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Autophagy modulates Arabidopsis male
gametophyte fertility and controls actin
organization

HeYan1,2,6, ZhenLu1,6, XiaojuanDu1, ZhengtaoYou1,MingkangYang1,2,3, Nianle Li1,
Xuequan Li 1, Zailue Ni 1, Hong Wu 1,3, Xiangfeng Wang4, Lifeng Zhao1 &
Hao Wang 1,5

Autophagy, a crucial mechanism for cellular degradation, is regulated by
conserved autophagy-related (ATG) core proteins across species. Impairments
in autophagy result in significant developmental and reproductive aberrations
in mammals. However, autophagy is thought to be functionally dispensable in
Arabidopsis thaliana since most of the ATG mutants lack severe growth and
reproductivedefects.Here,we challenge this perceptionbyunveiling a role for
autophagy in male gametophyte development and fertility in Arabidopsis. A
detailed re-assessment of atg5 and atg7 mutants found that reduced autop-
hagy activity in germinated pollen accompanied by partial aberrations in
sperm cell biogenesis and pollen tube growth, leading to compromised seed
formation. Furthermore, we revealed autophagy modulates the spatial orga-
nization of actin filaments via targeted degradation of actin depolymerization
factors ADF7 and Profilin2 in pollen grains and tubes through a key receptor,
Neighbor of BRCA1 (NBR1). Our findings advance the understanding of the
evolutionary conservation and diversification of autophagy in modulating
male fertility in plants contrasting to mammals.

Autophagy is an essential and conserved catabolic pathway in eukar-
yotic cells that functions as a cellular scavenger by targeting of cytosol
and organelles to specific vacuoles or lysosomes for degradation1,2.
Macroautophagy, the most prevalent type of autophagy and referred
to as autophagy hereafter, serves as a housekeeping quality control
mechanism that generally takes place at a basal and low level3. When
cells are challenged with biotic and/or abiotic stresses, the activity of
autophagy will be significantly elevated to facilitate survival through
the adverse conditions4,5. In addition, autophagy plays versatile roles in
regulating cell development, growth, reproduction and senescence4–7.

The key processes of autophagy consist of de novo formation and
expansionof autophagosomalmembranes, sequestrationof unwanted

cytoplasmic elements into the autophagosome and its subsequent
fusion with a vacuole or lysosome. It is evident that ATG (autophagy-
related) proteins play key roles during autophagy and have been
identified in various species including yeasts, animals and plants8. ATG
proteins are spatiotemporally orchestrated to facilitate the biogenesis
and functions of autophagosomes9. Moreover, ~18 ATG genes are
found to be highly conserved across different species and therefore
considered to be core ATGs for regulation of the autophagy
machinery10. In particular, ATG5 and ATG7 are considered to be
important because they are critically required for autophagosome
formation. ATG5 mediates the formation of the autophagosome pre-
cursor by conjugation with ATG12 to form a protein complex that
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catalyzes the chemical binding between cytosolic ATG8 and phos-
phatidylethanolamine on the autophagosome membrane. ATG7 acts
as an E1-like activating enzyme to facilitate the conjugation between
ATG8-phosphatidylethanolamine (ATG8-PE) and ATG12 during
autophagosomal membrane expansion. ATG5 and ATG7 are often
considered to be the two key factors for ATG8 lipidation, which is a
landmark event during autophagosome formation and autophagic
flux11–15. ATG5- and ATG7-knockoutmicediedwithin oneday after birth
due to the reduced concentration of cytosolic amino acids, a deleter-
ious condition associated with autophagy deficiency16,17. Furthermore,
ATG5- and ATG7-mediated autophagy has been found to regulate
spermiogenesis andmale fertility in mice18,19. In plants, deletion of rice
ATG7 showed severedefects in lipidmetabolism andnutrient supply in
anthers and caused complete sporophytic male sterility, despite the
detailed underlying working mechanism remained yet to be
uncovered20. Autophagy also participates in compartmental cyto-
plasmic deletion during tobaccopollen germination. RNA interference
(RNAi) downregulation of NtATG5 and NtATG7 resulted in persistence
of a layer of undegraded cytoplasmat thepollen germinationaperture,
which prevents extrusion of pollen tubes21. However, it is noteworthy
that almost all of Arabidopsis atg mutants can survive well and
accomplish their life cycle under ordinary cultivation conditions.
Except for showing early senescence, Arabidopsis atg5 and atg7
mutant lines have no significant defects in growth and development
and they successfully produce seeds. It is therefore believed that
autophagy is not functionally required during Arabidopsis sexual
reproduction10,22.

