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Abstract 

 

Emerging evidence suggests a pivotal involvement of mitochondria and autophagy in lipid 

droplet (LD) biogenesis and breakdown. In contrast to the conventional yeasts containing small 

multiple LDs, the oleaginous yeast Lipomyces starkeyi has a remarkable ability to generate a 

single giant LD, attracting a great deal of attention as an excellent lipid supplier for promoting 

biofuel production in the chemical industries. Although formation of giant LDs appears to be 

induced and regulated through mitochondrial metabolism under autophagy-inducing nitrogen 

starvation, challenges in genetic manipulation have impeded the comprehensive understanding 

of mitochondrial behavior and autophagy-related processes in this unconventional yeast. 

To overcome these issues, I generated an L. starkeyi strain expressing mito-DHFR-mCherry, 

a mitochondrial fluorescent marker, and investigated, for the first time, mitochondrial 

dynamics under various growth conditions using fluorescence microscopy and western blotting. 

I found that a fraction of mitochondria was localized to the vacuole, a lytic organelle in yeast, 

indicating degradation of mitochondria in L. starkeyi cells. Next, I generated an L. starkeyi 

strain defective in lipidation of the ubiquitin-like protein LsAtg8, a process required for 

autophagy, and found that mitochondrial degradation was strongly suppressed, establishing 

this catabolic event as mitophagy (mitochondrial autophagy). My observation also revealed 

minimal mitophagy during giant LD formation under nitrogen starvation. Notably, 

mitochondria transitioned from fragmented to thinned morphology and juxtaposed to giant LDs 

under nitrogen starvation, whereas they kept fragmented in cells lacking giant LDs under 

carbon-limited conditions. Surprisingly, L. starkeyi cells exhibited suppression or promotion 

of autophagy under conditions depleting nitrogen or carbon, respectively. 

These findings suggest that nitrogen-starved L. starkeyi cells undergo formation of giant 

LD in close proximity to elongated mitochondria in a manner independent of mitophagy and 

autophagy. 
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1-1 Lipid droplets (LDs) 

Lipid droplets (LDs), long regarded as fat reservoirs, are highly conserved organelles 

involved in energy metabolism. LDs are constructed by a central neutral lipid core that is 

mainly composited with triacylglycerols (TAGs) and sterol esters and surrounded by a single 

phospholipid layer and proteins [1]. Beyond their function in energy metabolisms through lipid 

uptake, storage, and distribution, multiple lines of evidence reveal that LDs also play critical 

roles in cellular protection, organelle integrity, redox homeostasis, membrane maintenance, 

and autophagy in response to cellular stress or environmental requirements [2-5]. However, 

many of those functions are engaged simultaneously and cooperate with other organelles, such 

as the endoplasmic reticulum (ER), peroxisomes, lysosomes, Golgi, and mitochondria [6, 7], 

making it difficult to study the molecular mechanisms underlying those activities. 

 

1-2 The basis of autophagy 

Autophagy is an intracellular degradation and recycling system that is highly conserved 

among almost all eukaryotes. There are three types of autophagy that have been established so 

far: microautophagy, macroautophagy and chaperone-mediated autophagy (CMA) (Figure 1-

1) [8]. Despite the differences among their mechanisms, they implement the transport and 

clearance of cellular components in lysosomes. In microautophagy, cargoes are directly 

captured into lysosomes by invaginations or protrusions of the lysosomal membrane [9]. 

During macroautophagy, cargoes are sequestrated by double-membrane vesicles, named 

autophagosomes, and subsequently transported into lysosomes for their degradation. CMA 

differs from microautophagy and macroautophagy in that cargoes (proteins with pentapeptide 

motifs) are not captured by membrane structures but targeted by molecular chaperones and 

translocated directly through the lysosomal membrane [10]. Microautophagy and 

macroautophagy are conserved among eukaryotes and degrade both organelles and proteins, 

whereas CMA has so far been found to degrade only proteins in mammals. Among those three 

types of autophagy, macroautophagy is the most understood and the most universal mechanism. 

Hereafter, macroautophagy in this thesis is referred to as autophagy. 

As described above, autophagy is an intracellular degradation system that generates 

isolation membranes surrounding intracellular constituents and forms double membrane-bound 

autophagosomes to sequester and transport the cargoes into lysosomes (or vacuoles in yeast) 

and degrade them for recycling and remodeling to achieve cellular survival [11]. It has been 

widely established that autophagy can be induced by nutrient deprivation to non-selectively 

degrade cellular components [12]. On the other hand, autophagy can also degrade cargoes in a 
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selective way, such as specific proteins and organelles. To date, cargoes of selective autophagy 

have extensively been characterized, including vacuolar enzymes (cytoplasm to vacuole 

targeting (Cvt) pathway), mitochondria (mitophagy), peroxisomes (pexophagy), ER (ER-

phagy), nuclei (nucleophagy), lipid droplets (lipophagy) [13-17]. Emerging evidence suggests 

that autophagy has high potential for the treatment of cancer, Parkinson’s disease, melanoma, 

obesity, diabetes, and aging. However, the underlying mechanisms are still not fully understood 

[18]. 

 

1-3 Molecular mechanisms of autophagy in the yeast Saccharomyces cerevisiae 

The process of autophagy is categorized into five distinct stages: (1) initiation by pre-

autophagosomal structure/phagophore assembly site (PAS) formation, (2) elongation of 

isolation membrane, (3) enclosure of autophagosomes (maturation), (4) fusion with vacuoles, 

and (5) degradation in vacuoles. In the yeast Saccharomyces cerevisiae, the basic mechanisms 

of autophagy have been extensively studied. After numerous investigations, more than 40 

autophagy-related (Atg) proteins have been identified in yeast, 15 of which function as the core 

factors for autophagosome formation [19]. 

The initiation step of autophagy in yeast is regulated by the Atg1 serine/threonine kinase 

and Atg13, a regulatory subunit, and the Atg17-Atg29-Atg31 complex. Atg1 is the only kinase 

of the core autophagy machinery whose activity is regulated by PKA-dependent 

phosphorylation and the target of rapamycin (TOR), and is essential for its PAS localization. 

Under nutrient-rich conditions, Atg13 is hyperphosphorylated by TOR complex 1 (TORC1) 

and/or PKA. When the condition is shifted from nutrient-rich to starvation, TORC1 is 

inactivated, resulting in dephosphorylation of Atg13 to promote Atg1-Atg13 interactions and 

Atg1 activation. Atg13 dephosphorylation also helps Atg13-Atg17 binding, and subsequent 

formation of the Atg1-Atg13-Atg17-Atg29-Atg31 complex, which is a prerequisite for PAS 

formation. 

After the Atg1 complex localizes to the PAS, Atg9-containing tubulovesicles are recruited 

to the PAS for phagophore elongation. Atg9 is a transmembrane protein that localizes to the 

trans-Golgi network and endosomes or endosome-like structures [20]. When autophagy is 

induced, Atg9 shuttles between the periphery sites and PAS to transfer small vesicles to the 

PAS. The forward process depends on Atg11, Atg23 and Atg27, and the backward process 

relies on binding of Atg9 with Atg1-Atg13 and Atg2-Atg18. Atg9 movement is also mediated 

by the class III PtdIns3K complex [21]. 
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The class I phosphatidylinositol 3-kinase (PI3K) complex, consisting of Vps34, Vps15, 

Atg6/Vps30, Atg14 and Atg38, is recruited to PAS after the recruitment of Atg9-containing 

tubulovesicles [22, 23]. Vps34, the sole PI3K in yeast, forms two distinct complexes, complex 

I for autophagy and II for protein sorting to vacuoles. The complex I phosphorylates 

phosphatidylinositol (PI) to generate phosphatidylinositol 3-phosphate (PI3P), which is 

essential for PAS localization of the PI3P-binding protein Atg18. Subsequently, Atg18 forms 

a complex with Atg2 and further promotes elongation of the phagophore. The Atg2-Atg18 

complex also binds to Atg9, further accelerating transport of lipids from periphery sites to the 

PAS [24, 25]. 

In addition, there are two ubiquitin conjugation systems, the Atg12 system and the Atg8 

system, required for autophagy promotion. Atg12 is activated by the E1-like activating enzyme 

Atg7, transferred to E2-like conjugating enzyme Atg10, and covalently linked to Atg5. Atg12–

Atg5 interacts with Atg16 and localizes to the PAS in a manner dependent on PI3P and the 

Atg1 kinase complex. When autophagy is induced, the Atg8 Arg117 residue at its C-terminus 

is cleaved off by Atg4, a cysteine protease, to expose the Gly116 residue, which is required for 

its conjugation to phosphatidylethanolamine (PE). After the cleavage of the C-terminus, Atg8 

is activated by Atg7, processed by the E2-like conjugating enzyme Atg3, and covalently linked 

to PE [26, 27]. This process is also called lipidation, helping the elongation of phagophores. 

Atg4 also acts as a delipidation enzyme to release Atg8 from PE and recycle Atg8 for the other 

around of lipidation [28]. 

Most of the core Atg proteins are shared for both non-selective and selective autophagy 

events, while there are also some Atg proteins that act as receptors to target specific cargoes 

and initiate selective autophagy for their degradation. For instance, Atg32 for mitophagy, 

Atg39 and Atg40 for ER-phagy, and Atg36 for pexophagy. 

 

1-4 LD biogenesis 

In eukaryotes, LD biogenesis is widely thought to start with the synthesis of lipids (TAGs 

and steryl esters) between the two leaflets of the ER membrane by the enzymes of neutral lipid 

synthesis [29-32]. TAG synthesis is catalyzed by two diacylglycerol acyltransferases (DGATs), 

DGAT1 and DGAT2 [33-35]. Steryl esters are generated by Are1 and Are2, acyl-CoA: sterol 

acyltransferases in yeast [36] and by ACAT1 and ACAT2, acyl-CoA: cholesterol 

acyltransferases in mammals [33, 37-39]. As LDs grow larger and mature within the lipid 

bilayer of the ER membrane, biophysical processes drive lens formation at the ER tubules and 

then budding from the ER (Figure 1-2) [30]. 
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In general, lipid synthesis and accumulation can be stimulated by excess carbon or the 

deprivation of other essential nutrients (nitrogen, especially) [40], whereas they are highly 

suppressed by carbon depletion. Biosynthesis of microbial oils usually requires nitrogen-

starvation conditions [41]. It has been reported that nitrogen depletion can induce citric acid 

(CA) accumulation in oleaginous yeast cells [42]. CA can then be converted to acetyl-CoA by 

ATP-citrate lyase, serving as a critical feedstock for lipids biosynthesis in oleaginous yeast. 

