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Due to the absorption of solar energy in chloroplasts — green plastids, solar energy is converted into the
energy of chemical bonds. Studying the processes of photosynthesis and increasing its efficiency is relevant
for the development of closed life support systems, during long flights in space as well. Chloroplasts are
filled with stacks of highly ordered thylakoid membranes (grana). Pigment-protein photosynthetic com-
plexes are located on the border of these membranes. For a long time, the structural characteristics of
chloroplasts were not given due attention and they were studied as isotropic substances, but in recent years
it has been shown that they have anisotropic properties and a high conversion coefficient during charge
separation. In this work, an approach was proposed for a more accurate spatial determination of grana in
plant chloroplasts and for determining the size of a single unit. Thylakoid membranes and the boundaries
of the facet consisting of them are clearly visible in an electron microscope if the electron beam is directed
strictly perpendicularly. It was noticed that when the stage is rotated, different regions of the membranes
become either blurred or more distinct, which suggests that the grana in chloroplasts are not located in the
same plane. Also, a comparison was made of the influence of different external conditions on the chloro-
plast structure of a plant, not only through a comparison of morphological characteristics, but also
through numerical modeling and comparison of the objects spectral properties. For numerical simulation,
periodic lattices were determined for the main structural units of chloroplasts of different samples. On the
basis of these gratings, the transmission spectra were calculated using the transfer matrix method. Also,
the obtained values of the electromagnetic wave along the lattice made it possible to calculate the graphs
of the density of photon states. The results of the calculation method of plots of the density of photon states
based on the structure of chloroplasts made it possible not only to assess the possible efficiency of photo-
synthesis, but also to directly relate these models to the external conditions affecting the plant.
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Brazooaps noenowenuro conneunoli sHepeuu 6 XA0PONAACMAX — 3elEHbIX NAACMUOAX —TPOUCXOOUTN
npeodpa3oeanuUe COTHEUHON SHEPSUU 8 IHEPSUIO XUMUYECKUX céasell. M3yuenue npoyeccos pomocunmesa u
yeenuueHue e2o IPPHeKmueHoCmu akmyaibHo 05 paspabomKy 3AMKHYMbIX CUCTNEM HCUSHeoDecneyeHus,
6 MOM uucie, Npu OIUMENbHBIX NONEMAX 8 KocMoce. XI0poniacmul 6 c80i0 ouepedb HANOIHEeHbl CIONKAMU
8bICOKOYNOPAOOUEHHBIX MUTAKOUOHBIX MeMOpaH (epanamu). Ha epanuye smux Memopar u pacnoiaeaomes
nuemMenm-0enKoevle PomocuHmemuieckue KomMniekcol. JJoneoe epems CmpyKmypHblM XapaKmepucmuxam
XNIOPONAACIO8 He YOeNsiNOCh OONIHCHO20 BHUMAHUSL U OHU U3YUATUCH KAK U30MPONHbIE 6euecmed, 00HAKO
6 NociedHue 200bl ObLIO NOKA3AHO, YMO OHU 001A0AOm AHUZOMPONHBIMU CEOUCTNEAMU U 6bICOKUM
Koappuyuenmom npeobpazosanus npu pazoeieHuu 3apa0os. B oannoii pabome Ovin npednodicer nooxoo K
bonee MOYHOMY NPOCMPAHCMEEHHOMY ONPEOeNeHUI) 2PAH 8 XJAOPONIACMAX PACMEHUU U ONpedeieHuUro
pazmepos eOurHuyHo2o oaoka. Tunakououvle MeMOpauvl U Spanuybl COCMOosUell U3 HUX 2paHbl OM4emaueo
BUOHDL 8 INEKMPOHHOM MUKPOCKONE, eCi HYYOK 9J1eKMPOHO8 HANPAGILeH CIMpo2o NepneHOuKyiapHo. bviio
3aMEYeHo, YUMo npu NOBOPOMe CMOIUKA PA3Hble 00IACMU MEMOPAH CIMAHOBAMCSL TUOO PACHIbIGUAMbIMU,
ambo Oonee YemKUMU, UMO 20860PUM O MOM, YMO 2PaHbl 6 XIOPONIACMAX PACHONA2AIOMCS He 8 OOHOU
nrockocmu. Taxoice nposedeno cpagHeHue GIUAHUS PA3HBIX GHEUHUX YCA08UL HA CMPYKMYPY XJI0PONIACmd
pacmenusi He MONbKO uepe3 CPAGHeHUe MOPHONOSUHEeCKUX XAPAKMEPUCMUK, HO U NOCPeOCmEOM
YUCTEHHO20 MOOECIUPOBAHUS U CPAGHEHUs. CHEKMPWIbHBIX CEOUCME 00bekmos. [l uucieHHo2o
MOOenuposanus ObliU OnpedeieHbl NepuoouyecKue peuemru O OCHOBHbIX CIMPYKMYPHLIX eOuHuy
Xn0ponaacmos pasmvix 06pazyos. Ha ocnose smux pewiemox 6bliu paccuumansl CHeKmpbl HPONYCKAHUSL C
nomowpio memooa mparcghep mampuy. Takoice ROIYUEHHbIE 3HAUCHUS NEKIMPOMASHUMHOU BOJIHbL 800]Ib
pewemKy  no360MUAU  pACCHUMAMb  2PAQUKU  NIOMHOCMU  (POMOHHBIX  cocmosiHull.  Pesynemamor
PAcuemno20 Memooa 2papuros RIOMHOCIU POMOHHBIX COCMOSIHULL HA OCHO8E CIPYKMYPbL XJIOPONIACTO8
NO38ONUNYU HE NPOCMO OYEHUMb BO3MOJICHYIO dDPEeKMUSHOCMb HOMOCUHMESA, HO U HANPAMYIO CE3AMb
MU MOOEU C BHEUWHUMU YCIIOGUSMU, GIUSIOWUMU HA PACMEHUE.

