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Chapter 1

GNC and GNL repress gravitropism
e Sucrose treatment rescues disrupted gravitropism in
GNLox seedlings, but not in pifq seedlings

GATA factors regulate the expression of genes involved in
starch metabolism

e Starch metabolism genes are upregulated in gnc gnl
seedlings

e Sucrose does not impact the expression profile of starch
metabolism genes

e Comparative transcriptomics reveals a significant
conservation in the differential regulation of starch
metabolism genes between Arabidopsis thaliana and
Marchantia polymorpha

The number and size of starch granules are altered in gnc

gnl and GNLox seedlings

e Starch granule morphology undergoes alterationsin the dark

e GNC and GNL independently repress starch granule
growth, regardless of PIF factors

« GNC and GNL repress starch granule growth in a manner
dependent on SEX1 and SS4

Starch granule initiation is repressed by GNC and GNL
 GNC and GNL repress starch granule initiation in a manner
dependent on SS4

Ectopic expression of GNL represses transitory starch

degradation

e Transitory starch degradation is repressed by GNC and
GNL at the whole-plant level, partially independent of
chlorophyll accumulation

 GNL independently represses starch synthesis, regardless
of PGM1

Ectopic expression of GNL induces the differentiation of

amyloplasts to etioplasts
e The growth of starch granules remains unaffected despite
impaired amyloplast differentiation in GNLox seedlings
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................................................. . The regulation of GNC and GNL on starch granule
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growth affect gravitropism

« The perception of gravity in the root is modulated by
the repression exerted by GATA factors on starch granule
growth

« The perception of gravity in the shoot is modulated by
the repression exerted by GNC and GNL on starch granule
growth

e GNC and GNL balance between gravitropism and
phototropism

Chapter 2

GNC and GNL regulate the expression of genes involved
in photosynthesis and stomata development

Cell wall biogenesis might be regulated by GATA factors

Sugar transport and allocation might be regulated by

GATA factors
» The flux of carbon into starch is tightly regulated in gnc gnl

and GNLox

Discussion

.GNC and GNL play a multifaceted role in the regulation

of starch metabolism
e Starch granule initiation, and consequently, starch granule

number and size, are regulated by GNC and GNL
« GNC and GNL repress transitory starch degradation

Overexpression of GNL induces plastid differentiation,
potentially downstream of PIF factors and cytokinin

The perception of gravity is modulated by the
repression of GNC and GNL on starch granule initiation

GNC and GNL balance between gravitropism and
phototropism
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SUMMARY

This dissertation presents new findings on the role of the GATA factors GNC
(GATA, NITRATE-INDUCIBLE, CARBON METABOLISM-INVOLVED) and GNL/
CGA1 (GNC-LIKE/CYTOKININ-RESPONSIVE GATA1) in the regulation of starch
metabolism in Arabidopsis thaliana. The research explores the multifaceted
regulation of GNC and GNL, from their impact on starch granule initiation in
non-photosynthetic cells to their involvement in transitory starch synthesis
and degradation at the whole-plant level, influencing gravitropic responses.

Previous studies have shown that GATA factors impact starch accumulation in
photosynthetic cells. However, this research goes further by demonstrating
the involvement of GNC and GNL in starch metabolism, employing RNA se-
quencing experiments with dark-grown seedlings. The use of seedlings grown
in the dark allowed to decouple starch metabolism from impaired chlorophyll
accumulation and chloroplast differentiation, two responses that have been
well studied in relation to GATA factors. The transcriptomic data reveals that
GNC and GNL play a regulatory role in genes associated with a wide range
of functions, including starch anabolism, starch catabolism, starch granule
development, and sugar transport.

Moreover, this dissertation uncovers a novel role of GNC and GNL in starch
granule initiation, revealing that they act either upstream or in parallel with
genes involved in this process, such as SS4 and PTST2. Ectopic expression of
GNL leads to an increase in starch granule initiation, while simultaneously
repressing starch degradation, resulting in the formation of aberrantly sized
starch granules. Additionally, the research identifies the formation of com-
pound starch granules in GATA factor mutants, representing a new and previ-
ously unobserved phenomenon in Arabidopsis thaliana.

Additionally, compelling information is provided that changes in starch
granule size, number, and morphology have a significant impact on gravity
perception and the modulation of gravitropic responses in plants. The larger
starch granules observed in gnc gnl mutants may result in an increased sedi-
mentation speed, affecting the compression of the cytoskeleton and peripheral
endoplasmic reticulum, both of which play crucial roles in gravity perception.
These effects are also evident in various genetic backgrounds, including ss4
gnc gnl and ss4 GNLox.

Overall, this dissertation integrates novel knowledge about the functions of
GNC and GNL with previous studies on chlorophyll accumulation, chloroplast
development, and stomata formation, establishing GATA factors as key reg-
ulators of carbon assimilation and storage. The research indicates that GNC
and GNL play a critical role in maintaining a balance between gravitropic and
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phototropic growth through their influence on starch granule accumulation.

Upon illumination, seedlings overexpressing GNL can rapidly transition to
photosynthetically active stages, surpassing the performance of wild-type
plants, and accumulating transitory starch rapidly. This finding highlights
the significant role of GNC and GNL in coordinating the transition from dark
conditions to photosynthetic activity, offering new insights into plant adap-
tation to the environment.
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ABSTRACT

Plants integrate a wide range of signals that allow them to adapt to their en-
vironment. In the dark, plants sense the direction of gravity through the sedi-
mentation of starch-filled amyloplasts. This dissertation elucidates a new role
of the Arabidopsis thaliana GATA factors GNC (GATA, NITRATE-INDUCIBLE, CAR-
BON METABOLISM-INVOLVED) and GNL/CGA1 (GNC-LIKE/CYTOKININ-RESPON-
SIVE GATA1) in the regulation of starch metabolism. In the dark, I found that
GNC and GNL repress starch granule growth and amyloplast development. In
the GATA genotypes analysed, the differential accumulation of starch gran-
ules in hypocotyl endodermal and root columella cells explains their altered
gravitropic responses. At the whole-plant level GNC and GNL play a multifac-
eted role in the regulation of starch granule initiation and growth, and tran-
sitory starch synthesis and degradation. This dissertation provides evidence
that GNC and GNL help balance between gravitropic and phototropic growth,
through the differential accumulation of starch granules.




Pflanzen weisen eine Vielzahl an Sig-
nalen auf, die es ihnen ermoglichen,
sich an ihre Umwelt anzupassen.
Im Dunkeln reagieren Pflanzen auf
die Schwerkraft durch die Sedimen-
tation von starkegefiillten Amylo-
plasten. Diese Dissertation zeigt eine
neue Rolle der GATA-Faktoren GNC
(GATA, nitrate-inducible, carbon
metabolism-involved) und GNL/
CGA1l (GNC-LIKE/cytokinin-respon-
sive GATA1) von Arabidopsis thaliana
bei der Regulierung des Starkestoff-
wechsels. Im Dunkeln unterdriicken
GNC und GNL das Wachstum der
Starke-Granula und die Entwicklung
von Amyloplasten. Bei den unter-
suchten GATA-Genotypen ist die
unterschiedliche Anhdufung von
Starke-Granula, die in den Endoder-
miszellen des Hypokotyls und in den
Kolumella-Zellen der Wurzel zu fin-
den sind, Ursache fiir ihre veranderte
gravitropische Reaktionen. Auf der
Ebene der gesamten Pflanze spielen
GNC und GNL eine vielschichtige Rol-
le bei der Regulierung der Initiierung
und des Wachstums von Starke-Gra-
nula sowie der transienten Starke-
synthese und des Starkeabbaus.
Diese Dissertation liefert Beweise
dafiir, dass GNC und GNL durch die
unterschiedliche Akkumulation von
Starke-Granula zum Gleichgewicht
zwischen gravitropem und photo-
tropem Wachstum beitragen.
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The European starch industry pro-
duces yearly over 11 million tons of
starch, extracted from 25 million
tons of EU-grown wheat, maize and
potatoes (Starch Europe, 2022). In
Bavaria more than 150.000 tons of po-
tato starch are produced every year
(Sudstarke GmbH, 2021), and more
than half of the starch produced is
consumed in food in the form of na-
tive and modified starch.

Starchis the most abundant carbohy-
drate in the Western diet (Cordain et
al, 2005), and national Food-based di-
etary guidelines (FBDG) recommend
a daily intake of up to 10 starch-rich
servings per day. Most of the starch
consumed is soluble starch, which
can be easily digested in the small
intestine. However, 2-20% of dietary
starch, referred to as resistant starch,
is only processed in the colon by spe-
cialized gut microbiota (Cerqueira et
al, 2020). The ratio between the 2 glu-
cose polymers that constitute starch;
amylose and amylopectin, determine
the digestibility of resistant starch.
In the recent years, attention has

shifted towards resistant starch due
to its beneficial implications in gut
microbiome and health (DeMartino
& Cockburn, 2020; Cesbron-Lavau et
al, 2021).

The use of starch in the food indus-
try is widespread among a variety
of products and purposes. Never-
theless, the abundance, biodegrada-
bility and non-toxicity of starch is
also valued in non-food applications
such as paper, adhesives, textiles or
in pharmaceuticals.

Plant biology has the potential to
face challenges related to food and
health by improving the quality of
starch in crops.



GATA TRANSCRIPTION
FACTORS

GATA factors are evolutionarily
conserved transcription factors
(Schwechheimer et al, 2022) that bind
the consensus sequence W-GATA-R
(W, thymidine (T) or adenosine (A);
R, guanidine (G) or adenosine (A))
(Lowry & Atchley, 2000; Reyes et al,
2004). The DNA-binding domain, in
the form of a type-IV zinc finger, is
characterized by 2 cysteines (Cys)
at the beginning of the motif, an
intermediate loop containing 17 to 20
residues, and 2 further cysteines at
the end of the motif (C-X,-C-X_, -C-
X,-C) (Reyes et al, 2004). The type-IV
zinc fingeris highly conserved among
eukaryotes and plays a critical role
in the development, differentiation
and proliferation of cells (Bi et al,
2005). In vertebrates, GATA factors
are responsible for the differentia-
tion of the haematopoietic system
and cardiovascular embryogenesis
(Bresnick et al, 2012; Lentjes et al,
2016), whereas in fungi they mediate
carbon metabolism and siderophore
biosynthesis (Arst & Cove, 1973; Vois-
ard et al, 1993; Chudzicka-Ormaniec
et al, 2019). In plants, the interest for
studying GATA factors raised from
the observation that GATA motifs are
enriched in promoters of light-reg-
ulated genes (Arguello-Astorga &
Herrera-Estrella, 1998).

Arabidopsis thaliana encodes 30 GATA
factors that divide in 4 distinct fam-
ilies based on their zinc finger motif
(Schwechheimer et al, 2022). The
class B GATA (B-GATA) encompasses
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11 factors with a single zinc finger,
and are subdivided into HAN- or
LLM-domain B-GATA factors. The
HAN-domain B-GATA factors en-
code 3 redundantly acting proteins:
HAN, HAN-LIKE1 (HANL1) and HAN-
LIKE2 (HANL2); which contain the
HAN-domain located N-terminally
to the zinc finger motif (Zhao et al,
2004). On the other hand, LLM-do-
main B-GATA factors contain a leu-
cine-leucine-methionine repeat at
the C-terminal region of the protein
(Richter et al, 2010; Schwechheimer
et al, 2022). According to the length
of the N-termini, the LLM-domain
factors can be further subdivided
into long family members, such as
GATA, NITRATE-INDUCIBLE CAR-
BON METABOLISM INVOLVED (GNC)
and CYTOKININ-RESPONSIVE
GATA FACTOR 1 / GNC-LIKE (GNL),
which differ from shorter members
like GATA15, GATA16, GATA17, GA-
TA17-LIKE (GATA17L) and GATA23
(Behringer & Schwechheimer, 2015;
Schwechheimer et al, 2022). Notably,
whether B-GATA factors in Arabi-
dopsis contain only the HAN- or the
LLM-domain, analysis from vascular
plants revealed that mosses like
Physcomitrium patens and liverworts
like Marchantia polymorpha contain
both the HAN- and the LLM-domains
(Schwechheimer et al, 2022).

GNC and GNL are to date the most
prominent B-GATA factors in Arabi-
dopsis thaliana and are known to
regulate plant development down-
stream of the hormones auxin, cy-



tokinin (CK) and gibberellin (GA);
nitrogen and light (Illustration 1)
(Wang et al, 2003; Bi et al, 2005; Naito
et al, 2007; Richter et al, 2010; Richter
et al, 2013b). The expression of GNC
and GNL is strongly induced by blue,
red and far-red light, but repressed
by GA through PHYTOCHROME IN-
TERACTING FACTORS (PIFs) (Rich-
ter et al, 2010; Ranftl et al, 2016). PIFs
are a set of basic helix-loop-helix
transcription factors that negative-
ly regulate photomorphogenesis.
Upon illumination, photoactivated
phytochromes (Pfr) translocate into
the nucleus and interact with PIF
proteins (Klose et al, 2015), which
are phosphorylated and degraded,
resulting in photomorphogenesis
(Leivar & Qualil, 2011; Leivar & Monte,
2014). At the same time, GA-binding
triggers the degradation of DELLA
proteins, supressing their repressive
interaction with the PIFs (Li et al,
2016).

The presence of GA also modulates
the abundance of AUXIN RESPON-
SIVE FACTOR2 (ARF2) (Richter et al,
2013b). Members of the ARF family,
such as ARF5 - ARF8, are known to
dimerize with Auxin/Indole-3-Acetic
acid (Aux/IAA), regulating the ex-
pression of auxin responsive genes
(Vernoux et al, 2011). In the presence
of auxin, Aux/IAA proteins are ubi-
quitinated and degraded by the 26S
proteasome, releasing the ARFs (Ver-
noux et al, 2011). Other ARF members
like ARF2, do not engage in Aux/
IAA repressive interactions, thus
their abundance is not modulated by
auxin (Vernoux et al, 2011). ARF2 and

ARF7 are known to bind the promoter
regions of GNC and GNL. The loss-of-
function mutants arf2 and arf7 share
similar phenotypes with GNC and
GNL overexpression lines (Richter et
al, 2013b), indicating that the expres-
sion of GATA factors is modulated by
the cross-talk between auxin and
GA (Richter et al, 2013b; Behringer &
Schwechheimer, 2015).

GNC and GNL act redundantly in the
regulation of developmental pro-
cesses such as stomata development,
chloroplast differentiation and chlo-
rophyll accumulation (Illustration 1).
While the gradual loss of Arabidopsis
LLM-domain B-GATA factors results
in a gradual increase in the strengths
of the respective phenotypes, the
antagonistic phenotype is often ob-
served when GNC and GNL are over-
expressed, arguing for a strong dos-
age-dependency of GATA-controlled
biological processes (Behringer et
al, 2014; Klermund et al, 2016). One
such gene dosage-dependent phe-
notype is the change in chlorophyll
accumulation between mutants and
overexpressors. Whereas LLM-do-
main B-GATA loss-of-function mu-
tants exhibit a strong decrease in
greening, their overexpressing lines
induce enhanced greening through-
out the plant, which is especially
promoted at the base of the hypoco-
tyl (Behringer et al, 2014; Ranftl et al,
2016; Bastakis et al, 2018). The tran-
scriptional regulation of greening
by GNC and GNL occurs at different
stages of the tetrapyrrole pathway
through the control of several subu-
nits of the Mg-chelatase enzyme, GE-

Page 15



NOMES UNCOUPLED (GUN) factors,
and together with GOLDEN-LIKE
1 (GLK1) and GLK2, among others
(Bastakis et al, 2018). In brief, the
tetrapyrrole pathway begins with
the synthesis of 5-aminolevulinic
acid (ALA) from glutamate, leading
to protoporphyrin IX (Tanaka et al,
2011). In this stage, the combined
actions of Mg-chelatase, GUN4 and
GUN5 catalyse the insertion of a
magnesium ion, which will tip the
balance towards the formation of
chlorophyll (Tanaka et al, 2011).

LLM-domain B-GATA factors also
regulate chloroplast formation and
size. First, ectopic expression of GNC
in dark-grown seedlings promotes
the differentiation of proplastids
to etioplasts, as indicated by the
presence of prolamellar bodies (PLB)
and prothylakoids (PT) (Chiang et al,
2012). In wild type seedlings grown
in the dark, proplastids are not yet
differentiated into plastids. In the
light, GNC and GNL do not modulate
chloroplast differentiation (Chiang
et al, 2012; Zubo et al, 2018; An et al,
2020), but control the number and
size of chloroplasts (Hudson et al,
2011; Chiang et al, 2012; Richter et
al, 2013b; Ranftl et al, 2016; Bastakis
et al, 2018). Overexpression of GNC
leads to an increase in the number
and size of chloroplasts, whereas
gnc gnl mutants have smaller chlo-
roplasts (Hudson et al, 2011; Chiang
et al, 2012). In addition, GATA factors
act downstream of CK on regulating
chloroplast division. The CK-induced
expression of GNL is compromised
in ARABIDOPSIS RESPONSE REG-
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ULATOR 1 (ARR1) and ARR12 loss-
of-function mutants arr1 and arri2
(Chiang et al, 2012). Thus, the effects
of CK on chloroplast division cannot
be observed in arr1 arri2 and gnc gnl
mutants (Chiang et al, 2012). In sum,
GNC and GNL are key regulators of
chloroplast development, integrat-
ing light and hormone pathways
(IlIustration 1).

GNC and GNL also promote starch
accumulation in the light, possibly
as a result of increased chloroplast
number and increased photosynthe-
sis rate (Hudson et al, 2011; Hudson
et al, 2013; Zubo et al, 2018; An et al,
2020). In Arabidopsis thaliana, as well
as in Populus trichocarpa, the single-
and double-mutants gnc, gnl and gnc
gnl accumulated less starch than in
wild type leaves, whereas GNCox
and GNLox accumulated more starch
(Hudson et al, 2011; Zubo et al, 2018;
An et al, 2020). The differences ob-
served in starch accumulation cor-
related to differences in chlorophyll
accumulation. For instance, gnc
gnl leaves accumulated clearly less
chlorophyll than wild type leaves,
and contained less starch (Hudson
et al, 2011; Zubo et al, 2018). Further-
more, in fungi, GATA factors regulate
genes involved in starch, cellulose
and hemicellulose degradation like
the glucoamylase and the a-amylase
genes (He et al, 2018).

Another dosage-dependent pheno-
type of GNC and GNLis the formation
of stomata in cotyledons and hypo-
cotyls through direct regulation of
SPEECHLESS (SPCH) (Klermund et al,



2016). The effects of the GATA factors
on stomata formation are light-de-
pendent, and act downstream of PIF
factors. Thus, overexpression of GNC
in the pifq background, promotes
stomata formation in the dark (Kler-
mund et al, 2016).

GATA factors are also known to
modulate the change in the angle
of lateral shoots emerging from the
primary inflorescence (Richter et al,
2010; Ranftl et al, 2016). The lateral
shoots of GATA mutants emerge with
a steeper angle from the primary
inflorescence than in the wild type,
whereas the emergence angles from
lateral shoots in the GNL overex-
pression lines are strongly increased
(Richter et al, 2010; Behringer et al,
2014; Ranftl et al, 2016). In addition to
changes in the angle of emergence,

GNC and GNL overexpression lines
display changes in cotyledon and
leaf shape, petiole length and most
importantly, plant growth (Behringer
et al, 2014). Strong overexpression
of GNC and GNL results in smaller
plants and severely delayed flower-
ing (Behringer et al, 2014).

PLANT TROPISMS

Plants integrate a wide range of
signals that allow them to adapt to
their environment. Roots, shoots,
branches and leaves are modified
structurally in order to have the right
shape, orientation and mechanical
resistance to grow towards the light,
orientate against gravity and gather
necessary nutrients.

cK Light
|
v
GNC | ——
onL | ——PIFs
SPCH GUNS

l

DVR
CHLI

Chloroplast
differentiation

Stomata hloroplast
velopment division

hlorophyll
cumulation

l

R Starch
accumulation

lllustration 1: Regulation of LLM-domain B-GATA factors GNC and GNL on chloroplast biogenesis, chlorophyll accumulation and sto-
mata development. Abbreviations: cytokinin (CK), GATA, NITRATE-INDUCIBLE CARBON METABOLISM INVOLVED (GNC), GNC-LIKE (GNL),
PHYTOCHROME INTERACTING FACTOR (PIF), GENOMES UNCOUPLED 5 (GUNS5), DIVINYL CHLOROPHYLLIDE 8-VINYL-REDUCTASE (DVR),
MAGNESIUM CHELATASE | (CHLI), SPEECHLESS (SPCH).
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During skotomorphogenic growth
in the dark, seedling roots grow
towards the gravity vector, referred
as positive gravitropism; while their
hypocotyls elongate away from
gravity, which is referred as nega-
tive gravitropism (Kiss, 2000; Sato
et al, 2015). Gravitropism comprises
four sequential processes: gravity
perception, signal formation, signal
transduction and asymmetric cell
elongation (Morita & Tasaka, 2004,
Nakamuraetal, 2019). In the first step,
and according to the starch-statolith
hypothesis, plastids sediment in the
direction of gravity due to the force
of gravity exerted on high-density
starch granules (Illustration 2) (Na-
kamura et al, 2019). Amyloplasts that
function as statoliths are located in
the hypocotyl endodermis and in
the root columella (Kiss et al, 1989;
Christie & Murphy, 2013). It is known
that the endodermal cell layer in
the shoot and the columella cells in
the root are essential for the correct
perception of gravity, thus disrupt-
ing these tissues results in reduced
gravitropism (Blancaflor & Masson,

A B

2003). Moreover, mutants responsible
for the formation of the endodermis,
such as SCARECROW (SCR), exhibit
defects in the perception of gravity
(Fukaki et al, 1998; Tasaka et al, 1999;
Kim et al, 2011).

