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ABSTRACT 

Membrane microdomains play vital roles in the process of bacterial infection. The 

membrane microdomain-associated protein Flot1 acts in an endocytic pathway and is 

required for seedling development, however, whether Flot1 is a part of host defense 

mechanisms remains unknown. During an analysis of callose deposition, we found 

that Flot1 amiRNAi mutants exhibited defects in response to flg22. Using 

variable-angle total internal reflection fluorescence microscopy (VA-TIRFM), 

structured illumination microscopy (SIM) and fluorescence cross spectroscopy (FCS), 

we determined that the dynamic behavior of GFP-Flot1 in Arabidopsis thaliana 

cotyledon epidermal cells changed significantly in plants treated with the elicitor 

flg22. Moreover, we found that Flot1 was constitutively recycled via an endocytic 

pathway and that flg22 could promote endocytosis. Importantly, targeting of Flot1 to 

the late endosome/vacuole for degradation increased in response to flg22 treatment; 

immunoblot analysis showed that when triggered by flg22, GFP-Flot1 was gradually 

degraded in a time-dependent manner. Taken together, these findings support the 

hypothesis that the changing of dynamics and oligomeric states can promote the 

endocytosis and degradation of Flot1 under flg22 treatment in plant cells. 

 

Key words Flot1, dynamics, endocytosis, VA-TIRFM, SIM 

 

1. Introduction 

Membrane microdomains are sterol- and sphingolipid-rich nano-scale domains 

within the plasma membrane. These highly dynamic domains contain 

glycosylphosphatidylinositol (GPI)-anchored proteins and a subset of integral and 

peripheral cell surface proteins (Simons and Toomre, 2000). Substantial evidence 

supports a regulatory role for membrane microdomains in signal transduction, 

membrane trafficking, organization of the actin cytoskeleton, and the response to 

pathogen attack (Lajoie and Nabi, 2010; Liu et al., 2009; Ovečka et al., 2010; Simons 

and Gerl, 2010). Proteomic analyses of the detergent-resistant membrane (DRM) 
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fraction of plant extracts have mainly been performed in tobacco (Nicotiana tabacum), 

Arabidopsis thaliana and Medicago truncatula (Borner et al., 2005; Morel et al., 2006; 

Kierszniowska et al., 2009). These studies identified important proteins involved in 

signaling, cellular trafficking, responses to biotic/abiotic stress, and cell wall 

metabolism (Morel et al., 2006; Lefebvre et al., 2007; Keinath et al., 2010). For 

example, respiratory burst oxidase homolog (RbohD) (Morel et al., 2006; Fujiwara et 

al., 2009; Kierszniowska et al., 2009) and Feronia (Keinath et al., 2010) are enriched 

in DRMs. Lipid metabolism associated enzymes such as phospholipase D (PLD), 

phospholipase C (PLC), and PIP2-specific PLC were also detected in DRMs 

(Shahollari et al., 2004; Kierszniowska et al., 2009; Keinath et al., 2010). 

Membrane microdomains play vital roles in plant immune signaling (Simon-Plas 

et al., 2011). Shortly after flg22 treatment, several proteins, such as FLS2, H+ ATPase, 

sugar transporters, Ca2+-dependent kinases, and syntaxin, relocalize to DRMs 

(Keinath et al., 2010). Elicitation with the fungal elicitor cryptogein triggers a 

decrease in the association of dynamin-related proteins with DRMs in tobacco cells 

(Stanislas et al., 2009). StREM1.3, one of Remorin family proteins, can directly 

interact with the movement protein TRIPLE GENE BLOCK PROTEIN1 to interfere 

with cell to cell movement of Potato Virus X (PVX) (Raffaele et al., 2009; Perraki et 

al., 2012). Remorin also forms clusters on the plasma membrane at the bacterial 

infection site during nodule symbiosis of Medicago truncatula to monitor bacterial 

signaling molecules in the host–bacterial interaction (Lefebvre et al., 2010). Flotillins, 

which are used as membrane microdomain markers in mammalian and plant cells 

(Glebov et al., 2006; Li et al., 2012), are required for the symbiosis between the 

nitrogen-fixing bacterium Sinorhizobium meliloti and its host, the legume Medicago 

truncatula (Haney and Long, 2010). Haney and Long (2010) identified seven genes 

encoding flotillin-like (FLOT) proteins in Medicago truncatula and showed that 

FLOT2 and FLOT4 are strongly upregulated during early symbiotic events. 

Furthermore, an increase in Lysin motif receptor-like kinase3 (LYK3) and 

FLOT4-mCherry colocalization was observed in symbiont-inoculated root hairs 

(Haney and Long, 2010; Haney et al., 2011). More interestingly, Flotillins play 
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important roles in pathogen defense, such as Dictyostelium resistant to 

Mycobacterium marinum infection, Chlamydia pneumoniae growth in A549 epithelial 

cell lines and Litopenaeus vannamei resistant to white spot syndrome virus infection 

(Hagedorn and Soldati, 2007; Korhonen et al., 2012; Shi et al., 2016).  

Defining the endocytosis and trafficking pathways of cell surface proteins in 

plants is an important step in establishing the function of these proteins. For example, 

PIN-FORMED (PIN) proteins enter cells through the action of clathrin-dependent 

endocytosis and localize to the trans-Golgi/early endosomal compartments. PIN 

proteins are recycled back to the plasma membrane via a Brefeldin A-sensitive 

pathway, or localized to the vacuole for degradation, resulting in their polar 

localization (Geldner et al., 2001; Geldner et al., 2003; Kleine-Vehn and Friml, 2008). 

AtFlot1 localizes to membrane microdomains and is involved in clathrin-independent 

endocytosis (Li et al., 2012). However, the mechanisms underlying the endocytosis 

and vesicle trafficking of Flot1 remain largely unknown. 

