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ABSTRACT (In English)

The SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE (SPL) family of
transcription factors is functionally diverse in controlling a number of fundamental aspects
of plant growth and development. Since the SPL genes exist amongst plants only, hence, it
is imperative to understand their functions amongst basal lineages of land plants, to gain
understanding of their evolution. The first part of my thesis presents the phylogenetic
relationships between SPL family members from representatives of all lineages of
bryophytes: two hornworts, Anthoceros agrestis and A. punctatus, liverwort Marchantia
polymorpha, and moss Physcomitrium patens, and angiosperms representatives, Arabidopsis
thaliana. The phylogenetic analysis classified SPL proteins in four phylogenetic groups. We
found that the SPL family members within the same group share similar gene structures and
protein domains which might hint towards the possible overlap in their putative functions.
Moreover, there were no SPL genes identified in the hornwort lineage when we started our
analysis and our results established that a minimal set of SPL genes is present in hornworts
of Anthoceros lineage, which is similar to liverwort, M. polymorpha.

In the second part of presented thesis several molecular genetic tools were applied to
characterize the function of MpSPL3 and MpSPL4 genes from model liverwort species, M
polymorpha. First, combining in planta promoter activity using GUS reporter gene together
with RT-qPCR analysis we have shown that both MpSPL3 and MpSPL4 genes are
ubiquitously expressed during the vegetative as well as reproductive phases of Marchantia’s
life cycle. Next, to obtain knockout plants for each gene, CRISPR/Cas9 approach was used.
The obtained two loss-of-function MpSPL3 plants displayed reduced thalli with delayed
growth in comparison to wild-type plants. On the other hand, MpSPL4 loss-of-function
plants displayed more severe phenotype resembling a prothallus-like stage with no
production of gemma cups. As in the case of both genes’ loss-of-function mutations caused
very strong effect on Marchantia development, we applied artificial miRNA approach to
knockdown the expression of MpSPL3 and MpSPL4 genes. The obtained knockdown plants
for both genes displayed growth retardation during their vegetative growth. Moreover,
gametangiophores production was completely abolished in Mpsp/3-kd lines, while Mpspl4-
kd plants exhibited delayed archegoniophores production which additionally showed
morphological distortions. Therefore, proper level of MpSPL3 and MpSPL4 genes

expression is also indispensable for Marchantia sexual organs development. In third

12



approach, we have prepared overexpression lines of both genes to study how the MpSPL3
and MpSPL4 protein excess will influence Marchantia development. The preliminary
phenotypic analysis for gain-of-function MpSPL3 transgenic plants displayed no significant
changes in phenotype during vegetative stage of growth as compared to wild-type plants. On
the other hand, the plants overexpressing MpSPL4 protein displayed smaller and narrower
thalli with bigger gemma cups in comparison to wild-type plants.

Taken together, the presented results provide significant insights into the basic
functions of MpSPL3 and MpSPL4 genes from the SPL TF family from liverwort M.
polymorpha, which are crucial players in controlling proper growth and development of both

vegetative thallus and reproductive organs.
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ABSTRACT (In Polish)

Czynniki transkrypcyjne z rodziny SPL, SQUAMOSA-PROMOTER BINDING
PROTEIN-LIKE, stanowig zroznicowang funkcjonalnie grupe bialek, ktére kontroluja
szereg podstawowych aspektow wzrostu i rozwoju ro$lin. Poniewaz geny SPL sa
specyficzne dla roslin, stad konieczne jest zrozumienie ich funkcji wérdd przedstawicieli
zyjacych linii roslin ladowych, aby zrozumie¢ ich ewolucje. W pierwszej czgsci mojej pracy
doktorskiej zajetam si¢ analizg filogenetyczng w celu zbadania relacji miedzy czlonkami
rodziny SPL przedstawicieli wszystkich linii mszakéw: dwoch gatunkéw glewikow,
Anthoceros agrestis 1 A. punctatus, watrobowca Marchantia polymorpha i1 mchu
Physcomitrium patens, oraz rosliny okrytozatazkowej Arabidopsis thaliana. Na podstawie
analizy filogenetycznej, biatka SPL sklasyfikowano w czterech grupach filogenetycznych.
Zaobserwowatam ponadto, ze cztonkowie rodziny SPL w tej samej grupie posiadaja
podobne struktury genoéw i podobny zestaw domen biatkowych, co moze potencjalnie
wskazywaé na pelnienie podobnych funkcji. Przeprowadzone badania wykazaty, ze
podobnie jak M. polymorpha, przedstawiciele glewikow rowniez posiadajg tylko czterech

czlonkéw w rodzinie SPL, co stanowi najprostszy zestaw genow SPL wérdd roslin ladowych.

W drugiej czeSci mojej pracy doktorskiej wykorzystalam szereg narzedzi
molekularnych w celu okreslenia funkcji genow MpSPL3 i MpSPL4 z modelowego gatunku
watrobowca, M. polymorpha. Analiza aktywnosci transkrypcyjnej promotoréw in planta
badanych gen6éw przy uzyciu genu reporterowego B-glukuronidazy w polgczeniu z analiza
RT-gqPCR wykazala, ze oba geny ulegaja ekspresji zarowno podczas wegetatywnej jak i
reprodukcyjnej fazy cyklu zyciowego M. polymorpha. Nastepnie, w celu uzyskania roslin z
wylaczong funkcja genu MpSPL3 lub MpSPL4 zastosowano podejscie CRISPR/Cas9.
Otrzymane mutanty AMpsp/38° charakteryzowaty si¢ zredukowang wielko$cig 1 ksztattem
plech oraz opodznionym wzrostem w porownaniu do ro$lin typu dzikiego. Co ciekawe,
mutanty AMpspl/48° wykazaly jeszcze silniejszy fenotyp niz rosliny AMpsp/3¢°, gdyz rosliny
te rosty jako masy komoérkowe bez charakterystycznej dla Marchantia budowy plechy.
Poniewaz w przypadku obu genow MpSPL utrata ich funkcji spowodowato bardzo silne
zaburzenie rozwoju watrobowca, w kolejnym podejsciu zastosowatam sztuczne mikroRNA
w celu otrzymania roslin z obnizong ekspresja badanych genéw. W przypadku obu genéw,
mutanty otrzymane za pomocg sztucznego mikroRNA wykazaly opdznienie wzrostu
podczas wegetatywnej fazy cyklu. Co wiecej, wytwarzanie gametangioforéw zostalo

catkowicie zablokowane w przypadku silnie obnizonej ekspresji genu MpSPL3, podczas gdy
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obnizenie ekspresji MpSPL4 spowodowato opo6zniong produkcje archegonioforow o
zmienionej morfologii w poréwnaniu do roslin typu dzikiego. Dlatego wtasciwy poziom
ekspresji gendow MpSPL3 1 MpSPL4 jest niezbedny dla rozwoju organéw rozmnazania
ptciowego. W celu sprawdzenie efektu nadprodukcji biatek MpSPL3 i MpSPL4 na rozwoj
M. polymorpha, przygotowalam rosliny transgeniczne z nadekspresja obu genow. Wstepna
analiza ro$lin z nadekspresja genu MpSPL3 nie wykazata zmian w ich fenotypie podczas
wegetatywnej fazy wzrostu w poroéwnaniu do roslin typu dzikiego. Z kolei nadekspresja
genu MpSPL4 spowodowata zmiany w morfologii plech, ktore byty mniejsze i wezsze w
porownaniu do ro$lin typu dzikiego oraz wytwarzaty powigkszone miseczkowate zbiorniki

produkujace wegetatywne rozmnozki.

Podsumowujac, przedstawione wyniki daja znaczacy wglad w podstawowe funkcje
genéw MpSPL3 i MpSPL4 z rodziny czynnikoéw transkrypcyjnych SPL u watrobowca M.
polymorpha, ktore sg kluczowymi faktorami kontrolujacymi prawidlowy wzrost i rozwdj

wegetatywnych plech, jak i struktur rozmnazania ptciowego u tego watrobowca.
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1. INTRODUCTION

1.1 Marchantia polymorpha as a model organism
Despite the blurred phylogenetic relationships among bryophytes, they are suggested to be
the first land plants inhabiting the earth according to fossil evidence (Edwards et al., 1995;
Wellman et al., 2003; Nishiyama et al., 2004; Qiu et al., 2006; Wickett et al., 2014; Rensing,
2018). Bryophytes comprise three lineages: mosses, liverworts, and hornworts, which

together occupy the first nodes on the embryophyte tree life of land (Fig. 1).

Chlorophytes ¢ ¢
— X
O m
Charophytes ™ <€
Hornworts ®
2
: )
Liverworts E
a
LAND PLANTS Mosses
Ferns
v 5
G 5> A
ymnosperms 5 S
a5
>

Angiosperms

Figure 1: A simplified phylogenetic tree depicting relationships among green algae, bryophytes, and vascular
plants. The divergence of land plants from algae is shown in red.

Because of bryophytes’ phylogenetic position and unique features like free-living dominant
gametophyte and partial or complete dependence of sporophyte on gametophyte, it is critical
to study each lineage of bryophytes to understand land plant terrestrialization (Shaw and
Renzaglia, 2004; Wang et al., 2022; Bowman et al., 2022). Since many decades, seed plants
have been employed as model plants, but advancements in genomic and transcriptomic data
from each lineage of bryophytes in recent years have made them model systems for studying
the evolution of land plants (Cronk, 2005; Hunter, 2008; Wood et al., 2013; Rensing et al.,
2020; Abdurakhmonov, 2022; Bowman et al., 2022; Wang et al., 2023a; Yadav et al., 2023).

The bryophyte lineage, liverworts, consists of simple thalloid and complex thalloid clades.
In recent years, the complex thalloid liverwort Marchantia polymorpha has emerged as a

powerful model system in plants for the study of complex biological processes including
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developmental, phylogenetic, physiological, and stress-induced cellular responses
(Shimamura, 2015; Ishizaki et al., 2016a; Bowman et al., 2017a; Poveda, 2020, Bowman,
2022; Kohchi et al., 2021; Naramoto et al., 2022). Features of a model plant include ease of
growth and maintenance, fast generation time, the ability to select for mutant phenotypes,
knowledge of the genome via large scale sequencing, and the availability of genetic tools,
including the ability to create transgenic individuals via transformation to create site-directed
gene mutants. Marchantia fulfills all these criteria. Additionally, the dominance of
gametophytic generation over sporophytic generation allows the recovery of developmental
mutants with relative ease (Shimamura, 2015). Besides sexual reproduction, it can also be
propagated asexually by gemmae, produced in gemma cups (Shimamura, 2015). The
isolation of gene disrupted mutants is easier in Marchantia because of its haploid nature than
in Arabidopsis, which has a diploid genome (Takenaka et a/., 2000). On the other hand, there
are some limitations to working with a haploid system since the disruption of some essential
genes may lead to lethality, making it difficult to obtain transgenic plants (Ishizaki et al.,
2013; Flores-Sandoval et al., 2016). However, techniques such as artificial miRNA and
conditional knockout systems have been successfully developed for Marchantia studies,
expanding their potential to be used in gene-targeting strategies (Flores-Sandoval et al.,
2016). Hence, in order to study specific cellular and molecular processes in detail,
Marchantia has been developed into an attractive evolutionary model plant system

(Takenaka et al., 2000).

1.1.1 Overview of Marchantia polymorpha life cycle
M. polymorpha shows an alternation of generations between haploid gametophyte and

diploid sporophyte generations (Fig. 2). The haploid gametophytic stage is the dominant
stage, which starts with a unicellular spore (top of the scheme). The spore germinates into a
sporeling - a group of undifferentiated cells that develop from a spore and further give rise
to a prothallus, which is a single-cell-layered thick structure. During the prothallus stage, the
apical cell fulfilling meristematic function acquires the final three-dimensional
developmental program leading to the formation of a thallus (Ishizaki et al., 20165; Kohchi
etal.,2021).
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Figure 2: An outline of M. polymorpha life cycle (adapted from (Kohchi et al., 2021)).

The thallus is a multilayered structure with a characteristic dorsal-ventral organization. The
dorsal side is characterized by a presence of air chambers, while the ventral side is covered
with a patterned network of scales and rhizoids (Bowman, 2022). At the dorsal side,
additionally, asexual propagules, gemmae, are produced within gemma cups. A mature
gemma usually remains dormant inside the gemma cup but after water intake, it disperses
and establishes a new thallus. Marchantia is a dioecious species with separate male
gametophyte (left) and female gametophyte (right). Under long-day conditions or by far-red
light irradiation, male thallus produces antheridiophores containing antheridia and female
thallus produces archegoniophores containing archegonia. Antheridia produce flagellated
sperm cells which swim towards the egg cells in archegonia to fertilizes them. After
fertilization, a multicellular diploid sporophyte is developed. The mature sporophyte is very

small (up to 3 mm long) and consists of spore mother cells which produce spores via meiosis.
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It is estimated that single capsule produces ~300,000 of haploid spores which are discharged
from the sporangium by hygroscopic movements of elaters (Ishizaki et al., 20165; Kohchi

etal.,2021).

Marchantia’s life cycle offers following advantages to study it as a model system in genetic,

cellular, biochemical and molecular analysis:

1. Haploid dominant life cycle: offers easier and rapid genetic analysis along with
excluding the probability of heterozygosity in its gametophytic generation making it easier
to study phenotypes of mutants.

2. Asexual reproduction: offers easier propagation and rapid development of
homozygous individuals since gametophytic thallus develops from a gemma or a single spore

(Ishizaki et al., 2016D).

1.1.2 Characteristic features of Marchantia polymorpha genome
As a representative of basal lineage of land plants, M. polymorpha became the first liverwort

to have its genome sequenced in 2017. Interestingly, the genome of Marchantia preserves all
the characteristics predicted for an ancestral land plant’s genome including, presence of sex
chromosomes, similar content of transcription factors (TF) and signaling pathway genes. The
unique feature of Marchantia’s genome is the presence of minimal set of regulatory genes
due to absence of an ancient whole genome duplication. As compared to genomes of other
sequenced land plants, Marchantia’s genome contains single or low copy number of several
regulatory genes. Moreover, the comparative genome analysis of few sequenced land plants,
including Marchantia with charophytes revealed that orthologs of several signaling pathway
genes were either absent in charophytes or acquired novel functions in land plants. For
example, in auxin signaling pathway, YUCCA gene family (required for auxin biosynthesis)
is absent in charophytes and found specifically within land plants whereas TIRI
(TRANSCPORT INHIBITOR RESPONSEI) and AUX/IAA (AUXIN/INDOLE-3-ACETIC
ACID) genes (required for auxin signaling) gained new functions in land plants which
allowed them to specifically interact with auxin. Also, several genes which are specific for
vascular plants were found absent in Marchantia’s genome. This includes absence of gene
encoding ethylene-forming enzyme (ACO) and lack of some downstream signaling genes
from NBS-LRR (NUCLEOTIDE-BINDING SITE LEUCINE-RICH REPEAT) signaling
pathway (Bowman et al., 2017b).
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In the genome of M. polymorpha, 2.1% of protein-coding genes were found to encode
transcription factors (Bowman et al., 2017b). The number of these genes is lower as
compared with other land plants but higher than in algae, indicating that the number of
transcription factors increases with the complexity of plants (Lang et al., 2010; Catarino et
al., 2016; Lehti-Shiu et al., 2017). However, the comparative analysis between transcription
factors found in Marchantia and other land plants as compared to green algae revealed that
numerous TF families diversified increasingly within land plants, implying their importance
in terrestrialization on Earth. These include members of ASL (ASYMMETRIC LEAVES-2-
LIKE) /LBD (LOB-domain), GRAS (named after the first 3 members: GIBBERELLIC-
ACID INSENSITIVE [GAI], REPRESSOR of GAI [RGA], and SCARECROW [SCR] of
GRAS protein family), NAC (named after NAM [NO APICAL MERISTEM], ATAF1/2
[Arabidopsis  thaliana ACTIVATING FACTOR] and CUC2 [CUP-SHAPED
COTYLEDON]  proteins), = AP2/ERF  (APETALA2/ETHYLENE-RESPONSIVE
ELEMENT BINDING FACTORS), WRKY (named after ‘WRKY’ signature amino acid
sequence present in WRKY domains), bHLH (basic HELIX-LOOP-HELIX) and SPL
(SQUAMOSA PROMOTER BINDING PROTEIN-LIKE). The discovery of TFs repertoire
in Marchantia aids in a better understanding of land plant evolution and how novel
adaptations enabled the land plant ancestors to survive under new sources of stresses

encountered in terrestrial environments (Bowman et al., 20175).
1.1.3 Tools available for Marchantia polymorpha functional studies

1.1.3.1 Transformation methods
In plant developmental research, isolation of mutants using a gene disruption approach has

been proven to be useful for studying the function of the respective genes in the context of
plant development and survival (Takenaka et al., 2000; Ishizaki et al., 2016b). Many
techniques are available for the transformation of plants,, and these techniques are also
available for Marchantia now (Takenaka et al., 2000; Ishizaki et al., 2013, 2015, 20165b;
Tsuboyama and Kodama, 2018; Tsuboyama et al., 2018). In an initial transformation
protocol developed for Marchantia, the suspension-cultured cells were successfully
transformed by particle bombardment, but the callus-like structures obtained could not be
regenerated into new plants (Irifune et al., 1996). Further, Takenaka et al. successfully
generated a method for direct transformation of M. polymorpha plants (Takenaka et al.,
2000). The transformed thalli obtained from this procedure generally take 8-10 weeks, which

is less than the 12-36 weeks required to differentiate the same cell mass in higher plants.
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Later in 2008, Chiyoda et al., developed a method for direct transformation of Marchantia
where the thallus is developed from spores by particle bombardment. An advantage of this
method is that it requires half the time as compared to initial methods and does not require
any stepwise transfer to liquid and solid media (Chiyoda et al., 2008). Additionally, Chiyoda
et al., also established the same approach for plastid transformation using suspension culture
cells of Marchantia (Chiyoda et al., 2007, 2014). However, the mode of DNA transfer by
physical delivery has some drawbacks, which include the generation of complex mutations
and rearrangements that make the manipulation of the transformants obtained difficult
(Chiyoda et al., 2007, 2014). Meanwhile, Ishizaki et al., developed the first Agrobacterium-
mediated transformation in Marchantia, as previously it has been practical only in
angiosperms. This method allows transformation of Marchantia immature thalli grown from
spores - sporelings. Importantly, this method has greater efficiency and lesser rearrangements
than the physical DNA delivery method (Ishizaki et al., 2008). Therefore, Agrobacterium-
mediated transformation is the most employed transformation protocol in Marchantia studies
(Kato et al., 2015a; Monte et al., 2018, 2019; Montgomery et al., 2020; Li et al., 2020a;
Dierschke et al., 2021).

In the previous methods requiring liquid medium, the transformants generated were
aggregated when shaken in the medium, and hence, it was difficult to obtain independent
transformants. This problem was resolved in the AgarTrap (Agar-utilized Transformation
with Pouring Solutions) method as independent transformants can be obtained in the petri
plates with higher efficiency (Sporeling - AgarTrap) (Tsuboyama and Kodama, 2014). The
drawback with using sporelings for transformation is that sexual reproduction is crucial for
the generation of spores, which when working on infertile mutants cannot be obtained. In
order to overcome these limitations, a new modified version of this method was developed
in which, intact gemmae/ gemmalings (G-AgarTrap) obtained by asexual reproduction were
employed. Furthermore, this method was also developed using mature thallus pieces (T-
AgarTrap) (Tsuboyama-Tanaka and Kodama, 2015; Tsuboyama and Kodama, 2018).
Additionally, the development of Gateway binary vectors with different selection markers
for transgenic experiments greatly enabled and eased the molecular genetic analysis

(transgenic research) in Marchantia (Ishizaki ef al., 2015).
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1.1.3.2 Genome manipulation tools
The availability of genome sequence and development of efficient Agrobacterium-mediated

transformation protocols for M. polymorpha, further enabled to establish several gene
targeting methods. These include gene editing by homologous recombination (HR),
CRISPR/Cas9 (CLUSTERED REGULATORY INTERSPACED SHORT PALINDROMIC
REPEATS/CRISPR-associated protein 9), TALENS (TRANSCRIPTION ACTIVATOR-
LIKE EFFECTOR NUCLEASES), and artificial miRNA (amiRNA) (Ishizaki et al., 2013;
Sugano et al., 2014; Kopischke et al., 2017; Sugano and Nishihama, 2018). All these gene-

targeting methods ease the manipulation of genome by forward and reverse genetics analysis.

HR-mediated gene targeting has been a potent tool for functional analysis of genome by
reverse genetics. Gene targeting by HR has been difficult in higher plants although it is highly
efficient in moss, P. patens (Kamisugi et al., 2006). A protocol for gene-targeting by HR has
been established in Marchantia via positive/negative selection system, similar to rice. In this
system, hygromycin-resistant gene, /pt, and diptheria toxin A fragment gene, D7-4 were
used as positive and negative markers for Marchantia, respectively (Terada et al., 2002,
2007; Ishizaki et al., 2013). When the whole transgene is introduced to the genome via non-
homologous recombination, DT-A protein having endonuclease activity, exerts cellular
toxicity. Because of introducing a double selection system within HR, higher specificity and
efficiency can be obtained (Ishizaki et al., 2013). This approach has successfully been
employed in targeting several genes including MpPHOTOTROPIN involved in chloroplast
photorelocation movement (Komatsu et al., 2014), MpFKF (FLAVIN-BINDING KELCH
REPEAT F-BOX 1) and MpGI (GIGANTEA) involved in photoperiodic regulation (Kubota
et al., 2014), MpTAA (TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS)
involved in auxin biosynthesis (Eklund et al., 2015), MpKAR (KARAPPO) involved in
gemmae initial cells specification (Hiwatashi et al, 2019) and MpCLVI (CLAVATAI)
involved in CLE1 (CLAVATA3/EMBRYO SURROUNDING REGION-related) signaling
pathway (Hirakawa et al., 2020).

A fast and simple gene editing technology known as CRISPR-Cas has been successfully
employed to modify genomes of many model plants (Sugano et al., 2014; Peterson et al.,
2016; Noman et al., 2016; Meng et al., 2017; Qi, 2019; Mallett et al., 2019). This targeted
genome editing method has been also successfully adapted for gene editing in Marchantia in
recent years (Sugano et al., 2014). There are several combinations of vectors that can be used

for CRISPR/Cas9-directed genome modification in Marchantia (Ishizaki ez al., 2015; Sugano
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etal.,2018). The Cas9 protein can be driven under the expression of either Marchantia EF/a
or Cauliflower mosaic virus 35S promoter. The initial CRISPR/Cas9 protocol employed
human-codon-optimized Cas9 (hCas9) (Sugano et al., 2014), however, because of its low
gene editing efficiency, it was replaced by Arabidopsis-codon-optimized (Atco-Cas9) which
greatly increased the gene-editing efficiency (Ishizaki et al., 2015; Sugano et al., 2018) (Fig.
3).

Target sequence

¥

AtCas9 NLS

| wpFpro. 2 Atcaso NS

Figure 3: Constructs used for CRISPR/Cas9 studies in Marchantia in studies by Sugano et al., 2018. gRNAs
are expressed under Marchantia U6 promoter, AtCas9 is fused with NLS (nuclear localization signal) and
expressed under either 35S promoter or Marchantia EF'/a promoter (adapted from Sugano et al., 2014; 2018).

Currently, CRISPR-Cas9 is the most frequently employed gene editing technology for
obtaining stable mutants of protein coding genes but also for editing MIR gene loci in
Marchantia (Li et al., 2020a; Dierschke et al., 2021; Ishida et al., 2022). In addition to single
gRNA approach, the CRISPR-Cas9 can be also applied with the usage of multiple gRNAs
in single construct (Sugano et al., 2014, 2018; Sugano and Nishihama, 2018).

Gene targeting by artificial miRNAs has been used in many plant species including moss, P.
patens (Khraiwesh et al., 2008), many monocots and dicots (Schwab et al., 2006; Alvarez et
al., 2006). Artificial miRNAs are constructed by substitution of miRNA and miRNA* in the
endogenous miRNA precursor which directs it to a specific target (Schwab et al., 2006;
Alvarez et al., 2006; Ossowski et al., 2008). In Marchantia, artificial miRNA constructs were
generated using the backbones of either MpMIR160 or lycophyte Selaginella kraussiana
MIRI166 and the resulting amiRNAs were expressed under MpEF1-a promoter (Fig. 4)
(Flores-Sandoval et al., 2016).
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Figure 4: Artificial microRNA design used in studies by Flores-Sandoval et al., 2016. The predicted stem-
loop structures formed by MpmiR160, amiR-MpARF1MPMR1%0 SkmiR166 and amiR-MpE(z)SHMRI56 Coloured
sequences represent miR and amiR, and miR* sequences are depicted by bold and lower case. Artificial

miRNAs designed for MpARF I (AUXIN RESPONSE FACTOR) and MpE(z) (ENHANCER OF ZESTE) are
denoted as amiR-MpARF IMPMIRI0 and amiR-MpE (z)SFMIRI% | respectively.

As already mentioned, gene editing by HR or CRISPR/Cas9 have some limitations that are
more prominent in a haploid organism (Ishizaki et al., 2013, 20165b; Sugano et al., 2018) .
To overcome these limitations, artificial miRNAs with inducible or conditional expression
system have been developed as an alternative tool for studying function of a gene of interest
in Marchantia. Moreover, it has been efficiently employed in the knock-down of many genes
in Marchantia. For example, CRISPR/Cas9 mutants of MpARFI (AUXIN RESPONSE
FACTOR 1) involved in auxin signaling, resulted in strong phenotypic defects in cell
patterning and differentiation (Sugano et al., 2014). Meanwhile, many lines were obtained
from artificial miRNA for MpARF1 (o EF1:amiR-MpARF1 PMIRI%0y byt none of them
produced such strong defects, implying that the produced alleles were not null. On the other
hand, artificial miRNA lines generated for MpE(z) (ENHANCER OF ZESTE) gene encoding
component of PRC2 (Polycomb repressive complex 2), under the constitutive expression of
MpEFI promoter (,roEF1:amiR-MpE(z) YPMRI60 and ., EF 1 :amiR-MpE(z) S™MR1% ) resulted
in sporeling lethality. Therefore, an estrogen inducible system was developed to obtain loss-
of-function allele of MpE(z). In the presence of estrogen, these mutant plants displayed
arrested growth with eventual lethality under prolonged estrogen induction (Flores-Sandoval

etal., 2016).

1.1.4 Available database resources for Marchantia polymorpha
In 2017, the database for genes and genetic parts of M. polymorpha genome, known as

MarpolBase or MarpoDB became available to the research community. The database
currently contains three versions of the Marchantia reference genome: JGI 3.1 (Bowman et

al., 2017b), MpTakl v5.1 (M. polymorpha subsp. ruderalis) and the current version,
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MpTakl v6.1 (comprises the combination of male Tak1 genome (MpTakl v5.1)and female
Tak2 U-chromosome) (Montgomery et al., 2020). MpTakl v6.1 is the newest annotation,
which is based on chromosome-level genome assembly as opposed to JGI 3.1 with scaffold-
based genome and hence, is a standard reference genome currently used for analytical
purposes. Additionally, the database also contains genome data from M. polymorpha subsp.
polymorpha BRS (MppBR5) and subsp. montivagans SA2 (MpmSA2) (Linde et al., 2020).
In general, the database provides a platform for genome-based analysis as it contains many
analytical tools. These tools can be used to perform similarity search (BLAST), to design
guide RNA for CRIPR/Cas9 system (CasFinder, CRISPRdirect), or to design artificial
miRNA for gene of interest (amiRNA design helper). MarpolBase also acts as a database for
submitting Marchantia gene names to prevent any redundancy and maintain uniformity in
literature. In general, the database serves as a platform that aids in promoting synthetic

biology in M. polymorpha (Linde et al., 2020).

Since the RNA-seq data from M. polymorpha studies has been growing vastly, an expression
database was created for analyzing this data in 2021. The expression database, named as
‘MarpolBase expression (MBEX)’ is closely linked with MarpolBase genome resources and
thus continuously incorporates annotation updates. The expression database consists of
expression tools, co-expression tools and analysis tools for evolutionary and functional
analysis of Marchantia genes. The expression tools can be employed for generating
chromatin expression images, bar plot, line plot and cluster gram after submitting an
appropriate gene ID. Meanwhile, co-expression tools can be used to generate functional or
co-expression network, to draw network and to obtain co-expression or rank table. Moreover,
the analysis tools can be exploited to perform differential expression analysis for two selected
conditions, functional enrichment analysis for a set of genes, orthogroup analysis for selected
gene and set relations by integrating multiple analysis. Additionally, the database is linked
to SRA (Sequence Read Archive) data source (Leinonen et al., 2010). In general, the
expression database serves as a platform for envisioning expression levels of genes,
investigating differentially expressed genes, co-expression data and networks and analyzing

functional enrichment data (Kawamura et al., 2022) (Fig. 5).
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Figure 5: An outline of MBEX construction (adapted from Kawamura et al., 2022)

In 2023, the gene expression atlas was created for M. polymorpha in different abiotic stresses.
The atlas was created for seven different abiotic stresses alone as well as in different
combinations. The atlas provides data on phenotype, differential gene expression, analysis
of biological and cellular pathways in stress conditions (Tan et al., 2023). This data is made
available through eFP browser for M. polymorpha at Marchantia eFP Browser and CoNek T
: Co-expression Network Toolkit platforms. Although both these databases are expression-
based databases, eFP browser can be employed for visualization of the expression data while
CoNekT database can be employed for comparative tissue-specific expression data in stress
conditions under study (Tan et al., 2023). In general, this data and the available databases
will aid in investigating the gene expression pathways and networks involved in different

abiotic stresses in Marchantia.

1.2SPL Transcription factors functions in plants
By controlling the transcription of genes, transcription factors (TFs) are the major governors
of organisms’ functioning and development. The regulation of gene expression is further
important for regulating various biological processes in living organisms, including plants.
In plants, the activity of transcription factors is regulated by many factors including,
transcription and translation control, protein-protein interactions, chromatin conformation
and subcellular localization (Yanagisawa, 1998). Moreover, the comparative analysis of
transcriptional regulators in Arabidopsis (plant), Saccharomyces cerevisiae (fungi),

Caenorhabditis elegans and Drosophila (animals) revealed that many transcription factors
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are shared between these kingdoms. However, the study also revealed the presence of
lineage-specific TFs, indicating their origin after these three kingdoms’ divergence. Plant-
specific TF families include members from AP2/ERF, ARF, GRAS, Dof (DNA binding with
one finger), WRKY and SPL (Yanagisawa, 2004; Birkenbihl et al., 2005; Bowman et al.,
2017b; Li et al., 2021). The majority of the plant-specific TF family members that have been
identified so far are involved in gene regulation processes that are connected to the
development of plant-specific organs and to response mechanisms for adapting to terrestrial

conditions.

