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ABSTRACT 

DISCOVERING PLANT-SPECIFIC MECHANISMS UNDERLYING  

ENDOMEMBRANE-ACTIN INTERACTIONS AND METABOLIC SIGNALING 

By 

Pengfei Cao  

In eukaryotic cells, the endomembrane system compartments, including the endoplasmic 

reticulum, the vacuole and several other types of membrane-enclosed vesicles, are indispensable 

organelles and together exert essential cellular functions. In plant cells, the endomembranes 

interact extensively with the actin cytoskeleton, rather than the microtubules in mammalian cells, 

proposing significant questions of how the plant-specific endomembrane-actin interactions are 

established and regulated. My research identified the first ER-actin anchor protein in plant cells. 

Moreover, the research presented in this dissertation discovered that the abundance of certain 

cellular nutrients stimulates the metabolic signaling and subsequently triggers re-organization of 

the actin cytoskeleton and actin-associated endomembranes. A signaling transduction from 

metabolites and raw materials to manufacturing endomembrane compartments is arguably the first 

identified regulatory mechanism of such kind in all eukaryotes. Furthermore, additional data and 

considerations are expected to contribute further mechanistic understandings of the plant-specific 

endomembrane-actin interactions in a broad context of organelle morphogenesis, cellular functions 

and plant growth.  
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1.1 INTRODUCTION 

For most of the plant endomembrane compartments characterized to date, interactions with the 

cytoskeleton have been reported being necessary for their dynamic organization. Arguably, one of 

the best characterized organelles for interactions with the cytoskeleton is the endoplasmic 

reticulum (ER), the first organelle of the endomembrane system, which is responsible for the 

production of secretory proteins and lipids. As the most extensive organelle that spans throughout 

cytoplasm to connect other organelles from the nuclear envelope to the plasma membrane 1, the 

ER supports the dynamics and functions of most other organelles. In plant cells, the ER network 

forms thick membrane strands through tight interactions with F-actin bundles 2, providing a 

highway for rapid intracellular transport that bypasses a jammed cytoplasm and even the large 

central vacuole 3. In the first section of this chapter, we focus on the roles of cytoskeleton system 

in ER morphogenesis, rearrangement of ER tubules and ER streaming, review recently identified 

plant proteins that are involved in ER-cytoskeleton interaction, and then provide ER-PM contact 

sites as an example of organelle-organelle interactions that rely on the cytoskeleton.  

In most mature plant cells, the vacuole is the largest organelle that typically occupies more than 

90% of the cell volume 4. Pumping up the large-volume vacuoles provides turgor pressure to drive 

cell expansion and ultimately plant growth. Vacuoles are also the major storage compartment for 

proteins, sugars, along with many primary and secondary metabolites. Recent studies have 

revealed essential roles of the lytic vacuole in autophagy to degrade and recycle proteins, 

membrane lipids, and even organelles 5. Since these vacuolar activities are essential for plant 

development, mutations that arrest vacuole biogenesis lead to embryo lethality 4. Evidence 

suggests that the vacuolar membranes are associated with actin cytoskeleton, which is crucial for 

the morphology and biogenesis of plant vacuoles 6-10.   
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In addition to the ER and the vacuole, several other relatively smaller endomembrane 

compartments are connected with the plant cytoskeleton. In the plant cell secretory pathway, ER-

produced cargoes are transported to the Golgi apparatus, which is disperse into mini stacks, closely 

associated with the ER and moves along actin. The trans-Golgi network (TGN) is the sorting 

station for secretion/exocytosis, endocytosis and vesicle transport to the vacuole. In plant cells, 

subpopulations of the TGN can be spatially independent from the Golgi apparatus. Their dynamics 

have been associated with both actin and microtubules 11, 12, and the underlying mechanisms will 

be discussed in this chapter. Additionally, autophagosomes are special transport vesicles that are 

formed in the autophagic response for degradation and recycling. An interplay between 

autophagosome and cytoskeleton system in mammalian and plant cells will be discussed.  

In addition to reviewing various well-established and recently identified mechanisms of the 

endomembrane-cytoskeleton interactions in plant cells (Table 1.1), we bring up topics of great 

interest for the future research. First, the current understanding of the endomembrane-cytoskeleton 

interactions in plant cells is still limited in terms of both motor-driven dynamics and direct 

anchoring, which is also not well understood in yeast and mammalian cells. Furthermore, little is 

known about the signaling pathways beyond any of these direct interacting mechanisms that can 

integrate cytoskeleton remodeling and endomembrane dynamics to fulfill cellular and 

physiological functions. Brief summaries of potential regulatory mechanisms and plant specific 

activities related to the endomembrane-cytoskeleton interactions are included for a constructive 

discussion of this topic. 



4 

 

1.2 ER 

1.2.1 Cytoskeleton system regulates distribution of ER tubules, sheets, and strands  

A classical view of the ER network consists of sheet-like cisternae and tubules. Based mainly on 

models gathered in mammalian cells, formation of tubular ER is mainly dependent on 

transmembrane proteins with unique wedge-like topology, named reticulons and REEPs,that can 

bend the ER membrane and stabilize the curvature 13, 14. Tubulated ER undergoes homotypic fusion 

through the action of the dynamin-like GTPase atlastins (ATLs) and a Rab GTPase, Rab10 15, 16. 

Additionally, Lunapark (Lnp) proteins stabilize the three-way junctions between ER tubules by 

interacting with reticulons, REEPs and ATLs 17, 18. Studies in plant cells have functionally 

characterized Arabidopsis reticulons, Lnps and the ATL homolog RHD3 19-28. Four mechanisms 

may contribute to shaping  ER sheets: 1) ER membrane-bound ribosomes may flatten and stabilize 

ER sheets; 2) transmembrane proteins with a large coiled-coil domain in ER lumen, such as 

CLIMP63 in mammalian cells, can self-interact and bring the opposite membranes together, 

serving as luminal spacers; 3) transmembrane proteins with a large coiled-coil domain in cytosol, 

for example p180 and kinectin in mammalian cells, can self-interact on the cytosolic side and 

stabilize the flat ER sheet; and 4) membrane-bending reticulon and REEP proteins curve the edges 

of ER sheet 29, 30.  

Multiple lines of evidence suggest that the establishment of ER tubules and sheets is essentially 

determined by these membrane-shaping proteins. First, a tubular membrane network can be 

reconstituted in vitro simply with lipids and a small set of conserved membrane-shaping proteins 

31, 32. Secondly, overexpression or ablation of membrane-shaping proteins affects the ER sheet-

tubule balance in plant cells 19-23, 25, 28. Thirdly, mutant screens for regulators of ER morphology 

identified proteins localized to ER membrane and secretory pathway, but not the cytoskeleton 
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system 17, 20, 33. Additionally, mathematical modeling of ER morphogenesis indicates that the 

influence of cytoskeletal forces seem to be limited to spatial distribution of ER membranes 34. 

Collectively, this evidence prompted the hypothesis that the abundance of different membrane-

shaping proteins and their interactions with membrane lipids form an ER network with sheets and 

tubules 34. Nonetheless, the established ER tubules and sheets are distributed around the cell by 

cytoskeletal forces. The ER network in animal cells is mainly regulated by microtubules. When 

chemical intervention triggers depolymerization of microtubules, peripheral ER tubules retract to 

the central nuclear envelope and form collapsed ER sheets 35, 36. In yeast cells, the integrity of actin 

cytoskeleton, rather than microtubules, is required for ER movement and its morphology 33, 37. For 

plant cells, early studies using fluorescence and electron microscopies reported that ER membranes 

are frequently distributed in close proximity to actin cables 38-40. Disruption of microtubules does 

not significantly alter the ER morphology, while treatment of actin depolymerizing drugs  and 

genetic ablation of myosin motors both lead to collapsed ER with enlarged ER sheets and 

disappeared ER strands 2. ER strands are a prominent feature of the plant ER, which is established 

by interactions between ER membranes and thick actin bundles 2, 40-44. Disrupting thick actin 

bundles by latrunculin B treatment or knocking out class XI myosin genes lead to disappearance 

of ER strands and enlarged ER sheets 2, 44. Another example is mutation of SYP73, an anchor of 

ER membrane to actin filament, which phenocopies disruption of the actin-myosin system 41. By 

contrast, plant cells stimulated to form extreme actin bundling display thickened and elongated ER 

strands (Cao et al., unpublished data). Taken together, these studies suggest that the ER strands 

are an outcome of enhanced actin bundling and ER membrane-actin interactions.  

The nature of ER sheets and ER strands in plant cells is still unclear. Recent studies of ER in 

cultured mammalian cells developed spatiotemporal analyses with super resolution microscopy, 
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which revealed that most peripheral ER structures classically identified as ER sheets are actually 

dense and dynamic matrices of ER tubules 45, 46. Compared to cultured mammalian cells, 

commonly adopted plant cell types for ER study, such as tobacco leaf epidermal cells, Arabidopsis 

hypocotyl epidermal cells and expanding cotyledon epidermal cells generally display ER networks 

with a larger portion of sheets 2, 42, 47. Meanwhile, these plant cell types are highly vacuolated so 

that the cytoplasmic content is pressured into a thin layer. Therefore, it is plausible, though lacking 

direct evidence so far, that in plant cells the ER sheets and ER strands are also dense matrices of 

tubules, and on the other hand, the formation of isolated ER tubules and thick ER strands in plant 

cells is largely dependent on the availability of cytoplasmic space sustained by cytoskeleton and 

other organelles.  

1.2.2 Rearrangement of the tubular ER 

In mature cells, such as expanded Arabidopsis cotyledon epidermal cells, the ER network generally 

does not experience dramatic alteration of morphology 42; nevertheless, the entire ER network 

consistently undergoes fine rearrangement of ER tubules. Interestingly, despite the ER networks 

in mammalian cells and plant cells being primarily bound to two distinct types of cytoskeleton 

cables and motors, the ER tubules move with seemingly similar mechanisms. Studies in 

mammalian cells identified five scenarios of tubular ER initiation and elongation. In the three most 

common situations, the tubular ER is driven by strong association with the cytoskeleton system. 

The tip of an ER tubule can be pulled by kinesin or dynein motor sliding on a static microtubule, 

or alternatively form a Tip Attachment Complex (TAC) with the plus end of a microtubule that is 

being polymerized or depolymerized 29, 46, 48, 49. In other cases, ER tubules can be pulled out by 

moving organelles, such as endosomes and lysosomes, or initiate de novo ER tubulation without 

any nearby microtubules or small organelles 46.  



7 

 

In plant cells, the actin cytoskeleton controls the organization and dynamics of ER network, 

including tubular ER movement. Studies showed that latrunculin B-induced depolymerization of 

actin filaments halts tubular ER generation 47, 50. Furthermore, simultaneous imaging of ER tubules 

and actin bundles in plant cell extracts identified tubular ER elongation along the actin bundles, 

presumably driven by myosin 50. However, compared to microtubules, actin filaments are thinner, 

more dynamic, and forming a densely packed network, which is challenging for high resolution 

imaging even in thin-layer cultured mammalian cells 46, 51. It remains elusive whether in plant cells 

the ER tubule tip can bind to and be pulled by an end of polymerizing or depolymerizing actin 

filament, which would be resembling the tip binding between tubular ER and microtubule in 

mammalian cells. Advances of imaging techniques may also elucidate the mechanisms of 

microfilament-dependent ER reorganization in animal cells 52, 53, and unveil whether single actin 

filaments are involved in the de novo ER tubulation.  

The microtubule cytoskeleton plays a minor role in ER dynamics. Recent studies closely 

monitored ER rearrangement in Arabidopsis hypocotyl epidermal cells and observed motor-driven 

ER tubule extension along microtubules, as well as ER subdomains that are statically anchored to 

crossing microtubules 54. This work did not record ER tubule extension associated with 

microtubule growing plus end, suggesting the tip-attached TAC mechanism is not conserved in 

plant cells 54. The mammalian TAC includes the microtubule plus end-binding protein EB1 and 

the ER transmembrane protein STIM1 29. AtEB1 exerts conserved functions of binding to 

microtubule plus end and regulating microtubule organization 55-57. On the one hand, AtEB1 

exhibits dual localization to microtubules and elusive endomembranes 56, and it is involved in 

modulation of endocytosis 57. On the other hand, the functional homolog of STIM1 in plants has 
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not been identified yet. Taken together, these studies suggest that plant tubular ER rearrangement 

along microtubules mainly rely on microtubule motor proteins. 

1.2.3 ER streaming  

Imaging analyses of ER-retained fluorescent proteins report ER streaming as rapid bulk flow inside 

the ER lumen 2, 20, 42, 58. Previous studies suggest that ER streaming is largely dependent on the 

integrity of ER strands. When the thick ER strands are abolished and the ER collapses due to 

depletion of myosin XI proteins or the ER membrane-actin anchoring protein SYP73, the maximal 

and average velocities of ER streaming are reduced 2, 41. On the other hand, strikingly enhanced 

ER strands caused by a mutation of RHD3, the plant ATL homolog shaping ER tubules, also leads 

to significantly reduced ER streaming 20. Therefore, both functional myosin XI motors and ER-

cytoskeleton anchors are required for rapid ER streaming.  

In plant cells, myosin XI proteins organize actin filaments and transport organelles on the actin 

tracks 59, 60. A characterization of  myosin XI members using live cell imaging and single and high-

order mutants suggest that certain myosin XIs display ambiguous localizations and are involved 

in movement of multiple organelles 2, 61-65. Myosin XI-K has been suggested to be associated ER 

membrane and it exerts a dominant role for moving ER network 2, 65. However, it is still under 

debate whether the ER is the cargo and the cellular site of binding for myosin XI-K. Two lines of 

evidence are in conflict with this. First, manipulation of myosin proteins strongly affects the 

dynamics of other small organelles such as Golgi, peroxisomes, mitochondria, and endosomes 61, 

62. Besides, more than a dozen of plant myosin XI-binding proteins that have been identified so far 

are distributed to disperse punctae in the cytoplasm, rather than resembling a typical ER network 

66-68. Given that the ER is a complex organelle with distinct subdomains 40, 69, it is possible that the 

myosin XI-binding proteins are distributed only over specific ER subdomains. Considering the 
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extensive and strong association of the ER network with smaller organelles and endosomes in plant 

cells 70, it is also possible that myosin XIs drive small organelles and indirectly propel ER 

movement. Identification of new myosin adaptors and advance of imaging techniques may further 

our understanding of the relationship between ER movement and myosin motors.  

1.2.4 Recently characterized plant proteins involved in ER-actin interactions 

The NETWORKED (NET) superfamily proteins contain a N-terminal NET-actin-binding (NAB) 

domain and a coiled-coil domain that is responsible for protein-protein interactions and protein 

targeting to specific membrane structures 71.  Accordingly, three NET3 family members expressed 

in plant cells show filamentous distribution in colocalization with actin filaments and brighter foci 

that colocalize with distinct membranes. NET3A is accumulated around the nuclear membrane, 

whereas NET3B and NET3C are associated with the ER network. NET3C interacts with 

membrane-associated VAP27 in close proximity to the plasma membrane. Interestingly, VAP27 

also interacts with microtubules 72, 73. These results imply that NET3C and VAP27 define ER-PM 

contact sites that incorporate both F-actin and microtubule cytoskeletons. Compared with NET3C, 

NET3B appears to be more tightly associated the ER since overexpression of NET3B modulates 

the ER morphology in a manner reminiscent of SYP73-rearranged ER over the actin cables. 

Therefore, NET3B may function in anchoring ER network to the cytoplasmic F-actin. This feature 

is supported by the observation that overexpression of NET3B restricts ER membrane diffusion 

74. Further analyses are expected to reveal how the peripheral membrane protein NET3B is 

connected to the ER membrane and whether the NET3-proteins interact directly with actin.  

SYP73 was identified in a search of ER localized proteins with both transmembrane domain and 

coiled-coil domain, which may anchor ER membrane to cytoskeleton as CLIMP63, p180 and 

kinetin function in mammalian cells 41. However, the coiled-coil domain of SYP73 is cytosolic 
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and adjacent to an unconventional actin-binding domain, hence forming strong self-interactions 

that presumably strengthens actin binding rather than spacing or flattening the ER membrane 41. 

As a consequence, overexpression of SYP73 leads to a rearrangement of ER network over actin 

cables 41, rather than augmenting ER sheets as it occurs for overexpression of CLIMP63 or p180 

in mammalian cells 14.  

Our current understanding of ER-associated actin-binding proteins may be still very limited. A 

study of cotton fibers identified GhCFE1A as a protein linking the ER membrane and actin 

cytoskeleton that functions in cotton fiber initiation and elongation 75. Surprisingly, a recent study 

in mammalian cells revealed that Sec61β, a very commonly used marker of ER membrane in 

mammalian cells, binds microtubules and is able to remodel the network to overlay microtubules 

upon overexpression 76. More proteins involved in ER-cytoskeleton interactions are expected to 

be identified with advances of organelle proteomics and methods studying protein-protein 

interactions 24, 77, 78.  

1.2.5 Membrane-cytoskeleton interaction at the ER-PM contact site 

The ER network spreads throughout the cytoplasm and interacts most other membrane-bound 

organelles to form inter-organelle contact sites. One type of contact sites that has gained recent 

attention in plant research is between the ER and the plasma membrane (PM). The ER-PM contact 

sites (EPCS) have been implicated in endomembrane dynamics, cytoskeleton organization, and 

intercellular communication as well as in functioning as a signaling platform to respond to biotic 

and abiotic stresses 79-81.   

  Several conserved protein families that bring ER and PM membranes together have been 

characterized in Arabidopsis, including extended-synaptotagmin family proteins (E-Syt, known as 

Syt1 in plants) and VAMP-associated proteins (VAP) 72, 73, 81-85. VAP27 directly binds to 
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microtubules, and it also interacts with NET3C, a member of the plant specific membrane-

associated actin-binding NET family 72.  

In mammalian cells, both microtubules and actin cytoskeleton regulate the EPCS. A store-operated 

calcium entry (SOCE) complex is formed by plasma membrane-localized protein Orai1 and ER 

transmembrane protein STIM1, which can interact with the microtubule plus end-binding protein 

EB1 to regulate the calcium gating function of SOCE at the EPCS 86. Recent studies reported an 

interplay between actin organization and the dynamics of EPCS 87, 88. A major type of the EPCS 

is supported by ER-associated VAP protein interacting with ORP, which also binds to 

phospholipids on the PM 89. A recent study in yeast identified an additional interaction between 

ORPs and myosin-I proteins 88. Upon disruption of the EPCS, the local actin polymerization is 

impaired and the formation of endocytic vesicles is stalled 81, 88. Interestingly, the actin 

cytoskeleton also transduces ER luminal signal to regulate the EPCS. Secretory proteins are 

produced in ER, and disturbance of proteostasis in the ER lumen triggers the unfolded protein 

response (UPR) that is detected by ER transmembrane sensors. A mammalian UPR sensor protein 

PERK interacts with an actin-binding protein, filamin A, to transduce the UPR signal to actin re-

organization underneath the plasma membrane domain of EPCS 87. Consistently, functional PERK 

is required for actin dynamics and EPCS formation 87. Although plant homologs of PERK and 

filamin A have not been reported yet, the functional conservation of ER stress response 

mechanisms and F-actin side-binding proteins throughout eukaryotes suggests the existence of 

such interplay between the actin cytoskeleton and membranes at EPCS 90, 91.  
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1.3 VACUOLE  

1.3.1 The vacuolar membrane is associated with the cytoskeleton 

Earlier studies of the plant vacuole and the cytoskeleton suggested that these structures are 

associated, or at least, distributed in close proximity. Isolated and cultured cells, such as tobacco 

BY-2 cells and Arabidopsis protoplasts, were first utilized to visualize the vacuole membranes and 

the actin cytoskeleton 6-10. Disruption of the actin cytoskeleton alters the vacuole morphology and 

the structures formed by the vacuolar membranes, most notably the transvacuolar strands (TVS). 

Upon microinjection of profilin, a potent actin monomer-binding protein that lead to F-actin 

depolymerization, TVS were deformed and cytoplasmic streaming stagnated 9. This pioneering 

research, based mainly on bright field analyses, suggested that the actin cytoskeleton is involved 

in vacuole architecture, especially the TVS. The vacuolar structures can be easily visualized by 

GFP-tagged vacuole membrane-associated protein or FM4-64 and BCECF staining. Improved 

imaging in cultured cells revealed that the vacuole membranes form not only spherical structures, 

but also tubules, vesicles and other intricate configurations; moreover, the TVS appear to be 

composed of these minuscule yet complicated structures clustering along thick actin bundles 6, 7, 

10, 92. The TVS gradually disappear after application of actin polymerization inhibitors, while they 

are insensitive to microtubule-targeting chemicals 6, 8. Furthermore, certain myosin inhibitors 

induce TVS collapse, while they have moderate or insignificant effects on the integrity of actin 

filaments 6, 10. These lines of evidence suggest that the maintenance of TVS is dependent on actin 

filaments rather than microtubules, possibly via specific myosin motors and receptors. However, 

our current knowledge of TVS has been mostly acquired through genetic or chemical disruption 

of the cytoskeleton. How the TVS structures are established, what is their function, and whether 

they are dynamically regulated are still open questions. It is possible that the strands are essentially 
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cytoplasmic actin bundles wrapped by vacuole membranes that are maintained by strong 

membrane-cytoskeleton anchoring. In this scenario, the cytoskeleton-associated vacuolar 

membranes are possibly remains of smaller vacuoles after they undergo homotypic membrane 

fusion to form the large central vacuole. It is also possible that the TVS are induced-to-form 

structures that are regulated by cytoskeleton signaling.   

1.3.2 Plant cytoskeleton controls vacuole morphogenesis 

Whereas young meristematic cells generated either in embryonic or growing tissues contain 

multiple types of vacuoles, most mature plant cells contain one large central vacuole 93, 94. Several 

studies in plant cells proposed the dynamic vacuole membrane fusion as the essence of vacuole 

biogenesis that is dependent on a remodeling of the actin cytoskeleton 95, 96. In yeast cells, multiple 

vacuoles frequently undergo fusion and division in response to growth conditions and to exert their 

stress-related functions 97. Vacuole membrane fusion is achieved by three stages: 1) priming of 

membrane lipid composition, 2) tethering regulated by Rab GTPase, and then 3) docking and 

fusion mediated by HOPS and SNAREs complexes 98. Particularly, the homeostasis of 

phosphoinositides, an essential type of regulatory lipids for membrane fusion, also signals to the 

WAVE complex to regulate actin reorganization 99, 100. In addition, yeast vacuole fusion requires 

Cdc42p and Rho1p, two Rho GTPases classically regulate actin remodeling through WAVE-

Arp2/3 complexes 101-103. During vacuole membrane fusion, Cdc42p is activated and, in turn, it 

stimulates actin polymerization to facilitate membrane-membrane docking before fusion 104-106. 

Considering that both yeast and plant cells utilize actin rather than microtubules to mobilize 

organelles, and Rho of Plants (ROP) GTPases play conserved role of signaling to cytoskeleton 

remodeling 107, it is reasonable to hypothesize that the mechanism of actin-dependent vacuole 
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fusion is conserved in plant cells. This hypothesis is supported by studies in plant cells 95, 96 

although the underlying mechanisms remain elusive.   

Vacuolar occupancy of the cellular space during plant cell growth is determined by the number 

and size of vacuoles in a cell. Despite that providing turgor pressure to stimulate cell expansion 

has been recognized as a classic and critical function of the plant vacuole 108, the mechanisms 

regulating the vacuolar occupancy of cellular space and thereby controlling cell expansion are still 

poorly understood. Recently, two studies explored the interplay between vacuolar occupancy, the 

actin cytoskeleton, and the major plant growth hormone auxin 109, 110. Vacuole dynamics, 

organization of actin cytoskeleton, and cell expansion were found to be individually affected by 

exogenously applied auxin in an auxin receptor-dependent manner 109, 110. Furthermore, chemical 

interference and mutations of the action-myosin system were found to mitigate the vacuolar 

occupancy of the cellular space induced by auxin 110. The downstream of auxin signaling is 

complex and multiple mechanisms may contribute to cell expansion; nevertheless, these studies 

provided significant evidence for vacuole-cytoskeleton interactions in response to developmental 

signals. 

