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Summary

Starch is the main storage carbohydrate in plants. In leaves, chloroplasts synthesise starch
throughout the day to buffer diurnal changes in light energy availability, degrading it at night
to support metabolism. Starch consists of the glucose polymers: amylopectin and amylose.
Amylopectin is a highly branched polymer able to adopt a crystalline form, while amylose a
mostly linear polymer deposited within the amylopectin matrix. Each chloroplast produces
several insoluble lenticular granules, each a few micrometres in diameter. Our knowledge of
starch synthesis has benefited from extensive genetic and biochemical studies and numerous
proteins are now known to be involved. However, the way the proteins interact and
coordinate with each other remains largely unknown. Further, few studies have considered

the spatial organisation of these proteins within the chloroplasts.

Recently, a number of proteins involved in starch granule initiation have been described. In
the absence of one or more of these proteins, chloroplasts contained fewer, enlarged granules,
and the speculative models describing the molecular mechanisms underpinning initiation
have been proposed. However, no one has described exactly how starch granules are
initiated: most biochemical procedures used to investigate starch tend to analyse bulk starch
rather than to consider the formation of individual granules. Innovative microscopy
approaches providing both spatial and temporal resolution are crucial to investigate the
mechanisms of granule initiation and development in vivo. To that aim, | coupled electron
microscopy with isotope labelling and secondary ion mass spectrometry and with 3-
dimensional tomographic reconstruction. By applying these tools to Arabidopsis thaliana
genetic resources, | captured the pattern of granule initiation, and subsequent expansion

patterns that determine starch granule morphology within the chloroplast.

First, I reveal that new granules form early in the day via the coalescence of multiple initials
and that they owe their final lenticular shape to the anisotropic growth, with high rate at their
equator and low rates at their poles. Second, | showed that plants deficient in SS4 have
uniform patterns of starch accumulation, resulting in round-shaped starch granules, and that
the N-terminus of SS4 is critical for the anisotropic growth pattern. Third, | showed that
plants deficient in GBSS, the enzyme responsible for the amylose synthesis, display lower
rates of synthesis in their cores, confirming the hypothesis that amylose is synthesised within
the amylopectin matrix. Finally, I investigated recently discovered starch granule initiation

mutants and showed that these can be defined as either unable to properly initiate parallel



granules or capable of proper initiation, but that these events are incorrectly localised within

the chloroplast.

In conclusion, high-resolution imaging is essential to define the very first steps of starch
biosynthesis and, using serial block face scanning microscopy, | extracted information about
the form and number of starch granule initials with an unprecedented precision, which
revealed the rich dynamic of the starch granule development. As the use of fixed tissue
precludes real-time imaging, | used isotopic labelling to cache temporal information about the
use of assimilated carbon for granule growth, subsequently revealed by NanoSIMS imaging.
Applying these methods has provided new insight into the roles on new non-enzymatic
proteins that control the number of starch granules, probably by scaffolding other initiation
factors at specific locations in the chloroplast. | hope that these breakthroughs in
understanding starch biosynthesis will help guide applied research to improving starch crops
and will inspire the combined use of these techniques to resolve compelling biological

questions in other fields.



Résumé

L’amidon est le principal glucide de stockage des plantes. Dans les feuilles, les chloroplastes
synthétisent I’amidon tout au long de la journée pour tamponner les changements diurnes de
la disponibilité de 1’énergie lumineuse, le dégradant la nuit pour soutenir le métabolisme.
L’amidon est constitué¢ de polyméres de glucose, I’amylopectine et I’amylose.
L’amylopectine est un polymére trés ramifié capable d’adopter une forme cristalline, tandis
que ’amylose est un polymere essentiellement linéaire déposé dans la matrice
d’amylopectine. Chaque chloroplaste produit plusieurs granules lenticulaires insolubles,
chacun de quelques micrometres de diametre. Notre connaissance de la synthése de I’amidon
a bénéficié d’études génétiques et biochimiques approfondies et I’on sait maintenant que de
nombreuses protéines sont impliquées. Cependant, la maniere dont les protéines interagissent
et se coordonnent entre elles reste largement inconnue. En outre, peu d’études ont pris en

compte 1’organisation spatiale de ces protéines dans les chloroplastes.

Récemment, un certain nombre de protéines impliquées dans I’initiation des granules
d’amidon a été décrit. En I’absence d’une ou plusieurs de ces protéines, les chloroplastes
contiennent moins de granules agrandis et plusieurs modeéles spéculatifs décrivant les
mécanismes moléculaires qui sous-tendent I’initiation ont été proposés. Cependant, personne
n’a décrit exactement comment les granules d’amidon sont initiés : la plupart des procédures
biochimiques utilisées pour étudier I’amidon tendent a analyser ’amidon en vrac plutdt qu’a
considérer la formation de granules individuels. Des approches microscopiques innovantes
offrant une résolution a la fois spatiale et temporelle sont essentielles pour étudier les
mécanismes de Dinitiation et du développement des granules in vivo. A cette fin, j’ai couplé
la microscopie électronique avec le marquage isotopique et la spectrométrie de masse des
ions secondaires et avec la reconstruction tomographique tridimensionnelle. En appliquant
ces outils aux ressources génétiques d’Arabidopsis thaliana, j’ai capturé le schéma
d’initiation des granules et les schémas d’expansion ultérieurs qui déterminent la

morphologie des granules d’amidon au sein du chloroplaste.

Tout d’abord, je révele que les nouveaux granules se forment tot dans la journée par la
coalescence de multiples initiales et qu’ils doivent leur forme lenticulaire finale a la
croissance anisotrope, avec un taux €levé a I’équateur et un taux faible aux poles.
Deuxiémement, j’ai montré que les plantes déficientes en SS4 ont des modeles uniformes

d’accumulation d’amidon, ce qui donne des granules d’amidon de forme ronde, et que



I’extrémité N de SS4 est essentielle pour le modéle de croissance anisotrope. Troisiemement,
j’ai montré que les plantes déficientes en GBSS, 1’enzyme responsable de la syntheése de
I’amylose, présentent des taux de synthése plus faibles dans leurs noyaux, confirmant
I’hypothése selon laquelle I’amylose est synthétisée dans la matrice de ’amylopectine. Enfin,
Jj’ai étudié des mutants d’initiation de granules d’amidon récemment découverts et j’ai montré
qu’ils peuvent étre définis comme incapables d’initier correctement des granules paralléles ou
capables d’une initiation correcte, mais que ces événements sont incorrectement localisés

dans le chloroplaste.

En conclusion, I’imagerie a haute résolution est essentielle pour définir les toutes premicres
étapes de la biosynthése de I’amidon et, a I’aide de la microscopie a balayage de blocs en
série, j’ai extrait des informations sur la forme et le nombre d’initiales des granules d’amidon
avec une précision sans précédent, ce qui a révélé la riche dynamique du développement des
granules d’amidon. Comme [’utilisation de tissu fixe empéche I’imagerie en temps réel, j’ai
utilisé le marquage isotopique pour préserver les informations temporelles relatives a
I’utilisation du carbone assimilé pour la croissance des granules, révélées ensuite par
I’imagerie NanoSIMS. L’application de ces méthodes a permis de mieux comprendre le rdle
des nouvelles protéines non enzymatiques qui contrélent le nombre de granules d’amidon,
probablement en utilisant d’autres facteurs d’initiation a des endroits spécifiques du
chloroplaste. J’espére que ces percées dans la compréhension de la biosyntheése de ’amidon
aideront a orienter la recherche appliquée vers I’amélioration des cultures d’amidon et
inspireront 1’utilisation combinée de ces techniques pour résoudre des questions biologiques

pressantes dans d’autres domaines.
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Introduction

All living organisms require a continued supply of free energy for mechanical work, active
transport of molecules/ions and synthesis of molecules from simple precursors. The free
energy that helps them maintain a state far from equilibrium is derived from the environment
(sunlight or organic/inorganic chemical compounds) (Berg et al., 2002). The discontinuous
availability of the energy source is a key factor in the evolution of energy management. The
assimilation of energy into the biosphere occurs when sunlight is trapped through
phototransduction whereby the absorption of a photon is coupled with the generation of an
electrochemical potential through a biological membrane. The potential thus generated is
used to reduce nicotinamide adenine dinucleotide phosphate (NADP™) into NAPDH and to
phosphorylate adenosine diphosphate (ADP) into ATP. In plants, phototransduction is
realised through the photosynthesis and takes place across the thylakoid membrane of

chloroplasts.

The acquisition of energy through phototransduction allows the formation of ATP (chemical
energy) and NADPH (reducing power). These are harnessed to fix carbon dioxide (CO2)
through the Calvin-Benson cycle (CBC). The CBC consists of three phases: (1) the fixation
of CO2 on the CO2 acceptor, ribulose 1,5-bisphosphate (RuBP); (2) the reduction of 3-
phosphoglycerate (3-PGA) to triose-phosphates (triose-P), i.e., glyceraldehyde 3-phosphate
(GAP) and its isomer dihydroxyacetone phosphate (DHAP); (3) the regeneration of the CO:
acceptor, ribulose 1,5-bisphosphate. Five out of six of the triose-P are kept for the
regeneration of RuBP, rendering the CBC autocatalytic while the remaining one leaves the

cycle to participate in the synthesis of other metabolites.

The triose-P not recycled in the CBC are either converted into glucose and stored as transient
starch or exported to the cytosol. In leaves, the concentrations of triose-P and inorganic
orthophosphate (Pi) play an essential role in regulating the fluxes between the chloroplast and
the cytosol. The ratio between these two fluxes depends on the species; some invest more into
starch while other investing less. Further, the partitioning is variable within species
depending on the environmental conditions such as temperature or the length of the day. In

the stroma, the triose-P can be combined into hexose-phosphates and further participate in



starch synthesis or exported to cytosol in exchange for Pi. This allows large amounts of fixed

carbon to be stored in a compact, osmotically inert form.

During the day, when the production of sugar-phosphates from photosynthesis exceeds the
requirements for plant growth, glucose is extracted from the stroma through its
polymerization and branching into insoluble starch granules. Triose-P can be combined into
fructose 6-phosphate (F6P), which can be isomerised into glucose 6-phosphate (G6P) by
phosphoglucose isomerase (PGI) and converted into glucose 1-phosphate (G1P) by
phosphoglucomutase (PGM). These interconvertible hexose-phosphates collectively form the
hexose pool (Figure 0.1). However, the conversion of ATP and G1P into ADP-glucose
(ADP-GlIc) by ADP-glucose pyrophosphorylase (AGPase) is essentially irreversible as the
concomitantly released inorganic pyrophosphate is rapidly hydrolysed to Pi. This represents
the first committed step for starch biosynthesis, and it is therefore not surprising that the
AGPase is highly regulated. Plants defective in PGI, PGM or AGPase contain very little
starch, illustrating that this pathway delivers the major flux into starch (Caspar et al., 1985,
Lin et al. 1988, Tsai et al., 2009). Growth of such starchless mutant plants in a day-night
regime causes a significant reduction in growth, particularly if the days are short, highlighting
the importance of starch in stabilising the energy budget at night. However, when exposed to
very long days or continuous light, these plants grow comparably to their wild-type
counterparts (Smith and Stitt, 2007; Fernandez et al., 2017).

In the cytosol, most triose-P are combined into hexose-phosphates and used to synthesise
sucrose via the sequential activity of the sucrose phosphate synthase and the sucrose
phosphate phosphatase from F6P and UDP-Glucose (Figure 0.1). The latter reaction is
essentially irreversible due to the hydrolysis of Pi from sucrose-6-phosphate. Sucrose can be
transported to sink tissues via the phloem. Its degradation, mediated by invertases and
sucrose synthases, provides the cell with hexoses for energy production and with carbon
skeleton for the biosynthesis amino acids and structural carbohydrates (Ruan, 2012; Stein,
2019). The degradation of sucrose prevents the formation of an equilibrium between the sink

and the source, maintaining the source-to-sink flow.

The synthesis of sucrose is tightly integrated with both CO2 fixation and starch synthesis
(Koch, 2004; Barratt et al., 2009). The export of stromal triose-P requires the import of
cytosolic Pi via triose-P/phosphate translocator (Riesmeier et al., 1993; Hausler et al., 1998;

Schneider et al., 2002). In the cytosol, triose-P can be converted to Fructose 1,6-bisphosphate

10



(F16BP), which can in turn be converted to F6P by the FBPase. The FBPase activity is
regulated by the concentration of the signal metabolite Fructose 2,6-bisphosphate (F26BP)
(McCormick et al., 2015; Kruger et al., 1995; Okar et al., 1999). F26BP is both produced and
degraded by the bifunctional enzyme F2KP, which acts both as a 6-phosphofructo-2-kinase
and a fructose-2,6-bisphosphatase (Figure 0.1). The F2KP is allosterically regulated by Pi, P
Pi, triose-P, PEP, pyruvate, GA2P, GA3P, DHAP and F6P (Larondelle et al., 1986; Markham
et al., 2002).

When the rate of photosynthesis increases, this favours the export of stromal triose-P to the
cytosol in exchange for Pi. An increase of triose-P in the cytosol lowers the F26BP, by
inhibiting the kinase activity of F2KP. This allows and increased flux to sucrose through the
activation of FBPase, and the utilisation of the exported triose-P. Thus, sucrose production is
adjusting to the supply in triose-P from the photosynthesis. When the sucrose synthesis is
higher than the exporting capacity of the leaf, the conversion of F6P to sucrose-phosphate by
the sucrose-phosphate synthase is inhibited, increasing the concentration of F6P.
Consequently, the phosphatase activity of F2KP rises F26BP, which inhibits the FBPase
activity, limiting the sucrose synthesis rate. The cytosolic concentration of Pi decreases and
the triose-P increase, limiting further export from the chloroplast. The increasing triose-P/ Pi
ratio in the stroma promotes the starch synthesis shifting the balance from sucrose to starch

production (see Nielsen et al., 2004 for a comprehensive review).
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Figure 0.1. Carbon metabolism in Arabidopsis leaves. The reducing power and the energy rich ATP
produced by the light reaction of photosynthesis are harnessed to fix the CO; via the Calvin Benson cycle. A
fraction of the triose-P leaves the Calvin-Benson cycle (CBC) to be exported to the cytosol or to be converted
into hexose-P. Starch synthesis starts with starch synthases that catalyse the condensation of ADP-Glc onto pre-

existing glucans. The partitioning between starch- and sucrose synthesis is explained in the text.
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Starch composition

Starch is made of two glucans: amylopectin and amylose. Glucosy! units are linked through
a-1,4-bonds to form chains, that are branched through a-1,6-bonds. While amylopectin has a
high density of branching points (4-5% of the bonds are branch points), amylose contains far
fewer branches (ca. 0.1% of the bonds are branch points) (Bergthaller et al., 2007). Here, |
review the role of the starch synthases (SSs), the branching enzymes (SBEs), and the

debranching enzymes (DBES) in creating the starch polymers.

Biosynthesis of amylopectin

The matrix of starch is composed of amylopectin, the branched polymer consisting of linear
glucose chains, branched together into a gigantic molecule with a racemic or tree-like
structure. The conformation of the branches allows neighbouring, parallel branches to form
double helices that pack into layers, leading to concentric semi-crystalline lamellae, between
which are amorphous lamellae which harbour most of the branch points (Figure 0.1)
(Sterling, 1962; Oostergetel et al., 1989; Blanshard et al., 1984). The first step of starch
synthesis is the formation of ADP-Glc—the glucosyl donor for starch synthesis in plants—
using G1P and ATP, catalysed by AGPase (Espada, 1962; Ballicora et al., 2004). This
reaction also releases pyrophosphate, which is cleaved to Pi by plastidial pyrophosphatase.
This removal of pyrophosphate makes the production of ADP-GIc essentially irreversible
(Stitt et Zeeman, 2012). AGPase is the ultimate step in the production of ADP-Glc and the
enzyme has the pivotal function to control the flux of assimilated carbon into starch. Not
surprisingly, AGPase is finely regulated via different mechanisms that act over different
timescales. For rapid regulation, AGPase activity is controlled through allosteric activation
by 3-PGA and inhibition by Pi (Heldt et al., 1977). The AGPase enzyme is also redox
activated, being more active and more sensitive to allosteric regulation when in its reduced
state (Tiessen et al., 2002; Mugford et al., 2014). As a consequence, the formation of ADP-
Glc is promoted during the day when light-activated thioredoxins reduce AGPase and when
3-PGA is produced via the Calvin-Benson cycle (Fu1998; Ballicora et al., 2000; Michalska et
al., 2009). AGPase activity thereby adjusts automatically to match the need for starch
synthesis: when photosynthesis is low, less 3-PGA is available, AGPase activity is reduced,
while when photosynthesis is high, and the redox environment is more reduced, AGPase
activity is increased, diverting more glucose for starch synthesis (Michalska et al., 2009;
Kolbe2005; Thormaehlen et al., 2013).
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Starch synthases

Starch synthases (EC 2.4.1.21) belong to the glucosyltransferase (GT) family 5 (CAzY:
Lombard et al., 2014) and typically possess a conserved C-terminal catalytic domain and a
variable N-terminal extension. SSs transfer the glycosyl moiety of ADP-Glc to the non-
reducing end of a pre-existing glucan (Ball, 2003; Pfister et Zeeman, 2016). The catalytic site
of SS is located between the two glycosyltransferase domains; GT-5, that binds to the
acceptor glucan and GT-1, that binds to the sugar nucleotide glucosyl donor (Buschiazzo et
al., 2004; Leterrier et al., 2008). At least six soluble SSs (SS1-6) exist in the stroma and one
is almost exclusively bound to the starch granule (Delvalle et al., 2005; Zhang et al., 2008;
Roldan et al., 2007; Abt et al., 2020; Helle et al., 2018). The SSs mostly differ by the
structure of their N-terminal, some of which contain predicted structures including coiled-coil
motifs (GBSS, SS3-5) or carbohydrate binding modules (CBMs; SS3), with which they can
interact with other proteins and glucans, respectively (Hennen-Bierwagen et al., 2008;
Hennen-Bierwagen et al., 2009; Gamez-Arjona et al., 2014). The functions of SSs have been
deduced from the modifications observed in the chain length profile of amylopectin in their
respective knock-out mutants, i.e., the decreased abundance of certain lengths have been used
to infer that these chains were normally elongated by the missing SS. However, since the
absence of one isoform modifies the nature of the substrate for the other isoforms, it can be
difficult to unambiguously define the role of each, individually. Furthermore, several as-yet
unknown factors could influence starch biosynthesis. A recent alternative approach to study
the SSs alongside other proteins involved in starch biosynthesis was to express them in yeast
cells, in which glycogen biosynthesis has been first deactivated (Pfister et al., 2016). This
allows the role of each SS in determining glucan structure to be investigated in the presence

of different combinations of the other starch biosynthetic enzymes.

The SS1 isoform acts on short chains (DP6-7) derived from the SBE reactions (see below),
elongating them by a few glucosyl units (to DP8-10) (Delvalle et al., 2005; Szydlowski et al.,
2011). The expression of SS1 in yeast confirmed several conclusions about the function of
SS1: cells expressing only SS1 produced more soluble glucans and increased the proportion
of short chains (DP6-10), while there were fewer intermediate chains (DP11-25) (Pfister et
al., 2016). The produced glucans displayed lower crystallinity; this is likely due to the
inability of the short chains to form higher-order structures (see above). Interestingly, SS1 is
able to elongate the substrate maltoheptaose up to DP15 in vitro and can produce a range of

chain lengths in presence of SBE (Brust et al., 2013). The limited spectrum of chain
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elongation observed in the wild type could be explained by the overlap in preference with
other starch synthases (Zhang et al., 2008).

Plants lacking SS2 often display starch granules with an altered morphology, more amylose
and a lower crystallinity (Zhang et al., 2008). The chain length distribution of ss2 mutants
show a lower proportion of DP18 and a higher proportion around DP8, suggesting that SS2
elongates chains of DP8 to DP13-20. The starch phenotype of ss2 mutants might also be
partly the result of disturbed protein-protein interactions, which in cereals are known to occur
between SS2 and SS1 and SBEs (Liu et al., 2012). However, SS2 activity in elongating the
short chains can be clearly established (Szydlowski et al., 2011). Indeed, mutation of SS2 in
Arabidopsis results in small amounts of phytoglycogen and enhances the accumulation of
phytoglycogen in isa mutants of both rice and Arabidopsis (Fujita et al., 2012; Pfister et al.,
2014).

The function of SS3 is less well defined compared with that of SS1 and SS2. However, its
role in elongating long, cluster-spanning chains has been proposed in several species. The
long N-terminus of SS3—the longest amongst the SSs—contains three CBMs for
carbohydrate binding and predicted coiled coils motifs that may be involved in protein-
protein interactions (Zhang et al., 2005). The proportion of short chains decreases in ss3
mutants although this change is small in magnitude compared to the lack of SS1 or SS2
(Zhang et al., 2005). In Arabidopsis, SS3 does not influence the number of granules in
chloroplasts, but it seems to assist SS4, as their simultaneous deficiency cause the
chloroplasts to be devoid of starch granules (Szydlowski et al., 2009; Seung et al., 2016, see

below).

