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Abstract

ALBA proteins with an affinity to nucleic acids form a conser¥amily among all domains of life. In
eukaryotic evolution, their homologs split into two subfamilies: shorter &fib2 (which possess the

Alba domain) and longer forms represented by the B{ig& subfamily (in which additional domains

are recognized)Plant genomes typically encode a higher numberAbBA genes, which are
introduced through chromatin dynamics and reorganization. Although the rod8éfhomologs in

plants have been intensively studied, their functions and importance have notry&illyedarified.

This study aims to find their implementation in the reproductioArabidopsis particularly in the

male gametophyte. Initial experiments uncovered expression patterns of the family in generative
organs, followed by protein localizatismuring pollen development. Further experiments were based
on colocalization assays with selected markers for various types of ribonucleoprotein particles (RNPS)
in pollen. Concurrently, the Alba family was investigated in connection with the cellulastness
response in reproductive organs with an emphasis on the male gametophyte. The uniform behavior of
ALBA proteins corresponds to their action in dimeric or multimeric complexes. Surprisingly, the
acquired results revealed subtle variations betwddBA&, indicating their involvement in different

steps of RNA metabolism and cell adaptation to stress. Additionallyofdssiction mutations of

ALBA genes result in only a mild plant phenotype, whereas significant overexpression of just one
ALBAhomologcan lead to fertility reduction. Collectively, the achieved results highlighted the impact

of ALBA proteins in maintaining cellular homeostasis and during plant reproduction.

Keywords

Arabidopsis thaliana ALBA proteins, flowering, pollen, heat stressplocalization confocal

microscopy, ovesxpression, phenotypic defects
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1. Introductio n

Homologs of the AIbA superfamilgncode an ancient group of proteins with nucleic -agiding
capability found in all domains of life. In evolution, the highly conserved branch is divided into two
paralogous families, most likely during the primary diversification of the Archaea anériBac
domains. Further analysis @&LBA genes within the archaeukaryotic lineage uncovered highly
diverse sequences in Eukaryotes compared to Archaea. Accelerated differentiation within
theeukaryotic family depends on pleiotropic functions related MARprocessing and metabolism
(Aravind et al., 2003)All members of the large family possess a charetierfunctional structure,
thenucleic acidbinding Alba domain (Pfam PF01918). This domain mediates the formation of ALBA
complexes, which can include dimers, tetramans, oligomergGuo et al., 2003; Tanaka et al., 2012;
da Costa et al., 2017; Chan et al., 2018; Wang et al., 2BUB¥over, this functional nid shares
akey fold with multiple ancient domas found in various proteins and enzymes that have an affinity
for nucleic acids and are regulated by temperdBi@u et al., 1995; Go et al., 2003; Aravind et al.,
2003)

1.1. ALBA proteins distribution among Eukaryotes

In evolution, plant genomes underwent genome duplications and rearrangements that introduced gene
multiplication and promoted their diversification, including Alba dam@intaining genePlant Alba

domain separated from plasmodials over 1800 million years ago, followed by differentiation of protein
subfamilies, Rpp2like and Rpp28ike, about 200 million years later. Genes within the eukaryotic
family share a motif chacteristic for the Alba domain, which is variable in length and sequence
features. Rpp2like consists of shorter genes that harbor solely an Alba domain, whereas tife Rpp2
like subfamily groups longer genes with additional structures, including -BiN#ing arginine
glycineglycine (RGG) repeats. The first diverging branches of eukaryotic Rigg28ubgroup are
formed by sequentially distant homologs of unicellular organisflasmodiumand Theileria,
followed by a common branch of plants and other plasah¢émologs. The most recently diverged
members of the subfamily comprié&BAgenes from Fungi and Metazoa. On the other hand, Rpp25
like members from the plant kingdom are more closely related to metazoan homologs, which enable
the grouping of plasmodia plant, and metazoan genes separatéty bacteria, the absence

of asequenceelated bacterialALBA group and the dispersionf doacterial homologs across
thearchaeal branch indicate their acquisition through horizontal transfer from Ar¢laggadeesh et

al., 2024)

The proportion of the Alba family remarkably differs betm species, from a single copy per

subfamily in humangGuerrierTakada et al., 20028)nd unicellular parasitdMani et al., 2011; Gissot

10



et al ., 2 0 1 3 ; thraughs®all gehe faanilies dad i RlasMoflium(Goyal et al., 2012)

to expanded numbers in plant genoncesnprising up to twenty members in mono&#a mays
(Verma et al., 2018lagadeesh et al., 2024 e size of ALBA proteins varies significantly according
to the content of additional motifs and domains accumulated throughout evolution. The first studies
revealed and described sequences within a narrow rangei 86 $mino aids characteristic of
archaeal speciefAravind et al., 2003)Interestingly, a marginal portion of eukaryotic homologs
comprises products ranging from 150 to 4508 amino a@ldgadeesh et al., 2024)he length
variability of the Alba domain and the presence of extra domains, such as the thictieofoid,
TAXi_N-TAXi_C, HHH_5, TULP, and &G motifs, initiate variations between species and allow
discussions of ALBA functional plasticitfAravind et al., 2003; Wai et al., 2021; Jagadeesh et al.,
2024)

Moreover, the massive expansion of gene numbers and sequence variety in plants hardly reflects
identical roles, as small gene families or even sole members emphasize their variabilitgvaisall
(Honkanen et al., 2016further studies revealed interesting sequence relationshigis witbgroups

in phylogenetically unrelated plant species. The Rgi@0subfamily possesses highly conserved
sequences shared by the green algalemydomonagsbasal angiospermfAmborella and dicotVitis
(grape wine), while Rpp2Bke homologs associatgith Amborellaand monocot plants. Unlikely, the
Rpp20like subfamily in mos$hyscomitrellaclusters with monocots, but Rppllke members are
more related to dicot tomatdVai et al., 2021)A model plant, Arabidopsis, encodes 8ikBA genes

with typicd motifs and domain content, which are equally divided into two subfamilies: (Rjke2
comprising ALBA1 (At1g29250), ALBA2 (At2g34160), andALBA3 (At3g04620), accompanied by
Rpp&-like, which consists oALBA4 (At1g20220),ALBA5 (At1g76010), andALBAG (At3g07030).

Two genes from each subfamily form highly similar paktBAland ALBAZ2 ALBA4andALBAS),
followed by more diversified sequences AEBA3 and ALBAG (Goyal et al., 2016; Verma et al.,
2018) In the tomato genomelLBA genes are divided into distinct subgroups. The enlarged Alba
family comprises eight members, five genes of the Rdp&0subfamily ALBAZ ALBA3 ALBAG
ALBA7, andALBAS and three of the Rppake subfamily ALBA1 ALBA4 andALBAS (Wai et al.,
2021) Although most plants posse8&BA genes with a typical structirof the Alba domain, some
sequences contain unique motifs and do not belong to either of these cai@{Emes et al., 2014,

Wai etal.,, 2021) One of the fundamental studies on plants identified nine genes in the genome
of monocot rice,Oryza sativa From them, eight genes with a characteristic structure are equally
distributed in the Rpp20ke subfamily OsALBA35 and OSALBA§ andthe Rpp28ike subfamily
(OsALBA1 OsALBA2 OsALBAG and OsALBAY. Although OsALBA7has an atypical sequence, it
carries a specific domain arrangement similar to that of plasmddigA3(Verma et al., 2014; Verma

et al., 2018)The exposed variability and diversification®fBAgenes among the eukaryotic lineage,

especially within plant species, highlight their adaptability #xdbility in the evolutionary process.
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1.2.Alba domain

Archaed and eukaryotic clades diverged in distinct sequence motifs but maintained the core structure
of the donain, which consists of the Albfpold found in multiple proteingAravind et al., 2003;
Jagadeesh et al., 202%hree distant families were identified to sharerailsir topology of theAlba

fold, despite low sequence similarity in the bacterial lindégavind et al., 2003; Rigden et al., 2008;
Jagadeesh et al., 202The first of them is the bacterial IK3 fold, which recognizes tRNA structures
and binds rRNA irBacillus stearothermophilu@iou et al., 1995; Wardleworth et.aR002; Hada et
al.,, 2008) although it is common to various RN#nding proteins such afRIBOSOMAL
PROTEINS8, DNAse |, methyltransferases, thiouridine and pseudouridine syni{ifas®sn et al.,
2001; Aravind et al., 2001; Wardleworth et al., 200Bhe number and varietgf these proteins
highlight theimportance of fold conservation in nucleic dbinding factors, which play
aconsiderable roleniRNA processing and etabolism(Aravind & al.,, 2003) The second group,
witha similar topology, comprises proteins of the Spaiioh stage V, specifically
the SPORULATION PROTEINVS (SpoVS), and the last family involves the Rididing protein
YHBY. In the archae®ukaryotic lineage, the Albld is presumed to have evolved from the YhbY
fold, which shares a basic loop responsible for tRNA selection and mRNA recodidtmnet al.,
1995; Wardleworth et al., 2002; Aravind et al., 2003; Jagadeesh et al., POARNAbinding ability

is original to ALBA proteins initially introduced to form complexes with small RNAs regulated by
lysine deacetylation, despite studies depicting their BiNAing affinity (Lurz et al.,, 1986;
Wardleworth et al., 2002; Aravind et al., 2003; Jelinska et al., 2005)

The Alba domain or Alba fold is highly conserved across archakaryotic lineage and consists

off ouss hédet s ameal itcvecdd HBEANhD Fb4 or der . -Ednodn-ghbetsed b3

atthe carboxyterminus (Gterminal) of the domain are connected by a flexible loop, which facilitates
direct interaction with the minor groove of DNA in archa&uifolobus solfataricu@Bell et al., 2002;
Wardleworth et al., 2002; Zhao et al., 2003; Chou et al., 2003; Aravind et al., ZA63IPNA affinity

of archaeal mebrers is secured by gdine residue (K16) in ALBABSO10B1, which is necessary
for recognition and assiation with 12 bp othe doublestranded DNA (dsDNA)Xue et al., 2000;
Wardleworth et al., 2002; Jelinska et al., 200bhe DNA-protdn interaction is mediated by
adimerizationformed central hydrophobic core with adated K16 and noacetylated ysine 17.
The reversible acetylation state is regulated IR2SeacetylaséBell et al., 2002; Wardleworth et al.,
2002) The binding affinity of these complexes to DNA is furtheontolled by histone
acetyltransferases and other proteins such as SSO10B2 and SACHD al., 2013) The lysine
residues are found within a highly conseniéd b wd at an@xtended-N e r mi foldaid moét
membergBell et al., 2002; Aravind et al., 2003; Nag et al., 202&hough members of both Archaea

and Eukarya lineages lack the K16 acetylation target in their amino acid sequences, this indicates its

12
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Figure 1: Structure of AtALBA2. (A) The
protein model based on -My structure was
obtained from the Protein Data Bank available
DOl: https://doi.org/10.2210/pdb1VMO0/pdh

Asingle stai n i s s h o w nshestsr

inor an ghelixes U pink, and distortec
regions in green. The order of seconde
structures is marked by numbers from the amit
to the Gterminal end of the protein structur®&)(
The complete protein sequence encodeyl
AT2G34160 was obtained from TAIF
(www.arabidopsis.org), and secondary structu
are highlighted in the sequence, accompanied

a scheme of the structures below.

nortuniversal role in regulatio (Aravind et al.,

2003; Jagadeesh et al., 2024h Aeropyrum

pernix K1, ALBA1 homologs dimerizeurely by
hydrophobic inter &eliites ons be
that are stabilised by tlewordination

of phenylalanine on the dimer's surface.
Disruption of ApALBALl by the F60A mutation
revealed that the amino aci
helices is not essentitdr the dimer, asupported

by the low sequence identity (only 36%) of this

region(Laurens et al., 2012)

In eukaryotes, additional amifterminal (N

t er mi-mal i) x-sHeehade typical for yeast

POPG6/ 7 homol ogs, and an e X
sheet sheadnidced was identifie
and b4 | oops in tfemminalAnU a
helix  extensio 3) Uis characteristic

of theRpp20like subfamily in plants (Figure 1),

and two ALBA3/4 proteins inPlasmodium

(Jagadeesh et al.,, 2024Mccording to these

findings, the most conserved region of the Alba

fold is | ocatsideetetawednt He
helix, which carries essential sequence motifs and
residues. The lysingch motif KKP/TKK is
encoded wi-helxiim PIALBA8 antd 1

OsALBAL1, which facilitates DNA affinity(Goyal

et al.,, 2012; Verma et al., 201&4urther in the

center of the domain is a highly conserved glycine

resi due ( G4 3-¢héef Sharediamong he b2
the archae®ukaryadic lineage, which is

responsible for RNA bindingverma et al., 2014;

Jagadeesh et al., 2024)loreover, théh Xheet

a n d -helix2 create a stable cluster in plants
(Jagadeesh et ak024)
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The Rpp26dike subfamily characteristically comprises members with an extended synapomorphic C
terminal motif with the FDXH sequence (where H represents a hydrophobic residue, typically L). This
signature was found in the prevalent number of ALBidteins in yeasts, vertebrates, nematodes,
insects, protozoan parasites, and related proteins identified in plants, including AtA.Byekt, the
C-terminal extension of the Rpp2ke subfamily typically possesses the GYQXP signature, also
found in AtALBA4-6 (Aravind et al., 203; Mani et al., 2011)

1.3.RGG domain

Many members of the Rpp2ike subfamily have an extended laemplexity region that lacks a
defined threalimensional structureEncoded sequenamotifs comprise highly repetitive signatures

that typically generate innhsically disordered regions (IDRs) with the ability to form secondary
structures through intermolecular interactiggsnenecker et al., 2020DRs are responsible for the
multivalence of molecules (protein or RNA) that is necessary for phase sepamati@ro. This
attribute is provided by the interactions of structured domains, dai&s, and IDRmotifs, which
promote the accumulation of var®wompounds called scaffolds (Figure 2). Ligliglid phase
separation (LLP) secures cytoplasmic compartmentalization without an endomembrane system that is
essential for intracellular organizatig@omes et al., 201Emenecker et al., 2020)hese subcellular
aggregates are typically referred to as ribonucleoprotein particles (RNPs), cellular bodies, or foci, all
of which share a common feature of spatial biomolecule concentrgBamani et al., 2017;
Emenecker et al.,, 2020)n plants, several granules are described in the cytoplasm, for example,
processing bodies (PB&WaldonadeBonilla, 2014)and stress granuldSGs)(Hamada et al., 2018;
Emenecker et al., 2020)

The Rpp3-like homologs typically comprise approximately 2800 amino acids, containing RGG
trinucleotide repeats that extend theité®minal endgReichel et al., 2024)The created RGG box is
known for its RNAbinding properties, specifically recognizing guaniish secondary structures that
form rigid G-quadruplexeg¢Vasilyev et al., 2015; Ozdilek et al., 201R)is presented in the sequences
of multiple proteins involved in RNA biogerissaaind processing, as well as DMlamagenduced cell
death, reviewed in{Thandapani et al., 2013RGG-box affinity to RNA is regulated by protein
arginine methyltransferase, which specifically modifies arginine resi#ulesljian et al., 1992; Liu et
al., 1995; Darnell et al., 2001; Mani et al., 2Q149cording b these chaderistics, the RG@omain

could be involved in ALBA protein accumulation and grarfolenation(Baron et al., 2012)
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1.4. Molecular processes

ALBA proteins play multiple roles in cell processes, depending on the characteristics of individual
residues, sequence motifs, simple folds, and complex domains that are rdspfamsibolecular
interactions. The first documentation of ALBA subcellular localization was performed in onion
epidermal cells that transiently expres€esALBA1 C-terminally fused with GFP. The visualization
displayed a predominant signal distributiontlie cytoplasm, accompanied by a lower level fraction

in the nucleugVerma et al., 2014)Recently, three homologs were examinedomato; ALBA46

were fused wittGFP and transiently expressed in rice protoplasts. The signal indicates a predominant
localization in the cytoplasm, supplemented by nuclear preq®Viaieet al., 2021)In Arabidopsis,
transiently expresselLBAlandALBA2were localized in the cytoplasm-€rminal GFP fusions) or

in the nucleus (GHRALBA2), although they were previously isolated from the nucleolar fraction
(Palm et al., 2016; Yuan et al., 2019) the nucleusALBA1 and ALBA2 form homodimers and
aheterodimer at active sites of DNA where they recognize and stabiizepR, DNARNA hybrids
accompanied by ssDNEantosPereira et al., 2015; Yuan et al., 2019)
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In Arabidopsis stable lineALBA proteins are localized in the cellsytoplasm of young tissues,

including growing rosettes, roots, and flower bugsNg8 pr st kov §, 2016 ; Wa n g
Theavailable data indicate that the closest homologs of each family, ALBA1 and ALBA2, and
ALBA 4 and ALBAS, are localized in the celtg/toplasm of the roottip§ N§ pr st kov g, 2016;
al., 2019) However, further studies have connected members offaptiies (ALBA2 and ALBA4)

with mRNA via interaction with ECT2n vivo (Reichel et al., 2024)The multivalent ECTALBA -

MRNA complex likely serves as a molecular scaffold for material accumulation and phase separation

in the cytoplasm. Moreover, ALBA4 predominantly #&8' UTRsof the same mRNA set as ALBAZ2.

ALBA4 preferentially recognizes pyrimidiagch motifs of uridine tracts that are tightly neighbored

by nPA, which is occupied by ECT¢Fray et al., 2015; Reichel et al., 2016; Arrithe r n §nde z et
2021; Reichel et al., 2024)This posttranscriptional modification affects RNA processing,
modification, localization, stability, and translatability, whicle arovided by RNAbinding proteins
(RBPs)(Hentze et al., 2018Yhe reading of fiA is reportedly mediated by the Alba domain, which

induces theories of the-&rminal IDR role in the process. Th&B domain importance is reflected

AATTHT. +THT  mutart phenotypic defects compared

by the severity of homozygouslba45
with albal23 mutant(Tong et al., 2022; Reichel et al., 2028)oreover, ALBA4 and ALBAG6 are
further involved in RNA metabolism and heat stress response in the cytofbasai et al., 2016;
Reichel et al., 2016; Tong et al., 2022; Jagadeesh et al.,.2ZDad)Albafamily members are
comprehensively regulated at several levels, from transcription to translation and protein interactions
with family membes and other proteinverma et al., 2014)Although the summary functional
diversity of ALBA proteins across all kingdoms of lifégghlights their capability and progressivity

in adapting to the current requirements of a cell, the major function of plant subfamilies may be based

on genome maintenance and manifestatiagadeesh et al., 2024)

The initial references t@ALBA genes in plants were based on sequence homology with known
orthologs, followed bycorrelations of their behavior with protozoan parasites, humans, and yeast.
Most studies have been dedicated to simple unicellular organisms, shigipasosomaPlasmodium
andLeishmanigd Subot a et al ., 2A;ang a grogpof parasitie dpecias| the, Albe2 0 1 2 )
family comprises small gene families that encode proteins involved in RNA metabolism and
translation, with a predominant localization to thgoplasm(Mair et al., 2010 Mani et al., 2011;
Dup® et .Udpon siress2ALBAlproteins aggregate in nuclear or cytoplasmic RiNRzer et

al., 2002; Hua et al.,, 2004)n Trypanosoma bruceiall ALBA proteins can form heterodimers;
however, the cytoplasmic localization of the RpiiR@® subfamily is facilitated by interaction
with the Rpp25like subfamily bridged by RNA(Mani et al., 2011)Starvation and heat stress (HS)
trigger their accumulation in cytoplasmioci (Cassola et al., 2007; Kramer et al.,, 2008)
Theaggregates areommonly found in several organisms, typically referred to as PBs and SGs

(Buchan et al., 2009; Subota et al., 2011pon starvation stress, ALBAroteins fully colocalize
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with the SG marker but partially overlap with the PB marker signal. PBs consist of translation
represers, MRNA decay machinery, and translationally inactive RNAs with variable fates that can be
either stabilized or degraded, depending on the type of trangbepker et al., 2012; Aizer et al.,
2014; Jang et al., 201.9n contrast, elevated temperature merely alters the ALBA localization pattern,
resulting in even lower eoccurrence with heat stressluced SGgSubota et al., 20115Gs most

likely facilitate the effective translation of stresdated transcrigt by selectively regulating
thesynthesis or degradation of hostealy(A) mMRNAs, accompanied by RNBinding proteins and
translation initiation factor¢Anderson et al., 2009; Buchan et al., 2009; Vanderweyde €04l3;
Iserman et al., 2020)

In Trypanosoma cruziall members of the Alb&amily are expressed during the parasite life cycle,
although their amount varies at the protein level, indicating-tpasscriptional regulation. Both
members of the Rppatke subfamily play a canonical role in RNA processing in later developmental
stages. In contrast, diversified members of the Rgi20subfamily are presumably involved

in different processe¢MatizzGon z 81 e z e tin Taxbplasma gahdi#he encoded ALBA
heterodimer recognizes various mRNAs, including its own, and regulates the translation of specific
transcripts involved in differentiation arsfress response. Moreover, their molecular function relies
onthe translatability ofALBA2, which depends or8' UTR recognition by the ALBA dimer and
interaction partners, such as ssDNA and ssRiNAling TgSSOSSB. TgALBAs exhibit a dual
localization patten that varies according to the actual ontogeneticesthythe extracellular form

of the parasite, both proteins accumulate in perinuclear foci colocalizing with the endoplasmic
reticulum and RNP markers, although they are randomly distributed in thglasi of intracellular
stagegGissot et al., 2013; Boulila et al., 2014)

A similar role of ALBA proteinshas beemlescribed irLeishmanialn the promastigote stage, ALBA3
regulate the stability of stagespecific b-amastintranscripts which encodeputative virulence factors

in the cytoplasmRecognition ob-amastin3' UTRsprovides transcripts destabilizatiomnderpinning
theimportance of ALBA3 precise regulatipwhich is mandatory formaintining high targetontent
(Dup® et aiD2?,az2 @1 4Calldif@engriiginduced by a hestiock (from 25A C

to 37A G )riggering the re-localization and enrichmendf ALBA1 (Rpp20like subfamily) and
ALBA3 (Rpp25like subfamily)in the flagellum andnucleous( Dup ® et . Thel nucleola2 0 1 5)
localization initially confirmed bythe NOP10 marker was further supportéy its increased
accumulatiorat nucleolar rearrangementisiderstress conditionfOlson, 2004; Boisvert et al., 2007)
This suggestsliversification ofALBA rolesin Leishmania especiallythroughmRNA translatability
and maintenancén RNPsthroughout developmenALBA protein cytoplasmidocalization is restored

in fully differentiated amastigosg indicaing ALBA shuttling( Dup ® et. al ., 2015)
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Although ALBA proteins have been studied in two plasmodial species, their localization and function
greatly vary. Although they are restricted to cytoplasmMARelated processes iR. berghei

