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Abstract

Effect of heavy metal ions on Norway spruce embryos

Aim of this work was to evaluate effect of copperdaarsenic on Norway spruce
embryogenic cell masses (ECMs) in different comedions during 14 days
proliferation period but as well during maturatiand germination stages. Copper in
lower concentrations increased the growth of ECMslaevin higher concentrations
growth was inhibited. Arsenic in concentrations 380 and 500 uM showed very high
toxicity and after 14 days proliferation period BICMs were dead. In experiments with
lower concentrations (10 and 284), control had highest proliferation ratio while
arsenic had insignificant difference on growth. [Clete | — 1 — 3 had higher
proliferation ratio and produced more somatic erabryduring maturation in
comparison with cell line Ill — 3 - 3, respectivelifter maturation certain number of
abnormally developed cotyledonary somatic embryas @btained. Norway spruce as a
fast growing conifer tree is one of the most widglgnted spruces and one of the most
economically important species in Europe. The tssof this thesis can help to
understand effect of two tested metals on somatibrgogenesis but as well can be

used for investigation of two tested clones in yieil soils.

Keywords: copper, arsenic, somatic embryogenesiglifgration, maturation,

germination



Abstrakt

Vliv iont a téZkych kovii na embryich smrku ztepilého

Cilem této préace je hodnoceni vliviedi a arzenu na rana somaticka embrya (RSE)
smrku ztepilého. Byly pouzityizné koncentrace v fib¢hu 14ti drii proliferani
periody. Vliv nizSich koncentraci ¢di zvySovala iist RSE na rozdil od vysSich
koncentraci, kde bylist zpomalen. Arzen v koncentracich 50, 250 a 500uiézal
vysokou toxicitu a po 14 dnech veSkerd embrya ddlanV experimentech s nizSimi
koncentracemi (10 a 29M), kontrola vykazovala nejvysSi proliféra poner, zatimco
RSE ntla nevyznamny rozdilistu. Buréna linie 1-1-3 n&la vySSi pondr proliferace a
vytvarena vice somatickych embryi vii€hu maturace v porovnani s knou linii
[1I-3-3. Po maturaci bylo pozorovanocité mnozstvi abnormalit u kotelydonérnich
embryi. Smrk ztepily jako jetdnan pati k nejvice roz§enym smrkm v Evrog

s vysokym ekonomickym vyznamem. Zigeni Zivotniho prosedi je velmi dlezitym
tématem, které nesmi byt opomijeno v Zadnych diskuzPochopeni vztahu dvou
téZkych kowi a jejich vlivu na somatickou embryogenezi je zdkian néstrojem i

testovani a hledani novych odolnych &tmych linii smrku ztepilého.

Kli¢ova slova: md’, arzen, somaticka embryogeneze, proliferace, medirgerminace
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1 INTRODUCTION

Nowadays, it can be seen that degradation of thizcerment significantly disturbs the
ecological balance. From the beginning of the ibdhals revolution, offensive
technological development, uncontrolled populatigmowth and insufficiently
developed environmental awareness have led taathid depletion of natural resources
and environmental degradation. The biggest infleemt the environment was made by
humans since they change it to suit their needshrmare than the other species. Most
of the pollution originates from human-made sourcexluding mobile sources
(e.q., cars, trucks, buses) and stationary soljecgs factories, refineries, power plants)
(EPA, 2015). Pollutions are characterized as anyambted change in air, water and soil
which can have negative impact on health and salhaf’human beings or other living
organisms (Pojman et al. 2012). Pollutants candoed into the water, air or in the
ground and can change natural balance in the emarat. Water resources are
constantly polluted by waste from industries, sesvagstems, from pesticides and
herbicides used in agriculture. Billions of tons wéste from different sources are
moved into nature while the biggest problem is thaajority of waste is not
biodegradable which means that microorganisms d¢adacompose it. The biggest
pollutants of air are car engines and power plavitech emit substances that can
destroy ozone layer while subsequently contribatglobal warming by inducing the
planet’s natural greenhouse effect. Moreover, agid has destroyable effect on forest
and lake habitats. Billions of tons of carbon daex(CQ) and other greenhouse gases
are discharged into the atmosphere every year.nmowe greenhouse gases humans
emit, climate changes in the future will be stran@&eenhouse gases in the atmosphere
and the warming of the planet are responsible ltatdations in the temperatures and
precipitations, increase of ocean temperaturestingedf glaciers and sea ice, changes
on concentration and period of extreme weather tevérhe greenhouse effect is the
process by which radiation from a planet's atmospkearms the planet's surface to a
temperature above what it would be in the absehas atmosphere. Global warming
is the gradual heating of Earth. Scientists haveun®nted the rise in average
temperatures worldwide since the late 1800’'s. Esaetherage temperature has risen 0.8
°C degrees over the past century. Temperatureprajected to rise another 1.133 to
6.42 °C degrees over the next 100 years (IPCC,)2007
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Forest vegetation’s absorb large amounts of cadimade, which is the most important
in the group of greenhouse gas emissions. Thusst®rmare a kind of natural defense
system from climate change. Forests are also weppitant for providing shelters and
food for many different types of plants and animMsreover, forests around the world
are under threat due to deforestation. Deforestatie@arance or clearing is the removal
of forest or stand of trees where the land is cdedeto a non-forest use. According to
WWEF (2016) deforestation is a particular concerntropical rainforests since these

forests are home for most of the world’s biodivistsi

For a long time humans did not pay attention toitiflelence of substances which are
produced and their effect on ecosystems, but tadayclear that with such an approach
people will not be able much longer to enjoy in taural resources. Among different
pollutants the most dangerous are heavy metalshdnsmall concentrations, many
metals are essential to life and ecosystems, lvohhlow exposures to metals can lead
to severe environmental and human health effetts.main metal threats are associated
with heavy metals such as lead, arsenic, cadmiwmarcury (Jarup, 2003). Metals in
the environment are present in small quantitiesl are classified in the group of
microelements. Microelements are essential for mabifiemctioning of the metabolism
of living organisms, but in large amounts can bertial and dangerous. Heavy metals
are significant environmental pollutants, and thekicity is a problem of increasing
significance for ecological, evolutionary, nutritel and environmental reasons
(Jaishankar et al. 2014; Nagajyoti et al. 2010jecfof heavy metals on plant growth
and soil pollution is not easy to estimate. Thespnee of one compound in the
particular amount should not cause a disruptioplamt production in one type of soil,

but its presence in the second type of soil, cdnae the quality and quantity of yield.

In vitro culture system can provide standard conditionsrder to test genotypes for
various types of stresses, including effect of lyeaetal ions. Bothn vitro methods,
organogenesis and somatic embryogenesis proved etoefficient methods for
regeneration of plantlets but somatic embryogenissisore preferable for regeneration
of conifers. Somatic embryogenesis (SE) is a clpniechnique which has very
important role in production of trees particularbgcause unlimited number of copies
can be produced from a single seed. One of thentalgas of SE is that with
introduction of elite clones it can advance for@sbductivity much more than

conventional production techniques.
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2 AIM OF THE RESEARCH

The aim of this work was to test the effect of arseand coppein different

concentrations on the growth and developmerRiogéa abiessomatic embryos. It was
hypothesized that due to toxicity of both metals higher concentrations, further
development of somatic embryos will be stronglyeeféd. In order to test this
hypothesis, the evaluation of proliferation rateswaarried out. Experiments were
performed with observations during different samgldays. In addition, the effect of
heavy metals applied during proliferation stage whserved during maturation and
germination stages. Moreover, during maturationgestaabnormal cotyledons

development was recorded and documented.

12



3 LITERATURE REVIEW

3.1 Picea abies— Norway spruce

Norway spruce (Fig.1l) is a coniferous tree, origgdafrom montane and boreal
European forests with the distribution area frorpsAio the Balkan and the Carpathians
with the extension in the north of Scandinavia ambrthern Russia
(Barnes and Wagner, 2004). As fast growing tras @ne of the most widely planted
spruces and economically important coniferous gsean Europe and Scandinavia
(Skrgppa, 2003).

Fig. 1 Norway sprucentp://www.norwayspruce.com/)

It has shown good yield and quality performanceveny different site conditions which
favored the species over a long period. The spdw@ssa long history of cultivation in
Central and Eastern Europe and has been plantgdntensely since the middle of the
19" century. This has changed natural forests intificiat forests and has led to the
introduction of the species far outside its natuaalge, both in countries where it occurs
naturally e.g. in Germany and Norway but as welh@w countries such as Denmark,

Belgium, Ireland and North America.

It is widely used as an ornamental tree in parkbgardens, mostly planted for use as a
Christmas tree. Its wood is used for constructiapep (pulpwood), lumber, millwork,
crates and musical instrument (soundboards). Thev&o spruce can grow up to

0.6-0.9 meters per year in the first 25 years, ugded conditions, but in heavy or poor
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soils the trees decline their growth with an averafj0.30 meters per year. Conditions
such as soil, moisture and adequate insolatiodete¥minant to a plant’s growing rate.

3.2 Sources and causes of natural pollution by hepwnetals

Heavy metals (HM) are characterized as metallimelgs with high atomic weight and
a density (Tchounwou et al. 2012). In traces, heaeyals can be included in food
chain trough water pipes (copper) and/or throughd favhich was grown on polluted
soils or treated with herbicides and pesticidehe Tajor risk appears if uptake of
metals is on everyday level which can cause chrbealth disorders, mutations and
different abnormalities. As well, heavy metals totyi depends on concentrations, time
and route of exposure, species and organ expossce Some heavy metals are non-
essential and does not have any biological func{eg. cadmium, lead, mercury,
arsenic) it can be assumed that toxicity can inducdtiple organ damage, even at

lower levels of exposure (Duffus, 2002).