Amyloplasts sediment in the direc-
tion of gravity due to the mass of
starch granules. It is known that the
strength of the gravitropic responses
is, amongst others, dependent on the
content of starch (Kiss et al, 1998).
Supporting the starch-statolith hy-
pothesis, the PHOSPHOGLUCOMU-
TASE1 (PGM1) mutant pgmi, which
is not able to synthesize starch,
exhibits reduced gravitropism (Xiss
et al, 1998; Weise & Kiss, 1999). On
the other hand, an increase in starch
accumulation leads to stronger grav-
itropic responses in the hypocotyl
and the root (Vitha et al, 2007). The
developmental stage of plastids also
modulates the perception of gravity.
PIFs convert amyloplasts into plas-
tids with etioplastic or chloroplastic
features (Kim et al, 2011). The gradual
loss of PIF factors results in defec-
tive amyloplasts that contain smaller
starch granules, and thus, reduced

Aiaeln
—

lllustration 2. Model of the starch-statolith hypothesis. A. Starch granules at the base of the cell. B. Starch granules start to sediment
in the direction of gravity, after reorientation of the plant. C. The sedimentation process occurs via transvacuolar strands and actin fila-
ments, which act as a restraining mesh. D. Starch granules settle at the bottom of the cell, compressing the cytoskeleton and peripheral

ER, releasing calcium ions.
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hypocotyl gravitropism in the dark
(Kim et al, 2011; Kim et al, 2016).

Additional studies suggest that the
association of amyloplasts with ac-
tin filaments (Palmieri & Kiss, 2005;
Song et al, 2019) and endomplasmat-
ic reticulum (ER) (Leitz et al, 2009)
enhance gravitropism. Although the
mechanisms regulating gravity per-
ception are not yet fully understood,
it is clear that an increased content
of starch in endodermal and root
columella cells, enhances gravitropic
responses.

In the light, plants use phototro-
pin-mediated phototropism to ori-
ent their growth towards the light
for optimal photosynthesis (Briggs
& Christie, 2002; Christie & Mur-
phy, 2013). Phototropins are plas-
ma-membrane associated Kkinases
that are activated by blue light, and
play important roles in regulating
chloroplast movements, stomatal
opening and leaf positioning (Inoue
et al, 2010; Legris & Boccaccini, 2020;
Legris et al, 2021; Labuz et al, 2022).

In the light, the angle of hypocotyl
and root growth results from the
additive sum of gravitropic and
phototropic responses (Hangarter,
1997). In hypocotyls, positive pho-
totropism dominates over negative
gravitropism, whereas in the root
negative phototropism and positive
gravitropism are equal (Vitha et al,
2000). When the respective inputs do
not act in the same direction, plants
have to find a balance between

phototropic and gravitropic growth
(Hangarter, 1997). Hence, decreased
gravitropism in wild type seedlings
grown on clinostats (Nick & Schafer,
1988),or asaresult of reduced content
of starch in the pgmi1 mutant (Vitha
et al, 2000), leads to increased pho-
totropic responses (Nick & Schafer,
1988; Vitha et al, 2000).

STARCH METABOLISM

Starch is the most abundant storage
carbohydrate on Earth (Nakamura et
al, 2022). Hence, it is not surprising
that starch plays a central role in all
living organisms. In most vascular
plants, starch in photosynthetic
active cells, referred to as transitory
starch, accumulates during the day
and its degraded on the following
night in order to provide a continu-
ous supply of carbohydrates during
cellular respiration (Streb & Zeeman,
2012). In non- photosynthetic cells,
starch accumulates in tissues like
tubers to serve as a long-term carbo-
hydrate storage (Reyniers et al, 2020),
or in endodermal and root columella
cells to aid in gravity perception
(Kiss et al, 1989).

Starch consists of amylose and amy-
lopectin (Zeeman et al, 2002). Am-
ylose is composed of linear chains
of a-1,4-linked D-glucose residues,
whereas amylopectin is branched
through additional a-1,6-linked
D-glucoses (Illustration 3) (Seung,
2020). Neighbouring chains of amylo-
pectin form clusters of double helices
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that pack into crystalline lamellae,
enabling starch to become insoluble
(Streb & Zeeman, 2012; Apriyanto et
al, 2022). The branching points of
amylopectin form rather an amor-
phous lamella, that alternates with
the crystalline lamellae, resulting in
high-order growth rings (Illustration
3) (Seung, 2020). Whereas amylopec-
tin accounts for 70-90% of the starch
granule mass, amylose represents
only 10-30% (Streb & Zeeman, 2012).
Amylose is not necessary for starch
granule formation, therefore, it can
be considered as a filling between
the amylopectin matrix (Illustration
3) (Seung, 2020).

In the light, the precursor for
starch biosynthesis is withdrawn
from the Calvin cycle in the form
of  fructose-6-phosphate  (F6P),
and converted sequentially to
glucose-6-phosphate  (G6P) and
glucose-1-phopshate (G1P) by the
activities of PHOSPHOGLUCOSE
ISOMERASE (PGI) and PGM1 (1I-
lustration 4) (Funfgeld et al, 2022).
Additionally, sugars located in stor-
age tissues can be delivered to the
starch pathway through the activity
of invertases and sucrose synthases
that cleave sucrose into G6P, F6P and
UDP-glucose (Fernie et al, 2002). In
the cytosol, UDP-glucose is convert-
ed to G1P by UDP-glucose pyroph-
osphorylase or transported into the
Golgi lumen, where it is essential for
pectin and hemicellulose biosynthe-
sis (Saez-Aguayo et al, 2021). The flux
of carbon into starch biosynthesis
is tightly regulated by the plastidial
ADP-GLUCOSE PYROPHOSPHORYL-
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ASE (AGPase), which catalyses the
conversion of G1P to ADP-glucose
(ADPGIc) (Illustration 4). In Arabidop-
sis thaliana, AGPase encodes 2 small
subunits: APS1 and APS2; and 4 large
subunits: APL1 - APL4. The loss-of-
function mutant adgi adg2 contains
little amounts of starch (Funfgeld et
al, 2022). ADPGIc serves as a glucosyl
donor, forming new a-1,4 glucosidic
linkages by the activity of starch
synthases (Streb & Zeeman, 2012).
GRANULE BOUND STARCH SYN-
THASE1 (GBSS1) elongates glucan
molecules in a processive-manner,
forming amylose (Seung et al, 2020),
whereas soluble starch synthas-
es (SS1, SS2 and SS3) add glucose
residues to the non-reducing ends
of an already existing chain, form-
ing amylopectin (Illustration 4).
Furthermore, branching enzymes
(BEs) introduce branch points into

A
a-1,4

a-1,6

Amylose
8/ Amorphous lamellae

Amylose Amylopectin

lllustration 3. Structure and components of the starch granule.
A. Chains of a-1,4- and a-1,6-linked glucosyl residues. B. Linear
chains of amylose (a-1,4-link) and branched chains of amylopec-
tin (a-1,6-link). Neighbouring chains of amylopectin form clusters
of double helices that pack into crystalline lamellae. C. and D.
The branching points of amylopectin form rather an amorphous
lamella, that alternates with the crystalline lamellae, resulting in
high-order growth rings.



the elongated amylopectin chains,
contributing to the final structure of
amylopectin (Illustration 4) (Delvalle
et al, 2005; Zhang et al, 2008; Lu et al,
2015; Seung et al, 2020; Gamez-Arjona
& Merida, 2021).

The knowledge on how starch gran-
ules initiate is currently scarce, but
appears to involve the coordination
of a specialised set of proteins.
Granules emanate from a central
core, known as hilum, by the activity
of a starch synthase isoform (SS4)
(Tetlow & Bertoft, 2020). Unlike
other starch synthases, SS4 has a
long N-terminal region involved in
shaping the morphology of starch
granules (Lu et al, 2018). The loss-
of-function ss4 mutant has 1 or 2
starch granules per chloroplast, that
acquire a rounded morphology, rath-
er than 4 flattened-starch granules
per chloroplasts observed in wild
type plants (Roldan et al, 2007). It is
thought that SS4 is responsible for
elongating de-novo glucan chains by
interacting with PROTEIN TARGET-
ING TO STARCH 2 (PTST2) (Tetlow &
Bertoft, 2020). Members of the PTST
family contain a carbohydrate-bind-
ing domain that delivers suitable
substrates to SS4 (Apriyanto et al,
2022). Recently, further proteins have
been identified in the regulation of
starch granule initiation. MAR-BIND-
ING FILAMENT-LIKE PROTEIN1
(MFP1) and PROTEIN INVOLVED IN
STARCH INITIATION (PII1) interact
with PTST2, and loss of both pro-
teins results in a reduction of starch

granule number (Seung et al, 2018).
In addition, proteins involved in
maltose metabolism also modulate
starch granule initiation, for example
ALPHA-GLUCAN PHOSPHORYLASE1
(PHS1) and DISPROPORTIONATING
ENZYME2 (DPE2). Additional loss of
both proteins in the ss4 background
results in perfectly spherical gran-
ules aberrant in size (Malinova &
Fettke, 2017; Apriyanto et al, 2022).

Little is known about the molecu-
lar mechanisms controlling starch
granule morphology. The fact that
starch granules differ vastly among
species, and even among tissues
from the same organism, hinders the
general understanding. In cereals,
it is common that starch granules
emerge from a single initiation
event, and therefore, each individual
granule, referred to as simple-type
granule, contains a hilum (Toyosawa
et al, 2016; Li et al, 2017; Hawkins et
al, 2021). Wheat endosperm contains
simple-type granules, but deficiency
of SS4 results in the formation of
compound granules due to multiple
initiations per amyloplast (Hawkins
et al, 2021). On the other hand, the
endosperm of wild type rice contains
compound polyhedral starch gran-
ules, but loss of SS3 and SS4 leads
to single round granules (Toyosawa
et al, 2016). In Arabidopsis, a recent
study focusing on transitory starch,
suggests that starch granules in
chloroplasts arise from multiple coa-
lescent initiations (Burgy et al, 2021).
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At night, when the synthesis of su-
crose is limiting, plants break down
starch in order to provide a continu-
ous supply of carbohydrates. Starch
degradation begins with the phos-
phorylation of glucosyl residues of
amylopectin through the enzymatic
activity of a-GLUCAN WATER DIKI-
NASE(GWD1)and PHOSPHOGLUCAN
WATER DKINIASE (PWD) (Illustration
4) (Streb et al, 2012). The activity of
GWD1 is necessary for the correct
degradation of starch, and hence the
gwd1/sex1 (starch excessl) mutant ac-
cumulates high amounts of starch (Yu
et al, 2001). The phosphorylated resi-
dues are then removed by the action
of STARCH EXCESS 4 (SEX4) (Mak et
al, 2021). After disrupting the amylo-
pectin double helices and solubilizing
the starch granule surface, the com-
bined action of a-amylases (AMYs),
b-amylases (BAMs), debranching en-
zymes (DBEs) and isoamylases (ISAS)
allow the hydrolysis of glucan chains
and release of maltose to the cytosol
(Illustration 4) (Yu et al, 2001; Flutsch
et al, 2020; Feike et al, 2022). Maltose
is then further metabolised by PHS1,
DPE1 and DPE2 into glucose (Illustra-
tion 4) (Abt & Zeeman, 2020).

lllustration 4. Starch synthesis and degradation pathway. Ab-
breviations: sucrose-6-phosphate (Suc6P), fructose-6-phosphate
(Fru6P); UDP-glucose (UDPGIc); glucose-6-phosphate (GIu6P);
glucose-1-phosphate (Glu1P); ADP-glucose (ADPGlIc); maltooli-
gosaccharides (MOS); PHOSPHOGLUCOSE ISOMERASE (PGl);
PHOSPHOGLUCOMUTASET (PGMT); GLUCOSE 6-PHOSPHATE
TRANSLOCATOR (GPT1); ADP GLUCOSE PYROPHOSPHO-
RYLASE LARGE SUBUNIT (APL); ADP GLUCOSE PYROPHOS-
PHORYLASE SMALL SUBUNIT (APS); STARCH SYNTHASE
(SS); BRANCHING ENZYME (BE); ISOAMYLASE (ISA); GRAN-
ULE BOUND STARCH SYNTHASE (GBSS); STARCH EXCESS4/
LAFORIN-LIKET PHOSPHOGLUCAN PHOSPHATASE (SEX4);
GLUCAN WATER DIKINASE (GWD); STARCH EXCESS1 (SEXT1);
ALPHA-AMYLASE (AMY); ISOAMYLASE (ISA); BETA-AMYLASE
(BAM).



PLASTID DEVELOPMENT

Plants contain a wide diversity of
plastids, which perform highly spe-
cific functions (Pyke, 2013). Plastids
develop from an undifferentiated
type of plastid, referred to as pro-
plastid, found in meristematic cells
(Illustration 5) (Choi et al, 2021). In
the dark, proplastids differentiate
to leucoplasts or etioplasts. Leuco-
plasts are storage plastids located in
non-photosynthetic tissues, which
account for starch-filled amylop-
lasts, lipid- and terpenoid-filled
elaioplasts, and protein-filled pro-
teinoplasts; whereas etioplasts are
found in photosynthetic tissues
and characterized by a crystalline
PLB consisting of lipids and proto-
chlorophyllide, and PTs (Pyke, 2010;
Choi et al, 2021). Plastids are highly
interconvertible in response to
developmental and environmental
responses. For instance, leucoplasts
can differentiate to chloroplasts, and
vice versa (Illustration 5) (Choi et al,
2022). Unfortunately, the knowledge
about how amyloplasts transition to
chloroplasts is scarce.

The transition from etioplasts to
chloroplasts is the most studied,
and occurs during de-etiolation via
negative regulators of photomor-
phogenesis such as CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1),
SUPRESSOR OF phyA (SPA) and
DE-ETIOLATED1 (DET1) (Xu, 2020;
Choi et al, 2021). Upon light expo-
sure, plant photoreceptors inhibit
the COP1-SPA E3 ubiquitin ligase
complex, releasing early light re-

sponsive proteins like ELONGATED
HYPOCOTYL 5 (HY5) and LONG HY-
POCOTYLIN FARD-RED1 (HFR1) (Xu,
2020). Among others, HY5 and HFR1
induce the expression of positive
regulators of photomorphogenesis.
Simultaneously, the degradation of
PIF factors induce the expression of
two families of transcription factors;
first, the GLK family, and second
LLM-domain B-GATA factors (Chiang
et al, 2012; Bastakis et al, 2018; Zubo
et al, 2018). GLK and GATA factors are
thus considered as positive regula-
tors of chloroplasts development.

Proplastid
Amyloplast
C(%;%;
. S0
Etioplast
Chloroplast

lllustration 5. Differentiation of plastids to amyloplasts and chlo-
roplasts. Plastids develop from an undifferentiated type of plas-
tid, referred to as proplastid, found in meristematic cells. In the
dark, proplastids differentiate to etioplasts and amyloplasts, and
upon illumination, etioplasts convert to chloroplasts.
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OBJECTIVES

First, the aim of my dissertation was
to examine whether defects in the
emergence angle of inflorescenc-
es observed in GATA mutants and
overexpression lines, were related
to defects in gravity perception.
The branching angle in gnc gnl,
GNCox and GNLox plants has been
previously reported and quantified
(Richter et al, 2010; Behringer et al,
2014; Ranftl et al, 2016), however, the
mechanism behind this phenotype
is not understood. To start with, I
performed a series of gravitropism
assays in the shoots, hypocotyls and
roots of gnc gnl and GNLox seedlings
and plants, and I observed similar
defects compared to those defects
observed in inflorescences (Ranftl
et al, 2016). These results indicated
that gravitropism is disturbed in the
GATA genotypes analysed.

It is known that the perception of
gravity requires the sedimentation
of starch granules. Thus, I performed
an RNA sequencing experiment with
seedlings grown in the dark, in or-
der to gain further insight into the
regulation of GNC and GNL on starch
accumulation. The transcriptional
analysisrevealed that genes involved

in starch metabolism are differen-
tially regulated in gnc gnl and GNLox
seedlings. Although most of the
studies on starch focus on transient
starch in the chloroplasts of Arabi-
dopsis thaliana, or storage starch in
the grains of cereals, the knowledge
regarding endodermal starch, where
gravity perception occurs, is rather
incomplete. Therefore, the succeed-
ing aim of my dissertation was to
examine the regulation of GNC and
GNL on starch granule growth, in
specialized cells involved in gravity
perception. Combining genetic,
transcriptomic, metabolomic and
physiological studies, I uncovered
and characterized a role of the GATA
factors on starch granule initiation
and growth, transitory starch ac-
cumulation, as well as amyloplast
differentiation.

Ultimately, I integrated the novel
knowledge obtained in this work,
with previous studies on chloro-
phyll accumulation, chloroplast
development and stomata develop-
ment, concluding that GATA factors
balance between gravitropism and
phototropism, and modulate carbon
assimilation and storage.









All experiments were performed in
Arabidopsis thaliana ecotype Colum-
bia (Col-0). The gnc (SALK_001778)
and gnl (SALK_003995) single and
double mutants, the GNL overex-
pression line GNLox, as well as the
pifi-1 pif3-3 pif4-2 pif5-3 (pifg, phy-
tochrome interacting factor quadruple)
and pifq GNLox, were previously
described (Richter et al, 2010; Kler-
mund et al, 2016). arc5-2 (SAIL_71_
D11), sex1-8 (SALK_077211) and ss4-1
(SALK_096130) were obtained from
the Nottingham Arabidopsis Stock
Centre (NASC) (Roldan et al, 2007)
(Mahlow et al, 2014). pgmi-1 was
generously provided by Christian
Frankhauser (Lausanne, Switzerland)
(Periappuram et al, 2000; Lariguet et
al, 2003) and ptA5-3 (CaMV35S::TP,_
scssa” GFPiNOS) by Ryuuichi D. Itoh
(Okinawa, Japan) (Niwa et al, 1999;
Fujiwara et al, 2018). Homozygous
mutant combinations were isolated
from segregating populations by

PCR-based genotyping with oligo-
nucleotides. In addition, successful
pgmi-1 cloning was confirmed by
iodine staining. To confirm success-
ful ptA5-3 cloning, fluorescence was
verified with an Olympus SZX16 ste-
reofluorescence microscope (Olym-
pus, Shinjuku, Tokyo, Japan) using
an excitation wavelength of 488 nm
and emission at 507 nm.

Marchantia  polymorpha  ecotype
BoGa, the CRISPR/Cas9-generated
mutants Mpb-gatail-1 and Mpb-ga-
ta1-2, and the overexpression line
MpB-GATAOX3 were generously pro-
vided by Peter Schroder (Lehrstuhl
fur Systembiologie der Pflanzen,
Technische Universitat Miunchen,
Freising, Germany).



Seedlings were cultivated on sterile
half-strength Murashige and Skoog
(Y2 MS) medium (Duchefa, Harlem,
The Netherlands), when specified
supplemented with glucose, fruc-
tose, sucrose or sorbitol. Seedlings
were, unless specified otherwise,
grown in the dark in growth cham-
bers (Sanyo, Osaka, Japan) at 21°C.
When grown in the light, plants
were grown in growth chambers
(Sanyo, Osaka, Japan) at 21°C under
white-fluorescent light (120 pmol m2
s) with a 12 hrs light / 12 hrs dark or
16 hrs light / 8 hrs dark photoperiod.

Gemmae were cultivated on sterile
half-strength Gamborg’s B5 medium
containing 1.4% plant agar (Duche-

white-fluorescent light (60 pmol m=
s) with a 16 hrs light / 8 hrs dark
photoperiod.