Kniouesvie cnosa: o6uogomonnwiti Kpucmani, niomHocmv @QOMOHHLIX COCMOSHUL, 31eKMPOHHAS
MUKpockonusi, ghomocunmes.

Introduction
In the process photosynthesis, the absorption energy of sunlight is converted into the energy of
chemical bonds. Photosynthesis is the only cosmic process in the biosphere that provides an increase

* The studies were performed on the equipment of Resource sharing center of the FRC KSC of the SB RAS.
HccnenoBanms OBUTH BEIIOTHEHBI Ha 000pYI0BaHUH IIEHTPa KouekTuBHOTO monb3oBanms GUL] KHI[ CO PAH.
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in its free energy due to an external source [1; 2]. This process provides the atmosphere with oxygen
and all vital products.

Photosynthetic organisms include higher plants, algae, and specific groups of bacteria. All of the
above organisms have their own structure, are in a variety of natural conditions, but nevertheless have
a number of common properties. In any of them, a photosynthetic device converts the energy of a light
wave into chemical energy according to the scheme: light — electronic — electrical — chemical
[3; 4].

To describe these processes, the most common is the following model. Light collects antennas and
excites parts of molecules, the electrons of which, due to the transfer, form an electric current, and the
electric potential created in this case ensures the process of proton transfer and the chemical reactions
associated with them. High charge separation efficiency ~ 95 % [5; 6] is not achieved in artificial
transducers. Such a high efficiency is due, among other things, to the structure of chloroplasts, in
which the main elements of the photoconverting system are located [7-9].

At present, one of the most promising structural methods is electron microscopy [10-14]. These
methods allow us to study the structure of samples, their morphology, to estimate the size of micro-
objects, their ordering and orientation relative to each other. Therefore, the development of new re-
search approaches for scanning and transmission electron microscopy of biological objects is of con-
siderable scientific interest.

The purpose of this work is to study the effect of structural features of chloroplasts of higher plants
on the example of field wheat and barley grown in laboratory and natural conditions on the density of
photonic states and the efficiency of solar energy conversion by transmission electron microscopy.

Methods. Sample preparation.

The same barley plants were grown under two different conditions. In the first case (laboratory),
the plants grew in a phytotron, where the parameters affecting the sample, such as water, nutrition,
light intensity and time, were controlled by a computer and the plant was optimally supplied. In the
second case, the plants grew in fields where regular general watering took place, and natural condi-
tions were responsible for everything else. Wheat plants were grown in the same way. At the earing
stage, flag sheets were collected.

Structural studies were carried out on small sections of leaves fixed with 2.5% glutaraldehyde in a
phosphate-salt buffer, followed by additional fixation with 1 % osmium tetroxide. After dehydration
with a series of increasing concentrations of alcohol and acetone, the samples were filled with epoxy
resin. For the study, ultrathin sections were obtained on the Leica EM UC7 ultramicrotome, contrasted
with uranyl acetate and lead citrate [15; 16].

Digital images of the slices were obtained digitally on a Hitachi HT7700 transmission electron mi-
croscope. This device allows us to consider biological objects without their significant degradation
under the action of an electron beam. The samples were examined at an accelerating voltage of 100
kV. To assess the position of the thylakoid membranes relative to each other, the images were taken at
different angles.

Numerical simulation

Due to the difference in the refractive indices of the layers, when light passes through, it is repeat-
edly reflected at the boundaries. Because of this, in each layer there are waves moving in opposite di-
rections with amplitudes, respectively (Ai and B;).