1.2.1 SPL TF family: general characteristics

In Antirrhinum majus (snapdragon), two genes were identified as interacting partners for
SQUAMOSA gene (SQUA) promoter and named as SBPI! and SBP2, derived from
SQUAMOSA-PROMOTER BINDING PROTEIN. This SQUA gene is a floral meristem
identity gene that belongs to MADS-box transcription factor family. The conserved domain
in both SBP genes consists of 79 amino acids at their C-terminus and contain a bipartite
nuclear localization signal (NLS) for transport to the nucleus (Davies and Schwarz-Sommer,
1994; Klein et al., 1996). Moreover, to study the involvement of this conserved domain in
specific binding of its interactors, truncated versions of SBP2 protein were prepared. This
conserved domain was hence found to be sufficient and necessary for binding and
recognition of SQUA promoter elements and therefore, was named as SBP-box (Davies and
Schwarz-Sommer, 1994; Birkenbihl et al., 2005). The characteristic feature of SBP domain
is the presence of two Zn-binding domains (Zn-1 and Zn-2) and one NLS (Davies and

Schwarz-Sommer, 1994; Birkenbihl ez al., 2005) (Fig. 6).
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Figure 6: A sequence logo of SBP domain prepared from 166 SPL protein sequences from 52 species used in
study conducted by (Birkenbihl et al., 2005). SBP domain consists of two Zn-binding domains and one nuclear
localization signal, represented by Zn-1, Zn-2 and NLS in this figure, respectively (adapted from (Birkenbihl
et al., 2005).

In A. thaliana, 16 members belonging to SBP-box gene family were identified and named
as SPL genes (SQUA promoter-binding protein-like) (Cardon et al., 1999). NMR structures
of Arabidopsis SPL4, SPL7 and SPL12 have proven that SBP-DBD (DNA binding domain)
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contains two zinc-binding pockets (Fig. 7). The coordinating pattern of dual zinc-binding
motifs is Zn-1: Cys3His — Zn-2: Cys2HisCys or Zn-1: Cys4 — Zn-2: Cys2HisCys, consisting
together eight Cysteine and Histidine residues. Zinc ions are crucial for stabilisation of both
motifs and for their interaction with each other through hydrophobic residues. Due to this

tight packing, SBP-DBD behaves as a single domain (Yamasaki et al., 2004).

c

Figure 7: Ribbon diagrams of DNA binding domains of AtSPLs, prepared from NMR spectroscopy values.
A) AtSPL4-DBD, B) AtSPL7-DBD and C) AtSPL12-DBD. In A) and B), zinc ions are represented as red
spheres and in C) by spheres. Zn-coordinating residues are depicted as ball-and-stick presentations. DBD
corresponds to residues 1-7 and the residue numbers are marked for the SBP domain (Yamasaki et al., 2004).

The SPL proteins bind DNA in a sequence-specific manner. The promoter of the target genes
contains a conserved sequence TNCGTACAA, where N represents any base (Cardon ef al.,
1997; Birkenbihl et al., 2005). Experimental studies revealed that the SBP domain binds to
DNA with a stoichiometry of 1:1. The region of DBD was found to be positively charged
for specific binding to negatively charged DNA. This region was mostly comprised of
conserved basic residues, Arg and Lys (Yamasaki et al., 2004). These findings suggest that
SBP-DBD has a novel type of structure and binding as compared to previous-known Zn-
binding domains. The sequence specificity of SPL family of transcription factor family is
related to zinc-finger like structures in the DBD. Functional studies showed that the
palindromic GTAC core motif is required for proper DNA-binding by these TFs (Birkenbihl
et al., 2005; Yamasaki et al., 2009; Zhang and Li, 2013; Lei et al., 2016; Wang et al., 2016;
Cao et al., 2021; Zhang et al., 2022) (Fig. 8).

AtSPL3

2

bits

- ia
- ~ L] - w @

=3
5 -

0

123
14

- - @
- - -

Figure 8: A sequence logo of GTAC core sequence detected in AtSPL3 sequence. The experiment first
revealed that SBP-domain binds to GTAC core sequence (adapted from (Birkenbihl ef al., 2005).
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1.2.2 Functions of SPL gene family in angiosperms
Although there is growing number of publications describing SPL transcription factor family

in different plants, the most comprehensive studies are available for angiosperms, with A.
thaliana and O. sativa being the best functionally characterized. The expression levels of
many SPL genes are controlled by microRNA, in dicots by miR156, and in monocots by
miR156/529. For instance, in 4. thaliana, 10 out of 16 SPL members are being regulated by
miR156/157 (Fig. 9a). On the other hand, in O. sativa, 11 out of 19 SPL genes are targets for
miR529/miR156/miR535 (Xie et al., 2006; Dai and Zhao, 2011; Yue et al., 2017) (Fig. 9b).
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Figure 9: Sequence alignment between miRNA mature sequences and its target SPL genes in 4. thaliana and
O. sativa, respectively. a) alignment between miR156/156 mature sequences and its target 10 SPL genes in A.
thaliana and b) alignment between miR 156 mature sequence and its target 11 SPL genes in O. sativa. Identical
sites are shaded (adapted from (Xie et al., 2006; Chen et al., 2010))

In Arabidopsis, miR156 is highly expressed in tissues like young seedlings but it declines as
the shoot development progresses. Meanwhile in rice, studies have shown that both the
miRNAs, miR156 and miR529 have overlapping expression patterns (Morea et al., 2016).
Interestingly, OsSPLI14 is targeted by both miRNAs (miR156a-j and miR529a-5p) during
seedling stage while it is mostly targeted by miR529 (miR529a-5p) in panicle (Jeong et al.,
2011). Changes in the expression levels of each miRNA have their implication in
Arabidopsis and rice development. The overexpression of two OsmiR156 members (pri-
miR156d and pri-miR156h) resulted in severe plant morphological changes including
dwarfism, increase in number of tillers, delayed flowering time, reduction in number of
grains per panicle, secondary branches of panicle, and spikelets. Despite the changes
observed in panicle size in these plants, their fertility was not affected as compared to wild-
type rice. Meanwhile, the overexpression studies of miR529a in rice affected the panicle
architecture and expression of three out of five SPL genes (OsSPL2, OsSPL14 and OsSPL17)
(Yue et al., 2017). Therefore, the OsSPL-OsmiR156/529 module was found to influence

various developmental processes, specifically the flower development of rice (Xie et al.,

N
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2006). Moreover, similar morphological changes were also observed in Arabidopsis plants
overexpressing miR156, which includes increase in number of leaves, delayed time of
flowering under long day conditions and decrease in number of flowers from side shoots and
decrease in apical dominance (Schwab et al., 2005). Hence, miR156-SPL module is known

to control various regulatory functions in the development of higher plants.

1.2.2.1 Functions of SPL gene family in developmental regulation in
angiosperms

SPL family of transcription factors is known to regulate juvenile-to-adult and vegetative-to-
reproductive transition in Arabidopsis. miR156 is known to control many aspects of plant
development and physiology by regulating SPL gene expression at different times of their
development in Arabidopsis (Xu et al, 2016). SPL genes regulated by miRNA in
Arabidopsis have been divided functionally into three groups based on their involvement in
phase transitions:
1. SPL genes which contribute to both phase transitions: SPL2, SPL9, SPL10, SPLI11,
SPL13 and SPL15

2. SPL genes which contribute to floral meristem identity transition: SPL3, SPL4 and
SPL5
3. SPL genes which do not contribute to shoot morphogenesis but play a role in other

physiological processes: SPL6 (Xu et al., 2016).

The phase transitions in Arabidopsis are regulated by miR156 and miR172 in a coordinated
manner. A subsequent decrease in the levels of MIR156 and an increase in its target SPL
transcription factor mRNAs causes simultaneous increase in MIR172 levels. This leads to
activation of flowering pathway by targeting APATELA2 (AP2)-like TF gene and an
induction in FLOWERING LOCUS T (FT) gene. This signaling cascade of miR172-FT with
miR156 activates SPL genes which further induces floral meristem identity genes in
Arabidopsis (Jung et al., 2016).

Vegetative phase change refers to transition from juvenile-to-adult phase. In Arabidopsis, it
is accompanied by an increase in the expression of SPL genes which are regulated by
decrease in levels of miRNAs, miR156 and miR157 (Hu ef al., 2023a). miR156 has been
shown to regulate shoot morphology and SPL gene expression to higher extent than miR157.
For example, AtSPLY, 10, 13 and 15 genes are essential for the development of adult
vegetative traits (He et al., 2018). In Arabidopsis, brassinosteroid (BR- one of the main

growth-promoting steroid hormones in plants) has been shown to positively regulate leaf
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morphology. Additionally, treatment by BR hormone induced the expression of AtSPL9, 10
and /5. Moreover, SPL9 gain-of-function lines exhibited BR hypersensitivity. Furthermore,
SPLY was shown to interact with BZR1 (BRASSINAZOLE-RESISTANT 1), a master TF of
BR signaling pathway. Therefore, SPL9-BR pathway is involved in vegetative phase change
in Arabidopsis (Wang et al., 2021).

Moreover, AtSPL9 and AtSPLI3 have been shown to promote adult leaf morphology via
binding to the promoters of blade-on-petiolel and 2 (BOPI/2) and suppresses their
expression. In juvenile leaf, miR 156 levels are higher and as a result its targeted SPL levels
are lower. This results in activation of BOPI1/BOP2 which causes earlier blade-petiole
boundaries. In contrast, in an adult leaf, AtSPL9/13 levels are higher which results in down-
regulation of BOP1/BOP?2 causing late development of blade-petiole boundaries and hence,
elongated blades (Hu et al., 2023a) (Fig. 10).

BOR1}BOP2

Juvenile leaf Adult leaf

Figure 10. A schematic representation of involvement of miR156-SPL module in leaf development (adapted
from (Hu et al., 2023a). The bold arrows depict that miR156-SPL inhibition is active in juvenile leaf while
SPL-BOPI/2 inhibition is active in adult leaf, respectively. The images of juvenile and adult leaves are created
with_BioRender.com.

Reproductive phase change includes transition from vegetative shoot apical meristem (SAM)
to inflorescence meristem. Several SPL proteins including SPL2/10/11, SPL3 and SPL9,
bind to promoters of several flowering regulatory genes including APETELAI (AP1), LEAFY
(LFY), FRUITFUL (FUL), ASYMMETRIC LEAVES 2 (4S2), SOCI (SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1) and AGL42 (AGAMOUS-LIKE 42) and positively
regulate flowering (Chen et al., 2010). For instance, AtSPL2 regulates fertility rate, pollen
production and elongation of various floral organs by binding to 4S2 promoter (Wang et al.,
2016). Another miR156 targeted SPLs, AtSPL3 and AtSPLS5 regulates flowering via their
interactions with nitrate-regulated genes. SPL3 and SPL5 contain nitrate-responsive elements
(NREs) in their promoters and transcription factors of nitrate signaling pathway bind to these

NREs (Olas et al., 2019). In the case of SPLY, it was shown to interact with DELLA proteins
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involved in Gibberellic acid (GA) signaling pathway to promote floral transition in
Arabidopsis (Yu et al., 2012; Zhang et al., 2019). Hence, miR156-SPL9 module play dual
role in both vegetative and reproductive stages of development in Arabidopsis. Therefore,
miR156-SPL regulatory module acts throughout the course of plant development in
Arabidopsis (Fig. 11).
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Figure 11: A summary of AtSPL genes in development of vegetative and reproductive traits in Arabidopsis.
The figure is created with_BioRender.com.

In rice, a network of miRNAs and TF regulates vegetative (tiller) and reproductive (panicle)
architecture/ branching (Wang et al., 2015a). This branching pattern further determines the
yield and quality of grain. The miRNA156/529-SPL modules are one of important players in
controlling this process. For instance, over-expression of OsSPLI4 positively regulates
panicle branches and grain yield (Jiao et al., 2010; Miura et al., 2010). Another example is
OsSPL13 which was first identified as a major quantitative trait locus (QTL), GLW7,
affecting grain yield in rice. This GWL7 locus promotes grain length and panicles, thereby,
increases the yield (Si et al., 2016). Another QTL locus GW8 (Grain-width 8) was identified
as synonymous with OsSPL16. The overexpression of OsSPLI16 causes reduction in plant
height, tiller numbers, panicle branches and increase in grain width and hence, yield (Wang
etal., 2012). Also, upregulation of OsSPL7 caused a decrease in number of tillers and lateral
roots (Dai et al., 2018a). As mentioned earlier, miR529a directly modulates the expression
of several OsSPL genes (OsSPL2, OsSPLI4 and OsSPLI7) and affects the panicle
architecture (Yue et al., 2017). Hence, different rice SPL genes function co-ordinately in

regulating the quality and yield of rice grains (Fig. 12). Therefore, SPL functions can be
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exploited by the breeders to improve the grain yield in rice and other agricultural crops.
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Figure 12: A summary of roles of OsSPL genes in growth and development of rice (modified from (Liu et al.,
2016).

1.2.2.2 Functions of SPL gene family in stress responses in
angiosperms

SPL genes expression regulation is implicated in controlling various stress responses (Ling
and Zhang, 2012; Zhang et al., 2015; Morea et al., 2016; Li et al., 2022). In Arabidopsis,
during stress conditions like cold, drought and salinity, miR156 upholds the plant in its
juvenile stage for longer durations, by suppressing the expression of SPLs. After attaining
favourable conditions, SPL inhibition is released as miR156 is suppressed hence,
accelerating the developmental transition by activating genes critical for flowering (Wang et
al.,2009; Yu et al., 2010; Sunkar, 2012; Wang, 2014). Under salt and drought treatments in
Arabidopsis, studies have shown that transgenic plants with functional inhibition of miR156
become more susceptible to stress treatment. In contrast, transgenic plants overexpressing
miR156 showed increased tolerance to these two stresses. Interestingly, salt and drought
stress cause elevated expression levels of anthocyanin-pathway genes, DFR
(DIHYDROFLAVONOL-4-REDUCTASE) and PAP1 (PRODUCTION OF ANTHOCYANIN
PIGMENT 1) in wild-type Arabidopsis plants that helped them to survive unfavourable
growth conditions. On the other hand, SPL9 has been shown to interact with both these genes
directly and negatively influence anthocyanin biosynthesis. Therefore, under stress

conditions, miR156 functions to inhibit action of several SPLs which in turn enables higher
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anthocyanin biosynthesis to increase the plants’ tolerance to the stresses (Cui et al., 2014)

(Fig. 13).
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Figure 13: A working model of miR156-SPL module in coordinating the plant growth and development and
plant tolerance to abiotic stresses. Under stress conditions, miR156 is induced, causing plant tolerance to
stresses. In contrast, under appropriate conditions, miR156 is supressed, causing normal plant growth and
development (adapted from (Cui et al., 2014). The images of pri-miRNA are created with_ BioRender.com.

Apart from its involvement in vegetative development, miR156-SPL9 module in Arabidopsis
is also implicated in cold stress tolerance. AtSPL9 has been shown to activate the expression
of CBF2 gene from C-REPEAT BINDING FACTOR/DRE BINDING FACTORI
(CBF/DREBI1) family upon low temperature conditions, which led to enhanced cold
tolerance of Arabidopsis plants (Zhao et al., 2022) (Fig. 14).

development independent

Cold tolerance

Figure 14: A working model of involvement of miR156-SPL modules in providing cold tolerance in
Arabidopsis (adapted from (Zhao et al., 2022). The image of miRNA is created with BioRender.com
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Also, in rice, the regulation of several OsSPL genes expression by miR156 is involved in
various stress responses including salinity, stress and cold stress (Wang and Wang, 2015;
Cui et al., 2015; Lan et al., 2019). Cold stress affects plant growth and development and
causes loss in crop yields (Sun et al., 2020). It is especially threatening for early stages of
plant development as it inhibits seedling growth. It also has adverse effects on reproductive
development of rice. For example, it negatively affects plant height, panicle architecture,
grain length, and anther’s length and volume in rice (Cui et al., 2015). In rice, the
overexpression of miR156k caused reduced tolerance to cold stress in the seedling stage of
rice. This overexpression led to changes in the expression of some cold responsive genes and
a decrease in the expression of their target SPL genes (OsSPL3, OsSPL14 and OsSPL17)
(Cui et al., 2015).

Salinity is one of the major stresses affecting the plant growth and development hence,
resulting in loss of yield in crop species. Salt tolerance in rice is a complex network involving
many proteins, transcription and epigenetic factors. OsSPLI( was identified as a candidate
for SST (SEEDLING SALT TOLERANT) gene in playing a role in salt tolerance and trichome
development in rice. The knockout mutant of OsSPL 0 displayed more tolerance to salt stress
with glabrous traits, as opposed to plants overexpressing OsSPLI(. Glabrous rice varieties
are desirable, and they are characterized by phenotypes like glabrous leaves and glumes
without trichomes. Since trichomes causes dust formation during harvesting and grain
manipulation, hence, glabrousness is considered an important agronomic trait in rice (Lan et
al., 2019). Therefore, OsSPL 10 was shown to negatively influence salt tolerance in rice (Lan
etal.,2019).

Apart from its involvement in salt stress, OsSPLI0 is also involved in regulating drought
stress. Low level of OsSPLI0 expression in rice plants prevents reactive oxygen species
(ROS) accumulation and programmed cell death processes by positively regulating the
expression of its downstream gene OsNAC2. Additionally, knock-out of OsSPLI0 caused
earlier closure of stomata and hence, prevented water loss (Li et al., 2023a). Hence, OsSPL10
has been shown to be a valuable target for crop improvement by imparting salt and drought
tolerance in rice (Lan et al., 2019; Li et al., 2023a).

Heat stress is known to be a severe hazard to crop production worldwide. The heat damage
to crop plants in the flowering season is quite prevalent as plants show higher sensitivities to
increasing temperature during their reproductive development. Various mechanisms in
plants have been evolved to prevent them from heat damage including heat-shock proteins

(HSPs), heat-shock transcription factors (HSFs), reactive oxygen species (ROS), unfolded
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protein structures, secondary messengers of calcium and phytohormone signaling (Hirt and
Shinozaki, 2003; Zhao et al., 2020; Suzuki et al., 2022; Wang et al., 2023b). The SPL family
of transcription factors is involved in conferring heat stress tolerance (thermotolerance) in
plants. For example, SPLI and SPLI2 genes from Arabidopsis have been shown to act
redundantly to impart thermotolerance at their reproductive stage of growth during heat
stress. The double knockout of both genes caused extreme plant sensitivity to heat stress, as
opposed to SPLI and SPLI2 overexpressing mutants. Additionally, heat stress induced a
large number of abscisic acid (ABA) signaling pathway genes in the double knockout plants.
Therefore, both SPL1 and SPL12 genes confer thermotolerance via ABA signaling pathway
in Arabidopsis (Chao et al., 2017).

Many essential nutrients including inorganic phosphate (Pi) and copper (Cu) are required for
proper plant development and hence, act as limited factors in plant growth. Under Pi and Cu
deficit conditions, plants display deviations in their morphology and signaling processes.
Several transcription factor genes, including SPLs, modulate these stress responses by
monitoring the expression of Pi- and Cu-deficit responsive genes. In Arabidopsis, SPL3,
SPL7 and SPL9 are implicated in this process (Yamasaki et al., 2009; Lei et al., 2016, 2022).
Under Pi deficit conditions, the wild-type plants displayed higher levels of anthocyanins.
Under these conditions in wild-type plants, the expression of miR156 was elevated while it’s
targeted several SPL transcripts were repressed, which includes AtSPL3 and AtSPLY.
Moreover, over-expressing plants of both these genes displayed higher Pi and lower
anthocyanin levels as compared to wild-type plants. Hence, both SPL3 and SPL9 genes are
involved in low Pi stress conditions in Arabidopsis (Lei et al., 2016, 2022) (Fig. 15).
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Figure 15: A working model of involvement of miR156-SPL modules in low Pi stress conditions in
Arabidopsis. The image of miRNA is created with_BioRender.com.
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In the case of Cu deficient conditions, AtSPL7 caused the induction of several copper-
responsive-miRNAs: miR397, miR398, miR408 and miR857 (Perea-Garcia et al., 2021; Lei
et al., 2022). These Cu-miRNAs under Cu-deficient conditions degrade transcripts of
excessive cuproproteins to balance the levels of Cu under scarcity. (Ana Perea-Garcia et al.,
2021; Lei KJ et al., 2022).

Hence, apart from regulating plant architecture and reproductive development in plants, SPL
genes are also important factors in plant’s response to different stresses. These studies can
thus be exploited in agriculture to prepare varieties with enhanced agronomic traits including

increased crop yield and stress tolerance.

1.2.2.3 Functions of SPL gene family in imparting plant immunity
1n angiosperms

The age-dependent plant immunity is related with vegetative phase change, during which the
plant gains resistance to diseases against many pathogens. The timing of activation of this
age-dependent plant immunity is related to decrease in miR156 levels. In Arabidopsis,
SPL10 along with SPL2 and SPLI1 genes have been shown to activate the age-dependent
immunity in adult stage of their life. Furthermore, SPL/0 gene is shown to provide this
immunity against bacterial pathogen Pseudomonas syringae pv. tomato DC3000 via direct
binding of SPL10 to promoter of PAD4 (phytoalexin deficient 4), a component of salicylic
acid (SA) signaling pathway (Hu et al., 2023b).

The miR156-SPL9 module was shown to impart plant immunity against this bacterial
pathogen also via activation of SA signaling pathway but additionally, through accumulation
of reactive oxygen species (ROS). In this study, miR156 overexpressing plants displayed
elevated levels of ROS and lower transcript levels of SA signaling pathway genes, as
compared with miR156 loss-of-function and SPL9 gain-of-function transgenic plants. As a
result, miR156 loss-of-function and SPL9Y gain-of-function transgenic plants displayed
increased resistance to this bacterial pathogen as compared to miR 156 overexpressing plants

(Yin et al., 2019).

In another study, miR156 loss-of-function and SPL9 gain-of-function plants showed
increased sensitivity to a fungus Botrytis cinerea as compared to the wild-type plants. This
miR156-SPL9 module imparts fungal resistance via SQUINT (SQN), a component of
jasmonic acid (JA) pathway in Arabidopsis. The sgn mutants were insensitive to any JA

responses or attack against this fungus, but these phenotypes were restored after constitutive
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expression of miR156, which further reduced the levels of SPL9 (Sun et al., 2022) . Thus,
SPL genes are involved in imparting plant resistance against various pathogens via different

regulatory pathways in Arabidopsis.

Rice production and yield is highly affected by blast disease, which is caused by fungus,
Magnaporthe oryzae. Many rice miRNAs have been shown to be responsive to infection
during blast disease. Osa-miR535, which targets OsSPL4 and OsSPLI4, belongs to this
group. Rice transgenic plants over-expressing miR535 showed reduced blast resistance.
Additionally, these transgenic lines had increased tillers, reduced size of panicles and less
filled grains. These phenotypes were mainly due to downregulation of both OsSPL/4 and
OsSPL4 genes (Zhang et al., 2022), especially that OsSPL/4 has been shown to enhance
grain yield in rice and provide resistance against blast disease by activation of WRKY45
expression (Wang et al., 2018). Hence, OsSPL14 gene regulates growth, production, and
immunity in rice (Shimono et al., 2007; Miura et al., 2010; Zhang et al., 2022). Furthermore,
OsSPL4 promotes the expression of GH3.2 gene encoding, IAA-amido synthetase, which is
involved in promoting immunity against this fungus. Additionally, the expression levels of
GH3.2 transcripts were elevated in OsSPL4 over-expressing plants, showing that GH3.2 acts
downstream of Osa-miR535-targeted OsSPL4. Therefore, Osa-miR535-OsSPL4-GH3.2
module acts in parallel to Osa-miR535-OsSPL14-WRKY45 module to orchestrate together

the immunity against blast disease (Zhang et al., 2022) (Fig. 16).
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Figure 16: A schematic representation of Osa-miR535-SPL module in imparting immunity against M. oryzae
in rice (adapted from (Zhang et al., 2022).
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Hence, SPL transcription factors impart immunity against diseases in angiosperms by
activating similar signaling pathways, SA and JA signaling pathways. Moreover, SPL

transcription factors act as potential targets for improving disease resistance in crops.

1.2.3 Functions of SPL gene family in bryophytes
So far, SPL transcription factor gene family has been described in only few bryophyte

species, including moss P. patens (‘Comparative analysis of the SBP-box gene families in P.
patens and seed plants’, 2007), liverwort M. polymorpha (Streubel et al., 2023; Alisha et al.,
2023) and hornworts Anthoceros agrestis and Anthoceros angustus (Streubel et al., 2023;
Alisha et al., 2023). However, their functions have been characterized only for three out of
13 moss SPLs and two out of four liverwort SPLs, respectively. Also, in this clade of land
plants, some members of SPL family are post-transcriptionally regulated by miR156/529.
In moss P. patens, both miRNAs are present, but expressed in different developmental
stages, with miR156 primarily expressed in protonema and miR529 mainly expressed in
gametophores with mature sporophytes (Xie et al., 2021). Moreover, in moss, miR156
promotes transition from young protonema to leafy gametophores, as opposed to flowering
plants, where it acts as an inhibitor of phase transition (Cho et al., 2012). Three
Physcomitrium SPL family members have been identified to be targets for miR156 (PpSBP3,
PpSBP6 and PpSBP13) (Arazi et al., 2005; Riese et al., 2007; Alisha et al., 2023). From
these, PpSBP3 have been functionally characterized. PpSBP3 has been shown to regulate
gametophore production in moss. The loss-of-function ppsbp3 mutant plants displayed an
increased number of leafy buds, a phenotype opposite to plants with functional inhibition of
miR156. Hence, miR156-PpSBP3 module controls the developmental timing for buds and
leafy gametophores production in moss (Cho et al., 2012).

In the case of miRNA non-targeted moss SPL genes, PpSBP1 and PpSBP4 have been shown
to be involved in blue light signaling pathway. In ppsbpl and ppsbp4 knockout mutants,
enhanced branching phenotype was observed during protonema growth (Riese et al., 2008).
Interestingly, an opposite phenotype was observed in a double mutant cryptochrome blue-
light receptor genes, ppcryla/lb (Imaizumi et al., 2002). Moreover, the expression of both
PpSBP1 and PpSBP4 genes was upregulated in ppcryla/Ib mutant. Therefore, these two SPL
members are negatively regulated by blue-light cryptochrome receptor (PpCRY) and are
involved in phototransduction in P. patens (Riese et al., 2008).

Similarly, as in angiosperms, one of the SPL family member is involved in copper

homeostasis in P. patens, namely PpSBP2 (Nagae et al., 2008). PpSBP2 regulates copper
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homeostasis by negatively regulating the expression of iron superoxide dismutase (FeSOD)
by binding to GTACT-motif in its promoter. Furthermore, moss FeSOD gene was shown to
be repressed by Cu in Nicotiana tobacum transgenic plants. Additionally, FeSOD gene
promoter was also shown to be repressed by Cu in Arabidopsis. Therefore, molecular
mechanisms of GTACT-motif containing genes involved in transcriptional regulation of
copper were found to be evolutionary conserved in land plants (Nagae et al., 2008).

In liverwort M. polymorpha, SPL gene family consists of four members (Tsuzuki ez al., 2016,
2019; Streubel et al., 2023; Alisha et al., 2023). A similar set of SPL gene family has also
been identified in two hornworts, A. agrestis and A. punctatus (Streubel et al., 2023; Alisha
etal.,2023). Therefore, the SPL families from liverwort and hornworts represent the simplest
and the smallest set of SPL genes identified in land plants thus far. In Marchantia, MpSPL1
and MpSPL2 belong to the genes targeted by miRNA. Unlike other land plants, where SPL
family members are majorly targeted by miR156, MpSPLI and MpSPL?2 are targeted by two
distinct miRNAs. MpSPLI is targeted by a liverwort-specific miRNA, Mpo-MR-13 (also
named as MpmiR11671) while MpSPL? is targeted by miR529c¢ (Tsuzuki et al., 2016, 2019;
Streubel et al., 2023). Both these miRNA-SPL modules have been functionally characterized
(Tsuzuki et al., 2019; Streubel et al., 2023). The null mutants of miR529¢ showed similar
phenotype as transgenic plants in which miR529-resistant MpSPL2 copy was introduced to
the genome. Both transgenic plants developed reproductive structures even in the absence of
far-red light which is required for gametangiophores induction. Hence, lack of miR529
released the repression of MpSPL2, promoting plants to undergo transition to reproductive
phase. Therefore, MpSPL2 is an important regulator of vegetative-to reproductive transition
in M. polymorpha in response to inductive light conditions. Interestingly, MpSPL2 knock-
out plants developed reproductive structures which produced fertile gametes. Hence,
MpSPL2 was shown to be only involved but not essential for sexual reproduction in
Marchantia. Therefore, miR529-SPL2 module in M. polymorpha seems to play a similar role
to miR156-SPL module in higher land plants (Tsuzuki et al., 2019).
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Figure 17: The miR156/529-SPL module is involved in reproductive transition in both M. polymorpha and A.
thaliana. Schematic of roles of miR529¢-SPL module in Marchantia and miR156-SPL module in Arabidopsis
(adapted from (Tsuzuki et al., 2019). Pictures of vegetative stages of Arabidopsis and Marchantia and
reproductive stage of Arabidopsis plant are created with BioRender.com.

In the case of MpSPL/ gene which is regulated by Mpo-MR-13 it has been shown that it
regulates branching architecture of Marchantia thallus. The branching architecture is
determined by meristems developing at apices of the thallus. The active meristems will
develop into branches as opposed to the dormant meristems, hence defining the shape of the
thallus. MpsplI loss-of-function (lof) mutants had no dormant meristems as compared to
wild-type plants. On contrary, Mpsp/l gain-of function and Mpo-mr-13"°" mutant plants
developed more dormant meristems (early dormancy), a phenotype opposite to Mpspl/
mutants. Additionally, this study demonstrated that Mpo-MR-13-MpSPL/ module is
controlled by PIF (PHYTOCHROME-INTERACTING FACTOR) - mediated signaling.
Therefore, MpSPLI-Mpo-MR-13 module acts in regulating meristem dormancy in M.
polymorpha which is dependent on the light conditions (Streubel et al., 2023) (Fig. 18).
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Figure 18: A schematic representation of role of Mpo-MR-13-MpSPLI module in apical dominance in M.
polymorpha. Under full white light, MpPIF is inactive and hence, Mpo-MR-13 represses MpSPLI while under
simulated shade conditions, MpPIF is active and it represses Mpo-MR-13 hence, MpSPL! becomes active
which induces dormancy in Marchantia thallus (adapted from (Streubel et al., 2023).
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2. MATERIALS AND METHODS

2.1MATERIALS

2.1.1 Plant material and growth conditions
All the experiments were performed using Takaragaike-1 (Tak-1) as male and Takaragaike-

2 (Tak-2) as female accessions. The Tak-1 and Tak-2 samples were brought from Prof.
Takayuki Kohchi laboratory in Japan (Graduate School of Biostudies, Kyoto University,
Japan).

For soil culture: Gemmae were first cultured at 22°C on Jiffy-7® (Jiffy International AS)
42mm peat pellets for 14 days. The plants were kept under continuous light of 50-60 pmol
m™s™!, by LED Neonica Growy (Neonica Polska). After 14 days of continuous light, the
plants were transferred to a 16h-light/8h-dark conditions for the induction of
gametangiophore development. The light during this induction phase was provided by diodes
(LED Engin; OSRAM GmbH) with ~30 umol ms! deep red (~660nm), ~30 pmol m=s’!
high power blue (1-5W; ~470nm) and 20-30 pmol ms™! FR light (735-740nm).