The isoform SS4 has, in contrast to the other SSs, little detectable impact on the amylopectin
structure but in Arabidopsis it is essential for normal starch granule initiation and
morphology (Roldan et al., 2007; Szydlowski et al., 2009; Crumpton-Taylor et al., 2013; Lu
et al., 2018). The C-terminal catalytic domain of SS4 promotes the granule formation and
interacts with the glucan-binding protein Protein Targeting to Starch 2 (PTST2, see below),
which is proposed to provide it with suitable glucans (Seung et al., 2017). This may be vital
during the granule initiation to prevent the enzymatic degradation of the starch granule
primers by a- and iso-amylases (Seung et al., 2016). The N-terminus of SS4 contains
predicted coiled coils motifs, and this part of the protein is required to interact with MFP1,
which directs it to specific regions within the chloroplast (Seung et al., 2018). The N-
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terminus also influences the morphology of the granule, although it is unclear how this is
brought about. Plants deficient in SS4 also display reduction in their overall starch turnover, a
slow starch accumulation rate during the day and a slow degradation rate at night
(Szydlowski et al., 2009). Starch levels are higher at dawn compared to wild-type plants, but
lower than wild-type levels at dusk. Chloroplasts contain fewer granules (80% chloroplast
sections are starchless) but the granules that are present are spherical and enlarged (Roldan et
al., 2007; Crumpton-Taylor et al., 2013; Lu et al., 2018). This decreases the surface area
available to biosynthetic or degrading enzymes per unit starch volume, which has been
proposed as an explanation of the lower starch turnover (Roldan et al., 2007; Crumpton-
Taylor et al., 2013). The concentration of ADP-GIc in ss4 mutant is particularly high,
suggesting that the other SSs cannot use it when SS4 is absent (Crumpton-Taylor et al., 2013;
Ragel et al., 2013). In the absence of a-amylase AMY 3, the amy3ss4 mutant contains a
higher starch concentration than in wild type and chloroplasts contained more starch granules
(Seung et al., 2016). Together with the activity of isoamylase as a negative regulator of starch
granule initiation (Burton et al., 2002; Bustos et al., 2004), this suggests that SS4 and its
associated PTST proteins could protect nascent starch primers against premature degrading
activities. Further, the presence of SS4 in a heterologous yeast system consistently promotes

the fraction of insoluble glucans (Pfister et al., 2016).

SS5 is an unusual isoform, which has only recently received attention. It is widely conserved
among plants and its function seems to reflect that of its closest relative, SS4. Like SS4, SS5
also influences the number of starch granules; chloroplasts of ss5 mutants contain fewer large
irregular, flattened starch granules. The starch concentration, by contrast, resembles that of
the wild type, and amylopectin structure is unaffected (Abt et al., 2020). SS5 shares with SS4
a putative surface binding site for glucans (Nielsen et al., 2018), but in contrast to the other
SSs, SS5 is almost certainly not an active glycosyltransferase since it lacks the GT1
subdomain. It contains coiled coil motifs, used to form multimers and for interactions with
the proposed structural/scaffolding protein MRC (for Myosin-Related Chloroplast protein),
through which it has been proposed to exert its function (Seung et al., 2018;
Vandromme2018) in influencing the number of granules. A seventh putative isoform, SS6,
has been recently described in potato tubers (Helles et al., 2018). Although catalytically
inactive, its specific expression during the formation of the tuber suggests a yet to be

investigated role in starch biosynthesis.
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Branching enzymes

SBEs (EC 2.4.1.18) belong to the same family of enzymes as a-amylases (CAZy: glycoside
hydrolase family 13 (GH13)), but rather than acting as hydrolases, they catalyse the
branching of an a-1-4-linked glucan via the formation of a-1-6-bonds. Like a-amylases,
SBEs initially break and a-1-4 linkages, making a transient enzyme-glucan intermediate, then
transfer the cleaved part to the C6 position of a glucose unit from the same or another glucan
chain. Thus, an a-1,6-branch is formed via a glucanotransferase reaction. In addition to a
central catalytic a-amylase-like domain, SBEs contain an N-terminal carbohydrate binding
module family 48 (CBM48), and a C-terminal part (Abad et al., 2002). Based on their amino
acid sequence, SBEs are separated into class | and class Il. In some cases, e.g., SBE2 in
maize, there are more than one gene copy encoding each SBE class, which often have
distinct, tissue-specific expression patterns (Rahman et al., 2001). In Arabidopsis, there are
two class-11 SBEs (BE2 and BE3) both of which are expressed in leaves and seem to be

redundant to some extent (Dumez et al., 2006). There is no class-1 SBE in Arabidopsis.

Although most of the cluster structure of amylopectin derives from the placement of branches
by SBEs, the actual distribution of branch points is difficult to obtain due to the analytical
limitations. Rather, SBEs are generally described by the length of the glucans they transfer in
vitro rather than their placement. Accordingly, class-1 SBEs tend to be more active on
amylose and to transfer longer chains than class-11 SBEs, which seems to be more active on
amylopectin (Guan et al., 1993). Based on in vitro evidence on rice, class-1 BEs are proposed
to participate in the construction of new clusters by branching dextrins from an existing
cluster to a newly synthesised (by SS3), unbranched glucan. Then, class-11 BEs add internal
branches on the moved branches, which are further elongated by SS1 and SS2 (Nakamura et
al., 2010). The deficiency of class-11 SBE activity results in amylopectin with fewer branches
and longer chains, and with increased levels of amylose, known as the ae phenotype, which

produces less digestible starch.

Debranching enzymes

Plant debranching enzymes (DBEs; CAZy: glycoside hydrolase family 13) also belong to the
a-amylases family and release linear chains by hydrolysing a-1,6-linkages from an existing
branched glucan. In plants, there are two DBE types: isoamylases (ISA1-3; E.C. 3.2.1.68) and
limit-dextrinase (LDA; E.C. 3.2.1.41). Like the SBEs, both DBE types possess an N-terminal
starch-binding domain and an a-amylase-like domain (Janecek et al., 2014). In Arabidopsis,

ISA1 and ISA2 proteins associate to form a single isoamylase enzyme that is active during
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the synthesis of amylopectin, with ISA1 being a catalytic subunit and ISA2 being non-
catalytic (Streb et al., 2014). In mutants lacking this ISA, most of the starch is replaced by
phytoglycogen, a water-soluble polysaccharide resembling glycogen in many ways (Zeeman
et al., 1998; Wattebled et al., 2005; Sundberg et al., 2013). It is therefore thought that ISA
ensures that only appropriate glucans are elongated by SSs by removing “misplaced” glucans,
thus enabling the subsequent crystallisation of the parallel chains. In agreement with this
hypothesis, when all the DBEs are removed from Arabidopsis, starch is completely replaced
by phytoglycogen (Streb et al., 2008). However, the strict requirement of ISA for
crystallisation is questioned by the fact that starch is still produced when the a-amylase 3 is
further removed. In the light of these pieces of evidence, it seems more likely that
debranching merely enhances crystallisation rather than enables it. In contrast, the other
DBEs, ISA3 and LDA, appear to debranch starch during its degradation. Consequently, isa3
and Ida mutants display a starch excess phenotype (Streb et al., 2012).

Biosynthesis of amylose

Amylose is the minor component of starch, accounting for 10% to 30% of starch by weight.
Its degree of polymerisation (DP) is around a few thousand units (Perez et Bertoft, 2018).
Each amylose molecule contains between 5-20 branches and it is a minor contributor to
starch granule architecture, compared with amylopectin (Wang et al., 2019). Within the
amylopectin matrix, amylose is thought to occur in a largely amorphous state and when
extracted, it readily precipitates, likely by forming helical structures. Amylose content
increases with the maturation of the granules, supporting the hypothesis that amylose
synthesis occurs within the existing amylopectin matrix (Denyer et al., 1996; Tatge et al.,
1999). This may allow to pack more glucose per volume, filling the looser, amorphous
regions of the extant granule. Starches devoid of amylose are valued because after cooking,
the resultant pastes tend to be stickier and more transparent —both properties being of
interest for food and industrial applications. In contrast, starches with high amylose content
are interesting from a health viewpoint as they pass the stomach and the small intestine
incompletely digested and can feed the microbiota of the large intestine (Englyst et al., 1992;
Hu et al., 2004).

Amylose is exclusively synthesised by Granule Bound Starch Synthase (GBSS) within the
amylopectin matrix of the granule (Denyer et al., 1999; Cuesta et al., 2016). in vitro evidence
suggests that GBSS processively elongates the same glucan, unlike other soluble SSs, which

act distributively, releasing its glucan product immediately after they have transferred one
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glycosyl unit (Edwards et al., 1999; Denyer et al., 1999). The primers of amylose synthesis
are probably small glucans (up to DP7) that diffuse through the granule matrix or chains from

the trimming process of amylopectin (Denyer et al., 2001).

GBSS has the shortest amino-acid sequence of all starch synthases and does not have any
CBM on its N-terminal (Seung, 2020). This raises the open question as to how GBSS binds
to starch. However, it has recently been elucidated how GBSS is targeted to the starch
granule in Arabidopsis. This occurs via a coiled-coil mediated interaction with Protein
Targeting to Starch 1 (PTST1), a plastidial protein that also contains a CBM48 domain with
which it binds to starch to deliver GBSS (Seung et al., 2015; Lohmeier et al., 2008). This
interaction is not strictly required for amylose synthesis, but it enhances the process; cassava

deficient in PTST1 had storage roots with only half of the amylose content (Bull et al., 2018).
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Architecture of the starch granule

The starch granule owes many of its properties to the arrangement of the glucan chains of
amylopectin. The reported degree of polymerisation is higher than that of amylose molecules,
ranging from 0.5-1.5 x 10* units depending on the analytical method and the botanical source
(Takeda et al., 1987, Takeda et al., 1989, Takeda et al., 2003). Amylopectin exhibits
crystalline patterns that can be deduced from x-ray scattering of powdered starches (Buleon
et al., 1998). These crystalline structures are radially oriented as shown by the Maltese motif
emerging from starch granules shed with polarised light (Perez et al., 2009). This
arrangement is intrinsic to the topology of the branching points, which are heterogeneously
positioned throughout the amylopectin molecule. Local concentrations of branching points
generate arrays of parallel chains that twist two by two to form double helices. Collectively,
these dense bundles form crystalline layers that alternate with amorphous layers containing
the branch points. At a higher scale, these semi-crystalline regions form concentric rings
(200-300 nm thick) that alternate with amorphous regions where the glucans are assumed to
be less well organised. The concentric layers look like growth rings, yet it is uncertain
whether they reflect periodical growth, as some studies have revealed that starch granules still
exhibit growth rings even when produced in constant conditions (e.g., continuous light or in
in-vitro culture in the dark with exogenous sugars) (Buttrose et al., 1962; Zeeman et al.,
2002; Pilling and Smith, 2003).

To analyse the constituting branches in amylopectin, its branches are specifically hydrolysed
at a-D-(1-6)-linkages via isoamylases or pullulanase. The branches are then separated by an
appropriate chromatographic or an electrophoretic technique. The resulting chain length
distribution contains different populations, hence the term “polymodal distribution”.
Amylopectin consists of external chains (long of 19 to 28 residues), that have no branching
point, internal chains (29 to 31) and the chains with the free reducing end (25 to 27) that bear
external branches (approx. every 6th residue) (Fig 0.2) (Hizukuri, 1986; Jane et al., 1999;
Bertoft et al., 2008). The specific arrangement of the clusters within the semicrystalline
matrix is still debated and no direct experimental evidence has yet favoured one specific
model. In the cluster model, proposed independently from two authors (Nikuni, 1969; French,
1972), the clusters result from branching points that are regularly interspaced along the
internal chains spanning several clusters. In contrast, in the building block backbone model,

the clusters are linked together, and their chains lie tangentially to the inter-block chains.
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Figure 0.2. Structures proposed for amylopectin. In the cluster model, the molecules of amylopectin are
expanding radially, and their clusters are also oriented perpendicular to the granule surface. The only chain with
a free reducing end is labelled with a round tail. Internal chains are branched onto other internal chains and
harbour themselves other chains, unlike external chains. The light grey boxes represent regions where parallel
branches form double helices. In the building block-backbone model, the clusters are spreading outward from

the tangential internal chains that runs tangentially with respect to the granule surface.
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Starch granule development

If the process of starch biosynthesis is nowadays well understood, the same cannot be said of
the dynamics of individual starch granules. The lack of data results from the difficulty of
observing individual granules repeatedly in their native environment. Attempts to describe
the granule dynamics have thus been limited to measuring the starch concentration across a
time series and acquiring snapshots at certain time points (e.g., at dawn and at dusk in
leaves). The initiation of granules has been evaluated by counting the number of granules
present in chloroplast sections. Using 3D-images of Arabidopsis chloroplasts, the number of
granules was evaluated to 5-15 granules (Crumpton-Taylor et al., 2012). In that study, the
number of granules did not change massively as a function of the starch amount and the
presence of residual starch granules at dawn led to the suggestion that mature chloroplasts are
unlikely to re-initiate their whole pool of granules every day, but rather re-accumulate starch
onto the same granules. In storage organs, the number of starch granules in each amyloplast,
varies greatly, ranging from one to several tens. It is worth noting that in storage organs,
starch content and granule numbers follow a different dynamic compared with transitory
starch in leaves, since storage starch is not periodically degraded. Furthermore, amyloplasts
are not thought to contain membranes comparable to the thylakoids, which in chloroplasts
serve to compartmentalise the starch granules into different parts of the plastid stroma.
Nonetheless, amyloplasts of rice endosperm contain septa-like structures that appear to
separate the compound starch granules; they may participate in the process of amyloplast
fission (Yun et al., 2010).
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Figure 0.3. Chloroplast structure. Chloroplasts are found in various cell type of the green parts, mostly
mesophyll cells. Photosynthesis takes place in the thylakoid membranes (green). About 40% of the
photosynthetically fixed CO is stored into starch granules (red). The number of visible granules in a typical 2D
microscopy sections is an underestimate of the total number of granules. Granule sections appear elongated but
should be considered as flattened spheres. Sometimes multiple granules are not separated by thylakoid
membranes and thus occur within the same “stromal pocket”.

In absence of any external constraint, a uniform accumulation of starch all surfaces of a
nascent starch granule should leads to the growth of a spherical structure. While some starch
granules indeed appear spherical, extracted storage starch granules display a variety of shapes
depending on the botanical source. For example, some are polyhedral, thought to result from
granules growing adjacent to other inside the envelope of the amyloplast, resulting in

compound granules. In contrast, all transient starch granules observed to date are flattened to
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various degree along their polar axis (Seung et al., 2018). Conceivably, the accumulation of
starch could be limited by the pressure exerted by the thylakoid membranes, which are
parallel to the equatorial plane of the chloroplast. However, as some mutants show nearly
spherical granules, this explanation does not seem likely. Alternatively, the granules could be
initiated in a planar rather than punctate fashion. Unfortunately, few biochemical factors
affecting granule growth have yet been characterised and the process of granule initiation
itself is not well described. However, there is growing evidence that SS4 is essential for the
lenticular shape of Arabidopsis leaf starch granules, as when it is removed, chloroplasts
display very rounded starch granules (Lu et al., 2018).

The initiation of starch granules

The mechanism of initiation of glycogen, the analogue of starch in animal and fungi, is
known; its simplicity, involving only two interacting enzymes, contrasts with the rich picture
emerging for starch granule initiation. For the record, the initiation of glycogen particles
(often referred to as granules, even though they are soluble) is triggered by the self-
glycosylating protein glycogenin (GN). This enzyme dimerises and, using UDP-GIc as a
substrate, glycosylates a tyrosine residue and then extends the glucan primer to a length of
10-20 residues. Finally, the glucan primer is elongated by glycogen synthases (GS) (Krisman
etal., 1975; Lomako et al., 1988; Pitcher et al., 1988). However, although the role of GN is
widely accepted, its activity seems not to be necessarily essential for glycogen synthesis.
Mutants of yeast lacking GN failed to produce glycogen but this could be reverted by
mutations affecting other areas of carbohydrate metabolism (Torija et al., 2005).
Furthermore, it appears that bacteria lack GN, despite being able to synthesise glycogen (see
Wilson et al., 2010). For example, in Agrobacterium tumefaciens, it was shown that GS itself
could act as a priming enzyme (Ugalde et al., 2003), although surprisingly little is known
about the priming of glycogen in prokaryotes. Some attempted to find a hypothetical
“amylogenin” i.e., the analogue of the glycogenin, in plants (Singh et al., 1995; Chatterjee et
al., 2005). Further investigations though revealed that this protein is indeed involved in the
biosynthesis of cell wall (Rennie et al., 2012). Thus, so far, there is no evidence of a simple

self-glycosylating protein that would be responsible for the initiation of starch granules.

Considerable progress has been made in understanding the initiation of starch granules in
recent years. The priming of a granule thought to start with a malto-oligosaccharides (MOS),
whose length may be diverse, ranging from the shortest — the disaccharide maltose to glucans

with a length of 10 or more. Leloir postulated that the glucan elongation happens via the
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condensation of ADP-Glc onto a pre-existing glucan (Leloir et al., 1961). Some have
questioned this mechanism and proposed that glucans could be elongated on their reducing
end (Mukerjea and Robyt, 2013). However, direct evidence revealed that at least SS1 and
SS2 catalyse the transfer of ADP-Glc at the non-reducing end of the glucans and not at their
reducing end (Larson et al., 2016; Xie et al., 2018). There is still uncertainty over how MOS
are synthesised de-novo. Early reports describe the de-novo production of maltose (Linden et
al., 1984), while other studies have suggested that starch synthases are able to initiate glucans

in a primer-independent fashion (Kreis et al., 1980; Szydlowski et al., 2009).

Once starch metabolism has been initiated, its biosynthesis or degradation would become an
appreciable source of such MOS. For example, MOS may come from the trimming activity of
debranching enzymes (ISA1/2), which are believed to remove mis-placed branches during
amylopectin maturation. The hypothesis of ISA isoforms as generators of glucan primers for
further granule initiation is appealing but its strength has been lowered by the presence of
many small granules in mutants lacking ISA1/2 (Burton et al., 2002; Fujita et al., 2003;
Bustos et al., 2004; Delatte et al., 2005; Kubo et al., 2010). Indeed, this has led to suggestions
that ISA may serve to inhibit granule initiation (Kawagoe et al., 2005; Burton et al., 2002).
Nevertheless, numerous reports provide circumstantial evidence for the importance of
enzymes that can generate MOS in controlling starch granule initiation (Satoh2008; Hwang et
al., 2016; Malinova et al., 2017; Seung et al., 2016)

During the last decade, a number of newly identified proteins have been shown to be
involved in starch granule initiation and growth in Arabidopsis leaves. These proteins either
influence the number of granules that form or alter their shape, or both. The first factor
identified was the starch synthase SS4 (Roldan et al., 2007). In the ss4 mutant, the starch
content is higher at dawn and lower at dusk compared to wild-type plants. Strikingly,
chloroplasts contain zero, one, and occasionally more enlarged, rounded granules (Roldan et
al., 2007, Malinova et al., 2017) a stark reduction from the usual 5-7 granules reported for
the wild type. It was been proposed that the spherical granules in ss4 could result from the
combination of the decreased granule number combined with a reduction in night-time starch
degradation (Malinova et al., 2017). The majority of the ss4 chloroplast sections had no
starch granule (Lu et al., 2018) and furthermore, the mutant accumulates large amounts of
ADP-Glc, probably because in the absence of starch granule initiation, this substrate cannot
be used. This correlated with impaired photosynthetic performance, chlorosis and reduced

plant growth (Ragel et al., 2013). This is presumably increased ADP-GIc sequesters
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adenylates and decreases free Pi, which in turn inhibits photophosphorylation and causes

photo-inhibition.

The SS4 protein contains a C-terminal catalytic domain and, unlike the other SS, it has an
extension at its N-terminus with four regions containing predicted coiled-coil motifs. The C-
terminal contains the glycosyltransferase (GT) domain and is catalytically active. When
expressed in the ss4 mutant this domain alone is sufficient to restore granule initiation by
elongating glucans in the early steps of granule development (Lu et al., 2018). However, the
granules retained their unusual, rounded shape, characteristic of the ss4 mutant. The coiled-
coil motifs at the N-terminus of SS4 may facilitate interactions with other proteins (Raynaud
et al., 2016) and the presence of this part of the protein is required to localise it to specific
regions within the chloroplast. In doing so, it appears to influence the direction of the starch
granule growth, resulting in wild-type-like, flattened starch granules. This was the case even
when the N-terminus was appended to another protein such as the GS from A. tumefaciens
(Lu etal., 2018).

After the discovery of the role of SS4 in granule initiation, new players were actively
searched, based on the presence of putative coiled coil motifs (which could interact with
those of SS4) or using assays to detect protein-protein interactions. Among the discovered
interaction partners was, PTST2, a chloroplast-targeted protein containing a
CARBOHYDRATE-BINDING MODULE 48 (CBM48) and predicted coiled-coil motifs
(Seung et al., 2018). PTST2 was shown to bind to certain MOS via its CBM48 — specifically
B-cyclodextrin and maltodecaose. This led to the suggestion that PTST2 may provide SS4
(which lacks a comparable CBM domain) with substrates that already have the propensity to
form helical structures and are this suitable for elaboration into a starch granule initial.
Interestingly, the association of SS4 with PTST2 appears not to be via coiled-coil interactions
with eth N-terminus of SS4, since PTST2 could interact with the C-terminal domain alone.
Plants mutated in PTST2 also have a starch-granule-initiation phenotype with some
similarities and some differences to that of ss4. The amount of starch in of ptst2 mutants is
slightly higher than in the wild type, both at dawn and dusk. Most ptst2 chloroplast sections
contained far fewer starch granules than the wild type although while larger, these granules
were still flattened (as in the wild type), rather than rounded (as in ss4). Thus, the starch
granule phenotype in ptst2 is less severe than ss4, and most chloroplasts contained at least
one granule (Seung et al., 2017). The ptst2 mutants still accumulated 30 times more ADP-Glc

than the wild type, but the was only one third of that accumulated in the ss4 mutant.