P. falciparumhas adopted the most prominent nuclear position in transcription reguatioarya et

al., 2025) In P. bergheioocytes maternal mRNAs are accumulated and stored for further fertilization
processes. In these aggregates, called P granules, transcripts are bound to the translation machinery,
including elF4AEand PABPs, in contrast to PBs, which lack the factors responsible for RNA
degradation(Mair et al., 2010) Despite this,PfALBA3 and PfALBAG are constitutively expressed
throughout all asexualldod stages. ALBA3 is localized to nuclear foci with variable distribution,
fluctuating from peripheral appearance at ring stages to dispersed localization in the trophozoite and
the schizont stage The dynamics of ALBA3 are modulated by an acetylatiaiesand $8R2A
deacetylase activity at the nuclear periphery of telomeric and subtelomeric regions associated with
TelomereAssociated Repetitive ElemenfBAREL and TARESG) in ring stagd&reitasJunior et al.,

2005; MancieSi | v a et al ., 200 8; Tonki n et al ., 20009;
Onthecontrary, ALBA6 is predominantly localized in the cytapta with a small portion

in thenucleus, and its roles areonnected with DNase activity and the maintenance of cell
homeostasis under streddag et al., 2024)Altogether, ALBA proteins play various roles necessary

for protozoan development and reproduction under both sthnalad stress conditions. Their
sequestration to RPBs depends on starvation, temperature stress, and pH, but also responds to DNA

damage induced by oxidative stréZadow et al., 2025)

Similar to PfALBAG, the sole homologs of ALBA proteins in yeast and humans, RPP20/POP7 and
RPP25/POP6, form a heterodimer targeted to the nucleolus. Theatismmiates with a multisubunit
enzyme with nuclease activity, ribonuclease PIMRP (RNase P/MRP) holoenzyme, which is involved
in tRNA maturation and RNA polymerase Il regulati@uerrierTakadh et al., 2002; Aravind et al.,

2003; Welting et al., 2004; Reiner et al., 2006; Welting et al., 208@) extremely stable
RPP20/RPP25 heterodimer specifically binds-tRdA, which is required for tRNA maturation
processes t o ens uiseanonitakfundddifoszamaral.c2008;pAraeind Et al.,

2003; Hada et al., 2008; Han@isay | or et al ., 2010:D2Rei mer. adt , al2
Although theassociation of the ALBA heterodimer with the cleavage complex is dynamic and does
not participate in further accuration and preaibosomal complex formation, it is involved in pre

rRNA processing before the ribosome subunits boun@i&isiting et al., 2006; Welting el.a2007)
RPP20/RPP25 contact with RNase P is mediated by RPP25 recognition of the P3 domain of the H1
RNA compoundPluk et al., 1999; Van Eenennaam et al., 2002; GueFdkada et al., 2002; Welting

et al., 2004), whereas RPP20 selects additional interactors according to current conditiensl.,

2001; Altman et al., 2001; Hua et al., 200a)yeast, the POPBOP7 heterodimer stabilizeglexible
secondary strture of the P3 domai(Perederina et al., 201@nd recrug POP1(Fagerlund et al.,

2015) Although the5' UTRprocessing of preRNA and transcription regulation could bridge ALBA
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protein counterparts in humans and yeast, their plasticity suggestamanical role differentiation.
The yeast heterodimer likelstabilizes more than one InCRNA restricted to RNaseP/MRP, but also
binds norcoding RNA and telomerase suburfitemieux et al., 2016)

The ALBA proteins were originally isated from the hyperthermophilic crenarchaetuifolobus
acidocaldarius Despite their cell abundance, the identified basic 10kDa proteins could dimerize and
bind short DNA fragment@ vitro even at low concentratiorfurz et al., 1986; Wardleworth et al.,
2002; Aravind et al., 2003; Jelinska et al., 2005; Laurens et al., 2Bbd&ned dimers facilitate DNA
stabilization, which depends on the modulation of their desttended DNA (dsDNApinding
affinity (Laurens et al., 2012)The binding time of ALBA1 proteins tthe nucleic acid increases
with fragment length and expanding number of nucleation sites, whichvegpaigomer formation

(Bell et al., 2002; Zhao et al., 2003; Marsh et al., 2005; Jelinska et al., 2005; Lu et al. vZoile)

the emerging DNAprotein interactions belong to the stresy identified nucleic acidrotein
boundaries, they can be impaired by protein acetylation, which led to the name (AligA,
Acetylation Lowers Binding Affinity)(Xue et al., 2000; Wardleworth et al., 2002; Bell et al., 2002)
Homodimer structure and concentration are crucial fooroatin remodeition and condensation into
helices, up to loop formation, in a temperatdependent manner. The conformation of the ALBAL
dimer changes at48C, which is the standard growth temper
of chromatin mairgnance(Cui et al., 2003; Jelinska et al., 200B)imers influence the access

of transcription factors to DNA by regulating DNA topology. Additionally, the heterodimerization
of ALBA1 with lowly expressed ALBA2 generates the next regulation level, which is most probably
implemented ir. solfataricusell development and stress respes(Lurz et al., 1986; Forterre et al.,
1999; Xue et al., 2000; Bell et al., 2002; Jelinska et al., ;2088rens et al., 2012Moreover, ALBA

roles diversified even within the genus, as indicated by Ah8A/SSO10B association with
ribosomes, particularly bound to RNA $ shibatadGuo et al., 2003; Jelinska et al., 2005; Guo et al.,
2013; Goyal et al., 2016 detailed protein investigation identified specific interaction partners,
including 16S and 23S rRNAs and mRNA molecules, with a plausible role in RNA protection and
maintenancéGuo et al., 2003; Jelinska et al., 200&)contrast to their essential role in crenarchaeon
survival, their impact on euryarchaeon growth is minimal, as reflected by their absence
in Methanosarcinand haloarchae@rorterre et al., 1999; Pavlov et al., 2002; Bell et al., 2002; Liu et
al., 2009; Goyal et al., 2016)

1.5.Impact of ALBA genesto developmentalprocesses

In multiple species, ALBA proteins are involved in various cellular processes that impact development
and stage transitionsn plants,the ALBA protein'srole is crucial for growth and reproduction,

regardless of the weak phenotypic aberrations observed in singkntrlites of Arabidopsis
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(Honkanen et al., 2016; Magwanga et al., 2019; Wang et al., .20t8) nutrient intake of stable
mutants can be influenced by the reduced length of root hairs obseiéd4randalba5, aswell as

the shortened rhizoids imutants of the mosMarchantia polymorphgHonkanen et al., 2016Jhe
same phenotypic defect wabserved in transient knockdowns AfLBA4 and ALBAS in cotton,
Gossypium hirsuturfMagwanga et al., 2019\ultiple mutant analysevealed an increased number
of phenotypic defects in Arabidopgi#/ang et al., 2019; Tong et al., 202Zhe triple mutant of the
RppZ-like subfamilyalba456can be delayed igrowth, including floweing. An expression analysis
revealed affected transcrigh of genes involved in metabolismparticularly upregulation of factors
involved in mineral intakeThe enriched activity oALBA genes supports these risun root tips, as
well as thedlocalization of proteins tthecytoplasm(Wang et al., 2019; Tong et al., 2022pove six
homologs ALBAlandALBA4are the mst active orthologs in a sporophyte, especially in the root tips,
cotyledons, and leaves primordia, though the male gametophyte exhibits almost a particular expression
pattern of ALBA3 (Borg et al., 2011; Wang et al019) Nevertheless, further characterization of
albal245 and alba456 mutants revealed additional defects in trichome branching, which were
assigned to the loss of the Alba domain. The pronounced phenotype abdad&6triple mutant is
presumably cawsl by the loss of the@®G domain(Tong et al., 2022; Reichel et al., 2024 rice, all

nine ALBAgenes are expressedviariousorgans, with notable differences between moderately active
ALBA1 and ALBA7, and almost inactivéALBA2 ALBA3 ALBAS5, and ALBA9Q as well as highly
abundantALBA4 ALBAG6, and ALBAS especially in reproductive orgarf¥erma et al., 2018)
Moreover, MA methylation of mMRNA can pronounce the phenotypic defects connected with
successful embryogenesis in plai@hong et al., 2008; Geula et al.,, 2016pnsequently, ALBA

proteins are inelved in cell differentiation and ontogenesis from the earliest stages until reproduction.

1.6.Plant reproduction

Plants represent sessile organisms without a chance to escape unfavorable conditions. To survive and
ensure the survival of their offspring, mprehensive molecular and metabolic pathways are required
for their acclimation and adaptation to various strefa&sla et al., 2010; Kazan et al., 2016; Takeno,
2016) Sexual reproduction is ensured by flowering, a prodestsiivolves the emergence of buds and
flowers, which can be organized into an inflorescence. A perfect flower and inflorescence architecture
is essential for effective seed producti@uijser et al., 2011)Flowering is promoted by the interplay

of precisely regulated pathways that terminate the vegetative stage and anttaosition to the
generative phase of development. Theseharisms integrate the endogenous state (autonomous
pathway, age, the circadian clock, sugar deposit, and phytohormone balance) with environmental
stimuli (vernalization, temperature, photoperiod, and light intensity). Compefendlowering is
achievedwhen acquired signals transduced to the transcription ledate morphological changes

in the shoot apical meristem (SANEimert et al., 1995)Therefore, the separation and identification

20



of a particular pathway is unusually challengihyva da et al . , 2010; Ri boni
2015; Teotia et al., 2015; Takeno, 2016; Laanen et é&3)20

The efficiency of signal interplay is crucial for offspring production and maintaining population
stability (Jung et al., 2009; Tsuji, 201 Hotential time shifts cacompensate the impact aktressful
environment in two ways: by premature flowering to prevent stress or by outlasting the stress before
reproduction(Jung et al., 2009; Wada et al., 201Barly flowering can reduce the number of seeds
and their viability due to underdevelopmeygt still increase seed production in adverse conditions
(Huijser et al., 2011)Arabidopsis plants cultivated under long days dig@n accelerated transition

to flowering, promoted by salicylic acid and ROS signaling, low nitrate concentrations, and high
temperaturegPark et al., 2016)In contrast, there are several itgpuhat delay the transition

to flowering, increasing the probability of reproductive failffeunkar et al., 2007; Kazan et al.,
2016) In Arabidopsis, flowering can be delayed by abiotic stresses, inglughlinity, cold, and
drought(Park et al., 2016Nevertheless, regulators of flowering time can integrate responses to abiotic
stresses, espeadily tolerance to drought, colthd ABA signaling, in various way$Vuriyanghan et al.,
2009; Han et al., 2013; Ying at., 2014)

In Arabidopsis, at least four major pathwaggerconnecta few important geneghat perceie and
processrecognizedsignals Here, some of them are briefly mentioned to illustréte complexity

of processes controllingcompetencefor reprodwction. The master regulatorsthat promote
thetransition to floweringare GIGANTEA (GIl), CONSTANS(CO), FLOWERING LOCUST (FT),

and otler factorgSimpson et al., 2002; He et al., 2008} integrates signals from the circadian clock
and light quality, specifically red light via PHYB and blue light via CRYPTOCHROME, which
activate transcriptiomf CO and FT (Fowler et al., 1999; Park et al., 1999; Mizoguchi et al., 2005;
Kim et al., 2007; MartiAaTryon et al., 2007) Moreover, Gl is a hub for several environnant
responses, connecting flowering wahtolerance to drouglftHan et al., 2013; Riboni et al., 2013)
cold (Cao et al., 2005)and salt (Kim et al., 2013) mechanisms that are not characteristic
of thecircadian clocksignding cascade Before activation,CO is repressed by cold stress or
theflowering repressorCONSTANSLIKE 9 (COL9). Once CO appears,it directy promotes
thetranscription of the followindglorigen genesFLOWERING LOCUST (FT) and TWIN SISTER
OFFT(TSH( Su8r-epzezz et al ., 2001; eta.npaqy,wang etal.e2009)a | . |,
The epression ofFT is enabledby vernalization, a period of cold temperatures, which inhibits
thetranscription othe FLOWERING LOCUSC (FLC) (Searle et al., 2006Yhe tanscriptionof FT

is further enhanced blglue light photoreceptorfto et al., 2012)and the drought stress response
mediated by abscisic aci¢Riboni et al., 2013) The etablished F¥TSF complex promotes
SUPPRESOR OF OVEREXPRESSION OF CONSTANSSOC1)transcriptionand stimulates
expressiorof the floral meristem identity gené&AFY (LFY) andAPETALA 1 (AP1)(Mizoguchi et
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al., 2005; Chao et al., 2014; Park et al., 2018)Y and AP1 érm a complex to finally activate
thefloral homeoticgenegequiredfor the organidentity (Mizoguchi et al., 2005)

In Arabidopsis, bral organs continuowsly emerge in concentric rings fromthe outermost
to theinnermost whorl. Initially four green sepalemerge in the first wharfollowed by four white
petalsthat evolvein the secondwhorl (Figure 3). Throughout bugrowth, sepals enclogée floral
bud cavity and protecthe inner whorls against harsh conditions.the third and fourth whorls are
differentiated structures woging developing gametophyteswith six stamens surrounding
agynoecium represented by a pistil in the eenbtamens consist dfaments and anthers in which
thepollen grains are developed. Ovules evolvetha pistil formed bythe fusion of two carpels
enclosing andprotectingthe inner cavity. The dstal part ofthe carpels differentiates inta style
which is morphologicallyisolated from the cap dhe papillae cellsThe released pollen grains are

trapped by papillae, germinatnd grow through the central parttbé pistil toward ovules.

Stamens Pistil Figure 3: Schematic illustraion of the Arabidopsis

flower. The main parts of e&complete flower are arrange
in four whorls:outemost greersepalsand petalsprotecting
two inner whorls stamensandpistils. Pollen grains develog
in stamens until maturatiohe keleased grains adfeeto
the receptive pistils, rehydrateand germinate. Elongating

Petals
pollen tubes grow througthe pistilto reachthe ovules The

figure was obtained and modified accordingDwesselhaus
etal., 2012)

1.6.1.Female gametophyte

A central part of the pistil is interconnected by thacphta which gives rise to ovule primordia
(Figure 9. Initiated outgrowthemergeselongatesanddifferentiates into the funiculus, chalazand
the nucellus(Skinner et al., 2004)In Arabidopsis a single nucdlar cell differentiates into
amegasporocytewhich undergoes meiosis to create haploid megaspores (megasgsisgémene
Julca et al., 20210nly thechalazal megaspore proceeds with three sequékigbkineses to finally
form an embryo sac lbgelayed cytokinesis, while otherdegrade (Vijayan et al., 2021)
Simultaneously,integuments emerge from the chalazal epidermis and overtrevdeveloping
embryo sac up to thmicropyle (RobinsorBeers et al., 1992 he fully matured embryo sac consists
of seven precisely distributed cells; tleggcell surrounded by two synergids at the micropylale,

three anpods at the chalazal polend central cell fulfillingnost of the embryo sac volume.
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development waacquired from(Park et al., 2024)

The matured ovule communicas with a pollen tubgrowing through the transmitting traitom the
stigma, through the style into the ovaBperm cells are delivered the ovule by a pollen tube and

reach the female gametophyte tha micropylar entranceRjgure 5. The attracted pollen tube usually

Figure 5: Schematic
A B overview of double
fertilization in Arabidopsis.
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bursts in a synergid cell and releases sperms cells which fuse wihgheell andhe central cellto
facilitate doulke fertilization Successful fertilization creates diploid zygote that develos into
anembryo, a new sporophyte,and atriploid endospernthat provides embryo nutrition up to seed
maturation(Drews et al., 1998; Dresselhaus et al., 2012; Sze et al., 2021; Pari2ep4)

1.6.2.Male gametophyte

In the third whorl ofthe Arabidopsisflower, evolved stamenare presentinitiated primordia grow
and developinto an elongaed filament carryingan anther up to the stigma. During tlegpansion,
anthes differentiatento mutiple specific layers responsible fpollen developmentvhich comprises
two consecutive phases, microsporogenesis and microgametogdfees005; Héidh et al., 2021)
The predominant contributionf these processes belongs to the innermost dahtager, the tapetim.
Tapeatl cellsundergomorphological and physiological changdengwith sporogenousells (Scott et
al., 2004) The materialsecretedy the tapetumis crucial for the formation ofspecialized pollen cell
wall and nutrient accumulatiofBedinger, 1992; Scott et al., 2008eveloping polleraccumulags
resourcegontainng protectivesubstancesssentiafor pollen vitality, along with reser@s necessary
for thefurther energyconsuming metabolisraf the growing pollen tubgPacini, 1996; Pacini et al.,
2006) The fully matured haploid male gametophyteaimgiospermsepresent a unique structure with
maximal reduction comprising two or #& cellsthevegetative cel(VC) andthegenerative cel{GC)
(bicellular pollen) othe VC and two sperm cell&SC) (tricellular pollen).

Microsporogenesis (Figure 6) begins with diploid microsporocytes that undergo synchronized meiosis,
resulting in tle formation of four Aploid microspores connected byallose into tetradéScott et al.,

2004) Calass secreted by the tapetal cells releastependent haploid microspores, which enlarge
due to the intake of vacuole volume. This process is absolutelyitable for the initiation

of microgametogenesis by asymmetric pollen mitosis |, which is precisely regulated and produces
prominent VC and nmior GC with distinct fates essential for pollen fertiljgady et al., 1995; Honys

et d., 2006) The GC is early in twecelled pollen, surrounded by thC that fulfills the significant
volume of he young pollen and supports argin of the male germ line up to fertilizatigiady et

al., 1995; Berger et al., 201LRussell et al., 2015Yhe VC is transcriptionally very active, which is
provided by relaxed chromatin underpinning its nuclear characteir@gtilar shape. The storage

of accumulated substances is guaranteed by the synthesis of mRNA, proteinsatigigsigars that
change the cytoplasmic properti@edinger, 1992; Nepi et al., 2001; Pacini et al., 2006; Honys et al.,
2009; Hafidh et al., 2011; Hafidh et al., 202The specific develpmerial program established

in thebicellular pollen produces uniform and unique gene expression préfk et al., 1998;
Honys et al., 2004; Becker et al., 200The amount of produced n@oding RNAs and transcripts

increases up to nine to twgntimes compared to the initial stae Tu p T ,. THe 9p8li2an)

24



Microsporogenesis Microspore Microgametogenesis

_Tetrade
7 p o
| Polarised microspore
Vacuole
% PMI

Bicellular

Haploid nuclei

V7 \\
/

ff \
NG 4
Meiosis ‘;‘L
A

Microsporocyte
Diploid nucleus Vs

e } .
)b\\‘ 3 Generative

Figure 6: Schematic of pollen development Pollen grains are produced in anthers by b
developmental processes. Microsporogenesis: Microsporocytes undergo meiosis as a resull
haploid microspores covered by callose. Microgametogenesis: Microspores undergo two set
mitotic divisions,producing bicellular pollen (PMI), which consists of the VC and the GC. The
divides in PMII, resulting in two SCs. A mature pollen grain is filled by the VC cytoplasm, w

contains two sperm cel(§&uo et al., 2019; Hafidh et al., 2021)

transcriptomic description was expanded by translat¢biicet al., 2014)and sequestromic data that
followed the late developmental stages with grmtscriptional regulation and mRNA storage
(Hafidh et al., 2018)

The GC nucleus is highly condensed and occupgesnarginal volume of the cell surrounded

by aminimal portion of the cytoplasm. In pollen mitosisthe GC equally divides and produces two
SCsconnected withithe VC nucleus forming a male germunit (MGU) (Twell, 2011; McCue et al.,
2011; Berger et al.,, 2011)yhe el cycle activatesthe R2R3 MYB transcription factor DO
POLLEN1 (DUO1) which promotes mitosis and facilitates sperm cell fate through its targets
includingDUO1-ACTIVATED NUCLEIC ACID BINDING PROTEIN (DAN1), later named ALBAS
(Eady et al., 1995; Borges et al., 2008; Brownfield et al., 2009; Borg et al., 2011; Borg et al., 2015)
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The Alba domain of ALBA3 is essential fdromodimer formation and ssRMN#inding affinity,
especiallythe presence ofysine46 andleucine90 (L90) residues withirthe domain are crucial for
theRNA affinity. Moreover,the loss of L90 inthealba32 L90S mutantcauseé the downregulation
of genegelated to pollen development, germinatiand pollination Dysregulation of these processes
proceeddo siligue shortening angduced seed set®ducingthe fertility of alba3-2 mutants(Ci et
al., 2025)

The progamic phaseof pollen developments initiated by pollen releasefrom anthers(Hafidh et al.,
2021) Once thedesiccatedpollen grainsuccessfullylands on the stigmaf immediately begins
to interact withpapillaecells that enablgrain hydration(Windari et al., 2021)The VC undergoes
rapid molecular changggolarizs, reorganize organelles, andstarts togerminae (Parton et al., 2001,
Voigt et al., 2005)Pollen germinatioinduces uniquéranscriptional activityfor the emerging pollen
tube and its first hours of growtfollowed by intriguing translatio in the later stages L apkov 8§ et a
1988) Since the processes are separated in time, the rswiihetizedtranscripts are transferred
tolarge, translationally inactive ribonucleoproteinagulesi EDTA/puromycinresistant particles
(EPPs) discoveredater (Honys et al.,, 2009) EPPs' analysis revealedhat their contentis
characteristically connected wighoten synthesis matured ribosomal subunits, rRNAsd mRNAs
covered by factors involveditheir transport and localization includidd.BA proteins. The mllen
tubeprovidesSCstransportto an ovulepreceded by an intense molecular dialbetween male and
female reproductive tissuaesulting indouble fertilization which ends the progamphase(Pacini,
1996; Dresselhaus et al., 2013; Hafidh et al., 20Mpgether, pollengrains represent a highly
specialized nichwith aunique cell compositiormaking theman ideal modelystemfor investigating

molecular and cellular processes.

1.7.Stressresponse

Sessileplants have to face seasonal challenges and continuously varying environmental conditions that
remarkablyinfluence plant fitness and fertilityn particular,abiotic stresessignificantlyreduce seed

production which isessential foyield( Bar nab 8s et al ., 20 hévolutiBhp k sz c z a
plantshave developed rangeof deferse mechanisms inesponse anddaptation to stresstimuli.

These procsses argegulatedby specific transcription, translatigrand postranslatioml programs

that canadapt toadverse conditions of the habitat maintaincell homeostasis, plant survivahd
reproduction(Conrath, 2011; Krasensky et al., 2012; Tanou et al., 2012; Ohama et al., 2017)
Neverthelessthe efficiency of compound accumulatioplays acomprehensive rojJevhich secures
animmediate response. Aggregaterhation andegulationdependon temperature, pH, salinitand

other factors affecting plant growth and reproduction rate. Therefioeepossible planspecific
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molecular mechanisms of coping with abiotic stregeesain tobe researcheEmenecker et al.,
2020)

ALBA proteins were connected with var®stressesporses in evolutionarily diversifiedorganisms.

