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Rozwojowe 1 fizjologiczne mechanizmy aborcji kwiatéw ksztaltujace plon nasion gryki
zwyczajne] (Fagopyrum esculentum Moench)
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Gryka zwyczajna (Fagopyrum esculentum Moench) nalezy do rodziny
rdestowatych (Polygonaceae). Jest dwulicienna rosling jednoroczna uprawiang gléwnie
na cele spozywcze ze wzgledu na dobrze zbilansowany sklad chemiczny nasion. Gryka
stosowana jest jako plon glowny oraz jako poplon ze wzgledu na wlasciwosci
fitosanitarne. Charakteryzuje ja niski i nierownomierny plon, na ktéry wpltyw maja m.in.
krotka zywotno$¢ pojedynczego kwiatu, samoniezgodno$é wynikajaca z heterostylii
kwiatéw, nieprawidtowosci w rozwoju woreczkow zalazkowych i wrazliwosé gryki na
stresy srodowiskowe np. wysoka temperature w okresie kwitnienia. Jest ro$ling
niesamokonczaca tj. kwitnie przez caly okres wegetacji, co powoduje wystepowanie
konkurencji o asymilaty pomiedzy zawiazanymi nasionami a wcigz produkowanymi
kwiatami. Czynniki te determinuja przedwczesne opadanie kwiatow i niedojrzalych
nasion gryki zwyczajnej.

Celem niniejszej rozprawy doktorskiej, obejmujacej cykl pieciu oryginalnych
publikacji, byta analiza rozwojowych i fizjologicznych mechanizméw aboreji kwiatow
ksztaltujacych plon nasion gryki zwyczajnej. Hipoteza badawcza zakladala, ze glownymi
przyczynami tych procesow jest stres wysokotemperaturowy i troficzny. Do weryfikacji
postawionych hipotez wykorzystano dwa genotypy gryki zwyczajnej tj. odmiany
..Panda” i réd PA15 (obecnie odmiana ,,Korona™), ktére wykazuja réznice w stopniu
degeneracji woreczkéw zalazkowych i aborcji kwiatow oraz plonem nasion. W
badaniach prowadzonych na roslinach traktowanych wysoka temperatura (30 °C) lub w
stresie troficznym in planta, modyfikowanym poprzez czesciowe usuwanie kwiatéw lub
pedéw bocznych, przeprowadzono szereg analiz rozwoju embriologicznego, zmian
hormonalnych, zachodzacych w roznych stadiach rozwojowych kwiatéw oraz w lisciach.
Ponadto, oceniano stopien aborcji kwiatow i elementy struktury plonu tj. liczbe nasion
pemych i pustych wyprodukowanych przez jedna rosling, ich mase oraz mase tysiaca
nasion. Dodatkowo, w stresie termicznym wykonano analize wydajnosci fotochemicznej
i fotosyntetycznej, oraz zmiany proteomiczne i akumulacje biatek szoku cieplnego (HSP)

w roznych stadiach rozwojowych kwiatéw i w lisciach. Stres troficzny badano
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dodatkowo w warunkach in vitro poprzez wykladanie pakow kwiatowych na pozywki o
zmniejszonym skladzie substancji odzywezych.

Przeprowadzone analizy wykazaly, ze wysoka temperatura (30°C), ktora jest
optymalna dla rozwoju wegetatywnego gryki zwyczajnej, zwieksza stopien degeneracji
woreczkow  zalazkowych w  okresie rozwoju embriologicznego. W  stresie
wysokotemperaturowym biatko HSP-70 pehni funkcje ochronna w rozwoju zalazkow i
mikrospor, oraz w procesach fotosyntetycznych. Badania proteomiczne wykazaly, ze
izoforma X2 syntazy indolilo-3-glicerolo-fosforanu moze stanowi¢ marker wrazliwosci
na stres termiczny roélin gryki zwyczajnej.

Wykazano tez, ze stres troficzny jest gléwna przyczyna stabego plonowania
gryki zwyczajnej. Nawet, gdyby wzrosla liczba prawidlowo rozwinietych woreczkéw
zalazkowych, roslina nie bylaby zdolna wypeli¢ wszystkich nasion. Usuwanie
cze$ciowe kwiatow prowadzilo do kompensacyjnej ich produkcji. Wzrost liczby
kwiatow korelowat ze zwiekszona aborcjg kwiatow i zarodkéw. Analiza plonowania w
warunkach in planta wykazala jednak, ze usuwanie kwiatéw (50 lub 75%) u odmiany
~Panda” spowodowalo zwiekszenie liczby nasion. W przypadku obu badanych odmian,
rodliny z jednym pedem gléwnym produkowaty najmniej dojrzalych i pustych nasion w
stosunku do kontroli, odznaczaly si¢ jednak najkrotsza wegetacja i najszybszym
dojrzewaniem nasion. Ponadto, réd PA1S w traktowaniu jednopedowym wykazywal
najwyzsza mase pojedynczego nasiona. Nalezy podkresli¢, ze momentem krytycznym
decydujacym o wysokodci plonu nasion jest juz moment kwitnienia i zaptodnienia.
Nadprodukcja kwiatow oraz tworzenie zarodkéw jest procesem wyczerpujacym
asymilaty. Niewypelnianie wszystkich nasion, jako swoista strategia rosliny, nie
zrekompensuje juz tych strat. Z kolei badania w warunkach in vitro dowiodly, ze
indukowany stres troficzny, zwlaszcza na pozywkach o trzykrotnie ubozszym skladzie
substancji odzywczych, zwigksza procent degeneracji woreczkéw zalazkowych. Do
najczesciej wystepujacych zaburzen rozwojowych woreczkow zalazkowych nalezaly:
rozrost komorek integumentow, wadliwa wakuolizacja komdrek jajowych, zapadanie
$wiatla woreczka zalazkowego czy brak synergid.

Jak dotad, klasyczne programy hodowlane nie doprowadzily do wytworzenia
odmiany gryki zwyczajnej o wysokim plonowaniu, tak jak to uzyskano w przypadku
innych wiodacych gatunkéw roélin uprawnych. Wyhodowanie formy gryki zwyczajnej
samoistnie konczacej kwitnienie prawdopodobnie zmniejszyloby stopienn degeneracji

zalgzkow oraz aboreji kwiatow 1 nasion, a tym samym zwigkszyloby plon nasion.

Developmental and physiological mechanisms of flower abortion affecting the seed
vield of common buckwheat (Fagapyrum esculenfum Moench)

common buckwheat, embrvological development, heat shock proteins, hormonal
profile, nutritional stress, seed yield, thermal stress
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Common buckwheat (Fagopyrum esculentum Moench) belongs to the
knotweed family (Polygonaceae). It is a dicotyledonous, annual plant grown mainly
for food purposes due to the well-balanced chemical composition of the seeds.
Buckwheat is used as the main crop and as an aftercrop due to its phytosanitary
properties. It is characterized by a low and unstable yield, which is influenced,
among others, by the short life of a single flower, self-incompatibility due to flower
heterostyly, abnormalities in the development of ovule sac, and buckwheat
sensitivity to environmental stresses, for example high temperature during the
flowering period. It is a self-finishing plant, it blooms throughout the growing
season, which causes competition for assimilates between the seeds and the flowers
still being produced. These factors determine premature flower and unripe seed fall.

The aim of the doctoral dissertation, including a series of five original
publications, was to analyze the developmental and physiological mechanisms of
flower abortion affecting the seed yield of common buckwheat. The research
hypothesis assumed that the main causes of these processes are high-temperature
and nutritional stress. To verify the hypotheses, two common buckwheat genotypes
were studied, “Panda’ cultivar and the PA15 strain (currently the ‘Korona’ cultivar),
which show differences in the degree of degeneration of ovule sacs, flower abortion,
and seed yield. In the studies conducted on the plants treated with high temperature
(30°C) or cultivated in nutritional stress in planta, induced by partial removal of
flowers or side shoots, a number of analyzes of embryological development,
hormonal changes occurring in the flowers at various stages of development and in
the leaves were performed. Moreover, the degree of flower abortion and the
elements of the yield structure were measured, i.e., the number of full and empty
seeds produced by one plant, their weight, and the weight of a thousand seeds.
Additionally, under thermal stress, an analysis of the photochemical and
photosynthetic efficiency, as well as proteomic changes and the accumulation of
heat shock proteins (HSP) in the flowers at various stages of development and in
the leaves, were performed. Nutritional stress in vitro was investigated additionally
by exposing flower buds to a nutrient-reduced medium.

The analyzes showed that high temperature (30°C), which is optimal for
the vegetative development of buckwheat, increases the degree of degeneration of
the ovules during embryological development. In high-temperature stress, the HSP-
70 protein probably plays a protective role in the development of ovules and
microspores, and in photosynthetic processes. Proteomic studies showed that the
indole-3-glycerol phosphate synthase chloroplastic-like isoform X2 may be a
marker of heat sensitivity of buckwheat plants.

It was also shown that nutritional stress is the main cause of the poor seed
vield of common buckwheat. Even if the number of properly developed embryo
sacs increased, the plant would not be able to full fill all the seeds. Partial removal
of flowers led to their compensatory production. The increase in the number of
flowers correlated with the increased abortion of flowers and embryos. The analyses
of yielding in planta, showed that removal of flowers (50 or 75%) in the cv. ‘Panda’

resulted in an increase in seed number. In the case of both studied cultivars, plants



with one main shoot produced the least mature and empty seeds as compared to the
control, but they were characterized by the shortest vegetation and the fastest seed
maturation. Moreover, the PA15 plants cultivated with the single shoot had the
highest weight of a single seed. It should be emphasized that the critical moment
that determines the amount of the seed yield is the flowering and fertilization phase.
The overproduction of flowers and the formation of embryos is a process that
exhausts nutritional assimilates. These losses can no longer be compensated for by
not filling the seeds, which is a specific plant strategy. In turn, studies in vitro
conditions showed that the induced nutritional stress, especially on media with three
times poorer nutrient composition, increased the percentage of degeneration of the
ovules. To the most common developmental disorders of the embryo sacs belonged:
integument cell proliferation, defective ovule vacuolization, the collapse of the
embryo sacs, and lack of synergids.

So far, classical breeding programs do not result in high-yielding common
buckwheat cultivar, as has been achieved with other leading crop species. Obtaining
a buckwheat form that terminates flowering would probably reduce the degree of
ovule degeneration and abortion of flowers and seeds, and thus increase the seed

yield.
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1S (ang. a plant with the single main shoot) — roslina w uprawie jednopgdowej

2-DE (ang. two-dimensional gel electrophoresis) — dwukierunkowa elektroforeza zelowa
50% (ang. plant with 50% of flowers removed) — roslina z usunigtymi 50% kwiatow

6PGDH (ang. 6-phosphogluconate dehydrogenase) — dehydrogenaza 6-fosfoglukonianowa
75% (ang. plant with 75% of flowers removed) — roslina z usunigtymi 75% kwiatow

ABA (ang. abscisic acid) — kwas abscysynowy

ABA-free (ang. active forms of abscisic acid) — aktywne formy kwasu abscysynowego
ABA-glc (ang. abscisic acid glucosyl ester, non-active abscisic acid) — ester glukozowy kwasu
abscysynowego, nieaktywny kwas abscysynowy

ABS/CSm (ang. energy absorbed by antennas) — energia zaabsorbowana przez anteny

ACP (ang. acyl-[acyl-carrier-protein]) — acylo-[acyl-biatko-no$nikowe]

BA (ang. benzoic acid) — kwas benzoesowy

CHAPS (ang. 3-[(cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate) — sulfonian 3-
[(cholamidopropylo)dimetylo-amonio]-1-propanu

ChIF (ang. chlorophyll fluorescence) — fluorescencja chlorofilu

Ci (ang. intercellular CO2 concentration) — miedzykomorkowe st¢zenie CO>

CSm (ang. excited cross-section of the leaf) — wzbudzana powierzchnia fotosyntetyzujacej
probki

CYT (ang. cytokinins) — cytokininy

DI1o/CSm (ang. energy dissipation from PSII) — rozpraszanie energii z fotosystemu 11
DREB2A (ang. dehydration-responsive element-binding protein 2A) — czynnik transkrypcyjny
DREB2A

DTT (ang. dithiothreitol) — ditiotreitol

DW (ang. dry weight) — sucha masa

E (ang. transpiration rate) — wspotczynnik transpiracji

E1 (ang. initial electrolyte leakage) — przewodno$¢ poczatkowa elektrolitow

E2 (ang. final conductivity) — przewodnos$¢ koncowa elektrolitow

EL (ang. electrolyte leakage) — wyptyw elektrolitow

ETo/CSm(ang. the energy used for electron transport) — energia wykorzystywana do transportu
elektronéw

Fo (ang. minimal fluorescence yield of the dark-adapted state) — fluorecencja minimialna proby

adaptowanej do ciemno$ci

11:3170018758
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FBA (ang. fructose-bisphosphate aldolase) — aldolaza fruktozobisfosforanowa

FBP (ang. fructose-1,6-bisphosphate) — fruktozo-1,6-bisfosforan

Fm (ang. maximal fluorescence yield of the dark-adapted state) — maksymalna wydajno$¢
fluorescencji w lisciach zaadaptowanych do ciemnosci

Fv (ang. variable fluorescence) — zmienna fluorescencja

Fv/Fm (ang. maximal quantum yield of PSII photochemistry) — maksymalna fotochemiczna
wydajno$¢ kwantowa PSII

FW (ang. fresh weight) — $wieza masa

GA (ang. gibberellin) — gibereliny

GA:s (ang. active gibberellins) — aktywne gibereliny (GA1, GA3z, GA4, GAs, GAs, GA7)

GLR (ang. glutamate receptor-like channel) — receptor glutaminianu

gs (ang. stomatal conductance) — przewodnictwo szparkowe

HSF (ang. heat-shock transcription factor) — czynnik transkrypcyjny szoku cieplnego

HsfAL (ang. heat-shock transcription factor A1) — Al czynnik transkrypcyjny szoku cieplnego
HSP (ang. heat-shock proteins) — biatka szoku cieplnego

IAA (ang. indole-3-acetic acid) — kwas indolilo-3-octowy

IEF (ang. isoelectric focusing) — ogniskowanie izoelektryczne

IGP (ang. indole-3-glycerol phosphate) — fosforan indolilo-3-glicerolu

IGPS (ang. indole-3-glycerol phosphate synthase) — syntaza fosforanu indolilo-3-glicerolu
JA (ang. jasmonic acid) — kwas jasmonowy

JA-Met (ang. jasmonic acid methyl ester) — ester metylowy kwasu jasmonowego

Jas (ang. jasmonates) — jasmoniany (JA + JA-Met)

MTS (ang. the mass of thousand seeds) — masa tysigca nasion

OPPP (ang. oxidative pentose phosphate pathway) — oksydacyjny szlak pentozofosforanowy
PGK (ang. phosphoglycerate kinase) — kinaza fosfoglicerynianowa

Pl (ang. performance index of PSII) — wskaznik wydajnosci PSII

PMF (ang. peptide mass fingerprinting) — peptydowy odcisk palca

Pn (ang. net photosynthesis rate) — wydajnosc¢ fotosyntezy netto

PPFD (ang. photosynthetic photon flux density) — gesto$¢ strumienia fotonéw fotosyntetycznie
czynnych

PS (ang. photosystem) — fotosystem

Qa i Qs (ang. plastoquinone) — czasteczki plastochinonu zwigzane z biatkami PSII

RC/CSm (ang. number of active reaction centers) — liczba aktywnych centrow reakcji

ROS (ang. reactive oxygen species) — reaktywne formy tlenu
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SA (ang. salicylic acid) — kwas salicylowy

SAM (ang. S-adenosylmethionine) — S-adenozylometionina

SAMS (ang. S-adenosylmethionine synthetase) — syntetaza S-adenozylometioniny

SC (ang. soluble carbohydrates) — weglowodany rozpuszczalne

SDS (ang. sodium dodecyl sulfate) — laurylosiarczan sodu

SE (ang. standard error) — btad standardowy

SFBA (ang. sedoheptulose/fructose-bisphosphate aldolase) — sedoheptuloza/aldolaza fruktozo-
bisfosforanowa

SuBP (ang. sedoheptulose-1,7-bisphosphate) — sedoheptulozo-1,7-bisfosforan

Stres termiczny (ang. thermal stress) — stres wywotany wysoka temperaturg

Stres troficzny (ang. nutritional stress) — stres pokarmowy, polegajacy na zaburzonej
dystrybucji sktadnikéw pokarmowych do kwiatéw i nasion, konkurencja o asymilaty

TF (ang. transcription factor) — czynnik transkrypcyjny

TRo/CSm (ang. excitation energy trapped in PSII) — energia zwigzana w PSII

UFA (ang. unsaturated fatty acids) — nienasycone kwasy thuszczowe

V-ATPase (ang. V-type proton ATPase) — ATPaza protonowa typu V

ZEA (ang. zeatin) — zeatyna

o6Ro (ang. the efficiency with which an electron can move from the reduced intersystem of
electron acceptors to the PSI and electron acceptors) — wydajnosé, z jaka elektron moze
przemieszczaé si¢ ze zredukowanego systemu akceptorow elektronéw do PSI i akceptorow
elektronow

¢Ro (ang. the quantum yield of electron transport from Qato the PSI and electron acceptors)
—wydajnos¢ kwantowa transportu elektronow z Qa~ do PSI i akceptorow elektronow

yRo (ang. probability, at time O, of the electron transport chain beyond Qa) -

prawdopodobienstwo, w czasie 0, transportu elektronow poza Qa~
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2. Streszczenie

Rozwojowe i fizjologiczne mechanizmy aborcji kwiatéow ksztaltujgce plon nasion gryki

zwyczajnej (Fagopyrum esculentum Moench)

Stowa kluczowe: biatka szoku cieplnego, gryka zwyczajna, plon nasion, profil hormonalny,

proteomika, rozwdj embriologiczny, stres termiczny, stres troficzny

Gryka zwyczajna (Fagopyrum esculentum Moench) nalezy do rodziny rdestowatych
(Polygonaceae). Jest dwuliscienng rosling jednoroczng uprawiang glownie na cele spozywcze
ze wzgledu na dobrze zbilansowany sktad chemiczny nasion. Gryka stosowana jest jako plon
gtowny oraz jako poplon ze wzgledu na wilasciwosci fitosanitarne. Charakteryzuje ja niski i
nierownomierny plon, na ktéry wplyw maja m.in. krétka zywotno$¢ pojedynczego kwiatu,
samoniezgodno$¢ wynikajaca z heterostylii kwiatow, nieprawidtowos$ci w rozwoju woreczkow
zalagzkowych i wrazliwo$¢ gryki na stresy srodowiskowe np. wysoka temperatur¢ w okresie
kwitnienia. Jest rosling niesamokonczaca tj. kwitnie przez caty okres wegetacji, co powoduje
wystepowanie konkurencji o asymilaty pomiedzy zawigzanymi nasionami a Wcigz
produkowanymi kwiatami. Czynniki te determinuja przedwczesne opadanie kwiatow i
niedojrzatych nasion gryki zwyczajne;j.

Celem niniejszej rozprawy doktorskiej, obejmujacej cykl pieciu oryginalnych
publikacji, byta analiza rozwojowych i fizjologicznych mechanizméw aborcji kwiatow
ksztaltujacych plon nasion gryki zwyczajnej. Hipoteza badawcza zaktadala, ze gldéwnymi
przyczynami tych proceséw jest stres wysokotemperaturowy i troficzny. Do weryfikacji
postawionych hipotez wykorzystano dwa genotypy gryki zwyczajnej tj. odmiany ,,Panda” i rod
PA15 (obecnie odmiana ,,Korona”), ktore wykazujg roznice w stopniu degeneracji woreczkéw
zalgzkowych i aborcji kwiatow oraz w plonowaniu nasion. W badaniach prowadzonych na
ro$linach traktowanych wysoka temperaturg (30 °C) lub w stresie troficznym in planta,
modyfikowanym poprzez cze¢$ciowe usuwanie kwiatow lub pedow bocznych, przeprowadzono
szereg analiz rozwoju embriologicznego, zmian hormonalnych, zachodzacych w r6znych
stadiach rozwojowych kwiatow oraz w li§ciach. Ponadto, oceniano stopien aborcji kwiatow i
elementy struktury plonu tj. liczb¢ nasion petnych i pustych wyprodukowanych przez jedna
rosling, ich mas¢ oraz masg tysigca nasion. Dodatkowo, w stresie termicznym wykonano

analiz¢ wydajnosci fotochemicznej i fotosyntetycznej, oraz zmiany proteomiczne i akumulacje
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biatek szoku cieplnego (HSP) w réznych stadiach rozwojowych kwiatow i w lisciach. Stres
troficzny badano dodatkowo w warunkach in vitro poprzez wyktadanie pgkow kwiatowych na
pozywki 0 zmniejszonym sktadzie substancji odzywczych.

Przeprowadzone analizy wykazaty, ze wysoka temperatura (30°C), ktora jest optymalna
dla rozwoju wegetatywnego gryki zwyczajnej, zwigksza stopien degeneracji woreczkow
zalagzkowych w okresie rozwoju embriologicznego. W stresie wysokotemperaturowym biatko
HSP-70 pelni funkcje ochronng w rozwoju zalagzkow i1 mikrospor, i W procesach
fotosyntetycznych. Badania proteomiczne wykazaty, ze zwigkszona akumulacja izoformy X2
syntazy indolilo-3-glicerolo-fosforanu moze stanowi¢ marker wrazliwosci na stres termiczny
roslin gryki zwyczajnej.

Wykazano tez, ze stres troficzny jest gldéwng przyczyng stabego plonowania gryki
zwyczajnej. Nawet, gdyby wzrosta liczba prawidtowo rozwinigtych woreczkow zalagzkowych,
roslina nie bylaby zdolna wypeli¢ wszystkich nasion. Usuwanie cze$ciowe kwiatow
prowadzito do kompensacyjnej ich produkcji. Wzrost liczby kwiatow korelowat ze zwigkszong
aborcja kwiatow i zarodkéw. Analiza plonowania w warunkach in planta wykazata jednak, ze
usuwanie kwiatow (50 lub 75%) u odmiany ,,Panda” spowodowato zwigkszenie liczby nasion.
W przypadku obu badanych odmian, rosliny z jednym pedem gtéwnym produkowaty najmniej
dojrzatych i pustych nasion w stosunku do kontroli, odznaczaty si¢ jednak najkrotszag wegetacja
I najszybszym dojrzewaniem nasion. Ponadto, r6d PA15 w traktowaniu jednopgdowym
wykazywal najwyzsza mase pojedynczego nasiona. Nalezy podkresli¢, ze momentem
krytycznym decydujacym o wysokosci plonu nasion jest juz moment kwitnienia i zaptodnienia.
Nadprodukcja kwiatow oraz tworzenie zarodkdw jest procesem wyczerpujacym asymilaty.
Niewypelnianie wszystkich nasion, jako swoista strategia rosliny, nie zrekompensuje juz tych
strat. Z kolei badania w warunkach in vitro dowiodty, ze indukowany stres troficzny, zwtaszcza
na pozywkach o trzykrotnie ubozszym skladzie substancji odzywczych, zwigksza procent
degeneracji woreczkow zalazkowych. Do najczesciej wystepujacych zaburzen rozwojowych
woreczkow zalgzkowych nalezaly: rozrost komoérek integumentdéw, wadliwa wakuolizacja
komorek jajowych, zapadanie §wiatla woreczka zalgzkowego czy brak synergid.

Jak dotad, klasyczne programy hodowlane nie doprowadzity do wytworzenia odmiany
gryki zwyczajnej o wysokim plonowaniu, tak jak to uzyskano w przypadku innych wiodacych
gatunkoéw roslin uprawnych. Wyhodowanie formy gryki zwyczajnej samoistnie konczacej
kwitnienie prawdopodobnie zmniejszytoby stopien degeneracji zalagzkow oraz aborcji kwiatow

I nasion, a tym samym zwig¢kszyloby plon nasion.
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3. Summary

Developmental and physiological mechanisms of flower abortion affecting the seed yield

of common buckwheat (Fagopyrum esculentum Moench)

Keywords: common buckwheat, embryological development, heat shock proteins, hormonal

profile, nutritional stress, seed yield, thermal stress

Common buckwheat (Fagopyrum esculentum Moench) belongs to the knotweed family
(Polygonaceae). It is a dicotyledonous, annual plant grown mainly for food purposes due to the
well-balanced chemical composition of the seeds. Buckwheat is used as the main crop and as
an aftercrop due to its phytosanitary properties. It is characterized by a low and unstable yield,
which is influenced, among others, by the short life of a single flower, self-incompatibility due
to flower heterostyly, abnormalities in the development of ovule sac, and buckwheat sensitivity
to environmental stresses, for example high temperature during the flowering period. It is a self-
finishing plant, it blooms throughout the growing season, which causes competition for
assimilates between the seeds and the flowers still being produced. These factors determine
premature flower and unripe seed fall.

The aim of the doctoral dissertation, including a series of five original publications, was
to analyze the developmental and physiological mechanisms of flower abortion affecting the
seed yield of common buckwheat. The research hypothesis assumed that the main causes of
these processes are high-temperature and nutritional stress. To verify the hypotheses, two
common buckwheat genotypes were studied, ‘Panda’ cultivar and the PA15 strain (currently
the ‘Korona’ cultivar), which show differences in the degree of degeneration of ovule sacs,
flower abortion, and seed yield. In the studies conducted on the plants treated with high
temperature (30 °C) or cultivated in nutritional stress in planta, induced by partial removal of
flowers or side shoots, a number of analyzes of embryological development, hormonal changes
occurring in the flowers at various stages of development and in the leaves were performed.
Moreover, the degree of flower abortion and the elements of the yield structure were measured,
i.e., the number of ripe and empty seeds produced by one plant, their weight, and the weight of
a thousand seeds. Additionally, under thermal stress, an analysis of the photochemical and
photosynthetic efficiency, as well as proteomic changes and the accumulation of heat shock

proteins (HSP) in the flowers at various stages of development and in the leaves, were
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performed. Nutritional stress in vitro was investigated additionally by exposing flower buds to
a nutrient-reduced medium.

The analyzes showed that high temperature (30 °C), which is optimal for the vegetative
development of buckwheat, increases the degree of degeneration of the ovules during
embryological development. In high-temperature stress, the HSP-70 protein probably plays a
protective role in the development of ovules and microspores, and in photosynthetic processes.
Proteomic studies showed that the greater accumulation of indole-3-glycerol phosphate
synthase chloroplastic-like isoform X2 may be recognized as a marker of heat sensitivity of
buckwheat plants.

It was also shown that nutritional stress is the main cause of the poor seed yield of
common buckwheat. Even if the number of properly developed embryo sacs increased, the plant
would not be able to full fill all the seeds. Partial removal of flowers led to their compensatory
production. The increase in the number of flowers correlated with the increased abortion of
flowers and embryos. The analyses of yielding in planta, showed that removal of flowers (50
or 75%) in the cv. ‘Panda’ resulted in an increase in seed number. In the case of both studied
cultivars, plants with one main shoot produced the least mature and empty seeds as compared
to the control, but they were characterized by the shortest vegetation and the fastest seed
maturation. Moreover, the PA15 plants cultivated with the single shoot had the highest weight
of a single seed. It should be emphasized that the critical moment that determines the amount
of the seed yield is the flowering and fertilization phase. The overproduction of flowers and the
formation of embryos is a process that exhausts nutritional assimilates. These losses can no
longer be compensated for by not filling the seeds, which is a specific plant strategy. In turn,
studies in vitro conditions showed that the induced nutritional stress, especially on media with
three times poorer nutrient composition, increased the percentage of degeneration of the ovules.
To the most common developmental disorders of the embryo sacs belonged: integument cell
proliferation, defective ovule vacuolization, the collapse of the embryo sacs, and lack of
synergids.

So far, classical breeding programs do not result in high-yielding common buckwheat
cultivar, as has been achieved with other leading crop species. Obtaining a buckwheat form that
terminates flowering would probably reduce the degree of ovule degeneration and abortion of

flowers and seeds, and thus increase the seed yield.
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4. Wstep

4.1. Opis gatunku

Gryka zwyczajna (Fagopyrum esculentum Moench) nalezy do rodziny rdestowatych
(Polygonaceae). Zalicza si¢ ja do tzw. pseudozbdz ze wzgledu na podobny sposob uprawy i
uzytkowania oraz sklad chemiczny nasion. Jest ros§ling jednoroczng o krétkim okresie
wegetacyjnym trwajacym od 10 do 12 tygodni. Zaliczana jest do grupy tzw. roslin wtérnych,
wyodrebnionych z chwastow wystepujacych w innych roslinach uprawnych (Zarzecka i in.
2014). Obecnie, gryka jest rozprzestrzeniona na niemal wszystkie kontynenty. Do rodzaju
Fagopyrum zalicza si¢ obecnie dwa gatunki uprawne: F. esculentum (Moench) i F. tataricum
(L.) Gaertn. oraz ponad 25 dzikich gatunkoéw gryki, w wigkszosci endemicznych dla obszaru
potudniowo-zachodnich Chin (Ohnishi 1990; Ohsako i Li 2020; Zhang i in. 2021). Przyjmuje
si¢, ze gryka zwyczajna wywodzi si¢ z Fagopyrum esculentum subsp. ancestrale Ohnishi,
formy dzikiej pochodzacej z prowincji Yunnan w potudniowych Chinach (Litynska-Zajac i
Wasilikowa 2005). Wraz z gryka tatarka stanowia gldwne zrodto rutyny i kwercetyny, cennych
flawonoidéw. Nasiona gryki zwyczajnej sg bogate w sktadniki odzywcze takie, jak zelazo,
btonnik, aminokwasy egzogenne, metabolity wtorne o wiasciwosciach farmaceutycznych, za$
miod gryczany posiada wiasciwosci bakteriostatyczne. Ponadto, nasiona gryki nie zawieraja
glutenu, co w polaczeniu z wysoka wartoécig odzywcza stanowi doskonate zrodto pokarmu,
zwlaszcza dla osob chorych na celiakie. Nasiona gryki zwyczajnej spozywa si¢ w postaci kaszy,
a stoma i plewy stuzg jako pasza dla zwierzat (Songin 2003). W Japonii bardzo popularna jest
maka gryczana, z ktorej produkuje si¢ makaron Soba. Zielone czg$ci roslin zawieraja
fagopiryne, ktora stosowana jest obecnie w terapii fotodynamicznej komodrek nowotworowych
(Sytar i in. 2013).

4.2. Charakterystyka biologiczna

Gryka zwyczajna posiada palowy system korzeniowy siegajacy do jednego metra w
glab gleby oraz korzenie II i III rzedu. Cze$¢ korzeni zaczyna brunatnie¢ juz 18 dni po
wschodach, co jest objawem ich starzenia. Lodyga gryki o antocyjanowym zabarwieniu osiaga
od 60 do 100 cm wysokosci i jest rozgat¢ziona. LiScie dolne ogonkowe majg ksztatt sercowato-

strzatkowaty, goérne za$ sg typu siedzacego. Gryka posiada wonne biate, blador6zowe lub
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czerwone kwiaty, ktore zebrane sg na zakonczeniach rozgatezien todyg w luzne grona lub
baldachy (Ryc. 1). Ro$lina zakwita 15-25 dni od siewu. Okres kwitnienia jest stosunkowo dhugi
i trwa od 44 do 59 dni. Jedna ro$lina produkuje od 500 do 2000 kwiatoéw, z czego tylko 4-10%
wyksztalca nasiona. Plonowanie w duzej mierze zalezy od zastosowanej agrotechniki, odmiany
gryki oraz od warunkow pogodowych panujacych w okresie kwitnienia. Owocem gryki jest
ciemnobrunatny, trojgraniasty orzeszek. Masa tysigca nasion miesci si¢ w przedziale od 18 do

32 g (Songin 2003; Zarzecka i in. 2014).

Ryc. 1. Pokroj rosliny gryki zwyczajnej (Fagopyrum esculentum Moench)
(Rys. M. Hornyak)

4.3. Biologia kwitnienia

Gryka zwyczajna jest ro§ling samoniezgodna, co wynika z wystgpowania heterostylii,
tj. kwiatow typu Pin i Thrum, o zréznicowanej dtugosci stupkow i precikow (Fot. 1). Do
zaptodnienia moze dojs¢ tylko wtedy, gdy nastgpi zapylenie krzyzowe pomiedzy tymi dwoma
morfami kwiatow (Cawoy i in. 2009). Pojedynczy kwiat gryki cechuje bardzo krotka

zywotnos¢, poniewaz jest zdolny do zapylenia tylko przez jeden dzien. Do najwazniejszych
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zapylaczy gryki nalezg owady blonkoskrzydie (Hymenoptera), wsrdd nich gtownie pszczoty i
trzmiele oraz dwuskrzydte (Diptera). Orzeszki dojrzewaja nierownomiernie (Songin 2003).
Gryka jest rosling niesamokonczaca i kwitnie przez caty okres wegetacji (70-90 dni), co
powoduje wystepowanie silnej konkurencji o asymilaty pomiedzy zawigzanymi juz nasionami

a wcigz produkowanymi kwiatami (Fot. 2).

Fot. 1. Kwiaty gryki zwyczajnej typu Thrum (A) i typu Pin (B) wraz z ziarnami pytku
produkowanymi przez okreslony typ kwiatu (Fot. A. Stomka)

Fot. 2. Kwiatostan gryki zwyczajnej z kwiatami w roznych fazach rozwojowych

oraz z zielonymi i dojrzatymi nasionami (Fot. A. Ptazek)

12
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4.4. Wymagania klimatyczno-glebowe

Gryka jest ro$ling dnia dtugiego, cieptolubna, wrazliwa na przymrozki. Jest rosling jara,
do skietkowania wymaga wyzszej temperatury gleby, wynoszacej co najmniej 10 °C. W
klimacie Polski wysiewa si¢ ja po ostatnich przymrozkach, w drugiej polowie maja. Ma
réwniez duze wymagania wodne, najwicksze od siewu do zakonczenia kwitnienia — 70 mm,
najmniejsze podczas dojrzewania nasion — 15 mm. Gryka reaguje niekorzystnie na silne wiatry
powodujace jej wyleganie, oraz na dlugotrwate susze, ktore wysuszajg znami¢ stupka i
ograniczajg produkcje nektaru niezb¢dnego do odwiedzania roslin przez owady zapylajace.
Gryke uprawia si¢ zazwyczaj na glebach lekkich i mato urodzajnych, najlepiej jednak plonuje
na glebach kompleksu pszennego bardzo dobrego, o uregulowanych stosunkach powietrzno-
wodnych i o pH 5,6-7,0. Gryka moze by¢ uprawiana na terenie catej Polski z wyjatkiem terenow
nadmorskich i podgorskich (Songin 2003).

4.5. Agrotechnika

Przedplonem dla gryki zwyczajnej sg najczesciej rosliny zbozowe. Optymalna obsada
roslin gryki wynosi od 2,5 do 3,5 mln ro$lin na 1 ha. Oznacza to, Ze nalezy wysia¢ od 60 do
125 kg nasion na 1 ha. Gryke wysiewa si¢ na gltgbokos¢ 2-3 cm w glebie wilgotnej i 4-5 cm w
glebie przesuszonej. Siew z szerokg rozstawg rzedow (40 cm) zapewnia korzystniejsze warunki
dla plonowania niz siew waskorzedowy (13-15 cm), wymaga jednak mechanicznej pielggnacji
miedzyrzedéw. Gryka jest rosling raczej odporng na choroby i szkodniki. Do najczgstszych
chorob nalezy szara plesn i maczniak rzekomy, za§ do najgroZniejszych pasozytéw nalezy
mszyca chmielowa. W uprawie gryki najwigkszym problemem jest zachwaszczenie, dlatego
szczegblnie wazne jest, aby przed siewem pole byto doktadnie odchwaszczone. W 2021 roku
w krajowym rejestrze Centralnego Osrodka Badania Odmian Ros$lin Uprawnych wpisane byty
cztery odmiany gryki zwyczajnej: ,,Panda”, ,Kora”, ,Smuga” i ,,Korona” (poprzednio
nazywana jako rod PA15) Matopolskiej Hodowli Roslin (Songin 2003; Zawojski 2019;

www.coboru.gov.pl).
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4.6. Znaczenie gospodarcze

W 2018 roku, wedlug danych Organizacji Narodow Zjednoczonych do spraw
Wyzywienia i Rolnictwa (ang. Food and Agriculture Organization of the United
Nations, FAQO), powierzchnia uprawy gryki na $wiecie wynosita 3 mln ha. Wedlug danych FAO
do dziesieciu najwigkszych producentow gryki w latach 2014-2019 nalezaly: Rosja, Chiny,
Francja, Ukraina, Polska, USA, Kazachstan, Brazylia, Litwa i Japonia. W 2018 roku w
Polsce powierzchnia uprawy gryki wynosita 78 tys. ha. Plony gryki $rednio wahajg si¢ w
granicach od 0,6 do 1,5 t/ha. Z zastosowaniem odpowiedniej agrotechniki plony moga osiggaé
3 t/ha (Songin 2003). Wedtug Glownego Urzedu Statystycznego (www.stat.gov.pl) w 2018
roku w Polsce pod wzgledem procentowego udziatu powierzchni uprawy gryki przodowaty
wojewodztwa lubelskie (22%), zachodniopomorskie (16%) 1 pomorskie (10%). W
wojewodztwach: kujawsko-pomorskim, matopolskim i opolskim nie obserwuje si¢ upraw tego
gatunku.

