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Abstract

Importance: Posttranscriptional mMRNA turnover is a central regulator of gene expression
during development, determining which transcripts are available for translation and when. Yet
the cellularsitesand mechanistic timing of decay pathwaysraxles ofposttranscriptional
regulation (nostnotably decappingl e pe nd e nt BNAhInsjffidentty defifed in a
developmental contextarix deciduamicrosporocytes provide a natural model; during a
prolonged diplotene (several months), they executedeieible, cyclical bursts of transcription

and a clear fivestage poly(A) RNA cycletherebycreating a temporal window to link mRNA

fate to developmentally programmed events.

Research gap:Many studies haveharacterized®-bodies and decapping machinenynon

plant systems or outside defined developmental prograpfaregss is known about whether
visible Pbodies assemble and actively mediate decapgé@pgndent decay during plant
development, and hoguantitativechanges in ®ody architecture relat® tsubstrate load. In

Larix deciduamicrosporocytes, the poly(A) cycle continues with a conspicuoussiatge

(stage 5) reduction of cytoplasmic polyadenylated RNA, but the mechanistic contribution of P
bodyi centered decapping (DCP2, DCP5, EDC4/VCS, ant4)Sand downstrean® NjY 3 Nj
exonucleolysis (XRN4) has not been tested. This gap prevents confident linkage of spatial RNP

dynamicsandtranscriptomedevel outcomes during meiosis.

Objectives: The thesis therefore pursued three coordinated aims: (1) to determine whether P
bodies form and act as sites of decapping/decay during thetéige poly(A) cycle and
specifically whether decapping contributes to the sdgje poly(A) decline, (2) to qutify how

P-body metrics (number per cell, mean volume and volalags distribution) and protein
composition (DCP5, DCP2, EDC4, LSM4, XRN4) change across stages, and (3) to skisatify

of transcript associated with individual decapping components b&-Rinunoprecipitation
sequencing (RHeq), therebygeneratingcandidate substrates for functional tests. These
objectives were formulated to move beyond descriptive imaging toward mechanistic inference

and target discovery

Methodology: To connect spacéme, and molecules, stagesolved confocal microscopyas
usedto measure cytoplasmic poly(A) RNA amistributionsof DCP5, DCP2, EDC4/VCS,

1



LSM4, and XRN4alongsideP-body counts, and size classes across sta§esere combined.
Biochemical Pbody enichment and communoprecipitation validated protein interactions,
while RIP-seq captured RNAs associated with DCP2, DCP5, EDC4, and LSMA4.

Key findings: Visible P-bodies assemble during the diplotene and are dynamically regulated
across the poly(A) cyclenid-sized Pbodies (0.31.2 pm3)constitutethe dominant functional

class throughoutwhereaslarger Rbodies (1.26 pm3) become more prominent as catalytic
factors engage. Protein recruitment follows a reproducible temporal order, organizatienal/pre
decapping factors DCP5 and LSM4 peak earlier (stage 3), the catalytic decapping module
(DCP2 and EDCA4/VCS) engages aage 4, and XRN4 colocalization rises sges 45,
identifying stage 4 as the control/peak activity point and stage 5 as the resolution/cleanup phase.
Co-immunoprecipitation supports a candidate DCP5/DCP2/EDC4 core mathdeeasd. SM4

and XRN4exhibit more dynamicor downstreanbehaviour Finally, RIRseq recovered 413
MRNA sequences (216 annotated mRNAsdmprising shared and proteigpecific sets
enriched for mitochondrial, chloroplaand membranassociated functiontherebydelivering

concrete catidate substrates for followp tests.

Implications: Takentogether, these results define a supglyponsive, staged programme of
cytoplasmic mRNA turnover iharix deciduamicrosporocytesin which Rbodies serve as

principal reaction hubs coordinating decappifependent NjY @&d§y during meiosis. The

work fills a key gap by demonstratingbBdy activity within a defined developmental
programme presenting a quantitative imaging/molecular pipeline and a validate¢eqIP

resource. While spatiotemporal overlap implicates decappiagd i at ed 5 NjY3Nj dec ay
stage poly(A) RNA decline in the deplotene phadeanix deciduamicrosporocytes, alternative

pathways (deadenylation/exosome, transcriptional downregulatiea)sdikely to contribute

accordingly thethesis establishes the experimental roadmapnavidcular entries needed to

distinguish these routes.



Streszczenie

Znaczenie. Pot ranskrypcyjna kontrol a stabilnoSci
regul atorem ekspresji gen-w w trakcie rozwoj
do translacji i kiedy. W kontekScie rozwoju
dz agaj N szl aki degradacj i MR NA. Dotyczy to s
5 NjY 3 N;j. Mi krosporocyty Larix decidua stanowi
di plotenu (trwaj Ncego kil ka mi es i frgpgjiprazwy k a z a

wyra¥*fny, pincioetapowy cykl poli (A) RNA, two

losy mMRNA z zaprogramowanymi zdarzeniami rozwojowymi.

Luka badawcza.Li czne prace opisywagy ciagka P oraz
komorki zwieric ej oraz poza SciSle zdefiniowanymi

mni ej wi adomo o tym, czy ciagka P formuj N si
od degradacji B5NjY3Nj w tr ak c ilLaix decddoasy&l pali(A)r o S| i n
RNA ko (Ec z y sin wyra¥*tnym, spadkiem (etap 5)

zweryfikowano dotNd, w jakim stopniu dekapi
EDC4/ VCS, LSM4) oraz nastnpuj Nca po nim degr
XRN4 przyczynig N si i do tego procesu. W konsekwenc

gNczNcych zmiany liczby i objnAntoSci ciagek F
transkryptomowymid w szczeg-|l noSci ze spadkiem pozi on
RNA w etapies | i nnymi wska¥ni kami |l os-w transkryp
CeleW rozprawie zrealizowagem trzy skoordynowa
(1) Sprawdzil, czy ciagka P formuj N sinfn i

pincioetapowym cyklu polzghdAryRNA orazdoeczypyp: - d
poziomu poli(A).

(2) 11 oSciowo opisal, jak mifndzy et apami Z mi
Srednia objntoSi, rozkgad klas objnAatoSciowyc
LSM4, XRN4).



(3) Zidentyf i k owa l zestawy transkrypt-w powi Nzanyc
dekapingu sam t (RNANMmMuURoprBeypitacja z sekwencjonowaniem), aby

wytypowal kandydat-w do dalszej weryfikacj.

Cel e sformugowano t ak, b ycznegor doe jvrioskowamid opi

mechanistycznego oraz identyfikacji celow eksperymentalnych.

Metodyka. Aby precyzyjnie powi Nzal | okalizacjn sy
zastosowano mikroskopifn konf ok ali5.XDzraczason al i z i
(i) poziom cytoplazmatycznego RNA poli (A), (
objAtoSci, oraz (iii) rozmieszczenie i kol ok
XRN4 . | nt efimikagd ko bwergkfoi k owano gpavzbquacamac N b i
frakcji ciagek P oraz koi msag(momgnopescypitaciaRMAC j i . .
z sekwencjonowaniem) posguUyga do identyfika
EDC4 i LSMA4.

NajwalUniej €ragwgnPkpowet aj Nulve gdiij NI atyerraimi ¢ z n
cagym cyklu poli (A)-1RNAOMC) agkan&welNnkkeas¢n, @
wi fkszee @mj,)2 pojawiajN sifn liczniej wraz z
Kol ejnoSi rekrutachii bi&NMek( hieasdk asta@argga n i DzQPj
kompl eks do dekapingu) osi NgajN wczesne maks|

sin modug katalityczny dekapingu (DCP2, EDC4

w etapach 4. Wskazujetonat ap 4 jako punkt kontrolny i sz
fazn wygaszania i ko@Eowego porzNdkowani a.
rdzeni owego TDOPAEDHC4 DCRA&A&t omi ast LSM4 i XRN4

dynamiczne, piénbsefisweswhbdkgzaAdaht yai RbRaga
(w tym 216 adnotowanych transkrypt-w mRNA),

zestawy specyficzne dla poszczeg:-1lnych biag
wskazaga ncajdir e prezest a i komponent - w zwi Nz
chl oropl ast ami i bgonami, co wskazuje konkre

weryfikacji funkcjonalne;.



Whnioski. Wy ni ki gNcznie opisujN etapowy, orail e Uny
stabilnoSci i degradacji cytoplazmatycznego
ukgadzie ciagka P sN gg-wnymi mi ej s cami reak
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udziag r-wnieU inne ScieUki (deadenyl acjal e
przedstawia konkretny pl amoldeckSuwiaardncez, e & ti-r pr

jednoznaczne rozr-Unienie tych ScieUek



1. Introduction

1.1Geneprocessingin eukaryotic cells

Transcription and translation are two fundamental cellular processes involved in protein
synthesis that can beaintained throughout the developmentasf organism. Transcription
happens in four main steps: the assembly of theingration complex (PIC), initiation,
elongation, and terminatiofi,2). Initiation refers to the step that involves tfermation ofa
complex between RNA polymerase Il (Pol 1l) and transcription factors (activators/repressors)
with a mediator to stabilize the assem{@y. With the helpof proteins known as activators and
repressors, elongation begins immediately after this comptenation. During elongationan

RNA copy of the DNA sequence is produced, and the prdeessnatesvith a mechanism
called polyadenylation that is still not fully understo@t). Transcription is followed by post
transcriptional events, wheRNA-binding proteins play versatile roles in the regulation and

processingof the RNA(5).

After transcription inthe nucleus, transcription produces an intermediate propieztursor
messenger RNApremRNA), which must undergo a set of conserved @ssing steps to
generate mature mRNA, capable of translation in the cytoplasm. Nuclear processings such
5-end capping (Mmethylguanosine cap), splicing (gene splicingand 3‘end
cleavage/polyadenylationresults in the formation of a matyvelyadenylated mRNAFigure

1-1). The myriad oRNA-bindingproteins (RBP) that interact with the nascent mRNA directly

i nfluence the nucl ear pr oc-enddthenngRNAiscaptuted f r om
by RNA polymerase II. ThedeNA-binding protans help to package the RNA indm mRNP
complex that is competent for expdd the cytoplasm(6). Export is facilitated by specific
MRNA export receptors that mediate interactions with the nuclear pore complex. The
remodeling of the mMRNP complex at thaoplasmic side of the nuclear pore ensures the proper
directionality of this transpoif7). Once in the cytoplasm, the mRNA can either be translated
into protein, stored in cytoplasmic bodies for later use, localized to particular areas of the cell,
or directed for degradatiof8). All these steps are fundamentalaichievinggene expression

andsupportingdiverse cellular functions.



Translationis the synthesisof proteins froman mRNA template. It isa tightly regulated
process not only with mRNA, but alsath tRNA, ribosomesand translation initiationand
elongation factorg9). Like transcription, the translation procassdivided into four steps:
initiation, elongation, termination, and ribosome recycling. In particular, translation needs to be

properly regulated for accurate protein synthesistb@dormal progress of theell cycle(10).
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Figure 1-1. The picture shows the genrocessing in eukaryotic cells The premRNA is transcribed by the
transcription process inside the nucleus, and then, after mRNA processing, the mature mRNAs are export
cytoplasm for further regulation, like translation, storage, or decay. Théamed enzymes and factors are requirec

1.2 Posttranscriptional regulation of gene expressioin eukaryotes

Posttranscriptional regulatiois essentiahndis well known not only for controlling diverse
essential traits but also for the valfegenetic modificatiorin organisms Posttranscriptional
regulationincludes RNA processing and transport (notably nuclear export, where RBPs often
play key roles) and postanscriptional mechanisms such as alternativieisgland transcript
degradationProteins that may be involved in the regulation of RNA processing are the protein
containingRNP (ribonucleoprotein domains. RNPs have an important function in post
transcriptional regulation of gemspression. During RNA processing, nearly 60% of all genes
may be alternatively processed to generate a much greater diversity of proteins to compensate
for the relatively small number of genes in the gendtiie12) Several mechanisms are

implicated inposttranscriptionakegulation


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-modification

1.2.1Pre-mRNA Processing

The premRNA maturation process in eukaryotic cells involves several stepsdhaertthe
premRNA to mature mRNAfor translation into a protein. This process occurs in the nucleus
before themature mMRNA is exported to the cytoplasm. The key stages of mMRNA maturation

are5-end cappingintron splicing, and 3endpolyadenylation13).

1.2.115-end Capping

5-endcapping is a podranscriptional modification that occuasthe 5-endof thepremRNA

that is transcribed fronthe DNA. Eukaryotic mMRNA universally possesses a cap structure,
consisting of an Nimethylated guanosine connected to the first nucleotide of the RNA through
ar ever se 5Nj t o BEepndits critipahrolesippcapeperaenbimtiatidn of protein
synt hesi s, the mMRNA cap serVeN asomuplrodzetd
and acts as a distinct marker for recruiting protein factors wvedoin premRNA splicing,
polyadenylation, and nuclear expdttalso remains the anchor for recruitimgtiation factors

that promote protein synthesis ahe5 YR MRNA loop during translatioiL4). Cappingis a
co-transcriptional modificatiorcarried outby RNA polymerase Il beginning as soon as the
first 251 30 nucleotides are incorporated into a newly growing transcript in the niEiguse

1-2). The cap O structure is assembled with 3 types of enzymatigtiast including RNA
triphosphatase (TPase), RNA guanylyltransferéS&ase), and guaning7 methyltransferase
(guanineN7 MTase)(15).
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Figure 1-2. The picture shows the 5end capping process of mMRNAThe CTD(C-terminal domain) is the
tail of RNA polymerase Il and plays a central role in coordinating mRNA capping. It is like a landing p
capping enzymes, and its phosphorylation state

The capstructure is known as-ethylguanosine triphosphateicleotide (MGpppN).

1.21.2mRNA splicing

The splicing of prenRNA is an essential process in the gioahscriptional regulation of gene
expression, significantly enhancing thenctional proteome in eukaryotic organisms with a
limited number of genegl6). Genes in eukaryotes, unlike prokaryotes, containaualing
sequences that are excisedm premRNAs shortly after transcription. These regicar®

called intronsintrons are considered n@oding DNA, which has been traditionally viewed as
"junk” DNA without any apparent functional relevar(@¢&). Theremoval of introns, resulting

in mature mMRNA transcriptds executed by anulti-megadaltonRNP complex called a
spliceosome, along with a host of other factors that contribute to alternative splicing and

regulation (18). Spliceosomal introns can be categorized into two groups based on the



spliceosome involved in their excision from pn&kRNA. Most introns are removed by the U2
spliceosome, while the remaining introns are excised by the U1l2 spliceosbme)2

dependent spliceosome catalyzes the removal elypk introns, and the less abuntd&12

dependent spliceosome is present in only a subset of eukaryotes and splices the-tgre U12

class of introng19). Consensus sequences at the @rtnmon boundaries are crucial for the

proper recognition and removal of introns. U2 introns, whighthe most common, feature the

GUdi nucl eoti depdt ctetheidenamd5Nhe AGplicksiruc!| e o't
(17,20)
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Figure 1-3. Schematic representation of pranRNA splicing by the U2dependent major spliceosomes.

modified from Krummel, D. A. P. (201@232). premRNA splicing begins céranscriptionally with the U1 anc
U2 snRNPs binding to the 5' SS and BP of thetyji® intronic sequences, respectively. Subsequently,
U4/U6-U5 tri-snRNP is recruited for the first splicing step. With the release of U1 and U4 snRNPs, the

splicingstep ensues, releasing the ligated exons (MRNA) and the intron.

1.21.33'-end polyadenylation

The final essential step in MRNA maturation is polyadenylation, which is the cleavage of the
3-end premRNA andthe subsequent addition of a poly(A) tél1,22) The first step is
endonucleolytic cleavage of the preRNA to yield a free 3 hydroxyl that serves as the
substrate for the secorstep, the notemplated addition of adenosines (polyadenylation}. Cis
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acting elements and the specific RIAding proteins that are recognizable by these elements
are utilized during pgiadenylation, whereas cleavage is dependaenthe formation of muki
subunit complexes containing the cleavage and polyadenylation macfdBefihe site of 3

end cleavage is specified by the binding of other sequence elements in thmRpk& to a
multiprotein complex referred to as theehd processing complex. The essential unithef 3

end processing complex is CPSF. CPSF, which binds specifically to theezprence element
AAUAAA in the polyadenylation site and catalyzes clea2dg This polyadenosine po(}A)
Aitail o is a defining feature of mRNA with cr
cycle with an averagiengthof 250nucleotides3-end cleavage and polyadenylation of MRNA
arenecessary for transcription termination, release of mRNA from the site of transcription, and
export to the cytoplasm. In the cytoplasm, the (d)ytail protects mRNA from degradation
andboosts mMRNA translation in the cytoplagdb).
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Figure 1-4. The picture shows the3'-end polyadenylation processof mRNA. The AAUAAA sequence is

+

nucleotides are added

detected by the CPSF and CstF and then the 3' end of the mRNA is cleaved by the cleavage féctorsiagd
cleavage, the enzyme poly(A) polymerase (PAP) adds a poly(A) tail to the newly exposed 3' hydroxyl g
the mRNAand next thé®AB proteins add to the poly A tail. 11



1.2.2 Nuclearexport of mMRNA

Only fully processed mRNAs are competent for expotthag are recognized by export factors.
Nucleocytoplasmic transport events occur through the nuclear pore complex @&NR@)e
transport chann¢hatmediateshepassagef proteins andiverseRNA classesuch as mRNA,
rRNA, tRNA, miRNA, and snRNA(26,27) The central channel of the NPC is filled with
thousands of phenylalanigtycine (FG) peptide repeat28). mRNA transport through the
NPC is unidirectionalas mRNA is synthesized and processedhim ucleus, it is packaged
with RNA-binding proteins (RBPs) to form ribonucleoprotein particles (MmMRNRS).
Important export factors includéhe Nuclear CagBinding Complex (CBC) consistingof
CBP20 and CBP8(B0), THO/TREX (transcriptiorexpor) (31), andNXF1/NXT1 (TAP/p15)
Complex(32). Unlike other RNAs, mMRNA export is generally Remlependent because it relies
on export receptoNXF1/NXT1 heterodimeXTAP/p15 in mammals) or Mexémitr2 in yeast
These receptors directly interact with nucleoporins and facilitate bulk mMRNA export without
RanGTP involvement.The mRNP is actively translocated through the NPC in a process
requiring ATRdependent remodeliraf themRNP structuré€33,34)

The TREX complex plays a crucial role in the formation, maturation, and export of mMRNPs. In
metazoans, this complex comprises a hexameric THO core along with additional proteins such
as the RNA helicase UAP56, tl#P29/SARNP protein, and several export adaptors like ALY
and UIF. TREX associates with newly synthesized transcripts during transcription elongation,
a process that is closely linked to transcription and mRNA processing. This interaction promotes
the recuitment of export adaptors that bind to mRNA. Ultimately, these adapterplaywith

THO componentsand facilitate the attachment of the NXF1/NXT1 export receptor to the
MRNA. NXF1/NXT1 then enables the transport of thRNA through the NPC by interaatj

with the TREX2 complex at the nuclear side of the NPC and withr&&eat nucleoporins

lining the nuclear poré35,36) The adaptor proteins stay within the nucleus, while the export
receptor directs the mRNA through the NPC. Upon reaching the dagtesté, the receptor
detaches from the mRNA following mRNP remodeling mediated by DBP5 and.@&HH5
helicase at the NPC removes nuclear export factors to preventryeinthe nucleus(37,38)

12



In plants, the mechanisms and regulatory proteins involved in mRNA export remain largely
unknown. Notably, plant genomes lack genes encoding homologs of human TAP/NXFL1 or yeast
Mex67p, raising two possibilities: either plants possess structurally digimoteins that
perform similar functions, or they rely on an entirely different set of components for mRNA
export. However, a potentidlrabidopsishomolog of vertebrate p15 has been identi{i&2).
Additionally, a 2006 studycharacterized NTF2a and NZI asArabidopsishomologs of the
nuclear import receptor for RanGEI). In the nucleus of plant cells, export factors, including

the THO/TREX complex, are recruited-tanscriptionally to the newly synthesized mRNA as

it is being transcribed bthe elongating RNA polymerase 1l (RNAPII). The RNA helicase
UAPS56 facilitates interactions with MOS11 and export adaptors (AMYUIEF1/2).Export

factors are bound to the completely processed mRNA. CBC, which consists of CBP20 and
CBP80, bound at the #nd, spliced, and 3olyadenylated. ALY or UIEFecruitsan export
receptor (EXR), whose identity in plants remains unknown. The egporpetent mMRNA is

then translocated via NPC, potentially involving the TREXomplex. At the cytosolic side of

the NPC the RNA helicase LOS4 and GLEL1 are believed to mediate mRNP remodeling, leading
to the removal of the export receptor, ensuring that the mRNP does@mderehe nucleus

(40).

1.2.3Eukaryotic mRNA Translation

Translation is the process by which agjotic cells decode mRNA to synthesize proteins. This
highly regulated process occurs in the cytoplasm and consists of three main stages: initiation,
elongation, and termination. Various regulatory mechanisms ensure efficient and accurate
protein synthesi, allowing cells to respond dynamically to environmental and developmental
cues(41,42)

1.2.3.1Translation Initiation
During the initiation stage, 80S ribosomes are assembled with the initiator tRNARMAL
Met), and the start codon is properly aligned in the P site. This process necessitates the

involvement of at least ten eukaryotic initiation factors (elFs). elFs facilitate the recruitment of
the 40S ribosomal subunit to the 5 end of the mRNA, where it soatigefstart codon. The 5'

13



cap (MG) is recognized by elF4F, a complex consisting of elFAEaaging protein), elF4G
(scaffold protein), and elF4A (RNA helicase). The poly(A) tail, bound by pohpfAding
protein (PABP), interacts with elF4G, formingca&rcular mRNA structure that enhances
translation efficiency. The MdRNAI“Met, bound to elFZ5TP, associates with the 40S
ribosomal subunit to form the 43S gratiation complex. Upon AUG recognition, elf2TP

is hydrolyzed to elREGDP, leading to theelease of initiation factors and the joining of the 60S
ribosomal subunit, forming the 80S ribosome ready for elongét@m5).

1.2.32 Translation Elongation

The elongation stage consists of three primary steps: decoding of mRNA codons by the
corresponding aminoacyRNAs, formation of peptide bonds, and translocation of the tRNA

MRNA complex. This movement shifts the peptitgNA from the A site to the P site, exposing

the next codon in the A site. In eukaryotes, the elongation factor eBRd®\dminoacytRNA

in a GTRdependent manner and facilitates its delivery to the ribosomal A site. When the aa

tRNA successfully recognizes the codon, GTP hydrolysis by eEF1A occurs, releasing the factor

and allowing the atRNA to properly position itséln the A site. Once accommodated, peptidyl
transferase, an enzymatic activity of the ril
peptide bond formation. The ribosome then advances to the next codon with the assistance of
eEF2GTP, moving the paidyl-tRNA to the P site and transferring the deacylated tRNA to the

E site, from where it is ultimately releasg@kb,46)

1.2.33 Translation Termination

Termination takes place when the ribosome encounters a stop codon (UAA, UGA, or UAG).
This process is mediated by two protein factors: eRF1, which identifies all three stop codons,
and the GTPase eRF3, which promotes termination through GTP hydrolysis. The hydrolysis of
GTP by eRF3 aids in the disassembly of the ribosome and the releaseroRMghand tRNA,
enabling the translation process to initiate anew with a different mMRNA mold@uEr)

14



1.2.4Role of cytoplasmic bodiesn Posttranscriptional regulation

To ensure the cell operates efficiently, its interior is organized into multiple compartments
known as organelles. These specialized structures house various biomolecules, such as proteins
and nucleic acids, and play essential roles in cellular functiecem studies have focused on

a specific category of organelles knowmasmbrandessorganelles (MLOS), also referred to

as biomolecular condensates, droplets, granules, foci, or bodies. These dynamic structures can
be found in both the nucleus, suchnagleoli and Cajal bodies, and the cytoplasm, including

stress granules (SGs) and processing bodies (BR8g9)

MLOs form through a spontaneous process triggered by physicochemical changes in the cellular
environment. This phenomenon, knowndigsid-liquid phase separation (LLPS), has long been
recognized in polymer chemistry, but recent research has demonstrated its relevance in
biological systems as we&b0). LLPS is primarily driven by weak, multivalent interacti¢s$).

Over time, sesgral defining characteristics of MLOs have been identified. Key features include
their spherical shape, ability to merge, dynamic nature, and specific mode of assembly,
independent of variations in composition, location, or func(Eh52) Many MLOs exibit
liquid-like characteristics, making them highly dynamic structures that continuously exchange
components with their environment. Moreover, the formation of thasenolecular
condensates is reversible, allowing them to assemble and disassembtiedsiHewever, their

properties and organization may undergo changes ove(iBhe

Preciseposttranscriptionategulation of mMRNA processing, transparénslation, storagend
degradationis essential for controlling gene expression. These processes are mediated by
specific RNAbinding proteins (RBPs), which associate with mRNA to form larger complexes
known as messenger ribonucleoprotein particles (MR{&8%)In eukaryotic cells, mRNfare

often localized to distinct cellular compartments, both as part of normal mRNA biogenesis
under optimal conditions and as a response to environmental changes. Recent findings suggest
that the seHorganization of mMRNPs intmembrandesssubcellularstructures, known as RNA

granules, plays a crucial role in mMRNA metaboli{&®h).

SGs andPBs are among the most watharacterized RNA granules. These membiass

cytoplasmic structures arise through the condensation of translationally inactive mRNPs.
15



Although the specific mMRNAs and RNBinding proteins (RBPs) contained within SGs and
PBs vary, both types of granules play critical roles in translational regulation, impacting
proteome composition and cell survival. The accumulation and clustering rainsiated
MRNPs into these distinct cytoplasmic granules are driven by similar molecular mechanisms,
which are closely linked to various aspects of translational cofi6)l While P-bodies are

constitutively present in the cell, SG formation streessinduced even{57).

1.2.4.1 Stress GranuleéSGs)

SGs are welknown examples of membratess organelles that form in the cytoplasm in
response to cellular stress. Their assembly involves the accumulation of various proteins,
including Poly(A}binding protein (PABP), eukaryotic initiation translation factors (elFs), and
GTPaseactivating proteirbinding protein (G3BP)58). SGs function as temporary storage
sites for translationally inactive mRNAs, which can either be directed to PBedaadation or
returned to polysomes for translati@®). Their dynamics are regulated by AGBpendent
remodeling, allowing them to rapidly adapt to cellular changes. SG formation is primarily
driven by weak electrostatic, hydrophobic, and prefgotein interactions among RNA
binding proteins (RBPs) that contain intrinsically disordered regions. Additionally, RNA
molecules play a crucial role in SG assembly, highlighting the importanE&&N8FfRNA

interactions in their structural organization and béra(60,61)

1.2.42 P-bodies(Processing bodies PBs)

P-bodies are conservestructuresacross all eukaryotes and play essential roles in mRNA
degradation, translational repression, mRNA storage, and RNA silencing, helping to regulate
protein productin. Rbodiesare described as "mRNA purgatogridspecialized compartments

that contain a common set of enzymes and proteins involved in mRNA metabolism, ensuring
efficient posttranscriptional regulation in eukaryotic ce(82). The regulation of mRNA is
essential for cell function and survival. lanous species,-Bodies play a key role in enabling

cells to regulate protein production effectively, which is vital for responding to stress, growth
signals cell developmentand environmentahlterations The formation and structure of P

bodies highlidpt the significance of compartmentalization in eukaryotic cells, aiding in the
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maintenance of cellular balance and adaptability to changing conditions. For instance, during
cellular stress, such as nutrient scarcity or heat shebkdRs may proliferategssisting the

cell in conserving resources by selectively repressing or degrading unnecessary (BBRNAs
P-bodies are presenn a wide range of organismdrom simple yeast to more complex

mammals, emphasizing their essential function in cellulangya64).

