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SUMMARY

The correct development of vascular tissues depends on the precise
adjustment between vascular cell proliferation and cell differentiation. In Arabidopsis
thaliana, vascular cell proliferation in the cambium is enhanced by cytokinin, whose
synthesis is promoted by the auxin-dependent activity of a transcription factor (TF)
heterodimer formed by LONESOME HIGHWAY (LHW) and TARGET OF MONOPTEROS
5 (TMO5). As a safety mechanism, auxin also deploys a negative feedforward
regulatory module which involves the precise induction of the Thermospermine
(Tspm) synthase ACAULIS5 (ACL5) in proliferating vascular cells by the joint action of
auxin and the class-lll HD-ZIP (C3HDZ) AtHB8 TF. Tspm then allows the cell-

autonomous translation of the SACL proteins, which impair the activity of LHW.

However, the observation that these elements are present in the genomes
of all land plants -and not only vascular plants- poses two questions from an
evolutionary perspective: (i) what is the function of these genes in non-vascular land
plants? and (ii) when was the full regulatory module assembled? In this Thesis,
through the combination of phylogenetic, cellular, and molecular genetic analyses
with the liverwort Marchantia polymorpha, we propose that auxin and C3HDZ are
ancestral regulators of ACL5 expression, and that this connection is maintained in
extant tracheophytes and bryophytes. On the contrary, thermospermine-dependent
translation of SACL seems to be specific of tracheophytes, based on the appearance
of a conserved uORF in the 5 leader sequence of SACL transcripts and on
experimental evidence using transient assays for SACL translation. In agreement with
these observations, the functions of MpACL5 and MpSACL are different in M.
polymorpha. MpACL5 is expressed in apical notches and modulates meristem
bifurcation. On the other hand, MpSACL expression is mostly excluded from apical
notches and its activity negatively affects gemmae and rhizoid production through
the interaction with MpRSL1. Finally, in situ RNA hibridization of C3HDZ, ACL5 and
SACL orthologs in the gymnosperm Ginkgo biloba, the fern Ceratopteris richardi and
the lycophyte Selaginella kraussiana indicates that the expression of the three genes

overlaps in vascular tissues. Our results suggest that the function of C3HDZ, ACL5
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and SACL followed divergent evolutionary trajectories in bryophytes and
tracheophytes, to ultimately control different lineage-specific functions. Only in
tracheophytes was the regulatory module assembled and associated with the

restriction of vascular cell proliferation.



RESUM

El correcte desenvolupament dels teixits vasculars depén del precis ajust
entre la proliferacié de celllules vasculars i la diferenciacié cellular. En Arabidopsis
thaliana, la proliferacié de cellules vasculars al cambium és potenciada per la
citoquinina, la sintesi de la qual esta promoguda per l'activitat dependent d'auxina
d'un heterodimer de factors de transcripcié (TF) format per LONESOME HIGHWAY
(LHW) i TARGET OF MONOPTEROS 5 (TMO5). Com a mecanisme de seguretat,
l'auxina també activa un modul inhibidor que implica la induccié precisa de la
Termospermina (Tspm) sintasa ACAULIS5 (ACL5) en cellules vasculars proliferants
per l'accié conjunta de I'auxina i del TF Class Il HD-ZIP (C3HDZ) AtHBS8. Llavors, la
Tspm permet la traduccid de les proteines SACL de forma autonoma cel-lular, que

perjudiquen I'activitat de LHW.

Tanmateix, I'observacié de que aquests elements estan presents en els
genomes de totes les plantes terrestres — i no només de les plantes vasculars —
planteja dues preguntes des d'una perspectiva evolutiva: (i) quina és la funcio
d'aquests gens en les plantes terrestres no vasculars? i (i) quan es va crear el modul
regulador complet? En aquesta Tesi, mitjancant la combinaci6 d'analisis filogenétics,
cellulars i moleculars amb la hepatica Marchantia polymorpha, proposem que
I'auxina i C3HDZ sén reguladors ancestrals de I'expressio d’ACL5, i que aquesta
connexié es mantén en els traqueofits i briofits existents. Per contra, la traduccié
depenent de Tspm de SACL sembla ser especifica dels traqueofits, basat en I'aparicié
d'un UORF conservat a la sequéncia 5' lider dels transcrits de SACL i en evidencia
experimental basada en assajos transitoris per a la traduccié de SACL. D'acord amb
aquestes observacions, les funcions de MpACL5 i MpSACL son diferents a M.
polymorpha. MpACL5 s'expressa en “notch” apicals i modula la bifurcacié dels
meristems. D'altra banda, |'expressié de MpSACL esta majoritariament exclosa dels
“notch” apicals i la seva activitat afecta negativament la produccié de gemmes i
rizoids mitjangant la interacci6 amb MpRSL1. Finalment, la hibridacié d'ARN in situ
d'ortolegs de C3HDZ, ACL5 i SACL a la gimnosperma Ginkgo biloba, la falguera
Ceratopteris richardii i el licofit Selaginella kraussiana indica que I'expressié dels tres
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gens es solapa als teixits vasculars. Els nostres resultats suggereixen que la funcié de
C3HDZ, ACL5 i SACL va seguir trajectories evolutives divergents en briofits i
traqueofits, per controlar, finalment, diferents funcions especifiques dins de cada
llinatge. Només en els traqueofits es va formar el modul regulador i es va associar

amb la restriccié de la proliferacié de cel-lules vasculars.
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RESUMEN

El correcto desarrollo de tejidos vasculares depende del ajuste preciso entre
la proliferacion de células vasculares y la diferenciacion celular. En Arabidopsis
thaliana, la proliferacion de células vasculares en el cambium es potenciada por la
citoquinina, la sintesi de la cual estd promovida por la actividad dependiente de
auxina de un heterodimero de factores de transcripcion (TF) formado por LONESOME
HIGHWAY (LHW) y por TARGET OF MONOPTEROS 5 (TMO5). Como mecanismo de
seguridad, las auxinas también activan un médulo inhibidor que implica la inducciéon
precisa de la Termospermina (Tspm) sintasa ACAULIS5 (ACL5) en células vasculares
proliferantes por accién conjunta de las auxinas y del TF Class Ill HD-ZIP (C3HDZ)
AtHB8. Entonces, la Tspm permite la traduccion de las proteinas SACL de forma

celular autdbnoma, que perjudican la actividad de LHW.

Sin embargo, la observacion de que estos elementos estan presentes en los
genomas de todas las plantas terrestres —y no sélo de las plantas vasculares — plantea
dos preguntas desde una perspectiva evolutiva: (i) scual es la funcion de estos genes
en las plantas terrestres no vasculares? y (ii) jcudndo se creé el médulo regulador
concreto? En esta Tesis, mediante la combinacion de analisis filogenéticos, celulares
y moleculares con la hepatica Marchantia polymorpha, proponemos que la auxina y
C3HDZ son reguladores ancestrales de la expresion de ACL5, y que esta conexion se
mantiene en las traquedfitas y las bridfitas existentes. Por el contrario, la traduccion
dependiente de Tspm de SACL parece ser especifica de las traquedfitas, basado en la
aparicion de un uORF conservado en la secuencia 5’ lider de los transcritos de SACL
y en evidencia experimental basada en ensayos transitorios para la traduccién de
SACL. De acuerdo con estas observaciones, las funciones de MpACL5 y MpSACL son
diferentes en M. polymorpha. MpACL5 se expresa en “notches” apicales y modula la
bifurcacion de los meristemos. Por otro lado, la expresion de MpSACL esta
mayoritariamente excluida de los “notches” apicales y su actividad afecta
negativamente la produccion de gemas y rizoides mediante la interaccién con
MpRSL1. Finalmente, la hibridacién de ARN in situ de ortélogos de C3HDZ, ACL5 y

SACL en la gimnosperma Ginkgo biloba, el helecho Ceratopteris richardii y la licéfita
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Selaginella kraussiana indican que la expresion de los tres genes se solapa en los
tejidos vasculares. Nuestros resultados sugieren que la funcién de C3HDZ, ACL5 y
SACL ha seguido trayectorias evolutivas divergentes en briofitas y traquedfitas, para
controlar, finalmente, diferentes funciones especificas dentro de cada linaje. Sélo en
las traquedfitas se formd el mddulo regulador y se asocié con la restriccion de la

proliferacion de células vasculares.
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GLOSSARY

Aerenchyma

Analogy/analogous
structures

Apical notch

Chromista

Clade

Convergent evolution

Co-option

Dichotomous branching
Extant

Gametophyte

Heteroblasty

Holomycota
Homology/homolog

Leptosporangiate ferns

Meristele
Merophyte

Midrib

o ¢

Parenchymatic tissue with large intercellular spaces
forming air channels.

The result of convergent evolution, structures that do not
share a common origin but are similar (usually because of
natural selection).

Concave structures that contain the apical meristematic
cells responsible for growth.

A taxonomic kingdom inside Eukarya, that includes
diatoms, cryptophytes, and brown algae (which are not
plants)

Each of the ramifications of a phylogenetic tree that
contains a common ancestor and all its descendants.

The result of an independent evolution of similar
structures that do not share a common ancestor, like the
wings of insects and birds. Convergent evolution
generates analogous structures.

A process in which a gene, or regulatory module, acquires
new functions as a result of recruitment.

A typical growth where the stem or apical meristem
divides into two (usually) equal branches.

A group of organisms that are non-extinct and can be
found in the nature.

A haploid life phase (n), derived from an asexual haploid
spore.

The change of development or function of a structure that
occurs during the lifespan of a plant. For example, leaf
shapes in juvenile or adult plants of the same species. In
C. richardii, the first three roots do not produce lateral
roots, whereas the subsequently developed roots do.

A clade within the Opistokhonta, that includes the Fungi
kindgom and Cristidiscoidea.

When two structures (or genes) share a common
ancestor. For example, animal limbs.

The largest group of ferns that have one layer of cells in
the sporangium, versus the multiple cell layers in
eusporangiate ferns.

A stele, in organizations that include more than one
vascular bundle.

A group of daugther cells that derive from a meristematic
cell.

The central part of the thallus in M. polymorpha that
contains the highest accumulation of vascular cells in the



Monophyly/monophyletic
Neofunctionalization
Oil body

Orthology/ortholog

Outgroup

Paralogy/paralog
Plastochron

Polycistronic mRNA

Protostele
Provascular tissues

Setaphyta

S-phase cells

Sporophyte

Stele

Vegetative development

ventral part (or pegged rhizoids) and gemma cups and
seta in the dorsal part.

When all organisms in a group derive from a common
ancestor.

The result of genetic divergence, that derives in a new
genetic function not shared with the ancestor.
Specialized M. polymorpha cells that accumulate
secondary metabolites.

A group of genes that derive from a common ancestor
and are present in several oragnisms from different
species.

The gene that is the most distantly related to a group of
genes and is used as a reference to calculate the
evolutionary divergence within this group.

A group of genes that derive from a unique ancestor,
usually a result of a single or multiple gene duplications.
The time interval between dichotomous bifurcations of
the thallus (or shoots).

A messenger RNA that has multiple open reading frames.

Typical vascular arrangement in plants that develop
vascular tissues at the center of the shoots or roots.
Tissues that will differentiate into mature vascular tissues,
like xylem or phloem.

A clade inside the bryophytes that includes liverworts and
mosses, but not hornworts. They all produce a "seta", a
stalk that elevates a single sporangium for sexual
reproduction.

Cells in synthesis phase, also considered a "growth" state,
where DNA replication happens before a cell division.

A diploid life phase (2n), usually pluricellular, derived from
the fertilization of sexual gametes.

Also called vascular bundle or ground tissue, refers to the
combination of vascular tisues that have a shared origin:
xylem, phloem, and procambium; but also the pericycle,
that is not considered a conductive tissue.

Non-reproductive growth.
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Introduction

The origin and diversification of land plants

The Archaeplastida lineage, or the plant kingdom, originated around 1558
MYA after a eukaryotic cell phagocytized a photosynthetic cyanobacterium that
ultimately became the chloroplast by primary endosymbiosis (Ponce-Toledo et al.,
2017; Yoon et al., 2004). The subsequent diversification of a unicellular ancestor gave
rise to the Glaucophyta, Rhodophyta (red algae), and the Viridiplantae lineages
(green plants) (Yoon et al, 2004). Green plants are classified in two main
monophyletic lineages (see Glossary) (Figure 1): (i) the Chlorophyta, a group of
marine, freshwater, and terrestrial algae that were the first group to diverge from the

Viridiplantae; and (ii) the Streptophyta, that include the Charophyta, a freshwater and

Viridiplantae (green plants)

Embryophyta (land plants)

(with seeds)

Chlorophyta
Charophyta
Hornworts
Liverworts
Ferns and
horsetails
Gymnosperms
Angiosperms

ey

Figure 1. Overview of the plant taxonomy within green plants and example species.
Chlorophyta: Chlamydomonas reinhardtii (obtained from Phytozome: https://phytozome-
next,jgi.doe.gov/); Charophyta: Mesotaenium endlicherianum (courtesy of Dr. Bruno
Catarino); Hornworts: Anthoceros agrestis (obtained from the University of Zurich:
https://www.hornworts.uzh.ch/en.html); Liverworts: Marchantia polymorpha; Mosses:
Pleurozium schreberi; Lycophytes: Selaginella kraussiana; Ferns and horsetails: Lecanopteris
crustacea; Gymnosperms: Picea abies (obtained from Plaza Gymnosperms:
https://bioinformatics.psb.ugent.be); Angiosperms: Rosa chinensis
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terrestrial algae, and the Embryophyta, or land plants. Embryophytes evolved from a
carophycean common ancestor around 450 MYA and gave rise to all extant (see
Glossary) plant species living on land (Bowman et al., 2017; Delwiche & Cooper, 2015;
Lemieux et al., 2007; Lewis & McCourt, 2004; Wellman et al., 2003; Bowman, 2022).

Extant land plants are classified in two principal monophyletic lineages
(Figure 1): the bryophytes (mosses, hornworts, and liverworts) and the tracheophytes
(pteridophytes and seed plants), whose evolutionary trajectories have led to very
different body plans and lineage-specific morphological innovations (Graham et al.,
2000; Harris et al., 2020, 2022; Puttick et al., 2018). For instance, the ability to produce
seeds defines the seedless plants “pteridophytes” (lycophytes, ferns, and horsetails)
which use spores for reproduction; and the “spermatophytes”, that are able to
develop seeds as a result of sexual reproduction (Figure 1). Other innovations include
the development of leaves and roots in tracheophytes, that have many independent
origins in pteridophytes and spermatophytes (Aragon-Raygoza et al, 2020;
Hetherington & Dolan, 2017, 2018, 2019; Kenrick & Strullu-Derrien, 2014). Among
the morphological innovations that characterize the divergence of the bryophyte and
tracheophyte body plan, is the dominance of the gametophyte (asexual) or the
sporophyte (sexual) life phases (see Glossary). Bryophytes possess a dominant
gametophyte with a sporophyte that totally depends on the gametophyte for survival,
while tracheophytes have a dominant sporophyte and a reduced gametophyte
(Kenrick, 1994). However, the main morphological innovation that is used to classify
these lineages is the presence of lignified vascular tissues, that are an innovation at
the tracheophyte common ancestor, and therefore one that bryophytes do not

possess (Figure 1).
The innovation of lignified vascular tissues

Vascular tissues are specialized in the transport of water by water-
conducting cells (WCC); and carbohydrates and signaling molecules by the food-
conducting cells (FCC). These tissue types appear in both bryophytes and
tracheophytes and share some similarities, like the loss of cytoplasmic contents for

WCC, secondary cell walls in some cases, and programmed cell death (PCD) for WCC;
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however, they are not homologous structures (see Glossary) and are likely a result of
convergent evolution (see Glossary) (Kenrick & Crane, 1997; Ligrone et al., 2000; Xu
et al,, 2014). Nevertheless, only tracheophytes are considered true vascular plants,
since they have developed an advanced lignified vascular system (Agusti & Blazquez,
2020; de Rybel et al., 2016; Keener et al., 1990). In tracheophytes, the tissue containing
WCC is termed “xylem”, and he FCC-containing tissue is referred to as “phloem” (Esau,
1960). Bryophytes are able to produce lignin-like polymers too; however, they do not
have the same mechanical properties nor appear in vascular cell types, and therefore
support the independent origins of vascular tissues in bryophytes and tracheophytes
(Espifieira et al.,, 2011; Ligrone et al., 2008). The establishment of lignified vascular
tissues provided extra rigidity and structural support to the vascular plant, which
allowed to endure a higher hydraulic pressure and a greater apical growth. In other
words, it allowed vascular plants to grow taller and deeper in the soil, allowing the
survival in dryer climates and without the need of moist habitats, and supposed one

of the most important hallmarks in land plant evolution.

The vascular tissues in tracheophytes are produced by a lateral meristem
called "procambium” or “vascular cambium”. Usually, the procambium produces a
limited number of vascular cells —a process known as “primary vascular development”
and is common to all tracheophytes— and then differentiates into parenchymatic
tissue (Spicer & Groover, 2010). As an innovation within some tracheophyte lineages,
such as gymnosperms and angiosperms, the procambium can give rise to the
vascular cambium, which bifacially produces secondary xylem and secondary phloem
indefinitely, in a process that is known as “secondary vascular development” (Agusti
& Blazquez, 2020; Smetana et al,, 2019; Spicer & Groover, 2010). Given their common
origin, function, and for the sake of clarity, these meristems are often referred to as

the (pro)cambium and are treated as the same meristem.

According to the axis on which the new cell is formed, cell divisions from
the (pro)cambium can be classified as (i) periclinal cell divisions, where the axis of
division is parallel to the surface of the organ; and (ii) radial, which are parallel to the
plant body axis (Figure 2A). To create new xylem and phloem initials, the

(pro)cambium divides in a periclinal manner, whereas radial cell divisions are used to
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increase the number of cambial cells and enlarge the circumference of the

(pro)cambium (Figure 2).

The newly formed xylem and phloem initials can mature into different cell
types. In xylem, there are two types of mature cells (Figure 2B): (i) the tracheary
elements (TE), that can be classified as vessel elements (or tracheids, that originally
gave the name to the "tracheophytes”) and fibers, and (ii) parenchyma. Mature vessel
elements and fibers are devoid of cytoplasmic contents, have a lignified secondary
cell wall and have undergone programmed plant cell death (Courtois-Moreau et al.,
2009; Escamez & Tuominen, 2014). Their differences rely on cell size and connections
with other cells of their kind. On one hand, vessel elements have a considerably wider
diameter and are shorter than any of the other cell types; they are connected to other
vessel elements through perforated terminal ends. On the other hand, fibers are long
and narrow cells that are not interconnected. In consequence, besides providing
structural support, vessel elements are the only TE that is used for long-distance
water transport. Xylem parenchyma cells are live cells that do not have a lignified
secondary cell wall but maintain all organelles, and are involved in many different

processes such as storage and lignification of the vessel elements.

There are three types of phloem mature cells: (i) the sieve elements, (ii) the
companion cells, and (iii) phloem fibers (Figure 2B). Sieve elements are the
equivalent of xylem vessel elements since they are the main cell type for long-
distance transport of carbohydrates and other elements. They are interconnected
with other sieve elements through the sieve plates; however, they are considerably
smaller than vessel elements and do not have a lignified secondary cell wall, nor a
nucleus. Nonetheless, sieve elements are live cells, as opposed to vessel elements.
Companion cells are found next to the sieve elements, to whom they are connected
via plasmodesmata. Their role is to assist sieve elements since the latter lack most of
their cytoplasmic contents. Like xylem fibers, phloem fibers are also long and narrow

cells that provide physical strength to the phloem structure.
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Radial cell division

Periclinal cell
division

Periclinal cell
division (Pro)cambial stem cell

Radial cell
division

- = t
Phloem initial (Pro)cambial Xylem initial
stem cell
Fiber

. Companion

Sieve cell
element

Vessel Parenchyma
element Fiber

Figure 2. Schematic representation of cell division types occurring within the
(pro)cambial stem cells to produce xylem and phloem initials, and overview of xylem
and phloem cells maturation. A, Procambial stem cells divide in a periclinal manner to
create phloem and xylem initials, and radially to create more (pro)cambial stem cells. Root
diagram is adapted from Janes et al. (2018). B, phloem initials differentiate into mature sieve
elements, companion cells, and fibers; xylem initials differentiate into mature TE (vessel
elements and fibers) and parenchyma. Reconstructed from Schuetz et al.,, 2013. Images of

alive cells were modified from Biorender (https://biorender.com/).
RS
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Vascular development in A. thaliana, an angiosperm
Vascular patterning of the A. thaliana root

The stele (see Glossary) in the primary root of A. thaliana (Figure 3A) is
diarch and has bilateral symmetry (Baum et al., 2002; Campbell et al., 2017; Dolan et
al., 1993) with two xylem poles and two phloem poles that develop at opposite flanks
of the root, surrounded by the procambium. The xylem poles are the first xylem cells
to undergo differentiation towards vessel elements and are termed "protoxylem”.
They are located at both ends of the future xylem axis. Then, three to five more vessel
elements (the "metaxylem”) will differentiate to vessel elements and join both
protoxylem cells forming the primary xylem axis. The two phloem poles are
composed of a pair of sieve elements and a pair of companion cells. Another layer of
cells, the "pericycle”, is found surrounding the phloem, xylem, and procambial tissues,
and provides cell protection to the vascular bundle and is responsible for the

formation of lateral roots and cork (Figure 3) (Dolan et al., 1993).

During secondary development (Figure 3B), the vascular cambium, which is
found creating a circumference in between xylem and phloem tissues, arises from the
procambium and pericycle and produces vascular initials massively. Xylem initials will
develop into secondary xylem at the center of the root, which will differentiate mostly
into TE (Chaffey et al.,, 2002). Phloem initials, in turn, will form secondary phloem and
are found surrounding the vascular cambium. The xylem, cambium, and phloem
tissues are also surrounded by many layers of cells, the phelloderm, that derive from

the phellogen, which arises from pericycle cells (Figure 3B).
The heterodimer TMO5-LHW is responsible for new vascular cell formation

The regulation of periclinal cell divisions from the vascular cambium is
strictly regulated through an interplay between auxin and cytokinin during primary
and secondary vascular development of A. thaliana (Figure 3C) (Mellor et al.,, 2017).
Auxin is continuously transported from the procambial cells towards the xylem
domain. In developing xylem cells, the AUXIN RESPONSE FACTOR 5, also called
MONOPTEROS (ARF5/MP) induces the expression of TMO5, a basic Helix-Loop-Helix
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O Metaxylem

M Protoxylem

] Secondary xylem
O (pro)cambium

M Sieve element

B Companion cell

H Secondary phloem
[ Pericycle

1 Phelloderm

Primary development Secondary development

(pro)cambium

Developing
xylem

Figure 3. Anatomical overview and molecular mechanisms controlling vascular cell
proliferation in A. thaliana. A, primary root showing the procambium and first
differentiated vascular elements in the stele; B, secondary root depicting secondary xylem,
phloem, and the vascular cambium. C, molecular mechanisms regulating periclinal cell
divisions from the (pro)cambium. Developing xylem cells accumulate auxin, which results in
the induction of MP and its target, TMO5. The heterodimer TMO5/LHW activates cytokinin
biosynthesis genes, that will promote cell proliferation in the vascular cambium. The
AtHB8/ACL5/SACL module is activated by TMO5/LHW and auxin, and restricts the activity of
TMOS5/LHW to avoid an over-proliferation of vascular cells. lllustrations of A. thaliana root
under primary and secondary development are modified from Smetana et al. (2019) and Ye,
et al. (2021).
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(bHLH) TF. TMOS5 heterodimerizes in these cells with LHW, another bHLH TF, and
together induce the expression of cytokinin biosynthesis genes. This leads to an
increase in periclinal cell divisions in the (pro)cambium (Berleth & Jurgens, 1993;
Busse & Evert, 1999; Cafio-Delgado et al., 2010; Hardtke & Berleth, 1998; Mayer et
al., 1991; Ruonala et al,, 2017; Wenzel et al,, 2007). This mechanism ensures that the
(pro)cambium continuously provides new xylem and phloem initials; however, its
activity must be regulated by a safety mechanism to avoid over-proliferation: this is
the role of the AtHB8, ACL5 and SACL module.

The AtHB8/ACL5/SACL module restricts vascular proliferation

In the developing vessel elements during primary and secondary
development, the Tspm synthase ACL5 is upregulated by auxin/MP and
ARABIDOPSIS HOMEOBOX 8 (AtHB8) (Figure 3C) (Baima et al, 2014; Knott, 2009;
Knott et al., 2007).

AtHB8, together with other four paralogs (see Glossary) in A. thaliana,
PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA (REV) and CORONA (CNA) are
C3HDZ and are members of the homeodomain (HD) superfamily. Their HD domains
are characterized by a chain of 60 amino acid residues that allow DNA binding and
are very conserved among eukaryotes (Birglin & Affolter, 2016). The rest of the
subfamily is classified according to the presence of other conserved domains. C3HDZ
contain four more conserved domains: the leucine zipper domain, consistent of six
heptad repeats of aliphatic amino acid residues for homo and heterodimerization
and DNA binding (Ariel et al, 2007; Brandt et al., 2014), a Steroidogenic acute
regulatory protein (StAR)-related lipid transfer (START/SAD) domain for TF activity
(Ponting & Aravind, 1999; Schrick et al., 2004), a MEKHLA/PAS domain for binding to
palindromic DNA sequences (Franco-Zorrilla et al., 2014; Mukherjee & Biirglin, 2006;
O’Malley et al., 2016; Palena et al., 2001), and a miRNA 165/166 target sequence for
degradation (Floyd & Bowman, 2004; Reinhart et al., 2002). AtHB8 is an inducer of
cambial activity and participates in xylem development; in addition, AtHB8 is the main
inducer of AtACL5 expression in xylem vessels, and therefore of Tspm biosynthesis

during vascular development (Baima et al., 2014).
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Figure 4. Polyamine biosynthesis route. The diamine Put is converted to Spd by the
addition of an aminopropyl group through the Spermidine synthase enzyme (SPDS). Spm
and Tspm are synthesized by the addition of an aminopropyl group to Spd by the SPMS and
TSPMS or ACL5, respectively. The donor of aminopropyl groups is a decarboxylated SAM by
a SAM decarboxylase (SAMDC). Polyamine catabolism is performed with the joint activity of
N-acetyltransferase SPERMINE/SPERMIDINE ACETYL TRANSFERASE (SSAT) and the
POLYAMINE OXIDASE genes (PAOs) generating hydrogen peroxide (H20) as a byproduct

Tspm is a tetraamine synthesized with the addition of an extra aminopropy!
group to the triamine Spermidine (Spd) and is an isomer of the tetraamine Spermine
(Spm) (Figure 4) (Knott et al., 2007; Michael, 2016; Minguet et al., 2008; Takano et al,,
2012; Vera-Sirera et al, 2010). Tspm has two necessary functions: (i) the correct
maturation of xylem vessel elements, maintaining differentiating cells alive until lignin
has been fully deposited on their walls (Clay & Nelson, 2005; Mufiz et al., 2008;
Tiburcio et al., 2014); and (ii) the restriction of vascular cell proliferation (Katayama et
al, 2015b; Vera-Sirera et al., 2010, 2015). It has been proposed that the first function
could be achieved via Tspm-dependent catabolism generating hydrogen peroxide
(H20>) as a byproduct (Salvi & Tavladoraki, 2020; Tavladoraki et al., 2012) (Figure 4).
This, in turn, contributes to generate reactive oxygen species (ROS), which play

important roles during plant cell death and cell wall deposition in xylem tracheids.
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However, the second function has been more extensively studied and the
mechanism involves the promotion, by Tspm, of the translation of the atypical bHLH
TF SUPRESSOR OF ACAULISS 1 (SAC51) and its paralogs SAC51-LIKE (SACL1 to 3)
(Katayama et al., 2015b; Vera-Sirera et al., 2010, 2015). The 5' leader sequences of
AtSACLs contain an inhibitory regulatory cis element (CRE), an upstream open
reading frame (UORF), that represses the translation of the main ORF. The precise
mechanism of this translational regulation has not been solved yet, but it might be
due to a stalling sequence at the end of the uORF, which is present in all A. thaliana
SACLs 5’ leaders (Ishitsuka et al., 2019). In the presence of Tspm, the inhibitory effect
of the uORF is bypassed and SACL proteins can be translated (Figure 3C) (Imai et al.,
2006; Katayama et al., 2015b; Vera-Sirera et al., 2015).

SACLs are bHLH TF (Pires & Dolan, 2010a). The signature domain of bHLH
proteins, the bHLH, usually contains two functionally distinct regions: a basic domain
(b) at the N-terminal end, which is required for DNA binding; and the HLH domain at
the C-terminal end, that forms two a-helices separated by a loop sequence for homo-
and heterodimerization activity (Ferré-D’Amaré et al,, 1993; Murre et al., 1989). SACLs,
however, belong to the XIV subfamily that lack the basic domain for DNA binding
(Pires & Dolan, 2010a; Toledo-Ortiz et al., 2003), and therefore their activity relies on
other interaction with other DNA-binding partners.

SACL paralogs have redundant functions in A. thaliana: they compete with
TMOS5 for dimerization with LHW, which limits cytokinin biosynthesis, thereby
restricting the cell proliferation of the vascular cambium (Figure 3C) (Cai et al., 2016;
Kakehi et al, 2008; Katayama et al, 2015b; Vera-Sirera et al, 2015). Accordingly,
Atacl5 mutants, in which SACL translation is limited due to impaired Tspm synthesis,
are characterized by an over-proliferation of xylem cells and subsequent stunted
growth (Kakehi et al, 2008; Mufiz et al, 2008). This is explained through the
unrestricted activity of the TMOS5-LHW heterodimer. Strikingly, SACL paralog
expression is upregulated by the TMO5/LHW heterodimer, most probably through
direct interaction with their promoters (Figure 3C) (Katayama et al., 2015b; Vera-
Sirera et al., 2015). Hence, the same factors that induce cell proliferation in A. thaliana

(in this case, auxin, and the heterodimer TMO5-LHW), also participate in the induction
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of the AtHB8-ACL5-SACL module, creating an incoherent feedforward loop to
regulate the pace for initial vascular cell formation and allow the maturation of the

developing vascular cells.
Occurrence of C3HDZ, ACL5 and SACL in land plants
C3HDZ have multiple roles in land plants

The five paralogs of the C3HDZ family of TF in A. thaliana have distinct,
overlapping, and antagonistic functions in addition to their role in vascular
development (Baima et al., 1995, 2001; Prigge et al., 2005; Ramachandran et al,, 2017;
Roodbarkelari & Groot, 2017). For instance, they are regulators of leaf dorsoventral
polarity (Emery et al., 2003; McConnell et al., 2001; Merelo et al,, 2016; Prigge et al.,
2005), and are shoot apical meristem (SAM) and axillary meristem initiators (Emery et
al., 2003; Green et al., 2005; Otsuga et al., 2001; Prigge et al., 2005; Talbert et al., 1995).
Because of such important roles in A. thaliana, they have gained the interest of the
evo-devo field, and it has been established that this family originated before the
divergence of land plants. Most remarkably, they are suggested to be part of the
"ancestral toolkits” for the regulation of the land plant body plan (Catarino et al.,
2016; Floyd et al., 2006; Floyd & Bowman, 2007; Prigge & Clark, 2006a). Their role in
vascular development, leaf development, and apical growth has been subsequently
extrapolated to all tracheophyte lineages based on expression domain analysis (Floyd
et al,, 2006; Prigge & Clark, 2006a; Vasco et al,, 2016; Zumajo-Cardona et al., 2021).
Nevertheless, there is no functional characterization of the tracheophyte C3HDZ
family outside of the angiosperm lineage. Strikingly, although their roles in phyllid
development in the mosses P. patens or D. superba indicate a conservation of the
“leaf-development” function in the bryophyte lineage, their function in apical growth
is not conserved (Yip et al.,, 2016). No information is available at this point about the

functions of C3HDZ in other bryophytes.
Polyamines have conserved roles in stress and translation in eukaryotes

The diamine putrescine (Put) and the triamine Spd are the most commonly

found polyamines in eukaryotes, while the tetra-amine spermine (Spm) is found in
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yeasts, most animals, seed plants and some bacteria (Pegg & Michael, 2010; Michael,
2016). The tetra-amine Tspm has been detected in archaea, diatoms, and plants, but

not in animals or bacteria (Michael, 2016).

Triamines and tetra-amines are mainly synthesized by a set of evolutionarily
related aminopropyl transferases, which add an extra aminopropyl group to a pre-
existing di- or triamine from a donor, a decarboxylated S-adenosylmethionine
(dcSAM). dcSAM, in turn, is facilitated by a SAM decarboxylase (SAMDC) (Figure 4).
Polyamines are catabolized through an initial step of N-acetylation by a
SPERMIDINE/SPERMINE ACETYL TRANSFERASE (SSAT) followed by oxidation by
polyamine oxidases (PAO), which are ancient, conserved enzymes that back convert
polyamines (Salvi & Tavladoraki, 2020; Tavladoraki et al., 2012) generating hydrogen
peroxide (H20,) as a byproduct (Figure 4). The ability to synthesize specific
polyamines is clade-specific and is mainly the result of evolutionary adjustments in
the polyamine biosynthesis pathway, reflected in the presence or absence of specific
polyamine biosynthetic enzymes in given clades (see Glossary). It has been proposed
that while Spm synthase (SPMS) genes in fungi and plants have likely emerged
independently after duplication and neofunctionalization (see Glossary) of
spermidine synthase (SPDS) genes, the thermospermine synthase (TSPMS) gene in
plants was probably acquired through endosymbiosis of a cyanobacterium (Minguet
et al., 2008). However, it is arguable whether such gene originally encoded a TSPMS
or an agmatine aminopropyl transferase (Pegg & Michael, 2010; Michael, 2016).
Considering everything, the capacity to synthesize different polyamines in a given
species is defined by (i) the presence or absence of specific polyamine biosynthetic
enzymes and (ii) the degree of specificity of the polyamine biosynthesis enzymes
towards their substrates. For instance, it has been reported that an aminopropyl
transferase from the archaea Pyrobaculum aerophilum displays its highest specificity
in vitro towards norspermidine, resulting in norspermine biosynthesis, but it is also
able to synthesize Tspm from Spd (Knott, 2009). Similarly, the gymnosperm Pinus
sylvestris lacks a specific SPMS gene, but the aminopropyl transferase encoded by
PsSPDS efficiently converts Put to Spd, as well as Spd to Spm (Vuosku et al., 2018).
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While the diamine Put and the triamine Spd are essential for life (Imai et al.,
2004), all polyamines participate in stress responses and development in
tracheophytes (Chen et al,, 2019; Tiburcio et al., 2014; Vera-Sirera et al.,, 2010). Their
role can be explained through their chemical features or the products of their
catabolism. In line with this, polyamine homeostasis and the H,O, produced in
polyamine catabolism can contribute to ROS production in response to mechanical
damage (Gonzalez et al,, 2011; Yoda et al., 2003) or participate in abscisic acid (ABA)
signaling, which regulates stress responses (An et al., 2008; Petfivalsky et al., 2007;
Xue et al.,, 2009). Tetra-amines like Spm and Tspm have also been linked with biotic
stress responses to infection by Pseudomonas viridiflava (Gonzalez et al, 2011;
Marina et al., 2013). Also, given their nature, polyamines are thought to interact with
negatively charged macromolecules, such as RNA and DNA. In fact, Spd and Put are
most commonly found in RNA complexes (Watanabe et al., 1991), and can stimulate
translation efficiency in eukaryotic and prokaryotic cell-free systems by binding to
ribosomes (Igarashi et al., 1974, 1982). Probably as a direct implication of their
interaction with RNA and ribosomes, polyamines can influence the nonsense
mediated decay (NMD) of mRNA, which is induced by — but not limited to -

premature stop codons in the 5’ leaders (Poidevin et al., 2019).