Gryka zwyczajna wykazuje wiasciwosci agroekologiczne dzigki zaletom takim, jak:
wysoka miododajnos¢ (140-220 kg z 1 ha), odporno$¢ na choroby i szkodniki, dziatanie
fitosanitarne — przeciwdziatanie rozwojowi nicieni, ochrona gleby przed erozjg, walory
estetyczne. Nie wymaga rowniez specjalnego nawozenia mineralnego i zaliczana jest do
zywnosci funkcjonalnej o cennych wilasciwosciach odzywczych i1 prozdrowotnych (Songin
2003; Chilopicka 2008). W rolnictwie produkty uboczne z przerobu gryki wykorzystywane sg
jako pasza dla trzody chlewnej i ptactwa, a stoma gryczana w polgczeniu ze stomg innych zb6z
stanowi pozywienie dla bydta. Luski gryczane stuza jako wypelnienie poduszek, mat, materacy
1 wktadek do butéw. Ponadto z produktéw ubocznych przerobu gryki mozna produkowac pelet
i ekologiczne opakowania o duzej wytrzymatosci mechanicznej (Borkowska i Robaszewska
2012).

4.7. Wiasciwosci odzywcze i zdrowotne

Gryka zwyczajna moze by¢ wszechstronnie wykorzystywana w przemysle
spozywczym, farmaceutycznym 1 ziololecznictwie. W przemysle spozywczym orzeszki gryki
przerabia si¢ na kasze, a maka gryczana stuzy m.in. do wyrobu pieczywa bezglutenowego,
makaronow, naleSnikow i herbat (Zarzecka i in. 2014). Nasiona sa bogate w sktadniki

odzywcze, zawierajg duzo biatka (8,5 — 19% suchej masy) o dobrze zbilansowanym sktadzie
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aminokwasowym, skrobi¢ (59 — 70% s.m.), lipidy (2 — 4% s.m.) z wysoka zawartoscig
nienasyconych kwasoéw thuszczowych i btonnik (5 — 11% s.m.). Nasiona stanowia rowniez
zrodto wielu sktadnikow mineralnych takich, jak magnez, cynk, miedz, mangan, zelazo, potas
i fosfor. Nasiona gryki zawierajg witaminy z grupy B (tiaming, ryboflawing, pirydoksyng),
niacyne¢ | witaming E. Wysoka zawarto$¢ polifenoli zapewnia wiasciwosci przeciwutleniajgce
u gryki. W roznych czesciach gryki zidentyfikowano m.in. flawonoidy (rutyne, kwercetyne,
orientynag izoorientyng, witeksyne, izowiteksyng), flawony, kwasy fenolowe, taniny,
fitosterole i fagopiryny. Ze wzgledu na zawarto$¢ substancji biologicznie czynnych gryka
wykorzystywana jest m.in. w profilaktyce chorob nowotworowych, chordb uktadu krazenia i
leczeniu stanéw zapalnych (Christa i Soral-Smietana 2007; Zarzecka i in. 2014). Fagopiryny
wystepujace w lisciach 1 zielonych czesciach gryki (Kreft i in. 2013) majg dzialanie
przeciwgrzybiczne i przeciwwirusowe (Karioti i Bilia 2010; Sytar i in. 2016), a ze wzgledu na
wlasciwosci fototoksyczne sa wykorzystywane w terapii fotodynamicznej komorek
nowotworowych (Sytar i in. 2016). Miod gryczany zawiera cukry proste i choling (Christa i
Soral-Smietana 2007), i odznacza si¢ silnymi whasciwosciami bakteriostatycznymi (Songin
2003).

4.8. Problematyka badawcza

W poréwnaniu z innymi ro$linami uprawnymi, gryke zwyczajng cechuje duza
zmienno$¢ plonowania (Songin 2003). W klimacie Polski roslina ta stabo plonuje. Do gtéwnych
przyczyn niskiego plonu nasion nalezy krotka zywotno$¢ pojedynczego kwiatu oraz
nieprawidtlowy rozwoj woreczkow zalazkowych (Stomka i in. 2015, 2016, 2017). Gatunek ten
cechuje samoniezgodno$¢, wynikajagca z wystepowania heterostylii, tj. o zrdznicowanej
dhugosci stupkow 1 precikéw (Cawoy 1 in. 2009). Do zaptodnienia dochodzi tylko wtedy, gdy
nastapi zapylenie krzyzowe pomiedzy tymi dwoma typami kwiatow. Gryka jest rosling
niesamokonczaca i kwitnie przez caly okres wegetacji, co powoduje wystepowanie silnej
konkurencji o asymilaty pomigdzy zawigzanymi juz nasionami a wcigz produkowanymi
kwiatami. Dodatkowo, gryka jest wrazliwa na stresy Srodowiskowe m.in. na przymrozki, upaty
1 susze wystepujace w okresie letnim. Czynniki te powoduja przedwczesne opadanie kwiatow
1 zawigzkow (Ruszkowska i Ruszkowski 1981). Wedtug Cawoy i in. (2007) zdolno$¢ do

powstawania nasion jest inicjowana podczas lub zaraz po zaptodnieniu. Proces ten jest bardzo
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wrazliwy na czynniki biotyczne i abiotyczne, ktére mogg przyczynia¢ si¢ do aborcji nasion i
OWOCOW.

Wyniki projektu finansowanego przez Ministerstwo Rolnictwa i Rozwoju Wsi w
ramach badan podstawowych wspierajacych postep biologiczny w produkcji roslinnej (w latach
2014-2016), dotyczacego biologii kwitnienia i plonowania polskich odmian i1 rodoéw gryki,
wykazaty, ze im wiecej kwiatow produkuje roslina gryki, tym wigksza jest ich aborcja. Liczba
kwiatéw koreluje ujemnie z liczbg dojrzatych nasion. Zwigkszanie liczby kwiatow na roslinie
nie poprawia zatem ich plonu nasion. Zywotnosé¢ ziaren pytku jest bardzo wysoka (od 97 do
100%), co $wiadczy, ze proces mikrogametofitogenezy przebiega prawidlowo i nie jest to
przyczyna stabego zawigzywania nasion. Liczba zdegenerowanych woreczkow zalazkowych
natomiast w tych roslinach jest wysoka i waha si¢ od 10 do 30%. Degeneracja woreczkow
zalazkowych i zarodkéw moze wynikaé z cech genotypowych, wysokiej temperatury podczas
kwitnienia oraz z niedoboru asymilatow. Kwiaty wykazuja zdolno$¢ do zaptodnienia w ciagu
zaledwie jednego dnia (Cawoy i in. 2009). Zawigzywanie nasion, jest niewystarczajace, zalezne
od genotypu oraz warunkow uprawy i wynosi 15-53% (Cawoy i in. 2009; Stomka i in. 2015,
2016).

5. Hipotezy badawcze i cel prowadzonych badan

Na podstawie aktualnego stanu wiedzy na temat czynnikow determinujacych plonowanie

nasion gryki zwyczajnej oraz badan wlasnych postawiono nastepujace hipotezy badawcze:

1. Wysoka temperatura wplywa negatywnie na przebieg procesOw embriologicznych ze
szczegolnym uwzglednieniem rozwoju gametofitu zenskiego gryki zwyczajnej.

2. Zaburzenia w rozwoju woreczkow zalazkowych gryki zwyczajnej wynikaja z niedoboru
sktadnikow pokarmowych Iub konkurencji o asymilaty pomiedzy licznie
produkowanymi kwiatami a zawigzywanymi nasionami w trakcie calego cyklu

wegetacyjnego.

Celem pracy byto wskazanie gtownej przyczyny wadliwego rozwoju woreczkoéw zalgzkowych
oraz silnej aborcji kwiatow i niedojrzalych nasion, co ma bezposredni wplyw na niskie

plonowanie nasion gryki zwyczajnej.

16

26:1056336359



Rozprawa doktorska

6. Material i metody

Badania przeprowadzono w latach 2018-2021 w Katedrze Fizjologii, Hodowli Roslin i
Nasiennictwa Uniwersytetu Rolniczego w Krakowie. Doswiadczenia przeprowadzono w
komorach fitotronowych w warunkach $cisle kontrolowanych (stres termiczny), pokojach
hodowlanych (stres troficzny indukowany in vitro), oraz tunelu foliowym (stres troficzny
indukowany in planta). Do badan prowadzonych w ramach rozprawy doktorskiej wykorzystano
rosliny gryki zwyczajnej polskiej odmiany ,Panda” i rodu PA15 (odmiana ,,Korona”,
zarejestrowana w roku 2019; ze wzgledu na to, ze w publikacjach wchodzacych w sktad
rozprawy doktorskiej omawiane sg wyniki na roslinach PA15, takze w autoreferacie stosowane
sg te dwie nazwy zamiennie), pochodzacych z Matopolskiej Hodowli Roslin Sp. z 0.0., Zaktadu
Produkcyjnego w Palikijach. Obie odmiany roznig si¢ istotnie pod wzgledem stopnia
degeneracji zalgzkow i zarodkow oraz wysokoscig plonowania nasion. W kwiatach odmiany
,Panda” degeneruje 30% woreczkow zalazkowych, co przektada si¢ na niskie plonowanie,
natomiast w przypadku rodu PA15 tylko 10% woreczkéw wykazuje zaburzenia rozwojowe
(Stomka i in. 2015, 2016).

Do oceny rozwojowych i fizjologicznych mechanizméw aborcji kwiatow ksztattujacych
plon nasion gryki zwyczajnej zastosowano ponizsze metody, osobno dla rodzaju stresu.

I.  Stres termiczny:

o ocena wybranych parametréw kinetyki fluorescencji chlorofilu a w lisciach
gryki zwyczajnej (ChlF),

o badania embriologiczne wykonane standardowg metodg parafinowg z
hematoksyling Zelazista wg Heidenhaina w potaczeniu z bigkitem alcjanowym
(Filutowicz 1 Kuzdowicz 1951), ziarna pylku barwiono odczynnikiem
Alexandra (Singh 2003),

o oznaczanie biatek szoku cieplnego HSP-70 i HSP-90 metoda Western Blot,

o badania proteomu pakow kwiatowych, kwiatow w pelni rozwinigtych i
przekwitnietych oraz liSci donorowych, wykorzystujace kombinacje
elektroforezy 2-D z technikg LC-MS/MS (Klubicova i in. 2011),

o badanie profilu hormonalnego w kwiatach, pakach i lisciach wg protokotu
Dziurki i in. (2016),

o ocena parametréw wymiany gazowej w lisciach donorowych przy uzyciu
przenosnego analizatora dwutlenku wegla w podczerwieni (Analytical

Development Co. Ltd., UK),
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o ocena przepuszczalnosci membran cytoplazmatycznych metodg
konduktometryczng, analizujacg wyptyw elektrolitow (EL),
o ocena catkowite] zawartosCi weglowodandw rozpuszczalnych metoda

antronowg (Yemm 1 Willis 1954).

Il.  Stres troficzny:

o analiza embriologiczna w stresie troficznym wywolanym w warunkach in vitro
I in vivo,

o kultury in vitro pakow kwiatowych gryki zwyczajnej w kontrolowanych
warunkach stresu troficznego; paki kwiatowe gryki sterylizowano i wyktadano
na pozywki kontrolne: 1) wg Slawinska i Obendorf (2001) i 2) wg Asaduzzmann
i in. (2009) oraz ich warianty o zmniejszonym sktadzie sktadnikow odzywczych
o potowe lub dwie trzecie,

o badanie profilu hormonalnego pakow, kwiatow i lisci donorowych w stresie

troficznym in vivo.

Szczegdtowy opis materiatu roslinnego i zastosowanych metod wykorzystywanych w
poszczegolnych cze$ciach prowadzonych badan opisano w rozdziatach Materials & Methods,

w kazdej z pieciu publikacji wchodzacych w sktad rozprawy doktorskie;.

7. Najwazniejsze wyniki przeprowadzonych badan
7.1. Stres termiczny

7.1.1.Przebieg mikro- i megasporogenezy oraz mikro- i megagametofitogenezy w
temperaturach: 20°C i 30°C (artykul I: Plazek i in. 2019).

U gryki zwyczajnej wystegpuje silna aborcja kwiatow. Samoistne zrzucanie kwiatow jest
czesto obserwowane u roslin najczgsciej w wyniku braku zapylenia. Proces odrzucania kwiatow
jest inicjowany podczas wczesne] fazy wzrostu pedow 1 réznicowania zawigzkéw kwiatow
(Moe 1971). W tym wrazliwym stadium rozwojowym temperatura w przedziale 12—15°C silnie
wplywa na powstawanie tzw. “Slepych” pedow. Zdolnos¢ do powstawania nasion jest
inicjowana podczas lub zaraz po zaptodnieniu, jak réwniez w tym czasie jest okreslana ich

liczba, wielko$¢, a zatem ostateczny plon (Cawoy i in. 2007). Proces ten jest bardzo wrazliwy
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zwlaszcza na czynniki abiotyczne, ktore mogg przyczyniaé si¢ do aborcji nasion. Gryka jest
wrazliwa m.in. na przymrozki, upaty i susz¢ wystepujace w okresie letnim. Czynniki te
powoduja przedwczesne opadanie kwiatow i zawigzkow (Ruszkowska i Ruszkowski 1981). W
rozprawie doktorskiej skupiono si¢ na poszerzeniu wiedzy na temat procesoOw
embriologicznych zachodzacych pod wpltywem dzialania wysokiej temperatury. Rozwoj
embrionalny analizowano w pakach kwiatowych oraz w kwiatach w petni rozwinigtych,
zdolnych do zaptodnienia. Ponadto, analizowano zmiany w profilu hormonalnym w pakach,
kwiatach w petni rozwinietych 1 przekwitlych, oraz w lisciach. Taki uktad eksperymentalny
miat dostarczy¢ informacji, czy 1 w jakim stopniu degeneracja woreczkdéw zalagzkowych oraz
ziaren pylku jest kontrolowana przez poszczegélne fitohormony. W przypadku odmiany
,Panda”, wysoka temperatura (30°C) nie obnizytla zywotno$ci ziaren pylku, natomiast
zmniejszyla nieznacznie ich zywotno$¢ w roslinach rodu PA15. W warunkach temperatury
kontrolnej (20°C) zywotno$¢ ziaren pytku w otwartych kwiatach u odmiany ,,Panda” byta
istotnie mniejsza niz u rodu PA15, co jest cechag warunkowang raczej genotypowo. Poziom
wiekszosci analizowanych hormondéw w tym stadium rozwojowym kwiatow u obu odmian byt
podobny, z wyjatkiem wolnego kwasu abscysynowego i kwasu salicylowego, ktorych poziom
byt istotnie wyzszy w kwiatach PA15. Stwierdzono, ze proces megasporofitogenezy i
megagametogenezy jest bardziej wrazliwy na wptyw wysokiej temperatury w porownaniu do
mikrosporofitogenezy i mikrogametogenezy. W temperaturze 30°C w pakach kwiatowych u
odmiany ,,Panda” zaobserwowano prawie o 40% mniej prawidtowo rozwinietych woreczkow
zalgzkowych w poréwnaniu do ro$lin kontrolnych. Efekt termiczny w przypadku rodu PA15
na rozw0j woreczkow zalagzkowych w pakach byt nieznaczny. Z tego wzgledu uznano wigksza
wrazliwo$¢ odmiany ,,Panda” na stres wysokiej temperatury niz rodu PA15. W pei
rozwinigtych kwiatach u obu genotypow obserwowano dwa razy mniej prawidtowo
wyksztatconych zalazkow w 30°C niz w 20°C, natomiast w kwiatach przekwitnietych stopien
degeneracji woreczkow zalagzkowych byt porownywalny. Zaburzenia rozwojowe polegaty
migdzy innymi na rozro$cie komorek integumentow, wadliwej wakuolizacji komorek
jajowych, zapadaniu si¢ §wiatta woreczka zalagzkowego oraz braku synergid. W przypadku
odmiany ,Panda” w temperaturze 30°C proces silnego rozrostu komorek woreczka
zalagzkowego mozna taczy¢ z istotnym wzrostem poziomu form aktywnych giberelin (GAs),

cytokinin (CYT) oraz estru metylowego kwasu jasmonowego (JA-Met).
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7.1.2. Profil fitohormonow w réznych fazach rozwojowych kwiatéw oraz liSci donorowych

(lezacych u podstawy badanych kwiatow) w stresie termicznym (artykul I: Plazek i in.
2019).

Na przebieg procesow embriogenezy oraz na aborcje kwiatow i owocoOw majg wpltyw
fitohormony i regulatory wzrostu m.in. w roznicujagcych si¢ merystemach. W procesie
zawigzywania kwiatow i determinacji powstawania precikowia i stupkowia biorg udziat
auksyny, gibereliny, cytokininy, kwas abscysynowy, poliaminy, kwas salicylowy i jasmonowy
(Bernieriin. 1993) . Badania opisane w artykule Ptazek i in. (2019) mozna uznac za pionierskie,
bowiem po raz pierwszy przeanalizowano tak doktadnie profil zmian hormonalnych
zachodzacych w trakcie rozwoju kwiatow gryki zwyczajnej i ich przekwitania, oraz w liSciach
donorowych, lezacych najblizej kwiatostanéw. Ponadto, zbadano zmiany hormonalne
zachodzace w kolejnych stadiach rozwojowych kwiatow 1 w liSciach donorowych pod
wplywem dzialania wysokiej temperatury. Zmiany te zalezaty gldéwnie od odmiany i organu, a
istotne réznice w poziomie hormonéw w rdznych organach obserwowano w ro$linach
kontrolnych 1 pod wplywem stresu termicznego. U ro$lin kontrolnych najmniejsza ilo$¢
cytokinin wystepowata w lisciach w poréwnaniu do pgkow, otwartych i przekwitnietych
kwiatow. Gibereliny wystepowaty przede wszystkim w otwartych i przekwitnigtych kwiatach.
Najwyzszy poziom auksyny (kwasu indolilo-3-octwoego — IAA) wykryto w przekwitnigtych
kwiatach, a najnizszy w lisciach. Wigksze ilosci kwasu abscysynowego (ABA) stwierdzono w
otwartych kwiatach w poréwnaniu do innych organéw. We wszystkich stadiach rozwojowych
kwiatow wykazano wyzszy poziom kwasu salicylowego (SA) niz w lisciach, w
przeciwienstwie do JA 1 JA-Met. Stres termiczny zwigkszyt istotnie zawarto$¢ CYT w kwiatach
otwartych i przekwitnigtych u odmiany ,,Panda”, zwickszyt poziom IAA w przekwitnietych
kwiatach u rodu PA15 oraz zawarto$¢ giberelin w kwiatach odmiany ,,Panda”. W temperaturze
30°C stwierdzono obnizenie poziomu ABA w kwiatach PA15 oraz JA w pakach obu odmian.
Pod wptywem wysokiej temperatury zwigkszyta si¢ zawartos¢ JA-Met w pakach i kwiatach
odmiany ,,Panda”, natomiast zawarto$¢ SA nie ulegta zmianie. W 30°C w pelni rozwinietych
kwiatach u odmiany ,,Panda” zaobserwowano istotny wzrost poziomu kwasu abscysynowego
(ABA), za$ u rodu PA15 nastgpowalo jego obnizenie. Kwas abscysynowy petni funkcje
sygnalng w starzeniu si¢ roznych organdéw, w tym takze kwiatéw, z tego wzgledu w tej pracy
istotny wzrost poziomu ABA w pelni rozwini¢tych kwiatach uznano jako wcze$niejszy sygnat

prowadzacy do obumierania kwiatow przekwitnigtych, w ktorych poziom ABA istotnie si¢ juz
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zmniejsza. Warto tez zwroci¢ uwage na fakt, ze sygnal ABA wystepuje juz w pehni

rozwinig¢tych kwiatach, ktore sg zdolne do zaptodnienia u gryki tylko przez jeden dzien.

7.1.3. Wydajnos¢ aparatu fotosyntetycznego w stresie termicznym (artykul II: Hornyak i
in. 2020).

Fotosynteza jest najbardziej wrazliwym procesem komorek roslinnych na wysoka
temperature (Sharkey i Schrader 2006). W przypadku obu badanych odmian w temperaturze
30°C wartosci wigkszosci parametrow wydajnosci fotochemicznej fotosystemu Il (PSII) (PI,
Fv/Fm, Fu/lFo, ABS/CSm, TRo/CSm, ETo/CSm, RC/CSm) byly wyzsze niz w temperaturze 20°C.
Swiadczy to o tym, ze zastosowana wysoka temperatura nie byta czynnikiem stresowym, lecz
byla korzystniejsza dla procesoOw fazy jasnej fotosyntezy. Badane odmiany rdznily sie
wydajnoscia fotosyntetyczng w wysokiej temperaturze. Odmiana ,,Panda” w 30°C asymilowata
dwukrotnie wigcej dwutlenku wegla niz w 20°C, natomiast u PA15 wydajnos¢ fotosyntezy
netto byta taka sama w obu temperaturach i byla istotnie wyzsza niz u odmiany ,,Panda”.
Rosliny obu badanych genotypow rosty szybciej w temperaturze 30°C niz w 20°C. Ta reakcja
mozna thumaczy¢ istotnie mniejszg zawarto$¢ weglowodandéw rozpuszcezalnych w liSciach
donorowych wszystkich roslin rosngcych w 30°C w poréwnaniu do roslin z 20°C. Cukry byty
prawdopodobnie zuzywane do budowy tkanek wegetatywnych. Nalezy zaznaczy¢, ze w
lisciach rodlin rodu PAI15 bylo istotnie mniej weglowodandw rozpuszczalnych w obu
temperaturach w porownaniu do roslin odmiany ,,Panda”. Ilo§¢ cukréw w 30°C w lisciach
odmiany ,,Panda” zmniejszyta si¢ 1,6 razy w poréwnaniu do lisci kontrolnych, a w liSciach
PA1S5 zawarto$¢ cukrow byla az czterokrotnie mniejsza. Analiza specyficznych parametrow
kinetyki fluorescencji chlorofilu a, tj. wRO oraz ¢RO, (pRo — wydajno$¢ kwantowa transportu
elektronow z Qa~ do PSI i akceptorow elektrondw; yRo — prawdopodobienstwo, w czasie 0,
transportu elektronéw poza Qa~ ) sugeruje, ze u PA15 czeg$¢ energii w postaci ATP zostata
uzyskana w 30°C w procesie fosforylacji cyklicznej, bez syntezy drugiej sity asymilacyjnej —
NADPH, potrzebnej w fazie ciemnej fotosyntezy. Skutkowatoby to zmniejszeniem syntezy
weglowodanoéw. Tego zjawiska nie zaobserwowano u odmiany ,,Panda”. Wyniki te
potwierdzajg roznicg w reakcji obu odmian na stres termiczny. Ro$liny rodu PA15 wydaja sig¢
lepiej ,,radzi¢ sobie” z tym stresem niz rosliny odmiany ,,Panda”. Wyzsza temperatura, cho¢
sprzyja rozwojowi wegetatywnemu gryki zwyczajnej, to jednak jest czynnikiem stresowym w
trakcie rozwoju woreczkéw zalazkowych, ale u PA15 efekt ten jest duzo mniejszy.
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7.1.4.Bialka szoku cieplnego HSP-70 i HSP-90 w pakach, kwiatach w réznych fazach

rozwojowych oraz w liSciach donorowych (artykutl I1I: Plazek i in. 2020).

Podstawowg reakcjg roslin na stres wysokiej temperatury jest ekspresja biatek szoku
cieplnego (ang. heat shock proteins), o masie czasteczkowej od 10 do 200 kDa. HSP-70
spetniajg istotne funkcje w zapobieganiu agregacji oraz wspieraniu ponownego zwijania innych
biatek zarowno w warunkach optymalnych, jak i podczas stresu (Wang i in. 2004) . Biatka
HSP-90 odpowiadajg za faldowanie biatek oraz odgrywaja kluczowa rol¢ w transdukcji
sygnatu, regulacji cyklu komorkowego, transporcie bialek i ich degradacji. W tej pracy
analizowano zawarto§¢ HSP-70 i HSP-90 w pakach, kwiatach w pelni rozkwitnietych i
przekwitnigtych oraz liSciach donorowych, usytuowanych najblizej kwiatostanow gryki
zwyczajnej poddanej dziataniu wysokiej temperatury. Analiza poziomu biatek metodg Western
Blot wykazata u obu odmian uprawianych w 20°C 1 30°C zdecydowanie wigksza akumulacje
biatka HSP-70 niz HSP-90. Dotyczylo to wszystkich badanych organéw u obu odmian. W
przypadku odmiany ,,Panda”, wyrazny wzrost HSP-70 pod wplywem stresu termicznego
wykazano w pakach i kwiatach przekwitnigtych w stosunku do roslin kontrolnych, natomiast
w 20°C (kontroli) zawarto$¢ tego biatka byla wyzsza w kwiatach otwartych. W liSciach
donorowych tej odmiany poziom HSP-70 byt nizszy w 30°C niz w liSciach kontrolnychi. W
20°C u PA15 wyraznie wyzszy poziom HSP-70 zaobserwowano w kwiatach otwartych. W
pakach 1 lisciach zawarto$¢ tego biatka zwigkszyla si¢ pod wptywem 30°C. Zawartos¢ HSP-90
byta mato zréznicowana u obu odmian, jedynie w liciach kontrolnych odmiany ,,Panda”
obserwowano wigcej tego biatka niz w lisciach roslin uprawianych w 30°C, za§ w lisciach PA15
reakcja byta odwrotna. RoOwniez te analizy dowiodty zroznicowanej reakcji obu odmian na stres
termiczny. Rosliny rodu PA15 (obecnie odmiany ,,Korona”) akumulujg w tym stresie wigcej
biatka HSP-70 niZ odmiana ,,Panda”, co potwierdza wcze$niejsze spostrzezenia, ze ,,Korona”
jest bardziej odporna na wyzsza temperatur¢. Uzyskane wyniki sugeruja, ze w stresie

termicznym biatko HSP-70 odgrywa ochronng role w rozwoju kwiatow gryki zwyczajnej.
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7.1.4. Profil bialkowy w pakach, kwiatach w réznych fazach rozwojowych oraz w lisciach

donorowych (artykul V: Kope¢ i in. 2021).

Wysoka temperatura wyptywa negatywnie m.in. na procesy metaboliczne i strukturg biatek
(Timperio i in. 2008). W opisanym eksperymencie zbadano profil biatkowy w kwiatach w
roznych stadiach rozwojowych oraz liSciach donorowych metoda elektroforezy
dwukierunkowej i spektrometrii masowej. Zbadane odmiany gryki zwyczajnej réznig si¢
tolerancja na wysoka temperaturg, co potwierdza stopien degeneracji woreczka zalgzkowego
pod wptywem tego stresu. Rozne reakcje na stres cieplny znalazty odzwierciedlenie takze w
profilach biatkowych tych odmian. W analizach elektroforezy 2-D wykryto réznice ilo§ciowe i
jakosciowe biatek w zaleznoS$ci od organu rosliny i odmiany. Na mapach 2-D biatek w pakach
kwiatowych ,,Pandy” wykryto 1189 plamek biatkowych, za§ w przypadku rodu PA15 — 1159.
W kwiatach otwartych obserwowano 900 plamek dla ,,Pandy” i 977 dla PA15. Z kolei w
kwiatach przekwittych, niezapylonych, odmiany ,,Panda” byto 1117 plamek biatkowych i 1097
w kwiatach PA15. Najmniej plamek biatlkowych wykryto w probkach lici donorowych, a
mianowicie tylko 701 w przypadku ,,Pandy” i 826 u PA1S5.

Do identyfikacji biatek wytypowano z zeli poliakrylamidowych 200 bialtek, ktorych
zawarto$¢ byla co najmniej dwukrotnie wigksza W roslinach rosngcych w wyzszej
temperaturze, w stosunku do rosngcych w warunkach kontrolnych. Biatka te petnig r6zne
funkcje w komorce: sygnalowa, w hydrolizie ATP, w procesach fotosyntezy, syntezy biatek,
rozkladzie proteolitycznym bialek, metabolizmie we¢glowodandéw i1 azotu, oraz organizacji
komorki. Udato si¢ zidentyfikowac tylko cze$¢ biatek. Wysoka temperatura nie wplyne¢ta na
liczbe plamek biatkowych w badanych odmianach, ale wptyneta na ilo§¢ niektorych biatek. W
pakach kwiatowych podwyzszona temperatura wptynela na ekspresj¢ 17 biatek u ,,Pandy” i 34
u PA15. W wyniku reakcji na stres cieplny w otwartych kwiatach stwierdzono zwigkszong ilos¢
13 biatek w przypadku odmiany ,,Panda” i 21 u PA15. Wysoka temperatura silnie zwigkszyta
ekspresje bialek w kwiatach przekwitnigtych: 28 bialek u odmiany ,,Panda” 1 63 u PA15. W
liSciach donorowych stres cieplny wplynal na ekspresje 11 biatek w przypadku odmiany
“Panda” 1 20 biatek w lisciach rodu PA15. Zawarto$¢ 15 biatek w roslinach rosngcych w
wysokiej temperaturze byta podobna dla wszystkich badanych roslin. Ekspresja izoformy X2
syntazy indolo-3-glicerolo- fosforanu, podobna do tej zawartej w chloroplastach, wzrosta
znaczaco w otwartych kwiatach odmiany ,,Panda” pod wptywem stresu termicznego. Odmiana

ta zostata uznana za mniej odporng na stres wysokotemperaturowy, stad wytypowano wzrost
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ilosciowy izoformy X2 syntazy indolo-3-glicerolo- fosforanu jako marker wrazliwosci gryki

zwyczajnej na ten stres.

7.2. Stres troficzny

Wplyw indukowanego stresu troficznego w warunkach in vitro i in planta na rozwadj
embriologiczny, profil fitohormonow oraz strukture plonowania gryki zwyczajnej
(artykul IV: Hornyak i in. 2020).

Gryka jest rosling niesamokonczaca i kwitnie przez caly okres wegetacji, co powoduje
wystepowanie silnej konkurencji o asymilaty pomigdzy zawigzanymi nasionami a wcigz
produkowanymi, licznymi kwiatami. W pracy tej analizowano wplyw warunkéw troficznych
na przebieg procesOw embriologicznych tego gatunku w warunkach in vitro, oraz dodatkowo

zmiany hormonalne i elementy plonowania w warunkach in planta.

7.2.1.Badania in vitro

Zielone paki kwiatowe pobierano z roslin uprawianych w 20°C i wykladano na pozywki
agarowe zawierajace sktadniki niezbedne dla prawidlowego rozwoju zalazkow 1 mikrospor.
Indukcja stresu troficznego polegata na hodowli pakéw na pozywkach agarowych
zawierajgcych potowe lub 1/3 sktadu pozywek kontrolnych, z wyjatkiem hormondow, ktorych
sktad byt w kazdym wariancie taki sam.

Sktad pozywek:

Pozywka 1, kontrola — pozywka wyjsciowa: 2 MS (Murashige 1 Skoog 1962) + 3% sacharozy
+ 1 mg-dm>BA + 0.1 mg-dm™ NAA.

Pozywka 1A — zawierata potowe stezen sktadnikow odzywczych pozywki 1.

Pozywka 1B — ' stezen sktadnikow odzywczych pozywki 1.

Pozywka 2, kontrola — pozywka wyjsciowa: makro- i mikroelementy MS + 2 mg-dm™ zestawu
witamin jak w pozywce B5 (Gamborg i in. 1968) + 2,5 g-dm™sacharozy + 0,1 g-dm™ glutaminy
+ 1 mg-dm=3kinetyny + 1 mg-dm™ gibereliny GA3.

Pozywka 2A — zawierata potowe stezen sktadnikow odzywczych pozywki 2.
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Pozywka 3, kontrola — pozywka wyjsciowa: MS + 3% sacharoza + 2 mg-dm™ zeatyny.
Pozywka 3A — zawierata potowe zawarto$ci sktadnikow odzywczych pozywki 3.

Na poszczegdlnych pozywkach kontrolnych po 10. dniach hodowli zaobserwowano
zaburzenia w rozwoju woreczkow zalgzkowych. Nalezaty do nich przede wszystkim: rozrost
komorek integumentow, rozrost komoérek osrodka zalagzka, dodatkowe podziaty w woreczkach
zalagzkowych, rozw¢j struktur zarodkopodobnych. Zaburzenia w megasporofitogenezie oraz
megagametogenezie obserwowano na wszystkich pozywkach kontrolnych oraz ich
odpowiednikach o zmniejszonej zawarto$ci sktadnikow odzywczych, ale najwiecej deformacji
zanotowano na pozywce 1B, czyli zawierajacej tylko jedng trzecig sktadnikow odzywczych.
Duzo wiecej przypadkow degeneracji woreczkéw zalazkowych (zard6wno w kontroli, jak i ich
wariantach o obnizonej zawarto$ci sktadnikow odzywczych) obserwowano w przypadku rodu
PA15 niz u odmiany ,,Panda”. Zaburzenia rozwojowe woreczkow zalagzkowych na pozywkach
kontrolnych o pelnym sktadzie substancji odzywczych nalezy uznaé za ceche¢ warunkowang

genetycznie i zwigzang z danym genotypem.

7.2.2.Badania in planta

Pomiegdzy liczbg kwiatéw a ich aborcjg wykazano dodatnig korelacj¢. Oznacza to, ze im
wiecej roslina produkuje kwiatdw, tym wiecej kwiatow ulegato aborcji. Jednym ze sposobow
sprawdzenia, czy zmniejszenie konkurencji o asymilaty wptywa na zwigkszenie plonu nasion,
jest usunigcie czgsci kwiatostanow. W przypadku gryki mozna usuwaé pedy boczne wraz z
nowymi kwiatostanami lub redukowac liczbe kwiatow. Tego typu eksperymenty byty
prowadzone przez grupy badawcze Halbrecq’a i in. (2005) oraz Cawoy i in. (2007). Wykazaty
one brak istotnego wptywu usuwania pedow bocznych i kwiatéw na ostateczny plon nasion,
jednak nie analizowaly proceséw i zaburzen zachodzacych w rozwoju embrionalnym i
hormonalnym pod wptywem tego traktowania, co analizowano w niniejszych badaniach
(Hornyak i in. 2020).

Roéliny uprawiano w latach 2019 i 2020 od maja do wrzesnia w doniczkach w tunelu
foliowym otwartym umozliwiajacym oblot owadow zapylajacych. Czgs$¢ roslin prowadzono w
uprawie jednopgdowej (boczne pedy byty sukcesywnie usuwane), na czesci roslin usuwano 50
lub 75% kwiatéw. Na roslinach kontrolnych pozostawiano pedy boczne 1 wszystkie kwiaty. W
pozostawionych na roslinach analizowano przebieg proceséw embriologicznych oraz
wyznaczano profil fitohormondéw, w pakach kwiatowych, kwiatach otwartych i
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przekwitajacych. Ponadto, oceniano produkcje kwiatow przez pojedyncza rosling oraz
skuteczno$¢ zawigzywania nasion. Zbidr nasion nastgpit pod koniec sierpnia. Zanalizowano
rOwniez parametry plonowania.

W roslinach rodu PA15, z ktorych usunigto 50% kwiatow obserwowano najmniejszy procent
zdegenerowanych woreczkow zalgzkowych (o 20% mniej niz w ro$linach kontrolnych). W
pakach kwiatowych tych roslin odnotowano istotnie mniej giberelin, cytokinin i ABA, za$
istotnie wiecej JA, i SA w stosunku do roslin kontrolnych, jak i roslin z pozostatych traktowan.
U roslin z 50% pozostawionych kwiatoéw, W otwartych kwiatach zdolnych do zaplodnienia
zanotowano istotnie wigcej ABA, JA, SA i kwasu benzoesowego (BA), prekursora kwasu
salicylowego, niz u ro$lin kontrolnych. W tych kwiatach stezenia SA i BA byly duzo wyzsze.
Wykryto w nich rowniez wigcej IAA. Najprawdopodobniej, auksyna ta podtrzymuje rozwoj
zarodkow, co mogto przektadaé si¢ na wigkszy plon nasion z tych roslin. Kwas salicylowy i
jasmonowy pelnig istotng role w procesie kwitnienia i przywabiania owadéw. Ponadto kwas
jasmonowy jest niezbedny do powstawania komorki jajowej, za$ jego brak jest
charakterystyczny dla sterylnych kwiatow. Uwaza si¢, ze ABA, jako antagonista giberelin,
hamuje proces kwitnienia, dlatego tez zaskakujacy jest fakt, ze w kwiatach, ktore najlepie;j
zawigzywaly nasiona, tego hormonu byto wigcej niz w kwiatach odznaczajacych si¢ wigkszym
stopniem degeneracji woreczkow zalgzkowych. Wysokie st¢zenie SA wskazuje na jego cenng
role w procesie kwitnienia roslin. Prekursorem kwasu salicylowego jest kwas benzoesowy,
dlatego tez stezenie BA w kwiatach byto wysokie. Wszystkie powyzsze obserwacje dotyczyty
jedynie profilu fitohormondéw w kwiatach roslin rodu PA15 po usunigciu 50% kwiatow,
natomiast w tak traktowanych roslinach odmiany ,,Panda” tego typu zmian nie zaobserwowano.
W pakach roslin PA15, z ktorych usunigto 75% kwiatow, wykazano najwigcej IAA i ABA. W
otwartych kwiatach stwierdzono najmniej IAA i jasmoniandéw o0raz najwigcej giberelin.
Pomimo wyzszego procentu nieprawidtowo wyksztalconych woreczkoéw zalazkowych u PA15
po usunigciu 75% kwiatow, wykazano wieksza efektywnos$¢ zawigzywania nasion niz u roslin
po usuni¢ciu 50% kwiatow. W roslinach odmiany ,,Panda” po usunieciu 75% kwiatow
stwierdzono duzo wiecej nieprawidlowo rozwinigtych woreczkéw zalazkowych niz u roslin z
innych traktowan, natomiast efektywno$¢ zawigzywania nasion byla podobna do roslin, z
ktorych usunigeto 50% kwiatow. Efekt ten byt prawdopodobnie spowodowany wigkszym
stezeniem giberelin oraz tym, ze hormony te wykazujg wigkszg niz auksyny efektywno$¢ w
podtrzymywaniu przy zyciu powstajacych po zaptodnieniu zarodkow.

