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Lipid droplets (LDs) are organelles with many functions in cells and numerous protein 

interactors facilitate their biogenesis, maintenance, and turnover.  The mammalian lipase 

responsible for LD turnover during lipophagy, LipA, has two candidate homologs in Arabidopsis: 

MPL1 and LIP1. One or both of these plant homologs may function in a similar manner to 

mammalian LipA, providing an LD breakdown pathway. To test this hypothesis, wild type (WT) 

Arabidopsis plants, MPL1 over-expressing (OE) mutants, and T-DNA insertion mutants of MPL1 

(mpl1) and LIP1 (lip1) were examined for LD phenotypes in normal conditions and in 

environments where LD numbers are known to fluctuate.  Plants to be imaged by confocal 

microscopy were exposed to heat stress and wounding to increase LD accumulation, 

senescence was induced in leaves to deplete lipids, and LDs were imaged throughout the 

day/night period to observe their diurnal regulation. The mutation of both MPL1 and LIP1 lead 

to an increase in LDs within the leaf mesophyll cells, although the spatial distribution of the LDs 

differed between the two mutants. mpl1 mutants had disrupted diurnal regulation of their LDs, 

but lip1 mutants did not. Alternately, lip1 mutants retained LDs during dark-induced 

senescence, and mpl1 mutants did not. Together these results suggest that MPL1 and LIP1 are 

likely both important for LD dynamics; however they appear have roles in different aspects of 

LD accumulation and turnover. 
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CHAPTER 1 

INTRODUCTION 

Lipid droplets (LDs) are dynamic organelles that store neutral lipids in eukaryotic, 

bacterial, and archaeal organisms (Murphy, 2012). They are characterized by a core of neutral 

lipids, predominantly triacylglycerols (TAGs) and sterol esters, surrounded by a polar lipid 

monolayer harboring a variety of proteins (Walther and Farese, 2009). LDs are generally 

considered to arise from the endoplasmic reticulum (ER), where neutral lipid biosynthetic 

enzymes are localized. TAG is synthesized within the ER and subsequently packaged into LDs. 

This has been hypothesized to occur at specific domains in the ER membrane for efficiency. 

Nascent LDs are thought to bulge out from the outer leaflet of the ER, with the help of proteins 

associated with the ER and proteins that associate with the surface of the newly formed LDs 

(Hashemi and Goodman, 2015). It is not known whether LDs fully disassociate from the ER 

membrane. LDs do, however, undergo fusion to form larger LDs, and are found in a range of 

sizes from less than 1 µm to 200 µm (Beller et al., 2010). On the other end of the LD life cycle, 

LD breakdown releases neutral lipids to be utilized by the cell. Cytosolic lipases begin the 

combustion of lipids, which can be completed in the β-oxidation pathway (Hashemi and 

Goodman, 2015). While there is an outlined understanding of the life cycle of LDs, there is still 

much to be uncovered.  

The function of LDs, earlier thought to be only that of a static storage depot, is emerging 

as a multifaceted role in many cellular processes. LDs have been observed inside of the nuclei, 

where they can affect histone metabolism and protein function (Li et al., 2014; Ueno et al., 

2013). LDs are involved in fatty acid trafficking, having close proximity to the mitochondria or 
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peroxisomes in some cases for efficient transfer of lipids (Shaw, 2008; Binns, 2006), and LDs 

temporarily store lipids during autophagy before they are used for adenosine triphosphate 

(ATP) production (Rambold et al., 2015). It is possible that LDs may interact closely with other 

organelles throughout the cells as well. Interestingly, LDs are heterogeneous in both 

composition and number among different tissues and cell types, possibly indicating 

specialization of LD populations among cells (Herms et al., 2013; Horn et al., 2011). 

Additionally, LDs have a protective role in cells. Signaling lipids for pathogen defense and 

immunity are synthesized inside of LDs and LDs can store histones that act as antibacterial 

agents (Anand et al., 2012; Bozza et al., 2011).  

Functions of LDs continue to be identified, and many of the proteins that are associated 

with LD biogenesis, maintenance, and breakdown have already been characterized. Proteins 

involved in LD biogenesis include TAG-synthesizing enzymes localized to the ER or to the 

surface of growing LDs such as diacylglycerol transferases (DGAT) and glycerol phosphate 

acyltransferase (GPAT) (Wilfling et al., 2013). Proteins in the ER membrane that work to form 

LDs from the neutral lipid accumulated in the ER include fat storage-inducing transmembrane 

protein 2 (FIT2), which partitions TAGs into nascent LDs in animal cells (Gross et al., 2011), and 

SEIPIN which is found at the ER-LD function, incorporating lipids and proteins into LDs reaching 

maturity (Choudhary et al., 2015). SEIPINS also appear to modulate LD size and number (Cai et 

al., 2015). Proteins involved in LD maintenance include fat-specific protein 27 (FSP27) in animal 

cells, which promotes the fusion of smaller LDs to form larger LDs (Jambunathan et al., 2011), 

and lipid droplet-associated proteins (LDAPs) in plant cells, which are important for the 

regulation of LD abundance (Gidda et al., 2016). Cytosolic LD degradation, or lipolysis, is carried 
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out in animals by adipose triglyceride lipase (ATGL), a cytosolic lipase that converts TAG to DAG 

and free fatty acids. ATGL is activated by comparative gene identification-58 (CGI-58), which is 

bound to perilipin (PLIN1) on the surface of LDs in the absence of a cellular need for lipid break 

down such as starvation. During starvation, CGI-58 is released from PLIN1 and can associate 

with ATGL (D’Andrea, 2016). In plant seeds, proteins such as oleosins coat LDs until lipolysis is 

stimulated. During lipolysis, peroxisomes come into close proximity to LDs and SUGAR-

DEPENDENT1 (SDP1), a cytosolic lipase localized to the peroxisome surface, is in contact with 

the LD surface (Kelly and Feussner, 2016). SDP1 is predominantly responsible for the lipid 

turnover that occurs at the onset of seedling germination (Eastmond, 2006). In plant leaves, 

CGI-58 regulates lipid homeostasis, where it interacts with peroxisomal ABC-transporter1 

(PXA1), an ABC transporter on the peroxisomal surface that transports fatty acids into the 

peroxisome for β-oxidation (Park et al., 2013). 

The characterization of human lipodystrophy-related genes has proven to be a 

successful approach in the identification of genes that are conserved in LD biology. CGI-58 and 

SEIPINs were both marked for investigation on the basis that they are responsible for lipid 

storage disorders (Chapman et al., 2012). SEIPINs were identified as conserved proteins in the 

eukaryotic LD biogenesis machinery, and they were found to modulate LD number and size in 

plants (Cai et al., 2015). The disruption of CGI-58 in plants, which causes Chanarin-Dorfmann 

syndrome in humans, was found to lead to over-accumulation of LDs in vegetative tissue (James 

et al., 2010). Increasing the amount of lipid in leaves via the accumulation of LDs is of great 

interest as lipids are a source of energy-rich carbon that could be utilized, not only by the plants 

themselves, but by humans as food or energy sources (Chapman et al., 2013). Another human 
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lipodystrophy-related gene that has not yet been examined in this context is lipase A (LipA), a 

lysosomal lipase with two candidate homologs in Arabidopsis: MYZUS PERSICAE-INDUCED 

LIPASE 1 (MPL1) and LIPASE 1 (LIP1) (Chapman et al., 2012). Mammalian LipA is the main 

enzyme involved in lipophagy, the selective autophagy of lipids. In mammals and yeast, 

lipophagy is an alternate LD breakdown pathway from the cytosolic lipolysis pathway. During 

lipophagy, autophagic membrane grows on the LD surface via the action of several autophagy-

related proteins. Once the autophagic membrane is sealed, the newly formed autophagosome 

is trafficked to the lysosome where it fuses with the lysosomal membrane (Yang and Klionsky, 

2010). LipA breaks down TAGs after LDs have been included into autophagolysosomes or 

lysosomes (Barbato et al., 2014). Such a pathway has not been observed in plants thus far. 

Mutations in LipA cause an inheritable disease known as Wolman disease in which 

detrimental amounts of lipids accumulate in the spleen, liver, kidney, and several other organs 

(Reiner at al., 2014). In this case, lipid hydrolysis in lysosomes is impeded and LDs over-

accumulate in the cytosol, thus the disruption of the homologous genes in Arabidopsis may lead 

to the accumulation of LDs in plant tissues. One of the candidate Arabidopsis homologs for 

LipA, MPL1, has been studied due to its involvement in defense against the green peach aphid 

(GPA) and was accordingly named MYZUS PERSICAE-INDUCED LIPASE 1. The first 

characterization experiments for MPL1 showed that mpl1 TDNA-insertion mutants were 

deficient in antibiosis against GPA, while MPL1 overexpressors had enhanced resistance to GPA. 