In this study, we used variable-angle total internal reflection fluorescence 

microscopy (VA-TIRFM) and structured illumination microscopy (SIM) (Komis et al., 

2015a, b; Li et al., 2011; Wan et al., 2011) to reveal that the velocity of Flot1-GFP 

increased and then Flot1-GFP aggregated in PM by treated with flg22.Furthermore, 

we also found that flg22 can promote Flot1-GFP endocytosis. Most importantly, Flot1 

protein was gradually degraded in a time-dependent manner after treatment with the 

flg22 elicitor. The results of this study provide valuable information for further 

investigation of the regulatory mechanisms of membrane microdomains in the plant 

defense response. 

 

2. Materials and methods 

2.1. Plant materials and growth conditions 

All experiments were performed using Arabidopsis thaliana ecotype Columbia-0 

(Col-0). Flot1 amiRNA knockdown lines were developed in our laboratory (Li et al., 
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2012). Transgenic Arabidopsis thaliana seeds expressing VHA-a1-mRFP and 

RabG3f-mRFP were described previously (Zhang et al., 2011). Seeds were surface 

sterilized in 70% ethanol for 2 minutes, transferred to 5% (w/v) NaClO for 15 min, 

washed with distilled water at least five times, and plated on half-strength Murashige 

and Skoog (MS) medium (1/2x MS) containing 1% (w/v) sucrose and 0.8% (w/v) 

agar (Duchefa, The Netherlands), followed by stratification at 4°C in the dark for 2 d. 

The plants were grown under 16 h light/8 h dark conditions at 20–22°C. 

2.2. Plasmid construction and plant transformation 

The 35S:: GFP-Flot1 construct was produced as described previously (Li et al., 

2012). Double-labeled transgenic plants containing GFP-Flot1/VHA-a1-mRFP, 

GFP-Flot1/RabG3f-mRFP and GFP-Flot1/SNX1-mRFP were generated by crossing 

plants harboring the following constructs: GFP-Flot1 with VHA-a1-GFP, 

RabG3f-mRFP and SNX1-mRFP. 

2.3. Semi-quantitative RT-PCR 

Total RNA was extracted from WT and amiRNAi15-1, 15-5, 30-2, and 32-1 

Arabidopsis seedlings using Trizol according to the manufacturer’s protocol 

(Invitrogen). Reverse transcription was performed using a First-Strand cDNA 

Synthesis kit (Invitrogen) and an oligo (dT) primer. For semi-quantitative RT-PCR, 

Flot1 was amplified via 28 cycles of PCR using specific primers (Table S1); the 

ACTIN2 (AT3G18780) gene used as an internal control. All experiments were 

performed at least three times. 

2.4. Analysis of callose deposition 

Aniline blue staining was performed to analyze flg22-induced callose deposition 

as described previously (Kim et al., 2005). Briefly, seven-day-old seedlings grown in 

solid 1/2 MS medium were transferred to liquid 1/2 MS medium containing 10 μM 

flg22 for 24 h. The seedlings were then washed twice in ethanol : acetic acid(1:3[v/v]) 

for 20 h and stained for 24 h with 0.01% aniline blue in 150 mM KH2PO4 (pH 9.5). 

Callose was visualized in cotyledons by epifluorescence microscopy. 
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2.5. Yeast two-hybrid analysis 

Gal4-based yeast two-hybrid assays were performed using the Matchmaker Gold 

Yeast Two-Hybrid System from Clontech according to the manufacturer’s 

instructions. The vectors pGADT7 and pGBKT7 were used to construct the prey and 

bait plasmids, respectively. The primers used for plasmid construction for the yeast 

assays are listed in supporting information Table S2. Y2H Gold yeast cells containing 

each of the activation domain constructs were transformed with each of the binding 

domain constructs and plated onto synthetic dropout medium containing10 μg/L 

X-α-Gal (5-bromo-4-chloro-3-indolyl-α-d-galactopyranoside) without tryptophan, 

leucine, and histidine. β-Galactosidase activity was assayed in the presence of 

X-α-Gal. 

 

2.6. FRET-FLIM Analysis 

FRET-FLIM experiment was carried out as describe previously (Bellati et al., 2016). 

The 5-weeks-old tobacco leaves were infiltrated with Agrobacterium tumefaciens 

strain GV3101 with desired construct and OD at 600 nm is 0.3-0.5. After 48 hours, 

the FRET-FLIM analysis by Leica TCS SP5 X system equipped with a 633/1.20 

numeric aperture water-immersion objective lens. From the fluorescence intensity 

images, the decay curves were calculated per pixel and fitted with either a mono- or 

double-exponential decay model using the SPCImage software (Becker & Hickl; 

version 3.2.3.0). The mono-exponential model function was applied for donor 

samples with only GFP present. The double-exponential model function was used for 

sample containing GFP and mCherry. 

 

2.7. SIM imaging 

SIM images were taken by a 100×/NA 1.57 Plan Apochromat objective on an 

Elyra PS.1 platform (Zeiss, Munich, Germany) with a pco.edge 5.5 sCMOS camera 
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(PCO, Kelheim, Germany) according to previously published methods (Komis et al., 

2014, 2015). 

