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Summary

e Plants perceive the direction of gravity during skotomorphogenic growth, and of gravity
and light during photomorphogenic growth. Gravity perception occurs through the sedimen-
tation of starch granules in shoot endodermal and root columella cells. In this study, we
demonstrate that the Arabidopsis thaliana GATA factors GNC (GATA, NITRATE-INDUCIBLE,
CARBON  METABOLISM-INVOLVED) and  GNL/CGAT  (GNC-LIKE/CYTOKININ-
RESPONSIVE GATAT) repress starch granule growth and amyloplast differentiation in endo-
dermal cells.

¢ In our comprehensive study, we analysed gravitropic responses in the shoot, root and hypo-
cotyl. We performed an RNA-seq analysis, used advanced microscopy techniques to examine
starch granule size, number and morphology and quantified transitory starch degradation pat-
terns. Using transmission electron microscopy, we examined amyloplast development.

¢ Our results indicate that the altered gravitropic responses in hypocotyls, shoots and roots of
gnc gnl mutants and GNL overexpressors are due to the differential accumulation of starch
granules observed in the GATA genotypes. At the whole-plant level, GNC and GNL play a
more complex role in starch synthesis, degradation and starch granule initiation.

e Our findings suggest that the light-regulated GNC and GNL help balance phototropic and
gravitropic growth responses after the transition from skotomorphogenesis to photomorpho-
genesis by repressing the growth of starch granules.

Introduction

Plants convert carbon dioxide and water into sugars through
photosynthesis. During skotomorphogenic growth, seedling roots
grow towards the gravity vector, referred to as positive gravitrop-
ism, while their hypocotyls elongate away from gravity to reach
the light, referred to as negative gravitropism (Kiss, 2000; Sato
et al., 2015). According to the starch—statolith hypothesis, starch-
filled amyloplasts, or statoliths, sediment in the hypocotyl endo-
dermis or in the root columella during the perception of gravity
and generate a signal that causes asymmetric growth (Kiss
et al., 1989; Christie & Murphy, 2013). The strength of these
gravitropic responses is, amongst others, dependent on the size of
the starch granules, which increases in response to sugar availabil-
ity (Kiss ez al., 1998). In the light, plants also use phototropism,
mediated by phototropin blue light receptors, to orient their
growth towards the light for optimal photosynthesis (Briggs &
Christie, 2002; Christie & Murphy, 2013). When the respective
inputs do not act in the same direction, plants have to find a bal-
ance between phototropic and gravitropic growth (Hangarter,
1997).

Starch consists of amylose and amylopectin (Zeeman
et al., 2002). Amylose is composed of linear chains of o-1,4-
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linked D-glucose residues, whereas amylopectin is branched
through additional a-1,6-linked D-glucoses (Seung, 2020). Amy-
lose synthesis is achieved by the activity of GRANULE BOUND
STARCH SYNTHASE1 (GBSS1), whereas amylopectin synth-
esis requires soluble starch synthases (SS) and two types of
branching enzymes (BE; Delvalle ez 2/, 2005; Zhang ez al., 2008;
Lu et al, 2015; Seung et al., 2020; Gamez-Arjona & Merida,
2021). Granule initiation involves the coordination of a specia-
lised set of proteins, including SS4, which determines granule
shape and number through the interaction with PROTEIN
TARGETING TO STARCH (PTST; Roldan ez al., 2007; Seung
et al., 2018).

Starch degradation encompasses, first, the activity of glucan
water dikinases (GWDs) that phosphorylate the starch granule
surface, subsequently allowing ai-amylases (AMY) and B-amylases
(BAM) to hydrolyse the nonreducing ends of the starch mole-
cules (Yu ez al, 2001; Flutsch ez al., 2020; Feike ezt al., 2022).
sex] (starch excess]) mutants accumulate high amounts of starch
due to a defect in GWDI function (Yu et al., 2001).

GATA factors are evolutionarily conserved transcription fac-
tors (Schwechheimer et al, 2022). GNC (GATA, NITRATE-
INDUCIBLE, CARBON METABOLISM-INVOLVED) and
GNL/CGAI (GNC-LIKE/CYTOKININ-RESPONSIVE GATA1)
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are two prominent members among the six so-called LLM-
domain B-GATAs from Arabidopsis thaliana (Bi et al., 2005;
Naito ez al., 2007). GNC and GNL are light-regulated and act
redundantly in the regulation of chlorophyll biosynthesis and
chloroplast division, as well as stomata formation (Bi ez 2/, 2005;
Naito er al., 2007; Chiang er al., 2012; Klermund ez al., 2016;
Ranftl ez al., 2016; Bastakis ez al., 2018). While the gradual loss
of the six Arabidopsis LLM-domain B-GATAs results in a gra-
dual increase in the strengths of the respective phenotypes, the
antagonistic phenotype is generally observed when the GATAs
are overexpressed, arguing for a strong dosage-dependency of
GATA-controlled biological processes (Behringer er al., 2014;
Klermund ez al., 2016). One such gene dosage-dependent pheno-
type is the change in the angle of lateral shoots emerging from
the primary inflorescence in GATA gene mutants and overexpres-
sors (Richter et al., 2010; Ranftl et al, 2016). The molecular
basis of this phenotype remains to be understood.

In this study, we reveal a prominent role of GNCand GNL as
repressors of starch granule growth and amyloplast differentia-
tion, in cell types required for the perception of gravity. Based on
the light-regulation of GNCand GNL transcription, we postulate
that they help balancing between phototropic and gravitropic
growth responses after the transition from skotomorphogenic to
photomorphogenic growth.

