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We analyzed the peculiarities of lipoxygenase (LOX) localization and activity in organs of two higher
vascular cryptogams at the different phenological phases of development. For the first time it was showed that
floating fronds of the annual water fern Salvinia natans (L.) contained 13-LOX with PH,, value of 8.0, when
submerged ones — 13-LOX (pHapt 8.0) at the initial phenological phases of development and 9-LOX (pngt 5.5)
at the subsequent phases. In sporocarps 9-LOX (pHopt 5.5) was identified. At the same time in fronds of the
perennial land fern Polystichum aculeatum (L.) Roth. we identified 13-LOX with PH,, value of 7.74, and in the
rhizome — 9-LOX (pHopt 7.54). The localization pattern and change of LOXs isoform activity in ferns organs in
various phenological phases of development allow us to suggest that enzyme may be involved in the regulation

of growth processes that ensure adaptation to environmental conditions.
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a universal signaling mechanism that triggers

the development of cell adaptation programs,
and its initiation involves lipoxygenases. Lipoxyge-
nases molecules (linoleate:oxygen oxydoreductase,
EC 1.13.11.12, LOXs) contain non-gem iron [1-3]
and catalyze stereo-specific peroxidation of polyun-
saturated fatty acids (PUFA) that have at least one
1Z.,4Z-pentadiene link [4]. Formation of hydroper-
oxides of trans- and cis-conjugated dienes is a key
reaction in the lipoxygenase cascade that initiates
seven enzyme branches [5], whose final products
are biologically active metabolites — oxylipins [5, 6].
These compounds are involved in the regulation of
growth, development as well as formation of re-
sponses to environment signals and provide certain
communication between living organism kingdoms
[2, 3 7-10]. Search for specific DNA sequences in
the data base GenBank, Refseq, Uniprot, Ensembl
made it possible to establish the presence of LOX
in ciano- and proteobacteria, the simplest unicellu-

I ntensification of membrane lipids oxidation is

lar red and green sea algae, amoeba, fungi, mosses,
angiosperms and animals [1, 3]. Although a biologi-
cal role of LOX in lower plants remains unclear, the
occurrence of LOX sequence in their DNA suggests
that the genus of these enzymes is evolutionary an-
cient and emerged after the emergence of oxygen on
the Earth. LOX are thought to arise first in ciano-
bacteria — the oldest life form [11]. In lower orga-
nisms LOX occur as hybrid enzymes in which the li-
poxygenase domain may be associated with another
catalytic domain, in particular, a peroxidase one. A
biological role of hybrid enzymes is not fully under-
stood but it has been shown that they are involved in
biosynthesis of signaling molecules of lipid nature
[12]. Algae and mosses contain significant quanti-
ties of C, -PUFAs (arachidonic and eicosapentae-
noic) and C -PUFAs (a-linolenic and linolenic) that
are characteristic of animals, and which are typical
lipoxygenase substrates in flower plants [13]. Phy-
scomitrella patens were found to have LOX with
pH of 7.0 and pHop[ of 5.0 that produced (12S)-hy-
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droperoxide with arachidonic and eicosapentaenoic
acids and (13S)- hydroperoxide with a-linolenic acid.
Thus, in mosses C, - and C -PUFAs may be oxi-
dized with LOX and converted to biologically active
oxylipins [14]. Due to the presence of C, -PUFAs
the oxylipin spectrum in mosses was significantly
larger compared to flower plants. However, jasmonic
acid (JA) — one of the most active oxylipins in flower
plants and mosses, is not synthesized [13].

According to the number of species, Polypodio-
phyta — the most numerous after angiosperms group
of vascular plants, occupy the first place among the
modern higher spore-bearing plants [15]. Occurrence
of C,- and C, -PUFAs in Polypodiophyta suggests
that they contain lipoxygenases [16]. Information on
LOX and products of their metabolic pathways in
Polypodiophyta is limited [17-20]. So, Pteris vittata
was shown to respond to Spodoptera littoralis infec-
tion in two ways similar to many flower plants: H,O,
synthesis and terpenoids emission [18]. However, the
problem of oxylipins involvement in the growth and
development regulation in higher vascular crypto-
gams is poorly understood and requires additional
study. Thus, the aim of our study was to identify
lipoxygenases in sporophytes of land fern Polysti-
chum aculeatum (L.) Roth. and water fern Salvinia
natans (L.) AllL, find the enzyme localization, reveal
a possible functional role of LOX isoforms, localized
in different plant organs, in the various phenologi-
cal phases of development under different existence
conditions.