2.8. Fluorescent dye and drug treatment 

For FM4-64 staining, vertically grown seedlings were incubated in 1/2 MS liquid 

containing 5 µM FM4-64 (Invitrogen, 5 mM stock in DMSO) for 5 min at room 

temperature. For drug treatments, four-day-old seedlings were incubated in 1/2 MS 

medium containing 50 µM Brefeldin A (BFA; Takáč et al., 2011), 33 µM 

Wortmannin (Takáč et al., 2012), 10 mM mβCD, 10 µM flg22, 10 µM MG132, or 2 

µM concanamycin A for the indicated time period before observation. The stock 

solutions were as follows: 50 mM BFA (Sigma-Aldrich) in DMSO; 33 mM 

Wortmannin (Sigma-Aldrich) in DMSO; 200 mM mβCD (Sigma-Aldrich) in 

deionized water; 10 mM flg22 (GL Biochem [Shanghai] Ltd.) in deionized water; 

10mM MG132 (Sigma-Aldrich) in deionized water; 2 mM concanamycin A 

(Sigma-Aldrich) in DMSO. Each treatment for confocal imaging was repeated at least 

three times with similar results. 

2.9. Confocal microscopy 

Four-day-old seedlings were mounted in 1/2 MS liquid medium and used for 

confocal analysis. For imaging of GFP/FM4-64, the signals were excited at 488 nm 

and 514 nm and emission was detected with the detector sets BP 520-550 for green 

signals and LP 560–640 for red signals under a Leica TCS SP5 inverted confocal 

microscope with a 63×oil-immersion objective. For colocalization analyses, GFP and 

mCherry were excited at 488 nm and 561 nm, respectively. Fluorescence emission 

was detected with detector sets BP 520-555 (GFP) and LP 575 (mCherry). 

2.10. VA-TIRFM live imaging and data analysis 

After drug treatments, four-day-old seedlings were transferred onto a glass slide 

with 1/2 MS medium, covered with a coverslip, and observed under a custom-built 

VA-TIRFM based on an Olympus IX-71 microscope equipped with a total internal 

reflective fluorescence illuminator and a 100×oil-immersion objective (numerical 

aperture of 1.45, Olympus). The 473 nm/561 nm laser line from a diode laser 
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(Changchun New Industries Optoelectronics Tech. Co., Changchun, China) was used 

to excite GFP and mCherry. The emission fluorescence signals were detected with a 

back-illuminated EM-CCD camera (ANDOR iXon DV8897D-CS0-VP; And or 

Technology, Belfast, UK) after filtering with two band-pass filters (525/545 and 

609/654 nm). The gain of the EMCCD camera was set to 300 throughout all 

single-molecule imaging experiments; the setting was in the linear dynamic range of 

the EMCCD camera. Images were acquired with an exposure time of 100 ms and 

analyzed with Image J software (NIH).The methods used to analyze single-particle 

movement were described previously (MP-BRI1). 

2.11. FCS analysis 

FCS was performed under a Leica TCS SP5 FCS microscope equipped with a 

488-nm argon laser, in-house coupled correlator, and Avalanche photodiode. The laser 

was focused on the plasma membrane of a GFP-Flot1 transgenic cell to detect the 

fluctuations in spontaneous fluorescence intensity induced by the diffusion of 

fluorophores into and out of the focal volume. GFP-Flot1 density was calculated as 

described previously (Li et al., 2011).  

2.12. FRAP analysis 

An FV1000MPE multiphoton laser-scanning microscope (Olympus) was used for 

the FRAP experiments. A rectangular region of interest was subjected to bleaching 

with 100% laser power at 488 nm. Fluorescence recovery was then monitored every 5 

seconds. The recovery data obtained were corrected for bleaching during imaging as 

described (Luu et al., 2012). 

2.13. Protein extraction and immunoblot analysis 

Seven-day-old seedlings of transgenic GFP-Flot1 lines were treated with 50µM 

CHX in two tubes for 1 h, after which 100 µM MG132 was added to one tube and 

liquid 1/2 MS medium was added to the other tube as a control. After 3h, the 

seedlings were treated with 10 µM flg22. Total proteins were extracted from seedlings 

treated with flg22 for 0, 30, 60, and 120 min. GFP-Flot1 protein was denatured in 

loading buffer (62.5 mM Tris-HCl [pH 6.8], 10% [v/v] glycerol, 2% [w/v] SDS, 2.5% 
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[v/v]β-mercaptoethanol, 0.01% [w/v] bromophenol blue, and 1% [w/v] PMSF) at 

50°C for 5min. The proteins were separated on 12% (w/v) SDS/polyacrylamide gels 

and transferred to a polyvinylidene fluoride membrane (Immobilon-P; Millipore) by 

electroblotting. Blots were developed using an ECL Advance Western Blotting 

Detection Kit (Amersham) according to the manufacturer’s protocol. Primary 

antibodies and the secondary antibody were diluted in blocking solution at the 

following concentrations: GFP antibody at 1:3000 and secondary antibody at 1:10000; 

actin was used as an internal reference. 

 

3. Results 

3.1. The Flot1 amiRNAi lines exhibit defects in response to Flg22  

To investigate the function of Flot1 in Arabidopsis, we first performed 

phylogenetic analysis using Clustal W and Bio Edit. This analysis showed that 

Arabidopsis flotillin proteins, including Flot1a (Flot1, Flot1a, At5g25250), Flot1b 

(At5g25260) and Flot2 (At5g64870), are highly conserved (Fig. 1A). For example, 

UPGMA analysis showed that Flot1a shares 94% amino acid sequence similarity with 

Flot1b and 85% similarity with Flot2 (Fig. 1B). Interestingly, the Flotillin proteins 

were quite conserved in higher plants (NCBI Protein Cluster CLSN2686436), so we 

aligned the sequences of Flot1 homologs from different plant species (Fig. 1C). 

Phylogenetic tree analysis revealed that Flot1 shares high sequence similarity with 

flotillin proteins of other plants (Fig. 1D). 