Materials and Methods

Biological material

All experiments were performed in Arabidopsis thaliana L. eco-
type Columbia (Col-0). The gnc (SALK_001778) and gn/
(SALK_003995) single and double mutants, as well as the GNL
overexpression line GNLox were previously described (Richter
et al., 2010). sexI-8 (SALK_077211) and ss4-1 (SALK_096130)
were obtained from the Nottingham Arabidopsis Stock Centre
(NASC; Roldan ez al., 2007; Mahlow ez al., 2014). Homozygous
mutant combinations were isolated from segregating populations
by PCR-based genotyping with oligonucleotides (Supporting
Information Table S1).

Seedlings were cultivated on sterile half-strength Murashige &
Skoog (¥2AMS) medium (Duchefa, Harlem, the Netherlands),
when specified supplemented with sucrose. For tropism experi-
ments, seedlings were, unless specified otherwise, grown in the
dark in growth chambers at 21°C. When grown in the light, all
plants were grown in growth chambers at 21°C under white-
fluorescent light (120 pmol m s ') with a 16 h: 8 h, light:
dark photoperiod.

Tropism assays

For seedling gravitropism assays, seedlings were grown for 2 d in
the dark on vertically oriented ¥2MS plates. Since the genotypes
examined here affected hypocotyl growth in the dark due to
defects in negative gravitropism, seedling hypocotyls were
straightened, away from the gravity vector, in safe green light,
before the plates were turned by 90° and grown for an additional
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24 h. Subsequently, photographs were taken with a Sony A6100
digital camera (Sony, Berlin, Germany) and the bending of hypo-
cotyls and root tips was measured from the digital images using
the Fiy1 IMAGE] software (Schindelin et al., 2012). Because cotyle-
don position influences the degree of negative hypocotyl gravi-
tropism, only seedlings with their cotyledons pointing in the
bending direction were included in the quantification (Khurana
et al., 1989).

For stem gravitropism, plants were grown in a growth chamber
on soil until their primary inflorescences reached 10 cm. Then,
plants were placed horizontally for an hour in a dark-chamber to
determine negative shoot gravitropism and to prevent interfer-
ence from phototropic responses. Inflorescence bending was
determined from digital photographs as described above.

To determine the interaction between hypocotyl-negative
gravitropism and phototropism, seedlings were grown for 2d in
the dark on vertically oriented plates with ¥2MS, and straigh-
tened as described above. Plates were then turned by 90° and
6h with unilateral blue light
(1 umolm™?s™ ") from above or below, as specified. Seedling
bending was determined from digital photographs as described

grown for illumination

above.

RNA-seq

For RNA-seq, wild-type (Col-0), gnec gn/ and GNLox seedlings
were grown in the dark on AMS medium for 3d. Liquid
nitrogen-frozen seedlings were disrupted in a Tissue Lyser2 (Qia-
gen) and total RNA was extracted using a NucleoSpin RNA kit
(Macherey-Nagel, Diiren, Germany). RNA quantity and quality
were determined with a 2100 Bioanalyzer (Agilent, Santa Cara,
CA, USA). Libraries were generated with the Illumina stranded
mRNA Kit (Illumina, San Diego, CA, USA) and single-ended
sequencing was performed on a NovaSeq 6000 (Illumina). Reads
were mapped to the region of the TAIR10 release of the Arabi-
dopsis thaliana Col-0 genome (www.arabidopsis.org) using the
default settings of the CLC Genomics Workbench (Qiagen). Dif-
ferentially expressed genes were filtered by a false discovery rate
(FDR) <0.05. The RNA-seq data are available at Gene Expres-
sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE205524.

Gene ontology analysis was performed using the PANTHER
algorithm at TAIR and the enriched set of differentially expressed
genes was retrieved according to their biological function
(Lamesch ez al, 2012). The list of genes of genes was then
uploaded to the STRING database in order to annotate the cor-
responding protein—protein interactions (Szklarczyk ez al., 2017).
Networks were built using the CyToscape software (Shannon
et al., 2003).

Confocal laser scanning microscopy

Confocal laser scanning microscopy was performed with an
Olympus FV1000 using an excitation wavelength of 488 nm and
emission at 520-720 nm, after cell wall- and starch granule-
staining with mPS-PI (modified pseudo-Schiff reagent-
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propidium iodide; Truernit ez al., 2008). Starch granule size was
measured from the digital images using the Fy1 IMAGE] software
(Schindelin et al, 2012), considering the starch granule area
(um®), as a proxy for starch granule size of individual starch gran-
ules. High-magnification images of mPS-PI stained starch gran-
ules allowed to distinguish between several starch granules in one
amyloplast.

Light microscopy

For the imagining of starch distribution, 3-d-old dark-grown
seedlings were stained for 1min with Lugol’s solution, and
destained for 5 min with distilled water. Stained seedlings were
mounted and imaged with an Olympus BX61 light microscope
(Olympus, Shinjuku, Tokio, Japan). For the imaging of starch
granules by light microscopy, starch granule preparations were
dispersed in distilled water, stained with Lugol’s solution and gly-
cerol (1: 1, v/v) and imaged as described above.