In bryophytes, some studies have analyzed the senescent effect of
exogenously applied polyamines (Stanislaus & Maravolo, 1994); however, very little
is known about the roles of polyamines on development or stress, since most studies
have focused on the quantification of polyamines or the characterization of
polyamine biosynthetic genes rather than functional experimentation (Fuell et al,
2010; Hamana & Matsuzaki, 1982, 1985; Minguet et al., 2008).

The only known role of SACL proteins is the regulation of vascular development in A.

thaliana

The function of SACL proteins has never been characterized outside A
thaliana (Katayama et al., 2015; Milhinhos et al., 2020; Ohashi-Ito et al., 2014; Vera-
Sirera et al., 2015). The expression of one ortholog (see Glossary) of SACL has also

been examined in Populus trichocarpa (Milhinhos et al., 2020) and the presence of |

23%



Origin & Evolution of the C3HDZ-ACL5-SACL Regulatory Module in Land Plants

the inhibitory uORF has been suggested to be conserved in angiosperms, since it has
been found in the orthologs of several other species of this lineage (Ishitsuka et al,,
2019). Additionally, the sequence of the UORF has been found in the genomes of
some species of gymnosperms and ferns (Hayden & Jorgensen, 2007); however, it
was based on Basic Local Alignment Search for Proteins (BLASTP) searches using only
the aminoacidic sequence of the uORF and it is unknown whether they belonged to
the 5" leader of SACL orthologs in these species, their connection with Tspm, or
whether they have a relevant role in vascular development. Interestingly, bryophytes
have been recently shown to contain SACL genes (Catarino et al., 2016), whose

function remains to be characterized in this lineage as well.
The use of phylogenetically distant model organisms for evo devo studies

As the number of sequenced plant genomes increases, so is the realization
that this information is an essential tool to infer the evolutionary events that shaped
fundamental biological processes (Delaux et al., 2019). The recent advances in genetic
and genomic tools in M. polymorpha, a liverwort (Bowman et al., 2017; Ishizaki et al.,
2008; Nishihama et al., 2016; Suzuki et al., 2020), as well as in P. patens, a moss (Hohe
et al, 2004; Rensing et al., 2008; D. Schaefer et al, 1991; D. G. Schaefer, 2002) has
revealed synapomorphies (see Glossary) and shared developmental programs within

the land plant lineage.

For instance, evo devo studies have shed light on the evolution of plant
adaptation to changing environments through the study of DELLA proteins in M.
polymorpha, P. patens, S. moellendorffii, S. lycopersicum and A. thaliana (Briones-
Moreno et al.,, 2017, 2023; Hernandez-Garcia et al., 2019, 2021), or the conservation
of the auxin transcriptional machinery shaping the body plan of land plants (Ashton
et al., 1979; Cooke et al.,, 2002; Eklund et al., 2015; Flores-Sandoval et al., 2015, 2018;
Ishizaki et al., 2012; Kato et al.,, 2015, 2017). Hence, the use of phylogenetically distant
model organisms, such as M. polymorpha, but also species from other plant lineages,
such as pteridophytes and spermatophytes, is key for evo-devo studies to infer the
evolutionary history of a character and the developmental pathways behind

morphological innovations.
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Vegetative development and molecular regulation of M. polymorpha

M. polymorpha has a gametophyte-dominant life cycle, typical in bryophytes,
characterized by an alternation of generations between the haploid gametophyte (n)
and the diploid sporophyte (2n). Vegetative development (see Glossary) starts with
the germination of a haploid spore, which will develop into thalloid gametophyte
through the activity of an apical cell (Shimamura, 2016). A typical M. polymorpha
gametophytic thallus harbors several unique and specialized structures that
contribute to its vegetative development, among which are apical notches, gemma

cups, air pore complexes, rhizoids, and ventral scales (Figure 5).

Apical notches are located in concave structures at the apical ends of the
thallus or gemma and contain a cuneate apical cell, responsible for the formation of
daughter cells at the dorsal, ventral, and lateral surfaces (Figure 5). These cells are
termed merophytes (see Glossary) and will further generate the rest of the tissues of
the thallus in an organized manner (Kohchi et al.,, 2021; Suzuki et al., 2020). How this
process is regulated at the genetic level is still an open question. Recently, some
studies have shown that the mechanisms supporting A. thaliana apical meristem
development are conserved in M. polymorpha. For instance, auxin is a positive
regulator of meristem size and apical notch activity through the AUXIN RESPONSE
FACTOR 1 (MpARF1) (Flores-Sandoval et al., 2015; Kato et al, 2017), and several
genetic pathways might be also required for meristem growth, like the CLE-family of
peptide hormones and their receptors (Bowman et al., 2017; Cammarata & Scanlon,
2020; Hirakawa et al., 2020).

Apical notches branch dichotomously (see Glossary) in regular intervals
during vegetative growth (Solly et al,, 2017) but, so far, the only exogenous cue
characterized that influences dichotomous branching in M. polymorpha is light and
shade (Streubel et al., 2022). Light and shade response involves the orthologues of
phytochrome photoreceptors (PHY) and PHYTOCHROME INTERACTING FACTORS
(PIF) in M. polymorpha (MpPHY and MpPIF), that positively regulate meristem

dormancy in shade conditions.
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Figure 5. Overview of M. polymorpha gametophyte development. Schematic illustration
of a thallus and unique structures typical from this species: the gemma cup, where gemmae
development takes place and the gemma, the asexual propagule with specified pale rhizoid
initials, contribute to the asexual propagation of the gametophyte. The apical cell (in red) is
found in apical notches, concave structures at the end of the thallus. The apical cell divides
in four planes (dorsal, ventral, right and left — lateral) to create dorsal, ventral and lateral
merophytes, respectively. Other structures in the dorsal face of the thallus are the air
chambers, which contain photosynthetic tissue and permit gas exchange through the air
pores. In the ventral face of the thallus, ventral scales, smooth rhizoids and pegged rhizoids
are developed. lllustration adapted from J.F. Schreider Eslingn Edit. (Botanical illustration);
Suzuki et al., (2020); Kato et al., (2020); and Shimamura et al., (2016)
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Gemma cups are specialized organs for asexual propagation (Figure 5).
They are cup-shaped structures that derive from dorsal and lateral merophytes
(Suzuki et al., 2020) and produce the gemmae, a clonal asexual propagule, and
mucilage cells (Shimamura, 2016). Both gemmae and mucilage cells derive from
gemma cup basal cells termed “initials”, that have acquired a differential specification.
These cells then protrude from the epidermis and develop into fully mature gemmae.
During gemmae development, the elongated cell divides transversally to create the
multipotent gemma primordium and the stalk, which maintains the gemma attached
to the base of the gemma cup. The final gemma is developed from subsequent
asymmetric cell divisions of the gemma primordium. The molecular regulation of
gemma development is achieved through several genetic pathways. For instance,
auxin regulation mediated by MpARF1 has been shown to positively regulate gemma
development (Eklund et al.,, 2015; Flores-Sandoval et al., 2015; Ishizaki et al., 2012;
Kato et al, 2015), where Mparfl mutants are defective in gemmae final cell
arrangement (Kato et al, 2017). MpKARAPPO (MpKAR), which means “empty” in
Japanese due to the empty gemma cups in Mpkar mutants, is a small Rho-GTPase
that is required for the protrusion of the gemma and mucilage initials (Hiwatashi et
al, 2019). Similarly, the only ROOTHAIR DEFECTIVE SIX-LIKE (RSL) class | ortholog in
M. polymorpha, MpRSL1, is also required for gemmae development, and loss of
function Mprs(7 as well as an overexpression of FEW RHIZOIDS (MpFRH), a microRNA
targeting MpRSLT mRNA, is characterized by having empty gemma cups (Honkanen
et al,, 2018; Proust et al., 2016; Thamm et al., 2020).

Rhizoids and scales are found at the ventral face of the thallus (Figure 5).
Ventral scales are pluricellular leaf-like tissues that protect rhizoid bundles (Kohchi et
al., 2021; Shimamura, 2016). Rhizoids are unicellular structures with a rooting function
that develop from the ventral epidermis or scales. They provide anchorage and act
as WCC. In M. polymorpha these two functions are separated in two types of rhizoids:
smooth rhizoids, which grow into the media and provide anchorage, and pegged (or
tuberculate) rhizoids, that function as a water conducting system and are found
parallel to the ventral surface of the thallus (Duckett et al., 2014; Kohchi et al., 2021;

Shimamura, 2016). In mature gemmae, smooth rhizoids are developed from pre-
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specified pale rhizoid initials (PRI) (Figure 5). Rhizoid specification is regulated by
lateral inhibition through the interplay of MpRSL1 and MpFRH: MpFRH is induced in
rhizoid initials and moves towards the neighboring cells, where MpRSLT mRNA,
required for rhizoid specification, is then inhibited. This mechanism ensures that no
over-proliferation of rhizoid cells occurs (Honkanen et al., 2018; Proust et al., 2016;
Thamm et al., 2020).
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Objectives

As shown above, vascular cell divisions are promoted in A. thaliana by high
CK levels through the TMOS5-LHW heterodimer. Excessive cell proliferation is
prevented through a regulatory module by which auxin and the C3HDZ TF AtHBS,
ensure the ACL5/Tspm-dependent translation of the SACL transcriptional regulators,
which inhibit the activity of TMO5-LHW. The three elements of this regulatory module
are present in all (vascular or non-vascular) land plants. But despite the importance
of this regulatory circuit, several aspects are still unsolved: when did this circuit
originate in evolution? Does this circuit operate in non-vascular plants? Is this the
only mechanism to prevent overproliferation of vascular cells? Our working
hypothesis is that the C3HDZ-ACL5/Tspm-SACL module was assembled in the last
tracheophyte common ancestor, while the three elements perform different roles in
bryophytes. To infer the evolutionary trajectory of this module in land plants and the
events that led to the regulation of vascular development we have focused on three

objectives:

1. To reconstruct the evolutionary history of C3HDZ, ACL5 and SACL proteins
and the genetic regulation underlying their conformation as a module. This
goal contemplates a thorough phylogenetic analysis of these proteins combined
with the exploration of CRE responsible for their putative regulation, to infer the

conformational state of the module in extant land plants.

2. To analyze the function of C3HDZ, ACL5 and SACL orthologs in the
bryophyte M. polymorpha. By exploring the role of these genes and their
putative connections as a module in a non-vascular plant, we expect to generate
insight of their implication in biological processes other than vascular

development in divergent land plant lineages.

3. To establish a timeline for the recruitment of C3HDZ, ACL5, and SACL to
vascular tissues. As we explore the association of these genes with vascular
tissues in representative species of extant tracheophyte lineages, we can infer

the origin of the module within tracheophytes.
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It is widely accepted that C3HDZ, ACL5 and SACL are present in land plants
(Catarino et al.,, 2016; Floyd et al.,, 2006; Minguet et al., 2008; Prigge & Clark, 2006;
Takano et al., 2012). However, previous studies are limited due to (i) the low number
of available sequenced bryophyte and tracheophyte species and (ii) the biased use
of representative species, especially for the bryophyte lineages and ACL5 and SACL
proteins. In this chapter, thanks to projects like Earth BioGenome or OneKP (Exposito-
Alonso et al, 2020; Leebens-Mack et al, 2019), we will perform a thorough
phylogenetic analysis of C3HDZ, ACL5 and SACL proteins in an unbiased number of
land plant species, which will allow to fill missing land plant lineages and update the
distribution of C3HDZ, ACL5, and SACL orthologs in extant land plants.

We will also confirm that the biochemical properties of ACL5 in extant land
plants are conserved, by testing ACL5 enzymatic activity and the expression of ACL5
genes coupled with Tspm quantifications in several land plant tissues. Lastly, we will
analyze the conservation of the CRE required for molecular regulation of C3HDZ,
ACL5 and SACL as a putative module, such as C3HDZ binding sites (bs) in ACL5

promoters, and the Tspm-sensitive UORF in SACL transcripts.
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Chapter 1

RESULTS AND DISCUSSION
C3HDZ is distributed across all land plant lineages

In order to retrieve the putative C3HDZ sequences from the widest range of
plant species, we screened by Translated Nuecleotide Basic Local Alignment Search
tool (TBLASTN) the Phytozome, OneKP and NCBI databases using as a query the
aminoacidic sequence of the five C3HDZ proteins encoded in the A. thaliana genome
(AtHB8, AtCNA, AtREV, AtPHB, and AtPHV). Given that the HD is a distinctive feature
common to all classes of HDZ, we constructed an initial tree including representative
class one to class four HDZ sequences from A. thaliana and S. lepidophylla to
unambiguously identify the sequences solely belonging to the C3HDZ clade.
Sequences with a partial or missing HD were removed from the final alignment to
ensure a better-supported phylogenetic tree. This final alignment included 649
C3HDZ sequences covering every major plant lineage, which was used to construct a
maximum likelihood (ML) phylogenetic tree (Figure 1A). In agreement with the idea
that C3HDZ originated in the last streptophyte common ancestor (Catarino et al,
2016; Floyd & Bowman, 2006; Prigge & Clark, 2006b; Romani et al., 2018), we found
C3HDZ sequences only in Streptophyta species.

Several monophyletic groups could be observed in the C3HDZ tree (Figure
1A). Charophytes were used as an outgroup (see Glossary) and formed a
monophyletic lineage, and the rest of the sequences were classified into two clear
monophyletic groups. The first group consisted of sequences of lycophytes,
hornworts, liverworts, and mosses; the second monophyletic group comprised solely
sequences from spermatophytes (angiosperms and gymnosperms). Fern sequences,
however, were contained in a paraphyletic group sister to spermatophyte sequences.
More than 99,5% of the C3HDZ sequences were coherent with the phylogenetic
relationships of plant lineages, with the only exceptions of three gymnosperm C3HDZ
sequences (Ginkbo biloba C3HDZ.4, C3HDZ.5, and Saxegothaea conspicua C3HDZ.T)
that grouped unequivocally within the fern lineage. Interestingly, this is the first time

that the monophyly of spermatophyte C3HDZ sequences has been evidenced.
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Figure 1. Phylogenetic analysis and inferred history of C3HDZ in Streptophyta. A.
C3HDZ ML phylogenetic tree. Branch support values are based on SH-like aLRT, and values
over 0.8 are marked with wider black branches. Charophyta sequences are used as the
outgroup. Wider background-colored groups mark the different plant lineages, while color
outer circles are used to differentiate C3HDZ phylogenetic groups inside each lineage. Black
and grey outer circles represent the AtHB8/CNA and the REV/PHB/PHV clades, respectively.
B. Schematic depiction of the inferred history of C3HDZ and the six major duplication events.
Phylogenetic relationships are represented in grey line; duplications that led to gene
diversification are marked in light blue (for mosses), pink (for ferns), and cyan (for
angiosperms and gymnosperms). Plant phylogenetic relationships are based on the work of
Harris et al. (2020). Origin of C3HDZ sequences is marked with a pink star, while major
duplication events are marked with turquoise blue circles. AtHBS8, ARABIDOPSIS THALIANA
HOMEOBOX8, CNA: CORONA; REV: REVOLUTA; PHB: PHABULOSA; PHV: PHAVOLUTA.
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Previous studies were unable to fully demonstrate the separation between
fern and spermatophyte sequences (Floyd et al., 2006; Prigge & Clark, 2006; Vasco et
al., 2016). Comparing our phylogenetic analysis with these previous studies, this is
probably a consequence of their preferential use of G. biloba as a gymnosperm
representative, which led to clade misinterpretations due to their resemblance with
fern sequences. Similarly, the low number of available non-vascular or lycophyte
genomes also reflected a biased interpretation of lycophyte and bryophyte clades,
which were considered as paraphyletic to the rest of the spermatophytes (Floyd et al.,
2006; Prigge & Clark, 2006a; Vasco et al, 2016). In this regard, the clustering of
lycophyte and bryophyte sequences in a monophyletic group underlines the
evolutionary distance of the lycophytes to other vascular lineages, which are thought
to be the first to diverge (Harris et al, 2020, 2022). Hence, a more balanced
phylogenetic analysis using a representative number of sequences from each plant
clade has allowed to update the evolution and origins of the C3HDZ sequences in
the plant lineage and within each plant clade, which will provide a base for future

functional interpretation of C3HDZ roles in land plants.

Then, we focused on clade specific duplications to infer the evolutionary
history of C3HDZ in land plants. Generally, non-vascular lineages like charophytes,
hornworts and liverworts harbor only one copy of C3HDZ, which we confirmed in the
fully sequenced Klebsormidium nitens (a charophyte), Marchantia polymorpha (a
liverwort), Anthoceros agrestis and Anthoceros punctatus (hornworts). Mosses,
however, have undergone a genetic duplication that led to the diversification of two
differentiated C3HDZ clades: Mosses 1 and 2. These results are consistent with
previous studies that examined C3HDZ evolution in non-vascular lineages and found
no other gene duplications except in the moss lineage (Catarino et al., 2016; Floyd &
Bowman, 2006; Prigge & Clark, 2006b). Given that most of the examined moss species
had — at least — one C3HDZ copy in each of the two moss clades, the gene duplication

can be inferred in the common ancestor of mosses (Figure 1B).

This analysis also pointed at multiple duplications inside the tracheophyte
lineage. Most lycophyte species carry two C3HDZ paralogs, although they do not
form two phylogenetic clades, suggesting that the lycophyte C3HDZ genes evolution
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occurred in parallel to the species diversification. Fern sequences are divided into
Ferns 1 and 2, both with a monophyletic origin. Supporting our observations,
Ceratopteris richardii, a fully sequenced fern, has three C3HDZ paralogs (CriC3HDZ.1
to 3) that are distributed between Ferns 1 and 2. This is an evidence of an internal
duplication event in the fern lineage, which is an idea also suggested by other authors
(Vasco et al, 2016). Spermatophyte C3HDZ, in turn, are distributed between the
AtHB8/CNA clade and the REV/PHB/PHV clade, which suggests a gene duplication at
the common ancestor of the spermatophytes (Figure 1B). However, angiosperms
harbor one to four paralogs, pointing to species-specific gene loss and one or various
internal duplications giving rise to the AtHB8, CNA, REV, PHB, and PHV independent
families mostly in eudicots (Figure 1B). Ginkgo biloba, in contrast, contains five
C3HDZ paralogs that were also identified in previous studies and suggests an
additional internal duplication inside the Ginkgoaceae (Floyd et al., 2014; Floyd &
Bowman, 2006; Prigge & Clark, 2006b).

In summary, we revisited the origin of C3HDZ in land plants, which was set
to the common ancestor of streptophytes (Catarino et al., 2016; Floyd & Bowman,
2006; Prigge & Clark, 2006b; Romani et al., 2018). We also provided an updated
evolutionary history of these TF in land plants. We have inferred six gene duplication
events that correlate well with reported whole genome duplications (WGD) in land
plants (Jiao et al.,, 2011; Li et al., 2015; Wood et al.,, 2009): (i) in the common ancestor
of mosses; (ii) in the common ancestor of lycophytes; (iii) in the common ancestor of
ferns followed by (iv) additional duplication(s) inside the fern lineage; (v) in the
common ancestor of the spermatophytes, and (vi) internal duplication(s) inside the
angiosperm lineage, which gave rise to the AtHB8, CNA, REV, PHB, and PHV families
(Figure 1B).

ACL5 are present in all Archaeplastida

Polyamine biosynthesis enzymes display high degree of similarity
(Hashimoto et al., 1998; Panicot et al., 2002; Teuber et al., 2007). Therefore, to
guarantee accurate identification of putative ACL5 orthologs, we screened the

Phytozome and OneKP databases using as baits the Arabidopsis ACL5 sequence, and
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also the sequences of the two Arabidopsis genes encoding SPDS, and the single gene
for SPMS (see Materials for details). We obtained 549 sequences covering every major
plant lineage and included members of representative bacteria, archaea, and other
non-plant eukaryotic groups, which were aligned and used for the construction of a
phylogenetic tree (Figure 2A). This is the most extensive phylogenetic study of plant
polyamine aminopropy! transferases done to date, and it not only confirms some of
the previous evolutionary models (Hashimoto et al., 1998; Minguet et al, 2008;
Panicot et al,, 2002; Teuber et al., 2007) but also provides new details on certain key

events.

First, our analysis expands the presence of ACL5 homologs and SPDS genes
to all plant lineages not previously studied, like charophytes and chlorophytes.
Second, the exclusive origin of SPMS genes in angiosperms, previously proposed
based only on a few sequences (Minguet et al.,, 2008), is now set in the common
ancestor of all spermatophytes with more sequences from gymnosperms and their
absence in multiple genomes of other land plants. And third, we find indications for
a possible transfer of an additional SPDS of Holomycota origin to Setaphyta (see
Glossary), based on the presence of extra copies in the genomes of the bryophyte
Sphagnum and of several liverworts that unequivocally cluster with some sequences

of that class (Supplementary File S1).

Regarding TSPMS sequences, our more extensive research still identified
ACL5 orthologs only in plants, red algae, diatoms, archaea and bacteria, as proposed
in previous analyses (Minguet et al., 2008; Takano et al, 2012). The new data are
compatible with the proposed model that TSPMS activity in Archaeplastida has a
prokaryotic origin, while the common root with the Archaea Sulfolobus and
Pyrobaculum, of two additional copies of ACL5 orthologs in Thalassiosira pseudonana
suggests a possible second event of horizontal gene transfer to Chromista (see
Glossary) (Figure 2B). It has been proposed that TSPMS had appeared in plants by
endosymbiosis of a cyanobacterium (Minguet et al., 2008). Our data are compatible
with three alternative hypotheses in this respect (Figure 3). The most parsimonious
one is that TSPMS was already present before Eubacteria and Archaea and was lost

in the major eukaryotic branch (Figure 3C). A second loss would have occurred
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Figure 2. Phylogenetic analysis and inferred history of polyamine aminopropyl
transferases with emphasis on Archaeplastida lineages. A. Polyamine aminopropyl
transferases ML phylogenetic tree. Branch support values are based on SH-like aLRT, and
values over 0.75 are marked with wider black branches. Animal SPDS sequences are used as
the outgroup (Homo sapiens, Danio rerio). Wider background-colored groups mark the
different clades based on polyamine synthase activities, while dark grey outer circles are used
to differentiate Archaeplastida sequences. B. Rhodophyta (marked in brown), Archaea
(turquoise), Eubacteria (orange) and Chromista sequences (yellow) at the base of the TSPMS
clade. Values over 0.75 of bootstrap are marked with thicker black branches. Viridplantae
TSPMS are collapsed to ease visualization. PMT, Putrescine metyl transferase; SPMS,
Spermine synthase; SPDS, Spermidine synthase; TSPMS, Thermospermine synthase.
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A Glaucophyta Rhodophyta Viridiplantae

Chromista

Opisthokonta and
other eukaryotes

Eubacteria
Archaea

B Glaucophyta Rhodophyta Viridiplantae

Chromista

Opisthokonta and
other eukaryotes

Eubacteria
Archaea

c Glaucophyta Rhodophyta Viridiplantae
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Figure 3. Alternative models for TSPMS activity origin and evolution in plants. The three
models are ordered by increasing parsimony. A, the ancestor of TSPMS activity in the Last
Universal Common Ancestor (LUCA) (possibly with a different activity) is lost in LECA; then it
is acquired by Archaeplastida via HGT and lost again in Glaucophyta. Chromista acquire it
through secondary endosymbiosis. B, Like the previous one, but Archaeplastida acquire the
ACL5 ortholog after divergence of Glaucophyta. C, the ancestor of TSPMS activity in LUCA is
lost early in major eukaryotic clades, after the divergence of the green lineage, followed by
an additional loss in Glaucophyta. Stars represent genetic origin, while hollow circles

represent genetic loss.
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during the divergence of Glaucophyta, explaining the absence in such branch and
the presence in the Chromista, Rhodophyta and Viridiplantae branches. A less
parsimonious, but plausible possibility is that TSPMS was lost in the last eukaryotic
common ancestor (LECA) and that it then was transferred either from Eubacteria or
from Archaea (i) to Archaeplastida after Glaucophyta had diverged and (ii) to
Chromista (Figure 3B). A third, less parsimonious hypothesis would postulate that
TSPMS was lost in LECA and transferred either from Eubacteria or from Archaea to
the early lineage of Archaeplastida and to Chromista (Figure 3A). TSPMS would have
been lost again in Glaucophyta. However, phylogenetic positioning of TSPMS points
to the horizontal transfer of TSPMS genes from Rhodophyta to diatoms (and possibly
other algal groups originated during secondary chloroplast acquisition), thus
excluding this latter hypothesis, which is also based in a very low sampling among
Chromista representatives. Given that it is almost practically impossible to
differentiate between the two remaining models, the hypothesis that contemplates
only one loss and two reported horizontal transfers seems the most likely one (Figure
3B).

To have a better insight on the diversification of ACL5 in plants, we
constructed a phylogenetic tree of TSPMS sequences from Archaeplastida (Figure
4A). In general, the sequences grouped according to the phylogenetic relationships
between plant lineages and were distributed into four monophyletic groups. The
most divergent group belonged to Rhodophyta ACL5 and was used as an outgroup
for the rest of Archaeplastida lineages. Chlorophytes conformed the second
monophyletic group. The third group was formed by non-vascular species
(charophytes, mosses, liverworts, and hornworts) and the vascular lineage of
lycophytes, which appeared paraphyletic to the rest of the bryophytes. Lastly, the
fourth group contained the sequences for the vascular lineages of ferns and

spermatophytes.

Characterization of the intra-clade specific duplications allowed to infer the
evolutionary history of ACL5 in land plants. This analysis revealed that algal species,
as well as hornworts and liverworts, harbor only one copy of ACL5; this was further

confirmed in the fully sequenced genomes of Volvox carteri and Chlamydomonas
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Figure 4. Phylogenetic analysis and inferred history of ACL5 in Archaeplastida. A. ACL5

ML phylogenetic tree. Branch support values are based on SH-like aLRT, and values over 0.75

are marked with wider black branches. Rhodophyta sequences are used as the outgroup.

Wider background-colored groups mark the different plant lineages, while color outer circles

are used to differentiate ACL5 monophyletic groups inside each lineage. B. Schematic

depiction of the inferred history of ACL5 and the 5 major duplication events and gene losses

with especial emphasis on Archaeplastida. Phylogenetic relationships are represented in grey

line. Plant phylogenetic relationships are based on the work of Harris et al. (2020) Origin of

ACL5 sequences is marked with a pink star, major duplication events are marked with

turquoise blue circles and gene loss events are marked with yellow circles.
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reinhardttii (chlorophytes), Klebsormidium nitens (a charophyte), Anthoceros agrestis
and Anthoceros punctatus (hornworts) and Marchantia polymorpha (a liverwort).
Mosses were the only non-vascular lineage that underwent gene duplication, with
two phylogenetic clades: Mosses 1 and 2. Among the moss sequenced genomes,
Physcomitrium patens, inside Bryopsida, contains three ACL5 orthologs that belong
to Mosses 1 (PpaACL5.2 and 3) and to Mosses 2 (PpaACL5.T); and Sphagnum fallax,
from the Sphagnaceae family, harbors one copy of ACL5 for each moss phylogenetic
clades. Together, this indicates an early ACL5 duplication within the moss lineage
(Figure 4B).

Tracheophyte lineages generally harbor two ACL5 copies, although only fern,
gymnosperm and angiosperm duplicates are classified into two phylogenetic clades
(Figure 4A). In this regard, fern ACL5 sequences are distributed into Ferns 1 and 2,
and most fern families harbor one ACL5 in each phylogenetic group, pointing to an
early duplication in the fern common ancestor (Figure 4B). In contrast with the rest
of the fern species, the recently sequenced fern Ceratopteris richardii only contains
an ACL5 ortholog, suggesting a possible species-specific gene loss. Spermatophyte
sequences, in turn, belonged to two monophyletic groups containing both
angiosperm and gymnosperm sequences (Figure 4A), that indicates a duplication of
ACL5 at the spermatophyte common ancestor (Figure 4B). There is evidence of
multiple family-specific duplications or gene losses in some families of sequenced
angiosperms, like A. thaliana with only one ACL5 copy, or Medicago truncatula with
three ACL5 copies. Most gymnosperm species, in contrast, have lost one of the ACL5
copies, except for Ginkgo biloba, the sequenced Picea abies, and Callitris macleyana,
that have two ACL5 orthologs distributed into the two spermatophyte monophyletic

groups.

Taken together, these data suggest four independent events of duplication
that led to ACL5 diversification in land plants (Figure 4B): (i) at the common ancestor
of mosses; (ii) at the common ancestor of lycophytes, (iii) at the common ancestor of
ferns; and (iv) at the common ancestor of spermatophytes. Interestingly, the similar
ACL5 and C3HDZ distribution in land plants suggest a possible parallel evolution of

both genes in land plants, although this could be only due to a deep correlation with
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previously documented WGD in plants (Jiao et al., 2011; Li et al., 2015; Wood et al.,
2009).

Tspm is synthesized across all plant lineages

Our phylogenetic analyses identified at least one putative ACL5 ortholog in
all studied non-vascular plant species (Figure 4A). Since the only confirmed function
for Tspm in plants is the regulation of xylem maturation dynamics (which, by
definition, does not occur in non-vascular plants), we wondered whether the
identified sequences encode enzymes displaying actual TSPMS activity. Therefore, we
expressed the ACL5 homologs of representative plant lineages in yeast, an organism
that can synthesize all polyamines but is unable to produce Tspm. Among the non-
vascular plants, we tested the ACL5 homologs of a chlorophyte (Chlamydomonas
reinhardtii), a liverwort (Marchantia polymorpha) and a moss (Physcomitrella patens).
As representative vascular plants we chose one lycophyte (Selaginella lepidophylla),
and one gymnosperm (Picea abies), with the angiosperm Arabidopsis thaliana as a
control (see Materials for details). An HPLC analysis showed the presence of Put, Spd
and Spm, but not Tspm, in the extracts of a wild-type yeast strain transformed with
an empty plasmid (Figure 5A). In contrast, all the tested ACL5 homologs allowed the
production of Tspm in yeast (Figure 5 B-G) demonstrating that these genes encode
enzymes with TSPMS activity. This is in accordance with the previously reported
partial complementation of the Arabidopsis acl5 mutant by one of the moss PpaACL5
orthologs (Takahashi & Kakehi, 2010). The observed differences in Tspm production
between the different ACL5 genes suggest either species-specific variation in TSPMS
activity kinetic parameters or in the variable capacity of yeast to express the different

heterologous genes.

To check whether the presence of ACL5 orthologs with TSPMS activity
correlated with the ability of these species to synthesize Tspm in vivo, we examined
the polyamine levels in samples of these plants grown in standard conditions (see
Materials for details). As expected, all vascular and non-vascular species accumulated
Put and Spd to different levels (Table 1). For instance, Put levels in the chlorophyte

C. reinhardtii were between one and three orders of magnitude higher than in the
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examined land plants, while Spd levels were generally higher in the land plants than

in C. reinhardtii, except for P. patens. On the other hand, Spm was detectable in A.

thaliana and P. abies, in agreement with previous reports for the occurrence of this
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Figure 5. Polyamine quantifications from yeast extracts. TSPMS activity was measured in

yeast strain BY4741 that was transformed with an empty vector (A) or ACL5 homologues

from different plant species: Picea abies (B), Arabidopsis thaliana (C), Physcomitrium patens

(D), Selaginella lepidophylla (E), Chlamydomonas reinhardtii (F), Marchantia polymorpha (G).

Put, Putrescine; Spd, Spermidine; Tspm, Thermospermine; Spm, Spermine. AU, absorbance

units.
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tetraamine in seed plants (Gonzalez et al., 2011; Vuosku et al., 2018) and the presence
of SPMS orthologs in this clade (Figure 2A). The detection of Spm in S. lepidophylla
despite the absence of SPMS orthologs in lycophytes indicates that this tetra-amine
might be synthesized by a less strict SPDS, as already suggested for P. sylvestris
(Vuosku et al., 2018). With respect to Tspm, all the species tested were able to
synthesize this polyamine at different levels, which varied between 1.13 nM/g (fresh
weight) in C. reinhardtii and 154 nM/g in P. abies.

nM/g FW, nanomoles per gram of fresh weight; n.d., not detected; A. thaliana, Arabidopsis
thaliana; P. abies, Picea abies; S. lepidophylla, Selaginella lepidophylla; P. patens,
Physcomitrium  patens; M. polymorpha, Marchantia polymorpha; C. reinhardttii,
Chlamydomonas reinhardttii.

Putrescine Spermidine Spermine Thermospermine

(nM/g FW+SE)  (nM/g FW+SE) (nM/g FW+SE) (nM/g FW £ SE)
A. thaliana 10.76 £3.19 52.34 £15.48 2141035 469+1.77
P. abies 37.74+5.31 131.09+20.99 42.84+£12.39 154.06 + 19.52
S. lepidophyilla 77.59£12.17 123.59 £ 24.80 1.21+0.27 17.27+£3.75
P. patens 258 +0.54 19.87 £2.42 n.d. 10.7 + 3.01
M. polymorpha 15.26 +5.06 53.88 +13.32 n.d. 1.37+0.19
C. reinhardttii 1032.51 + 16.62 27.44 +1.18 n.d 1.13+0.15

Table 1. Summary of polyamine quantifications in plant tissues from key species.

It is worth noting that, while previous reports show that Tspm tends to
accumulate less than Spm in Arabidopsis (Rambla et al., 2010), in the species, tissues
and conditions analyzed here, the two polyamines showed comparable levels.
Although this result does not demonstrate that the ACL5 orthologs identified in all
the selected species are responsible for the Tspm synthesis shown here, this
possibility is further supported by the observation that these genes are expressed in

the same growth conditions as the ones used for Tspm quantification (Figure 6).

In sum, we have confirmed that Tspm is found in all plant lineages examined,
which correlates with TSPMS enzymatic activity and ACL5 expression in vivo. Given

that ACL5 function is deeply linked with vascular development, our observations
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clearly argue in favor of possible functions other than in xylem development in non-

vascular plants, which will be examined in M. polymorpha in Chapter 2.

A LA
Mo oW g2t e W by
— B 300 bp
— S 200 bp
- -
| — 100 bp

— —

Figure 6. Detection of ACL5 transcripts in cDNA from A. thaliana, P. abies, P. patens,
M. polymorpha and C. reinhardttii with semi quantitative PCR. The tissues used for RNA
extraction were the same used for HPLC quantification. bp, base pairs; M, loading marker.