To investigate the effect of changes in Flot1 expression on plant defense 

responses, we used aniline blue staining to monitor callose deposition in response to 

flg22. As shown in Figure 2, in untreated cotyledons, no specific aniline blue signals 

were observed, indicating a lack of callose deposition. When treated with flg22, the 

Flot1 overexpression lines showed increased callose deposition, whereas the Flot1 

amiRNA lines (ami15-5) displayed attenuated levels of callose deposition compared 

to control wild-type cotyledons (Fig. 2). Importantly, transformation of the Flot1 
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ami15-5 mutant with a 35S:Flot1 construct partially rescued the defects in callose 

deposition (Fig. 2). These results indicate that plant defense response triggered by 

flg22 requires Flot1. 

3.2. Dynamic behavior of Flot1 particles in the plasma membrane 

We also tested whether flg22 affects the dynamic behavior of Flot1 proteins in 

the plasma membrane. We therefore used VA-TIRFM to monitor the trajectory and 

range of motion of Flot1 particles in plant cells. The trajectories of Flot1 in plants 

treated with and without flg22 are shown in Figure 3A. In control seedlings 

expressing GFP-Flot1, the range of motion of GFP-Flot1 was distributed into two 

subpopulations: long-distance motion (39.48% of particles, 0.44 ± 0.27 μm) and 

short-distance motion (60.25%, 0.18 ± 0.13 μm), with distance values (μm) 

representing the peak of the distribution (Fig. 3B). When treated with flg22, the range 

of motion of GFP-Flot1 was significantly altered compared to control cells, with only 

25.91% of particles showing short-distance motion. Interestingly, most GFP-Flot1 

particles in cells treated with flg22 showed much longer distance motion (0.99 ± 0.13 

μm), indicating that Flot1 proteins can diffuse to a relatively wide area when triggered 

by flg22 (Fig. 3C).  

We then investigated the dynamic properties of Flot1 in more detail by 

calculating velocity and diffusion coefficients. Specifically, we plotted the distribution 

of velocity and diffusion coefficients on histograms and fitted the curves using 

Gaussian functions, in which the Gaussian peaks (noted as Ĝ) were considered to 

represent the characteristic velocity and diffusion coefficients. Except the small 

similar Ĝ value of velocity, big Ĝ of velocity was 1.54 ± 0.02 μm/s in control 

seedlings (Fig. 3D), but after treatment with flg22, the big Ĝ of velocity was 1.67 ± 

0.02 μm/s (Fig. 3E), indicating that the velocity of Flot1 increased in the presence of 

flg22. Moreover, we found that the Ĝ of diffusion coefficients was 4.57 × 10-3 μm2/s 

(SE 2.73 to 7.66 × 10-3μm2/s) and 9.12 × 10-2 μm2/s (SE 8.85 to 9.40 × 10-2 μm2/s), 

respectively, in control seedlings (Fig. 3F). After flg22 treatment, the Ĝ of diffusion 
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coefficients was 6.08 × 10-3 μm2/s (SE 4.17 to 8.87 × 10-3μm2/s) and 1.14 × 10-1μm2/s 

(SE 1.12 to 1.15 × 10-1μm2/s), respectively, representing an increase compared to 

control seedlings (Fig. 3G). 

3.3. The oligomerization state of GFP-Flot1 in the plasma membrane 

To investigate the oligomeric states of Flot1, we used yeast two-hybrid analysis 

to examine the physical interaction of Flot1 with itself and with Flot2. The full-length 

Flot1 protein was predicted to contain SPFH and flotillin domains, as determined 

from BLAST analysis using the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

(Fig. 4A). As shown in Fig. 4B, full-length Flot1 clearly interacted with full-length 

Flot1 and with Flot2. To further determine which domain is essential for the physical 

interactions of flotillins, we made constructs expressing the N-terminal SPFH domain 

(F1, amino acid residues 1–200), the intact C-terminal flotillin domain (F2, amino 

acid residues 201–470), and two spilt F2 (F2-1, amino acid residues 201–351; F2-2, 

amino acid residues 352–470) truncations. We then examined the interactions of these 

truncated proteins in yeast cells (Fig. 4A). Importantly, we found that F2 interacted 

with Flot1 and Flot2, whereas F1 did not (Fig. 4C), suggesting that the C-terminal 

portion (amino acids 201–470) of Flot1 is sufficient for the interaction with Flot1 and 

Flot2. Further analysis showed that F2-1 and F2-2 did not interact with Flot1 or Flot2 

(Figs. 1), indicating that the deletion of amino acid residues 201–351 (F2-1) or 

352–470 (F2-2) completely abolished the Flot1-Flot1 and Flot1-Flot2 interactions. To 

further verify the Flot1 can interact with Flot1, FLIM (fluorescence lifetime imaging 

microscopy) analyses, based on the detection of Förster resonance energy transfer 

(FRET), were performed by transiently expressing Flot1-GFP and Flot1-GFP 

/Flot1-mCherry in tobacco leaf cells. Physical interactions were assessed by GFP fast 

flim time. The results showed that the Flot1-GFP average fast flim time of 

Flot1-GFP/Flot1-mCherry decreased to 1.973 ns compared to the control 2.611 ns 

(Figs. 2), suggesting that Flot1-GFP and Flot1-mCherry can interact with each other. 



 

 12 

We further observed that GFP-Flot1 fluorescent foci formed spots of variable size 

in cotyledon epidermal cells by SIM (Fig. 5). To investigate the partitioning of 

GFP-Flot1 in the plasma membrane of living cells, we analyzed time-lapse imaging of 

the GFP-Flot1 spots in control (Fig. 5A) and flg22-treated cells (Fig. 5B). In contrast 

to control cells, flg22 treatment caused the formation of linear (arrowheads) or 

circular (arrows) aggregates of GFP-Flot1 spots (Fig. 5B), indicating that the 

aggregation status of Flot1 was affected by flg22. Besides that, we also observed that 

the aggregation Flot1 will be disappeared with time-lapse monitoring (Fig. 5B). This 

demonstrated that flg22 would contribute to the endocytosis of Flot1. 