Starch quantification

Starch was quantified with the Megazyme Total Starch HK Assay
Kit (Megazyme, Bray, Ireland) from 200 mg liquid nitrogen-
frozen seedlings harvested at specified time points. Plant material
was disrupted until homogeneous with a Tissue Lyser2 (Qiagen).
The tissue was then incubated in 80% ethanol for 5 min, and
insoluble material pelleted by centrifugation at 10000 g for
5 min. 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 manufacturer’s instructions (Megazyme).

Purification of starch granules

Starch granules were purified from liquid nitrogen-frozen entire
3-d-old dark-grown seedlings. Seedlings were homogenized with
a tissue blender in 2 ml of 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 2500 g for 15 min.
The pellet was resuspended in 1 ml of extraction buffer, contain-
ing 0.5% SDS (sodium dodecyl-sulfate). Subsequently, the pellet
was washed five times with distilled water and repelleted by cen-
trifugation at 2500 g for 10 min to remove excess SDS.

Scanning electron microscopy

For scanning electron microscopy, starch granules were sputter-
coated for 90 s with a gold alloy and imaged at 5.0 kV in a Jeol
JSM-7200F field emission scanning electron microscope.

Transmission electron microcopy

Hypocotyls from 5-d-old dark-grown Arabidopsis seedlings were
high-pressure frozen in a Leica EM ICE high-pressure freezer

(Leica, Wetzlar, Germany). Frozen samples were freeze-

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

oy

substituted in a Leica EM AFS2 (Leica) in 2.5% OsQOy in acetone
for 41 h at —90°C. Subsequently, the temperature was gradually
increased to 0°C. Hypocotyls were then infiltrated with Epoxy
Embedding Medium (EPON; Fluka Chemie, Buchs, Switzer-
land) for ultrastructural analyses. A total of 70 nm ultra-thin sec-
tions were mounted on copper grids (Plano GmbH, Wetzlar,
Germany) coated with Pioloform (Wacker-Chemie, Munich,
Germany) and stained with saturated Uranyl Acetate (Merck) at
4°C, followed by 0.4% lead citrate in 0.2% NaOH. Alterna-
tively, samples were stained with UranyLess (Science Services,
Munich, Germany) 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.

Results

GNC and GNL repress negative shoot gravitropism

We have previously reported that the lateral shoots of Arabidopsis
thaliana gne gnl mutants emerge with a steeper angle (< 60°) from
the primary inflorescence than in the wild-type (c. 65°), whereas
the lateral shoot angles in GATA overexpression lines, such as
GNLox, are strongly increased (c. 85°% Richter er 4/, 2010; Beh-
ringer et al., 2014; Ranftl ez al., 2016). To examine whether these
defects were related to defects in shoot negative gravitropic
response, we measured the shoot gravitropism response of 25-d-
old wild-type, gne gn/and GNLox inflorescences 1 h after turning
them by 90° (Fig. 1a). To avoid interference from phototropic
responses, the experiment was performed in the dark. While the
wild-type plant had reoriented its inflorescence after 1h by
60°, the gnc gn/ double mutant had already fully reoriented to
90°, whereas the GNLox inflorescence had reoriented only by «.
30° (Fig. 1a,b). When we analysed negative gravitropism in hypo-
cotyls of 2-d-old gne gnland GNLox seedlings grown in the dark
on ¥2MS medium, the hypocotyl bending angle was increased in
gne gnl and decreased in GNLox, when compared to the wild-
type (Fig. lc—e). Addition of 1% sucrose to the medium
enhanced the gravitropism response in all three genotypes, but
the respective differential gravitropic responses were maintained
(Fig. 1d,e). GNC and GNL thus repress negative gravitropism.
When we analysed the positive gravitropism of seedling roots,
root bending in gnc gn/ mutants was subtly increased compared
with the wild-type, but this difference became more pronounced
and statistically significant on sucrose-containing medium
(Fig. 1f). GNCand GNL thus also repress positive root gravitropism.

Starch metabolism genes are upregulated in dark-grown
gnc gnl mutant seedlings

Graviperception induces negative gravitropism in the endodermis
of hypocotyls and shoots and positive gravitropism in root colu-
mella cells, thus responses that were affected in the GATA geno-
types (Christie & Murphy, 2013). Since gravity perception is
promoted by the sedimentation of starch-filled amyloplasts, the
differential regulation of starch metabolism genes may explain
the differential gravitropism responses of the GATA genotypes
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Fig.1 GNC and GNL repress negative gravitropism in the shoot and the hypocotyl and positive gravitropism in the root. (a) Overlay of two representative
photographs of 25-d-old Arabidopsis thaliana wild-type (Col-0), gnc gnl and GNLox inflorescences before (horizontally oriented shoots) and 1 h after turn-
ing the plants by 90° (upward bent shoots). The arrow indicates the direction of the gravity vector. Bar, 1 cm. (b) Average and standard deviation of inflor-
escence bending angles as detected in the experiment shown in (a) and measured from 10 wild-type, gnc gn/ or GNLox plants. (c, d) Representative
photographs of Arabidopsis thaliana wild-type (Col-0), gnc gnl and GNLox hypocotyls from 2-d-old seedlings grown on sucrose-free Murashige & Skoog
(2MS) medium (c) and 1% sucrose-supplemented ¥2MS medium (d), as specified, 24 h after reorienting the seedlings by 90°. The arrow indicates the
direction of the gravity vector. Bar, 1 mm. (e) Average and standard deviation of the hypocotyl bending angle as detected in the experiment shown in (c)
from 40 wild-type, gnc gnl or GNLox seedlings. (f) Average and standard deviation of the root bending angle from 50 wild-type, gnc gnl or GNLox seed-
lings 24 h after turning the seedlings by 90°. Student's t-test: *, P <0.05; *** P<0.001; ns, not significant.

