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Abbrevations
aa — amino-acids

Araportll — Arabidopsis Information Portal complete reannotation of the Arabidopsis thaliana
reference genome

AS — alternative splicing

At-Iso — Arabidopsis thaliana PacBio Iso-seq transcriptome assembly
AtRTD?2 — Arabidopsis thaliana Reference Transcript Dataset 2
AtRTD3 — Arabidopsis thaliana Reference Transcript Dataset 3
BACK - BTB and C-terminal KELCH protein domain

bHLH — basic helix-loop-helix

bp — base pairs

BPM, AtBPM — Arabidopsis thaliana BTB/POZ-MATH proteins

BTB/POZ — Broad-complex, Tramtrack, and Bric-a-brac/Pox virus and Zinc finger protein
domain

CD — conserved domain database

cDNA — complementary DNA

CRL3 — CUL3 based RING E3 ligases

Ct —threshold cycles

CUL3 - CULLIN 3

dNTP — deoxyribonucleotide triphosphate

ET — elongation time

gDNA — genomic DNA

HsSPOP — Homo sapiens SPOP

Iso-Seq — Isoform sequencing, RNA sequencing of contiguous, full-length transcripts
mapg — mapping quality

MATH — meprin and TRAF homology protein domain
MRNA — messenger RNA

msa — multiple sequence aligment

NLS — nuclear localization signal



NMD — nonsense-mediated decay

NTC — no-template control

ORF — open reading frame

PCR — polymerase chain reaction

Pfam — protein family database

PTC — premature termination codon

PUX7 — plant UBX domain-containing protein 7
gPCR — quantitative polymerase chain reaction

R2R3 MYB — R2 and R3 domain-containing myeloblastosis transcription factors
RING — REALLY INTERESTING NEW GENE
RPKM - reads per kilobase per million mapped reads
RT — reverse transcription

SPOP — Speckle-type POZ protein

Ta — annealing temperature

TAIR — The Arabidopsis Information Resource, a database of genetic and molecular biology data
for Arabidopsis thaliana

TaMAB — Triticum aestivum MATH-BTB proteins
TES — transcription end site

Tm — melting temperature

TPM — transcripts per kilobase million mapped reads
TSS — transcription start site

UTR — untranslated region

ZMmMAB - Zea mays MATH-BTB proteins



1. Introduction

The MATH-BTB protein family is a large group of proteins widely distributed among
eukaryotes. The proteins contains the N-terminal MATH domain and the C-terminal domain of
BTB/POZ with a zinc finger motif (Weber et al., 2005) although there are cases where the positions
of these two domains are exchanged or they appear as multiple copies (Zapata et al., 2007). These
two domains are found in many proteins of the MATH and BTB protein superfamilies,
respectively. Each domain is capable of associating with a diverse set of other proteins. The studied
mechanism of function of MATH-BTB proteins is their participation in proteasomal degradation
where they act as target specificity module of E3 ubiquitin ligase complexes — CULLIN 3
(CUL3)-based REALLY INTERESTING NEW GENE (RING) E3 ligases or CRL3 (Gingerich et
al., 2007; Pintard et al., 2003). In this mechanism, the BTB domain binds a CUL3 scaffold protein,
while the N-terminal MATH domain targets a highly diverse collection of substrate proteins for
proteasomal degradation, mediating a number of diverse developmental processes in plants. In a
number of MATH-BTB proteins there is also a (BTB and C-terminal KELCH)-AtBPM-like or
BACK domain (Jagi¢ et al., 2022) mainly considered to play a role in orientation of targeted
substrates (Stogios et al., 2005). At the very C-terminal end of some Arabidopsis MATH-BTBs,
there is a nuclear localization signal sufficient to drive a protein into the nucleus and nucleolus

(Leljak Levanic et al.2012).

1.1. Protein family MATH-BTB

Phylogenetic analysis of MATH-BTB families in different plant species points to a
significant expansion in the number of MATH-BTB encoding genes in grass species. While
Arabidopsis genome contains only six MATH-BTB genes (designated as BPM-6; Weber et al.,
2005; Weber and Hellmann, 2009), maize genome contains 31 genes (Juranic¢ et al., 2012), wheat
46 genes (Bauer et al., 2019) and rice MATH-BTB gene family has 74 members (Gingerich et al.,
2007). Despite that, only a few plant MATH-BTB proteins have been characterized functionally.
These are Arabidopsis BPM proteins (Jagic et al., 2022 and references cited therein), maize
ZmMABI1 (Jurani¢ et al., 2012) and wheat TaMAB2 (Bauer et al., 2019). These analysis shows
that MATH-BTB proteins participate in diverse physiological mechanisms. ZmMABI participates

in regulation of cell division by targeting a cytoskeletal protein katanin (Jurani¢ et al., 2012),
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TaMAB2 potentially targets eukaryotic translation initiation factors elF3 and elF4 (Bauer et al.,
2019), while Arabidopsis BPM proteins modulate the proteasomal turnover of transcription factors
including Apetala2/ethylene responsive, class I homeobox-leucine zipper, R2ZR3 MYB and bHLH
family, as well as protein phosphatases type 2C (cited in Jagi¢ et al., 2022). Recently, the BPM1
protein has been shown to interact with components of RNA-directed DNA methylation machinery
(Jagi¢ et al., 2022). Some of these functions are mediated by a CUL3-dependent and some by a
CUL3-independent mechanism, which is determined by the roles of individual protein domains in
a specific process. Therefore, the function of each domain needs to be studied separately, but also

as part of the function of the whole protein.

The MATH domain is a conserved domain positioned closer to the N-terminal end of the
BPM protein (Fig. 1). It consists of approximately 180 amino acids. The name MATH comes from
the homology with the C-terminal end of the proteins meprin A and B. Meprins are extracellular
metalloproteases that have a high homology of the C-terminal end with the TRAF-C domain of
TRAF proteins. The TRAF-C domain consists of a high proportion of B-pleated sheets and it is
often called MATH due to its similar composition (Marin, 2015). As part of the MATH-BTB
proteins, the MATH domain participates in the recognition and positioning of the substrate for
ubiqiutination (Pintard et al., 2003). In addition to the fact that this domain is present in plants, it
also occurs in proteins of protozoa and unicellular fungi as well as in iridoviruses, but it has not

been detected in any prokaryote (Zapata et al., 2007).

The BTB/POZ domain is a conserved domain located closer to the C-terminal end of the
MATH-BTB proteins. It was identified for the first time in Drosophila melanogaster as a "bric a
brac, tramtrack and broad" motif of transcription factors, as well as in numerous poxvirus proteins
from where it gets the name BTB/POZ (eng. Pox virus and Zinc finger) (Zollman et al., 1994).
Proteins that have a BTB/POZ domain are divided into several families, the two most important
being the BTB/POZ and MATH-BTB/POZ families. The BTB/POZ family in general has a role as
a substrate-specific adaptor of the CUL3 E3 complex (Pintard et al., 2003). In addition to a role in
the ubiquitin-dependent protein degradation pathway, the BTB/POZ domain also acts on
transcriptional repression (Ziegelbauer et al., 2001), cytoskeleton regulation (Ziegelbauer et al.,
2001), tetramerization, and closing of ion channels (Minor et al., 2000). Generally, BTB/POZ
proteins are classified into two groups, namely those that participate in protein-protein interactions

and those that regulate transcription by binding to the DNA molecule. Evolutionarily, the
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BTB/POZ domain does not occur in archaebacteria or bacteria except in the Candidatus
protochlamidya species, which is considered to be the origin of this domain, which arose after the

separation of eukaryotes (Horn et al., 2004).

Based on complementarity with the human SPOP protein, BACK (BTB AND C-
TERMINAL KELCH)-AtBPM-like domain lies after BTB domain (Fig. 1). For example, in
BPMI, an Arabidopsis MATH-BTB protein, the BTB and BACK domains are separated by one
glycine at position 311. In BPM2 there is no space between the BTB and BACK domains, with a
cysteine at position 308 even being attributed to both domains (Fig. 1). Although the BACK
domain is frequently present in plant MATH-BTB proteins it has not yet been functionally
characterized (Jagi¢ et al., 2022). According to the sequence alignment of the human protein SPOP
and BPM1, the sequence similarity is only 27%, but crucial amino acids are conserved (MiSkec
2019). The role of the BACK domain is coupled with the role of BTB domain and BACK itself
enhances the interaction of the MATH-BTB protein with CUL3. Bioinformatics research suggests
that all MATH-BTB/POZ proteins that do not have a BACK domain, are not CUL3 adaptors
(Zhuang et al., 2009).

1 50 100 150 200 250 300 350 406

Putative substrate binding zite § Y

BTE_P0Z_BPH_p lant.

| MATH superfamily BTB_P0Z superfamily

BACK superfamily

Figure 1. Representation of the conserved domains of the BPM2 protein. The MATH domain is shown in
green, the BTB domain in red, and the BACK domain in purple. Source: https://www.ncbi.nlm.nih.gov/.

On the basis of the above, it is clear that the develpmental function of MATH-BTB proteins
is mediated by the structure, presence and completeness of domains, but also by presence/absence
of other functional sequences such as NLS within proteins (Leljak Levani¢ et al., 2012) and these

characteristics together determine the specificity of protein functions.

1.2. Phylogenetic analysis of the MATH-BTB family

Phylogenetic analysis of grasses MATH-BTB/POZ proteins shows a branching of clades,

showing two dominant groups, a core one common to most of the plant species including grasses


https://www.ncbi.nlm.nih.gov/

and Arabidopsis, and a larger extended and grass-specific group (Fig. 2; Jurani¢ and Dresselhaus,
2014). The functional need for a grass-specific expansion of the MATH-BTB family is not at all
understood. MATH-BTB genes of the core clade are mainly conserved (60 to 84% amino acid
identity with almost no gaps in a sequence alignment) and ubiquitously expressed (Weber and
Hellmann, 2009; Lechner et al., 2011) indicating that these genes might be associated with crucial
developmental processes. In contrast, the grass-specific and larger clade shows more extended gaps
and its members are less homologous to each other (Jurani¢ and Dresselhaus, 2014). Two
functionally characterized members of the expanded clade (Jurani€ et al., 2012, Bauer et al., 2019)
show that these genes also control fundamental developmental mechanisms, however their
expressions are tightly controlled during development and thus involved in more specific
developmental processes. Since expanded clade members have not been identified in Arabidopsis
and other dicots, it would be interesting to find out how Arabidopsis and other dicots compensate
for the small number of MATH-BTB genes and increase the variety of their functions. One possible
answer is alternative splicing, as it was shown that a smaller number of MATH-BTB genes
correlates with a greater number of splice variants. For instance, the human MATH-BTB gene
SPOP was reported to generate 23 functional splice variants likely resulting in proteins with

different activities and targets (Jurani¢ and Dresselhaus, 2014).



SbMBTB2
Oﬁm TB5

B maize (Zm)

W Sorghum (Sb)

M rice (Os)

M Brachypodium (Bd)
B banana (Ma)

B Physcomitrella (Pp)
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Figure 2. Phylogentic tree of genes encoding MATH-BTB proteins from 9 representative plant species.
Analysis is done with Seaview v.4.3.4. Genes are color-coded by species (legend). Core clade MATH-BTB
genes form a separate clade. Grass-specific expanded clade forms five subclades (E1 to ES). The number
after decimal point for designated gene presents a splicing variant used for phylogenetic analysis. The bar
of 0.5 is a branch length, which represents nucleotide substitutions per site. Source: Jurani¢ and Dresselhaus

(2014).



