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Vuosku, Jaana, A matter of life and death – Polyamine metabolism during zygotic
embryogenesis of pine. 
University of Oulu, Faculty of Science, Department of Biology,  P.O. Box 3000, FI-90014
University of Oulu, Finland
Acta Univ. Oul. A 573, 2011
Oulu, Finland

Abstract

The study gathered information about polyamine metabolism throughout the Scots pine (Pinus
sylvestris L.) zygotic embryogenesis and about physiological events occurring simultaneously in
the megagametophyte tissue. Additionally, novel sequence data of the Scots pine polyamine genes
were used for studying the evolution of polyamine genes in plants. 

Phylogenetic analyses revealed that the eukaryotic ornithine decarboxylase (ODC) might have
evolved from a multifunctional bacterial progenitor. In conifers, the alternative arginine
decarboxylase (ADC) pathway is preferred in putrescine biosynthesis, which may have caused the
relaxed purifying selection in the ODC genes. The phylogenetic analysis of spermidine synthase
(SPDS), spermine synthase (SPMS) and thermospermine synthase (ACL5) sequences supported
the view that eukaryotic SPDS genes are derived from a common ancestor, whereas SPMS genes
have evolved several times from SPDS genes. The identified Scots pine sequence was defined as
a putative thermospermine synthase (TSPMS) encoding gene and named PsACL5. The
phylogenetic analysis of polyamine oxidase (PAO) sequences supported the view that plants
possess several different PAOs, which may have different catalytic properties. 

The consistency of the polyamine concentration profiles during Scots pine zygotic
embryogenesis suggested that polyamines have an important role in the embryo development and
that individual polyamines may have different roles at different developmental stages. Generally,
the polyamine concentrations increased at the early stages but decreased at the late stages of
embryo development. Only the free putrescine fraction remained stable throughout the embryo
development. Putrescine was almost solely produced via the ADC pathway and the ADC enzyme
was at least partially transcriptionally regulated. Both ADC mRNA transcripts and ADC protein
localized in dividing cells of embryos, which implicated the essential role of ADC in the mitosis
of plant cells. 

The megagametophyte was viable from the early phases of embryo development until the early
germination of mature seeds. However, the megagametophyte cells in the narrow embryo
surrounding region (ESR) died via morphologically necrotic cell death. In the dying cells,
extensive nucleic acid fragmentation caused the unspecific hybridization of probes in an in situ
mRNA hybridization assay. The occurrence of necrotic cell death in Scots pine embryogenesis
indicated that developmentally and physiologically regulated necrotic cell death is evolutionarily
conserved and exists also in plants. 

Keywords: developmental cell death, embryogenesis, evolution, in situ mRNA
hybridization, megagametophyte, necrotic cell death, Pinus, polyamine, seed
development





Vuosku, Jaana, Polyamiiniaineenvaihdunta ja solukuolema männyn tsygoottisessa
alkionkehityksessä.
Oulun yliopisto, Luonnontieteellinen tiedekunta, Biologian laitos,  PL 3000, 90014 Oulun
yliopisto
Acta Univ. Oul. A 573, 2011
Oulu

Tiivistelmä

Työssä tutkittiin polyamiiniaineenvaihduntaa ja megagametofyyttisolukossa tapahtuvia fysiolo-
gisia muutoksia metsämännyn (Pinus sylvestris L.) alkionkehityksen aikana. Polyamiineja (put-
reskiini, spermidiini ja spermiini) syntetisoivia ja hajottavia entsyymejä koodaavien geenien
emäsjärjestys selvitettiin metsämännystä. Sekvenssejä käytettiin kasvien polyamiinigeenien evo-
luution tutkimiseen. 

Tutkimuksessa todettiin, että eukaryooteissa putreskiinin biosynteesistä vastaava entsyymi,
ornitiinidekarboksylaasi (ODC), on voinut kehittyä bakteerien lysiinikarboksylaasista (LDC),
joka dekarboksyloi sekä ornitiinia että lysiiniä. Kasveissa putreskiinia voidaan tuottaa myös
arginiinidekarboksylaasin (ADC) kautta, mikä on johtanut ODC-geeneihin kohdistuvan puhdis-
tavan valinnan heikentymiseen. Aminopropyyli-ryhmiä liittävien entsyymien osalta tutkimus
tukee käsitystä, jonka mukaan eukaryoottiset spermidiinisyntaasit (SPDS) ovat kehittyneet
yhteisestä kantamuodosta, kun taas spermiinisyntaasi (SPMS) on syntynyt useita kertoja SPDS-
geenin kahdentumisen kautta. Metsämännystä tunnistettiin termospermiinisyntaasia (TSPMS)
koodaava geeni, jolle annettiin nimeksi PsACL5. Fylogeneettisen analyysin perusteella kasveissa
on useita erilaisia polyamiinien hajotuksesta vastaavia polyamiinioksidaaseja (PAO), joiden
katalyyttiset ominaisuudet voivat poiketa toisistaan. 

Metsämännyllä polyamiinipitoisuudet vaihtelivat alkionkehitysvaiheen mukaan yhdenmukai-
sesti eri vuosina, mikä viittaa polyamiinien tärkeään rooliin alkionkehityksessä. Polyamiinipitoi-
suudet kasvoivat varhaisen ja pienenivät myöhäisen alkionkehityksen aikana lukuun ottamatta
vapaan putreskiinin pitoisuutta, joka pysyi samana koko alkionkehityksen ajan. Putreskiinia tuo-
tettiin alkioissa lähes pelkästään ADC-reitin kautta, ja ADC-entsyymin säätelyn todettiin tapah-
tuvan ainakin osittain transkription tasolla. Koska sekä ADC-geenin lähetti-RNA että ADC-ent-
syymi löytyivät alkion jakautuvista soluista, on ilmeistä, että ADC-entsyymillä on tärkeä tehtä-
vä kasvisolujen mitoosissa. 

Megagametofyytti säilyi elossa koko alkionkehityksen ajan lukuun ottamatta alkio-onteloa
reunustavia soluja, jotka olivat morfologialtaan nekroottisia. Nukleiinihappojen voimakas pilk-
koutuminen aiheutti soluissa koettimien epäspesifisen sitoutumisen, kun geenien ilmenemistä
paikannettiin lähetti-RNA:han in situ hybridisaatio-menetelmällä. Tutkimuksessa löydetty män-
nyn alkiokehitykseen liittyvä nekroottinen solukuolema osoitti ensimmäistä kertaa, että fysiolo-
gista ja kehityksellistä nekroottista solukuolemaa esiintyy myös kasveissa. 

Asiasanat: alkionkehitys, evoluutio, in situ hybridisaatio, kehityksellinen solukuolema,
megagametofyytti, nekroottinen solukuolema, Pinus, polyamiini, siemenen kehitys
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Abbreviations 

ACT actin 

ADC arginine decarboxylase 

AIH  agmatine imidohydrolase 

AO  acridine orange 

ATP  adenosine-5'-triphosphate 

ARG  arginase 

BCIP  5-bromo-4-chloro-3-indolyl phosphate 

CAT  catalase 

cDNA  complementary DNA  

CPA  N-carbamoylputrescine amidohydrolase 

CuAO  copper-containing diamine oxidase 

CVT  cytoplasm to vacuole targeting pathway 

DAO  diamine oxidase 

DAP 1,3-diaminopropane 

d.d. degree days 

DFMO  DL-α-difluoromethylornithine  

DIG  digoxigenin 

dUTP  deoxyuridine triphosphate nucleotide 

ESR  embryo surrounding region 

EST  expressed sequence tag 

GABA γ-aminobutyric acid 

GAPDH  glyceraldehyde-3-phosphate dehydrogenase 

HPLC high-performance liquid chromatography 

Ka nonsynonymous substitution rate  

Ks synonymous substitution rate 

LDC  lysine decarboxylase 

LIG  DNA ligase 

MCA  metacaspase 

MP maximum parsimony 

NBT  nitro blue tetrazolium 

NHEJ non-homologous end joining  

ODC  ornithine decarboxylase 

PAO  polyamine oxidase 

PCD  programmed cell death  

PCR  polymerase chain reaction 
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PLP pyridoxal-5-phosphate 

RT  reverse transcription 

SAMDC  S-adenosylmethionine decarboxylase 

SMO spermine oxidase 

SPDS  spermidine synthase 

SPMS  spermine synthase 

TAT-D  Tat-D nuclease 

TMR  tetra-methyl-rhodamine 

TSPMS  thermospermine synthase 

TUNEL  terminal deoxynucleotidyl transferase-mediated dUTP nick end 

labeling 

UBI  ubiquitin 

VPE  vacuolar processing enzyme  



11 

List of original publications 

This thesis is based on the following papers, which are referred to in the text by 

their Roman numerals: 

I  Vuosku J, Suokas M, Kestilä J, Läärä E, Sarjala T, Savolainen O & Häggman H (2011) 
Diverse evolution of polyamine biosynthesis and catabolism pathway genes in plants. 
Manuscript. 

II  Vuosku J, Jokela A, Läärä E, Sääskilahti M, Muilu R, Sutela S, Altabella T, Sarjala T 
& Häggman H (2006) Consistency of polyamine profiles and expression of arginine 
decarboxylase in mitosis during zygotic embryogenesis of Scots pine. Plant 
Physiology 142: 1027–1038.  

III  Vuosku J, Sarjala T, Jokela A, Sutela S, Sääskilahti M, Suorsa M, Läärä E & 
Häggman H (2009) One tissue, two fates: Different roles of megagametophyte cells 
during Scots pine embryogenesis. Journal of Experimental Botany 60(4):1375–1386. 

IV  Vuosku J, Sutela S, Sääskilahti M, Kestilä J, Jokela A, Sarjala T & Häggman H (2010) 
Dealing with the problem of non-specific in situ mRNA hybridization signals 
associated with plant tissues undergoing programmed cell death. Plant Methods 6(7). 

  



12 

 



13 

Contents 

Abstract 

Tiivistelmä 

Acknowledgements 7 
Abbreviations 9 
List of original publications 11 
Contents 13 
1 Introduction 15 

1.1 Pine embryogenesis ................................................................................. 15 
1.1.1 Zygotic embryogenesis in Scots pine ........................................... 15 
1.1.2 Somatic embryogenesis as a model system .................................. 17 

1.2 Polyamines .............................................................................................. 17 
1.2.1 Concerning polyamines ................................................................ 17 
1.2.2 Polyamines in plant embryogenesis ............................................. 21 

1.3 Cell death ................................................................................................ 22 
1.3.1 Cell death categories..................................................................... 22 
1.3.2 Cell death in pine embryogenesis ................................................. 24 

1.4 Aim of the research ................................................................................. 26 
2 Materials and methods 27 

2.1 Plant material (I, II, III, IV) ..................................................................... 27 
2.2 Anatomical and histochemical observations (II, IV) ............................... 27 
2.3 Polyamine analysis (II) ........................................................................... 28 
2.4 Analysis of enzyme activities (II) ........................................................... 28 
2.5 Immunolocalization of ADC protein (II) ................................................ 28 
2.6 Nucleic acid extraction and RNA reverse transcription (I, II, III) ........... 28 
2.7 PCR primer design, cDNA cloning and sequencing (I, II, III) ................ 29 
2.8 Quantitative real-time RT-PCR analyses (I, II, III) ................................. 29 
2.9 In situ mRNA hybridization assay (II, IV) .............................................. 30 
2.10 Detection of DNA fragmentation and cell death (III, IV) ....................... 30 
2.11 Cell viability assay (III) .......................................................................... 31 
2.12 Phylogenetic analyses and Ka/Ks calculation (I) .................................... 31 
2.13 Statistical methods (II, III) ...................................................................... 32 

3 Results 33 
3.1 Scots pine sequence information (I, III) .................................................. 33 
3.2 Evolution of polyamine genes in plants (I) ............................................. 33 
3.3 Consistent polyamine profiles during embryo development (II) ............ 34 



14 

3.4 Preference of ADC pathway (I, II) .......................................................... 35 
3.5 Localization of ADC gene expression and ADC enzyme (II) ................. 35 
3.6 Fate of megagametophyte during embryo development (III, IV) ........... 36 
3.7 DNA repair and PCD-related gene expression (III) ................................ 37 
3.8 Unspecific in situ mRNA hybridization signal in dying cells (IV) ......... 37 

4 Discussion 39 
4.1 Taking the ADC route ............................................................................. 39 

4.1.1 ADC/ODC .................................................................................... 39 
4.1.2 Once again – evolution of ADC pathway ..................................... 40 

4.2 Polyamine metabolism in plants – something special? ........................... 42 
4.2.1 ACL5 gene .................................................................................... 42 
4.2.2 Polyamine oxidases without back-conversion ability ................... 44 

4.3 Necrotic cell death as a regulated cellular response ................................ 45 
4.4 Pros and cons of nuclear DNA fragmentation ......................................... 47 

5 Conclusion and future prospects 51 
References 55 
Original publications 67 



15 

1 Introduction 

1.1 Pine embryogenesis 

1.1.1 Zygotic embryogenesis in Scots pine 

Pinus species of the gymnosperms constitute an evolutionarily old group of 

vascular plants that last shared a common ancestor with angiosperms about 285 

million years ago (Bowe et al. 2000). The genus has a rich history of phylogenetic 

analysis and the relationships between the approximately 120 extant species of 

the genus are well documented (Gernandt et al. 2005), as are the development, 

reproduction, ecology and genetics of many Pinus species (Lev-Yadun & 

Sederoff 2000). Scots pine (Pinus sylvestris L.) is the most widely distributed 

Eurasian conifer and one of the keystone species in the Eurasian boreal forest 

zone, growing in a range of environments from Spain and Turkey to the subarctic 

forests of northern Scandinavia and Siberia (Mirov 1967). 