3.4. Flot1 is constitutively recycled via an endocytic pathway 

To determine whether the Flot1-containing dot structures were endosomal 

compartments, we analyzed the distribution of GFP-Flot1 fluorescent signals stained 

with the membrane marker FM4-64 in cotyledon epidermal cells. Most of the green 

intracellular GFP-Flot1 fluorescent signals colocalized with the FM4-64 signal (Fig. 

6A). After treatment with Brefeldin A (BFA) to block exocytosis, GFP-Flot1 proteins 

accumulated in BFA compartments, where they also colocalized with FM4-64 (Fig. 

6A). To rule out the possibility that the appearance of GFP-Flot1 in the intracellular 

vesicles was due to the presence of newly synthesized protein, we further analyzed the 

localization of GFP-Flot1 in the presence of the specific protein synthesis inhibitor 

cycloheximide (CHX). After pretreatment with CHX for 30 min, followed by BFA 

treatment for 60 min, the transgenic seedlings were incubated with FM4-64. We 

observed the colocalization of GFP-Flot1 and FM4-64 in the BFA compartments (Fig. 

6A). After pretreating GFP-Flot1-expressing cotyledon cells with flg22, the number 

of BFA-induced aggregates derived from GFP-Flot1, which colocalized with 

internalized FM4-64, increased (Fig. 6A). More importantly, when treated with flg22, 

the number of endosomes labeled with Flot1-GFP and FM4-64 significantly increased 

in the cotyledon epidermal cells (Fig. 6B and 6C), suggesting that Flot1 is subject to 

constitutive endocytic turnover and that flg22 increases the endocytosis of GFP-Flot1. 
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We also used fluorescence cross spectroscopy (FCS), which allows monitoring of 

fluctuations in fluorescence intensity within the focal volume of the laser beam, to 

measure the density of GFP-Flot1 in the plasma membrane (Figs. 3A). The mean 

density of GFP-Flot1 was 19.4 ± 3.9 molecules μm–2 in control seedlings (Figs. 3B). 

A lower GFP-Flot1 density (14.0 ± 1.7 molecules μm–2; 28% decrease with respect to 

control cells; P < 0.01, t-test) was detected after treatment with flg22 (Figs. 3B), 

indicating that fewer GFP-Flot1 molecules accumulated in the plasma membrane after 

treatment with flg22. 

3.5. Flot1 is trafficked to early and late endosomal compartments 

To determine the precise subcellular trafficking pathway for Flot1, we crossed 

plants expressing GFP-Flot1 with plants expressing the early endosome marker 

protein VHA-a1-mRFP; we then used the resulting plants to analyze the 

colocalization of GFP- and mRFP-labeled endosomes. Confocal imaging showed that 

GFP-Flot1 partially colocalized with VHA-a1-mRFP (Fig. 7A). We then used BFA, 

which resulted in the accumulation of GFP-Flot1 proteins in the BFA compartments, 

where it colocalized with VHA-a1-mRFP (Fig. 7A). This result indicated that Flot1 

partially trafficked to early endosomes. 

To further elucidate the cycling of GFP-Flot1 between intracellular compartments 

and the plasma membrane, we examined the dynamics of GFP-Flot1 in the plasma 

membranes of Arabidopsis cotyledon epidermal cells using fluorescence recovery 

after photobleaching (FRAP). The bleached regions of interest were divided into top, 

middle, and bottom areas and GFP signals in the three regions recovered at similar 

rates (Fig. 7B), suggesting that GFP-Flot1 is primarily recycled from the cytoplasm to 

the plasma membrane. 

To investigate whether GFP-Flot1 can be transported to the prevacuolar 

compartment/late endosome, we crossed plants expressing GFP-Flot1 with plants 

expressing the prevacuolar compartment marker protein RabG3f-mRFP and 

SNX1-mRFP. Colocalization experiments on the resulting plants revealed 
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considerable overlap of GFP-Flot1 with RabG3f-mRFP (Fig. 8A) and SNX1-mRFP 

(Figs. 4). We then treated the plants with flg22, resulting in more colocalization of 

GFP-Flot1 with RabG3f-mRFP (Fig. 8B), suggesting that flg22 might increase 

trafficking of GFP-Flot1 to the late endosome. After pretreatment with flg22, 

followed by treatment with Wortmannin (an inhibitor of phosphatidylinositol-3 

kinase), we determined that GFP-Flot1 was clearly induced to form rounded 

structures, where it colocalized with the prevacuolar compartment marker 

RabG3f-mRFP (Fig. 8C). The colocalization between Flot1 and RabG3f was further 

confirmed by quantitative analysis using the protein proximity index (PPI) (Zinchuk 

et al., 2011). The three-dimensional (3D) plots of the cross-correlation of GFP-Flot1 

and RabG3f -mRFP were respectively shown as Figure 8D and Figure 8E. At control 

cells, the mean PPI values were 0.16 ± 0.03 for Flot1/RabG3f (Fig. 8F). After flg22 

treatment, the mean PPI values were 0.25 ± 0.03 for Flot1/RabG3f (Fig. 8F), 

indicating that the trafficking of GFP-Flot1 to the late endosome was increased in 

response to flg22. 

3.6. Proteasome-mediated degradation of GFP-Flot1 

Ubiquitination leads to protein degradation or, in some cases, modulates the 

activity or localization of a protein (MacGurn et al., 2012). To further examine the 

fate of Flot1, we measured Flot1 levels before and after flg22 treatment. After 

pretreating the seedlings with CHX for 30 min, followed by flg22 treatment for 0, 30, 

60, or 120 min, we extracted total proteins from the transgenic seedlings. Immunoblot 

analysis showed that the protein level of GFP-Flot1 was almost unchanged within 30 

min of flg22 treatment, followed by a gradual decrease (Fig. 9A), indicating that 

GFP-Flot1was degraded in a time-dependent manner after treatment with flg22. 

