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Abstract. The paper reports results of a studyhef water sorptiorrate, PGSE NMR
(Pulsed Field Gradient Spin Echo Nuclear Magnetic Resonace) measurements of water
diffusion coefficient and photosensitivity by diféce spectroscopy vivo of tobacco
(c.v. Kskznicki) and pea (c.v. Finalle) seeds. The probabdit water uptake upon seed
hydration and the spin-echo amplitude function eddswater proton, both related to the
long-lasting evolution, take the form of power lafhese dependencies were used to
demonstrate that the random deposition of wateeoubts into the seeds matrix during
hydration process leads to filling up the seed m@uwith characteristic clusters created
by diffusion limited by aggregation (DLA). The hydion process starts with the creation
of small clusters at and near macromolecules amdhiés along with a big percolation
one, spreading throughout the seed. Using thealrambdel for hydration process it was
shown that the PhyA (phytochrome A) heterodimer wagshotoreceptor for water flow
regulation, activated by a very low fluence reat((dLFR).
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INTRODUCTION

It is believed that seed hydration is a ‘physical’ fostier process related to
the interactions between water and solid state matrix of s&e2if.[ Unfortu-
nately, the first order kinetics of the water uptake, predictecstbgdy state
thermodynamics, does not satisfy experimental data.

Firstly, the time constants calculated on the basis of nragslume changes
are different, proving density evolution upon seed hydration [10]. Segdhdke
values are too high to explain the water content change medhuwaghout the
range of the hydration process.
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The high degree complexity of the seed matrix, composed of salel &in-
stituents and inter-cell free space, is responsible for teegahancy. Adequately
to such structure properties, the flux rate is limited by waggregation around
the hydrophilic group of biopolymers and inside intercellular freecespa
Consequently, a lattice composed with of irregular curves beirara of water
flow fills the whole seed volume at the end of the hydration psck was
predicted by the theory of stochastic processes [6,13] anddliedtby means of
computer simulations [23] that diffusion limited by aggregatiohAPDcreates
fractal forms and networks.

The experimental data led to an attractive hypothesis thdtatil lattice
formed by a water flow trace is involved in the seed hydrati@agrpss [15].
Recently, a fractal model for seed hydration has been introduc#ukféirst time
[16] allowing fractal dimension calculation for underlying getmeOn the basis
of this model with gravimetry, pulseti-NMR, in vivo difference spectroscopy
and rape seed germination data, a coherent explanation of theahstimuli
impact and light control of water flux rate was proposed [14].

Seeds are able to modulate uptake of water bylighe¢ absorbed by the
photoreceptor of germination — phytochrome. The formared/far-red (R/FR) light
reversible pigment which exists in two forms: a giblpgically inactive red light
absorbing form P which can be transformed by red light (R) inte ghysiological
active far red light absorbing form,,Rvhich in turn can be transformed by far red
light (FR) into R. Therefore, the detection of phytochrome was rpadsible in plant
tissue by means of dual wavelength spectrophotynj&f], following alternate
irradiation of plant material with red and far tgght.

In natural environment many responses induced by beéfimadiation
occur in response to two distinct fluency ranges. T response types were
termed the very low fluence response (VLFR) and the lante response
(LFR). One kind of phytochrome (PhyA) is responsible forFRLreaction,
another one (PhyB) controls the LFR reaction, both witfed#ht spectroscopic
and biochemical properties [18,20]. By using the fractaldeh for seeds
hydration, the activity of PhyA heterodimer interacting withsma membrane
in control of water uptake in viable rape seeds was proved [16]

Although the fractal model for seed hydration seems to be usefulny
fields, further testing on different seed species is requiredrddt can be
commonly applied. This is the purpose of this study.

MATERIALS AND METHODS

Tobacco seeds c.v. Kshicki or pea seeds c.v. Finalle were used in all
measurements. In order to equalise the water potential, prioety experiment
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seeds were gently shaken (0.5 hour) in darkness with deionited amal again
dehydrated. Groups of seeds screened for uniformity of size yeddbon Petri
dishes were placed in a desiccator with bidestiNater. The desiccator was left in
a germination chamber at 293 K. The uptake of atdrwater vapor in darkness was
interrupted daily by irradiation with monochromatight. Eight samples were
irradiated simultaneously in a desiccator. Backsidf the samples were protected
from the light by black paper. The light was traitgd only through the surfaces of
the samples covered by appropriate interferenderdil(Carl Zeiss Jena). The
reference, dark control sample, was covered by filtdrofL100 nm. Radiant photon
flux densities were measured with a LIl meter singwinaximum sensitivity for 633
nm. Every other flux density was calculated frora ttalibration curves for light
sources and filter transmission. During irradigtiight was transmitted through
water filter in order to exclude misinformationukg from heating effects. Sample
mass was measured as quickly as possible, undegrean light.