Early studies revealed cytoplasmic granules such as "P granules" in the germline cells of the
nematodeCaenorhabditis elegan$5), and "naugs"” in animal$6). The discovery of ®odies
datesback to initial research on mMRNA metabolism, where they were first identified in yeast as
sites for mRNA storage and degradati@y,68) Later studies found similar granules in
mammalian cells, showing that they contain essential MRNA decay factohsding
decapping enzymes and exonucleases, reinforcing their role irtrgastriptional gene
regulation(69). P-bodies were subsequently identified in plants, including the model organism
Arabidopsis thalianafurther demonstrating their presence asrgarious plant speci€g0).

This widespread occurrence ofbBdies across eukaryotes highlights their evolutionary
significance and conserved functiffl). In plants, Pbodies have evolved to play specialized
roles in responding tenvironmental stresses such as drought and pathogen attacks, which are
vital for survival and postranscriptional gene regulatiqi@2). For example, imArabidopsis
thaliana, P-bodies help regulate the expression of stresponsive genes, enabling fiiant to

adapt to challenging conditions like drought and high temperatures. This adaptation highlights
the evolutionary pressure to maintain effective mRNA regulation mechafréh¥3,74) In
mammals, including humans;d®dies are involved in variousological processes, including
development, immune responses, and potentially even the regulation of neuronal plasticity,
influencing functions like learning and memdib, 76)

Although Rbodies are conserved across different organisms, ¢beiposition and function

vary slightly between plants and mammals, reflecting the distinct physiological and
environmental challenges each faces. In plantsodies contain specific protei(fable 11),

such as Decapping Protein 5 (DCP5), which are absemammals. Instead, mammalian P
bodies rely on an alternative decapping systéi77) Additionally, plant Pbodies regulate
MRNAs that encode proteins essential for plant metabolism, including those involved in
photosynthesis and energy productiarich are absent in mammals due to their different
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lifestyles and energy requiremer(#8). Plant Rbodies frequently interact with stress granules

to regulate streselated MRNA, a crucial adaptation for responding to abiotic F8¥3/Vhile

similar interactions occur in mammals, they are more associated with immune responses and
pathological conditions such as cancer and neurodegenerative d{8&desrthermore, plant
P-bodies are influenced by hormonal signaling pathways, such asialaszd (ABA) during
drought stres¢80), whereas mammalian-tBodies are not regulated by pldike hormonal
control. Instead, they are often linked to complex regulatory networks involving miRNAs and
other noncoding RNAg72). While yeast Fbodiesprioritize mRNA decay81,82) mammalian

ones emphasize silencing and immune respoKs883) plant Rbodies integrate both
developmental regulation, supporting rapid mRNA turnover during different conditions. This
evolutionary divergence underscores their functional significance as adaptive hubs in

eukaryotic cells.

1.3 Thesignificance ofinvestigating P-bodiesin Cells

Studying Pbodies can provide insights into the evolution of gicetscriptional regulation
across species, deepening our understanding of cellular biology and the genetic factors that
contribute to the resilience and adapt#pibf eukaryotic cells. Gaining knowledge of these
mechanisms offers a broader perspective on how different species have evolved to sustain
cellular homeostasis under diverse conditi®4). Investigating Pbodies in plant cells is
essential for unravieg the complex mechanisms of mMRNA regulation and gene expression. By
studying these structures, researchers can gain insights into how plants regulate gene expression
and postranscriptional processes during development and in response to environmental
challenges like drought, salinity, and pathogen attacks, allowing them to allocate resources
efficiently for survival. This understanding not only advances molecular biology research in
plants but also contributes to the development of crop varietiesmptioved stress tolerance,

which is vital for enhancing agricultural productivity and sustainability amid climate change
(85). Furthermore, studying -Bodies has important implications for disease research and
therapeutic development. Dysregulation ebdtly function has been associated with various
human diseases, such as cancer and neurodegenerative disorders. Investigating thei
composition and dynamics can help identify molecular targets for drug discovery and

therapeutic interventions. Additionally, this research enhances our understanding of RNA
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interference and the role of naoding RNAs in gene silencing, paving the way fovel

treatment strategies and advancements in genetic enging8)ng

1.4 Composition and Architecture of PBodies in Plants

The composition of odies is intricate, dynamically shifting based on the tissue type,
organism, and cellular conditionSarly studies on #odies primarily focused on identifying
their components and understanding their role in mRNA processing. In eukaryotic cells, P
bodies contain a conserved set of proteins, including decapping enzy@i@ds ¢éDhancers of
decapping enzyss (EDC), exonuclease enzyme®R(¥), LSM proteins, and GW182, which
interact with microRNAs (miRNAs) and RN/kduced silencing complexes (RISC). These
structures play a key role in miRNAediated gene silencing, mRNA degradation, and
translational repressin. Additionally, Rbody regulation is closely tied to cellular stress
responses and has been linked to various human diseases, such as cancer and neurodegenerative
disorders, emphasizing their importance in maintaining cellular homeo@&akim plarts, P
bodies consist of a diverse array of protéifable1-1) and RNA molecules that play essential
roles in MRNA metabolism. The functional and physical interactions-lwddy proteins in
Arabidopsis thalianare clearly illustrated igFigure1-5) Key components include decapping
enzymes, exonucleases, and variBIMA-binding proteinswhich work together to mediate
MRNA decapping, degradation, and storage withiboBlies. This suggests a conserved

mechanism for mRNA turnover across different organi&i$
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Figure 1-5. Functional protein associations andhysical complexof P-Bodies Protein in Arabidopsis
Thaliana. This visualized network comes from thatps://string-db.org/), multiple proteins identifier. A)
The edges indicate functional associatiofith aconfidence 0D.60. B) The edges indicate that the prote
are part of a physical complex witlcanfidence 00.60. Each protein named by their main names or ali:
(Tablel1.1)

The structure of plant-Bodies is highly organized, ensuring efficient mMRNA processing. They
form through the assembly of cytosolic prote{atready identified as-Body components
(Figure1-6) along with nortranslating mRNAs. Electron microscopy studies have shown that
P-bodies appear as spherical or irregularly shaped structiwvasable sizes. Their core houses
the primary enzymatic machinery responsible for mRNA degradation, while aisdimg layer

of RNA-binding proteins aids in the recruitment and processing of mMRNAs. This well

structured organization is crucial for the effective role dfodies in mMRNA regulatioli84).
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Plant Rbodies contain unique components not found in other eukaryotes, highlighting the
specific requirements of plant cells. Certain plgmecific RNAbinding proteins play key roles

in stress responses and development, which are vital for plant siamdadaptation. The
presence of these distinctive components suggests that ghadids have evolved specialized
functions to support plant physiology and development, including processes such as
photosynthesis and energy production. For example, esbhas shown that DCP1 and DCP2

are essential for pesimbryonic development ifsrabidopsis thaliangas mutants lacking these
proteins exhibit seedling lethality and vascular development defects. This strongly indicates that
DCP1 and DCP2, as componentsPebodies, contribute significantly to plant development
(72,88) The formation of Fbodies mediated by DCPS5 is crucial for efficient mMRNA decapping
(73). Additionally, DCP5 has been shown to interact with the RNA chaperone cold shock
domain protein JAtCSP3), suggesting that RNA secondary structure unwinding may be
required to facilitate decapping or suppress transl86h In mutants with defects in-Body
components, capped mRNAs accumulate due to the inability to degrade them through
alternaive RNA decay pathways. These mRNAs remain translatable by ribosomes, resulting in
severe seedling lethality. Consequently, both mRNAs and their corresponding proteins become
excessively abundant, leading to a dosage effect similar to that observed avgrexgression

(71)
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Figure 1-6. Overview of the mRNAs fate in the cytoplasm and the aggregation of-Bodies components. Blue
arrows indicate the translation process, whied Arrows denote the translational repression and decay prdeBss
(P-Bodies) light green spot# the topright cytoplasm represent cytosolic proteins known as PB components, \
have not yet assembled in PR&dium green focin the topright cytoplasm show the accumulation of these prote
forming PBs of various sizeBark green focin the topright cytoplasm indicatiargerPBs.A) Exported mRNAs can
undergo either translation or a repressed state and subsequeteigyeed andlegradedB) Cytosolic proteins that
facilitate PBs assembly, together with mRNAs targeted for translation repression, form PBs of differer
throughout the cytoplasm (magnified PE)) mRNAs intended for translation, along with Eukaryotianslation
initiation factors (elFs) and Ribosomes, form polysomes and proceed with trandlgtiofRNAs with translation
defects are degraded via multiple pathways. Transcripts containing a PTC are directed to ymedi&tsd decay
(NMD). Meanwhile, mRIAs with stalled ribosomes in the coding region or those lacking a termination codc
targeted by n@o decay (NGD) and nestop decay (NSD) pathways, respectively. These partially translated mF
may be transported to the PBs for degradation, althdligir transfer into plant-Bodies is still unclearE) There-
translation of mMRNAs from PBs allows the cell to rapidly adapt to changing conditions without transcribin
MRNAs, effectively "recycling” existing mRNAs in response to cellular needs.
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Table 1-1. Recently Identified P-Body Proteins in Plants The aliases and functions have been adapted by the T
(www.arabidopsis.org/), Uniport (https://www.uniprot.org/) and NQBtps://www.ncbi.nlm.nih.gov/).

Protein
DCP2
(mRNA-decapping
enzyme subunit 2)

DCP5
(Protein Decapping 5)

DCP1
(mRNA-decapping
enzyme subunit 1)

EDC4
(Enhancer of mMRNA-
decapping protein 4)

XRN4
(5'-3' exoribonuclease 4)

Lsm1-7
(U6 snRNArassociated
Smlike protein)

Patl
( Protein-associated with
topoisomerasel, 35'-
exoribonuclease)

Dhhl / DDX6
(DEAD/DEXH box ATP-
dependent RNA helicasp

CCR4
(CCR4-Not complex 3-5'-
exoribonuclease)

Aliases
TRIDENT
TDT

VARICOSE
VCS

AIN1
EIN5S

LSM1A
LSM1B
LSM3A
LSM3B
LSM5:SAD1

LSM7: EMB2816

PAT1H

RH6
RH8
RH12

ATCAF1
CAF1

Function
The catalytic component of
the decapping complex,
Removes the-methyl
guanine cap structure fromr
mRNA molecules.

As a component of the
decapping complex, it is
involved in the degradation

of mRNAs.
Thecomponent of the
decapping complex,
Removes the-methyl
guanine cap structure fromr
mRNA molecules.

As a component of the
decapping complex,
promote<efficient removal
of the monomethyl
guanosine (m7G) cap from

MRNASs.
Major 5-3' exoribonuclease
involved in mMRNA decay,
Degrades transcripts that
lack a 5'cap structure.
Heptameric complex which
is involved in mMRNA
degradation by promoting
decapping and leading to
accurate 53'mMRNA decay.

Activator of decapping that
acts as a general and activ
mechanism of translationa
repression and iequired
for P-body formation.
Known as Deadenylatien
dependent mMRNA
decapping factor PAT1.
ATP-dependent RNA
helicase is involved in
mRNA turnover, and more
specifically in mRNA
decapping by activating the
decapping enzyme DCP1.
A member of the CCR4
NOT complex, and acts for
MRNA deadenylation and i

References
(90,91)

(73,92,93)

(94)

(79,95)

(72,96,97)

(79,98,99)

(100,101)

(102,103)

(104,105)
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linked to various cellular
processes including bulk

mRNA degradation.
NOT - A member of the CCR4 (72,106)
(CCR4-Not complex 3* NOT compgkx, it acts for
5'-exoribonuclease) mMRNA deadenylation and i

linked to various cellular
processes including bulk

mRNA degradation.
PARN AHG2 Interacts with the 3nd (107,108)
(Poly(A)-specific poly(A) tail to remove the
ribonuclease, 3'5'- Poly(A) tail.
exoribonuclease)
AGO1 - The main component of the (209)
(Protein argonaute) RNA-induced silencing
complex (RISC) that binds
to a short guide RNA such
as miRNA or siRNA
UPF1 ATUPF1 RNA-dependent helicase (110,111)
(UP-FRAMESHIFT1) LBA1 required forthe nonsense
RENT1 mediated decay (NMD) of
aberrant mRNAs containing
premature stop codons.
SMG7 F7K24 Involved in nonsense (79,112)
(Nonsensemediated mediated mMRNA decay
mRNA decay factor (NMD). It may provide a
SMG7) link to the mRNA

degradation machinery to
initiate NMD and serve as
an adapter for the UPF
protein function.

In this study, we focus on a subset diétly proteins that play crucial roles in mMRNA decapping
and degradation, specifically DCP5, DCREZM4 (a member othe LSM1-7 heptameric
complex) EDC4 (VCS), and XRN4. These proteins were selected based on thitidnal
significance and unique roles in plant mMRNA metabolism.

1.4.1Key mRNA-Decapping Enzymes in PlantsDCP1, DCP2, and DCP5

DCP1, DCP2, and DCP5 are key components of the mRNA decapping complex in plants,
playing a crucial role in regulating gengpeession in response to environmental stresses,
developmental signals, and hormosajnals(73). This complex plays a significant role in
controlling mRNA stability and degradation, making decapping a crucial stgmosh

transcriptional gene regulatigirigure 1-7). The efficientregulation of mMRNA decay ensures
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that transcripts are promptly eliminated once their function is complete or when the plant needs

to adapt rapidlyto changing conditions.

a. DCP2 (Decapping Protein 2)serves as the catalytic core of the decapping complex,
responsible for removing the 5' cap from mRNA molecules. This cap removal signals the
transcript for degradation by exonucleases like XRN4. DCP2 is also localizethadiés,

where it interacts with DCP1, DCP5, and other decapping enhancers. Since uncontrolled
decapping can result in unintended mMRNA degradation and disrupt gene expression, DCP2
activity is highly regulate@2,94) The amino acid length of plant DCP2 is aroui® aa, and

the molecular weight of the protein is 42&@Jniport.org).

b. DCP1 (Decapping Protein 1)s a regulatory protein that acts as a scaffold, facilitating the
recruitment of DCP2 and other decapping factors to assemble the decapping complex. Whil
DCP1 lacks catalytic activity, it plays a crucial role in enhancing DCP2 function, ensuring
efficient and selective mRNA decapping. It is predominantly localizedbodtes(92,113)

The amino acid length of plant DT around 87 aa, and the molecular weight of the protein

is 40 kDa (Uniport.org).

c. DCP5 (Decapping Protein 5functions as a cofactor that enhances the activity of the BPCP1

DCP2 complex. It facilitates the recruitment of mMRNAs to the decapping machinery, assisting

in the assembly of the complex on target mMRNA substrates. DCP5 plays a crucial role in
regulating mRIA stability, particularly in response to stress, development, and growth
regulation. Like DCP1 and DCP2, DCPS5 is localized 4bddies, where it contributes to the

selective degradation of mMRNAS2). It is hypothesized that DCP5 initially binds itRNA,

keeping it in a translationally repressed state. It then facilitates the recruitment of DCP1 and
DCP2 to assemble the active decapping complex, where DCP2 removes th€/, ¢ap

DCP5 promotes the LLPS of Si st ity to oefulaté CA (S
Flowering Locus C (FLC) transcription. While PB components are typically associated with
postt ranscriptional regul ati on, DCP56s nucl ea
enrichment at the FLC locus highlights its involvement in trapsoenal control(114) DCP5

has also been identified as a multifunctional osmosensor that participates in both osmosensing
and osmotic stress adaptati@and suggests a stress sensory function for hyperosmotically

induced stress granuld3CP5 undergagphase separation in response to molecular crowding
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via its intrinsically disordered region (IDR), which contains a land jpégetcific intramolecular
crowding sensor (ICS). This sensor detects crowding through conformational changes and
promotes phase garation via hydrophobic interactions. DCP5 condensates represent a unique
class of plant stress granules, termed D@R&ched osmotic stress granules (DOSGs), which
recruit mRNAs through interactions with poly@)nding proteins (PABs). By sequestering
MRNAs and translation regulators, DOSGs shift gene expression from growth to stress
adaptatior{115) In addition, he amino acid length of DCP5 is around 611 aa, and the molecular
weight of the protein is 64 kiUniport.org).
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Figure 1-7. Schematic illustration of the mRNA degradation pathway associated with PBs in Plantdn

the decapping and deadenylatidependent pathway, mRNA degradation occurs involving seque
deadenylation, translation repression, decapping, anadiipn. The polyadenylated tail is shortened by
PARN and CCRANNOT complex, or they can act independently, which destabilizes the mRNA and mak
oligoadenylated tail or shortened polyA tail in the cytoplasm (A). The active deadenylation witHia$Bst

been confirmed yet in plants. LSM1PattDhh1l complex recognizes the oligoadenylated tail of mRNA:
recruit the decapping proteins within PBs (B). The mRNA transitions into a translational repression form
PBs, where DCP5 and DCP1 arerraci t ed ( Transl ation repression

the DCP2 enzyme, assisted by cofactors DCP1, DCP5, and VCS (Decapping). After decappi 26
exonucl ease XRN4 degrades the mRNA from the 5



1.4.2EDC4 (VCS, Enhancer of Decapping 4)

The EDC4 protein, also known as VARICOSE (VCS) in plants, is a key regulator of mRNA
decapping and plays a vital role in mRNA turnover. Acting as a scaffold, EDC4 coordinates the
interactions of DCP1, DCP2, and DCPé&cifitating efficient mMRNA decappinffFigure 1-7).

The amino acid length @iantVCS is around 1,344 aa, and the molecular weight of the protein

is 145 kD (Uniport.org)By directly binding to DCP1, it stabilizes DCP1 within the complex

and aids in recruiting mRNA substrates. Additionally, EDC4 enhances the catalytic activity of
DCP2. It also promotes the recruitment of DCP5, assisting in the assembly of the decapping
machnery for specific mRNAs. Primarily localized in-ddies, EDC4 is essential for
maintaining proper gene expression during environmental stress and developmental processes,
enabling plants to adapt effectively to changing conditi(@$95) The requirerant of
additional components for growth indicates that DCP2 activity may be-amaiag factor in

vivo. The decapping process could depend on the formation of a complex involving DCP2,
DCP1, DCP5, and VCS, or alternatively, DCP1, DCP5, and VCS magipat# in upstream
regulatory steps. One potential mechanism suggests that the assembly of translationally
repressed RNPs is necessary before decapping can occur. This idea is reinforced by the fact that
DCP5 alone has been shown to inhibit mMRNA trarsfaitn vitro(73,94)

1.43 LSM Proteins (Like-Sm Proteins)

LSM (Like-Sm) proteins are a group of RN#Anding proteins that are crucial in various aspects

of MRNA metabolism, such as splicing, stabilization, and degradation. They fe&unréka

domain, enabling interactions with RNA and various protein partners. In plants, LSM proteins

are vital for regulating mRNA decay, thereby ensuring proper gene expression under different
developmental and environmental conditiofid6) In addition, the LSM complex that

functions in mMRNA decay appears to be distinct from theakKbciated §M complex,

indicating that ISM proteins form specific complexes that affect different aspects of mMRNA
metabolism(117) The LSM protein family is categorized into two subfamilies: Sm and LSM.

The Sm subfamily consists of seven core prot
and SmG), which assemble into heteroheptameric complexes. These complexes associate with

snRNAs fom both the major spliceosome (Ul, U2, U4, and U5 snRNAs) and the minor
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spliceosome (U11, U12, and U4atac snRNE&snversely, the LSM subfamily consists of eight
proteins (LSMI1LSM8), which also assemble into heteroheptameric complexes. Among them,

six (LSM2, LSM3, LSM4, LSM5, LSM6, and LSM7) share homology with Sm proteins, while
LSM8 exhibits a weak resemblance to SmB/ BN;j
protein(118) Two key heptameric complexes formed by LSM proteins, LSMacalized in

the cytoplasmand LSM28, localized in the nucleysach perform distinct yet interrelated
functions in RNA processing and regulati®8). Both LSM complexes shaegepreference for

the 3N ends o0f#7 RN Agpligdaddngdat8dNfpadisl and the LSM2 f or 3 Nj
oligouridinylated (oligeU) tracts(119,120)

1.4.3.1LSM1-7 Complex

The LSM17 heptameric complex mainly functions in the cytoplasm, where it aids in mRNA
degradationlt is responsible for recognizing the deadenylated mRAA® binding to the 3'

ends of oligoadenylated mRNAs that are targeted for ddgpyrecognizing andbinding
oligoadenyl ated 3N ends L8MIL7 p&bl A pivotal aalegire t e d
decapping98,121)

Marking mRNAforDecay: The compl ex attaches to the 3N;

the transcript is ready for degradation.

Promoting Decapping This binding event recruits decapping factors such as DCP1, DCP2,
and DCPS5, thus enhancing the low intrinsic enzymatic actiitige decapping contgx (122).

Once the 5N cap i s removed, exonucleases rap

Localization in P-bodies LSM1-7 is mainly found in Pbodies(Figure 1-7), where it works
with other RNA decay factors to control mRMNs#ability and turnover. It may also play a role
in the selective degradation of specific mMRNAs during environmental stresses, helping to

regulate adaptive gene expression respof@8$23)

1.4.3.2 LSM2-8 Complex

In contrast, th&SM2i 8 complex mainly operates in the nucleus, where it plays a rolein pre

MRNA splicing. This heptameric structure is a component of spliceosomal complexes that
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remove introns from predRNA, ensuring that only mature mRNAs are transported for
translation(123).

Splicing Facilitation: LSM2-8 binds to the 3' ends of preRNAs, stabilizing them during

processing and facilitating their proper export to the cytoplasm.

MRNA Stability : Although its main focus is splicingSM2i 8 also helps shield newly spliced

trarscripts from premature degradation, thereby supporting overall MRNA intEI2RYy

1.4.33LSM4 (Like-Sm protein 4)

LSM4 is a member of the LSm protein family, which comprises RiWaling proteins involved

in various aspects of RNmetabolism, including mRNA processing, splicing, and degradation.
Among theLSM proteinsthat form theLSM1-7 and LSM28 complexes LSM1 promotes the
constitution of an LSMZ7 complex in the cytoplasm that plays a crucial role in the decapping
complex. Incontrast, LSM8 directs the formation of the LSI8Zomplex that localizes in the
nucleus and forms, together with the U6 snRNA, the U6 snRBWall nuclear
ribonucleoproteinf118). Therefore, LSM1 is absent from the nuclear LS&@omplex, which

is invdved in snRNP biogenesis and splicing. Since LSM1 is exclusive to the {73idtnplex,

it is often used among the otheBM proteins as the primary marker forbBdy investigation

in plants and other organisms. Although many studies reported the significance of LSM1 in P
body assembly, LSM4 is another essential protein inside the LESktmplex for Fbody
function(98,123) In Saccharomyces cerevisjabe Gterminal Q/Nrich domain of the.SM4
subunit within theLSM1-7 complex is crucial for #ody formation. However, in most
eukaryotes, this @erminal region consists of RGG domains instead of-(@Nsequences. The
RGG donain of LSM4 enhances Body accumulation in human cells, and the symmetric
dimethylation of arginine residues within this domain further promotes this précesstant

form of LSM4 lacking the RGG domain was unable to restore PB formation in cells where
endogenous SM4 was depleted. This deficiency persisted despite the mutant maintaining its
capacity to assemble with th&M1-7 complex, interact with decapping factors, and support
MRNA decay and translational repressf@4). In yeastLSM1 and/orLSM4 subunits of the
LSM1i 7i Patlcomplex directly contact the RN@21) In yeast and animal LSM complexes,

LSM1 and LSM8 are flanked by LSM2 and LSM4, indicating tAaabidopsiSLSM1A,
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LSM1B, and LSM8 are capable of interacting in vivo with LSM2 and LS®®hsistent with

the typical cytoplasmic localization of LSM1 proteinsArabidopsis LSM1(A or B LSM2

and LSM1(A or Bj LSM4 interactionsveremainly reported in the cytoplasof theNicotiana
benthamianacells. Conversely, interactions between LSM8 and LSM2 and LSM4 were
essentially detected in the nucleus, which is consistent with the dual function of LSM4.
Interactions between LSM2 and LSM4 proteins were not found. Howatenactiondbetween
LSM2 and LSM3 (AandB), LSM3 (AandB) and LSM6 (AandB), LSM6 (A or B) and LSM5
LSM5 and LSM7and LSM7 and LSM4 were identified the plant(98).

1.44. XRN4 (5-3' exoribonuclease 4)

In plants, XRN4 serves as thanctional equivalent of XRN1 in yeast and plays a pivotal role

in MRNA decay. As a 5' to 3' exonuclease, it degrades RNA by sequentially removing
nucleotides from the 5' end toward the 3' end. By regulating mRNA turnover, XRN4 helps
control gene expression response to developmental signals and environmental stresses. Its
activity becomes essential after mRNA has undergone decappicg the protective 5' cap is
removed, XRN4 recognizes the exposed 5' monophosphate end and initiates degradation.
Functiming in coordination with DCP2, DCP5, DCP1, and EDC4, XRN4 operates as a key
component of the mRNA decay pathwgigure 1-7) (71). The amino acid length gilant

XRN4 is around947 aa, and the molecular weight of the proteirl@¥ kDa (Uniport.org).

XRN4 acts downstream of the decapping process initiated by these proteins. After decapping is
completed, XRN4 takes over and degrades the mRNA, enstirengfficient removal of
unwanted transcriptél25). XRN4 plays a crucial role in plants' responses to environmental
stresses like heat, drought, and pathogen attacks. It controls the degradation-oélatesks
MRNASs, enabling plants to quickly modify thegene expression patterns and adapt to
challenging condition§126). XRN4 regulates the levels of unneeded proteins by degrading
specific mMRNAs, which plays a key role in fining gene expression in plant cells,
highlighting its function in postranscriptional regulation(127). XRN4 is predominantly
localized in the cytoplasmand in some casas P-bodies to provide a compartmentalized
environment that enhances the efficiency and regulation of mMRNA degradation compared with
the cytoplasn{128) Some studies indicate that XRN4 can degrade certain transcripts targeted

for decay through mechanisms distinct from classical decapping. In this scenario, XRN4
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selectively degrades specific transcriptsAirmbidopsisbased on their RNA sequence. This
proess may involve alternative exonucleolytic pathways that bypass the need for DCP1 and

DCP2 activity, though this remains unclear in plants and other orga(li&s429)

1.5Dynamic Formation and Dissolution of PBodies

A defining characteristic of #odies is their dynamic nature. Their formation, stability, and
function are carefully controlled through various mechanisms, includingtieostiational
modifications (PTMs) of associated proteins, signaling pathways that reguiateytiemics,

and interactions with other cytoplasmic granulesbolly assembly occurs through the
aggregation of proteins and mRNAs, often triggered by stress conditions such as nutrient
deprivation, oxidative stress, or viral infection. Their disassenallthe other hand, involves

the breakdown of these components, typically facilitated by -A&pendent processes
(62,130,131) By regulating these factors, cells can adjust their mMRNA processing strategies
according to shifting environmental and cellui@mands. Bodies assemble and disassemble
swiftly in response to cellular conditions, a dynamic property essential for their role in mRNA
regulation. This adaptability enables cells to respond rapidly to environmental or metabolic
changes. The formatioof P-bodies allows the sequestration and potential degradation of
MRNASs that are unnecessary under specific conditions, helping to conserve resources and
safeguard the cell from potentimlamage (132) Phaseseparating RBPs often contain
intrinsically disordered regions (IDRs), protein sequences that do not fold into a fixed three
dimensional structure, and do not expose defined secondary structures until they contribute to
molecular interactiongl33). Decapping factors are often modular and featuceetbdomains
flanked or connected by leeomplexity disordered regions. These disordered regions
contribute to the assembly of decapping complexes and promote phase transitions that drive
RNP granule formatioil34), for instance, DCP§L15) DCP2(135 and EDC4(134) Some

of these IDRs contain binding sites that promote multivalent interactions or a large number of
low hydrophobic sequences that have the ability to drive proteins to undergollguigtiphase
separation and thus aggregate into@4l(136). The involvement of IDRs in phase transitions
provides a biophysical angle to the characterization of proteins that harbor disordered regions
(137) The connection between water and LLPS is especially pronounced in intrinsically

disordered proteins (IDPs) and proteins with IDRs, which are particularly prone to undergo
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LLPS. The extended and flexible structures of IDPs/IDRs enable them to engagkipfemu
transient interactiongl38). Many studies with deletion constructs have shown that the IDRs

are sufficient and perhaps necessary for LIFES 145)

The disassembly of-Bodies is just as crucial for cellular function as it enables the redeadse

reuse of mMRNA molecules when conditions become favorable. This process is typically driven
by ATP-dependent mechanisms, such as helicases and chaperones, which break down the
protein and RNA aggregates withirbBdies(146). As already mentionedP-body formation is

largely driven by protenprotein interactions among its components, which associate with non
translating mRNPs. Disrupting these interactions leadsdy disassembly and eventual loss.