Usuwanie kwiatow powodowato nadprodukcje kwiatow. Zwlaszcza u roslin odmiany

,Panda”, usunigcie 50% kwiatow wywotato zwiekszenie ich liczby o 130%, a w ro$linach, z
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ktorych usunieto 75% kwiatow wzrost ich liczebnos$ci nastapit o 260%. Wzrost liczby kwiatow
korelowal ze zwigkszong aborcja kwiatow i zarodkow. Usuwanie 75% kwiatow oraz uprawa
jednopgdowa u obu odmian znacznie zmniejszyly liczbg kwiatow wyprodukowanych przez
jedna rosling w porownaniu z kontrolg. Po usunieciu 50% lub 75% kwiatow, u odmiany
,Panda” zwiekszyta si¢ liczba nasion. Rosliny w uprawie jednop¢dowej, w przypadku obu
badanych odmian produkowaty najmniej dojrzatych i pustych nasion w pordwnaniu z kontrolg,
jednakze u PA15, masa pojedynczego nasiona byta najwicksza. Mniejsza liczba dojrzatych
nasion przetozyta si¢ na lepsze ich wypekienie, a w konsekwencji zwigkszenie masy tysigca
nasion. Ro$liny w uprawie jednopedowej wczesniej konczyty wegetacje, a ich nasiona
dojrzewaly szybciej, co jest cechg korzystng w przypadku gatunku rosliny niesamokonczace;.
Pojedyncze nasiona rodu PA15 (odmiana ,,Korona”) wykazaly istotnie wigksza mas¢ niz
nasiona odmiany ,,Panda”. Usuwanie kwiatow, a zwtaszcza w uprawie jednopgdowe;j istotnie
zwiekszyto procent pustych nasion u obu badanych odmian. Pomimo, Ze procent pustych nasion
nie korelowal istotnie z liczbg pelnych nasion, to korelowat ujemnie z masg jednego dojrzatego
nasiona Wyniki te jednoznacznie wskazuja na fakt, Zze zawigzywanie nasion niewypetnionych,
obniza mas¢ nasion dojrzatych. Mozna zatem sadzi¢, ze punktem krytycznym dla plonu nasion
jest sam moment kwitnienia i zaptodnienia. Nadprodukcja kwiatow oraz tworzenie zarodkow
jest procesem wyczerpujacym zapasy asymilatow rosliny. Niewypehianie wszystkich nasion

juz nie zrekompensuje tych strat.

8. Podsumowanie i wnioskKi

W ramach prezentowanego cyklu pigciu publikacji wykazano, Ze:

1. Wysoka temperatura (30°C) jest optymalna dla rozwoju wegetatywnego gryki
zwyczajnej. Ta sama temperatura wystgpujaca w okresie rozwoju embrionalnego oraz
w okresie kwitnienia zwigksza stopien degeneracji woreczkéw zalazkowych, nie

zmniejsza jednak zywotnosci ziaren pytku.

2. W wysokiej temperaturze biatko HSP-70 peilni funkcje ochronng w procesach
embriologicznych i fotosyntetycznych u gryki zwyczajnej.
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3. Markerem wrazliwos$ci roslin gryki zwyczajnej na stres wysokiej temperatury moze by¢

zwickszona ekspresja izoformyX2 syntazy indolo-3-glicerolo-fosforanu.

4. Wysoki poziom kwasu abscysynowego w otwartych kwiatach gotowych do
zaptodnienia mozna interpretowac jako sygnat indukujgcy obumieranie niezapylonych

kwiatéw, obserwowane w kolejnych dniach.

5. Wazrost liczby kwiatow produkowanych przez rosliny gryki zwyczajnej zawsze pociaga
za soba zwigkszenie ich aborcji. Punktem krytycznym dla plonu nasion jest moment

kwitnienia i zaptodnienia.

6. Gtowna przyczyna niskiego plonowania gryki jest stres troficzny. Nawet gdyby wzrosta
liczba prawidlowo wyksztatconych woreczkow zalagzkowych, ro§lina nie bytaby zdolna

do wypetnienia wszystkich nasion.

7. Wytworzenie formy samokonczacej kwitnienie zmniejszyloby stopien degeneracji

zalazkow 1 aborcji kwiatow.
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Abstract: Common buckwheat is a valuable crop, mainly due to the beneficial chemical composition
of its seeds. However, buckwheat cultivation is limited because of unstable seed yield. The most
important reasons for the low yield include embryo and flower abortion. The aim of this work is
to verify whether high temperature affects embryological development in this plant species. The
experiment was conducted on plants of a Polish cultivar ‘Panda’” and strain PA15, in which the
percentage of degenerating embryo sacs was previously determined and amounted to 32% and
10%, respectively. The plants were cultivated in phytotronic conditions at 20 °C (control), and
30 °C (thermal stress). The embryological processes and hormonal profiles in flowers at various
developmental stages (buds, open flowers, and wilted flowers) and in donor leaves were analyzed
in two-month-old plants. Significant effects of thermal stress on the defective development of
female gametophytes and hormone content in flowers and leaves were observed. Ovules were
much more sensitive to high temperature than pollen grains in both genotypes. Pollen viability
remained unaffected at 30 °C in both genotypes. The effect of temperature on female gametophyte
development was visible in cv. Panda but not in PA15 buds. A drastic reduction in the number of
properly developed embryo sacs was clear in open flowers at 30 °C in both genotypes. A considerable
increase in abscisic acid in open flowers ready for fertilization may serve as a signal inducing flower
senescence observed in the next few days. Based on embryological analyses and hormone profiles in
flowers, we conclude that cv. ‘Panda’ is more sensitive to thermal stress than strain PA15, mainly
due to a much earlier response to thermal stress involving impairment of embryological processes
already in the flower buds.

Keywords: abscisic acid; auxin; common buckwheat; cytokinins; embryo sacs; gibberellins; jasmonic
acid; pollen grains; thermal stress; salicylic acid

1. Introduction

Common buckwheat (Fagopyrum esculentum Moench) belongs to the Polygonaceae family, but it
is classified as a “pseudocereal” crop due to the cereal-like chemical composition of its seeds. The
seeds are gluten-free; have high dietary fiber, high content of rutin and protein, and a well-balanced
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amino acid composition; and are especially rich in lysine [1,2]. Buckwheat is also used as a fodder
crop. The species shows numerous desired properties: it protects soil from erosion, exerts some health
effects, efficiently absorbs nitrogen and phosphorus from the soil, is resistant to pests and diseases,
and tolerates variable soil conditions. Buckwheat is pollinated primarily by bees and is a source of
prized nectar. Common buckwheat seeds are produced mainly in Russia, China, Ukraine, Canada,
Poland, Kazakhstan, and the United States of America (USA) (FAOSTAT, 2016). However, the crop
has been in a decline for a long time in all countries as a result of low seed production and unstable
yield [3]. The cultivation area of buckwheat is limited not only due to low seed yield, as compared with
cereals, but also because of the heterogeneity of its maturation, which makes the harvest time difficult
to determine [2]. The biggest drawback is the short life of its single flowers, which are only open
for one day [4]. Buckwheat is also sensitive to ground frost, high temperatures, and drought, which
may cause extensive flower and embryo abortion. It forms dimorphic plants with flowers harboring
pistils and stamens of different lengths (pin and thrum types) and shows self-incompatibility [4,5].
Fertilization requires cross-pollination [6,7]. The seed set is insufficient, and it amounts to 15%-53%,
depending on the genotype and growth conditions [4,8]. The most important reasons for the low
yield include self-incompatibility, insufficient fertilization, embryo abortion, sensitivity to heat, and
drought stress, as well as deficiency of assimilates in aging plants [6,9,10]. Slawinska and Obendorf [9]
showed that the cultivation of buckwheat plants at a temperature below 25 °C can increase seed
formation by up to 40%, while Kreft [11] reported that temperature above 30 °C is deleterious to
buckwheat pollen and flowers. The optimal temperature for buckwheat growth is 18-23 °C [4]. Taylor
and Obendorf [6] stated that aging plants are less capable of fertilization. The pollen germinates, and
the pollen tube is visible, but there is no fusion of gametes. At 35 °C, Guan and Adachi [12] observed
ultrastructural changes in embryo sacs of common buckwheat, e.g., accumulation of osmophilic
deposits in the egg cell and synergids, collapsed synergids, incomplete membrane systems, and
enlarged ribosome/endoplasmic reticulum in the egg cell. Our earlier studies showed that the key
problem of the low seed yield in buckwheat is defective development of female gametophytes [8]. The
formation of female gametophytes (megasoporogenesis and megagametophytogenesis) was shifted in
time as compared with pollen development and occurred in older flowers and at higher temperature.
Pollen viability was high, and it effectively germinated on the stigma. Long pollen tubes reaching
the ovules were present in buckwheat flowers; thus, pollen was not the reason for the seed formation
issues [8]. In other plant species, heat-related elimination of stigma receptivity, inhibition of pollen
germination, and pollen tube growth are well known symptoms of temperature stress [13-15].

Another problem in buckwheat cultivation is the high degree of abortion of unfertilized flowers.
Buckwheat blooming takes a long time and lasts from 30 to 60 days. One plant develops from 500
to 2000 flowers, but only some of them develop into seeds [2,9]. A positive correlation was noticed
between the number of flowers and their abortion in all studied cultivars and strains, confirming that
the more flowers the plant produced, the more were aborted [8].

The course of embryogenesis and flower abortion is under genetic control, but plant hormones
and growth regulators, and particularly their concentrations, also play an important role. Auxins,
gibberellins, cytokinins, polyamines, abscisic acid, salicylic acid, and jasmonic acid determine the
growth and condition of stamens and pistils [16]. Bernier et al. [16] argued that flowering is affected
by both plant hormones and sugars—mainly sucrose levels in the leaves that supply nutrients to the
apical meristems.

The aim of this work is to investigate the hormonal profile during flower development associated
with the embryological development of common buckwheat exposed to thermal stress (30 °C). A Polish
cultivar ‘Panda’ and strain PA15 were chosen based on our earlier experiments [8]. The cultivar, ‘Panda’,
showed 32% degenerated embryo sacs, while in strain PA15, disturbances occurred in 10% of flowers.
We compared the changes in hormonal profiles at three developmental stages of flower—buds, open
flowers, and wilted flowers—with the embryological development of pollen grains and embryo sacs.
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2. Results
2.1. Embryological Analyses

2.1.1. Pollen Viability and Development

Pollen viability was generally high (>82%) in cv. ‘Panda’ and strain PA15, independent of
temperature, suggesting regular meiosis. Once released from the tetrad (after meiosis), the microspores
enlarged, forming vacuoles and thick sporodermis (Figure 1a). Then, they developed into pollen
grains. Mature (three-celled) viable pollen exhibited dense cytoplasm (Figure 1b—e) and a positive
purple-red or green stain in Alexander and fluorescein diacetate (FDA) tests, respectively (Figure 1b,c).
‘Panda’s’ flowers showed significantly lower pollen viability at 20 °C (82%) than that of strain PA15
(96.3%) (compare Figure 1b vs. Figure 1le). We found no significant influence of thermal stress on
pollen viability in either genotype compared with that of the control (compare Figure 1c vs. Figure 1d).

Figure 1. Viable and non-viable microspores and pollen grains of common buckwheat cv. ‘Panda’ and
strain PA15 under control (20 °C) and thermal stress (30 °C) conditions. Vacuolated microspores of
‘Panda’ at 20 °C with thick sporodermis (a, arrow); viable pollen grains of PA15 at 20 °C stained with
Alexander dye (b) and at 30 °C stained with Ehrlich’s hematoxylin combined with Alcian blue (c); and
viable and non-viable (arrows) pollen grains of ‘Panda’ at 30 °C stained with fluorescein diacetate (d)
and at 20 °C stained with Ehrlich’s hematoxylin combined with Alcian blue (e). At least 7900 pollen
grains per treatment were analyzed in two replicates.

2.1.2. Ovule Development

We observed regular megasporogenesis and different stages of female gametophyte development
in buds, open flowers, and wilted flowers of both genotypes (Figure 2). In buds, we noticed clear
influence of temperature in cv. ‘Panda’ but not in strain PA15, in which embryological processes were
slightly impaired at both 20 °C and 30 °C (83.3% and 79.5%, respectively) (Table 1). In open flowers,
the number of properly developed embryo sacs at the control temperature slightly decreased in both
genotypes (88.2% in ‘Panda’ and 77.8% in PA15), and a strong impact of high temperature on female
gametophyte development was evident in both genotypes. In wilted flowers, this effect was not so
clear, probably because flowers with degenerated embryo sacs had been earlier aborted (Table 1).
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Figure 2. Proper megasporogenesis and female gametophyte development (megagametophytogenesis)

at three stages of flower development in ‘Panda’ and PA15 genotypes of common buckwheat under

control (20 °C) and thermal stress (30 °C) conditions. Megaspore mother cell in prophase I in ‘Panda’
bud at 20 °C (arrow, a), tetrad of megaspores in ‘Panda’ bud at 20 °C (each of four cells marked
with arrowhead, b), 1-nucleate embryo sac of PA15 at 20 °C (arrow, c), central cell (arrows), egg cell
(arrowheads), one of the two synergids (double arrowhead) of 7-celled embryo sac in open and wilted
flowers (d—f) of ‘Panda’ at 30 °C (d), ‘Panda’ at 20 °C (e), and PA15 at 30 °C (f). Paraffin sections stained
with Ehrlich’s hematoxylin combined with Alcian blue. The number of analyzed flowers per treatment

at each stage of development was 15-32 in two replicates.

Table 1. Percentage [%] of properly developed embryo sacs of cv. ‘Panda’ and strain PA15 at

two temperatures.

Organ cv. ‘Panda’ PA15
20°C 30°C 20°C 30°C
Buds 100.0 57.7*% 83.3 79.5
Open flowers 88.2 44.4* 77.8 26.7*
Wilted flowers 83.3 80.0 81.3 78.9

* statistically significant embryo sac development dependence on temperature (1 = 10) (Chi-squared test; p < 0.05).

Of the abnormal development patterns of female gametophyte observed under both temperatures,
improper position of the nucleus in relation to the vacuole in the egg cell, degeneration of the entire
embryo sac, and degeneration of the cells of the embryo sac and of entire ovules were the most frequent

(Figure 3).
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Figure 3. Abnormal female gametophyte development (megagametophytogenesis) at three stages of
flower development in ‘Panda’” and PA15 genotypes of common buckwheat under control (20 °C) and
thermal stress (30 °C) conditions. Abnormal vacuolization of egg cells of ‘Panda’ (upper insert in (a))
and of PA15 open flowers at 30 °C (b), at the chalazal pole three antipodal cells visible (lower insert in
a); degeneration of 2—4-nucleate embryo sac of ‘Panda’ bud at 20 °C (arrow, c), of egg cell in PA15 open
flowers at 20 °C (arrow, d), and of egg apparatus (arrow, e), ovule (arrow, f), and stamens (arrowhead,
f) of ‘Panda’ open flowers at 30 °C. Paraffin sections stained with Ehrlich’s hematoxylin combined with
Alcian blue. The number of analyzed flowers per treatment at each stage of development was 15-32 in
two replicates.

2.2. Hormonal Profile

2.2.1. Total Hormone Content

We determined the hormone content in the flower buds, open flowers, and wilted flowers and
in the donor leaves. Table 2 presents the total contents of the studied hormones in the plant organs
for strain PA15 and cv. ‘Panda’ at both temperatures. We decided to show the differences between
hormone amounts in particular organs independently of growth conditions, as such data are lacking
in the literature.

Leaves accumulated the lowest amounts of cytokinins (zeatin and kinetin) as compared with buds
and open and wilted flowers. Active forms of gibberellin (GA) and non-active GAg occurred mainly in
the open and wilted flowers. Among non-active forms of gibberellins, GAg was the most abundant,
and it was detected mainly in the open flowers. This gibberellin also constituted the greatest share
in the total pool of gibberellins. Non-active GAyy was present in scarce amounts in the flowers but
reached its highest level in the leaves. The greatest amount of indole-3-acetic acid (IAA) was found in
the wilted flowers, whereas the leaves contained only minute amounts of this hormone. Open flowers
accumulated greater amounts of active abscisic acid (ABA-free) than the other organs. In contrast,
leaves contained the highest levels of ABA glucosyl ester (ABA-glc). All the developmental stages
of flowers showed higher levels of salicylic acid (SA) than leaves, whereas leaves were the richest in
jasmonates. The results described above prompted us to conclude that it is difficult to state how or if
hormone contents in the donor leaves affect hormone contents in the flowers.
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Table 2. Total amount of individual hormones [umol g~! dry weight (DW)] in the studied organs of
common buckwheat. Mean (n = 12) + SE.

Hormone Buds Open Flowers Wilted Flowers Leaves
CYT 0.98 +£0.08 b 1.20 +£0.112 1.27 £ 0.122 0.59 + 0.06 ©
IAA 963+ 1.72b 10.07 £ 1.51b 16.63 + 2.50 0.49 +0.07 ¢

GAs-active 11.08 +0.99 2210 +£2.322 18.74 + 2.06 b 10.76 £ 1.61°¢
GAg 239+ 1.15b 6.45 +0.972 5.22 +0.78 2 1.16 £ 0.17 ¢
GAg 6.50 + 0.98 € 13.86 + 1.522 1027 +£1.02b 6.73 +0.84°¢
GAyg 0.49 + 0.06 2 0.42 +0.06 2 031 +£0.05P 3.91 + 0.99

ABA-free 3.71 £0.53¢ 927 +£1.392 6.60 +0.99P 1.66 + 0.254

ABA-glc 2351 +3.90°¢ 2497 + 3.75¢ 36.27 + 5.44 P 57.91 + 8.69 2

SA 59.60 + 6.88 2 46.04 + 6912 55.34 + 8.30 2 23.06 + 3.46
JA 19.21 +2.89b 941+141°¢ 1130+ 1.70 57.76 + 8.702
JA-Met 0.16 £0.01b 0.16 +£0.02b 0.15 £ 0.02b 711+1.072

CYT—cytokinins (zeatin and kinetin), IAA—indole-3-acetic acid, GAs—active gibberellins: GA1, GA3, GA4, GAs,
GAg, and GAy, non-active gibberellins: GAg and GAyg, ABA-free—active abscisic acid; ABA-glc—non-active abscisic
acid, ABA glucosyl ester; SA—salicylic acid; JA—jasmonic acid; JA-Met—methyl jasmonate. Values represent
means (n = 12) £ SE. Different superscript letters (a, b, ¢, ... ) within rows for each hormone indicate significant
differences between means (Duncan’s multiple range test; p < 0.05).

GA4 and GA; were the most common in the total pool of active gibberellins in all studied organs,
whereas GA7 level was the lowest (Table 3). No significant differences in percentage content of
particular gibberellins in cv. ‘Panda” and strain PA15 were observed.

Table 3. Content of individual active gibberellins in relation to the total pool of active gibberellin forms
in the buds, open flowers, wilted flowers, and leaves of the cv. ‘Panda’ and PA15 strain plants grown at
20 °C and 30 °C. Means for the buds and flowers (n = 9) and means for the leaves (n = 3) + SE.

. ) . Buds and Flowers Leaves
Active Gibberellin

cv. ‘Panda’ Strain PA15 cv. ‘Panda’ Strain PA15
GA; 306 +4.72 243+ 362 16.7 £2.0Pb 187 £20b
GA; 183 +2.72 171 +£2.62 207 242 172 +£2.02
GA,4 514052 45+ 05b 57+072 47 +05b
GAs 86+1.0¢ 83+1.0°¢ 11.3 + 1.3 bc 15.1 +£1.82
GA, 36.6 £5.3P 44+773 436+522 425+512
GA; 09+01Pb 15+0.1°P 21+024 1.8+022

Different superscript letters (a, b, ¢, ... )) within rows for each hormone indicate significant differences between
means (Duncan’s multiple range test; p < 0.05).

2.2.2. Hormone Content in the Flowers and Leaves

The content of cytokinins (CYT) in the buds, open flowers, and wilted flowers was similar in
the PA15 plants at both temperatures and ‘Panda’ plants grown at 20 °C (Figure 4a). Only ‘Panda’
flowers at 30 °C accumulated considerably greater amounts of CYT, whereas CYT in the buds was still
similar to the other objects. Leaves of all the plants showed similar CYT levels at both temperatures
(Figure 4b).

48:1030821315



Int. . Mol. Sci. 2019, 20, 1705 7 of 18

YT [fmol g DW

—4=PANDA 20°C » PA1S
2500 ~@~PANDA 30°C ® Panda
~#—PA1S5 20'C
2000 4 -
=~ PA15 30°C g
1500 - _ﬁ
4
1000 - P
%
0 - ™ -T

bud open flower wilted flower
20°C 30°C

Figure 4. Content of cytokinins (CYT; zeatin and kinetin) [fmol g~! DW] in the flower buds, open
flowers, and wilted flowers (a) and the leaves (b) of the ‘Panda’ and PA15 plants grown at 20 °C
(control) and 30 °C (thermal stress). Means (n = 3) 4+ SE.

The IAA level increased drastically in the wilted flowers of the PA15 plants exposed to thermal

stress (Figure 5a), but in the other cases, high temperature did not change the amount of this hormone.
The IAA level in flower buds of cv. ‘Panda’ at both temperatures was significantly higher than that
in the PA15 plants. We found no effects of temperature on IAA amounts in the leaves of any of the
studied plants (Figure 5b).
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Figure 5. IAA [pumol g*1 DW] in the flower buds, open flowers, and wilted flowers (a) and the leaves
(b) of the 'Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress). Means (n = 3)
+ SE.

The amount of active gibberellins—GA, GA3, GA4, GA5, GAg, and GAy (GAs active)—was

greater in the well-developed and wilted flowers of PA15 and ‘Panda’ than in the flower buds
(Figure 6a). The thermal stress caused a drastic increase in GA levels in the open flowers of ‘Panda’,
and a significant decline in the wilted flowers.
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Figure 6. GAs [pumol g‘1 DW] in the flower buds, open flowers, and wilted flowers (a) and the leaves (b)
of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress). Means (n = 3) £ SE.

The GA level in the leaves of cv. ‘Panda’ was higher at both temperatures than in the PA15 leaves,
but thermal stress did not affect the GA amounts in either genotype (Figure 6b).

Generally, greater amounts of non-active GAg were detected in the buds than in the flowers,
except for in the PA15 plants grown at 20 °C (Figure 7a). Only in cv. ‘Panda’ did high temperature
significantly increase this GA form in the buds and open flowers. The leaves of cv. ‘Panda’ accumulated
less GAg than did the PA15 leaves, but we noticed no changes in the hormone levels following the
exposure of all the plants to 30 °C (Figure 7b).
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Figure 7. Content of non-active gibberellin GAg [pmol g_1 DW] in the flower buds, open flowers, and
wilted flowers (a) and the leaves (b) of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C
(thermal stress). Means (n = 3) & SE.

Another non-active gibberellin, GAjyj, occurred in the flowers in lower amounts than GAg
(Figure 8a).
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Figure 8. Content of non-active gibberellin GAyq [fmol g~! DW] in the flower buds, open flowers, and
wilted flowers (a) and the leaves (b) of the “‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C
(thermal stress). Means (n = 3) & SE.

The PA15 plants accumulated more GAjg in the buds than in the flowers, and high temperature
increased the amount of this hormone only in the wilted flowers. In cv. ‘Panda’, thermal stress triggered
more than a five-fold increase in GAyg in the well-developed flowers and a two-fold increase in the
wilted flowers as compared with the buds. Contrary to cv. ‘Panda’, the leaves of PA15 demonstrated
an increase in GAjyg at 30 °C.

Changes in the ABA-free content in the buds, open flowers, and wilted flowers followed a similar
pattern in both PA15 and cv. ‘Panda’ plants (Figure 9a).
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Figure 9. Content of ABA-free [umol g~! DW] in the flower buds, open flowers, and wilted flowers (a)
and the leaves (b) of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress).
Means (n = 3) & SE.

The buds of all the plants accumulated the lowest amount of the active form of ABA at both
temperatures. Then, the amount increased significantly in the open flowers and decreased in the wilted
flowers, except for in the PA15 plants grown at 20 °C. ABA-free was the most abundant in the open and
wilted flowers of strain PA15 at 20 °C. Only in the PA15 plants did thermal stress reduce the ABA-free
content in the open and wilted flowers. The leaves of all the studied plants grown at 30 °C showed
significantly lower amounts of this hormone than those grown at 20 °C (Figure 9b). The amount of
ABA-free was similar in the leaves of all the plants regardless of the temperature. Changes in the
content of the non-active form of ABA (ABA-glc) in the flowers showed a reverse pattern as compared
with that of ABA-free (Figure 10a).
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Figure 10. Content of ABA-glc [umol g*1 DWT] in the flower buds, open flowers, and wilted flowers (a)
and the leaves (b) of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress).
Means (n = 3) &+ SE.

High temperature considerably enhanced the ABA-glc level only in the open flowers of PA15,
and the wilted flowers accumulated more ABA-glc than the buds and open flowers. In the leaves of cv.
‘Panda’, thermal stress reduced the ABA-glc level, whereas no temperature effect was visible in the
PA15 leaves (Figure 10b).

The salicylic acid profiles in the buds and flowers at both temperatures were similar in the PA15
and ‘Panda’ plants (Figure 11a).
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Figure 11. Content of SA [pmol g_1 DW] in the flower buds, open flowers, and wilted flowers (a)
and the leaves (b) of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress).
Means (n = 3) + SE.

Its lowest amount was detected in the open flowers of the ‘Panda’ plants grown at 20 °C. High
temperature increased the SA content mainly in the open flowers of all the studied plants. In the leaves
of the PA15 plants, thermal stress reduced the SA content, contrary to that in the leaves of cv. ‘Panda’,
where no effect of high temperature was observed (Figure 11b).

The jasmonic acid (JA) level was much higher in the buds of the PA15 and ‘Panda’ plants at
both temperatures than those at the other stages of flower development. However, the buds at 30 °C
contained less JA than the control buds (Figure 12a).
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Figure 12. Jasmonic acid (JA) [pumol g*1 DW] in the flower buds, open flowers, and wilted flowers (a)
and the leaves (b) of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress).
Means (n = 3) &+ SE.

The lowest JA amount was detected in the open flowers of all the plants at 20 °C and 30 °C.
In contrast with cv. ‘Panda’, the amount of JA in the wilted flowers of the PA15 plants grown at
both temperatures was greater than that in the open flowers. Additionally, the leaves of PA15 and cv.
‘Panda’ responded differently to high temperature: in the PA15 leaves, the JA amount declined, but in
the ‘Panda’ leaves, it was higher than that at 20 °C (Figure 12b). In general, JA was more abundant in
the leaves than in the flowers of all the plants.

The amounts of methyl ester of JA (JA-Met) detected in the flowers (expressed as fmol g~ ! dry
weight (DW)) were much lower than those in the leaves (expressed as pmol g~! DW) (Figure 13).
We noticed huge differences in the accumulation of this JA form at different temperatures. In the
PA15 flowers of all the developmental stages, no significant temperature effect on JA-Met amount
was visible, whereas in the ‘Panda’ flowers, high temperature increased its level as compared with
that of the control. The highest amount of JA-Met was detected in the ‘Panda’ open flowers exposed
to high temperature. In the leaves of all the studied plants, thermal stress drastically lowered the
JA-Met amount.
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Figure 13. JA [fmol g*1 DW] in the flower buds, open flowers, and wilted flowers (a) and the leaves
[umol g_1 DW] (b) of the ‘Panda’ and PA15 plants grown at 20 °C (control) and 30 °C (thermal stress).
Means (n = 3) + SE.

2.2.3. Quantitative Ratio of the Studied Hormones

Taking into account the role of individual hormones in the generative development of plants at
the applied temperatures, we calculated the ratio of active GAs to ABA-free, IAA to ABA-free, and
IAA to CYT (Table 4).
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Table 4. Ratios of GAs* to ABA-free, IAA to ABA-free, and IAA to total cytokinins (CYT) in buds,
well-developed flowers, wilted flowers, and leaves of common buckwheat plants grown at 20 °C
(control) and 30 °C (thermal stress).

Organ
Strain/Cultivar Temp. 3
Buds Open Flowers Wilted Leaves
Flowers

GAs/ABA-free
20 277 +0.33bB 1.12 +1.00<¢ 119 +£0.099C 4574 051bA
PAI5 30 3.56 + 0.42 aC 3.08 + 0.27 b€ 444 + (.49 bB 9.19 £ 1.09 24
Panda’ 20 2154+025®  164+015C  2.69+024B 586+ 0650~
anda 30 377 +£045C 668406238 652407138  10.82 + 1.182A

IAA/ABA-free
20 0.82 + 0.09 bB 1.10 + 0.08 bB 252 +0.28 A 0.22 + 0.02bA
PAL5 30 5.55 + 0.66 24 1.56 + 0.09 aC 3.07 &+ 0.39 bB 0.45 + 0.05 2P
Panda’ 20 0.59 +0.07°¢  1.08+0.08"® 394404124  0.28 +0.03 PP
anda 30 5.05+ 04934 107 +0.08PP  3.03+029PC 041400538

IAA/CYT

20 329+ 034 1719417234 19894+ 1.97PA (.87 +0.08C
PA15 30 18.02 £213A 1029 +1.08C 1394+ 145 092 +0.09 2P
Panda’ 20 265+25849C 1391 +135PB 2477426724  0.87 +£0.092P
anda 30 15.75 + 1.74PA 4944 0529C 692+ 06898 092 4 0.09 2P

Values represent means (1 = 3) £ SE. Different superscript letters (a, b, c, .. . ) within each column for each parameter
and organ and different capital letters within each row indicate significant differences between means of each
temperature and organ (Duncan’s multiple range test; p < 0.05).* Sum of active gibberellins involved: GA1, GA3,
GA4, GA5, GAé, and GA7.

Gibberellins were more abundant than ABA-free in all the organs of the PA15 and ‘Panda’ plants
at both temperatures. In all the organs, thermal stress significantly increased the amount of active
gibberellins in relation to ABA-free, and thus, the GAs/ABA-free ratio increased. The ratio was the
highest in the ‘Panda’ open flowers at 30 °C. High temperature significantly boosted the IAA/ABA
ratio mainly in buds (six times for PA15 and 10 times for ‘Panda’) and almost doubled it in the leaves.
In all the studied plants, CYT levels were much lower than those of IAA. A significant advantage of
auxin over cytokinins was observed at 30 °C in the buds of PA15 and cv. ‘Panda’, whereas in the open
and wilted flowers, IAA prevailed over CYT at 20 °C. In the buds of all the studied plants at 20 °C,
the IAA/CYT ratio was much lower than those in the open and wilted flowers, whereas at 30 °C this
proportion was reversed. In the ‘Panda’ flowers, the IAA /CYT ratio at higher temperature decreased
to a greater extent than that in the PA15 flowers. High temperature did not affect the IAA/CYT ratio
in the leaves.

3. Discussion

Our earlier studies showed that the percentage of developmental disturbances occurring in
mature female gametophytes resulting from premature degeneration of synergids or the egg apparatus
in flowers of plants grown in natural conditions amounts to 40%-55% and depends mainly on the
genotype [8]. It seems, therefore, that the key reason for the low yield is the defective development
of female gametophytes, taking into account that the anthers of buckwheat produce viable pollen
(>90%) [8]. Pollen is formed earlier than the female gametophytes, when plants still have abundant
assimilates and air temperature is not high. Therefore, these factors do not affect microsporogenesis
and microgametophytogenesis (data not shown). In contrast, the developmental processes in
megasoporogenesis and megagametophytogenesis happen later and occur in older flowers and at
higher temperatures; therefore, they may be affected by the availability of assimilates and temperature.
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McGregor [17] revealed an approximate flower abortion rate of 45% in Brassicaceae. The cause of
this phenomenon may be the genetic background or the influence of abiotic factors, such as temperature.
For example, abortion causes smaller yields, especially in legumes [18]. Patric [19] suggests that in
Vicia faba L., minor apical auxin probably regulates the disintegration of generative organs as a result
of competition for assimilates rather than through polar and basal transport to the lower parts of the
main shoot. Some plant species have the ability to abort low-quality embryos selectively, which raises
the average quality of the surviving offspring [20].

According to Moe [21], the process of floral abortion is initiated during the early stages of shoot
growth before the differentiation of floral parts is completed. Low temperatures (12-15 °C) at this
critical stage of development strongly promote blind shoot formation but do not affect stamen and pistil
primordia formation in the apical flower bud. Apart from genetic control, the course of embryogenesis
and the abortion of flowers and fruit is also influenced by plant hormones and growth regulators, and
in particular the relationship between their concentrations [22].

In this experiment, we analyzed the changes in individual hormone content during buckwheat
flower development from buds to wilting. Our attempt to explain the disturbances in the embryological
development of buckwheat by changes in the hormonal profile of the flowers is an innovative approach
and may account for poor seed yielding of buckwheat. The hormone content in individual organs of
common buckwheat has not been reported yet.

We found numerous differences in hormone accumulation in common buckwheat organs.
Contrary to ABA-free, ABA-glc was present in greater amounts in the leaves than in the flowers.
Similarly, as reported by Wang and Irving [22], a higher level of jasmonates accumulated in the donor
leaves than in the flowers. According to these authors, the insufficiency of jasmonic acid affects anther
or ovule development and results in sterile flower organs. This is probably the reason for embryo sac
degeneration in buckwheat plants grown under thermal stress.

Our results showed that both studied genotypes differ in their response to thermal stress. Cultivar
‘Panda’ seems to be more sensitive to high temperature than strain PA15, as its response to thermal
stress was more rapid. Only in the ‘Panda’ buds did high temperature drastically increase the
percentage of embryo sac degeneration. In the open flowers of ‘Panda’ at 30 °C, the number of
degenerated embryo sacs doubled, and in the open flowers of PA15, the percentage of properly
developed embryo sacs was 2.7 times lower than that of the control. These processes were accompanied
by an increase in the content of cytokinins, active gibberellins, and JA-Met. Cytokinins control cell
division and organ differentiation, for example, while gibberellins stimulate plant elongation and
promote flowering. In Prunus avium, endogenous GA induced early embryo sac development, which
resulted in a low seed set under high temperature [23]. Methyl jasmonate and jasmonic acid are
important cellular regulators mediating diverse developmental processes, such as seed germination,
flower and fruit development, leaf abscission, and senescence [24]. Interestingly, particularly in the
‘Panda’ ovules at 30 °C, female gametophytes appeared to be extremely luxuriant, but detailed analysis
revealed their abnormal vacuolization. Abnormal vacuolization of common buckwheat embryos was
observed at 32 °C in Japanese cultivars, displaying only 30% seed set [25,26].

Buckwheat flowers and leaves contain active and non-active forms of gibberellins. GAg occurred
in the largest quantities of all the determined gibberellins. This gibberellin is a precursor in the GA;
biosynthesis pathway [27]. Gibberellins GAg, GA1, and GAj3 occurred in larger quantities than other
active gibberellins. The profiles of individual active gibberellins in buds, open flowers, and wilted
flowers at both temperatures were similar. For this reason, we presented the changes in total sum
of active GAs. Halifiska and Lewak [28] and Chien et al. [29] reported that a combination of some
gibberellins had a greater effect on plant growth and development than individual gibberellin levels.

ABA is a phytohormone affecting many physiological processes. Its role in flowering promotion
is ambiguous. There are data showing negative [30], as well as positive [31], regulation of flowering
in Arabidopsis. In our study, the pattern of changes in ABA content during flower development
was concurrent with earlier reports that ABA plays a signaling role in flower senescence [32,33].
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According to Aneja et al. [32] and Panavas et al. [34], the levels of endogenous ABA had increased
markedly before any signs of senescence became visible and kept rising during petal senescence in
such plant species as cocoa and daylily. Flower senescence in some plant species depends on another
signal hormone—ethylene [35]. Zhong and Ciafré [36] described Iris as a species whose flowers are
ethylene-independent and whose senescence is regulated by ABA. In our opinion, common buckwheat
could also belong to this group, because a single flower of buckwheat lives very briefly. In the plants
we investigated, ABA-free content was significantly greater in all open flowers than in the flower buds
and wilted flowers. Only in the PA15 wilted flowers at 20 °C was the ABA-free level still high, and in
the other variants, the wilted flowers demonstrated a considerable decrease in this hormone. In the
‘Panda’ open flowers, high temperature increased ABA-free content, which decreased in the open
flowers of PA15.

