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Abstract: Mechanisms of sex determination in plats popular research topic. Research studies
are initiated to describe sex determination meamsiand develop molecular methods for sex
differentiation in plant species where sexual dipmigm is weakly expressed or absent at the early
stages of development. This study presents diffeneechanisms of sex determination in plants,

identifies unexplored areas and discusses probhgrth limit our knowledge of the subject.
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Introduction

Whereas sexual dimorphism is common in the aninrajdom, most plant species are
bisexual by nature. Angiosperms have two typesepiaductive structures: a plant may
produce flowers containing both stamens and stglésrnatively, one individual can develop
both male flowers (with stamina) and female flowénsth pistils). Only around 6% of
angiosperms are dioecious, i.e. male flowers amdalfe flowers grow on separate plants
(Renner and Ricklefs 1995). It could seem that digeoses a barrier to reproduction, but in
fact, it plays a very important evolutionary rolehe exchange of genetic material between
two individuals leads to new combinations of gewésch enable a plant to easily adapt to a
changing environment. Dioecy also prevents setiliation. Plants fertilized with foreign
pollen produce healthier and more abundant offgptivan individuals fertilized with own
pollen (Malinowski 1978). This correlation is clavisible in Cannabis sativavhere dioecy
contributes to greater yield and supports crosslimgelo produce offspring containing more
valuable fiber (Mandolino et al. 1999).

How comes it to sex expression? What is the bddisi®process? So far, there are a few
known mechanisms of sex determination in plantss phper is a review of this methods and
also draws attention to what is still unexplored.

Development of reproductive organs in plants

There are no universal models supporting sex datetian in plants. The results of
studies into the development of sex organs alreadgal a variety of hidden mechanisms.
The discussed investigations analyzed the timechatacter of sexual development inhibition
(Ainsworth 2000). The following trends are observadthe majority of plants: male and
female organs are formed and developed simultahgdost only up to a point when the
growth of either set of sex organs is inhibitedeTdbove is noted iMelandrium album
(Grant et al. 1994)Rumex acetos@Ainsworth et al. 1995) anRistacia vera(Hormaza and
Polito 1996). Species such Eercurialis annua(Durand and Durand 1991Gannabis sativa
(Mohan Ram and Nath, 1964pinacia oleracedSherry et al. 1993) and taxa of the genus
Humulus (Shephard 1999b) develop at the very beginningqumsghat are specific for the
given sex. This mechanism points to an early deecg of paths that lead to sexual
differentiation. The reverse is observedActinidia deliciosa(Schmid 1978) andsparagus
officinalis (Galli et al. 1993, Caporali et al. 1994) wherguse differentiation takes place
very late, and in consequence, male and femaleeflowppear to be identical at first glance.
In addition to differences in timing, the inhibiicof sexual development can also vary in
character. In most cases, sexual development isiteth by the absence of cell division, for
example inRumex acetosgAinsworth et al. 1995) antelandrium album(Farbos et al.
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1997), or necrosis of sexual organ cells, whichaged inAsparagus officinaligCaporali et.
al. 1994) andictinidia deliciosaHarvey and Fraser 1988).

Molecular basis of sex determination

Despite a large body of research investigating ediifit species, the molecular
mechanisms of sex determination in plants remalatively unknown. A number of
generalized hypotheses have been proposed to expigiprocess.

It is generally believed that metabolic processes the sexual determination pathway
have genetic origins. Attempts are made to ideraifg estimate the number of genes which
determine sex in various plant species. This isgalyr complex task. An identified gene is
often not the primary element in the sex deternmatechanism (Ainsworth 2000), but only
one of the many genes in the mechanism's casca®aRhers often find it difficult to
ascertain whether this intermediary gene is aat/dahrough the expression of the primary
gene or through environmental factors. Frankel &adun (1977) proposed the key gene
theory to explain the sex determination mechanigndants. In 1991, the same theory was
used by Truong et al. in reference to the animagdtom. When triggered (gene activation),
the key gene activates a cascade of other genesevexpression leads to the development of
the respective sex organs. The above implies beagénes conditioning the development of
male and female sex organs are present simultalyeiousvery plant, and those sets of loci
are activated subject to the allelic architectureahe key gene. A single-gene mechanism
controls sex determination in plants such Asparagus officinalis(Gao et al. 2007),
Ecballium elaterium(Ainsworth 2000),Pistacia vera(Hormaza 1994) an@€arica papaya
(Storey 1953). A multiple-loci system which is reapible for sex distinction iMercurialis
annua(Louis 1989) seems to defy the above hypothesis.