For in-vitro culture: Gemmae were cultivated on solid half-strength Gamborg’s BS5 salts
(Sigma Aldrich) supplemented with 1% (w/v) sucrose (Sigma Aldrich), and with 0.8% (w/v)
agar medium (Carl Roth Laboratories). The plants were cultured in petri dishes (Sarstedt)
and duchefa boxes (Unimarket) added in MLR-350H Sanyo versatile environmental test
growth chamber (Panasonic cooperation) at 23°C under continuous light of 50-60 pumol m-

2g!,

2.1.2 Bacterial strains and growth conditions
Bacterial strains used in the experiments:

o  Escherichia coli DHSa: for plasmid amplification and cloning protocols
e E. coli DB3.1: for plasmid amplification and cloning protocols
e Agrobacterium tumefaciens GV3101: for transformation of M. polymorpha

sporelings

E. coli DH5a and DB3.1 were cultured on LB (Luria-Bertani) medium supplemented with
1.5% agar at 37°C. A. tumefaciens was cultured for 2 days at 28°C. Additionally, shaking

was used for liquid cultures.
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2.1.3 Solutions and buffers

2.1.3.1 Medium for plant culture
0M51C medium

For preparing 0M51C medium, following buffers were prepared:

a) 1000X Gamborg’s B5 micro-elements stock solution:

Component Final concentration Amount
Na;Mo0O4x2H>0 (Sigma Aldrich) 1 mM 12.5mg
CuS0O4x5H20 (Sigma Aldrich) 0.01 mM 1.25 mg
CoClxx6H>0 (Sigma Aldrich) 0.01 mM 1.25 mg
ZnS04x7H>0 (Sigma Aldrich) 6 mM 100 mg
MnSO4xH>0 (Sigma Aldrich) 50 mM 500 mg
H3;BOs (Sigma Aldrich) 40 mM 150 mg

MilliQ H>O - Up to 50 ml

All the components were dissolved completely one by one in the given order. The solution
was then autoclaved at 121°C for 20 min.

b) Gamborg’s BS vitamin mix solution:
Component Final concentration Amount
Nicotinic acid (Sigma Aldrich) 8.12 uM 0.5 mg
myo-Inositol (Sigma Aldrich) 554.94 yM 50 mg
Thiamine HCI (Sigma Aldrich) 29.65 uM 50 mg
Pyridoxine HCI (Sigma Aldrich) 4.86 uM 0.5 mg
MilliQ H,O - Up to 500 ml

All the components were mixed, and the solution was autoclaved at 121°C for 20 min.

c) 10X OM51C medium:

Component Final concentration Amount
KNO:;s (Sigma Aldrich) 200 mM 10g
EDTA (Thermo Fisher) I mM 02¢g
CaCl2x2H20 (Sigma Aldrich) 20 mM 15¢g
KH>POj4 (Sigma Aldrich) 20 mM 1375 ¢
NH4NO3 (Sigma Aldrich) 40 mM 2g
MgS04x7H>0 (Sigma Aldrich) 15 mM 1.85¢g
0.075% KI solution (Sigma Aldrich) 0.00075% S5ml
1000X Gamborg’s B5 micro- - 5ml
elements
Gamborg’s B5 vitamin mix - 5ml
MilliQ H.O - Up to 500 ml

All the components were mixed properly. The aliquots of 25-50 ml were stored in -20°C
until further use.
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For preparation of 0M51C medium, following components were added:

Component Final concentration Amount
10X OM51C medium 1X 100 ml
L-glutamine (Sigma Aldrich) 4 mM 0.6¢g
Sucrose (Sigma Aldrich) 110 mM 40¢g
Casein hydrolysate (Sigma Aldrich) 0.2% 2g
MilliQ H2O - Up to 1000 ml

The pH was adjusted to 5.5 with 1M or 0.1M KOH. The medium was autoclaved at 121°C
for 20 min.

2.1.3.2 Medium for bacterial culture

LB broth medium
Components Final concentration Amount
Bactotryptone (BioShop) 1% lg
Yeast extract (BioShop) 0.5% 05¢g
NaCl (Sigma) 1% lg
Distilled H>O - Up to 100 ml

The medium was autoclaved for 20 min at 121°C.

LB agar medium

For the preparation of LB agar medium, LB broth medium was supplemented with 1.5%

agar. The medium was then autoclaved for 20 min at 121°C.

The medium was cooled to 50°C approximately before adding the appropriate antibiotics.

LB agar medium after cooling was poured to sterile petri dishes and stored at 4°C until further

use.

2.1.3.3 Antibiotic solutions

Antibiotic Manufacturer Stock concentration Final concentration

Kanamycin BioShop Canada 50 mg/ml 50 pg/ml
Ampicillin = BioShop Canada 50 mg/ml 50 pg/ml
Gentamycin ~ Sigma Aldrich 25 mg/ml 25 pg/ml
Rifampicin | BioShop Canada 50 mg/ml 100 pg/ml
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2.1.3.4 Electrophoresis solutions
10X TAE buffer

Components Final Amount
concentration
Tris base (Sigma) 400 mM 485¢
Glacial acetic acid (Sigma) 200 mM 11.4 ml
EDTA (Thermo Scientific) 10 mM 20 ml
Distilled H,O - Up to 1000 ml
Agarose gel
Components Final concentration Amount
Agarose (Prona Agarose) 1.5% 15¢g
10X TAE 1X 10 ml
Distilled H,O - Up to 100 ml

The components after adding to the 250ml flask were boiled in a microwave until completely
dissolved. The solution was cooled down to 50°C before adding Ethidium Bromide (EtBr)
(Sigma) to a final concentration of 0.05mg/100ml.

2.1.3.5 DNA isolation solutions

1M Tris buffer
Component Final concentration Amount
Tris base (Sigma 1M 12.10 g
Aldrich)
MilliQ H.0 - Up to 100 ml

All the components were mixed and pH of solution was adjusted to 9.5 with 5SM HCI.

CTAB extraction buffer
Component Final concentration

Tris-HCI; pH 8.0 100 mM

EDTA; pH 8.0 20 mM

NaCl 1.4 M
-mercaptoethanol® 2% (v/v)
PVP (polyvinylpyrrolidone)* 2% (W/v)
CTAB (hexadecyltrimethylammonium 2% (W/v)

bromide)*

* B-mercaptoethanol, PVP, and CTAB should be added just before use.
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DNA extraction buffer for genotyping

Component Final concentration ~ Amount
IM Tris base; pH 9.5 (Sigma 0.1 M 5ml
Aldrich)
0.5M EDTA; pH 8.0 (Thermo Fisher) 10 mM 1 ml
3M KCI (Sigma Aldrich) IM 16.6 ml
MilliQ H,O - Up to 50 ml

All the components were mixed and filtered with MILLEX-HP filters (0.45 pm) (Millipore).

DNA loading buffer: 2X HSE buffer was prepared as following:

Components Final concentration
Urea (Sigma) 4M
EDTA (Thermo Scientific) 0.05sM
Sucrose (Sigma) 50%
Xylencyanol (Sigma) 0.1%
Bromophenol blue (Sigma) 0.1%

The components were mixed in sterile milliQ water, aliquoted in 2ml microcentrifuge tubes
and stored at -20°C until further use.

2.1.3.6 RNA isolation solutions
DEPC-treated RNAse free water: To 11 of milliQ water, 1ml of Diethyl pyrocarbonate

(DEPC) (Sigma Aldrich) was added and incubated at RT under fume hood for overnight.

Next day, the water was autoclaved twice at 121°C at 20 min.

Trizol-like reagent: The solution was prepared by mixing the following components:

Component Final concentration Amount

Ammonium thiocyanate (Sigma Aldrich) 04M 19.03 g

Guanidine thiocyanate (Sigma Aldrich) 0.8 M 2954 ¢

3M sodium acetate (Thermo Fisher) 0.1 M 8.35 ml
Sodium acetate saturated phenol for RNA 38% 95 ml

extractions
Glycerol (Sigma Aldrich) 5% 12.5ml
DEPC-treated H.O - Up to 250 ml

To prepare sodium acetate saturated phenol solution for RNA extraction, following
components were added:

a. 1% Roti®-Aqua-Phenol (Carl Roth Laboratories)

b. 0.05M sodium acetate (Thermo Fisher)

c. 0.01% 2-mercaptoethanol (Sigma Aldrich)
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Preparation: The solution containing 1% Roti®-Aqua-Phenol and 0.05M sodium acetate
was made in DEPC-treated water in a dark bottle and kept in 4°C for 4 hours, then heated to
RT. Next, most of the water phase above the phenol was removed leaving approximately

only lem. To this, 0.01% 2-mercaptoethanol was added.

RNA loading buffer: 2X RNA loading buffer was prepared as following:

Component Final concentration
Tris-HCI; pH 7.5 (Sigma Aldrich) 0.01M
EDTA (Thermo Scientific) 2.5mM
Formamide (Sigma Aldrich) 95%
Xylencyanol (Sigma Aldrich) 0.01%
Bromophenol blue (Sigma Aldrich) 0.01%

The solution was prepared in DEPC-treated water and aliquoted in 2ml microcentrifuge tubes
before storing them at -20°C until further use.

2.1.3.7 Protein isolation solutions
1M Na-phosphate buffer

Component Final concentration = Amount
IM Na;HPOj4 (Sigma Aldrich) 0.39M 19.5 ml
IM NaH;PO4 (Sigma Aldrich) 0.61 M 30.5 ml

MilliQ H,O - Up to 50 ml

The pH was adjusted to 7.0 and all the components were mixed properly and filtered with
MILLEX-HP filters (0.45 um).

Grinding buffer
Component Final concentration Amount
IM Na-phosphate buffer, 100 mM 10 ml
pH=7.0
IM DTT (Carl Roth 10 mM 100 pl*
Laboratories)
EDTA-free protease inhibitor 8 tablets™
cocktail (Roche)
100% glycerol 20% 20 ml
MilliQ H.0 - Up to 100 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

# Added just before protein isolation procedure.
# Tablets were first dissolved in ~2ml of milliQ H,0 before adding it to buffer. It was added
just before isolation procedure.
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6X SDS Sample buffer

Component Final concentration Amount
IM Tris-Cl, pH=6.8 0.375M 7.5 ml
DTT (Carl Roth Laboratories) 0.6 M 1.86 g
SDS (BioShop) 12% 24¢g
100% glycerol 60% 12 ml
Bromophenol Blue (POCH 0.06% 12 mg
S.A)
MilliQ H.O - Up to 20 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm)
and stored in 0.5ml aliquots in -20°C.

30% acrylamide solution

Component Final concentration Amount
IM Tris-Cl, pH=6.8 4 M 1461 g
DTT (Carl Roth Laboratories) 50 mM 0.39¢
MilliQ H.O - Up to 50 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

1M Tris-Cl buffer

Component Final concentration Amount
Tris Base (Sigma 7-9®) IM 12.114 g
MilliQ H.0 - Up to 100 ml

The pH was adjusted to 6.8 and 8.6, using SM or 1M HCI. All the components were mixed
properly and filtered with MILLEX-HP filters (0.45 pm).

5% stacking gel

Component Final concentration Amount
IM Tris-Cl, pH=6.8 132 mM 1.32 ml
10% SDS 0.01% 105 pl
30% acrylamide 5% 1.8 ml
10% APS 0.06% 60 pl
TEMED (Sigma) 0.12% 12 pl
MilliQ H>O - Up to 100 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).
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10% separating gel

Component Final concentration Amount
IM Tris-Cl, pH=8.6 365 mM 7.3 ml
10% SDS 0.01% 200 pl
30% acrylamide 10% 6.6 ml
10% APS 0.16% 160 pl
TEMED (Sigma) 0.08% 16 pl
MilliQ H.0 - Up to 20 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

10X Laemmli buffer
Component Final concentration Amount
Tris Base (Sigma 7-9®) 250 mM 3g
SDS 35 mM 5g
Glycine 1.9M 72 g
MilliQ H>O - Up to 100 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

Semi-wet transfer buffer

Component Final concentration Amount
Tris Base (Sigma 7-9®) 25 mM 03¢g
10% SDS 1% 1 ml
Glycine 200 mM ldg
Methanol 10% 10 ml
MilliQ H,O - Up to 100 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

10X TBS buffer
Component Final concentration Amount
Tris Base (Sigma 7-9®) 200 mM 12¢g
NaCl 1.5M 44 ¢
MilliQ H>O - Up to 500 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

TBS-T buffer

Component Final concentration Amount
10X TBS 1X 50 ml
Tween 20 0.1% 0.5 ml

MilliQ H.O - Up to 500 ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).
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2.1.3.8 GUS staining solutions

Phosphate buffer
Component Final concentration = Amount
IM Na;HPO4 (Sigma Aldrich) 0.72M 36 ml
IM NaH;PO4 (Sigma Aldrich) 0.29 M 14.5 ml

MilliQ H>O - Up to 50 ml
All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm).

GUS premix solution

Component Final concentration Amount
10% Triton X-100 (Sigma 0.1% 0.1 ml
Aldrich)
0.5 M NaPOg4; pH 7.2 50 mM 10 ml
0.5 M EDTA; pH 8.0 100 mM 2 ml
(Thermo Fisher)
MilliQ H.0 - Up to 100
ml

All the components were mixed properly and filtered with MILLEX-HP filters (0.45 pm)
(Millipore).

GUS staining solution

Component Final concentration =~ Amount
100mM K4[Fe(CN)e] (Sigma Aldrich) 0.5 mM 250 ul
100mM X-Gluc (Thermo Fisher) 1 mM 500 pl
100mM Kj;[Fe(CN)g] (Sigma Aldrich) 0.5 mM 250 pl
GUS premix solution - 49 ml
MilliQ H>O - Up to 50 ml

GUS staining solution must be prepared just before use. Potassium-ferrocynide and
ferricyanide stocks need to be kept in 4°C. Dissolve X-Gluc in DMF (#227056; Sigma
Aldrich) and store at -20°C until further use.

2.1.4 Kits

Kit Manufacturer Objective
Direct-zol RNA Mini Prep kit Zymo research RNA isolation
GenElute Plasmid Mini Prep kit Sigma Plasmid isolation
GenElute Gel extraction kit Sigma DNA extraction from
agarose gel
GenElute PCR Clean-up kit Sigma Cleanup of PCR products
Gateway LR Clonase II enzyme mix Thermo Fisher Gateway cloning
TURBO DNAse free kit Thermo Fisher DNAse treatment of RNA

51



2X Power SYBR Green PCR Master Applied Quantitative Real time PCR
Mix Biosystems
SMARTer® RACE 5°/3’ Takara Bio RACE amplification
reactions
2.1.5 Enzymes
Enzyme Manufacturer Objective
DNAse TURBO (2U/pl) Ambion DNAse treatment
CloneAmp HiFi Polymerase CloneTech Gene amplification
Advantage® 2 Polymerase mix CloneTech RACE reactions
DreamTaq DNA polymerase Thermo Fisher = Gene amplification and colony
PCR
SuperScript III Reverse transcriptase = Thermo Fisher cDNA preparation

Gateway LR Clonase Il enzyme mix

Thermo Fisher

Gateway cloning reactions

T4 DNA Ligase Thermo Fisher ~ Ligation of insert and vector
FastAP phosphatase Thermo Fisher ~ Dephosphorylate DNA ends
Restriction enzymes (Fast digest and = Thermo Fisher | Digestion of vector and insert
1U/ul) ends
RNAsein ® Promega Ribonuclease inhibitor
2.1.6 Vectors
Vector Manufacturer Objective
pENTR™/D- Thermo Fisher Entry vector for gateway cloning
TOPO®
pGEM-T Easy Promega For cloning of PCR and RACE products
pMpGE_En03 Addgene (#71535) Entry vectors for CRISPR/Cas9
pMpGE_En04 Prof. Kohchi’s lab reactions
pBC-GE14 Prof. Kohchi’s lab
pMpGEO010 Addgene (#71536) Destination vectors for CRISPR/Cas9
pMpGEO017 Prof. Kohchi’s lab reactions
pMpGWB103 Addgene (#68557) Destination vector for artificial miRNA
reactions
pMpGWB104 Addgene (#68558) Destination vector for promoter GUS
reactions
pMpGWBI110 Addgene (#68564) Destination vectors for over-expression
pMpGWBI11 Addgene (#68565) of SPL3 transcript
pMpGWB310 Addgene (#68638) Destination vectors for over-expression
pMpGWB311 Addgene (#68639) of SPL4 transcript
pUCS57-art-SPL3 GenScript Biotech Vectors for artificial miRNA reactions

pUCS57-art-SPL4
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2.1.7 List of oligonucleotides used

Name Sequence (5’ to 3°) Objective
3R-Mp030 AGGCAGAGTTAATGAGGGGACGCAGA
5R-Mp030 GAGACTCGGGAGAGGGAACCAAACAA
3nR-Mp030 CATGATGATGGCAGTGATGCAGTGG
5nR-Mp030 AGTCTCGCGACCCCGCTTTCTACTC
3R-Mp031 TTGGACTGTCACACACGTCAAACGAG
5R-Mp031 CTCTCCAATCCGTGTTCACTCCCATC
3nR-Mp031 TACTTTTGGACTGGGCTGGCCTTGTT
5nR-Mp031 TTATCGTGCTCGTGGTTCTGATCTGC
3R-Mp0135 TCGCCACTCGTACTTCTACCGCTACG RACE analysis
5R-Mp0135 CTGTCTGTCTGTCTCGTCGTCGTCGT
3nR-Mp0135 CCCGGCGAAAGTTATCTCCAGCAAT
5nR-Mp0135 AGACCAGCAGCAGCAAGACAGGAATC
3R-Mp0134 AGACAGACAGAGGAGCACGAGGAGGA
5R-Mp0134 TCCACCGTTCACAGTCTCACGAACTC
3nR-Mp0134 AGACGAGAAGGACGAGGACGAGGAGT
5nR-Mp0134 TAGGTGTCCAGGGCAACTTGTGATCC
SPL4 gl F CTCGATGGGACAGTGTATTGCTCC
SPL4 gl R AAACGGAGCAATACACTGTCCCAT
SPL4 g2 F CTCGATCATTGTCCGTGCACGCAC
SPL4 g2 R AAACGTGCGTGCACGGACAATGAT Single gRNA
SPL4 g3 F CTCGCTGATTTCGCAGTACTACAC for
SPL4 g3 R AAACGTGTAGTACTGCGAAATCAG CRISPR/Cas9
SPL4 g4 F CTCGAGAGGCACAACAACCGGCGC
SPL4 g4 R AAACGCGCCGGTTGTTGTGCCTCT
SPL4 g5 F CTCGGTTCTATGTCCCCGCTGTCC
SPL4 g5 R AAACGGACAGCGGGGACATAGAAC
SPL3 dn gRNAI F  CTCGGCCTTCATCAAACGCCGTAA
SPL3 dn gRNAl R AAACTTACGGCGTTTGATGAAGGC
SPL3 dn gRNA2 F  CTCGCCGGTCATAATAGTCGTAGA Double gRNA
SPL3 dn gRNA2 R AAACTCTACGACTATTATGACCGG for
CTCGCATTGCTGACAGTATCGGTG CRISPR/Cas9

SPL4 dn gRNAI F
SPL4 dn gRNAI R
SPL4 dn_gRNA2 F
SPL4 dn gRNA2 R
Pro SPL3 TF
Pro SPL3 TR

AAACCACCGATACTGTCAGCAATG
CTCGCCCATCTGTGACTTCGATGA
AAACTCATCGAAGTCACAGATGGG
CACCATGTGCTTTTGAGAATTTAAAACA
GATGTGCCGTCAAGAAAGCC
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pro_SPL4 TF
pro SPL4 TR

SPL3 CDS_Ox_For
SPL3_CDS_Ox_Rev
SPL4 CDS Ox For
SPL4 CDS _Ox_Rev

proSPL3 1
proSPL3 2
proSPL3 3
proSPL3 4
proSPL3 5
proSPL4 1F
proSPL4 1R
proSPL4 2R
MI3F seq

M13R seq
ml13F L

ml3r L
proSPL3 cF
proSPL3 cR
proSPL4 cF
proSPL4 cR
SPL3 KO F1
SPL3_KO_R1
SPL3 KO F2
SPL3_KO_R2
SPL3_KO_F3
SPL3_KO_R3

SPL3 KO INTRON

SPL4 KO FI1
SPL4 KO RI
SPL4 KO _F2
SPL4 KO R2
SPL4 KO F3
SPL4 KO R3
SPL4 KO F4

SPL4 KO INT F
SPL4 KO INT R

new_rbm27-F

CACCGAGTGACTTCGATCCGAAGT
CACAGGCCCATTCTGAAGG
CACCATGGACAGCGAGGGTGGAT
TTGAAACCCAAATTTCACAGAGTT

CACCATGGCACACGGGCATGAGACAG

CACAGGCCCATTCTGAAGGCCC
TTGTTTCATCCACCAAAGATT

TTCTGTCTGATTTTAAATACGATTACA

GCTCGCCACTCGTACTTCTA
CATGCCAGCTCAGGTGTAGA
GCCTCAATGGAATTGTACGG
TCCTCGTTGTGACATGTGGT
CCCGGCGTATACACAGTTCT
CAGAAGCATCCTTCGCCATA
GTAAAACGACGGCCAGT
CAGGAAACAGCTATGAC
GTAAAACGACGGCCAGTCTTAAG
CTGCCAGGAAACAGCTATGACC
CGGATTCTTCCTCTCTTGGA
GATGTGCCGTCAAGAAAGCC
ATTCGGAGGTGAGATTT
CATTGTGCATGACAAAACCT
ATGCGTTTGTTGGTCAGATAGC
GCTGCCGTTATCGTCAGTTT
GCTCCAGTGATCATGACGATCC
CTTCATCAAACGCCGTAAGGG
CTTATGCAGCGGTTCTGTCAG
CTCACTAAAGCCTCACGCTC
TGCCTGCAAAATCTACTGTGTG
GGATTCGAGATTCGGAGGTGAG
GCCACATTGCTGACAGTATCG
CTGGATTGCCCGAATTTTTTGG
CGAAGTCACAGATGGGATGAAAC
CGATACTGTCAGCAATGTGGC
GAAGCCTTGTCTTCTCCTTCAAG
CATCCCATCTGTGACTTCGATG
CAGTGAGCTGGCAAGTGTTAC
AAGGAAAGAAGTCGCTACACG
ACTTTTGCAACAGCGACTTC

pENTR cloning

Sequencing of

promoter

Sequencing of
inserts from

vectors

Colony PCR

Genotyping
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new_rbm27-R
new_rhf73-F
new_rhf73-R
SPL3 cdsl f
SPL3 cdsl r
SPL3 cds2 f
SPL3 cds2 r
SPL3 f
SPL3 r

GCCTGCAATATAGCCTTCAA
GAACCCGAAACTCAGGTTTT
ATAACAGCCAAACGGATCAA
CACGCACAATGGATCTGC
CAAAATACCGCTGGCATGA
CGATGGTGACTAGGCCACTT
AAAGTCTCACCATCGGCTGT
ATCCAGGAGAACTTCCGCAGTC
AACAACACAGCCAGGACGAATG

Sex

determination

RT-qPCR
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2.2 METHODS

2.2.1 M. polymorpha transformation using Agrobacterium
For all the transformation experiments, protocol by Ishizaki et al., 2008 was followed with

few modifications.
a) 1-2 sporangium were used for one transformation. The dried sporangia were collected
in a 1.5 ml microcentrifuge tube.
b) To tube with sporangia, 500 pl of sterile HoOminig was added and the spores were
crushed out of the sporangia with a sterile tip.
¢) The tube was filled with 1 ml of 1% NaDCC (Sigma Aldrich) to surface-sterilize the
spores.
d) The tube was vortexed for ~1 minute and centrifuged at 18,620 g for 1 minute.
e) The supernatant was removed, and the spores were washed with 1 ml of H2Omitiq.
This step was repeated 3 times.
f) The spores were finally suspended in 200-500 pl of H2Ominig. 200 ul of spore
suspension was added into the 250 ml flask containing 50 ml of liquid 0OM51C medium
(Table 1) for 7 days under continuous white light at 22°C with 120 rpm shaking.
g) On the 5" day, a single colony of 4. tumefaciens containing the vector of interest was
inoculated in 5ml of liquid LB medium substituted with antibiotics (100 pg/ml
rifampicin, 50 pg/ml spectinomycin and 25 pg/ml gentamycin). The liquid culture was
incubated at 28°C with 120 rpm shaking for 2 days.
h) On the 7™ day, the bacterial culture was centrifuged at 2000g for 15 minutes. The
supernatant was discarded, and pellet was suspended in fresh 10 ml of liquid LB medium
containing 100 pM acetosyringone (from 100mM stock solution) (Sigma Aldrich)
1) The resuspended culture was incubated at 28°C for around 5-6 hours with shaking at
120 rpm.
j) 1 ml of this Agrobacterium-induced medium was transferred into 50 ml of 7-day old
sporelings culture. To this culture, 100 uM of acetosyringone was also added.
k) The flask was then incubated at 28°C for an additional 2 days with 120 rpm shaking.
1) The transformed sporelings (on 9" day) from each transformation were collected onto
40um BD sterile cell strainer (Becton Dickinson). These were then rinsed with ~250ml
of autoclaved milliQ H>O.
m) The collected and washed sporelings were transferred onto petri plates containing

solid half-strength Gamborg’s B5 medium, 100 pg/ml cefotaxime (for inhibiting
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Agrobacterium growth) and appropriate antibiotic depending upon the vector used (for
selection of transformed plants).
n) Transformed plants (T1 generation) were visible after 2-3 weeks. All the genotypic

and phenotypic analysis was conducted on G2 generation.

2.2.2 Bacterial transformation
A. tumefaciens transformation

a) The electrocompetent cells were thawed on ice for around 15-20 minutes.

b) 1l of plasmid solution containing the desired cassette was added to these thawed
cells by gentle pipetting.

¢) The mixture was then transferred to the pre-chilled electroporation cuvette (Bio-Rad,
USA)

d) The cuvette containing the bacterial mixture was transferred into Gene Pulser X cell
system’s ShockPod cuvette chamber (Bio-Rad, USA). A pulse of 2.5kV was applied and
quickly 1ml of liquid LB media was added and mixed by pipetting.

e) The bacterial mixture was transferred to 1.5ml microcentrifuge tube and put into
incubator for 1 hour at 28°C with shaking at 120 rpm.

f) After incubation, 150-200ul of bacterial solution was spread onto the petri plate
containing solid LB media with appropriate antibiotics and put to 28°C degree chamber

for 1 hour.

E. coli transformation
a) The chemical electrocompetent cells were thawed on ice for around 15-20 mins.
b) The vector containing the desired product/cassette was added to the thawed cells by
gentle pipetting.
¢) The mixture was then incubated on ice for half an hour with gentle tapping at an
interval of 5 minutes each.
d) After incubation, the bacteria cells were subjected to heat shock by incubation at 42°C
for 1 min.
e) The cells were next quickly placed on ice for around 2 mins.
f) To these cells, 1ml of pre-warmed (37°C) liquid LB medium was added and mixed
by gently pipetting.
g) The tube was then transferred to incubator (Thermomixer Comfort, Eppendorf) set at

37°C, for 1hour with shaking at 350rpm.
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h) After 1 hour, 150-200pl of bacterial solution was spread onto petri plate containing

solid LB media with appropriate antibiotics to select transformed colonies.

2.2.3 DNA isolation
Genomic DNA isolation using CTAB protocol

The following steps were used for the isolation of genomic DNA from Marchantia tissue.
All the centrifugation steps were performed at 19720g.
a) To each microcentrifuge tube containing 100mg of finely grounded plant material,
700ul of CTAB extraction buffer was added and vortexed to dissolve.
b) The samples were incubated at 65°C for 30-60min with occasional mixing.
c) After incubation, the samples were centrifuged for 5 mins, supernatant was
transferred to a fresh sterile tube.
d) 700ul of chloroform:isoamyl alcohol (24:1) was added and mixed by inverting tube.
The samples were centrifuged for 5 mins. The lower layer was discarded, and the upper
phase was transferred to a fresh sterile tube.
e) 400ul of pre-chilled isopropanol (4°C) was added and the tube was inverted gently to
mix all the components followed by 30 mins incubation in -20°C.
f) Next, the sample was centrifuged for 10 mins. The supernatant obtained was
discarded carefully to leave only the pellet at the bottom of the tube.
g) The pellet was washed twice with 200ul of 70% ethanol and left to air-dry for 10-15
mins.
h) The DNA pellet was finally dissolved in 50-200ul of DN Ase-free water (pre-warmed
at 37°C).

The quality of DNA was examined by DS-11 Denovix spectrophotometer measurement

(Denovix, Wilmington, Delaware, USA) and by 0.8% agarose gel electrophoresis.

DNA isolation for genotyping
a) To each collection microtube (Qiagen), a part of thallus (Smm-1cm in diameter) was
collected.
b) To each microtube, 100pl of DNA extraction buffer was added together with two
3mm or one Smm glass beads (Sigma).
¢) The samples were crushed for 3 mins in TissueLyserll (Qiagen).
d) After crushing, 400ul of autoclaved milliQ water was added to each microtube and

mixed properly.

58



2.24 5’ and 3° RACE analysis
For both 5° and 3’ RACE reactions, Advantage® 2 Polymerase Mix (Clonetech) was used.

For RACE reactions, gene specific primers were designed (both ‘standard’ and ‘nested’ for
first and second rounds of PCR, respectively) and the reactions were prepared according to
the manufacturer’s instructions. The products obtained in the PCR reaction were separated
ona 1-1.5% agarose gel. Products of the appropriate length were cut from the gel and purified
using GeneJET Gel Extraction and DNA Cleanup Micro Kit (Thermo Fisher). The purified
products were cloned into vector pGEM T-easy (Promega). The chosen plasmids, after
colony PCR, were sent for sequencing. PCR reaction. The following reaction conditions were

used for first and second rounds of RACE PCR reactions:

Program 1- 1*' round of RACE PCR:

Temperature Duration
94°C 5 min
94°C 30sec |
72°C 3 min J— 5 cycles
94°C 30 sec
70°C 30 sec = 5 cycles
72°C 3 min
94°C 30 sec -
68°C 30 sec = 25 cycles
72°C 3 min
72°C 10 min -

Program 2- 2" round of RACE PCR:

Temperature Duration
94°C 5 min
94°C 30 sec
68°C 30 sec 25 cycles
72°C 3 min
72°C 10 in

2.2.5 RNA isolation
RNA isolation was performed using Direct-zol™ RNA kit (Zymo-Research) with 200mg of
finely ground plant material per one isolation. To this plant material, 1ml of Trizol-like
reagent was added. The samples were vortexed to dissolve all the components, incubated for

5 mins at RT and centrifuged three times for 10 mins, 4°C and at max speed each time. The
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supernatant was transferred to RNase-free 2ml Eppendorf tube. For further steps of RNA
isolation, manufacturer’s protocol was followed. RNA hence obtained was quantified using
DS-11 Denovix spectrophotometer (Denovix, Wilmington, Delaware, USA) the quality of
RNA was checked using agarose gel electrophoresis. The DNAse treatment was performed
using TURBO DNAse according to manufacturer’s instruction (TURBO DNA-free kit,

Thermo Fisher). The quality of RNA was examined again using above two methods.

2.2.6 cDNA preparation

For routine gene expression analysis, cDNA was prepared from 1pg of DNase-treated RNA
as starting material and the first strand synthesis was performed using Oligo (dT)ig primers
(Thermo Fisher) and SuperScript Il Reverese transcriptase (Thermo Fisher) according to

manufacturer’s protocol.

For 5’ and 3° RACE reactions, cDNA was prepared from 1pg of DNase-treated RNA using
SMARTer® RACE 5°/3’ kit according to manufacturer’s protocol.

