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Streszczenie

Sciana komorkowa jest zewnetrzng warstwa komorki roslinnej, a jej struktura oraz
wigzania pomi¢dzy poszczegdlnymi sktadnikami sg kluczowe dla funkcjonowania catego
organizmu. Waznymi skltadnikami odpowiedzialnymi za wspottworzenie amorficznej
macierzy zewnatrzkomorkowej s3 biatka arabinogalaktanowe (AGP). AGP sag
proteoglikanami, nalezacymi do rodziny glikoprotein bogatych w hydroksyproling.
Zbudowane sa z domeny biatkowe] potaczonej z tancuchami weglowodanowymi.
Zaburzenia podczas poszczegdlnych etapow biosyntezy AGP sg krytyczne dla ich budowy
| rozmieszczenia w komorce, co z kolei moze oddziatywaé na ich funkcjonalno$é podczas

zachodzacych procesow fizjologicznych, w tym w procesie dojrzewania owocoOw.

W zwigzku z tym, w niniejszej rozprawie doktorskiej sformutowano hipoteze,
zgodnie, z ktorg proces dojrzewania owocow pomidora jest Scisle skorelowany
ze zmianami dystrybucji i cechami molekularnymi AGP. Powyzsza hipoteza zostala
zweryfikowana w ramach badan in situ i ex situ, ktore polegaly na analizie zmian
w strukturze, zawarto$ci i lokalizacji AGP w trakcie procesu dojrzewania owocodw pomidora
(Solanum lycopersicum L.) roslin ,,dzikiego typu” oraz linii ze zmodyfikowang ekspresja
genu SIP4H3. Gléwnym celem niniejszej rozprawy doktorskiej bylo zbadanie roli AGP
w formowaniu struktury Sciany komorkowej, ze szczegélnym uwzglednieniem
czasowo-przestrzennej dystrybucji pozostalych jej skladnikow w trakcie procesu

dojrzewania owocow.

Rozprawa doktorska obejmuje trzy zasadnicze etapy badawcze. Pierwszy etap badan
umozliwil wyodrebnienie AGP jako potencjalnych markerow procesu dojrzewania.
Zaobserwowano stopniowe zmniejszenie zawartosci AGP w miare postgpu dojrzewania
owocow. W poczatkowych stadiach procesu dominowaly frakcje AGP o masie molekularnej
60-120 kDa. Podczas gdy w fazach konczacych proces odnotowano dominacje¢ frakcji
0 masie molekularnej 20-25 kDa. Ponadto, w finalnych stadiach procesu zaobserwowano
obecnos¢ AGP o masie molekularnej 30 kDa, ktore uznano za marker zakonczenia procesu
dojrzewania. Badania mikroskopowe tkanki owocoéw potwierdzily wystgpowanie zmian
ilosciowych, jak i1 czasowo-przestrzennych modyfikacji specyficznych epitopéw AGP
W miar¢ postepujacego procesu dojrzewania. W owocach we wstepnych stadiach procesu,

epitopy AGP, rozpoznawane przez przeciwciata JIM13 i LM2, zlokalizowano w przestrzeni



pomiedzy $ciang a btong komoérkowa. W miare postepu dojrzewania zaobserwowano

zaburzenie charakterystycznego wzorca dystrybucji AGP.

Kolejny etap badan umozliwil okre§lenie zmian w zawartosci oraz lokalizacji
epitopow AGP w owocach linii transgenicznych, w ktorych zmodyfikowano ekspresje genu
SIP4H3. Przeprowadzone badania ujawnity zalezno$ci pomi¢dzy zmianami ekspresji genu
SIP4H3 a iloscia AGP w owocach. Stwierdzono brak charakterystycznej frakcji AGP —
markerow zakonczenia procesu dojrzewania, a rozktad mas molekularnych analizowanych
epitopow AGP byt odmienny niz w owocach ,dzikiego typu”. Zaobserwowano
wystepowanie nieprawidtowos$ci anatomicznych i1 morfologicznych w owocach linii
transgenicznych. Epitopy AGP w owocach znajdowaly si¢ glownie w zdegradowanych

kompartymentach $ciany komorkowej, w cytoplazmie.

Ostatni etap badan umozliwil okreslenie bezposredniego wptywu zmian w strukturze
AGP oraz ich lokalizacji na montaz $ciany komorkowej. Ilo$¢ i czasowo-przestrzenna
dystrybucja ekstensyn, ksylanu, ramnogalakturonanu typu I, nisko 1 wysoko
estryfikowanego homogalakturonanu ulegty modyfikacji. Dodatkowo, w owocach linii
transgenicznych, aberracje w organizacji $ciany komodrkowej spowodowaly zmiany
w tkance owocow, ktore uwidoczniono na poziomie tkankowym, komoérkowym oraz

subkomorkowym.

Podsumowujac, zaburzenia struktury, zawarto$ci i czasowo-przestrzennej dystrybucji
AGP stanowia czynnik zaktocajacy prawidtowy przebieg procesu dojrzewania owocoOw.
W zwiazku z powyzszym, wyniki uzyskane w ramach niniejszej rozprawy doktorskiej
potwierdzaja hipoteze, ze AGP majg kluczowe znaczenie dla procesu dojrzewania

OWOCOwW.

Stowa kluczowe: bialka arabinogalaktanowe, $ciana komodrkowa, proces dojrzewania,

owoce pomidora



Abstract

The cell wall is the outer layer of a plant cell, and its structure and the bonds between
components are crucial to the function of the whole organism. Arabinogalactan proteins
(AGPs) are important components responsible for co-forming the amorphous extracellular
matrix. AGPs are glycoproteins belonging to the hydroxyproline-rich glycoprotein family.
They consist of a protein domain linked to sugar chains. Disruption of the various stages
of AGP biosynthesis is critical to their structure and distribution in cells, which can affect
their functional properties during the occurring physiological processes, including fruit

ripening.

Accordingly, this thesis proposes the hypothesis that tomato fruit ripening is closely
correlated with changes in the distribution and molecular characteristics of AGPs.
The above hypothesis was verified through in situ and ex situ studies, which investigated
changes in the structure, content, and localisation of AGPs during the ripening of tomato
(Solanum lycopersicum L.) fruit from wild-type plants and lines with modified expression
of the SIP4H3 gene. The main objective was to study the role of AGP in the formation
of the cell wall structure, with a particular focus on the spatio-temporal distribution

of its other components during the fruit ripening process.

The thesis consists of three main research phases. The first phase of the study enabled
the identification of AGPs as potential markers indicating the progression of the ripening
process. A gradual decrease in AGP content was observed as the fruit ripened. In the early
stages of the process, AGP fractions with a molecular weight of 60-120 kDa dominated,
while in the later stages, fractions with a molecular weight of 20-25 kDa became more
dominant. In addition, bands indicating the presence of AGP with a molecular weight
of 30 kDa were observed in the final stages of the process, which can be considered
as a marker for the finalisation of the ripening process. Microscopic analysis of fruit tissues
confirmed the presence of quantitative changes as well as spatio-temporal modifications
of specific AGP epitopes as the ripening process progressed. In fruit at the beginning
of ripening, AGP epitopes recognised by JIM13 and LM2 antibodies were mainly localised
in the space between the cell wall and the plasma membrane. As ripening progressed,

a disruption of the characteristic AGP distribution pattern was observed.

The next stage of the study allowed the determination of changes in the content and
localisation of AGP in the fruit of transgenic lines in which the expression of the SIP4H3



gene had been modified. The study demonstrated correlations between changes in SIP4H3
gene expression and AGP content in fruit during the ripening process. The characteristic
AGP fraction, which marks the finalisation of the ripening, was absent, and the layout
of molecular masses of the AGP epitopes analysed differed from that observed in wild-type
fruit. Anatomical and morphological changes in the fruit of transgenic lines were observed.
AGP epitopes in fruit were mainly located in degraded cell wall compartments,

in the cytoplasm.

In the final stage of the study, it was possible to determine the direct effect of changes
in AGP structure and localisation on cell wall assembly. The amount and spatio-temporal
distribution of extensin, xylan, rhamnogalacturonan type I, low and high esterified
homogalacturonan were modified. In the fruit of transgenic lines, disruption
of polysaccharide and proteoglycan networks in the cell wall was noted as ripening
progressed. Additionally, aberrations in cell wall organization led to changes in fruit tissues,
observed at the tissue, cellular and subcellular levels.

In conclusion, changes in the structure, content and spatio-temporal distribution
of AGPs represent a disruptive factor in fruit ripening. Accordingly, the results obtained
in this thesis support the hypothesis that AGPs are crucial for the fruit ripening

process.

Keywords: arabinogalactan proteins, cell wall, ripening process, tomato fruit
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Wykaz skrotow — opis materialu badawczego
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1. Wprowadzenie

1.1 Sciana komorkowa podczas procesu dojrzewania owocoOw

Dojrzewanie owocOw jest ztozonym procesem rozwojowym obejmujagcym zmiany
fizjologiczne, morfologiczne oraz anatomiczne tkanki (Kalaitzis i in., 2023; Osorio i in.,
2013). Postep procesu dojrzewania owocow prowadzi do istotnych zmian w ich kolorze,
smaku, teksturze i aromacie (Klee i Giovannoni, 2011), a jako$¢ dojrzatych owocow jest
kluczowa dla producentow zywnosci i konsumentow (Brummell, 2006). Znaczacg ilo$¢
badan dotyczacych procesu dojrzewania owocoéw prowadzono z wykorzystaniem uktadu
modelowego — owocow pomidora (Solanum lycopersicum L.) (Feder i in., 2020; Hyodo i in.,
2013). Waznym aspektem branym pod uwage w wyborze wspomnianego obiektu badan jest
réwniez znaczenie pomidora jako rosliny uprawnej (Skolik i in., 2019). Na catym $wiecie

co roku produkuje si¢ okoto 182 mln ton owocow pomidora (Quinet i in., 2019).

Molekularne podstawy procesu dojrzewania owocow sg ztozone i zwigzane z cechami
strukturalnymi $ciany komoérkowej (Hyodo i in.,, 2013; Seymour i in., 2013).
Zaobserwowano, ze podczas dojrzewania owocoéw dochodzi do degradacji polisacharydow
1 proteoglikanéw $ciany komoérkowej, jak rowniez do modyfikacji wigzan pomigdzy jej
sktadnikami (Brummell, 2006). Post¢pujaca degradacja Sciany komorkowej powoduje
rozluznienie struktury tkanki owocow oraz stanowi koncowe stadium procesu dojrzewania
(Kalaitzis i in., 2023). Pektyny blaszki srodkowej stajg si¢ stabiej zwigzane z macierza
zewnatrzkomoérkowa, co  prowadzi do  powstawania  pustych  przestrzeni
mi¢dzykomoérkowych (Orfila i in., 2001; Paniagua i in., 2014; Posé i in., 2019; Wang
i Seymour, 2022). Ponadto, ich degradacja przyczynia si¢ do wzrostu ilo$ci wolnych jonow
wapnia (Ca®") w apoplascie (Ortiz i in., 2011), regulujacych aktywno$¢ enzymoéw, w tym
pektynoesteraz, celulaz, poligalakturonaz, B-galaktozydaz i liaz pektynowych (Gao i in.,
2019). Zas, aktywno$¢ wspomnianych enzymow powoduje nie tylko rozktad
poszczegolnych sktadnikow $ciany komorkowej (Seymour i in., 2013), ale rowniez wptywa
na postep wnikania wody do przestrzeni migdzy fibrylami celulozowymi, powodujac jej

pecznienie i pgkanie (Brummell, 2006; Posé i in., 2018, 2019).

Sciana komorkowa jest najbardziej zewnetrzng warstwa komorki ro$linnej
(Srivastava i in., 2017; Zhang i in., 2021). Jej sktad jest zmienny i zalezy od gatunku ros$liny,
typu tkanki i stadium fizjologicznego (Srivastava i in., 2017). Sciana komérkowa sktada sie

z sieci mikrofibryli celulozowych potaczonych z innymi polisacharydami,
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m.in. hemicelulozami i pektynami (Lampugnani i in., 2018). Wedtug najnowszego modelu
budowy S$ciany komorkowej zwanego kompleksem APAP1 (ang. Arabinoxylan Pectin
Arabinogalactan Protein 1 Complex), to biatka arabinogalaktanowe (ang. arabinogalactan
proteins, AGP) odgrywajg w nim kluczowa role strukturalng (Tan i in., 2013, 2023). AGP
sa odpowiedzialne za tworzenie dynamicznej sieci porzadkujacej polisacharydy
I proteoglikany w kontinuum $ciana-btona komérkowa. Kompleks APAP1 zbudowany jest
z AGP, arabinogalaktanu typu Il (ang. arabinogalactan type I, AG), homogalakturonanu
(ang. homogalacturonan, HG), ramnogalakturonanu typu | (ang. rhamnogalacturonan
type I, RG-1) i ksylanu (ang. xylan) (Hijazi i in., 2014a, 2014b; Tan i in., 2013, 2023). Tlo$¢
i1 rozmieszczenie poszczegolnych sktadnikéw kompleksu APAP1 nalezg do najwazniejszych
czynnikow wptywajacych na funkcj¢ §ciany komoérkowej podczas przemian fizjologicznych
(Srivastava i in., 2017; Tan i in., 2013). Zaktada sig¢, ze kompleks APAP1 nie petni jedynie
funkcji strukturalnej, ale rowniez jest zaangazowany w sygnalizacj¢ komorkowa i adhezje
komorka-komorka (Hijazi i in., 2014b; Tan i in., 2013).

1.2 Charakterystyka biatek arabinogalaktanowych

AGP sa ztozonymi proteoglikanami (Ellis i in., 2010; Nothnagel, 1997), nalezacymi
do jednej z dziewigciu funkcjonalnych grup bialek zaangazowanych w interakcje z innymi
sktadnikami $ciany komoérkowej (ang. cell wall proteins, CWP) (Hijazi i in., 2014b).
Najprostszym sposobem klasyfikacji AGP jest wydzielenie dwoch grup: klasycznych
I nieklasycznych AGP (Silva i in., 2020). Klasyczne AGP naleza do rodziny glikoprotein
bogatych w hydroksyproling (ang. highly glycosylated hydroxyproline-rich glycoproteins,
HRGP) (Ellis i in., 2010; Fragkostefanakis i in., 2012). Zas, nieklasyczne AGP posiadajg
zmienng ilos¢ aminokwasow (Showalter, 2001), dzigki czemu mozna podzieli¢ je
dodatkowo na: AGP ubogie w hydroksyproling (Hyp) (Baldwin i in., 1993), AGP bogate
w cysteing (Cys), asparagine (Asn) i/lub lizyng (Lys) (Showalter, 2001), AGP podobne do
fascyklin (ang. fasciclin-like AGPs, FLA) (Schultz i in., 2002) oraz chimeryczne AGP
(Showalter, 2001).

Po kilkudziesi¢ciu latach badan AGP nadal wyzwaniem jest ich ekstrakcja oraz
oczyszczanie (Strasser i in., 2021). Najczesciej w celu ich izolacji wykorzystuje sie
odczynnik Yariv (Hoshing i in., 2020; Yarivi in., 1962). Odczynnik ten selektywnie

rozpoznaje i wigze tancuchy p-(1—3)-galaktanow, dtuzsze niz pig¢ reszt (Chen i in., 2024;
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Kitazawa i in., 2013; Rueda i in., 2023). Wspomniane pentagalaktany zostaty
zidentyfikowane jako najmniejsze sekwencje AGP wymagane do reaktywnos$ci odczynnika
Yariv (Hoshing i in., 2022; Paulsen i in., 2014). Analiza kompleksu Yariv-pentagalaktan
ujawnita, ze stabilno$¢ tej struktury jest wynikiem oddzialywan niekowalencyjnych n-n
I CH/m. Odzialywania te zachodzg pomi¢dzy hydrofobowymi domenami odczynnika Yariv
a bogatymi w grupy CH obszarami pentagalaktanow (Pferovskd i in., 2021). Dzieki
zdolnosci do stabilnego wigzania tancuchow weglowodanowych, odczynnik Yariv znalazt
zastosowanie rowniez w badaniach roli AGP w przemianach fizjologicznych roslin
(Cheniin., 2024). Wyniki badan Pérez-Pérez i wspotpracownikow (2019) wykazaly, ze
obecno$¢ odczynnika Yariv modyfikuje przebieg embriogenezy somatycznej. Ponadto
stwierdzono, ze dodanie odczynnika Yariv do pozywki hodowlanej ma istotny wptyw

na rozwoj struktury tagiewki pytkowej podczas kietkowania ziaren pytku (Leszczuk i in.,
2019b).

Typowe klasyczne AGP sktadaja si¢ z czesci biatkowej i rozbudowanej domeny
cukrowej. Okoto 90-95% czasteczki AGP stanowig tancuchy weglowodanowe, gtéwnie AG
typu Il (Kieliszewski, 2001; Popper, 2011), ktore sa wysoce O-glikozylowane do reszt Hyp
(Johnson i in., 2017; Tan i in., 2003). Szkielet biatkowy, stanowigcy N-koncowa domeng
AGP, sktada si¢ z okoto 100 aminokwasow (Schultz i in., 2000), gtéwnie proliny (Pro), Hyp,
alaniny (Ala), seryny (Ser), treoniny (Thr) i waliny (Val) (Ma i Johnson, 2023; Showalter,
2001; Showalter i Basu, 2015). Reszty aminokwasowe ulozone sa w powtarzajace si¢
motywy dipeptydowe: Ala-Pro, Ser-Pro, Thr-Pro i Val-Pro (Showalter i Basu, 2016). Reszty
Pro sg hydroksylowane przez wielogenowa rodzing enzymow — hydroksylazy 4-prolinowe
(ang. prolyl 4-hydroxylases, P4H) (Kalaitzis i in., 2010). Podczas posttranslacyjnej
modyfikacji AGP dochodzi réwniez do przylaczenia ugrupowania wigzacego zwanego
kotwica glikozylofosfatydyloinozytolu (ang. glycosylphosphatidyl inositol (GPI) anchor)
do hydrofobowej C-koncowej domeny (Fragkostefanakis i in., 2012). Pozwala to do
umiejscowienia AGP w zewng¢trznej warstwie fosfolipidowej btony komorkowe;j (Silvai in.,
2020), a tym samym na sklasyfikowanie AGP do unikatowej klasy biatek zakotwiczonych
GPI (ang. GPI-anchored proteins, GAP) (Liu i in., 2015). Kotwica GPI zbudowana jest
zczeSci  oligosacharydowej o skladzie a-Man(1—2)-a-Man(1—6)-a-Man(1—4)-
a-GleN(1—6)-inozytol oraz czesci fosfolipidowej (Oxley i Bacic, 1999). Dominujacym

sktadnikiem fosfolipidowym jest fitosfingozyna (Svetek i in., 1999), ktora jest zwigzana
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z kwasem tetrakozanowym (Showalter, 2001). Biosynteza czgséci biatkowej 1 kotwicy GPI
zachodzi w obrebie retikulum endoplazmatycznego (Silva i in., 2020; Zhou, 2022).

Domena cukrowa AGP to przede wszystkim tancuchy B-(1—3)-galaktanu oraz
fancuchy boczne B-(1—6)-galaktanu o zmiennej dlugosci, ktore zakonczone sg resztami
a-(1—3)-arabinozy (Showalter i Basu, 2016; Tan i in., 2024). Uznaje si¢, ze stosunek
L-arabinozy (L-Ara) do D-galaktozy (Gal) wynosi okoto 1:2 (Géllner i in., 2010). Rzadziej
wystepujgcymi resztami cukrowymi AGP sg D-glukoza (Glc), b-mannoza (Man), b-ksyloza
(Xyl), L-ramnoza (L-Rha), L-fukoza (L-Fuc), D-glukozamina (GIcN) (Showalter, 2001),
kwas D-glukuronowy (GIcA), kwas D-galakturonowy (GalA) i kwas 4-O-metylo-
D-glukuronowy (4-Me-GIcA) (Inaba i in., 2015). Detaliczne analizy chemiczne wykazaty,
ze sktad tancuchow weglowodanowych jest specyficzny dla gatunku rosliny, rodzaju tkanki,
a takze poszczegolnych procesow fizjologicznych (Ghosh i in., 2023). Wysoce rozgateziona
czes$¢ cukrowa przytaczona do domeny biatkowej silnie wplywa na wtasciwos$ci chemiczne
i strukturalne AGP oraz ich réznorodno$¢ funkcjonalng (Mai in., 2018). AGP charakteryzuja
si¢ roznymi masami molekularnymi, ktore odzwierciedlaja zmienne stopnie glikozylacji ich
specyficznych rdzeni biatkowych (Showalter i Basu, 2016). O-glikozylacja jest dominujaca
forma glikozylacji klasycznych AGP, katalizowang przez Hyp-O-galaktozylotransferazy.
Reakcja ta zachodzi w aparacie Golgiego (Ma i Johnson, 2023). Zaburzenia podczas
poszczegdlnych etapow biosyntezy AGP sa krytyczne dla ich struktury, zawarto$ci,
rozmieszczenia in situ i funkcji biologicznej (Silva i in., 2020; Strasser i in., 2021).
Zas, specyficzna i zmienna lokalizacja AGP w kontinuum $ciana-btona komoérkowa jest
wykorzystywana do identyfikacji ich roli podczas zachodzacych procesow fizjologicznych
(Liu i in., 2015). Udziat tych czasteczek w wielu procesach wzrostu i rozwoju roslin jest
dobrze poznany (Silva i in., 2020), ale wcigz brakuje informacji na temat ich funkcji

W procesie dojrzewania owocow.

1.3 Wptyw hydroksylazy 4-prolinowej na struktur¢ i funkcje biatek
arabinogalaktanowych podczas procesu dojrzewania owocoOw
Roslinne P4H naleza do dioksygenaz zaleznych od 2-oksoglutaranu
(ang. 2-oxoglutarate-dependent dioxygenases, 2-ODDs) (Vlad i in., 2010), zwigzanych
z blong komorkowa (Kawai i in., 2014; Koski i in., 2009). P4H do prawidlowego

funkcjonowania wymagaja obecnosci tlenu jako kosubstratu, jonow zelaza (Fe?*) i kwasu

19



askorbinowego (Koski i in., 2007). P4H katalizuja hydroksylacje Pro, ktora jest gldwna
posttranslacyjng modyfikacja HRGP (Ellis i in., 2010; Perrakis i in., 2021). Mechanizm
dziatania P4H polega na dodaniu grup hydroksylowych (-OH) do Pro w obecnosci O,
2-oksoglutaranu 1 kwasu askorbinowego. Po reakcji enzymatycznej produktem koncowym

jest Hyp oraz dwutlenek wegla i kwas bursztynowy (Koski i in., 2007).

Prawidlowy przebieg hydroksylacji Pro jest niezbedny do wzrostu i rozwoju ro$lin
(Duruflé i in., 2017; Silva i in., 2020; Vlad 1 in., 2007). Aktywno$¢ P4H w komdrce mozna
zrewidowa¢ za pomocg specyficznych inhibitoréw, m.in. 3,4-dehydroproliny
(ang. 3,4-dehydroproline, DHP) (Cooper i Varner, 1983; Pinski i in., 2021) lub poprzez
manipulacje ekspresja genow kodujacych ten enzym (Kalaitzis i in., 2010; Perrakis i in.,
2019). W badaniach z uzyciem selektywnego inhibitora aktywnosci P4H (DHP)
odnotowano zahamowanie proceséw podziatu komorek, ograniczajac rozwdj korzeni cebuli
(Allium cepa L.) (de Tullio i in., 1999). Zastosowanie strukturalnego analogu
2-oksoglutaranu — 2,4-dikarboksylanu pirydyny (ang. pyridine 2,4-dicarboxylate, PDCA)
indukowato zmiany w procesach dojrzewania owocdéw pomidora, wplywajac na znaczne
zmniejszenie produkcji etylenu oraz obnizajac ilo$¢ epitopow AGP rozpoznawanych przez
przeciwciato JIM13 (Kalaitzis i in., 2010). Dodatkowo, zastosowanie PDCA skutkowato
modyfikacjami w procesie tworzenia komoérek korzeniowych roslin  pomidora

(Fragkostefanakis i in., 2018).

Badania dotyczace roli enzymu P4H w procesie rozwoju i1 dojrzewania roslin
uprawnych zostaty po raz pierwszy podjete w Mediterranean Agronomic Institute of Chania.
W tym celu stworzono linie roslin ze zmodyfikowana ekspresja genow Solanum
lycopersicum Prolyl 4-Hydroxylases (SIP4H) (Perrakis i in., 2019). Utworzono linie
zawierajace liczne izoformy enzymu P4H, m.in. PAH1, P4H2, P4AH3, P4H4, P4H5, P4H6,
P4H7, P4H8, P4H9 oraz P4H10 (Fragkostefanakis i in., 2014; Vlad i in., 2007). Biorac pod
uwage ich aktywnos$¢ katalityczng, lokalizacje w komdrkach, ich zdolnosci do interakcji
z biatkami oraz role w regulacji procesow, takich jak rozwoj roslin, odpowiedz na stres,
a takze tworzenie struktur komoérkowych, kolejne badania wykonywano w roslinach linii
P4H3. Udowodniono, ze izomer P4H3 wykazuje aktywno$¢ szczegdlnie w miejscach
zwigzanych z biosyntezg $§cian komorkowych, jak rowniez w retikulum endoplazmatycznym
(Perrakis i in., 2019). Analiza anatomiczna ro$lin linii transgenicznych z wyciszong
ekspresja genu SIP4H3 wskazala liczne aberracje w budowie tkanki w strefie odcigcia

(ang. abscission zone, AZ), manifestujac, ze niedobor Hyp prowadzi do opdznienia terminu
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zainicjowania procesu dojrzewania owocow (Perrakis i in., 2019). Podsumowujac,
w ro$linach z zaburzong aktywnoscig enzymu P4H3 obserwuje si¢ zmniejszenie zawartosci
Hyp, co w konsekwencji prowadzi do nieprawidtowej organizacji komorek i zaburzonego

wzrostu tkanek (Perrakis i in., 2019, 2021; Vlad i in., 2007).

Niemniej jednak, mechanizm zaobserwowanych zmian strukturalnych zwigzanych
z aktywnoscig P4H3 pozostaje nadal niejasny. Zaktada sie, ze zawarto$s¢ Hyp jako gléwnego
aminokwasu budujacego biatka strukturalne HRGP moze posrednio regulowaé przebieg
procesOw wigzania jonOw oraz utrzymywac integralno$¢ kontinuum $ciana-btona
komodrkowa (Velasquez i in., 2011, 2015). Udowodniono, ze brak hydroksylacji Pro lub
zaburzony jej prawidtowy przebieg, wynikajacy ze zmiany ekspresji genu SIP4H3, wptywa
na modyfikacje procesu O-glikozylacji AGP (Konkina i in., 2021). W przypadku $ciany
komorkowej korzeni Arabidopsis thaliana okreslono zwigzek migdzy poziomem
glikozylacji a funkcjonalnoscig AGP (Nibbering i in., 2020). Autorzy wykazali, ze brak
aktywnosci B-1,3-galaktozydazy, zaangazowanej w biosynteze AGP, negatywnie wptywa
na elastyczno$¢ $ciany komorkowej korzeni, prowadzac do zmniejszonego tempa wzrostu

komorek (Nibbering i in., 2020).

Pierwsze informacje dotyczace roli AGP w procesie dojrzewania owocow zostaly
przedstawione w badaniach nad owocami winorosli (Vitis vinifera) (Moore i in., 2014).
Odkrycie obecnosci AGP w tkankach sugeruje, Zze biatka te moga stanowi¢ wazny
strukturalno-funkcjonalnym sktadnik wptywajacy na wtasciwosci owocow. Udowodniono,
ze specyficzna lokalizacja 1 struktura AGP w S$cianie komorkowej jest skorelowana
Z poszczegdlnymi stadiami procesu dojrzewania owocow (Moore i in., 2014). Autorzy
zasugerowali, ze AGP, rozpoznawane przez przeciwcialo LM2, sg markerami stadium
véraison jagod winogron. Odnotowano wyraznie zwigkszong zawartos¢ AGP
we wspomnianym stadium, ktore jest przejSciem od etapu wzrostu owocu do etapu
rozpoczgcia dojrzewania winogron (Moore i in., 2014). W innych badaniach wykazano, ze
wraz z postepem procesu dojrzewania owocow jabtoni (Malus x domestica) oraz wraz z ich
pozbiorczym starzeniem si¢ nast¢puje zmiana dystrybucji specyficznych epitopoéw AGP
(Leszczuk 1 in., 2018). W owocach jabloni stwierdzono obecno$¢ epitopow AGP,
rozpoznawanych przez przeciwciata JIM13, JIM15 1 MAC207, w Scianie komorkowe;j
W bezposrednim potaczeniu z blong komorkowa. Wykazano, ze obecnos¢ epitopow AGP
jest ograniczona gtéwnie do btony komdrkowej, z ich wyrazng akumulacja wzdhuz granicy

ze $ciang komorkowa 1 przestrzeni pomiedzy $ciang a btong komérkowa, w tzw. macierzy
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zewnatrzkomoérkowej. Natomiast 3-miesigczny proces pozbiorczego starzenia si¢ OWocOwW
istotnie wplywa na wlasciwosci AGP. Odnotowano zmniejszong zawartos¢ AGP
w kontinuum  $ciana-blona komoérkowa, a ich obecno$¢ potwierdzono rowniez
w cytoplazmie (Leszczuk i in., 2019a, 2020a). Co ciekawe, pomimo ogromnego
zainteresowania, nadal nie okre§lono mechanizmu dziatania AGP w procesie rozwoju

I dojrzewania owocow (Leszczuk i in., 2020b, 2023; Perrakis i in., 2019).
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2. Hipoteza badawcza i cele rozprawy doktorskiej

Hipoteza badawcza

Badania struktury $ciany komoérkowej i potaczen pomigdzy jej poszczegdlnymi
sktadnikami stanowig aktywnie rozwijajacg si¢ dziedzine nauki. Dotychczas w badaniach
koncentrowano si¢ gtéwnie na celulozie, pektynach i hemicelulozach, ich strukturze oraz
funkcjach pelionych w $cianie komoérkowej. Niemniej jednak, wcigz brakuje
szczegdtowych informacji na temat AGP oraz ich interakcji z innymi sktadnikami $ciany

komorkowej, szczegolnie w kontekscie procesu dojrzewania owocow.

7 uwagi na koniecznos$¢ doglebnego zrozumienia roli AGP w procesie dojrzewania
owocoOw oraz ich potencjalnego wplywu na przebieg tego procesu postawiono nastepujaca

hipotezg badawcza:

Dojrzewanie owocdéw pomidora jest Scisle zwigzane

ze zmianami dystrybucji i whasciwosciami molekularnymi AGP.

Cel rozprawy doktorskiej

Gléwnym celem badan przedstawionych w niniejszej rozprawie doktorskiej byto
zrozumienie roli AGP w ksztaltowaniu struktury $ciany komorkowej, a w szczegdlnosci
ich wptywu na czasowo-przestrzenng dystrybucj¢ jej pozostatych sktadnikéw w trakcie

procesu dojrzewania OWOCOW.
W zwiazku z realizacja celu gtdwnego postawiono nastgpujace cele szczegdtowe:

e opracowanie wzorca zmian wlasciwosci molekularnych AGP i ich czasowo-
przestrzennej  dystrybucji podczas procesu dojrzewania owocow [P.2]
z wykorzystaniem metod molekularnych i immunocytochemicznych na poziomie
komorkowym i subkomérkowym [P.1];

e wskazanie r6znic w zawarto$ci i czasowo-przestrzennym rozmieszczeniu
AGP w roznych stadiach procesu dojrzewania w owocach ro$lin pomidora
ze zmodyfikowang ekspresja genow SIP4H3, przeprowadzajac kompleksowe
badania mikroskopowe i immunocytochemiczne [P.3];

e okreslenie wptywu zmian ekspresji genu SIP4H3 na cechy AGP, a nastepnie
na pozostate sktadniki kompleksu APAP1 w $cianie komorkowej podczas procesu

dojrzewania owocow [P.4].
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3. Materialy i metody badawcze
3.1 Material badawczy

Materiat badawczy stanowily owoce pochodzace z homozygotycznych roslin
pomidora generacji T2 i T3 (Solanum lycopersicum L. cv. ‘Ailsa Craig’) linii z wyciszong
ekspresja genu SIP4AH3 (RNAi#1, RNAI#7) i linii z nadekspresja genu SIP4H3 (OEX#1,
OEX#2) (Perrakis i in., 2021, 2019). Ponadto, analizowano dwie linie z nadekspresja genu
SIP4H3 (¢cGFP OEX (cGFP) i nGFP OEX (nGFP)), w ktorych dodany znacznik GFP
znajdowat si¢ na C- lub na N-koncu DNA (Perrakis i in., 2021). Linie transgeniczne roslin
zostaly przygotowane 1 scharakteryzowane przez grupe badawcza z Mediterranean
Agronomic Institute of Chania (MAICH) w Grecji. Rosliny uprawiano w warunkach
szklarniowych w kontrolowanych warunkach temperatury (w zakresie 18-27°C)
I wilgotno$ci wzglednej (w zakresie 60-80%). Kontrolg do przeprowadzonych badan
stanowily owoce pomidora pochodzace z roslin ,.dzikiego typu” S. lycopersicum L.
cv. ‘Ailsa Craig’ (ang. ‘wild type’, WT). Zamierzong cechg roslin linii RNAi#1 i RNAi#7
byta okoto 50% nizsza ekspresja genu SIP4H3. Natomiast poziom ekspresji tego genu
w owocach roélin linii OEX#1 i OEX#2 stanowit odpowiednio 4- i 8-krotno$¢ poziomu
ekspresji genu odnotowanego w owocach WT. Ekspresja genu SIP4H3 w liniach cGFP
i nGFP byta odpowiednio 92- i 20-krotnie wyzsza w poréwnaniu do owocoéw roslin

z niemodyfikowana ekspresja genu SIP4H3.

Owoce pomidora zbierano w $ciste okreslonych stadiach procesu dojrzewania:
poczatek wybarwienia, ,,przetamania” (ang. Breaker stage, BR), stabo ,,zapalone”
(ang. Turning stage, TU), rozowe (ang. Pink stage, PINK) oraz czerwone (ang. Red Ripe
stage, RR) (Chrominski, 1971; Nakatsuka i in., 1998). Stadia dojrzewania zidentyfikowano
na podstawie oceny zmian koloru skorki owocow (Batu, 2004). Poprawnos¢ selekcji
poszczegbdlnych stadiow dojrzewania zbadano przez grupe badawczag z MAICH metodami
genetycznymi (stosujgc tancuchowg reakcje polimerazy, ang. polymerase chain reaction,
PCR) oraz metodami biochemicznymi (analizujgc poziom zawartosci etylenu za pomoca
chromatografii gazowej). Dodatkowo, sprawdzono poziom likopenu, ktory jest pigmentem
nalezagcym do karotenoidoéw (Georgiadou i in., 2021), a jego zawarto$¢ w owocach pomidora
jest charakterystyczna dla kazdego stadium procesu dojrzewania (Nagata i Yamashita,
1992). W owocach WT w stadium BR zawarto$¢ likopenu odnotowano na poziomie
3,5 ng/g, ktory stopniowo wzrastat do 28 pg/g swiezej masy tkanki owocoéw w stadium RR.

Natomiast w owocach linii transgenicznych stwierdzono wyzsze stezenie likopenu niz
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w owocach WT. Na poczatku procesu dojrzewania st¢zenie wynosito okoto 10 ng/g i wraz
z postepem procesu dojrzewania wzrosto do 50-70 pg/g $wiezej masy tkanki. W owocach
linii nGFP poziom likopenu w ostatnim stadium procesu dojrzewania byl dwukrotnie

wyzszy niz w przypadku pozostatych linii transgenicznych.

Analizy przygotowanego materiatu badawczego przeprowadzono technikami in situ

I ex situ (Rysunek 1).
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Rysunek 1. Wykorzystane techniki badawcze in situ i ex situ. Rysunek wykonano w programie
BioRender [opracowanie wlasne].

Sposéb przygotowania materialu badawczego oraz doktadne protokoty wykonania
wszystkich analiz, liczby powtorzen technicznych, sposob analizy uzyskanych danych wraz

z dodatkowymi technicznymi wskazéwkami zostaly opisane w poszczegdlnych
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publikacjach [P.1 — P.4]. Przede wszystkim, publikacja P.1 pod tytutem ,,A practical guide
to in situ and ex situ characterisation of arabinogalactan proteins (AGPS) in fruits” stanowi
kompleksowy opis sposobu przeprowadzenia okreslonych eksperymentow, opisuje nowe
i czesto udoskonalone procedury oraz ich optymalizacje konieczng do analiz tkanki
owocOow. W niniejszej rozprawie przedstawiono wylacznie krotki opis i cel zastosowanej

techniki badawczej.

3.2 Badania molekularne

3.2.1. Analiza sktadnikéw $ciany komorkowej — technika dot blot

Immunocytochemiczna technika dot blot zostata zastosowana do detekcji obecnosci
wybranych sktadnikow §ciany komorkowej w analizowanych probkach. Jest uproszczong
wersja techniki Western blot, w ktorej probki sg nakrapiane bezposrednio na membrang,
bez konieczno$ci przeprowadzania rozdzialu elektroforetycznego. Szczegdtowy protokot

techniki dot blot przedstawiono w publikacji P.2.

Identyfikacja obecnosci specyficznych epitopéw skladnikow S$ciany komorkowej
opierata si¢ na zastosowaniu pierwszorzgdowych przeciwcial monoklonalnych (Kerafast,

USA). W Tabeli 1 przedstawiono doktadny opis stosowanych przeciwciat.

Tabela 1. Przeciwciata pierwszorzedowe rozpoznajace wybrane sktadniki $ciany
komorkowe;j.

przlizizv\évc?ala Epitop Bibliografia
JIM13 B-GICA(1—3)-0-GalA(1—2)-a-Rha; AGP g;rt‘:zl'l:{‘lg%%l)

JIM15 GIcA; 4-Me-GIcA; AGP (Yates i in., 1996)

LM2 GlcA; AGP (Yates i in., 1996)

LM14 Arabinogalaktan typu Il; AGP (Moller i in., 2008)

LM1 Ekstensyny (Smallwood i in., 1996)
LM11 E;j—‘gln(,la_’m‘t‘))i'nﬁc;g}gn_"‘)'ﬁ'xyl(1_’4)'B'Xy'; (McCartney i in., 2005)
LM16 Ramnogalakturonan typu | (Verhertbruggen i in., 2009)
LM19 z:gz:ﬁflh:rﬁé&ﬁ E,:uArgn;@'a'GalA(l_A)' (Verhertbruggen i in., 2009)
LM20 o-MeGalA(1—4)-0-MeGalA(1—4)- (Verhertbruggen i in., 2009)

a-MeGalA(1—4)-a-MeGalA; homogalakturonan
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3.2.2. Jakosciowa i ilosciowa analiza sktadnikow $ciany komorkowej — technika

Western blot

Technike Western blot wykorzystano w celu molekularnej charakterystyki
poszczegdlnych sktadnikow Sciany komodrkowej. Metoda zostata przeprowadzona w kilku
etapach: elektroforetyczny rozdziat wyizolowanych biatek w Zelu poliakrylamidowym
(ang. sodium dodecy! sulphate—polyacrylamide gel electrophoresis, SDS-PAGE), transfer
bialek na membrang PVDF (ang. polyvinylidene difluoride transfer membraneg), reakcja
immunochemiczna oraz kolorymetryczna detekcja wygenerowanego sygnatu. Szczegotowy

protokot wykonanej analizy przedstawiono w publikacji P.1.

3.2.3. Profilowanie sktadnikéw $ciany komorkowej — test immunoenzymatyczny

(ang. enzyme-linked immunosorbent assay, ELISA)

Profilowanie sktadnikow Sciany  komorkowej za  pomoc3  testu
immunoenzymatycznego (ELISA) to technika, ktora zostata zastosowana celem ilosciowego
oznaczenia sktadnikéw $ciany komorkowej. Test przeprowadzono wedlug metody opisanej
przez Pfeifer i in. (2020) na 96-dotkowe;j ptytce (Nunc MaxiSorpTM flat-bottom, Thermo
Scientific, Denmark). Szczegoétowy protokot wszystkich etapow analizy przedstawiono
w publikacji P.1.

3.2.4. Test ,,wigzania” in vitro (ang. binding assay) — technika dot blot

Test ,,wigzania” in vitro z zastosowaniem techniki dot blot wykorzystano w celu oceny
interakcji pomigdzy poszczegdlnymi sktadnikami Sciany komorkowej. Okreslono
powinowactwo wyizolowanego z owocoéw AGP z komercyjnie dostgpnymi sktadnikami
sciany komoérkowej, m.in. AG, RG, czeSciowo acetylowany ksylan, ksyloglukan
(Megazyme, USA) i celuloza (Sigma-Aldrich, USA). Analiz¢ wykonano zgodnie
z metodologia przedstawiong w pracach Hijazi i in. (2014a) oraz Moller i in. (2008).

