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Autophagy and its mediated mitochondrial quality control maintain pollen tube 
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ABSTRACT
Macroautophagy/autophagy, a major catabolic pathway in eukaryotes, participates in plant sexual 
reproduction including the processes of male gametogenesis and the self-incompatibility response. 
Rapid pollen tube growth is another essential reproductive process that is metabolically highly 
demanding to drive the vigorous cell growth for delivery of male gametes for fertilization in 
angiosperms. Whether and how autophagy operates to maintain the homeostasis of pollen tubes 
remains unknown. Here, we provide evidence that autophagy is elevated in growing pollen tubes 
and critically required during pollen tube growth and male fertility in Arabidopsis. We demonstrate 
that SH3P2, a critical non-ATG regulator of plant autophagy, colocalizes with representative ATG 
proteins during autophagosome biogenesis in growing pollen tubes. Downregulation of SH3P2 
expression significantly disrupts Arabidopsis pollen germination and pollen tube growth. Further 
analysis of organelle dynamics reveals crosstalk between autophagosomes and prevacuolar compart-
ments following the inhibition of phosphatidylinositol 3-kinase. In addition, time-lapse imaging and 
tracking of ATG8e-labeled autophagosomes and depolarized mitochondria demonstrate that they 
interact specifically via the ATG8-family interacting motif (AIM)-docking site to mediate mitophagy. 
Ultrastructural identification of mitophagosomes and two additional forms of autophagosomes imply 
that multiple types of autophagy are likely to function simultaneously within pollen tubes. 
Altogether, our results suggest that autophagy is functionally crucial for mediating mitochondrial 
quality control and canonical cytoplasm recycling during pollen tube growth.

Abbreviations: AIM: ATG8-family interacting motif; ATG8: autophagy related 8; ATG5: autophagy related 5; 
ATG7: autophagy related 7; BTH: acibenzolar-S-methyl; DEX: dexamethasone; DNP: 2,4-dinitrophenol; GFP: 
green fluorescent protein; YFP: yellow fluorescent protein; PtdIns3K: phosphatidylinositol 3-kinase; PtdIns3P: 
phosphatidylinositol-3-phosphate; PVC: prevacuolar compartment; SH3P2: SH3 domain-containing protein 2.
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Introduction

Unlike most immotile plant cells, pollen tubes exhibit rapid and 
tip-focused cell expansion to deliver the male gametes to the 
ovule for fertilization. Rapid growth requires commensurate 
production and transportation of cellular molecules such as 
proteins, lipids and cell wall materials toward the tip of the 
pollen tube where vigorous and polarized cell growth occurs. 
To empower this robust cell metabolism and drive the fast pollen 
tube growth, mitochondria are highly enriched in growing pol-
len tubes [1–6]. Additionally, quick degradation and recycling of 
damaged cellular components (e.g. mitochondria and proteins) 
seems to be a more efficient way to meet the requirement of fast 
pollen tube growth than de novo synthesis [5–7]. Vacuole- 
mediated degradation is one of the major degradation pathways 
in plant cells [8–10]. Previous studies found that disruption of 
vacuolar trafficking pathways or vacuole biogenesis strongly 
inhibits pollen tube germination, growth and fertility [11–13]. 
However, the underlying machinery underpinning degradation 
and recycling of proteins, lipids and damaged organelles in rapid 
growing pollen tubes remains unclear.

Autophagy, an evolutionarily conserved intracellular 
degradation and recycling pathway in eukaryotes, plays an 
essential role in regulation of a wide spectrum of physiological 
processes including cell metabolism, growth, development 
and senescence [14–17]. Macroautophagy, referred to as auto-
phagy henceforth, is the major type of autophagy that is 
mediated by the formation of a phagophore that matures 
into a double-membrane organelle called the autophagosome. 
Damaged cellular components are first surrounded by the 
presumptive phagophore membranes, which expand to 
sequester the cargo. The outer membrane of the mature 
autophagosome fuses with the tonoplast of the vacuole bring-
ing the inner membrane and contents into the lumen of the 
vacuole for degradation and turnover [18,19]. The activity of 
autophagy usually remains at a low housekeeping level, 
whereas it can be greatly induced when challenged with sur-
vival-limiting conditions. Indeed, the majority of our knowl-
edge of autophagy is derived from the context of stress 
responses, nutrient deprivation and aging. The upregulated 
autophagic pathway allows for extensive removal and 
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recycling of cellular materials to cope with harsh conditions in 
an effort to extend the life of cells [20–22]. In contrast, the 
regulatory roles of autophagy within the context of cell devel-
opment and homeostasis such as in pollen tube germination, 
growth and fertility are less well understood.

Autophagy-related (ATG) proteins have been well character-
ized as core molecular components which are spatiotemporally 
orchestrated and regulated to facilitate autophagosomal biogen-
esis and function in eukaryotes [18,23,24]. Meanwhile, non- 
ATG proteins are also found to work together with ATGs to 
regulate autophagy [25–27]. The BAR domain protein SH3P2 
(SH3 DOMAIN-CONTAINING PROTEIN 2) has been found 
to interact with phosphatidylinositol-3-phosphate (PtdIns3P) 
and ATG8 to regulate autophagosome biogenesis in 
Arabidopsis. It localizes to the crescent and ring-like autophagic 
structures upon autophagy induction and is detected on the 
membrane of autophagosomes [26]. Distinct from animals and 
yeasts, the majority of the plant atg mutants show no obvious 
deleterious phenotypes during growth and development under 
regular growth conditions. It is possible that functional redun-
dancy could account for the lack of phenotypes due to the great 
expansion of ATG homology genes in plants [18,28]. 
Nonetheless, recent studies have indicated that autophagy plays 
pivotal roles in male gametophyte development and reproduc-
tion in several plant species [29–31]. Deletion of AtATG6 in 
Arabidopsis and OsATG7 in rice causes severe defects in male 
gametophyte development and sterility although their detailed 
underlying working mechanisms yet to be uncovered [31–35]. 
Recently, ATG8-mediated autophagy was found to participate in 
cytoplasmic deletion during pollen germination. Inhibition of 
autophagy caused the persistence of specific cytoplasm at the 
germination aperture, which prevents the extrusion of pollen 
tubes [36]. Whether and how autophagy participates in this 
intracellular degradation during pollen tube growth and fertility 
has hitherto remained unresolved.

In this study, we have determined that autophagy critically 
participates in regulating pollen tube growth for male fertility. 
Autophagic processes can be significantly elevated in growing 
pollen tubes. Suppression of autophagy by downregulating the 
activity of SH3P2 via RNAi significantly inhibited pollen tube 
growth and resulted in male infertility in Arabidopsis. 
Furthermore, SH3P2-XFP colocalized with various core ATG 
proteins in the different stages of autophagosome development 
in pollen tubes. In addition, we have revealed that autophagy 
functionally mediates depolarized mitochondria removal as well 
as canonical cytoplasm recycling in growing pollen tubes.