Acetyl-CoA is further converted to acyl-CoA (C16, C18) by fatty acid synthases (FAS1, FAS2) 

[43, 44]. The resulting acyl-CoA (C16, C18) is further transported into the ER, and 

subsequently contributes to TAG synthesis through the Kennedy pathway [45]. 

 

1-5 LD breakdown via lipolysis and lipophagy 

LD breakdown occurs through two major mechanisms: lipolysis and lipophagy [46-48], 

that are essential catabolic pathways activated in response to nutrient deprivation. Lipolysis 

enables highly regulated release of fatty acids (FAs) from TAGs by the sequential action of 

lipases [48]. Lipophagy is a recently discovered selective autophagic process by which a 

portion of or the whole LDs are engulfed within lysosomes (or vacuoles in yeast) for their 

degradation [49, 50]. Mammalian hepatocytes and macrophages seem to undergo both 

macroautophagy and microautophagy that transport LDs to lysosomes with or without 

membrane vesicles containing LC3, a mammalian Atg8 family protein [51-55]. Lipophagy in 

the yeast S. cerevisiae utilizes a microautophagy-like mechanism by which LDs are directly 

enclosed and degraded by vacuoles (Figure 1-3) [56-61]. 

 

1-6 Relationship between LD metabolism and autophagy 

Accumulating evidence reveals the regulatory function of autophagy in LD formation. In 

hepatocytes, LDs are occasionally found inside the autophagosomes. A fraction of neutral 

lipids colocalizes with autophagosomal or lysosomal proteins, indicating that autophagy is 

involved in lipid degradation. Moreover, inhibition of autophagy by atg5 knockdown leads to 

TAG and cholesterol accumulation with exogenous or endogenous lipid stimulus in 

hepatocytes [62], facilitating LD expansion in both number and size. LD increase can also be 

induced by inhibition of autophagy, even without lipid stimulus, further suggesting that 

autophagy acts in LD metabolism. However, inhibition of autophagy in hepatocytes only 

decreased the level of lipolysis and FA β-oxidation but had no interference with TAG synthesis. 

Similar mechanisms have also been found in mice: atg7 knock-out in hepatocytes causes 

enlargement of livers due to a significant increase in the TAG and cholesterol amount.  



 10 

In addition, an increase in the cellular lipid content leads to suppression of autophagy [62, 

63]. Although the basic mechanisms are still not clear, this autophagic dysfunction is possibly 

due to altered lipid compositions in autophagosomes and defects in fusion between 

autophagosomes and lysosomes. 

The interplay between autophagy and LD formation in yeast is less understood. LD turnover 

is dependent on microautophagy but not macroautophagy in S. cerevisiae: LDs are engulfed 

by invaginations or protrusions of the vacuolar membrane under nitrogen starvation conditions 

[59]. Furthermore, cytosolic lipase activity decreases significantly, whereas vacuolar lipase 

activity increases in nitrogen-starved cells. This intravacuolar catabolic event does not require 

Atg1 but depends on the vacuolar lipase Atg15. In the absence of Atg1, LDs remain in the 

cytosol and proceed to cytosolic lipolysis. In the absence of Atg15, LDs accumulate in vacuoles, 

leading to a decrease in TAG degradation products [64]. Atg15 might also be involved in lipid 

degradation via the digestion of other membranous organelles, such as mitochondria and 

peroxisomes, in the vacuole [65, 66]. Additional investigations are required to substantiate this 

hypothesis. 

	
1-7 Autophagy-unrelated function of Atg8 (or LC3 in mammals) in LD formation 

Microtubule-associated protein (MAP) light chain 3 (LC3), a homologue of Atg8, 

associates with LDs in the absence of a double-membrane structure in both fed and starved 

mice [62]. In hepatocytes and cardiac myocytes, lipid-conjugated LC3 is required for LD 

accumulation [67, 68]. In yeast, Atg8 functions in the maintenance of LD quantity in a manner 

independent of its lipidation system[69]. These findings suggest that Atg8-family proteins may 

localize on the LD surface and function in LD biogenesis. 

 

1-8 Interactions of LDs with mitochondria and other organelles 

Previous studies establish the interactions between LDs and other organelles in multiple 

cell types. Among those interactions, LD-ER is the most prominent one that has been revealed 

in mammalian cells [70], yeast [30], and non-yeast cells [71]. LDs are often kept in close 

contact with the ER for their budding and enzyme migration for LD expansion. They also 

interact with peroxisomes in yeast (Figure 1-2, 1-3) [72], possibly for FA β-oxidation. 

Besides the aforementioned interactions, LD-mitochondria is widely found in various 

mammalian cells, particularly in skeletal or heart muscl [73-75] and brown adipose tissue (BAT) 

[76]. Mitochondria function in multiple cellular processes such as ATP production, calcium 
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signaling, iron homeostasis, FA β-oxidation, and TAG biogenesis [77-79]. Those functions 

allow them to act in a variety of cellular events, such as apoptosis, innate immune response, 

and cell differentiation [80, 81]. There are multiple studies suggesting that LD-mitochondria 

interactions may serve to facilitate transfer of FAs to mitochondria for β-oxidation [82-84] and 

LD expansion [85]. 

Mitochondria in close contact with LDs, named PDM (peridroplet mitochondria), are found 

in mammals, such as rat skeletal muscle [75], mouse heart muscle [73], mouse brown adipose 

tissue (BAT) [76], and hepatocytes [86], etc. Mitochondria-LD interactions increase under 

starvation conditions, presumably increasing FA oxidation in mitochondria [82-84]. PDM has 

a high capacity to oxidize pyruvate and malate, thereby promoting TAG synthesis, whereas it 

has a low capacity for fat oxidation, compared to cytosolic mitochondria (CM), ultimately 

resulting in LD expansion [85]. In BAT and immune cells, mitochondria undergo both lipid 

synthesis and oxidation at the same time [87-89], challenging the conventional concept that 

mitochondria cannot support both lipid synthesis and oxidation simultaneously [90, 91]. As 

PDM have bioenergetics, proteome, cristae organization, and dynamics that are distinct from 

those of CM [92], their functions in LD biogenesis remain largely unexplored. 

The yeast S. cerevisiae is widely used for studying organelle-organelle contact, especially 

mitochondrial contacts with the ER [93], vacuoles [94], and peroxisomes [95]. In contrast, the 

LD-mitochondria contact in yeast remains poorly understood [75, 96]. It is probably because 

β-oxidation in S. cerevisiae primarily occurs in peroxisomes, and acetyl-CoA, a product of β-

oxidation in peroxisomes, is transported to mitochondria for generating ATP via the TCA cycle 

[96]. 

 

1-9 Molecular mechanisms of mitophagy in the yeast Saccharomyces cerevisiae 

Mitochondria function in energy supply through oxidative phosphorylation (OXPHOS). 

After long-term respiration, reactive oxygen species (ROS), the byproducts of OXPHOS, 

excessively accumulate to increase oxidative stress that is harmful to mitochondria [97], and 

eventually induces mitochondrial dysfunction. Consequently, accumulation of damaged 

mitochondria leads to various diseases such as Alzheimer’s disease (AD), Parkinson’s disease, 

immune diseases, cancers, and accelerates aging [98, 99]. Thus, clearance of damaged and 

excess mitochondria is critical for cellular health. 

Mitophagy is an evolutionarily conserved mechanism that selectively captures and encases 

dysfunctional or excess mitochondria by double membrane-bound autophagosomes and 

transports them to lysosomes (or vacuoles in yeast) for their degradation (Figure 1-4) [100, 



 12 

101]. Mitophagy can be classified into two distinct modes, receptor and ubiquitin-mediated 

processes. In mammalian cells, both mitophagic processes occur, whereas only receptor-

mediated mitophagy exists in yeast. 

Receptor-mediated mitophagy in the yeast S. cerevisiae is strictly dependent on Atg32, a 

single transmembrane protein that is anchored on the mitochondrial outer membrane[102, 103]. 

Loss of Atg32 leads to nearly complete inhibition of mitophagy but has no interference with 

other types of selective and non-selective autophagy. Upon mitophagy initiation, Atg32 Ser114 

and Ser119 are phosphorylated, which is essential for its interaction with Atg11, a scaffold 

protein critical for selective autophagy. Phosphorylation of Atg32 is mediated by casein kinase 

2 (CK2 [104]. Conversely, dephosphorylation of Atg32 is mediated by the protein phosphatase 

2A (PP2A)-like protein Ppg1 [105]. Loss of Ppg1 leads to Atg32 hyperphosphorylation, 

resulting in stabilization of Atg32-Atg11 interactions to promote mitophagy. 

After phosphorylation, Atg32 interacts with Atg11 and Atg8, forming a ternary complex, 

which is a prerequisite for mitophagosome formation. Atg11 further recruits Atg1, Atg7, Atg9, 

and other core Atg proteins, facilitating formation of autophagosomes surrounding 

mitochondria. 

 

1-10 Mitophagy and mitochondria dynamics during LD biogenesis and breakdown 

Mitochondrial degradation by mitochondrial-specific autophagy (mitophagy) is thought to 

be critical for cellular fat homeostasis [101,106] Recent studies demonstrate that mitophagy is 

significantly activated in BAT after chronic cold exposure [107], and that it also functions in 

alleviation of high-fat diet-induced obesity and diabetic cardiomyopathy [108, 109]. DGAT1 

(diacylglycerol O-acyltransferase 1) is a protein that functions in LD biogenesis upon iron 

chelation in various cell types. DGAT1-dependent lipid droplet biosynthesis occurs prior to 

mitochondrial turnover, with many LDs interacting with mitochondria upon iron chelation 

[110]. Notably, inhibition of DGAT1 impairs mitophagy. Moreover, deletion of mdy (an 

ortholog of DGAT1) impairs neuronal mitophagy in Drosophila. 