Due to industrial development but as well beingag pf Earth's crust myriad of heavy
metals are widespread in the environment. Multggelications of metals in industry,
agriculture, medicine and technology have raisesl ¢bncerns for increasing toxic
effect on human health and environmental degradlgBoad|, 2002). Major sources of
pollution are results from anthropogenic activitisgch as mining and smelting,
industrial production and use, but as well can octtwough metal corrosion,
atmospheric deposition and metal evaporation fraatemwresources to soil and ground
water (Nriagu, 1989). Furthermore, industrial sesrcan be also metal refineries, coal
combustion in power plants, oil combustion, nuclaad high-voltage lines, plastics,
textiles, microelectronics, preservation of woodd ampaper processing plant
(Arruti et al. 2010; Strater et al. 2010). Volcaeiuptions could have a very significant
contribution to heavy metal pollution (Fergussof9Q; He et al. 2005). The low
amount of certain metals such as cobalt (Co), chnem(Cr), iron (Fe), magnesium
(Mg), manganese (Mn), molybdenum (Mo), nickel (Niglenium (Se), zinc (Zn) and
copper (Cu) may have a beneficial role in the na@taldunction of the human being
which is necessary for various biochemical and pygical functions. Although,
microelements play a crucial role for functioningbiological systems in excess can

become very toxic and cause different abnormalities disorders (Baath, 1989).
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Moreover, it was reported that HM affects cellubaganelles, some enzymes involved
in metabolism and detoxification but as well celhgponents such as DNA and nuclear
proteins, causing DNA damage and conformationahglsa that may lead to cell cycle
modulation, carcinogenesis or apoptosis (Wang ahd 2001; Beyersmann and

Hartwig, 2008).

3.3 Heavy metals as pollutants

Pollutants referred as toxic heavy metals are caon(Cd), lead (Pb), mercury (Hg)
and arsenic (As) but elements such as chromium, @ngc (Zn), selenium (Se),
fluorine (F), nickel (Ni) and copper (Cu) are ind&d in the list of possibly toxic
elements (NORD, 2015). Majority of toxic elementn be found in nature because
they are frequently used in various industrial \ainéis. The highest application of
cadmium in industry is for the production of allpyggments and batteries but as well
sources of pollution can be mining and smeltingvies (ATSDR, 2008; Wilson,
1989). From the other hand, lead is dispersed nwadely in the environment,
particularly from car exhausts while the industiugle of lead has been significantly
reduced from lead-based paints and ceramic prodwetsiking and pipe solder
(Tong et al. 2000). Mercury in the nature can bentb in three forms elemental,
inorganic and organic, where each has its own lel&xicity (Clarkson et al. 2003). It
is used for production in electrical industry angnerous industrial processes such as
production of caustic soda in nuclear reactorgragungal agents for wood processing,
as a solvent for reactive and precious metal and peeservative of pharmaceutical
products (Tchounwou et al. 2003). The presenceadimium and lead in vegetation
may arise from the deposition either directly oanplsurfaces or by absorption through
roots. Plants vary in their tolerance to cadmium ad in soil and in the amounts they
are able to accumulate (Kuzovkina et al. 2004).dLean contaminate food through
atmospheric fallout or from water used for cook{Mgja and Volesky, 2009). Mercury
Is a widespread environmental toxicant and poltutard since it is ubiquitous in the
environment plants are unable to avoid exposurdnfel® et al. 2009).

Chromium has wide application in myriad of industprocesses (tanning agents, paint
pigments and catalysts to impregnation solutionvimod or photography) and it is
possible contaminant in many environmental systé@when et al. 1993). Moreover,
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chromium concentration in natural waters is vemyited by the low solubility of
Cr (lll) oxides. Main contaminations are generabsdindustrial waste-waters where
heavily polluted agricultural land would lead toramium accumulation in the food
chain via plants (Naja and Volesky, 2009). Zinthis fourth most common metal in use
with an annual production of about 13 million to8sils can be contaminated with zinc
through the mining, processing of metal or whemc-ontaining sludge is used as
fertilizer. The metal is most commonly used as afir@rrosion agent. Selenium is a
naturally occurring chemical element that is toaichigh concentrations but is also a
nutritionally essential element with different regments according to plant species. It
is used in the electronics industry, the glass stgu in pigments used in plastics,
paints, enamels, inks and rubber, as a catalysieipreparation of pharmaceuticals and
as a constituent of fungicides, pesticides (EPA02). Nickel is fifth most widespread
element on (and in) our planet. It plays importdahctions in the biology of
microorganisms and plants (Sydor and Zamble, 20IBg major source of nickel
exposure is oral consumption through food and waieras well through breathing of
polluted air from nickel metal refining, fossil flueombustion and tobacco smoking.
Fluorinated gases have a huge impact on global ingrsince they do not damage the
atmospheric ozone layer but they are often useduastitutes for ozone-depleting

substances.
3.4 Arsenic

Arsenic (Fig.2) is a chemical element with symbslaad atomic number 33. From
both the biological and the toxicological points wéw, arsenic compounds can be
classified in three groups: inorganic forms (treratl and pentavalent arsenate), organic
forms - methylated metabolites (monomethylarsornsadd 8 MMA), dimethylarsinic
acid (DMA) and trimethylarsine oxide) and arsines.g&rsenic appears in nature
primarily in the form of sulfides in associationtwithe sulfides of ores of silver, lead,

copper, nickel, antimony, cobalt and iron.

It can be found in soil but it is mainly transpaitasn the environment by water. In
oxygenated water, arsenic usually occurs as aesebat under reducing conditions in
deep well-waters, arsenites predominate (Bhattgahat al. 2002). In water, the
methylation of inorganic arsenic to methyl - andndihylarsenic acids is associated

with biological activity. Environmental pollutionylarsenic occurs as a result of natural

16



phenomena such as volcanic eruptions, soil erosiand anthropogenic
activities. Arsenic contamination has been repomtedifferent parts of the world but
still in countries such as Bangladesh, China amdlalnt is high priority problem

(Naja and Volesky, 2009). Therefore, drinking-watgops irrigated with contaminated
water and food prepared with contaminated watethaenajor sources of exposure.

Several arsenic compounds are produced industriahg have been used to
manufacture products with agricultural applicaticngch as insecticides, herbicides,

fungicides, algicides, wood preservatives and dyéfss(Tchounwou et al. 1999).

Fig. 2 Arsenic littp://goo.agl/BKE3XW)

Concentrations of arsenic in the air may vary ddpenif they are away from human
exposures e.g. in remote locations (1 to 3 Ap/or in cities (20 to 100 ngfn

However, levels of 100-2500 mg/kg have been fourtthe vicinity of copper smelters.
Natural levels of arsenic in soil usually rangenird to 40 mg/kg, but pesticide

application or waste disposal can produce muchdmigalues (Tchounwou, 2004).
3.5 Copper

Copper (Fig. 3) is a chemical element with symbeladd atomic number 29. It was
one of the first metals ever manipulated by hunengsit stayed an important metal in
the industry today. Alloy of copper-arsenic hasrbéeund in the 3400-3200 BC.
Moreover, it is important to emphasize that in cappres small amounts of arsenic can
be found since arsenic appear as a by-product. bgsgier occurs in ores and have to
be smelted for purity before it can be used. Adauat-thirds of the copper on Earth is

found in igneous (volcanic) rocks while a quartecws in sedimentary rocks. The
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metal is ductile and malleable and conducts hegtedectricity well, explaining its use
in electronics and wiring. Copper is also relativetyrosion resistant, although it does
oxidize slowly in air. It is present in the Earthtsist at a concentration of about 50 ppm
where it occurs asnative copperor in minerals hsuas the copper
sulfides chalcopyrite and chalcocite, the coppebaaates azurite and malachite, and
the copper (I) oxide mineral cuprite. Moreover,cén be found in the water due to

copper plumbing.

Fig. 3 Native copperhftps://en.wikipedia.org/wiki/Copper)

Copper is essential to all living organisms asaadrdietary mineral because it is a key
constituent of the respiratory enzyme complex dytome c oxidase. This metal is
example of a heavy metal that is a nutrient inva éoncentrations but extremely toxic
at higher levels. Copper in excess is prone totioigéree radical activity and damaging
many cells when in a free form. Trace levels of pgypare essential to all living
organisms. An important consideration is that osbjuble copper is bio-available.
Copper complexes with organic matter, or copperdesi and other insoluble
compounds are not accessible to living organismsufficiency of copper in plants is
manifested as chlorosis between the nerve tissulkeojoung leaves, while the edges
and tops are of normal green color; nerves chlsrssiollowed by rapid necrosis of the
entire leaf surface. The major copper-producinghtaes are Chile, Peru and China.

18



3.6 Effect of heavy metals on generative propagatio

Generative propagatiois natural way of propagation in many plant specigsed
germination is the first and most important ste igrowth and development of a new
plant. It could be affected by numerous abiotic &matic factors. The factors which
have highest influence are water, temperature, @xyglight and substrate
characteristics (Gorai et al. 2011). Being a aitistage in life cycle of plants,
determination of seed germination in extreme cammst is of significant importance.
Moreover, seed germination is one of the most feasprocesses to metal pollution
because of lack of defense mechanisms and herareimportant consideration while

studying effects of heavy metals on seedling graolvitn et al. 2005).