Results

SH3P2 critically participates in pollen germination and 
pollen tube growth for male fertility

SH3P2 has been identified to function as an essential molecule 
that facilitates membrane curvature and interacts with PtdIns3P 
for biogenesis of autophagosomes in Arabidopsis [26]. In addi-
tion, SH3P2 localizes to the leading edge of the cell plate and 
participates in converting fused vesicles to tubular structures 
during cytokinesis [37]. The Arabidopsis sh3p2 knockout 
mutant is embryo-lethal and downregulation of the 

transcription of SH3P2 by RNAi showed significant arrest of 
plant development and growth [26]. Furthermore, gene expres-
sion profile analysis from the Genevestigator (https://genevesti 
gator.com/) showed that SH3P2 is expressed relatively higher in 
pollens than the other tissues (Figure S1). Because the function 
of SH3P2 during pollen tube growth remains an unanswered 
question, we began this investigation by assessing the physiolo-
gical roles of SH3P2 in pollen tube growth for male fertility.

We first addressed the general requirement of SH3P2 for 
pollen tube growth using RNAi methods. Pollen germination 
and pollen tube growth was assessed in vitro using transgenic 
sh3p2 RNAi Arabidopsis, which is under the control of the 
dexamethasone (DEX)-inducible promoter [26]. DEX-treated 
sh3p2 RNAi strongly inhibited pollen germination and pollen 
tube growth compared with that of WT (Figure 1A, B and C). 
Similar results were observed in vivo following DEX applica-
tion to Arabidopsis pollens on stigmas. sh3p2 RNAi induction 
resulted in strong inhibition of pollen tube growth in style and 
arrest of plant fertilization compared with WT and the mock 
treated sh3p2 RNAi line (Figure 1) D and E. Semi-quantitative 
RT-PCR analysis of SH3P2 expression levels confirms that the 
transcription of SH3P2 was greatly decreased after DEX 
induction of RNAi compared to WT and controls 
(Figure 1F). Therefore, we have confirmed that SH3P2 is 
functionally required for pollen germination and pollen tube 
growth for male fertility during Arabidopsis reproduction.

Autophagy is functionally involved in the regulation of 
pollen tube growth

Since SH3P2 is involved in pollen tube growth and has pre-
viously been implicated in the development of autophagosomes, 
we next asked whether autophagy participates in regulating 
pollen tube growth and, if so, is SH3P2 functionally involved 
in pollen tube autophagy. We performed real-time florescent 
quantitative RT-PCR (qRT-PCR) to investigate the gene expres-
sion profiles of SH3P2 as well as several core ATG genes that 
function in different developmental stages of autophagosomal 
formation in Arabidopsis pollen grains and growing pollen tubes 
(Figure 2A). Our results show that SH3P2 is increasingly 
expressed in growing pollen tubes, along with several ATGs 
including ATG1, ATG5, ATG6, ATG7, ATG8e, ATG9 and 
ATG13a. In addition, we performed western blot analysis on 
Arabidopsis germinated pollen tubes and pollen grains using 
ATG8 antibody (Figure 2B). Notably, the amount of ATG8 
conjugation to phosphatidylethanolamine (PE) binding to 
ATG8 was significantly greater in 4-h germinated pollen tubes 
compared to pollen grains (Figure 2B). This is important because 
PE is produced de novo during autophagy and demonstrates that 
the extent of autophagy increases during pollen tube growth. 
Moreover, we performed qRT-PCR to investigate the expression 
profiles the same set of genes selected in Figure 2A in 
4-h germinated Arabidopsis WT and sh3p2 RNAi pollen tubes 
with or without DEX treatment. It showed that SH3P2 together 
with the representative core ATG genes were greatly downregu-
lated in sh3p2 RNAi pollen tubes under DEX treatment 
(Figure 2C). Further western blot analysis on 4-h germinated 
Arabidopsis WT and sh3p2 RNAi pollen tubes with or without 
DEX treatment was performed by using ATG8 antibody. The 
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amount of ATG8–PE in sh3p2 RNAi pollen tubes was strongly 
decreased and barely detectable under DEX treatment 
(Figure 2D). Taken together, the qPCR and western blot analyses 
support an upregulated and functional role for autophagy in the 
regulation of pollen tube growth under regular conditions.

To investigate the subcellular localization and dynamics 
SH3P2 during pollen tube elongation, we generated a chimeric 
fluorescent fusion of SH3P2 with YFP and transiently expressed 
it in growing tobacco pollen tubes (Figure 2E and Movie S1). 
Punctuate dots of SH3P2-YFP were detected with a cytosolic 
pattern in growing pollen tubes. To corroborate this observation 
and correlate the cytosolic localization with autophagy, we made 

use of the previously established observation that acibenzolar- 
S-methyl (BTH) treatment stimulates autophagy in Arabidopsis 
roots [24]. Different concentrations of BTH were initially tested 
in order to optimize the pro-autophagy effect and minimize its 
inhibitory effects on pollen germination and pollen tube growth 
(Figure S2). We found that 25 µM BTH neither arrests pollen 
germination nor noticeably disrupts pollen tube growth. The 
number of SH3P2-YFP dots was greater following BTH treat-
ment for 30 min compared to untreated pollen tubes (Figure 2F, 
Movie S1). In summary, these results indicate that SH3P2- 
mediated autophagy occurrence in natural growing pollen 
tubes and can be stimulated by BTH treatment. Additionally, it 

Figure 1. SH3P2 is indispensable for pollen tube germination, growth and male fertility. (A) In vitro pollen tube germination and growth of Arabidopsis wild type 
(WT) and SH3P2 RNAi transgenic plant driven by dexamethasone (DEX) inducible promoter. Four-h germinated pollens were performed with or without DEX 
treatment. Representative images of pollen germination and pollen tube growth are shown. More than 10 independent and 3 times of repeats of samples were 
observed. (B) Twenty h after pollination, representative images of aniline blue staining of in vivo pollen tube germination and growth of WT and sh3p2 RNAi 
Arabidopsis with or without DEX treatment. Arrows indicate the positions of the longest pollen tube tip growing in the styles. More than 20 samples were examined 
in each group. (C) and (D) Statistical analysis of the ratios of in vitro pollen germination and measurement of the length of pollen tubes of WT and sh3p2 RNAi 
Arabidopsis. *p < 0.1, t-test. (E) Statistical calculation of in vivo pollen tube length in the styles. **p < 0.01, t-test. (F) Semi- quantitative RT-PCR of SH3P2 expression 
levels in pollen tubes of WT and sh3p2 RNAi Arabidopsis with or without DEX treatment. Actin transcripts were used as the loading control. **p < 0.01, t-test. Data are 
obtained from 3 independent experiments, with over 30 individual samples analyzed in each statistical experiment. Scale bar in (A): 150 μm and in (B): 300 μm.
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Figure 2. Autophagy and SH3P2 participate in pollen tube growth. (A) Transcriptional analysis of SH3P2 and representative ATGs which are involved in different 
developmental stages of autophagosome biogenesis by qRT-PCR in Arabidopsis pollen grains and 4-h germinated pollen tubes. Actin transcripts were used as 
controls. The results were obtained from four independent repeats (error bars ± SD). **p < 0.01, t-test. (B) Western blotting detection of ATG8 and ATG8–PE in 
Arabidopsis pollen grains and 4-h germinated pollen tubes by ATG8e antibody. (C) Transcriptional analysis of SH3P2 and representative ATGs in 4-h germinated 
Arabidopsis WT and sh3p2 RNAi pollen tubes with or without DEX treatment. Actin transcripts were used as controls. The results were obtained from four 
independent repeats (error bars ± SD). **p < 0.01, t-test. (D) Western blotting detection of ATG8 and ATG8–PE in 4-h germinated Arabidopsis WT and sh3p2 RNAi 
pollen tubes by ATG8e antibody with or without DEX treatment. (E) The subcellular localization of SH3P2 fused with YFP (SH3P2-YFP) driven by the ubiquitin (UBQ) 
promoter in tobacco growing pollen tubes. SH3P2-YFP-positive puncta mainly localizes in the shank region of the pollen tube. (F) Expression of SH3P2-YFP in 
growing tobacco pollen tubes under 25 μM BTH treatment for 30 min. The numbers of cytosolic puncta of SH3P2-YFP are significantly greater. (G) Statistical 
calculation of the numbers of SH3P2-YFP per tobacco pollen tube with and without BTH treatment in 25 independent cells. Scale bar in (E) and (F): 25 μm.
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is noteworthy that SH3P2 is absent from membrane at the tip of 
the pollen tube (Figure 2 E and F) when compare with the 
previous work that characterized an alternative role for SH3P2 
in tubulation of secretory vesicles that fuse with the cell plate 
during cytokinesis [37]. Our results support the conclusion that 
SH3P2 does not act additionally in apical membrane curvature 
and maintenance during rapid pollen tube tip expansion.