Szczegdlowy protokot przeprowadzenia analizy przedstawiono w publikacji P.4.
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3.2.5. Test ,,wigzania” in vitro (ang. binding assay) — technika ELISA

Testy powinowactwa pomi¢dzy AGP a pozostatymi sktadnikami §ciany komodrkowe;
zostaly wykonane roéwniez poprzez zastosowanie detekcji technikag ELISA. Analizy
przeprowadzono zgodnie z metodg przestawiong w pracy Biswal i in. (2018). Szczegotowy

protokol przeprowadzenia analizy przedstawiono w publikacji P.4.

3.3 Badania mikroskopowe
3.3.1. Preparatyka tkanki do analiz mikroskopowych

Przygotowanie materiatu roslinnego do analiz mikroskopowych przeprowadzono
zgodnie z wytycznymi opisanymi przez Leszczuk i in. (2019c), a szczegbtowy protokot

przedstawiono w publikacji P.1.

3.3.2. Technika immunofluorescencyjna — skanujacy laserowy mikroskop

konfokalny (ang. confocal laser scanning microscope, CLSM)

Znakowanie immunofluorescencyjne lokalizacji skladnikow $ciany komorkowej
na poziomie tkankowym i komérkowym wykonano w celu oceny zmian czasowo-
przestrzennej dystrybucji wybranych epitopow w trakcie procesu dojrzewania owocow.
Dominantg metody jest zastosowanie przeciwciala drugorzgdowego skoniugowanego
z fluorochromem Alexa Fluor 488 (ang. secondary antibody, goat Anti-rat IgM (heavy
chain) cross — Alexa Fluor 488; ThermoFisher Scientific, Denmark). Szczegétowy protokot
przedstawiono w publikacji P.1.

3.3.3. Technika immunoziotowa — transmisyjny mikroskop elektronowy

(ang. transmission electron microscope, TEM)

Znakowanie sktadnikéw Sciany komorkowej z uzyciem techniki immunoztotowej
mialo na celu identyfikacj¢ zmian lokalizacji epitopdw na poziomie subkomodrkowym
w wybranych kompartymentach komérkowych: $cianie komorkowej, blonie komoérkowe;j
oraz cytoplazmie. W przypadku tej metody, detekcja bazuje na zastosowaniu przeciwciata
sprzezonego z nanoczastkami ztota (ang. secondary Anti-rat 1IgG (whole molecule) — Gold
antibody; Sigma, USA). Szczegétowy protokot przeprowadzenia analizy przedstawiono
w publikacji P.1.
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3.3.4. Analiza morfologiczna izolowanego AGP - skaningowy mikroskop
elektronowy (ang. scanning electron microscope, SEM)

AGP izolowano z owocow w dwoch skrajnych stadiach procesu dojrzewania.
W tym celu zastosowano zdolnos$¢ wigzania AGP i odczynnika Yariv. Uzyskane liofilizaty
obrazowano z wykorzystaniem mikroskopii elektronowej SEM. Szczegétowy protokot
przeprowadzenia analizy przedstawiono w publikacji P.3.

3.3.5. Analiza zawarto$ci jonow wapnia — SEM z mikroanalizg EDS — spektroskopia

dyspersji energii (ang. energy dispersive spectroscopy)

Do okre$lenia zawartosci jonow Ca?* w tkance owocow zastosowano metode
spektroskopii dyspersji energii w potaczeniu z mikroskopig SEM. Obrazowanie powierzchni
tkanki owocow pozwolito na identyfikacje jonow na poziomie mikroskalowym. Analizy
przeprowadzono zgodnie z metodyka zaproponowang przez Li i in. (2014). Szczegdtowy

protokot analizy przedstawiono w publikacji P.4.

3.3.6. Analiza dystrybucji jonow wapnia — CLSM z wykorzystaniem wskaznika
Fluo-3 AM

Detekcje jonow wapnia przeprowadzono roéwniez na poziomie komoérkowym
z uzyciem wskaznika Fluo-3 AM (Sigma-Aldrich, USA), wykazujagcym fluorescencje
W obecnosci  jonéw Ca? (Tsien, 1980). Poziom intensywnoéci fluorescencji jest
proporcjonalny do stezenia jonéw Ca?'. Analize przeprowadzono zgodnie z metodyka
zaprezentowang w pracach Li i in. (2014) oraz Qiu i in. (2020). Szczegdtowy protokodt

przeprowadzenia analizy przedstawiono w publikacji P.4.

3.4 Badania biochemiczne
3.4.1. Ekstrakcja i kolorymetryczne oznaczenie zawartosci biatek
Ekstrakcje biatek przeprowadzono w oparciu o protokét Ling i in. (2021)
z zastosowaniem buforu Laemmli’ego (1970) w modyfikacji wtasnej. Zawarto$¢ biatka

oznaczono metodg kolorymetryczng Bradford (1976) i obliczono na podstawie rownania

krzywej kalibracyjnej dla albuminy surowicy bydlecej (ang. bovine serum albumin, BSA,
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y=0,0013x; R? = 0,9935). Stezenie biatek wyrazono jako pg/ml. Szczegdtowy protokot
izolacji przedstawiono w publikacjach P.2, P.3 oraz P.4.

3.4.2. Ekstrakcja i kolorymetryczne oznaczenie zawartosci likopenu

Ekstrakcje likopenu i analiz¢ kolorymetryczng przeprowadzono w oparciu o protokot
Nagata i Yamashita (1992). Zawarto$¢ likopenu obliczono zgodnie z rownaniem Nagata

i Yamashita (1992) i wyrazono jako pg/g Swiezej masy tkanki (Georgiadou i in., 2021).

3.4.3. Izolacja AGP za pomocg odczynnika Yariv

Izolacj¢ AGP z tkanki owocéw przeprowadzono metoda ekstrakcji opisang po raz
pierwszy przez Derek Lamport (2013) oraz technikg opracowang dla tkanki owocow
zaproponowang przez Leszczuk i in. (2020c). Dwie wymienione metody ekstrakcji
opierajg si¢ na uzyciu odczynnika Yariv (1,3,5-tri(p-glikozyloksyfenylazo)-2,4,6-
trihydroksybenzen, B-GIcY; Biosupplies, Australia) (Kitazawa i in., 2013; Yariv i in., 1962).
Zawarto$¢ wyizolowanego AGP wyrazono jako mg/g $wiezej masy tkanki. Szczegdtowy

protokot izolacji przedstawiono w publikacji P.2.

3.4.4. Test dyfuzji AGP w zelu agarowym z odczynnikiem Yariv

Test dyfuzji radialnej w zelu agarowym przeprowadzono zgodnie z opisem van Holst
i Clarke (1985) oraz Castilleux i in. (2020). Test umozliwia okreslenie stezenia AGP poprzez
pomiar strefy reakcji AGP z B-GIcY. Zawartos¢ AGP wyrazono jako mg/ml. Szczegdtowy

protokot przeprowadzenia analizy przedstawiono w publikacji P.2.
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4. Omowienie wynikow przedstawionych w publikacjach

W publikacjach P.1, P.2, P.3 i P.4 opisano i przedyskutowano role¢ AGP w $cianie
komodrkowej oraz scharakteryzowano wplyw modyfikacji ekspresji genu SIP4H3 na proces
dojrzewania owocow pomidora. Cykl przedstawionych publikacji (P.1 — P.4) prezentuje ciag
uzupetniajagcych si¢ wiadomosci, stanowigcy kontynuacje $cisle zaplanowanych
doswiadczen. Publikacje uporzadkowano z uwzglednieniem zalezno$ci przyczynowo —
skutkowych pomiedzy poszczegdlnymi etapami badan:

Publikacja P.1 jest kompleksowym praktycznym przewodnikiem w zakresie metod
immunocytochemicznych w badaniach AGP w owocach.

W publikacji P.2 zbadano rolg AGP w naturalnym procesie dojrzewania oraz oceniono
potencjat tych proteoglikanéw jako markeréw finalizacji procesu dojrzewania owocow.

W publikacji P.3 omowiono wptyw modyfikowanej ekspresji genu SIP4H3
na wlasciwosci AGP. Wyniki przedstawione w pracy wskazuja, ze zmiany w ekspresji genu
kodujacego enzym P4H3 znaczaco oddziatuja na zawartos¢ i strukture AGP.

Publikacja P.4 stanowi kulminacyjny punkt prowadzonych badan, w ktorej szczegolng
uwage poswiecono roli AGP w tworzeniu dynamicznej sieci porzadkujacej polisacharydy

I proteoglikany $ciany komorkowej zwanej kompleksem APAPI.

4.1. Publikacja P.1

Kutyrieva-Nowak N., Leszczuk A., Zdunek A. 2023. A practical guide to in situ and ex situ

characterisation of arabinogalactan proteins (AGPs) in fruits. Plant Methods, 19: 117.

W publikacji P.1 zaprezentowano opis immunocytochemicznych metod
wykorzystywanych do charakterystyki AGP w owocach. Celem niniejszej pracy byto
stworzenie praktycznego przewodnika metod, zaréwno analiz insitu, jak i ex situ.
W publikacji omowiono metody mikroskopowe pozwalajace na wizualizacj¢ czasowo-
przestrzennej dystrybucji AGP, w tym technike znakowania immunofluorescencyjnego
I technike¢ immunoztotowa. Ponadto, opisano metody ex Situ umozliwiajace okreslenie cech
molekularnych AGP oraz przeprowadzenie ich ilosciowej analizy, takich jak Western blot
i technika ELISA. Niniejsza praca zawiera kluczowe informacje o poszczegdlnych etapach
preparatyki materiatu, wykonania reakcji immunocytochemicznych, a takze detekcji

I identyfikacji sygnatu za pomoca odpowiednich narzedzi badawczych.
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W  publikacji  opisano  optymalizacje  techniki  immunofluorescencyjnej
z wykorzystaniem obrazowania z uzyciem mikroskopii konfokalnej skaningowej (CLSM)
oraz metod¢ immunoziotows, ktorej wizualizacja odbywata si¢ za pomocg mikroskopii
elektronowej  transmisyjnej (TEM). Etapy preparatyki tkanki do badan
immunocytochemicznych obejmuja szereg procedur, w tym ich utrwalenie, odwodnienie
I przeprowadzenie reakcji immunocytochemicznych. Ze wzglgdu na wysoka zawarto$é
wody oraz podatno$¢ na uszkodzenia mechaniczne, szczegdlnie pod koniec procesu
dojrzewania, przygotowanie tkanki owocow pomidora wymaga licznych modyfikacji
standardowych procedur badawczych. Podczas przygotowania tkanek owocow zastosowano
utrwalacz sktadajacy si¢ z mieszaniny 2% roztworu paraformaldehydu i 2,5% roztworu
aldehydu glutarowego w PBS. Taka kombinacja pozwala na zachowanie struktury
komoérkowej przez stabilizacj¢ bialek. Podczas etapu zatapiania tkanek owocow
wykorzystano zywice akrylowa LR White. Zywica LR White jest nietoksyczng zywica
0 niskiej lepkosci i minimalnym niespecyficznym barwieniu, co czyni ja odpowiednig
do preparatyki i pdzniejszego obrazowania fluorescencji i uwidocznienie nanoczastek ztota.
Przygotowane w ten sposob kapsutki z tkankami owocdéw zostaly nastepnie sekcjonowane
Z uzyciem ultramikrotomu na skrawki o grubosci 1 um i 70 nm w zaleznosci od techniki
mikroskopowej. Podczas znakowania immunofluorescencyjnego, skrawki owocow
umieszczano na szkietkach pokrytych poli-L-lizyna, w celu poprawy adhezji probki
do powierzchni szkietka mikroskopowego. Z kolei, do znakowania immunoziotowego,
skrawki owocow umieszczano na heksagonalnych siatkach niklowych pokrytych blong
formwarowg. Siatki niklowe pokryte btong formwarowa sa mniej reaktywne chemicznie
w porownaniu do siatek miedzianych, co minimalizuje ryzyko wystapienia
niespecyficznych interakcji z przeciwciatami. Ponadto, zastosowanie siateczek niklowych
minimalizuje zaklocenia od metalicznych artefaktoéw, zapewniajac lepsze warunki

do precyzyjnego obrazowania z uzyciem mikroskopii elektronowe;.

Strategicznym etapem reakcji immunocytochemicznej jest inkubacja probki
Z przeciwciatami: pierwszorzegdowym monoklonalnym oraz drugorzedowym sprzezonym
z odpowiednim znacznikiem: fluorescencyjnym (Alexa Fluor 488) oraz nanoczastkami
ztota. Do badan tkanki owocdéw zoptymalizowano rozcienczenia stosowanych
komercyjnych przeciwcial pierwszorzgdowych — 1:50 i drugorzedowych — 1:200 dla
techniki fluorescencyjnej oraz 1:50 dla techniki immunoztotowej. Dodatkowo, po inkubacji

z przeciwcialem drugorzedowym przeprowadzono barwienie za pomocg barwnika
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Calcofluor White. Etap ten wprowadzono w celu uwidocznienia celulozy i hemicelulozy
obecnej w S$cianie komoérkowej. Uzyskana kontrastujagca wizualizacja umozliwia
jednoczesng detekcje AGP oraz precyzyjne okreslenie ich lokalizacji w strukturach $ciany

komorkowe;.

Opisane w publikacji P.1 techniki molekularne, tj. Western blot oraz test
immunoenzymatyczny, pozwalajg na okreslenie zawartosci 1 cech molekularnych AGP.
W przypadku analizy AGP z zastosowaniem techniki Western blot wprowadzono szereg
modyfikacji, pozwalajacy na identyfikacje epitopdéw AGP na membranie PVDF. Rozdziat
elektroforetyczny AGP, jako proteoglikandw, jest bardziej ztozony niz rozdziat klasycznych
biatek, ze wzgledu na ich specyficzng strukture, ktora obejmuje zaréwno domene biatkowa,
jak 1 liczne tancuchy weglowodanowe. W publikacji P.1 zaproponowano elektroforeze
w zelu poliakrylamidowym w  warunkach denaturujacych z  wykorzystaniem
dodecylosiarczanu sodu (SDS-PAGE) jako preferowang w analizach AGP. Ponadto,
zmodyfikowano st¢zenie roztworu blokujacego — 5% roztwor BSA. Dodatkowo,
zoptymalizowano zastosowane st¢zenia przeciwcial pierwszorzgdowych — 1:500
I drugorzedowych zwigzanych z fosfatazg alkaliczng (AP) — 1:1000. W przypadku techniki
ELISA zmodyfikowano stezenie przeciwcial pierwszorzedowych — 1:20 i drugorzedowych

—1:500, a takze czas ich inkubacji z powszechnie stosowanych 24h na 72h.

Podsumowujac, zaprezentowane w publikacji P.1 modyfikacje technik pozwalaja
na optymalizacje¢ analiz AGP, w tym poprawe czutosci, specyficznosci, szybkosci

| powtarzalnosci analiz.

4.2. Publikacja P.2

Kutyrieva-Nowak N., Leszczuk A., Zajac A., Kalaitzis P., Zdunek A. 2023. Arabinogalactan
protein is a molecular and cytological marker of particular stages of the tomato fruit ripening

process. Scientia Horticulturae, 310: 111718.

W publikacji P.2 przedstawiono detaliczny opis zmian cech molekularnych i czasowo-
przestrzennej dystrybucji AGP w owocach podczas naturalnie zachodzacego procesu
dojrzewania. Do badan wykorzystano owoce pochodzgce z roslin pomidora — WT, zebrane
w $cisle okreslonych stadiach. Celem badan zaprezentowanych w publikacji P.2 byta analiza

AGP jako proteoglikanow, stanowigcych potencjalny marker poszczegdlnych stadiow
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procesu dojrzewania. W badaniach wykorzystano wcze$niej zoptymalizowane techniki
immunocytochemiczne i biochemiczne, tj. znakowanie immunofluorescencyjne, ekstrakcje
AGP z wuzyciem odczynnika Yariv, analiz¢ molekularng Western blot, test

immunoenzymatyczny oraz test dyfuzji na zelu agarowym.

Izolacja AGP z uzyciem odczynnika Yariv wraz z analizg iloSciowa pozwolity
na wykazanie znaczacych roéznic w ich zawarto$ci w poszczegdlnych stadiach procesu
dojrzewania. W tkankach owocoéw w stadium BR stezenie AGP osiggneto poziom 0,98 mg/g
swiezej masy tkanki. W stadium TU stezenie wzrosto do 3,11 mg/g, z wyraznym spadkiem
w stadiach PINK i RR do stezenia okoto 1,1 mg/g $wiezej masy tkanki. Wyniki testu dyfuzji
AGP w zZelu agarowym z odczynnikiem Yariv rowniez potwierdzily zmniejszenie stezenia

AGP w tkance wraz z postepem procesu dojrzewania.

Wykorzystujac potilosciowa analize dot blot i test ELISA przeprowadzono rewizje
obecnosci specyficznych epitopow AGP rozpoznawanych przez przeciwciata JIM13, LM2
i LM14 w owocach. Wyniki analizy metoda dot blot wskazuja na stopniowy spadek liczby
analizowanych epitopéw w miare postepu procesu dojrzewania owocow. W tkankach
owocow wykluczono wystgpowanie epitopéw AGP rozpoznawanych przez przeciwciato
JIM15. Dodatkowo, po zastosowaniu przeciwcialta LM2, zaobserwowano najwyzsza
intensywno$¢ sygnalu w owocach we wszystkich analizowanych stadiach procesu
dojrzewania. Uzyskane wyniki wskazuja, ze przeciwciato LM2 moze petni¢ nadrzedng rolg
jako narzedzie do detekcji AGP w owocach pomidora. Podobnie analiza przeprowadzona
za pomocg techniki ELISA wykazala, ze w owocach roslin WT nie wystepuja istotne zmiany
w ilosci epitopow AGP (JIM13) w trakcie dojrzewania. Natomiast w przypadku analizy
reakcji z przeciwciatami LM2 i LM14 stwierdzono wyrazne zmiany w ekspozycji tych

epitopow.

Stosujac analize Western blot oszacowano zmiany zawartosci poszczeg6dlnych frakcji
AGP o roznych masach molekularnych podczas procesu dojrzewania owocoOw.
Dowiedziono, ze w stadiach BR 1 TU dominuja frakcje AGP o masie molekularnej
60-120 kDa. Natomiast podczas postepu procesu dojrzewania owocdéw masa molekularna
AGP znacznie spada. W stadiach PINK 1 RR przewazajg frakcje AGP o masie molekularnej
20-25 kDa. W ostatnich etapach procesu dojrzewania zaobserwowano obecnos¢ AGP
0 masie molekularnej 30 kDa. Z tego powodu frakcj¢ AGP charakteryzujaca si¢ ta masg

molekularng uznano za marker finalizacji procesu dojrzewania.
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Wyniki badan mikroskopowych ujawnily zmiany anatomiczne w tkankach owocéw,
ktore byly skorelowane z typowymi, dobrze udokumentowanymi modyfikacjami
komoérkowych struktur owocow, zwigzanymi z postepujagcym procesem dojrzewania.
Analizy lokalizacji i czasowo-przestrzennej dystrybucji AGP na poziomie tkankowym
ujawnity, ze na poczatku dojrzewania epitopy AGP byly usytulowane glownie
W zewngtrznych czesSciach owocu, tj. w warstwach epidermalnych. Natomiast wraz
Z postepem procesu dojrzewania identyfikowane epitopy odnotowano przede wszystkim
w warstwie hypodermalnej. Zatem, obecno$s¢ AGP w poszczegdlnych tkankach owocow

sugeruje ich specyficznos¢ tkankowa zalezna od stadium procesu dojrzewania.

Analizy na poziomie komodrkowym potwierdzily specyficzno$¢ lokalizacji AGP,
a doktadnie ich wystgpowanie zgodnie ze $Sci§le okreslonym wzorcem. Na poczatku procesu
dojrzewania owocow epitopy AGP rozpoznawane przez przeciwciata JIM13 1 LM2
znajdowatly si¢ glownie w kontinuum $ciana-blona komorkowa. W kolejnych stadiach
dojrzewania analizowane epitopy AGP uwidoczniono w licznie oderwanych przedziatach
Sciany komorkowej, usytulowanych w bezposrednim sgsiedztwie z btong komorkowa.
Postepowi procesu dojrzewania rowniez towarzyszylo zmniejszenie intensywnos$ci

fluorescenciji.

Podsumowujac, AGP moga by¢ wykorzystane jako potencjalne wskazniki procesu
dojrzewania, ze wzgledu na obecno$¢ specyficznych cech charakterystycznych
dla poszczegblnych stadiow tego procesu. Wyniki uzyskane w badaniach P.2 dostarczaja
kluczowych informacji o charakterystycznych wtasciwosciach AGP w réznych stadiach
naturalnie zachodzgcego procesu dojrzewania owocow pomidora. Uzyskane dane stanowig
punkt wyjscia — ,,wzorzec”, na podstawie ktorego przeprowadzono kolejne badania procesu

dojrzewania owocow pomidora ze zmieniong aktywnosciag P4H.
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4.3. Publikacja P.3

Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajagc A., Szymanska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P.,
Zdunek A. 2024. The modified activity of prolyl 4 hydroxylases reveals the effect
of arabinogalactan proteins on changes in the cell wall during the tomato ripening process.
Frontiers in Plant Science, 15: 1365490.

W publikacji P.3 przedstawiono wyniki badan w zakresie zmian cech AGP w owocach
ro$lin pomidora ze zmodyfikowanym poziomem ekspresji genu SIP4H3. Enzym P4H3 jest
zaangazowany w posttranslacyjng modyfikacj¢ AGP. Zmiany podczas hydroksylacji Pro
moga wplywaé na przebieg O-glikozylacji, warunkujac wystepowanie modyfikacji
strukturalnych i funkcjonalnych AGP. Celem badan przedstawionych w tej publikacji byto
scharakteryzowanie struktury molekularnej, cech biochemicznych, zawartosci, lokalizacji
I czasowo-przestrzennej dystrybucji AGP podczas zaburzonego przebiegu procesu
dojrzewania. Badania przeprowadzono w owocach roslin z wyciszong ekspresja genu
SIP4H3 (RNAi#1, RNAi#7) oraz nadekspresja genu SIP4H3 (OEX#1, OEX#2, cGFP,
NGFP). W pracy opisano kompleksowe analizy porownawcze z uzyciem metod in Situ
i ex situ w odniesieniu do wcze$niej scharakteryzowanych wilasciwosci AGP w owocach

roslin WT [P.2].

Przeprowadzone analizy z uzyciem techniki dot blot ujawnity zaleznosci pomig¢dzy
zmianami ekspresji genu SIP4H3 a zawartoscia AGP w owocach. W owocach linii
transgenicznych stwierdzono zmieniong zawarto$¢ poszczegdlnych epitopoéw AGP w trakcie
procesu dojrzewania. W przypadku owocéw linii RNAi#7 zaobserwowano 5-20%
zmniejszenie intensywno$ci sygnatu w reakcji z przeciwcialami JIM13, LM2 1 LM14.
Natomiast, w owocach linii OEX#1 odnotowano 20-30% wyzszy poziom sygnatu, nawet
W owocach w koncowym stadium procesu dojrzewania. Najwyzszy sygnat podczas analizy
wszystkich probek uzyskano w reakcji z przeciwciatem LM2, co wskazuje na brak istotnego

wptywu aktywnosci PAH3 na obecnos¢ GICA w strukturze AGP.

Dzi¢ki zastosowaniu techniki ELISA, w owocach linii z nadekspresjg genu SIP4H3
(OEX#1, OEX#2, c¢GFP, nGFP) odnotowano stgzenie epitopow AGP na poziomie
50-60 ug/ml (JIM13) i 1000-1300 pg/ml (LM2). Badania owocéw linii RNAi#7
nie wykazaty istotnych réznic w ilosci epitopow AGP w poréwnaniu do owocow roslin WT.

W obu przypadkach stezenia wynosity 40 pg/ml 1 900 pg/ml, odpowiednio w reakcji
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z przeciwciatem JIM13 i LM2. Natomiast, analiza owocow linii RNAi#1 z wymienionymi
przeciwcialami pozwolita na odnotowanie znacznie nizszego stezenia epitopéw AGP
(okoto 30 pug/ml (JIM13) 1 300 pg/ml (LM2)). Stezenie epitopdéw AGP rozpoznawanych
przez przeciwciatlo LM 14 wynosito 20 ug/ml i nie stwierdzono istotnych réznic pomiedzy

badanymi probkami.

Analiza molekularna AGP wyizolowanych z owocéw linii transgenicznych
potwierdzita obecno$¢ frakcji AGP w zakresie mas molekularnych 20-120 kDa. W celu
okreslenia wzglednego poziomu zawartosci poszczegolnych frakcji AGP przeprowadzono
pomiar intensywno$ci sygnalu kolorymetrycznego poszczegdlnych prazkow, stosujac
oprogramowanie Image Lab Software v. 6.1 (Bio-Rad, USA). Otrzymane wartoSci
zsumowano i przedstawiono w trzech zakresach mas molekularnych 20-25 kDa, 25-60 kDa
oraz 60-120 kDa. Wykazano, ze masa molekularna AGP w poszczegolnych stadiach procesu
dojrzewania byta odmienna od typowego ,,wzorca” opracowanego na podstawie analiz AGP
w owocach roslin WT. Stwierdzono wzrost wzglednego poziomu zawartosci AGP (JIM13
i LM2) w owocach linii cGFP i nGFP, ktory utrzymywal si¢ do zakonczenia procesu
dojrzewania. Z kolei najnizszy poziom zawartosci AGP (JIM13 i LM2) zaobserwowano
w owocach linit RNAIi#1 i RNAI#7. W owocach linii transgenicznych odnotowano wzrost
wzglednego poziomu zawartosci AGP (LM14) o masie molekularnej 60-120 kDa.
Interesujacym jest fakt, ze podczas badan owocow linii ze zmodyfikowang ekspresja genu
SIP4H3 nie odnotowano obecnosci charakterystycznej frakcji AGP  (bardzo
charakterystycznego prazka) o masie molekularnej okoto 30 kDa, uznang za marker

finalizacji procesu dojrzewania.

Stosujac technike ekstrakcji z uzyciem odczynnika Yariv okre§lono st¢zenie AGP
w tkance owocow. W poczatkowym stadium procesu dojrzewania zawartos¢ AGP
w owocach linii OEX#1 wynosita 4,28 mg/g, w owocach linii OEX#2 — 0,59 mg/g,
w owocach linii RNAi#7 — 0,31 mg/g, a w owocach roslin WT — 0,38 mg/g §wiezej masy
tkanki. Natomiast w ostatnim stadium dojrzewania zaobserwowano istotnie nizsza
zawartos¢ AGP. W przypadku owocow linii OEX#1 odnotowano zmniejszenie na poziomie
80%, w poroéwnaniu do 26,5% dla owocoéw roslin WT, 7,48% dla owocow linii RNAi#7 oraz

37,5% dla owocow linii OEX#2.

Analizy  histologiczne  oraz  znakowanie  immunofluorescencyjne  AGP
przeprowadzono w tkance owocow w dwoch skrajnych stadiach procesu dojrzewania, tj. BR

1 RR. Stwierdzono liczne odstepstwa od typowego obrazu tkanki owocdéw obserwowanego
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wraz z postepem procesu dojrzewania. W tkance linii nGFP odnotowano rozluznienie $ciany
komodrkowej juz na poczatku procesu dojrzewania. Natomiast, w tkankach linii RNAIi#1
I RNAi#7 stwierdzono mniej zintegrowane, nierdwnomiernie pogrubione i pofaldowane
sciany komorkowe. Dodatkowo, w owocach tych linii w obu stadiach procesu dojrzewania
odnotowano niski poziom fluorescencji w reakcji z przeciwciatami JIM13, LM2 i LM14.
W owocach linii OEX#1 1 OEX#2 epitopy AGP rozpoznawane przez przeciwciato JIM13
byly widoczne w catym obszarze kontinuum S$ciana-blona komorkowa, w tym nawet

w stadium RR.

Obrazowanie epitopéw AGP rozpoznawanych przez przeciwciato JIM13 na poziomie
subkomorkowym pozwolito na odnalezienie korelacji lokalizacji AGP w poszczegdlnych
przedziatach komorkowych a stadiami procesu dojrzewania. Analiza rozmieszczenia AGP
polegata na zidentyfikowaniu i1 przeliczeniu nanoczastek zlota (Anti-Rat-IlgG — 10 nm
colloidal Gold antibody; Sigma, USA) na uzyskanych elektronogramach TEM (2048 x 2048
pikseli) za pomoca oprogramowania Image]. Wyniki wyrazono jako liczb¢ nanoczastek
ztota na 1 pm? powierzchni badanego przedziatu komoérkowego (Corral-Martinez i in., 2016;

Leszczuk i in., 2018).

W owocach linii transgenicznych ze zmodyfikowang eckspresja genu SIP4H3
odnotowano nie tylko zaburzenia wzoru czasowo-przestrzennej dystrybucji AGP,
ale rowniez ich zmiany ilosciowe. W owocach linii OEX#1 i OEX#2 stwierdzono
zdecydowanie mniejsza ilo§¢ epitopow AGP w kontinuum S$ciana-blona komoérkowa
(odpowiednio 0,30 nanoczastek na pm? i 0,31 nanoczastek na pm?) w pordéwnaniu
do owocow roslin WT (odpowiednio 1,13 nanoczastek na pm?). Natomiast w owocach linii
RNAI#1 i RNAI#7 w stadium BR stwierdzono odpowiednio 80% i 93% zmniejszenie ilosci
epitopéw AGP w kontinuum $ciana-blona komoérkowa (0,21 nanoczastek na pm?
i 0,08 nanoczastek na pm?). Ponadto, w owocach linii cGFP i nGFP w stadium BR epitopy
AGP byly rozproszone w kontinuum S$ciana-blona komorkowa (odpowiednio
0,38 nanoczastek na pm? i 0,14 nanoczastek na pm?) oraz cytoplazmie (0,29 nanoczastek na
um? i 0,15 nanoczastek na pm?). Analizujac owoce linii transgenicznych w stadium RR
odnotowano mniejsze ilosci epitopow AGP w poroéwnaniu do owocéw roslin WT (Srednio

0 50%).

Na podstawie uzyskanych wynikow badan sformutowano wniosek, iz zmiany
w strukturze AGP oraz ich lokalizacja wywieraja bezpos$redni wplyw na strukturg §ciany

komorkowej, znaczaco zaburzajac charakterystyczng anatomi¢ tkanki owocow, przypisang
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do poszczegodlnych stadiow procesu dojrzewania. Na 6wczesnym etapie analizy postawiono
hipoteze, iz zjawisko to zwigzane jest z zakldceniem wystepowania rowniez innych
sktadnikow $ciany komorkowej, prowadzac tym samym do modyfikacji cech

anatomicznych tkanki owocow.

4.4. Publikacja P.4

Kutyrieva-Nowak N., Leszczuk A., Denic D., Bellaidi S., Blazakis K., Gemeliari P., Lis M.,
Kalaitzis P., Zdunek A. 2024. In vivo and ex vivo study on cell wall components as part
of the network in tomato fruit during the ripening process. Horticulture Research, 11:
uhael45.

W publikacji P.4 zaprezentowano wyniki badan w zakresie analizy zmian zawartos$ci
oraz czasowo-przestrzennej dystrybucji poszczegolnych sktadnikéw kompleksu APAPI,
Z zastosowaniem technik immunocytochemicznych oraz biochemicznych. W ramach badan
skoncentrowano si¢ na ksylanie, RG-I oraz nisko 1 wysoko estryfikowanym HG, ktore sa
rozpoznawane odpowiednio przez przeciwciata LM11, LM16, LM19 oraz LM20. Celem
niniejszej pracy bylo okreslenie wptywu zaburzen w syntezie jednego ze sktadnikow
kompleksu APAP1 — AGP, na integralnos$¢ catej Sciany komorkowej. W zwigzku z tym
do badan wykorzystano ponownie owoce roslin ze zmodyfikowana ekspresja genu SIP4H3

oraz WT w dwoch skrajnych stadiach procesu dojrzewania (BR 1 RR).

Znakowanie immunofluorescencyjne z uzyciem przeciwciala LM11 pozwolito na
zobrazowano epitopow ksylanu w scianie komorkowej 1 przestworach migedzykomorkowych
w owocach ros§lin WT. W przypadku owocow linii ze zmodyfikowang ekspresja genu
SIP4H3 stwierdzono podobny wzor rozmieszczenia epitopéw LM11. Dodatkowo,
odnotowano wyzszg intensywnos¢ sygnatu fluorescencji w porownaniu do owocoOw roslin

WT, ktora utrzymywata si¢ do zakonczenia procesu dojrzewania.

Sygnatl immunofluorescencji w reakcji z przeciwcialem LM16, rozpoznajacym
epitopy RG-I, odnotowano gtownie wzdluz S$ciany komorkowej we wszystkich
analizowanych owocach. Intensywnos¢ fluorescencji w owocach liniit OEX#1 1 OEX#2 byta
zblizona do tej w owocach ro§lin WT. Natomiast w owocach linii RNAi#7 stwierdzono
odstepstwo od typowej lokalizacji RG-I. Analizowane epitopy zwizualizowano jako

pojedyncze skupiska w obrgbie $ciany komorkowe;.
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Znakowanie immunofluorescencyjne HG (LM19) w owocach linii z modyfikowana
ekspresja genu SIP4AH3 wykazato najwigksze réznice w poréwnaniu do owocoOw roslin WT.
W przypadku owocé6w roslin WT 1 linii transgenicznych w stadium BR, epitopy nisko
estryfikowanego HG (LM19) zwizualizowano w $cianie komodrkowej 1 przestworach
migdzykomérkowych. W miarg postepu procesu dojrzewania, w owocach linii OEX#1
I OEX#2 nie stwierdzono zmniejszenia intensywnos$ci fluorescencji ani obecno$ci
pojedynczych skupisk epitopow HG w obszarze migdzykomorkowym, co rdznito si¢
od obserwacji w owocach roslin WT. Natomiast, w owocach linii RNAi#7 stwierdzono

znaczne zmniejszenie intensywnosci sygnatu wraz z postgpujacym procesem dojrzewania.

W przypadku znakowania wysoko estryfikowanego HG z uzyciem przeciwciata LM20
nie odnotowano istotnych zmian w intensywnosci fluorescencji w owocach linii
transgenicznych w poréwnaniu do owocow roslin WT. Intensywnos$¢ zmniejszala si¢ wraz
z postgpem procesu dojrzewania. Epitopy HG (LM20) zostaly oznakowane jako pojedyncze

skupiska w $cianie komdrkowej i obszarze migdzykomorkowym.

Analiza mikroskopowa TEM na poziomie subkomérkowym potwierdzita réznice
w dystrybucji poszczegdlnych sktadnikéw Sciany komorkowej. Analize gestosci
znakowania poszczegdlnych epitopow przeprowadzono zgodnie 2z podejsciem
zaprezentowanym w pracy P.3, polegajacym na okre$leniu ilosci nanoczastek ztota na 1 pm?
powierzchni kompartymentu komérkowego. Interpretacja uzyskanych danych opierata si¢
na okresleniu stosunku ilo$ciowego pomiedzy obecnoscia poszczegolnych skladnikow
W Scianie lub btonie komorkowej a obecnoscig tych epitopdw w cytoplazmie. Dzigki temu
mozliwe byto okreslenie ,,stopnia degradacji” $ciany komorkowej, przyymujac, ze $ciana

komorkowa ulega strukturalnej dezorganizacji.

Analiza z wykorzystaniem przeciwciala LM11 pozwolita zlokalizowa¢ epitopy
ksylanu gtéwnie w obrgbie $ciany komorkowej. Co ciekawe, wyniki znakowania owocoOw
linii z nadekspresja genu SIP4H3 wykazaly brak analizowanych epitopow w cytoplazmie.
W owocach wszystkich analizowanych roslin w stadium RR odnotowano wzrost gestosci
epitopow ksylanu (LM11) w kontinuum $ciana-btona komoérkowa. Wspomniany wzrost
wynosit 40% dla owocow roslin WT, 60% dla owocow linii RNAi#7, 80% dla owocow linii

OEX#1 oraz 10% dla owocow linit OEX#2.

Epitopy RG-I (LM16) zlokalizowano gtownie w kontinuum §ciana-btona komérkowa,

a wraz z postgpem procesu dojrzewaniem ich ilo$¢ zwigkszata si¢ w cytoplazmie.
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Nie odnotowano istotnych roéznic pomiedzy owocami linii transgenicznych a owocami

roslin WT.

Najwigkszg ilo$¢ epitopow HG (LM19) stwierdzono w kontinuum S$ciana-btona
komorkowa we wszystkich analizowanych owocach. W owocach linii OEX#1 1 OEX#2
zaobserwowano znaczacy wzrost iloSci analizowanych epitopow w stadium RR
(odpowiednio 10-krotny i 24-krotny). Jednakze, nie odnotowano istotnych réznic pomiedzy

owocami linii RNAi#7 a owocami roslin WT.

W przypadku analizy HG rozpoznanego przez przeciwciato LM20, w owocach roslin
WT zidentyfikowano wigksza ilo§¢ epitopow HG (LM20) w kontinuum S$ciana-btona
komoérkowa niz w cytoplazmie. Natomiast, w owocach linii ze zmodyfikowang ekspresja
genu SIP4H3 odnotowano 1,5-krotny wzrost zawarto$ci epitopow HG (LM20)

W cytoplazmie od poczatkowego stadium procesu dojrzewania.

Profilowanie sktadnikow S$ciany komorkowej z zastosowaniem techniki ELISA
umozliwilo na potwierdzenie licznych zaburzen w ilo$ci analizowanych sktadnikow
w owocach linii transgenicznych. Do analiz wilaczono rdéwniez okreSlenie zawarto$ci
ekstensyn, rozpoznawanych przez przeciwcialto LMI1. Ekstensyny s3 biatkami
strukturalnymi §ciany komorkowej, nalezace do rodziny HRGP. Hydroksyprolina w ich
strukturze, podobnie jak w przypadku AGP, jest kluczowym skladnikiem domeny
biatkowej. W owocach linii OEX#1 i OEX#2 w stadium BR odnotowano istotny wzrost
ilosci epitopow ekstensyn rozpoznawanych przez przeciwcialo LMI1 (odpowiednio
15 mg/ml PNP 1 10 mg/ml PNP), w poréwnaniu do 5 mg/ml PNP w przypadku owocoéw
roslin WT. Nie zidentyfikowano znaczacych réznic pomiedzy owocami linii z nadekspresja
genu SIP4H3 a owocami roslin WT w stadium RR (okoto 15 mg/ml PNP). Natomiast,
w owocach linii RNAI#7 stwierdzono 2-krotnie mniejsza ilo$¢ epitopow LM1 (8 mg/ml
PNP) niz w owocach roslin WT. Zatem, analizy z wykorzystaniem przeciwciata LM1

pozwolity na potwierdzenie specyficznosci ekspresji genu SIPAH3 wzgledem HRGP.

W przypadku analizy ksylanu rozpoznanego przez przeciwcialo LM11 stwierdzono
wzrost ilosci epitopow (z 5 mg/ml PNP do 15 mg/ml PNP) wraz z postgpem procesu

dojrzewania we wszystkich owocach linii ze zmodyfikowana ekspresja genu SIP4H3.

W przypadku analizy epitopéw RG-1 (LM16) nie zidentyfikowano znaczacych roznic
pomiedzy owocami linii transgenicznych a owocami roslin WT w postgpujacym procesie

dojrzewania.
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Stwierdzono nizsza zawarto$¢ HG rozpoznawanych przez przeciwcialo LMI19
w owocach linii OEX#1, OEX#2 i RNAi#7 w porownaniu do owocach ros§lin WT.
W owocach linii z nadekspresjg genu SIP4H3 w stadium BR i RR st¢zenie epitopow HG
(LM19) wynosito okoto 10 mg/ml PNP. Natomiast w owocach linit RNAi#7 okoto 15 mg/ml
PNP, w poréwnaniu do 20 mg/ml PNP w owocach roslin WT.

Analiza obecnosci epitopéw HG (LM20) w stadium BR nie wykazata istotnych ro6znic
miedzy owocami linii transgenicznych a owocami roslin WT. We wszystkich owocach
odnotowano 2-krotny wzrost ilosci epitopéw HG (LM20) pod koniec procesu dojrzewania
(z 3 mg/ml PNP do 6 mg/ml PNP).

Test ,,wigzania” in vitro za pomoca techniki dot blot na membranie PVDF pozwolit
na zbadanie powinowactwa AGP do innych sktadnikow $ciany komoérkowej, tj. AG, RG-I,
ksylanu, ksyloglukanu. Analizy objety rowniez celuloze jako podstawowy budulec szkieletu
sciany komorkowe;j. Stwierdzono zdolno$¢ wigzania wyizolowanego AGP z owocow linii
transgenicznych i roslin WT z RG-I i celuloza. Testy ,,wigzania” in vitro, ktorych detekcje
wykonano za pomocg techniki ELISA réwniez potwierdzily mozliwos$¢ interakcji AGP

ze sktadnikami §ciany komorkowej, gtownie z AG, RG-11 celuloza.