The zygotic embryo development of Scots pine takes two years. Generally, 

wind pollination in Finland occurs in late May or early June, after which the 

pollen tube germination slows down. Fertilization and meiosis occur about one 

year later, usually in late June or early July (Sarvas 1962). The time of 

fertilization and, consequently, embryo development varies between years in the 

same locality according to the effective temperature sum (d.d.) (i.e. the heat sum 

unit based on the daily mean temperatures minus the adapted +5 ˚C base 

temperature) (Sarvas, 1962, Sirois et al. 1999, Owens et al. 2001). Normally, the 

anatomical and physiological differentiation and the development of the embryo 

occur between the end of July and the middle of September in southern and 

northern Finland, respectively (Sahlén 1992). The sequence of embryo 

development in Pinus sp. can be divided into three phases, which include 

proembryogeny, early embryogeny and late embryogeny. Proembryogeny 

contains the stages before suspensor elongation, whereas early embryogeny 

initiates with the elongation of the suspensor system and terminates with the 

appearance of the root meristem. The embryo development culminates in the 

establishment of root and shoot meristems and in the maturation of the embryo 

during late embryogeny (Singh 1978). 

A characteristic feature of the seed development of gymnosperms is the 

presence of more than one embryo in a young seed. The origin of polyembryony 
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can be either monozygotic, when genetically identical offspring are derived from 

the same zygote, or polyzygotic, when multiple embryos arise as a result of 

independent fertilization of several eggs (Buchholz 1926). In the Scots pine seed, 

the fertilization of many egg nuclei results in several embryos of the same ovule, 

although some fail to develop to the primary proembryo stage. Later during the 

development, polyzygotic embryos undergo cleavage polyembryony (Sarvas 

1962). Polyembryony is, however, a transient stage in Scots pine seed 

development and the opportunity for embryo replacement is brief. During the 

progress of embryogenesis, the growth of subordinate embryos is retarded and, 

finally, only one embryo survives and completes development, while the others 

are eliminated (Filonova et al. 2002). 

In a gymnosperm seed, embryos grow and develop within the corrosion 

cavity which expands during embryogenesis as suspensors lengthen and push 

embryos deeper into the megagametophyte tissue. The suspensors hold the 

embryos in a fixed position within the seed, anchor the embryos to the maternal 

tissue and provide nutrition and growth regulators for the developing embryos 

(Yeung & Meinke, 1993). The megagametophyte houses the majority of the 

storage reserves of a seed (King & Gifford, 1997) and can be considered a 

functional homolog of the endosperm in angiosperms due to its role as a nutrient 

source of the developing embryos (Costa et al. 2004). The nearest 

megagametophyte cells around the corrosion cavity form the embryo surrounding 

region (ESR). The exact function of the ESR in a pine seed is still unknown, but 

in addition to its role in embryo nutrition, the ESR may form a physical barrier or 

provide a region for communication between the megagametophyte and the 

developing embryo, as has been suggested for the embryo and the endosperm in 

angiosperms (Olsen 2004). 

Unlike the endosperm, the megagametophyte develops from a haploid 

megaspore before the actual fertilization of the eggs (Singh 1978). That is, the 

megagametophyte represents a significant investment of maternal resources that 

are wasted if fertilization does not occur. Thus, in gymnosperms the 

polyembryogeny may have developed as a safeguard against the possibility of not 

having viable offspring. In the Scots pine seed, the death of all embryos leads to 

the rapid degeneration of the megagametophyte and to the transfer of 

accumulated nutrients elsewhere. As long as the seed contains a living embryo, 

the megagametophyte continues to develop normally regardless of the vigour or 

developmental stage of the embryo (Sarvas 1962). Although the initiations of 

endosperm and embryo growth in Arabidopsis thaliana are autonomous events, 
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the proper development of both structures requires crosstalk between the 

endosperm and embryo in several checkpoints (Ungru et al. 2008). In conifer 

seeds, similar kind of recognition may take place between the megagametophyte 

and embryos during the different stages of development. 

1.1.2 Somatic embryogenesis as a model system 

Embryogenesis in plants is not restricted to the fertilized egg but can be induced 

either naturally or artificially in many different kinds of cell types. Somatic 

embryogenesis has, however, certain criteria for the start. The species or genotype 

has to possess the genetic potential to form embryos from somatic cells. 

Furthermore, one or a few cells in the plant/explant have to be competent to 

receive an exogenous or endogenous signal that triggers the cell towards the 

embryogenic pathway (Fehér 2005). In conifers, somatic embryogenesis 

represents a favourable model for studying factors that affect embryo 

development because embryogenic cultures go through a series of developmental 

stages that resemble zygotic embryogenesis. Additionally, a large number of 

embryos at defined developmental stages can be obtained through the process 

(Stasolla et al. 2004). In pines (Pinus sp.), immature zygotic embryos surrounded 

by the megagametophyte have been considered the material most responsible for 

the initiation of somatic embryogenesis (Handley et al. 1995, Häggman et al., 

1999, Percy et al. 2000, Miguel et al. 2004), although somatic embryogenesis 

from mature zygotic embryos (Tang et al. 2001, Malabadi et al. 2002) as well as 

from vegetative shoot apices (Malabadi & van Staden 2005, Park et al. 2010) 

have also been reported. The process of somatic embryogenesis and plant 

regeneration includes four distinct phases: initiation, proliferation of embryogenic 

cell mass, maturation of somatic embryos and, finally, conversion of somatic 

embryo plants. The phases are usually induced by the growth regulators, 

osmolality and nutrients of the culture medium (Häggman et al. 2005). 

1.2 Polyamines 

1.2.1 Concerning polyamines 

The discovery of polyamines dates back to 1678 when Antonie van Leeuwenhoek 

isolated some 'three-sided' crystals from human semen, but the chemical 
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constitution of the crystals was not deduced not until 1924. The names of triamine 

spermidine (1,8-diamino-4-azaoctane) and tetra-amine spermine (1,12-diamino-

4,9-diazadodecane) reflect the initial discovery, whereas a different tetra-amine 

was originally extracted from an extreme thermophile eubacterium, Thermus 

thermophilus, and thus named thermospermine (1,12-diamino-4,8-diazadodecane). 

The diamine putrescine (1,4-diaminobutane) was first isolated from the cholera 

bacterium (Vibrio cholerae), but the name was derived from the large quantities 

that were found in putrefying flesh (Wallace et al. 2003). The diamine cadaverine 

(1,5-diaminopentane) is a foul-smelling and toxic compound produced in protein 

hydrolysis during putrefraction of animal tissues. Although cadaverine is less 

widely distributed than putrescine, it is also produced in small quantities by living 

tissues (Ohe et al. 2010). Polyamines are present in all living cells in eukaryotes 

as well as in prokaryotes. Although many organisms tend to produce only two or 

three of the polyamines, the analysis of the polyamine profiles of thermophilic 

bacteria has revealed a variety of new compounds. T. thermophilus produces a 

variety of uncommon polyamines, including longer polyamines, such as 

caldopentamine and caldohexamine, and branched polyamines, such as tetrakis(3-

aminopropyl)ammonium (Terui et al. 2005). The cellular concentrations of these 

longer and branched polyamines correlate positively with an increase in the 

growth temperature of T. thermophilus (Oshima 1989), and they have been 

proposed to participate in the maintenance of cellular functions at a high 

temperature (Terui et al. 2005). The extreme evolutionary conservation of 

polyamines clearly indicates the necessity of polyamines in organism survival. On 

the other hand, the high flexibility of polyamine metabolism in response to 

environmental demands implicates that polyamines may have acquired a wide 

variety of different functions during evolution. 

Chemically, polyamines are small polycationic molecules that in 

physiological pH carry a positive charge on each nitrogen atom. Thus, in 

polyamines the charge is distributed along the entire length of the carbon chain, 

which makes them unique compared with cellular bivalent cations. Due to their 

positive charge, polyamines have high affinity for polyanionic macromolecules, 

such as DNA, RNA, proteins and phospholipids. In nature, polyamines occur not 

only as free molecular bases but also as conjugates, forming a part of a peptide 

(e.g. glutathionylspermidine), an amino acid (e.g. putreamine) or an antibiotic (e.g. 

bleomycin) (Tiburcio et al. 1997). Furthermore, polyamines can conjugate with 

acetic acid, forming acetyl derivates that are common in animal cells (Tiburcio et 

al. 1997), whereas the hydroxycinnamic acid amides are the most common 
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polyamine conjugates in plants (Martin-Tanguy 1997). In addition to stabilizing 

macromolecular structures, polyamines act as regulatory molecules in various 

fundamental cellular processes, such as DNA and protein synthesis, gene 

expression, cell division, differentiation and proliferation as well as programmed 

cell death (PCD) (Childs et al. 2003, Seiler & Raul 2005, Igarashi & Kashiwagi 

2010). In plants, polyamines have generally been considered as growth regulators 

or as secondary messengers (Kakkar & Sawhney 2002) and they have been 

connected to several physiological events, such as organogenesis, embryogenesis, 

floral initiation and development, leaf senescence, fruit development and ripening 

as well as abiotic and biotic stress responses (Galston & Sawhney 1990, Kumar et 

al. 1997, Malmberg et al. 1998, Bouchereau et al. 1999, Bagni & Tassoni 2001, 

Alcázar et al. 2006, Kusano et al. 2008). 