Sex chromosomes

Like other types of genetic information, sex-det@ing sequences are located on
chromosomes. In plants, they could be sex chromesoon autosomes. In animals, sex
chromosomes are responsible for sex differentiabom in plants, they are a relatively young
evolutionary achievement. Sex chromosomes have igeenified in selected plant species,
and their existence is merely suspected in otha. thhe expression of sex chromosomes
seems to be biologically justified. It supports #ueumulation of sequences whose nucleotide
arrangement should not be modified in a singletlonaIn general, the closer the genetic
distances, the lower the recombination frequencystable structure preserves the existing
expression and sequence function, which is of utmgsortance in sex determination.

The identification of sex chromosomes in plantprisblematic because most of them do
not differ morphologically from autosomes or frommeo another §pinacia oleracea
Asparagus officinalis (Michalik 2009). In some species, such Adinidia deliciosa var.
deliciosa(Shirkot et al. 2002), X and Y chromosomes arestoall to support observations of
their distinguishing characteristics. Heteromorpde® chromosomes have been discovered in
Rumex acetosgihara and Ono 1923Melandrium album, Melandrium rubruiBlackburn
1923), three species of the famannabidaceae,e. Humulus lupulusHumulus japonicus
andCannabis sativgShephard et al. 1999a), as well aRkimex nivaligStehlik and Barrett
2005) and three liverwort specie€Sphaerocarpos donnelli§phaerocarpos texanysllen
1917) andMarchantia polymorphaBischler 1986). An occurrence of heteromorphic sex
chromosomes is also suspected in mosses of the yEmomitrium(Ramsay 1966).

Sex chromosomes have been observed in a relaswedyl group of plants, therefore the
presence of a diverse chromosomal mechanism oflxentiation may be surprising. In
most cases, it is identical to the mechanism fanrghimals which relies on the presence of
the Y chromosome and its characteristic sequendeshwact as a maleness enhancer and

124



suppress the development of female sex organs. altwe mechanism is present in
Melandrium albumAsparagus officinalisand Spinacia oleracealn some plant species, the
sex determination mechanism is independent of tlthirémosome. The ratio of the number
of X chromosomes and autosomes is an importawff rformation. The above mechanism is
responsible for sex determination Rumex acetos@Ainsworth 2000),Humulus lupulus
(Shephard 1999a) arfthoenix dactylifera(Siljak-Yakovlev et al. 1996). It could seem that
the Y chromosome is obsolete in the discussed ¢ygaants, nevertheless, it is present in
those species where is plays various roles. Fjrgily Y chromosome is needed for meiotic
division (Parker and Clark 1991), and secondlycahtributes to pollen development, for
example inHumulus lupulugParker and Clark 1991). Sorrel and hops have tipes of
chromosomes Y: XYY, (male) and XX (female) (Dellaporta and Calderomeldr1993). In
some plant species, suchRsmex hestatulugarker and Clark 1991), sex is determined by
both mechanisms: an active Y chromosome and the o&tX chromosomes to autosomes.
The above is observed in the AmericRomex hestatulugParker and Clark 1991). The
presence of an active Y chromosome with a typidaitgale proportion of X chromosomes to
autosomes (> 0.5 and < 1.0) will produce a plarth wbth male and female organs (Smith
1963).

In diploid species with a chromosomal mechanismsex differentiation, males are
generally heterogametic (XY) and females are hommag@ (XX). A rare sex determination
mechanism is observed in polyploid, dioecious sgmof the genuBragaria where female
individuals are heterogametic (Dellaporta and QalddJrrea 1993). A similar mechanism is
suspected iMyristica fragrans(Flach 1966). Sex determination is much simplenaploids
where males and females have completely differertchromosomes: Y chromosomes in
males and X chromosomes in females (Elgtchantia polymorphpa