1.3.3 Actin-binding proteins associated with vacuole 

Recent studies in searching actin-binding proteins yielded novel plant proteins that are involved in 

interactions between the vacuole and the actin cytoskeleton. As discussed above, the plant specific 

NET family consists of actin-binding proteins that are associated with various membranes. In 

Arabidopsis root epidermal cells, native promoter-driven expression of NET4A-GFP was found 

distributed on filamentous structures that are closely attached to the vacuolar membrane 71. A study 

of vacuolar-type H+-ATPase (V-ATPase) B subunits identified a conserved actin-binding domain 

and confirmed their actin binding ability and the effects on actin filament remodeling in vitro 111. 



15 

 

Despite of the vacuolar-type nomenclature, V-ATPase subunits are distributed throughout the 

secretory pathway and may not necessarily be contributing to the interaction between vacuolar 

membrane and actin cytoskeleton 111.  

1.4 OTHER ENDOMEMBRANE COMPARTMENTS 

1.4.1 Golgi 

In mammalian cells, the Golgi stacks are linked in tandem to form a unique Golgi “ribbon” which 

is mostly distributed near the nucleus and the microtubule organizing center (MTOC). The 

positioning of the mammalian Golgi, as well as formation of Golgi “ribbon”, are dependent on 

sophisticated interactions between Golgi matrix proteins and peripheral microtubules, 

microtubule-associated proteins, actin-binding proteins, and motor proteins 112.  

In plants, the Golgi apparatus is composed of numerous mobile Golgi mini-stacks composed of 

several flattened membrane cisternae. The Golgi stacks are attached to the ER network and receive 

secretory cargo directly from the ER 43, 113, 114, independently of actin and microtubules 114. The 

plant Golgi stacks also undergo long-range movement in a stop-and-go manner on the actin cables 

43, 115. Chemical disruption of F-actin, chemical inhibition of myosins or genetic ablation of Myosin 

XI genes causes reduced mobility of the Golgi 43, 62, 63, 114-116. By contrast, treatment of microtubule-

disrupting chemicals does not affect Golgi movement 114, 115.  

Microtubules have not been considered required for long-range movement of the plant Golgi; 

however, examination of the diversified motor protein family in plants suggests that microtubule 

components are still involved in regulating Golgi dynamics. Arabidopsis and cotton homologs of 

Kinesin-13A localize to the Golgi 117, 118. Since knocking out Kinesin-13A caused growth 

phenotypes and subtle aggregation of Golgi, it has been speculated that the kinesins may serve as 

temporal anchors between the Golgi and microtubules and regulate the Golgi positioning 117, 118.  
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Microscopy and quantitative analyses have provided evidence supporting a regulatory interplay 

between local actin organization and the stochastic Golgi movement. It has been reported that in 

epidermal cells of the root elongation zone, the Golgi stacks undergo fast movement with a velocity 

up to 7 μm s-1 in areas where thick and long actin bundles appear, while the Golgi stacks move 

more slowly and wiggly where F-actin is less bundled 119. Another study using hypocotyl cells led 

to similar results showing a correlation between locally enhanced actin bundling and Golgi 

movement with higher velocity and less wiggle behavior 120. Moreover, through the analyses of 

Golgi movement and actin organization, this study showed the potential of accurately predicting 

the movement pattern of overall Golgi stacks as well as the direction and velocity of specific Golgi 

movement 120. The microscopy analyses facilitated by quantitative modeling 119, 120 suggest the 

intracellular organelle movement can be orchestrated by signaling to actin re-organization, and 

therefore is neither static nor completely stochastic.  

1.4.2 TGN 

Succeeding to the Golgi along the biosynthetic route, the trans-Golgi network (TGN) is an 

endomembrane compartment where the secretory pathway and the endocytic pathway converge. 

Owing to the presence of a cellulosic cell wall, the TGN in plant cells likely exerts non-conserved 

cargo sorting functions compared to animal cells. The plant TGN also exhibits unique dynamics 

and spatial distribution. In animal cells, the TGN is attached to the Golgi and collectively is 

transported along microtubules by microtubule-associated motors and anchoring proteins 121. The 

plant TGN population is composed of a subgroup that associates with the Golgi (GA-TGN/early 

TGN) and a subgroup that is isolated from the Golgi (GI-TGN/late TGN) 12, 122. In plant cells, 

chemical manipulation of the actin cytoskeleton and microscopic analyses suggested that the TGN 

is associated with and dependent on F-actin for transport 123, 124.  
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In this section, we will review recently identified proteins that directly connect the TGN to the 

cytoskeleton cables. For example, RISAP is a TGN-localized effector of RAC5 GTPase that can 

directly bind to F-actin and myosin XI, regulating membrane traffic and tip growth of tobacco 

pollen tubes 125. RISAP contains a DUF593 domain that is shared by identified plant myosin 

adaptor proteins 68, 125. Another TGN protein, HLB1, was recently identified  in a forward screen 

for mutants whose primary root elongation is hypersensitive to latrunculin B 11. Interacting with 

TGN-localized MIN7/BEN1 protein, HLB1 colocalizes with TGN markers and moves along F-

actin cable, suggesting it functions in the intersection of post-Golgi trafficking and actin 

cytoskeleton 11. The hlb1 mutant exhibits broad but mostly mild defects in vesicular transport, 

including both exocytosis and endocytosis 11. Meanwhile, in the hlb1 mutant, the organization of 

F-actin is disrupted and displays less bundling in root epidermal cells and root hairs 11. Therefore, 

HLB1 likely functionally connects the TGN to the actin cytoskeleton in a manner dependent on 

BEN1, although a direct interaction with of HLB1 and actin has not been demonstrated yet. If 

confirmed, the results would lend support to the earlier findings that the TGN dynamics depend 

on actin 123, 124. A recent research identified a novel regulator of TGN dynamics, TGNap1, which 

is required for post-Golgi traffic to the cell surface and vacuole, microtubule-dependent biogenesis 

of a subpopulation of TGNs as well as efficient endocytosis 12. Mechanistically, TGNap1 interacts 

with Rab6 and YIP4, two regulators of vesicular trafficking that bind on and off the TGN; TGNap1 

also directly binds microtubules 12. These results support the novel model whereby post-Golgi 

organelle traffic and biogenesis depend partially on microtubules. In this model, TGNap1 

dynamically bridges the TGN to microtubules for biogenesis and traffic of a subpopulation of GI-

TGNs 12. Further characterization of TGN-associated proteins and their potential interactions with 
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cytoskeleton components are expected to provide comprehensive understanding of TGN dynamics 

and its crucial functions as the cargo sorting station.  

1.4.3 Endosomes and endocytosis  

Endosomes are small endomembrane compartments that internalize plasma membrane-associated 

proteins and carry cargo for recycling, degradation or sequestration. This process includes 

endosome biogenesis, transport and sorting, which are facilitated by the cytoskeleton. In animal 

cells, the biogenesis and intracellular movement of endosomes are mainly dependent on actin 

cytoskeleton and microtubules, respectively 126, 127. On the plasma membrane, activation of WASH 

and Arp2/3 complexes initiates actin nucleation and polymerization to form a meshwork of actin 

filaments, which restricts a subdomain for endosome biogenesis 127. Subsequently, the long-range 

intracellular traffic of endosomes is assumed by microtubules and associated motors. More than a 

dozen of kinesin and dynein motor proteins have specific client cargoes and largely identified 

adaptor proteins 126. The cytoplasmic actin components are also frequently associated with 

endosomes and target membranes to control multiple aspects of the endosomes beyond biogenesis, 

including sorting and short-range transport of cargoes and subtle dynamics 126. Interestingly, actin 

polymerization on the endosome surface initiates and stabilizes tubulation of membranes, and 

eventually leads to fission and myosin-driven transport. By contrast, studies of various endosomal 

cargoes in plant cells indicated that actin cytoskeleton is the primary driving force, though 

microtubules and microtubules-associated motors are also involved in endosomal transport 128-131.  

A type of extensively investigated endosomal cargoes in plant cells are AUX1 and PIN auxin 

transporters, whose proper distribution on the plasma membrane of one side of the cell for 

directional auxin influx and efflux is crucial for the establishment of cell polarity as well as overall 

plant growth and development 132. The transport and distribution of PIN1, PIN3 and AUX1 are all 
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primarily dependent on the integrity of F-actin, rather than microtubules 133-136. Other evidence 

supports that microtubules contribute to the traffic of PIN-associated endosomes 128. The 

microtubule-associated protein CLASP interacts with sorting nexin SNX1 and connects the 

endosomal membrane with microtubules 128. Knockout mutants of CLASP show disrupted polar 

distribution of PIN2 as well as auxin-related plant growth phenotypes 128. Furthermore, functional 

CLASP and integrity of microtubules prevent PIN2 from degradation 128. Nevertheless, it should 

be noted that in animal cells the SNX proteins are a type of key regulators of endosome sorting 

and traffic, and several associations between specific SNX and kinesin/dynein proteins regulate 

the traffic of distinct endosomal cargoes 126. Additional research also demonstrated the role of 

Arabidopsis SNXs in modulating the trafficking of the iron transporter IRT1 and vacuolar storage 

proteins 137-139, suggesting conserved functions of Arabidopsis SNXs for sorting and trafficking. 

Interestingly, a recent forward genetic screen for novel regulators of PIN3 cellular distribution 

identified a new mutant allele of ACTIN2, and reported that disruption of F-actin and microtubules 

confer distinct effects on PIN3 polarity and gravitropism 129. Therefore, actin cytoskeleton and 

microtubules may be required for endosomal transport and assume diversified tasks.  

Endocytosis facilitated by the actin cytoskeleton is critical for pathogen pattern recognition 

receptors (PRR) during plant immunity. Monitoring the mobilization of GFP-tagged FLAGELLIN 

SENSING2 (FLS2), a plasma membrane-localized receptor of bacterial flagellin (flg22), upon 

flg22 induction and chemical treatment revealed both critical but differential roles of F-actin and 

myosins 131. Treatment with the myosin inhibitor 2,3-butanedione monoxime largely reduced the 

formation of FLS2-GFP-labelled endosomes by approximately 80% compared to the control 131. 

By contrast, depolymerizing F-actin by latrunculin B treatment did not impede internalization of 

FLS2-GFP, but rather halted the FLS2-GFP-labelled endosomes from leaving the plasma 
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membrane 131. Consistently, HopW1, a bacterial effector protein injected into the plant cell, 

disrupts F-actin and inhibits endocytosis 130. These results are critical pieces of evidence 

supporting a broad model in which dynamic interactions between the cytoskeleton and membrane-

bound organelles perceives pathogen invasion signals and coordinates downstream subcellular 

responses 140.  

1.4.4 Other transport vesicles 

The cellulose synthase complex (CSC) is an essential machinery for cell wall synthesis and 

biomass accumulation. It is well established that, at the plasma membrane, the CSC moves along 

the underlying cortical microtubule framework to synthesize and deposit cellulose microfibrils into 

the cell wall 141. However, much less is known about the mechanisms of transporting the CSC 

from Golgi to plasma membrane. The plasma membrane loci where the CSCs are delivered are 

determined by the underlying cortical microtubules, though disruption of the actin cytoskeleton 

also affects distribution pattern of CSCs on the plasma membrane 142, 143. Recent research provided 

further mechanistic insights into the delivery of the CSC to the plasma membrane by the 

synergistic exocyst complex and microtubules 144. It has been shown that fusion between the 

exocyst complex and the target membrane relies on an interaction between CSI1, a microtubule-

binding protein that tethers the CSC to the cortical microtubules 145, and PTL1, a plant protein 

bearing a domain, the MUN domain, which functions in exocytosis in animal cells 144, 146. Thus, 

this final delivery step most likely employs mostly the conserved exocytosis machinery as well as 

plant specific regulators. 

Questions remain about the driving force of CSC transport from Golgi and recycling from the 

plasma membrane. Arabidopsis Kinesin-4/FRA1 is required for deposition of cellulose on the cell 

wall 147. FRA1 displays bona fide kinesin activity and mediates vesicular transport along cortical 
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microtubules 148. However, another work demonstrated that Kinesin-4/FRA1 is involved in 

secretion of cell wall components but is not required for traffic of the CSC to the plasma membrane 

149. Therefore, it is possible that certain plant motor proteins exert diversified or nonexclusive 

functions that are still not fully appreciated. The possibility exists that a different cytoskeleton 

motor system carries the CSC-carriers from TGN to the plasma membrane. Last but not least, the 

rather isolated positioning of GI-TGN from Golgi may allow the TGN to be distributed in close 

proximity of the target site of plasma membrane, thus not requiring cytoskeleton cable to transport 

the CSC 141. Another example of cytoskeletal force-driven vesicular transport is SHORT-ROOT 

(SHR), a signaling protein that regulates cell division and differentiation in root 150. Type-14 

kinesin KinG directly interacts with SIEL, a protein that tethers SHR on the endosome, and is 

required for the intercellular movement of SHR 150.  

These reviewed studies of various cytoskeleton components and specific cargoes demonstrate the 

necessity of dissecting the client specificity of myosin, dynein and kinesin motors as well as 

characterizing their adaptor proteins in plant cells. It is important to consider also the findings that 

the plant cytoskeleton may indirectly contribute to organelle transport. For example, as detailed 

earlier, the ER network interacts with the actin cytoskeleton via characterized stable anchors and 

potential adaptor-attached myosins 69. Recent work illustrated that the plant ER is in close 

association with endosomes and that disruption of ER architecture and streaming largely affects 

the mobility and endocytic function of endosomes 70. These results support the possibility of an 

alternative scenario of endosome transport in plant cells in which endosomes are mobilized by the 

actin cytoskeleton through tethering to the ER network. 
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1.4.5 Autophagosome 

Autophagosomes are small endomembrane-bound compartments formed during autophagy, a 

conserved degradation and recycling pathway that is usually upregulated upon stress. In 

mammalian cells, the autophagosome moves on microtubules to reach the lysosome, while the 

actin cytoskeleton is also required for formation and traffic of autophagosomes 151, 152. The 

association of autophagosomes with microtubules involves mammalian the LC3 (microtubule-

associated protein 1 light chain 3, homologs of yeast ATG8) family proteins and FYCO1 adaptor 

153.  

In plants, it has been shown that integrity of the microtubules is required for the induction of 

autophagosomes 154. The Arabidopsis homologs of ATG8 similarly interact with microtubules 155. 

An autophagy cargo receptor Joka2 colocalizes with cytoskeleton components in plant cells, which 

is similar to its mammalian homolog NBR1 156. Additionally, a recent study showed that NAP1, 

as well as other components of the actin-regulating SCAR/WAVE complex and Arp2/3 complex, 

are required for stress-induced autophagic responses 157. This evidence suggests that the formation 

of the autophagic structures requires both stable cytoskeletal tracks and reorganization of the actin 

cytoskeleton.  
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Endomembrane 

Compartments 

Protein/Interacting 

Partners 

Notes Refere

nces 

Endoplasmic 

reticulum (ER) 

Myosin XIk, XI1, 

XI2 

Required for ER streaming and maintenance 

of ER morphology  

1 

SYP73 ER membrane-associated actin-binding 

protein 

2 

NET3B ER membrane-associated actin-binding 

protein 

3 

 GhCFE1A ER membrane-associated actin-binding 

protein in cotton fiber 

4 

Golgi Myosin XIk, XI1, 

XI2 

Required for Golgi movement 5-8 

Kinesin-13A Localized to Golgi and may contribute to 

Golgi positioning 

9, 10 

ER-PM contact 

site (EPCS)  

NET3C and 

VAP27 

Form a complex with interactions between 

NET3C and VAP27, NET3C and F-actin, 

VAP27 and microtubules 

11 

trans-Golgi 

network (TGN) 

RISAP ROP effector, associated with myosin and F-

actin 

12 

BEN1 and HLB1 HLB1 interacts with TGN-localized BEN1 

on actin cytoskeleton 

13 

TGNap1 Binds to microtubules and interacts with 

TGN-localized Rab6 and YIP4 

14 

Vacuole NET4A Associated with the tonoplast in root 

epidermal cells 

15 

Plasma 

membrane (PM) 

NET1A Associated with PM and accumulate at the 

plasmodesmata 

15 

NET2A Associated with PM in the shank of pollen 

tube 

15 

Endosomes and 

vesicles 

CLASP and SNX1 Connects microtubules and endosomes that 

transport PM-localized proteins 

16 

HopW1 A bacterial effector protein that disrupts F-

actin and inhibits endocytosis in plant cells 

17 

CSI1 and PTL1 Connects microtubules and delivers CSC-

tethered vesicle to the PM 

18, 19 

Kinesin-4/FRA1 Involved in secretion of cell wall 

components 

20, 21 

KinG and SIEL  SIEL connects KinG to vesicles that 

transport SHR 

22 

Autophagosome ATG8 Associated with microtubules 23 

NAP 

 

Components of SCAR/WAVE complex and 

Arp2/3 complex are required for formation 

of autophagosomes 

24 

Table 1.1 Plant proteins that are involved in endomembrane-cytoskeleton interactions.
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CHAPTER 2. SYP73 ANCHORS THE ER TO THE ACTIN CYTOSKELETON FOR 
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2.1 ABSTRACT 

The ER is an essential organelle that spreads throughout the cytoplasm as one interconnected 

network of narrow tubules and dilated cisternae that enclose a single lumen. The ER network 

undergoes extensive remodeling, which critically depends on membrane-cytoskeleton interactions 

1. In plants the ER is also highly mobile and its streaming significantly contributes to the movement 

of other organelles 2, 3. The remodeling and motility of the plant ER rely mainly on actin 4 and to 

a minor extent on microtubules 5. While a three-way interaction between the ER, cytosolic myosin-

XI, and F-actin mediates the plant ER streaming 6, the mechanisms underlying stable interaction 

of the ER membrane with actin are unknown. Early electron microscopy studies suggested a direct 

attachment of the plant ER with actin filaments 7, 8, but it is plausible that yet-unknown proteins 

facilitate anchoring of the ER membrane with the cytoskeleton. We demonstrate that SYP73, a 

member of the plant Syp7 subgroup of SNARE proteins 9 containing actin-binding domains, is a 

novel ER membrane-associated actin-binding protein. We show that overexpression of SYP73 

causes a striking rearrangement of the ER over actin and that, similar to mutations of myosin-XI 

4, 10, 11, loss of SYP73 reduces ER streaming, affects overall ER network morphology and plant 

growth. We propose a novel model for plant ER remodeling whereby the dynamic rearrangement 

and streaming of the ER network depend on the propelling action of myosin-XI over actin coupled 

with a SYP73-mediated bridging, which dynamically anchors the ER membrane with actin 

filaments.  

2.1 RESULTS  

2.1.1 The ER-Localized SYP73 Reshapes the ER Network to Overlay Actin Cables 

In order to identify an anchor between the plant ER membrane and actin cytoskeleton we set up to 

isolate proteins with similar domains and functional attributes to CLIMP-63/p63, the first 
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identified anchor between the ER membrane and cytoskeleton in mammalian cells. CLIMP-63/p63 

is an integral ER membrane protein containing a central microtubule-binding domain that 

rearranges the ER over the microtubules when overexpressed 12. We therefore scanned the 

Arabidopsis ER proteome 13 in search of protein sequences that analogously to CLIMP-63/p63 

contained a putative membrane anchor as well as a cytosolic tail with cytoskeleton binding 

domain(s), specifically actin. We also expected that similar to the ER remodeling ability of 

CLIMP63/p63 over microtubules, a plant ER membrane-actin anchor would extensively rearrange 

the ER over actin when overexpressed. In our searches, we identified SYP73 a member of SYP7 

family of plant-unique SNAREs that consists of three proteins (i.e., SYP71, SYP72 and SYP73) 

(Figures 2.5 A-C) predicted to contain a putative transmembrane domain with no harpin domain 

and a cytosolic region (Figures 2.5 D and 2.6 D) with actin-binding domains (Figures 2.6 A-C). 

SYP71 has been localized to the ER, plasma membrane and cell plate, and facilitates vesicular 

transport in cytokinesis 9, 14. SYP71 is also involved in membrane fusion between virus-induced 

vesicles and chloroplasts 15. However, the other two members of the SYP7 subgroup, SYP72 and 

SYP73, have not been yet functionally characterized. The three proteins share overall good degree 

of sequence similarity but marked differences in a central variable domain (Figure 2.5 B). This 

suggested to us the possibility of a functional diversification of among the SYP7-proteins. We 

confirmed the proteomics results that SYP73 is an ER protein through live-cell analyses of a green 

fluorescent protein fusion to SYP73 (SYP73-GFP) in co-expression with the established ER 

lumenal marker ERYK (Figure 2.1). SYP73 was distributed to the overall ER network, ER-plasma 

membrane anchoring sites (Figures 2.6 E and F), and, albeit only to minor extent, to points of yet-

unknown nature in which ERYK was excluded (Figures 2.1 B and E). We also verified that in 

high-expressing cells (Figures 2.1 C and F) the pattern of SYP73-GFP distribution changed 
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substantially from that of cells with lower fluorescence levels (Figures 2.1 B and E). Specifically, 

in highly expressing cells the ER labelled by SYP73-GFP assumed a modified morphology with 

enhancement of the tubular network and visible reduction of the appearance of the cisternal ER 

(Figures 2.1 C, F and G). Such acquired ER network morphology strikingly resembled that of the 

organization of actin cables, which normally underlie the ER but do not completely overlap with 

the ER network 16 (Figures 2.2 A and B). Indeed, co-expression analyses of SYP73-GFP with 

either the F-actin marker YFP-ABD2 or the microtubule marker YFP-TUA6 indicated that the 

modified ER network labelled by SYP73-GFP largely overlapped with the actin network (Figures 

2.2 D and G) but not with the microtubule cytoskeleton (Figures 2.6 G, H and I). The evidence 

that overexpression of an untagged SYP73 led to a similar ER rearrangement compared to 

overexpression of SYP73-GFP (Figures 2.7 A and B) indicated that the effect of SYP73 on the ER 

is not due to the presence of a fluorescent protein. Also, the evidence that high expression of the 

bulk membrane marker GFP-Calnexin did not lead to ER rearrangement to an actin-like 

organization besides a slight enlargement of the ER toward a more cisternal form (Figure 2.2 C) 

17 further supported specificity of the ER shaping effect of SYP73.  

We next aimed to test whether the verified ER rearrangement effect of SYP73 was due to 

overexpression of the transmembrane anchor of the protein. To do so, we constructed a SYP73-

putative transmembrane domain and short luminal tail (residues 239-264) (SYP73TMC) and 

expressed it as a yellow fluorescent protein fusion (SYP73TMC-YFP) along with GFP-Calnexin 

to visualize the ER membrane. We established that SYP73TMC-YFP was distributed to the ER 

network whose morphology was not altered by the presence of this protein (Figure 2.7 C). This 

experiment indicates that the putative transmembrane domain of SYP73 functions to target SYP73 

to the ER and that the ER-rearranging action of SYP73 is not due to over-representation of such a 
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domain in the ER. The results also support the likelihood that overexpression of SYP73 leads to 

ER rearrangement through mechanisms involving the cytoplasmic region of this protein.  

A handful of plant ER-shaping proteins are currently known and these include ER membrane 

proteins such as reticulons 18 and RHD3 19, 20. Reticulons likely facilitate curvature of the ER 

tubules because of the wedge-like transmembrane topology of their conserved hydrophobic 

segments, which would force membrane tubulation by insertion into the lipid bilayer 3, 21. 

Overexpression of reticulons leads to constrictions of the ER lumen and reduction of the fluidity 

of the luminal content 22. The ER-anchored dynamin-like GTPase RHD3 on the other hand 

facilitates homotypic membrane fusion in virtue of the fusogenic action of the cytosolic domain 

23. Overexpression of RHD3 leads to elongated ER tubules 24, most likely because of excess of 

fusion events. In our work we have established that when overexpressed SYP73 modifies the ER 

into a network that mirrors the actin cytoskeleton. These data support that SYP73 is a novel 

modifier of the ER network shape. The evidence that overexpression of the transmembrane domain 

does not affect the ER morphology indicates that the ER shaping role of SYP73 necessitates the 

cytosolic domain. Indeed, contrarily to reticulons SYP73 transmembrane region is not predicted 

to assume a wedge-like structure (Figure 2.5 D), posing the possibility that the transmembrane 

domain is simply required to anchor the cytosolic domain to the ER, which in turn executes the 

ER rearranging effect.  