Plants generally possess two parallel pathways to synthesize putrescine, i.e. 

via enzymes ornithine decarboxylase (ODC; EC 4.1.1.17) and arginine 

decarboxylase (ADC; EC 4.1.1.19) (Tiburcio et al. 1997), unlike mammalian and 

fungal cells, which mainly utilize ODC (Coleman et al. 2004). In the ODC 

pathway, putrescine is the direct product of ornithine decarboxylation, whereas 

the ADC pathway includes intermediate steps. Arginine is first decarboxylated by 

ADC to form agmatine, which is subsequently converted to putrescine by the 

combined action of agmatine iminohydrolase (AIH; EC 3.5.3.12) and N-

carbamoylputrescine amidohydrolase (CPA; EC 3.5.1.53). Spermidine synthase 

(SPDS; EC 2.5.1.16) synthesizes spermidine from putrescine by the addition of 

an aminopropyl group that is acquired from decarboxylated S-

adenosylmethionine formed by S-adenosylmethionine decarboxylase (SAMDC; 

EC 4.1.1.50). Spermidine is an unsymmetrical molecule, which can be 

aminopropylated at either end forming spermine or thermospermine. Spermine 

synthase (SPMS; EC 2.5.1.22) transfers an aminopropyl group to the N8-

(aminobutyl) end of spermidine to make the symmetrical molecule spermine, 

whereas thermospermine synthase (TSPMS; EC 2.5.1.B4) transfers the 

aminopropyl group to the N1-(aminopropyl) end of spermidine to make the 

unsymmetrical molecule thermospermine (Pegg & Michael 2010) (Fig. 1). The 

biosynthesis of cadaverine is not included in the pathway, but cadaverine is 

synthesized from lysine by lysine decarboxylase enzyme (LDC, EC 4.1.1.18). 
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Fig. 1.  Polyamine biosynthesis in plants. The enzymes in the pathways are arginase 

(ARG), ornithine decarboxylase (ODC), arginine decarboxylase (ADC), agmatine 

imidohydrolase (AIH), N-carbamoylputrescine amidohydrolase (CPA), spermidine 

synthase (SPDS), spermine synthase (SPMS), thermospermine synthase (TSPMS) and 

S-adenosylmethionine decarboxylase (SAMDC). 

Polyamines are oxidatively deaminated by the action of amine oxidases, which 

were actually the first enzymes recognised as polyamine-related (Hirsch 1953). 

Putrescine and cadaverine are deaminated by the action of diamine oxidases 

(DAOs) belonging to the group of copper-containing diamine oxidases (CuAO; 

EC 1.4.3.6), whereas spermidine and spermine are oxidized by the flavoprotein-

containing polyamine oxidases (PAO; EC 1.5.3.3) (Bagni & Tassoni 2001, Bais & 

Ravishankar 2002). DAO converts putrescine into ∆1-pyrroline, with the release 
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of ammonia and hydrogen peroxide. Degradation of spermidine by PAO yields 

∆1-pyrroline and 1,3-diaminopropane, while spermine oxidation yields 1,(3-

aminopropyl)-pyrroline, along with diaminopropane and hydrogen peroxide 

(Bagni & Tassoni 2001) (Fig. 2). 

Fig. 2.  Polyamine catabolism in plants. The enzymes in the pathways are diamine 

oxidase (DAO) and polyamine oxidase (PAO).  

In addition to polyamine biosynthesis and catabolism, cellular polyamine levels 

are regulated by uptake mechanisms that salvage polyamines from diet and 

intestinal micro-organisms as well as efflux (Morris 2004). The sophisticated 

regulatory mechanisms enable cells to adapt to changes in intra- and extra-cellular 

polyamine concentrations. On the other hand, it is the main reason for the 

difficulties in the development of selective polyamine enzyme inhibitors as potent 

drugs. During the past 25 years, several hundred polyamine synthesis inhibitors, 

polyamine catabolism stimulators and polyamine derivatives have been tested for 

anticancer and anti-parasite agents. Combinations of the drugs decreased 

polyamine levels and slowed the proliferation of the target cells, but they were 

rarely able to inhibit cell growth completely (Criss 2003). 

1.2.2 Polyamines in plant embryogenesis 

The importance of polyamines in embryogenesis has been documented in many 

angiosperm species (Lin et al. 1984, Yadav & Rajam 1998), and the polyamine 

biosynthetic knock-out mutants have shown that ADC (Urano et al. 2005), SPDS 

(Imai et al. 2004b) and SAMDC (Ge et al. 2006) are essential for embryo 

development in Arabidopsis. By contrast, an SPMS deficient mutant, acl5/spms, 

showed a normal phenotype except for reduced stem elongation (Hanzawa et al. 
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2000). In pine species, polyamine deficient mutant plants are not available, and 

thus studies have so far mainly focused on somatic embryogenesis. It has been 

shown that polyamine levels fluctuate in pine embryogenic cells when somatic 

embryogenesis proceeds. The proliferation of embryogenic cell masses has been 

accompanied by a high level of putrescine compared with both spermidine and 

spermine (Sarjala et al. 1997, Minocha et al. 1999b), while transfer onto 

maturation medium has resulted in an increase in the ratio of spermidine and 

putrescine (Minocha et al. 1999b, Niemi et al. 2002). However, the reactions of 

embryogenic cell masses to exogenous polyamines have proved to be complex 

and dependent on both the species and the developmental stage of somatic 

embryos (Santanen & Simola 1992, Minocha et al. 1993, Sarjala et al. 1997, 

Kong et al. 1998, Niemi et al. 2002). 

1.3 Cell death 

1.3.1 Cell death categories 

Generally, cell death occurs either via programmed cell death (PCD) or necrosis. 

PCD is a genetically encoded physiological process that involves the selective 

death of individual cells, tissues or whole organs, whereas necrosis is generally 

described as a chaotic and uncontrolled form of death that is caused in a passive 

manner by environmental perturbation (Pennell & Lamb 1997). Both cell death 

events are well defined in animals, but in plants there seems to be more overlap 

between the phenotypic and molecular characteristics of PCD and necrosis, which 

makes the discrimination between the two forms more complicated (Van 

Breusegem & Dat 2006). PCD is an integral part of the life of plants. PCD occurs 

at all stages of the life cycle when cell suicide pathways are activated as a part of 

normal growth and development or in response to certain biotic and abiotic 

external factors (Beers 1997). Developmental PCD may delete suspensor cells 

(Giuliani et al. 2002), store nutrients for the growing seedling in endosperm 

(Young et al. 1997), induce certain leaf shapes and perforations (Gunawardena et 

al. 2004) and play an essential role in the specialization of xylem tracheary 

elements (Mittler & Lam 1995). Environmentally induced PCD may take place as 

a hypersensitive response against pathogen attack (Ryerson & Heath 1996) and in 

the development of lysigenous aerenchyma triggered by hypoxic stress 
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(Gunawardena et al. 2001). If plant cells are damaged by stress at an 

overwhelming level, they undergo necrosis. 

In animals, two main categories of PCD, apoptosis and autophagy, have been 

recognized by the morphology of the dying cell and the main organelles involved 

(Lockshin & Zakeri 2004). Apoptotic cell death has been recognized as a 

characteristic type of cell death for over 100 years, and only the name changed 

from karyorrhexis or pyknosis to apoptosis in 1972, when the term was proposed 

by Kerr and co-workers (Ziegler & Groscurth 2004). The word apoptosis was 

used in Greek to denote a "falling off," as leaves from a tree. So, the term 

connotes a controlled physiologic process in which individual components are 

removed without destruction or damage to the organism. Apoptosis occurs in 

normal as well as in pathologically altered tissues, and it is morphologically 

characterized by cell shrinkage, chromatin condensation, DNA fragmentation, 

maintenance of an intact plasma membrane and, eventually, break-up of the dying 

cell into apoptotic bodies that are engulfed and finally degraded in the lysosomes 

of another cell (Kerr et al. 1972). This ordered morphology depends on the ability 

of the dying cell to engage in ATP-dependent processes in self-degradation (Zong 

& Thompson, 2006). The biochemical events typical of apoptosis are the release 

of cytochrome c from mitochondria (Goldstein et al. 2000) and the activation of a 

family of cysteine proteases known as caspases (Wolf & Green 1999). Whether 

cells live or die via apoptosis is largely determined by the interplay between 

opposing members of the Bcl-2 protein family (Adams & Cory 2007). Apoptotic 

bodies occur rarely in plants because engulfment by neighbouring cells is 

hindered by the presence of cell walls (Vianello et al. 2007). Additionally, surveys 

of the complete genomes of Arabidopsis and rice (Oryza sativa L.) failed to reveal 

obvious orthologs for animal caspase or Bcl-2 genes (Danon et al. 2000, Dickman 

et al. 2001). However, the mammalian Bcl-2 proteins are able to modify cell 

death when they are introduced into plant cells by heterologous expression, which 

suggests that plant and animals share common PCD pathways (Lacomme & Cruz 

1999, Dickman et al. 2001). 

Cellular autophagy is an evolutionarily conserved catabolic process involving 

the degradation of cytoplasmic components within the intact dying cell in 

autophagic vacuoles. Actually, the term autophagy was derived from the Greek 

words "autos" and "phago" meaning 'self' and 'to eat', respectively. The 

morphological characteristics of autophagy include vacuolization and degradation 

of cytoplasmic contents (Fink & Cookson 2005). Chromatin condensation and 

membrane blebbing may also occur in autophagic cell death, but there is no DNA 
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fragmentation or formation of apoptotic bodies (Vianello et al. 2007). In all 

eukaryotic organisms, autophagy is a ubiquitous but tightly-regulated process that 

is maintained at a basal level under normal growth conditions. Autophagy plays a 

role in cell growth, development and homeostasis, helping to maintain a balance 

between the synthesis, degradation and subsequent recycling of cellular products. 

In yeast, in nutrient-rich conditions a constitutive biosynthetic pathway, called the 

cytoplasm to vacuole targeting (CVT) pathway, utilizes mostly the same 

molecular machinery as autophagy. Autophagy is induced by starvation and is 

considered the major mechanism by which starving cells reallocate nutrients from 

unnecessary processes to essential ones (Wang & Klionsky 2003, Yorimitsu & 

Klionsky 2005, Mizushima 2007). Additionally, the autophagy pathway recycles 

damaged and potentially harmful cellular material (Eisenberg et al. 2009). Thus, 

the cells with enlarged vacuoles and undergoing autophagy do not necessarily die, 

and it is important to distinguish the routine turnover of cell constituents from a 

fatal destruction of the cell via autophagic PCD. 

When early pathologists described extensive damage in internal organs 

during the course of certain diseases, they named this form of damage necrosis. 

The term was derived from the Greek word "nekros" for 'corpse' (Zong & 

Thompson 2006). Morphologically, a necrotic cell is characterized by the 

swelling of cellular organelles, loss of plasma membrane integrity and, finally, 

cell lysis. The swelling is caused by an irreversible membrane function failure 

that leads to the inability to osmoregulate and, furthermore, causes water to flood 

into the cell (Lennon et al. 1991). These events can be reproduced experimentally 

by impairing a cell's ability to produce ATP (Zong & Thompson 2006). Therefore, 

necrosis is generally characterized as passive, accidental cell death with 

uncontrolled release of inflammatory cellular contents (Fink & Cookson 2005). 

However, there is growing evidence to support the conception that necrotic cell 

death can also be a regulated event that contributes to the development and 

maintenance of organismal homeostasis (Golstein & Kroemer 2006, Zong & 

Thompson 2006). 

1.3.2 Cell death in pine embryogenesis 

The pine seed has been suggested as a model for studying cell death machinery in 

eukaryotes because morphologically different cell death processes are an integral 

part of the pine zygotic embryogenesis (Zhivotovsky et al. 2002, Vuosku et al. 

2009). In Scots pine, the development of a viable seed includes the strictly co-
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ordinated action of several cell death programs which, depending on the 

developmental tasks, result in different magnitudes of cell corpse processing 

(Filonova et al. 2002, Hiratsuka et al. 2002, Vuosku et al. 2009). Filonova et al. 

(2002) suggested that the cells of subordinate embryos as well as suspensors are 

eliminated via autophagic PCD. Cells display co-operative autolytic and 

autophagic mechanisms of protoplast degradation, leading to a substantial or 

complete processing of cell corpses (Filonova et al. 2002). The megagametophyte 

cells have also been suggested to die during embryo development (Filonova et al. 

2002). Furthermore, the cells of the nucellar layers face destruction during early 

embryogenesis (Hiratsuka et al. 2002) and end up being used as nutrition for the 

surrounding tissues of the pine seed. The collapsed and phenoliferous nucellar 

cell walls of the nucellar layers serve another function in the mature coniferous 

seed, where they form an efficient barrier to the passage of water as well as 

against fungal infections (Tillman-Sutela & Kauppi 1995). 

The use of gymnosperm somatic embryogenesis as a model system for 

developmental PCD has enabled the manipulation of cell death by specific agents 

that either stimulate or inhibit distinct processes of the cell death pathway. 