For example, the depletion of LSm1, RCK/p54, &H4 and key proteins involved in miRNA
processing, such as Drosha and its binding partner DGCRS, results in the disappearance of P
bodies in mammalian cel(§7). The controlled disassembly ofli®dies allows mMRNAs to be

swiftly released for translatiomhen required, facilitating rapid cellular adaptation to fluctuating

environmental condition&l47)

1.6 The Significance of PBodies in PostTranscriptional mMRNA Regulation:

Essential or Dispensable?

As previously noted, #Bodies serve as hubs ftire accumulation of decapping proteins and
exonucleolytic enzymes, sequestering-tramslating mRNPs to promote their decapping and
degradation. However, the key question remains: Are these distinct cytoplasmic granules (P

bodies) truly essential for effave mRNA decay?
- Improved Storage and Degradation

While not all mMRNAs undergo degradation withisb&dies(148), evidence indicates that their
presence enhances and supports cytoplasmic mRNA storage, decapping, and deffrdépation
Since mRNAdecapping factors are found throughout the cytoplasm, decapping and degradation
could also take place outside of largbdtlies, potentially within smaller aggregates of similar
biochemical composition that are too small to be detected by a light micedd&d)) Studies
indicate that while Podies concentrate decapping enzymes, they do not limit their activity
solely to these locationd51,152) Thus, while Pbodies may promote mRNA decay, several
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independent pieces of evidence demonstrate thaatieegitheressential nor the exclusive site

for mRNA decapping and degradation. On the other hand, a simpler view proposes that the
accumulation of deadenylation, decapping, and decay factors withoaliBs helps coordinate
deadenylation and decay preses, enhancing their efficiency and ensuring proper mRNA
turnover(57). For example, by employing Rapid Inducible Decay of RNA (RIDR), researchers
tracked RNA decay dynamics in cells and discovered that mRNAs degrade more quickly in P
bodies than irthe cytoplasm. Upon induction, target mRNAs rapidly localized-tmdHes,

where they underwent faster degradation compared to the slower decay seen in the cytoplasm.
Additionally, knocking down key #ody proteins and RNA degradation enzymes confirmed
tha P-bodies play an active role in RNA decay. This was the first study to measure RNA
degradation kinetics across different cellular compartments, emphasizing the rdiedie®

as specialized sites for rapid RNA degradafi@h). Therefore, lhey serveas locations where
MRNAs are temporarily sequestered, either stored for later translation or targeted for decay,
depending on the cellular conditions. This dual function enables cells to regulate gene
expression dynamically in response to various stimtije also providing a unique form of

compartmentalizatio(iL53).
- Selective mMRNA Regulation

Instead, Fbodies could act as an "isolator," segregating specific groups of mMRNAs from the
cytoplasm and marking them for degradation accordingetlular requirement$153). For

i nstance, as components of t he <dgiest their 5 Nj de
localization may help direct specific mRNAs toward distinct decay path{i®155) The
mechanisms by which specific mMRNAs are selected for distinct degradation pathways and how
their fate is determined withiR-bodiesare being discovered in eukaryotEer instance, RNA
modifications in selecting specific mMRNAs for fBediated degradatn uncovered that m6A

in the coding sequence (CDS) triggers translatiependent mRNA decay via CBS6A

decay, and refers to the potentialbb®&dy involvement, and recruitment of YTHDF2 for
accelerated degradatiofi56,157) In Arabidopsis thaliana evoltionarily conserved €
terminal region 8 (ECT8) was identified as an m6A reader protein and showed that #ts m6A
binding capability is required for salt stress responses. ECT8 accelerates the degradation of its
target transcripts through direct interactioith the DCP5 withirP-bodies(158). Moreover, n
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Arabidopsisthe reduction of #odies in lightgrown rh6, rh8, and rh12 mutant seedlings results
in elevated accumulation and translation of strefsed mRNAs under nestress conditions,

indicating that Fbodies may help suppress these transcripts under normal conlits®s

On the other handequestering MRNAs and decapping machinery witthod?es offers three

key benefits to the cell. First, it separates the decapping machmenyfdnctional mMRNAs,
preventing premature decapping of mRNAs that are not intended for degradation. This
segregation enables the cell to regulate access to the machinery, adding an additional layer of
control beyond the enzymatic degradation steps. Sinvlaother degradative processes in
compartments like lysosomes or proteasomes, this compartmentalization wikhaieB likely

provides functional advantag€60)

Secondly, sequestering mMRNAs inbBdies may act as a cellular buffering mechanism to
maintain a balance between translation capacity and the pool of mMRNAs being translated. When
too many mRNAs compete for limited translation factors, none may acquire the necessary
proteins for proper initiation, reducing the overall translation rates ofRNAs. By isolating
norttranslating mMRNAs, the cell ensures that the remaining mRNAs are efficiently translated.
This fundamental buffering system may have also evolved to regulate mRNA degradation and
storagg160).

The third possibility indicates that translational repression and/or mRNA decay targeting
happenin two separate stages. Initially, translation is reduced, either passively due to the
removal of the poly(A) tail or actively by the binding of a repressategm. As mRNP
complexes are dynamic, mMRNAs in this state could potentially resume translation at low levels
to avoid unintended expression. The second phase may follow, where repression is fully
established and maintainétb0)

While numerous studiesakie examined #Bodies in mammals and yeast under conditions of
stress or infectio(L61i 163), as well as in human-Bodies during cancer or neurodegenerative
disease (164,165) the understanding of-Body assembly in normal cellular conditions and
during development remains unclear. Moreover, limited data is available on the presence of P
bodies not only in response to stress, infections, or disorders but also in nhormabosnditi

where they exist independently of stress and are further induced under stress, unlike stress
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granuleg84). For example, during plant seed development, the formatiorboftiies results in

the translational repression and degradation of mRNAs.Hkeking key Fbody components
show marked developmental defects, highlighting the essential role of these cytoplasmic
structures in controlling gene expression throughout plant develogEntin mammals,
multiple studies discuss the role and formatf Rbodies during cell development. In a mouse
fibroblast cell line, the XRN1 protein was found to localize in small granules and was
particularly concentrated in distinct, prominent f(bb6) Subcellular localization analysis in
human HeLa cellsevealed that LSM1 is mainly located in the cytoplasm. However, it is not
uniformly distributed, as it is concentrated in small, distinct fd@&7) In yeast a few
observationslsoindicate the presence oftiddies in wildtype cells(168)oocyte Maturation,

and Innate Immunity{169) These indicate that the-bddies are also formed in celsder

normal conditions, not exactly during some specific conditions.

1.7 Role ofPlant P-bodies in mMRNA Degradation and Turnover

Cytoplasmic mRNA degradation serves as a form of-passcriptional regulation, and it is

not solely initiated by specific cellular conditions or environmental factors. It plays a crucial
role in maintainmg proper gene expression, cellular balance, and quality control. Even in the
absence of stress, mMRNA turnover ensures that only correctly formed tradstngss with

the ©proper 5Nj cap, start 0 are preserveds tnosfablec o d o n
environments, cells must also regulate mMRNA levels to maintain a balance between synthesis
and decay, optimizing resource utilization. Understanding how cells distinguish these processes
is key to unraveling the regulation of mMRNA turnover. Evidence shbatseukaryotes often
produce defective mRNASs, such as those resulting from splicing errors, which are swiftly
degraded to maintain the integrity of the global mMRNA {@3.170 172). Recent studies in

plants have also shown that mRNAs with structurduactional defects are recognized and
rapidly degraded by translatimiependent RNA quality control mechanisms, ensuring the
maintenance of translational accurdty3). In plants, Pbodies contain essential components

of the mRNA degradation machinemadfacilitate the removal of the 5' cap from mRNA,
signaling the transcript for degradation and halting further transléfi®p The decapping
complex, mainly made up of DCP1, DCP2, and DCP5, plays a crucial role in this process. DCP5

initially binds to target mRNAs, keeping them in a translationally repressed state and aiding in
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the recruitment of the decapping complex and VCS (EDOCP1 functions as a regulatory
protein, bringing in DCP2, the catalytic enz
controlled and irreversible step in mMRNA degradafit®.Once t he cap I s remo
3N exonucl e as keud&Netl mANAgeffextivedydowering the pool of available
transcripts(71). Additionally, theLSM1i7c ompl ex binds to the 3Nj e
MRNAs and helps recruit decapping enzyrt@&174) Proteins like Patl and DDX6 (Dhhl)

play a role in translational repressidefore decapping, collaborating with theSM1i 7

complex to promote decapping lyteracting with the decapping machingfyigure 1-7)

(100,175) Importantly, mRNA degradation in-Bodies is a selective process, where certain
MRNAs are marked for swift degradation in response to factors like nutrient scarcity, oxidative

stress, or pathogen invasi(iv6)
1.8 Developmental Roles of Bodies Across Plant Life Stages

P-bodies exert profound effects on plant development, from seed germination to leaf and root
growth, modulated by environmental cues.

- Role in Seed Germinéon

During seed germination,-lBodies are crucial for managing mRNA related to seed storage
proteins (SSPs), such as oleosins and 12S/2S seed storage proteins. Research indicates that in
wild-type Arabidopsis these mMRNAs are translationally repressed andadedrto prevent
unnecessary protein synthesis pgstmination. An experiment highlights that DCP5, a plant
P-body constituent, is required for this repression. In the -dcgBockdown mutant, SSP
MRNAs are translated, leading to significant accumulatibheir products in &lay-old
germinated seedlings. This abnormal translation disrupts normal seedling development,
underscoring odies' role in ensuring proper germination by clearing unnecessary mRNAs.
Additionally, DCP5 and DCP1 accumulate during seeduration, peaking in dry seeds, but
decrease upon germination, while DCP2 is induced-g@shination, suggesting a dynamic
assembly & P-bodies for mMRNA storage and decapping during this transif@). In
Arabidopsis reduced Phodiesin light-grown RH6, RH8 and RH12 mutants seedlings lead to
increased levels and translation of stredated mMRNAs under nestress conditions,
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suggesting a role for PBs in repressing such trans¢tip®. This dynamic change ensures that

MRNAS are ppropriately managed to support germination and early growth
- Role in Leaf and Root Growth

P-bodies are essential for postembryonic development, particularly in leaf and root growth. An
experiment noted that mutants deficient Hbdtly components exhibit severe developmental
perturbations. For instance, DCP5 and VCS mutants show abnormal Eavesscular
defects, indicating that-Bodies regulate mRNAs critical for leaf morphology and vascular
system development. Similarly, XRN4/EIN5 mutants, which are ethytesensitive, suggest
P-bodiesinvolvement in growth regulation influenced by etmde a hormone affecting leaf

and root developmer{72). Further support shows that defSmutants share developmental
abnormalities with other decapphagficient mutants (dcpl, dcp2l, vcs6), including pale

and weak cotyledons at 6 days, whichtaeefirst leaves. This indicatestd®dies' role in early

leaf development. For root growth, the same study notes decreasely Bize in root tip cells

of dcp51 mutants, visualized by DCRAIFP, suggesting-Bodies are present and functional in
roots, likely regulating mRNAs necessary for root elongation and development. This aligns with
the broader understanding thab&dies facilitate efficient mMRNA decapping, which is crucial

for postembryonic growth process@s). Moreover, inArabidopsis VCS inteacts with the
decapping factor DCP5 and-tmcalizes in Pbodies and overexpression of VCS enhances
resistance t@seudomonas syringaad boosts basal immunity. The vcs mutant shows altered
ABA responses and reduced sensitivity to ABWibited root growth, indicating a role in seed
germination and development. VCS also promotes early flowering, seedling growth, and
reduces transpiratio Overall, VCS contributes to stress tolerance and has potential for
improving crop resiliencé95).

19 Investigation of GCajal Bodies as nuclear biomolecular condensate in post
transcriptional regulation in Larix decidua

Eukaryotic cell nuclecontain distinct structures known as nuclear bodies, many of which play
a role in RNA metabolismlhe nuclear bodies identified in mammalian nerve tissue by the
Spanish scientist Ramon y Cajal are recognized as part of this categeryundregears afte

their discovery, they weneenamedCajal bodieg177). Cajal Bodies (CBs) are membraneless
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subnuclear structures that play a crucial role in RNA metabolism and ribonucleoprotein (RNP)
assembly. As biomolecular condensates, CBs form through LLPS, mdjotve dynamic
compartmentalization of molecules without physical barr@Bs are primarily involved in the
biogenesis and maturation of small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNASs), and other RNP complexes. These processes are eseeptianiRNA splicing,
ribosomal RNA maodification, and the assembly of functional ribonucleoprolidieformation

of these bodies in both plant and animal cells relies heavily on the coilin protein. Besides coilin,
the synthesis, processing, recruitmemi maturation of different RNAs play a vital role in the
assembly of CBs across both plants and ani(al8). These structures house various types of

U RNAs associated with splicing, includinddli U5, which exist in their mature form and
possessar i met hyl guanosi ne,Ug and @jnaturedgpms aftthese bneall 5 Nj e
nuclear RNAsThese structures have been shown to contain Sm proteins, which, in combination
with U snRNA, form the spliceoson{&79).

Genes irconiferLarix Decidua(European Larchinicrosporocytes are transcribed in burbts
European larchmicrosporocytes(male germline precursgtsthe diplotene stage takes
approximatelyfive months and can be subdivided into multiple substages, allowing for detailed
observation beach phaseDuring diplotene, five distinct bursts were observed. This stage is
characterized by significant microsporocyte growth, during which various RNAs and proteins
are synthesized and accumulated. Over this extended period, microsporocytesrexpianae

by more than three times. In larch, microsporocytes undergo chromatin morphology transitions,
cycling between condensed, transcriptionally inactive states (contraction) and more relaxed,
transcriptionally permissive phases (diffusioff)80) Previous findings revealed that a
substantial amount of poly(A) RNA accumulates in the nucleus of larch microsporocytes at the
onset of transcription. These transcripts remain in the nucleus for an extended duration,
primarily stored within the nucleoplasmdCBs. The transcript pool within CBs progressively
expands, peaking just before the lasgale release of poly(A) RNA into the cytoplasm. CBs
serve as longerm storage sites for poly(A) transcripts, retaining them for several days. Notably,
during thefinal stages of the poly(A) RNA cyclenost of these nuclear transcripts are
sequestered within CE&81) During the first three transcriptional bursts, mRNA is intensively

synthesized. In the nuclei, large amounts of RNA polymerase Il and high levels of snRNPs were
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observedDuring the late diffusion stages, including the fourth transcriptional burst and the
poly(A) RNA cycle, newly synthesized mRNA is not immediately translated. Instead, it remains
stored in the nucleus before being transported to the cytoplasm for translation at a later stage.
In the fifth and final diffusion phase, poly(A) RNA levels expege a slight increase, even as
splicing factors remain abundant. MRNA generated during the early phases is utilized
throughout diplotene but does not persist into the dyad or tetrad stages. Conversely, mRNA
synthesized in the later stages of diplotengjqadarly those encoding splicing factors, essential
enzymes, proteins, snRNAs, and ribosomal ribonucleoproteins, accumulate and are likely
carried over to the dyad and tetrads, where they become active following the resumption of
intensive transcriptiof180). CBs seem to play a crucial role in retaining mRNAs within the

nucleus and regulating their eventual export to the cytoplasm

1.10 Investigation of Sm bodies as cytoplasmic biomolecular condensate in post
transcriptional regulation in Larix decidua

Sm proteins are an evolutionarily conserved family of small RiNAling proteins. In
eukaryotic cellstheprimary roleof the spliceosmeis in premRNA splicing. However, limited
research suggests that beyond this s@stablished function, Sm proteins may also influence
MRNA processing at later stagesioéir lifecycle. Studies reported that canonical Sm proteins

are integral componentof the cytoplasmic mMRNP complex, playing a role in the-post
transcriptional regulation of gene expression in plants. Utilizing European larch
microsporocytes as a model, a substantial pool of Sm proteins accumulating within distinct
cytoplasmic structusewere identified that also harbor polyadenylated poly(A) RNA. A link
was established between the cyclic emergence of these cytoplasmic bodies and the cell's
metabolic activity. Their formation was observed following transcriptional bursts, suggesting
thatthese microdomains arise in response to episodic,-tar@e mMRNA synthesi&ased on

the results obtained from studies on other model eukaryotic cells, it was proposed that Sm
proteirf MRNA bodies constitute newly described cytoplasmic domains invoivétei post
transcriptional regulation of highly expressed transcripts, particularly in cells in which mRNA

synthesis occurs in transcriptional bur€i82,183)
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According to the information mention@dthe whole storythe study of Bbodies in plants has
significantly advanced our understanding of goashscriptional gene regulation, yet substantial
gaps remain, particularly regarding their composition and functidrairx decidua Despite
extensive research on nuateand cytoplasmic biomolecular condensates in this species, the
intricate molecular architecture and specific roles -dWoBy components remain unexplored.
This study seeks to bridge that knowledge gap by identifying and characterizing the essential

protans involved in mMRNA decapping and degradation wittanix deciduaP-bodies.

Understanding the contributions of these prot@iBsCP5, DCP2, VCS (EDC4), LSM4, and
XRN4 is crucial to unveiling the mechanisms underpinning -prasiscriptional regulation in
elkaryotes. These proteins are known to play indispensable roles in the decapping and
subsequent degradation of mMRNA, processes vital for maintaining cellular homeostasis,
regulating gene expression, and enabling plants to respond to environmental stresses.
Investigating their function withih.arix deciduaP-bodies extends beyond basic molecular
biology, offering insights into the evolutionary conservation and spepesific adaptations of

these regulatory networks.

Remarkably, no prior studies have simn#ausly examined this unique combination of
proteins in plant Modiesduring cell developmentBy elucidating their interactions and
collective roles, this research aims to provide a more comprehensive picturdoaly P
functionality in plants. The simw@heous analysis of DCP5, DCP2, VCS, LSM4, and XRN4
represents a novel approach that could uncover new aspects of mMRNA metabolism and
degradation pathways. Such insights may further illuminate how plantdufiee post
transcriptional regulation undére developmental phase, contributing to broader applications

in plant biology.

Ultimately, this investigation addresses a critical void in the current understanding of
cytoplasmic biomolecular condensates, emphasizing the importaneleoafyRromponents in

Larix decidua By shedding light on these unexplored mechanisms, the study paves the way for
future research into plant pesanscriptional regulation, enhancing our knowledge of RNA
dynamics and cellular adaptation strategies during homeostasis and dergbdpanditions
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2. Hypothesis andObjectives

P-bodies are widely implicated in pesanscriptional control, yet their developmental roles in
plants, outside stress responses, remain poorly defespite extensive work in yeast and
metazoans, important gaps remain in our understanding -bbdies' heterogeneous
composition, dynamics, and transient functions across plant species, and the relative
contributions of visible ®odies versus smaller or transient RNP assemblies to mRNAr&te
incompletely resolved Moreover, there idittle literature dataon plants related tothe
simultaneous accumulation of isolatedb&@ly components and mRNAdeed neverin Larix
decidua In Larix deciduamicrosporocytes, diplotene spans ~5 months and features five cyclical
waves of poly(A) RNA accumulation, followed by a marked cytoplasmic decline at the end of
each cycléFigure 2.1)181,184,185)These observations have opened the crucial wirtdda
cytoplasmic postranscriptional regulatignstagedependent RNA regulatiom the Larix
decidua and led to a more detailed evaluation of the transcript degradation systearixin
deciduaduring diplotene of plant cell developmeBiut it is unknown (i)whether Pbodies
assemble developmentally (not only under stress), (i) whether they act as sites of

decapping/decay, and (iii) howb®dy dynamics (number, size classes) relate to the poly(A)

cycle
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Figure 2.1 The stages of poly(A) RNA cycl€184) During Stage 1, poly(A) RNA is predominantl
confined to the nucleus, specifically within the nucleoplasm and Cajal bodies (CBs), where
transcription takes place. In Stages 2 and 3, poly(A) RNAnBdts export to the cytoplasm. In Stage
substantial amounts still remain in the nucleus, whereas by Stage 3, the majority of poly(A) RNA has
been transported to the cytoplasm. Stages 4 and 5 are marked by reduced nuclear poly(A) RN
minimal levels in the nucleoplasm and none detected in CBs during Stage 5. Conversely, cyto
concentrations remain high in both stages.iGBajal body; Nu nucleolus. 41



Central hypothesis

During diplotene inLarix deciduamicrosporocytes, the latgy/cle decline in cytoplasmic

poly(A) RNA is contributed to by #Body-centered, decappire pendent 5NjY3Nj de
further posit that DCR®CP2 EDC4 functions as a candidate core decapping module, while

LSM4 (deadenylation cofamtr ) and XRN4 (5NjY3Nj edependantc | e as e
partners.This suggests that the cytoplasmic degradation machinery plays a targeted role,
warranting further investigation to uncover the mechanisms involeetefore, this doctoral

thesisaimsto reveal

1- Determine whether the latg/cle poly(A) declinags driven by the decapping and degradation

system

2- Assess multiple components of the mRNA degradation machinery to determine the spatial
distribution of decapping factors (DCP5 and DCRi&;apping cofactors (EDC4 and LSM4),
the degradation enzyme XRN4, and the cytoplasmic poly(A) RNA cycle throughout the

developmental stages of Larix decidua microsporocytes.

3- Examine whether these proteins play a key role in promotibgdy assembly durg the
developmental stages lo&rix deciduamicrosporocytes, and verify thattiddies are assembled
under normal cellular developmental conditions, rather than exclusively in response to

environmental stimuli previously reported in the literature.

4- Quantify P-body dynamics across the poly(A) cycle in the cell development of Larix decidua
microsporocytes. Measure number/cell, mean volume, and vailase distribution relate
these metrics to poly(A) load and protein recruitment.

5- Verify whether Pbodies serve as the accumulation sites for mRNA transcripts during the
poly(A) RNA cycle, thereby initiating the degradation process Larix decidua

microsporocytes.

6. Explore the enriched mRNA targets associated with decapping proteins (DCP2, DCPS5,
EDC4, and LSM4) to identify specific subsets of transcripts undergoing decapping and
degradation during the poly(A) RNA cycleliarix deciduamicrosporocytes.
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3. Material sand Methods

3.1 ResearctSample

The research material consists of microsporocytes of European laagk deciduaMill.)

during diplotene prophase | of the meiotic division. Microsporocytes are characterized by an
extremely long period omeiosis in which prophase | alone lasts about six months. Studies
conducted in several growing seasons have shown that regardlesssvhperatures in a given
season, both the duration and the distribution pattern are similar. Microsporocytes initiate the
leptotene stage in October, ghddiplotenestagesnds at the turn of March and April. In natural
conditions, these cells demorat relatively high developmental synchronicity. Thanks to this,

a relatively large and homogeneous population of microsporocytes can be obtained from larch
anthers in individual phases of meiosis, which significantly facilitates studies of the processes
occurring in these cells. Additionally, larch microsporocytes are characterized by a relatively
thin pectocellulosic cell wall, which significantly facilitates the protoplasts for in situ studies.
The selected cells are also characterized by their largesizappr ox. 70 &em i n
allows for precise microscopic observation of individual cellularsuhbpartments, as well as

the nucleus and cytoplasm.

Earlier research from the Department of Cell Biology at Nicolaus Copernicus University
demonstradd that larch microsporocytes undergo natural metabolic fluctuations across different
developmental stages. These changes include variations in chromatin condensation,
transcriptional activity(181) rRNA synthesis level§186), and the spatial distnihion of

splicing machinery componen({s82) Moreover, in these cells, successive cycles of formation
and disappearance of structures involved in RNA metabolism, such as nuclear Cajal bodies and
cytoplasmic bodies rich in snRNP or mRNA, naturally o§@82,183) The features described
above maké.arix deciduamicrosporocytes a natural research model in which it is possible to
observe individual stages of ribonucleoprotein metabolism under physiological and

developmental conditions not induced by the experimenter.
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3.2 Research Material

3.2.10ligonucleotides

The oligonucleotide that was used in this experiment was synthesized by the Genomed

Company(ul. Ponczowa 1202-971Warsaw, Poland)

In situ Hybridization
Name Sequence (5'to 3) Conjugated
Poly(A) RNA T(T) 42 Cy3
3.2.2 Antibodies
Primary Antibodies
Name Clone Origin Antigen Company Labeled
Anti-LSM4 | polyclonal | Rabbit LSM4 Sigmaraldrich unconjugated
HPA040932
Anti-LSM4 | monoclonal| Mouse LSM4 Sigmaaldrich unconjugated
SAB1412822
Anti-DCP5 | polyclonal | Rabbit DCP5 gift* unconjugated
Anti-DCP5 | polyclonal | Rabbit DCP5 Davids Biotechnology| unconjugated
2601030019/2023/014
Anti-DCP2 | polyclonal Rat DCP2 Davids Biotechnology| unconjugated
2601030019/2023/009
Anti-EDC4 | polyclonal | Rabbit EDC4 Davids Biotechnology| unconjugated
2601030019/2023/014
Anti-XRN4 | polyclonal | Rabbit XRN4 Davids Biotechnology| unconjugated
2601030019/2024/006
Anti-H3 polyclonal | Rabbit | Histone Sigmaaldrich unconjugated
H3
Anti - polyclonal | Rabbit | Anti-U Sigmaaldrich unconjugated
ACTIN Actin-1 A2066
Secondary Antibodies

1 Gift from Prof. ShuHsing Wu, Academia Sinica, Taipei, Taiwan
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Anti-Rabbit | polyclonal Goat Rabbit Thermo Fisher Alexa 488
Scientific
I9G A32731
Anti -Rabbit | polyclonal Goat Rabbit Thermo Fisher Alexa 633
Scientific
19G A21070
Anti-Mouse | polyclonal Goat Mouse Thermo Fisher Alexa 488
Scientific
I9G A11001
Anti-Mouse | polyclonal Goat Mouse Thermo Fisher Alexa 647
Scientific
19G A21235
Anti -Rat polyclonal Goat Rat IgG Thermo Fisher Alexa 488
Scientific
A11006
Anti -Rat polyclonal Goat Rat 1gG Thermo Fisher Alexa 633
Scientific
A21094
Fab polyclonal Goat Rabbit Jackson unconjugated
fraament ImmunoResearch
9 19G 111-007-003
Anti -Rabbit
3.2.3 Reagents
Name Company
Formaldehydel 6% Polysciences
Phosphatduffered saline (PBS) SigmaAldrich
Trisodium citrat§ C6H5Na307) POCH S.A.
Citric acid (C6H80Q7) POCH S.A.