Celem wyjasnienia zmian w montazu $ciany komorkowej tkanki owocow roslin
ze zmieniong ekspresja genu SIP4H3 przeprowadzono analize lokalizacji jonéw wapnia
w $cianie komorkowej. Wykonano analizy z uzyciem SEM-EDS oraz znakowanie jonow
Ca?* wskaznikiem Fluo-3 AM i jego wizualizacje z uzyciem CLSM. Dane uzyskane dzieki
przeprowadzeniu obu metod pozwalaja wysnué generalny wniosek, ze ilo$é jonow CaZ*
wzrasta we wszystkich analizowanych owocach wraz z postgpem procesu dojrzewania.

Zas$, ich poziom w owocach roslin z nadekspresja i wyciszeniem genu SIP4H3 jest wyzszy.

Na wykresach skladu pierwiastkowego analizowanych owocow odnotowano
obecnos¢ jonow Ca?*. W probkach pochodzacych z owocow ro§lin WT i linii
transgenicznych stwierdzono piki odpowiadajace jonom Ca?*, znajdujacym sie¢ w réznych
przedziatach komorkowych. Podobnie, analiza owocow wszystkich linii transgenicznych
I WT wykazata wzrost intensywnosci fluorescencji w obecnosci wskaznika Fluo-3 AM wraz
z postepem procesu dojrzewania. Najwyzszg intensywno$¢ sygnatu uzyskano w komorkach
warstwy epidermalnej owocoéw w stadium RR. Co wigcej, poziom fluorescencji w owocach
linii OEX#1 1 OEX#2 byl znacznie wyzszy niz w owocach roslin WT. Za pomoca

oprogramowania ImagelJ oznaczono profile poziomu szaro$ci (ang. plot profile) pozwalajace
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na analiz¢ intensywnosci sygnatu wzdtuz wybranego obszaru $ciany komorkowej owocow.
W owocach roslin WT w stadium BR odnotowano pojedynczy pik, odpowiadajacy
kumulacji jonéw Ca?* w $cianie komoérkowej. Natomiast w owocach linii transgenicznych
w stadium BR nie odnotowano tego piku, wskazujac na wicksze rozproszenie jonéw Ca?*.
W stadium RR w owocach roslin WT i linii transgenicznych rowniez zaobserwowano jony

Ca2" w catej powierzchni $ciany komérkowe;.

Na podstawie uzyskanych wynikow mozna wnioskowa¢, ze zmiany podczas syntezy
jednego ze sktadnikow kompleksu APAP1 wplywajg na proces tworzenia Stabilnej sieci
porzadkujacej kontinuum $ciana-blona komorkowa. Zaburzenia strukturalne $ciany
komorkowej, w szczego6lnosci zmiany w organizacji pektyn, sa skorelowane ze zmianami
W wigzaniu jonéw Ca?'. Konsekwencja zaburzen ilosciowych i molekularnych jest
zmieniona aranzacja polaczen pomiedzy skladnikami $ciany komorkowej, skutkujaca

modyfikacjami w anatomii tkanki owocow.
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5. Podsumowanie i wnioski

Metody z zakresu biologii molekularnej i mikroskopii staty si¢ kluczowymi
technikami badawczymi stosowanymi w dziedzinie nauk rolniczych. Umozliwiajg
poszukiwanie rozwigzan pomocnych w podnoszeniu ilosci i jakosci plondéw, co jest
szczegblnie wazne w obliczu rosngcego zapotrzebowania na zywnos$¢, jak rowniez z powodu
negatywnych i nieustajacych zmian klimatycznych. Najnowsze osiagni¢cia nauki pozwalaja
na badanie i modyfikowanie proceséw fizjologicznych, ktére maja bezposredni zwigzek
Z uprawg 1 jakoscig plonow. W ostatnim czasie opisano rolg AGP w regulacji wzrostu
| rozwoju roslin, jak réwniez ich zaangazowanie w procesach zwigkszenia odporno$ci upraw
na stresy srodowiskowe (Ma i in., 2018; Ma i Johnson, 2023). Jednak mniej uwagi
poswigcono funkcji AGP w procesie dojrzewania owocodw. Jest to nadal temat aktualny
| wymagajacy interdyscyplinarnych badan oraz rozwoju i optymalizacji nowych narzedzi

badawczych.

Celem badan zaprezentowanych w niniejszej rozprawie doktorskiej byto okreslenie
wplywu AGP na strukturg¢ Sciany komorkowej oraz poznanie czasowo-przestrzennej
dystrybucji proteoglikanow, jak 1 pozostatych sktadnikéw §ciany komorkowej na poziomie

komoérkowym i tkankowym podczas dojrzewania owocow.

Na podstawie wynikéw przeprowadzonych badan mozna sformutowaé nastepujace
wnioski:

e Owoce ro$lin ze zmodyfikowana ekspresja genu SIP4H3 charakteryzuja si¢
zmieniong organizacjg Sciany komorkowej. Zard6wno wzrost, jak 1 zmniejszenie ekspresji
genu SIP4H3 wywotuja zmiany zawarto$ci i cech molekularnych AGP.

e Zmiana ekspresji genu SIP4H3 wptywa na proces hydroksylacji Pro w domenie
biatkowej AGP, co wplywa na proces ,,przylaczania” tancuchéw weglowodanowych
w kolejnych etapach biosyntezy.

e Istnieje przyczynowo — skutkowy cykl nastepujgcych po sobie zmian, wywotanych
zaburzeniami natywnej struktury AGP:

1) Zaburzenia w zawarto$ci i strukturze molekularnej AGP sg odpowiedzialne
za zmiany lokalizacji tych proteoglikanow w §cianie komdrkowej owocow.
2) Zmiany dystrybucji AGP wplywaja na czasowo-przestrzenng dystrybucje

pozostatych sktadnikow $ciany komorkowe;.
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3) Brak natywnej postaci AGP zaburza wzajemng organizacj¢ pozostatych elementéw
strukturalnych kompleksu APAP1 oraz jonéw wapnia.

4) Zmodyfikowana i nieuporzadkowana sie¢ macierzy zewngtrzkomorkowej
ma wplyw na zmiany anatomiczne tkanki owocow.

5) Zmiany anatomiczne tkanki owocOw sa zwigzane z zaburzeniem prawidlowego

przebiegu procesu dojrzewania.

Podsumowujac, uzyskane wyniki potwierdzaja postawiong hipoteze o roli AGP jako
kluczowego elementu strukturalnego w prawidtowym przebiegu procesu dojrzewania.
Zrozumienie mechanizméw dziatania AGP jest obiecujaca perspektywa badawcza i moze
stanowi¢ pierwszy krok w kierunku zwigkszenia efektywno$ci produkcji roslinnej,

a tym samym popraw¢ jakosci owocow.
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Abstract

Background Arabinogalactan proteins (AGPs) are plant cell components found in the extracellular matrix that play
crucial roles in fruit growth and development. AGPs demonstrate structural diversity due to the presence of a protein
domain and an expanded carbohydrate moiety. Considering their molecular structure, the modification of glycosyla-
tion is a primary factor contributing to the functional variety of AGPs.

Main body Immunocytochemical methods are used for qualitative and quantitative analyses of AGPs in fruit tissues.
These include in situ techniques such as immunofluorescence and immunogold labelling for visualising AGP distribu-
tion at different cellular levels and ex situ methods such as Western blotting and enzyme-linked immunoenzymatic
assays (ELISA) for molecular characterisation and quantitative detection of isolated AGPs. The presented techniques
were modified by considering the structure of AGPs and the changes that occur in fruit tissues during the develop-
ment and ripening processes. These methods are based on antibodies that recognise carbohydrate chains, which are
the only commercially available highly AGP-specific tools. These probes recognise AGP epitopes and identify struc-
tural modifications and changes in spatio-temporal distribution, shedding light on their functions in fruit.

Conclusion This paper provides a concise overview of AGP research methods, emphasising their use in fruit tissue
analysis and demonstrating the accessibility gaps in other tools used in such research (e.g. antibodies against protein
moieties). It underscores fruit tissue as a valuable source of AGPs and emphasises the potential for future research

to understand of AGP synthesis, degradation, and their roles in various physiological processes. Moreover, the applica-
tion of advanced probes for AGP visualisation is a milestone in obtaining more detailed insights into the localisation
and function of these proteins within fruit.

Keywords Arabinogalactan proteins, Cell wall, Glycobiology, Immunocytochemistry, Microscopy, Molecular biology

Background

Arabinogalactan proteins (AGPs) are widely distributed
components of the plant cell, where they serve a vari-
ety of functions. In general, AGPs have been found in
all kinds of tissues, mostly in plasma membranes (PM),
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cell walls, and intercellular spaces as well as in soluble
exudates secreted by plants. Studies at the cellular level
have shown that the specific localisation of AGPs facili-
tates the formation of a continuum between the plasma
membrane and the cell wall [1, 2]. AGPs are classified
as proteoglycans with several combinations of glyco-
sylated variations (glycoforms) [3, 4]. The AGP polypep-
tide sequence and the complexity of AG polysaccharide
chains (presence of various sugars in varying amounts)
are major factors that contribute to the high struc-
tural variability of AGPs [2, 5]. About 10% of the total

@The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
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regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies 1o the data made available in this article, unless otherwise stated in a credit line to the data.
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molecular mass of proteoglycans is made up by the pro-
tein moiety [2]. As part of the hydroxyproline-rich glyco-
protein family (HRGPs), AGPs contain a large number of
hydroxyproline residues [2, 6-8]. Proline/hydroxyproline,
alanine, serine, and threonine are also prevalent in their
N-terminal domain [9-11]. During the biosynthesis and
the post-translational modification of AGPs, the enzyme
prolyl 4-hydroxylase (P4H) transforms proline (Pro) into
hydroxyproline (Hyp), which is necessary for the mol-
ecule glycosylation process. AGPs are not properly glyco-
sylated when proline hydroxylation does not occur, and
changes in the proline hydroxylation process cause either
their breakdown or a shift to lower molecular weight pol-
ypeptides [9, 12]. In turn, about 90% of the molecule con-
sists of carbohydrate chains which are rich in arabinose,
galactose, and occasionally D-glucuronic acid (GlcA),
L-rhamnose (L-Rha), and uronic acids [13]. Most AGPs
have one or more hydroxyproline residues that have been
O-glycosylated by AG type II. They consist mostly of
(1— 3)-B-galactan and (1 — 6)-B-linked galactan chains
attached to each other by (1—3, 1— 6)-linked branch
points with terminal arabinosyl residues in the O-3 and
0-6 positions. The size of type Il AGs varies between
AGPs, with estimations typically lying between 30 and
150 sugar residues. The side chains of AGPs vary greatly
due to the inclusion of different sugar residues in their
structure. L-arabinose (L-Ara) residues are present in
the side chains, along with GlcA, Rha, 4-O-methyl-glu-
curonic acid (4-Me-GlcA), p-xylose (Xyl), pb-mannose
(Man), p-glucose (Glc), D-galacturonic acid (GalA),
D-glucosamine (GlcN), and L-fucose (L-Fuc) [4, 13, 14].
Both moieties allow the formation of an AGP molecule
ranging in molecular weight from 60 to 300 kDa [15].

Moreover, there is a structure—function relationship
in AGPs. The functionality of AGP is based on the direct
function of its glycan [15]. It is known that AGPs have
been related to various important stages of plant growth
and development, including seed germination, somatic
embryogenesis, pollen tube formation, cell division, cel-
lular communication, and programmed cell death [4, 16].
AGPs have reportedly been shown as regulators of cell
growth and differentiation processes, transducers of cell
surface signals, and signalling pathways of responses to
the environment [17, 18]. In situ and ex situ studies on
AGPs in fruits performed by Leszczuk and coworkers
have shown that AGPs are consistently found in fruit tis-
sue and may induce alterations in fruits during the devel-
opmental and ripening processes [12, 19]. Analyses of
AGP in fruits at the molecular level, i.e. ion binding, the
establishment of cell wall-plasma membrane integrity,
and cross-linking with other cell wall constituents [20],
show that AGPs have an impact on fruit cell wall dissolu-
tion and subsequent softening [14].
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Therefore, the characterisation of AGPs, particularly in
terms of their hypothetical functions in fruit metabolism,
necessitates the employment of numerous techniques,
such as immunocytochemical methods based on the
detection of carbohydrate epitopes. We have compiled a
practical guide that includes methods that can be applied
in AGPs research in fruits. The aim of the current paper is
to provide step-by-step instructions for using and adapt-
ing common research techniques in studies on AGPs in
fruits with the proviso that these methods should be cor-
rectly adjusted and modified before studying the speci-
ficity of AGPs in fruit tissue during the development
and ripening processes. Moreover, this guide will equip
researchers with tools with shown critical gaps which will
make it easier to carry out analyses of fruit tissues and
will also allow the potential of analyses of AGPs to under-
stand the structure and changes of the cell wall during
physiological processes.

Immunocytochemical methods for qualitative

and quantitative analyses of AGPs

AGPs can be found, measured, and localised using a vari-
ety of in situ and ex situ techniques [10]. However, due
to the structural and compositional diversity of both the
protein and carbohydrate moieties of AGPs, each tech-
nique has some advantages and disadvantages. Also,
it is well known that fruit tissue is specific and requires
appropriate treatment and selection of adequate meth-
ods [21, 22]. In situ research allows the study of biological
processes in the context of the actual plant/fruit environ-
ment, which is important for understanding the AGP
functions and interactions between individual extracel-
lular matrix components as well as their response to all
stress factors. However, in situ analyses must be com-
plemented by equivalent ex situ studies. Ex situ studies
of isolated AGPs may not accurately reflect processes
occurring in the natural environment. The extraction
process is always associated with the need to detach AGP
molecules from the matrix, and the progress of the deg-
radation process, especially of the protein moiety. Above
all, only the analysis of isolated AGP makes it possible to
describe the features of AGP that are the result of ongo-
ing processes related to the cell functioning. Currently,
one of the most effective approaches for studying AGPs is
immunocytochemistry. Ex situ methods like immunob-
lotting, immunoprinting on the membrane, and enzyme-
linked immunosorbent assay (ELISA test), which include
molecular characterisation and quantitative detection,
can be used to identify AGP epitopes. In turn, in situ
methods used for this purpose are typically based on
the immunofluorescence technique and immunogold
labelling, allowing visualisation of the AGP distribution
at the cellular and subcellular levels [23]. Both types of

48



Kutyrieva-Nowak et al. Plant Methods (2023) 19:117

techniques facilitate a comprehensive description of the
presence of AGPs in fruits.

The methods mentioned above are based on individual
antibodies specifically recognising the target of interest.
The antibody detects and binds to precisely defined anti-
gen epitopes. By using particular monoclonal antibod-
ies (mAbs) that bind to the structurally complex motif
present in these proteoglycans, AGPs can be detected
in plant tissues [24]. Moreover, the knowledge of the
AGP glycan structure obtained via the widespread use of
anti-AGP mAbs, such as JIMS, JIM13, JIM14, LM2, and
others, demonstrates that AGPs are variably expressed
during fruit growth and ripening [13]. Characterisation
of commercially available antibodies commonly used in
AGP studies is presented in Table 1.
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All immunocytochemical techniques are based on
a general pattern consisting of sequential steps: mate-
rial preparation (1), immunocytochemical reaction with
primary and secondary antibodies (2), and signal detec-
tion and measurement using adequate tools for particu-
lar methods (3). First, a properly prepared fruit tissue is
subjected to post-fixation membrane-permeabilisation.
Although antigen—antibody binding is characterised
by high specificity, there is a possibility of non-specific
antibody interactions. To prevent and reduce nonspe-
cific background staining, the blocking step is necessary
before the immunocytochemical reaction, which involves
incubation of the material with immunologically inactive
(containing no specific antibodies) serum from another
animal species, i.e. 2-10% solution of bovine serum

Table 1 Characterisation of AGP epitopes recognized by specific antibodies

Antibody name Epitope structure Characterisation M.W. of References
Protein
Antigen (kDa)
JIM4 B-GlcA(1 — 3)-a-GalA(1 — 2)-Rha Recognises oligosaccharides; binds to a set 70-100 [25-27]
of discreet protein bands
JIM8 Carbohydrate portion of arabinogalactan Binds to a galactose-rich epitope of agps; 68, 84, 160 [25, 28, 29]
proteins the epitope contains one or more galactose
residues
JIM13 B-GlcA(1 > 3)-a-GalA(1 > 2)-a-Rha Itis most likely not the complete epitope struc-  80-100 [25-27]
ture, because it binds to other anti-AGP glycan
antibodies
JIM14 B-Gal(1 — 6)-B-Gal(1 — 6)-B-Gal(1 — 6) Binds to at least three consecutive galactans 80-100 [25-27, 30]
with -1,6-linked galactan; is used to visualise
differentially branched galactan in type Il AG
polysaccharides
JIM15 D-GlcA, GlcA-B(1-O-Me) Recognises an epitope distinct from JIM13 80-100 [25-27]
and JIM14 but uncharacterised
JIM16 B-Gal(1 — 3)-B-Gal(1 — 3)-B- Gal(1 —3) Binds to a -1,3-linked galactan backbone 80-100 [25, 26, 30)
when substituted with a single -1,6-linked Gal
residue; used to visualise differentially branched
galactan in type Il AG
JIM101 unknown Binds strongly to okra rhamnogalacturonan No information  [31]
| and seed mucilages from Sinapus alba
and Camelina sativa
JIM133 $3-1,3-linked galactooligosaccharides Detects the nonreducing ends of the B-1,3- No information  [30, 31]
linked galactan backbone in the AG structures
of agps
MAC204 Arabinogalactan (epitope structure unknown)  Binds to arabinogalactan proteins, 90-100 31,32
but the epitope has not been characterised
in detail
MAC207 B-GlcA(1 — 3)-a-GalA(1 — 2)-Rha Recognises an arabinose-containing epitope 70-100 [27,29,31,32]
LMm2 B-D-GlcA Recognises a carbohydrate epitope containing  No information  [26, 28, 33]
B-linked D-glucuronic acid in AGP glycan
LM14 AG type |l arabinogalactan Recognises arabinose and galactose-rich No information  [34]
epitopes
LM30 Arabinogalactan Binds to terminal arabinose residues linked No information  [35]
to galactan
PN 16.4B4 Uncharacterised epitope in the carbohydrate Binds to arabinogalactan glycoproteins 135-180 [31,36]

part of the glycoprotein
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albumin (BSA) [37]. In the next step, the examined mate-
rial is incubated with an unlabelled antibody that recog-
nises the specific antigen (primary antibody). Then, the
excess antibody that did not bind to the antigen is washed
off and a second incubation step is performed with a so-
called secondary antibody conjugated with label mol-
ecules, which facilitates detection with well-established
methods [38]. Here, protocols of the immunofluores-
cence labelling imaged with a confocal laser scanning
microscope (CLSM), immunogold labelling imaged with
the transmission electron microscope (TEM), immuno-
blotting, and ELISA test are described in detail with an
emphasis on essential steps that should be modified in
fruit AGP analyses.

In situ studies—microscopic methods

Modern bioimaging methods facilitate the visualisa-
tion of epitope distribution at cellular and subcellular
levels [39—-41]. The presence of AGPs in planta is pos-
sible to be demonstrated using two immunocytochemi-
cal approaches, i.e. immunofluorescence labelling and
immunogold labelling (Table 2).

Protocol of tissue preparation for microscopic methods

The tissue of fresh fruit is very delicate, highly hydrated,
and prone to damage. Hence, preparation of sufficient
thin sections with appropriate preparative steps is typi-
cally advantageous. The material should be subjected
to the procedure of fixation, resin embedding, and thin
or/and ultra-thin sectioning [42, 43]. The basic steps of
sample preparation for CLSM and TEM are the same:
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fixation in a fixative solution, dehydration in gradient
series of ethanol solutions, embedding in resin, and poly-
merisation. The choice of chemical fixative and buffer
solutions depends on the purpose of the CLSM and TEM
study and requires optimisation of the procedure for fruit
tissue for both structural studies and labelling of AGP
carbohydrate epitopes. A common problem encountered
during the fixation step is the use of glutaraldehyde. Also,
the embedding stage and the use of proper resin are fun-
damental to the final quality of sample blocks and sec-
tioning. Epoxy resins cannot be used for CLSM and TEM
imaging of fruit tissues compared with other plant tissues
[42, 43]. This is due to its high viscosity and potential to
damage cellular structures. Another disadvantage of this
resin is its poor staining ability, which is a basic criterion
for microscopic analysis of fruit tissues. LR White resin
is a low-viscosity and non-toxic acrylic resin with mini-
mal non-specific staining, which makes it an ideal tool
for infiltrating fruit tissues. Moreover, LR White resin
provides a chance of using one block for both CLSM and
TEM, which definitely advances the sectioning step. Also,
sections of LR White resin are hydrophilic so that immu-
nocytochemistry reagents can easily penetrate into the
section. The scheme of the method is shown in Fig. 1.

Procedure

1. Cut cube-shaped pieces of fruit tissue.

2. Add 2% paraformaldehyde and 2.5% glutaraldehyde
in PBS (phosphate-buffered saline) to the fruit tis-
sue.

Table 2 Application, advantages, and disadvantages of microscopic techniques with antibody-based probes in AGPs studies

Technique Application

Advantage

Disadvantage

Used to show where AGPs are distributed
across labelled cells and tissues; analyses
at the tissue/cellular level

Immunofluorescence
labelling—Confocal laser
scanning microscope
(CLSM)

Used to localise AGPs and other cell wall
components at the subcellular level

Immunogold labelling
Transmission electron
microscope (TEM)

AGP location is identified using a fluores-

cent signal

Itis possible to see cellular features
ataresolution of 1 um

High contrast and resolution images
are possible to obtain quickly and non-
intrusively

Eliminates the problem of glare resulting
from preparation of layers lying out-
side the plane of focus

AGP localisation in ultra-thin sections
using a gold-conjugated antibody

Itis possible to see intracellular features
at aresolution of 0.2 nm

Analysis and observation of very high-
resolution images

High magnification

The fluorescence lessens with time.
The fluorescence of samples fades
(photobleaching) during observa-
tions

Results are susceptible to the effects
of the environment

Resolution is still inferior to that of
electron microscopy

A high price and a very limited field
of view

Fixation is needed in cell prepara-
tion, which might result in artificial
damage

Lengthy and complicated methods
for preparation of cells and tissues
for TEM

Requires a conductive coating

of gold/palladium alloy, carbon,
osmium, etc. for correct imaging
Expensive, difficult to access,

and complicated to use
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Polymerization and cutting of capsules with plant material into
semi-thin (1 um) and ultra-thin (60 nm) sections using ultramicrotome.

Immunofluorescence labelling method on poly-L-lysine-coated glass
slides and immunogoldlabelling on nickel grids.
Imaging with CLSM and TEM.

Fig. 1 Scheme of the preparative sequence of microscopic methods. (1) Preparation, fixation, and encapsulation of plant material. (2)
Polymerisation of capsules with fixed plant material. (3) Cutting capsules into semi-thin and ultra-thin sections. (4) Mounting the sections

on poly-L-lysine-coated glass slices (for CLSM) or nickel grids (for TEM). (5) Immunofluorescence labelling — method on poly-I-lysine-coated slices.
(6) Imaging with CLSM. (7) Immunogold labelling — method on grids with formvar film (8) Imaging with TEM. Created with BioRender.com

3. Place the tissue with the fixation solution in a vac- 7. Remove the solution and add 99.8% ethanol twice
uum (0.7 bar) seven times, with breaks after vac- for 30 min each at RT.
uum for 10 min each. Next, place the tissue under 8. Substitute ethanol with 3:1, 1:1, and 1:3 mixtures
vacuum overnight. of 99.8% ethanol and LR White resin for 2 h each
4. Wash the sample with PBS three times for 15 min at RT and with 100% LR White resin overnight at
each at RT (room temperature). 4°C.
5. Remove the solution and wash the sample with dis- 9. Remove the solution and replace by 100% LR
tilled water three times for 15 min each at RT. White resin (infiltration of the sample with LR
6. Remove the solution and start the dehydration pro- White resin). Leave the sample for 8 h at RT.
cess with graded series of ethanol solutions. Add 10. Encapsulate the sample in gelatine capsules and
30%, 50%, 70%, 90%, and 96% ethanol for 15 min start polymerisation for 48 h at 55 °C.
each at RT.
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11. Prepare a cutting plane of an appropriate size on
blocks containing the embedded material (trim-
ming stage).

12. Cut semi-thin Sects. (1 um) using a glass knife-
equipped ultramicrotome. Mount the sections on
poly-L-lysine coated glass slides.

13. Cut ultra-thin Sects. (70 nm) using a diamond
knife-equipped ultramicrotome. Mount the sec-
tions on formvar film-coated nickel square grids.

Critical

(1) Samples should not be left in 100% resin at RT
longer than a few days; otherwise, they will begin to
polymerise.

(2) Using LR white to place fruit tissue requires a

graded series of ethanol, not acetone, because ace-

tone residues may hinder polymerisation.

The steps of tissue saturation with resin cannot be

accelerated, because insufficient time of this step

will result in poor fixation of the tissue, which will
make it impossible to section it. The block inside
will be too soft.

Nickel square mesh grids with formvar, not the

more common copper grids, should be used to

place the sections for electron microscopy, as they
are non-reactive and do not react with antibodies.

(3

E

Immunofluorescence labelling with antibody-based probes
and CLSM imaging at the cellular level

Understanding the precise distribution of AGPs in fruit
tissues is of paramount importance because of their
pivotal roles in fruit growth, development, and ripen-
ing. Immunofluorescence enables researchers to visual-
ise AGPs within fruit tissues, thereby offering insights
into their quantity, localisation, dynamics, and inter-
actions with other cellular components [44, 45]. In
the immunofluorescence technique, fruit sections are
placed on poly-l-lysine-coated slices, which are incu-
bated with primary monoclonal antibodies that recog-
nise AGP carbohydrate moieties (Table 1). To label fruit
tissue, we employed antibodies that were more diluted
than those typically used in other studies and as rec-
ommended by the producer. This 1:10 concentration
proved to be too high, resulting in nonspecific binding
and poor visualization of the AGP epitopes’ distribu-
tion [34]. Subsequently, to visualise AGP epitopes, the
sections are incubated with secondary antibodies con-
jugated with a fluorescent label [6, 44, 46]. The inten-
sity of fluorescent signals is determined from CLSM
images, which reveals the quantity of AGP epitopes in
the sample [44, 47, 48]. Due to the distribution of AGPs
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at the border of the cell wall and membrane compart-
ments, it is necessary to use Calcofluor White Stain for
better visualisation of the AGP epitopes. This fluores-
cent blue dye staining cellulose allows labelling of the
whole surface of the cell wall. In the case of samples
from various stages of ripening, quick disappearance of
immunofluorescence can be observed at the last stages
of the process, which is correlated with the lower con-
tent of AGPs and the lower number of epitopes. Dako
Fluorescent Mounting Medium, which retards fading of
the fluorescence signal and thus allows longer imaging
after mounting, can be used to enhance the visualisa-
tion of fluorescence. The schematic description of the
method is shown in Fig. 2.

Procedure

1. Prepare semi-thin (1 pm) sections using an ultra-
microtome and a glass knife.

2. Place the sections on poly-L-lysine coated glass
slides and dry at 45 °C.

3. Use a liquid blocker Dako-Pen to draw a hydropho-
bic barrier around the sections on the glass [49].

4. Wash the slice with PBS twice for 15 min each.

5. Add blocking buffer (2% BSA solution in PBS) and
incubate for 30 min at RT.

6. Remove the blocking buffer and wash the slice with
PBS for 15 min at RT.

7. Add primary antibody diluted at 1:50 in a 0.1% BSA
solution in PBS and incubate overnight at 4 °C.
Next day, incubate for 15 min at RT.

8. Remove the solution and wash the slice four times
with PBS for 20 min each at RT.

9. Add secondary antibody conjugated with a fluores-
cent label diluted at 1:200 in a 0.1% BSA solution in
PBS and incubate overnight at 4 °C. Next day, incu-
bate for 15 min at RT.

10. Remove the solution and wash the slice with PBS
twice for 15 min each at RT.

11. Wash the slice five times with distilled water for
10 min each at RT.

12. Stain the slice with Calcofluor White in order to
contrast the image.

13. Visualise the sections using CLSM.

14. Make control reactions without incubation with
the primary antibody.

Critical
(1) It is important to place sections onto poly-L-lysine-

coated glass slides to prevent their run-off during
the next immunolabelling steps.
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Fig. 2 CLSM image with a magnification of the cell wall in fruits at the first stage of ripening (1) and at the last stage of ripening (2). Results
obtained with the immunofluorescence method - plots of the grey value profile from labelled cell walls (marked with a white line)

(2) The drying of slides with sections cannot be accel-
erated by raising the temperature above 45 °C.
This causes rippling of polymerised tissue, which
reduces the quality of immunofluorescence label-
ling and CLSM imaging.

The entire labelling procedure must take place in a
wet enclosed space.

A few additional solutions can reduce unspecific
binding: adding the detergent Tween to the wash
buffer, using excess volumes of wash buffer, and try-
ing to remove all wash buffer by tapping the glass
against absorbent paper.

The step with secondary antibody, i.e. Alexa-Fluor
488, should be carried out in the dark.

=

)

Immunogold labelling and imaging at the subcellular level
using a TEM

The immunogold labelling method, which merges the
resolution of electron microscopy with the specificity
of immunolabelling, allows for the precise visualization
of AGPs at a subcellular level of fruit tissue. By using
secondary antibodies conjugated with gold nanoparti-
cles, AGPs can be identified and allowed to reveal their
involvement in the cell wall assembly, signalling, and
intercellular communication [40, 43]. Like the other
immunocytochemical methods, immunogold labelling

used for AGP studies require technical modifications in
the tissue preparation protocol [50]. Using primary mon-
oclonal antibodies that target particular AGP epitopes,
fruit sections are placed on grids covered by a formvar
layer [51]. An antibody conjugated with colloidal gold
particles specific to the primary antibodies should be
used as a secondary antibody. Due to their high electron
density and punctate shape, coupled colloidal gold par-
ticles are simple to identify as dark dots and count. In
contrast to the standard plant sample preparation pro-
tocols [50], the osmium tetroxide treatment is excluded.
This step is omitted to avoid worsening the quality of
the samples, as the use of OsO4-treated often results in
a decrease in the intensity of labelled dots during TEM
imaging of fruit tissues. Nonetheless, the details within
the cells are still well preserved without this solution. The
schematic description of the method is shown in Fig. 3.

Procedure

1. Prepare ultra-thin (70 nm) sections using an ultra-
microtome and a diamond knife with a 45° angle.

2. Place the sections on formvar film-coated nickel
grids.

3. Place parafilm on a Petri dish which is necessary to
make immunogold labelling.
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Fig. 3 TEM image with labelled AGPs. Epitopes are visible as dark dots (circled in red colour). Magnification with underlined localisation of AGPs
in particular cell compartments. Abbreviations: CW — cell wall (yellow colour), PM - plasma membrane (green colour), ML — middle lamella (blue
colour), C - cytoplasm (pink colour)

10.

11,

12.

13.

14.

15,

16.

17

Wash the grids with distilled water three times for
10 min each.

Add blocking buffer (1% BSA solution in PBS) and
incubate for 30 min at RT.

Add primary antibody diluted at 1:10 in a 0.1% BSA
solution in PBS and incubate for 3 h at 37 °C.
Remove the solution and wash the grids with a 1%
BSA solution in PBS three times for 10 min each.
Add secondary antibody conjugated to gold parti-
cles diluted at 1:50 in a 0.1% BSA solution in PBS
and incubate for 1 h at 37 °C.

Remove the solution and wash the grids with PBS
twice for 10 min each.

Wash the grids with distilled water five times for
10 min each.

Allow the grids to dry on clean filter paper and
next put them into the TEM Grid storage box.

Add a filtered aqueous 1% UA solution (uranyl ace-
tate) and incubate for 10 min at RT.

Wash the grids with distilled water three times for
a few seconds each and allow them to dry.

Add filtered Reynold’s reagent (triple lead citrate)
and incubate for 7 min at RT.

Wash the grids three times with distilled water for
a few seconds each, allow them to dry, and transfer
them to the grid box for storage.

Visualise sections and examine the image using
TEM.

Make control reactions without incubation with
the primary antibody.

Critical

(1) Filter both staining solutions using a 0.2 um filter, as
this step will prevent contamination of the grids.

(2) The grid must be floating, not submerged.

(3) To prevent grid contamination, place NaOH pellets
around the staining vessel to absorb CO, and wet-
ness.

Ex situ studies - molecular methods

Ex situ methods for molecular analysis are an ideal way to
analyse AGPs isolated from fruit tissue. These methods
are based on investigations of material obtained in the
extraction procedure, which allows qualitative and quan-
titative analyses. Modern molecular methods not only
detect the presence of AGPs but also determine their
concentration and structural characteristics [52—-54]. The
ability to demonstrate the presence and amount of AGPs
in the sample is possible using two molecular techniques,
i.e. Western blotting and ELISA test [55] (Table 3).

Tissue preparation—extraction protocol

Generally, the extraction of AGPs from plant tissue is
complicated because the sugar residues of AGPs are
linked to other cell wall constituents, which addition-
ally contributes to cell wall stability and resistance to
chemical, physical, and biological factors. Therefore,
the extraction process must be aggressive enough to
access AGPs without irreversible alterations in the pro-
tein moiety. Compared to more rigid plant structures,
such as stems or leaves, fruit tissue is more hydrated
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Table 3 Application, advantages, and disadvantages of molecular techniques with antibody-based probes in AGPs studies

Technique Application

Advantage

Disadvantage

Used to detect the molecular
weight of AGPs

Western blotting

results

Separation of proteins according
to molecular weight

High specificity and sensitivity
Nice and clean interpretable

Work-intensive and not gquick

Medium throughput

High cost and technical demand

Tissue must be homogenised

Low intensity of bands can distort the results

Commercially available antibodies

ELISA Used to detect AGPs qualitatively

and quantitatively

High specificity, sensitivity,

and efficiency

Easy to perform with a simple
procedure

Commercially available reagents

High cost

Insufficient blocking of immobilised anti-
gens yields false results

Results limited to the amount of the antigen
in the sample

for detection
Simultaneous analysis of several
samples

and changes its biochemical composition throughout
physiological processes. These factors make the extrac-
tion process more complex, and the concentration of
the extraction buffer during AGPs extraction should be
considered. Before the extraction process, the fruit tissue
is sliced and frozen at — 80 °C. In order to extract pro-
teins from plant tissues, they must be initially homog-
enised in liquid nitrogen and then added to suitable
extraction buffer (i.e. Laemmli’s buffer) [42, 56]. Modi-
fied Laemmli’s buffer is composed of 65 mM Tris—HCI
pH 6.8 (tris-(hydroxymethyl)-aminomethane), 2% SDS
(sodium dodecyl sulphate), 2 mM EDTA (ethylenedi-
aminetetraacetic acid), 1 mM PMSF (phenylmethylsul-
phonyl fluoride), 700 mM (-mercaptoethanol, and 1:10
protease inhibitor. This extraction buffer is used to main-
tain the pH, ionic strength, and stability of AGPs during
the extraction procedure. For a less hydrated fruit tissue,
a proportion of 1:1 should be used (i.e. 1 mL of extrac-
tion buffer per 1 g of tissue). This proportion should be
modified (i.e. 0.5 mL of extraction buffer per 1 g of tissue)
in the case of a highly hydrated fruit tissue from the last
stages of ripening. In order to prevent protein degrada-
tion, samples should be kept on ice during the extraction
process and extracted quickly with pre-chilled equip-
ment. The homogenates are typically boiled for 5 min
at 95 °C and clarified by centrifugation at 14 000 rpm at
4 °C for 20 min. The last step of the extraction process is
to collect the supernatant, which is ready for use or/and
may be frozen at —80 °C.

Molecular mass characterisation of AGPs using
immunoblotting

Immunoblotting enables specific detection and molecu-
lar mass characterisation of AGPs in fruit tissues, which
allows the demonstration of their structural variations
and functional diversity. Western blotting is an analyti-
cal technique used in molecular biology to detect and

characterise specific antigenic determinants [54, 57, 58].
The technique involves appropriate sample preparation,
electrophoretic separation (i.e. SDS-PAGE - sodium
dodecyl sulphate polyacrylamide gel electrophoresis)
[7, 59, 60], transfer of separated proteins from the gel to
the membrane (nitrocellulose, polyvinylidene difluoride
(PVDF)) [61, 62], incubation with appropriate antibodies,
and detection [63]. Visualisation of these markers can be
carried out colorimetrically or with chemiluminescence
methods [53, 57]. To optimise the Western blotting tech-
nique used to study AGPs, some changes should be done
in the concentrations of the reagents used [64]. First of
all, the AGP epitope analysis of fruit tissues requires the
optimal concentration of the antibody, which is deter-
mined by testing a variety of antibody dilutions around
the concentration suggested by the producer. To improve
the imaging AGP epitopes on the membrane, lower con-
centrations of antibodies were used than the 1:10 dilution
typically used for immunoblotting plant samples, such as
from Brassica napus (var. Expert) and pea (Pisum sati-
vum var. Normand) roots [63]. Also, to improve imaging
and minimise a high background, the concentration of
the blocking buffer should be modified due to the neces-
sity of more effective blocking of non-specific sites. Addi-
tionally, in AGP separation, a wet membrane transfer at
4 °C should be carried out to minimise unwanted effects
of generated heat, such as gel distortion. The schematic
description of the method is shown in Fig. 4.

Procedure

1. To construct polyacrylamide gel electrophoresis
with protein denaturing conditions (SDS-PAGE
gel), prepare the resolving gel: mix 6 mL of 12.5%
resolving gel (stock: mix 33.28 mL of acrylamide,
25.12 mL of distilled water, 20 mL of 1.5 M Tris
pH 8.8, 800 pL of SDS), 60 pL of 10% APS (ammo-
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' = = 2. Remove the alcohol by touching with the edge of
\ tissue paper. Prepare the stacking gel: mix 3 mL of

\ 3 -5 the stacking gel (stock: mix 5.44 mL of acrylamide,

_' ‘ 21.76 mL of distilled water, 4 mL of 1 M Tris pH

f 6.8, 320 pL of SDS, Bromophenol blue), 30 pL of

L 10% APS and 15 puL TEMED, cast it between two

Sample preparation glass plates, insert a plastic electrophoresis comb
to create the wells, and wait for polymerisation for
30 min.

3. Prepare samples: add 3xSDS sample buffer to
the total protein amount (according to Bradford's
measurement), mix the samples, and heat the mix-
ture to 95 °C for 5 min.

4. Set up the electrophoresis apparatus and add
1xrunning buffer (mix 14.4 g of glycine, 3 g of Tris
Base, 1 g of SDS, and 1 L of distilled water).

5. Load an appropriate protein ladder and samples
onto the gel (around 20 uL per well).

6. Turn on the electrophoresis power pack and set
it to a low voltage (80 V for 20 min) with a sub-
sequent increase to a higher voltage (120 V for
1 h). Stop the gel running when the protein leader
migrates to the appropriate position.

4

e E—
1

Gel elctrophoresis

=
— Cathode (-)
-

 —Filter paper
]

— Membrane

" Fitter paper
——=—Sponge
— Anode (+)

Membrane transfer

mf‘ggg ::\mgy fﬁ;ggﬂ;w 7. Wash PVDF membranes (nitrocellulose mem-
branes) in methanol for 1 min before transfer.
A 7 N s\ dL 8. Soak sponges and Whatman filter paper in
— )l& ] / 1xtransfer buffer (mix 14.41 g of glycine, 15.14 g
Eriilbadispobing of Tris Base, and 4 mL of 10% SDS in 100 mL of
distilled water and add 200 mL of methanol and
700 mL of distilled water).
o 9. Assemble the transfer constituent ‘sandwich’
e g 10/ sequentially arranging the sponge, 2—3 sheets of
A ——‘)// —-a; wetted filter paper, the membrane, the gel, 2-3
~
sheets of wetted filter paper, and finally the second
2 \ sponge, starting to build on the transfer cassette

facing the anode (+).
10. Turn on the power pack, set the voltage to low, and
use the wet transfer technique (90 V for 80 min).
11. Wash the membrane with TBST (Tris-buffered

Detection, imaging and analysis

Fig. 4 Scheme of measuring AGPs using Westem Blotting.
(1) Homogenisation of plant material in liquid nitrogen. (2)
Extraction step. (3) Collection of the supernatant. (4) Application

of samples and protein leader to electrophoresis gel. (5) SDS-PAGE Saline) on a lab shaker for 15 min.

electrophoretic separation. (6) Preparation of the sandwich. 12. Add blocking buffer (5% BSA solution in PBS) and
Membrane transfer. (7) Membrane blocking with BSA and incubation incubate for 1 h at RT on a lab shaker.

with primary antibody. (8) Membrane incubation with secondary 13. Remove the blocking biitei dfid wash the fhefi

antibody. (9) Signal detection and band measurement. (10) Imaging

with a scanning machine. Created with BioRender.com brane with TBST three times for 5 min each on

a lab shaker.

14. After the preincubation step, add the primary anti-
body diluted in 1:500 in a 2.5% BSA solution in PBS
and incubate for 2 h at RT on a lab shaker or over-
night at 4 °C.