Although the molecular mechanisms of the diverse plant PCD machinery is still 

poorly known, the importance of nucleases (Balk et al. 2003, He & Kermode 

2003) and proteases, such as vacuolar processing enzymes (VPEs), type II 

metacaspases and VEIDase activity, has been perceived (Woltering 2004, 

Bozhkov & Jansson 2007, Bonneau et al. 2008). During the Norway spruce 

(Picea abies (L.) Karst) somatic embryogenesis, a type-II metacaspase, mcII-Pa, 

has been found to activate in the terminally-differentiated cells, where it moves 

from the cytoplasm to nuclei, causing nuclear envelope disassembly and DNA 

fragmentation (Bozhkov et al. 2005). In Norway spruce somatic embryos, 

VEIDase activity increases at the early stages of embryo development that 

coincide with massive cell death during shape remodelling. The inhibition of 

VEIDase prevents normal embryo development by blocking the embryo-

suspensor differentiation (Bozhkov et al. 2004). The accumulation of zinc in the 

embryonal masses, but not in the suspensors, is required for correct embryonic 

patterning, which suggests that zinc may mediate cell fate specification through 

its strong anti-cell death effect (Helmersson et al. 2008). 
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1.4 Aim of the research 

Previously, knowledge about the polyamine metabolism during pine 

embryogenesis has mainly consisted of the results of biochemical analyses during 

somatic embryogenesis. Hardly anything has been known about the regulation of 

polyamine metabolism or the roles of individual polyamines in different 

embryogenic tissues during zygotic embryo development. Although somatic 

embryos follow a remarkably similar developmental process to zygotic 

embryos, the megagametophyte tissue is missing. We hypothesised that the 

presence of the megagametophyte (i.e. a possible early polyamine source and 

tissue with proceeding PCD) may cause significant differences in polyamine 

metabolism. Thus, the aim of the present study was to gather information about 

polyamine metabolism throughout the Scots pine zygotic embryogenesis (II) and 

also about the physiological events occurring simultaneously in the 

megagametophyte tissue (III, IV). For obtaining molecular-level insight into 

polyamine metabolism during embryo development, Scots pine polyamine genes 

were sequenced. Additionally, the novel sequence data were used in creating a 

more comprehensive picture of the evolutionary history of the polyamine 

biosynthesis and catabolism pathway genes in plants (I). 



27 

2 Materials and methods 

Detailed descriptions of the methods have been presented in the original articles 

(I–IV). 

2.1 Plant material (I, II, III, IV) 

One-year-old immature seed cones as well as mature cones were collected from 

open-pollinated elite Scots pine (Pinus sylvestris L.) clones, K818 and K884, 

which grow in the Scots pine clone collection in Punkaharju, Finland (61˚48´ N; 

29˚17´ E). During the growing seasons 2001, 2003 and 2006, the collection of 

immature cones was repeated four times in July throughout the period of embryo 

development. Immature zygotic embryos surrounded by the immature 

megagametophyte, hence called zygotic embryos, were dissected from the 

developing cones and stored at −80 ˚C or in liquid nitrogen. Zygotic embryos 

were used for polyamine analyses, enzyme activity measurements, polyamine 

gene sequencing as well as gene expression studies (I, II, III, IV). For the 

microscopic examinations, zygotic embryos were fixed immediately after 

dissection and infiltrated in paraffin (II, III, IV). Mature seed cones were 

collected in late fall of the same growing seasons. Mature seeds were used for 

DNA isolation, seed viability assay and for in vitro culturing of the 

megagametophyte tissue (III). Mature seeds were also germinated for gene 

expression studies (I). 

2.2 Anatomical and histochemical observations (II, IV) 

The paraffin-embedded zygotic embryos were cut into sections (5 and 7µm) with 

a microtome, mounted on SuperFrost®Plus slides (Menzel-Glaser) and fixed by 

drying overnight at 40 ˚C. The paraffin sections were dewaxed in Histochoice 

(Sigma) and rehydrated through a graded series of ethanol. The sections were 

used for the anatomical and histochemical studies, protein immunolocalization, in 

situ mRNA hybridization analyses as well as for the in situ detection of nuclear 

DNA fragmentation. To study the developmental stage of the Scots pine zygotic 

embryos, the sections were stained with toluidine blue (II, IV), and for the 

detection of starch, they were stained with potassium iodide-iodine (Jensen 1962) 

(IV).  
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2.3 Polyamine analysis (II) 

Free, soluble conjugated and insoluble conjugated polyamines were analysed by 

high-performance liquid chromatography (HPLC) according to Sarjala & 

Kaunisto (1993) and Fornalé et al. (1999). 

2.4 Analysis of enzyme activities (II) 

The proteins of Scots pine zygotic embryos were extracted for ADC and ODC 

enzyme activity measurements, which were performed according to Minocha et al. 

(1999a) with some modifications. The presence of true ADC activity was 

confirmed by adding unlabelled L-ornithine into the reaction mixture according to 

Tassoni et al. (2000), in order to inhibit arginase activity. In the inhibition assay 

for ODC, DL-α-difluoromethylornithine (DFMO, SIGMA) was used. Protein 

content was measured with the Bradford method (Quick Start™ Bradford Protein 

Assay, Biorad) using bovine serum albumin (BSA) as a standard.  

2.5 Immunolocalization of ADC protein (II) 

The IgGs obtained against the tobacco ADC protein (Bortolotti et al. 2004) were 

used for the immunolocalization of ADC protein in Scots pine zygotic embryos. 

The immunolocalization was carried out according to Bortolotti et al. (2004) with 

slight modifications. In the last step of the procedure, the avidin-biotin complex, 

ABC, method (Vector Labs) with diaminobenzidine as a substrate for peroxidase 

was used in the detection of the antigen-antibody complex according to the 

vendors’ instructions.  

2.6 Nucleic acid extraction and RNA reverse transcription (I, II, III) 

Genomic DNA was extracted by the NucleoSpin® Plant kit (Macherey-Nagel) 

according to the manufacturer's protocol for gymnosperms. Total RNA was 

extracted for the gene expression studies as described in our paper (Vuosku et al. 

2004), using the automated magnetic-based KingFisher™ mL method (Thermo 

Electron Corporation) with commercial extraction kits according to the 

manufacturer's instructions. Either a DNase treatment for the elimination of 

contaminating genomic DNA was included in the RNA extraction procedure or 

the extracted RNA samples were treated with RNase-free DNase (Invitrogen). 
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The RNA template was reverse transcripted into cDNA by SuperScript II reverse 

transcriptase (Invitrogen) in standard reaction using anchored oligo-dT primers. 

2.7 PCR primer design, cDNA cloning and sequencing (I, II, III) 

The PCR primers for the amplification of the cDNA fragments of the Scots pine 

polyamine genes (ADC, ODC, AIH, CPA, SPDS, ACL5, SAMDC, DAO and PAO), 

DNA repair genes (RAD51, KU80 and LIG) and PCD-related genes (MCA and 

TAT-D) were designed based on Pinus EST (expressed sequence tag) sequences. 

The EST sequences were selected on the basis of their similarity at the nucleotide 

or amino acid level with known plant genes, and they were aligned together to 

yield either an entire protein coding sequence of a corresponding gene or a cDNA 

fragment that was as long as possible. The cDNA fragments were amplified by 

standard PCR using zygotic embryo cDNA as a template and DyNAzyme™EXT 

polymerase (Finnzymes). Fragments with appropriate length were gel-purified 

using a Montage DNA Gel Extraction Kit (Millipore Corporation) and cloned 

using a TOPO TA Cloning Kit (Invitrogen). Five clones from each gene fragment 

were sequenced using an Applied Biosystems 3730 DNA analyzer. 

2.8  Quantitative real-time RT-PCR analyses (I, II, III) 

Gene expression was studied by quantitative real-time RT-PCR analysis. The PCR 

primers for the Scots pine polyamine biosynthesis genes (ADC and ODC), DNA 

repair genes (RAD51, KU80 and LIG) and PCD-related genes (MCA and TAT-D) 

were designed on the basis of the sequence data discovered in this study. The 

primers for the housekeeping genes actin (ACT), ubiquitin (UBI) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were based on the 

lodgepole pine (Pinus contorta) ACT sequence (M36171), maritime pine (Pinus 

pinaster) putative UBI sequence (AF461687) and Scots pine GAPDH sequence 

(L07501), respectively. 

Both absolute (I) and relative quantification (II, III) strategies were used to 

analyze data from quantitative real-time RT-PCR analyses. Being aware of the 

challenge to find appropriate reference or housekeeping genes to be used as 

internal standards in real-time RT-PCR during pine embryogenesis (Gonçalves et 

al. 2005), absolute quantification was the first choice in the gene expression 

studies. However, with absolute quantification, all the studied genes, including 

the housekeeping genes, showed decreasing expression during the Scots pine 
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zygotic embryo development. The decrease in the gene expression levels at late 

embryogeny was most probably at least partially caused by the poor quality of 

RNA. The presence of high levels of storage lipids, storage proteins, 

polysaccharides and polyphenols decreases RNA yield and quality (Tai et al. 

2004). Both protein and starch accumulated into the Scots pine megagametophyte 

cells during embryo development. Additionally, the corrosion cavity area that 

contained degrading nucleic acids and hence presumably also nucleases enlarged 

as the development progressed. Thus, for removing possible differences in the 

amount and quality of starting mRNA and enzymatic efficiencies, at least two 

discrete reference genes (II) or the geometric mean of three selected reference 

genes belonging to different functional classes (III) was used for the 

normalization of the gene expression levels. In absolute quantification, 

synthesized RNA standards were used to control variability during both the 

reverse transcription (RT) and PCR steps (I). 

For the quantitative real-time RT-PCR analysis, a first-strand cDNA template 

was synthesized from 1 µg of total RNA. The amplification was performed using 

the Mx3000P™ real-time PCR system with Brilliant® SYBR® Green QPCR 

Master Mix (Stratagene) (II) or the LightCycler ® 480 system with LightCycler 

480 SYBR green 1 Master mix (Roche Molecular Biochemicals) (I, III). 

2.9 In situ mRNA hybridization assay (II, IV) 

The RNA antisense and sense probes for the in situ localization of ADC, DAO and 

catalase (CAT) mRNA transcripts were prepared by a PCR-based technique in 

which a T7 polymerase promoter sequence was introduced at the 5' ends of the 

gene-specific primers (Young et al. 1991). In situ hybridization was performed 

according to Mähönen et al. (2000) with some modifications, and hybridized 

probe was detected in the sections using alkaline phosphatase-conjugated anti-

DIG antibodies and NBT/BCIP as substrates (Roche Molecular Biochemicals). 

2.10 Detection of DNA fragmentation and cell death (III, IV)  

Nuclear DNA fragmentation was visualized by agarose gel electrophoresis. The 

cleavage of genomic DNA into multiple internucleosomal fragments during PCD 

gives rise to a characteristic DNA ladder on the gel, whereas in necrosis DNA 

degrades randomly and results in a smear (Bortner et al. 1995, Danon et al. 2000) 

(III). For the in situ observation of nucleic acids and DNA fragmentation, the 
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sections were stained by a dual fluorescence dye, acridine orange (AO), according 

to Bouranis et al. (2003). In the AO-stained sections, the double-stranded nucleic 

acid (i.e. DNA) fluoresces green and the single-stranded (i.e. RNA) fluoresces red. 

Fragmented DNA emits fluorescence in a spectrum varying from yellow-green to 

red (Martins et al. 2007). The terminal deoxynucleotidyl transferase-mediated 

dUTP nick end labeling (TUNEL) method was used to visualize DNA 

fragmentation in individual nuclei. The TUNEL method utilizes the activity of the 

terminal deoxynucleotidyl transferase enzyme to label the 3' ends of DNA strand 

breaks, which may then be identified in individual nuclei by microscopy. The 

sections were labelled with a TMR red (red fluorescence) in situ cell death 

detection kit (Roche Molecular Biochemicals) according to the manufacturer’s 

protocol. Both AO-stained and TUNEL-labelled sections were examined under a 

confocal laser scanning microscope (LSM 5 Pascal, Carl Zeiss) with an HBO 103 

mercury lamp. Additionally, TUNEL sections were examined using the HeNe 

laser 543 nm line, a dichroic beam splitter (HFT 488/543/633; Carl Zeiss) and an 

LP 560 emission filter (Carl Zeiss). 