(Kiss ez al, 1989; Christie & Murphy, 2013). To examine  3d on »MS medium. Applying a false discovery rate
whether starch-related genes were differentially regulated in gne ~ (FDR) <0.05, we identified 1876 up- and 1312 downregulated
gnl and GNLox, we performed an RNA-seq analysis with entire genes in gnc gnl, as well as 2046 up- and 2204 downregulated
wild-type, gnc gnl and GNLox seedlings grown in the dark for ~ genes in GNLox when compared to the wild-type (Table S2).
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A gene ontology (GO) analysis identified ‘Photosynthesis’ (9.65-
fold enrichment), ‘Starch metabolism’ (5.43) and ‘Stomata devel-
opment (4.44) as the three most important GO categories from
genes upregulated in gnc gn/ (Fig. 2ab; Table S3; Ashburner
et al., 2000; Gene Ontology, 2021). The majority of genes belong-
ing to the term category ‘Photosynthesis’ accounted for LIGHT
HARVESTING COMPLEX (LHC), whereas genes associated with
the term category ‘Porphyrin metabolism’, such as NON-YELLOW
COLORING I (NYCI), were downregulated. While our analysis
cannot state whether LHC genes are directly regulated by GNC
and GNL, it is plausible that differences in LHC transcript levels
are a result of feedback regulatory mechanisms involving the GATA
factors, since these had previously been implicated in greening reg-
ulation (Bastakis ez 4/, 2018). Furthermore, the regulation of genes
involved in porphyrin metabolism and stomata development is
consistent with the well-established roles of GNC and GNL in
both, chlorophyll metabolism and stomata development (Chiang
et al., 2012; Klermund et 2/, 2016; Ranftl er al, 2016; Bastakis
et al., 2018; Zubo et al., 2018).

Among the genes belonging to the term category ‘Starch meta-
bolism’, we detected an increased expression of PHOSPHOGLU-
COMUTASE (PGM), of three genes encoding for the large
(APL) or small (APS) subunits of ADP-glucose pyrophosphory-
lase, of GBSS1, as well as SEX4 (Fig. 2¢; Table S3). More impor-
tant, S§1, BEI and ISA2 were antagonistically regulated between
the double mutant and GNLox. Upregulation of these genes in
gne gnl may lead to increased starch synthesis and differential
starch accumulation may be causal for the tropism phenotypes of
gne gnland, conversely, in GNLox (Figs 1c—, 2¢).

Starch granule size and number are altered in gnc gn/ and
GNLox

We next examined starch granule size and number in the hypo-
cotyl endodermis and in root columella cells of dark-grown
wild-type, gnc gn/ and GNLox seedlings grown on sucrose-free
or sucrose-containing medium (Fig. 3; Truernit er 4/, 2008).
We detected a subtle increase in gne and gn/ single mutants,
which became more apparent in gne gnl, and a particularly
strong decrease in GNLox starch granule size in hypocotyl
endodermal as well as in root columella cells (Figs 3a—f, S1).
On sucrose-containing medium (1% sucrose), starch granule
size increased in all genotypes but the respective differences
between the three genotypes were maintained, but quantitatively
strongly enhanced in GNLox. Therefore, we concluded that the
GATAs repress starch granule growth in gravity-sensing cells
(Fig. 3a—f).

At the same time, we noticed that the number of starch gran-
ules was strongly increased in GNLox endodermis cells and
slightly, but insignificantly, decreased in gnc, gnl/and gnc gnl, sug-
gesting that GATAs may promote starch granule initiation in the
endodermis (Figs 3g, S1). On the contrary, granule number was
strongly decreased in root columella cells of GNLox grown on
sucrose-free medium, whereas gne gn/ mutants accumulated a sig-
nificantly increased number of starch granules on this medium
(Fig. 3h). On 1% sucrose, all genotypes produced more starch
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granules than on sucrose-free medium and the differences
between the genotypes disappeared (Fig. 3h). We thus noted that
the effects of GATAs on starch granule size, but not those on
starch granule number, are consistent between the two tissue
types examined here.

GNC and GNL may repress starch granule growth in a
SEX1- and SS4-depdendent manner

Starch degradation is initiated trough amylopectin phosphoryla-
tion by GWDs, thus impaired starch degradation in the GWDI
mutant sex] leads to starch accumulation (Yu ez al, 2001).
Furthermore, uneven metabolism at the granule surface results in
irregular edges of starch granules (Edner er al, 2007; Liu
et al., 2021b). On the contrary, S§4 promotes starch granule
initiation and determines starch granule number, while also hav-
ing an influence on granule shape (Crumpton-Taylor
et al., 2013; Merida & Fettke, 2021). In contrast to the multiple
flacter granules found in wild-type plants, ss4 mutants produce
only one round granule per amyloplast. Taking into considera-
tion the available literature, we introduced the sex! and ss4
mutants into the GATA mutant and overexpression lines to better
understand the role of GNC and GNL in starch granule growth
in hypocotyl endodermal and root columella cells (Yu
et al., 2001; Edner et al., 2007; Crumpton-Taylor et al., 2013;
Merida & Fettke, 2021; Liu ez al., 2021b).