The GAs/ABA-free ratio in open flowers of cv. ‘Panda’ demonstrated that at a high ABA
level at 30 °C, the content of active gibberellins was even higher. Gibberellins and ABA can
act antagonistically [37], and their role is very well known, especially in seed dormancy and
germination [38]. We also observed changes in the IAA/ABA and IAA/CYT ratios. The IAA/ABA
ratio increased drastically at 30 °C in the ‘Panda’ and PA15 flower buds. This could explain the
lack of embryological disturbances under thermal stress but only in the PA15 plants. In the ‘Panda’
buds, only 58% of embryo sacs developed properly as compared with the control. In the buds
of all the plants, the IAA/CYT ratio increased six times under thermal stress, but in the open
flowers, it was lower at 30 °C than at 20 °C. This result seems to be in accordance with data
reported for the effects of high temperature in Arabidopsis. These conditions trigger an activation
of PHYTOCHROME-INTERATING FACTOR 4 (PIF4). This protein regulates auxin biosynthesis at
higher temperatures [30,39]. PIF4 genes stimulate GAs accumulation, increase the transcription level
of enzymes synthesizing GAs, and lower the transcription level of GAs inactivating enzymes [40].
Auxins and cytokinins also interact on metabolic levels, and auxins rapidly suppress the cytokinin
pool [41]. These considerations could be supported by future experiments with developing flower
explants treated with exogenous phytohormones.

4. Materials and Methods

4.1. Plant Material

The study was carried out in common buckwheat plants of a Polish cultivar ‘Panda’ and
strain PA15 in phytotronic conditions. Seeds were supplied by Plant Production Facility in Palikije
(Malopolska Plant Breeding Station, Polanowice, Poland).

4.2. Experimental Treatments

The experiment was carried out in phytotronic chambers. Plants were cultivated in pots
(20 x 20 x 25 cm; 9 plants per pot), containing commercial soil substrate (pH = 5.8) mixed 1:1 with
perlite (v:v). Plants were grown for 3 weeks at the control temperature (20 °C) at a humidity of 50%—60%
under 16 h photoperiod and 300 pmol m~2 s~! of PPFD (photosynthetic photon flux density). Then,
half of the plants (all at the vegetative stage) were transferred into a chamber with a temperature of
30 °C (heat stress) and the same humidity and light conditions. Then, from two-month-old plants,
the flowers at three developmental phases (buds, open developed flowers, and wilted flowers) were
collected, and their embryological development (embryo sacs) and hormonal profiles were analyzed.
Pollen viability was determined in open flowers. Additionally, donor leaves (fully developed young
leaves, closest to the flower cluster) were collected for hormone analysis.
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4.3. Measurements
4.3.1. Embryological Analyses

Pollen Viability

Initially, several randomly chosen flowers per treatment were taken for pollen viability screening
via a FDA test (fluorescein diacetate). FDA dye was prepared according to Dafni and Firmage [42],
as follows: 2 cm3 20% sucrose in H,O with several drops of stock solution of FDA (2 mg FDA/1 cm?
acetone). Freshly stained pollen was kept in a humid chamber for 30 min at 24 °C and afterwards
observed with a Nikon E80i microscope with a UV-2A filter. Viable pollen emits yellow-green
fluorescence. No counts were performed for the stained pollen. For the pollen viability count using
Alexander’s test, 20 open flowers per treatment were randomly collected and fixed in FAA (10 cm3 96%
ethanol, 7 cm3 H,0, 2 cm? 37% formaldehyde solution, 1 cm? glacial acetic acid) solution. Alexander’s
dye is a mixture of malachite green staining the cellulose of pollen walls green and acid fuchsin staining
the pollen protoplast red [43]. Viable pollen grains appear purple-red, and non-viable pollen grains
stain green. At least 7900 (altogether, viable and non-viable) pollen grains per treatment were counted
under a Nikon E80i microscope (Tokyo, Japan) in two replicates.

Ovule Development

Paraffin sections of ovules were obtained by fixing flowers at three stages of development (buds,
fully developed, and wilted flowers) in FAA solution, dehydrating them in increasing series of ethanol
and saturating them with chloroform (in increasing proportion—1:3, 1:1, 3:1, 1:0—with absolute
ethanol, each for 2 h at room temperature (RT)) and with paraffin dissolved in chloroform (at 57° for
several days, until chloroform evaporated). Flowers prepared this way were embedded in paraffin
blocks, sliced into 11-15 um sections on a rotary microtome (Adamas Instrumenten BV, HM 340E,
Leersum, Netherlands), and double stained with Ehrlich’s hematoxylin and Alcian blue [44]. Finally,
the slides were mounted in Entellane (Sigma-Aldrich, St Louis, MO, USA) and analyzed under a Nikon
E80i microscope. The number of analyzed flowers per treatment at each stage of development was
15-32 in two replicates.

4.3.2. Hormone Content Analysis

Selected phytohormones (auxin, active and non-active forms of gibberellins and abscisic acid,
kinetin acid, salicylic acid, and jasmonic acid) were assessed according to the procedure described
by Plazek et al. [45]. Freeze-dried and pulverized samples of buds, well-developed and wilted
flowers, and leaves were extracted (5 min, 30 Hz, MM400, Retch, Haan, Germany) in 1 cm? of an
extraction buffer (methanol/water/formic acid, MeOH/H,0O/HCOOH, 15/4/1 v/v/v) after the
addition of an internal standard solution. Samples were centrifuged (3 min 22,000 x g, R32, Hettich,
Tuttlingen, Germany), supernatant was collected, and the extraction step was repeated twice. The
pooled supernatant was evaporated under Ny, resuspended in 5% MeOHin 1 M HCOOH, and cleaned
up on mixed-mode SPE cartridges (BondElutPlexa PCX, Agilent, Santa Clara, CA, USA), as reported
by Dziurka et al. [46]. Phytohormones (auxins, cytokinins, gibberellins, abscisic acid, and jasmonates)
were analyzed by ultrahigh performance liquid chromatography (UHPLC) using an Agilent Infinity
1260 device coupled with 6410 Triple Quad LC/MS with an electrospray interface (ESI) ion source
(Agilent Technologies, USA). Separation was achieved on an AscentisExpres RP-Amide analytical
column (2.7 pm, 2.1 mm x 150 mm; Supelco, Bellefonte, PA, USA) at a linear gradient of H,O vs.
acetonitril with 0.01% of HCOOH. The stable isotope-labeled internal standard of phytohormones
consisted of the following: [15N4]dihydrozeatin, [1°Nykinetin, [2H;] gibberellin A, [2H,] gibberellin
Ay, [sz]gibberellin Ag, [ZHz]gibberellin As [*Hslindole-3-acetic acid, and [*Hg]cis,trans-abscisic
acid (OlChemIm, Olomouc, Czech Republic). Targeted profiling of phytohormones was conducted
using multiple reaction monitoring (MRM) with a comparison with data obtained for pure and
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stable isotope-labeled standards of investigated compounds. The following hormone forms were
determined: IAA, kinetin (KIN), zeatin (ZEA), active gibberellins (GA1, GA3, GA4, GAs, GAg, GAy),
non-active gibberellins (GAg, GAg, and GAj), active abscisic acid (ABA-free) (£)-cis,trans-abscisic
acid, non-active (£)-cis,trans-abscisic acid glucosyl ester (ABA-glc), SA, JA, and JA-Met. Detailed
descriptions are given in Plazek et al. [45]. The data were presented as fmol (femtomol) or umol g’l
DW. Analyses were performed in three replicates.

4.3.3. Statistical Analyses

Two-way analysis of variance (ANOVA) and Duncan’s multiple range test (at p < 0.05) were
performed using the statistical package STATISTICA 13.0 (Stat-Soft, Inc., Tulusa, OK, USA). Data
were presented as means + SE (standard error). Non-normal distribution data were analyzed using
Chi-squared test (x?, p < 0.05).

5. Conclusions

Ovules are much more sensitive to thermal stress than stamens in both genotypes. A drastic
reduction in the number of properly developed ovules in open flowers is visible at 30 °C, but this
temperature does not affect pollen development and wilted flowers. A considerable increase in ABA
in open flowers ready for fertilization may serve as a signal inducing flower senescence observed in
the next days. Based on the embryological analyses and hormone profiles in flowers, we conclude that
cv. ‘Panda’ is more sensitive to thermal stress than strain PA15, mainly due to a much earlier response
to this stress involving the disturbances in embryological processes already in the flower buds.
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Abbreviations

ABA abscisic acid
ABA-free  active form of abscisic acid
ABA-glc abscisic acid glucosyl ester, non-active abscisic acid

CYT cytokinins

GA gibberellin

IAA indole-3-acetic acid

JA jasmonic acid

JA-Met jasmonic acid methyl ester
SA salicylic acid

ZEA zeatin
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Abstract

The aim of the work was to investigate thermal stress effect on photosynthetic activity of common buckwheat. Seedlings
of common buckwheat were exposed to 20°C (control) and 30°C (thermal stress). The research involved the Polish
cultivar ‘Panda’ and strain PA15 and determined kinetics of chlorophyll a fluorescence (Chlf), leaf gas exchange, soluble
carbohydrate (SC) content in donor leaves, electrolyte leakage as a parameter of cell membrane permeability, and amount
of abscisic acid and jasmonates. In ‘Panda’ and PA15 plants grown at 30°C, most of Chlf parameters improved. ‘Panda’
plants grown at 30°C demonstrated a higher increase in net photosynthetic rate, lower transpiration rate, and smaller SC
reduction than those of PA15 strain. At this temperature, ‘Panda’ leaves accumulated greater amounts of jasmonates than
that of the control. We concluded that studied genotypes demonstrated disparate responses to thermal stress, but for both,
30°C is more favourable temperature for vegetative growth than 20°C.

Additional key words: heat stress; ion leakage; photochemical efficiency; water-use efficiency.

Introduction unstable seed yield, many countries implemented cultiva-

tion constraints and limited its production (Farooq et al.

Fagopyrum esculentum Moench known as common buck-
wheat belongs to Polygonaceae family and is considered
a pseudocereal crop because of a similar chemical seed
composition. It is one of vital crops with a high medicinal
and nutritional value. Its grains contain multiple beneficial
compounds, such as lipids, polyphenols, rutin, dietary
fibre, polysaccharides, and amino acids, especially lysine.
Moreover, the seeds do not contain gluten, which makes
buckwheat appropriate for people with celiac disease
(Halbrecq et al. 2005, Christa and Soral-Smietana 2008).
The species is also used as forage for animals and cover
crop with allelopathic potential to suppress weeds (Igbal
et al. 2006). In 2017, the largest producers of buckwheat
in the world included Russia, China, Ukraine, France,
Kazakhstan, Poland, United States, Brazil, Lithuania, and
Japan (FAOSTAT 2019). However, due to a low and

Received 20 June 2019, accepted 22 October 2019.

2016). Floral biology of this self-incompatible plant and
heterogeneity of seed maturation limit harvest time and
yield (Halbrecq et al. 2005, Cawoy et al. 2009). This
heterostylous species has two morphologically different
flower morphs (pin and thrum), which differ in length of
stamens and pistils. Fertilization is possible after cross
pollination between pin and thrum flower type. A single
plant produces multiple inflorescences, but the biggest issue
is that only a few percent of flowers produce seeds (Adachi
1990, Slawinska and Obendorf 2001, Taylor and Obendorf
2001, Cawoy et al. 2006, 2009). During the flowering time,
temperature conditions affect embryological development
that then influences final seed yields. Optimal growth
temperature ranges from 18 to 23°C. Temperature below
15°C inhibits flowering and below 10°C flowers wither
(Slawinska and Obendorf 2001, Cawoy et al. 2009). Our

*Corresponding author; e-mail: marta.golebiewskal990@gmail.com

Abbreviations: ABA — abscisic acid; ABS/CS,, — energy absorption by antennas; Chlf — chlorophyll fluorescence; C; — internal CO,
concentration; CS,, — excited cross section of a leaf; DIy/CS,, — energy dissipation from PSII; DM — dry mass; £ — transpiration rate;
EL — electrolyte leakage; EL1 — initial electrolyte leakage; EL2 — final conductivity; ETy/CS,, — energy used for electron transport;
F,—minimal fluorescence yield of dark-adapted state; F,, — maximal fluorescence yield of dark-adapted state; F, — variable fluorescence;
F./Fy—maximum efficiency of water-splitting reaction of the donor side of PSII; F./F,, — maximal quantum yield of PSII photochemistry;
gs— stomatal conductance; JA — jasmonic acid; JA-Met — jasmonic acid methyl ester; JAs — jasmonates (JA + JA-Met); PI — performance
index of PSII; Py — net photosynthetic rate; Pn/C; — apparent carboxylation efficiency; RC/CS,, — number of active reaction centres;
SC — soluble carbohydrates; TRy/CS,, — excitation energy trapped in PSII; WUE — water-use efficiency; WUE; — intrinsic water-use
efficiency; oro — efficiency with which an electron can move from the reduced intersystem of electron acceptors to PSI end electron
acceptors; @gro — quantum yield of electron transport from Q,~ to PSI end electron acceptors; yro — probability at time 0 that a trapped
exciton moves an electron into the electron transport chain beyond Qa ™.
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earlier studies confirmed that the anthers of buckwheat
produce viable pollen grains (> 90%) (Stomka et al.
2017). It seems that a defective development of female
gametophytes can be the yield-limiting factor (Cawoy et al.
2009, Stomka et al. 2017). The development of female
gametophytes is shifted in time and appears in older
flowers at higher temperatures.

Anthropogenic climate changes observed in 21
century dramatically reduced the buckwheat yield in many
regions of the world (Lobell et al. 2008). High temperature
and drought stresses belong to the most important factors
limiting biomass yield. Photosynthesis is a process the most
sensitive to high temperature (Sharkey and Schrader 2006).
Heat stress changes the reduction-oxidation properties of
PSII acceptors and reduces the efficiency of photosynthetic
electron transport in both photosystems (Mathur et al.
2014). The most rapid plant response to osmotic stress
evoked by drought, heat or salinity is a decrease in stomatal
aperture (James et al. 2002). The reduced photosynthetic
rate increases generation of reactive oxygen species (ROS),
which disturb photochemical processes in thylakoids and
provoke photoinhibition of PSII. The effects of stresses,
such as high temperature, drought or salinity, cause cell
dehydration, increase plasma membrane permeability, and
decrease the photosynthetic rate that together result in yield
reduction (Kalaji ez al. 2016). According to these authors,
chlorophyll (Chl) fluorescence measurement is a very
powerful, noninvasive tool in agricultural, environmental,
and ecological studies.

The course of embryogenesis and flower abortion is
under genetic and phytohormone control (Bernier et al.
1993). It is argued that flowering is affected by both plant
hormones and sugars in the leaves that supply nutrients to the
apical meristems. Abscisic acid (ABA) is a phytohormone
affecting many physiological processes (Wang and Irving
2011). Its role in flowering promotion is ambiguous.
According to Aneja et al. (1999) and Ferrante et al. (2006),
ABA plays a signalling role in flower senescence. Methyl
jasmonate (JA-Met) and jasmonic acid (JA) are important
cellular regulators in such developmental processes as
seed germination, flowering, and fruit development, leaf
abscission, and senescence (Seo ef al. 2001). Synthesis of
ABA and JAs can be triggered by strong cell dehydration
under drought, salinity or heat shock (Yoshida and Uemura
1990, Bravo et al. 1998).

The aim of this research was to understand the effect
of thermal stress on photosynthetic apparatus efficiency
of common buckwheat that was evaluated by the kinetics
of chlorophyll @ fluorescence (Chlf), leaf gas exchange,
cell membrane permeability, and soluble carbohydrate
(SC) accumulation in the leaves. Additionally, abscisic
acid and jasmonates (jasmonic acid and its methyl ester)
synthesized as an effect of thermal stress were determined.
The experiment was performed on plants of Polish
cv. ‘Panda’ and PA1S5 strain that differed significantly
in the degree of embryo sac degeneration. Our earlier
studies (Stomka et al. 2017) showed 32% of degene-
rating embryo sacs in cv. ‘Panda’ and only 10% in PA1S5
strain. Moreover, we demonstrated that megasporogenesis
and megagametophytogenesis occurring in flowers of
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cv. ‘Panda’ were more sensitive to high temperature
(30°C) than those in PA15 (Ptazek et al. 2019).

Materials and methods

Plant material and growth conditions: Seeds of common
buckwheat (Fagopyrum esculentum Moench) were
supplied by breeders from the Plant Production Facility in
Palikije (Matopolska Plant Breeding, Polanowice, Poland).
Experiments were carried out on common buckwheat
plants of Polish cultivar ‘Panda’ and strain PA15 under
controlled conditions in phytotronics chambers. The plants
were grown in pots (20 x 20 x 25 c¢m; six plants per pot)
containing commercial soil substrate (pH 5.8) mixed 1:1
(v/v) with perlite. The seedlings were grown for three weeks
at the control temperature (20°C) at humidity of 50-60%,
under 16-h photoperiod and PPFD of 300 umol(photon)
m? s Then, a half of them (all plants at the vegetative
stage) were transferred to a chamber with a temperature
of 30°C (heat stress) and the same humidity and light
conditions. The measurements of studied parameters
were performed on donor leaves (fully developed young
leaves, closest to the top inflorescences) of eight-week-old
plants at the stage of full flowering. Buckwheat blooms
throughout the growing season. The species still produces
new flowers when seeds are already set.

Chl a fluorescence (Chlf): Prior to measurements, a LED-
light source of a fluorometer (Hansatech Ltd., King's Lynn,
UK) was calibrated using an SOS light meter (Hansatech
Ltd., King's Lynn, UK). Excitation irradiance intensity was
3,000 umol(photon) m™ s™' (peak at 650 nm). Measure-
ments were taken after 30 min of the leaf adaptation to
darkness (clips with a 4-mm diameter hole). Changes in
fluorescence were registered during irradiation between
10 ps and 1 s. During the initial 2 ms, the data were collected
every 10 us with 12-bit resolution. After this period, the
frequency of measurements was reduced automatically.
F./F., (quantum yield of PSII) was calculated according to
van Kooten and Snel (1990) as (Fn — Fo)/Fn, where Fo and
F.. represent the minimal and maximal Chl fluorescence,
respectively. These measurements were used to calculate
the following parameters based on the theory of energy
flow in PSII and the JIP-test (Lazar 1999, Strasser et al.
2000): ABS/CS.,, TRy/CSs, ETo/CSii, DIy/CSy, RC/CS,,
PI, F\/Fun, FJ/Fo, Wro, Oro, and o@ro. The measurements
included ten plants per each treatment.

Leaf gas-exchange parameters: The rate of gas exchange
was measured on the fully developed donor leaf, closest
to the top inflorescence, using a portable carbon dioxide
infrared analyser, model /CA-2 (Analytical Development
Co. Ltd., UK). Two 1,000-W tungsten-halogen light bulbs
were used as a source of PAR of 850-900 pmol(photon)
m? s'. The measurements were made between 9:00
and 11:00 h. The following parameters were determined
and calculated: the rate of net photosynthesis (Px) and
transpiration (£), stomatal conductance (g;), and internal
CO, concentration (C;). Apparent carboxylation efficiency
(Px/C;) was calculated according to Niu ef al. (2004),
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instantaneous (WUE, Py/E), and intrinsic water-use
efficiencies (WUE;, Px/gs) according to Medrano et al.
(2015). The measurements included ten replicates per each
treatment.

Electrolyte leakage (EL): Three leaf discs (1 cm in dia-
meter) cut from three different donor leaves of a single
plant (treated as one replicate) were placed into a plastic
vial containing 10 cm?® of ultrapure water. They were shaken
(100 rpm) at room temperature and the initial electrolyte
leakage (EL1) was measured with a conductivity meter
(CI 317, Elmetron, Poland) after 24 h. The same vials
were stored at —70°C overnight, shaken after thawing, and
then their final conductivity — total content of ions (EL2)
was measured. The permeability of cell membranes was
represented as a percentage of total electrolyte leakage
(EL = EL1 x 100/EL2). The measurements were made in
ten replicates.

Extraction and measurement of soluble carbohydrates
(SC): The amount of soluble carbohydrates was deter-
mined in the same leaves used for photosynthetic
efficiency measurement. SC amount was measured based
on the anthrone method (Yemm and Willis 1954) with a
slight modification. Leaf samples (0.5 g) were lyophilized
and homogenized with 10 cm® of ultrapure water. The
tissue homogenate was heated in a boiling water bath
for 15 min and then centrifuged for 10 min at 3,000 x g.
To each 0.5 cm?® of the supernatant, 10 cm® of ultrapure
water were added. Two cm® of 0.2% anthrone reagent
(2 g of anthrone dissolved in 1 dm* of 95% H,SO,) were
added to 1 cm® of the water extract. The reaction mixture
was heated for 3 min and then rapidly cooled on ice.
Absorbance of the extract was read at 620 nm using a UV-
Vis spectrophotometer (Ultrospec 2100 Pro, Amersham
Bioscience, Cambridge, UK). The SC concentration was
finally calculated using a calibration curve (glucose as
the calibration standard; Sigma-Aldrich) and exhibited as
mg g '(dry mass, DM). Each assay was performed in five
replications representing five different leaves.

Hormone content analysis: Abscisic acid (ABA) and
jasmonates (JAs) (jasmonic acid and jasmonic acid methyl
ester) were assessed according to Plazek et al. (2019).
Freeze-dried and pulverized samples of donor leaves were
extracted (5 min, 30 Hz, MM400, Retch, Germany) in
1 cm?® of an extraction buffer (MeOH/H,O/HCOOH,
15/4/1, v/v/v) after addition of an internal standard solu-
tion. Samples were centrifuged (3 min; 22,000 x g; R32,
Hettich, Germany), the supernatant was collected, and the
extraction step was repeated twice. Pooled supernatant
was evaporated under N, and resuspended in 5% MeOH
in 1 M HCOOH, and cleaned up on mixed-mode SPE
cartridges (BondElutPlexa PCX, Agilent, USA), as
reported by Dziurka et al. (2016). Phytohormones were
analyzed by ultrahigh performance liquid chromatography
(UHPLC) using Agilent Infinity 1260 device coupled with
6410 Triple Quad LC/MS with ESI (electrospray interface)
ion source (Agilent Technologies, USA). Stable isotope-
labelled internal standard of phytohormones consisted
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of: [*Hg] cis,trans-abscisic acid (OIChemIm, Olomouc,
Czech Republic) and [*Hs]dinor-12-oxo phytodienoic acid
purchased from Cayman Chemical Company (Michigan,
MI, USA). The following hormone forms were determined:
active abscisic acid (ABA-free) (&)-cis,trans-abscisic
acid, non-active (+)-cis,trans-abscisic acid glucosyl ester
(ABA-glc), jasmonic acid (JA), and jasmonic acid methyl
ester (JA-Met). The data represent total amounts of all
forms of ABA and JAs as pmol g'(DM). The analyses
were performed in three replicates.

Statistical analysis: The data were analysed by two-way
analysis of variance (ANOVA) using STATISTICA 13
package (Statsoft, Tulsa, OK, USA). Significance of the
differences between means was determined at p<0.05
by the Duncan's multiple range test. Linear correlation
Pearson's coefficients were assumed as statistically
significant at p<0.05. The data were presented as the
means + standard errors (SE).

Results

Chl a fluorescence: The overall performance index of PSII
photochemistry (PI) ratio showed a significant increase
in both genotypes exposed to the thermal stress (Table 1).
The lowest value of PI was found in strain PA15 at 20°C,
while the highest value was observed in the same genotype
at 30°C. There were no significant differences between
genotypes at the same temperature treatment. The value of
maximal quantum yield of PSII (F./F,,) increased in both
genotypes under the higher temperature. The highest values
of F,/F, were seen at the same time in both genotypes
under the thermal stress and the lowest ones in PA15 at
20°C. The values of F,/F, were significantly greater at
30°C in both genotypes, however, in the case of PA15, high
temperature increased the value of this parameter 2.7 times,
while in cv. ‘Panda’ plants, it raised only 1.6 times. The
lowest value of this parameter was found in strain PA15 at
20°C. Thermal stress significantly enhanced light energy
absorption (ABS/CS,) in both genotypes vs. control.
The excitation energy trapped in PSII reaction centres
(TRy/CSw) grew significantly under thermal stress for both
genotypes. Energy used for electron transport (ETo/CS,)
was significantly greater at 30°C in both genotypes. The
higher temperature reduced the energy dissipated from
PSIT (DI/CSn) in both genotypes, which may indicate
that high temperature was not perceived by the plants as
stress. The lowest value was observed in ‘Panda’ at 30°C,
and the highest in PA15 under control temperature. The
number of active reaction centres (RC/CS,,) significantly
increased in cv. ‘Panda’ and PA15 under high temperature
treatment. Values of Oro, denoting the efficiency with
which an electron can move from the reduced intersystem
of electron acceptors to the PSI end electron acceptors, did
not differ in both ‘Panda’ and PA15 plants at 20 and 30°C.
The probability that a trapped exciton moves an electron
into the electron transport chain beyond Qa~ (Wro) as well
as the quantum yield of electron transport from Q4™ to the
PSI end electron acceptors (¢ro) in plants of PA15 were
higher under thermal stress compared to that of the control.
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10) + SE. Values within columns for each assay followed by the same letter do not differ significantly according to the Duncan's multiple range test (p<0.05).

Table 1. Changes of kinetics of chlorophyll a fluorescence in common buckwheat cv. ‘Panda’ and strain PA15 grown at control temperature (20°C) and under thermal stress (30°C).

Values represent means (n
of the donor side of PSII; F,/F,, — maximal quantum yield of PSII photochemistry; PI — performance index of PSII; RC/CS,, — number of active reaction centres; TR¢/CS,, — excitation

ABS/CS,, — energy absorption by antennas; DIy/CS,, — energy dissipation from PSII; ET,/CS,, — energy used for electron transport; F,/F, — maximum efficiency of water-splitting reaction

~
%)
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energy trapped in PSII; dgo — efficiency with which an electron can move from the reduced intersystem of electron acceptors to PSI end electron acceptors; @ro — quantum yield of

electron transport from Q™ to PSI end electron acceptors; yro — probability at time 0 that a trapped exciton moves an electron into the electron transport chain beyond Qa™.

Oro YRro

6 RO

DI/CS.  RC/CS.

F./Fo ABS/CS,, TRy/CS,, ETo/CSn

F./Fy

Cv./strain  Temp. [°C] PI

0.33£0.05* 0.09+0.02> 0.12+0.03°

556 + 60°
713 £ 80°
326 +48°
715 £ 84°

396 +43°
296 + 30¢
527 £67°

385 £33
638 + 64°
214 £22¢
711 £76°

0.74 £0.02* 3.05+£0.32° 1,566+93"> 1,169 +381°

0.58£0.18¢

20
30
20
30

‘Panda’

0.12+0.01® 0.14+0.01°

0.33 £0.02¢

0.83+£0.07* 4.95+0.05* 1,762+ 105" 1,466 +93*

1.55+£0.15*
0.29 £0.13%

0.05+0.02° 0.08 +0.02¢

0.29 £ 0.04*

1274 +£80° 747 + 44
1,448 + 98¢

1.83 £0.50¢

0.55+0.02°

PA15

0.15+0.01* 0.18 +£0.02°

0.36 +0.03¢

301 + 35

0.83 £0.08* 4.90+0.26* 1,749 +104*

2.05+0.33¢

This result may indicate a cyclic electron transport without
NADPH synthesis in PA15 leaves at 30°C.

Leaf gas exchange: The thermal stress significantly
increased Py in cv. ‘Panda’ compared with that of the
control, while did not change Px in PA15 leaves (Table 2).
CO, assimilation in PA15 plants was more efficient than
that in ‘Panda’, irrespective of the temperature. Thermal
stress significantly reduced transpiration rate (E) in
cv. ‘Panda’ but not in strain PA15. The highest £ was
observed in strain PA 15 under two experimental treatments,
while the lowest £ was found in cv. ‘Panda’ at 30°C. The
higher temperature reduced stomatal conductance (g)
in the leaves of ‘Panda’ and had no effect in PA15. In
‘Panda’ plants, g, reduction correlated negatively with Py
(r = —0.643; p<0.05) and positively (r = 0.786; p<0.05)
with E. Internal CO, concentration did not change under
the thermal stress in any of the studied plants. Reassuming,
gas exchange processes in cv. ‘Panda’ demonstrated higher
sensitivity to temperature changes than that in PA1S5 strain.
Higher temperature significantly increased WUE and
WUE; in ‘Panda’ plants but not in PA15 plants (Table 3).
The rate of apparent carboxylation efficiency (Pn/C;) did
not change in both genotypes under thermal stress.

Electrolyte leakage (EL) from leaf cells increased under
the thermal stress in all studied plants as compared to that
of the control (Table 4). Heat doubled EL value in ‘Panda’
leaf cells vs. control ones. The cell membranes of ‘Panda’
leaves showed considerably higher permeability at 30°C
than that of PA15. ‘Panda’ plants demonstrated also a
negative correlation (r = —0.758; p<0.05) between g, and
EL. This result means that the greater the ion efflux was,
the lower stomatal opening rate was.

Soluble carbohydrates: In the donor leaves of both geno-
types, a considerable decrease in total soluble carbohydrate
(SC) content under thermal stress conditions was noted
(Table 5). In cv. ‘Panda’, the amount of SC in the leaves at
30°C was 1.6 times lower than that in the control leaves,
while in PA15 plants grown under thermal stress, the SC
amount was reduced four times. This observation was
unexpected, as in cv. ‘Panda’, Py (Table 2), F,/F,, and PI
were higher at 30°C than that under control conditions
(Table 1). Considering Chl fluorescence as ygo and @go in
PA15, we can suppose that such a huge drop in SC was
caused by limited NADPH synthesis. In PA15 plants,
a correlation between SC content and go and @gro was
found (r = —0.874 at p<0.05 and r = —-0.769 at p<0.05,
respectively).

Hormone amount in donor leaves: Leaves of cv. Panda
grown at 30°C contained lower amounts of ABA, while in
PA15 ones, this temperature did not change ABA amount
as compared with that of the control (Fig. 14). At 20°C,
PA15 leaves contained considerably more JAs than that of
‘Panda’, however, high temperature decreased JAs content
in PA15 leaves and increased it in ‘Panda’ (Fig. 1B).
This result confirmed disparate responses of the studied
genotypes to the thermal stress.
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Table 2. Changes in the rate of net photosynthesis (Px) and transpiration (E), values of stomatal conductance (gs) and internal CO,
concentration (C;) in the donor leaves of common buckwheat cv. ‘Panda’ and strain PA15 grown at control temperature (20°C) and under
thermal stress (30°C). Values represent means (n = 10) + SE. Values within columns for each assay followed by the same letter do not
differ significantly according to Duncan's multiple range test (p<0.05).

Cv./strain ~ Temp. [°C]  Px[umol(CO,) m2s'] E[mmol(H,O) m2s'] g [mol(HO) m?s'] C;[umol mol!]
‘Panda’ 20 1.2+0.2¢ 0.8+0.1° 37.0+5.5° 263 +49*

30 2.3+£0.3" 0.5+0.1° 19.9£3.5° 163 £31¢
PA15 20 4.0+0.6* 1.1 +0.1? 51.0+6.2¢ 206 + 502

30 4.6+0.7% 1.1 +0.1? 473 £ 2.9 201 £36°

Table 3. Instantaneous (WUE), intrinsic (WUE;) water-use efficiencies, and apparent carboxylation efficiency (Px/C;) rate in the donor
leaves of common buckwheat cv. ‘Panda’ and strain PA15 plants grown at control temperature (20°C) and under thermal stress (30°C).
Values represent means (n = 10) + SE. Values within columns for each assay followed by the same letter do not differ significantly

according to Duncan's multiple range test (p<0.05).

Cv./strain  Temp. [°C]  WUE [umol(CO,) mol"'(H,O)] WUE; [pumol(CO,) mol'(H,0)] Px/Ci[mol m?s™]
‘Panda’ 20 2.6+£0.09° 0.065 £ 0.025° 0.008 +0.0032

30 5.5+0.6° 0.148 +£0.018* 0.017 £ 0.004*
PAI1S 20 42+0.8 0.038 +£0.011°¢ 0.030+0.011®

30 4.1+0.8 0.042 £ 0.007¢ 0.040 £+ 0.024*

Table 4. Electrolyte leakage [% of total ion content] from leaf
cells of common buckwheat cv. ‘Panda’ and strain PA15 plants
grown at control temperature (20°C) and under thermal stress
(30°C). Values represent means (z = 10) = SE. Values within
columns for each assay followed by the same letter do not differ
significantly according to Duncan's multiple range test (p<0.05).

Cv./strain  Temp. [°C]  Electrolyte leakage [%]
‘Panda’ 20 434 +£0.14¢

30 9.21+1.88
PA1S 20 490 +1.19¢

30 6.03 £ 0.40°

Table 5. Changes in the amount of soluble carbohydrates in
the leaves of common buckwheat cv. ‘Panda’ and strain PA15
plants grown at control temperature (20°C) and under thermal
stress (30°C). Values represent means (n = 5) £ SE. Values
within columns for each assay followed by the same letter do
not differ significantly according to the Duncan's multiple range
test (»p<0.05).

Cv./strain  Temp. [°C]  Soluble carbohydrates [mg g '(DM)]
‘Panda’ 20 3.26 +0.83¢
30 1.98 +0.1®
PA15 20 1.11 £0.03%
30 0.28 £0.11¢
Discussion

The main effect of higher temperature is usually accelerated
plant development. The optimal temperature is generally

65:5879249840

lower for grain yield than that for photosynthesis (Rawson
1992, Conroy et al. 1994). Nevertheless, heat stress is
considered one of the most harmful environmental stresses
(Jumrani et al. 2017). Crop plants respond to temperature
depending on the optimum temperature for photosynthesis
that is species specific (Downton and Slatyer 1972, Garber
1977). We have previously reported (Ptazek et al. 2019)
that 30°C is a stress factor for generative development
of common buckwheat. However, the data presented
here regarding photosynthetic efficiency suggest more
favourable vegetative growth of this plant species at the
higher temperature.

PSII is very sensitive to the effects of various environ-
mental factors. According to Lichtenhaler (1996), altered
kinetics of Chl a fluorescence informs on damage of
proteins building PSII, and simultaneous changes in fluo-
rescence parameters can serve as indicators of plant stress
response. In this study, we investigated a response of
common buckwheat cv. ‘Panda’ and strain PA15 to thermal
stress. The outcomes showed that almost all analysed
parameters (PL, F,/F.,, F\/Fo, ABS/CS, ETo/CSyn, TRo/CSn,
and RC/CS,,) in both cv. ‘Panda’ and strain PA15 were
higher at 30°C than that under the control conditions. We
therefore concluded that this temperature is not a stress
factor but is in fact optimal for the vegetative development
of common buckwheat. The species response also
confirmed its thermophilic properties. Energy dissipation
evaluated by DIy/CS,, was lower at 30°C than that at 20°C.
Moradi and Ismail (2007) stated that plant stress tolerance
may be demonstrated by greater dissipation of excess
energy. This phenomenon can minimise photoinhibition
damage to PSII (Demmig et al. 1987).

Closing of stomata is one of the most often observed
mechanisms initiated by plants in response to high
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Fig. 1. Abscisic acid (ABA) (4) and jasmonates (JAs) (B) in common buckwheat donor leaves of cv. ‘Panda’ and PA15 strain grown
at 20 and 30°C. Analyses included leaves collected from eight-week-old plants grown under thermal stress for five weeks. The means
(n =3) = SE marked with the same letter did not differ significantly (Duncan's multiple range test, p<0.05).

temperature (James et al. 2002). At 30°C, ‘Panda’ leaves
demonstrated lower stomatal conductance than that of
control and significantly reduced transpiration rate.
Although PA15 plants slightly limited stomatal opening,
transpiration intensity remained unchanged. Closing of
stomata in the studied plants seems not to be dependent
only on the ABA content. ‘Panda’ plants demonstrated the
lower ABA amount at 30°C than at 20°C, while in PA15,
the content of this hormone was similar at both tempera-
tures. This effect might seem strange because it is believed
that ABA is responsible for stomata closing (Bravo et al.
1998). Thus, in this case, the high temperature did not cause
water stress because plants were watered regularly. Under
thermal stress, JAs content was higher only in ‘Panda’
leaves, which may suggest that this might be responsible
for the lesser stomatal conductance.

Changes in photosynthesis course are considered
important indicators of plant integrity under various
environmental conditions (Piao et al. 2008, Jumrani et al.
2017). The processes involved in photosynthesis showed
tolerance to heat stress in the range of 30-35°C in various
crop species (Wahid et al. 2007). The photosynthesis
disruption under high temperature stress could be caused by
stomatal or nonstomatal factors (Athar and Ashraf 2005).
Cultivar ‘Panda’ demonstrated a higher net photosynthesis
efficiency at 30°C than that under the control temperature
(20°C). Contrary to that, strain PA15 did not show any
changes in this process at higher temperature, but its Py
at both temperatures was significantly higher than that in
‘Panda’ leaves. Stomata closure did not correlate with Py:
in cv. ‘Panda’ at 30°C, g, was lower than that in control
plants, while in PA15 plants, both parameters, Py and g,
did not change at 30°C. The higher Py at lower g; could
be achieved due to remobilization of CO, from respiration.
We observed this effect in Miscanthus * giganteus plants
grown in saline soil (Ptazek et al. 2014). Osmotic stress over
several weeks may lead to both stomatal and nonstomatal
inhibition of photosynthesis. In C; plants, stomatal closure
is recognized as a major protective mechanism against
water loss and it decreases CO, availability. C4 plants cope
much better with stomatal closure, since a carboxylating
enzyme, phosphoenolpyruvate carboxylase (PEPC), shows
a minimal K,, for its substrate, HCO; . For example, in
sorghum, long-term stress resulted in nonstomatal limita-
tions of photosynthesis, probably through an accumulation
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of malate and following inhibition of PEPC, and through
a decreased activity of phosphate and pyruvate dikinase
(Beyel and Briiggemann 2005). In our studies on
Fabaceae plants cultivated under drought, we observed
CO, remobilization by closed stomata based on the degree
of 1*C isotope discrimination (unpublished). The findings
of this work indicate that the temperature of 30°C is more
conducive to vegetative growth of common buckwheat
than 20°C. Contrary to that, the higher temperature
discourages generative development of this species, as
showed in our earlier study (Plazek et al. 2019). We claim
both these outcomes crucial for researchers who try to
explain the mechanism of low seed yielding in common
buckwheat.