2.11 Cell viability assay (III) 

The viability of the megagametophyte cells was studied using the tetrazolium 

method (ISTA prescriptions 1993, Savonen 1999) in mature Scots pine seeds. 

Additionally, the viability of the megagametophytes was confirmed by culturing 

them on the basal DCR medium (Gupta & Durzan 1985, Becwar et al. 1990). 

After two days of imbibition, the seeds were opened, and the embryos and 

megagametophytes were separated from each other. Megagametophytes were 

cultured at room temperature in the dark for ten days, after which the number of 

proliferating megagametophytes was documented.  

2.12 Phylogenetic analyses and Ka/Ks calculation (I) 

For the phylogenetic analyses, extensive Blast searches against NCBI databases 

(http://www.ncbi.nlm.nih.gov) were carried out using Scots pine ADC, ODC, AIH, 

CPA, SPDS, ACL5, SAMDC, DAO and PAO sequences. The nucleotide sequence 

alignments were performed with ClustalX (Thompson et al. 1997). The 

evolutionary history was inferred using the maximum parsimony (MP) method 

with close-neighbor-interchange algorithm (Nei & Kumar 2000). The bootstrap 

method (Felsenstein 1985) with 500 replicates was used to evaluate the 
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confidence of the reconstructed trees. Purifying selection pressure on the 

sequences was estimated by the ratio of the nonsynonymous substitution rate (Ka) 

to the synonymous substitution rate (Ks) (Hughes & Nei 1988). Synonymous and 

non-synonymous changes were calculated with paml 4.4c using the Pamilo-

Bianchi method (Pamilo & Bianchi 1993).  

2.13 Statistical methods (II, III) 

The polyamine concentrations, the expression of the ADC, ODC, RAD51, KU80, 

LIG, MCA and TAT-D genes as well as the ADC and ODC enzyme activities were 

analyzed by regression models. The effective temperature sum (d.d.) was used as 

a main explanatory variable and the Scots pine clone as a covariate. Additionally, 

the polyamine fraction and sampling year were included as covariates in the 

polyamine concentration analyses. The polyamine models and the gene 

expression models were fitted using function lm() and the models for the 

enzyme activities by function lme() in the R statistical environment 

(http://www.r-project/org/).  
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3 Results 

3.1 Scots pine sequence information (I, III) 

The protein coding regions of the Scots pine putative arginine decarboxylase 

(ADC), ornithine decarboxylase (ODC), agmatine iminohydrolase (AIH), N-

carbamoylputrescine amidohydrolase (CPA), spermidine synthase (SPDS), 

thermospermine synthase (ACL5) and S-adenosylmethionine decarboxylase 

(SAMDC) genes, which participate in polyamine biosynthesis, were sequenced 

and submitted to the NCBI GenBank with the accession numbers HM236823, 

HM236831, HM236824, HM236825, HM236827, HM236828 and HM236826, 

respectively. Likewise, the coding sequences of the Scots pine putative copper-

containing diamine oxidase (CuAO) and flavoprotein-containing polyamine 

oxidase (PAO) genes, which encode polyamine catabolism enzymes, were 

revealed under the GenBank accession numbers HM236829 and HM236830, 

respectively. Additionally, the coding sequence of the Scots pine putative 

metacaspase (MCA) gene and a fragment of the Tat-D nuclease (TAT-D) gene 

(GenBank accession numbers EU513166 and EU513167) related to PCD, and 

fragments of the RAD51, KU80 and DNA ligase (LIG) genes (GenBank accession 

numbers EU513162, EU513164 and EU513165) encoding DNA repair-related 

proteins, were sequenced. 

3.2 Evolution of polyamine genes in plants (I) 

The revealed Scots pine polyamine gene sequences are the first gymnosperm 

sequences that represent all the genes in both the polyamine biosynthesis and the 

catabolism pathways. The sequences were used in the reconstruction of the 

evolutionary history of polyamine genes in plants. The phylogenetic analysis of 

the eukaryotic ODC and bacterial lysine decarboxylase (LDC) sequences 

suggested that the eukaryotic ODC enzyme might have evolved from a 

multifunctional bacterial progenitor that originally decarboxylated L-lysine and 

L-ornithine to form both putrescine and cadaverine. Plants have acquired the 

alternative ADC pathway for putrescine biosynthesis by horizontal gene transfer 

from bacteria. In conifers, the presence of the ADC pathway has allowed the 

reduced use of the ODC pathway and, furthermore, led to relaxed purifying 

selection in ODC genes. The phylogenetic analysis of the SPDS, SPMS and ACL5 
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sequences supported the view that the eukaryotic SPDS genes are derived from a 

common ancestor and the SPMS gene has evolved several times from SPDS via 

gene duplication. In eukaryotes, the ACL5 gene seems to be plant-specific, but the 

previously suggested horizontal transfer of the ACL5 gene from bacteria to plants 

was not confirmed in the present study. The identified Scots pine sequence was 

defined as a putative thermospermine synthase TSPMS encoding gene and named 

PsACL5. So far, the plant PAOs have been considered to be mostly involved in 

the terminal degradation of polyamines. However, the phylogenetic analysis of 

plant PAO sequences suggested that PAOs capable of polyamine backconversion 

may also be widespread. Overall, the results revealed that in plants the polyamine 

biosynthesis and catabolism pathways have risen via a complex evolutionary 

history, which has led to several plant-specific features in polyamine metabolism. 

3.3  Consistent polyamine profiles during embryo development (II) 

In gymnosperms, the time of fertilization and, consequently, embryo development 

vary between years in the same location according to the effective temperature 

sum (d.d.). To find out the relationship between polyamine content and 

developmental stages during the Scots pine zygotic embryogenesis, the polyamine 

concentrations from the two Scots pine clones, K818 and K884, and two years 

were combined to the same regression model by presenting them as functions of 

the effective temperature sum. The free putrescine content did not change during 

embryo development apart from clone K884 in 2001, when there was a slightly 

increasing trend. The soluble conjugated putrescine fraction increased at early 

embryogeny until the effective temperature sum was about 600 d.d. and decreased 

thereafter during late embryogeny. Also, the insoluble conjugated putrescine 

fraction was considerable and maximally comprised nearly 35% of the total 

putrescine in the sample, but there was no trend in the insoluble conjugated 

putrescine content. Spermidine was the most abundant polyamine during embryo 

development. Both free and soluble conjugated spermidine increased at the 

beginning of embryo development, reached their maximum when the effective 

temperature sum was between 600 and 750 d.d. and decreased thereafter. The 

insoluble conjugated spermidine fraction always consisted of less than 11% of the 

total spermidine fraction in the sample. Also, the free and the soluble conjugated 

spermine fluctuated in a consistent way during embryo development. The 

spermine concentrations appeared to increase from 500 d.d. to 700 d.d., after 

which the concentrations started to go down. The content of insoluble conjugated 
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spermine was very low or under the HPLC detection level in most samples. As a 

conclusion, the polyamine concentrations followed consistent profiles. Except for 

the free putrescine fraction, which remained stable during embryo development, 

polyamines had the tendency to increase at the early stages but decrease at the late 

stages of embryo development.  

3.4 Preference of ADC pathway (I, II) 

In Scots pine zygotic embryos, both ADC gene expression and ADC enzyme 

activity were clearly preferred, compared with ODC gene expression and ODC 

enzyme activity, respectively. This suggests that the ADC pathway is the main 

route to produce putrescine during embryo development. Both ADC gene 

expression and ADC enzyme activity increased when embryo development 

proceeded, which suggested that the ADC enzyme is at least partially 

transcriptionally regulated. In addition to zygotic embryos, the mRNA copy 

number of the ADC gene was also higher in the embryos and megagametophytes 

of mature seeds as well as in the cotyledons, hypocotyls and roots of young 

seedlings. At minimum, the ratio of the ADC and ODC mRNA transcripts was 7 

in megagametophytes as well as in the cotyledons of young seedlings, whereas 

the highest ratio observed was 681 in mature embryos. The results indicated that 

in Scots pine putrescine is almost solely produced via the ADC pathway in both 

developing and mature embryos, but the ADC pathway is also strongly preferred 

in young seedlings.  

3.5 Localization of ADC gene expression and ADC enzyme (II)  

Both ADC mRNA transcripts and ADC protein were localized in developing 

Scots pine embryos. At the early embryogeny stage, ADC mRNA transcripts 

located in the cytoplasm of the cells of dominant and subordinate embryos. In late 

embryos, ADC mRNA transcripts were in the dividing cells of the embryo 

particularly in the shoot apical and axillary meristems (Fig. 3A), but also in the 

root meristem. ADC mRNA transcripts existed in dividing cells throughout the 

mitotic stages. During prophase and metaphase, ADC mRNA transcripts were in 

the cytoplasm, whereas in anaphase and telophase cells they accumulated within 

the area of the mitotic spindle apparatus (Fig. 3B). ADC protein located in the 

nuclei of embryos. A high level of ADC protein was detected especially in 

dividing cells, but, in contrast with the ADC transcripts, ADC protein located 
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close to the chromosomes (Fig. 3C) and not within the mitotic spindle as the ADC 

mRNA transcripts. 

Fig. 3. Localization of ADC gene expression and ADC enzyme in Scots pine zygotic 

embryos. The blue signal indicates ADC mRNA transcripts (A and B) and the brown 

signal indicates ADC protein (C) in the mitotic cells of the shoot meristem. 

3.6 Fate of megagametophyte during embryo development (III, IV) 

During all the developmental stages of Scots pine embryogenesis, the 

megagametophyte cells in the ESR were destroyed by cell death that showed 

morphologically necrotic features. Their cell wall, plasma membrane and nuclear 

envelope broke down with the release of cell debris and nucleic acids into the 

corrosion cavity. Nuclear DNA fragmentation was detected in the dying cells in 

the ESR as well as in the arrow-shaped region in front of the dominant embryo 

during embryo development. Instead, nuclear DNA fragmentation was not 

detected in the inner parts of the megagametophyte despite a slight fragmentation 

at late embryogeny. Neither DNA ladder nor smear was observed in the DNA that 

was extracted from the developing and mature Scots pine seeds. Except for the 

cells in the ESR, the rest of the megagametophyte survived with no symptoms of 

PCD or necrosis throughout embryo development. Most of the megagametophyte 

cells appeared viable with the presence of nucleoli and mRNA (Fig. 4A). Mature 

megagametophytes were metabolically active and able to proliferate in vitro when 

embryos were excised (Fig. 4B and C). 
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Fig. 4. Viability of megagametophyte cells in Scots pine seeds. (A) In an acridine 

orange stained section, the red color in the cytoplasmic region of the 

megagametophyte cells indicated the presence of mRNA and thus active gene 

expression. Nuclei appeared normal with the presence of nucleoli and with no sign of 

DNA fragmentation during late embryogeny. (B) After the tetrazolium test, the red 

color in the megagametophyte tissue of a mature seed indicated cell respiration. (C) 

Proliferated megagametophyte cells on culture medium.  

3.7 DNA repair and PCD-related gene expression (III)  

The cell death processes and DNA fragmentation were studied further by 

sequencing the cDNA fragments of the putative Scots pine RAD51, KU80, DNA 

ligase (LIG), metacaspase (MCA) and Tat-D nuclease (TAT-D) genes and by 

measuring the changes in their expression levels during the Scots pine embryo 

development. From the DNA repair-related genes, the expression of RAD51 

decreased in both Scots pine clones, whereas the expression of the KU80 and LIG 

genes remained constant. This suggested that during late embryogeny the 

proportion of mitotic cells decreased and the DNA breaks were mainly repaired 

by non-homologous end joining (NHEJ). The expression of both PCD-related 

genes, MCA and TAT-D, showed a downward trend during embryo development, 

which indicated that no large-scale PCD or nucleic acid fragmentation occurred in 

the megagametophyte tissue during late embryogeny.  