The recombinant MPL1 protein in this study demonstrated lipase activity against 

triacylglycerols as well as phospholipids (Louis et al., 2010). Additionally, the second Arabidopsis 

homolog, LIP1, was also determined to have lipase activity (El-Kouhen et al., 2006). Based on 
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publicly available expression data, LIP1 appears to be constitutively expressed in all plant 

tissues with elevated levels of expression in senescing tissues, while MPL1 seems to be 

expressed selectively in developing embryos and dry seeds and in leaves upon wounding (eFP 

browser [Winter et al.,2007]). Both of these genes may prove to be important in the 

modulation of LD accumulation or neutral lipid turnover. 

As a step towards the overall elucidation of the compartmentalization of storage lipids 

in plants, the goal of this project was to begin to characterize the involvement of both 

candidate Arabidopsis homologs of the lipodystrophy-related protein, LipA, in LD dynamics. 

With the anticipation that new aspects of plant lipid storage would emerge, experiments were 

directed towards the specific objectives of examining the impact of MPL1 and LIP1 on storage 

lipid accumulation, evaluating the spatial and temporal location of MPL1 and LIP1, and 

assessing the roles of MPL1 and LIP1 in turnover of neutral lipids or lipid droplets. 
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CHAPTER 2 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Wild type (WT) Arabidopsis thaliana (Columbia-0) plants were grown on ½ strength MS 

solid media plates without sucrose (Murashige and Skoog, 1962). Seeds were stratified at 4°C, 

in the dark, for 3 days before being moved into the growth rooms. Plants used in the same 

experiments were germinated at the same time and grown under uniform conditions. 

Arabidopsis growth rooms were kept at 21°C with a 16h/8h light/dark cycle under 50 μE/m2/s 

light. The following Arabidopsis mutants had TDNA-insertions in MPL1 (At5g14180) and LIP1 

(At2g15230) respectively, and were obtained from The Arabidopsis Information Resource 

(TAIR): mpl1-1 (Salk_101919), mpl1-2 (Salk_082589,) lip1-8 (Salk_021151), and lip1-9 

(Salk_114605). Methodology used for genotyping the lip1 mutants can be found in Appendix A. 

The mpl1 mutants were propagated in the Jyoti Shah lab at the University of North Texas and 

the MPL1#4 MPL1#5 overexpressing lines were generated here as well (Louis et al., 2010). The 

cyp20-3 mutant had a T-DNA insert in CYP20-3 (SALK_ 001615) and also came from the Jyoti 

Shah lab (Dominguez-Solis et al., 2008). The lox2/3/4/6 mutant was generated in the Ivo 

Feussner lab from TDNA-insertion lines (lox3 = SALK_062064, lox4 = SALK_071732, lox6 = 

SALK_083650), and from a line with a point mutation in LOX2 resulting in a stop codon (Glauser 

et al., 2009).  Dry seeds from these mutant lines were generously donated from researchers in 

the labs mentioned, and were then germinated and grown in the same way as described for WT 

Arabidopsis. Seeds from the Nicotiana benthamiana plants were grown on soil at 28°C in a 

growth chamber with a 14h/10h light/dark cycle under 100 μE/m2/s light.  
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For heat stress assays, 4-week-old Arabidopsis plants were initially grown in incubators 

at 22°C under a 16h/8h light/dark cycle and were then moved into an incubator at 42°C for the 

last 6 hours of the day period (Meuller et al., 2015). Individual leaves were immediately 

removed for staining after the heat stress period. Leaves from control plants that were not 

moved into the high-heat incubator were collected concurrently. For wounding experiments, 

individual leaves on 4-week-old plants were wounded by clamping forceps laterally across the 

leaf in a sterile flow hood (Vu et al., 2014). The plants were then returned to the growth 

chambers for the times indicated. After 24 hours or 48 hours, the individual wounded leaves 

and control leaves were removed from plants for staining. For analysis of post-germinative lipid 

degradation, seedlings were collected 1, 2, and 4 days after the initiation of germination (Gidda 

et al., 2016). These seedlings were exposed to light for 6 hours upon placement in the growth 

room before being covered in foil for the duration of the growth time. Fifty seedlings were 

collected for each sample replicate. For observation of the diurnal pattern of LD accumulation, 

leaves from 4-week-old plants were collected at the end of the night period (5:00 AM), the 

middle of the day period (1:00PM), and the end of the day period (9:00 PM) (Gidda et al., 

2016). For observation of senescing leaves, leaves from 6-week-old plants were collected (Kaup 

et al., 2002), or detached leaves from 4-week-old plants were placed in foil-covered petri dishes 

for 2 or 5 days for dark-induced senescence of individual leaves (Graff et al., 2006). 

Agrobacterium tumefaciens-Mediated Transient Expression 

Transient expression in N. benthamiana was mediated by Agrobacterium tumefaciens 

GV3101 (Hellens et al., 2000), which was transformed with purified expression plasmids by 

electroporation (Bio-Rad, Gene Pulser XcellTM). The Bio-Red preprogrammed Agrobacterium 
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setting in the electroporation system was used with specifications for .2 cm gap width, 2.5 kV, 

200 Ohms, and 25 µF. Ten ng of plasmid DNA was used in each 50 µL aliquot of 

electrocompetent cells. Electroporated cells were incubated at 30°C for one hour on a shaking 

incubator (New Brunswick Scientific) and were then spread on a Luria-Bertani (LB) solid media 

plate with 50 µg/mL kanamycin, 10 µg/mL gentamycin, and 50 µg/mL rifampicin for selection of 

transformants. Surviving colonies were cultured in triple antibiotic liquid LB media and stored in 

10% glycerol. Tobacco infiltration was performed as described by Petrie et al., 2010. For use in 

tobacco infiltration, Agrobacterium with plasmids containing Tomato Bushy Stunt Virus P19 or 

MPL1 were grown at 28°C in triple antibiotic media for 48 hours until reaching an OD 600nm of 

~2.5. Three mL of the cells were then pelleted in a swinging bucket centrifuge (Beckman) for 5 

minutes at 3000 rpm. The cells were resuspended in 3 mL of infiltration (IF) buffer (5 mM MES, 

5 mM MgSO4, pH 5.7, 100 µM acetosyringone in DMSO added just before use) and incubated 

for another 3 hours at 28°C. The resulting cultures were used as a 10x stock for the infiltration 

mixtures. IF buffer with no Agrobacterium was used as a control and P19 was used in all other 

infiltrations to enhance transgene expression and suppress RNA silencing of the transgene. One 

mL of a single culture mixture was injected into one of the 3 topmost expanded leaves on 6-

week-old N. benthamiana plants from the abaxial side of the leaf. Infiltrated portions of the 

leaves were marked and then plants were returned to the growth rooms for 2-5 days. 

Plasmid Construction 

The coding region of Arabidopsis MPL1 was isolated from WT Arabidopsis RNA purified 

from 4-week-old plants using the RNeasy Mini Kit (Qiagen) and treated with DNAse (Promega) 

to rid samples of DNA contamination. These procedures were carried out as indicated in the 
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Qiagen and Promega manuals. Arabidopsis leaves used to isolate MPL1 were wounded as 

described above, 24 hours prior to RNA purification to enhance expression of MPL1 within the 

leaves. The SuperScript One-Step RT-PCR system (Invitrogen) was used for RT-PCR (reverse 

transcription polymerase chain reaction) with the following primers for MPL1: GMPL1-FP 5’- 

TAAAAGGCGCGCCAATGGCCGGTTCGGTTATGGTTC and GMPL1-RP 5’- 

TAAATGTCGACCTAAAAGGTAGCAACTTGGTTATAAACAACG. The forward primer included a 

restriction site for Asc1 (GGCGCGCC) and the reverse primer included a restriction site for Sal1 

(GTCGAC). The RT-PCR program was 55°C for 30 min, 94°C for 2 min, 35 amplification cycles 

(94°C for 15 sec, 55°C for 30 sec, and 68°C for 1.5 min), and 68°C for 5 min. Following 

amplification with the addition of restriction sites, the cloned coding region of MPL1 was 

inserted into the binary vector pMDC43 (Curtis and Grossniklaus, 2003) after both were 

subjected to digestion with restriction enzymes Sal1 and Asc1 (New England Biolabs). 