In plant species, memberd the widely multiplied Alba family are influenced by abiotic stress
conditions (Reichel et al., 2016; Verma et al., 2018; Magwanga et al., 201®) aiginal data
highlighted the involvement ofrice homolog in responses tstressconditionsand phytohormone
treatments in seedlinggvVerma et al., 2014; Verma et al., 201B) particular,increased expression
of OsALBA1 was detected upon drought stress accompanied abyrotein rdocalization
from thecytoplasm tothe nucleus. Moreover, a similar gene response was revealds: samples
treated by osmotic stress. Both conditions activate pathways of oxidative stress response to oxygen
peroxide united by ABA signalizationindicating ALBAL involvement in DNA maintenance and
adaptation(Verma et al., 2014)The pression level®f other OsALBAgeneschangedunder stress
conditions and hormonal treatmentshile most of them were significantly elevated. Collectively,

these findinggmplicate severainemberdo similar physiological process€¥erma et al., 2018)

Correspondinglytranscriptomic changes ALBA4and ALBA5wererecordeduponstress treatments
in cotton. Both geneswere upregulatedin wild-type seedlingsexposed to drought and osmotic
stresses. MoreoveALBA4andALBA5Sknockdown plantsre more sensitive to the treatmethiat are
likely caused by stresaduced gene downregulation amdduced activity ofROS scavenging
enzymes. In tomatdheunique gradual elevation &LBAG activity reached anaximum 24 hupon
salt treatment despitthededining expressionof other homologs.Interestimgly, drought stress
treatment elevattALBA3in contrast tothe significant downregulationof other members Finally,
tomato ALBA genesexhibited sharel responsepatternsto ABA treatment(Magwanga et al., 2019)
which werefurther supprted by the identification of stressresponsive elements iheir promoters
(Wai et al., 2021)Additionally, ALBAgenes and proteingere closely linked to temperatwiaduced
resposes Under cold stresghe Alba family in rice is equally divided acaaling to expression
patterns with three geneseing upregulatedand four downregulatedALBA9 possesss a unique
pattern of mixed response to cdMerma et al., 2018)in tomato,the transcription levelof seven
genes wreinfluenced byexposurdgo alow temperatureFrom the colesensitive genegsignificantly
elevated expression was detected solelkliBA8 thoughthe predominant number dfomologswas
downregul#ed(Wai et al., 2021)

1.7.1 Heat stress

High or extreme temperaturesfavorablyaffect plant growth andsignificantly reduceeproduction
ability (Hasanuzzaman et al., 2013Yherefore, plants adoptedspecific pathways tocope

with damaged protein structuresxd ROSby activation of HS transcription factors (HSFs) that
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promoteHS-responsive gene transcriptiopimarily chaperones and ROS scavend®ing et al.,
2020) The HSFs are precisely regulatgmultiple levels byalternative splicingmicro open reading
frames inthe5' UTRandposttranslation modificationghat influence proteistability and localization
(Guo et al., 2016; Nakaminami et al., 2018cording to some studie#\LBA genesare regulated
similarly in response t&1S (Verma et al., 2018; Magwanga et al., 2019; Wai et al., 2021; Tong et al.,
2022) In rice seedlingsasignificantpart ofthe homologsrespondto HS (42 A C Almost all ALBA
geneactivity is elevatedbut ALBA4is downregulatedVerma et al., 2018)In tomato five ALBA
genes are downregulatezhd onlythe ALBA4and ALBAStranscript leved areupregulated 24 h after
HS (Wai et al., 2021)In Arabidopsis, the Rpglike subfamily's response to HS has been thoroughly
investigatedln seedlingsall three homologs are randomly localized in the cytoplasderstandard
conditions althoughthey relocalizeinto heatinducedaggregatesThis procas is mediated byhe
phase separation &LBA proteins which enablethe sequestration of mRNAgRto SGsand PBs
Accumulated transcripts, includingSF, are stored and protected fratagradationn these particles
ALBA4-6 can form heterodimers or oligoers anddirectly bind to PB and SG counterparts,
DECAPPING 5 (DCP5) andPOLY (A)-BINDING PROTEIN 2 (PAB2) upon HS Additionally,
seedlings ofalba456triple mutantsare hypersensitive thigh temperaturesvhich highlighs their
impact o thermotolerancedaptation(Tong et al., 2022)

1.7.2.Heat stressduring reproduction

Elevated temperatures harmfully influence plant growth and developfemt the juvenile
to thereproductive phased.he final consequencesf the environmentdependon severalfactors
including exact temperaturegeriod length and character of inductiofiveh et al., 2012)Sensing
of temperaturdluctuationis tightly connected with thphotoperiodand collectiely promotes plant
transition toflowering (Kazan et al., 2016Neverthelesghe severity of the temperature stresgies
throughout flower and seed developmentwo particulary sensitive windows include
thesynchronized meiosis ofiegasporocytes and microsporocytes, as well as fertlizatith early
embryo formation.Moreover, the inequality of temperatureémpact onreproductive organs clearly
highlights male germline hypersensitivity in cereals, tomatofaabtlidopsis(Sato et al., 20Q6Bac
Molenaar et al., 2015High temperature cause pollen abortion aradevatehumidity in flower buds
which has a synergistic effecbn anther dehiscencand postponed grairelease(Kim et al., 2001;
Sakata et al., 2010)These processes cause anthers and stigma development asynig@my

to alossof thepollination crosgoint inselffertilizing plants(BacMolenaar et al., 2015)

The rumber of molecular mechanismsresponds forthe equalization of master regulatoend
flowering promotionuponhigh temperaturedn various plant speciesiSF/HSP homologeeportedly

regulateflowering, which directly connectseproductionwith deferse processe@Majee et al., 2023)
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These HS geneswere identified to provide thermotoleranaduring the reproductive phase

of developmaet (Giorno et al., 2013)Neverthelesstheir involvement in response tearious abiotic
stress conditionandelined their importance for reproductipespeciallyseed germinatioandanther
development(Queitsch et al., 2000; Zinn et al., 201@t the molecular level, unfolded protein
responses and ROS scavengers cope with damaged proteins and excessitleroR@S both
canonical and nenanonical pathwayf.i et al., 2018) Membes of two HSPclasses, HSP101 and
HSP9Q are involved irtheaggregation of key flowering master regulators to coordinate flowering
induction (Margaritopoulou et al., 2016; Qin et al., 2020)oreover, werexpessionof the grape
homologHSFA9in Arabidopsispromotes seed germination but delays flowe(lriget al., 2015)

Heat stressaffects flower sizeintroduces morphological abnormalities of floral organs and tissues
andcausesthe production ofcompletely steré flowers. Changes in floral architectuteve
adetrimentalimpact a successful pollination and fertilization that inevitably redtlmequality and
numberof progeny(Resentini et al., 2023Developinganthers and processes resulting in mature
pollen production represena fragile compoundhat isextremely sensitive to elevated temperatures
and connected environmahfactors(Kim et al., 2001) Elevated temperatures causéiggoand ovule
abortion ora reduction in quantity andisruptng pollen morphology and metabolismesulting

in reducedviability (Young et al., 2004; Zinn et al., 2010; Chaturvedi et al., 20&iRture pollen
undergoes desiccation permittdoly specialted cell wall, transcript protection and storage

in aggregateswhich are also formed upon stres¢Sze et al.,, 2024)Activated thermotierance
pathways connect multiple cellular adaptations mediating metabolic stability upateH& PBs are
present inthe cytoplasmunder normal conditionswhereasSGs are formed in response ttress
treatmeniGuzikowski et al., 2019)Both types of aggregates are involved in transcript regulation by
storage or localized translation connectgdhe partial sharing of compounds and positi¢Ks et al.,
2020) Moreover, SGs include mRNAs, RN#inding proteins (RBP47, PABS), translation initiation
factors, and HSP1{Veber et al., 2008)

Although ALBA geneswere characterized and connected to various processes in sporophytic tissues,
their description in reproductive tissues atiekir impact on plant reproduction remain poorly
understoodThe pimary studyof rice revealedignificantly enrichedevels of OSALBA3 OsALBAG

and OsALBAS8iIn the reproductive tissuesvhich are responsibléor seed nourishment and protection
againstdehydration antemperature stregZhang et al., 2012)n Arabidopsisalba31 (K46E) single

mutant fertility isreduced uporHS. Although the mutant phenotype does not significantly affect
thedevelopment opollen grainsor pollen tube growth, it codl influence pollen adhesion
tothestigma. In alba3-2 (L90S), the pollen tube guidance is most probably disruptedding to

ahigher number ofintargeted ovules observed specifically upta According to these findings,
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the RNA affinity of ALBA3 is essatial for fertility in pollen progamic phase regulation ugds (Ci
et al., 2025)
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2. Aims and hypotheses

The presentedoctoral thesis aims to elucidate the importanc&ldAgenes for Arabidopsis growth,
especially its reproductive phase. Moreovae desciption of their behavior in pollen development
under standard conditions and upon heat stress provides improved knowledge of their significant value
for plant fertility. The frst goalwas to elucidate the localization of. BA proteins inpollen nuclei by

strong NLS. Next, the connection AEBAgenes tadhe HS response ipollen was studied dhelevels

of gene activity and fused protein tracking. Therefduether attention was devoted tbe link

of Arabidopsis Alba family with various types of RNPsdmfocalization assays with PABP3, PABPS5,
GAF1 and ALBA proteins. Finallythe impact of ALBA protein homeostasisi@lant growth and
development was investigated by specific overexpressi@iBA genes in the pollen vegetative and
sperm cells followed bwidespread sporophytic overexpression.

HO1: ALBA proteins localize in the pollen nuclei

Although AtALBA proteins were initially localized in the cytoplagmN 8 pr st k ptheB role 2 01 6)
could be at least partially situatédthenuclei( Ver ma et al . ,2015;,0GbyaletaDup ® et
2016) Moreover, somé&tALBAcoding regions posseasveak nuclear localizatiosignal (NLS)and

nuclear export signalsupporting their possible shuttling betwettre nuclei andthe cytoplasm

Thereforea strong NLS was used fahe preferential localization othe ALBA -YFP fusion proteins

into the pollen nuclei. Surprisinglymost of them were localized in the cytoplasm despiielear

targeting except for ALBA3-YFP, which was deteced in the VC nucleus. Consequently,

the hypothes wasprovenonly for ALBA3.

HO2: The role of ALBA proteins in the male gametophyte is connected witlthe HS

response

ALBA proteins are involved in sporophytic stress responses in pdatsa et al., 2018; Wai et al.,
2021) though pollen is gwsitive to temperature fluctuations. Therefotke expression analysis

of ALBA genes was performed in generative organs under standard arstréssed conditions.

In Leishmaniathe Albafamily members ensure developmental processes evestirssdependent
manner( Du p ® et . Tadrefore, tHe pdténtjal dynamics of ALBAFP thoughout pollen
development and upodS were selected foithe detailed investigation. During pollen development,
detected signal pattern accumulates in foci toward pollen maturation and desiccation, which is further
enhanced upoHS. Altogether, the actiwt of the ALBAgenes anthe proteins encoded by themeve

involved intheHS response.
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HO3: ALBA proteins are a part ofthe RBPsin the male gametophyte.

ALBA proteins arecomponerg of RNPs in sporophytic tissues of Arabidopsisecificalyrelated to
stress response@-an et al., 2024)Therebre, markers of multiple RNPs with natural presence in
mature pollen were selected for colocalization assays. AGBR fusion proteins were colocalized
with the mRNA markers PABPRFP and PABPRFP. Partial colocalizations were detectedhia
predominantnumber of samplesALBA proteins preferably sharéhe localization pattern with
PABP3. Furthermore, ALBA proteins are subunits of RNase P/MRP in animaifthe investigated
AtALBA colocalization withthe RNase P marker did not indicate a connection.IFindne presumd
cooperation of subfamilimited members revealedagial ccoccurence in pollen.Overall, the

acquired results suggest the potential role of ALBA proteins in various types of RNPs.
HO4: Does ALBA overexpressionaffect reproduction?

Theloss ofALBAgenes does not severely influerthe plant phenotype most likely due to their high
similarity and functional redundancy. Therefotlee ALBA pool could be disrupted by overexpression
in tissues withthe native presence/C (LAT52 promoter) ad SCs(DUOL promoter) in pollen and
in the sporophyte( CsWMVpromoter). First, ALBAGFRYFP localization revealed atypical patterns
created bythe aggregated foci, suggestirthe disruption of cytoplasmic homeostasis. Although
fertility was not reduced bLBA overexpression in pollen, the membersh&fRpp2-like subfamily
regulated byproCsWMVactivity can surprisingly harrthe reproductve ability. The severedefects
included growth delay, flowering retardatjoand abnormal seed production. Finally,taided
molecular analysis revealdie affected pathways involved in flowering promotion. Hence, strong
overexpression indusghe accumulation of ALBA proteinwithin the cytoplasm and detrimentally
alters plant physiologyleadingto fertility reductionwhich supportghe initial hypothesis.
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3. Materials and Methods

3.1.Plant material and growth conditions

All generated lines ofrrabidopsis thalianavere based on theackgroundf the Col-0 ecotype Only

plants of the proPabp3PABP3RFP and proPabp5:PABP5RFP marker lines were based
onthemutant backgroundgab31 T-DNA insertion line SAIL_783_D04ndpab5gabiKat line Gk
324H01015976 All seeds werestored in -20A Cfor three days before sowing followed

by sterilization anglacement ira medium Seeds wresterilized by20% (w/v) SA/O solution for 7

10 min, the solution was removed atitk seeds were washédur timeswith ddH,O. Sterilized seeds

were immediatelytr ansf erred on 0. 51 Mur ashige 1%4awm/) Skoog
sucrose, and 1% (whagar, modified according tdurashige et al. 196dy a pipette tip and enclosed

by a tape Agar plates with seeds were storal4 A C B days to promote and syncmize
germination Seeds were germinatéul vitro in a cultivation roomunderstandard conditionsf 21 A C

andalong day regimg16-h light/8-h dark photoperiod)Seeds germinated @nplate inthe vertical
positionand grew for 7 to 14 daySeedlings with first true leaves primordizgsually 1614-day-old)

were trangerredinto il Jiffy7 (Jiffy International AS, Kristiansand,dWway) and further cultivated
understandardyrowth conditions ofa long day regime atRA C, 60% relative humidi
the developmental stage of interésta cultivation chambefC o n v i r oeh BEGC20lant growth
chamberConvironE, Winnipeg, Canada) .

3.2.DNA extraction

Leaves from 14lay-old plants were harvested im2L tubes containing sterilized sea sand stones and
immediately frozen in liquid nitrogeifhe @amples were grinded twice for onenute usingFastPrep

24E 5G Ho mMB 8iomediaals CA, USA at 4000 rpm. Homogenizedissues were
stabilized by 25®L of CTAB extraction buffer (XlpH8M NacCl
3% wi/v cetyl trimethylammonium bromidie CTAB) with a madlification of the standard protocol

(Doyle et al., 1990) The dditained solution wassortexed and incubated for 20 min at room
temperatureRT). Fur t her , 250 OL mixture of chl orofor m: i
thoroughly mixed byortexing and centrifuged a17,0001 g, RT for 10 min. The aqueous phase
containingthedissolved DNA was transferred to a fresh tube. Isolated DNA was pegegbiby

a071 vol ume of i saodpncubgied forcat lgast hoinadeAdCPrecipitated DNA was
centrifuged al7,0001 g for 7 min. The supernatant was discarded and the pellet was washed with

1 ml of 70% (w/v)ethanol, mixed by briefortexing and centrifuged at710001 g for 2 min. Ethanol

was removed by a vacuum pipette and the pelia$ driedat 4 2 By @ vacuum concentrator
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(E p p e n cConcehtiator Plus with rotor-45-48-11, Eppendorf, Hamburg, Germang) 1400 rpm
for1 h Thepellt was r esus p edndd-a@thoroughby@issalvél DNAfconcentration
was measured(NanoDrop One instrumentThermo Fisher Scientific, Waltham, MA, U$A
TheisolatedDNA samples were frozen @0AC and stored for further use

3.3. Polymerasechain reaction (PCR)and primer hybridization

The PCR mixtures were usefdr further molecular cloning and verificatiosteps.The individual

reactions contaired buffer, free nucleotide mixture (dNTPs), specificprimers (Table 1), DNA

template and DNAdependentDNA polymerase.Fragmentamplification for further cloningwas
mediatedy t he Phusi onE HighFidelity DN#BherRoHishemer as e
Scientific, Waltham, MA, USA The final 2L P CR c¢ o nt a iTheemb Fish&r Steuntificf e r
Waltham, MA, USA, 02 OM dNZ®M, of0 e a,cahd 0p b iPhusion Polymerase.
Reactions were initiated at 6C f or 30 s fol |l owed byAGOfaeiycless
annealing(Ta of primer} for 30 s and extension at 22C , s p@rQlkb. The reactions were finatid

by enhanced extension at &2 f or 5 min fol AGwedheyDNAOF T agmen
isolated directlyusing aQlAquick PCR purificatiorkit (Qiagen, Valencia, CA, USAJn brief, five

volumes of PB Buffer were adde¢o each PCRample, mixedand transferred to @lAquick column

with a collection tube. The samples were centrifuged7,9000 g for 30 s andhe supernatantvas
discarded The membrane was washed by 0 FE boffer anctentrifugedat 17,9000 g for 30 s

The flowthrough was discarded and the membrane with bound DNAdvied by another round of
centrifugation. DNA was eluted by Elof Elution Buffer (10 mM TrisCl, pH 8.5).

The nitial step of vector verification was basedgameral amplificatafby Mer ci 8za Taqgq po
(Merci, Brno, Czech Republic)he PCR mixtures contaime 1 | Mer ci § z Brnob@reéch e r ( Me
Republig, 02 OM d N2ZréPM , 0 fO e a,cahd 0% U of MagrpolymeraseReactions were

initiatedby 95A C d e n a t u mia foliowed by 2580 cycks of denaturatiomt95AC f e,r 10
annealing for 30 s at the temperature according to the specific primer pair and exéer8dnC

for 1 min per kb. The final extension 88AC f or 5 min compl et eodling he r e:
to4 A CAIll reactions were loaded on agarose gel electrophoresis for fragment separation and

visualizdby ethidium bromide.

PCRs andenzymatic DNA digestion reactions were loadsto an agarose gel electrophoresis for
fragment separation. All sgaml es wer e mi xed with 101 Orange G
sucrose and 0.0R.05% of Orange G) before loadingragments werseparated by gel prepared

from 1% agaroseissolved n 1 | Buffe’{anReac AppliChem, Darmstadt, Germamyhich was

microwaved until complete dissolutiorThe el solution was cooled by running watand one drop of
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Ethidium bromide(S i g ma A |, 8urlingtoh, BA, USA was addedGel hardened in a container
with a comb producing sample positions. Samples ardappropriateladder were loadedand
theelectrophoresis runih I TBAffer at 80 V.Stained DNA fragments wenketected and recorded
by atransilluminator Gel and Blot Imager{VP ChemSolo Auto Imager Versatile Bioimaging
Systemequipped witHJVP Elite 302nm UVTransillumnator and the broad band filté&mnalytikJena,
Jena, Germany).