The difference spectra for phytochrome phototransformatipn FP were
measured using dual-wavelength spectrophotometer operating witkféehence
beams set at 800 nm. Measurements were made at 276 K with B9poeatyle
segments in one sample. The difference spectra were determingddigting
pea samples with modified projector lamp assembly equipped a2 quartz
iodine lamp (Philips, Eindhoven, The Netherlands) and suitable irgader
filters (B40, Balzers, Lichtenstein). The total reversilghytochrome was
indicated by the change in the optical density readigg\) following alternating
irradiation of the sample with actinic sources of red (660 nmd) far-red light
(720 nm), calculated @AA) = (AA) gs0— (AA) 730

The H-NMR experiments were carried out at 299 K using a 400MHz spectro-
meter Bruker Spectrospin400. The diffusion coedfits were measured Hy-PGSE
NMR (Proton Pulsed Field Gradient Soin Echo Nuclear Magnetic Resonance)
method. The spin—echo amplitude was measured as a function mhphbse
gradient widthd whereas the interv@l between impulse gradient and the gradient
impulse amplitude were constant.

Calculations

(a) In order to qualify the seed hydration process in the whalgerof water
content the universal form of kinetic equation was followed up in the form:

m(t) =m, 1-e ") (1)

wherem(t) is the water content on a dry mass basis at timg, is maximum
water content on dry mass basis theoretically predictedeaequilibrium with
external water potential (maximal water activity) wherned, d is the diffusional
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time constant depending on the kind of seedss the dimensionless parameter
(stretch exponent). All these parameters combine into the equation:

1a
; =['”sz @

describing half-time of the water uptake related to the isorptime of
approximately 63% saturated water content.

(b) The relative effectiveness of different light treant was compared as the
relative water uptake raté, given as a function of the half-timegwater uptake
(1) and 1 in seeds which were irradiated at wavelengitbr kept in darkness
continuously, respectively:

y=To 1) -
TO

(c) In order to analyse the probability of water sorption the equatioafile
transformed into the form:

1_m = e-(dt)“ — P(m) 4)
m,

whereP(m) is the water flux propagation probability function related to atydn
time (probability function of the water deposit into seed matiixjvas proved
that if water deposition into seed matrix is caodiéd on restricted diffusion the
eguation (4) takes the form of power law for loagting evolution of hydration
process. Therefore, these dependencies should duk tasdemonstrate that the
random deposition of water molecules into the sesatsix during hydration process
leads to filling up the seed volume with charasterifractal clusters created by
diffusion limited by aggregation (DLA) at and nedaydrophyl groups of macro-
molecules and inter cell space. The fractal mofitieseed hydration [16] based on
the theory of stochastic processes and Lévy @tat[2P] shows that:

a=1 (5)
d,

where d; is the fractal dimension, which is generally not a whole number bu
a fraction.

(e) The basic property of every fractal object is sefiitarity [11, 12]. Other-
wise, if the water flow trace has fractal geometry, dhparameter value is not
dependent on the observation time scale: the same goesdusiase (sorption
experiment) and microstattH-NMR experiment). Therefore the fractal scaling
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of lengths determines the form of the probability density ofwtater flow, both
in the scale of sorption experiment and over the range oftewwduny time scale,
accessible to the NMR measurement (20-500 ms).

The normalized spin-echo amplitude function takes the form:

E= M — e—4n2q2AD (6)
(0)

whereA — diffusion time,D — diffusion coefficient, q = ydG/2mt — wave vector,
Yy — gyromagnetic rati® — field gradientd— impulse time.