In this study, we report that ATG5- andATG7-mediated autophagy
does indeed functionally participate in the process of sexual repro-
duction by modulating sperm cell biogenesis and male fertility under
nutrient-sufficient conditions in Arabidopsis. Despite previous study
reports thatArabidopsis atg5 andatg7mutants canproduce functional
seeds and present few defects in pollen tube germination in vitro, we
performed systematic and detailed re-investigations on the processes
of pollen germination, pollen tube growth and male fertility of atg5
and atg7 null mutants. Our results suggest that autophagy is func-
tionally involved in: i) generation of two functional sperm cells that are
derived from the mitotic division of the generative nucleus during
pollen development; ii) maintenance of pollen tube growth and tar-
geting to the ovules for fertilization; and iii) modulation of the spatial
organization of actin microfilaments by specific interactions between
NBR1 and actin filament depolymerization factors 7 (ADF7) and Profi-
lin2 which the ZZ and FW domains of NBR1 are indispensable for its
interaction in a ubiquitin-binding domain (UBA)-independent manner
and are crucial for autophagic degradation. Taken together, our stu-
dies advance our understanding of the roles and underlying mechan-
isms of autophagy inmodulatingmale gametophyte development and
fertility in Arabidopsis thaliana.

Results
ATG5 and ATG7 participate in autophagy in growing
pollen tubes
To investigate whether autophagy plays a role in sexual reproduction
in Arabidopsis, we employed ATG5 and ATG7 T-DNA insertionmutants
to follow and compare reproductive development with that of wild
type (WT). The schematic representation of the T-DNA insertion site
within atg5-1 and atg7-2 is shown in Fig. 1a. Quantitative reverse-
transcription PCR (RT-qPCR) was performed to assess the gene
expression levels of ATG5 and ATG7 in the atg5-1, atg7-2 and atg5-
1/atg7-2 mutants respectively. ATG5 and ATG7 were barely detectable
in thesemutants (Fig. 1b, c). Moreover,we studied the gene expression
profile of ATG5 and ATG7 in several different major cells and tissues of
Arabidopsis by using the microarray data from Genevestigator
(https://genevestigator.com/). Interestingly, we found that ATG5 and
ATG7 areboth enriched in pollens and stamens relative to other tissues

in Arabidopsis (Supplementary Fig. 1). Therefore, we further per-
formed western blotting to probe the level of autophagy activity in
germinated pollens from both WT and the mutant Arabidopsis using
an anti-ATG8 antibody. ATG8-PE is a reporter which indicates the
recruitment of cytosolic ATG8 onto the autophagosomal membrane
for the subsequent biogenesis and functions of autophagosomes9. As
shown in Fig. 1d, ATG8-PE was barely detectable in atg5-1 and atg7-2
germinated pollens when compared with the WT. This result indicates
that autophagy is greatly impaired in atg5-1 and atg7-2mutant pollens.

To better understand the subcellular localization and spatial dis-
tribution of ATG5 and ATG7 in pollen tubes, we generated chimeric
fluorescent fusion proteins of ATG5 and ATG7 and co-expressed them
with several core autophagic proteins, including ATG6, ATG8e, ATG9
and SH3P2 in growing tobacco pollen tubes. ATG5 and ATG7 mainly
colocalized with one another as shown in Fig. 1e and Supplementary
Movie. 1. Additionally, ATG5 colocalized with ATG6, ATG8e, ATG9 and
SH3P2 (Fig. 1e and Supplementary Movies. 2-5). These results suggest
that ATG5 and ATG7 are involved in autophagy processes in growing
pollen tube.

The seed setting rate is reduced in atg5 and atg7 Arabidopsis
mutants
To further explore the modulating functions of autophagy during the
processes of sexual reproduction in Arabidopsis, we began by revisit-
ing the overall phenotypes of plant growth and development during
the reproductive stage. Consistent with previous findings, no sig-
nificant differences were observed for atg5-1, atg7-2, atg5-1/atg7-2 and
WT that hadbeen cultivated for 35 and 45 d (Supplementary Fig. 2a, b).
Nevertheless, we found longer length of siliques produced by atg5-1,
atg7-2 and atg5-1/atg7-2 compared that of the WT (Supplementary
Fig. 2c). To further examine these results, we introduced atg7-3, which
is another loss-of-function mutant generated by T-DNA insertion into
ATG7 as previously identified15. We observed an increased length of
siliques (Supplementary Fig. 2c). Statistical measurement further
confirmed the observed longer length of siliques in the mutants than
that in the WT (Supplementary Fig. 2d).