In the root cap, the size of starch granules in the sex/ back-
ground did not increase compared to the wild-type, when grown
on sucrose-free 2MS medium (Fig. S2¢,g). Whereas we could not
observe significant differences in starch granule size between sex!
and sex! gnc gnl, we detected a decrease in sex] GNLox, compared
with both sex] and the wild-type (Fig. S2c,g). On 1% sucrose-
supplemented medium, starch granule size increased in sexl, sex]
gne gnl and sex] GNLox (Fig. S2¢,d,g). We noted a subte, but
not significant increase in sexI gnc gnl compared to sexl, and a
more pronounced decrease in sex! GNLox compared with sex]
(Fig. S2d,g). In addition, the roots of sex! seedlings grown in the
dark exhibited a higher accumulation of starch granules compared
with the wild-type (Fig. S2a—d,h). After mPS-PI staining and sub-
sequent quantification, no significant differences were observed
between sex! and sex! gnc gnl, while the number of starch granules
in sex/ GNLox increased (Fig. S2¢,h). Interestingly, starch granules
were mostly found in columella cells in sex/, whereas starch gran-
ules also accumulated in other cell files in sex] GNLox, such as lat-
eral, cortex and epidermal cells (Figs S2¢,d, S3). On 1% sucrose,
sex, sexI gne gnl and sex] GNLox accumulated starch in most cell
files (Fig. S2d,h). The absence of starch granules in noncolumella
wild-type and sex! cells may be due to increased starch turnover in
these cells.

In the root cap of ss4 seedlings, starch granules exhibited the
previously described round morphology and were notably larger
than those observed in the wild-type (Fig. S2a,b,e—g; Merida &
Fettke, 2021). The size of starch granules was strongly increased
in ss4 gne gnl, and particularly in ss4 GNLox (Fig. S2e—g). On
sucrose-supplemented ¥2MS medium, starch granules in ss4 gne
gnl and ss4 GNLox were 10 times larger than those of the wild-

New Phytologist (2023) 239: 979-991
www.newphytologist.com



New
Phytologist

@ ©

Suc6P
Photosynthesis — @

Starch metabolism
Stomata development v
DNA replication - o Fru6P UDPGIc
Amino acid biosynthesis PGl @@
Carbohydrate catabolism PGM AA
Meiotic cell cycle — v v

(|
o
Translation — ) GluP —— Glu6P «—— GIlu1P
([
[

|

Root development — GPT1 @V
Cell wall organization — GPT2 @@

0 é 1|0 Plastid

Fold enrichment M

Glu6P
PGM AA

(b)
Photosynthesis, light
harvesting

(GO 0009768)

v

Glu1P
APL1 @@
APL2 A®

g\\\{\ ’,, APL3 AA

\«l‘lév.rds\\ \
Alpha-amino acid
biosynthesis

/ APL4 @@
(GO 1901607)

5 X
S~
'4

v

ADPGIc
AV ss1 GBSS1AA

Starch metabolism 0V ss2

GO 0005982 00 SS3
( ) 0@ 554

AV BE1
® A BE3

A®/SAT
AV [sA2

v v
Amylopectin Amylose

Starch «—
| SEX4 A A

@A GWD1/SEX1

VA AMYr @@ GWD2 —— pap1 ywe
00 /sa3 | ®®GWD3 BAM2 A®
BAM3 @@

DNA replication
(GO 0006261)

v

Maltose

v

Stomata development
(GO 0010374)

=
“«--0
w

Fig. 2 Starch metabolism genes are differentially regulated in dark-grown gnc gnl seedlings. (a) Graph displaying the gene ontology (GO) terms enrichment
of the 10 most strongly regulated GO term categories among the genes upregulated in gnc gnl. (b) STRING network analysis of the genes belonging to the
five most prominent GO term categories as shown in (a). (c) Graphical display of the starch anabolism and catabolism pathway. Arrowheads symbolize
genes upregulated (magenta) or downregulated (green) in gnc gnl (left) and GNLox (right) using false discovery rate (FDR) <0.5 as ¢ Information

Table S2). ADPGlc, ADP-glucose; AMY, alpha-amylase; APL, ADP-glucose pyrophosphorylase large subunit; APS, ADP-glucose pyrophosphorylase small
subunit; BAM, beta-amylase; BE, branching enzyme; Frué6P, fructose-6-phosphate; GBSS, granule-bound starch synthase; Glu1P, glucose-1-phosphate;
Glu6P, glucose-6-phosphate; GPT1, glucose 6-phosphate translocator; GWD, glucan water dikinase; ISA, isoamylase; MOS, maltooligosaccharides; PGI,
phosphoglucose isomerase; PGM, phosphoglucomutase; SEX1, starch excess1; SEX4, starch excess4/laforin-like1 phosphoglucan phosphatase; SS, starch
synthase; Suc6P, sucrose-6-phosphate; UDPGlc, UDP-glucose.
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Fig.3 GNC and GNL are repressors of starch granule growth in hypocotyl endodermal and root columella cells. (a—d) Representative confocal microscopy
images of mPS-Pl-stained starch granules from hypocotyl endodermis cells (a, b) and of the root tip including starch granule-containing columella cells

(c, d) from 5-d-old Arabidopsis thaliana seedlings grown on 0% (a, ¢) and 1% sucrose (b, d), as specified. Bars, 5 um (a, b) and 20 um (c, d). (e, f) Graphs
displaying the starch granule area (um?), as a proxy for starch granule size of individual starch granules from hypocotyl endodermis cells (a, b) and root
columella cells (c, d) from 5-d-old seedlings grown on 0%, 0.5% and 1% sucrose, as specified. n>200. Black and grey band display the average of the
respective measurement. (g, 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-d-old seedlings grown on 0%, 0.5% and 1% sucrose, as specified. n>10. Student's t-test: *, P<0.05;

** P<0.01; *** P<0.001; ns, not significant.

type, although the number of starch granules was reduced com-
pared to the wild-type (Fig. S2a,b,e,f,g,h). It is noteworthy that
ss4 GNLox accumulated more starch granules than ss4 in the
absence and presence of sucrose (Fig. S2h).