SH3P2 colocalizes with core ATGs and is recruited by 
ATG8e during autophagosome biogenesis in growing 
pollen tubes

To gain a more detailed understanding, we studied the subcel-
lular localization and spatial dynamics of SH3P2-YFP with sev-
eral representative ATGs that are involved in different 

developmental stages of autophagosome formation in growing 
pollen tubes. SH3P2-YFP-positive puncta mainly colocalized 
with AtATG1a, AtATG13a, AtATG6, AtATG9, AtATG5 and 
AtATG7 in growing pollen tubes (Figure 3A-F). Moreover, sub-
cellular localization and dynamic distribution of these proteins 
were observed in the pollen tube shank (Movies S2A to F).

Besides, some SH3P2 puncta can be actively recruited to 
ATG8-positive autophagic ring-like structures in growing pol-
len tubes. ATG8e usually serves as a key autophagic molecule 
that binds to autophagic lipid membrane and mediates cargo 
recognition and recruitment to the autophagosomes [18,28]. 
We found that ATG8e showed two different populations: 
puncta and ring-like structures in growing pollen tubes 
(Figure 4A and Movie S3). Furthermore, the number of YFP- 
ATG8e-positive structures is significantly less compared with 

Figure 3. SH3P2 colocalizes with representative ATG markers in growing pollen tubes. Coexpression of SH3P2-YFP with several representative ATG markers during 
autophagosome formation in growing pollen tubes. SH3P2-YFP mainly colocalizes with (A) RFP-ATG1a; (B) RFP-ATG13a; (C) ATG6-RFP; (D) GFP-ATG9; (E) RFP-ATG5; 
and (F) mcherry-ATG7 in the shank region of growing tobacco pollen tubes. Results of colocalization ratios are calculated by either Pearson correlation coefficients or 
as Spearman’s rank correlation coefficients with image J. The generated r values in the range −1 to 1, where 0 indicates no discernable correlation and +1 or −1 
indicate strong positive or negative correlations, respectively. Scale bar in (A)-(F): 25 μm.
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the other ATGs shown in Figure 3. To test for possible ATG8e 
mislocalization that could be caused by constitutive overex-
pression driven by the UBQ10 promoter, we cloned the native 
promoter of ATG8e (ATG8ep) to drive the expression of YFP- 
ATG8e in growing pollen tubes. The results were consistent 
between these two constructs as shown in Figure 4B and 
Movie S4. Moreover, kymograph analysis of UBQ10- and 
ATG8ep-driven ATG8e expression was performed during pol-
len tube growth to gain a perspective of its dynamic localiza-
tion and as a comparison for possible artifacts of 
overexpression. ATG8e mainly localized in the pollen tube 
shank but not in the pollen tube tip, an area typically devoid 
of large organelles such as autophagosome and vacuoles 
(Figure 4) C and D. Next, we co-expressed YFP-ATG8e with 
SH3P2-RFP in both growing pollen tubes and pollen grains. 
YFP-ATG8e fully colocalized with SH3P2-RFP-positive struc-
tures (Figure 4) E and F, whereas some SH3P2-RFP remained 
punctate and separate from ATG8e. Notably, compared to the 

SH3P2-RFP puncta observed in pollen tubes (Figure 3), 
SH3P2-RFP could be recruited and localized to the ring-like 
autophagosomal structures labeled by YFP-ATG8e when they 
were coexpressed (Figures 4 E and F). Besides, coexpression of 
SH3P2-RFP with YFP-ATG8e barely increases the number of 
ATG8e-positive puncta or ring-like structures (Figure S4). 
Moreover, the ATG8e native promoter was also introduced 
in the coexpression assay to drive the expression of ATG8e to 
argue for the possibility that the recruitment of SH3P2-RFP 
was caused by the overexpression of ATG8e in pollen tubes. 
A similar result was obtained as shown in Figure 4G.

We further tested coexpression of ATG8e together with 
ATG6 which has been reported as a critical molecule in 
regulating pollen germination and male fertility in 
Arabidopsis [32,34]. Most ATG6 puncta was observed cyto-
solically while a small fraction was observed to be colocalized 
with ATG8e-positive autophagosomal ring-like structures 
(Figure 4H). This result suggests that ATG8e recruits 

Figure 4. SH3P2 is recruited by ATG8 to ring-like autophagosomal structures. (A) and (B) Subcellular localization of YFP-ATG8e driven by UBQ promoter and ATG8e 
native promoter (ATG8ep) respectively in growing pollen tubes. YFP-ATG8e shows two distinct patterns: cytosolic puncta and ring-like structures. The insets are 
enlarged images of YFP-ATG8e ring-like autophagosomal structures. (C) and (D) Whole pollen tube kymograph analysis of the spatiotemporal dynamics of YFP-ATG8e 
shown in (A) and (B). Asterisks and arrows indicate the starting and ending position of the growing pollen tube tip respectively. (E)-(G) Coexpression of YFP-ATG8e 
with SH3P2-RFP in the growing pollen tube and pollen grain. YFP-ATG8e are driven by both UBQ and the ATG8e native promoter for expression in pollen tubes and 
pollen grains. A portion of SH3P2-YFP was recruited to the YFP-ATG8e-positive ring-like autophagosomal structures during coexpression. (H) Coexpression of YFP- 
ATG8e with ATG6-RFP in germinated pollen grains. ATG6 is recruited to the YFP-ATG8e-positive ring-like autophagosomal structure. Results of colocalization ratios 
are calculated by either Pearson correlation coefficients or as Spearman’s rank correlation coefficients with image J. The generated r values in the range −1 to 1, 
where 0 indicates no discernable correlation and +1 or −1 indicate strong positive or negative correlations, respectively. PT, pollen tube; PG, pollen grain. Scale bar in 
(A), (B) and (E)-(H): 25 μm.
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functional autophagic molecules during the maturation of 
autophagosomes. Together, SH3P2 colocalizes with various 
representative autophagic ATG proteins and participates in 
autophagosome biogenesis in growing pollen tubes.