26



Remarkably, in transgenic lines over-expressing PTST2, chloroplasts showed a marked

stimulation in granule initiation, with the number increased by an order of magnitude.

Arabidopsis also contains PTST3—a protein which is, in many respects, similar to PTST2,
although it has not been studied to the same degree. Like PTST2, PTST3 is a chloroplast-
targeted protein containing a CBM48 and predicted coiled-coil motifs, and it was found to
associate with its homolog, PTST2 using immunoprecipitation experiments. However, these
analyses did not reveal a direct interaction with SS4 (Seung et al., 2017). Mutation of PTST3
once again, leads to a reduction in granule number, but the phenotype is milder compared to
ptst2. Plants mutated in both PTST2 and PTST3 displayed even fewer granules, and the
severity of the phenotype approached that of the ss4 mutant.

After the discovery of the function of PTST2 and SS4 in granule initiation,
immunoprecipitation and yeast-2-hybrid approaches identified additional new players.
Immunoprecipitation of PTST2 revealed that besides SS4, two proteins harbouring long
coiled-coils containing domains, but no known enzymatic activity could be retrieved: MAR-
BINDING FILAMENT PROTEIN (MFP1) and MYOSIN-RESEMBLING CHLOROPLAST
PROTEIN (MRC) (Seung et al., 2018). MFP1 was first reported as a filament like protein
that binds with DNA (Meier et al., 1996). It was then suggested to attach chromatin to
specific sites of the nuclear matrix and has a predicted N-terminal transmembrane domain
(Gindulis et al., 1999). Further, proteolysis analysis revealed that MFP1 was anchored to the
thylakoid membrane via its transmembrane N-terminal domain and was suggested to have a
stromal C-terminal DNA-binding domain (Jeong et al., 2003). MRC was also identified in
yeast-2-hybrid experiments where SS4 was used as a bait protein, and in that case designated
as PIl, for PROTEIN INVOLVED IN STARCH INITIATION (Vandromme et al., 2019a).
The roles of MRC and MFPL1 in granule initiation was again confirmed by mutational
analyses, with decreased number of granules found in the mrc and mfpl mutants, even though

the reductions were less marked than in ptst2 and ss4 mutants.

Chloroplasts of mfpl contained fewer, larger flattened granules. Interestingly, unlike the other
factors described thus far, MFP1 is not a soluble protein but is found fully associated with the
stromal side of the thylakoid membrane (Jeong et al., 2003). Both PTST2 and SS4 have also
been reported to be partially localised to the thylakoids, although for SS4, the evidence is
inconsistent. In the case of PTST2, there is good evidence to suggest that a fraction of the
protein is tethered to the thylakoids by MFP1. Both proteins, when fluorescently tagged,
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show an overlapping, patchy distribution within the chloroplast (Seung et al., 2018). In the
mfpl mutant, the partial thylakoid localisation of PTST2 is lost and it behaves like a soluble
protein. Furthermore, the patchy distribution of fluorescently tagged PTST2 vanishes in mfpl,
and instead it forms 1-2 punctae per chloroplast. These data have contributed to the idea that
MFP1 serves to localising other components of the starch-granule-initiation apparatus and

thereby determine sites where starch granules will form.

MRC was discovered by searching for interaction partners of PTST2 (via
immunoprecipitation) and of SS4 (Seung et al., 2018; Vandromme et al., 2019a). MRC has
no CBM and is thus not directly interacting with glucans (Vandromme et al., 2019a). Further,
no recognisable protein domain was reported so far but it may well interact with PTST2 and
SS4 via its numerous predicted coil-coiled containing domains. It has been proposed to be
required for the correct folding of SS4 or, alternatively, to offer primer substrates to SS4,
and/or to prevent the degradation of such primers (Vandromme et al., 2019a). Chloroplasts
deficient in MRC contain fewer starch granules but were still flattened (Seung et al., 2018;
Vandromme et al., 2019a). When MRC was fluorescently tagged, it was distributed in
speckles and this distribution was not altered when MFP1 was absent, suggesting that it is not
involved in MFP1 localisation (Seung et al., 2018). The distribution pattern of MRC is
similar to that of SS5, with which it interacts, suggesting that SS5 influences the number of
granules via MRC (Abt et al., 2020). However, since both mrc and ss5 granules retain their
flattened morphology, they are unlikely involved in defining the shape of the granule. MRC

may have a role in bringing SS4 and SS5 into contact with other factors.

The discovery of these new factors involved in starch granule initiation prompts the
reconsideration of the extent of the network of protein interactions and the possibility of
other, yet unknown proteins that help orchestrate amylopectin synthesis. It is though
reassuring that some of the new factors described in Arabidopsis (e.g., PTST2) play roles in
starch biosynthesis in other systems like the cereal endosperm (Pen et al., 2014; Saito et al.,
2018). In rice, PTST2 homolog (FLOG6, for FLOURY ENDOSPERM 6) was identified even
before it was studied in Arabidopsis. Like PTST2, FLOG6 contains a CBM48 module known
to bind to starch (Boraston et al., 2004; Guillen et al., 2010; Janecek et al., 2011) but has no
enzymatic activity. Similarly, a longstanding mutant in barley (franubet; Suh2004) was
recently attributed to a mutation in the FLO6 ortholog (Saito et al., 2017), and the gene has
been very recently studied in wheat (Chia et al., 2020). In rice, FLO6 was found to interact

with ISA1 via its N-terminus, suggesting that FLOG6 bridges ISAL to its substrate (Pen et al.,
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2014). However, in Arabidopsis chloroplasts, PTST2 was proposed to interact with SS4, and
no interaction with ISA1 could be detected (Seung et al., 2017). Rice plants mutated in FLO6
accumulated less starch but contained more proteins and lipids than wild type plants. Rice
grains of the flo6 mutant display a lose filling, giving their white, floury appearance. The
regular compound granules normally seen in rice were severely altered: certain amyloplasts
were devoid of starch, while others contained either single large granules or numerous minute
granules. Isoamylases are important for normal starch synthesis, yet their role in starch
granule initiation has remained the subject of speculation. They could accelerate the
crystallisation of the starch primer so that it escapes the degradation machinery (Ball et al.,
1996; Myers et al., 2000). Alternatively, it was suggested that isoamylases may participate in
the degradation of the soluble a-glucans, which accumulates in their absence, and go on to

form phytoglycogen (Zeeman et al., 1998).
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Analysing granule development

While the biochemistry of starch is nowadays relatively well understood, the cell biology side
has not reached the same level of understanding. Indeed, the research on starch has always
been fostered by its industrial applications, where it is often sufficient to consider starch as a
bulk matter. Yet, the mechanisms of the granule formation and its regulation within the
plastid should not be neglected if we want to engineer starches with innovative properties

relevant to the many industrial processes that utilise it.

Several methods exist to characterise the size and morphology of starch granules ex situ, but
these inevitably remove the cellular context by which these characteristics emerge, i.e.,
extraction erases the “molecular sociology” (Robinson et al., 2007). The naivest approach to
examine the morphology of starch granules is to extract them and then examine them via
microscopy (typically light microscopy or scanning electron microscopy). Starch granules are
robust and stable and can readily be extracted by homogenising plant material. The starch
granules can be separated from the rest of the cellular debris using a combination of filtration
and centrifugation steps, which can include refinements such as density steps or gradients
(e.g., using Percoll) when necessary. These techniques work well when the granule size is
known in advance to be homogeneous or unimodal. However, in cases where the size
distribution is wide, or multimodal, the granules captured may be biased toward the largest or
smallest ones, depending on the purification procedure applied. When the granules need
extracting conservatively, purification steps should be minimised. In the case of Arabidopsis
starch, leaves are typically ground in an aqueous, detergent-containing medium to disrupt the
membrane rich chloroplasts, filtered through nylon meshes to remove cellular debris, and

starch collected by high-speed centrifugation.

As an alternative to microscopy, parameters of granule size and morphology can be estimated
in solution using other techniques. The size of granules can be evaluated via the Coulter
principle, by which the particles to be sized are suspended in an electrolyte solution and
passed through a small opening, where the voltage change is recorded between two
electrodes. The change in ionic current will be altered when a particle passes through; this
change, known as impedance, is used to count the particles. Besides the counting, particle
size can be measured since the strength of the signal is proportional to it. This method was
initially developed in the 1940s for sizing blood cells but later found many industrial

applications. The Coulter counter method has been often used to size the starch granules
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(Morrison et al., 1986; Tester et al., 2008; Vandromme et al., 2019a; Vandromme et al.,
2019ab).

Alternatively, the granule morphology can be evaluated by their scattering response to an
incident laser. One popular method, flow cytometry, compares the light signal the granules
generate when passing through an optical system. The calibration is achieved with standard
sizing acrylic beads, which have a similar refractive index. This is an efficient method to
assess the overall size distribution of starch granules, as the average diameter is readily
determined from large numbers of observations. Other morphological parameters such as
irregularity or sphericity can be more difficult to capture, however. While the
abovementioned techniques have the advantage of analysing many granules, the contextual
information is missing. For instance, it is common to see polyhedral granules, such as in rice
starch. However, observations of the same granules in situ in the rice endosperm shows that
these polyhedral granules derive from compound granules produced side-by-side within the
same amyloplast. Presumably, in the absence of neighbouring granules and the resulting

compaction, round granules would form.

Relevant information from the sub-cellular environment is required to build up a fine
understanding of the granule initiation and their subsequent development within the plastid.
The normal technique to observe starch granules within a plant cell is through the fixation
and embedding of tissue, followed by semi-thin sectioning. Plastid sections and the starch
granules within can then be observed using light microscopy. This approach has some
limitations. First, fixation and embedding can cause some changes (artefacts) in the
appearance of the cellular ultrastructure. Second, plastic semi-thin sections of leaf mesophyll
cells reveal the shape and the number of granules within the chloroplast sections but does not
allow the smaller granules to be analysed with sufficient resolution, nor the potential interface
between the granules and the surrounding structures such as the thylakoid membranes. Third,
sections typically capture only part of the chloroplast or starch granule so the plane of section
strongly influences the appearance (e.g., a discoid granule can appear circular or as an
elongated ellipse, depending on its orientation relative to the section) (Figure 0.2). Light
microscopy is therefore limited to the general appearance of the granule, and the number of

granule sections.
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Confocal laser scanning microscopy

To observe chloroplasts in further detail, two imaging techniques are available: Confocal
laser scanning microscopy (CLSM) and electron microscopy (EM). Each aims at overcoming
the limited resolving power of light microscopy (LM). CLSM takes a middle point between
the real-time imaging possibility of LM and the great resolution of EM (Brakenhoff, 1989).
The ideal sample depth ranges from 50 to 100 um (Pawley, 2006), while a 140-nm resolution
can be attained (Brakenhoff, 1980). First evidence of resolution improvement of confocal
imaging was applied to LM in the late 1970s (Sheppard et al., 1977). A confocal microscope
uses point illumination, by which the light beam is focussed on each point of the volume of
interest. Because it does not illuminate the whole sample, the contributions of out-of-focus
volume are suppressed, enhancing the contrast. Since the signal comes only from a point in
the sample at a time, the main limiting factor is the low the signal-to-noise ratio. The signal
can be strengthened by increasing either the pinhole diameter or the acquisition time. So
called optical sections are acquired by scanning consecutive planes without further

computational costs, simply by moving the stage.

The emission spectra of the numerous auto-fluorescent pigments present in plastids can be
used for localisation within the tissue of interest (Egea et al., 2010; Bahaji et al., 2011).
Further, CLSM can be leveraged with fluorescent versions of proteins of interest, through
which a variety of cellular mechanisms have been investigated (e.g., Mackinder et al., 2017).
Different fluorescent dyes can be used to simultaneously identify the patterns of multiple
factors. However, the relatively long acquisition time can make the imaging difficult for
mobile systems, although these can be immobilised (e.g., with low melting point agarose).
CLSM can be challenging when applied to larger systems; if that is the case, tissue explants

and protoplasts can be employed.

CLSM has been routinely used to localise proteins involved in starch biosynthesis (Seung et
al., 2018; Abt et al., 2020). Investigating starch localisation patterns within chloroplasts can
also be carried out, via the labelling of known granule associated like GBSS, i.e., in GBSS-
GFP-expressing plants (Szydlowski et al., 2009; Bahahi et al., 2011). It is also possible to
study starch via the absence of autofluorescence. Taking advantage of the fact that
chloroplasts are auto-fluorescent but not the starch granules, Vandromme and colleagues
(2019) characterised the gaps inside the chloroplasts. The results appeared similar to the
granule morphologies derived from EM images; however, the method only provides a mean

for the general morphology of mature granules. It does not permit the examination of the
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smaller granule initials, nor abutting granules, and it does not reveal the precise location of
the granules with respect to the thylakoids. Another fluorescence-based method to study
starch in guard cells, used a modified propidium iodide staining (Truernit et al., 2008;
Fluetsch et al., 2018) on epidermal peels. In this case, the starch granules are stained using
the periodic acid — Schiff (PAS) method (Chawla et al., 2017), permitting great resolution
using CLSM, by which the starch granules can be visualised and measured (Fluetsch et al.,
2018).

Electron microscopy

Electron Microscopy (EM) has been widely used to investigate sub-cellular structures,
including the cellular environment in which starch granules are made and also the internal
structures of starch itself. As the wavelengths of visible light are too long to interact with
small structures of interest (small starch granule initials are ~100 nm in diameter), the
replacement of photons by electrons, whose associated wavelengths are much shorter, allows
these structures to be imaged. The downside of EM is that the electron beam is very sensitive
to the medium it travels in (the air) before it hits the sample and within the sample (medium
thickness). Therefore, the chamber containing the optics needs to be under vacuum and the
sample is typically still fixed and embedded. Thus, while resolution is improved, some of the
problems associated with light microscopy remain. Furthermore, unless using the most
advanced microscopes adapted for work with frozen samples, the electron density of the

cellular components generally require enhancement.

Besides the heavy sample preparation to withstand the conditions of the microscope chamber,
for Transmission Electron Microscopy (TEM), the sample needs to be prepared as ultra-thin
sections (a few tens of nanometres thick) so that it can be traversed by electrons. These
constraints call for the sample to be stabilised; the structures of the tissue are therefore cross-
linked using a fixative solution, in most cases using an aldehyde (formaldehyde,
glutaraldehyde), that can cross-link biomolecules through their aldehyde groups. The sample
is then dehydrated with ethanol, infiltrated with an epoxy resin and finally plasticised.
Contrasting agents are often introduced to delineate the membranes and biomolecules by
specifically oxidising alkenyl bonds. The agent must contain an element with a sufficient
mass number to be able to diffract the electron beam when imaged, since most of the atoms
making up the tissue (H, C, N, O, P, S) are below the atomic number 50 and impact on

relatively few of the electron trajectories.
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Clearly, the need for fixed samples prevents cellular processes from being imaged in real
time, as is sometimes possible using light or confocal microscopy. Furthermore, the need for
thin sections for TEM prevents imaging in the z-dimension. Thus, if the high lateral
resolution of EM imaging is to be used to visualise the initiation and development of starch
granules, it must be combined with complementary techniques, to both increase the z-

resolution and to incorporate some sort of temporal resolution.

Tomography

As described above, sample for TEM need to be thinned so that the resulting sections are thin
enough to transmit electrons (typically <100 nm). This inevitably reduces the possibility for
imaging a depth of field. Nevertheless, several techniques have been developed to image
cellular ultrastructure in 3D. When the structures of interest are smaller than 100 nm, such as
ribosomes and cellular membranes, it is possible to treat even ultrathin sections as a volume
and obtain information in the z-dimension by imaging a tilt series of each section. Using this
tilt series allows 3D information to be calculated in silico and z-stacks to be generated.
Chemical fixation and the infiltration can be replaced by plunge-freezing the specimen. This,
when combined with further sample preparation steps (cryo-sectioning or cryo focussed-ion-
beam [FIB] milling), can yield unstained samples in a near-native state in vitrified water,
which can be imaged using advanced instruments. At that scale, tomographic images of
homogeneous particles can be averaged to increase the signal-noise ratio. This approach
offers the greatest resolution but is limited to suitable specimens and the analysis of certain
cellular structures. For example, cryo-EM tomography has recently offered important insights
into the sub-organellar machinery of Chlamydomonas reinhardtii chloroplasts (Engel et al.,
2015; Schaffer et al., 2017; Albert et al., 2019).

Many biological structures are one or more orders of magnitude larger than those imaged by
TEM-based tomography. When dealing with larger structures like whole organelles or cells,
however, constraints quickly add up. Imaging is nonetheless possible if the sample block
surface is incrementally milled or planned and imaged by Scanning Electron Microscopy
(SEM) to detect the backscattered electrons. The first method to remove matter from the
sample block face involves milling it with an ion beam (FIB-SEM); the technique is routinely
used in material sciences and has been successfully applied in life sciences (e.g., Uwizeye et
al., 2020). It has the advantage of milling very small increments in the z-dimension (a few

nm) but allows only small volumes to be sampled.

34



Alternatively, the block face can be planed with a microtome, as for the preparation of
conventional ultra-thin sections. With care, consecutive sections can be “glued” together side
by side and the resulting ribbon can be transferred to a conductive support and imaged
sequentially by SEM; the volume is recreated by stacking the slice images. This method has
several caveats as reasons for the ribbon to go awry during or after sectioning are numerous.
Furthermore, the sequential images need to be aligned which can be difficult when there is
local distortion during sectioning and imaging. These problems limit its adoption for routine
use. Nevertheless, serial sectioning has a key advantage in that the sections can be kept for
further analyses, such as correlative light microscopy or mass spectrometry, as described
below. Interestingly, by incorporating a microtome into the stage of the scanning electron
microscope, the sample’s block surface can be repeatedly imaged and planed by the
microtome, progressively revealing the underlying tissue. The whole imaging-sectioning is
automated and does not rely on the formation of an intermediary state (the ribbon), during
which the sample can be damaged. This approach brings together the optimal combination of
high resolution and a large, sampled volume (up to hundreds of micrometres in the x, and z
axes). The above-mentioned methods were successfully applied to study the ultra-structures
of chloroplast (Bussi et al., 2019; Pipitone et al., 2020). However, the sample preparation
prevents the chloroplasts to be tracked over time; making impossible to directly study the

development of starch granules.

In contrast, confocal laser scanning microscopy provides the ability to study in real time the
chloroplast but compromises the spatial resolution. Nevertheless, by combining the
autofluorescence with 3D structured illumination microscopy (Iwai et al., 2018), it is possible
to image chloroplasts beyond the limitations imposed by optical systems (e.g., diffraction
barrier), which could potentially be applied to starch biosynthesis. Alternatively, as a new
approach to study the dynamic of starch granule development with EM, described herein, one
can first perform stable isotope labelling, image the structures of interest with SEM, then

retrieve the location of the label with secondary ion mass spectrometry (see below).

Secondary ion mass spectrometry (SIMS)

Answering many questions in metabolism involves resolving the destination and use of
specific metabolites. To that end, the use of labelled molecules is a powerful tool but requires
a method to recapture and quantify the label after it has entered the biological system.
However, as biological systems are typically complex and heterogeneous, the isolation of a

single molecular species from within a specific subcellular compartment, without
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contamination from the environment or other parts of the system can be challenging. It is
therefore necessary to be able to probe the system in situ, at the cellular scale. Biomolecules
and in particular, proteins can be tagged with a fluorescent tags or dyes. However, it is often
difficult to exclude an effect caused by the tag/dye itself, and for small metabolites this
approach is impractical or impossible. In this case, the ideal marker can be simply an element
of the molecule with a specific isotopic signature (?H, 13C, N, etc). Assimilation and
utilisation of this isotopically labelled molecule can then be measured through mass
spectrometry, or other means in the case of radioisotopes. Tagging molecules with stable
isotope atoms was used by Rudolph Schoenheimer in the early twentieth century to track the
proteins in the body. Sadly, at the time, the technique could not be used at the subcellular

levels, since imaging was not possible.

In the early 1960s, Raymond Castaing and Georges Slodzian pioneered in mass filtered
emission ion microscopy using secondary ions to tackle the problem of elemental localisation
(Colliex, 2019), the raison d’etre of many of these endeavours being to advance
geochemistry, metallurgy and electronics. Despite the first reports of the use of such methods
in life sciences in the 1970s (Galle, 1970), the application suffered from constraints inherent
to cells, and it is only in the last two decades that SIMS imaging has emerged as a powerful

tool. To be useful in life science SIMS has to overcome several challenges.