Cellulase Onozuka 0

Duchefa Biochemie

Pectinase SigmaAldrich

Triton X-100 SigmaAldrich

Formamid SigmaAldrich
Salinesodium citrate20X (SSC) Syngen

Ficoll 400 SigmaAldrich

Polyvinylpyrrolidone (PVP) SigmaAldrich
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Phosphate Buffer SigmaAldrich

EDTA SigmaAldrich

Bovine serum albumin (BSA) SigmaAldrich
Acetylated BSA Aurion

Hoechst 33342 ThermoFisher Scientific
Prolong Gold antifade reagent Thermo Fisher Scientific
Tris-HCL SigmaAldrich
Sodium dodecyl sulfate (SDS) SigmaAldrich
Sucrose SigmaAldrich
Quick StartE Bradf Bio-Rad
Tris Base SigmaAldrich
Acrylamide 30% SigmaAldrich
Tetramethyl ethylene diamine (TEMED) SigmaAldrich
Ammonium Persulfate (APS) SigmaAldrich
Mini Format, 0.2 um PVDF Bio-Rad
Midi Format, 0.2 um PVDF Bio-Rad
Tween 20 SigmaAldrich
Dynabead& Protein G Thermo Fishe6cientific
Dynabeads Protein A Bio-Rad
Glycerol SigmaAldrich
b-mercaptoethanol SigmaAldrich
Bromophenol blue SigmaAldrich
Potassium acetate SigmaAldrich

Ditiotetriol (DTT)

Thermo Fisher Scientific

Magnesium chloride (MgG) POCH S.A.
Miracloth (" 22 25 um) SigmaAldrich
Diethyl pyrocarbonate (DEPC) SigmaAldrich
100 um Cell Strainer Biologix
TriReagent SigmaAldrich
Chloroform POCH S.A.
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Ethanol POCH S.A.
Stanlab
Isopropanol Stanlab
PIPES SigmaAldrich

Phasemarker E T

Thermo Fisher Scientific

Inhibitor Enzymes

Protease Inhibitor Cocktail Tablets Roche

ProClock Gold Plant Protease Inhibitor GoldBio
Cocktall

Phosphatase Inhibitor Cocktail Tablets Roche

RNase Inhibitor 40U/ul

A&A Biotechnology

Reagents Kits

Agilent RNA 6000 Pico Kit

Agilent

QubitE Protein As:j

Thermo Fisher Scientific

QubitE RNA High Se
Kit

Thermo Fisher Scientific

QubitE 1X dsDNA Hi
Assay Kits

Thermo Fisher Scientific

Agilent High Sensitivity DNA Kit

Agilent

DynabeadsE mRNA DI |

Thermo Fisher Scientific

Ri boMi nusE PI &aSeq

Invitrogen

NEBNext E UltrakE ||
Library Prep Kit for lllumina®

New England Biolabs
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3.2.4Solutions, Buffers, and Mixtures

Buffer PBS 1x (200 ml)

Phosphatdéuffered saline (PBS)

1 Tablet

Double Distilled Water

200 ml

Paraformaldehyde 4% (Fixative Buffer) (40 ml)

Formaldehyde 16% 10 mi
PBS X 20 ml
Double Distilled Water Up to 40 ml

Citrate Buffer 10x (500ml)

Citric acid

4,2 g/200 ml H20

Trisodium citrate

8,5 g/300 ml H20

Adjust to pH 4.8

Cell wall digestion buffer (2 ml)

Cellulase Onozuka R0

4%

Pectinase 27 U/ml
Citrate Buffer 10x 200 ul
DoubleDistilled Water Up to2mi
Denhardt Solution 100x (100ml)
Ficoll 400 1%
PVP 1%
BSA 1%
Double Distilled Water Up to 100 ml

Antibody Buffer for Immunofluorescence(10 ml)

acBSA

0.01%
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PBS 1x Up to 10 ml
Hybridization Buffer (5 ml)
SSC 2& 1ml
Denhardt Solutiori00x 0.25 ml
EDTAO0.5M 0.01 mi
Phosphate Buffed.5 M 0.5 ml
Formamid 1.5 ml
Double Distilled Water Upto5ml
Protein Isolation Buffer (10 ml)
Tris-HCL 1M PH 8 1ml
Protease Inhibitor CocktajRoch) 1 Tablet
Phosphatase Inhibitor Cocktail 1 Tablet
Triton 100x 0.5% (v/v)
SDS 1% 100 ul
Double Distilled Water Up to 10 ml

Lysis Buffer for CP-ColP (10 ml)

TrissHCL 1M PH 8 500 ul
Protease Inhibitor Cocktail (Roch) 1 Tablet
Phosphatase Inhibit@ocktail 1 Tablet
Potassium acetate 1M 1ml
Magnesium acetate 1M 20 ul
Sodium fluoride 1M 10 ul
NP-40 10% 500 ul
DTT 1M 5 ul
Double Distilled Water Up to 10 ml
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Lower Buffer for Polyacrylamide Gel (1000 ml)

Tris Base 168 gr
EDTAO05M 16 ml
SDS 10% 40 ml
Double Distilled Water 700 mi

Adjust to pH 8.8 (Add HCL up toQDOml)

Upper Buffer for Polyacrylamide Gel (500 ml)

Tris Base 27.2 gr
EDTAO0.5M 8 ml
SDS 10% 20 ml

Double Distilled Water 350 ml

Adjust to pH 8.8 (Add HCL up to 50Ml)

Lower Part of Polyacrylamide Gel
Glycin Gel for Western 8% 10% 14%
Acrylamide 30% 1.3 mi 1.625 ml 2.275 ml
Double Distilled Water 2.5ml 2.125 ml 1.525 ml
Lower Buffer 1.25ml 1.25ml 1.25ml
TEMED 4 ul 4 ul 4 ul
APS 10% 34 ul 34 ul 34 ul

Upper Part of Polyacrylamide Gel

Glycin Gel for Western All Percentages of the Gel
Acrylamide 30% 333 ul
Double Distilled Water 1.2 mi
Upper Buffer 500 ul
TEMED 7 ul
APS 10% 20 ul
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Laemmli Buffer 4x (50 ml)

Tris base 1.514 gr
SDS 49gr
Glycerol 20 ml
b-mercaptoethanol 10 ml
Bromophenol blue 200 mg
Double Distilled Water Up to 50 ml

Blocking Buffer for Western Blot (250 ml)

BSA

5% 2.5% (W/v)

PBS 1x

Up to 250 ml

Antibody Buffer for Western Blot and Immunoprecipitation (250 ml)

BSA 2.5%(w/v)
Tween 20 1% (viv)
PBS 1x Up to 250 ml

Washing Buffer for Western Blot and Immunoprecipitation (PBST) (250 ml)

Tween 20

0.1%(v/v)

PBS 1x

Up to 250 ml

Elution Buffer for Immunoprecipitation (1 ml)

Laemmli Bufferlx

0.5 ml

Double Distilled Water

Uptolml

DEPC-PBS(500ml)

DEPC

0.1%(v/v)

PBS1x

Up to500ml
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Buffer for RNA Immunoprecipitation (RIP) (10 ml)

Tris-HCI 1M PH 8

2 mi

Triton 100x 0.5%(v/v)
Tween 20 0.1%(v/v)
DTT 1M 25 ul
Potassium acetafiM 1.1ml
Magnesium chloride (MgCI2AM 100 ul
ProClock Gold Plant Protease Inhibitor Cockt 1% (viv)
RNase Inhibitor 40U/ul 12.5 ul (50U/ml)
Double Distilled Water Upto 10 ml

Washing Buffer for RNA Immunoprecipitation (RIP) (50 ml)

Tris-HCI 1M PH 8

10ml

Triton 100x 0.5%(v/v)
Tween 20 0.1%(v/v)
DTT 1M 125 ul
Potassium acetafeM 5.5ml
Double Distilled Water Up to50 ml

Elution Buffer for RNA Immunoprecipitation (RIP) (50 ml)

Tris-HCI 1M PH 8 5ml

EDTAO0.5 M 1Imi

SDS 10% 5 ml
Double Distilled Water Up to 50 ml
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3.3 Methods

3.3.1.Preparation of material for microscopic observation

Protoplast isolation for confocal microscopy

Male inflorescences dfarix deciduaMill . were collected at weekly intervals from October to
March in five consecutive growing seasons (4@225). This period corresponds to successive

stages of prophase | pfeiosis.

After removing the covering scales, freshly collected inflorescences were fikéglrim of4%
paraformaldehyde (PFér Fixative Buffej buffer at pH 7.2 for 121l o eliminate air contained

in the plant material, the fixation was carried out @®in a vacuum pump (0.1 MPa) for the
first hour, and then for 11h at 4°The fixed material was washed witkPBS pH 7.2 (3x 10
min) and three times itx citratebuffer pH 4.8 (3x 5 min)Then, microsporocytes were isolated
by mechanical crushing of dr&rs with a glass rod on a watch gléE30 mm)in citrate buffer

1x pH 4.8.To remove the cell wall, the obtained cell suspension was subjected to enzymatic
digestion in a mixture 0f% Onozuka R10 cellulase and 27 U/ml pectinase in citrate buffer 10x
pH 4.8.Incubation was done for 12.5 min at 37°C, on the shaker (100 Afite).digestion, the
material was washed itx citrate buffer pH 4.8 (3 x 3 min) and then in PBS 1x (3 x 3 min).
Then, protoplasts were suspended in PBS and placed on previously fRE4€) Qelatinized
glass slides and left to dagRT for O/N.

3.3.2. Localization of Proteins and RNAs

Before starting the reaction, protoplasts were hydrated and permeabiliz&#biiiiton X100

in 1x PBS pH 7.2 fol5 minand then washed ibx PBS pH 7.2 (3x 3 min)lhe controls of all
reactions were performed according to the protocols given below, removing the incubation step
with the primary antibody (only incubation in acB8ALx PBS pH 7.2) and the oligonucleotide

probe (only incubation with hybridization buffer).
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- Monolabeling of poly(A) RNA (In situ Hybridization)
Reactions were performed according topghetocol below

1. Incubation with Cy&onjugatedoligo(dT) probe [foly(A) RNA), 1:200 in hybridization
buffer, in a moist chamber (filled with 30% formamid&N at 26°C

2- Washing in aqueous SSC solutions:

4 x SSC 4 x 1 min),

2 X SSC 4 x 1 min),

1 x SSC (1 x 10 min),

PBS (1 x 3 min).

3. Sealing the preparatioms ProLong Gold fluoresceneextending mediumwith ProLong
Gold-Hoechst solution (Include 1:10@®Hoechst n 27 €L of ProlLong

- Double labeling of poly(A) RNA and proteirs (In situ Hybridization -Immunostaining)
Reactions were performed according tophetocol below

1. Incubation with Cy&onjugated oligo(dT) probedly(A) RNA), 1:200 in hybridization
buffer, in a moist chamber (filled with 30% formamid&N at 26°C

2- Washing in aqueous SS0lutions:

4 x SSC 4 x 1 min),

2 X SSC 4 x 1 min),

1 x SSC (1 x 10 min),

PBS (1 x 3 min).
3- Incubation with 2% acBSA itaxPBS pH 7.2 for 15 min at room temperature.

4- Incubation with Primary Antibod¥JnconjugatedAnti-DCP5 1800, AntrDCP2 1:23Anti-
EDC4 1:96, AniLSM4 1:100, AntiXRN4 1:78)in Antibody Buffer for Imnmunofluorescence

in a moist chamber (filled with wate®/N at 1T°C.
54

Gol



5- Washing inlx PBS pH 7.24 x 3min).

6- Incubation withSecondaryAntibodyconjugatedAlexa488(DCP5: Antirabbit, DCP2: Anti
rat, EDC4: Antirabbit, LSM4:Anti-rabbit XRN4: Anti-rabbit) in a ratio of 1:200 in 0.01%
acBSA in1x PBS pH 7.2, in a moist chamber fabh at 37C.

7- Washing in1xPBS pH 7.24 x 3min).

8- Sealing the preparations in ProLong Gold fluoresceaxtending medium with ProLong
GoldHoechst solwution (Ilnclude 1:1000 of Hoechs

- Triple labeling of poly(A) RNA and proteins (In situ Hybridization -Immunostaining)

Readions were performetike the aboveprotocol inDouble labelingup tothe 7" step and

continuedwith the protocol below:

8- Incubation with Second Primary Antibodynconjugated (AntDCP5 1:100, AntDCP2
1:23, AnttEDC4 1:96, AntLSM4 1:100, AntiXRN4 1:78) in Antibody Buffer for

Immunofluorescencen a moist chamber (filled with wate®)/N at 11°C.
9- Washing in1xPBS pH 7.24 x 3min).

10- Incubation withSecond 8condaryAntibody conjugatedAlexa633 (DCP5: Antirabbit,
LSM4: Anti-rabbit, DCP2: Antirat, EDC4: Antirabbit XRN4: Anti-rabbit)in a ratio of 1:200
in 0.01% acBSA inlxPBS pH 7.2, in a moist chamber fobh at 37C.

11- Washing in1xPBS pH 7.24 x 3min).

12- Sealing the preparations in ProLong Gold fluorescemtending medium with ProLong
Gold-Hoechst solution (Include 1:10@a0f Hoechst in 27 eL of ProlLo

- Triple labeling of poly(A) RNA and proteins with primary antibodies from the same host

species

Reactions were performdite the protocol irDouble labelingip tothe 7\ step andcontinued

with the protocol below(Based on the mentioned protocol (AB7)

8- Incubate in 10% normal serum from the same host as the primary antibodies (rabbit serum)

for 3 hr RT to saturate opgraratopes on the first secondary antibody.
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9- Washing in1xPBS pH 7.2 x 3min).

10. Il ncubate with 50 ¢ gdanmabbitFabfragmentgdgextede d monov
against the host of the primary antibodie§.01% acBSA in 1xPBS pH 7.® cover efiopes
that could be recognized by the second secondary antibody, O/N at 4 °C.

11- Washing in1xPBS pH 7.2 3 x 3min).

12- Incubation with Second Primary Antibodynconjugated (AntDCP5 1:100, AntLSM4
1:100, AntiXRN4 1:78) in Antibody Buffer for Immundluorescencein a moist chamber
(filled with water) O/N at 13C.

13- Washing in1xPBS pH 7.2 3 x 3min).

14- Incubation withSecond 8condaryAntibody conjugatedAlexa633 (Antirabbit)in a ratio
of 1:200 in 0.01% acBSA itxPBS pH 7.2, in a moist chamber fobh at 37C.

15- Washing in1xPBS pH 7.2 3 x 3min).

16- Sealing the preparations in ProLong Gold fluorescemtending medium with ProLong
Gold-Hoechst solution (Include 1:10@0f Hoechst in 27 e€L of ProlLo

The controls of same host antibodies reactions were performed according to the protocols given
below, while in one reaction removing the incubation step with the second primary antibody
(only incubation in acBSAn PBS pH 7.2) to confirm the Fdbagment function and in other

one removing the incubation step with the first primary antibody (only incubation in acBSA in
PBS pH 7.2) and second secondary antibody (only incubation in acBSA in PBS pH 7.2) to

confirm thehostserum function.

3.3.3 ConfocalMicroscopy

Observations were performed using a Leica T&€FB confocal laser scanning microscope
equipped with 7 laser lines exciting fluorescence from UV (405 nm) to far red (633 nm). In
order to ensurthe separation of recorded signals between channels, scanning of the slides was
performed in sequential mode (segtely for each channel). Optical sections were performed

at 0.7 em interval s. Results were recorded u
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3.3.4 ImageAnalysis

ImageJ software was used for image processing and an@dig8is
- Quantitative measurements

Images intended for quantitative measurements were recorded under identical acquisition
conditions (laser power, range of light collected by the detector, amplification on the
photomultiplier,andresolution).To eliminate norspecific background (mainhesulting from
autofluorescence of plant cell cytoplasm), a threshold level was established based on the control
reactions performed and theonsideredbefore starting the measurements. For each variant
(stage), measurements were performed for2Q0cells, depending on the experiment.

Fl uorescence | evels were expr esse @Befarenther el at i
analyses, the images were appropriately processed (excluding the cell nucleus from the
analyses, setting the background-ofitthrestold).

- Intensity measurements

The cytoplamic intensity of each picture was calculatesingthe measure option in ImageJ
software Additionally, to evaluate the statistical significance of the obtaimeasityvaluesin
order to compare intensities two groups angeveralgroups theMannWhitney U Testand
KruskatWallis oneway ANOVA testwereperformed respectively.

- Colocalization measurements

The calculations of the ratio of colocalization of poly(A) RNA and each protein (DCP5,
LSM4, DCP2, EDC4 and XRN4) in the cytoplasm of microsporocytes were performed in
ImageJ, using the Colocalization analysis (C&d¢https://imagej.net/imageyiki-
static/Coloc2). Then the statistical analysis was performed as below:

- Pearson's colocalization coefficient (P@king valuefrom -1 to 1, where the value

1 means inverse correlation (the presence of one factor exthedespresence of the

other), 0 means no colocalization, and 1 means full colocalization

- Manders cdocalization coefficient (M1 and M2jaking valuegsrom 0 to 1, where O

means no ctocalization and 1 means full docalization. In this work, theldained
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Manders coefficients were converted to percentage values, where the value 1 was

converted to 100% elocalization.
M1: Represents the fraction of the intensity in Channel 1 that overlaps with Channel 2.

M2: Represents the fraction of the intensityChannel 2 that overlaps with Channel 1.

B) # p# ¢
B) #p

B) # p# ¢ The intensity of pixels in Channel 1 that have a-pero intensity in Channel 2.
B) # phe total intensity in Channel 1.

M1 quantifies how much of the signal in Channel éadocalized with Channel 2.

B) # ¢# p
B) # ¢

B) # ¢# pThe intensity of pixels in Channel 2 that have a-pero intensity in Channel 1.
B) # qhe total intensity in Channel 2.
M2 quantifies how much of the signal in Channel 2 Bomalized withChannel 1.

To evaluate the statistical significance of the obtait@dcalization coefficientsRearsoror
Manders)valuesto compare colocalization of different stagdse MannWhitney U Testwas

performed.
- Measurement of volume and number oP-bodies

Measurements were performed by ImageJ, using the 3D Suite, 3D Maralfeounter plugin
(https://imagej.net/imageyiki-static/3D_ImageJ_Suite). Results are presented as the mean
number of Pbodies per cell in each stage + standard error of the med) (8tean number of
P-bodies per cell that classified by their volume (um3), mean volume of eaah By ( € m3)
each stage * standard error of the mean (SEM). PortiorbotlfPclassified volumeer cell in
comparison witithe sum volume in each stage. f@ifences between groups were statistically
analysedusing GraphPa&rism 9.0.0 software. Ongay ANOVA with multiplecomparisons

was used to compare the numbers and volumebaidies indifferert stages.
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3.3.5Protein Analysis

Protein analyses weperformed by the group of Biochemistry, Molecular and Cellular Biology,
Veterinary Schooht Zaragoza University in Spain.

3.3.5.1 Total Protein Isolation (TP)

To isolate the total protein, the plant material was ground in liquid nitrogen, and theotéue pr
isolation buffer was added in a proportion of 2 ml per 0.5 gr of material. The material was

centrifuged at 16,000 g for 20 min, 4°C, and then the supernatant containing the total protein

was stored in20°C.

3.3.52 CytoplasmicFractionation (P-body enrichment) for Co-Immunoprecipitation (CP-
ColP)

Freshly collecte@dnthersof Larix deciduaMill. were immediately frozen in liquid nitrogen and
stored at-80°C. The protocol belowwas performedbased on the modified protocol of
(189,190)

1.1.5 2 gr of sample

2- Samplesvere ground by dried ice in a microtube and homoger{ldechogenizer produced
by Biospec Productsyith 1.5 ml of sucrose (0.25M) fdrmin (4 microtube werepreparedo
get more concentrated protein in the last)step

3- Centrifuge the microtubg&ppendorf 5415R Refrigerated Centrifjider 5 minat 300 rcf,
4°C.

4- Transfer the supernatant of all microtubes to a faeon (50 ml).
5- Centrifuge thdalconfor 10 minat 1500 rcf,4°C.

6- Transfer supernatants to a neatlcon(50 ml).

7- Centrifuge thdalconfor 15 minat 18000 rcf, 4C.

8- Transfer supernatant gonewfalcon.
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9- Centrifuge theFalconfor 60 min at 100,000 rcf (60,000 rpm{Optima ultracentrifuge
beckman coultgr4°C.

10.Ad d 5 I10/6ls Baffer for CRColPto thepelletand pipettegently several times.

11- Transferpelletto afilter falcon for protein purificationAmicon® Ultra Centrifugal Filter,
10 kDa MWCQ.

12- Centrifuge the filtefalconfor 5 minat5000 rcf, 4C to remove the sucrose and concentrate

theisolatedprotein. Repeat this step up to §80¢ bf concentrated protein in the filter falcon.
13- Transfer the concentrated protein solution to a new microtube.

14- Put the microtube on the sonicat@roduced by Sonics Vibra Ce({lmin, Pulse on 10",
Pulse & 15", amplitude 50%)

15- Store the protein iR20°C.

The obtainedolutionconstituted thé-bodyfraction of anther cells, used fdfesterrblot and

Immunoprecipitation

- Microscopic analysis to ensure the presence offiddies in the gtoplasmicfractionation

solution
Reactions were performed according topghetocol below

1- Isolated Pbodiesfrom section 3.3.5.2vere suspended ifixative buffer and placed on

previously frozen-80°C) gelatinized glass slides and left to @riRT for 24 h.

2- Incubation with Primary AntibodyJnconjugated (AntDCP5 1:800, AntDCP2 1:23, Ant
XRN4 1:78) inAntibody Buffer for Immunofluorescencen a moist chambygwith few drops
of water) O/N at 11C.

3- Washing in1xPBS pH 7.23 x 3min).

4- Incubation withSecondaryAntibodyconjugategAlexa488(DCP5: Antirabbit, DCP2: Ant
rat, XRN4: Antirabbit)in a ratio of 1:200 in 0.01% acBSAIxPBS pH 7.2, in a moist chamber
for 1.5h at 370C.
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5- Washing in1xPBS pH 7.2 x 3min).

6- Incubation with Second Primary Antibodynconjugated (AntDCP5 1:100, AntDCP2
1:23, AnttEDC4 1:96, AntLSM4 1:100, AntiXRN4 1:78) in Antibody Buffer for

Immunofluorescencgen a moist chamber (filled with water) O/N at°Cl
7- Washing in1xPBS pH 7.23 x 3min).

8- Incubation with Second 8condaryAntibody conjugatedAlexa633 (DCP5: Antrabbit,
DCP2: Antirat, XRN4: Antirabbit)in a ratio of 1:200 in 0.01% acBSA ixPBS pH 7.2, in a
moist chamber for.5 h at 37C.

9- Washing in1xPBS pH 7.23 x 3min).

10- Check the slide under the microscope.

To perform the control fothis reaction, theboveprotocol was followed, except that the
incubation steps with the first and second primary antibodies were omitted. Instead, incubation
was carried out only in acBSiA PBS pH 7.2

3.3.53 Bradford for measuring the protein concentration

The Bradford measurement was done by SPECTROstar Nano | BMG LABTa&sGiotocol
below:

1- Make the dilution from the sample

Dilution
1:1 1 sample
1:2 1 sdmpl watek ¢ |
1:5 1 41 ¢l
1:10 1 el ¢l
1:20 1 29 ¢l
1:50 1 49 ¢l
1:100 1 89 ¢l
1:200 1 299 ¢l

2- Add 2¢ from each dilution to each well of the plate (special plate for Bradforag|ll4 for
each dilution needefdr replication
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3- Make the dilution from the BSA

Dilution
0 0
1:100 1 B&A: 1 wder ¢ |
1:200 1 B&A: 2 wdler ¢ |
1:400 1 €9g:400 ¢l
1:600 1 ©€g: 600 ¢l
1:800 1 ©€9g:800 ¢l
1:1000 1 £€9g1000 ¢l
4- Add 2¢ From each dilution of BSA to adjacent wells of the sample, 4 wells for each dilution

needed.
5- Add 100¢ bf Bradford control to each well.

6- When we add the Bradford, depending on the concentration of protein, thefdbkewells
shouldchange.

7- Put the plate into the device for Bradford and measure the protein concentration.

3.3.54 Western blot (WB)
- Gel preparation

1- Gel concentration was prepared based on the size of each protein, as the sizetrenge
picture below (DCP5: 10%, LSM4: 14%, DCP2: 10%, EDC4: 8%, XRN4:)8%

Migration patterns of protein standards* on Novex" Tris-Glycine Gels
Tris-Glycine Gels
Large Proteins Mid-Size Proteins Small Proteins Wide Range
(116-500 kDa) (20-250 kDa) (3-60 kDa) (6-200 kDa)
4% 6% 8% 10% 12% 14% 169% 18% 4-12% | 8-16% | 4-20% | 10-20%
10
0 kD
20 D
D
==l 66 kDa
Do e P 55 k0a 66 kDa
20 66 kDa
97 kD 55 kD
66 kDa
00—
= 66 kDa
=
2= 50 SO 21 kDa 9 Da
8 97 kDa
-]
= 200 kDa 66.kDa
o 97 kDa
2 55 kD D
é 60 6 kDa B 21 kDa Da T
F e o | 66 kDa
= — 21 kDa
a
70 Epyy-21:kba Da 21 kDa
97 kDa 6 kDa 6 kD
55 kDa
80 -
21 kDa 2 21 kDa 62
90 — | o
22N 2.5 kDa
21 kDa
100 =
Band: d to th Aark ed standard under denaturing 1




2- The glass size used for gel preparation was 0.75 mm.

3- Prepare the lowgrart of the geladdLower Buffer for Polyacrylamide Geiside the glasses,
thenadd the isopropan@lp to leaking from the upper part of thlasseyto make the gel heavy

to remove the bubble$Vait 20 min forgel polymerization
4- Remove the isopropml anddry the residue of the isopropamath filter paper.

5- Prepare theipperpart of the geladd UppeBuffer for Polyacrylamide Gebn top of the
lower partup to leaking from the glassesnd then put the comb immediately. Wait for 10
minutes forthe upper part polymerization.

- Electrophoresis

6- Prepare 1@g of protein(Obtained last solutioftom the Cytoplasmic Fractionation protoeol
(CP-CalP) in section 3.3.5.2andsolution from total proteifTP) isolation in section 3.3.5)1
for each well andddLaemmli buffer(3.33¢ L10¢ ) andaddwater up taa final volume ofl5
el

7- Put the microtube for 10 min in the hot bloclo&tC and then put it on ice for 2 min.
8- Add 15 ¢ bf preparedorotein solution to each well.

9- Add 5¢ ladderto thewell related to the ladder.

10 Electrophoresis for 2:20 hrp3nA, 90 V.

- SemiDry Transfer

11- Transferof gel to membranevas done by the BiRad Tran8| ot E Tur bo E
System

12- Put the membrane d8io-Rad (TransBlot Turbo Mini 0.2 um PVDF Transfer Packs
#1704156and TransBlot Turbo Midi 0.2 um PVDF Transfer Packs #17041L8n the tray
related to the TranBlot TurboBio-Raddevice.

13- Put the gebnthe membraneand then cover the surface of thegih filter paper PVDF

Transfer Packscludethe filter paper)
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14- Close the lid of the tray and put the tray on Bie-Rad Tran88| ot E Tur boE Tr a
Systemfor 10 min.

- Blocking the membrane

15 After transferring the geb the membrane, mark the face of the membrane where had been
touched by the gel. Then cut out the partihefmembrane that is not tlmegion of interest.

16- Block the membrane for 1hwith Blocking Buffer for Westermlot at RT.
17- Wash the membran@ x 10 min)with PBST.