15. Remove the solution and wash the membrane with
TBST three times for 5 min each on a lab shaker.

16. Add secondary antibody with the AP-specific
(alkaline phosphatase) enzyme conjugate diluted at

nium persulphate sodium), and 20 pL of TEMED
(N,N,N;N’-tetramethylethylene diamine), cast it
between two glass plates, pour over % of the vol-
ume, and wait for polymerisation for about 30 min.
After polymerisation, add 2 mL of isopropanol to
leave a flat surface of the resolving gel.



Kutyrieva-Nowak et al. Plant Methods (2023) 19:117

1:1000 in a 2.5% BSA solution in PBS and incubate
the mixture for 2 h at RT on a lab shaker.

17. Remove the solution and wash the membrane with
TBST three times for 5 min each on a lab shaker.

18. Wash the membrane for 10 min with the AP buffer
(mix 12.11 g of Tris Base, 5.84 g of NaCl, 1.01 g of
MgCl2, and 1 L of distilled water, pH 9.5).

19. Add a freshly prepared substrate solution for col-
orimetric detection (20 mL of AP buffer, 1 mL of
BCiP (5-bromo-4-chloro-3-indolyl phosphate), and
1 mL of NBT (nitrotetrazolium Blue chloride) to
the membrane.

20. Incubate the membrane at RT in the dark on a lab
shaker until bands are reached (the average time is
15 min).

21. Wash the membrane twice with distilled water for
10 min each.

22. Membrane imaging using an imaging system with a
UV free tray.

Critical

(1) To prevent degradation of AGPs, samples should be
kept on ice during preparation and application on
the gel.

(2) Prepare and store BCiP and NBT reagents in the
dark.

(3) Ifa too high background is noted on the membrane,
it requires shorter incubation with primary anti-
bodies.
If “smiling” bands are observed, the SDS-PAGE
electrophoresis was overheated or ran too quickly;
in such a case, either the voltage should be lower or
the electrophoresis should be run in colder condi-
tions.
(5) Any white spots noted on the membrane suggest
that probably air bubbles were left between the gel
and the membrane during the folding of the ‘sand-
wich’; to resolve this, moisten the plastic with trans-
fer buffer and use it to roll air bubbles out of the
membrane.

Any black spots noted on the membrane suggest

that probably the antibodies bound to the blocking

reagent; to resolve this, use a different blocking rea-
gent and wash the membrane more precisely before
detection.

AGPs (in comparison to typical proteins) do not

separate as single bands but as smeared bands. This

is a result of the heterogeneity of glycosylation.

@
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Selective glycome profiling of AGPs using enzyme-linked
immunosorbent assay—ELISA test

ELISA is an immunoenzymatic test commonly that is
used in scientific research. Its advantages include high
sensitivity [65] and the ability to evaluate multiple sam-
ples at the same time providing highly reproducible
results [52, 66]. ELISA is a basic test for the qualitative
and quantitative determination of specific epitopes based
on the number of antigen—antibody bonds formed. By
comparing these bonds to standards, it is possible to esti-
mate their quantity [67, 68]. AGPs can also be analysed
qualitatively and quantitatively using ELISA. However,
due to the specific structure of AGPs, modification of the
protocol is necessary. In the case of fruit tissue, which are
highly hydrated, the cover process is extended to 72 h, as
opposed to a few hours in traditional ELISA. Addition-
ally, it is run at 37 °C, compared with overnight coating
at 4 °C for rice and carrot roots [33]. These modifications
have made it possible to optimise the sample covering.
Moreover, optimisation of the concentration of the pri-
mary antibody was carried out, as the use of the recom-
mended concentration of 1:10 by the producer gave too
intense a background signal [25, 34]. The description of
the method is shown in Fig. 5.

Procedure

1. Prepare a 96-well microplate and add particular
sample per well.

2. Incubate for 72 h at 37 °C with shaking (350 rpm).

3. Wash the plate with 100 pL of PBS three times for
5 min each on a lab shaker.

4. Add 200 pL of blocking buffer (0.1% BSA solution
in PBS) per well and incubate for 1 h at 37 °C with
shaking (350 rpm).

5. Remove the blocking buffer and wash the plate
with 100 pL of PBS three times for 5 min each on
a lab shaker.

6. After the preincubation step, add 100 pL of pri-
mary antibody diluted at 1:20 in PBS per well.

7. Cover the plate and incubate for 1 h at 37 °C with
shaking (350 rpm).

8. Remove the solution and wash the plate with 100
uL of PBS three times for 5 min each on a lab
shaker.

9. Add 100 pL of secondary antibody with the enzyme
conjugate an AP-specific diluted at 1:500 in PBS
per well.

10. Cover the plate and incubate for 1 h at 37 °C with
shaking (350 rpm).
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Preparation of a 96-well plate (coating and blocking steps)
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Fig.5 Scheme of measuring AGPs using ELISA. (1) Coating - sample immobilisation. (2) Blocking with BSA. (3) Incubation with primary antibody.
(4) Incubation with secondary antibody. (5) Signal detection using a microplate reader. (6) Measurement and quantitative analysis of the AGP

concentration in the sample. Created with BioRender.com

11. Remove the solution and wash the plate with 100
uL of PBS three times for 5 min each on a lab
shaker.

12. Add 100 pL of a freshly prepared substrate solution
of PNPP (p-nitrophenol phosphate) per well.

13. Incubate the plate at RT in the dark until the
desired colour intensity is reached (on average it is
15 min).

14. Add 50 pL of 2 M NaOH to stop the reaction.

15. Measure the absorbance at 405 nm.

Critical

(1) Equilibrate PNPP to room temperature and keep it
in the dark before using.

(2) Too strong a signal (no differentiation on the board)
most probably indicates that the wrong concentra-

tion of antibody or too much substrate was used or
the plate was not rinsed properly between the steps.

Briefly, all specific reagents, buffers, and types of
equipment that are necessary for immunocytochemi-
cal analyses of AGPs are summarised in Table 4. Also,
the optimised concentration of primary and secondary
antibodies is shown as an integral part of all described
methods.

Discussion

AGPs are classified as a family of proteins present in the
cell wall structure [15, 69]. Considering their hetero-
geneous structure, a few types of AGPs should be dis-
tinguished [15]. AGPs identified from the Arabidopsis
genome based on composition, size, and the presence
of different domains fall into four distinct classes, like
classical AGPs, lysine-rich AGPs, AG peptides, chimeric
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Table 4 Reagents and equipment necessary for immunocytochemical techniques

Immunofluorescence labelling Immunogold labelling SDS-PAGE ELISA
Western blotting
Reagents
PBS PBS PBS PBS
BSA BSA BSA BSA
Paraformaldehyde Uranyl acetate 12.5% Resolving gel* NaOH
Glutaraldehyde Reynolds reagent Stacking gel* PNPP
NaOH Paraformaldehyde 10% APS
Ethanol Glutaraldehyde Sample buffer*
Resin NaOH Running buffer®
Ethanol Transfer buffer*
Resin TBST*
AP buffer*
BCiP*
NBT*
DMF
Antibodies

Primary antibody diluted in BSA (1:50)  Primary antibody diluted in BSA (1:10)

Secondary antibody conjugated
with a fluorochrome diluted in BSA
(1:200) (1:50)

Secondary antibody conjugated

Equipment

Vacuum pump Vacuum pump
Gelatine capsules Gelatine capsules
Ultramicrotome Ultramicrotome
Glass knife Diamond knife

Poly-L-lysine coated glass slides Nickel grids with formvar film

Wet chamber Petri dishes
Hydrophobic pen TEM
CLSm

with gold nanoparticles diluted in BSA  (1:1000)

Primary antibody diluted in PBS (1:500) Primary antibody
diluted in PBS

(1:20)

Secondary
antibody with AP
diluted in PBS
(1:500)

Secondary antibody with AP diluted in PBS

Electrophoresis apparatus Microplate washer

Wet transfer module Microplate shaker
Laboratory shaker Microplate reader
Nitrocellulose membrane

Scanning machine

" Resolving gel—12.5% (33.28 mL of acrylamide, 25.12 mL of distilled water, 20 mL of 1.5 M Tris pH 8.8, 0.8 mL of 10% SDS)

* Stacking gel (5.44 mL of acrylamide, 21.76 mL of distilled water, 4 mL of 1 M Tris pH 6.8, 0.32 mL of 10% SDS, bromophenol blue)
" Sample buffer (100 pL of Tris pH 6.8, 480 pL of 10% SDS, 480 pL of 0.5 M DTT, 240 pL of 100% glycerol)

" Running buffer (add 14.4 g of glycerine, 3 g of Tris Base, and 1 g of SDS to 1 L of distilled water)

" Transfer buffer (add 72.06 g of glycine, 15.14 g of Tris Base, and 20 mL of 10% SDS to 500 mL of distilled water)

" TBST (add 2.423 g of Tris Base, 8 g of NaCl, and 1 mL of Tween 20 to 1 L of distilled water and establish pH 7.6)

" AP buffer (add 12.11 g of Tris Base, 5.84 g of NaCl, and 1.01 g of MgCl, to 1 L of distilled water and establish pH 9.5)

* BCiP (add 4 mg of BCiP to 1 mL of distilled water)
" NBT (add 9 mg of NBT to 0.3 mL of distilled water and 0.7 mL DMF)

fasciclin-like AGPs (FLAs), chimeric plastocyanin (PAGs)
and other chimeric AGPs [70]. Although they are com-
posed of 90% of carbohydrate moiety, AGPs are definitely
different from other cell wall polysaccharides which con-
stitute up to 90-95% of the cell wall mass [71]. The cell
wall polysaccharides include pectin, cellulose, hemicel-
luloses, and different glycoproteins [34]. Cellulose micro-
fibrils with hemicelluloses such as xyloglucans, xylans
and other glucans form a load-bearing matrix. In this

matrix, spaces between cellulose skeleton are filled with
amorphic gel, composed mainly of pectic constituents,
like the most common homogalacturonan (HG), rham-
nogalacturonan type I (RGI), rhamnogalacturonan type I
(RGII) and xylogalacturonans (XG) [69, 71]. The methods
listed in current paper with exquisite specificity of mono-
clonal antibodies have established some aspects and fine
details of cell wall structural modifications and distribu-
tion of cell wall components during cell metabolism. The
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structure, presence and amounts of cell wall components
vary greatly, starting from the variable localisation in
the extracellular matrix, the change in distribution and
the significant structural variability observed during the
physiological processes of plants. Another feature that
distinguishes the other carbohydrate components from
AGPs is a pattern of their molecular changes. As far as
AGPs can be considered as a marker of particular stages
of fruit development and ripening, pectins are more per-
manent and their alternations cannot be linked to indi-
vidual processes in the cell [72-74]. Glyco profiling of
the main pectic epitopes using ELISA assay by Posé and
coworkers on the tomato and strawberry fruit at unripe
and ripe stages have defined differently in epitope quan-
tities during the ripening process [75]. The mentioned
information allows the conclusion that AGPs, although
composed of carbohydrate moiety, exhibit distinct char-
acteristics, indicating novel cell wall attribute.

Taking into account the alternations in content and dis-
tribution of AGPs across the examined plant organs, also
the necessity of molecular features examination should
be underlined to gain additional insight into changes in
the glycosylation process. All mentioned above proper-
ties of AGPs in comparison to features of other cell wall
constituents allow concluding that AGPs may be involved
in plant molecular mechanisms. As is well-known AGPs
are present both free in the apoplast where they act as
signalling molecules as well as in strict connection with
the extracellular matrix, in the close area of the cell wall
and plasma membrane. In the literature, the role of AGPs
as signalling molecules in molecular interactions of inter-
cellular signalling is connected with their Ca®* binding
capacity and presumptive engagement in the release of
cell-surface apoplastic calcium [1, 18]. Another, substan-
tial function of AGPs is the co-creating of the assembly of
the cell wall by crosslinking with other cell wall glycopol-
ymers and intermolecular formation of calcium bridges
[20, 76]. The classical AGPs have been assumed to form
complexes with pectins and hemicelluloses, by covalently
attaching with RG-I and HG linked to Rha residues in AG
polysaccharides and with arabinoxylan attached to Rha
residue in the RG-I [20]. Mentioned conjugate isolated
from Arabidopsis suspension culture media was distin-
guished by a significant amount of RG-I1 — AGP fraction,
which indeed covalently linkage between RG-I and AGPs
for a functional wall structure [76]. The latest reports
confirm the role of AGPs in creating cell wall continuity,
by physical interaction with the pectic domains RG-I and
homogalacturonan [77]. The most recent results indi-
cate that cationic AGP domains serve a chaperoning role
by catalyzing boron bridging and RG-II dimerization.
The authors assume that RG-II and specific AGPs are
involved in guiding cell-wall assembly [77].
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The framework of plant cell wall glycans and the main-
tenance of interactions between them should be also
investigated in the fruit context. Results obtained with
the aforementioned methods are compatible and allow
a comprehensive analysis of AGPs present in fruits. Cur-
rently, antibodies recognising carbohydrate chains are
the only commercially available tools maximally specific
to AGPs [24, 26, 33, 34]. These antibodies are used to
identify epitopes that are useful markers of tissue modi-
fication during particular stages of the fruit development
and ripening process [13]. Despite the strong emphasis
on the involvement of AGPs in plant physiological pro-
cesses, most studies focus only on their structural rather
than functional characteristics. To date, AGPs have been
investigated in only a few kinds of fruits, e.g. straw-
berry—Fragaria x ananassa (78), grape—Vitis vinifera
[79], tomato—Solanum lycopersicum [80], olive—Olea
europaea L. [81], apple—Malus domestica [5, 23, 82],
and pear—Pyrus communis [4]. Thus, the aim of the cur-
rent paper was to gather the optimised protocols, trou-
bleshooting, and experience gained from experimental
work on AGPs in fruits. So far, most reports of AGPs in
fruits have been based on the use of the presented pro-
tocols, i.e. the spatio-temporal pattern of distribution,
tissue specificity, concentration in fruit tissue, charac-
terisation of the glycan structure, and differences in the
carbohydrate moiety structure. Using these protocols,
it was possible to determine the effect of AGPs on fruit
physiological processes, such as development, ripening,
and senescence during postharvest storage [12, 14, 83].
Immunocytochemical analyses in situ with CLSM and
TEM imaging have confirmed the altered distribution
of AGPs during the ripening process, noted as a typical
spatio-temporal pattern. At the beginning of the process,
AGP epitopes are found mainly in the plasma membrane,
where they are accumulated along the cell wall border.
For example, immunolabelling with JIM13 showed the
presence of the B-GlcA-(1- 3)-a-GalA-(1— 2)-a-Rha
epitope in the cell wall-plasma membrane continuum,
while their assembly in the mature green and stored fruit
tissue was disturbed [5]. The immunogold labelling with
JIM13 confirmed the specific arrangement of AGPs in
the fruit cell wall. Moreover, the results obtained at the
subcellular level using TEM indicated the presence of
AGPs in other cellular compartments as well, emphasis-
ing that the synthesis of carbohydrate chains and protein
moiety takes place in the endoplasmic reticulum [82, 84].

Furthermore, in situ and ex situ immunocytochemical
techniques demonstrated a correlation between the level
of AGP glycosylation and molecular AGP alterations with
advancing cellular processes. Selective glycome profiling
of AGPs revealed the decreasing molecular weight and
concentration of AGPs with the progress of the ripening
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process [85]. Similar changes during the grape ripening
process were observed by Moore and co-workers [79].
The quantity of AGP epitopes (JIMS8, JIM13, and LM14)
gradually increased during ripening, which was followed
by reduction and release of AGPs into the apoplast [79].
Our research on tomato fruits as a model organism for
ripening analyses have revealed that fruits at the breaker
stage contain AGPs with the highest molecular weight
with miscellaneous carbohydrate chains, while AGPs
with low molecular weight (~30 kDa) are mainly noted
in fruits at the red ripe stage. These low-molecular AGPs
may be regarded as a marker of the end of the ripening
process in tomato fruits. Also, the JIM13 antibody, which
detects the most frequent AGP epitope with a molecu-
lar weight range of 120-20 kDa, can be used as a tool to
determine the presence or absence of AGPs in plant tis-
sue [85].

On the other hand, the literature provides informa-
tion about the frequent use of Yariv reagent to iso-
late AGP, but so far there has been no unambiguous
description with which AGP structural moiety it binds
[86, 87]. It is acknowledged that a chemical compound
known as the B-glucosyl Yariv reagent (1,3,5-tri(p-
glycosyloxyphenylazo)-2,4,6-trihydroxybenzene, B-GlcY)
is often used as a cytochemical reagent for detection,
quantification, and purification of AGPs as well as modi-
fication of the molecular activities of AGPs [80, 87].
Also, a previous study showed that Yariv reactivity is not
dependent on the peptide component of AGPs. B-GlcY
binds to B-1,3-galactan chains which are longer than
five residues. Most likely, this is related to the sequen-
tial trimming of the AG moieties of AGPs using sets of
specific glycoside hydrolases [88]. In our previous work
on apple fruit, the AGPs concentration was estimated
at 2 080 pg/g of the parenchyma tissue of red fruits. In
comparison to the presence of AGPs in tomato fruits,
the concentration was similar, indicating that fruit tis-
sue is a rich source of the examined proteoglycans [42].
For example, during the turning stage of the ripening
process, the AGP concentration was determined to be 3
110 pg/g of fresh tissue, suggesting that the presence of
AGPs is correlated with the ongoing synthesis of long
chains of AGP carbohydrates [85]. For comparison,
research carried out by Kaur and coworkers have deter-
mined the amount of precipitated AGP in Arabidopsis
thaliana in different organs. The amount of AGP was
150 pg/g of fresh weight rosette leaf, 450 pg/g from the
stem, 610 pg/g from the root, and 1000 pg/g from the
flower [89]. Other research conducted by Lamport con-
firmed the presence of 30-300 pg AGPs per fresh weight
of tobacco leaf [90]. Precluding the necessity to clarify
the role of AGPs in fruit metabolism and considering the
content of AGP in other plant organs, research on AGP
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in fruits is even more useful to obtain research material.
Previous studies on AGPs in fruits allow concluding that
fruit tissue is a good research material for isolation as
well as structural and molecular characterisation of AGPs
as crucial cell wall components.

Conclusions and future perspectives
Immunocytochemical techniques, both in situ and ex
situ, offer the opportunity to precisely determine the
molecular and structural modifications occurring in
fruit tissues during development and ripening processes.
Antibody-based methods are the primary tool for study-
ing AGPs. All techniques, i.e. glycome profiling, immu-
noprinting on a membrane, screening by ELISA, and/
or epitope mapping allow characterisation of the carbo-
hydrate moiety of AGPs. Immunocytochemical stud-
ies that use antibodies to identify and visualise specific
AGP epitopes have their advantages and disadvantages.
The advantages of immunocytochemistry include high
specificity correlated with qualitative and quantita-
tive analysis. On the other hand, the disadvantage of
immunocytochemistry is the sample preparation step
associated with difficulties in quantitative analysis and
great subjectivity in the interpretation of results. Briefly,
microscopic methods using antibody labeling are power-
ful tools that allow visualisation of AGPs and an under-
standing of tissue architecture. The immunofluorescence
and immunogold methods allow for precise imaging of
AGP localisation with high specificity, followed by quali-
tative and quantitative analysis. Western Blotting has also
high specificity and allows for quantitative measurement
but also requires several steps, including gel electropho-
resis, transfer of proteins to a membrane, and detection
with antibodies which can be time-consuming and labor-
intensive. Therefore, in parallel, it is worth performing
an additional analysis, such as ELISA, which is a method
with high sensitivity and specificity. ELISA allows to
detection of low levels of the tested molecules in samples,
and this is extremely important in the case of hydrated
fruit tissue. Moreover, the ELISA technique is scalable,
which allows for simultaneous testing of many samples
and enables quantitative analysis of the quantity.

The development of new antibodies in future
research, including those against the protein domain,
will allow a more thorough analysis of changes that
occur in AGP molecules, determining the mechanism
of AGP synthesis, degradation, and action during phys-
iological processes. Moreover, a thorough study of glyc-
obiology methods to investigate the AGP structure and
distribution in cell walls may provide new knowledge
for applications in the glycoscience area. Moreover,
the latest reports on the construction of an analogue
of the Yariv Reagent deserve to be emphasized [91].
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The synthesis of an azido analogue of the Yariv rea-
gent which is functionalized with a fluorophore allows
to creation of a glycoconjugate that binds AGPs and
allows the ability to visualize AGPs using fluorescence
microscopy. The new probe for studying AGPs provides
an opportunity to carry out more sophisticated imaging
of AGP localisation. Moreover, the new way of AGPs
visualisation will give the opportunity to compare
results provided with immunocytochemistry tools [91].
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ARTICLE INFO ABSTRACT

Keywords: Arabinogalactan proteins (AGPs) are constituents of the plant cell walls, which are increasingly being considered
Arabinogalactan proteins as essential molecules in the formation of the extracellular matrix. Given their molecular structure and the
Cel "_ wall advantage of the carbohydrate moiety, the glycosylation level and its modification is assumed as a cause of the
Vit functional diversity of AGPs. The aim of current work was to evalnate the molecular features of AGP as a po-
Proteoglycans 5 X i " " o " <

Ripening tential molecule involved in the ripening process. For this purpose, tomato fruits were analyzed at specific five
Tariato stages of ripening using microscopic and molecular tools. The experiment showed that the high content and the

occurrence of the AGP molecule with molecular weight around 120 kDa are related to cell wall conditions and
the intensity of ongoing glycosylation. At the breaker and/or turning stage, the processes of modification of the
sugar moiety and depolymerization begin to prevail. At the red ripe/pink stage, the synthesis process is replaced
by the degradation process, which is associated with the disappearance of AGPs with high molecular weights and
the appearance of only single sugar residues with very low molecular weights. The occurrence of AGPs with low
molecular weight (—30 kDa) may be used as a marker of the finalization of the ripening process in tomato fruits.
All anatomical and morphological alterations in the cell wall confirm the presence of dependencies and con-
nections between components of the cell wall network. We may presume that selected antibodies (JIM13, LM2,
LM14) indicate very specific features of the fruit tissue at different stages of ripening; thus, AGP is a molecular
and cytological marker of particular stages of the fruit ripening process.

1. Introduction etal., 2017; Jiang et al., 2019). For over 40 years, extensive research on

various fruits has been done, where mostly tomato fruits have been used

1.1. The cell wall in the fruit ripening process

Fruits are one of the main horticultural crops whose production is
growing around the world every year. About 700 million tons of fruits
are currently being produced worldwide. Tomato (Solanum lycopersi-
cum) is an economically important fruit found as one of the most
important crops globally valued at 124.6 billion US dollars annually and
representing the largest sector of the fleshy fruit market (Osoria and
Fernie, 2013; Skolik et al., 2019; Ling et al., 2021). Tomato fruit
ripening is a complex biological process involving changes in the color,
texture, and nutrient content (Hyodo et al., 2013; Wang and Seymour,
2022). These factors affect the quality and postharvest shelf life of to-
mato fruits, which has a direct impact on their economic value (Tucker

* Corresponding author.
E-mail address: a.leszezuk@ipan.lublin.pl (A. Leszezuk).

https://doi.org/10.1016/j.scicnta.2022.111718

as a model organism to study the development and ripening processes
(Hyodo et al., 2013; Feder et al., 2020), as these processes are controlled
by the interaction between genetic and hormonal factors, and the gen-
eral features of this ripening model appear to apply to many fruits
(Osoria and Fernie, 2013; Tucker et al., 2017).

Generally, plant growth and development are important processes
regulated and supported by the cell wall (CW) (Burton et al., 2010;
Zhang et al., 2021). One of the important processes in fruit is ripening,
which is associated with cell wall degradation. Degradation of the cell
wall leads to reduced intercellular adhesion and depolymerization of
polysaccharides. However, the spatial regulation and biochemical
changes involved in cell wall transformation are not fully understood (Li
et al., 2010; Tucker et al., 2017). It has been recognized that they are
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related to changes in cell wall properties resulting from modifications of
polysaccharide components (Orfila et al., 2001). At the molecular level,
the loss of carbohydrates, i.e. galactose and arabinose, seems to be the
earliest detectable change (Tucker et al., 2017). However, the cell wall is
composed not only of polysaccharides (Verhertbruggen et al., 2009). In
the last few years, many studies have been performed to determine
changes in proteins that occur in cell walls during fruit ripening.
Moreover, there are reports that, during the ripening process, there are
no major changes in the amount of the proteins in the cell wall, but they
do change their structures and functions, for example, changing the
activity of enzymes present in the cell wall (Ruiz-May and Rose, 2013;
Shi et al., 2014).

1.2. Arabinogalactan proteins (AGPs) in plant development and fruit
ripening

Arabinogalactan proteins (AGPs) are one of the most complex and
diverse families of proteoglycans widely distributed in plants (Carpita
et al., 2001; Fragkostefanakis et al., 2012; Peng et al., 2012; Tsumuraya
et al,, 2019). AGPs are found in all tissues, mainly in cell walls, plasma
membranes (PMs), and intercellular spaces (Showalter, 2001; Lopez-
Hernandez et al., 2020). There are reports that AGPs localized in cell
walls act as modulators of cell expansion and differentiation, trans-
ducers of cell surface signals, and effectors of responses to environ-
mental conditions and other organisms (Hromadova et al., 2021). The
specific distribution of AGPs in the extracellular matrix allows formation
of the cell wall-plasma membrane continuum, which may be essential to
the external parts of the whole plant cell (Liu et al., 2015, Leszezuk et al.,
2018a). AGPs are attached to the plasma membrane by glyco-
sylphosphatidylinositol (GPI) in the C-terminal domain. The GPI anchor
allows the transmission of information between the intracellular and
extracellular space (Showalter, 2001). Therefore, the determination of
the localization of AGPs at the level of tissues and cells in different plant
organs may provide insight into their new functions. Also, AGPs are
versatile in their biological roles, e.g. they exert an impact on cell di-
vision, cellular communication, programmed cell death, embryogenesis,
plant-microbe interactions, plant growth, and reproductive processes
(Tsumuraya et al., 2019).

AGPs belong to the family of cell wall hydroxyproline-rich pro-
teoglycans (HRGPs) (Showalter, 2001). Their N-terminal domain is rich
in proline/hydroxyproline, alanine, serine, and threonine (Showalter
and Basu 2016). Protein moiety account for about 10% of the total
molecular mass of the proteoglycan. About 90% of the molecules consist
of arabinogalactan polysaccharides. As their name implies, AGPs are
rich in arabinose, galactose, and glucuronic acid in some cases, along
with other less-abundant sugars (Classen et al., 2000). AGP carbohy-
drates consist of f-(1—3)-galactan backbones that are replaced by side
chains of (1-6)-linked p-galactosyl residues through O-6. The side
chains have L-arabinose (L-Aral) residues and other less-abundant
sugars, such as D-glucouronic acid (GlcA), 4-O-methyl-glucuronic acid
(4- Me-GlcA), L-fucose (L-Fuc), L-thamnose (L-Rha), D-xylose (D-Xyl),
D-mannose (Man), D-glucose (Glc), D-glucosamine (GlcN), and D-gal-
acturonic acid (GalA). It has been recognized that AGPs serve biological
functions through the presence of carbohydrate moiety. The poly-
saccharide chains appear to be attached to Hyp residues and possibly to
Ser and Thr residues. In contrast, short arabinoses are joined to Hyp
residues (Classen et al., 2000; Kitazawa et al., 2013; Showalter and
Basu, 2016; Tsumuraya et al., 2019, Leszczuk et al., 2020a).

Research on AGPs conducted over the past three decades suggests
that these proteins may affect the cell wall structure, which may influ-
ence fruit properties. It is known that AGPs undergo glycosylation and
this molecular mechanism is well understood, but the effect of this
process on the role of AGPs in the cell wall has currently been described
in only a few experimental papers (Fragkostefanakis et al., 2012;
Leszczuk et al., 2018b, 2020b). It is not clear whether AGP is connected
with cell wall breakdown, which is unquestionably related to the process

Scientia Horticulturae 310 (2023) 111718

of fruit softening and ripening. Also, it is not specified how AGPs affect
the processes of fruit development and ripening or whether these mol-
ecules are essential for these processes. In this paper, we report the
molecular characterization of AGPs in tomato fruits collected at
different, strictly defined stages of ripening, with focus on the occurring
changes. Our research was based on ‘in planta’ and ‘ex planta’ studies,
which provided a complete description of the alterations in AGPs. For
this purpose, the AGP extraction with Yariv reagent, radial gel diffusion,
immuno-dot blot assay, Western blotting, and ELISA were performed
and the immunofluorescence technique imaged by CLSM was used. The
assays are based on carefully tested antibodies that recognize the AGP
carbohydrate moiety (Fig. 1).

2. Material and methods

2.1. Plant growth conditions and fruit characterization during
development and ripening

Tomato plants (Solanum lycopersicum cv. ‘Betalux’) were grown in
the greenhouse (Lublin, Poland). The tomato fruit at various stages of
ripening was the object of study. Tomato fruit ripening can be divided
into different stages by colour changes previously described by Nakat-
suka et al. (1998): stage after development — ‘mature green, GR* (1),
pale-green colour on fruit surface — ‘breaker, BR’ (2), the first appear-
ance of pink colour at blossom end - ‘turning, TU’ (3), red colour in
two-thirds of fruit surface — ‘pink, PINK’ (4), the red colour on entire
fruit surface — ‘red ripe, RR’ (5). The GR stage is considered to be the last
stage of development, and in confirmation of this, we observed a lack of
increase in fruit diameter at later stages. In the next stages, only the
ripening and colour change of the fruit occurs, and the diameter of the
fruit remains close to the last stage of development.

2.2. AGPs extraction with Yariv Reagent

AGPs from tomato fruit tissue were isolated by extraction protocol
using Yariv reagent (p-GlcY, Biosupplies, Australia) according to
Lamport (2013) and to our previous studies (Leszczuk et al., 2020c).
Frozen, homogenized tissue was mixed with 2% (w/v) CaCly at room
temperatures (rt). After 3 h, tissue was centrifuged at 10 000 rpm at rt
for 30 min. To supernatant was added 1 mg mL™" Yariv reagent in 2%
(w/v) CaCly and left overnight at rt. The insoluble Yariv-AGP complex
was collected after centrifugation at 2 000 rpm at rt for 10 min and
mixed with sodium metabisulphite (Thermo Scientific, USA). Then the
mixture was heated at 50°C until the red colour disappeared and
transferred to dialysis tubing with a 12-kDa MW cut-off (32 mm flat
width, Sigma, USA). The obtained dialysate was frozen in liquid nitro-
gen, lyophilized and then the product — AGPs was weight.

2.3. Radial gel diffusion assay

Radial gel diffusion was performed according to Holst and Clarke
(1985), and Castilleux et al. (2020). After extraction, samples were
dropped into wells in gel plate containing 0.002% (w/v) Yariv reagent
(B-GlcY, Biosupplies), 1% (w/v) NaCl, 0.02% (w/v) sodium azide and
1% (w/v) agar. Samples were loaded in 40 pl per well and incubated for
48 h at rt. The relative reactivity of $-GlcY was quantified using gum
arabic (Biosupplies) as the standard (positive control). The distilled
water was used as a negative control. For quantitative analysis of
reactivity of §-GlcY - AGPs concentration, the halo area around the wells
was manually identified and counted with ImageJ 1.51 software (http
s://imagej.nih.gov/). The assay was performed in triplicate.

2.4. Immuno-dot-blot assay

The most common technique for the determination of the occurrence
of AGP is an immunocytochemical reaction using specific antibodies
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Fig. 1. Representative of the microscopic and molecular approaches including ex siti and ex situ investigations.

directed against the carbohydrate epitopes of AGPs. The primary
monoclonal antibodies used were obtained from Plant Probes, Centre of
Plant Sciences (University of Leeds, UK), and Kerafast (USA) (Table 1).
For the second validation of the content of AGPs in supernatant ob-
tained, immune-dot-blot assay with monoclonal antibodies against
AGPs epitopes was carried out. Each sample was dotted onto a nitro-
cellulose membrane and subsequently blocked with 5% (w/v) BSA
(Sigma, USA) in PBS (Sigma, USA). After washing with TBST (7.6 pH),
samples were incubated with primary antibodies recognized specific
AGPs epitopes diluted 1:500 in 2.5% (w/v) BSA in PBS for 2 h at rt. After
three washes with TBST, samples were incubated with secondary anti-
rat antibodies conjugated with alkaline phosphatase diluted 1:1000 in
2.5% (w/v) BSA in PBS for 2 h at rt. The optimal dilution was deter-
mined according to the antibody manufacturer. After immunochemical
reactions, the membrane was washed in TBST and AP buffer, finally
AGPs were detected with AP substrates: 5-bromo-4-chloro-3-indolyl-
phosphate (Sigma) in water (4 mg/mL) (BCiP) and nitro-blue tetrazo-
lium (NBT) (Sigma, USA) in water and N, N-dimethylformamide (DMF)
(Thermo Scientific, USA) (9 mg/0.3 mL water/ 0.7 mL DMF) in the dark.
All analyses of samples were performed in triplicate. In turn, the heat
map analysis in which color intensity is proportional to a numerical
value was prepared using the Image Lab Software version 6.1 (Bio-Rad,
USA).

2.5. SDS-PAGE gel electrophoresis and protein detection with Western
blotting

Total proteins extraction were performed using Laemmli buffer
(1970) composed of 65 Mm Tris-HCI, pH 6.8, 2% (w/v) SDS, 2 mM
EDTA, 1 mM PMSF, 700 mM (-mercaptoethanol and 1:10 protease in-
hibitor (Sigma, USA). Then protein sample quantification was per-
formed with a standard Bradford assay. SDS-PAGE was used for protein
separation with a mixture of 12.5% resolving gel and 4% stacking gel.
After electrophoresis proteins were electroblotted onto a PVDF Transfer
Membrane with a 0.2 ym pore size (Thermo Scientific, USA). Immuno-
blotting was performed on a mini-rocker shaker. After wet transfer, the
membrane was washed in TBST. Membranes were blocked with 5%
(w/v) BSA in PBS for 1 h at rt and incubated with primary antibodies at a
concentration of 1:500 for 2 h at rt. After three washes with TBST, the
membranes were incubated with secondary antibodies conjugated with
alkaline phosphatase at a concentration of 1:1000 for 2 h at rt. The

Table 1
Representative of the used monoclonal antibodies against the carbohydrate
cpitopes of AGPs.

mAb EPITOPES REFs.

JIM13  fGleA(1—3) aGalA(1—2)Rha Knox et al. (1991), Yates
et al. (1996)

JIM15  D-GlcA; GleA-p(1-O-Me) Yates et al. (1996)

LM2 P-D-GleA units with terminal p-GleA in AGP  Smallwood et al. (1996),
Yates et al. (1996)

LM14 binds to arabinose- and galactose-enriched Moller et al. (2008)

carbohydrate chains (AG type II)

optimal dilution was determined according to the antibody manufac-
turer. The membrane was washed in TBST and next, in AP buffer.
Visualization of bands was carried out with BCiP (Sigma, USA) in water
(4 mg/mL) and NBT (Sigma, USA) in water and DMF (Thermo Scientific,
USA) (9 mg/0.3 mL water/ 0.7 mL DMF) in the dark. Gel after Coo-
massie Blue staining and membranes visualization was performed using
GelDoc Go Imaging System (Bio-Rad, USA). The results were analyzed
qualitatively on the basis of the band thickness, width, and colour depth.
For quantification of molecular mass, Pierce™ Prestained Protein MW
Marker was used (Thermo Scientific, USA). The quantitative analysis of
protein bands was performed using the Image Lab Software version 6.1
(Bio-Rad, USA). Three independent experiments were performed.

2.6. Enzyme-linked immunosorbent assay (ELISA)

According to Pfeifer et al. (2020), the binding of the different
monoclonal AGP-antibodies JIM13, JIM15, LM2, and LM14 was inves-
tigated in an indirect ELISA. First, the 96-well plates (Nunc MaxiSorp™
flat-bottom, ThermoFisher Scientific, Denmark) were coated with
different concentrations of AGP (0, 25, 50, 100 pg/mL in distilled water,
100 pl per well) at 37.5°C with open cover for 3 days. Then, the plates
were washed three times with PBS (pH 7.4) with 0.05% Tween 20
(Sigma) and blocked with 0.1% (w/v) BSA in PBS (200 pL per well, 1 h at
37.5°C). The blocked plates were washed again with PBS. Next 100 pl of
the different antibodies (JIM and LM series diluted 1:20) was added to
each well and plates were incubated for 1 h at 37.5°C. Next, the plates
were washed three times with the same washing buffer as described
above. The secondary antibody (Anti-Rat-IgG conjugated with alkaline
phosphatase, Sigma-Aldrich, USA) was pipetted in a dilution of 1:500 in
PBS. After incubation and three-times washing steps, color was devel-
oped by addition of 1-Step p-nitrophenyl phosphate disodium salt -
PNPP (100 pL well-1, ThermoFisher Scientific, USA). According to
Thermo Scientific instructions, the reaction water-yellow product ab-
sorbs light at 405 nm. After incubation at room temperature for 5-20
min, the reaction was stopped with 2 N NaOH (50 pL well-1). The
absorbance of each well was measured in an ELISA reader (MPP-96
Photometer, Biosan) and analyzed with Quant Assay Software. Samples
were tested in triplicate.

2.7. Material preparation for immunocytochemistry

Overall, the microscopic analyses were performed according to our
previous papers (Leszczuk et al., 2019). For immunolabelling protocols,
the cube-shaped fruit tissue was fixed in 2% (w/v) paraformaldehyde
(Sigma, USA) and 2.5% (w/v) glutaraldehyde (Sigma, USA) dissolved in
PBS (pH 7.4, 0.15 M). The tissues were fixed under vacuum seven times
for 10 min each and then overnight and then the material was dehy-
drated in graded ethanol series (from 30%, 50%, 70%, 90%, and 96% for
15 min to 99.8% for 30 min twice). For embedding, the LR White resin
was used, and the polymerization was performed according to the
manufacturer’s instructions (Sigma Aldrich, USA). For CLSM imaging, 1
um-thick sections were cut using an ultramicrotome (PowerTome XL,
RMC Boeckeler, USA) equipped with a glass knife.
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2.8. Immunofluorescence labelling technique for confocal laser scanning
microscope (CLSM)

Thick sections (1 pm) mounted on poly-L-lysine coated slides (Sigma,
USA) and circled with a liquid blocker PAP Pen (Daido Sangyo, Tokyo,
Japan), were washed in PBS and pre-incubated with 1% (w/v) BSA in
PBS at 1t to block non-specific binding sites. Then, the samples were
incubated with the primary rat antibody diluted 1:50 in 0.1% (w/v) BSA
in PBS overnight at 4°C. Prior to the visualization of AGPs, the samples
were incubated with sets of specific monoclonal antibodies directed to
glycan moieties of AGPs. After washing with three changes of PBS, in-
cubation with the secondary antibody, goat anti-rat IgM (heavy chain)
cross — Alexa Fluor 488 (ThermoFisher Scientific) diluted 1:200 in 0.1%
(w/v) BSA in PBS overnight at 4°C was performed. After the labeling
procedure, the sections were washed with PBS and stained with Calco-
fluor White. Imaging of the immunofluorescence method was performed
using an Olympus BX51 CLSM microscope equipped with corresponding
software FluoView v. 5.0. (Olympus Corporation, Tokyo, Japan). Con-
trol reactions were carried out by omitting the primary antibody. All
photographs and figures were edited using the CorelDrawX6 graphics
program.

2.9. Statistical analysis

The data were statistically analyzed using Statistica v.13 (TIBCO
Software Inc. USA). For comparisons of the mean values, an analysis of
variance (one-way ANOVA) followed by post hoc Tukey's honestly
significant difference (HSD) test was used. For all analyses, the signifi-
cance level was estimated at p < 0.05.

3. Results

3.1. Determination of changes in AGP content during ripening progress -
Isolation of AGPs using Yariv reagent

AGPs from tomato fruit tissue were isolated using the Yariv Reagent
extraction technique (Yariv et al., 1962; Kitazawa et al., 2013; Lamport,
2013), which allows estimating AGP content in fruit tissue. The results
showed the AGP content of 0.91 mg/g at the mature green stage, 0.98
mg/g at the breaker stage, 3.11 mg/g at the turning stage, 1.12 mg/g at
the pink stage, and 1.18 mg/g at the red ripe stage (Fig. 2A). The results
indicated the highest amount of AGPs at the turning stage; however, it
declined during the consecutive ripening stages. The results of the radial
gel diffusion assay confirmed the presence of AGPs in the extracted
material. Moreover, the method highlighted differences in the AGP
concentration in the tomato fruits at each stage during the ripening
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process. The results also showed a significantly higher concentration of
AGPs extracted using Yariv reagent at the turning stage than at the
mature green stage. The following values were determined: 0.13 + 0.02
mg/mL at the mature green stage, 0.48 + 0.09 mg/mL at the breaker
stage, 0.84 = 0.05 mg/mL at the turning stage, 0.71 £ 0.05 mg/mL at
the pink stage, and 0.45 + 0.1 mg/mL at the red ripe stage (Fig. 2B). The
results of the radial gel diffusion demonstrated a decrease in the AGP
concentration at the pink and red ripe stages, which confirms that the
increase in the intensity of degradation processes is a typical event at the
advanced stages of ripening.

