Science
7(9), 405–410.
Mittler, R., 2017. ROS are good. Trends in Plant Science 22(1), 11–19.
Mohanty, P., Das, M.C., Kumaria, S. & Tandon, P., 2012. High-efficiency cryopreservation
of the medicinal orchid Dendrobium nobile Lindl. Plant Cell, Tissue and Organ Culture
109(2), 297–305.
Morrow, R.C., 2008. LED lighting in horticulture. HortScience 43(7), 1947–1950.
Murashige, T. & Skoog, F., 1962. A revised medium for rapid growth and bioassays with
tobacco tissue culture. Physiologia Plantarum 15, 473–497.
Müller, P., Li, X.-P. & Niyogi, K.K., 2001. Non-photochemical quenching. A response to
excess light energy. Plant Physiology 125(4), 1558–1566.
Nakazawa,
M.,
2015.
Package
“fmsb".
R
package.
https://cran.rproject.org/web/packages/fmsb/fmsb.pdf
Nhut, D.T., Takamura, T., Watanabe, H., Okamoto, K. & Tanaka, M., 2003. Responses of
strawberry plantlets cultured in vitro under superbright red and blue light-emitting
diodes (LEDs). Plant Cell, Tissue and Organ Culture 73(1), 43–52.
Niino, T. & Arizaga, M.V., 2015. Cryopreservation for preservation of potato genetic
resources. Breeding science 65(1), 41–52.
Oerke, E., 2006. Crop losses to pests. The Journal of Agricultural Science 144(1), 31–43.
OuYang, F., Mao, J., Wang, J., Zhang, S. & Li, Y., 2015. Transcriptome analysis reveals
that red and blue light regulate growth and phytohormone metabolism in Norway spruce
[Picea abies (L.) Karst.]. Plos One 10(8), 1–19.

61

Ovchinnikova, A., Krylova, E., Gavrilenko, T., Smekalova, T., Zhuk, M., Knapp, S. &
Spooner, D.M., 2011. Taxonomy of cultivated potatoes (Solanum section Petota:
Solanaceae). Botanical Journal of the Linnean Society 165(2), 107–155.
Pedroso, R.C.N., Branquinho, N.A.A., Hara, A.C.B.A.M., Costa, A.C., Silva, F.G., Pimenta,
L. P., Silva, M.L.A., Cunha, W.R., Pauletti, P.M. & Januario, A.H., 2017. Impact of
light quality on flavonoid production and growth of Hyptis marrubioides seedlings
cultivated in vitro. Revista Brasileira de Farmacognosia 27(4), 466–470.
Pence, V.C., 2011. Evaluating costs for the in vitro propagation and preservation of
endangered plants. In Vitro Cellular and Developmental Biology – Plant 47(1), 176–
187.
Podolich, O., Laschevskyy, V., Ovcharenko, L., Kozyrovska, N. & Pirttilä, A.M., 2009.
Methylobacterium sp. resides in unculturable state in potato tissues in vitro and becomes
culturable after induction by Pseudomonas fluorescens IMGB163. Journal of Applied
Microbiology 106(3), 728–737.
Podolich, O., Ardanov, P., Zaets, I., Pirttilä, A.M. & Kozyrovska, N., 2015. Reviving of the
endophytic bacterial community as a putative mechanism of plant resistance. Plant and
Soil 388(1–2), 367–377.
R Core Team, 2015. R: a language and environment for statistical computing. Available at:
https://www.r-project.org/.
Read, P.E., 1988. Stock plants influence micropropagation success. Acta Horticulturae 226,
41–52.
Reed, B.M., Kovalchuk, I., Kushnarenko, S., Meier-Dinkel, A., Schoenweiss, K., Pluta, S.,
Straczynska, K. & Benson, E.E., 2004. Evaluation of critical points in technology
transfer of cryopreservation protocols to international plant conservation laboratories.
Cryo-Letters 25(5), 341–352.
Reed, B.M. (Ed.), 2008. Plant cryopreservation: a practical guide. New York: Springer
Science and Business Media.
Ren, L., Zhang, D., Chen, G.Q., Reed, B.M., Shen, X.H. & Chen, H.Y., 2015.
Transcriptomic profiling revealed the regulatory mechanism of Arabidopsis seedlings
response to oxidative stress from cryopreservation. Plant Cell Reports 34(12), 2161–
2178.
Roa, C., Hamilton, R.S., Wenzl, P. & Powell, W., 2016. Plant Genetic Resources: needs,
rights, and opportunities. Trends in Plant Science 21(8), 633–636.
Rocha, P.S.G., de Oliveira, R.P. & Scivittaro, W.B., 2015. New light sources for in vitro
potato micropropagation. Bioscience Journal 31(5), 1312–1318.
Schuerger, A.C., Brown, C.S. & Stryjewski, E.C., 1997. Anatomical features of pepper
plants (Capsicum annuum L.) grown under red light-emitting diodes supplemented with
blue or far-red light. Annals of Botany 79, 273–282.
Schäfer-Menuhr, A., Schumacher, H.M. & Mix-Wagner, G., 1997. Cryopreservation of
potato cultivars – design of a method for routine application in genebanks. Acta
Horticulturae 447, 477–482.
Seabrook, J., 2005. Light effects on the growth and morphogenesis of potato (Solanum
tuberosum) in vitro: A Review. American Journal of Potato Research 82(5), 353–367.
62