Until the 2000, it was not possible to analyse multiple ions simultaneously and their ratio had
to be measured one ion at a time (Hindie et al., 1990; Lousier et al., 2000). Repeating the
scan for different ions was a noticeable source of error, as the sample position and state was
sequentially modified. Hence, the emergence of multiple ion mass spectrometers

considerably improved the quality of the signal.

Developed at the Office National d’Etudes et de Recherches Aérospatiales, the NanoSIMS
was naturally aimed at cosmochemistry. It has an experimental mass resolution of 10000, a
secondary ion transmission of about 70-80% and a lateral resolution of 33 nm, making it also
a valuable microscopic method in life science research. In a NanoSIMS, a probe (the primary
beam) is used to scan the surface of a solid sample. The impact of the probe triggers the
ejection of atoms, among which some are spontaneously ionised. Those are condensed along
the secondary column, the hexapole electron lens and the electrostatic sector and diffracted
according to their mass/charge ratio by a magnetic sector. Finally, the abundance of each

species is measured by multi-detection units consisting of a deflection plate, a selection slit
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and an electron multiplier (Peteranderl et al., 2004). In a NanoSIMS 50L, it is possible to

simultaneously record the counts of up to 7 masses (Figure 0.4).

NanoSIMS
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Figure 0.4. Nanoscale secondary ion mass spectrometry (NanoSIMS). The primary beam (e.g., Cs*) interacts
with the sample surface and ejects matter. Some species are spontaneously ionised (secondary ions) and can thus
be accelerated through the coupled mass spectrometer. These secondary ions are simultaneously quantified,
giving each an ionic image of the sample. By taking the ratio of certain species of interest and by comparing it
with the natural abundance, enrichment maps are obtained.

Under standard analytical conditions, the NanoSIMS uses a caesium ions (Cs*) primary beam
with an impact energy of 16 keV and a current of 0.8 pA, reaching a lateral resolution of 100
nm. Depending on the chemical nature of the species of interest, the current needs to be
augmented at the expense of the lateral resolution. The acquisition time is about 1 ms per
pixel and the raster dimensions are 256 x 256 pixels. For biological applications, most
relevant ion species come up negatively charged. Therefore, the primary ion beam is made up
of Cs*. Biologically relevant ion species include the single ions *H-, 2D, 12C-, 13C", 160",
180, 19F, 31p~, and *2S™ and the cluster ions 2C'H-, ®C1H-, 2C?D, 3C?D, 12C¥N-,
BCHN-, 12CBN, and 3 CN". Due to the low electron affinity of nitrogen, it doesn’t form
ions and must be analysed through the cyanide (high electron affinity, 3.82 eV). Detecting the
cyanide leads to isobaric interferences (ionic species with extremely similar mass to charge

ratios), which are overcome by the high mass resolution of the NanoSIMS.

Most NanoSIMS analyses on biological specimens are performed on fixed tissues that have
been previously imaged by microscopic methods (typically EM). The required sample

preparation will alter its chemical composition in at least two ways. First, the numerous
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washing steps and the dehydration may selectively remove label depending on the tissue,
especially when the label is in soluble compounds in the cell cytosol, the plastid stroma, or
the vacuole. Second, the resin infiltration inevitably dilutes the ‘3C signal by the addition of
12C. However, the relative ratio (when normalised to the natural abundance) remains
unchanged (Pernice et al., 2014). These alterations can be offset with various approaches.
The conventional sample preparation can be replaced with cryo-fixation and freeze-
substitution. Although, this does not completely suppress the risk of label re-distribution
within the cell. Alternatively, the recent development of cryo-NanoSIMS aims at overcoming

the above-mentioned pitfalls (Jensen et al., 2020).

However, for the analysis of starch this disadvantage is turned into an advantage, since starch
is insoluble and preserved during fixation, this selective washing indeed increasing the
overall contrast. During the data processing, all the planes from each ion species are aligned
and accumulated. In a second step, the ratio between ion species of interest is computed
pixel-wise. Additionally, the ratio is normalised to the natural abundance and centred at 0.
The natural abundance is computed from an unlabelled control sample, embedded alongside

the labelled samples, to account for any inherent experimental variability.

The magnitude of the signal greatly varies depending on the nature of the metabolites of
interest. Therefore, accumulation of several NanoSIMS planes is generally necessary. In
addition, the visual evidence needs to be completed with statistical analysis to quantify the
uncertainty. Fortunately, starch is produced rapidly and in large quantities. Its synthesis has
been already imaged using NanoSIMS, when investigating inorganic carbon and nitrogen
assimilation in the dinoflagellate endosymbionts of corals (Kopp et al., 2015). In the case of
leaves, the assimilation of carbon dioxide by photosynthesizing chloroplasts happens even
more rapidly (over a time scale of a few minutes) and, in Arabidopsis, up to half of the
photoassimilates are directly converted to starch. Consequently, a 15-min pulse of 3CO: is

sufficient to reach *C-enrichments in starch of 10000 permille.
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Outlook and aims of this thesis

Techniques used to characterise starch that provide measurements about a large population of
granules (e.g., starch concentration per plant, shape and size distributions of extracted starch
granules) or give incomplete pictures (e.g., quantification from chloroplast section) give
useful overviews, but a full understanding of granule dynamic requires major improvements
in spatial and temporal resolution. The properties of starch granules (number, shape) are the
result of the concerted effort of a number of factors. Yet, their mechanism cannot be observed
with sufficient time-space resolution. Modern ionic imaging/NanoSIMS, properly applied,
can remove these limits, enabling us to visualise initiation events and trace starch

accumulation.

The spatial resolution will be enhanced by using electron microscopy, with resolution down
to a few nanometres, while resolution in depth will be achieved by serial block face scanning
electron microscopy (SBF-SEM). The temporal resolution can be enhanced by time-course
sampling during the day. However, the data so acquired remain snapshots; the image does not
indicate when the visible granules have been initiated, nor how much starch they have
accumulated. To remedy that problem, in-vivo starch labelling can be done at specific times
by providing photosynthesising plants with a pulse of 3CO2-containing air. With NanoSIMS,
label information can be retrieved from previously EM-imaged sections containing granules
of interest, with enrichment indicating where starch was accumulated during the pulse. When
a chase period in 2CO2 follows the pulse, it becomes possible to compare the current starch

granule morphology and with the now-internal labelled regions synthesised earlier.

In my first chapter, | describe starch granule initiation in previously de-starched chloroplasts.
Entire chloroplasts were imaged using SBF-SEM to capture every granule in 3D. A workflow
was established to label starch with pulses of **CO2 and probe *3C-enrichment in mesophyl|
cell chloroplasts containing granule sections with NanoSIMS. Pulses applied at the start of
the day revealed that granules initiate in parallel and coalesce, while pulses applied later in
the day revealed anisotropic growth along the granule margin. Similar experiments on ss4
mutants with spherical granules, reveal a loss of anisotropic starch deposition. Finally,
experiments on gbss mutants deficient in the granule-bound starch synthase responsible of

amylose synthesis reveals that its action occurs within the amylopectin matrix.

In my second chapter, | applied these techniques to look at the role of the proteins of starch

granule initiation. Given that de-starched wild type chloroplasts are able to start off parallel
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initiations in several discrete locations, | examined whether this ability is conserved in
mutants with an average lower granule number (mfpl, mrc, ptst2, ptst3, ss4). Examination of
SBF-SEM of chloroplasts at dawn revealed differences in their capacity for initiating multiple
granules; the mutants mrc and ss4 have notable reduced cluster size in comparison with mfpl
and ptst2 which were able to initiate parallel granules. I therefore propose a hierarchy in their
function and speculate that MRC/SS4 control the granule initiation more directly than
MFP1/PTST2.
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Abstract

Living cells orchestrate enzyme activities to produce myriads of biopolymers but cell-
biological understanding of such processes is scarce. Starch, a plant biopolymer forming
discrete, semi-crystalline granules within plastids, plays a central role in glucose storage,
which is fundamental to life. Combining complementary imaging techniques and Arabidopsis
genetics we reveal that, in chloroplasts, multiple starch granules initiate in stromal pockets
between thylakoid membranes. These initials coalesce, then grow anisotropically to form
lenticular granules. The major starch polymer, amylopectin, is synthesized at the granule
surface, while the minor amylose component is deposited internally. The non-enzymatic
domain of STARCH SYNTHASE 4, which controls the protein’s localization, is required for
anisotropic growth. These results present us with a new conceptual framework for

understanding the biosynthesis of this key nutrient.
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Introduction

The major source of calories for society are plant-derived carbohydrates. The most important
of these carbohydrates is starch—a remarkable, insoluble biopolymer (Smith and Zeeman,
2020). Starch forms as discrete, semi-crystalline granules within sub-cellular plastid
compartments, i.e., the chloroplasts of green plants and algae and the amyloplasts of non-
green heterotrophic tissues, such as seeds, roots and tubers. The main molecular constituents
of starch are the glucans amylopectin (70-90%) and amylose (10-30%). Amylopectin is a
branched polymer, synthesized by a suite of interdependent enzymes, and underpins the semi-
crystalline nature of starch. Amylopectin fine-structure varies between plant species as a
function of the relative amounts and complex interplay between the starch biosynthesis
enzymes (Perez and Bertoft). Amylose is an essentially linear polymer made by a single
enzyme, Granule-Bound Starch Synthase (GBSS; Denyer et al., 2001). Observed variations
in the number, size and morphology of starch granules are highly species specific (Jane et al.,
1994; Matsushima et al., 2013) and the morphological characteristics of starch in
archaeological remains are used as identifiers of crop species used by early civilizations
(Piperno et al., 2000; Copeland et al., 2018). However, despite the global importance of
starch for past, current and future human civilizations, the genetic and cell-biological basis

for the structural and morphological diversity of starch is largely unknown.

In leaves, starch is formed in chloroplasts during the day from photo-assimilated CO2 and
degraded to support metabolism at night, when photosynthesis cannot occur. Arabidopsis
chloroplasts were reported to produce 5-7 lenticular starch granules on average (Crumpton-
Taylor et al., 2012). The starch biosynthetic enzymes are well known (Pfister and Zeeman,
2016): a-1,4-linked glucan chains are elongated by a set of five starch synthases (SS: E.C.
2.4.1.21). The a-1,6-branches are introduced by two branching enzymes (BE: E.C. 2.4.1.18)
and the structure is finally tailored by isoamylase-type debranching enzymes (ISA: E.C.
3.2.1.68) to promote its crystallization into a lamellar structure with a 9- to 10-nm periodicity.
The capacity to form insoluble, semi-crystalline starch-like granules was recently engineered
into the non-starch synthesizing yeast Saccharomyces cerevisiae through the introduction of
the Arabidopsis enzymes. This synthetic biology approach demonstrated that the core

components of starch biosynthetic apparatus are indeed identified (Pfister et al., 2016).

The starch synthase isoform STARCH SYNTHASE 4 (SS4) is known to play a key role in

starch granule initiation, with ss4 mutant chloroplasts exhibiting a strongly diminished
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number of granules (Roldan et al., 2007; Crumpton-Taylor et al., 2013; Ragel et al., 2013).
Furthermore, ss4 mutant granules are aberrant in morphology, i.e., more spherical than
lenticular. The abilities of SS4 to both promote granule initiation and control their growth
depend on its C-terminal glucosyltransferase domain and on its non-enzymatic N-terminus,
respectively (Lu et al., 2018). However, the molecular mechanisms underpinning SS4
function are not understood. Recent genetic studies have identified additional proteins
involved in granule initiation and growth (Seung and Smith, 2019; Abt et al., 2020). These
include PROTEIN TARGETING TO STARCH (PTST) family proteins, which are proposed
to deliver glucan substrates to SS4 (Seung et al., 2019), SS5, a non-enzymatic homolog of
SS4 (Abt et al., 2020), and two coiled-coil domain proteins MAR-BINDING FILAMENT-
LIKE PROTEIN 1 (MFP1) and MYOSIN-RELATED CHLOROPLASTIC PROTEIN
(MRC) that bind to and help localize PTST2 and/or SS4 (Seung et al., 2018, Vandromme et
al., 2019a). The precise molecular functions of these proteins are also unclear due to the lack

of knowledge about the actual process of starch granule initiation.

To discover how starch granule initiation occurs and to track subsequent granule
development, we employed a suite of complementary microscopic methods. Serial block face
scanning electron microscopy (SBF-SEM) allowed us to visualize the initiation processes in
3D and quantify changes in granule numbers. The additional use of carbon isotope labelling
and quantitative nano-scale secondary ion mass spectrometry (NanoSIMS), in combination
with molecular genetic approaches, enabled us to understand the role of granule initials and
follow granule expansion patterns during the day. These findings provide a new level of

mechanistic insight into the cell biology of starch biosynthesis.
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Results

Starch granule quantification during the day

We used serial block face scanning electron microscopy (SBF-SEM) to image mesophyll cell
volumes from leaves of wild-type plants. Leaves sampled at the end of a 12-h day had 7.0 =
0.7 mg g* fresh weight (FW) starch (SD, n=4) and their chloroplasts contained 12.8 + 2.3
(SD, n=8) lenticular granules. Leaves sampled at the end of the night had 0.24 + 0.03 mg g*
FW (SD, n=4) starch and 4.4 + 1.0 (SD, n=5) granules per chloroplasts, which appeared as
small discs, thinned at the poles (Figure 1.1A). Thus, only 3% of the mass of starch
accumulated in the leaf during the day remained at the end of the following night, but the
cores of 35% of the granules were preserved. These cores presumably serve as substrates for
renewed starch synthesis during the next day, in parallel with the initiation of new starch
granules. To visualize starch granule development, we sampled leaf tissue after 15 min, 30
min, and 8 h light. There were no striking changes after 15 or 30 min (Figure 1.1B-C), with
granule shape similar to that at the end of the night. After 8 h light, chloroplasts contained
more granules with one or occasionally more granules in a given stromal pocket (defined by
groups of starch granules not separated by thylakoid membranes; Figure 1.1D). However,

granules newly initiated in the light could not be distinguished from pre-existing granules.
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Figure 1.1. See legend on next page.
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Figure 1.1: De-starched chloroplasts exhibit parallel initiation of starch granules shortly after dawn. Chloroplast
sections from an SBF-SEM stack (with 50-nm Z-resolution, inverted SEM images) sampled from the mesophyll
of fully expanded leaves of 35-day old Arabidopsis plants grown in a 12h:12h diel regime. Starch granules
appear as dark-grey disks between thylakoid membranes. (A-D) Representative chloroplast sections from plants
harvested (A) at the end of a regular 12-h night, with a remaining starch granule (white arrowhead), (B) after 15
min light, (C) after 30 min light, and (D) after 8 h light. (E) Series of images (with steps of 100 nm in the Z-
axis) from the sample stack in (B). (F—I), Representative chloroplast sections from plants exposed to a
prolonged night and harvested (F) at the end of the 4-h night extension, (G) after 15 min light, (H) after 30 min
light, and (I) after 8 h light; The black arrowhead indicates stromal spaces with a floccular appearance. The
white arrowhead indicates parallel surfaces of abutting granules. (J) Alternating serial sections (with steps of
100 nm in the Z-axis) from the sample stack in (G). Note the numerous starch initials. Scale bars: 2 um. Further

presentations of these data are given in Supplementary Movies S1.1-S1.4.

To observe newly initiated granules, chloroplasts were further de-starched by exposing plants
to a 4-h extension of the night. We repeated the SBF-SEM analysis, sampling after the long
night and 15 min, 30 min, and 8 h into the day (Figure 1.1F-J). Image stacks were manually
segmented to delineate the starch-containing pockets and their respective starch granules at
the different time points. The image segmentation yielded the number of starch granules per
chloroplast, the number of pockets, and the number of granules per pocket (cluster size)
(Figure 1.2). As expected, chloroplasts contained no starch granules after 16-h darkness, but
each chloroplast had several regions where the stroma was less electron dense and floccular
in appearance (Figure 1.1F, arrowhead; Supplementary Movie S1.4). When exposed to light
for 15 min, some of these regions (on average, 5 per chloroplast) contained starch granule
initials (Figure 1.1G). Occasionally there was a single granule initial, but usually a cluster
was observed (with an average of 4.1 initials, with one pocket exceptionally containing 28
initials: Figure 1.2A-D; Movie S1.4). After 30 min light, the number of pockets was
unchanged, but the diameter of the granules had enlarged, many had an irregular appearance,
and the average number of granule initials per cluster had decreased to 3.1 (Figure 1.1H;
Figure 1.2D; Supplementary Movie S1.2). After 8 h light, chloroplasts contained regular
lenticular (oblate spheroid) granules, occupying more pockets than earlier in the day (11 on
average). At this time there were more granules per chloroplast than after 30 min (averages of
20 and 16, respectively), but the cluster size had decreased further (on average, 1.9, with
typically just one or two; Figure 1.11; Supplementary Movie S1.3). Interestingly, when there
was more than one granule per stromal space, the abutting surfaces were flat, e.g., Figure 1.11

arrowhead. We computed the total surface area and starch volume for each chloroplast and
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derived the surface-to-volume ratio. As expected, surface area and volume both increased at

the later time points, while the surface area to volume ratio declined (Figure 1.2E).
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Figure 1.2: Imaging of entire chloroplasts to determine the exact number of starch granules. Tomographic
reconstruction from SBF-SEM image stacks of entire chloroplasts from plants sampled after a prolonged night
and after 15 min, 30 min and 8 h light. (A) The number of granules per chloroplast. (B) The number of starch-
containing pockets per chloroplast. (C) Number of granules in each cluster category. Data in (A-C) are
expressed as frequency distributions (bins of 4), where the height of the bar represents the summed frequencies
within each bin. For each time point, two plants from two independent experiments were examined. In total, 20,
18 and 21 chloroplasts were examined for the 15-min, 30-min and 8-h time points, respectively. (D) 3D-
renderings of representative chloroplasts (non-inverted SEM images) with the pockets (yellow) and their starch
granules (violet). (E) The total surface area (top), volume (middle) and the surface area-to-volume ratio (SA:V;

bottom) for the total starch in each chloroplast.

Coalescence and anisotropic growth of starch granules

The fact that granule number per chloroplast was highest after 15 min light (on average, > 20)
and decreased by around 50% after 30 min light without a change in the number of starch-
containing pockets suggests that either some starch granule initials are degraded again, or

granule initials coalesced as starch synthesis proceeded. The irregular appearance of granules
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after 30 min is suggestive of the latter, implying that granules can have multiple initiations.
Furthermore, the fact that after 8 h light, the numbers of both starch granules and starch-
containing pockets increased suggests that new granules continued to be initiated during the
day.

To determine whether starch granule initials do indeed coalesce during the day and
understand how they grow, we performed *3CO: stable isotope labelling of illuminated plants,
followed by transmission electron microscopy (TEM) and subsequent high-resolution,
quantitative isotope mapping of the imaged samples using NanoSIMS (20). After de-
starching chloroplasts by extending the night to 16 h, a pulse of *CO2 air was given at the
start of the day to label newly formed starch during the first 15 min of photosynthesis. Leaf
samples harvested immediately after the pulse, or after a 15-min, 45-min, or 4-h chase in
normal air, were chemically fixed and embedded in resin for TEM analysis. During fixation
and dehydration, most soluble *C-labelled compounds are lost from the sample, while *3C-
labeled cellular structures, including starch, are preserved. All of the starch initials clustering
in pockets were labelled after the pulse of 13CO2, showing that they were newly synthesized
(Figure 1.3A). After subsequent 15-min and 45-min chases, we observed unambiguous
coalescence events where granules forming around labelled starch initials had started to fuse
(Figure 1.3B and C). After the 4-h chase, starch granules could be observed with more than
one distinct region of 3C -enrichment embedded within them (Figure 1.3D; for further
examples, see Figure S1.1). Thus, newly initiated, labelled granules continue to grow and

fuse using unlabeled photoassimilates produced during the chase.
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Figure 1.3: Coalescence of starch granule initials tracked with stable isotope labelling, EM and NanoSIMS
imaging. Plants subjected to a 4-h night extension were labelled with a pulse of **CO, for 15 min in the light,
then harvested immediately (A), or after a chase of 15 min (B), 45 min (C), or 4 h (D) in normal air in the light.
In each case samples were fixed and embedded for EM and NanoSIMS imaging. The electron micrograph
(right, inverted SEM image) and the enrichment map (left) and their overlay (center) are shown. The *3C-
enrichment is reported as per mille. Note the multiple labelled initials in each stromal space, with increasing

degree of coalescence during the chase in normal air. Scale bar; 2 pm.