Labile sex

Next to the stable, genetic mechanism of sex détation, some plants possess labile
systems. In the latter case, the environmentabfaaletermine a fixed sex expression with
switching on specific genes (Korpelainen 1998). UaéXability is encountered in various
plant taxa, but ferns are the only group of plamntere the above phenomenon is a rule
(Korpelainen 1998). In ferns, sex is determinecalbyametophyte's age (older gametophytes
produced by rapidly germinating spores are hernaaptic, while younger gametophytes are
male) and size (taller gametophytes are capablbftioly up a zygote and a developing
sporophyte), as well as the secretion of antheggho a gibberellin-like substance
characteristic of ferns. Male individuals are proeldi when, at an early stage of development
(1-4 cells), a gametophyte is exposed to the aboempound secreted by mature
hermaphroditic gametophytes (Korpelainen 1998). ahieridiogen-controlled mechanism
of sex determination has been described on the graohCeratopteris richardii(Tanurdzic
and Banks 2004). Biotic factors, such as populatiensity, also affect sex expression in the
above species. Dense populations have a prefefenasale individuals which contribute to
the exchange of genetic material, whereas sparpelgi®mns produce hermaphrodites to
boost fertilization (Tanurdzic and Banks 2004).

In plants, sex can be modified by external factorsstly abiotic, as well as physiological
factors (phytohormones) and, in infrequent casésticbelements. Those factors disturb
physiological processes, leading to potential ckang the expression of sex determination
genes. Environmental stressors such as droughttdmperature, less than optimal light, low
nutrition, less than optimal pH and nitrogen-deitti soils favor maleness in spermatophytes
(Korpelainen 1998). The reverse probably applidsryophytes where males seem to be more
susceptible to environmental stressors (Longtorb12888; Cameron and Wyatt 1990; Shaw
et al. 1991; Bisang and Hedenas 2005). The restiisarce research into the determination
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and expression of sex in bryophytes suggest thatialfactors are most likely to influence
sex determination. There exists modest but higloigvimcing evidence that physiological
factors affect sex expression in bryophytes. Uneeperimental conditions, auxins and
gibberellins in Bryum argenteumfavored maleness, whereas cytokines showed a clear
preference for females (Korpelainen 1998).

In an overview of sex determining factors in plattsrpelainen (1998) cites experiments
where different species were treated with exogempdysohormones to show that chemical
treatment induces sex change in animals. Conversion hermaphrodites were rarely
observed. Korpelainen's observations corroboratefitidings of Dellaport and Calderon-
Urrea (1993) who demonstrated that the above plargtssexually bipotent, and that genes
determine sex expression through hormone contnolvdody plants, sex transformation is
only partial, alternatively, the process may inwl monoecious form (Matsui et al. 1995;
Ushimaru and Matsui 2001; Nanami et al. 200X integra a dioecious tree native to East
Asia, seems to be an extraordinary plant in viewhefabove findings. Complete sex change,
both from female to male and male to female, iseoled in adult individuals of the above
species. It remains unknown whether the noted adsage reversible (Takagi and Togashi
2012).

External factors seem to have no effect on the mbsmmal mechanism of sex
differentiation in the dioeciouRumex acetosand its relativeRumex acetoselldNo changes
in sex were noted when the above taxa were treaitd phytohormones (Culafic 1999).
Similar observations were made with regardMelandrium album(Ye et al. 1991). In
Melandrium rubrum the stability of sex expression may be disrupdtgdyeast infections
caused by (Audran and Batcho 1981).

Sexual lability could be a manifestation of a pwmbability to preserve its genetically
coded sex in a disturbed environment (Korpelain®88) or it could be an adaptation
mechanism that supports survival in a new hab@ag(nov and Bull 1977). The fact that the
majority of plants characterized by labile sexugiression were perennial plants supports the
latter observation (Korpelainen 1998). In woodednm, sex change is also influenced by
reproductive strategy (Takagi and Togashi 2012).

Epigenetic inheritance

Since sexual lability serves a specific purposshduld not be surprising that changes in
the expression of sex-linked genes are not heeitadbéne expression in the next generation
will once again be determined by external factditse above could give rise to epigenetic
inheritance, a very interesting phenomenon whichbased on inheritance unrelated to
changes in the DNA sequence (Wierzbicki 2004). @tatin structure is the carrier of
information. Changes in chromatin affect gene esgicln and may be heritable. Chromatin
modifications induced by DNA and histone methylatare exceptionally stable, and may be
passed onto the following generations.