Seabrook, J., 1987. Changing the growth and morphology of potato plantlets in vitro by
varying the illumination source. Acta Horticulturae 212, 401–410.
Senula, A. & Keller, E.R.J., 2011. Cryopreservation of mint – routine application in a
genebank, experience and problems. Acta Horticulturae 908, 467–476.
Sharma, S.K., Bolser, D., de Boer, J., Sønderkær, M., Amoros, W., Carboni, M. F.,
D'Ambrosio, J.M., de la Cruz, G., Di Genova, A., Douches, D.S., Eguiluz, M., Guo, X.,
Guzman, F., Hackett, C.A., Hamilton, J.P., Li, G., Li, Y., Lozano, R., Maass, A.,
Marshall, D., Martinez, D., McLean, K., Mejía, N., Milne, L., Munive, S., Nagy, I.,
Ponce, O., Ramirez, M., Simon, R., Thomson, S.J., Torres, Y., Waugh, R., Zhang, Z.,
Huang, S., Visser, R.G.F., Bachem, C.W.B., Sagredo, B., Feingold, S.E., Orjeda, G.,
Veillux, R.E., Bonierbale, M., Jacobs, J.M.E., Milbourne, D., Martin, D.M.A. & Bryan,
G.J., 2013. Construction of reference chromosome-scale pseudomolecules for potato:
integrating the potato genome with genetic and physical maps. G3 (Bethesda, Md.)
3(11), 2031–47.
Silva, S.T., Bertolucci, S.K.V., da Cunha, S.H.B., Lazzarini, L.E.S., Tavares, M.C. & Pinto,
J.E.B.P., 2017. Effect of light and natural ventilation systems on the growth parameters
and carvacrol content in the in vitro cultures of Plectranthus amboinicus (Lour.) Spreng.
Plant Cell, Tissue and Organ Culture 129 (3), 1–10.
Spooner, D.M., Ghislain, M., Simon, R., Jansky, S. H. & Gavrilenko, T., 2014. Systematics,
diversity, genetics, and evolution of wild and cultivated potatoes. Botanical Review
80(4), 283–383.
Takahashi, S., Milward, S.E., Yamori, W., Evans, J.R., Hillier, W. & Badger, M.R., 2010.
The Solar Action Spectrum of Photosystem II Damage. Plant Physiology 153(3), 988–
993.
The Potato Genome Sequencing Consortium, 2011. Genome sequence and analysis of the
tuber crop potato. Nature 475(7355), 189–95.
Thomas, P., 2004. In vitro decline in plant cultures: detection of a legion of covert bacteria
as the cause for degeneration of long-term micropropagated triploid watermelon
cultures. Plant Cell, Tissue and Organ Culture 77(2), 173–179.
Touchell, D.H. & Walters, C., 2000. Recovery of embryos of Zizania palustris following
exposure to liquid nitrogen. CryoLetters 21, 261–270.
Trapnell, C., Pachter, L. & Salzberg, S.L., 2009. TopHat: Discovering splice junctions with
RNA-Seq. Bioinformatics 25(9), 1105–1111.
Vandenbussche, F., Verbelen, J.P. & Van Der Straeten, D., 2005. Of light and length:
regulation of hypocotyl growth in Arabidopsis. BioEssays 27(3), 275–284.
Van De Velde, S., De Buck, E., Dieltjens, T. & Aertgeerts, B., 2011. Medicinal use of potatoderived products: conclusions of a rapid versus full systematic review. Phytotherapy
Research 25(5), 787–788.
Volk, G.M., Henk, A.D., Jenderek, M.M. & Richards, C.M., 2017. Probabilistic viability
calculations for cryopreserving vegetatively propagated collections in genebanks.
Genetic Resources and Crop Evolution 64(7), 1613–1622.