2.1.2 SYP73 Binds F-Actin Directly 

Based on the evidence of a striking ER remodeling ability of SYP73 to overlay the ER network 

over the actin cables and the stringent requirement of the presence of an ER membrane anchor for 

the ER remodeling effect of this protein, we hypothesized that SYP73 could bind actin and function 

as a tether between the ER membrane and the actin cytoskeleton. This hypothesis is strongly 
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supported by the presence of protein domains in SYP73 that are predicted to bind actin (Figures 

2.6 B and C), and by the evidence that, unlike Cytosolic YFP (control, Figures 2.7 F and G), a 

fluorescent protein fusion to the cytosolic domain of SYP73 (YFP-SYP73ΔTM) associates with 

intact actin cables in plant cells (Figure 2.7 D), but it is distributed in the cytosol in cells with 

depolymerized actin (Figure S3E). Therefore, we next assayed the ability of the cytosolic domain 

of SYP73 to bind actin directly using high-speed co-sedimentation analyses with recombinant His-

tagged SYP73ΔTM (His-SYP73ΔTM; MW= 30.6 KDa) and actin (MW= 42 KDa). The known 

actin-binding tropomyosin was used as positive control, while BSA was used as negative control. 

In this assay, actin-interacting proteins sediment with actin upon ultracentrifugation while non-

interacting proteins remain mainly in the supernatant because of the lack of interaction with actin. 

After one hour’s incubation with pre-polymerized F-actin, proteins were pelleted by 135,000g 

ultracentrifugation. As actin-free samples, we omitted actin in the incubation reaction with His-

SYP73ΔTM, tropomyosin or BSA. SDS-PAGE runs followed by Coomassie blue staining verified 

that small amount of tropomyosin was detected in pellet after actin-free incubation, while most 

tropomyosin co-sedimented with actin (Figure 2.2 H, lanes 7-10). When we analyzed His-

SYP73ΔTM samples, we found two bands that correspond to the MW of His-SYP73ΔTM 

monomers (*) and dimers (arrowhead) (Figure 2.2 H); the dimers were disrupted by urea treatment 

(Figure 2.2 K), suggesting that SYP73 may form strong dimers in vivo. Similary to tropomyosin, 

only a small amount of His-SYP73ΔTM was found in the pellet in the absence of actin (Figure 2.2 

H, lanes 1-2). However upon incubation with actin, both monomer and dimer His-SYP73ΔTM 

forms co-sedimented with actin (Figure 2.2 H, lanes 5-6). The negative control BSA remained in 

supernatant even after incubation with actin (Figure 2.2 H, lanes 11-14). These data demonstrate 

a direct interaction between His-SYP73ΔTM and F-actin directly. Next we aimed to determine 
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whether the binding of SYP73ΔTM to F-actin was saturable, and therefore we performed high-

speed co-sedimentation assays using increasing concentrations of His-SYP73ΔTM and constant 

amount of actin. After incubation, the supernatant and pellet were separated by ultracentrifugation, 

then subjected to SDS-PAGE and Coomassie blue staining (Figure 2.2 I). The amounts of bound 

and free His-SYP73ΔTM were quantified by gel densitometry, and the bound SYP73ΔTM values 

were plotted against those of free SYP73ΔTM for fitting to a hyperbolic function (Figure 2.2 L). 

We found that the binding of SYP73ΔTM to actin was indeed saturable, as it occurs for other plant 

actin-binding proteins. These results indicate that the cytosolic domain of SYP73 binds 

filamentous actin directly.  

Together our data support a model whereby overexpression of SYP73 may lead to an enhanced 

anchoring of the ER to the actin cytoskeleton. To gain evidence for this model in vivo, we disrupted 

actin with the actin depolymerizing agent latrunculin B (Lat B) in cells expressing SYP73-GFP 

and YFP-ABD2. We hypothesized that loss of actin integrity would relieve the SYP73-mediated 

anchoring of the modified ER membrane network from actin and consequently that the ER would 

resume morphology. Indeed, we verified that disruption of actin led to remodeling of the ER to a 

network of collapsed cisternae and tubular ER (Figure 2.2 F) similar to the phenotype of Lat B-

treated cells expressing GFP-Calnexin alone 4 (Figure 2.2 E). Therefore, together our results 

support that SYP73 is an ER protein that binds actin and anchors the ER to the underlying actin 

cytoskeleton. These results assign a cellular function to SYP73 which is analogous to that of the 

CLIMP-63/p63 in anchoring the ER membrane to the cytoskeleton in mammalian cells 25. 

Nonetheless, substantial differences between SYP73 and CLIMP-63 exist. Besides the ability of 

the two proteins to anchor the ER to different cytoskeletal proteins, CLIMP-63 has been reported 

to be an ER sheet protein in mammalian cells, while proteins such as ER-shaping REEPs mediate 
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attachment of ER tubules with microtubules 26. The evidence that SYP73 is not restricted to sheets 

or tubules highlights that plants have evolved unique mechanisms to anchor the ER to the 

cytoskeleton. In general, our results also highlight an unexpected role of a plant SNARE. 

Generally, SNAREs exert a membrane fusogenic role through the formation of complexes on 

juxtaposed membranes of donor and acceptor organelles. It is also well established that SNAREs 

facilitate membrane traffic by interacting with several tethers 27 and are required for cell 

homeostasis through direct interaction with ion channels 28. Nonetheless, mammalian SNAREs 

can directly associate with actin 29, 30 and vimentin 31. The evidence provided in this work that 

SYP73 can bind actin supports that the interaction of SNAREs with the cytoskeleton is a conserved 

feature of these proteins. In this work we have not tested the actin binding properties of SYP71 

and SYP72, and do not exclude that also these other SYP7 proteins may have an ER remodeling 

function similar to SYP73, a possibility that we will test in the future. 

2.1.3 A SYP73 Knockout Mutant Has Defects in Early Plant Growth  

We next aimed to gain further insights on the functional role of SYP73 as anchor between the ER 

membrane and actin. Based on the notion that mutations that affect directly actin-myosin-driven 

streaming negatively affect plant growth 32, we hypothesized that loss of ER-actin anchoring 

contacts due to cellular depletion of SYP73 would lead to compromised plant growth. To test this 

hypothesis, we isolated a T-DNA insertion line knockout of SYP73 (syp73; Figures 2.8 A and B) 

and generated complemented lines expressing SYP73 under the control of the endogenous 

promoter (syp73/ProSYP73::SYP73-YFP) for quantitative analyses of plant phenotype. We 

observed that compared to wild type and complemented lines three day-after-germination (3DAG), 

syp73 had shorter length of the primary root and reduced fresh weight of the whole seedling 

(Figures 2.7 A and B). Morphometric analyses of the root tip of syp73 and wild type (Figures 2.3 
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D and E) indicated no differences in the length of the zone comprising the root apex and division 

zone but a significant reduction of the length of the elongation zone in syp73 compared to wild 

type. Furthermore, the number of cells in the zone comprising the root apex and division zone was 

higher in syp73 compared to wild type (Figures 2.3 D and E). Together these results support that 

the loss of SYP73 compromises cell elongation at the root tip. They also indicate that the SYP73 

fusion is functional. The syp73 defects at early stages of growth were restored later as at 6DAG no 

differences were observed between wild type, syp73 and the complemented line (Figure 2.3 B). 

These results indicate that SYP73 functions early in plant development and that later it becomes 

less influential. Analyses of root hair elongation showed no significant increase in syp73 root hair 

elongation compared to wild type (Figure 2.3 C). This phenotype is opposite to that of the loss-of-

function mutants of the ER shaper RHD333. These data indicate that the mechanisms underlying 

the ER defects in syp73 and rhd3 have different effect on cell elongation. This is consistent with 

the evidence that the ER defects due to loss of RHD3 are independent of actin 33. We have not 

verified other obvious defects in syp73 growth and development, and therefore we conclude that 

SYP73 assumes roles that are highly regulated during development. The Arabidopsis genome 

encodes about 60 SNARE genes, which can be subdivided in gene subgroups with multiple 

members that can show either functional redundancy or stringent requirements for survival 34, 35. 

Several of the Arabidopsis SNARE proteins are yet functionally uncharacterized. Our data provide 

evidence for the requirement of SYP73 in vegetative plant growth. Based on the evidence that 

SYP73 anchors the ER to actin presented thus far, we propose that the phenotypic growth defects 

of syp73 are likely associated with the role of this protein in bridging the ER membrane with the 

actin cytoskeleton. This hypothesis is consistent with the verified plant growth defects linked to 

loss of myosin XI, which functions as a motor between actin and ER membrane 6, 10. The evidence 
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that SYP73 is required in a short interval during growth and that syp73 is viable supports a 

development-specific role of SYP73 and the likelihood that the function of other SNARE proteins, 

such as SYP71 and SYP72 or others, partially compensate for the loss of SYP73 at later stages of 

development. Alternatively, it is also possible that either non-SNARE proteins share ER 

rearrangement roles and/or, albeit unlikely, that ER membrane-actin anchors become unnecessary 

if the ER interacts with actin directly at later stages of growth.    

2.1.4 SYP73 Contributes to ER Morphogenesis and Streaming 

ER morphology and streaming largely depend on actin 10. Depletion of actin leads to enlargement 

of ER tubule and cisternae 4 (see also Figure 2.2 F) and reduced movement 4. Analogously, genetic 

deletion of myosin-XI leads to defects in ER shape as well as reduced ER streaming 6, 10. Therefore 

we set up to test whether loss of SYP73 could lead to alteration of the ER morphology and 

streaming velocity, which would be consistent with its role in bridging the ER membrane with the 

actin cytoskeleton. The evidence that SYP73 is required for plant growth between 3DAG and 

6DAG informed us on the developmental stage in which to analyze the morphology and dynamics 

of the ER in the syp73 background. Therefore, we proceeded with the analysis of wild-type and 

syp73 lines stably expressing an ER luminal marker using quantitative laser scanning confocal 

microscopy. Because of the verified requirement for SYP73 in early stages of development, we 

analyzed hypocotyl cells, which enable clear imaging of the ER network in very young seedlings. 

We verified that in the hypocotyl epidermal cells of 4 DAG wild-type seedlings, the ER networks 

assumed a network appearance of tubules and cisternae; however, in the syp73 the ER network 

appeared enlarged (Figure 2.4 A). To quantify this phenotype, we measured the cortical cell areas 

that were occupied and unoccupied by the ER (Figure 2.8 C and D) using ImageJ plugin to compare 

the percentage of the areas occupied by the ER in wild-type and syp73 cells. We found that 
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compared to wild type, the area occupied by the ER in syp73 was significantly greater (Figure 2.4 

B), indicating that the syp73 ER is enlarged compared to wild type. To ensure that the defects of 

the ER morphology were independent from large secretion defects, which may lead to an 

enlargement of the ER, we assayed the secretion of a bulk-flow marker SEC-RFP which is 

normally trafficked to the apoplast through the default pathway but retained in the ER or mis-

targeted to the vacuole if secretion defects take place 36. In the hypocotyl epidermal cells of 4 DAG 

syp73/SEC-RFP seedlings, we did not detect abnormal accumulation of SEC-RFP in either middle 

or cortical focal plane (Figure 2.8 E and F). These results indicate that SEC-RFP is not mislocalized 

and therefore support secretion homeostasis in syp73 and that the ER morphology defects verified 

in the mutant are unlikely due to retention of bulk proteins in the ER.  

We next hypothesized that if SYP73 was involved in anchoring the ER membrane to actin, loss of 

SYP73 would lead to reduced streaming due to depletion of anchoring points between the two 

cellular structures. To test this hypothesis we carried out quantitative analyses on ER movement 

using a velocity maps depicted by the KbiFlow software to obtain average and maximal velocity 

streaming measurements of the plant ER, as described before 10, 37. We found that the ER in 4DAG 

syp73 hypocotyl epidermal cells was characterized by a significantly reduced average and maximal 

velocities of ER streaming compared to wild type (Figure 2.4C). Together with the morphometric 

analyses of the ER network (Figures 2.4 A and B), these results support that SYP73 contributes to 

ER structure and streaming. Because of the demonstrated interaction of SYP73 with actin (Figure 

2.2), we hypothesized that the verified effect of loss of SYP73 on ER morphology and streaming 

occurred in relation to the actin cytoskeleton. To gain support for this hypothesis, we aimed to 

assay the sensitivity of syp73 to loss of actin integrity. Specifically, as actin is strictly required for 

cytoplasmic streaming 38 and the latter has a critical role in plant growth 32, we hypothesized that 
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syp73 would be more sensitive to loss of actin compared to wild type. To test this, wild-type, syp73 

and complemented seedlings were germinated on vertical plates for three days and then transferred 

onto vertical plates containing either DMSO (control) or 50 mM Lat B. After three days on control 

plates (i.e., 6 DAG), wild-type and syp73 seedlings showed similar length of the primary root; 

however, on the Lat B plate syp73 seedlings showed shorter primary roots compared to wild type 

(Figures 2.3 F and G). This difference in primary root elongation was even more significant when 

the seedlings were allowed to grow for nine days after transfer to plates containing either DMSO 

or Lat B (Figures 2.3 G and H). These data support our hypothesis for a close functional 

relationship between SYP73 and the actin cytoskeleton, which is reflected in hypersensitivity of 

the syp73 mutant to depolymerization of filamentous actin compared to wild type.  

2.2 DISCUSSION 

In conclusion, our data identify SYP73 as a novel ER-associated actin binding protein that is 

required for ER morphology and streaming as well plant growth at early stages of development. 

Our functional assays in conditions of genetic ablation of SYP73 show that SYP73 is required for 

ER shaping and streaming in relation to the actin cytoskeleton; on the other hand, overexpression 

of SYP73 molds the ER network onto the actin cytoskeleton. Based on these results we propose 

that SYP73 has a critical yet non-essential role in ER shaping and streaming in combination with 

the actin-myosin system. In this novel model for plant ER identity and movement, myosin would 

provide the force to propel ER streaming and organize actin into cables that guide the ER 

membrane in obtaining a dynamic cable-like network as suggested earlier 6, 10; in addition however, 

SYP73 would anchor the ER membrane to the underlying actin cytoskeleton (Figure 2.4 D). This 

model is supported by the evidence that overexpression of SYP73 models the ER membrane to 

overlay actin, possibly by increasing the abundance of anchoring points. Nonetheless, based on 
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the evidence that the streaming is reduced in syp73 compared to wild type, we propose that 

attachment points of the ER with the cytoskeleton mediated by SYP73 function as dynamic holders 

of the ER membrane onto the cytoskeleton that would anchor to and release from the ER membrane 

to provide links between the ER and the underlying cytoskeleton. Such links would likely be 

necessary to ensure vicinity of the ER to actin and enable efficient utilization of the propelling 

action of myosin over actin to promote ER movement (see model in Figure 2.4 D; see also 39). 

Myosin XI has been found in association with the ER in biochemical analyses 10 but also with 

vesicles of unknown nature as a fluorescent protein fusion 40. As an alternative model, we propose 

that SYP73 may contribute to actin polymerization and hence facilitate growth of the ER over the 

actin cytoskeleton independently from myosin (Figure 2.4 E).  While our data do not exclude that 

SYP73 may also have a role in other cellular processes or later stages of development, we propose 

that these may be dispensable as they may be executed by other proteins or they may not be 

required at later stages of cell growth. In the future, it will be interesting to test whether also the 

other members of the SYP7 family bind actin and share the function of SYP73 in anchoring the 

ER to actin, a scenario that would be supported by the sequence similarity among SYP7-family 

members (Figures 2.5 B and C) 34 and ER localization of SYP71 9.  

2.3 METHODS 

2.3.1 Molecular Cloning  

The coding sequence of SYP73 was amplified from Arabidopsis thaliana Col-0 using Phusion 

High-Fidelity DNA Polymerase (NEB) and subcloned into the pVKH18-En6 vector for plant 

expression 41 between XbaI and SalI restriction sites to generate a SYP73-GFP construct. To 

produce a ProSYP73:SYP73-YFP construct, the coding sequence of SYP73 was overlapped with 

2kb upstream of the start codonand YFP sequence, the full sequence was subcloned into pGWB1 
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vector 42. The coding sequence of SYP73ΔTM (1-238) and SYP73TMC (239-264) were 

introduced into pCR8/GW/TOPO vector and then subcloned into pEarleyGate104 and 

pEarleyGate101 43 respectively using Gateway cloning system (Invitrogen) to generate YFP-

SYP73ΔTM and SYP73TMC-YFP constructs. For His-tag fused protein, the coding sequence of 

SYP73ΔTM was cloned into the pET-28b vector (Novagen) between BamHI and NotI sites. The 

plasmid for protein expression was transformed into Escherichia coli strain BL21 (DE3).  

2.3.2 RNA Extraction and RT-PCR Analysis  

The total RNA was extracted using RNeasy Plant Mini Kit (Qiagen). Reverse transcription was 

performed using iScript cDNA Synthesis Kit (Bio-Rad) and PCR analysis was conducted using 

GoTaq DNA Polymerase (Promega).  

2.3.3 Plant Materials and Growth Conditions 

Tobacco plants (Nicotiana tabacum cv. Petit Havana) were grown in 25°C chamber and 

Arabidopsis seedlings were grown at 21°C in 16h light: 8h dark cycle. The T-DNA insertion 

mutants Salk_134631 (syp73) was obtained from the ABRC at Ohio State University. The seeds 

of Arabidopsis Col-0 and syp73 mutant (Col-0 background) were plated on vertical culture plates 

(half-strength Murashige and Skoog (PhytoTech) and phytagel (Sigma)). The 3DAG and 6DAG 

seedlings were sampled to measure primary root length and whole seedling fresh weight. To assess 

plant growth on Lat B-containing media, the three days-after-germination wild-type and syp73 

mutant seedlings were transferred onto half-strength Murashige and Skoog agar media containing 

either DMSO or 50 nM Lat B for further analyses as detailed in Figure 2.3.   
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2.3.4 Transient and Stable Plant Transformation  

Four-week-old N. tabacum plants were infiltrated with the Agrobacterium tumefaciens strain 

GV3101 (OD600 = 0.05) for transient expression analyses 44. Transformation of Col-0 and syp73 

Arabidopsis plants was performed through floral dip method 45 

2.3.5 Confocal Laser Scanning Microscopy 

A Nikon A1Rsi and a Zeiss LSM 510 META laser scanning confocal microscope were used for 

analyzing fluorescence constructs transiently expressed in lower epidermis of tobacco leaves. 

Samples from Arabidopsis stable lines were analyzed by the Nikon A1Rsi confocal microscope. 

NIS-Elements Advanced Research software (Nikon) and ImageJ were used for image handling. 

ImageJ and JACoP plugin 46 were used to compute the Manders’ Colocalization Coefficient 

(MCC) 47. First, a region of interest (ROI) was selected in the merged GFP-and-YFP image. Then 

the GFP channel image and YFP channel image were separated and opened in JACoP plugin. The 

thresholds for GFP and YFP were automatically selected to remove background and noise to 

calculate MCC 46.   

The fluorescent protein fusions used in this study were ERYK 48, YFP-ABD2 and CFP-ABD2 49, 

GFP-Calnexin 33, YFP-TUA6 50, PVA12-YFP 51, Cytosolic YFP 52, SEC-RFP 53. Lat B treatment 

was performed as described earlier 54.  

2.3.6 Analyses of ER Morphology and Dynamics 

For quantification of ER cisternae, we considered a cisterna as an enlarged ER region fitting within 

a circle with a diameter of 3-5 µm (20.55–34.25 pixel). Regions of interest (ROIs) with size of 150 

× 150 pixels were analyzed from the original 512 × 512 pixel confocal images, and then number 

of cisternae was counted in each ROI. Number of cell analyzed was 15. Number of 150 × 150 ROI 

analyzed was 30.  
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For the analysis of ER streaming, time-lapse series were acquired in the cortical ER using a Plan 

Apo 60× oil objective and 10× digital zoom. Each series contains 50 frames, each frame is 

256×256 pixel resolution and the frame interval is 0.50s. The Nikon A1Rsi Perfect Focus System 

was used to keep acquiring frames in the same focal plane. Based on the time-lapse series, maximal 

and average velocities of ER streaming were assessed in ImageJ using the LPX Flow plugin 10.  

2.3.7 Root and Root Hair Measurements 

The roots of Arabidopsis seedlings were stained using 1 µg/ml propidium iodide 55 for 5 min. 

Confocal images of propidium iodide stained root tip were analyzed using Cell-O-Tape 56 to 

segment different zones in the root tip, and the transition zone and mature zone are defined by 

previous descriptions 57. Cell numbers in different zones were also automatically counted by the 

software. The method used for root hair measurement was modified from a previously described 

procedure 58. In brief, 20 Arabidopsis seedling were germinated vertically at the interspace 

between a glass microscope slide and a coverslip outdistanced by a spacer and filled up with ½ 

MS and phytagel media. Z-stacks of roots were acquired with a 10× objective, 6 days after 

germination using a Zeiss Axio Vert microscope. Root hair length was measured using Fiji 

(ImageJ) 

2.3.8 Protein Expression and Purification 

A method described earlier 59 was used to express the His-tagged SYP73ΔTM recombinant 

protein. TALON Metal Affinity Resin (Clontech) was used to purify His-SYP73ΔTM from cell 

lysate and the experimental procedure was based on the manufacturer’s manual.  

2.3.9 F-Actin High-Speed Co-Sedimentation Assay  

F-actin preparation and F-actin cosedimentation assays were performed based on a previously 

described method 60. In detail, 1 mg actin (AKL95, Cytoskeleton Inc., >95% rabbit skeletal muscle 
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actin) was dissolved in 1ml buffer 1 (general actin buffer, 1 M Tris pH 8.0, 1 M CaCl2, 50 mM 

ATP and 1 M DTT) to prepared 1 mg/ml actin stock. For each assay, 300 µl 1 mg/ml actin stock 

was diluted by adding 450 µl buffer 1 to obtain 0.4 mg/ml actin. After 20,000g centrifugation for 

10 min at 4°C, 720 µl supernatant was transferred into a new tube and left on ice for 1 hour. F-

actin polymerization was allowed by adding 80 µl buffer 2 (actin polymerization buffer, 500 mM 

KCl, 20 mM MgCl2 and 10 mM ATP) and incubating at 24°C for 1 hour.  

For preparation of the tested proteins, purified His-SYP73ΔTM were subjected to dialysis using 

buffer 3 (tested protein preparation buffer, a 9:1 mixture of buffer 1 and buffer 2) using Amicon 

Ultra-15 Centrifugal Filter Units (Merck Millipore Ltd.). The protein concentrations were 

measured using Bio-Rad Protein Assay Dye (Bio-Rad) and BioMate 3 spectrophotometer 

(Thermo). Tropomyosin (T2400, Sigma) and BSA were also dissolved in buffer 3. All tested 

proteins were 135,000g pre-centrifuged for 30 min at 4°C.  

For each F-actin binding reaction, the tested proteins were incubated with 80 µl 0.4 mg/ml actin 

and buffer 3 was added to reach a total volume of 100 µl. The reaction occurred at room 

temperature for 60 min. After 135, 000g centrifugation for 30 min at 24°C, the supernatant was 

transferred to a new tube and mixed with 6x SDS sample buffer, the pellet was resuspended with 

2x SDS sample buffer. The proteins were boiled for 5 min and subjected to SDS-PAGE and 

visualized by Coomassie Brilliant Blue R-250 (Bio-Rad) staining.  