2.2.7 Polymerase chain reaction (PCR)

For amplification of PCR products used for cloning and sequencing, the reactions were
performed using CloneAmp HiFi PCR Premix (CloneTech) according to manufacturer’s

protocol.

For colony PCR and RT-qPCRs (that require no cloning and sequencing), amplifications
were performed using DreamTaq polymerase (Thermo Fisher) according to manufacturer’s

protocol.

For genotyping PCR reactions, amplifications were performed using KAPA3G plant PCR

kit (Sigma Aldrich) accordingly manufacturer’s protocol.

2.2.7.1 Quantitative Real time PCR (RT-qPCR)
For reactions with quantitative real time PCR, Power YBR™ Green PCR MasterMix

(Applied Biosystems) or SsoAdvanced™ Universal SYBR™ Green Supermix (Biorad) was
used. A 10ul reaction was set up according to manufacturer’s protocol. The reaction was set
up in a minimum of two biological and 2-3 technical replicates. All reactions were performed

on Quant Studio 7 & Flex Real-Time PCR system (Thermo Fisher).
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The following reaction conditions were used for RT-qPCR with SYBR Green PCR
MasterMix (Applied Biosystems):

Temperature Duration
95°C 10 min N
95°C 15 sec
. = 40 cycles

60°C 1 min

95°C 15 sec

60°C 15 sec L. Melting curve
95°C 15 sec

The following reaction conditions were used for RT-qPCR with SsoAdvanced Universal

SYBR Green Supermix (Biorad):

Temperature Duration
95°C 30 min
95°C 15 sec T__ 40 cycles
60°C Imn |
95°C 15 sec
60°C 15 sec . Melting curve
95°C 15 sec ]

The obtained results were analysed using SDS 2.4 software (Thermo Fisher). The error bars
were calculated using the SD function in Microsoft Excel (year) software The expression
levels of pri-miRNAs and mRNAs were calculated using the relative quantification (2-ACt)
and the fold change values using the 2-AACt method. The statistical significance of the
obtained values was determined using a Student’s t-test at three significance levels: p-values

with *p < 0.05, **p <0.01, and ***p < 0.001.

2.2.8 Agarose gel electrophoresis
For PCR products: In case of DreamTaq PCR, 5-10ul of product was loaded directly onto

the 0.8-2% of agarose gel (depending upon the length of the PCR products) containing EtBr.
In case of CloneAmp HiFi PCR reactions, Sul of product was first mixed with DNA loading
buffer before loading onto the agarose gel. The electrophoresis reaction was run in 1X TBE

buffer at 60-70mA in a Hoefer HE33 Mini Submarine System (Hoefer INC, Holliston, USA).

For RNA: 1-2ul of RNA was mixed with 2X RNA loading buffer, denatured at 95°C for 2

minutes and then transferred quickly to the ice. The reaction was then run on a 2% agarose
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gel in 1X TBE buffer at 60mA in a Hoefer HE33 Mini Submarine System (Hoefer INC,
Holliston, USA).

After completion of the electrophoresis run, the gel was visualised with a Gene Snap software

in Gene Box (Syngene).

2.2.9 Cloning reactions
To prepare the entry vectors for in planta over-expression experiments, the coding sequences

of respective genes were amplified on cDNA template prepared from RNA isolated from 3-
week-old male thallus. To prepare the entry vectors for in planta promoter analysis, the
promoter region 4-5 kb in length upstream the start codon of respective gene was amplified

on genomic DNA isolated from 3-week-old male thallus.

PCR products after amplification were run on agarose gel for electrophoresis, the products
corresponding to specific required lengths were eluted and sent for sequencing. After
confirming the sequences of respective products by sequencing, pENTR-dTOPO cloning
was used. TOPO® cloning reaction was performed with PCR product: TOPO® vector ratio

of 2:1 according to manufacturer’s protocol.

For cloning to destination vectors, LR cloning reactions were performed using Gateway LR
Clonase II enzyme mix according to manufacturer’s protocol. For each reaction, 30 ng of an

entry vector and 50 ng of destination vector was used.

2.2.10Restriction digestion
The purified PCR products: insert as well as vector were digested using appropriate

restriction enzymes. The reaction conditions were followed according to the manufacturer’s
instructions for each restriction enzyme. After digestion, the reactions were run on agarose
gel. The obtained digested products (insert or vector or both) were eluted and purified using
GeneJET Gel Extraction and DNA Cleanup Micro Kit according to the manufacturer’s
instructions. The concentration of samples was measured using DS-11 Denovix

spectrophotometer (Denovix, Wilmington, Delaware, USA).

2.2.11Vector dephosphorylation

In order to prevent self-ligation of vectors after restriction digestion reactions, they were
treated with FastAP thermosensitive alkaline phosphatase, and the reaction was performed
according to the manufacturer’s instructions. Later, the samples were eluted and purified

using GeneJET Gel Extraction and DNA Cleanup Micro Kit according to the manufacturer’s
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instructions. The concentration of samples was measured using DS-11 Denovix

spectrophotometer (Denovix, Wilmington, Delaware, USA).

2.2.12DNA ligation

The purified inserts were ligated into appropriate vectors using T4 DNA ligase (Thermo
Fisher). In general, insert to vector ratio of 5:1 was used per each reaction. The reaction
conditions were followed according to manufacturer’s instructions. The reaction was
incubated for either 1 hour at RT or overnight at 4°C and later used for the transformation

reactions.

2.2.13Plasmid DNA isolation
For isolation of plasmid DNA GeneJET Plasmid Miniprep Kit was used according to

manufacturer’s protocol. The concentration of the obtained DNA was measured using DS-

11 Denovix spectrophotometer.

2.2.14DNA sequencing

All routine DNA sequencing reactions were performed using Sanger method. The
sequencing was performed in the Laboratory of Molecular Biology Techniques at Faculty of

Biology of Adam Mickiewicz University in Poznan, Poland.

2.2.15Protein isolation and precipitation
a) To 200 mg of grinded plant material, 800 pl of grinding buffer was added.

b) The mixture was mixed properly by vortexing and incubated at 4°C for 1 hour with
shaking at 300 rpm.

¢) The samples were centrifuged at 18620 g for 10 mins at 4°C.

d) The supernatant was transferred to a sterile eppendorf tube.

e) To this ~400 pl of supernatant, 100 pl of chloroform and 400 pl of methanol was
added.

f) The samples were vortexed and centrifuged at 18620 g for 10 mins. at RT.

g) The supernatant was discarded and 400 pl of methanol was added. The solution was
inverted few times.

h) The samples were centrifuged again at 18620 g for 10 mins. at RT.

1) The protein pellet obtained after discarding the supernatant was air-dried at RT.

j) To this dried-pellet, 100 ul of 1% SDS (containing EDTA-free protease inhibitor
cocktail) was added and incubated at 99°C for 10 mins.

k) To this, 12 pl of 6X SDS sample buffer was added, and the samples were stored at -
20°C.
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b.

After

2.2.16 Western blotting
5% stacking gel and 1% separating gel was prepared for SDS-PAGE run.

Before adding samples to the gel, it was pre-run for 5 mins at 30 mA.

Each sample with 50 pl of protein extract was pre-heated at 95°C and loaded into gel,
along with ladder (PageRuler™ Prestained Protein Ladder; Thermo Fisher).

For each gel, electrophoresis was run at 30 mA for 2.5 hours in 1X Laemmli buffer.
After electrophoresis, transfer was performed using semi-wet transfer buffer and
membrane (Immobilon-P PVDF; Merck).

The transfer was performed for 1 hour at a constant 15V.

After completing of transfer, the membrane was incubated in 5% non-fat milk

(dissolved in TBS-T buffer) overnight at 4°C on rocker-shaker.

2.2.17 Antibody staining and detection
10 ul of FLAG antibody was added to 10 ml of 5% milk (freshly prepared).

After overnight shaking, the milk was discarded and milk containing antibody was
added.

The membrane was incubated at RT for 1 hour and kept on rocker-shaker.

After incubation, the membrane was washed with TBT-T buffer for 10 mins. This
washing step was repeated 3 times.

The membrane was incubated again for 1 hour with milk containing secondary
antibody.

The washing step was again repeated for 3 times in TBS-T buffer.

After washing, Iml of substrate (Pierce™ ECL Western Blotting Substrate) was
added.

The membrane was incubated for 3 mins on imaging tray.

The images were acquired using G:Box Chemi XRS5 system (Syngene; Synoptics Ltd;
Scientific Digital Imaging plc.) and GeneSys software (ver.1.5.4.0).

2.2.18 Amido Black staining
imaging, the membrane was washed in TBS-T buffer, once and incubated with 0.1%

Amido Black 10B at RT for 5 mins on rocker-shaker. This staining shows RuBisCO protein

bands

on gel which are used as gel loading control.
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2.2.19GUS staining
For GUS staining transgenic plants containing proSPL3/SPL4: GUS gene were used with WT

as control. For staining, protocol by Ishizaki et al., 2012 was followed with slight
modifications.
a) The plant material was placed in a 12- or 24-well plate (Corning, Sigma Aldrich). To
each well, 1ml of GUS staining solution was added.
b) The plants were then vacuum-infiltrated for 3 times (15 min each) inside
Vacutherm™ Oven (Thermo Fisher).
¢) The plants were then incubated at 37°C in incubator (New Brunswick; Eppendorf)
overnight.
d) Next day, the staining solution was removed and the plants were washed with 70%
ethanol for 3 times (the plants were kept for 30 min at R.T. in 70% ethanol during each

time). The plants were visualised under Leica M60 microscope.

2.2.20Microscope imaging

All the phenotypic analysis for vegetative and reproductive structures of M. polymorpha
were performed under Leica M60 microscope (Leica Microsystems CMG GmbH) or VHX-
7000 Keyence Digital microscope (Keyence). All the images were taken in Leica Application

Suite (LAS) v4.5. software or VHX-7000 software, respectively.

2.2.21 CRISPR/Cas9 genome editing
For CRISPR/Cas9 by single and double gRNA approach, protocol by Sugano et al., 2018

and protocol provided by Prof. Takayuki Kohchi was followed, respectively. For single
gRNA approach, five gRNAs and for double gRNA approach, two gRNAs were designed
for each gene using CRISPRdirect tool (Naito et al., 2015) and CRISPOR tool (Concordet
and Haeussler, 2018). The off-targets were screened using BLAST in MarpolBase (which
version) (Kawamura et al., 2022). The gRNA spacer sequences with the highest specificity
to the target sequence and with minimum off-targets were finally chosen and the 20-nt

oligonucleotides were ordered for gRNA cloning.

For single gRNA approach: gRNAs were first ligated into an entry vector, pMpGE_En03
using Bsal restriction sites. The gRNA cassette was next transferred to destination vector
pMpGEO10 containing Cas9 cassette using LR cloning. The resultant destination vectors

were further used for Agrobacterium mediated transformation of M. polymorpha sporelings.
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For double gRNA approach: One gRNA was ligated into entry vector pMpGE En04 and the
second gRNA was ligated into entry vector pPBC-GE14, using Bsal restriction sites. Next,
both vectors were digested using Bgll restriction digestion enzyme. The digestion gave two
products on gel, one product at a height of ~3200 bp corresponding to gRNA1 cassette and
vector backbone from pMpGE En04 and second product at a height of ~700 bp
corresponding to gRNA2 cassette from pBC-GEs. DNA was eluted from excised gel
fragments and was further assembled as one vector via ligation through BglI restriction sites.
The presence of both gRNAs cassettes was examined by EcoRI restriction digestion. which
should give two products: 3.2 kb vector backbone containing first gRNA cassette and 0.7 kb
fragment resembling second gRNA cassette. The resulting entry clone was used in LR
reaction to transfer the two gRNA cassettes to destination vector pMpGEOQ17 containing
Cas9 “nickase” (Cas9P!°*) (Ran et al., 2013; Shen et al., 2014). The resultant destination

vectors were used for Agrobacterium mediated transformation of M. polymorpha sporelings.

2.2.22 Artificial miRNA approach
For the artificial miRNA (amiR) approach, protocol by (Flores-Sandoval et al., 2016) was

followed. amiR for the gene of interest were designed using WMD3 (Web MicroRNA
Designer) online tool (Mickiewicz et al., 2016). The off-targets were screened using BLAST
in MarpolBase version (Kawamura et al., 2022). The artificial miRNA with the highest
specificity to the target sequence and with no off-targets were finally chosen. In the backbone
of pre-miR160, miR160 sequence was substituted by the designed 21 nucleotide sequence
of artificial miRNA. amiRs were synthesized using by GenScript Biotech (Netherlands) and
designed to have EcoRI/HindII sites at the 5’ and 3 end of art-pre-miRNA, respectively,
within the puC57 vector. All amiRs were PCR-amplified using primers ME537+MES538.
PCR products were cloned into pENTR/D-TOPO and then cloned to the destination vector,
pMpGWB103 using LR cloning. The resultant destination vectors used for Agrobacterium

mediated transformation of M. polymorpha sporelings.

2.2.23 Phylogenetic analysis

For the phylogenetic analysis, SPL protein sequences from dicot 4. thaliana, moss P. patens,
liverwort M. polymorpha, and two hornwort species, Anthoceros agrestis [Bonn] and A.
punctatus were used. A. thaliana, P. patens and M. polymorpha SPL sequences were
retrieved from TAIR (Poole, 2007), Phytozome (Goodstein et al., 2012), and MarpolBase

databases (Kawamura et al., 2022), respectively.
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For the identification of SPL genes and their respective protein sequences from two
Anthoceros species, the available genome sequences were used. SPL protein sequences from
A. thaliana, P. patens and M. polymorpha were used as query against the two Anthoceros
genomes. Using local BLASTp, many hits were obtained and after applying a selective
criterion (bit-value score >100 and an e-value cut-off of <107), putative SPL sequences were
filtered out. In order to confirm the identity of the putative SPL protein sequences, they were
analysed by Simple Modular Architecture Research tool (SMART) (Letunic ez al., 2004) and

InterPro tool (Blum et al., 2021) for the presence of their characteristic SBP-domain.

The phylogenetic tree was prepared in MEGA 11 (Tamura ef al., 2021). The full length SPL
protein sequences were first aligned using CLUSTAL W tool available in MEGA software.
After the multiple sequence alignment, the phylogenetic tree was constructed using
maximum-likelihood method with a bootstrap value of 1000. CRR1 protein was used as a
SPL representative from green algae, Chlamydomonas reinhardtii and set as an outgroup

(Kropat et al., 2005; Strenkert et al., 2011).

2.2.24Bioinformatic analysis of gene structure, protein motif and

domain composition
The genomic and coding sequences of analysed genes were used in Gene Structure Display

Server (GSDS) software (Hu et al., 2015) to predict the exon-intron structures of the SPLs.
The motif search was performed using MEME software with number of predicted motifs set
to 20 (Bailey et al., 2006). The co-ordinates of SBP domains within each SPL protein were
obtained by Pfam database (Bateman et al, 2004). The SBP domain alignment was
performed using CLUSTAL W tool in Jalview software (Clamp et al., 2004). For the
construction of SBP-domain logo, WebLogo was used (Crooks et al., 2004). For generation
of C. reinhardtii SBP-domain logo, Chlamydomonas SPL protein sequences were retrieved
from Phytozome database (Goodstein et al., 2012) and confirmed using SMART tool scan
(Letunic and Bork, 2018; Letunic et al., 2021). After applying this criterion of selection, the
candidates not containing the conserved Zn-binding motifs were removed from the analysis,
and ten sequences containing both zinc-finger sites (C3H and C2HC) were selected for

further analysis.

The miRNA-targeting sites in the Anthoceros SPL transcripts were identified by
psRNATarget server (Dai and Zhao, 2011). The molecular features of Anthoceros SPL

proteins including their molecular weights (Mw) and theoretical isoelectric points (p/) were
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measured by Compute pI/Mw tool (Walker, 2007) and their subcellular localizations by
WoLFSPORT (Horton et al., 2007).

2.2.25Promoter cis-elements analysis within the SPL gene sequences
For the promoter cis-elements analysis of SPL genes, a 1500bp sequence upstream of start

codon of each gene were retrieved from the respective genomic resources for 4. thaliana, P.
patens and M. polymorpha. To retrieve promoter sequence from Anthoceros genomes,
bedtools utilities were used (Quinlan and Hall, 2010). The cis-elements were predicted using

PlantCARE online software (Lescot et al., 2002).

2.2.26 Expression analysis of SPL genes in bryophytes and
angiosperms
The expression data of SPL genes for A. thaliana and P. patens was retrieved from expression

atlas databases, EMBL-EBI and PEATmoss, respectively (Lescot et al., 2002; Liu et al.,
2012; Ortiz-Ramirez et al., 2016; Fernandez-Pozo et al., 2020). The expression data of SPL
genes for A. agrestis and M. polymorpha was retrieved from published studies, (Li ef al.,
2020b; Kawamura et al., 2022), respectively and available at Sequence Read Archive
(Leinonen et al., 2010). The heat map to depict the expression profiles was created using
RStudio (Verzani, 2011).
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3.RESULTS

3.1Chapter 1 — Phylogenetic, structural and functional relationships
between SPL transcription factors from bryophytes and
angiosperms
Plant-specific transcription factors encoded by SQUAMOSA-PROMOTER BINDING
PROTEIN-LIKE (SPL) genes are essential regulators of numerous plant developmental
processes. In the first chapter of the thesis, we investigated the connections of SPL genes
between bryophytes and Arabidopsis thaliana using their available genome sequences. We
found four SPL genes in both Anthoceros agrestis and Anthoceros punctatus, which is similar
to four SPL genes found in the liverwort Marchantia polymorpha. Thus, in comparison to
other land plants, the examined hornwort and liverwort genomes encode a minimal set of
SPL genes, which may reflect an archetype of SPLs present in the progenitor of existing
embryophytes. The presence of four SPL phylogenetic groups with comparable exon-intron
organization was found by phylogenetic and comparative gene structure analysis, with few
deviations in hornworts. While we found shared protein motifs between bryophytes and
Arabidopsis in three of the four evolutionary groups (Groups 2—4), the motif content differed
clearly in the fourth (Group 1). Because current knowledge of SPL genes is primarily derived
from seed plants, the comparative and phylogenetic analyses presented in this chapter
provide a deeper understanding of the SPL gene family from some of the oldest extant land

plants.

3.1.1 Identification of SPL genes in two Anthoceros species
The SPL protein sequences from M. polymorpha, P. patens and A. thaliana were downloaded

from publicly available genomic databases according to SPL genes annotation. In order to
identify SPL genes from hornwort genomes, BLASTp analysis was performed, and the
resulting SPL sequences obtained were confirmed by SMART (Letunic and Bork, 2018;
Letunic et al., 2021) and ScanProsite (de Castro et al., 2006) tools. Additionally, after some
filtering criterion (i.e. removing sequences with incomplete SBP domain and redundant
sequences) we obtained four SPL genes each in both Anthoceros genomes. Nomenclature of
each SPL from Anthoceros was based on their identity with four SPL from Marchantia and
named as AaSPLI-4 (Anthoceros angustus) and ApSPLI1-4 (Anthoceros punctatus). While
all four SPLs genes in A. agrestis generate only one transcript each, SPL/ and SPL2 genes
in A. punctatus generate two transcript isoforms (Fig. 3.1). Two ApSPLI and ApSPL2 gene
transcripts, variants ApSPLI.2 and ApSPL2.2 encoding longer proteins showed higher
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sequence similarity to MpSPL/ and MpSPL2 as compared to ApSPLI.1 and ApSPL2.1
variants. Therefore, ApSPLI.2 and ApSPL2.2 were selected as ApSPL1 and ApSPL2 for our

further analysis.

ApSPL1.1
ApSPL1.2
ApSPL2.1
ApSPL2.2
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Figure 3.1: Exon-intron organization of SPLI and SPL2 gene transcripts from A. punctatus. The gene structures
were created using GSDS2.0 online server (Hu ef al., 2015). The exons are depicted by green boxes, conserved
SBP domain by yellow boxes and introns as dark black lines in each gene model. The scale below depicts the
length of genes in base pairs (bp).

Furthermore, the characteristics of each SPL gene identified in two Anthoceros species were
determined (Table 3.1). The number of introns amongst Anthoceros SPLs ranged from 1 to
5 and the subcellular localization of all of them was predicted to be in the nucleus. Comparing
the lengths of coding and protein sequences showed that it ranged from 774 - 2895 bp and
257 — 964 amino acids, respectively. Moreover, their molecular weights and isoelectric
points varied from 27.7 — 103.7 kDa and 5.86 — 10.20, respectively. The obtained results
revealed diversity within structural, physical and chemical properties in SPLs of both

Anthoceros species.

Many SPL transcripts are known to contain target sites for conserved miRNAs (miR156/157,
miR535, miR529, Mpo-mr-13). Group 1 and 2 consists of SPL transcripts targeted by
miRNAs. Since Anthoceros SPL1 and SPL2 belong to Groups 1 and 2 respectively, we
expected the presence of miRNA targeting sites within their transcripts. Meanwhile there is
no micro-transcriptome data available for Anthoceros genomes. Also, we could not identify
the presence of any SPL-targeting miRNA (miR156, miR529c or Mpo-mr-13) within
Anthoceros genome. Hence, we used homology-based search tool, psRNATarget (Dai et al.,
2018b) to identify miRNA targeting sites within Anthoceros SPL (AaSPLI, AaSPL2,
ApSPLI and ApSPL?2) transcripts. For the search, we used miR156 from Pellia endiviifolia,
miR529¢ and Mpo-mr-13 from M. polymorpha as queries (Table 3.2).
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Table 3.1: Characteristics of SPL genes identified in two Anthoceros species: Aa — Anthoceros agrestis, Ap — Anthoceros punctatus.

Gene Gene ID? Exon  Transcript miR156/529¢ CDS  Protein Mw" pIi Subcellular
name ? No¢ ¢ target site® | T (aa) (kDa) Localization
(bp) :
AaSPL]  AagrBONN_evm.model.Sc2ySwM_344.856.1 6 AaSPL] No 774 257 27.67 | 10.2 ' Nucleus
AaSPL2  AagrBONN_evm.model.Sc2ySwM_344.857.1 3 AaSPL2 Yes 1611 536 57.08  9.11 Nucleus
AaSPL3 | AagrBONN_ evm.model.Sc2ySwM 344.2221.1 2 AaSPL3 No 1395 464 49.92 7.33 | Nucleus
AaSPL4 | AagrBONN_evm.model.Sc2ySwM 369.244.1 3 AaSPL4 No 2787 928 101.12 ' 6.02 Nucleus
ApSPLI  Apun_evm.model.utg0001071.74.1 4 ApSPLI.I No 2367 788 83.62  8.87 Nucleus
Apun_evm.model.utg0001071.74.2 5 ApSPL1.2 No 2397 798 84.65 | 8.87 | Nucleus
ApSPL2  Apun_evm.model.utg0001071.75.1 2 ApSPL2.1  Yes 1746 581 61.2 8.98  Nucleus
Apun_evm.model.utg0001071.75.2 3 ApSPL2.2 Yes 2616 871 91.71 8.83 | Nucleus
ApSPL3  Apun_evm.model.utg0001851.396.1 2 ApSPL3 No 1383 460 49.54 | 7.33 | Nucleus
ApSPL4  Apun_evm.model.utg0001161.202.1 2 ApSPL4 No 2895 964 103.7 | 5.86 ' Nucleus

aName referred to Anthoceros SPLs in this work. PGene accession number in database. “Exon number in Anthoceros SPL genes. “Transcript name referred to Anthoceros SPL
Gene ID. Presence of the recognition site for miR156 in SPL transcript. [Length of coding DNA sequence. 8Length of deduced SPL protein. "Molecular weight. Theoretical
isoelectric point. ipredicted subcellular localization by WoLFPSORT tool (Horton et al., 2007)
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Table 3.2: Identification of miRNA binding sites in SPL gene transcripts of A. agrestis [bonn] and 4. punctatus.

miRNA Acc. Target Acc.

Pellia miR156'  MpSPL2

ApSPL2

AaSPL2

Mpo-miR529¢>  MpSPL2

ApSPL2

AaSPL2

Mpo-mr-132 MpSPLI

Expect

1

UPE

23.287

20.826

20.826

17.661

18.611

18.597

16.787

Alignment

miRNA 20 CACGAGUGAGAGAAGACAGU 1

Target 1730 GUGCUCUCUCUCUUCUGUCA 1749

miRNA 20 CACGAGUGAGAGAAGACAGU 1

Target 2069 GUGCUCUCUCUCUUCUGUCA 2088

miRNA 20 CACGAGUGAGAGAAGACAGU 1

Target 1064 GUGCUCUCUCUCUUCUGUCA 1083

miRNA 21 CGACACGAGAGAGAGAAGACC 1

Target 1727 GGCGUGCUCUCUCUCUUCUGU 1747

miRNA 21 CGACACGAGAGAGAGAAGACC 1

Target 2066 GGCGUGCUCUCUCUCUUCUGU 2086

miRNA 21 CGACACGAGAGAGAGAAGACC 1

Target 1061 GGCGUGCUCUCUCUCUUCUGU 1081

miRNA 21 CCUAGAGGUAGGGUGAAAAGU 1

Target 262 GGAUUUCCAUCCAACUUUUCA 282

Inhibition

Cleavage

Cleavage

Cleavage

Cleavage

Cleavage

Cleavage

Cleavage

Multiplicity

1
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This homology-based search revealed only SPL2 transcripts (AaSPL2 and ApSPL2) to be
targets for either miR529c or miR156 (Table 3.2). Moreover, we cannot rule out the
possibility of presence of a species-specific SPL-targeting miRNA for Anthoceros SPLI
transcripts like Mpo-mr-13 for MpSPLI. The detailed micro-transcriptomic studies are

needed to verify the presence of these miRNAs in the genome of Anthoceros.

3.1.2 Evolutionary relationships of SPL gene family in seed plants
and bryophytes
To evaluate evolutionary relationships of SPL protein sequences between bryophytes and

seed plants, we conducted phylogenetic analysis. For this phylogenetic analysis we used full
length protein sequences of all species under study. Based on phylogenetic tree, SPL proteins
are divided into four groups (Group 1- Group 4), with each group consisting at least of one
SPL from each species used for the analysis (Fig. 3.2). Both liverwort (M. polymorpha) and
hornwort (two Anthoceros species) genome encodes only four SPL proteins as compared to
moss (P. patens) and angiosperm (A. thaliana) which encode 13 and 16 SPL proteins,
respectively (Table 3.3). In general, as expected, members from bryophyte clades are more
phylogenetically related to each other than to angiosperms in all four groups. Additionally,
SPL from liverwort and hornwort representatives are clustered closer to each other, what
may indicate their common evolutionary origin. Furthermore, the paralogous protein pairs
AtSPL3/6 and AtSPL4/5 are grouped separately and hence, not have any related SPL proteins
from bryophytes representatives. Therefore, they were excluded from all four groups.

Moreover, Group 4 in the phylogenetic tree consist of the least number of SPL proteins with
only one member from each species. The distinguishable feature of members belonging to
this group is the presence of C4 motif in their first Zn-finger domain (Zn-1) as compared to
the canonical C3H motif which is characteristic for SPL proteins belonging to other three
groups. The presence of the least number of SPLs within Group 4 indicates their highly
conserved nature along with their resistance to expansion during the course of evolution (Fig.

3.2).
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Figure 3.2: Phylogenetic tree of SPL protein sequences from bryophytes (M. polymorpha, P. patens, A. agrestis
and A. punctatus) and angiosperm (4. thaliana) representative species. The tree was constructed in MEGA 11
software (Tamura ef al., 2021) using maximum-likelihood method, 1000 bootstrap replicates and C. reinhardtii
CRRI1 as an outgroup. SPL proteins marked by *,° and * are regulated at their post-transcription levels by
miR156/ miR529c¢.
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Table 3.3: Gene names, accession numbers and database links of SPLs from A. thaliana, P. patens, M. polymorpha, A. agrestis [bonn], A. punctatus
and C. reinhardtii.

Plant species Gene name Accession number Database
Arabidopsis thaliana AtSPLI AT2G47070 https://www.arabidopsis.org/
AtSPL2 AT5G43270
AtSPL3 AT2G33810
AtSPL4 ATIG53160
AtSPLS5 AT3G15270
AtSPL6 AT1G69170
AtSPL7 AT5G18830
AtSPLS8 AT1G02065
AtSPLY9 AT2G42200
AtSPL10 ATIG27370
AtSPL11 ATIG27360
AtSPL12 AT3G60030
AtSPLI13 AT5G50570
AtSPL14 ATI1G20980
AtSPL15 AT3G57920
AtSPLI6 AT1G76580
Physcomitrium patens PpSPLI Pp3c12 24350 https://phytozome-next.jgi.doe.gov/
PpSPL2 Pp3cl7_12760
PpSPL3 Pp3cl6_7480
PpSPL4 Pp3c5_22750
PpSPL5 Pp3c3_ 31330
PpSPL6 Pp3c25 8630
PpSPL7 Pp3c6_6900
PpSPLS Pp3cl6_7540
PpSPLY Pp3c4_6000
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Marchantia polymorpha

Anthoceros agrestis [Bonn]

Anthoceros punctatus

Chlamydomonas reinhardtii

PpSPLI0
PpSPL11
PpSPLI2
PpSPLI3
MpSPL1
MpSPL2
MpSPL3
MpSPL4
AaSPLI
AaSPL2
AaSPL3
AaSPL4
ApSPLI.1
ApSPLI.2
ApSPL2.1
ApSPL2.2
ApSPL3
ApSPL4
CrSBPI
CrSBP2

CrCRRI1

CrSBP3

Pp3cl4 18960

Pp3c3 23940

Pp3c25 8610

Pp3cl6 7490

Mplg10020

Mplgl0030

Mplgl13640

Mp8g11850

AagrBONN evm.model.Sc2ySwM_344.856.1
AagrBONN_evm.model.Sc2ySwM_344.857.1
AagrBONN_evm.model.Sc2ySwM_344.2221.1
AagrBONN evm.model.Sc2ySwM_369.244.1
Apun_evm.model.utg0001071.74.1
Apun_evm.model.utg0001071.74.2
Apun_evm.model.utg0001071.75.1
Apun_evm.model.utg0001071.75.2
Apun_evm.model.utg0001851.396.1
Apun_evm.model.utg0001161.202.1

CHLRE 07g345050v5

CHLRE 01g012200v5

CHLRE_02g104700v5

CHLRE 05g233551v5

CHLRE 06g278229v5
CHLRE_06g300600v5

CHLRE 07g325738v5

CHLRE 09g390023v5
CHLRE_09g399289v5

CHLRE 17g698233v5

https://marchantia.info/

https://www.hornworts.uzh.ch/en.html

https://www.hornworts.uzh.ch/en.html

https://phytozome-next.jgi.doe.gov/
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3.1.3 Gene and protein structure analysis of SPL gene family from
bryophytes and angiosperms
The gene structural diversity within SPL gene families of Arabidopsis and four bryophyte

species was explored to check whether there is any conservation of the exon-intron structure
between the analysed species. The analysis revealed large variations in the number and length
of introns within each class of bryophyte and angiosperm (Fig 3.3). Members belonging to
Group 1 showed the highest diversity within their gene structures as SPL genes from
Arabidopsis and Marchantia consist of 2 introns as compared to Anthoceros SPL genes
having 4-5 introns and P. patens with 6-7 introns within their SPL genes. Moreover, the
average intron number within A. thaliana, P. patens, M. polymorpha and Anthoceros SPL
genes was found to be 4.2, 6.8, 5.4 and 2.2, respectively. The highest number of introns (12)
was found in PpSPL/1 and the lowest number of introns (1) was found within Anthoceros
SPL3 (AaSPL3 and ApSPL3) and SPL4 (ApSPL4). In general, members belonging to Groups
2 consist of SPL genes with the lowest number of introns (up to 3 introns) as compared to
the other three groups (up to 12 introns). Additionally, the average intron lengths within 4.
thaliana, P. patens, M. polymorpha and Anthoceros SPL genes was calculated to be 51, 156,
275 and 104 bp, respectively. The average intron length calculations revealed that the
shortest intron length was found to be in Arabidopsis and hornworts while the longest within
Marchantia, respectively. This data correlates with studies calculating average intron length
within the genomes of Arabidopsis, P. patens, Marchantia and hornworts to be 164, 278, 329
and 104 bp, respectively (Swarbreck et al., 2008; Lang ef al., 2008; Bowman et al., 2017b;
Liet al., 2020b).