Besides mitochondrial degradation, mitochondrial fission and fusion are involved in LD 

dynamics. In murine brown adipose tissue, defects in mitochondrial fusion with deficiency of 

Mfn2, a GTPase that mediates mitochondrial outer membrane fusion [111], impair 

mitochondria by reducing β-oxidation and mitochondrial respiration, promoting LD 

accumulation and FA efflux from cells [84]. Still, how mitochondrial dynamics and 

degradation affect or are affected by LD remains unclear (Figure 1-5). 
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1-11 Lipid droplets in the oleaginous yeast Lipomyces starkeyi 

Among unicellular eukaryotes, the oleaginous yeast L. starkeyi is one of the most attractive 

organisms that can metabolize a wide variety of carbon and nitrogen sources and accumulate 

giant LDs above 65% of its dry weight [112], making it a striking candidate for industrial oil 

production and an ideal yeast model for studying mitochondrial functions in LD metabolism. 

Lipid accumulation in L. starkeyi can be affected by various factors such as the carbon-to-

nitrogen ratio, pH, temperature, aeration speed, inoculum age, fermentation time, and inhibitors 

[40, 113], which results in uncertainty to the final lipid yield. The wild-type L. starkeyi 

NBRC10381 cells can accumulate lipid content up to 85% of their dry weight under nitrogen-

limited culture conditions [114]. Even despite the difficulties in genetic manipulations of this 

unconventional yeast, I have recently succeeded to visualize mitochondria in L. starkeyi NRRL 

Y-1388 using mito-DHFR-mCherry, a mitochondrial matrix-targeted red fluorescent marker 

fused with dihydrofolate reductase, making it a potential yeast model for studying 

mitochondria and LDs [115]. 

 

1-12 The scope of this study 

Emerging evidence reveals that LDs are regarded as not only the fat reservoirs, but also 

metabolism regulators and lipotoxity defenders for protecting membranous organelles. Recent 

studies in mammalian and yeast models suggest the influence of LD biogenesis and breakdown 

on mitochondrial dynamics and autophagy, however, their functions and mechanisms are still 

unclear. 

In this thesis, I focused on mitochondrial behavior under different LD formation conditions 

in the oleaginous yeast L. starkeyi. I successfully labeled mitochondria in L. starkeyi and 

developed L. starkeyi as a useful model to monitor mitochondrial behavior in giant LD 

biogenesis. Using this mitochondria-labeled L. starkeyi strain, I found that mitochondrial 

degradation occurs in L. starkeyi cells. This catabolic event is strongly suppressed during giant 

LD formation upon nitrogen starvation. In addition, mitochondrial shape transitioned to 

thinned morphology, in close proximity to LDs. Furthermore, I found that LsAtg8 lipidation 

and mitochondrial degradation are highly suppressed by overexpression of LsAtg4. 

Surprisingly, bulk autophagy was also strongly suppressed in nitrogen-starved L. starkeyi cells 

undergoing giant LD formation. Finally, impaired LsAtg8 lipidation in LsAtg4-overexpressing 

L. starkeyi cells caused an alteration in LD expansion. These results raise the possibility that a 

potential autophagy-unrelated function of lipid-conjugated LsAtg8 could be linked to giant LD 

formation. 
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Taken together, the findings presented in this thesis reveal that mitochondrial dynamics and 

autophagy are tightly regulated in positive and negative ways, respectively, during LD 

expansion in L. starkeyi cells. 
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Chapter 2. Mitochondrial dynamics and autophagy during 

giant lipid droplet formation in oleaginous yeast 
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2-1  INTRODUCTION 

Lipid droplets (LDs), known as fat reservoirs, are evolutionarily conserved organelles. LDs 

have been reported to be ubiquitous and dynamic, composed of a single neutral lipid core 

(mainly triacylglycerols (TAGs) and sterol esters) covered by a phospholipid monolayer and 

proteins. (Wilfling et al., 2014). Accumulating evidence suggests that LDs utilize mechanisms 

to move within the cells and make multiple contacts with various organelles, such as the ER, 

peroxisomes, lysosomes, Golgi, and mitochondria [6,7]. Through their functions from 

biogenesis to breakdown, such as lipid synthesis, lipid hydrolysis, and lipid distribution, LDs 

play critical roles in not only energy buffering but also stress alleviation, lipotoxicity 

prevention, organelle homeostasis, membrane homeostasis, and autophagosome biogenesis [2-

5]. Although it seems likely that LDs act in a wide range of cellular activities, the simultaneity 

of those activities makes it difficult to study their mechanisms, leaving us at the very beginning 

stage of understanding. 

Recent studies have highlighted that a portion of mitochondria, named PDM (peridroplet 

mitochondria), attaches to LDs in mammals, such as rat skeletal muscle [75], mouse heart 

muscle [73], mouse brown adipose tissue (BAT) [76], and hepatocytes [86]. Mitochondria, 

besides their functions in ATP and heat generation, are also critically involved in lipid synthesis 

(lipogenesis and TAG synthesis) and lipid consumption (beta-oxidation) [77-79]. 

Mitochondria-LD interactions increase upon starvation conditions, raising the possibility that 

those interactions promote fatty acid oxidation in mitochondria [82-83]. However, on the other 

hand, PDM may have a higher capacity to oxidize pyruvate and malate for TAG synthesis but 

a low capacity for fat oxidation, compared to cytosolic mitochondria (CM), which enabled the 

expansion of LDs [85]. Furthermore, mitochondria can actually undergo both lipid synthesis 

and oxidation at the same time in BAT and immune cells[87-89], which challenges the 

conventional concept that mitochondria cannot support those processes simultaneously [90, 

91]. However, since PDM have been reported to have bioenergetics, proteome, cristae 

organization, and dynamics distinct from CM [92], their function in LD formation remains 

largely unexplored. 

Mitochondrial degradation by autophagy, termed mitophagy, is thought to be critical for 

cellular fat homeostasis [101, 106]. Mitophagy is a highly conserved process that selectively 

wraps mitochondria with autophagosomes (or mitophagosomes in mitophagy) and delivers 

them to lysosomes (vacuoles in yeast) for their degradation [100, 116]. Recent studies have 

reported that mitophagy is significantly activated in BAT after chronic cold exposure [107] 

and it also functions in the alleviation of high-fat diet-induced obesity and diabetic 
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cardiomyopathy [108, 109]. Besides mitochondrial degradation, mitochondrial dynamics is 

involved in LD homeostasis. In murine brown adipose tissue, a defect in mitochondrial fusion 

by deficiency of Mfn2, a GTPase that controls mitochondrial outer membrane fusion [111], 

impairs mitochondria by reducing β-oxidation and mitochondrial respiration while it promotes 

LD accumulation and FA efflux from cells [84]. How mitochondrial dynamics and degradation 

affect or are affected by LD is still unclear. 

For further understanding of the crosslink between mitochondria and LDs, the oleaginous 

yeast Lipomyces starkeyi serves as a unique model. Among unicellular eukaryotes, L. starkeyi 

is one of the most attractive organisms that can metabolize a wide variety of carbon and 

nitrogen sources and accumulate giant LDs above 65% of its dry weight [112], being a striking 

candidate for industrial oil production. Lipid accumulation in L. starkeyi can be affected by 

various factors such as the carbon-to-nitrogen ratio, pH, temperature, aeration speed, inoculum 

age, fermentation time, and inhibitors [40, 113], which result in uncertainty to the final lipid 

yield. A recent study has reported that wild-type L. starkeyi NBRC10381 cells can accumulate 

lipid content up to 85% of their dry weight under nitrogen-limited culture conditions [114]. 

In this study, despite the difficulties in genetic manipulations of this yeast, I succeeded to 

visualize mitochondria in L. starkeyi NRRL Y-1388 using mito-DHFR-mCherry, a 

mitochondrial matrix-targeted red fluorescent marker fused with dihydrofolate reductase, 

making it a potential yeast model for studying mitochondria and LDs [115]. Next, I investigated 

mitochondrial shape and degradation during LD formation-inducing conditions using L. 

starkeyi. I found that under nitrogen-starvation conditions, mitochondria form tubular and 

sheet-like shapes in close proximity to a giant LD. Notably, mitochondrial degradation was 

hardly seen in those nitrogen-starved cells which was likely to be caused by suppression of 

autophagy. By contrast, carbon-starved L. starkeyi cells underwent degradation of 

mitochondria without giant LD formation. Overexpression of LsAtg4, a sole protease that 

regulates autophagy through processing and delipidation of Atg8 [117], can block LsAtg8 

lipidation, thereby suppressing autophagy and mitochondrial degradation in carbon-starved L. 

starkeyi cells. These observations raise the possibility that LD expansion is promoted in 

nitrogen-depleted L. starkeyi cells in a manner independent of mitochondrial degradation and 

autophagy. 
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2-2 RESULTS 

2-2-1 L. starkeyi cells expressing a mitochondrial matrix-targeted fluorescent probe 

grow at near wild-type levels  

The mitochondrial matrix-targeted mito-DHFR-mCherry fusion protein is an established 

tool to investigate mitochondrial shaping and mitophagy in S. cerevisiae [118]. To apply this 

approach to L. starkeyi, I cloned a mito-DHFR-mCherry expression cassette containing L. 

starkeyi TEF1 5’-flanking promoter (PLsTEF1) and 3’-flanking terminator (TLsTEF1) regions into 

pKS-18S-hph [119], a vector that has been designed to efficiently integrate a gene of interest 

into the L. starkeyi chromosomal 18S rDNA locus under hygromycin selection (Figure 2-1A). 

I performed transformation using the 18S-mito-DHFR-mCherry-hph cassette and generated 

hygromycin-resistant L. starkeyi cells expressing mito-DHFR-mCherry from the 18S rDNA 

locus. 