Plant WUE is commonly measured at different scales,
ranging from leaf to plant level, depends on the facilities,
capacity, and the specification of the experiment. In this
work, instantancous (WUE) and intrinsic (WUE;) water-
use efficiencies were determined. The values of both
parameters significantly increased in donor leaves of
‘Panda’ under thermal stress, while did not change in PA15.
Medrano et al. (2015) evaluated WUE in two cultivars of
grapevines comparing the conditions of optimal hydration
with those of drought. The experiment identified spatial
and temporal variation in water and carbon balances at the
leaf and whole plant levels. However, WUE measurements
on a single leaf provided an efficient method to compare
genotypes that were also used in our study. In contrast
to WUE and WUE,, apparent carboxylation efficiency
(Pn/C;) did not change under thermal stress in the studied
genotypes. This effect could be explained by a high photo-
synthetic efficiency of both genotypes at 30°C, however,
‘Panda’ plants showed significant improvement of Py at
30°C in comparison to the control temperature. According
to Wullschleger (1993), analyses of Pn/C; curves are very
useful for testing mechanistic models of photosynthetic
metabolism. Harley and Sharkey (1991) stated that some-
times Py actually declines at high CO,. These authors
explain this phenomenon by changes in photorespiration
and use of glycine and serine in protein synthesis.

In both cv. ‘Panda’ and PA15 strain, the amount
of soluble carbohydrates in donor leaves was lower at
30°C than that in control. This effect could be explained
by higher consumption of carbohydrates manifested
by greater and faster growth of plants and intensified
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respiration. Highly interesting data on SC reduction come
also from parameters, such as probability that a trapped
exciton moves an electron into the electron transport
chain beyond Qa™ (yro), and the quantum yield of electron
transport from Q,~ to the PSI end electron acceptors (o).
In ‘Panda’ leaves at both temperatures, these parameters
did not differ significantly, suggesting that under thermal
stress electron transport ran as a noncyclic and NADPH
was synthesized in sufficient amounts in the reduction
phase of Calvin cycle. In PA15 plants, both ygo and @ge
increased considerably at 30°C vs. the control temperature.
This may indicate cyclic phosphorylation in which only
ATP is produced without NADPH synthesis. This outcome
could explain such a substantial drop in the carbohydrate
content in the leaves of PA15 plants under thermal stress.
Hura et al. (2015) found a correlation between ygro and @ro
and hydrogen peroxide production as an effect of drought
stress in triticale leaves.

Cell membrane stability is a vital indicator of plant
tolerance to various environmental stresses (Munns and
James 2003, Hura et al. 2007, Filek et al. 2012). Plant stress
response involves its ability to rebuild membrane structure,
especially under unfavourable temperature. Strong cell
dehydration may trigger synthesis of ABA and reactive
oxygen species (ROS) that cause oxidation of unsaturated
fatty acids and affect membrane selectivity (Skoczowski
and Filek 1986, Yoshida and Uemura 1990). ROS may
initiate production of JA or ethylene that induce premature
leaf senescence or play a key role in signal transduction
involved in plant response to stress (Bravo et al. 1998).
Cell membrane selectivity interplays with all metabolic
processes in membranes, for example, light phase of
photosynthesis in thylakoids and electron transport chain
in mitochondria. Increased cell membrane permeability
not only causes peroxidative damage of cell membranes,
but also changes their protein conformation and opening
of ion channels (Santarius 1980, Havaux et al. 1996). In
the present study, EL in all plants was significantly higher
at 30°C than that at 20°C, but the EL change in ‘Panda’
was greater than that in PA15. Gulen and Eris (2004) stated
that strawberry seedlings treated with gradual heat stress
from 25°C up to 40°C demonstrated lower EL than plants
exposed to shock heat stress. In our experiment, common
buckwheat plants were cultivated for a long time under
high temperature, so such a growth conditions cannot be
considered as a heat shock but rather as a thermal stress.
Cell membrane permeability did not correlate with net
photosynthetic rate in any of the studied plants.

The reported data clearly showed that more research
is needed to understand differential response of photosyn-
thetic apparatus to the thermal stress in various genotypes
of common buckwheat. These results are the basis for
further research on antioxidant enzyme activity and
molecular analyses. It is also necessary to translate the
data from single-leaf to whole-plant estimates of WUE to
improve our understanding of this process.

Conclusions: Our results indicate disparate responses of
the studied cultivar and strain to high temperature. The
photosynthetic apparatus of PA15 responded more strongly
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to high temperature than cultivar ‘Panda’; we observed it
in changes in chlorophyll fluorescence parameters (PI,
Fy/Fn, F/Fo, ABS/CSn, @ro, Wro). We suggest that yro
(probability that a trapped exciton moves an electron into
the electron transport chain beyond Q") and ¢ro (a high
quantum yield of electron transport from Qs to the PSI
end electron acceptors) were responsible for maintaining
photosynthetic activity under heat stress in PA15. Results
obtained from these experiments suggest that 30°C is
a more favourable temperature for vegetative growth of
common buckwheat than 20°C.
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Synthesis of heat-shock proteins HSP-70 and HSP-90 in
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Abstract. Common buckwheat (Fagopyrum esculentum Moench) is a valuable crop plant with cereal-like seed
chemical composition; however, it is susceptible to thermal stress. The aim of the study was to determine whether heat-
shock proteins HSP-90 and HSP-70 can protect common buckwheat against thermal stress during development of
microspores and embryo sacs. The study was performed on two accessions of common buckwheat, Panda and PA1S,
which differed in their tolerance to thermal stress. Accumulation of these proteins was determined in buds, open and
wilted flowers, and donor leaves of plants grown at 20°C (control) and 30°C (thermal stress). Photochemical efficiency
of donor leaves, closest to the inflorescences, based on chlorophyll a fluorescence (ChlF) was also analysed. All plants
demonstrated higher values of ChIF at 30°C than at 20°C, which suggests that this 30°C temperature is more conducive
to their vegetative growth. Pollen grains of both accessions demonstrated normal development at 30°C, whereas embryo
sacs showed many developmental disturbances. Panda was more sensitive to thermal stress than PA15, as manifested in
a higher percentage of degenerated embryo sacs at the flower bud phase. Moreover, a decrease in both HSPs in the
studied organs of Panda was found relative to the control. At 30°C, both accessions accumulated more HSP-70 than
HSP-90. These results suggest that, under heat stress, HSP-70 plays a protective role for flowers of common buckwheat.
The analyses indicated that the donor leaf closest to the flower cluster may be a reliable indicator of temperature

70:8462

sensitivity in buckwheat flowers.
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Introduction

Common buckwheat (Fagopyrum esculentum Moench) is
a valuable crop plant of Polygonaceae family, considered a
cereal crop owing to its cereal-like seed chemical
composition. Its seeds do not contain gluten, they are rich in
dietary fibre and rutin, and they have high protein content and
well-balanced amino acid composition. Buckwheat is pollinated
mainly by bees and is a source of prized nectar. Despite its many
beneficial properties, global cultivation area of buckwheat is
decreasing because of its unstable seed yield.

According to Halbrecq et al. (2005), the cultivation area of
buckwheat is limited not only by its low seed yield compared
with cereals but also by the heterogeneity of its maturation,
which makes harvest time difficult to determine. The biggest
challenge is the short lifespan (1 day) of single flowers (Cawoy
et al. 2009). Buckwheat forms dimorphic plants with flowers
harbouring pistils and stamens of different length; pin (long

Ml compilation © CSIRO 2020

styles) and thrum (short styles) types show self-incompatibility
(Adachi 1990; Cawoy et al. 2009). Fertilisation occurs after
cross-pollination between these flower types (Taylor and
Obendorf 2001; Cawoy et al. 2006). Seedset is insufficient
and amounts to 15-53%, depending on the genotype and
growth conditions (Cawoy ef al. 2009). Insufficient setting
of seed is associated with a low number of seeds in relation to
the number of flowers produced by plants during the entire
growing season. The developmental disturbance occurring in
mature female gametophytes resulting from premature
degeneration of synergids or the egg apparatus in flowers
amounts to 40-55%, depending on the genotype (Stomka et al.
2017). Our previous study indicated that the key reason for the low
seed yield is not pollen viability but defective development of
female gametophytes (Stomka ef al. 2017).

Another challenge of buckwheat cultivation is the frequent
abortion of flowers and very young embryos. Buckwheat

www.publish.csiro.au/journals/cp


https://orcid.org/0000-0003-2119-5890
https://orcid.org/0000-0001-5697-2886
https://orcid.org/0000-0001-8537-4455
https://orcid.org/0000-0001-5682-8323
https://orcid.org/0000-0003-3523-7115
https://orcid.org/0000-0001-7368-1570
mailto:t.hura@ifr-pan.edu.pl

B Crop & Pasture Science

blooming takes a long time and lasts 30-60 days. One plant
develops 500-2000 flowers, but only a small percentage of
flowers produce seeds. Massive abortion of flowers and fruit
is observed in many other plant species (Stephenson 1981).
Overproduction of flowers is explained by various hypotheses
such as unpredictable mortality or selective abortion of
offspring of relatively low quality (Melser and Klinkhamer
2001). McGregor (1981) reported ~45% aborted flowers in
Brassicaceae plants. The cause of this phenomenon may be
associated with plant genetic background or the effects of
abiotic factors such as high temperature.

Although common buckwheat prefers higher temperatures,
as evidenced by the fact that it is sown in the Polish climate
only after 20 May, when the soil temperature rises above 10°C,
its embryogenesis is exceptionally sensitive to thermal stress,
which causes intense embryo and flower abortion (Halbrecq
et al. 2005). Slawinska and Obendorf (2001) showed that
buckwheat cultivation at a temperature <25°C can increase
seed-setting by up to 40%. Heat stress is detrimental to many
plant species in terms of their growth and productivity. In
addition, global warming will probably further intensify the
effects of heat stress on economically important crops (Huang
and Xu 2008; Fischer and Knutti 2015).

A fundamental heat-stress response in plants involves
expression of heat-shock proteins (HSPs), known as elements
of an important adaptive strategy of heat-stress tolerance. The
HSPs, with molecular mass ranging from 10 to 200 kDa,
participate in signal transduction during heat stress and act as
chaperones, folding and unfolding cellular proteins and
protecting functional sites from adverse effects of high
temperature (Wang et al. 2005). HSP-70 is essential for
preventing aggregation and assisting in refolding of non-
native proteins under both normal and stress conditions.
These molecules are often involved in folding of de novo
synthesised polypeptides and translocation of protein
precursors. Other family members are expressed only under
environmental stress, which indicates that they are involved
in refolding and proteolytic degradation of proteins. A major
role of HSP-90 is to manage protein folding. It also plays a key
role in signal transduction, cell-cycle control, and protein
degradation (Huang and Xu 2008). HSP-90 is a part of a
multi-chaperone mechanism together with HSP-70 and it
works closely with other chaperones (Imai e al. 2003).

The aim of the work was to investigate whether HSPs such
as HSP-90 and HSP-70 play a protective role in buckwheat
exposed to thermal stress during development of microspores,
pollen grains, and embryo sacs. According to our observations,
many buckwheat embryos die of starvation. This effect may
suggest that the factor limiting embryo development and seed
filling is insufficient photosynthetic efficiency of the donor
leaf. For this reason, we investigated photochemical efficiency
and HSP accumulation in the donor leaves. Measurement
of chlorophyll a fluorescence (ChIF) is a non-invasive
method for determining photosynthesis efficiency under
various environmental conditions. The ChIF signal is highly
sensitive to changes in photosynthetic apparatus (Kalaji e al.
2014). Based on our earlier results (Ptazek et al. 2019), two
accessions of buckwheat differing in thermotolerance, Panda
and PA15, were chosen for the study. Under heat stress, Panda
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demonstrated a 30% embryo-degeneration rate, whereas
in PAI15, the disturbances in megasporogenesis and
megagametophytogenesis were detected in only 10% of
flowers.

Material and methods
Plant material

Seeds of Panda and PA15 were supplied by Plant Production
Facility in Palikije (Matopolska Plant Breeding Station in
Polanowice, Poland).

Experimental treatments

The experiment was conducted in phytotronic chambers as
described by Ptazek et al. (2019). The plants were cultivated
in pots (8 L, 10 pots per accession per treatment, 9 plants per pot,
total 90 plants per accession per treatment) containing a
commercial soil substrate (pH 5.8), mixed 1:1 with perlite
(v:v). Plants were grown for 3 weeks at a control temperature
(20°C), with 50-60% humidity, a 16-h photoperiod and
photosynthetic photon flux density of 300 umol m2s . After
3 weeks, a half of the plants were transferred to a chamber with
a temperature of 30°C (heat stress) and the same humidity and
light conditions. Flowers at three developmental stages (buds,
open developed flowers, wilted flowers) were collected from
2-month-old plants (since sowing), and their embryological
development (embryo sacs and pollen), as well as HSP-70 and
HSP-90 content, were analysed. HSPs were also determined in
donor leaves (i.e. those closest to the inflorescence).
Additionally, kinetics of ChlF in donor leaves was measured.

Embryological analyses

Paraffin slides of buds and open flowers were prepared, stained
and observed as described by Plazek et al. (2019).
Approximately 30 stamens and the corresponding 30 ovules
(from the same flower) per accession, treatment and
developmental stage were analysed in order to find possible
correlations between regularity of pollen and ovule
development.

Paraffin sections of ovules and anthers were obtained by
fixing flowers in FAA (formalin-aceto-alcohol) solution,
dehydrating them in increasing concentrations of ethanol,
saturating with chloroform—absolute ethanol mixture of
increasing proportion (1:3, 1:1, 3:1, 1:0; 2 h each), and
with paraffin dissolved in chloroform (at 57°C for
several days, until chloroform evaporation). The flowers were
embedded in paraffin blocks, sectioned 11-15 um thick on a
rotary microtome (HM 340E; Adamas Instrumenten, Leersum,
The Netherlands), and double-stained with Ehrlich’s
hematoxylin and Alcian blue (Gerlach 1972). The slides were
mounted in Entellan (Sigma-Aldrich, St. Louis, MO, USA) and
analysed under Nikon E80i microscope (Nikon, Tokyo, Japan).

Analysis of HSP-70 and HSP-90

Heat-shock proteins were analysed by using a western-blot
method described by Crosatti et al. (1999). The flower
samples were lyophilised in a FreeZone 4.5 freeze-dry system
(Labconco, Kansas City, MO, USA) and stored at —70°C until
analysis.
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Total flower proteins were precipitated with 10% (w/v)
trichloroacetic acid and 0.07% (w/v) B-mercaptoethanol
dissolved in acetone. Proteins were separated by SDS-
PAGE, using the buffer system of Laemmli (1970). Proteins
(5 mg) were dissolved in loading buffer (280 uL: 4% w/v SDS,
12% w/v glycerol, 2% w/v P-mercaptoethanol, 0.01% w/v
bromophenol blue in 50 mm Tris, pH 6.8), boiled for 2 min,
and centrifuged (7 min, 12000g). Supernatant (30 uL) was
loaded into a 12% polyacrylamide gel with a 5% stacking gel.
Electrophoresis was run in Mini-Protean III apparatus
(Bio-Rad, Hercules, CA, USA) at 195 V for 45 min. The
polypeptides from gels were transferred (Semi-Dry
Electrophoretic Transfer Cell; Bio-Rad) to ImmunBlot
PVDF membranes (pore size 0.2 um; Bio-Rad) by applying
changing voltage (10 V, 15 min; 13 V, 15 min; 15 V, 15 min)
and non-limiting current in a transfer buffer (Tris-glycine, pH
9.0) (Towbin et al. 1979; Kurien and Scofield 2003). After
overnight blocking of the membrane with 2% (w/v) fat-free
milk powder in Tris-buffered saline (TBS) and washing in
TBS, the membrane was incubated with a primary antibody
(Agrisera, Vinnds, Sweden) for 1 h. Polypeptide—primary-
antibody complexes were incubated for 1 h with a secondary
antibody conjugated with alkaline phosphatase and washed in
TBS and alkaline phosphate buffer. The complexes were
visualised using SIGMAFAST BCIP/NBT alkaline
phosphatase activity kit (Sigma-Aldrich). Membranes were
photographed with fixed settings (Canon EOS 300D camera;
Canon, Tokyo, Japan). Analyses were performed in three
replicates for each flower stage and leaves per each
temperature treatment per cultivar or strain.

Chlorophyll fluorescence measurement

Measurements of photochemical efficiency were performed in
donor leaves of the flower cluster with a Handy PEA
(Hansatech, Kings Lynn, UK) after 20 min of leaf
adaptation to darkness. Maximum quantum yield of
photosystem II (PSII; F,/F,) was calculated according to
van Kooten and Snel (1990). The excitation irradiance was
3000 umol (quanta) m?Zs’! (peak at 650 nm). Fluorescence
was recorded during irradiation between 10 us and 1 s. During
the initial 2 ms, data were scored every 10 us with 12-bit
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resolution. The following parameters were calculated per
excited leaf cross-section (CS,): ABS/CS,,, energy
absorption by antennas; PI, overall performance index of
PSII photochemistry; DI,/CS,,, energy amount dissipated
from PSII; RC/CS,, number of active reaction centres;
ET,/CS,,, amount of energy used for the electron transport;
TR,/CS,,, amount of excitation energy trapped in PSII reaction
centres; OR,, the efficiency with which an electron can move
from the reduced intersystem electron acceptors to the PSI
(photosystem I) end electron acceptors; @R,, the quantum
yield of electron transport from the first stable electron
quinone acceptor in PSII (Q ) to the PSI end electron
acceptors; YR, probability at time 0 that a trapped exciton
moves an electron into the electron transport chain beyond
Qa4 . The calculations were based on the theory of energy flow
in PSII and the JIP test (Strasser et al. 2000; Strasser and
Tsimilli-Michael 2001). Measurements were done in 10
replicates for each accession and temperature treatment.

Statistical analyses

Statistical analysis was performed using Statistica 13.0
(StatSoft, Tulsa, OK, USA). Two-way analysis of variance
(ANOVA) and Duncan’s multiple range test at P = 0.05 were
used to determine the significance of differences among
treatment means. Data with non-normal distribution were
analysed by wusing a nonparametric chi-square test
(P < 0.05). Data are presented as means =+ standard error (s.e.).

Results
Pollen and embryo sac development

Microsporogenesis and microgametophytogenesis in PAI15
and Panda under both temperatures followed the same
developmental pattern and were completely regular (Fig. 1).
We observed all of their stages, starting from the microspore
mother cell, meiosis and tetrad formation (Fig. 1a—d), through
to microspore development into mature three-celled pollen
grains (Fig. le—h).

Contrary to normal pollen development, ovule development
under thermal stress was disturbed in both accessions,
particularly in Panda plants at 30°C, with embryo-sac
degeneration already occurring at the bud stage

Fig. 1.
20°C (a, ¢, e) and 30°C (b, d, /~h). Prophase I at microspore mother cells (a, b, arrows) in anther locules; tetrads
of microspores formed after male meiosis (microsporogenesis) surrounded by callose sheaths (c, d, arrows);
1-nucleate microspores (e, f), tapetum is still visible (arrows); mature pollen grains with dense cytoplasm
(g, h). Bars are 50 um in a, c—f, h; 100 um in b, g.
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Successive stages of normal (regular) pollen development in (a, ¢, e, g) Panda and (b, d, f, h) PA1S at
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(Table 1). At this temperature, Panda buds comprised 42.3%
degenerated embryo sacs, whereas in PA1S5, the percentage of
abnormally developed embryo sacs was similar at 20°C and
30°C. Thermal stress increased the number of abnormal
embryo sacs in open flowers of Panda by 4.7 times, and of
PA15 by 3.2 times. Disturbances involved young and mature
female gametophytes, cells of the nucellus and integument
degeneration (Fig. 2). In wilted flowers of all studied plants, no
differences were observed in the number of degenerated
embryo sacs at both temperatures (Table 1). This result was
probably due to earlier abortion of flowers with abnormally
developed ovules.

HSP-70 and HSP-90 accumulation

All flowers of PA15 and Panda plants grown under control and
thermal-stress conditions contained higher amounts of HSP-70
than HSP-90 (Fig. 3). Enhanced accumulation of HSP-70 was

Table 1. Percentage of degenerated embryo sacs of common
buckwheat PA15 and Panda at high temperature
Significant differences between means (n = 10) at 30°C (thermal stress)
and 20°C (control) are indicated for each accession: ***P < 0.001
(chi-square test)

Organs PA15 Panda

20°C 30°C 20°C 30°C
Buds 15.9 20.5 0 42 3%
Open flowers 22.9 73.3%%* 11.8 55.6%**
Wilted flowers 18.7 21.1 16.7 20.0

A. Ptazek et al.

observed at 30°C in flower buds and donor leaves of PA15 and
in buds and wilted flowers of Panda. Under thermal stress, this
protein was accumulated in greater amounts in Panda buds
than in PA15 buds. Reduction in HSP-70 levels was observed
in wilted flowers of PA15 and in open flowers and donor leaves
of Panda.

The highest amount of HSP-90 was found at 30°C in PA15
donor leaves—higher than that of the control. Under thermal
stress, PAI15 flowers at all developmental stages also
accumulated slightly higher amounts of HSP-90 than at the
control temperature. High temperature did not induce
accumulation of this protein in Panda flowers or leaves.

Chlorophyll fluorescence in donor leaves

Both PA15 and Panda plants grown at 30°C showed an
increase in photosynthetic apparatus efficiency compared
with plants grown at 20°C (Table 2). Values of chlorophyll
fluorescence parameters F,/F,,, PI, ET,/CS,,, ABS/CS,,, TR,/
CS., ET,/CS,, and RC/CS,, were higher, whereas 0R,, and
YR, dropped at 30°C. Only in Panda plants at 30°C were an
increase of the quantum yield of electron transport from Q4 to
the PSI end electron acceptors (QR,) and a decrease in energy
amount dissipated from PSII (DI,/CS,,) noted. These results
indicate more effective use of energy excitation and its transfer
to PSI induced by high temperature. Simultaneously, this
effective mechanism of energy transmission to the PSI end
electron acceptors at 30°C could be a consequence of a higher
amount of energy used for electron transport (ET,/CS,,), a rise
in the amount of excitation energy trapped in PSII reaction

Fig.2. Ovule degeneration in (b—d) Panda and (f~h) PA15 at 30°C. For comparison, normal ovules in
(a) buds of Panda and (e) open flowers of PA15 at 20°C are depicted. Degeneration of nucellus (arrows),
young embryo sac (stars) and cells of integuments (arrowhead) in buds (b, f); degeneration of egg
apparatus (arrows) and integument cells (arrowheads) in open flowers (¢, g); degeneration of embryo
sacs in open flowers (d, /). Bars are 10 um in a, g, ; 50 um in b—f.
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Fig.3. Western blot detection of HSP-70 and HSP-90 in the flower buds (FB), open flowers (OF),

wilted flowers (WF) and donor leaves (DL) of PA15 and Panda plants grown at 20°C (control) and
30°C (thermal stress).

Table 2. Kinetics of chlorophyll a fluorescence measured in donor leaves of common buckwheat PA15 and
Panda grown at 20°C (control) and 30°C (thermal stress)
Values are means + s.e. (n = 10). Within rows, means followed by the same letter are not significantly different
(Duncan’s multiple range test at P = 0.05). F,/F,,, Potential maximal quantum yield of PSII; ABS/CS,,, energy
absorption by antennas; TR,/CS,,, amount of excitation energy trapped in PSII reaction centres; ET,/CS,,,, amount of
energy used for the electron transport; DI,/CS,,, energy amount dissipated from PSII; RC/CS,,, number of active
reaction centers; PI, overall performance index of PSII photochemistry; 8R,, efficiency with which an electron can
move from the reduced intersystem electron acceptors to the PSI end electron acceptors; @R,, the quantum yield of
electron transport from Q4 to PSI end electron acceptors; WR,, probability, at time 0, that a trapped exciton moves an

electron into the electron transport chain beyond Q4

Parameter

20°C 30°C 20°C 30°C
FJ/Fn 0.670 £ 0.013b 0.753 £0.014a 0.639 + 0.023b 0.751 £0.014a
ABS/CS,, 1179 + 25¢ 1515 +24a 1259 + 40b 1542 +47a
TR,/CS,, 794 £ 29b 1142 £ 31a 810 +42b 1163 +47a
ET,/CS,, 217 +22b 410 + 36a 201 +£21b 427 + 45a
DI,/CS,, 385+ 12b 373 +21b 449 + 26a 378 + 18b
RC/CS,, 435 +23b 596 + 26a 415 +24b 619 + 25a
PI 0.352 + 0.066b 0.853 + 0.168a 0.257 £0.049¢ 0.933 £0.188a
oR, 371 £0.31a 2.14 + 0.24b 4.46 +0.48a 2.35 +0.30b
OR, 0.158 £ 0.013b 0.178 £0.013a 0.143 £ 0.009b 0.182 £ 0.016a
YR, 0.589 £ 0.010a 0.507 + 0.012b 0.593 +£0.020a 0.520 £ 0.011b

centres (TR,/CS,,), and higher number of active reaction
centres (RC/CS,,).

Discussion

In our previous study (Ptazek et al. 2019), we reported reduced
pollen viability in Panda plants grown at 20°C compared
with PA15 plants grown in the same conditions (82% vs
96.3%). The present study clearly demonstrated that this
was not caused by irregularities in microsporogenesis or
microgametophytogenesis, because they were completely
regular at both temperatures. Therefore, pollen degeneration
must occur at the final stage, just before its release from
pollen sacs. Panda is much more sensitive to thermal stress
than PA15 in terms of ovule development, especially at the
bud stage, but its pollen development is temperature-
insensitive (82% at 20°C and 89.5% at 30°C, not
significantly different) (Ptazek er al. 2019). A decrease in
pollen viability in Panda plants (~80% instead of >90%) may
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result from other factors such as temporary soil dryness.
Indeed, Kadrylova and Mukhametshina (2015) showed that
pollen of common buckwheat is very sensitive to drought. An
induction of HSP genes in developing anthers, microspores
and pollen, as well as accumulation of different types of HPSs
in anthers and pollen after a short period of high-temperature
stress, may activate thermotolerance mechanisms (Rieu et al.
2017). It seems that HSP-70, the concentration of which under
thermal stress increased to a greater degree in Panda than in
PAI1S5 plants, may protect pollen but not ovules. In Panda
plants, the degenerated embryo sacs were already observed in
flower buds, whereas in the PA15 plants, abnormal
development of embryo sacs occurred only in open and
wilted flowers.

Heat-shock proteins act as molecular chaperones and are
mobilised to protect cellular proteins against irreversible high-
temperature-induced damage (Boston et al. 1996; Li et al.
2014). HSP-70 and HSP-90 in PAI15 donor leaves at 30°C
were potentially involved in photoprotection and repair of
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PSII. Similar results were obtained by Li et al. (2016) in their
study on HSP-70 accumulation during heat stress in cucumber
(Cucumis sativus L.) leaves. Other studies also indicate that
HSPs maintain PSII activity and reduce oxidative stress under
heat stress (Murata et al. 2007; Takahashi and Murata 2008).

The role of HSP-90 in the mechanism of acclimation of
photosynthetic apparatus to heat stress is poorly understood. In
our study, high-temperature-induced accumulation of this
protein occurred only in PA15 donor leaves. Other authors
reported on a protective nature of HSP-90 in relation to
signalling proteins such as steroid hormone receptor,
kinases, nitric oxide synthase and calcineurin (Picard et al.
1990; Garcia-Cardena et al. 1998; Imai and Yahara 2000;
Richter and Buchner 2001). It is also emphasised that the
activity of HSP-90 requires the supportive presence of other
co-chaperone proteins (Cao et al. 2003).

Our results on HSP-70 and HSP-90 accumulation
corroborate those from earlier studies that showed greater
sensitivity of Panda than PA15 to high temperature (Ptazek
et al. 2019).

Plant photosynthetic apparatus is sensitive to an increase in
temperature (Huang et al. 2019). Our experiments conducted
in two accessions of common buckwheat demonstrated their
higher photochemical efficiency at 30°C than at 20°C. The
same response to temperature stress was observed in tomato
(Solanum lycopersicum L.) plants (Abdelmageed and Gruda
2009). It is believed that electron transport is highly heat-
sensitive and is also the main factor limiting plant
photosynthetic activity at high temperatures (Hiive et al.
2006). In Panda plants at 30°C, an increase was noted in
the quantum yield of electron transport from Q,  to the PSI
end electron acceptors (9R,), which probably indicated
adaptation of the photosynthetic apparatus to the higher
temperature. These changes, and the reduction of energy
amount dissipated from PSII (DI,/CS,,), may suggest PSII
sensitivity to heat stress and the resulting effective energy
transfer to the heat-resistant PSI.

The increase in @R, values in Panda plants may indicate
electron transfer from plastoquinone Q4 and/or Qg (the second
electron quinone acceptor in PSII) to PSI rather than to oxygen
molecules. Some studies have indicated possible electron
leakage in PSII in the places of plastoquinone activity.
Overloading of the electron transport chain redirects some
electrons from Q, /Qp~ to O,, forming superoxide radical
that is then dismutated to H,O, by chloroplastic Cu/Zn-SOD
(Takahashi et al. 1988; Polle 1996; Edreva 2005; Hura et al.
2015, 2018, 2019). However, Wiese et al. (1998) showed that
effective electron transfer to PSI was insufficient to protect
photosystems I and II against photoinactivation. An important
mechanism preventing overloading of PSII with excitation
energy during environmental stresses is effective electron
transfer to PSI and then excitation energy dissipation in the
form of far-red fluorescence (Baker 1991; Huner ef al. 1998;
Agati et al. 2000; Hura et al. 2015).

In PAI1S plants, both photosystems appear to be resistant
to 30°C (no differences at the studied temperatures for
DI,/CS,, and ©R,), the activity of the photosynthetic
apparatus being supported by the accumulation of
chaperones (HSP-70 and HSP-90) in the donor leaves.
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Many studies have confirmed higher resistance of PSII to
temperature stress than of PSI (Mihailova et al. 2011;
Essemine et al. 2012; Yan et al. 2013; Li et al. 2016).
Allakhverdiev et al. (2008) identified PSII donor as the
most heat-sensitive component. Detailed studies have
demonstrated temperature-stress-induced changes in the
structure of D; and D, proteins, thus triggering
abnormalities in Q4 fixation and loss of PSII stability
(Sinsawat et al. 2004; Camejo et al. 2005).

In conclusion, our analyses identified two different
responses of buckwheat to heat stress. The accumulation of
HSP-70 and HSP-90 dominated in the donor leaves of PA15
strain, and was accompanied by an increase in the activity of
the photosynthetic apparatus. However, in PA15 plants, the
efficiency of using excitation energy remained unchanged. In
Panda donor leaves, a clear decrease in the level of both
proteins was noted, combined with the increase in the
quantum yield of electron transport from Q. to the PSI
end electron acceptors and the reduction of energy amount
dissipated from PSII. Panda seems more susceptible to heat
stress, which can be associated with low levels of HSPs and
PSII sensitivity. At the same time, the analyses indicated that
the donor leaf closest to the flower cluster may be as reliable an
indicator of temperature sensitivity in buckwheat as flowers.
Further studies are needed to determine both the changes in
HSP transcripts and different abundance of HSP-70 and HSP-
90 in anthers and pistils under heat stress. It would be also
interesting to investigate in vitro or in vivo germination to
verify whether the ability of pollen tube to grow in a medium
and in stigma is affected by heat stress, which is vital for grain
production.

Conclusions

The common buckwheat accessions in this study differ in
terms of sensitivity to thermal stress. We suggest that Panda is
more sensitive than PA15 owing to higher percentage of
degenerated embryo sacs in buds and open flowers and a
decrease in accumulation of the studied HSPs. Under
thermal stress, buckwheat plants accumulate considerably
more HSP-70 than HSP-90. At high temperature, HSP-70
plays a protective role towards flowers of common buckwheat.
Common buckwheat demonstrates higher photochemical
efficiency at 30°C than at 20°C. However, higher temperature
is unfavourable for embryo-sac development. Pollen grains of
both accessions demonstrated tolerance toward high temperature.
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Abstract: Despite abundant flowering throughout the season, common buckwheat develops a very
low number of kernels probably due to competition for assimilates. We hypothesized that plants with
a shorter flowering period may give a higher seed yield. To verify the hypothesis, we studied nutrient
stress in vitro and in planta and analyzed different embryological and yield parameters, including
hormone profile in the flowers. In vitro cultivated flowers on media with strongly reduced nutrient
content demonstrated a drastic increase in degenerated embryo sacs. In in planta experiments,
where 50% or 75% of flowers or all lateral ramifications were removed, the reduction of the flower
competition by half turned out to be the most promising treatment for improving yield. This treatment
increased the frequency of properly developed embryo sacs, the average number of mature seeds per
plant, and their mass. Strong seed compensation under 50% inflorescence removal could result from
increased production of salicylic and jasmonic acid that both favor more effective pollinator attraction.
Plants in single-shoot cultivation finished their vegetation earlier, and they demonstrated greater
single seed mass per plant than in control. This result suggests that plants of common buckwheat
with shorter blooming period could deliver higher seed yield.

Keywords: common buckwheat; embryo sacs; nutrient stress; phytohormones; pollen grains;
yield parameters

1. Introduction

Common buckwheat (Fagopyrum esculentum Moench) is a valuable plant of Polygonaceae family,
grown mainly for human food due to favorable chemical composition of its fruits (commonly termed
seeds), especially substantial content of lysine and other amino acids. Seeds are also gluten free [1].
Nectar of common buckwheat is a source of valued honey, while grain and straw are used as animal
feed. The presence of two morphs of flower, Pin and Thrum, is a manifestation of heteromorphic
self-incompatibility (heterostyly). Both types of flowers exhibit differences in pistil and stamen
lengths [2]. Fertilization occurs only following cross-pollination between two different types of flowers.

Factors such as low resistance to excessive water, lodging, and pre-harvest sprouting occurring
before flowering affect buckwheat yield, which is low and variable [3].

Plant yield is also affected by the short life span (1-2 days) of individual flowers and disturbances
in female but not in male line development. The number of degenerated ovule sacs in plants is high and
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ranges from 10% to 30%, depending on the strain and cultivar [4]. Additionally, buckwheat flowering
is sensitive to many environmental stresses, including frost, heat, and drought occurring in the
spring and summer despite stronger vegetative growth at 30 °C than at 20 °C [5]. A drastic reduction
in the number of properly developed embryo sacs was clear in open flowers at 30 °C in cultivars
‘Panda’ and ‘Korona’ (= strain PA15) [5,6]. Similarly, sensitivity to the thermal stress was shown
by Slawinska and Obendorf [1]; plants grown at 18 °C had by 40% increased seed set. They set
seeds over a longer period and produced by 40% more dry mass per seed than plants grown at
25 °C. Several authors [7-9] described ultrastructural changes in reproductive cells under thermal
stress and suggested that premature synergid collapse may prevent a pollen tube from reaching
the embryo sac. It was recently shown that radiation restriction resulting from plant growth could
have increased floret mortality and thereby decrease the number of achenes (fruits) per raceme (type
of inflorescence in common buckwheat) [10]. High temperature and other environmental factors
cause premature flower and immature seed fall. A considerable increase in abscisic acid in open
flowers ready for fertilization under thermal stress may serve as a signal inducing flower senescence
observed in the next few days [6]. The results of a project carried out during 2014-2016 (‘Increasing
the vitality and degree of pollination of buckwheat flowers in order to obtain a higher seed yield’),
concerning flowering and yielding biology of Polish buckwheat accessions, indicate that the more
flowers a plant produces, the greater their abortion, and the number of flowers negatively correlates
with the number of mature seeds. Therefore, increasing the number of flowers per plant may not
improve the yield It is, however, opposite to a selection index, which was constructed based on seven
agro-morphological traits measurable in a single plant, showing that seed yield is positively correlated
with the number of flower clusters in common buckwheat [11].