3.2. Changes in the content of specific AGP epitopes — dot blot assay,
ELISA test

The molecular traits of the AGPs from fruits at different stages of
ripening were evaluated in several steps. A dot blot assay was performed
to determine the appropriate starting concentration of primary antibody
for Western blotting and to visualize an antibody that would reveal
different types of AGP epitopes in the tested samples. Afterward, an
immunoenzymatic test (ELISA) was conducted to obtain a direct proof of
a proper use of the antibody and to visualize changes in the AGP
participation at the different fruit ripening stages. The proportions of
molecular weights in the protein mixture in the tested samples were
determined with the use of the Western blotting method.

In order to quickly check the presence of specific epitopes of AGPs,
an immuno-dot-blot assay with monoclonal antibodies against AGP
epitopes was performed. We used four antibodies against AGP epitopes
(JIM13, JIM15, LM2, and LM14) (Fig. 3). The analysis of the dot-blot
membranes revealed that the concentrations of the tested samples
were properly chosen. The simple heat map provides information that
almost every antibody used, excluding JIM15, had high efficiency in
AGP detection in the tested samples, which confirmed the correctness of
the concentrations used, as presented in Fig. 3. The best visualization
effect of AGPs in all extracts was achieved by the LM2 antibody in every
sample, which suggested that the epitope with f-linked glucuronic acid
in the polysaccharide moiety was present at every stage of the fruit
ripening process. Interestingly, the highest amount of JIM13, LM2, and
LM14 epitope were detected at the BR stage and gradually decreased
with the progress of the ripening process.

Since there were differences between samples representing the
different stages, the ELISA assay was used to determine the amount of
the epitope in detail. The ELISA test was performed using the same
antibodies (JIM13, JIM15, LM2, and LM14) for better visualization of
differences in the occurrence of the epitopes between the particular
stages of fruit ripening. The results shown in Fig. 4 indicate the lowest
differences in the amount of the JIM13 epitope in all ripening stages,

Radial gel diffussion of AGPs extracted
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Fig. 2. Determination of changes in AGPs content during ripening process: Isolation of AGPs using Yariv reagent (A), Radial gel diffusion of AGPs (B). Abbreviations:
GR — mature green stage, BR — breaker stage, TU — turning stage, PINK — pink stage, RR — red ripe stage. For comparisons of the mean values, an analysis of variance
(one-way ANOVA) followed by post hoc Tukey’s honestly significant difference (HSD) test was used, with the significance level at p < 0.05.
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Fig. 3. Dot blot with heat map analysis of AGPs extracted from tomato fruit at examined stages of the ripening process. Abbreviations: GR — mature green stage, BR —

breaker stage, TU — turning stage, PINK — pink stage, RR — red ripe stage.
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Fig. 4. ELISA test of AGPs extracted from tomato fruit at examined stages of the ripening process. Abbreviations: GR — mature green stage, BR — breaker stage, TU —

turning stage, PINK - pink stage, RR — red ripe stage.

with the highest expression of this epitope in the TU, PINK, and RR
stages. The lowest absorbance value was observed after using the JIM15
antibody, which correlates with the dot-blot analysis. The reaction with
the JIM15 antibody was minimal, i.e. at the background level. The
biggest changes in the exposure of the epitopes were observed after the
incubation of the LM2 and LM14 antibodies with the tested samples,
where the most significant differences were noticed in the LM14 epitope.
The use of the LM14 antibody allowed observing increased absorbance

during the stages of ripening, which is probably correlated with the
release of type II AG from degraded carbohydrate chains of AGPs. The
LM2 epitope was characterized by the highest exposure in the PINK
stage of ripening, whereas the lowest exposure was observed at the BR
stage. The most interesting results were obtained in the exposures of the
LM14 epitope, which were the lowest at the GR stage of the ripening
process and the highest at the BR stage
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3.3. Determination of AGPs molecular mass

The Western blotting analyses estimated the differences in the mo-
lecular weights occurring during the ripening stages to identify the
different AGP epitopes (Fig. 5). As in the previous analyses, the lowest
expression was revealed for the epitope labeled with the JIM15 anti-
body. Small bands at ~30 kDa were observed only at the PINK and RR
stages, where the expression in the case of the RR sample was stronger
than in the PINK one. Low molecular weight bands (~30 kDa) were
observed in all the epitope variants in the PINK and RR stages. Hence,
these low molecular weight bands (Fig. 5, marked in red) should be
considered a marker of the final advanced stage of the ripening process.
The JIM13 epitope-labeled AGP was characterized by the highest dif-
ferences in the molecular weights at each ripening stage. The JIM13
epitope labeling low and medium molecular weights (60-20 kDa) was
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present at all ripening stages; the lowest and the highest relative AGP
level was determined at the BR and RR stages, respectively. Different
results were obtained in the case of LM2, where the highest relative AGP
level was noted for high molecular weights (120-60 kDa) and the lowest
level was recorded at the TU stage. The LM14 epitope was characterized
by AGP with medium molecular weights (60-25 kDa), and the strongest
expression signal was observed at the BR and TU stages, whereas the
weakest signal was noticed in the PINK and RR samples. Therefore, the
LM14 antibody can be considered the most specific, as a decrease in the
content and molecular weight of AGPs was observed as the ripening
process progressed. Overall, the Western blotting analysis revealed
heterogeneity of AGPs characterized by different molecular weights. The
relative level of AGPs with the highest molecular weights was found to
decline with the progress of ripening. At two stages, i.e. BR and TU,
AGPs with 120-60 kDa and 60-25 kDa molecular weights
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Fig. 5. SDS-PAGE - Western blotting of AGPs extracted from tomato fruit at examined stages of ripening process with analyses of molecular mass of AGPs. Specific
bands around 30 kDa are marked in red. Abbreviations: GR — mature green stage, BR — breaker stage, TU — turning stage, PINK — pink stage, RR — red ripe stage.
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predominated. At the PINK and RR stages, the sample contained 25-20
kDa AGPs (JIM13 epitope). Additionally, similarity between the relative
AGP levels obtained by Western blotting using LM14 and the measure-
ment of AGP content with the Yariv extraction protocol was noticeable.

3.4. Changes in AGPs distribution in situ at the cellular level

The in planta studies on AGPs were performed using the immuno-
labeling technique, which allowed showing alterations in the analyzed
epitopes of AGPs. Figs. 6 and 7 show microscopic investigations of the
AGP distribution in the epidermal/hypodermal layers and parenchymal
tissue inside the fruit, respectively. Firstly, the microscopic observations
demonstrated the anatomical changes in tissues at the cellular level.
With the progress of the ripening process, the cell walls underwent
modifications, and numerous detached cell wall compartments were

JIM13 JIM15
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located inside the cell. These changes were correlated with the well-
known typical alterations in fruit cells as a result of the ongoing
ripening process. Similar findings were obtained using the same anti-
bodies as in previous analyses. AGP epitopes recognized by JIM13 and
LM2 were present in the fruit at the GR and BR stages mainly in the
periphery of the cell wall, in a close area to the plasma membrane. At the
subsequent stages, the AGP epitopes were situated in the cellular re-
mains, in the neighborhood of the cell wall-plasma membrane contin-
uum. Also, the in situ analyses showed no JIM15 epitopes, even in the
degraded cell wall of the fruit at the RR stage. In turn, after the immu-
nocytochemical reaction using LM14, the strongest signal of fluores-
cence was visible in the fruit at the PINK and RR stages. To verify the
correctness of the analysis, a control was performed without the step of
incubation with primary antibodies, which showed no reaction (Fig. 6).

The tissue level analyses revealed that, at the initiation of the

LM2 LM14 Control reaction

GR

BR

TU

PINK

RR

Fig. 6. Arabinogalactan proteins distribution in epidermal and hypodermal layers during the progress of the ripening proce

s. AGPs localization in fruit at GR stage

(a-¢), BR stage (f-j), TU stage (k-0), PINK stage (p-t), and RR stage (u-y). Control reactions (e, j, o, t, y). Bar: 50 ym. Abbreviations: GR — mature green stage, BR
breaker stage, TU — turning stage, PINK — pink stage, RR — red ripe stage, cu — cuticle, ep — epidermal layer, hy — hypodermal layer. Inmunofluorescence technique
with Alexa Fluor-488 (green staining) and counterstaining using Calcofluor White (blue color).
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LM2 LM14 Control reaction
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Fig. 7. Arabinogalactan proteins distribution in the parenchyma layer during the progress of the ripening process. AGPs localization in fruit at GR stage (a-e), BR
stage (f-j), TU stage (k-0), PINK stage (p-t), and RR stage (u-z). Control reactions (e, j, 0, t, z). Bar: 50 um. Abbreviations: GR — mature green stage, BR — breaker stage,

TU - turning stage, PINK — pink stage, RR — red ripe stage.

ripening process, AGPs were distributed mainly in the external parts of
the fruit, i.e. the hypodermal layers, and were more visible in the
parenchymal tissue with the progress of the process. The observations of
the immunocytochemical reactions in parenchymal tissue sections
showed that labeled epitopes were also present in the fruit at the PINK
and RR stage, but not in the vicinity of the cell wall but in the degraded
parts of the cell (Fig. 7). The results showing the relationship between
the molecular properties of AGPs and the cellular changes in fruits
during the ripening process are highly compatible with earlier results.

4. Discussion

It is well-known that, on the nanoscale, the ripening process is
closely related to the association of cell wall components and covalent
linkages among these components (Wang and Seymour, 2 ). Alter-
ations in polysaccharide domains, pectin depolymerization, and

solubilization are closely linked to fruit softening, which is directly
related to the texture of ripe fruit. Also, linkages of pectin, cellulose, and
hemicellulose are fundamental for general mechanical features of fruits
during the ripening process (Posé et al., 2019). On the other hand, AGPs
are part of a strictly described model of a cell wall structure called the
APAP1 complex (Tan et al., 2013). The authors of this theory suggest
that, although AGP does not play a quantitatively significant role, its
ability to bind to hemicelluloses and pectins has an impact on the final
form of linkages in the plant matrix (Tan et al., 2013; Hijazi etal., 2014).
For the same reason, cell wall remodeling during the ripening process is
not only an outcome of changes in major cell wall constituents. The
assembly of the cell wall is dependent on the interactions between all
parts of the extracellular matrix (I al., 2013; Hijazi et al., 2014). In
our earlier studies, we focused mainly on the distribution of AGPs in
fruit tissue and on creating the spatio-temporal pattern of their specific
localization in apple fruits during ripening and senescence processes
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(Leszczuk et al., 2018a, 2018b).

Previous studies have already shown that AGPs are changing with
the progressing physiological processes in the fruit. The aim of the
current research was to determine the molecular characteristics of AGP
outside the fruit cell. It turns out that our current investigations are
compatible with previous reports. Due to the presence of carbohydrate
chains, AGPs should be considered as part of the polysaccharide
network, not as a typical protein. The occurrence of a sugar moiety
causes AGP to reside in the cell wall much longer than proteins during
the ripening process, and changes in its molecular characteristics are the
result of changes in their carbohydrate chains. The measurement of the
AGP content using Yariv reagent showed the presence of AGPs during
ripening at a level of approximately 3.11 mg/g at the turning stage. As
the process progressed, the AGP content declined to around 1.18 mg/g
at the red ripe stage. We may assume that this result is also correlated
with the binding capacity of Yariv reagent. The appearance of the AGP-
Yariv complex requires the presence of p-1,3-galactan chains, which are
longer than five residues (Kitazawa et al., 2013). Disruption of the cell
wall during the ripening process is inextricably linked with the
destruction of long carbohydrate chains, thus we assume that the pres-
ence of only fully glycosylated AGPs can be assessed using this method.
In the same way, the lower content of AGPs at the GR stage than at the
BR stage is connected with the still ongoing synthesis and glycosylation
process of AGPs. Any modifications that result in shortening of sugar
chains affect the determination of the AGP content, and, the data on the
estimation of the AGP amount by extraction with Yariv reagent under-
lined the ongoing degradation of the AGP molecule.

In line with the biochemical way of AGP content quantification are
the results obtained with the molecular tools. Both Western blotting and
the ELISA method revealed the decreasing molecular weight of AGPs
during the ripening process. Generally, all immunocytochemical
methods, both in situ and ex situ, revealed that the AGP modifications
during the ripening process are correlated with the level of AGP mole-
cule glycosylation. A similar observation on cell expansion events in
grapes was described by Moore and coworkers (Moore et al., 2014). In
these experiments, the abundance of AGP epitopes (JIM8, JIM13, and
LM14) gradually increased throughout the grape ripening process as a
ripening response. At the time of reaching full maturity, the decreasing
signal represented the release of AGP molecules into the apoplast of the
grapes. The authors assumed that the observed events are an excellent
biomarker of grape ripening (Moore et al., 2014). Our experimental
investigations are in agreement with the report on grapes. Moreover, the
use of the four antibodies recognizing different AGP epitopes helped to
reveal specific features common for the PINK and RR stages. Labeling
with JIM15 and LM14 shows a strong fluorescence signal in the
epidermal cells at the PINK and RR stage. We may assume that
mentioned antibodies recognize specific AGPs which are expressed in
the epidermal cells during ripening. Based on the analysis of the epi-
topes, we may conclude that sugar residues and arabinose- and
galactose-enriched carbohydrate chains rather than long AG chains are
mainly present in the fruit tissue at the end of the ripening process. As
shown by the results of the quick check dot-blot and ELISA test, the
JIM13 antibody can be used to determine the occurrence of AGP epi-
topes as a marker of AGPs in analyzed samples. The LM14 antibody, on
the other hand, can be used as a marker of the ripening process. The
occurrence of AGPs with low molecular weight (~30 kDa) may be
regarded as a marker of the finalization of the ripening process in tomato
fruits. Also, the JIM13 antibody can be used to determine the presence
or absence of AGPs in plant tissue, as it shows the presence of the most
frequent AGPs epitope with a molecular weight range of 120-20 kDa.

In summary, our results and conclusions have been based on glycome
profiling, immunoprinting and epitope mapping, and the use of specific
antibodies, which recognize carbohydrate chains of AGPs (Knox et al.,
1991; Yates et al., 1996, Smallwood et al., 1996; Moller et al., 2008). We
provide evidence that mentioned epitopes are a useful marker of
particular stages of the fruit ripening process. Unfortunately, in AGPs
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studies, we should take into account that commercial anty-AGP anti-
bodies can bind to glycan residues other than AGPs, i.a. AG type IL
However, currently, only antibodies are specific and available tools for
working on AGP. Moreover, this work highlights a lack of information
and no research opportunities, indicating as yet undetermined ap-
proaches for the understanding of AGPs.

5. Conclusion

The results of our studies allowed formulation of three key
conclusions:

(1) The high content and the occurrence of the AGP molecule with
high molecular weight are related to cell wall conditions, such as
high intensity of synthesis of particular carbohydrates and
glycosylation. At the breaker and/or turning stage, the processes
of modification of the sugar moiety and depolymerization begin
to prevail. This is the cause of the appearance of AGPs with much
lower molecular weights. At the red ripe/pink stage, the synthesis
process is replaced by the degradation process, which is associ-
ated with the disappearance of AGPs with high molecular weights
and the appearance of only fragments of carbohydrate parts and/
or single sugar residues with very low molecular weights.

AGPs as part of the polysaccharide cell wall network are involved
in the ripening process. All anatomical and morphological alter-
nations of the cell wall confirm the presence of dependencies and
connections between components, which are then visible at the
level of the whole tissue.

All investigations presented in this study are based on the use of
specific, commercial, and easily available antibodies. Given their
results, we may presume that selected antibodies indicate very
specific features of the fruit tissue at different stages of ripening.
In addition, the Yariv reagent yields a fruit material exhibiting
repeatable and specific features that are characteristic of each
stage of the process. Thus, we assume that AGP is a molecular and
cytological marker of particular stages of the fruit ripening
process.
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Arabinogalactan proteins (AGPs) are proteoglycans with an unusual molecular
structure characterised by the presence of a protein part and carbohydrate chains.
Their specific properties at different stages of the fruit ripening programme make
AGPs unique markers of this process. An important function of AGPs is to co-forman
amorphous extracellular matrix in the cell wall-plasma membrane continuum; thus,
changes in the structure of these molecules can determine the presence and
distribution of other components. The aim of the current work was to
characterise the molecular structure and localisation of AGPs during the fruit
ripening process in transgenic lines with silencing and overexpression of SIP4H3
genes (prolyl 4 hydroxylase 3). The objective was accomplished through
comprehensive and comparative in situ and ex situ analyses of AGPs from the fruit
of transgenic lines and wild-type plants at specific stages of ripening. The experiment
showed that changes in prolyl 4 hydroxylases (P4H3) activity affected the content of
AGPs and the progress in their modifications in the ongoing ripening process. The
analysis of the transgenic lines confirmed the presence of AGPs with high molecular
weights (120-60 kDa) at all the examined stages, but a changed pattern of the
molecular features of AGPs was found in the last ripening stages, compared to WT. In
addition to the AGP molecular changes, morphological modifications of fruit tissue
and alterations in the spatio-temporal pattern of AGP distribution at the subcellular
level were detected in the transgenic lines with the progression of the ripening
process. The work highlights the impact of AGPs and their alterations on the fruit cell
wall and changes in AGPs associated with the progression of the ripening process.

KEYWORDS

arabinogalactan proteins, cell wall, fruit, proteoglycans, ripening, tomato,
transgenic lines
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1 Introduction

1.1 Arabinogalactan proteins in the fruit
ripening process

The tomato (Solanum lycopersicum L.) is one of the most widely
cultivated crops worldwide and a well-studied model for tissue-
specific gene modification and fruit ripening (Feder et al., 2020). In
turn, studies of fruit ripening are useful for both practical
agricultural applications and improvement of the understanding
of physiological programmes. The ripening process is a complex
phenomenon inducing changes in fruit tissues. Alterations in fruit
texture and colour are attributed to different metabolic processes in
the cell wall (Orfila et al., 2002). Our previous studies have shown
that there are substantial changes in the structure and distribution
of arabinogalactan proteins (AGPs) correlated with the
ongoing ripening process (Kalaitzis et al,, 2023; Kutyrieva-Nowak
et al,, 2023a). As common components in the plant
extracellular matrix, AGPs are attached to the plasma membrane
via glycosylphosphatidylinositol (GPI) anchors (Showalter, 2001;
Lopez-Hernandez et al., 2020; Zhou, 2022; Leszczuk et al., 2023).
The specific and mutable distribution of AGPs in the cell wall-
plasma membrane continuum allows identification of the effects of
these molecules on the specific arrangement of the cell wall
assembly in fruit cells (Liu et al., 2015; Leszczuk et al.,, 2018).
Moreover, in the newest concept of the cell wall model named the
APAP1 complex, AGPs are considered as cross-linkers between
other cell wall components in which they are covalently attached to
other polysaccharides of the cell wall, such as hemicellulose and
pectins (Tan et al., 2013; Hijazi et al,, 2014a, Hijazi et al., 2014b;
Leszczuk et al., 2020¢). Furthermore, it should also be underlined
that some processes of plant growth and development, including
cell expansion, somatic embryogenesis, root and stem growth,
signalling during cell-cell communication, salt tolerance, and
programmed cell death, require the presence of AGPs (Showalter,
2001; Borassi et al., 2020; Zhang et al,, 2020; Leszczuk et al., 2023).
Although the involvement of AGPs in many aspects of plant growth
and development is well understood, still little is known about their
function in fruit development and ripening. It is well-known that
hydroxyproline-rich glycoproteins (HRGPs), i.e. the group to which
AGPs are classified, are involved in fruit softening and affect the
progression of the ripening process (Fragkostefanakis et al., 2012;
Kalaitzis et al, 2023). Moreover, our previous investigations
conducted on apple fruit after colonisation of Penicillium
spinulosum have shown that the amount of AGPs increased in
infection-associated modifications in fruit tissue. The increased
amount of AGPs during the development of fungal disease is
correlated with their assumed contribution in response to biotic
stress, i.e. structure of the mechanical barrier against plant
pathogens (Leszczuk et al., 2019¢; Leszczuk et al., 2020b).

1.2 Structure and biosynthesis of AGP

AGPs are one of the most complex protein families in the plant
cell wall. Notably, AGPs contain carbohydrate chains in 90-95% of
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their molecular mass and the protein core constitutes only 5-10%.
Among others, AGPs have unique characteristics, such as the
presence of arabinogalactan type II (AG) chains attached to the
protein core composed of hydroxyproline (Hyp) residues and
typical Ala-Pro, Pro-Ala, Thr-Pro, Ser-Pro, Val-Pro, and Gly-Pro
peptide repeats (Showalter, 2001; Liu et al,, 2015; Leszczuk et al,,
2020b). In turn, the B-1,3-galactose chains of AGPs are modified by
linking B-1,6-galactose side chains, which are further modified by
the addition of arabinose (Ara), rhamnose (Rha), fucose (Fuc),
xylose (Xyl), and B-glucuronic acid (GlcA) residues.

AGP synthesis is a sequence of steps, including the inter-
formation of both protein moiety and carbohydrate chains
accompanied by multiple enzymes. The key stages are (1) protein
backbone and GPI anchor synthesis in the endoplasmic reticulum
(ER), (2) AG and other sugar residues synthesis in the Golgi
apparatus, and (3) formation of the AGP molecule in the cell wall-
plasma membrane compartments (Ellis et al., 2010; Fragkostefanakis
etal, 2012). The first stage involves the synthesis of the AGP protein
core by transcription of appropriate genes onto mRNA on ribosomes
and transfer of newly created peptides to the ER. In the ER, AGPs
have modification and attachment GPI anchor to their hydrophobic
C-terminal domain. Among the required enzymes during the AGP
protein domain modification, an important function is performed by
prolyl 4 hydroxylases (P4Hs). P4Hs catalyse the hydroxylation of
proline residues in the polypeptide to form hydroxyproline (Vlad
et al,, 2007; Perrakis et al., 2019; Konkina et al., 2021). After proper
hydroxylation of proline catalysed by P4Hs, AGPs undergo
glycosylation, and this molecular mechanism is well known, but the
effect of changes in this mechanism on AGPs as well as the
mechanism of disruption of the subsequent glycosylation process
by changes in the protein domain need to be elucidated. In the AGP
glycosylation involved seven enzymes which are codding by 17
different genes. This step of biosynthesis is initiated by
hydroxyproline galactosyltransferase affecting the attachment of the
first residue of galactose onto Hyp in the protein core. The activity of
B-1,3-galactosyltransferase and [-1,6-galactosyltransferase initialise
the addition of galactose to the B-1,3-galactan backbone and B-1,6-
galactan side chains of AGP glycans. The attachment of arabinose
residues to the B-1,3-galactan backbone is activated by the
arabinosyltransferase enzyme. The glucuronosyltransferases initiate
the addition of glucuronic acid to the main backbone and side chains
of AGPs. And finally, the fucosyltransferases add fucose residues to
AGPs. In addition, during this step, other glycosyltransferases in the
Golgi activate decorating AGP structure by less frequent sugar
residues, such as Rha and Xyl (Ellis et al, 2010; Showalter and
Basu, 2016). The heterogeneity of sugar chains, types of bonds, chains
length, and abbreviations occurring during synthesis are the reasons
for the structural and functional diversity of AGPs (Ellis et al,, 2010;
Fragkostefanakis et al., 2012).

1.3 Modification of AGP
carbohydrate chains

Moreover, it is assumed that the wide functionality of AGPs is
the result of their complex glycome structure (Showalter, 2001). In
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more detail, it is suggested that GlcA may confer functional
properties on AGPs specifically linked to B-(1—6)-galactan
chains (Tan et al., 2004). One of the presumed mechanisms of
the alterations in the activity and distribution of AGPs is their
interaction with Ca*, which depends on the bonds with GlcA
(Lamport and Varnai, 2013). In B-glucuronyltransferase mutants
(GIcAT), a reduction of Ca>* binding, which affected the cell wall
and plasma membrane stabilisation and caused less intensive plant
growth, was revealed. Also, the AGP’s ability to release Ca**
contributes to the regulation of cellular signalling (Lopez-
Hernandez et al, 2020), and as a reservoir of Ca®* affecting plant
development (Lamport et al., 2018). Furthermore, AGs from
mutant plants exhibited reduced glucuronidation, which caused
binding of less Ca®* in vitro and development deficiencies in these
plants (Lopez-Hernandez et al., 2020).

Interestingly, another proposed mechanism in which the primary
factor is the carbohydrate part of AGP is related to the enzymatic
activity of two exo-f-1,3-galactosidases (Nibbering et al, 2020). The
aforementioned investigations showed that GlcA also forms a bridging
residue between pectin and AGPs, confirming the presence of the
APAP1 complex (Tan et al., 2013, Tan et al., 2023). Moreover, it can be
concluded that APAP1 may be the target of GH43 activity, as it affects
cell wall-bound AGPs (Nibbering et al,, 2020).

1.4 Modification of the protein moiety of
AGPs — effect of prolyl 4 hydroxylases

As mentioned above, P4Hs catalyse proline hydroxylation, a major
post-translational modification of HRGPs (Kivirikko and Myllyharju,
1998; Hieta and Myllyharju, 2002; Koski et al., 2009; Leszczuk et al,,
2020¢, Leszczuk et al, 2023). The impact of P4Hs on plant growth and
development was demonstrated in carrot root in vivo (Cooper and
Varner, 1983). Structural alterations in HRGPs were correlated with
abnormal cell division, which influenced the loosening of the cell wall
matrix and the de novo synthesis and rearrangement of cell wall
components (Cooper et al, 1994). In other studies, mutants of
Arabidopsis with T-DNA knockout P4Hs had shorter root hair,
which was caused by destruction of extensins, and were characterised
by a disrupted O-glycosylation process (Velasquez et al, 2015). Overall,
in plants with disturbed function of P4Hs, the total hydroxyproline
content is changed, leading to structural and functional changes during
cell division and expansion (Vlad et al, 2007; Perrakis et al, 2019;
Konkina et al, 2021). Also, alterations in tomato P4H genes caused by
Virus-Induced Gene Silencing (VIGS) allowed determination of the
impact on the weight and size of leaves resulting in intensified biomass
production (Fragkostefanakis et al., 2014). Transient suppression of
three tomato P4Hs by using Virus Induced Gene Silencing (VIGS)
resulted in a decrease in the content of JIM8-bound AGPs and JIM11-
bound extensins (Fragkostefanakis et al, 2014). In three stable RNAi
transgenic lines of SIP4H3, abscission was delayed in overripe tomato
fruits indicating involvement in the progression of this developmental
process (Perrakis et al., 2019). Moreover, suppression and
overexpression of SIP4H3 in stable tomato transgenic lines resulted
in changes in the content of AGPs-bound epitopes in flower abscission
zones and/or distal and proximal tissue (Perrakis et al, 2021). In
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addition, Arabidopsis mutants of the B-linked glucuronic acid
transferases resulted in lower content of glucuronic acids on AGPs
leading to severe developmental phenotypes such as limited seedling
growth and sterility which were associated with perturbed calcium
waves indicating reduced binding of calcium due to insufficient
glucuronidation of AGPs (Lopez-Hernandez et al,, 2020).

Despite the well-documented importance of HRGPs, there is still
insufficient information on the impact of P4H activity on AGPs.
Phenotypic analyses have confirmed that overexpression and
silencing of P4H genes cause changes in the O-glycosylation process,
and the role of AGPs in the fruit ripening process may be determined
via genetic manipulation of the protein backbone which changes glycan
moieties. The purpose of our study was to characterise the molecular
structure, content and distribution of AGPs during the ongoing fruit
ripening process. The aims were accomplished through in situ and ex
situ analyses of AGPs in the fruit of transgenic lines and WT at different
stages of ripening. Obtaining various research results, we considered
the hypothesis whether changes in the molecular parameters of AGP
influence deviations in the cell wall assembly by modifying interactions
with other matrix components. Taking into account the significant role
of the cell wall in the ripening and softening process, we could directly
analyse the fundamental factors related to the arrangement of the cell
wall. The development of transgenic lines with altered SIP4H3
expression facilitated the determination of modification in the
structure and distribution of AGPs, thus contributing to the
elucidation of the effect of these molecules on the whole fruit
extracellular matrix.

2 Materials and methods

2.1 The SIP4H3 RNAIi and overexpression
transgenic lines

Homozygous T2 and T3 generation tomato (Solanum
lycopersicum cv. ‘Ailsa Craig’) plants of two RNAi, RNAi#1,
RNAi#7, and four overexpression, OEX#1, OEX#2, and cGFP
OEX (cGFP), nGFP OEX (nGFP), lines were prepared (Perrakis
etal, 2021). Plants of the T2 and T3 tomato lines were grown under
hydroponic conditions in perlite sacks in one glasshouse at Chania,
Greece under standard conditions of temperatures at the range of
18-27°C and relative humidity at the range of 60-80% humidity for
approximately one year. Approximately 10 plants per line were
grown under identical environmental conditions. Fruits were
collected at the four ripening stages from more than one plant
per line. Fruits of only similar size were collected. Then, the material
was collected from 10 tomato fruits from each stage. Next, ten cube-
shaped fruit tissue samples were taken from each examined fruit
and subjected to microscopic analysis in a minimum of 50 sections
(CLSM) and 5 ultrathin sections (TEM). For molecular approaches,
tissue was homogenized and frozen at -80°C.

Tomato fruits were harvested at the Breaker (BR), Turning
(TU), Pink (PINK), and Red Ripe (RR) previously described by
Nakatsuka and coworkers (1998). The ripening stages were
identified by assessment of changes in the fruit colour as
proposed by Batu (2004). The first stage of the ripening process is
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BR. It is the stage after development, in which tomatoes have a pale-
green surface and the first signs of ripening (an orange colour) are
visible. The next stage is TU, in which the first appearance of a pale-
pink colour of the fruit surface is evident on 10-30% of the surface.
The next stage is PINK, in which two-thirds (above 60%) of the fruit
surface is red. The last stage is RR, in which the fruit is red on the
entire surface (Nakatsuka et al., 1998; Kutyrieva-Nowak

et al., 2023a).

2.2 RNA extraction and cDNA synthesis

Total RNA was extracted from 200 mg of pericarp tissue at the
fruit ripening stages of BR, TU, PINK, and RR from the RNAi#1,
RNAi#7, OEX#1, OEX#2, cGFP, nGFP lines and wild-type (WT).
The samples were pulverized in liquid nitrogen and RNA was
extracted using the NucleoZOL reagent (MACHEREY-NAGEL,
Germany), following the manufacturer’s instructions. The RNA
samples were treated with DNase I (NEB, RNase-free, Ipswich, MA,
USA) and approximately 1 ug of RNA was reverse transcribed using
SuperScriptTM II RT (Invitrogen, Carlsbad, CA, USA) for cDNA
synthesis following the manufacturer’s instructions.

2.3 Real-time qRT-PCR analysis

Real-time PCR analysis was conducted using the SYBR"™ Select
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) in a
CFX Connect™ Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The cDNA samples were normalized with b-
actin as the reference gene using the primers SlActinF 5’-GTCCC
TATTTACGAGGGTTATGCT-3", SlActinR 5'-GTTCA
GCAGTGGTGGTGAACA-3". The primers used to determine the
SIP4H3 expression in the RNA#1, RNA#7, OEX#1, OEX#2, cGFP,
nGFP lines and WT were SIP4H3 Forward 5'-GTGA
AAGGAAGGCATTCTCG-3" and SIP4H3 Reverse 5'-CTTT
CTGAGAGC CCCTGTGA-3". The PCR conditions started at 50°
C for 2 minutes and 95°C for 5 minutes, followed by 40 cycles of
denaturation at 95°C for 15 seconds, annealing at 60°C for 30
seconds, and extension at 72°C for 30 seconds. A final melt-curve
stage was performed, with temperatures set at 95°C for 15 seconds,
followed by 60°C for 30 seconds with a 0.5°C increment at each
repeat. Data analysis was carried out using the 2-AACT method
(Livak and Schmittgen, 2001), and the results were presented as
relative levels of gene expression with actin as the internal standard.
Standard errors were calculated for all mean values. Three biological
replicates were used per sample.

2.4 Molecular analyses

2.4.1 Protein extraction

Protein extraction was conducted according to Ling’s protocol
(Ling et al,, 2021) and with modifications described in our previous
work (Kutyrieva-Nowak et al., 2023a). The fruit tissue was cut into
cube-shaped pieces and frozen at -80°C before the extraction
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procedure. The tomato fruit tissue was homogenised to a fine
powder in liquid nitrogen, and then Laemmli’s extraction buffer
(Laemmli, 1970) was added. The modified Laemmli’s buffer
contained 65mM Tris-HCl pH 6.8, 2% SDS, 2mM EDTA, 1mM
PMSF, 700mM B-mercaptoethanol, and a 1:10 protease inhibitor.
The samples were boiled at 95°C for 5 minutes and then clarified by
centrifugation at 14000 rpm at 4°C for 20 minutes. The final step
was to collect the supernatant and freeze it at -80°C for the next
assays. The protein content was determined by the Bradford
method using ready-to-used solution of Bradford reagent (Sigma-
Aldrich, USA).

2.4.2 Dot blotting with quantitative analysis

For determination of the presence of AGPs in the supernatants,
an immuno-dot-blot reaction using specific antibodies against the
carbohydrate epitopes of AGPs was carried out. The commercial
monoclonal antibodies used to study AGPs were provided by
Kerafast (USA). The experiment was conducted using primary
antibodies: JIM13, which recognises the trisaccharide epitope
B-D-GlcA-(1,3)-0-D-GalA(1,2)-0-L-Rha (Knox et al, 1991; Yates
and Knox, 1994; Yates et al., 1996), LM2, which recognises the
epitope B-linked GlcA (Yates and Knox, 1994; Smallwood et al.,
1996; Yan et al., 2015), LM14, which recognises the epitope
arabinogalactan type II (Moller et al, 2008), and LM1, which
recognises extensin glycoprotein (Smallwood et al,, 1996). The
volume of dotted samples on nitrocellulose membrane (PVDF)
was dependent of protein concentrations and was around 0.3 pg of
protein per dot. Each sample was dotted onto a pre-prepared
nitrocellulose membrane with a 0.2 um pore size (Thermo
Scientific, USA) and blocked using a 5% solution of bovine serum
albumin (BSA; Sigma, USA) in phosphate-buffered saline (PBS;
Sigma, USA). After washing in Tris-buffered saline (TBST, 7.6 pH)
three times, the membranes were incubated for 2 h at room
temperature (RT) with primary antibodies diluted 1:500 in 2.5%
BSA in PBS. After washing with TBST, the membranes were
incubated for 2 h at RT with secondary antibodies Anti-Rat-IgG
conjugated with alkaline phosphatase (AP) (Sigma-Aldrich, USA)
at a dilution of 1:1000 in 2.5% BSA in PBS. After three washing
steps in TBST and AP-buffer, AGPs were finally detected
using the following substrates: 4 mg of 5-bromo-4-chloro-3-
indolylphosphate (BCiP; Sigma, USA) in 1 mL water and 9 mg of
nitro-blue tetrazolium (NBT; Sigma, USA) in 0.3 mL water and 0.7
mL N,N-dimethylformamide (DMF; Thermo Scientific, USA) in
the dark. After membrane imaging using GelDoc Go Imaging
System (Bio-Rad, USA), the measurement of the colour intensity
of the dots was carried out using Image Lab Software v. 6.1 (Bio-
Rad, USA). The heat map was prepared using Microsoft tools in
which colour intensity is proportional to a numerical value. The
numerical values are rearranged to x10” for better representation of
results. Data for each sample were obtained from three independent
experiments. Each experiment presented data from the same set of
samples under identical conditions. Statistic analysis was performed
by Statistica v.13 tools (TIBCO Software Inc. USA) using variance
(one-way ANOVA) and Tukey’s Honestly Significant Difference
(HSD) post hoc test. For all analyses, the significance level was
estimated at p<0.05.

frontiersin.org

80



Kutyrieva-Nowak et al.

2.4.3 SDS-PAGE and Western blotting
with quantification

Gel electrophoresis and next Western blotting were performed
for identification of the molecular weight of AGPs from the fruit
tissue in the different stages of ripening. After total protein
extraction, quantification of the protein content was carried out
using the Bradford assay. Protein separation was performed using
SDS-PAGE with 12.5% resolving gel and 4% stacking gel. After
SDS-PAGE electrophoresis, proteins with the gel were
electroblotted onto a PVDF membrane. After Western blotting
wet transfer, the membrane was washed in TBST on a shaking
platform. After washing, the preincubation step was performed for
1 h at RT with 5% BSA in PBS, and the membrane was incubated for
2 h at RT with primary antibodies at a concentration of 1:500 in
2.5% BSA in PBS. After washing with TBST, the membrane was
incubated for 2 h at RT with secondary antibodies conjugated with
AP at a concentration of 1:1000. After washing with TBST and AP-
buffer three times, visualisation of bands was performed using BCiP
and NBT at a concentration described above in the GelDoc Go
Imaging System (Bio-Rad, USA). For qualitative and quantitative
analysis, the Pierce'" Prestained Protein MW Marker (Thermo
Scientific, USA) was used. The band thickness, width, and colour
depth were used for qualitative analysis (different ranges of
molecular weights — 3 points: high molecular range, medium and
low ones). The quantitative analysis of protein bands was
performed by measurements of obtained stripes using Image Lab
Software v. 6.1 (Bio-Rad, USA). Three independent analyses were
carried out.

2.4.4 ELISA with quantitative analysis

Based on the number of antigen-antibody interactions
produced, ELISA is a fundamental test for both qualitative and
quantitative identification of AGPs in samples (Pfeifer et al., 2020;
Kutyrieva-Nowak et al., 2023b). First, the samples were added to
each well on a 96-well plate (Nunc MaxiSorpTM flat-bottom,
Thermo Fisher Scientific, Denmark) and immobilized at 37°C for
72 h with shaking (350 rpm). Then, the coated plate was washed
three times with PBS (pH 7.4), preincubated for 1 h at 37°C with
0.1% BSA in PBS, and incubated for 1 h at 37°C with primary
antibodies at a concentration of 1:20 in PBS. After the washing step,
the plate was incubated for 1 h at 37°C with the secondary antibody
(in a dilution of 1:500 in PBS). After the incubation and washing
steps, the reaction was developed by adding a freshly prepared
substrate solution of p-nitrophenol phosphate (PNPP) according to
Thermo Scientific instructions. The reaction was run in the dark
and stopped with 2M NaOH after 20 minutes. The absorbance was
measured in an ELISA reader (MPP-96 Photometer, Biosan) at 405
nm. The AGPs concentration was calculated from a calibration
curve for gum Arabic with the calibration coefficient y=0.7231x,
R*=0.9871 in the case of reaction with JIM13 antibody, y=0.3417x,
R*=0.9873 in the case of reaction with LM2 antibody, y=0.6394x,
R’=0.9796 in the case of reaction with LM14 antibody and
y=0.502x, R?=0.9857 in the case of reaction with LM1 antibody.
Gum Arabic was treated as a standard for AGPs. Analysis of
variance (one-way ANOVA) and Tukey’s Honestly Significant
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Difference (HSD) post hoc test (Statistica v.13 tools (TIBCO
Software Inc. USA)) were used to compare the mean results. For
all analyses, the significance level was estimated at p<0.05. Three
independent analyses were carried out.

2.5 Biochemical-structural analyses

2.5.1 Extraction of AGPs using B-glucosyl
Yariv Reagent

AGPs were isolated from tomato fruit tissue using the -
glucosyl Yariv Reagent (B-GlcY; Biosupplies, Australia) according
to the extraction protocol proposed by Lamport (2013) and used in
our previous studies (Leszczuk et al., 2020a, b; Kutyrieva-Nowak
etal, 2023a). The liquid-nitrogen pre-frozen and homogenised fruit
tissue was added to 2% CaCl, and incubated at RT. After 3 h, the
homogenate was centrifuged at 10000 rpm for 30 minutes at RT.
The supernatant was retained and added to 1 mg/mL B-GlcY in 2%
CaCl, and left overnight at RT. The insoluble Yariv-AGP complex
was centrifuged for 15 minutes at 2000 rpm, and the precipitate was
resuspended in MiliQ water. Next, sodium metabisulphite (Thermo
Scientific, USA) was gradually added to the precipitate and heated
at 50°C to reduce the diazo linkage until the suspension was
decolourised. After obtaining a clear yellow solution, the
suspension was transferred to dialysis tubing with a 12-kDa MW
cut-off (32 mm flat width; Sigma, USA) and stirred overnight. The
dialysate was lyophilized, and then the AGPs were weighed.

2.5.2 FTIR analyses

FTIR spectra were collected on a Nicolet 6700 FTIR
spectrometer (Thermo Scientific, Madison, WI, USA). The Smart
iTR ATR sampling accessory was used. The spectra of the
lyophilized AGP extracts were collected over the range of 4000-
650 cm™'. Three samples of each material were examined in the
same conditions. For each sample, 200 scans were averaged with a
spectral resolution of 4 cm™". Then, a final average spectrum was
calculated for a given material. These spectra were baseline
corrected and normalized to 1.0 at 1019 ¢cm™". To highlight the
differences between the samples, the principal component analysis
(PCA) of the spectra was performed in the mid-infrared region of
4000-400 cm™* using Unscrambler 10.1 (Camo Software AS.,
Norway). The maximum number of components taken for the
analysis was five, and the NIPALS algorithm was used (Szymanska-
Chargot et al., 2015; Chylinska et al., 2016). The visualisation of
FTIR spectra and PCA analysis were performed using the OriginPro
program (Origin Lab v. 8.5 Pro, Northampton, USA).