Approximately 25 ng of vector DNA was ligated with ~20 ng of insert DNA using T4 ligase (New 

England Biolabs) in a 10 minute incubation at room temperature. Five µl of the resulting 

recombined plasmid DNA was used to transform 50 µl of Escherichia coli Subcloning Efficiency 

DH5α Competent Cells (ThermoFisher) by heat shock at 42°C for 30 seconds as directed by the 

ThermoFisher manual. Heat-shocked cells were incubated in liquid LB media for 1 hour at 37°C 

and were then spread on solid LB media plates with 50 µg/mL kanamycin for selection of 

transformed cells. Surviving colonies were cultured in liquid LB media with kanamycin for ~48 

hours and then purified using the Wizard Plus SV Minipreps DNA Purification System (Promega).  

The purified expression plasmid was used for Agrobacterium transformation as described 

above.  
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RT-PCR 

RNA was extracted as described above, and RT-PCRs were carried out using the One 

Step Ex Taq RT-PCR Kit (Takara). Approximately 100 ng of RNA was RNA was used for each 

reaction. The PCR program was 42°C for 15 min, 95°C for 5 min, 35 amplification cycles (94°C 

for 30 sec, 50-57°C for 30 sec, and 72°C for 30-90 sec), and 72°C for 7 min. Primers used for 

Arabidopsis elongation factor 1-alpha (EF1α) were EF1-FP 5’- GAGACTCGTGGTGCATCTCA, EF1-

RP 5’- AGGTCCACCAACCTTGACTG, for MPL1 were MPL1-FP 5’- ATCCAGCGGATCAAAATCTG, 

MPL1-RP 5’- GGCCATGGATATGGTCAAAC, and for LIP1 were LIP1-FP 5’- 

CACATCCATAACAGGGACG, and LIP1-RP 5’- CCACATCTGTCACATCTGCTA. For wounded tissue 

analysis, each Arabidopsis leaf was individually wounded 24 hours or 48 hours prior to RNA 

isolation. For LIP1 expression in separate plant tissues, roots, leaves, and rosette bases of 4-

week-old Arabidopsis plants were separated using a sterile blade immediately before RNA 

isolation. PCR products were separated by agarose gel (.9%) electrophoresis for 20-30 minutes 

and products were visualized by ethidium bromide staining under UV light. Loading dye 

(ThermoFisher) was added to each sample and a molecular weight ladder (ThermoFisher) was 

used in each gel to aid in determination of the approximate size of PCR products. 

Lipid Analysis 

For neutral lipid analysis of Arabidopsis tissues, ~20 mg of Arabidopsis leaves (dry 

weight), 10 mg of dry Arabidopsis seeds, or 50 seedlings were used in each replicate. Lipid 

extractions were performed using a modified Bligh and Dyer (1959) procedure (Cai et al., 2015). 

The sample tissues were disrupted with glass beads in a bead beater (BioSpec, Mini-

Beadbeater-16) with 70°C isopropanol for 60 seconds. TAG (tri-17:0) standard (Avanti) was 
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added to Arabidopsis seeds and seedlings. Isopropanol at 70°C and chloroform were used to 

extract total lipid from homogenized samples in the ratio 2 mL isopropanol: 1 mL chloroform: 

450 mg tissue/water. Samples were incubated in a 70°C water bath for 30 minutes and then at 

4°C overnight. One mL of chloroform and 2 mL of 1 M KCl were added to samples for the 

purification of total lipid. The KCl layer was aspirated off and the samples were washed with an 

additional 2 mL of KCl twice. Purified lipid was stored in chloroform under N2 at -20°C. Neutral 

and polar lipid fractions were separated from the total lipid extract with the use of 6-mL silica 

columns (Sigma-Aldrich). Hexane: diethyl ether (4:1) was used to elute neutral lipids from total 

extract and chloroform: methanol (1:2) was used to elute polar lipids. The neutral lipid fraction 

of total lipid extract from Arabidopsis seeds and seedlings was transesterified with 2 mL of 1 N 

methanolic HCl at 85°C for 2 hours to produce fatty acid methyl esters (FAMEs), which were 

extracted into hexane and evaluated by gas chromatography-flame ionization detection (GC-

FID) (Hewlett Packard, HP 5890 II), as described by Wanjie et al. (2010). The FAMEs were 

separated on a 30m SUPELCOWAX 10 fused silica capillary column (Supelco) with injector and 

detector temperatures of 250°C. The initial oven temperature was 180°C and the final oven 

temperature was 240°C, rising at a rate of 5°C per minute. FAME standards GLC-1C and GLC-08B 

(Nu-Chek) were used to identify fatty acid species, and the amount of each fatty acid was 

determined based the amount of internal TAG standard in each sample.  Neutral lipid fractions 

of total lipid extracted from Arabidopsis leaves were separated by thin layer chromatography 

(TLC) on silica plates, with hexane: diethyl ether: acetic acid (80:20:1) inside of a glass chamber 

(James et al., 2010). TLC plates were sprayed with copper sulfate and charred in an oven at 
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200°C for visualization. A neutral lipid standard (18-5, Nu-Chek Prep) was used to identify 

individual spots on the plate. 

Microscopy 

A Zeiss LSM 710 confocal laser-scanning microscope was used to obtain confocal images 

of Arabidopsis leaves and Agrobacterium-infiltrated N. benthamiana leaves. In preparation for 

LD visualization, Arabidopsis leaves were stained for 15 minutes with 2 µg/mL BODIPY 493/503 

(Invitrogen; from 4 mg/mL stock in DMSO) or 2 μg/mL Nile Red (Sigma-Aldrich; from 4 mg/mL 

stock in DMSO) in 50 mM PIPES Buffer (pH 7.0). Nile Red was used when green fluorescent 

protein (GFP) was to be visualized concurrently, and BODIPY was used in all other experiments. 

The fourth or fifth leaf from 4-week-old Arabidopsis plants was used for staining, and the 3 

topmost fully expanded leaves from N. benthamiana plants were used for infiltration in 

transient expression experiments. Leaves were collected between midday and late afternoon 

unless otherwise indicated. Following preparation, leaves were mounted on glass slides, in 

water, with the adaxial side of the leaf facing the coverslip.  BODIPY and GFP were excited at 

488 nm and Nile Red was excited at 514 nm. BODIPY and GFP emission signal were collected 

from 500-540 nm, Nile Red emission signal was collected from 560-620 nm, and chlorophyll 

emission signal was collected from 650-720 nm. Fluorophore emissions were collected on 

individual channels to prevent signal overlap. Images were obtained as a Z-series (Arabidopsis 

leaves) or as single optical sections (N. benthamiana leaves) and all images were saved as 

1024x1024-pixel digital images (Cai et al., 2015). Each image is a representative of at least 3 

leaves from different plants, or 3 individually infiltrated leaves (N. benthamiana). LDs were 
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quantified using the Analyze Particles tool in ImageJ (imagej.nih.gov). All significance 

evaluations were performed using the Student’s t-test in Microsoft Excel.  
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CHAPTER 3 

RESULTS 

mpl1 Mutants Accumulate More LDs in Vegetative Tissues than WT 

Two mpl1 T-DNA insertion mutant Arabidopsis lines and two MPL1 overexpressing (OE) 

lines were grown concurrently with WT Arabidopsis. There were no visible differences among 

these plants in overall size nor were there significant differences in their weight at the mature, 

dry seed stage (Figure 1). Thus, no obvious physical differences in growth and development 

were observed. To evaluate the LD phenotypes of MPL1(OE) and mpl1 leaves, as compared to 

that of WT, BODIPY-stained LDs were visualized in the leaves of WT, MPL1(OE), and mpl1 

mutant Arabidopsis plants. As shown in Figure 2, WT leaves contained few or no LDs, as 

observed in previous microscopy experiments (Cai et al., 2017), and chloroplast 

autofluorescence was visible as expected, as rings around the central vacuole in each cell. 

MPL1(OE)#4 and #5 both mirrored WT with minimal LDs visible in the mesophyll cells. By 

contrast, microscopy of both mpl1-1 and mpl1-2 leaves revealed significantly more LDs than 

were observed in WT or MPL1 leaves. LDs were visible here as small spheres of BODIPY 

fluorescence. The LDs in the leaves appeared to be cytosolic, rather than within the 

chloroplasts, distinguishing them from plastoglobuli. Consistent with the visible increased LD 

count, the neutral lipid fraction of lipid extracted from mpl1 leaves showed a larger spot where 

TAG should be present than lipid from WT or MPL1(OE), when separated on a TLC plate. The 

presumed location of TAG on the plate was determined from the neutral lipid standard (Figure 

3). These data indicated that plants with a disruption in MPL1 had an over-accumulation of LDs 

in the leaves, and therefore that MPL1 may be important for the normal accumulation or 
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breakdown of cytosolic mesophyll cells. It is curious that the disruption of MPL1 would cause an 

LD phenotype in leaves, because MPL1 was shown to not be expressed in the leaves at high 

levels under normal conditions (Louis et al., 2010).  
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Figure 1. MPL1(OE) and mpl1 mutant plants do not display obvious growth defects. 
(a) WT, MPL1(OE), and mpl1 mutants after 4 weeks of growth on MS media. Each plant is a 
representative of at least 12 consecutively grown plants.  
(b) The weight of 100 dry seeds harvested from mature WT, MPL1(OE), and mpl1 mutants. 
Means and standard deviations (SDs) were determined from 3 biological replicates. 