Primer hybridization was carried out for a pair of primers from Table 1 (GBA3_CAFN and
GBA3_CARN).Equi mol ar amount of ol i gonucmettemdves was
sceondary structures and hydrogen bonds. The sa

Annealed oligonucleotides weused directly ostored for further use a 0 uf © two weeks

Primers for ALBA domestication

P GBA1l plF GCGCCGTCTCGCTCGGGAGCCACCATPAGTCCCAAAGAC

P GBAl piR GCGCCGTCTCGGCCTCGTACGATACAGCCGA

P  GBA1l _p2F GCGCCGTCTCGAGGCGGATTCAGTTACGCCT

P  GBAl p2R GCGCCGTCTCGCTCAAGTAAACTTGAAATGCCAAACGACATC

G GBAl _Ci1F GCGCCGTCTCGCTCGAATGATGGAAGAGATCACGGAAGG

G GBAl CIR GCGCCGTCTCGCTCACGAAQCGTTTTGCTCTTGGEE TC

P GBA2 pilF GCGCCGTCTCGCTCGGGAGAATATAAAACAAGAATTGGTCCAATG
P GBA2 plR GCGCCGTCTCGCTCAAGTAACGCTTGTGAAATCGGGTCA

G GBA2 Ci1F GCGCCGTCTCGCTCGAATGATGGAAGAGATCACCGATGG

G GBA2 CI1R GCGCCGTCTCGCTCACGAAGCGTTCTGCACCTGAGCTTC

P  GBA3 pilF GCGCCGTCTCGCTCGGGAGTGTTTAITTGTTTAAGCTGTTGG

P GBA3 plR GCGCCGTCTCGTAAGACCAATCTCGTTGAAGG

P  GBA3 p2F GCGCCGTCTCGCTTATGTATTGTGGTCTGTGG

P  GBA3 p2R GCGCCGTCTCGATACCACTATGCTTGTGAGGT

P  GBA3 p3F GCGCCGTCTCGGTATCTCTCCGTCATTCGCT

P  GBA3 p3R GCGCCGTCTCGCTCAAGTAAAAACCGTTACGACGCTTAAC

G GBA3 _C1F GCGCCGTCTCGCTCGAATGATGGCGATGGAAGTAGCAAC

G GBA3 CIR GCGCCGTCTCGCTGTCTCTGCACTGGCTTCC

G GBA3 C2F GCGCCGTCTCGACAGAAGCTTCCGTGGAAGC

G GBA3 C2R GCGCCGTCTCGCTCACGAAGCGACCTCGGTGGCAGCGGC

P  GBA4 plF GCGCCGTCTCGCTCGGGAGAAACAGAAATTGTAATACATGGCAAT
P GBA4 piR GCGCCGTCTCGCTCAAGTATCTGATATATATCAGCCGCAC

G GBA4 Ci1F GCGCCGTCTCGCTCGAATGATGGATAAGTATCAACGAGTGG

G GBA4 CI1R GCGCCGTCTCGCTCACGAAGCAGCAGCTGCCTGGACTGGTG

P  GBA20 pilF GCGCCGTCTCGCTCGGGAGATTTCTTGAAATGAATGTTTATCCATG
P  GBA20 plR GCGCCGTCTCGGCGACGCTATACTGCAAAGA

P  GBA20 p2F GCGCCGTCTCGTCGCAAGAGGAGTCTCCGCG

P  GBA20 p2R GCGCCGTCTCGCTCAAGTATCGATTTCCGGTTTTTAAGTTTTTAC
G GBA20 C1F GCGCCGTCTCGCTCGAATGATGGATAAGTATCAGAGAGTTGAG
G GBA20 Ci1R GCGCCGTCTCGTGATCTCAATTCTTCAGGAGAAAA
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GBA20_C2F
GBA20_C2R
GBA6-12_pi1F
GBA6-12_pi1R
GBA6-12_p2F
GBA6-12_p2R
GBA6-12_C1F
GBA6-12_CI1R
GBA6-12_C2F
GBA6-12_C2R
GBAL_plF
GBAL plR
GBAl_p2F

GBAL1_5UIR
GBA2_plF
GBA2_5UIR
GBA3_p1F
GBA3_p1R
GBA3_p2F
GBA3_p2R
GBA3_p3F
GBA3_5U1R
GBA4_plF
GBA4_5U1R
GBA4_5U2F
GBA4_5U2R
GBA20 p1F
GBA20_piR
GBA20_p2F
GBA20_5U1R
GBA6-12_pi1F
GBA6-12_pi1R
GBA6-12_p2F
GBA6-12_ulR
GBpD1_1F
GBpD1_1R

GBA3_C2FN

GBA3_C2RN

GCGCCGTCTCGATCACGAGGCATGTGTCGAT
GCGCCGTCTCGCTCACGAAGCTGCAGCAGCCTGGATAGG
GCGCCGTCTCGCTCGGGAGTCAGATGAAACATCTGACAGAAG
GCGCCGTCTCGGCGACCAGCAAAAAAATGTTG
GCGCCGTCTCGTCGCATGAGTCAGTGCTAATG
GCGCCGTCTCGCTCAAGTACGCTTCAAAACGGGTCBAT
GCGCCGTCTCGCTCGAATGATGGATAGATACCAGAGAGTC
GCGCCGTCTCGCATCTCTTCCTCCACCATACc ctgt
GCGCCGTCTCGGATGACGGGTATGGTGGAGGaa
GCGCCGTCTCGCTCACGAAGCGGCTTCGTTTTGGTTACT
GCGCCGTCTCGCTCGGGAGCCACCATAMGTCCCAAAGAC
GCGCCGTCTCGGCCTCGTACGATACAGCCGA

GCGCCGTCTCGAGGCGGATTCAGTTACGCCT
GCGCCGTCTCGCTCACATTTGAATCTAACTCAGAAAAATTAAAACTTCT
CCTCTCG

GCGCCGTCTCGCTCGGGAGAATATAAAACAAGAATTGGTCCAATG
GCGCCGTCTGCTCACATTGCTTGCTAATCGGAATCCGT
GCGCCGTCTCGCTCGGGAGTGTTTGATTTGTTTAAGCTGTTGG
GCGCCGTCTCGTAAGACCAATCTCGTTGAAGG
GCGCCGTCTCGCTTATGTATTGTGGTCTGTGG
GCGCCGTCTCGATACCACTATGCTTGTGAGGT
GCGCCGTCTCGGTATCTTCCGTCATTCGCT
GCGCCGTCTCGCTCACATTCTTTCTCCGATCGATCACTC
GCGCCGTCTCGCTCGGGAGAAACAGAAATTGTAATACATGGCAAT
GCGCCGTCTCGATACGAAGATTGAGATAAAACGAAAA
GCGCCGTCTCGGTATCTTTCGAAAGATCTAACCAC
GCGCCGTCTCGCCACATTCTGAATCAACCCCAAAATGGA
GCGCCGTCTCGCTCGGGAGATTTCTTGAAATGAATGTTTATCCATG
GCGCCGTCTCGGCGACGCTATACTGCAAAGA
GCGCCGTCTCGTCGCAAGAGGAGTCTCCGCG
GCGCCGTCTCGCTCACATTCTGAAAAGCAACACAAAATCAGAA
GCGCCGTCTCGCTCGGGAGTCAGATGAAACATCTGACAGAAG
GCGCCGTCTCGGCGACCAGCAAAAAAATGTTG
GCGCCGTCTCGTCGCATGAGTCAGTGCTAATG
GCGCCGTCTCGCTCACATTTTTACCAGAAGATGAAAAGATCGA
GCGCCGTCTCGCTCGGGAGCGTCCGAAGTTTCCCTCTTG

GCGCCGTCTCGCTCACATTTTCCTCATCGCTAATCGATC
GCGCCGTCTCGACAGAAGCTTCCGTGGAAGCACAAGAAGAAGTTGCCG
CTGCCACCGAGGTCGCTTCGTGAGCGAGACGGCGC
GCGCCGTCTCGCTCACGAAGCGACCTCGGTGGCAGCGGCAACTTCTT(
TTGTGCTTCCACGGAAGCTTCTGTCGAGACGGCGC

Primers for GAF1 domestication

PU GBGAF1_P5UlF GCGCCGTCTCGCTCGGGAGATGAGTAAAGTTGGTTAAAGCTTC
PU GBGAF1_P5UlR GCGCCGTCTCGGCCTCATCTACGAGGAGACA

PU GBGAF1_P5U2F GCGCCGTCTCGAGGCCACTAATACGCTTGAC
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PU GBGAF1 P5U2R GCGCCGTCTCGCTCACATTTAGTGAGTCGGAGAGAACAG
GBGAF1 clF GCGCCGTCTCGCTCGAATGATGGGATTCTTCGATCTTAGC
GBGAF1 _cl1R GCGCCGTCTCGGCGACCCAAGAGTGAGAAGA

GBGAF1 _c2F GCGCCGTCTCGTCGCTAATCAAAGTCGCTCC

GBGAF1 c2R GCGCCGTCTCGTAAGACGCGTGTACTGCCGA

GBGAF1 _c3F GCGCCGTCTCGCTTACAGTTCATGTGGAGAGT

GBGAF1 c3R GCGCCGTCTCGCTCAGAAGCATGTTTTCTTTTTTTACTGATCC

OO0O0606o

Primers for pDuoldomestication
PU pDuol_F GCGCCGTCTCGCTCGGAGCGTCCGAAGTTTCCCTCTTG
PU pDuol_1R GCGCCGTCTCGCTCACATTTTCCTCATCGCTAATCGATC

Table 1: List of primers used forf r a g mdomeéstcation P = promoter sequencé, = genomic sequence,

C = cDNA sequence, PU = promoter @t TR sequences

3.4.GoldenBraid cloning andfragment domestication

Initially, all TUs were assembled bySnap GeneE sof t war e (from Do
atsnapgene.comand all required plasmids weceeatedin silico. Designedconstructs were created

by the GoldenBraid(GB) cloning system based ofiype IS restriction enzymg$SarrionPerdigones

et al., 2011; SarrioRerdigones et al.,, 2013Primer sequences for domestication were obtained

from GoldenBraid 3.0 domestication tooht{ps://goldenbraidpro.com/do/domesticatjond are

listedin Tablel. The fnal vectorswere achievethrough bllowing threecloning stepsdomesticatia

into pUPD2, TU assembly ithe pDB1 backboneand combinatiorof TUs in thebinary destination

vector pDGB3 suitable for stabléransgeniglant production The initial domestication step removes

internal Type IIS restriction sites frotarget sequences bgtroducing point mutations in specific

parts of primersthat areelongated by adagrs. Genefragments were amplifiecccording to

chapter3.3 by PCRusing Phusion HighFidelity DNA Polymeraseand purified with the QIAquick

PCR purificationkit. Domestication restrictiotigation reactions were prepared acting tothe GB
domestication protocol.duimolar amount of all fragments wadded to a ligation reaction containing

7 5 n gdf QUPD2 (VazquezVilar et al., 2017)domestication vector with &dramphenicol resistance

marker,5 U of BsmBlEsp3lrestriction enzyméThermo Scientific, Waltham, MA, USAand 3 U

of T4 DNA ligase (Thermo Scientific, Waltham, MA, USA)ssolvedi n 11 Li gasfidledBuf f er
by ddH,0 up to 100 L In the evenbf unsuccessful ligation, theonentration of thedomestication

vector was elevated t& 0 0  n gnd @duimolaramounts of all fragments were recalculated.
Reactions were run by modified GB domestication protocol initiate27dZ for 10 min, followed by

30 cycles of a &tep cycle;37 AC for 2 minand ligation at 16AC f or 5 min. The re
finalised at 37AC f or 30 mins A@6dfoer iDnani @ed dthe6B5eacti o

transformed into cells or storedid 0 A C.
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3.5. Plasmid amplification and isolation

All cloning reactionswere transformed int&. colicells One 1ot E TOP10 Chemical |y
Thermo Fisher Scientific, Waltham, MA, US/gelected by blue/white seening andrerified. Heat
shockmediated transformation &. colicells by1OL of t he indeeda#2iA€n f was 30 s
Treated mixtures werenmediatdy placedon ice for 2 min to enhance transformation @éfincy.

Thecells were incubated at 3vC f or 45 mi of SOOmiedium cadt&ifing 2ol(w/v)

tryptone, 06 % Yeast extract, 1&nM sodium chloride, & mM potassium chloride, 10 mM
magnesiunchloridg a n d 2 0-D-ghuebselnduced cultures wergansferred td_B agar low salt

plates spplemented with1 mM IPTG ( | s o p r-DplgthiobalactopyranosideSi g ma Al,dr i c h E
Burlington, MA, USA and1 0 0 /mk X¥-Gal (5-broma4-chloro-3-indolyl-b-D-galactopyranoside,

Si g ma Al, Burlingtom, KA, USA, inducing lacZ expressiomvhich enables coloas blue/white

selection with correctly assembled constructs from the original vectors. LB agar plates were
additionally supplemented with 260 €1 / mL Ch |(®ir g mg A le Buirlicgor, EMA,

USA) for pUPD2vectorcontaining colonies selectiaor 50¢ gnL Kanamycin(Duchefa Biochemie

B.V., Haarlem, The Netherland$pr pDB1 vectorcontaining colonies selectipro r 10 eg
Spectinomycin (Spectinomycin HCI pentahydratBuchefa Biochemie B.Y Haarlem, The
Netherlands) Cells on solid mediunwere inclbated overnightat 37 A Cand movedto 4A Quntil

thenext day to enhance the blue signal. Only white colonies were selectettdosfer tothe fresh

LB plate withthe sameselection agents andcubatecat37A C o v e Mew coltpriies werselected

forPCR verificati on andtransterreihtodRCR mixtyrecoptainingbackkone p

specific primerdisted inTable2.

Backbonespecific primers

pUPD2_F CCGATCAACTCGAGTGC
pUPD2_R TGTTCTTTCCTGCGTTATCC
LB F TGGCAGGATATATTGTGGTG
RB_R GTTTACCCGCCAATATATCC
AlphaOmega_F GAAAGGCGGCAACCTC
pLX_F CGGCGCAGTTCTGCGTAG
pLX_R ATCACCAAGGTAGTCGGC
DUO1 _F3 ACTTAGTGAGTGCATCTGC

Sed_pCsVMV_F GATAAGGTCGGTGATTGTG
YFP/GFP_R GAAGTTCACCTTGATGCCG
Seq_YFP_F CTGAGCTACCAGTCCGC
GFPseq_R TGAAGCACTGCACGCCGTA
SGHRP_middle_F TACGTCCAGGAGCGCAC
Seq_Kan_R1 CCATGATGGATACTTTCTCG

Table 2: List of primers for verification by PCR.
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Plasmids were extracted and purified bye tlbeneJET Plasmid Miniprep KifThermo Fisher
Scientific, Waltham, MA, USA)Liquid cultures were gren in 5 ml LB broth containing ddkD and

LB broth low salt (Tryptoa 10 g/L, Sodium chlorideb g/ |, Yeast extrac g/ |) supplemented with
2530¢ | / rlbramphenicaglor 50e gnL kanamycino r
insertedvector resstanceT h e

harvested byentrifugaton at 8 00 1 g

andthecells were immediately resuspende@® 5 O

wer e
at 4
14,0001 g

14,0001 g for 1 min. The DNA was washed twigéth 5 0 0O
min, followed by additional centrifugatioat the same condition® removeresidual Wash Solution.

of ,00BI gfor2 minintBai f f er
new tube. Plasmid concentration was immediateBasured NanoDrop One instrumeniihermo

Fisher Scientific, Waltham, MA, USA9nd stored a2 0

DNA was incubated with

Isolated plasmids wer@alidated bythe digestion reaction and gel electrophoresiseparation
The100 L digestion reaction contained one or two conventib restriction enzymesaccording
to manufacturef sprotocol (Thermo Fisher Scientific, Waltham, MA, USAwhich included
1 Tselected Buffer for highest enzyme activity diluteith ddH,0, 300n g / OL
therestriction enzymeOnly vectors with correct fragment sizes were sent $anger sequencing

(Eurofins Genomics, Ebersbei@ermany)with specific primers listed ifiable 3

mi xed
AC

for 5 min. The supernatant

1 n0 spectnomycinaccording to the
cul tures cultivat €adlswete 37

f o rThe2spematant wvas corfpletely remoyed

veand f i

Sequencing primers

Al1SP1F

A1SPV2F
A1SPV3F
A1SPV4F
A2SPV2F
A2SPV3F
A2SPV4F
A3SP1F

A3SPV2F
A3SPV3F
A3SPV4F
A4SPV2F
A4SPV3F
A4SPV4F
A4SPV5F

TCGGATTAGAAGGAGGAGG
TGAGCCGTCACCAATTG
ACGTCAATCTCGCCAAG
GGCTTTGCTGTTGAAAAG
CCACACTCTTCCCATGG
GGAAGAGATCACCGATGG
TGCAGCCATTGCAACTG
TATTTAACCCGTCACAGGC
GGTCCAACAAATGGTCCC
TCCCGCTAGAGAGAGAGAG
TTTCTGCACTTGGAATGGG
GATAACATAGACACGTTCTCC
CTTCCTGGGCAACAAAAC
AAGGCAATGGGAAGAGC
GAATCTCCCTTGTACTTGC
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R e son. €glewere dissuptedS o | u t
byadding2 50 OL of Lysi s Sol uaparbahcladtywas achieved ysed ceftsi x e d
wi t hsatiBnsSelutiénlby imrhediddectulidversiohand Idt to precipitate

f o rn. Celk debrisevatts chromioSomahDNA was pelleted by centrifugation at

u

transferred
Wald,0001 Qdor u t i o n

c
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A4SPVG6F
A5SPV2F
A5SPV3F
A5SPV4F
A5SPV5F
A5SPVG6F

CGCCGTGGTTATGATGG
GCGCAGTAGGAGAATTTCG
AACAACCGCCTCTTAGG
TCTCGCTGCTTGCTATTC
GGTACATTGTCTCCAATGC
CGGACAAGTGTTTGATTGG

SPAG6var_F CATTGTCATTGAGCGAGC
SPAGvar_R TAGCTTCGTCCACCACG

Table 3: List of primers usedfor Sanger sequencing

3.6.GB cloning at pDB1 and pDGB3 levels

In the next step, TUs wefermedby combiningthe domesticated sequences and [ag&s inpDB1

Ul1l and 2pakBanesWvith the kanamycin resistancesatss (Sarion-Perdigones et al.,
2013) All combined vectors pUPD2, MoClq backbone)were added to a reactian the same
concentration settd 5 n g / O U offBsd frestriction enzymeThermo Scientific, Waltham, MA,
USA) and 3U of T4 DNA ligase (Thermo Scidific, Waltham, MA, USA)i n
ddH,O. The assembled TUs comprised of promoters (napra)UOL, proLAT52, proCsWnV), N-

Buf f

tag (NLS containing' UTR, ¥ (Tobacco Mosaic Virus) + nuclear localisation signal (Simian Virus

40) (Engler et al., 2014¥ull-gene fragmentstarting byATG signature without stop coddALBALS5,
GAF1, GFP, YFR, and pollenspecific cDNAALBAG4, C-tags GFP, YFP, mCherry and terminator
nosTobtained fronthe MoClo Tool kit (Weber et al., 201; Werner et al., 2012Plasmids containing
therequired TUswere transformed int&. coliOne ot E TOP10
described inchapter 3.5. Colonies containing created plasmideere selected on LB plate
supplemented with 1 mM IPTG0D¢e fmL X-Gal, and50¢ ¢nL kanamycin. Plasmids were purified

and validatedy digest reaction and Sanger sequencing

The lastGB cloning reaction ensurethe combination of selected TUs in the destinagp® G B 3
binary tackbone witha spectinomycin resistance cassett€arrionPerdigones et al.2013)
Thereaction was prepared according to the same pro@msalescribed abovier pDB1 U level
cloning with a modificationin the restriction enzymeused BsmBl This reaction combireeTUs
formed in pDB1 ULl and U12 backboneswith pDB1 UL1-14 vectors containing35-bp duffer
sequencesand p DGB 3 U2 carrying pl ant ), soaférrng redisante c as s e
to thekanamycin antibiotic and a FasRed cassette(proOLE::RFP) active in mature embrgo

Specific adapter sequences create an order of selected TUSIfiotn U14 and(R. The final binary

Chemicaabl y

¥ 2

vectorscreated TU or TUs connectad the plant markers by shosequences at the background

of high-copyp D G B 3. LowzopypDGB3pLX B 3 vhackbongPasin et al., 201Ayas used when
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a restrictionligation reaction tahe high-copy plasmid was unsuccessflihe obtained vectors were

amplified, purified and validated according thapter3.5.

3.7. Transcription units and their combinations

3.7.1.Experimental design forALBA proteins targeting to the nuclei

Vectors containing proAlba::NLSALBAYFP::nosT were used for nuclearargeted ALBA
localizationpresented in ltapter4.1. These TUs werereated by domesticated promoter sequences
of ALBA genes in pUPD2oroALBA combined wih NLS for N-terminal fusionfrom the MoClo,

ALBA genesequencestartingwith ATG signaturewithout stop codon, pUPDZLBA; YFP sequence

for C-terminal fusion andstrong terminator sequenoesT The TUs werdormedinthep DG1 U1 2
backbone and furthenserted io a high-copy pDGB3 ¥ 2backbom with the cassette for plant
selection(KanFasR) andstuffer sequence$ hebinaryvectos weretransferred tahe wild-type Col0
plantsby Agrobacteriunrmediated transformation

3.7.2.Colocalization assays oALBA proteinsand RBP markers

Pollen grains coexpressing various passistingof ALBAgenes (proALBAALBA-GFP) anda RBP
marker (proPabp3:PABPRFP or proPabp5:PABPSRFP) arepresengd in chapter4.3.1and4.3.2
Transcription units ofproALBAALBA1-5-GFP, carried by destination vectors pFASTROW¥ere
created during my masterstudies( N8 p r s t k oCorBbjnatién® df B)BA16-GFPon PABP3
RFP and PABPIRFP backgrounds werzeatedoy Agrobaceriummediated transformatioselected

pairs were included in a manuschjpesented in chaptdt2 ( N§pr st kovg et al ., 202

For a further experiment,the GAF1l marker (proGAFl:: GAF1:-mCherry:nosT) was crated
inthep DB 1  Wadki3one The GAF1 TU consisted ofa domesticated promoter ansl UTR
sequences dBAF1in pUPD2:proGAF1-5' UTR, followed bya domesticatedsAF1 coding sequence
starting withATG signature without stop codon, pUPDBRAF1, mCherry sequence for @erminal
fusion, and strong terminator sequenoesT The GAF1l TU was combinedwith 35-bp stuffer
fragmentsand the cassette for plant selection KanRagh the destination vectopDGB3 ¥2.
Thedestinationvector was insertedn the wildtype Col0 and trasgenic ALBAGFP plants.

Colocalizatiorresults are shown in chaptB.3

Pair assembly within Rpp2ike and Rpp28ike subfamilieswas created by a systematifevel
design( pDB1) , pDB1 U1l1 y)(ars pvD BUs WilB2YER).rTo obtain
proALBA:ALBA-mCherry:nosT, TUs were combined by domesticated promoter &idUTR
sequences OALBA genes in pUPD2roALBA-5" UTR domesticated sequence ALBA coding
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region starting by ATG signature without stop codon, pUPD®:BA mCherry sequence for C
terminal fusion and strong terminator sequems®sT These funtonal units were combined
with prepared TU$roALBA:: ALBAYFP.:nosT. These TUswere createdby domesticated promoter
and5 UTR sequences cALBAgenes in pUPD2proALBA-5' UTR fused withdomesticated genomic
sequence OALBA genes startingvith ATG signature without stop codon, pUPDRBA YFP
sequence for @erminal fusion and strong terminator sequencesT Formeddestination vectors
carrying ALBA-mCherry and ALBAYFP TUs are based orpDGB3 ¥ 2 (ALBA1-mCherry and
ALBA2-YFP, ALBA2-mCherry and ALBA3YFP, ALBA3-mCherry and ALBA1YFP, ALBAG-
mCherry and ALBASYFP, ALBA6-mCherry and ALBASYFP) or pDGB3 pLX B3¥2 (ALBA4-
mCherry and ALBASYFP) background. All couples ontainingthe mCherrycontaining and YFP
containing TUswere combinedwith 35-bp stuffer fragments anthe cassette for plant selection
KanFasR. The created destination vectors were inserted in the-typlel Col0 plants and
colocalizationreallts are shwn inchapter4.3.4 Control plants harbouringproLAT52::YFP and

proLAT52::mCherrywere obtained from the Laboratory collection.