To verify whether mito-DHFR-mCherry is targeted to mitochondria in the L. starkeyi 

transformants, I performed fluorescence microscopy for cells stained with MitoBright LT 

Green, a mitochondria-specific vital dye. When grown under fermentable conditions, both S. 

cerevisiae and L. starkeyi cells exhibited mCherry signals mostly overlapped with MitoBright 

LT Green signals, indicating that mito-DHFR-mCherry primarily localizes to mitochondria 

(Figure 2-1B). I further confirmed that L. starkeyi cells expressing mito-DHFR-mCherry grow 

normally like the wild-type cells at 26°C and 30°C on a YP medium containing dextrose, 

galactose, or glycerol, whereas they all do not grow at 37°C, a non-permissive temperature for 

L. starkeyi wild-type cells (Figure 2-1C). Thus, it seems promising that mito-DHFR-mCherry 

can serve as a mitochondria-specific probe without significantly affecting cellular fitness in L. 

starkeyi. 

 

2-2-2 Mitochondria form elongated tubular structures in L. starkeyi cells under 

prolonged nitrogen starvation 

Lipid synthesis and accumulation can generally be induced or suppressed by nitrogen or 

carbon deprivation, respectively [40]. To investigate mitochondrial morphology during LD 

expansion in L. starkeyi, cells expressing mito-DHFR-mCherry, which is a mitochondrial 

matrix-targeted probe consisting of dihydrofolate reductase (DHFR) and mCherry [115], were 

grown in nutrient-complete medium (SDCA) to OD600 ≈ 1, transferred to nitrogen-depleted 

medium (SD-N: -N) or carbon-depleted medium (SN-D: -C) to induce or suppress giant LD 

formation, respectively. I performed fluorescence microscopy to quantify LD size using 
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BODIPY 493/503 staining and observed mitochondrial morphology with mito-DHFR-

mCherry (22-2). As expected, LD expansion was highly induced under nitrogen starvation 

(Figure 2-2A and C), whereas it was strongly suppressed under carbon starvation (Figure 2-2B 

and C). In addition, I found that mitochondria formed elongated tubular structures that seemed 

to be in close proximity to a single giant LD in nitrogen-depleted cells (Figure 2-2A). By 

contrast, most of the mitochondria kept fragmented and distributed at the cell periphery in 

carbon-depleted cells (Figure 2-2B).  

 

2-2-3 Prolonged nitrogen starvation leads to mitochondrial elongation and mitochondria-

LD proximity.  

To examine mitochondrial morphology and distribution in greater detail, L. starkeyi cells 

grown in media lacking nitrogen (-N) for 24 h and 72 h were observed using scanning electron 

microscopy (SEM) (Figure 2-3A). I found that the number of mitochondria drastically 

decreased, whereas the size of each mitochondrion only slightly increased in nitrogen-depleted 

cells at the 72 h time point, compared with those at the 24 h time point (Figure 2-3B and C).  

To quantitatively analyze the mitochondrial shape, I first categorized all the mitochondria 

into small-sized (mito-S) and large-sized (mito-L) groups, using the average size of each 

mitochondrion (≈ 0.08 µm2) as a threshold. I found that mito-L exhibit high variability in 

shape (Figure 2-3D), and that there is no significant difference in the mito-S/L ratios of cells 

between the 24 h and 72 h time points (Figure 2-3E). Next, I investigated the shape of 

mitochondria by their length and aspect ratio, which led us to estimate mitochondrial 

elongation. Our data indicated that compared with those at the 24 h time point, both mito-S and 

-L become longer and more elongated at the 72 h time point (Figure 2-3F and G). 

I also examined two-dimensional SEM images to quantify the mitochondria-LD proximity 

in cells under nitrogen starvation. I found that the percentage of cells containing mitochondria 

in close proximity to LD at the 72 h time point was significantly higher than that at the 24 h 

time point (Figure 2-3H). Moreover, the average length of the mitochondria-LD proximity sites 

at the 72 h time point was longer than that at the 24 h time point (Figure 2-3I). These data are 

consistent with the idea that the mitochondria-LD proximity increase during LD expansion in 

L. starkeyi cells under prolonged nitrogen starvation. 

 

2-2-4 Mitochondria form elongated tubules and sheet-like structures in close proximity 

to a giant LD 
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To clarify the shape of mitochondria in close proximity to LDs, I performed array 

tomography, one of the techniques to reveal 3D ultrastructure termed volume electron 

microscopy (vEM). Cells were subjected to chemical fixation, embedded in a resin, cut into an 

array of ultrathin sections, imaged with SEM (Figure 2-4A and B), and reconstituted into a 3D 

data set (Figure 2-4C and 2-5). In nitrogen-depleted cells at the 24 h time point, most 

mitochondria were rod-like in shape, whereas a small fraction of mitochondria exhibited 

tubular morphologies (Figures 2-4C and 2-5). In those cells, only a few mitochondria were in 

close proximity to LDs (Figures 2-4C, 2-5, and 2-6). In nitrogen-depleted cells at the 72 h time 

point, most mitochondria, which became smaller in number and bigger in volume compared to 

those at the 24 h time point (Figure 2-6), were elongated tubules or sheet-like structures 

(Figures 2-4C and 2-5). Notably, many of them were in close proximity to a giant LD (Figures 

2-4C, 2-5, and 2-6). Those observations raise the possibility that mitochondria remodel their 

shape concurrently with LD expansion and augment their LD-proximity in nitrogen-depleted 

L. starkeyi cells. 

 

2-2-5 Mitochondrial degradation and autophagy are strongly suppressed in nitrogen-

depleted L. starkeyi cells 

To investigate degradation of mitochondria in L. starkeyi cells with or without LD 

expansion, I performed mito-DHFR-mCherry processing assays for cells under nitrogen (-N) 

and carbon (-C) starvation (Figure 2-7A and B). Upon mitochondrial degradation, this 

mitochondrial matrix-localized probe is transported to the vacuole and processed to generate 

free mCherry. As mCherry is quite resistant to vacuolar proteases, its accumulation semi-

quantitatively indicates mitochondrial degradation flux. Surprisingly, I found that 

mitochondrial degradation was highly induced by carbon depletion, whereas it was strongly 

suppressed by nitrogen depletion. These results imply that L. starkeyi is a unique organism, as 

mitochondrial degradation is induced under nitrogen starvation in most eukaryotes including 

the baker’s yeast S. cerevisiae and mammals [101, 122, 123].  

Next, to analyze the autophagy levels in L. starkeyi cells, I constructed an autophagy assay 

strain expressing mCherry-LsAtg8. Atg8 is an evolutionarily conserved ubiquitin-like protein 

acting in autophagosome formation [124]. Upon autophagy induction in S. cerevisiae cells, 

Atg8 is upregulated and its C-terminal arginine 117 is cleaved by Atg4, a cysteine protease 

essential for autophagy, to expose glycine 116 for its conjugation to the phospholipid 

phosphatidylethanolamine (PE) [117, 125]. Atg8-PE localizes on the surface and lumen of 

autophagosomes, and Atg8-PE on the autophagosomal surface is cleaved by Atg4 to generate 
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free Atg8. When N-terminally tagged with mCherry, the autophagosomal lumen-localized 

mCherry-Atg8 is transported to the vacuole and processed to generate free mCherry. Thus, 

mCherry-Atg8 processing assay is a useful tool to monitor the autophagy flux [126].  

Surprisingly, even though it was expressed under a strong constitutive promoter, the 

mCherry-Atg8 levels significantly decreased in nitrogen-depleted L. starkeyi cells (Figure 2-

7C). Under the same conditions, free mCherry was hardly accumulated, indicating that 

autophagy was merely induced (Figure 2-7D). By contrast, both mCherry-Atg8 and free 

mCherry levels were highly increased in carbon-depleted L. starkeyi cells (Figure 2-7C and D). 

These results support the notion that LD forms a giant sphere independently of autophagy. 

 

2-2-6 Mitochondrial degradation is strongly reduced by autophagy suppression in 

carbon-depleted L. starkeyi cells 

To ask if mitochondrial degradation under carbon starvation is mediated via autophagy, I 

developed a method to suppress autophagy by overexpression of LsAtg4 in L. starkeyi cells. 

First, I constructed an S. cerevisiae mitophagy assay strain (with mito-DHFR-mCherry) 

overexpressing Atg4, by replacing the endogenous ATG4 promoter with the strong constitutive 

GPD promoter. To examine mitophagy, wild-type, Atg4-overexpressing (GPD-ATG4), and 

atg32-null (defective in mitophagy) cells were grown under carbon starvation (-C) and 

subjected to western blotting for generation of free mCherry (Figure 2-8A and B). 

Overexpression of Atg4 caused a strong suppression in mitophagy under carbon starvation, 

probably due to a reduction in the Atg8-PE levels (Figure 2-8A). 

Next, I asked whether bulk autophagy can also be suppressed by overexpression of Atg4. 

To this end, western blot analysis was performed for S. cerevisiae cells expressing Tdh3-

mCherry, a cytoplasmic marker that is transported to vacuoles in an Atg7-dependent manner 

and processed to generate free mCherry. Wild-type, GPD-ATG4, and atg7-null (defective in 

autophagy) cells expressing Tdh3-mCherry were grown under carbon starvation (-C) and 

subjected to western blotting for generation of free mCherry. Similarly to mitophagy, bulk 

autophagy was significantly suppressed, and the Atg8-PE levels were reduced in cells 

overexpressing Atg4 (Figure 2-8C and D). These data suggest that in S. cerevisiae cells, 

overexpression of Atg4 leads to a decrease in Atg8-PE, thereby suppressing autophagosome 

formation for mitophagy and bulk autophagy. 

Based on the above data on S. cerevisiae cells, I generated L. starkeyi strain overexpressing 

LsAtg4-3V5 and attempted to suppress autophagy. Wild-type and LsAtg4-overexpressing L. 

starkeyi cells with mito-DHFR-mCherry were grown under carbon starvation (-C) and 
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subjected to western blotting for generation of free mCherry to quantify mitochondrial 

degradation (Figure 2-9A and B). I found that mitochondrial degradation was strongly 

suppressed in cells overexpressing LsAtg4. Under the same conditions, the Atg8-PE levels 

were decreased, whereas the free Atg8 levels were increased (Figure 2-9A). These results are 

consistent with the idea that mitochondrial degradation in carbon-depleted L. starkeyi cells is 

a bona fide mitophagy. 