TRANSCRIPTOMICS

For RNA-seq, 3-days-old wild type,
gnc gnl and GNLox seedlings were
grown in the dark on sucrose free
and 1% sucrose-supplemented %
MS medium. Liquid nitrogen-frozen
seedlings were disrupted in a Tissue
Lyser2 (Qiagen, Hilden, Germany)
and total RNA was extracted from
entire seedlings using a NucleoSpin
RNA kit (Macherey-Nagel, Diuren,
Germany). RNA quantity and quality
were determined with a 2100 Bioana-

fa, Harlem, Netherlands) under
lyzer Microfluids System (Agilent,

Allele Description ID Sequence

arch-2 arc5-2 SAIL71 forward SAIL_71_D11 TGTGTTGGATGCCCTTAAGAC
arcs-2 arch-2 SAIL71 reverse SAIL_71_D11 TGTCACCTGATGAAGGAAAGG
gnc gnc SALK1778 forward SALK 001778 TTTGATCTTGCACTTTTTGGC
gnc gnc SALK1778 reverse SALK 001778 GCCAAGATGTTTGTGGCTAAC
gnl gnl SALK3995 forward SALK_003995 AAGAACAACCACATTGTTGGG
gnl gnl SALK3995 reverse SALK_ 003995 AAGGCGATTATTACCACCAGC
pgmi-1 pgmi-1Trp192 forward GGTTTCCGCTGTAATCAGGA
pgmi-1  pgmil-1Trpl92 reverse CTGACCACTGCTGTAATTGAAC
pks4-2 pks4-2 GABI312 forward GABI_312E01 TTGGGTTCCACAAAATCAAAC
pks4-2 pks4-2 GABI312 reverse GABI_312E01 ATTCAGAACCGGTTTAATCGG
sex1-8 sex1-8 SALK77211 forward  SALK 077211 GGAGAAGACACGACCACAGTC
sex1-8 sex1-8 SALK77211 reverse SALK_ 077211 TTTGAAAAGCCTTTGTTGCAG
ss4-1 ss4-1 SALK96130 forward SALK 096130 GTGACATTACTTGAGGAGCGG
ss4-1 $s4-1 SALK96130 reverse SALK_096130 GCGTCTGAAATCATCTTGCTC
355 CaMV35S promoter forward CAAGACCCTTCCTCTATATAAGG
GFP GFP forward CTGCTGGAGTTCGTGAC

LBb1.3 SALK ATTTTGCCGATTTCGGAAC
08474 GABI ATAATAACGCTGCGGACATCTACATT

Table 1. List of oligonucleotides used for PCR-based genotyping.
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Santa Cara, CA). Libraries were gen-
erated with the Illumina stranded
mRNA Kit (Illumina, San Diego, CA)
and single-ended sequencing was
performed on a NovaSeq 6000 (Illu-
mina, San Diego, CA). Reads were
mapped to the region of the TAIR10
release of the Arabidopsis thaliana
Col-0 genome (www.arabidopsis.
org) using the default settings of the
CLC Genomics Workbench (Qiagen,
Diiren, Germany). Differentially ex-
pressed genes (DEGs) were filtered
by a false discovery rate (FDR) <
0.05. The RNA-seq data is available at
Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) under
accession number GSE205524.

Venn diagrams were generated
using the default settings of the
CLC Genomics Workbench (Qiagen,
Diiren, Germany) in order to com-
pare the overlap of differentially
expressed genes.

Gene ontology (GO) analysis was
performed using the PANTHER al-
gorithm at TAIR and the enriched
set of differentially expressed genes
was retrieved according to their
biological function (Lamesch et al,
2012). For a hierarchical clustering
of GO term categories, the complete
list of ontology term categories was
summarized based on semantic
similarity measures (SemRel) using
the REVIGO algorithm (Supek et al,
2011). Similarity coefficients were
converted into distances using the
DendroUPGMA tool (Garcia-Vallve
et al, 2000) and dendrograms were
visualized with the Java TreeView

software (Saldanha, 2004).

The list of genes obtained from the
GO analysis was uploaded to the
STRING databaseinorder to annotate
the corresponding protein-protein
interactions (Szklarczyk et al, 2017).
Networks were built using the Cyto-
scape software (Shannon et al, 2003)
including expression and ontology
information.

METABOLOMICS

Starch granules were purified from
liquid nitrogen-frozen seedlings
grown in the dark on sucrose-free
and 1% sucrose-supplemented %
MS medium. Seedlings were homog-
enized with a tissue blender in 2 ml
ice-cold extraction buffer (50 mM
Tris-HCI, pH 8.0; 0.2 mM EDTA, 0.5%
Triton X-100). The homogenate was
filtered through Miracloth (Merck,
Darmstadt, Germany) and pelleted
by centrifugation at 2,500 g for 15
mins. The pellet was resuspended
in 1 ml extraction buffer, containing
0.5% SDS (sodium dodecyl-sulphate).
Subsequently, the pellet was washed
5 times with distilled water and re-
pelleted by centrifugation at 2,500 g
for 10 mins to remove excess SDS.

Starch was quantified with the
Megazyme Total Starch HK Assay Kit
(Megazyme, Bray, Ireland) from 200
mg liquid nitrogen-frozen seedlings
grown in the dark on sucrose-free
and 1% sucrose-supplemented Y%
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MS medium, and harvested at the
specified time points. Plant material
was disrupted until homogeneous
with a Tissue Lyser2 (Qiagen, Hilden,
Germany). The tissue was then incu-
bated in 80% ethanol for 5 mins, and
insoluble material was pelleted by
centrifugation at 10,000 g for 5 mins.
The supernatant was discarded and
the ethanol extraction was repeated
once. The starch-containing pellet
was transferred to a 15 ml glass
tube and starch quantification was
performed according to the manu-
facturer’s instructions (Megazyme,
Bray, Ireland).

Tre6P, other phosphorylated inter-
mediates and organic acids were
extracted with chloroform-meth-
anol and generously measured by
John Lunn (Max Plank Institute of
Molecular Plant Physiology, Pots-
dam, Germany) by anion-exchange
high-performance liquid chroma-
tography coupled to tandem mass
spectrometry (Lunn et al, 2006).

PHENOMICS

For hypocotyl and root gravitropism
responses, seedlings were grown for
2daysinthedark onvertically orient-
ed Y2 MS plates. Since the genotypes
examined here affected hypocotyl
growth in the dark due to defects
in negative gravitropism, seedling
hypocotyls were straightened away
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from the gravity vector, in safe green
light, before the plates were turned
by 90° and grown for an additional 24
hrs. Subsequently, photographs were
taken with a Sony A6100 digital cam-
era (Sony, Berlin, Germany) and the
bending of hypocotyls was measured
from the digital images using the Fiji
ImageJ software (Schindelin et al,
2012). Because cotyledon position
influences the degree of negative hy-
pocotyl gravitropism, only seedlings
with their cotyledons pointing in
the bending direction were included
in the quantification (Khurana et al,
1989).

For shoot gravitropism, plants were
grown in a growth chamber on soil
until their primary inflorescences
reached 10 cm. Then plants were
placed horizontally for 1 hr in a
dark-chamber to determine negative
shoot gravitropism and to prevent
interference from phototropic re-
sponses. Inflorescence bending was
determined from digital photographs
using the Fiji ImageJ software, as
described above.

For the analysis of the growth di-
rection, seedlings were grown for
3 days on vertically oriented %2 MS
plates in the dark or illuminated with
undirected far-red light (2.5 pmol m-
s1), as specified. The growth angle
of hypocotyls was determined from
digital photographs using the Fiji
ImageJ software, as described above.

To determine the interaction be-
tween hypocotyl negative gravitro-
pism and phototropism, seedlings
were grown for 2 days in the dark on



vertically oriented plates on % MS
and straightened as described above.
Plates were then turned by 90° and
grown for 6 hrs with unilateral blue
light illumination (1 pmol m?2 s?)
from above or below, as specified.
Seedling hypocotyl bending was de-
termined from digital photographs
using the Fiji ImageJ software, as
described above.

For rosette area measurements
plants were grown for 2 weeks in
the soil on sucrose-free, 1% glucose-,
1% fructose-, 1% sucrose- and 1%
sorbitol-supplemented % MS me-
dium, as specified, and in the light.
Photographs were taken with a Sony
A6100 digital camera (Sony, Berlin,
Germany) and images analysed with
the Fiji ImageJ software (Schindelin
et al, 2012).

The branching angles were measured
from cauline nodes and leaf-bearing
nodes that reached, at least, 0.5 cm
length from 5-weeks-plants grown
in the soil.

For the imaging of starch granules
by light microscopy, starch gran-
ule preparations were dispersed in
distilled water, stained with Lugol’s
solution and glycerol (1:1 v/v),
mounted and imaged with an Olym-
pus BX61 light microscope (Olympus,
Shinjuku, Tokyo, Japan).

For the imagining of starch dis-
tribution in seedlings, 3-days-old
dark-grown seedlings were stained

for 1 min with Lugol’s solution, and
destained for 5 min with distilled wa-
ter. Stained seedlings were imaged
as described above.

Plants grown in soil were harvested
at the end of the day (EoD) or at the
end of the night (EoN), and imme-
diately transferred to hot EtOH 80%
until chlorophyll was removed. Then
plants were stained for 1 min with
Lugol’s solution, and destained for
5 mins with distilled water. Stained
plants were imaged with a Sony
A6100 digital camera (Sony, Berlin,
Germany).

MICROSCOPY

Confocal laser scanning microscopy
was performed with an Olympus
FV1000 (Olympus, Shinjuku, Tokio,
Japan) using an excitation wave-
length of 488 nm and emission at 520
to 720 nm, after cell wall- and starch
granule-staining with mPS-PI (inod-
ified pseudo-Schiff reagent-propid-
ium iodide) (Truernit et al, 2008).
Chlorophyll was detected using the
parameters described above, while
EGFP was detected using an excita-
tion wavelength of 488 nm and emis-
sion at 507 nm.

Starch granule size was measured
from the digital images using the Fiji
ImageJ software (Schindelin et al,
2012), considering the starch granule
area (um?) as a proxy for starch gran-
ule size of individual starch granules.
High-magnification images of mPS-
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PI-stained starch granules allowed to
distinguish between several starch
granules in one amyloplast.

To qualitatively asses the morphol-
ogy of granules and chloroplasts, 3D
rendering was created from z-stacks
using the 3Dscript plugin from the
Fiji ImageJ software (Schmid et al,
2019). For the fractionation of fluo-
rescence, 3D-rendered images were
first converted to 8-bit. Then the
threshold was adjusted to black and
white, and the area fraction meas-
ured with the Fiji ImageJ software
(Schindelin et al, 2012) as a proxy of
chloroplast density.

For SEM analysis, starch granules
were sputter-coated for 90 secs with
a gold alloy and imaged at 5.0 kVin a
JEOL JSM-7200F field emission scan-
ning electron microscope.

Samples were prepared, embedded
and mounted, as well as images were
generously obtained by Niccold Mo-
sesso and Erika Isono (Universitat
Konstanz, Constance, Germany).

Hypocotyls from 5-days-old dark-
grown Arabidopsis seedlings were
high-pressure frozen in a Leica EM
ICE high-pressure freezer (Leica,
Wetzlar, Germany). Frozen samples
were freeze-substituted in a Leica
EM AFS2 (Leica, Wetzlar, Germany)
in 2.5% 0OsO4 in acetone for 41 hrs at
-90°C. Subsequently, thetemperature
was gradually increased to 0°C. Hy-
pocotyls were then infiltrated with
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Epoxy Embedding Medium (EPON)
(Fluka Chemie, Buchs, Switzerland)
for ultrastructural analyses. 70 nm
ultra-thin sections were mounted on
copper grids (Plano GmbH, Wetzlar,
Germany) coated with Pioloform
(Wacker-Chemie, Munich, Germany)
and stained with saturated Uranyl
Acetate (Merck, Darmstadt, Ger-
many) at 4°C, followed by 0.4% lead
citrate in 0.2% NaOH. Alternatively,
samples were stained with Urany-
Less (Science Services, Munich, Ger-
many) and 0.4% lead citrate in 0.2%
NaOH. The sections were imaged in
a Jeol 2100 Plus electron microscope
(Jeol, Freising, Germany) operated
at 120 kV.
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CHAPTER 1

GNC AND GNL REPRESS
GRAVITROPISM

In 2010, Quirin L. Ranftl (Lehrstuhl
fur Systembiologie der Pflanzen,
Technische Universitat Miunchen,
Freising, Germany) reported that the
lateral shoots of Arabidopsis thaliana
mutants emerge with a steeper angle
from the primary inflorescence than
in the wild type, whereas the emer-
gence angles from lateral shoots
in GATA overexpression lines are
strongly increased (Richter et al,
2010; Behringer et al, 2014; Ranftl et
al, 2016). To examine whether these
defects are related to defects in
shoot negative gravitropism, I meas-
ured the shoot bending responses of
25-days-old wild type, gnc gnl and
GNLox inflorescences grown in the
light, 1 hr after turning them by 90°
(Figure 1A). To avoid interference
from phototropic responses the ex-
periment was performed in the dark.
After 1 hr, while wild type plants had
reoriented their inflorescence by 60°,
gnc gnl had already reoriented to 90°
(Figure 1A and B). On the contrary,
GNLox had reoriented only by 30°

(Figure 1A and B). Inflorescences
start to reorient upwards after an
initial lag period of 30 mins (Figure
2) (Tasaka et al, 1999; Xia et al, 2021).
In the double mutant, inflorescences
are already reorienting after 15 mins,
and bending rapidly after 30 to 45
mins, thus achieving full reorien-
tation in 1 hr (Figure 1A and B, and
Figure 2). These results indicate that
GNC and GNL are negative regulators
of negative gravitropismin the shoot.

I then analysed negative gravitro-
pisminhypocotylsof 2-days-old wild
type, gnc gnl and GNLox seedlings
grown in the dark on %2 MS medium.
The hypocotyl bending angle was
increased in gnc gnl and decreased
in GNLox, compared to the wild
type (Figure 1C and E). Addition of
1% sucrose to the medium enhanced
gravity perception in all three geno-
types, but the respective differences
were maintained (Figure 1D and E).
Thus, GNC and GNL repress gravity
perception in the hypocotyl.
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Figure 1. GNC and GNL repress gravitropism. A. Overlay of two representative photographs of 25-days-old Arabidopsis thaliana wild type,
gnc gnl and GNLox inflorescences before, and 1 hr after turning the plants by 90°. The arrow indicates the direction of the gravity vector.
Scale bar = 1 cm. B. Average and standard deviation of inflorescence bending angles (a) as detected in the experiment shown in (A) and
measured from 10 wild type, gnc gnl or GNLox plants. C. and D. Representative photographs of Arabidopsis thaliana wild type, gnc gnl
and GNLox hypocotyls from 2-days-old seedlings grown on sucrose-free %2 MS medium (C) and 1% sucrose-supplemented % MS medium
(D), as specified, 24 hrs after reorienting the seedlings by 90°. The arrow indicates the direction of the gravity vector. Scale bar = 1 mm. E.
Average and standard deviation of the hypocotyl bending angle (a) as detected in the experiment shown in (C) from 50 wild type, gnc gnl
or GNLox seedlings. F. Average and standard deviation of the root bending angle (a) from 50 wild type, gnc gnl or GNLox seedlings 24 hrs
after turning the seedlings by 90°. Student’s t-test: *, p 0.05; ***, p 0.001; ns, not significant.

Figure 2. Gravitropism in the inflorescences of gnc gnl plants. A. Photographs of 25-days-old Arabidopsis thaliana gnc gnl inflorescences,
acquired every 15 min during a 1 hr time period. The arrow indicates the direction of the gravity vector. Scale bar =1 cm.
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When I analysed positive gravitro-
pism, the root bending in gnc gnl mu-
tants was subtly increased compared
to the wild type, but this difference
became more pronounced and sta-
tistically significant upon sucrose
treatment (Figure 1F). Thus, GNC and
GNL also repress gravity perception
in the root.

Contrary to the differences observed
from seedlings grown with 1% su-
crose, addition of 0.5% sucrose did not
provide compelling information (Fig-
ure 1E and F). Therefore, the following
experiments were performed only on
sucrose-free and 1% sucrose-supple-
mented % MS medium to reduce the
number of conditions analysed.

Col-0 gnc gnl

Col-0 gnc gnl
ns

Col-0 gnc gnl
ns

Phytochromes inhibit hypocotyl
negative gravitropism through the
phosphorylation of PIF1, PIF3, PIF4
and PIF5 (Kim et al, 2011; Yang et al,
2020), which in turn, modulate the
expression of the GATA factors (Rich-
ter et al, 2010; Richter et al, 2013a; Rich-
ter et al, 2013b). To evaluate whether
the differences observed in positive
gravitropism were a consequence of
the repression that PIF factors exert
on GNC and GNL, I measured the
growth direction of 3-days-old wild
type, gnc gnl and GNLox seedlings

50%
40%
30%

b 2

GNLox
*k%k

GNLox pifq
ns *%k%k

Figure 3. GNC and GNL repress gravitropism independently of PIF factors. A. — C. Growth direction of 3-days-old Arabidopsis thaliana wild
type, gnc gnl, GNLox and pifq hypocotyls grown vertically on sucrose-free % MS medium (A and B) and 1% sucrose-supplemented % MS
medium (C). Seedlings were illuminated with undirected far-red light (A) or grown in the dark (B and C). Diagrams are sectioned in a 30°
interval. N 50. For Student’s t-test: **, p 0.01; ***, p 0.001; ns, not significant; means of the absolute value of the angle were compared.
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grown on vertical plates in the dark
or in far-red light. In contrast to the
experiment described above, seed-
lings were not straightened against
the gravity vector, but the distribu-
tion of angles was directly measured.

Hypocotyls of wild type seedlings
grew upwards against the gravity
vector when grown in the dark on
sucrose free and 1% sucrose-supple-
mented ¥2 MS medium (Figure 3B and
C). However, in far-red light, wild
type seedlings oriented less against
the gravity vector, indicating dis-
rupted gravitropism (Figure 3A). The
double-mutant gnc gnl displayed a
similar response to the wild type in
all three conditions (Figure 3). On the
other hand, GNLox seedlings grown
in far-red light or in the dark without
sucrose, were more agravitropic than
the wild type (Figure 3A and B). Ad-
dition of 1% sucrose to the medium
restored the disrupted gravitropic
response, and GNLox seedlings grew
upwards (Figure 3C). The pifqg mutant
showed a more pronounced agravit-
ropic response in far-red light and in
the dark without sucrose compared
to GNLox (Figure 3A and B). Addition
of 1% sucrose did not restore the
gravitropic defects, indicating that
GNC and GNL repress negative grav-
itropism independently of the PIFs.

GATA FACTORS REGULATE
THE EXPRESSION OF
GENES INVOLVED IN
STARCH METABOLISM

To examine whether gene expression
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differences can provide insights into
the molecular cause for the differ-
ential gravitropism responses, I
performed an RNA-seq analysis with
3-days-old Arabidopsis thaliana wild
type, gnc gnl and GNLox seedlings
grown in the dark on % MS medi-
um. In this work, I largely focused
on seedlings grown in the dark. On
the one side, this allowed me using
tropic responses as a physiological
readout for the observed changes
in starch granule accumulation, and
on the other side, to avoid the inter-
ference from impaired chlorophyll
accumulation in the GATA genotypes
analysed (Bastakis et al, 2018), and
from transitory starch synthesis and
degradation during day-night cycles
(Zeeman et al, 2002).

As expected, the expression of GNC
and GNL was reduced in the double
mutant, while the expression of GNL
in GNLox was higher compared to
the wild type (Figure 4A). Applying
a false discovery rate (FDR) < 0.05, I
identified 1876 upregulated and 1312
downregulated genes in gnc gnl, as
well as 2046 upregulated and 2204
downregulated genes in GNLox (Fig-
ure 4B and C). As shown in the Venn
diagrams, a total of 204 genes were
shared between DEGs upregulated in
gnc gnl and downregulated in GNLox
(Figure 4B), whereas 140 genes were
shared between DEGs downregu-
lated in gnc gnl and upregulated in
GNLox (Figure 4C).

Next, I performed a GO analysis, and
identified Thalianol metabolism (GO
0080003), Starch metabolism (GO



0005982) and Amino acid metabolism
(GO 0006520) as the 3 most enriched
GO categories among the 204 genes
shared between DEGs upregulated in
gnc gnl and downregulated in GNLox
(Figure 4B and D). The most enriched
term category, referred to as Thalia-
nol metabolism, accounted only for 3
genes, thus leading to false-positive
enrichment (Fulcher et al, 2021).
When subtracting Thalianol me-
tabolism, then Starch metabolism
was the most enriched GO category
among genes differentially regulated
between gnc gnl and GNLox seed-
lings grown in the dark (Figure 4D).
Additionally, the term categories Re-
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sponse to auxin (GO 0009733), Devel-
opmental growth (GO 0048589) and
Response to stimulus (GO 0009416)
represented the 3 most enriched cat-
egories among the 140 genes shared
between DEGs downregulated in gnc
gnland upregulated in GNLox (Figure
4C and E).