The highest similarity of gene structure composition is observed within each group, with
some exceptions. For example, in Groups 1 and 2, all genes share SBP domain (separated by
an intron) while in Groups 3 and 4 both Anthoceros SPLs (SPL3 and SPL4) and moss PpSPL2
and PpSPL10 contain SBP domain within one exon (not separated by an intron). Hence, it
seems that in the first land plants, SPL genes had two types of structures in which SBP
domain encoding fragment was either encoded by two exons or by one, suggesting that what
we observe now in Anthoceros, and P. patens might be a relict of that state. Another
possibility could be that Anthoceros, and P. patens genes might have lost intron within the
SBP encoding fragment during the course of evolution and this phenomenon is widely

observed in different genes.
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Figure 3.3: Exon-intron organization of SPL genes from 4. thaliana, P. patens, A. agrestis, A. punctatus and
M. polymorpha according to divisions in four groups. All the gene structures were created using GSDS2.0
online server (Hu et al., 2015). The exons are depicted by green boxes, conserved SBP domain are depicted by
yellow boxes and introns as dark black lines in each gene model. The scale below depicts the length of genes
in base pairs (bp).

It has been reported in a previous study that members belonging to Groups 3 and 4 usually
consist of genes with higher number of exons and encode longer proteins than the members
of other two group. But with the addition of Anthoceros SPL in determining the phylogenetic
relationships, there seems exceptions to this study. Usually, it is observed that Anthoceros
SPLs do not follow this pattern since they comprise of 2-3 exon numbers only and therefore,
encode shorter proteins. Hence, it seems likely that either the ancestor of Anthoceros SPL

has lost introns during the course of evolution or this might be due to the poor annotation of

currently available Anthoceros genome.
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To have an improved understanding of SPL protein characteristics, their motif composition
was examined using MEME software (Bailey et al., 2006) (Table 3.4). Additionally, the
coordinates of SBP domain for each SPL protein were attained from Pfam database (Bateman
et al., 2004). Only SBP domain (represented on each protein structure by motifs 2, 1 and 4)
was found to be conserved between all SPL protein analysed (Fig. 3.4). Additionally,
members belonging to Group 3 (except for both Anthoceros SPL3) contain ANK domain
(motif 6) which is shown to be involved in protein-protein interactions (Michaely and
Bennett, 1992). Mostly, similar motif composition was observed within each group.
Members belonging to Group 2 exhibited simpler motif composition with the lowest number
of motifs found. There is high conservation of motif composition found between members
belonging to Groups 3 and 4 (apart from both Anthoceros SPL3). Additionally, members
targeted by miRNA from Groups 1 and 2 share similar motif composition with the smallest
number of motifs as compared to members not targeted by any miRNA. The similarity
between shared motifs within SPL proteins from different plant species might reflect at

similarity in their roles and biochemical properties between different plant species.

The highest variations were found within members belonging to Group 1 as P. patens SPLs
share the highest number of motifs but the SPL proteins from the remaining plant species
possess lower number of motifs. Moreover, on the basis of their protein lengths, members
from Group 1 can be sub-grouped into two divisions. The first division consisting of all
Group 1 P. patens SPLs, MpSPL1 and ApSPL1 as longer proteins and second division
consisting of all Group 1 Arabidopsis SPLs and AaSPL1 as shorter proteins. Despite the
similarity in the protein lengths between members from first division of Group 1, there are
still differences in the arrangement of motifs within these members. For example, apart from
the conserved SBP domain, ApSPL1 and MpSPL1 only share motif 9 (localized upstream to
SBP domain) with PpSPLs from Group 1. Additionally, ApSPL1 also shares motif 16
(localized downstream to SBP domain) with PpSPLs from Group 1. Since MpSPL1 and
ApSPL1 share similar motifs and they both originate from the same phylogenetic branch,

which may indicate that their biological functions are similar.
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Figure 3.4: Motif analysis in SPL proteins from A. thaliana, P. patens, A. agrestis, A. punctatus and M.
polymorpha according to divisions in four groups. The motifs were identified using MEME online tool (Bailey
et al., 2006). Each motif is represented in different colours with SBP domain shared between motifs 1, 2 and 4
represented by red, blue and violet boxes respectively. SPL proteins marked by *,° and * are regulated at their
post-transcription levels by miR156 /miR529c¢ and Mpo-miR 13, respectively.
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Table 3.4: Consensus sequences of motifs identified and shown in Fig. 3.4

Motif = Length Consensus sequence

Motif 1 50 YHRRHKVCELHSKAPKVIVAGQEQRFCQQCSRFHLLSEFDEGKR
SCRRRL

Motif 2 50 RISFKLFDKBPGEFPRRLRQQILEWLAHMPSDMEGYIRPGCTILTJ

FLSM

Motif 3 15 MCQVEGCKADLSNAK

Motif 4 20 AGHNRRRRKPQPDASAAGTT

Motif 5 15 JGLKLGVRTYFETED

Motif 6 21 DWBRSEWDWDSVIFVAQPASG

Motif 7 33 RAYNSNMLSAGFPSNFTQNPMGIFSSAGIRSFG

Motif 8 41 LQSVRPLAVEAGQSTNLTVKGKNLRRPGTRLLCSFGGKYLA

Motif 9 50 PGGLTPLHVAASMEGAEDIIDALTNDPQQIGLHAWKHKRDSTGE
TPFDYA

Motif 10 29 MNPSANNNEQQGDPSWSTENWDNPGAAGL

Motif 11 15 PGKRHRSSSPGSQVP

Motif 12 41 KNSANAGLVPEHKANGSLDSSEQRQEZQQQQQQQQQQQQQQ

Motif 13 29 SSGIPGLAATSGNSQENDIRAFDPSSQEL

Motif 14 29 RGRLYRPFMVSMVAVAAVCVCVCLLFRGP

Motif 15 50 YNGVQPGVPWLRPIGARATETMSGQSIPRPAMSLPGSGGSVNVN
VTVNDG

Motif 16 29 FWCNGRFJVQVGRQLALVVNGKVVDSKSN

Motif 17 21 KSLLVFAVERGWCAVVEKLLD

Motif 18 21 PLIVADAEVCSEJRTLESELE

Motif 19 50 QASMLGVDQQRRLFLGLGGVADEGNKGSGGEEGKEAGAHSNG

VTVVGESP

Motif 20 50 DFDLQQKGASASAAAAFNLPPAPPPAPQASAAQKASFSTGFSSG

APSPMT

Many group-unique motifs are found within the same phylogenetic group to which no
functional characterisation can be annotated. For example, in Group 1, all P. patens SPL
proteins share motifs 16-20, in Group 3 (with an exception of both Anthoceros SPL3), all
members share seven motifs (Motifs 3, 5, 6, 8, 11, 12 and 14) and in Groups 3 and 4 (with
the exception of AtSPL7), all members share motifs 3, 8 and 14. The presence of similar
group-unique motifs within members of the same phylogenetic group and between members
of two groups might hint towards their similar and shared roles in diverse plant species.
Additionally, the presence of similar and group-unique motif composition between PpSPLs
from Group 1 might indicate their involvement in species-specific (moss-specific) functions.

Functional studies are needed to test this hypothesis.

As shown in Fig. 3.4, only the SBP domain is the conserved protein domain shared by all

SPL proteins from the studied plant species. The SBP-domain consists of two Zn-finger
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binding motifs (Zn-1 and Zn-2) and one nuclear localization (NLS) motif. The Zn-1 and Zn-
2 motifs are characterized by the presence of conserved amino acid structures, C2HC or C4
and C3H, respectively. The members belonging to Group 4 are usually characterized by the
presence of C4 motif in the Zn-1 of SBP-domain while members belonging to other three
groups (Group 1, 2 and 3) are characterized by the presence of C2HC motif in the Zn-1 of
SBP-domain. To examine the conservation of SBP-domain structure between Arabidopsis
and bryophytes, multiple sequence alignment was performed using CLUSTAL W in Jalview
program (Clamp et al., 2004) (Fig. 3.5). The alignment showed the highly conserved amino
acid compositions in Zn-1, Zn-2 and NLS motifs. In general, Zn-2 motif showed higher

conservation than Zn-1 motif.

To gain the understanding of structural differences between SBP domains among species
analysed, we used Weblogo to depict the alignment results for each species separately
(Crooks et al., 2004) (Fig. 3.6). The sequence logos revealed a high conservation at amino
acid level in two Zn-finger and NLS motifs in land plants and green algae SPL proteins.
When comparing SBP-domain structure of land plants with green algae, C. reinhardtii,
several differences can be noticed. For example, in Zn-1 motif, only C3H composition is
observed in algae in contrast to both C3H and C4 compositions observed in land plants. Also,
the conserved basic amino acid residues from positions 17-22 which are highly conserved in
all land plants under study are missing from green algae, except arginine at position 19.
Additionally, the signature of NLS motif, KRRRRK, showed higher conservation in land
plants than in algae. This comparative SBP domain analysis showed higher similarities of
bryophytes SBP domain with that of Arabidopsis than green algae. Therefore, this may
suggest that SPL proteins pre-exist before the origin of land plants and the conserved SBP

domain from land plants and green algae arose from a common ancestor.
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Figure 3.5: Multiple sequence alignment between SBP-box domain sequences of 4. thaliana, P. patens, A.
agrestis, A. punctatus and M. polymorpha. The alignment was performed in Jalview software using ClustalW
(Clamp et al., 2004). The level of conservation and consensus SBP-domain sequence is shown below the
alignment.
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Figure 3.6: Sequence logos of SBP domain in A. 4. thaliana, B. P. patens, C. M. polymorpha, D. Anthoceros
and E. C. reinhardtii. The sequence logos were designed using Weblogo online software (Crooks et al., 2004).
The overall height of the stack depicts the extent of sequence conservation at that position. The height of letters
within each stack depicts the relative frequency of each amino acid at that position.

3.1.4 Cis-element analysis in the promoter regions of SPL genes
The knowledge about motif composition in SPL protein sequences and cis-acting elements
in the promoter regions of SPL genes can collectively help to gain insights into potential
functions of SPL genes in various plant species. Cis-elements present in the promoter regions
of genes have been known to regulate gene transcription and serve in adaptive mechanisms
to respond to changing environmental conditions (Walther er al., 2007a; 2007b). The

PlantCARE database search was used to identify cis-elements in promoter regions of each
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SPL gene (Lescot et al., 2002). Numerous cis-elements were detected, and they were

categorised into four divisions (full list in Table 3.5):

a) Growth and Development: includes elements like A-box, CAAT-box, TATA-box,
AT-rich elements, circadian clock elements

b) Phytohormone: includes elements like HD-ZIP, TGA-box, TGA-elements, P-box

c) Light: includes elements like ACE motif, Box Il-like elements, GA-motif, MRE
elements

d) Stress: includes elements like GC-motif, TC-rich repeats, ARE, LTR and MBS

motifs.

Among the selected categories, cis-elements involved in growth and development were most
numerous in all species, followed by phytohormone or light responsive category (Fig. 3.7A).
In general, number of growth and development elements expanded with increasing plant
diversity. The number of cis-elements involved in phytohormone was the highest in moss
and the lowest in hornworts. In contrast, the number of cis-elements involved in light
response was the highest in angiosperm. The stress-responsive elements were the highest in
angiosperm and moss. Additionally, cis-elements within each SPL gene from all four
phylogenetic groups were calculated and their numbers were visualized on the chart (Fig.
3.7B). In general, all four categories of cis-elements were detected in promoter regions of
almost all SPL genes with the exception of ApSPL2, AtSPLI10 and AtSPLI16. Promoter
sequences of ApSPL2 and AtSPLI10 from Group 2 do not contain phytohormone response
elements while in the AtSPL16 gene promoter from Group 3, no stress responsive elements

were detected.
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Figure 3.7: Cis-element analysis in promoter regions A) of 4 SPLs each in A. punctatus, A. agrestis and M.
polymorpha, 13 SPLs in P. patens and 16 SPLs in A. thaliana B) within each SPL gene from Groups 1-4.
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Table 3.5: Cis-acting analysis of SPL gene promoter regions from A. thaliana, P. patens, A. agrestis, A.
punctatus and M. polymorpha. The regulatory cis-elements in promoter of each SPL gene were identified using
PlantCARE database (Lescot e al., 2002). The elements were divided into four categories of growth and
development, phytohormone, light and stress and shown in table below.

Function Site Name A.punctatus = A.agrestis  P.patens = M.polymorpha | A.thaliana
Growth and A-box 4 2 6 4 1
Development CAAT-box 73 58 246 139 396
CAT-box 2 1 13 6 4
CCAAT-box 2 0 3 6 2
GCN4_motif 0 0 2 3 3
NON-box 0 0 0 0 1
02-site 1 2 3 5 3
RY-element 0 0 1 0 2
TATA-box 5 21 80 24 409
AT-rich element 0 0 1 0 4
circadian 0 0 2 0 3
total 87 84 357 187 828
Phytohormone ABRE 9 8 29 14 31
AuxRR-core 2 0 1 1 5
CGTCA-motif 10 6 33 16 13
GARE-motif 3 1 0 0 4
TGA-element 0 0 9 3 2
P-box 0 0 8 1 8
HD-Zip 3 0 0 1 0 0
TATC-box 0 0 2 0 3
TCA-element 3 2 7 3 8
TGA-box 0 0 0 3 0
TGACG-motif 5 6 33 16 13
total 32 23 123 57 87
Light ACE 2 0 1 0
AE-box 0 0 4 3
ATCT-motif 0 0 1 3
Box 4 1 4 8 0 16
Box II 0 0 1 0 0
Box II -like 0 0 1 0 0
sequence
CAG-motif 0 0 0 1 0
chs-CMAla 1 0 1 0 2
GA-motif 0 0 0 0 1
GATA-motif 5 1 6 0 3
GATT-motif 0 0 1 0 0
3-AF1 binding 2 1 2 3 1
site
GT1-motif 0 1 3 2 18
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ATC-motif 0 1 0
MRE 0 0 1 7
G-box 10 6 31 15 34
GTGGC-motif 1 1 0 0
I-box 2 2 5
LAMP-element 0 0 2
sbp-CMAlc 0 1 1
Spl 23 6 4 12 1
TCCC-motif 1 3 1
TCT-motif 4 8 19
total 58 27 80 51 124
Stress ARE 2 14 3 29
TC-rich repeats 0 0 1 1 9
GC-motif 10 5 5 6
LTR 0 9 1 10
MBS 4 3 18 3 7
Total 20 10 47 14 57

3.1.5 Expression analysis of SPL genes in different developmental

tissues
In order to gain a general understanding about the expression profiles of investigated SPL

gene family across different developmental tissues in bryophytes and Arabidopsis, the
publicly available RNA-seq data were collected and analysed. Amongst hornworts, only
expression data for 4. agrestis was available, hence, only A. agrestis data are shown below.
The detected expression levels were plotted as heat-map for each plant species separately

(Fig 3.8).

From the selected RNA-seq data for A. thaliana, the expression of 14 out of 16 SPL genes
was identified. The RNA-seq values for two members of Group 1, AtSPLI3 and AtSPLI5
were not found. The expression studies involving transgenic lines with B-glucuronidase
tagged to AtSPL13 and AtSPL15 showed that both these SPLs are expressed at extremely
low levels for a brief duration during leaf development and early inflorescence
developmental stages (Xu ef al., 2016). Such distinct expression profiles are most likely the

reason that both genes were missing in the analysis.

In general, the expression analysis of SPL genes in Arabidopsis revealed that members
belonging to the same phylogenetic group have rather similar expression pattern, implying

that SPL paralogs are involved in the regulation of similar processes. Group 1 had the most
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distinct expression pattern, and it was largely associated with flower development (Fig. 3.8A,
Table 3.6). Although Arabidopsis Group 2 SPL genes were expressed in more developmental
stages than Group 1 SPL genes, they also showed enhanced expression during floral organ
development. In contrast, the expression levels of SPL genes from Groups 3 and 4 were
higher and relatively similar in all organs and developmental stages under analysis. Most
commonly, Group 1 and 2 SPL genes which are targeted by miRNA (except AtSPLS) used
in this study showed specific expression in flower development as compared with ubiquitous

expression patterns of Group 3 and 4 SPL gene members.

In general, Arabidopsis SPL genes can be categorised into two groups based on their

expression patterns:

1. SPL genes with relatively constitutive and stable expression levels across all
developmental stages of Arabidopsis, and
2. SPL genes with elevated expression levels during specific growth and reproductive

developmental stages of Arabidopsis.

Table 3.6: Expression data values for SPL genes from Arabidopsis thaliana. The values were downloaded from
Moreno et al. 2022.

Cotyledon Vascular leaf Flower Stamen Carpel Pollen @ Silique @ Seed

AtSPLS 21 50 2

AtSPL4 10 4 24 1 20 15

AtSPLS 1 1 5 1 4 3
AtSPLY9 1 57 2 52 3

AtSPLI1 4 6 77 14 132 32

AtSPL2 6 26 41 15 74 21

AtSPLI0O 5 6 57 6 76 8 0.5
AtSPLI6 40 43 25 16 31 7 11
AtSPL6 5 9 19 8 21 1 10 0.9
AtSPLI 66 64 119 33 154 50 12
AtSPL14 118 123 143 43 128 28 19
AtSPLI2 41 80 55 20 39 1 22 19
AtSPL7 14 21 39 21 40 21 25 14
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The expression analysis of SPL genes in P. patens revealed a similar division as Arabidopsis.
It can be seen that PpSPL genes from Group 1 are either not or weakly expressed in the
spores and protonema but are prominently expressed in sporophytes and gametophores (Fig.
3.8B, Table 3.7). PpSPL7 from Group 1 is highly expressed in archegonia and at various
developmental stages of sporophyte, implying its role in sexual reproduction of moss and its
sporophyte maturation. The Group 2 members, most of which are targeted by miRNA
(PpSPL3, PpSPL6 and PpSPLI3) showed variable expression in different tissues. For
example, PpSPL genes from Group 2 were found to be most active throughout the
sporophytic premeiotic-to-meiotic stage (sporophyte PM-M), with the exception of PpSPL3
as it also showed higher expression levels in moss chloronema and rhizoids. In contrast, the
other two groups (Groups 3 and 4) PpSPL genes were found to be constitutively expressed

in all of the moss developmental stages and tissues under analysis.
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Figure 3.8: The expression profiles of SPL genes from different developmental stages and organs from A.
thaliana, P. patens, A. agrestis, A. punctatus and M. polymorpha according to divisions in four groups. The
expression data values are used as in tables 3.6-3.9. The heatmap is generated in RStudio (Verzani, 2011).
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Table 3.7: Expression data values for SPL genes from Physcomitrium patens. The values were downloaded from (Fernandez-Pozo et al., 2020)

PpSPLI
PpSPL2
PpSPL3
PpSPL4
PpSPL5
PpSPL6
PpSPL7
PpSPLS
PpSPLY
PpSPLI10
PpSPL11
PpSPLI2
PpSPLI3

Spores

1.8
23.99
17.5
0.38
313.84
5.04
0.42
0.6
0.78
193.55
115.51
0.47
19.63

Caulonema

2.86
13.19
44.85
1.08
152.18
5.29
16.46
0.48
0.67
75.54
31.26
4.95
12.17

Chloronema

9.48
36.88
119.57
4.54
191.66
2791
26.49
6.24
0.81
85.23
17.93
4.65

33.16

Rhizoids

5.14
30.79
97.29
0.46
235.07
18.82
72.98
4.05
10.73
73.8
35.01
10.38

40.88

Gametophores

34.54
31.39
48.65
27.79
272.44
25.54
186.97
56.39
14.83
114.71
45.98
58.56
51.19

Archegonia

153.27
19.35
63.32
58.22
200.95
36.76
488.61
136.89
12.83
117.93
66.52
110.78
56

Sporophyte-
PM-M
78.19
38.08
90.37
32.31
263.78
96.49
377.98
163.35
10.71
122.39
74.31
106.25
146.59

Sporophyte-
Brown

339
51.73
42.04
11.04
323.69
13.83
212.5
110.26
14.32
259.86
103.48
173.49
18.47
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Like Arabidopsis and P. patens, Marchantia and A. agrestis SPL genes from Groups 3 and 4
showed constitutive expression profiles in all developmental stages and organs under analysis.
SPL members from Groups 1 and 2 in Marchantia displayed tissue specific expression pattern,
with the highest levels detected during development of reproductive organs as well as young
sporophytes (Fig. 3.8C, Table 3.8). This suggests that MpSPL genes are engaged during entire
growth and developmental stages of liverwort life cycle. Additionally, MpSPLI and MpSPL?2
genes which are targeted by miRNAs are upregulated in sexual organs, implying their

additional roles during sexual reproduction in Marchantia.

Table 3.8: Expression data values for SPL genes from Marchantia polymorpha. The values were downloaded
from (Kawamura et al., 2022)

MpSPL1I MpSPL2 MpSPL3 MpSPL4

Spores 0 h (Spores) 0.244328 1.1361 36.82445  19.82057
Spores 96 h (Sporelings) 0 0.189475 @ 30.7971 17.81448
Tak-1 Thallus 9 day (Thallus 9 day) 21.11429 11.20411 | 25.17865 16.65979
Tak-1 Thallus 14 day (Thallus 14 day) 11.91286 12.47148 | 44.34023 @ 22.24595
Tak-1 Gemma cup 21 day (Gemma cup 21 day) 25.01036 6.822147 | 29.25353  14.94946
Antheridiophore 135.8983  49.97364 | 59.99973 18.27822
Antheridium 33.94589 16.28736 | 40.47235 8.322781
Sperm cell 12.25275 3.553252 | 13.57561 4.980176
Archegoniophore 116.5309 61.88261 | 55.20973 @ 27.39149
Archegonia 290.2252 44.04714 @ 66.87528 @ 21.62104

Young sporophyte 13 day (sporophyte 13 day) = 124.1062 97.53377 | 36.25326 @ 9.618658

Meanwhile in A. agrestis, AaSPL2 showed specific expression pattern as compared to other
three SPLs as it is predominantly expressed in sporophytic generation of this hornwort species.
In contrast, AaSPLI from Group 1 showed equally higher expression during its both
gametophytic and sporophytic stages (Fig. 3.8D, Table 3.9).

Table 3.9: Expression data values for SPL genes from Anthoceros punctatus. The values were downloaded from
(Li et al., 2020b)

AaSPL1 AaSPL2 AaSPL3 AaSPL4

2weeks Gam 1 (2 week) 350.7077 @ 42.65364 1954.052  1956.143
2weeks Gam 2 (2 week) 282.0749 | 39.96061 @ 2038.77  1805.867
4weeks Gam 1 (1 month) 390.4545  61.41981 2734.223  1941.305
4weeks Gam 2 (1 month) 264.0865 | 32.46965 @ 3255.087 1822.63

2month Gam 1 (2 months) 459.0806 | 86.79136 = 3451.609 2542.073
2month Gam 2 (2 months) 229.0108 | 91.15963 ' 3919.629 2054.427
uptoSmm Sporo 1 (<5 mm) 509.4232  726.2486 = 1643.666 2435.206
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uptoSmm Sporo 2 (<5 mm) 464.275 | 291.5447 | 174484 | 2345837
Smm to 1cm Sporo 1 (5-10 mm)  464.5007 = 614.9586 | 1659.482 2340.68

5mm to 1cm Sporo 2 (5-10 mm)  310.6818 | 114.4617 | 1320.546 1889.845
overlem Sporo 1 (>10 mm) 699.5649  269.5671 @ 1462.744 2381.358
overlem Sporo 2 (>10 mm) 354.8668  192.655 | 1350.954  2096.032

In conclusion, the analysis of expression data in all analysed plant species revealed that they
could be divided into two categories. First, SPL gene from Groups 3 and 4, which are highly
expressed in practically all tissues and hence, may operate in a similar manner as housekeeping
genes maintaining basal cellular functions. Furthermore, the genes in this category are not
regulated by any miRNAs. Second, SPL genes from Groups 1 and 2, which show specific
expression pattern, implying their roles during specific developmental stages of growth and
reproduction. Additionally, many genes in this category are post-transcriptionally regulated by
miRNA. SPL genes from Groups 1 and 2, whose expression is strongly associated with sexual
reproduction were detected in three of the four plant species studied, which includes the dicot,
Arabidopsis, the moss P. patens and the liverwort, Marchantia. Given that there is no available
expression data for hornwort 4. agrestis of their reproductive organs, accordingly the conserved
evolutionary mode of action within SPL family representatives, it could be hypothesized that
at least one of the SPL family members might be involved in regulation of the reproductive
pathway in Anthoceros. Moreover, despite the hints from expression profiles about the putative
functions of SPL in different developmental tissues, functional studies need to be conducted to
have a clear understanding of involvement of SPL transcription factors in various stages of

plant growth and development.
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3.2Chapter 2 - Functional characterization of MpSPL3 and MpSPL4
transcription factors from Marchantia polymorpha

3.2.1 Characterization of 5° and 3’ cDNA ends of overlapping
neighbouring genes of MpSPL3 and MpSPL4

Based on the genomic and transcriptomic data available for M. polymorpha (MarpolBase,
annotation version 3.1, 2019), the analysis of MpSPL3 and MpSPL4 (Accession nos.
Mapoly0019s0134.1 and Mapoly0008s0031.1, respectively) genomic organisation revealed
that both these genes consist of 11 exons that when transcribed gave rise to single mRNAs.
MpSPL3 and MpSPL4 genes encode proteins of 1158 aa and 1004 aa in length, respectively.
During this analysis, it was observed that short neighbouring genes, Mapoly(0019s0135.1 and
Mapoly0008s0030.1 (Fig. 3.9 and 3.10) are present in the promoter region of MpSPL3 and
MpSPL4 genes, respectively. Each of the neighbouring gene was annotated at the same strand

as MpSPL3 and MpSPL4 genes and covered a portion of 5’UTRs of their loci.

13,645,000 13,650,000 13,655,000

MpSPL3 A —— )

. ~

Mapoly0019s0134.1
=
Mapoly0019s0135.1

Figure 3.9: Genomic organisation of MpSPL3 (Mapoly0019s0134.1) locus along with its neighbouring gene

Mapoly0019s0135.1, based on data from MarpolBase version JGIv3.1. Introns are represented by black lines,
exons by boxes, white boxes indicate 5* and 3’ UTRs while coloured boxes indicate CDS.
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Figure 3.10: Genomic organisation of MpSPL4 (Mapoly0008s0031.1) locus along with its neighbouring gene
Mapoly0008s0030.1, based on data from MarpolBase version JGIv3.1. Introns are represented by black lines,
exons by boxes, white boxes indicate 5’ and 3’ UTRs while coloured boxes indicate CDS.

In order to obtain a clear picture of the 5’ and 3 ends of these neighbouring genes and to
confirm the lengths of 5° UTRs of MpSPL3 and MpSPL4 genes, we performed 5° RACE for
MpSPL3 and MpSPL4 genes and 5’ and 3° RACE for their neighbouring genes, respectively.
The RACE-cDNA templates were prepared from 3-week-old male and female tissues.

3.2.1.1 RACE analysis for MpSPL3 and its neighbouring gene,
Mapoly0019s0135.1
According to MarpolBase version JGIv3.1 annotation, Mapoly0019s0135.1 shares 267 bp with

the 5’UTR of MpSPL3 gene. The primers for RACE analysis of Mapoly0019s0135.1 were
designed outside of the shared region, to be specific for this gene (Fig. 3.11).
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Figure 3.11: A schematic structure of primers designed for RACE experiments for MpSPL3 along with its
neighbouring gene, Mapoly0019s0135.1. The bar above each gene corresponds to 100 bp. Primers are abbreviated
as 5R: 5” RACE, 5nR: 5’ nested RACE, 3R: 5 RACE and 3nR: 3’ nested RACE, for each respective gene. The
dashed blue lines depict shared region between two genes.

5> RACE reaction for MpSPL3 yielded a PCR product corresponding to ~2.5 kb length (Fig.
3.12A). Since the expected product size was 2240 bp, hence the product highlighted in red
circle was eluted, cloned, and used for sequencing. Two out of six clones were specific and
mapped precisely to the 5S’UTR of MpSPL3 while the other four products were unspecific (Fig.
3.12B). The results indicated 5> UTR of MpSPL3 to be 232 and 248 bp shorter than annotated
(1966 bp) in the database in v3.1.
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Figure 3.12: 5° RACE analysis for MpSPL3 gene transcript. A) Gel electrophoresis of 5° RACE product for
MpSPL3. L — 100bp plus ladder; 1 denotes the MpSPL3 5’RACE products with primer 5R from Fig. 3.11. The
product highlighted in red circle was gel eluted, cloned, and sequenced, B) Schematic representation of the length
of obtained 5° RACE products for MpSPL3 gene transcript in the context of gene annotation. The scheme shows
a part of MpSPL3 gene (5’ UTR and first exon) along with its neighbouring gene Mapoly0019s0135.1. The arrows
below MpSPL3 show the length and position of the ends of 5’RACE products obtained after sequencing. The scale
above represents 250bp.

During several attempts of amplifying and cloning the 5° and 3’ RACE products for
Mapoly0019s0135.1 gene, no specific cDNA products were obtained. Summarizing these

results, there could be two possibilities:

1. The neighbouring gene is rather wrongly annotated in the genome in the version 3.1.
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2. The tissues used for the RACE experiment (3 week male and female vegetative tissues)
might either have very low expression of this gene or this gene is not expressed in this

developmental stage.

However, in the new revision of M. polymorpha standard reference genome, MpTak v6.112,
released in 2023, the neighbouring gene has been removed from annotation (Fig. 3.13) which

supported the hypothesis no. 1.
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Figure 3.13: Genomic organisation of MpSPL3 (Mapoly0019s0134.1/ Mplgi3640) locus along with its
neighbouring gene Mapoly0019s0135.1, overlapping with 5’UTR of MpSPL3. The schemes are based on data
from MarpolBase version JGIv3.1 and version Gene annotation rev.2 (v6.1r2). Introns are represented by black
lines, exons by boxes: white boxes indicate 5’ and 3° UTRs while coloured boxes indicate CDS.

Moreover, according to the newest revision of M. polymorpha standard reference genome,
MpTak v6.1r2, MpSPL3 gene encodes two isoforms of mRNA, MpSPL3.1 and MpSPL3.2
(Fig. 3.13). The only difference between the two gene isoforms is the presence of intron in 3™

exon. Hence, MpSPL3.2 is shorter than MpSPL3.1.