The frequency of aborted embryos in controlled conditions after hand-pollination is rather low
(<10%) [12] or moderate (9.6-19.1%) [2,7-9], depending on the genotype, thus it seems that selective
embryo abortion resulting from better or worse embryo fitness is not the case of low yield in common
buckwheat. Halbrecq et al. [13] and Cawoy et al. [2] suggested that embryo abortion in common
buckwheat is fixed by an internal mechanism at a relatively constant level and is not the result
of insufficient nutrient supply from leaves. In contrast, studies in four Polish cultivars based on
observation of embryo development with free access of pollinators showed that more, up to 28%,
of embryos could have degenerated, some of them showing a typical hallmark of starvation [4]. This is
in accordance with earlier observations of Inoue and Hagiwara [14] and Inoue et al. [15], who proposed
that the percentages of flower fertilization and seed set are influenced by the degree of competition for
nutrients between source and sink organs. Buckwheat blooms throughout the whole growing season,
which may result in a strong competition for assimilates between the already set seeds and flowers still
in production. To resolve these inconsistencies in the above-mentioned results, we analyzed various
reproductive and yield parameters and the hormone profile of the flowers of cv. ‘Panda’ and “Korona’
of F. esculentum under in vitro and in planta conditions. Our aim was to investigate whether the
seed limitation is associated with a strong sink restriction and linked to internal flower structure and
fertilization. We hypothesized that plants with a shorter flowering period may give a higher seed yield.

2. Results

2.1. Embryological Analysis

It was evident that in most cases floral buds of both cultivars kept on media with reduced
content of sugar, vitamins, and macro- and microelements showed deterioration in growth and
development of ovules and embryo sacs. The cells of embryo sac degenerated, and the ovules narrowed
(Table 1 and Figure 1). In the case of cv. ‘Panda’ on Medium 1, only drastic reduction of nutrients
increased dramatically the percentage of degenerated embryo sacs as compared with that of the control.
On Medium 2, there was no effect of nutrients content reduction and on Medium 3 even an increase of
the number properly developing ovules was noticed. The development of ovules and embryo sacs was
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much worse in full content Medium 1 in ‘Korona’ than in ‘Panda’, and further (caused by a reduction
in the content of ingredients) deterioration of the ovules quality, although statistically significant,
was not as drastic as in Panda. On Media 2 and 3, 50% reduction in nutrients increased the number of
defective embryo sacs in ‘Korona’ cv. These findings from in vitro studies supported further in planta
experiments. In vitro nutrients’” content reduction decreased the number of properly developed ovules
and embryo sacs similarly as in planta depletion of assimilates resulting from flower overproduction in
plants without flower removal. They clearly demonstrated that the removal of 75% of flowers had the
most negative effect on the frequency of properly formed embryo sacs and ovules (Table 1 and Figure 2).
Single-shoot cultivation (1S) also decreased the percentage of properly developed ovules and embryo
sacs but to a lesser extent than removing 75% of flowers (Table 1). Removal of 50% of flowers significantly
increased or did not change the frequency of properly developed ovules and embryo sacs or pollen
viability (Table 1 and Figure 3). Overall, pollen viability in both cultivars and all treatment was high
(Table 1). In 97% of cv. ‘Korona’ and in 85% of cv. ‘Panda’ ovules, normal microgametophytogenesis
(Figure 3a—e) and megametophytogenesis (Figure 3f,g) were observed, leading to the formation of
seven-cell embryo sac of Polygonum type (Figure 3h-1). In some ovules, embryos were also observed
(Figure 3m).

Table 1. The influence of medium content on in vitro cultured floral buds, and of flower removal on
embryological parameters in cv. “Panda’ and “Korona” of Fagopyrum esculentum.

In Vitro

Frequency (%) of Degenerating Embryo Sacs and Ovules

Medium Content of Compounds (%)

‘Panda’ cw. ‘Korona’ cv.
100 0 38
1 50 0 42*
30 68 * 50 *
’ 100 15 36
50 14 50 *
3 100 29 13
50 0* 38*
In Planta
‘Panda’ cv. ‘Korona’ cv.
Frequency (%) of Degenerated
Treatment b "
. Embryo Sacs . Embryo Sacs
Pollen Grains and Ovules Pollen Grains and Ovules
Control 3.2 10 1.3 23
1S 3.1 50 * 1.6 40*
50% 22* 15 0.9 3*
75% 1.1* 66 * 1.2 85 *

Chi-square test (p < 0.05) was performed separately for in vitro and in planta treatments. Means marked with
asterisks (*) differ significantly from control. In vitro: Analysis performed on 25-30 ovules/treatment. For media
content, see Section 4. Media with 100% composition were controls. In planta: Control, plants with all flowers and
lateral ramifications; 1S, plants with only one main shoot; 50% and 75%, percentages of flowers removed.
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2 mm

Figure 1. Fagopyrum esculentum (cv. ‘Korona’) floral buds and their internal ovule and embryo
sac development impairment cultured in vitro on media with different content of sugar, vitamins,
and macro- and microelements. The same features were observed in cv. ‘Panda’: (a) bud laid out on
Medium 1 with full content of nutrients at the time 0; (b) bud after 10 days of culture on Medium
1 with 30% content of nutrients; (c) bud after 10 days of culture on Medium 1 with full content of
nutrients; (d,e) degeneration of the cells of embryo sacs (arrows); and (e) shrunken embryo sac (arrow).
Bars: (d,e) 20 pm; and (f) 200 um. For media content, see Section 4.

Figure 2. In planta degeneration of the embryo sacs cells and ovules after removal of 75% of flowers in
Fagopyrum esculentum (cv. ‘Korona’). The same features were observed in cv. ‘Panda’: (a) 1-nucleate
embryo sac (arrow); (b,c) egg apparatus of seven-cell embryo sacs (arrows); and (d) the whole ovule
(arrow). Bars (a—c) 20 um; and (d) 100 um.
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Figure 3. Normal pollen, female gametophyte and embryo development in Fagopyrum esculentum
(cv. ‘Korona’) after removal of 50% of flowers. The same features were observed in cv. ‘Panda’:
(a) tetrads of microspores in blue callose sheath (arrow); (b) microspores released from the callose
sheath; (c) vacuolated microspores with thick sporodermis (arrow); (d) 1-nucleate pollen grains,
nuclei visible (arrow); (e) degenerated (D) and normal (N) pollen grains stained with Alexander dye;
(f,g) 2-nucleate embryo sac-successive stages, nuclei marked with arrows; (h-k) cells of two seven-cell
embryo sacs (antipodal cells not shown) with secondary nucleus (arrow), egg cell (stars), and synergids
(triangles); (i—k) successive stages of the same embryo sac; (1) pollen tube penetrating one of the two
synergids (arrow); and (m) globular proembryo. Bars: (a,f~m) 20 um; (b,c) 50 um; and (d) 100 pm.

2.2. Phytohormones

The studied cultivars differed significantly in changes of the level of growth regulators in response
to the removal of organs competing for assimilates. The most significant changes were observed in
cv. ‘Korona’ (Table 2). In buds of these plants in the main-shoot cultivation (1S), significant increases in
IAA (indole-3-acetic acid), CYT (sum of cytokinins), JA (jasmonic acid), SA (salicylic acid), and BA
(benzoic acid) were noted as compared with the buds of the control (non-treated) plants. IAA, JA,
SA, and BA levels increased in open flowers which were capable of fertilization. The wilted flowers
(unattractive for pollinators) were additionally richer in GAs (sum of active giberellins).
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Table 2. Phytohormone content (mol g~! DW) in floral, and open and wilted flowers of common buckwheat plants of cv. ‘Korona’ cultivated with only one main
shoot (1S) or after removal of 50% or 75% of flowers. Control, plants with all lateral ramifications and flowers. Analyses were done in the phase of full blooming.

Buds

Open Flowers

Wilted Flowers

Hormones Control 18 50% 75% Control 18 50% 75% Control 18 50% 75%
1AA 735+7.14 124 +11b 102+10°¢ 149 + 132 679 +62°P 81.7+802 643 +6.1P 472 £ 43¢ 157 +15°¢ 189 +17P 253 £212 66.1+6.14
GAs 829 +0.792 8.14+0.722 351+030b 850+0.812 740+0.72%P  645+061° 459 +0.47 ¢ 8.67 +0.812 7.40 +0.73 11.1+0.11° 6.87 +0.65 ¢ 15.1+0.122
CYT 2.88+0.25¢ 8.93 +0.83 2 2.55+0.25¢ 3.91+036° 378 £0.352 3.92+0.322 210 +0.19P 3.36+0.32° 4.09 +0.372 443 +042° 449 + 0412 240+021P
ABA 216 +0.19°¢ 1.55+0.12¢ 292+025b 350+ 0312 404+036° 2.69 +0.254 5.63 +0.522 353 +0.29°¢ 3.45+033b 1.80 +0.174 4,09 +0.392 252 +0.26°¢

JA 5142 +507°  94.61 £9.11° 151 + 142 30.82+3984 2412+295°¢ 5414+5122 3071+276° 646+0689  3494+332P 5622+5212 5882+576% 59.15+5782
SA 26+21¢ 778 £722 86.8 8.3 419+39¢ 188+1.8¢ 624+6.1° 105+952 65.1£58P 332+32¢ 96.7 +9.3P 124 +£10.22 317 +2.8¢
BA* 31.3+28P 68.4+554 62.7 £522 28.6+1.9P 212+1.6¢ 332+28P 418+382 27.6+£24° 162+1.1¢ 259 +23b 384292 36.4+182

Values represent means (1 = 5 in each experiment) of two experiments performed during 2019-2020 + SE (standard error). Different superscript letters (a—d) within rows for each hormone
and organ indicate significant differences between means (Duncan’s multiple range test; p < 0.05). IAA, indole-3-acetic acid; active GAs, sum of active gibberellins (GA1, GA3, GA4, GAs,
GAg, and GAy); CYT, sum of cytokinins (kinetin, zeatin, N6-izopentenyladenine, and N6-izopentenyladenozine); ABA, abscisic acid; JA, jasmonic acid; SA, salicylic acid; * BA, benzoic acid,
a precursor of salicylic acid.
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Interestingly, cv. ‘Korona’ plants after removal of 50% of flowers demonstrated a significant
increase in the number of properly developed embryo sacs described above (Table 1). In these buds,
significantly higher levels of IAA, ABA (abscisic acid), JA, SA, and BA were recorded as compared
with the control plants, and the amounts of JA, SA, and BA were also much higher than in the buds
of plants from the other treatments. In open flowers capable of fertilization in this group of plants,
less GAs and CYT and significantly more ABA, JA, SA, and BA were detected than in the control plants
(Table 2), with particularly growth of SA and BA. Similar differences between control and removal of
50% of flowers in SA and BA content were observed in wilted flowers. Additionally, in these flowers,
higher content of IAA was detected. The ratio of GAs to ABA in plants from which 50% of flowers
were removed was 1.2 in floralbuds, 0.82 in open flowers, and 1.68 in wilted flowers. On the other
hand, in control plants of cv. ‘Korona’, this ratio was much higher (3.8, 1.8, and 2.1, respectively),
proving a significant predominance of gibberellins over ABA.

In the buds of cv. ‘Korona’ plants, from which 75% of the flowers were removed, the most
significant increase was detected for IAA and ABA. The open flowers demonstrated the highest
decrease in IAA and JA and an increase in GAs. The wilted flowers also accumulated less IAA and
CYT and more GAs than the control ones (Table 2).

In cv. ‘Panda’, the changes in hormonal profile in flowers under removal were slight (Table 3).
In almost all treatments, the greatest fluctuations occurred in the amount of BA, which is a precursor of
SA. Increase in SA was recorded in open and wilted flowers of plants from which 75% of flowers were
removed. Additionally, in wilted flowers of all treatments, a rise in GAs content was noted (Table 3).
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Table 3. Phytohormone content (umol g~! DW) in buds, open and wilted flowers of common buckwheat plants of cv. ‘Panda’ cultivated with only one main shoot (15)
and after removal of 50% or 75% of flowers. Control, plants with all lateral ramifications and flowers. Analyses were done in the phase of full blooming.

H Buds Open Flowers Wilted Flowers
ormones Control 18 50% 75% Control 18 50% 75% Control 18 50% 75%

IAA 173 + 182 77 +6°¢ 110 +10P 110 £+ 9P 91+82 73+7b 69+6P 71+6P 287 +262 267 £242 133 +12°b 134 +12°
GAs 5.84 + 0422 447 £040° 6.22 +0.522 4.63+039P 6.22 +0.59 2 6.87 +0.58 5.65 + 0.57 @ 5.60 + 0.48 @ 6.15+057¢  1085+0.992  8.67+082°  1026+0.112
CYT 358 +031P 253+021°¢ 5.09 + 0452 329+031P  372+0342P  346+032P 416 +0.412 3.83+0.322 322+035b 439 +0.382 5.01 +0.462 327 +0.32b

ABA 27440212 1.88 +0.19P 151 +0.14° 1.30 £ 0.14 © 5.36 +0.49 2 399 +0.32° 3.75+0.33P 278 £0.27 3.31+029°2 254+0260 1.92 +0.17¢ 343 +£0.342
JA 8042+7.01% 80.40+0.762 34.61+320° 5336+501P 1443 +142P 2037+2042 9.67+091° 9.04+090° 4691 +4.052 4899+4.122 1550+140°¢ 2553+261P
SA 56.93 +6.022  25.62+256° 33.07+3.01P 5937 +6.022 4459 +4.8P 4049 +4.06° 40.08+3.89P 71.24+7.05% 6529+621° 48.02+478°  450+431°¢ 139 + 122

BA* 2980 +2.01¢ 66.00+6262 4310+4.11P 4531423 2155+201P 2743+2362 30.05+3.01° 2690+248% 2468+248P 3672+3.76% 3491+3.02% 2243+201P

Values represent means (1 = 5 in each experiment) of two experiments performed during 2019-2020 + SE (standard error). Different superscript letters (a—d) within rows for each hormone
and organ indicate significant differences between means (Duncan’s multiple range test; p < 0.05). * Benzoic acid is not a hormone but a precursor of salicylic acid. IAA, indole-3-acetic acid;
active GAs, sum of active gibberellins (GA, GA3, GA4, GAs, GAg, and GAy); CYT, sum of cytokinins (kinetin, zeatin, N6-izopentenyladenine, and N6-izopentenyladenozine); ABA,
abscisic acid; JA, jasmonic acid; SA, salicylic acid; * BA, benzoic acid, a precursor of salicylic acid.
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2.3. Yield

Statistical analysis showed that the number of flowers produced by the plant was influenced
by the cultivation method, i.e., treatment by removing part of the flowers or all lateral ramifications
(Table 4). The number of mature seeds and their weight depended on the genotype and treatment.
The percentage of flower and fruit (seed) abortion depended only on the genotype, while the efficiency
of seed setting was influenced by the interaction of both factors (Table 4).

Table 4. Analysis of variance of the impact of plant treatment (main shoot only, removal of 50% or 75%
of flowers, and control) on flowering and fruiting in common buckwheat cv. ‘Panda’” and ‘Korona’.
Efficiency of seed setting, seed mass, and mass of thousand seeds (MTS) were calculated per individual.

Effects No. of No. of Mature Empty Abortion of Flowers Efficiency of Mature MTS
Flowers Seeds Seeds (%) and Fruits (%) Seed Setting Seed Mass
Cultivar ns whk * wtx ns . -
Treatment ok ot ok ns ns ok Ak
Cultivar x ns v ns ns * - .
Treatment

*, **, and *** indicate statistically significant effect of treatment at p < 0.05, p < 0.01, and p < 0.001, respectively;

ns, not significant.

Removing 50% of flowers increased their production in cv. ‘Panda’ (Figure 4a,b and Table 5).
This effect was visible in general but particularly in individual cases when the number of flowers even
doubled or tripled in relation to the control. This effect was not noted in cv. ‘Korona’. Removing 75%
of flowers and single-shoot cultivation in both cultivars significantly reduced the number of flowers
produced by one plant as compared with that of the control (Table 5). However, the number of flowers
did not affect the number of mature seeds. Only when 50% or 75% of flowers were removed, cv. ‘Panda’
increased the number of seeds. ‘Panda’ and ‘Korona’ plants with one main shoot left produced the lowest
number of mature and empty seeds in comparison with those of the control; however, in cv. ‘Korona’,
the mass of a single seed was the highest and amounted to 0.0334 g. Smaller number of mature
seeds translated into better seed filling and consequently increased mass of thousand seeds (Table 5).
Plants in single-shoot cultivation finished vegetation earlier and their seeds matured more quickly
than the control plants and plants with partial removal of flowers (Figure 4c—f). Generally, cv. ‘Korona’
showed significantly greater mass of single seed than cv. ‘Panda’ (Table 5). No correlation was found
between the number of empty seeds and the number of flowers; however, a positive correlation was
found between flower production and abortion of flowers and fruits (r = 0.62; p < 0.05). The percentage
of empty seeds did not correlate with the number of mature seeds, but it correlated negatively with
the mass of a single mature seed (r = —0.857; p < 0.05). Flower production also had an impact on
seed setting efficiency—the fewer flowers the plant produced, the more seeds were set. The strongest
effect was observed for cv. ‘Panda’, in which the removal of 75% of flowers doubled the seed setting
efficiency. The correlation between flower and fruit abortion and seed setting efficiency was very high
(r=-0.998; p < 0.05), similarly as between the number of flowers per plant and seed setting efficiency
(r = —0.833; p < 0.05). The removal of 50% of flowers increased the mass of seeds collected per plant,
and MTS increased in cv. ‘Panda’, while, in cv. ‘Korona’, it was similar to that of the control and plants
in the remaining treatments (Table 5).
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Figure 4. Macroscopic images of flower production (a,b) and seed setting (c-f) in cv. ‘Panda’ (a-d) and
cv. ‘Korona’ (e f) of Fagopyrum esculentum. Please compare control plants in bloom with plants from
which 50% of flowers were removed:(a) vs. (b) and control plants in fruiting with plants with single
shoot plants: (c) vs. (d,e) vs. (f).
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Table 5. Effect of removal of all lateral ramifications (1S) or 50% or 75% of flowers on flowering and fruiting parameters of two cultivars of common buckwheat.
Control, plants with all flowers and lateral ramifications.

. No. of Mature No. of Empt Abortion of Flowers Efficiency of Seed Mass per

Cultivar Treatment No. of Flowers per Plant Seeds per Plant  Seeds per Pll)aﬁt and Seeds (%) Ferti]izatio};l (%) Mass of One Seed Plant (g)P MTS (g)
Control 669 +55P 128 + 9 b 29+ 82 81 19 0.0267 + 0.003 © 342 +0.07°¢ 26.72 +1.41°
Panda’ 50% 823 + 742 136 + 112 25452 84 17 0.0292 + 0.003 d 3.97 +0.09 29.19 +1.552
75% 321+29¢ 130 122 26+ 42 59 40 0.0252 + 0.002 3.27 +0.08 4 2515+ 1.89 P
1S 357 + 32 107 +9P 2 +52 70 30 0.0266 + 0.003 ¢ 2.85+0.05f 26.63 +1.99°
Control 778 + 69 @ 105 + 10 b< 14+2Pb 87 13 0.0311 + 0.003 b 3.27 +0.084 31.14 £ 2.052
Korona’ 50% 558 + 52 ¢ 125+ 11° 16+ 4P 78 22 0.0303 + 0.002 © 3.79 +0.07° 30.32 +2.032
75% 442 + 454 100 + 8 < 22 +42 77 23 0.0297 + 0.003 ¢4 2.97 +0.06 ¢ 29.70 + 2.07 &b
1S 427 + 384 91 +7°¢ 6£2°¢ 79 21 0.0334:£0.003 2 3.04 + 0.08 ¢ 33.40 +2.272

Values represent means (1 = 20 in each experiment) of two experiments performed during 2019-2020 + SE (standard error). Different superscript letters (a—f) within columns for each
treatment and cultivar indicate significant differences between means (Duncan’s multiple range test; p < 0.05). Percentage of flower and embryo abortion was calculated as: (1—No. of
mature seeds/No. of flowers) x 100. Efficiency of fertilization was calculated as: (No. of mature seeds/No. of flowers) x 100.
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3. Discussion

Due to the challenges of common buckwheat cultivation described in the Introduction,
especially regarding its low yield, breeding and genetic studies have been carried out for decades
(for review, see Matsui and Yasui [16]). Genomic Selection in Mass Selection Breeding program for
common buckwheat is a powerful program enhancing buckwheat yield by almost 21% [11]. However,
classical breeding treatments such as the one described in this study shed a light on the mechanisms
involved in seed production of F. esculentum. Key genes involved in seed development are already
recognized, and they are genes responsible for Ca?" signal transduction pathway, hormone signal
transduction pathways, and coding transcription factors (TFs), as well as starch biosynthesis-related
genes [17]. Regarding seed size, AP2 and bZIP transcription factors, BR-signal, and ABA are considered
the most important regulators [18].

Our in vitro experiment showed that depriving flowers of nutrients leads to deterioration of
their quality and to the abortion of ovule sacs, therefore we decided to start reducing the number of
inflorescences in common buckwheat. We were also inspired for the further studies by the never-ending
flower overproduction of common buckwheat throughout the whole season.

In our in planta experiment, we partly followed the suggestions of Guglielmini et al. [10],
not knowing their outcome while conducting our study in 2019. They recommended to determine the
causes of reduction in the number of achenes per raceme (= fruits per inflorescence) during the critical
period (the period when grain number is determined and it is crucial to obtain higher yields), as they
showed that radiation restriction and subsequent assimilate limitation could increase floret mortality
and thereby the number of achenes per raceme.

Yabe et al. [11], who used 92FE1-F4, a population produced by bulk crossing of ‘Tempest’,
‘Kitawasesoba’, ‘Natsusoba’, and ‘Shinanonatsusoba’ cultivars, showed that the number of clusters
positively correlated with seed yield. We did not find such a correlation in any of the investigated
cultivars. On the contrary, we demonstrated a positive correlation between flower production and the
abortion of flowers and fruits.

“Korona’ plants after removal of 50% of flowers showed significantly lower number of degenerated
embryo sacs and higher number of mature seeds, higher efficiency of seed setting than the control
plants and plants from the other variants. Since we detected more IAA in these flowers, it is possible
that the auxin supports development of embryos, which could be important for higher seed yield in
these plants. Although only 3% of degenerated embryo sacs were found, the percentage of aborted
flowers did not drop. This may be due to limited pollination or impaired embryo development,
which in cv. ‘Panda’ flowers were at 9% and 13% depending on the type of flower (Pin or Thrum) [4].
Despite higher percentage of abnormally formed embryo sacs in cv. ‘Korona’, higher effectiveness of
seed setting, calculated as the number of seeds divided by the number of flowers, was found after
removing 75% of flowers vs. 50% of flowers. ‘Panda’ plants with 75% flowers removed also showed a
much higher percentage of degenerated embryo sacs than the plants treated differently, but the seed
setting efficiency was similar to plants with 50% of flowers removed. It is possible that this effect was
caused by a higher concentration of gibberellins and that these hormones are more effective than auxin
in keeping the embryos alive, similarly as in Arabidopsis thaliana [19].

Salicylic acid plays a crucial role in flowering and luring insects, similarly to jasmonic acid.
Moreover, both hormones are involved in defense responses of plants in the event of a pathogen
attack [20]. Jasmonic acid is also necessary for the formation of an ovulum, and its absence is
characteristic of sterile flowers [21]. Such hormones as gibberellins, brassinosteroids, and abscisic
acid are of great importance during flowering. It is usually believed that ABA, as an antagonist of
gibberellins, inhibits flowering [22]. It was therefore unexpected that the flowers that set seeds the
most efficiently accumulated higher levels of this hormone than those of plants with a greater degree
of embryo sac degeneration. GA to ABA ratio in plants from which 50% of flowers were removed was
much lower than in the control plants. These results mean that the proportion between gibberellins
and abscisic acid is more important than absolute concentrations of these hormones. On the other
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hand, in the flowers of control plants, this ratio was much higher, proving a significant predominance
of gibberellins over ABA, and at the same time these plants were characterized by a greater degree of
ovule sac degeneration. These findings thus indicate that a direct reason for embryo sac abnormal
development is probably independent of these two classes of hormones.

Salicylic acid controls, similar to JA, the process of attracting insects during the flowering phase.
However, while JA confers flowers their attractive fragrance, SA can increase flower temperature
to release volatile compounds [23]. Benzoic acid (BA) is a precursor of salicylic acid, so it was not
surprising that BA concentration in flowers was high and translated directly into high content of SA.
Our results indicate that the two cultivars studied also differed in terms of producing the hormones
responsible for luring insects. ‘Panda’ flowers accumulated much greater amounts of salicylic acid,
while ‘Korona’ ones produced mainly jasmonic acid. It should also be remembered that majority of
hormones stimulate flower formation in the vegetative phase, so the presence of hormones in flowers
may not give a complete picture of the role of individual hormones in embryological development.

Taylor and Obendorf [12] argued that poor seed yielding in common buckwheat results from
problems with ovule development and fertilization. They also claimed that the lack of fertilization is
influenced by variable viability and quality of microspores. Our research shows that pollen viability in
both studied genotypes is high, and even enhanced by flower removal in cv. ‘Panda’. This research
further confirmed our long-term observations of a strong positive correlation between the number of
flowers and their abortion, which means that the more flowers a plant produces, the more of them
are rejected. According to ourresults, flower abortion is primarily influenced by plant genotype,
and this barrier would be very difficult to break. In our opinion, buckwheat plants have a certain
limit of seeds, and, above this limit, the plant will not allocate its ‘resources’ (assimilates) to their
filling. A very high negative correlation between flower abortion and efficiency of seed setting was
found, which proves that a decrease in assimilate competition significantly increases seed setting.
As we noticed, the plant seems to be reaching a certain limit of flower production, and it is difficult to
change this limit. Halbrecq et al. [13] reported that the abortion mainly affects flowers from the upper
floors, that is, those arising in the later stage of flowering, in relation to the flowers located lower,
i.e., previously produced. Sugawara [24] and Asako et al. [25] found that flowers formed earlier are
more likely to set seeds than flowers formed later. Our previous unpublished research showed that the
nectar is richer in sugars in earlier flowers than in later ones. This factor likely has a significant impact
on the flight of pollinating insects, which directly translates into seed setting. In addition, Taylor and
Obendorf [12] reported that the embryo sacs are better developed in the earlier formed flowers.
Our observations indicate that flower abortion occurs throughout the flowering period and its degree
depends on many factors. In buckwheat, the period of vegetative development overlaps with the period
of generative organ formation. The formation of vegetative organs coincides with intense flowering and
seed formation, which results in strong competition for assimilates. According to Halbrecq et al. [13],
when plants reach their maximum vegetative development, competition for assimilates decreases.
Assimilates can therefore be located mainly in the generative organs. These authors claimed that
more flowers and seeds are produced during this time, and the degree of abortion decreases along
with competition for assimilates. Our research did not confirm these conclusions. We proved that the
increased number of flowers did not correlate with the number of seeds, because at the same time
the abortion of flowers increased. In previous studies, we observed a certain percentage of ‘starved’
embryos, so the competition for assimilates between the set seeds and the still emerging flowers
continued [4]. The present experiments confirmed a negative correlation between the number of empty
seeds and mass of a single seed.

Halbrecq et al. [13] performed an experiment involving defoliation (partial and total) and
partial removal of buckwheat inflorescences from the main shoot in order to modify the availability
of assimilates and reduce competition between seeds. In all cases, regardless of the procedure,
they observed a drastic reduction in the number of grains in relation to the number of flowers formed,
with very low seed yield, around 20-30%. The authors found that the critical seed setting stage occurs

90:3487146193



Int. ]. Mol. Sci. 2020, 21, 8953 14 0f 18

shortly after flowering and is not affected by a change in donor-acceptor relationship due to defoliation
or removal of part of the inflorescences. The drastic limitation of competition between inflorescences
and seeds had only a negligible effect on the final grain yield per plant, which indicated a strong
compensation by the remaining grains. In our research, we showed that only the removal of 50%
of flowers allowed for increasing the seed yield. In the remaining cases, removing flowers reduced
the yield or did not change it as compared with the control. Despite the fact that the percentage of
empty seeds did not significantly correlate with the number of whole seeds, it significantly negatively
correlated with the weight of individual mature seed. These findings clearly indicate that the setting
of seeds, although not filled later on, reduced the mass of mature seeds. It can therefore be assumed
that flowering and fertilization are the phases critical for seed yield. Flower overproduction and
embryo formation is a process that exhausts the plant reserves. Failure to fill all the seeds will no
longer compensate for these losses. Forming empty seeds is therefore, apart from flower abortion,
another form of crop regulation when the plant produced too many flowers.

It is worth underlining that plants cultivated as single-shoots finished their blooming period
earlier and their seeds matured also earlier than those of the other plants. The study results confirm
our hypothesis that plants with a shorter flowering period (self-finishing) may achieve higher seed
yield. Considering that the number of flowers, their abortion, and the percent of defective embryos are
controlled genetically, breeders are faced with a challenging task of producing new genotypes with
amended traits. Other difficulties involve strong self-incompatibility and impossibility of inbreeding.
Given these limitations, mutations seem to be the only way to obtain new forms of common buckwheat,
and we will explore this approach in the years to come.

4. Materials and Methods

4.1. In Vitro and In Planta Experimental Design

Investigation of trophic (nutrient) stress in in vitro conditions was performed in 2019, while the
experiments conducted in planta were performed twice in 2019 and 2020. The presented results are
the means of two independent experiments. The seeds of F. esculentum of Polish cultivars ‘Panda’
and ‘Korona’ used for the experiment were provided by Matopolska Hodowla Roélin in Polanowice
Sp. z 0.0. (Poland).

4.1.1. In Vitro Experiment

Plants obtained from the seeds were cultivated in pots filled with a commercial soil substrate
(pH = 6.0) mixed with perlite 1:1 (v:v) in a phytotronic chamber at 20 °C and humidity of 50-60%,
under 16 h photoperiod and 300 pmol m~2 s~! of PPFD (photosynthetic photon flux density). Large buds
2.25-3.50 mm in size were collected from two-month-old plants during full blossom stage and sterilized
in 70% ethanol for 1 min and 20% sodium hypochlorite for 7 min. Then, they were washed three times
in sterile water for 5 min. After sterilization the buds were transferred onto three different media,
containing 100%, 50%, and 30% of sugar, vitamins, and macro- and microelements. The full content
media was prepared according to the in vitro cultivation protocol of common buckwheat: (1) 3 MS
(Murshige & Skoog) + 30 g dm~! sucrose + BA 1 mg dm~! + NAA 0.1 mg dm™ [25]; (2) MS + vit. Bs
2mgdm™! + sucrose 25 g dm™! + glutamine 0.1 g dm™! + kinetin 1 mg dm™ + GA3 1 mg dm™ [1];
and (3) MS + 30 g dm™! sucrose + zeatin 2 mg dm~! [25]. pH of the media was established at 5.6,
and 0.8% agar was used for solidification. All compounds were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The lowest content (30%) of the medium ingredients was used only in Medium 1. The floral
buds extracted from inflorescences were cultivated on the media for ten days at a constant temperature
of 20 + 2 °C, relative humidity of air 50-60%, 16 h photoperiod, and 300 pmol m~2 s~! PPFD (AGRO
Philips sodium lamps, Philips, Aachen, Germany), and then collected for embryological analyses.
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4.1.2. In Planta Experiment

In 2019 and 2020, the influence of in planta assimilate availability on the embryological development
and yielding of buckwheat plants was investigated. Plants obtained from the seeds were grown from
May to September in pots filled with commercial soil substrate (pH = 6.0) mixed 1:1 (v:v) with perlite in
an open tunnel enabling the flight of insects. The plants were divided into four groups, control (without
flower removal), single main-shoot cultivation (successive removal of all inflorescence developing on
lateral branches and lateral branches as well, marked 15), 50% (every second inflorescence, i.e., spike of
spikelets, was removed), or 75% (every second, third, and fourth spike of spikelets was removed),
the latter two marked 50% or 75%, respectively (Figure 5). The flowers for embryological and hormonal
analyses were collected during full flowering phase.

GGCHS

Figure 5. Inflorescences and lateral stem removal performed during in planta experiments on
Fagopyrum esculentum in 2019 and 2020. C, control plant with all lateral ramifications and with all
inflorescences; 50%, plant with half of the spike of spikelets (every second removed); 75%, plant with
only 25% of spike of spikelets (every second, third, and fourth removed); 1S, single shoot plant (all
lateral ramifications removed).

4.2. Embryological Processes in Flowers in In Vitro and In Planta Experiments

After 10 days of the bud culture on artificial media and at the time of flower number counting
(mid-July), enlarged buds (in vitro) and buds and open flowers left on the plants (in planta experiment
from 2019) were fixed in a mixture of acetic acid and 96% ethanol (1:3; v:v) for 24 h at room temperature.
Fixed flowers were kept in 70% ethanol for further analyses. Dehydration, paraffin supersaturation,
embedding, and slicing were conducted as described in detail for F. esculentum by Plazek et al. [6].
Staining was performed as described by Stomka et al. [4]. From 20 to 30 flowers per treatment
were analyzed.

Pollen viability (stainability) in the flowers from in planta experiment from 2019 was assessed in
2200-3500 pollen grains per treatment (from at least 20 flowers) by staining with Alexander dye [26].
Isolated pollen grains were stained on a microscopic slide and the number of viable (purple) and
non-viable (green or transparent) pollen grains was counted.
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4.3. Phytohormonal Profile Analyses in Flowers in In Planta Experiments

Analysis of selected plant hormones was performed as reported previously [6,27-29]. Lyophilized
and pulverized plant material (15 mg) was triple extracted in 1 mL of methanol/water/formic acid (15:4:1;
v:w:v) solution. At this stage, a heavy-labeled internal standards mixture was added (about 20 pmol of
[15N4]dihydrozeatin, [2Hs]trans-zeatin-riboside, [*°Ny Jkinetin, [2H2]gibberellin Aq, [2H2]gibberellin
A4, [H,] gibberellin Ag, [sz]gibberellin As [*Hs]indole-3-acetic acid, and [2Hg]cis, trans-abscisic acid,
[2H4]salicylic acid, [2Hs]benzoic acid (OlChemim, Olomouc, Czech Republic), and [2H5]jasmonic
(CND Isotopes, Quebec, QC, Canada)). Samples after evaporation (N, stream) were reconstituted
(3% methanol in 1 M formic acid) and cleaned up on hybrid SPE columns (BondElut Plexa PCX, Agilent,
Santa Clara, CA, USA). Measurements were conducted on ultrahigh performance liquid chromatograph
(UHPLC, Agilent Infinity 1260) coupled to 6410 Triple Quad LC/MS with ESI (Electrospray Interface)
ion source (Agilent Technologies) in MRM mode. Technical details are provided in references cited.
Quantification was based on calibration curves for authentic standards considering recoveries of
heavy-labeled internal standards.

The following compounds were determined: indole-3-acetic acid (IAA), kinetin (KIN),
gibberellins (GA;, GAj3, GA4, GAs, GA¢, and GAy), cis, trans-abscisic acid (ABA), salicylic acid
(SA), benzoic acid (BA), and jasmonic acid (JA). Five plants per treatment were analyzed.

4.4. Yield Related Measurements in In Planta Experiments

The number of flowers produced by control, 1S, 50%, and 75% plants were assessed in mid-July
2019 and 2020 in 20 replicates (20 plants) from each treatment. The seeds were harvested at the end of
August 2019 and 2020. The number of mature and empty seeds, as well as the mass of mature seeds
per plant were counted as a mean of 20 plants per treatment. The mass of one thousand seeds (MTS)
was also calculated. The percentage of flower and embryo abortion was calculated according to the
formula: (1 — mature seed number/number of flowers) X 100%. The efficiency of seed setting was
calculated according to the formula: (mature seed number/number of flowers) x 100%.

4.5. Statistical Analysis

All results from in planta experiments were analyzed by ANOVA. Differences between means
were calculated using Duncan’s multiple range test (p < 0.05). The values show the means + SE
(standard error). Correlations between the studied parameters (Pearson’s coefficient) were tested
at p < 0.05. In the case of not normal distribution, the non-parametric Chi-square test was used.
The Chi-square test of independence was performed for the frequency of ovule and embryo sac
disturbances. All statistical analyses were performed in Statistica v. 13 (Statsoft, Krakow, Poland).

5. Conclusions

The conclusions and postulated mechanisms of seed yield regulation in buckwheat plants are as
follows:

1.  Following the experimental loss of some flowers, a plant initiates compensation processes
including: increase in the efficiency of pollen viability by reducing the percentage of degenerated
pollen grains; production of additional flowers, but, when the number of flowers turns out to be too
high, the plant aborts most of them; increase the percentage of empty seeds if the above-mentioned
measures are insufficient; and reduction in the amount of reserve materials accumulated in the
seeds, and thereby reduction of seed mass if the other mechanisms prove insufficient.

2. Thecritical point for seed yield is the moment of flowering and fertilization. Flower overproduction
and embryo formation are the processes that exhaust the plant reserves. Failure to fill all the
seeds will no longer compensate for these losses. Forming empty seeds is therefore, next to
flower abortion, another form of crop regulation when the plant has produced too many flowers.
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Our study confirmed the common observation that the greater is the number of seeds, the smaller
is the mass of a single seed.

Removing 50% of flowers significantly reduces the percentage of defective embryo sacs, which has
a direct impact on increasing the yield of mature seeds. However, this relationship was only
observed in cv. ‘Korona’. In this cultivar, this effect can be attributed to higher concentration of
jasmonic acid, salicylic acid (and its precursor - benzoic acid), which play an important role in
attraction of pollinators.