3.7.3.0verexpression ofALBA proteinsin SCs

Vectors used folALBA gene overexpressioncontaineda sinde TU assembled in he pDB1
backbone. TheALBA gene ovetexpressionin pollen SCs was achieved by promoter @fUO1
sequence domesticationgble 1, Primers foproDUO1 domestication) in pUPDand TUs formation
(proDUOLL:: ALBA-GFP::nosT). The pUPD2pDUOl1 was combined with domesticated genomic
sequences oALBA genes starting with ATG signature without stop codon, pUPDR:BA GFP
sequence for @erminal fusion and strong terminator sequemagT. Localization control was created
by promoterDUQL, pUPD2:proDUO1, and GUS genomic sequencéused in frame with GFP
sequence for @erminal fusion finalised with strong terminatonosT Obtained TUs were inserted
into a highcopydestination vectopDGB3¥ 2(ALBA1, ALBA4andALBAg or the low-copy pDGB3
pLX B3¥2 backbong ALBA2, ALBA3andALBAS. Formed destination vectors contairmte ALBA
TU combined with 3%p stuffer fragments anthe cassette for plant selection KanRasferified
destination vectes were insertedhto the wildtype Col0 plantsused forthe experiment presented

in chapter4.4.1

3.7.4.0verexpression ofALBA proteinsin VC

The wdely usedLAT52 promoterwas used forALBA geneoverexpressionn maturepollen VCs
caused by TUscontaining proLAT52:: ALBAYFP.:nosT. The proLAT52 sequence obtained
fromtheMoClo Tool kit (Weber et al., 2011; Werner et al., 2Di#as combined with domesticated
genomic sequences B81BA genes startingwith ATG signature without stop codon, pUPDR:BA,
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YFP sequence for @erminal fusion and strong terminator sequereesT Each TU was combined
with 35-bp stuffer fragments anithe cassette for plant selection KanRast one ofthe destination
vectorspDGB3 ¥ 2or pDGB3 pLX B3r2. A low-copy pDGB3 pLX B3¥2 backbone was used
for ALBAS and ALBAG6 TUs. The created destination vectors were inserted in thetyplkel ColO
plants andtheresults areshownin chapte&.4.2

3.7.5.0verexpression ofALBA proteins in sporophytic tissues

Sporophytic overxpressin of ALBA genes was achieved lilge activity of CsWmVpromoter and
assembly of proCsWMV: ALBA-GFP::nosT TUs. Sequence of proCsWMV was obtained
from the MoClo Tool kit (Weber et al., 2011; Werner et al., 2012)lowed bydomesticated genomic
sequences OALBA genes startingvith ATG signature without stop codon, pUPDR:BA, YFP
sequence for @erminal fusion and strong terminator sequeno@sT Triple mutant seedlings
of alba456were acquired by my studeigr .  He | e im homézpgbus stde falbad*"*?

andalba6*"® and heterozygous state ALBAS'T"®. The triple homozygous linalba456 " "™

*T*T was identifiecby Sanger sequenciramnd used in this studpll sequences foa control TU were

obtained fromthe MoClo Tool kit (pCsWMV, GUS, GFP, nosTAll TUs were assembled
in thepDGB3 ¥ 2destinatbn vectorwith 35-bp stuffer fragments anithe cassette for plant selection
KanFasR. Final plasmidswere inserted ito the wildtype Col0 plants and are further shown in

chapter4.4.3

3.8. Agrobacterium tumefaciensransformation by electroporation

Vector samples were diluted n d 2 edbhreadidn was used fokgrobacterium tumefaciens

strain GV3101 (pMP90ORK) transformation. Cells were let #ghwon ice, gently mixed

with theisolated plasmidand electroporatedsing aneporata (E p p e n dEoprofr Ea, tHambig,
Germany)set t02.0kV for 5.4i 5.6 s Bacterial culturesvere incubated i® 5 0  OYEB roefdium

(6g/ L Yeast extract, §/L Peptone from casein, 5 g/ L Sucroses @/ L Magnesiumsulta
Heptahydrat) for Bi2h inthe Incubator Hood TH 3@ t 2 8180 Apin, Suspensions were

1,0 0 Gdiluted by ddHO and transferredn 20mL YEB agar(6 g/ L Yeast extract, 5 g/ L Peptone

from casein, 5 g/ lsucrose, b g/ L MagnesiursulfatHeptahydrat and 12 g/ Lgar with seledbn

100 n g /pectihamycin 50 g / rif@nipicilin (Rifampicilin (1329246-1); Duchefa Biochemie

B.V., Haarlem, Thdetherlands)a n d 5 0 gentamycind&entamycin sulphate (14681-0);

Duchefa Biochemie B.V Haarlem, The NetherlandsCells on the solid méadmn were cultivated

at28AC for 2 to 3 days. Sever al c ol o ntheeidenticale r e t r
selection and left at 26C over ni ght . The c ol usimggengspesifcane ver i f

backbonespecificprimers Table landTable 3 to confirm thepresencef the vector
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3.9. Plant transformation and crossing

Stable transgenic plants were obtained by floral dipping; pdiseflowering individuals were used

for Floral dipping(Clough et al., 1998)Liquid cultures ofA. tumefaciengells containing a sole
destination vectowere cultivated in5 mL of YEB mediumc ont ai ni n grifafapciling g / oL
50ng/O Lgentamycin and 1 0 0 n gpectinddriycin sandgrown at 28A C o v e 120 irpgh t
Forfurther propagation]l mL of the culturewasinoculatdinto 500 ni of the samerEB medium

with the selectionand cultivated at the same conditions overnighhe cells were harvested

by centrifugation £5,5001 g for 20 min and the supernatant was removed. Pellet neasspended

by infiltration medium(2.17 g/ L Murashige and Skoog Basal Salt MixtutemlL/ L Gamborg B5

vitamin mixture,0.5 g/ L MES (2(N-Morpholino) ethanesulfonic acid, 50 g/sucros), 10 OL/ L
BAP (6Benzyl ami nopur i p)eMeanstileg sigues ahd opened=flowers from vital
inflorescences were removethflorescence tips containing flower buds welippedfor 45 s into
theinfiltration solution containing300 O L Silwet L-77 to increasahe wettability of plant tissues.
Transformed plants were cultivatedderstandard growth conditionmtil maturation.Variousplant

lines were usedor the floral dip procedurewild-type Col-0, proPabp3:PABPRFP/pab31, and
proPabp5:PABP5RFP/pab5 and plants harbouringroGAF1:GAF1-mCherr:nosTcassette

Multiple experimental materials were prepared by plant crossing. Donor plants of both genotypes were
grown simultaneously. Independent dos were selected; emasculated flowers wab&ined from
proPabp3:PABPERFPpab31, proPabp5PABP5RFP/pab5 and Col0 plants.Mature anthers were
isolated fromproALBA'ALBA-GFP andproCsWMV::ALBAGFP transgenéharbouring plantsin one
inflorescencepne or twobudswith immatureanthers were settedfor emasculationand all anthers

were removed undex StereomicroscopePlants were further cultivated at standard conditiamsl

stigma developmentwas monitored for two to four days. Matupapillae cells were covered by

releasegollen grainsard pollinated plants were cultivated urttlep i st i | Es mat ur ati on.

3.10. Plant selectionand heat stress

Transformed plants were selected by specific markecduding resistane to antibiotics dissolved

in 0.5 MS mediumkananycin (GoldenBraid 3.0 vectors) drygromycin Hy gr omyci n B Gol
San Diego, CA, USA)Gateway vectors)which were later found to redudde germination ratio

of the transgeniseeds. Therefore, the seeds were preselected by a needle according to RFP signal
presencecontrolled by KanFadR cassette activitypy the fluorescenceStereomicroscope Leica

M205FA with Leica DMC6200100 with filter setRFP ET546/10x ET605/7(_eica Microsystems,

Wetzlar, Germany). Representative transformed seeds oftypéd and aberrant phenotypes were

detectedusing aleica DMC6200colour camerawith a 2.2MP resolutior(Leica Microsystems,
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Wetzlar, Germany). Selected seeds wemvn without antibioticon 051 MS medium as described
in chapter3.1 7-day-old seedlingdarboring FPgontrolled by native and sporophytic promoterse
screenedisingthefluorescenstereomicroscopr the presence apecificsignab.

Plants were further selectbased orthe presencef the signain pollen when presented. The pollen
grains were haested and mounted in DAPIsolution (08 Og/ mL EB-BiBmidino2-4
phenylindole, Merck KGaA, Darmstadt, Germany) in GUS bfar 10 min according to an adjusted
protocol (Park, Howden, and Twell 1998follen phenotype and signal localization unifity were
observed.The first two generations after transformatiohl(uniform and T2 segregating) emitted
sufficient signal intensity for microscopic analysis. Eahan 15 plants were screenkd each
obtained construct in the T1 generation to identinsgenic plants wh the most similar patterns
of expression and protein localization. Segregating plantheoT2 generation were used for most

of the experimentdue togene silencing ithefollowing generation.

Heat stress tr e aursm#¥tRH, (ighty wad @rfofmed odedf stage juvenile
rosettes grown under standard conditiondffy 7. Stems were collected by a razor immediately after
the treatment and frozen in liquid nitrogdine samples were further processed for RNA ismiednd
RNA sequencing (describéad chapters3.13and3.15, andtheresults are presented in chaptet.3.7

3.11. Fluorescence microscopy

Colocalization and localizatiomesults in mature pollen grainsvere investigated angresented
in chaptersd.1, 4.3, 4.4. Pollen grainswere harvestedrom openedflowers aml stained with DAPI
solution Stained samples were prepared for light and confocal micros@bpysolution containing
pollen grainswas transferred to a slide and coveraith a cover slip Only grains vith sufficient
signal in two (localization) or threécolocalization) channels were documentdxy the inverted
confocal microscope Zeiss LSM880 equipped with an Airyscan detector and -Rfaathromat
100 /1.46 QOil objectiveCarl Zeiss, Jena, Germanydorexcitation of DAPI, GFPandRFP/mCherry
argon ionlaser linesat 405 nmand488 nm anda DPSS laseat 561 nmwere usedn a seqential
scanning modeEmitted signals were selected by the fluorescence filter sugfe 426480 + LP 605
and BP 495550 + P 57 0, and det e c tresdlutiob yAiryscam edetettd\Vithini g h
theexpeiment, all images were captured usitige same imaging setupcquiredwith adjusted
settingsthat reflected thearious signal intensitiesf individual samplesRaw files wee immediately

calculated by aAiryscan Processing in ZEN black software (Carl Zeiss, Jena, Germany).

Seedlings, leaves, sepaBnd other partexcept pollenwere mounted in water anprocessed
for further analysis as shown in chapter4.4.3.2 chapter4.4.3.3 and chapter4.4.3.4 Saeens

of seedlings were performed on closed MS plat#agthe fluorescencetereomicrosope Seedlings
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andlarger organs were harvested, mounted in wattest slide, coveredith a cover slipand observed
under thdluorescence tereomicroscopglLeica M205FA with Leica DMC6200 illuminated by
HXP120 V llluminator/HAL 100 with filter set ET BP Ex470/40x Em525/50 and detected by the
Leica DMC6200colour camera 2.2Mp.,eica Microsystems, Wetzlar, Germarig)transmitted light
(TL) andgreen channels. Samples for detailed inspection were prepared undtgréoenicroscope
and imagedby the wide-field fluorescence microscop@eiss Axiolmager with ApoTomeBy EC
PlanNeofluar 20x/0.50 DIC M27bjective or CG-Apochromat 40x/1.2 W Kor DIC M20bjective
illuminated by HXP120 V llluminator/VIS LED with FS38/GFP BP (Ex 470/40 Em BP 525/50) and
deteced by the CCD Axiocam 506 momeMpix (2752x2208), 19 fps, piksize 4,5 mmCarl Zeiss,
Jena, Germanyih TL, blue and green channeladividual cells and selected tissugere captured by

the Zeiss LSM880with C-Apochromat 40x/1.2 W Kor FCS M2a@bjective in the greenchannel
selected by FS38/GFP BP (Ex 470/40 Em BP 525/&ected by a standard PMT deteaoPlan
Apochromat 10D/1.46 Oil objectiveselected by the fluorescence filter cube BP-896 + LP 570
and detected by t heanMétectrandyTi captaredcoy RMTidetect(CAri r y s ¢

Zeiss, Jena, Germany)

Signalwas detected in 7DAG seedlinggidermal cells of cotyledons, and hypocotyl and rhizodermal
cells of meristematic, transition, elongaticand differentiation root anes. Tre leaves were cut
from juvenile rosette and epidermal pavement cells on abaxial side of thevieag capturedy
theinverted confocal laser scanning microscfpeiss LSM880with C-Apochromat 40x/1.2 W Kor
FCS M27objective orPlanApochromat 100/1.46 Oil objectivein the green channel selected by
FS38/GFP BP (Ex 470/40 Em BP 525/50) and TL detected by standard PMT deteatbiZeiss,
Jena, GermanypPiscs cut fom true leaves were captured blambda scan excited by tlaegon ion
laser488 nmin the green channel selected by FS38/GFP BP (Ex497BMm BP 525/50), detected by
the standard PMT detectofhe signal wasisolocalized in floral organsepidermal cell®f the sepal
and mature pollen stained in DAB®lutionand additionally captured ithe blue channetescribed
above All data acquired byhe Zeiss microscopegere further processed #EN bluesoftware (Carl
Zeiss, Jena, GermanyX-stacks were selected and fuseging maximum intensity projectionand
individual channels were artificigl colored and merged. Scale bars were addddfigures were

created irthe Photoshop CS6oftware

3.12. Phenotypc Analysis

A comprehensive study of phenotypic aberrations observe@ra€sWMV: :ALBAGFP::nosT
transgenic plants is presented in chagtdr3.3and chapter4.4.3.4 Seedswere germinated on agar
platesaccording to thehapter3.1 and4DAG seedlings were scannedthva rulerat high resolution

Image data werprocessed in Photoshop CS@ftware and scale bars were addébllected7DAG
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seedlings were mounted in water on a slide aevetlaid with a cover slip.Prepared samples were
captured bythe stereomicroscopé_eica M205FAwith LasX Premiunsoftware Leica Microsystems,
Wetzlar, Germanyin green and L channelsFlowering plants were selectezhdtheir inflorescences
were fixedusing tweezers on thetereomicroscopéable and captured. Flowevgere collectedon
aslide and capturedth multiple focal planeausingthe stereomicroscope green andlr'L channels
Images were immediateprocessed in the software by extended depth of fatusscalesvereadded
in Leica Applicaion Suite X 3.7.4.23463 version

The 7DAG seedling samples were further captured in detail. Root zones and cotyledons with youngest
green tissues were capturedthg fluorescence microscop&diss Axiolmager with ApoTome®ith
C-Apochromat 40x/1.2 W Kor DIC M2@bjective,Carl Zeiss, Jendermany)in the green channel.
Later developmental stages were collectemladult rosettes were cut by a raatmovethe hypocoty|
and all leaves were removed. Cleansed rosette stems were paarfed Agarose gel andllowedto
solidify in a fridge.The prepared blogkwerecut by a microtome ithe longitudinal directionslices
were mounted in water on a slide and covewdth coverslp. Imaging was performedy the
fluorescence microscop&diss Axiolmager with ApoTomeZequippedwith an EC PlanNeofluar
20x/0.50 DIC M27objectivg in the green channel anthe TL. Ovules were isolateddm the pistil,
mounted in water on a slide and capturethsTL by the fluorescence microscap&cquired images
were processed ithe Zen Blue softwarePictures ér phenotypic analyses gfivenile rosettes and
adult flowering plantswere acquiredusing a Canoncamera(Tokyo, Japan)scaling of images was
achieved bycapturinga rulerwithin the acquisition Raw data and finaligures were createdsing

Photoshop C&software which includedscale bars

3.12.1. Analysis of flowering delayand seed aberrations

Populations of CeD and transgenic plants harbouripgpCsWmV::GFPR proCsWmV::ALBA4GFP,
proCsWmV::ALBASSFP, and proCsWmV:ALBAGFP plants were grown in populations
atstandard conditionsndividual population®f independent linefor each genotype were considered
biological replicas (BRs)and populationggrown at different time represerdd technical replicas
(TRs). Plants of control andample genotypes were uséat the following experimentsCo-0
populations were grown in 6 TRs and 4 BR, proCsWmV:GFPin 5 TRs and 4 BRs,
proCsWmV::ALBA4GFP in 5 TRsand 4 BRsproCsWmV::ALBAS5FP in 6 TRs and 4 BRsand
proCsWmV::ALBAGSFP in 3 TRs and 5 BRsntividuals were gltivated up to adult rosetteand
onthe day of first opened flowgtheywere considered to be floweririgach population was observed
daily, andthe numbers of juvenile and flowering plants were countetil the day when the last plant
beganto flower. Further statistics were calculated usihg R software withthe ggplot2 packagé¢R

Core Team, 2018)Data from all grown populations weseparateljtestedusing theShapireWilk
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normality testandthe impactof outlierswas indicated byCooks distance Outliers with a possible
impact were removedNormality was tested agaiwith nosignificant difference. Thereforéne data
without a normal distribution were evaluatagsing two nonparametrictests KruskalWallis and
DunnetE gest A two-sidedKruskakWallis testrevealed significant differences betwetbe medians
of all populationsThereforeD u n n dest aoparametripairwise multiplecomparison procedure
was used to identify exact pairs of populationsh distant mediansadjusted bythe Bonferroni
correction(Dinno, 2015) Acquired daa calculations wergisualized bybox plots overlaid byiolin
graphs whichindicaeddata variabilityin chaptei.4.3.5

Cultivation of the obtained flowering plants continuedttil the individuals reachedhe precise
maturation stage. Whehe 6" silique on the main inflorescenstembecame yellowistthe 6" to 8"
siliques were harvested and fixaith both-side tape to a slid&he dyle and fruit base were removed
using a needle,and thevalves were a&fully cut alongthe replum and attached to the tape.
Developing seeds were uncovered and couriased on theirobserved phenotypeising the
stereomicroscopelhe aquired data were divided and visualized by bar charts in Microsoft Office
Excel 2010Graphs are presented ahapterd.4.3.6

3.13. RNA extraction

Total RNA was extracted fromDAG seedlingsof T1, T2 and T3 generatianof plantsas well
asbaclcrossed lines from unifornBC1) and segregating BC2) gererations RNA isolation was
performed usinghe RNeasy Mini Kit (Qiagen, Valencia, CA, USA) from approximately h@f

of the deeply frozentissue which was collectedn a tubecontainingautoclaved sea sand grains.
Thesamples were powderettirough two to three rounds of homogenizatiofrastPre®2 4 E 5 G
Homogenizer MP Biomedicals CA, USA at 4000 rpm with RLT Buffer, which is responsible
for cell lysis and RNA stabilization. THeomogenized solution was loaded otite QIAshredder spin
column to filter aut cell debristhrough centrifugation The ®llected supernatanivas transferred
totheRNeasy spin column for RNA binding. The procedure continued with multipleesashtwo

Buffers, RW1Buffer and RPBBuffer to remove contaminants.

The purified RNA was eluted with RNasefree water and treatedvith DNAasel according

to themodified RQ1 RNasé&ree DNaskprotocol (Promega, Madison, WI, USA Eachsample was

gently mixed with the reaction mixture containing RN&se water1 TRQ1 RNAsefree DNaseRB,

ard RQ1 RNAsdree DNase and incubated at37C f or 30 min. The treatment
of DNase Stop solution at 6C f o r THe®ampiésmwere centrifuged and the liquid phase was
transferred to a fresh tub&he obtained purified RNA was uséat further procedurefRT-gPCR and

RNA sequencing
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3.14. RT-gPCR analysis

DNAsettreated RNA served as template for complementary DNA (cDNA) synthesis. Reverse
transcription was ensured by teProm| | Beverse Transcription System (Promega, Madison, WI,

USA), initiated by an oliged(T),, primer, according to the manufactukegprotocol. The reaction

mixtures were placeih a heat block equilibratedto Z6C f or 5 nhepmimerspfollavedbg a |
extensionat4A C f or 1 hzediby enzymedndidaiiona VOAC f or 15 min. RNA
and qualitywere measuredNanoDrop One instrumenfhermo Fisher Scientific, Waltham, MA,

USA). RNA integrity was verified by gel electrophesis in a 2% agarose gelinlTAE (40 mM Tris

base, 20 mM acetic aci@l,mM EDTA, pH 8.0) to achieve 28S and 18S rRNA bands visualization.

RT-gPCR measurements &LBAL-5 expression levels imexALBA4 oexALBAS and oexALBA
samples were obtained using GoTag-FCR Master Mix Promega, Madison, WI, USA
Measurements oALBA6 expressionn oexALBAGsampleswere achieved using GoTag3tep RF
gPCR SysteniPromega, Madison, WI, USATranscripts weraelectivelyamplified bygene specific
primers [Table 4§ ona LightCycler 480 Roche, Basel, SwitzerlapdThere were preparedngjle BR
and twoTRsfor each sample. All connected samples weresiomultaneouslyCycle threshold values
(Ct value$ for ALBA4 and ALBAS were normalied according taGAPC1 (At3g04120) Ct values
obtained byGoTag 1Step RFgPCRfor ALBA6were normalizediccording tcEIF1a4 (At5g60390).
Results are presented in chaptet.3.1

Primers for Q-PCR

Al-q1 GAGTTAACAACATGAACTTGGCTGTT

Al-g2 CATTGTTCTTCAATATCTCAGCGACC

A2-ql CGATGGAGTGAACAACATGAACTTAGCCACC
A2-92 CTTCTCAACAGCAAAACCATTGTTCTTCAGTATTTCAGTA
Ad-ql GAGGTTACGGTTACGATGCTCCTC

A4-q2 CATCATAACCACCACGGCCTTG

A5-q1 GGAGGAAGGGGAAGAGGTGG

A5-g2 TCCATCTTGTTGAGCTTCATAGTAAGG

A6-g1 CCAAGGGAGTTATGAAGGAAAAGACC

A6-g2 CCCCATACCCGTCATTTCTCC

GAPC1 f GACTACAGTCCACTCAATCACTGC

GAPC1 rv AAGAGCTGGAAGCACCTTTCCG

elFla4d f TGAGCACGCTCTTCTTGCTTTCA

elFlad rv GGTGGTGGCATCCATCTTGTTACA

Table 4: List of genespecific primers used for QPCR
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3.15. RNA sequencing and data analysis

To obtain transcriptomic data, RNA was isolated from juverigettes, adurosettesand flowering

plants. Whole stems were collected from juvenile rosettes (sampd@d adult rosettes (sample, 2)

followed by old internodia cut from inflorescenseems(sample 3) and main inflorescence &p

including all developing orgarend tissues without opened flowéssmple 4 grown under standard

conditions Furthemore juvenile rosettes were hetatr e at e d ( 3 7, and @hole stams ®eren o ur s )
immediately collectedsample 5).ThreeBRs per genotypewere collected at the samee of a day,

11-13h. RNA quality and quantityas well asRNaseFree DNAse treatmentsvere performed as

described above. For cDNA libragpnstruction total RNA was polyA)-enriched and sequenced by

lllumina. The sequencing generated least 20 million 150bps long read pairs.

Rough reads were qualifitered using Rcorrector and Trim Galore scriff®ng et al., 2015)Gene
expression levels (aggregated transcript abundances quantified as transcripts pér miHlhwere

gained by Salmon(Patro et al.,, 2017)with parameters--posBias, --seqBias, --gcBias, --
numBootstraps 30The i eference index was created Hye Arabidopsis thaliana TAIR10 CDS

library, version 20101214. Visualization, quality control of data analysis, and determination

of differentially expressed genes were selected udheg sleuh (version 0.29.0) package in

R (Pimentel et al., 2017)Genes withey al ue O 0. 05 and |l o0og2 fold chan
(downregulated) were considered to be significantly differentially exprds¢éd b al ov § .et al
The obtained data were téfred according to upregulated and downlaigd results and further
analyzedby Panther 19.0 Oveepresentation test to annotate Géhetology processes according

to the Arabidopsis thalianaeference lis(Mi et al., 2019; Thomas et al., 2020btained results are

presented in chaptdr4.3.7
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4. Results

The «perimental part is divided o four chaptersreflecting the original hypothesesTheinitial
experiment focused on elucidagi the roleof ALBA proteins role inthe nuclei of mature pollen.
Theprevious results of ALBA distribution in pollen cytoplasmpresented in my Diploma thesis
initiated further experimental workwhich is describedin the following chapters. Initially,
theclarification and elucidation of ALBAlistributionin pollen nucleiwereacdieved by theitargeted
localization further described in chaptdr.l Detailed insighd into ArabidopsisALBA geneswere
provided by gene expression experiments and protein localizatiahcalocalizationexperiments
creatng a comprehensive study when combined with heat stress treatments. These depicted
experiments were finaéd in thepublishedmanuscript presented in chapfe?. Nevertheless, further
colocalizationexperimeng with specific markers for RBPwere performedh chapter4.3 to clarify
thedistribution of ALBA throughoutvarioustypes of aggregates in pollen grains. Disruption of cell
homeostasis was induced Mblye significant upregulaon of ALBA genesin mature pollen and

sporophytic tissueasdepicted in chaptet.4.