Land plant ACL5 promoters contain conserved CRE for C3HDZ binding

To gain further evidence of the conservation in the tracheophyte lineage of
the molecular connection between C3HDZ and ACL5 observed in angiosperms
(Baima et al.,, 2014), we analyzed the sequence of ACL5 promoters amongst the land
plant lineages. We retrieved the ACL5 promoters from four mosses (Ceratodon
purpureus, Physcomitrium patens, Sphagnum magellanicum and Sphagnum fallax),
two lycophytes (Selaginella moellendorffii and Diphasiastrum complanatum), one fern
(Ceratopteris richardii), and three gymnosperms (Pinus taeda, Picea abies and Thuja
plicata) from the Phytozome (Goodstein et al, 2012) and the Gymnosperm Plaza
(Proost et al., 2015) databases. We then scanned them for the presence of putative
C3HDZ bs with the Morpheus score tool (Minguet et al, 2015) using the AtCNA
binding matrix as the standard C3HDZ cis element (see Materials for details). All
analyzed promoters contained C3HDZ bs (Figure 7), suggesting that the C3HDZ and
ACL5 connection might be conserved in land plants. [Further experimental evidence
supporting the relevance of this connection is shown in the upcoming chapters: in
Chapter 2, a functional description of C3HDZ and ACL5 is provided for the non-
vascular plant M. polymorpha; and in Chapter 3 we provide information supporting

the co-expression of C3HDZ and ACL5 in a few tracheophyte species].
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Figure 7. ACL5 promoters from different streptophyte lineages have conserved C3HDZ
bs. In silico binding site analysis using the binding matrix of AtCNA in promoters of Thuja
plicata ACL5.17 and ACL5.2, Pinus taeda ACL5 and Picea abies ACL5.1, as gymnosperms;

Ceratopteris richardii ACL5 as a fern, Selaginella moellendorffii ACL5.1 and ACL5.2 and
Diphasiastrum complanatum ACL5.7 to ACL5.5 as lycophytes. As bryophytes, Ceratodon

purpureus ACL5, Physcomitrium patens ACL5.7 to ACL5.3, Sphagnum magellanicum ACL5.1
and ACL5.2, and Sphagnum fallax ACL5.7 and ACL5.2. Peaks correspond to a high binding
score after MORPHEUS scan. All scanned promoters are 4Kb long except for Picea abies and
Pinus taeda, that are 2Kb long.
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SACL is present in embryophytes and was lost in mosses

bHLH TF have a highly conserved bHLH domain, usually 60 amino acids long
(Ferré-D'Amaré et al, 1993). Small changes in the bHLH sequence explain most of
the subfamily classification (Carretero-Paulet et al., 2010; Catarino et al,, 2016). In
consequence, performing a TBLASTN using the bHLH domains of A. thaliana SACLs
(SAC51 and SACL1-3) as baits retrieved sequences from all subfamilies of bHLH in
the target phylum or class. However, a TBLASTN using the entire aminoacidic
sequence of A. thaliana SACLs as bait resulted in low E-value matches, which is
probably due to a phylum- or class-specific divergent domains in SACL proteins. To
bypass this limitation, we used the bHLH domain of A. thaliana SAC51 as bait in the
Phytozome database to retrieve the putative bHLH genes from M. polymorpha. Then,
we constructed a phylogenetic tree with representative sequences of bHLH from
other groups from A. thaliana (I-XVIIl) and identified the M. polymorpha SACL
ortholog, MpSACL. As an additional support for our results, this gene was also
previously identified as a member of the XIV subfamily of bHLH (Catarino et al., 2016).
We then performed iterative searches in the OneKP, NCBI and Phytozome databases
using whole SACL aminoacidic sequences from different taxa to ensure that SACL
orthologs from all plant lineages were identified. We obtained 765 sequences that

were used for alignment and final ML tree construction (Figure 8A).

We did not find bHLH sequences of subfamily XIV in chlorophycean and
charophycean algae species, which indicates that this particular subfamily originated
in the last common ancestor of land plants. In addition, the observation that mosses
do not possess SACL sequences suggests an early loss of SACL in this lineage. Our
results are consistent with previous reports on the evolution of bHLH TF in plants
(Catarino et al., 2016; Pires & Dolan, 2010a) and provide further detail of the

evolutionary events within the SACL subfamily.

According to our phylogenetic analysis, SACL genes in land plants are
grouped in three monophyletic clades: (i) the SACL3 clade, that contains the SACL
orthologs from all land plant clades; (ii) the SAC51 clade, which is specific for
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Figure 8. Phylogenetic analysis and inferred history of SACL in land plants. A. SACL ML
phylogenetic tree. Branch support values are based on SH-like aLRT, and values over 0.75
are marked with wider black branches. bHLH XVII sequence is used as the outgroup. Wider
background-colored groups mark the different plant lineages, while color outer circles are
used to differentiate SACL phylogenetic groups inside each lineage. Black, grey and light
grey outer circles represent the SACL3, SAC51 and the Fern-specific clades, respectively. B.
Schematic depiction of the inferred history of SACL and the duplication events in each plant
lineage. Phylogenetic relationships are represented with grey lines (SACL3 clade) and internal
duplications that lead to gene diversifications are marked in yellow (lycophytes), dark pink
(ferns), green (gymnosperms) and cian (angiosperms). Plant phylogenetic relationships are
based on the work of Harris et al. (2020). Origin of SACL sequences is marked with a pink
star, major duplication events are marked with turquoise blue circles and gene loss is marked
with light yellow circles. SAC51, SUPPRESSOR OF ACAULIS5T; SACL3: SAC51-LIKE3
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angiosperms, and (iii) a fern-specific clade (Figure 8A). In general, the sequences
cluster according to the species relationships and the topology is well-supported.
Hence, we proceeded to characterize the clade specific duplications to infer the

evolutionary history of SACL in land plants.

Except for liverworts and hornworts, most lineages have undergone early
gene duplications (Figure 8B). Lycophytes harbor two to six SACL paralogs that are
divided into two monophyletic groups (Lycophtyes 1 and 2) and have undergone
family-specific duplications. Ferns, in turn, have undergone an internal duplication at
its common ancestor that gave rise to two monophyletic groups: Ferns 1 (inside the
SACL3 clade) and Ferns 2. It is therefore clear that the HLH domain of Ferns 2 (the
fern-specific clade), which has been used for this phylogenetic analysis, has
diversified from the rest of the SACL clades and has been accompanied also by
divergent protein domains between Ferns 1 and 2 (Figure 9). Most fern families
contain one to four SACL orthologs inside Ferns 1 and 2, which is also indicative of
successive family-specific duplications in ferns. Most gymnosperm families have one
copy of SACL, except for the sister clades Taxaceae, Cupressaceae, and Gingkoaceae,
that underwent a family-specific duplication and harbor two SACL paralogs.
Angiosperm sequences cluster in two monophyletic groups, the SACL3 clade
(Angiosperms 1) and SAC51 clade, that has diversified from the SACL3 clade
(Angiosperms 2). Most angiosperm families have paralogs inside both SACL3 and
SAC51 clade. For example, A. thaliana contains one copy inside SACL3 clade
(AtSACL3) and three copies inside SAC51 clade (AtSAC517, AtSACLT and AtSACL2). It
is interesting to note that some angiosperm families have lost the copy inside SACL3
clade (Asteraceae, Convolvulaceae, Primulaceae and Orchidaceae) or the SAC51 clade

copies (Papaveraceae and Portulacaceae).

After a thorough domain analysis of SACL proteins we could infer the degree
of conservation of other SACL domains among land plants. We identified three other
conserved domains in tracheophytes (1 to 3), in addition to the HLH domain (4),
which is the only conserved domain in all land plant clades (Figure 9). While the first
domain is only specific for tracheophytes, liverworts contain part of the second and

the entire third domains. Hornworts, in turn, do not share any other domain other
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than the HLH with other plant clades. In addition, we found clade-specific domain
innovations in gymnosperms, ferns, liverworts, and hornworts (Figure 9). Taken
together, this indicates that (i) the domain 1 was acquired at the tracheophyte
common ancestor; and (ii) the domains 2 and 3 and the HLH domain are conserved
in land plants, and therefore were probably common domains in the ancestor SACL
ortholog. Considering that SACL vascular role in A. thaliana is specifically through
their interaction with other bHLHs (Katayama et al,, 2015a; Vera-Sirera et al., 2015),
and that some SACL protein domains — except for the HLH — are divergent in land
plants, it remains to be elucidated whether it will affect SACL interactions with other
proteins or their roles in other plant lineages. In Chapter 2 and 3 we will functionally
characterize SACL orthologs in non-vascular plants, as well as assess and compare
SACL interaction partners in a non-vascular plant, M. polymorpha, and an angiosperm,
A. thaliana.
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Figure 9. Overview of conserved domains in SACL proteins. Protein lengths are based on
clade-specific averages.

As a summary, we revisited the SACL origin in embryophytes, and identified
SACL orthologs in all embryophytes except for mosses, which indicates an early gene
loss in this lineage. We have inferred at least six events of duplication (Figure 8B),
which are also in agreement with documented WGD in plants (Jiao et al., 2011; Li et
al, 2015; Wood et al., 2009): (i), inside lycophytes, family-specific duplication(s); (ii) at
the common ancestor of ferns and (iii) family-specific internal duplications in ferns;

(iv) at the last common ancestor of Cupressaceae, Taxaceae and Ginkgoaceae families,
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inside gymnosperms; (v), at the common ancestor of angiosperms giving rise to the
SACL3 clade and the SAC51 clade, and (vi) further family-specific internal duplications

in angiosperms.
The uORF is absent in bryophytes

In Arabidopsis, SACL transcripts are under Tspm-dependent post-
translational regulation through an uORF in their 5’ leaders (Cai et al., 2016; Imai et
al.,, 2006; Ishitsuka et al., 2019; Vera-Sirera et al., 2015; Yamamoto & Takahashi, 2017).
This sequence is highly conserved, especially at the C-terminus end of the peptide
(Cai et al, 2016; Vera-Sirera et al, 2015). In other tracheophytes, like ferns and
gymnosperms, this UORF is also present (Hayden & Jorgensen, 2007) but its
dependency on Tspm regulation or link with SACL transcripts remains unexplored.
Thus, we decided to investigate the degree of conservation of this uORF in SACL

transcripts in embryophytes.

An examination of the 5' leader sequence in SACL transcripts described
above showed that the uORF was absent in bryophytes and expanded the
conservation of the uORF to all previously unexplored tracheophyte lineages, like
lycophytes (Figure 10). In addition, tracheophyte SACL transcripts did not contain
any conserved UORFs other than the previously identified that is responsible for Tspm
regulation. Hence, from now on we will use the generic term "uORF" to refer
specifically to the conserved tracheophyte UORF. As expected, all tracheophyte
UuORFs displayed a high conservation degree at the C-terminus end (Figure 10A),
which agrees with previous observations that point mutations altering specifically this
peptide sequence abolish the translational regulation of the SACL transcripts in A.
thaliana (Cai et al., 2016; Vera-Sirera et al,, 2015). In an alternative approach, we used
the A. thaliana AtSACL3 and AtSAC51 uORF aminoacidic sequences as baits in a
TBLASTN search against the available plant transcriptomes, and only retrieved
tracheophyte SACL orthologs, indicating that this uUORF is only associated to this
subfamily of bHLH TFs. We then retrieved all available tracheophyte-specific UORF
sequences and performed a ML phylogenetic tree (Figure 10B). In general, the

sequences clustered according to the species phylogenetic relationships, as it had
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also been observed for the main ORF of SACL genes. This suggests that the evolution

of the uUORF and the main ORF has occurred in parallel.

All things considered, the absence of the uORF in bryophytes and the
conservation of the UORF sequence in tracheophyte SACL transcripts suggests two

possible hypotheses: (i) the uORF sequence was present in the land plant common

A

Angiosperms @ 2
Gymnosperms @ 2
Ferns [ Lv:
Lycophytes D2

Figure 10. Description of 5’ leader sequences in SACL transcripts and tracheophyte-
specific UORFs. A. Conservation of the aminoacidic sequence of tracheophyte-specific uUORF
represented by sequence logo (www.weblogo.berkeley.edu). B. uORF ML phylogenetic tree.
Branch support values are based on SH-like aLRT, and values over 0.75 are marked with wider
black branches. Gymnosperm 2 sequences are used as the outgroup. Wider background-
colored groups mark the different plant lineages, while color outer circles are used to
differentiate uUORF phylogenetic groups inside each lineage.
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ancestor and was lost in bryophytes; or (ii) the uORF was acquired de novo in the
tracheophyte lineage. Given that other families of bHLH do not contain this specific
UuORF, the most parsimonious scenario is that the uORF was an acquisition inside the
tracheophyte lineage. In any case, it appears that the regulation of SACL translation

by Tspm might have been intimately linked to vascular development during evolution.
Tspm regulation operates through the uORF

The presence of the uUORF in tracheophyte SACL transcripts suggests that,
as it is the case in A. thaliana and other angiosperms, their translation may be
regulated by Tspm (Cai et al., 2016; Imai et al., 2006; Ishitsuka et al., 2019; Vera-Sirera
et al, 2015; Yamamoto & Takahashi, 2017). However, the absence of the uORF in
bryophytes transcripts does not rule out that Tspm also participates in the regulation
of SACL translation through a different mechanism. Hence, we proceeded to analyze
the factors that might influence the uORF inhibitory effect on translation. In addition,
we also considered the 5’ leader of a SACL ortholog from a non-vascular plant, M.

polymorpha (MpSACL) to see if these criteria could also be met by a different uORF.

Other studies have established the general criteria for optimal translational
regulation (FulUtterer & Hohn, 1992; Kozak, 1987): the length of the uORF should be
approximately 150 base pairs (bp), and the distance from the main ORF should
exceed 79 bp in length. To check if these criteria are generally met by the
tracheophyte uORFs, we determined the uORF length and intercistronic space in all
the available SACL transcripts of tracheophytes (Figure 11). In general, the average
UORF length was 159 bp and was similar in all phylogenetic groups, except for Ferns
2 (the fern-specific clade), which was significantly higher with an average of 253 bp.
In this regard, longer uORFs are correlated with a more negative effect on translation
(Futtterer & Hohn, 1992), pointing Ferns 2 uORF as a possibly stronger inhibitor than
other uORFs. Regarding intercistronic space, most angiosperm, gymnosperm, and
fern sequences had an average distance of 260 bp, except for Angiosperms 2 (SAC57
clade) whose distance was 100 bp shorter but still within the optimal intercistronic
range. Lycophyte sequences were the most divergent in intercistronic space with an

average of 484 bp for Lycophytes 1 and 385 for Lycophytes 2. Interestingly, MpSACL
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Figure 11. Bubble plot representing the tracheophyte-specific uORF length (bp) versus
the intercistronic space (bp) in 5’ leader sequences. Bubble sizes are used to depict the
standard deviation in UORF lengths (height) and intercistronic space measures (length).
Dashed line delimits the minimum intercistronic space required for mORF regulation, and
grey box marks the optimal uORF length. Both criteria are based on Fultterer & Hohn (1992)

and Kozak (1987) research. uORF: upstream open reading frame; bp, base pairs.

5' leader contained a UORF that could also meet these criteria for translational
regulation (Figure 11). To test whether the uORF is relevant for Tspm-mediated
translation of SACL transcripts in the different plant clades, we selected sequences
from tracheophytes for which we had good quality full length 5’ leaders, as well as
the M. polymorpha MpSACL 5’ leader. We found a total of 90 sequences for ferns and
30 sequences for lycophytes that harbored a putative functional uORF. Among these
species, we chose four representatives of each clade: for ferns, Ligodium japonicum,
Cibotium glaucum, Polypodium hesperium and Ceratopteris richardii. For lycophytes,

we chose Isoetes tegetiformans, Diphasiastrum digitatum, Lycopodium deuterodensum
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and Selaginella kraussiana. Furthermore, we used the 5 leader region from
Arabidopsis thaliana AtSACL3 as a positive control for Tspm-dependent translation
(Cai et al, 2016; Vera-Sirera et al, 2015). We then transiently expressed these 5’
leaders fused to the Firefly luciferase gene (LUC) in N. benthamiana leaves and
performed Tspm treatments to detect changes in LUC translation (see Materials for
details).

Differential LUC translation
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Figure 12. The 5’ leaders containing the uORF are sensitive to Tspm. Tspm-dependent
translation after 0.01, 0.1, 1, and 10 yM Tspm treatments in the 5' leader sequences of the
liverwort M. polymorpha, the lycophytes I. tegetiformans, D. digitatum, and S. kraussiana, the
ferns L. japonicum, C. glaucum, P. hesperium and C. richardii, and the angiosperm and
positive control A. thaliana. From these species, Tspm induces mORF translation in one
lycophyte (S. kraussiana), three out of four ferns (C. glaucum, P. hesperium and C. richardii)
and the angiosperm A. thaliana. The non-vascular plant M. polymorpha does not have Tspm-
dependent regulation. the tracheophyte-specific UORF (S. kraussiana, C. richardii, A. thaliana)
LUC values were normalized with Renilla luciferase. Differential translation is calculated with
the ratio of Tspm treatments over Mock conditions. Statistical analyses were performed with
T-student tests with N= 12 and a = 0.05. P-values < 0.05 are marked with an asterisk (*).

Transcripts from all tracheophyte clades showed Tspm-dependent
translation, although the Tspm response, measured through the differential LUC

luminescence, was variable among all inspected 5’ leaders. We observed a positive
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effect of Tspm on translation of the SACL transcripts in the angiosperm A. thaliana,
one of the lycophyte species, S. kraussiana, and in three fern species, C. richardii, P.
hesperium and C. glaucum. In contrast, the non-vascular M. polymorpha did not show
any Tspm-dependent translation (Figure 12). It is to be considered, however, that the
lack of Tspm response in M. polymorpha 5' leader could also be derived from the

heterologous luciferase system.

To test the hypothesis that only the tracheophyte UORF confers Tspm
sensitivity, we substituted every Met codon to Lys codon from the tracheophyte
UORFs and the M. polymorpha uORF and confirmed that, under those circumstances,
Tspm-dependent translation was lost in tracheophyte SACLs (Figure 13). Likewise,
other studies performed on A. thaliana SACL transcripts showed that Tspm sensitivity
was lost after eliminating the conserved uORF (Ishitsuka et al., 2019; Vera-Sirera et al.,

2015), supporting our initial hypothesis.
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Figure 13. Tspm-dependent translation is lost when the uORF is not translated. Tspm-
dependent translation after substitution of the Met codons for Lys codons from the
Marchantiophyta-specific UORF (M. polymorpha) and the tracheophyte-specific UORF (S.
kraussiana, C. richardii, A. thaliana) and after Tspm treatments (0.01, 0.1, 1 and 10uM). Tspm-
dependent translation is lost after removing the AUG codons from the tracheophyte lineage;
there is no change in M. polymorpha. LUC values were normalized with Renilla luciferase.
Differential translation is calculated with the ratio of Tspm treatments over Mock conditions.
Statistical analyses were performed with T-student tests with N= 12 and a = 0.05. P-values
< 0.05 are marked with an asterisk (*).
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The observed differences in Tspm sensitivity in vascular species might be
influenced by various factors such as variability in UORF sequence or presence of
other CRE that may interfere with translation. Previous research has identified the key
amino acid positions for Tspm regulation, which correspond to the 8%, 5t and 34—
1stamino acids from the stop codon (Vera-Sirera et al., 2015). All fern species contain
the conserved key amino acids, though lycophytes only contain four out of the five
conserved key positions (Figure 14). Supporting this idea, one of the most divergent
UOREFs belonged to /. tegetiformans, whose 5' leader did not show Tspm-dependent
translation and only contains two out of the five key amino acids (Figure 14). This

suggests that Tspm sensitivity is tightly linked with the C-terminus of the uORF

sequence.

Arabidopsisthaliana AtSACL3 -MCIVGNRRGNRSLRE----IGTFMMTTCFIANYQSVQVC|
Lygodiumjaponicum MMCQAASLTRFRALEHESGIAGHAVMIVRIIACFQPLONC
Cibotiumglaucum MICQAASLIRFRALRHRSGISGHATMVLRIIAGFQPSQTC
Polypodium hesperium MMCQGASFTRFRAHRHESGIAGHAIMIVRIIACFQPLRTC
CeratopterisrichardiiCriSACL1T MMCQGASSTRFRAFEKHERGVAGRAIVIVRIFACFQPLLTC
Isoetes tegetiformans -MGTTSN-PGDLNLVE-—-————-—— ITEDHSILCF---HG

Diphasiastrumdigitatum -MDLSVIFGRIGSDILOAIPAGRRFSTLRMALCFQSLHEC
Lycopodiumdeuterodensum -MDLSVVLGRTGSDILLTNPAGRRFSTLRMALCFQSLHEC

Selaginella kraussiana SkrSACL  —~MMLG---RRPVSSRREGSGQSHPSSTSSIIACFEPLHE
Marchantia polymoprha MpSACL MVAHARFFHSSESL-— Y\_STPVILHYTTPSPLNANNSRKHMISFAASHSOTDIL

Figure 14. Alignment of the tracheophyte-specific uUORF and the Marchantiophyta-
specific UORF. The 3’ region of the tracheophyte-specific uUORF is the most conserved. The
tracheophyte-conserved aminoacid positions are marked with dark blue, whereas partially
conserved aminoacid positions are marked in yellow. Arrowheads mark the key aminoacids

for Tspm sensitivity.

Interestingly, we also observed a negative effect on LUC translation, of
increasing number of other uORFs in 5’ leader sequences (Table 2). Similarly, basal
translation was increased by two-fold after the substitution of Met codons to Lys
codons in the tracheophyte-specific uUORFs in mock and Tspm treatments (Figure 15).
This is in accordance with the negative effect of an increasing number of uORFs in
the translation of the main Open Reading Frame (mORF) in polycistronic mMRNAs (see
Glossary) (Kozak, 1987, 2002), and confirms that this UORF has a negative effect on

translation, independently of the Tspm content.
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UORF n° _ LUC base translation
Arabidopsis thaliana 8 0.91
Lygodium japonicum 9 0.03
Cibotium glaucum 14 0.05
Polypodium hesperium 20 0.05
Ceratopteris richardii 20 0.04
Isoetes tegetiformans 7 3.39
Diphasiastrum digitatum 14 1.60
Lycopoditum deuterodensum 22 0.03
Selaginella kraussiana 18 0.26
Marchantia polymorpha 8 1.30

Table 2. Analysis of the 5 leader sequences in representative tracheophyte and
bryophyte species. Darker turquoise represents a higher value and white represents the
lower values for better visual observation. Number of uORFs was quantified independently
of the sense or antisense direction inside the 5' leader sequence. LUC base translation
represents the normalized value of the LUC luminescence with the Renilla luciferase

luminescence.
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Figure 15. LUC base expression in 5’ leader sequences of A. thaliana, C. richardii, S.
kraussiana and M. polymorpha. Comparison between 5' leader sequences containing
uORF with ATG or without ATG, treated with mock, uORF with uORF with ATG or without
ATG, treated with mock, 0.01, 0.1, 1, and 10uM Tspm. The sequences without ATG show
a clear increase of LUC base translation. Tspm, thermospermine; pM, micromolar; LUC,

luciferase
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Altogether, our results demonstrate that Tspm-dependent translation in
SACL transcripts occurs in all vascular lineages, and the only CRE responsible for Tspm
sensitivity is the conserved uORF. Thus, although we have tested the 5' leader
sequence from only one bryophyte, the absence of conserved uORFs in any of the
SACL transcripts from bryophytes makes it very unlikely that Tspm has any role in

SACL translation in this lineage.

MATERIALS
Plant material and growth conditions

Plant samples for polyamine extraction and RNA extraction were collected
simultaneously for both experiments. Arabidopsis thaliana ecotype Col-0 seeds were
surface sterilized and grown on MS medium (Murashige and Skoog basal medium
4.33g/L, sugrose 1%, Plant Propagation Agar PPA 1%) under long-day conditions at
22°C in a growth chamber for 15 days. Picea abies shoots were collected from adult
trees. Selaginella lepidophylla was hydrated for 24 hours prior to being transplanted
into potting soil containing 25% perlite on long day conditions with 16 hours light at
22°C in a growth chamber. Physcomitrium patens was obtained from Jesus Vicente
Carbajosa’s Lab (CBGP-Madrid, Spain) and gametophytes were grown in BCD
medium supplemented with 1T mM Ca?* (Cove et al, 2009) for 10 days under
continuous light conditions at 22°C in a growth chamber. Marchantia polymorpha
Tak-1 accession was grown on 1/2 strength Gamborg’s B5 medium (Gamborg's B5
medium 1.58g/L, MES monohydrate 0.5g/L, Plant Propagation Agar PPA 10g/L) at pH
5.7 under continuous light in a growth chamber. Chlamydomonas reinhardtii genetic

and plant material was provided by Federico Valverde's lab (IBVF-Sevilla, Spain).
Phylogenetic analysis

The sequences used in this chapter were obtained by extensive TBLASTN
analysis in every plant family found in the Phytozome (http://www.phytozome.net/),
NCBI (http://www.ncbi.nlm.nih.gov/) and OneKP databases
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(http://db.cngb.org/onekp/). Sequences were managed using the Benchling tool
(https://benchling.com). In order to identify the C3HDZ orthologs in the plant lineage,
the five Arabidopsis C3HDZ were used as baits. These are: AtHB8 (At4G32880), AtCNA
(At1G52150), AtREV (At5G60690), AtPHB (At2G34710) and AtPHV (At1G30490). The
aminoacidic sequences of the genes in the transcripts were extracted manually and
used for a preliminary maximum-likelihood (PhyML) phylogenetic tree with
representative members of C1HDZ, C2HDZ, C3HDZ and C4HDZ of A. thaliana, O.
sativa, S. moellendorffii, P. patens, M. polymorpha and K. flaccidum (Catarino et al,,
2016) using NGPhylogeny.fr webtool (Lemoine et al., 2019). Only the sequences that
fell into the C3HDZ clade were used for the final C3HDZ phylogenetic analysis.
Sequences with a partial or missing HD were removed from the final alignment to

ensure a better-supported phylogenetic tree.

The identification of polyamine aminopropyl transferases and TSPMS
orthologs was performed using the Arabidopsis SPDS genes (SPDS7-At1G23820,
SPDS2-At1G70310), Spermine synthase (SPMS-At5G53120) and Thermospermine
synthase (ACL5-At5G19530) as baits. Regarding SACL orthologs, the bHLH domains
of the Arabidopsis SAC57 (At5g64340), SACLT (At5G09460), SACL2 (At5g50010), and
SACL3 (At1G29950) were used as baits to initially identify the M. polymorpha MpSACL
(Mp5g09710) in the Phytozome database, which was confirmed with an initial ML
analysis with representative sequences of bHLH from other groups from A. thaliana
(I-XVIl). We then performed iterative searches in the OneKP, NCBI and Phytozome
databases using whole SACL aminoacidic sequences from A. thaliana, O. sativa, S.
moellendorffii, P. patens, and K. flaccidum (Catarino et al., 2016) to ensure that SACL
orthologs from all plant lineages were identified. In addition, previous to the available
Ceratopteris richardii genome in Phytozome, SACL transcript sequences were kindly
provided by the Cheng laboratory (University of lowa, USA). The uORF sequences in
SACL 5' prime leaders, as well as the distance from the main ORF, were retrieved from
the available SACL transcript sequences used for the phylogenetic analysis of SACL

orthologs.

The orthologs of C3HDZ, polyamine aminopropyl transferases, SACL, and
the UORFs present at the SACLs 5'leader were aligned separately in MEGA X (Kumar
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et al,, 2018) using MAFFT ver. 7 in default parameters (Katoh & Standley, 2013) and
manually curated to ensure the presence of the conserved domains in C3HDZ (HD),
in ACL5, in SACL (bHLH domain) and in the uORFs. ML trees were produced with
PhyML in NGPhylogeny.fr (Goodstein et al, 2012). Statistical significance was
evaluated by a Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-like
aLRT). Phylogenetic tree graphical representations were generated using the webtool
Interactive Tree of Life (iTOL) version 6.5.8 (https://itol.embl.de/) and final Figures

were edited manually.
RNA Extraction and PCR Analysis

For A. thaliana and M. polymorpha, total RNA was isolated using the
NucleoSpin™ RNA Plant Kit from Macherey-Nagel following the manufacturer's
instructions. The trizol-chloroform method was used as described (Siebers et al.,
2017) to extract RNA from C. reinhardtii, P. patens, and S. lepidophylla. For P. abies,
total plant RNA was extracted using a modified protocol from RNA extraction in
pineapple, which is optimal for tissues with excessive starch or secondary metabolite
production. Tissue was grinded with mortar and pestle using liquid nitrogen and is
resuspended in 600yl of fresh Pineapple extraction buffer (Tris 1M pH 7.5 adjusted
with boric acid, SDS 10%, EDTA 0.5M pH 8.0, B-Mercaptoethanol 1%). Next, 150 ul of
EtOH 100% and 66ul of potassium acetate 5M were added and mixed for 1 minute.
Then, 700ul of phenol:chloroform:isoamilic alcohol (25:24:1) were added and the
sample was centrifuged at top speed for 3 minutes. After that, 500ul of the
supernatant were added to TmL of 100% EtOH, vortexed, and incubated at -80°C for
30 minutes. The samples were then centrifuged at 14000 rpm at 4°C for 30 more
minutes, and the supernatant was discarded. 170ul of 80% EtOH were added to the
pellet and the samples were centrifuged at max speed for 3 minutes. After that, the
supernatant was discarded, and the pellet was resuspended in 150ul of MilliQ water
with 50ul of LiCl 8M, and left at 4°C overnight for RNA precipitation. The samples
were centrifuged at 14000 rpm at 4°C for 30 minutes and the pellet was washed with

80% EtOH. Finally, the pellet was resuspended with 50ul of sterile MilliQ water.
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cDNA synthesis was performed with 1 ug of RNA using NZY First-Strand
c¢DNA Synthesis Kit (NZYTech) according to the manufacturer’s instructions. The
resulting cDNA was used for semi-quantitative PCR reaction. The primers used for

the semi-quantitative PCR are listed in Table 3.

cDNA product gDNA product

Forward Reverse
i i __ (bp) ___(bp)
AthACLS AACATTCTCAAACCCAAGCTTAGC |ATGGTGTTGTAGATTGATGTGAAGA 107 213
PabACL5.1 CCGCCTTGAGCTCGTTATCAAC CTGGGTCTGCAAGGTCTCCTAC 92 160
PpaACl5.1 CAGTGGCAGGAGGTCCTTGTTA GGAGTAGACCTCTGTGTGCGIT 140 277
MpoACL5 GTGAGAAAATCGTTGGCCCAGG TTCGCATTGGTTCCATGTCC 83 -
CreACLS TCACGCTCATCAACGACGAC ACCACGTTGCGGTAAAACTC 145 291

Table 3. Primers used for PCR analyses

Gene cloning and expression in yeast

Coding sequence (CDS) regions of TSPMS genes from the selected species
were obtained either from ¢cDNA (M. polymorpha - Mp8g03070, S. lepidophylla -
onekp:ABIlJ-_scaffold_2009837, and A. thaliana - AT5G19530) or synthesized
(Integrated DNA Technologies, IDT), for P. abies — PAV0026429, P. patens -
Pp3c5_6270V3, and C. reinhardtii - Cre06.9251500. The primers used for amplification
are summarized in Table 4. For plasmid construction, the CDS of the genes were
cloned into pDONR207 through Gateway recombination (Invitrogen) or a modified
pCR8 with Gateway and Golden Braid overhangs (Sarrion-Perdigones et al., 2011) and
eventually into the destination vector pAG426GPD-ccdb-HA (a gift from Susan
Lindquist; Addgene plasmid number 14252) for expression in yeast.

Yeast strain BY4741 (MATa his3 leu2 met15 ura3), kindly provided by Ramén
Serrano’s lab (IBMCP-Valencia, Spain), was grown on Synthetic Defined (SD) medium
and transformed with the pAG426GPD containing the CDS of interest by
LiAc/ssDNA/PEG (Schiestl & Gietz, 1989). Selected transformants were grown on 50
mL liquid SD medium lacking Trp and Ura for 2 days, then harvested by centrifugation

(about 200 mg of pellet) and frozen for further polyamine quantification.
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Species Gene  Direction Sequence Overhangs
Foward CGGLCTOBCCT TATGGETGARSCCGTAGRG Golden Braid
A. thaliona AtACLS .
Reverse CGGTCTCECCTTI TARRTAT GCOSGTACGCCA Golden Braid
Foward From GBLOCKS Gatewa
P.abies  |PabACS.1 - v
Reverse From GBLOCKS Gateway
_ Foward |GGGGRCRAGTITGTAC GCRGGCTOGAT GITTCACGTCRATGGE Gateway
5. lepidophylia | SleACLS. 1
Reverse | GGGGACCACTTTGTACARGAAAGCTGEETAT TARGCTGCCTGTIGOGCTES Gateway
Foward Fraom GBLOCKS Gatewa
P. patens  |PpaAcis.1 u
Reverse From GBLOCKS Gateway
Foward | GGGGACARGTT IGTACARAARAGCAGGCT TAAT GECT GRAGCCATTACGACTAC Gateway
M. polymorpha|MpoACLS
Reverse | GGGGACCACTTTGIACARGAAAGCTGEETARTGGEEATTTCECATTGGITCC Gateway
c rembardii | creacts Foward From GELOCKS Gateway
. remnnaratit re.
Reverse From GELOCKS Gateway

Table 4. Primers used for cloning and expression in yeast.

Polyamine Quantification

The tissues used for polyamine quantification were A. thaliana 15-day-old
seedlings; P. abies shoots from adult trees; S. lepidophylla a mixture of rehydrated
shoot and root tissues; P. patens 10-day-old gametophytes; and C. reinhardtii 200
mg of centrifuged liquid culture. For quantification in yeast, 200 mg worth of pellets
were used for every TSPMS gene. Polyamine measurements were performed on at
least 3 biological replicates for plant tissues and yeast extracts. Polyamine extraction
was performed using 1 g of plant samples (except for C. reinhardtii). The tissue was
ground with mortar and pestle in liquid nitrogen (in the case of yeast pellets, the cells
were broken with glass balls) and resuspended in 2.5 mL of 5% perchloric acid (PCA)
in a 15-mL tube. At this point 500 L of the internal standard (diethylamine TmM,
DEA) was added to the 5% PCA. The samples were kept on ice for 1Th and centrifuged
at 4°C for 20 min at 15000 x g. The whole supernatant was collected (between 2 mL
and 3.5 mL) and transferred to a fresh 15 mL falcon tube. For each mL of supernatant,
0.66 mL of 2M NaOH was added. Then, benzoylation started with the addition of 10
pL of benzoyl chloride. After 1 min vortex, plant extracts were left at room
temperature for 20 min. Next, for each mL of initial supernatant used, 1.33 mL of
saturated NaCl solution was added. Two mL of diethyl ether was added, vortexed,
and centrifuged at 3000g for 1 min for the separation of the phases. The supernatant
was transferred to a new pyrex vial and dried completely using N2. The remaining
polyamines were resuspended in 130 puL methanol and filtered with a filter syringe

(pore size 0.2 um). Then, the filtrate was transferred to a plastic vial for HPLC analysis.