3.2.1.2 RACE analysis For MpSPL4 and its neighbouring gene,
Mapoly0008s0030.1
According to MarpolBase version JGIv3.1 annotation, Mapoly0008s0030.1 shares 913 bp with

the 5’UTR of MpSPL4 gene. The primers for RACE analysis of Mapoly0008s0030.1 were
designed outside of the shared region, to be specific for this gene (Fig. 3.14).
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: [ SAnR N \/ Y V \v'/k/%
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Figure 3.14: A schematic structure of primers designed for RACE experiments for MpSPL4 locus along with its
neighbouring gene, Mapoly0008s0030.1. The bar above each gene corresponds to 100 bp. Primers are abbreviated
as 5R: 5° RACE, 5nR: 5’ nested RACE, 3R: 5° RACE and 3nR: 3’ nested RACE, for each respective gene. The
dashed blue lines depict shared region between two genes.

95



The experiment with 5’RACE for MpSPL4 yielded multiple PCR products and the expected
size of PCR product from 5’RACE reaction was 1223 bp. The two products (highlighted by red
circles in Fig. 3.15a) corresponding to 1kb and ~1.4kb were cloned and used for sequencing.
10 out of 12 products obtained from these products mapped to 5’UTR of MpSPL4 gene (Fig.
3.17). All the products were of heterogenous lengths. 9 out of these 10 clones showed 5’UTR
to be shorter (467 bp — 683 bp) than annotated (931 bp) while one clone revealed 5’UTR to be
longer (1048 bp) than annotated (931 bp) in the database in v3.1.

Simultaneously, nested PCR was performed for the 5’RACE products and the expected size of
PCR product from 5’ nested RACE reaction was 1089 bp. Out of multiple PCR products
obtained, the four products with highest intensity (highlighted by red circles in Fig. 3.15b) were
cloned and used for sequencing. 9 out of 10 clones obtained from these products also mapped
to 5’UTR of MpSPL4 gene. All the products obtained were of heterogenous lengths. 8 out of 9
clones indicated 5’UTR to be shorter (297 bp — 656 bp) than annotated (931 bp) while one
clone revealed 5’UTR to be longer (1006 bp) than annotated (931 bp) in the database in v3.1
(Fig. 3.17).
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Figure 3.15: 5° RACE analysis for MpSPL4 gene transcript. A) Gel electrophoresis of 5’RACE products for
MpSPL4 transcript using SR_SPL4 primer. B) Gel electrophoresis of nested S’RACE products for MpSPL4
transcript using SnR_SPL4 primer. L denotes ladder and 1 denotes in A) 5’RACE and in B) 5’ nested RACE
products obtained with primers 5R and 5nR from Fig. 3.14, respectively. The product highlighted in red circles
were eluted, cloned, and sent for sequencing.

According to the genome annotation JGIv3.1, the expected sizes of PCR products from 5’
RACE, 5’ nested RACE, 3’ RACE and 3’ nested RACE for Mapoly0008s0030.1 should be
181bp, 123bp, 1168bp and 1089bp, respectively (Fig. 3.14). The first round of 5 and 3° RACE
experiment for Mapoly0008s0030.1 transcript yielded multiple PCR products at varying
lengths (Fig. 3.16A). Therefore, a second round of RACE PCR reaction was performed with
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nested primers to specify PCR products. After nested PCR of 5’RACE, three populations of
products corresponding to ~600bp, ~800bp and ~5kb were obtained (lane 1 in Fig. 3.16B)
which were cloned and sequenced. Five out of 10 clones from ‘product b’ were specific and
mapped precisely to the 3 UTR of Mapoly0008s0030.1 gene, all these clones contained a
poly(A) sequence (Fig. 3.17). Therefore, 3’ end of Mapoly0008s0030.1 gene is shorter (~450
bp) than that annotated in the database (~820 bp).
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Figure 3.16: 5’ and 3’ RACE analysis for Mapoly0008s0030.1 gene transcript. A) Gel electrophoresis of 5’ and
3’ RACE products for Mapoly0008s0030.1 transcript using SR and 3R primers in Lanes 1 and 2, respectively and
B) Gel electrophoresis of nested 5° and 3’ RACE products for Mapoly0008s0030.1 transcript using 5nR and 3nR
primers in Lanes 1 and 2, respectively. L denotes ladder and the product highlighted in red circles were eluted,
cloned, and sent for sequencing.

In the case of 5’RACE for Mapoly0008s0030.1 gene transcript, nested PCR of 5’RACE
revealed a homogenous product corresponding to ~250 bp length (lane 2 in Fig. 3.16B). Two
out of six clones obtained from this product were specific and mapped to the 5> UTR of this
gene (Fig. 3.17). Moreover, the sequencing revealed 5’UTR to be longer (~128 bp) instead of
36 bp, as annotated in the database v3.1 (annotated 5’UTR is depicted as ‘b’ while the ‘a and
b’ together denotes the new length of 5’UTR in Fig. 3.17).
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Figure 3.17: A schematic representation of RACE products for MpSPL4 and its neighbouring gene,
Mapoly0008s0030.1. The scheme shows a part of MpSPL4 gene (5 UTR and first exon) along with its
neighbouring gene Mapoly0008s0030.1. The arrows below each gene show the length and position of 5’ and 3’
RACE products obtained after sequencing. The annotated 5’UTR is depicted as ‘a’ while the ‘a and b’ denotes the
new length of 5’UTR obtained after sequencing. The bar above represents 100 bp.

However, in the newest revision of M. polymorpha standard reference genome, MpTak v6.112,
released in 2023, the MpSPL4 neighbouring gene, Mapoly0008s0030. 1 has been removed from
annotation (Fig. 3.18). However, our results support the hypothesis that Mapoly0008s0030.1
might be an independent transcriptional unit, denoted from having an independent 5> UTR and

3> UTR.
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Figure 3.18: Genomic organisation of MpSPL4 (Mapoly0008s0031.1/ Mp8g11850.1) locus along with its
neighbouring gene Mapoly0019s0135.1/ Mp8g1160.1, overlapping with 5’UTR of MpSPL4. The schemes are
based on data from MarpolBase version JGIv3.1 and version Gene annotation rev.2 (v6.1r2). Introns are
represented by black lines, exons by boxes: white boxes indicate 5* and 3’ UTRs while coloured boxes indicate
CDS.

3.2.2 Profiling of MpSPL3 and MpSPL4 genes expression pattern

during different developmental stages of Marchantia life cycle
In order to investigate the expression pattern of MpSPL3 gene transcripts in different

developmental tissues of Marchantia, RT-qPCR analysis was performed. The primers were
designed to be specific for each transcript isoforms. Therefore, for MpSPL3.1 gene, forward

primer was designed in the region of intron 3 and reverse primer in exon 4 of MpSPL3.2. While
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for MpSPL3.2 gene, forward primer was designed in exon 3 while reverse primer was designed
at the exon 3 — exon 4 junction (Fig. 3.19).

Mp1g13640.1 (MpSPL3.1)

Mp1g13640.2 (MpSPL3.2)

Figure 3.19: A schematic representation of primers position designed for analysis of MpSPL3 (Mp1g13640) gene
transcripts level. Upper scheme represents isoform 1, MpSPL3.1 (Mp1g13640.1) lower scheme represents isoform
2, MpSPL3.2 (Mplg13640.2). The schemes are based on data from MpTak v6.1r2 annotation. The dashed blue
lines marks the region covered by Intron 3 and triangles marks the position of designed primers.

In general, both transcripts are expressed in all the tissues under analysis (Fig. 3.20). Moreover,
MpSPL3 mRNA level is the highest in archegoniophore and the lowest in 1-week-old male and
female tissues. In general, both MpSPL3 transcripts were expressed at comparable levels in
most of the tissues except antheridiophores, where MpSPL3.2 transcript level is more than

double/ almost triple the level of MpSPL3.1.
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Figure 3.20: RT-qPCR analysis of expression level of MpSPL3 gene transcripts: MpSPL3.1 and MpSPL3.2. The
analysis was performed with two biological replicates in two technical replicates each. X-axis represents different
developmental tissues of Marchantia and Y-axis represents the fold change. T1-G: Takl-gemmae, T2-G: Tak2-
gemmae, T1-1w: Takl-1 week old, T2-1w: Tak2-1 week old, T1-3w: Tak1-3 week old, T2-3w: Tak2-3 week old.
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MpSPL4 gene encodes a single mRNA isoform, Mp8g11850.1 (Fig. 3.18 and 3.21). In order to
investigate the expression pattern of MpSPL4 gene transcript in different developmental tissues

of Marchantia, RT-qPCR analysis was performed. The location of primers designed is shown

in Fig. 3.21.

Mp8g11850.1 (MpSPL4)

Figure 3.21: A schematic representation of primers position designed for analysis of MpSPL4 (Mp8g11850.1)
gene transcripts level. The scheme is based on data from MpTak v6.1r2 annotation. The triangles marks the
position of designed primers.

In general, MpSPL4 transcript is expressed in all the tissues under analysis (Fig. 3.22). The
highest expression was observed in female reproductive organs, archegoniophores while the

lowest was in female 1-week-old tissue (T2-1W in Fig. 3.22).
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Figure 3.22: RT-qPCR analysis of expression level of MpSPL4 gene transcript. The analysis was performed with
two biological replicates in two technical replicates each. X-axis represents different developmental tissues of
Marchantia and Y-axis represents the fold change. T1-G: Takl-gemmae, T2-G: Tak2-gemmae, T1-1w: Tak1-1
week old, T2-1w: Tak2-1 week old, T1-3w: Tak1-3 week old, T2-3w: Tak2-3 week old.

3.2.3 Characterisation of MpSPL3 and MpSPL4 gene promoters in

planta activity
To investigate in vivo expression levels of MpSPL3 and MpSPL4 genes, their promoters’

sequences corresponding to 5134 bp and 4107 bp upstream of the start codon, respectively were
fused to the GUS reporter gene. The obtained recombinant transgenes were introduced into the

Marchantia genome via Agrobacterium-mediated transformation. The histochemical GUS
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staining for both gene promoters was observed in vegetative parts of male and female thalli
(Fig. 3.23) as well as in the antheridial and archegonial receptacles of gametangiophores (Fig.
3.24). Importantly, the GUS expression pattern driven by poMpSPL3 and proMpSL4 are in
coherent with the expression data available on Marchantia expression database (top right

images in Fig. 3.23 and 3.24) (Kawamura et al., 2022).

14 day

14 day

MALE pro.MpSPL3: GUS MALE pro.MpSPL4: GUS

[l - |

14 day 14 day

-

FEMALE pro.MpSPL3: GUS FEMALE pro.MpSPL4: GUS

.

(MarpolBase, https://marchantia.info/)
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Figure 3.23: Promoter activity of MpSPL3 and MpSPL4 genes in Marchantia’s vegetative tissue (male and
female). The images on the top right of each GUS-expression images are a screenshot of expression pattern of
MpSPL3 and MpSPL4 genes in Marchantia expression database. The scale below each image represents 1mm.

Antheridiophore Antheridiophore

MALE pro.MpSPL3: GUS MALE pro.MpSPL4: GUS
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Archegoniophore
Aschegoniophore

Figure 3.24: Promoter activity of MpSPL3 and MpSPL4 genes in Marchantia’s reproductive organs (male and
female). The images on the top right of each GUS-expression images are a screenshot of expression pattern of
MpSPL3 and MpSPL4 genes in Marchantia expression database. The scale below each image represents 1mm.
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3.2.4 Generation of knockout mutants of MpSPL3 using CRISPR/Cas9

approach
To learn about the function of MpSPL3 in Marchantia’s life cycle, CRISPR/Cas9 system was

used. In order to generate CRISPR/Cas9 knockout lines for MpSPL3 gene, five guide RNAs
(gRNAs) were designed (Fig. 3.25): two gRNAs (gRNA 1 and 2) were designed upstream of
the SBP domain coding region (blue), two gRNAs (gRNA 3 and 4) were designed within the
gene region encoding SBP domain, and one gRNA (gRNA 5) was designed downstream of the

SBP domain coding region.

x*" »
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gRNA 1
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4
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Figure 3.25: Schematic representation of five gRNA positions to target the MpSPL3 gene region. 5° UTR is
marked as white box, E1 and E2 represent exons 1 and 2, marked as black boxes, SBP domain-coding region is
marked as blue box, introns are marked as black lines. Each gRNA position is shown as red, green, yellow, pink
and black arrows. The scale above represents 100bp.

After genotyping of transgenic lines at G1 generation, two knock-out lines were obtained with
edited MpSPL3 locus (Mpsp/3-1.1 and Mpsp/3-1.3). These two mutant lines were generated
from gRNA 1. Both these transgenic lines were male. While there were two mutant lines
obtained from gRNA 1, no plants with mutated MpSPL3 locus were obtained from other four
gRNAs (Table 3.10).

Table 3.10: A summary of the number of plants genotyped and the number of plants obtained with edited locus
at G1 generation for each gRNA for MpSPL3 gene.

No. of plants genotyped (G1) No. of plants with edited MpSPL3 locus (G1)

gRNA 1 47 2
gRNA 2 91 0
gRNA 3 96 0
gRNA 4 80 0
gRNA 5 76 0

Mpspl3-1.1 has one nt substitution and 20 nt insertions and Mpsp/3-1.3 has 7 nt deletions (Fig.
3.26). Both types of mutations lead to shorter and truncated version of protein because of a

premature stop codon.
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a) Line with 1 bp substitution and 20 bp insertion: Mpsp/3-1.1

WT .....CACATCATGGACAGCGAGGGTGGATCACAAGTTG- ------------------ - CCCTGGACACCTA.....

Mpsp/3-1.1 ... CACATCATGGACAGCGAGGGTGGATCACAACTTGTGATCCACCCTGTGATGGATCCCTGGACACCTA.....

wC UG XIS VAL DT Y TRSSEFFLBHOF FPGARVRE TENGGROGSLDHGAYNHQYNGA ,,,, 56

Mpspl3-1.1 IS XS0 LV I H PVMDPW )3 TPGAVPEFFHTSESLOEFVRLY 42
Fxkkker ke o . * . * .

b) Line with 7 bp deletion: Mpsp/3-1.3

wr CACATCATGGACAGCGAGGGTGGATCACAAGTTGCCCTGGACACCTACACCA.....
Mpsp/3-1.3 ... CACATCATGGACAGCGAGGGTGGATCA ------- CCCTGGACACCTACACCA.....
Wt IS VAL DT YTRSSPPFLPHOFEPGARVRETVNGGROGSLDHGAYNHQYNGR.... 56
Mpspl3-1.3 MDSEGGS PHIPTPGA‘.’PHFFHTSF_SLVI 27
FxkkkEE o ces

Figure 3.26: Schematic representation of the resulting mutations in the CRISPR/Cas9-generated Mpsp/3 alleles,
Mpspl3-1.1 (a) and Mpspi3-1.3 (b). Alignment of genomic DNA and amino acid sequences between Mpsp/3*°
allele and wild-type allele are shown in shaded and framed boxes, respectively. gRNA is shown in bold, PAM
sequence is highlighted in blue. Start codon is highlighted in yellow and stop codon is highlighted in red.

In order to investigate mRNA level of MpSPL3 transcript in Mpsp/3*° lines, initially RT-PCR
was performed with two pairs of primers (cds F + c¢ds R1 and cds F + c¢ds R2): primer cds F
was designed 141 bp upstream the start codon and within 5° UTR and primers cds R1 and cds
R2 were designed 66 bp and 219 bp downstream the start codon of MpSPL3 transcript.
Additionally, primer cds R2 was designed downstream the stop codons of Mpsp/3-1.1 and
Mpspl3-1.3 transcripts. (Fig. 3.27A). No transcript was detected in both transgenic lines with
both primer pairs, indicating the knockout of MpSPL3 gene (Fig. 3.27C).

Additionally, the transcript levels of MpSPL3 were analysed by RT-qPCR (with primers
designed for RT-qPCR analysis: SPL3 f and SPL3 r, Fig. 3.27B) revealed that in both
Mpspl3*° lines, the MpSPL3 mRNA levels were almost undetectable in comparison to the WT
plant (Fig. 3.27D).
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Figure 3.27: Analysis of MpSPL3 gene transcript levels in CRISPR/Cas9 mutant plants. A schematic
representation of primers position designed for RT-PCR (a) and RT-qPCR (b). (¢) Gel electrophoresis of RT-PCR
products for detection of MpSPL3 mRNA levels in MpSPL3"* lines as compared to wild-type plants (Tak-1). (d)
RT-qPCR for detection of MpSPL3 mRNA levels in MpSPL3% lines as compared to wild-type plants. The analysis
was performed with two biological replicates in two technical replicates each. p-values to determine the statistical
significance were calculated using paired t-test (p < 0.05 =*, p <0.01 = ** and p <0.001 = ***,

Both transgenic lines exhibited strong alteration in phenotypes when compared to the wild-type
plants (Fig. 3.28). Plants from both transgenic lines were observed under microscope at
different time intervals, from 10" day to 5" week of growth. Plants were cultured on Gamborg’s

medium in phytotron under standard growth conditions.

The Mpspl3-1.3 transgenic plants throughout their vegetative growth showed very strong
growth retardation together with abolished thallus bifurcation, which is characteristic for wild-
type thallus growth. Additionally, Mpsp/3-1.3 mutant plants showed significant decrease in
surface area with a distinguishable callus-like phenotype. Meanwhile, after two weeks, few
plants from Mpspi3-1.1 transgenic line showed slightly less severe abnormalities as compared
to Mpspl3-1.3 mutant plants (Fig. 3.28). Moreover, Mpsp/3-1.1 transgenic line produced
gemma cups but with reduced number as compared to wild-type plants. In conclusion, both
Mpspl3*° lines showed growth retardation as compared to wild-type plants in in vitro growth

conditions.
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Wild-type Tak1 Mpspi3-1.3: 7d Mpspi3-1.1: 20i.1s

10 day

3 week

4 week

5 week

Figure 3.28: Phenotypic analysis of Mpsp/3*° lines: Mpspl3-1.1 and Mpspl3-1.3 mutant plants were grown
together with wild-type, Tak1 plants in in vitro culture. The phenotypic analysis is shown from 10-day old plants
to 5-week-old plants. All the images were taken at 0.63X magnification in Leica M60 microscope. The scale below
depicts Smm for each image.

At the same time, the Mpsp/3*° transgenic plants were transferred to soil to observe whether
growth conditions will have impact on the plant phenotype. Their phenotypes in the presence
of infra-red light along with wild-type Takl plants were examined. After 3 weeks of infra-red
irradiation, Mpsp/3-1.3 transgenic lines showed severe growth abnormalities as compared to
wild-type plants (Fig. 3.29a). These abnormalities included decrease in surface area, not
characteristic wild-type-like thallus bifurcations and already visible necrotic tissue. Mpspl3-1.1
transgenic lines also showed retarded growth as compared to wild-type plants. Although
Mpspl3-1.1 mutant plants showed wild-type-like thallus bifurcations at 3-week after far-red
irradiation, they have reduced surface area and delayed growth as compared to wild-type plants
at same stage of growth. At 5 and 7 weeks after far-red irradiation, when most of the wild-type
plants started to produce gametangiophores (antheridiophores in this case), Mpspl/3-1.3
transgenic lines still showed severe growth retardation but with increase in necrotic tissue as
compared to wild-type plants while Mpsp/3-1.1 transgenic lines showed wild-type-like thallus
bifurcation (Fig. 3.29b and c).
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Wild-type Tak1 Mpspl3-1.3: 7d Mpspl3-1.1: 20i,1s

a)

3 weeks after far-red iiradiation

5 weeks after far-red irradiation

C) Wild-type Tak1

7 weeks after far-red iimradiation
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d) Wild-type Tak1 Mpspl3-1.3: 7d Mpspl3-1.1: 20i1s

9 weeks after far-red iimradiation

4cm

Figure 3.29: Phenotypic analysis of Mpspl3%° lines. Mpspi3-1.1 and Mpspl3-1.3 mutant plants were grown
together with wild-type, Tak1 plants on soil. The images were taken at (a) 3 weeks (b) 5 weeks (c) 7 weeks and
(d) 9 weeks after far-red induction. The arrows show the antheridiophores.

Interestingly, after 9 weeks of infra-red irradiation, when wild-type plants already started to
show necrosis, Mpsp/3-1.3 transgenic plants also showed necrosis with growth retardation
while Mpspi3-1.1 transgenic lines started to produce antheridiophores, depicting delayed
growth as compared with wild-type plants (Fig. 3.30d). The antheridiophores hence produced
by Mpspi3-1.1 plants on soil showed similar morphology as wild-type Tak-1 plants (Fig. 3.30).

Wild-type Tak1 Mpspl3-1.1: 20i,1s

1.0mm 0.5mm

1.0mm 1.0mm

1.0mm

Figure 3.30: Phenotypic analysis of antheridiophores in MpspI3*° line, Mpsp/3-1.1 as compared to wild-type,
Takl plants on soil. All the images were taken in VHX-700 Keyence Digital microscope.

Furthermore, in order to perform in-depth analysis between antheridiophores of Mpsp/3-1.1,
the plants were cultured on Gamborg’s media to have sterile conditions and were exposed to
infra-red irradiation. To our surprise, Mpsp/3-1.1 transgenic lines did not produce any

antheridiophores on Gamborg’s media even after longer exposure to infra-red irradiation (upto
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3-months) (Fig. 3.31). We propose this might be due to the presence of different nutrients in

the soil as compared to Gamborg’s media, which is used for culturing Marchantia.

Mpspi3-1.1: 20i,1s Wild-type Tak1

2.1-months-old

3-months-old

S5mm Smm

Figure 3.31: Phenotypic analysis of MpspI3%° line, Mpspl3-1.1 as compared to wild-type, Takl plants on
Gamborg’s media. The plants were imaged at 2.1 months and 3 months after far-red irradiation. The scale for
Mpspl3-1.1 at 2.1-months-old stage is not correct as plants were photographed after tilting.

3.2.5 Generation of knockout mutants of MpSPL4 using CRISPR/Cas9

approach
To learn about the function of MpSPL4 in Marchantia’s life cycle, CRISPR/Cas9 system was

used. In order to generate CRISPR/Cas9 knock-out lines for MpSPL4 gene, five guide RNA
(gRNA) were designed (Fig. 3.32) two gRNAs (gRNA 1 and 2) were designed upstream of the
SBP domain coding region (blue), two gRNAs (gRNA 3 and 4) were designed within the gene
region encoding SBP domain, and one gRNA (gRNA 5) was designed downstream of SBP

domain coding region.

gRNA 1 gRNA2 gRNA3 gRNA4 gRNAS
b, 4 b, d b 4

5’ UTR

Figure 3.32: Schematic representation of five gRNA positions to target the MpSPL4 gene region. 5° UTR is
marked as white box, E1 and E2 represent exons 1 and 2, marked as black boxes, SBP domain-coding region is
marked as blue box, introns are marked as black lines. Each gRNA position is shown as red, green, yellow, pink
and black arrows. The scale above represents 100bp.

After genotyping of transgenic lines at G1 generation, seven and five mutant plants with edited

MpSPL4 locus were obtained for gRNA 3 and 5, respectively (Table 3.11).
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Table 3.11: A summary of the number of plants genotyped and the number of plants with edited MpSPL4 locus
at G1 generation for each gRNA.

SPL4 | No of plants genotyped (G1) No. of plants with edited MpSPL4 locus (G1)

gRNA 1 84 0
gRNA 2 119 0
gRNA 3 192 7
gRNA 4 74 0
gRNA 5 127 6

Surprisingly, all the knock-out lines obtained from gRNA 3 and five out of six knockout lines
obtained from gRNA 5 converted to wild-type, when genotyped at their G2 generations (Table
3.12). To obtain mutants with same mutations in G2 generation, we went back to their
respective G1 generation transgenic plants to culture and genotype more gemmae. These plants
were overgrown similar to wild-type plants and, they lost their phenotype obtained from
mutation, after longer culture on solid-culture. More surprisingly, these G1 plants when

genotyped again also converted to wild-type. Hence, these G1 plants might be chimeric.

Table 3.12: A summary of sex and mutations of each mutant line with edited MpSPL4 locus at G1 and G2
generations. The edited mutant lines were obtained from gRNA 3 and 5.

Line Sex Mutation in G1 generation Mutation in G2 generation
No.
gRNA 3
4 M 1 bp insertion
17 M 1 bp insertion
60 M 1 bp insertion
Converted to wild-type
75 M 1 bp insertion
52 M 1 bp deletion
47 M 7 bp deletion
43 F 21 bp deletion
gRNA 5
17 M 1 bp insertion Did not obtain G2 generation
16 M 1 bp insertion
41 F 1 bp insertion
58 M 1 bp insertion Converted to wild-type
15 F 1 bp insertion
9 M 1 bp deletion

Meanwhile, one knock-out line obtained (Mpspl4_17) from gRNAS obtained at G1 generation

did not produce any gemma or gemma cups to propagate G2 generation. Hence, all analysis
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was performed on G1 generation only. Mpspl4 transgenic line has 1 bp insertion and this

mutation caused premature stop codon and hence, a truncated version of protein (Fig. 3.33).

Line with 1 bp insertion: Mpspl4_17
wr ATACTCTACCACCCCTIGGA- CAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG.....

Mpspl4_17 ... ATACTCTACCACCCCIGGAACAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG.....

wt MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGS SAADQNHEHDNHCHEHNH 60

Mpspld 17 MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60
Tk khkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkx

wt EHNHDKFHAHETSSADHVQTDSISSGSQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120

Mpspld 17 EHNHDKFHAHETSSADHVQTDSISSGSQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120
ek ke e ek ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok

wt DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180

Mpspl4 17 DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180
Tk kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkk

wt GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLDSGDIEPRSDSSPAD ..., 236

Mpspl4 17 GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLEQRGHRTTII 230
Fkkkkkkkkkkkkkkkkkkkkdkkkkkkkkkdkkkkkkkkkkk

Figure 3.33: Schematic representation of the resulting mutations in the CRISPR/Cas9-generated Mpspl4 locus.
Alignment of genomic DNA and amino acid sequences between Mpsp/4*° allele and wild-type allele are shown in
shaded and framed boxes, respectively. gRNA is shown in bold, PAM sequence is highlighted in blue. Start codon
is highlighted in yellow and stop codon is highlighted in red. SBP domain is marked as navy blue residues.

Mpspl4*° transgenic plants showed very strong phenotypic alterations in comparison to wild-
type plants. These knockout plants were very small and highly retarded in growth as compared
to wild-type plants. In general, these plants displayed prothallus-like phenotype (Fig. 3.34).
Single wild-type Marchantia plant when cultured in-vitro, overgrows a petri plate within ~1.5
months. Meanwhile, Mpspl4%° transgenic plant was strongly reduced in size and shape,
remained green up to 4 months of culture when eventually, started to show necrosis in some

parts of the plant (Fig. 3.34 — right panel).
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Wild-type Mpspl4 Mpspl4
Tak1 (3 week) (3 week) 16 week (4 months old)

Figure 3.34: Phenotypic analysis of Mpsp/4*° line. Mpsp/4 was grown together with wild-type, Tak1 plants in in-
vitro culture. The phenotypic analysis is shown at 3-weeks and 4-months after transfer of gemmae to in-vitro
culture. Plants were photographed at G1 generation. All images were taken in Leica M60 stereo microscope. The
scale below each image depicts I mm.

The necrotic tissue was discarded, and the young green tissue was transferred to fresh medium
and cultured further. After two months in in-vitro culture (in-total six months of culture), the

Mpspl4*° transgenic plants produced gemma cups (Fig. 3.35).

Tak1 (1 months old)  Mpsp/4 (1 months old)
Ll

Figure 3.35: Phenotypic analysis of Mpspl/4*° line. Mpspl4 was grown together with wild-type, Tak1 plants in in-
vitro culture. The phenotypic analysis is shown at 1-month and 2-months after transfer of green tissues from Fig.
3.34 to fresh medium. All images were taken using Leica M60 stereo microscope. The arrow shows the position
of gemma cups. The scale below each image depicts 1mm.

To our surprise, the G2 generation plants showed no phenotypic differences as compared to
wild-type up to two weeks old (Fig. 3.36). Therefore, G2 plants were genotyped to confirm the

presence of mutation.
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Mpspl4 (G2) Tak 1 Mpspl4 (G2) Tak 1

1-week-old
2-week-old

1mm 1mm

Figure 3.36: Phenotypic analysis of Mpsp/4*° line in G2 generation. Mpsp/4 was grown together with wild-type,
Tak]1 plants in in vitro culture. The phenotypic analysis was shown at 1-week and 2-weeks after transfer of gemma

in Fig. 3.36 to in vitro culture. The plants were photographed at G2 generation. All the images were taken in Leica
M60 microscope.

Surprisingly, G2 generation showed no mutation in its genome. Therefore, Mpspl4° G1 plants
that produced gemma used for G2 generation growth (Fig. 3.35) were again genotyped. To our
surprise, all G1 transgenic plants in addition to the primary 1 bp insertion had an additional 1-
bp deletion (depicted as Mpsp/4_b in Fig. 3.37) which in final resulted in one amino acid
substitution (D> E, position 222) in comparison to wild-type allele. In this way the premature

stop codon was removed and a functional copy of MpSPL4 locus was generated (Fig. 3.37).

Mpspl4_young G1 (Mpspl4_17)

wr .. ATACTCTACCACCCCIGGA - CAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG

Mpspl4_17 ... ATACTCTACCACCCCIGGAACAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG

Mpspl4_old G1 (Mpspl4_b)

wr .. ATACTCTACCACCCCTIGGA-CAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG

Mpspld b ... ATACTCTACCACCCCTGGAA-AGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG

wt MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60

Mpspl4 b MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60
Kkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkk*k

wt EHNHDKFHAHETSSADHVQTDSISSGSQQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120

Mpspl4 b EHNHDKFHAHETSSADHVQTDSISSGSQQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120
Fokkdkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk*x

wt DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180

Mpspl4d b DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180
Fokkkkkkkkkkkkhkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkk*k

wt GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLDSGDIEPRSDSSPAD ..... 236

Mpspl4 b GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLESGDIEPRSDSSPAD ..... 236
Fokkkdkkkkkkkkkkkkkkkkkkdkkkkkkkkkdkkkkdkdkkkkk s kkdkkkkkdkkkkk kk
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Figure 3.37: Schematic representation of the resulting mutations in the CRISPR/Cas9-generated Mpspl4 locus.
Mpspl4 young tissue had original Mpspl4 mutation while old tissue showed new mutation, depicted as Mpspl4_b.
Alignment of genomic DNA and amino acid sequences between Mpsp/4*° allele and wild-type allele are shown in
shaded and framed boxes, respectively. gRNA is shown in bold; PAM sequence is highlighted in blue, the
conversion from D->E at position 222 is shaded in grey. Start codon is highlighted in yellow and stop codon is
highlighted in red. SBP domain is marked as navy-blue residues.

The fresh young tissue obtained after 4 months of growth in in vitro culture for Mpspl4*°
transgenic line were also transferred to soil. After 9 weeks on soil, in the case of single plant
an outgrowth was obtained (depicted as ‘1’ in Fig. 3.38a) that showed better growth in
comparison to three other plants. After 19 weeks, this outgrowth (depicted as ‘1’ in Fig. 3.3b)
over-grew other plants and started to grow like wild-type plants. Since we already experienced
the genotype conversion of Mpspl4*° to wild-type in in-vitro culture, therefore this outgrowth
and other tissues of Mpspl4*° (depicted as ‘1’ and ‘2’ in Fig. 3.38b) of transgenic line were
genotyped.

a) b)

9-week-old
19-week-old

Figure 3.38: Phenotypic analysis of Mpspl4*° line, Mpsp/4 on soil. The images were taken at a) and 9 weeks b)
19 weeks after far-red induction.