In summary, a total of 344 genes were
antagonistically regulated between
gnc gnl and GNLox (Figure 4B and C).
From these, genes involved in starch
metabolism were strongly enriched,
indicating a role of GNC and GNL in
the regulation of starch accumula-
tion.
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Figure 4. Expression profile of gnc gnl and GNLox seedlings grown in the dark. A. Heat map representation of the expression of LLM-do-
main B-GATA factors from 3-days-old Arabidopsis thaliana gnc gnl and GNLox seedlings grown in the dark. B. and C. Venn diagrams
comparing the genes upregulated in gnc gnl and downregulated in GNLox (B), or downregulated in gnc gnl and upregulated in GNLox (C).
D. and E. Heat map representation of 204 DEGs (D) and 140 DEGs (E) identified in the diagrams shown in (B and C), displaying the 3 most
enriched GO term categories for each set of DEGs. Colour scale represents Log2 fold change values filtered by FDR < 0.05.
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The perception of gravity induces
negative gravitropism in the endo-
dermis of hypocotyls and shoots,
and positive gravitropism in root
columella cells (Christie & Murphy,
2013). Considering that gravity
perception is promoted by the sed-
imentation of starch granules, the
differential regulation of starch
metabolism genes might explain the
defects observed in the perception
of gravity described above (Figure 1)
(Kiss et al, 1989; Christie & Murphy,
2013).

To further characterize the most
enriched term categories from genes
upregulated in gnc gnl (Figure 5A), I
generated a protein-protein inter-
action network using the STRING
database (Figure 5B). A total of 110
candidate proteins distributed in 5
distinct but highly interactive clus-
ters. In Chapter 2, I will discuss the
clusters associated with Photosyn-
thesis light harvesting and Stomata
development in more detail.

The cluster associated with Starch
metabolism was constituted by 16
proteins, which encompassed a wide
range of functions such as starch
anabolism, including subunits of
AGP-ase and SS1; starch catabolism
proteins like SEX4; starch granule
development as of LIKE EARLY STAR-
VATION (LESV); and sugar transport
with FRUCTOKINASE (FRKs) or the
maltose transporter MALTOSE EX-
CESS (MEX1) (Appendix 1). To have a
more comprehensive understanding
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of the regulation that GNC and GNL
exert on starch, the genes associated
to starch metabolism were repre-
sented along the starch pathway
(Figure 5C). Clearly, I detected an
increased expression of PGM1, of 3
genes encoding for the large (APL)
and small (APS) subunits of AGP-ase,
of GBSS and SEX4. Most important,
SS1, BE1 as well as two isoamylases
(ISA1 and ISA2) were antagonistically
regulated between the double mu-
tant and the overexpressor (Figure
5C). Upregulation of these genes may
lead to increased starch synthesis,
and differential starch accumulation,
which in turn may be causal for the
tropism phenotypes of gnc gnl and,
conversely, of GNLox (Figure 1).

Taking into account that addition of
1% sucrose to the medium enhanced
the bending of hypocotyls and roots
in the GATA genotypes analysed (Fig-
ure 1), I further explored the role of
GATA factors in starch metabolism
by performing a complementary
RNA-sequencing experiment with
3-days-old Arabidopsis thaliana wild
type, gnc gnl and GNLox seedlings
grown in the dark, but this time on
1% sucrose-supplemented 2 MS me-
dium.

First, I assessed the sucrose respon-
siveness at the gene level. I selected 3
well characterized sucrose-induced
genes: 6-PHOSPHOGLUCONATE
DEHYDROGENASE 3 (PGD3), ARABI-
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Figure 5. Starch metabolism genes are differentially regulated in gnc gnl. A. Graph displaying the GO enrichment analysis of the 10 most
strongly regulated GO term categories among the genes up-regulated in 3-days-old Arabidopsis thaliana gnc gnl seedlings grown in the
dark. B. STRING network analysis of the genes belonging to the five most prominent GO term categories as shown in (A). Photosynthesis,
light harvesting (green), starch metabolism (yellow), stomata development (bright green), DNA replication (blue) and alpha-amino acid
biosynthesis (violet). Network nodes and colour scale represent Log, fold change values, filtered by FDR < 0.05. C. Graphical display of the
starch anabolism and catabolism pathway. Arrowheads symbolize genes upregulated (red) or downregulated (blue) in gnc gnl (left) and
GNLox (right) using FDR < 0.05 as filtering criteria. Abbreviations: sucrose-6-phosphate (Suc6P), fructose-6-phosphate (Fru6P); UDP-glu-
cose (UDPGIc); glucose-6-phosphate (Glu6P); glucose-1-phosphate (Glu1P); ADP-glucose (ADPGIc); maltooligosaccharides (MOS);
PHOSPHOGLUCOSE ISOMERASE (PGl); PHOSPHOGLUCOMUTASE1 (PGMT1); GLUCOSE 6-PHOSPHATE TRANSLOCATOR (GPTT);
ADP GLUCOSE PYROPHOSPHORYLASE LARGE SUBUNIT (APL); ADP GLUCOSE PYROPHOSPHORYLASE SMALL SUBUNIT (APS);
STARCH SYNTHASE (SS); BRANCHING ENZYME (BE); ISOAMYLASE (ISA); GRANULE BOUND STARCH SYNTHASE (GBSS); STARCH
EXCESS4/LAFORIN-LIKET PHOSPHOGLUCAN PHOSPHATASE (SEX4); GLUCAN WATER DIKINASE (GWD); STARCH EXCESST (SEXT);
ALPHA-AMYLASE (AMY); ISOAMYLASE (ISA); BETA-AMYLASE (BAM).
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DOPSIS GLUCOSE-6-PHOSPHATE/
PHOSPHATE TRANSLOCATOR (GPT2)
and a putative phosphofructokinase
(AT1G20950); and 3 sucrose-repressed
genes: DARK INDUCIBLE 6 (DING6),
DORMANCY-ASSOCIATED PRO-
TEIN-LIKE 1 (DRM1) and a putative
cold acclimation protein (AT4G37220)
(Gonzali et al, 2006). As expected,
PGD3, GPT2 and AT1G20950 were
upregulated in wild type, gnc gnl and
GNLox, whereas DIN6, DRM1i and
AT4G37220 were downregulated, thus
verifying the quality of the sucrose
treatment (Figure 6A).

Next, I characterized the effect of
sucrose in the GATA genotypes. Ap-
plying an FDR < 0.05, I identified 1901
upregulated and 2317 downregulated
genes in gnc gnl, as well as 2487 up-
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regulated and 2856 downregulated
genes in GNLox (Figure 6C and D).
From these, GNC and GNL were
downregulated in gnc gnl, and GNL
strongly upregulated in the over-
expression line (Figure 6B). A total
of 137 genes were shared between
DEGs upregulated in gnc gnl and
downregulated in GNLox (Figure 6C),
and 137 genes were shared between
DEGs downregulated in gnc gnl and
upregulated in GNLox (Figure 6D). I
performed a GO analysis of the genes
antagonistically regulated between
gnc gnl and GNLox, and found Cell
wall modification (GO0042545), Cell
wall biogenesis (GO0042546) and Pol-
ysaccharide metabolism (GO0005976)
as the 3 most enriched GO term cat-
egories among the 137 genes from
DEGs downregulated in gnc gnl and
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Figure 6. Expression profile of gnc gnl and GNLox seedlings grown in the dark with 1% sucrose-supplemented medium. A. Heat map
representation of sucrose-modulated genes from 3-days-old Arabidopsis thaliana gnc gnl and GNLox seedlings grown in the dark on 1%
sucrose-supplemented %2 MS medium. B. Heat map representation of the expression of LLM-domain B-GATAs genes of gnc gnl and GNLox
seedlings. C. and D. Venn diagrams comparing the genes upregulated in gnc gnl and downregulated in GNLox (C), or downregulated in gnc
gnl and upregulated in GNLox (D). E. Heat map representation of 137 DEGs identified in the diagram shown in (D) displaying the 3 most
enriched GO term categories.
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upregulated in GNLox (Figure 6E).
Unfortunately, no significant GO
term categories could be identified
from DEGs upreguated in gnc gnl and
downregulated in GNLox. The term
categories Cell wall modification, Cell
wall biogenesis and Polysaccharide
metabolism will be also discussed in
more detail in Chapter 2.

The antagonistic regulation of starch
metabolism genes between gnc gnl
and GNLox was not conserved upon
sucrose treatment, thus I then aimed
to understand whether sucrose
impacts the expression of genes
involved in starch metabolism. I per-
formed an in-depth analysis with the
RNA-seq data obtained from genes
upregulated in gnc gnl, from seed-
lings grown without sucrose (Figure
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Figure 7. Sucrose does not impact the expression profile of starch
metabolism genes in gnc gnl. A. Venn diagram comparing genes
upregulated in Arabidopsis thaliana gnc gnl seedlings grown in the
dark on sucrose-free and on 1% sucrose %2 MS medium. B. and C.
Heat map representation of genes belonging to the GO term cate-
gory Starch metabolism (B) and Stomata development (C), identi-
fied in the diagram shown in (A). Colour scale represents Log, fold
change values, filtered by FDR < 0.05.

4) and with 1% sucrose (Figure 6). I
identified 1323 genes that were mod-
ulated by sucrose, and 578 genes not
induced by sucrose treatment (Figure
7A). The GO terms Starch metabolism
(GO 0005982) and Stomata develop-
ment (GO 0010374) were enriched
among the 578 genes not induced by
sucrose (Figure 7), whereas Plastid
transcription (GO0042793) and trans-
lation (GOO0032544) were enriched
among the 1323 genes differentially
expressed upon treatment with su-
crose (Figure 7A). Thus, treatment
with 1% sucrose does not impact the
expression profile of starch metabo-
lism genes in gnc gnl seedlings grown
in the dark.

Bryophytesis the collective name for
early land plant lineages, including
mosses, like Physcomitrium patents,
hornworts and liverworts, such as
Marchantia polymorpha. This taxo-
nomic division possess all the char-
acteristic from land plant evolution,
however lacks vascular tissue and
true roots, differentiating vascular
plants from bryophytes.

Aiming to better understand the role
of B-GATA factors on starch metab-
olism in plant evolution, I compared
the transcriptome of Arabidopsis
thaliana (Figure 4) with the tran-
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scriptome of Marchantia polymorpha
(Figure 8). Noteworthy, the CRISPR/
Cas9-generated mutants Mpb-gatai-1
and Mpb-gatai-2, the overexpression
line MpB-GATAOX3 as well as the tran-
scriptomic data of Marchantia polymor-
pha were generously provided by Peter
Schroder (Lehrstuhl fiir Systembiolo-
gie der Pflanzen, Technische Universi-
tat Munchen, Freising, Germany).

Applying a false discovery rate (FDR)
< 0.05, we identified 13 differentially
expressed genes involved in starch
metabolism (Figure 8A). Similarly than
in Arabidopsis thaliana, in the GATA4
mutants Mpb-gatai-1 and Mpb-gatai-2,
I detected an increased expression
of starch anabolism genes encoding
for the large (APL) or small (APS) sub-
units of AGP-ase, isoamylases (ISA)
and branching enzymes (BE2); starch
catabolism genes like SEX4 and GWD1;
and the maltose transport encoding
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gene MEX1 (Figure 8A). On the other
hand, most of these genes were down-
regulated, or not significantly enriched
in the overexpressor MpB-GATA30X.
The clear antagonistic regulation be-
tween mutants and the overexpressor
line, and the high similarity with the
transcriptomic profile of gnc gnl and
GNLox in Arabidopsis thaliana reveals
conserved and specific features of the
GATA factors on starch metabolism.

In an attempt to examine starch dis-
tribution in Marchantia polymorpha I
stained the rhizoids of 3-weeks-old
wild type (BoGa), Mpb-gatai-1 and
Mpb-gatai-2 grown in the light on %
MS Gamborg’s B5 medium (Figure 8B).
However, as described in previous
studies (Koide et al, 2020), no visible
starch was detected along the rhizoid,
nor in the rhizoid cap of wild type,
Mpb-gatai-1 and Mpb-gatai-2 plants
(Figure 8B).

Mpb-gata 1-1
b -

Figure 8. Starch metabolism genes are differentially regulated in Marchantia polymorpha Mpb-gata1-1, Mpb-gata7-2 and MpB-GA-
TAOX3. A. Heat map representation of Marchantia polymorpha Mpb-gatai-1, Mpb-gatai-2 and Mpb-gataOX3 orthologs, belonging to the
GO term category starch metabolism and identified from 3-days-old Arabidopsis thaliana seedlings as shown in (Figure 5). B. Represent-
ative confocal microscopy images of mPS-PlI-stained rhizoids from 3-weeks-old Marchantia polymorpha plants grown in %2 Gamborg’s B5

medium containing 1.4% plant agar. Scale bar = 10 pm.
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THE NUMBER AND SIZE OF
STARCH GRANULES ARE
ALTERED IN gnc gnl AND
GNLOX SEEDLINGS

Because gravity perception is pro-
moted by the sedimentation of starch
granules (Kiss et al, 1989; Christie
& Murphy, 2013), I examined starch
granule size and number in hypoco-
tyl endodermis and root columella
cells of wild type, gnc gnl and GNLox
seedlings grown in the dark (Figure
9). Starch granule size was increased
in gnc gnl, and strongly decreased
in GNLox (Figure 9A, C, E and F). On
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sucrose-containing medium, starch
granule size increased in all geno-
types but the respective differences
between the genotypes were main-
tained (Figure 9B, D, E and F). Singu-
larly, in GNLox seedlings grown with
1% sucrose the size of endodermal
starch granules did not exceed the
size of granules in wild type seed-
lings grown without sucrose (Figure
9, B, E and F). Therefore, I concluded
that the GATA factors repress starch
granule growth in endodermal and
columella cells.

At the same time, I noticed that
the number of starch granules was
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Figure 9. GNC and GNL repress starch granule growth. A. — D. Representative confocal microscopy images of mPS-Pl-stained starch
granules from the hypocotyl endodermis cells (A and B) and the columella cells in the root tip (C and D) from 5-days-old Arabidopsis thalia-
na wild type, gnc gnl and GNLox seedlings grown in the dark on sucrose-free % MS medium (A and C) and 1% sucrose-supplemented % MS
medium (B and D), as specified. Scale bar = 5 and 20 um. E. and F. Graphs displaying the starch granule area (um?) as a proxy for starch
granule size of individual starch granules, from 5-days-old seedlings grown on 0%, 0.5% and 1% sucrose-supplemented %> MS medium, as
detected in (A - D). N 200. G. and H. Graphs displaying average and standard deviation of starch granule number per field from hypocotyl
endodermis cells (G) and the entire root columella (H) from 5-days-old seedlings grown on 0%, 0.5% and 1% sucrose-supplemented % MS
medium, as detected in (A — D). N 10; Student’s t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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strongly increased in GNLox hypo-
cotyl endodermal cells and, slightly
but not significantly, decreased in
gnc gnl, suggesting that GATA factors
may also promote starch granule
initiation in the endodermis (Figure
9A and G). Upon addition of 1% su-
crose, the number of starch granules
in GNLox decreased significantly,
suggesting a possible correlation be-
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Figure 10. Starch granule morphology is altered in the dark. A. -
F. 3D reconstruction of representative confocal z-stacks with mul-
ti-view (Y0°, Y45° and Y90°) of mPS-Pl-stained starch granules
of the hypocotyl endodermis cells from 5-days-old Arabidopsis
thaliana wild type, gnc gnl and GNLox seedlings grown in the dark
on 0% sucrose-free % MS medium (A - C) and 1% sucrose-sup-
plemented %2 MS medium (D - F), as specified. Scale bar = 5 pm.

Page 46

tween starch granule size and num-
ber (Figure 9B and G). On the con-
trary, granule number was strongly
decreased in GNLox root columella
cells, whereas gnc gnl mutants ac-
cumulated a significantly increased
number of starch granules (Figure 9C
and H). On 1% sucrose, all genotypes
produced more starch granules than
on sucrose-free medium, and the
differences between the genotypes
disappeared (Figure 9D and H). In
summary, I concluded that GNC and
GNL induce starch granule initiation
in endodermal cells.

The size of starch granules in root
columella cells was reduced com-
pared to granules located in hypo-
cotyl endodermal cells (Figure 9E
and F). Unfortunately, visualization
of starch granules under the CLSM
lead to poor detection of small starch
granules located in root columella
cells. Thus, the number of starch
granules quantified in wild-type and
GNLox root columella cells might not
be representative of the total amount
of starch granules in the root (Figure
9H).

To qualitatively asses the morphol-
ogy of starch granules in the endo-
dermis I generated 3D renders from
z-stacks of endodermal starch gran-
ules (Figure 10). Starch granule size
was increased in gnc gnl and strongly
decreased in GNLox, in line with my
previous analyses (Figure 9 and 10).
Remarkably, in all genotypes starch



granules acquired a spherical mor-
phology rather than the well-charac-
terized flattened discoid morphology
of granules located in chloroplasts
from cotyledons, stomata and ro-
sette leaves (Burgy et al, 2021; Liu et
al, 2021b; Lim et al, 2022). The spher-
ical morphology of granules was en-
hanced on 1% sucrose-supplemented
%% MS medium, primarily in wild
type and gnc gnl cells. A closer look
revealed that the surface of starch
granules in gnc gnl was not uniform,
but included granules fused together
(Figure 10E). These results support
the hypothesis for a role of GNC and
GNL in starch granule initiation and
development, and indicates that the
morphology of starch granules from
seedlings grown in the dark differs
from light-grown plants.

To examine whether GNC and GNL
repress starch granule growth down-
stream of PIFs, I measured starch
granule size and number in the hypo-
cotyl endodermis of dark-grown wild
type, GNLox, pifqg and pifq GNLox
seedlings (Figure 11). On sucrose-free
% MS medium, the size of starch
granules in GNLox, pifq and pifq GN-
Lox was clearly reduced compared
to wild type (Figure11A). However, in
pifq endodermal cells starch granules
were slightly, but significantly, bigger
than those in GNLox and pifq GNLox
(Figure 11A). Addition of 1% sucrose
to the medium increased the size of

starch granules in all genotypes and
enhanced the differences between
pifqg and GNLox, pifqg GNLox (Figure
11A). Importantly, there were no sig-
nificant differences between GNLox
and pifqg GNLox upon treatment with
sucrose (Figure 11A).

Concurrently, the number of starch
granules in GNLox and pifq GNLox hy-
pocotyl endodermal cells was strong-
ly increased, whereas in pifq were
decreased (Figure 11B). As described
above, the addition of sucrose to the
medium leads to a reduced number
of starch granules in GNLox (Figure
9), and to some extent in GNLox pifq
(Figure 11B). However, no significant
decrease was observed in wild type
and pifq hypocotyl endodermal cells.
Taken together, these results favour
the conclusion that GNC and GNL
promote starch granule initiation in
the hypocotyl endodermal cells, in-

dependently of the PIFs.
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Figure 11. GNC and GNL repress starch granule growth inde-
pendently of PIF factors. A. Graph displaying the starch granule
area (um?) as a proxy for starch granule size of individual starch
granules from hypocotyl endodermis cells from 5-days-old Arabi-
dopsis thaliana wild type, gnc gnl, GNLox, pifq anf pifg GNLox
seedlings grown in the dark on sucrose free %2 MS medium and
1% sucrose-supplemented medium, as specified. N 200. B. Graph
displaying average and standard deviation of starch granule
number per field from hypocotyl endodermis cells from 5-days-
old seedlings grown on 0% and 1% sucrose, as specified. N 10;
Student’s t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not
significant.
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Figure 12. GNC and GNL repress starch granule growth in a SEX1- and SS4-dependent manner. A. — F. Representative confocal microsco-
py images of mPS-PlI-stained starch granules from the columella cells in the root tip from 5-days-old Arabidopsis thaliana seedlings from
the specified genotypes, grown in the dark on sucrose-free %2 MS medium (A, C and E) and 1% sucrose-supplemented % MS medium (B, D
and F), as specified. Scale bar = 20 um. Wild type, gnc gnl and GNLox images are identical to those shown in Figure 13.