1.3. Alternative splicing

In addition to the transcriptional control of gene expression, other less studied regulatory
mechanisms including alternative splicing (AS) are essential. Alternative splicing is a mechanism
that increases the complexity of gene expression by impacting production of mature mRNA from
the primary mRNA transcript (precursor mRNA). Alternative splicing is a key mechanism for
expanding proteome diversity, providing a greater number of proteins with more diverse functions
being transcribed from a limited number of genes. The four major types of AS include exon
skipping, intron retention, and alternative splice donor and acceptor choices, all of which have been
observed in all eukaryots (Grau-Bové et al., 2018). Additionally, by disrupting the main open
reading frame (ORF) of a gene, AS can effectively lead to downregulation of its expression, either
by creating a truncated protein (Lewis et al., 2003) or by producing a mature mRNA that is
degraded in the nonsense-mediated decay (NMD) pathway. NMD is a cytoplasmic pathway that is
triggered by certain transcript features, most commonly unusually long 3’-UTRs and premature
termination codons (PTC) with downstream splice junctions. There are also a number of transcripts
with NMD features that aren’t degraded by NMD. Namely, in plants, transcripts with NMD
features caused by intron retention tend to avoid degradation by remaining within the nucleus
(Kalyna et al., 2012; Gohring et al., 2014).

AS in general is a mechanisms of differential processing of introns and exons in pre-
MRNAs to produce multiple mature transcript isoforms from one gene and is the most important
contributor to transcriptome diversification in both plants and animals (Irimia and Blencowe, 2012;
Reddy et al., 2013; Staiger and Brown, 2013). Regulation of alternative splicing is a complex
process which demands highly effective synchronisation of transcription and splicing (Wang et al.,
2015). AS plays an important role in cellular differentiation and organism development. In
mammals, the biological importance of AS is relatively well understood. A large number of human
diseases are caused by a dysregulation of AS and production of wrong gene splice variants (Scotti
et al., 2016). Significant activation of AS is connected with reproductive development in mice.
Zhang et al. (2024) showed that the accurate expression of appropriate isoforms is essential for
transition from totipotency to pluripotency, for proper embryonic development and for transition
from pattern control of development to embryogenic control via zygotic genome activation. The

authors show that embryos exposed to splicing-disrupting drugs were arrested at the 2-cell stage.



During the early human embryonic development, AS activity is also shown as vigorous even in the
direction of disruption of open reading frames in some transcripts, resulting in their expression
termination suggesting that some genes are specifically silenced during the zygotic genome
activation process in mice embryos by an AS-dependent mechanism. (Torre et al., 2023).

Understanding the functional consequences of alternative splicing events has not been
sufficiently explored in plants. Most studies in plants have concentrated on the splicing events
themselves while the impact of alternative splicing on plant development and physiology has often
been neglected.

Comparative analysis of AS in three major animal models, Caenorhabditis elegans,
Drosophila melanogaster, and Homo sapiens with Arabidopsis thaliana shows the highest fraction
of alternatively spliced genes in humans, followed by A. thaliana and D. melanogaster with
comparable AS levels, which are significantly higher than AS in C. elegans. In Arabidopsis, AS is
found as a mechanism dominantly involved in stress responses and to a lesser extend in

development or tissue determination (Martin et al., 2021).

To date, specific splicing events in BPM genes, or other plant MATH-BTB genes, have not
been investigated in relation to development. However, the importance of alternative splicing is
evident in Arabidopsis, where 6 BPM genes encode at least 16 BPM proteins (Skiljaica, 2022).
According to TAIR (Berardini et al., 2015), the stress-related BPM2 gene encodes five splice
variants, which code for proteins that significantly differ in amino acid content, sequence length
and domain content. The five known BPM2 splice variants are highly similar in their untranslated
regions and the 1% and 2" exon. The significant differences appear in the 3" and 4" exon (Skiljaica,
2022). According to sequences retrieved from the Ensembl Plants database, the BPM2.1-2.5 splice
variants encode 406, 295, 301, 298 and 355 aa-long proteins, respectively. All splice variants
encode an identical MATH domain (134 aa) at the N-terminal end of the protein. However, only
protein isoforms BPM2.1 and BPM2.5 contain a putative BTB domain (121 aa) and a BACK
domain (64 and 35 aa, respectively). Isoforms BPM2.2, BPM2.3 and BPM2.4 contain a truncated
BTB domain (59, 70 and 70 aa, respectively), recognized as part of a BTB domain in both the Pfam
and CD database. In all three protein variants, the truncated BTB sequence is followed by a 49, 44

and 41 aa-long stretch, respectively, which is not recognized as part of either BTB or BACK



domain in the Pfam or CD database. Moreover, preliminary results indicate the existence of
additional BPM2 gene splice variants (Pali, 2020).

1.4. Arabidopsis transcriptome dataset AtRTD3

Arabidopsis thaliana Reference Transcript Dataset 3 (AtRTD3) is currently the most
comprehensive Arabidopsis transcriptome, containing twice as many transcripts as the previously
best Arabidopsis transcriptome, Arabidopsis thaliana Reference Transcript Dataset 2 (AtRTD2;
Zhang et al., 2017). The increased number of transcripts mainly comes from novel isoforms
produced by AS events and transcription start site (TSS) and transcription end site (TES) variation.
Using Pacific Biosciences single-molecule long-read sequencing (PacBio Iso-seq) and novel
sequencing analysis methods enabled the identification of these novel isoforms with more
accurately defined splice junctions, TSS and TES. AtRTD3 consists of transcripts obtained by
PacBio Iso-seq (At-l1so, 77.9%) and transcripts from previous short-read assemblies, AtRTD2
(14.7%) and Araport 11 (Cheng et al., 2017; 7.4%). Transcripts were taken from previous

assemblies if they had splice junctions or loci not present in At-Iso (Zhang et al., 2022).

At-1so includes transcripts from different Arabidopsis Col-0 tissues, developmental stages,
plants exposed to abiotic stress conditions, infected with different pathogens, as well as RNA
degradation mutants. However, a lot of the different samples were pooled before library
construction, preventing the reads from being assigned to a specific developmental stage. There
was also no sample of leaves, neither from the rosette nor from the stem, of plants that were grown

in control conditions (Zhang et al., 2022).



2. Research aims

The first aim of the thesis is to characterize alternative splicing variants of BPM2 gene
transcripts based on data obtained by sequencing complete mRNASs in Arabidopsis thaliana
(AtRTD3, Zhang et al., 2022), and to identify novel isoforms that are not described in the publicly
available TAIR database. By mapping long reads obtained by Zhang et al. (2022) to the AtRTD3
transcriptome, it will be determined which of the BPM2 transcripts appear in plants exposed to

temperature stress (heat or cold).

After the identification of novel splicing variants, the representation of several novel
isoforms will be analyzed in different tissues of Arabidopsis thaliana, with a special focus on
tissues that appear during developmental transitions and global reprogramming of the

transcriptome with the aim to identify the presence of specific variants in particular tissues, in vivo.

The third aim is the evaluation whether the BPM2 gene encodes additional novel splice
variants whose presence was not observed up to now in any available dataset including the most
comprehensive AtRTD3. This will be based on the results of the splicing variant expression

analysis and detection of theoretically unexpected amplicons.



3. Materials and methods

3.1. Bioinformatics

3.1.1. Transcript data

| used the R statistical programming language (version 4.3.3; R Core Team, 2023) for data
analysis. | imported the AtRTD3 transcriptome (Zhang et al., 2022) GTF and BED files using the
package rtracklayer (version 1.64.0; Lawrence et al., 2009), while the FASTA file was imported
using the readDNAStringSet function from the Biostrings package (version 2.70.1; Pages et al.,
2017). | filtered these data objects to contain only the transcripts of the BPM2 gene, specifically
those labeled with the identifier "AT3G06190" from the TAIR database. Also, | imported Table S9
from Zhang et al. (2022), which contains information on transcript coding potential, characteristics

and translations.

| identified transcript isoforms for all BPM genes in the AtRTD3 dataset by searching for
their corresponding TAIR identifiers: AT5G19000 for BPM1, AT3G06190 for BPM2,
AT2G39760 for BPM3, AT3G03740 for BPM4, AT5G21010 for BPM5 and AT3G43700 for
BPMG.

3.1.2. Characterization of BPM2 splice variants

In the text of this thesis, each BPM2 transcript isoform is referred to as “BPM2” followed
by a period and the variant number from AtRTD3. From the transcript sequences, | determined the
length, GC content and individual nucleotide content of each of the 16 transcripts of BPM2 using
the package Biostrings (version 2.70.1; Pages et al., 2017). | calculated the number of exons in
each transcript from the GTF file. Using the Wilcoxon rank sum test, | examined these
characteristics differ significantly with transcript coding potential (coding versus non-coding).
Using the R package msa (version 1.36.0; Bodenhofer et al., 2015), | performed multiple alignment
with the ClustalW algorithm on the BPM2 transcript isoforms and the gDNA sequence of BPM2.
I manually fixed certain alignment errors based on exon coordinates. | created an identity distance
matrix of these alignments using the package seqinr (version 4.2-36; Charif and Lobry, 2007). The
identity distance matrix contained squared roots of the pairwise distances. Using neighbor-joining
(NJ) method within the package ape (version 5.8; Paradis and Schliep, 2019), | clustered the
transcripts and the gDNA based on the identity distance matrix. To determine which BPM2
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transcripts correspond to those in the TAIR database, | repeated the described multiple alignment
and clustering procedure after adding BPM2 transcript sequences from TAIR to the multiple
alignment. | also added the known part of the sequence of the new transcript isoform identified by
Pali (2020) to this analysis.

3.1.3. Characterization of BPM2 splice variant translation products

Using the amino-acid sequences from Table S9, | determined the length of translation
products (BPM2 protein isoforms) and compared them between coding and unproductive
transcripts using the Wilcoxon rank sum test. The names used for the proteins in the rest of the text
denote their lengths in amino acids. Using the R package msa (version 1.36.0; Bodenhofer et al.,
2015), | performed multiple alignment with the Muscle algorithm on the BPM2 protein isoforms.
I manually adjusted the alignment for the bpm2_295 protein (encoded by BPM2.8) because of poor
alignments achieved by available algorithms. | created an identity distance matrix and a similarity
distance matrix based on the Fitch matrix of mutational distance (Fitch, 1966) with squared roots
of the pairwise distances using the package seqinr (version 4.2-36; Charif and Lobry, 2007). I
clustered the proteins based on the identity distance matrix using the NJ method within the package
ape (version 5.8; Paradis and Schliep, 2019). Based on the identity distance matrix, | determined
which transcripts code for identical proteins. | searched for conserved domains in BPM2 protein
isoforms using the online tool Batch CD-Search (Wang et al., 2023; Marchler-Bauer et al., 2011,
Marchler-Bauer and Bryant, 2004).