To determine the dissociation constant Kd, the F-actin cosedimentation assay described above was 

repeated three times using increasing concentrations of His-SYP73ΔTM (0, 0.3, 0.5, 0.7, 1.0 and 

1.5 µM) and 3µM polymerized F-actin. The separated supernatants and pellets were subjected to 

SDS-PAGE and later staining with Coomassie Brilliant Blue 
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  Primer Name Sequence (5’→3’) 

pVKH18-En6 SYP73-GFP, 

F

  

CAGGACGTCTAGATGGGCGTAATTGATTTGATCACTAGG 

pVKH18-En6 SYP73-GFP, R CATGACCGTCGACTTCTTCACAGAGTTGTATATGAAGGC 

SYP73 promoter, F CTCAAATTAATGGTGAATCAAGAGTTTCTTACCCTCTGAATTTGATGC 

Promoter-SYP73, R AATTACGCCCATCTTCGCCGCTCG 

Promoter-SYP73, F CGAGCGGCGAAGATGGGCGTAATT 

SYP73-YFP, R CTTCACCTTTAGACATCTTCACAGAGTTG  

SYP73-YFP, F CAACTCTGTGAAGATGTCTAAAGGTGAAG  

YFP, R TTATTTGTACAATTCATCCATACCATGGGTAATAC 

pEarleyGate101 SYP73TMC, 

F 

AGCCGCAACTTCTGCATAGACATCATCCT 

pEarleyGate101 SYP73TMC, 

R 

GGATCTCAACTTTGTTACAGTATCCTTGAG 

pEarleyGate104 SYP73ΔTM, 

F 

ATGGGCGTAATTGATTTGATCACTAGGGTTGATTCCATCTG 

pEarleyGate104 SYP73ΔTM, 

R 

TCAGGATCTCAACTTTGTTACAGTATCCTTGAGCCTCACATTG 

pET-28b His-SYP73ΔTM, F GGTGCTGGATCCCATG GGC GTAATTGATTTGATCACTAG 

pET-28b His-SYP73ΔTM, R GCGCAGGCGGCCGCTCAGGATCTCAACTTTGTTACAGTAT 

pVKH18E-n6 CFP-

SKL+SYP73, F 

CAGGACGTCTAGATGGGCGTAATTGATTTGATCACTAGGGTTG 

pVKH18E-n6 CFP-

SKL+SYP73, R 

GCGCCGGAGCTCTCACTTCACAGAGTTGTATATGAAGG 

genotyping of Salk_134631, 

LP 

TATCCTTGAGCCTCACATTGG   

genotyping of Salk_134631, 

RP 

CGAAACTGTTCTTCAGGTTCG   

genotyping of Salk_134631, 

LBb1.3 

ATTTTGCCGATTTCGGAAC 

RT-PCR SYP73, F ATGGGCGTAATTGATTTGATCACTAGGGTTGATTCCATCTG 

RT-PCR SYP73, R CTTCACAGAGTTGTATATGAAGGCAGCGATTCCCAG 

Table 2.1 Primers used in this study.   
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Figure 2.1 SYP73 is localized to the ER network, which it remodels in high-expressing cells. 

(A) A confocal image of tobacco leaf epidermal cells expressing the ER marker ERYK (control). 

Scale bar = 5 µm. 

(B and C) Confocal images of tobacco leaf epidermal cells co-expressing SYP73-GFP and ERYK. 

When SYP73-GFP is highly expressed (C), the appearance of the tubular ER is enhanced while 

that of the cisternal ER is reduced. Scale bar = 5 µm. 

 (D, E and F) High-magnification images of A, B and C, respectively, to illustrate details of 

SYP73 distribution. SYP73 is localized at the ER network and punctate structures. Most of these 

structures are largely immotile and represent ER-plasma membrane contact sites (arrowhead). 

Although to a minor extent, SYP73-GFP is also distributed to structures of unknown nature in 

which ER-YK is excluded (arrow). Scale bars = 5 µm. 

(G) Quantification of the number of cisternae of the ER in cells with low or high levels of SYP73-

GFP fluorescence. Values are mean and SEM (****p < 0.0001, unpaired t-test). 
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Figure 2.2 SYP73 remodels the ER over the actin cytoskeleton and binds actin directly. 

(A and C) Confocal images of tobacco leaf epidermal cells transiently expressing the actin marker 

YFP-ABD2 (A) and ER membrane marker GFP-Calnexin (C). Scale bars = 10 µm. 

 (B and D) Confocal images of tobacco leaf epidermal cells transiently co-expressing YFP-ABD2 

and SYP73-GFP. (B) In cells expressing SYP73-GFP at low levels, the ER network is only  
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Figure 2.2 (cont’d) partially overlapping with the actin cytoskeleton (see detail in inset in Merge 

image). (D) In cells expressing higher levels of SYP73-GFP, the ER network modified by SYP73-

GFP overlaps almost completely with the actin cytoskeleton cables (see details in inset in Merge 

image). B and D were acquired with identical confocal microscope settings; in post-acquisition the 

signal of the SYP73-GFP in B was digitally increased to enable visual comparison of the SYP73-

GFP signal between B and D in relation to actin. Scale bars = 10 µm, scale bars in the inset 

represent 2 µm.  

(E and F) After 1hr Lat B treatment (+Lat B) of cells with high expression of SYP73-GFP (F), 

the ER network displayed similar morphology to that of cells expressing the ER membrane marker 

GFP-Calnexin (E). Scale bars = 10 µm, scale bar in the inset represents 2 µm. 

(G) Manders’ Colocalization Coefficients (MCCs) as measurement of colocalization between 

YFP-ABD2 and SYP73-GFP indicate that in cells expressing high levels of SYP73-GFP, YFP-

ABD2 and SYP73-GFP largely overlapped and that the degree of overlap was significantly higher 

than in cells expressing low levels of SYP73-GFP . M1 (black column) indicates the fraction of 

SYP73-GFP fluorescence overlapping YFP-ABD2 fluorescence, and M2 (gray column) indicates 

the fraction of YFP-ABD2 fluorescence overlapping SYP73-GFP fluorescence. The MCC values 

were calculated as M1 = 0.81 ± 0.02, M2 = 0.78 ± 0.02, n = 24 in high SYP73-GFP expressors, 

and M1 = 0.17 ± 0.01, M2 = 0.17 ± 0.01, n = 16 in low SYP73-GFP expressors. Values are mean 

and SEM (***p < 0.001, one-way ANOVA analysis).   

 (H) High-speed co-sedimentation assays were used to test SYP73ΔTM binding to F-actin. 

Tropomyosin ($) and SYP73ΔTM (*), which are normally recovered in the supernatant fraction 

(S) in the absence of F-actin, were detected in the pellet (P) fraction after incubation with actin. 

After incubation with or without actin, BSA (#) was recovered primarily in the S fraction.   

(I and J) High-speed co-sedimentation assays using either 4µM actin or no actin and increasing 

concentrations of His-SYP73ΔTM (0-1.5 µM) showed that after centrifugation to separate 

supernatant (S) and pellet (P), increasing amounts of His-SYP73ΔTM monomers (M) and dimers 

(D) were recovered in the pellet up to saturation (I). (J) Increasing concentrations of His-

SYP73ΔTM (0-1.5 µM) were used to further ensure that enrichment of the protein in the P fraction 

is specific to the presence of actin in the reaction.  

(K) Urea (4M) treatment of His-SYP73ΔTM samples led to dissolution of the dimer His-

SYP73ΔTM (D) form and recovery of monomers (M).  

(L) Gel densitometry analyses were conducted on four independent actin-SYP73ΔTM binding 

experiments to measure the concentrations of free and bound SYP73ΔTM and to estimate the 

dissociation constant (Kd) and binding stoichiometry. The gel band intensities were plotted to fit 

a hyperbolic function. The graph is representative of one of the actin-SYP73ΔTM binding 

experiment replicates. For this experiment, the Kd was calculated as 0.35 µM. At saturation, the 

stoichiometry was 0.52 mole of His-SYP73ΔTM per mole of actin.  
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Figure 2.3 syp73 mutant displays defects at early developmental stages. 

(A) An image of wild-type, syp73 and Comp (syp73/ProSYP73::SYP73-YFP) seedlings growing 

on ½ MS media three days after germination (3DAG). Scale bar = 0.5 cm. 

(B) Quantification of primary root length and fresh weight for 3DAG wild-type, syp73 and Comp 

(syp73/ProSYP73::SYP73-YFP) seedlings. Values are mean and SEM (n > 40) (****p < 0.0001, 

unpaired t tests; NS, not significant).  

 (C) Quantification of root hair length of 3DAG wild-type (n=12) and syp73 (n=17) seedlings (NS, 

not significant).  
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Figure 2.3 (cont’d) (D) Representative images of propidium iodide staining of root tips of 3DAG 

wild-type and syp73 seedlings to highlight the cell contours. The transition zone (TSZ) and the 

mature zone (MZ) are indicated. Scale bar = 50 µm.  

(E) Cell-O-Tape software-based quantification of the root length between the root apex and the 

TSZ that contains the apex-division zone, as well as of the length of the elongation zone which 

resides between the TSZ and the MZ. The number of cells in each zone was also quantified. Values 

are mean and SEM (n of roots >20 for each genotype). Unpaired t tests indicate a significant 

difference between Col-0 and syp73 (**p < 0.01; NS, not significant). 

(F and G) At 3DAG wild-type and syp73 seedlings were transplanted to ½ MS media containing 

either DMSO or 50 nM Lat B, and grew for another 3 days (F) or 9 days (G). Scale bars = 0.5 cm. 

(H) Quantification of the primary root length of wild-type, syp73 and Comp 

(syp73/ProSYP73::SYP73-YFP) seedlings after transplant to DMSO or Lat B. Graph shows mean 

and SEM (n = 30 for each genotype; ****p < 0.0001, unpaired t tests; NS, not significant). 



63 

 

 

Figure 2.4 SYP73 is functionally involved in ER morphology and dynamics. 

(A) Confocal images of hypocotyl epidermal cells of 4DAG wild type (Col-0) and syp73 

expressing the ER marker ERYK. The ER network appears enlarged in the syp73 mutant  
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Figure 2.4 (cont’d) compared to wild type. Insets, magnified areas of main panels. The bright 

spindle-shaped structures interspersed in the ER network are ER bodies. Scale bar = 10 µm, scale 

bar in the inset represents 5 µm.  

(B) Quantification of the percentage of ER area in the whole cell. The hypocotyl epidermal cells 

of 4DAG Col-0/ERYK and syp73/ERYK plants were subjected to confocal imaging. At the 

cortical confocal plane of each cell, the area occupied by the ER was measured using Image J and 

divided by the whole area of the cell cortex. Values are mean and SEM (n of cells = 30 for each 

line; ***p < 0.001, unpaired t test; NS, not significant). 

(C) Maximal and average velocity of ER streaming measurements in hypocotyl epidermal cells of 

4DAG Col-0/ERYK and syp73/ERYK seedlings were gathered from time-lapse images of the ER 

network. Values are mean and SEM (n of cells = 35-40 for each genotype). Unpaired t tests indicate 

significant differences of maximal velocity (*p < 0.05) and average velocity (***p < 0.001) 

compared to Col-0. 

(D) Hypothetical model of the function of SYP73 at the interface of the ER and actin. In wild-type 

cells, SYP73 is associated to the ER and bridges dynamically the ER membrane to the actin 

cytoskeleton in virtue of the actin-binding ability of its cytosolic domain. This function may 

facilitate interaction of actin-myosin with the ER, which occurs through yet-unknown mechanisms 

(question mark in the Figure) and is necessary for ER integrity and movement. In the absence of 

SYP73, the ER is no longer in close association with actin, which in turn renders the action of 

actin-myosin system insufficient for ER shaping and streaming.  

 (E) An alternative model for the role of SYP73 in ER movement views the ER as being driven, at 

least in part, by actin polymerization. In this model through its binding SYP73 may stabilize actin 

filaments and promote ER movement independently from myosin. 
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Figure 2.5 SYP73 is a distinct member in plant-specific SYP7 family. 

(A) Phylogenetic diagram showing the position of SYP73 in the plant SNARE family, based on 

Sanderfoot et al., 2000 41, with modifications. The SYP7 family is depicted in red font.  

(B) Amino acid sequence alignment of full-length SYP71, SYP72 and SYP73 using MUSCLE 42 

in Jalview (http://www.jalview.org/). The alignment indicates that the SYP proteins have a 

variable region (marked by a red box). Amino acids are color-coded with ClustalX according to 

the similarity of physicochemical properties.  

(C) The identity % vs. similarity % scores of the amino acid sequences of SYP71, SYP72 and 

SYP73 are indicated in the matrix.  

(D) The amino acid sequence of SYP73 was submitted to TMHMM 43 to estimate the probability 

of protein orientation with the respect to a membrane (inside/outside of a subcellular compartment) 

and the presence of transmembrane helices. The top blue line indicates the protein N-terminus 

faces cytoplasm (cytosolic region), the red thick line indicates the position of predicted 

transmembrane (TM), and the pink line indicates a C-terminal tail in the organelle lumen.   

http://www.jalview.org/
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Figure 2.6 SYP73 has predicted actin-binding domains and in high expression does not 

modify the ER over the microtubules. 

  



67 

 

Figure 2.6 (cont’d) (A) Schematic diagram of SYP73 demonstrating the variable region (VR), a 

SNARE domain and a transmembrane domain (TM). 

(B) Predicted actin-binding domains have been identified in SYP71, SYP72 and SYP73 by the 

Eukaryotic Linear Motif (ELM) program44, which detected multiple matches of the actin-binding 

domain (ABD) LIG_Actin_WH2_2. The ELM program also detected WH2_2 motif in several 

other plant actin-binding proteins45,46,47,48,49, which is consistent with experimentally identified 

actin-binding domain positions of CHUP146 and SCAB145.  

(C) Alignment of the predicted actin-binding domains in SYP7 proteins and other plant actin-

binding proteins. The WH2_2 motif was first identified in animal WAVE/SCAR family proteins 

and the predicted SYP73 actin-binding domains share similarity in several highly-conserved 

residues (marked by asterisks), which were also identified in the actin binding protein AtSCAR150. 

(D) Analyses of the C-terminal region comprising the transmembrane domain of SYP73 (aa 150-

264) and RHD3 (aa 600-802) using MPEX Tool (www.blanco.biomol.uci.edu) did not identify a 

hairpin domain in SYP73 but one in RHD3, which is known to contain a hairpin domain23,24. These 

analyses support that the SYP73 anchor to the ER membrane is mediated by a single-pass 

transmembrane domain.  

(E) Confocal images of Arabidopsis seedlings (Col-0/35S::SYP73-GFP) show distribution of 

SYP73-GFP at the ER (arrows) and punctate structures (arrowheads) in root epidermal cells (left 

panel, scale bar = 5 µm),  root hair cells (middle panel, scale bar = 100 µm) and stomata (right 

panel, scale bar = 5 µm). A confocal image of syp73/ProSYP73::SYP73-YFP shows distribution 

of SYP73-YFP at the ER (arrow) and punctate structures (arrowhead) in stomata (scale bar = 5 

µm). Note that the fluorescence was clearly visible in the cell types indicated here. The ability of 

SYP73-YFP to complement the syp73 phenotype (Figure 2.3) suggests that the protein is expressed 

also in other tissues but likely at levels that are below the detection limit of the confocal 

microscope. 

(F) Confocal images of a tobacco leaf epidermal cell coexpressing SYP73-GFP with the ER and 

ER-PM contact site marker PVA12-YFP51,52 shows colocalization at the ER-PM interface 

(colocalizing structures, arrows; non-colocalizing structures, arrowhead). Scale bar = 5 µm.  

(G) Manders’ Colocalization Coefficient (MCC) measurements indicate high level of 

colocalization between SYP73-GFP (high expression) and YFP-ABD2 (actin), but a much lower 

level of colocalization between SYP73-YFP (high expression) and YFP-TUA6 (MT, 

microtubules). A similar trend was observed compared to GFP-Calnexin and YFP-ABD2 (actin), 

GFP-Calnexin and YFP-TUA6 (MT). M1 (black column) indicates the fraction of Figure 2.6 

(cont’d)  GFP fluorescence overlapping YFP fluorescence, and M2 (gray column) indicates the 

fraction of YFP fluorescence overlapping GFP fluorescence. Values are means and SEM (***p < 

0.001, one-way ANOVA analysis). 

(H and I) Confocal images of tobacco leaf epidermal cells transiently expressing the microtubule 

marker YFP-TUA6 alone (H) or with SYP73-GFP (I). The two markers showed distinct 

localization indicating that the ER network modified by overexpression of SYP73-GFP does not 

overlap with the microtubule cytoskeleton. Scale bars = 10 µm, scale bar in the inset represents 5 

µm.  
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Figure 2.7 The N-terminal portion of SYP73 is required and sufficient for actin binding. 
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Figure 2.7 (cont’d) 

 

(A and B) Confocal images of tobacco leaf epidermal cells transiently expressing either ERYK 

alone (A) or with the peroxisome marker CFP-SKL and untagged SYP73. Note that CFP-SKL and 

untagged SYP73 are expressed in the same bicistronic vector (B). By visualizing the peroxisomes 

(arrows), this approach53 allows identifying cells that express untagged SYP73. Cells expressing 

untagged SYP73 show rearrangement of the ER network similar to cells expressing SYP73-GFP. 

Scale bars = 10 µm. 

(C) Confocal images of tobacco leaf epidermal cells transiently co-expressing GFP-Calnexin (ER 

membrane marker) and YFP-tagged SYP73TMC, which contains the transmembrane domain and 

C-terminal ER luminal tail of SYP73. Scale bar = 10 µm.  

(D-G) Confocal images of tobacco leaf epidermal cells co-expressing SYP73ΔTM-YFP and the 

actin marker CFP-ABD2. In control cells (D; -Lat B), SYP73ΔTM-YFP is visibly distributed to 

the cytosol as well as to cable-like structures that overlap with actin filaments (see insets, arrows). 

When cells are treated with Lat B, SYP73ΔTM-YFP is redistributed in the cytosol and the cable-

like distribution is lost (E), supporting that the cytosolic region of SYP73 interacts with actin. The 

control (cytosolic YFP) does not assume the cable-like distribution of SYP73ΔTM-YFP (F) and 

Lat B treatment does not affect the distribution of this marker (G) indicating that the distribution 

of SYP73ΔTM- Figure 2.4 (cont’d) YFP is specific for this protein chimaera. Insets: magnified 

image of areas pointed by arrows.  Scale bars = 10 µm, scale bar in the inset represents 5 µm. 
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Figure 2.8 In a SYP73 knockout mutant, ER morphology and dynamics are compromised, 

but constitutive secretion is not affected. 

 (A) Diagrams of SYP73 (At3g61450) genomic region showing positions of exons (black boxes), 

introns (lines) and T-DNA insertion (inverted triangle). Scale length = 100 bp.  

(B) RT-PCR analysis on genomic DNA of wild-type Col-0 and T-DNA insertion mutant 

(Salk_134631). Two-week-old plants were used for total RNA extraction. UBQ10 was used as a 

control. Contrarily to wild type, the SYP73 gene was not amplified in the insertion line indicating 

that this line is likely a knock-out allele.  

(C) In order to measure the percentage of ER area in the cell cortex, the cortical focal plane image 

of single cells was cropped, and a threshold was set and in the binary color image. The resultant 

black area was considered as ER. The area occupied by the ER was estimated as percentage over 

the entire cropped area.  

(D) Magnified image of the cropped area that shows how the ER area was selected.  
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Figure 2.8 (cont’d) (E and F) Confocal images of cotyledon pavement cells of 4 DAG wild type 

and syp73 mutant in the middle (E) and cortical (F) focal planes indicate no visible retention of 

the bulk secretion marker SEC-RFP inside the cells supporting that loss of SYP73 does not affect 

constitutive secretion. Scale bars = 10 µm. 
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3.1 ABSTRACT  

The target of rapamycin (TOR) kinase is an evolutionarily conserved hub of nutrient sensing and 

metabolic signaling. In plants, a functional connection of TOR with glucose availability has been 

demonstrated but it is yet unclear whether branched-chain amino acids (BCAAs) are a primary 

input of TOR signaling as they are in yeast and mammalian cells. Here, we report on the 

characterization of an Arabidopsis mutant over-accumulating BCAAs. Through chemical 

interventions targeting TOR and by examining mutants of BCAA biosynthesis and TOR signaling, 

we found that BCAA over-accumulation leads to up-regulation of TOR activity, which causes 

reorganization of the actin cytoskeleton and actin-associated endomembranes. Finally, we show 

that activation of TOR is concomitant with alteration of cell expansion, proliferation and 

specialized metabolism, leading to pleiotropic effects on plant growth and development. These 

results demonstrate that BCAAs contribute to plant TOR activation and reveal previously 

uncharted downstream subcellular processes of TOR signaling.  

3.2 INTRODUCTION 

In eukaryotes, target of rapamycin (TOR) is a conserved master regulator of metabolic signaling 

that integrates nutrient, energy, hormone, growth and stress inputs with cell growth and 

metabolism1-3. In yeast and mammalian cells, TOR associates with different interactors to form 

two functional complexes, TOR complex 1 (TORC1) and TOR complex 2 (TORC2)1. The 

Arabidopsis genome encodes functional homologs of TOR (AtTOR) and two TOR-interactors: 

LST8 (AtLST8-1 and AtLST8-2) and a specific component of TORC1, RAPTOR (AtRAPTOR1A 

and AtRAPTOR1B)3. The Arabidopsis homologs of TORC2-specific components have not been 

identified yet.  
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The yeast and mammalian TORC1 and TORC2 receive specific inputs and regulate distinct 

downstream processes. For example, sensors of leucine (Leu) and other amino acids provide input 

signals to TORC11, 2, while mammalian TORC2 is primarily regulated by the insulin-PI3K 

signaling and is inhibited by mTORC1 effectors1, 4. The current model of plant TOR signaling is 

built upon the three TORC1 components identified to date and envisions that TORC1 has essential 

functions, including promoting synthesis of proteins, nucleotides and lipids, and inhibiting 

autophagy for cell growth and proliferation3.  

In plants, TOR has assumed critical and specific roles, including involvement in phytohormone 

signaling pathways (i.e., auxin5-7, cytokinin8, brassinosteroid9, 10 and abscisic acid11), as well as 

metabolic signaling (e.g., glucosinolates12, sulfur sensing13). Despite these advances, it is not well 

elucidated which inputs activate plant TOR signaling. In yeast and mammalian models, nutrient 

sensing of amino acids, especially the branched-chain amino acids (BCAAs) Leu, isoleucine (Ile) 

and valine (Val), is the primary input underlying activation of TOR signaling1, 2. Recent studies in 

plants revealed a glucose-TOR signaling pathway that integrates light and sugar availability to 

control meristem activation in root and shoot5, 6, 8, 14, connecting TOR signaling to the generation 

and availability of photosynthates. Therefore, the level of conservation of TOR signaling input 

across kingdoms and in plant cells specifically is still a significant question.  

Investigating the relationship between BCAAs and plant TOR signaling has been generally 

hindered by the innate capacity of plant cells to produce BCAAs15. In the chloroplast, the 

allosterically regulated enzymes threonine deaminase (TD), acetohydroxyacid synthase (AHAS) 

and isopropylmalate synthase (IPMS) are subjected to feedback inhibition, and contribute to 

BCAA homeostasis15. Mammalian cells are unable to synthesize BCAAs; consequently, starvation 

and repletion of BCAAs in the culture serum can be effective in stimulating TOR signaling16, 17. 
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In contrast, for plant cells, exogenous feeding of a limited concentration of amino acids to the 

growth medium may not perturb BCAA homeostasis and trigger detectable activation of TOR 

signaling14. Moreover, supplementation of a single or a combination of multiple amino acids may 

confer intertwined feedback inhibition to the biosynthetic pathway, and lead to unpredictable 

disruption of amino acid homeostasis18, 19. Additionally, because TOR is the main negative 

regulator of autophagy and promotes protein synthesis, chemical inhibition of either BCAA 

biosynthesis or TOR activity does not specifically affect BCAAs but leads to substantial increases 

in almost all types of amino acids in plant cells20-22. In light of these considerations, it is therefore 

not surprising that little is known about the functional and physiological consequences of an up-

regulation of TOR signaling in plants, especially at a subcellular level. In yeast and mammalian 

cells, induced activation of TOR governs numerous cellular processes, most evidently the 

inhibition of autophagy by TORC1 and the reorganization of actin cytoskeleton by TORC21. 

Although the mechanistic basis is not fully understood, it has been proposed that mTORC2 

regulates reorganization of actin cytoskeleton through the AGC family protein kinases and Rho 

signaling4. Plants express AGC family-like homologs with specialized functions23 and Rho of 

Plants (ROP) members that signal to the cytoskeleton system23, 24. Nonetheless, direct functional 

connections between TOR signaling, cytoskeleton in plant growth and development are yet to be 

established20, 25-31.  

In this work, we report on the characterization of eva1, a mutant with defects in vacuole 

morphogenesis and organization of actin filaments and endomembranes, which are associated 

mainly with actin in plant cells32. The eva1 mutation is a loss-of-function allele of IPMS1, which 

encodes the first committed enzyme of Leu biosynthesis, resulting in elevated free Val levels. 