The number, size and shape of starch
granules is affected by the rate of
initiation and the relative abun-
dance of amylose and amylopectin
(Burgy et al, 2021; Merida & Fettke,
2021). Starch degradation is initiated
by amylopectin phosphorylation
through GWD1, which adds phos-
phate groups to glucosyl residues.
GWD1 enables the high-ordered
glucan chains at the starch granule
surface to become more soluble
(Mahlow et al, 2014). In the GWD1
mutant sex1, besides a high accu-
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Figure 13. sex7 GNLox accumulates more starch granules in
non-columella cells. A. — B. Representative confocal microsco-
py images of mPS-Pl-stained starch granules from the columella
cells in the root tip from 5-days-old Arabidopsis thaliana seed-
lings from sex7 (A) and sex7 GNLox (B), grown in the dark on su-
crose-free %2 MS. Scale bar = 20 pm.




mulation of starch due to impaired
starch degradation (Yu et al, 2001),
granules have irregular edges as a
consequence of uneven metabolism
(Edner et al, 2007; Liu et al, 2021b). On
the other hand, SS4 promotes starch
granule initiation and thereby de-
termines starch granule number, but
it also has an influence on granule
shape (Crumpton-Taylor et al, 2013;
Merida & Fettke, 2021). Rather than
the multiple flatter granules that
can be found in wild type plants,
ss4 mutants produce only one round
granule per amyloplast. Therefore,
and taking into consideration the
available literature, I investigated the
role of GNC and GNL, in combination
with SS4 and GWD1 on the regulation
of starch granule morphology.

In line with previous publications,
on sucrose-free 2 MS medium, sex1
roots accumulated clearly more
starch than wild type in columel-
la cells (Figure 12C). After mPS-PI
staining, I did not observe striking
differences between sexi and sexi
gnc gnl, whereas in sex1 GNLox starch
accumulated in columella cells but
also in non-columella cells, such
as lateral columella, epidermal and
cortex cells (Figure 12C and 13). On
1% sucrose sex1, sex1 gnc gnl and sex1
GNLox accumulated starch in most
of the cell files (Figure 12D).

In ss4 roots, starch granules acquired
the previously described character-
istic round morphology (Figure 12E
and F) (Merida & Fettke, 2021). Larger
starch granules were observed in ss4
gnc gnl, and strikingly, also in ss4 GN-

Lox, possibly by promoting starch
accumulation and granule initiation
(Figure 12E). On sucrose-supple-
mented Y2 MS medium, the number
of starch granules increased in all
genotypes, enhancing the differenc-
es between ss4 and ss4 GNLox, which
accumulated large starch granules
in columella cells, but also smaller
granules in non-columella cells
(Figure 12E and F). Therefore, I con-
cluded that GNC and GNL repress
starch granule growth in a SEX1- and
SS4-dependent manner.

STARCH GRANULE
INITIATION IS REPRESSED
BY GNC AND GNL

As previously described, the mor-
phology and number of starch gran-
ules is differentially regulated in gnc
gnl and the GNL overexpression line
(Figure 9 and 10). Nevertheless, the
poor resolution in highly magnified
images made it difficult to properly
analysethesurfaceofstarchgranules.
Therefore, I extracted and purified
starch from entire seedlings, grown
in the dark for 3 days on sucrose-free
and 1% sucrose-supplemented 2 MS
medium, as specified. Then, I exam-
ined the starch granules by scanning
electron microscopy (SEM) (Figure
14). In line with my previous obser-
vations, starch granule size was in-
creased in preparations from gnc gnl,
at least when seedlings were grown
on 1% sucrose (Figure 14A, D and G).
In turn, GNLox repressed granule
size in both sucrose-free and su-
crose-supplemented medium (Figure
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14A, D and G). These results indicate
once more that GATA factors repress
granule growth or prevent granule
initiation. In addition, in all 3 geno-
types, starch granules adopted again
a spherical morphology, thus rein-
forcing the idea that seedlings grown
in the dark produce spherical gran-
ules, rather than flattened or discoid
granules found in chloroplasts. The
fact that starch was extracted from
entire seedlings clearly indicates
that the spherical morphology is not
characteristic of hypocotyl endo-
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dermal and root columella cells, but
rather an effect of starch granules
from seedlings grown in the dark.

Increased starch granule size could
also be detected in sex1 gnc gnl and
ss4 gnc gnl, even though granule size
was already enlarged in sex1 and ss4
single mutants, respectively (Figure
14B - I). Across all genotypes and on
both growth media tested, starch
granule size was increased in the
gnc gnl mutant. On the other hand,
GNLox repressed granule size in the
wild type and in sex1 GNLox, but not
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Figure 14. GNC and GNL repress starch granule initiation. A — F. Representative scanning electron microscopy images of starch granules
prepared from 5-days-old Arabidopsis thaliana seedlings from the specified genotypes, grown in the dark on sucrose-free %2 MS medium
(A, C, E) and 1% sucrose-supplemented %> MS medium (B, D, F). Scale bar = 250 pm. G. - I. Scatter plots of individual starch granule area
measurements as a proxy for granule size, as well as their average from the experiment shown in (A — F). N 200; Student’s t-test: ***, p

0.001; **, p 0.01; ns, not significant.
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in ss4 GNLox, where aberrant starch
granules reached 10 times the size
detected in the wild type (Figure
14B - I). Interestingly, the irregular
surface described in sexi mutants
was enhanced in sex1 gnc gnl (Figure
14B), whereas in ss4, ss4 gnc gnl and
ss4 GNLox, granules were uniform
(Figure 14C and F).

GNC and GNL repress starch
granule initiation in a manner
dependent on SS4

Iodine staining provides further
insight about the content and distri-
bution of amylose and amylopectin
(Blennow et al, 2003; He et al, 2020;
Hawkins et al, 2021). Light microsco-
py and appropriate concentrations
of iodine allow visualization of the
hilum, where the starch granule ini-
tiates, and concentrical rings (Blen-
now et al, 2003; Cai et al, 2014).

To better understand how starch
granules initiate in gnc gnl and GN-
Lox, I stained starch preparations for
1 hr with Lugol’s solution and glyc-
erol (1:1 v/v), to avoid staining gra-
dients as a result of iodine diffusion.
Wild type granules stained purple
and were composed of 1 individual
starch granule (Figure 15A). In turn,
granules in gnc gnl stained darker
than wild type granules, suggesting
higher concentrations of amylose
(Blennow et al, 2003) and contained,
in some cases, several granules

Figure 15. GNC and GNL repress starch granule in a SS4-dependent manner. A. — I. Representative images of iodine-stained starch
granules detected by light microscopy prepared from 5-days-old Arabidopsis thaliana seedlings from the specified genotypes, grown in
the dark on sucrose-free %2 MS medium. Scale bars = 2.5 pm. The asterisks indicate individual granules in a compound granule. J. = R.
Representative scanning electron images of starch granules prepared from 5-days-old Arabidopsis thaliana seedlings from the specified
genotypes, grown in the dark on sucrose-free %2 MS medium. Scale bars = Tpm.
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fused together (Figure 15B). On the
contrary, granules in GNLox stained
pale and contained only one individ-
ual starch granule (Figure 15C). The
preparations in sexi and sexi GNLox
contained irregular shaped granules,
as previously noted by SEM analysis
(Figure 14B), and stained darker than
the wild type, due to higher concen-
trations of amylose (Figure 15D and
F) (Yu et al, 2001). Interestingly, I de-
tected two types of starch granulesin
sex1 gnc gnl: first, darker and irregular
granules resembling those found in
the single sex1 mutant, but also fused
granules that stained lighter (Figure
15E). Most of the compound granules
in sex1 gnc gnl contained 4 to 5 fused
granules, adopting the form of a
spherical sector, whereas the com-
pound granules in gnc gnl contained
up to 3 fused granules, and adopted
a spherical morphology (Figure 15B
and E). On the other hand, ss4 prepa-
rations did not show iodine-staining
differences compared to the wild
type, since the ratio of amylose and
amylopectin is not affected in the
mutant (Figure 15G) (Szydlowski et
al, 2009). Also, starch granules in ss4
gnc gnl and ss4 GNLox stained pur-
ple (Figure 15H and I). Remarkably,
no compound granules were found
in ss4 gnc gnl. Thus, I concluded that
GNC and GNL repress starch granule
initiation in an SS4-dependent man-
ner. Furthermore, the GATA factors
might modulate the composition of
starch, as indicated by iodine stain-

ing.
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ECTOPIC EXPRESSION
OF GNL REPRESSES
TRANSITORY STARCH
DEGRADATION

Having portrayed the role of the
GATA factors in starch granule initi-
ation and development in the hypo-
cotyl endodermal and root columella
cells, and at the whole-seedling level,
it remained to be examined whether
GNC and GNL modulate the total con-
tent of starch. First, I stained entire
dark-grown seedlings in an attempt
to visualize the pattern of starch dis-
tribution in the GATA genotypes ana-
lysed, and then I quantified the total
content of starch in entire seedlings.
However, I did not note any obvious
differences in starch accumulation
between the wild type, gnc gnl and
GNLox (Figure 16A and D).

I next examined starch accumula-
tion in the sex1 and ss4 backgrounds
(Figure 16B and C). As previously
described, the single sexi mutant
accumulated more starch than wild
type (Zeeman et al, 1998), hence ex-
hibiting stronger staining in all cell
files (Figure 16B). On 2 MS medium,
sex1 gnc gnl and sex1 GNLox accumu-
lated significantly less starch than
sex1, but more starch than gnc gnl
and GNLox (Figure 16D). The ad-
dition of sucrose to the medium
restored starch accumulation in sex1
GNLox (8.0 mg/g FW), reaching the
levels in sex1 (7.9 mg/g FW), but not
in sex1 gnc gnl (Figure 16B and D). In
turn, ss4 accumulated less starch
than wild type, on 1% sucrose-sup-



plemented “2 MS medium (Figure 16C
and D) (Crumpton-Taylor et al, 2013).
Whereas ss4 stained fainter than the
wild type, ss4 gnc gnl and ss4 GNLox
stained similarly to gnc gnl and GN-
Lox (Figure 16A and C). Accordingly,
ss4 gnc gnl and ss4 GNLox accumulat-
ed more starch than ss4, specially on
1% sucrose (Figure 16D). In summary,
despite differences between the
genotypes, the regulation of GNC
and GNL on starch granule initiation
does not impact the total content of
starch in seedlings grown in the dark.

Although I could not observe differ-
ences in the total amount of starch,
I next examined the effects of GATA
factors on transitory starch synthe-
sis and degradation, to get further
insight into possible feedback regu-
latory mechanisms. First, I measured
starch in seedlings grown in the
dark for 3 days on % MS medium.
The seedlings were first transferred
for 2 hrs from sucrose-free to 1%
sucrose-supplemented medium, in
order to induce starch synthesis,
and then following the re-transfer
of these seedlings to sucrose-free
medium (Figure 17A).

In this experiment, gnc gnl accumu-
lated starchlessefficiently (1.08 mg/g
FW) than the wild type (1.49 mg/g
FW) and GNLox (1.43 mg/g FW) (Fig-
ure 17A), indicating that GNC and GNL
might contribute to transitory starch
synthesis, at least when examined at
the whole seedling level. When the
seedlings were then re-transferred
to sucrose-free medium, starch deg-
radation in gnc gnl was comparable to

the wild type, while in GNLox, starch
degradation was attenuated over a
6-hr period (Figure 17A). Therefore,
gnc gnl, which had accumulated less
starch on sucrose-containing medi-
um, reached theinitial levels of starch
already after 2 hrs on sucrose-free
medium, whereas the wild type had
not yet reached this baseline after
8 hrs, at the end of the experiment
(Figure 17A).
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Figure 16. Differential effects of GNC and GNL on starch accu-
mulation in the sex7 and ss4 backgrounds. A. — C. Represent-
ative images of 5-days-old Arabidopsis thaliana seedlings from
the specified genotypes, grown in the dark on 1% sucrose-sup-
plemented % MS medium after iodine staining. Scale bar = 250
pum. D. Graph displaying average and standard deviation of total
starch content per g fresh weight (FW) in the specified genotypes
of 5-days-old dark-grown seedlings grown in the dark on sucrose
free %2 MS medium and 1% sucrose-supplemented %2 MS medium.
Student’s t-test: *, p 0.05; ***, p 0.001; ns, not significant.
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In a complementary experiment, I
grew seedlings on 1% sucrose-sup-
plemented %2 MS medium for 3daysin
the dark, and then transferred them
to sucrose-free conditions to exam-
ine starch degradation. The seed-
lings of all genotypes accumulated
more starch on sucrose-containing
medium (~3.8 mg/g FW) than on su-
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Figure 17. GNC and GNL regulate transitory starch degradation.
A. and B. Graphs displaying the average and standard deviation
of starch accumulation (A) after transfer of seedlings from su-
crose-free to 1% sucrose-containing medium (grey area), fol-
lowed by a retransfer to sucrose-free medium (white area), or (B)
from growth on 1% sucrose-containing medium (grey area) to su-
crose-free medium (white area). Shown are average and standard
deviation from 6 biological replicate samples, with each biologi-
cal replicate comprising hundreds of dark-grown seedlings.
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crose-free medium (~0.6 mg/g FW).
However, no clear differences were
observed between the genotypes,
well in line with the observations
made after iodine staining (Figure
16A). After transferring the seedlings
grown with sucrose to sucrose-free
%2 MS medium, I noted that starch
degradation was accelerated in gnc
gnl and attenuated in GNLox seed-
lings, when compared to the wild
type (Figure 17B). Based on these
observations, I concluded that GNC
and GNL repress transitory starch
degradation in the dark.

Plants generate sugars through
photosynthesis that are stored in
plastids in the form of starch, the
main storage carbohydrate in plants
(Zeeman et al, 2002). It has been
previously reported that the B-GA-
TA overexpression lines GNCox and
GNLox have bigger chloroplasts,
higher chlorophyll and thus, a high-
er photosynthesis rate (Chiang et al,
2012; Richter et al, 2013a; Behringer &
Schwechheimer, 2015; Bastakis et al,
2018; Zubo et al, 2018). Therefore, it
has been concluded that differences
in starch accumulation in the GATA
mutants are a direct effect of im-
paired greening (Hudson et al, 2011;
Chiang et al, 2012; Zubo et al, 2018;
An et al, 2020).

Bearing in mind that in the dark, the



effect of greening and photosynthe-  examined transitory starch accumu-
sis is uncoupled from starch metab-  lation in light-grown adult plants.
olism, and nevertheless, transitory  3-weeks-old plants were grown with
starch degradation is still impaired  a 12 hrslight / 12 hrs dark photoper-
in the GATA genotypes analysed, I  iod, and samples harvested every 2

ZT0

gnc gnl
T

GNLox

Figure 18. GNC and GNL regulate transitory starch degradation at the whole-plant level. Representative time course photographs of
3-weeks-old Arabidopsis thaliana wild type, gnc gnl and GNLox plants after iodine staining. Plants were grown with a 12 hrs light / 12 hrs
dark photoperiod and samples harvested every 2 hrs, beginning at the End of Night (EoN) (Zt0). Scale bar =2 cm.

gnc gnl : GNLox
sex1 gnc gn sex1 GNLox

ss4 gnc gnl

Figure 19. Differential effects of GNC and GNL on starch degradation in the sex7 and ss4 background at the whole-plant level. A. - C.
Representative photographs of 3-weeks-old Arabidopsis thaliana plants of the specified genotypes. Scale bar = 2 cm. D. = F. Representa-
tive photographs of 3-weeks-old Arabidopsis thaliana plants of the specified genotypes after iodine staining. Plants were grown with a 12
hrs light / 12 hrs dark photoperiod and harvested at the End of Day (EoD). Scale bar = 2 cm.
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hrs. At the End of Night (EoN / Zt0)
all genotypes accumulated clearly
less starch than during the light
growth phase (ZT2 - 8) (Figure 18).
However, gnc gnl plants accumulated
less starch through the entire time
course, compared to the wild type, as
shown by iodine staining (Figure 18).
By contrast, GNLox plants stained
stronger, especially after 8 hrs of
light exposure (Figure 18). Similarly
to seedlings grown in the dark on su-
crose-free medium, gnc gnl accumu-
lated starch less efficiently, whereas
GNLox accumulated more starch
(Figure 16 and 18), providing further
evidence that GNC and GNL repress
transitory starch degradation.

To better understand whether in
GATA mutants and overexpression
lines, the differences in starch ac-
cumulation can fully attributed to
impaired chlorophyll accumulation,
I examined starch accumulation at
the whole plant level in 3-weeks-old
plants grown with a 12 hrs light / 12
hrs dark photoperiod, and compared
iodine staining patterns to greening.
I stained plants at the end of the
light phase (End of Day, EoD), when
starch accumulation reaches its peak
(Zeeman et al, 2002) (Figure 19). As
previously described (Figure 18)
(Chiang et al, 2012; Zubo et al, 2018),
Wild type and GNLox plants accu-
mulated more starch than gnc gnl
leaves (Figure 19D). In the sex1 back-
ground, all three genotypes accumu-
lated more starch than the wild type,
hence staining stronger than wild
type plants (Figure 19E) (Zeeman et
al, 1998). Likewise, sex1 gnc gnl leaves
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accumulated slightly less starch
than sex1, also in accordance with
the starch quantification performed
in dark-grown seedlings (Figure 16D
and 19E). On the contrary, ss4, ss4
gnc gnl and ss4 GNLox accumulated
less starch than the wild type, espe-
cially on juvenile leaves (Figure 19F)
(Crumpton-Taylor et al, 2013).

When analysing chlorophyll accu-
mulation, it became apparent that
loss of GNC and GNL lead to reduced
greening in the sexi and ss4 back-
grounds (Figure 19A - C). However,
the content of starch in gnc gnl, sex1
gnc gnl and ss4 gnc gnl differed widely
(Figure 19D - F). Theseresults suggest
that GNC and GNL repress transitory
starch degradation independently of
impaired chlorophyll accumulation
(Figure 19). However, the effects of
differential chlorophyll accumula-
tion, and thus photosynthesis effi-
ciency, cannot be uncoupled from
starch metabolism in light-grown
plants.

PGM1 converts G6P to G1P. The loss-
of-function mutant pgmi is often
described as a starchless mutant,
containing no obvious starch gran-
ules (Streb et al, 2009). The mutant
phenotype clearly supports the
starch-statolith hypothesis since it
is partially agravitropic (Caspar et
al, 1985; Kiss et al, 1989; Kawamoto
et al, 2020). In addition to the genetic
crosses generated with sex1 and ss4, I
also introduced the loss-of-function



mutant pgmi1 into the GNLox back-
ground, aiming to elucidate whether
the GATA factors could play a role
in early stages of starch synthesis.
On sucrose-free and sucrose-sup-
plemented Y2 MS medium, no starch
granules could be observed in the
hypocotyl endodermal and root col-
umella cells of dark-grown pgm1 and
pgm1 GNLox seedlings (Figure 20A
and B), nor in any other cell file. Adult
plants grown in the light manifested
a reduction in growth, especially in
pgm1 GNLox (Figure 20C), and did not
accumulate starch neither, hence not
staining after exposure with iodine
(Figure 20D).

I also introduced the pgmi mutant
into the gnc gnl background. Unfor-
tunately, after repeated attempts, I
was not able to isolate a homozygous
pgm1 gnc gnl line. Described below
are the steps I followed while trying
to isolate the homozygous triple
mutant; to start with, I crossed ho-
mozygous pgm1 and gnc gnl parental
plants, and the resultant F1 progeny
were allowed to self-pollinate. PGM1
and GNC are close together in chro-
mosome 5, thus linked segregation
is to be expected. Aiming to bypass
this inconvenience, I first isolated F2

0% sucrose 0% sucrose B

pgm1- . '/

pgm7 GNLox \ pgm1

0% sucrose |

plants containing homozygous pgm1
and gnc alleles, and heterozygous
gnl alleles. Plants were allowed to
self-pollinate again.

To identify homozygous mutants, I
first performed a phenotypic screen-
ing using iodine, since homozygous
pgmi1 plants do not contain starch.
Thus, these plants do not stain with
iodine, whereas, wild type and het-
erozygous pgmi1 plants clearly show
iodine staining. Next, I amplified
the coding sequence of PGM1 by
PCR, and subsequentially sequenced
it, in order to identify the de-
scribed recessive mutation present
in pgm1 (TGG, Trp-192 to TGA, STOP)
(Periappuram et al, 2000). GNC and
GNL were isolated through PCR-
based screening of T-DNA insertions
using specific primers (Table 1). The
phenotypic and genetic screenings
were repeated with F3 plants, unfor-
tunately, despite using a large num-
ber of plants, no homozygous pgmi
gnc gnl mutants were identified.

Surprisingly, a certain number of F3
plants exhibited intermediate iodine
staining, compared to the wild type
and pgm1 mutants, and were smaller
than wild type plants. The reduction

Figure 20. GNL regulates transitory
starch accumulation independently of
PGM1. A. and B. Representative con-
focal microscopy images of mPS-PI-
stained columella cells in the root tip of
5-days-old Arabidopsis thaliana pgm1
and pgm7 GNLox seedlings grown in the
dark on 0% sucrose-free (A) and 1% su-
crose-supplemented % MS medium (B).
Scale bar = 5 pm. C and D. Representa-
tive photographs of 3-weeks-old Arabi-
dopsis thaliana pgm7 and pgm7 GNLox
plants grown in the light (C) and after
iodine staining (D). Scale bar =2 cm.
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in size is characteristic from plants
that do not accumulate starch, as
described for pgm1 mutants (Stettler
et al, 2009). As indicated by iodine
staining, these plants contained
less starch than gnc gnl, and were
also smaller. I performed a genetic
screening with these F3 plants, and
I identified homozygous gnc and gnl
alleles, but not the recessive muta-
tion present in pgmi. These results
suggest that in the pgmi mutant
there are unknown mutations that
segregate independently of PGM1.