Again, to our surprise, the outgrowth also showed 1 bp deletion, the same as in the case which
caused only one amino-acid difference (D> E, position 222) between wild-type and mutant
copy of MpSPL4 (Fig. 3.39 and Fig. 3.38) while the other plants still showed the same mutation
of 1 nt insertion (Fig. 3.39).

113



Mpspl4_2
wr .. ATACTCTACCACCCCIGGA- CAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG.....

Mpspl4_2 ... ATACTCTACCACCCCIGGAACAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG.....

Mpspl4_1
wr ... ATACTCTACCACCCCTIGGA-CAGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG.....

Mpspl4_1 ... ATACTCTACCACCCCTGGAA-AGCGGGGACATAGAACCACGATCTGACAGCAGCCCAGCGGATG.....

wt MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60

Mpspl4 1 MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60
Iohkkkkkkhkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

wt EHNHDKFHAHETSSADHVQTDSISSGSQQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120

Mpspl4d 1 EHNHDKFHAHETSSADHVQTDSISSGSQQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120
Tohkkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

wt DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180

Mpspl4d 1 DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180
Iohkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkk

wt GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLDSGDIEPRSDSSPAD ,,,.. 236

Mpspl4 1 GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLESGDIEPRSDSSPAD,,,,, 236
Fededkdeok ko ek ek ko ko ko k ek ek ko ko ko ko = kkok ok ek ek ok k ke

Figure 3.39: Schematic representation of the resulting mutations in the CRISPR/Cas9-generated Mpspl4 locus.
Mpspl4_2 had original Mpsp/4 mutation while Mpsp/4 [ showed similar mutation to Mpsp/4_b. Alignment of
genomic DNA and amino acid sequences between Mpspl4¥° allele and wild-type allele are shown in shaded and
framed boxes, respectively. gRNA is shown in bold; PAM sequence is highlighted in blue, the conversion from D
[J E at position 222 is shaded in grey. Start codon is highlighted in yellow and stop codon is highlighted in red.
SBP domain is marked as navy-blue residues.

The plant tissues which still retained the mutation (depicted as 2’ in Fig. 3.3b) in Mpspl4*°
transgenic line, were transferred to fresh soil again to be separated from the plant with reverted
genotype and used for phenotype analysis. Wild-type plants started to show visible necrosis at
7 weeks after infra-red, hence these plants are shown as control in fig. 3.40. Similarly, as in in
vitro culture, the Mpspl4*° transgenic plants showed very severe retardation of growth with
decreased thallus surface area, no formation of gemma cups and gametangiophores, even after
7 months under infra-red irradiation (in-total 19 weeks before and 7 months later, so almost a

year from starting the G1 generation culture) (Fig. 3.40).
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Tak 1 MpSPL4ko
7 week after infra-red: 7 months after infra-red:

2cm 4cm

Figure 3.41: Phenotypic analysis of Mpsp/4*° line grown on soil. Mpspl4 was grown together with wild-type,
Takl plants. Images of wild-type and Mpsp/4* mutant plants were taken 7 weeks and 7 months after far-red
induction, respectively.

Since, all transgenic lines obtained for MpSPL4 gene were shown to possess unstable
mutations, in the next attempt, CRISPR/Cas9 experiment was repeated but with double gRNA
approach. Since with the use of single guide RNA approach, there is a risk of off-target editing,
using double guide RNA approach can overcome this obstacle. In double guide RNA approach,
Cas9 nickase (Cas9P!%%) is used (mutant Cas9 nickase generate single stranded breaks as
opposed to wild-type Cas9 which produces double stranded breaks) which minimizes off-target
double strand breaks, hence there is no need to scan off-target sites. Therefore, this approach is
more efficient than conventional CRISPR/Cas9 approach. The two gRNAs were designed
within the region encoding SBP domain of MpSPL4 gene (Fig. 3.41).

-
gRNA 1

2

gRNA 2

Figure 3.41: Schematic representation of two gRNA positions to target the MpSPL4 gene region by double gRNA
approach. 5 UTR is marked as white box, E1 and E2 represent exons 1 and 2, marked as black boxes, SBP
domain-coding region is marked as blue box, introns are marked as black lines. Both gRNA positions are marked
as blue arrows. The scale above represents 100bp.

From this approach, 12 mutant lines with edited MpSPL4 locus were obtained in G1 generation
(Table 3.13). All these 12 mutant lines produced gemma cups at the G1 generations and hence,
could be propagated to the next G2 generation, respectively. To our surprise again, 10 out of
12 transgenic lines lost the mutation in their G2 generation and had reverted to wild-type

genotype. However, two transgenic lines, #3 and #54.2, retained the same mutation in G2
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generation as in G1 generation (Table 3.13). Importantly, G1 generation of #3 and #54.2 lines

had reduced number of gemmae and gemma cups.

Table 3.13: A summary of mutations in each mutant line with edited MpSPL4 locus at G1 and G2 generations.
The edited mutant lines were obtained from double gRNA approach.

Line No. Mutation at G1 generation Mutation at G2 generation

80.2 27 bp deletion and 7 bp substitution

51.3 47 bp deletion

) 29 bp deletion and 6 bp substitution

4.4 34 bp deletion and 5 bp substitution

91.1 13 bp deletion and 3 bp substitution )
Converted to wild-type

66.3 16 bp deletion and 3 bp substitution

55.4 24 bp deletion

52.2 7 bp substitution and 20 bp insertion

79.1 3 bp deletion, 2 bp insertion and 13 bp

substitution
91.2 65 bp deletion and 1 bp substitution
3 513 bp deletion 513 bp deletion
54.2 11 bp deletion and 2 bp substitution 11 bp deletion and 2 bp

substitution

Mpspl4*° transgenic line #3 (Mpspl4_3) revealed 29 bp deletion in exons 1 and 2 and 484 bp
deletion in intron sequence (whole intron 1 deletion) while line #54.2 (Mpsp/4_54.2) revealed
11 bp deletion and 2 bp substitution in exon 1. In both transgenic lines, the MpSPL4 coding
sequence was changed to encode only one zinc-finger binding motif of the conserved SBP-

domain (Fig. 3.42).

a) wr . TCAGCCCCACCGATACTGTCAGCAATGTGGCAA intron GTTTCAT.....
Mpspl4_3 ... TCAGCCCCACCGATACTGTCAGCAATGTGGCAA - - - - - intron deletion - - - - - TTTCAT.....
wt MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60

Mpspl4_3 MAHGHETGLAWEWD SVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60
3k ok ok oK ok ok Kok KoK ok oK ok ok KoK ok Rk oK KoK ok Rk oK ok ok Rk KoK ok ok ok ok ok ok ok ok ok ok ok R ok K Kok ok

wt EHNHDKFHAHETSSADHVQTDSISSGSQQMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120
Mpspl4 3 EHNHDKFHAHETSSADHVQTDSISSGSQQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120

3 3 3K 3k 3K 5k 3k 3k 3k 3k 3k 5k 3k 3k 3k 5k 3k %k 3k 3k %k 5k 3k 3k %k 5k 3k 3k 5k 5k 3k 5k 5k 3k %k 5k 5k 3k 3k 5k 3k %k 5k 3k %k 3k 5k %k %k 5k %k %k kk k koK kk

wt DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180
Mpspl4 3 DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180

ok o ok oK Kok ok Kk KoK ok ok o ok 3k ok Rk ok ok ok ok oK 3k ok o ok ok oKk ok Rk K Kok R ok ok K ok ok Rk kK kK

wt GKFHPICDFDEGKRSCRRKLERHNNRRRRKALESEDTLPPLDSGDIEPRSDSSPAD..... 236
Mpspl4 3 GNFIPSVTSMREREAAEGNWRGTTTGAGGRRWSQRILYH PWTAGTI 225
*
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b) wr L TCAGCCCCACCGATACTGTCAGCAATGTGGCAA.....

Mpspl4_54.2 ... TCAGCCCCACCGATATA --CAG--------- AA....
wt MAHGHETGLAWEWDSVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60
Mpspl4d 54.2 MAHGHETGLAWEWDSVLLLANPSLTSHSLEGDGSTSCGLPGSSAADQNHEHDNHCHEHNH 60

3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k 3k %k 3k 5k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k %k %k 3k %k %k %k %k Kk k koK kkkk ¥

wt EHNHDKFHAHETSSADHVQTDSISSGSQQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120
Mpspl4 54.2 EHNHDKFHAHETSSADHVQTDSISSGSQOMGVNTDWRDPRLDCPNFLAGRVPCACTDNDD 120
sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok ook sk ok ok sk ok ok ok ok ok ok ook Rk k

wt DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYCQQC 180
Mpspl4 54.2 DDSGVSRKRSKPVPRCQVQSCGAELTNLKGYHQRHRVCLRCAHATRVVLRNQPHRYTEVS 180

3k 3k 3k 3k 3k 3k 3k 3k %k 3k 3k 3k 3k 3k 5k 3k 3k 3k 3k 3k 3k 3k 3k %k 3k 3k 3k 3k 3k 3k 3k %k 3k %k 3k 3k %k 3k %k 3k 3k %k 3k %k %k %k %k %k k Kk K Kk ¥

wt GKFHPICDFDEGKRS CRRKLERHNNRRRRKALESEDTLPPLDSGDIEPRSDSSPAD..... 236
Mpspld 54.2 SHLY 183

Figure 3.42: Schematic representation of the resulting mutations in the CRISPR/Cas9-generated Mpsp/4 locus by
double gRNA approach. a) Mpspl4_3 and b) Mpspl4_54.2 mutant lines. Alignment of genomic DNA and amino
acid sequences between Mpspl4*° allele and wild-type allele are shown in shaded and framed boxes, respectively.
gRNA is shown in bold; PAM sequence is highlighted in blue; stop codon is highlighted in red. SBP domain is
marked as navy-blue residues.

The phenotypic analysis of both transgenic lines, Mpsp/4 3 and Mpspl4 54.2 at their G2
generation, revealed strong growth retardation, as 3-month-old plants resembled few days old
wild-type gemmae. Additionally, the mutant plants showed severe decrease in size with no
signs of gemma cup formation (Fig. 3.43). After 5 months, all the transgenic lines started to die

due to necrosis (Fig. 3.44).

Mpspl4_3: (3 month) Mpspl4_54.2: (3 month)

Tak 1: (3 week)

L% » & -

Figure 3.43: Phenotypic analysis of Mpspl4*° lines, Mpspl4_3 and Mpspl4_54.2. The mutant lines were grown
together with wild-type, Takl plants in in vitro culture. The images of wild-type plants are taken at 3-week-old
while the images of Mpsp/4*° lines is taken at 3 months. All images were taken in Leica M60 microscope. The
scale below wild-type and Mpspl4° lines depicts Imm and Smm, respectively.
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Tak 1: (3 week) Mpspl4_3: (~5 months: 19 weeks) Mpspl4_54.2: (~5 months: 19 weeks)

& ¥ i »

Tak 1: (3 week) Mpspl4_3: (5.1 months: 21 weeks) Mpspl4_54.2: (5.1 months: 21 weeks)

v & &

Figure 3.44: Phenotypic analysis of Mpspl4*° lines, Mpspl4_3 and Mpspl4_54.2. The mutant lines were grown
together with wild-type, Takl plants in in vitro culture. The images of wild-type plants are taken at 3-week-old
while the images of Mpsp/4*° lines is taken at 19 weeks and 21 weeks. All the images were taken in Leica M60
microscope. The scale below wild-type and Mpspl4*° lines depicts 1mm and 5mm, respectively.

3.2.6 Generation of knockdown mutants by artificial miRNA approach
Since knock-out lines obtained for MpSPL3 and MpSPL4 genes by using CRISPR/Cas9

approach showed very serious abnormalities and retardation of growth, hence alternative
approach using artificial miRNA was used to investigate the impact of MpSPL3 and MpSPL4
genes depletion on Marchantia’s development. For both genes, artificial miRNAs were

designed according to protocol described by Sandoval et al., 2016.

3.2.6.1 Generation of MpSPL3 knock-down lines using artificial
miRNA
Based on the protocol published by Sandoval et al., 2016, artificial miRNA for MpSPL3 was

designed to target MpSPL3 gene transcript within the coding sequence in exon 1 (Fig. 3.45).

MpSPL3

=

amiR-MpSPL3

Figure 3.45: Schematic representation of artificial miRNA position to target the MpSPL3 gene transcript. The
scheme is based on data from MpTak v6.112 annotation.

After transformation of Marchantia wild-type plants harbouring the amiR-MpSPL3 cassette,
seven mutant lines were obtained in G2 generation. All these mutant lines showed changes of
plant phenotype in comparison to wild-type plants. Hence, all these seven transgenic lines were
analysed for the expression levels of of pri-amiR and MpSPL3 mRNA. Out of these seven
mutant lines, five: amiR-MpSPL3-1a, 1b, 2b, 2¢c, 4b, and 6, had significantly higher pri-amiR
levels (Fig. 3.46a). From these lines, four (amiR-MpSPL3-2b, 2c, 4b and 6) showed
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significantly reduced levels of MpSPL3 gene transcripts (Fig. 3.46b), what is consistent with
amiR-mediated knockdown of MpSPL3 expression. Hence, these four mutant lines were chosen

for further phenotypic analysis.
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Figure 3.46: Analysis of MpSPL3 and pri-amiR-MpSPL3 expression level in Mpspl3-amiRM®!% plants. (a) amiR-
MpSPL3MRIS expression relative to wild-type mRNA, and (b) MpSPL3 expression relative to wild-type mRNA
measured by RT-qPCR. The analysis was performed with two biological replicates in two technical replicates
each. p-values to determine the statistical significance were calculated using paired t-test (p < 0.05=*,p <0.01 =
**and p <0.001 = ***,

For phenotypic analysis, plants were observed first during their vegetative stage of growth (at
3-weeks) and later in their reproductive stage of growth (at >2 months; after induction of
gametangiophores). These two timelines were chosen according to wild-type life cycle. Two
mutant lines, amiR-MpSPL3-4b and 6 (both male), revealed similar phenotype i.e. no proper
thallus bifurcation as compared with characteristic thallus bifurcations of wild-type plants and
absence of gametangiophores production even after ~2 months of infra-red irradiation.
Additionally, both these mutant lines after 3 months of growth, had most of their thalli sunken
inside the solid medium with only young apical thallus part and gemma cups protruded out of
medium (hence, brown colour of agar in the Fig. 3.47) Another selected mutant lines, amiR-
MpSPL3-2b (Female) and 2¢ (Male), also showed similar phenotype i.e. delayed growth and
no production of gametangiophores after ~1 month of infra-red irradiation (Fig. 3.47). Hence,
it can be clearly seen that with elevated levels of amiR-MpSPL3MPMIRIS0 " gametangiophores
production (as observed in all mutant lines), thallus bifurcation (as observed in amiR-MpSPL3-
4b and 6 lines) and thallus growth (as observed in amiR-MpSPL3-2b and 2c¢ lines) were

affected. Therefore, these four mutant lines currently are under in-depth phenotypic analysis.
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Figure 3.47: Phenotypic analysis of MpSPL3 knockdown lines generated using artificial miRNA. The mutant
lines were grown together with wild-type, Takl and Tak2 plants in in-vitro culture. The images were taken at 3-
weeks old and 3 months old (except amiR-MpSPL3-2b and 2c, at 2 months old). All the images were taken in
Leica M60 microscope.

3.2.6.2 Generation of MpSPL4 knock-down lines using artificial
miRNA
Based on the protocol published by Sandoval et al., 2016, artificial miRNA for MpSPL4 was
designed to target MpSPL4 gene transcript within the coding sequence in exon 10 (Fig. 3.48).
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MpSPL4

5 UTR @

A
amiR-MpSPL4

Figure 3.48: Schematic representation of artificial miRNA position to target the MpSPL4 gene transcript. The
scheme is based on data from MpTak_v6.1r2 annotation.

By using artificial miRNA to knockdown MpSPL4 gene expression, more than 90% of
regenerating plants in T1 generation grew in a clump-like structure with no wild-type thallus-

like bifurcations and gemma cups production (Fig. 3.49).

Mp SPL4-amiRMR160
(3 months after transfer to fresh medium)

Tak1
(3 weeks old)

Smm

Figure 3.49: Phenotypic analysis of MpSPL4 knock-down lines generated using artificial miRNA, Mpspl4-
amiRMR!%0 The mutant lines were grown together with wild-type, Tak|1 in in-vitro culture. The images were taken
for 3-weeks old wild-type Tak-1 plants and 3 months old Mpspl4-amiRMR160 plants at T1 generation. All the
images were taken using Leica M60 stereo microscope.

Moreover, these lines did not produce any gemmae, hence, the molecular analyses were
performed using plants from T1 generation. Three independent transgenic T 1 mutant lines were
tested for the presence of the amiR-MpSPL4MPMIRIS transcript and for the expression level of
MpSPL4 gene. All three mutant lines revealed overexpression of amiR-MpSPL4MPMIRIG
transcript (Fig. 3.50a) with simultaneous significant reduction of the MpSPL4 gene transcript
(Fig. 3.50b) as compared to wild-type plants. Therefore, high levels of amiR-MpSPL4MpMIRI60
caused amiR-mediated knockdown of MpSPL4 what resulted in very strong defects of plant
growth and morphology resembling MpSPL4*° CRISPR/Cas9 obtained plants phenotype (Fig.
3.34 and 3.43).
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Figure 3.50: Analysis of MpSPL4 and pri-amiR-MpSPL4 expression level in Mpspl4-amiRM®!% plants in T1
generation. (a) amiR-MpSPL4"R1% expression relative to wild-type mRNA, and (b) MpSPL4 expression relative
to wild-type mRNA measured by RT-qPCR. The analysis was performed with one biological replicates in three
technical replicates each (since each transgenic T1 line was treated as one biological replicate). p-values to

determine the statistical significance were calculated using paired t-test (p <0.05=*,p<0.01 = ** and p < 0.001
— k%

While most of the transgenic amiR-MpSPL4MPMIRIS0 plants grew only in T1 generation, there
were four transgenic lines that produced gemmae cups and hence, their G2 generations were
propagated. All these transgenic lines were tested for the presence of amiR-MpSPL4MPMIRI60
transcript and for the expression levels of MpSPL4 gene transcript (Fig. 3.52a and b). Although
the amiR-MpSPL4MPMIRIS0 transcript was overexpressed in all four transgenic lines, in none of
them the MpSPL4 expression was significantly reduced. However, we did experiments only

for one biological replication and the experiments have to be continued later.
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Figure 3.51: Analysis of MpSPL4 and pri-amiR-MpSPL4 expression level in Mpspl4-amiRM®!® plants in G2
generation. (a) amiR-MpSPL4MRI% expression relative to wild-type mRNA, and (b) MpSPL4 expression relative
to wild-type mRNA measured by RT-qPCR. The analysis was performed with one biological replicate in three
technical replicates each.

The mutant line amiR-MpSPL4-D had highest levels of amiR-MpSPL4MPMIRI® byt with no
downregulation of MpSPL4 transcript. This might be because of either using only one
biological replicate for our analysis or because of miRNA off-target effects. However, this
mutant line displayed significant differences in plant phenotype as compared to wild-type
plants i.e. layered thallus (hyperbranching) and absence of any gametangiophores production
after ~2 months of far-red irradiation (Fig. 3.52).

Tak 2 amiR-MpSPL4-D

N 20221031

£

3-weeks old

20230406 2023-0406

2-months old

Figure 3.52: Phenotypic analysis of MpSPL4 knockdown line (amiR-MpSPL4-D) generated using artificial
miRNA. The mutant lines were grown together with wild-type, Tak2 plants in in vitro culture. The images were
taken at 3-weeks-old and 2-months-old. All the images were taken in Leica M60 microscope. The scale below
each image depicts 5 mm. The outline of amiR-MpSPL4-D plant generated from a single gemma is outlined in
red.

Only after 4 months of far-red irradiation, amiR-MpSPL4-D mutant plants started to develop
archegoniophores. The amiR-MpSPL4-D archegoniophores were very difficult to observe
(marked by arrows in Fig. 3.53) at smaller magnification despite the visible archegoniophores
in wild-type Tak-2 plants, at same magnifications. At higher magnifications, the
archegoniophores of amiR-MpSPL4-D looked distorted with smaller stalks and immature
receptacles (Fig. 3.53). Although for now the amiR-MpSPL4-D plants were not proved to be
knock down line for MpSPL4 gene, however based on the phenotype observation this line is a
good candidate for further molecular and phenotypic analysis which will be performed in

nearest future.
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Figure 3.53: Phenotypic analysis of MpSPL4 knockdown line (amiR-MpSPL4-D) generated using artificial
miRNA. The mutant lines were grown together with wild-type, Tak2 plants in in vitro culture. The images were
taken at 4-months-old. The position of archegoniophores in amiR-MpSPL4-D are marked by arrows. The images
on top were taken in Leica M60 microscope and the magnified images below were taken in VHX-700 Keyence
Digital microscope.

3.2.7 Generation of mutant plants overexpressing MpSPL3.1 and
MpSPL3.2 proteins

To examine the effect of MpSPL3 protein overexpression on the Marchantia development, the
coding sequences of both MpSPL3 mRNA isoforms were constitutively expressed under
CaMV35S or MpEF1 gene promoter. Moreover, the transcript sequences were cloned in frame
with 3x FLAG tag to enable further protein detection. Many transgenic lines were obtained
after transformation with MpSPL3 cdsl (MpSPL3.1) and MpSPL3 cds2 (MpSPL3.2). Six
transgenic lines for MpSPL3 cdsl overexpression, three under CaMV35S and three under
MpEFI promoter were chosen as representatives for measuring the expression levels of
MpSPL3.1 transcript. Additionally, MpSPL3.2 transcript level was also investigated. The RT-
gPCR analysis revealed significantly higher level of MpSPL3.1 transcripts in all these
transgenic lines in comparison to wild-type plants. Moreover, MpSPL3.2 transcript levels were

also elevated in the transgenic lines under investigation (Fig. 3.54).
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Figure 3.54: RT-qPCR for detection of MpSPL3.1 and MpSPL3.2 transcript levels in MpSPL3.1 overexpression
lines as compared to wild-type mRNA. The analysis was performed with two biological replicates in two technical
replicates each. p-values to determine the statistical significance were calculated using paired t-test (p < 0.05 = *,
p <0.01 =**and p <0.001 = ***

For phenotypic analysis, three lines were chosen as representatives, one male
(OE.355.MpSPL3.1 1) and two female (OE.35S.MpSPL3.1 2 and OE.EF.MpSPL3.1 2). The
phenotypic analysis of these three lines revealed no significant differences of growth as

compared to wild-type plants at 21-days and 30-days-old stage (Fig. 3.55).
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Figure 3.55: Phenotypic analysis of plants overexpressing MpSPL3.1 coding sequence. The transgenic plants
were grown together with wild-type, Tak1 and Tak2 plants in in-vitro culture. The images of plants at 21-days-
old were taken by VHX-700 Keyence Digital microscope and 30-days-old were taken by camera.

Moreover, to examine the level of MpSPL3.1 protein isoform, vegetative thalli of all six
transgenic lines of MpSPL3.1 were tested using western blot approach. The calculated
molecular weight of MpSPL3.1 protein isoform is 132 kDa. Hence, membrane above 70 kDa
was only used for incubation with FLAG-antibody. As a negative control of FLAG antibody,
A. thaliana Col-0 plant extract (Fig. 3.56, lane 8) and as a positive control, 4. thaliana U1-70K-
GFP-FLAG (transgenic line prepared by Dr Lukasz Szewc; unpublished data; Fig. 3.56, lane
9), with an expected size of ~100 kDa were used. In this experiment, a signal at ~130 kDa was
observed from the protein extract isolated from all six overexpression mutant plant (Fig. 3.56b,
lanes 2 — 7) but at the same time, it was also observed from the protein extract isolated from

wild-type plants (Fig. 3.56, lane 1). Because of unspecific binding of FLAG antibody in wild-
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type plants protein extract, the western experiment needs to be further tested and optimized to

check whether FLAG antibodies can be successfully applied for Marchantia studies.

1 2 3 4 5 6 7 M 8 9
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Figure 3.56: Western blot analysis of MpSPL3.1 protein isoform (molecular weights of 132 kDa). Protein extracts
were extracted from 3-week old vegetative thalli from 1: Wild-type, 2-4: OE.EF.MpSPL3.1 _1-3, 5-7:
OE.35S.MpSPL3.1_1-3, 8: A. thaliana Col-0 (negative control for antibody) and 9: 4. thaliana Ul1-70K-GFP-
FLAG (~100kDa; positive control for antibody; unpublished data). Membrane above 70 kDa was incubated with
FLAG-antibody.

Simultaneously, four transgenic lines, three male (#2, #4 and #5) and one female (#1) have
been chosen as representatives for phenotypic analysis of overexpression of MpSPL3.2 protein
isoform. The phenotypic analysis did not reveal any significant changes as compared to wild-
type at 21-days and 30-days-old stages (Fig. 3.57). However, in-detail analysis will be
conducted in near future at both vegetative and reproductive stages for transgenic lines
overexpressing MpSPL3 coding sequences. Furthermore, the transgenic lines overexpressing
MpSPL3.2 coding sequence also require expression analysis to measure the transcript and

protein levels by RT-qPCR and western blotting, respectively.
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Figure 3.57: Phenotypic analysis of plants overexpressing MpSPL3.2 coding sequence. The transgenic plants
were growth together with wild-type, Takl and Tak2 plants in in-vitro culture. The images of plants at 21-days-
old were taken by VHX-700 Keyence Digital microscope and 30-days-old were taken by camera.

3.2.8 Generation of lines over-expressing MpSPL4 gene
To examine the effect of overexpression of MpSPL4 protein on the Marchantia development,
the coding sequence of MpSPL4 gene was constitutively expressed under CaM V35S promoter.
Out of these lines, five lines were chosen to measure the expression levels of MpSPL4
transcript. In all these transgenic lines, MpSPL4 transcript levels were significantly upregulated

(Fig. 3.58).
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Figure 3.58: RT-qPCR for detection of MpSPL4 transcript levels in MpSPL4 overexpression lines as compared
to wild-type mRNA. The analysis was performed with two biological replicate in two technical replicates each. p-
values to determine the statistical significance were calculated using paired t-test (p < 0.05=*, p <0.01 = ** and
p<0.001 = *%%,

Henceforth, all five transgenic lines were chosen for phenotypic analysis at 3-week-old stages.
The five transgenic lines with significant higher levels of MpSPL4 transcripts showed similar
phenotype. Plants overexpressing MpSPL4 protein have reduced thallus size with fewer and

enlarged gemma cups as compared to wild-type plants (Fig. 3.59).
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Figure 3.59: Phenotypic analysis of plants overexpressing MpSPL4 coding sequence. The transgenic plants were
grown together with wild-type, Tak1 and Tak?2 plants in in-vitro culture. The images of plants at 3-weeks-old were

taken by VHX-700 Keyence Digital microscope.
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4. DISCUSSION

4.1Hornworts and liverworts possess a minimal set of SPL genes in

comparison to other land plants
The first goal of the presented PhD dissertation was to characterize the phylogenetic

relationships of SPL TF genes from representatives of all bryophyte lineages with angiosperm,
A. thaliana. For liverwort M. polymorpha, moss P. patens, and A. thaliana we collected the
annotated set of SPL protein encoding genes for each species. In the case of hornworts, there
were no genes annotated as SPL at the time we started our analysis. Therefore, using available
genomic resources for two hornwort species, A. agrestis and 4. punctatus, we have identified
four SPL genes for each hornwort what is similar to the number of SPL genes described in the
liverwort M. polymorpha. Our results are in agreement with currently published data by
Streubel et al. who also identified four SPL genes in A. agrestis and several liverwort species
(Streubel et al., 2023). Interestingly, the number of SPL gene family members in liverworts
and hornworts stands in contrast to the data published for other land plants. This is because the
previous studies have demonstrated that moss P. patens possesses 13 members in the SPL
family, and further expansion of the SPL family has been observed in many angiosperm
genomes, with 23 members in Medicago truncatula, 31 in Zea mays, and a staggering number
56 in Triticum aestivum (Zhang et al.,2016; Wang et al.,2019; Li et al., 2022). These variations
demonstrate substantial differences in the number of SPL genes among land plant genomes.
Moreover, the identification of only four SPL members in liverworts and hornworts, in
comparison to other land plants, highlights that the evolutionary process of all land plant SPL
genes involved several rounds of gene duplication and subsequent speciation events. These
events gave rise to paralog genes originating from only four SPL representatives that are
present in the basal lineages of bryophytes. This hypothesis is supported by the phylogenetic
tree of SPL proteins from bryophytes and Arabidopsis, where each of the four phylogenetic
groups (Groups 1-4) recognizes only a single representative from Anthoceros and Marchantia
(Fig. 3.2). Furthermore, the SPL proteins from bryophytes within all identified phylogenetic

groups are grouped on nearby branches, indicating their close evolutionary relationships.

The analysis of SPL genes structure from selected land plant species revealed a similar exon-
intron organization between SPL genes from bryophytes and A. thaliana within the same
phylogenetic group, with the exception of both Anthoceros species SPL genes from Groups 3
and 4. Notably, these hornworts SPL genes exhibited one or two very short introns, in contrast

to the more complex structures observed in SPL genes from representatives of liverwort, moss
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and dicot (Fig. 3.3). Furthermore, the average intron length of hornwort SPLs is the shortest
when compared to SPL genes from the other land plants employed in our analysis. The specific
intron length and number within SPL genes of both Anthoceros species might be correlated
with the specificity of these hornworts’ genome organisation. In both genomes, high gene
density is observed, which is achieved through the existence of numerous intron-less genes.
Moreover, hornworts SPL gene structures reflect another characteristic feature of hornwort
genomes, the occurrence of three to four exons per gene on average (Szovényi, 2016; Li et al.,
2020b). Conversely, the liverwort SPL genes exhibit the highest average intron length, which
aligns with the average intron length calculated from genome analysis in M. polymorpha
(Bowman et al., 2017b). To summarize, the available genomic evidence reveals the
conservation of exon-intron structures within SPL clades, with only minor variations in the
number of exons and introns, primarily reported in hornworts. This conservation is even
evident between distantly related species, such as Marchantia and Arabidopsis. Nonetheless,
exceptions to this rule of SPL gene structure conservation, as seen in Anthoceros, can be

attributed to differences between genome structure and composition.