Through phenotypic and functional analyses of eva1 and a series of other mutants of BCAA 
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biosynthesis and TOR signaling, we demonstrate that the subcellular phenotypes of eva1 

specifically hinge upon up-regulation of TOR signaling, which in turn affects organization of actin 

and endomembranes, and plant development. Therefore, by focusing on mutants with constitutive 

TOR signaling mis-regulation due to altered endogenous BCAA levels, we demonstrated that plant 

TOR signaling is linked to BCAAs and is critical for the homeostasis of actin, endomembranes 

and growth. The broader implications of these findings are that, despite the acquisition of 

specialized functions of TOR signaling in plants, the activating inputs of TOR signaling and the 

subcellular consequences of TOR signaling mis-regulation are conserved across eukaryotes.  

3.3 RESULTS 

3.3.1 Identification of a mutant with defects in vacuole morphogenesis   

We pursued a confocal microscopy-based screen on an EMS-mutagenized population to identify 

mutants with defects in the subcellular distribution of the tonoplast marker GFP-δTIP33, 34. We 

focused on eva1, a mutant characterized by severe defects in vacuole morphology early in 

development. During the first 10 days after germination, in wild-type (WT) cotyledon epidermal 

cells, small vacuoles undergo membrane fusion to form a large central vacuole35 (Figure 3.1a). In 

contrast, 10-day old eva1 cotyledon epidermal cells displayed prominent trans-vacuolar strands 

(TVSs) and numerous small vacuoles (Figure 3.1a). This phenotype was attenuated in 20-day old 

eva1 cotyledons, which closely resembled WT (Figure 3.1b). The eva1 vacuole phenotypes were 

verified in 10-day old eva1 cotyledons expressing γTIP-YFP36, which labels the large central 

vacuole and other vacuolar structures not marked by GFP-δTIP37 (Figure 3.2b). These results 

support that the tonoplast organization and vacuolar morphology are compromised in eva1 in early 

stages of growth independently from the tonoplast marker used for the analyses.  
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We next aimed to identify the causative mutation in eva1. Bulked segregant analysis and whole-

genome resequencing narrowed down the eva1 mutation to a G-to-A transition in IPMS1 

(AT1G18500) causing an aspartate (Asp)-to-asparagine (Asn) residue substitution (Figure 3.1c, d; 

Figure 3.3a). IPMS1 catalyzes condensation of 2-oxoisovalerate and acetyl-CoA into 2-

isopropylmalate, the committed step for Leu biosynthesis38 (Figure 3.4a). Homology modeling of 

IPMS1 predicted that the mutated Asp228 is located in the acetyl-CoA binding surface near the 

pocket for 2-oxoisovalerate substrate (Figure 3.3b, c). Three other IPMS1 alleles have been 

characterized thus far: two recessive loss-of-function mutants, ipms1-4 and ipms1-5, and the gain-

of-function ipms1-1D, with a point mutation that impairs allosteric regulation (Figure 3.1c)15, 38. 

10-day old eva1, ipms1-4 and ipms1-5 seedlings exhibited similar delay in the emergence of true 

leaves (Figure 3.1e). These growth and developmental phenotypes, as well as the subcellular 

phenotypes (Figure 3.1a, b), were attenuated by 20 days of growth (Figure 3.1f). The presence of 

the eva1 phenotypes in the eva1 × ipms1-5 F1 progeny confirmed allelism of eva1 to IPMS1 

(Figure 3.3d, e). Together, these results support that the eva1 vacuole and plant growth phenotypes 

are correlated to a loss of functional IPMS1, which has a consistent subcellular impact on early 

stages of growth. 

3.3.2 eva1 over-accumulates Val 

The role of IPMS1 in BCAA biosynthesis has been well characterized as directing flux towards 

Leu biosynthesis, and away from the competing product Val15, 38 (Figure 3.4a). The Arabidopsis 

genome encodes two IPMS isoforms: IPMS1 mRNA accumulates to higher levels than IPMS2 

mRNA through most stages of plant growth38. Earlier work examined four-week old plants and 

found that Val and Ile were increased in both ipms1-4 and ipms1-5 but Leu was decreased in ipms1-

4 and increased in ipms1-515. To determine the impact of the eva1 mutation on amino acid 
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homeostasis at earlier stages of growth, we conducted free amino acid analysis of 10- and 20-day 

old WT and ipms1 mutants. Notably, we found that eva1, ipms1-4 and ipms1-5 had similar 

increases in Val and total BCAAs and decreases in Leu, consistent with our findings that eva1 is 

a loss-of-function allele of IPMS1 (Figure 3.4b, c; Figure 3.2). In addition, in these mutants we 

found similar changes of Asp-derived amino acids (threonine-Thr, methionine-Met, lysine-Lys 

and Ile) and aromatic amino acids (phenylalanine-Phe, tryptophan-Trp and tyrosine-Tyr) (Figure 

3.4b, c). Consistent with a disappearance of the subcellular phenotypes of the mutants during 

growth (Figure 3.1a, b), the impact of ipms1 mutations on amino acid homeostasis was mitigated 

at 20 days of growth, with the fold change of Val becoming smaller in the mutants versus WT, and 

the types of amino acids significantly changed in the mutants compared to WT becoming fewer 

(Figure 3.4b, c). Taken together, these data indicate that eva1 is a loss-of-function mutant of IPMS1 

equivalent to ipms1-4 and ipms1-5 and that the alteration in BCAA levels is most notable for an 

increased in Val levels. 

3.3.3 Disruption of BCAA homeostasis leads to pleiotropic defects on plant growth and 

development 

Next, we asked whether the transient changes in BCAA accumulation and vacuole morphology 

affected early plant growth. At 10 days following germination, the IPMS1 loss-of-function mutants 

displayed retardation of growth and development (Figure 3.1e, f), showing approximately 30-40% 

decrease in aerial tissue fresh weight and 40-50% decrease in primary root length compared to WT 

(Figure 3.6a, b). Propidium iodide staining showed a strikingly delayed formation of root hairs in 

ipms1 mutants compared to WT (Figure 3.7a), which was accompanied by an increase in both cell 

length and number in the elongation zone (Figure 3.7b, c). At 20 days of growth, the difference in 

fresh weight between ipms1 alleles and WT became not significant, though the primary roots of 
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the ipms1 mutants were still slightly shorter than WT (Figure 3.6c, d). In contrast, two independent 

lines of dominant ipms1-1D feedback-insensitive mutant, which have limited Val decrease and 

Leu increase15, exhibited indistinguishable primary root elongation, but increased fresh weight 

compared to WT (Figure 3.6a - d). Additionally, we did not observe notable difference between 

six-week old WT and IPMS1 loss-of-function mutants growing in soil (Figure 3.6e). The transient 

retardation of overall plant growth of IPMS1 loss-of-function mutants correlated with the 

emergence-and-disappearance period of both vacuole morphology and BCAA homeostasis 

perturbation phenotypes (Figure 3.1a, b; Figure 3.4b - e).  

We then examined the development of cotyledons, which constituted most of the aerial tissue for 

amino acid profiling and were used for confocal microscopy analyses. Cotyledons of ipms1 

mutants were thicker and larger than WT (Figure 3.5a - c). Despite a delay of true leaf emergence 

(Figure 3.1e), the expanded first pair of true leaves in these mutants were larger than WT (Figure 

3.1f). Transmission electron microscopy analyses revealed an absence of connecting stroma 

thylakoids in chloroplasts of the cotyledons of IPMS1 loss-of-function mutants compared to WT 

(Figure 3.5d, e). Additionally, we noticed purple pigmentation in 10-day old IPMS1 loss-of-

function mutants, particularly in cotyledon petioles and emerging true leaves (Figure 3.8a). 

Anthocyanin extraction and measurement confirmed that these mutants contained higher levels of 

total anthocyanins compared to WT (Figure 3.8b, c). These results indicate that the growth of 

certain tissues of the ipms1 mutants is particularly promoted but the overall plant growth and 

development are temporarily inhibited. 

3.3.4 The organization of ER network and actin cytoskeleton is altered in eva1 

To gain more insights into the eva1 vacuolar phenotypes, we extended our analyses to other 

endomembrane compartments. The endoplasmic reticulum (ER) is the most extensively 
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distributed organelle of the plant secretory pathway, and it is closely associated with several other 

membrane-bound organelles, including the vacuole32. In the eva1 mutant, the ER luminal marker 

ERYK36 revealed a pronounced appearance of the cortical ER network with strikingly thickened 

strands compared to WT (Figure 3.9a; see arrows). The thickened ER strands did not completely 

overlap with the TVSs (Figure 3.10). High-magnification confocal microscopy images of the 

cortical ER revealed a pronounced cisternation in eva1 compared to WT (Figure 3.9b). 

Quantitative analyses of the surface area occupancy of the ER in the total field of view confirmed 

these observations (i.e., larger ER-occupied area in eva1 compared to WT) (Figure 3.9d). The 

appearance of the Golgi apparatus, which in plant cells is organized in disperse stacks of cisternae 

in close association with the ER39, also was abnormal. Indeed, the Golgi marker GFP-CASP40 

revealed increased clustering and higher abundance of Golgi stacks at the cell cortex in eva1 

compared to WT (Figure 3.11). Next, we examined secretion to the apoplast with the bulk flow 

marker SEC-RFP41. We found no intracellular retention of the marker in eva1 (Figure 3.12), as it 

would be expected for mutants with defective secretion42, 43. These results and the absence of 

retention of the vacuolar marker in the ER (Figure 3.10) document that the morphology of the 

vacuole, organization of the Golgi and the ER network are markedly affected by the eva1 mutation, 

while bulk-flow traffic is unaffected. 

Collectively, the root-related defects of the ipms1 mutants, including delayed formation of root 

hairs and reduced number of lateral roots (Figure 3.7; Figure 3.13), are reminiscent of mutants 

with impaired actin depolymerization or promoted actin bundling44, 45, consistent with the 

possibility that re-organization of actin cytoskeleton may be causative of the observed 

developmental phenotypes. Furthermore, because the establishment and maintenance of the TVSs, 

ER network and Golgi subcellular distribution are dependent on the actin cytoskeleton32, we 



87 

 

hypothesized that the organization of actin cytoskeleton may be altered in eva1. Indeed, confocal 

microscopy in cells expressing the actin filament (F-actin) marker YFP-ABD246 revealed 

coalescence of actin cables compared to WT (Figure 3.9c). Furthermore, quantitative analyses of 

actin organization identified higher skewness, suggesting enhanced bundling, and lower density, 

suggesting decreased occupancy of F-actin in the cytoplasm in eva1 compared to WT (Figure 3.9e, 

f). These results imply that the prominent phenotypes of the endomembranes in eva1 may be due 

to their connections with F-actin, whose organization is largely altered in the eva1 mutant.  

We next sought to validate this hypothesis by testing the sensitivity of the ipms1 alleles to the F-

actin depolymerizing reagent latrunculin B (Lat B)47. The primary root length of 10-day old ipms1-

4 and ipms1-5 was approximately 50% of WT (Figure 3.13a, c). Seedlings of all genotypes were 

then transferred to medium containing DMSO or 50 nM or 100 nM Lat B in DMSO. After another 

8 days, we found that the Lat B treatment promoted the formation of lateral roots in WT seedlings, 

but not in ipms1 alleles (Figure 3.13b). Additionally, the primary root length of ipms1-4 and ipms1-

5 was approximately 65% compared to WT on DMSO medium; however, this difference was 

reduced in the presence of increasing levels of Lat B in the growth medium (i.e., 80% to WT on 

50 nM Lat B, and not significantly different from WT on 100 nM Lat B) (Figure 3.13d). These 

results demonstrate that the ipms1 alleles are less sensitive to F-actin depolymerization compared 

to WT, supporting a functional connection between the disruption of IPMS1 and altered 

organization of the actin cytoskeleton. 

3.3.5 The vacuole phenotypes of eva1 are rescued by PI3K/TOR dual inhibitors and partially 

recovered by disruption of F-actin 

To gain insights into the mechanisms by which eva1defects in BCAA biosynthesis led to alteration 

of the organization of subcellular structures, we employed chemicals known to alter the vacuolar 
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morphogenesis and cytoskeleton integrity. We hypothesized that the persistence of small vacuoles 

in eva1 could be due to delayed vacuole membrane fusion during vacuole morphogenesis. To test 

this, we first employed wortmannin (Wm), an inhibitor of phosphoinositide 3-kinases (PI3Ks) that 

disrupts the balance of phosphoinositides and promotes homotypic tonoplast fusion48-50. We found 

that treatment of 10-day old WT and eva1 seedlings for two hours suppressed the eva1 phenotypes 

(Figure 3.14a - d; Figure 3.15a - d). The effects of Wm were mirrored by treatment with another 

PI3K inhibitor, LY29400248 (Figure 3.15e - h). We then investigated a relationship between TVSs 

and integrity of the cytoskeleton in eva1. After a two-hour treatment with Lat B, we found that 

TVSs disappeared but the small vacuoles persisted in eva1 cotyledon epidermal cells (Figure 

3.14e, f). By contrast, a two-hour treatment with oryzalin, a microtubule disrupting reagent48, did 

not lead to discernable change of vacuole morphology (Figure 3.14g, h). Together these results 

indicate that the unfused vacuole and enhanced TVS phenotypes in eva1 are both responsive to 

Wm and LY294002, but only the enhanced TVS phenotype is related to the verified reorganization 

of F-actin.  

3.3.6 Loss of function of IPMS1 leads to up-regulation of TOR activation  

Through chemical interventions, we confirmed that homotypic membrane fusion and F-actin 

bundling are two processes directly involved in the eva1 Leu biosynthetic mutant phenotypes 

(Figure 3.14). This creates a quandary given that the role of IPMS1 in chloroplast BCAA 

biosynthesis is both functionally disconnected with – and spatially isolated from – the 

endomembrane compartments and actin cytoskeleton. Although the functions of Wm and 

LY294002 in inhibiting PI3Ks and promoting homotypic vacuolar membrane fusion have been 

established in plant cells48, 49, 51, 52, in mammalian cell studies these chemicals have been used to 

inhibit TOR signaling16, 53. This is because TOR belongs to the phosphoinositide kinase-related 
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kinase (PIKK) family, whose members share similar kinase domains with PI3Ks54. Indeed, Wm 

and LY294002 are effective inhibitors of mammalian TOR53, and thus are considered as 

PI3K/TOR dual inhibitors55. These considerations and our results led us to hypothesize that the 

effects of Wm and LY294002 in suppressing the eva1 vacuole phenotypes could be related to TOR 

inhibition.  

To test this hypothesis, we employed two TOR inhibitors with high selectivity for TOR over 

PI3Ks: AZD-8055 and Torin255-57. We transferred 10-day old WT and eva1 seedlings to liquid 

growth medium containing 5 μM AZD-8055. Compared to untreated samples, WT cells did not 

exhibit significant changes in the morphology of the central vacuole and the few thin TVSs after 

2 or 4 hours of incubation, although numerous fluorescent punctae appeared (Figure 3.16a, c, e). 

Because TOR is the major negative regulator of autophagy58, the punctae are presumably 

autophagic structures resulting from the TOR inhibition by the chemicals. Untreated eva1 cells 

contained numerous small vacuoles and conspicuous TVSs (Figure 3.16b); however, by 2-hour 

treatment with AZD-8055, these structures were reduced in appearance (Figure 3.16d). By 4-hour 

treatment, the eva1 cells were indistinguishable from WT, including the appearance of the small 

punctae (Figure 3.16e, f). These results were mirrored by Torin2 treatment: unfused vacuoles and 

TVSs were no longer present in the eva1 cells by 2 hours of 1 μM Torin2 treatment (Figure 3.17). 

This result is in line with the higher in vitro TOR inhibitory activity of Torin2 compared to AZD-

805556, 57. Together these results indicate that chemical inhibition of TOR suppresses the 

subcellular defects of ipms1 and thus suggest a functional connection between TOR activity and 

BCAA homeostasis. 

We next sought to confirm these results by testing the activation status of TOR in ipms1. Based 

on the evidence that TOR inhibition rescued the ipms1 subcellular phenotypes, we predicted to 
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find an increased level of TOR activity in ipms1 compared to WT. S6K is a conserved substrate 

of TOR protein kinase and its phosphorylation status has been adopted as an indicator of TOR 

activity in plants8, 11, 13, 31. Indeed, immunoblot analyses with specific antisera for either 

phosphorylated or total S6K8, 11, 13, 31 revealed increased levels of TOR-phosphorylated S6K in 

eva1 and ipms1-4 compared to WT, despite similar levels of total S6K in three genotypes (Figure 

3.16g). These data indicate that TOR signaling is up-regulated in the ipms1 background. To 

validate this conclusion, we monitored DNA synthesis in root tips because a stimulated TOR 

signaling promotes cell proliferation in the root apical meristem, which can be detected by EdU 

staining of newly synthesized DNA5, 13, 14. Consistent with our hypothesis, the EdU staining 

displayed enhanced labeling in the root apical meristem of ipms1-4 and ipms1-5 compared to WT 

(Figure 3.16h). This result was supported by propidium iodide staining and morphometric analyses 

of root tips showing increased cell numbers in the root apical meristem of eva1, ipms1-4 and 

ipms1-5 compared to WT (Figure 3.7b, c).  

Taken together, the results indicating suppression of vacuole phenotypes by TOR inhibition, 

increased levels of S6K phosphorylation and root apical meristem activity (i.e., increased DNA 

synthesis and cell number) in the ipms1 mutants support the hypothesis that TOR signaling is up-

regulated in the IPMS1 loss-of-function mutants. 

Next, we aimed to test a role of TOR signaling and its specificity in the verified BCAA over-

accumulation-induced phenotypes. To do so, we utilized an estradiol-inducible TOR mutant (tor-

es)31 and a loss-of-function mutant of AtRAPTOR1B (raptor1b, SALK_022096)28, a locus 

encoding the functional TORC1 component RAPTOR in Arabidopsis27, 29. Before silencing 

induction, similar to WT (Figure 3.18a, d), tor-es seedlings grown on BCAA-supplemented 

medium showed enhanced F-actin bundling compared to tor-es grown on normal medium (Figure 



91 

 

3.18g, j). After induction of TOR silencing, tor-es grown on either medium exhibited similarly 

low levels of bundling (Figure 3.18h, k). These results confirm a functional dependence of TOR 

signaling and the actin cytoskeleton phenotype due to mis-regulated TOR. By contrast, in raptor1b 

BCAA feeding led to F-actin bundling (Figure 3.18i, l). Together, these results not only indicate 

that reorganization of F-actin induced by over-accumulation of BCAAs is dependent on functional 

TOR but also underlie a cause of the subcellular phenotype linked to BCAA on TOR signaling 

components other than RAPTOR.  

3.3.7 Over-accumulation of BCAAs alters the subcellular organization of the actin 

cytoskeleton and endomembranes  

Next, we aimed to test the generality of the connection between over-accumulation of BCAAs, 

morphological alteration of cellular structures and functional TOR signaling. To do so, we used a 

variety of previously characterized BCAA mutants15, combined with BCAA feeding. For example, 

ipms1-1D was chosen because it has a modest Val decrease and Leu increase; ahass1-1 has a 

limited Val increase; ahass2-7 has decreased Val and Leu; omr1-11D has a >140 fold Ile increase 

compared to WT. Confocal microscopy analyses of cotyledon epidermal cells revealed that the 

organization of F-actin in ipms1-1D and ahass1-1 mutants resembled that of WT (Figure 3.18a - 

c). By contrast, enhanced actin bundling was observed following BCAA feeding (1 mM Val, Leu 

and Ile) and in the ipms1-5 and omr1-11D mutants (Figure 3.18d - f). Interestingly also, we found 

that the mutants showed reorganization of F-actin and remodeling of the ER network. Specifically, 

mutants with moderate increase or decrease in BCAAs showed ER morphology similar to WT 

(Figure 3.19a - d), while WT grown with BCAA supplementation and mutants that over-

accumulate BCAAs showed compromised ER organization with longer and thicker ER strands 

compared to WT (Figure 3.19e - g). The striking phenotype of enhanced ER strands in omr1-11D 
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was recovered by a 2-hour Torin2 treatment (Figure 3.19h). In addition to bundling of F-actin and 

enhancement of ER strands, supplementation of BCAAs also induced the formation of prominent 

TVSs (Figure 3.20). Together, these results support a general correlation between over-

accumulation of BCAAs and distorted actin cytoskeleton and endomembranes.  

3.4 DISCUSSION 

In eukaryotic cells, the TOR kinase coordinates cell growth and metabolism with nutrient sensing1, 

2. In mammalian cells, the availability of BCAAs and other amino acids – as well as glucose and 

mammalian growth factors – regulates TOR signaling, which generally promotes growth via 

several downstream cellular processes, including mRNA translation, metabolism of nucleotides, 

sugar and lipids, protein turnover and cytoskeletal reorganization1, 2. Prior to this work, in plant 

cells a functional connection between glucose availability and TOR activation as well as crosstalk 

between TOR and major hormone signaling pathways had been established3, but a role for BCAAs 

in TOR signaling was yet unknown. Furthermore, it was still unclear whether TOR signaling is 

connected to the morphogenesis and remodeling of subcellular structures, other than autophagic 

bodies. We demonstrated that TOR signaling senses BCAA homeostasis and modulates the 

organization of subcellular structures, including actin cytoskeleton and endomembranes. Indeed, 

we provide evidence that over-accumulation of BCAAs up-regulates TOR signaling, inducing 

actin bundling with formation of aberrant endomembrane structures and compromising overall 

growth (Figure 3.21).  

3.4.1 Endogenous BCAAs influence TOR signaling in plant cells 

In yeast and mammalian cells, TOR signaling is modulated directly by changes in amino acid 

levels, especially BCAAs, and indirectly by glucose levels and growth factors1, 2. In plants, TOR-

mediated meristem activation by sugar and light signals has been established5, 6, 8, 14, but a 
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connection between TOR signaling and levels of endogenous amino acid was yet unexplored. 

Plants produce BCAAs de novo and their biosynthesis is stringently controlled15. In this study, 

through the characterization of mutants with altered BCAA homeostasis and TOR signaling, we 

provide evidence for a functional correlation between BCAA accumulation and TOR activity in 

plant cells. Indeed, we found that in early stages of growth (i.e., 10 days) BCAA over-accumulating 

mutants showed up-regulation of TOR, a phenotype that was recreated by BCAA feeding. 

Furthermore, a reduction in TOR signaling activation via dual and specific TOR inhibitors restored 

the actin and endomembrane phenotypes. Our results establish that plant TOR senses over-

accumulation of BCAAs, and that up-regulation of TOR signaling alters the organization of actin 

cytoskeleton and associated endomembranes and controls plant growth. Our results indicate that 

plant TOR signaling and TOR-dependent growth regulation are highly responsive to BCAA 

availability, at least in early stages of growth, underscoring a previously unappreciated but 

significant role of these amino acids in TOR biology.  

3.4.2  TOR signaling controls actin organization in plant cells 

In mammalian cells, a reorganization of actin cytoskeleton was the first identified downstream 

effect specific to TORC2, which was also found to be independent of TORC116, 17, 59. In yeast and 

mammalian cells, TORC2 phosphorylates other protein kinases, which signal to the Rho-

coordinated cytoskeletal signaling4, 60. Recently, it has been demonstrated that Arabidopsis ROP2 

interacts with TOR and mediates an auxin-to-TOR signaling5, 7, suggesting an interplay among 

TOR, ROPs and the cytoskeleton in plant cells. The evidence provided in our work for promoted 

actin bundling phenotype in mutants with BCAA over-accumulation or upon BCAA 

supplementation to WT provides direct support for a functional interaction between TOR and the 

actin cytoskeleton. Furthermore, our evidence that the BCAA-induced actin reorganization relies 
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on functional TOR but not RAPTOR, which defines TORC1, extends these conclusions at a 

mechanistic level by excluding TORC1 in TOR-depended actin reorganization in plant cells.  

3.4.3  Plant endomembrane homeostasis is correlated with TOR activity 

The vacuole and the ER are the two organelles of largest membrane extension in plant cells35, 61. 