ECTOPIC EXPRESSION
OF GNL INDUCES THE
DIFFERENTIATION OF
AMYLOPLASTS TO
ETIOPLASTS

Amyloplasts are derived from pro-
plastids (Jarvis & Lopez-Juez, 2013)
located in starch storage tissues
and in gravity-sensing hypocotyl
endodermal and root columella
cells. The mechanisms regulating
the cell type-specific division and
differentiation of amyloplasts are
not yet understood. In view of an
apparent role of the GATA factors in
chloroplast development, I next ex-
amined whether the differentiation
of starch-accumulating amyloplasts
was affected in gnc gnl or in GNLox.

In order to identify and characterize
amyloplasts, I fluorescently labelled
the plastid stroma of wild type, gnc
gnl and GNLox by generating new
genetic crosses with the transgenic
line ptA5-3 (Fujiwara et al, 2018). The
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construct expresses YFP fused to the
transit peptide TP, .., by the CaMV
35S promoter (Fujiwara et al, 2018).
First, I analysed different tissues
from ptA5-3 GNLox seedlings grown
in the light or in the dark to have a
better understanding of plastid dis-
tribution (Figure 21). As expected,
fully developed and homogeneous
chloroplasts localized in the cotyle-
dons and hypocotyls of light-grown
ptA5-3 GNLox seedlings, as indicated
by the YFP signal and the accumula-
tion of chlorophyll (Figure 21A and
B). On the other hand, I observed
a heterogeneity of plastids in the
roots of light-grown seedlings and
in most of the tissues grown in the
dark (Figure 21C - F). Populations
of plastids in the hypocotyls and
roots of dark-grown seedlings were
highly variable in their morphology
and exhibited long stromules (Figure
21E and F) (Pyke, 2010; Pyke, 2011).
The high frequency of stromules in
ptA5-3 GNLox seedlings reassembled
those in arcs, arc6 and atminE1 mu-
tants (Fujiwara et al, 2018).

In order to identify amyloplasts,
I directed the analysis towards
starch-containing plastids located
in columella cells, as identified by
bright field (Figure 22A and B). I ob-
served that in gnc gnl, amyloplasts
were bigger than wild type, whereas
in GNLox amyloplasts remained
comparable or smaller to wild type
(Figure 22A and B). Thus, GATA fac-
tors might repress amyloplast devel-
opment in root columella cells.
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Figure 21. Plastid morphology in ptA5-2 GNLox seedlings. A — F. Representative confocal microscopy images of plastid-targeted YFP
and chlorophyll autofluorescence in the cotyledons (A and D), hypocotyl endodermis (B and E) and the root tip (C and F) of 5-days-old
Arabidopsis thaliana ptA5-3 GNLox seedlings grown in the light (A — C) or in the dark (D - F). Scale bar = 10 um.
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Figure 22. GNC and GNL regulate plastid differentiation. A. and B. Representative confocal microscopy images of plastid-targeted YFP
(A) and bright field images (B) in the hypocotyl endodermis cells of 5-days-old Arabidopsis thaliana ptA5-3, ptA5-3 gnc gnl and pta5-3 GN-
Lox seedlings grown in the dark. Scale bar =2 ym. C. and D. TEM images of representative amyloplasts from the hypocotyl endodermis of
5-days-old Arabidopsis thaliana seedlings of the specificed genotype, grown in the dark. Abbreviations: S, starch granule; PLB, prolamellar
body; PT, protothylakoid. Scale bar = 2 pm. E. Graph displaying amyloplast area (um?) as a proxy for amyloplast size of individual amylo-
plast from hypocotyl endodermal cells, as shown in (C and D). N 50. F. Graph displaying starch granule area (um?) as a proxy for granule

size of individual starch granules from hypocotyl endodermal cells, as shown in (C and D). N 50. Student’s t-test: *, p < 0.05; **, p < 0.07;
*** p < 0.001; ns, not significant.
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Chloroplasts division occurs via bi-
nary fission by a multiprotein com-
plex which includes, among others,
the ARC proteins. In the recessive
arc5 and arc6 mutants, chloroplasts
are enlarged and acquire a dumbbell
morphology (Fujiwara et al, 2018;
Sun et al, 2020). Taking into consider-
ation that genes with a role in plastid
development are differentially regu-
lated in the GATA mutants (Bastakis
et al, 2018), I introduced the arcs
mutation into the gnc gnl and GNLox
background to better understand the
role of GATA factors in plastid divi-
sion.

In collaboration with Erika Isono
(Universitat Konstanz, Constance,
Germany), we examined amyloplasts
in the hypocotyl endodermis by TEM
(Figure 22C and D). Contrary to chlo-
roplasts, amyloplasts in the double
mutant were bigger than wild type
and contained large starch granules
that occupied most of the plastid
stroma (Figure 22C, E and F). On the
contrary, amyloplasts in GNLox con-
tained smaller starch granules and
interestingly, included prolamellar
bodies (PLB) and protothylakoids
(PT). These features are charac-
teristic for etioplasts, but not for
differentiated amyloplasts (Figure
22C). In addition, these undifferenti-
ated amyloplasts appeared to be sur-
rounded by endoplasmic reticulum
(Figure 22C).

Page 60

As expected, amyloplasts in arcs, arcs
gnc gnl and arc5 GNLox were bigger
in size than those in wild type, gnc
gnl and GNlox respectively (Figure
22C - E). Although amyloplasts in
arc5 GNLox amyloplasts were bigger
than in GNLox, still contained etio-
plastic features, such as PLB and PTs,
and most of the starch granules were
small (Figure 22D - F). Introducing the
arc5 mutation in the GATA genotypes
did not shed light into the regulation
of GNC and GNL on plastid differen-
tiation. However, it became apparent
that the differences observed in
starch granule size between the dou-
ble mutant and the GNL overexpres-
sion line are not a consequence of
defects in amyloplast development.
In addition, GNC and GNL induce the
conversion of plastids to etioplasts
or pseudo-chloroplasts.

THE REGULATION OF GNC
AND GNL ON STARCH
GRANULE GROWTH AFFECT
GRAVITROPISM

According to the starch-statolith hy-
pothesis, starch-filled amyloplasts or
statoliths, sediment in the hypocotyl
endodermis or in the root columella
during gravitropism, generating
a signal that causes asymmetric
growth (Kiss et al, 1989; Christie &
Murphy, 2013).

The differences in starch granule
size described previously in gnc gnl
and GNLox (Figure 9) have an impact
on how seedlings perceive gravity.



I computed a two-tailed Pearson r
correlation using the values obtained
from measuring the hypocotyl bend-
ing angle (Figure 1), starch granule
size and starch granule number
(Figure 9) and starch accumulation
(Figure 16) in wild type, gnc gnl and
GNLox seedlings grown in the dark
on sucrose-free 2 MS medium (Fig-
ure 23). The gravitropic response
of hypocotyls strongly correlated
with the size of starch granules in
endodermal cells (0.91), whereas the
number of starch granules exhibited
a negative correlation (-0.92). Clear-
ly, the relation between the size and
number of starch granules is inverse-
ly proportional in the endodermal
cells studied (-1.00).

On the other hand, the content of
starch did not impact the hypocotyl
bending angle as much as the size
and number of the granules did,
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Figure 23. The regulation of GNC and GNL on starch granule
growth affect gravitropism. Correlation matrix heat map rep-
resentation of pairwise Pearson correlation coefficients. The
correlation includes measurements of hypocotyl bending angle,
starch granule size and number, and starch accumulation from
Arabidopsis thaliana wild type, gnc gnl and GNLox seedlings
grown in the dark, using the data presented in Figures 1,9 and 16.
Colour scale represents correlation coefficients.

since wild type, gnc gnl and GNLox
accumulate similar amounts of starch
(Figure 23).

I concluded that besides the con-
tent of starch, the size and number
of starch granules also affect how
plants perceive gravity.

Tounderstand whether differencesin
starch granule size and morphology
directly impact gravity perception, I
performed a root gravitropism assay
in the wild type, sex1 and ss4 back-
grounds. Increased root bending
was detected in sex1, sex1 gnc gnl and
sex1 GNLox, both in sucrose-free and
1% sucrose-supplemented medium
compared to wild type (Figure 24). In
addition, the bending of sex1 GNLox
roots grown on sucrose-free medium
increased compared to sexi (Figure
24). These results are well in line with
previous studies showing that in sex1
mutants, root bending increased due
to higher accumulation of starch (Vi-
tha et al, 2007). This can also explain
the increased bending in sex1 GNLox
roots compared to sexi, which accu-
mulate more starch granules in root
columella and non-columella cells
(Figure 12 and 13).

In ss4, ss4 gnc gnl and ss4 GNLox, I
did not detect significant differences
compared to wild type, when seed-
lings were grown without sucrose
(Figure 24). However, the bending of
roots increased in 1% sucrose-sup-

Page 61



plemented medium, compared to
wild type (Figure 24). Non-significant
differences in root bending were
observed between ss4 and ss4 GNLox
(Figure 24). Thus, root gravitropism
in the ss4 background could be also
modulated by the accumulation of
starch granules in root columella
cells.

Providing further evidence that the
defects observed in shoot negative
gravitropism (Richter et al, 2010;
Behringer et al, 2014; Ranftl et al, 2016)
are a consequence of differences in
starch granule size, morphology and
number, I measured the emergence
angle of lateral branches in the sexi1
and ss4 backgrounds. First, as de-
scribed (Ranftl et al, 2016), the double
mutant emerged with a steeper angle,
whereas the angle in GNLox was in-
creased compared to the wild type
(Figure 25A and D). Then, the lateral
shoots of sex1 and sex1 gnc gnlemerged
with a similar angle than in wild type,
whereas in sex1 GNLox the emergence
angle notably steepened (Figure 25B
and D). In the ss4 background, all
three genotypes emerged with an
angle proximal to 80° (Figure 25C and
D). While the emergence angle in ss4
GNLox was similar to GNLox, in ss4
gncgnl, the angle increased more than
30 degrees (Figure 25D).

The differences I observed in the
angle of emergence from the pri-
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Figure 24. GNC and GNL modulate gravity perception in the root
by repressing starch granule growth. Average and standard devi-
ation of the root bending angle from >20 seedlings of the spec-
ified genotype, 24 hours after turning the seedlings by 90°. Wild
type, gnc gnl and GNLox bar plots are identical to those shown in
Figure 1. Student'’s t-test: *, p 0.05; ***, p 0.001; ns, not significant.
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Figure 25. GNC and GNL modulate gravity perception in the shoot
by repressing starch granule growth. A — C. Representative pho-
tographs of 6-week-old Arabidopsis thaliana cauline nodes of the
specified genotypes. Plants were grown with a 12 hrs light / 12
hrs dark photoperiod. Scale bar = 0.5 cm. D. Average and stand-
ard deviation of the branch angles as detected in the experiment
shown in (A — D) measured from at least 20 cauline nodes. Stu-
dent’s t-test: *, p 0.05; **, p 0.01;***, p 0.001; ns, not significant.
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Figure 26. Differential effects of GNC and GNL on plant growth in the sex7 and ss4 backgrounds. A. Representative photographs of
6-weeks-old Arabidopsis thaliana plants of the specified genotype. Plants were grown with a 16 hrs light / 8 hrs dark photoperiod. Scale
bar =2 cm.
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mary inflorescences shaped the
morphology of whole inflorescences
in 6-weeks-old plants (Figure 26). A
steeper emergence angle led to tall
and compact inflorescences (Figure
26A and B), whereas the increased
angle observed in the GNLox and ss4
backgrounds resulted in lower but
more widespread plants (Figure 26C).
Moreover, branches were thinner
in the gnc gnl background, leading
to pendent inflorescences (Figure
26). The stunted growth of GNLox
(Behringer et al, 2014) was partially
supressed in sexi1 GNLox and ss4
GNLox, however these mutants pro-
duced fewer inflorescences than their
respective loss-of-function mutants.
In conclusion, the repression of GNC
and GNL on starch granule initiation,
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Figure 27. GNC and GNL balance between gravitropism and pho-
totropism. A. and C. Representative photographs of 2-days-old
Arabidopsis thaliana wild type (Col-0), gnc gnl and GNLox seed-
lings grown in the dark, 6 hrs after reorienting the seedlings by
90°. In (A and B), seedlings were illuminated with blue light from
the top such that phototropic and negatively gravitropic hypocotyl
bending would occur in the same direction. In (C and D), seedlings
were illuminated from the bottom such that phototropic bending
and negatively gravitropic bending antagonize each other. The
white arrow indicates the direction of gravity, and the blue arrow
the direction of light. Scale bar = 2 mm. B. and D. Graphs dis-
playing the average and standard deviation of hypocotyl bending
angles (a) as detected in the experiment shown in (A and C), in-
cluding gnc and gnl single-mutants. N 40. Student’s t-test: *, p
0.01; ***, p 0.007; ns, not significant.

Page 64

morphology and accumulation, mod-
ulates the gravitropic responses not
only in seedlings, but in whole plants.

Light induces positive phototro-
pic hypocotyl bending, e.g. when
dark-grown seedlings are exposed
to unilateral blue light. In the light,
light and gravity regulate tropic re-
sponses but the two inputs may not
always act in the same direction. The
transcription of GNC and, particular-
ly, that of GNL are light-induced and
the repressive effects of GNC and
GNL on starch formation may weaken
the relative contribution of negative
hypocotyl gravitropism on tropic re-
sponses in the light (Naito et al, 2007;
Ranftl et al, 2016). I therefore tested
the contribution of the B-GATA fac-
tors to tropic responses by exposing
dark-grown seedlings to a photot-
ropic and gravitropic stimulus. In
the first experiment, I illuminated
the seedlings from above with blue
light such that phototropic and neg-
ative gravitropic hypocotyl bending
would act in the same direction. Un-
der these conditions, all genotypes
responded uniformly by strongly
bending the hypocotyls towards
the light and away from the gravity
vector (Figure 27A and B). In a second
experiment, I provided the light
from the bottom such that photot-
ropic and gravitropic growth would
antagonize each other. As expected,
phototropic hypocotyl bending was
dominant over negative gravitropism
in this experiment (Figure 27C and D)



(Hangarter, 1997). However, the gnc
gnl mutant bent less efficiently than
the wild type, whereas GNLox bent
more efficiently (Figure 27C and D).
In correlation with my observation
of increased and decreased starch
granule growth in gnc gnl mutants
and GNLox, respectively, I reasoned
that the differential starch granule
accumulation of these mutants may
be causal for their differential tropic
responses. Light regulation of GNC
and GNL gene expression, and their
effects on starch granule may thus
help to decrease the contribution
of negative gravitropic growth at
the expense of positive phototropic
growth for improved photosynthe-
sis.
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GATA factors are known to promote
chlorophyll accumulation, chloro-
plast development as well as stomata
formation in a light-dependent man-
ner (Chiang et al, 2012; Klermund et
al, 2016; Ranftl et al, 2016; Bastakis
et al, 2018; Zubo et al, 2018). Under
certain conditions, these effects can
be induced in the dark (Chiang et al,
2012; Klermund et al, 2016).

To get additional insight into the
biological functions of GNC and GNL
in the dark, I performed a GO anal-
ysis with the transcriptional data
obtained from gnc gnl and GNLox
seedlings grown in the dark without
sucrose (Figure 4). I determined that
the 3 most enriched term categories
among genes upregulated in gnc
gnl were Photosynthesis (9.65-fold
enrichment), Starch metabolism
(5.43) and Stomatal development
(4.44) (Figure 28A). The differential

regulation of photosynthesis and
stomata development is well in line
with previous reports that these
GATA factors regulate greening and
stomata development (Chiang et al,
2012; Klermund et al, 2016; Ranftl et
al, 2016; Bastakis et al, 2018; Zubo et
al, 2018). Moreover, Porphyrin com-
pound catabolism (-8.19) is the most
enriched category among genes
downregulated in gnc gnl (Figure
28B), also in harmony with the role of
GNC and GNL on chlorophyll biosyn-
thesis (Ranftl et al, 2016; Bastakis et
al, 2018; Zubo et al, 2018).

Unfortunately, the genes upregu-
lated and downregulated in GNLox
(Figure 28 C and D) lead to poor term
enrichment (<2.5). However, the term
category Response to auxin (2.53)
and Cell wall organization (2.20) is,
once more, matching previous re-
ports about the regulation of GATA
factors downstream of auxin, as well
as the possible effect of GNC and
GNL on cell wall biogenesis (Richter
et al, 2010; Richter et al, 2013b; An et
al, 2020).



As described in Chapter 1, to further
characterize the most enriched term
categories from genes upregulated in
gnc gnl, I generated a protein-protein
interaction network thatincluded 110
candidate proteins (Figure 5B). The
combination of gene expression data
and network connectivity measures
led to the identification of 3 specific
clusters, associated with Photosyn-
thesis light harvesting, Starch me-
tabolism and Stomata development,
and 2 larger but less specific clusters
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Figure 28. GO analysis of gnc gnl and GNLox seedlings grown
in the dark. A. — D. Graphs displaying the GO enrichment analy-
sis of the 5 most strongly regulated GO term categories among
genes upregulated in gnc gnl (A), downregulated in gnc gnl (B),
upregulated in GNLox (C) and downregulated in GNLox (D). Scale
represents enrichment values.
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belonging to Alpha-amino acid bio-
synthesis and DNA replication (Fig-
ure 5B) (Ballouz et al, 2017).

21 proteins associated with Sto-
mata development, including
the well-characterized proteins
SPEECHLESS (SPCH) and SCREAM
2 (SCRM2), involved in the initiation
of stomatal cell lineages (Chowdhury
et al, 2021), and the transit peptide
EPIDERMAL PATTERNING FACTOR2
(EPF2) and its partner TOO MANY
MOUTHS (TMM), which control the
initial spatial patterning of stomata
(Yang & Sack, 1995; Hara et al, 2009).
SPCH and SCRM2 directly induce the
expression of EPF2, TMM and BREAK-
ING OF ASYMMETRY IN THE STOMA-
TAL LINEAGE (BASL) (Appendix 1)
(Lau et al, 2014), whereas negatively
regulate PIF4 (Lau et al, 2018). Genes
involved in stomata proliferation
and patterning, such as BASL and
STOMATAL DENSITY AND DISTRIBU-
TION1 (SDD1) were also upregulated
in gnc gnl seedlings grown in the dark
(Appendix 1). GATA factors act down-
stream of PIFs and upstream of SPCH
in regulating stomata formation in a
light-dependent manner (Klermund
et al, 2016). Thus, these results shed
additional light into the regulation
of GNC and GNL on stomata devel-
opment in the dark.

Next, 13 out of the 15 proteins be-
longing to photosynthesis accounted
for LIGHT HARVESTING COMPLEX
(LHC) proteins, which serve, together
with chlorophyll and xanthophylls,
as the antenna complex of photosys-
tem II (PSII) (Appendix 1) (Montane



& Kloppstech, 2000; Pietrzykowska
et al, 2014). In the dark, LHC levels
are low, but their transcription is in-
duced by light (Montane & Klopps-
tech, 2000; Pietrzykowska et al, 2014).
Therefore, it remained unclear why
their expression was upregulated in
gnc gnl seedlings grown in the dark.

It is crucial to state that wild type,
gnc gnl and GNLox seedlings used for
the RNA-seq were grown in the same
conditions, and samples harvested
in an alternate manner, e.g., one
plate included a biological replicate
for each genotype, which consisted
of hundreds of seedlings. Among all
plates, each biological replicate was
harvested alternating wild type - gnc
gnl - GNLox. Taking into account
that the expression of LHCs remains
comparatively low in the wild type
and GNLox, there appears to be no
causal connection between exposure
to light and their higher expression
in gnc gnl seedlings. Furthermore,
the transcript of LHCs is known to be
regulated by chloroplast biogenesis
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[GO 0009768]
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Figure 29. Photosynthesis and porphyrin catabolism genes are
antagonistically regulated in gnc gnl. STRING network analysis of
the genes differentially regulated in 3-days-old Arabidopsis thalia-
na gnc gnl seedlings grown in the dark, belonging to the GO term
categories photosynthesis, light harvesting (bright green) and
porphyrin catabolism (green). Network nodes and colour scale
display Log, fold change values, filtered by FDR < 0.05.

genes, such as GUNs. For example, the
loss of GUN1 results in an increase of
LCHBs (Cottage et al, 2010). Because
the expression of GUNs is known
to be regulated by GNC and GNL
(Bastakis et al, 2018), it is feasible to
think that the differences observed
in the transcript levels of LHCs are
due to feed-back regulatory mecha-
nism involving the GATA factors and
chloroplast development genes.