In addition, it is noteworthy that a portion of seed formation is
abolished within the siliques of atg5-1, atg7-2, atg7-3 and atg5-1/atg7-2
as indicated by the arrows (Fig. 2a). Further statistical analysis by
counting seed numbers within the siliques revealed that the seed set-
ting rate was actually reduced by ~20-25% in atg5-1, atg7-2, atg7-3 and
atg5-1/atg7-2 mutants (Fig. 2b). Meanwhile, complementation via
expression of ATG5 and ATG7 under their respective native promoters
successfully rescued the phenotypes observed in atg5-1 and atg7-2
mutants, restoring seed setting rate to levels comparable to those in
theWT (Fig. 2a, b). Next,weconducted time-lapsemicroscopy imaging
of in vivo pollen tube fertilization to track pollen tube germination and
growth in the WT and mutants of atg5-1, atg7-2 and atg5-1/atg7-2 after
2-, 4-, 6- and 10-h pollination. The positions of maximal pollen tube
growthwithin the styles arehighlightedby thedashed lines (Fig. 2c and
Supplementary Fig. 3). The pollen tubes of atg5-1, atg7-2 and atg5-
1/atg7-2 were significantly shorter than that of the WT after 2-h polli-
nation (Fig. 2c). However, no obvious differences of pollen tube
growth can be observed after 4-, 6- and 10-h pollination (Fig. 2c and
Supplementary Fig. 3). Statistical analysis of the maximum lengths of
pollen tubes within the styles of the WT and the mutants at different
time points after pollination is shown in Fig. 2d. On the other hand, a
previous independent study found that both the pollen tube germi-
nation ratio and the pollen tube length of atg5-1 and atg7-2 mutants
were not distinct compared with WT after 10 h germination21. We
revisited this analysis with a more detailed time-lapse microscopy of
in vitro pollen germination by adding more germination time points
for 2, 4 and 6 h. Our results demonstrated that the pollen germination
and pollen tube length of atg5-1, atg7-2 and atg5-1/atg7-2 were sig-
nificantly reduced when compared with WT at 2- and 4-h germinating
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Fig. 1 | ATG5- and ATG7-mediated autophagy is involved in pollen tube growth
in Arabidopsis thaliana. a Schematic illustration of the T-DNA insertion sites of
atg5-1 and atg7-2 of Arabidopsis thaliana. Red arrowsmark the locations of primers
used for RT-qPCR. b RT-qPCR analysis was performed to quantify ATG5 expression
in flowers at developmental stages 11–14 of WT, atg5-1, atg5-1/atg7-2 and
pATG5::GFP-ATG5/atg5-1. Statistical analysis was performed using two-tailed paired
Student’s t-test, with n = 3 independent experimental replicates (error bars ± SD,
∗∗∗p <0.001, ns, no significant). Source data are provided in Source data file.
c Similarly, ATG7 expression was analyzed in flowers of WT, atg7-2, atg5-1/atg7-2
and pATG7::GFP-ATG7/atg7-2. Actin2 was used as an internal control. Statistical
analysis was performed using two-tailed paired Student’s t-test, with n = 3 inde-
pendent experimental replicates (error bars ± SD, ∗∗∗p <0.001, ns, no significant).
Source data are provided in Source data file. dWestern blot detection of ATG8 and