Materials and Methods

Salvinia natans (L.) Roth. belongs to annual
hydrophytes with a summer-green phenorythm
type, occurs at the boundary between water and air
[15, 20, 21]. We studied separated submerged (under-
water) and floating (above-water) fronds and sporo-
carps of S. natans that grew under natural conditions
in artificial water basins of Kyiv city. The analyzed
phenological phases of sporophyte development
were as follows: intensive growth, steady growth,
formation of sporocarps and mature sporocarps.

Polystichum aculeatum (L.) Roth. — perennial
land plant with an ever-green phenorythm type. Af-
ter winter its fronds die out and emerge again in the
middle of spring [22]. We studied plants that grew
on the exposure plots of spore-bearing plants of aca-
demic O. V. Fomin Botanical Gardens, Kyiv Nation-
al University. Fronds and rhizomes were separated
from plant samples. The following phases of sporo-

phyte phenological development were singled out:
intensive growth, sorus formation, spore formation
and phases of summer, autumn and winter vegeta-
tion. Monthly average air temperature during the pe-
riod of sampling was: May 19 °C, June 21 °C, July 25
°C, August 26 °C, September 16 °C, October 2 °C,
February -7 °C. Monthly average water temperature
was: June 19 °C; July 22 °C, August 20 °C, Septem-
ber 11 °C. Illumination of water basin surface at
noon was 200-220 uM/m?*sec! Illumination of the
low stratum under the tree canopy at noon was 30-40
uM/m?sec’'. Natural soils on the cryptogamic plants
exposition site of the O. V. Fomin Botanical Gardens
were represented by ashed, very loamy chernozem
on forest loam soil having the following character-
istics of the arable layer: pH, ., — 5.7, total humus
content — 4.1%, movable phosphorus and potassium
compounds (according to Chirikov) — 138 mg/kg
and 90 mg/kg of soil, respectively. Water chemical
composition in the studied basin: acidity — 0.88 mg-
equiv/l, alkalinity — 7.55 mg-equiv/l, total hardness —
2.78 mg-equiv/l, dissolved oxygen — 5.15 mg/l,
HCO, - 3.01 mg-equiv/dm®, Cl - 0.79 mg-equiv/dm’,
SO,* - 1.03 mg-equiv/dm’, Mg** — 1.201 mg-equiv/
dm?, Na*" and K — 1.1 mg-equiv/dm?®. Soil and water
composition remained the same for the whole exper-
iment period. For each repeated biological trial 40
plants were selected.

To isolate LOX preparations, plant samples
were homogenized in cooled to 4 °C 0.1 M phos-
phate buffer (pH 6.3), which contained 2 mM phenyl-
methylsulfonyl fluoride, 0.04% sodium metabisulfite.
Homogenate was centrifuged (K-24, Germany) at
4000 g for 30 min at 4 °C. Obtained supernatant
was used to determine LOX activity. To construct
curves of pH-dependence of lipoxygenase oxidation
standard rates of linoleic acid, 0.1 M sodium-acetate
(pH 4.0-5.5), 0.1 M sodium-phosphate (pH 6.0-8.0)
and borate 0.1 M (pH 8.0-9.5) buffer solutions were
used. Linoleic acid concentrations in 2.5 ml reaction
mixture were 40-100 uM, with or without 50 uM of
lubrole. The 9- and 13-LOX activities were deter-
mined spectrophotometrically at 234 nm using lin-
oleic acid as substrate at pH 4.5-9.5 in the presence
or absence of 50 uM lubrole, respectively [23].