3.1.4. Transcriptome mapping

| downloaded reads from the RNA-seq libraries created by Zhang et al. (2022; study
accession PRINA755474) that were related to temperature stress (sample accessions:
SRR23291381, SRR23291382, SRR23291390, SRR23291398 and SRR23291399).
Characteristics of the libraries related to temperature stress are listed in Table 1. | performed a
quality check using the tool FastQC (Galaxy Version 0.74+galaxy0) within the web platform
Galaxy (The Galaxy Community, 2024) and, based on the results, trimmed the first 100 bases from
the 5’-end with FASTQ Trimmer (Galaxy Version 1.1.5).
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Table 1. Characteristics of RNA-seq libraries related to temperature stress (cold and heat).

library condition Age tissue library type
SRR23291381 Cold 5-week-old plants Rosettes from different Telo2
exposures - pooled
SRR23291382 Cold 5-week-old plants Rosettes from different Clontech
exposures - pooled
SRR23291390 Cold 5-week-old plants Rosettes from different Telo
exposures - pooled
SRR23291398 Heat 5-week-old plants; Different temperatures and = Telo2
seedlings exposures - pooled
SRR23291399 Heat 5-week-old plants; = Different temperatures and = Telo
seedlings exposures - pooled

| mapped the trimmed reads to the AtRTD3 transcriptome (Zhang et al., 2022) using
Minimap2 (Li, 2018; Galaxy Version 2.26+galaxy0) with the preset PacBio/Oxford Nanopore read
to reference mapping (-Hk19) (map-pb), K-mer size = 16 and disabled spliced alignment. This
mapping is referred to as k16 in the rest of the thesis. To obtain a more specific mapping, |
performed another mapping with reads that only had 75 bases trimmed from the 5’-end, with
increased K-mer size (28) and increased minimizer window size (19). This mapping is referred to
as k28 in the rest of the thesis. All other parameters were kept the same. | examined the mapping

qualities using the tool Samtools flagstat (Galaxy Version 2.0.5).

| imported the Pairwise mApping Format (PAF) mapping files into R to analyze the reads
mapped to BPM2 transcript isoforms. | set the criteria for unique mapping to be mapq > 0. |
compared the number and mapq values of uniquely mapped reads in each library using the Kruskal-
Wallis test. Using packages DESeq2 (version 1.44.0; Love et al., 2014) and pheatmap (version
1.0.12; Kolde 2019), | created count matrices of uniquely mapped reads for all libraries and used
them to group the reads in the different libraries. For grouping, | used a complete linkage method
on a matrix of Euclidean distances. | examined the reads that map to BPM2 transcript isoforms -
their total number, mapq values, and number of reads from each library uniquely mapped to each
BPM2 transcript isoform. Using R packages DGEobij.utils (version 1.0.6; Thompson et al., 2022)
and edgeR (version 4.2.0; Chen et al., 2024), | performed TPM (Transcripts Per Kilobase Million)
and RPKM (Reads Per Kilobase Million) normalization based on uniquely mapped reads.

Recommended control genes (Skiljaica et al., 2022) had very little reads uniquely mapped to them
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(< 10 for the vast majority) and had significant fluctuations in different libraries, so they were not

used for normalization.

3.2. Plant Material and Growth Conditions

Arabidopsis thaliana (L.) Heynh. ecotype Col-0 plants were used in this work. Plant
cultivation, somatic embryogenesis and tissue harvesting were performed by Dunja Leljak Levani¢
and Mateja Jagi¢, as described in Ivani¢ (2022). Seven types of tissue were harvested — oval leaves
of the rosette, flower buds, open flowers, ovules, zygotic embryos in the cotyledonary phase,
somatic embryos in the induction phase and somatic embryos in the maturation phase. For oval
leaves of the rosette, flower buds and open flowers (Fig. 3), 20-51 mg of tissue per sample was
collected. For ovules, zygotic (Fig. 4) and somatic embryos (Fig. 5), less than 10 mg of tissue per

sample was collected.

A

Figure 3. Tissues harvested from Arabidopsis thaliana (L.) Heynh. ecotype Col-0 plants. A) oval leaf of the
rosette, B) flower buds and C) open flowers. Scale indicates 2 mm.
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0 ~ - \
Figure 4. Cotyledonary zygotic embryos of Arabidopsis thaliana (L.) Heynh. ecotype Col-0. Scale
indicates 200 pum. Source: Demir (2021).

Figure 5. Somatic embryos wild type (WT) Arabidopsis thaliana (L.) Heynh. ecotype Col-0 in the A)
induction and B) maturation phase. Scale indicates 1 mm. Arrow pointed shows induction of embryogenic
calus on the adaxial side of the cotyledon. Source: Ivani¢ (2022).

3.3. RNA Extraction and Reverse Transcription

| extracted total RNA from tissue samples with biomass > 10 mg (oval rosette leaves, flower
buds and open flowers) using the MagMAX™ Plant RNA Isolation Kit (Applied Biosystems,
Thermo Fisher Scientific) according to the manufacturer’s instructions. I measured RNA
concentrations and purities (260/280 and 260/230 scores) using NanoDropTM 1000
Spectrophotometer (Thermo Fisher Scientific). | prepared three biological replicates for each

sample. For the reverse transcription (RT) reaction, I mixed 635.95 ng total RNA, 5 uM
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Oligo(dT)1s primer (Thermo Fisher Scientific), 200 units of RevertAid H Minus Reverse
Transcriptase (Thermo Fisher Scientific), 20 units of RiboLock RNase inhibitor (Thermo Fisher
Scientific), 1 mM dNTP mix (Sigma-Aldrich; 1 mM of each dNTP) and 1x Reaction Buffer
(Thermo Fisher Scientific) in a total volume of 20 pL. Mixtures of RNA and Oligo(dT)1s primers
were incubated for 5 min at 65 °C, after which | added the rest of the reagents (enzymes, buffer
and dNTP mix). The RT reaction mixtures were incubated for 60 min at 42 °C and 10 min at 70
°C. I diluted the cDNA solutions 4% in nuclease-free water for downstream applications and stored
them at 4 °C.

| extracted messenger RNA from tissue samples with biomass < 10 mg (ovules, zygotic
embryos, somatic embryos in the induction phase and somatic embryos in the maturation phase)
using the Dynabeads™ mRNA DIRECT™ Micro Purification Kit (Invitrogen, Thermo Fisher
Scientific) according to the manufacturer’s instructions, without the last Tris-HCI wash. | eluted
the mRNA by incubating the magnetic beads in 7.5 pL of 10 mM Tris-HCl at 80 °C for 2 min and
transferring the supernatant to a clean 200 pL. PCR tube. I repeated the incubation step in a new
7.5 uL of 10 mM Tris-HCI and added the supernatant to the first eluate. This double elution was
performed to increase mMRNA vyield. | prepared at least two independent extractions (biological
replicates) for each sample. For the reverse transcription (RT) reaction, I mixed 30.50 ng of
extracted mRNA, 2.86 uM Oligo(dT):s primer (Thermo Fisher Scientific), 40 units of RevertAid
H Minus Reverse Transcriptase (Thermo Fisher Scientific), 20 units of RiboLock RNase inhibitor
(Thermo Fisher Scientific), 0.286 mM dNTP mix (Sigma-Aldrich; 0.286 mM of each dNTP) and
1x Reaction Buffer (Thermo Fisher Scientific) in a total volume of 14 pL. Mixtures of RNA and
Oligo(dT)1s primers were incubated for 5 min at 65 °C, after which | added the rest of the reagents
(enzymes, buffer and dNTP mix). The RT reaction mixtures were incubated for 60 min at 42 °C
and 10 min at 70 °C. | diluted the cDNA solutions 2x in nuclease-free water for downstream

applications and stored them at 4 °C.

I checked for presence of cDNA in RT mixtures and possible contamination with gDNA
by performing PCR with ACT3 primers, described in section Primer Design and Specificity
Determination. | performed the PCR as described in section 3.5. Polymerase Chain Reactions (Fig.
A4, Fig. Ab).
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3.4. Genomic DNA extraction

| extracted gDNA from an oval rosette leaf of an Arabidopsis thaliana (L.) Heynh. ecotype
Col-0 plant using a “quick and dirty” method. I harvested the tissue in a 1.5 mL tube containing 10
uL of glass homogenization beads (SiLibeads Type S, Sigmund Linder) and immediately flash-
froze it in liquid nitrogen. | homogenized the tissue using a silamat (Silver Mix, C.M.F. Srl.) in
two 8 s intervals, freezing the tissue in liquid nitrogen in between intervals. I added 100 pL of
extraction buffer (200 mM Tris-HCI pH 7.5, 250 mM NaCl, 25 mM EDTA pH 8.0, 0.5% SDS),
vortexed the mixture and centrifuged it at 14,000 g for 5 min at 25 °C using a Brinkmann Eppendorf
5415 C Centrifuge. | transferred 75 pL of the supernatant to a clean 1.5 mL tube, added 150 uL of
ethanol (96% v/v) and vortexed the mixture. | centrifuged the tubes at 14,000 g for 10 min at 25
°C, removed the supernatant and left the tubes open for 20 min to dry the precipitate. | resuspended
the percipitate in 50 uL of TE buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA pH 8.0) by vortexing,
centrifuged the suspension at 14,000 g for 5 min at 25 °C and transferred the supernatant to a clean
1.5 mL tube. | prepared a 10x diluted aliquot of the gDNA for downstream use and stored both the

dilution and the non-diluted solution at 4 °C.

3.5. Polymerase Chain Reactions

For all PCR reactions, | prepared mixtures containing 1x EmeraldAmp® GT PCR Master
Mix (Takara Bio Inc.), 200 nM forward and reverse primer and 1 pL of template solution in a total
volume of 25 uL.. PCR was performed in a GeneAmp® PCR System 2700 (Applied Biosystems)
with the initial denaturation at 98 °C for 3 min, followed by 40 cycles of denaturation at 98 °C for
10 s, annealing at 58, 60 or 61 °C for 30 s, extension at 72°C for 1 min/kb, and a final extension at

72°C for 5 minutes. After amplification, the reaction mixtures were stored at 4 °C.

3.6. Agarose-gel electrophoresis

| prepared 1.5% agarose gels in TAE buffer (40 mM Tris base, 20 mM glacial acetic acid,
pH 8.0, ] mM EDTA) and loaded 5 pL of PCR samples and 3 pL of molecular markers into wells.
| used GeneRuler 100 bp DNA Ladder (Thermo Fisher Scientific) and GeneRuler 1 kb DNA
Ladder (Thermo Fisher Scientific) (Fig. 6) as molecular markers depending on the expected size
of'the amplicon. I separated the DNA fragments by electrophoresis for 30 min at 100 V (RunOne™

System, Embi Tec). | stained the gels in a 10 ng/L ethidium bromide solution for 15-20 min and
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photographed them under UV light using a Kodak EDAS 290 hood, with 3.5 s exposure time and
100% UV strength.
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Figure 6. Molecular markers for DNA fragment sizes. A) GeneRuler 100 bp DNA Ladder (Thermo Fisher
Scientific), B) Gene Ruler 1 kb DNA Ladder (Thermo Fisher Scientific).