The central vacuole is for essential cellular functions such as providing turgor pressure, protein 

turnover and metabolite storage35. The ER is the gateway to the secretory pathway and a membrane 

network that weaves through nearly all the other types of organelles61, 62. Despite of the essential 

roles of the vacuole and the ER35, 61, the mechanisms underpinning their morphogenesis are still 

largely undefined although homotypic membrane fusion is known to be required35, 52, 63. It is also 

yet unclear whether and how the dynamics of plant ER and vacuoles are controlled in response to 

different developmental and environmental clues. The dynamics of endomembrane system in plant 

cells are mechanistically different from mammalian cells. In the latter, the ER morphology, 

organization and dynamics are mainly driven by microtubules and microtubule-related motor 

proteins64. In net contrast, the ER is primarily anchored to and mobilized by the actomyosin 

system32, 35, 65. Furthermore, plant vacuoles are in close proximity to the actin cytoskeleton35 and 

the integrity of the TVSs depends on actin32. We have shown that an over-accumulation of BCAAs 

affects the morphology of the tonoplast, ER and Golgi distribution. Our results also showed that 

attenuation of TOR signaling in BCAA over-accumulating mutants leads to a restoration of the 

defective actin cytoskeleton and endomembrane morphology. We propose therefore that in plant 

cells a stringent relationship exists between endomembrane organization and TOR-signaling, 

which occurs via a functional connection of TOR with the actin cytoskeleton. Depending on 

nutrient status, TORC1 regulates the size and number of yeast vacuoles and mammalian 

lysosomes66, 67. In light of the conserved functions of nutrient storage and turnover that are shared 
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by plant and yeast vacuoles35, a TORC1-dependent control of the vacuolar homeostasis may be 

conserved in plant cells. An auxin-dependent actin remodeling has been also recently invoked in 

controlling vacuole occupancy in the plant cell68, 69. In this work, we provided evidence for a 

remodeling of actin through TORC1-independent TOR signaling. Therefore, we propose that TOR 

activity is involved in morphogenesis of the central vacuole, but this may occur through 

mechanisms that are not conserved.  

3.4.4 Plant growth and TOR signaling 

BCAAs are crucial nutrients that humans and other animals must obtain from diets. Significant 

deficits exist in the amino acid composition of plant feed sources for livestock70. Moreover, 

BCAAs serve as human dietary supplements, because they potently promote protein synthesis 

through TOR activity71. Fortification of crops with BCAAs is therefore desirable to improve plant 

nutritional content. However, studies in Arabidopsis reported that BCAA over-accumulation due 

to exogenous feeding or genetic manipulation of biosynthetic or catabolic pathways resulted in 

various defects in plant growth and development15, 72-74. In this study, we established a functional 

connection between BCAA over-accumulation and plant growth inhibition, which is likely linked 

to alteration of TOR signaling and disruption of subcellular structures. Despite an overall 

retardation of early plant development compared to WT, ipms1 seedlings exhibited up-regulation 

of the growth-promoting TOR signaling in concert with locally promoted growth, such as larger 

and thicker cotyledons and higher activity of root apical meristem. At the subcellular level, we 

showed that BCAA over-accumulation via exogenous feeding or genetic mutations caused severe 

remodeling of the actin cytoskeleton and endomembranes, which underlies certain growth defects 

such as delayed formation of root hairs and reduced abundance of lateral roots44, 45, 63. Together, 

these results indicate that an inconsistency between nutrient status and the activity of metabolic 
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signaling is detrimental to plant growth and development. By adding new insights into the 

fundamental understanding of plant growth control by metabolic signaling, our study supports that 

developmentally controlled manipulation of TOR signaling may be required for successful 

engineering of crops with improved yield and nutritional values.  

3.5  METHODS 

3.5.1 Plant growth conditions 

Except for chronical treatments with specified chemicals, Arabidopsis seeds were stratified and 

grown on medium containing half-strength Linsmaier & Skoog nutrients (½ LS; Caisson Labs, 

LSP03), 1% sucrose and 0.4% phytagel (Sigma-Aldrich, P8169) in chambers conFigured with 

21℃ and 16h light: 8h dark cycle.  

To examine the effect of latrunculin B (Lat B; Sigma-Aldrich, L5288) on root elongation, wild 

type (Col-0), ipms1-4 and ipms1-5 lines germinated and grew on horizontally staged Petri dishes 

containing normal Arabidopsis growth medium (½ LS, 1% sucrose and 0.4% phytagel). 10 days 

old seedlings were transplanted to Petri dishes containing ½ LS, 1% sucrose and 1% Agar (Sigma-

Aldrich, A1296) medium containing DMSO or 50 nM Lat B or 100 nM Lat B. Photographs were 

acquired immediately after the transplant and the Petri dishes were vertically staged in a Percival 

chamber. Photographs were also acquired 8 days after the transplant.  

Exogeneous feeding of 1mM BCAA was performed by stratification and germination of seeds on 

½ LS, 1% sucrose and 1% Agar medium containing 1 mM equal concentrations of Ile, Val and 

Leu. L-Isoleucine (Sigma-Aldrich, I2752), L-Valine (Sigma-Aldrich, V0500) and L-Leucine 

(Sigma-Aldrich, L8000) were dissolved in water to prepare 1M stock solutions, which were then 

filtered by Millex-GS 0.22 µm filter unit (Millipore, SLGS033SS).  
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3.5.2 Confocal microscopy 

A Zeiss LSM 510 META and a Nikon A1Rsi laser scanning confocal microscope were used for 

imaging. Acquired images were handled by NIS-Elements Advanced Research (Nikon), ZEN 

(Zeiss) and Fiji (ImageJ)71. The fluorescent protein fusions used in this study are GFP-δTIP72, 

ERYK73, YFP-ABD274, GFP-CASP75, SEC-RFP74 and γTIP-YFP73. Transformation of 

Arabidopsis plants were conducted using floral dip method76. 

3.5.3 Quantitative analysis of ER morphology and actin cytoskeletal organization 

Image acquisition and further evaluation of the ER cisternae was conducted using a previously 

described method that measures the occupancy of ER area in a region of interest77. Analysis of the 

actin cytoskeletal organization were performed following a previously described procedure78. 

Briefly, Z-stack images with 0.5 μm intervals were acquired to cover the whole epidermal cell. 

The Z-stack series were converted to maximal projection images using NIS-Elements Advanced 

Research (Nikon) and Fiji (ImageJ)71. Utilizing two ImageJ macros that were previously 

generated78, skewness was measured to present the distribution of YFP-ABD2 fluorescence 

intensity and occupancy was measured for the density of skeletonized YFP-ABD2 fluorescence 

signal.  

3.5.4 Chemical stocks and treatments 

All temporal chemical treatments were performed using 10 days old seedlings. Each of the 

following chemicals was first dissolved in DMSO to prepare a stock solution, and then diluted in 

Arabidopsis growth medium (½ LS and 1% sucrose) to reach the specific working concentration. 

33 μM Wortmannin (Sigma-Aldrich, W1628) and 100 μM LY294002 (MedChemExpress, HY-

10108) were used to treat seedlings for 2 hours. Latrunculin B (Sigma-Aldrich, L5288) and 

Oryzalin (Chem Service Inc., N-12729) were diluted to 25 μM and 40 μM, respectively, for 2 
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hours treatments. For TOR inhibition, seedlings were incubated with 5 μM AZD-8055 

(MedChemExpress, HY-10422) or 1 μM Torin2 (MedChemExpress, HY-13002) for 2 or 4 hours 

as the Figure legends indicated. 10 μM solution of β-estradiol (Sigma-Aldrich, E8875) was used 

to induce gene silencing.  

3.5.5 Amino acid extraction and LC-MS/MS analysis 

Plants used for amino acid extraction were grown under standard conditions for 10 or 20 days. The 

aerial tissue (fresh weight around 10 mg) was harvested into a 2 mL tube with two 3 mm steel 

beads and flash frozen in liquid N2. Tissue was either used immediately or stored at -80℃ until 

extraction. Tissue was pulverized using Retsch Mill (MM400) for 1 minute at 30 times per second. 

Amino acids were extracted as previously reported13, 79. Briefly, an amino acid extraction buffer 

was prepared with ~ 2 M heavy labeled amino acids standards (13C, 15N, Sigma-Aldrich), 10 M 

1,4-dithiothreitol (DTT, Sigma-Aldrich), and 10 mM perfluoroheptanoic acid (PFHA, Sigma-

Aldrich). To the ground tissue, 350 L of extraction buffer was added, vortexed for 10 seconds and 

heated at 90℃ for 10 minutes. Tubes were cooled on ice for 5 minutes and centrifuged for 10 

minutes at 4℃ at 13,000 × g. The supernatant was applied to a low-binding hydrophilic 0.2 μm 

centrifugal polytetrafluoroethylene (PTFE) filter (Millipore, UFC30LG25) and centrifuged for 5 

minutes at 3,500 × g. 150 L flow through was transferred to 2 mL glass vials with glass insert for 

LC-MS analysis.   

Amino acid detection and quantification by LC-MS/MS was performed as previously reported79, 

80. Briefly, a dilution series (12.2 nM to 250 μM) of each individual amino acid standard was made 

containing the same concentration of the heavy standards as was in the amino acid extraction 

buffer. Samples were injected into a Quattro micro API LC/MS/MS (Waters) equipped with an 

Acquity UHPLC HSS T3 1.8 μm column (Waters) using a three-function method. The 13-minute 
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LC method with solvent A (10 mM PFHA) and solvent B (acetonitrile) at a flow rate of 

0.3mL/minute is provided in supplementary file (Supplementary file 1). Amino acids were 

quantified by comparison to their standard curves using QuanLynx.   

3.5.6 EdU staining  

EdU (5-ethynyl-2'-deoxyuridine) staining of root meristem was performed using Click-iT EdU 

Alexa Fluor 488 Imaging Kit (Invitrogen, C10337), following a protocol that was adapted for plant 

tissues81. Labeling was performed by incubating 10 days old Arabidopsis seedlings in 10 μM EdU 

in Arabidopsis growth medium (½ LS and 1% sucrose) for 30 min in a Percival chamber for 

Arabidopsis growth. All samples were then incubated with fixation buffer (4% formaldehyde, 

0.1% Triton X-100, 1× PBS) for 30 min. All samples were washed for three times, 10 min each, 

with 1× PBS after fixation. The EdU detection was conducted by 30 min incubation in dark with 

the Click-iT cocktail, which was prepared according to the manual of Click-iT EdU Alexa Fluor 

488 Imaging Kit. Each sample was immediately washed for three times, 10 min each, with 1× PBS 

before imaging.  

3.5.7 PI staining of root tip and measurement 

PI (propidium iodide) staining was conducted by 3 min incubation of Arabidopsis seedlings in 

propidium iodide (Invitrogen, P3566) diluted to 1 μg/mL using Arabidopsis growth medium (½ 

LS and 1% sucrose). After staining, all samples were immediately washed for 1 min and then 

subjected to imaging. Confocal images of propidium iodide stained root tips were analyzed using 

Cell-O-Tape82, which is a plugin of ImageJ that automatically segments three zones in a root tip 

(the meristem, the transition zone and the mature zone) by comparing the lengths of adjacent cells 

in the same cortical layer. Adjacent cells with significant increase in cell length belong to the 

transition zone. Cells before and after the transition zone are categorized as cells in the meristem 
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and the mature zone respectively. The program records the length of each cell and the cell number 

in each zone.  

3.5.8 Protein preparation and immunoblotting 

To detect the phosphorylation status of S6K, 50 mg plant aerial tissue was used for protein 

extraction using 1.5 mL extraction buffer of 1 × PBS, pH 7.4, containing 250 mM sucrose, Protease 

Inhibitor Cocktail (100 μL per 10 mL extraction buffer; Sigma-Aldrich, P9599) and PhosSTOP 

phosphatase inhibitor (1 tablet per 10 mL extraction buffer; Roche, 4906845001). Three times of 

centrifugation, 1 k × g for 5 min, 14 k × g for 5 min and 135 k × g for 60 min, were conducted to 

separate the soluble proteins. The supernatant from the last centrifugation was separated, 

concentrated to 200 μL using an Amicon Ultra centrifugal unit (Millipore, UFC501024), and then 

mixed with 40 μL 6× Laemmli buffer. Proteins were denatured by incubation at 95℃ for 10 min. 

Protein samples were separated on 8% SDS-PAGE and blotted to PVDF membranes (Bio-Rad, 

1620177). Blots were blocked with 5% milk for 1 h at room temperature. Blots were incubated 

with primary antibodies of either anti-S6K (Agrisera, AS12 1855) or anti-S6K-phosphorylated 

(Agrisera, AS13 2664) overnight at 4 ℃ and subsequently with secondary HRP conjugated goat 

anti-rabbit antibody (Sigma-Aldrich, A0545) for 1 h at room temperature. 

3.5.9 Extraction and measurement of anthocyanins 

The aerial parts of 10 days old Arabidopsis seedlings were collected, and then lyophilized and 

measured for dry weight. Total anthocyanins were extracted using 1 μL extraction buffer (50% 

methanol containing 3% formic acid) per 50 μg dry weight. After overnight incubation with 

extraction buffer at room temperature, the supernatant was collected and measured absorbance of 

532 nm.  
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3.5.10 TEM and measurement of leaf thickness 

The electron microscopic imaging of the endomembrane structures and chloroplasts were 

performed following an established protocol83. In brief, 1 mm × 1 mm pieces of cotyledon samples 

were cut and fixed in TEM fixative buffer (2.5% paraformaldehyde and 2.5% glutaraldehyde in 

0.1 M cacodylate buffer, pH 7.4) with vacuum infiltration. The fixed samples were stained with 1 

% osmium tetroxide overnight at 4 ℃. After series of dehydration with acetone, the samples were 

infiltrated and embedded in Spurr’s Resin. Sections with 50 nm thickness were cut and mounted 

on the copper grid and 10 well slides. For TEM the grids were post-stained in 2% uranyl-acetate 

for 30 min and then treated with 1 % lead citrate for 15 min. JEOL 100CX TEM (JEOL USA) was 

used to observe the ultrastructure of cotyledon.  

The thickness of cotyledons was measured as previously described84. Briefly, 2 mm × 1 mm 

samples cut from center of the cotyledons were fixed in fixative buffer (4% paraformaldehyde and 

0.5% glutaraldehyde in 1 × PBS, pH 7.4) with vacuum infiltration. The fixed samples were stained 

with 1 % osmium tetroxide overnight at 4 ℃. After series of dehydration with acetone, the samples 

were infiltrated and embedded in Spurr’s Resin. Sections with 500 nm thickness were cut and 

mounted on the copper grid and 10 well slides. For leaf thickness analysis, the sections stained 

with 1% toluidine blue for 1 min and washed with running water. Images were taken using Axio 

Imager M2 (Zeiss), and measurement of leaf thickness was performed using AxioVision SE64 

Rel. 4.9.1 (Zeiss) software. Three biological samples with three technical replicates were used to 

measure leaf thickness. 
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Table 3.1 The BCAA biosynthesis pathway is up-regulated in young seedlings of eva1 and 

IPMS1 loss-of-function mutants.  

Amino acids were extracted from aerial tissues of 10 days old seedlings and rosette leaves of 20 

days old plants. Each value represents the mean ± SEM. The asterisks indicate significant 

difference compared to the GFP-δTIP as wild type (WT) (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001, unpaired t test). 

aFW, fresh weight; bFC, fold change compared to GFP-δTIP; cFAA, total 19 free amino acids 

without cysteine.  

Ile Ileu Val Val Leu Leu

Stage Genotype(nmol/mg FWa) (FCb) (nmol/mg FW) (FC) (nmol/mg FW) (FC)

WT 0.029 ± 0.0012 0.12 ± 0.003 0.035 ± 0.0013

eva1 0.052 ± 0.0021*** 1.76 0.97 ± 0.040*** 7.90 0.024 ± 0.0032** 0.66

ipms1-4 0.047 ± 0.0013*** 1.62 0.64 ± 0.024*** 5.29 0.027 ± 0.0016** 0.77

ipms1-5 0.044 ± 0.00055***1.50 0.70 ± 0.016*** 5.70 0.016 ± 0.00071*** 0.46

WT 0.026 ± 0.00067 0.087 ± 0.0048 0.020 ± 0.0014

eva1 0.028 ± 0.0020 1.05 0.24 ± 0.016*** 2.74 0.012 ± 0.0014** 0.58

ipms1-4 0.041 ± 0.0060 1.55 0.26 ± 0.022*** 3.02 0.020 ± 0.0038 0.97

ipms1-5 0.040 ± 0.0019*** 1.51 0.29 ± 0.025*** 3.30 0.021 ± 0.0017 1.02

10 days 

old

20 days 

old

Thr Thr Leu/(Val+Leu) BCAA BCAA BCAA/FAAc

Stage Genotype(nmol/mg FW) (FC) (ratio × 100) (nmol/mg FW) (FC) (ratio × 100)

WT 0.55 ± 0.033 22 ± 0.43 0.19 ± 0.0054 0.64 ± 0.05

eva1 0.82 ± 0.044*** 1.51 2.3 ± 0.22*** 1.05 ± 0.044*** 5.58 1.8 ± 0.14***

ipms1-4 0.81 ± 0.025*** 1.48 4.0 ± 0.20*** 0.73 ± 0.026*** 3.87 1.5 ± 0.07***

ipms1-5 0.76 ± 0.023*** 1.40 2.3 ± 0.13*** 0.76 ± 0.016*** 4.06 1.4 ± 0.07***

WT 0.34 ± 0.013 19 ± 0.48 0.13 ± 0.0063 0.77 ± 0.04

eva1 0.29 ± 0.017* 0.85 4.6 ± 0.36** 0.28 ± 0.019*** 2.21 1.9 ± 0.08***

ipms1-4 0.35 ± 0.021 1.03 6.0 ± 1.5* 0.32 ± 0.026*** 2.55 1.9 ± 0.14***

ipms1-5 0.45 ± 0.033* 1.31 6.8 ± 0.75* 0.35 ± 0.026*** 2.77 2.1 ± 0.04***

10 days 

old

20 days 

old
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Reagent type (species)  Designation 
Source or 

reference 
Identifiers 

Gene (Arabidopsis 

thaliana) 
AtIPMS1  TAIR: 

AT1G18500 

Gene (Arabidopsis 

thaliana) 
AtOMR  TAIR: 

AT3G10050 

Gene (Arabidopsis 

thaliana) 
AtAHASS1  TAIR: 

AT2G31810 

Gene (Arabidopsis 

thaliana) 
AtAHASS2  TAIR: 

AT5G16290 

Gene (Arabidopsis 

thaliana) 
AtTOR  TAIR: 

AT1G50030 

Gene (Arabidopsis 

thaliana) 
AtRaptor1B  TAIR: 

AT3G08850 

Genetic reagent 

(Arabidopsis thaliana) 
eva1 this paper  

Genetic reagent 

(Arabidopsis thaliana) 
ipms1-4 

Xing and Last, 

2017 
SALK_101771 

Genetic reagent 

(Arabidopsis thaliana) 
ipms1-5 

Xing and Last, 

2017 

WiscDsLoxHs221

_05F 

Genetic reagent 

(Arabidopsis thaliana) 
tfl111 (ipms1-1D) 

Xing and Last, 

2017 
TAIR: CS69734 

Genetic reagent 

(Arabidopsis thaliana) 
tfl102 (ipms1-1D) 

Xing and Last, 

2017 
TAIR: CS69733 

Genetic reagent 

(Arabidopsis thaliana) 
ahass1-1 

Xing and Last, 

2017 
SALK_096207 

Genetic reagent 

(Arabidopsis thaliana) 
ahass2-7 

Xing and Last, 

2017 

WiscDsLoxHs009

_02G 

Genetic reagent 

(Arabidopsis thaliana) 
ahass2-1D 

Xing and Last, 

2017 
TAIR: CS69724 

Genetic reagent 

(Arabidopsis thaliana) 
omr1-11D 

Xing and Last, 

2017 
TAIR: CS69720 

Genetic reagent 

(Arabidopsis thaliana) 
tor-es 

Xiong and Sheen, 

2012; TAIR 
TAIR: CS69829 

Genetic reagent 

(Arabidopsis thaliana) 
raptor1B 

Salem et al., 2017; 

TAIR 
SALK_022096 

Antibody (Rabbit 

polyclonal) 
Anti-S6K Agrisera AS12 1855 

Antibody (Rabbit 

polyclonal) 
Anti-S6K-phosphorylated Agrisera AS13 2664 

Antibody (secondary) 
HRP conjugated goat anti-

rabbit 
Sigma-Aldrich A0545 

Commercial assay or kit 
Click-iT EdU Alexa Fluor 488 

Imaging Kit 
Invitrogen C10337 

Table 3.2 Key resources. 
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Time (minutes) % Solvent A % Solvent B 

0 100 0 

1.75 100 0 

8 25 75 

8.01 10 90 

9 10 90 

9.01 100 0 

13 100 0 

Table 3.3 LC gradient used for amino acid separation. 
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Sequence 

name 

Nucleotide sequence Description 

ipms1-4_LP TTTCAATAAGCGATGACCCAC Genotyping of ipms1-4 (SALK_101771) 

ipms1-

4_RP 

ATGGAATGCTGAAACACAAGG Genotyping of ipms1-4 (SALK_101771) 

ipms1-5_LP GTGCCTAACGGTCCTCTTTTC Genotyping of ipms1-5 (WiscDsLoxHs221_05F) 

ipms1-

5_RP 

CCAGTTCCAATAGAACAAGCG Genotyping of ipms1-5 (WiscDsLoxHs221_05F) 

ahass1-

1_LP 

TAAGGTCGTCAACAACCGAAC Genotyping of ahass1-1 (SALK_096207) 

ahass1-

1_RP 

CAGAAGTCTGAAACCCACAGG Genotyping of ahass1-1 (SALK_096207) 

ahass2-

7_LP 

AAGTCTCTCCAGGATTCGCTC Genotyping of ahass2-7 

(WiscDsLoxHs009_02G) 

ahass2-

7_RP 

TCTTTTTCTCACCCCACATTG Genotyping of ahass2-7 

(WiscDsLoxHs009_02G) 

raptor1B_L

P 

CAATATGAAGCTGCGGCTAAC Genotyping of raptor1B (SALK_022096) 

raptor1B_R

P 

CATCGGATCAAGTTGCTTACC Genotyping of raptor1B (SALK_022096) 

LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping of SALK lines 

LB4 TGATCCATGTAGATTTCCCGGACATGA

AG 

Genotyping of WiscDsLoxHs lines 

IPMS1_F1 TGCTCAATCTCAGATCCTTCTC Amplification of the coding sequence of IPMS1 

catalytic domain 

IPMS1_R1 CTAATACATGATCTCCACGGCA Amplification of the coding sequence of IPMS1 

catalytic domain 

IPMS1_F2 GGCTATTGTAGGAGCGAATG Amplification of the coding sequence of IPMS1 

allosteric domain 

IPMS1_R2 CTCTTTTGACATGCAACTTCG Amplification of the coding sequence of IPMS1 

allosteric domain 

AHASS2_F TCCGTTTTGGAGATTTTCAG Amplification of the coding sequence of 

AHASS2 ACT2 domain 

AHASS2_R GAGACATCAATGGCTTTAGCAC Amplification of the coding sequence of 

AHASS2 ACT2 domain 

OMR1_F GGACGTGAATGTCGTAGCC Amplification of the coding sequence of OMR1 

ACT2 domain 

OMR1_R ACGCTCATCCGACAGACAC Amplification of the coding sequence of OMR1 

ACT2 domain 

Table 3.4 Primers used in this study. 
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Figure 3.1 Identification of a mutant with defects in vacuole morphogenesis. 

a and b, Confocal images of cotyledon epidermal cells expressing tonoplast marker GFP-δTIP in 

10 days old (a) and 20 days old (b) wild type and eva1 plants. The top panel presents single images 

of the middle focal plane, and the bottom panel presents Z-stack maximal projections. Arrows 

point to enhanced transvacuolar strands, arrowheads indicate unfused vacuolar structures. Scale 

bar in a, 20 μm. Scale bar in b, 50 μm.  

c, Genomic structure of IPMS1 (AT1G18500). Grey boxes indicate UTRs, black boxes indicate 

exons, black lines indicate introns.  

d, Amino acid sequence alignment of IPMS1 homologs using T-COFFEE in Jalview. Amino acids 

are colored with ClustalX based on their similarity of physicochemical properties. At, Arabidopsis 

thaliana; Sl, Solanum lycopersicum; Cr, Chlamydomonas reinhardtii; Mt, Mycobacterium 

tuberculosis. The amino acid substitution of eva1 is denoted by a red box. 

e and f, Photographs of 10 days old (c) and 20 days old (d) plants. Scale bar in c, 0.5 cm. Scale bar 

in d, 1 cm.  