I also noticed that despite of strong suppression in mitophagy and autophagy, which were 

similarly seen in nitrogen-depleted L. starkeyi cells undergoing giant LD formation, L. starkeyi 

cells overexpressing LsAtg4 exhibited neither LD expansion nor significant alteration in 

mitochondrial shape under carbon starvation (Figure 2-10A-E). Thus, it seems unlikely that 

suppression of mitophagy and autophagy is sufficient to promote giant LD formation and 

mitochondrial remodeling in carbon-depleted L. starkeyi cells. 

 

2-2-7 LD expansion is partially suppressed by overexpression of LsAtg4 in L. starkeyi cells 

under nitrogen starvation 

To investigate how overexpression of LsAtg4 affects giant LD formation, I performed 

BODIPY staining for LsAtg4 overexpressing L. starkeyi cells grown in -N media (Figure 2-

11). I found that under nitrogen starvation, which highly induces giant LD formation, the 

number of LDs was increased in LsAtg4 overexpressing L starkeyi cells, whereas the amount 

of LDs had no significant change (Figure 2-12). Especially at the 24 h time point, 77.1% of 

LsATG4 overexpressing cells contained multiple small LDs, whereas only 19.1% of wild-type 

cells contained multiple small LDs (Figure 2-11B). Given the observations that mitochondrial 

degradation and LsAtg8 lipidation are only slightly induced even in nitrogen-starved L starkeyi 

wild-type cells (Figure 2-7), I speculate that the increased LD number is not caused by 

autophagy suppression in LsAtg4 overexpressing L starkeyi cells. To test this idea, I did the 

same analysis in -C media. I found that both LD number and amount are not affected by 

LsATG4 overexpression in carbon-depleted cells. These results raise the possibility that LD 

expansion might not affected by autophagy suppression, but by increased LsAtg8-PE levels or 

some unknown mechanisms in LsAtg4 overexpressing L starkeyi cells. 
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2-3 DISCUSSION 

The interaction between mitochondria and lipid droplets in energy metabolism has been 

well studied in metabolomics. However, the relationship between these organelles in their 

physical dynamics and morphology changes remains poorly explored.  

In this study, I successfully introduced the mitochondrial marker mito-DHFR-mCherry into 

an oleaginous yeast L. starkeyi, establishing a tool to analyze mitochondrial shape and 

degradation in cells undergoing prominent lipid droplet formation (Figure 2-1). Using an L. 

starkeyi strain expressing mito-DHFR-mCherry, I successfully made the first-time observation 

of mitochondria behaviors in oleaginous yeast cells (Figure 2-2). I found that mitochondria 

kept fragmented in cells without giant LD formation under carbon starvation. In contrast, 

mitochondria were markedly tubulated in close proximity to a giant LD in cells under nitrogen 

starvation. 

To have a more comprehensive understanding, I also analyzed mitochondrial morphology 

and mitochondria-LD proximity using SEM (Figures 2-3, 2-4, 2-5, 2-6). The quantitative 2D-

SEM and array tomography-based 3D-vEM revealed that mitochondria became elongated to 

form tubules and sheets that were in close proximity to a giant LD under prolonged nitrogen 

starvation (Figures 2-3, 2-4, 2-5). Moreover, the frequency of mitochondria-LD proximity 

increased during LD expansion. However, given the fact that a giant LD occupies most of the 

intracellular space after 72 h of nitrogen deprivation, we do not exclude the possibility that the 

high mitochondria-LD proximity is due to space limitations. Furthermore, studies in 

mammalian cells have shown that mitochondrial fusion plays a crucial role in mitochondria-

LD fatty acid trafficking and mitochondrial-LD association [77, 84, 127]. Therefore, it would 

be interesting to investigate whether mitochondrial tubules and sheets are formed by increased 

mitochondrial fusion and/or reduced mitochondrial fission in L. starkeyi. Thus, elucidating how 

mitochondrial fusion and fission events affect the mitochondria-LD proximity in L. starkeyi, 

and how the mitochondrial proximity contributes to giant LD formation in L. starkeyi await 

further investigations. 

My study also reveals a unique aspect of L. starkeyi in its response to nitrogen starvation 

(Figure 2-7). Unlike other eukaryotic organisms whose nutrient depletion (nitrogen, carbon, 

amino acids, etc.) is a common method to induce autophagy-related events [101, 128], L. 

starkeyi exhibited only a minimal level of autophagy and mitochondrial degradation under 

nitrogen starvation (Figure 2-7), whereas it underwent those catabolic events at a relatively 

high levels under carbon starvation. These observations raise intriguing questions about the 

relation between autophagic catabolism and giant LD formation. Currently, increasing 
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evidence supports the idea that there is a specific interplay between autophagy and LD 

formation and degradation, though the detailed mechanisms remain obscure. In hepatocytes 

and the model of obesity, autophagy inhibition by pharmaceuticals or disrurption of autophagy 

regulators contributes to TAG synthesis and LD accumulation. Conversely, excess lipid 

contents suppress the expression of autophagy regulators [62, 63]. Furthermore, in S. cerevisiae, 

complete disruption of LD biogenesis and TAG synthesis results in suppression of starvation-

induced autophagy [129-131]. These findings raise the question of whether autophagy is only 

maintained when the level of lipid droplet formation remains within a moderate range. Further 

studies are necessary to clarify if loss of LD expansion induces mitophagy and autophagy in 

nitrogen-depleted L. starkeyi cells. 

My finding that mitochondrial degradation under carbon starvation is strongly reduced by 

autophagic suppression via overexpression of LsAtg4 is consistent with the idea that this 

catabolic event is bona fide mitophagy (Figure 2-9A and B). Currently, the molecular 

mechanisms and physiological functions of mitophagy in L. starkeyi remain largely unknown. 

I have performed a BLAST search and found that L. starkeyi does not seem to have an obvious 

Atg32 homolog. Although gene knock-in/-out and expression using a plasmid system are 

technically quite difficult in L. starkeyi, future attempts are needed to identify and characterize 

protein(s) essential for mitophagy and to prove that mitophagy and autophagy are dispensable 

for giant LD formation in L. starkeyi cells. 

In addition, LD split caused by LsATG4 overexpression under nitrogen-depletion conditions, 

where autophagy is barely induced (Figure 2-10), also implies that LsATG4 overexpression 

may have a special function on LD expansion in L. starkeyi. Although the molecular 

mechanism is not fully understood, I speculate that LsAtg8 could be involved in LD expansion. 

In hepatocytes and cardiac myocytes, LC3 (the mammalian homolog of Atg8) along with its 

lipidation system was found to be required for LD accumulation [67, 68]. In yeast, Atg8 is 

found to function in maintaining LD quantity but not LD accumulation, and it is independent 

of its lipidation system [69]. Based on these findings, I hypothesize that overexpression of 

LsAtg4 may affect LD dynamics by altering Atg8 lipidation in L. starkeyi. Nevertheless, I still 

cannot rule out the possibility that overexpression of LsAtg4 may influence LD dynamics in a 

direct or indirect manner, independent of LsAtg8 lipidation system. Further research is required 

to verify the function of LsAtg4 and LsAtg8 in LD dynamics. 

Oils derived from oleaginous microorganisms represent a compelling substitute for oils 

extracted from plants and animals due to their independence from environmental factors such 

as space and climate and their high lipid production efficiency without posing competition with 
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food resources [132]. Within all those oleaginous microorganisms, the oleaginous yeast L. 

starkeyi emerges as a notable candidate for single-cell oil and oleochemical production as its 

outstanding storage lipids production ability [112, 114]. Our findings on the regulation of 

mitochondria-associated LD formation in L. starkeyi, may provide valuable guidance into the 

bioengineering of L. starkeyi to increase the yield of biofuels. 
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2-4 MATERIALS AND METHODOLOGIES 

 

2-4-1 Yeast strains and growth conditions 

Yeast strains and plasmids used in this study are described in Tables 1 and 2. Standard 

genetic and molecular biology methods were used for Saccharomyces cerevisiae strains. L. 

starkeyi NRRL Y-1388 (distributed from RIKEN BioResource Research Center, Japan) and S. 

cerevisiae BY4741 cells were incubated at 26ºC and 30ºC, respectively, in YPD medium (1% 

yeast extract, 2% peptone, and 2% dextrose) or complete medium SDCA (0.17% yeast nitrogen 

base without amino acids and ammonium sulfate, 0.5% ammonium sulfate with 0.5% casamino 

acids containing 2% dextrose) supplemented with necessary amino acids and nucleotide bases. 

For nitrogen depletion, cells were pregrown to mid-log phase in SDCA and transferred to SD-

N medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate plus 2% 

dextrose). For carbon depletion, cells were pregrown to mid-log phase in SDCA and transferred 

to SN-D medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate and 

ammonium sulfate, 0.5% ammonium sulfate with 0.5% casamino acids). 

 

2-4-2 Growth assay 

L.starkeyi wild-type and mito-DHFR-mCherry-expressing cells pregrown in YPD medium 

were harvested by centrifugation, resuspended in water corresponding to OD600 ≈ 1, and 

aliquoted to 1:5, 1:25, and 1:125 dilutions. The cell suspensions were then spotted onto YPD 

(1% yeast extract, 2% peptone, and 2% dextrose), YPGal (1% yeast extract, 2% peptone, and 

2% galactose), and YPGly (1% yeast extract, 2% peptone, and 3% glycerol) plates containing 

2% agar, and incubated at 26°C, 30°C, and 37°C for 2 days. 