3.7. Quantitative Polymerase Chain Reactions

Because embryonic tissues are hardly available and have very small biomass, zygotic
embryos weren’t used in qPCR experiments, and only one biological replicate of somatic embryos
in the maturation phase was used. Two biological replicates were used for all other tissues. For all
gPCR reactions, | prepared mixtures containing 1x GoTag® gPCR Master Mix reagent, (Promega),
200 nM forward and reverse primer and 1 uL of template solution (equivalent to 7.95 ng total RNA
extracted using the MagMAX™ Plant RNA Isolation Kit or 1.09 ng mRNA extracted using the
Dynabeads™ mRNA DIRECT™ Micro Purification Kit) in a total volume of 10 pL. I performed
three technical replicates for all gPCR reactions. The reactions were performed in a Mic gPCR
Cycler (Bio Molecular Systems). The thermal profile for amplicons PUX7, BPM2.9 and BPM2.3-
15 was the following: initial denaturation at 95 °C for 5 min, followed by 8 pre-cycles of touchdown
PCR with denaturation at 95 °C for 5 s and combined annealing and extension step at 62 — 58 °C

for 20 s (lowering the annealing/extension temperature by 0.5 °C in each of the 8 pre-cycles),
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followed by 40 cycles of 95 °C for 5 s and 60 °C for 20 s. The thermal profile for the BPM2.8
amplicon was the same as for the other amplicons, except the annealing/extension step was 60 s
instead of 20 s due to the length of the amplicon. | determined the number of different amplicons
in a single reaction by examining the number of peaks in the melting curve obtained after
amplification using the following parameters: 72 °C to 95 °C with ramp speed of 0.3 °C per second.

For each sample, | discarded the technical replicate with the biggest deviation from the
mean. | analyzed relative expression of transcripts BPM2.8, BPM2.9 and BPM2.3-15 as described
in Skiljaica (2022), using PUX7 as a reference gene. | calibrated the expression in flower buds and
open flowers to the expression in oval rosette leaves; and the expression in somatic embryos to the
expression in ovules. | tested the difference in expression of each variant in different tissues using
the Kruskal-Wallis test with the Pairwise Wilcoxon test with Bonferroni correction as a post-hoc
test. Differences with a P value of < 0.05 were regarded as significant.

3.8. Primer Design and Specificity Determination

Sequences of primers used for standard PCR, along corresponding with annealing
temperatures, elongation times, expected targets and fragment sizes, are listed in Table 2. Primers
BPM2.3-15_fw and BPM2_univ_rev amplify both BPM2.3 and BPM2.15 variants which can to be
distinguished based on fragment size. Sequences of primers used for gPCR are listed in Table 3. |
checked primer specificity by filtering the AtRTD3 transcriptome (Zhang et al., 2022) for those
transcripts which contained the sequence complementary to the 10 most 3’-terminal bases of the
primer in either strand of cDNA, and then using NCBI Primer-BLAST (Ye et al., 2012) on those
cDNA sequences as a custom database. | used two databases (filtered by forward and reverse

primer complementarity) for each primer pair Primer-BLAST.

18



Table 2. Primers for standard PCR reactions. Primers ACT3 fw and ACT3 rev were taken from Toki¢
(2024). Primers BPM2.8 fw, BPM2.9 fw, BPM2.3-15 fw and BPM2 univ_rev were designed by Mateja
Jagi¢. Target genes are based on NCBI Primer-BLAST (Ye et al., 2012) results. Ta is annealing temperature
used in PCR reactions, and ET is elongation time used in PCR reactions.

product Ta/| ET/
Primer Sequence target . )
size / bp °C | min:s
ACT3 cDNA
(AT3G53750) 650
gDNA:
ACT3 fw CTGGCATCATACTTTCTACAATG
ACT3 (AT3G53750) 733
ACTI (AT2G37620) 750
ACT2 (AT3G18780) 728
ACT4 (AT5G59370) 798
58 | 1:00
ACT7 (AT5G09810) 736
ACTS (AT1G49240) 746
ACT9 (AT2G42090) 902
ACTI1I (AT3G12110) 805
ACT3_rev CACCACTGAGCACAATGTTAC
ACTI2 (AT3G46520) 749
actin-like atpase
superfamily protein 792
(AT2G42100)
BPM2.8 fw CTTTAGAAGTTGAGGCTGAAAGCTG BPM2.8 310 s | 030
BPM2 univ rev | GCTAGCTGAACAACACAGATCAAC (AT3G06190.8) '
BPM2.9 fw GTACAAGCCCCTATTTTCAAGACTTG BPM2.9 565 s | 030
BPM2 univ rev | GCTAGCTGAACAACACAGATCAAC (AT3G06190.9) '
BPM2.3 1921
BPM2.3-15 fw | TTCTCCCTTTAACTCTCTTTCTGGAC (AT3G06190.3)
BPM2.15
876 61 | 1:30
(AT3G06190.15)
BPM2 univ rev | GCTAGCTGAACAACACAGATCAAC BPM?2 gDNA
1221
(AT3G06190)
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Table 3. Primers for qPCR reactions. Primers qA-PUX7-Fw and qA-PUX7-Rev were taken from Tokic¢
(2024). Primers qBPM2.6 _fw and qBPM2.6_rev were taken from Pali (2020). Primers qBPM2.2_fw and
qBPM2.2_rev were designed by Andreja Skiljaica. Primers BPM2.8_fw, BPM2_univ_rev, BPM2 univ_fw
and gBPM2.9 rev were designed by Mateja Jagic.

primer Sequence target product size / bp
gA-PUX7-Fw | GTTTCTCAGACTATCAAAGCCA PUX7 120
qA-PUX7-Rev | ATCAATTACAAGCACCACGG (AT1G14570.1)
qBPM2.2_fw AGTTGATGGAGAAACATTTCCTG BPM2.8 1
qBPM2.2 rev. | AGCCTCAACTTCTAAAGAATTGG (AT3G06190.8)
BPM2.8_fw CTTTAGAAGTTGAGGCTGAAAGCTG BPM2.8 T10
BPM2_univ_rev | GCTAGCTGAACAACACAGATCAAC (AT3G06190.8)
BPM2_univ_fw | CTGCAGTTTTCAGGGCACAGC BPM2.9 s
gBPM2.9 rev | AGAGTTGATGCCCATTTCAAGTCTTG | (AT3G06190.9)
BPM2.3
qBPM2.6_fw CCCTATTTTCAAGGTTCTCCCT
(AT3G06190.3)
107
BPM2.15
gBPM2.6 rev | CAGCCTCAACTTCTAAAGCTAC
(AT3G06190.15)
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4. Results

4.1. Splice variants of all BPM genes

Searching AtRTD3 (Zhang et al., 2022) by TAIR gene ID, | identified 15 splice variants of
BPM1, 16 splice variants of BPM2, 11 splice variants of BPM3, 6 splice variants of BPM4, 2 splice
variants of BPM5 and 6 splice variants of BPM6. In total, there were 56 splice variants of BPM
genes. In this thesis, splice variants of BPM2 are referred to as BPM2 followed by the accession
number from AtRTD3.

4.2. BPM? splice variants

Of the 16 splice variants of BPM2 identified, 15 were sourced from the new Iso-seq-based
AtRTD3 transcriptome, while BPM2.8 was obtained from AtRTD2, as indicated by their
annotations in the AtRTD3 BED file. There were 8 transcripts described as coding, and 8 described
as unproductive, suspected to be substrates of the NMD pathway based on the position of the stop
codon in the first ORF. Alignment of BPM2 transcripts to chromosome 3 is shown in Figure 7.
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Figure 7. Transcripts of gene BPM?2 aligned by their coordinates on chromosome 3. Transcripts are sorted
by coding potential and length. Thick colored lines represent the CDS, thinner lightly colored lines represent
5’-UTRs and 3°-UTRs, while thin blask lines represent introns.

Since the names of the BPM2 splice variants in TAIR don’t correspond to those in AtRTD3,

| inquired the corresponding transcripts in the two databases by clustering all available sequences
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(Fig. 8) and examining which transcripts have the same splice sites. | also did this for the variant
identified by Pali (2020). Transcripts obtained by Iso-seq have different and more accurately
determined TSS and TES than those described previously, so TSS and TES weren’t taken into
consideration while matching transcripts from different databases. Transcripts BPM2.4, BPM2.5
from TAIR and the variant BPM2.6 identified by Pali (2020) couldn’t be unambiguously assigned
to a single AtRTD3 transcript, because there are variants in AtRTD3 that differ only in TSS and
TES location, but have all the same internal splice sites.
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Figure 8. Clustering of sequences of BPM2 transcripts from AtRTD3, BPM?2 transcripts from TAIR
(Berardini et al., 2015) and BPM2 gDNA. Clustering was performed based on an identity distance matrix

of aligned sequences, by the neighbour-joining algorithm. Sequence alignment was done with ClustallW and
fixed manually based on exon coordinates.

The corresponding transcript pairs from AtRTD3 and TAIR, as well as the new variant
identified by Pali (2020), are listed in Table 4. Splice variants BPM2.1, BPM2.2, BPM2.3, BPM2.6,
BPM2.7, BPM2.9, BPM2.11, BPM2.15 and BPM2.16 were not described in the publicly available
TAIR database. The partial sequence identified by Pali (2020) was present in variants BPM2.3 and
BPM2.15.
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Table 4. Names of corresponding transcript variants of gene BPM?2 in databases TAIR (Berardini et al.,
2015) and AtRTD3. Partial sequence of variant BPM2.6 was identified by Pali (2020) and isn’t present in
the TAIR database.

TAIR AtRTD3

BPM2.1 BPM2.12

BPM2.2 BPM2.8

BPM2.3 BPM2.13

BPM2.4 BPM2.5 /BPM2.10
BPM?2.5 BPM?2.4/BPM2.14
BPM2.6* BPM2.3/BPM2.15

* identified by Pali (2020), not present in the TAIR database.

In downstream analysis | examined certain characteristics of transcripts isoforms from
AtRTD3 database. Lengths of BPM2 transcripts ranged from 1512 bp (BPM2.8) to 2422 bp
(BPM2.3), with unproductive transcripts being significantly longer than coding transcripts (Fig.
9A, B). All transcripts had between 2 and 5 exons, with no significant difference based on predicted

coding potential (Fig. 9C, D).
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Figure 9. Characteristics of BPM2 transcript isoforms. A) transcript lengths (bp), sorted by coding
potential and value. B) Distribution of lengths of coding and unproductive transcripts. Unproductive
transcripts are significantly longer than coding transcripts (p = 0.015, Wilcoxon rank sum test). C) Number
of exons in transcripts, sorted in the same way as in 2.A). D) Distribution of the number of exons in coding
and unproductive transcripts. There is no significant difference in the number of exons between coding and
unproductive transcripts (p = 0.61, Wilcoxon rank sum test).
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GC content in transcripts was 0.447 £ 0.006 with no significant difference between coding
and unproductive transcripts (Fig. 10A). Looking at individual nucleotide content (Fig. 10B),
cytosine was somewhat underrepresented while thymine is somewhat overrepresented in all
transcripts. There is significantly more adenine in coding than in unproductive transcripts (p =
0.003, Wilcoxon rank sum test), and significantly more thymine in unproductive than in coding

transcripts (p = 0.038, Wilcoxon rank sum test).
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Figure 10. Sequence content of BPM2 transcripts. A) GC content and B) individual nucleotide content
in coding and unproductive transcripts. The only statistically significant differences based on predicted
coding potential are in adenine (p = 0.003, Wilcoxon rank sum test) and thymine content (p = 0.038,
Wilcoxon rank sum test).

4.3. BPM? splice variant translation products

After characterizing the transcript isoforms of BPM2, | investigated the proteins encoded
by these variants from AtRTD3 database. The lengths of proteins encoded by BPM2 splice variants
ranged from 137 to 406 amino acids (aa). Proteins derived from coding transcripts were

significantly longer than those produced from unproductive transcripts, as shown in Figure 11.
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Figure 11. Lengths of BPM2 transcript variant translation products. A) protein lengths in amino acids
(aa), sorted by coding potential and value. B) Distribution of lengths of coding and unproductive transcripts.
Proteins encoded by coding transcripts are significantly longer than those encoded by unproductive
transcripts (p = 0.014, Wilcoxon rank sum test).