The four phylogenetic SPL protein families identified in our investigation were next examined
in terms of protein motifs conservation. Apart from A. agrestis and A. punctatus SPL3 proteins,
the SPL proteins in Groups 2, 3, and 4, revealed a similar pattern of conserved motifs between
bryophytes and Arabidopsis (Fig. 3.4). However, in Group 1, there were explicit differences in
protein motif set between SPLs amongst the analysed plant species. In general, only the SBP
domain was identified as a common motif in all SPL proteins, irrespective of land plant lineage.
Furthermore, we found a remarkably high degree of amino acid conservation within the SBP
domain, particularly in two zinc-finger type structures and the NLS signal (Fig. 3.5 and 3.6A-
D). Structural studies involving SPL proteins have demonstrated that all conserved basic amino
acids from Zn-1, Zn-2, and NLS signal form a positively charged surface which is involved in
binding the negatively charged DNA (Yamasaki et al., 2004). Although SPL proteins have
been also identified in green algae, however, the SBP domain from C. reinhardtii proteins
showed a lower degree of conservation in the number of basic amino acids, especially within
the first zinc-finger like structure (Fig. 3.6E). In fact, studies have shown that the
Chlamydomonas CRR1 protein exhibited significantly lower affinity to the Arabidopsis-
derived 15 bp API gene promoter fragment and the Chlamydomonas-derived copper response
element (CuRE) as compared to Arabidopsis AtSPL1, AtSPL3, AtSPLS, and moss PpSPLI1
proteins (Birkenbihl et al., 2005). The poor efficiency of SBP domain of CRR1 protein in
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binding to DNA might be a result of the number of reduced basic amino acids in its SBP domain
as compared to land plant representatives. Among the conserved Arg/Lys residues, those
located in the SBP domain's N-terminus (Lys14, Arg/Lys18, Argl9, Lys/Arg21) are considered
to be the candidate residues that dictate sequence specificity through directly recognizing DNA
bases (Yamasaki et al., 2004). Interestingly, all these conserved amino acid residues are present
in the SBP domains of all three bryophyte species, showing that these sites were established

relatively early in the evolution of land plants.

In addition to the SBP domain, we discovered additional motifs in the analysed SPL proteins,
which exhibited high conservation across evolutionary distant plant species, particularly in
Groups 3 and 4 (Fig. 3.4). Although the precise function of these motifs remains unknown,
their significant evolutionary conservation suggests that they may serve as structural units
crucial for the proper functioning of encoded SPL proteins. Based on the analysed expression
profiles, all SPL genes in Groups 3 and 4 displayed constitutive expression across various
organs and developmental stages in both bryophytes and Arabidopsis (Fig. 3.8). Consequently,
these SPL genes may play vital roles in regulating fundamental cellular processes in all land
plants. Since the SBP domain is a common feature of all SPL proteins and is essential for
precise recognition and binding to cis-elements in gene promoters to regulate their expression,
there must be some specific characteristics of each SPL protein to direct each of them to their
specific target gene promoters. Therefore, the additional conservation observed in the C-
terminus region of these proteins may indicate that these conserved motifs might be crucial for
orchestrating the proper expression profile by Group 3 and 4 SPL proteins in diverse tissues
and organs throughout the life cycle of a plant. This orchestration could potentially involve the
interaction of these SPL proteins with other proteins via conserved motifs localized in their C-
terminals, such as ankyrin repeats (members belonging to Group 3, with exception of both
Anthoceros SPL3 in Fig. 3.4), which are known to be important for protein-protein interactions.
However, the precise significance of these conserved motifs remains unknown and needs to be
further investigated, particularly through cross-species studies. Exploring the functions and
interaction of these motifs can provide valuable insights into the regulatory mechanisms

governed by SPL proteins across different plant species.

The phylogenetic Group 1 SPL proteins displayed most significant variability in motif
composition amongst the investigated SPL proteins, accompanied by observable variations in
protein lengths (Fig. 3.4 and Table 3.4). It appears that during the course of evolution, the P.

patens Group 1 SPLs underwent independent diversification from other SPL family members
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in the moss lineage, resulting in their functional specialization. Research on P. patens has
shown that the PpSPLI and PpSPL4 genes influence gametophore development, protonema
branching, and spore germination (Riese et al., 2008). Interestingly, although the PpSPL7
protein shares the same set of conserved protein motifs as PpSPL1 and PpSPL4 (Fig. 3.4), its
expression profile suggests its involvement in archegonia and sporophyte development (Fig.
3.8B). Thus, the presence of similar motif compositions within proteins from the same family
does not necessarily imply to their involvement in the same developmental processes. Whether
the unique motifs identified in the P. patens Group 1 SPL proteins are required for fulfilling
their specific roles still remains a topic for future investigations. Further studies are needed to
determine the functional significance of these unique motifs in the context of their specialized

developmental processes.

The composition of the promoter regions plays a pivotal role in the regulatory control of gene
expression in different tissues or in response to different stimuli. In the promoter regions of
SPL genes from studied bryophytes and Arabidopsis, numerous cis-elements were identified,
primarily associated with growth and development, light, hormone, and stress responses (Fig.
3.7). This evidence suggests that in each of the investigated plant species, the SPL family is
intricately regulated at the transcriptional level, enabling them to be expressed and respond to
diverse developmental and environmental signals. Interestingly, no similar distribution of cis-
elements was detected in the promoter regions of SPL genes within the same phylogenetic
group. This observation implies that alterations in the cis-regulatory elements took place during

the evolution of land plant SPL genes.

To further investigate the expression patterns of SPL genes in selected plant species, we
analysed their expression profiles across various organs and developmental stages (Fig. 3.8).
Heat maps of expression profiles revealed distinct patterns: SPL genes from Groups 3 and 4
exhibit constitutive expression in both bryophytes and Arabidopsis. In contrast, SPL genes
from Groups 1 and 2 displayed developmentally specific expression or higher expression in
specific organs/tissues. This differential expression pattern aligns with the posttranscriptional
regulation exerted by miR156 or miR529 family members on all Group 2 SPL genes and three
Arabidopsis SPLs in Group 1 (Fig. 3.2). miR156 is conserved across all land plant lineages,
whereas miR529 is predominantly found in bryophytes and monocots. Functional and
evolutionary analysis suggest that miR529 has been lost in certain taxonomic groups, including
core eudicots like Arabidopsis (Xie et al., 2021; Li et al., 2023b). Therefore, in Arabidopsis

miR156 acts as a master regulator of juvenile plant development in Arabidopsis and represses
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the transition from vegetative to reproductive phase (Chen ef al., 2010; Sunkar, 2012; Zheng
et al., 2019). However, both miRNAs are found in rice where they fine-tune the expression of
SPL genes at different stages of development. First, miR156 represses SPL genes during the
vegetative stage to govern branch expansion, and then miR529 suppresses SPL genes during
the reproductive stage to appropriately define panicle architecture and size (Wang et al., 2015b;
Liet al., 2023b). Also in moss P. patens, both miRNAs are present, but expressed in different
developmental stages, with miR156 primarily expressed in protonema and miR529 mainly
expressed in gametophores with mature sporophytes (Xie et al., 2021). Another example of
bryophyte expressing both, miR 156 and miR529 is liverwort Pellia endiviifolia, however their
mode of action remains unexplored (Alaba et al., 2015; Pietrykowska et al., 2022). In contrast,
miR156 is absent in M. polymorpha, and only miR529¢ governs the control of reproductive
transition by inhibiting MpSPL2 gene expression during vegetative growth, thus preventing the
development of reproductive branches and organs (Tsuzuki et al., 2019). Therefore, miR529-
SPL module appears to control the vegetative-to-reproductive phase shift in liverwort
development, analogous to miR156/529-SPL module in angiosperms. While we found no direct
evidence of miR156 or miR529 presence in the genomes of A. agrestis and A. punctatus, our
research demonstrated the presence of conserved miR156/529-targeted elements in both
AaSPL2 and ApSPL?2 genes. Therefore, it is quite plausible that at least one of these miRNAs
is present in the examined Anthoceros species, especially considering that miR156 has been

identified in another Anthoceros species, 4. angustus (Zhang et al., 2020).

As mentioned above, in A. thaliana the expression of SPL genes from Group 1 and Group 2 is
regulated by evolutionary conserved miR156. Interestingly, in Marchantia MpSPL gene from
Group 1 is regulated by liverwort-specific miRNA, Mpo-MR-13 (Tsuzuki et al., 2016; Streubel
et al., 2023). According to transcriptomic studies, this Mpo-MR-13-MpSPL/ module may be
important in directing the transition from the vegetative to reproductive life cycle. MpSPLI
exhibits a characteristic expression pattern, with a distinct expression peak in
gametangiophores, accompanied by simultaneous down-regulation of Mpo-MR-13 precursors
during this developmental stage (Flores-Sandoval et al., 2018). However, recent functional
studies, have revealed an additional role for this Mpo-MR-13-MpSPL/ module in the
regulation of meristem dormancy, with PIF-mediated phytochrome signalling exerting superior
control over this module. Under shade-imitated conditions, Mpo-MR-13 expression is
repressed by MpPIF and thus, releasing MpSPL I gene transcript from Mpo-MR-13 regulation,

which further results in promotion of meristem dormancy by repressing meristem activity
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(Streubel et al., 2023). A similar dependence on PIF-mediated regulation was proposed in
Arabidopsis, where PIF-mediated repression of several MIR156 genes expression releases the
miR156-taregeted SPLs from posttranscriptional control, allowing them to participate in the
shade avoidance mechanism (Xie et al., 2017). Based on these observations, Streubel et al
proposed that the miRNA-SPL regulatory module involved in meristem dormancy and
essential for the shade avoidance mechanism, evolved separately in the liverwort and
angiosperm lineages. However, it is important to note that the authors focus was mainly on
vegetative thallus development, and no data related to sexual reproduction were provided
(Streubel et al., 2023). As a result, it cannot be ruled out that the Mpo-MR-13-MpSPL I module
will serve a dual role during the Marchantia life cycle, contributing to both vegetative and

reproductive processes.

4.2The role of MpSPL3 and MpSPL4 transcription factors in the

development of liverwort Marchantia polymorpha
Following the phylogenetic analysis of SPL genes from bryophytes and angiosperm

representatives, we proceeded with the functional characterization of two SPL genes, MpSPL3
and MpSPL4, from liverworts model species, M. polymorpha. Transcripts of these genes are

not targeted by miRNAs in comparison to MpSPL1 and MpSPL?2 gene transcripts (Fig. 3.2).

Our first experiment focused on clarifying whether the 5’ region of MpSPL3 and MpSPL4 gene
loci are correctly annotated as the 5’ end of MpSPL3 and MpSPL4 genes overlapped with
neighbouring genes (according to MarpolBase, v3.1) (Fig. 3.9 and 3.10). In the case of 5’
RACE for MpSPL3 gene transcript, the obtained products were specific and aligned with
MpSPL3 gene locus (Fig. 3.12). Conducted RACE analysis for the 5’ and 3’ cDNA ends of
MpSPL3 neighbouring gene resulted in unspecific products. This outcome implies that either
the neighbouring gene was incorrectly annotated in the initial versions of Marchantia genome
database, or it is expressed at very low levels in the tissue under analysis. In the latest versions
of Marchantia genome database (MpTak v6.112), the neighbouring gene of MpSPL3 has been
removed (Fig. 3.13), thereby supporting our initial hypothesis.

In the case of 5’RACE for MpSPL4 gene transcript, all obtained products were specific and
aligned with MpSPL4 gene locus (Fig. 3.17). According to obtained results, different
transcription start site can be selected by transcriptional machinery at MpSPL4 locus which
results in different length of its 5’UTR. The 5°/3’RACE analysis of MpSPL4 neighbouring
gene revealed differences in the length of the 5> UTR and 3 UTR in comparison to the
MarpolBase annotation, v3.1, with 5’UTR being 92 bp longer and 3’UTR being 370 bp shorter
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to the annotated gene (Fig. 3.17). In summary, based on RACE experiments we can assume
that MpSPL4 neighbouring gene represents an independent transcription unit. Alternatively,
the transcript obtained from Mapoly0008s0030.1 locus might be prematurely polyadenylated
part of the transcribed 5’UTR of MpSPL4 gene, especially that both genes are annotated on the
same DNA strand. Interestingly, in the latest version of the Marchantia genome database
(MpTak v6.1r2), the neighbouring gene of MpSPL4 has been removed from annotation (Fig.
3.18). To clarify these two loci annotation, further experiments are required, e.g. RNA-

sequencing.

From the transcriptomic dataset analysis (Fig. 3.8), we have learned that MpSPL3 and MpSPL4
genes are constantly expressed in different types of Marchantia tissues. By using RT-qPCR
approach, we have confirmed that both investigated genes are expressed ubiquitously during
the vegetative and reproductive phase of Marchantia life cycle (Fig. 3.20 and 3.22). Also,
histochemical study of transgenic plants expressing GUS reporter protein either under control
of MpSPL3 or MpSPL4 promoter revealed that promoters of both tested genes are responsible
for omnipresent GUS protein expression (Fig. 3.23 and 3.24). Interestingly, similar
spatiotemporal GUS activity pattern was observed in transgenic plants expressing GUS reporter
gene under the regulation of Mp/4A4 promoter. Notably, ,,oMpl4A:GUS plants displayed high
GUS activity in all analysed tissues, including thallus, gemmae and gemmae cups, rhizoids, as
well as reproductive tissues. Specifically, in reproductive tissues, the GUS activity was
predominantly observed in the receptacles of antheridia and the digitate rays of
archegoniophores, rather than their stalks (Kato et al, 2015a). Taking together these
information, interesting question can be addressed, whether MpSPL3 and MpSPL4 proteins
could be potentially implicated in co-operative action within auxin signaling pathway. Data
showing the expression of MpSPL3, MpSPL4 and MplAA proteins under their native
promoters combined with GUS expression could provide one of evidence to support this
hypothesis. Additionally, similar approach but with fluorescent reporter protein could give
insight on the putative protein interaction at a cellular level. Therefore, further studies are
necessary to delve into this putative interplay between MpSPL3 and MpSPL4 proteins with

auxin signalling pathway regulators in Marchantia.

To gain insights into the functions of MpSPL3 and MpSPL4 genes, at first, we applied
CRISPR/Cas9 approach to generate knockout mutants. In our efforts to enhance the chances of
gene editing, we designed five different guide RNAs in different locations for both genes under

study (Fig. 3.25 and 3.33). For MpSPL3 gene locus, we succeeded in obtaining two mutant
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lines at G2 generations but only from gRNA 1 (Table 3.10 and Fig. 3.26)), designed 11 bp
downstream the start codon. Both these mutant lines, Mpsp/3-1.1 and Mpsp/3-1.3 were male.
Therefore, we speculate that perhaps for female, it is not possible to obtain complete knock-
out of MpSPL3 gene. To clarify this issue, it would be interesting to back-cross male Mpsp/3-
1.1 and Mpsp/3-1.3 mutant plants with WT plants and analyse next generation sporelings for
mutant female individuals. Out of these two mutant lines obtained, Mpsp/3-1.3 mutant line
showed more growth abnormalities with a significant callus-like phenotype and severely
reduced thallus area than Mpsp/3-1.1, although both mutants displayed overall growth
retardation when compared to wild-type plants (Fig. 3.29). The differences in phenotypes
observed might be the result of different mutations (deletion in Mpsp/3-1.3 and insertion and
substitution in Mpsp/3-1.1 mutant lines, respectively). In both Mpsp/3 mutant lines mutations
were introduced at the very beginning of CDS sequence changing the reading frame and
introducing premature stop codons (Fig. 3.26). In general, incorrectly transcribed mRNAs with
premature termination codon are eliminated by nonsense-mediated RNA decay (NMD)
process, thus preventing the accumulation of potentially harmful truncated proteins (Chan et
al., 2007; Hug et al., 2016). Although NMD is an evolutionarily conserved pathway across
eukaryotes (Causier et al., 2017), how it works and with what specificity in Marchantia is not
known. Therefore, if not recognized and utilized by NMD, mutated transcripts from Mpsp/3
loci may result in the production of truncated version of proteins: 42 aa in length in the case
of Mpsp/3-1.1 mutant line and 27 aa in the case of Mpsp/3-1.3 mutant line instead of 1158 aa
native wild-type protein (Fig. 3.26). Furthermore, the comparative motif search between the
wild-type MpSPL3 protein sequence (only first 42 aa) with protein sequences of both mutant
lines showed that MpSPL3 shared more motifs with Mpspl3-1.1 than with Mpspl3-1.3
predicted proteins. Additionally, both mutant lines because of their respective mutations,
produce an additional motif (Motif 2 in Fig. 4.1). The function of these five identified motifs
is unknown. The presence of only 3 motifs in Mpspl3-1.3 predicted protein as compared to 5
motifs in Mpspl3-1.1 predicted protein might also be the cause of differences in phenotypes

resulted from distinct mutations.

138



Name p-value Motif Locations

Mpspl3 76116 | e

Motif Symbol Motif Consensus

1. M MDSEGGSQ

Mpspl3-1.] 108c-1c Hmmmm—m =) see—— 2. [0 WTPTPGAVPHF
pspl3-1. 3. 3 VREPVN

451. | | HTSFSL

Mpspi3-1.3 9.56e-2c N —————— [T — £ oEFeeA

Figure 4.1: Analysis of protein motif composition within first 42 aa of MpSPL3 protein and within putative
truncated alleles, Mpspl3-1.1 and Mpspl3-1.3. The schematic structure is obtained using MEME online tool
(Bailey et al., 2006). Each motif is represented in different colours.

Another explanation why these two MpSPL3 mutant lines differ in phenotypes might be due
to off-target effects caused by gRNA1 in the genome of one of obtained lines. Therefore, we
searched for potential off-target sites using online databases, CRISPRdirect (Naito et al., 2015)
and CRISPOR (Concordet and Haeussler, 2018). While our bioinformatic search with
CRISPRdirect predicted no off-target sites up to 8 mismatches but with CRISPOR, we
predicted three off-target sites. Two of these three sites were identified in intergenic region,
while one was found to be in exonic region of a gene (Mp2g25480: annotated as encoding
mitochondrial pyruvate carrier 2). Hence, these predicted sites will be tested in the future to
observe any off-target mutations in the genome of both mutant lines of MpSPL3. Additionally,
whole genome sequencing of both mutant lines could give us a better picture of the putative

off-target effects which might not be detected by these databases.

For MpSPL4 gene locus, many problems were encountered while working on obtaining
CRISPR/Cas9 genome edited plants. As mentioned in results, we observed many mutant lines
at G1 generation for MpSPL4 (Table 3.12). However, later, when the plants developed gemmae
cups, we cultured gemmae within them to obtain G2 generation. The G2 generation at 14-day
old stage were used for collecting plant material for genotyping again. After sequencing, we
found most of them turned out to be wild-type, genotypically (Table 3.12). Hence, it seemed
that there might be two populations of cells within Marchantia young thalli, one with mutation
and one with wild-type genotype. As the plants grew older and developed gemmae, the
population of cells with wild-type genotype outgrew the mutant population, resulting in wild-
type plants in the next generation. It also appears that these wild-type cells divide and give rise
to gemmae cups. Therefore, most of the mutant plants at their G1 generations might be mosaic.
It has been suggested in the Arabidopsis studies that CRISPR/Cas9 system may not be active
just immediately following Agrobacterium-mediated transformation and hence, giving rise to
distinct cell lineages (Impens et al., 2022). This might be the case in our studies for MpSPL4
gene knock-out by CRISPR/Cas9 in Marchantia, despite it being haploid-dominant plant.
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As mentioned in the introduction and results chapters, the CRISPR/Cas9 approach by single
gRNA could have disadvantage of having off-target effects which could be eliminated by
multiple gRNA approach employed with Cas9-D10A nickase. Hence, we used this approach
to knock-out MpSPL4 (Fig. 3.42). But again, we encountered similar problems in obtaining a
stable mutant line at G2 generation. We observed many mosaic plants for MpSPL4 loci also
with this approach (Table 3.13). Surprisingly, all these plants have different mutations in T1
and G1 generations (not observed with single gRNA approach), similar to what has been
observed in Arabidopsis, where over half of the mutations observed in T2 generation were not
present in T1 generation at all (Feng et al, 2014). Additionally, (Sugano et al., 2018)
demonstrated that Marchantia CRISPR/Cas9 generated mutant plants, initially lacking target
mutations in their T1 generations, eventually produce gemmae with de novo mutations, which
seems to be the case for MpSPL4 knock-out by double gRNA CRISPR/Cas9 approach in

Marchantia.

These findings clearly indicate the existence of mosaicism when generating plants using
CRISPR/Cas9 technology in haploid-dominant plants such as Marchantia as is the case in
diploid-dominant plants. Moreover, the studies by (Sugano et al., 2018) introducing an
improved CRISPR/Cas9 method by using Arabidopsis codon-optimized Cas9, also reported
the presence of mosaicism in Marchantia. In this study, which utilizes the gateway-based
technology, involving vector pMpGEOQ10, which was also employed in our studies, resulted in
28% and 3% mosaics for ARF'I (responsible for auxin biosynthesis) and NOPI (responsible
for air-chamber formation) loci, respectively. Another gene MpMPKI (mitogen-activated
protein kinase genes) was also edited by CRISPR/Cas9 using the same vector, yielding a small
number of mosaic mutants (~10%). Interestingly, even the transformation of Marchantia thalli
with an empty vector resulted in over 20% mosaic plants. The authors in this study suggested
that constant expression of CRISPR/Cas9 may also allow mutants without any alterations to
potentially acquire mutations later at the target site in random cells during growth. In
subsequent studies by (Sugano et al., 2018) in which they developed a detailed protocol for
transformation of transcription factors, which we followed in our analysis, also mentioned the
presence of mosaics in the G1 generation. Despite the presence of mosaics in reported studies,
no detailed investigations for the presence of mosaic individuals in haploid-dominant
Marchantia have been documented. However, (Feng ef al., 2014) addressed the mechanism of
transgenic chimera formation in diploid plants, suggesting that various cells with dissimilar

genetic transformation events, discrepancies in the timing of mutation, along with transient
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expression of transgenes could contribute to this phenomenon. Therefore, for essential genes
involved in plant development, extra attention is required when employing the CRISPR/Cas9
approach in Marchantia studies. Consequently, functional analysis of essential genes may
necessitate alternative strategies such as artificial miRNA expression system established by
(Flores-Sandoval et al., 2016) or conditional knockout mutants developed by (Nishihama et
al., 2016).

Despite many mutant lines obtained from knockout of MpSPL4 gene locus were mosaic, we
finally obtained one mutant line at G1 generation from single gRNA CRISPR/Cas9 approach
(Mpspl4) (Fig. 3.34) and two mutant lines at the G2 generation from double gRNA
CRISPR/Cas approach (Mpsp/4_3 and Mpspl4_54.2) (Fig. 3.43). All three lines revealed
severe growth abnormalities including reduction in thallus area, no production of gemma cups,
delayed growth, and a prothallus-like phenotype (Fig. 3.35 and 3.44). In conclusion, we
observed that the knockout of MpSPL4 gene locus caused more drastic effects on plant
vegetative growth than observed after knocking out of MpSPL3 gene. From their phenotypic
analysis, we can conclude that both SPL genes are crucial players for proper thallus growth and

development in Marchantia.

Considering that complete knockout of MpSPL3 and MpSPL4 genes led to either severe defects
in Marchantia, or the presence of unstable mutations in plants, we employed the artificial
miRNA approach to aim at knocking down the expression of both studied genes. From knock-
down of MpSPL3 gene locus by artificial miRNA, we obtained four plant lines with decrease
in MpSPL3 transcript levels with simultaneous increase of the expression of pri-amiRNA (Fig.
3.48). Two transgenic knock-down lines, amiR-MpSPL3-4b and 6, with similar levels of pri-
amiRNA, produced thallus with improper bifurcations as compared to wild-type plants.
Another two transgenic lines, amiR-MpSPL3-2b and 2c, with significantly higher levels of pri-
amiRNA than amiR-MpSPL3-4b and 6 lines, showed delayed growth as compared to wild-type
plants. In common, all these mutant lines did not produce any gametangiophores even after 2-
months far-red irradiation. Our ongoing investigations are aimed at determining whether these
plants eventually produce gametangiophores but with a delayed onset or if they fail to produce

them altogether.

However, in the case of MpSPL4 amiR approach, we have obtained many lines at T1 generation
which showed significantly high levels of pri-amiRNA with simultaneous reductions in

MpSPLA4 transcript levels, respectively (Fig. 3.50). At the same time, we have obtained several
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lines growing more efficiently which gave rise G1 and G2 generations. For now, we have
chosen one transgenic line, amiR-MpSPL4-D, for further analysis which showed very high
level of pri-amiRNA, although with no statistically significant reductions in MpSPL4 transcript
levels (Fig. 3.52). However, currently only single biological replicate was investigated to
characterize the expression patterns of pri-amiRNA levels and its target gene. We also can not
rule out the possibility that all these changes observed might be an effect of miRNA off-target
action. Further expression analysis including more biological replicates will give more
comprehensive view on the MpSPL4 transcript level. Nonetheless, this mutant line was chosen
also because of its characteristic phenotype. In comparison to female Tak-2 plants, amiR-
MpSPL4-D plants displayed delayed growth with thallus showing hyperbranching with few
thallus layers, one over the another (Fig. 3.54). In addition, these mutant plants did not produce
archegoniophores even after 2 months of far-red irradiation, while wild-type female plants
cultured simultaneously, already developed mature archegoniophores. Interestingly, after 4
months of growth in gametangiophore inducing conditions, finally amiR-MpSPL4-D plants
produced archegoniophores, however with characteristically changed morphology, shorter

stalk with immature receptacles.

Along with the approach to disable MpSPL3 and MpSPL4 gene’s function, we generated plants
overexpressing MpSPL3 and MpSPL4 proteins to investigate whether overaccumulation of
these proteins will influence Marchantia growth and development. Although in each out of the
tested overexpressing MpSPL3.] mutant line, accumulation of MpSPL3 transcript isoform 1
was identified, preliminary observation of the plants with constitutive MpSPL3.1
overexpression showed no significant changes in phenotype during vegetative stage of growth
as compared to wild-type plants. The overexpression of MpSPL3 isoform 1 protein not
showing any noticeable phenotypic differences might be the result of degradation of excess
proteins by endogenous proteases (Ito and Akiyama, 2005; Sakoh et al., 2005; Zolkiewski,
2006). Since TFs are known to function interdependently instead of alone, hence,
overexpressing one TF does not produce any phenotype. This has been observed in previous
studies where overexpression of four TFs (PISTILLATA (PI), APETALA3 (AP3),
SEPALLATA3 (SEP3) and AGAMOUS (AQG)) involved in specifying the identity of floral
organs cause the overexpression phenotype as opposed to overexpression of each TF alone
(Pelaz et al., 2000; Honma and Goto, 2001). Still, phenotypic analysis during the reproductive

stage of growth needs to be performed for these plants in nearest future.
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On the other hand, plants over-expressing MpSPL4 exhibited reduced thallus size with enlarged
gemmae cups when compared to wild-type plants during vegetative growth. The production of
large gemme cups in MpSPL4 overexpressing plants might show the involvement of MpSPL4
in molecular network responsible for gemma and gemma cup formation. This hypothesis might
indirectly be also supported by the phenotype of MpSPL4 CRISPR/Cas9 mutant plants which
did not produce gemma and gemma cups and that is one of the reasons we could not obtained
G1/G2 isogenic lines. In Marchantia, several genes responsible for gemma and gemma cup
production have been characterized functionally from which some are also implicated in auxin
signaling (Kato et al., 2020; Suzuki et al., 2023). MpRRB, a type-B response regulator and
GCAMI, a R2R3-MYB transcription factor gene acting downstream of MpRRB-mediated
cytokinin signaling have been shown to play role in gemmae cup development. Knock-out of
Mpgcam 1 and Mprrb resulted in the absence of gemma and gemmae cups. More interestingly,
plants overexpressing MpGCAM1 in the background of Mprrb knockout lines under inducible
system produce undifferentiated cell clumps (Aki et al., 2022), a phenotype similar to what we
have observed in MpSPL4 artificial miRNA lines in T1 generations. Taken together, these
findings suggest complex interactions and potential involvement of MpSPL4 in the pathways
associated with gemmae cup formation in Marchantia like auxin and cytokinin signaling
pathways. Further investigations are necessary to elucidate the precise involvement of MpSPL4

in mechanisms and regulatory networks responsible for gemma and gemma cup production.

Many of the phenotype changes observed in the obtained knockout, knockdown and over-
expression plant lines of MpSPL3 and MpSPL4 genes bear some resemblance to Marchantia
mutant lines associated with genes involved in auxin-biosynthesis pathway. For instance,
downregulation or overexpression of genes involved in auxin biosynthesis, Mp7A4A4, MplAA,
MpARF 1, MpTIR and MpYUC?2 caused strong phenotypic effects on thallus phenotype (Flores-
Sandoval et al., 2015; Eklund ez al., 2015; Kato et al., 2015b). These phenotypes include callus-
like growth, hyperbranching, no gemmae cups production and not proper dorsiventral
patterning (Fig. 4.2). These findings indicate a notable convergence between the phenotypes
resulting from the manipulation of MpSPL3 and MpSPL4 genes and those associated with
genes involved in auxin-mediated processes. This suggests a potential interplay and shared
pathways between MpSPL3, MpSPL4, and the auxin signalling network. However, further
investigations including RNA-seq experiments to investigate the changes in gene expression
profiles in MpSPL3 and MpSPL4 knock-out/ knock-down and over-expressing transgenic

plants are required to establish if these proposed interactions are true.
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Figure 4.2: Comparison between phenotypes of mutant plants involved in auxin signaling pathway (blue frame)
to MpSPL3 and MpSPL4 transgenic plants (red frame). In blue frame: (A) 3-week-old wild-type plants (Eklund
et al., 2015), (B) Mptirl-1** — MpTIRI knock-out lines (90-days old) obtained by homologous recombination
(Suzuki et al., 2023), (C) proEF1:iaal — plants overexpressing a heterologous bacterial auxin conjugation enzyme
iaaLL (Flores-Sandoval et al., 2015), (D) prEFI1:MpTIR1 — overexpressing MpTIR! plants (in the presence of IAA,
exogenous auxin) (Suzuki et al., 2023), (E) pEF1:MpARF1 — overexpressing MpARF'I plants (Flores-Sandoval
et al., 2015), (F) and (G) proEFI:amiR-TAA™® % and ,.,EF1:amiR-YUC2™®® _ plants with constitutive
expression of artificial miRNA targeting Mp7A4A4 and MpYUC?2, respectively (Eklund et al., 2015). In red frame:
(1) 3-week-old wild-type plant (Fig. 3.28), (2) T1-Mpspl4_amiR"®!%0 _ MpSPL4 knock-down lines generated
using artificial miRNA at T1 generation (Fig. 3.49), (3) and (4) 3-months-old Mpsp/4 3 and Mpspl4_54.2 —
MpSPL4 knock-out lines generated using double gRNA CRISPR/Cas9 approach Fig. 3.43), (5) and (6) Mpsp!3-
1.1 and Mpspl3-1.3 — 3-week-old MpSPL3 knock-out lines generated using single gRNA CRISPR/Cas9
approach (Fig. 3.28).

Our functional studies involve characterization of two SPL genes, MpSPL3 and MpSPL4 in the
liverwort model species M. polymorpha. The presented results provide a significant insight into
the basic functions of MpSPL3 and MpSPL4 which are crucial players in controlling the proper
growth and development of both vegetative thallus and reproductive organs in Marchantia.
Interestingly, the observed changes of phenotype in the MpSPL3 and MpSPL4 knockout or
knockdown mutant plants revealed similar phenotypic effects as those observed in mutant
plants of several genes involved in auxin biosynthesis pathways. These findings suggest
potential interactions and shared pathways between MpSPL3, MpSPL4, and the auxin

signaling network, highlighting the complexity of gene regulation and function in Marchantia.
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Further investigations, including RNA-seq experiments or protein interaction studies, are
needed to reveal what is the impact of the down regulation or overexpression of MpSPL3 and
MpSPL4 genes on the transcriptomic and proteomic landscape of M. polymorpha vegetative

and reproductive stage of life.
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