S 80



Chapter 1

Briefly, 30-pL aliquots were injected through a Waters 717plus autosampler into a
1525 Waters Binary HPLC pump equipped with a 996 Waters PDA detector and using
a Luna C18(2) (Phenomenex) column (250 x 4.6 mm, i.d. 5 um). The column was
equilibrated with 58% solvent A (acidic H,O containing 10 mL acetic acid for each
liter of distilled water) and 42% solvent B (acetonitrile). Elution was carried out at
room temperature; for polyamine separation, a 1 mL min-! flow rate was used in an
isocratic gradient of 42% acetonitrile for 25 min. Then, the column was washed with
42-100% acetonitrile within 3 min and kept at 100% acetonitrile for 10 min. Eventually,
the column was equilibrated with 42% acetonitrile for 17 min before the next injection.

Detection of polyamines was performed at 254 nm.
Tspm-dependent translation assays in N. benthamiana leaves

Prior to the translation assays, the 5' leader sequence of different SACL
transcripts was cloned into a modified pGreenll0800-LUC (Hellens et al., 2005)
carrying a 2x35S promoter derived from pGJ1425 (Jach et al., 2001) at the 5’ of the
Firefly gene. The full 5'leader sequences of M. polymorpha, I. tegetiformans, D.
digitatum, L. deuterodensum, S. kraussiana, L. japonicum, C. glaucum, P. hesperium, C.
richardii and A. thaliana SACLs were synthesized (Integrated DNA Technologies) and
cloned by restriction-ligation between the 2x35S and the Firefly gene. In addition,
modified versions of the 5'leader of M. polymorpha, S. kraussiana, C. richardii and A.
thaliana were designed in silico for ATG-to-CTG substitution in the uORF sequence,
synthesized (Integrated DNA Technologies) and cloned into the modified
pGreenll0800-LUC. The primers used for this experiment are listed in Table 5. The
final vectors were transformed into A. tumefaciens previously carrying the pSOUP
plasmid by electroporation and infiltrated into fully grown N. benthamiana leaves
together with an A. tumerfaciens carrying the p19 helper plasmid. The infiltration was
carried out creating various 2cm diameter “infiltration spots” that were collected after
2 days incubation under continuous light at room temperature. Tspm Treatments
were performed in 12-well sterile plates containing one leaf disc per well with liquid
/2 strength Gamborg’s medium (Gamborg's B5 medium 1.58g/L, MES monohydrate
0.5g/L) at pH 5.7 with either mock treatment (water) or 0.01, 0.1, 1 or 10 uM
Thermospermine (Thermospermine hydrochloride, EPICA S.L.). The treated leaf discs
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were kept in dark for 18 hours at 23°C in the treatment solution. Then, they were
collected and grinded with liquid nitrogen, and resuspended in 150uL 1x Passive Lysis
Buffer (Promega). The Firefly and Renilla luciferase translation was assessed with a
Dual-Glo® Luciferase assay (Promega) according to the manufacturer’s instructions,
with the following modifications: 5 pL of the plant extract was added to 40 pL Dual-
Glo Luciferase. Firefly and Renilla luminescence were measured with a GloMax 96
Microplate Luminometer (Promega). Statistical differences were analyzed by T-
student test with a=0.05.

Species Gene Reference Direction Seguence Uverhan_gs_
L japonicum LioSACLS'  |onekp:PBUU_scaffold 2006962 ;:;‘:;: aczzi;gc:;aﬁg;;ééégfc Szz:
¢ glaucum CoISACLS"  |anekp:ORIE_scaffold_2009503 ;Z;‘:_;: accafﬂfﬂfgﬁgﬁﬁﬂgggggmm EE;:
¢ richardii CrisACLS' Ceric.12G069300 ;;’;‘;?_;i ccacggﬂﬁgggﬁﬁgims 252:
7. hesperium PheSACLS"  jonekp:GYFU_scaffold_2028007 ;Z;‘:_;: zz:i;ﬁ?gmmgggﬁ EE;:
| tegetiformans | iteSACL5"  |onekp:PKOX_scaffold_2010524| ;Z\":;i acteﬂf::‘ ;ﬁﬂgﬁfﬁ ceT ziz:
b. digitatum DAiSACLS"  |onekp:WAFT_scaffold 2007635 ;Z;‘:_;: acgziigﬁigiﬁgﬁgg;% EE;:
L devterodensun| LdeSACL5'  |onekp:PQTO_scaffold_2083601 ;;’:‘fr;: accagzgzgac'igggég;égggganr :EE:
5. kraussiona SKISACLS'  |onekp:ZFGK_scaffold_2000249 ;Z;‘:_;: a“zngggﬁigf;ﬁ%gﬁgsm EE;:
S D e
M. polymorpha | MpoSACLS' Mp5g0a710 ;Z\:‘:—;: cc::cg?étccéﬁ;iiﬁsfifc?cca EEE:

Table 5. Primers used for Tspm-dependent translation assays in N. benthamiana leaves.

In silico C3HDZ binding site analysis

ACL5 promoters from four mosses: Ceratodon purpureus ACL5
(CepurGG1.5G028900), Physcomitrium patens ACL5.1 (Pp3c6_27380), ACL5.2
(Pp3c5_6270), ACL5.3 (Pp3c27_3260), Sphagnum  magellanicum  ACL5.1
(Sphmag19G015700) and ACL5.2 (Sphmag16G028200) and Sphagnum fallax ACL5.1
(Sphfalx19G013500) and ACL5.2 (Sphfalx16G028900); two lycophytes: S.
moellendorffii ACL5.7 (74817) and ACL5.2 (182311), and Diphasiastrum complanatum
ACL5.7 (Dicom.Y579800), ACL5.2 (Dicom.01G029800), ACL5.3 (Dicom.09G083100),
ACL5.4 (Dicom.16G058600), and ACL5.5 (Dicom.Y098500); one fern C. richardii ACL5
(Ceric.07G097200), and three gymnosperms: Pinus taeda ACL5 (PTA00024410), Picea
abies ACL5.T (PAB00026429), and Thuja plicata ACL5.7 (Thupl.29380809s0003) and
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ACL5.2  (Thupl.29381919s0016) were retrieved from the Phytozome
(https://phytozome-next.jgi.doe.gov/pz/portal.html) and the Gymnosperm Plaza
(https://bicinformatics.psb.ugent.be/plaza/versions/gymno-plaza/) databases. The
retrieved promoters were 4 Kb long, except for T. plicata and P. abies, which were 2
Kb. Promoters were scanned for C3HDZ bs with the Morpheus (Minguet et al., 2015)
“score” tool (http://biodev.cea.fr/morpheus/) using a DAP-seq based position
frequency matrix (PFM) for AtCNA (At1G52150) (O'Malley et al., 2016), which was
obtained from the JASPAR database (Castro-Mondragon et al., 2022).
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The work described in Chapter 1 confirms that the main elements of the
genetic circuit that regulates vascular cell proliferation are conserved at least in all
land plants. Our in silico analysis suggests that transcriptional regulation of ACL5 by
C3HDZ might be ancestral to all land plants, but the study of Tspm-sensitive uORFs
in the 5'-leader sequence of SACL transcripts suggests that ACL5 (or Tspm) would
regulate SACL function only in tracheophytes. However, these ideas require further
experimental evidence, which we planned to achieve using the liverwort M.

polymorpha.

Previously published studies have shown that certain parts of the module
that regulates vascular cell proliferation in A. thaliana are functionally conserved in
M. polymorpha. First, it has canonical auxin signaling (Flores-Sandoval et al., 2015;
Kato et al., 2015), which, in angiosperms, is required for the activation of C3HDZ and
ACL5 responses in vascular development (Baima et al,, 2014; Milhinhos et al., 2013).
However, MpLHW and MpTMO5 do not share downstream regulation —which might
be explained by the missing ACT-like domain in MpLHW (Lu et al., 2020).

In this chapter we will perform a functional analysis of MpC3HDZ, MpACL5
and MpSACL genes in the liverwort M. polymorpha, through a combination of two
approaches: (i) analysis of the expression pattern and the regulation of promoter-f-
GLUCURONIDASE (GUS) fusions or protein-citrine (Cit) fusions for the three genes;
and (ii) genetic analysis of gain and loss of function mutants in each of the three
genes. These experiments will allow to describe how MpC3HDZ and auxin can
upregulate MpACL5, and together influence growth in the gametophyte; while
MpSACL regulates the development of epidermal structures through another bHLH
TF, MpRSL1. Together, our results suggest that the C3HDZ-ACL5-SACL module has

undergone divergent evolutionary trajectories in bryophytes and tracheophytes.
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RESULTS AND DISCUSSION

MpC3HDZ and MpACL5 expression overlap in apical notches, where MpSACL is

excluded

GUS lines were generated as described in Materials of this chapter. We
analyzed two independent promoter-fusion lines for proMpC3HDZ::GUS (2 and 6).
MpC3HDZ promoter activity was consistent in both lines and the GUS signal was
found at the apical notches and midribs (see Glossary) in adult 21-day-old plants
(Figure 1 A and B). We did not observe any GUS signal in mature dormant gemmae

or in gemma cups (Figure 1 C and D, respectively).

Figure 1. MpC3HDZ promoter is active in apical notches in adult plants. Expression
analysis of proMpC3HDZ::GUS-2 during M. polymorpha vegetative development after GUS
staining. A, thallus; B, close view of apical notch regions; C, mature dormant gemma; D,
gemma cup.
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proMpACL5::GUS, 1h

proMpACL5::GUS, 3h

N 100 pm

Figure 2. MpACL5 promoter is active in apical notches, midribs and base of gemma
cups. Expression analysis of proMpACL5:GUS-8 during M. polymorpha gametophyte
development with GUS staining. A, B: thallus (A) and close view of apical notches (B) of 21-
day-old M. polymorpha gemmalings after 1 hour of GUS staining; C, D: thallus (C) and close
view of apical notches (D) of 21-day-old M. polymorpha gemmalings after 3 hours of GUS
staining; E, cross section of gemma cup after 3 hours of GUS staining; F, mature dormant
gemmae after 1 hour of GUS staining.
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To examine MpACL5 promoter activity, we analyzed three independent lines
(proMpACL5::GUS-6, -8, and -11). The most intense GUS signal for MpACL5 promoter
was observed at apical notches in adult plants and gemmae (Figure 2 A, B, D, and
F). After the plants were left in the staining solution for a longer time, we could
observe a strong GUS signal at the midrib and base of gemma cups, as well as in the
apical notch (Figure 2 C-E). The expression at the base of gemma cups suggested
that MpACL5 might be required for gemmae development, so we characterized
MpACL5 localization with several protein fusion lines that allowed a better cellular
resolution: proMpACL5::MpACL5:citrine-1, -2 and -3. The signal appeared very early
during gemmae development and was visible in whole gemmae through all
developmental stages (Figure 3 A-C) until the completion of gemma formation,

when the signal was restricted to the apical notches (Figure 3D).

The expression of MpSACL was, on the other hand, mostly absent from
apical notches. By analyzing two proMpSACL::GUS lines (2 and 6), we observed that
the GUS signal accumulated in an irregular pattern all through the 21-day-old thallus
(Figure 4 A and B), and was especially strong in developing gemma cups (Figure 4C),
but not at the base of gemma cups (unlike the observed signal in MpACL5 marker
lines). We found no GUS signal at the apical notch or mature dormant gemmae

(Figure 4 B and D respectively).

To complement the information obtained from the marker lines, we
performed a Retro-Transcribed Quantitative Real Time Polymerase Chain Reaction
(RT-gPCR) analysis for the three genes in dissected regions of 21-day-old
gemmalings (Figure 5). MpC3HDZ and MpACL5 expressions were the highest at the
apical notches, although MpACL5 transcript was also found in intermediate zones
(which include the midrib and young gemma cups). MpSACL expression, in turn, was
higher at intermediate zones, followed by mature thallus tissues, and its expression
was diminished in apical notches. Taken together, the RT-gPCR results are in line with

the promoter activity patterns inferred from the analysis of the reporter lines.
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Developmental stage

Figure 3. MpACL5 localizes in developing gemmae and shifts towards apical notches in
mature dormant gemmae. Expression of proMpACL5:MpACL5:citrine (Tak-1)-7 during
gemmae development. A, 2-cell stage, showing citrine accumulation at the most apical cell
in the gemma primordia; B and C, advanced pluricellular gemmae under development
showing MpACL5:citrine accumulation in the whole gemma body; D, mature dormant
gemmae showing MpACL5:citrine accumulation in the apical merophytes. White scale bars
represent 50 pm.
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Figure 4. MpSACL promoter is active in epidermal tissues and developing gemma cups,
but it is excluded from the apical region. Expression analysis of proMpSACL::GUS-2 during
M. polymorpha gametophyte development. A, thallus; B, close view of apical notch regions;
C, early gemma cup; D, mature dormant gemma
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Figure 5. Analysis of MpC3HDZ, MpACL5 and MpSACL transcript abundances in M.
polymorpha gametophyte tissues: apical notch, thallus, and intermediate zones. Tissue
collection for RNA extraction is represented in the pictures and white arrowheads indicate
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Continuation Figure 5.

the apical notch (an), intermediate zones (i), and thallus (th). RNA extraction was performed
using several pools of these tissues as biological replicates; RT-qPCR were performed in
these replicates with a minimum of n=2 and a maximum of n=>5. The relative fold-expressions
of MpC3HDZ, MpACL5 and MpSACL are shown as Log2 fold-change of Ct using the “Thallus”
values as reference. Asterisks mark statistical significance (p<0.05).

In summary, the expression patterns of MpC3HDZ and MpACL5 clearly
overlap in the apical notches, which is consistent with a molecular interaction
between these two genes in M. polymorpha. MpSACL, in turn, would remain excluded
from this region; nevertheless, its ubiquitous expression at the rest of the mature
thallus does not exclude the midrib zone, where MpACL5 promoter is active, and is
therefore a tissue that could host a putative molecular interaction between MpACL5
and MpSACL. However, this interaction is unlikely, since MpSACL 5’ leader does not
harbor the Tspm-sensitive uORF.

MpC3HDZ is a fundamental regulator of meristematic activity

The role of C3HDZ TFs with respect to apical growth and dorsoventral
patterning has been profusely studied in tracheophytes, especially in seed plants
(Carlsbecker et al., 2010; Emery et al., 2003; Floyd et al., 2006; llegems et al., 2010;
McConnell et al., 2001; Prigge & Clark, 2006b; Ramachandran et al., 2017). However,
C3HDZ orthologs in the moss P. patens regulate phyllid development instead (Yip et
al., 2016), which indicates that not all roles of C3HDZ are necessarily conserved
between bryophytes and tracheophytes. To determine C3HDZ function in the
liverwort M. polymorpha, we analyzed a T-DNA insertion mutant at the exon 6 of
MpC3HDZ, Mpc3hdz (Figure 6) and generated two gain of function lines that
constitutively express MpC3HDZ fused to citrine (EF1:MpC3HDZ:citrine-2 and -4).
We used a 526-bp region containing exons 4 to 7 and part of the third and eighth
exons to quantify the MpC3HDZ transcripts in a semi-quantitative PCR from cDNA.
As expected, the gain of function lines displayed a higher abundance of the
MpC3HDZ transcript, while Mpc3hdz showed lower transcript abundance compared
to Tak-1 (Figure 6A). However, the semi-quantitative PCR results revealed the

presence of two bands in Mpc3hdz extracts that did not match the size of the Tak-1
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MpC3HDZ

500bp - D WD W W W V1924140

200bp MpActin
100bp Mp6g10990
EF1-MpC3HDZ citrine (Tak-1) | EF1-MpC3HDZ-GR (Mpc3hdz)
B T-DNA insertion site
MpC3HDZ transcript g - i — I . [
Tak-1 2o -—

B e o B B = S8 N B & BN B SN S
DOWN Mb)
Mpc3hdz transcript I'_ L 1 Kb
B = B RN e

Tak-1 AACCCACGAAGGTCGCGGAT[

Transcript DOWN ~ AACCCACGA----------- 100 bp| - ----- AGATGTATGCA
Transeript UP  AACCCACGAAGGT------- | ) -=-nnmnn- ATGTATGCA
112 bp
insertion
(intron)

Figure 6. Genetic characterization of MpC3HDZ loss and gain of function mutations. A,
Semi-quantitative PCR of MpC3HDZ transcript in Mpc3hdz, Tak-1, EF1:MpC3HDZ:citrine-2
and -4, and EF1:MpC3HDZ:GR (Mpc3hdz)-26 and -32 at 28 cycles. MpActin (Mp6g10990)
was used as a reference gene. B, Graphic representation of MpC3HDZ transcripts for Tak-1
and the two versions in Mpc3hdz mutant, showing the site of T-DNA insertion. Thick black
boxes indicate wild type exons, while thin lines indicate introns. Blue thick box marks the
sequence lost in both Mpc3hdz transcripts; yellow thick box represents the 112 bp insertion
in the "UP” version of Mpc3hdz transcript; grey thick boxes represent a change in frame prior
to the premature STOP in Mpc3hdz "DOWN" transcript version. Red lines indicate the binding
site of the primers used for semi-quantitative PCR. The region englobing the blue box is
represented to illustrate the sequence changes in both Mpc3hdz transcript versions., M, 100
bp plus ladder; U, UP; D, DOWN; Kb, Kilobase; bp, base pairs.
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or gain of function lines. After sequencing and subsequently performing a
Nuecleotide Basic Local Alignment Search (BLAST) to M. polymorpha genome, we
confirmed that both bands were from different versions of MpC3HDZ transcripts,

likely caused by the T-DNA insertion (Figure 6B).

Both loss and gain of function mutants displayed stunted growth and other
major defects in the thallus structure (Figure 7). EFT1:MpC3HDZcitrine lines
developed a pale, narrow and irregular thallus that bent upwards, probably due to
excessive ventral tissue formation (Figure 7 C and F). However, the thallus conserved
the bilateral symmetry, and structures like apical notches, ventral scales, gemma cups
or rhizoids were recognizable (Figure 7 C and F). The severity of the defective
phenotype correlated with the level of overexpression of MpC3HDZ in each of the

lines (3.5x and 10.2x, respectively in lines 2 and 4).

EF1:MpC3HDZ:citrine (Tak-1)-4

Figure 7. MpC3HDZ regulates meristem identity and dorsoventral patterning. Overview
of MpC3HDZ loss- and gain of function phenotypes during vegetative development. A-C,
Thallus of 21-day-old plants of Mpc3hdz (A), Tak-1 (B) and EF1::MpC3HDZ:citrine-4 (C). Due
to lack of gemma production in the Mpc3hdz line, the picture shows thallus recovery after
21 days from the excision of an apical region. Black arrowheads indicate gemma cups. D-F,
cross sections of the thallus of Mpc3hdz (D), Tak-1 (E) and EF1::MpC3HDZ:citrine-4 (F). Scale

bars: 1 mm.
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Mpc3hdz thallus, on the contrary, displayed a significant dorsal dominance.
It was dark green, perhaps due to an enhanced production of photosynthetic cells,
which are produced mostly in the adaxial part of the thallus in the wild type and can
be observed in cross-sections (Figure 7 A and B, D and E). This mutant also showed
excessive cell proliferation and multidirectional growth; it resulted in an irregular
circular-shaped thallus with unrecognizable apical notches instead of the flat bilateral
thallus in the wild type with distinguishable notches (Figure 7 B and E). The Mpc3hdz

EF1:MpC3HDZ:GR  EF1:MpC3HDZ:GR
(Mpc3hdz)-26 (Mpe3hdz)-32

Mock

EF1:MpC3HDZ.GR EF1:MpC3HDZ:GR
Tak-1 Mpc3hdz (Mpc3hdz)-26 (Mpc3hdz)-32

) ﬁ""‘}‘*_:

Dex 1uM

Figure 8. Mpc3hdz phenotype is alleviated by conditional constitutive expression of
MpC3HDZ. Recovery of EF1:MpC3HDZ:GR (Mpc3hdz)-26 and -32 lines after 45 days in
mock or 1TuM dexamethasone treatments with Tak-1 and Mpc3hdz mutant for reference.
Pictures display the top view of M. polymorpha plants (top) and fresh cross-sections from
plants from the same plate (bottom). Scale bars: 2 mm. Dex, dexamethasone; uM,
micromolar; mm, millimeters

99%



Origin & Evolution of the C3HDZ-ACL5-SACL Regulatory Module in Land Plants

mutant did not develop any gemmae or gemma cups and had reduced rhizoid
production. This defective phenotype was alleviated when Mpc3hdz was
complemented with inducible ectopic expression of MpC3HDZ (Figure 8). We
analyzed two independent EF1:MpC3HDZ:GR (Mpc3hdz) lines (-26 and -32). In both
lines, MpC3HDZ transcript abundance was higher than in Tak-1 and Mpc3hdz (Figure
6A). After forty-five days in the presence of Dexamethasone (Dex), the newly
developed thalli recovered the bilateral symmetry; rhizoids were produced, and apical
notch-like structures were distinguishable (Figure 8). We could also observe de novo
gemma cup formation with active gemmae development; however, gemma cups
were produced less frequently and only in the EF1::MpC3HDZ:GR (Mpc3hdz)-26 line.
These observations confirmed that the loss of function mutant phenotype was due
to MpC3HDZ disrupted function in the Mpc3hdz mutant.

As a summary, we have provided evidence of MpC3HDZ involvement in
apical growth, meristem identity, and dorsoventral patterning in the gametophyte of
M. polymorpha. However, while C3HDZ TFs in tracheophytes are reported as a
dorsalizing factor (Emery et al.,, 2003; Izhaki & Bowman, 2007; McConnell et al., 2001;
Ramachandran et al., 2017; Vasco et al.,, 2016), our phenotypic analysis reveals that
MpC3HDZ promotes ventralization in M. polymorpha. Given that the MpC3HDZ
promoter is almost exclusively active in the apical notches, the observation that the
loss of function mutations repercute in the whole thallus structure can have at least
one of these three explanations: either (i) MpC3HDZ can move from the apical
notches towards non-meristematic tissues; (i) MpC3HDZ functions non-cell-
autonomously from the apical notches, or (iii) the cell fate is established after a few
divisions of the apical cell and merophytes in the gametophyte of M. polymorpha,
inside MpC3HDZ domain.

Another implication of our results is that C3HDZ regulate apical growth in
bryophytes, which is in contrast with previous analyses in a moss, P. patens, that
suggest that C3HDZ do not regulate apical growth or patterning in bryophytes (Yip
et al,, 2016). Thus, we envision two possible scenarios: (i) apical meristem regulation
by C3HDZ is an ancestral trait that was lost in mosses; or (ii) some or all liverworts, as

well as tracheophytes, co-opted (see Glossary) C3HDZ for apical regulation in two
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independent events. Given that the function of C3HDZ in P. patens is still required for
a lateral determinate meristem in the gametophyte, the most parsimonious option
would be the former. Future studies regarding C3HDZ function in other model
bryophytes, such as A. agrestis, would be key to infer the role of C3HDZ in the land

plant common ancestor.

Tspm is a positive regulator of meristem growth in the gametophyte of M.

polymorpha

M. polymorpha contains a functional Tspm synthase, MpACL5, and
polyamine quantifications confirm the presence of Tspm in the gametophyte
(Chapter 1). To investigate the function of Tspm in this species, we generated two
loss of function mutants with CRISPR-Cas9 technology: Mpacl5-4, with a 2 bp
deletion at the exon 1 that led to a premature STOP codon at the beginning of exon
2; and Mpacl5-13, with a partial deletion in exon 1 that led to a premature STOP
codon at exon 3 (Figure 9). We also generated two gain of function mutants in the
Tak-1 background, namely EF1:MpACL5:citrine-T and -20.

Mpaci5-4
2bp Mpaci5-4
deletion STOP
\ A
I Bl B B A
Mpaci5-13 Mpaci5-13 100bp
82 bp STOP

deletion

Tak-1  AAGCCGCGAATGGTACTTCTGCTCCCAAAAAAGCTGTCAATGGC(...)AAAATCTTGCACA
Mpaci5-4  AAGC - - CGAATGGTACTTCTGCTCCCAAAAAAGCTGTCAATGGC(...)AAAATCTTGCACA
Mpael5-12 AAGCCGCGAATGGTACTTCTGCTCCCAAAAAAGCTGTCAATG - - (...)- - AATCTTGCACA
PAM
(78 bp)

Figure 9. Characterization of Mpacl5 loss of function mutants. Graphic representation of
MPpACLS transcripts for Tak-1, Mpacl5-4, and Mpacl5- 13 mutants. Thick black boxes indicate
exons, while thin lines indicate introns. Blue arrowheads mark the sites for the 2 bp deletion
and premature STOP of the Mpacl5-4 mutant, and yellow arrowheads mark the sites for the
82 bp deletion and premature STOP of the Mpacl5-713 mutant. The gRNA region is
represented below, illustrating the different modifications. Pink box marks the PAM region.
Bp, base pairs.
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Figure 10. MpACLS5 regulates plastochron length and correlates with Tspm levels in M.
polymorpha. Overview of MpACL5 loss- and gain of function phenotypes during M.
polymorpha gametophyte development. A-C, Thalli in 28-day-old plants of
EF1:MpACL5:citrine-1 (A) Tak-1 (B) and Mpacl5-4 (C). Scale bars represent 5mm. D,
Plastochron measurements after 21 days in gain and loss of function MpACL5 mutants (12 <
n < 79). E, Tspm quantification by HPLC (n = 2). F, Relative fold-expression of MpACL5
transcript abundance (3 < n < 9). G-H, Put and Spd quantifications by HPLC, respectively (n
= 2). Asterisks mark statistical significance (p<0.05). nM, nanomoles; gFW, grams of fresh
weight.

Loss- and gain of function lines clearly differed in growth rate compared to
Tak-1 (Figure 10 A-C). In M. polymorpha and other species with dichotomous
branching, growth dynamics can be expressed through the plastochron (see

Glossary), which indicates the time that the apical meristem takes to fulfill each
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dichotomous bifurcation. The plastochron averaged 7.58 days in Tak-1 in our
conditions (Figure 10D), which agrees with previously reported values (Solly et al.,
2017). Our gain of function lines had a significantly longer plastochron with an
average of 12.36 days for line 1 and 14.03 days for line 20, while loss of function lines
were characterized by a shorter plastochron of 5.93 days for line 4 and 4.60 days for
line 13 (Figure 10D).

Since the plastochron was consistently longer in both gain of function lines
and shorter in loss of function lines, we used EF1::MpACL5:citrine-1 and Mpacl5-4 for
all subsequent experiments. We performed polyamine quantifications by HPLC in
those lines. Tspm abundance correlated directly with MpACL5 transcript levels
quantified by RT-qPCR, as well with plastochron length (Figure 10 D-F). We were not
able to detect Spm in any of the measurements; however, Put and Spd levels
increased significantly in Mpacl5-4, although no significant changes were observed
in the EFT:MpACL5:citrine-1 line in regard to Put and Spd content (Figure 10 G and
H). Considering that Put and Spd precede Tspm in the polyamine biosynthesis
pathway, their increased levels in Mpacl5-4 are perhaps a consequence of a reduction
in Tspm production. Nevertheless, to establish which polyamine may be relevant for
plastochron regulation, we treated Tak-1 plants with 100 uM Put, 100 uM Spd, the
combination of 100 uM Put+Spd, or 100 uM Tspm and measured the plastochron
after 7 days. Tak-1 maintained the same plastochron length as in mock conditions in
Put and Spd treatments; however, in high Tspm the plastochron was significantly
increased (Figure 11), which agrees with the idea that the plastochron defects in the

mutants are a consequence of differential Tspm concentration.

Based on the apical notch expression and the defects on plastochron, we
hypothesized that MpACL5, and therefore Tspm, delay growth by repressing cell
divisions in the apical notch. To investigate the relevance of MpACL5 for cell division
in M. polymorpha, we performed a 5-ethynyl-2'-deoxyuridine (EdU) assay in Tak-1,
EF1:MpACL5:citrine-1 and Mpacl5-4. For this experiment, we collected mature
dormant gemmae that were subsequently EdU-labelled after one day of growth,
which was sufficient to document growth in our conditions (see Materials for details).

In Tak-1 gemmae, most of the S-phase cells (see Glossary) were found in the apical
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Plastochron in Tak-1
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Figure 11. Tspm is the only polyamine that influences plastochron length. Plastochron
measurements in Tak-1 after 7 days of mock, 100 uM Put, 100 uM Spd, 100 uM Put + Spd,
or 100 pM Tspm (11 < n < 27). Asterisks mark significant differences (p<0.05). Spd,
Spermidine; Put, Putrescine; Tspm, Thermospermine; uM, micromolar.

notch (Figure 12B). The area of EdU-positive nuclei was circular and extended into
the center of the gemmae and the lobes next to the apical notch. In comparison,
EFT:MpACL5:citrine-1 had a significant increase of EdU-labelled nuclei comprised in
a much wider area (Figure 12 A and D). Mpacl5-4 line, in turn, had fewer S-phase
cells that were included in a much smaller area than Tak-1 (Figure 12 C and D). These
results can be interpreted in at least two ways: (i) MpACL5 promotes cell divisions
and there is an inverse correlation between cell divisions and meristem bifurcation,
so that a slower cell division rate (in Mpacl5 mutants) is interpreted as a signal to
induce bifurcation; or (ii) MpACLS5 is an inhibitor of bifurcation but does not target
cell divisions, in which case the reduction in EdU-labelled cells in the Mpacl5 mutant
is a secondary consequence of precocious splitting of one meristem into two new

meristems.

In support of the second interpretation is the observation that thallus
thickness and the number of cell layers below the gemma cups (a structure directly
derived from apical notches) is directly correlated with the number of S-phase

labelled cells in the meristems (Figure 13). In other words, gemma cups in Mpacl5-4
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Mpac/5-4

Figure 12. MpACL5 promotes meristem growth. EdU

EdU positive nuclei
staining in apical notches of MpACL5 loss and gain of

o function mutants. A-C, Confocal images of EdU stainings of
600 gemmae from EFT1:MpACL5citrine-1 (A), Tak-1 (B) and
400 Mpacl5-4 (C) lines. Gemma tissues are delimited with white

% dotted lines. White scale bars represent 100 pm. D,
200 Quantification of EdU-positive nuclei per apical notch in
Tak-1 and MpACL5 gain and loss of function lines (10 < n <

14). Asterisks mark significant differences (p<0.05).

Number of nuclei / apical notch

had fewer (and bigger) floor cells than Tak-1, whereas EF1:MpACL5:citrine-1 cups
had a higher number of smaller floor cells (Figure 13 A-C). And the same happened
with the thickness of the thallus and the number of cell layers below the gemma cups
(Figure 13 D-E).

Given that MpACL5 protein is not only found in apical notches of mature
gemmalings, but also throughout the entire gemma during gemmae development,
we investigated its possible function on the regulation of cell divisions at that early
developmental stage. We performed a cellular profiling analysis of mature dormant
gemmae from Tak-1, EF1:MpACL5:citrine-1 and Mpacl5-4 lines and found an inverse
correlation between the amount of Tspm and the size of the gemmae (Figure 14A).
The average cell number was similar in both lines and Tak-1 (Figure 14B), which

implies that the differences in gemmae size should be due to differences in cell size.
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EF1:MpACLS:Citring-1  mummm Tak-1 {0 A5 o Mpaci5-4 —

D Thallus thickness E Celllayers in thallus Figure 13. MpACL5 influences
800 154 . thallus thickness and cell

600 * 1 divisions in adult thalli. A-C,

400} ‘ * * ‘

200+

10 cross sections of gemmae cups

Size (um)
Cell number

Tak-1 (B), and Mpacl5-4 (C). D,

T thallus thickness (6 < n < 8); E,

cell layers in the thalli (7 < n < 8).

Asterisks mark statistical

o °D9\\‘ o significance (p<0.05). Scale bars
g represent 500 um.

4 from EF1:MpACL5:citrine-1 (A),

In Tak-1, the smallest cells (< 100 um?) accumulate at the periphery of the
gemma, oil bodies (see Glossary), and apical notches, and represent nearly 40% of
the epidermal cells. The rest of the cell sizes increase in a continuous distribution that
rarely exceeds the 2100 um?, with the largest cells — rhizoid precursor cells — that
accumulate at the center of the gemmae (Figure 14 A and C). Compared to Tak-1,
cells with sizes up to 100 um? represented only 25% of the normalized cell number
in Mpacl5-4, while in EF1:MpACL5:citrine-1 it was close to 50% (Figure 14B).
Maximum cell areas were 1500 um? in EF1:MpACL5:citrine-1, and 2500 um? in
Mpacl5-4. Notwithstanding, the spatial distribution was as in Tak-1, with the smallest
cells at the apical notch and peripheral tissues, and the largest cells at the center.
These results suggest that Tspm plays a role in cell expansion in M. polymorpha but

is not required for cell divisions during gemmae development.
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Figure 14. Tspm is a positive regulator of cell size during gemma development. A, Cell
size distribution in representative mature dormant gemmae of Tak-1 and MpACL5 gain and
loss of function lines, based on the cell profiling analysis (n = 6). Black scale bar represents
200 pum. B, Cell number measurements in Tak-1 and MpACL5 gain and loss of function lines

(6 < n < 16). C, Proportional cell sizes per gemma in Tak-1 and MpACL5 gain and loss of
function lines (n = 6). Asterisks mark significant differences (p<0.05).

MpSACL is a negative regulator of rhizoid, mucilage cell and gemma
development

In Arabidopsis, SACL TFs inhibit periclinal cell divisions in vascular tissues by
disrupting the formation of the AtLHW-AtTMO5 heterodimer (Katayama et al., 2015b;
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Vera-Sirera et al., 2015). To investigate the function of MpSACL in M. polymorpha, we
analyzed two independent loss of function alleles: Mpsacl-13 and Mpsacl-16, with 1
bp insertion and 2 bp deletion at the N-terminus, respectively (Figure 15). Both
insertions and deletions (INDELs) led to a frameshift with premature STOP codons
before the HLH domain, although a RT-qPCR analysis showed a slight, significant
increase in MpSACL expression in these lines (Figure 16A). We also analyzed two
independent gain of function mutants in the Tak-1 background, EF1::MpSACL:citrine-
7 and -2. These lines showed between 23- and 25-fold higher abundance of MpSACL
transcript compared to Tak-1 (Figure 16A).