Certain splice variants coded for identical proteins, as is shown in the dendrogram based

on the identity distance matrix of aligned sequences (Fig. 12, Fig. Al). | found that 16 splice

variants of BPM2 encode 9 unique proteins. BPM2.2 and BPM2.11 encode for the shortest protein,

while the protein encoded by BPM2.12 is the longest, followed by the protein encoded by BPM2.4

and BPM2.14.
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Figure 12. Clustering of sequences of BPM?2 transcript variant translation products. Clustering was
performed based on an identity distance matrix of aligned sequences, by the neighbor-joining (NJ)
algorithm. Sequence alignment was done using the Muscle algorithm and adjusted manually for BPM2.8.
Proteins in the same terminal nodes have identical sequences.
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Furthermore, the proteins and transcripts that encode them, as well as their conserved
domains determined by Batch CD-Search, are listed in Table 5. The names used for the proteins in
the rest of the text denote their lengths in amino acids. I identified a complete conserved N-terminal
MATH domain in eight proteins. However, the MATH domain in the shortest protein, bpm2_137,
lacked its C-terminal region and was the only conserved domain present in this variant. Only the
two longest proteins (bpm2_406 and bpm2_355) had a complete BTB domain. Only the N-terminal
half of the BTB domain was present in the remaining 6 proteins that had it (bopm2_301, bpm2_298,
bpm2_295, bpm2_263, bpm2_255a and bpm2_255b). The two longest proteins (bpm2_406 and
bpm2_355) also had a BACK domain, although it was missing the C-terminus in bpm2_355.
Detailed schematic representation of these domains analyzed with Batch CD-Search are in Figure
A2,

Table 5. Proteins of all BPM?2 splice variants, sorted by predicted coding potential of the transcript and by
protein size (aa). The names used for the proteins denote their lengths in aa. Transcripts are labeled with
their AtRTD3 and TAIR ID. Putative conserved domains were predicted using Batch CD-Search (Wang et
al., 2023; Marchler-Bauer et al., 2011; Marchler-Bauer and Bryant, 2004).

Codln.g index protein AtRTD3 TAIR Conserved (_jor_nalns .
potential complete missing C-terminus
MATH, BTB,
1 bpm2_406 BPM2.12 BPM2.1 BACK -
BPM2.4 BPM2.5
2 bpm2_355 BPM2.14  BPM25 MATH, BTB BACK
Coding BPM2.5 BPM2.4
3 bpm2_298  BPM2.7 - MATH BTB
BPM2.10 A BPM2.4
4 bpm2_295 BPM2.8  BPM2.2 MATH BTB
5 bpm2_255a BPM2.9 - MATH BTB
6 bpm2_301 BPM2.13 BPM2.3 MATH BTB
BPM2.3 -
7 bpm2_263 oo ot MATH BTB
Unproductive BPM2.1 E
P bpm2_255b BPM2.6 - MATH BTB
BPM2.16 -
BPM2.2 -
9 bpm2_137 BPM2.11 | - - MATH
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4.4. Mapping reads from heat and cold treated libraries to AtRTD3

Reads from libraries related to cold or heat stress were mapped to the AtRTD3
transcriptome using Minimap2, the gold standard tool for long read mapping (Liyanage et al., 2023;
Liu et al., 2022; Li et al., 2018). Two mappings were done with different read pre-processing and
different K-mer sizes, as described in Materials and methods 3.1.4. Transcriptome mapping.
According to Samtools flagstat, at least 99.69% of reads from each library were successfully
mapped to the AtRTD3 transcriptome in each mapping. Primary mappings were achieved for
98.47% to 99.29% of reads. Numbers and percentages of total and primary read mappings in each
library for each mapping are listed in Table Al. In the original k16 mapping, 57.28% of reads had
a unique mapping (mapq > 0), while the rest of the reads mapped equally well to at least two places
in the transcriptome. In the more specific k28 mapping, 63.84% had a unique mapping (mapq > 0).

Most transcripts in AtRTD3 had under 10 reads that uniquely mapped to them in each
library, and most of those reads had a mapq < 10 (Fig. 13). Values of mapq were significaltly higher
in the k28 mapping than in the k16 mapping (p < 2.2e-16, Wilcoxon rank sum test), with mean
values 14.40 and 13.28, respectively.
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Figure 13. Number of reads per transcript and mapping quality (mapq) in the k16 mapping (100 bp
trimmed from 5’-end of reads, k-mer size = 16) and the k28 mapping (100 bp trimmed from 5’-end of
reads, k-mer size = 16, minimizer window size = 19). Only uniquely mapping reads (mapq > 0) were
counted. (Kruskall-Wallis test, p-value < 0.05). Wilcoxon rank sum test, ns: p > 0.05, *: p <= 0.05, **: p
<=0.01, ***: p <= 0.001, ****: p <= 0.0001.

Reads from the k16 mapping showed the strongest clustering corresponding to the
treatment conditions and tissue (rosettes from cold treated 5-week-old plants; pooled heat treated
seedlings and rosettes from heat treated 5-week-old plants), with libraries from heat treated samples
further clustering based on library type — Telo and Telo2 libraries showed less distance to each

other than to the Clontech library (Fig. 14).
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Figure 14. Clustering of read mappings in different libraries. Clustering is done with complete linkage
based on the Euclidean distance matrix of count matrices of uniquely mapped reads. Libraries differ in
biological sample and library type, as listed in Table 1.
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4.4.1. Reads uniquely mapped to BPM?2 splice variants

The variant BPM2.12 had the greatest number of reads uniquely mapped to it out of all
BPM2 splice variants. It was also the only one present in all 5 libraries. Other represented variants
were BPM2.1, BPM2.14 and BPM2.15, present in cold-treated sample libraries, and BPM2.9,
present in one heat-treated sample library. The raw number, TPM and RPKM values of reads
uniquely mapped to specific BPM2 splice variants are shown in Figure 15A-C. There were 68 reads
mapped to BPM2 splice variants in the k16 mapping. Of those, 60 were uniquely mapped to a
BPM2 splice variant, 7 had no unique mapping, and 1 was uniquely mapped to a non-BPM2
transcript. In the k28 mapping, 67 total reads were mapped to BPM2 splice variants, of which 59
were uniquely mapped to a BPM2 splice variant and 8 had no unique mapping. Most of the reads
that uniquely mapped to BPM2 splice variants were mapped to BPM2.12, with other variants only
being represented by one or two reads. There was also a significant increase in mapq for reads

uniquely mapped to BPM2 splice variants in k28 compared to k16 (Fig. 15D).
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mapped to BPM?2 splice variants in the k16 mapping (100 bp trimmed from 5’-end of reads, k-mer size
= 16) and the k28 mapping (100 bp trimmed from 5’-end of reads, k-mer size = 16, minimizer window
size = 19). Values of mapq are significantly higher in the k28 mapping compared to the k16 mapping (p =

3.6e-13, Wilcoxon rank sum test).
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4.5. Presence of splice variants BPM2.3, BPM2.8, BPM2.9 and BPM?2.15
in various vegetative and reproductive tissues

Electrophoresis after amplification with specific BPM2.8 primers showed a band around
350 bp in all seven tissues (Fig. 16). This band was slightly larger than the expected 310 bp. When
using a slightly higher annealing temperature (61 °C instead of 60 °C) and a longer elongation time
(90 s instead of 30 s), another fainter band was present in the gel at around 500 bp in all samples
that had the 350 bp band (Fig. 17). Primer dimers were also visible in gels as diffuse bands around
100 bp, in all samples (including gDNA and no-template controls), with all primer pairs specific
for BPM2 splice variants. As expected, in the genomic DNA sample, no fragments amplified with
specific primers for BPM2.8 nor with specific primers for BPM2.9 (Fig. 16, 17 and 18) because
those primers span exon-exon junctions specific to those splice variants, and are therefore not

complementary to the genomic sequence of BPM2.

Figure 16. Agarose gel showing PCR products (Ta = 60 °C, ET = 30 s) using primers BPM2.8 fw and
BPM2 univ_rev on cDNA from oval rosette leaves (L), flower buds (B), open flowers (F), ovules (O),
cotyledonary zygotic embryos (Z), somatic embryos in the induction phase (SI), somatic embryos in the
maturation phase (SM), a genomic DNA sample from an A. thaliana (L.) Heynh. ecotype Col-0 plant (gD)
and a no-template control (NTC). Marker used (M) is GeneRuler 100 bp DNA Ladder (Thermo Fisher
Scientific). Numbers denote band sizes in bp. Abbrevation: Ta-anneling tempelature, ET-elongation time.
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Figure 17. Agarose gel showing PCR products (Ta = 61 °C, ET = 90 s). using primers BPM2.8 fw and
BPM2 univ rev on cDNA from oval rosette leaves (L), flower buds (B), open flowers (F), ovules (O),
cotyledonary zygotic embryos (Z), somatic embryos in the induction phase (SI), somatic embryos in the
maturation phase (SM), a genomic DNA sample from an A. thaliana (L.) Heynh. ecotype Col-0 plant (gD)
and a no-template control (NTC). Index numbers mark different biological samples. Markers used (M) are
GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) on the left and GeneRuler 100 bp DNA Ladder
(Thermo Fisher Scientific) on the right. Numbers denote band sizes in bp. Abbrevation: Ta-anneling
tempelature, ET-elongation time.

Expected size of the BPM2.9 fragment amplified using specific primers was 565 bp. Bands
of that size were only present in cotyledonary zygotic embryos and somatic embryos in the
maturation phase, but its appearance was hardly visible due to the dominant band present in all
samples around 610 bp. Open flowers, ovules and both somatic embryo samples also has a band
around 750 bp. Zygotic embryos and somatic embryos in the maturation phase each had an
additional unique band, at approximately 900 bp and 300 bp, respectively. In total, there were 5

different bands from amplification with specific BPM2.9 primers, as shown in Figure 18.
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Figure 18. Agarose gel showing PCR products (Ta =60 °C, ET = 30 s) using primers BPM2.9 fw and
BPM2 univ rev on cDNA from oval rosette leaves (L), flower buds (B), open flowers (F), ovules (O),
cotyledonary zygotic embryos (Z), somatic embryos in the induction phase (SI), somatic embryos in the
maturation phase (SM), a genomic DNA sample from an A. thaliana (L.) Heynh. ecotype Col-0 plant (gD)
and a no-template control (NTC). Markers used (M) are GeneRuler 100 bp DNA Ladder (Thermo Fisher
Scientific) on the left and GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) on the right. Numbers
denote band sizes in bp. Abbrevation: Ta-anneling tempelature, ET-elongation time.