Wortmannin triggers contact between autophagosomes 
and PVCs

To further study the spatiotemporal dynamics of SH3P2 and 
ATG8e during autophagosome formation in growing pollen 
tubes, we employed wortmannin which is an inhibitor of both 
the class I phosphoinositide 3-kinase and the class III phospha-
tidylinositol 3-kinase (PtdIns3K). Disruption of PtdIns3P pro-
duction has been demonstrated to inhibit biogenesis of 
autophagosomes [35,38]. In addition, wortmannin can induce 
homotypic fusion of prevacuolar compartments (PVCs) in plant 
cells [39–42]. We firstly coexpressed SH3P2-YFP with RFP- 
2xFYVE, which is a reporter of PtdIns3P and late endosomes 
in cells [43,44]. In growing pollen tubes, SH3P2-YFP and RFP- 
2xFYVE were mainly separated with occasional colocalization 
(Figure 5A). Interestingly, after wortmannin treatment for 
30 min, SH3P2-YFP-positive puncta associated with the ring- 
like structure of enlarged PVCs as shown in Figure 5B. 
Fluorescent signal intensity analysis (Figure 5B inset image) 
demonstrated that SH3P2-YFP contacted and resided on the 
membrane of enlarged PVCs (Figure 5C). The dynamic associa-
tion and interaction between SH3P2-YFP and an enlarged PVC 
is shown as a time-lapse series in Figure 5D.

Similarly, YFP-ATG8e associated with the membrane of 
the enlarged PVCs after wortmannin treatment, whereas they 
mainly remained separated in growing pollen tubes without 
treatment (Figure 5) E and F. Two representative areas of 
Figure 5F were selected and enlarged as Figure 5Fi and Fii. 
Time-series imaging of the dynamic connection between 
ATG8e and the membrane of enlarged PVC rings is shown 
in Figure 5G. Furthermore, the dynamic paths of the ATG8e 
and the PVCs after wortmannin treatment were computation-
ally tracked, analyzed and modeled by the Imaris software. 
Their spatiotemporal dynamics were highly accordant as 
shown in Figure 5H. The results of fluorescent signal intensity 
and colocalization analysis of the enlarged image shown in 
Figure 5Fi are shown in Figure 5 I and J respectively.

ATG8 interacts with depolarized mitochondria in growing 
pollen tubes

Our data reveals the biogenesis of autophagosomes during pollen 
tube growth. However, what is the biological role of autophagy 
during this process? We know that large numbers of mitochondria 
are required for rapidly growing pollen tubes to support the energy 
demands of metabolism, cell growth and transport related func-
tions [2,5–7]. The autophagy of mitochondria as a general means 
of cellular quality control is also a well-studied phenomenon. 
Therefore, we began our analysis by imaging mitochondria within 
a growing pollen tube stained with MitoTracker for 30 min 
(Figure 6A). To determine whether mitochondria associate with 
autophagosomes, we transiently expressed YFP-ATG8e in grow-
ing pollen tubes stained with MitoTracker (Figure 6B). The sub-
cellular localizations of ATG8e-positive puncta were mostly 

separate from the mitochondria although occasional colocaliza-
tion occurred as shown by the enlarged images in Figure 6B.

We further treated growing pollen tubes with 2,4-dinitrophe-
nol (DNP), which is often used to induce mitochondrial mem-
brane depolarization and autophagy of the dysfunctional 
mitochondria (mitophagy) in animals [45]. Moreover, DNP 
induces mitophagy in Arabidopsis roots [46]. Dosage tests 
revealed that 6.25 µM DNP resulted in the desired effect and 
minimum toxicity and inhibitory effects on pollen tube growth 
(Figure S3). Growing pollen tubes expressing YFP-ATG8e and 
stained with MitoTracker were then subjected to 6.25 µM DNP 
treatment for 30 min. The conditions led to the observation of 
YFP-ATG8e labeled puncta associated with the depolarized mito-
chondria which become shortened (Figure 6) C and D compared 
to those shown in Figure 6A. Time-lapse imaging of YFP-ATG8e 
and the depolarized mitochondrion in the growing pollen tube is 
shows their spatiotemporal dynamics (Figure 6E and Movie S5). 
Tracking and computer modeling followed by kymograph analysis 
reveals they are not only closely associated but they move in 
a dynamic, coordinated path (Figure 6 F and G).

In addition, selective autophagy can be achieved through ATG8 
recognition and interaction with a cargo-associated ATG8 family- 
interacting motif (AIM) [18,47]. The AIM-docking site and the 
potential key amino acids for ATG8 were previously identified in 
potato (ATG8CL) [47]. Therefore, we compared the ATG8 
sequences from several representative species including yeast, 
human, C. elegans and Arabidopsis with that of potato ATG8. 
Four highly conserved amino acids (ERKR) were selected as 
amino acids that likely function critically in the AIM-docking 
site (Figure 6H). We then substituted these amino acids in 
Arabidopsis ATG8e (E19A R30A K48A R69A) and generated 
a chimeric fluorescent fusion protein expression vector as shown 
in Figure 6I. We found that the subcellular localizations and 
dynamics of GFP-ATG8e (E19A R30A K48A R69A) and the 
depolarized mitochondria were distinct and remained separate 
in growing pollen tubes under DNP treatment (Figure 6J, Movie 
S6). Additional kymograph analysis failed to show association or 
coordination between the mutant ATG8e construct and depolar-
ized mitochondria (Figure 6K). These observations suggest that 
depolarized mitochondria specifically associated with autophago-
somes via binding between ATG8e and AIM. The likely outcome 
of this association is mitophagic degradation.

Ultrastructural identification of three types of 
autophagosomes in growing pollen tubes