Since studying the effect of HM on seed germinaisonot an easy assignment there are
not so many researches published on this topic hySeind Ghosh, 2013).
Palowski (2000) examined the number of seed schlles] and empty seeds for two
populations oPinus sylvestrigrown in polluted areadt was noticed that there was no
significant difference among tested variants anatrob Moreover, it was concluded
that seeds are probably protected against the mpmisompacts of heavy metals though
protecting barrier. Muszigka et al. (2013) tested seed germination abilityative
calamine plant species e.glyssum montanunBiscutella laevigataand Dianthus
carthusianorunon different substrateResults show that calamine substrate used in the
experiment was very strongly polluted with zincadeand cadmium, but its alkaline
reaction lowered the solubility of these metals #émeir amount directly available to
plants. It was shown that. montanumand B. laevigataseeds demonstrated a high
ability to germinate on calamine substrate, whi@s wharacterized by large contents of
soluble forms of zinc (115.1 mg-kg-1), lead (0.91g-kg-1) and cadmium
(3.12 mg-kg-1) and low water capacity (18.95% gkggreover, the seed germination
ability of Dianthus carthusianorunecotype was comparable on both studied substrate
types. Stomka et al. (2011) analyzed effect of iheous (Zn, Pb, Cd, Cu) and
nonmetalliferous sites oviiola tricolor morphological, anatomical features and also on
sexual reproduction. It was seen that on metatlifersites, heavy metals inhibited
embryological processes in ovules and anthers +osporogenesis was disturbed,

sustainability of pollen was lower, degeneratiorwules was higher. Moreover, it was
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proven that reproductive processes are sensitiveetated heavy metals in soil and
therefore can be viewed as an expense of metalatme. Metals in higher
concentration hamper the plant germination, slofuether growth and development
which are mainly associated with the physiologibachemical and genetic changes of
the plant system (Sethy and Ghosh, 2013). NandaAamdwal (2016) investigated
effect of zinc and copper during seed germinatioiCassia angustifoliaSeeds were
germinated on Knop’s medium containing Zn and Cudividually in various
concentrations (0, 1, 10, 50, 100 and 200 mg/Ixlibe in seed germination initiated
above 1 mg/l and maximum inhibition was seen atr2@d where it was 40 and 25.0%,
respectively under Zn and Cu over control (67.67%3tensive DNA damage was
observed under higher concentrations of zinc armpeobut as well protein analysis
showed various low molecular weight proteins (20kD®&) at higher concentration.
Lopes Junior (2016) reported that cadmium in higlwercentrations interferes with the
seed germination of sunflower, by increasing thendmcy time (ca. 50% higher) and
by decreasing the germination rate (ca. 60% lowempared with the control group.
A comprehensive analysis of the responsesN@fella satival. to elevated zinc
concentrations was assessed (Marichali et al. 2@I6gxcess supply did not affect the
germination but drastically reduced radicle elomyat A concentration dependent
reduction in all growth parameters, yield, and ¢iedlomponents was observed.
Wahid and Khaliq (2015) tested the influence of romasn on germination,
morphological, biochemical and histological charastes of developing embryonic
tissue of maize. The highest amount of Cd accuredlatas found in the coleorhiza and
radicle. Cd stress reduced cortical cell size aascular tissues and deformed xylem
and phloem parenchyma in all plant parts. Oxidasitress and physiological changes
caused by influence of Cd in coleorhiza and colémptere the main reason for reduced
germination. Moreover, He et al. (2008) recordext tadmium influenced a substantial
reduction in germination strenght and index as wasllelongation of the radicle and

plumule in rice, which was due to a reduced mitotdex and amylase activity.
3.7 Effect of heavy metals on plant development

Being a sessile organisms, plants cannot escapaniags changes in the environment.
Expositions to heavy metals cause a wide rangehgtiplogical and biochemical
alterations and plants have to develop and/or aalegties of strategies that allow them

to cope with the negative influences of heavy meétaicity (Singh et al. 2016).
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Heavy metals as Cd, Hg, As, and Pb are not fundehfar plants growth, since they
do not perform any known physiological functionpiants. Others Co, Cu, Fe, Mn,
Mo, Ni and Zn are essential elements neefdednormal growth and metabolism
of plants, but these elements can withoutcdities lead to poisoning when their
concentration is greater than optimal values. Augation and absorption of heavy
metals in tissue of plant depend from many factensch include moisture, organic
matter, temperature, pH and nutrient availabilitie heavy metals that are accessible
for plant uptake are those that are present ableotomponents in the soil or those that
are easily solubilized by root exudates (Blaylockl &duang, 2000). Although plants
demand particular heavy metals for their growth aptbke, exceeding amounts of
these metals can become toxic to plants. The détyadfiplants to accumulate essential
metals evenly enables them to acquire other noenéias metals (Djingova and
Kuleff, 2000). Non-essential and essential heawtats commonly produce toxic
effects on plants, such as chlorosis, inhibitiongafwth, low biomass accumulation,
inhibition of photosynthesis, altered water balaaod nutrient assimilation, senescence
which ultimately cause plant death (Singh et all&0Some of the direct toxic effects
caused by high metal concentration include inlobitof cytoplasmic enzymes and
damage to cell structures due to oxidative stresk @oduction of reactive oxygen
species (ROS) (van Assche and Clijsters 1990; JautieFulekar, 2009). An example of
indirect toxic effect is the substitution of essehhutrients at cation exchange sites of
plants (Taiz and Zeiger, 2002). These toxic effébtsth direct and indirect) lead to a
decrement in plant growth which sometimes resulthé death of plant. The effect of
heavy metal toxicity on the growth of plants can distinguished according to the
particular heavy metal involved in the process. featals such as Pb, Cd, Hg and As
adverse effects have been recorded at very lowerrations of these metals in the
growth medium (Kibria, 2008; Hayat et al. 2012; |Gt al. 2013). Kibria (2008)
observed significant reduction in height of ricangk growing on a soil contaminated
with mercury. For other metals which are benefit@lplants, low concentrations of
these metals in the soil could actually improvenpigrowth and development. Chen et
al. (2015) studied accumulation and physiologicaéponses of heavy metals on
Medicago sativagrowing on acidic copper mine tailings in ariddanSeedling growth,
cell membrane and photosynthesis were detrimengdfgcted when the plants were
grown in soils with high proportions of tailings.ivE woody species Amorpha

fruticosg Vitex trifolia var. simplicifolia Glochidion puberumBroussonetia papyrifera
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and Styrax tonkinensjsand one herbaceous speci$sgbania cannabinavere planted

in Cu and Pb/Zn tailings to assess their growtlot morphology, nutrition uptake,
metal accumulation and translocation in plants (&hal. 2011).Amorpha fruticosa
maintained normal growth, while the other speciesianstrated stress related growth
and root developmenMoreover, a decrease in mitotic activity has beeported in
several plant species after exposure to heavy sjetdlich consequently results into a
suppressed root gromtBundaramoorthy et al. 2010; Thounaojam et al. 2012)

Plants growing on heavy metal-rich soils suffemirboth decreased growth and vyield
(Keunen et al. 2011), indicating an implicationhefavy metal toxicity in hampering the
overall growth performance of the stressed plaittayat et al. 2012; Silva, 2012,
Anjum et al. 2014)Jayakumar et al. (2013) reported that there wasamase in
nutrient content of tomato plants grown on lowebalb concentrations in comparison
with the control. Conversely, at higher concentragi of cobalt, reductions in plant
nutrient content were remted. Improvements in growth and physiology of ®us
beans have also been reported at Zn concentrafid@bmg/L of the soil solution
(Manivasagaperumal et al. 2011). On the other hgnolwth reduction and harmful
effect on the plant’s physiology started when tbi¢ solution contained 5hg/l of zinc.
Assimilation of Cd, Pb and Zn by plants from seihighly dependent on the pH of soil
reaction.Many researches have confirmed that Cd, Pb andodtents in soil solution
evidently increased with drop in soil pHl@stos et al. 2006; Blake and Goulding, 2002;
Hinsinger et al. 2003 Soils around non-ferrous metallurgical industrias be highly
polluted by metals such as Cd, Pb, Zn, Cu etc.tdltlee large emissions resulting from
past pyrometallurgical production processes. Exaéfgmhigh contamination, in
combination with specific soil conditions (e.g.ernile and acid sandy soils) can result
in a complete disappearance of the natural vegetétiangronsveld et al. 1995). Athar
and Ahmad (2002) conducted the research in ordev&tuate toxic effects of certain
heavy metals on the plant growth and grain yieldvbkat {riticum aestivurh The
results revealed that heavy metals significanttluoed both parameters. Moreover, the
presence of Cd in the soil resulted in the maximohibition in the number of free

living Azotobacter chroococcunells over the control.

It is important to point out that certain plantg able to tolerate high concentration of
heavy metals in their environment. Plants are ablélerate these metals via three

mechanisms: (1) exclusion: restriction of metah$f@ort and maintenance of a constant
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metal concentration in the shoot over a wide rasfgsoil concentrations; (2) inclusion:
metal concentrations in the shoot reflecting thioséhe soil solution through a linear
relationship; and (3) bioaccumulation: accumulatdmetals in the shoot and roots of

plants at both low and high soil concentrationsk@al981).

3.8 Phytoremediation techniques

Recently, public concerns related to ecologicatdks caused by heavy metal pollution
have led to intensive research of new economicahtpl which can be used in
remediation technologies (Sarma, 2011). Convenittiovethods used for re-cultivation
of contaminated soils namely physical, chemical amdrobiological methods, are
costly to install and not easy to operate. The gtancrease in population connected to
fast industrialization growth trigger serious eowimental problems, including the
production and discharge of considerable amountgomic waste materials into
environmentSoil and water pollution is the major problem ie tiorld. Soil pollution

is result of highly toxic compounds, radioactivetenels chemical compounds which

were moved to nature (Sharma and Pathak, 2014).