LOX activity was measured using the spec-
trophotometer Specord M-40 (Carl Zeiss Jen,
Germany). Reaction was initiated by adding 50-
100 pl of enzyme solution (protein concentration
of 0.5-1.0 mg/ml) and at the constant temperature
of 25 + 0.1 °C. Reaction was observed considering
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an increase in reaction mixture optical density at
A = 235 nm that corresponds to maximum absorp-
tion of conjugate diene chromophore in molecules of
linoleic acid hydroperoxide whose molar extinction
coefficient is 23000 M'-cm™ [24]. Protein content
was measured according to the method [25]. Biologi-
cal tests were repeated twice and analytical assess-
ment thrice. When constructing kinetic dependence
curves we used average values of V_, which were de-
termined in three measurements (difference between
values was not more than 5%). Findings were statis-
tically processed using Student’s ¢-test, difference at
P <0.05 was regarded as statistically reliable. The
bars in the graphs represent the standard deviation

Results and Discussion

A mature sporophyte of S. natans is characteri-
zed by a clonal structure, it is produced during for-
mation of new modules that develop radially near
the central (the oldest) part of the plant. The clone
structure complexity is determined by its age. The
clone growth is similar to that of lateral branches in
vascular plants. We observed clone growing in June-
August at water 19-20 °C. Clone disintegration into
individual modules coincided with the emergence
and development of sporocarps (the third decade of
August — beginning of September) and water tem-
perature decrease. Biometric studies results con-
cerning an intact plant (clone) and individual seg-
ments of floating and submerged fronds of the main
adult plant in the various phenological phases of S.
natans sporophyte development are given in Table
1. An individual submerged frond mass and length
were established to exceed those of a floating frond.
It was typical of floating fronds in general to show
an insignificant increase in biometric indices. At the

same time, mass and length of sporophyte floating
part increased from 22 to 40 mg and 45 to 62 mm,
respectively due to newly produced fronds and stem
elongation (Table 1). At the stage of stable growth,
due to an intensive formation of multicellular fila-
mentary hairs, the mass of an individual submerged
frond increased two times while the length remained
almost unchanged. At the stage of reproductive de-
velopment, the sporophyte mass grew due to the spo-
rocarps formation (Table 1).

Thus, the biometric analysis indicates that
changes in mass and length of S. natans sporophytes
occurred mostly due to newly formed organs (modu-
les), while linear dimensions of individual formed
fronds in the main adult plant remained almost un-
changed.

As a result of studies, we have first identified
activity of 13- and 9-lipoxygenases in organs of the
water fern S. natans in various phenological phases
of development. Floating fronds were shown to con-
tain 13-LOX with pH opt value of 8.0, while sub-
merged fronds in the first two phenological phases of
development had 13-LOX (pH_ 8.0), and in the third
phase — 9-LOX (pH,,, 5.5). Sporocarps were found to
have 9-LOX with pH_ value of 5.5 (Fig. 1).

At the sporophyte intensive growth phase the
13-LOX activity in floating fronds was 2.63 umole
LAH/min-pg protein (LAH-linoleic acid hydroper-
oxide). During another phase the activity gradually
decreased, and then it increased again, reaching its
maximum during sporocarp formation that coin-
cided in time with degradation of thylakoid mem-
branes and formation of a significant number of
plastoglobules in chloroplast stromata [26]. In sub-
merged fronds 13-LOX activity was identified only
in the phase of sporophyte intensive growth. Activi-

Table 1. Biometric characteristics of fronds at the various phenological stages of S. natans sporophyte

development
Whole plant Floating fronds Submerged fronds
Phenolo- Leneth One frond Fronds all plants Leneth
. . ength, . engtn,
gical stages | Weight, Weight,
gt & cm Weight, g Length, Weight, g Length, gl 8 cm
cm cm
Growth
intensity 0.35£0.02  4.5+0.2 0.01+0.001  0.80+0.04 0.22+0.01 4.50+£0.22 0.10+0.005 4.20+0.21
Steady
growth 0.47+0.02  5.30+£0.27  0.01+£0.001  0.90+£0.05 0.28+0.01 5.30+0.27 0.16+0.008 4.30+0.25
Sporocarps
formation  0.79+0.04 6.20+0.31  0.01+0.001  1.10+£0.06 0.40+0.02 6.20+0.31 0.16+0.007 4.10+0.21
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Fig. 1. Dependence of reaction stationary rate (V) of linoleic acid oxidation on incubation environment pH
in S. natans floating (1) and submerged fronds and sporocarps (2)