16 

 

 

  

WT MPL1(OE) #4 MPL1(OE) #5 

mpl1-1  mpl1-2  

(a) 

(b) 

0

50

100

150

200

W
T

M
PL

1(
O

E)
#4

M
PL

1(
O

E)
#5

m
pl

1-
1

m
pl

1-
2

Av
er

ag
e 

N
um

be
r L

Ds
 

* 
* 

Figure 2. mpl1 leaves accumulate more LDs in mesophyll cells than WT.  
(a) Confocal images of Arabidopsis leaves with constitutively expressed MPL1 or mutated 
MPL1. Yellow color corresponds to BODIPY-stained LDs and red color corresponds to 
chlorophyll autofluorescence. Images are representatives of 3 biological replicates. Bar= 20 
µm, all images same scale. 
(b) The average number of LDs per image quantified from 6 Z-stack images using the Particle 
Counter on ImageJ to count individual BODIPY-stained LDs. Error bars represent SDs. Single 
asterisks notate significant difference compared to WT at P ≤ 0.05 as determined by a 
Student’s t-test. 
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Figure 3. Neutral lipid fraction from mpl1 mutant leaves has a more prominent TAG spot after 
separation by TLC than WT. Neutral lipid fraction of total lipid extract from Arabidopsis leaves 
separated on TLC plate. The first four lanes, and the last lane, contain 12.5, 25, 37.5, 50, and 
62.5 μg, respectively, of lipid from a neutral lipid standard mix. Lipids within the standard mix 
separated in the following order from bottom to top: cholesterol, oleic acid, triolein, and 
cholesteryl oleate. The sample lanes contain the neutral lipid extract from total lipid extracts of 
WT, MPL1(OE)#4, and mpl1-1. Black box represents the presumed location of TAG in the 
samples. 
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Profiles or Delayed TAG Mobilization 
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the neutral lipid fractions of lipid extracted from seeds were analyzed by GC-FID. Quantitation 

of the fatty acids in the samples based on an internal TAG standard (tri-17:0) revealed that each 

of the samples had similar levels of total fatty acid (Figure 4a). Furthermore, the compositional 

makeup of the major fatty acid species was relatively homogenous among the samples (Figure 

4b). These results indicated that the fatty acid content in seeds was not changed in plants 

overexpressing MPL1 or with mutated MPL1, and therefore that role of MPL1 in dry seeds is 

likely not important in affecting the total amount or composition of lipid in the seeds. 

Measuring the fatty acid content in mutant seedlings 1, 2, and 4 days after the onset of 

germination has revealed the necessity of some proteins for the massive lipid mobilization in 

seeds upon germination (Gidda et al., 2016), so after observing no difference between the dry 

seeds of WT, MPL1(OE), and mpl1 mutants, germinated seedlings were tested for differences in 

fatty acid content. The total amounts of fatty acids measured in dry seeds, seedlings 1 day after 

germination, and seedlings two days after germination were consistent among all of the 

samples analyzed (Figure 5a). Four days after germination, the mpl1 mutants had less fatty acid 

than the WT and MPL1(OE) samples, however the mpl1 seedlings were also longer than the 

other seedlings at this stage (Figure 5b). These data demonstrated that there was not a 

significant delay in fatty acid breakdown in the mpl1 mutants. This delay would only be 

expected if lipase activity of MPL1 was important for the post-germinative breakdown of lipid.  
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Figure 4. mpl1 mutant plants do not have a significantly different seed fatty acid profile from WT. 
 (a) Total amount of fatty acid in dry seeds and  
(b) compositional analysis of fatty acids in seeds as determined from GC-FID analysis of neutral 
lipid fraction of lipid extract from seeds. Mean and SD (error bars) calculated from 3 biological 
replicates. 
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Figure 5. TAG mobilization after germination was not delayed in mpl1 mutant seedlings. (a) 
Total fatty acid in dry seeds and seedlings after the onset of germination determined by GC-FID 
analysis of the neutral lipid fraction of total lipid extract. Each measurement represents 3 
biological replicates of 50 seedlings. Asterisk indicates significance at P ≤ .01.(b) Length of 
seedlings 2 or 4 days after germination began. Mean and SD each from 100 seedlings. Single 
asterisk represents significance at P ≤ .01. Double asterisk designates significance as compared 
to WT at P ≤ 1x10-7. 
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mpl1 Mutants Display Different LD Accumulation Patterns than WT after Stress 

The amount of TAG in vegetative tissue is affected by abiotic stress, and LD counts may 

consequently rise and fall after exposure to stress. Abiotic stress exposure was used here as an 

assay for observing LD responses in WT and mutant plants. As heat stress can cause an increase 

in leaf TAG (Meuller et al., 2015), WT plants were exposed to 42°C heat to determine if the 

known increase in TAG would be manifested in LD accumulation (previously observed by Gidda 

et al., 2016). BODIPY-stained LDs in WT plants exposed to 2, 4, or 6 hours of heat were 

visualized by confocal microscopy. Indeed, WT leaves showed an increase in LDs in the 

mesophyll cells after 6 hours of heat stress (Figure 6). Heat exposure for 2 and 4 hours also led 

to a visible increase in lipid droplets, but to a lesser extent. MPL1(OE)#4  and mpl1-1 plants 

were then subjected to 6 hours of heat treatment for comparison to WT. MPL1(OE)#4 

demonstrated the same response to heat stress as WT, such that cytosolic LDs appeared after 

exposure to heat. mpl1 mutant leaves on the other hand, while housing more LDs at the control 

temperature, surprisingly had a decrease in LDs following heat exposure (Figure 7).  

Like heat stress, wounding stimulates the accumulation of some lipid species in leaves 

(Buseman et al., 2006). Additionally, MPL1 was observed to be expressed in WT leaves 24 hours 

after wounding, by RT- PCR of RNA from wounded leaves (Figure 8). In order to observe any LD 

responses to wounding in WT or mpl1 mutant leaves, leaves were uniformly wounded with 

forceps and then visualized by confocal microscopy. First in WT, sections of the leaf that were 

within the wounded region, adjacent to the wounded region, and farther from the wounded 

region were each visualized 24 hours after wounding. A visible increase of LDs was observed in 

all visualized regions of the leaf (Figure 9). This indicated that there was an accumulation of LDs 
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after wounding, and that the accumulation was fairly homogenous across the leaf, rather than 

specific to the wounded area.  The same LD response, an apparent accumulation, was observed 

in MPL1 OE#4 24 hours after wounding, both within the wounded region itself, and in adjacent 

areas (Figure 10). mpl1 mutants had a high number of LDs after wounding as well, however the 

large amount of LDs in control mpl1 leaves may have contributed to this. Wounded leaves were 

again visualized 24 and 48 hours after wounding to observe whether a return to the control 

number of LDs occurred in the leaves after 48 hours. After 24 hours, WT plants had a 

significantly higher number of LDs than control plants, but after 48 hours, the amount of LDs in 

WT had returned to a typical level, with few or no LDs visible. mpl1 leaves did not have a 

significant increase in LD count 24 hours after wounding, but rather the number of LDs 

remained stable both 24 and 48 hours after wounding (Figure 11). Together, these data 

demonstrated that mpl1 mutants responded differently to abiotic stress than WT in regards to 