To visualize the content of growing pollen tubes, including the 
identification of autophagosomes, at high resolution, we employed 
electron microscopy. The regular growing Arabidopsis pollen tube 
specimens were prepared by high pressure freezing and freeze 
substitution. Ultrathin section and structural identification of 
autophagosomes in growing pollen tubes were performed. 
A representative overview image of a pollen tube which contains 
a large number of mitochondria is shown in Figure 7A. An 
enlarged image of the structures of mitochondria in the pollen 
tube is shown in Figure 7B. A representative mitophagosome 
clearly showing a mitochondrion inside the lumen of a double- 
membrane autophagosomal structure is shown in Figure 7C. The 
number of mitophagosomes in pollen tubes decreased 
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Figure 5. Wortmannin induces dynamic interactions of SH3P2 and ATG8e with PVCs in pollen tubes. (A) Coexpression of SH3P2-YFP with RFP-2XFYVE in growing 
pollen tube. SH3P2-YFP-positive puncta separated from RFP-2XFYVE labeled prevacuolar compartments (PVCs). (B) After 8.25 μM wortmannin treatment for 30 min, 
SH3P2-YFP still remain as puncta, whereas RFP-2XFYVE labeled PVCs form enlarged ring-like structures by homotypic fusion. SH3P2 associate with the enlarged PVC. 
(C) Fluorescence-intensity analysis of the interaction of SH3P2-YFP with enlarged PVC as shown in the inset image of (B). (D) Representative time-lapse imaging of 
the dynamic interaction of SH3P2-YFP with enlarged PVC after the wortmannin treatment. (E) Coexpression of YFP-ATG8e with RFP-2XFYVE in growing pollen tube. 
They mainly remain separated. (F) YFP-ATG8e-positive puncta interact and associate with enlarged PVCs in growing pollen tubes. (G) Representative time-lapse 
imaging of the spatiotemporal association of YFP-ATG8e with enlarged PVCs in the growing pollen tube after wortmannin treatment. (H) Computational tracking and 
remodeling of the dynamics of SH3P2 interacting with enlarged PVC under wortmannin treatment in pollen tubes. (I) and (J) Fluorescence-intensity analysis and 
colocalization calculation of SH3P2 and enlarged PVC shown in (Fi). Lat52: a pollen-specific promoter. Scale bar: 25 μm.
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Figure 6. Spatiotemporal interaction of autophagosomes with damaged mitochondria in growing pollen tubes. (A) A representative image of a growing pollen tube 
stained with MitoTracker for 30 min. The asterisk indicates the tip region where mitochondria are typically absent. (B) A growing pollen tube stained with MitoTracker 
and expressing YFP-ATG8e. The subcellular localizations of most ATG8e-positive puncta were distinct from mitochondria, shown in enlarged image Bi. Occasional 
colocalizations of ATG8e-positive puncta with mitochondria were also observed as shown in enlarged image Bii. (C) A representative image of a pollen tube stained 
with MitoTracker and expressing YFP-ATG8e was treated with DNP for 30 min. Dynamic interaction between YFP-ATG8e and the depolarized mitochondrion is 
indicated by the arrow and enlarged in the inset. (D) Measurement of the fluorescent signal intensity and distribution of the YFP-ATG8e and the damaged 
mitochondrion shown in the inset. (E) Time-lapse images of the dynamic interaction of ATG8e with the damaged mitochondrion during pollen tube growth. (F) 
Computational tracking and modeling of the spatiotemporal dynamics of YFP-ATG8e (green) and the depolarized mitochondrion (red) in the growing pollen tube. (G) 
Kymograph analysis of dynamic association between the YFP-ATG8e and the depolarized mitochondrion in growing pollen tubes. (H) Sequence alignment of ATG8 
from several representative eukaryotes including potato ATG8 (ATG8CL). The amino acids of the potential AIM-docking site highlighted in green are highly conserved 
with those previously identified in ATG8CL. (I) Generation of a chimeric fluorescent fusion of mutated Arabidopsis ATG8e within which the potential key amino acids 
of the AIM-docking site were substituted (E19A R30A K48A R69A). (J) The subcellular localizations of GFP-ATG8e (E19A R30A K48A R69A) and mitochondria under 
DNP treatment for 30 min in growing pollen tubes. (K) Kymograph analysis of spatiotemporal kinetics of GFP-ATG8e (E19A R30A K48A R69A) and the damaged 
mitochondrion in growing pollen tubes. Scale bar in (A), (C) and (J): 25 μm.
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significantly in sh3p2 RNAi pollen tubes after DEX induction 
(Figure S4). In addition, autophagosomes containing cytoplasmic 
content (Figure 7D) and fragmented membranes in the lumen 
(Figure 7E) were also found in Arabidopsis growing pollen tubes. 
Therefore, three types of autophagosomes are represented in 
growing Arabidopsis pollen tubes.

Our results concerning the role of autophagy in the reg-
ulation of Arabidopsis pollen tube growth are summarized in 
a simplified schematic diagram (Figure 8). We conclude that 
rapid degradation and recycling of the intracellular materials 
including organelles, proteins, lipids and sugars by autophagy 
play essential roles in supporting the fast pollen tube growth. 
Three types of autophagosomes were found and coexist in 
growing Arabidopsis pollen tubes including mitophagosomes. 
Therefore, different types of autophagosomes with distinct 
metabolic purposes coexist and function together to regulate 
pollen tube growth for male fertility in Arabidopsis.

Discussion

SH3P2 participates in autophagy and regulates pollen 
tube growth in Arabidopsis

SH3P2 is not an ATG protein but plays a role in the biogenesis 
of plant autophagosome via coordination with PtdIns3P and 
ATG8 to facilitate the formation and closure of autophago-
somes in Arabidopsis. Downregulation of SH3P2 strongly 

inhibits plant development and growth, impairs autophagy 
pathway and causes accumulation of unwanted cellular compo-
nents in vacuoles. Therefore, SH3P2 functions as a pivotal reg-
ulatory protein during autophagosome biogenesis in 
Arabidopsis [26]. In addition to its role in autophagy, SH3P2 
functions in cell plate formation during cytokinesis in 
Arabidopsis root cells. It localizes to the leading edges of the 
developing cell plate to form a complex with DRP1 which 
functions in tubulation of vesicles and maintenance of the cell 
plate shape during cell division [37]. Therefore, SH3P2 plays 
distinct roles in non-dividing and dividing cells in Arabidopsis.

In our study, downregulation of SH3P2 expression signifi-
cantly inhibited pollen tube germination, growth and male 
fertility in the transgenic Arabidopsis line expressing SH3P2 
RNAi under the control of the DEX-inducible promoter 
(Figure 1). This result indicates that SH3P2 serves as 
a crucial molecule in regulating pollen tube growth during 
Arabidopsis sexual reproduction (Figure 1). Two processes of 
pollen tube formation fit the functional characteristics of 
SH3P2: recycling of cellular materials by autophagy, mainte-
nance of the growing root tip apical dome or both. To decide 
between these three possibilities, we generated a SH3P2-YFP 
chimera and characterized its subcellular localizations in 
growing pollen tubes. SH3P2-YFP-positive puncta mainly 
localized in the shank and, importantly, was absent from the 
tip of the pollen tubes (Figure 2). Moreover, SH3P2-YFP 
colocalized with various core ATG proteins that are involved 

Figure 7. Ultrastructural identification of mitophagosomes and other types of autophagosomes in pollen tubes. 4-h germinated Arabidopsis pollen tubes were fixed 
and prepared by high pressure freezing and freeze substitution. (A) A representative overview image of the ultrathin structure of a pollen tube. (B) Typical structures 
of mitochondria in pollen tubes. (C) A representative image of a mitophagosome in the pollen tube. A mitochondrion was enclosed within a double-membrane 
autopahgosomal structure. Meanwhile, double-membraned autophagosome with either cytosol (D) or fragmented membrane elements inside (E) were also observed 
in pollen tubes. M, mitochondrion; PVC, prevacuolar compartment; G, Golgi apparatus; ER, endoplasmic reticulum.
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in different stages of autophagosome biogenesis. From these 
results we conclude that: (i) SH3P2 localizes on autophagic 
compartments and participates in autophagy within growing 
pollen tubes (Figure 3 and 4); (ii) SH3P2 does not directly 
participate in pollen tube tip morphogenesis and polarization; 
and (iii) SH3P2 serves as a useful reporter of autophagy in 
growing pollen tubes.