Heavy metals that have been identified in the pedlsoils include As, Cu, Cd, Pb, Cr,
Ni, Hg and Zn. The presence of any metal may diff@m site to site, depending upon
the source of individual pollutant. High concenitas of heavy metals in soil can
negatively affect crop growth, as these metalsrfiete with metabolic functions in
plants, including physiological and biochemical ggsses, inhibition of photosynthesis,
respiration and degeneration of main cell orgaseléren leading to death of plants
(Garbisu and Alkorta, 2001; Schmidt, 2003; Schwattal. 2003). Soil contamination
with heavy metals may also cause changes in thepasition of soil microbial
community, negatively affecting soil characterist{@iller et al. 1998; Kozdréj and van
Elsas, 2001; Kurek and Bollag, 2004). Bioremedratizs the use of organisms
(microorganisms and/or plants) for the treatmentpofiuted soils.It is a broadly
accepted method of soil remediation because itrecaa natural processes. Although
bioremediation is a no disruptive method of soinegliation, it is generally time
consuming and its use for the treatment of heaviaihpolluted soils is sometimes
affected by the climatic and geological conditiofishe site which has to be remediated

(Schmoger, 2000). Phytoremediation is an aspebtosémediation that uses plants for
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the treatment of polluted soils. It is suitable wtike pollutants cover a wide area and
when they are within the root zone of the plgaarbisu and Alkorta, 2001). According
to EPA (2000b)phytoremediation is the direct use of living grga#ants forin situ,
removal, degradation or containment of contaminantssoils, sludge, sediments,

surface water and groundwat&ystems of phytoremediation are:

e Phytodegradation

Phytostimulation or rhizodegradation

Phytovolatilisation

Phytoextraction

Phytostabilisation

Phytodegradation (phytotransformation) is the breakdown of contaamiis taken up by

plants through metabolic processes within the ptarthe breakdown of contaminants
external to the plant through the effect of compmsu(such as enzymes) produced by
the plants $harma and Pathak, 2014).

Rhizodegradation is the breakdown of an organic contaminant in sbé through

microbial activity that is enhanced by the preseofcthe root zone. Root exudates are
compounds produced by plants and released front ptents. They include sugars,
amino acids, organic acids, fatty acids, steralewth factors, nucleotides, flavanones,

enzymes and other compounds.

Phytovolatilisation is the uptake of pollutants by plants and its gparation to the

atmosphere in same or in the modified form. Foromatof less toxic or no toxic
compounds occurs in processes of uptake, metab@msntranspiration which take
place in plants. Simultaneously with this procesdiizodegradation and
phytodegradation can be carried out. This methatsésl for treatment of groundwater,
sediments, soil and sludge. Climatic conditionsderatures, rainfalls, insolation and
wind greatly influence the amount of transpirediytaht. Disadvantage of this method
is possibility of accumulation of HM in plants afrdits. Genetic engineered plants are
mainly used in phytovolatilizatiorExamples of transgenic plants which have been used
for phytovolatilization of Hg polluted soils aMicotiana tabacumArabidopsis
thaliana andLiriodendron tulipifera(Rugh et al. 1998). Phytovolatilization can algo b

employed for the remediation of soils polluted witblenium (Marques et al. 2009).
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Plants which have successfully been used for ployatiization of soils polluted with
Se areBrassica junceandBrassica napu¢Bafuelos, 1997).

Phytoextraction is the process of pollutants uptake by means aftptoot and its

translocation in plant. Removing pollutants fromllyed soils is done by removing
plants from the surface which is easier than remgp\the upper layer of soil. This
technology is used for land, tailings and sludgésabvantage of this method is
reflected in reducing growth of plant, but at tlaeng time reducing the biomass of the
root system due to the negative impact of heavy metals and gbbyicity
(Nanda Kumar et al. 1995). Plants used for phytaetibn usually have the following
characteristics: rapid growth, high biomass, extensoot system and ability to tolerate

high amounts of heavy metals.

Phytostabilisation is the process of pollutants immobilization inlsoy means of

absorption and accumulation in root system, adswrmn root or deposition in the root
zone of plants, as usage of plants and/or rootpr®rention of pollutants migration by
wind, water erosion, washing or dispersing in deliytostabilisation process is carried
out in root zone via microbiological and chemicaéahanisms of the zone or by
changing chemical reaction of soil and/or pollut&hanges in pH of soil occur due to
secretion of root exudates or due to formation @ CSoil under the influence of plants
can transfer metal from soluble to insoluble oxmlatstate (Salt et al. 1995). By this
way soils, sediments and sludge’s with pollutantsctv are placed in the root zone can
transportexudates in lower soil parts. Advantages of thgstems are: economical
values due to unnecessary removal of land, themraifivegetation and unnecessary
disposal of hazardous materials or biomass. Dis#dgas are that pollutant stay in the
soil and vegetation should be supplied wigtilizers. Organic materials are mostly
used as soil amendments in phytostabilization. gules et al. (2009) showed that Zn
percolation through the soil reduced by 80% affggliaation of manure or compost to
polluted soils on whiclsolanum nigrunwas grown. The best soil amendments are
those that are easy to handle, safe for workers agpdy them, easy to produce, and

inexpensive and most importantly are not toxiclants.
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3.9 Somatic embryogenesis of coniferous trees

The quality of human life has been maintained amgroved for generations by the use
of trees and their productsPopulation growth, environmental pollution and
deforestation put an enormous pressure on develupofenew technologies and/or
improvement of the old ones. Combination of biotestbgy with conventional methods
such as plant propagation and breeding could legtpaduce large number of trees with
superior genotype characteristics. Moreover, foyess on the threshold of the
widespread introduction of biotechnology into ifsecational practices — mainly thanks
the progress with the biotechnological methods afgetative propagation -
micropropagation (organogenesis and somatic embngxis).

Somatic embryogenesis (SE) is the developmentategeo by which somatic cells,
undergo restructuring through the embryogenic pathte generate embryogenic cells
(Vondrakova et al. 2016 hese cells then go through a series of morphabgiod
biochemical changes that result in the formatioa ebmatic embryo and the generation
of new plantgYang and Zhang, 2010; Smertenko and Bozhkov, 2@H)s defined as
a non-sexual developmental process that produbgsokar embryo from somatic tissue
without having the vascular connection with thegmal tissue (Attree and Fowke,
1993). Somatic embryos morphologically resembleotiggembryos and undergo
almost the same developmental stages (Dodemanl€9id). They are bipolar and bear
typical embryonic organs, the radicle, hypocotyt&l aotyledons (von Arnold et al.
2002).

SE is a very powerful tool for cloning trees andsitconsidered to be thie vitro
regeneration system of choice in woody plafésipta et al. 1991). Most reports on
somatic embryogenesis in woody species describedbr@ cloning” where an
unlimited number of genetically identical copiesti@es can be produced from a single
seed (Merkle et al. 1997). The most important jcactapplication of SE is in tree
improvement and clonal forestry with introducinghggcally superior and high-value
trees in order to improve forest productivity (Pa2k02; Klimaszewska et al. 2009).
Important advantage of cloning conifers by SE it tthe embryogenic tissue can be
cryopreserved without changiitg genetic make-up and without loss of juveniitiyile
field testing is still in progress. This offers apportunity to develop high-value clonal
varieties by defrosting and repropagating cryopreskclones after genetic testing has

shown which clones are the best performers (Pask. €i998). Moreover, propagation
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through SE allows formation of multiple, genetigaitlentical embryos and avoids
waiting for the following reproductive season (Vodékbva et al. 2016).

First reports about somatic embryogenesis of comifespecies was more than 30 years
ago and since then it was eruption of researchdél wims for developing and
optimizing protocols for efficient regenerationméntlets (Stasolla and Yeung, 2003).
The first reports on conifer SE induced from immatembryos were published for
Picea abieqL.) Karst. (Chalupa, 1985; Hakman et al. 1985) amdte then for many
other tree species includiiy glauca x engelmann{Webster et al. 1990; Sutton et al.
1993), P. sitchensis(Krogstrup, 1990),P. marianna (Adams et al. 1994)Pinus
sylvestris(Haggman et al. 2009; Aronen et al. 200®) pinaster(Klimazewska et al.
2009), P. radiata (Minocha et al. 1999)P. nigra (Salajova and Salaj, 1992),
Pseudotsuga menzieglbupta and Durzan 1987Marix x leptoeuropaea (Lelu et al.
1994),Abies cephalonicéKrajndkova et al. 2008)A. alba (Hristoforoglu et al. 1995),
A. balsamea(Guevin et al. 1994A. nordmanniangNgrgaard ,1997). numidicaand

A. cilicica (Vookova and Kormtak 2002; 2003) etc. Although, a lot of researchas w
published on inducing SE in conifers not so mang afale to undergone whole process
and obtain plantlets. Compared to other conifes,o08 spruce species has been the
most successful and most advanced commercially.oDtite 11 species reported to
undergo SE process, five species are being evdluatelonal trials and in large-scale
propagation programs. These speciesParglaucax engelmanniilWebster et al. 1990;
Sutton et al. 1993R. sitchensigKrogstrup, 1990; Cyr et al. 200B, mariana(Adams

et al. 1994)P. glauca(Lamhamedi et al. 2000) afd abies(Hogberg et al. 2001).

Moreover, SE in Norway spruce has been used as delmior the study of

morphological, physiological, molecular, and biotheal events occurring during the
development of embryogenesis in higher plants (#omold et al. 2016; Yang and
Zhang, 2010; Elhiti et al. 2013; Smertenko and Bozh2014).

3.10 Stages of somatic embryogenesis

Somatic embryogenesis in conifers is a multistaggemeration proces&ach stage
represents different challenges, and these are oiépendent on the outcome of the

previous stage.
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SE process is divided into following stages:

Initiation

Proliferation

Maturation of somatic embryos
Post-maturation treatment of somatic embryos

Germination and conversion to plants

S S o

Early growth ex vitrum
3.10.1 Initiation/induction

Induction is the stage of SE in which embryogemssue is derived from primary
explant on induction medium. Choice of explants dagry important role in initiation
of embryogenic tissue in coniferous species. Antep by Atree and Fowke (1993),
for the conifers, immature zygotic embryos are mosed explants for producing
somatic embryos in comparison with mature zygotibeyos. The media used for
initiation strongly depends on the species. Usyatigdia is enriched with cytokinins
and auxins in different concentrations.