LD accumulation. This may indicate that MPL1 is necessary for normal responses to abiotic 

stress in leaves.  
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Figure 6. LDs accumulate in Arabidopsis leaves after heat stress 
(a) Confocal images of WT Arabidopsis leaves after exposure to 42°C for 2, 4, or 6 hours. 
Control plants not exposed to heat. Chlorophyll autofluorescence is visualized as red and 
BODIPY-stained LDs are false-colored yellow. Each image is representative of 3 biological 
replicates. Bar= 20 μm, all images same scale. 
(b) Average number of LDs per image. Asterisk indicates significance at P ≤ 0.05, as compared 
to the immediately preceding time point. Error bars represent SD from 6 images. 
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Figure 7. mpl1 mutant leaves do not have an increase of LDs after heat stress 
(a) Confocal images of WT, MPl1(OE), and mpl1 mutant Arabidopsis leaves after exposure to 
42°C for 6 hours. Chlorophyll autofluorescence is visualized as red and BODIPY-stained LDs are 
false-colored yellow. Bar= 20 μm, all images same scale. 
(b) Average number of LDs per image. Asterisk represents significance as compared to the 
control average, at P ≤ 0.05. Error bars represent SD from 6 images. 
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EF1α primers MPL1 primers 

Figure 8. MPL1 transcript is visible in WT 24 hours and 48 hours after wounding 
Transcripts from purified RNA from WT plants, mpl1 mutant plants, wounded WT plants, and 
wounded mpl1 plants were amplified using EF1α control primers and MPL1-specific primers. 
Bands produced by EF1α primers are visible for all samples, except for a negative control in 
which no reverse transcriptase was added. Bands produced by MPL1-specific primers are 
visible only in wounded WT samples. 
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Figure 9. LD accumulation occurs in the mesophyll cells 24 hours after wounding in WT 
Confocal images of WT Arabidopsis leaves 24 hours after physical wounding by clamping of the 
leaf with forceps. Leaves were imaged directly in the wounded region, adjacent to the wound, 
and on the farthest side of the leaf from the wounded area. Yellow color corresponds to 
BODIPY-stained LDs and red color corresponds to chlorophyll autofluorescence. Images are 
representatives of 3 biological replicates. Bar=20 µm, all images same scale. 
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mpl1-1 Control mpl1-1 Inside Wound mpl1-1 Near Wound 

Figure 10. LDs in MPL1(OE) leaves and mpl1 leaves 24 hours after wounding 
Confocal images of MPL1(OE)#4 and mpl1 mutant Arabidopsis leaves 24 hours after physical 
wounding by clamping of the leaf with forceps. Leaves were imaged directly in the wounded 
region and adjacent to the wound. Yellow color corresponds to BODIPY-stained LDs and red 
color corresponds to chlorophyll autofluorescence. Images are representatives of 3 biological 
replicates. Bar= 20 µm, all images same scale. 
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Figure 11. LD numbers return to control levels in WT 48 hours after wounding. 
(a) Confocal images of WT and mpl1 mutant Arabidopsis leaves 24 and 48 hours after physical 
wounding by clamping of the leaf with forceps. Yellow color corresponds to BODIPY-stained LDs 
and red color corresponds to chlorophyll autofluorescence. Images are representatives of 3 
biological replicates. Bar= 20 µm, all images same scale. 
(b) The average number of LDs per image 24 hours after wounding and 48 hours after 
wounding, quantified using the Particle Counter on ImageJ to count individual BODIPY-stained 
LDs. Means and SDs (error bars) were calculated from 9 total images; 3 per biological replicate. 
Asterisks notate significant difference compared to controls at P ≤ 0.05 as determined by a 
Student’s t-test. 
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mpl1 Mutants Have Disrupted Diurnal Regulation of Vegetative Tissue 

LD accumulation in leaves is regulated diurnally, with the most LDs visible by microscopy 

at the end of the dark period, and the least at the end of the light period (Gidda et al., 2016). In 

order to observe the diurnal pattern of BODIPY-stained LDs, WT, MPL1(OE), and mpl1 mutant 

leaves were observed by confocal microscopy at designated time points through one day/night 

cycle. WT leaves followed the previously observed regulation pattern with the most LDs at the 

end of night and the least at the end of day, the amount at the end of day being negligible (Figure 

12). MPL1(OE) #4 and #5 leaves followed the same pattern, although with more LDs than WT in 

some cases. By contrast, LDs in mpl1-1 and mpl1-2 leaves did not follow the same accumulation 

pattern (Figure 13). There was not a significant difference between the LD count at the end of 

night and midday in the mpl1 mutants, and while the LD number did significantly decrease by the 

end of day, the ratio of LDs in mpl1 remaining at the end of day compared to LDs at the end of 

night was much higher than in WT or MPL1(OEs). At the end of day, WT leaves had 25% of the 

LDs they housed at the end of night and MPL1(OE)#4 and #5 leaves had 27% and 23% 

respectively, while at the end of day mpl1-1 and mpl1-2 leaves had 66% and 54% of the LDs they 

had at the end of night, respectively (Figure 14). These results indicated that plants with a 

disruption in MPL1 had a disruption of the diurnal regulation of LDs, and thus that MPL1 may be 

important for the normal diurnal regulation of LD accumulation in leaves. 

To begin investigate if there may be other Arabidopsis mutants involved with or affected 

by the diurnal LD cycle, mutants involved in the jasmonic acid (JA) synthesis pathway were 

analyzed for LD diurnal regulation differences. Mutants from this synthesis pathway were 

selected based on known differences in JA and OPDA levels in mpl1 mutants (Joe Louis and Jyoti 
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Shah, unpublished). A mutant of the 12-oxo-phytodienoic acid (OPDA) receptor, cyclophilin 20-

3 (cyp20-3) was tested to see if this receptor may be involved in the LD regulation, by observing 

LDs in the leaves at the same time points observed in WT. cyp20-3 did not display a disrupted 

LD pattern, instead a normal diurnal pattern was observed (Figure 15,16). LDs in leaves from a 

13-lipoxygenase (13-lox) quadruple mutant, lox2/lox3/lox4/lox6, were then visualized at the 

same time points in the day. Interestingly, lox2/3/4/6 had the same diurnal LD accumulation 

pattern as mpl1, with a relatively consistent number of LDs at the end of night and at midday, 

but a decreased number of LDs at the end of day (Figure 17, 18). These observations may 

implicate lipoxygenases in the diurnal regulation of LDs. 

  



31 

 

WT 

MPL1(OE) #4 

MPL1(OE) #5 

               5:00AM                  1:00PM                                                         9:00PM 

Figure 12. LD accumulation is regulated diurnally.  
Confocal images of WT and MPL1(OE) Arabidopsis leaves at the end of the night period 
(5:00AM), mid-day (1:00PM), and the end of the day period (9:00PM). Red color corresponds to 
chloroplast autofluorescence and yellow corresponds to BODIPY-stained LDs. Bar= 20 µm, all 
images same scale. 
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mpl1-1 

 

                   5:00AM                                                 1:00PM                                                9:00PM 

mpl1-2 

Figure 13. Diurnal regulation of LDs in mpl1 mutants.  
Confocal images of mpl1 mutant Arabidopsis leaves at the end of the night period (5:00AM), 
mid-day (1:00PM), and the end of the day period (9:00PM). Each image represents 3 biological 
replicates. Red color corresponds to chloroplast autofluorescence and yellow color corresponds 
to BODIPY-stained LDs. Bar= 20 µm, all images same scale.  
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Figure 14. mpl1 mutant leaves have a different diurnal LD pattern than WT. 
 (a) Average number of LDs in WT, MPL1(OE), and mpl1 mutant leaves at 3 time points in the 
day and  
(b) the average number of LDs by plant type. Average number of LDs per image quantified using 
the Particle Counter on ImageJ to count individual BODIPY-stained LDs. Means and SDs (error 
bars) were calculated from 9 total images; 3 per biological replicate. Asterisks notate significant 
difference compared to WT (14a) or the immediately preceding time point (14b) at P ≤ 0.05 as 
determined by a Student’s t-test. 
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WT 
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               5:00AM                                                    1:00PM                                               9:00PM 

Figure 15. LD diurnal regulation in cyp20-3  
Confocal images of cyp20-3 mutant Arabidopsis leaves at the end of the night period (5:00AM), 
mid-day (1:00PM), and the end of the day period (9:00PM). Each image represents 3 biological 
replicates. Red color corresponds to chloroplast autofluorescence and yellow color corresponds 
to BODIPY-stained LDs. Bar= 20 µm, all images same scale. 
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Figure 16. Accumulation of LDs in cyp20-3 mutant leaves follows the same diurnal pattern as 
WT  
Average number of LDs per image quantified using the Particle Counter on ImageJ to count 
individual BODIPY-stained LDs. Means and SDs (represented by error bars)  were calculated 
from 9 total images; 3 per biological replicate. Asterisks notate significant difference compared 
to the immediately preceding time point at P ≤ 0.05 as determined by a Student’s t-test. 
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WT 

lox2/3/4/6 

                5:00AM                                            1:00PM                                               

9:00PM 

Figure 17. LD diurnal regulation in the lox2/3/4/6 quadruple mutant  
Confocal images of mpl1 mutant Arabidopsis leaves at the end of the night period (5:00AM), 
mid-day (1:00PM), and the end of the day period (9:00PM). Each image represents 3 
biological replicates. Red color corresponds to chloroplast autofluorescence and yellow color 
corresponds to BODIPY-stained LDs. Bar= 20 µm, all images same scale. 
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Figure 18. Accumulation of LDs in lox2/3/4/6 mutant leaves does not follow the same diurnal 
pattern as WT  
Average number of LDs per image quantified using the Particle Counter on ImageJ to count 
individual BODIPY-stained LDs. Means and SDs  (represented by error bars) were calculated from 9 
total images; 3 per biological replicate. Asterisks notate significant difference compared to the 
immediately preceding time point at P ≤ 0.05 as determined by a Student’s t-test. 
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GFP-Tagged MPL1 Appears to Localize to the Cytosol in  
Transiently Transformed N. benthamiana 