Autophagy is functionally active during pollen tube 
growth in Arabidopsis

Emerging evidence from a few plant species suggests that auto-
phagy participates in regulating multiple developmental processes 
of plant sexual reproduction, including the self-compatibility 
response, anther development, male gamete fertility and pollen 
germination [15,29,30,32,33,36,48–53]. Mutation of AtATG6 in 
Arabidopsis and OsATG7 in rice both showed sterility due to 
strong defects in male gamete fertility [29,32–34]. However, it 
remains in debate that whether autophagy actually plays 
a functional role in Arabidopsis male reproduction since 
AtATG6 meanwhile serves as an essential component of the 
PtdIns3K complex. In spite of autophagy, multiple cellular activ-
ities including endocytosis, endomembrane trafficking and intra-
cellular signaling critically require involvement of PtdIns3K. 
Moreover, most of Arabidopsis atg mutants showed no obvious 
defects in sexual reproduction and that expression levels of 
AtATGs were found to be significantly lower in mature pollen 
compared to the other vegetative tissues [48]. In particular, pollen 
germination and plant reproduction in Arabidopsis atg5 and atg7 
mutants do not show phenotypes distinct from wild type under 
regular cultivation conditions whereas the pollen germination 
ratio was greatly reduced in atg5 and atg7 RNAi tobacco plants 
[36]. These different phenotypes between Arabidopsis and tobacco 
are possible due to the spatiotemporal occurrence and functional 
roles of autophagy during plant reproduction and could vary 

across different plant species. Moreover, it is important to note 
that impaired pollen development and male sterility were signifi-
cantly increased in Arabidopsis atg2, atg5, atg7 and atg10 mutants 
under high-temperature stress [15]. Thus, it suggests that ATG5 
and ATG7 actually regulate male gametophyte development under 
heat stress in Arabidopsis.

While these observations have cast doubt on a substantial 
role for canonical autophagy in male gametophyte develop-
ment and fertility in Arabidopsis, our results elucidate its 
critical importance in pollen tube growth. Herein we describe 
several lines of evidence. First, the expression profile of SH3P2 
and several representative ATGs were examined in 
4-h germinated pollen tubes. We found that SH3P2 as well 
as several core ATGs including ATG5 and ATG8e are highly 
expressed in pollen tubes (Figure 2 and Figure S2). Second, 
the contents of both ATG8 and ATG8–PE were significantly 
increased in pollen tubes compared to mature pollen detected 
by ATG8 antibody (Figure 2), suggesting that the autophagic 
level was substantially stimulated in growing pollen tubes 
compared to pollen grains. Third, downregulation of SH3P2, 
which functions as a key molecule mediating autophagosome 
biogenesis dramatically inhibited pollen germination, pollen 
tube growth and male fertility (Figure 1). Fourth, ATG8e- 
positive autophagic compartments specifically interacted 
with depolymerized mitochondria relying on the ATG8- 
interacting motif (AIM)-docking site (Figure 6). Finally, mito-
phagosomes were morphologically identified in pollen tubes 
by TEM (Figure 7). Together, these results suggest that auto-
phagy is functionally represented during pollen tube growth 
and male gamete fertility in Arabidopsis.

In fact, the regulatory roles of autophagy have been revealed in 
tobacco pollen. Zhou et al. demonstrated that the expression level 
of most NtATG genes was greater in mature pollen compared with 
other tissues [48,54]. Furthermore, they showed that autophagy 
mediates compartmental cytoplasmic removal to initiate tobacco 

Figure 8. Schematic representation of autophagy pathways during pollen tube growth. Rapid degradation and recycling of cellular materials are critical to maintain 
the fast growth of pollen tues and functions. Autophagy as one of the major pathways for degradation and turnover of cellular components participates in regulating 
pollen tube growth for male fertility in Arabidopsis. A simplified schematic diagram is proposed to demonstrate the possible roles of autophagy during pollen tube 
growth. The depolarized mitochondria are specifically reorganized and bound with ATG8 via AIM-docking site for mitophagy, although the AIM-containing 
mitochondrial protein(S) remain to be further determined. Moreover, autophagy could also participate in fragmented membrane removal and cytoplasmic deletion 
in growing pollen tubes. Among various autophagic regulators and effectors, SH3P2 and ATG8 are likely to serve as key molecules and participate in different types 
of autophagy in regulating biogenesis and functions of autophagosomes during pollen tube growth.
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pollen germination. Inhibition of autophagy caused a persistence 
of undegraded cytoplasm at the germination aperture inhibiting 
pollen germination [36]. Consistent with this report, we found 
a population of autophagosomes containing cytoplasm in 
Arabidopsis pollen tubes by TEM ultra-structural imaging 
(Figure 7). This identification suggests that autophagy-mediated 
cytoplasmic deletion occurs during Arabidopsis pollen tube 
growth. Whether autophagy plays a role during Arabidopsis pol-
len germination similar to that observed in tobacco needs further 
investigation.

Subcellular localizations and spatiotemporal dynamics of 
autophagosomes in growing pollen tubes

Our live cell imaging of growing pollen tubes expressing 
fluorescent protein-tagged core ATG proteins including 
AtATG6, AtATG8e and AtATG9 showed that they all loca-
lized in the shank region while absent from the tip, which is 
mainly populated by exo/endocytic vesicles (Figure 3 and 4). 
Interestingly, Zhao et al. demonstrated that ATG8 was loca-
lized in the emerging tip of the pollen tube at the germination 
aperture via immunofluorescent labeling with ATG8 antibody 
[36]. The ATG8-mediated autophagy is mainly responsible for 
formation of autophagosomes containing cytoplasm and sub-
sequent degradation at the site of pollen germination to allow 
pollen tube extrusion. The distinct subcellular localizations of 
ATG8 during pollen tube germination and pollen tube growth 
may be due to diverse functions of autophagy at different cell 
developmental stages in plants. In addition, we identified 
autophagosomes containing cytoplasm within Arabidopsis 
pollen tubes by TEM ultra-structural imaging, though their 
specific functions within this context remain to be character-
ized (Figure 7). Mitophagosomes and autophagosomes con-
taining membrane fragments were also observed in growing 
Arabidopsis pollen tubes (Figure 7) suggesting that multiple 
types of autophagy coexist and function together in regulating 
pollen tube growth.

With regards to the observation of mitophagosome ultrastruc-
tures, we provide evidence that the interaction between ATG8e 
and depolarized mitochondria is specifically mediated by the 
AIM-docking site of ATG8e in growing pollen tubes (Figure 6). 
Mutation of highly conserved amino acids that likely function as 
the AIM-docking site disrupted the dynamic coincidence between 
ATG8e and the depolarized mitochondria (Figure 6) While the 
ATG8e-binding AIM protein(s) on mitochondria remain yet to be 
characterized and studied, our results through a functional analy-
sis provide an important data point for its presence and activity. 
Furthermore, a recent study found that ATG8 interacts through an 
alternative binding site with a new set of candidates that contain 
a ubiquitin-interacting motif (UIM) other than the canonical 
AIM. Identification of the ATG8-binding UIM proteins reveals 
a new type of selective autophagy pathway in plants, yeasts and 
humans [36]. It further suggests that ATG8 could interact with 
diverse types of cargo proteins to regulate different classes of 
autophagic pathways in eukaryotic cells. Thus, distinct internal 
contents of autophagosomes including mitophagosome found in 
our study (Figure 7) indicates that a diversity of autophagy- 
mediated cargo selection and recycling exist in growing pollen 
tubes. Further detailed study of tissue/cell specific ATG8 family 

protein(s) will advance our understandings of the diverse func-
tions of ATG8s in autophagy in plants.