Next, we examined more closely the pattern of granule growth after these initiation and

coalescence events. First, plants treated with an extended night (16 h) were allowed to
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photosynthesize for 45 min in the light, then labelled for 15 min with 3CQa. In leaves
sampled immediately afterwards, all granules were labelled, predominantly at the surface
with much less enrichment in the existing granule core. The pattern of surface labelling was
non-uniform, with much more label incorporated onto the margins of the granules than onto
the faces, showing that they were expanding rapidly equatorially, and less so at their poles
(Figure 1.4A). This clearly indicates that an expansion pattern is established early in the day
and dictates the characteristic lenticular granule shape. In a second experiment, plants treated
with a normal 12-h night were labelled with 13CO2at midday for 1 h (to achieve sufficient
labelling over the increased granule surface area). As for the first experiment, most label was
incorporated non-uniformly onto the granule surface, with stronger enrichment along the
margins than on the faces (Figure 1.4B; Figure S1.1). Interestingly, where granules abutted,
label incorporation was also observed on the flattened surfaces. We quantified the enrichment
on the granule surface contour and mapped it to the unit circle, starting at a point furthest
from margins, i.e., closest to the barycenter of the granule, to obtain enrichment profiles.
Aligning the enrichment profiles revealed that regions of rapid growth coincided with the
granule margins and were characterized by several-fold higher 13C-label than the slow-
growing granule surfaces (Figure 1.4C). However, not all granules showed rapid growth
equally on both margins. Furthermore, rapid growth was less evident on the flattened surfaces

of abutting granules. For further examples, see Figure S1.1.
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Figure 1.4. Anisotropic starch granule expansion revealed by stable isotope labelling, EM and NanoSIMS
imaging. (A) Plants subjected to a 4-h night extension photosynthesized for 45 min in normal air, were labelled
with a pulse of 33CO, for 15 min, and then harvested immediately for EM and NanoSIMS imaging. (B) Plants
subjected to a normal night were labelled with a pulse of 13CO; for 1 h at midday then harvested immediately.
Scale bars: 2 um. (C) Quantification of *3C-enrichment on the surface of six granules depicted in (B). The
probing regions (depicted in red in the inset, right) were defined manually with masks over the 5-*3C map.
Individual circular profiles were extracted anticlockwise from the starting point (yellow). Light blue segments
highlight the parts of the profiles corresponding to the granule margins, where most of enrichment is observed.

Horizontal lines show the mean enrichment for each profile.

Disrupted starch biosynthesis patterns in Arabidopsis mutants
The availability of Arabidopsis mutants was used to determine which factors control the

patterns of starch biosynthesis. First, we analysed the ss4 mutant, which is defective in the
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initiation and growth of granules. The chloroplasts of ss4 have few large, rounded starch
granules (opposed to numerous, lenticular granules in the wild type). SBF-SEM revealed that,
after a 4-h night extension, some ss4 chloroplasts still contained a granule, unlike the wild
type (Figure S1.2A). After 15 or 30 min of light, a few small granules were present in
addition to the larger granules inherited from the day before (Figure S1.2B and C). These
observations, together with the presence of both large and small granules after 8 h (Figure
S1.2D) suggests that initiation occurs, albeit at a much-reduced rate. Interestingly, we never
observed clusters of granule initials similar to those seen in the wild type (Figure S2E, Figure
S3). To study the pattern of granule initiation and growth, we subjected ss4 plants to an
extended night and pulsed them with *3COz for 15 min in the light, sampling leaves after a 4-
h chase (Figure S4). Large granules contained a central ring of 3C-label, indicating that these
granules had remained after the extended night and were serving as surfaces for starch re-
growth. Interestingly, other granules, sometimes within the same pocket, appeared centrally
labelled, consistent with the initiation of new granules, even with pre-existing granules
present. We found no evidence of granules containing multiple initials, consistent with the

absence of clusters in ss4 (Figure S2).

We further studied the pattern of granule growth by labelling ss4 plants with 13COzfor 1 h in
the middle of the day (after a 12-h night), followed by immediate sampling. The almost
uniform, isotropic labelling of the granule surface in ss4 suggests that SS4 is required for
normal anisotropic granule growth (Figure 1.5A) and explains the mutant’s rounded granule
morphology. The granule initiation phenotype of ss4 can be rescued by the transgenic
expression of a self-glycosylating bacterial glycogen synthase (Lu et al. 2018; Ugalde et al.
2003). Similar *3C-labelling experiments performed on these transgenic plants revealed that
each chloroplast contained numerous round granules, that were uniformly labelled. This
confirmed that initiation was increased, but that granule growth remained isotropic (Figure
1.5B). When appended to the bacterial glycogen synthase, the non-enzymatic N-terminal
domain of the SS4 protein influenced its sub-chloroplastic localization (Lu et al., 2018;
Raynaud et al., 2016) and rescued both the granule number and granule morphology
phenotypes of the ss4 mutant (Lu et al., 2018). Labelling experiments on these transgenic
plants revealed that each chloroplast contained numerous lenticular granules, with label
concentrated on their equatorial regions, similar to the pattern in the wild type (Figure 1.5C).
Thus, correct localization of glucan initiating activity by the N-terminus of SS4 is sufficient

to guide the overall starch biosynthesis process. This is remarkable because starch is

53



produced by a suite of biosynthetic enzymes, including but not limited to SS4. In the absence

of SS4, these enzymes appear to operate uniformly on the available granule surface.

5"°C + TEM 5"°C

]

Figure 1.5. Starch granule initiation and growth are controlled by Starch Synthase 4. Plants subjected to a
normal night were labelled with a pulse of 13CO, for 1 h at midday then harvested immediately for EM and
NanoSIMS imaging. (A) Chloroplasts from the ss4 mutant. (B) Chloroplasts from the ss4 mutant expressing a
self-glycosylating glycogen synthase (GS) from A. tumefaciens. (C) Chloroplasts expressing the GS fused with
the N-terminal of SS4. Scale bars: 2 um.

Finally, we analysed the synthesis of amylose the minor starch component formed by GBSS.
When labelled for 1 h in the middle of the day (after a 12-h night), granules from the
amylose-free gbss mutant displayed a similar surface-labelling pattern as in the wild type
(Figure 1.6A and B). However, when granules were manually segmented into surface and
internal core regions, there was less internal enrichment in the gbss granules, compared with

the wild type (Figure 1.6C). In contrast, granule surface enrichment was slightly higher in
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gbss than in the wild type (Figure 1.6C). These data show unambiguously that GBSS-

mediated amylose synthesis occurs inside the starch granule matrix in vivo.
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Figure 1.6. Granule Bound Starch Synthase synthesizes amylose in the granule cores. Plants subjected to a
normal night were labelled with a pulse of 3CO, for 1 h at midday then harvested immediately for EM and
NanoSIMS imaging. Scale bars: 2 um. (A) *3C-enrichment map (left) of starch granules within wild-type
chloroplasts. Manually masking the granule surfaces revealed enrichment specifically in the cores (note
different *3C-enrichment scales). (B) *3C-enrichment map of starch granules (left) and their cores (right) within
chloroplasts of the ghss mutant. (C) Quantification of the *3C-enrichment of granule cores and surfaces overlaid
with boxplots representing the 95% CI. N=259 and 269 granules for the wild type and ghss mutant, respectively,
in each case from three biological replicates.
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Discussion

Understanding the in-vivo biosynthesis of biomacromolecules requires genetic, biochemical
and cell-biological insight. We have brought together a new combination of experimental
methods and analytical techniques to bridge these disciplines in the study of starch—arguably
the most important biopolymer produced in plants and therefore a vital agricultural product.
As with many biopolymers, starch granule formation is brought about by the concerted
actions of numerous enzymes, the coordination of which is evidently genetically controlled,
but poorly understood at the cell-biological level. The study of granule initiation in
Arabidopsis provides us with a tractable genetic system with which to identify the genes and
proteins controlling these processes (Abt et al., 2020; Lu et al., 2018; Roldan et al., 2007;
Seung et al., 2017; Seung et al., 2016; Seung, et al., 2018; Vandromme et al. 2019a). By
combining high resolution spatio-temporal imaging techniques with genetics, we bridge these
disciplines to address previously intractable questions about biopolymer formation in-vivo.
Collectively, the parallel initiation followed by fusion and localized starch accumulation
challenge the classical view of granule development and illustrate its dependence on the

emerging network of proteins that includes both enzymes and scaffolding factors.

There is strong evidence from this work and previous studies that starch granule initiation in
chloroplasts occurs at defined sites in-between the thylakoid membranes (Figure 1.1; 18).
Some proteins implicated in initiation are themselves partly (SS4, PTST2) or wholly (MFP1)
thylakoid-associated and localize to chloroplast subdomains (Gamez-Arjona et al., 2014;
Raynaud et al., 2016; Seung, et al., 2018). Our SBF-SEM analysis of de-starched plants, i.e.,
after 16-h nights, revealed thylakoid-bounded regions differing in appearance to the rest of
the stroma, potentially reflecting these subdomains; a hypothesis we are testing with other
correlative microscopy methods. Previous models of starch granule biosynthesis generally
imply a single point of initiation; when multiple initiations occur, compound starch granules
are formed (as seen in the endosperms of some cereals; Li et al., 2017; Yun et al., 2010). This
study unambiguously demonstrates that single granules can arise from multiple parallel
initiations that subsequently coalesce. In chloroplasts, this pattern of multiple initiations may
be functionally important in allowing the rapid establishment of sufficient granule surface
area, which is key to the high rate of starch deposition that accompanies photosynthesis. It
will be important to determine next whether similar initiation patterns occur in other plant
storage organs, such as seeds and tubers, and whether this impacts on starch yields
(Gamez-Arjona et al. 2014).
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Granule coalescence events raise fundamental, unanswered questions. The arrays of parallel
glucan chains in amylopectin molecules that form the 9to 10-nm semi-crystalline lamellar
repeats are thought to be radially arranged in starch, giving granules their characteristic
birefringence when viewed under polarized light (Pérez and Bertoft, 2010; Zeeman et al.,
2002). It is unclear if these semi-crystalline structures are already formed in the observed
granule initials. If present, semi-crystalline lamellae are unlikely to be radially oriented
considering that, at around 50 nm in diameter, the initials are not much larger than the
lamellae themselves. We speculate that a compatible orientation of polymers in adjacent
initials may be necessary for them to fuse during subsequent growth. Indeed, not all adjacent
granules in the same pockets fuse (perhaps due to opposing orientations of their lamellae)
despite the fact that our NanoSIMS imaging revealed deposition of new material onto their
flat, abutting surfaces (Figure 1.4A). Alternatively, it is possible that both the initials and
larger granules can fuse regardless of their orientations but that, after a certain stage, granule
fusion is prevented by the protein factors that establish the pattern of anisotropic granule
growth (Figure 1.4B).

The anisotropic deposition of newly synthesized material dictates the way starch granules
grow in Arabidopsis chloroplasts into flattened discoids that fill the pockets and lie parallel to
the thylakoids. For this to occur, the activities of a suite of enzymes (starch synthases,
branching enzymes and debranching enzymes) must be concentrated at the equatorial regions
of the granule. In other starch synthesizing tissues, starch granules also take on very specific
morphologies. By analogy with the observations made here, we suggest this also happens via
the non-random patterns of deposition of new material. Remarkably, our data show that SS4
is critically required for growth anisotropy in Arabidopsis; when missing, newly synthesized
starch is deposited almost uniformly onto the granule surface, explaining why the starch
granules in ss4 mutants are near-spherical. We conclude that the presence of this protein—
specifically its N-terminal domain required for the protein’s correct localization coupled to
glucan synthase activity—is crucial for concentrating the activities of the other starch
biosynthetic enzymes, including SS1-SS3, BE2 and BE3 and ISA1/2. We propose that a
combination of protein-glucan, protein-protein, and protein-lipid interactions underpins this
phenomenon. SS4 is known to interact with other proteins, i.e., the fibrillins FBN1a and
FBN1b, PTST2 and MRC (Gamez-Arjona et al. 2014; Seung et al., 2017; Seung al., 2018;
Vandromme et al., 2019), which themselves have been demonstrated or proposed to have

binding capabilities. The PTST-family proteins can bind starch and malto-oligosaccharides,
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and, like the putative structural proteins MRC and MFP1, contain predicted coiled-coil motifs
that could mediate protein-protein interactions (Seung et al. 2017; Seung et al., 2018;
Vandromme et al., 2019). Further, MFP1 and the fibrillins are known to be thylakoid
membrane-associated proteins (Seung et al., 2018; Vandromme et al., 2019). Hence, SS4 may
serve as a vital link in this interaction network. Other starch biosynthetic enzymes also have
predicted glucan and/or protein-interaction domains (Pfister et al., 2016). Indeed, in cereal
species, multi-enzyme complexes containing other starch synthase isoforms and branching
enzymes have been shown to form (Hennen-Bierwagen et al., 2008; Tetlow et al., 2008). In
addition to coordinating their activities, the formation of multi-enzyme complexes could

facilitate their collective sub-plastidial localization.

It is also possible that the sites of synthesis may be examples of liquid-liquid phase-
separation brought about by many low-affinity protein-protein and protein-glucan
interactions. A number of the aforementioned proteins have amino acid regions predicted to
be intrinsically disordered—a common feature in proteins capable of condensing into
organelles not enveloped by membranes. Starch biosynthetic enzyme activities may be
significantly increased by a high local concentrations of glucan substrates within such
condensates (while the actions of degradative enzymes might be simultaneously excluded).
This type of enzyme stimulation has been demonstrated for GBSS, the activity of which
shows biphasic kinetics as soluble glucan substrate concentrations breached a threshold
above which viscosity and turbidity increased, signifying the onset of phase transition. This,
together with other observations, prompted the hypothesis that GBSS is active within the
granule matrix (Denyer et al., 1996; Tatge et al., 1999; Wattebled et al., 2002), which we
demonstrate to be correct through isotope labelling and NanoSIMS imaging.

In conclusion, the power of combining genetics with innovative imaging techniques to
capture temporal and spatial information with high resolution has allowed us to answer
previously intractable questions about starch biosynthesis. This approach, extended to the
study of other important biopolymers in-vivo, could enable similar breakthroughs in those
fields.
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Materials and Methods

Plant material and growth conditions

All experiments were carried out with Arabidopsis thaliana L., ecotype Col-0, grown on
individual pots of soil (Klasmann-Deilmann Substrate 2) for 35 days in controlled
environment cabinets (Percival Scientific, Perry, 1A, USA) with a 12-h light (150 pmoles
photons m2 s71)/12-h dark regime. The relative humidity was 60% and temperature was
20°C. Plants defective in SS4 (At4g18240) and their transformed lines expressing
Agrobacterium tumefaciens glycogen synthase linked to the N-terminus of SS4 are described
in (Lu et al., 2018). Plants defective in GBSS (At1g32900) are described in (Seung et al.,
2015).

Stable isotope labelling

For $3CO:2 labelling (either at dawn, or after a 4-h night extension for further de-starching)
plants were transferred to an airtight chamber within the growth cabinet. Air was passed
through the chamber in which CO2 was substituted with 380 ppm 13CO2 (Pangas,
Dagmersellen, Switzerland). Labelling to investigate granule initiation was started 5 min
before dawn and continued for the first 15 min of the light period. Labelling to investigate
granule growth was done for 60 min at midday. Plants were harvested immediately after the

13CO2 pulse or transferred to the growth cabinet for a defined chase period.

Serial block face scanning electron microscopy (SBF-SEM)

Samples were taken from the upper quadrant of leaf 6, between the major vein and the leaf
margin. Each fixation and staining step were followed by three washing steps with the
corresponding buffer. Leaf samples were fixed for 6 h at 20°C, 200 mbar in fixation solution
(2.5% [v/v] glutaraldehyde, 2% [v/v] formaldehyde in 0.1 M sodium cacodylate, pH 7.4).
Samples were then stained in a medium containing 1.5% (w/v) potassium ferrocyanide, 2%
(w/v) osmium tetroxide, 4 mM calcium chloride for 1 h on ice, followed by an incubation in
pre-filtered 1% (w/v) thiocarbohydrazide solution (20 min, 20°C) then in 2% (w/v) osmium
tetroxide (in 0.1 M sodium cacodylate, pH 7.4, 30 min, 20°C). Samples were then stained
with 1% (w/v) uranyl acetate for 12 h at 4°C and then with Walton’s lead aspartate for 30
min at 60°C (0.66% [w/V] lead nitrate in 0.4% [w/v] aspartic acid, pH 5.5). Samples were
dehydrated with a 6-step ethanol series (50%, 60%, 70%, 80%, 98%, 4 x 100%), followed by
100% acetone, each for 20 min at 4°C. Samples were infiltrated in epoxy resin (Durcupan™

ACM, Sigma-Aldrich, Buchs, SG, Switzerland) with increasing concentrations (25%, 50%,

60



75%, 3 x 100%) in acetone. The infiltrated samples were cured in molds for 48 h at 60°C.
The detailed method is described in (36). The blocks were trimmed, glued on pins and
sectioned/scanned ca. 500 times using a scanning electron microscope (FEI Quanta 250,
Thermo Fisher Scientific) at 1.8 — 2 kV with an integrated 3View stage and a back-scattered
electron detector (Gatan, Pleasanton, CA, USA). The structural features were marked out
manually with Amira (ThermoFisher, Waltham MA, USA).

Sample preparation for EM-NanoSIMS imaging

When TEM was used for section imaging, leaf samples were fixed with fixation solution
(2.5% [v/v] glutaraldehyde, 2% [w/v] formaldehyde in 0.1 M sodium cacodylate, pH 7.4),
stained with 1% (w/v) osmium tetroxide, dehydrated with a 6-step ethanol series, infiltrated
with a 4-step (25%, 50%, 75%, 3 x 100%) epoxy resin series in ethanol (Spurr Low Viscosity
Embedding Kit, Polysciences Inc, Warrington, PA, USA) and cured for 48 h at 60°C. All
steps except the last were microwave-assisted using a BioWave Pro+ (Ted Pella, Redding,
CA, USA) and as described in (Abt et al., 2020). Ultrathin sections (70 nm) were transferred
onto formvar-coated copper grids (EMS, Hatfield, PA, USA), post-stained with uranyl
acetate (10 min) and with lead citrate (10 min). Images were acquired with a transmission
electron microscope (JEOL-1400 Plus, JEOL Inc. Peabody, MA, USA) at 120 kV.

When SEM was used for section imaging, samples were processed as for TEM, but osmium
staining prior to dehydration and embedding was based on the OTO method (Seligman et al.,
1966), adapted as follows. Fixed samples were stained with 3% (w/v) potassium ferrocyanide
(11) in 0.1 M sodium cacodylate, pH 7.4, with an equal volume of 4% (w/v) osmium tetroxide
solution. Next, samples were incubated with pre-filtered 1% (w/v) thiocarbohydrazide
solution and finally stained with 2% (w/v) osmium tetroxide solution. After embedding, 200-
nm-thick sections were cut, collected on hydrophilised wafers (PELCO easiGlowTM Glow
Discharge Cleaning System), and imaged with a GeminiSEM 500 (ZEISS, Oberkochen,

Germany) scanning electron microscope (3 kV) using the back-scattered electron detector.

Nanoscale secondary ion mass spectrometry (NanoSIMS)

Grids previously imaged with TEM or by SEM (semi-thin samples deposited on silicon
wafers) were coated with ca. 15 nm gold. Using a NanoSIMS 50L instrument (Hoppe et al.,
2013), pre-sputtered regions of interest (ROI) of 20x20 pm? or 10x10 um? (256x256 pixels)
were scanned with a 16 keV primary Cs* beam, focused to a spot size (Gaussian shape,

FWHM) of around 100 nm with a pixel dwell time of 5 ms. For each image, the counts for
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the secondary ions 12C>-, 13C12C-, and *N*2C- were recorded over 5 rasters (planes) in
electron multipliers at a mass resolving power of around 9000 (Cameca definition), enough to
resolve the ions of interest from potential interferences in the mass spectrum. For each
session, three analyses were done on similarly prepared, unlabeled plant material serving as
isotopic standard against which 3C-enrichments were reported in the §-notation, according to

the equation:
d13C (%0) = ((Cmes/ Cnat) — 1)X103,

where Cmes is the measured ?C*3C-/*2C;™ ratio of the sample and Cnat is the average ?C*3C-

/*2C2 ratio measured in unlabeled samples (isotopic controls).

Using the ImageJ plugin OpenMIMS, ion map files (*.im) were corrected for dead time and
aligned using the *N*?C- map, which shared the highest similarity with the corresponding
electron micrograph. All further image processing tasks were carried out in Python with the
OpenCV bindings. The aligned and accumulated planes of ?C*C- and '>C>~ were used to
compute the *C-enrichment maps (in 8*3C) and electron micrographs were then overlaid onto
these maps using the 1*N*2C- map as a reference. To compare the 3C-enrichment in granule
cores between the wild type and the gbss mutant, the ion maps were manually segmented into
three regions: background, granule surface and granule core. For each region, the average

value of the enrichment along with the standard deviation was calculated.