63

Vollmer, R., Villagaray, R., Egúsquiza, V., Espirilla, J., García, M., Torres, A., Rojas, E.,
Panta, A., Barkley, N.A. & Ellis, D., 2016. The potato cryobank at the International
Potato Center (CIP): a model for long term conservation of clonal plant genetic
resources collections of the future. CryoLetters 37(5), 318–329.
Wang, B., Li, J.-W., Zhang, Z.-B., Wang, R.-R., Ma, Y.-L., Blystad, D.-R., Keller, E.R. &
Wang, Q.-C., 2014b. Three vitrification-based cryopreservation procedures cause
different cryo-injuries to potato shoot tips while all maintain genetic integrity in
regenerants. Journal of Biotechnology 184, 47–55.
Wang, H. & Wang, H., 2015. Phytochrome signalling: time to tighten up the loose ends.
Molecular Plant 8(4), 540–551.
Wang, R.-R., Gao, X.-X., Chen, L., Huo, L.-Q., Li, M.-F. & Wang, Q.C., 2014a. Shoot
recovery and genetic integrity of Chrysanthemum morifolium shoot tips following
cryopreservation by droplet-vitrification. Scientia Horticulturae 176, 330–339.
Wickham, H., 2009. Getting started with qplot. In: ggplot2. Use R. New York: Springer, 9–
26.
Wilson, D., Weigel, R., Wheeler, R. & Sager, J., 1993. Light spectral quality effects on the
growth of potato in vitro. In Vitro Cellular & Developmental Biology – Plant 29(1), 5–
8.
Yao, F., Coquery, J. & Le Cao, K.A.D.R., 2012. Independent principal component analysis
for biologically meaningful dimension reduction of large biological data sets. BMC
Bioinformatics 13(1), 24.
Yoon, J.-W., Kim, H.-H., Ko, H.C., Hwang, H.-S., Hong, E.-S., Cho, E.G. & Engelmann,
F., 2006. Cryopreservation of cultivated and wild potato varieties by droplet
vitrification: effect of subculture of mother-plants and of preculture of shoot tips. Acta
Horticulturae 27(4), 211–222.
Zhang, D., Ren, L., Chen, G.-Q., Zhang, J., Reed, B.M. & Shen, X.-H., 2015. ROS-induced
oxidative stress and apoptosis-like event directly affect the cell viability of
cryopreserved embryogenic callus in Agapanthus praecox. Plant Cell Reports 34(9),
1499–1513.
Zhao, Y., Wu, Y., Chang, Y. & Reed, B.M., 2008. Cryopreservation of fruit and ornamental
trees. In: Reed, B.M. (Ed.) Plant Cryopreservation: A Practical Guide. New York:
Springer Science and Business Media, 387–420.
Zoratti, L., Jaakola, L., Häggman, H. & Giongo, L., 2015. Modification of sunlight radiation
through coloured photo-selective nets affects anthocyanin profile in Vaccinium spp.
berries. PLoS ONE 10(8), 1–17.