In contrast to LHCs, genes from the
Porphyrin catabolism category, like
NON-YELLOW COLORING 1 (NYC1) and
ARABIDOPSIS THALIANA HEME OXY-
GENASE 1 (ATHO1) were downregu-
lated. A second protein-protein inter-
action network clearly depicted the
antagonistic regulation between the
light harvesting- and greening-pro-
teins in the double mutant, showing
that proteins involved in chlorophyll
accumulation were downregulated in
gnc gnl (Figure 29). This data is, once
more, well in line with the pale green-
ing phenotype described in GATA
mutants (Ranftl et al, 2016; Bastakis
et al, 2018).

CELL WALL BIOGENESIS
MIGHT BE REGULATED BY
GATA FACTORS

In Chapter 1 I identified that bio-
logical functions involved in the
formation and modification of cell
wall were antagonistically regu-
lated between gnc gnl and GNLox
seedlings grown in the dark with 1%
sucrose (Figure 6). To gain insight
into the role of GATA factors in cell
wall formation I performed a GO
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6 and 30A). Most of the genes ana-
lysed were downregulated in gnc gnl
but upregulated in GNLox, except for
a group of genes involved in suberin
biogenesis (Figure 30B). This group
included genes associated with the
synthesis of fatty acids and subse-
quent deposition of suberin, such as
two members of the gene family en-
coding alcohol-forming fatty acyl-
CoA reductases (FAR4 and FARS5),
CYTOCHROME P450 (CYP86B1), two
MYB DOMAIN PROTEIN (MYB39 and
MYB92) and two ATP-BINDING CAS-
SETTE (ABCG6 and ABCG20), (Domer-
gue et al, 2010; Pinot & Beisson, 2011;
de Silva et al, 2021; Ichino & Yazaki,
2022). These results suggest a role for
GNC and GNL in cell wall formation,
more specifically in pectin and lignin
biosynthesis.

In addition, pathways involved in cy-
tokinesis, microtubule development,
phloem development and responses
to sucrose were as well, highly en-
riched (Figure 30A). These results are
in accordance with previous studies,
showing that sucrose induces cell
wall formation, phloem development
and general responses to sucrose
(Gonzali et al, 2006). On the other
hand, functions related to light per-
ception, photosynthesis and flower-
ing time were repressed by sucrose in
all three genotypes (Figure 30A) (Price
et al, 2004; Thum et al, 2004; Gonzali
et al, 2006). Moreover, categories
related to chloroplast organization,
indole and porphyrin biosynthesis
and autophagy were antagonistically
regulated between gnc gnl and GNLox
(Figure 30A). These results are again
well in line with my previous obser-

vations that GNC and GNL regulate
chloroplast division and chlorophyll
accumulation, and provide further
evidence that GNC and GNL regulate
cell wall formation

SUGAR TRANSPORT AND
ALLOCATION MIGHT BE
REGULATED BY GATA
FACTORS

Sugars produced during photosyn-
thesis are retained in chloroplasts
for sucrose and starch production
(Zeeman et al, 2002; Streb & Zeeman,
2012). Defects on the translocation
and accumulation of sugars nega-
tively impact plant growth (Eom et
al, 2015). In 2014, Carina Behringer
(Lehrstuhl fiir Systembiologie der
Pflanzen, Technische Universitat
Miinchen, Freising, Germany) re-
ported that plants overexpressing
LLM-domain B-GATA factors show
cotyledon epinasty, chlorophyll
accumulation, stunted growth and
delay in flowering time (Behringer
et al, 2014). These characteristics
are already visible at the seedling
stage (Figure 31A) and accompany
the plants throughout their life cycle
(Richter et al, 2013b; Behringer et al,
2014; Behringer & Schwechheimer,
2015).

While growing seedlings on su-
crose-supplemented medium, it
came to my attention that GNLox
seedlings grown on 1% sucrose were
able to supress, at least, the stunted
growth phenotype (Figure 31A and
B). Addition of sucrose to the medi-
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um led to more expanded cotyledons
in the wild type and gnc gnl, and
increased the skewing of roots in
all three genotypes (Figure 31A and
B) (Oliva & Dunand, 2007). While the
cotyledons in GNLox remained un-
expanded, the hypocotyl increased
in size and the defects observed in
root growth were supressed (Figure
31B).

Next, I aimed to better understand
whether the growth defects ob-
served in the GATA overexpression
lines were a result of defects in
sugar accumulation. Wild type, gnc
gnl and GNLox plants were grown
in the light on % MS medium sup-
plemented with 1% glucose, 1%
fructose, 1% sucrose and 1% sorbitol,
as specified. On sugar-free medium,

)

1% sucrose 0% sucrose

0% sucrose M1% fructose
M1% glucose M1% sucrose

1% sorbitol
ns ns

1% glucose

gnc gnl rosettes grew similarly to
wild type, whereas GNLox rosettes
reached only half the size of the
wild type. (Figure 31C and H). Addi-
tion of 1% glucose or 1% fructose to
the medium had an impact on the
overall growth, resulting in smaller
rosettes (Qian et al, 2020; Zhong et
al, 2020), whereas 1% sucrose led to
vigorous plants (Figure 31D, E, F and
H). Plants that grew on sorbitol did
not exhibit any growth differences
compared to plants grown on sug-
ar-free medium (Figure 31G and H).
The differences in rosette size were
maintained between the genotypes,

except on 1% glucose and sucrose
(Figure 31H). Addition of glucose
and sucrose partially supressed the
stunted growth phenotype of GNLox

1% sorbitol

0% fructose 1% sucrose

Figure 31. Glucose and sucrose supress the stunted growth of
GNLox plants. A. and B. Representative photographs of 5-days-
old Arabidopsis thaliana wild type, gnc gnl and GNLox seedlings
grown in the light on 0% sucrose-free %2 MS medium (A) and 1%
sucrose-supplemented %> MS medium (B). C. — G. Representa-
tive photographs of 2-weeks-old Arabidopsis thaliana wild type,
gnc gnl and GNLox plants grown on 0% sucrose-free (C) or %2 MS
medium supplemented with 1% glucose (D), 1% fructose (E), 1%
sucrose (F) or 1% sorbitol (G), as specified. Scale bar = 0.5 cm. H.
Graph displaying the projected rosette area as a proxy for rosette
size, as shownin (C - G). N 10. Scale bar = 2 mm. Student’s t-test:
*,p < 0.05 * p<0.01;** p < 0.001; ns, not significant.



plants, suggesting that defects in
the translocation and accumulation
of glucose and/or sucrose impact, to
some extent, the growth of plants
overexpressing GATA factors.

The flux of carbon into starch is
tightly regulated in gnc gnl and
GNLox

The enzyme AGPase controls the flux
of carbon into starch metabolism in
an allosteric manner. Mutants defi-
cient in PGI, PGM1 and AGPase have
major reductions in the content of
ADP-glucose and starch, whereas
plants deficient in the translocation
of sugars, for example the SUCROSE
SYNTHASE (SUS) sextuple mutant
sus123456, exhibit normal amounts of
ADP-glucose and starch (Funfgeld et
al, 2022)

Bearing in mind that the translocation
and accumulation of sucrose might
be impaired in the GATA genotypes
analysed, I intended to exclude the
possibility that a differential accu-
mulation of sugars leads to defects
on starch synthesis. In collaboration
with John Lunn (Max Plank Institute
of Molecular Plant Physiology, Pots-
dam, Germany), we performed an
anion-exchange high-performance
liquid chromatography coupled to
tandem mass spectrometry (Lunn
et al, 2006; Figueroa et al, 2016) with
3-days-old seedlings grown in the
dark on 1% sucrose-supplemented 2
MS medium. Whereas gnc gnl accumu-
lated less phosphorylated sugars than
wild type, GNLox accumulated more
sugars overall (Figure 32). Interest-
ingly, the antagonistic accumulation

of sugars between gnc gnl and GNLox
became more apparent when analys-
ing glucose, sucrose and mannose
(Figure 32). In gnc gnl, G1P and G6P
were 1.5 times lower than in wild type
seedlings, whereas Suc6P accumulat-
ed 5 times more in GNLox compared
to wild type (Figure 32). Importantly,
we could not observe differences in
the content of ADP-glucose, indicat-
ing that
the flux
of car-
bon into
starch is
tightly
regulated
in gnc  ruip
gnl and
GNLox,
despite
defects in
sugar al-
location.

ADPGIc

Fru16BP

Fru6P

Gal1lP

Glc16BP

Glc1P

Figure 32. The Gle6P

flux of carbon
into starch is
tightly regulated
in gnc gnl and
GNLox. Heat map
representation
of the metabo-

Glycerol3P

Man6P

lite content of
3-days-old Arabi-
dopsis  thaliana
wild type, gnc
gnl and GNLox Tre6P
seedlings grown
in the dark on 1%
sucrose-supple-
mented % MS
medium. Colour
scale represents
the content of

Suc6P 0.898 0.774

UDPGal

UDPGIc

metabolites in
nmol / g FW.
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DISCUSSION

To date, 4 studies in Arabidopsis
thaliana, Oryza sativa and Populus tri-
chocarpa, show evidence that GATA
factors modulate starch accumula-
tion (Hudson et al, 2011; Hudson et al,
2013; Zubo et al, 2018; An et al, 2020).
These studies focus on chloroplast
development and photosynthesis,
thus their observations that the
GATA overexpression lines accumu-
late more starch are solely based in
starch quantification assays and TEM
images, obtained from chloroplasts
located in photosynthetic cells. The
authors state that increased chloro-
phyll biosynthesis leads to increased
carbon fixation and, subsequentially
increased accumulation of transitory
starch in leaves (Hudson et al, 2011;
Hudson et al, 2013; Zubo et al, 2018; An
et al, 2020).

In this dissertation, the combina-
tion of several -omics revealed a
previously uncharacterized role of
GNC and GNL in starch metabolism,
ranging from starch granule growth
in non-photosynthetic endodermal
cells, to transitory starch catabolism
at the whole-plant level. The multi-
faceted regulation of starch metab-
olism by the GATA factors, together
with the contribution of GNC and GNL
in chlorophyll accumulation, chloro-
plast development and stomata for-
mation, illustrates their importance
in primary plant metabolism.






GNC AND GNL PLAY A
MULTIFACETED ROLE
IN THE REGULATION OF
STARCH METABOLISM

Regardless the observations that
GATA factors impact starch accumu-
lation in leaves (Hudson et al, 2011;
Hudson et al, 2013; Zubo et al, 2018;
An et al, 2020), there was no available
transcriptomic data in Arabidopsis
thaliana that described a direct impli-
cation of GNC and GNL on starch me-
tabolism. In light-grown rice leaves,
data obtained through Real-time
Quantitative PCR analyses revealed
that starch synthesis genes such as
SS1, SS2, ISA1 and BE1 were upregu-
lated in the GNL overexpression line
(Hudson et al, 2013). The authors
concluded that enhanced carbon ac-
quisition resulted in upregulation of
these genes (Hudson et al, 2013).

In an effort to uncover the role of
GNC and GNL in starch metabolism,
I performed an RNA sequencing
experiment with seedlings grown in
the dark. This allowed me to uncou-
ple starch metabolism from impaired
chlorophyll accumulation, and to
avoid interreference from transitory
starch synthesis and degradation
during day-night cycles (Zeeman et
al, 2002). The transcriptomic analy-
sis revealed that the term category
Starch metabolism was the most
enriched GO categories among genes
antagonistically regulated between
gnc gnl and GNLox, and one of the
most enriched category among genes
upregulated in gnc gnl (Figure 4 and
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5). In contrast to light-grown rice
plants, the expression of SS1, SS2 and
BE1 was clearly downregulated in
GNLox seedlings grown in the dark,
suggesting that GNC and GNL regu-
late starch synthesis in a light-de-
pendent manner. In addition, genes
involved in a wide range of functions
such as starch anabolism, starch
catabolism, starch granule develop-
ment and even sugar transport, were
also differentially regulated in gnc
gnc and GNLox (Figure 5) (Appendix
1). These results indicate that GATA
factors play a multifaceted role in
the regulation of starch metabolism.

I also observed a clear antagonistic
regulation of starch metabolism
genes between gnc gnl and GNLox
in the transcriptome of Marchantia
polymorpha (Figure 8). In plants and
fungi, GATA factors modulate starch
metabolism (Hudson et al, 2011;
Hudson et al, 2013; He et al, 2018;
Zubo et al, 2018; An et al, 2020). The
transcriptomic analyses in Arabidop-
sis thaliana and Marchantia polymor-
pha determined that the regulation
of LLM-domain B-GATA factors on
starch metabolism is specific, and
conserved through evolution.

Amyloplasts that function as
statoliths are located in the
hypocotyl endodermis and root
columella cells (Kiss et al, 1989;
Christie & Murphy, 2013). To



image starch granules located

in endodermal cells, I stained
seedlings with modified pseudo-
Schiff Propidium iodide (mPS-PI)
(Truernit et al, 2008). The size of
starch granules was increased in gnc
gnl endodermal and root columella
cells, but decreased in GNLox
(Figure 9A, C, E and F). In line with
these observations, at the whole-
seedling level the size of starch
granules increased in gnc gnl, sex1
gnc gnl and ss4 gnc gnl, but decreased
in GNLox, and sex1 GNLox (Figure
14). Interestingly, starch granules in
ss4 GNLox reached 10 times the size
detected in wild type (Figure 14F
andI).

Several proteins have been reported
to be involved with starch granule
initiation (Mahlow et al, 2014; Mali-
nova et al, 2014; Malinova et al, 2017;
Lu et al, 2018; Seung et al, 2018). From
these, SS4, PTST2, PHS1 and DPE2 are
known to impact starch granule size
and morphology (Liu et al, 2021a).
Mutants lacking SS4 contain one big
round starch granule per chloroplast
due to fewer initiation events, in
contrast to 4 smaller flattened starch
granules in wild type mesophyll
chloroplasts (Lu et al, 2018). On the
other hand, overexpression of SS4
does not alter the number of gran-
ules per chloroplast, whereas plants
overexpressing PTST2 contain more
but smaller starch granules than
the wild type (Seung et al, 2017). In
addition, the content of starch in
35S:PTST2-YFP is similar to wild
type (Seung et al, 2017). In my disser-

tation, I observed that the double gnc
gnl mutant accumulated fewer, but
bigger starch granules than wild type
(Figure 9A - B and 14 A and D). On the
other hand, GNLox contained more
starch granules, but smaller in size
(Figure 9A - B and 14 A and D). Taken
together, these results suggest that
GNC and GNL act upstream or in par-
allel of the protein complex involved
in starch granule initiation, includ-
ing proteins such as SS4 and PTST2.
Thus, the differences observed in
starch granule size and number in
the GATA genotypes analyzed, could
be explained by differences in starch
granule initiation events.

The loss of GNC and GNL lead to big-
ger starch granules compared to the
wild type (Figure 9A - B and 14 A and
D). Addition of sucrose to the medi-
um enhanced the growth of granules,
leading to big round granules, rarely
observed in wild type preparations
(Figure 14D). These characteristics
were conserved in different mutant
combinations, such as sexi gnc gnl,
but specially enhanced in ss4 gnc gnl
(Figure 14F). In GNLox, the marked
reduction in size was also observed
in sex1 GNLox, but not in ss4 GNLoX,
which lead to near-perfectly spheri-
cal granules aberrant in size (Figure
14F) similar to those described in
dpe2 ss4 and dpe2 phsi ss4 (Mali-
nova et al, 2017). Lack of proteins
involved in starch degradation, such
as GWD1 and DPE2, lead to larger
starch granules than in wild type
chloroplasts, indicating that starch
synthesis and degradation are not
separate processes (Mahlow et al,
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2014; Malinova et al, 2014). Whereas
the transcriptomic analysis of GNLox
seedlings grown in the dark revealed
that the expression of GWD1 was
upregulated (Figure 5), I observed
that the expression of several starch
degradation proteins, such as DPE2,
was downregulated (FDR > 0.05).
Thus, it remains to be explored
whether GNC and GNL interact with
GWD1 and DPE2. In that hypotheti-
cal case, the combination of fewer
initiation events, as described in
the paragraph above, and addition-
al downregulation of DPE2, would
result in increased starch granule
growth. Further research needs to
be conducted to better understand
the transcriptional regulation of the
GATA factors on starch granule ini-
tiation, for instance, by performing
a Chromatin Immunoprecipitation
assay with dark grown seedlings.

In my analyses, I also detected
compound granules in the double
gnc gnl mutant (Figure 15B). To my
knowledge, it is the first time that
compound starch granules have
been described in Arabidopsis thalia-
na. The quantity of compound gran-
ules intensified in sex1 gnc gnl, where
granules contained up to 5 individu-
ally fused granules (Figure 15E), but
completely disappeared in ss4 gnc gnl
(Figure 15H). GNC and GNL repress
starch granule initiation, a process
which is tightly controlled by SS4.
The observation that no compound
granules were observed in the ss4
background is well in line with a re-
cent study suggesting that in the ss4
mutant, starch is deposited almost

Page 78

uniformly due to no simultaneous
initiations (Burgy et al, 2021). In wild
type chloroplasts, the authors indi-
cate that starch granules originate
from multiple coalescent initiations.
In this case, starch expands in an an-
isotropic manner from each initial,
fusing together into a final starch
granule (Burgy et al, 2021). None-
theless, in my work, the compound
granules observed in gnc gnl and sex1
gnc gnl seedlings did not completely
fuse together (Figure 15). Instead, the
shape of individual granules form-
ing a compound granule resemble
initiation models described in the
endosperm of cereals (Hawkins et al,
2021).

Besides the characteristic morpholo-
gy of starch granules described in the
different GATA genotypes analysed,
the morphology of wild type starch
granules also differed from the flat-
tened-discoid morphology of starch
granules located in chloroplasts
(Burgy et al, 2021; Liu et al, 2021b; Lim
et al, 2022). In all genotypes studied,
starch granules from seedlings grown
in the dark acquired a spherical mor-
phology (Figure 10, 14 and 15). To my
knowledge there is also no available
data about the morphology of starch
granules in non-photosynthetic
tissues of Arabidopsis thaliana plants.
However, it is known that in chloro-
plasts, starch granule growth occurs
in the pockets that lie parallel to the
thylakoids (Burgy et al, 2021). In the
dark, the absence of differentiated
thylakoids might not limit the growth
of starch granules, allowing granules
to adopt a spherical structure.



In the genotypes studied, alterations
in starch granule initiation impact
the size, number and morphology
of starch granules (Figure 9 and 14),
which in turn, seem to have an effect
on theinitiation events itself, and the
degradation of starch. Thus, increas-
ing the complexity in understanding
the mechanisms behind starch gran-
ule initiation and morphology.

Aiming to wunderstand whether
the differences observed in starch
granule size, morphology and num-
ber had an effect on the content of
starch, I analysed starch distribution
and accumulation in dark-grown
seedlings. At the whole-seedling
level, wild type, gnc gnl and GN-
Lox seedlings accumulated similar
amounts of starch (Figure 16A and
D). In line with previous reports, the
sex1 single mutant and its respective
genetic crosses accumulated more
starch than wild type (Zeeman et al,
1998), whereas ss4 accumulated less
starch (Figure 16) (Crumpton-Taylor
et al, 2013). When I analysed transito-
ry starch in dark-grown seedlings it
became apparent that starch degra-
dation was enhanced in gnc gnl, but
attenuated in GNLox, compared to
wild type (Figure 17).

In day-night growth, it is known that
plants regulate the consumption of
transitory starch in order to avoid
starvation during night periods
(Scialdone et al, 2013). For instance,
5% of starch remains at dawn (Scial-

done et al, 2013). Sucrose and Tre6P
play a role in inhibiting starch con-
sumption during the day, such that
in light grown periods the increased
levels of Tr6P from photosynthesis
act as a feedback regulatory mecha-
nism, buffering starch accumulation
(Figueroa et al, 2016). In dark-grown
wild type, gnc gnl and GNLox seed-
lings, the content of starch before
sucrose treatment and 8 hrs after
sucrose treatment was comparable
(Figure 17A). Moreover, after 24 hrs
without sucrose (Figure 17B), the
content of starch was not lower than
the basal content of starch before su-
crose treatment (Figure 17A). There-
fore, a regulatory mechanism similar
to that occurring in day-night cycles
might prevent overconsumption of
starch in seedlings that do not have
a functional circadian clock. GNLox
plants accumulated higher content of
sugars, specially S6P, but also TR6P,
compared to the wild type (Figure
32). On the other hand, these sugars
were reduced in gnc gnl (Figure 32).
These results suggest that GNC and
GNL can modulate transitory starch
degradation indirectly, through dif-
ferential sugar accumulation.