The transfer matrix method makes it possible to simplify the computer calculation of the ampli-
tudes of stationary (settled in time) waves in each of the layers. If we know A; and B;, then we can cal-
culate Ai; and Bi-1. To do this, it is necessary to know the refractive indices (ni and ni_1), the layer
thickness (Zi) and the wave frequency.
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It can be written that
(Ai-1, Bi-1) = Fn(A, Bi, Zi, nig, ni, o).

The function Fn is the same for every pair of layers. Using it, for N+1 cycles, under given initial
conditions (Aout = 1, Bout = 0), one can find (Ao, Bo), i.e., the amplitudes of the incident and reflected
waves.

If we know that there is only an outgoing wave at the output of the structure (Aout = 1; Bout = 0), af-
ter performing numerical calculations, one can obtain an array of relative amplitude values in each of
the PC layers. This makes it possible to find the distribution of the electromagnetic field in the layered
structure and its transmission spectrum.

Transmittance value T [17] (mandatory condition: refractive indices of media up to and after the
sample are the same):

B 2
T=1-]2
Ay
To determine the density of photon states, we used the formula obtained in the work [18]:
Ly
e @IE, P+ S| |
2LZ 0
°7 c|E, | |

where E, is the amplitude of the electric component of the electromagnetic field, E,' is the amplitude
of the incident wave, £,(z) is the permittivity of the coordinate, Ly is the total thickness of the struc-
ture.

The graph of the density of photon states is a set of points. Each point corresponds to the maximum
squared amplitude of the electromagnetic wave at a given frequency.

Results and discussion
Fig. 1 shows images of sections of barley chloroplasts grown in laboratory and field conditions.

Fig. 1. Electron micrographs of barley chloroplast sections:
a —grown in laboratory conditions; b — grown in field conditions

Puc. 1. DnexTporHBIe MEKpO(hOTOrpad i Cpe3oB XIOPOIIACTOB TIMEHS:
@ — BBHIPAILIEHHOT'O B JIA00PATOPHBIX YCIOBHSX; 6 — BBIPAILLIEHHOTO B MOJICBBIX YCIOBHAX

Dark inclusions are starch grains, the size of which varies from 100 to 250 nm, the stripes are
thylakoid membranes. Thylakoids within chloroplasts are membrane-bound regions of the cell in
which light-dependent photosynthesis reactions occur.
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It can be seen from the pictures that in a plant grown in laboratory conditions, thylakoid mem-
branes are more ordered. The nature of the packaging and the degree of its manifestation differ, de-
spite the fact that the plants are genetically the same. The membranes of the second plant look hetero-
geneous and deformed. This suggests that the initial conditions in which the plants were grown strong-
ly influence the internal structure.

Also, during our studies, it was found that with a change in the angle of the table on which the
sample is located, the manifestation of the membranes becomes different, which indicates that the gra-
na in chloroplasts are not in the same plane (Fig. 2).

Fig. 2. Observation of the thylakoid membranes of field-grown barley from different angles

Puc. 2. HabmioieHre THIAKOMIHBIX MEMOPAH sIYMEHsI, BHIPAIIIEHHOTO
B MOJIEBBIX YCIOBHUSX MO/ Pa3HBIMU YTIIAMH

Fig. 2 shows that when the viewing angle changes by 15°, the clarity of the membrane image also
changes. The same areas that were clearly defined (fig. 2, a) became blurry or completely indistin-
guishable (fig. 2, b) after a slight tilt of the table, and vice versa.

Thus, the position of the sample relative to the electron microscope beam can affect the visible pat-
tern. Then, the theory was tested on a completely different sample. Fig. 3 shows pictures of the chlo-
roplast structure of Krasnoyarskaya 12 wheat from different angles.

Pic. 3. Images of wheat thylakoid membranes from different angles

Puc. 3. M306paxeHns THITAKOMIHBIX MEMOpaH MITEHUITH O Pa3HBIMH yTIIaMU

From fig. 3, a it can be seen that thylakoids form a long-period structure throughout the entire chlo-
roplast and the size of one granum varies from 200 to 400 nm. When we turned the sample, thereby
changing the viewing angle, we saw that one large granum is 2 grana (fig. 3, b) with a dimension of
about 130 nm.
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Thus, when studying the morphological characteristics of samples, if you do not look at the sample
from different angles, you can get a distorted picture different from the real one. To assess the location
of the grana throughout the entire chloroplast, it is necessary to look at it from different angles and
highlight the grana that change in different directions. Also, when the samples are deflected relative to
the beam at different angles, one can see “sticky” grana, which in certain cases may appear as one on a
transmission microscope. Thanks to this method, we can not only separate them, but also estimate the
true size of a single block.