3.8 Unspecific in situ mRNA hybridization signal in dying cells (IV) 

In the in situ mRNA hybridization assays with antisense and sense RNA probes of 

CAT, DAO and ADC genes, a non-specific signal was constantly detected in the 

broken megagametophyte cells in the ESR, in the remnants of the degenerated 

suspensors as well as in the cells of the nucellar layers, i.e. tissues exposed to cell 
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death processes and extensive nucleic acid fragmentation during Scots pine seed 

development (Fig. 5). It was confirmed that a non-specific signal did not occur 

due to interaction between the anti-DIG antibody and dying cells, nor due to 

endogenous alkaline phosphatase activity. Furthermore, the non-specific binding 

of probes was not connected to polysaccharides or phenols. The non-specific 

signals remained in the broken megagametophyte cells despite the digestion of 

RNA prior to in situ hybridization, suggesting that the non-specific binding of the 

probes resulted mainly from hybridization between a probe and fragmented DNA.  

 

Fig. 5. Nucleic acid fragmentation and non-specific in situ hybridization signal in the 

cells at the ESR of the megagametophyte. (A) Acridine orange staining revealed 

necrotic cell with the release of fragmented nucleic acids into the corrosion cavity. (B) 

DNA fragmentation detected by the TUNEL method. (C) Non-specific in situ 

hybridization signal in the section hybridized with the CAT sense probe.  
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4 Discussion 

4.1 Taking the ADC route 

4.1.1 ADC/ODC 

Among eukaryotes, plants are unique in having an additional, alternative 

biosynthetic route to putrescine from arginine. In plants, putrescine is generally 

produced via both ODC and ADC pathways, and different physiological roles 

have been proposed for the routes because their use is often tissue-specific and 

they undergo distinct regulation depending on developmental and physiological 

conditions (Kumar et al. 1997). It has been suggested that ODC is involved in cell 

division in actively growing plant tissues (Cohen et al. 1984, Acosta et al. 2005), 

whereas ADC activity has been found in elongating cells, embryonic cells and 

cells exposed to various stress conditions (Flores 1991). However, the model 

plant Arabidopsis possesses only the ADC pathway (Hanfrey et al. 2001) and, as 

shown in the present study, the ADC pathway is strongly preferred in putrescine 

production also in Scots pine, despite the presence of both ADC and ODC genes. 

Arabidopsis and Scots pine represent the two major taxa of seed plants, 

angiosperms and gymnosperms, which diverged from each other about 300 Mya 

(Bowe et al. 2000). Thus, they are very different in form, genome size, ecological 

niche as well as evolutionary history. Arabidopsis is a small, herbaceous annual 

dicotyledon, whereas Scots pine is a large, long-lived coniferous forest tree. 

However, in both Arabidopsis and Scots pine the putrescine production is 

dependent on the ADC pathway, which emphasizes the importance of the ADC 

pathway in plants generally and indicates that putrescine biosynthesis from 

ornithine is not essential for normal growth. 

The dependence of Arabidopsis and Scots pine on the ADC pathway in 

putrescine production reveals specific roles for plant ADC. Because plants, in 

general, are able to produce putrescine by both the ODC and ADC pathways, 

ADC may have taken, at least in some cells, the functions that belong to ODC in 

animal cells. Furthermore, different ADC proteins may have specialized functions 

in a plant species. In mammalian cells, the progression of the normal cell cycle is 

dependent on ODC (Oredsson 2003), and ODC activity is commonly connected 

with cell division also in plants (Galston & Sawhney 1990, Acosta et al. 2005, 

Paschalidis & Roubelakis-Angelakis 2005b). However, in Scots pine putrescine is 
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almost solely produced via the ADC pathway in both developing and mature 

embryos, and the ADC pathway is also strongly preferred in the actively growing 

tissues of young seedlings. In developing embryos, ADC mRNA transcripts 

accumulate within the mitotic spindle apparatus of dividing cells and ADC 

protein locates close to the chromosomes, which indicates that ADC plays an 

essential role in the mitosis of plant cells. In Arabidopsis, much of the difference 

between AtADC1 and AtADC2 accumulates at the N-terminus of the amino acid 

sequences, suggesting that the subcellular localization of the ADC proteins may 

be different (Hanfrey 2001) and, furthermore, that they may act on distinct 

metabolic pools and have important functional differences. The expression 

profiles and the promoter activities of the AtADC1 and AtADC2 genes show tissue 

specificity and differ from each other under abiotic stress (Urano et al. 2003, 

Hummel et al. 2004). AtADC2 promoter activity is strongly associated with seed 

germination, root and leaf development, whereas AtADC1 promoter activity is 

low during vegetative development (Hummel et al. 2004).  

4.1.2 Once again – evolution of ADC pathway  

The evolution of central metabolic pathways was one of the key steps in the 

biochemical development of primordial life (Schmidt et al. 2003). In the present 

study, the polyamine biosynthesis pathway was confirmed to be a favourable 

model to study the processes, such as gene duplication and gene loss, involved in 

metabolic pathway evolution. Furthermore, the modular structure of the 

polyamine biosynthesis pathway has been suggested to facilitate horizontal and 

endosymbiotic gene transfer (Shaw et al. 2010). 

In the present study, the phylogenetic analysis of the ADC sequences 

supported the view that the ADC route in plants is bacterial in origin. Previously, 

the plant ADC has been located in chloroplasts (Borrell et al. 1995) and has been 

suggested to be inherited from a cyanobacterial ancestor of the chloroplast 

(Illingworth et al. 2003). However, cyanobacteria were not found to be more 

closely related to plants than proteobacteria. The ADC-sequence-based phylogeny 

was congruent with the current conception about the evolution of green plants 

according to which morphologically simple photosynthetic forms, such as 

unicellular green algae, gave rise to multicellular forms. Furthermore, 

morphologically simple plants, such as bryophytes, were followed by more 

complex flowering forms with highly developed breeding mechanisms at the top 

of plant phylogeny (Qiu & Palmer 1999). However, the ADC pathway is absent 
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from several green algae that belong to such genera as Ostreococcus, Micromonas, 

Chlamydomonas, Volvox and Chlorella (Fuell et al. 2010). Although the gene 

encoding an intact ADC is present in the single-celled green alga Micromonas 

pusilla, the rest of the pathway is missing (Fuell et al. 2010). Furthermore, the 

unicellular green alga Chlamydomonas reinhardtii is solely dependent on the 

ODC pathway in putrescine production; however, unlike M. pusilla, C. reinhardtii 

lacks an ADC gene and has instead AIH and CPA genes (Illingworth et al. 2003). 

In the present study, both the AIH and CPA genes of C. reinhardtii clustered 

together with bacterial sequences in the phylogenetic trees, implicating an ancient 

origin of the AIH/CPA pathway in plants. The complete or partial absence of the 

ADC pathway in several green algae indicates that either the ADC route has been 

lost independently multiple times in green algae or the ADC and AIH/CPA parts 

of the putrescine biosynthesis pathway have been acquired separately in plants. 

While apparently ubiquitous in plants and bacteria, the ADC pathway is not 

present in all organisms, which makes the ADC pathway also agriculturally 

interesting. Because the ADC pathway does not exist in fungi, nematodes and 

insects, it may provide a possibility to differential inhibition of host and 

pathogen/pest polyamine biosynthesis (Bailey et al. 2000). Although there are 

also some reports of ADC activity in fungi (Fornalé et al. 1999, Sannazzaro et al. 

2004), no fungal ADC gene has so far been identified. The existence of ADC in 

other eukaryotic groups than plants has been a controversial issue. In mammalian 

cells, evidence of ADC activity has been found (Regunathan & Reis 2000) and a 

putative human ADC gene has been identified (Zhu et al. 2004). Recent studies 

have, however, been unable to find any evidence supporting a mammalian ADC 

(Coleman et al. 2004, Lopez-Contreras et al. 2006, Kanerva et al. 2008). In 

mammalian tissues, agmatine does not necessarily result from ADC activity 

because it can be also derived from dietary sources or generated by enteric 

bacteria (Morris 2004). In plants and bacteria, agmatine serves as a substrate for 

the biosynthesis of putrescine through the activities of two enzymes, AIH and 

CPA, whereas in vertebrates, the only enzyme specific for agmatine catabolism is 

agmatine ureohydrolase (agmatinase, AUH), which catalyses the hydrolysis of 

agmatine directly to putresine and urea (Morris 2004, Iyer et al. 2002). In addition 

to ODC, two other ODC-like protein sequences have been identified in mammals. 

One is an antizyme inhibitor (AZI) that binds to the antizyme with a higher 

affinity than ODC and releases ODC from the ODC-antizyme complex 

(Murakami et al. 1996), and the other is an ODC paraloque (ODCp) that has been 

proposed to be either an AZI (Pitkänen et al. 2001) or a mammalian ADC (Zhu et 
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al. 2004). Kidron et al. (2007) found a close phylogenetic relationship between 

ODCp and AZI sequences, whereas ODCp was not closely related to the ADCs of 

other species. Recently, ODCp was reported to be a novel antizyme inhibitor 

(AZIN2) and not ADC (Kanerva et al. 2008). 

Although all known ADCs use either pyridoxal-5-phosphate (PLP) or a 

pyruvoyl cofactor, ADC activity has developed independently at least five times 

during evolution. Three classes of PLP-dependent ADC enzymes share little 

sequence similarity, and the two classes of pyruvoyl-dependent ADC enzymes are 

also nonhomologous (Giles & Graham 2008). Sulfolobus solfataricus as well as 

most of the crearchaeota possess an ADC which has evolved from the pyruvoyl-

dependent SAMDC (Giles & Graham 2008). Additionally, large algal viruses, 

such as the Paramecium bursaria chlorella virus (PBCV-1), encode an unusual 

ADC which is a close homolog of eukaryotic ODC (Shah et al. 2004). The 

repeated evolution of the ADC gene clearly indicates that the possibility of 

arginine decarboxylation gives an organism an obvious evolutionary advantage. 

Furthermore, the evolution of ADC from other genes that belong to the polyamine 

biosynthesis pathway reflects the high evolutionary flexibility of the polyamine 

metabolism pathway. 

4.2 Polyamine metabolism in plants – something special?  

4.2.1 ACL5 gene  

Originally, it was believed that two genes, ACL5 and SPMS, both encode SPMS 

in Arabidopsis (Hanzawa et al. 2000, Panicot et al. 2002). Later, however, Knott 

et al. (2007) reported that the bacterially expressed recombinant ACL5 protein 

catalyzes the conversion of spermidine to thermospermine but not to spermine, 

indicating that the ACL5 gene encodes a TSPMS. Furthermore, Kakehi et al. 

(2008) detected TSPMS activity in Arabidopsis plants. Now, ACL5 genes have 

been found from several plants such as apple and clementine (Citrus clementina) 

(Kitashiba et al. 2005, Trénor et al. 2010). In the present study, the identified 

Scots pine sequence showed 58% identity to the ACL5 proteins of both apple and 

Arabidopsis. Thus, the sequence was defined as a putative TSPMS encoding gene 

and named PsACL5. Overall, the gathered evidence suggests that thermospermine 

may be ubiquitous in plants and that some of the putative SPMSs described so far 

may in the future reveal to be TSPMSs. 
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The present study confirmed that plants possess both SPMS and ACL5 genes 

with varying sequence similarity with the SPDS gene. SPMS genes showed high 

sequence similarity with SPDS genes, which suggested that the SPMS-type 

progenitor gene evolved from SPDS more recently than the ACL5-type progenitor 

gene or, alternatively, that the ACL5 gene has a different evolutionary origin. 

Previously, it has been suggested that the plant ACL5 gene was acquired by an 

algal ancestor of plants through horizontal gene transfer from archaea, whereas 

the SPMS gene evolved from the SPDS gene in respective lineages of plants, 

animals and fungi (Minquet et al. 2008). However, in the present study, no close 

relationship was found between the plant ACL5 genes and bacterial genes in the 

phylogenetic analysis at the nucleotide level. Although the Arabidopsis ACL5 

gene has been proven to encode thermospermine (Knott et al. 2007), further 

studies are needed to resolve the origin of plant ACL5 genes as well as the 

possible connection between plant and bacterial genes. 