To investigate whether the alterations in starch granule size
and number affect root bending, we conducted an analysis of
negative root gravitropism in 2-d-old seedlings grown in the dark
(Fig. S2i). Our results showed that sexl, sex! gnc gnl and sexl
GNLox had increased root bending in sucrose-free and sucrose-
supplemented medium compared with the wild-type, in line with
the correlation between starch accumulation in root columella
cells and gravitropic root bending (Fig. S2i). In the ss4 back-
ground, no significant differences in root gravitropism compared
with the wild-type were observed (Fig. S2i). However, the addi-
tion of sucrose resulted in a substantial increase in root bending
in ss4, ss4 gnc gnl and ss4 GNLox, potentially attributed to the
abnormal size of starch granules found in the columella cells of

these genotypes (Fig. S2e—g,i).

© 2023 The Authors
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GNC and GNL repress starch degradation at the whole
seedling level

Having portrayed the role of the GATA factors in starch granule
growth, both in the hypocotyl endodermal and root columella
cells, it still remained to be examined whether GNC and GNL
also regulate starch metabolism at the whole-seedling level. After
iodine staining of entire seedlings, we did not note any obvious
differences in starch accumulation between the wild-type, gne gnl
and GNLox (Fig. 4a). To examine the effects of the GATAs on
transitory starch accumulation, we measured starch in dark-
grown seedlings shifted for 2 h from sucrose-free to 1% sucrose-
containing medium and then following the retransfer of these
seedlings to sucrose-free medium (Fig. 4b). In this experiment,
gne gnlaccumulated starch less efficiently (1.08 mg g_1 FW) than
the wild-type (1.49 mg g_l FW) and GNLox (1.43 mg g_1 FW),
indicating that GNC and GNL contribute to transitory starch
synthesis when examined at the whole plant level (Fig. 4b). When

New Phytologist (2023) 239: 979-991
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the seedlings were then retransferred to sucrose-free medium,
starch degradation was attenuated in GNLox over a 6 h time win-
dow when compared to the wild-type, while starch degradation
in gne gnl was comparable to the wild-type (Fig. 4b). However,
gne gnl, which had accumulated less starch on sucrose-containing
medium, reached the starting levels already after 2 h on sucrose-
free medium while the wild-type had not yet reached this baseline
at the end of the experiment after 8 h (Fig. 4b).

In a complementary experiment, we grew seedlings on 1%
sucrose-containing medium and transferred them to sucrose-free
1AMS medium. The seedlings of all genotypes accumulated more
starch on sucrose-containing medium (c. 3.8 mg g_1 FW) than
on sucrose-free medium (c. 0.6 mg gf1 FW), but starch degrada-
tion was accelerated in gnc gn/ and attenuated in GNLox seed-
lings when compared to the wild-type (Fig. 4c). Based on these
observations, we concluded that the B-GATAs can repress starch
degradation at the whole-seedling level.

We also examined starch accumulation at the whole plant level
in the sex] and ss4 backgrounds in combination with the GATA
genotypes (Fig. S4). In line with the observations made in the
wild-type background, we did not detect significant changes in
starch accumulation in comparison with the respective single sex/
or ss4 mutants, although there were alterations in starch
accumulation in sex! on sucrose-free medium and in s54 on
sucrose-containing medium in the presence of the GATA
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genotypes (Fig. S4). At the adult stage, the sex]/ GNLox and ss4
GNLox mutants grew more vigorously than GNLox and its typi-
cal stunted growth was suppressed (Fig. S5; Behringer
etal., 2014).

Starch granule morphology is altered in the B-GATA
genotypes

The number, size and shape of starch granules is affected by the
rate of initiation and the relative abundance of amylose and amy-
lopectin (Burgy ez al., 2021; Merida & Fettke, 2021). We iso-
lated starch granules from entire 3-d-old dark-grown seedlings
and examined them by scanning electron microscopy (SEM;
Figs S6, S7). In line with our observations made in hypocotyl
endodermal and root columella cells by microscope, starch gran-
ule size was increased in preparations from gnc gnl, at least when
seedlings were grown on 1% sucrose, suggesting that the GATAs
repress granule growth or prevent granule initiation (Figs S2a,b,g,
S6a,b,g). Increased starch granule size could also be detected in
sex] gne gnl and ss4 gne gnl, even though granule size was already
considerably enlarged in both, the sexI and ss4 single mutants
(Fig. S6¢—f,h,i). Well in line with our previous observations,
GNLox repressed granule size in the wild-type and in sexZ, but
not in ss4 GNLox where granule size reached 10 times the size

detected in the wild-type (Figs S2f,g, S6a—d,gh). Across all

Starch (mg g~ FW)

| |
24

t (h)