Mpsacl-13

2 bp Mpsacl-13

deletion STOP
L
e

Mpsacl-16 NMpsacl-16

1bp STOP 100 bp
insertion ——

Tak-1  CGAATGGCGGCCTGCCGA -GAGACGGTGGC
Mpsacl-13  CGAATGGCGGCCTGCC - - - GAGACGGTGGC
Mpsacl-16 CGAATGGCGGCCTGCCGAGGAGACGGTGGC

Figure 15. Molecular characterization of Mpsacl loss of function mutants. Graphic
representation of MpSACL transcripts for Tak-1, Mpsacl-13 and Mpsacl-16 mutants. Thick
black box indicates the sole exon of MpSACL transcript. Grey box indicates the HLH domain.
Blue arrowheads mark the sites for the 2 bp deletion and premature STOP of the Mpsacl-13
mutant, and yellow arrowheads mark the sites for the 1 bp insertion and premature STOP of
the Mpsacl-76 mutant. The gRNA genetic region is represented below, illustrating the
different modifications. bp, base pairs.
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Figure 16. MpSACL is a negative regulator of rhizoid development. A, MpSACL fold-
expression in Tak-1, MpSACL gain and loss of function mutants measured by RT-qPCR (2 <
n < 4). B, PRI quantification in Tak-1, MpSACL gain and loss of function mutants (5 < n < 22).
Lowercase letters represent statistical significance groups (p<0.05). C-E, Tak-1,
EF1:MpSACL:citrine-1 and Mpsacl-13 phenotypes in the midrib, gemma and gemmaling with
special emphasis on rhizoid development. Gemmalings of EF1:MpSACL:citrine-1 were
observed in a Cryo-scanning electron microscope. Black arrowheads indicate pale rhizoid
initials. White scale bars represent 1 mm, black scale bars represent 200 pm.
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A B C
Tak-1 EF1:MpSACL:citrine-1 Mpsacl-13

Gemma cup (up)

Gemma cup
(Cross section)

Figure 17. MpSACL is a negative regulator of gemma and mucilage cell development.
A-C, Top vision of gemma cups and fresh cross sections of gemma cups in 28 day-old plants
of Tak-1 (A), EF1::MpSACL:citrine-1 (B) and Mpsacl- 13 (C). Mature gemmae were removed to
ease visualization of gemma initials and mucilage cells in fresh cross sections. Black scale
bars represent 1 mm, white scale bars represent 500 um. D, E, Cryo-FESEM pirctures of
EF1:MpSAClL:citrine-1 showing empty gemma cups and gemma or mucilage cell initials
(black arrowheads). Black scale bars represent 200 ym.

Gain of function mutants had very little to no rhizoid development (Figure
16 B-D); in contrast, loss of function mutants displayed increased —although not
ectopic— rhizoid production (Figure 16E). The primary defect in rhizoid production
might be related to the initial acquisition of rhizoid cell identity, since we did not find
PRI in mature gemmae of MpSACL overexpressors and observed a higher number of

PRI in loss of function mutants (Figure 16B). Although gain of function mutants had
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impaired rhizoid development, ventral scales could be observed in adult plants
(Figure 16D), which indicates that MpSACL does not regulate the development of

these structures.

Although gemmae production was normal in the Mpsacl mutant, it was
severely impaired in gain of function lines (Figure 17). Cross sections of gemma cups
showed a severe reduction of mucilage cells in addition to gemma initials (Figure
17B), and only in older gemma cups were sometimes gemma or mucilage initials
visible (Figure 17 D and E).

Our results suggest that MpSACL acts as a negative regulator of rhizoid
production, and perhaps of gemmae and mucilage cell development. The fact that
this process in particular is affected only in ectopic overexpression lines does not
allow to rule out that the impairment of gemmae formation is an artifact due to
ectopic MpSACL activity. However, we investigated the possibility of this relevant
function. Development of both rhizoid, mucilage cells and gemmae is specifically
triggered by activity of the same bHLH TF, MpRSL1 (Honkanen et al., 2018; Proust et
al, 2016; Thamm et al.,, 2020). MprslT loss of function mutant lines do not produce
any rhizoid, mucilage cell or gemma initials, very similarly to our EF7::MpSACL:citrine
transgenic lines. We hence hypothesized that MpSACL could regulate rhizoid and
gemma development through MpRSL1. To test this hypothesis, we analyzed Mprsl1
loss of function mutants in Tak-1 and Mpsacl-13 backgrounds to determine whether
there is genetic interaction between MpSACL and MPpRSL1. We obtained two
independent lines for Mprsl7 in Tak-1 background (Mprsl7-7 and Mprsl1-2), which
had a 11 bp deletion and a 1 bp insertion at the first exon, respectively (Figure 18).
We also obtained two independent double mutant lines Mpsacl Mprsl1-1, with a 1
bp insertion and Mpsacl Mprs(1-2 with a 10 bp deletion at the first exon of MpRSLT
(Figure 18). All INDELS led to premature STOP codons before the bHLH domain of
MPpRSL1. As expected, MprslT loss of function mutants had reduced rhizoid and
mucilage cell production; gemmae development was also severely impaired in Tak-1
background (Figure 19 A and C). However, mutating MpSACL was not sufficient to
rescue the Mprsl1 phenotype (Figure 19 B and D), which implies that MpRSLT is

epistatic to MpSACL with respect to rhizoid and gemmae development.
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Tak-1
Mprsi-1 (Tak-1)
Mprsl1-2 (Tak-1)

bHLH

GGAAACTTCGAGGGGA -CATC
GGAA -~ - - A -CATC
GGAAACTTCGAGG ACCATC

Tak-1  ACCGAGTTCGA-TACAGGGTCA
Mpsaci Mprsi1-1 (Mpsacl-13)  ACCGAGTTCGATTACAGGGTCA
WMpsacl Mprs/1-2 (Mpsacl-13)  ACCG - ------- - -+ AGGGTCA

Figure 18. Characterization of Mprsl7 loss-of-function mutants. Graphic representation
of MpRSLT transcripts for Tak-1, Mpsacl Mprsl1-1, Mpsacl Mprsl1-2, Mprsl1-1 and Mprsl1-2
mutants. Thick black boxes indicate exons, and thin line represents introns. Grey boxes
indicate the bHLH domain. Blue arrowheads mark the sites for the 11 bp deletion and
premature STOP of the Mprsl7-1 mutant; turquoise arrowheads mark the 1 bp insertion and
premature STOP of the Mpsacl Mprs(7-1 mutant; yellow arrowheads mark the 1 bp insertion
and premature STOP of the Mprsl7-2 mutant; pink arrowheads mark the 10 bp deletion and
premature STOP of the Mpsacl Mprsl1-2 mutant. The gRNA genetic region for Mpsacl Mprsl1
and MprslT transformation events is represented, illustrating the different modifications. Red
letters indicate insertion, and grey letters indicate change of base.

Based on the epistasis analysis, two non-mutually exclusive molecular
mechanisms would be possible: (i) MpSACL modulates MpRSLT expression; or (ii)
MpSACL modulates MpRSL1 activity. To check if MpRSLT expression is affected by
MpSACL, we introduced a red fluorescent protein (TdTomato) fused to a Nuclear
Localization Sequence (NLS) under the MpRSL1 promoter (proMpRSL1::TdTomato-
NLS) reporter construct into the Mpsacl-713 mutant and analyzed its expression

pattern all along gemma development until the differentiation of PRI. In the wild
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type, MpRSLT promoter activity is found as early as in the gemma initials at the 2-3

cells tage, eventually concentrating around the apical notches at later stages, and
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40 Figure 19. MpRSL1 is epistatic to MpSACL. Overview of

MPpRSLT loss of function phenotypes during M. polymorpha
vegetative development. A-C, Top vision of gemma cups,
fresh cross sections, midribs and mature dormant gemma
in Mprsl1-7 (A), Mpsacl Mprsl1-1 (B) and Tak-1 (C). D, PRI
quantification in MpRSLT loss-of-function mutants (9 < n <
21). Asterisks mark statistical significance (p<0.05).
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marking the PRI in fully developed gemmae (Figure 20 A-D). In the Mpsacl mutant,

MPpRSLT promoter activity was not affected during gemma development with respect

to the timing and spatial localization (Figure 20 E-H). The only difference was the

number of cells that expressed MpRSLT in the fully developed gemmae, which was

Developmental stage

proMpRSL1::TdTomato-NLS (Tak-1) proMpRSL1:: TdTomato-NLS

Number of nuclei

MpRSLT positive nuclei

100

80+

60+

40-]

20

(Mpsacl-13)
[

Figure 20. MpSACL does not regulate MpRSL7
expression during early stages of gemma
development. Analysis of proMpRSL1::-TdTomato-NLS
expression during gemma development in Tak-1 and
Mpsacl-13 backgrounds. A-D, confocal images of
proMpRSL1::TdTomato-NLS (Tak-1) background. E-H,
confocal images of proMpRSL1::TdTomato-NLS
(Mpsacl-13) background. A, E, 2-3 cell stage; B, F,
globular stage; C, G, advanced stage; D, H, mature
gemma. I, quantification of MpRSL7-positive nuclei in
mature gemmae (n = 10). Asterisks mark statistical
significance (p<0.05)
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higher in the Mpsacl mutant (Figure 20 H and 1), in agreement with our previous
observations that the mutant had more rhizoid initial cells (Figure 17E). This result
suggests that MpSACL affects the establishment of PRI identity at a very early stage,
which would still be compatible with MpSACL regulating MpRSL1 activity.

-L-W -L-W-H -L-W-H + 5mM 3AT

AD BD 102 102 107 102 102 10 102 102 10

- TR T T
e 00

@ MpRSL1

] MpSACL

MpRSL1 =]
:
¢ @ ¢

MpSACL @

MpRSL1 | MpsacL

MpSACL | MpRSL1

2 MpSACL

(HLH)

MpRSL1

2 (BHLH)
MpSACL

MpRSL1 (ML)
MpRSL1

MPSACL [ oHLH)

Figure 21. MpSACL interacts with MpRSL1 in Yeast-two hybrid (Y2H) assays.
Reciprocate Y2H assays between MpSACL and MpRSL1 in growth control (-L-W), in histidine-
free SD media (-L-W-H) and histidine-free media complemented with 5uM 3-aminotriazole
(3AT) (-L-W-H+5pM 3AT). Both MpSACL and MpRSL1 auto-activate when fused with Gal4
binding domain (BD). Y2H Empty vectors (pGADT7 and pGBKT7) containing Gal4 Activation
Domain (AD) or Binding Domain (BD) respectively were used as negative control.
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To test this possibility, we examined the interaction between MpSACL and

MPpRSL1 in a Y2H assay. Given that both full-length proteins exhibited autoactivation

when fused to the GAL4 DNA binding domain (Figure 21), we examined the possible

interaction of each full-length protein fused to the GAL4 activation domain, with the
(b)HLH domains of the other proteins fused to the GAL4 DNA-binding domain.
Indeed, the results show that MpRSL1 and MpSACL interact with each other’s (b)HLH

domains (Figure 21). Further confirmation of the interaction between MpSACL and

MPpRSL1 was provided by a Bi-Fluorescence Complementation (BiFC) assay, in which

we observed reconstitution of yellow fluorescent protein (YFP) only when MpRSL1-
YFC and MpSACL-YFN full proteins were co-infiltrated (Figure 22).

YFN

YFC T-PEMT GFP Merge

MpSACL

AtGAI
(negative
control)

MpSACL

MpRSL1

MpRSL1

Figure 22. MpRSL1 can interact with MpSACL in a BiFC. Assay on N. benthamiana leaves
between MpSACL and MpRSL1, GIBBERELLIN A INSENSITIVE DEL. 4 (AtGAI**) was used as a
negative control.
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SACL proteins have been shown to act in A. thaliana as inhibitors of the
activity of LHW, another bHLH TF (Katayama et al., 2015b; Vera-Sirera et al., 2015).
Based on this information, the ability of MpSACL to interact with MpRSL1, and the
epistasis relationship between MpRSLT and MpSACL, we propose that MpSACL is a
negative regulator of MpRSL1 activity during the specification of rhizoid identity, and
perhaps also during gemma and mucilage cell identity -although this might still be
an artifact due to ectopic expression of MpSACL in the overexpression lines, and not
reflecting a role for the endogenous protein in that process. Given the lack of
information about downstream genetic targets of MpRSL1, it is difficult to further test

this model at present.
The C3HDZ-ACL5-SACL module is only partially assembled in M. polymorpha

In A. thaliana, the mechanism mediated by AtACL5, AtHB8 and AtSACLs
depends on (i) the precise upregulation of AtACL5 by AtHB8 and auxin; and (ii) the
Tspm-dependent translation of AtSACL transcripts (Baima et al., 2014; Imai et al,
2006; Milhinhos et al., 2013; Vera-Sirera et al., 2015). In M. polymorpha, MpSACL
translation is insensitive to Tspm (Chapter 1), and we have demonstrated that
MPpACL5 and MpSACL functions are unrelated, which indicates that at least these two
pieces of the module are not connected in this species. However, we found evidence
of a possible conserved interaction between MpC3HDZ and MpACL5 at the genetic
level, since they colocalize in apical notches and have a similar role in the apical notch
coordinating meristematic activity. In addition, M. polymorpha has canonical auxin
signaling (Flores-Sandoval et al, 2015; Kato et al., 2015, 2017, 2020), which
transcriptional activator, MpARF1, also shares expression domain with MpACL5 in
apical notches and gemma cups (Kato et al., 2017). Remarkably, MpACL5 expression
pattern resembles the auxin reporter GH3 and MpYUCCAZ expression (MpYUC2), an
auxin biosynthesis gene, at apical notches, base of gemma cups and midribs (Eklund
et al, 2015; Ishizaki et al., 2012), which suggests that MpACL5 expression might as
well be tightly linked with auxin in M. polymorpha.

To test the importance of MpC3HDZ and auxin for MpACL5 expression in M.
polymorpha, we searched 2.8 Kb worth of MpACL5 promoter for putative C3HDZ and
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ARF bs using an in silico analysis. We used available published binding matrices for
AtCNA and AtPHV, both C3HDZ paralogs from A. thaliana belonging to the HB8/CNA
clade and PHV/PHB/REV clade respectively (Chapter 1), as well as for the auxin
response factors (ARF) AtMP and AtARF8. Those two A. thaliana ARFs, together with
AtARF6, 7, and 19, belong to the same clade as MpARFT and are the most closely
related transcriptional activator ARFs (Kato et al, 2015). We found at least three
coincident putative C3HDZ bs for AtCNA and AtPHV in the MpACL5 promoter (Figure
23 A and C, respectively), ranging from 1.5 to 2.4 Kb upstream of the start codon.
Regarding auxin response factors, we found more than ten putative ARF bs in
MpACL5 promoter (Figure 23 B and D). Taken together, these data suggest that both
MpC3HDZ and MpARF1 might be able to bind the MpACL5 promoter.

To test the relevance of these putative binding sites, we designed a dual
luciferase transactivation assay in N. benthamiana. For this experiment, we used a
region of the MpACL5 promoter containing a C3HDZ bs (Figure 23 A and C) and
another region containing ARF1bs (Figure 23 B and D), that drove the expression of
the LUC gene. As effectors we used 355:3xHA:MpC3HDZ or 355:3xHA:MpARFT in N.
benthamiana (see Materials for details). In both cases we observed an increased
luminescence in the presence of MpC3HDZ or MpARF1 compared to control
conditions (Figure 23 E and F, respectively), which confirms that MpC3HDZ and
MPpARF1 can activate the MpACL5 promoter through the identified CRE in vivo.

To test whether MpC3HDZ is necessary for the regulation of MpACL5 in M.
polymorpha, we analyzed MpACL5 expression in Mpc3hdz, EF1:MpC3HDZ:GR
(Mpc3hdz), and EF1:MpC3HDZ:citrine (Tak-1) lines by a RT-qPCR (Figure 24A). On
one hand, the MpACL5 expression was 2- to 4-fold higher in EF1:MpC3HDZ:citrine
(Tak-1)-4 than in Tak-1. On the other hand, MpACL5 expression in Mpc3hdz was
approximately 3-fold lower than in Tak-1; likewise, there was a decreased —but not
significant- MpACL5 expression in EF1:MpC3HDZ:GR (Mpc3hdz)-26 line, which may
indicate a leaky conditional overexpression. These results suggest that MpACL5

expression is upregulated by MpC3HDZ in M. polymorpha.
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Figure 23. MpC3HDZ and MpARF1 are transcriptional activators of MpACL5. A-D; in
silico binding site analysis of 2.8 Kb of MpACL5 promoter with the binding matrix of AtCNA
(A), AtMP (B), AtPHV (C), and AtARF8 (D). Peaks correspond to a high binding score after
MORPHEUS scan. Colored regions represent the regions of MpACL5 promoter that were used
for the dual luciferase assay; C3HDZ bs, in turquoise (A and C) and ARF bs, in mustard yellow
(B and D). Arrowheads mark the transcription start site and ATG codon in MpACL5 promoter.
E, F; Dual luciferase assays showing the LUC absorbance normalized ratios for MpC3HDZ (E)
and MpARF1 (F) of 3 biological replicates with 3 technical replicates each. Asterisks represent
statistical significance (p<0.05). TSS, transcription start site; ATG: Start codon; AtCNA,
CORONA; AtHB, ARABIDOPSIS HOMEOBOX; AtMP, MONOPTEROS; ARF, AUXIN RESPONSE

FACTOR; AtPHV, PHAVOLUTA; LUC, Luciferase.
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Figure 24. MpC3HDZ regulates MpACL5 transcription in vivo. A, Relative MpACL5 fold-
expression in MpC3HDZ mutant lines, represented as a log2 scale (3 < n < 5). Letters
represent statistical significance groups (p<0.05). B, Timecourse of relative MpACL5 fold-
expression in EF1:MpC3HDZ:GR (Mpc3hdz)-26 after mock, 1 uM Dex, and 10 pM Dex
treatments for 1, 8 and 24 hours (3 < n < 5). Asterisks mark statistical significance (p<0.05).
Dex, dexamethasone; uM, micromolar.

To determine whether MpACL5 is induced in EF1:MpC3HDZ:GR (Mpc3hdz)
and —if it is— how rapidly does it occur, we treated EF1:MpC3HDZ:GR (Mpc3hdz)-26
with 1 uM or 10 uM Dex and analyzed MpACL5 expression after 1, 8, and 24 hours of
treatment (Figure 24B). MpACL5 expression peaked at 8 hours; in addition, its

expression levels varied concomitantly with the applied Dex concentration.

To test whether auxin has also a positive effect on MpACL5 expression, a
similar experiment was performed in which Tak-1 gemmalings were treated with 10
MM indole-3-acetic-acid (IAA) for 2, 4, and 8 hours. At 4 hours, MpACL5 expression
was approximately 4-fold higher than in mock conditions (Figure 25). Consistently
with our observations, Mparfl mutants display decreased MpACL5 expression

compared to Tak-1 (Dolf Weijers, personal communication). Taken together, our
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results indicate that MpC3HDZ and auxin are positive regulators of MpACL5

expression in vivo in M. polymorpha.

MpACLS expression in Tak-1
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Figure 25. MpACL5 is induced in auxin treatments. MpACL5 fold-expression in Tak-1 after
2, 4, and 8 hours of mock and10uM IAA treatments (3 < n < 4). Asterisks mark statistical
significance (p<0.05). IAA, Indole-Acetic Acid; uM, micromolar.

Finally, to determine whether MpC3HDZ and auxin are sufficient to establish
the MpACL5 spatial pattern in apical notches in M. polymorpha, we generated three
double transgenic lines carrying the proMpACL5:GUS and EF1:MpC3HDZ:GR
transgenes in Tak-1 background. These lines were created in a two-step
transformation of EF1:MpC3HDZ:GR in Tak-1 background, from where we identified
a conditional ectopic constitutive expressor (EF1:MpC3HDZ:GR-7) with 1.96-fold
expression of MpC3HDZ (Figure 26A). This line was subsequently transformed with
the proMpACL5::GUS transgene to be able to track changes in MpACL5 expression
and to ensure the same constitutive expression levels of MpC3HDZ in all GUS lines.
We then performed mock, 1 uM Dex, 10 pM IAA, or the combination of both
treatments and performed a GUS staining at 4 hours. Nor the ectopic expression of
MpC3HDZ or the auxin treatments were sufficient to drive the GUS signal outside of
the apical notch, and only the combined 1 uM Dex + 10 uM IAA showed a slight
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expansion towards the midribs (Figure 26B), which appeared in two out of three
proMpACL5:GUS (EF1:MpC3HDZ:GR) lines. Altogether, our results indicate that
MpC3HDZ and auxin are regulators of MpACL5 expression levels in M. polymorpha.
It is interesting, however, how the ectopic expression of MpC3HDZ, auxin treatments,
or the combination of both are not able to drive MpACL5 expression ectopically; a
possible explanation would require the presence of other main upstream MpACL5

regulators, which would be also responsible for MpACL5 expression.
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Figure 26. Ectopic MpC3HDZ or IAA treatments are not sufficient to drive ectopic
MPpACL5 expression. A, quantification of MpC3HDZ transcript levels by RT-gPCR (n = 4). B,
GUS staining of proMpACL5::GUS (EF1::MpC3HDZ:GR)-3 after 4 hours of mock, 1 uM Dex, 10
UM IAA and 1 uM Dex + 10 uM IAA treatments. proMpACL5::GUS (EF1:MpC3HDZ:GR)-3
expression is maintained at the apical notch and is expanded slightly towards the midribs
(marked with a black arrowhead) after 10 uM IAA and 1 uM Dex treatment. Scale bar
represents 2 mm. Dex, dexamethasone; IAA, Indole-Acetic Acid; uM, micromolar.

Altogether, we have demonstrated that a genetic link between MpC3HDZ,
auxin and MpACL5 occurs in M. polymorpha. Considering the lack of connection
between MpACL5 and MpSACL, our results indicate that the C3HDZ-ACL5-SACL
module is only partially assembled in M. polymorpha: on the one hand, MpC3HDZ
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and MpACL5 genetic regulation is relevant for the meristematic activity in the apical
notch and is reflected in patterning and growth defects. On the other hand, MpSACL
regulates epidermal structures such as rhizoid, mucilage cell and gemma
development possibly through interaction with MpRSL1 (Figure 27). Hence, these
results suggest that the evolutionary trajectory C3HDZ-ACL5-SACL module in

bryophytes is divergent from the angiosperm lineage.

Auxin MpC3HDZ \ MpSACL
\t MpACL5 ‘/

Patterning -
* MpRSLI1

[ Tspm\

Bifurcation

v v

Growth Rhizoid, mucilage cell &
gemmae development

Figure 27. Overview of MpC3HDZ, MpACL5 and MpSACL roles in M. polymorpha and
their functional connections.

MATERIALS
RNA and gDNA extraction, cDNA synthesis and PCR analysis

Total RNA was isolated using the NucleoSpin™ RNA Plant Kit from
Macherey-Nagel, and cDNA synthesis was performed with 1 ug of RNA using NZY
First-Strand cDNA Synthesis Kit (NZYTech) according to the manufacturer's
instructions. The resulting cDNA was used for semi-quantitative PCR reaction (at 28
cycles) and a real time PCR. The primers used for the semi-quantitative and real time
PCR are listed in Table 1. The bands containing Mpc3hdz UP and DOWN transcripts

were extracted from the gel using the Nucleospin Gel and PCR clean-up kit (Macherey
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Nagel) according to the manufacturer’s instructions. The sequencing was carried out

by the Genomics Service of the University of Valencia.

Name Locus [MpTak v6.1] Sequence Use

TCTTGTGATTTGCGAGCGTTCC

MpC3HDZ_F Mp1g24140 GPCR _ o

MpC3HDZ_R TGCTCGAACGAAGAATTGCACC  |gPCR, semi-quantitative PCR
GCTCCCACCAAAGGTTCCATTG

MpACL5_F Mp8g03070 qPCR

MpACL5 R AAGTACCATTCGCGGCTTTTGG qPCR
TAGTAGAGCGGTGGCAGTCC

MpSACL_F Mp5g09710 qPCR

MpSACL R CGAGAAGGGTGCTGGAAGAT gPCR

MpACT_F Mp6g10990 TGTGTTGTCTGGAGGAACCA qPCR, sem!—quant!tat!\:e PCR

MpACT_R AGGTGCTGAGAGAAGCCAAG qPCR, semi-quantitative PCR

AGATGAGTCTGGGGCAACC

MpRSL1_F Mp3g17930 qPCR

MpRSL1 R GGATGAGCGCTTTAGAGTG GPCR

MpC3HDZ_sqF Mp1g24140 GTTGTCACGGGTGGACTTCAAC  [Semi-quantitative PCR

Table 1. Primers used for PCR analyses

Genomic DNA was extracted using a modified version of the CTAB method.
For this protocol, the plant material was also grinded with liquid nitrogen and
resuspended into 10mL of freshly made CTAB extraction buffer (Tris-HCl pH 8.0
100mM, NaCl 1.42M, CTAB 2%, EDTA 20mM, PCP-40 2%, B-Mercaptoethanol
(7ul/10mL), and Ascorbic acid (1mg/mL)). Then, 10mL of chloroform:lsoamyl alcohol
(24:1) was added and the samples were spun at 4500 x g for 10 minutes at room
temperature. The aqueous upper layer was transferred to a conical tube and added
0.7 volumes of isopropanol. Next, the samples were spun at 4500 x g for 10 minutes
at room temperature and the supernatant was discarded. To clean the DNA, 1mL of
70% was added and centrifuged at max speed for 2 minutes. The supernatant was
discarded, and the tube was left to dry completely before resuspending the pellet in
TE buffer.

Generation of M. polymorpha transgenic lines

MpTak1v6.1 from the

(https://marchantia.info/) was used as the reference for transgenic line and primer
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design using Benchling (https://benchling.com/). For PCR amplification, either
Phusion High-Fidelity Polymerase (Thermo Fisher Scientific) or KOD Hot Start DNA

polymerase (Sigma-Aldrich) were used with similar results. Regarding destination

vectors, all Gateway-based pMpGWB series used for this chapter were created by

Ishizaki et al. (2015) and thalli transformation was performed according to Ishizaki et

al. (2008). All primers used for transgenic line generation and genotyping are listed

in Table 2.
Name Type Locus Direction Sequence Use
Promoter Forward AGATGACATGCTCTCA Cloning
MpACLS Mp8g03070 )
Promoter Reverse Cloning
Promoter Forward Cloning
MpC3HDZ Mplg24140 .
Promoter Reverse Cloning
Promoter Forward Cloning
MpSACL Mp5g09710 _
Promoter Reverse Cloning
uidA cDs Reverse Genotyping
L CcDs Forward Genotyping
Citrine .
CDS Reverse Genotyping
CcDs Forward Cloning
MpACLS MpB8g03070 N
cDs Reverse Cloning
cos Forward Cloning
MpC3HDZ Mplg24140 )
CDs Reverse CGECACCACTTTETACAAGAAAG CTEGETTCACAAAAATGACCAGTTCGTARACA Cloning
cos Forward TTTGGATTTG Cloning
MpSACL Mp5g0s710 )
cDs Reverse Cloning
CcDs Forward Cloning
MpRSL1 Mp3gl7930 _
CcDs Reverse Cloning
Mpacs | Fromoter+CDS Mp8g03070 | Forward TTTTTATETACTOSTA cateeterca  [Dverlapping PCR
Promoter+CDS Reverse CATAAAAATTCTTTCAAATTTCATCCCAARATATGT  [Overlapping PCR
Forward : CRISPR
MpACLS BRNAT | yipeg03070
ERMA 1 Reverse CRISPR
Forward CRISPR
MpSACL BRNA1 Mp509710
ERNA 1 Reverse CRISPR
Forward CRISPR
MpRSLL BRNA1 Mp3g17930
BRMA 1 Reverse CRISPR
RNA 2 Forward CRISPR
MpRSL B Mp3g17930
ERNA 2 Reverse CRISPR
CDS(gRNAL Forward Genotypin
MpACLS (e ) Mp8g03070 WDV e
CDS(gRNAL) Reverse Genotyping
CDS5(gRNAL Forward Genotypin
MpSACL (e ) Mp5g09710 WD_ e
CD5(gRNAL) Reverse Genotyping
CDS (gRNAL+Z Forward Genotypin
MpRSL (& ' Mpagi7ss0 tyeing
CDS(gRNAL+2) Reverse Genotyping

Table 2. Primers used for transgenic line construction, Y2H and BiFC assays

Promoters from MpC3HDZ (Mp1g24140), MpACL5 (Mp8g03070) and
MpSACL (Mp5g09710) of 1.5Kb, 2.6Kb, and 1.5Kb respectively were retrieved from
genomic DNA of Tak-1 M. polymorpha plants. The promoters were introduced into a
pDONR207 and subsequently into pMpGWB104 (HygR) or pMpGWB304 (ChlsR)
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pDEST plasmids, which were used for Tak-1 thalli transformation. In order to examine
the upstream regulation of MpC3HDZ to MpACL5 expression, the thalli of
EFT:MpC3HDZ:GR (Tak-1) were used for agrobacterium transformation with
proMpACL5::GUS (cloned with pMpGWB304 — ChlsR). T1 transformants were selected
on antibiotic media and genotyped for the uidA gene. proMpRSL1::TdTomato:NLS in
Tak-1 background were obtained from Prof. Kimitsune Ishizaki laboratory in Kobe
(Japan), as well as the pDEST vector proMpRSL1::TdTomato:NLS, which was used for

Mpsacl-13 thalli transformation.

Translational fusion marker lines were created to observe MpACL5
expression during gemmae development. For this purpose, MpACL5 CDS was
isolated from cDNA and fused with its own promoter with an overlapping-PCR
(Hilgarth & Lanigan, 2020). The final PCR reaction was used for gel electrophoresis
and purified with the Nucleospin Gel and PCR clean-up kit (Cultek). The promoter-
CDS fusion PCR products with AttB overhangs were cloned into a pDONR207 and
subsequently into a pMpGWB307 (ChlsR). Tak-1 thalli were used for agrobacterium
transformation for proMpACL5:MpACL5:citrine, and genotyped for citrine.

For the gain of function lines, CDS were generated by synthesis of MpC3HDZ
and MpSACL CDS (Integrated DNA Technologies) or obtained from cDNA (MpACL5),
and subsequently cloned into a pDONR207. EFI1:MpC3HDZcitrine,
EFT1:MpACL5:citrine and EF1:MpSACL:citrine were generated by cloning of the CDS
into a pMpGWB108 (HygR) and Tak-1 thalli transformation. Conditional MpC3HDZ
overexpressors (EF1:MpC3HDZ:GR) were created by cloning the MpC3HDZ CDS into
a pMpGWB113 (HygR) and subsequent Tak-1 or Mpc3hdz thalli transformation.
These lines were genotyped by RT-gPCR.

Mpacl5, Mpsacl, Mprsl1 and MprslTIMpsacl mutants were created with
CRISPR-Cas9 technology using the plasmids published in Sugano et al. (2018). Single
gRNAs were designed to be 20 bp long with a PAM at 3" "NGG". For MpACL5
(Mp8g03070) and MpSACL (Mp5g09710), only one guide RNA was used and cloned
into the final vector pMpGE010 (HygR) for MpACL5 or pMpGEO11 (ChlsR) for MpSACL.

Both final vectors were used for Tak-1 thalli transformation. For MpRSL7
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(Mp3g17930), two gRNA were designed to target the first exon, separated by 100 bp.
Both gRNAs were cloned into pMpGEQ010 (HygR) and were used for Tak-1 or Mpsacl!
-13 thalli transformation. Mpc3hdz T-DNA insertion mutant was kindly provided by
Dr. Victor Jones (Prof. Liam Dolan laboratory, Austria). For genotyping, genomic

regions containing the target sequence for gDNA were amplified and sequenced.
GUS staining

For the GUS assay, plants were fixed in ice cold acetone for 20 minutes,
washed with phosphate buffer, and vacuum-infiltrated with GUS staining solution (50
mM sodium phosphate buffer pH 7.2, 0.5 mM potassium-ferrocyanide, 0.5 mM
potassium-ferricyanide, 10 mM EDTA, 0.01% Triton X-100 and 1 mM 5-bromo-4-
chloro-3-indolyl-B-D-glucuronic acid) for 15 min, and then incubated at 37 °C for 1h,
3h, or overnight. Tissue was clarified with EtOH dehydration series and imaged under
a Nikon Eclipse E600 microscope and a Leica DMS 1000 macroscope in the bright
field.

Polyamine extraction and quantification

Total polyamine extraction was performed on 1g of tissue from 3 biological
replicates from Tak-1, EF1:MpACL5:citrine-1 and Mpacl5-4 lines according to

polyamine extraction methods described in Chapter 1.
Dex and IAA treatments

For the timecourse for MpACL5 expression in EF1:MpC3HDZ:GR (Mpc3hdz)
backgrounds, the lines EF1:MpC3HDZ:GR (Mpc3hdz)-26 and -32 were treated with
mock, 1 pM Dex (11B,16a)-9-Fluoro-11,17,21-trihydroxy-16-methylpregna-1,4-
diene-3,20-dione, Sigma), and 10 uM Dex treatments for 1, 8 and 24 hours on liquid
/2 strength Gamborg’s medium. For the timecourse for MpACL5 expression after IAA
treatments, Tak-1 plants were treated with mock or 10 uM IAA for 2, 4, and 8 hours.
Three biological replicates were obtained from each treatment for the RNA extraction

and RT-qPCR analysis.
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For the analysis of the proMpACL5 expression in the presence of a gain of
function MpC3HDZ and IAA, proMpACL5:GUS (EFT1:MpC3HDZ:GR) 14-day-old
plants grown on "2 strength Gamborg’s B5 medium were moved into liquid 2
strength Gamborg’s B5 medium containing mock (EtOH and DMSQ), 10 uM |AA, 1
MM Dex, or the combination of 10 uM IAA and 1 uM Dex for 4 hours. After this time,

a GUS staining was performed.
Confocal microscopy

Fresh gemma cup slices embedded in 6% agar from proMpRSL 1::TdTomato-
NLS (Tak-1), proMpRSL1::TdTomato-NLS (Mpsacl-13) and
proMpACL5:MpACL5:citrine (Tak-1) were analyzed with a Zeiss LSM 780 confocal
microscope targeting developing gemmae. TdTomato signal was detected at 581 nm,

and citrine was detected at 530 nm.
In silico promoter analysis

To investigate the upstream regulation of ACL5, C3HDZ and ARF bs were
examined in 2.6 Kb worth of MpACL5 promoter, which was retrieved from
MarpolBase (https://marchantia.info/). C3HDZ and ARF binding profiles from A.
thaliana were obtained from the JASPAR database (Castro-Mondragon et al., 2022):
a DAP-seq based position frequency matrix (PFM) for AtCNA-At1G52150 (O'Malley
et al., 2016), a SELEX-based PFM for AtPHV-At1G30490 (Sessa et al., 1998), a protein
binding microarray (PBM)-based PFM for AtMP (AtARF5)- At1G19850 (Boer et al,
2014) and a PBM-based PFM for AtARF8-At5G37020 (Weirauch et al., 2014). Using
MORPHEUS score tool (Minguet et al., 2015), these binding profiles were used to
search for binding sites in the MpACL5 promoter. The obtained scores were limited
for optimal visualization at -15 (-6 for AtARF8), and final figures were produced

manually.
Dual luciferase transactivation assay

A region of 131 bp containing the highest score of AtCNA and AtPHV bs
(2298 bp from the ATG), named C3HDZ bs, was amplified from Tak-1 genomic DNA
and cloned into a pUPD2 with GoldenBraid technology (Sarrion-Perdigones et al.,
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2011, 2013). Next, the C3HDZ bs was fused to a 35S minimal promoter derived from
GB0050 from the GoldenBraid collection (Diego Orzéez laboratory, IBMCP, Valencia,
Spain) into a a2 level vector. This was used as a template to amplify the C3HDZ bs-
35Smin sequence with Hindlll and Ncol overhangs, that was subsequently cloned into
a Hindlll-Ncol digested pGreenll0800-LUC (Hellens et al.,, 2005). Another region of
826 bp containing AtARF5 and AtARF8 bs (1825 bp from the ATG), named ARF bs,
was amplified from Tak-1 genomic DNA with Hindlll and Ncol overhangs, and was
subsequently cloned into a HindlllI-Ncol digested pGreenll0800-LUC. Regarding the
effector vectors, a pPDONR207 entry vector with MpARF1 was kindly provided by Dr.
Jorge Hernandez Garcia (Wageningen University). Both MpARFT and MpC3HDZ CDS
were cloned into pEarleyGate104 and pEarleyGate201, respectively (Earley et al.,
2006). Expression vectors containing the binding sequences were transformed into A.
tumefaciens C58 strain with pSOUP, and effector vectors were transformed into A.
tumefaciens C58 strain. The infiltration of fully grown N. benthamiana leaves was
performed with the combination of 3 A. tumefaciens carrying: (i) Effector vector; (ii)
Expression vector; and (iii) p19 helper plasmid. After 3 days at room temperature in
continuous light, leaf discs were collected, grinded with liquid nitrogen, and
resuspended in 150uL 1x Passive Lysis Buffer (Promega). The Firefly and Renilla
luciferase translation was assessed with a Dual-Glo® Luciferase assay (Promega)
according to the manufacturer's instructions, with the following modifications: 5 pL
of the plant extract was added to 40 pL Dual-Glo Luciferase. Firefly and Renilla
luminescence were measured with a GloMax 96 Microplate Luminometer (Promega).