4.1 Targeted localization of ALBA proteins to pollen nuclei

To investigateALBA proteinsEnuclear localizationa strong NLS sequenceontainingthe 5 UTR
(Tobacco Mosaic Virus)and nuclear locakiation signal (Simian Virus 40jvas used for their
predominant targeting and stabilization in nugfer detailed commest seechapter3.7.7). Genomic
DNA of ALBAZL5 and ®NA originated fromALBAG6 were fused with thélLS sequence and'FP
in functional TU proALBA::NLS-ALBAYFP. Obtained transgenic plants were grovamd the FP

signal was detected in the mature pollen graiamedwith aDAPI solution

The detected signahried in strength intensity depending on the sample. The emission pattern of most
samples was unexpectedly detected in the cytoplasm (Figure 7A, 7C, 7D, 7E), though-XEBA3
accumulation was specifically localized in the nuclei (Figure 7B, Merfygongstent signal
distribution within Rpp2-like subfamily is demonstrated by two members, ALBA1 and ALBAS.
Emission signal of NL&ALBA1-YFP was very weakly localized ithe VC cytoplasm without any
distinctive pattern (Figure 7A)Unfortunately, the localizain pattern of NLSALBA2-YFP could not

be detected due to a lack of signal in the male gametophyte, despite precise seed selection.
Surprisingly,themost distinct homolog of the subfamily, Ni&& BA3-YFP, was localized in VC nuclei
(Figure 7B) In SCs, tle signal was not detectad nucleieven though ALBA3 isaurally present

in the cytoplasmof SCs
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Figure 7: Subcellular localization of NLSALBA -YFP in transgenic pollen Sequences iLBA1,
ALBA3, ALBA4,and ALBAS coding regions and cDNA encoding the polexpressed idorm of
ALBAG4 were Nterminally fused with NLS, @erminally tagged with YFP, and expressed in poll
under native promoter control (YFP column). Collected pollen from transgenic plants afdvasl
stained in DAPI solution for nuclei visualization (DABolumn), and the channels were overlapg

inpostpr ocessing (Merge col umn). |l magi ng was

On the other hand, all members of the RppRe subfamily share a localizion pattern distinct from
theexpected results. All three NESLBA4-6-YFP fusion proteins are localized in the VC cytoplasm,
distributed in a reticulalike pattern similar to their native localization, though with a higher intensity of very
clear round foci (Figure 7C, 7D, 7E). Nt A_BA4-YFP distribution differs only in the abace of typical signal
enrichment, aligning possible membranes and nuclei of SCs, although it is present around VC nuclei (Figure
7C). NLSALBA5-YFP and NLSALBAG6-YFP share natural characteristiggrsal enrichment surrounding
thewhole MGU, foci accumulatbn around VC nuclei and possible membranes of SCs, including aggregation
tightly associated with SC nuclei (Figure 7D, 7E). The experiment is completed with a negative control, where
wild-type Cot0 mature pollen is visualized and processed in the samaem#mexclude a nespecific signal

(Figure 7F).
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4.2.Detailed characterization of ALBA genes in generative organ®f

Arabidopsis thalianaand their response to heat stress

PublishedinN§ pr st kovg8 A, Mal2nsk8§ K, Z8vesSkK&oDro&tgk cEv, §
BousquetAntonelli C, Honys D. 2021 Characterization of ALBA Family Expression and

Localization in Arabidopsis thaliana Generative Organs International Journal of Molecular
Science®2(4): p.123. DOI: 10.3390/ijms22041652.

Summary

Available information aboutALBA genes in plant species persist limited. Predicted roles in cellular
processes and regulatory pathways were based on high sequence similarity to homologs from more
investigated species. The main objective of the study was todpravi elementary description

of ALBA genes in generative organs at the expression and proteiizdtical levels, with a focus

onthe male gametophyté&urthermore, heat treatment enabled the first connection of Arabidopsis

homologs to stress responses ahhiovestigated regulatory processes.

The illustration of theAtALBA gene phylogeny was based on pollen transcript homology and
expression level analysis using RNA sequencing. Expression analydi8afgenes in inflorescences

was performed by specific &5 staining complemented by fusionofein ALBA-GFP localization

in pollen stages, microspores, bicellular and mature pollen. These results were further extended by
detecting gene activity in inflorescences under standard conditions and following h&aertsa

(37AC for 3 hours and 42 AC-gPCR oe hbur dfter uhe jreatments me a s
Thealteration of the ALBAGFP signal pattern was studied in mature pollen under both stress
conditions, and the intensity of the stress response wadatelt by quantifying signal accumulation

of selected ALBA4GFP, together with PABRPRFP. Colocalization analysis was quantified for two

pairs, ALBA4GFP and PABPRFP, and ALBABGFP and PABPRFP, inmaturepollenat standard

conditions ancheattreatedat 37 AC for 3 hours. Col ocalitzation

mCherry and ALBAGYFP visualization in mature pollen.

Achieved results demonstrate the structural plasticity of the Rpk@ subfamily and variability

in expression patterns throughout poll development, which is typically enriched BCs.
Visualization of gene activities in inflorescences revealed patterns shared by the two subfamilies,
represented by highly activeLBA1and ALBA4 predominantly detected in sporophytic tissues, and
ALBA3 and ALBAG with almost exclusive transcription in anthers. Detailed focus on both
gametophytes showed the presence oABBA genes in bicellular pollen, although most of them are
active in mature pollen. OnlxLBAL ALBA4 andALBA5are active in ovulesral developing seeds.

All ALBA -GFP fusion variants were localized dispersely in thebicellular polen cytoplasm.

In mature pollen, they created a reticdie pattern with distinct foci, whichare even more
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pronounced upomS treatments. Promoter adtiy is weakly affected byHS, though ALBA4GFP
and ALBAG-GFP quantification of signal accumulation detected significant @sanlyloreover,
colocalization ofALBA4-GFP with PABP3RFP marker is very strongfter the HS treatment
Nevertheless, ALBAG colocale with PABP3 and ALBA4 only partially.

Achieved results supported an initiddypothesis ofthe Alba family involvement in pollen
development, particularly in later stages of pollen maturation. Moreover, the ALBA protein
aggregation in mature pollen wasnoected with the response to heat treatment. Overall, achieved
data further correspond with previous publications about ALBA proteins.

My major contribution to this publication consisted of experimental design and realization, including
data processing xeept for RNA sequencing), draft writing, and formation. My partial participation
was further connected with phylogeny tree creation, R statistics calculation, accumulation analysis,

and PCC calculations.

Original research article including all Supplenseig a constituent part dhis thesis in the form
of the SupplementaryPDF file; Supplementary S1 (original research article), Supplementary S2
(Supplementary Figures and Tables), Tablé S4.

55



4.3.Connection of ALBA proteins with a role in RBPs

4.3.1. ALBA -GFP proteins colocalizationwith PABP3-RFP marker

The wmlocalization analysisontinued and expandéle publishedpairs ALBA4 and PABP3as well
asALBA6 and PABP3, a class | member of the PABP faniBglostotsky, 2003)Agrobacterium
mediated transformation of@oPabp3:PABP3RFP-harbouring line byproALBAL6:ALBAL6-GFP
constructs established the colocalization of ALBAP and PABPRFP markers. First uniform and
second segregating generations were used for imaging, as signal weakening or loss occurred in further
offspring. The obtained transgenic plants were grown under standard conditionsscabed

in chapter3.1, and the FP signal was detected in mature pollen grains stained with a DAPI solution.

Originally, all combinations of ALBA®-GFP and PABPRFP were intended to obtain.
Nevertheless, this plan could not be fully achieved due to the lackeals scarrying both fusion

proteins in certain combinations. A signal localization pattern wagredéd in both channels,

with novariation compared to pollen grains expressing single transgenic TUs (Figure 8). The signal
emission of the marker PABHSFP isbroadly distributed in the VC cytoplasm, with its characteristic

pattern consisting of foaiith variable signal interity enriched in the MGU regioo N8 pr st kov § et
2021) A similar pattern was observed in the ALEB¥-P localization analysis. GFP emission patterns

of ALBA2, ALBA3, and ALBAS are not affected and remain unmodified except for the ALBA1 and
PABP3 combination, which completellacks the characteristic sgbllular signal distribution

in mature pollen (data not shown).

Two colocalization lines with the brightest signals and similar signal distributions within thé&-Rpp2

like subfamily were selected for extended imaging and furtheyamals ( N8pr st kov§g et
ALBA1-GFP, ALBA2-GFP, and ALBA5GFP emit a low intensity signal, which is more dissimilar to

the PABP3RFP distribution. For these reasons, the samples of PABP3 and ALBA with very weak

GFP emission were not used for advan@amination. ThreeALBA genes exhibited stable
localization patterns when colocalized with the PABHP narker. In the ALBA2 sample,
thechannel Es projection wuncover e dttera,twhidh esalacdated par t i
in thecytoplasm, is rregularly accumulated in VC and evenore pronounced around MGU.
Thecharacteristics of signal fluctuations are more dissimilar. Bbthnnels are overlapped only

in bright foci of the VC cytoplasm as well as aligned with VC nuclei (Figure 8A, Merge #)DAP

In contrast, ALBA3GFP emits a strong signal in pollen grains comparable with the red signal
of PABP3RFP (Figure 8B). Both detected signal intensities and cytoplasmic distributions are quite

similar, but themerge displays a portion ainglechannelfoci. Thee are partially overlapped foci
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Figure 8: Subcellular colocalization of ALBAL, 2, 6 with PABP3 marker. Genomic DNA
fragments ofALBA2 ALBA3 andALBA5were Gterminally fused with GFP (ALBA) in the greel
channel, driven by their native promoters, respectively. Mature pollen coexpressing ALBA 1
proteins and PABRBRFP marker (red) was harvested and stained with DAPI (Merge + D/

Imaging was performedn t he same manner, except for 5

in theVC cytoplasm, possible SC membranes, and even more superimptséte VC nucleborder
(Figure8B, Merge + DAPI) In the last combination of ALBA®SFP and PABPRFP, the visualized
signals ceoccur very weakly inthe VC cytoplasm, which could beflmenced by differences

in bothsignal intensities, despite the localization pattern appearing to be quite similare(B@u
Nevertheless, there is a visible partial overlap of the channels in bright foci surrounding possible SC
plasma membranes that is even more enhanced in areas where these round particles are accumulated
(Figure 8C, Merge + DAPI). A very similar ovayl is detected in thpossible SC membrane region

in the aligned pattern of gathered patches. Although the colocalization and accumulation analyses
revealed strong overlap of PABFS-P and ALBA4GFP in the VC nucleus, the data vary between
ALBA members, wih partial signal overlap between PABRBP and ALBAGGFP. The results

of PABP3RFP colocalization with ALBASGFP and two members of the Rpgike subfamily,

ALBA2 and ALBA3, were not sufficient for further analysis. Therefore, the connection of ALBA
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with PABP3containing particles is not permanent, suggesting their involvement in multiple cellular

processes.

4.3.2.ALBA -GFP proteins colocalizationwith PABP5-RFP marker

Another marker from the PABP class |, PABP5 specifically expressed in developing floral prgans
tapetum, pollen, ovules and segdss selected for further colocalization asg@glostotsky, 2003)
Therefore, plants harboag proPabp5:PABPERFP transgene were transformed by Agrobacterium
with proAlbal-6:ALBAL6-GFP constructs. Transgenic plants were grown under standard conditions,
as described in chapt8rl Signal detection was performed onlleo stained with DAPI in the first

uniform and second segregating generations to assess signal weakening or loss in the next generation.

A colocalization experiment was set up for PABRBP and ALBAGFP harboring pollen grains.
Although checked signals eke of good quality, only some mbinations were obtained

in theprogeny. Therefore, only samples that were positive for the presence of both channels in mature
pollen are shown: two members of the RpjiRe family (ALBAL1 and ALBA2), and ALBA6 from

the Rp25-like subfamily. The detected signal pattern was comparable to that reported in the research
article ( N8 pr st kov 8 amdtremaided stabl@ befvken solo -fidtboring and ALBA
coexpressing plants. However, in all presented combinations, the signal intensity wattexhleast
minimally altered (Figure 9). The colocalization of ALBAIFP with PABPERFP was influenced by

a low intensity of the GFP signal, which made the final result nobiadlenging. Nevertheless,

the captured pattern persists, distributed randdmiyne VC cyoplasm. The signalneichment aligned

with the nucleus almost completely disappears, as well as the significant pattehedtio SC nuclei
(Figure 9A). A co-occurrence of the PABPRFP and ALBAXGFP was detected in a few foci
surrounding SCQhuclei, where the red signal is most prominent, indicated by an arrow (Figure 9A,
Merge + DAPI).

Interestingly, ALBA2GFP localization pattern changes in the presence of PABHS marker
(Figure 9B). While ALBA2GFP characteristic cytoplasmic signal disition, including nuclar
shape alignment, is almost lost in VC,réhés an enriched signal in SThe strongest signal is clearly
visible, divided into two parts, most likely localized in the SC cytoplasm, which could causesits los
atthe possible SC embranesThe green and red channels overtayealed their c@ccurrence

in parts of the pattern, with the brightest foci localized in SCs (EBi@dB, Merge). Specifically,
thetightly overlapping regions surroundin§C nuclei accumulad to form irregula shapes,
asindicated by the arrows (Figure 9B, Merge + DARh analogous result was achieved for the last
obtained combination coexpressipgPabp5:PABPERFP and proAlba6:ALBABGFP. The detected
signal pattern alters in the cytoplasm and around thenM€eusin the green channeRlthough
the ALBA -GFP cytoplasmic signal is one of the strongest irAlha family (Figure 9C)PABP5RFP
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Merge + DAPI

PABP5 x ALBA2 PABP5 x ALBA1

PABP5 x ALBAG6

Figure 9: Subcellular colocalization of ALBA1-GFP, ALBA2-GFP, and ALBA6-GFP
with PABP5-RFP marker. Genomic DNA fragments oALBAL ALBA2 andALBAG6cDNA isolated

from mature pden were Gterminally fused withGFP (green) controlled by their native promoter

respectively. Pollen grains from stable transgenic plants coexpregsLBA:ALBAGFP
with proPabp5:PABPERFP marker (magenta) were harvested and stained in DAPI (Me&Pt).
Imaging was performed the same way except for 561 and 488 LPfrpostsing included Airyscal
processing followed by-gtack range selection covering all nuclei, maximum intensity projection

scale bar (5 Om).

coexpression decreases its intensity. It enhances the accumulations theS€ame way as described

in ALBA2 on the PAP5 background. Merged channels reveal signabaomrrence inthe VC
cytoplasm only in most intensive foci (Figure 9C, Merge). Signal fluctuations are detectable in MGU,
characterized by a few stronger aggregates aligned with VC rfaagiew, Figure 9C Merge +DAPI).

Both channels are enriched around SC nuclei, with almost complete overlay, likely due to recruited
accumulation, as indicated. Colocalization with PAB®=P, which marked specific mRNA
aggregations, revealed a similar localization to ALBBEP and ALBABGFP, with variable signal
intensities within the pattern. The most pronounced RFP signal, which tightly surrounds SC nuclei,
predominantly overlaps with GFP emission, suggesting that the observed proteins cooperate in this

area.
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4.3.3.ALBA -GFP mlocalization with RNAse P subunit GAF1

C
N

Figure 10: Subcellular localizaton of GAF1-mCherry

marker. The genomic sequence @AF1 was Gterminally
fused with  mCherry under native promoter control a
terminated bynosT Specific emission in the red channel w
detected in a root tipA). A detail of four cells revealedraund
pattern in the nuclei, with a sigrahriched surrounding aree
possibly nucleoli, and bright areas lining theer shapeR).
Mature pollen was harvested and stained in DAPI solut@n |
The signal was captured in weak cytoplasmic foci. Nuc
position is indicated by DAPI (blue) in the channels overl:
(Merge). Zstacks from both channel8,(C) were processec
using Airyscan processing followed by maximum intens
projection. White arrows indicate tlspecific mCherry signal.
Scale bana) =miB06.0Om (

60

ALBA proteins are associated
with various roles in  nuclear
processes across multiple organisms.
Therefore, GAF1/RPP30 was picked
for colocalization with ALBA
proteins, also for a similar
expression pattern in Aralopsis
devdopmental stages, especially
in young seedling root tips and later
in mature pollen. Initially, a novel
marker, proGAF1:GAF1
mCherry:nosT, was created and
localized in root tips and mature
pollen on a wildtype Cot0
background (Figure 10). Aocding
to a previous studyWang et al.,
2012) GAF1 activity was detected
inroot tips, lateral root primordia,
shoot meristematic zones, ovules,
and pollen by GUS staining.
Ascreen of the transformed
seedlings revealed strong signal
emission in all layers of root tip
cdls, especially in the root
meristematic and transition zones,
with a  specific  subcellular
localization pattern (Figure 10A).
According to the morphology,
position, and the publication
themarked structures are considered
cell nuclei (Figure 10B)
Nevertteless, localization of GAF1
mCherry signal in mature pollen

changes to cytoplasmic foci that



were difficult to capture (Figure 10C, right). The signal emission was very weak and could only be
detected by the inverted confocal microsc¢peiss LSM880, eqpped with an Airyscan detecjor
Captured signal was sequestered into a few weak cytoplasmic foci usually concentrated around MGU
(visualized by DAPI), indicated by arrows.

Coexpression of ALBAGFP proteins with the introduced GARICherry marker was edtisshed.
Marker transgenproGAF1:GAFXImCherrywas introduced to plants expressprgALBAL6:ALBAL

6-GFP by Agrobacteriuramediated transformation. Grown plants of fivet generation were used

for this experiment to ensure sufficient signal detectiorthin green channel. Most studied rpai
GAF1 1 AL BARALBA2GGAAFLT ALBA3, GAF11 ALBA4, and GAF1l ALBA5 were
colocalized in mature pollen (Figure 11). Present results stenvggenic pollen containing GAF1
mCherry (magenta) and ALBSFP (green). Té experiment is concluded by a picture of control
wild-type Cot0 pollen (Figure 11F), which emits a weak autofluorescence in the red channel without
distinct foci. The control sample was imaged with the same setup that supports the following
experiment. bcalization patterns of ALBAGFP, ALBA3-GFP, and ALBASGFP signal distribution

are comparable to their sole appearance characteristic by their reilk®ilaytoplasmic pattern

with bright foci in VC, accompanied by the typical enrichment around MGUI(Ei@1A, 11C, 11E).
Nevertheless, the typical native signal enrichment around MGU was completely lost in ARBRA2

and ALBA4-GFP samples, and only the cytoplasigtribution persisted. Thessignallocalizatiors

more closely resemble the pattern of polR4 hours after a 48 C -hout stress period (Figure 11B

and D). The GAFInCherry signal in the studied colocalization samples is characteristically

sequestrated to a low number of miniature foci surrounding MGU, particularly VC nuclei.

The channels ovkay revealed different patterns without any overlap in mature pollen. Diverged
patterns of ALBA emission signal and GAF1 marker suggest distinct roles of inspected fusion
proteins. According to the obtained data, the ALBRP connection to GAF1/RPP30, REAP/MRP

subunit in Arabidopsis, remains elusive. Though selected colocalization pairs resemble similar
expression patterns in metabolically active tissues, the obtained localization patterns are divergent.

The GAFImCherry localization in root tips is tteisted to the nuclei, while the ALBA pattern is

typically distributed in the cytoplasm in all studied cell tygedl8§ pr st kov § et al ., 20

2022) which supports the achieved results and reduces the plausibility of common features.
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Figure 11: Subcellular colocalization of ALBA1-6-GFP and GAF1 marker in mature pollen.

Genomic DNA fragments oBAF1, ALBA15, andALBA6 cDNA isolated from mature pollen wer
C-terminally fused withGFP (ALBA) and mCherry (GAF1). All TUs were catrolled by native
promoters and terminated by thesTterminator. Mature pollen from transgenic plants was harve:
and stained in DAPI solution. Colocalization patterns of ALBBP (green) and GAFmCherry

(magenta) were captured and the overlay issshMerge). Nuclei positions are indicated by DAI
(blue) in the three channels overlay (Merge + DAPI). All samples were imaged identically, €
forthe 561 and 488 LPs.-&acks from all channels were calculated using Airyscan proces

followedbym i mum i ntensity projection. Scale ba

4.3.4. Colocalization of Alba subfamilies inmature pollen

Thelast analysis extends published data based on the colocalization of AnBAérry and ALBAG
YFP in mature pollen. These experiments were based on tbepression of ALBA pairs
within individual subfamilies Rpp2like (ALBA1-mCherry and ALBA2YFP, ALBA2-mCherry and
ALBA3-YFP, ALBA3-mCherry and ALBA1YFP) and Rpp32-like (ALBA4-mCherry and ALBAS
YFP, ALBA6-mCherry and ALBASYFP) according to chapted.7.2 Formed TUs were combined
in a destination vector and introduced into the wiighe Cot0 plants by Agrobacteriuimediated
transformation. Transgenic plants were prepared according to claptand the first uniform and
second segregating generations wesedufor imaging, as signal waleening or loss was observed

in subsequent progeny.

ALBA -ALBA colocalization analysis was performed within Rpg&@ and Rpp28ike subfamilies
according to their similar behavigr Yuan et al ., 2019; N&8prst.kovsg el
Theorder of TUs within vector was based ftuorescent tagharacteristicéALBA -mCherry followed

by ALBA-YFP). Actually, ALBA proteins colocalization in mature pollen influencedalization
patterns of somemembers(Figure 12) comparedto the previouslypublished results acquired
from GFP fusion§ N8 pr st k o v 8Native distaidution of tAeOs@rial)was detected in the pollen
cytoplasm ofproALBAL:ALBAIMCherry/YFR proALBA2:ALBA2YFP, proALBA3:ALBA3mMCherry
proALBA4:ALBA4MCherry, and proALBAG6:ALBA6GMCherryharbaing samples. However, altered
signal patterns were recordeih proALBA2:ALBAZmCherry and proALBA3:ALBA3YFP
coexpressing pollen graindnterestingly, proALBA5:ALBASYFP-harborng samples exposed both
native and altered signal patterns according to the colocalizing pakoesover, the alternative

signal distributions are more similar to the respective HS patterns.