- Add Primary antibody

18- PreparelOe ¢ml of Primary antibodyDCP5 191, LSM4 1:100, DCP2 1:23, EDQ496,
XRN4 1:78)in Antibody Buffer for Western Blot anlinmunoprecipitation

19- Add the antibodyo the membrane and incubaeRT for 1 hr on the shakgrO rpm)
20- Then incubate a4°C O/N on the shakef70 rpm)

- Add Secondary antibody

21- Incubate the membrane for 1d&RT on the shake70 rpm)
22- Wash the membran@ x 10 min)with PBST.

23- Add conjugateesecondary antibody 1:60000 wiintibody Buffer for Western Blot and
Immunoprecipitation(DCP5: Antirabbit, LSM4: Antimouse, DCP2: Antiat, EDC4: Anti
rabbit XRN4: Anti-rabbif).

24- Add the secondary antibody the membrane and incubate the membetd&T for 1h on
the shake(70 rpm)

25- Wash the membrane witPBST(3 x 10 min)
26- Wash the membrane with DD{Double Distilled Waterjor 10 min

27- Check the membrangith the Odyssey CLx Imager
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- Control

The Control used for Western blot was the AGTIN antibody with uniport ID: POCJ46.

3.3.55 Immunoprecipitation (IP)

The Immunoprecipitation was performed by the modified protocol of Sher e Bead s E
Magnetic BeadStandard Immunoprecipitation Protocol
(https://lwww.bierad.com/webroot/web/pdf/isr/literature/10043651) pdf

1. Add 200 ¢l protei n rGlmArotmbeagdvetex. ¢ beads 1 ntoc

2- Magnetize beads and remove the solytibanwash the bead8& 1 min)with PBST. For
each time washing, the beads should be magnetizezinovethe buffer anda new washing
buffer should be added.

3- Add 10e gml of Antibody (DCP5 1:91)up to 200 Kntibody Buffer for Western Blot and

Immunoprecipitationand rotate 10 min at RT.

4- Add 300¢ gof protein(Obtained last solutiofrom theCytoplasmic Fractionation protogol
CP-CaPinsection 3.3.52u p t ol voluthé ¢

5- Incubatethe microtube in RT for 1h with a rotator
6- Incubate microtubd°C O/N with therotator
7- Incubatehemicrotubeat RT for 1h witharotator.

8- Magnetize the beads and remove the solution. Be careful not to lose the beads.
9- Wash the bead8 & 1 min)with PBST. (To avoidcontamination, when adding the second
washing buffer, transfer the solution, including magnetic beads, to a new 1.5 ml microtube,

magnetize the beag®move the second washing buffer, and add the last wpbbifer)

10- Magnetize the beads and removeRBST.
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- Sample Elution

The Second Elution Strategy of the Sur e Be aviignélic Beads Standard

Immunoprecipitation Protocavas used for the experiments:

11-Ad d fCEluteoh Buffer(1x Laemmlibuffer) for Immunoprecipitatiorand incubate for
10 min at 70°C (Hot block)

12- Magnetize beads and move eluent to a neevotube
13- Storethe microtube at20°C for Western blot analysis.

- Microscopic analysis to ensure theresenceof P-bodiesenrichment and beads in the

Immunoprecipitation

Reactions were performeitte the aboveprotocol intheimmunoprecipitatiorsection 3.3.%

up tothe 9" step andcontinuedwith the protocol below:

10- Resuspend the beadsth Cy3-conjugated oligo(dT) probe poly(A) RNA), 1:200 in
hybridization bufferand rotate iait 26°CO/N.

1-Resuspend 20 ¢l of t he <lgbd dT) prabé with fixatieel

buffer and add the solution to tgelatinized glass slides
12- Check the slide under the microscope.

To perform the control for this reactiothe norimmunoprecipiated magnetic beacdsnd
Washing buffer weréncubated withCy3-conjugated oligddT) probe poly(A) RNA), 1:200
in hybridization bufferand rotate@t 26°CO/N.

3.3.56 Co-Immunoprecipitation

To investigate the eonmunoprecipitated proteins, tladtainedsolutionfrom the 1% stepin

the given Immunoprecipitation protodal section 3.3.% (Immunoprecipitated DCP5 protein)

was subjectedfor Western blot analysis as given in the explaiéestern blot protocain

section 3.3.3L with thefollowing modification
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Instead of using the protein solution described in step 6 of the Western blot protocol, the solution

obtained from step 1Bof the mmunoprecipitation protocol was used.

3.3.6RNA-transcripts Analysis
3.3.61 Cytoplasmicfractionation for RNA analysis(CP-RNA)

Freshly collected anthers bérix deciduaMill. were immediately frozen in liquid nitrogen and

stored at80°C. To obtain the cytoplasmic fraction for RN#nmunoprecipitation (RIP), the

plant material was ground in liquid nitrogen, and then the Buffer for RNA Immunoprecipitation

was added in a pportion of 10 ml per 1.5rgpf material. After thawing on ice (~5 min), the

material was filtered through a single layer of Miracloth (222 € m; Mer ck Mil |
centrifuged at 600 g for 2 min4°C. The obtained supernatant constituted the cysopia

fraction of anther cells, used fR&NA-RNA-Immunoprecipitatior(RIP), control samples, and

reference samples (inputotal cytoplasmic fraction)

3.3.62 Total RNA isolation

Supernatant obtaindbm part 3.3.6.1 wasubjected to RNAsolation according to the protocol
below:

1- Squeeze gently the material onvatchglass(100 mm)in cold DEPGPBS Then collect

microsporocytes into a 50 ml tube capped \aitiiter sizeof 100 nm.

2- Transfer the collected material to 2 ml micratakand centrifuge for 1.5 min. 8,000 rpm at
4°C.

3- Discard the supernatant and transfer the sediments to 2 or 3 microtubesnih dn8
centrifuge for 1.5 min. 8,000 rpm°C.

4- Discard all supernatant thoroughly and &&@ ¢ lof cold TRI Reagentfreeze microtubes
with Trisol for 10 minutes a80°C.

5- Take the microtubes fror80 and wait for refreezing at room temperature for 10 min. Then
centrifuge for 5 minutes at 10,0904°C.

67



6- Transfer the supernatant to Phasemaker Tlbesv i t r ogen E P hlecabata k e r E
for 5 min atRT.

7- Add 150¢ bf chloroformto the sample anidcubate for 23 minutes aRT.
8- Centrifuge the microtubes for 5 min at 12,06Q16,000 g4°C.

8- The sample will be separated into 3 phases.tdpghase should be transferred to the new

microtube
9- Add 375¢ bf Isopropanol to the RNA solution. Then incubate for 10 mRTat

10- Centrifuge for 10 min at 12,000 4°C. Total RNA will be visible as a white precipitate.
Discard the supernatant.

11- Add 7 5 0 of €5P6 ethanol to the sedimeaatdcentrifuge for 5 min at 7,500 ¢°C.
12- Discard the supernatant amait for 10 min toair dry the pellet

13- Dissolve the pelletin 260¢ bf RNasefree water. Then incubate &thermoblock at 6TC
for 10 min.

14- Measure the RNA quantity and quality.
- Quantitative and qualitative analysis ofisolated RNAs

The RNA quantity measurement was done based on the protoc@ by i t E RNA Hi g
Sengtivity (HS) Assay Kitand nvi t r ogenE Qu b,andising a NahoDrog o me t e
2000 spectrophotometer (Thermo Fisher Scientifid)ile the quality of RNA was determined

by the Agilent RNA 6000 Pico Kitand the2100 Bioanalyzer Instrumenbased onits

instructions
3.3.6.3mRNA isolationand RNA depletionfrom isolatedtotal RNA

To isolate mRNA from total RNA sampl es, t he
(Thermo Fisher Scientific) was used. The procedure was performed according to the

manufacturer's protocol. The main stages of isolation included:
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-preparation of DynabeadsE oligo(dT) magnet
- preparation of total RNA samples

- performing two rounds of MRNA isolation, each consisting of the steps: binding of nkRNA

magnetic beads, washing, and elution of mMRNA
MRNA isolated in this manner was used for subsequent cDNA library synthesis.

For the next steptotal RNA wasalso subjected to ribosomal RNA depletion using the
Ri boMi nus E Pl aSeq (InWtiode) dcaordingRd\tiie protocol provided by the
manufacturer. The resulting RNA was evaluated for quality and quantity, and then used as a

template for the synthesis of cDNA libraries intended for sequencing.

3.3.64 RNA-Immunoprecipitation (RIP)

Supernatanbbtained from part 3.3.6.Was subjected t&RNA-Immunoprecipitation by the

protocolbelow:
1. AJd100 el protein G magnetiandviytexads i nto a 1. G©5

2- Magnetize beads and remove the solyttbenwash the beads3( 1 min)with Washing
Buffer for RNA ImmunoprecipitationFor each time washing, the beads should be magnetized

to removethe buffer andanew washing buffeshould be added.

3- Add 10¢ g / afAntibody (DCP5 1:91, LSM4 1:100, DCP2 1:23, EDC4 1,96 to 200 |
Antibody Buffer for Western Blot anlinmunoprecipitation

4- Add 300¢ gf protein(Obtainedfrom thelast solution in th&€ytoplasmic Fractionation for

RNA-Immunoprecipitationn section 3.3.4) up toa500¢ Molume.
5- Incubate microtubd°C O/N with therotator.

6- Magnetize the beads and remove the solution. Be careful not to lose the beads.
7- Wash the beadsS3(x 1 min)with the Washing Buffer for RNA ImmunoprecipitatiofTo

avoid contamination, wheadding the second washing buffer, transfer the solution including
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magnetic beads to a new 1.5 ml microtube and then magnetize the reeaalge the second

washing buffer, and add the last washing bjiffer
10- Magnetize the beads and removeldstWashirg buffer.
11- The beads wereirectly subjected to RNA isolation.

For each Antibody, 3 repetitions were considef@dperform the control faRIP, the magnetic
beads were incubated with tMgashing Buffer for RNA Immunoprecipitatiowithout any

antibodiesn 3 repetitions as well.

3.3.65 RNA Isolation from beadsRIP

The RNA isolation from the beads was done immediately after JRhAunoprecipitation
according to the mentioned total RNA isolation protocol in section 3;3.6.7 50 ¢ | of
reagent was addew the beads, and then the other stepshefmentioned protocoivere
continuedFrom the &' step to the endfheRNA quantity and quality measurements were also

done based on the explained protocol in section 2.3.6.

3.3.66 Preparation of cDNA Library for Sequencing

The final solutios from mRNA isolationand RNA depletiornn section 3.3.6.3the solution

from isolated RNA bybeads RIANn section 3.3.6, and also the solution from the control
(without Antibody) were subjected to cDNA librarypreparation. It was performegsing a
commercial kit NEBNext E Ul traE |1 Directional RNA
according to therotocol for use withpurified mMRNA orrRNA-depletedRNA, provided by the
manufacturer. The proceduresequentially comprised: RNA fragmentation and primer
annealing, firsstrand then secormsirand cDNA synthesis, purification of dousganded

cDNA using magnetic beads, library end preparation, adapter ligation, purification of ligation
products using NBNext® beads, enrichment of adapligated DNA by PCR, and final
purification of PCR reaction products.
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3.3.7 Sequencing andioinformatics Analysis

cDNA libraries were sequenced by the Genomed Company in Warsaw, and preliminary data
analysis was perfmedb y Dr . habil . Mi chag SzczeSniak fr
and Evolution, Faculty of Bi ol o #ighthroaghmum Mi c k
sequencing of libraries was performed on the Aviti platform from Element Biosciences in 2x150

cycle mode using Cloudbreak FS High Output reagents, with the aim of obtaining an average

of 6 billion bases per sample. The data were alreradyned by the company, but for assurance,

the resulting reads were trimmed using the BBD(k21) With the following settings:

gtrim=w, trimg=20, maq=10, k=23, mink=11, hdist=1, tbo, tpe, minlength=100,
removeifeitherbad=t. Additionally, Bowtie 2 wappied to discard rRNAnapped reads by
mapping(192), against larch ribosomal RNAs (own sequences as well as larch rRNAs sourced

from Ensembl Plants v. 49).

3.3.7.1Transcriptome assembly

In total, twelve RNAseq samples were generated, corresponding to DCP2, DCP5, EDC4, and
LSM4 proteins, each represented by three biological replicates. During data quality assessment
and clustering analysis (Figude24A), two samples were identified astlers (related to the

DCP5 and DCP2) and excluded from transcriptome assembly, resulting in teguhigi
samples. The reads corresponding to each of the ten samples were sulfjechduo
transcriptome assembly using Trin{#493), with a --SS_lib_type RF parameter. Then, the ten

transcriptomes were merged into a single dataset of unique anduatity transcripts.

First, only transcripts showing an expression level higher than 1 TPM (Transcript Per Million)
in at least one condition weretained. This filtering step removed lowly expressed or spurious
transcripts, which otherwise would lead to excessively large, merged assemblzsfHidn

unigue transcripts).

Then, the preliminary merged dataset, containing 1,790,640 transcriptiyniveer filtered by
retaining only transcripts detected in at least two different independent transcriptomes. Pairwise

similarity searches were performed using BLAST, requiring a minimum of 95% sequence
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identity over at least 200 nucleotides. This siguced the dataset to 788,152 transcripts by

removing potential assembly artifacts and redundantdonfidence sequences.

Finally, to consolidate similar sequences into representative clusters, the remaining transcripts
were clustered using VSEARCH. Sequees sharing 095% identity w

the centroid sequence from each cluster was retained as the representative transcript.

The final nonredundant reference transcriptome comprised 264,851 unique transcripts and was

used for further anages.

3.3.7.2Assessment of transcriptome completeness

The completeness of the merglglnovaranscriptome assembly was evaluated using BUSCO
(Benchmarking Universal Singl€opy Orthologs) with the embryophyta odbl10 lineage
dataset as the reference. Otil614 expected singleopy orthologs, 1443 were identified as
complete (89.4%), including 758 singtepy (47.0%) and 685 duplicated (42.4%) BUSCOs.
An additional 48 orthologs were found as fragmented (3.0%), and 123 were missing (7.6%).
These results indate a high level of completeness of the merged transcriptome, consistent with

a comprehensive and representative assembly.

3.3.7.3Annotation of RIP-Seq results

The transcripts of genes highlighted in the 88y analysis were subject to annotation using
Trinotate (194) which included blastp and blastx searches against SwisgP8a)
Viridiplantae proteins, as well as scanning protein structural and faatdomains from Pfam

with hmmscan (hmmer.org).

3.3.7.4Expression quantification

Gene and transcript expression levels were estimated using RSEM v1.2.28S@RNBy
Expectation Maximization196), with the mergedle novotranscriptome as reference using

the following settings--forward-prob O, --no-bamoutput, --bowtie2. Read alignent was
performed internally by RSEM using Bowtie2, and expression estimates were generated for

each sample under pairedd mode using 16 computational threads.
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3.3.7.5Differential expression analysis of RIPSeq data

Differential expression analysis waerformed using the DESeq2 package in R/Bioconductor.
Four immunoprecipitated (IP) conditions (DCP2, DCP5, EDC4, and LSM4) were analysed,
each with three biological replicates, and compared against three control replicates. Raw count
data obtained from $EM were imported into DESeq2, and normalization was performed using
the regularized log (rlog) transformation, which stabilizes variance across samples. Hierarchical
clustering and visualization of expression variability were performed by generatingapsatm

of the top 500 most variable gendsgure 424A). Significantly enriched transcripts were
identified based on adjusteevplues < 0.05.
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4. Results

4.1 During diplotene prophase I, the DCP5 protein colocalizes with cytoplasmigoly(A)
RNA in Larix deciduamicrosporocytes

The DCPS5 protein, as a specific decapping factor in plants, was selected to be analyzed in the
case of the presence of the decappiraggss inLarix deciduamicrosporocytes. Microscopic
observations using immunofluorescence methods, fluorescence in situ hybridization (FISH),
and confocal microscopy revealed the occurrenceladdtes rich in poly(A) RNA and DCP5
decapping factorinteresingly, our finding reveals the cytoplasmic-loralization of the

poly(A) RNA and DCP5 proteing-{gure 41).

4.1.1Distribution pattern of poly (A) and DCP5in the Cytoplasm and Rbodies

Stage 1:Nuclear poly(A) RNA levels are significantly higher than in the cytoplasm, where
poly(A) RNA reachests lowest concentration compared to all other stages (Figutésahd
4-2A). Only a small portion of cytoplasmic poly(A) RNAcalizesto P-bodies (Figue 42A),

with the majority found in migized Pbodies (0.3L . 2 & mj )-2Cj). Fhis gnpliesthat 4
only a small fraction of poly (A) was localized tebBdies, consistent with limited mRNA
sequestration odecappingat this stage. DCP5 is predominantly localized #ooRies rather
than being diffusely distributed in the cytoplasm (FigureB4and 42B). The majority of
cytoplasmic DCP5 fluorescence is concentratedtwodies (Figure£B), while DCP5 proteins
werepresent in Fbodies of variousolumesithe majority were detected within a volume range
of large Rbodies 1.2-6 pm?3 (Figure 42D). Reflecting a baseline presence of the decapping

protein in these structures.

Stage 2Nuclear poly(A) RNA accumulation igradually decreased, though it is still retained
in Cajal bodies (CBs), while cytoplasmic levels increase (Feyuidd and 42A). The presence

of poly(A) RNA in Pbodies remains low relative to the cytoplasm but is higher thstage 1.

Like the first $age, the vast amount of poly (A) irRb®dies is localized in the misized volume
(Figure 42C). Indicating a rise in polyadenylated RNA levels, possibly due to enhanced
transcription related to the previous stage or mRNA stabilization as the cyclessesgirgto an

active phase, leads #gograduaincrease irthe poly (A) level not only ithe cytoplasm, but also
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in P-bodies. DCP5 becomes patrtially distributed throughout the cytoplasm (&#ylEe and
4-2B), reflecting heightened recruitment of DCP5tie cytoplasm to facilitate decapping
activities. The highest accumulation was observedithisized volume of hodies(Figure 4
2D).

Stage 3Cytoplasmic poly(A) RNA levels rise markedlifigures 41G, 42A), accompanied

by a notable increase in localiiwa within P-bodies, particularly in themall 0.1-:0 . 3 ) andn|
mid-sized 0.31 . 2 ) wwlanpe ranges, respectivellyigure 42C). DCP5 protein levels surge

in the cytoplasmHKigures 4-1H and 42B), with a significant proportion concentrated R
bodies Figure 42B), reflecting heightened cytoplasmic activity of DCP5 compared to the
previous stages. Notably, unlike prior stagles|argestvolumeof P-bodieg(6-2 umd) is absent,

and most Fhodiesappealin the 0.10.3 um3 and 0.4..2 um3size ranges, respectivellgigure
4-2D).

Stage 4:Cytoplasmic poly(A) RNA levels show a marginal increase comparestage 3

(Figures 41J and 42A), while thelocalizationwithin P-bodies remains similar in totamount,

butthe poly(A) distribution in Rbodies shiftsenrichment is greaterin@B. 2 ¢ mj-0.3and 0.
€ mj -bodHes respectivelypoly(A) levels inlargeP-bodies (1.6 e mj ) surpass th
smallestones(0.66. 1 emj ), reversing t hgFigue42@dhiobser v
suggests a shift toward poly(A) accumulationdrger P-bodies during this stage compared

with stage3. DCP5 leves in the cytoplasm moderately decline comparesage 3 but remain

elevated FFigures 4-1K and 42B). Over half of DCP5 is localized tolbbdies Figure 42B).
Largestvolume Rbodies are still absent, and most structures fall within théd @.3im? and

0.1-0.3 um3 size ranges, respectiveiigure 42D).

Stage 5Cytoplasmic poly(A) RNA levels are reduced comparegtdges 3 and 4~{gures 4

1M and4-2A); likewise, localization within Pbodies diminishes. These RNAs are absent in the
smallest Pbodies and are often concentrated inD3um?3 and 0-D.3 ums3, respectively, albeit

at significantly lower levels than in staggésnd 4 Notably, a small fraction of palt) RNA
localizes to théargestP-bodies, a featurabsenin stages3 and4 (Figure 42C). Cytoplasmic
DCP5 levels decline sharply comparedsttages 3 and 4, falling slightly belostage 2 levels
(Figures 4-1N and 42B). Over half of DCP5 remairlscalized to Pbodies Figure 42B), the
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largestvolume Rbodies appear, resembling distributions observedtage 1, and DCP5

predominantlyoccupieghe 1.26 ums3 and 0.3L.2 um3 size ranges, respectivéfigure 42D).

4.1.2Alteration in Number and Voume of P-bodies(DCP5)

Stage 1The total number of odies idow compared to the other stagexlicating that few
P-bodies were formedr{gures4-2E and F, possiblydue to reduced need for mRNA regulation.
Individual Pbodies are relativellarge(Figure 42G). The ratio of the sum volume of each P
body classificationn the total volume of P-bodies shows a greater proportion ebdties
belongtothe 1-56 & mj] e (Figurewtdt).

Stage 2:The number of Podies increases, indicating that cells formed mectmdies to
manage the increased mRNA lo&aglure 42E), driven by a rise in smallerBodies (0.08.1
emj a40d 30 Fifpuye #2F) This is the reason that the mean volume of ealsbdy is
slightly decreasing compared with the first stégigures 4-2G and H.

Stage 3The total number of Bodies escalates significantlyigure 42E), primarily due to an
increase i0.1-0.3¢ mP0.3-1 . 2 ,and@p50.1¢ mjespectivelyFigure 42F), leading to a

reduction in average-Pody volume compared to the previous staegures 42G and H).

Stage 4The total number of Bodies remains nearly identicaldiage 3 Figure 42E), with a
slight decrease in the smallesbédies (0.0 . 1 e mj ) and mar giOBal i nc
€ mj a fid 2 0 velBmjes respectively(Figure 42F). This resultsin a modest rise in

average Fhody volume compared to stagéFigures 42G, H).

Stage 5The total number of Bodies approximatesage 2 levels, lower than stages 3 and 4
(Figure 42E). While the abundance of th&rgestand smallest Bodies remaingke stage2,
mid-sized Pbodies (0.31.2 pmj increase in numbetompared withstage 2, still less than
stages 3 and {dFigure 42F). The mean Mody volume aligns witlstage 2, exceeding that of
stages 3 and 4gures 42G andH).
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Poly(A) . / Poly(A)+DCP5+DNA

Figure 4-1. Localization of DCP5 proteins and poly(A) RNA in microsporocytes during diploteneA detailed
description is provided in the tedultiple accumulations of DCP5 proteins colocalized with poly(A) RNA visible
(arrowheads). The rightand panel represents the magnification of the fragments of the cytoplasm, which are |

with a square, arrowheads pointing to thedelies. CB Ca j a | body. Scale bar 10
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Figure 4-2. Statistical outcomes of the distribution pattern of DCP5 along witlpoly(A) RNA transcripts

in the cytoplasmand P-bodies A detailed description is provided in the teX%.and B) Fluorescence intensit

of poly(A) RNA and DCP5 proteinduring the five stages, respectivel€ and D) Fluorescence intensity o
poly(A) RNA and DCP5 proteins in different types obBdies volums during the five stages, respectivel
(E) The mean number ofBodies per cell in the five stagébs) The meamumber of Pbodies per cell baset
on the Pbodies volume classificationG) The mean volume of eachldddy per cell(H) The ratio of the sum
volume of each Mody classification to the sum volume of totab&dies in the five stage¥he values are
shown as means * standard errors of the mean (SBdsgd on Tukey's HSD tesihe same letters indicate78
no significant difference (p > 0.05), while d



4.1.3Colocalization of poly(A) RNA and DCP5

Stage 1The accumulation of poly(A) RNA in the nucleoplasm and Cajal bodies (CBs), coupled
with their minimal cytoplasmic fluorescence intensity, results in limiteldbcalization between
cytoplasmic poly(A) RNA and DCP5F{gure 41C). The overall colocalizatiorbetween
poly(A) RNA and DCP5 across the entire cytoplasm (includisimpéies) is low, with values
below 20% Figure 43A). Similarly, Pearson colocalization analysis restricted-bméies also
shows a modest correlation of approximately 30®%gyre 43B) and reveals the strongest
association in migized Pbodies (0.31.2 um3), while thdargestP-bodies exhibit the lowest
level of colocalizationKigure 43C). Suggesting a weak spatial association between the two
components, both globally in the cytoptasnd specifically withithe Rbodies This minimal
overlap implies that®odies may not yet be actively engaged in processing pehgggciated
MRNA in conjunction with DCP5Mander'scolocalization which is directly related to the
fluorescence inteiities, was also evaluated. Colocalization of poly(A) RNA with DCP5 is
approximately 40%, while DCP5 with poly(A) RNA is ab@@®%s (Figures 43D and B. Most
colocalization occurs within -Bodies rather than the cytoplasrRigures 43F and G,
suggesting ngigible interaction outside -Bodies. This stage likely represents an initial or

resting phase with minimal functional association between poly (A) and DCP5.

Stage 2Colocalization remains below 20%, consistent vgtdge 1 Figures 41F and 43A).
However, unlike the first stage, colocalization analysis focused solelybmdiBs reveals a
decline in overlap to less than 20%idures 43B and . This suggests that the elevated
cytoplasmic poly(A) RNA levels have not yet concentrated withiboBies remaining
diffusely distributed in the cytoplasm. The persistently low overlap indicates that, similar to the
first stage, Fbodies likely still remain inactive in processing polytagged mRNA in
coordination with DCPSMander's Colocalization of polgj RNA with DCP5 is lower than in
stage 1 Figures 43D and F, while colocalization of DCP5 with poly(A) RNA remains
approximatelyike stage 1 Figure 43E). In addition, here is a slight increase in colocalization
within the cytoplasm compared sbage 1 (Figure 43F), which isrelated to the increased

cytoplasmic poly (A) RNA and distribution of DCP5 around the cytoplasm.

Stage 3: Colocalization between poly(A) RNA and DCP5 increases substantially both

cytoplasmwide and within Foodies Figure 411), exceeding 50%Hgures 43A and B, with
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the strongest overlap in mgized Pbodies (0.3L.2 umj (Figure 43C). This suggests pol)

RNA is now actively concentrated in-b®dies, where it likely undergoes coordinated
processingwith DCRm s hi ft from ear | i er confinmslearson's t vy . \
colocalization data, showing more than 55% overlap between poly(A) and (B{©BEes 43D

and B. Intriguingly, almost 80% of cytoplasmic DCP5 colocalizes with poly(A) RINgre

4-3E), though not all capccur within RPbodies Figure 43G). Collectively, these findings

indicate that this stage marks the onset of cytoplasmic mgiNéessing, potentiallgreparing

transcripts for decapping.

Stage 4:Colocalization declines slightly to approximately 50%g(res 41L and 43A).
Colocalization within Fbodies decreases to approximately 42gre 43B). Mid-sized P
bodies(0.38L. 2 emj ) still show the str ctagg@Bgure over | ¢
4-3C).Ma n d e r s 6revaateaeducesd ioverlap between poly(A) and DCPRE(res 43D
and B. It is worth noting that, although the level Blander's for poly (A) with DCP5
colocalization inthe stage4 and stagd appears similar, analyticallipoth are totally different
as both have differenttensities of poly (A). DCP5 colocalization with poly(A) RNA also
decreases slightly but remaihggh (Figure 43E), though not all colocalized signals reside
within P-bodies Figure 43G). Together, these findings position stagas a continuation of
MRNA decapping processes initiated in the third stage, with DCP5 playing a systtbedd
slightly diminished role in coordinating poly(Ajagged mRNA processing withinliddies.