The end of this stage is marked by the appearanehitish translucent ECMs (Fig. 4).

Fig. 4 Initiation of embryogenic cell masses on iatame megagametophytes of
Picea abiegCermakova, 2012)
ECMs are composed of early somatic embryos, sicgjls and cell aggregates each of
them consist of densely cytoplasmic embryonal head vacuolated elongated
suspensor cells'he frequency of SE initiation from immature emlwym addition to
other factors (i.e., genetic), strongly dependshengenotype, type of plant age and the
developmental stage of an explants, physiologizdé of an explants - donor plant, and

the external environment which includes composittdnmedia and physical culture
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conditions (light, temperature). Interaction betweall these factors leads to the
induction and expression of a specific mode of déferentiation and development.

This stage of SE does not require light and theuces are typically placed in darkness
at approximately 22 — 25°C (Klimazsewska and C902).

3.10.2 Proliferation

Proliferation (maintenance) represents establishnegdnembryogenic cultures and
continuous growth (increase in fresh mass) upoiogieal subcultures onto a fresh
semi-solid medium, usually of the same compositienthe one used for initiation
(Fig.5). At this stage, the vigorously growing emdgenic culture may be
cryopreserved. If not cryopreserved, the embryagéssue must be subculture onto a
fresh medium every 12 to 21 days. This stage of d&es not require light
(Klimazsewska and Cyr, 2002).

Fig. 5 Proliferation of embryogenic tissue

Cryopreservation is preservation of embryogenicsues in liquid nitrogen at a
temperature ranging from -130 to -196°C withouslo$ viability or change in genetic
makeup. It is based on the reduction and subsegt@mistill of metabolitic activities,
as well as cell division in the explants. The gaham is to aid the gradual removal of
free water from the embryogenic cells and to miaerthe formation of intracellular ice
by using slow coolingStorage of conifer embryogenic tissue in liquidagen was first
reported for Picea glaucaby Kartha et al. (1988). This protocol, with minor
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modifications, has been extended to numerous gemdaspecies (Cyr, 1999). For
regeneration, vials are rapidly thawed for 1 toiButes at 37°C, the storage solution is
removed via draining and the cultures are transfieonto a fresh semi-solid medium
while growth of cultures typically occurs within o 2 weeks after thawing

(Klimazsewska and Cyr, 20Dn2
3.10.3 Maturation

The maturation of somatic embryos represents dpuedat of immature (early)
somatic embryos (Fig. 6). For completion of thisgass, the embryos must achieve
both ‘morphological’ and ‘physiological’ maturitySfasolla and Yeung, 2003).
Maturation represents histodifferentiation of ECM$0 cotyledonary embryos on a
nutrient medium that typically contains abscisicd@&BA) and provides reduced water
availability to the developing cultureBevelopment of embryo in conifers is initiated
by arresting cell proliferation through the remowdl auxins and cytokinins and is
continued by application of ABA (reviewed by Stdaadt al. 2002, von Arnold, 2002).
These changes in plant growth regulators (PGResgmt an important developmental

switch critical for successful competition of embggnic process (Bozkov et al. 2002).

Fig. 6 Maturation (http://goo.gl/xYyLLQ)

The modulation of water availability is performedther by decreasing osmotic
potential of the medium (addition of osmoticallytiee solutes) or by increasing the
medium’s gel strength (physical means) or by a doatlon of both. A developed

somatic embryo that morphologically and physiolaliicresembles a zygotic embryo
marks the end of this stage, which lasts 6 to 12ksleSome protocols apply a pre-
maturation step, which involves a brief (3 to 7 €)agulture of embryogenic tissue on a
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medium where application of PGR is omitted and ammg activated charcoal prior to

the transfer onto a maturation medium.

Post-maturation treatment of somatic embryos -ni@ure somatic embryos can be
either partially desiccated at a high relative hditgi98 % prior to germination or dried
to low water content at a low relative humidity fehort or long - term storage,
respectively. The aim of partial desiccation of atimembryos prior to germination is

to reduce the water content and/or to completerthiiration process.
3.10.4 Germination

Germination and conversion to plants - somatic gogare usually germinatea vitro

on a semi-solid nutrient medium that contains sserand may or may not contain a
source of organic nitrogen and activated charcbhis stage is completed after the
elongation of an epicotyl and the development addhes occur, most frequently after
12 to 16 weeks, depending on the species. If theaso embryo maturation medium
contains a gelling agent concentration that is éighan the one routinely used, then the
germination medium should also have an elevateel lefsthis compound (but lower
than in the maturation medium) to prevent hyperioytyr The light intensity is low for
the first two weeks of germination (5 mol m-2 s h6photoperiod) and then it is
gradually increased during the growth of planti¢te to 40 mol m-2 s, 16 h
photoperiod).

Early growth ex vitrum represents establishmennaofitro grown somatic seedlings in
a substrate under greenhouse conditions. Typicdilying the first 2 to 3 weeks of
growth, a high relative humidity is provided to ifaate the plants’ acclimatization to

ambient conditionsKlimazsewska and Cyr, 2002
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4 MATERIALS AND METHOD

4.1 Plant material

Plant material was obtained from Department of PRinlogy, Faculty of Agronomy.
Immature cones of Norway spruce were collectedndusummer 2011following the
procedure as described by Krakova et al. (2013)Briefly, immaturecones were
collected from selected open-pollinated motherstraecording to their growing and
healthy characteristics. The origin of mother trees Cerna Hora belonging to the
district Blansko in the South Moravian region. Seegkre separated, surface sterilized
with 70% ethanol for 2 minutes and rinsed threeetimvith sterile distilled water.
Furthermore, 0.2% of mercury chloride for 13 misuteas used for additional surface
sterilization and seeds were rinsed 3 times wehilstdistilled water. Zygotic embryos
were excise and placed on the induction medium. rigogienic cultures oP. abies
[11-3-3 and I-1-3were used for experiments with heavy metals.

4.2 Cultivation media composition and preparation

Embryogenic cultures dP. abieswere cultivated on LP medium during proliferation
stage (Bozhkov and von Arnold, 1998). The compasitf proliferation media is given
in Tab.1. The pH value was adjusted to 5.7-5.9rbefmtoclaving (121°C, 100 kPa,
20 min). Thermolabile components of the media glgtamine, growth regulators -
benzyl adenine (BA) and 2,4-dinitrophenylhydraz{@et-D) were filter sterilized and
added separately to autoclaved medium. The cultvezs maintained in a cultivation
room in the dark at 23+x2°C. Embryogenic culturesengub-cultured and transfer on
fresh solid medium every two weeks for maintenaamo@ multiplication. For first set of
experiments during proliferation stage, standardtivation media (LP) were
supplemented with an addition of arsenic and copp&0 pM, 250 uM and 500 uM
concentration. A stock solution of As and Cu wereeppred by mixing
AsHN&O, x 7TH,0 and CuSp x 5 HO (Fig.7). During preparation of copper stock
solution, precipitation was observed and it wasediwith ethylene diamine tetra-acetic
acid (EDTA) in a 1.1 molar ratio. The filter-stezed arsenic and copper-EDTA

complex was added to the previously autoclavediciinedium.
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Fig. 7 Preparation of AsHN@, x 7H,0 and CuSgx 5 HO stock solutions

Tab. 1 Composition of LP proliferation media

Proliferation media

Picea abies (LP)
Inorganic macroelements [mg/l]
NH;NO; 600
KNO; 1900
CaC}.2H,0 440
MgSO,. 7H,O 370
KH,PQ, 340
Inorganic microelements [mg/l]
H3BOs 0.63
Kl 0.75
MnSQO,.4H,0 2.23
NaM00,.2H,0 0.025
CuSQ.5H,0 0.0025
CoCh.6H,0O 0.0025
FeSQ.7H,0 13.90
Zn.EDTA 18.70
Vitamins [mg/l]
Thiamine 5.0
Nicotinic acid 2.0
Pyridoxine hydrochloride 1.0
Myo-inositol 100
Glycine 5.0
Organic compounds
Glutamine 450
Casein hydrolysate 500
Growth regulators [uM/]
Benzyladenine (BA) 4.44
2.4-Dichlorophenoxyacetic acid 9.0
Sucrose 209/l
Gelrite 3.5¢/I
pH 5.7-5.9




After autoclaving, 25 ml of media was put in seepletri plates in advance cleaned flow
box. After first set of experiments with copper ardenic during proliferation stage, it
was observed that concentrations of arsenic werg kigh and all ECMs died. In
second set of experiments, new proliferation meddee prepared with concentrations
10 uM, 25 uM and 50 pM. Growth and development GMS was monitored during
two weeks interval with observation &f,3", 10" and 14 day.

ECMs treated with heavy metals were subjected touraton experiment (Fig.8).
Maturation medium ofPicea abieswas enriched with 0.1% casein hydrolysate and
3.4 mM |-glutamine. The media was solidified witl38% Phytagel, supplemented with
78.8 mM sucrose and 32 uM ABA (Tab.2). pH was aelpo 5.7 before autoclaving
(121°C, 100 kPa, 20 min). At the beginning of thatumation experiment, 3 g of fresh
embryogenic tissue was transferred to sterile Faltasks with 20 ml of liquid
pre-maturation media without plant growth regulat¢fab.3). The suspension was
gently mixed by vortex and allowed to settle. Aftemoval of supernatant, 1 ml of
suspension containing approximately 250 mg embnyieggssue (fresh weight) was
plated onto sterile Whatman filter paper on matamatmedia. Sub-culturing was
performed every 2 weeks during maturation for up6teveeks. After 6 weeks on

maturation media number of somatic embryos formas @alculated.