2.6 Microscopic analyses

2.6.1 SEM imaging

For morphological description, AGPs extracted using
B-glucosyl Yariv Reagent from fruit tissue at different stages of
the ripening process (the BR and RR stages) were imaged with a
scanning electron microscope (SEM, Zeiss Ultra Plus, Oberkochen,
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Germany) in high vacuum (5 x 107 Pa) using a secondary electron
detector at 3 kV.

2.6.2 Preparation of material
for immunocytochemistry

The microscopic analyses were carried out in accordance with
our previous papers (Leszczuk et al,, 2019a; Kutyrieva-Nowak et al.,
2023a, Kutyrieva-Nowak et al., 2023b). For the microscopic
examination, the fruit tissue was subjected to the procedure of
fixation, resin embedding, and sectioning. Cube-shaped pieces of
the fruit tissue were fixed in 2% paraformaldehyde (Sigma, USA) and
2.5% glutaraldehyde (Sigma, USA) in PBS and placed in vacuum (0.7
bar) seven times for 10 minutes each and then left overnight. Next,
the samples were washed in PBS and distilled water and dehydrated
in graded series of ethanol solutions (30%, 50%, 70%, 90%, and 96%
for 15 minutes each and 99.8% twice for 30 minutes). The tissue was
placed in 99.8% ethanol and LR White resin (at a ratio of 3:1, 1:1, 1:3;
Sigma Aldrich, USA), and next in 100% resin LR White. The
polymerisation was carried out for 48 h at 55°C. For CLSM
imaging, the samples were cut into semi-thin sections (1 pm) using
a glass knife-equipped ultramicrotome (PowerTome XL, RMC
Boeckeler, USA). Next, the sections were placed on poly-L-lysine
coated glass slides (Sigma, USA). For TEM imaging, the samples were
cut into ultra-thin sections (70 nm) using a diamond knife-equipped
ultramicrotome, and the sections were placed on formvar film-coated
nickel square grids (EM Resolutions Ltd, UK).

2.6.3 Immunofluorescence method with confocal
laser scanning microscopy (CLSM imaging)
Immunofluorescence imaging of AGP epitopes at the tissue/
cellular level facilitates evaluation of changes in the distribution of
AGPs in fruit at different ripening stages. The experiment was
conducted using JIM13, LM2, and LM14 antibodies. Semi-thin
sections on poly-L-lysine coated glass slides were circled with a
liquid blocker Dako-Pen (Sigma Aldrich, USA). The samples were
washed and pre-incubated for 30 minutes at RT with 2% BSA in
PBS to block non-specific binding sites. After the washing step, the
sections were incubated with primary antibody diluted 1:50 in 0.1%
BSA in PBS overnight at 4°C. After washing with PBS three times,
secondary Alexa Fluor 488 antibodies (diluted 1:200 in 0.1% BSA in
PBS, goat Anti-Rat-IgM, Thermo Fisher Scientific, Denmark) were
added and the sections were incubated overnight at 4°C. Then, the
incubated sections were washed in PBS and MiliQ water and finally
counterstained with Calcofluor White (Sigma Aldrich, USA). An
Olympus BX51 CLSM microscope with corresponding software
FluoView v.5.0. (Olympus Corporation, Tokyo, Japan) was used for
imaging. In order to perform control reactions, the incubation with
the primary antibody was omitted. All photographs, figures, and
schemes were edited using the CorelDrawX6 graphics program.

2.6.4 Immunogold labelling technique with the
transmission electron microscope (TEM imaging)
and quantitative analysis

Immunogold labelling of AGP epitopes facilitates identification
and visualization of changes in their distribution at the subcellular level.
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The experiment was conducted using JIM13, which recognises the
most common and specific AGP epitope in fruits. Ultra-thin sections
placed on grids (5 grids per sample) were washed in distilled water, and
next pre-incubated for 30 minutes at RT with 1% BSA in PBS. Then,
the grids were incubated for 3 h at 37°C with the primary antibody
(diluted 1:10 in 0.1% BSA in PBS), washed in the blocking solution, and
labelled with the secondary antibody (diluted 1:50 in 0.1% BSA in PBS,
Anti-Rat-IgG - Gold antibody; Sigma, USA) for 1 h at 37°C. After
washing in PBS and distilled water, the samples were stained with a 1%
uracyl acetate solution (for 10 minutes) and Reynold’s reagent (for 7
minutes). The observations were carried out using a transmission
electron microscope (TEM Zeiss EM900) operating at 80 kV
acceleration voltage (Carl Zeiss AG, Oberkochen, Germany) and
equipped with a digital camera with corresponding software
ImageSP v. 1.1.2.5. In the quantitative analysis of AGP labelling
density, gold particles on the same size (2048 x 2048 pixels)
micrographs were manually identified and counted with the software
Image] v. 1.51. The results were expressed as the number of gold
particles per 1 um? area of the examined cell compartment (Corral

Martinez et al,, 2016; Leszczuk et al,, 2018). The statistical analysis
consisted of comparing the content of AGPs in the cell wall-plasma
membrane and in the cytoplasm to indicate significant differences
among the transgenic lines and WT within ripening stages (according
to ANOVA and Tukey’s Honestly Significant Difference (HSD) post
hoc test with the significance level p<0.05). All photographs, figures,
and schemes were edited using the CorelDrawX6 graphics program.

3 Results

3.1 Expression of SIP4H3 at fruit ripening
stages in overexpression and silencing lines

Two SIP4H3 RNAi independent lines, #1 and #7, and two SIP4H3
overexpression lines, OEX#1, OEX#2 were previously produced
(Perrakis et al, 2019, 2021). Moreover, two additional, independent
overexpression lines were created, cGFP OEX (cGFP) and nGFP OEX
(nGFP), comprising a construct in which a GFP tag was either at the C-
or the N-terminus of the SIP4H3 cDNA under the control of the 35S
promoter (Perrakis et al., 2021). The expression levels of SIP4H3 in the
two silencing and the four overexpression lines were determined at the
four ripening stages (Figure 1). Lower expression levels were observed
by approximately 50% at the RNAi#1 and RNAi #7 fruits in all
ripening stages (Figure 1). In the overexpression lines, the highest
levels of expression were detected in the cGFP and nGFP lines up to
approximately 92- and 20-fold, respectively (Figure 1). In the OEX#1
and OEX#2 lines, the SIP4H3 transcript abundance was higher up to 4-
and 8-fold, respectively (Figure 1).

3.2 Molecular differences between AGPs in
the fruit of the transgenic lines
The molecular differences between AGPs in the fruit of the

transgenic lines and WT at different stages of ripening were
evaluated in several steps. Firstly, an immuno-dot-blot assay was
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performed to quickly check the presence of AGP epitopes. The
Western blotting method helped to determine the proportions of
the molecular weights of the AGP epitopes in the fruit samples.
Afterwards, selective glycome profiling of AGPs using the enzyme-
linked immunosorbent assay (ELISA test) was conducted to
visualise quantitative changes in the AGP content in the fruit of
the examined transgenic lines during the ongoing ripening process.

3.2.1 Presence/absence of AGP epitopes during
the ripening process

To validate the protein extraction and check the presence of
specific AGP epitopes in the samples, an immuno-dot-blot assay
was performed (Figure 2) and monoclonal antibodies against AGP
epitopes (JIM13, LM2, and LM14) and against extensin (LM1) were
used. The heat map obtained showed that the examined epitopes
were present in different concentrations depending on the stage of
the ripening process and the modification of P4H3 activity caused
changes in the content of particular epitopes in the tested samples.

First of all, when analysing the ripening process itself, it is clear
that the highest amount of all examined epitopes was detected at the
BR stage, regardless of the line being tested. Additionally, in all
cases, the number of all epitopes gradually decreased with the
progression of the ripening process.

Secondly, the analysis of individual epitopes makes it possible to
find differences in their content between individual lines. The assay
of the fruit tissue of the RNAi#7 line with all the antibodies used
indicated that silencing of the SIP4H3 gene resulted in reduced
intensity of the dots, compared to WT. In the same way, the analysis
of the overexpression lines also revealed increased content of the
tested epitopes in comparison to WT. The best visualisation effect of
AGPs in all samples was achieved with the use of the LM2 antibody,
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which may indicate that modification of P4H3 activity does not
significantly affect the presence of B-linked GIcA at every stage of
the fruit ripening process. Despite this, the silencing of the SIP4H3
gene in the RNAi#7 line resulted in a 5-20% reduction in the
intensity of the dots, depending on the stage of ripening. The most
effective demonstration of the progression of the ripening process
was observed in the case of JIM13 in WT. Furthermore, an increase
in the amount of the JIM13 epitope in the fruit tissue of the OEX#1
and OEX#2 lines was found. This content was 20-30% higher than
in WT, even at the last stages of ripening. Also, the analysis of LM14
confirmed that the SIP4H3 overexpression resulted in an increased
number of LM 14 epitopes. During the analysis of the LM1 epitopes,
no significant differences in dot intensity were identified between
the transgenic lines and WT and between the particular stages of
ripening. It was also observed that the LM1 epitope was the least
abundant and underwent the fastest degradation process, compared
to the other epitopes.

3.2.2 Molecular mass disruption of AGPs during
the ripening process

The Western blotting analysis also revealed the presence of all
examined epitopes of AGPs, which were characterized by different
molecular weights depending on the ripening stage (Figure 3). In
the WT and transgenic lines, AGPs with high molecular weight
(between 120 and 60 kDa) were observed as smeared bands, which
are characteristic for separation of AGPs in the electric field during
electrophoresis. In the analysis of Western blot membranes, special
attention was paid to the bands representing low molecular weight
AGPs (~30 kDa), which are markers of the finalisation of the
ripening process in tomato fruit. The use of all the examined
antibodies revealed the absence or trace quantities of low

"WT

m C-GFP
= N-GFP
= OEX1

m OEX2

®RNAi 1
W RNAI 7

Expression of SIP4H3 at Breaker (BR), Turning (TU), Pink (PK) and Red Ripe (RR) fruit ripening stages in cGFP, nGFP, OEX#1, OEX#2 and RNAi#1,
RNAIi#7 lines and WT. The relative expression was calculated based on the comparative CT method and actin was used as the internal standard. The
relative fold differences for each sample were determined by normalizing the Ct value for the SIP4H3 gene to the Ct value for actin and calculated
using the formula 2 AACt Three biological replicates were performed. Error bars represent standard error.
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FIGURE 2

Examination of samples using JIM13, LM1, LM2 and LM14 antibodies at different ripening stages from the fruit of wild-type plants (WT) and transgenic
lines: RNAi#1, RNAi#7, OEX#1, OEX#2, cGFP, and nGFP. The numerical value in the heatmap is x10°. Letters indicate differences among the
transgenic lines and WT within particular ripening stages (according to ANOVA and Tukey's Honestly Significant Difference (HSD) post hoc test with
the significance level p<0.05). BR, Breaker stage; TU, Turning stage; PINK, Pink stage; RR, Red Ripe stage

molecular weight epitopes. Interestingly, the aforementioned
specific bands were not present in all the transgenic lines.

The next observation was that the different epitopes with
various molecular weights had impaired participation in the
composition of the examined lines, in comparison to WT. Both
the JIM13 and LM2 epitopes were the most abundant in the fruit of
the WT and in the transgenic lines, with the highest expression level
in the fruit tissue of the cGFP (JIM13 epitope) and nGFP lines (LM2
epitope). The highest LM2 expression was recorded in the nGFP
transgenic line, compared to WT and the other lines. In turn, the
lowest expression of the LM2 and JIM13 epitopes was observed in
the fruit tissue of the RNAi#1 and RNAi#7 lines. All the transgenic
lines differed from WT in the abundance of LM14 epitopes with
different molecular weights. AGPs extracted from WT exhibited low
expression of the LM14 epitope, while all the transgenic lines
showed a significant increase in its level. The weakest
participation in the sample composition in both the WT and
transgenic lines was noted in the case of LMI. Only several thick
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bands with low molecular weight in WT (~40kDa) and with high
molecular weight (~120 kDa) in the OEX#1 and c¢GFP lines were
observed. The most significant result of the quantitative Western
Blotting analysis showed that AGPs extracted from the transgenic
lines were characterised by a more variable structure in comparison
to AGPs extracted from WT. Generally, in the same ripening stages,
a higher amount of AGPs with diverse molecular masses were noted
in the transgenic lines than in WT.

3.2.3 Changes in selective glycome profiling of
AGPs during ripening process

The results presented above identified molecular differences
between samples representing the various transgenic lines, thus the
ELISA test was performed to confirm the presence of the AGP
epitopes and to achieve better visualisation of differences between
the particular stages of fruit ripening in each line (Figure 4).

The results shown in Figure 4 indicate the lowest differences in
the amount of the JIM13 epitope in the fruit of transgenic lines
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Western Blotting with quantitative analysis. Characterisation of molecular mass of AGPs from fruit at different ripening stages in wild-type plants (WT)
and transgenic lines: RNAi#1, RNAi#7, OEX#1, OEX#2, cGFP, and nGFP. Western Blotting raw data (Supplementary Material). BR, Breaker stage; TU,

Turning stage; PINK, Pink stage; RR, Red Ripe stage

during the ripening process. The amount of the JIM13 epitope in
the fruit tissue of the RNAi#7 line was not significantly different
from that detected in WT. Besides, significant reduction of JIM13
epitope concentration in the case of RNAi#1 line. The highest
concentration of the JIM13 epitope was obtained for the
overexpression lines (around 55 pg/mL), and this dependence
persisted to the last stages of ripening. Interesting results were
obtained with the use of the LM2 antibody, as the concentration of
the epitopes was significantly higher than in the analyses using the
other antibodies. Only in the fruit of RNAi#1 line, the content was
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much lower than in other samples. Using the LM2 antibody, it was
shown that the SIP4H3 gene silencing had a significant effect on the
concentration of this epitope. The AGP concentration was from
approx. 700 pg/mL in WT to 1200 pg/mL for AGPs in the GFP
lines, indicating that B-linked GlcA epitopes were the most
abundant in the fruit AGPs. Also, the data showed that this
epitope was predominant in all stages of the ongoing ripening
process. In the case of overexpression of P4H3, the LM2 epitope was
present in higher concentrations in comparison to native AGPs
(around 20% higher for the fruit tissue of the OEX lines and around

frontiersin.org

85



Kutyrieva-Nowak et al.

40% for the fruit tissue of the GFP lines). The lowest absorbance
value was observed after using the LM14 antibody, which correlated
with the results of the dot blot analysis and Western blotting. The
concentration of the LM14 epitopes had the lowest value, ie.
around 20 pg/mL in all the ripening stages and in all the tested
samples. In the analyses with the LM1 antibody, significant
increases in epitope concentrations were identified in the fruit
tissue of the cGFP line at all the ripening stages. In turn, the fruit
tissue of the RNAi#1 and RNAi#7 lines were characterised by lower
LM1 epitope concentrations in comparison to WT. Also, the
greatest fluctuations in the content of the LM1 epitopes were
observed along with the progression of the ripening process.

10.3389/fpls.2024.1365490

3.3 Biochemical/structural differences

3.3.1 Various AGP amount in fruit at different
ripening stages

For biochemical analyses, AGPs were isolated using B-glucosyl
Yariv Reagent. After extraction, AGPs were lyophilised and
weighed. Figure 5A shows the AGP content in tomato fruit at the
BR and RR stages (mg of AGPs per g of fresh tissue). This procedure
made it possible to confirm that the AGP amount decreased with
the ongoing ripening process both in the WT and transgenic lines.
The biochemical assay using B-GlcY determined the AGP content
in the tomato fruit at the BR stage: 0.38 mg/g of WT, 0.31 mg/g of
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ELISA of AGPs extracted from fruit at different ripening stages from wild-type plants (WT) and transgenic lines: RNAi#1, RNAi#7, OEX#1, OEX#2,
cGFP, and nGFP. Different letters indicate significant differences among the transgenic lines and WT within ripening stages (according to ANOVA and
Tukey's Honestly Significant Difference (HSD) post hoc test with the significance level p<0.05). BR, Breaker stage; TU, Turning stage; PINK, Pink

stage; RR, Red Ripe stage.
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RNAi#7, 4.28 mg/g of OEX#1, and 0.59 mg/g of OEX#2 and at the
RR stage: 0.28 mg/g of WT, 0.29 mg/g of RNAi#7, 0.75 mg/g of
OEX#1, and 0.37 mg/g of OEX#2. It revealed the most intensive
degradation process in the fruit tissue of the OEX#1 line, as around
82.3% of AGPs were degraded during the progression of the
ripening process. In comparison, around 26.5% in WT, 7.48% in
RNAI#7, and 37.5% AGPs in OEX#2 were degraded.

3.3.2 Morphological characterisation of AGPs

Figure 5B shows microphotographs of AGPs extracted from
fruit at the initiation (BR) and finalisation (RR) of the ripening
process. Despite the detailed observations of morphological features
performed using SEM imaging, no differences between AGPs
extracted from the BR and RR stages were noted. Interestingly, a
high aggregation ability was visible. Thus, AGPs were imaged as
compact oval aggregates composed of numerous smaller granules.
The approximate diameter of the aggregates of AGPs was 1-3 umin
all the examined samples, regardless of the ripening stage.

3.3.3 Structural characterisation of AGPs

The FTIR spectra of AGPs isolated from the tomato WT and
transgenic lines can be divided into several regions (Figure 6-I). The
4000-2750 region is characteristic for O-H vibrations typical for all
substances and CH, and CHj stretching vibrations typical for lipids,
proteins, and carbohydrates. The region from 1800 - 1400 is typical
for bands assigned to C=0 carbonyl stretching vibrations
(1740 cm''), carboxyl ion symmetric and asymmetric vibrations
(1620 and 1416 cm’’, respectively), and characteristic for uronic
acids. It is also typical for bands characteristic for proteins and
denoted as C=O stretching in Amide I (1630 cm™), as N-H bending
in Amide IT (1547 cm ™), and C-N stretching vibration in proteins
(~1450 cm™) (Zhou et al., 2009; Szymanska-Chargot and Zdunek,
2013; Yamassaki et al., 2018). The region below 1400 cm™ is called
the fingerprint region and contains bands characteristic mostly for
carbohydrates. The band at 1367 cm " is assigned to C-H vibrations
and CH, bending, 1331 cm™ - to bending of O-H groups in the
pyranose ring of pectins, 1316 cm ™' - to CH, symmetric bending or
CH, rocking vibration, 1230 cm™ - to bending of O-H groups in
the pyranose ring of pectins and proteins, 1147 cm™ - to ring

AGP content in tomato fruit
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vibrations (C-OH) overlapped with stretching vibrations of side
groups and glycosidic bond vibrations (C-O-C), 1000-1200 cm™" -
to skeletal vibrations of the ring or the glycoside bond, 1019 cm ™" -
to C-O stretching and C-C stretching (Boulet et al,, 2007;
Szymanska-Chargot and Zdunek, 2013; Szymanska-Chargot et al,
2015; Chylinska et al, 2016). The bands at approx. 896, 835, and
776 cm™* are characteristic for B-glycosidic linkages (hemicelluloses
and cellulose), ai-glycosidic linkages (uronic acids), 1-4 linkage of
galactose, and 1-6 linkage of mannose (Bashir and Haripriya, 2016).
The bands below 700 cm™" are attributed to the skeletal vibrations
of pyranose rings (Szymanska-Chargot et al., 2015; Bashir and
Haripriya, 2016).

In the case of the AGPs isolated from the BR and RR stages of
WT, the FTIR spectra did not show substantial differences
(Figure 6A). Generally, in addition to arabinogalactans (B-
glycosidic linkage vibrations at 776 cm™) and proteins (amide
bands at 1630 cm™, 1547 em™, and 1450 cm™), the isolates also
contained uronic acids and pectins (bands at 1367 em’, 1331 em™,
1316 cm™, 1230 cm™, and especially 835 cm™ characteristic for o.-
glycosidic linkages).

In the case of the RNAi#7 line, the differences in the FTIR
spectra between the BR and RR stages were apparently more
pronounced (Figure 6B). The spectrum for the BR stage of the
RNAi#7 line was very similar to the BR stage of WT with a
difference that the band at 1740 cm™" for the mutant was more
intense than for WT, which may evidence the presence of more
esterified pectins. This band was even more intense in the spectrum
for the RR stage of the RNAi#7 line. The spectrum for the RR stage
of RNAi#7 line bands at 1377, 1339, 1318, 1230, 1093, 958, and 837
cm! characteristic for pectic polysaccharides, especially
rhamnogalacturonans type I and II (Boulet et al., 2007), and 896
cm™ characteristic for most of the hemicellulosic polysaccharides
increased, while those characteristic for pure arabinogalactan
glycoprotein (Arabic gum spectrum, Figure 6) at 810 and 776 cm’
! decreased (Szymanska-Chargot and Zdunek, 2013).

Less clear differences between spectra were obtained for the BR
and RR stages in the OEX#1 line (Figure 6C). The spectra were
characterized by relatively high intensity of the band at 1740 cm™*
assigned to esterified pectins. In turn, the bands at 1062 and 1030

AGP content in tomato fruit at different ripening stages (A). Morphological imaging using SEM with visible AGPs with high aggregation ability (B)

BR, Breaker stage; RR, Red Ripe stage
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cm'! that appeared in the spectrum for the RR stage of the OEX#1
line can be assigned to the vibrations of pyranose in gum Arabic and
arabinogalactan polysaccharide, respectively (Wu et al., 2020).
Moreover, the band at 837 cm™ characteristic for pectic
polysaccharides diminished and bands at 896, 810, and 776 cm™
characteristic for arabinogalactans were more visible in the
spectrum for the RR stage of the OEX#1 line.

Frontiers in Plant Science

Interestingly, the band at 1740 cm ™" declines and the band at
1640 cm " is shifted to 1626 cm " in the spectrum for the RR stage of
the OEX#2 line, compared with the BR stage of the OEX#2 line
(Figure 6D). This may evidence demethylation of pectic
polysaccharides present in the AGP isolate from the OEX#2 line.
Additionally, as in the case of the RR stage of the RNAi#7 line, the
bands characteristic for pectic polysaccharides, especially
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rhamnogalacturonans type I and II, also appeared in the RR stage of
the OEX#2 line. However, the AGP isolate from the RR stage of the
OEX#2 line was also rich in arabinogalactan polysaccharide and
protein, as the bands visible at 1150, 1062, 1026, 896, 810, and 776
cm' were intense.

The PCA analysis of the obtained FTIR spectra was performed
for better comparison and highlighting of the samples (Figure 6-II).
Figures 6E and I' present the scatter plots of the scores of the first
three principal components PC1, PC2, and PC3, which together
explain 92% of variability. The scores are scattered along all axes
and the grouping effect of scores can be observed. The gum Arabic is
separated from the other samples, which is clear evidence that the
spectra of the obtained isolates differ from the AGP standard
(Figure 6F, F). The samples from the BR stages of WT, RNAi#7,
and OEX#2 and samples from the RR stages of WT, RNAi#7, and
OEX#2 form two separate clusters in the PCIxPC2 score plot,
which proves that there are spectral similarities between the
samples, while the samples from the BR and RR stages of the
OEX#1 line form a separate cluster (Figure 6E). In the
PC2xPC3score plot, the same samples groups were obtained;
however the RR stage of WT form a new separate group (Figure 6F).

Loadings that influence the differentiation of the scores are
presented in Figure 6G. The wavenumbers of PC1 negative
loadings that mostly influenced the sample scores lying on the
negative side of PC1 (gum Arabic, the BR and RR stages of the
OEX#1 line, the RR stages of the OEX#2 and RNAi#7 lines) were
3285, 2929, 2895, 1597, 1421, 1350, 1018, 1288, 835, and 810 cm ',
which are mostly characteristic for esterified pectins and for AGP
protein (gum Arabic spectrum), while the positive influence was
associated with the following wavenumbers: 1181, 1119, 1042, 977,
and 938 cm™?, mostly characteristic for gum Arabic (Figure 6). On the
other hand, the gum Arabic was located on the negative side of PC2,
on which wavenumbers 1350, 1288, 973, 835, and 809 cm, also
characteristic for pure AGP from gum Arabic, had an influence. The
other samples lying on the negative side of PC2 (but closer to PC2 =
0) were the BR stages of WT, OEX#2, and RNAi#7 lines. The
wavenumbers having a positive influence on the scores of samples
scattered on the positive side of PC2 were 1740, 1640, 1540, 1158, and
1089 cm . The negative influence on the scores scattered along PC3
(the RR stages of the OEX#2 and RNAi#7 lines) had wavenumbers
1740, 1597, 1421, 1318, 1100, 1049, and 1010 cm™ - characteristic
mostly for pectic polysaccharides. In turn, wavenumbers 1178, 1130,
973, 938, 876, and 799 cm’, characteristic for arabinogalactans and
for some phospholipids, had a positive influence.

3.4 Differences in AGP arrangement in the
cell wall assembly — analyses in situ

3.4.1 Changed spatio-temporal localisation of
AGPs at the cellular level

In planta studies were performed using the immunofluorescence
technique to identify presumed changes in the spatio-temporal
pattern of the AGP distribution in the fruit tissue of the examined
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lines. Figures 7-9 show microscopic investigations of the AGP
arrangement in the tissue of WT, OEX#1, and OEX#2; RNAi#1,
and RNAi#7; ¢cGFP and nGFP lines, respectively. Our decision to
focus on the two distant stages of ripening (BR and RR) was based on
the fact that the differences did not appear between particular
successive stages.

The microscopic observations demonstrated the anatomic
changes in fruit tissues and cell walls at the cellular level. In all
the fruit lines, modifications of cell walls occurred with the
progression of the ripening process and were visualised as
degraded cellular compartments adjacent to swollen cell walls.
These modifications were correlated with typical processes of
decay in fruit during the ongoing ripening process. The specific
pattern of arrangement of AGPs was labelled as a line at the border
between the cell wall and the plasma membrane. With the
subsequent stages of ripening, the localisation of AGPs changed
and the immunofluorescence intensity was lower. For WT, this
correlation persisted for the samples labelled with all the antibodies.

The interpretation of microscopic results consisted in finding
differences between the analysed lines after the reactions with three
antibodies against AGPs. In the initial ripening stages, the
fluorescence intensity in the OEX#1 fruit tissue was higher than
in WT. The increased number of labelled AGP epitopes was
confirmed using all antibodies. The fruit tissue of the OEX#2 line
also showed an increase in the number of labelled AGP epitopes
compared to WT, although the number was lower than in the fruit
tissue of the OEX#1 line. The increase in the amount of AGP
epitopes (mainly JIM13 and LM2) disturbed the typical pattern of
localisation of AGPs, and the epitopes were visible in the whole area
of the cell wall-plasma membrane continuum. Similarly, the striking
typical anatomical changes in the tissue during the ripening process
coincide with a decrease in the occurrence of AGP epitopes.
However, the immunofluorescence signal is clearly higher
compared to WT.

In samples with the silenced expression of the SIP4H3 gene,
intrusive alterations in the tissue morphology were imaged as a
result of ripening progress. Significant changes in the
macrostructure were found in the fruit tissue of the RNAi#1 and
RNAi#7 lines. At first, compared to all lines, the tissue in the
mutants mentioned above was looser even at the BR stage. In
addition, at the RR stage, the tissue was disordered, the cell wall was
less integrated, unevenly thickened, more undulating, and swelled.
The rearrangement of epitopes was correlated with cellular
dissociation. In the fruit tissue of the RNAi# lines, a decrease in
all AGP epitopes was observed at both the BR and RR stages.

In the fruit tissue of the cGFP line, substantially increased
fluorescence intensity was observed after the reaction performed
using JIM13, LM2, and LM14, compared to WT. Moreover, AGP
epitopes were present at the last stage of ripening. In the fruit tissue
of the nGFP line, loosening of the cell wall was observed from the
first ripening stage. With the progression of the ripening process,
the cell wall became even more unevenly undulating and thickened.
The number of AGP epitopes decreased, which distinguished this
line from the fruit tissue of the OEX and cGFP lines.
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3.4.2 Disturbed localisation of AGPs at
subcellular level

The immunogold labelling analysis and TEM imaging (40 kx
magnification) allowed localisation of AGPs in the individual
compartments of the fruit cell at the subcellular level. The
analysis was carried out using the JIM13 antibody. Figure 10
shows analyses of the correlation between the localisation of
AGPs in the cellular compartments and the stages of the ripening
process. JIM13 epitopes, visible as dark points marked with red
10A), were observed in the entire cell, and labelling
mainly occurred in the cell wall-plasma membrane continuum and

circles (Figure
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red ripe stage

14

the cytoplasm. For consistency, we analysed two cell compartments
(cell wall-plasma membrane and cytoplasm) in all cases. Since there
were no significant differences between all the subsequent stages of
the ripening process noted by CLSM imaging at the cellular level,
the analysis at the subcellular level was carried out in two distant
stages of ripening. Generally, AGP epitopes were detected less
frequently in the RR stage of ripening than in the BR stage. In
almost every case, the cell wall-plasma membrane continuum
exhibited the largest amounts of AGP epitopes, with the
exception of the RR stage in the fruit tissue of the ¢cGFP and
nGFP lines.
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The quantitative analysis of immunogold labelling confirmed
the specific spatio-temporal pattern of distribution of AGPs and
indicated changes in the amount of AGPs in the cell wall and
cytoplasm in the transgenic lines during the ripening process
(Figure 10B). Once again, the most characteristic distribution of
AGPs was obtained in the WT fruit tissue. At the BR stage, the AGP
epitopes were more organized and localised mainly in the cell wall-
plasma membrane continuum. Only 10% of gold particles were
localised in the cytoplasm. However, during the ripening process,
the number of gold particles increased in the cytoplasm and
accounted for nearly 40% at the RR stage. This may evidence the
process of degradation of the cell wall and release of residues of cell
wall compartments into the cytoplasm.

The AGP distribution pattern was disrupted in the fruit of the
transgenic lines, where AGPs were dispersed in the whole area of
the extracellular matrix. It was shown that modifications of SIP4H3
gene activity caused changes in the number of gold particles in
particular cell parts. Moreover, different proportions of gold
particles in the cell wall-plasma membrane and in the cytoplasm
were found in the examined samples, compared to WT. In lines
with the overexpression of the SIP4H3 gene, an increased amount of
AGPs in the cytoplasm was found. Furthermore, the subcellular
localisation of the AGP epitope in the fruit tissue of the cGFP and
nGFP lines at the BR stage showed the presence of half of the
amount of gold particles in the continuum cell wall-plasma
membrane (0.38 and 0.14 particles per pml, respectively), and the
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rest was distributed in the cytoplasm (0.29 and 0.15 particles per
pm?, respectively). On the other hand, a significant reduction in the
number of gold particles in the cell wall-plasma membrane (almost
80%) was observed in the lines with silenced SIP4H3 gene
expression (RNAi#1 and RNAi#7) at the BR stage. Similarly, at
the RR stage, the AGP assembly disorder was assessed, and a higher
amount of gold particles was noted in the cytoplasm than in the cell

wall-plasma membrane.

5 Discussion

The ripening process is the subject of extensive research, but the
role of AGPs in this process is still poorly known (Seymour et al,
2013). In our research, the genetic modification in the AGP
biosynthesis process by changes in the activity of the P4H
enzyme allowed identification of AGP alterations during the
ripening process. First of all, the disruption in hydroxylation and
subsequent AGP glycosylation processes most probably induce a
sequence of modifications in the arrangement of cell walls. In the
current work, we did the work step by step to investigate how
changes in the process of forming the protein moiety may influence
the subsequent phase of the AGP molecule synthesis pathway, such
as the attachment of carbohydrate chains. The analyses performed
using molecular, structural, and microscopic tools in ex situ and
then in situ studies revealed crucial changes in AGP features in the
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fruit of the transgenic lines in comparison to the wild-type plants.
Based on the results obtained, a meticulous pattern of consecutive
events in fruit cells that is associated with P4H3 was developed.
The development of the overexpressing and silenced P4H3
tomato lines facilitated the determination of alterations in the
AGP carbohydrate design that induced changes in their
localisation in the cell wall, allowing identification of AGP
structural functions in the fruit tissue. So far, it has been
demonstrated that hydroxyproline-rich glycoproteins are involved
2023). One of
the major findings of a study conducted by Moore and coworkers

in fruit ripening (Moore et al., 2014; Kalaitzis et al
on the anti-extensin LM1 antibody showed an increasing amount of
extensin epitopes in ripe grapes as a response to the ripening
process (Moore et al., 2014). These observations were consistent
with the results of the analysis carried out by Nunan and coworkers
that protein components rich in arginine and hydroxyproline also
accumulate in grapes at the last stages of ripening (Nunan et al

1997; Nunan et al,, 1998). Similarly, our previous studies on apple
and tomato fruit have shown that the amount of AGPs during the
fruit ripening process changed with a significant concentration
increase at the particular stages of the ripening programme
2023a). The
analysis carried out with the use of B-glucosyl Yariv Reagent,

(Leszczuk et al., Kutyrieva-Nowak et al.

2020c¢;

whose reactivity is one of the most important criteria in the

identification of AGPs (Seifert and Robe

2007; Kitaz

2013; 1 , 2019), also confirmed the differences in the

sumuraya et al
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AGP content between the specific stages of ripening. The
confirmation was found also in the present work, as the content
of AGPs decreased with the ongoing ripening process both in WT
and in all the examined transgenic lines. Interestingly, an increased
amount of AGPs in the overexpression lines was observed,
indicating the influence of P4Hs in the AGP biosynthetic pathway.

The next research step involved comprehensive structural
analyses on extracted AGPs aimed at revising changes that may
have appeared as a result of the P4H3 modifications. The FTIR
technique used for this purpose provided information about
carbohydrate chains in AGPs during the fruit ripening process.
Previous single FTIR reports of monosaccharide compositional
analysis of AGPs isolated from Lycium ruthenicum Murr fruit
revealed that arabinose and galactose represented by absorbance
regions at 1060-1040, 975 cm™', and 945 cm™', respectively, were
1998). The results obtained
in the current work also confirm the occurrence of these
carbohydrates in the isolated AGPs. The FTIR spectra showed
that the AGP isolates from tomato fruit contained pure
arabinogalactan proteins and a trace of pectic polysaccharides

the major AGP sugars (Coimbra et al

(uronic acids, rhamnogalacturonan) and hemicelluloses. The PCA
analysis in the current work identified three PC groups with
different polysaccharide compositions. The result obtained for the
analysis of AGPs from the OEX#1 line seems interesting, as samples
collected at different ripening stages formed a common group,
compared to the two separate groups of the BR and RR stages.
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Besides, the PC2xPC3 analysis identified a disruption of the ‘native’
ripening pattern of the transgenic lines, as they did not form a
common group with the WT RR. In both PCA analyses, samples at
the BR stage from the OEX#2 and RNAi#7 lines formed one group
with WT. We conclude that the modification of SIP4H3
significantly affects the progression of the ripening process,
causing changes in the profiles of the AGPs structure.

Molecular studies were performed for the verification of the
differences between the tomato lines in detail. In contrast to the
B-glucosyl Yariv Reagent assays, anti-AGP antibodies recognizing
specific carbohydrate epitopes used in these methods constitute a
differentiating factor (Gao et al, 1999). Firstly, the immunoprinting
on the nitrocellulose membrane confirmed the presence of AGP
epitopes in tomato extracts and highlighted that the overexpression
lines were characterised by a general trend towards increased
content of the tested AGP epitopes. Secondly, a detailed analysis
of the composition of individual epitopes showed further differences
indicating disturbance in the carbohydrate chains of AGPs as a
result of the modifications in P4H3 activities. In the study
conducted by Fragkostefanakis and coworkers on tomato pericarp
tissue with a ripening process without disorders, changes in the
amount of AGP epitopes and a significantly higher number of the
JIM13 epitope were noted (Fragkostefanakis et al., 2012). Western

Frontiers in Plant Science

17

blotting analyses of the JIM13 epitopes revealed a slight decrease in
high molecular weight epitopes in the last ripening stages. In the
case of the JIM8 antibody, a gradually decrease in the presence of
AGPs was also observed after the turning stage (Iragkostefanakis
etal, 2012). On the other hand, in the study carried out by Sun and
coworkers, only one fraction contained AGPs with a molecular
weight of 48 kDa was collected using the LeAGP-1 antibody (Sun
et al,, 2004). In the first report on the molecular mass of AGPs
extracted from fruit, AGP epitopes recognised by JIM8 and JIM13
epitopes in tomato pericarp tissue were in the range of 210-55 kDa
and 300-45 kDa, respectively (Fragkostefanakis et al., 2012). In our
previous papers, the molecular mass of AGPs was about 250-70 kDa
from apple fruit (Leszczuk et al, 2020c) and 120-20 kDa from
tomato fruit (Kutyrieva-Nowak et al., 2023a), which may indicate a
variable pattern of AGPs in different fruits. In addition, in the case
of the JIM13 epitope in WT at the beginning ripening stages, AGPs
with 120-60 kDa and 60-25 kDa molecular weight predominated,
and at the last stages contained 30-20 kDa AGPs, which were
considered a marker of the finalisation of the ripening process
(Kutyrieva-Nowak et al., 2023a). In the current work, AGPs from
the transgenic lines were characterised by an altered molecular mass
in comparison to WT. The molecular differences and the absence of
single low molecular weight bands in the last stages of ripening
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indicate an effect of the P4H3 activity disruption on AGP structural
modifications. The changes observed also pointed to the disturbed
process of degradation of ‘native’ carbohydrate chains with the
ripening progress.

Selective glycome profiling of AGPs using an enzyme-linked
immunosorbent assay allows rapid analysis of carbohydrate
epitopes (Pattathil et al, 2010). Data from previous papers
provided information about the relative absorbance of AGP
epitopes for the JIM13 antibody. The strength of ELISA signals
was characterised by absorbance at 0.05-0.08 in the case of banana
fruit and at 0.71-1.18 in the case of mango fruit (Rongkaumpan
etal,, 2019). Research on tomato fruit from wild-type plants showed
an average absorbance level of 0.5-3.5, with significant changes
correlated with the ongoing ripening process (Kutyrieva-Nowalk
et al,, 2023a). The present data showed that the absorbance level
dependent on the tested lines was different from that of AGPs
extracted from fruit in previous studies. This mainly involved the
use of JIM13 and LM2 antibodies, where we noted absorbance levels
at 2.5-4 and 2.9-4.2, respectively. The results obtained with the
LM14 antibody seemed interesting as the absorbance of the
transgenic lines was 0.5-0.9 compared to the absorbance of
around 2.0 for WT. The glycome profiling with the LM1 antibody
did not allow definite determination of the dependence of
absorbance changes during the ripening process, as it was quite
variable at the different stages of ripening. The changes found were
related to disruptions in the concentration of specific epitopes
caused by modifications in SIP4H3 gene expression. Interestingly,
the increase in the AGP concentration in the overexpression lines
and the decrease in the AGP concentration in the lines with silenced
P4H3 expression were confirmed by this method as well. All
structural and molecular approaches used in this part of the work
clearly indicate a linkage between P4H3 activity and the AGP
carbohydrate moiety structure.

Ex situ studies showed that AGPs extracted from the examined
transgenic lines were characterised by different molecular structures
of carbohydrate chains, which is also connected with particular
alterations linked with the stages of ripening. Thus, our next goal
was to investigate how the structural changes affected the AGP
localisation in the cell wall area. This issue is even more interesting
and necessary to analyse, as previous studies have identified the
characteristic spatio-temporal pattern of AGP distribution in the cell
wall-plasma membrane continuum at the cellular and subcellular
levels (Leszczuk et al., 2018; Kutyrieva-Nowak et al., 2023a). Next,
subcellular studies of fruit proved that AGP epitopes changed their
location and demonstrated a decrease in the number of AGP epitopes
with the progression of the fruit senescence process, which is linked
to degradative processes in the cell wall and the release of its cellular
compartments (Leszczuk et al., 2018). Research conducted by
Szymanska-Chargot and coworkers provided information on
changes in polysaccharide distribution during post-harvest apple
storage (Szymanska-Chargot et al., 2016). Also, comprehensive
microarray polymer profiling demonstrated an increase in JIM13
and LM2 epitopes during the ripening process of grapes (Moore et al.,
2014). Moreover, the ripening-associated changes had an impact on
not only the localisation and distribution of AGPs and other cell wall
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components but also the fruit texture, causing differences in the
anatomical features in the fruit tissue (Winisdorffer et al, 2015;
Leszczuk et al,, 2019D). This confirms that the correct glycosylation is
essential for proper cell wall assembly and extracellular matrix
functioning (Velasquez et al,, 2011). Also, the analyses conducted
in the present work revealed a decrease in the total number of
epitopes during the ripening process with a concomitant increase in
AGPs in the cytoplasm, compared to the cell wall-membrane
continuum. Nevertheless, the significant disruption of the specific
and well-documented AGP localisation pattern in all the examined
transgenic lines must be underlined. In addition, the disorder of the
proportion of AGPs attached to the cell wall and placed in other
cellular compartments was also observed for all the transgenic lines.
Numerous observations at the tissue level allow concluding that the
overall appearance and structure of fruit tissue are also modified. The
visible different localisation of AGPs related to the structural and
molecular disruption caused by the change in the P4H3 activity is
connected with modifications of fruit tissue morphology.