Inhibition of PtdIns3P induced the interaction between 
autophagosomes and PVCs

Autophagosomes and late endosomes/PVCs are two morpholo-
gically distinct organelles that mediate lysosomal and vacuolar 
degradation pathways, respectively, in eukaryotes [18,40,41]. 
Additionally, fusion of these two organelle types has been 
observed, resulting in an amphisome in yeast and animal cells 
[36,55]. Similar fusion events have also been observed and 
reported in plant cells in recent years [55,56]. The mechanistic 
details of these hybrid organelles remain unclear. In our study, 
wortmannin treatment of pollen tubes coexpressing SH3P2-YFP 
or YFP-ATG8e with RFP-2xFYVE induced interaction and 
dynamic association of autophagosomes/phagophores with 
enlarged PVCs (Figure 5). Wortmannin, an extensively used 
PtdIns3K inhibitor, can inhibit autophagy by preventing the 
production and recruitment of PtdIns3P to the phagophore 
membrane [53,57,58]. Although the mechanism is not well 
understood, wortmannin can also induce homotypic fusion of 
PVCs in plants [39,40,42,59]. PtdIns3P is a critical molecule for 
recruiting various autophagic proteins including ATG8 and 
SH3P2 to the phagophore membrane to facilitate the formation 
of autophagosomes [60]. In addition, PtdIns3P is highly enriched 
in the membrane of late endosomes/PVCs in plant cells. 
Chimeric fluorescent fusion of 2xFYVE, which serves as 
a specific biosensor for visualization of PtdIns3P, is mainly 
detected on PVCs [61]. PtdIns3P serves as a shared and key 
molecule that is involved in both autophagy and the PVC path-
way for vacuolar degradation. Inhibition of PtdIns3P production 
by wortmannin could induce the interplay between the autopha-
gosomes and the enlarged PVCs in growing pollen tubes, imply-
ing PtdIns3P might serve as a possible link during the conversion 
of autophagosome and PVC.

Another protein shown to affect the biogenesis and func-
tion of autophagosomes and PVCs is FYVE domain protein 
required for endosomal sorting 1 (FREE1), which is an 
ESCRT complex-associated protein that is unique to plants 
[56,62]. The Arabidopsis free1 mutant showed significant 
increased accumulation of autophagosomes and association 
between autophagosomes and PVCs [56]. In addition, immu-
noprecipitation assays showed that FREE1 could interact with 
PtdIns3K components and SH3P2, which collaborates with 
ATG8 in regulating autophagosome formation [26,56]. This 
finding suggests that FREE1 is likely to function along with 
the PtdIns3K complex, SH3P2 and ATG8 during autophagy. 
Therefore, production of PtdIns3P at the site of autophago-
some formation is a required process for the recruitment of 
various autophagy regulators. Meanwhile, the diverse roles of 
PtdIns3P involved in multiple endosomal processes may posi-
tion PtdIns3P as a central link for the interplay between 
autophagosomes and other organelles [60]. For example, 
Kim et al., recently demonstrated that cell death-related endo-
somal FYVE/SYLF protein 1 (CFS1/FYVE2), a PtdIns3P effec-
tor that participates in COPII vesicle formation from ER 
through an interaction with SAR1 GTPase also interacts 
with autophagic protein ATG18a on the phagophore 
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membrane [63]. Mutation of CFS1/FYVE2 or SAR1B caused 
the accumulation of autophagic organelles in plant cells [63]. 
Looking forward, further detailed studies will be needed to 
investigate the coordination of PtdIns3P, SH3P2, ATG8 and 
FREE1 for crosstalk between autophagosomes and PVCs in 
plants.

Occurrence of mitophagy in growing pollen tubes

Selective autophagy of mitochondria, also known as mito-
phagy, is one of the major quality control pathways to main-
tain a functional mitochondrial network in cells [64,65]. The 
mitophagy pathway has been well established through the 
identification of critical molecules and the mechanisms have 
been extensively studied in yeast and animals. However, 
research into plant mitophagy is still in its infancy, in part 
due to the fact that many of the key factors involved in 
mitophagy in yeast and animals are absent from plants.

Pollen tubes are one of the fastest growing cell types in 
nature. To support the rapid and sustainable pollen tube 
growth, high levels of energy production is required to sup-
port the active metabolism and vigorous intracellular trans-
port [2,4,5]. The number of mitochondria in pollen is about 
20-fold greater compared to vegetative cells in maize [66]. 
A great number of mitochondria was also observed in 
Arabidopsis pollen tubes (Figure 7), consistent with reports 
of their high metabolic demands [1,2,7]. It remains largely 
unknown how the quality and quantity of healthy mitochon-
dria are maintained and whether mitophagy serves as a crucial 
pathway to mediate mitochondria turnover in growing pollen 
tubes. Live-cell imaging and dynamic tracking analysis 
revealed that the spatiotemporal distributions of mitochon-
dria and YFP-ATG8e mainly stayed separated with occasional 
colocalization (Figure 6). This may suggest that mitophagy in 
growing pollen tubes under normal conditions is likely to 
remain at a basic, low level.

2,4-dinitrophenol (DNP) has been used as a chemical agent 
to trigger mitophagy in mammalian and plant cells due to its 
function as an uncoupler, resulting in depolarized mitochon-
drial membrane [45,46]. After DNP treatment, it is note-
worthy that YFP-ATG8e contacted and spatiotemporally 
associated with the depolarized mitochondria in growing pol-
len tubes (Figure 6). Therefore, mitophagy can be stimulated 
by uncoupler treatment in growing pollen tubes consistent 
with recent observations in Arabidopsis root cells [46]. In 
addition, kymographic analysis of YFP-ATG8e in association 
with the depolarized mitochondrion showed highly coordi-
nated movement in pollen tubes (Figure 6). Importantly, 
disruption of the potential AIM-docking site of ATG8e abol-
ished the contact and spatiotemporal coordination of ATG8e 
with the damaged mitochondria (Figure 6). The results illu-
strated that ATG8e could specifically interact with damaged 
mitochondria via AIM to mediate the mitophagy pathway in 
growing pollen tubes. This scenario is further supported by 
the TEM identification of mitophagosomes in Arabidopsis 
pollen tubes (Figure 7). Furthermore, the mitophagosomes 
identified within Arabidopsis pollen tubes in our study are 
morphologically comparable with the structure of mitophago-
some in animal cells reported in previous studies [67,68].

Materials and Methods

Plant materials and growth

Nicotiana tabacum seeds were directly sowed in the soil for 
germination. Three weeks later, each juvenile plant was trans-
ferred into individual flowerpots and grown in the greenhouse 
at 28°C with a light cycle of 12-h light and 12-h darkness. 
Arabidopsis thaliana seeds were surface sterilized (70% etha-
nol and 0.2% Tween 20 for 10 min of vigorous vortex), rinsed 
twice with 100% ethanol and air dried on filter paper. The 
seeds were spread on Murashige and Skoog medium (Sigma- 
Aldrich, M5519) with 1% agar (Sangon Biotech, A100637), 1% 
sucrose (Fluka, 84,097) and vitamin mixture plate, and then 
stratified for 2 d at 4°C. The plates were transferred to a plant 
growth chamber and cultured vertically at 22°C under a light 
cycle of 16-h light and 8-h darkness for 7 d. Thereafter, 
seedlings were transferred to soil (Jiffy Products 
International, EN12580) and grown until harvested at the 
same growth conditions.