Statistical analysis

For each inferential procedure, we used Stan (Gelman et al., 2015) to draw posterior samples
from the probability density of generalized linear models (GLM; Gamma likelihood and a
normal prior Normal(mu=2, sigma=2)). The parameters were estimated using the
Hamiltonian Monte-Carlo NUTS sampler using 4 chains, each with 16,000 iterations. The
last 8,000 iterations were used for analysis. The plots were drawn using the Python plot

library Matplotlib.
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Figure S1.1 (continued)
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Figure S1.1. Additional examples of starch granule development visualized by **CO labelling, EM and
NanoSIMS. (A-D) Additional examples of starch granule coalescence in wild-type chloroplasts, as described in
Figure 1.3 A-D, respectively. (E-F) Additional examples of anisotropic granule expansion in wild-type
chloroplasts, as described in Figure 1.4. (G-1) Additional examples of aberrant granule initiation and growth in
ss4 mutant chloroplasts (G) and the rescue of these phenotypes in the chloroplasts ss4 plants transformed with
A. tumefaciens GS (H) or GS fused to the N-terminus of SS4 (1), as described in Figure 1.5. Scale bar: 2 um.
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Figure S1.2. The ss4 mutant displays aberrant starch granule initiation. Chloroplast sections from an
SBF-SEM stack (with 50-nm Z-resolution, inverted SEM images) sampled from the mesophyll of fully
expanded leaves of 35-day old ss4 mutant plants grown in a 12 h:12 h diel regime. Few, near-spherical
starch granules are present between the thylakoid membranes. (A—D) Representative chloroplast sections from
plants exposed to a prolonged night and harvested (A) at the end of the 4-h night extension, with a remaining
starch granule visible in the lower panel (white arrowhead), (B) after 15 min and (C) 30 min light, where both
large granules and possible newly-initiated granules could be observed, and (D) after 8 h light, where a mixture
of large and small granules (white arrowhead) were visible. (E) Series of images (with steps of 150 nm in the Z-
axis) from the sample stack in (B) illustrating a potential newly initiated granule. (F) 3D-renderings of
representative chloroplasts (non-inverted SEM images) with their starch granules shown in violet. Scale bars: 2
pm.
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Figure S1.3. Determination of the exact number of starch granules in the ss4 mutant. Quantitative
information was obtained from image stacks as shown in Figure S1.2. (A) The number of granules per ss4
chloroplast. (B) The number of starch-containing pockets per ss4 chloroplast. (C) Number of granules in each
cluster category. Data in A—C are expressed as frequency distributions. For each time point, two plants from two
independent experiments were examined. In total, 37, 30, 27 and 20 chloroplasts were examined, respectively,
for the 0-min time point, i.e., the end of the extended night, and for the 15-min, 30-min and 8-h time points

during the day.
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Figure S1.4. Re-expansion of existing starch granules and initiation of new granules in the ss4 mutant. ss4
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mutant plants were subjected to a 4-h night extension and labelled with a pulse of *CO, for 15 min in the
light, then harvested and fixed for EM and NanoSIMS imaging after a chase of 4 h in air in the light. In
some cases (A), the **C-enrichment pattern was indicative of peripheral labelling of a pre-existing granule that
remained after the extended night (see Figure S1.2A). In other cases, strong *3C-enrichment was observed at the
center of the granule, consistent with the initiation of a new starch granule during the pulse (B). Note that since
some SS4 chloroplasts retain starch even after a dark extension, we cannot state with certainty that such granules
were newly initiated that day because we do not know the plane of section. If sectioned through their centers,
i.e., a great circle spheric section, this would imply new initiation, but if a larger granule was sectioned off-
center, i.e., a small circle spheric section, peripheral labelling could be miss-interpreted as a central labelling of
a newly initiated granule. However, it is likely that such central labelling would be weak and diffuse. Scale bars:

2 um.
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Supplementary movies

Supplementary Movie S1.1. SBF-SEM reveals that de-starched wild-type chloroplasts produce clusters of
starch granule initials in the light. Progression up through one SBF-SEM image stack, after which the direction
of the movie reverses, leaving a semi-transparent rendering of the electron density (280 images, 50 nm Z-
resolution). Starch granules (annotated in opaque violet) and the starch-containing pockets (annotated in
transparent yellow) are embedded within the 3D-renderings. Note the high number of starch granules initials

that can occupy a single pocket. For details of the imaged sample, see Figure 1.1G and Figure 1.2D.

Supplementary Movie S1.2. SBF-SEM reveals that clusters of starch granule initials appear to fuse as starch
synthesis proceeds. The movie is as described for Supplementary Movie S1.1 (345 images, 50 nm Z-resolution).
Note the irregular morphology of larger granules within the pockets that appear to reflect the coalescence of

starch granules initials. For details of the imaged sample, see Figure 1.1H and Figure 1.2D.

Supplementary Movie S1.3. SBF-SEM reveals normal lenticular starch granules at the end of the day. The
movie is as described for Supplementary Movie S1.1 (360 images, 50 nm Z-resolution). Note the small cluster
size compared to earlier time points and the flat surfaces of abutting granules occupying the same pocket. Note
also the variation in granule size and the comparatively large number of starch-containing pockets. For details of

the imaged sample, see Figure 1.11 and Figure 1.2D.

Supplementary Movie S1.4. Chloroplasts of wild-type mesophyll cells are de-starched after an extended night,
as revealed by SBF-SEM. Progression down through one SBF-SEM image stack (414 images, 50 nm Z-
resolution) revealing multiple chloroplasts, all devoid of starch. Note the recurrent stromal spaces with a
flocculate appearance that may represents sites for future starch granule initiation. For details of the imaged

sample, see Figure 1.1F.
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Abstract

The number of starch granules that form in individual plastids within a plant cell is
genetically regulated. Granule number is inversely linked to granule size, which is an
important functional trait for industrial processes that utilise starch. Relatively little is known
about what determines granule initiation and thus their number. However, in the last decade,
a number of genes encoding potential initiation factors in Arabidopsis chloroplasts have been
identified. When one or more of the encoded proteins are absent, the chloroplasts contain
fewer, generally larger, granules. We previously showed that multiple granule initials can
form simultaneously in regions between the chloroplast thylakoid membranes and are able to
fuse into one. Thus, the final number of starch granules will be influenced by the number of
locations in which initials form, the number of initials produced, and whether or not they
fuse. Here, we investigated the potential disruption of these process in recently discovered
starch granule initiation mutants. We show that some mutants are unable to properly initiate
parallel granules, while others are capable of proper initiation, but that these events appear to
be incorrectly localised within the chloroplast. We propose hereafter a more dynamic model,
that allows plants deficient in either genetic factor to trigger initiation. It further gives

insights about the importance of having multiple starch granules in each chloroplast.
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Introduction

Most plants store a large fraction of their photosynthetically fixed carbon as transitory starch,
a polymer of glucose that forms insoluble, micrometre-scale granules in leaf mesophyll cell
chloroplasts. The starch granules grow during the day and degraded again during the night to
provide the plant with substrates for respiration and the biosynthesis of further metabolites
(Stitt and Smith, 2012). In Arabidopsis, leaf mesophyll cell chloroplasts contain numerous
starch granules. Estimates of the number vary depending on whether counts are made on
whole segmented chloroplasts (20 in Burgy et al., 2021; 7 in Crumpton-Taylor et al., 2012),
or on chloroplast sections (3 in Seung et al., 2018 and Abt et al., 2020). These numerous
granules result from (1) the deposition of glucans onto existing starch granules, (2) the

initiation of new granules, and (3) the fusion of granules.

It has been proposed that Starch Granule Initiation (SGI) is a spontaneous phenomenon (e.g.,
Ziegler et al., 2005) but the variations between species and recent discoveries indicate rather
that it is under the control of genetic factors. In Arabidopsis chloroplasts, SGI requires the
coordinated activity of a set of at least five proteins in addition to the starch biosynthetic
enzymes themselves. Mutants defective in these proteins typically have decreased number of
granules, while the structure of the starch polymers remains largely unaltered (Roldan et al.,
2007, Crumpton-Taylor et al., 2013, Seung et al., 2017, Seung et al., 2018, Vandromme et al.,
2019a). Interestingly, in most cases, the ability to accumulate starch does not appear affected,
even if the number of granules is reduced, since the starch content measured in those mutants
are quite similar to wild type, at least in normal laboratory growth conditions. The fewer
granules present are larger than in the wild type and can exhibit abnormal shape, suggesting

that the factors that influence initiation, may also influence how granules subsequently grow.

The severity of the phenotype in the SGI mutants vary. STARCH SYNTHASE 4 (SS4), one
of the enzymes of starch biosynthesis, has the most striking SGI phenotype; ss4 chloroplasts
contain either no granules or very few nearly spherical granules. In addition, the ss4 mutant
has vastly elevated concentrations of ADP-Glc, presumably accumulating when there is no
granule initial that the remaining starch syntheses can use as a substrate. SS4 may affect the
initiation process both via its C-terminal enzymatic (glucosyl transferase) domain and via its
N-terminal coiled-coil-containing domain (Lu et al., 2018). The latter is required for SS4 to
multimerise and interact with other partner proteins that guide its localisation, and

presumably therefore the initiation events within the chloroplast (Roldan et al., 2007,
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Szydlowski et al., 2009, Lu et al., 2018). SS4 interacts with PROTEIN TARGETING TO
STARCH 2 (PTST2; Atlg27070), which harbours both a coiled-coil-containing domain with
which it interacts with the C-terminal, enzymatic domain SS4, and a family-48 carbohydrate
binding module (CBM48). The homolog of PTST2, PTST3 (At5g03420), does not appear to
interact with SS4 directly, but it can interact with PTST2. Both ptst2 and ptst3 mutants
contained fewer granules in their chloroplasts than the wild type. The ptst2 phenotype is more
severe than that of ptst3, while the ptst2ptst3 double mutant shows a strong decrease in

granule number, approaching the severity of the ss4 mutant [Seung et al., 2017].

Two additional interactors, MAR BINDING FILAMENT-LIKE PROTEIN1 (MFP1) and
MYOSIN-RESEMBLING CHLOROPLAST PROTEIN (MRC) were recently described
(Seung et al., 2018; Vandromme et al., 2019a). Both proteins were identified as direct or
indirect interactors of PTST2, while MRC (also called PIl) was also independently identified
as a direct SS4 interactor. MFP1 and MRC lack known protein domains but contain
numerous predicted coiled-coil-containing regions, suggesting that they may be structural or
scaffolding proteins (Seung et al., 2018, Vandromme et al., 2019a). Biochemical analyses of
fractionated Arabidopsis chloroplasts showed that MFP1 is associated with the thylakoid
membrane and microscopic analysis using a fluorescently tagged version of the protein
showed that it occurs in patches. MRC behaves as a soluble protein but has a distinct
localisation, appearing as a few punctae within the stroma (Seung et al., 2018). The current
model for SGI suggests that SS4 elongates the MOS provided by PTST2 (and possibly also
by PTST3) into granule initials. Thylakoid associated MFP1 determines the location of
PTST2 within the plastid, thus controlling the sites of initiation. The complex of PTST2, SS4
and MRC directed by MFP1 may create a suitable local environment for the initiation of new

starch granules, although the precise role of MRC is unclear as yet.

To provide more information about the mechanisms by which starch granules are initiated,
we recently implemented a workflow to analyse starch granule development in situ, using
complementary nanometre-scale imaging techniques (Chapter 1; Burgy et al., 2021). Here,
we deploy these methods to investigate the SGI mutants ptst2, ptst3, mrc and mfpl and show
that these can be defined as either unable to properly initiate parallel granules (ss4 and mrc)
or capable of proper initiation, but that these events are incorrectly localised within the

chloroplast (ptst2, ptst3 and mfpl).
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Results

De-starching SGI mutant chloroplasts with an extended night.

Visualising SGlI is facilitated when chloroplasts are previously de-starched with an extended
night (Chapter 1; Burgy et al. 2021). To see to which extent the SGI mutants could be de-
starched, we prepared material for serial block-face scanning electron microscopy (SBF-
SEM), harvesting duplicate samples after a 4-h night extension from the mesophyll of fully
expanded leaves of 35-day-old mutant and wild-type plants. Subsequent imaging revealed
that, as expected, chloroplasts of the wild type were devoid of starch. Similarly, chloroplasts
of mfpl contained almost no remaining starch granules but displayed enlarged stromal spaces
with less dense stroma inside in between the network of parallel and flattened thylakoid
membranes (Figure 2.1A arrowhead at Oh, Figure S2.1A; Supplemental Movie S2.1). In mrc,
all chloroplasts were free of starch (Figure 2.1B; Table 1; Supplemental Movie S2.4) in one
replicate, with enlarged stromal spaces also present. In the second replicate some chloroplasts
still contained one starch granule, which was often very thin and curved (2-8 pum in diameter,
0.5-1 um thick; Figure S2.1B, arrowhead). In ptst2, one replicate was de-starched, again with
enlarged stromal gaps (Figure 2.1C), but in the second replicate, half of the chloroplasts
contained thin residual granules (Figure S2.1C; Supplemental Movie S2.7). In some cases,
chloroplasts that were constricted in their middle— presumably undergoing fission—still had
long granules that appeared to be preventing division (Figure S2.1C, arrowheads). In ptst3,
almost no remaining starch was observed, but several stromal gaps were evident (Figure
2.1D; Figure S2.1D; Supplemental Movie S2.11). In both ss4 replicates, chloroplasts often
contained one remaining near-spherical starch granule (Figure 2.1E; Figure S2.1E;
Supplemental Movie S2.16-17). Curiously, the granules were in close contact with
surrounding thylakoid membranes, which appeared slightly dissociated from the rest of the

thylakoid network (Figure S2.1E, arrowhead).
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Figure 2.1. See legend on next page
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Figure 2.1 Chloroplast sections from an SBF-SEM stack (with 50-nm Z-resolution, inverted SEM images)
sampled from the mesophyll of fully expanded leaves of 35-day old Arabidopsis plants grown in a 12h:12h
diel regime. Starch granules appear as dark-grey disks between thylakoid membranes. (A—E), Representative
chloroplast sections from plants (A, mfpl; B, mrc; C, ptst2; D, ptst3; E, ss4) exposed to a prolonged night and
harvested at the end of the 4-h night extension (first column), after 15 min light (second column) and after 8 h
light (third column). Note the numerous starch initials after 15 min light in A, C and D. Note the distant initials
within the same stromal pocket after 15 min light (B, arrowheads). In the first column, the arrowheads indicate
the stromal gap where starch granules may later initiate. Further presentations of these data are given in
supplemental movies S2.1-21 (see Movie description in Supplementary material). Scale bars: 2 um. Data for
wild-type and ss4 come from SBF-SEM stacks in Chapter 1; Burgy et al., 2021.
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Replicate 1 Replicate 2

Genotype Light (h) Count Percentage Count Percentage
WT* 0 6 100 6 100
0.25 8 0 14 0
8 12 0 15 0
mfpl 0 10 100 12 100
0.25 18 0 6 0
8 3 0 12 0
mrc-3 0 11 100 15 40
0.25 27 3.7 6 0
8 7 0 4 0
ptst2-7 0 12 100 8 375
0.25 12 16.7 17 17.6
8 8 375 10 20
ptst3-5 0 7 100 11 81.8
0.25 10 0 9 0
8 11 0 12 0
ss4* 0 12 41.7 25 44
0.25 14 7.1 16 37.5
8 12 16.7 14 7.1

Table 2.1. Percentages of empty chloroplasts immediately after a 4-h night extension (light=0), or after a
subsequent 15 min (light=0.25) or 8 h light. For each of the two biological replicates, the count of full
chloroplasts examined is given (between 3 and 27). *Data for wild-type and ss4 come from SBF-SEM stacks in
Chapter 1; Burgy et al., 2021.

To see whether the remaining starch observed at the microscopic scale was reflected at
macroscopic scale, we measured the starch content of whole rosettes by quantifying the
glucose released after treating extracted insoluble material with a-amylase and
amyloglucosidase (see methods; Figure 2.2A-E). At the end of the 4-h night extension, wild-
type plants contained a very low starch concentration of 0.19 + 0.06 mg/g FW (n=5).
Although the starch content is not zero, no starch initials could be seen in the mesophyll
chloroplasts (Chapter 1; Burgy et al. 2021). Thus, it is possible that this represents
background glucose released by the enzymatic treatment from other, non-starch sources, or
starch present elsewhere in the rosette (e.g., guard cells; Horrer et al., 2016). While the starch
values for SGI mutants were also low, the mean values were higher that the wild type; ss4
values were almost five-fold higher, and statistically significant. The values for ptst2, ptst3
and mrc values were approximately three-fold higher and the mfp1 value was two-fold
higher, but these differences did not differ significantly from the wild type. These data,
including the variation observed, are consistent with the microscopic observations (Figure

2.1) and suggest that when starch granule numbers are decreased, it has a small, but
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detectable effect on its turnover, which confirms older reports (Seung et al., 2017). We also
visualized starch in the rosettes at the end of the night by I2/KI staining. The starch in the
rosettes of the SGI mutants was below the level of detection using this qualitative method,
except in ss4, which stained for starch in its older leaves, as previously reported (Figure
2.2F).
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Figure 2.2 Starch concentrations in WT and in the SGI mutants. (A—E) Starch concentrations after a normal
night (N12h) and harvested immediately (A), after 8 h day (B) and 12 h day (C). Starch concentrations after a 4-
h night extension (N16h) and harvested immediately (D) and after 8 h day (E). Each solid point represents one
of 5 replicate plants; the dashed line represents the average of wild type and the red bars represent the 2.5%,
50% and 95% C.I. bounds (from bottom to top, respectively) of each line. The lower bounds of the C.I. were
clipped to zero. F, Representative 5-week-old de-starched rosettes (fresh, top row and stained for starch, bottom
row). Scale bars: 20 mm.
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Parallel granule initiation is defective in some SGI mutants.

We checked whether SGI mutants were able to produce clusters of starch granule initials in
parallel, as observed for the wild type. Plants were given a brief exposure to light (15 min)
after the 4-h night extension, then harvested and prepared for SBF-SEM. Evaluation of the
cluster sizes in the resultant image stacks (Figure 2.1) revealed two classes of mutants: mfp1,
ptst2 and ptst3 were able to create parallel initials, while mrc and ss4 appeared defective in
this process (Figure 2.3B). In mfpl plants, chloroplasts contained an average of 4.6 granule
initials in each stromal pocket, with one containing as many as 19 initials (Figure 2.3B; Table
2; Supplemental Movie S2.2). The initials were nearly spherical, and the clusters often had a
central, larger aggregate of starch, that may be the result of early fusion (Figure S2.1A,
arrowhead). However, compared with the wild type, there were fewer clusters per
chloroplast. In mrc plants, chloroplasts either contained small, round, isolated granules that
were presumably freshly initiated (Figure 2.1B; Supplemental Movie S2.5), or larger granules
that resembled those found at the end of the prolonged night (Figure S2.1B). In contrast to
mfpl, the small granules did not form clusters with more than two initials (1.7 on average)
(Fig 1B, centre, arrowheads), but similarly to mfp1 there were only few clusters per

chloroplast.

In ptst2 and ptst3 plants, chloroplasts contained clusters of round initials with an average of 6
and 2.4 initials per pocket, respectively. The ptst2 mutant had the largest cluster size of all
plants examined in this experiment, with a maximum of 37 initials clustering in one pocket
(Figure 2.3B; Supplemental Movie S2.8-9). There were again examples of chloroplasts in
ptst2 where larger residual granules were apparently obstructing division (Figure S2.1C). In
ptst3, a maximum of 16 initials in one pocket was observed (Figure 2.3B; Supplemental
Movie S2.13-14). Like mfpl and mrc, both of the ptst mutants appeared to have fewer
clusters per chloroplasts than the wild type. As expected, ss4 had the most severe phenotype,
which was consistent with what we previously reported (Chapter 1; Burgy et al. 2021). Many
chloroplasts were empty of starch and most of those that contained starch had one large
granule, however, some also contained, smaller, potentially newly initiated granules (Figure
2.3B; Supplemental Movie S2.18-19).
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Figure 2.3: Number of starch granules per pocket after the 4-h night extension (A), followed by 15 min day (B)
and after 8 h day (C). The number of starch granules per pocket was evaluated from entire chloroplasts from the
SBF-SEM stacks displayed in Figure 2.1. Each point represents a cluster. When the chloroplasts had no starch,

they are represented with a single “O-cluster”. Boxplots are overlaid to ease the interpretation of the spread. Data

from wild type and ss4 come from SBF-SEM stacks in Chapter 1; Burgy et al., 2021.
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Genotype  Light (h) Number of Number of Number of

clusters per granules per granules per
chloroplast pocket (avg) chloroplast
(avg) (avg)
WT* 0
0.25 5.1 4.3 21.6
8 11 2 20.1
mfpl 0
0.25 2 4.6 9.4
8 2.4 8.9 21.1
mrc-3 0 1 1 1
0.25 1.4 1.7 2.3
8 3.3 2.9 9.7
ptst2 0 1 1.4 1.4
0.25 2 6 12.2
8 1.8 3.9 7.2
ptst3 0 1 1 1
0.25 2 2.4 4.8
8 4.1 3 12.3
ss4* 0 1.1 1 1.1
0.25 1.3 1 1.3
8 24 1 25

Table 2.2. Average number of clusters, average cluster size and average granule number per chloroplast.
The absence of average (-) indicates that no observed chloroplast had starch. *Data from wild-type and ss4
come from SBF-SEM stacks in Chapter 1; Burgy et al., 2021.

Changes in granule numbers during the day

We next performed SBF-SEM analysis on plants exposed to light to an 8 h day after the 4-h
night extension, again quantifying the numbers of starch granules (Table 2). In the wild type,
the coalescence previously reported had resulted in smaller numbers of granules per stromal
pocket (from 4.3 down to 2), while the number of occupied pockets had increased (from 5.1
to 11), indicative on further initiation during the day. In mfp1, the chloroplasts contained a
comparable number of granules to the wild type. However, the number of clusters was
substantially lower than in wild type (2.4 rather than 11) similar to what was present at the
start of the day. In addition, the cluster size was larger than in wild type (8.9 rather than 2),
and higher than at the start of the day (Figure 2.3A; Supplemental Movie S2.3), such that the
average number of granules per chloroplast was twice that after 15 min light.