ATG8-PE in germinated pollen of WT, atg5-1 and atg7-2 using anti-ATG8 antibody.
Three independent experimental replicates were conducted, yielding consistent
results. Source data of blotting are provided in Source data file. e Co-expression
of GFP-ATG5 with mCherry-ATG7, ATG6-RFP, YFP-ATG8e, GFP-ATG9 and SH3P2-
RFP in growing tobacco pollen tubes respectively. The punctate dots of ATG5 and
ATG7 colocalize with one another and they mainly localize in the pollen tube
shank. Results of colocalization ratios are calculated by either Pearson correlation
coefficients or as Spearman’s rank correlation coefficients with ImageJ. The
generated r values in the range −1 to 1, where 0 indicates no discernable corre-
lation and +1 or −1 indicate strong positive or negative correlations, respectively.
Consistent results were obtained across three independent experimental repli-
cates. Scale bar = 25μm.
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time points (Fig. 2e). In fact, the pollen germination ratio of atg5-1,
atg7-2 and atg5-1/atg7-2 reached only ~55% and ~80% in 2 and 4 h
respectively, compared to nearly 80% and 90% for WT pollen at the
relative time points (Fig. 2f). Meanwhile, the length of pollen tubes of

atg5-1, atg7-2 and atg5-1/atg7-2 at 2-, 4- and 6-h germinated were
obviously shorter compared with WT (Fig. 2g). In summary, pollen
germination was assessed both in vivo and in vitro, ATG5- and ATG7-
mediated autophagy indeed modulates pollen germination and tube

Fig. 2 | Seed formation and pollen tube germination is partially abolished in
Arabidopsisatg5andatg7mutants. aRepresentative images of siliquesharvested
from one branch of inflorescence of Arabidopsis WT, atg5-1, atg7-2, atg7-3, atg5-
1/atg7-2, pATG5::GFP-ATG5/atg5-1 and pATG7::GFP-ATG7/atg7-2. Scale bars = 2mm.
b Statistical calculationof seeds setting rate inWT,atg5-1,atg7-2,atg7-3 atg5-1/atg7-
2, pATG5::GFP-ATG5/atg5-1 and pATG7::GFP-ATG7/atg7-2. Statistical analysis was
performed using two-tailed paired Student’s t-test, with n = 50 independent
experimental replicates (error bars ± SD, ∗∗∗p <0.001, ns, no significant). Source
data are provided in Source data file. c Representative time-lapse images of in vivo
pollen tube germination and growth of WT, atg5-1, atg7-2 and atg5-1/atg7-2 after
pollination for 2 and 10 h respectively. Dashed lines indicate the farthest position
that pollen tubes could reach into the styles. Scale bars = 400μm. d Statistical
calculation of the maximum pollen tube length in the styles of WT, atg5-1, atg7-2

and atg5-1/atg7-2 after pollination for 2, 4, 6 and 10 h were performed using two-
tailed paired Student’s t-test respectively, with n = 50 independent experimental
replicates from each sample (error bars ± SD, ∗∗∗p <0.001 ns, no significant).
Source data are provided in Source data file. e Representative time-lapse images of
in vitro Arabidopsis pollen tube germination and growth of WT, atg5-1, atg7-2 and
atg5-1/atg7-2 for 2, 4 and 6 h respectively. Scale bars = 200 μm. f, g Statistical ana-
lysis of the in vitro pollen germination ratio (f) and tube length (g) of WT, atg5−1,
atg7-2 and atg5−1/atg7-2 were performed using two-tailed paired Student’s t-test
For the pollen germination ratio, with n = 19 independent replicates were analyzed,
while for the tube length, n = 200 independent replicates were analyzed for each
sample (error bars ± SD, ∗∗∗p <0.001, ns, no significant). Source data are provided
in Source data file.
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growth in Arabidopsis thaliana. The pollen germination ratio and tube
growth are all substantially reduced at the beginning of germination in
atg5-1, atg7-2 and atg5-1/atg7-2.