Primers BPM2.3-15_fw and BPM2_univ_rev were expected to amplify cDNA of splice
variants BPM2.3 and BPM2.15, resulting in amplicons of 1221 bp and 876 bp, respectively. The
primer pair also amplified a 1221 bp region of BPM2 in gDNA, as expected. The band
corresponding to BPM2.15 was present in all seven tissues, although not in all biological replicates
of oval rosette leaves and ovules (Fig. A3). The band corresponding to BPM2.3 was present in all
seven tissues except in ovules. There were two additional bands present in all tissues, one very
bright around 1100 bp and one very faint around 2000 bp. Ovules, zygotic and somatic embryos
had an additional faint band around 1500 bp. Two additional bands were only present in one type
of tissue — one around 990 bp in oval rosette leaves, and a faint one around 260 bp in cotyledonary
zygotic embryos. In total, there were 7 different bands from amplification with primers specific to
BPM2.3 and BPM2.15, as shown in Figure 19.
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Figure 19. Agarose gel showing PCR products (Ta = 61 °C, ET = 90 s) using primers BPM2.3-15_fw
and BPM2 univ_rev on cDNA from oval rosette leaves (L), flower buds (B), open flowers (F), ovules
(0O), cotyledonary zygotic embryos (Z), somatic embryos in the induction phase (SI), somatic embryos in
the maturation phase (SM), a genomic DNA sample from an A4. thaliana (L.) Heynh. ecotype Col-0 plant
(gD) and a no-template control (NTC). Markers used (M) are GeneRuler 100 bp DNA Ladder (Thermo
Fisher Scientific) on the left and GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) on the right.
Numbers denote band sizes in bp. Abbrevation: Ta-anneling tempelature, ET-elongation time.

4.6. Relative quantification of splice variants BPM?2.3, BPM2.8, BPM2.9
and BPM?2.15 in various vegetative and reproductive tissues

Different tissues in which RNA was isolated by the same method were compared regarding
expressions of each splice variant — BPM2.8, BPM2.9, and combined BPM2.3 and BPM2.15. Oval
rosette leaves, flower buds and open flowers were compared with Kruskal-Wallis tests, and ovules,
somatic embryos in the induction phase (SI) and somatic embryos in the maturation phase (SM)
were compared with independent Kruskal-Wallis tests. There was no amplification in any sample
with gPCR primers specific for BPM2.8 (gBPM2.2_fw and gBPM2.2_rev), so standard PCR
primers for BPM2.8 (BPM2.8_fw and BPM2_univ_rev) were used.

Expression of BPM2.3 and BPM2.15 was significantly higher (p = 0.029, Pairwise
Wilcoxon test with Bonferroni correction) in oval rosette leaves than in flower buds and open
flowers (Fig 20A, Table 6). No significant difference was observed in the expression of BPM2.8
between oval rosette leaves, flower buds and open flowers, as it varied more between biological
replicates than between the different tissues (Table 6). The differences in expression of BPM2.9

between these tissues wasn’t significant either (Fig 20B, Table 6).
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Figure 20. Relative expression values (ACt) of A) BPM?2.3-15, B) BPM?2.9 in oval rosette leaves (L),
flower buds (B) and open flowers (F). Different bars represent independent biological samples. There are
two technical replicates for each biological sample. Difference in expression in different tissues (were
tested using the Kruskal-Wallis test (p < 0.05) with the Pairwise Wilcoxon test with Bonferroni correction
as a post-hoc test (ns: p > 0.05, *: p <= 0.05).

Table 6. Values and standard deviations (SD) of AACt for oval rosette leaves (L), flower buds (B) and
open flowers (F), calibrated to the expression in oval rosette leaves.

transcript tissue AACt SD

L 1.00 2.47
BPM2.8 B 1.34 1.88
F 1.59 243
L 1.00 1.56
BPM2.9 B 0.73 0.17
F 0.88 0.95
L 1.00 0.29
BPM2.3-15 B 0.70 0.07
F 0.65 0.06

Expression of BPM2.3 and BPM2.15 was significantly lower (p = 0.029, Pairwise Wilcoxon
test with Bonferroni correction) in ovules than in Sl. Although the expression of BPM2.3 and
BPM2.15 in SM showed no statistically significant difference to either ovules or Sl, it was much
more similar to SI, with AACt being over 12 for both SI and SM when calibrated against ovules
(Fig 21A, Table 7). The differences in expression of BPM2.8 between ovules, SI and SM weren’t

significant, but expression in the SM sample seemed to be lower than in the other samples
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(Fig. 21B, Table 7). That reduced expression in the SM sample wasn’t noticed for BPM2.9, which

also had no significant difference in expression between ovules, Sl and SM (Fig. 21C, Table 7).
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Figure 21. Relative expression values (ACt) of A) BPM2.3-15, B) BPM2.8 and C) BPM2.9 in ovules
(O), somatic embryos in the induction phase (SI) and somatic embryos in the maturation phase (SM).
Different bars represent independent biological samples. There are two technical replicates for each
biological sample except O*, for which there is only one technical replicate. Difference in expression in
different tissues were tested using the Kruskal-Wallis test (p < 0.05) with the Pairwise Wilcoxon test with
Bonferroni correction as a post-hoc test (ns: p > 0.05, *: p <= 0.05).
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Table 7. Values and standard deviations (SD) of AACt for ovules (O) and somatic embryos in the
induction (SI) and maturation (SM) phase, calibrated to the expression in ovules.

transcript tissue AACt SD

o 1.00 0.12
BPM2.8 SI 1.19 0.70
SM 0.27 0.05
o 1.00 0.75
BPM2.9 SI 1.24 0.14
SM 1.47 0.08
O 1.00 0.41
BPM2.3-15  SI 1236  1.34

SM 12.16  1.26

4.6.1. Melting curves of splice variants BPM2.8 and BPM2.9

Melting curves obtained after amplification with primers BPM2.8_fw and BPM2_univ_rev
had either one peak around 77 °C (melting curve type 8.A) or two peaks, a dominant one around
83 °C and a lower one around 79 °C (melting curve type 8.B), as shown in Figure 22 and Figure A6.
Melting curves type 8.A appeared sporadically in all gPCR experiments, not consistently within
the three technical replicates, and in negative controls of two out of three experiments. Replicates
with type 8.A curves were disregarded in gPCR analyses. Melting curve type 8.B indicates
existence of two distinct amplicons that might represent different splice variants. Melting curve

type 8.A indicates the formation of primer dimers.
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Figure 22. Melting curves of amplicons obtained using primers BPM2.8 fw and BPM2 univ rev in the
no-template control (light purple), and three technical replicates of an ovules sample (green, orange, dark
purple). Created with Mic gPCR Cycler (Bio Molecular Systems) device and software.

Each melting curve obtained after amplification with primers BPM2_univ_fw and
gBPM2.9 fw had a single peak. For samples in which RNA was isolated using the Dynabeads™
mRNA DIRECT™ Micro Purification Kit (Invitrogen, Thermo Fisher Scientific), there were two
significantly different (p = 3.451e-05, Welch Two Sample t-test) peaks — one with Tm = 80.21 °C
+0.05 °C, and one with Tm =80.89 °C £ 0.11 °C (Fig. 23). For samples in which RNA was isolated
using the MagMAX™ Plant RNA Isolation Kit (Applied Biosystems, Thermo Fisher Scientific),
the peaks Tm values ranged from 80.15 °C to 81.49 °C with a mean of 81.15 °C, but weren’t clearly
separated into groups (Fig. 24). The Tm values of peaks were not consistent within technical

replicates.
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Figure 23. Melting curves of amplicons obtained using primers BPM2 univ_fw and gBPM2.9 fw for
samples in which RNA was isolated using the Dynabeads™ mRNA DIRECT™ Micro Purification Kit
(Invitrogen, Thermo Fisher Scientific). Created with Mic qPCR Cycler (Bio Molecular Systems) device

and software.
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samples in which RNA was isolated using the MagM AX™ Plant RNA Isolation Kit (Applied Biosystems,
Thermo Fisher Scientific). Created with Mic gPCR Cycler (Bio Molecular Systems) device and software.
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5. Discussion
5.1. Novel splice variants of Arabidopsis BPM genes

The results of this thesis indicate that the Arabidopsis BPM2 gene encodes at least 16
different splice variants that code for nine different proteins, instead of the five splice variants
(BPM2.1, BPM2.2, BPM2.3, BPM2.4, BPM2.5) annotated in TAIR and NCBI databases. The 16
BPM2 splice variants were identified with a bioinformatic analysis of AtRTD3, the most
comprehensive Arabidopsis transcriptome to date (Zhang et al., 2022). AtRTD3 contains seven
BPM2 splice variants with internal splice sites corresponding to the five variants characterized in
TAIR (Table 4), and nine variants with novel splice sites. Transcripts BPM2.4, BPM2.5 from TAIR
couldn’t be unambiguously assigned to a single AtRTD3 transcript because they only differed in
the positions of TSS and TES, which are less accurately determined in the TAIR database.
Accession numbers of splice variants in AtRTD3 do not correspond to those in TAIR and NCBI.
In this thesis, splice variants were referred to as BPM2 followed by the accession number from
AtRTD3.

Novel transcript isoforms for all six known BPM genes were also identified in AtRTDS3.
According to AtRTD3, BPM1-6 encode 56 splice variants instead of the 17 described in the TAIR
database. Genes BPM1, BPM2, BPM3, BPM4, BPM5 and BPM6 encode 15, 16, 11, 6, 2 and 6
different transcripts, respectively, instead of the 3, 5, 4, 1, 1, and 3 isoforms described in TAIR.
These results are significant considering that the MATH-BTB gene family is characterized by a
significant expansion in genomes of grass species, such as rice, sorghum, Brachypodium, maize
(Gingerich et al., 2007; Jurani¢ and Dresselhaus, 2014) and wheat (Skiljaica, 2022) as well as in
the nematode C. elegans (Stogios et al., 2005). An example of this expansion which is present in a
small number of species is part of the lineage-specific expansion and is most commonly associated
with expansion of gene families involved in pathogen and stress response, transcription regulation,
controlled protein degradation mediated by the ubiquitin system, protein modification, signal

transduction, chemoreception, and small molecule metabolism (Lespinet et al., 2002).

Interestingly, the MATH-BTB family is not expanded in the A. thaliana genome (Gingerich
et al., 2005, 2007), nor in the monocot Musa lineage (banana). According to Jurani¢ and
Dresselhaus (2014), this indicates that expansion of the MATH-BTB family in the above listed
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species is characteristic of grasses and that the proteins of the expanded family possibly possess
grass-specific functions. However, functional characterization of certain MATH-BTB proteins in
grasses shows that their functions are essential, whether they are involved in cytoskeleton
regulation during the reproductive development of maize (Jurani¢ et al., 2012) and wheat (Bauer
etal., 2019) or in methylation (Jagi¢ et al., 2022). For example, maize protein ZmMABI is involved
in the organization of microtubules of the spindle apparatus and in nuclei positioning and identity
determination during meiosis Il and the first mitotic division in both female and male germlines
(Juranic¢ et al., 2012). ZmMABI interacts with CUL3, which indicates a function mediated by the
CRL3 complex. A similar function is described for the MEL26 protein in nematode C. elegans
(Pintard et al., 2003). Wheat protein TaMAB2 is expressed only in early embryogenesis, namely
in the zygote and the proembryo (Leljak-Levani¢ et al., 2013). Cytoskeleton proteins actin and
tubulin, as well as eukaryotic translation initiation factors elF3 and elF4 have been identified as
potential interactors and substrates for degradation. These interactions suggest a role of TaMAB2
in translation initiation in early embryogenesis. However, TaM AB2 hasn’t been shown to interact
with CULS3, suggesting it might preferentially act via a CUL3-independent mechanism (Bauer et
al., 2019).