Stage 5poly(A) RNA and DCP5 colocalization declines cytoplasmle <30%(Figures 410

and4-3A), with a modest reduction (~35%) withiAd®dies compared to staggand4 (Figure

4-3B). Mid-sized Pbodies (0.3L.2 um3) retain the highest colocalization, albeit reduced from

the stage8 and 4 Intriguingly, colocalization emerges in tla@gestP-bodies(6-2 um3)during

stageb, whileit is absent in stagesand4, and exceeds levels seen in stagasd2 (Figure 4

3C) . Mandersdé6 analysis confirms redkiguesd over |l
3D andF). While DCP5 colocalization with pol§) RNA remains higher than in stageésnd

2, it declines relative to stag@and4 (Figure 43E), and not all colocalized signals reside

within P-bodies Figure 43G).
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Figure 4-3. Statistical outcomes of theoly(A) RNA and DCP5 colocalization in the cytoplasm and #odies. A

detailed description is provided in the teft) Pearson's colocalization coefficient of poly (A) RNA and DCPS5 in
whole cytoplasm.(B) Pearson's colocalization coefficient pdly (A) RNA and DCP5 in Podies. C) Pearson's
colocalization coefficient opoly (A) RNA and DCP5 in different types of-lBodies volume sizesDj Mander's
colocalization coefficient of poly (A) RNA with DCPi the cytoplasm.HK) Mander's colocalization coefficient ¢
DCP5 with poly (A) RNA in the cytoplasmf-@nd G) Distribution of colocalization between DCP5 and poly (A) RM
in cytoplasm and fodies, based on Mander's colocalization coefficient. The valgeshown as means * stande
errors of the mean (SEMd$}ased on Tukey's HSD test, the same letters indicate no significant difference (p >
while different | etters indicate significant diff
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4.2 During diplotene prophase | the LSM4 protein colocalizes with cytoplasmigoly(A)
RNA in Larix deciduamicrosporocytes

The LSM4 protein,another protein factor that is recruited during the decapping progass
selected to be analyzed in the casé@spresencealuring cell developmerih Larix decidua
microsporocytesObservationsevealed the occurrence oftiddies rich in poly(A) RNA and
LSM4 protein Notably, our finding reveals the cytoplasmic-lozalzation of thepoly(A) RNA
andLSM4 proteins Figure 44).

4.2.1Distribution pattern of poly (A) and LSM4 in the Cytoplasm and Rbodies

Stage 1:The fluorescence intensity of poly (A) almost shows a similar distribution to that
mentioned in 4.1.gFigures 44A and 45A). Only a small portion of cytoplasmic poly(A) RNA
localizesto P-bodies Figure 45A), with the majority found in @-0.3¢ m|-bodtes Figure 4

5C). Although the LSM4 protein is distributed in the cytoplasmund halfof them are
concentrated in#Bodies Figures 44B and 45B). The majority were detected within a volume
range of 0.31.2 um?3 Eigure 45D). Reflecting a baseline @sence of the deadenylation protein

in these structures.

Stage 2Nuclear poly(A) RNA is gradually decreased along with an increase in cytoplasmic
levels Figures 44D and 45A). The presence of poly(A) RNA inBodies is still low, although

it isa bithigher than irstage 1. Like stagg, the vast amount of poly (A) inBodies is localized

in 01-0.3¢ mj v oHiguren45C).(The cytoplasmic level of LSM4 protein is increagin
while the half amount is detected within thd®&dies Figures 44E and 45B), indicating that

with a rise in cytoplasmic poly (A) RNA, the need for LSM4 protein is increased to facilitate
decapping activities. Moreover, the highest aggregation of L&l observed ismall R
bodies Q.17 0.3 umj (Figure 45D).

Stage 3Significant increase in cytoplasmic poly(A) RNA levels observEdures 44G, 4

5A), along with a notable increase irbBdies, particularly inthe 0:B. 2 € mj-0 .a%h de mj.
volume ranges, respectivdllfigure 45C). Considerable increase of LSM4 protein levels was
observed in the cytoplasm anebBdies compared with the previous stw@€égures 44H and

4-5B). This likely reflectsthe high cytoplasmic activity of LSM4 caused by a high amount of
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cytoplasmic poly (A) RNA, compared to the previous stages. Interestingly, unlike prior and next
stages, thdargestvolume Rbodies(6-2 um3) appear, although with a low concentration of
LSM4. Most LSM4 concentratiomoves tothe 0.20.3 pm? and 0.4.2 um? size ranges of P
bodies, respectivelyFgure 45D).

Stage 4Cytoplasmic poly(A) RNA levelare slightlyhigher thann stage3 (Figures 44J and
4-5A). Localization within Pbodies is marginally decreasing, but with the same distribution as
observed in stag& localization in 0.3L . 2 ébadjes idstill higher than the localization in
0.1:0 . 3 FEigure 45C). LSM4 levels in e cytoplasm are slightly reduced compared to
stage 3 but still remain higher than the other stafegifes 44K and 45B). Almost half of the
cytoplasmic LSM4 protein is localized tol®dies Figure 45B). Largestvolume Rbodies
disappear, and like thgrevious stage, most LSM4 localization falls within the@.3 ums3 and

0.3-1.2 um3volume respectivelyEigure 45D).

Stage 5poly(A) RNA levels are being reduced in cytoplasm arabBies compared tsiages

3 and 4 (Figures-4M and 45A). Thepoly (A) RNA is often concentrated in 6.3 pum?3 and
0.3-1.2 um3, respectively, albeit at lower levels than in st&8gasl 4 Notably,a small observed
fraction of poly(A) RNA that localized in 1-@ um? of Rbodies in stage3 and 4 disappears
in stage5 (Figure 45C). Cytoplasmic LSM4 levels are declining comparedages 3 and 4,
and almost reach the same levebagie 2 (Figured-4N and 45B), andaroundhalf of them
remain localized to #odies (Figure 4B). While thelargestvolume Rbodies (620 pm3)
disappeared from stagethelarge volume 1.2-6 um3 of P-bodiesis also disappearing in stage
5, and LSM4predominantly occupies the 6013 um?3 and 0.3.2 um3volumes respectively
(Figure 45D).

4.2.2 Alteration in Number and Volume of Rbodies(LSM4)

Stage 1The total number of Bodies is lower than in the other stages, indicating that few P
bodies werdormed Eigure 45E), while a high amount are classified into smalldbdeies
(0.050. 1 & mj-0.axrh de Mj.,1 rFEwesdH),leads te feguition(of eachidddy
volume sizg(Figure 45G). Although the highest number ofl#ddies is classified ithin 0.05

0.1 & mj, portoreof Rgbodeesvoluenein total volume is related to the @0L. 3 & mj

(Figure 45H).
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Stage 2The number of odies increases compared with stag€igure 45E), driven by a
risein 0.20 . 3 & mj-1 .az despEctidly Figure 45F). The small number darge R

bodies 1.2-6  ¢) ml$o0 appears. This is the reason that the mean volume of damdty F's
slightly increasing compared with stabérigures 45G and H).

Stage 3The total number of Bodies considably increasesHigure 45E), and the highest
number is related to the QL. 3  Eigure 45F). Increasing the number ddrge P-body
volumes compared to the previous stages leads to the rise of the mean volume db@hch P
(Figures 45G and H)and shows the highest mean volume of eablod®/ compared with other

stages.

Stage 4The total number of Bodies decreases compareithvetage 3 Figure 45E), with the
elimination of 62 0 ¢ myeduetionth other volume sizeg={gure 45F). This results in a

reduction in average-Pody volume compared to stagéFigures 45G andH).

Stage 5The total number of Bodies is slightlydecreasing, and almastachestage 2 levels,
lower than instages 3 and 4F{gure 45E). While the abundance of the 162 ¢ Prjodies

volumedisappears0.3-1.2 ums3,and0.1-0.3 pms3showrelatively the same amouasin stage

2 (Figure 45F). The mean ody volume aligns witlstage 2 Jess tharthatof stages 3 and 4
(Figures 45G and H).
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Poly(A) ' Poly(A)+LSM4+DNA

Figure 4-4. Localization of LSM4 proteins and poly(A) RNA in microsporocytes during diplotene.A detailed
description is provided in the tex¥lultiple accumulations o SM4 proteins colocalized with poly(A) RNA are visibl
(arrowheads). The rightand panel represents the magnificatirthe fragments of the cytoplasm, which are mark

with a square, arrowheads pointing to thbdelies. CB Ca j a | body. Scale bar 10 ¢
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Figure 4-5. Statistical outcomes of the distribution pattern ofLSM4 along with poly(A) RNA transcripts

in the cytoplasmand P-bodies A detailed description is provided in the tex¥.gnd B) Fluorescence intensit
of poly(A) RNA andLSM4 proteins during the fivetages, respectivelyC(and D) Fluorescence intensity o
poly(A) RNA andLSM4 proteins in different types of-Bodies volums, during the five stages, respectivel
(E) The mean number ofBodies per cell in the five stageB) The mean number & bodies per cell based o
the Rbodies volume classificationGj The mean volume of eacht®dy per cell. fI) The ratio of the sum
volume of each Body classification to the sum volume of totab&dies in the five stageEhe values are show
as meang standard errors of the mean (SEMBased on Tukey's HSD test, the same letters indicate
significant difference (p > 0.05), while diffe
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4.2.3Colocalization of poly(A) RNA andLSM4

Stage 1The overall colocalization between poly(A) and LSM4 across the entire cytoplasm and
P-bodies is low, averaging around 10% for bdig(res4-4C, 4-6A and B. The strongest
association was observed in-@3B pm3and 0.31.2 um3, respectivelywhilein the absence of
larger P-bodies (1.26 um?3 and 620 um3), the smallest Bodies show the lowest overlap
(Figure 46C). The limited overlap implies thatBodies formed by LSM4 are not yet actively
processing poly(A) MR NA. Mander 6s col ocal.i
cytoplasm is about 40%, with2% inside the Fbodies Figures 46D and K, while LSM4
colocalizaion with poly(A) RNA is less than 20%-igures 46E and Q. At this stage, the
colocalization is spread throughout the cytoplasmvetidn P-bodiesstage 1 likely represents

an initial or resting phase with minimal functional engagement between pdRNA) and
LSM4.

Stage 2Pearson's colocalization remains low in the entire cytoplasm -dadlies, increasing
slightly to approximately 15% and 13% respectively, across the cytoplasm compared with the
stagel (Figures 44F and4-6A), with the mostolocalization in 0.40.3 ums3 as in the previous

stage Figure 46C). The low colocalization indicates that LSM4 proteins are still largely
inactive in processing poly(A) mRNA, consistent wshage 1. Mander 06s an:
poly(A) RNA colocalization wih LSM4 is decreasing in the cytoplasm to ~20% compared with
stagel, which means the increased cytoplasmic poly (A) RNA in the second stage is not
colocalized with the LSM4 proteins in the cytoplasm, yetd resultsn a reduction of total
colocalization(Figures 46D and F. LSM4 colocalization with poly(A) RNA is increasing up

to ~25% Figure 46E), which is more related to thecreaseof colocalization irthecytoplasm

rather than Podies Figure 46G).

Stage 3Colocalization in this stage rises madky, reachingnearly50% across the cytoplasm
(Figures 441 and4-6A) and approximately 37% within-Bodies Figure 46B). The strongest
overlap was observed in 0132 um3 and 0-D.3 pums3, respectively. In addition, the
colocalization idargervolumes of Pbodies (1.26 um?3 and 620 um3) was also observed, while
it was not in previous stagdsigure 46C). This significant increase suggests that poly(A) RNA
is now actively concenaited within Pbodiesformed by LSM4 whereit likely undergoes

coordinated processing with LSM4 for deadenylatimm co-decapping marking a clear
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departure from the inactivity of earlier st
LSM4 within theentire cytoplasm is around 40%igure 46D), with the highest amouii82%)

in P-bodies Figure 46F). LSM4 colocalization with poly(A) RNA in the cytoplasm rises to
around 70% Kigure 46E), the highest across all stagésougharoundhalf of this overla

occurs within Pbodies and thetherhalf in the cytoplasm Figure 46G). These indicate that

stage 3 is a key phase for the onset of cytoplasmic mMRNA processing, with LSM4 potentially
facilitating RNAdeadenylation and edecapping

Stage 4Colocalization decreases t0-86% across the cytoplasmigures 44L and4-6A) and

to approximately 30% wiin P-bodies Figure 46B). Unlike the previous stage, the highest
overlap was observed in 6013 um?3 and 0.4.2 pum3, respectively. The colocalization in-0.1
0.3 um3 is slightly lower than the colocalization in the same volume of the previous stage, whil
colocalization in 0.3L.2 um3 is almost halved compared to the colocalization in the same
volume of the previous stagEigure 46C). Mandefs analysis reveals almost the same level in
poly(A) RNA colocalization with LSM4 astage 3 Figure 46D), with still the highest amount

in P-bodies Figure 46F). LSM4 colocalization with poly(A) RNA is also approximately the
same level astage 3 Figures 46E and G. These results positiatage 4 as a continuation of
the mRNA processing initiated siage 3 with LSM4 sustaining a significant, though slightly
diminished, role in coordinating poly(Aagged mRNA within Fbodies.

Stage 5Colocalization declines further to 21% across the cytopl&sguies 440 and4-6A)

and to approximately 20% within-lBodies (Figure 46B), while still higher than stag2 0.1-

0.3 um?3 volume size retains the highest colocalization, though this is reduceddga® 3 and

4. Unlike stage8 and 4 there is no colocalization the1.2-6 pum3volume of RPbodies(Figure

4-6C). Mander 6s analysis confirms a reduction
(Figure 46D); the highest colocalization is inlfbdies rather than the cytoplasirigure 46F).

LSM4 colocalization with poly(A) RNA drops #0% Figures 46E and F. This stage reflects

a

a winding down of the active processing see]l

RNA metabolism decreasing but still present.
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Figure 4-6. Statistical outcomes of theooly(A) RNA and LSM4 colocalization in the cytoplasm and Poodies.
A detailed description is provided in the tefft) Pearson's colocalization coefficient of poly (A) RNA &r&8M5
in the whole cytoplasm. B) Pearson's colodahtion coefficient ofpoly (A) RNA andLSM4 in P-bodies. C)
Pearson's colocalization coefficientfdly (A) RNA andLSM4 in different types of Fbodies volume sizesDJ
Mander's colocalization coefficient of poly (A) RNA wittEM4 in the cytoplasm.K) Mander's colocalization
coefficient ofLSM4 with poly (A) RNA in the cytoplasmHand G) Distribution of colocalization betwedrsM4
and poly (A) RNA in cytoplasm andipodies, based on Mander's colocalization coefficient. The values are s
as means + standard errors of the mean (SEHBésed on Tukey's HSD test, the same letters indicate no signif
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4.3 During diplotene prophase |, theDCP2 protein colocalizes with cytoplasmigoly(A)
RNA in Larix Deciduamicrosporocytes

The DCP2 protein, as a catalytic enzyme during the decappouggs, was selected to be
analyzed in the case of its presence during cell developmeatixndeciduamicrosporocytes.
Observations revealed the occurrence dfoRies rich in poly(A) RNA and DCP2 protein.
Notably, our finding reveals the cytoplasmiclocalization of thepoly(A) RNA and DCP2
proteins (Figure 4).

4.3.1 Distribution pattern of poly (A) and DCP2 in the Cytoplasm and Fbodies

Stage 1Resultsshow poly(A) fluorescence intensity following a pattern similar to previous
observationgFigures 47A and 48A). P-bodies contain only a minimal fraction of cytoplasmic
poly(A) RNA (Figures 48A ard 4-8C). The DCP2 protein appears throughout the cytoplasm,
with most of thatconcentrged in P-bodies Figures 47B and 48B). Most of these were
identified within 0.20.3 pm3volume(Figure 48D).

Stage 2Nuclear poly(A) RNA levelgprogressively decline while cytoplasmic concentrations
increase Kigures 47D and 48A). Although poly(A) RNA presence in-Bodies remains
minimal compared to later stages, it shows an increasestegya 1 and tends to concentrate in
smaller Pbodies (raging between 0.08.1 um3 and 0-D.3 um3)(Figure 48C). DCP2 protein

levels in the cytoplasm are rising, withore tharhalf detected within ®odies Figures 47E

and 48B), suggesting that the increased cytoplasmic poly(A) RNA creates greater demand for
DCP2 protein to support decapping activities. Additionally, DCP2 shows its highest

concentrationn 0.1-0.3 pm3volume(Figure 48D).

Stage 3 Exhibits a marked increase icytoplasmic poly(A) RNA Kigures 47G, 48A),
accompanied by more numeroubdties, especially those withinthe@®@1 3 e mj v ol ume
(Figure 48C). While cytoplasmic DCP2 protein levels increase, the concentration within P
bodies remaingelatively consistent with previous stagésg(res 47H and 48B). Unlike
earlier stagesthe largestP-bodies emerge, though containing minimal DCP2. The highest
DCP2 concentrations appear ifbBdiesvolume 0.1-0.3 pm?3 and B-1.2 ums, respectively
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(Figure 48D). This suggests that despite elevated cytoplasmic poly(A) RNA levels compared
to earlier stages, DCP2 activity remains low in both cytoplasm amodRs, even as DCP2
guantities increasé seems to be more required for the next two stalgethe catalytic enzyme

of the decapping complex, DCP2 is likely being prepared for subsequent stages. Furthermore,
since DCP5 and LSM4 showed high activitysiage 3 and typically function before DCP2 in

the pathway, DCP2 activation appears to occur later these two proteins

Stage 4Shows slightly elevated cytoplasmic poly(A) RNA levels comparestistge 3 Figures
4-7J and 48A). Notably, poly(A) RNA localization within #odies approximately doubles
from the previous stage, with a distinctly different distribution pattern that shifts tdavged
P-bodies.Unlike stage 3, the highest concentrations appear #10.32 velumg followed by
010. 3 emj-6 aanhj 1v a8l ume(Figure 48€)p @ymplasmiceDCP2 protein
levels continue to increase relative to earlier stagegifes 47K and 48B), with more than
half now localized to #odies(Figure 48B). ThelargestP-bodies remain present at slightly
higher levels than istage 3, with DCP2 predominantly concentrated in thel®3um3, 0.1
0.3 ums3, and 15 pm?3volumes respectively Figure 48D). This stage appears to represent

peak DCP2 protein activity comparedaibother stages.

Stage 5:Shows a reduction in cytoplasmic poly(A) RNA levels compareddges 3 and 4,
while poly(A) RNA concentration in4Bodies decreases frastage 4 but remainat the same
level asstage 3 Figures 47M and 48A). The distribution pattern of RNA within-Bodies
mirrors that ofstage 4, though at somewhat lower levelsg(re 48C). DCP2 protein
concentrations in both cytoplasm andbéties decline relative tgage 4 but remain elevated
compared to earlier stagésigures 47N and 48B), with over half of cytoplasmic DCP2 still
localized to Pbodies Figure 48B). The highest DCP2 concentrations continue to appear in
0.31.2 um3, 0.10.3 um3, and 15 pums3volumes,respectively (matching Stage 4's pattern),
although the concentration in 2@ pm3and6-20 um3volumesis at the same level of stade

the concentration in 0-:Q.3 pm3and0.3-1.2 um?3is lower than stagd (Figure 48D). This
suggests DCP2 activity istage 5 exceeds that sfage 3, while DCP5 and LSM4 activity is
lower instage 5 tharn sage 3, further supporting the hypothesis that DCP2 activation occurs

later in the sequence.
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4.3.2 Alteration in Number and Volume of Rbodies(DCP2)

Stage 1 Themean number ofBody count is less than the nextstageqFigure 48E). Most
P-bodies in this stage are classifiedo smallervolumes(0.1:0 . 3 and®j050. 1 , € mj
respectively (Figure 48F), resultingin form smaller mean #®ody volume compared to
subsequent stageBigure 48G). The 0.20 . 3 velumerepresents the largegsortion of P-

body volumefor each classificatiorelative tototal P-bodyvolume

Stage 2The number of Bodies shows a sliglmcreasecompared tastage 1 Figure 48E).

Like the previous stage, the highest counts remain in the smallene categories (0-0.3

emj and 10.¢0mMmj , r es pe dodievirethePPp. 2HewWMg v ermngR neart
compared tostage 1 Figure 48F). This move toward larger P-bodies explains thslight

increasan mean Poody volume relative to stage(Figures 48G and H.

Stage 3The total number of Bodies ishigher tharin thesecond stagd-(gure 48E), with the
0.1:0. 3 e mj v ol ningthe leghestinumber. While thé smallesidelies (0.05.1
emj ) decr eas eisannncreasenrbOeBr. 2 tchmg-6 enmd] 1lc mpar ed t
previous stages. Despite this shift, the @051 e mj vol ume stli.l2 eonujt nu
volume(like the previous stages) few of thelargestP-bodies appear in this stafféigure 4
8F). This graduaincrease idargerP-bodies contributes to the increase in medmoé&y volume

compared to earlier stagésgures 483G and H.

Stage 4The total Pbody countincreases comparetith stage 3 Figure 48E), with the 0.1

0.3 &mj vol ume c¢ ont inumbers. Jhe tsmallestidies cantmee toh i g h e ¢
decrease, while midized (0.31 . 2 e mj ) a-6 d ¢ mipollies Brecreage tompared to

stage3. Unlike previous stages, tl@nountof 0.31 . 2 e mj v ol umeoff.@bw exc e
0 . 1 velumg This stage ab provides a small number of tlegestP-bodies Figure 48F).

These shifts towarthrgervolumesresult in a substantial increase in averagm@y volume

compared tatage 3 Figures 48G and H.

Stage 5The total Pbody count remaineelatively congantas it was irstage 4 Figure 48E).
Like stages 3 and 4, the BQL. 3 & mj vol ume continues to cont
bodies. The0-3 . 2 e mj v ol u ntemparbéddstage 4g memwrtbédr ofargerP-
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bodies (1.6 & mj -2&n cisn@latively the same as the previous stédggure 48F).
Although the mean #Body volume shows a slight decrease comparestiatge 4, it remains

higher than in the stagés 2, and JFigures 438G and H.

Poly(4) DCP2 DNA Poly(A)+DCP2+DNA

Figure 4-7. Localization of DCP2 proteins and poly(A) RNA in microsporocytes during diplotene A
detailed description is provided in the teiultiple accumulations 0DCP2 proteins colocalized with 93
poly(A) RNA are visible (arrowheads). The righénd panel represents the magnification of the fragm:

of the cytoplasm, which are marked with a square, arrowheads pointing tdttel. CB Cajal body.
Scale bar 10 &m.
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Figure 4-8. Statistical outcomes of the distribution pattern ofDCP2 along with poly(A) RNA transcripts
in the cytoplasmand P-bodies A detailed description is provided in the text.dnd B) Fluorescence intensity
of poly(A) RNA andDCP2 proteins during the five stages, respectivety.ahd D) Fluorescence intensity o
poly(A) RNA andDCP2proteins in different types of-Bodies volums, during the five stages, respectivell) (
The mean nuiver of Rbodies per cell in the five stageB) (The mean number ofBodies per cell based on th
P-bodies volume classificationG) The mean volume of eachtd®dy per cell. l) The ratio of the sum volume
of each Pbody classification to the sum volurnoé total Rbodies in the five stage$he values are shown a
means * standard errors of the mean (SEBB3ed on Tukey's HSD test, the same letters indicate no signif

difference (p > 0.05), while different letters indicate significant differenc€s (p0 .

05)
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4.3.3 Colocalization of poly(A) RNA andDCP2

Stage 1The colocalization between poly(A) and DCP2 throughout the cytoplasm is minimal
(less tharb%) compared tohe nextstages, with fhody colocalization at approximately 15%,
which is still low relative to subsequent stagégg@res4-7C, 4-9A and B. The highest
colocalization occurs in the B3 pm?3 and 0.4.2 pmévolumes respectively, while the 12

6 pm3volumeshows the least overlgpigure 49C). This limitedoverlapsuggests that DCP2
formed Rbodies are not yet actively engaged in poly(A) mRNA processing. Mander's
colocalization analysis shows that ab@g®o of poly@) RNA colocalizes with DCP2 in the
cytoplasm,less thanhalf of thatwithin P-bodies Figures 49D and F. Similarly, DCP2
colocalization with poly(A) RNA isaround5% (Figures 49E and G. During this stage, the

colocalization is distributed to both tbgtoplasm and #odies

Stage 2Colocalization in the entire cytoplasimcreasesompared tdhe first stagereaching
approximately80% (Figures 47F and4-9A). P-body colocalization stays relatively unchanged
from stage 1(Figure 49B), with the highest levels observed in the-0.2 um3 and 0.09.1

pum3 volume, respectively. The 1&um3 volume shows increased colocalization compared to
stage 1 Figure 49C). Mander's analysis reveals a minimal increase in poly(A) RNA
colocalization with DCP2 in the entire cytoplasm 0% compared tetage 1, indicating that
the increased cytoplasmic poly(A) RNA presenttage 2 has not yet substantially colocalized
with DCP2 proteingFigures 49D and F)Meanwhile, DCP2 colocalization with poly(A) RNA
increases to ~20%-{gure 49E), primarily reflecting increased colocalization in the cytoplasm
rather than in bodies Figure 49G).

Stage 3:Colocalization in this stages relatively at the same levebmpared with stag@
(Figures 4-71 and4-9A), while it increases t88% within Rbodies Figure 49B). The highest
overlap occurs in the 0:B.2 um3 and 0.-D.3 um3 volumes, respectively. The -B2im3 volume
shows increa=d colocalization compared to previous stages. Notably, colocalization appears
within the largestP-bodies, a featurabsentin earlier stagesHgure 49C). This progressive
increase irP-bodiescolocalization stage by stage suggests poly(A) RiBeing prepared to

be actively concentrated withirllddies. Mander's analysis shows poly(A) RNA colocalization
with DCP2 throughout the cytoplasm reaches approximately Bagare 49D), with the most
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occurring within Pbodies Figure 49F). DCP2 colocatiation with poly(A) RNA increases to
around 43%Figure 49E), thougharoundhalf of this overlap is found in thelfodies Figure
4-9G).

Stage 4Pearson's colocalization increases dramatically to ard0®@ across the cytoplasm
(Figures 47L and4-9A) ard approximately 50% within-Bodies(Figure 49B). Colocalization
increases across all volume ranges comparstage 3, with the highest overlap occurring in
the 0.31.2 um3 and 1.6 pum?3 volumes, respectively. Colocalization in thegestvolume
category (620 um3) nearly doubles compared to the previous stigarge 49C), indicating a
movetoward colocalization ifargerP-bodies fromstage 3 to 4. Mander's analysis confirms a
significant increase in poly(A) RNA colocalization with DCR255% compared testage 3
(Figure 49D), with over half occurring within odies Figure 49F). Similarly, DCP2
colocalization with poly(A) RNA substantially increases to 70% comparstd¢e 3 Figures
4-9E and G. This marked increase in colocalizati establishestage 4 as the most active
period, where RNA undergoes processing with DCP2 for decapping, indicatirstatead for
DCP2 activity (likestage3 for DCP5 and LSM4 activities) represents a critical phase for the

cytoplasmic mRNA processing.