Since the sizes of thylakoids (and the distance in stacks between them) are extremely small indi-
vidually for the manifestation of spectral activity in the visible range, it is reasonable to consider a
whole stack of thylakoids (granum) as a single layer, averaging their refractive index. And according-
ly, the stromal distance between the grana will be the second layer in the structure, consisting of two
periods, repeating one after another. In this way, in such a structure, the period can be commensurate
with the wavelength of visible light.

According to estimates from microscope images (fig. 3, a), the width of the chloroplast in the cross
section is about 2.7 um. The thickness of a single granum is ~150 nm, and the stromal distance between
the grana is ~80 nm. The refractive indices were taken from the literature data: 1.48 for grana and 1.33
for stroma [19; 20]. This made it possible to simulate a crystal consisting of 24 alternating layers. For the
case with plants grown under natural conditions, where in the figure we observed a distortion of the strict
ordering of thylakoids in grana, we used a random deviation of the widths of the photonic crystal layers
up to 20 % relative to the laboratory case. According to the literature data, the grana sizes can vary up to
30 % depending on external conditions [21]. Thus, the difference between the images of different cases
in the first approximation was established, which makes it possible to assess the potential for efficient
photosynthesis in these plants.

The calculations were carried out using the transfer matrix method [17]. This method makes it pos-
sible to calculate the transmission and reflection spectra of periodic, quasi-periodic, and disordered
structures. Based on this method, graphs of transmission and photon density of states were obtained
for both cases (Fig. 4).

Fig. 4 clearly shows that in the case of the model of field plants, the selective reflection zone is less
pronounced and its edges are more blurred. Also, the maxima of the density of photon states at the
edges of the stop band are an order of magnitude lower, which indicates a less efficient possibility of
the occurrence of a photosynthesis reaction. According to Fermi's golden rule, the density of photon
states is directly proportional to the probability of a reaction. Based on these calculations, in a first
approximation, we can say that the second plant will grow an order of magnitude worse than the first,
which was observed in real conditions.

This TEM research technique is of interest for studying morphological changes in biological sam-
ples, which are genetically identical, but grown under different conditions. These methods will be use-
ful in studying the processes taking place in closed ecosystems under random destructive effects,
which are typical for space conditions, for example, in the absence of the Earth's magnetic field, ter-
restrial gravity, and with increased radiation exposure.

In addition, a clearer understanding of the processes of photosynthesis directly will allow transfer-
ring the knowledge gained to artificial devices based on photovoltaics, which are vital for unmanned
vehicles in orbit.
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Fig. 4. Calculated spectra for both models:
a — transmission spectrum for a model of a plant grown in laboratory conditions;
b — transmission spectrum for a model of a plant grown in the field; ¢ —a graph
of the density of photon states for a model of a plant grown in laboratory conditions;
d — a graph of the density of photon states for a model of a plant grown in the field

Puc. 4. PaccuntanHble ClIEKTPBI 1711 00EUX MOJIeNei:
@ — CIICKTP MPOITYCKAHMS UIsl MOJICNTH PACTEHUS, BEIPOCILIETO B J1aOOPATOPHBIX YCIOBUSIX;
6 — CIICKTP MPOIYCKAHHMS [Tl MOJICSIH PACTEHHSI, BEIPOCILETO B MOJICBBIX YCIOBHSX;
6 — rpa)MK IIOTHOCTH (POTOHHBIX COCTOSHUIA AT MOJISIIH PACTCHHS, BBIPOCILIETO
B JIaDOPATOPHBIX YCIOBHUSIX; 2 — IpadHK IIOTHOCTH (POTOHHBIX COCTOSIHUM [UTSl MOACIH
pacTeHusl, BBIPOCIIETO B MMOJIEBBIX YCIOBUSIX

The results obtained are consistent with Mitchel's chemiosmotic theory [22] on the mechanisms of
energy conversion in biological membranes. The storage of energy in ATP occurs due to the prelimi-
nary accumulation of charges on the membrane walls. The difference in the electrochemical potential
of hydrogen ions on the mating membranes (inner membranes of mitochondria, thylakoids, chloro-
plasts) arises due to absorbed quanta of light.

Conclusion

1. Using transmission electron microscopy, the dimensions of thylakoids in various chloroplasts of
barley and wheat samples were determined with high accuracy.

2. It was found that the ensemble of grana and stroma form a long-period structure with a period
comparable to the wavelength of light (biophotonic crystal structure).

3. The dependence of the ordering of thylakoids in chloroplasts on environmental conditions has
been established.

4. The high uniformity of thylakoid sizes and the resonant interaction of the Bragg and spectral ab-
sorption bands of photosynthetic pigments undoubtedly contribute to the high efficiency of charge
separation.

5. It has been established that an increase in the orderliness of chloroplasts contributes to an in-
crease in the density of photon states and an increase in the efficiency of photosynthesis.
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