Epigenetic inheritance is also responsible for determination and sex inheritance in
plants. The above has been demonstrated by a sfulielandrium albuma plant which
changes its sex from male to androhermaphroditenvteated with the nucleoside analog of
5-azacytidine (5-azaC). The pollination of wild fales with androhermaphrodite pollen leads
to the re-appearance of androhermaphroditic formtbis completely dioecious species. The
above phenomenon is undoubtedly related to 5-amd@eed hypomethylation of DNA. The
most plausible theories explaining the above pmasdude the inhibition of Y-lined female-
suppressing genes or the activation of autosonmadlpromoting genes whose expression,
due to genomic imprinting, could be passed ontontid generation (Janousek et al. 1996).
The exact mechanism by which hypomethylation indusex change iMelandrium album
remains unknown. A reverse process is responsible the sex change in melons.
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The hypermethylation of the promoter of tBenWIP1gene responsible for pistil growth
inhibits gene expression. The insertion of tranepegs a direct cause of epigenetic change in
the promoter region (Martin et al. 2009). Transpssare, however, strongly methylated
(Wierzbicki 2004; Slotkin et al. 2007; Weil & Magtissen 2008).

Inherited chromatin states are far less stable amparison with changes in DNA
sequences, but the above makes them reversiblgordbability of reversal ranges from three
percent in selected plant genes to several dozeemqean mammals (Jacobsen & Mayerowitz
1997; Rakyan et al. 2002). In view of the stabilitiy changes, it could be said that sex
changes induced by epigenetic mechanisms are agrmietliary process between
the chromosomal mechanism and sexual lability wiidtimulated by external factors.

Conclusion

The exact mechanism of sex determination in plasspite the numerous research in this
direction, there is still a mystery. Currently, anportant signpost on the road to the
exploration of these mechanisms seem to be molesabalinked markers. Although these
markers alone do not explain the molecular basgerfdetermination in dioecious plants, but
their number, structure of sequence or sequenceologm between the typical, male and
female sequences represent a foothold in the sitittye mechanisms of sex determination.
The work on the development of sex-linked markéhsenjoy a great popularity.

References

Ainsworth C., Crossley S., Buchanan-Wollaston Vhahgavelu M., Parker J. (1995): Male and
female flowers of the dioecious plant sorrel shaffetent patterns of MADS box gene expression.-nPla
Cell 7: 1583- 1598.

Ainsworth Ch. (2000): Boys and girls come out tayplThe molecular biology of dioecious plants.— Alsrof
Botany 86: 211- 221.

Allen C.A. (1917): A chromosome difference correthiwith sex differences iBphaerocarpus Science 46:
466- 467.

Audran J.C., Batcho M. (1981): Microsporogenesid pallen grains irSilene dioica(L.) Cl. and alterations
in its anthers parasitized hystilago violacea(Pers.) RousdJstilaginales— Acta Societatis Botanicorum
Poloniae 50: 29- 32.

Bisang I., Hedendas L. (2005): Sex ratio patterndigncous bryophytes revisited.— Journal of Brygl&y:
207- 219.

Bischler H. (1986):Marchantia polymorphaL. S. LAT. Karyotype analysis.— The Journal of tHattori
Botanical Laboratory 60: 105- 117.

Blackburn K.B. (1923): Sex chromosomes in plankéature 112: 687- 688.

Cameron R.G., Wyatt R. (1990): Spatial patterns saxdratio in dioecious and monoecious mosseseof th
genusSplachnum- Bryologist 93: 161- 166.

Caporali E., Carboni A., Galli M.G., Rossi G., SmaA., Longo G.P.M. (1994): Development of male
and female flower iMsparagus officinalisSearch for point of transition from hermaphradit unisexual
development al pathway.— Sexual Plant Reprodudtic@®89- 249.

Charnov E.L., Bull J. (1977): When is sex enviromiadly determined? — Nature 266: 228- 230.

Culafic L. (1999): Photoperiodic and hormonal cohbf flowering and sex determination of monoecionsl
dioecious plants growim vivio andin vitro.— Russian Journal of Plant Physiology 46: 566-577

Dellaporta S.L., Calderon- Urrea A. (1993): Sexedeination in flowering plants.— The Plant Cell 5:
1241- 1251.