Fig. 8 Set up of maturation experiment
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Tab. 2 Composition of maturation media

Maturation media - Picea abies (LP)
[mg/l]
MS basal salts - 2150
macronutrients and
micronutrients
Vitamins 1
Casein hydrolysate 1000
Inositol 100
L-Glutamine 500
[um/1]
Abscisic acid 32
[9/1]
Sucrose 27
Phytagel 3.5
pH 5.7-5.8

Pre-maturation media - Picea abies (LP)
[mi/]
Macronutrients 50
Micronutrients 0.5
Fe-EDTA 2.5
[mg/l]
Inositol 100
Vitamins 1
Casein hydrolysate 500
Sucrose 200000
pH 5.7-5.8

Tab. 3 Composition of liquid pre-maturation medjeo{vth regulators and gelling agent
are omitted)

Mature somatic embryos were subjected to partisicdation under high humidity for
3 weeks at 24°C degree in the dark. Embryos wewesterred onto sterile Whatman
filter paper in a 60nm Petri dish which was placed inside an@® Petri dish containing

1 ml of water and the whole set up was sealed withfiha (Fig.9).
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Fig. 9 Desiccation of somatic embryos

After 3 weeks of desiccation in the dark, embry@senthen transferred to M1 medium
for germination (Tab.4) (Fig.10). The pH was addsto 5.5 - 5.8 before autoclaving

(121°C, 100 kPa, 20 min).

Tab. 4 Composition of germination media

Germination media

Picea abies (M1)
[9/1]
MS basal salts - macronutrients 2.15
and micronutrients
Sucrose 15
Agar I
Vitamins 0.001
Active charcoal 1
pH 5.5-5.8

Fig.10 Germination media in Magenta vessels
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After one month on germination media all plantletere thoroughly washed in
lukewarm water. Before add to perlite substratentigés were submerged also in
solution of Previcur Energy fungicide. Acclimatimat substrate (perlite) was
submerged in water to keep humidity. For acclinaion plastic bottles and boxes
filled with perlite were used and covered with fed keep humidity at high level
(Fig.11).

Fig. 11 Box filled with perlite substrate prepafedplantlets

4.3 Experimental design and statistical analysis a€sults

4.3.1 Determination of proliferation rate

To determine the rate of ECMs proliferation, fiveeqes of ECMs were weighted
(200+20 mg, fresh weight, FW0) and placed equidisteom each other on a Petri
plate. For each sampling day 3, 7, 10 and 14, tRe#g plates (i.e. 15 numbered pieces
of ECMs) were used. On each sampling day ECMs wetached from the medium and
weighted (fresh weight at the i-th day FWi). Thelieration rate was recorded as the
ratio between the ECMs fresh weight at the sampdiang and the ECMs initial weight
(FWI/FWO; Krajndkova et al. 2013).

4.3.2 Observation of cotyledon abnormalities

All formed somatic embryos were divided into thosgegories: early-precotyledonary,
precotyledonary and cotyledonary. Moreover, sirmactty of metals used had effect
on morphology of somatic embryos different cotyleddonormalities were observed
and photo documented. Microscope Olympus SZH10 wgasl for somatic embryos
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development observation which was coupled with Qlysdigital camera E 450 and
QuickPHOTO MICRO 3.0 software.

4.3.3 Experimental design and data analysis

The effect of two metal ions Asand CG* were tested during consecutive stages of SE
(proliferation, maturation and germination). In first set of experiments effect of Eu
and AS" were tested in three different concentrations (&I, 500uM) whereas in
second set of experiments effect of*Awas tested in concentrations (10, 25 and
50uM). Altogether, three independent experiments wesstablished. During
proliferation stage, two embryogenic cell linedofabiesIll - 3 -3 and | — 1 — 3 were
tested (four sampling days: 3, 7, 10 and 14). femaliion rate EW/FW,) was recorded
individually for each cell line and heavy metal ieombination using a three-way
analysis of variance (ANOVA; effects of cell linepncentration of heavy metal ions
and sampling day were considered fixed). For shglyhe effect of metal ions during
maturation of somatic embryos it was assayed d&teveeks of maturation period.
At the end of the maturation period the presencegewkloping somatic embryos in the
ECMs was documented. Somatic embryos at differeaveldpmental stages
(early-precotyledonary, precotyledonary and cotytedy) were counted and
recalculated per 1 g of fresh weight (FW) of EClagferences in the average numbers
of somatic embryos per 1 g FW were analyzed usitwgpavay ANOVA (effects of cell
line and concentration of heavy metal ions weresimred fixed). For statistical
evaluation STATISTICA 12.0 software was used.
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5 RESULTS

5.1 Proliferation ratio

First analyzed parameter in experiments with acsand copper was proliferation ratio.
As explained before, proliferation ratio was re@atdas the ratio between the ECMs
fresh weight at the sampling day and the ECMsahitveight. Analysis of variance
confirmed that in case of €u application to proliferation medium in different
concentrations (0, 50, 250 and 50M®1), proliferation rate was significantly affected
(Tab.5). In the first set of experiments with?Agested in three different concentrations
(50, 250, 50QM) in the end of proliferation period all ECMs wetead (data were not
statistically evaluated). Moreover, in second sét experiments with AZ in
concentrations (0, 10, 25 and bM) analysis of variance was statistically significa
for alImost all the interactions (Tab.6). Signifitalifferences was not observed in cell
line response to arsenic but as well in interactielh line * heavy metal. Embryogenic
cell masses grown on media enriched with highepeopgoncentrations show necrosis
after one week of growth (Fig.12). On Fig. 13 ihd@e seen that highest concentration
of As** (50 uM) stop the growth of ECMs.

Tab. 5 Analysis of variance (significance df-tests) of the effects of Cti on the
proliferation rate of lll - 3 — 3 and | — 1 — 3 during 14 days lasting proliferation
period, concentrations 0, 50, 250 and 5Q&M

Significance labels (P) (used also in subsequéiesa*** P < 0.001 ** P < 0.0},
* P <0.05, NS P > 0.05 (non-significant); DF — cegof freedom

Source
DF P

Cell line 1 | **
Sampling day Fhx
Concentrations

Cell line*Sampling day

Cell line*Concentrations

Sampling day* Concentrations

Cell line*Sampling day* Concentrations
Error 448

*kk

**

Wl Wlw|lw

*k%k

*kpk

[{al1N{e)]
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Tab. 6 Analysis of variance (significance of-tests) of the effects of AS on the
proliferation rate of Il - 3 — 3 and | — 1 — 3 during 14 days lasting proliferation
period, concentrations 0, 10, 25 and 50M

Source
DF P

Cell line

Sampling day

Concentrations

Cell line*Sampling day

Cell line*Concentrations

Sampling day* Concentrations

Cell line*Sampling day* Concentrations
Error 448

NS

***

**%

NS

*k%k

wlwlw|w|T

*kpk

[{all{e]

Fig. 12 Effect of C&" in different concentrations (control, 50, 250 &0 uM) on
proliferation ratio of | — 1 — 3 and Ill — 3 — 3 bryogenic cell lines

Fig. 13 Effect of A8" in different concentrations (control, 10, 25 an@ |8V) on
proliferation ratio of lll - 3 — 3 and | — 1 — 3 bngogenic cell lines
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Fig.14 Effect of C@" in different concentrations (control, 50, 250 &@® M) on
proliferation ratio

In case of cell line lll — 3 — 3, control had thighest proliferation ratio in comparison
with other variants. Lowest concentration of cop( uM) applied was a bit higher
while no difference was observed in two other cobegion (250 and 50QM)
(Fig.14). Growth of ECMs was proportional to periaiproliferation (14 days). On the
other hand, in cell line | — 1 — 3, copper ionsoncentrations of 5aM had highest
proliferation ratio, followed by control and 2%04. The highest concentration 5QM,

at certain point stop further growth of ECMs (Fig).1

Cell line N-3-3 Cell line I-1-3

4

-

3

mi
27 | =50
. 1 m250
I b
] - " ’ (1]
3 T 10 14 3 Fd 10 14

fampling davye Sampling days

L

Frolferation ratio (FifFWoj
-

Praliferation ratio (FifFWwo)

Fig. 15 Effect of A§" in different concentrations (control, 50, 250 &9 M) on
proliferation ratio

In the preliminary experiment with Asall concentrations applied showed to be very
toxic for growth and development of ECMs in botli tees (Fig. 15). In case of cell

line 1l — 3 — 3 negligible growths were noticedtlwiconcentration 5QM. It was
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decided that in next set of experiments, p® should be the highest tested

concentration.

Cell line 1lI-3-3 Cellline |-1-3
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=
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Fig. 16 Effect of A8 in different concentrations (control, 10, 25 an@ ;M) on
proliferation ratio

Considering the toxicity of A3, in the second set of experiments lowest concénira
applied was 1QuM. As in preliminary experiment, control had highesoliferation

ratio, while ECMs had insignificant growth on 10da2buM concentrations (Fig. 16).
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Fig. 17 Proliferation ratios of cell lines accorglito tested heavy metal ions A u
and B (A$))

Statistical evaluation showed that cell line | —B had higher proliferation ratio in
comparison with cell line 11l — 3 — 3 in treatmemith copper. Unlike, in case of arsenic
treatment both cell lines could not survive veryitceffect and no statistical difference

was recorded (Fig. 17).
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Fig. 18 Proliferation ratios during different saingldays (3, 7, 10 and 14) according to
tested heavy metal ions A (Epand B (A$")

On Fig. 18 it can be seen that proliferation ratias proportional to length of
experiment duration. The highest ratio was recoatddst sampling day in case of both
metals. Despite copper had 10 fold higher conceatragrowth of ECMs was higher in

comparison with lower arsenic concentration.
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Fig. 19 Proliferation ratios under different conzations A (CG" - control, 50, 250 and
500uM) B (As** - control, 10, 25 and 50M)

In case of copper, statistical evaluation showeat there was not any significant
difference among control and 5M concentration whereas in case of arsenic all

concentrations tested were statistically signifiq&ng. 19).