According to the method applied [8,9], one caneols either the dynamic
evolution of the probability density in time or ipatial form at fixed time. The
former is best described by the so-called KWW (Kadch-Williams-Watts)
function [3] E = exp (Pb)" (wherea is the stretch exponer is the diffusion
coefficient), the latter by the power Id& (g) ™ for long evolutionary times. The

quantity b includes the time scale of measuremdnt the experimentally given
evolutionary time, and a length scale, given by th&ve vectorq with the
interrelation b = 4r°’T. The exponentk is the fractal dimension of the underlying
geometry. Therefore, if the spin-carrier environtnhas a fractal geometry, the
experimental data fits a power law, allowing fradienension calculation.

RESULTS AND DISCUSSION

Tobacco seeds with an initial water content of 0.094 g wetteg dry mass
basis were allowed to imbibe water by keeping them in humidaietics of the
water sorption for these seeds is shown in Figure 1.

On the basis of this data, in agreement with @oud#l), the parameter = 0.55
(stretch exponent) was calculated. The water sorpgirobability function in these
seeds changes (Fig. 2) from the exponential fornsHort time to the power law for
long time. The double logarithmic plot for watertak®e probability function reveals
linear dependence for long time evolution of segdrdtion process, allowing the
calculation of the fractal dimensiah= 1.83 on the basis of linear regression analysis.
As one can see the equation (5) is confirmed byvtter sorption data.

Tobacco seeds, typically used as a model to shedlght control of germination,
were used to compare the effects of different liglattments on the sorption rate.

The light control of the water flux taken up by tobacco seeas analysed in
terms of water uptake half-time (Eq. 2) in the seeds inedliby different doses
of far-red light. The former was calculated on the basisiradtic data by using
the curve fitting procedure. Dependence of the water sorptiortitmaifon the
photon fluence of far-red light applied daily for tobacco seed atadi reveals
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(Fig. 3) a decrease and increase in the water sorptionirhalfeompared to the
water sorption half-time in the seeds kept in darkness continuously.
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Fig. 1. Time course of seed water content in toli&g. 2. Probability of water sorption in tobacco
cco seeds kept in darkness seeds related to time
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Fig. 3. Dependence of the water sorption hafig. 4. Relationship between the half-time of
time on the photon flux density of far-redater sorption relative chande and the[Py]
light used daily for tobacco seed irradiatioform fraction in relation to the total phyto-
Half-time of water sorption in the seeds kephrome[P]=[P;+P,] generated daily in tobacco
in darkness continuously was 25 hours seeds by far red irradiation

All light induced effects related to the sample kept in dasknesre
quantitatively characterised by the water uptakeWatgq. 3). On the basis of the
spectral characteristics of both the light source and fesanfrthe photoreversible
phytochrome, the relative content of the biologically active, ddr-absorbing
form of phytochroméP; compared to the total photoreversible phytochré&pe
was calculated [4]. Figure 4 shows that the response of wptake rate to the
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phytochrome active far-red absorbing form in tobacco seeds is tisbirphasic

in accordance with the VLFR and LFR reactions. The maximwater uptake
(40% increase comparing to the dark control) was observed icatteeof very
low irradiation which created approximately 0.2%Raf Responses to fluence
creating about 1.5% o, appeared to be the cumulative result of activities
underlying both VLFR and LFR. For photon flux creating more than 5%xof
far-red light inhibits the water uptake rate.

— 80 T

é \

> %7

o R

e 7

©

S 204

2 1

é 0 1 I I I I I I I

o 028 030 033 §35//038 04o| [043 o045

© 20

N =

[=

2 %4 R

et

a

G 60 -1

) Water content (g water g dry mass’)
-80 -

Fig. 5. The red (R) and far red (FR) light reversibilityfeft on tobacco seeds water flux photo-
control. The uptake of saturated water vapor irkiess was interrupted daily by alternative
irradiation by red (R) or far-red (FR) light. Photfuence was 1fmol m?

Established operating criteria for the involvement of figtochrome in
a light-mediated response require an effect by brief irradigfpulse) with red
light to be fully reversed by a subsequent pulse of farlight. In order to
determine the reversible red/far-red (R/FR) effect onvtheer uptake rate the
seed sample mass content was measured as a function aflyheodsecutive R-
FR-R-FR irradiation by 1fimol i photon fluence.