The synthesis of thermospermine is likely to resemble the formation of 

spermine (Knott et al. 2007). However, the slight structural difference between 

spermine and thermospermine must be essential for their function because an 

Arabidopsis SPMS defective mutant shows wild type appearance (Imai et al. 

2004a), whereas loss-of-function mutants of the ACL5 gene have severe defects in 

stem elongation (Kakehi et al. 2008). Previously, the separation of spermine and 

thermospermine was performed by thin-layer chromatography (Knott et al. 2007, 

Kakehi et al. 2008) because separation with HPLC was not possible. Hence, the 

present study, together with most studies in which measurements of plant 

polyamines are given, do not distinguish between spermine and thermospermine. 

Very recently, a HPLC method for the separation of spermine and 

thermospermine was, however, described (Naka et al. 2010). In Scots pine 

zygotic embryos, the total amount of spermine/thermospermine was less than that 

of spermidine. During embryogenesis, both free and soluble conjugated 

spermidine as well as both free and soluble conjugated spermine/thermospermine 

concentrations showed an increasing trend at the early stages but a decreasing 

trend at the late stages of embryo development. The consistent profiles in 

different years suggested that spermidine and spermine/thermospermine have an 

important role in embryo development and that they may have different roles at 

different developmental stages.  

In Arabidopsis, spermidine is essential for survival, since the spds1-1 spds2-1 

double-mutant is embryo-lethal (Imai et al., 2004b). By contrast, the Arabidopsis 

acl5-1 spms-1 double mutant, which contains neither spermine nor 
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thermospermine, is viable and shows no phenotype except for reduced stem 

growth due to acl5-1 (Imai et al. 2004a). All plant species, including the model 

moss Physcomitrella patens and gymnosperms, as well as the algae 

Chlamydomonas reinhardtii have been found to possess sequences identifiable as 

SPDS or ACL5, but SPMS sequences have been identified only in angiosperms 

(Merchant et al. 2007, Minguet et al. 2008). Although the structure of the 

Chlamydomonas SPDS and ACL5 genes differ notably from corresponding genes 

in plants, the amino acid sequences are conserved (Rodríguez-Kessler et al. 2010). 

Thus, ACL5 seems to represent an ancient and plant-specific gene in eukaryotes, 

whereas the SPMS gene seems not to be essential for plant survival, at least under 

normal growth conditions, but may have functions in certain environmental 

conditions. By contrast, SPMS is essential for normal growth and development in 

human and other mammals. In human, mutations in the SPMS gene are associated 

with the X-linked disease, Snyder-Robinson syndrome, which causes decreased 

activity of SPMS, low levels of intracellular spermine in lymphocytes and 

fibroblasts as well as elevated spermidine/spermine ratios. The disease leads to 

several serious symptoms, such as mild-to-moderate mental retardation, 

hypotonia and cerebellar circuitry dysfunction (Cason et al. 2003). The male gyro 

(Gy) mouse that has an X-chromosomal deletion including the SPMS gene can 

survive but suffers multiple abnormalities, such as a tendency to sudden death, 

small size, neurological symptoms, sterility and deafness (Pegg & Wang 2009). 

4.2.2 Polyamine oxidases without back-conversion ability 

Spermidine and spermine are catabolized by polyamine oxidases (PAOs). The 

substrate specifity as well as the reaction products of PAOs vary depending on the 

organisms and isoenzymes involved. In animals, PAOs and spermine oxidases 

(SMOs) preferentially catalyse the oxidation of spermidine, spermine and/or their 

acetylated derivates to produce H2O2, an aminoaldehyde, and putrescine or 

spermidine, respectively, thus enabling polyamine back-conversion (Seiler 2004). 

In plants, polyamine oxidation is mainly catalyzed by apoplastic PAOs in 

reactions producing 1,3-diaminopropane (DAP), H2O2, and the corresponding 

aldehyde, thus leading to the terminal degradation of polyamines (Cona et al. 

2006), although the polyamine back-conversion pathways were recently detected 

also in plants (Tavladoraki et al. 2006, Kamada-Nobusada et al. 2008, Moschou 

et al. 2008). In the present study, the revealed PsPAO amino acid sequence was 

42% identical to AtPAO1, the first plant PAO reported to be involved in a 
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polyamine back-conversion pathway, whereas PsPAO was only 16 to 20% 

identical to the AtPAO2, AtPAO3, AtPAO4 and AtPAO5 proteins. Recently, 

AtPAO3 was found to catalyze the oxidative conversion of spermine to 

spermidine and spermidine to putrescine (Moschou et al. 2008), whereas AtPAO4 

catalyzes only the conversion of spermine to spermidine (Kamada-Nobusada et al. 

2008). In Arabidopsis, AtPAO2, AtPAO3 and AtPAO4 have been localized to 

peroxisomes (Kamada-Nobusada et al. 2008), but the polyamine degration has 

been suggested to occur mainly in the apoplastic space because PAO activity is 

predominantly observed in the cell wall fraction (Slocum 1991). 

Besides regulating cellular polyamine levels, plant amine oxidases contribute 

to various physiological processes through their reaction products. Spermidine 

deamination results in 4-aminobutanal, which can be further metabolized to γ-

aminobutyric acid (GABA). GABA is an important metabolite involved in many 

basic cellular processes, such as regulation of cytosolic pH and carbon fluxes into 

the citric acid cycle, but it is also produced in response to biotic and abiotic stress 

(Bouché & Fromm 2004). Furthermore, DAP is a precursor of β-alanine (Terano 

& Suzuki 1978) as well as stress-associated uncommon polyamines (Koc et al. 

1998), whereas H2O2 is a key mediator in several reactions connected to 

development and stress (Quan et al. 2008). In plants, amine oxidases have been 

associated with primary and secondary cell walls undergoing lignification, 

suberization and wall stiffening (Rea et al. 2004), but they are also connected to 

cell division and growth (Paschalidis & Roubelakis-Angelakis 2005a), oxidative 

stress and cell death (Yoda et al. 2003) as well as pathogen resistance (Moschou 

et al. 2009). Thus, in addition to regulating cellular spermidine and spermine 

levels, plant PAOs participate in several fundamental physiological processes 

through their reaction products (Cona et al. 2006), which may have favoured the 

evolution of plant-specific polyamine oxidases without polyamine back-

conversion ability. 

4.3 Necrotic cell death as a regulated cellular response 

Necrosis has traditionally been considered a chaotic and uncontrolled form of cell 

death and thus alternative to PCD. Morphologically necrotic cell death is 

characterized by swelling and lysis of the cell and subcellular organelles, which 

results in the leakage of cellular contents into the surrounding extracellular space. 

Under extreme conditions cells die via an unregulated process of destruction, 

which has led to the assumption that when cell death is accompanied by rapid 
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disruption of the plasma membrane, cytoplasmic structures and the nucleus, it 

indicates that the death is passive and unregulated (Proskuryakov et al. 2003). 

There is, however, growing evidence of physiologically regulated cell death with 

necrotic-like morphology. Several reports have shown that in mammalian cells a 

broad range of PDC triggers induce necrotic-like cell death instead of apoptosis 

when caspase activities are inhibited (Kitanaka & Kuchino 1999). Additionally, 

necrosis has been found to contribute, for example, to normal cell loss in the 

human small intestine and large intestine (Mayhew et al. 1999, Barkla et al. 1999), 

and also the death of primary T lymphocytes is caspase-independent and 

morphologically necrotic (Holler et al. 2000). Recently, developmental stimuli-

induced necrotic cell death was found in Dictyostelium discoideum, a protist that 

emerged in evolution after plants, from an ancestor common to fungi and animals 

(Laporte et al. 2007). Furthermore, the occurrence of morphologically necrotic 

cell death in Scots pine zygotic embryogenesis, which was revealed in the present 

study, suggests that developmentally and physiologically regulated cell death with 

necrotic-like morphology exists also in plants. On one hand, the results together 

suggest that the mechanism underlying necrotic cell death was present already in 

an ancestor common to animals and plants and has been conserved during 

evolution. On other hand, the molecular basis of necrosis is still poorly known in 

comparison with apoptosis and autophagy, and it may be different in diverse 

organisms. In some situations, the developmentally and physiologically regulated 

necrosis may have provided a selective advantage to an organism and it may have 

evolved several times in the branches of the life tree. 

In animal cells, maintenance of certain levels of ATP is required for the 

execution of apoptotic programs. Generally, if the amount of ATP in a cell drops 

below a critical level, it may cause necrosis or an initially apoptotic cell death can 

switch into a necrotic one (Eguchi et al. 1997). Necrosis has also been associated 

with the failure of osmotic regulation, which results in water flooding into the cell 

(Lennon et al. 1991). Finally, cytosolic constituents spill into the extracellular 

space through damaged plasma membrane and may provoke an inflammatory 

response. However, in some cases the triggering of necrosis instead of apoptosis 

may not be a failure but an advantage because a much more robust immune 

response is evoked as a result of necrosis than apoptosis. This may be a matter of 

life and death during dangerous situations, such as viral or bacterial infection, 

injury or abnormal cells, when strong stimuli are required for the rapid 

mobilization of defense forces in cells (Proskuryakov et al. 2003). In the 

developing Scots pine seed, necrotic cells were found in the ESR of the 
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megagametophyte in which the cells broke down and released their content into 

the corrosion cavity. In gymnosperms, the corrosion cavity is filled with fluid, 

which serves as a nutritional and hormonal interphase between the developing 

embryos and the megagametophyte (Carman et al. 2005). Via necrotic breakdown 

of the megagametophyte cells, cytosolic constituents can be released into the 

corrosion cavity and, furthermore, for the nutrition of growing embryos, which 

may have favoured the evolution of developmentally regulated necrotic cell death 

in the ESR. 

Nowadays, the old dogma that necrosis is always a passive process seems to 

be irreversibly mined and the picture of cell death programs has turned out to be 

more complex than previously envisaged. Similarly, the idea that apoptosis 

always needs ATP, whereas necrosis is an invariantly energy-independent and 

disorganized cell collapse, seems to be obsolete (Chiarugi 2005). Plant cells 

integrate cell death and survival signals to determine when to die and how to 

process their own corpses. Furthermore, the way of corpse management is 

probably determined in a dying plant cell before the moment of death and even 

before the point of no return (Jones 2001). The occurrence of necrotic cell death 

in a maternally derived haploid tissue in the Scots pine seed provides a favorable 

model to study the genetic control of developmentally programmed necrotic cell 

death. One interesting and important question for researchers in the area is 

whether the genetic control of this type of cell death resides in the dying cell itself 

or outside the cell. As a conclusion, it can be presumed that in the future necrotic 

cell death can be considered as a form of execution phase of PCD, along with 

apoptosis, autophagy and other, still unknown, types of PCD. 

4.4 Pros and cons of nuclear DNA fragmentation  

During the PCD, the main target of cell degradation machinery is the nucleus in 

which the degradation processes include both chromatin and the nuclear envelope 

(Earnshaw 1995). In animal cells, nuclear degradation is executed by a caspase 

family of cysteine proteases, whereas the canonical caspases are absent in plants. 

By contrast, plant genomes contain distant caspase-homologues, metacaspases 

(MCAs), which have been classified as type I and type II based on their sequence 

and structural features (Sanmartín et al. 2005). In plant and animal cells, the 

structural organization of nuclei is shared, whereas the molecular composition of 

the nuclear envelope is not (Rose et al. 2004). However, the mechanism of DNA 

fragmentation also varies in different species, and even in different tissues of one 
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organism (Jiang et al. 2008). The pattern of DNA degradation occurs by 

activation of endogenous endonucleases that cleave DNA in the linker region 

between histones on the chromosomes. Several candidate nucleases have been 

reported (Scovassi & Torriglia, 2003). Tat-D is an evolutionary conserved 

apoptotic nuclease that incises the double-stranded DNA without obvious 

specificity through its endonuclease activity and excises DNA from the 3´- to 5´-

end via its exonuclease activity. In the present study, both putative TAT-D and 

MCA genes were shown to have decreased expression during the Scots pine 

embryogenesis, which supports the view that no large-scale PCD and nucleic acid 

fragmentation occur in the megagametophyte tissue at late embryogeny. On the 

other hand, the decreasing expression of the TAT-D and MCA genes may also 

reflect the increasing contribution of the more developed embryo to the total 

amount of mRNA and, furthermore, the important role of Tat-D and metacaspase 

in the PCD events during early embryogenesis. 