ty of 9-LOX was revealed in submerged fronds and
sporocarps. During sporocarp formation submerged
fronds were found to have a peak activity of 9-LOX.
At the beginning of sporocarps formation LOX
activity in these organs reached 1.32 pmole LAH/
min-ug protein, while in mature sporocarps after
a complete dying out of the sporophyte vegetative
part — 4.26 nmole LAH/min-ug protein (Fig. 2).

The localization pattern and change of lipoxy-
genase isoform activity in fern organs in various
phenological phases of development allow the en-
zyme to be considered one of the endogenous fac-
tors that is involved in the regulation of important
lipids metabolic pathways of growth processes that
ensure the success of adaptation to environmental
conditions.

Results of biometric studies on plant individual
fronds and rhizome at the various phenological sta-
ges P. aculeatum sporophyte are presented in Ta-
ble 2. Fronds mass and their elongation were found
to increase until the summer vegetation phase. After
spores emergence and frond growth cessation their
mass gradually decreased, while frond length after
unfolding remained practically unchanged (Table 2).
A four-fold increase of fern rhizome mass was ob-
served in the phase of sorus formation, which did
not change any more and was in the range of 190-
193 g (Table 2). In contrast to fronds elongation,
changes in rhizome length were less intensive and
it reached its maximum of 31.2 ¢cm in the summer
vegetation phase. Growth slowdown and transition
to the autumn and winter vegetation resulted in some
decrease of the rhizome length, which was 29.3 and
29.1 cm, respectively, that, as we think, was due

to die-out of upper tips of lateral secondary roots
as a result of environment temperature drops. So,
growth intensity in sporophyte overground and un-
derground organs during ontogenesis was different.
The frond length varied from 13.2 to 63.1 cm, while
rhizome length — from 20.8 to 31.2 cm. Frond and
rhizome length and mass maximum were observed
in the summer vegetation phase. At the stage of au-
tumn and winter vegetation, when fern development
slowed down, there took place a tendency of frond
and rhizome mass reduction.

We also for the first time identified lipoxyge-
nase activity in sporophyte organs of the land fern
P. aculeatum. Activity of 13-LOX with pH_ value of
7.74 was detected in fronds and 9-LOX activity with

8 .
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Fig. 2. Distribution of LOX activity in S. natans
organs in different phenological phases of sporo-
phyte development: 1 — growth intensity; 2 — steady
growth; 3 — sporocarps formation. LAH — linoleic
acid hydroperoxide
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Table 2. Biometric characteristics of fronds and rhizome at various phenological stages of Polystichum

aculeatum (L.) Roth. sporophyte development

. Fronds Rhizome

Phenological stages - ;

Weight, g ‘ Length, cm Weight, g ‘ Length, cm
Growth intensity 1.9+0.1 13.2+£0.7 445+23 20.8 + 1.1
Sorus formation 4.6+0.3 476+2.4 190.2 +£9.5 295+ 1.5
Sporiferous 7.8 £04 504+£25 191.0 £ 9.6 291 +1.3
Summer vegetation 10.6 £ 0.3 63.1+4.2 193.4 £ 8.7 31.2+£21
Autumn vegetation 93+0.1 614 +31 190.1 £ 8.5 293+24
Winter vegetation 6.3+0.3 614+39 174.1 +£9.1 291+14