 
To begin to examine the subcellular location of MPL1, the coding region of MPL1 was 

transiently expressed in N. benthamiana leaves by Agrobacterium infiltration. A GFP-tagged 

version of MPL1 was utilized for visualization of the protein, with GFP at the N-terminus of 

MPL1. Mock infiltration buffer (no Agrobacterium), was used as a control for the 

transformation of tobacco leaves, and P19 was used in all other infiltrations to enhance 

transgene expression. Leaves were incubated with Nile Red to stain LDs. As shown in figure 20, 

no GFP fluorescence was visible in the leaves of these control infiltrations. Confocal images of 

leaves expressing GFP-tagged MPL1 show that GFP fluorescence is visible surrounding the 

chloroplasts (chlorophyll autofluorescence) and in circular patterns outside of the chloroplasts. 

Based on this observation, the GFP-tagged MPL1 appears to be localized to the cytosol (Figure 

19). It is unclear however, what structures or organelles the GFP-tagged MPL1 may be 

encircling throughout the cytosol. The circles are likely not LDs, as any LDs should appear as 

Nile Red fluorescence. A putative vacuolar signal peptide was previously identified for MPL1 

(Morton, 2007), however this GFP-tagged MPL1 did not appear to localize to the vacuole. 

Further visualization of this GFP-tagged protein in leaves also expressing organelle markers will 

be needed to confirm the cellular localization of the protein. Additionally, the GFP tag may be 

affecting the functionality and location of this MPL1 protein, which will also need to be 

addressed in further experiments.  
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Figure 19. GFP-tagged MPL1 expression in N. benthamiana 
Confocal images of N. benthamiana leaves transiently expressing GFP-tagged MPL1 are single 
2D images where red corresponds to chlorophyll autofluorescence and green corresponds to 
GFP fluorescence. At least 3 independently infiltrated leaves represented by each image. Bar = 
20 µm. White box designates zoomed area. 
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lip1 Mutants Accumulate More LDs in Vegetative Tissues than WT 

Two lip1 T-DNA insertion mutant Arabidopsis lines were grown concurrently with WT 

Arabidopsis. There were no visible differences among these plants in overall size nor were there 

significant differences in their weight at the mature, dry seed stage (Figure 20). Thus, no 

obvious physical differences in growth and development were observed. As mpl1 mutants 

consistently had a high number of LDs in their leaves, lip1 mutants were observed to determine 

if these mutants had a similar phenotype. Again, BODIPY dye was used to stain LDs so that they 

could be visualized by confocal microscopy. Chlorophyll autofluorescence was visible in the 

pattern expected of leaf mesophyll cells and LDs were visible as spheres of BODIPY 

fluorescence. Like the mpl1 mutants, lip1-8 and lip1-9 mutant lines both showed a significantly 

higher number of LDs in leaves than in WT leaves (Figure 21). The LDs in the cells of lip1 

mutants, however, had a different spatial configuration than those in the mpl1 mutants. The 

lip1 LDs were smaller and more clustered together, and did not appear to have the same 

cellular localization based on their location relative to the chlorophyll autofluorescence. These 

LDs were farther away from the chloroplasts in some places than LDs observed in WT or mpl1 

leaves, possibly localizing to a different cellular region or compartment than the LDs in WT or 

mpl1 mutants. In some cases, LDs appear within the presumed location of the vacuoles.  These 

results demonstrated that plants with a disruption in LIP1 had an over-accumulation of LDs in 

the leaves, and therefore that LIP1 may be important for regular LD formation, maintenance, or 

breakdown. The pattern of the observed LDs also indicated that LIP1 may have a distinct role 

from MPL1 as the LD phenotype is not exactly the same in plants with mutated versions these 

two genes. 
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Figure 20. lip1 mutant plants do not display obvious growth defects. 
(a) WT lip1 mutants after 4 weeks of growth on MS media. Each plant is a representative of at 
least 12 consecutively grown plants.  
(b) The weight of 100 dry seeds harvested from mature WT lip1 mutants. Means and standard 
deviations (SDs) were determined from 3 biological replicates. 
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Figure 21. lip1 mutant leaves accumulate more LDs in mesophyll cells than WT 
(a) Confocal images of Arabidopsis leaves with mutated LIP1. Yellow color corresponds to 
BODIPY-stained LDs and red color corresponds to chlorophyll autofluorescence. Images are 
representatives of 3 biological replicates. Bar= 20 µm, all images same scale. 
(b) The average number of LDs per Image quantified using ImageJ to count BODIPY-stained 
LDs. Means and SDs (represented by error bars) were calculated from nine images from 3 
biological replicates. Single asterisks notate significant difference compared to WT at P ≤ 0.05, 
as determined by a Student’s t-test. 
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LDs in lip1 Mutants Persist after Dark-Induced Senescence 

While MPL1 is not expressed at high levels in leaf tissues in a typical environment, LIP1 

is expressed in leaves and throughout the entire plant, as shown by RT-PCR (Figure 22). To 

begin to investigate what type of role LIP1 may play in the plant, the diurnal pattern of LD 

accumulation was observed in lip1 mutant leaves. Confocal images show LDs in the leaves of 

lip1 mutants at much higher levels than in WT at the end of night and mid-day, but at the end 

of the day period lip1 resembles WT. In this case, the diurnal regulation of LDs did not appear 

disrupted (Figures 23, 24); the LD number went from highest at the end of night, to very low at 

the end of day. These results indicate that LIP1 is likely not important for the diurnal regulation 

of leaves. Instead, LIP1 has the highest level of expression in senescent leaves and is therefore 

likely active during this time.  

LDs in naturally senescing leaves from 6-week-old WT, mpl1, and lip1 plants were 

stained with BODIPY and observed by confocal microscopy to look for differences in LD content 

during senescence. A relatively high number of LDs were visible in WT leaves, consistent with a 

possible transient increase of lipids at the onset of leaf senescence that was previously 

observed by Kaup et al. (2002) (Figure 25). There was not a clearly observable difference among 

WT, mpl1, and lip1 at this stage in senescence, and it is likely that the turnover of lipids during 

senescence had not yet begun. To observe senescing leaves during the time of lipid depletion, 

further into senescence, individually-darkened detached leaves were utilized. Confocal imaging 

of mpl1 and lip1 control plants revealed a more LDs than in WT plants, as is typical for the 

leaves of these mutants, but after 2 days of dark-induced senescence the LD number had 

decreased greatly with LDs remaining only in the lip1 leaves. Additionally, after 5 days of dark-
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induced senescence, LDs persisted only in the lip1 leaves (Figure 25). After both 2 and 5 days, 

differences in the shape and size of chloroplasts were visible, likely indicating chloroplast 

degradation in the cells. These data indicate that LDs persisted during dark-induced senescence 

in plants with a disruption of LIP1, and that this persistence was not merely due to the high 

level of LDs in lip1 mutant leaves under normal conditions. If this were the case, mpl1 mutants 

should have had the same LD persistence in senescing leaves. Therefore, LIP1 may be important 

for the turnover of lipid, specifically during senescence.  