Durand B., Durand R. (1991): Sex determination m@mtoductive organ differentiation Mercurialis— Plant
Science 80: 49- 65.

Farbos I., Oliveira M., Negrutiu I., Mouras A. (199 Sex organ determination and differentiatiorihia
dioecious planMelandrium album(Silene latifolig: a cytological and histological analysis.— SexRkint
Reproduction 10: 155- 167.

Flach, M. (1966): Nutmeg cultivation and its serlgems.— Eng. Sum. Meded. Landh Hogesh. 66,1.

Frankel R., Galun E. (1997): Pollination machanismeproduction and plant breeding. Springer Berlin
Heidelberg New York.

Galli M.G., Bracale M., Falavigna A., Raffaldi Bavini C., Vigo A. (1993): Different kinds of male
flowers in the dioecious platsparagus officinalid..— Sexual Plant Reproduction 6: 16- 21.

127



Gao W.J,, Li R.L,, Li Sh.F.,, Deng Ch.L., Li S.PO(): Identification of two markers linked to thexdocus
in dioeciousAsparagus officinaliplants.— Russian Journal of Plant Physiology 5868- 821.

Grant S., Hunkirchen B., Seadler H. (1994): Develeptal differences between male and female flowers
in the dioecious plant white campion.— Plant JouBnd71- 480.

Harvey C.F., Fraser L.G. (1988): Floral biologytefo species of\ctinidia (ceag. Il. Early embryology.—
Botanical Gazette 149: 37- 44.

Hormaza J.l., Dollo L., Polito V.S. (1994): Ideitdtion of RAPD marker linked to sex determination
Pistaciaverausing bulked segregant analysis.— Theoreticalfpplied Genetics 89: 9- 13

Hormaza J.l., Polito V.S. (1996): Pistillate andmsinate flower development in dioecioBsstacia vera
(Anacardiaceap— American Journal of Botany 83: 759- 766.

Jacobsen S.E., Mayerowitz E.M. (1997): HypermetiegdaSUPERMAN Epigenetic Alles iArabidopsis-
Science 277: 1100- 1103.

Janousek B., Siroky J., Vyskot B. (1996): Epigenetntrol of sexual phenotype in dioecious plant,
Melandrium album- Molecular and General Genetics 250: 483- 490.

Kihara H., Ono T. (1923): The sex chromosomeRwomex acetosa Zeitschrift fiir Induktive Abstammungs
und Verebungslehre 39: 1- 7.

Korpelainen H. (1998): Labile sex expression imf8a- Biological Review 73: 157- 180.

Longton R.E. (1985): Reproductive biology and spsibdity to air pollution inPleurozium schrebeliBrid.)
Mitt. (Musci) with particular reference to Manitob&anada.— Monographs in Systematic Botany of
Missouri Botanical Garden 11: 51- 69.

- (1998): Biology of polar bryophytes and liche@ambridge: Cambridge University Press.

Louis J.P. (1989): Genes for the regulation of déferentiation and male fertility ilMercurialis annua-
Journal of Heredity 80: 104- 111.

Malinowski E. (1978): Genetyka. WarszawanBtaowe Wydawnictwo Naukowe, Wyd. V.

Mandolino G., Carboni A, Forapani S., Faeti V.,rRdli P. (1999): Identification of DNA markers
linked to the male sex in dioecious hen@afinabis sativd..).— Theoretical and Applied Genetics 98: 86-
92.

Martin A., Troadec C.H., Boualem A., Rajab M., Fandez R., Morin H., Pitrat M., Dogimont C.,
Bendahmane A. (2009): A transposon-induced epigerbange leads to sex determination in melon.—
Nature 461: 1135- 1139.

Matsui K. (1995): Sex expression, sex change amitirfig habits in aAcer rufinervepopulation.— Ecological
Research 10(1): 65- 74

Michalik B., Klein M., Grzebelus D., Adamus A. (280 Hodowla rélin z elementami genetyki i
biotechnologii. Pozna Paistwowe Wydawnictwo Rolnicze i Kge.

Mohan Ram H.Y., Nath R. (1964): The morphology antbryology ofCannabis sativa- Phytomorphology
14: 414- 429.