pH opt value of 7.54 in the rhizome (Fig. 3). Our pre-
vious studies demonstrated that vegetative shoots of
Equisetum arvense L. that belongs to higher vascular
cryptogams, had a similar pattern of LOX activity
distribution [27]. Our analysis indicated that during
spring vegetation LOX activity in fronds increased,
reaching its maximum in the sporiferous phase that,
as we think, is due to active metabolic processes
during spore maturation (Fig. 4). Oxylipins — me-
tabolites of the allene oxide synthase branch of LOX-
pathway, particularly JA and its methyl alcohol, are
known to promote fruit maturation [3, 10, 28, 29].
Following the sporiferous phase the 13-LOX
activity decreased almost two times and reached
its minimum values in the winter vegetation phase.
Maximum 9-LOX activity was observed at the win-
ter vegetation, whereas minimum values — in the
sporiferous phase. During the summer vegetation
and up to the autumn beginning the 9-LOX activity
was almost unchanged and that seems to be associa-

ted with the transition of the metabolic activity
center from the fern rhizome to over-ground part
(Fig. 4).

Our previous studies of the vascular cryptogam
E. arvense showed that 13-LOX activity with pH_
value of 7.2 was in strobile, internodes and leaves
of generative shoots and that of 9-LOX with pH
value of 4.2 in the rhizome and strobile. In vegetative
shoots, on the contrary, 13-LOX activity was detec-
ted exclusively in shoots while that of 9-LOX — only
in the rhizome [27]. Activity of 9-LOX is typical of
the higher plant root system where the enzyme is
localized in cell cytosol. In higher plants 9-hydrop-
eroxides of PUFAs are predecessors of compounds
that stimulate the synthesis of ketoles, which induce
flowering, provide coloration of flowers, defense and
programmed cell of leaves affected by pathogens
and regulate tubirization [3]. Activity of 9- and 13-
LOX varies depending on a phenological phase of
E. arvense sporophyte development that coincides
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Fig. 3. Dependence of the stationary rate (V) of oxidation reaction of linoleic acid on pH of incubation envi-

ronment in P. aculeatum rhizome (1) and fronds (2)
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Fig. 4. Lipoxygenase activity in sporophyte organs of P. aculeatum in different phenological phases of develop-
ment: 1 — intensive growth beginning; 2 — sorus formation, 3 — sporiferous phase; 4 — summer vegetation;
5 — autumn vegetation, 6 — winter vegetation; LAH — linoleic acid hydroperoxide

with data obtained on S. natans and P. aculeatum.
E. arvense 9-LOX activity in the rhizome following
spores emergence (at the beginning of generative
shoot dying out) considerably increased, whereas
that of 13-LOX, on the contrary, decreased. At the
end of E. arvense assimilative shoots vegetation a
high 9-LOX activity was in rhizomes that corre-
sponded to the formation of starch-containing bulbs
[27]. In S. natans a considerable increase in 9-LOX
activity occurred at the final stage of sporocarp for-
mation, when a vegetative part of sporophyte was
actually dead. A certain increase in 9-LOX activity
also occurs in submerged fronds at the beginning
of sporocarp formation. In P. aculeatum 9-LOX ac-
tivity maximum took place in the winter phase of
vegetation that appears to be related with the transi-
tion of the metabolic activity center from the under-
ground part to fern rhizome. So, our data shows that
there is some relation between changes in activity
and localization of this enzyme and generative or-
gans formation and ripening. However, it should be
noted that physiological functions of 9-LOX metabo-
lites of PSFAs in pteridophytes have not yet been
finally identified.

In pteridophytes there were studied mainly 13-
LOX metabolites of C -PUFAs — volatile organic
compounds (VOC) [18, 19].

So, as a result of our studies the two lipoxi-
genase isoforms — 13-LOX and 9-LOX were for
the first time identified in organs of the water fern