Since both of the described functions of grass MATH-BTB proteins couldn’t be considered
as grass-specific functions, it opens the question of how other, non-grass species compensate for
the small number of MATH-BTB genes. This question is partially answered in this thesis, since a
search of AtRTD3 revealed 56 splice variants of BPM genes, comparable to the number of
MATH-BTB genes in grass species. This indicates that alternative splicing has the potential to
achieve the same evolutionary contribution to developmental features as lineage-specific
expansion (Lespinet et al., 2002). However, all nine proteins encoded by the 16 splice variants of
BPM2 were found to have an identical MATH domain sequence (or a truncated MATH domain
with the partial sequence identical to proteins encoded by other variants, in case of the shortest
BPM2 protein), while MATH-BTB proteins of the grass-specific expanded clade have more
diverse MATH domains (Gingerich et al., 2007; Jurani¢ and Dresselhaus, 2014; Skiljaica, 2022)
which potentially target a greater number of substrates for proteosomal degradation. Furthermore,
a phylogenetic analysis conducted by Leljak-Levani¢ (personal communication) revealed that all
16 BPM2 splice variants either cluster within the core clade or form a new clade unrelated to the

expanded clade. Taking this into consideration, the BPM2 variants characterized in this thesis
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probably can’t achieve the multiplicity of potential functions of MATH-BTB proteins of the grass-
specific expanded clade. This leaves the potential functions of the novel BPM2 variants, whose
existence was confirmed in the experimental part of this thesis, open to discovery in further

research.

The nine proteins encoded by the 16 splice variants of BPM2 differed in regions
downstream of the MATH domain, mostly in the C-terminal part of the BTB domain and the
BACK domain (Fig. 12, Fig. A2, Table 5). In the protein encoded by variant BPM2.12 (TAIR
BPM2.1), all three domains were complete and the BACK domain was recognized as BACK-
AtBPM-like by NCBI’s Batch CD-Search. The protein encoded by BPM2.4 and BPM2.14 also had
a BTB and a BACK domain, but BACK domain was truncated and was not recognized as BACK-
AtBPM-like. The shortest BPM2 protein, encoded by BPM2.2 and BPM2.11, had only a truncated
MATH domain, which would limit its function to the functions of MATH proteins (Marin et al.,
2015, Oelmdller et al., 2005). In the remaining six proteins that had the BTB domain, it was
truncated. (Fig. A2). The differences in structure, presence and completeness of domains, but also
in presence/absence of other functional sequences such as NLS within proteins mediate the

develpmental function of MATH-BTB variants and proteins (Leljak Levanic et al., 2012).

5.1.1. Predicted coding potential of BPM? transcripts

NMD is a pathway that prevents the production of truncated proteins, functioning as a
mMRNA quality control pathway and an additional layer of gene expression regulation (Kalyna et
al., 2012; Gohring et al., 2014). Zhang et al. (2022) classified transcripts from protein-coding genes
as either coding or unproductive based on the presence of typical NMD target features. In case of
BPM2 transcripts, these were long 3’-UTRs, premature termination codons (PTC) and, for most
transcripts labeled as unproductive, splice junctions downstream of the PTC. These characteristics
were assigned to transcripts by the program TranSuite (Entizne et al., 2020), more specifically the
TransFeat module. TransFeat identifies termination codons as premature if their position is below
a certain threshold relative to the longest ORF in the gene. This doesn’t take into consideration that
a large number of plant transcripts with NMD features, particularly those with intron retention, are
NMD-insensitive. Some of these transcripts are protected by remaining in the nucleus, avoiding
the cytoplasmic NMD pathway, but others were found in association with ribosomes (Gohring et

al., 2014 and references cited therein). In this thesis, proteins encoded by transcripts labeled as
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coding were found to be significantly longer than the proteins encoded by transcripts labeled as
unproductive, but not all proteins from “coding” transcripts were longer than all proteins from
“unproductive” transcripts. On the contrary, only the protein encoded by splice variants BPM2.2
and BPM2.11 was shorter than the shortest protein encoded by the “coding” transcript BPM2.9.
Furthermore, most BPM2 protein isoforms had a similar domain composition: a complete MATH
domain and a truncated BTB domain. This included all but the longest two proteins, encoded by
BPM2.12, BPM2.4 and BPM2.14, and the shortest protein, encoded by BPM2.2 and BPM2.11.
Meaning, the 11 remaining splice variants encode proteins with a complete MATH domain and a
truncated BTB domain regardless of the predicted coding potential (Fig. A2). These results indicate
that not all proteins encoded by splice variants predicted to be NMD substrates are genuinely
truncated in comparison to the proteins encoded by other variants, underlining the importance of
an experimental validation of the predicted coding potential.

5.2. Heat and cold stress RNA libraries

Since reads from specific developmental stages couldn't be distinguished due to the pooling
of samples prior to RNA library construction, potential developmental functions were only
explored experimentally. Instead, potential association of BPM2 splice variants with heat and cold
stress was explored by mapping reads from libraries related to temperature stress to the AtRTD3
transcriptome. While the percentage of mapped reads from all libraries was excellent (>99%), the
mapping quality (mapq) scores were quite low (Fig. 13, Fig. 15D). In theory, mapq scores are the
Phred-transformed probabilities of the primary mapping being incorrect, with reads that align
equally well to different positions of the reference producing mapq = 0 (Schmidt et al., 2024; Li et
al., 2008). The presence of several splice variants for most genes in AtRTD3 was probably the
main cause of the low mapg scores, since most reads could map to other splice variants in adition
to the correct one. Because this was an intrinsic property of AtRTD3, and because mapq scores

were so low, the reads were considered to be uniquely mapped if their mapq scores were > 0.

Splice variant BPM2.12 (TAIR BPM2.1) was found in all examined libraries, and was the
only BPM2 splice variant associated with both heat and cold stress. The novel variant BPM2.9 was
the only other BPM2 variant found in either of the heat stress related libraries. Novel variants
BPM2.1 and BPM2.15, and variant BPM2.14 (TAIR BPM2.5) were found in cold stress related

libraries (Fig. 15). All variants except BPM2.12 were only represented by one or two reads, which
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points to the possibility of other variants being present in the sampled tissues, but not being
captured due to a smaller concentration or simply by chance, since the difference between one read

and no reads is very small.

While BPM2.12 was clearly the dominant variant, both in terms of the number of libraries
it appeared in and the number of reads, real quantitative results and differential expression of these
variants couldn't be obtained from the reads in these libraries. Firstly, simply the number of reads
that mapped to them was a major obstruction. Secondly, there were no replicate libraries and no
library that could represent the ,,control, since the only libraries that didn't have tissues exposed
to some kind of stress were mutant libraries and tissue-specific libraries of tissues that weren't
present in the heat and cold treated samples. Thirdly, even the tissues present in the heat- and cold
stress libraries weren't consistent, with heat stress libraries containing seedlings in addition to
rosettes. These issues contributed to the problems with finding control genes which could be used
to normalize read counts — potential control genes had to be consistent across temperatures, tissues,
and developmental stages. The control genes that were tested across these conditions (Skiljaica et
al., 2022) were either not present in all libraries, or they were represented by very few reads, leading
to differences in read counts that weren't consistent between libraries, and wildly different scaling
factors depending on which of the proposed control genes were included. In the end, reads were
only normalized to sequencing depth using TPM and RPKM normalization (Novogene, n.d.).
While libraries used for AtRTD3 transcriptome assembly have clearly been excelent for capturing
many different transcripts from a variety of tissues, developmental stages, abiotic and biotic stress
conditions, as well as RNA degradation mutants, they simply weren't designed for quantitative

analysis.

5.3. Expression of splice variants BPM2.3, BPM2.8, BPM2.9 and
BPM?2.15 n different tissues

In the experimental part of this thesis, expressions of variants BPM2.3, BPM2.8, BPM2.9
and BPM2.15 were analyzed. The selected tissues included the vegetative phase of development
of adult plants (oval leaves of the rosette), the reproductive phase (flower buds and open flowers)
and embryogenesis (ovules, zygotic embryos in the cotyledonary phase and somatic embryos in
two developmental phases — induction and maturation). This selection was based on existing

knowledge of the functional roles of the characterized MATH-BTB proteins from both the core
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clade and the expanded clade. Some of these roles are under the precise spatial and temporal control

and some are very universal (Juranic¢ et al., 2012; Leljak-Levani¢ et al., 2013.; Bauer et al., 2019).

Expression of the selected splice variants in embryonic tissues couldn’t be compared to
expression in other reproductive and vegetative tissues due to the use of different RNA extraction
methods. Because embryonic tissues are difficult to obtain, harvest and isolate in larger quantities,
Dynabeads™ mRNA DIRECT™ Micro Purification Kit (Invitrogen, Thermo Fisher Scientific)
was used since it requires < 10 mg of tissue per sample. This kit specifically extracts mRNA, while
the MagMAX™ Plant RNA Isolation Kit (Applied Biosystems, Thermo Fisher Scientific) used for
other tissues with higher biomass per sample extracts all RNA molecules. Comparison of starting
MRNA concentrations in solutions obtained using these methods isn’t possible, and neither is the

comparison of gPCR results.

5.3.1. Splice variant BPM2.8

One of the splice variants is BPM2.8 (TAIR BPM2.2), which encodes a unique protein. It
is the only one out of the 16 BPM2 splice variants in AtRTD3 that hasn't been identified using
PacBio 1so-Seq, and was instead added from the short-read assembly AtRTD2 (Zhang et al., 2022).
The previously designed specific gqPCR primers for BPM2.8 (Skiljaica, 2022) never produced any
amplicons in the experiments within this thesis nor in any earlier experiments. Because of this, new
specific primers designed to detect the variant using standard PCR, with the expected amplicon
size 310 bp, were used for both standard PCR and qPCR. The new primers resulted in the
amplification of two fragments in all tissues — one about 350 bp, and an additional one about 500
bp long (Fig. 17). Melting curves obtained in qPCR experiments using these same primers had two
peaks and thus confirm the presence of two different fragments (Fig. 22). These two fragments
might come from novel splice variants that are currently still not described. The assumption that
neither of the amplified fragments come from BPM2.8 is supported by the fact that they weren't
amplified using the previously designed specific PCR primers (Skiljaica, 2022), in addition to the
fragment sizes being different from the expected BPM2.8 fragment. The full-length sequences of
these potential novel splice variants will be obtained in additional experiments within the project
that this thesis was a part of. Even though expression of the potential two novel variants was

confirmed in all tested tissues, gPCR showed a reduced expression in a mature somatic embryo
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sample, although the difference wasn't statistically significant. In a parallel study, Frlin (2024)

found no expression of these variants in seedlings, and found it to be stress-related.

The other type of melting curve (Fig. 22) had the classic markers of non-specific
amplification caused by primer dimerization — it had a lower Tm (77 °C), was present in some
technical replicates regardless of biological sample as well as in no-template controls, and it
inhibited the amplification of other fragments. The formation of primer dimers was also apparent
in electrophoresis gels of all standard PCR reactions as diffuse bands around 100 bp (Kilobaser,
n.d.; Creative BioMart, n.d., Chauhan, 2019), visible in Figures 16-19.

5.3.2. Splice variant BPM2.9

The next selected splice variant was the novel BPM2.9, which also encodes a unique
protein. BPM2.9 was associated with heat stress in the transcriptome mapping done in the
bioinformatic part of this thesis. The expected amplicon size of this variant with the newly designed
specific primers was 565 bp, but it was only present in cotyledonary zygotic embryos and somatic
embryos in the maturation phase, and the dominant fragment in all tissues was around 610 bp. The
dominant fragment was potentially smaller in zygotic and somatic embryos, but it was difficult to
determine due to overheating of the electrophoresis machine causing some uneven migration of
DNA fragments. Additional unexpected fragments were present in some tissues: in open flowers,
ovules and both somatic embryo samples there was a band around 750 bp, in zygotic embryos there

was one around 900 bp, and in mature somatic embryos there was one around 300 bp (Fig. 18).