Under these conditions, treatment with MG132, an inhibitor of proteasome-mediated 

degradation, dramatically inhibited the degradation of internalized Flot1 (Fig. 9B), 

suggesting the involvement of the 26S proteasome in Flot1 degradation. Moreover, 

we pretreated the GFP-Flot1 seedlings with 10 mM methyl-β-cyclodextrin (mβCD, 

which depletes sterols from the plasma membrane) for 30 min, followed by flg22 for 
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the indicated time periods. Immunoblot analysis showed that the degradation of Flot1 

was affected by the presence of mβCD (Fig. 9), suggesting that mβCD interfered with 

the degradation of Flot1 when sterols were depleted, which indirectly disrupted the 

membrane microdomains. 

 

4. Discussion 

Plasma membranes are highly dynamic, complex structures. The dynamics of 

plasma membrane proteins are closely linked to many fundamental cellular processes 

(Shinozaki et al., 2009; Zhang et al., 2009). Therefore, studying membrane dynamics 

in living cells with new techniques may help decipher these complex systems (Li et 

al., 2013). In the present study, we used VA-TIRFM, which has an improved 

signal-to-noise ratio (Konopka et al., 2008; Li et al., 2011; Fan et al., 2013), to 

examine the dynamics of GFP-Flot1 in living cotyledon epidermal cells. In control 

seedlings expressing GFP-Flot1, the range of motion of GFP-Flot1 was distributed 

into two subpopulations. Interestingly, in cells treated with flg22, the GFP-Flot1 

proteins moved over a much longer distance, indicating that activated Flot1 proteins 

can diffuse to relatively wide areas. Additionally, we found that GFP-Flot1 puncta at 

the plasma membrane had different diffusion coefficients, and Flg22 treatment 

increased Ĝ compared to control seedlings. These results indicate that GFP-Flot1 is 

highly mobile and heterogeneously distributed at the plasma membrane and that flg22 

treatment increases the diffusion of Flot1, which is likely essential for activation of 

the immune response. 

Plasma membrane proteins can also form clusters in membrane microdomains 

(Weisz and Rodriguez-Boulan, 2009; Hartman and Groves, 2011). Members of the 

stomatin/prohibitin/flotillin/HflK/C (SPFH) domain-containing protein family tend to 

form oligomers (Browman et al., 2007). For example, prohibitins, stomatin, and 

podocin form large multimeric complexes of twelve or more monomers (Langhorst et 

al., 2005; Tatsuta et al., 2005; Huber et al., 2006). Also, the Arabidopsis KAT1 K+ 
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channel forms punctate structures of approximately 0.5–0.6 μm on the plasma 

membrane (Sutter et al., 2007). Blue native-PAGE and bimolecular fluorescence 

complementation assays confirmed that SUT1, a sucrose transporter, forms a 

homodimer in the plant cell and that oxidative reagents promote its dimerization. In 

addition, SUT1 forms clusters with a diameter of 200–300 nm in membrane 

microdomains (Krügel et al., 2008). Similarly, remorin forms clusters, which are 

sensitive to treatment with mβCD (Raffaele et al., 2009). In the current study, yeast 

two-hybrid analysis demonstrated that the full-length Flot1 protein could interact with 

full-length Flot1 and Flot2, suggesting that the flotillin family proteins can form 

oligomers, as was previously demonstrated in mammals (Solis et al., 2007). Moreover, 

we found that GFP-Flot1 was aggregated and devoid from plasma membrane 

triggered by flg22, indicating that the aggregation status of GFP-Flot1 contribute to its 

endocytosis. Together, these results provide strong evidence that the oligomer 

assembly and aggregation status of Flot1 is favorable for the Flot1 associated 

endocytosis. 

Endocytosis plays a vital role in the acquisition of materials from the extracellular 

space and in maintaining the protein and lipid composition of the plasma membrane 

(Conner and Schmid, 2003; Tanaka et al., 2009; Chen et al., 2011; Šamaj 2012). 

BRASSINOSTEROID INSENSITIVE1 (BRI1) localizes to the plasma membrane and 

endosomal structures; its localization and turnover are independent of brassinosteroids 

(Geldner et al., 2007). In contrast to BRI1, the plasma membrane receptor 

FLAGELLIN SENSING 2 (FLS2) is internalized depending on its ligand composition 

(Robatzek et al., 2006). The current results show that Flot1 localized to the plasma 

membrane and cytoplasmic compartments, and colocalized with FM4-64, suggesting 

that the Flot1-containing dot structures are endosomal compartments. The endocytosis 

of GFP-Flot1was increased in response to the flg22 treatment. Additionally, FCS 

analysis also showed that following flg22 pretreatment, the density of Flot1 on the 

plasma membrane significantly decreased in cotyledon epidermal cells. Thus, it is 
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reasonable to conclude that flg22 enhances the internalization of Flot1, which in turn 

attenuates the activated signaling in the plasma membrane. 

The occurrence of endocytic trafficking in plants is well established (Barberon et 

al., 2011; Šamaj 2012; Fan et al., 2015). A key example is endocytosis of PIN 

proteins, which can enter an endocytic trafficking pathway and localize to 

trans-Golgi/early endosome compartments, followed by transport for vacuolar 

degradation (Petrasek et al., 2006; Kleine-Vehn and Friml, 2008; Laxmi et al., 2008).    

In this study, we resolved the endocytic pathway of Flot1 in the presence of flg22. 