 

  

                        ves 

    

                         

Figure 22. LIP1 is expressed in all plant tissues 
RNA from WT plants sectioned into three parts: the leaves, rosette base, and roots. EF1α 
primers were used as a positive control and LIP1-specific primers were used to amplify LIP1 
transcript. LIP1 transcript was present in all tissues tested. 
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Figure 23. LD diurnal regulation in lip1 mutants  
Confocal images of WT and lip1 mutant Arabidopsis leaves at the end of the night period 
(5:00AM), mid-day (1:00PM), and the end of the day period (9:00PM). Red color corresponds to 
chloroplast autofluorescence and yellow color corresponds to BODIPY-stained LDs. Bar= 20µm, 
all images same scale. 
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Figure 24. Accumulation of LDs in lip1 mutant leaves follows the same diurnal pattern as WT  
Average number of LDs per image quantified using the Particle Counter on ImageJ to count 
individual BODIPY-stained LDs. Means and SDs  (represented by error bars) were calculated from 9 
total images; 3 per biological replicate. Asterisks notate significant difference compared to the 
immediately preceding time point at P ≤ 0.05 as determined by a Student’s t-test. 
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Figure 25. LDs accumulate early in leaf senescence  
(a) Confocal images of BODIPY-stained LDs in 6-week-old WT, mpl1, and lip1 mutants. Red 
color corresponds to chloroplast autofluorescence and yellow color corresponds to BODIPY-
stained LDs. Bar= 20 µm, all images same scale. 
(b) Average number of LDs in 6-week-old Arabidopsis leaves. Mean and standard SDs 
calculated from 9 leaves, 3 per biological replicate. Asterisk indicates significance at P ≤ 0.05 
as determined by Student’s t-test. 
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Figure 26. LDs persist in lip1 leaves after dark-induced senescence 
(a) Confocal images of BODIPY-stained LDs in WT, mpl1, and lip1 mutants after 2 or 5 days of 
dark-induced senescence. Red color corresponds to chloroplast autofluorescence and yellow 
color corresponds to BODIPY-stained LDs. Bar= 20 µm, all images same scale. 
(b) Average number of LDs in individually-darkened Arabidopsis leaves determined from 6 
images. Asterisk indicates significance compared to WT at the same time point at P ≤ 0.05 as 
determined by Student’s t-test.  Error bars represent SDs. 
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CHAPTER 4 

DISCUSSION 

What is known about the biology of LDs is quickly expanding, yet numerous outstanding 

questions remain, and in many cases, more is known about LDs in mammals than in plants. 

Discrete steps and proteins with specific roles have been identified in mammal, insect, and 

yeast LD biogenesis, but many of the potential counterparts in plants have yet to be discerned. 

A notable example of this disparity is the FIT2 protein. FIT2 functions in animal cells to partition 

TAGs into LDs as they are growing, but no homolog of FIT2 has been identified in plants. 

However, when mouse FIT2 was expressed in plant cells, oil content was increased in leaves 

and seeds, indicating that the FIT2 protein was able to function with the LD biogenesis 

machinery endogenous to plants (Cai et al., 2017). It would seem thus, that there is much more 

to be uncovered about the conserved nature of LD biology. This conservation of cellular 

machinery allows for the translation of mammalian research to plant research, such as when 

homologs of human lipodystrophy-related genes are studied in plants. This makes LipA a 

particularly conspicuous target for research. It is a protein associated with neutral lipid 

disorders in animals that has homologs in plants, and it also plays a major role in a lipid 

turnover pathway in animals. However, roles for MPL1 and LIP1 in LD dynamics have not 

previously been characterized. 

These two plant homologs of LipA were studied here, not only in plants under normal 

conditions, but also in places where LDs were known to be dynamic, such as during exposure to 

abiotic stress. Exposure to heat stress and wounding provided assays in which lipid content was 

known to change in WT plants, and mutant plants could be evaluated as having the same or 
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different LD responses. Additionally, LD abundance cycles diurnally, so confocal microscopy of 

LDs at different points during the day/night cycle was used to determine if mutant plants 

retained the regular changes in LD accumulation. Finally, lipid content is known to decrease 

during senescence, so senescing leaves were used to observe whether lipid turnover was 

occurring as expected in mutant plants.  

mpl1 mutants were found to have more LD content in leaves than WT plants. In animal 

cells LipA breaks down LDs, and when cells are deficient in LipA, neutral lipids accumulate in 

excess. Therefore, if MPL1 plays a role similar to LipA in LD turnover, one might expect to see 

more LDs in plant cells when the gene is mutated. However, the minimal expression of MPL1 in 

the leaves did not necessarily support this possible role for MPL1. Other lipid turnover-related 

lipases in Arabidopsis are expressed where they function, such as SDP1, which is most highly 

expressed in seeds and embryos (eFP browser). While MPL1 is expressed in seeds, it did not 

appear to be essential for the turnover of lipids during germination. There is a clear LD 

phenotype in the leaves of mpl1 mutants, and yet only marginal expression in leaves, thus 

whatever role MPL1 might be playing in the leaves must be possible with little local expression. 

While this expression profile is not typical for lipase involved in bulk lipid turnover, it is not 

uncommon for a protein involved in lipid signaling. For example, a lipid transfer protein in 

Arabidopsis, defective in induced resistance 1 (DIR1), is involved in resistance signaling in the 

leaves, but is found at very low levels in healthy leaves, not unlike MPL1 (Maldonado et al., 

2002). As was found for MPL1, DIR1 is upregulated after wounding and after some types of 

biotic stress (eFP browser). Perhaps MPL1 works in a similar manner, interacting with or 

producing a lipid-derived molecule involved in signaling. Indeed, one study profiling the 
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interactome of Arabidopsis G-proteins, molecules involved in signaling, found that MPL1 

interacted with regulator of G-protein signaling (RGS1) (Klopffleisch et al., 2011). 

One signaling pathway involving lipids that may be implicated in the mpl1 mutant is the 

JA synthesis pathway, by which linolenic acid (18:3) is converted into OPDA and eventually JA. 

mpl1 mutant plants were found to have significantly elevated levels of both JA and OPDA 

compared to WT, while MPL1(OE) plants were found to have significantly decreased levels of JA 

and OPDA and increased levels of conjugated OPDA-monogalactosyldiacylglycerol (OPDA-

MGDG) (Joe Louis and Jyoti Shah, unpublished data). Based on these results, Louis and Shah 

suggested that MPL1 may promote the metabolism of OPDA, potentially limiting free OPDA in 

the cells. Lower concentrations of OPDA available would decrease JA synthesis, and JA signaling 

pathways could be diminished. The possible cytosolic localization of MPL1 would allow for 

MPL1 to play a role in processing or sequestering of OPDA after it is exported from the 

chloroplasts, before it enters the peroxisomes. Multiple components of the JA synthesis and 

signaling pathways have been found to fluctuate in a diurnal rhythm including allene oxide 

synthase (AOS), coronatine insensitive 1 (COI1), and jasmonate-JIM-domain proteins (JAZs). It is 

thought that perhaps these pathways are modulated diurnally, anticipating attacks from 

pathogens at certain times of day (Kim et al., 2011). 13-LOX catalyzes the first step of the JA 

synthesis pathway, and the lox2/3/4/6 quadruple mutant was also found to have a disrupted 

diurnal regulation of lipid droplets, mirroring the LD cycle observed in mpl1 mutants. Puzzlingly, 

however, while mpl1 mutants accumulate more JA and OPDA, LOX mutants accumulate less JA 

(Chauvin et al., 2013). It remains unclear whether MPL1 and LOX are similarly relevant for LD 

dynamics. Diurnal regulation may connect the seemingly unrelated characteristics of the mpl1 
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mutant – differences in defense and LD accumulation. Indeed, two independent microarray 

studies reported MPL1 to be expressed in a cyclical nature, highest during the day and lowest 

during the night (Michael et al., 2008; Mockler et al., 2007). This might suggest that a lower 

expression level of MPL1 at night leads to fewer LDs in the leaf cells and higher expression 

levels of MPL1 during the day lead to more LD accumulation. Its mechanism remains unknown, 

and the question remains – is MPL1 mainly involved in defense, and its apparent involvement in 

LD regulation merely a side effect? Or perhaps the opposite may be true. The role of LDs during 

the diurnal cycle is still unclear, and the future elucidation of this function may provide insight 

as to how MPL1 is involved in this process. 

It also remains in question what roles LDs may be filling during stress responses, 

although proteins involved with LD proliferation after stress have begun to be identified. LDAPs, 

for example, were discovered to be involved in some stress responses based on LDAP 

expression levels during temperature stress and the LD content in ldap mutant plants. LDAP 

expression is induced after both cold and heat stress, as is the accumulation of LDs in WT 

leaves. Conversely, ldap mutants have diminished LD proliferation in both of these cases, 

demonstrating that LDAPs are required for this LD response (Gidda et al., 2016).  mpl1 mutants 

did not have the same LD proliferation responses to abiotic stress as WT plants, potentially 

indicating that MPL1 is necessary for these responses. However, while mpl1 mutant plants 

displayed different LD responses to stress than WT, a specific role for MPL1 in these responses 

is not initially clear. Perhaps the difference in responses is simply due to the higher LD content 

in the mutant plants at ambient temperature or without stress. If the plant requires an increase 

in lipid storage upon stress, these high-LD mutants may already have sufficient storage. Is has 
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been asked whether LD proliferation after stress may provide lipids or lipid products for 

signaling (Pyc et al., 2017), or whether LDs may provide transient storage during membrane 

remodeling that may be necessary during stress responses (Meuller et al., 2015). These 

speculations however, have not yet been experimentally proven.  