All other SGI mutants had fewer granules in total, ranging from over 12 in ptst3 to less than 3
in ss4. In mrc, the number of occupied pockets was low, as was the number of granules per
pocket, but both values were slightly higher than after 15 min light. In ptst2, the number of

occupied pockets appeared unchanged, but the number of granules per pocket decreased as in
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the wild type, rather than increasing as in mfpl. In ptst3, the number of occupied pockets
increased, though not as much as in wild type, while the number of granules per pocket
increase little is at all (Figure 2.3B, C). The ss4 mutant still displayed the strongest
phenotype, almost always had just 1 granule per pocket, although we observed an increase in
the number of pockets occupied. After 8 h of light, starch concentrations in all mutants were
comparable to the wild type, which had 4.42 + 0.11 mg/g FW (Figure 2.2B and E). The mean
starch value for mrc was slightly higher than the wild type (5.39 + 1.11 mg/g FW) while that
of ss4 was slightly lower (3.21 + 0.2 mg/g FW), but these differences were not statistically

significant.

Sub-chloroplastic localisation

The numerical data above need to be treated with some caution when considered alone, given
the relatively low numbers of biological replicates and chloroplasts analysed using this
meticulous, yet low-throughput approach. However, careful inspection of the SBF-SEM
stacks revealed distinctive features in the different SGI mutants, in particular to tell apart the
separate starch granules within a cluster. If they were observed with lower resolution imaging

techniques, they would be most likely be considered as one single long granule.

We investigate the influence of the SGI proteins upon the location of initiation events by
examining the chloroplasts in 3D. In mfpl, both after 15 min and 8 h day, the majority of the
granules were clustered in one or two pockets in the middle of the thylakoid membrane
network (Figure 2.1A; Supplemental Movies S2.2-S2.3). Furthermore, some granules were
occasionally present on the margin of the chloroplast, that is, between the inner membrane of
the chloroplast and the thylakoids. This was not observed in the wild type, suggesting mis-
localisation of granule initiation in mfpl. After 8 hours light, granules clustered in one pocket
were tessellated in all three dimensions. In some places, there was little or no gap between the
granules, potentially suggesting fusion events. In mrc, the clusters were much smaller and
less frequent, and single granules often occupied an entire stromal pocket (Supplemental
Movies S2.5-S2.6). Occasionally, in large stromal pockets that contained more than one
granule, they were located far from each other. No granules were observed outside of the
thylakoid network. Thus, as indicated from the quantitative data, this qualitative inspection

confirmed that the mfp1 and mrc phenotypes were quite different from each other.

In ptst2, the numerous initials observed after 15 min light were mostly present in very few

pockets, which were generally located in the middle of the chloroplasts (Supplemental
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Movies S2.8-S2.9). Further, these large stromal pockets often contained more than one group
of initials that were far apart from each other. In both of these ways, the ptst2 phenotype
resembled that of mfpl. After 8 h, we often observed a central cluster together with one
isolated granule in the periphery (Supplemental Movies S2.10).

Interestingly, a significant fraction of the chloroplasts in ptst2 were still devoid of starch
granules, even after 8 h light. In ptst3, the somewhat weaker phenotype after 15 min light was
characterised by granule-containing stromal pockets distributed throughout the chloroplast
(Supplemental Movies S2.13-S2.14). In one case, a cluster was present between the
thylakoids and the envelope. After 8 h light, there was a mix of large and small granules,
separated from each other, and clusters of medium-sized granules (Supplemental Movies
S2.15).

In ss4, most chloroplasts that contained starch after the 4-h night extension had only one
granule, located within the thylakoid membrane network. After 15 minutes day, small
separate granules surrounded by swirling thylakoid membrane were occasionally visible. No
clusters were observed at all at this stage, but after 8 h light some chloroplasts contained both
large granules smaller ones that were occasionally adjacent. However, a substantial fraction
of chloroplasts only contained one or two large granules, and some remained empty
(Supplemental Movies S2.18-S2.21).

Isotopic labelling of starch at the time of granule initiation

To start to examine the dynamics of starch accumulation in the SGI mutants, we conducted
an experiment to label the carbon assimilated into starch at the start of the day. Therefore, we
pulsed plants, previously subject to a 4-h night extension, with 2*COz air for 15 min in the
light. We sampled the mesophyll after a chase period (4 h, in unlabelled air in the light) to
allow potential starch granule coalescence to occur, as was observed in the wild type
(Chapter 1; Burgy et al., 2021). Fixed, embedded tissue was prepared as serial sections for
inspection by SEM and NanoSIMS.

In mfpl, parallel initiation occurring in stromal pockets was evident both as centrally
labelled, abutting, unfused granules, but also as larger granules that contained a larger area of
labelling with several maxima of label intensity, indicative of starch granules that had fused
(Figure 2.4A, arrowhead). In mrc, we observed two labelling patterns. First, uneven labelling
could be observed in a flattened pattern in the middle of granules, suggesting a “planar”

enrichment. Either this represents the fusion of new initials arranged as a disc, or alternatively
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it could reflect the re-enlargement of a residual, thinned granule. The second pattern more
clearly reflected starch accumulation onto pre-existing granules. Interestingly, neighbouring
granules appeared to show both anisotropic (Figure 2.4B, second row, arrowhead) and
isotropic accumulation. This is most likely due to the relative orientations of the granules:
reconstructions of the chloroplast volume from SEM images of the serial sections showed
that a round granule labelled with an isotropic ‘ring’ was in fact a flattened granule sectioned

equatorially (see Figure 2.4B inset, orthogonal view).

In ptst2, we could observe uneven labelling in a flattened pattern in the middle of granule, as
for mrc, in addition to centrally labelled granules (Figure 2.4C). In ptst3, we could not see
any evident clustered labelled initials embedded into one granule. Nonetheless, the central
enrichment seemed to be structured with a less enriched centre, albeit unlikely resulting from
accumulation onto a pre-existing granule, due to the size and shape. It was interesting that
NanoSIMS inspection of serial sections revealed that two starch granules, initiated
simultaneously had enlarged into separate granules without coalescing (Figure 2.4D).

Another section appeared to capture multiple initials coalescing.

In ss4, new initiations could be detected as well as uneven, ring like enrichment patterns
(Figure 2.4E, arrowheads). We excluded that we had missed the granule centre through the
analysis of serial sections. This suggests either that this large granule had been produced
during the chase period or, perhaps less likely, that this chloroplast was quiescent in terms of

starch synthesis during the labelling period.
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Figure 2.4
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Figure 2.4. Development of starch granule initials tracked with stable isotope labelling, EM and
NanoSIMS imaging. Plants subjected to a 4-h night extension were labelled with a pulse of *3CO; for 15 min in
the light, then harvested after a chase of 4 h in normal air in the light (A, mfpl; B, mrc; C, ptst2; D ptst3; E,
ss4). In each case, samples were fixed and embedded for EM and NanoSIMS imaging. The electron micrograph
(right, inverted SEM image) and the enrichment map (left) and their overlay (centre) are shown. Granules were
imaged where their diameter was the largest and serial images were acquired both with SEM and NanoSIMS to
ensure that no hidden enrichment was not captured in the section. The *3C-enrichment is reported as per mille.
A, Note the multiple labelled initials in each stromal space, with increasing degree of coalescence during the
chase in normal air. Note in A the coalescence event (A, arrowhead). B, Thin internal labelling (top row). The
map of the sectioned chloroplasts (B, bottom row, inset), where the orthogonal position is indicated with the
yellow crosshair. Anisotropic growth was detected in one mrc granule (arrowhead). C, Central, thin labelling
with a neighbouring centrally labelled granule. Dense cluster of abutting granules with multiple initials. D,
Same chloroplast (top and bottom row) imaged at two different depth in the stack showing two labelled granules
within the same pocket. E, ss4 starch granules were either initiated during the pulse (E, top row, arrowhead),
before the pulse (E, bottom row, left arrowhead) or after the pulse (E, bottom row, right arrowhead). Scale bar: 2

pm.
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Discussion

The recently described SGI mutants reportedly decrease the number of granules per
chloroplasts without measurable alterations in internal starch structure, and with little or no
effects on overall starch content (Seung et al., 2017; Seung et al., 2018; Vandromme et al.,
2019a); also confirmed here through rosette staining and starch measurements). The number
of starch granules in a chloroplast is the most obvious metric to evaluate the importance of
these genetic factors in the process of SGI. Yet, an immediate conclusion of the work
presented here is that acquiring this number is not as simple a matter as it might seem at first.
It is likely that many light or fluorescence microscopy methods used to ascertain granule
numbers will yield underestimates when many granules are appressed into the same stromal

spaces.

One aspect that is hard to evaluate only from light- or 2D-electronmicrograph is the hidden
fraction of the chloroplast that is cut off from the section (which will be the majority of the
chloroplast volume). This can easily result in wrong interpretations. From a stereological
perspective, the size and shape of the granules relative to the chloroplast will influence the
number of granules that are visible in a given chloroplast section. Indeed, we often observed
in the SBF-SEM stacks that two neighbouring chloroplasts were indeed the one, but due to its
concave borders it appeared as two distinct plastids on certain cross-sections. Similarly,
larger granules were observed with protrusions, which in some sections could appear as two
granules. Some granules seemed to be spanning a blocked chloroplast division events
(FIGURE S2.1C, middle, arrowhead). Theoretically, on certain sections this could appear as

two granules in two separate chloroplasts!

Indeed, the analysis of SGI mutants presented here indicates that the respective proteins may
participate either in SGI in its strictest sense, or in dictating where in the chloroplast SGI
occurs—or perhaps both. The ability to produce multiple starch granule initials in parallel is
still evident in mfpl, ptst2 and ptst3, even if its frequency and/or position is affected. This is
an important observation since it means that SGI either may be compromised only slightly, or
may be functioning quite normally, but not in the correct sub-chloroplastic locations. Indeed,
mfpl was described as having fewer starch granules per chloroplast than the wild type, using
light microscopy (Seung et al., 2018; Abt et al., 2020). Yet the data presented here suggest
that it has as many as the wild type, just differently localised within the chloroplast. In

contrast, SGI capability appears genuinely compromised when either MRC or SS4 are lost.

90



Some mutants could not be fully de-starched

Our data show that the starch content of the SGI mutants is unaffected at the end of the day,
but that it does seem to vary at dawn (Figure 2.2). In a regular day-night alternation, the
residual starch concentration at dawn appeared slightly, but usually significantly higher than
in wild type (Figure 2.2A) (Seung et al., 2017; Seung et al., 2018; this work). Not all SGI
mutations had the same impact on the residual starch concentration. It was the highest in ss4,
similarly high in mrc, ptst2 and ptst3, and lowest in mfp1l yet still twice that of the wild type.
These trends were similar to what was previously reported (Seung et al., 2017; Seung et al.,
2018; Lu et al., 2018).

When plants were exposed to the 4-h night extension, starch contents were lower in all
genotypes, but this pattern of elevated starch in the mutants was maintained (Figure 2.2D).
Although the decreases in magnitude meant that the differences measured were not
statistically significant (except for ss4), and that no differences could be discerned with
iodine staining (Figure 2.2F, bottom row), the fact that granules remained at the delayed
dawn suggest that the starch is less rapidly degraded in the mutants. The reasons for this are
not immediately obvious, although for ss4, where this phenomenon is most obvious, it was
proposed that surface area:volume ratio is important, potentially limiting the accessible
surface available to the degradation enzymes. Presently, it is not known whether the activities
of the degradation enzymes act uniformly across the surface of the starch granules, or
whether their activities are directed towards certain locations, as we showed to be the case for
the starch biosynthetic enzymes (Chapter 1; Burgy et al., 2021). If their actions are directed,
then the argument about limited surface area may be less tenable. At one extreme, it is
plausible that some granules could be preferentially degraded, leaving others intact. To test
that hypothesis, it would be interesting to mark the exterior of the starch granule (by **CO2
labelling at dusk) and see whether they are all degraded during the subsequent night. If so, the

labelled exterior should be lost, but if not, some granules would remain labelled.

Not all observed regions examined by SBF-SEM after the extended night contained the same
proportion of de-starched chloroplasts, pointing to a substantial variability. This can be seen
in ss4 by iodine staining, where the older leaves contain more starch (Figure 2.2F and Ragel
et al., 2013), but there could also be variation within a leaf. There was also variation in the
starch contents at the whole plant level (Figure 2.2). The presence of residual starch in the
SGI mutants clearly makes the subsequent analysis of initiation more difficult, since it is

necessary to distinguish between residual granules and those newly initiated. In future
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experiments, this could be addressed by extending the dark period in the SGI mutants.
However, this has an inherent risk, since a protracted time in the dark could induce starvation
responses, affecting starch production upon re-illumination. Thus, controls such as in Figure
2.2, where starch accumulation rates were shown to be normal in plants treated with an

extended night would be very important.

Parallel initiation vs localisation.

As mentioned, the relevance of any new genetic factor in SGI follows from observing a
change in granule number in chloroplast sections (Roldan et al., 2007; Seung et al., 2017;
Seung et al., 2018; Vandromme et al., 2019a). However, a given granule number can be the
result of a variety of processes and does not depend solely on SGI capacity. First, as
established above, it is necessary to be able to make precise counts and be attune to the many
pitfalls inherent to low resolution/higher throughput methods. Second, when chloroplasts
increase in volume (e.g., when failing to divide because of large obstructing granules, as
observed in our analyses) granule count increases, and it was shown previously in the
pioneering study of Crumpton-Taylor et al. (2012) that large chloroplasts have more granules.
Third, granule initials coalesce, and the extent to which this happens will clearly influence
granule numbers. That said, it is abundantly obvious from the images and movies presented
here that not all abutting granules fuse. This needs further investigation using the methods
developed here. It is also possible that specific granules are degraded, even during net starch

accumulation. Although unlikely, this possibility is also difficult to exclude.

Our investigation shed new light on the mechanisms of SGI. First, it supports the notion that
MFP1 is an anchor that served to determine where initiation occurs yet suggests that initiation
capacity per se is unaffected. We suggest that, when MFP1 is absent, the initiation complex
may operate in fewer sites within the chloroplast, where it initiates many granules, leading to
the observed density of initials (Figure 2.1A, S2.1A). The occasional observation of granules
between the thylakoids and the envelope is consistent with this idea of mis-localisation. Our
preliminary NanoSIMS experiments with mfpl suggest that coalescence of clustered granule
initials can occur, even if the SBF-SEM stacks also revealed that single large pockets could
contain multiple clusters that were distant from each other. This likely leads to the stromal

pockets containing unusually high numbers of abutting granules, visible at the end of the day.

Our data also change our viewpoint on other SGI proteins, such as PTST2. Despite its

proposed role in offering substrates to SS4, and thereby being important for the initiation
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process, this mutant has some similarities to mfp1, in that clusters of granule initials could be
seen by SBF-SEM. Thus, SGI still operates, possibly due to the presence of the homologous
PTST3. We know that MFP1 defines the partial membrane localisation of PTST2, which may
in turn serve as a link to the other SGI proteins. When PTST2 is missing, this link could be
broken, explaining the similarities in these two mutant phenotypes (assuming that PTST3
cannot fulfil this role). Nevertheless, our preliminary numbers suggest the ptst2 ends up with
fewer starch granules at the end of the day, possibly because initiations are less frequent, or
because PTST2 plays as yet unknown roles (e.g., in preventing neighbouring granules from
coalescing). Unfortunately, our first isotope labelling experiments with ptst2 were not
sufficient to distinguish coalescence events from granule re-expansion, but further
experiments will be able to resolve this question. The ptst3 phenotype could also be seen to
fit the model outlined above. Despite having a lower frequency of initiation, and fewer
granules at the end of the day, the granules appeared more scattered in the chloroplasts,
which could be interpreted as MFP1 and PTST?2 still serving to localise the SGI process,
which is compromised in its function by the loss of PTST3. This model needs testing, and
sensible next steps would be to obtain further information on predicted function of PTST3. It
would also be sensible to analyse the ptst2ptst3 double mutant, the phenotype of which is

more severe than either of the single mutants, and reportedly more similar to that of ss4.

Interestingly, the mrc mutant phenotype already has conspicuous similarities to that of ss4.
We detected far fewer initials in mrc at the start of the day than in mfp1 and the ptst mutants,
and most initials were isolated, as in ss4. This is consistent with the previous suggestion that
MRC is required for SS4 function in some way—perhaps bringing it to the same locations as
the other SGI proteins. Nevertheless, at the end of the day mrc was able to produce more
starch granules than ss4, meaning that SS4 is not completely inactive in its absence.
Furthermore, the granules in mrc at the end of the day appear more similar to those of the
wild type than of ss4. This could mean that the function of SS4 in directing the anisotropic
growth of established starch granules (Chapter 1; Burgy et al., 2021) is impaired less by the

loss of MRC than by its ability to contribute to granule initiation.

In conclusion, the patterns that emerges from a close examination both with higher temporal
and spatial resolution reveals that the number of granules is only the tip of the iceberg to
understand the mechanisms of SGI. No genetic factor appears to act in exactly the same way,
but this work gives major clues as the combination of related events that occur: protein

localisation, parallel initiation, coalescence, and granule growth.
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Material and methods

Plant material and growth conditions

All experiments were carried out with Arabidopsis thaliana L., ecotype Col-0, grown on
individual pots of soil (Klasmann-Deilmann Substrate 2) for 35 days in controlled
environment cabinets (Percival Scientific, Perry, 1A, USA) with a 12-h light (150 pmoles
photons m2 s71)/12-h dark regime. The relative humidity was 60% and temperature was
20°C. Plants defective in SS4 are described in (Lu et al., 2018). Plants defective in MFP1 and
MRC are described in (Seung et al., 2018). Plants defective in PTST2 and PTST3 are
described in (Seung et al., 2017).

Starch concentration

35-d Arabidopsis rosettes (n = 5) were frozen in liquid nitrogen and homogenised in cold 0.7
M HCIOQa solution using a Genogrinder (SpexSamplePrep, Metuchen, NJ, USA). The
insoluble material was collected by centrifugation and washed in 80% (v/v) ethanol and
resuspended in water as previously described by Seung et al. (2017). Starch was quantified
using an enzyme-based spectrophotometric assay as previously described by Smith and
Zeeman (2006).

in situ staining of starch

Whole rosettes were harvested and immediately bleached with hot 70% (v/v) ethanol for 2
days, then washed with water, stained for starch with iodine/potassium iodide solution (12/KI;
1 glz2and 2 g Kl diluted in a total volume of 300 mL distilled water) for 10 min and washed

shortly in water twice. Rosettes were photographed using front and back light in water.

SBF-SEM
— Chapter 1; Burgy et al., 2021

SIP
— Chapter 1; Burgy et al., 2021

SEM
— Chapter 1; Burgy et al., 2021

Serial sectioning
Semi-thin sections (200 nm) were glued with contact glue thinned with L-limonene and
ribbons of 20 sections were collected onto hydrophilised silicon wafers. The ribbons were

analysed by scanning electron microscopy (using the backscattered electrons at a voltage of 2
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kV of a Zeiss Gemini500), imaging first section 10 in order to identify chloroplasts that were
centrally sectioned. These same chloroplasts were then imaged on all sections of the ribbon.
The use of serial sections enabled 3D reconstruction of the granule, but also allowed the
sections to be probed with the NanoSIMS for 3D reconstruction of the isotopic labelling,
removing ambiguity regarding the plane of section of the granule. In practice, typically only
the three most central sections of the starch granules labelled at dawn were imaged with the
NanoSIMS.

NanoSIMS
— Chapter 1; Burgy et al., 2021

Statistical analysis

To quantify the magnitude of the change in starch concentrations between the different
genotypes, we modelled the starch concentration in each genotype ystarch, genotype as
normally distributed with mean starch concentration pgenotype and a constant standard

deviation o.
o ~ Half — Normal(0, 10),
Lgenotype ~Normal(5,3),
Ystarch,genotype | Lgenotype, G ~ Normal(igenotype, ©).

We used Bayesian inference with Stan (Gelman et al. 2015) to sample the posterior and ran 4
chains for 4000 iterations with the random seed = 1993. Finally, we extracted the 95-%
credible intervals and plotted them onto the plot of the starch concentration.
Stan model:
data {
int<lower=1> N;
vector [N] y;
int<lower=1> G;
int<upper=G> genotype [N];
}
parameters {
real<lower=0> sigma;

vector<lower=0>[G] mu;
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}

model {
sigma ~ normal (0, 10);
mu ~ normal (5, 3);
for (i in 1:N) {

y[i] ~ normal (mul[genotype[il], sigma);

}
generated quantities {
vector [G] y mean;
vector [G] y pred;
for (i in 1:G)
y mean[i] = mu[i];
for (i in 1:G)

y_pred[i] = normal rng(y mean[i], sigma);

96



Supplementary materials

Supplemental Movie S2.1: SBF-SEM of de-starched (4-h night extension) mfpl chloroplasts. Progression up
through one SBF-SEM image stack. Note the stromal gaps. For details of the imaged sample, see first column of
Figure 1A and Figure 3A.

Supplemental Movie S2.2: SBF-SEM of de-starched mfp1 chloroplasts exposed to 15 min light. Progression up
through one SBF-SEM image stack. Note the high number of starch granules initials that can occupy a single

pocket. For details of the imaged sample, see Figure 1A and Figure 3B.