The first captured combination of ALBAH©Cherry and ALBA2YFP revealed almost identical signal
distributions compared to the native patterns (Figure 12A, mCherry, YFP). Moreover, ALBA1 and

ALBAZ2 colocalization revealed marginal signal overlap in the whole pollen volume, especially
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Figure 12: Subcellular colocalization of Rpp20like and Rpp25like subfamily members
in transgenic mature pollen grains.Genomic DNA fragments of the RppdRe subfamily ALBAL
ALBA2 andALBA3 and Rpp25like subfamily ALBA4 ALBAS and cDNA encoding the pollen
isolated isoform oALBAG4 were Gterminally fused with mCherry (red) or YFP (green). The T
were controlled by their respective native promoters and terminated byo#ie Both channels
overlay indicates Femitted signal colocalization (Merge). NekRs'coding regions were expresse
under the pollerspecific promotet, AT52 with mCherry (red) and YFP (green) serving as contt
for fused protein localization. Nuclei position and morplgyl are indicated by DAPI staining (Merg
+ DAPI). Imaging was performed in the same manner, except for 561 and 488 LPs, with scale |
at 5 Om.

in cytoplasmic foci accompanied liycreased signals' emccurrence in areas with higher intensities
surrounding SC nuclei (Figure 12A, Merge + DAPI). The next analyzed pair of AuBBRerry and
ALBA3-YFP revealed alternative localization patterns in both cHantiet are more similar

to the stressinduceddistribution in both channels (Figure 12B, mCherry, YFP). Nevertheless, minimal
alteration within signal patterns is demonstrated by the red signa$pecific low intensity
distribution, despite the green signal targeting enlargedofaciegular shapes. Although the samples

did not match the singlgene expression distribution, the overlap of the channels is prominent not
only in the characteristiSC nuclei and proximal structures, but also in the vegetative cell cytoplasm.
However there are detectable solely green foci (Figure 12B, Merge + DAPI). The last analyzed pair of
RppD-like subfamily members is ALBABCherry and ALBALYFP, with localization patterns
similar to the normal GFP signal distribution in mature pol({&gure 12C mCherry, YFP).
Thesignal patterns marginally overlap in the VC cytoplasm. Bothassgeven more colocalize

in theenlarged, irregular structures that tightly surround a considerable part of SC nuclei and a thin

layer around the VC nucleus (Figure 12@rge + DAPI).

Colocalizationof RppZ-like subfamily members was initiated by fusion proteins ALBAZherry

and ALBA5-YFP, which coexpressed with similar signal patterns to those of the-sixglessed Us
(Figure 12D).The ALBA4-mCherry signal patteris enriched within MGU, roughly visible in red,
while ALBA5-YFP signal intensity distribution is more pronounced exclusively around VC nuclei.
The signal patterns partially overlap in the VC cytoplasm, with more prominent green signal intensity,
which contasts with the red channel's M&riched areas. Unexpectedly, the last investigated pair of
ALBAgenes emitted a native pattern in the red chaammhltered green signal distribution, compared

to native samples. ALBA®Cherry and ALBA5SYFP detected sigals were significantly enriched in

SCs (Figure 12E). Within these areas, both channels overlap massively, although they are reduced in
the VC cytoplasm. On the contrary, the ALBA®P signal in the green channel is visible at the
border of MGU, aligned wit the VC nucleus and possible membranes of SCs (Figure 12E, Merge +

DAPI). The experiment was accompanied by a single localization of free fluorescent proteins used for
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visualization of the targeted proteins, free mCherry, and free YFP (Figure 12F). ®stoarmsignal
was detected in the cytoplasm and nuclei of both combinations, although the data show non
homogeneous signal distribution in the pollen grains.

Collectively, the coexpression and visualization of ALBA proteins within subfamilies revealell@ar
behavior, as observed in previous chapters. The ALBRRA2 and ALBA1-ALBA3 colocalizations

were detected in the cytoplasm of VC, accompanied by enriched signal accumulations around SC nuclei.
Although the localization patterns of ALBARCherry and ABA3-YFP samples displayed artificial,
pronounced signal accumulation, these areas are marginally shared. Colocalization ofrACBédty

and ALBAS5YFP corresponds to the pattern of ALBA4P and ALBAG6-mCherry presented
inthejournal article( N8 pr st k o v 8traagtsignallaccymultionflAl BAGCherry in SCs is

the same in both samples. However, the localization pattern &ABLYFP varies according
tothecoexpressed partner; its characteristic distribution is maintained in combination with ALBA4
mCherry, but unsual SG ALBA5-YFP accumulation was detected when combined with ALBA6
mCherry. Finally, two distinct populations of results were identified within the experiment. Major
samples revealed native localization, creating partially shared patterns. Neverttiskrsst areas
without signal overlay indicate variability and probable promtgcuwithin studied pairs.
Onthecontrary, samples with an affected localization of the studied homologs predominantly display
signal overlay, suggesting a stronger relatimiween the respective pairs, ALBA2BA3, and
ALBAS5-ALBAG.
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4.4. Targeted overexpressionof ALBA genes inArabidopsis thaliana

4.4.1.0verexpression ofALBA -GFP in the male germ line

Specificoverexpression AALBAgenes in the male gametophyte, particularly inGi@and its mitotic
products, was induced by the specific activitytiod DUO1 promoter.The promotersequencevas
domesticated from the Arabidopsis genome for this experiment. SamplepbD&JO1::ALBA
GFP::nosTand a control TU proDUO1::GUSGFP::nosTwere formed bythe proDUO1 sequence
followed by genomic sequences AL BA genes fused with GEFCreated TUs were inserted into
thedestination vector and further imported intke wild-type Arabidopsis plants. Transformed seeds
were harvested, germinated, aodltivated under standard conditionstil the reproductive stage
of development, as described in cha@er.3 Observation and imaging were accomplished using
first- and secongeneration transformed plants to detect sigoss in the following generation. Pollen
was harvested and stained with DAPI for nuclei detection.

Initially, control samples were observed to ensure the precise adjustment of the microscopic setup.
Therefore, pollen from the positive control, which hamed proDUO1::GUSGFP::nosT, and
thenegative control, untransformed wilgpe ColO, were imaged (Fige 13). A strong signal

of the GUSGFP marker was detected in SCs concentrated predominantly in bright foci randomly
distributed in the cytoplasm (Figur8A, GFP). The noispecific accumulations of the signal are most
likely caused by &FP fusion with GUSwhich creates a larger protein that is unable to freely diffuse

to the nucleus (Figure 13A, Merge). The next imaged sample presented a negative w@ontrol,
transformed wileype Cot0, which completely lacked a specific green signal (Figure 13B).
Collectively, selected controls enabled precise microscope adjustment before the experimental

procedure with the investigated samples.

A strong signal was detexd in all pollen grains carryingroDUO1::ALBAGFP::nosT expression
cassette exclusively localized to the possible SCs cytoplasm €Fitdlx. Unspecific structures

of various shapes and sizes were observed around SC nuclei in the green channel aedraicleir

in the blue channel. Interestingly, the detection of DAPI signal revealed changes in SC chromatin
organization, as presented by nuclear shape irregularities in most samples. According to these
characteristics, the samples were divided into tlctasses: samples containing typical, marginally
ovaklshaped nuclei in SCs, samples containing nuclei with a curved outer surface, and samples having
SC nuclei with long protrusions stained by DAHIhe only sample with an unaffected SC nucleus
structure,proDUOL::ALBA2GFP, emitted a signal localized to cytoplasmic foci that accumulated
around the SC nuclei (FiguredB). The signal was completely lost from the cytoplaanud SC
membranes. Two samplesproDUOL::ALBAEXGFP and proDUOL::ALBA4GFP, shared a

precdominant number of SC nuclei with mild shape variations, typically harbouring few chromatin
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GFP DAPI

GUS-GFP

Non-transformed

Figure 13: Signal detection in transgenicproDUO1::GUSGFP and Col-0 pollen. Control plants
harboringproDUO1::GUS GFP::nosTtransgene (GU&FP) and wildtype Cot0 (Nontransformed)
were cultivated up to the flowering stage. Open flowers were collected, and mature pollen was
in a DAPI solution. Prepared samples were captured in green (GFP coluntriyarf®API column)
channels. Overlapped channels (Merge) were created bypmmsissing. Imaging was performe

int he same manner, with scale bars equal to

lobes and changing nuclear surface (Figudd,114D). Interestingly, all DAPistained excessive
curvatures were completely covered by the signal emitted in the gnemnel, indicated by arrows.
These foci were further distributed among the SC cytoplasmpréddUO1::ALBA5SGFP and
proDUO1::ALBAGGFP samples, the last class of SC nuclei showed phenotypic variation with a few
long chromatin protrusions. MoreoveroDUOL::ALBA3-GFP-harboring pollen grains contained SC
nuclei of a completely hairy surface (FigurdCl 14E, 14F). All chromatin prominences are
completely covered by the specific green fluorescence indicated by arrows. These atypical

aggregations could cauabnost complete signal loss in the cytoplasm.

According to the acquired results, the specific overexpressiomiLBRA genes in SC apparently
changes their typical localization pattern. Their localization iuassigated to a tight proximity

of nuclear chomatin. Their signal diminishes from the cytoplasm and SC plasma membrane.
Moreover, overexpression of several members presumably influences nuclear architecture. According
to these data, some members may be involved in nuclear shape regulation, pgariicpleocesses

that influence chromatin compaction. Although the nuclear defect is specBiCoverexpressiofthe

precise regulation AALBAgenes appears to be crucial for maintaining the ttir@ensional structure

of SC nuclei. While VC transcripine and proteome profiles correspond miarédhe sporophytic
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Figure 14: Subcellular localization of ALBA-GFP controlled by the GGspecific promoter DUO1
in mature pollen. ALBAL5 coding regions and cDNA encoding the polepressed isoform
of ALBAG4 were Gterminally fused in frame witkBFP and expressed in mature pollen unBé&rO1
promoter control (GFP column). Collected pollen was stained in DAPIti@oluor nuclei
visualization (DAPI column), and the channels were overlapped irpposéssing (Merge column)

Sample imaging was performed in the same w.

tissues than to the specific SC transcription. The role of ALBA proteins may vaollém grains

based on the cell type, which could explain the differences in ALBA localizatiSiCénunde their

native promoters and overexpression causeahbyDUO1 promoter, accompanied by detectable
subcellular changes. Nevertheless, the fertility of the transgenic plants, neither the length of siliqgues

nor the number of seeds within siliques, was nietcadd.

4.4.2.Overexpression ofALBA-YFP in the pollen VC

Excessive overexpression ALBA genes in the male gametophyte was targeted explicitly to VC by
the broadly used AT52 promoter. TUs containingroLAT52::ALBAYFP::nosT were created by
fusing the proLAT®2 sequence and genomic sequencesAbBA genes withYFP, as described

in chapter3.7.4 Obtained TUs were cloned into astieation vector and inserted ¥dld-type ColO
plants, which were cultivateat standard conditions uhtnaturation. Pollen was collected from adult

individuals of uniform and segregating generations and stained with a DAPI solution.

Although it was expected to have a pronounced signal intensity of the natieenpit VC,
theoverexpression of the Albfamily caused a surprising variatiomhe LAT52 promoter is used

for pollentargeted assays, as its activity is considered exclusive for the VC of mature pollen, although

it was later also found in SCs. Native ALBA signal distribution in pollen has bemorddrated
(N8prstkovsg et al . 2021) , and the described pa
number of proLAT52induced lines. A yellow fluorescent signal accumulates to form enormous
particles localized in mature pollen (FigurAl 15B, 15C, 15D, 15E). Moreover, the compact

structure of MGU was dislocated by SCs' deviation from the central position in a portion of screened
pollen grains (data not shown). Sample control of free YFP localization in mature pollen is shown in
chapter4.3.4

All Rpp20-like and Rpp28ike subfamily members emitted signal was distributed in bright foci
accompanied by larger aggregation in distinct elongated cytoplasmic aggrefgamtegular shapes
(Figure BA, 15B, 15C, 15D, 15E). Moreover, thishighlighted patterimncluded one or two enormous
abnormal structures of various shapes sizds, and a trace of innstructures. Interestingly, these

patterns completely lack typical nucksiriched areas and a reticulike distribution in he VC
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Figure 15: Subcellular localization of ALBA-YFP under LAT52 promoter control with specific
activity in mature pollen. ALBAL5 coding regions and cDNA encoding the polpressed
isoform of ALBAG4 were Gterminally fused in frame witWFPand expressed in pollen undekT52
promoter control (YFP column). Collected pollen wasingd in DAPI solution for nuclei
visualization (DAPI column). tacks were processed using maximum intensity projection,
channels were overlapped in ppsbcessing (Merge column). Samples were imaged in the ¢

manner, except for the 488 LP, wheces| e bars represent 5 Om.

cytoplasm. ImproLAT52::ALBABYFP-expressingpollen grains, a unique ALB#ke localization
pattern was detected. The recorded distribution character was characterized by round-fjlagules
cytoplasm, enhanced by their accumulation aligngd VC nuclei, indicated by arrows (Figurém).

The characteristic signal accumulation tracing of the SC plasma membrane is lost, which could be
caused by the low or no presence of ALB¥BP in SCs.

Although the accumulations are unique to this experiméiiere is no evidence of their function
However, they are likely stock aggregates of ALBRP in enormous quantities. This experiment had

a dramatic effect on the signal emission pattern, most likely caused by the overexpression of single
ALBA proteinsin the VC. The possible explanation for the abnormal localization pattern could be
acell response to the dose effect or a poisonous amount of the protein in the cytoplasm, resulting
in the storage of fusion proteins in secluded granules. Though the enassbunt of ALBA proteins

in the cytoplasm is accumulated in cytoplasmic foci, their formatiors dwt significantly affect

thefertility of transgenic plants.

4.4.3.Characterization of Alba family overexpression in sporophyte

4.4.3.1. lIdentification of ALBA transcripts levels

Thelast experiment aALBAgene overexpression included a broad spectrum of cell types, tissues, and
organs throughout plardevelopment. For the sporophytic overexpression, a novel @MV
promoter was selected.Therefore, control TUs proCsWMW::GFP::nosT (oexGFPH and
proCsWMV::GUSGFP::nosT (0exGU&FP) were created for the description of promoter activity.
Studied transgenic lines were createddiyning ALBA-harbouring TUs througproCsWMV::ALBA
GFP::nosT (0exALBA and insertig them into dstination vectors The obtained plasmids were
introduced into wiletype Col0 Arabidopsis plants usinAgrobacteriurmmediated transformation

Plants of the first uniform and second segregating generations were used for most of the experiments,

especially inaging, phenotypic observations, and RNA sequencing.

First, 1814-day-old transgenic seedlings were used for overexpression verification in sporophytic

tissues. The transgene expression levels were measured to identify genuine excessive transcription
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inthe T2 generation, and the same experiment was later performmdsequent generations and
backcross (BC) lines. These measurements were realized by reverse transcription quantitative PCR
(RT-gPCR) using genspecific primers in a single BR and two TRs pee. Measured Ct values

of 0exGFP, 0exGU&FP, oexALBA4and oexALBAS5expression were acquired by GoTagPQR

and standardised BAPC1level within samples. Expression levelsagxALBABvere measured by
GoTaqg 1Step RFgPCR and standardised EbF1a4. Standardised ratios &{LBA genes standardised

in oexALBAsamples were further normalised to the wijide ColO levels for visualization and easier
understanding. A Céd value was set to 1, and all samples were related to this level. For control
samples (oexGFP and 0exGUSGF), four independent lines were tested, thfewhich were
fromtheT2 segregating generation for better comparison WitBA samples, and one sample was
collected from the homozygous T5 generation (Figusd)l The measurements revedl strong
overexpression o5FP, highly exceeding the threshold value, with af2l8l elevation above the set

level. Moreover, these results correspond to microscopic observations of the samples, revealing
intense emission of the fluorescent protein. SewadependentoexALBA4lines were selected

for theexpression level quantification in the segregating generation, characterized by the strongest
green signal when present (Figure 15B, left). There was confirmed overexpressiooBafl
transcripts in threeof the selected transgenic linesexALBA4Line 2, oexALBA4Line 6, and
oexALBA4Line 7. Only the verified lines were used for further experiments, signal localization,

phenotype analysis, and RNA sequencing.

Nevertheless, expression levels were meastinedsame way thr@hout generations to reveal
theintensity of signal silencing. Therefore, seedlings of the following generations were harvested,
processed, and measured in an independent experiment with a focus on variation within lines. Two
lines,oexAlBA4Line 2 andoexALBAA4L ine 7, were selected for this experiment. Transgenic seedlings

of segregating T2 and following T3 generations were harvested for the expei@esAti BA4BC

lines were created by GOl pistil pollination byoexALBA4pollen grainsTransgenic 7DAG seedlings

of the first uniformoexALBA4BC T1 and second segregatingxALBA4BC T2 generations were
collected. A portion of the T2 generation seedlings was transferred to Jiffy and further cultivated
atstandard conditions until maturationSevere developmental aymalities were observed

in thesporophytic tissues throughout plant development, further described in chap84 Mature

seeds were harvested separately and selected based on the preseri€andiasiR cassettmediated

RFP emissionThe ratio of transformed (red) seeds and-transformed (brown) seeds was roughly
calculated, yielding an expected segregation ratio of 3:1 (data not shown). The seeds of the T3
generation were germinated, and pinesence of a green signal was observed using a stereomicroscope
(Leica M205FA). There was almost no signal observed in these seedlings that corresponded-to the RT
gPCR data, confirming a decreased transcript level. Therefore, pollen from the segregatnagan

was used for pollination of Cdl pistils, resulting in the generation of BC lines. Expression levels
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Figure 16: Evaluation of 0exGFP, 0exGUSGFP and oexALBA46 relative expression levels by
RT-gPCR in seedlings.Transgenic seeds were germinated on vertical plates, aiid-déy-old
seedlings were checked for the presence ofiteen signal. Transgenic seedlings were harvested.
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Initially, negative indiviluals(Col-0) and positive gexALBA4Line 4-61-T5) control seedlings were
observed and used for individual selectiok);(scale bars = 1 cm. Two positive controls we
introduced(oexGFPand o0exGUSGFP), andthe relative GFP expression levels of the created lin
insegregating (T2) and homozygous (T5) generations were recorded. Relative expregdi@m-of
GFP constructs was checked in the created lines of segregating geneBationly, left panel) by the
ALBA-specific primers. The relative mRNA levels were tracked between segregating, T3, a
generationsoexGFP, 0exGU&FP, oexALBAdand oeXALBAS Ct values (measured by GoTag (
PCR) are standardized @APCJ, 0exALBAG6Ct values(measured by GoTag-3tep RFgPCR) are
standardized t&IF1a4. All represented numbers are normalized to-C@t values run at the sam
time. Independent transgenic lines are marked on tlexisy with the level of transgen
overexpression set to 2.5 adle expression (Sample: GB) on the xaxis, and shown up to-fold

upregulation.

of ALBA4 transcripts were highly elevated in bobtexALBA4T2 samples, confirming previous
measurements (Figure6B, right). However, tB overexpression level of the measured transgene
dropped significantly in the following generation, even in homozygous seedlings of the T3 generation.
Interestingly, backcrossing of theexALBA4lines with the wildtype Cad-0 resulted in an elevation

of ALBA4 transcript levels in a uniform generation, accompanied by the presence of phenotypic

defects (data not shown).

Not many lines carryinghe proCsWmV::ALBASSFP transgene were obtained. From three tested
lines in the T2 generation with green signal pree, all were verified by RGPCR usingALBAS

specific primers. All three linesgexALBA5Line 2, oexALBA5Line 4, oexALBASLine 7, were
considered to be overexpressing for exceeding théoRiGhreshold of CaeD level (Figure &C, left).
Seedlings setged by the green signal emission were transferred to Jiffy and cultivated under standard
conditions, resulting in the same developmental defects observed inoek&LBA4 lines.
Unfortunately, the very low germination ability of seeds led to populatioasfed seedlings, which

are usually insufficient for RGPCR. Thereforegnly the oexALBASLine 3 was used for expression
guantification throughout generations, according to the presence of the green signal in the T2
generation. A sufficient number oexA .BA5 Line 3 seedlings was obtained only in the T3 and BC
generations, and the measurements showed identical results, lacking transgene overexpression (Figure
15C, right). Moreover, thé&LBAS5 level in o0exALBA5SBC1 was even lower than mexALBAST3,

which m@ntinued the trend of decreasing to the lowest level in 0exALBAS5 BC T2. Nevertheless,
ALBA4and ALBA5decrease@xpression in the following generations could be caused by the simple

position effect of the transgene insertion.

Lastly, proCsWmV::ALBAGSFP seedlings were obtained, aride ALBAG transciption level was

tested in 1AL4-day-old seedlings using specific primers. Nevertheless, within a pool ebbtained
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oexALBAGIlines, none exceeded the threshold of overexpression. Therefore, the transgene wa
introduced again to the wiltype Col0 plants. The transgenseeds were germinated, ansusficient
number of seedlings witlthe green signal were harvested and processed fegfROR. ALBAG
transcription level was detected in nine plant lines by tBéep RFqQPCR System (Figure6D, left).

In seven linesALBAGoverexpression was verifiedexALBA6GLine 2, 0exALBAGLine 3, 0exALBAG

Line 4,0exALBAALine 9,0exALBAA.ine 12,0exALBAGA.ine 14, andbexALBAALine 15. Individuals

of these plant lines weigrown until maturation. The transgenic seedsntified by thegresence of a

red signal, were selected and then germinated. All collected seedlings of the T3 generation were grown
and processed simultaneously feStep RFgPCR. This experiment verifieflLBA6 overexpression

in all tested samples, although with varying trends (Fig6i®, tight). Measured levels ;ALBAGIn

T2 and T3 generations revealed an increasing trenoexALBA6LINne 3 andoexALBAG6Line 5.
Interestingly, backcrossing with wiliype I-0 resulted inALBAG6 downregulation, fronoexALBAG

BC1 tooexALBAGC?2. InoexALBAG.ine 2, the expression level trend increased towards segregating

generation but decreased in the unifa@xALBAEC1 population.