Multiple fragments that might point to additional splice variants are further supported by
different peaks of the melting curves obtained in gPCR experiments (Fig. 23, Fig. 24). Unlike
BPM2.8, the expression of variants amplified by specific BPM2.9 primers for gq°PCR was
maintained throughout embryogenesis (Fig. 21C, Table 7).

To determine whether the fragments visible in the gel are actually specifically amplified
and whether they belong to the BPM family, the fragment around 610 bp from ovules was
sequenced, and the results showed that the fragment is from a novel BPM2 splice variant. The
actual size of the fragment was 625 bp and the sequence corresponded to the expected BPM2.9
sequence with an additional 60 bp insertion (Leljak-Levani¢, personal communication). In further
studies, specific primers should be designed based on the sequence of the insertion, and after

amplification of 3’- and 5’-ends with universal primers for BPM2 splice variants, the complete
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sequence of the novel variant should be obtained. This same process should be repeated for all

fragments which were reproducibly obtained in the performed experiments.

5.3.3. Splice variants BPM?2.3 and BPM2.15

The highest number of unexpected fragments, in addition to the expected 1221 bp for
BPM2.3 and 876 bp for BPM2.15, were found to be amplified with the primer pair specific for
these two variants. BPM2.3 and BPM2.15 aren't yet annotated in TAIR and NCBI databases, but
they correspond to the variant whose partial sequence was described by Pali (2020). These two
variants encode the same protein so they were unified in the expression analysis. Variant BPM2.15
was present in all tested tissues, but not in all biological replicates of oval rosette leaves, while
BPM2.3 was present in all seven tissues except in ovules. The absence of BPM2.3 in ovules is
strange, since it is present in embryos, which make up the majority of the ovule. This result could
have been caused by the experimental methods and errors in tissue sampling. Ovules were isolated
from the silique by vortexing which might have led to the contamination of isolated ovules with
the surrounding tissue and preferential amplification of the fragment of about 1100 bp, which was
present in all tissues and probably represents a novel splice variant. Another unexpected
phenomenon recorded in embryonic samples were the 12-fold higher expression levels of BPM2.3
and BPM2.15 in somatic embryo samples in both stages compared to ovules (Fig. 21A, Table 7).
Somatic embryos have been noted to have certain morphological and histological abnormalities
potentially caused by changes in tissue and organ determination (Godel-Jedrychowska et al., 2021
and references cited therein). A comparison of expressions of BPM2.3 and BPM2.15 in zygotic
and somatic embryos at equivalent stages of development might elucidate the potential role of these

variants in tissue and organ determination during embryogenesis.

Oval leaves of the rosette had significantly higher expression levels of BPM2.3 and
BPM2.15 splice variants compared to flower buds and open flowers (Fig. 20A), although the
difference was not as extreme as the one recorded in embryonic samples. Oval rosette leaves were
also the only tissue that contained a fragment around 990 bp in standard PCR (Fig. 19). Analyzing
the whole sequence of the transcript that produced this fragment might confirm a potentially

interesting novel splice variant that could be involved in rosette development.
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5.3.4. Alternative splicing in developmental transitions

Transitions from totipotency to pluripotency, and from maternal to zygotic control of
development, have been shown to be associated with the appearance of specific transcript isoforms
in animal models, namely in Mus musculus (Zhang et al., 2024). The results of this thesis —
appearance of fragments representing potential new splice variants, some present in all tissues and
some tissue-specific, along with trends and changes in expression between different tissues that are
different for each examined variant — suggest that alternative splicing is involved in developmental
transitions in plants as well, such as the transition from juvenile to adult phase, vegetative adult to
reproductive phase, and reproductive phase to development of a new sporophyte (embryogenesis).
Wheat MATH-BTB proteins TaMAB1, TaMAB2 and TaMAB3, although they aren't splice
variants transcribed from the same gene, do show a controlled domination of related MATH-BTB
proteins during fertilization. While TaMAB3 is ubiquitously expressed, the egg cell-derived
TaMABL is immediately down-regulated after fertilization and cannot be detected in any other
tissue of wheat. TaMAB?2 is a zygotic-induced gene that is also very tissue-specific and only
expressed in zygotes and in two-celled embryos (Leljak-Levani¢ et al, 2013). The function of
TaMAB2 was determined based on its interaction partners (Bauer et al., 2019), but additional
extensive research is needed to determine whether TaMAB1 and TaMAB2 perform different
developmental functions, and to examine if a similar change in dominant expression and a potential

difference in developmental function is present in Arabidopsis BPM2 splice variants.

However, the continuation of this research in the near future should focus on detecting as
many novel splice variants as possible, with the primary goal being finding those with the MATH
domain diverging from the conserved, core clade form found in splice variants characterized up to
this point. This would elucidate whether alternative splicing is a mechanism which most plants
could use to compensate for the small number of MATH-BTB genes and increase the variety of
their functions to more closely resemble the multiplicity and diversity of MATH-BTB genes in

grasses.
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6. Conclusion

Searching the newest and most comprehensive Arabidopsis thaliana transcriptome to date,
AtRTD3, revealed that the six BPM genes encode 56 different transcript isoforms: 15 encoded by
BPM1, 16 by BPM2, 11 by BPM3, 6 by BPM4, 2 by BPM5 and 6 by BPMS6.

The 16 splice variants encoded by BPM2 — BPM2.1, BPM2.2, BPM2.3, BPM2.4, BPM2.5,
BPM2.6, BPM2.7, BPM2.8, BPM2.9, BPM2.10, BPM2.11, BPM2.12, BPM2.13, BPM2.14,
BPM2.15 and BPM2.16 — differ in their combinations of TSS, TES and splice junctions. They
encode nine different proteins that differ in lengths and domain compositions.

Alternative splicing of the BPM2 gene has a role during the plant development. Expression
of splice variants BPM2.3 and BPM2.15 varied significantly between different tissues, being more
highly expressed in oval leaves of the rosette than in flower buds and open flowers, and having a
lower expression level in ovules compared to somatic embryos in the induction phase. Expression
levels of BPM2.3 and BPM2.15 as well as BPM2.9 in somatic embryos in the maturation phase are
similar to somatic embryos in the induction phase, while the expression level of BPM2.8 appeared

reduced in the maturation phase.

Existence of additional, undescribed splice variants was supported by unexpected
fragments produced in standard PCR reactions with all primer pairs, and by melting curves
obtained after qPCR with specific primers for BPM2.8 and BPM2.9. Further exploration of these
variants, especially if they will contain diverse MATH domains, would support alternative splicing
as a potential mechanism for non-grass species to achieve the multiplicity and functional diversity
of MATH-BTB proteins.
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9. Appendix

Table Al. Samtools flagstat mapping results. Mapping was done using Minimap2 with the preset
PacBio/Oxford Nanopore read to reference mapping (-Hk19) (map-pb), K-mer size = 16 and disabled
spliced alignment (mapping k16), and with the same settings but with K-mer size = 28 and minimizer
window size = 19 (mapping k28).

k16 k28
Library total mapped primary mapped total mapped reads = primary mapped
SRR23291381 1782394 (99.81%) 339785 (99.01%) | 1768420 (99.81%) 339722 (98.99%)
SRR23291382 1718473 (99.86%) 340490 (99.29%) @ 1699864 (99.85%) 340317 (99.24%)
SRR23291390 1705847 (99.86%) 328031 (99.29%) 1688137 (99.86%) 327980 (99.28%)
SRR23291398 1841413 (99.70%) @ 362088 (98.49%) | 1828354 (99.69%) 361982 (98.47%)
SRR23291399 1654823 (99.78%) 338111 (98.91%) @ 1634685 (99.77%) | 338035 (98.89%)
100
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46.44 4551 | 52.09 | 52.09 | 4597 | 53.73 | 4597 | 53.73 | 53.73 | 4597 BPM2.2
@ us) @ @ ov) o @™ @ us) @ @™ @ @ v} m @
) T T T ) ) T T T ) T T ] ) T )
S F E EEEFFEEEEEERTEREGE B
ES — (] 3 = = — W ~ » wn - = = = [N

Figure A1. Identity matrix for proteins encoded by splice variants of BPM2. Alignment was performed
using the Muscle algorithm and manually adjusted for the protein encoded by variant BPM2.8.
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Figure A2. Conserved domains present in BPM?2 transcript variant translation products. Sorted by
transcript coding potential and protein length. The names used for the proteins denote their lengths in aa.
Figure made using Batch CD-Search (Wang et al., 2023; Marchler-Bauer et al., 2011; Marchler-Bauer and
Bryant, 2004).
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Figure A3. Agarose gel showing PCR products using primers BPM2.3-15 fw and BPM2 univ_rev on
cDNA from oval rosette leaves (L), flower buds (B), open flowers (F), ovules (O), cotyledonary zygotic
embryos (Z), somatic embryos in the induction phase (SI), somatic embryos in the maturation phase (SM),
a genomic DNA sample from an A. thaliana (L.) Heynh. ecotype Col-0 plant (gD) and a no-template control
(NTC). Index numbers mark different biological samples. Ta = 61 °C, ET = 90 s. Markers used (M) are
GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) on the left and GeneRuler 100 bp DNA Ladder
(Thermo Fisher Scientific) on the right. Numbers denote band sizes in bp.



Figure A4. Agarose gel showing PCR products using primers ACT3_fw and ACT3_rev on cDNA used
for standard PCR. Samples are cDNA from A), B) oval rosette leaves (L), flower buds (B), open flowers
(F), and C), D, E) ovules (O), cotyledonary zygotic embryos (Z), somatic embryos in the induction phase
(SI), somatic embryos in the maturation phase (SM). All gels have a genomic DNA sample from an 4.
thaliana (L.) Heynh. ecotype Col-0 plant (gD) and a no-template control (NTC). Index letters mark
different biological samples. Ta = 58 °C, ET = 60 s. Marker used (M) is GeneRuler 1 kb DNA Ladder
(Thermo Fisher Scientific). Numbers denote band sizes in bp.
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Figure AS. Agarose gel showing PCR products using primers ACT3_fw and ACT3_rev on cDNA used
for gPCR. Samples are cDNA from A) oval rosette leaves (L), flower buds (B), open flowers (F), ovules
(O), and B) somatic embryos in the induction (SI) and maturation phase (SM). Both gels have a genomic
DNA sample from an 4. thaliana (L.) Heynh. ecotype Col-0 plant (gD) and a no-template control (NTC).
Index letters mark different biological samples. Ta =58 °C, ET = 60 s. Marker used (M) is GeneRuler 1
kb DNA Ladder (Thermo Fisher Scientific). Numbers denote band sizes in bp. Sample O, in gel A) shows
possible gDNA contamination and wasn’t used in downstream experiments.
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Figure A6. Melting curves of all amplicons obtained using primers BPM2.8 fw and BPM2 univ rev for
samples in which RNA was isolated using the Dynabeads™ mRNA DIRECT™ Micro Purification Kit
(Invitrogen, Thermo Fisher Scientific). Created with Mic qPCR Cycler (Bio Molecular Systems) device
and software.
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