Fig.4 GNC and GNL can act as repressors of starch degradation. (a) Representative images of 5-d-old dark-grown Arabidopsis thaliana seedlings grown
on 1% sucrose-containing medium after starch staining with iodine. Bar, 250 um. (b, ¢) Graphs displaying the average and standard deviation of starch
accumulation (b) after transfer of seedlings from sucrose-free to 1% sucrose-containing medium (grey area), followed by a retransfer to sucrose-free med-
ium (white area), or (c) from growth on 1% sucrose-containing medium (grey area) to sucrose-free medium (white area). Shown are average and standard
deviation from six biological replicate samples, with each biological replicate comprising hundreds of dark-grown seedlings. Curve fitting model: point-to-

point, smoothed.
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Fig.5 GATAs can repress amyloplast differentiation. (a—e). Transmission electron microscopy images of representative amyloplasts from the hypocotyl
endodermis of 5-d-old dark-grown Arabidopsis thaliana seedlings grown on sucrose-free medium taken at the same magnification. (d) and (e) are magnifi-
cation of the image shown in (c) for better visualization of PLB and PT. PLB, prolamellar body; PT, protothylakoid; SG, starch granule. Bars: (a—c) 2 pm;

(d, e) 0.5 um.

genotypes and on both growth media tested, starch granule size
was increased in the gne gn/ mutant, and at least in the wild-type
and in sex] decreased in GNLox. Remarkably, in all genotypes,
starch granules acquired a spherical morphology rather than the
well-characterized flattened discoid morphology of granules
located in cotyledons, stomata or rosette leaves of Arabidopsis
thaliana plants (Burgy e al, 2021; Liu er al, 2021b; Lim
et al., 2022) suggesting that in the dark, starch granules adopt a
spherical shape.

In addition, we noted increased fusion of multiple individual
starch granules in gnc gnl, as well as in sex! gnc gnl (Fig. S7).
Interestingly, the effect on granule fusion was not observed in the
ss4 gnc gnl mutant, indicating that granule initiation and subse-
quent fusion requires SS4 activity (Fig. S7). We concluded that
GNC and GNL repress starch granule growth and starch granule
initiation in an S§4-dependent manner.

GNC and GNL regulate amyloplast differentiation

Like chloroplasts, amyloplasts are derived from proplastids (Jarvis
& Lopez-Juez, 2013). Amyloplasts form in starch storage tissues
but also in gravity-sensing root columella and hypocotyl endo-
dermis cells. The mechanisms regulating the cell type-specific dif-
ferential accumulation of amyloplasts are not understood. In
view of an apparent role of the GATAs in chloroplast division
and differentiation, we next examined whether the differentiation
of starch-accumulating amyloplasts was affected in gnc gn/ or in
GNLox using transmission electron microscopy. Indeed, we
noted that amyloplasts from the GNLox background were gener-
ally smaller and included smaller starch granules (Fig. 5).
Furthermore, we noted the presence of prolamellar bodies (PLB)
and protothylakoids (PT), characteristic features of etioplasts, in
the GNLox amyloplasts (Fig. 5). The GATAs may thus repress

amyloplast differentiation.

The effects of GNC and GNL on hypocotyl-negative
gravitropism affect phototropic responses

Light induces positive phototropic hypocotyl bending, for exam-
ple when dark-grown seedlings are exposed to unilateral blue
light. In the light, light and gravity regulate tropic responses but
the two inputs may not always act in the same direction. The

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

transcription of GNC and, particularly, 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 responses in the light (Naito
et al., 2007; Ranftl et al, 2016). We therefore tested the contri-
bution of the B-GATA factors to tropic responses by exposing
dark-grown seedlings to a phototropic and gravitropic stimulus.
In the first experiment, we illuminated the seedlings from above
with blue light such that phototropic and negative gravitropic
hypocotyl bending would act in the same direction. Under these
conditions, all genotypes responded uniformly by strongly bend-
ing the hypocotyls towards the light and away from the gravity
vector (Fig. 6a,b). In a second experiment, we provided the light
from the bottom such that phototropic and gravitropic growth
would antagonize each other. As expected, phototropic hypocotyl
bending was dominant over negative gravitropism in this experi-
ment (Fig. 6¢,d; Hangarter, 1997). However, the gne gn/ mutant
bent less efficiently than the wild-type, whereas GNLox bent
more efficiently (Fig. 6¢,d). In correlation with our observation
of increased and decreased starch formation in gne gn/ mutants
and GNLox, respectively, we reasoned that the differential starch
accumulation of these mutants may be causal for their differential
tropic responses. Light regulation of GNCand GNL gene expres-
sion, and their effects on starch synthesis may thus help to
decrease the contribution of negative gravitropic growth at the
expense of positive phototropic growth for improved photosynth-
esis.

Discussion

In this study, we have uncovered a novel role of the GATA fac-
tors GNCand GNL in the regulation of starch granule initiation
in gravisensing cells of seedlings grown in the dark. This is
reflected by the increased growth and accumulation of starch
granules in hypocotyl and columella cells of gnc gn/ double
mutants, and accompanied by changes in gene expression patters
(Figs 2, 3). In the dark, changes in starch granule accumulation
were found to correlate with altered gravitropic responses in the
hypocotyl and the root, and may also explain similar changes
during gravitropism in shoots (Fig. 1). Although we cannot rule
out the possibility that auxin and gibberellin may also modulate
the effects of GNCand GNL on later stages of plant gravitropism,

New Phytologist (2023) 239: 979-991
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Fig. 6 Strength of phototropic responses is modulated by GNC and GNL. (a, ¢) Graphs displaying the average and standard deviation of hypocotyl bending
angles (a) of 2-d-old dark-grown Arabidopsis thaliana seedlings 6 h after reorienting the seedlings by 90°. In (a), 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), seedlings were illuminated from
the bottom such that phototropic bending and negatively gravitropic bending antagonize each other. Student's t-test: *, P<0.01; ***, P<0.001; ns, not
significant. (b, d) Photographs of representative seedlings from the experiments quantified in (a) and (b), respectively. Bars, 2 mm.

it is important to emphasize that the observations made in dark-
grown seedlings grown without sucrose provide compelling evi-
dence for a direct regulation of GNCand GNL on starch granule
growth and thus, altered gravity perception. Furthermore, the
growth and bending of seedlings were consistent across all GATA
genotypes analysed (Fig. 6a,b). Taken together, these findings
strongly suggest that the observed differences in gravity percep-
tion were a result of defects in starch granule growth, rather than
defects in auxin polar transport.