Consequently, independent plant lineishvexcessive upregulation of the target gene were identified

and used dr further research by RGPCR. Homozygais lines were obtained only foontrol
genotypesoexGFP and 0exGUSGFP. Sample lines harbourindLBA4 and ALBAS transgenes
gradually loosenedrdnscript levels, which led to a complete loss in the T3 generation, except for
ALBAG which exhibited distinct behaviour. Most likely, the elevatedBA expression caused severe
conditions at the cellular level, leading to subsequent loss at the trafeseeip Therefore, for further
research were exclusively used plant lines in #egregating T2 generation witbnfirmed
overexpression. The transgene activity was confirmed before every subsequent step of the experiment

or analysis based on the preseotthe green signal observed by tliersomicroscope.

Moreover, transcription levels of other AHamily members were investigated in the overexpression
backgrounds and Cdl. A few samples were selected, @8-gPCR was used to measu®&P and
other ALBA transcript levelswith genespecific primers. The dataere standardized according
to GAPC1Ct values, and the calculated measurements were normalized to transcriptio®iNOea
lines were tested, including the newly achiewad56”™ ™1 *T*T homozygous triple mutant,
aswell asoexGFP, oexALBA4, oexALBA&nd oexALBAGsamples (Figure 7). The activity of six
genes ALBA1, ALBA2, ALBA4, ALBA5, ALBABSNdGFP) was measured in each sampleABBA3
level was not successfully measured. Thelumatad data revealed strof~P overexpression in all
transgenic samples harbori@f-P-containing TUs. However, the amplified transcript was measured
at a minimal level in the wildype ColO (Figure ¥, grey columns). This unspecific product value was
filtered out of all samples. Nevertheless, the massive overexpressionspkdtifec product in GFP

harboring samples completely masks this background.
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Further examination othe alba456 mutant revealed significant downregulation of the two mutated
genes, ALBA4 and ALBAS The relative expression level of Rfplke subfamily member&\LBA4
(Figure 17, orange columns) armdlLBA5(Figure 17, blue columns)s significantly below the threshold

for gene downregulation set at 0.5 fold, and clearly confirms the eds#ntranscripts. Although
thesequence oALBAG(Figure T7, yellow columns)s mutated in the sample as well, the transcription
level approaches the threshold. This result can be explained by the very low relative expression level
of ALBAG in the wildtype Colt0, as illustrated by both measured and calculated values. Original
absolute Chumbers are identical to relative expression levels. Relagixpression levels

of theRpp-like subfamily ALBA1 (Figure T7, green columns) andLBA2 (Figure T7, purple
columns) are not significantly affected in the investigated sampt#ading thealba456triple mutant
andoexALBAA46 lines. However, some trends in transcript quantities were obsékl8d2dynamic
activity is illustrated by a weak downregulation i tliiple mutant and mild elevation oexALBAG

Line 12.

Similar results were observed for the relative expression levels of théRkgZubfamilymembers
ALBA4, ALBA5and ALBAG in the overexpressing lines, although exceptions were nBedtive
numkers representindALBA4 activity at oexGFP and oexALBA6backgrounds were comparable
to thewild-type sample. However, relative valuesAifBA4were reduced in both teste@xALBAS
lines. Very similar behavior was demonstrated thne relative expression levie of ALBAS

in thesamples.ALBAGS relative expression irnexGFP 0exALBAG6,and oexALBA4Line 2 was
comparable to wildype Ct values. InterestinghlALBAS5is mildly decreased inexALBAA4Line 6 and
oexALBAdLine 7. Levels ofALBAL ALBA2 ALBA4,and ALBAStranscripts were typically reduced,
although not significantly, in all testesexALBAsamples, except fokLBAG,whichis more dynamic.
It is strongly downregulated inoexALBA4 Line 2 and oexALBAS5 Line 7, approaches
thedownregulation threshold ioexALBA4Line 6, and is significantly affected wmexALBA4Line 7.
Interestingly, elevated relative expressionfdfBA6 was recorded imexALBASLine 2. Theefore,
thesporophytic overexpression of a single member of the Rpk2 subfamily does not significantly

affect transcript levels of other tested members.

Nevertheless, there were indicated trends in the activity of measured genes in distinct samples,
represented by the predominant downregulation ABBA4 in 0exALBAS lines and ALBAS

in oexALBA4lines. These asults suggest thaALBA4 and ALBAS are connected through gene
activities. However, apparent variabilithetween tested lines generates unclear results, and the
plausible mechanism would need to be studied in detail. Collectively, the obtained @& amd

the relative expression of moALBA genes in seedlings confirmed a significant elevatiolGBP

in all overexpressing samples. Levels of @GP are similar tahose ofALBA4transcriptdn all three

oexALBAJlines. However, inoexALBA5and oexALBAG6samples, relative value of the respective
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Figure 17: Evaluation of GFP, ALBA1, ALBA2, ALBA4, ALBA5, and ALBAG relative expression
levels in Col0, alba456triple mutant, oexGFP, and oexALBA seedlings by RTgPCR. Gene
specific primers (Table 4) were used for relative expression measurement in isolated RNA s
from several verified lines using the GoTagP@R kit in the experiment. The obtained Ct valu
were standardized t&APC1and related to Ced numbers (8mple : Col0). The threshold for
significant downregulation is set to 0.5, and the threshold for transgene overrepresentation is s
relative expression on theaxis, shown up to-%old upregulation.

78



targeted gene activityALBAS or ALBAG is much higher compared @®FP level which could be
caused by enhanced upuégfion of the native TU in plant genome. Interestingly, targeted gene
overexpression imexALBA4lines causes downregulation of the natMeBA4 transcript, resulting

in excessive overexpression mediated by the transgenic cassette. At this lewethatia® triple-
homozygous line exhibited significantly reduced valueAbBA4 and ALBAS exceptfor ALBAG,
which is at the threshold level, likely due to the native extremely low gene activity in théypeld
control. Moreover, the verified overexpressiolAdBA4, ALBASandALBAG6does not severely affect
the gene regulation of other Alamily members.

4.4.3.2. Localization of 0exXALBA in sporophyte

Transgenic seedlings of the homozygous T5 generation, harliberaexGFPcassette, were used

for FP marker localizadn. From the initial population of generated linesxGFP Line 4-61 was
selected and used for protein localization. Transgene overexpression was verified|PCR®&Nd is
presented in chaptdr.4.3.1 Initial observationsvere focused on the description of promoter activity
through GFP visualization at subcellular, cellular, and tissue levels across multiple developmental
stagesThe ®edlings were selected in the T3 generation based on the presence of the green signal, and
the subcellular localization was repeatedly investigated in their progeny. There were no recorded
signal intensities or phenotypic differences between generations of control plants. A very strong green
signal was detected in seedlings across generatiotis nwisignificant differences (data not shown).
Homogenity of green signal distribution in 7DAG seedlings wlaservedby the stereomicroscope.

The collected seedlings were mounted in water on a slide, covered with a coverslip, and immediately
captured. Sgcific strong GFP signal emission was almost equally distributed in all organs, including
cotyledons, true leaves, hypocotyl, main root, and lateral roots, with enrichment in the main root tip
(Figure BA).

The subcellular localization of GFP was invgated using a fluorescence microscope with higher
magnification. The first observation focused on localization in roots u#eg fluorescence
microscope and the root differentiation zone was imaged in ¢gneen channel (Figure8B).
Thesignal was obseed in all root layers, including root hairs, withriehment in the central part

of the root. Next, the main root tip detail was captured by the cahfo@roscope (Figure8C).

The GFPspecific signal was detected in all captured cells, exhibiting arpagimilar to that observed

in the rootelongation, transitiorand meristematic zones. Channel merge indicates visible structures
overlap with theFP signal localization. The subcellular localization was captured throughout cell
growth and differentiatio. Within a cell of root hair, GFP signas randomly distributed

in thecytoplasm, aligned with the cell membrane and tonoplast (FigglD¢ as well as in the root
differentiation zone cell cytoplasm andcleus (Figure 8E). The signal is further equallistributed

in the cytoplasm and nuclei of the root elongating cell (FiguBE) land cells from the root
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Figure 18: Subcellular localization of free GHP in organs and tissues of 7DAGoexGFP
seedlings The GFP sequence from the GB collection was expressed under the control of the :
sporophytic promote€sWmV Oneweekold seedlings were screened for the presence of GFP s
in green and TL using keica M205FA stereomicroscop@). Channels were merged during po:
processing. Detailed visualization of the root differentiation zone was captured using the fluore
microscope Zeiss Axiolmager). Details of decent root parts were imaged by thefauah
microscope Zeiss LSM 880 with Airyscan in GFP and TL channels; roo€jiprgot hair D), cells
from root differentiation zoneH), root elongation zond=§, and root meristematic zon€), Airyscan
processing, ®tack maximum intensity projectiorand channel merge were created by fc
processing. Scale bars represent 1A ( 1 0B) , O/ ) .Oml @-G.m (
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meristematic zone (Figure8G). Dark areas imuclei are most likely nucleoli, which occupy a
significant volume of nuclei in meristematic agldngation cells. However, they occupy only a minor

portion of the nuclei in differentiating cells.

The GFP distribution was documented in green parts of the sporophyte and pollen grains. In the 7DAG
seedling, a detail of the SAM zone with true leaf pridmrwas captured in the green channel. It
revealed a homogeneous distribution of the signal within all captured organs, including young true
leaves, cotyledon basal parts, and hypocotyl (Fig@rd.1Cotyledon pavement cells were imaged by

the confocal mimscope, and green emission was detected in the cytoplasm aligned with the cell
plasma membrane and nuclei with very strong intensities (FidBe The same cytoplasmic signal
pattern was recorded in epidermal cells of hypdddtigure C) and rosettérue-leaf pavement cells
(Figure BD). The investigation continued in later developmentagjegaof plant individuals by

the confocal microscope observation and imaging. Flowers were collected, and their floral organs were
isolated and mounted in water esed with a slip. Promoter activity was indicated by a specific GFP
emission in epidermal cells of a sepal randomly distributed in the cytoplasm aligned with the cell
shape (Figure 9E). Mature pollen was mounted in DAPI solution and incubated for a fewtes.
Although nuclei were visualized in the blue channel, there was almost no signal detected in the GFP
emission window (Figure9F). According to these observations, the activityh@fCsWMVpromoter

was recorded in all inspected tissues and celdsn feeedlings to flowering adults, in developing
tissues as well as in the fully differentiated cells of sporophytic organs. The absence of intensive signal
emission in mature pollen indicates a lack of promoter activity in the male gametophyte. Therefore,

the promoter was considered active only in the plant sporophyte throughout all developmental stages.
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Figure 19: Subcellular localization of free GFP in green parts ofoexGFP plant and pollen

grains. A 7DAG transgenic seedling was mouhtan water, and the green part of the plant w
imaged in the green channel using the fluorescence microsédpBdtailed images were obtaine
by the confocal microscope in green and TL channels. Epidermal cells of 7DAG seedlings are
in the cotyledn B) and hypocotylC). A disc from juvenile rosette leaf was collected, and epider
pavement cells of the abaxial side were captul®d Floral organs were harvested, and epiderr
cells of a sepal leaf were capturds).(Mature pollen grains were hested, stained in DAPI, an
captured in green (GFP) and blue (DAPI) channé&ls (mages were processed by thetack

maximal intensity projection, and signal overlaps were created byppaostssing. Images acquire
by the confocal microscope underwéityscan processingy, E,F) . Scal e A)ar sl

(B,D), 1C ECn (
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4.4.3.3. Visual characterization of the Rpp20-like subfamily

Selected transgenic seeds were germinated, and individuals from the segregating T2 geneeation wer
used for phenotypic analysis. A descriptioroekGFPon the wildtype background enabledietailed

portrait illustration ofoexALBAplants. Seeds of Rpp2ike subfamily members were obtained and
selected by the presence of the red signal. Seedlindgsorivey proCsWMV::ALBAIGFP were
collected, and the green signal distribution was documented w@sifigorescence microscope.
Thespecific signal was detected in the green parts of the 7Dge@dling, specifically

in thecotyledons, an@ weak fluorescenceas recorded in the emerging true leaves. Signal intensity
enrichment was detected around SAM and in the hypocotyl (FRfe The same pattern is visible

in the primary root differentiation zon#)e green signal is enriched in the central part of that r
(Figure20B). In the differentiated zone, the signal is very weak and strengthens toward the root tip. It
emerges in the central part of a root elongation zone and significantly increases in the meristematic

zone except for the root cap (Fige@C).

The unexpected observation was made early in the plant development. Seedlings transferred to the soll
started losing the green colour in the cotyledons. Within the following days, further true leaves
emerged with significantly light green or completelyaoless leaves. Therefore, a leaf disc was cut
from a juvenile rosette leaf, and the morphology of the chloroplastdbrietty observed, focusing

onthe colour and number in the TL, and compared with the-tyjld sample (data not shown).

No significant dfference was observed in the organelle number. Surprisingly, the pale phenotype was
presumably caused by the presence of yellowish chloroplasts imuestigated leaves, compared

tothe dark green shade typical of wilghe plants. Therefore, signal djitvawas measured in a true

leaf cut from a transgenic pale juvenile rosette by the confocal microscope lambda scan. The actual
GFP pattern is shown in bhgreen in lambda scan mode. It localizes exclusively to the pavement cell
cytoplasm on a backgrourad chloroplastspecific enssion in deep carmine (Figure 2P Although

the green signal intensity seemed stronger compared to the TU driven by native promoters, the pattern
differed from the experimental contralexGFP results in the absence of emissiam nuclei.
Unexpectedly, the GFP signal was detected in mature pollen collected from open flowers of adult
plants, stained with a DAPI solution, and captured in three channels. The detected green signal
distribution was very similar to the localization catied by the natie promoter, characterized by

areticularlike pattern in the VC cytoplasm with enrichment surrounding MGU (Fig0E9.

In the absence of further phenotypic aberrations, the plants’ morphology and development were not
affected by the pa phenotype. The juvenile rosettes were comparable in terms of development
timing, leaf size, and shape to the control plants,-tyilee Col0, andoexGFP Regularly fertilized,
simultaneously cultivated populations of wilgpe Cot0 andoexALBAlplantsmatured at the same

time, although transgenic individuals typically grew with light green inflorescence stems and pale
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Figure 20: Subcellular localization of ALBA1-GFP and an effect of its overexpression to
sporophyte development. ALBA1 genomic sequence was-t€rminally tagged withGFP and
expressed under strong sporophytic prom@sWmVcontrol. Seedlings obtained from transformi
seeds were screened for GFP signal presence in cotyledp@$P), root hairsR, GFP and TL) and
root tips C, GFP) using the fluorescence microscope. Redeaves were collected and cells of t
abaxial side were captured in lambda scan mode using the confocal micrd3fo@&R is shown
in blue-green, and chlorophyll is depicted in deep carmine. Pollen from adult plants was collect
stained in a DRI solution for nuclear visualizatioit{ middle) and GFP detection in gredf (eft)
using the confocal microscope. The acquired image was processed using Airyscan, with Mg
intensity projection of &tacks, and the channels were overlapdedright). Transgenic plants
possess usually light green or almost white sporoplijteScale bars 1 mmA( B) 100 DO
10 @&m (
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leaves.Despite phenotypic differences, these plants produce enough flowers, siliques, and seeds
(Figure 20F). The length of laterainflorescence stems and flower numbers were usually non
significantly reduced.

Some plants in the segregating generation and some lines in the T3 generation started to lose the pale
phenotype during plant development gradually. The phenaliga@pearances obligatorily connected

with a reduction in transgene expression below the threshold for overexpression verification, as
illustrated by the Rpglike subfamily expression analysis (see Figug However, the phenotypic
aberration is not dependent tire red seed marker. Therefore, a disc wasfrom the green part of
thetransgenic leaf. The GFP signal was captured in pavement cellstheingnfocal microscope,

ina lambda scamode The GFP signal was not detected, as no-gteen or green signabas

present; however, the unspecific chloroplast autofluorescence was very strong compared to the results
achieved from pale leaves (FigurdA). This indicates gradual transgene silencing during plant
development, resulting in the recovery of the wilde phenotype. The plants are regaining their
original phenotype by producing new structures that counteract weakened phenotypic abnormalities.
Moreover, latetremerging organs angroducedwith the wildtype phenotype, e.g., young true leaves

surrounding te SAM area, as presented in Figuid 2down.

Populations of transgenic and control plants were captured at the rosette stage. The individuals
differed in the phenotype of the oldest pale leaves, while the youngest leaves in the rosette center
almost compdtely regained their green color. This phenomenon was observed in adult plants,
sometimes with a clean border between the pale and green parts of the leaf (E@Q)utddteover,

the inflorescence stem usually quiclkdgopted theoriginal colour by the prduction of new organs
(Figure ZC, 21D). Although a slight reduction in fertility was observed, mature pollen harvested from
opened flowers exhibits the same phenotype as that oftyyt plants (Figure ZE). Pollen grains

were stained in DAPI solution dncaptured by the confocal microscope in GFP, DAPI, &hd
channels. The green signal was localized to unspecific fabieiWC cytoplasm and enriched around

MGU, though the intensity was much weaker compared to the pollen harvested from pale plants.
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Figure 21: Phenotypic expression of @xALBAL in the following generation.The green part of ar
actual leaf was collected, dmpavement cells of the abaxial side were captured in the lambda
mode Q). GFP is absent in blugreen, and chlorophyll is visible in deep carmine. Juvenile pl:
in the rosette stage were captured by a cani®rarith Col0 at the top andexALBAlat the bottom.
Adult plants in the T3 generation regain the green color in the central parts of the ©xedie Well
as in the inflorescence stem and leavB3. (Pollen was harvested from almost entirely gre
inflorescences, stained in DAPE,( middlg, GFP signal was captured,(up), and images wert
overlapped with TLE, down) . ScaA)e Ha&) Dmqo Om (
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Next, plants harbouringproCsWMV::ALBA2GFP transgene werecharacterized. According

to the high sequence identity between ALBA1 and ALBA2 amino acid sequences, it was expected that
the transgenic plants would exhibit a similar phenotype. Growdaybld seedlings were collected

and capturedin the green channelising the fluorescence microscope. Investigated individuals
exhibited high signal intensity in the primary root differentiation zone, which was gradually
decreasing in lateral roots and at thetrtip (Figure 2A, 22C).

Figure 22: Subcellular localization of ALBA2-GFP and the effect of the overexpression or
sporophyte development. The ALBA2 coding region wa Gterminally tagged withGFP and

expressed under strong sporophytic prom@s¥Wm\Vcontrol. Transgenic seeds were selected bs
on the presence of a red signal, germinated, and seedlings were screened for the presence
signal in the root diffemgtiation zone, yielding positive A) or negative B) results using
thefluorescence microscope. Further, GFP signal was visualized in rootQjpdiie white part
of the rosette true leaf was captured from the abaxial side in the GFP chanikedt)(andthe red

channel for chlorophyll emission using the confocal microscope; the overlap of the channels is
(D, right). Adult rosettes and the flowering plant were captured by a cameraexfhd&A2adult

rosette lack dark green coldg,(right) and is pker than the control plang( left). Flowering plants

of oexALBAZegain the dark green color in developing inflorescence §8m( Scal e b a
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On the other hand, seedlings witlvery low signal in the primary root were identified with enriched
intensity around lateral root protrusions (Figu2BR Furthermore, the presence of the signal was
investigated in the juvenileosette stage. A true leaf was harvesteu a leaf disc was mounted

in water. The leaf's abaxial side was then captured in green and red channels using the confocal
microscope. The green signal was homogenously distributed in the pavement cell cy{fimasen

22D), though the localization pattern was accompanied by a quite high number of very bright foci
(Figure 2D, left). The channel was merged with the autofluorescence of the chloroplasts in the red
channel (Figure 2D, right). Juvenile, Ce0 andoexALBAZ2 plants were captured at the same age and
time on camera. From the early stages of rosette development, the transgenic plants were noticeably
paler compared to the commonly cultivated control plants. The change in phenotype was very similar
to that of oexALBALllines, although the pale, eadigveloped true leaves gradually regained color,
almost restoring the dark green in the rosette center (FidiEg mhterestingly, transgenic rosettes

were nonsignificantly delayed in leaf development. Adulhidavere very similar to the previously
described plant phenotype, with rapid recovery of the-tyile phenotype in stems and stem leaves
(Figure 2F).

Sporophytic overexpression of the last member of the &}k sulfamily was also investigated
in detal. The sequence similarity of the almost identidéaBAland ALBA2pair sets théA\LBA3gene
to the same subfamily, despiteing the most diversified N8 pr st k o v § Obtained adeds, 202
were selected, germinated, and grown. 7DAG seedlings were collected and observed using
thestereomicroscope. A weak green fluorescence signal was detected in whatkuaisl erriched

in distinct tissues. Overlaid images enabled the identification of tissues at cotyledon ends, hypocotyl,
and root tips (Figure3). Details of the root differentiation and elongation zones were imaged using
the fluorescence microscope, revealingnavel signal pattern (Figur@3B, 23C). Green signal

in theinvestigated tissues is predominantly dispersed over the root layers in large foci with very strong
intensity. Homogenous distribution of the signal was detected only in the primary root matitstem
zone (Figure 2C). Plants of CeD and oexALBA3lines were grown todber without fertilizer

for thefirst few weeks. Obtained transgenic plants exhibited theespale phenotype typical

of the Arabidopsis Rpp@-like subfamily, although most of themied before reaching the rosette
stage. Therefore, the rest of the population was treated with fertilizer and finally flowered a long time
after the wildtype Cot0 control plants (Figure3D). The transgenic pale plants were tiny, producing
inflorescencesvith a reduced number of flowers and smaller silique sizes. However, the low number

of surviving plants was not sufficient for any phenotypic evaluation of the observed phenotypes.

Collectively, high activity of theCsWMVpromoter elevates levels of Rpkke subfamily members
in sporophytic tissues, as indicated by the signal intensity detectadueder a stereomicroscope.

Thesole member overexpression causes changes in the plant phenaggested by the production
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Figure 23: Subcellular localization of ALBA3-GFP and the effect of the overexpression
on sporophyte dewlopment. ALBA3 coding region was @erminally tagged withGFP and
expressed under the strong sporophytic promogd/m\Vcontrol Seedlings were screened for gre:
signal presenceA() by the stereomicroscope Leica. The GFP signal localization was det
in theroot differentiation zoneR) and root tip C) by the fluorescence microscope. Adult plants le
dark green color and are delayed in developmhtcOmpared to Ced wild-type. Scale bars 1 mn
(A,D) , 10C).0Om (

of pale organs in the juvide stage of development and light green inflorescences with fully fertile
flowers. Even though the GFP signal intensity is reduced compareex®FP plants, it is above
thelevel that the plant can cope with. This theory is further supported by a glaskiaf GFP signal

in subsequent generations, accompanied by a loss of phenotype. Therefore, the subfaotifbly
involved in energetic metabolism and ROS regulation. According to these data, @@liRppevel

and maintenance of homeostasis ateiat for plant growth and development
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