Plants in single-shoot cultivation finish their vegetation earlier and achieve higher mass of one
seed as compared with that of the control. This result confirms our hypothesis that self-finishing
plants of common buckwheat, with shorter blooming phase, could deliver higher seed yield.
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Abbreviations

ABA Abscisic acid

BA Benzoic acid

CYT Cytokinins

GAs Active gibberellins (GA1, GA3, GA4, GAs, GAg, GA7)

IAA Indole-3-acetic acid

JA Jasmonic acid

SA Salicylic acid

MTS Mass of thousand seeds

1S Plant with single main shoot

50% Plant with 50% of flowers removed

75% Plant with 75% of flowers removed
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Abstract: Common buckwheat (Fagopyrum esculentum Moench), a pseudocereal crop, produces a
large number of flowers, but this does not guarantee high seed yields. This species demonstrates
strong abortion of flowers and embryos. High temperatures during the generative growth phase
result in an increase in the degeneration of embryo sacs. The aim of this study was to investigate
proteomic changes in flowers and leaves of two common buckwheat accessions with different de-
grees of heat tolerance, Panda and PA15. Two-dimensional gel electrophoresis and mass spec-
trometry techniques were used to analyze the proteome profiles. Analyses were conducted for
flower buds, open flowers capable of fertilization, and wilted flowers, as well as donor leaves, i.e.,
those growing closest to the inflorescences. High temperature up-regulated the expression of 182
proteins. The proteomic response to heat stress differed between the accessions and among their
organs. In the Panda accession, we observed a change in abundance of 17, 13, 28, and 11 proteins, in
buds, open and wilted flowers, and leaves, respectively. However, in the PA15 accession there
were 34, 21, 63, and 21 such proteins, respectively. Fifteen heat-affected proteins were common to
both accessions. The indole-3-glycerol phosphate synthase chloroplastic-like isoform X2 accumu-
lated in the open flowers of the heat-sensitive cultivar Panda in response to high temperature, and
may be a candidate protein as a marker of heat sensitivity in buckwheat plants.

Keywords: common buckwheat; high temperature; proteomics; heat-affected proteins

1. Introduction

Common buckwheat (Fagopyrum esculentum Moench), which belongs to the Polygo-
naceae family, is a valuable source of rutin, iron, dietary fiber, and many other micro-
elements. Buckwheat seeds do not contain gluten and have a well-balanced amino acid
composition rich in lysine [1,2]. This species does not require good soil; however, it is
sensitive to a number of environmental factors, such as frost and cold, high temperature,
dry wind, and drought [3]. Its flowering biology is complex, as it is a heterostylic species
that produces pin and thrum flowers. The flowers need to be cross-pollinated by insects,
mainly bees. This plant is characterized by strong self-incompatibility. A single flower is
able to be fertilized for one day only [4]. Buckwheat blooms throughout the growth sea-
son, but its abundant flower production (up to 2000 flowers per plant) does not guaran-
tee high seed yields [2,5,6]. Our previous research showed that buckwheat plants have a
limited ability to fill seeds, and hence this species shows a strong abortion of flowers and
embryos [7].
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In earlier investigations, we found that buckwheat plants at the vegetative phase
develop much better at a higher temperature (30 °C) than at 20 °C [8]. However, 30 °C is
too warm for optimal embryo development [9]. In our previous work [9], we detected a
significantly higher degree of embryo sac degeneration in plants grown at 30 °C than in
plants grown at 20 °C.

High temperature negatively affects metabolic processes, protein structure, electron
transport in cytoplasmic membranes, and the energy status of photosystems, while in-
ducing the formation of reactive oxygen species (ROS) [10]. In addition, heat stress is
associated with an enhanced risk of improper protein folding and denaturation of several
intracellular and membrane proteins [11]. Heat leads to the increased expression of sev-
eral proteins, especially those in the large heat-shock protein (HSP) family, which in-
cludes high molecular mass HSPs (from 6 to 110 kDa) and small HSPs (from 15 to 45 kDa)
[11,12]. Proteomic analyses have shown that many other proteins are also synthesized in
plants during adaptation to high temperature; examples include proteins involved in the
antioxidant system [13-15], enzymes involved in biosynthesis of UDP-glucose, pyruvate
dehydrogenase, transketolases, and enzymes in the Krebs cycle and pentose phosphate
pathway that regenerate ribulose-1,5-bisphosphate (RuBP) and activate Rubisco [12].

Previous studies have focused on changes in proteomes during embryogenesis, fer-
tilization, and seed formation [16]. Feng et al. [17] analyzed the proteome of Arabidopsis
thaliana flowers, and proteins involved in protein synthesis, folding, modification and
degradation, as well as a belonging to the regulatory system. Kerim et al. [18] analyzed
the proteome of rice at several male gametophyte stages: the pollen mother cell tetrad,
early young microspores, the early and late binucleate stages, and the heading stage. The
proteins they observed, which played an important role in the development of the male
gametophyte, were related to the metabolism of sugars, cell elongation and cell expan-
sion. Although it is more difficult to analyze proteins in the female gametophyte because
of technical difficulties, Uchiumi et al. [19] detected some proteins in rice eggs: the cyto-
plasmic glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase, histone H4, cy-
toplasmic ascorbate peroxidase, and a member of the HSP 90 subfamily. Feng et al. [17]
detected differences in the abundance of pistil-proteins between compatible and
self-incompatible Prunus armeniaca cultivars. Liu et al. [20] identified more than 40 pro-
teins in aborted seeds, including three cysteine proteases that were possibly involved in
programmed cell death. Das et al. [21] detected the differential expression of 44 abiotic
stress-responsive proteins in soybean leaves under several abiotic stresses. The results
and observations of those studies suggest that many differentially expressed photosyn-
thesis-related proteins disrupt the regulation of Rubisco, electron transport, and the Cal-
vin cycle during exposure to abiotic stresses.

The aim of this study was to investigate proteomic changes in flowers and leaves of
two common buckwheat accessions, the Panda cultivar and the PA15 breeding line,
which have different degrees of heat tolerance. In our previous study [9], we showed that
Panda is more sensitive to heat stress than PA15. Our results showed that there were
more degenerated embryo sacs at the flower bud formation stage at 30 °C than at 20 °C in
Panda. By contrast, in PA15, the number of degenerated embryo sacs only increased after
a longer duration of heat stress, i.e., at the open flower phase. In this study, we explored
the proteomic changes during flower development, and the differences in proteomes
between high temperature (30 °C) and control (20 °C) conditions. In our study, we mainly
wanted to compare the stress-induced changes in the proteome in two accessions with
different degrees of tolerance. On this occasion, we wanted to further identify
heat-related proteins. To study the proteome we used two-dimensional electrophoresis in
combination with liquid chromatography-mass spectrometry (nanoLC-MS/MS) and
peptide mass fingerprinting (PMF). Although there have been advances in the method-
ology of proteome research in recent years, the methods used in our study are still ade-
quate and widely used in studies similar to ours [22-25]. We identified proteins showing
differences in abundance in response to heat in the two buckwheat accessions. Our re-
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sults shed light on the mechanisms responsible for tolerance to heat stress, as manifested
by a lower degree of degraded embryo sacs under high temperature. These analyses were
performed for flower buds, open flowers capable of fertilization, and wilted flowers, as
well as donor leaves, i.e., those growing closest to the inflorescences.

2. Results
2.1. Protein Profiles in Flowers and Leaves

In the 2-D electrophoresis analyses, different numbers of proteins were identified
depending on the plant organ and the accession. Representative 2-D protein patterns are
shown in Figure la. In the 2-D maps of flower bud proteins, we detected 1189 protein
spots in Panda and 1159 in PA15. There were fewer protein spots in the 2-D maps pro-
duced from open flowers, namely 900 for Panda and 977 for PA15. In the 2-D maps
produced from unpollinated wilted flowers, there were 1117 protein spots for Panda and
1097 for PA15. The smallest numbers of protein spots were detected in donor leaf sam-
ples, namely only 701 for Panda and 826 for PA15.

High temperature did not affect the number of protein spots within the accessions,
but it affected the abundance of some proteins. In flower buds, high temperature
up-regulated the expression of 17 proteins in Panda and 34 in PA15. Fewer proteins were
up-regulated by heat in the open flowers: 13 in Panda and 21 in PA15. High temperature
strongly affected the proteome of wilted flowers, up-regulating the expression of 28
proteins in Panda and 63 in PA15. In the donor leaves, heat stress affected the expression
of 11 proteins in Panda and 20 in PA15. On the other hand, no downregulation of the
expression of specific proteins as a result of high temperature was observed in any case.

The proteomic response to heat stress differed among plant organs and between the
two accessions, as illustrated by heat maps and the results of hierarchical clustering
analysis using Euclidean and Ward’s linkage methods (Figure 1b). In Panda, only three
proteins were commonly up-regulated by heat stress in different plant organs (in two out
of four organs only). In PA15, eight proteins were commonly up-regulated by heat stress
in two organs. A few proteins were commonly up-regulated in Panda and PA15 by heat
stress, but most of the proteins up-regulated by heat stress differed between the two ac-
cessions. Venn diagrams illustrating these results are shown in Figure 1c. We detected
four proteins up-regulated in buds of both accessions, one in open flowers, nine in wilted
flowers, and one in donor leaves. In each accession, no proteins showed heat-inducible
expression at all stages of flower development. In Panda, the abundance of spot 34
changed in the flower buds and wilted flowers in response to heat stress, and spots 57
and 60 were up-regulated by heat stress in open flowers and wilted flowers. In PA15, five
protein spots (no. 14, 16, 18, 20, and 21) showed changes in abundance under heat stress
in flower buds and open flowers, and three spots (no. 11, 31, and 33) showed changes in
abundance under heat stress in flower buds and wilted flowers.

2.2. Identification of Differentially Accumulated Proteins

To qualitatively analyze the protein spots on the two-dimensional gel electrophore-
sis (2-DE) gels, 182 spots were excised from the gels and analyzed using nanoLC-MS/MS.
Only 31 proteins were successfully identified and annotated with the functions of ho-
mologous proteins. Next, PMF analysis of protein spots that were not identified by
nanoLC-MS/MS identified another 42 proteins. The results are listed in Table 1. For the
remaining unidentified spots, searches were performed against the Swiss-Prot database,
searching for proteins among all taxa. Based on the identified proteins, we searched for
homologous proteins among green plants using the BLASTP program. This procedure
allowed us to identify seven additional plant proteins (Table 2).
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Figure 1. Changes induced by high temperature in proteomes of flower buds, open flowers, wilted flowers, and donor leaves
of two common buckwheat accessions, Panda and PA15: (a) Representative two-dimensional gel electrophoresis (2-DE) gels of
total proteins; proteins were separated by isoelectric focusing on an immobilized pH gradient IPG strip (pH 4-7) followed by
sodium dodecyl sulfate (SDS)-PAGE on a 12% acrylamide gel; marked spots are those showing changes in abundance in
heat-stressed plants compared with control plants, red color indicate additionally proteins common for both Panda and PA15;
(b) heatmaps illustrating the results of hierarchical clustering analysis using Euclidean and Ward’s linkage methods; cluster
analysis was conducted using PermutMatrix software v.1.9.3. (http://www-.atgc-montpellier.fr/permutmatrix/); colors corre-

spond to log-transformed values of protein spot fold-change; (c) Venn diagrams comparing proteome profiles (up-regulated
proteins only) between two buckwheat accessions.

99:3568256456



Int. ]. Mol. Sci. 2021, 22, 2678

5 of 20

Table 1. Results of protein identification performed on spots showing at least 2 times higher (p < 0.005) abundance in plants grown at high temperature than in plants grown at control
temperature. LC-MS/MS, liquid chromatography-mass spectrometry; PMF, mass fingerprinting.

s ) . . ) . . Protein Peptide Coverage

Spot No. Organ?® Technique< UniProt No. 4 Protein Name Reference Organism {  M:[kDa]s plih Score!  Count o+

2 B LC-MS/MS  RS122_ARATH 40S ribosomal protein 512-2 Arabidopsis thaliana 15.3 555 169.24 2 12.5

4 B PMF RL26_BRACM 60S ribosomal protein L26 Brassica campestris 16.9 11.60 135.90 4 8.9

5 B PMF EIF3A_MAIzg ~ Lukaryotic translation initiation Zea mays 1115  9.80 134.80 4 5.8

factor 3 subunit A
6 B PMF  CLDS_TOBAC Copal8-ol diphosphatehydratase, Nicotiana tabacum 932 550 128.00 2 3.6
chloroplastic
Pyruvate, phosphatedikinase regu- o .
7 B LC-MS/MS PDRP2_ARATH . Arabidopsis thaliana 41.4 9.64 9792 1 2.1
latory protein 2
8 B PMF  STAD6 ORys) ~&yHlacylearrierproteinldesatu- o o cbe indica 465 72 136.80 2 9.0
rase 6, chloroplastic
Putative LRR diseaseresistance
9 B LC-MS/MS PS4_PINST protein/transmembrane receptor Pinus strobus 0.90 11.10  95.06 1 100.0
kinase PS4 (fragment)
10 B LC-MS/MS  AB5F_ARATH ABC transporter F family member 5 Arabidopsis thaliana 78 6.49  94.56 1 1.7
Trifunctional UDP-glucose
4,6-dehydratase/UDP-4-keto-6-deo
13 B PMF RHM2_ARATH g)l(l},;]js-e Arabidopsis thaliana 75.2 6.00 116.70 1 24
3,5-epimerase/UDP-4-keto-L-
rhamnose reductase RHM2

15 B LC-MS/MS  PSA5_ORYS] Proteasome subunit alpha type-5 Oryza sativa subsp. japonica 26 4.60 557.20 11 371

16 B; OF PMF UPL1_ARATH  E3 ubiquitin-protein ligase UPL1 Arabidopsis thaliana 404.7 480 126.20 3 1.3

17 B LCMSMS PSMD4_ARATH -0 Proteasomenon-ATPaseregu-— ) iy atiana 407 430 183.00 2 44

latory subunit 4 homolog
Probable LRR recep-
18 B; WE PMF Y1765_ARATH  tor-likeserine/threonine-protein Arabidopsis thaliana 112.8 9.50 118.90 3 4.0
kinase At1g07650
20 B; OF PMF KN12D_ARATH Kinesin-like protein KIN-12D Arabidopsis thaliana 314.9 510 118.00 3 1.3
21 B,OF LC-MS/MS 6PGD1_SPIOL 6-phosphogluconate dehydrogen- Spinacia oleracea 53.2 6.00 786.00 13 20.1

100:5913868360
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ase, decarboxylating 1
22 B PMF RL51_ARATH 60S ribosomal protein L5-1 Arabidopsis thaliana 34.3 9.70  130.40 3 11.6
23 B PMF QWRF4_ARATH QWRF motif-containing protein 4 Arabidopsis thaliana 66.9 10.20  123.00 3 42
24 B PMF GTL2_ARATH  Trihelix transcription factor GTL2 Arabidopsis thaliana 71.2 6.70  113.50 2 2.7
25 B PMF KN12F_ORYS] Kinesin-like protein KIN-12F Oryza sativa subsp. japonica 317.1 500 137.70 5 2.0
26 B PMF MYB98_ARATH Transcription factor MYB98 Arabidopsis thaliana 50.1 6.10 129.70 4 6.8
27 B LC-MSMS TPIC_ARATH Trlosephos}’i‘jﬁalsst‘i’znerase’ chlo- o\ abidopsis thatiana 333 890 35570 5 165
28 B LC-MS/MS IPYR2 ARATH -°MPle morgamCzpymphOSphatase Arabidopsis thaliana 247 570 125.80 1 5.5
33 B, WF LC-MS/MS  ADF2_ORYS] Actin-depolymerizing factor 2 Oryza sativa subsp. japonica 16.8 5.60 102.50 1 8.3
48 OF  LC-MS/MS AB2C_ARATH ‘D¢ fransporter 2C family member 1 topsis thaliana 182 600 103.88 0 0.0
49 OF PMF HXK4_ORYS] Hexokinase-4, chloroplastic Oryza sativa subsp. japonica 54.7 6.50 122.80 3 6.5
51 OF PMF SWTIE_ARATH Protein SWEETIE Arabidopsis thaliana 2442 510 123.00 3 1.8
52 OF PMF CALS2_ARATH Callosesynthase 2 Arabidopsis thaliana 2259 9.20 132.50 4 1.9
Putative LRR diseaseresistance
53 OF LC-MS/MS PS4_PINST protein/transmembrane receptor Pinus strobus 0.90 11.10  90.53 1 100.0
kinase PS4 (fragment)
Probable protein S-acyltransferase S .
54 OF LC-MS/MS ZDHC8_ARATH 20 Arabidopsis thaliana 76.8 9.60 123.05 2 24
57 OF; WF  PMF MDHC2 ARATH Malate deh)};‘li::i??ase 2 cyto- Arabidopsis thaliana 357 630 46610 8 26.8
58 OF PMF UGDH2_ARATH UDP-glucose 6-dehydrogenase 2 Arabidopsis thaliana 53.1 560 162.80 3 7.7
60 OF, WF LC-MS/MS HSP70_MAIZE Heatshock 70 kDa protein Zea mays 70.5 510 470.40 8 14.7
61 OF PMF AUGS8_ARATH AUGMIN subunit 8 Arabidopsis thaliana 69.8 10.70  117.50 4 5.7
77 WF PMF  RLT2_ARATH HomQObOX'DEEszomam Protein Avabidopsis thaliana 1903 530 11630 4 2.2
Ribulose bisphosphate carbox-
78 WE PMF RCA_MALDO  ylase/oxygenase activase, chloro- Malus domestica 48 8.20 277.70 5 13.5
plastic
79 WF PMF HSP7N_ARATH Heatshock 70 kDa protein 18 Arabidopsis thaliana 68.3 520 539.30 7 16.4
80 WE PMF CLPC_PEA Chaperone protein ClpC, chloro- Pisum sativum 102.6 6.50  853.70 16 16.3

101:1132039718
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plastic
81 WE PMF  VATA BRANA ' YPeproton ATPase catalytic Brassica napus 687 510 356.60 6 9.0
subunit A
82 WE PMF  DEKI_ARATH Calpam'typgcglitfmepmtease Arabidopsis thaliana 2381 610 131.20 4 24
83 WE PMF GLR34_ARATH Glutamate receptor 3.4 Arabidopsis thaliana 107.1 9.10  120.00 4 5.0
84 WF PMF C76 AD_BETVU Cytochrome P450 76 AD1 Beta vulgaris 56.2 8.10 133.30 3 4.6
85 WEF PME  ILV5 ARATH | croracid reductoisomerase, chlo- o cic thalian 638 640 181.00 2 49
roplastic
G-typelectin

86 WE PMF Y5537_ARATH S-receptor-likeserine/threonine-pro Arabidopsis thaliana 96 6.60 127.20 3 4.5

tein kinase At5g35370
87 WF LC-MS/MS PGKY_TOBAC Phosphoglycerate kinase, cytosolic Nicotiana tabacum 42.3 5.60 557.90 10 28.9
88 WEF PMF  ALFP2 ARATH | ructose-bisphosphatealdolase, ) iy o otiana 43 680 45150 8 158

chloroplastic
89 WF PME  SMC3 ARATH -ructural maintenance of chromos 0o thaliana 1393 610 12450 4 29
somes protein 3

91 WF LC-MS/MS 1433 HELAN 14-3-3-like protein Helianthus annuus 28.9 450 356.30 6 19.7
92 WE LC-MS/MS HSP7C_PETHY Heatshock cognate 70 kDa protein Petunia hybrida 71.2 5.00 1145.10 20 30.7
93 WE LC-MS/MS  SPD1_DATST Spermidine synthase 1 Datura stramonium 34 510 246.70 3 8.8
95 WF  LC-MS/MS GDI ARATH Cuanosine nucleotide diphosphate ) i oo o 495 500 266.90 5 10.1

dissociation inhibitor

Probable
96 WE LC-MS/MS PMG2_ARATH 2,3-bisphosphoglycerate-independe Arabidopsis thaliana 60.7 550  267.00 3 6.8
nt phosphoglyceratemutase 2
97 WE LC-MS/MS  PMGI MESCR 2,3-bisphosphoglycerate-independe Mesembryan.themum crystal- 611 530 340.60 6 127
nt phosphoglycerate mutase linum
DEAD- ATP- RNA
98 WF  LCMS/MS RHI5 ARATH box ATP-dependent RN Arabidopsis thaliana 483 530 36940 6 126
helicase 15

99 WF  LC-MS/MS  ALF ORys]  [ructosebisphosphatealdolase o oo por imonica 388 770 25480 4 7.8

cytoplasmic isozyme
100 WF LC-MS/MS GLYG1_SOYBN Glycinin G1 Glycine max 55.7 5.80 394.60 8 21.0
101 WF LC-MS/MS  UPTG_MAIZE Alpha-1,4-glucan-protein synthase Zea mays 41.2 570 423.00 9 27.7

102:1016418825
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[UDP-forming]
102 WE LC-MS/MS  PSA1_ORYS] Proteasome subunit alpha type-1  Oryza sativa subsp. japonica 29.6 560 151.70 2 10.0
153 L LC-MS/MS CAHC_TOBAC Carbonic anhydrase, chloroplastic Nicotiana tabacum 34.5 6.46  139.33 1 3.1
154 L LC-MS/MS CAHC_TOBAC Carbonic anhydrase, chloroplastic Nicotiana tabacum 34.5 6.46  110.55 1 5.6
158 L PMF METK_CAMSI  S-adenosylmethionine synthase Camellia sinensis 42.8 520 150.70 3 6.9
Pentatricopeptide re-
160 L PMF PP207_ARATH peat-containing protein At3g02330, Arabidopsis thaliana 101.6 6.00 128.60 3 49
mitochondrial
Protein CHROMATIN REMOD-
161 L PMF  CHR4 ARATH  'O'¢"C E(L)E/I\I . 4N © Arabidopsis thaliana 2478 590 128.70 4 3.2
162 L LC-MS/MS  CAHC_PEA  Carbonic anhydrase, chloroplastic Pisum sativum 35.4 774  263.63 1 5.5
163 L LCMSMS CDSP_ARATH uoredoxin-like protein CDSP32, )\ i cic hatiana 337 940 21450 3 7.9
chloroplastic
Cysteine synthase, chloro- o
164 L LC-MS/MS  CYSKP_SPIOL . . Spinacia oleracea 40.6 760 211.70 4 12.5
plastic/chromoplastic
165 L PMF  CRK20 ARATH | utativecysteinerichreceptor-like ) oy o i 74 660 11850 3 7.1
protein kinase 20
166 L PMF  RUB2BRANA _ \ubisCOlarge subunit-binding Brassica napus 616 500 569.20 9 158
protein subunit alpha, chloroplastic
167 L PMF TKTC_SPIOL Transketolase, chloroplastic Spinacia oleracea 80.2 6.20  262.90 5 6.5
168 L PMF HUAL1_ARATH Protein HUA2-LIKE 1 Arabidopsis thaliana 156.5 890 113.20 3 24
169 L PMF  GRDPI1_ARATH GlyCme'“ﬁ‘j;’i:?’Contammg Arabidopsis thaliana 894 660 129.60 5 6.7
F in--NADP leaf
170 L PME  FENRI_ORYs| | erredoxin-NADPreductase leal vy subsp. indica 40 870 19290 3 7.7
isozyme 1, chloroplastic
171 L PMF KN12F_ORYSJ Kinesin-like protein KIN-12F Oryza sativa subsp. japonica 317.1 500 123.70 4 1.9
172 L PMF  GLTB2_ARATH | crredoxin-dependent gluta- Arabidopsis thaliana 1776 660 128.00 4 2.8

matesynthase 2, chloroplastic

2 Spot number in 2-D gels; ® buckwheat organs containing identified proteins; B—buds, OF —open flowers, WF—wilted flowers, L —leaves; <technique used to identify protein; ¢ Uni-
prot reference number of protein; chomologous protein name from the UniProt/NCBI database; forganism from which protein is derived; 8 Mt—theoretical mass weight obtained from
protein database; M pli—theoretical isoelectric point obtained from protein database; ! statistical probability of true positive identification of predicted protein; i amino acid sequence
coverage of identified protein; ¥ percentage of sequence covered by matched peptides.

103:7750334516
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Table 2. Corresponding plant homologs of non-plant proteins identified in nanoLC-MS/MS analysis. Homologous proteins were found using the protein-protein program (BLASTP) at

NCBInr.
N - - - o .
Spot No. Organ® UniProtNo.  Protein Name < Refere.nce Organ M: pLif Protein Peptide Covergge [%o] Homologous Proteln NCBI No. Refere.nce [« pi
2 ism ¢ [kDa] Score & Count h i Name i Organism f
F-actin-capping F-actin-capping pro-
CAPZA_KLUL XP_023907
3 B N protein subunit  Kluyveromyces lactis  29.9 4.54 99.31 1 42 tein subunit al- ‘89 1 070 Quercus suber 33% 53%
alpha pha-like )
Probable bifunctional
MTNC_GLUD Enolase Gluconacetobacter methylthioribu- y p, 1)679,¢
11 B; WF N . . 24.9 497 97.57 1 3.0 lose-1-phosphate - Prosopis alba  39% 53%
A phosphatase E1 diazotrophicus 42.1
dehydratase/enolase-
phosphatase E1 1
L Translation initiation
19 B IF2THEFy |ronslationinitia- ., o i ifidafusca 1005 982 10174 1 12 factor IF-2, chloro- L2004 Tanacetum ), = 1,
tion factor IF-2 . 1 cinerariifolium
plastic
UDP-N-acetylgluco Glutamate synthase 1
50 OF MURA_PSEU5 samine 1-carboxy- Pseudomonas stutzer 44.6 562  94.32 1 2.1 [NADH], chloro- CLU28314. - Tanacetum 50 1o,
. . 1 cinerariifolium
vinyltransferase plastic isoform X1
DNA-3-methyladeni GEX . T
56  OF LEXA_MYXXD LexA repressor Myxococcus xanthus 247 929 9927 1 54 NA-3-methyladeni GEX09398.  Tanacetum o - g0,
ne glycosylase 1 1 cinerariifolium
Indole-3-glycerol
59 OF TRPC ACIF2 Indole-3-glycerol Aczdzthzol‘mczllus 287 5.02 101.36 1 34 phosphate synthase, XP_0264485 Physcomitrella 48%  63%
phosphate synthase  ferrooxidans chloroplastic-like 85.1 patens
isoform X2
Sarcoplasmic cal- F-box protein .
XP_0212832 H. -
159 L  SCP_CHIOP cium-binding pro- Chionoecetes opilio 0.8 111 114.44 1 1000  At3g58530 isoform _go : 8 o 87% 100%
tein (fragment) X1 )

aSpot number in 2-D gels; ® buckwheat organs containing identified proteins; B—buds, OF —open flowers, WF —wilted flowers, L —leaves; ¢ protein name from the UniProt database; ¢
organism from which protein is derived; ¢ Mt—theoretical mass weight obtained from protein database; { pli—theoretical isoelectric point obtained from protein database; 8 statistical
probability of true positive identification of the predicted protein; " amino acid sequence coverage of identified protein; ! percentage of sequence covered by matched peptides; i ho-
mologous protein name from the NCBI database; *identity —extent to which two amino acid sequences match; ! positives —similarities based on scoring matrix.

104:6565366565
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Using the information from the UniProt database, we assigned the biological func-
tion (Figure 2a) and subcellular location (Figure 2b) to the identified proteins. Some
proteins were assigned to more than one subcellular location, which was reflected in the
plots.

In flower buds, heat stress mainly caused an increase in the abundance of cyto-
sol-localized proteins related to protein synthesis. In Panda, these were mainly ribosomal
proteins, whereas in PA15, two out of four proteins were transcription factors. Other
heat-affected proteins in PA15 were related to organization of the cytoskeleton. Three
proteins were up-regulated by heat stress in both Panda and PA15: two proteins involved
in protein synthesis (60S ribosomal protein L5-1 and trihelix transcription factor GTL2)
and one involved in lipid metabolism (acyl-[acyl-carrier-protein] desaturase 6).

For open flowers, the majority of the proteins showing changes in abundance under
heat stress were related to carbohydrate metabolism in Panda, and protein modification
in PA15 (Figure 2a). In Panda, most of the heat-affected proteins were localized to the
cytosol, but some were localized to the chloroplast, plasma membrane, and nucleus
(Figure 2b). In PA15, more of the heat-affected proteins were localized to the plasma
membrane than to the cytosol, cytoskeleton, chloroplasts, mitochondria, and nucleus.
Only one protein in open flowers, 6-phosphogluconate dehydrogenase, was
up-regulated by heat stress in both buckwheat accessions. This enzyme is involved in the
pentose phosphate pathway. Among all of the heat-affected proteins, indole-3-glycerol
phosphate synthase showed the largest increase in abundance under heat stress. In
Panda, its abundance in open flowers of plants grown at 30 °C was 213-fold that in plants
grown at 20 °C. This enzyme is involved in the biosynthesis of the precursor of indole
ring-containing compounds. It was identified using the BLASTP program on the basis of
its homology to indole-3-glycerol phosphate synthase in Acidithiobacillus ferrooxidans.

Only a few of the heat-affected proteins in wilted flowers were identified. The iden-
tified proteins were mainly involved in the stress response (Figure 2a). Two 70 kDa
heat-shock proteins and the glutamate receptor 3.4 were up-regulated by heat stress in
wilted flowers of both buckwheat accessions. The other common proteins were chaper-
one protein ClpC, V-type proton ATPase catalytic subunit A, calpain-type cysteine pro-
tease DEK1, phosphoglycerate kinase, and fructose-bisphosphate aldolase 2. In PA15,
several proteins related to carbohydrate metabolism were up-regulated under heat stress.
The identified heat-affected proteins in wilted flowers of Panda were mainly localized in
chloroplasts, while those in PA15 were mainly localized in the cytosol (Figure 2b).

In the donor leaves, high temperature up-regulated proteins related to photosyn-
thesis in Panda (Figure 2a). Most of the identified heat-affected proteins in the donor
leaves of Panda and PA15 were localized in the chloroplast (Figure 2b). Many of the
heat-affected proteins in the donor leaves of PA15 were not identified, but most of the
identified proteins were involved in amino acid biosynthesis. The cytosol-localized en-
zyme S-adenosylmethionine synthase showed changes in abundance in donor leaves in
both accessions under heat stress.

All results obtained in this experiment are summarized in detail in Table S1.
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Figure 2. Composite graph showing heat-affected proteins in different organs of Panda and PA15 buckwheat accessions:
(a) Biological functional categorization of heat-affected proteins; (b) distribution of identified proteins according to sub-
cellular location; proteins with two and more localizations in the cell were assigned to all places. Biological function and
subcellular localization were assigned based on information in the UniProt database.
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3. Discussion

A central role in plant thermotolerance is played by reactive oxygen scavenging
enzymes, heat-shock proteins (HSPs), and heat stress-responsive transcription factors
(HSFs), which induce expression of HSPs, signal and regulatory proteins, proteins in-
volved in metabolism, and redox homeostasis. The plant’s response to heat stress in-
volves the heat-shock transcription factor Al (HsfAl) that is indispensable in the activa-
tion of transcriptional networks. It is responsible for regulating the level of transcription
factors expression, including the dehydration-responsive element binding protein 2A
(DREB2A). However, the activity of HsfAl is regulated by interaction with HSPs [26,27].

In this study, we explored the effect of heat stress on protein expression in two ac-
cessions of buckwheat, Panda and PA15. The total protein content increased under heat
stress in both buckwheat accessions, but none of the proteins were newly expressed in
response to heat stress. Up-regulation of protein expression may indicate a positive effect
of high temperature on vegetative and reproductive development. However, the two
studied accessions responded differently to heat stress, as illustrated by their different
proteomes. In all organs, heat stress up-regulated more proteins in PA15 than in Panda.
In our previous studies, the different responses of these accessions’ to heat stress were
also reflected in the content of hormones [9] and HSP-70 and HSP-90 proteins [28] in their
flowers and leaves.

Characteristic protein spots for the large Rubisco subunit were observed in the 2-D
gels of proteins extracted from buds, open flowers, and wilted flowers. We also detected
some chloroplast-localized proteins related to photosynthesis, because the floral tissues
that the proteins were extracted from included the green pedicel. To identify proteins
from gel spots we used nanoLC-MS/MS. It is the most adequate method used for this
purpose, but may not be of use for low-abundant proteins [29]. In many cases, the ana-
lyzed sample had insufficient protein concentration; therefore, in the second attempt, the
proteins were identified using the PMF technique. The PMF method requires less protein
and is also much cheaper, but has many limitations that influenced the number of pro-
teins identified in the experiment. The method fails to identify mixture proteins, low
molecular mass proteins, and protein fragments. Additionally, PMF raises problems with
the identification of large proteins. The success of the analysis is also determined by the
presence of the protein sequences of interested search in the database [30]. In our ex-
periment, among the proteins identified, none were specific to common buckwheat. All
of them were homologous to proteins in different species. Similar results were presented
by other authors when studying poorly known species [31]. In future studies on the
buckwheat proteome in protein identification, a buckwheat genome database should be
included [32]. This approach will allow to identify even proteins that we have not been
able to identify so far. However, a potential change in the identification methods used
would not change the overall picture obtained in our study and thus the conclusions
drawn from our research on buckwheat response to heat stress. On the other hand, a
change in methodology could be useful if the aim of our work was to identify candidate
genes for high temperature stress tolerance.

Four proteins were up-regulated by heat stress in the flower buds of both accessions.
These proteins included acyl-[acyl-carrier-protein] (ACP) desaturase 6, 60S ribosomal
protein L5-1, and the trihelix transcription factor GTL2. ACP desaturase 6 is localized in
the chloroplasts. It is responsible for unsaturated fatty acid biosynthesis, and its role is to
introduce a double bond during esterification of the acyl group to the acyl carrier protein.
Derivatives of unsaturated fatty acids (UFA) are known to function as signaling mole-
cules in responses to various stresses. High temperature has been shown to increase the
UFA content in olive plants [33]. Changes to the UFA content have been shown to affect
the stress response, and result in changes in salicylic acid (SA)- and jasmonic acid
(JA)-mediated defense responses, especially to biotic stresses [34]. In our previous study,
we found that high temperature led to increased SA contents in buds of Panda and PA15,
but decreased the contents of JA and its methyl ester (JA-Met) in both accessions [9]. The
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other two identified proteins induced by heat stress in the two accessions were related to
protein synthesis pathways. The 60S ribosomal protein L5-1 is a component of the ribo-
some, whereas the trihelix transcription factor GTL2 binds to a specific DNA sequence to
regulate gene transcription. Magwanga et al. [35] also found that the trihelix transcription
factor GTL2 was highly up-regulated in cotton under drought and salt stress conditions.

In open flowers, only 6-phosphogluconate dehydrogenase (6PGDH) was
up-regulated by heat stress in both buckwheat accessions. This enzyme plays a key role
in the oxidative pentose phosphate pathway (OPPP), which is critical for maintaining
redox balance under stress situations. 6PGDH probably controls the efficiency of this
pathway. In rice, expression of the gene encoding 6PGDH was found to be up-regulated
by abscisic acid (ABA) treatment [36]. In our previous study, we found that the free ABA
content in open flowers increased in Panda and decreased in PA15 under heat stress.
However, the concentration of the conjugate ABA-glc increased in PA15 but remained
stable in Panda under heat stress [9].

Heat stress resulted in a dramatic increase in the abundance of one protein spot in
the open flowers of Panda (to 213 times that in control plants grown at 20 °C). We iden-
tified this protein as the indole-3-glycerol phosphate synthase (IGPS) chloroplastic-like
isoform X2. This enzyme produces indole-3-glycerol phosphate (IGP) as the precursor of
indole ring-containing compounds and participates in the biosynthesis of tryptophan,
indole 3-acetic acid, phytoalexin alkaloids, and glucosinolates. Indole plays roles in abi-
otic and biotic stress responses, but also in flowers, where it is emitted as a scent to attract
pollinators [37]. IGP may be a branchpoint compound in the tryptophan-independent
and tryptophan-dependent auxin biosynthetic pathways [38]. Auxins are responsible for
plant fertility and high temperatures reduce plant fertility through repression of expres-
sion of the YUCCA auxin biosynthesis genes [39]. YUCCA (YUC)-type flavin-containing
monooxygenases catalyze a reaction whose product is indole 3-acetic acid [40]. Thus, in
this context, it can be speculated that the increase in IGPS accumulation in the flowers of
the heat-sensitive Panda may be an attempt to counteract the reduction in auxin content
in heat-treated flowers observed in this accession in contrast to the tolerant PA15, where
this decrease was lower [9]. It is possible that one of the possible heat-tolerance mecha-
nism in PA15 is the lower heat-sensitivity of some elements of auxin biosynthesis path-
way.