Statistical differences were analyzed by T-student test with a=0.05.
EdU assay

Gemmae from Tak-1, EF1:MpACL5:xcitrine-1 and Mpacl5-4 were grown on
liquid media for 1 day previous to the EdU labelling. EdU staining assay was
performed with a modified protocol from Click-iT EdU imaging kit with Alexa Fluor
488 Azide (Thermo Fisher Scientific). As a summary, 1-day-old gemmae were EdU-
labelled in a 1.5 mL Eppendorf tube with 2 strength Gamborg’'s B5 medium
supplemented with 10 uM EdU for one hour. Then, they were fixed in 1 mL 3.7%
paraformaldehyde in PBS for 15 minutes and washed with 1T mL 3% BSA in PBS twice.
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The tissue was permeabilized with 1 mL 0.5% Triton X-100 in PBS for 20 min before
EdU detection. For the detection of EdU-labelled cells, the permeabilization buffer
was removed and the tissues were washed with 1 mL 3% BSA in PBS twice. Then, the
wash solution was substituted with the Click-iT® reaction cocktail (Alexa Fluor 488
Azide, 10% v/v Click-iT® reaction buffer, 80% v/v CuSO4 and 10% v/v 1X Click-iT®
reaction buffer) for 30 minutes in the dark. Finally, the samples were washed with 1
mL 3% BSA in PBS twice before optical observation. The EdU-labelled gemmae were
mounted to slides with 50% glycerol and observed in a AxioObserver 780 confocal
laser scanning microscope (Zeiss) at 488 nm. To quantify EdU positive nuclei, confocal
images were converted to binary (8 bit) and threshold was adjusted to maximize
nuclei visualization in Fiji. Lastly, the EAU nuclei were quantified with the “Analyze

particles” tool in Fiji.

Cryo-field emission scanning electron microscopy (cryo-FESEM) and cellular

profiling

M. polymorpha tissues (thalli and mature gemmae) were deposited on a mix
of Tissue+ OCT compound and colloidal graphite and frozen on sleet nitrogen by
immersion in a PP3010T Cryo Preparation System (Quorum). Samples were kept in
vacuum inside the Cryo-FESEM. Samples were cleaned by sublimation at -90°C for 7
minutes and subsequently recovered with platinum by spattering for 5 seconds with
a current of 5mA. After that, the samples were observed at 1-2 KV, 4-6mm distance,
and pictures were obtained with an SE2 detector in a Ultra55 Scanning Electron
Microscope (Zeiss). For the cellular profiling, gemmae pictures were converted to
binary (8 bit) and threshold was adjusted to maximize cell size visualization in Fiji.
Cells were then identified, and area measurements were performed using “Analyze
particles” tool in Fiji. Color coding according to the measured cell size was performed

using the plugin ROI_color_coder from Fiji, and final pictures were manually edited.
Y2H assay

MpRSLT CDS was amplified from Tak-1 ¢cDNA and cloned into a pDONR207
with Gateway technology. The primers used for MpRSLT amplification are listed in
Table 2. MpSACL and MpRSL1 CDS were fused to Gal4-binding domain and to Gal4-
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activation domain by cloning into pGBKT7 and pGADT7 respectively via LR clonase Il

(Invitrongen).

Direct interaction assays in yeast were performed following Clontech’s
small-scale yeast transformation procedure. Transformed yeast strains were selected
in Synthetic Defined medium (SD) without Leu (for pGADT7) or Trp (for pGBKT7).
Diploid cells were obtained after mating and subsequent selection in SD -Leu -Trp.
Interaction assays were performed by 1:1, 1:10, 1:100 and 1:1000 diploid culture
dripping in SD -Leu -Trip and -His, in 5 mM 3AT (Sigma Aldrich).

BiFC assays

MpSACL and MpRSLT were cloned into pMDC43-YFN and pMDC43-YFC
(Belda-Palazon et al., 2012), respectively. A. tumefaciens C58 strain containing binary
plasmids was used to infiltrate 3-week-old Nicotiana benthamiana leaves. Three days
after infiltration, leaves were analyzed with a Zeiss LSM 780 confocal microscope.
Reconstituted YFP signal was detected in abaxial epidermal cells at 503-517 nm and

transmitted light.
Histological analyses
Plastochron measurements

For the plastochron measurements, Tak-1, EF1::MpACL5:citrine-1 and -20,
and Mpacl5-4 and -13 were grown on "2 strength Gamborg's B5 medium (Gamborg's
B5 medium 1.58g/L, MES monohydrate 0.5g/L, Plant Propagation Agar PPA 10g/L) at
pH 5.7 under continuous light in a growth chamber. After 5 weeks, the number of
apical notch bifurcations was measured for half of the adult plant. Similarly,
plastochron measurements were performed on Tak-1 grown on %2 strength
Gamborg's B5 medium supplemented with 100 uM Put (Putrescine dihydrochloride,
Sigma), 100 pM Spd (Spermidine trihydrochloride, Sigma), 100 uM Put + Spd or 100
MM Tspm (Thermospermine hydrochloride, EPICA S.L.) for 7 days.

PRI quantification
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Mature dormant gemmae from Tak-1, EF1::MpSACL:citrine, Mpsacl, Mprsl1,
and Mpsacl Mprsl1 backgrounds were extracted from gemma cups and introduced
into a 0.5% Tween 20 solution (Sigma). PRI were quantified using a Nikon Eclipse

E600 microscope in bright field.
Fixation and paraffin embedding

For histological analyses, derived from the described protocol in Feder &
O’Brien (1968) plants were fixed in FAA solution (50% absolute EtOH, 5% glacial acetic
acid, 5% formaldehyde) for 1 hour, and then dehydrated with an Ethanol series up to
70%. They were then automatically incubated with sequential 70%, 95% with 0.2%
Eosin-Y, 100% EtOH, and gradual Histoclear (National Diagnostics):EtOH
concentrations (% v/v): 25:75; 50:50; 75:25 and 100:0 in a tissue processor. Lastly,
samples were included in 100% paraffin (Paraplast Plus, McCormick Scientific) at 58°C
in vacuum conditions. After the inclusion, samples were placed in aluminium moulds
with liquid paraffin, and solidified at 4°C. The plant tissues were sliced at 10 pm
thickness with a HM325 microtome (Microm), deposited into wet slides, and dried on
a heat block at 42°C. For the Toluidine blue staining, the slides were de-parafined
twice with Histoclear Il (National Diagnostics) for 10 minutes each. Samples were then
rehydrated with EtOH series: 100%, 90%, 70%, 50%, 30% for 5 minutes each. Then,
samples were washed with distilled water for 10 minutes and dipped into 0.02%
Toluidine blue solution for 30 seconds, washed with EtOH 70%, and air-dried.
Samples were then fixed with Merckoglass (Sigma) and a coverslip, and let air dry
until solidified. Pictures of histological cuts were taken with the Nikon Eclipse E600
microscope in bright field. Thallus thickness and cell layers were measured from

tissues surrounding the midrib or at the center of the gemmae.
Fresh sectioning in 6% agar

Fresh tissue was embedded in 6% agar (Granulated agar DIFCO,
ThermoFisher). After solidification, the samples were sliced with a vibrating
microtome Leica VT1200S at 85 Hz with a 50 um thickness and visualized in a Nikon

Eclipse E600 microscope in bright field or a Leica DMS 1000 macroscope.
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As we propose in the previous chapter, C3HDZ, ACL5 and SACL do not
operate together as a module in bryophytes (Chapter 2), which suggests that these
genes have followed divergent evolutionary trajectories in bryophytes and
tracheophytes. Thus, one pressing question would be when, during the evolution of
tracheophytes, was the regulatory module assembled and co-opted for vascular cell
proliferation. In other words: is this module a shared mechanism for the control of

xylem production in all tracheophytes, or is it restricted to certain lineages?

Considering the paucity of standard molecular genetic tools for functional
studies in most vascular lineages (gymnosperms, ferns, lycophytes), we performed
RNA in situ hybridizations of C3HDZ, ACL5 and SACL orthologs in these lineages, as
well as protein-protein interaction studies with SACL proteins from divergent land
plant lineages. These techniques allowed to establish that the co-option of C3HDZ,
ACL5 and SACL genes towards vascular tissues predated the divergence of the
tracheophytes, but also revealed other co-options of these genes (as a module or
independently) in apical meristems. In addition, we have demonstrated that the
ability of SACL to interact with other partners has diverged in the tracheophyte and
bryophyte lineages.
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RESULTS AND DISCUSSION

Anatomy and vascular development of G. biloba, C. richardii and S. kraussiana

To investigate the possible association between vascular structures and the
expression of C3HDZ, ACL5 and SACL orthologs across the tracheophyte lineage —in
addition to angiosperms—, we have selected the following species: Ginkgo biloba
(gymnosperm), Ceratopteris richardii (fern) and Selaginella kraussiana (lycophyte). As
vasculature-bearing tissues, we analyzed the SAM of G. biloba and S. kraussiana, and

the primary rooting structures of G. biloba, C. richardii and S. kraussiana.

G. biloba (Figure 1) is the only extant species of the order of Ginkgoales. It
has two types of vegetative shoots: dwarf shoots with short internodes and relatively
large pith and cortex, and long shoots, with long internodes and small pith and cortex.
Despite these differences in shoots, the cellular organization of both SAM remains
the same (reviewed in Foster, 1938; Hara, 1997). For our analyses we used long shoot-
SAMs (Figure 1; Figure 2 A and B) since they are the principal shoot type in G. biloba
seedlings. G. biloba SAMs are composed of a group of apical cells (or cell initials) that

are surrounded by many layers of merophytes. These merophytes will give rise to the

Ginkgo biloba Ceratopteris richardii Selaginella kraussiana

Figure 1. Anatomy overview of G. biloba, C. richardii, and S. kraussiana. G. biloba (adult
tree, left; seedling with long shoots, right), C. richardii and S. kraussiana used for the in situ
hybridization. Picture of an adult G. biloba tree was obtained from Wikipedia
(https://commons.wikimedia.org/wiki/); C. richardii adult from C-Fern (https://c-fern.org/);
and S. kraussiana courtesy of Dr. Eugenio Gémez Minguet (University of Valencia).
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Figure 2. Anatomy of the SAM and primary root of G. biloba in cross sections after
toluidine blue staining. A, B: Long-SAMs (longitudinal cross sections). C: Root during
primary development. Scale bars represent 100 um. Dotted black lines are used to delimitate
SAM or merophyte domain. co, cortex; ep, epidermis; Ip, leaf primordia; me, merophytes; mx,
metaxylem; ph, phloem; pi, pith; pv, provascular tissues; px, protoxylem; sam, shoot apical
meristem; sd, secretory duct; x, xylem.
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leaf primordia, the pith, and the provascular tissues (see Glossary) in the leaf
primordia and the rest of the shoot (Reviewed in Foster, 1938; Hara, 1997) (Figure 2
A and B). In addition to these cell types, G. biloba also produces a special type of
conducts, the secretory ducts, hollow structures derived from PCD where secondary
metabolites and mucilage are accumulated (Figure 2 A and B) (Cartayrade et al,
1990; Dorken, 2014; Pillai, 1963). Another tissue bearing vasculature is the root; the
stele of G. biloba root displays diarch symmetry during primary development (Figure
2C), and eventually becomes tetrarch (or up to hexarch) with the addition of new
leaves (Bonacorsi & Seago, 2016; Soh et al., 1988). The procambium produces both
phloem and protoxylem during the first stages of root development; in later stages,
the procambium transitions to vascular cambium, becomes cylindrical and connects
all the xylem poles (Soh et al, 1988). In addition to the stele, the rest of the root

tissues are composed of cortex and epidermis.

C. richardii is a semi-aquatic fern from the Pteridaceae family inside the
order Polypodiales (Figure 1). Its roots are developed laterally with respect to the
longitudinal axis of the embryo, also called primary homorhizy (Groff & Kaplan, 1988;
G. Hou & Blancaflor, 2018). The root is developed from the hypodermis of the leaf
stem, making one root per leaf node (G. C. Hou & Hill, 2002). C. richardii roots are
heteroblastic (see Glossary) (G. C. Hou & Hill, 2002); however, the development of
vascular tissues does not differ within heteroblastic roots. Vascular development
starts very early at the meristematic zone of the root (Aragén-Raygoza et al., 2020),
and protoxylem is the first to differentiate (Figure 3A). At the end of the meristematic
zone, the stele of stem-borne roots contains protoxylem, phloem, endodermis and
pericycle (Figure 3) (Aragén-Raygoza et al., 2020; G. C. Hou & Hill, 2004). In later
stages, metaxylem is formed at the center of the root (Figure 3B) (Aragdn-Raygoza
et al,, 2020). In addition to these cell types, the root is composed of epidermis and
cortex, where aerenchyma (see Glossary) is produced (Aragdn-Raygoza et al., 2020;
G. C. Hou & Hill, 2004) (Figure 3A). We excluded the SAMs of C. richardii for the in
situ hybridization due to its small size at the time of tissue collection (8 cells at stage
S2, as described by Conway & di Stilio, 2020) and derived difficulty in identification
and handling (G. C. Hou & Hill, 2004).

143 Mg



Origin & Evolution of the C3HDZ-ACL5-SACL Regulatory Module in Land Plants

Figure 3. Anatomy of the primary root of C. richardii. Cross sections of primary roots after

toluidine blue staining, showing the first protoxylem poles (A) and metaxylem formation (B).
Scale bars represent 100 pm. a, aerenchyma; co, cortex; en, endodermis; ep, epidermis; mx,
metaxylem; ph, phloem; pe, pericycle; px, protoxylem.

S. kraussiana is a lycophyte from the family of Selaginellaceae, inside the
order of Selaginellales (Figure 1). Shoots have dorsi-ventral organization; leaf
primordia arise in pairs and have a central vascular bundle (Harrison et al., 2005)
(Figure 4A). During their growth, both SAM and root apical meristems (RAM) have
dichotomous branching (Gola, 2014; Gola & Jernstedt, 2016; Harrison et al., 2007;
Otreba & Gola, 2011). The SAM consists of one or two apical cells (Gola, 2014;
Harrison et al., 2007) that produce the rest of the cells of the shoot, included the
provascular cells at either side of the shoot (Gola & Jernstedt, 2016). The S. kraussiana
shoot vasculature is described as a protostele with two meristeles (see Glossary), or
vascular bundles (Figure 4A) (Gola & Jernstedt, 2016). As a rooting mechanism, S.
kraussiana develops the rhizophore, that is a special structure of the genus
Selaginella (Figure 4 B and C). Rhizophores are developed at every branching point
from the shoot (Harrison et al., 2005; Otreba & Gola, 2011). They are cylindrical
structures that have both shoot and root features, since they lack a root cap and root
hairs (Imaichi, 2008; Imaichi & Kato, 1991; P. Lu & Jernstedt, 1996).
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Figure 4. Anatomy of the SAM and rhizophore of S. kraussiana. Cross sections after
toluidine blue staining. A, SAM showing the leaf primordia and shoot vascular bundles. B
and C, rhizophore during first stage (B) or later stages of vascular development (C). Scale
bars represent 100 pum. ac, apical cell; co, cortex; dmx, developing metaxylem; en,
endodermis; ep, epidermis; Ip, leaf primordia; mx, metaxylem; ph, phloem; pe, pericycle; pv,
provascular tissues; px, protoxylem; st, stele; vb: vascular bundle.

The rhizophore has an apical cell that contributes to the initial apical growth
of the rhizophore. After a few cell divisions, it loses its identity and two new root

apical cells are formed at the tip of the rhizophore, under few layers of parenchymatic
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cells. Then, these initials will form a root primordium and emerge from the tip of the
rhizophore (Imaichi, 2008; Imaichi & Kato, 1989; P. Lu & Jernstedt, 1996). These root
tips can bifurcate dichotomously a few times before reaching the soil and continue
their growth as roots (Imaichi & Kato, 1989; P. Lu & Jernstedt, 1996). The vasculature
of the rhizophore is formed at a central stele, where xylem and phloem are formed
from the procambial cells (Figure 4 B and C) (Imaichi & Kato, 1989). The protoxylem
is formed at the center, and metaxylem is later formed surrounding the center of
protoxylem; the phloem is found surrounding the xylem (Figure 4C) (Imaichi & Kato,
1989). The stele is enclosed by a layer of pericycle, a layer of endodermis, cortex, and

a layer of epidermis (Figure 4 B and C).

G. biloba, C. richardii and S. kraussiana encode C3HDZ, ACL5 and uORF-
containing SACL orthologs

Regarding C3HDZ orthologs (Table 1), G. biloba contains five C3HDZ
paralogs that were also identified in previous studies (Zumajo-Cardona et al,, 2021;
Floyd et al., 2014; Prigge & Clark, 2006). In our phylogenetic analysis, GbiC3HDZ.1 to
3 were grouped into the spermatophyte clade, but GbiC3HDZ.4 and 5 were more
similar to the fern C3HDZ and were grouped in Ferns 1 and Ferns 2 clades respectively
(Figure 5). We identified three C3HDZ paralogs in C. richardii of which two
(CriC3HDZ.1 and 2) were previously described (Floyd et al, 2014; Prigge & Clark,
2006b). Additionally, a BLAST screening from a non-published transcriptome from
this species (personal communication, Chang lab, lowa State University, USA)
revealed a third C3HDZ paralog (CriC3HDZ.3). In the C3HDZ phylogenetic tree,
CriC3HDZ.1 and 2 belong to Ferns 2, while CriC3HDZ.3 belong to Ferns 1 (Figure 5).
Lastly, we identified two C3HDZ paralogs in S. kraussiana genome, SkrC3HDZ.1 and
2 (Figure 5), that were also previously described (Floyd et al., 2014; Floyd & Bowman,
2006; Prigge & Clark, 2006).

Regarding ACL5 orthologs (Table 1), G. biloba genome contains two
paralogs that belong to the phylogenetic group of Gymnosperms 1 and 2 (GbiACL5.1
and 2, respectively); C. richardii has a sole ortholog in the Ferns 1 (CriACL5), and S.
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kraussiana contains two

paralogs inside the lycophyte clade (SkrACL5.1 and 2)

(Figure 5).
Name Origin Identifier uORF
GbiC3HDZ.1  Prigge and Clark, 2006 DQB57215 (Genbank) -
GbiC3HDZ.2  Prigge and Clark, 2006 DQB57216 (Genbank) -
GbiC3HDZ.3  Prigge and Clark, 2006 DQB57217 (Genbank) -
GbiC3HDZ 4 Floyd et al., 2014 -
G biloba GbiC3HDZ.5 Floyd et al., 2014 -
GbiACL5 1 own Seaffold_2003720 (OneKP) -
GbIACL5.2 own Scaffold_2004590 (OneKP) -
GbISACL.1 own Scaffold_2002494 (OneKP) Yes
GhiSACL.2 own Scaffold 2037779 (OneKP) Mo
CriC3HDZ 1 Prigge and Clark, 2006 DQ657205 (Genbank) -
CriC3HDZ 2  Prigge and Clark, 2006 DQB57206 (Genbank) -
CriC3HDZ 3 own, Cheng lab Ceric_18G068400 (Phytozome) -
CriACLS own, Cheng lab Ceric.07G097200 (Phytozome) -
C. richardii CriSACL .1 own, Cheng lab Ceric.12G069300 (Phytozome) Yes
CriSACL.2 own Ceric.21G028000 (Phytozome) Yes
CriSACL.3 own Ceric.24G028600 (Phytozome) Yes
CriSACL 4 own Ceric 20G008700 (Phytozome) No
CriSACL 5 own Ceric_16G076700 (Phytozome) Yes
SkrC3HDZ. 1 Prigge and Clark, 2006 DQB5T196 (Genbank) -
SkrC3HDZ.2  Prigge and Clark, 2006 DQB57197 (Genbank) =
S. kraussianal SkrACLS5.1 own Scaffold_2038638 (OneKP) -
SkrACLS5.2 own Scaffold_2040229 (OneKP) -
SKrSACL own Scaffold 2000249 (OneKP) Yes

Table 1. List of C3HDZ, ACL5 and SACL orthologs in G. biloba, C. richardii and S. kraussiana.

For SACL orthologs (Table 1), G. biloba has two SACL paralogs that belong
to Gymnosperms 1 and 2, GbiSACL.1 and 2, respectively (Figure 5). C. richardii
possesses five SACL paralogs (CriSACL.1 to 5), of which CriSACL.1-3, and 5 belong to
Ferns 1, and CriSACL.4 belong to the Ferns 2 clade (Figure 5). S. kraussiana, in turn,
encodes a sole SACL ortholog (SkrSACL) that belongs to the lycophyte clade (Figure
5). We then investigated the presence of the Tspm-sensitive uORF in these orthologs
5" leader sequences. As expected, most SACL transcripts contain the uORF for Tspm
regulation in their 5' leaders (Figure 6A), and their length and intercistronic space
meet the requirements for optimal translational regulation (Figure 6B) (Fultterer &
Hohn, 1992; Kozak, 1987). Among the described orthologs, we were able to amplify
hybridization probes (marked in black circles in Figure 5) for the G. biloba orthologs:
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GbiC3HDZ.7 and 2; GbIACL5.7 and 2; GbiSACL.7 and 2; for the C. richardii
orthologs CriC3HDZ.1 and 2; CriACL5; CriSACL.1, 3 and 4; and for the S. kraussiana
orthologs: SkrC3HDZ.1 and 2; SkrACL5.7 and 2; and SkrSACL.
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Figure 6. SACL transcripts from G. biloba, C. richardii and S. kraussiana contain the
tracheophyte-specific uORF. A, alignment of peptidic uORF sequences, with A. thaliana
AtSAC517 and AtSACL3 for reference. Black boxes indicate conserved sites in > 80% of the
sequences. B, graphical representation of UORF length (Y axis) versus intercistronic space (X
axis), in identified uORF sequences (in bp). Dashed line delimits the minimum intercistronic
space required for mORF regulation, and grey box marks the optimal uORF length. Both
criteria are based on Fultterer & Hohn (1992) and Kozak (1987) research.
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C3HDZ, ACL5 and SACL orthologs expression overlaps in the vascular tissues

In G. biloba, both GbiC3HDZ orthologs" mRNAs were detected in the
provascular tissues in shoots and roots (Figure 7 A-D). In the shoot, their expression
is particularly strong in the provascular tissues of leaf primordia as well as developing
vascular tissues below the SAM (Figure 7 A and C). Regarding root vasculature, both
GbiC3HDZ mRNAs were detected in the stele, in what appear to be developing
protoxylem cells (Figure 7 B and D). However, we also observed expression outside
of the stele, in some cortex and epidermis cells, especially for GbiC3HDZ.2 (Figure
7D). Consistently, a previous study in G. biloba has also found GbiC3HDZs expression
in the provascular tissues of developing reproductive structures and leaves (Zumajo-
Cardona et al, 2021). Regarding GbiACL5 paralogs, their mRNA accumulates in
provascular tissues of leaf primordia, shoot and root (Figure 7 E and F, Figure 8 A
and B). However, while GbiACL5.7 domain is broader and includes all provascular
tissues in the stele (Figure 7 E and F), GbiACL5.2 appears to be expressed strictly in
developing xylem cells in both shoot and root (Figure 8 A and B). Similar to the
expression pattern of G. biloba C3HDZ and ACL5 orthologs, expression of GbiSACLs
is detected in all provascular tissues of the shoot and root (Figure 8 C-F). In the root,
both GbiSACLs are expressed in the stele, although GbiSACL. 7 domain is 2-3 cell
broader than GbiSACL.2 towards cortical cells (Figure 8 D and F). There was no
observable unspecific staining in sense probes for any of the G. biloba genes
(Supplemental Figure 1). In summary, we observed that the expression patterns of
C3HDZ, ACL5 and SACL largely overlapped in vascular tissues of several organs in G.
biloba.

In C. richardii roots, CriC3HDZ.1 and 2 have a rather ubiquitous expression
pattern (Figure 9 A and B), and their mRNA was detected in the stele, in addition to
all surrounding tissues, namely the epidermis, cortex, and endodermis. CriC3HDZ.1
signal was particularly strong in the protoxylem poles (Figure 9A). In line with our
observations, other studies have documented C3HDZ expression in the provascular
tissues in other fern species as well (Vasco et al.,, 2016). CriACL5 expression, in turn, is
restricted to the developing xylem axis in the root (Figure 9C). Interestingly, although

all the CriSACL genes examined were expressed in the provascular tissues in the root,
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GhiC3HDZ.2 GbiC3HDZ.1

GbiACL5.1

Figure 7. Expression of GbiC3HDZ.1, GbiC3HDZ.2 and GbiACL5.1 in G. biloba shoots
and roots. A, C, E; in situ hybridizations of the antisense probes in longitudinal cross sections
of vegetative long-shoot SAM of (A) GbiC3HDZ.1, (C) GbiC3HDZ2 and (E) GbiACL5.1. B, D,
F: in situ hybridizations of the antisense probes in cross sections of Ginkgo biloba roots
during primary development of (B) GbiC3HDZ.1, (D) GbiC3HDZ.2 and (F) GbiACL5.17. Scale

bars represent 100 pm.
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Figure 8. Expression of GbiACL5.2, GbiSACL.7 and GbiSACL.2 from G. biloba shoots and
roots. A, C, E; in situ hybridizations of the antisense probes in longitudinal cross sections of
vegetative long-shoot SAM of (A) GbiACL5.2, (C) GbiSACL. T and (E) GbiSACL.2. B, D, F: in situ
hybridizations of the antisense probes in cross sections of Ginkgo biloba roots during primary
development of (B) GbiACL5.2, (D) GbiSACL.7 and (E) GbiSACL.2. Scale bars represent 100

um.
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Figure 9. Expression of C3HDZ, ACL5 and SACL orthologs in C. richardii root. In situ
hybridizations of the antisense probes for (A) CriC3HDZ.1, (B) CriC3HDZ.2, (C) CriACL5, (D)
CriSACL.T, (E) CriSACL.3 and (F) CriSACL.4 in root cross sections. Scale bars represent 100 um.
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they exhibited different expression patterns, following a pattern fairly similar to that
of the AtSACL orthologs in the root of A. thaliana (Vera-Sirera et al., 2015): CriSACL.7
expression is ubiquitous (Figure 9D), while CriSACL.3 and 4 are specific for the stele.
However, CriSACL.3 mRNA was detected in the provascular tissues, endodermis and
pericycle (Figure 9E), and CriSACL.4 is very specific of xylem precursor cells, at the
xylem axis (Figure 9F). Regarding the sense probes, we did not observe any
unspecific staining for any of the C. richardii genes (Supplemental Figure 2). In sum,
we provide consistent evidence that all analyzed C3HDZ, ACL5 and SACL orthologs

express within the root provascular domain in C. richardii.

In the lycophyte S. kraussiana, all C3HDZ, ACL5 and SACL orthologs
examined were expressed in provascular tissues of the shoot and the rhizophore as
well (Figure 10), except for SkrACL5.1, which is restricted to the rhizophore (Figure
10 E, F and M). In the rhizophore, SkrC3HDZ.7 and 2 accumulate at the stele and
some cortex cells (Figure 10 K and L respectively); and SkrC3HDZ.2 is especially
strong in developing xylem cells (Figure 10L). Our observations agree with previous
studies that have localized SkrC3HDZ provascular expression in the shoots of S.
kraussiana (Floyd et al.,, 2006; Floyd & Bowman, 2006; Prigge & Clark, 2006) and its
close relative S. moellendorffii (Vasco et al., 2016). Regarding SkrACL5 orthologs,
SkrACL5.7 domain is very specific of the xylem axis in the rhizophore (Figure 10M).
SkrACL5.2, in turn, accumulates at the provascular tissues of the shoots with a similar
domain in the rhizophore, in the xylem domain enclosed in the stele (Figure 10 G, H
and N). SkrSACL mRNA is found in provascular tissues of the shoot (Figure 10 I and
J) and the stele and 2-3 surrounding cortical cell layers (Figure 100). We did not
observe unspecific staining of sense probes for S. kraussiana (Supplemental Figure
3). In sum, our observations indicate that all C3HDZ, ACL5 and SACL orthologs are

expressed in provascular tissues in the lycophyte S. kraussiana.

The overlapping expression domains of these orthologs in vascular tissues
seems to be conserved across tracheophytes. In addition, the fact that all paralogs in
these species show different expression breadth or specificity towards vascular
tissues argues in favor of an initial recruitment of their expression towards vascular

tissues at the common ancestor of tracheophytes, which was followed by internal
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SkrC3HDZ.2 SkrC3HDZ.1

SkrACLS5.1

SkrACLS5.2

SkrSACL

Figure 10. Expression of C3HDZ, ACL5 and SACL orthologs in S. kraussiana. In situ
hybridizations of the antisense probes. A-I; longitudinal cross sections of vegetative SAM of
(A) SkrC3HDZ.1, (C) SkrC3HDZ.2, (E) SkrACL5.1, (G) SkrACL5.2, and (I) SkrSACL. B-J, close
view on SAM on previous longitudinal cross sections; K-O, cross sections of rhizophores of
(K) SkrC3HDZ.1, (L) SkrC3HDZ.2, (M) SkrACL5.17, (N) SkrACL5.2, and (0) SkrSACL. Scale bars

represent 50 pm.
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lineage duplications and paralog domain diversification. However, their functionality
and connections as a module regulating vascular periclinal cell divisions in these

species remains to be elucidated.

Expression of C3HDZ, ACL5 and SACL orthologs outside the vasculature in
tracheophytes

In addition to the documented expression in the vascular domain, we
observed relatively conserved expression patterns of the studied orthologs in other
tissues. For instance, all C3HDZ orthologs are found in apical domains; in G. biloba,
both GbiC3HDZ.1 and GbiC3HDZ.2 paralogs are expressed in the SAM and are
especially strong in leaf primordia (Figure 7 A and C). However, while GbiC3HDZ.2
expression rapidly decreases in older leaf primordia (Figure 7C), GbiC3HDZ.1
expression seems to be maintained for a longer time (Figure 7A). The expression of
GbiC3HDZ orthologs in apical regions agree with the work of Floyd et al. (2006) and
Floyd & Bowman (2006), that documented GbiC3HDZ.1 expression in apical
vegetative meristems in G. biloba as well as an ortholog from another gymnosperm
species, Pseudotsuga menziesii. Similar studies have confirmed GbiC3HDZ 1-3
expression in developing leaf primordia, which is consistent with our results as well
(Floyd et al., 2006; Zumajo-Cardona et al., 2021). However, they reported preferential
expression on the adaxial side of the developing leaves, which would be difficult to

observe in our longitudinal sections.

In S. kraussiana, all SkrC3HDZ paralogs have apical domains in addition to
vascular tissues. Contrary to the observations by Floyd et al. (2006), who reported
SkrC3HDZ.1 and 2 expression in apical cells and merophytes in the SAM, we observed
specific expression of SkrC3HDZ.7 and 2 in the merophytes but excluding apical cells
(Figure 10 A-D). This agrees with the findings by Prigge & Clark (2006) and Vasco et
al. (2016). Both SkrC3HDZ paralogs in S. kraussiana also show an intense signal at
leaf primordia, which is the commonly accepted C3HDZ expression domain in
lycophytes in all previous studies (Floyd et al., 2006; Prigge & Clark, 2006; Vasco et
al, 2016). In addition, C3HDZ orthologs are also found in the meristem of

leptosporangiate ferns (see Glossary) (Vasco et al., 2016). Hence, our work with a
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lycophyte and a gymnosperm agrees with the putative co-option of C3HDZ orthologs

for the regulation of apical growth in the sporophyte in tracheophytes.

Regarding ACL5 orthologs, we have provided a first evidence of ACL5
expression in the SAM of lycophytes and gymnosperms; however, while G. biloba
orthologs are found in the apical meristems and leaf primordia, in the lycophyte S.
kraussiana, the expression was specifically restricted to leaf primordia. In addition,
these expression patterns were not shared by all ACL5 paralogs in these species. In
G. biloba, only GbiACL5.1 is expressed in SAMs and leaf primordia (Figure 7E), and
the other paralog (GbiACL5.2) is restricted to provascular tissues (Figure 8A). A
similar situation is found in S. kraussiana ACL5 paralogs, one of which (SkrACL5.2) is
expressed in leaf primordia (Figure 10 G and H) but the other paralog (SkrACL5.7) is
not found in shoots and is specific for rhizophore vasculature (Figure 10 E and F).
Our results suggest that ACL5 could have been co-opted in shoot apical tissues in
the common ancestor of tracheophytes, where it may participate in the regulation of
apical meristems, leaf primordia, or both. Likewise, the AtACL5 ortholog from the
angiosperm A. thaliana has been found in the RAM (Baima et al., 2014; Clay & Nelson,
2005) but the expression in the SAM has been overlooked. Hence, future studies
should consider revisiting ACL5 expression in A. thaliana, which would allow to infer
the possible conservation of ACL5 function in the regulation of apical meristems. In
addition, considering that ACL5 has been previously identified to participate during
embryogenesis in Scots pine, a gymnosperm (Vuosku et al., 2019), the role of ACL5
outside of vascular development in vascular plants is possibly much broader than
what has been hitherto studied.