Along these lines, GATA factors
could also regulate transitory starch
accumulation in the light, through a
differential accumulation of Tre6P.
Therefore, reduced starch degrada-
tion and increased chlorophyll accu-
mulation would result in increased
starch accumulation during light
growth periods, as seen in GNLox
plants (Figure 18) (Hudson et al, 2011;
Hudson et al, 2013; Zubo et al, 2018;
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An et al, 2020). However, further
research needs to be conducted to
better understand the accumulation
of sugars like Tre6P in dark-grown
seedlings upon sucrose treatment,
and in light-grown plants during
day-night cycles.

OVEREXPRESSION OF
GNL INDUCES PLASTID
DIFFERENTIATION,
POTENTIALLY
DOWNSTREAM OF PIF
FACTORS AND CYTOKININ

GATA factors are known to regulate
chloroplast differentiation and de-
velopment (Chiang et al, 2012; Zubo
et al, 2018). In this dissertation, the
combination of different microscopy
techniques exposed a role for GNC
and GNL in repressing amyloplast
differentiation. In hypocotyl en-
dodermal cells, wild type and gnc
gnl amyloplasts contained starch
granules that covered most of the
stroma (Figure 22C, E and F). On the
contrary, amyloplasts in GNLox were
characterized by the presence of eti-
oplastic structures, such as PLB and
PT, and rather small starch granules
(Figure 22C, E and F). These features
are well in line with previous studies
showing that ectopic expression of
GNC induced the differentiation of
proplastids to etioplasts.

The overexpression of GNC counter-
acts the repressive activity of PIF3,
and possibly COP1, on chloroplast
differentiation (Chiang et al, 2012;
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Zubo et al, 2018). Moreover, GNC and
GNL mediate the regulation of chlo-
roplast division downstream of CK
(Chiang et al, 2012; Zubo et al, 2018).
Although the knowledge on amylo-
plast differentiation is still fragmen-
tary, my observations point out that
GNC and GNL induce the differenti-
ation of amyloplasts to chloroplasts
downstream of PIFs and CK.

Increased CK induces the expression
of PLASTID DIVISION2 (PDV2), accel-
erating chloroplast division (Okazaki
et al, 2009). However, the expression
of PDV1 and PDV2 is not differential-
ly regulated in GNCox (Chiang et al,
2012). The introduction of the arcs
mutant into gnc gnl and GNLox re-
sulted in increased plastid size, com-
pared to the wild type (Figure 22D
and E), however did not clarify the
regulation of GNC and GNL on plas-
tid division. Nevertheless, it allowed
me to exclude the possibility that
defects in amyloplast development
result in smaller starch granules. In
particular, the size of amyloplasts in
arc5 GNLox increased compared to
wild type and GNLox, but the size
of starch granules remained com-
parably low (Figure 22D, E and F).
GNC and GNL do not interact with
ARC3, ARC5, ARC6, PDV1 and PDV2
(Hudson et al, 2011). Taken together,
these results indicate that the GATA
factors regulate chloroplast division
in parallel, or through other regula-
tory pathways.
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THE PERCEPTION OF
GRAVITY IS MODULATED
BY THE REPRESSION OF
GNC AND GNL ON STARCH
GRANULE INITIATION

Plants require starch granules to
sediment in the direction of gravity
for full gravitropism (Nakamura et
al, 2019). The strength of the gravit-
ropic responses is dependent on the
content of starch. For instance, pgm1
and pifg accumulate fewer starch
granules, compared to wild type,
thus resulting in reduced gravitro-
pism (Kiss et al, 1998; Weise & Kiss,
1999; Kim et al, 2011; Kim et al, 2016).
On the other hand, increased starch
content in sex1 lead to stronger grav-
itropic responses (Vitha et al, 2007).

In this dissertation, I performed a se-
ries of gravitropism assays in shoots
of plants grown in the light, and
hypocotyls and roots of seedlings
grown in the dark (Figure 1) aiming
to understand whether the defects
observed in the emergence angles of
lateral shoots in the GATA genotypes
(Ranftl et al, 2016) were related to de-
fects in shoot negative gravitropism.
Whereas gnc gnl inflorescences reor-

~4 mg/g FW

ss4 gnc gnl
~4.5mg/g FW

sex1 gnc gnl
~6.5mg/g FW

.

., 4 &
i e

~70° | ~70°

lllustration 6. Proposed model in which GNC and GNL modulate
gravity perception. Sedimentation kinetics of starch granules
(above), and root gravitropism response (below). The content of
starch and the size, number and morphology of starch granules
affect the sedimentation dynamics of statoliths. Larger starch
granules compress the peripheral ER earlier and/or stronger, as
indicated in red, which in turn modulates the perception of gravity.

iented faster than wild type, GNLox
inflorescences fairly responded to
gravity (Figure 1A and B). In the same
way, the hypocotyl bending angle of
2-days-old seedlings was increased
in gnc gnl, but decreased in GNLox
(Figure 1C, D, E and F), thus conclud-
ing that GNC and GNL repress gravi-
tropism.

Although the perception of gravity
was impaired in gnc gnl and GNLox
seedlings, I could not observe differ-
ences in the total content of starch,
compared to the wild type (Figure
16A and D). Likewise, the roots
from ss4, ss4 gnc gnl and ss4 GNLox
seedlings grown in the dark with
1% sucrose, bent faster towards the
gravity vector despite no significant
differences in the total content of
starch compared to wild type, gnc gnl
and GNLox (Figure 12 and 24). Never-
theless, the gravitropic response of
hypocotyls strongly correlated with
the size of starch granules in gnc gnl
and GNLox endodermal cells (Figure
22). It is known that the force of
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gravity acting on starch granules is
sufficient to compress the cytoskel-
eton and peripheral ER, triggering
a Ca* signalling response (Leitz et
al, 2009). Therefore, it is sensible to
hypothesize that the gravitational
force acting on larger starch gran-
ules is grater, which in turn com-
press the peripheral ER earlier and/
or stronger. For instance, the larger
starch granules observed in gnc gnl
compared to wild type, can explain
the increased bending angle of hy-
pocotyls and roots (Figure 1C - F and
9A - E) (Illustration 5). Moreover, the
aberrant granules in ss4, ss4 gnc gnl
and ss4 GNLox seedlings can also
explain the increased bending in
roots, compared to wild type, gnc
gnl and GNLox (Figure 12 and 24)
(Illustration 5). This model suggests
that large starch granules sediment
faster towards the base of the cell
(Leitz et al, 2009). The combination
of increased sedimentation speed
and larger contact surface allows
the starch granule to compress the
peripheral ER stronger and over a
large surface area (Illustration 6). On
the other hand, seedlings accumu-
lated clearly more starch in the sex1
background, which lead to stronger
gravitropic responses independently
of differences in starch granule size
(Figure 12 and 24). These results in-
dicate that gravity perception is not
only dependent on the content of
available starch, but to the combined
effects of at least four factors: starch
content, starch granule size, number
and morphology.

The data obtained in dark-grown
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seedlings is suitable to explain qual-
itative changes during gravitropism
in shoots (Figure 1). The emergence
angle of lateral shoots was modulat-
ed according to mutants defective in
starch granule initiation and accu-
mulation (Figure 25), thus supporting
the hypothesis that differences in
the angle of primary inflorescences,
is a result of impaired starch granule
growth in the GATA backgrounds.

Unfortunately, in this dissertation I
cannot fully exclude the possibility
that the modulation of auxin and gib-
berellin on GNC and GNL impact later
stages of plant gravitropism (Richter
et al, 2010; Richter et al, 2013b). For
example, mutants deficient in the
accumulation of gibberellin target
the degradation of PIN2 (Willige et
al, 2011), which is involved in the di-
rectional transport of auxin required
for root gravitropism (Luschnig et
al, 1998). For this reason, additional
research needs to be conducted in
order to better understand the sed-
imentation dynamics in the geno-
types analysed, as well as in mutants
defective in the polar transport of
auxin.

GNC AND GNL BALANCE
BETWEEN GRAVITROPISM
AND PHOTOTROPISM

This dissertation uncovers a complex
role of GNC and GNL in the regulation
of starch metabolism, starch granule
initiation and growth, transitory
starch degradation, sugar allocation
and plastid differentiation. My work



integrates novel knowledge about
the GATA factors, together with
previous studies focusing on chlo-
rophyll accumulation, chloroplast
development and stomata formation
(Hudson et al, 2011; Chiang et al,
2012; Hudson et al, 2013; Behringer et
al, 2014; Klermund et al, 2016; Ranftl
et al, 2016; Bastakis et al, 2018; Zubo
et al, 2018; An et al, 2020), that posi-
tions the GATA factors as regulators
of carbon assimilation, transport and
storage (Illustration 7).

Skotomorphogenic growth is char-
acterized by etioplasts located in
cotyledons, and starch-filled amy-
loplasts in the hypocotyl elongation
zone and the root columella, which
contribute to the perception of grav-
ity. After the transition to photomor-
phogenesis, plants mainly respond
to the phototropic stimulus, whereas
gravitropism becomes secondary
(Vitha et al, 2000). In the dark, loss of
GNC and GNL led to stronger gravit-
ropic responses (Figure 1). However,
upon illumination, seedlings overex-
pressing GNL bended faster towards
the light stimulus (Figure 27), thus
indicating that the GATA factors
balance between gravitropism and
photrotropism.

Ectopic expression of GNC and GNL
in seedlings grown in the dark induc-
es the formation of etioplasts in cell
types where their production is usu-
ally absent (Figure 22) (Chiang et al,
2012; Zubo et al, 2018) and represses
starch granuleinitiationin hypocotyl
endodermal and root columella cells
(Figure 9) (Illustration 7). At the same

time, GNC inhibits the expression of
several PIF factors (Zubo et al, 2018),
which promote skotomorphogenesis
and negatively regulate the expres-
sion of GATA factors (Richter et al,
2010).

Upon illumination, and to the det-
riment of gravity perception, GNC
and GNL induce the bending of hy-
pocotyls towards the source of light
(Figure 1 and 27). GATA factors are
transcriptionally regulated by light,
hence exposure to light strengthens
therepressive effects of GNC and GNL
on starch metabolism, contributing
to photomorphogenic growth. In
this scenario, seedlings are in a pho-
tomorphogenic-ready-state in which
the de-etiolation occurs rapidly due
to the conversion of amyloplasts
and etioplasts to active chloroplasts
(Figure 22) (Chiang et al, 2012). The
PLB disperses, releasing lipids that
aid in formation of thylakoid mem-
branes, and protochlorophyllide
that converts into chlorophyll (Pyke,
2013). Furthermore the light-induced
transcription of GATA factors (Rich-
ter et al, 2010) promote chloroplast
growth, chlorophyll biosynthesis
and stomata development (Klermund
et al, 2016; Ranftl et al, 2016; Bastakis
et al, 2018).

Enhanced greening and stomata for-
mation result in increased photosyn-
thesis rate, which in turn produces
more sugars. In one hand, sucrose
is known to play a role during chlo-
roplast biogenesis and chlorophyll
accumulation (Wolff & Price, 1960),
and an increase in sucrose content
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leads to an increased expression of
chlorophyll biosynthesis genes, such
as GUN5, MAGNESIUM CHELATASE
I2 (CHLI2) and 3,8-DIVINYL PROTO-
CHLOROPHYLLIDE A 8-VINYL REDUC-
TASE (DVR) (McCarthy et al, 2016).
These genes are, once more, known to
be downstream targets of GATA fac-
tors (Bastakis et al, 2018), suggesting
that GNC and GNL might take part in
additional regulatory mechanisms,
involving greening and sugars. Sec-
ond, sucrose induces the formation
of transitory starch in chloroplasts,
thus plants overexpressing GNC and
GNL also accumulate more starch
(Illustration 7) (Hudson et al, 2011;
Hudson et al, 2013; Zubo et al, 2018;
An et al, 2020).
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APPENDIX

GO term ID Symbol Log2 FDR
Pho. light harvesting  AT3G27690 LHCB2.4 3.106 1.6E-12
Pho. light harvesting  AT1G29920 LHCB1.1 2.972 1.8E-7
Pho. light harvesting  AT1G29920 LHCB1.2 2.972 1.8E-7
Pho. light harvesting  AT5G54270 LHCB3 2.668 1.2E-9
Pho. light harvesting  AT2G34430 Lhbi1B1 2.116 8.3E-6
Pho. light harvesting  AT3G54890 LHCA1 2.068 1.0E-6
Pho. light harvesting  AT2G05070 LHCB2.2 1.786 4.2E-6
Pho. light harvesting  AT1G15820 CP24 1.537 2.8E-6
Pho. light harvesting  AT3G47470 LHCA4 1.292 4.0E-4
Pho. light harvesting  AT1G29930 LHCB1.3 1.269 6.9E-5
Pho. light harvesting  AT1G19150 LHCA6 1.012 9.1E-4
Pho. light harvesting  AT2G34420 Lhb1B2 0.994 2.3E-2
Pho. light harvesting  AT1G08380 PSAO 0.893 5.1E-4
Pho. light harvesting  AT2G05100 LHCB2.1 0.814 1.6E-2
Pho. light harvesting  AT4G10340 LHCB5 0.694 3.4E-2
Starch metabolism AT5G48300 APS1 1.476 8.3E-13
Starch metabolism AT3G59480 FRK4 1.376 2.7E-5
Starch metabolism AT3G52180 DSP4 1.242 1.2E-4
Starch metabolism AT1G32900 GBSS1 1.124 4.8E-3
Starch metabolism AT4G28706 AT4G28706 1.043 2.5E-5
Starch metabolism AT1G03310 ISAZ2 0.970 2.5E-6
Starch metabolism AT3G20440 SBES3 0.714 3.8E-3
Starch metabolism AT3G55800 SBPASE 0.689 2.6E-3
Starch metabolism AT5G64860 DPE1 0.627 5.7E-4
Starch metabolism AT3G55760 LESV 0.579 3.2E-2
Starch metabolism AT5G51820 PGMP 0.576 1.4E-3
Starch metabolism AT1G66430 FRK3 0.559 6.6E-4
Starch metabolism AT5G17520 MEX1 0.522 3.1E-2
Starch metabolism AT4G39210 APL3 0.497 1.7E-2
Starch metabolism AT1G27680 APL2 0.494 2.3E-2
Starch metabolism AT2G39930 ISA1 0.477 4.0E-3
Starch metabolism AT2G40840 DPEZ2 0.476 2.8E-3
Starch metabolism AT5G24300 SS1 0.395 1.6E-2
Stomata development AT1G04110 SBT1.2 3.499 5.8E-7
Stomata development AT1G34245 EPF2 2.523 2.4E-5
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Stomata development AT1G15570 CYCA2-3 1.438 6.6E-7
Stomata development AT3G20940 CYP705A30 1.414 5.3E-4
Stomata development AT5G60880 BASL 1.382 1.6E-2
Stomata development AT1G09470 NEAP3 1.377 4.7E-3
Stomata development AT5G53210 SPCH 1.137 2.2E-4
Stomata development AT1G80370 CYCA2-4 1.007 5.1E-4
Stomata development AT3G22760 TCX3 0.930 5.8E-4
Stomata development AT5G07180 ERL2 0.787 2.8E-4
Stomata development AT1G80080 TMM 0.738 1.6E-4
Stomata development AT5G62230 ERL1 0.713 1.7E-2
Stomata development AT4G14770 TCX2 0.696 6.3E-5
Stomata development AT3G02120 AT3G02120 0.690 1.6E-2
Stomata development AT4G34160 CYCD3-1 0.589 5.4E-3
Stomata development AT3G07320 F2103.3 0.567 4.7E-3
Stomata development AT1G67040 TRM22 0.558 8.5E-3
Stomata development AT1G12860 SCRM2 0.535 4.4E-3
Stomata development AT3G50070 CYCD3-3 0.507 8.9E-3
Stomata development AT3G22780 TSO1 0.438 7.1E-3
Stomata development AT4G36180 MUL 0.360 4.6E-2
DNA replication AT2G27120 POL2B 2.087 4.5E-3
DNA replication AT4G14700 ORC1A 1.664 6.6E-3
DNA replication AT1G15570 CYCA2-3 1.438 6.6E-7
DNA replication AT3G54710 CDT1B 1.087 4.2E-2
DNA replication AT2G16440 MCM4 0.936 4.0E-6
DNA replication AT1G44900 MCM2 0.879 1.1E-5
DNA replication AT2G40550 ETG1 0.865 3.9E-4
DNA replication AT2G31270 CDT1A 0.855 1.1E-3
DNA replication AT3G20260 AT3G20260 0.848 5.4E-3
DNA replication AT4G37630 CYCD5-1 0.847 2.4E-3
DNA replication AT1G34380 AT1G34380 0.819 1.3E-2
DNA replication AT3G48160 E2FE 0.787 1.3E-2
DNA replication AT5G44635 MCM6 0.783 3.7E-3
DNA replication AT4G02060 MCM7 0.776 1.7E-4
DNA replication AT1G07370 PCNA 0.773 8.0E-3
DNA replication AT5G13060 ABAP1 0.751 3.5E-2
DNA replication AT5G61000 RPA1D 0.652 3.3E-2
DNA replication AT2G07690 MCM5 0.647 1.9E-3
DNA replication AT5G46280 MCM3 0.590 1.6E-2
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DNA replication AT3G42660 EOL1 0.562 2.8E-3
DNA replication AT1G10930 RECQL4A  0.543 4.3E-3
DNA replication AT1G67630 POLA2 0.531 2.5E-2
DNA replication AT1G08840 JHS1 0.464 1.3E-2
DNA replication AT4G14310 AT4G14310 0.435 3.4E-2
DNA replication AT1G63160 RFC2 0.375 4.4E-2
DNA replication AT5G67100 POLA 0.346 5.0E-2
Alpha-amino aci. bio. AT1G50110 BCAT6 0.930 1.4E-3
Alpha-amino aci. bio. AT3G59890 DAPB2 0.919 2.3E-3
Alpha-amino aci. bio. AT5G21060 AT5G21060 0.799 1.4E-3
Alpha-amino aci. bio. AT5G05590 PAI2 0.746 2.6E-2
Alpha-amino aci. bio.  AT5G35630 GLN2 0.643 2.0E-3
Alpha-amino aci. bio. AT5G60890 MYB34 0.639 1.6E-3
Alpha-amino aci. bio. AT3G62030 CYP20-3 0.638 3.4E-4
Alpha-amino aci. bio. AT2G17630 PSAT2 0.617 1.5E-2
Alpha-amino aci. bio.  AT4G13930 SHM4 0.598 2.5E-5
Alpha-amino aci. bio. AT5G14060 AK2 0.579 1.3E-3
Alpha-amino aci. bio. AT1G25220 ASB1 0.546 6.2E-3
Alpha-amino aci. bio. = AT4G34200 PGDH1 0.532 5.9E-4
Alpha-amino aci. bio. AT5G05730 ASA1 0.516 3.1E-3
Alpha-amino aci. bio. AT1G11790 ADT1 0.512 2.7E-2
Alpha-amino aci. bio.  AT3G10050 OMR1 0.501 4.5E-3
Alpha-amino aci. bio. = AT3G23940 DHAD 0.490 1.6E-3
Alpha-amino aci. bio. AT1G17745 PGDH2 0.479 4.5E-3
Alpha-amino aci. bio. AT3G54640 TSA1 0.463 8.0E-3
Alpha-amino aci. bio. AT1G18640 PSP 0.423 1.3E-2
Alpha-amino aci. bio. AT3G03780 MS2 0.410 3.6E-2
Alpha-amino aci. bio. AT1G72810 TS2 0.407 2.2E-2
Alpha-amino aci. bio. AT4G24830 AT4G24830 0.405 1.9E-2
Alpha-amino aci. bio. AT3G59970 MTHFR1 0.390 6.5E-3
Alpha-amino aci. bio. AT4G19710 AKHSDH2 0.375 1.3E-2
Alpha-amino aci. bio. AT1G29900 CARB 0.368 2.9E-2
Alpha-amino aci. bio. AT1G80560 IMDH?2 0.367 1.9E-2
Alpha-amino aci. bio. AT5G26780 SHM2 0.352 3.6E-2
Alpha-amino aci. bio. AT4G33680 DAP 0.350 2.3E-2
Alpha-amino aci. bio. AT4G31500 CYP83B1 0.337 3.2E-2
Alpha-amino aci. bio. =~ AT5G38530 TSBtype2 0.292 3.5E-2

Appendix 1. Differentially expressed genes from gnc gnl belonging to the five most prominent GO terms categories. List of 110 upregu-
lated genes, after filtering by a FDR corrected p-value < 0.05. Log?2 fold changes and FDR corrected p-values are presented.
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