Few of the proteins showing heat-induced changes in abundance in wilted flowers
were identified, especially those in PA15. Many of the protein spots on the 2-D gels of
proteins from wilted flowers were probably protein fragments resulting from an increase
in proteolytic enzyme activity and limited repair mechanisms. Wilted flowers were
aborted due to a lack of pollination. Proteins can be fragmented by reactive oxygen spe-
cies (ROS) and proteolytic enzymes. Heat stress accelerates the generation and reactions
of ROS, and senescing tissues do not have an efficient antioxidant system [41]. In wilted
flowers, nine protein spots accumulated under heat stress in both accessions. One of
them could not be identified. Two spots were identified as HSP-70s. Members of the
HSP-70 family function as chaperones to facilitate protein folding, degradation, complex
assembly, and translocation. They play a key role in stabilizing proteins under optimal
and stress conditions [42]. Previously, we detected the accumulation of HSP-70 and
HSP-90 in buckwheat flowers at various stages of development [28]. Moreover, we iden-
tified the chaperone protein ClpC in the HSP-100 family that plays a vital role in chloro-
plast function [43]. The presence of HSP-70 and HSP-100 proteins suggests that certain
defense mechanisms function in wilted flowers, but they may be involved in the proper
degeneration of the organ. Another protein expressed under heat stress in both Panda
and PA15 was the V-type proton ATPase (V-ATPase) catalytic subunit A, which is a
component of the membrane-bound V-ATPase located at the tonoplast and other sites in
the endomembrane system of plant cells. The abundance of V-ATPase subunits is known
to be modulated by environmental stresses [44]. Another heat-affected protein in wilted
flowers was the calpain-type cysteine protease DEK1, the only calpain protein in plants.
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This protein is essential for embryo development [45]. The glutamate receptor 3.4 was
also commonly up-regulated by heat stress in both accessions. This protein is a compo-
nent of the glutamate receptor-like channel (GLR). GLRs play a role in calcium signaling
during the response to environmental stresses [46]. Two proteins up-regulated by heat
stress in wilted flowers were involved in carbohydrate metabolism: cytosolic phospho-
glycerate kinase (PGK) and chloroplastic fructose-bisphosphate aldolase (FBA). Cytosolic
PGK is involved in glycolysis and gluconeogenesis. Plants also have plastidial isoforms
of PGK that may simultaneously participate in the Calvin-Benson cycle and glyco-
lytic/gluconeogenic reactions [47]. Chloroplastic FBA is a bifunctional enzyme involved
in the formation of fructose-1,6-bisphosphate (FBP) and sedoheptulose-1,7-bisphosphate
(SuBP) in the Calvin cycle. It also functions as a sedoheptulose/fructose-bisphosphate
aldolase (SFBA). FBA aldolase activity, but not SuBP activity, is important for glycolytic
and gluconeogenetic reactions in the cytoplasm [48].

In donor leaves, only S-adenosylmethionine synthetase (SAMS) was up-regulated
by heat stress in both buckwheat accessions. This enzyme synthesizes
S-adenosylmethionine (SAM) from ATP and L-methionine. It is involved in the biosyn-
thesis of ethylene, nicotiamine, and polyamines. It represents the major hub of the me-
thionine metabolism and participates in plant responses to environmental stresses [49].

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Seeds of common buckwheat (Fagopyrum esculentum Moench), the Polish cultivar
Panda and the PA15 strain, were supplied by Matopolska Plant Breeding (Polanowice,
Poland), and were produced at the plant production facility in Palikije. Panda is more
sensitive to heat stress than PA15 is, as manifested by the degeneration of a large number
of embryo sacs [9]. The plant growth conditions in the phytotron have been described in
our previous papers [8,9]. Plants were cultivated in plastic pots of 10 dm? capacity (six
plants per pot) filled with a mixture of commercial soil substrate (pH = 5.8) and perlite
(1:1, v:v) under a 16 h photoperiod and 300 pmol m?2 s (High-Pressure Sodium, HPS
lamps, SON-T+ AGRO, Philips, Brussels, Belgium) at a humidity of 50-60%. For the first 3
weeks, all plants were grown at 20 °C, and then half of them were transferred to a
chamber at 30 °C (heat stress) with the same humidity and light conditions. When the
plants were 2 months old, we collected flowers at three developmental phases (buds,
open flowers, and wilted flowers) and donor leaves (fully developed young leaves closest
to the flower cluster) from plants in the control and heat stress treatments. The experi-
ment was repeated twice. The samples were immediately frozen in liquid nitrogen and
then stored at -80 °C until subsequent analysis. Protein extraction and electrophoretic
separation were performed from three aggregate replicates for each development phase
of flowers and donor leaves, for both accessions in both temperature treatments.

4.2. Protein Extraction

Total proteins were extracted using a phenol-based procedure [50] (modified by
Hajduch et al. [51]). Buckwheat tissues were pulverized into a fine powder in liquid ni-
trogen with a mortar and pestle. The powder was suspended in 10 cm? of a phenol-based
extraction buffer (50% [v/v] phenol, 045 M sucrose, 5 mM EDTA, 04% [v/v]
2-mercaptoethanol, 50 mM Tris-HCI pH 8.8). The homogenate was allowed to reach
room temperature, transferred to a Falcon tube, and shaken for 30 min. The phenol and
aqueous phases were separated by centrifugation (5000 g, 15 min, 4 °C). Proteins were
precipitated with five volumes of ice-cold 0.1 M ammonium acetate in 100% methanol at
-20 °C for 16 h. After centrifugation (5000x g, 10 min, 4 °C), the protein pellet was washed
twice with the precipitation solution, then with 80% acetone, and then with 70% ethanol.
The total protein extracts were dissolved in 200 uL isolectricfocusing (IEF) sample solu-
tion (8 M urea, 2 M thiourea, 4% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]-1-
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propanesulfonate (CHAPS), 50 mM dithiothreitol (DTT)) by shaking for 1 h. The protein
concentration was determined using a 2D Quant Kit (GE Healthcare, Piscataway, NJ,
USA). Protein extracts in the IEF sample solution were stored at =80 °C until analysis.

4.3. Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis (2-DE) was based on the procedure recom-
mended by GE Healthcare. The desired amount of protein (700 mg) was mixed with 4.6
uL IPG buffer (pH range 4-7) (GE Healthcare), adjusted to 450 puL with IEF sample solu-
tion, and loaded onto a 24 cm immobilized pH gradient strip (Immobiline DryStrip gel;
GE Healthcare) with a linear pH range of 4-7. The strips were passively rehydrated in a
DryStrip IPGbox (GE Healthcare) for 16 h. The first dimension of isoelectrofocusing (IEF)
was carried out using an Amersham Ettan IPGphor II unit (GE Healthcare). The six-step
focusing protocol with a current limit of 75 uA per strip was as follows: (a) 45 Vh at 150
V, (b) 375 Vh at 150 V, (c) 500 Vh at 500 V; (d) 800 Vh at 1000 V; (e) 16,500 Vh at 10,000 V;
(f) 27,200 Vh at 10,000 V. After IEF, the strips were incubated in an equilibration buffer
(1.5 M Tris-HCl pH 8.8, 6 M urea, 30% (v/v) glycerol, 5% (w/v) sodium dodecyl sulfate
(SDS)) for 15 min with 2% (w/v) dithiothreitol (DTT) and then for another 15 min with
2.5% (w/v) iodoacetamide. After equilibration, each strip was placed onto a 12%
SDS-polyacrylamide gel and then overlaid with 0.5% (w/v) agarose in an SDS running
buffer with Coomassie Brilliant Blue G-250 as the tracking dye. Separation on the second
dimension was performed using an SE900 Large Format Vertical Gel Protein Electro-
phoresis Unit (Hoefer Scientific Instruments, San Francisco, CA, USA) at 48 W per gel
until the dye migrated off the gel. After electrophoresis, each gel was washed three times
for 15 min each time in deionized water and then stained overnight in colloidal Coo-
massie staining solution (20% (v/v) ethanol, 1.6% (v/v) phosphoric acid, 8% (w/v) ammo-
nium sulfate, 0.08% (w/v) Coomassie Brilliant Blue G-250) using the modified method of
Neuhoff et al. [52].

4.4. Gel Image Analysis

Stained 2-DE gels were digitalized using an Epson Perfection V850 Pro scanner at a
resolution of 300 dpi and 16-bit gray scale pixel depth. Gel images were analyzed using
Delta2D software (Decodon, Greifswald, Germany). The volume of the spots was nor-
malized against the total volume of all spots in the analysis. The ¢ test value for each spot
was calculated using Delta2D software. Only spots with a p-value lower than or equal to
0.05 were considered to be differentially expressed. Spots with at least 2.0-fold differ-
ences in protein abundance between two treatments were chosen for further analysis.

4.5. Protein Identification

The protein spots were manually selected and excised from the gels for identifica-
tion. First, proteins were analyzed by liquid chromatography-mass spectrometry
(nanoLC-MS/MS). If proteins could not be identified by nanoLC-MS/MS, peptide mass
fingerprinting (PMF) analysis was performed. Mass spectrometry analysis was per-
formed at the Laboratory of Proteomics and Mass Spectrometry, Maj Institute of Phar-
macology, Polish Academy of Sciences, Krakow (Poland).

The excised protein spots were prepared for mass spectrometry analysis according
to the protocol described by Hartman et al. [53]. The gel pieces in tubes were incubated at
40 °C in 100 mM ammonium bicarbonate for 10 min. Then, acetonitrile was added to a
final concentration of 50% (v/v) and the mixture was incubated at 40 °C for 10 min. After
incubation, the solution was removed. The washing step was repeated three times to
remove all Coomassie dye, until the gels were completely colorless. Finally, the gels were
dehydrated in anhydrous acetonitrile. The acetonitrile was removed, and then the dry gel
pieces were reswollen in 25 uL 50 mM DTT dissolved in 100 mM ammonium bicar-
bonate, followed by incubation at 60 °C for 45 min. Then, the DTT solution was replaced
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with 25 puL 100 mM iodoacetamide in 100 mM ammonium bicarbonate. The gel pieces
were incubated at room temperature in darkness for 20 min, then 25 uL 10 ng uL- trypsin
Gold (Promega, Madison, WI, USA) solution in 100 mM ammonium bicarbonate was
added and the gel pieces were incubated at 4 °C for 1 h. Then, 25 pL 50 mM ammonium
bicarbonate solution was added and the gel pieces were incubated overnight at 37 °C.
The next day, the supernatant containing the digested peptides was collected in a new
tube and combined with subsequent fractions. The gel pieces were immersed in 50 mM
ammonium bicarbonate and incubated at 40 °C for 10 min before adding acetonitrile to a
final concentration of 50% (v/v). The resulting supernatants were collected. Further ex-
traction of peptides was performed in acidic conditions by incubation with 5% (v/v) for-
mic acid in 50% (v/v) acetonitrile, twice. The gel pieces were dehydrated in anhydrous
acetonitrile. Combined solutions from one sample were dried and dissolved in 20 uL
0.1% formic acid and then analyzed by nanoLC-MS/MS and PMF.

The nanoLC-MS/MS analyses were performed using an Easy-nLC II nano capillary
chromatography system (Bruker Daltonics, Bremen, Germany) as described in Drabik et
al. [54]. Peptides were separated on a 3 um Biosphere C18 column (10 cm long, 75 um
internal diameter; Nanoseparations, Nieuwkoop, The Netherlands). The gradient was
formed using two mobile phases: Phase A: 0.1% formic acid in water; phase B: 0.1% for-
mic acid in acetonitrile. The total flow rate was 300 nl min-!. The system was controlled
using Hystar software (Bruker Daltonics). The gradient program was as follows: from 2%
to 45% Phase B in 30 min, then 90% Phase B for 10 min, decreasing to 2% Phase B until 60
min for column equilibration. Fractions eluted from the column were directly deposited
with a w matrix on the MALDI target plate by a Proteineerfc II sample collector (Bruker
Daltonics). Fractions were collected at 15 s intervals. Samples made up of 96 fractions
were spotted on a 384 MALDI target plate. a-Cyano-4-hydroxycinnamic acid was used as
the MALDI matrix. The mass spectrometry analyses were performed on an Ultraflex-
treme instrument (Bruker Daltonics) in the positive ion mode.

Samples for PMF analysis were bound to C18 resin in ZipTip columns (Supel-Tips
C18 PipetteTips, Supelco/Sigma-Aldrich, Bellefonte PA, USA) according to the manu-
facturer’s instructions. The peptides were eluted from the column with saturated
a-cyano-4-hydroxycinnamic acid solution in 60% (v/v) acetonitrile with 0.1% (v/v) tri-
fluoroacetic acid directly on the MALDI target plate.

The acquired mass spectra and fragment mass spectra (for both LC-MS and PMF)
were analyzed using FlexAnalysis software (Version: 3.4, Bruker Daltonics) and Pro-
teinScape (Version: 3.0.0 446, Bruker Daltonics) and were processed using the Mascot
algorithm (Engine version: 2.3, Matrix Science) against the SwissProt_2015_04 database.
The searches were performed with the following parameters: Cerbamidomethylation of
cysteine as a fixed modification; oxidation of methionine as an allowable variable modi-
fication; up to 1 missed cleavage allowed; 25 ppm for precursor mass tolerance; 0.6 Da for
MS/MS mass tolerance; peptide charge: 1+ for PMF (MALDI-TOF instru-
ment-UltrafleXtreme from Bruker Daltonics) and 0.3 Da for precursor mass tolerance; 0.6
Da for MS/MS mass tolerance; peptide charge: 2+, 3+, 4+ for LC-MS (ESI-IT instrument on
an Amazon SL from Bruker Daltonics) analyses. The database search was run against the
protein database Viridiplantae (563,552 sequences; 203,007,781 residues; May 2020). If no
protein was identified, the database was searched for all taxa. Proteins with a mascot
score higher than 30 and with a level of false positives of p < 0.05 were considered as
identified. In cases where the identified protein belonged to an organism other than
plants, a search was performed based on the amino acid sequence of the homologous
protein among green plants using BLASTP (https://blast.ncbi.nlm.nih.gov, May 2020).

5. Conclusions

Two common buckwheat accessions, Panda and PA15, differ in their tolerance to
high temperature, as illustrated by the frequency of embryo sac degradation under heat
stress. The different responses of the two accessions to heat stress were reflected in their
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protein profiles. All heat-affected proteins showed up-regulated expression in the organs
of the two accessions. Many proteins could not be identified. It is possible that some
protein spots were protein fragments resulting from proteolysis and inadequate repair
mechanisms. There were more heat-affected proteins in PA15, the heat-tolerant acces-
sion, than in Panda, the heat-sensitive accession. Surprisingly, only a few proteins were
commonly up-regulated by heat in both accessions. Plants’ tolerance to heat stress, as to
other environmental stresses, is the sum of minor and major changes in the proteome,
and cannot be explained by single changes. Proteins common to both accessions charac-
terize the heat-affected protein profile of common buckwheat. The abundance of in-
dole-3-IGPS chloroplastic-like isoform X2 increased markedly in open flowers of Panda
under heat stress. This may be a candidate protein to serve as a marker of sensitivity of
buckwheat plants to heat stress.

Supplementary Materials: The following are available online at
www.mdpi.com/1422-0067/22/5/2678/s1, Table S1: List of heat-affected proteins in buds, open
flowers, wilted flowers, and donor leaves of common buckwheat accessions Panda and PA15;
comparison of protein abundance between heat-treated plants and those growing in optimal con-
ditions.
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Abbreviations

2-DE Two-dimensional gel electrophoresis

6PGDH 6-phosphogluconate dehydrogenase

ABA Abscisic acid

ACP Acyl-|acyl-carrier-protein]

CHAPS 3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate
DREB2A Dehydration-responsive element binding protein 2A
DTT Dithiothreitol

FBA Fructose-bisphosphate aldolase

FBP Fructose-1,6-bisphosphate

GLR Glutamate receptor-like channel

HSF Heat-shock transcription factor

HsfAl Heat-shock transcription factor Al

HSP Heat-shock proteins

IEF Isoelectricfocusing

IGP Indole-3-glycerol phosphate

IGPS Indole-3-glycerol phosphate synthase
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JA Jasmonic acid

JA-Met Methyl ester of jasmonic acid

OPPP Oxidative pentose phosphate pathway
PGK Phosphoglycerate kinase

PMF Peptide mass fingerprinting

ROS Reactive oxygen species

SA Salicylic acid

SAM S-adenosylmethionine

SAMS S-adenosylmethionine synthetase

SDS Sodium dodecyl sulfate

SFBA Sedoheptulose/fructose-bisphosphate aldolase
SuBP Sedoheptulose-1,7-bisphosphate

TF Transcription factor

UFA Unsaturated fatty acids

V-ATPase V-type proton ATPase
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Effects of high temperature on embryological development and hormone profile in flowers and
leaves of common buckwheat (Fagopyrum esculentum Moench). International Journal of
Molecular Sciences, 20(7), 1705.

DOI: 10.3390/ijms20071705

bralam udziat w:

e opracowaniu metodologii doswiadczenia,
e przeprowadzeniu doswiadczenia w komorze fitotronowej,
e analizie uzyskanych wynikéw profilu hormonalnego,

e pisaniu wstepnej i ostatecznej wersji manuskryptu.
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Molecular Sciences, 20(7). 1705. DOI: 10.3390/ijms20071705
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e przeprowadzilam do$wiadczenia w komorze fitotronowej,

e pobieralam material roslinny do analiz biochemicznych i embriologicznych,

e bralam udzial w wykonywaniu analiz hormondw roslinnych,
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e wykonatam analizy zywotnosci ziaren pytku,

e bralam udzial w interpretacji wynikéw i wykonywaniu wizualizacji danych.
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e bralem udzial w przeprowadzeniu eksperymentu w komorze fitotronowej,
¢ bralem udzial w pobieraniu materiatu roslinnego do analiz biochemicznych,

e wykonalem czgé¢ analiz zywotnoscei ziaren pylku.
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Photosynthetic activity of common buckwheat (Fagopyrum esculentum Moench) exposed to
thermal stress. Photosynthetica, 58(1), 45-53.
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e bralam udzial w opracowaniu metodologii doswiadczenia,

e przeprowadzilam doswiadczenia w komorze fitotronowe;j,

e pobieralam material roslinny do analiz biochemicznych,

¢ wykonywalam analizy cukréw rozpuszezalnych i bralam udzial w wykonywaniu
analiz hormonow roslinnych,

e wykonywatam pomiary fluorescencji chlorofilu a. wymiany gazowej oraz wyptywu
elektrolitow,

e bralam udzial w analizie uzyskanych wynikéw,

e pisalam wstepna i ostateczng wersje manuskryptu.

mgr Marta Hornyak
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DOI: 10.32615/ps.2019.140

e bralem udzial w przeprowadzeniu eksperymentu w komorze fitotronowej,
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e opracowalem metodyke i przeprowadzitem analizy hormondéw roslinnych,

e bralem udziat w interpretacji wynikow.

dr Michat Dziurka
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e bralem udzial w przygotowaniu eksperymentu w komorze fitotronowe;j,
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e wykonalem czg$¢ pomiardw fluorescencji chlorofilu a.
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e analizowalem parametry fluorescencji chlorofilu «,

e bralem udzial w przygotowaniu wstgpnej i ostatecznej wersji manuskryptu.
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dr hab. Tomasz Hura

130:9436933723
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Prof. dr hab. inz. Agnieszka Plazek Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Ro$lin i Nasiennictwa

Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Plazek A., Hura K., Hura T.*, Stomka A., Hornydk M., Sychta K. (2020). Synthesis of heat-
shock proteins HSP-70 and HSP-90 in flowers of common buckwheat (Fagopyrum esculentum)
under thermal stress. Crop and Pasture Science, 71(8), 760-767.

DOI: 10.1071/CP20011

bralam udzial w:

e opracowaniu metodologii doswiadczenia,
e przeprowadzeniu doswiadczenia w komorze fitotronowej,

e pisaniu wstgpnej i ostatecznej wersji manuskryptu.

......................................

Prof. dr hab. inz. Agnieszka Plazek

131:9436442274
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dr hab. Katarzyna Hura, prof. URK Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Rosglin i Nasiennictwa
Wydziat Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Plazek A., Hura K., Hura T., Stomka A., Hornydk M., Sychta K. (2020). Synthesis of heat-
shock proteins HSP-70 and HSP-90 in flowers of common buckwheat (Fagopyrum
esculentum) under thermal stress. Crop and Pasture Science, 71(8), 760-767.

DOI: 10.1071/CP20011

e wykonatam analizy Western Blot,
e analizowalam zawartos¢ bialek szoku cieplnego,

e przygotowatam wizualizacje uzyskanych wynikow.

dr hab. Katarzyna Hura, prof. URK

132:7791638258



dr hab. Tomasz Hura, Krakow, 18.01.2022r
Zaklad Ekofizjologii

Instytut Fizjologii Roslin

Polska Akademia Nauk

OSWIADCZENIE

Oswiadczam. ze w pracy:

Plazek A., Hura K., Hura T., Slomka A., Hornyik M., Sychta K. (2020). Synthesis of heat-
shock proteins HSP-70 and HSP-90 in flowers of common buckwheat (Fagopyrum esculentum)
under thermal stress. Crop and Pasture Science, 71(8). 760-767.

DOI: 10.1071/CP20011

e analizowalem parametry fluorescencji chlorofilu a.

e bralem udzial w przygotowaniu wstepnej i ostatecznej wersji manuskryptu.

.....................................

dr hab. Tomasz Hura

133:7161012102



Uniwersytet Jagiellonski w Krakowie

X Wydzial Biologn

dr hab. Ancta Slomka, prof, Ul Krakow, 18.01.2022 r.

Zaklad Cvytologii i Embriologii Roslin

Instytut Botaniki

OSWIADCZENIE

Oswiadczam. ze w pracy:

Plazek A.. Hura K., Hura T.*, Slomka A.. Hornyak M., Sychta K. (2020). Synthesis of heat-
shock proteins HSP-70 and HSP-90 in flowers of common buckwheat (Fagopvrum
esculentum) under thermal stress. Crop und Pasture Science, 71(8). 760-767. DOI:

10.1071/CP20011

bralam udzial w:

¢ wykonaniu analiz embriologicznych i interpretacyi uzyskanych wynikow.

dr hab. Ancta Stomka. prol. U]

134:5428934469
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mgr Marta Hornyak Krakow, 25.01.2022r
Katedra Fizjologii. Hodowli Roslin i Nasiennictwa
Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Os$wiadczam, ze w pracy:

Plazek A.. Hura K., Hura T.*, Stomka A., Hornydk M., Sychta K. (2020). Synthesis of heat-
shock proteins HSP-70 and HSP-90 in flowers of common buckwheat (Fagopyrum esculentum)
under thermal stress. Crop and Pasture Science, 71(8), 760-767.

DOI: 10.1071/CP20011

e przeprowadzitam doswiadczenia w komorze fitotronowej,
e zebralam material rodlinny do analiz bialek szoku cieplnego,
e wykonatam pomiary fluorescencji chlorofilu a oraz analize uzyskanych danych,

e uczestniczylam w wykonywaniu analiz embriologicznych.

mgr Marta Hornyak

135:7242554044




dr Klaudia Sychta Krakow, 18.01.2022 r.
Zaktad Cytologii i Embriologii Roglin
Instytut Botaniki

Uniwersytet Jagiellonski

OSWIADCZENIE

Oswiadczam, ze w pracy:

Plazek A., Hura K., Hura T.*, Stomka A., Hornyik M., Sychta K. (2020). Synthesis of heat-
shock proteins HSP-70 and HSP-90 in flowers of common buckwheat ( Fagopyrum esculentum)
under thermal stress. Crop and Pasture Science, 71(8), 760-767.

DOI: 10.1071/CP20011

e bralam udzial wykonaniu analiz embriologicznych.

dr Klaudia Sychta

136:3119147235



Uniwersytet Rolniczy im. Hugona Kollgtaja w Krakowie
Wydzial Rolniczo-Ekonomiczny

mgr Marta Hornyak Krakéw, 25.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hornyak M., Stomka A.*, Sychta K., Dziurka M., Kope¢ P., Pastuszak J., Szczerba A., Plazek
A. (2020). Reducing flower competition for assimilates by half results in higher yield of
Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953.

DOI: 10.3390/ijms21238953

e przeprowadzatam doswiadczenia w warunkach in planta,

e przeprowadzalam doswiadczenia w warunkach in vitro,

e pobieralam material roslinny do analiz biochemicznych i embriologicznych,
e bratam udzial w wykonywaniu analiz embriologicznych,

e bralam udzial w wykonywaniu pomiaréw parametréw plonowania,

e bralam udzial w analizie uzyskanych wynikow,

e bralam udziat w przygotowaniu wizualizacji uzyskanych wynikéw.

..... I e‘-?:fd...ﬁ.{o;;v;;;é)c......._

mgr Marta Hornyék

137:1079354352
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dr hab, Ancta Stomka, prof. U] KNrakow, 18.01.2022
Zaklad Cytologi i 'mbriologi Roslin

Instytut Botaniki

OSWIADCZENIFE

Oswiadezam, 7z¢ w pracy:

Hornyak M., Stomka A*, Sychta K.. Dziurka M.. Kope¢ P.. Pastuszak J., Szezerba AL
Plazek A. (2020). Reducing lower competition for assimilates by half results in higher vield
of Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953,

DOI: 10.3390/ijms21238953

bratlam udzial w:

e opracowaniu metodologii doswiadezenia.
e wykonaniu analiz embriologicznych 1 interpretacjt uzyskanych wynikow.

e pisaniu wslegpnej 1 ostateczne] wersji manuskryptu.

dr hab. Ancta Stomka, prot. U

138:5932860103



dr Klaudia Sychta Krakow, 18.01.2022 r.
Zaktad Cytologii i Embriologii Roslin
Instytut Botaniki

Uniwersytet Jagiellonski

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hornyak M., Stomka A.*, Sychta K., Dziurka M., Kopec¢ P., Pastuszak J., Szczerba A.. Plazek
A. (2020). Reducing flower competition for assimilates by half results in higher yield of
Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953.

DOI: 10.3390/ijms21238953

e bratam udzial w przygotowaniu eksperymentu w warunkach in vitro,
e bratam udzial wykonaniu analiz embriologicznych.

dr Klaudia Sychta

139:1080044068



dr Michat Dziurka Krakow, 25.01.2022r
Zaktad Biologii Rozwoju

Instytut Fizjologii Ro$lin

im. F. Gorskiego PAN

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hornyak M., Stomka A., Sychta K., Dziurka M., Kope¢ P., Pastuszak J., Szczerba A., Plazek
A. (2020). Reducing flower competition for assimilates by half results in higher yield of
Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953.

DOI: 10.3390/ijms21238953

e opracowatem metodyke i przeprowadzitem analizy hormondow ro$linnych

e bralem udziatl w interpretacji wynikdow.

dr Michatl Dziurka

140:7353779180


https://doi.org/10.3390/ijms21238953

dr Przemystaw Kope¢ Krakow, 18.01.2022r
Zaktad Biologii Komorki

Instytut Fizjologii Roslin
Polska Akademia Nauk

OSWIADCZENIE

O$wiadczam, Zze w pracy:

Hornydk M., Stomka A., Sychta K.. Dziurka M., Kope¢ P.. Pastuszak J.. Szczerba A.. Plazek
A. (2020). Reducing flower competition for assimilates by half results in higher yield of
Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953.

DOI: 10.3390/ijms21238953

e bralem udzial w przygotowaniu eksperymentu,

e bralem udzial w wykonywaniu pomiaréw parametréw plonowania.

gt

dr Przemystaw Kope¢

141:1261033297



Uniwersytet Rolniczy im. Hugona Kolataja w Krakowie
“’d‘ y Wydziat Rolniczo-Ekonomiczny

mgr inz. Jakub Pastuszak Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydziat Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hornyak M., Stomka A., Sychta K., Dziurka M., Kope¢ P., Pastuszak J., Szczerba A., Plazek
A. (2020). Reducing flower competition for assimilates by half results in higher yield of
Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953.

DOI: 10.3390/ijms21238953

e bratem udzial w przeprowadzeniu eksperymentow,

e bratem udzial w wykonywaniu pomiaréw parametrow plonowania.

142:5438807331
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mgr inz. Anna Szczerba Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Osdwiadczam, ze w pracy:

Hornyak M., Stomka A., Sychta K., Dziurka M., Kope¢ P., Pastuszak J., Szczerba A., Plazek

A. (2020). Reducing flower competition for assimilates by half results in higher yield of

Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953
DOI: 10.3390/ijms21238953

e bralam udzial w przeprowadzeniu eksperymentu,

e bralam udzial w wykonywaniu pomiaréw parametréw plonowania.

mgr inz. Anna Szczerba

143:1992782301




Uniwersytet Rolniczy im. Hugona Kotataja w Krakowie
Wydziat Rolniczo-Ekonomiczny

Prof. dr hab. inz. Agnieszka Ptazek Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydziat Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Hornyak M., Stomka A.*, Sychta K., Dziurka M., Kope¢ P., Pastuszak J., Szczerba A., Plazek
A. (2020). Reducing flower competition for assimilates by half results in higher yield of

Fagopyrum esculentum. International Journal of Molecular Sciences, 21(23), 8953.
DOI: 10.3390/ijms21238953

bralam udzial w:

e opracowaniu metodologii do§wiadczenia,
e przeprowadzeniu doswiadczenia w warunkach in planta,
e analizie uzyskanych wynikéw plonowania,

e pisaniu wstepnej 1 ostatecznej wersji manuskryptu.

---------------------------------------

Prof. dr hab. inz. Agnieszka Plazek

144:8426875390




dr Przemystaw Kopeé Krakow, 18.01.2022r
Zaklad Biologii Komorki

Instytut Fizjologii Roslin

Polska Akademia Nauk

OSWIADCZENIE

Oswiadczam, ze w pracy:

Kope¢ P.. Hornyak M., Pastuszak J., Szczerba A.. Rapacz M.. Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum
Moench) under high temperature. International Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

e bralem udzial w przeprowadzeniu eksperymentu w komorze fitotronowej.
e przeprowadzilem elektroforez¢ dwukierunkows,
e analizowalem uzyskane wyniki.

e bralem udzial w pisaniu wstepnej i ostatecznej wersji manuskryptu.

dr Przemystaw Kope¢

145:6616087661



Uniwersytet Rolniczy im. Hugona Kollgtaja w Krakowie

ﬁXl *ig Wydziat Rolniczo-Ekonomiczny
f\

mgr Marta Hornyak

Katedra Fizjologii, Hodowli Roslin i Nasiennictwa

Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Krakow, 25.01.2022r

Kopec P., Hornyak M., Pastuszak J., Szczerba A., Rapacz M.*, Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum

Moench) under high temperature. International Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

146:5820383294

przeprowadzilam doswiadczenia w komorze fitotronowe;.
pobieralam materiat roslinny do analiz proteomicznych,
bratam udzial w ekstrakcji biatek metoda fenolowa,

bralam udzial w wykonywaniu elektroforezy dwukierunkowej,
bralam udziat w analizie uzyskanych danych,

bratam udzial w wykonywaniu wizualizacji uzyskanych danych.

mgr Marta Hornyak
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mgr inz. Jakub Pastuszak Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Kope¢ P., Hornydk M., Pastuszak J., Szczerba A., Rapacz M., Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum
Moench) under high temperature. Infernational Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

¢ bralem udzial w przygotowaniu eksperymentu w komorze fitotronowe;j,

e bratem udzial w pobieraniu materiatu roslinnego do analiz proteomicznych.

mgr inz. Jakub Pastuszak

147:5800743062



Uniwersytet Rolniczy im. Hugona Kolataja w Krakowie
Wydziat Rolniczo-Ekonomiczny

mgr inz. Anna Szczerba Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydziat Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Kope¢ P., Hornyak M., Pastuszak J., Szczerba A., Rapacz M.*, Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum

Moench) under high temperature. International Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

e bratam udzial w przeprowadzeniu eksperymentu w komorze fitotronowej,

e bralam udzial w pobieraniu materiatu roslinnego do analiz proteomicznych.

Seexerbo (ff ¥ O

.....................................

mgr inz. Anna Szczerba

148:7977190305
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Prof. dr hab. Marcin Rapacz Krakéw, 25.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydzial Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Kope¢ P., Hornydk M., Pastuszak J., Szczerba A., Rapacz M.*, Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum
Moench) under high temperature. International Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

e bralem udzial w redagowaniu manuskryptu.

. \1
.......... , / . ‘“”'gw‘ oy

Prof/dr hab. Marcin Rapacz

149:1058012893
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dr Jacek Waga Krakow, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydziat Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Odwiadczam, ze w pracy:

Kope¢ P., Hornyak M., Pastuszak J., Szczerba A., Rapacz M.*, Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum

Moench) under high temperature. International Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

e bralam udzial w analizie danych proteomicznych.

150:1141268873



Uniwersytet Rolniczy im. Hugona Koltataja w Krakowie
Wydziat Rolniczo-Ekonomiczny

Prof. dr hab. inz. Agnieszka Ptazek Krakoéw, 18.01.2022r
Katedra Fizjologii, Hodowli Roslin i Nasiennictwa
Wydziat Rolniczo-Ekonomiczny

Uniwersytet Rolniczy w Krakowie

OSWIADCZENIE

Oswiadczam, ze w pracy:

Kope¢ P., Hornyak M., Pastuszak J., Szczerba A., Rapacz M.*, Waga J., Plazek A. (2021).
Changes in the flower and leaf proteome of common buckwheat (Fagopyrum esculentum
Moench) under high temperature. International Journal of Molecular Sciences, 22(5), 2678.
DOI: 10.3390/ijms22052678

bratam udziat w:

e opracowaniu metodologii do§wiadczenia,
e przeprowadzeniu doswiadczenia w komorze fitotronowej,
e analizie uzyskanych wynikéw proteomicznych,

e pisaniu wstgpnej i ostatecznej wersji manuskryptu.

......................................

Prof. dr hab. inz. Agnieszka Plazek

151:4530629734



Rozprawa doktorska

12. Dorobek naukowy

Wykaz publikacji naukowych niebedacych tematem rozprawy doktorskie;j:

Golebiewska M., Kiedrowicz A., Skoracka A. (2013). Host specialization in eriophyoid

mites: Aceria tosichella, Abacarus hystrix and Aculodes mckenziei: are these plant parasites
generalists or specialists? Annals of Parasitology, 59, ISSN 2299-0631

1F2013: 0,357

5-letni IF: 0,787

Laska, A., Majer, A., Szydlo, W., Karpicka-lgnatowska, K., Hornyak, M., Labrzycka, A.,

Skoracka, A. (2018). Cryptic diversity within grass associated Abacarus species complex

(Acariformes: Eriophyidae), with the description of a new species, Abacarus plumiger n.
sp., Experimental and Applied Acarology, 76(1): 1-28.

1F2018: 1,760

5-letni IF: 1,959

Pastuszak, J., Kope¢, P., Ptazek, A., Gondek, K., Szczerba, A., Hornyak, M., & Dubert, F.

(2020). Cadmium accumulation in the grain of durum wheat is associated with salinity
resistance degree. Plant, Soil and Environment, 66(6), 257-263.

1F2020: 1,799

5-letni IF: 1,874

Pastuszak, J., Kope¢, P., Plazek, A., Gondek, K., Szczerba, A., Hornyak, M., & Dubert, F.

(2020). Antioxidant activity as a response to cadmium pollution in three durum wheat
genotypes differing in salt tolerance. Open Chemistry, 18(1), 1230-1241.

IF2020: 1,216

5-letni IF: 1,536

Szczerba, A., Plazek, A., Pastuszak, J., Kope¢, P., Hornyak, M., & Dubert, F. (2021). Effect

of low temperature on germination, growth, and seed yield of four soybeans (Glycine
max L.) cultivars. Agronomy, 11(4), 800.

1F2021: 3,336

5-letni IF: 3,486

Pastuszak, J., Szczerba, A., Dziurka, M., Hornyak, M., Kope¢, P., Szklarczyk, M., & Plazek,

A. (2021). Physiological and biochemical response to Fusarium culmorum infection in three

durum wheat genotypes at seedling and full anthesis stage. International Journal of Molecular
Sciences, 22(14), 7433.

1F2021: 5,542

5-letni IF: 6,132

152:1115226652



Rozprawa doktorska

Freitag, H., Hornyak, M. (2021). Additional records and new species of Hydraena Kugelann,

1794 (Insecta: Coleoptera: Hydraenidae) from Balabac and Palawan, Philippines. Tijdschrift
voor Entomologie, 1, 1-24.

IF2021: 0,364

5-letni IF: 0,412

Hornyak, M., Dziurka, M., Kula-Maximenko, M., Pastuszak, J., Szczerba, A., Szklarczyk, M.,

Plazek, A. (2022). Photosynthetic efficiency, growth, and secondary metabolism of common

buckwheat (Fagopyrum esculentum Moench) in different controlled-environment production
systems. Scientific Reports, 12(1), 1-13.

1F2022: 4,379

5-letni IF: 4,409

Doniesienia konferencyjne:

11" International Conference “Plant Functioning under environmental stress”, 12-15 wrze$nia
2018, Krakow. Referat: Hornyak M., Stomka A., Kope¢ P., Dziurka M., Sychta K., Dubert F.,
Pastuszak J., Ptazek A. Influence of environmental factors on seed yield of common buckwheat
(Fagopyrum esculentum Moench.).

Referat — pierwsza nagroda za najlepsza prezentacj¢ ustng w konkursie dla mtodych
naukowcow.

11" International Conference “Plant Functioning under environmental stress”, 12-15 wrze$nia
2018, Krakow. Poster: Pastuszak J., Hornyak M., Plazek A., Gondek K., Dubert F. The
influence of different Cd concentrations in soil on photosynthetic efficiency of three genotypes
of Triticum durum Desf.

XV Ogolnopolska Konferencja Kultur In Vitro i Biotechnologii Roslin - Biotechnologiczne
wykorzystanie zmienno$ci w warunkach kultur in vitro”, Rogow, 17-20 wrzesnia 2018.
Referat: Ptazek A., Stomka A., Dubert F., Kope¢ P., Hornyak M., Dziurka M., Pastuszak J.
., Wplyw stresu troficznego na rozwoj woreczkoéw zalazkowych w stupkach gryki zwyczajnej
w warunkach in vitro”.
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