64

Original publications
I

Edesi J, Pirttilä AM & Häggman H (2017). Modified light spectral conditions prior to
cryopreservation alter growth characteristics and cryopreservation success of potato
(Solanum tuberosum L.) shoot tips in vitro. PCTOC 128:409-421.
II Edesi J, Kotkas, K, Pirttilä AM & Häggman H (2014) Does light spectral quality affect
survival and regeneration of potato (Solanum tuberosum L.) shoot tips after
cryopreservation? PCTOC 119(3): 599–607.
III Edesi J, Eshraghi L, Pirttilä AM, & Häggman H (2018) Light quality affects levels of
stress and defence response gene transcripts of potato (Solanum tuberosum L.) shoot
tips during post-cryopreservation recovery. Manuscript.

Reprinted with permission from Springer (I, II).
Original publications are not included in the electronic version of the dissertation.

65

66

ACTA UNIVERSITATIS OULUENSIS
SERIES A SCIENTIAE RERUM NATURALIUM

700.

Aaramaa, Sanja (2017) Developing a requirements architecting method for the
requirement screening process in the Very Large-Scale Requirements Engineering
Context

701.

Mattila, Tiina (2017) Post-glacial colonization, demographic history, and selection
in Arabidopsis lyrata : genome-wide and candidate gene based approach

702.

Lwakatare, Lucy Ellen (2017) DevOps adoption and implementation in software
development practice : concept, practices, benefits and challenges

703.

Marttila, Maare (2017) Ecological and social dimensions of restoration success in
boreal river systems

704.

Hartikainen, Heidi (2017) Malice in Wonderland : children, online safety and the
wonderful world of Web 2.0

705.

Ventä-Olkkonen, Leena (2017) The characteristics and development of urban
computing practices : utilizing practice toolkit approach to study public display
network

706.

Mononen, Jukka (2017) Korkeasti koulutettujen vammaisten integroituminen
ICT-alalle heidän itsensä kokemana : ”Älä anna muille etumatkaa!”

707.

Tolonen, Katri (2018) Taxonomic and functional
macroinvertebrate communities in subarctic streams

708.

Turunen, Jarno (2018) Responses of biodiversity and ecosystem functions to land
use disturbances and restoration in boreal stream ecosystems

709.

Huusko, Riina (2018) Downstream migration of salmon smolts in regulated rivers
: factors affecting survival and behaviour

710.

Huusko, Karoliina (2018) Dynamics of root-associated fungal communities in
relation to disturbance in boreal and subarctic forests

711.

Lehosmaa, Kaisa (2018) Anthropogenic impacts and restoration of boreal spring
ecosystems

712.

Sarremejane, Romain (2018) Community assembly mechanisms in river networks
: Exploring the effect of connectivity and disturbances on the assembly of stream
communities

713.

Oduor, Michael (2018) Persuasive software design patterns and user perceptions
of behaviour change support systems

714.

Tolvanen, Jere (2018) Informed habitat choice in the heterogeneous world:
ecological implications and evolutionary potential

organization

of

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

A 716

OULU 2018

UNIVERSITY OF OULU P.O. Box 8000 FI-90014 UNI VERSITY OF OULU FINLAND

U N I V E R S I TAT I S

O U L U E N S I S

ACTA

A C TA

A 716

ACTA

UN
NIIVVEERRSSIITTAT
ATIISS O
OU
ULLU
UEEN
NSSIISS
U

Jaanika Edesi

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Jaanika Edesi

University Lecturer Tuomo Glumoff

THE EFFECT OF LIGHT
SPECTRAL QUALITY ON
CRYOPRESERVATION
SUCCESS OF POTATO
(SOLANUM TUBEROSUM L.)
SHOOT TIPS IN VITRO

Planning Director Pertti Tikkanen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala
ISBN 978-952-62-1920-2 (Paperback)
ISBN 978-952-62-1921-9 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF SCIENCE

A

SCIENTIAE RERUM
RERUM
SCIENTIAE
NATURALIUM
NATURALIUM