109 

 

 

Figure 3.2 Reviewing the eva1 vacuolar mutant phenotypes using another tonoplast marker 

γTIP-YFP. 

a, Confocal images of cotyledon epidermal cells expressing γTIP-YFP in 10 days old wild type 

and eva1 plants. Scale bar, 50 μm. 

b, Enlargement of the regions of interest in (a), which are marked by dash-line yellow boxes. The 

arrow indicates enhanced transvacuolar strands. Scale bar, 10 μm. 
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Figure 3.3 The causal mutation of eva1 mutant is mapped to IPMS1. 

a, Mapping the causal mutation using bulk sergeant analysis. Horizontal and vertical axes are 

genomic position and observed allele frequency, respectively. Blue dots represent the SNPs 

identified from a pool of F2 population with mutant phenotypes. Red lines represent smoothed 

curves over 100 SNP windows with SNPs whose allele frequency are greater than 0.4. The green 

line represents a smoothed curve over 10 SNP windows with SNPs whose allele frequency are 

greater than 0.6. The light blue box indicates the mapping interval.  

b and c, Cartoon (b) and space-filling (c) models of the IPMS1 dimers that were generated by 

fitting Arabidopsis IPMS1 to the Mycobacterium tuberculosis homolog structure (PDB: 1SR9) 

using Phyre2 program. The models are rainbow colored from N-terminus as blue to C-terminus as 

red. Red arrows point to the position of residue D228. Leucine is shown by a green ball, 2-

oxoisovalerate substrate is depicted as a space-filling model. The models of IPMS1 dimers are 

rotated towards acetyl-CoA, which is approaching from the viewer’s perspective.  
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Figure 3.3 (cont’d) d and e, Examination of vacuolar phenotypes (d) and growth phenotypes (e) 

of 10 days old plants of F1 generation after crossing eva1 with either wild type (Col-0) or ipms1-

5. d, Single-plane confocal images of cells expressing GFP-δTIP. Arrow indicates enhanced 

transvacuolar strands, arrowhead indicates unfused vacuolar structures. Scale bar, 50 μm. e, 

Photographs that view seedlings from adaxial and abaxial sides. Arrows point to visible 

accumulation of anthocyanins in cotyledon petioles and emerging true leaves. Scale bar, 1 cm. 
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Figure 3.4 eva1 and two loss-of-function mutants of IPMS1 show similar patterns of BCAA 

overaccumulation. 

a, Schematic of the BCAA biosynthetic pathway in the chloroplast. Red lines show known 

feedback inhibitions of enzymes of committed steps by end products. TD, threonine deaminase; 

AHAS, acetohydroxyacid synthase; KARI, ketolacid reductoisomerase; DHAD, dihydroxyacid 

dehydratase; BCAT, branched-chain aminotransferase; IPMS, isopropylmalate synthase; IPMI, 

isopropylmalate isomerase; IPMDH, isopropylmalate dehydrogenase. 

b and c, Fold change of each free amino acid in eva1, ipms1-4 and ipms1-5 mutants compared to 

wild type.  

d and e, Critical ratios reflecting the activities of Leu biosynthesis and BCAA biosynthesis. 

For all the charts in (b - e), values are mean ± SEM. For 10 days old sampling, n = 7 for WT, n = 

5 for eva1, n = 8 for ipms1-4, n = 7 for ipms1-5. For 20 days old sampling, n = 6 for each genotype. 

The asterisks indicate significant differences compared to the wild type (*p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001, NS, p > 0.05 and not significant, unpaired t test).  
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Figure 3.5 Mutants of IPMS1 show defects in cotyledon architecture and chloroplast 

ultrastructure. 

a, light microscopic images of cotyledon cross sections. Cotyledon thickness is denoted by red 

lines. Scale bar, 100 μm.  

b, Measurement of cotyledon thickness. Values are mean ± SEM. n = 9 for WT, eva1 and ipms1-

4; n= 6 for ipms1-5. The asterisks indicate significant differences of each mutant compared to wild 

type (***p < 0.001, unpaired t test).  

c, Measurement of cotyledon size. Values are mean ± SEM. n = 20 for each genotype. The asterisks 

present significant differences of each mutant compared to wild type (**p < 0.01, ***p < 0.001, 

unpaired t test).  
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Figure 3.5 (cont’d) d, Representative transmission electron microscopic images of chloroplasts. 

Dash-line rectangles highlight regions that are subsequently magnified. Scale bars, 0.5 μm.  

e, High-magnification images of the highlighted regions in (d). Arrows point to thylakoids. Scale 

bar, 0.5 μm.  
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Figure 3.6 Mutations of IPMS1 affect plant growth at early stage. 
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Figure 3.6 (cont’d) a - d, Wild type (WT) and five mutants of IPMS1 were measured for fresh 

weight and length of primary root at 10 days old stage (a and b) and 20 days old stage (c and d). 

tfl111 and tfl102 are two independent EMS lines of ipms1-1D, bearing a SNP mutation that 

abolishes the allosteric domain of IPMS1. Values are mean ± SD. The asterisks indicate significant 

differences compared to wild type (n = 30 for each genotype at 10 days old stage, n = 20 for each 

genotype at 20 days old stage; ***p < 0.001, **p < 0.01, NS, p > 0.05 and not significant, unpaired 

t test).  

e, A photograph of six weeks old plants of wild type (WT) and mutants of three key enzymes for 

BCAA biosynthesis. Scale bar, 5 cm. 
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Figure 3.7 Root tip staining and analyses. 

a, Propidium iodide staining of the root tips of 10 days old wild type (WT), eva1, ipms1-4 and 

ipms1-5 seedlings. Meristem is the region between the quiescent center and the transition zone 

(TZ; defined as the position of first elongating cortical cell). Dashed lines indicate the location of 

TZ, white arrows point to root hair bulges, yellow arrowheads point to the first elongated root hair 

that is at least 50 μm long. Scale bar, 200 μm.  

b and c, Analyses of length (b) and cell number (c) of three zones in the root tip. Values are mean 

± SEM. The asterisks indicate significant differences compared to the same zone of wild type (n 

= 9 for each genotype; ***p < 0.001, **p < 0.01, *p < 0.05, unpaired t test).  
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Figure 3.8 Accumulation of anthocyanins in eva1 and IPMS1 loss-of-function mutants. 

a, Visible accumulation of anthocyanins in 10 days old seedlings, particularly in cotyledon petioles 

and emerging true leaves. Scale bar, 1 cm.  

b, Extracts of total anthocyanins from aerial tissues of 10 days old seedlings.  

c, Measurement of total anthocyanins. Samples that contain 50 μL extraction buffer per 1 mg dry 

weight were measured for 532 nm absorbance. Values are mean ± SEM. The asterisk indicates 

significant differences between each mutant line and the wild type (n = 5 for each genotype; *p < 

0.05, unpaired t test).  
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Figure 3.9 Mutation of IPMS1 affects the ER morphology and the F-actin organization. 

a and b, Confocal images of the wild type and eva1 cotyledon epidermal cells expressing ER 

marker ERYK. (a) Low-magnification Z-stack projection images show the ER morphology in eva1 

is altered, featuring longer and more thickened ER strands, as the arrows indicate. Scale bar, 50 

μm. (b) High-magnification single-plane images show enlarged ER sheets in eva1 mutant. Scale 

bar, 10 μm. 

c, Confocal images of the wild type and eva1 cotyledon epidermal cells expressing F-actin marker 

YFP-ABD2. Scale bar, 50 μm.  

d, Quantification of ER occupancy, which measures the percentage of the area occupied by ER in 

the total field of view (n = 28 for each genotype). Single-plane images were used for the 

quantification. Columns show mean ± SD. The asterisks indicate significant differences compared 

to the wild type (**p < 0.01, unpaired t test).  

e and f, Quantitative evaluation of the F-actin organization using two parameters. Quantification 

of skewness (e) indicates higher level of F-actin bundling in eva1 compared to wild type (n = 32 

for each genotype); measurement of density (f) percentage suggests lower occupancy of F-actin in 

eva1 compared to wild type (n = 28 for each genotype). Z-stack projection images were used for 

the quantification. Columns show mean ± SD. The asterisks indicate significant differences 

compared to the wild type (***p < 0.001, unpaired t test).  
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Figure 3.10 The ER strands and transvacuolar strands are partially overlapping structures. 

Confocal images of the wild type (a) and eva1 (b) mutant cotyledon epidermal cells expressing 

ER marker (ERYK) and tonoplast marker (GFP-δTIP). Arrows point to exclusive formation of ER 

strands without transvacuolar strands. Arrowheads indicate where vacuole membranes aggregate 

without thick ER strands. Scale bars, 50 μm. All images are maximal Z-stack projection images.  
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Figure 3.11 The number and distribution of Golgi are altered in eva1 mutant. 

a, Confocal images of the wild type and eva1 mutant cotyledon epidermal cells expressing a Golgi 

marker GFP-CASP. Single images (top panel) show Golgi in the cortical focal plane. Maximal Z-

stack projection images (bottom panel) show Golgi in a single cell. Scale bar, 10 μm.  

b, The numbers of Golgi in each genotype were measured in independent field of view squares 

(100 μm x 100 μm; wild type, n = 16, eva1, n = 20). Columns show mean ± SD. The asterisks 

indicate significant differences compared to the wild type (***p < 0.001, unpaired t test).  
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Figure 3.12 The eva1 mutation does not affect secretion of a bulk flow marker to the apoplast. 

Confocal images of the wild type (a) and eva1 mutant (b) cotyledon epidermal cells expressing 

SEC-RFP and GFP-δTIP. Scale bars, 10 μm.  
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Figure 3.13 Compared to wild type, IPMS1 loss-of-function mutants are less sensitive to Lat 

B. 
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Figure 3.13 (cont’d) a and b, 10 days old wild type (Col-0), ipms1-4 and ipms1-5 seedlings 

germinated and grew on ½ LS and 1% sucrose medium was transplanted to ½ LS and 1% sucrose 

medium containing DMSO, 50 nM Lat B or 100 nM Lat B. Photographs were taken immediately 

after transplant (a) and 8 days after transplant (b). Scale bars, 1 cm.  

c and d, Quantification of primary root length of the wild type, ipms1-4 and ipms1-5 seedlings 

when 0 day (c) and 8 days (d) after transplant. Values are mean ± SEM. The asterisks indicate 

significant differences compared to the wild type (n = 8 for each genotype on a specific medium; 

***p ≤ 0.001, **p ≤ 0.01, NS, p > 0.05 and not significant, unpaired t test).  
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Figure 3.14 Chemical interventions can fully or partially rescue the vacuolar mutant 

phenotypes of eva1. 

a - h, Confocal images of cotyledon epidermal cells expressing GFP-δTIP from 10 days old eva1 

plants. Images were acquired after 2 hours treatment of DMSO (a and b), wortmannin (Wm, c and 

d), latrunculin B (Lat B; e and f), or oryzalin (g and h). The top panel (a, c, e, and g) presents 

images of lower magnification with a scale bar of 50 μm. The bottom panel (b, d, f, and h) presents 

images of higher magnification with a scale bar of 10 μm. Arrowheads suggest unfused vacuolar 

structures and arrows pinpoint enhanced transvacuolar strands. All the images are Z-stack maximal 

projections.  
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Figure 3.15 Chemical treatment with PI3K/TOR dual inhibitors wortmannin and LY294002. 

Confocal images of cotyledon epidermal cells expressing tonoplast marker GFP-δTIP from 10 

days old wild type (WT) and eva1 plants. Images were acquired after 3 hours treatment of DMSO 

(a and b), wortmannin (Wm; c and d) or LY294002 (e - h). Scale bar in the top panel, 50 μm. 

Scale bar in the bottom panel, 10 μm. All the images are Z-stack maximal projections.  
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Figure 3.16 Vacuolar mutant phenotypes of eva1 is correlated with up-regulated TOR 

activity. 

a - f, TOR inhibitor AZD-8088 treatment rescues vacuolar mutant phenotypes of eva1. Confocal 

images were acquired before (a and b), after 2 hours (c and d), and after 4 hours (e and f) 5 μM 

AZD-8055 treatment of wild type and eva1 mutant. Arrowheads indicate unfused vacuolar 

structures and arrows point to enhanced transvacuolar strands. All the images are Z-stack maximal 

projections. Scale bar, 50 μm.  

g, Immunoblotting detected phosphorylation of S6K by TOR, using specific antisera against S6K-

phosphorylated and S6K. LC, loading control with Ponceau S staining.  

h, EdU staining detected root meristem activity of 10 days old seedlings. For each genotype, an 

image of green pseud-ocolor shows EdU-stained newly synthesized DNA and a bright-field image 

shows structure of root tip. Scale bar, 100 μm. 
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Figure 3.17 Another TOR inhibitor Torin2 exerts more potent effects on the vacuolar 

phenotypes of eva1. 

Confocal images of cotyledon epidermal cells expressing tonoplast marker (GFP-δTIP) from 10 

days old wild type (WT) or eva1 mutant. The images were acquired before (a and b) and after (c 

and d) 2 hours 1 μM Torin2 treatment of wild type (WT) and eva1 mutant. Arrowhead indicates 

unfused vacuolar structures. Arrow suggests enhanced transvacuolar strands. Scale bar, 50 μm. All 

the images are Z-stack maximal projections.  
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Figure 3.18 Exogeneous feeding of BCAAs or overaccumulation of BCAAs due to 

mutations of committed enzymes of the BCAA biosynthetic pathway affects actin 

organization, which is dependent on functional TOR but not RAPTOR1B. 
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Figure 3.18 (cont’d)  

  



131 

 

Figure 3.18 (cont’d) Organization of actin cytoskeleton presented by confocal images of 

cotyledon epidermal cells expressing F-actin marker YFP-ABD2. All the images are Z-stack 

maximal projections. For each image, a red line with an arrow in the end was drawn; and a chart 

beneath the image presents plotted intensity of fluorescence (gray value) against distance from the 

start point of the red line.  

a - f, Images acquired from wild type (Col-0, a) and mutants of BCAA biosynthetic enzymes with 

limited alteration of BCAA levels (b and c) or overaccumulation of BCAAs (e and f) that were 

growing on normal Arabidopsis growth medium; and wild type that were growing on medium 

supplemented with 1 mM BCAA (d). 

The alteration of BCAA levels in the mutants of BCAA biosynthetic enzymes (b, c, e, and f) were 

characterized in Xing and Last, 2017, Plant Cell. Scale bars, 50 μm. 

g - l, Images acquired from wild type, tor-es mutants without or with induction using estradiol, 

and raptor1B mutants that were growing on normal Arabidopsis growth medium (Mock, g - i) and 

medium supplemented with 1 mM BCAA (j - l). Scale bars, 50 μm 
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Figure 3.19 Exogeneous feeding of BCAAs or overaccumulation of BCAAs due to mutations 

of the BCAA biosynthetic pathway alters morphology of the ER network to form enhanced 

ER strands. 

Architecture of the ER network presented by confocal images of cotyledon epidermal cells 

expressing ER marker ERYK in 10 days old wild type (Col-0) and mutants with distinct BCAA 

profiles, which were characterized by Xing and Last, 2017, Plant Cell. All the images are Z-stack 

maximal projections.  

a - d, The ER morphology is not significantly altered in wild type (a) and mutants with limited 

alteration of BCAA levels (b - d) that were growing on normal Arabidopsis growth medium. Scale 

bar, 50 μm. 

e - h, Disrupted ER morphology in wild type that was growing on medium supplemented with 1 

mM BCAAs (e), and mutants that overaccumulate BCAAs (f and g). Arrows point to the enhanced 

ER strands. Enhancement of ER strands in omr1-11D mutant (g) was recovered by 2 hours 

treatment of 1 μM Torin2 (h). Scale bar, 50 μm.  
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Figure 3.20 Exogeneous feeding of BCAAs affects morphology of the lytic vacuole. 

Confocal images of cotyledon epidermal cells expressing tonoplast marker GFP-δTIP in 10 days 

old wild type that were growing on Arabidopsis growth medium without (a) or with (b) 1 mM 

BCAA supplementation. Arrowhead indicates unfused vacuolar structures and arrow points to 

enhanced transvacuolar strands. Scale bar, 50 μm. Images are Z-stack maximal projections.  
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Figure 3.21 Working model of TOR-regulated subcellular processes. 

Overaccumulation of BCAA Val, Leu and Ile stimulates TOR signaling. Except for the well-

established downstream processes such as protein synthesis and cell proliferation, vacuole fusion 

and actin reorganization are likely also regulated by TOR signaling. Reorganization of the actin 

cytoskeleton is independent of TORC1, and prominent transvacuolar strands and ER strands are 

subsequently formed due to the strong interactions between the endomembranes and the F-actin. 
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4.1 FUNCTIONAL CHARACTERIZATION OF SYP73 AS A VERSATILE ACTIN 

ORGANIZER 

4.1.1 Reasoning unappreciated functions and potential regulatory mechanisms of SYP73 

Recently we characterized SYP73 as an ER-actin anchor protein in plant cells: over-expression of 

SYP73 remodels ER network to overlay actin cables; consistent with its molecular role of 

connecting ER to F-actin, the functional SYP73 is required for maintaining ER integrity as well 

as normal plant growth1. Interestingly, SYP73 belongs to SYP7, a plant-specific subfamily of 

SNARE proteins that form the SNARE complex, an ancient machinery that mediates membrane-

membrane fusion between different endomembrane compartments in eukaryotic cells2. The plant 

genomes encode extended SNARE superfamilies, hypothetically because of the complexity of 

intracellular trafficking cargos and destinations in plant cells2, 3. Nevertheless, little is known about 

the rise of a novel actin binding domain from the redundant and variety of plant SNAREs, and 

furthermore how SYP73 influence the organization of the actin cytoskeleton.  

So far, a handful of plant proteins have been identified with F-actin binding ability without bearing 

any conventional actin-binding domain4-10. Among these novel plant actin-binding proteins, 

SCAB1, GhCFE1A, VABs, THRUMIN1 and CROLIN1 were further characterized to cross-link 

actin filaments4-6, 8, 10, presumably because of co-existence of more than one actin-binding domain 

in the same polypeptide or self-interaction between monomeric proteins11. Indeed, structural 

analysis of SCAB1 showed that its actin binding ability depends on a few key residues in an α-

helix and SCAB1 self-interacts via an adjacent α-helical coiled-coil region12. The revealed 

structural basis for SCAB1-actin interaction provides an example of establishing a plant-specific 

actin binding domain upon simple α-helical structures and a few key hydrophobic residues12, 

which is similar to several other conserved actin-binding domains13, 14. 
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Phosphorylation is arguably the most common and versatile modification of proteins, and it has 

been identified as the regulatory mechanisms of many executor proteins that directly mediate ER 

remodeling and actin reorganization. In mammalian cells, mitotic phosphorylation modulates 

functions of the ER-shaping proteins to reduce the rigidity of ER network and more importantly 

to exclude ER membranes from the microtubule-assembled mitotic spindle. Specifically, two ER 

membrane-microtubule anchoring mechanisms15, STIM1-EB1 and CLIMP-63, are subjected to 

mitotic phosphorylation, resulting in inhibited microtubule association16, 17, and potentially 

reduced ER rigidity and destabilized ER sheets18. During mitosis, another ER-shaping protein 

Lunapark that is localized to and stabilizes the three-way junctions of ER network is also 

phosphorylated, leading to destabilization of three-way junctions and tubules19. Characterization 

of mitotic phosphorylation of these essential ER-shaping proteins proposes a wholistic regulation 

of ER remodeling in response to developmental clues. Despite the mammalian ER-microtubule 

anchoring proteins (i.e., STIM1-EB1 and CLIMP-63) are not functionally conserved in plants and 

the phosphorylation of plant Lunapark homologs has not been characterized yet20, 21, a recent study 

identified phosphorylation regulation of RHD3, a plant homolog of mammalian Atlastin that 

mediates ER membrane fusion22. Compared to the mammalian Atlastin, RHD3 contains an extra 

Serine-enriched C-terminal stretch, which can be phosphorylated to enhance RHD3 

oligomerization, and thereby to promote RHD3 mediated ER membrane fusion22. Similar to 

RHD3, other conserved or plant-specific ER-shaping proteins may arise as subjects to 

phosphorylation regulatory mechanisms.  

In this work, we scanned the SYP73 protein sequence based on the predicted secondary structure 

and narrowed down its novel actin-binding domain to the first alpha helix at SYP73 N-terminus. 

In seeking potential regulatory mechanism of SYP73 functions, we identified in vivo 
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phosphorylation of SYP73. Furthermore, we applied point mutations of three amino acid residues 

of SYP73 to mimic the inactive and active status of phosphorylation and found evident alterations 

of SYP73 self-interaction and actin-binding abilities. Preliminary evolutionary analysis found 

SYP73 only exists in a group of higher plants. Taken together, these results suggest evolutionary 

innovation of SYP73 from the ancient membrane fusion machinery to a regulated versatile 

organizer of the actin cytoskeleton. 

4.1.2 Identification of a novel actin-binding domain in SYP73 

Previously, we searched for conserved domain or motif for actin binding in SYP73, and detected 

two WH2 motifs using the Eukaryotic Linear Motif (ELM) program1, 23. However, we did not 

experimentally consolidate whether the WH2 motifs, which is originally defined as binding to the 

actin monomer24, are required and sufficient for SYP73 binding to F-actin. To identify the actin 

binding domain in SYP73, we first predicted its secondary structure using JPred4 program4. 

Except for two α-helical regions at the C-terminus that are corresponding to a SNARE domain and 

a transmembrane domain, tandem α-helices were also identified at the N-terminus of SYP73 

(Figure 4.1A). We designated four α-helices as NT1 – 4 and designed SYP73-truncated proteins 

to scan for any region that is potentially required and sufficient for actin binding (Figure 4.1B). 

We expressed SYP73-truncated proteins that were tagged with YFP in tobacco leaf epidermal 

cells, and we found the first α-helix (NT1, 1 – 30) is required for the recombinant protein binding 

to F-actin (Figure 4.1C - F).  

4.1.3 SYP73 binding to actin is regulated by in vivo phosphorylation  

To identify potential phospho-regulation of SYP73 functions, we searched published 

phosphorylation proteomics analyses and found documented phosphorylated peptides of SYP73, 

suggesting three phosphorylation sites S12, T189 and T22526-28 (Figure 4.2A). We used Phos-tag 
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SDS-PAGE to test whether SYP73 is phosphorylated in vivo. YFP tagged SYP73 and RHD3, 

which is reported to be phosphorylated in plants, were expressed in tobacco leaves. Following 

extraction of the total fraction of cytosolic and membrane-associated protein, the protein samples 

were incubated in buffers supplemented with or without alkaline phosphatase, and subsequently 

subjected to Phos-tag SDS-PAGE, which delays the migration of phospho-modified proteins. 

Without dephosphorylation treatment, immunoblot of SYP73-YFP using anti-GFP/YFP antiserum 

detected at least two signals representing proteins with different migration distances; by contrast, 

after overnight dephosphorylation, most proteins showed further migration (Figure 4.2B). 

Meanwhile, a correlation between dephosphorylation treatment and further migration distance was 

also displayed on the blot of YFP-RHD3 proteins (Figure 4.2B), suggesting SYP73 was 

phosphorylated in vivo.  

Considering the in vivo phosphorylation of SYP73 possibly occurs on the three residues S12, T189 

and T225, next we constructed a SYP73 phosphorylation inactive triple mutant (Phos-Inactive 

TM, S12A/T189A/T225A) and a SYP73 phosphorylation mimicking triple mutant (Phos-

Mimicking TM, S12D/T189D/T225D), and tested whether these mutations influence protein 

functions. First, by expressing the SYP73 mutants fused with YFP in tobacco leaf epidermal cells, 

we observed changes of SYP73 function on remodeling the ER network in vivo. The wild-type 

SYP73 changed ER morphology as we previously reported1, the Phos-Inactive mutant displayed 

normal ER network with ER sheets and polygonal networks, while the Phos-Mimicking mutant 

rearranged ER to actin cables to a seemingly larger extent (Figure 4.2C - E). Besides, we conducted 

a high-speed co-sedimentation assay to determine if simulated phosphorylation status affects 

SYP73’s actin binding ability in vitro. The result of F-actin co-sedimentation assay (Figure 4.3) 
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clearly showed that Phos-Inactive mutant has lower while the Phos-Mimicking mutant has higher 

binding affinity to F-actin compared with the wild-type SYP73.  

4.1.4 Phosphorylation regulates SYP73 self-interaction 

Self-interaction is a significant mechanism for many protein functions of shaping ER membrane 

and regulating actin dynamics. First, self-interaction and oligomerization may enhance certain 

protein functions. Secondly, self-interaction may confer new functions that cannot be performed 

by a monomeric protein. One of the significant functions of ABPs is actin bundling. An ABP with 

two actin-binding domains can crosslink two actin filaments. Figure 4.4A shows that in previous 

research, we noticed that SDS-PAGE and coomassie blue staining of purified His-SYP73ΔTM 

showed a second band, the size of which corresponds to that of His-SYP73ΔTM dimer. 