Interestingly, we documented a strong expression of GbiACL5.7 in secretory
ducts in the shoots of G. biloba. These are tissues that later in development undergo
cell death to create the final hollow conduct (Figure 7E) (Cartayrade et al., 1990), and
may indicate that ACL5 role in plant cell death is conserved in tracheophytes (Mufiz
et al., 2008; Vuosku et al., 2019).

As in the case of ACL5 orthologs, this is the first time that the expression of
SACL orthologs has been documented in SAMs (Katayama et al.,, 2015; Vera-Sirera et
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al, 2015). We have observed that SACL orthologs are expressed in SAMs and leaf
primordia in G. biloba (Figure 8 C and E) as well as in merophytes (but not the apical
cell) and leaf primordia of S. kraussiana shoots (Figure 10 | and J). Hence, our results
suggest that SACL orthologs may have been co-opted and participate in the

regulation of apical meristems and/or leaf primordia development in tracheophytes.

Although the detection of C3HDZ, ACL5 and SACL expression in apical
meristems in different tracheophytes suggests that they may have a function in those
cells, the question still remains if they can operate together as a module (as observed
in A. thaliana vascular tissues). One interpretation is that they might regulate cell
divisions and growth, which is supported by circumstantial evidence from different
sources: this is what MpC3HDZ and MpACL5 seem to do in apical notches in M.
polymorpha (Chapter 2), and it is what AtC3HDZ and AtACL5 (together with AtSACLs
and AtLHW-AtTMOS5) do in differentiating xylem cells (Vera-Sirera et al., 2015).
However, the expression of AtLHW and AtTMO5 has only been characterized in roots
and AtTMO5 expression has been located in the cotyledon primordia of the embryo
(de Rybel et al., 2014), but their expression has been overlooked in the SAM of A.
thaliana (de Rybel et al., 2013; Katayama et al., 2015; Vera-Sirera et al,, 2015). Likewise,
it is also posible that the downstream regulation of these genes may be divergent in
different tracheophyte apical meristems, given that they might share domain with

other putative downstream targets (Hodin, 2000), which would need to be explored.
SACL heterodimerization activity has diverged during land plant evolution

The results shown above suggest that the overlapping expression of C3HDZ,
ACL5 and SACL genes in the developing vascular tissues in tracheophytes marked the
evolutionary origin of their joint action in the control of vascular cell proliferation,
together with the appearance of a Tspm-regulated uORF in the 5'-leader sequence
of SACL transcripts. However, it is still unclear how this module became connected to
the LHW/TMOS5 heterodimer that ultimately promotes cytokinin synthesis and cell
proliferation. Considering that this connection happens in A. thaliana through direct
physical interaction between AtSACL and AtLHW, we hypothesized that the ability of

SACL to interact with different partners diverged after the separation of
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tracheophytes and bryophytes. We hence tested the intra- and inter-species
interactions between SACL and LHW or RSL1 orthologs from the tracheophyte A.
thaliana and the bryophyte M. polymorpha. The results of Y2H and BiFC interaction

assays are summarized in Figure 11.

Y2H BiFC
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Figure 11. Summary of interactions in Yeast-2-Hybrid and Bimolecular Fluorescence
Complementation assays between SACL, LHW and RSL class | orthologs. Dark blue
circles indicate positive strong interaction, light blue circles indicate weak interaction; White
circles indicate no interaction, and dark grey and dotted circles indicate inconclusive results
due to the auto-activation effects on Y2H. Turquoise boxes mark the intra-species
interactions in A. thaliana, yellow boxes the intra-species interactions in M. polymorpha, and
grey boxes mark the inter-species interactions. These analyses were based on two replicates
performed on different times.

Intra-species interactions (M. polymorpha)

Inter-species interactions

The Y2H assays were limited by the auto-activation of MpSACL, MpRSL1,
ROOT HAIR DEFECTIVE 6 (AtRHD®6), and AtLHW when fused to the Gal4 DNA Binding
Domain (Gal4BD) (Figure 12A). Nevertheless, we could confirm interaction between
the MpSACL HLH domain and the full-length AtLHW protein fused to the Gal4
Activation Domain (Gal4AD) (Figure 12B), as well as with MpRSL1, which was used
as a positive control (Chapter 2). However, these interactions did not occur when
the media was complemented with 5 mM 3AT. Regarding A. thaliana SACL orthologs,
we only observed positive interaction of AtSAC51-Gal4BD with AtLHW, which was
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Figure 12. Reciprocate Yeast 2 Hybrid assays between MpSACL, LHW and RSL class |
orthologs. Top: summary of Y2H interactions of all SACL orthologs with LHW and RSL class
| orthologs to ease comparison (adapted from Figure 11). A, Reciprocate interactions with
full length proteins; B, Interactions between the HLH domain of MpSACL and full length
MPpRSL1 and AtLHW proteins. Different interactions were tested in growth control, lacking
leucine and tryptophan (-L-W), in histidine-free SD media (-L-W-H) and histidine-free media
complemented with 5 mM 3AT (-L-W-H+5 mM 3AT) to test interaction strength. Y2H Empty
vectors (pGADT7 and pGBKT7) containing Gal4 Activation Domain (AD) or Binding Domain
(BD) respectively were used as negative controls. Analyses were based on two replicates
performed on different times.
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Figure 13. Reciprocate Yeast 2 Hybrid assays between AtSAC51, LHW and RSL class |
orthologs. Top: summary of Y2H interactions of all SACL orthologs with LHW and RSL class
| orthologs to ease comparison (adapted from Figure 11). Different interactions were tested
in growth control, lacking leucine and tryptophan (-L-W), in histidine-free SD media (-L-W-
H) and histidine-free media complemented with 5 mM 3AT (-L-W-H+5 mM 3AT) to test
interaction strength. Y2H Empty vectors (pGADT7 and pGBKT7) containing Gal4 Activation
Domain (AD) or Binding Domain (BD) respectively were used as negative controls. Analyses
were based on two replicates performed on different times.
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Figure 14. Reciprocate Yeast 2 Hybrid assays between AtSACL3, LHW and RSL class |
orthologs. Top: summary of Y2H interactions of all SACL orthologs with LHW and RSL class
| orthologs to ease comparison (adapted from Figure 11). Different interactions were tested
in growth control, lacking leucine and tryptophan (-L-W), in histidine-free SD media (-L-W-
H) and histidine-free media complemented with 5 mM 3AT (-L-W-H+5 mM 3AT) to test
interaction strength. Y2H Empty vectors (pGADT7 and pGBKT7) containing Gal4 Activation
Domain (AD) or Binding Domain (BD) respectively were used as negative controls. Analyses
were based on two replicates performed on different times.
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circles indicate no interaction. For these experiments, MpSACL was always used fused to the

N-terminal of a YFP - YFN, and interactions were tested with potential partners fused to the

C-terminal of YFN (YFC). AtGAI*> was used as a negative control in all interactions. Images
are shown in transmitted White light (T-PEMT), Emission field for YFP (503-517 nm), or
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Figure 16. BiFC assay on N. benthamiana leaves between AtSAC51, LHW and RSL class
I orthologs. Top: summary of BiFC interactions of all SACL orthologs with LHW and RSL class
| orthologs to ease comparison. Dark blue circles indicate positive interaction and white
circles indicate no interaction. For these experiments, AtSAC51 was always used fused to the
N-terminal of a YFP - YFN, and interactions were tested with potential partners fused to the
C-terminal of YFN (YFC). AtGAI*? was used as a negative control in all interactions. Images
are shown in transmitted White light (T-PEMT), Emission field for YFP (503-517 nm), or
merged channels (T-PEMT + YFP).
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Figure 17. BiFC assay on N. benthamiana leaves between AtSACL3, LHW and RSL class
I orthologs. Top: summary of BiFC interactions of all SACL orthologs with LHW and RSL class

| orthologs to ease comparison. Dark blue circles indicate positive interaction and white

circles indicate no interaction. For these experiments, AtSACL3 was always used fused to the

N-terminal of a YFP - YFN, and interactions were tested with potential partners fused to the

C-terminal of YFN (YFC). AtGAI*> was used as a negative control in all interactions. Images
are shown in transmitted White light (T-PEMT), Emission field for YFP (503-517 nm), or

merged channels (T-PEMT + YFP).
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maintained after 5 mM 3AT; and also, with AtRSL1 when AtSAC51 was fused to
Gal4BD, although this interaction was lost in more restrictive conditions (Figure 13).
AtSACL3-Gal4BD, in turn, showed positive interactions with AtRHD6, AtRSL1 and
AtLHW under 5 mM 3AT (Figure 14), and AtSACL3-Gal4AD also showed an
interaction with MpLHW (Figure 14).

In the BiFC assay, MpSACL showed positive interactions with all RSL class |
orthologs from M. polymorpha and A. thaliana (Figure 15); however, regarding LHW
orthologs, MpSACL was only able to interact with the A. thaliana AtLHW, but not
MpLHW from M. polymorpha (Figure 15). AtSAC51, in turn, can interact with all RSL
class I orthologs, in addition to AtLHW, but not MpLHW (Figure 16). Lastly, AtSACL3
had a positive interaction with all LHW and RSL class | orthologs from both species,
except for AtRSL1 (Figure 17).

Considering all the positive interactions in either one of the experimental
approaches (Figure 11), we conclude that the SACL-LHW interaction was acquired at
some point during the evolution of the tracheophyte lineage, while the SACL-RSL
interaction was probably present in the last common ancestor of land plants. Given
that SACL and LHW can establish heterologous interactions, it is difficult to discern
whether this interaction in tracheophytes was caused by changes in the SACL or in
the LHW proteins. Interestingly, our results in heterodimerization activity between
three bHLH members, and by extension, the work of Lu et al. (2020), which confirmed
that TMO5 and LHW orthologs are not able to interact in K. nitens, a charophyte,
suggest that the heterodimerization activity of bHLH proteins is divergent in different
land plant lineages. This confirms and at the same time, contrasts the hypotheses by
Pires and Dolan (2010a, 2010b) which concluded that bHLH interactions are
conserved across land plant lineages. Our results, hence, suggest that although this
is true for some bHLH proteins, like SACL and RSL class | orthologs, conserved

interactions cannot always be assumed.
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Figure 18. AtSACL3 does not share downstream regulation with MpSACL. A,
quantification of AtSACL3 transcripts by RT-qPCR from four biological replicates; B,
Phenotype in thalli and gemmae from Tak-1 and EFT7::AtSACL3:citrine-2. Black arrowheads
indicate pale rhizoid initials. C, PRI quantifications in Tak-1, EFT:AtSACL3:citrine-2 and
EF1::AtSACL3:citrine-3, with no significant changes (18 > n > 8) . D, Relative expression of
Mp1g08130 in Tak-1, EFT:AtSACL3:citrine-2 and EF1:AtSACL3:citrine-3 quantified by RT-

gPCR from 2 biological replicates.
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Next, we assessed whether the positive interactions in the Y2H and BiFC
had relevant consequences in vivo. Hence, we hypothesized that AtSACLs would be
functionally equivalent to MpSACL in M. polymorpha. To test this hypothesis, we
performed a heterologous expression of AtSACL3 in M. polymorpha since it is the
most closely related ortholog to MpSACL based on our phylogenetic analysis
(Chapter 1). We generated two independent EFT::AtSACL3:citrine lines in Tak-1
background, both with a similar AtSACL3 transcript accumulation (Figure 18A).

Since AtSACL3 can interact with MpRSL1 and MpLHW, we looked for any
defective phenotypes that could derive from a loss of function of MpRSL1 or MpLHW
in these lines, as a consequence of inhibition through AtSACL3. For MpRSL1, we
analyzed gemma development in gemma cups, as well as rhizoid development.
However, we did not observe any defective phenotype in EF1::AtSACL3:citrine (Figure
18B); gemma cups produced gemmae, and PRI developed similarly to Tak-1 (Figure
18 B and C), which suggests that AtSACL3 does not compromise MpRSL1
downstream regulation in M. polymorpha. As for the interaction with MpLHW, we
quantified the expression of Mp1g08130, a gene induced in Mplhw mutant
background, given that Mplhw loss of function mutants do not seem to have any
observable defective phenotype (Lu et al., 2020). In both constitutive expression lines,
the Mp7g081730 transcript abundance was between 1.5 and 2-fold higher in replicate
1, and between 2 and 2.5-fold in replicate 2 compared to Tak-1 (Figure 18D), which
suggests that MpLHW downstream regulation is compromised in constitutive
expression of AtSACL3. Taken together, our results suggest that the biochemical
properties of SACL orthologs have diverged in the tracheophyte and bryophyte
lineages. In other words, changes in SACL biochemical properties may underlie the

species-specific functions downstream of SACLs.
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MATERIALS

Plant material and growth conditions

Ginkgo biloba SAMs were obtained from adult trees grown in the New York
Botanical Garden (NYBG) (1358/97 F Princeton Nurseries) whereas RAM were
obtained from seedlings from the same trees grown in a growth chamber (16-hour
long day conditions at 23°C). Ceratopteris richardii Rn-3 spores were germinated in
liquid basal medium (0.5x MS salts at pH 6.0) for 3 days at 28°C at long day conditions
(16h light). Then, the germinated spores were grown in the same solution in a shaker
(200 rpm) at room temperature for 9 days. The gametophytes were transferred into
soil and grown at room temperature and long day conditions. Young roots were
collected from 14-day-old sporophytes. SAMs and rhizophores of Selaginella

kraussiana var. aurea were obtained from the NYBG.

Histological analyses and toluidine blue staining

G. biloba, C. richardii and S. kraussiana tissues were fixed in formaldehyde
acetic acid solution (FAA: 50% absolute EtOH, 5% glacial acetic acid, 5%
formaldehyde) for 2h at room temperature, starting with a 20" vacuum, and then
dehydrated with EtOH series up to 70% EtOH. Paraffin embedding, sectioning and

toluidine blue staining was performed as described in Chapter 2.

RNA extraction and cDNA synthesis

Previous to the in situ hybridizations, probes for C3HDZ, ACL5 and SACL
orthologs were designed according to the sequences retrieved from our
phylogenetic analyses (Chapter 1) and were amplified from RNA extractions from
apical tissues (for G. biloba) or whole plants (for C. richardii and S. kraussiana) in
individuals identified at the New York Botanical Garden (NYBG). RNA extraction from
Ginkgo biloba SAMs was performed according to Wang et al. (2005). Ceratopteris
richardii, Selaginella kraussiana var. aurea and M. polymorpha RNA was extracted with
the Nucleospin RNA Plant Macherey Nagel kit (Cultek) following the manufacturer's
instructions. cDNA was synthesized from 8puL using the NZY First-Strand cDNA

Synthesis kit following the manufacturer’s instructions.
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Ortholog identification and phylogenetic analysis

Orthologs from Ginkgo biloba, Ceratopteris richardii and Selaginella
kraussiana var. aurea were previously identified as specified in Chapter 1.
Additionally, most C3HDZ orthologs were also identified in previous studies, except
for CriC3HDZ.3 (Floyd et al, 2014; Prigge & Clark, 2006a). All orthologs were
confirmed by phylogenetic analysis (PhyML) with representative members of the
C3HDZ family, ACL5, and SACL family from the streptophyte lineage using the
NGPhylogeny.fr webtool (Lemoine et al., 2019) and the Interactive Tree of Life
webtool (iTOL) version 6.5.8 (https://itol.embl.de/) and represented in modified
figures from Chapter 1. The identification of UORF sequences in SACL 5' leaders was
performed in the available transcripts from SACL orthologs from G. biloba, C. richardii
and S. kraussiana. uORF proteic sequences were aligned in MEGA X (Kumar et al.,
2018) using MAFFT ver. 7 in default parameters (Katoh & Standley, 2013).

in situ hybridization

Sense and antisense probes were designed to target a 500bp-long unique sequence
for each gene. The PCR fragments were amplified from ¢cDNA with an Econo-Taq
PLUS GREEN (Biosearch Technologies). Sense and antisense PCR templates for probes
were amplified from the PCR products with primers containing T7 promoter
overhangs. The primers used for probe synthesis and gene information are listed in
Table 2. To ensure that only the PCR product was amplified, PCR products were run
in a 1% agarose gel and the 500 bp size bands were cut under UV light and purified
with Nucleospin Gel and PCR clean-up kit (Macherey-Nagel) according to
manufacturer’s instructions. Then, the final PCR products were checked by restriction
enzyme digestion to ensure that the sequence was correct. Probe synthesis and DIG
labelling were performed according to the manufacturer’s instructions (Roche
Applied Science). Tissues were fixed in formaldehyde acetic acid for 2h at room
temperature, starting with a 20" vacuum, and then dehydrated with
EtOH series to 100% EtOH. Tissue embedding, sectioning, hybridization and
detection was done as previously described (Ambrose et al., 2000) except for G. biloba

SAMs sections, whose thickness was 10um.
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Species Name (gene) Sequence
GbiC3HDZ1_F GTTGTAGCATCTGTGCAGAGGG
GhbiC3HDZ1_R ATGCAGTGGGTGCTGTCTGC

Ginkgo biloba

GhiC3HDZ1_F_T7
GhiC3HDZ1_R_T7
GhiC3HDZ2_F
GhiC3HDZ2Z_R
GhiC3HDZ2_F_T7
GhiC3HDZ2_R_TT
GhiACLS.1 F
GhiACL5.1 R
GhIACLS.1_F_T7
GhiACLS.1_R_T7
GhiACLS.2_F
GhiACLS5.2_R
GhiACLS.2_F_T7
GhiACLS.2_R_T7
GhiSACL1_F
GhiSACLI_R
GhiSACL1_F_T7
GhiSACL1_R_TT
GhiSACL2_F
GhiSACL2Z R
GhiSACL2 F T7
GhiSACL2_R_T7

CTAATACGACTCACTATAGGGGTTGTAGCATCTGTGCAGAGGEG
CTAATACGACTCACTATAGGGATGCAGTGGGTGCTGTCTGL
GGETAATGATGGAACAGATGATGTAACTATT
TAGGAGCAAACACAAGTTCAGCA

CTAATACGACTCACTATAGGGGGTAATGATGGAACAGATGATGTAACTATT

CTAATACGACTCACTATAGGGTAGGAGCAAACACAAGTTCAGCA
ATCATGAATCCCTGGTGCATCC
GCGTACGAAGGCACGTGAG
CTAATACGACTCACTATAGGGATCATGAATCCCTGGTGCATCC
CTAATACGACTCACTATAGGGGCGTACGAAGGCACGTGAG
GTTATAAACGACGCCAGGGCT
CCATGTACAAAACGGGCTGTC
CTAATACGACTCACTATAGGGGTTATAAACGACGCCAGGGLT
CTAATACGACTCACTATAGGGCCATGTACAAMACGGGLCTGTC
GTGCAAGTAGAGTGAGCTGTAATG
AGCTGATCCCAAATTGCATTTGC
CTAATACGACTCACTATAGGGGTGCAAGTAGAGTGAGCTGTAATG
CTAATACGACTCACTATAGGGAGCTGATCCCAAATTGCATTTGL
GCTGCAGAAMAGACATCTTGTTATATCA
ACAGAGTAAGCTACAAAGCTATTTCCA
CTAATACGACTCACTATAGGGGCTGCAGAAMAGACATCTTGTTATATCA
CTAATACGACTCACTATAGGGACAGAGTAAGCTACAAAGCTATITCCA

CriHDZIPILL1_F
CriHDZIPIL1_R
CriHDZIPIL1_F_T7
CriHDZIPIL1_R_T7
CriHDZIPIL2_F
CriHDZIPIL.2_R
CriHDZIPIL.2_F_T7
CriHDZIPINL2_R_T7

GATGATATTGCATTAATTCCCTCTGGTTTC
GCCTGCAAATATGCTTCACTACTTC
CTAATACGACTCACTATAGGGGATGATATTGCATTAATTCCCTCTGGTTTC
CTAATACGACTCACTATAGGGGCCTGCAAATATGCTTCACTACTTC
AGCTCTGTGAAAATTTCTGAGTCGAG
CTCGAAATAAGTGGTGCAGGATGT
CTAATACGACTCACTATAGGGAGCTCTGTGAAAATTTCTGAGTCGAG
CTAATACGACTCACTATAGGGCTCGAAATAAGTGGETGCAGGATGT

CriACLS_F TCGCTECOCTCAGGTGTG

CriACL5_R AGTGCAGGATGAACCAGGCA
o .. |criacLs_FT7 CTAATACGACTCACTATAGGGTCGCTCCCCTCAGGTGTG

Ceratopteris richardii CriACLS_R_T7 CTAATACGACTCACTATAGGGAGTGCAGGATGAACCAGGCA
CriSACL1_F GATGCAATTGCTAGAACAGAGAACCA
CriSACLI_R GACAATACTGCATCCACTGEGG
CriSACL1_F.T7 | CTAATACGACTCACTATAGGGGATGCAATTGCTAGAACAGAGAACCA
CriSACL1_R_T7 CTAATACGACTCACTATAGGGGACAATACTGCATCCACTGGGG
CriSACL3_F CTGGGATGCGAAAGGCATAANTC
CriSACL3_R GAATATCCTCATCATCGTCATCATCAGA
CriSACL3_F_T7 CTAATACGACTCACTATAGGGCTGGGATGCGAMGGCATAMTC
CriSACL3_ATT | CTAATACGACTCACTATAGGGGAATATCCTCATCATCGTCATCATCAGA
CriSACLA_F CTAGAAAGTGATCACGAATTCACTTTATCG
CrisACL4 R CTTTCAGAATGACCTGTAGAGGACTG
SkrHDZIPILLF TTGCTTCGAGGTGGACAACAG
SkrHDZIPIILL_R GTCCCAGAGACGTTGTCTGTGT

Selaginella kraussiana

SkrHDZIPIILL_F_T7

SkrHDZIPIL2_R
SkrHDZIPIIIL2_F_T7
SkrHDZIPIIL2_R_T7
SkrACLS.1_F
SkrACLS.1_R
SkraCLS.1_F_T7
SkraCLS.1_R_T7
SrkACLS.2_F
SkrACLS.2_ R
SrkACLS.2_F_T7
SkrACLS.2_R_T7
SkrSACL_F
SkrSACL_R
SkrSACL_F_T7
SkrSACL R_T7

CTAATACGACTCACTATAGGGTTGCTTCGAGGTGGACAACAG
CTAATACGACTCACTATAGGGGTCCCAGAGACGTIGTCTGTGT
GAGTCGTCCTCCGTCCTCG
AACTCTTCTTCCTCAGAAGAATGAATGAG
CTAATACGACTCACTATAGGGGAGTCGTCCTCCGTCCTCG
CTAATACGACTCACTATAGGGAACTCTTCTTCCTCAGAAGAATGAATGAG
CCACAGCTCGTGAAGTACTGAGA
TACTCTCACATCAAAGTGGTTGGC
CTAATACGACTCACTATAGGGCCACAGCTCGTGAAGTACTGAGA
CTAATACGACTCACTATAGGGTACTCTCACATCAAAGTGGTTGGC
GAAGTTCACCTCAATGGCACACT
CTTGCATCGTTTATGACGAGATCCA
CTAATACGACTCACTATAGGGGAAGTTCACCTCAATGGCACACT
CTAATACGACTCACTATAGGGCTTGCATCGTTTATGACGAGATCCA
TGAGTTTCCCAGCAATGGTAATGE
CGATCAAGGCAGCATTGCTG
CTAATACGACTCACTATAGGGTGAGTTTCCCAGCAATGGTAATGG
CTAATACGACTCACTATAGGGCGATCAAGGCAGCATTGCTG

Table 2. List of primers used for the synthesis of In situ hybridization sense and antisense

probes
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Y2H assay

The entry clones with CDS of MpSACL and MpRSLT were previously obtained
on Chapter 2. The HLH domain of MpSACL was obtained from M. polymorpha cDNA
and cloned into a pDONR207 through a BP reaction (Gateway technology,
Invitrogen); the rest of the entry clones were obtained from Vera-Sirera et al., (2015)
(AtSAC51 and AtLHW) or synthesized in GBLOCKs (IDT) and further cloned into a
pDONR207 through a BP reaction (MpLHW, AtSACL3, AtRHD6, and AtRSL1). The
primers used to amplify CDS for the Y2H, as well as gene information are listed on
Table 3. The entry clones were used to generate Gal4-binding domain and Gal4-
activation domain fused proteins by cloning the CDS into the destination vectors
pGBKT7 and pGADT7 respectively via LR clonase Il (Invitrongen). MpSACL HLH
domain was just used for the fusion with Gal4-binding domain. The rest of the assay

was performed as specified in Chapter 2.

Name Gene QOrigin Direction Seguence

MssAcL | wpseosTio comn Revrte | OSAC AT GTACAGAMCCTOGCTATTOCATTCTTCACOTACS
wosceen [vesro| o | e | eSO e e eaTe

MRS | Mps17990 N Geverte | oA T ACANEAAR G TS S OAC AT T AT

MpLHW Mp7g02370 CBLOCKS Forward GGGEGACAAGTTTETACAAAAAAGCAGGCTCAATGGCAATGGTGCTGCAGCAG

Reverse GGGGACCACTTTGTACAAGAAAGCTGGETCTCGGGLTGTCATCTGGAGAGG
Forward -

Reverse -
Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTGATGCAGAACAATCAGTTTCCTCACT

ALSACS1 At5g64340 | Vera-Sireraetal.(2015)

AISACLS ArG29350 CBLOCKs Reverse GGGGEACCACTTTGTACAAGAAAGCTGGETTAGATTGGTTTGAGAAATGTCCAACG
Forward GGEGGACAAGTTTGTACAAAAAAGCAGGCTTTATGG CACTCGTTAATGACCATCCCA

ARHDS ATIGES4T0 CBLOCKs Reverse GGGGACCACTTTGTACAAGAAAGCTGGE AATTGGTGATCAGATTCGAATTCCTGTC

AtRSLL P — GBLOCKS Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTCACTCATTAACGAACATTGCAATGA

Reverse GGGGACCAI GTACAAGAAAGCTGGG ATTCTGCTATACTTGTTTCTCTAGTTIGA
Forward -
Reverse

ALHW AT2G27230 | Vera-Sireraetal. (2015)

Table 3. List of primers used for the generation of entry clones for Y2H and BiFC.

BiFC assays

For BiFC, the entry clones used for the Y2H assay were used to fuse the N-
terminal or C-terminal ends to full proteins of SACL, LHW and RSL class | orthologs.
SACL orthologs (MpSACL, AtSAC51 and AtSACL3) were cloned into pMDC43-YFN
and the rest of the proteins (MpLHW, MpRSL1, AtRHD6, AtRSL1, and AtLHW) were
cloned into an pMDC43-YFC (Belda-Palazon et al., 2012). The rest of the assay was

performed as described in Chapter 2.
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Generation of M. polymorpha transgenic lines

For the generation of EF1::AtSACL3:citrine lines, the entry clone containing
AtSACL3 was fused with the pMpGWB108 plasmid (Ishizaki et al., 2015) through LR
clonase Il reaction (Gateway technology, Invitrogen). Successful pDEST clone was
transformed into Tak-1 thalli as described in Ishizaki et al., (2008). Transformants were
selected on 2 strength Gamborg media containing Hygromycin (Applichem, Epica
S.L). Quantification of AtSACL3 and Mp1g08130 transcripts was performed from
cDNA in a RT-gPCR, and the primers used for this analysis are listed on Table 4. PRI

quantification was performed as described in Chapter 1.

MName Gene Direction Sequence
Forward AGAAGAAGTCAGCACTGCTCGT
ALSACLS At1G23950 Reverse TGCCCGATAAACTCTGCTTCCT
Forward CCACTCATGTTCGTGTTCGCTC
Mp1g08130 Reverse GCCGCATCTACTAGCCATGGTA

Table 4. List of primers used for RT-qPCR in M. polymorpha.
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In situ hybridizations with sense
probes in G. biloba tissues.
Longitudinal cross sections of
vegetative long-shoot SAM (A, C, E,
G, I, K) and cross sections of roots
during primary development (B, D,
F, H, J, L) using sense probes in
Ginkgo biloba. Scale bars represent
500 pum in shoot apical meristems,
and 100 um in roots.
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General discussion

It has been less than a decade since the C3HDZ-ACL5-SACL module has
been proposed as a regulatory mechanism that participates in vascular development
through the TMO5/LHW heterodimer and cytokinin biosynthesis in A. thaliana
(Katayama et al., 2015b; Vera-Sirera et al., 2015). Together, they create an incoherent
feed-forward loop that is essential for the correct development of xylem tissues, with
repercussions in the whole plant development (Baima et al, 1995, 2001, 2014;
Katayama et al., 2015; Vera-Sirera et al., 2015). To date, there had been no studies
about the existence of such module —or its functions— outside the angiosperm lineage
(Milhinhos et al,, 2013, 2020; Mo et al, 2015), which prevented any conclusion
regarding the origin and evolutionary trajectory of the elements of the module in

land plants.

Our results suggest a hypothetical model (Figure 1) by which the three main
elements of the module, C3HDZ, ACL5 and SACL, were simultaneously present in the
last common ancestor of land plants, where C3HDZ would already promote ACL5
expression. Later in evolution, C3HDZ-ACL5 and SACL would have followed different
lineage-dependent trajectories in bryophytes and in tracheophytes. In bryophytes,
C3HDZ and ACL5 would regulate meristem-related processes, while SACL would have
a different function. In tracheophytes, all three elements would have been recruited
to vascular tissues, and a newly originated uORF in the 5'-leader sequence of SACL
would have linked C3HDZ-ACL5 to SACL activity via Tspm-dependent translational
regulation. In addition, SACL would have gained the capacity to interact with LHW,
thereby converting the C3HDZ-ACL5-SACL module into a regulator of cambial
activity. This model is supported in a wealth of observations, but it also has limitations.
On one hand, it is based on a thorough study that has leveraged molecular genetic
approaches in M. polymorpha providing functional information, as well as
phylogenetic, in silico prediction, biochemical and cell biology analyses. On the other
hand, it is limited by the lack of functional insight in other bryophytes (mosses,
hornworts) and tracheophytes (at least lycophytes and ferns). What follows is a
discussion on the evolutionary implications of each of the main aspects of our
evolutionary model, with respect to vascular development and to the general

principles that govern evo-devo.
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Figure 1. Hypothetical model of C3HDZ, ACL5 and SACL evolutionary trajectory in land
plants. Summary of functional characterization in A. thaliana (Vera-Sirera et al, 2015;
Katayama et al., 2015; Baima et al., 2014) and M. polymorpha, as well as the hypothetical
intermediate states and key evolutionary events in bryophytes and tracheophytes.
Phylogenetic relationships are based on the work of Harris B. et al., (2020).

The first highlight of the model is the ancient regulation of ACL5 expression
by auxin and C3HDZ. This observation is paradigmatic for the principle that the
proteins encoded by ancient genes have been under severe functional constraints,
and very few changes are to be expected in their biochemical properties even after

hundreds of millions of years of divergence between orthologs (Carroll, 2008). A
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long-standing discussion derived from this idea is how evolutionary innovations are
then generated (Carroll, 2008; Doyle, 2012; True & Carroll, 2002). One example of this
situation is the origin of the flower, whose master regulator is the TF LEAFY (LFY)
(Blazquez et al.,, 1997; Molinero-Rosales et al., 1999; Schultz & Haughn, 1991; Weigel
etal, 1992): it is present in all land plant lineages, but it regulates floral development
in angiosperms, and non-reproductive apical growth in the rest of the plants (Plackett
et al, 2018; Tanahashi et al., 2005). In this case, the innovation was associated to
changes in the CRE bound by LFY, and the change of specificity in the LFY binding
sites was possible thanks to an intermediate evolutionary state of LFY which could
recognize both types of binding sites (Sayou et al., 2014). In the case of the functional
innovations associated to C3HDZ-ACLS5 (its participation in the regulation of vascular
development in tracheophytes, vs in the regulation of apical meristem activity in
bryophytes), the explanation does not lie in changes in the biochemical activities of
C3HDZ or in ACL5, but in SACL, as discussed below.

The second key point of the model is the access of ACL5 to new downstream
events coinciding with the emergence of a CRE in the 5’ leader sequence of SACL
transcripts that provides Tspm-dependent translation. The 5' leader sequences of
SACL orthologs in bryophytes are generally long, and some of them contain uORFs
that may inhibit the translation of the main ORF; however, those uORFs are not
conserved in that lineage and at least the ones in MpSACL do not display regulation

by Tspm.

The fact that ACL5 does not act through SACL in M. polymorpha opens an
intriguing question. The only mechanism reported for the regulatory function of ACL5
—or the synthesis of Tspm- is the regulation of translation of SACL transcripts in A.
thaliana (Cai et al., 2016; Imai et al.,, 2006; Ishitsuka et al., 2019; Vera-Sirera et al.,, 2015;
Yamamoto & Takahashi, 2017). How does Tspm work in bryophytes then? Does this
alternative mechanism also operate in tracheophytes, and can then be considered
the "ancestral” mechanism? One possibility is that Tspm only acts as a translational
regulator, through 5’ leader sequences in genes other than SACL. In favor of this
possibility, ribosome profiling of A. thaliana wild-type and acl5 mutant seedlings

shows translation defects in a few (but not many) genes different from the four
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AtSACL paralogs (Y. Helariutta, personal communication). A second possibility is that
Tspm acts through alternative signaling pathways or interferes with the biochemical
properties of other macromolecules. In support of this possibility, other polyamines
have been shown to ultimately regulate gene expression through diverse
mechanisms. For instance, Spd participates in the post-translational modification of
the translation elongation factor 5A (EIF5A) in eukaryotes, which is also crucial for the
viability of the eukaryote organism (Chattopadhyay et al., 2008; Nishimura et al., 2012;
Pagnussat et al., 2005; Park et al., 1997). For this process, Spd acts as a donor of an
aminobutyl moiety that will be used to modify a lysine in the EIF5A in a process that
is known as hypusination (Park et al., 1993), a step that is required for the correct
post-translational activation of EIF5A (Park et al, 2010; Saini et al., 2009). Another
example is in the translational regulation by polyamine homeostasis of the SAMDC
enzyme, which participates in the polyamine biosynthetic pathway in animals and
plants. In mammals, the SAMDC transcript contains a uORF that inhibits mORF
translation in absence of Spd due to ribosome stalling (Dever & Ivanov, 2018). In
plants, the translation of the SAMDC gene is dependent on the interplay between
two UORFs in the plant SAMDC transcript, whose activity is regulated by Spd-induced
frameshift (Hanfrey et al,, 2005). In both animals and plants, these mechanisms are
used to ultimately upregulate or repress SAMDC translation in low or high Spd,

respectively.

The mechanism by which the regulatory uORF in SACL transcripts originated
in the last common tracheophytan ancestor is difficult to establish, but it may be
derived from one pre-existing uORF or initially recruited from a distant genome
location. In any case, it is unclear whether the pressure to maintain the newly
emerged UORF in the ancestral tracheophytes was an advantageous downregulation
of translation or the fact that it was immediately a target for Tspm regulation. This
latter case would have been necessarily paralleled by a second evolutionary event:

the co-localization of Tspm and SACL transcripts.