All analyses performed in the present study create
complementary evidence that the effect of modifications of
SIP4H3 gene expression is supported by changes in the AGP
amount, structure, and compositional properties, and thus
impaired distribution of AGPs in fruit cells.

6 Conclusions

To sum up, the study demonstrated the disturbance i.e. changes
in the AGP content, disruption of AGP molecular mass, alterations in
the molecular composition, changes in the amount of AGPs bound
by Yariv Reagent, structural differences indicating various degrees of
ripening progress, and the disordered distribution pattern in the cell
wall, plasma membrane, and cellular compartments.

Based on the obtained results, we focused on presenting the
sequence of events that may take place in the fruit cells in response
to changed P4H3 activity:

1) Disturbance of the ‘native’ AGP structure. The changed
content of hydroxyproline residues affects the protein
moiety of AGPs, which is associated with altered
attachment of carbohydrate chains;

2) Disruption of the AGP molecular structure (mainly
carbohydrate chains) causes changes in their localisation
at the subcellular level;

3) Changes in the spatio-temporal AGP distribution may be
related to the formation of a stable network between AGPs
with other cell wall components (APAP1).

4) The lack of properly formulated carbohydrate chains affects
the interlinking in the APAP1 network. In turn, the
modified stability of the cell wall assembly has an
influence on anatomical changes visible at the cellular level.

5) Changes in the continuity and durability of the cell wall affect
the entire fruit tissue and the sequence of tissue transformation
during the progression of the ripening process.
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We conclude that the impaired P4H3 activity has an effect on
the AGP molecular and structural features and, consequently,
affects the degradation of AGPs during the ongoing ripening
process. We may suppose that the ‘native’ structure of AGPs,
mainly their carbohydrate moieties, is important for the strictly
scheduled extracellular matrix arrangement and is essential for the
correct course of the fruit ripening process. An interesting result is
that the modifications caused changes in the anatomical image of
the entire fruit tissue. In subsequent studies, it is necessary to focus
on other components of the cell wall as part of the APAP1 complex
that may be changed as a result of disturbed P4H activity.
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Abstract

Ripening is a process involving various morphological, physiological, and biochemical changes in fruits. This process is affected by
modifications in the cell wall structure, particularly in the composition of polysaccharides and proteins. The cell wall assembly is a
network of polysaccharides and proteoglycans named the arabinoxylan pectin arabinogalactan protein1 (APAP1). The complex consists
of the arabinogalactan protein (AGP) core with the pectin domain including arabinogalactan (AG) type II, homogalacturonan (HG), and
rhamnogalacturonan I (RG-I). The present paper aims to determine the impact of a disturbance in the synthesis of one constituent
on the integrity of the cell wall. Therefore, in the current work, we have tested the impact of modified expression of the SIP4H3
gene connected with proline hydroxylase (P4H) activity on AGP presence in the fruit matrix. Using an immunolabelling technique
(CLSM), an immunogold method (TEM), molecular tools, and calcium mapping (SEM-EDS), we have demonstrated that disturbances in
AGP synthesis affect the entire cell wall structure. Changes in the spatio-temporal AGP distribution may be related to the formation
of a network between AGPs with other cell wall components. Moreover, the modified structure of the cell wall assembly induces
morphological changes visible at the cellular level during the progression of the ripening process. These results support the hypothesis
that AGPs and pectins are required for the proper progression of the physiological processes occurring in fruits.

Introduction

Ripening is a postdevelopment process composed of different
morphological, physiological, and biochemical changes [1]. It
includes a series of changes that alter a green unripe fruit
into a red ripe fruit with an appropriate appearance, taste, and
soft texture. The softening and textural modifications are due
to changes in the composition of polymers and their binding
in the cell matrix in fruit tissue [2]. The alterations include
modification of the cell wall structure from the degradation of
pectin and hemicellulose to the synthesis of new polymers [3,
4]. Fruit ripening is a coordinated developmental programme
undoubtedly related to changes in the architecture of the primary
cell wall mainly due to softening progression [5]. Recent research
has challenged individual cell wall models and suggests that
specific components are closely related to each other and have

change. Also, the analysis demonstrated that fruit disruption
rate is associated most significantly with cellulose content and
its interaction with other components [8]. It is also necessary
to emphasize that the ripening programme is coordinated by
the effects of epigenetic modifications, transcription factors, and
plant hormones [9]. Moreover, studies at the molecular level show
that biochemical changes coordinated by proteins entangled in
signal transduction and membrane interactions also influence
fruit quality. Therefore, in this context, structural studies such
as subcellular localization of a protein and general bio-imaging
are essential steps toward understanding its activities [10]. Only
focusing on explaining the connections with cell wall metabolism,
hormonal activity, and genetic modifications in fruit ripening
allows for a complete description of the programmes taking place
in fruit.

The structure of the cell wall is investigated in ongoing studies,

a much more direct impact on defining fruit properties [6,7].
On the other side, the complexity of the fruit tissue provides
opportunities to improve mature fruit characteristics. Currently, it
is desirable to select varieties whose fruits are tolerant to cracking,
epidermal shrivelling, delay acceleration of softening progression,
characterized by higher nutritional value, and resilient to climate

and the functions of particular polysaccharides and proteins
are being debated [11, 12]. The cell wall is a complex assembly
consisting mainly of cellulose, hemicelluloses accompanied by
pectins, and proteins [4, 13]. Cellulose is composed of a linear
chain of 500-7500 of B-(1 — 4)-D-glucose (Glc) monomers assem-
bled by hydrogen bonding to constitute microfibrils [14]. Also
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within the cell wall, there are numerous matrix glycans, known
as hemicelluloses, i.e. a group of polysaccharides composed of Glc,
xylose (Xyl) or mannose (Man), and xyloglucan (XyG) [15]. It is well
known that XyG binds to the surface of microfibrils forming a net-
work with cellulose [16]. Structural changes and rearrangements
of linkages in hemicellulose and cellulose disrupt the middle
lamella. The disruption of xyloglucan and other glycans affects
the ripening progress by inducing the softening process in fruits
[17]. Other hemicellulosic polymers, i.e. xylans with p-(1— 4)-
xylosyl backbone cross-linking polysaccharides in the structure
of the cell wall, also affect cell wall integrity and architecture [18-
20]. As linear glycan chains of B-(1,4)-linked mannose residues
[18], mannans play a role in the softening and degradation of the
cell wall during fruit ripening [21]. Another heterogeneous group
of structural cell wall components are pectins composed of a-
(1,4)-linked galacturonic acids (GalA). They are divided into three
polymers: homogalacturonan (HG), rhamnogalacturonan I (RG-I),
and complex rhamnogalacturonan II (RG-II) [18, 22, 23]. HG is an
abundant linear pectic subtype, representing 55%-70% of pectin.
It is classified according to the esterification degree into high-
methoxylated HG and low-methoxylated HG [24, 25]. RG-I1 and RG-
Il are pectin subtypes mainly found in primary plant cell walls.
RG-1is composed of GalA and rhamnose (Rha) residues with side
chains of arabinan, arabinogalactan, and galactan [26]. RG-II is
composed of glycosyl residues comparable to the repeating GalA
and Rha residues in RG-I. It has a highly conserved and complex
structure with approximately ten different saccharides in side
chains [27].

Modifications of carbohydrate chains have a significant effect
on the ripening process [4]. The cell wall degradation is associated
with pectin solubilization and depolymerization and a decrease in
the number of pectic side chains [28, 29]. The HG depolymeriza-
tion reduces intercellular adhesion, thereby having an impact on
turgor and contributing to tissue softening [30-32]. In turn, the
degradation of HG molecules during the ripening process leads
to the disassembly of the links between cellulose and hemicel-
lulose [23, 25]. Also, RG-I and RG-II are involved in cell-to-cell
signalling and the formation of the pectic network, and degrada-
tion of these pectins exerts an effect on the cell wall mechanical
properties [33, 34].

Furthermore, cell wall proteins (CWPs) are important struc-
tural and functional constituents of the plant cell walls [13].
Proteins are categorized as hydroxyproline-rich glycoproteins
(HRGPs) with arabinogalactan proteins (AGPs), glycine-rich
proteins (GRPs), and proline-rich proteins (PRPs) [18, 35, 36].
They have numerous functions in the plant cell, including
signal transduction, cell-to-cell interactions, cell wall-to-plasma
membrane interactions, and provide additional support and
rigidity to the cell wall [13, 37]. Extensins, belonging to HRGP,
are involved in plant cell development as regulators of cell
wall expansion, chains binding the cell wall with the plasma
membrane, and polymers forming the cellular architecture
[38, 39]. AGPs are unusual proteoglycans localized between
the cell wall and plasma membrane and have a variety of
biological functions, whose basis has not been definitively
identified [40]. They have a role in cell differentiation and cellular
communication [41]. Also, AGPs probably have an impact on cell
division, plant growth and development, reproductive processes,
and programmed cell death [42]. Our previous research has shown
that AGPs may have an effect on anatomical and morphological
alterations in the fruit cell wall during the ripening process. In the
last stages of ripening, we noted a decrease in the number of AGPs
associated with disruption of the native cell wall structure [43, 44].

To emphasize the importance of the cell wall, it is necessary to
mention that cell wall components interact with each other and
form complex extracellular networks that control cell growth and
help maintain cell shape. Generally, non-covalentinteractions are
found between pectic HG domains, cellulose chains, and cellulose
with xylan and xyloglucan [20, 23, 45]. In turn, covalent interac-
tions are found between HRGPs, pectin RG-I and RG-IIl monomers,
and polysaccharides with lignins [23, 45, 46]. In the cell wall
integrity context, AGPs play an important role, as they form the
system of polysaccharides and proteoglycans in the cell wall-
plasma membrane continuum [47] by creating the arabinoxylan
pectin arabinogalactan proteini (APAP1) [45]. The APAP1is an AGP
core with the classical AG attached. The APAP1 pectin domain
includes HG and RG-I, in which short HG oligosaccharides are
located around RG-I (graphic scheme in Fig. 1). In addition, the
APAP1 contains arabinoxylan, which is attached to the Ara residue
from AG and to Rha in RG-I [12, 45]. The synthesis of the APAP1
probably occurs in the extracellular matrix by binding pectin
and arabinoxylan glycans to AGPs [45,48]. The components of the
APAP1 are synthesized in different cellular compartments. For
example, AGP synthesis proceeds in several stages, starting with
the synthesis of the protein backbone, the glycosylphosphatidyli-
nositol (GPI) anchor in the endoplasmic reticulum, and the sugar
chains in the Golgi apparatus and ending in the formation of the
AGP molecule in the space between the cell wall and plasma
membrane [35, 47]. Pectin and xylan synthesis proceeds in the
Golgi apparatus [34, 45]. Scientific reports have so far confirmed
that changes in the pathways for the synthesis of the particular
components of the APAP1 can cause disruptions in its structure
and function. Interestingly, changes in the binding between the
components also affect the cell wall structure, and these alter-
ations are associated with the shape, turgor, and size of fruit cells
[4, 49, 50]. These connections provide strength and stiffness to the
cell walls, which have an influence on the fruit structure during
the developmental programme, ripening process, and senescence
in postharvest storage [51]. For example, ripening is correlated
with alterations in the fruit texture and firmness, i.e. a process
of swelling of the middle lamella [52], which is related to changes
in the negative charge and structure of pectin polymers [51]. The
research conducted by Castro and coworkers revealed an inverse
correlation between fruit firmness and depolymerization of cell
walls [4].

Another feature emphasizing the important role of the connec-
tions between the cell wall components is the binding of calcium
ions. Currently, it has been proved that GalA residues from pectins
and GlcA residues from AGPs bind Ca’* and form calcium bridges
between cells [48, 53-56]. The hypothetical molecular basis of
the mechanism of AGP action is based on calcium cross-linking.
AGPs take part in physiological processes by interacting with
Ca?*, followed by the release of Ca?* [57, 58]. This was confirmed
by a study on B-glucuronyltransferase mutants (GIcAT) where
the depletion of Ca?! binding affected the stability of the cell
wall-plasma membrane continuum, which stopped plant devel-
opment [59, 60]. Other investigations of GLCAT14A, GLCAT14B,
and GLCAT14C mutants showed that B-glucuronyltransferases
14 (GT) were accountable for the binding of GlcA residues to
AGPs [61]. Besides, the decrease in GlcA in the double and triple
mutants affected cell differentiation and plant growth. Most likely,
these changes are related to reduced Ca’* influx into particular
cells [60, 61]. Thus, it can be concluded that, as part of AGP and
pectins in the APAP1, GlcA has an effect on cell wall integrity
and cell-to-cell signalling via Ca?* binding [53, 56]. It is well-
known that calcium ions are implicated in biological processes,
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Figure 1. Hypothetical and simplified structure of the APAP1 [45, 75] with a description of the antibodies used. The spatio-temporal localization of
extensin (LM1), xylan (LM11), thamnogalacturonan type I (LM16), low methyl-esterified homogalacturonan (LM19), and high methyl-esterified
homogalacturonan (LM20) in the fruit tissue of the WT plants and transgenic lines RNAi#7, OEX#1, and OEX#2 in different ripening stages.
Abbreviations: AG, arabinogalactan; RG-1, rhamnogalacturonan [; HG, homogalacturonan Bars 50 pm for all images.

including cell division and elongation, and stabilization of the
cell wall [62]. Moreover, calcium helps maintain the structural
integrity of the cell wall and is a cofactor for various enzymes
involved in fruit ripening, such as pectin methylesterase (PME)
and polygalacturonase (PG) [33, 63]. The structural integrity is
related to the ability of calcium ions to form cross-links between
pectin molecules, which helps strengthen the cell walls and pre-
vent the breakdown of cells during ripening, maintaining the

firmness of fruit [63, 64]. Moreover, calcium ions interact as single
signalling molecules or co-interact with plant hormones, such as
abscisic acid (ABA), to regulate biochemical changes associated
with ripening [65]. In addition, calcium ions control the synthesis
and breakdown of various compounds, such as pigments, flavour
compounds, and aroma volatiles. A study conducted by Xu and
coworkers demonstrated that calcium ions have the ability to
modulate fruit polyphenolic biosynthesis, e.g. anthocyanins in

3
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strawberries, whose content increases significantly as the fruit
ripens [66].

Combining all the above-mentioned features of the cell wall,
structure of components, connections between them, and the
calcium ion binding ability as well as their impact on the ripening
process, we aim to determine the effect of a disturbance in the
synthesis of one constituent on the integrity of the cell wall at
the molecular level and, consequently, at the level of the entire
fruit organ. In our previous studies on modified tomato fruits,
we focused on analysis of the effect of modification of SIP4H3
expression encoding the P4H3 enzyme, which is responsible for
the posttranslational modification of AGP, on the presence of
AGP in the cell wall [67]. The physiological role of SIP4H3 in
developmental programmes such as fruit ripening and abscission
was well demonstrated in silencing and overexpression lines [67-
69]. In these SIP4H3 lines, changes were observed in the spatio-
temporal AGP distribution in the red ripe fruit pericarp tissue as
well as disruption of the AGP molecular structure and disturbance
of the native AGP structure [67]. Moreover, silencing of SIP4H3
resulted in a delay of overripe fruit abscission progression [69] and
alterations in the position of the flower abscission zone [68]. In
addition, the silencing of two tomato P4Hs, SIP4HS and SIP4H7, by
VIGS (Virus-Induced Gene Silencing) indicated a delay in ripening
progression [7].

In our previous paper, we described that this modification
affected the amount and spatio-temporal pattern of distribution
of AGPs during the ripening process. We noted changes that led
to disruption of the whole-cell wall structure [67]. Therefore,
in the current work, we have tested the effect of this AGP
modification on the APAP1 for the first time. The purpose of
the present work is to identify changes in the content and
distribution of other cell wall constituents during the fruit
ripening process in transgenic lines with modified SIP4H3 gene
expression.

Results

Localization of cell wall components at the
cellular level

Fruit visualization at the tissue level allows finding differences
in morphology between WT and transgenic lines. The tissues of
the modified fruits were more damaged in the RR stage than the
tissue of the WT fruits. Moreover, the cell walls in the OEX#1,
OEX#2,and RNAi#7 lines after the ripening process were more dis-
turbed with visible interrupted continuity and excessive swelling
(Fig. 1). Furthermore, the microscopic studies allowed the deter-
mination of the localization of the cell wall components, con-
stituents of the APAP1, and changes in their distribution during
the ripening process in the WT fruits and in the transgenic lines
OEX#1, OEX#2, and RNAi#7. The use of specific antibodies and
the CLSM observations revealed that the modification associated
with the changes in the expression of the SIP4H3 gene affected
the assembly of extensin (LM1), xylan (LM11), rhamnogalacturo-
nan (LM16), low methyl-esterified homogalacturonan (LM19), and
high methyl-esterified homogalacturonan (LM20) in the cell walls.
Representative photographs with immunocytochemical labelling
are presented in Fig. 1 (cellular localization) and Fig. 2 (subcellular
localization).

The analysis of immunocytochemical labelling with LM1
demonstrated the typical presence of extensin epitopes across
the cell wall-plasma membrane continuum. In addition, the
occurrence of single conglomerates of the LM1 epitope in the
cytoplasm close to the border with the plasma membrane was

detected. Moreover, high amounts of extensin epitopes were
detected in the cells of the epidermal layer in the BR stages of all
the examined lines. The ripening process resulted in a decrease
in the number of extensin in the cell wall-plasma membrane
continuum. In the RR stage, an increased number of epitopes were
observed in the cytoplasm in all the tested lines. Most probably,
the localization was associated with degradative processes in
the cell wall and the release of previously bound epitopes. The
comparison of fruit WT and transgenic lines at each ripening
stage showed a significantly higher fluorescence signal in sections
from fruit with the overexpression of the SIP4H3 gene. Also, in the
BR stage, the presence of a bigger accumulation of epitopes in the
cytoplasm was observed. There were no noticeable differences in
the abundance of LM1 epitopes between fruits with the silenced
expression of the SIP4H3 gene and WT.

The immunofluorescence labelling with the LM11 antibody
localized the epitopes of xylan in the corners and at cellular
junctions in fruit tissues of WT. In the case of all the transgenic
lines, the immunolabelling analyses showed a slight increase in
fluorescence intensity and revealed an increasing abundance of
xylan epitopes during the progress of the ripening process. In
addition, an increase in the number of groups of the LM11 epitope
was observed near the plasma membrane.

The fluorescence signal after the immunofluorescence reac-
tion with the LM16 antibody was quite weak and was mainly noted
along the plasma membrane in association with the cell wall. The
ripening process did not affect the presence of the epitope, and
similar amounts of the LM16 epitope were observed in the BR and
RR stages. The immunofluorescence intensity in the lines with the
SIP4H3 gene overexpression was similar to that in WT. However,
the changes in the expression of the SIP4H3 gene caused higher
dispersion of the RG-I epitope within the plasma membrane. In
line with the silenced expression of the SIP4H3 gene, the LM16
epitope was visualized as single larger aggregations rather than
a line at the cell wall periphery.

The immunofluorescence analysis with the LM19 and LM20
antibodies recognizing homogalacturonan with various esterifi-
cation levels revealed the most considerable differences as a
result of the alteration in the SIP4H3 expression. Low methyl-
esterified HG (LM19 epitope) in the fruit tissue in the different
ripening stages was distributed according to specific spatial pat-
terns in corners and at cellular junctions in the BR stage. The
ripening process resulted in a decreased amount of the LM19
epitope forming single dots in the intercellular area. In the fruit
tissue with the overexpression of the SIP4H3 gene, significantly
higher fluorescence intensity was observed compared to WT in
both the first and last stages of the ripening process. In turn,
the silencing of the SIP4H3 gene caused the occurrence of HG
epitopes without characteristic labelled corners. In addition, in
the fruits with the silenced expression of the SIP4H3 gene, a
decrease in fluorescence intensity was found from the beginning
of the ripening process.

The immunofluorescence reaction with LM20 antibody which
recognized high methyl-esterified HG allows discrimination
between high- and low-esterified HGs. In the WT fruits, the LM20
epitope was labelled in the cellular junctions and corners, and
the immunofluorescence decreased with the ongoing ripening
process. However, no significant changes in the immunofluores-
cence intensity were observed in the transgenic lines compared
to WT. At the beginning of the ripening process, a slightly reduced
amount of HG epitopes was identified in the fruits with the
silenced expression of the SIP4H3 gene; they were present as single
dots in the fruit tissue within the cell wall. In the RR stage, the
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Figure 2. Immunogold labelling distribution of extensin (LM1), xylan (LM11), Thamnogalacturonan type I (LM16), low methyl-esterified
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LM20 epitopes in the fruits with the overexpression of the SIP4H3
gene were detected as single conglomerates.

Localization of cell wall components at the
subcellular level

The localization of the LM1, LM11, LM16, LM19, and LM20 epi-
topes analysed by immunogold labelling imaged with TEM also
confirmed changes in the distribution of these epitopes during
the ripening process. Detection coupled with TEM allows mapping
the arrangement of particular epitopes at the subcellular level
(Fig. 2). Our interpretation focused mainly on quantitative alter-
ations in their localization in the cell wall-plasma membrane and
cytoplasm compartments (Fig. 3).

Epitopes visible as red circled dots were noted in all the sam-
ples as clusters accumulated mainly in the cell wall-plasma
membrane continuum. TEM imaging showed alterations in their
distribution, i.e. there was an increase in the number of epitopes
dispersed along the cell wall and cytoplasm in the RR stage com-
pared to the BR stage (Fig. 2). Briefly, the comparative analyses of
the examined tomato lines revealed differences in the localization
of specific epitopes between the fruits of the transgenic lines
and WT. In the case of extensin recognized by LM1, there are
visible differences between the stage of ripening. It should be
emphasized that there was a significant decrease in the LM1

epitope content in transgenic lines in the RR stage, both in the
cell wall and in the cytoplasm compared to WT. In the case
of xylan recognized by LM11, there is a clear accumulation of
epitopes in the cell walls in OEX lines. Subcellular detection of
RG-Irecognized by LM16 showed no changes. However, completely
different images were detected in the case of homogalacturonans
recognized by LM19 and LM20. LM19 epitopes formed irregular
aggregates but were mainly observed in the cell wall and middle
lamella. Interestingly, in the tissue of the OEX lines, the mapping
indicated a higher content of dots in comparison to WT and
showed agglomerates over the entire surface of the cells. During
the microscopic observations of LM20 epitopes, it was difficult
to note parts of the cell without labelled HG. Also, abundant
dispersion throughout the cell was correlated with the progress
of the ripening process (Fig. 2).

To evaluate the mentioned changes in more detail, a quanti-
tative analysis was performed (Fig. 3). The immunogold labelling
with the LM1 antibody identified epitopes within the cell wall-
plasma membrane and in the cytoplasm. In the case of WT, a
30% decrease in the number of extensin epitopes was observed
during the ripening process with a simultaneous increase in their
presence in the cytoplasm. Moreover, in the fruit with the silenced
expression of the SIP4H3 gene, no LM1 epitopes were observed at
any cellular compartments in the RR stage. In turn, the analyses
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Figure 3. Quantitative analysis of immunogold labelling - analysis of changes in the distribution of epitopes (examined APAP1 components) in
individual cellular compartments during the ripening process in the fruits of the WT plants and transgenic lines RNAi#7, OEX#1, and OEX#2.

of the OEX#1 fruits showed that almost 80% of LM1 epitopes
underwent degradation during the ripening process. However,
in the OEX#2 line, there were no significant differences in the
number of labelled epitopes in the examined compartments in
both ripening stages.

The subcellular analysis performed by immunogold labelling
demonstrated the presence of LM11 epitopes mainly within the
cell wall. In the case of WT, an increase in the number of epitopes
in the cytoplasm in the last stage of ripening associated with the
cell wall degradation process was found. Interestingly, the results

of the immunogold analysis of the lines with the overexpression
of the SIP4H3 gene revealed the absence of the LM11 epitope in
the cytoplasm in the ripening process. Besides, compared to WT,
a higher number of LM11 epitopes were identified in the case of
all transgenic lines in the BR and RR stages. The results obtained
in the RR stage showed an increase in the total number of labelled
LM11 epitopes (40% in WT, 60% in RNAi#7, 80% in OEX#1, and 10%
in OEX#2).

The immunogold labelling with the LM16 antibody con-
firmed that epitopes RG-I dispersed along the cell wall-plasma
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membrane continuum. In the WT fruits, the progress of the
ripening process was accompanied by a significant increase in
the number of LM16 epitopes in the cytoplasm (from 10% to
43% labelling density). The analyses of the transgenic lines did
not show such a significant increase in the proportion of RG-I
epitopes in the cytoplasm in the last stage of ripening. In the
fruits with the silenced expression of the SIP4H3 gene, the overall
quantity of RG-I epitopes was not different from that in WT
and no LM16 epitopes were observed in the cytoplasm in the
RR stage. The result of the lines with the overexpression of the
SIP4H3 gene was interesting, as the total number of labelled
LM16 epitopes decreased on average by 40% in comparison
to WT.

The subcellular analysis of the distribution of the LM19 epi-
topes showed their presence in the whole area of the cell wall
with a low number in the cytoplasm. In WT, a significant decrease
in the number of labelled gold particles was observed with the
progress of the ripening process. The results obtained in the
fruit with the overexpression of the SIP4H3 gene are interesting,
as a significant increase in the number of LM19 epitopes was
observed in the last stages of ripening compared to the BR stages
(10-fold and 24-fold in OEX#1 and OEX#2, respectively) and the
WT fruits.

The immunogold labelling with the LM20 antibody showed
a similar spatial pattern of epitope distribution as in the case
of LM19 mAb. However, it should be added that the number
of labelled LM20 epitopes was lower compared to low methyl-
esterified HG. Generally, in the case of the transgenic lines and WT,
a decreased number of labelled epitopes was identified in the last
stage of the ripening process. Moreover, an increase in the content
of labelled HG epitopes in the cytoplasm was observed in the RR
stage. In contrast, the analyses of the fruits with the silenced
expression of the SIP4H3 gene in the BR stage revealed an almost
2-fold decrease in the amount of labelled epitopes in comparison
to WT. In turn, compared to WT, no significant changes in the
number of LM20 epitopes were detected in the fruits with the
overexpression of the SIP4H3 gene.

Cell wall glycome profiling using ELISA

The microscopic analyses showed differences between specific
epitopes in samples representing the different transgenic lines
in the BR and RR stages of fruit ripening, suggesting that the
glycome profiling using the ELISA facilitated better quantitative
visualization of changes in the cell wall components. The results
shown in Fig. 4 indicate the concentration of p-nitrophenol (PNP,
mg/ml) obtained through alkaline phosphatase activity linked to
the secondary antibody recognizing different primary antibodies.
Generally, numerous disorders in the content of all the analysed
constituents were confirmed, underlining the different degrees of
their presence in comparison to WT. The analysis of the results
obtained with the LM1 antibody revealed statistical differences
between the WT and transgeniclines in the BR stage. We observed
an increase in bound antibodies based on an increase in alkaline
phosphatase activity in OEX#1 and OEX#2 (15 and 10 mg/ml PNP,
respectively), compared to 5 mg/ml PNP in the case of WT. No
significant differences were identified between the samples anal-
ysed in the RR stage, except RNAi#7. The analysis of the samples
in the BR and RR stages allowed us to identify an increase in the
LM11 epitope content in the transgenic lines. The alkaline phos-
phatase activity increased from 3-5 to 5-8 mg/ml PNP. In the RG-I
analysis, an increase in LM16 epitopes was observed in the trans-
genic lines compared to WT. However, no significant changes in
the presence of LM16 epitopes were identified during the progress
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of the ripening process. The glycome profiling of low methyl-
esterified HG identified lower LM19 epitope content in the lines
with the overexpression of the SIP4H3 gene compared to WT. This
was confirmed by the increase in alkaline phosphatase activity
bound to antibodies from 6-11 to 11-14 mg/ml PNP. Surprisingly,
as in previous in vivo analyses of the OEX lines, an increase in the
number of LM19 labelled epitopes was observed as the ripening
process progressed. Interestingly, the number of LM20 epitopes
was lower than that of LM19 epitopes. The statistical analysis
of the presence of the LM20 epitopes at the beginning of the
ripening process showed no significant differences between the
transgenic lines and WT. During the ongoing ripening process, an
increased number of HG epitopes was observed in the transgenic
lines compared to WT.

In vitro binding assay with glycome profiling

The presented assay of ‘in vitro reaction’ between particular com-
ponents of the cell wall and isolated AGPs from tomato fruits
allows analyses of the potential binding between the components
in the in vitro environment. The immunoprinting on nitrocellulose
membranes shown in Table 1 demonstrates changes in the reac-
tion intensity representing the presence or absence of possible
binding. Overall, a strong signal of the immunoblotting reaction
was observed for the binding of AGPs to RG-1 and cellulose. In the
case of binding with RG-I, only the reaction with AGPs isolated
from RNAi#7 was slightly less intensive. In the other cases, the
strongest signal was recorded for AGPs isolated from the WT
and transgenic lines, regardless of the stage of ripening. In the
case of binding between cellulose and AGPs isolated from the WT
and RNAIi#7 line, the reaction indicates high signal intensity. An
exception was the samples from the OEX# fruit lines where there
was a low-intensity reaction.

The analysis of the AGP binding to commercial cell wall compo-
nents showed that xyloglucan and xylan did not yield an immuno-
printing reaction signal in the transgenic lines and WT. Interest-
ingly, the use of AGPs isolated from the fruits in different stages
of ripening had no significant effect on the presence of reactions
in the in vitro binding assay. It should be added that the increased
concentrations of the commercial cell wall components had no
effect on the binding with AGPs either.

The subsequent binding assay performed using the glycome
profiling approach confirmed the ability of AGPs to bind to
the cell wall components (Fig. 5a). The level of absorbance
demonstrates the presence/absence of binding between AGPs
and other cell wall components in vitro. Interestingly, the analysis
again showed binding between AGPs and RG-I, cellulose, and
arabinogalactan. The presence of binding of AGPs with the
analysed polysaccharides was represented as a heat map (Fig. 5b),
which helped to find differences between particular AGPs isolated
from the WT and transgenic lines and two distinct ripening
stages. The analysis of the AGP binding to arabinogalactan
showed an increase in absorbance in the transgenic lines with the
overexpression of the SIP4H3 gene. Similar results were obtained
in the analysis of binding to RG-I. In both RG-1 and AG, the level of
absorbance in the line with the silenced expression of the SIP4H3
gene was similar to thatin WT. In the case of the reaction between
AGPs and cellulose, a decrease in binding was found in the
transgenic lines, as the highest level of absorbance was recorded
in WT.

The lowest level of absorbance was determined for AGP binding
with xylan and xyloglucan. This analysis did not identify signifi-
cant differences in the binding of AGPs isolated from the different
ripening stages.
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Figure 4. ELISA of cell wall components extracted from the fruits of the WT plants and transgenic lines RNAi#7, OEX#1, and OEX#2 in different
ripening stages. ELISA with LM1, LM11, LM16, LM20, and LM19 antibodies. Different letters indicate significant differences amongst the WT and
transgenic lines within a specific antibody (one-way ANOVA and Tuckey’s HSD post hoc test with P < 0.05).

Table 1. Binding assay between commercial cell wall components (arabinogalactan, rhamnogalacturonan, xylan, xyloglucan, cellulose)

and AGPs isolated from the fruits of WT plants and transgenic lines RNAi#7, OEX#1, and OEX#2 in different ripening stages

Arabi 1 ‘ 1 Xylan Xyloglucan Cellulose
(mg/ml) (mg/m1) (mg/m1) (mg/m1) (mg/m1)

5 10 20 5 10 20 10 20 5 10 20 5 10 20

= = + + + -+ = - + + £ + + +

wT BR - - = + + + - - - - - + + +
RR - + + + + + - - = + + % + +

RNAI#7 BR = E - + + + - = = - = s + 4
RR = - = + + + - - - - + + -

OEX#1 BR = = = + + + = = = = = g +$ +
RR - - - + + + = = = = = B = =

OEX#2 BR - = o % 4 + - - - - - i + +
RR - = = 4 + + - - - - = + + &

Immunoprinting on nitrocellulose membrane using the JIM13 antibody. Abbreviations: BR, Breaker stage; RR, Red Ripe stage; ‘+’, high signal intensity; ‘+’, low

signal intensity; ‘-, no signal.
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Figure 5. Binding assay between commercial cell wall components (arabinogalactan, rhamnogalacturonan I, xylan, xyloglucan, cellulose) and AGPs
isolated from the fruits of the WT plants and transgenic lines RNAi#7, OEX#1, and OEX#2 (a) in different ripening stages. Glycome profiling with ELISA
using JIM13 antibody. Heat map analysis of binding of cell wall components with AGPs (b). The numerical value in the heat map is the level of
absorbance at 405 nm. Abbreviations: BR, Breaker stage; RR, Red Ripe stage; AG, arabinogalactan; RG-I, rhamnogalacturonan I; XYL, xylan; XG,

xyloglucan; CEL, cellulose.

Calcium amount at the tissue level

The analysis of calcium in the tomato tissue revealed a statisti-
cally significant increase in calcium ions during ripening in all the
transgenic lines and WT (Fig. 6). Compared to WT, higher content
of calcium-normalized mass was observed in the transgenic lines
with the progress of the ripening process. The representative spec-

tral plots helped to conduct an elemental composition analysis
directed at estimation of the total amount of calcium (Fig. 6). In
the case of the WT fruits, two EDS spectra at different peak levels
of the voltage range of elemental calcium were observed. In the
BR stage, the first one was the peak level of 400 x 0.001 cps/eV and
the other one was located at 50 x 0.001 cps/eV. Also, two peaks
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Figure 6. The spectral plots for the elemental composition of WT, RNAi#7, OEX#1, and OEX#2 tomato fruits.

at the levels of 300 x 0.001 cps/eV and 50 x 0.001 cps/eV were
observed in the RR stage. A very similar EDS spectrum with two
peaks for calcium was also observed in the tissue of the RNAi#7
line, but the peak levels were slightly lower in both BR and RR
stages. However, the spectra in the OEX#1 and OEX#2 lines were
the same in the BR and RR stages. Moreover, the peak levels were
noted at 200 x 0.001 cps/eV and 50 x 0.001 cps/eV, significantly
discriminating between the overexpressed line and the WT tissue.

By staining with the Fluo-3 AM indicator, the arrangement of
calcium ions in the fruit tissue was visualized and the cellular
changes occurring during the ripening process were determined

(Fig. 7). The analysis of the tissues from all the transgenic lines
and WT showed an increase in fluorescence intensity with the
progress of the ripening process. High amounts of calcium ions
were detected in epidermal layer cells in the RR stages in all the
examined lines, compared to the BR stages. It should also be added
that the fluorescence intensity in the fruit tissue of the lines with
the overexpression of the SIP4H3 gene was higher than in the WT
and RNAi#7 line.

The results obtained allowed us to confirm the previously pre-
sented data showing that the ripening process was accompanied
by changes in the distribution of calcium ions in the cell wall.
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ngure 7. The calcium arrangement in the cell wall assembly of the fruits of the WT plants and transgenic lines RNAi#7, OEX#1, and OEX#2 in different

ripening stages. Labelling with the Fluo-3 AM indicator imaged with CLSM

The prepared profiles are plots of the grey values of pixels along a
line drawn across the cells that measure the intensity of calcium
arrangement. The analyses of the profiles across the cell wall from
the tomato fruits showed a significant increase in fluorescence
intensity within the border of the cell wall-plasma membrane
continuum. The higher fluorescence signal at the border of the
cell wall was visible as one peak in the tissue of the WT and
transgenic lines in the BR stage. As is well known, the ripening
process disrupts the continuity of the cell wall. Analyses of cal-
cium distribution also allow finding structural changes, which are
confirmed by the lack of a single characteristic fluorescence peak.
In the RR stage, the plots of the grey value profile from the labelled
cell walls were featured as a disturbed pattern of numerous peaks
along the whole cell walls.

Discussion

The complex ripening process is inextricably linked with struc-
tural, morphological, and functional modifications of fruit tissue.
Genetically programmed changes during ripening include hor-
monal and ethylene regulations, cell wall loosening, polysaccha-
ride disruption, and pigment and aroma development [2]. Both
the interactions between cell wall components and their spatio-
temporal distribution have an impact on the proper functioning
of the whole cell assembly [70]. The progress of ripening is linked
with a lower cell-to-cell adhesion and changes in the cell wall
mechanical properties [33, 71, 72]. The degradation of polysac-
charides and linkages between the particular components cause
softening of the cell wall [1, 49, 73]. These changes mainly result
in the loss of fruit firmness [17].

Given the numerous studies on the cell wall in the successful
course of the ripening process, in the current paper, we intended

with plots of the grey value profile (marked with a red line)

to determine the effect of the lack of one cell wall component
on its assembly, which in turn affects the progress of the process.
Thus, tomato fruits with altered SIP4H3 expression and changed
AGP content and structure were used as the research material.
Detailed studies on AGP modifications in tomato fruits were
reported in our previous paper [67]. In the current paper, we
focused on other constituents of the APAP1

The starting point in our analysis was the finding of clear
morphological differences between the fruits of the WT and
transgenic lines. Regardless of whether we analysed the silencing
or overexpression of SIP4H3, the progress of the ripening process
resulted in a different appearance of the fruit tissue. This gives
grounds for concluding that the structure of the cell wall changed,
and the progression of processes related to ripening deviated from
the native process. The literature provides ample information
about the composition of the cell wall and changes caused by
fruit ripening. In the analysis of Lycium barbarum L. carried out by
Liu and coworkers, the content of cell wall polysaccharide compo-
nents decreased during the ripening process. This caused changes
in the structure of the cell wall with intercellular adhesion and the
resultant deformation of the parenchyma tissue [74]. Other stud-
ies carried out by Rosli and coworkers also confirmed decreased
amounts of polysaccharides during strawberry ripening [73]. In
summary, the reduction of cell wall components causes the dis-
appearance of adequate support for the fruit tissues, which leads
to the progression of softening [4, 74]. Other detailed analyses
allowed the conclusion that changes in the amount of cellulose
and hemicellulose have no significant effect on softening during
the ripening process, and mainly the amount of pectins and
the degree of their depolymerization and solubilization had an
effect on the modification of the cell wall during the ongoing
strawberry ripening [29, 73]. The data mentioned above were
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also confirmed in our work. The in situ and ex situ immunocyto-
chemical approaches demonstrated quantitative and qualitative
changes in the cell wall composition during the ripening process.
A higher number of analysed epitopes was detected in the BR
stage than in the RR stage, confirming the occurrence of degra-
dation processes during ripening. However, the modification of
P4H3 had an influence on the cell wall composition, and the
changes in its content correlated with the progress of ripening.
Firstly, the most pronounced disturbances were observed in the
case of HG. In-depth molecular analyses showed that low methyl-
esterified HG is the most distinctive component in the analysed
tomato fruit lines at the beginning and end of the examined
process. Low methyl-esterified HG (LM19) was present in much
higher amounts than high methyl-esterified HG (LM20). Moreover,
the ELISA, CLSM, and TEM analyses revealed that low methyl-
esterified HG was characterized by longer persistence (RR stage)
in the cell walls of the transgenic lines in comparison to WT.
Especially the results of the OEX lines indicate that low methyl-
esterified HG undergoes a slower degradation process with the
progress of ripening. As is known, low methyl-esterified HGs are
associated with the binding of calcium ions; thus, the obtained
data indicated the need to perform an analysis of the content of
calcium ions in the analysed tissues.

Subsequently, compared to WT, the cell walls of the trans-
genic lines had modified spatio-temporal distribution of par-
ticular components. In situ analyses were performed to verify
these changes during the ripening process. An immunofluores-
cence analysis carried out by Ning and coworkers demonstrated
changes in pectin localization during the banana fruit (Musa spp.)
ripening process. The JIMS (recognizes partially methyl-esterified
HG (up to 40%)) and JIM7 (recognizes methyl-esterified HG (40%-—
80%)) antibodies used in the study increased slightly with the
development of the fruits. In the case of JIM7, the signal of
immunofluorescence became stronger during the development
and was higher at harvest. However, after ripening, the signal
significantly decreased. It was also found that the amount of LM18
antibody epitopes (which recognizes low methyl-esterified HG)
was higher than that of JIM15 and JIM7 [25]. Recent evidence in
strawberries and tomatoes suggests that pectin disassembly is a
key factor in textural changes [22, 75]. A study on the abscission
zone (AZ) during olive fruit abscission (Olea europaea L.) found
that AZ cell separation was linked with the decreased level of
JIM19 epitopes (extensin). Moreover, JIM19 labelling was present
in the cell wall and the cytoplasm and absent in the cell junc-
tion regions [38]. In the present study, we found an increase in
immunofluorescence intensity in tissues of the lines with the
overexpression of the SIP4H3 gene. LM19 epitopes were mainly
present in the corners and cellular junctions in the BR stage,
changing the location to the intercellular area in the RR stage. The
location of another HG epitope, LM20, seemed to be interesting, as
it was densely distributed in the cellular junctions, but the signal
was significantly lower than in the case of LM19. The ripening
process mainly did not affect the distribution of this epitope. Nev-
ertheless, in the lines with the overexpression of the SIP4H3 gene,
we detected the occurrence of single conglomerates in the RR
stage. In the current study, the increased SIP4H3 expression also
affected extensin distribution causing increased signal intensity
in the cell wall. Extensins were visible as large conglomerates in
the cytoplasm compartments, but they were absent in WT. During
the progress of the ripening process, a decrease in the intensity of
LM1 epitopes was determined.