Under steady state conditions, colocalization analysis showed that GFP-Flot1 partially 

colocalized with VHA-a1-mRFP. Importantly, FRAP analysis further suggested that 

GFP-Flot1 is primarily recycled from the cytoplasm to the plasma membrane. Maybe 

some of the recovered GFP-Flot1 comes from protein recycling between PM and 

cytoplasm or newly synthesized. This phenomenon is similar to AP2σ-GFP (Fan et al., 

2013). But it is different from another microdomain marker protein Rem1.3, which 

has almost no photorecovery after photobleaching (Demir et al., 2013). 

VHA-a1-mRFP is an early endosomal marker (Zhang et al., 2011), indicating that 

Flot1 can localize in early endosomes. When treated by flg22, major Flot1 particles 

were internalized and tended to colocalize with RabG3f-mRFP, a late endosomal 

marker, thereby preventing bacterial infections. Since our results demonstrate that 

endocytosis of Flot1 depends on its status by flg22, our findings indicate that different 

regulatory mechanisms function during recycling and degradation of plasma 

membrane proteins, and more importantly, that internalization of Flot1 to the late 

endosomes/vacuoles for degradation is enhanced in response to pathogen attack. A 

similar observation of a regulatory switch between the recycling and degradation 

pathways of endocytosis was previously reported for boron exporter BOR1 (Takano 

et al., 2005; Kasai et al., 2011).  

Ubiquitination is well-known pathway that functions in diverse cellular processes, 

including the regulation of endocytosis, nutrient uptake, and synaptic molecule 

recycling (MacGurn et al., 2012). Ubiquitination was shown to be associated with 
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proteasome-dependent degradation. For example, the auxin efflux carrier PIN2, the 

water channel aquaporin PIP2;1, and the flagellin receptor FLS2 are ubiquitinated in 

vivo (Abas et al., 2006; Lee et al., 2009; Lu et al., 2011). Recently, Martins et al. 

found that ubiquitination regulates BRI1 internalization and vacuolar targeting 

(Martins et al., 2015). In animal and yeast cells, proteasome activity interferes with 

protein degradation via altered targeting to the vacuole/lysosomes (van Kerkhof et al., 

2001; Longva et al., 2002; Haller et al., 2014). In this study, we detected increased 

Flot1 degradation in a time-dependent manner after flg22 treatment. Nevertheless, the 

degradation of Flot1 was dramatically reduced by treatment with MG132, suggesting 

the involvement of the 26S proteasome in Flot1 degradation. Further biochemical and 

genetic studies are needed to confirm the mechanism of Flot1 ubiquitination and its 

role in subsequent proteasome-dependent degradation. 

 

5. Conclusions 

In summary, we showed that the dynamic and partitioning of Flot1 in plasma 

membrane were significantly changed when treated with the elicitor flg22 using 

TIRFM and SIM. Furthermore, we found that Flot1 underwent constitutive endocytic 

recycling pathway and that flg22 could promote endocytosis. More importantly, 

targeting of Flot1 to the late endosome/vacuole for degradation was increased in 

response to flg22. Meanwhile, immunoblot analysis showed that when triggered by 

flg22, GFP-Flot1 was gradually degraded in a time-dependent manner. These findings 

demonstrated that the dynamic and aggregation of GFP-Flot1 in plasma membrane 

can contribute to endocytosis and degradation of Flot1 elicited by flg22 in 

Arabidopsis. Our results therefore provide valuable information for further study on 

the molecular mechanisms underlying Flot1 involved in plant immunity． 
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Figure Legends 

Fig. 1. Phylogenetic analysis of Flotillin proteins in Arabidopsis and angiosperms. (A) 

Sequence alignment of Flotillin family proteins (Flot1a, Flot1b, Flot2) from 

Arabidopsis using Clustal W and BioEdit. The red-shaded amino acids indicate 

identical sites and the green-shaded amino acids indicate similar sites. (B) UPGMA 

analysis of flotillin proteins in Arabidopsis based on genetic distance. (C) Sequence 

alignment of FLOT homologs from different species using ClustalW and Bioedit. The 

red shaded zones are identical sites, the green shaded zones are similar sites, and the 

threshold for shading are above 90%. (D) Phylogenetic tree of the FLOT homolog 

proteins in angiosperms. The aligned sequences were used to construct MP tree and 

BI tree using Paup 4.0 b10 and MrBayes3.1.2. Numbers above branches indicate 

bootstrap values for the MP analyses and Bayesian posterior probabilities, 

respectively. 

 

Fig. 2. Detection of callose deposition in Arabidopsis cotyledon cells. (A) The 

magnification images of callose deposition in OE, WT, ami15-5 and COM cotyledons 

cells. (B) Quantification of callose deposition in OE, WT, ami15-5 and COM 

cotyledons cells. **P<0.01, Student’s t-test. Scale bar: 100 μm. 

 

Fig. 3. Dynamic behavior of individual GFP-Flot1 spots imaged with VA-TIRFM in 

Arabidopsis cotyledon epidermal cells. (A) Time-lapse trajectories of GFP-Flot1 at 

different time points (0, 3.5, 7.0 and 10.5 s) for control (upper panels) and 

flg22-treated cotyledon epidermal cells (lower panels) in Arabidopsis. (B) Motion 

range of GFP-Flot1 in Arabidopsis cotyledon epidermal cells (control; n = 1670 

spots). (C) Motion range of GFP-Flot1 in Arabidopsis cotyledon epidermal cells after 

treatment with flg22 (n = 1462 spots). (D) Distribution of GFP-Flot1 velocity on the 

cotyledon epidermal cell plasma membrane (n = 3544 spots). (E) Distribution of 

GFP-Flot1 velocity on the cotyledon epidermal cell plasma membrane in the presence 
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of flg22 (n = 8952 spots). (F) Distribution of GFP-Flot1 diffusion coefficients on the 

cotyledon epidermal cell plasma membrane (n = 3577 spots). (G) Distribution of 

GFP-Flot1 diffusion coefficients on the cotyledon epidermal cell plasma membrane in 

the presence of flg22 (n = 4109 spots). Scale bars: 2 μm. 