Subsequently, we treated the purified protein with high concentration of urea, which leads to 

denature of proteins and disruption of self-interactions, and then observed dissolution of His-

SYP73ΔTM dimer and accumulation of monomers. Yeast two-hybrid assay also suggested 

SYP73ΔTM can directly self-interact. Furthermore, protein prokaryotic expression and 

purification suggested that SYP73 dimerization is less in the Phos-Inactive mutant, more in the 

Phos-Mimicking mutant compared with the wild-type SYP73 (Figure 4.4B).  

4.1.5 The regulated actin organizer SYP73 is specific to core eudicots 

Identification of an actin-binding domain in SYP73, a member of the ancient membrane fusion 

machinery, also prompted an intriguing question about its emergence in the plant linage. To 

provide preliminary clues for answering this question, we conducted search and phylogenetic 

analysis of all SYP7 subfamily homologs among 51 evolutionarily representative plant species 

(Figure 4.5). From this topology, it can be inferred that SYP7 may obtain 3 copies by a gene 

triplication in the core eudicots ancestor, which may be due to genomic doubling events in the 
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same period. Compared with the branch where SYP71 and SYP73 are located, the branch of 

SYP72 is farther away from the genes of basal angiosperm. From the sequence alignment, SYP72 

also has greater differences than SYP71 and 73, so it can be speculated that SYP71 and 73 are 

more likely to retain the function of ancestors, while 72 may acquire newer functions. Monocots 

do not acquire gene doubling as in core eudicots during their ancestral period, however the average 

length of the branch is longer, especially in grass, which may suggest that monocots, although not 

doubling multiple members in ancestor, gain new functions in the later stages through faster 

evolution. Taken together, the phylogenetic analysis indicates that SYP73 as an ER-actin anchor 

is an evolutionary innovation of higher plants for endomembrane-actin interactions that are 

specifically essential for plant cells. Further investigation is expected to examine the conservancy 

of SYP73 actin binding domain and its evolutionary routes in the plant linage.  

4.2 IDENTIFY POTENTIAL REGULATORY MECHANISMS OF PLANT VACUOLE 

MORPHOGENESIS  

4.2.1 Formation of the large central vacuole is a plant-specific process 

Considering the essential roles and conspicuous existence of the large central vacuole in plant 

cells, it is surprising that so far little is known about morphogenesis of the large central vacuole. 

As Chapter 1 of introduction and Chapter 3 of TOR-regulated vacuole morphogenesis discussed, 

the large central vacuole is a plant-unique structure, and it is essential for plant cell development. 

In yeast cells, the vacuole morphology is sensitive to growth conditions and vacuoles constantly 

undergo fusion and fission processes to change their volume and number29. Specifically, yeast 

cells growing in normal conditions contain two to three medium-sized vacuoles; hypotonic, or 

hypo-osmotic, media induces vacuole-vacuole fusion to form a large vacuole; hypertonic, or 

hyper-osmotic, condition with a greater concentration of salts induces vacuole fission that forms a 
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large number of smaller vesicles29. In Arabidopsis cotyledon epidermal cells and most other plant 

cell types, approximately from three to eight days after seed germination, numerous small vacuoles 

fuse to form a large central vacuole (Figure 4.6)30. During the process of embryo development and 

seed maturation, a preexisting large vacuole in the embryonic cell divides to form numerous small 

protein storage vacuoles31. The recent time-course TEM analyses30, 31 contributed landscapes of 

large central vacuole formation and deformation with in-depth description, but the regulatory 

mechanisms are yet to be revealed.  

Because a fused large vacuole is not essential for yeast, forward genetic screens for yeast cells 

with defects in the secretory pathway identified mutants having numerous small vesicular 

structures, instead of a notable large vacuole 32. Investigations into these mutants of vacuole 

morphogenesis led to characterization of most components of the vacuole membrane-membrane 

fusion machinery33 and the autophagy pathway34, and directly contributed to discoveries awarded 

by the Nobel Prize in Physiology or Medicine in 2013 and 2016.  

However, forward genetic study of plant vacuole has been hindered by the fact that the large central 

vacuole is essential for the plant cell4. The absence of vacuoles in a mutant led to embryo 

lethality36. Therefore, in the past two decades a simple approach of EMS mutagenesis upon a 

tonoplast marker δTIP-GFP37 was adopted to identify any single-base mutation that affects vacuole 

morphology38. However, this screen strategy only yielded mutants with minor vacuolar 

phenotypes, including unfused vacuoles39, small aggregates of vacuolar membranes40, and 

increased number of bulbs41, 42. Additionally, I followed this screening strategy and encountered 

several potential mutants bearing such weak vacuolar phenotypes that cannot be distinguished 

among F2 generation after crossing with wild type (data not shown), presumably because the plant 

vacuole morphology is very sensitive to environmental clues and cellular nutritional status4. More 
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importantly, further investigations into these mutants led to essential cell functions, including Pol 

II transcription and auxin signaling42, 43, or proteins with unknown functions39-41, suggesting that 

in these scenarios the impaired large central vacuole is a collateral damage caused by defective 

essential cellular activities.  

The incompetence of forward genetic screen urged plant cell biologist to appreciate chemical 

genomics, which utilizes chemical inhibitors to probe the plant secretory pathway and vacuole 

morphogenesis mildly and transiently44. Meanwhile, it is not surprising that a large number of 

reverse genetic studies, including most recently by Takemoto et al. and Brillada et al.45, 46, based 

on sequence identity between plant and yeast homologs further characterized the essential roles of 

the membrane-membrane fusion machinery components in forming the large central vacuole in 

plant cell, and thereby in plant development. Taken together, the previous efforts to study the plant 

vacuole demonstrated the significance of elucidating plant-specific mechanisms and the potential 

values of identifying mutants with severe and specific vacuolar phenotypes.  

4.2.2 Newly identified mutants with defects in vacuole morphogenesis 

Except for the further characterized vac-1/eva1, three lines were identified as recessive mutants 

with stably inherited vacuolar phenotypes (Figure 4.7). Compared to wild type, three mutants, vac-

1/eva1, vac-2 and vac-3, have similar unfused small vacuoles (Figure 4.7) and invaginations that 

were revealed z-axis sliced images (data not shown) in 10-days old cotyledon epidermal cells. The 

phenotype of enhanced trans-vacuolar strands was observed in eva1/vac-1 and vac-2, but not vac-

3. Compared to vac-1/eva1, the uncharacterized vac-2 and vac-3 exhibited more frequent 

occurrence of unfused small vacuoles and invaginations and additional aggregates of vacuolar 

membranes, which are possibly miniscule vesicles existing between the large central vacuole and 

unfused small vacuoles (Figure 4.7). Additionally, vac-2 and vac-3 are also different from vac-
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1/eva1 because they showed persistent vacuolar phenotypes and severe plant growth phenotypes, 

rather than transient phenotypes that only appear in the early stage of plant growth (data not 

shown). These observations imply that the underlying mechanism is possibly related to certain 

essential cellular activities that constantly regulates vacuole morphology and plant growth, instead 

of the functions of signaling pathway that depends on particular signaling inputs.  

vac-4 was identified with increased number and size of “bulbs”, which are named because of 

spherical structures and bright fluorescence. The bulbs were observed in multiple plant cell types 

by expressing the most frequently used vacuole markers, such as fluorescent protein tagged TIP 

aquaporins and vacuolar SNARE proteins41, 47-50. TEM imaging suggested that bulbs are double-

layer vacuolar structures formed by invagination of the single-layer tonoplast48, explaining why 

bulbs glow at least doubled intensity of fluorescence48-50. However, the biogenesis and the function 

of bulbs are still unclear49.  

Previously, vti11 and sgr2-1 mutants were characterized with reduced occurrence of bulbs, 

suggesting the SNARE membrane fusion machinery is involved in formation of bulbs49. iyo-1, 

keg-1 and rbb1-1 mutants displayed increased number of bulbs, but the functional connections 

between the causal mutations and bulb morphogenesis were undetermined41, 42, 51. Compared with 

the previously identified mutants with bulb-related phenotypes41, 49, vac-4 exhibits three unique 

features: expect for increased number of bulbs, the mutant shows wild type-like vacuole 

morphology without additional complex vacuolar structures; not only the number but also the size 

of bulbs are increased in the mutant; in wild type bulbs appear and last for approximately three 

days, but in mutants bulbs exist for approximately another 3 days and then disapprear41. Therefore, 

investigation of vac-4 may lead to mechanisms of bulb morphogenesis, especially in terms of its 

formation, size control and absorption by the tonoplast.  
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4.3 AN EMERGING FIELD OF PLANT TOR SIGNALING: PLANT-SPECIFIC 

QUESTIONS STAND OUT 

Identification of genetic materials and conditions in which plant TOR signaling is substantially 

up-regulated allowed us to characterize the functional consequences TOR activation at both 

cellular and plant-growth levels. Besides, previous studies using transient TOR inhibitor treatment 

and mutants of TOR signaling components revealed the influences of acute and enduring inhibition 

of TOR signaling. Taken together, these reports suggest that TOR signaling impacts various 

aspects of plant growth and development, including most prominently the activities of root and 

shoot apical meristems, nitrogen assimilation and specialized metabolism. Reasoning of the 

functional connection between BCAA homeostasis, TOR activity and plant growth prompted us 

to hypothesize that an inconsistency between nutritional status and metabolic signaling activity is 

detrimental to plant growth and development. Furthermore, this hypothesis highlights the practical 

significance of investigating TOR in a context of plant-specific metabolic and developmental 

mechanisms for optimized plant TOR signaling and improved plant growth and nutritional values. 

In this emerging field of studying plant TOR signaling, I found how plant cells sense nutrients, 

coordinate the unique metabolic pathways for plant growth are the most pressing questions. 

4.3.1 Amino acid sensing in plant cells  

Amino acids are the building blocks for proteins and several types of amino acids are markers of 

cellular nutritional levels that regulates the activity of TOR signaling. Meanwhile, the amino acid 

sensing mechanisms in eukaryotic cells are reasonably corresponding to these two roles of amino 

acids. On the one hand, depletion of any one type of amino acid leads to accumulation of unloaded 

tRNAs that bind to GCN2 kinase, which halts the translation initiation52. On the other hand, several 

types of amino acids are specifically sensed as inputs of the TOR signaling. Recent studies in 
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mammalian cells identified cytosolic sensors of arginine53, leucine54 and methionine-derived S-

adenosylmethionine55 and a lysosomal membrane-localized amino acid transporter that senses 

multiple amino acids in the lysosome lumen56. The yeast genome encodes several proteins that are 

closely related to certain mammalian amino acid sensors, but whether they similarly sense amino 

acids and regulate TOR requires further investigation57. In Arabidopsis, the amino acid permease 

(AAP) family of conserved amino acid transporters are among the first identified plant homologs 

based on sequence identity58, 59, but these plasma membrane-localized transporters are responsible 

for amino acid uptake from the apoplast and they have not been indicated to sense the 

environmental amino acid concentration60.  

Based on the recently identified human amino acid sensors and key components of the amino acid 

sensing pathways, a recent BLAST analysis yielded potential homologs in invertebrates and fungi, 

but not in plant species61. In fact, so far studies of plant TOR signaling have only identified TOR, 

LST8 and Raptor through BLAST of the mammalian homologs62, leaving an open question 

whether the amino acid sensing mechanism and TOR complex configuration are conserved cross 

kingdoms. But nevertheless, our research in Chapter 3 contributed to answering this question by 

revealing the conservancy of TOR activation by BCAAs in Arabidopsis. Additionally, it is also 

noteworthy that homologs may diverge across kingdoms and functional homologs may rise as 

evolutionary innovations. One example is the long haul from discovery of yeast AVO3, the 

defining TOR-interactor of TORC2, to identification of its mammalian homolog Rictor, which 

shared merely 25% sequence identity4. Therefore, the amino acid sensing mechanism in plant cells 

is still expected to be unveiled by combined approaches of multi-sequence alignment, biochemistry 

and genetics.  
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4.3.2 Dissect TOR downstream processes that are pertinent to plant growth phenotypes  

Accumulating evidence suggest a general correlation between TOR signaling activity and plant 

growth and development. On the one hand, a dossier of reports on gene silencing or chemical 

inhibition of TOR signaling found inhibited plant growth66-71. On the other hand, etiolation and 

sugar starvation followed by exposure to light and glucose stimulate TOR signaling, causing 

increased activities of shoot and root apical meristems72-74. In terms of constitutive over-expression 

of TOR, a characterization of four T-DNA insertion lines with higher levels TOR transcripts 

reported similarly promoted growth of aerial tissue and roots and reduced sensitivity to osmotic 

stress66. A later study utilized one of the four T-DNA insertion lines also reported increased fresh 

weight, albeit to a minor extent4. In another study, transgenic rice lines with high-level expression 

of Arabidopsis TOR exhibited promoted growth, as well as improved efficiencies of 

photosynthesis and water utilization76. Interestingly, tradeoffs of TOR-promoted plant growth 

were not detected in the conditions of these studies, and it is yet unknown how a potential 

nutritional deficit is compensated to sustain the promoted growth.  

Our phenotypic analyses of ipms1 mutants of up-regulated TOR signaling (see Chapter 3) 

identified increased activity of root apical meristem and plant growth phenotypes that are related 

to distortion of subcellular structures. In the ipms1 loss-of-function mutants, despite the cell 

number and DNA synthesis were increased in the root apical meristem, the primary root is much 

shorter than wild type and the formation of lateral roots and root hairs were inhibited (Figure 3.7; 

Figure 3.13). These prominent dual phenotypes that correlated with meristem activation and actin 

re-organization provide an invaluable opportunity to decouple the TOR-regulated plant growth 

promotion and inhibition. Furthermore, I have EMS mutagenized the ipms1 loss-of-function lines 

and initiated a screen for mutants with recovered root development.  
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4.4 TOWARDS A SYSTEMATIC UNDERSTANDING OF ENDOMEMBRANE-

CYTOSKELETON INTERACTIONS 

4.4.1 Potential membrane-cytoskeleton interactions 

Although several proteins are emerging as motors and connectors of the plant endomembranes 

with the cytoskeleton, several questions remain open. First, the mechanisms underlying the 

interactions between cytoskeleton and major endomembrane compartments are still largely 

unknown. For example, numerous studies suggest that abolishment of myosin XI motors 

significantly impairs ER dynamics; however, it is still unclear whether myosins directly connect 

with nuclear envelope, ER membrane or vacuoles. Meanwhile, the exact localizations of more than 

a dozen identified myosin adaptors remain mysterious77. Moreover, it is yet unclear whether any 

anchoring mechanisms, other than the already identified proteins, may connect ER network, 

vacuoles and other vesicular structures to actin filaments or microtubules.  

Several questions also remain unanswered about the interactions between cytoskeleton system and 

the plant cell’s unique membrane structures. For example, chloroplast movement to avoid intense 

light is achieved by membrane-actin interactions. The chloroplast outer envelope is bound to 

dynamically polymerizing short chloroplast-actin filaments by CHUP1 and other anchoring 

proteins78. It is still unclear whether myosin motors also contribute to chloroplast movement, and 

how the light signal coordinates dynamic actin polymerization and membrane-actin filament 

anchoring mechanisms. Stromules are tubular structures that protrude from plastids and function 

during immunity79. The role of actin cytoskeleton in stromule formation is not understood. 

Stromules are long and branched tubular structures that frequently overlay actin filaments and the 

ER network80, 81. Stromule movement depends on actin filaments and myosin XI82, 83. Besides, 

CHUP1, the anchor between chloroplast envelope and actin filament, is involved in stromule 
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formation84. However, isolated chloroplasts without actin filaments or ATP for myosin also 

spontaneously form stromules85, raising the question on the identity of the underlying mechanism. 

Little is also known about the role of the cytoskeleton in mediating organelle-organelle interactions 

in plant cells. Organelle-organelle interactions are widely observed and are required for organelle 

dynamics, collaborated metabolic processes, and signal transductions86-90. Imaging cultured 

mammalian cells with higher resolution further illustrated that these interactions are frequent and 

dynamic as expected, while they can also be intense and simultaneously occur between multiple 

organelles91. Studies also illustrated mechanisms of cytoskeleton system components mediated 

organelle-organelle interactions, such as ER-associated mitochondrial and endosomal division92-

94. Studies in plant cells have reported similar organelle-organelle interactions and their 

participation in organelle dynamics and metabolic processes95-101. Among these topics, a 

convergence of the actin and microtubules at EPCS has been investigated in plant cells 102 but 

further research is required to reveal the function of such an organization. 

4.4.2 What are the upstream inputs of cytoskeletal signaling?  

Studies of the plant actin cytoskeleton that combined biochemical, genetic and imaging approaches 

have been instrumental to appreciate the actin dynamics that are directly regulated by various actin-

binding proteins 103, 104. Several actin-binding proteins are directly regulated by ROP GTPases in 

plant cells, in manners that are conserved to Rac and Rho GTPases in yeast and mammalian cells 

105, 106. Besides, membrane phosphoinositides such as PI(4,5)P2 and PI(3,4,5)P3 might be involved 

in signaling to various actin-binding proteins in the cytosol, but the detailed mechanisms are not 

clear 107. A third major regulatory mechanism for actin-binding proteins is direct phosphorylation. 

However, many yeast and mammalian kinases involved in this process, such as certain members 

of the AGC family of protein kinases, seem not existing or have adapted functions in plants108. In 
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addition to conventional actin-binding proteins, it would be also intriguing to explore potential 

regulatory mechanisms for the more recently identified plant membrane-associated actin-binding 

proteins, such as NETs, VAPs and SYP73. Beyond the level of direct regulation of actin-binding 

proteins, certain types of receptors on the mammalian cell plasma membrane transduce 

extracellular signals to activate cytoplasmic actin cytoskeleton components109-111. To conclude, 

further analysis of the regulatory mechanisms of the conserved and novel actin-binding proteins 

has the potential to illustrate a landscape of endomembrane compartment morphogenesis and 

dynamics integrated by membrane-cytoskeleton interactions.  

4.4.3 From subcellular structures to cell functions 

One rule of thumb whereby biologists view this world is that structures determine functions and 

functions are fulfilled by specific structures. As our knowledge of establishment and maintenance 

of individual organelles is increasing in depth, intriguing questions arise as how organelles and 

cellular structures such as cytoskeleton interact and collaborate to realize specific cellular 

functions in response to extracellular stimuli.  

Several plant cell models have been adopted to study this question. Polar growth of pollen tube 

and root hair cells requires acto-myosin system-propelled vesicular trafficking in the cell apex and 

actin filament-facilitated organelle extension in the elongating cell. Stomatal opening and closure 

are triggered by various signals and directly achieved through dynamic fusion of vacuoles, 

rearrangement of microtubule arrays and actin filaments, as well as call wall modification116, 117. 

Actin-dependent vacuole fusion is a general mechanism that also applies to vacuoles in guard 

cells118. Recent work showed that stomatal movement also requires microtubule-directed cellulose 

synthase complex movement on the plasma membrane 119.  
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Numerous studies revealed the reorganization of actin cytoskeleton as an important cellular 

response for plant defense, during both effector triggered immunity (ETI) that is initiated from the 

cytoplasm, and pattern-triggered immunity (PTI) that is perceived by receptors on the plasma 

membrane120, 121. Actin-binding capping proteins reside on the cytosolic side of ER membrane and 

mediate actin remodeling during PTI122, 123. Another actin-binding protein profilin is also involved 

in PTI124. Meanwhile, little is known about the signal transduction from receptors on the plasma 

membrane to actin-binding proteins in the cytosol, or how this process is potentially affected by 

the association between of actin-binding proteins and endomembranes. Interestingly, recent work 

reported that the membrane-actin anchoring protein CHUP1 facilitates chloroplast movement 

towards pathogen interface125, suggesting that plant defense can directly employ membrane-

cytoskeleton interactions to mobilize organelles to battle pathogenesis. To conclude, further 

studies on these topics would illustrate how the plant cell endomembrane and cytoskeleton 

collaborate in response to developmental and environmental clues.  
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Figure 4.1 Identification of a novel actin-binding domain in SYP73. 

(A) Diagram of predicted secondary structures of SYP73. Red bars indicate α-helical regions 

predicted by Jpred.  

(B) Design of SYP73-truncated proteins to test actin binding ability. Predicted secondary 

structures were labeled. NT, N-terminal α-helix; VR, variable region; TM, transmembrane domain.  

(C - F) Confocal images of tobacco leaf epidermal cells expressing the SYP73-truncated proteins 

that were tagged with YFP. Scale bar, 10 μm. 
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Figure 4.2 SYP73 is phosphorylated in vivo. 

(A) Diagram of SYP73 protein with predicted secondary structures and potential phosphorylation 

sites.  

(B) Detection of SYP73 in vivo phosphorylation using Phos-tag SDS-PAGE. SYP73-YFP proteins 

expressed in tobacco leaves were extracted and incubated in mock for two hours (−), or incubated 

with alkaline phosphatase for two hours (+) or overnight (++). After the dephosphorylation 

treatment, protein samples were subjected to Phos-tag SDS-PAGE and detected by anti-GFP/YFP 

antiserum. YFP-RHD3 was used as a positive control because of its known phosphorylation 

modification.  

(C - E) Confocal images of tobacco leaf epidermal cells expressing the YFP-tagged wild-type (C) 

and mutant (D and E) SYP proteins. In each image, a yellow arrow was drawn to measure the 

intensity of fluorescent signals, which is plotted against distance and shown in the bottom panel. 

Scale bars, 10 μm. 
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Figure 4.3 Simulated phosphorylation status affects SYP73 actin binding ability in vitro. 

(A) High-speed co-sedimentation assay compared actin binding abilities of wild-type and mutants 

of SYP73ΔTM. Red boxes indicate the amount of SYP73ΔTM co-sedimented with actin in the 

pellet (P) fraction.  

(B) Densitometric quantification of SYP73ΔTM in supernatant (S) and pellet (P) fractions (A, 

lanes 3 - 8). 
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Figure 4.4 Phosphorylation status affects SYP73 self-interaction. 

(A) Yeast two-hybrid detection of SYP73 self-interaction.  

(B) Dimerization of purified wild-type SYP73ΔTM and mutants with simulated phosphorylation 

status. WT, wild type; PI-TM, phospho-inactive triple mutant; PM-TM, phospho-mimicking triple 

mutant.   

  



164 

 

 

Figure 4.5 Phylogenetic analysis of the SYP7 subfamily in angiosperms suggests the existence 

of SYP73 in core eudicots.  

A phylogenetic analysis of the SYP7 subfamily in angiosperms is shown by unrooted trees because 

the highly similar SYP7 family genes were not identified in plant genomes older than Amborella. 

Genes from the core eudicots can be clustered into three branches that contain either Arabidopsis 

thaliana SYP71 (yellow branch), SYP72 (red branch) or SYP73 (orange branch). Genes from 

monocots are clustered into a single branch (green branch), and other basal angiosperm (black 

branches) are scattered at the center of the unrooted tree with a low bootstraps rate.  

The 50 species involved in phylogenetic analysis were from 28 orders, covering the major 

angiosperms that have been sequenced so far, with Amborella as the most basic group. SYP71, 72 

and 73 of Arabidopsis thaliana were used as query sequences to search for homologous sequences 

in the representative gene model sequences of the genomes of various species by BLASTP.  
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Figure 4.5 (cont’d) Multiple sequence alignments were finished by clustalW2, a phylogenetic tree 

was reconstructed by RAxML. 
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Figure 4.6 Vacuole morphogenesis in wild-type cotyledon epidermal cells. 

Confocal images show wild-type cotyledon epidermal cells expressing the tonoplast marker GFP-

δTIP in seedlings of 2, 3, 4, 6, 7 and 10 days after germination (DAG). Scale bar = 10 μm. 
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Figure 4.7 Vacuolar phenotypes of four vacuolar mutant lines. 

Confocal images show cotyledon epidermal cells expressing the tonoplast marker GFP-δTIP in 7 

days old seedlings. Inserted shapes indicate structures of enhanced transvacuolar strands (arrow), 

unfused small vacuoles (arrowhead) and “bulbs” (star). Scale bars = 10 μm. 
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