10

S. natans and land fern P. aculeatum, and their cata-
lytic activity was determined. The enzyme distri-
bution pattern in S. natans floating and submerged
fronds and sporocarps and in P. aculeatum fronds
and rhizome in different phenological phases of
development was established. Features discovered
in the LOX-activity distribution in S. natans and
P. aculeatum organs during transition from one to
another phenological phase of development, indicate
indirectly a signaling function and give grounds to
consider lipoxygenase one of endogenous regulation
factors involved in vegetation and generation under
different existence conditions.
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[IpoanamizoBaHO 0COOIMBOCTI JIOKaTi3amii Ta
aktuBHOCTI JinokcureHas (LOX) B opraHax ABOX
BUIUX CyIWHHHUX CIOPOBUX POCIWH Ha PI3HUX
(henonoriuamnx (azax po3BUTKY. YHeplle BCTAHOB-
JICHO, 10 Y TUIABAIOUUX BasX OJHOPIYHOI MaropoTi-
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rigpodira S. natans (L. wictutbes 13-LOX
(pH, . 8.0), y sanypenux — 13-LOX (pH_8,0) na mo-
9aTKOBUX (peHoNoTiaHNX (Da3zax po3BUTKY, a Ha Ha-
crynmuux ¢paszax 9-LOX (pH_ 5,5). V cmopokapmisx
inentudikopano 9-LOX (pH = 5,5). V Basax
OaraTopidHol cyxonoipHOI mamnopoti P. aculeatum
(L) Roth. inentudikoana 13-LOX(pH_  7,74),
a y xopenepumi — 9-LOX (pH_  7,54). Xapaktep
JoKaizaiii i 3MiHa akTUBHOCTI i3odopm LOX B
OpraHax IarnopoTei Ha pi3HUX (QEHONOTIYHUX (a-
3aX PO3BUTKY J03BOJISIOTH IPUITYCTUTH, 110 €H3UM
Moe OyTH 3alydeHWil A0 perynsuii JimiaHoro
MeTaboJIi3My POCTOBHX MPOIECiB, 10 3a0e3rneuy-
I0Th QJIaITaIlil0 POCINH JI0 HABKOJIHUIIHBOTO cepe-
JIOBHIIIA.

KnwuaoBi cmoBa:Salvinianatans (L.) All.,
Polystichum aculeatum (L.) Roth., mimokcurenasm.
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IIpoananu3npoBaHbl OCOOCHHOCTH JIOKAJIN3a-
uuu ¥ akTuBHOCTH Jtnnokcurenas (LOX) B opranax
JBYX BBICIIINX COCYAHMCTBIX CIIOPOBBIX PACTEHUH Ha
pasHbIX (eHonormueckux Qazax pasBuTHs. Brep-
Bble TIOKa3aHO, YTO Ha HaudaJbHBIX (eHoxornye-
cKux (pazax pa3BUTHS IUIABAOIINE BaU OIHOJIETHE-
ro BOJHOro mnamnopotHuka S. natans (L.) comepxar
13-LOX (pHOpt 8,0), morpyxennsle — 13-LOX
(pH,,, 8,0) Ha HavanbHBIX (PEHONOTHYECKUX CTa-
JUSIX Pa3BUTHS, a Ha Tocienyromux ¢aszax 9-LOX
(pH,,, 5,5). B cnopokapnusx uaeHTHGUIMpPOBaHA
9-LOX (pH,_, 5,5). B 10 e Bpems, B Basix MHOTIO-
JISTHETO HA3eMHOT0 MarnopoTHUKa P. aculeatum (L.)
Roth. unentudumuposanu 13-LOX (pH__ 7,74), a
B kopuesuine — 9-LOX (pH_  7,54). Xapakrep no-
KaJlu3allud W W3MEHEHHUsl aKTHBHOCTH H30(pOpM
LOX B opranax nanopoTHHKOB Ha pa3IU4HbBIX (e-
HoOJOruueckux ¢aszax pa3BUTHS MO3BOJISIIOT Hpen-
MOJIOKUTh, YTO 3H3UM MOXET ObITh BOBJICUECH B
PEryJISLMIO JTUIUAHOTO MeTadoIM3Ma POCTOBBIX

IIPOLIECCOB, KOTOPbIE 00ECHEeYMBAIOT aJaNTaIuio
pacTeHUH K YCIIOBUSIM OKPYKAIOLIEH CPEabI.

KnwueBboie cuoBa: Salvinia natans (L.)
All., Polystichum aculeatum (L.) Roth., mumokcure-
HAa3bl.
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