Figure 5 shows that FR irradiation induces anease in the water uptake rate,
whereas R irradiation induces an opposite effauth Bffects are reversible. This is a
clear proof for the involvement of a photomorphadgeaceptor phytochrome in the
regulation of water uptake in tobacco seeds. Thenfle range used in this
experiment is too low for PhyB activation. The dethcalculation performed in the
same way as for rape seeds [16] proved biologictitg of the phytochrome
heterodimer composed & andP; monomers of phytochrome type A. Moreover,
only P, monomer is biologically active.
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The R/FR effect on pea seed hydration was published garleOn the basis of
the range of photon fluence used to irradiate seetls®ese measurement it is clear
that PhyA heterodimer composed with one monomdhnerP;, form is active in the
regulation of the seed hydration, similarly to rape tobacco seeds.

The fully R/FR reversible phytochrome PhyA which responsible for light
control of water flux regulation during pea seed imbibgipersists throughout in the
whole range of seed hydration and is detected @rig. pea hypocotyle segments
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Fig. 6. Difference spectrumP{, —P,) of phyto- Fig. 7. Power dependence of spin-echo function vs.
chrome phototransformation in hypocotykeparation time between gradient impulse in pedsse
segments of pea seedlings

Figure 7 shows the power dependence of the naedakpin-echo amplitude
function vs. field gradient in pea seeds measufat 26, 52 and 72 hours of
hydration. The fractal dimensions calculated on liasis of linear parts of these
dependencies by means of linear regression analgsss28 (26 h), 1.52 (52 h) and
1.78 (72 h). By comparing value obtained with tleemfer value predicted by
computer simulation one can see that the hydratiocess starts with the creation of
small clusters at and near macromolecules andhésislong with a big percolation
cluster, spreading throughout the seed. The fraata¢nsion value 1s¢2 predicts
one-dimensional water flow lines that cover the-thraensional surfaces immersed
in three-dimensional seed volume at the end ofdtigatr.
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SUMMARY

Over the last years there has been growing interest apiieation of the fractal
concept [11,12] in chemistry, biophysics and meei¢iL,9,22]. This is because these
idea exhibits [2,7] a surprising range of dynamgbdviour of complex systems.

This study focuses on fractal forms and networks witangtp the water flux
rate measured in time scales of the water sorption praes$i-NMR PGSE
experiment. For tobacco and pea, like for rape seeds, the hydrati@sgiec
influenced by restricted diffusion. Because DLA structures persistrase of the
water flow, the diffusion is not as effective as in free spaceeda@r, these DLA
structures probably create a functional network allowingetiective flow of
energy and information. Consequently, a very low fluence rate abduyltuyA
heterodimer controls the water uptake of the germinating seeds.
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ZASTOSOWANIE ZASADY SKALOWANIA FRAKTALNEGO
DO KINETYKI HYDRATACJI NASION

Ewa Maria Miedziejko

Zaktad Bada Srodowiska Rolniczego i lsmego PAN, ul. Bukowska 19, 60-809 Poizna
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Streszczenie. Praca przedstawia wyniki bastaybkadci sorpcji i wspotczynnikéw dyfuzji
wody metodami PGSFEecho spinowe z impul sowym gradientem pola magnetycznego) oraz fotoczutéci
metody spektroskopii rénicowejin vivo nasion tytoniu (odm. Kstnicki) oraz grochu (odm. Finalle).
Zaréwno prawdopodohistwo pobierania wody podczas hydratacji nasioni jafplituda echa spino-
wego protonéw wody nasiennej dla diugiego czasuumjionaja posta praw pog¢gowych. Zalenoici te
zastosowano do wykazaniag przypadkowe umiejscawianie molekut wody w matry@siennej
w czasie hydratacji prowadzi do wypelnianiaetdgici nasion charakterystycznymi gronami powsta-
jacymi w wyniku dyfuzji ograniczonej przez agrega¢PLA). Proces hydratacji rozpoczyna; sid
powstania matych gron wasiedztwie makromolekut a kozy st wraz z utworzeniem dego grona
perkolacyjnego obejmafego cate nasiono. Stostijmodel fraktalny do procesu hydratacji nasion
ujawniono, ze heterodimer PhyAfifochromu typu A) aktywowany przez bardzo matlawle swiatta
w reakgciji typu VLFR jest fotoreceptorem dla regjilpzeptywu wody.

Stowa kluczowe: nasiona, pétokres sorpcji, wynfiiaktalny, fitochrom