This new role of GNCand GNL in regulating starch metabo-
lism adds to their previously described roles of the GATA factors
in regulating of chlorophyll accumulation and stomata forma-
tion. Therefore, GNCand GNL not only regulate carbon uptake
by controlling photosynthesis and stomata formation, but they
also regulate the storage and metabolism of the sugars formed
through these processes (Chiang et al, 2012; Klermund
et al., 2016; Bastakis et al., 2018). The fact that GNC and GNL
can also repress amyloplast development, as observed in the
GNLox GATA overexpression line, in conjunction with the pre-
viously described role in chloroplast development, positions
GNC and GNL, more generally, as regulators of plastid differen-
tiation (Fig. 5; Chiang ez al., 2012).

New Phytologist (2023) 239: 979-991
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The intricate regulation of starch metabolism and starch gran-
ule initiation remains a subject of ongoing research, with much
still to be elucidated (Merida & Fettke, 2021; Apriyanto
et al., 2022). Recent studies have shown that starch synthesis,
degradation and starch granule initiation are interconnected pro-
cesses, making it difficult to investigate each process indepen-
dently (Seung er al, 2018; Liu er al, 202la; Muntaha
et al., 2022). Our results highlight that these processes occur
simultaneously, as evidenced by our experiments. Our research
focusses on the growth of starch granules in endodermal and
columella cells of seedlings grown in the dark (Figs 1-3). This
approach allows us to use tropic responses as a physiological
readout of the observed changes in starch accumulation and
avoid the confounding effects of photosynthesis during day-night
cycles, transitory starch synthesis and degradation, or differential
sugar distribution through sugar transport (Zeeman et al., 2002).

When analysed at the whole seedling level, we observed that
the GATA factors have a more complex role in regulating starch
synthesis, degradation, granule initiation and morphology, which
became even more complex in the sex/ and ss4 backgrounds
(Figs 4, S2, S6, S7). The individual processes may involve several
feedback regulatory mechanisms, which could be disturbed in the

© 2023 The Authors
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GATA genotypes when examined in the wild-type or in their
genetic interplay with SEXT and S54.

Through the combination of different microscopy techniques,
we were able to observe compound granules in gne gnl, which
were further intensified in sex! gne gn/ (Fig. S7), but not in ss4
gne gnl. This finding is consistent with a recent study that sug-
gests that in the ss4 single mutant, starch is deposited almost uni-
formly due to no simultaneous initiations (Burgy ez al., 2021). In
the wild-type, starch is believed to expand in an anisotropic man-
ner, fusing together into a final starch granule (Burgy
et al., 2021). However, the compound granules observed in gnc
gnl and sex] gne gnl seedlings do not completely fuse together
(Fig. S7). Instead, the shape of individual granules within a com-
pound granule resemble initiation models described in the endo-
sperm of cereals (Hawkins ez 4/., 2021).

Changes in starch accumulation had previously been observed
in GATA backgrounds but the underlying mechanisms were
neither studied nor rationalised (Hudson et al., 2013). We argue
that the differential effects of the GATAs in these genotypes may
be the effect of disturbances of these phenotypes and of effects
taking place at the individual cell and tissue level that cannot be
resolved when examining entire seedlings.

After the transition from skotomorphogenic to photomorpho-
genic growth, plants mainly respond to the phototropic stimulus
and the contribution of negative gravitropism for shoot growth
becomes secondary. The transcriptional upregulation of GNC
and GNL in the light may contribute to photomorphogenic
growth not only by promoting greening and photosynthesis but
also by repressing starch synthesis and gravitropism responses.
Our work uncovers an important role of GNC and GNL in the
regulation of an important process in primary metabolism in
plants and highlights the role of the GATAs in mediating
between these metabolic processes and related growth adapta-
tions.
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Fig. S1 GNC and GNL repress starch granule growth in hypoco-
tyl endodermal cells.

Fig. S2 GNC and GNL genetically interact with GWD1/SEX]
(glycan water dikinasel/STARCH EXCESSI) and S54 (STARCH
SYNTHASE4).

Fig. 83 Starch granule accumulation in sex] and sex/ GNLox
roots.
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Fig. S4 Differential effects of GNC and GNL on starch accumu-
lation at the whole plant level in the sex] and ss4 backgrounds.

Fig. 85 Adult plant phenotypes of genetic interaction study with
SEX1 and S54.

Fig. S6 GNCand GNL repress starch granule growth.

Fig. S7 GNCand GNL repress granule budding,.

Table S1 List of primers used for PCR-based genotyping.
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Table S2 Differentially expressed genes in the gnc gn/ mutant
and the GNLox overexpressor.

Table S3 Differentially expressed genes from gnc gn/ belonging
to the five most prominent GO terms categories.
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