Due to the fact that DNA wrapped around the histones comprises about 180–

200 bp, multiples of this interval are characteristically observed when DNA from 

apoptotic cells is subjected to conventional agarose gel electrophoresis. By 

contrast, in necrosis DNA degrades randomly and results in a smear (Bortner et al. 

1995, Danon et al. 2000). The fragmentation of genomic DNA into 

oligonucleosomal units was initially documented during apoptosis in animal cells 

(Wyllie et al. 1980). In plant cells, internucleosomal DNA fragmentation during 

PCD has been described, for example, in stressed tobacco (Nicotiana tabacum L.) 

BY-2 cell line, which was cultivated at a low temperature (Koukalová et al. 1997) 

or treated with cadmium (Fojtová & Kovařík 2000). However, internucleosomal 

DNA fragmentation has also been found in rapidly killed BY-2 cells, which were 

killed mechanically by freezing in liquid nitrogen or with the Triton X-100 

treatment, although the cells were not able to activate and realize respective 

enzymatic processes in a programmed manner (Kuthanova et al. 2008). Therefore, 

it has been suggested that internucleosomal DNA fragmentation should not be 

considered as an indicator of PCD without simultaneous evaluation of 

morphological changes (Kuthanova et al. 2008). In the present study, no DNA 

fragmentation was detected during embryo development, and both the 

megagametophyte and embryo DNA was intact also in mature seeds after two 

days of imbibition. Nucleic acids and cell morphology of the megagametophyte 

cells were examined by AO staining, which revealed no symptoms of PCD or 

necrosis in the inner part of the megagametophyte but, instead, showed signs of 

mRNA and active gene expression in the cytoplasm of the megagametophyte cells. 
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The result that megagametophyte DNA looked intact on the agarose gel was 

according to expectations because in previous studies megagametophyte DNA has 

been frequently used for genetic analysis (Devey et al. 1995, Karhu et al. 2006, 

Wachowiak et al. 2010). Pines and other gymnosperms are generally considered 

to be difficult subjects for genetic studies for many reasons, such as long 

generation time, large genome size and outbred mating system, but they have one 

remarkable advantage: the haploid megagametophyte tissue represents a single 

meiotic product and makes the direct analysis of inheritance of genetic loci 

possible without the use of controlled crosses (Devey et al. 1995). 

The in situ detection of nuclear DNA fragmentation by TUNEL assay is 

currently one of the most frequently used techniques in research on cell death. 

However, the sensitivity and specificity of the technique have also been criticized. 

False-positive TUNEL staining has been detected in mouse kidney and liver 

tissues (Pulkkanen et al. 2000), and, in plant tissues, fixation and embedding have 

been reported to cause sufficient nicking of nuclear DNA to produce false 

TUNEL positive nuclei (Wang et al. 1996). Additionally, the TUNEL method is 

presumed to be unable to discriminate apoptotic from necrotic cells, given that the 

latter also have free DNA ends (Kelly et al. 2003). In the present study, TUNEL 

positive nuclei were detected in the cells that died via necrotic cell death in the 

ESR and in the arrow-shaped megagametophyte region in front of the dominant 

embryo. Additionally, a slight TUNEL signal was found in nuclei in the inner 

parts of the megagametophyte at late embryogeny although the cells stayed alive 

at least until the imbibition phase of the mature seed. During development, the 

seed experiences developmentally programmed as well as environmental stress, 

which is potentially damaging to the genome. Embryo development, reserve 

accumulation and maturation/drying are the three typical stages of orthodox seed 

development, leading from a zygotic embryo to a mature, quiescent seed. During 

germination, seeds recover physically from maturation drying, resume a sustained 

intensity of metabolism, complete essential cellular events to allow the embryo to 

emerge and prepare subsequent seedling growth (Nonogaki et al. 2010). In maize 

(Zea mayze) seeds, the maturation drying/rehydration cycle results in the 

appearance of thousands of single-strand breaks in the genome of each cell 

(Dandoy et al. 1987). Thus, attention should be paid to the fact that DNA 

fragmentation can also be a temporary process in plants and does not always 

proceed to cell death.  

In the present study, we found that in in situ mRNA hybridization assay 

probes continually hybridized non-specifically in the ESR of the 



50 

megagametophyte tissue, in the remnants of the degenerated suspensors as well as 

in the cells of the nucellar layers, i.e. tissues exposed to cell death and extensive 

nucleic acid fragmentation during Scots pine seed development. The non-specific 

binding of probes was not connected to phenolic compounds or polysaccharides 

but resulted from the hybridization between a probe and fragmented nucleic acid, 

especially DNA, in the dying tissues. In plants, cell death is an integral part of 

both development and defence, and hence it is a common phenomenon in all 

stages of the life cycle. Our results suggest that extensive nucleic acid 

fragmentation during cell death processes can be a considerable source of non-

specific signals in traditional in situ mRNA hybridization. Therefore, the 

simultaneous visualization of potential nucleic acid fragmentation may be 

necessary to ensure the correct interpretation of the in situ mRNA hybridization 

results in plant tissues. 
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5 Conclusion and future prospects 

All in all, the present study enhanced our understanding of the polyamine 

metabolism and cell death processes during the Scots pine zygotic embryogenesis. 

We also received new insight into the evolutionary history of polyamine genes in 

plants. 

We introduced the first sequences from a gymnosperm species representing 

all the genes in the polyamine biosynthesis and catabolism pathways. The coding 

regions of the Scots pine putative arginine decarboxylase (PsADC), ornithine 

decarboxylase (PsODC), agmatine iminohydrolase (PsAIH), N-

carbamoylputrescine amidohydrolase (PsCPA), spermidine synthase (PsSPDS), 

thermospermine synthase (PsACL5), S-adenosyl methionine decarboxylase 

(PsSAMDC), copper-containing amine oxidase (PsCuAO) and flavoprotein-

containing polyamine oxidase (PsPAO) genes were sequenced. The sequence data 

were used for the reconstruction of the evolutionary history of the polyamine 

genes in plants. The phylogenetic analyses of the genes encoding polyamine 

biosynthetic and catabolic enzymes revealed the complex evolution of the 

polyamine metabolism pathways. Although the polyamine metabolism has in 

principle been highly conserved, several features have also evolved specifically in 

plants. Compared with other eukaryotes, the acquisition of the additional ADC 

pathway for putrescine biosynthesis through horizontal gene transfer from 

bacteria may have added to the adaptability of polyamine homeostasis in plants 

and allowed the reduced use of the ODC pathway in Scots pine as well as in 

conifers in general, as revealed in the present study. Furthermore, the presence of 

two putrescine biosynthesis pathways may have influenced the evolution of both 

ADC and ODC genes in plants. The phylogenetic analysis of the SPDS and SPMS 

sequences supported the view that SPDS genes in eukaryotes are derived from a 

common ancestor and that the SPMS gene has evolved several times from SPDS 

via gene duplication. The identified Scots pine sequence was defined as a putative 

TSPMS encoding gene and named PsACL5. As has been suggested, the ACL5 

gene was found to be plant-specific among eukaryotes, but the present study did 

not confirm the previously held view that the ACL5 gene in plants originated from 

a horizontal transfer from bacteria. In the phylogenetic tree, the PsPAO sequence 

was in the same group with other coniferous PAO sequences. Of the Arabidopsis 

PAO sequences, PsPAO was most closely related to AtPAO1, which has 

previously been found to possess polyamine back-conservation ability. The 

phylogenetic analysis of the PAO sequences supported the view that plants 
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possess several different polyamine oxidases that may have specific subcellular 

localization and catalytic properties. 

The study focused especially on the ADC and ODC pathways in putrescine 

biosynthesis during Scots pine early development. It was found that putrescine is 

almost solely produced via the ADC pathway during zygotic embryogenesis as 

well as in mature seeds during the imbibition phase, but the ADC pathway is also 

strongly preferred in young seedlings as well as generally in conifers. The 

simultaneous increase in both ADC gene expression and ADC enzyme activity 

during Scots pine embryogenesis suggested at least partial transcriptional 

regulation of the ADC enzyme. In zygotic embryos, both ADC mRNA and ADC 

protein localized in dividing cells of embryo meristems and, more specifically, 

within the mitotic spindle apparatus and close to the chromosomes, respectively, 

implicating the essential role of ADC in the mitosis of plant cells. 

The anatomical studies confirmed that Scots pine embryogenesis proceeded 

along with the increasing effective temperature sum, which was therefore used as 

the main explanatory variable in statistical analyses, instead of the sampling date. 

Hence, it was possible to combine polyamine results from different clones, years 

and fractions to the same regression model and to show that the polyamine 

concentrations followed consistent profiles during embryo development. The 

results suggested that polyamines have an important role in embryo development 

and that individual polyamines may have different roles at different 

developmental stages. The polyamine profiles seemed to show an increasing trend 

at the early stages but a decreasing trend at the late stages of embryo development. 

Only the free putrescine fraction remained stable throughout the period of embryo 

development. 

We investigated the physiological events occurring in the megagametophyte 

tissue during Scots pine embryogenesis and proved that the megagametophyte 

tissue survived from the early phases of embryo development until the early 

germination of mature seeds. The expression of the genes encoding PCD-related 

metacaspase (MCA) and Tat-D nuclease (TAT-D) proteins showed a downward 

trend during embryo development, which indicated that no large-scale PCD or 

nucleic acid fragmentation occurred in the megagametophyte tissue during late 

embryogeny. Instead, the slight DNA fragmentation detected in the inner parts of 

the megagametophyte at late embryogeny may be a consequence of DNA strand 

breaks caused by maturation drying or by the DNA breaks with free 3’-OH ends 

that appear during DNA repair. The decrease in RAD51 expression and constant 

expression of KU80 and LIG implicated that during late embryogeny a proportion 
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of mitotic cells decreased and the DNA breaks were mainly repaired by the NHEJ 

pathway. However, the megagametophyte cells in the narrow ESR were found to 

die via morphologically necrotic cell death, which suggested that developmentally 

and physiologically regulated cell death with necrotic-like morphology is 

evolutionarily conserved and exists also in plants. 

In plant cells, polyamines are integrated both into cell proliferation and PCD. 

Thus, the developing pine seed is an excellent research model in which cell 

division and PCD occur simultaneously. Furthermore, the unique reproductive 

features of gymnosperms, together with the occurrence of cell death in various 

tissues that differ from each other either in the number or the parental origin of 

the genomes, make the pine seed special compared with many other PCD model 

systems. In the present study, the ADC pathway was found to be the main route 

for putrescine biosynthesis. Furthermore, both ADC mRNA transcripts and ADC 

protein located in the mitotic cells of Scots pine zygotic embryos. These findings 

raised questions about the possible interaction between ADC protein/putrescine 

and DNA as well as internal ribosome entry site (IRES) dependent translation, 

which may enable the synthesis of ADC protein during mitosis. Our ongoing 

studies will shed light on the possible roles that the other main polyamine 

biosynthetic enzymes, SPDS and TSPMS, as well as the polyamine catabolic 

enzymes, DAO and PAO, play in cell proliferation and PCD. We have recently 

applied a bioreactor cultivation procedure to follow the growth of Scots pine 

embryogenic cell mass in real time (unpublished data). In bioreactor cultivation, 

we are able to test experimentally the hypothesis that polyamines are integrated 

both into cell division and PCD in plant cells and to compare the induced cell 

death process with the developmental PCD involved in zygotic embryo and seed 

development. Presently, there is an ongoing project in the research group of Prof. 

Outi Savolainen, Univ. of Oulu, in which the Scots pine polyamine genes are 

sequenced from genomic DNA. Additionally, our future plans include the 

sequencing of the promoter regions of Scots pine polyamine genes to increase the 

understanding of the regulation of polyamine metabolism. 
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