5.2 Maturation

In order to calculate number of somatic embryosntat, all embryos were divided in

three categories: early — precotyledonary, (B) @mngedonary, (C) cotyledonary

somatic embryos (Fig. 20).

Fig. 20 Different developmental stagesRatea abiessomatic embryos observed during
the maturation process (A) early — precotyledona) precotyledonary, (C)
cotyledonary somatic embryos
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The number of somatic embryos varied considerafigreg cell lines and metals tested.
In treatment with copper, cell line | — 1 — 3 hadjHer amounts of embryos in
comparison with cell line Ill = 3 — 3 (Tab. 7; FR).

Control - copper

Fig. 21 Maturation of somatic embryos treated W@tfi* during proliferation stage, cell
line I11-3 -3

Furthermore, in cell line | — 1 — 3 the highest tnemof embryos matured was from
category early-precotyledonary whereas in cell litk — 3 — 3 prevails

early-precotyledonary and precotyledonary.

Tab. 7 Effect of Cti in different concentrations on maturation of 1l13-— 3 and
| —1 -3 embryogenic cell lines (E-P — early ptglsmlonary; P — precotyledonary;

C-cotyledonary somatic embryos)

-1-3 Control 50 uM 250 uM 500 uM

Petri E- Tot | E- Tota | E— E- | P

plates P P|C| al P P|C I P P | C| Total P C| Total
1. 19 |10| 5| 34 12 (8 | 8| 28 15 |12 14| 31 3 2|3 8
2. 32 |18| 6| 56 11 (57| 23 14 10| 3| 27 5 112 8
3. 41 |12 |7 | 60 14 (37| 24 | 13 |18 |7 | 38 8 |42 14

-3-3 Control 50 uM 250 uM 500 uM

Petri E- Tota | E- Tota | E- E- | P

plates P P|C I P P|C I P P | C| Total P C| Total
1 17 |24 |5 46 7 | 8|2 17 10 | 5|6 21 4 |3|1 8
2 12 9 |6| 27 14 |51 | 22 12 | 2 |3 17 3 |81 12
3 25 |14 4| 43 10 | 73| 18 14 | 4 |1 19 1 7|5 13

From the other hand in treatment with arsenic, tighest concentrations did not

mature and produce no somatic embryos (Fig. 22; 8abin concentrations 10 pM,
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higher number of somatic embryos was formed inlogdl | — 1 — 3. Like in treatment
with copper, the lowest number of somatic embryleseoved was in cotyledonary stage

of development.

Fig. 22 Maturation of somatic embryos treated wigh" during proliferation stage, cell
linel-—1-3

Tab. 8 Effect of A$ in different concentrations on maturation of 1113-— 3 and
| — 1 — 3 embryogenic cell lines (E-P — early ptglsmlonary; P — precotyledonary;

C-cotyledonary somatic embryos)

I-1-3 Control 10 um 25 uM 50 uM

Petri

plates | E-P | P C | Total | E-P | P C | Total | E-P | P | C| Total | E-P | P | C | Total
1. 24 | 25|14 | 63 10 | 15| 1 26 0 0|0l O 0 0|0 0
2. 32 |10 11| 53 17 513 25 0 0|0 O 0 0|0 0
3. 38 |12 | 5 55 9 7 | 2 18 0 0|0 O 0 0|0 0

1-3-3 Control 10 uM 25 uM 50 uM

Petri

plates | E—P | P C | Total | E-P | P C | Total | E-P | P | C| Total | E-P | P | C | Total
1. 37 |48 |10 | 95 8 10| 3 21 0 0|0l O 0 0|0 0
2. 45 | 53|19 | 117 16 715 28 0 0|0 O 0 0|0 0
3 29 (42|17 | 88 5 9| 2 16 0 0|0 O 0 0|0 0
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5.3 Observation of cotyledon abnormalities

In treatments with arsenic (10M) concentrations, different abnormal developed
embryos were observed e.g. higher and lower nuroberotyledons, meristemless,

embryos with single cotyledon (Fig. 23).

Fig. 23 Observation of cotyledon abnormalities

5.4 Desiccation, germination and conversion

Once, it was obtained sufficient number of somambryos, partial desiccation
treatment was performed for 3 weeks (as explaine8ection 4). After desiccation,
embryos were put on medium for germination fortfartdevelopment (Fig. 24).

Fig. 24 Somatic embryos on germination medium
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After one month on germination medium, developmeitoots and cotyledons was
observed (Fig.25 A and C). Abnormally developed s were also included for
germination experiments but further growth and tsweent was not recorded

(Fig. 25 B and D). Moreover, there was not protruding of ckedicotyledons ceased to

develop and vitrification was observed.

Fig. 25 Somatic embryos grown on germination medionone month

After one month on germination medium, embryos Wwhdeveloped by abnormal way
were discarded and only properly developed embwere used for further experiments
(Fig.26).
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Fig. 26 Conversion of plantlets on perlite substrat

Plantlets were put in perlite substrate in ordekdep high humidity. Due to lacking of
proper container for acclimatization purposes dftey weeks on perlite, all plantlets
died.
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6 DISCUSSION

In this work effect of copper and arsenic in diéer concentrations on subsequent
stages of Norway spruce somatic embryogenic wasi&eal. The question which may
arise is why to use excess of copper since it i Wweow that copper in lower
concentrations is microelement which is essent@istituent of several enzymes
(Cu/Zn superoxide dismutase (SOD), cytochrome @ase, amino oxidase, laccase,
plastocyanin and polyphenol oxidase) mainly invdia electron transfer chain in
mitochondria and chloroplasts. From the other hamdenic is a heavy metal which
does not have any biological function in plant oigen. Both, copper and arsenic in
excess could be very toxic for growth and develapnoé plants. Moreover, these two
metals are interconnected since arsenic is a bgugotaf some copper ores. Today, all
over the world is known pollution of water and moigig mainly by these two metals
since copper is found in surface water, groundwadeawater and drinking-water
through corrosion of interior copper plumbing whéesenic is found in groundwater
and tube wells (ATSDR, 2002). Plants can be pallitg various ways with excess of
copper and arsenic through water flows e.g. rdmfarainage, discharge of sewage,
irrigation etc. It is very difficult to eliminatersenic contamination in the environment.
Arsenic contamination of soil, streams and undengdo water causes a major

environmental and human health risk.

Excess of copper can cause disorders in plant grewtl development by adversely
affecting important physiological processes in daflants grown in the presence of
high levels of Cu show reduced biomass and -chlsrossymptoms
(Demirevska-Kepova et al. 2004). A lower contentcbforophyll and alterations of
chloroplast structure and thylakoid membrane coitiposwas found in leaves under
such growth conditions (Ciscato et al. 1997). Gucity is related to the binding of Cu
to sulfhydryl groups of the plasma membrane (Yru@@05). Furthermore, it was
observed that excess of Cu in plants led to oxidasitress inducing changes in the
enzyme activity and content of some components hef antioxidative pathways
(Gupta et al. 1999). From the other hand, arsemicseverely inhibit plant growth by
slowing or arresting expansion and biomass accumnlaas well as compromising
plant reproductive capacity through losses in Ifgyti yield and fruit production
(Garg and Singla, 2011). At sufficiently high contrations, As interferes with critical

metabolic processes, which can lead to plant death.
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Plant tissue culture is a technique used for fasttipication of many genetically
identical plants in controlled conditions. It raien the totipotency which means that
plant cells have ability to regenerate whole pl&ant tissue culture techniques have
enormous potential for various applications, inatgdesting of effect of heavy metals.
Maréti and Bognar (1988) tested effect of ZnSNISO, and CuSQ@ on the growth of
the secondary callus tissue dicotiana tabacumandRuta graveolensThe increase in
fresh weight of the secondary callus tissue wasbitdd by the metal compounds
applied with both plant species (to 75-87% by zif®7% by nickel, 5-98% by copper
with tobacco; to 47-69% by zinc, 5-88% by nickel-#3% by copper with rue). The
cell number and dry weight per g of callus tissaetlp increased, partly decreased
compared to the control in response to the heavialmesatment. Moreover, in
treatments with various concentrations of the heawstals, growth values were
different in the two plant species due to diffesmien metabolism and organization
potential between them. In cell suspension cultofé€satharanthus roseuthe effect of
Cd (I, Cr (11, Cr (VI), Cu (1), Hg (1), Pb () and Zn (ll) was tested (Lizhong and
Cullen, 1995). It was observed that toxicities dfl lare interrelated to their oxidation
states, species and pH of culture media.vivo andin vitro studies on heavy metal
tolerance inSesbania grandifloravere conducted (lbrahim and Yousir, 2009). Heavy
metals (Cd, Co, Cu, Cr or Zn) were added to theuoell medium at different
concentrations as contamination agents. In ordeassess the effect of these heavy
metals on seed germination; seeds were sown inceotaminated with different
concentrations of heavy metals for 3 weeks. Reslitaved that callus fresh weight
decreased with increasing heavy metal concentratiarultural medium. Germination
percentages and plant heights increased over titaeever, a reduction occurred in
these parameters with increasing heavy metal coratems. These results are in
agreement with our results where under effect ghé&i metal concentration the callus
growth decreased.

In this work cell line | — 1 — 3 had higher proli&ion ratio in comparison with cell line
Il — 3 — 3 in treatments with both metals. Scregrand selection at the plant cell level
could establish plant clones with increased tolegaor resistance in plants to various
environmental stresses like salt, heat, cold, digudjsease, insects, heavy metals and
herbicides. Cell lines tolerant to elevated lewélsalt in the medium have been selected

in Brassica juncea(Jain et al. 1991). Furthermore, cell lines resisttn elevated
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concentrations of aluminum have been choseNigotiana plumbaginifolia(Conner
and Meredith, 1988).