Another unique disorder was noted in the microscopic observa-
tions of xylan recognized by LM11. The analyses at the subcellular
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level demonstrated that the LM11 epitopes in both overexpression
lines were distributed mainly in the cell wall-plasma membrane.
In the WT fruits in the RR stage, the examined epitopes were noted
also in the cytoplasm. In the modified fruits, no such localization
of xylan was observed. Furthermore, in our study, a 20%-30%
increase in Xyl and a 10% increase in RG-I were determined in
the transgenic lines. We may conclude that this result also proves
a disturbance in the native degradation process of cell walls. An
explanation can be found in available studies in which the use
of mutants with the disrupted synthesis of different cell wall
components made it possible to determine the role of the cell wall
components in cell structure and function. Studies conducted by
Biswal and coworkers showed an accumulation of HG and RG-I
in the cell wall upon overexpression of the PtGAUT12.1 gene in
Populus deltoides. Moreover, the analyses of the PtGAUT12.1 gene
also showed a 14%-20% increase in Xyl and a 12%-17% increase in
GalA. This process was accompanied by a reduction in the amount
of galactose (Gal), Man, and Glc. The study also found that the
tested polymers were distributed more tightly in the cell walls,
which affected the plant height [76]. The study carried out by
Pefia and coworkers presented a modified xylan localization and
distribution pattern in Arabidopsis thaliana irregular xylem8 (irx8)
mutant, which had an impact on the morphology of plant tissue
[77, 78]. In addition, the new xylan distribution pattern exerted
an effect on the interactions between xylan and pectin polymers
[79]. Thus, results obtained suggested that changes in expression
of SIP4H3 gene may affect other cell wall components. This is most
likely due to the resulting disruption in the amount and function
of AGPs. Fragkostefanakis and coworkers determined the effect of
modifying P4Hs activity on the distribution of xylan and pectins
in leaf epidermal cells [80].

SIP4H1, SIP4H7, and SIP4H9 gene silencing was associated with
a decreased amount of the JIM8 epitope (AGP) as well as the
JIM11 epitope (extensin) in the case of the last two genes [80]. A
study on S. lycopersicum presented changes in the morphology of
leaf epidermal cells probably as a result of the modification of
the xyloglucan and pectin epitope distribution. In addition, the
results obtained are most likely related to changes in AGPs and
extensins because they are covalently linked to other cell wall
polymers [80]. The results obtained by Nibbering and coworkers
indicate that AGPs may affect cell wall matrix properties [81], and
defects in AGP synthesis may cause changes in the structure and
function of the cell wall [82]. Therefore, the use of GH43 loss-of-
function (the glycosyl hydrolase 43 family) mutants of A. thaliana
(gh43null) allowed determination of the contents of cellulose,
hemicellulose, and pectic sugars during AGP changes. The amount
of these polymers was similar in gh43null and WT, but there
were changes in their distribution and localization. In addition,
increased signal intensity of the COMMP microarray was observed
for the pectin (LMS), xyloglucan (LM2S), and extensin (JIM20)
antibodies. These results indicated that the defect caused by the
loss of GH43 activity had an impact on the abundance of cell
wall-associated AGPs and on the content of other polymers [81].
Our previous analyses also confirmed the presence of a different
amount of AGPs in fruit of lines with overexpression and silencing
of the SIP4H3 gene compared to WT [67]. The analyses of the
overexpression of the SIP4H3 gene showed that the increased P4H3
enzyme activity resulted in a higher number of AGP epitopes [67].
In the current research, we observed a disorder in the amount of
all the epitopes tested in the lines with the modified SIP4H3 gene.
This correlation persisted during the ripening process. Therefore,
it can be hypothesized that changes in the quantity and quality
of AGPs affect other cell wall components. Mentioned disorders
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can disrupt fruit ripening. A great example of this might be the
Cnr mutant, in which the aberrant localization of polysaccharide
domains occurred in the cell wall, but cell wall swelling did not
occur during the ripening process. In addition, in the mutant cells,
there was no degradation process that takes place during proper
ripening. It can be concluded that Cnr mutants exhibited a blocked
progress of the fruit ripening process [31]. The complex structure
of the cell wall with high interactions between its components
is important for maintaining tissue firmness, and changing their
binding ability can induce irreversible changes [29, 45, 48].

The second step of the work was to determine whether AGP
from the modified fruits could be related to ex situ binding to
other constituents. Nibbering and coworkers put forward a similar
theory that APAP1 and/or cell wall-bound AGPs are targets of
GH43 activity, and their modification changes the structure of the
cell wall [81]. The APAP1 is a proteoglycan in which AGP binds
to matrix polysaccharides [45]. Thus, the structure and function
of the cell wall are affected by the present polymers and the
bonds between them. However, the complete spectrum of binding
is not definitively known [45, 48]. To determine the effect of the
modifications of the APAP1 core protein on the whole cell wall
structure, SALK_070113c/apapap1-3 and SALK_002144/apapapl-4
mutants were created. Using the glycome profiling method, a
5- to 83-fold increase in RG-I and HG epitopes and a 9- to 49-
fold increase in xylan, compared to WT, were determined. Also,
higher amounts of Rha and GalA were detected in addition to
the increase in pectin and xylan in mutant extracts. Moreover,
the analyses indicated less tight binding of these polymers to the
cell wall due to the absence of the core protein [45]. Taking into
account previous analyses and the hypothesis that AGPs have the
ability to bind with other polymers, we conducted in vitro binding
tests of extracted AGPs and commercial cell wall components. Our
results indicated the ability of AGPs to bind with RG-I, AG, and
cellulose. AGPs were found to have the lowest binding affinity
to xylan. This was most likely related to the ability of xylan to
bind to RG-I, but not AGPs, in the APAP1, as demonstrated by
Tan and coworkers [45]. Whilst comparing the results obtained
from the AGPs extracted from the fruits of the transgenic lines
and WT, we detected stronger binding to RG-I and AG in the case
of AGPs extracted from the overexpression lines. The analysis
confirmed the AGP binding to AG and RG-I as showed that the
intensity of the immunoreactions was higher than in the case of
AGPs extracted from WT. Our data are in line with a study carried
out by Hijazi and coworkers [83]. The authors also found in vitro
interactions between AGP31 and commercial saccharides, mainly
RG-I, cellulose, AG, and xylan. Hence, we can hypothesize that
the APAP1 is a proteoglycan whose undisturbed structure allows
proper mechanisms to take place in the cells.

The last phase of our work was to assess the content of calcium
jons in the examined fruits. It is well known that pectins and
AGPs have the ability to bind Ca’* and form intramolecular and
intermolecular calcium bridges [48, 53-56]. Research performed
by Ajayi and coworkers in glcat14 mutants showed a ~50% reduc-
tion in the amount of GlcA with a corresponding increase in
galactose content and a significant reduction in calcium con-
tent [60]. Another study performed by Lopez-Hermandez and
coworkers showed that glucuronidation of AG polysaccharides
had an effect on the AGP-Ca’* interaction [53]. The triple mutants
(glcat14a/b/d and glcati4a/b/e) exhibited a significant decrease in
the glucuronidation level, compared to the single and double
mutants. Consequently, this had an impact on Ca?! binding, as
an 80% reduction in Ca’* binding in triple mutants was shown,
in contrast to WT. Also, in the case of the double and triple

mutants, the authors observed numerous developmental and
morphological defects [53]. Considering the information about the
ability of pectins to bind Ca”* [56] and the results of the study, the
authors proposed a theory that GlcA, which bind AGPs and pectins
in the APAP1, have an effect on cell wall integrity and cell-to-cell
signalling [53]. In our study, we determined an increase in the
calcium content during the ripening process, which was similar to
the results obtained by Hyodo and coworkers. Their observations
performed with the use of quantitative imaging by secondary ion-
microprobe mass spectrometry (SIMS) confirmed the presence of
Ca?* bound by pectins in tomato fruits [29]. In all the samples of
the transgenic lines and WT, the amount of calcium was higher in
the RR stage compared to the beginning of the ripening process.
However, the analysis of the calcium content in the cell wall of
the transgenic lines confirmed the increase in the amount of this
element, in comparison to WT. The SEM-EDS analysis allowed a
conclusion that, in the overexpression lines, the changes in the
calcium distribution as a result of ripening progress were less vis-
ible, and signals indicating calcium occurrence were observed in
the whole cell surface. Given our earlier results on higher content
of HG in modified lines, we may conclude that it is related to the
binding affinity between calcium and pectins. An explanation of
the obtained data may be provided by the information published
in previous reports, in which the changes in the content of pectins
and AGPs had a direct effect on the amount and distribution of
Ca?* ions in plant cells [57, 84].

Fruit ripening is a developmental programme strictly regulated
by hormones, mainly ethylene as well as abscisic acid, jasmonic
acid, and brassinosteroids [85-90]. An Arabidopsis P4H3 might be
implicated in the oxygen-sensing pathway, and its function in
plants under low oxygen has been examined [91]. In turn, oxygen
sensing is coordinated by the regulation of ERF protein stability
(Ethylene Response Factor) cluster of transcription factors [92, 93].
Moreover, several AGPs are upregulated during fruit ripening in
tomato [7, 40, 44] suggesting putative regulation by climacteric
ethylene. In this context, changes in the molecular properties of
AGPs as a result of modification in P4H3 activities are associated
with the assembly of the entire fruit cell wall, and we assume
that the molecular changes in the cell walls may be regulated
by ethylene through changes in the organization of the individual
components. Such observations outline further research perspec-
tives aimed at determining a pathway for subsequent changes
in fruit metabolism and structure along with all factors that
influence the fruit pericarp tissue. Correlations between oxygen
concentration, ethylene level, ripening stage, P4H3 activity, AGP
changes, and disruption in APAP1 organization are completely
new and require extensive research.

Conclusion

Overall, these results support the hypothesis that AGPs and
pectins are responsible for the proper progression of the
physiological ripening process occurring in fruits. Disorders in
their quantity, structure, and temporal-spatial distribution can
disrupt fruit ripening.

Here, we presumed the following order of events in response to
changed SIP4H3 expression: (1) Disruption of the AGP molecular
structure causes changes in their localization in the cell
wall-plasma membrane continuum [67]. Alterations in spatio-
temporal AGP distribution affect the creation of connections
between AGPs and other cell wall components that are included in
the APAP1. (2) The disorder in the typical presence of low methyl-
esterified homogalacturonan affects the presence of calcium ions
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in the cell wall compartments. (3) In turn, the modified structure
of the cell wall matrix induces morphological variations during
the progression of the ripening process.

Material

Tomato plants (Solanum lycopersicum cv. ‘Ailsa Craig’) were grown
in a greenhouse (Greece). The objects of the study were fruits in
different stages of the ripening process. The ripening stages were
classified by alternations in fruit colour [94, 95]. The first stage is
Breaker (BR)—tomatoes have a pale-green colour. The next stage
is Turning (TU) when tomatoes have a pale-pink colour on 10%-
30% of the surface, and Pink (PINK) when 60% of the surface of
tomatoes has a red colour. The last stage is Red Ripe (RR) when
the entire fruits are red [95].

In the present study, we used transgenic lines with modi-
fied expression of the SIP4H3 gene [68]. Lines with the over-
expression of the SIP4H3 gene (OEX#1 and OEX#2), which are
characterized by increased activity of the P4H3 enzyme, were
studied. For contrast, a line with silenced SIP4H3 gene expres-
sion (RNAi#7), which is characterized by significantly decreased
activity of the P4H3 enzyme, was analysed. A detailed description
of the P4H3 effect on AGP structure was studied in our previ-
ous work [67]. Moreover, preliminary experiments suggested that
there are differences in the postharvest behaviour of tomato fruits
from the SIP4H3 RNAi#7, OEX#1, and OEX#2 lines. Fruits were
harvested at the Breaker+3 days and stored at 23°C for 1 month.
A higher degree of fruit epidermis shrivelling was observed for
both the overexpression and silencing lines whilst the softening
seemed to be delayed compared to the wild type (WT). However,
these experiments need to be further validated using a texture
analyser.

Methods

Immunofluorescence labelling and CLSM
imaging

The immunofluorescence method is used to evaluate changes in
the cellular localization of APAP1 components in fruits in differ-
ent ripening stages. Monoclonal antibodies recognizing extensin
(LM1), xylan (LM11), RG-I (LM16), low methyl-esterified HG (LM19),
and high methyl-esterified HG (LM20) epitopes were selected
in this work. Samples were prepared according to the protocol
described in our previous paper [96], i.e. fixation in paraformalde-
hyde (2%, Sigma, USA) and glutaraldehyde (2.5%, Sigma, USA),
dehydration in a graded series of ethanol solutions, polymer-
ization in LR White (Sigma, USA), and cutting into 1-um-thin
sections using a ultramicrotome (PowerTome XL, RMC Boeckeler,
USA). The semi-thin sections were placed on poly-L-lysine-coated
glass slides (Sigma Aldrich, USA) and preincubated using bovine
serum albumin (2% BSA; Sigma, USA) for 30 minutes at room
temperature (RT). After the washing steps, the sections were incu-
bated with the primary antibody (diluted 1:50; Goat Anti-Rat-IgM,
Kerafast, USA) overnight at 4°C. The next day, after the washing
step, the sections were incubated with secondary Alexa Fluor
488 antibodies (diluted 1:200; Thermo Fisher Scientific, Denmark)
overnight at 4°C. Then, the sections were counterstained with
Calcofluor White (Sigma Aldrich, USA). In the control reaction,
labelling with the primary antibody was omitted. An Olympus
BXS1 CLSM microscope with software FluoView v. 5.0. (Olympus
Corporation, Tokyo, Japan) was used for imaging. Figures were
prepared using the CorelDrawX6.

Kutyrieva-Nowak etal. | 13

Immunogold labelling and TEM imaging with
quantitative analysis

Immunogold labelling of APAP1 components helps to identify
changes in their localization at the subcellular level during the
fruit ripening process. As in the CLSM analysis, we used LM1,
LM11, LM16, LM19, and LM20 antibodies. Ultrathin sections were
prepared using a diamond knife-equipped ultramicrotome (Pow-
erTome XL, RMC Boeckeler, USA) and placed on nickel grids with
formwar film. Then, the grids were preincubated using 1% BSA
for 30 minutes at RT, then incubated with the primary antibody
(1:10) for 3 hours at 37°C as well as with the secondary antibody
diluted (1:50; Anti-Rat-IgG — Gold antibody; Sigma, USA) for 1 hour
at 37°C. Before microscopic analysis, the grids were stained with a
1% uracyl acetate solution and Reynold’s reagent for 10 and 7 min-
utes, respectively. Control reactions were carried out by omitting
the primary antibody. A TEM Zeiss EM900 transmission electron
microscope operating at 80-kV acceleration voltage (Carl Zeiss
AG, Oberkochen, Germany) equipped with a digital camera and
software ImageSP v. 1.1.2.5 was used. The quantitative analysis
revealed the correlation between the number of gold particles per
1-um? area of the cell compartment. The labelling density of the
gold particles on the same size micrographs (2048 x 2048 pixels
square) was counted with ImageJ v. 1.51.

Cell wall glycome profiling — ELISA test

Enzyme-linked immunosorbent assay (ELISA) is a test for quali-
tative and quantitative glycan epitope profiling [96]. The prepre-
pared samples (homogenized fruit tissue in liquid nitrogen and
diluted in PBS with subsequent centrifugation at 6000 rpm for
15 minutes and 15000 rpm for 15 minutes at RT) were added
to each well on a 96-well plate (NaxiSorpTM flat-bottom, Sigma-
Aldrich, USA) and incubated for immobilization for 72 hours at
37°C with shaking (350 rpm). Then, the coated plate was washed
with PBS and preincubated using 0.1% BSA for 1 hour at 37°C
in a plate lab shaker. After the blocking and washing steps, the
plate was incubated with the primary antibody (1:20) for 1 hour
at 37°C and with the secondary antibody, Anti-Rat-IgG conjugated
with alkaline phosphatase (AP) (Sigma-Aldrich, USA) (1:500) for
1 hour at 37°C. The enzymatic reaction was run in the dark using
a solution of p-nitrophenol phosphate (PNPP; Thermo Scientific).
The absorbance at 405 nm was measured using an ELISA reader
(MPP-96 Photometer, Biosan) and analysed with Statistica tools
(Statistica v.13; TIBCO Software Inc. USA). Alkaline phosphatase
activity was determined by the release of p-nitrophenol (PNP;
Thermo Scientific) ions from PNPP. The reaction was carried out
for 10 minutes at RT and then stopped by adding 2 M NaOH. In
an alkaline medium, PNP takes on a yellow colour. The amount
of PNP ions released was calculated from a calibration curve
with the calibration coefficient y=0.0808x, R? = 0.9854. Analysis of
variance (one-way ANOVA) and Tukey's Honestly Significant Dif-
ference (HSD) post hoc test were used to compare the mean results.
In all the analyses, the significance level was set at P <0.05.

In vitro binding assay — immunoprinting on the
nitrocellulose membrane

The in vitro binding assays of AGPs extracted from the fruits with
Yariv Reagent (B-GlcY; Biosupplies, Australia) with commercial
cell wall components on nitrocellulose membranes were carried
out according to the protocol prepared by Hijazi [83] and Moller
[97]. To isolate AGPs, frozen fruit tissue was homogenized, mixed
with 2% CaCl,, and incubated at RT for 3 hours. After the incuba-
tion step, the homogenate was centrifuged (10 000 rpm 30 minutes
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at RT) and the supernatant was collected. B-GlcY in 2% CaCl, was
added to the supernatant (an equal volume to the supernatant)
and incubated at RT overnight. After the incubation step, the
supernatant was centrifuged (2000 rpm 15 minutes at RT) and
next the precipitate was collected. The precipitate was mixed with
sodium metabisulphite and heated at 50°C to reduce the diazo
linkage. The solution was dialysed (dialysis tubing, 12-kDa MW
cut-off, 32 mm flat width; Sigma, USA) for 48 hours. Finally, the
resulting dialysate was freeze-dried. Samples of commercial cell
wall components (concentration 5-20 mg/ml) were dotted onto a
preprepared nitrocellulose membrane (PVDF) (Thermo Scientific,
USA) and incubated for 30 minutes at RT. In the present work, the
following elements of the APAP1 were selected: arabinogalactan
(Megazyme, USA), rhamnogalacturonan (Megazyme, USA), par-
tially acetylated xylan (Megazyme, USA), xyloglucan (Megazyme,
USA), and cellulose (Sigma, USA) to check the ability to bind with
the isolated AGPs. After washing with Tris-buffered saline (TBST,
7.6 pH), the membrane was incubated with the solution of isolated
AGPs (a concentration of 20 pg/ml was selected experimentally)
overnight at 4°C. After the washing steps, the membrane was
blocked using 3% BSA in TBST for 1 hour at RT. After the block-
ing and washing steps, the membrane was incubated with the
primary antibody diluted in 1.5% BSA (1:200) for 2 hours at RT
and with the secondary antibody diluted in 1.5% BSA (1:1000) for
1 hour at RT. The membrane was treated with 20 ml of AP buffer
with substrates: 9 mg of nitro-blue tetrazolium (NBT; Sigma,
USA) in 0.3 ml of water and 0.7 ml of N, N-dimethylformamide
(DMF; Thermo Scientific, USA) and 4 mg of 5-bromo-4-chloro-3-
indolylphosphate (BCiP; Sigma, USA) in 1 ml of water. Measure-
ments and analysis of colour intensity were carried out using
GelDoc Go Imaging System (Bio-Rad, USA) and Image Lab Soft-
ware V. 6.1 (Bio-Rad, USA). Data for each sample were obtained
from the results of three independent experiments and repre-
sented in the table as the presence and absence of binding. The
measurements were classified into 3 categories: ‘+’ - high signal
intensity, ‘+' - low signal intensity, and -’ — no signal.

Binding assay and screening by ELISA

The results of the binding assay described by Biswal and cowork-
ers [76] based on the use of glycome profiling with screening with
ELISA-based monoclonal antibodies were shown in histograms
and heat maps. Samples of commercial cell wall components ata
concentration of 20 mg/ml were added to each well on a 96-well
plate and incubated for immobilization for 72 hours at 37°C with
shaking (350 rpm). Then, the coated plate was washed with PBS,
and AGP solutions (concentration 20 pg/ml) were added to each
well overnight at RT. After blocking with 0.1% BSA for 1 hour and
washing steps, the plate was incubated with the primary antibody
diluted in PBS (1:20) for 1 hour at 37°C and with the secondary
antibody Anti-Rat-1gG conjugated with AP diluted in PBS (1:500)
for 1 hour at 37°C. After the washing step, the enzymatic reaction
was run in the dark using PNPP; the reaction was then stopped
with 2 M NaOH. The absorbance at 405 nm was measured using
an ELISA reader (MPP-96 Photometer, Biosan) and analysed with
Microsoft tools. The heat map presenting the colour intensity is
proportional to the numerical value of absorbance.

Estimation of the calcium amount at the tissue
level - SEM-EDS

The elemental composition analysis was performed with the
use of the energy-dispersive X-ray microanalysis method and
scanning electron microscope (SEM). The surface of the fruit
sample was examined using energy-dispersive X-ray spectroscopy

(EDS) with a Bruker X-ray detector equipped with an SEM with
operating conditions of the electron microprobe of 20 kV (SEM,
Zeiss Ultra Plus, Oberkochen, Germany). After the fixation step
(2% paraformaldehyde and 2.5% glutaraldehyde), the samples
were washed 2 times in PBS and dehydrated in a graded ethanol
series. Next, the samples were dried in a critical point dryer using
liquid CO, to redraw water (CPD7501, Polaron Range, UK) and
coated with gold using a sputter coater. SEM-EDS imaging allows
semiquantitative measurements of the amount of calcium. Each
sample had at least five replicates of X-ray line scans, and then
data analysis was done as in Li and coworkers [98].

Determination of the intracellular calcium level -
Imaging with the Fluo-3 AM indicator

As in the studies performed by Li [98] and Qiu [99], the Fluo
3-AM (Sigma Aldrich, USA) indicator was used as a reagent to
detect the localization of calcium at the cellular level and to
estimate the different calcium content by measurement of the
fluorescence intensity. Briefly, slices of the fruits were rinsed
twice with dimethyl sulfoxide (DMSO; Sigma Aldrich, USA) and
incubated in a working solution of Fluo 3-AM for 2 hours at 4°C in
darkness. The Fluo 3-AM (1 mMin DMSO) was mixed with Pluronic
F-127 (10% solution in DMSO; Thermo Fisher Scientific). Calcium
detection was performed using an Olympus BX51 Confocal Laser
Scanning Microscope equipped with software Fluo-View v. 5.0.
(Olympus Corporation, Tokyo, Japan). The plots of the grey value
profile were counted with Image]J 1.51 software.
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11. Oswiadczenia

INSTYTUT

PN TR hr

HR EXCELLENCE IN RESEARCH

Lublin, 08.01.2025
mgr Nataliia Kutyrieva-Nowak
Zaktad Fizykochemii Materiatow Porowatych
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Dos$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w nizej wymienionych pracach inicjatywa podjecia
badan jest moim wktadem intelektualnym:

P.1: Kutyrieva-Nowak N., Leszczuk A., Zdunek A. 2023. A practical guide to in situ and
ex situ characterisation of arabinogalactan proteins (AGPs) in fruits. Plant Methods, 19: 117.

P.2: Kutyrieva-Nowak N., Leszczuk A., Zajgc A., Kalaitzis P., Zdunek A. 2023.
Arabinogalactan protein is a molecular and cytological marker of particular stages
of the tomato fruit ripening process. Scientia Horticulturae, 310: 111718.

P.3: Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajgc A., Szymarnska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P., Zdunek
A. 2024. The modified activity of prolyl 4 hydroxylases reveals the effect of arabinogalactan
proteins on changes in the cell wall during the tomato ripening process. Frontiers in Plant
Science, 15: 1365490.

P.4: Kutyrieva-Nowak N., Leszczuk A., Denic D., Bellaidi S., Blazakis K., Gemeliari P.,
Lis M., Kalaitzis P., Zdunek A. 2024. In vivo and ex vivo study on cell wall components
as part of the network in tomato fruit during the ripening process. Horticulture Research, 11:
uhael45.

Moj wklad w ponizsze prace obejmowal:

szczegdtowa analizg danych literaturowych,

wspotudzial w opracowaniu koncepcji badan,

wspotudziat w opracowaniu metodyki wykorzystanej w badaniach,
przeprowadzenie zaplanowanych badan laboratoryjnych,

analize i interpretacje wynikow badar,

statystyczne i graficzne opracowanie danych,

przygotowanie manuskryptu,

wspbtudzial w edycji i korekcie manuskryptu,

uczestnictwo w odpowiedziach do recenzentéw.

Antoliia. Hckpuist Lowrk
Czytelny podpis

Instytut Agrofizyki ul. Do$wiadczalna 4 tel.: 81 744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin e-mail: sekretariat@ipan.lublin.pl
Polskiej Akademii Nauk
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INSTYTUT

Py hr

HREXCELLENCE IN RESEARCH

Lublin, 08.01.2025

dr hab. Agata Leszczuk

Zaktad Fizykochemii Materiatow Porowatych
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w nizej wymienionych pracach inicjatywa podjecia
badan jest wkladem intelektualnym mgr Natalii Kutyrieva-Nowak:

P.1: Kutyrieva-Nowak N., Leszczuk A., Zdunek A. 2023. A practical guide to in situ and
ex situ characterisation of arabinogalactan proteins (AGPs) in fruits. Plant Methods, 19: 117.

P.2: Kutyrieva-Nowak N., Leszczuk A., Zajac A., Kalaitzis P., Zdunek A. 2023.
Arabinogalactan protein is a molecular and cytological marker of particular stages
of the tomato fruit ripening process. Scientia Horticulturae, 310: 111718.

P.3: Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajac A., Szymanska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P., Zdunek
A. 2024. The modified activity of prolyl 4 hydroxylases reveals the effect of arabinogalactan
proteins on changes in the cell wall during the tomato ripening process. Frontiers in Plant
Science, 15: 1365490.

P.4: Kutyrieva-Nowak N., Leszczuk A., Denic D., Bellaidi S., Blazakis K., Gemeliari P.,
Lis M., Kalaitzis P., Zdunek A. 2024. In vivo and ex vivo study on cell wall components
as part of the network in tomato fruit during the ripening process. Horticulture Research, 11:
uhael45.

M¢j wklad w powyzsze prace polegat na:

pelieniu funkcji kierownika Projektu, w ramach ktérego realizowano badania,
okre$leniu problematyki i zakresu badan,

opracowaniu koncepcji badan zgodnie z zatozeniami realizowanego Projektu,
zapewnieniu materiatéw i aparatury umozliwiajacych realizacj¢ badan,
wspotudziale w przeprowadzeniu badan oraz interpretacji wynikéw badan,
nadzorowaniu procesu przygotowania manuskryptu,

wspotudziale w edycji i korekcie manuskryptu,

petnieniu funkcji autora korespondencyjnego.

Jednoczesnie wyrazam zgode, aby prace zostaly wykorzystane w rozprawie doktorskiej

mgr Natalii Kutyrieva-Nowak.

Czytelny podpis

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81 744 50 61 ivanlubiinol
im. Bohdana Dobrzanskiego 20-290 Lublin e-mail: sekretariat@ipan.lublin.pl -pan.iu P

Polskiej Akademii Nauk
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Chania, 08.01.2025

Panagiotis Kalaitzis, PhD

Studies & Research Coordinator

Department of Horticultural Genetics & Biotechnology
Mediterranean Agronomic Institute of Chania

Alsyllio Agrokepio, 1 Makedonias str Chania,

Crete, 73100 Greece

Statement

I declare that in the publications listed below, the initiative to undertake the research
is the intellectual contribution of MSc Nataliia Kutyrieva-Nowak:

P.2: Kutyrieva-Nowak, N., Leszczuk, A., Zajac, A., Kalaitzis, P., Zdunek, A., 2023.
Arabinogalactan protein is a molecular and cytological marker of particular stages of the
tomato fruit ripening process. Scientia Horticulturae 310, 111718.

P.3: Kutyrieva-Nowak, N., Leszczuk, A., Ezzat, L., Kaloudas, D., Zajac, A., Szymanska-
Chargot, M., Skrzypek, T., Krokida, A., Mekkaoui, K., Lampropoulou, E., Kalaitzis, P.,
Zdunek, A., 2024. The modified activity of prolyl 4 hydroxylases reveals the effect
of arabinogalactan proteins on changes in the cell wall during the tomato ripening process.
Frontiers in Plant Science 15, 1365490.

P.4: Kutyrieva-Nowak, N., Leszczuk, A., Denic, D., Bellaidi, S., Blazakis, K., Gemeliari,
P., Lis, M., Kalaitzis, P., Zdunek, A., 2024. In vivo and ex vivo study on cell wall components
as part of the network in tomato fruit during the ripening process. Horticulture Research 11,
uhael45.

My contribution and my research team, including:
Lamia Ezzat, Dimitris Kaloudas, Afroditi Krokida, Khansa Mekkaoui, Evangelia
Lampropoulou, Dusan Denic, Samia Bellaidi, Kostas Blazakis, Petroula Gemielari

to the above works involved:

* Preparation, cultivation, and genetic characterization of the research material.

I hereby give my consent for the publications to be used in the doctoral dissertation
of MSc Nataliia Kutyrieva-Nowak.

Signature
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Lublin, 08.01.2025

dr Adrian Zajac

Katedra Anatomii Funkcjonalnej i Cytobiologii
Wydziat Biologii i Biotechnologii

Uniwersytet Marii Curie-Sklodowskiej

ul. Akademicka 19, 20-400 Lublin

Oswiadczenie

Niniejszym oswiadczam, ze w nizej wymienionych pracach inicjatywa podjgcia
badan jest wktadem intelektualnym mgr Natalii Kutyrieva-Nowak:

P.2: Kutyrieva-Nowak N., Leszczuk A., Zajac A., Kalaitzis P., Zdunek A. 2023.
Arabinogalactan protein is a molecular and cytological marker of particular stages
of the tomato fruit ripening process. Scientia Horticulturae, 310: 111718.

P.3: Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajac A., Szymanska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P.,
Zdunek A. 2024. The modified activity of prolyl 4 hydroxylases reveals the effect of
arabinogalactan proteins on changes in the cell wall during the tomato ripening process.
Frontiers in Plant Science, 15: 1365490.

Moj wktad w powyzsze prace polegal na:
e wspoludziale w interpretacji wynikow badan.

Jednoczesnie wyrazam zgodg, aby prace zostaty wykorzystane w rozprawie doktorskiej
mgr Natalii Kutyrieva-Nowak.

AOL;M » I("ﬁ'/

tzyte‘ny podpis
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Lublin, 08.01.2025

dr hab. Monika Szymanska-Chargot

Zaklad Mikrostruktury i Mechaniki Biomateriatéw
Instytut Agrofizyki im. Bohdana Dobrzaiskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, Zze w nizej wymienionej pracy inicjatywa podjecia badan
Jest wkladem intelektualnym mgr Natalii Kutyrieva-Nowak:

P.3: Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajac A., Szymarniska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P., Zdunek
A. 2024. The modified activity of prolyl 4 hydroxylases reveals the effect of arabinogalactan

proteins on changes in the cell wall during the tomato ripening process. Frontiers in Plant
Science, 15: 1365490.

Moj wkiad w powyzsze prace polegat na:

e przeprowadzeniu analiz strukturalnych za pomoca spektroskopii w podczerwieni
z transformacja Fouriera (FTIR),

e wspbludziale w interpretacji wynikéw badan.

Jednocze$nie wyrazam zgode, aby prace zostaly wykorzystane w rozprawie doktorskiej

mgr Natalii Kutyrieva-Nowak.
fusede— ymacits” @”«ﬂ’_
/ [} Czytelny podpis
Instytut Agrofizyki ul. Doswiadczalna 4 tel.: §1 744 50 §1 ) ) www.ipan.lublin.pl
im. Bohdana Dobrzarskiego 20-290 Lublin e-mail: sekretariat@ipan.lublin.pl

Polskiej Akademii Nauk
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Lublin, 08.01.2025

dr hab. Tomasz Skrzypek prof. KUL

Katedra Biomedycyny i Badan Srodowiskowych
Instytut Nauk Biologicznych

Wydzial Medyczny

Katolicki Uniwersytet Lubelski Jana Pawla II

ul. Konstantynéw 1 H, 20-708 Lublin

Oswiadczenie

Niniejszym o$wiadczam, Ze w nizej wymienionej publikacji inicjatywa podjgcia
badan jest wkladem intelektualnym mgr Natalii Kutyrieva-Nowak:

P.3: Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajac A., Szymanska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P., Zdunek
A.2024. The modified activity of prolyl 4 hydroxylases reveals the effect of arabinogalactan
proteins on changes in the cell wall during the tomato ripening process. Frontiers in Plant
Science, 15: 1365490.

Moj wklad w powyzsza praceg polegat na:
e wspoludziale w wykonaniu analiz mikroskopowych za pomocg transmisyjnego
mikroskopu elektronowego (TEM) oraz skaningowego mikroskopu elektronowego
(SEM).

Jednoczesnie wyrazam zgodg, aby prace zostaly wykorzystane w rozprawie doktorskiej
mgr Natalii Kutyrieva-Nowak.

Jlaf )-—

Czytelny podpis
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Lublin, 08.01.2025

dr Magdalena Lis

Katedra Biomedyeyny i Badan Srodowiskowych
Instytut Nauk Biologicznych

Wydzial Medyczny

Katolicki Uniwersytet Lubelski Jana Pawla II

ul. Konstantyndw 1 H, 20-708 Lublin

Osdwiadezenie

Niniejszym odwiadczam, Zze w nizej wymienionej publikacji inicjatywa podjecia
badan jest wkladem intelektualnym mgr Natalii Kutyrieva-Nowak:

P.4: Kutyrieva-Nowak N., Leszczuk A., Denic D., Bellaidi S., Blazakis K., Gemeliari P.,
Lis M., Kalaitzis P., Zdunek A. 2024. f» vivo and ex vivo study on cell wall components

as part of the network in tomato fruit during the ripening process. Horticulture Research, [1:
uhael43.

Moj wklad w powyzsze prace polegal na:
e wspoludziale w wykonaniu analiz mikroskopowych za pomocg transmisyjnego
mikroskopu elektronowego (TEM).

Jednoczes$nie wyrazam zgode, aby prace zostaly wykorzystane w rozprawic doktorskiej
mgr Natalii Kutyrieva-Nowak.

¢ & éfﬂr/p/’e?/z.c Loz
g Czytelny podpis
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Lublin, 31.01.2025

prof. dr hab. Artur Zdunek

Zaktad Mikrostruktury i Mechaniki Biomateriatow
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o§wiadczam, ze w nizej wymienionych pracach inicjatywa podjecia
badan jest wktadem intelektualnym mgr Natalii Kutyrieva-Nowak:

P.1: Kutyrieva-Nowak N., Leszczuk A., Zdunek A. 2023. A practical guide to in situ and
ex situ characterisation of arabinogalactan proteins (AGPs) in fruits. Plant Methods, 19: 117.

P.2: Kutyrieva-Nowak N., Leszczuk A., Zajac A., Kalaitzis P., Zdunek A. 2023.
Arabinogalactan protein is a molecular and cytological marker of particular stages
of the tomato fruit ripening process. Scientia Horticulturae, 310: 111718.

P.3: Kutyrieva-Nowak N., Leszczuk A., Ezzat L., Kaloudas D., Zajac A., Szymanska-
Chargot M., Skrzypek T., Krokida A., Mekkaoui K., Lampropoulou E., Kalaitzis P., Zdunek
A. 2024. The modified activity of prolyl 4 hydroxylases reveals the effect of arabinogalactan
proteins on changes in the cell wall during the tomato ripening process. Frontiers in Plant
Science, 15: 1365490.

P.4: Kutyrieva-Nowak N., Leszczuk A., Denic D., Bellaidi S., Blazakis K., Gemeliari P.,
Lis M., Kalaitzis P., Zdunek A. 2024. In vivo and ex vivo study on cell wall components
as part of the network in tomato fruit during the ripening process. Horticulture Research, 11:
uhael45.

Moj wkiad w powyzsze prace polegat na:
o wspoludziale w edycji i korekcie manuskryptu.

Jednoczesnie wyrazam zgode, aby prace zostaly wykorzystane w rozprawie doktorskiej

mgr Natalii Kutyrieva-Nowak.
7 i i 7 /
‘ L ).V/ j//‘l g
il
< Czytelny podpis
Instytut Agrofizyki ul. Do$wiadczalna 4 tel.: 81744 50 61 WW.i Jublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin e-mail: sekretariat@ipan.lublin.pl W Ipan Ub P

Polskiej Akademii Nauk

132



12, Aneks — zyciorys naukowy

WYKSZTALCENIE

2022 — 2025

2015 - 2017

2012 - 2015

Uniwersytet Marii Curie-Sktodowskiej w Lublinie, Szkota Doktorska
Nauk Scistych i Przyrodniczych

Ksztalcenie w dyscyplinie naukowej — rolnictwo i ogrodnictwo
Tytul rozprawy doktorskiej: ,, Badania biatek arabinogalaktanowych
(AGP) jako istotnych sktadnikow sciany komorkowej w procesie
dojrzewania owocow”.

Promotor: dr hab. Agata Leszczuk

Uniwersytet Marii Curie-Sktodowskiej w Lublinie, Wydziat Biologii
i Biotechnologii

Studia magisterskie na kierunku biotechnologia o specjalnosci
biotechnologia ogélna

uzyskanie tytulu zawodowego magistra na podstawie pracy
magisterskiej pt. ,, Egzopolimery i metabolity oraz aktywnosé
enzymatyczna ~ w  hodowlach  niepatogenicznych  szczepow
Fusarium spp. na réznych zrodtach Ci N

Promotor: dr hab. Jolanta Jaroszuk-Sciset, prof. UMCS

Uniwersytet Marii Curie-Sktodowskiej w Lublinie, Wydziat Biologii
i Biotechnologii

Studia licencjackie na kierunku biotechnologia

uzyskanie tytulu zawodowego licencjata na podstawie pracy
licencjackiej pt. ,,Od srodowiska glebowego do biopreparatow
grzybowych”.

Promotor: dr hab. Jolanta Jaroszuk-Sciset, prof. UMCS

DOSWIADCZENIE ZAWODOWE

2018 — 2022

,BIOMED-LUBLIN” Wytwornia Surowic 1 Szczepionek S.A., Lublin
(obecnie Synthaverse S.A.)

Lider Produkcji oraz Zastgpca Kierownika Wydziatu Produkcyjnego
po awansie ze stanowiska Operator urzadzen do produkcji
farmaceutycznej.

PROJEKTY BADAWCZE

2022 — 2024

Instytut Agrofizyki im. Bohdana Dobrzanskiego Polskiej
Akademii Nauk w Lublinie

Czlonkini zespotu projektowego na stanowisku Stypendysta —
Student/Doktorant — Projekt finansowany przez Narodowe Centrum
Nauki nr 2020/39/D/NZ9/00232 w ramach konkursu SONATA 16
pt. ,Badania biatek arabinogalaktanowych (AGP) jako istotnych
sktadnikéw $ciany komorkowej podczas procesu dojrzewania
owocoOw”.
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STAZE ZAGRANICZNE

18.03.2024 — Uniwersytet w Belgradzie, Serbia
18.05.2024 Institute of Molecular Genetics and Genetic Engineering
Laboratory for Plant Molecular Biology
Staz finansowany w ramach projektu NAWA STER
,UMCS Doctoral Schools — Your Success in Globalize World
of Science” nr 1/STAZ/spozaOECD2.
Opiekun naukowy: dr Marija Vidovi¢

NAGRODY I WYROZNIENIA

01.04.2024 — Stypendium dla najlepszych zagranicznych doktorantow, ksztatcacych

30.09.2024  si¢ w Szkotach Doktorskich UMCS w ramach Projektu pt. ,,UMCS
Doctoral Schools — Your Success in Globalized World of Science”
nr STYP/2022/14.

14.12.2023  Wyroznienie za referat wygloszony podczas VI Konferencji
Doktorantéw ,,Cztery Zywioty — wspdtczesne problemy w naukach
0 zyciu” pod tytutem ,Dystrybucja i zawartos¢ Ca?* w tkankach
owocow pomidora z zaburzonym procesem syntezy AGP”. Lublin,
Polska.

AKTYWNOSC PUBLIKACYJNA

Lista publikacji stanowigcych podstawe rozprawy doktorskiej

1. Kutyrieva-Nowak N., Leszczuk A., Zdunek A. 2023. A practical guide to in situ
and ex situ characterisation of arabinogalactan proteins (AGPs) in fruits. Plant
Methods, 19: 117.

Wskaznik Impact Factor (2023): 4.7; punktacja MNiSW: 140 punktow.
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