 

2-4-3 Construction of the DNA cassettes encoding mito-DHFR-mCherry, LsATG4-3V5, 

and mCherry-LsATG8 for L. starkeyi 

The gene overexpression strategy for L. starkeyi is based on the method as developed 

previously [119]. The construction of pKS-18S-mito-DHFR-mCherry-hph, encoding the 

Ls18S rDNA (0.5 kbp), LsTDH3 promoter (1.0 kbp), LsTEF1 promoter (1.2 kbp) (PLsTEF1), 

mito-DHFR-mCherry (1.5 kbp), LsTEF1 terminator (0.5 kbp) (TLsTEF1), hygromycin B 

phosphotransferase from Escherichia coli (1.0 kbp) (hph), LsTDH3 terminator (0.5 kbp) 

(TLsTDH3), and Ls18S rDNA (0.8 kbp), is described in our previous study [115]. 
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For overexpression of LsAtg4 in mito-DHFR-mCherry expressing cells, I first substituted 

hph of pKS-18S-mito-DHFR-mCherry-hph with nat encoding nourseothricin N-

acetyltransferase from Streptomyces noursei (0.6 kbp). The resulting plasmid was named as 

pKS-18S-mito-DHFR-mCherry-nat. The fragment of LsATG4(cDNA)-3V5 (1.6 kbp) was 

amplified by PCR using pEX-A2J2-LsATG4-3V5, a custom-made plasmid from 

Eurofinsgenomics, as a template, 5’-

tgctaacagcttacttctacagGGAATGGACAATATTCAACGTTTTGTGAACT-3’ and 5’-

CTAagcaccGGTGGAGTCTAG-3’ as primers. The vector pKS-18S-nat encoding Ls18S rDNA 

(0.5 kbp), LsTDH3 promoter (1.0 kbp), LsTEF1 promoter (1.2 kbp) (PLsTEF1), LsTEF1 

terminator (0.5 kbp) (TLsTEF1), nat (0.6 kbp) (nat), LsTDH3 terminator (0.5 kbp) (TLsTDH3), and 

Ls18S rDNA (0.8 kbp) was amplified by PCR using pKS-18S-mito-DHFR-mCherry-nat as a 

template, and 5’-CTAGACTCCACCggtgctTAGaaggttttcgtgctcttgtttg-3’ and 5’- 

ctgtagaagtaagctgttagca-3’ as primers. These PCR-amplified fragment and vector were 

seamlessly fused to create circular plasmid DNA using an In-Fusion HD Cloning Kit (Takara 

Bio). The resulting plasmid was named as pKS-18S-LsATG4-3V5-nat. The final DNA cassette 

was amplified by PCR using pKS-18S-LsATG4-3V5-nat as a template and the primers 5’-

GCTTCTTCGGAAGCTCTTTG-3’ and 5’-CGACTATATCTTAAGCCGCA-3’. 

For overexpression of mCherry-LsAtg8 in wild-type L. starkeyi cells, the fragment of 

mCherry (0.1 kbp) was amplified by PCR using pKS-18S-mito-DHFR-mCherry-hph as a 

template, and 5’- tgctaacagcttacttctacagGGAGTGAGCAAGGGCGAGGAGGATA-3’, and 

5’-CTTGTACAGCTCGTCCATGC-3’ as primers. The fragment of LsATG8 (cDNA) (357 bp) 

was amplified by PCR using pEX-A2J2-LsATG8, a custom-made plasmid from 

Eurofinsgenomics,as a template and 5’-

GCATGGACGAGCTGTACAAGATGCGTTCTAAGTTCAAAGACG-3’and 5’-

CTATTGAGCTCCAAATGTGTTC-3’ as primers. These two fragments and the pKS-18S-nat 

fragment, which was amplified by PCR using pKS-18S-mito-DHFR-mCherry-nat as a 

template, and 5’-GAACACATTTGGAGCTCAATAGaaggttttcgtgctcttgtttg-3’ and 5’-

ctgtagaagtaagctgttagca-3’ as primers, were seamlessly fused to create circular plasmid DNA 

using an In-Fusion HD Cloning Kit (Takara Bio). The resulting plasmid was named as pKS-

18S-mCherry-LsATG8-nat. The final DNA cassette was amplified by PCR using pKS-18S-

mCherry-LsATG8-nat as a template and 5’-GCTTCTTCGGAAGCTCTTTG-3’ and 5’-

CGACTATATCTTAAGCCGCA-3’ as primers. 

 

2-4-4 Transformation for L. starkeyi strains 
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Transformation for L. starkeyi was performed as reported previously [133]. Cells were 

pregrown in 7 ml of YPD for 2–3 days to the stationary phase (OD600 ≈ 10), diluted in 30 ml 

of YPD, and grown at 26ºC overnight. Cells at OD600 = 10 were harvested, washed once with 

10 ml of water, and resuspended in 1 ml of 100 mM LiAc. After transferred to a 1.5 ml tube, 

the cell suspension was subjected to centrifugation, resulting in cell pellets of 50 μl. Cells were 

mixed with 1 μg DNA cassette, 15 μl of ssDNA (2 mg/ml), 30 μl of 1 M LiAc, and 240 μl of 

50% PEG, resuspended thoroughly with vortexing and pipetting, and incubated at room 

temperature for 4 h. After treated with a heat shock at 40ºC for 5 min, cells were harvested by 

centrifugation, resuspended in 1 ml of YPD, and incubated at room temperature. Cells were 

spread on a YPD plate (1% yeast extract, 2% peptone, 2% dextrose, 2% agar) containing 100 

mg/ml hygromycin or 20 mg/ml nourseothricin for selecting transformants and incubated at 

26ºC for 7–10 days. 

 

2-4-5 Fluorescence microscopy 

L. starkeyi cells were observed using a Pulse-SIM BZ-X800 microscope (Keyence) 

equipped with a 100 × objective lens (CFI Apochromat TIRF 100XC Oil, NA: 1.49; Nikon), 

filter sets for GFP and mCherry (BZ-X filter GFP and BZ-X filter TRITC, respectively; 

Keyence) and an optical sectioning module (BZ-H4XF; Keyence). 

 

2-4-6 Preparation of specimen for electron microscopy 

L. starkeyi cells were pregrown in SDCA to OD600 ≈ 1, transferred into SD-N and SN-D 

media, and incubated at 26ºC for another 24 h and 72 h. Previously developed KMnO4 fixation 

method [134] was adjusted and utilized for the specimen preparation. Cells in the medium were 

fixed by adding an equal volume of fixative (5% glutaraldehyde in 0.1 M PB buffer). Cells are 

then collected by gentle filtration through a filter (Nano Percolator, JEOL, Tokyo) and 

immediately mixed and embedded in 2% agarose. The cell blocks were cut into small cube and 

washed twice with 0.1 M PB buffer (pH 7.4) and postfixed with 1.5% KMnO4 for 20 h. The 

specimens were washed three times with water and pre-stained with a 1.5% aqueous solution 

of uranyl acetate for 1.5 h. The dehydration was performed using Acetone in the following 

series: 30% Acetone 10 min, 50% Acetone 10 min, 70% Acetone 10 min, 80% Acetone 10 

min, 90 % Acetone 10 min, 95% Acetone 10 min, and 100% Acetone 30 min for twice. 

Subsequently, dehydrated specimens were infiltrated and embedded into Spurr resin 

(Polyscience, PA) in the following series: Acetone: Resin = 3:1, 4 h; Acetone: Resin = 1:1, 
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overnight; Acetone: Resin = 3:1, 4 h; 100 % Resin, overnight and polymerized in 65ºC for 48 

h. The specimens were observed using a field emission scanning electron microscope (FE-

SEM) (JSM-IT800; JEOL, Tokyo). The images were acquired using software (SEM Supporter; 

System in Frontier, Tokyo) and a backscattered electron detector. The conditions of SEM 

observation were set as follows: working distance = 8.0 mm, pixel size = 5.56 nm/pixel, image 

size = 7680 × 5760 pixels. 

For tomography, resin-embedded cell blocks were trimmed into 500 nm x 500 nm for serial 

sections with a 50 nm thickness using an ultramicrotome (Leica ultramicrotome ARTOS 3D) 

with a diamond knife (UltraJumbo 35, Diatome). The serial sections were cut into ribbons, 

placed on a silicon wafer, and stained with an aqueous solution of 1% uranyl acetate for 10 

min, followed by 10 min with lead citrate. 

 

2-4-7 Array tomography 

The specimens were observed using a field emission scanning electron microscope (FE-SEM) 

(JSM-IT800; JEOL, Tokyo). Serial section images were acquired using software (SEM 

Supporter; System in Frontier, Tokyo) as a backscattered electron image. The conditions of 

SEM observation were set as follows: acceleration voltage =5KeV, working distance = 8.0 mm, 

pixel size = 5.56 nm/pixel, image size = 7680 × 5760 pixels.Data processing for three-

dimensional reconstruction 

Serial images were aligned using SIFT (Fiji plugin “Linear Stack Alignment with SIFT”) and 

Microscopy Image Browser 2.70 (https://mib.helsinki.fi/index.html). Segmentation and deep 

learning of mitochondrial shape were performed using Napari-Philow (an interactive deep 

learning-based platform for 3D datasets, https://www.napari-hub.org/plugins/napari-

PHILOW). 3D reconstruction of mitochondria was performed using Amira 3D 2022.2 

(ThermoFisher Scientific). 

 

2-4-8 Western blotting 

Protein samples corresponding to 0.1 OD600 units of S. cerevisiae and L. starkeyi cells were 

separated by SDS-PAGE, transferred to a PVDF membrane by western blotting, and subjected 

to immunodecoration with primary antibodies raised against mCherry (1:2,000, Abcam 

ab125096) and Atg8 (1:2,000, a kind gift from Hitoshi Nakatogawa, Tokyo Institute of 

Technology, Japan). Samples corresponding to 0.02 OD600 units of S. cerevisiae and L. starkeyi 

cells were analyzed using anti-beta actin (1:20,000, Abcam ab8224) as a loading control. After 
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treatment with the secondary antibodies, horseradish peroxidase (HRP)-conjugated rabbit anti-

mouse IgG (H + L) 

for anti-mCherry and anti-beta actin, and goat anti-rabbit IgG (H + L) for anti-Atg8 followed 

by the enhanced chemiluminescence reagent Western Lightning Plus-ECL (NEL103001EA, 

PerkinElmer), proteins were detected using a luminescent image analyzer (FUSION Solo S; 

Vilber). Quantification of the signals was performed using FUSION Solo S (Vilber). 