In our experiments it was observed that ECMs treatéh lower concentrations of
copper were grown better than control while higleesicentration (500 uM) inhibited
growth. Nassar (2004) examinated the effect ofed#iit concentrations of cupric
sulfate, cupric chloride or cupric acetate on rgaesis of banana micropropagated
shoots. The results showed that 1 uM CuS@®nulated root induction, elongation and
shoot growth compared with the control (0.1 uM CyS@esent in Murashige and
Skoog (1962) medium). Higher level of CusQ@00 uM) had toxic effect on banana
leaves and completely inhibited root formation. Gaughloride proved to be more
convenient in the culture medium than CuSdd stimulated good quality of roots,
enhanced shoot growth and showed no toxicity symgtat higher concentrations.
Cupric acetate was very toxic even at low concéintrta Ouzounidou et al. (1992)
reported that increasing Cu concentration in notrimedium reduced the uptake of
nutrient elements such as Ca, Mg, K and Fe. Rebof#@94) also indicated that Cu
exposure induced changes in mineral metabolism,ecesly Fe and Zn.
AL-Mayahi (2014) reported effect of copper sulphatel cobalt chloride on growth of
the in vitro culture tissues of date palr®Hoenix dacrylifera As a result the rate of
callus proliferation was significantly higher inethmedium supplemented with 2 uM
copper sulphate and 2 uM cobalt chloride togetkewalska et al. (2012) tested effect
of CuSQx5H,0 in concentrations 1, 10 and 100 pM on growth oflragenetic
embryos of carrot. In the very beginning of expemts copper has positive effect on
rooted rosette formation and secondary embryos, #&iter longer exposures
(9-15 weeks on media) negative effect such as oefbon of rosettes appear.
Prolonged exposure to media containing elevated¢desarations of CuSQcaused a
reduction in the accumulation of phenolic compouimdthe rosettesGori et al. (1998)
observed in the tobacco variety Bel W3 thatyd® CuSQ considerably inhibited the
growth of callus and the regeneration of shootsrafine month of culture. In the
presence of 10uM and 150 uM CuSQ, the fresh matter content decreased
substantially while 200M CuSQ, almost completely inhibited the growth of callus.

Many researches were done regarding arsenic acationyl uptake, distribution,
binding forms and content in plants (Del Rio Ceteset al. 2002; Alam et al. 2003;
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Patra et al. 2004). However, only few studies exiseffect of seed germination treated
with arsenic or on plants grown in conditions g&tie culture.

Shri et al. (2009) investigated the effect of arsean growth, oxidative stress and
antioxidant system in germinated rice seedlingsmarked decrease in germination
percentage, shoot and root elongation as well ast @diomass was observed with
arsenic treatments as compared to control. Li e{24l07) investigate the effects of
arsenic on seed germination and physiological gietsvof wheat seedlings. At lower
concentrations of As (0-0.5 mg/kg) it was seen tpatmination index increased.
However, in higher concentrations germination pet@ge, germination index, vitality
index, length and biomass of root and shoot alpldiged decreasing trend with
increasing concentrations of As. Abedin and Meh@@P2) reported that germination
and early seedling growth of rice decreased sicpnifily with increasing concentrations
of As. Talukdar (2011), evaluated effect of arsenduced toxicity on morphological
traits of Trigonella foenum-graecumndLathyrus sativusluring germination and early
seedling growth. Mean value of germination percget@ermination index and relative
germination rate decreased with concomitant iner@asrsenic-induced injury level in
increasing concentration of arsenic in both plamd the effect was significant at 30
and 40 mg/L treatments. Speer (1973) was investigaffect of arsenic using both
intact and punched seeds of lettucadfuca satival..). The inhibition of germination in
punched seeds by arsenate given in conjunctionphitsphate compared with the lack
of inhibition of arsenate plus phosphate on themgrg seedling, suggest a distinct
metabolic change in the germinating embryo at sdmme between the onset of
germination and subsequent seedling growth. ltseas that plant growth is stimulated
at low As concentrations (Miteva, 2002; Garg andgi, 2011). The fact that this
phenomena occurs under arsenic conditions in @dtyrants, such adrabidopsis
thaliana(Chen et al. 2010), indicates that the trait is lmased on As disrupting plant-
biotic interactions. Instead, it results eithernfr@ direct interaction of As with plant
metabolism, or from an interaction of As with plamitrients. Arsenate is chemically
similar to phosphate and it is probably taken upp imany plants via phosphate
transporters (Pigna et al. 2009). In wheat seeds, eixample, germination is
considerably affected by both arsenite and arsepetbably reflecting the inhibition of
botha- andp-amylase (Liu et al. 2005).

Moreover, in our work it was observed abnormal latgnary development in higher

copper and both lower and higher arsenic conceémtiatduring maturation process.
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Sethy and Ghosh (2013) reported that the main tsfleicHM on seeds are manifested
by overall abnormalities and decrease in germinatte.

From our results it can be seen that abnormal dpeel somatic embryos which were
transferred on germination medium ceased furtheeldpment and that root was not
formed. The symptoms of As toxicity include pooredegermination and profound
growth inhibition (Smith et al. 2010). Maize planteated with toxic concentration of
As(V) and As(lll) produced stunted roots that werieker and stiffer than normal, and
that had a significantly lower mitotic index; miauclei and chromosome aberrations
were also observed in the root meristems (Duqueshay. 2010). In some species, the
effect of As on root growth depends on its conagigns. For example, root growth in
Artemisia annuais stimulated at low As concentrations but int@titat higher
concentrations (Rai et al. 2011).

Although, we were able to produce plantlets of Nmyvgpruce in conditions vitro
without appropriate equipment where high humidigeds to be maintained plantlets
ceased further growth and development and expetsmen greenhouse were not
performed.The last stage of SE tex vitro conditions is known to be a critical step
(Stasolla and Yeung, 2003; Tompson, 2015). Montabéd al. (2010) reported
conversion ofPinus radiatasomatic embryos to plantlets as a major bottlernvelcke
Krajnakova and KEggman, (2016) emphasized the low conversion rateshies
cephalonica In Norway spruce low conversion rate was alsmrntepl (Becwar et al.
1989).

Since plants are sessile organisms and have onlitel mechanisms for stress
avoidance, they need flexible means for acclimattonchanging environmental
conditions. In order to improve a plant's protettid is important to understand the
mechanisms contributing to stress tolerance (Sehidiibel and Polle, 2001). In the
field, plants are exposed to additional abiotic dmatic factors, which complicate
further plant response whilen vitro selected species are grown under standard
conditions. Results obtained fromm vitro plant tissue cultures and whole plant
hydroponic experiments, indicate on the phytoremsteuh potential of different plant

species and the biochemical mechanisms involvethint tolerance.
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7 CONCLUSIONS

Aim of this work was to evaluate effect of coppadarsenic on Norway spruce ECMs
in different concentrations during 14 days prohtesn period. The other goal was
related to maturation and germination stages. Basguerformed experiments it can be

concluded that:

v Copper in lower concentrations increased the grafitBCMs while in higher
concentrations (250 and 500 pM) growth was inhébitell line I — 1 — 3 had
better response in comparison with cell line 1B — 3, where concentrations of
50 uM had highest proliferation ratio.

v In preliminary experiments with arsenic concentrasi 50, 250 and 500 uM
showed very high toxicity and after 14 days proéfen period all ECMs were
dead. New set of experiments was set up with l@@ecentrations (10, 25 and
50 uM). Control had highest proliferation ratio VéehECMs had insignificant
growth on 10 and 2%:M concentrations. Again, cell line | — 1 — 3 was
proliferating better than cell line Ill - 3 - 3.

v" In treatment with copper, cell line | — 1 — 3 hagher amounts of embryos in
comparison with cell line lll — 3 — 3. Furthermoia, cell line I — 1 — 3 the
highest number of embryos matured was from categarly-precotyledonary
whereas in cell line Il — 3 — 3 prevails early-pogy/ledonary and
precotyledonary. From the other hand in treatmeith &rsenic, two highest
concentrations did not mature and did not produotyledonary somatic
embryos. In concentrations 10 uM, higher numbesahatic embryos was
formed in cell line | — 1 — 3. Nevertheless, certmumber of abnormally
developed cotyledonary somatic embryos was obtained

v' Cotyledonary somatic embryos from both treatmentsrewsubjected to
germination, but ceased further development duanglimatization stage in
perlite substrate.

v" From this research can be seen that in treatmeitits bath metals cell line
| — 1 — 3 had higher resistance.

v" Norway spruce as a fast growing evergreen treenes af the most widely
planted spruces and one of the most economicalbpitant species in Europe.

Since, nowadays pollution is widespread the resfitthis thesis can help to
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understand effect of two tested metals on somatiorgogenesis but as well can
be used for investigation of two tested clonesathuped soils.

For further research is necessary to test as miffieyemht clones as possible that
clone which show higher resistanceimvitro conditions can be tested in the
field on the polluted sites.

It is necessary to work on the protocol improvemfamt acclimatization of

somatic embryos to viable plantlets in greenhouselitions.
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9 LIST OF ABBREVIATIONS

ECMs - embryogenic cell masses

SE - somatic embryogenesis

Cu — cooper

As — arsenic

HM - heavy metals

MMA - monomethylarsonic acid

DMA - dimethylarsinic acid

ABA - abscisic acid

PGR - plant growth regulators

2,4 — D - 2,4-Dinitrophenylhydrazine

BA - benzyl adenine

EDTA - ethylene diamine tetra-acetic acid
MS — Murashige Skoog medium

FW - fresh weight

E-P — early precotyledonary somatic embryos
P — precotyledonary somatic embryos

C- cotyledonary somatic embryos

SOD - superoxide dismutase
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