In this regard, the third highlight is the spatial coincidence — or recruitment
— of C3HDZ, ACL5 and SACL transcripts in the same location, associated with the

vascular tissues. In our analysis of a small number of representative species, the three
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genes are co-expressed in the vasculature in all tracheophyte lineages. In the absence
of functional evidence for a common action of the three genes outside angiosperms,
we can only rely on expression analyses (and the presence of the novel uORF in SACL)
to support our model. However, changes in the expression domains, which are a
consequence of a high mutation rate in promoter regions upstream of gene bodies
(Britten & Davidson, 1971; Carroll, 2008; King & Wilson, 1975; Monroe et al.,, 2022;
Zuckerkandl & Pauling, 1965) are a recurrent strategy by which developmental
innovations arise. One example is the multiple recruitment of Class | Knotted-Like
Homeobox (KNOX) genes for leaf development in leaves from phylogenetically
independent origins (Harrison et al., 2005; Tomescu, 2009; Vasco et al,, 2013). A
similar case is found in RSL class | orthologs, which were recruited for the
development of analogous rooting structures in plants (see Glossary), such as
rhizoids and other epidermal outgrowths in bryophytes and root hairs in
tracheophytes (Honkanen et al., 2018; Jang et al., 2011; Menand et al., 2007; Proust
et al, 2016). In animals, the Eyeless (Ey) protein and its ortholog, Paired box 6 (Pax6),
were recruited independently for composite eye and camera-type eye development

in fruit fly and mouse respectively (Halder et al., 1995).

One interesting observation is the expression of the C3HDZ, ACL5 and SACL
genes at the shoot apex of the examined tracheophytes (one lycophyte and one
gymnosperm), in addition to their expression in the vasculature. It has been
previously suggested that several genetic components that modulate SAM activity in
angiosperms, like SHOOTMERISTEMLESS (STM), AINTEGUMENTA (ANT), Class |
knotted-like homeobox (KNOX), and even C3HDZ genes in A. thaliana have been co-
opted for the regulation of the vascular cambium (Groover, 2005; Schrader et al.,
2004; Spicer & Groover, 2010). Considering this, we can speculate that the C3HDZ-
ACL5-SACL module initially emerged in the last common ancestor of tracheophytes
as a regulator of SAM activity -derived from a putative function of C3HDZ and ACL5
in the meristem of the land plant ancestor. This ancestral function would be inferred
from results obtained for C3HDZ in P. patens (Yip et al., 2016) and our own results
with C3HDZ and ACL5 in M. polymorpha, but requires additional experimental
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evidence in tracheophytes. Up to now, there has been no report of meristem-related

functions for ACL5 or SACL in A. thaliana, based on the phenotype of the acl5 mutants.

The fourth, and final, key event is the capacity of SACL proteins to establish
preferential physical interaction with different sets of partners in tracheophytes and
bryophytes. Our limited analysis of SACL interactions shows that MpSACL interacts
with MpRSL1 but not MpLHW, while AtSACLs have developed the capacity to interact
with AtLHW. Very likely, this differential capacity was reinforced by the spatial
coincidence of AtSACL and AtLHW in the vasculature (De Rybel et al., 2013; Katayama
et al,, 2015b; Vera-Sirera et al., 2015), while AtRSL class | genes are expressed in the
epidermis (Jang et al., 2011; Menand et al., 2007). In addition, we have shown that
SACL orthologs underwent significant protein domain divergence, which most likely
contributed to their differential interaction capacity with potential partners. The
observation that a transcriptional regulator performs different functions in different
species because of their interaction with different partners in each lineage is one
more example of a rather general evolutionary strategy. For instance, a comparable
situation in plants is found in the functional evolution of DELLA proteins. These
proteins perform many lineage-specific functions, and this is due to two alternative
mechanisms: (i) the establishment of particular interactions between DELLA and
certain TFs in a species-specific manner; and (ii) diversification of the TF binding sites
in different species, despite maintaining conserved DELLA-TF interactions (Briones-
Moreno et al,, 2023). The common theme is that the functional evolution of the

transcriptional regulator (DELLA or SACL) in fact mirrors the evolution of its partners.

In summary, the main conclusion that can be drawn from comparing the
divergent evolutionary trajectories of C3HDZ, ACL5 and SACL genes in distant land
plant lineages, is that a rewiring of gene regulatory networks coupled with functional
divergence took place and facilitated the development of vascular tissues, which is

one of the most important morphological innovations in land plant evolution.
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Conclusions -

The genetic regulation involving C3HDZ and ACL5 genes predates the
divergence of bryophytes and tracheophytes, while the Tspm-dependent
translation of SACL transcripts occurred by acquisition of a CRE at the last
tracheophyte common ancestor.

The association of the C3HDZ-ACL5-SACL module with vascular tissues
occurred at the last tracheophyte common ancestor, probably derived from
a previous expression in the apical meristem, and is conserved in extant
tracheophyte lineages.

In M. polymorpha, MpC3HDZ and MpACL5 regulate apical growth, whereas
MpSACL function in epidermal outgrowths is independent from MpC3HDZ
and MpACL5.

SACL proteins have undergone divergent evolutionary trajectories in
bryophytes and tracheophytes, that led to the regulation of disparate
processes, like rooting structures and epidermal outgrowths, or periclinal
cell divisions respectively.
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In plants, the only confirmed function for thermospermine is regulating xylem cells
maturation. However, genes putatively encoding thermospermine synthases have
been identified in the genomes of both vascular and non-vascular plants. Here,
we verify the activity of the thermospermine synthase genes and the presence of
thermospermine in vascular and non-vascular land plants as well as in the aquatic
plant Chlamydomonas reinhardtii. In addition, we provide information about differential
content of thermosperming in diverse organs at different developmental stages in
some vascular species that suggest that, although the major role of thermospermine
in vascular plants is likely to be xylem development, other potential roles in development
and/or responses to stress conditions could be asscciated to such polyamine. In
sumrmary, our results in vascular and non-vascular species indicate that the capacity
to synthesize thermospermine Is conserved throughout the entire plant kingdorn.

v plants, i ine, evoluti

INTRODUCTION

Polyamines are positively charged aliphatic compounds with a widespread presence in all living
organisms (Tabor and Tzabor, 1984). The diamine putrescine (Put) and the triamine spermidine
(Spd) are the most commonly found polyamines, while the tetra-amine spermine ($pm) is found in
yeasts, most aninals, seed plants and some bacteria (Pegg and Michacl, 2010). Another tetra-amine,
thermospermine (Tspm), has been detected in archaea, diatoms and plants, but not in animals or
bacteria (Michael, 2016).

The ability to synthesize specific polyamines is clade-specific and is mainly the result of
evolutionary adjustments in the polyamine biosynthesis pathway, reflected in the presence or
absence of specific polyamine biosynthetic enzymes in given clades. Triamines and tetra-amines
are mainly synthesized by a set of aminopropyl transferases, which are evolutionarily related to
each other. It has been proposed that while Spm synthase (SPMS) genes in fungi and plants have
likely emerged independently after duplication and neofunctionalization of Spd synthase (SPDS)
genes (Minguet el al, 2008), the Tspm synthase (TSPMS) gene in plants was probably acquired
through endosymbiosis of a cyanobacterium. However, it is arguable whether such gene originally
encoded a TSPMS or an agmatine aminopropyl transferase (Pegg and Michael, 2010; Michael,
2016). All in all, the capacity to synthesize different polyamines in a given species is defined by (i)
the presence or absence of specific polyamine biosynthetic enzymes and (ii) the degree of specificity
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of the polyamine biosynthesis enzymes toward their substrates.
For instance, it has been reported that an aminopropyl
transferase from the archaca Pyrobaculum aerophilum displays
its highest specificity in vitro toward norspermidine, resulting
in norspermidine biosynthesis, but it is also able to synthesize
Tspin from Spd (Knott et al, 2007). Similarly, the gymnosperm
Pinus sylvestris lacks a specific SPMS gene, but the aminopropyl
transferase encoded by PsSPDS efficiently converts Put to
Spd, as well as Spd to Spm (Vuosku et al, 2018). Both
this flexibility in substrate recognition and the repeated
independent generation of new aminopropy! transferases along
evolution can be explained by the alteration of a few
key residues in the active site of aminopropyl translerases
that determine their characteristic substrate discrimination, as
proposed through structural modeling and crystal structure
comparisons of active sites (Wu et al,, 2007; Minguet et al., 2008
Sekula and Dauter, 2018).

In plants, polyamines have been implicaled in the response
to stress and in the modulation of developmental processes
(Chen el al,, 2018). Correlations between specific endogenous
levels of polyamines in plants under different stress conditions
or during the progression of specific developmental processes
have been extensively reported. In addition, the effects provoked
by exogenous polyamines application have been largely
documented. However, beyond such physiological reports,
solid evidences for polyamines roles come from the analysis
of loss of function mutants in polyamine metabolism genes.
In this way, Put and Spd have been proved to be essential for
life (Imai et al., 2004), while the tetra-amine Spm has been
shown to be required for proper acclimation to salt, drought
and heat stress (Yamaguchi et al, 2006, 2007; Sagor et al,
2013). Furthermore, both Spm and Tspm promote protection
against bacterial pathogens (Gonzalez et al, 2011; Marina
et al, 2013). However, the participation of Tspm could be a
secondary effect of its primary function in vascular development
(Vera-Sirera et al., 2010),

"T'he most exter

: studied role for a polyamine is that of
Tspm in the regulation of xylem differentiation. The Arabidopsis
acaulis5 (acl5) mutant, impaired in TSPMS activity, displays
stunted growth (Hanzawa et al, 1997, 2000} which has been
associated to an increase in vascular cell proliferation, premature
xylem cell death and miss-regulated lignin deposition (Clay and
Nelson, 2005 Muniz et al,, 2008). In Arabidopsis, the ACLS
gene is specifically expressed in developing xylem cells (Clay
and Nelson, 2005 Muniz et al, 2008), and the HD-ZIPIII
transcription factor AUHBS -which directs xylem differentiation
and displays the same expression domain as ACLS- mediates
its induction by auxin (Baima et al, 2014). Auxin has been
shown to promote cell proliferation by ensuring the formation
of complexes between ‘Target of Monopteros5 (TMO5) and
Lonesome Highway (LHW), leading to the induction of cytokinin
biosynthesis (De Rybel et al, 2013, 2014). Recent evidence
suggests that Tspm is part of a negative feed-forward loop
triggered by auxin that maintains proliferation of vascular cells
within the correct range (Katayama et al., 2015; V

2015). The mechanism involves the promotion of translation of
a small family of Suppressor of ACL5 (SACL) transcriptional

Fera-Sirera etal.,
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regulators (Imai et al,, 2006; Kakehi et al,, 2008) which compete
with TMOS5 for the formation of inactive SACL-LHW complexes
(Katayama et al., 2015 Vera-Sirera et al,, 2015). This is not
the only case in which polyamines have been implicated in
translational regulation (Hanfrey et al,, 2002, 2005).

Systematic sequencing of plant transcriptomes and genomes
has revealed the presence ol ACL5 putative homologs in all plant
lineages of vascular and non-vascular plants (including algae),
raising the following questions: Do all putative ACLS genes across
plant lineages encode enzymes with bona-fide TSPMS activity,
even those present in non-vascular species? Is the expression

of these genes associated to xylem development in all vascular
plants? To start answering these questions, we have (i) examined
the enzymatic activity of the ACLS homologs of several species
in key plant lineages, (i) searched for Tspm presence in vascular
and non-vascular plants and (i) studied the ACL5 expression
pattern in vegetative and reproductive organs of several seed-
plant species at different developmental stages.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Arabidopsis thaliana Columbia-0 (Col-0) plants were grown
on MS media with sucrose (1%) under long-day conditions
(16 h light, 8 h dark) at 22°C in a growth room. Samples for
polyamine analysis and RNA extraction from Col-0 were taken
after 15 days of growth. P, abies plant material was collected
from adult trees that were identified in Catalonia (Spain) and
frozen at -80°C until further analysis. 8. lepidophylla plants
were obtained [rom an external vendor, and hydrated before
freezing the material at -80°C for further analysis. P. patens
plant material was obtained from Jesus Vicente Carbajosas Lab
(CBGP-Madrid, Spain) and grown in BCD medium + 1 mM
under continuous light conditions in a growth room
(Ashton and Cove, 1977). M. polymorpha Tak-1 plants were
grown on Y strength Gamborg’s BS medium for 15 days before
tissue recollection under continuous light conditions in a growth
room. C. reinhardiiii plant material was obtained [rom Federico
Valverde's Lab (IBVF-Sevilla, Spain).

Phylogenetic Analysis

Sequences used in this study were obtained by extensive BLAST
analysis (tblastn) using the Arabidopsis thermospermine
synthase (ACL5-AT5G19530), spermine synthase
(SPMS-AT5G53120), and spermidine synthase 1 and 2 (SPDS1-
AT1G23820, SPDS2-AT1G70310) genes as bails in the NCBI',
Phytozome® and OneKP' databases. All the sequences were
managed using the Benchling tool’. Alignment of the sequences
was done with using the MUSCLE algorithm (Siebers et al.,
2017) included in the SeaView 4.6.4 GUI (Gouy et al, 2010),
with 16 iterations, default clustering methods, gap open score

http://www nebi. alm nih gov
*htpifwww. phytezome.net
*http://db.cngb.org/onelep/
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of 2.7, and hydrophobicity multiplier of 1.2, followed by manual
curation. To select the best-fit model of amino acid substitution,
the ProtTest v3.4.2 (Darriba ct al., 2011) was used on final
multiple sequence alignment, together with AIC model for
ranking. Maximum likelihood tree was produced with PhyML
v3.1 (Guindon et al, 2010), using the best-scored model of
amino acid substitution. Statistical significance was evaluated by
bootstrap analysis of 1000 replicates. Phylogenetic tree graphical
representations were initially generated using Figl'ree (version
1.4.3) software’, and final cartoons edited manually.

RNA Extraction and PCR Analysis

Total RNA was isolated from 200 mg of frozen powdered
tissues using RNeasy plant mini kit (Qiagen) for A. thaliana and
M. polymorpha tissues following the manufacturer’s instructions.
RNA from C. reinhardtii, P. patens, S. lepidophylla and P. abies
was extracted by Trizol-Chloroform method as described (Sicbers
et al,, 2017). ¢cDNA synthesis was performed on 1 g DNase-
treated RNA using PrimeScript™ 15t strand ¢DNA synthesis kit
(‘lakara). The resulting cDNA was used for PCR analysis with
target gene-specific primers (Supplementary Table $2)

Cloning and Expression in Yeast

Coding sequence regions of thermospermine synthase genes
from the selected species were obtained either from ¢DNA
(M. polymorpha, S. lepidophylla and A. thaliana) or syathesized
(Tntegrated DNA Technologies, TDT). The primers used for
amplification are sumiarized in Supplementary Table S2.
For plasmid construction, the CDS of the genes was cloned
into pDONR207 through Gateway recombination (Invitrogen)
and eventually into the destination vector pAG426GPD-cedb-
HA (a gift from Susan Lindgquist; Addgene plasmid number
14252) for expression in yeast. The A. thaliana thermospermine
synthase CDS was cloned into pCRS through Golden Braid
technology (Sarrion-Perdigones el al,, 2011) and then shifted
to Gateway technology to clone the CDS into the pDEST like
the other species.

Yeast strain BY4741 (MATa his3 lew2 metl5 ura3), kindly
provided by Ramén Serrano’s lab (IBMCP-Valencia, Spain), was
grown on Synthetic Defined (SD) medium and transformed
with the pAG426GPD containing the CDS of interest by
LiAc/ssDNA/PEG. Selected transformants were grown on 50 mL
liquid SD medium lacking Trp and Ura for 2 days, then harvested
by centrifugation (about 200 mg of pellet) and frozen for further
polyamine quantification.

Polyamine Quantification

Polyamine extraction from tissues and standards was done with
a modification of a previously described method (Naka et al,
2010 as follows. About 1 g of plant samples in 3 replicates
were frozen in liquid nitrogen and kept at —80°C until use. The
tissue was ground with mortar and pestle (in the case of yeast
pellets, the cells were broken with glass balls) and resuspended
in 2.5 mL of 5% perchloric acid (PCA) in a 15-mL tube. At
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rontiers in Plant Scianca | wan: rontisrsin.org

Evelution of Therrmospermin

this point 500 p.L of the internal standard (diethylamine 1 mM,
DEA) was added to the 5% PCA. The samples were kept on
ice for 1 h and centrifuged at 4°C for 20 min at 15000xg.
The whole supernatant was collected (between 2 and 3.5 mL)
and transferred to a fresh 15 mL falcon tube. For each mL
of supernatant, 0.66 mL of 2 M NaOH was added. Then,
benzoylation started with the addition of 10 pL of benzoyl
chloride. After 1 min vortex, plant extracts were left at room
temperature for 20 min. Then, for each ml. of initial supernatant
used, 1.33 mL of saturated NaCl solution was added. Two mL
of diethyl ether was added, vortexed, and centrifuged at 3000xg
for 1 min for the separation of the phases. The supernatant
was transferred to a new pyrex vial and dried completely using
Nz. The remaining polyamines were resuspended in 130 L
methanol and filtered with a filter syringe (pore size 0.2 jLm).
Then, the filtrate was transferred to a plastic vial for HPLC
analysis. Briefly, 30-i 1. aliquots were injected through a Waters
717plus autosampler inlo a 1525 Walers Binary HPLC pump
equipped with a 996 Waters PDA detector and using a Luna
C18(2) (Phenomenex) column (250 x 4.6 mm, id. 5 pm).
The column was equilibrated with 58% solvent A (acidic H,O
containing 10 ml acetic acid for each liter of distilled water)
and 42% solvent B (acetonitrile). Elution was carried out at
room temperature and for polyamine separation a I mL min~!
flow rate was used the isocratic gradient of 42% acetonitrile
for 25 min. Then, the column was washed with 42-100%
acetonitrile within 3 min and kept at 100% acetonitrile for 10 min.
Eventually, the column was equilibrated with 42% acetonitrile for
17 min before the next injection. Detection of polyamines was
performed at 254 nm.

Expression Analysis

Data for TSPMS gene expression in A, thaliana, P. trichocarpa,
M. truncatula, 8. lycapersicum, Symphytum tuberosum, 0. sativa,
G. max, V. vinifera, B. distachyon, E. grandis, P. abies, Ananas
comosus and P. patens in different tissues was gathered from
the Bio-Analytic Resource for Plant Biclogy (BAR®). Expression
data was classified according to the organ tissue (stem, root,
flower and leaf) and tissue age (mature or young). The total
expression data per gene and species in the target organs
was used to calculate the percentage of expression of the
TSPMS gene in each organ. Heatmaps were drawn using the
Matrix2png tool.

RESULTS

Identification of Thermospermine
Synthase Genes Across Plant Lineages
Polyamine biosynthesis enzymes display high degree of similarity
(Iashimoto et al., 1998; Panicot et al., 2002; Teuber et al., 2007).
‘Therefore, to guarantee accurate identification of putative ACL3
orthologs, we screened the Phytorome and OneKP databases
using as baits the Arabidopsis ACLS sequence, and also the

"htip://bar.toronto.ca
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sequences of the two Arabidopsis genes encoding SPDS, and
the single gene for SPMS (see Section “Materials and Methods”
for details). We obtained 542 sequences covering every major
plant lineages and included members of representative bacteria,
archaca and other non-plant eukaryotic groups, which were
aligned and used for the construction of a phylogenetic tree
(Figure 1A and Supplementary Files §1-83). This is the most
extensive phylogenetic study of plant polyamine aminopropyl
transferases done 1o date, and it not only confirms some of the
previous evolutionary models (Hashimoto et al, 1998 Panicot
et al, 2002; Teuber et al,, 2007; Minguet et al,, 2008), but also
provides new details on certain key events.

rantiers in Plant Scia v fro:
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First, our analysis expands the presence of ACLS homologs
and SPDS genes to all plant lineages not previously studied, like
charophytes and chlorophytes (Figure 1A). Second, the exclusive
origin of SPMS genes in angiosperms, previously proposed
based on only a few sequences (Minguet et al., 2008), is now
set in the common ancestor of all Spermatophytes with more
sequences [rom gymnosperms and their absence in multiple
genomes of other land plants. Third, we find indications for a
possible transfer of an additional SPDS of Holomycota origin
to Setaphyta, based on the presence of extra copies in the
genomes of the bryophyte Sphagnunt and of several liverworts
that unequivocally cluster with some sequences of that class
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(Supplementary Files $1-83). Fourth, as proposed in previous
analyses (Minguet et al,, 2008; Takano et al., 2012}, our more
extensive search still identifies ACLS orthologs only in plants,
red algae, diatoms, archaca and bacteria (Figures 1A,B). The new
data are compatible with the proposed model that TSPMS activity
in Archaeplastida has a prokaryotic origin, while the common
root with the Archaea Sulfolobus and Pyrobaculum, of two
additional copies of ACL5 orthologs in Thalassiosira pseudonana
suggests a possible second event of horizontal gene transfer
to Chromista (Figure 1B). And fourth, there are indications
of an early ACL5 duplication in Spermatophyta, followed by
several species-specific losses of one of the copies within the
angiosperms (some Brassicaceae like Arabidopsis thaliana, some
Poaceae) (Figure 1C).

Thermospermine Is Synthesized Across

All Plant Lineages

Our phylogenelic analyses identilied al least one putative ACLS
artholog in all studied nom-vascular plant species (Figure 1C).
Since the only confirmed function for Tspm in plants is the
regulation of xylem maturation dynamics (which, by definition,
does not occur in non-vascular plants), we wondered whether
the identified sequences encode enzymes displaying actual
‘I'SPMS activity. ‘Therefore, we expressed the ACLS homologs of
representative plant lineages in yeast, an organism that is unable
to produce Tspm. Among the non-vascular plants, we tested
ACL5 homologs of a chlorophyte (Chlamydomonas reinhardtii),
a liverwort (Marchantia polymorpha) and a moss (Physcomitrella
patens (Supplementary Table 81). As representative vascular
plants we chose one lycophyte (Selaginella lepidophylla), and
one gymnosperm (Picea abies), with the angiosperm A. thaliana
as a control (Supplementary Table §1). As previously shown,
HPLC analysis showed the presence of Put, Spd and Spm,
but not Tspm, in the extracts of a wild-type yeast strain
transformed with an empty plasmid (Figure 2A). In contrast,
all the tested ACL5 homologs allowed the production of
‘Ispm in yeast (Figures 2B-G) demonstrating that these genes
encode enzymes with TSPMS activity. This is in accordance
with the previously reported partial complementation of the
Arabidopsis acl5 mutant by one of the PpACLS orthologs
(Takahashi and Kakehi, 2010). The observed differences in Tspm
production between the different ACLS genes suggest cither
species-specific variation in TSPMS activity kinetic parameters
or in the variable capacity of yeast to express the different
heterologous genes.

To check whether the presence of ACL5 orthologs with
TSPMS activity correlated with the ability of these species to
synthesize Tspm in vivo, we examined the polyamine levels
in samples of these plants grown in standard conditions (see
Section “Materials and Methods™). As expected, all vascular
and non-vascular species accumulated Put and Spd to different
levels (Table 1). For instance, Put levels in the chlorophyte
C. reinhardtii were between one and three orders of magnitude
higher than in the land plants examined, while Spd levels
were generally higher in the land plants than in C. reinhardii,
except for P. patens. On the other hand, Spm was detectable
in A. thaliana and P. abies, in agreement with previous reports
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for the occurrence of this tetraamine in seed plants (Gonzalez
et al., 2011; Vuosku et al,, 2018) and the presence of SPMS
orthologs in this clade (Figure 1A). The detection of Spm
in S. lepidophylla despite the absence of SPMS orthologs in
Iycophytes indicates that this tetra-amine might be synthesized
by a less strict SPDS, as already suggested for P. sylvestris
(Vuosku et al,, 2018). With respect to Tspm, all the species
tested were able to synthesize this polyamine at different levels,
varying between 1.13 nM/g (fresh weight) in C. reinhardtii and
154 nM/g in P. abies. It is worth noting that, while previous
reports show that Tspm tends to accumulate less than Spm
in Arabidopsis (Naka et al, 2010; Rambla et al,, 2010; Cai
et al, 2016; Yoshimoto et al, 2016), in the species, tissues
and conditions analyzed here, the two polyamines showed
comparable levels. Although this result does not demonstrate
that the ACL5 orthologs identified in all the selected species are
responsible for the Tspm synthesis shown here, this possibility
further supported by the observation that these genes are actually
expressed in the same growth conditions as the ones used for
Tspm quantification (Figure 3).

5

Differential ACL5 Expression Dynamics

in Vegetative and Reproductive Organs
Throughout Development in Seed Plants
Tspm synthase activity has been associated to xylem development
in A. thaliana (Muniz et al, 2008; Vera-Sirera et al,, 2015),
Populus trichocarpa (Milhinhos et al, 2013) and P. sylvestris
(Vuosku et al., 2018). To investigate whether this assaciation can
be extended to other vascular plants and to point to additional
potential roles in these species, we took advantage of the vast
amount of publicly available transcriptomic data and examined
the expression pattern of the ACL5 orthologs in vegetalive
and reproductive organs of several vascular species at different
developmental stages.

Although for some species we did not find data for stem or
root, the available transcriptomic data shows that, for all studied
species, ACL5 transcripts tend to accumulate more in vegetative
than in reproductive organs (Figure 4A). In the species for
which transcriptomic data exists for both stem and root, ACL5
expression is mostly higher in stems than in roots (7 out of 13
of the ACL5 homologs), while only in two cases is the opposite
behavior observed. In Medicago [runcatula, where two ACLS
paralogs exist, we found that one of them is more prominently
accumulated in the stem, while the other one accumulates more
in the rool. Since our analyses are based on percentage of
transcript accumulation across organs, in the species for which
no transcriptomic data is available for stem tissue (i.e., Solanum
Iycopersicumy), the proportion of transcript accumulation appears
to be highly enriched in roots. For the same reason, in general, we
regard the cases in which we found strong ACLS accumulation
in flowers to the non-availabi of expression data for stem or
ro0t {ie, Oryza sativa or Glycine max ACL5#4). Only in the
case of Vitis vinifera (where transcriptomic data was available
for all tested organs) we found that one of the paralogs showed
a (slight) preferential expression in flowers than in vegetative
organs. In P. trichocarpa, where three paralogs exist, we found
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FIGURE 2 | Functional analysis of ACL5 arthologs. Saccharariyces cerevisiae BY4T41 strain, unabie 1o produce Tspm (A}, was trensformed with the putative ACLS
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TABLE 1 | Polyamine quantfication in plant tissues

Polyamine concentration (nmol/g FW + SE)

Putrescine Spermidine Spermine Thermospen
A thaiana 1076 =319 52.34 = 15.18 214 +035 460+ 177
R abies 3774+ 531 131,00 + 20,99 42,84 £12.39 154,06 + 19,52
5. lepicophyla 3+ 12,17 173,58 + 24,80 121 +027 17.27 + 375
A patens 268054 19.87 +2.42 n.d 10.7 % 3.01
Wi, poiymonpha 15.26 + 5.06 53.88 = 13.32 nd 1374019

C. reinhar 1032.51 + 16.62 2744+ 118 n.d 113+ 015

and from
not detscled

Polyamine quantification from A, theltana, P! abies, 3. lepidophyla, P patens, M. palymoroha, and C. reinhardtt tssues. Polyamin
iresh tissues and measured with an HPLC analysts. Polyamine measuremenls were done i tes. FW, Fresh Weight; SE, Standard Error,
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that none of them display preferential expression for any of the
AtCLS iy analyzed organs.
povere We also observed a marked preference of ACLS expression
for young vs. mature organs (Figure 4B). In A. thaliana, P.
FpAGLET a trichocarpa, O. sativa and V. vinifera, this was visible in both
MpACLS = flowers and leaves. There was no preferential expression between
leaves and flowers except for the case of V. vinifera, in which
5 O : : 5
omae - both paralags displayed higher preference for flowers than for
leaves. For 8. Iycopersicum, we only found transcriptomes for
B o Jg\j’ﬁ P;)f’:\ young and mature flowers, while in Brachypodium distachyon
no W et e W and Eucalyptus grandis, we only found transcriptomes for
0oLe | young and mature leaves, and in all of them we found
2 enriched ACL3 expression in young organs. These resulls
20005 | — — h 2 4 5 =
e ‘ indicate a fairly widespread expression of ACL5S homologs
— - ‘ 4 across organs, and mostly in young tissues with active
- - vasculature development.
FIGURE 3| Datection of the axpmssicn of ACLS homelags in saveral plant
species by PR, (A) Schemes of he genes selected for tis analysis, Exons DISCUSSION
are represented as boxes, and arowheads indicale the primer pairs used for
PCR detection, which are lecated on differant exans, except for MpACLS, in Our current knowledge about thermospermine is that its
which ana of them spans an exon-axon junction. () PR products amplitied only confirmed function in plants is the coordination of
from CF‘NA. Plarit raterial for HN}‘.\.QXVSCHOH and later CONA syn(hew_vms xylem maturation. HOWC\’?]"‘ pt’EVi[“JS phylngenetic work
grown in the same standard conditions than the plants used for potyamine eported th I £ 1 Tait
auantfcation by HPLG analysis reported the existence in the genomes of non-vascular plants
of sequences clustering with TSPMS (Minguet et al, 2008;

A B
-3
#@@"@

- rekena s [ ]

P, trichocarpa ACLS. 1
P, trichocarpa ACLS.2
P trichocarpa ACLS.3
M. truncatula ACLS.1
M. truncatuia ACLS.2

S. lycoparsicum ACLS.1

S lycopersicum ACLS.2

S lycopersicum ACLS 3

. tubsrosum ACLS
G. max ACLS.1

G. max ACLS.2

6. mox ACLS.3

©. max AACL5.4

O. sativa ACLS

B. distachyon ACLS
P ables ACLS.1|

P ables ACL5.2

[0 pata not available

FIGURE 4 | Difiorantial axpression of TSPMS ganes in mprasentative seed plants. Relative exprassion data of TSPMS is shown as percentage of expression of aach
gane per spacies. (A) Bxprassion data of TSPMS in A. thalizna, . tichocarpa, 14, inuncatuls, . iyeopersicum, S. tubsrosum, G. max, V. vinifara, £, grandis, A
comosus, O, sativa, B, distachyon and £ abies in stem, root, flower and leaf, (B) Expression data of TSPMS in from A, ihaliana, B trichocarpa, 5. lycopersicum, O,
saliva, V. vinifera, B, distactyon end E grancis n dffisrent developmental stages of leaf and flovier,

s
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FIGURE 5 | Alternative models for TSPMS activity origin and evolution in
plants. The three mackels ars ordered by increasing parsimony. (A) The
ancestor of TSPME activity in LUCA (possibly with a different activity) is lost n
LECA; then it is accuired by Archacplastida via HGT, and lost again in
Glaucophyta, Chremista acguire it thraugh secondary endosymbiosis, (B)
Similar to the previols one, but Aichaeplastida acquire the ACLS ortholag
after divergence of Claucophyta. (C) The ancestor of TSPMS activity in LUCA
is fost eady in major eukaryatic clades, after the divergance of the green
Ineage, Tollewad by an additional o33 in Glaucophyta, Putative arigin of
TSPMS genes is marked with an asterisk, and predictad loss of TSPMS
genes is marked with 2 A

Pegg and Michael, 2010), implying that Tspm might exist
and, perhaps, play developmental and/or stress response-
related roles also in such species. On one hand, as mentioned
above, sequence similarity between all polyamine biosynthesis
enzymes — especially those using putrescine or spermidine as
substrates- has been extensively reported {(Hashimoto et al., 1998;
Panicot et al., 2002; Teuber et al,, 2007). On the other hand, the
sequencing ol large numbers of genomes and lranscriplomes
of non-vascular plant species is relatively recent, and therefore
previously published comparative analyses missed key clades in
plant phylogeny.

It has been proposed that TSPMS had appeared in plants
by endosymbiosis of a cyanobacterium (Minguet et al., 2008).
Qur data are compatible with three alternative hypotheses in
this respect (Figure 5). The most parsimonious one is that
TSPMS was already present before Eubacteria and Archaea and
was lost in the major eukaryotic branch (Figure 5C). A second

rantiers in Plant Scianca | wawfro
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loss would have occurred during the divergence of Glaucophyta,
explaining the absence in such branch and the presence in
the Chromista, Rhodephyta and Viridiplantac branches. A less
parsimonious, but plausible possibility is that TSPMS was lost
in the last eukaryotic common ancestor (LECA) and that it
then was transferred either from Eubacteria or from Archaea
(i) to Archaeplastida after Glaucophyta had diverged and (ii) to
Chromista (Figure 5B). A third, less parsimonious hypothesis
would postulate that TSPMS was lost in LECA and transferred
cither from Eubacteria or from Archaea to the early lineage of
Archaeplastida and to Chromista (Figure 5A). 'I'SPMS would
have been lost again in Glaucophyta, However, phylogenetic
positioning of TSPMS peints to the horizontal transfer of TSPMS
genes from Rhodophyta to diatoms (and possibly other algal
groups originated during secondary chloroplast acquisition), thus
excluding this latter hypothesis, which is also based in a very
low sampling among Chromista representatives. Given that it
is almost practically impossible to differentiate between the two
remaining models, the hypothesis that contemplates only one
loss and two reported horizonlal transfers seems the most likely
onc (Figure 5B).

"The identification of TSPMS activity in non-vascular plants
clearly argues for possible functions of Tspm other than in
xylem development. It has been proposed that ‘Ispm might
play a role in defense against stress conditions (Gonzalez
el al, 2011; Marina et al, 2013), so it could also be the
case that such activity is conserved across vascular and non-
vascular plants and that developmental functions - either related
with vascular development or with other, yet to be identified,
processes — were only acquired in vascular plant lineages. In any
case, further experimentation using mutant, overexpression and
marker lines in emerging non-vascular model plant species such
as M. polymorpha or P. patens might provide further information
about what developmental and/or stress related processes might
be controlled by this polyamine.

The in silico analyses of relative abundance of ACL5 transcripts
in different organs in representative seed-plant species presented
here aimed at carrying out a first approach toward understanding
whether, apart from coordinating xylem maturation, TSPM
plays any other role in vascular plants. The higher prevalence
of ACL5 transcripts in vegetative than in reproductive organs
and in young (presumably developing) than in mature organs
argues for higher association of ACLS expression in organs
developing more proportion of vascular tissues (vegetative)

at early developmental stages, when vasculature is probably
developing. However, the presence of ACL5 (ranscripls in
reproductive organs and in mature vegetative organs also
argues for polential other (maybe less prominent) activities
of TSPM in plants.

In summary, our work shows that Tspm exists in non-vascular
plants and that there is a correlation between Tspm presence,
TSPMS activity and ACLS5 expression throughout vascular and
non-vascular plant lineages. Our results indicate that Tspm might
play developmental andfor stress-related roles (apart from the
described role in xylem development) not only in non-vascular
Dbut also in vascular plants. Future experimentation will shed new
light on such intriguing topic.
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