 

2-4-9 Lipid droplet assay 

L. starkeyi cells pregrown in SDCA medium were transferred to SD-N and SN-D media, 

cultured at 26ºC, collected at the 24 h, 48 h, and 72 h time points, and observed under a 

fluorescence microscope. All experiments were repeated three times independently. More than 

40 cells were selected randomly from microscopic images for different culture conditions at 

each time point. The number of cells (N) and the area of LD-specific BODIPY signals (a) was 

measured by ImageJ (National Institutes of Health, USA). The average area of LDs in each 

cell (A) was calculated by A = a/N. 
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4 TABLES AND FIGURES 

Table 1. Yeast strains used in this study 
 

 
 
 
 
 
 
 
 

 

 

 

Name Genotypes 

KOY76 Saccharomyces cerevisiae BY4741 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

KOY1387 BY4741 his3∆1::TEF P -mito-DHFR-mCherry::CgHIS3 

KOY1422 BY4741 his3∆1::TEF P -mito-DHFR-mCherry::CgHIS3 atg32::kanMX6 

KOY5787 BY4741 his3∆1::TEF P -mito-DHFR-mCherry::CgHIS3 Vph1-GFP+(hph) 

KOY5789 
BY4741 his3∆1::TEF P-mito-DHFR-mCherry::CgHIS3 Vph1-GFP+(hph) 

atg32::kanMX6 

KOY5837 BY4741 his3∆1::TDH3-mCherry::kanMX6 

KOY5870 BY4741 his3∆1::TDH3-mCherry::kanMX6 atg7::natNT2 

KOY7912 Lipomyces starkeyi NRRL Y-1388 

KOY9620 Lipomyces starkeyi NRRL Y-1388 P -mito-DHFR-mCherry 

KOY10042 Lipomyces starkeyi NRRL Y-1388 P -AirID-AGIA-Atg8 

KOY11027 Lipomyces starkeyi NRRL Y-1388 P -mito-DHFR-mCherry P-LsATG4-3V5 

KOY10206 Lipomyces starkeyi NRRL Y-1388 P -Atg8-AGIA-AirID 

KOY12992 
BY4741 his3∆1::TEF P -mito-DHFR-mCherry::CgHIS3 atg4::GPD-

ATG4::natNT2 

KOY13014 BY4741 his3∆1::TDH3-mCherry::kanMX6CgHIS3 atg4::GPD-ATG4::natNT2 
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Table 2. Plasmids used in this study 
 

 
 

 

 

 

 

 

Name Relevant characteristics 

pKS-18S-hph 

541 bp upstream & 892 bp downstream 18S rDNA, 

998 bp promoter & 513 bp termitator of lsTDH3 & 

1026 bp hph  

pKS-18S-mito-DHFR-mCherry-

hph 

541 bp upstream & 892 bp downstream 18S rDNA, 

998 bp promoter & 513 bp termitator of lsTDH3,  

1026 bp hph, 1497 bp mito-DHFR-mCherry, 1207 bp 

promoter & 520 bp termitator of lsTEF 

pBSII-TEF-mtDHFR-mCherry-

CgHis 
1494 bp mito-DHFR-mCherry 

pKS-18S-LsATG4-3V5-nat 

541 bp upstream & 892 bp downstream 18S rDNA, 

998 bp promoter & 513 bp termitator of lsTDH3,  573 

bp nat, 1458 bp LsATG4, 136bp 3V5, 1207 bp 

promoter & 520 bp termitator of lsTEF 

pKS-18S-AirID-AGIA-LsATG8 

541 bp upstream & 892 bp downstream 18S rDNA, 

998 bp promoter & 513 bp termitator of lsTDH3,  

1026 bp hph, 357 bp LsATG8(cDNA), 957bp AirID, 

30bp AGIA, 1207 bp promoter & 520 bp termitator of 

lsTEF 

pKS-18S- LsATG8-AGIA-AirID 

541 bp upstream & 892 bp downstream 18S rDNA, 

998 bp promoter & 513 bp termitator of lsTDH3,  

1026 bp hph, 357 bp LsATG8(cDNA), 957bp AirID, 

30bp AGIA, 1207 bp promoter & 520 bp termitator of 

lsTEF 
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Figure 1-1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1-1 A model for three types of autophagy: Macroautophagy, Microautophagy and 

Chaperom-mediated autophagy. 
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Figure 1-2  

 

 
 

 

 

 

 

 

 

 

 

 
Figure 1-2 A model for LD biogenesis by a. ER buffering, b. LD-mitochondria interaction and 

Autophagy. 
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Figure 1-3 LD breakdown 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 1-3 A model for LD breakdown by a. ß-oxidation in mitochondria and peroxisomes b. 

Lipophagy, and c. Lipolysis.  
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Figure 1-4 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4. A model for mitophagy, 1. Recruitment and activation of mitophagy factors or 

receptors on damaged or access mitochondria. 2. Recognition by autophagy proteins and 

formation of isolation membrane. 3. Sequestration by autophagosome 4. Fusion with lysosome 

(vacuole in yeast) 5. Degradation and recycle.  
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Figure 1-5 

 

 

 

 
 

 

 

 

 

 

 

 

Fig 1-5 A model for introduction on mitochondrial dynamics and mitophagy during LD 

expansion and digestion.  
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Figure 2-1 

 

 

 

 

 

 

    
 

 

 

 

 

 

 

Figure 2-1. The fluorescent marker mito-DHFR-mCherry visualizes mitochondria in L. 

starkeyi cells. (A) Construction scheme of the mito-DHFR-mCherry integration cassette for L. 

starkeyi. (B) S. cerevisiae and L. starkeyi cells expressing mito-DHFR-mCherry were cultured 

in SDCA overnight. 1 OD600 units of cells were washed and suspended in 1 ml fresh SDCA, 

and MitoBright LT Green was added into cell suspension (final concentration = 0.1 M). Cells 

were then incubated in room temperature for 15 min, washed once with fresh medium, and 

observed under a fluorescence microscope. Scale bar, 5 µm. 

A. 

B.

. 
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Figure 2-1. The fluorescent marker mito-DHFR-mCherry visualizes mitochondria in L. 

starkeyi cells. (C) 1 OD600 units of L. starkeyi cells were suspended in distilled water, diluted 

to 1:5, 1:25, and 1:125, spotted on YPD, YPGal, and YPGly plates, and incubated at 26 ℃, 

30 ℃, and 37 ℃ for 2 days 

C. 
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Figure 2-2 

 
Figure 2-2 Mitochondria form tubule-like structures in nitrogen-depleted L. starkeyi cells. (A 

and B) Cells expressing mito-DHFR-mCherry were grown under nitrogen (-N) or carbon (-C) 

starvation. Mitochondrial shapes were analyzed at the indicated time points using a 

fluorescence microscope. (C) The average total area of LDs in each cell was quantified by the 

area of BODIPY signals. Scale bar, 5 μm. 
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Figure 2-2 Mitochondria form tubule-like structures in nitrogen-depleted L. starkeyi cells. (A 

and B) Cells expressing mito-DHFR-mCherry were grown under nitrogen (-N) or carbon (-C) 

starvation. Mitochondrial shapes were analyzed at the indicated time points using a 

fluorescence microscope. (C) The average total area of LDs in each cell was quantified by the 

area of BODIPY signals. Scale bar, 5 μm. 
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Figure 2-3 
 

 
 

                        
 

 

 

 

 

Figure 2-3. L. starkeyi cells under prolonged nitrogen starvation contain elongated 

mitochondria in close proximity to a giant LD. (A) Cells were grown under nitrogen starvation 

(-N) for 24 h and 72 h. Mitochondrial morphology was observed by SEM at the indicated time 

points. Mitochondria were depicted in yellow color. Around 100 cells for each time point were 

counted to quantify mitochondrial number (B), and size (C). Scale bar, 1 μm. 

A.
. 
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Figure 2-3 

                   

                             
 

Figure 2-3. Classification of mitochondria in nitrogen-depleted L. starkeyi cells. (D) A scheme 

to categorize mitochondria into small-sized (mito-S) and large-sized (mito-L) mitochondria 

groups by the average size of a single mitochondrion (≈ 0.08 μm2) as a thresh hold. (E) All the 

mitochondria in around 100 cells were classified into mito-S and mito-L, and their percentage 

was calculated. 

D.
. 

E.
. 
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Figure 2-3. L. starkeyi cells under prolonged nitrogen starvation contain elongated 

mitochondria in close proximity to a giant LD. The length (F) and aspect ratio (G) of small-

sized mitochondria (mito-S) and large-sized mitochondria (mito-L) were measured using 

Image J software (NIH Image J system, Bethesda, MD, USA). Around 100 cells with LDs were 

counted to analyze the percentage of cells with mitochondria-LD proximity (H), and the length 

of mitochondria-LD proximity (I). Scale bar, 1 μm. 

 

F.
. 

G.
. 
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Figure 2-3. L. starkeyi cells under prolonged nitrogen starvation contain elongated 

mitochondria in close proximity to a giant LD. The length (F) and aspect ratio (G) of small-

sized mitochondria (mito-S) and large-sized mitochondria (mito-L) were measured using 

Image J software (NIH Image J system, Bethesda, MD, USA). Around 100 cells with LDs were 

counted to analyze the percentage of cells with mitochondria-LD proximity (H), and the length 

of mitochondria-LD proximity (I). Scale bar, 1 μm. 

H.
. 

I.
. 
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Figure 2-4 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 2-4. Mitochondria form tubules and sheets closely juxtaposed to a giant LD in nitrogen-

depleted L. starkeyi cells. Cells grown under nitrogen starvation (-N) for 24 h and 72 h were 

subjected to chemical fixation, embedded in a resin, cut into an array of ultrathin sections, 

imaged with SEM (A), and reconstituted into a 3D data set (B). The number indicated in the 

black box in each image is the order of sections for cells grown for the indicated time points. 

Mitochondria were depicted in yellow color. The 3D reconstruction of mitochondria and LDs 

was performed using AMIRA 3D 2022.2. Scale bar, 1μm. 

A.
. 
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Figure 2-4. Mitochondria form tubules and sheets closely juxtaposed to a giant LD in nitrogen-

depleted L. starkeyi cells. Cells grown under nitrogen starvation (-N) for 24 h and 72 h were 

subjected to chemical fixation, embedded in a resin, cut into an array of ultrathin sections, 

imaged with SEM (A and B), and reconstituted into a 3D data set (C). The number indicated 

in the black box in each image is the order of sections for cells grown for the indicated time 

points. Mitochondria were depicted in yellow color. The 3D reconstruction of mitochondria 

and LDs was performed using AMIRA 3D 2022.2. Scale bar, 1μm. 