Supplemental Movie S2.3: SBF-SEM of de-starched mfp1 chloroplasts exposed to 8 h light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1A and Figure 3C.

Supplemental Movie S2.4: SBF-SEM of mrc chloroplasts exposed to a 4-h night extension. Progression up
through one SBF-SEM image stack. Note the stromal gaps and the remaining starch granules. For details of the

imaged sample, see Figure 1B and Figure 3A.

Supplemental Movie S2.5: SBF-SEM of de-starched mrc chloroplasts exposed to 15 min light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1B and Figure 3B.

Supplemental Movie S2.6: SBF-SEM of de-starched mrc chloroplasts exposed to 8h light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1B and Figure 3C.

Supplemental Movie S2.7: SBF-SEM of ptst2 chloroplasts after a 4-h night extension. Progression up through
one SBF-SEM image stack. Note the stromal gaps and the remaining starch. For details of the imaged sample,
Figure 1C and Figure 3A.

Supplemental Movie S2.8: SBF-SEM of de-starched ptst2 chloroplasts exposed to 15 min light. Progression up
through one SBF-SEM image stack. Note the stromal gaps and the remaining starch. For details of the imaged

sample, see Figure 1C and Figure 3B.

Supplemental Movie S2.9: SBF-SEM of de-starched ptst2 chloroplasts exposed to 15 min light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1C and Figure 3B.

Supplemental Movie S2.10: SBF-SEM of de-starched ptst2 chloroplasts exposed to 8 h light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1C and Figure 3C.

Supplemental Movie S2.11: SBF-SEM of ptst3 chloroplasts exposed to a 4-h night extension. Progression up
through one SBF-SEM image stack. Note the stromal gaps. For details of the imaged sample, see Figure 1D and
Figure 3A.

Supplemental Movie S2.12: SBF-SEM of ptst3 chloroplasts exposed to a 4-h night extension. Progression up
through one SBF-SEM image stack. Note the stromal gaps. For details of the imaged sample, see Figure 1D and
Figure 3A.

Supplemental Movie S2.13: SBF-SEM of de-starched ptst3 chloroplasts exposed to 15 min light. Progression
up through one SBF-SEM image stack. For details of the imaged sample, see Figure 1D and Figure 3B.
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Supplemental Movie S2.14: SBF-SEM of de-starched ptst3 chloroplasts exposed to 15 min light. Progression
up through one SBF-SEM image stack. For details of the imaged sample, see Figure 1D and Figure 3B.

Supplemental Movie S2.15: SBF-SEM of de-starched ptst3 chloroplasts exposed to 8 h light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1D and Figure 3C.

Supplemental Movie S2.16: SBF-SEM of de-starched ss4 chloroplasts. Progression up through one SBF-SEM

image stack. Note the stromal gaps. For details of the imaged sample, see Figure 1E and Figure 3A.

Supplemental Movie S2.17: SBF-SEM of de-starched ss4 chloroplasts. Progression up through one SBF-SEM

image stack. Note the stromal gaps. For details of the imaged sample, see Figure 1E and Figure 3A.

Supplemental Movie S2.18: SBF-SEM of de-starched ss4 chloroplasts exposed to 15 min light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1E and Figure 3B.

Supplemental Movie S2.19: SBF-SEM of de-starched ss4 chloroplasts exposed to 15 min light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1B and Figure 3B.

Supplemental Movie S2.20: SBF-SEM of de-starched ss4 chloroplasts exposed to 8 h light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1E and Figure 3C.

Supplemental Movie S2.21: SBF-SEM of de-starched ss4 chloroplasts exposed to 8 h light. Progression up
through one SBF-SEM image stack. For details of the imaged sample, see Figure 1E and Figure 3C.
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Figure S2.1. See legend on next page.
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Figure S2.1. Diversity of situations in SBF-SEM stacks. Chloroplast sections from an SBF-SEM stack (with 50-
nm Z-resolution, inverted SEM images) sampled from the mesophyll of fully expanded leaves of 35-day old
Arabidopsis plants grown in a 12h:12h diel regime. Starch granules appear as dark-grey disks between thylakoid
membranes. (A-E), Chloroplast sections from plants (A, mfpl; B, mrc; C, ptst2; D, ptst3; E, ss4) exposed to a
prolonged night and harvested at the end of the 4-h night extension (left column), after 15 min light (central
column) and after 8 h light (right column). Note in A the enlarged stromal pocket (left), the location of the
cluster (centre, arrowhead) and the numerous starch granule that cluster into few pockets (right). Note in B the
remaining thin granule (left) and the heterogeneous appearance of the large starch granule (right). Note in C the
residual starch granule (left) and the starch granules at the apparent division site of the chloroplast (centre and
right, arrowheads). Note in D the abutting granules tightly packed into stromal pockets (right). Note in E the
protruding thylakoid mesh that seem to wrap around the starch granule (left, arrowhead). Further presentations

of these data are given in Supplemental Movies. Scale bars: 2 um.
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General discussion

The complexity of starch granule development is reflected in the increasing number of
genetic factors and their intrinsic coordination. However, understanding the development of
starch granules requires not only genetic, but also biochemical and cell-biological insight.
The aim of this work was to push forward our understanding of starch granule initiation, at
the cell biological level, with a focus on in situ quantitative imaging. We developed new
combinations of experimental methods and analytical techniques which, together with genetic
and biochemical knowledge, help answer fundamental and previously intractable questions
regarding starch granule biosynthesis. Capturing the dynamics of starch granule development,
first in the wild type, then in SGI mutants, brings new perspectives that help to explain the
modus operandi of the protein factors involved and starts to uncover the molecular

mechanisms.

First, I showed that chloroplasts don’t simply initiate isolated new granules. Rather, multiple
starch initials can coalesce, then grow as a single granule. This parallel initiation followed by
fusion challenges the classical view of granule initiation at a single point—the ‘hilum’. This
doesn’t mean that individual granules cannot be initiated—indeed | observed isolated
granules early in the day. However, it is possible that even these started as more than one
initial and fused prior to sampling. Granule coalescence events raise the question to whether
the semi-crystalline structures typically associated with starch are already formed in the
observed granule initials. This will likely require other methods, such as cryo-EM
tomography to resolve. Further, my work illustrates the dependence of this process on certain
proteins, notably MRC and the emerging network that includes both enzymes and scaffolding

factors.

Second, anisotropic starch granule growth observed during the day strengthens the link with
their flattened shape. This phenomenon could also help explain the diversity of starch granule
shapes observed in different plants. The presence of anisotropic growth is probably the result
of the formation of complexes between starch biosynthetic enzymes that concentrate in
specific regions within plastids, similarly to what was described in amyloplasts (Tetlow et al.,

2008; Bierwagen et al., 2008). Those complexes could act on starch granule development
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through their anchoring in the thylakoids and help trigger liquid-liquid phase separation.

Further, they could help shape and maintain the orientation and curvature of thylakoids.

Third, this work and previous studies that starch granule initiation in chloroplasts occurs at
defined sites in-between the thylakoid membranes, where the multiple initiations occur, and
one or more starch granules are formed. | also demonstrated that among the recently
discovered SGI mutants are plants that appear unable to properly localised the parallel
initiation granules within the chloroplast (notably the mfpl mutant). These findings provide

nuance as to how these proteins influence SGI.

Improving the description of granule numbers and morphologies

Starch granules are challenging to study as the structural features range from the nanometric
to the sub-millimetric scale. When describing number of starch granules in situ, evaluation is
usually done on sections of leaf and reported per chloroplast section. The ease and throughput
of this approach are offset by the fact that number of granules is prone to error and will

inevitably underestimate the actual number of granules per chloroplast.

With SBF-SEM we see all the granule in each chloroplast and, with it, more complexity that
requires more precise characterisation. New units were necessary to deal with parallel
initiation within stromal spaces and to quantify such phenomena. We therefore introduced the
term ““cluster size” to measure the number of granules that are present in close proximity in a
single stromal pocket, i.e., not separated by thylakoid membrane. These stromal pockets are
easy to see when filled with starch (e.g., in wild-type chloroplasts harvested at the end of the
day), but they are also evident when there is no starch present. However, in some cases,
stromal pockets were more difficult to define since they sometimes have a convoluted
geometry. Indeed, in some mutants, large stromal pockets contained within them two or more
distinct clusters of granule initials that were far from each other. These situations are
biologically relevant but are not well characterised using the stromal pocket concept that was

sufficient for the wild type.

These new metrics may be difficult to implement in practice as the boundaries of pocket may
not be well defined. In addition, the pockets can only really be defined by the presence of
starch granules within them. Nonetheless, the reason for the distinct appearance of the plastid
stroma in pockets where we predict granules will form will require further investigations to
confirm that they are indeed sites for new initiation events. Ideally, it will be possible to

develop molecular markers for such regions—perhaps using some of the proteins we already
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know, such as MFP1. Some proteins are known to be involved in the curvature of
membranes. This raises the question whether coiled-coil containing proteins could be
recruited to maintain the thylakoid in a specific conformation, even in the absence of starch
granules. MFP1 and MRC are potential candidates but other, yet unknown factors should not

be excluded.

Characterising granule morphology

Starch granule morphology is most often assessed by the visual examination of extracted
starch granules imaged via LM or SEM. The visual assessment is fast both in data acquisition
and interpretation, but the accuracy of the latter depends on experimenter’s appreciation.
Small changes between two conditions are likely to go undetected, thus limiting the potential
for discovery. Further, extraction and purification remove information about the location
starch in the tissue and the plastid. For instance, the polyhedral starch granules observed in
cassava or rice are unlikely to adopt this shape freely. These granules most probably grow
toward each other and abut in a confined space. Therefore, granules from homogenised
tissues show their internal, planar faces, hence the term polyhedral. This mandates that
examination of extracted granules is accompanied by complementary in situ microscopical
analyses. Two-dimensional LM or TEM of sectioned material can easily show individual

granules within the plastids, but suffer other limitations, as mentioned above.

Using SBF-SEM, though labour intensive, addresses both issues since the starch granules are
imaged both in situ and in 3D. In that setting, useful geometric parameters can be computed
from segmented granules such as the volume, the surface area, the diameter as well as the
convexity and the sphericity. In addition, provided that other plastid structures (e.g.,
chloroplast thylakoids) are preserved and segmented, the arrangement of the granules with

respect to them can be computed.

A second approach to describing extracted starch granules is flow cytometry. This technique
provides high throughput and requires only tiny quantities, allowing specific tissues to be
analysed. The interpretation of the output signal, though not straightforward, yields
information about the circumscribed radius of the granules (size) via the forward scattering of
the laser light, but can also yield insight into granule shape via the side scattering. For
example, the degree of sphericity or regularity can be estimated via the breadth of bimodality
of the side scattering peaks, since non-spherical granules can pass the laser light in different

orientations.
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Why do chloroplasts produce multiple, flat starch granules?

Given the high variability in the morphology of starch granules, it may seem difficult to
model the process of granule growth. Theoretically, granules would expand radially in the
absence of any constraint, producing spheres. In practice, some starch granules are spherical,
but often this is not the case. In leaves, the granules are almost always flattened discoid
shaped. This work has shown that in wild-type Arabidopsis chloroplasts, this results from
constraints on radial growth, i.e., SS4-dependent anisotropic growth. Preferential growth
along the equatorial axes occurs at the expense of polar growth. This raises obvious questions
as to what advantage producing multiple granules of this shape per chloroplast offers the

plant.

Together with the fact that new starch granules are initiated, the characteristic lenticular
shape of chloroplasts starch granules leads to the hypothesis that the chloroplasts may seek to
maximise the accumulation surface. Indeed, a flattened spheroid will have more surface area
per unit volume than a sphere with the same volume. This is probably not important for
deposition, which my data suggest is not limited by the surface available. However, it may be
important for starch degradation, which, as discussed in the preceding chapter, may occur
over the entire granule surface. Thus, the flattened morphology could contribute to the
efficient adaptation of carbon fluxes, that vary between the day and night. In contrast, the
starch in amyloplasts of storage organs, in which circadian oscillations of accumulation and

degradation do not occur, the granules are typically not flat.

Alternatively, one could view the flattened shape of the granules as a consequence of the
physical constraint of thylakoid membrane network, which in turn could be shaped by other
physical forces within the plant cell. This could lead to the physical exclusion of the
biosynthetic enzymes from where the thylakoids push against the granule surface,
concentrating them around the equator. However, this explanation seems unlikely: in the
early hours of the day, anisotropic growth of small granules could be observed. Furthermore,
in the ss4 mutant near-spherical granules are formed—presumably under similar physical

conditions as in the wild type.

Partitioning the granules and SGI apparatus over plastid division cycles
The large thin granules we sometimes observed in the middle of dumbbell-shaped
chloroplasts seemed to be perturbing correct chloroplast division in some of the SGI mutants.

This already suggests one potential advantage to accumulating starch as multiple starch
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granules rather than as one large granule, assuming that this would impair division and have a
negative impact on the plant. Interestingly, the chloroplasts of younger leaves, whose cells
were still expanding and chloroplasts still dividing, were observed to have a higher number of
chloroplasts in their leaves (Crumpton et al., 2012, Abt et al., 2020).

When the granules are fewer but smaller in equatorial diameter, like in ss4, the division
process can presumably proceed more readily, but would yields one daughter chloroplast
with one large granule and another that does not contain any granule. In contrast, mrc starch
granules whose diameters can be similar to that of the chloroplast, cannot divide. This could
result in a more consistent, albeit reduced number of granules per chloroplast. Interestingly, a
significant number of granules in ss4 remain starchless at the end of the day, a phenomenon
also seen in ptst2. One possibility is that when the SGI apparatus is mis-localised, plastid
division could yield ‘impotent’ chloroplasts where the apparatus ends up all in one daughter
plastid.

Thus, from a broader perspective, the reason that chloroplasts produce multiple granules
could be that it is beneficial for them when dividing, to distributing both the granules and the
proteins responsible for their production between the two sibling plastids. This would be in
addition to benefit that many smaller starch granules would be less likely to get in the way of
division. These questions could benefit from the combination of in situ immunolabelling and
EM correlative imaging to image the location of each of the factors. This imaging should also
be combined with a refined temporal resolution; proteins may well be mostly active at certain
time points instead of being constantly present. Further, even if present constantly, their

distribution might vary strongly, with condensing phases to catalyse the initiation events.

NanoSIMS to investigate the carbon metabolism

The NanoSIMS, in a normal setting, operates at room temperature and ultra-high vacuum
(107°-107° Torr), requiring samples to be fixed and embedded in resin to render it inert.
During this sample preparation, the label that has been assimilated in cellular structures is
fixed, but not that in the soluble fraction. In this study, we used this to our advantage since it
enhances the contrast in enrichment between the starch and the surrounding cellular

compartment, but it also overlooks fundamental aspects of cellular processes.

Recently, a new method has been proposed to reconciliate the requirements of the NanoSIMS
without altering the sample during the fixation and embedding. In this method, the sample is

high-pressure frozen and cryo sectioned. The thin sections are then thawed and dried prior to
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SEM imaging and NanoSIMS analysis. Because of the gentle chemical fixation, the
antigenicity of the sample allows immuno-fluorescence microscopy and immuno-EM to be
performed. By better preserving the solutes in place, the method captures the distribution of
the label in both soluble and insoluble fractions. The much lower carbon content substantially
changes the sample’s chemical composition in comparison with plastic sections. As a
consequence, the cyanide (CN™) and the carbide (C2") counts are higher in the cryo-fixed
sections, although the increases observed are dependent on the subcellular structure and
density (Loussert et al., 2020). The resulting workflow contributes to a better integration of
complementary imaging technique to resolve important pathways that mainly occur in the

soluble fraction of the tissue.

Regarding starch granule development, cryo-based EM and NanoSIMS are promising for
several reasons. First, the absence of shrinkage of starch granules will present a more realistic
picture of the granule-granule and granule thylakoid interfaces. The small initials that
coalesce are suspected to be even less distinguishable from each other; skipping the
dehydration could alleviate this problem. Unsurprisingly, recent results applying these
methods to dinoflagellates, yielded ionic images very different to those from the plastic
sections. It would be interesting to examine the detail distribution of the label in the stroma,
for instance in the vicinity of the stromal pockets or to evaluate the abundance and location of
the soluble precursor of starch. This could help understand the link between the soluble
labelled photoassimilates and the location of SGI proteins with the expanding granules.
However, use of such techniques on the air-filled mesophyll of leaves would likely be labour
intensive and technically demanding since high-pressure freezing of such tissues is more

challenging in comparison to isolated cells.

In this project, we mainly used NanoSIMS to test for the presence or the absence of a signal
within the granule or on its surface. To a lesser extent, we used it in a more quantitative way
to measure the anisotropic growth. As the labels can be present in the granule but not
captured in the thin section, we applied the technique used in array tomography (that is the
serial sectioning) to preserve consecutive slices of the volume of interest. The use of the
serial NanoSIMS has proven very efficient to preserve the z-structure and to speed up and aid
in the process of interpretation, since the labels can be analysed in the context of a stack of
semi-thin sections (is it the middle of the granules? is it the single granule within that
chloroplast? etc.). Further, NanoSIMS could be used to compare partitioning into starch

across granules. In that context, preliminary observations from the SGI mutants pointed
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towards a link between the number of granules present and the strength of the enrichment, the
latter being much stronger when fewer granules are available, due to the deficient initiation

machinery (see Chapter 1; NanoSIMS of mrc).

Despite the successful application of NanoSIMS to study the development of starch granules,
the tiny size of starch granule initials pushes the NanoSIMS resolution limits to its maximum.
There are good chances that the small initials that form rapidly in the first minutes of the day
may already have coalesced after 15 minutes or that they may be too close together for us to
resolve their individual isotopic signals with the NanoSIMS. That could explain why the
enrichment is so strong in some SGI mutants, and why, despite seeing clusters of granules by
SBF-SEM the initial NanoSIMS did not always provide us with evidence of subsequent
coalescence. To address this problem, further experiments will be needed, where one could
de-starch the plants more thoroughly, pulse the plant for shorter periods (e.g., 5 minutes
rather than 15), and sample the tissue after different chase periods (e.g., from 10 minutes to

several hours).

So far, the NanoSIMS was applied to mark the sites of starch accumulation — specifically to
mark the time of initiation of new granules. However, it is possible that not all granules grow
at the same rate or, and | occasionally observed that some granules appeared not to be
labelled, raising the question of whether every starch granule is actively elaborated.
Therefore, it would be interesting to perform further experiments to label starch granules at
the end of the day and check the possible absence of labelled starch (implying a lack of
synthesis), or conversely to see is some label is retained after incubation in the dark (implying
a lack of degradation). Further, young plants could be pulsed with 2*CO2 and sampled only
after a chase period day rather than hours to investigate the turnover of starch over the plant’s

lifetime.

High resolution and high throughput imaging

In this work, we extracted a number of valuable parameters directly from SBF-SEM image
stacks that captured the chloroplasts. This allows whole chloroplasts to be observed at great
lateral and depth resolution, making it possible to study with great detail the granule initiation
and its association with the thylakoids. However, the high resolution is associated with a loss
in overview (only a few tens of micrometres inside the leaf) and most of the imaged volume

is empty of chloroplasts, not to mention the low throughput.
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One approach to try and address that limitation would be to extract intact chloroplasts from
leaves. The risk of disrupting them is obviously high but, if successful, would lead to a
substantial concentration. A second approach to increase the number of granules analysed
with NanoSIMS would be to extract and embed them in agarose. The analysis of serial
sections containing several hundreds of chloroplasts or starch granules could dramatically
improve the throughput at the NanoSIMS stage, even if at the expense of the structural
information with respect to the cell or the chloroplast. Indeed, some of the replication that
would help to support or extend the experiments conducted in this thesis could be approached

in this way.

This thesis contains examples of manual segmentation, done image by image along the z-axis
but the fact that one pixel is labelled on one section means it has a high probability of being
labelled on the previous and the next slices. Machine semantic segmentation is increasingly
changing the way biological tissues are analysed, but extrapolation in the third dimension
remains challenging. Nevertheless, a successful attempt at extending the U-Net architecture
(Ronneberger et al., 2015) to use 3D-images has been recently published (Ciceket al., 2016).
We are confident that the machine segmentation of starch granules could become a routine
technique and efforts should be implemented. One bottleneck is the elaboration of the
training data set, a resource not always available for the structures of interest. Fortunately, the
manually segmented stacks for starch we have created could be directly used as training
example. However, one technical difficulty we encountered consists in cutting high
resolution image stacks into manageable chunks (sub-image) so that processing times are
reasonable. The small images need, in a second step, to be reconstructed. Semantic image
segmentation often yields sooner good performances with fewer images than in object
recognition. This is because, in the former case, in each of the training image, every pixel is
one label. (In our case, starch marked on one image spans several pixels: a patch of 10 pixels
in radius contains already more than 300 labelled pixels.) In contrast, in the latter case, each

training image is associated with a single label—the object presence or absence.

To conclude, the work presented here has attempted to harness the power of several
technique to unveil the complex mechanisms of SGI. With further technical, experimental
and image processing advances, it is likely that this attempt will be enhanced in terms of
throughput, allowing more samples to be analysed and some of the new hypotheses we have

formulated to be rigorously tested.
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