In vitro and in vivo pollen germination

Tobacco pollen germination: fresh and mature tobacco pol-
lens were selected and harvested before use as described pre-
viously [69]. For in vitro pollen tube germination, the pollen 
grains were suspended in tobacco pollen-specific germination 
medium containing 10% sucrose (Fluka, 84,097), 0.01% boric 
acid (Sigma-Aldrich, 202,878), 1 mM CaCl2 (Ajax Chemicals, 
960), 1 mM Ca(NO4)2∙4 H2O (Sigma-Aldrich, C1396) and 
1 mM MgSO4∙7H2O (Sigma-Aldrich, M1880) at pH 6.5. The 
pollen was germinated at 27.5°C in an 85 rpm orbital rotary 
shaker for 2 h.

Arabidopsis pollen germination: i) in vitro pollen germina-
tion and collection of Arabidopsis flowers at the proper 
growth stage were conducted as previously described [69]. 
Arabidopsis pollen grains were released from anthers by vig-
orous vortex in Arabidopsis pollen germination medium con-
taining 0.01% boric acid, 1 mM Ca(NO3)2, 1 mM MgSO4, 
5 mM CaCl2 and 18% (w:v) sucrose at pH 7.0. Thereafter, the 
petals and anthers were removed with forceps, and 
Arabidopsis pollen was centrifuged at 800 g for 1 min at 
room temperature (RT). The majority of the supernatant 
was removed with approximately 50 µl germination medium 
remaining in the tube. The pollen pellet was gently resus-
pended and 10–15 µl liquid droplets were placed onto glass 
slides. The slides were rapidly flipped upside down and let sit 
in a wet chamber box filled with wet Kimwipes and sealed 
tightly. The chamber box was incubated at 27°C for 4 h. ii) 
For the in vivo pollen germination, stage 12 Arabidopsis 
flowers were castrated and used as female. Pollen grains 
were collected from stage 15 flowers and applied to the stigma 
for pollination and pollen germination [70].

Aniline blue staining of in vivo pollen tube growth assay

The staining experiment was performed as previously 
described [71]. In general, hand pollinated pistils were fixed 
with acetic acid:ethanol (1:3 v:v) solution for 2 h at RT. The 
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fixation solution was discarded, and the sample was hydrated 
with an ethanol series (70%, 50% and 30% ethanol) for 10 min 
each at RT. The samples were then washed with ddH2O and 
subsequently immersed in 4 M NaOH at 37°C for 3–4 h to 
allow softening and transparence. Finally, the sample was 
washed with ddH2O for 5 times, stained with 0.1% aniline 
blue (Sangon Biotech, A500083) and prepared in 0.1% K3PO4 
in the dark for 2 h before imaging.

Protein extraction and immunoblot detection

Proteins were extracted from Arabidopsis mature pollen grains 
and 4-h germinated pollen tubes respectively. The extraction 
method followed a previous study for better detection of ATG8- 
lipid adduct [72]. Equal amounts of proteins were loaded to 
SDS-PAGE on 15% polyacrylamide gels with 6 M urea, and 
electrophoretically transferred onto polyvinylidene fluoride 
membranes. The ATG8–PE and free ATG8 were detected by 
immunoblot with anti-ATG8 antibodies (Abcam, ab77003).

Transient expression of chimeric fluorescent fusion 
proteins in growing tobacco pollen tubes

In general, fresh tobacco anthers were harvested from 15–20 
tobacco flowers. They were then transferred into a test tube 
containing 10 ml of pollen germination medium and vortexed 
vigorously to release pollen grains into the germination med-
ium. The pollen grains were then prepared for transient 
expression of chimeric fluorescent fusion proteins in growing 
pollen tubes via particle bombardment. The procedures of 
biolistic bombardment and bio-imaging of live pollen tubes 
were performed as described [69,73].

Electron microscopy of the resin-embedded pollen tubes

The general procedures for TEM sample preparation and 
ultra-thin sectioning of samples were performed as previously 
described [40]. For fixation of growing tobacco pollen tubes, 
high-pressure freezing and substitution were used as pre-
viously described [61,74]. Subsequent freeze substitution was 
carried out in dry acetone containing 0.1% uranyl acetate 
(Electron Microscopy Sciences, 22,400) at −85°C. Infiltration 
with HM20 (Electron Microscopy Sciences, 14,330–14,360), 
embedding, and UV polymerization were performed stepwise 
at −35°C. Images were collected by an FEI Talos transmission 
electron microscope.

Confocal laser scanning microscopy imaging and image 
analysis

In general, the confocal fluorescence images were collected using 
a Leica TCS SP8 system with the following parameters: 63x water 
objective, 2x zoom, 750 gain, 0 background, 0.168 µm pixel size 
and photomultiplier tubes (PMTs) detector. The images from 
pollen tubes expressing fluorescent tagged proteins were collected 
with a laser level of ≤3% to ensure that the fluorescent signal was 
within the linear range of detection (typically 0.5 or 1% laser was 
used). Time-lapse images of growing pollen tubes were collected 
by continuing imaging with minimal time interval.

Colocalizations between two fluorescent proteins were calcu-
lated by Fiji program with PSC colocalization plug-in as described 
previously [75]. Briefly, fixed size region of interest (ROI) contain-
ing relevant signal information in both emission channels (one for 
each fluorophore) was performed on acquired confocal images. 
Results are presented either as Pearson correlation coefficients or 
as Spearman’s rank correlation coefficients, both of which produce 
r values in the range (−1, 1), where 0 indicates no discernable 
correlation and +1 or −1 indicate strong positive or negative 
correlations, respectively.

Kymograph analysis was conducted by Imaris software 
(https://imaris.oxinst.com/). In general, original 2D time- 
lapse images of growing pollen tubes obtained by confocal 
microscopy were uploaded into Imaris. Then, the function to 
swap time and z axis of Imaris was selected to generate a time 
projection image. Subsequently, the image was flipped 90 
degrees vertically to generate the kymograph of the entire 
growing pollen tube such that the x axis represents time and 
the y axis includes the stacks for all frames. Further The ROI 
was further selected using the crop 3D function of Imaris to 
demonstrate the dynamic motions of the intracellular proteins 
in growing pollen tubes.

Fiji is used for signal detection and counting of fluorescent 
proteins in pollen tubes. The images are processed by follow-
ing particle analysis protocol from Fiji (https://imagej.net/ 
imaging/particle-analysis). Besides, we further manually 
checked the accuracy of signal recognition between the pro-
tein puncta and software detections prior to particle counting 
analysis.

Chemicals and drug treatment

Stock solutions of BTH (5 mM in methanol; Sigma-Aldrich, 
32,820), DNP (10 mM in DMSO; Sigma-Aldrich, D198501) 
and wortmannin (1.65 mM in DMSO; Sigma-Aldrich, 
681,676) were aliquoted and stored at −20°C. For each drug 
treatment, germinating pollen tubes were mixed with drugs in 
working solutions of germination medium at a 1:1 ratio to 
minimize sample variation.
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