B. 
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Figure 2-4. Mitochondria form tubules and sheets closely juxtaposed to a giant LD in nitrogen-

depleted L. starkeyi cells. Cells grown under nitrogen starvation (-N) for 24 h and 72 h were 

subjected to chemical fixation, embedded in a resin, cut into an array of ultrathin sections, 

imaged with SEM (A and B), and reconstituted into a 3D data set (C). The number indicated 

in the black box in each image is the order of sections for cells grown for the indicated time 

points. Mitochondria were depicted in yellow color. The 3D reconstruction of mitochondria 

and LDs was performed using AMIRA 3D 2022.2. Scale bar, 1μm. 

C. 
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Figure 2-5 

 

 
 

 

 

 

 

 

Figure 2-5. Mitochondria form tubules and sheets in close proximity to a giant LD in L. 

starkeyi cells under nitrogen starvation. Cells grown under nitrogen starvation (-N) for 24 h 

and 72 h were subjected to chemical fixation, embedded in a resin, cut into an array of ultrathin 

sections, imaged with SEM, and reconstituted into a 3D data set using Amira 3D 2022.2. Scale 

bar, 1μm. 
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Figure 2-6 

                                              

                                           
 

Figure 2-6. Mitochondria change in smaller number, higher volume, and bigger LD-proximity 

during LD expansion in nitrogen-depleted L. starkeyi cells. The average number of 

mitochondria in each cell (A), volume of each mitochondrion (B), percentage of mitochondria 

in close proximity to LDs (C), and average total area of mito-LD proximity in each cell (D) 

were quantified with the 3D-reconstituted dataset for three cells. 
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Figure 2-6. Mitochondria change in smaller number, higher volume, and bigger LD-proximity 

during LD expansion in nitrogen-depleted L. starkeyi cells. The average number of 

mitochondria in each cell (A), volume of each mitochondrion (B), percentage of mitochondria 

in close proximity to LDs (C), and average total area of mito-LD proximity in each cell (D) 

were quantified with the 3D-reconstituted dataset for three cells. 
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Figure 2-6. Mitochondria change in smaller number, higher volume, and bigger LD-proximity 

during LD expansion in nitrogen-depleted L. starkeyi cells. (E) A scheme to categorize LD-

mitochondria proximity into “Kissing” and “Hugging” groups by the average percentage of 

mito-LD proximity area to the total area of each LD-associated mitochondrion (≈ 15%) as a 

threshold. 

E.
. 
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Figure 2-6. Mitochondria change in smaller number, higher volume, and bigger LD-proximity 

during LD expansion in nitrogen-depleted L. starkeyi cells. (E) A scheme to categorize LD-

mitochondria proximity into “Kissing” and “Hugging” groups by the average percentage of 

mito-LD proximity area to the total area of each LD-associated mitochondrion (≈ 15%) as a 

threshold. (F) The percentage of LD proximity area of each LD-associated mitochondria (%) 

and (G) the percentage of Kissing and Hugging contact with the 3D-reconstituted dataset for 

three cells. 
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Figure 2-7 

 
 

 

                              
 

 

Figure 2-7. L. starkeyi cells under nitrogen starvation exhibit strong suppression of 

mitochondrial degradation and autophagy. Cells expressing mito-DHFR-mCherry (A) or 

mCherry-LsAtg8 (C) were grown under nitrogen (-N) or carbon (-C) starvation, collected at 

the indicated time points, and subjected to western blotting. Free mCherry signals derived from 

(A) or (C) were quantified more than three times in independent experiments as shown in (B) 

or (D), respectively. The signal intensity of free mCherry in carbon-depleted cells at the 72 h 

time point was set to 100%. Data represent the averages of all experiments, with bars indicating 

standard deviations. Protein signals generated from intracellular cleavage of mCherry-LsAtg8 

are indicated with arrowheads. The anti-Atg8 antibody for S. cerevisiae was used to detect free 

and lipidated LsAtg8. The beta actin was monitored as a loading control. 
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Figure 2-7. L. starkeyi cells under nitrogen starvation exhibit strong suppression of 

mitochondrial degradation and autophagy. Cells expressing mito-DHFR-mCherry (A) or 

mCherry-LsAtg8 (C) were grown under nitrogen (-N) or carbon (-C) starvation, collected at 

the indicated time points, and subjected to western blotting. Free mCherry signals derived from 

(A) or (C) were quantified more than three times in independent experiments as shown in (B) 

or (D), respectively. The signal intensity of free mCherry in carbon-depleted cells at the 72 h 

time point was set to 100%. Data represent the averages of all experiments, with bars indicating 

standard deviations. Protein signals generated from intracellular cleavage of mCherry-LsAtg8 

are indicated with arrowheads. The anti-Atg8 antibody for S. cerevisiae was used to detect free 

and lipidated LsAtg8. The beta actin was monitored as a loading control. 
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Figure 2-8 
 

           
 

                               
 

Figure 2-8. Overexpression of Atg4 leads to a strong reduction in mitophagy and autophagy 

in S. cerevisiae cells under carbon starvation. Wild-type and Atg4-overexpressing (GPD-ATG4) 

cells were grown under carbon starvation (-C), collected at the indicated time points, and 

subjected to western blotting. These strains are derivatives expressing mito-DHFR-mCherry or 

Tdh3-mCherry for monitoring mitophagy (A and B) or autophagy (C and D), respectively. 

Cells lacking Atg32 (atg32D) or Atg7 (atg7D) were used as a negative control for mitophagy 

or autophagy, respectively. Free mCherry signals were quantified more than three times in 

independent experiments as shown in (B and D). The signal intensity of free mCherry in wild-

type cells at the 72 h time point was set to 100%. Data represent the averages of all experiments, 

with bars indicating standard deviations. The beta actin was monitored as a loading control. 
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in S. cerevisiae cells under carbon starvation. Wild-type and Atg4-overexpressing (GPD-ATG4) 

cells were grown under carbon starvation (-C), collected at the indicated time points, and 

subjected to western blotting. These strains are derivatives expressing mito-DHFR-mCherry or 

Tdh3-mCherry for monitoring mitophagy (A and B) or autophagy (C and D), respectively. 

Cells lacking Atg32 (atg32D) or Atg7 (atg7D) were used as a negative control for mitophagy 

or autophagy, respectively. Free mCherry signals were quantified more than three times in 

independent experiments as shown in (B and D). The signal intensity of free mCherry in wild-

type cells at the 72 h time point was set to 100%. Data represent the averages of all experiments, 

with bars indicating standard deviations. The beta actin was monitored as a loading control. 
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Figure 2-9 

 

                    

                                    
 

Figure 2-9. Overexpression of LsAtg4 leads to a strong reduction in mitochondrial degradation 

in L. starkeyi cells under carbon starvation. Wild-type and LsAtg4-overexpressing (LsATG4-

3V5) cells were grown under carbon starvation (-C), collected at the indicated time points, and 

subjected to western blotting (A). These strains are derivatives expressing mito-DHFR-

mCherry. Free mCherry signals were quantified more than three times in independent 

experiments as shown in (B). The signal intensity of free mCherry in wild-type cells at the 72 

h time point was set to 100%. Data represent the averages of all experiments, with bars 

indicating standard deviations. The anti-Atg8 antibody for S. cerevisiae was used to detect free 

and lipidated LsAtg8. The beta actin was monitored as a loading control. 
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Figure 2-10 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 2-10. LD expansion is not promoted in carbon-depleted L. starkeyi cells overexpressing 

LsAtg4. Wild-type and LsAtg4-overexpressing (LsATG4-3V5) cells were grown under carbon 

starvation (-C), collected at the indicated time points, and subjected to fluorescence microscopy 

(A). These strains are derivatives expressing mito-DHFR-mCherry. Scale bar, 5 μm. The 

average total area (B) and number (C) of LDs in each cell were quantified by the area of 

BODIPY signals. The average area (D) of each mitochondrion and average number (E) of 

mitochondria in each cell were quantified by the area of mCherry signals. 
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LsAtg4. Wild-type and LsAtg4-overexpressing (LsATG4-3V5) cells were grown under carbon 

starvation (-C), collected at the indicated time points, and subjected to fluorescence microscopy 

(A). These strains are derivatives expressing mito-DHFR-mCherry. Scale bar, 5 μm. The 

average total area (B) and number (C) of LDs in each cell were quantified by the area of 

BODIPY signals. The average area (D) of each mitochondrion and average number (E) of 

mitochondria in each cell were quantified by the area of mCherry signals. 
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Figure 2-10. LD expansion is not promoted in carbon-depleted L. starkeyi cells overexpressing 

LsAtg4. Wild-type and LsAtg4-overexpressing (LsATG4-3V5) cells were grown under carbon 

starvation (-C), collected at the indicated time points, and subjected to fluorescence microscopy 

(A). These strains are derivatives expressing mito-DHFR-mCherry. Scale bar, 5 μm. The 

average total area (B) and number (C) of LDs in each cell were quantified by the area of 

BODIPY signals. The average area (D) of each mitochondrion and average number (E) of 

mitochondria in each cell were quantified by the area of mCherry signals. 
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Figure 2-11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2-11.  LD integrity was disrupted by over-expression of LsATG4 in L. starkeyi cells 

under nitrogen starvation. Mito-DHFR-mCherry expressing wild-type and LsATG4-

overexpressing L. starkeyi cells were cultured under -N condition. The mitochondrial shape (a) 

and the percentage of cells with split LDs (b) were analyzed at the indicated time points using 

a fluorescence microscope. BODIPY staining was used to observe and quantify LDs. 

 

A.
x 

B. 



 79 

Figure 2-12 
 

                          
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-12.  LD integrity was disrupted by over-expression of LsATG4 in L. starkeyi cells 

under nitrogen starvation. Mito-DHFR-mCherry expressing wild-type and LsATG4-

overexpressing L. starkeyi cells were cultured under -N condition. (A) Average total area of 

Lipid droplets in each cell were analyzed at the indicated time points using a fluorescence 

microscope. BODIPY staining was used to observe and quantify LDs. 
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