Nanami S., Kawaguchi H., Yamakura T. (2004): Seange towards female in dyingcer rufinerve
trees.— Annals of Botany (London) 93(6): 733- 740.

Parker J.S., Clark M.S. (1991): Dosage sex- chromessystems in plants.— Plant Science 80 (1- 2)929

Rakyan V., Blewitt M.E., Druker R., Preis J.I.,, Wklaw E. (2002): Metastable epialleles in mammals.—
Trends in Genetics 18: 348- 531.

Ramsay H.P. (1966)fhe Hepaticaeand Anthocerotaeof North America. Volume I, New York: Columbia
University Press 1-802.

Renner S.S., Ricklefs R.E. (1995): Dioecy and dtgelations in the flowering plants.— American @l of
Botany 82: 596- 606.

Schmid R. (1978): Reproductive anatomyAattinidia chinensigActinidiacea¢.— Botanische Jahrbicher fur
Systematik Pflanzengeschichte und Pflanzengeogrdiii: 149- 15.

Shaw A.J., Jules E.S., Beer S.C. (1991): Effectsnetals on growth, morphology and reproduction of
Ceratodon purpureus Bryologist 94: 270- 277.

Shephard H., Parker J., Darby P., Ainsworth Chl@99a): Sex expression in hagumulus lupulud..
andH. japonicusSieb. Et Zucc.) floral morphology and sex chrommes.— Sex Determination in Plants 8:
139- 150.

Shephard H.L. (1999b): Molecular analysis of flonggvelopment in hopHumulus lupulusL. and H.
japonicusSieb. et Zucc.). PhD thesis, Wye College, Univgrsf London.

Sherry R.A., Eckard K.J.,, Lord E.M. (1993): Flowedevelopment in dioecious$pinacia oleracea
(Chenopodiacege- American Journal of Botany 80: 283- 291.

Shirkot P., Sharma D.R., Mohopatra T. (2002): Molac identification of sex irctinidia deliciosa var.
deliciosaby RAPD markers.— Scientia Horticulturae 94: 33- 3

128



Siljak-Yakovlev S., Benmalek S., Cerbah M., de efiR T.C., Bounaga N., Brown S.C., Sarr A.
(1996): Chromosomal sex determination and hetecoohtin structure in date palm.— Sexual Plant
Reproduction 9: 127- 132.

Slotkin R.K., Martienssen R. (2007): Transposalidenents and the epigenetic regulation of the geneme
Nature Reviews Genetics 8: 272- 285.

Smith B.W. (1963): The mechanism of sex determimaitn Rumex hestatulus Genetics 48: 1265- 1288.

Stehlik 1., Barrett S.C.H. (2005): Mechanism gowegnsex ratio variation in dioeciouRumex nivalis-:
Evolution 59 (4): 814- 825.

Storey W.B. (1953): Genetics of papaya.— Journdleredity 44: 70- 78.

Takagi E., Togashi K. (2012): Evidence of sex cleginglex integra— Botany 90: 75- 78.

Tanurdzic M., Banks J.A. (2004): Sex- Determiningdlanisms in Land Plants.— The Plant Cell 16: @1- 7

Ushimaru A., Matsui K. (2001): Sex change in trpecies: long- term monitoring of sex expressioAder
rufinerve— Nordic Journal of Botany 21(4): 397- 399.

Weil C., Martienssen R. (2008): Epigenetic intei@ts between transposons and genes: lessons from
plants.— Current Opinion in Genetics and Developgri&n188- 192.

Wierzbicki A.T. (2004): Epigenetic Inheritance.—$tnos 53 (3-4): 271- 280.

Ye D., Oliveira M., Veuskens J., Wu Y., Installe, Minnisdaels S., Truong AT., Brown S,,
Mouras A., Negrutiu I. (1991): Sex determinatiortlie dioeciousvelandrium The X/Y chromosome
system allows complementary cloning strategiesahtPcience 80: 93- 106.

Authors’ addresses: Monika Milewicz & Jakub Sawicki, Department of Botaand Nature Protection,
University of Warmia and Mazury in Olsztyn, Placdz&i 1, 10-727 Olsztyn, Poland;
e-mail: monika.milewicz@uwm.edu.pl

129