Stage 5Colocalization decreases to 40% across the cytoplagurés 470 andd-9A), though
this remains higher thastage 3. The colocalization within-Bbdies slightly decreases
compared withstage 4 Figure 49B). The 0.31.2 um?3 volume maintains the highest
colocalization, despite showing a reduction freiage 4. Colocalization ithe largest P-bodies
(6-20 um3) increases compareddage 4 while the colocalization i1.2-6 um3 and0.1-0.3
um3 is a bit lower thann stage 4 (Figure 49C). Mander's analysishows the same level of
poly(A) RNA colocalization with DCPat stage 4Figure 49D); the highest colocalization
occurs in Poodies rather than the cytoplaskigure 49F). DCP2 colocalization with poly(A)
RNA slightly decreases to 60%, with approximately half observedhodies Figures 49E
and F) This stage shows DCP2 activitystage 5 exceeding that sfage 3, while DCP5 and
LSM4 activity are lower in stage 5 thann stage 3, supporting the hypothesis that DCP2

activation occurs later in the sequence
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Figure 4-9. Statistical outcomes of thepoly(A) RNA and DCP2 colocalization in the cytoplasm and Foodies.
A detailed description is provided in the tef) Pearson's colocalization coefficient of poly (A) RNA andpP2
in the whole cytoplasm. B) Pearson's colodahtion coefficient ofpoly (A) RNA and DCP2in P-bodies. C)
Pearson's colocalization coefficient mily (A) RNA andDCP2in different types of bodies volume sizesD]
Mander's colocalization coefficient of poly (A) RNA withCP2in the cytoplasm.H&) Mander's colocalization
coefficient ofDCP2with poly (A) RNA in the cytoplasmHand G) Distribution of colocalization betwednCP2
and poly (A) RNA in cytoplasm andBodies, based on Mander's colocalization coefficient. The values are s
as means standard errors of the mean (SEMBAsed on Tukey's HSD test, the same letters indicate no signif
di fference (p > 0.05), while different | etters
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4.4 During diplotene prophase |, theEDC4 protein colocalizes with cytoplasmigoly(A)
RNA in Larix deciduamicrosporocytes

TheEDCA4 (VCS)protein, asaenhancer of the decapping comple=s selected to be analyzed
in the case of its presence during celve&lepment inLarix decidua microsporocytes.
Observations revealed the occurrence dfoRies rich in poly(A) RNA and&DC4 protein.
Notably, our finding reveals the cytoplasmiclocalization of thepoly(A) RNA andEDC4
proteins Figure 410).

4.4.1 Distribution pattern of poly (A) and EDC4 in the Cytoplasm and Rbodies

Stage 1The poly(A) fluorescence intensity follows patterns consistent with previous findings
and mirrors the DCP2 pattern. Nuclear poly(A) RNA concentrations are significasigted
compared to cytoplasmic leveld-igures 410A and 411A). Only a small portion of
cytoplasmic poly(A) RNASs found within Rbodies(Figures 411A and 411C). EDC4 protein

is distributed throughout the cytoplasm, with approximatelly of it concentated in Pbodies
(Figures 410B and 411B). Most of these odies were measured within a volume range of
0.1-0.3 pm? Figure 411D).

Stage 2Thereis a gradual decrease in nuclear poly(A) RNA levels accompanied by increasing
cytoplasmic concentration§igures 410D and 411A). While poly(A) RNA presence in-P
bodies remains relatively small compared to later stages, it shows an increasadgedand

tends to be found predominantly irbBdieswith 0.1-0.3 pum3and 03-1.2 pum3 volumes,
respectively Figure 411C). Cytoplasmic EDC4 protein levels are increasing, with
approximately half of this protein located withirbBdies Figures 410E and 411B). This
suggests that the rising cytoplasmic poly(A) RNA creates a greater need for EDC4 protein to
support the decapping complex. The highest concentration of EDC4 is observeddie®

with volumes of 0.40.3 um?3 Figure 411D).

Stage3: Cytoplasmic poly(A) RNA levels increase dramaticallyigures 410G, 411A),
coupled with an increase withinl#ddies, particularly inthe 0. 3 ¢ mj Figuel4u me (
110). Both cytoplasmic and-Body EDC4 protein concentrations show increases from previou

stages Figures 410H and 411B). Unlike earlier stages, tHargestP-bodies appear, though
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these contain minimal EDC4. The highest EDC4 concentrations are fountddié3 with

volumes of 0.40.3 um3 and 0.3.2 ums3, respectivelyHigure 411D).

Stage 4 Cytoplasmic poly(A) RNA increases modestly comparesiage 3(Figures 410J and
4-11A). Significantly, poly(A) RNA within Pbodies more than doubles from the previous
stage, showing a distinctly altered distribution pattern that fammtsized andargerP-bodies.
Unlike stage 3, the highest concentrations are found if10.32  éadges, féllowed by 0.4

0. 3 €& mj6 aenndj 1v. 2l u me Bigure #14G).Ldoplasmiv EDIC4 protein levels
decrease compared to the third stage but are still slightly higher than the secolEigtags
4-10K and 411B), with over half located in+Bodies. ThdargestP-bodies persist at slightly
higher levels than istage 3, with EDC4 mainly concentrated irb&dies of 0.3L.2 ums, 0.1

0.3 um3, and 15 um3 volumes, respective(frigure 411D).

Stage 5Exhibits decreased cytoplasmic poly(A) RNA levels comparesthiges 3 and 4, while
poly(A) RNA concentration in fodies shows a reduction fratage 4 but remains higher than
stage 3 Figures 410M and 411A). The distribution pattern of RNA within-Bodies follows
that ofstage 4, though at somewhat reduced levétpufe 411C). EDC4 protein concentrations
are at the same leviel both cytoplasm and-Bodiesas it was irstage 4(Figures 410N and 4
11B),with approximatelyverhalf of thecytoplasmic ©C4 still found within Pbodies Figure
4-11B). The highest EDC4 concentrations continue to be observeebodieswith 0.3-1.2
pum3, 0.20.3 ums3, and 15 ums3, respectivelyl{ke the pattern irstage 4. In addition,the
concentration idargerP-bodies (1.26 pum? and €0 um3) remains approximately at the same
level as irstage 4 Figure 411D). The data so fasuggesEDC4 activity instage 5 exceeds that
of stage 3, and notably, EDC4 demonstrates patterns remarkably like. DCP2

4.4.2 Alteration in Number and Volume of Rbodies EDC4)
Stage 1The total Pbody count is lower than in all subsequent std§egire 411E). P-bodies
during this stage are predominantly found in smaldumes(0.1-:0 . 3 e mj -Oarid ¢0®nj Q5

respectively) Figure 411F), resultingin a smaller mean-Body volume compared to later
developmental stag€Bigure 411G and H.
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Stage 2Exhibits aslight increase in total-Body count compared tsage 1 Figure 411E).

Like the previous stage, the highest numbers are found in the smaller volurfe.(81 ¢ mj and
0050. 1 & mj, r es p e chodieg elthg P-3 . M oamee26 £ myolBmes
increase&compared tetage 1 Figure 411F) whichleads taanincrease in mean-Body volume

relative to the first developmental stagéglres 411G and H).

Stage 3Shows a slight increase in the total number dfddies Figure 411E), with the 0.1

0.3 emj volume maintaining t hebodes(0.0Be.st emju)nt
remains relatively consistent with previous stages, whéenid-sized(0.3-1 . 2 ) anadifgrge

P-bodies (1.26 ¢ shmpw nearly double the amount comparedages 1 and 2 which leads

to anincrease in mean-Body volumeg(Figures 411G and HL. Despite thisnovetowardlarger

P-bodies the 0.050 . 1 ¢ mj] -bodieks stilheutndmber those in the 3 2 € mj (il
previous stages)Higure 411PF).

Stage 4Exhibits a slightly lower total #ody count thastage 3(Figure 411E). P-bodies with
volumesof0.10 . 3 e mj continue to be tbhodiesshowsrngoingb und a
decline, while nd-sized (0.3L . 2 € mj ) i n c rsages3eNotaby niipe aumbet of t o

0.31 . 2 +daodijes sirpassesthoseinthe @051 € mj r atagg ¥ Thic slage alsk e
features a small population of tHargest P-bodies Figure 411F. Ultimately ledto a

considerable increase in averagbd®ly volume compared sbage 3 Figures 411G and H.

Stage 5Shows an increase in totatdddy count compared wages4 and 3(Figure 411E).

Like stages 3 and 4,-Bodies with volumes of 0-Q . 3 & mj] mostmamerous.tBbdees
inthe0.31. 2 emj volume range ssagew. Themumberddrgerase c o
P-bodies(1.26 e mj -2&nda mé ) remains relatively consta
(Figure 411F). While the mean#ody volume shows a slight decrease comparethge 4, it

continues to b&argerthan in stage$, 2, and JFigures 411G and H).
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Poly(A) : Poly(A)+EDC4+DNA

Figure 4-10. Localization of EDC4 proteins and poly(A) RNA in microsporocytes during diplotene A detailed

description is provided in the textlultiple accumulations oEDCA4 proteins colocalized with poly(A) RNA are
visible (arrowheads). The rightand panel represents the magnificatibrthe fragments of the cytoplasm, whic
are marked with a square, arrowheads pointing tothedfes. CB Ca j a | body. Scale b
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Figure 4-11. Statistical outcomes of the distribution pattern ofEDC4 along with poly(A) RNA transcripts

in the cytoplasmand P-bodies A detailed description is provided in the text.dnd B) Fluorescence intensit
of poly(A) RNA and EDC4 proteins during the five stages, respectivey.and D) Fluorescence intensity o
poly(A) RNA andEDC4 proteins in different types of-Bodies volume sizes, during the five stages, respectiv
(E) The mean number of-Bodies per cell in the five stagds) The mean number of-Bodies per cell based o
the Rbodies volume classificationG) The mean volume of eachid®dy per cell.ld) The ratio of the sum volume
of each Pbody classification to the sum volume of totab&dies in the five stageBhe \alues are shown as meal
+ standard errors of the mean (SEMBased on Tukey's HSD test, the same letters indicate no signif
di fference (p > 0.05), while different |l etters

102



4.4.3 Colocalization of poly(A) RNA andEDC4

Stage 1:The colocalization between poly(A) and EDC4 within the cytoplasm is slight,
approximately 5%, which is less than observedhim nextstages Figures 410C, 412A).
Within P-bodies, the colocalization refaes about 10%which remains the least compared to
subsequent stagesigure 412B). The most colocalization is seen in specific volume ranges of
0.1-:0.3 pm?3 and 0.3.2 um?3, respectivelyrigure 412C). This restricted association implies
that Rbodies formed by EDC4 are not actively participating in poly(A) mRNA processing at
this point. According to Mander's colocalization analysis, roughly 15% of poly(A) RNA
colocalized with EDC4 in the cytoplaswof,which around33% within P-bodies(Figures 412D

and B. In contrast, EDC4 colocalization with poly(A) RNA is approximatelyo (Figures 4

12E and G)with more than half of this interaction occurring withisb&dies.

Stage 2:Cytoplasmic colocalizatiomncreases t@pproximately30% (Figures 410F and 4

12A). The level of Fbody colocalization idike stage 1 Figure 412B), with peak levels
observed in the 0:3.2 um3 and 0-D.3 um?3 volume, respectivelyrigure 412C). Mander's
analysis shows unchanged colocalization of poly(A) RNA with EDC4 throughout the cytoplasm
compared testage 1 suggesting that despite increased cytoplasmic poly(A) RNgame 2,
significant colocalization with EDC4 proteins hag yet occured, leading to lower overall
colocalization Figures 412D and F)Simultaneously, EDC4 colocalization with poly(A) RNA
rises to approximatelt5% (Figure 412E) and shows increased cytoplasmic colocalization

rather than Body colocalizationKigure 412G).

Stage 3:Colocalization increases dramatically, reachingo3throughout the cytoplasm
(Figures 4101 and 412A) and about30% within P-bodies Figure 412B). The strongest
overlap is observed in the 6132 um? and 0.-D.3 um? volume rangesgspectively. The 1:B

pum3 volume exhibits enhanced colocalization compared to earlier stages. A key development is
the appearance of colocalization within taegestP-bodies, something not seen in previous
stagesfkigure 412C). This sequential increasn colocalization across stages suggests poly(A)
RNA is being prepared for the active decapping complex withbo@es. Mander's analysis
indicates that poly(A) RNA colocalization with EDC4 throughout the cytoplasm reaches
approximately 40%HKigure 412D), with about57% occurringwithin P-bodies Figure 412F).
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Meanwhile, EDC4 colocalization with poly(A) RNA increases to roughly 5Bigufe 412E),
with approximately65% taking place within Bodies Figure 412G).

Stage 4Colocalizationdecrease® 30% compared withtage 3and reaches the same level as
stage 2hroughout the cytoplasniigures 410L and 412A), while about 45%s within P-
bodies(around 4 times more thatage 2 (Figure 412B). Compared tatage 3, colocalization
increases across all volume ranges, with peak overlap in thk®Bn3volume The 1.26 pm3
and 0.20.3 um?3 volums show similar colocalization levelandthe 1.26 um3volume shows
approximately triple the colocalization observedtage 3. Colocalization in tHargestvolume
(6-20 pum?) increases relative to the previous st&ggufe 412C), indicating a progression
toward greater colocalization largerP-bodies fronstage 3 tstage 4. Mander's analysikows

an increase in poly(A) RNA colocalization with EDC4, reachirgp% compared tstage 3
(Figure 412D), with most occurring within Pbodies (Figure 412F). Similarly, EDC4
colocalization with poly(A) RNA increases signifitdy to 70% compared tgtage 3 Figures
4-12E and G. This increase in colocalization establisiseye 4 as the most active period
among poly(A) RNA and EDC4, suggesting tisige 4 represents a critical phase for
cytoplasmic mRNA processing with EDCdtiaity, like DCP2.

Stage 5Colocalizationincreases$o 35% throughout the cytoplas(As in stage B(Figures 4
100 and 412A). Colocalization within Fbodiesdecreases compared stage4 but is still
higher thann stage3 (Figure 412B). The0.3-1.2 um3 volume continues to show the highest
colocalization, despite experiencing a reduction fetage 4. Colocalization ilargerP-bodies
(1.26 pm?3 and 60 um3) slightly increases comparedstage 4, while colocalization in the
0.1-0.3 um3 remains relatively unchanged from stdg@-igure 412C). Mander's analysis
reveals a increasindevel of poly(A) RNA colocalization with EDC4 compared to the previous
stage up to 62%(Figure 412D), and like stage 4, the highest colocalization occurs within P
bodies rather than throughout the cytoplaBigyre 412F. EDC4 colocalization with poly(A)
RNA showsa slight decrease level as the previous stafieigures4-12E and F)This stage
demonstrates that EDC4 activity stage 5 exceeds that sthge 3, supporting the hypothesis
that EDC4, like DCP2 activity, occurs later in the sequence compared to DCP5 and LSM4. This
further supports the hypothesis that EDC4 actisgtyore likelyto occursimultaneously with
the completion of the decapping cplex by DCP2 in order to facilitate the decapping process.
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Figure 4-12. Statistical outcomes of thgoly(A) RNA and EDCA4 colocalization in the cytoplasm and P
bodies. A detailed description is provided in the tefd) Pearson's colocalization coefficient of poly (4
RNA andEDC4in thewhole cytoplasm. B) Pearson's colocalization coefficientpafly (A) RNA andEDC4
in P-bodies. C) Pearson's colocalization coefficientaofly (A) RNA andEDC4in different types of Fbodies
volume sizes.[) Mander's colocalization coefficient of poly (A) RNA witEtDC4 in the cytoplasm.K)
Mander's colocalization coefficient BDC4with poly (A) RNA in the cytoplasm.K and G) Distribution of
colocalization betweeBDC4and poly (A) RNA in cytoplasm andpodies, based on Mander's colocalizati
coefficient. The values are shown as means * standard errors of the mea). (&<dd on Tukey's HSC
test, the same letters indicate no significant difference (p > 0.05), while different letters indicate sigr
differences (p O 0.05)
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4.5 During diplotene prophase I, theXRN4 protein colocalizes with cytoplasmigoly(A)
RNA in Larix deciduamicrosporocytes

The XRN4 protein, asa5'Y 3' exonucleolytic enzymavas selected to be analyzed in the case
of its presencein P-bodies during cell development irLarix decidua microsporogtes.
Observations revealed the occurrence dfoHies rich in poly(A) RNA anKRN4 protein.
Notably, our finding reveals the cytoplasmiclocalization of thepoly(A) RNA and XRN4
proteins Figure 413).

45.1 Distribution pattern of poly (A) and XRN4 in the Cytoplasm and Rbodies

Stage 1Nuclear poly(A) RNA levels are markedly higher than those in the cytopkigimrés
4-13A and 414A). Only a small fraction of cytoplasmic poly(A) RNlAcalizesto P-bodies
(Figures 414A andC). The XRN4 protein is distributed throughout the cytoplasm, with about
half localized within Pbodies Figures 413B and 414B). The majority of these-Bodies fall
within avolumerange 0f0.1-0.3 pm3(Figure 414D).

Stage 2 Nuclear poly(A) RNA levels begin to decline gradually, while cytoplasmic
concentrations steadily increagagures 413D and 414A). Although the amount gioly(A)

RNA within P-bodies remains relatively low compared to later stages, it rises slightlygtigm

1 and is primarily located in-Bodies with volumes of 0-:3.2 um3 and 0.2D.3 um3, respectively
(Figure 4140). The overall cytoplasmic abundanceXd®N4 protein remains similar to that
observed irstage 1, but its accumulation withind®dies increasesigures 413E and 414B).

This indicates that the elevated cytoplasmic poly(A) RNA levels have not yet influenced the
total cytoplasmiconcentration of XRN4. The highest levels of XRN4 are detectedodies
ranging from 0.40.3 ums3 in volumeRigure 414D).

Stage 3Cytoplasmic poly(A) RNA levels rise sharpliFigures 413G, 414A), accompanied

by increased accumulation withind®dies, particularlyin 0.0 . 3 ¢ mj Figue Bld@he (
The overall cytoplasmic concentration of XRN4 protein remains nearly unchanged from
previous stages, although its levels withibdtlies show a slight increadéqures 413H and
4-14B). The highest carentrations of XRN4 are observed irbBdies ranging from 0.40.3

pum3 and 0.3L.2 um3 in volume, respectivelyFigure 414D). These findings indicate that,
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despite the marked elevation of cytoplasmic poly(A) RNA compared to earlier stages, XRN4

levels renain relatively low in both the cytoplasm anébBdies.

Stage 4 Cytoplasmic poly(A) RNA levels continue to rise, showing an increase compared to

stage 3 Figures 413J and 414A). Notably, the amount of poly(A) RNA within-Bodies more

than doubles relative to the previous stage. Urdiage 3, the highest concentrations are now

observed in hodies with volumes of :B. 2 & mj-0 .ah de Mj.,1 respectivel

poly(A) RNA levels inlargeP-bodies (1.26 e mj ) are nearly three ti

preceding stagd-(gure 414C). Cytoplasmic XRN4 protein levels exhibit a substantial increase
compared to earlier stageSiqures 413K and 414B), with a high accumulatio within R
bodies. ThdargestP-bodies (62 0 e mj ) emer ge during this
XRN4, and high XRN4 level is concentrated wb@&dies of 0.3L.2 um3, 0.20.3 um3, and 1.2

6 um3 volumes, respectivelyrigure 414D). This stage likely epresents the peak of XRN4

protein activity across all developmental stages.

Stage 5 Cytoplasmic poly(A) RNA levels decline comparedstage 4, while poly(A) RNA
concentrations within Bodies also decrease but remain higher than thogage 3 Figures
4-13M and 414A). The distribution pattern of poly(A) RNA within-Bodies differs from that
seen instage 4, with the highest concenioais found in Fbodies measuring 0:B.2 ums, 1.2

6 ums3, and 0.40.3 um3, respectivelfFigure 414C). XRN4 protein levels decrease in both the
cytoplasm and #odies compared tstage 4, though they remain elevated relativetage 3
(Figures 413N and 414B). Notably, over half of the cytoplasmic XRN4 is localized within P
bodies Figure 414B). The greatest concentrations of XRN4 are observedhadies of 0.3
1.2 ums3, 1.26 um3, and 0.40.3 um3 in volume, respectively. Additionally, XRN4 levels in the
largestP-bodies (620 um3) remain approximately unchanged fret@ge 4 Figure 414D).
These findings suggest that XRN4 activitysiage 5 surpasses that observesgtage 3.

4 5.2 Alteration in Number and Volume of Pbodies XRN4)

Stage 1Theaverage number of-Bodies is lower than in the following three stadegiire 4

14E). During this stage, Bodies are primarily observed in smaller size ranges, specifically

withinthe 0.20 . 3 e mj -Oa il d & Onj Oré&spedtivelyfagsire 414F. As a result, the
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mean Pbody volume is smaller compared to that of subsequent developmental Biggess(
4-14G and H.

Stage 2 Shows an increase in the mean number -@oBies compared tstage 1 Figure 4

14E). Similar to the previous stage, the majority are still concentrated in the smaller volume
rangesof 0D . 3 e mj-0ande®mj O5However, there is a not
bodies withinthe 0-3 . 2 e mj v ol ume sage hgeredcldinesultingshat o

slight increase in the averagebBdy volume relative to the first developmental stdggures

4-14G and H)

Stage 3Displays a slight increase in the average numberldd?es Figure 414E), with P
bodiesinthe 0-D . 3 ¢ mjemainangtige most abundant and exceeding counts from earlier
stages. The number of the smallediddies (0.0 . 1 e mj ) remains relatiyv
to previous stages, while mgized Pbodies (0.3L . 2 e mj ) nearly doubl e i
stages 1 and 2. This contributes to a slight rise in the averdgely volume Figures 414G

and H. Despite the increase in msized Pbodies, the smallest-Bodies (0.0 . 1 & mj )

continue to be more numerotiman midsized as observed in earlistagesFigure 414F).

Stage 4Shows a slightly lower average number eb&dies compared &iage 3 and is similar

to stage 2 Figure 414E). P-bodies within the 0D . 3 & mj vol ume range r
prevalent. The smallestfodies (0.08) . 1 ¢ mhmueé to dedirme in number, while mgized

P-bodies (0.8L . 2 e mj ) i n csragea&.9Netably,¢he aumbewr of méizenl Pbodies

now exceeds that of the smallest volume, marking a shift from the pattern obsestaept 8.
Additionally, this stge introduces a small number of tleegestP-bodies (Figure 414F).
Collectively, these changes contribute to a noticeable increase in the avdragyg Wlume

compared to earlier stagésgures 414G and H).

Stage 5Demonstrates a reduction in the average numbeibofdies compared ta@ages 3 and
4, aligning with the count observedstage 1 Figure 414E). In contrast to earlier stages, P
bodiesinthe03 . 2 emj volume range ar e rnhewmbehad most
small Rbodies (0.0 . 1 € mj-0.axnde Mj.)l decl ines relative to
of larger Rbodies (1.6 e mj-28nd mp ) r emai ns r edagedFigueel v unc
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4-14F). These changes contribute to a slight ineeeia the average-Body volume compared

to stage 4 Figures 414G and H.

Poly(A) XRN4 / Poly(A)+*DNA+XRN4

Figure 4-13. Localization of XRN4 proteins and poly(A) RNA in microsporocytes during diplotene.
A detailed description is provided in the teMultiple accumulations 0KRN4 proteirs colocalized with
poly(A) RNA are visible (arrowheads). The righeind panel represents the magnificatibthe fragments
of the cytoplasm, which are marked with a square, arrowheads pointing tdotitheB. CB Cajal body.
Scale bar 10 &m.
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Figure 4-14. Statistical outcomes of the distribution pattern of XRN4 along with poly(A) RNA
transcripts in the cytoplasm and P-bodies A detailed description is provided in the texA &nd B)
Fluorescence intensity @oly(A) RNA and XRN4 proteins during the five stages, respectivey.apnd D)
Fluorescence intensity pbly(A) RNA andXRN4 proteins in different types of-Bodies volums during the

five stages, respectivelyE) The mean number of-Bodies per cell in the five stagef) (The mean numbel

of P-bodies per cell based on thébBdies volume classificationG) The mean volume of eachti®dy per
cell. H) The ratio of the sum volume of eactbBdy classification to the sum volume of totab&dies in the
five stagesThe valuesare shown as means + standard errors of the mean (SBadgd on Tukey's HSD tes
the same letters indicate no significant difference (p > 0.05), while different letters indicate sigr 10
di fferences (p O 0.05).



4.5.3 Colocalization of poly(A) RNA andXRN4

Stage 1The colocalization of poly(A) RNA and XRN4 in the cytoplasm is approximately 35%,

making it one of the highest levels observed across all developmental siggesy413C, 4

15A). Within P-bodies, thecolocalization reaches arou@@, which is greater than that seen

in stages 2 and 3H{gure 415B). The strongest colocalization is found wb&dies with volumes

of 0.31.2 um?3 and 0.D.3 um3, respectivelyRigure 415C). This highrateof colocalization

suggests that, during this stage, XRé&iched Fbodies are actively involved in the
degradati on of pol vy (A) MR NA. Mander 0s col o
approximately 60% of poly(A) RNA overlaps with XRN4 in the cytoplapnmarily within R

bodies Figures 415D and F)Conversely, about 43% of XRN4 colocalizes with poly(A) RNA,

with over half of this interaction occurring in the cytoplastg(res 415E and G.

Stage 2Colocalization between poly(A) RNA and XRN4 in ttygoplasm decreases to around
20% (Figures 413F and 415A). Similarly, Rbody colocalization drops t6%, lower than in

stage 1 Figure 415B). The highest colocalization levels are still observed ihdéies with
volumes of 0.10.3 um3 and 0.3.2 pm?3 Figure 415C). Accor di ng t o Mander
colocalization of poly(A) RNA with XRN4 across the cytoplasm falls to about 40%, indicating
that the increased cytoplasmic poly(A) RNAstage 2 is largely unassociated with XRN4 and

is more diffusely distribted. This shift results in an overall reduction in total colocalization
with XRN4 and a greater proportion of colocalization occurring in the general cytoplasm rather
than within Rbodies Figures 415D and fr. Meanwhile, XRN4 colocalization with poly(A)
RNA rises to approximately 60%Figure 415E), with about half of this colocalization
occurring within Pbodies(Figure4-15G).

Stage 3 Colocalization between poly(A) RNA and XRN4 in the cytoplasm rises to
approximately28%, marking an increase comparedtage 2 Figures 4131 and 415A), while
colocalization within Fbodies reaches around 20%igure 415B). The highest levels of
overlap remain concentrated irbBdies within the 0-3.2 um3 and 0.-D.3 um?3 volume ranges
(Figure 415C) . Ma n d e 5 fegealsatimat poly(8)i RNA colocalization with XRN4
throughout the cytoplasm increases to about 5Bigufe 415D), with roughly ©% of this
occurring within Pbodies Figure 415F). In contrast, XRN4 colocalization with poly(A) RNA
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remains relatively unchanged comparedstige 2 Figure 415E), although the proportion
occurring in Pbodies shows an increasBiqure 415G). These findings suggest that as
cytoplasmic poly(A) RNA leels gradually rise duringages 2 and 3, colocalization within P
bodies formed by XRN4 correspondingly increases.