 

Fig. 4. Yeast two-hybrid assay of Flot1 and Flot1/Flot2. (A) Schematic representation 

of full-length Flot1 and deletion constructs. F1 indicates the N-terminal 

SPFH_flotillin domain and F2 indicates the C-terminal flotillin domains, which are 

divided into F2-1 and F2-2. (B) Yeast two-hybrid analyses of the interactions between 

Flot1 and Flot1/Flot2. Full-length Flot1 and full-length Flot2 were fused to the GAL4 

DNA-binding domain (BD) and the GAL4 activation domain (AD). (C) Yeast 

two-hybrid assay of the interaction of Flot1 domains with Flot1/Flot2. Full-length 

Flot1 was fragmented into F1 and F2, which were separately fused to the GAL4 

activation domain (AD). 

 

Fig. 5. Structured illumination microscopy (SIM) live imaging of Flot1 distribution 

in plasma membrane. (A) Flot1 particles showed reduced mobility in control cells. (B) 

Formation of Flot1 aggregates (arrowheads) and Flot1 devoid from membrane 

domains (arrows) during flg22 treatment. Numbers in top right corner correspond to 

elapsed time in seconds. Scale bars: A: 10 m; B: 5 m.  

 

Fig. 6. Confocal images showing localization of GFP-Flot1 in transgenic Arabidopsis 

lines. (A) Cotyledon epidermal cells were stained with FM4-64 and the colocalization 

of GFP-Flot1 and FM4-64 was observed at the plasma membrane and in intracellular 

structures (white arrow). When cotyledon epidermal cells were pretreated with BFA 

(50μM) for 1 h, followed by incubation with FM4-64 for 30 min, GFP-Flot1 

colocalized with FM4-64 in the BFA compartments. Arrows indicate BFA bodies. 
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When cotyledon epidermal cells were pretreated with CHX (50 μM) for 30 min, 

followed by pre-incubation in BFA (50 μM) for 1 h before staining with FM4-64 for 

an additional 30 min, colocalization of GFP-Flot1 and FM4-64 was observed in the 

BFA compartment (white arrow). When cotyledon epidermal cells were pretreated 

with flg22 (10 μM) for 60 min, followed by pre-incubation in BFA (50 μM) for 1 h 

before staining with FM4-64 for an additional 30 min, GFP-Flot1 colocalized with 

FM4-64 was observed in the BFA compartment (white arrow). For all analyses, the 

results shown are representative of >15 independent samples. GFP-Flot1 (green), 

FM4-64 labeling (red), merged channels (yellow). (B) In control cotyledon epidermal 

cells, colocalization of GFP-Flot1 and FM4-64 was observed at the plasma membrane 

and the intracellular structures (upper panels, white arrowheads). When cotyledon 

epidermal cells were pretreated with flg22 for 1 h and incubated with FM4-64 for 30 

min, GFP-Flot1 colocalized with FM4-64 (lower panels, white arrowheads). (C) 

Quantification of endosomes/cell in control and flg22-treated cells. For all analyses, 

the results shown are representative of >15 independent samples. **P<0.01, Student’s 

t-test. Scale bars: 20 μm. 

 

Fig. 7. Flot1 partially colocalizes with early endosomal markers. (A) GFP-Flot1 

colocalized with VHA-a1-mRFP endosomal markers in crossed transgenic lines. 

White arrows indicate endosomes showing colocalization. GFP-Flot1 is shown in 

green, VHA-a1-mRFP in red, and the merged image indicates colocalization (yellow). 

When cotyledon epidermal cells were pretreated with BFA (50 μM) for 1 h, 

GFP-Flot1 co-localized with VHA-a1-mRFP in the BFA compartment (white arrows). 

(B) Fluorescence recovery curves represent the best fits from 20 cells. Error bars 

indicate s.d. The initial bleached region was subdivided into three areas, as indicated 

by red, green, and blue rectangles. Scale bars: 20 μm. 

 



 

 32 

Fig. 8. Flot1 partially colocalizes with late endosomal markers. (A) GFP-Flot1 

colocalized with RabG3f-mRFP endosomal markers in crossed transgenic lines. 

Arrows indicate endosomes showing colocalization. GFP-Flot1 is shown in green, 

RabG3f-mRFP in red, and the merged image indicating colocalization (yellow). (B) 

When cotyledon epidermal cells were treated with flg22 (10 μM) for 30 min. 

GFP-Flot1 colocalized with RabG3f-mRFP was observed in the endosome (white 

arrow). (C) When cotyledon epidermal cells were pretreated with flg22 (10 μM) for 

30 min, followed by a pre-incubation in Wortmannin (33 μM) for 1 h, GFP-Flot1 

colocalized with RabG3f-mRFP in small vacuoles (white arrows). (D) 3D plot of 

GFP-Flot1 and RabG3f-mRFP cross-correlation versus pixel shift. (E) 3D plot of 

GFP-Flot1 and RabG3f-mRFP cross-correlation versus pixel shift after flg22 

treatment. (F) Mean protein proximity index values (n=10 images from 10 cells). 

**P<0.01, Student’s t-test. Scale bars: 20 μm. 

 

Fig. 9. Degradation of Flot1 after flg22 treatment. (A) Total proteins were isolated 

from GFP-Flot1 seedlings that had been treated with flg22, with or without MG132 or 

mβCD, in the presence of CHX for 0, 30, 60, or 120 min. The total proteins were 

separated by SDS-PAGE and immune detected with GFP antibody. (B) Relative 

contents of GFP-Flot1 (per unit of total protein). Error bars represent standard errors. 

The protein level of 0 min was set to 100, and the relative protein levels of the other 

treated plants were obtained.  
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