Similarly to mpl1 mutants, lip1 mutants were also found to have higher LD content than 

WT, but in this case, LIP1 was observed to be ubiquitously expressed in all of the tissues tested. 

This expression profile is more reminiscent of a housekeeping gene; something that is needed 

for cellular maintenance or constitutively fulfills a basic function. This type of expression more 

strongly supports the possibility of a direct role for LIP1 in LD turnover in leaves than the 

expression pattern observed for MPL1. Furthermore, the Arabidopsis LIP1 was found to have a 

putative signal peptide at the N-terminus, with strong homology to the signal peptide in human 

LipA (El-Kouhen et al., 2005), possibly indicating a function more homologous to that of LipA 

than MPL1. Unlike a housekeeping gene in the traditional sense of the word, LIP1 has increased 

expression under certain conditions, specifically in leaves during senescence. Lipid turnover is 

always occurring during plant growth, but total lipid content remains stable until senescence, at 

which point there is a net decrease of fatty acids (Yang et al., 2009). A temporary increase of 

TAG has been measured in Arabidopsis leaves early in senescence in some cases, as was 

mirrored by the increase of LDs observed in 6-week-old Arabidopsis leaves, which may be due 

to the release of lipids from membranes and the upregulation of DGAT (Kaup et al., 2002). After 

approximately 7 weeks of growth, the total amount of fatty acids in leaves begins to steadily 

decrease (Tronscoe-Ponce et al., 2013). The upregulation of LIP1 during the period of lipid 

turnover in senescence, along with the LD breakdown function of the mammalian LipA, leads to 
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the question of whether LIP1 may be responsible for some of the lipid turnover during leaf 

senescence. This idea is supported by the observation that lip1 mutants retained LDs after dark-

induced senescence, although dark-induced senescence does not necessarily provide an 

accurate representation of natural senescence. While no molecular markers for senescence 

were used to signal senescence in the leaves, the protocol used for the induction of dark-

induced senescence was based upon previously used time points (Graff et al., 2006). It is 

curious to note that although lipid turnover greatly increases during senescence, one study 

showed that multiple Arabidopsis mutants deficient in β-oxidation and post-germinative lipid 

mobilization did not differ from WT in the fatty acid content of their leaves through the onset of 

senescence (Yang and Ohlrogge, 2009). These data suggest that an alternative metabolic 

pathway may be utilized for lipid breakdown in senescent leaves. It is interesting to consider 

the potential for a lipophagy-type pathway here, where LDs could be broken down during 

senescence, or cell maintenance.  

In mammals, much of the molecular machinery for lipophagy has been outlined.  The 

proteins of several autophagy-related genes (Atg), including Atg7, Atg12, and Atg5, work to 

form a scaffolding system for the formation of new autophagic membrane on the surface of LDs 

to be sequestered, in part or in whole, for lipophagy. Microtubule-associated protein 1A/1B-

light chain 3 (LC3) is conjugated to phosphatidylethanolamine (PE), forming LC3-II, which is 

considered to be an autophagosome marker (Yang et al., 2010). Each of these major autophagy 

and lipophagy components has at least one homolog in plants (LC3-II is known as Atg8 in 

plants), and a majority of these homologous sequences are upregulated during leaf senescence 

(eFP browser). Additionally, autophagy has been shown to play a role in both leaf senescence 
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and tolerance to abiotic stress, including drought (Liu et al., 2009; Wada et al., 2009). It 

therefore seems possible that a similar mechanism for the selective autophagy of lipids may be 

occurring in plants, especially during senescence, perhaps through the action of LIP1. 

Mammalian lipophagy occurs in the lysosomes, therefore if lipophagy is playing a role in lipid 

breakdown role during senescence or plant cell maintenance, it is likely within the vacuole, 

where other autophagic processes take place in plants (Kim et al., 2012). It will be necessary to 

discern the cellular location of LIP1 and to study the unique LD phenotype in lip1 mutants to 

determine whether the location of the LDs in the confocal images of these plants may be in the 

vacuole as their spatial configuration suggests.  

In summation, the disruption of both MPL1 and LIP1 led to mutants with more LD 

accumulation in the leaves than in WT.  While it remains unknown what specific roles these 

genes play, they both appear to be relevant for normal LD dynamics. MPL1 may be important 

for diurnal LD regulation, perhaps working as part of a signaling pathway, while LIP1 may be 

more directly involved in LD turnover, during regular cell maintenance as well as leaf 

senescence (Figure 27). 

MPL1 and LIP1 both appear to be important for maintaining regular numbers of LDs in 

leaf mesophyll cells.  MPL1 may be involved in the diurnal regulation of LDs, possibly via a 

signaling pathway. mpl1 mutants displayed different LD phenotypes after abiotic stress than 

WT, so MPL1 may also be important for stress responses. Alternately, LIP1 may be involved in 

LD breakdown during senescence. lip1 mutants had an elevated number of LDs in their leaves 

prior to the onset of senescence, indicating that LIP1 may also be important for LD breakdown 
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or regulation during regular cell maintenance. Perhaps LIP1 is working in a similar manner to its 

mammalian homolog, LipA, as a component of the autophagy or lipophagy pathway. 

 

 

 

 

Figure 27. Hypothetical model for the roles of MPL1 and LIP1 in LD dynamics. 
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APPENDIX 

GENOTYPING OF lip1 MUTANTS
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Methods and Results 

The seeds of lip1 mutants acquired from TAIR were sent to the John Dyer lab (USDA-

ARS) where they were bred for homozygosity. The resulting seeds were grown and confirmed 

to be homozygous by genotyping. DNA was purified from the leaves of 4-week-old Arabidopsis 

leaves using the REDExtract-N-Amp Plant PCR Kit (Sigma, St. Louis, MO) as the manufacturer’s 

instructions indicated. Fragments from each sample were amplified using EF1α primers as a 

positive control, a T-DNA left border (LB) and a gene-specific right primer (RP) pair, and a gene-

specific RP and left primer (LP) pair (Table A.1). The PCR program was 94°C for 3 min, 35 

amplification cycles (94°C for 15 sec, 57°C or 50°C for 30 sec, and 72°C for 1.5 min), and 72°C for 

5 min. DNA from plants homozygous for the T-DNA insertion in LIP1 was expected to produce a 

PCR product with the T-DNA/LIP1 RP pair, but not the LIP1 RP/LP pair. DNA from plants without 

the mutation was expected to produce a PCR product with the LIP1 RP/LP pair, but not with the 

T-DNA/LIP1 RP pair. DNA from plants that were heterozygous would produce both bands. PCR 

products were visualized on an agarose gel as previously described. As shown in Figure A.1, WT 

DNA did not produce a band with the T-DNA insertion border primer; however each lip1 sample 

produced a band with the T-DNA insertion primer.  A band was produced with the LIP1-specific 

primers from the WT DNA, but not from the lip1 mutant plant DNA. Thus, lip1 mutants were 

confirmed to be homozygous for the T-DNA insertion and were therefore used in all 

experiments described here (Figure A.1). 
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Table A.1 Primers used for genotyping 

T-DNA LB 5’- ATTTTGCCGATTTCGGAAC 

LIP1A RP 5’- AGTTTGGCAATAAT 

LIP1A LP 5’- ACAAGGAAAATTTTGGAGTT 

LIP1B RP 5’- AACGTGTAGCTTCTCTTGG 

LIP1B LP 5’- GAATTCAAGAACCACACATC 

Figure A.1 Genotyping results for lip1 mutants 

DNA from WT and lip1 mutant plants amplified with EF1α positive control primers, T-DNA 

border primer, and gene-specific primers. EF1α bands are visible in all samples. T-DNA LB and 

LIP1RP produced a band in lip1 8-1 and 9-1, but not WT. LIP1 RP/LP produced a band in WT, but 

not lip1 mutants. 

EF1α primers 
TDNA/LIP1RP 

TDNA/LIP1RP LIP1 primers 

  WT     lip8-1   lip8-2  lip9-1  lip9-2 
  WT     lip8-1   lip8-2 

  WT     lip8-1   lip8-2  lip9-1  lip9-2 

lip9-1  lip9-2 
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