Stage 4 Colocalization between poly(A) RNA and XRN4 in the cytoplasm rises to 35%,
matching the level observedstage 1 and exceeding tladtstages 2 and 3Hgures 413L and

4-15A). Approximately 40%olocalizatioroccurs within Pbodiesroughly twice the level seen

in stages 2 and @Figure 415B). Compared to all earlier stages, colocalization increases across
all P-body volume rangesyith the highest overlap observed in volumes ofDBum3, 1.26

pm3, and 0.40.3 um3, respectively. Notably, the 162um3volumeshows nearly four times the
colocalization seen in previous stages. Colocalization within the largaesdiBs (620 um3)

also emerges at this stage for the first tifigyre 415C), indicating a trend toward greater
colocalization in larger#odiesfrenst age 3 t o 4. Mander 6s anal ys
in the overall colocalization of poly(A) RNA with XRN4 in the cytoplastown to around 40%
compared tetage JFigure 415D). However, unlikestage 3, the majority of this colocalization

now ocairs within Rbodies Figure 415F). Meanwhile, XRN4 colocalization with poly(A)

RNA remains relatively consistent wittage 3 Figures 415E and @, althougharound 65%

now occurs within Fbodies an increase from earlier stages. These findings suggestabe

4 represents a pivotal phase for cytoplasmic mRNA turnover, where elevated concentrations of
both poly(A) RNA and XRN4 protein, coupled with their pronounced colocalization
particularly within RPbodies highlight active engagement in mRNA degriaoia

Stage 5 Colocalization between poly(A) RNA and XRN4 in the cytoplasm declines to 25%,
slightly below the level observed stage 3 Figures 4130 and 415A). Within P-bodies,
colocalization also decreases slightly to 38% comparetiate 4, though it remains nearly

twice as high as istage 3(Figure 415B). The 0.31.2 um?3 volume range continues to exhibit

the highest colocalization, despite a reduction fretege 4. In the 1B pm3 range,
colocalization drops modestly, while the28 pm?3 volume shows an increase relativetage

4 (Figure 415C).According to Mander 6s analysi s, pol vy
experiences a slight increase compareslage 4 Figure 415D). As in the previous stage, the

majority of this colochzation occurs within Fbodies rather than being dispersed throughout
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the cytoplasmKigure 415F). Conversely, XRN4 colocalization with poly(A) RNA shows a
slight decline compared &tages3 and4 (Figures 415E and F)These results suggest a shifting
pattern of interaction, wheralthough overall colocalization is reduced comparesticige 4, P
bodiescontinue to serve as the primary sites of interaction between XRN4 and poly(A) RNA.
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Figure 4-15. Statistical outcomes of thgoly(A) RNA and XRN4 colocalization in the cytoplasm and Fbodies.A

detailed description is provided in the te(&) Pearson's colocalization coefficient of poly (A) RNA ati@N4 in the

whole cytoplasm. B) Pearson's colocalization coefficient jpdly (A) RNA and XRN4 in P-bodies. C) Pearson's
colocalization coefficient opoly (A) RNA and XRN4 in different types of fhodies volume sizesDj Mander's
colocalization coefficient of poly (A) RNA wittlKkRN4 in the cytoplasm.E) Mander's colocalization coefficient ¢
XRN4 with poly (A) RNA in the cytoplasmHand G) Distribution of colocalization betweetRN4 and poly (A) RNA
in cytoplasm and fodies, based on Mander's colocalization coefficient. The vaheeshawn as means + standa
errors of the mean (SEMsBased on Tukey's HSD test, the same letters indicate no significant difference (p >
while different | etters indicate significant diff

4.6 Comparison across all Jproteins

- Part 1: Intensity, number, and volume of Rbodies(Figures 42 DCP5, 4-5LSM4, 4-8
DCP2, 4-11EDC4, 4-14 XRN4, panels A H)

Panel A, poly(A) intensitycytoplasm vs fhodies)

Across all proteins, cytoplasmic poly(A) follows the same pattern: low in St. 1, rising in St. 2,
peaking instages3-4, and declining irstages. The share of poly(A) located specifically in P
bodies increases in the lagtages3-4, most clearly for DCP, EDC4, DCP5and XRN4 with
thehighest instage4. While for LSM4 highesis in stage3. (Sup. B)

Panel B Protein intensity (cytoplasm vs-Bodies)

DCP5 peaks istages3-4 and falls instageb, with most signal in #odies throughout. LSM4
also peaks istages3-4 and drops istageb; about half of its signal is in-Bodies. DCP2 rises
to a maximum irstagest and decreases slightlystages (remaining abovstagesl-3); its P
body fraction increases over time. EDC4 is highsitages3-5, peaking instage3, with more
than half of its signal in4Bodies. XRN4 is low istagesl-3, shows a pronounced pealstage
4, and declines irstage5 (still elevated compared witktagesl-3); the Pbody share is

especially large istagest-5. (Sup. 1b)

Panel C, poly(AYistributionwithin P-bodiesby volume classes

poly(A) RNA is predominantly concentrated in small 0.8 um?3) and nal-sized (0.31.2 um3)
P-bodies. However, in stages™4 particularly for DCP2, EDC4, and XRN4, a notable shift
occurs toward larger-Bodies (1.26 pm?3)(Sup. 1c).

Panel D, Protein distribution withintBodies by volume clags

For DCP5, stage 1 exhibits relatively higher signal intensity in largevdies (12-6 pums),

which shifts toward smaller (0:Q.3 um3) and mediursized (0.31.2 um?3) classes during stages
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2-4, followed by a partial return to larger volumes at stage 5. LSM4 is mainly localized in small
to mid-sized Pbodies, with largestructures appearing transiently at stage 3 and disappearing
by stage 5. DCP2 and EDC4 display a gradual transition from small to an increased presence in
mid-sized and large -Bodies (1.6 um?) during stages-3. For XRN4, stages-3 are
dominated by sniband midsized Pbodies, whereas stage®4how a stronger representation

of the larger class (1-@ pm3) (Sup. 1d).

Panel EMean number of podies per cell

DCP5 and LSM4 exhibit a peak irld®dy number around stagest 3followed by a decline.
DCP2 ad EDC4 show a steady increase, reaching a peak or plateau during shagésNv
peaks at stages4 then dropgSup. 1e).

Panel F, Mean number oflbddies per cell by volume class

Confirms Panel E: early stages are dominated by snaddies. During ges 34, both small
and midsized Pbody counts increase markedly. In stages, HDCP2, EDC4, and XRN4
maintain relatively higher numbers of largeb&dies, reflecting a developmental shift toward
larger structures (Sufpf).

Panel GMean volume otachP-body per cell

DCP5 shows the largest mean volume at stage 1, reaching its minimum at stage 3, followed by
a rebound in stages5tto levels comparable to stage 2. LSM4 exhibits the opposite pattern,
with the smallest mean volume &hge 1, a peak at stage 3, and a subsequent decline in stages
4-5 to approximately stage 2 levels. DCP2 and EDC4 both increase steadily, peaking at stage
4, with stage 5 values slightly lower but still above those of sta@esXRN4 demonstrates a
clear,continuous increase from stages 1 toffen peaking at stage dnd remains elevated at

stage Sup 19).

Panel HVolumetric contribution of Aody classes relative to totald®dy volume

P-bodies withmid-volumes of 0.3L.2 um?3 oftenpredominate(Figure 53B). In stages %,
particularly for DCP2, EDC4, and XRN4, there is a marked increase in the volumetric
contribution of larger fhodies (1.26 um3), indicating a shift toward the formation of more

voluminous structureSup 1h).
115



Part 1 collectively indicates:

Distinct temporal and spatial patterns are observed among the individual decapping and decay
proteins, reflecting differences in both timing anddely organization (size and number). DCP5

and LSM4 exhibit earliedynamics, with peaks in signal intensity antddtly number at stages

3-4, whereas DCP2, EDC4, and XRN4 peak later, at stafesS#e dynamics also vary: P
bodies associated with DCP5 are largest at the beginning of the cycle, LSM4 reaches its
maximum midcycle (stage 3), and DCP2, EDC4, and XRN4 show their larglestliés during

the later stages {8). The overall rise in mean-Body number andolume during stages-3
correlates with elevated cytoplasmic poly(A) levels, indicating that the decappirgnergc
modulates Fbody abundance and size in response to substrate availabiigge findings
support a model of sequential recruitment and activation of decay components, accompanied by
dynamic remodeling of #Bodies throughout the microsporocyte depehental cycle. The
observed timing aligns with the pattern of early peaks for DCP5 and LSM4 (stdyemna

later peaks for DCP2, EDC4, and XRN4 (stagés.4

- Part 2: Colocalization (Figures 43 DCP5 4-6 LSM4, 4-9 DCP2 4-12 EDC4 4-15 XRN4,
panels Al G)

Panel A, Pearsorolocalization(whole cytoplasm)

DCP5 and LSM4: low in stages2l peak in stage 3, maintained slightly lower in stage 4, and
decline in stage DCP2 and EDC4: very low in stage 1, rise in stag8s2&ak in stage 4 for
DCP2 andstage 5 for EDC4XRNA4: relatively high in stage 1 (likely becausepobcessing of
Al ef t ov er &omtpnevdonsscycle), grdp 9n stage 2, rise again to a Stage 4 peak,

moderate decline in staggSup 2a).

Panel B, Pearsorplocalization(P-bodies)

Trends mirror Panel A, DCP5, and LSM4: low in stag@s ieak in stage 3, maintained slightly
lower in stage 4, and decline in stage 5. DCP2 and EDC4: very low in sBagesé in stages
3-5, peak in stage 4 for both. XRN4:a#Vely high in stage 1, drop in stage8,2ise again to
astage 4 peak, moderate decline in stage 5.(3olp
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Panel CPearsortolocalization in Pbodies by volume classes

Mid-sized Pbodies (0.31.2 pm3) dominate colocalization for mgstoteins and stages. In
stagest-5, there is a shift toward largeri@dies (1.26 and 620 um3), particularly for DCP2,
EDC4, and XRN4 (Figure-3A).

Panel D, Mandersolocalization(fraction of poly(A) colocalizing with the protein)

The most important sie in these panels is to consider the intensity of poly(A) RNA. For
instance, panel D related to the LSM4hefirst and third stages shows approximately the same
percentage, while the poly (A) intensity in stage 1 is 5 times less than stage 3, wénnshtiee
colocalization in stage 3 is much higher tlastage 1 (It is morelearly showrin Figure 51,
colored hatched So based on this explanation, poly(A)/DCP5 and poly(A)/LSM4
colocalizatiorare highest in stag&-4, while poly(A)/DCP2 and poly(A)/EDCdolocalization
reach maxima in stages> andpoly(A)/XRN4 colocalizationshows highelevelsin stages 3

5. Of coursethe poly(A)XRN4 colocalizationis relatively high in stage éompared with the

next stagefikel y because of processi thgpreadusciiclee f t over ¢

Panel E, Mandersolocalization(fraction of the protein colocalizing with poly(A))

This panel eflectsthe degree ofproteinengagementandit also depends othe intensity of
each protein in the stagd3CP5/poly(A) and LSM4/poly(A) show the highest colocalization
in stages 3-4. DCP2/poly(A), EDC4/poly(A) and XRN4/poly(A) show the highest

colocalization in stage-8 (Sup 2e).

Panels F, Matterscolocalizationfraction of poly(A) colocalizing with the proteidistribution

of colocalization between-Bodies and cytoplasioutside Pbodies)

At each pr ot mlyApreteinsMandersdefimenicodldcalizationoccurs within P
bodies rather than diffusely the cytoplasm(Sup 2f). A relative exception is XRN4 in stage
3, where more overlap remains cytoplasmic (with low4dioRy levels) By stages 6, XRN4
clearly becomeB-body-centric(Figure 51, grayhatcted).

117



Panels5, Mandersolocalization(fraction of the protein colocalizing with poly(Adistribution

of colocalization between-Bodies and cytoplasioutside Pbodies)

Panel G illustrates the distribution of protein engagement with poly(A) vatidroutside of P
bodies, which also correlates with protein intensity across stages. For instance, panel G related
to the DCP5 in the first stage shows the highest colocalizatiorbods rather than outside

the Rbodies, and the lowest in stage 4. 8itlee DCP5 intensity in stage 1 is ~5 times less than

in stage 4, it means the DCP5 intensity signal engagemeriiadiBs in stage 4 is even higher
than in stage 1. Therefore, because of the distribution of DCP5 signal intensity, accompanied
by enhancegoly(A) toward the cytoplasm in later stages, the Mander's coefficient shows the
following patterns: For DCP5/poly(A), DCP2/poly(A), and EDC4/poly(A), the strongest
association occurs at stage 1 withibdlies, followed by a gradual decline in later stade
contrast, colocalization outsideld®dies increases over time. LSM4/poly(A) follows a similar
trend but with a milder decrease withiftbBdies. XRN4/poly(A), however, displays an opposite

pattern, showing progressively higher colocalization with @9lynside Rbodies at later stages
(Sup. 29).
Part 2 collectively indicates:

Colocalization data confirm a phase shift in poly#dtein interactions: DCP5/LSM4 peak
earlier stages 3, whereas DCP2/EDC4/XRN4 peak later stegeRodies are the main hs

of these interactions, especially at peak activity. Mdadeefficients imply that at peak phases
significant fractions of both the poly(A) pool and individual protein pools engage within P
bodies. High XRN4 colocalization in stage 1 may reflect msiog of residual mMRNAs from

the previous cycle. Overall, colocalization strongly supports a dynamic, sequential model of

MRNA degradation in #odies during larch microsporocyte development.

4.7 Triple localization of decapping proteins (DCP5, DCP2, EDC4and LSM4) and
degradation protein (XRN4)with poly(A) RNA

The next stepn this work focusedon the individual P-bodies andheir role in cytoplasmic
poly(A) RNA degradationand asked whether the decappingnd degradatiorproteins
colocalized withirthe Rbodies For this purpose, according to the obtained results from double

labeling of DCP5, LSM4, DCP2, EDC4 and XRN4 witbly(A) RNA, triple labeling of
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DCP5/DCP2oly(A), DCP2/EDC4/Poly(A), DCP5/LSM4doly(A) and DCP5/XRN4oly(A)
wereperformedto assesshe colocalization of these protemgthin P-bodies Several images
were captured frorthe differentstages, and interestinglhe colocalization othe mentioned
proteinswas observed within the-Bodies duringhesestageslt shoud be mentioned that the
DCP5 protein was considered as a main protein for triple colocalization with other proteins

because:

1- Unlike the otherukaryotesthe DCP5 protein is the unique decapping protein abhddy

marker in Plants.

2- Based on theesuts mentioned in double labelingnd also some previous stud{&4,73)
The DCPS5 activity isfunctionally earlier tharother proteingluring the decapping process.

4.7.1 DCP5 colocalizes withDCP2 (decapping catalytic subuni) within P-bodies during
diplotene prophase lof Larix deciduamicrosporocytes

Theresults below(Figure 416) show the colocalization of DCP5 with DCR& the two main
decapping proteingvithin the Rbodies inthe cytoplasm. The first 3 stages are given as a
representative. Interestingly, thely(A) RNA localization is als@bservednside the Fbodies

which refer to the ceprocessing of RNAs antiedecappingpr ot ei nds functi on.
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Stage 1

Stage 2

Stage 3

Poly(A)+DNA+DCPS
+DCP2

Poly(A) DCP5S DCP2

Figure 4-16. Co-localization of DCP5/DCP2poly(A) in microsporocytes during diplotene. Multiple
accumulations oDCP5 proteirs colocalized withDCP2 proteinsare visible (arrowheads). The righand panel
represents the magnification of the fragments efaytoplasm, which are marked with a square, arrowheads poil
to the Pbodies.CB Caj al body. Scale bar 10 & m.

4.7.2 DCP2 colocalizes with EDC4decappingenhancel) within P-bodies, during diplotene
prophase | of Larix Deciduamicrosporocytes

According to the result mentioned in double labeling of DE&Y(A) and EDC4poly(A),
which indicated that the distribution of both proteins during the 5 stali@s's a similar pattern
(Parts 4.3 and 4.4), and since EDC4 enhances atadytic activity of DCP2 during cell
developmen(94,95) therefore, the triple localization between DCP2/EGHAA) RNA was
done to survey in case of the colocalization of both proteins within-thedliés. Notably, the
outcomes confirmed the colottion of DCP2 and EDC4lhefirst 3 stages are given as a

representativen Figure 417.
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Stage 1

Stage 2

Stage 3

Poly(A)+DNA+DCP2
+EDC4

Poly(A) DCP2 EDC4

Figure 4-17. Co-localization of DCP2/EDC4holy(A) in microsporocytes during diplotene. Multiple
accumulations oDCP2 proteirs colocalized withEDC4 proteinsare visible (arrowheads). The righéand panel
represents the magnification of the fragments of the cytoplasm, which are marked with a square, arrowhead:
to the Pbodies.CB Caj a l body. Scale bar 10 &m.

4.7.3 DCP5 colocalizes with LSM4(deadenylation factor) in some, but not all, Rbodies
during diplotene prophase lof Larix deciduamicrosporocytes

The triple labeling of DCP5/LSM@bly(A) was proposed for analysis, as both proteins enhance
DCP2 recruitment for decappingthin P-bodies(73,98,122) The findings reveal that DCP5
and LSM4 colocalize in somelbbdies, but not all, suggesting that while LSM4 contributes to
deadenylation, it does not always fully colocalize with the decapping factor inbaltliEs
during cell developmeniThis implies that LSM4 iprobablynot consistently necessary for
decapping in Pbodies, or its role inPodies is transient, with LSM4 being released from P
bodies once its function is completie addition, in this investigation, all 5 stages were eatald

to check the Modies containing DCP5/LSMduring cell developmer{Figure 418).
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Stage 1

Stage 2

Stage 3

4.7.4 DCPS5 colocalizes with XRN4 (as a ¥' 3' exonucleolytic factor) within P-bodies

The triple localization of DCP5/XRNgoly(A) was performed as DCP5 an&RN4 proteins which
participate in the initial (decapping) and final (exonucleolytic degradation) stepsy & RNA
degradation, respectivelfhe results demonstrated that DCP5 and XRN4 colocalize withiodies
Figure 4.19ndicates to first 3 stages representative for DCP5/XRN4ly(A) colocalization.

Poly(A)+DNA+DCP5

Poly(A) XRN4 +XRN4

DCP5

Figure 4-19. Co-localization of DCP5/XRN4/poly(A) in microsporocytes during diplotene. Multiple
accumulations oDCP5 proteirs colocalized withXRN4 proteinsare visible (arrowheads). The righand panel
represents the magnification of the fragments of the cytoplasm, which are marked with a square, arr
pointing to the Pbodies. CBE Ca j a l body. Scale bar 10 &m.
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4.8 Negativeevidence for Stress granules (SGs)

To verify whether the studied-Bodies show the overlap with stress granules during cellular
development, analysis of the distributionagrotein involved in stress granule assembly was
performed, in colocalization Wi decapping proteing.he PAB2 wasised as stress granule
marker(70,197 199). No accumulations of the stress granule marker were notedadies,
suggesting the distinction of examineeb&dies and Stres&ranules for the investigated

samples at all stages of meiosid.arix decidua(Figure 420).

Poly(A)+DNA+DCP5

Poly(A) PABP2 +PABP2

DCPS5

DCP2

Figure 4-20. Showsno colocalizationof DCP5/DCP2 with stresgyranule marker. No colocalizatiorof PABP2
proteirs with DCP5 and DCP2 proteins visible (arrowheads). The rigitand panel represents the magnificati
of the fragments of the cytoplasm, which are maski¢d a square, arrowheads pointing to thledélies. CB Cajal
body. Scale bar 10 &m.

4.9 Microscopic analysis confirmedthe localized decapping proteins within isolated P-
bodies (Cytoplasmic Fractionation)

In order to furtheiinvestigateP-bodies in the cytoplasm, the cytoplasmic fractionasotution was
doublelabeled with DCP5/DCP2 ardCP5/XRN4 agepresentative proteins amgsually checked to
ensue the isolation of Bodies(Figure 421). The results show that these proteins are colocalized within

the isolated Podies.
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DCP5 Merge

DCP2

XRN4

Figure 4-21. Shows the Pbodies from cytoplasmic fractionation Multiple accumulations oDCP5DCP2
and DCP5/XRN4%roteirs colocalizationare visiblewithin thedifferent volumesizesof P-bodies(arrowheads).
Scale babe m.

4.10 Co-Immunoprecipitation analysis confirms the interaction of DCP5/DCP2/EDC4
proteins

The Western blot analysis was performedtentotalproteins to confirm the presence and specificity of
DCP5, DCP2, EDC4, LSM4, and XRN¥htibodies This step was critical to validate their localization,

as previoushobserved via confocal microscopy, and to ensure the reliability of subsequent interaction
studies (Figure 422) (Sup 3 and4, refer to the whole blot and experimeapetitionof WB). Since we

have already observed the colocalization of DCP5/DCP2, DEARBAL..and DCP5/XRN4thereforeto
determine whether these proteins interact directhgrenunoprecipitation was carried out usanganti

DCP5 antibody on the protein isolated in cytoplasmic fractionation-b@lies) The co
immunoprecipitation assay reved that DCP5 protein successfully precipitated with DCP2 and EDC4,
providing evidence of a direct physical interaction between the DCP5/DCP2 and DCP5/EDC4 proteins
in the Rbodies Figure 422). These findings align well with the confocal microscopy datsre the
colocalization of DCP5/DCP2 and DCP2/ED@4s visually observedand ceimmunoprecipitation
results demonstrate that DCP5 interacts with both DCP2 and Edb@dgestinghat all three proteins
could be part of the same complex or compartmerthdusupporting the hypothesis of their functional

relationship within Fbodies.
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On the other hand, despite the DCP5/LSM4 and DCP5/XRN4 colocalization observed via confocal
microscopy, cammunoprecipitation experiments revealed no dirgbysical interaction between
DCP3ILSM4 andDCP5XRN4. This lack of interaction more likely indicates that their presence in the
P-bodies does not involve direct bindifighas also been reported ir7 8 part related to DCP5/LSM4)
P-bodies serve as hulier RNA metabolism, where proteins like DCP5, LSM4, and XRN4 may
transiently associate to perform coordinated functions during cell development without forming stable
proteinprotein complexes. The colocalization of DCP5 with LSM4 and XRN4 likely refkbetis

spatial proximity within Pbodies rather than direct physical contact (Which is also confirmed by the
"string-db.org",Figure5-2). It is plausible that these proteins are part of larger, multiprotein assemblies
or that their interactions are metdid indirectly through RNA molecules or otheb®&dy components.

This model aligns with the observed variability in LSM4 colocalization and the-spegific patterns

of DCP5 and XRN4, highlighting the flexibilifycomplexity, and heterogeneitgf RNA degadation

machinery within Fbodies during cell development.
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Figure 4-22. Immunoblots related to the Western blot and Co-immunoprecipitation. A) Validation of
the cytoplasmic fractionatiorfior the co-immunoprecipitationmethod (CP-ColP). Cropped Blot of
identification of histone H3 in the total protein by Western blot, and no detection signal in the cytop
fractionfor co-immunoprecipitationB) Identification of DCP5 proteirC) Identification of DCR protén.
D) Identification of EDC4 (VCS)protein.E) Identification ofLSM4 protein.F) Identification of XRN4
protein.TP; Total proteinL ; Ladder kDaB; Blank.G) Cropped blot related to tle®-immunoprecipitation
of DCP5 with DCP2, EDC4, LSK and XRN4.(Whole Blot in Sup 3) CP; refer to the Cytoplasmic
fractionation proteinlP-DCP5; refer to the sample after immunoprecipitation udd@P5 antibod;. H)
Microscopic confirmation tensure the presence ebBdies and beads in the immunoprecipitatidnother
example in Supb). Blue arrow: refer to theDynabeadsGreen arrow: refer to theRNA enrichmertP-
bodies Control also shows neNA enrichmentP-bodies(Sc al e b)ar 10 & m



4.11 RNA analysis shows the different kinds of transcripts precipitated with decapping
proteins

The total isolated RNA was analysed by the bioanalyzer. The analysis confirmed the typical
electrophoretic distribution for total RNA, with two intensands corresponding to 18S and
28S rRNA in the appropriate proportion (RNA integrity index (RIN)309Figure 423 marked

Input). The MRNA isolated from total RNA was also analyzed by bioanalyzer, and in the lane
corresponding to mMRNA, a ndromogeneoupool of RNA of different lengths was observed,
ranging from 25 to 4000 nt (Figure24t marked mRNA)In the lane corresponding to RNA
after immunoprecipitation, which was marked by LSRWP, DCP5RIP, DCP2RIP, and
EDC4RIP, the norFhomogeneous pool of RN&f different lengths was also observed, ranging
from 25 to4000 nt Figure 423). No signal was recorded in the control sample related to the
RIP with no antibodies. After qualitative and quantitative analysis, the obtained RNA was used

as a template for the synthesis ddublestrandedcDNA libraries for sequencing with a

commercidy available kit NEBNext E Ul traE || Directional
lllumina®.
S 2 2 8 g
« = 5 o=F = =
o 2 = \ o =
= = =P =P
g 2 ~ £ 2 0 § 8
o = E U <2 A A m@m
4000 nt
—
2000 nt
1000 nt
500 nt
200 nt —
25 nt
———

Figure 4-23. Qualitative analysis of RNA Input refers to the total isolated RNA. mRNA refers to
polyadenylated (poly(A)) mRNA isolated from total RN8ontrol-IP refers to control of RIP reactior
without antibodiesLSM4-RIP, DCP5-RIP, DCP2-RIP, and EDC4-RIP; refer to the RIP reaction witt
each antibody of interest.
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4.11.1 Clusteringand comparative analysis of differentially enriched transcripts in RIR
Seq data

ThreeBiological replicates within each condition (Control, DCP2, DCP5, EDC4, and LSM4)
clustered closely together, demonstrating high reproducibilitgansistency among replicates
(Figure 4-24A). Control samples formed a distinct cluster, whereas IP samples were clearly
separated, indicating distinct transcript enrichment profiles associated with each decapping
component. The heatmap also revealed parerlap among certain IP conditions, suggesting
that some RNA targets may be bound by multiple proteins within the decapping machinery.
Principal Component Analysis (PCA) of rkagansformed expression counts supported these
clustering resultsHigure4-24B). The first two principal components explained 31% and 17%

of the total variance, respectively. Replicates from each antibody were tightly grouped, while a
clear separation between control and IP samples was observed along PC1. This pattern
highlights the robustness of the data and confirms that biological variability among IP
conditions reflects true differences in RNA association profiles rather than technical noise. To
further investigate shared and conditgpecific transcript enrichment, a Venragliam was
generated using genes with adjustadifues < 0.05 identified by DESedZdure4-24C). Each

IP condition (DCP2, DCP5, EDC4, and LSM4) exhibited a distinct set of significantly enriched
transcripts, with varying degrees of overlap. Overall,dhvesults demonstrate both shared and

specific RNA protein interaction patterns among the analysed decapping complex components.

It is worth noting that XRN4 was not included in the REY| experiments due to its intrinsic
rol e as a 5 NjY3 Natayxes thadedradation ef decapprtiRNAS, leading to the
accumulation of highly fragmented and sHoréd RNA moleculeg127,200,201)As a result,

the RNA species bound to XRN4 are often unstable and may be lost during the
immunoprecipitation or library preparation steps, making them unsuitable for reliable

sequencing.

In addition, XRN4 participates not only in the canonical decapgemendent RNA decay
pathway but also in several decappindependent degradation routescluding ce
translational decay, nonsensediated decay (NMD), and miRN#ediated deca202 204).

Therefore, the RNA population associated with XRN4 could reflect a mixture of transcripts
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unrelated to the DCP2, DCP5, EDC4, and LSM4 complex. This woaidplicate the
interpretation of RIFseq data and obscure the specific interactions related to dedapping
mediated mMRNA turnover. For these reasons, we restricted theelgIBxperiments to DCP2,
DCP5, EDC4, and LSM4, whose RNA associations are more statlspecifically linked to

the early decapping steps. This approach ensured greater reproducibility and biological

relevance of the sequencing results.

Figure 4-24. RIP-seq analysis A) Heatmap showing the top 500 most variable transcripts across all samples aft
transformation (DESeq?2). Rows represent transcripts and columns represent biological replicates of each condition
DCP2, DCP5, EDC4, and LSM4). Color intensityresponds to relative expression levels. Hierarchical clustering indic
strong grouping of replicates and clear separation between contrd? aathplesB) PCA plot based on rletransformed
expression counts. Each point represents one biologicatatplirom Control or IP antibodies (DCP2, DCP5, EDC4, :
LSM4). PC1 and PC2 explain 31% and 17% of the total variance, respectively, showing tight clustering of replicates
separation between experimental gro@svenn diagram showing the ovep of significantly enriched transcrip®-Yalue
< 0.05) among IP samples (DCP2, DCP5, EDC4, abil4). Overlapping regions indicate transcripts significantly enrict
in more than one IP condition, while unique regions represent congjtiecific enriciment 129






























































































