Autophagymodulates spatial organization and integrity of actin
filaments and maintains sperm cell biogenesis and pollen
tube growth
To explore the underlying cause(s) for the reduction of the seed set-
ting rate for the mutants of atg5-1, atg7-2 and atg5-1/atg7-2, we exam-
ined sperm cell development in mature pollen from the WT, atg5-1,
atg7-2 and atg5-1/atg7-2 plants (Fig. 3a). After 4’,6-diamidino-2-phe-
nylindole (DAPI) staining for 30min, two well developed sperm cells
can be clearly observed in the WT pollen grains by confocal 3-D ima-
ging (Fig. 3a). In contrast, ~20% of mature pollen from atg5-1, atg7-2
and atg5-1/atg7-2 strains contained only one undivided generative
nucleus as indicated by the arrows in Fig. 3a. Statistical calculations
showed that less than 2% of WT pollen showed defects in sperm cell
development, whereas ~20% abnormal pollens were observed in the
atg mutant lines (Fig. 3b). In addition, we investigated pollen tube
growth and targeting to the ovules during fertilization. Pollen tubes in
the WT plants can grow generally straight and directly target the
ovules for fertilization (Fig. 3c). However, portions of atg5-1, atg7-2 and
atg5-1/atg7-2 mutant pollen tubes grew aberrantly twisted and accu-
mulated outside the ovules as indicated by the arrows in Fig. 3c. To
further determine whether the altered pattern of pollen tube growth
observed in the mutants is caused by an abnormality in the male or
female gametophyte, we performed cross-pollination between the
mutants andWT.We noticed a similar irregular and twisting pattern of
pollen tube growth and targeting when atg5-1 and atg7-2 pollen was
applied to the WT stigma (Fig. 3c). Conversely, the WT pollen tube
grew and targeted to the ovules of atg5-1 and atg7-2 without any
defects (Fig. 3c). These results suggest that aberrations in the male
gametophyte cause the twisting and accumulation observed in pollen
tube growth and its targeting to ovules during fertilization.

To better elucidate the mechanism(s) contributing to the undi-
vided generative nucleus and the aberrant pollen tube morphology
observed in atg5-1 and atg7-2, we performed a comprehensive inves-
tigation of actin filament organization in bothmature pollen grains and
tubes by phalloidin staining and confocal 3-D imaging. Actin filaments
in the WT pollen grains were long cables and formed a fine network,
whereas they were short and discontinuous in atg5-1 and atg7-2 pollen
grains with only one generative nucleus (Fig. 4a). This pattern of actin
filament organization was indicative of potential perturbations in the
process of sperm cell biogenesis. To delve deeper into this phenom-
enon and elucidate the potential role of actin filaments in sperm cell
biogenesis, we microinjected Latrunculin B (LatB) which can depoly-
merize actin filaments within developing flower buds as illustrated in
Fig. 4b. 40 h after the microinjection, the development and blooming
of LatB-injected flower buds arrested, while the control buds devel-
oped and flowered normally. Additionally, DAPI and phalloidin staining
of pollen grains from LatB-treated flower buds showed that actin fila-
ments were depolymerized and the division of the generative nucleus
was halted (Fig. 4c). This provides the evidence for the functional role
of actin filaments in modulating the division of the generative nucleus
for sperm cell formation. Moreover, actin filaments can be assembled
into elongated cables in all WT pollen tubes (Fig. 4d). However, the
actin filaments were observed to be shortened and discontinuous in
~18% of pollen tubes from atg5-1 and atg7-2 (Fig. 4d). Furthermore, to
investigate a potential functional link between ATG5- and ATG7-
mediated autophagy and actin filament organization in other plant cell
types, we examined themorphology of typical polarized cells including
root hairs, epidermal leaf pavement cells and trichomes. Notably, only
the length of root hairs was significantly diminished in the atg5-1 and
atg7-2 mutants. Additionally, the organization of actin filaments in
these root hairs was depolymerized, mirroring the defects observed in

pollen andpollen tubes of thesemutants (Supplementary Fig. 4). These
findings suggest that ATG5- and ATG7-mediated autophagy may play
important roles in cellular degradation in both pollen tubes and root
hairs. Collectively, our results suggest a functional association between
ATG5- and ATG7-mediated autophagy and actin filament organization
in the modulation of the sperm cell biogenesis and the pollen tube
growth in Arabidopsis thaliana.

Fig. 3 | Aberrations in sperm cell biogenesis during pollen development and
pollen tube growth during fertilization in atg5-1 and atg7-2 mutants.
a Representative images of mature pollen fromWT, atg5-1, atg7-2 and atg5-1/atg7-2
byDAPI staining. A representative image shows thatWTmaturepollens contain two
sperm cells (SC) and a vegetative nucleus (VN). Some of the mutant pollen grains
contain only one undivided generative nucleus (GN) as the arrow indicates. Scale
bars = 10μm. b Statistical calculation of abnormal pollen that lack two sperm cells
from the mature pollen of WT, atg5-1, atg7-2 and atg5-1/atg7-2 were performed
using two-tailed paired Student’s t-test respectively. The number of cells examined
was n = 1617 (WT), n = 1591 (atg5-1), n = 1625 (atg7-2), and n = 1624 (atg5-1/atg7-2)
across three independent experiments for each sample (error bars ± SD,
∗∗∗p <0.001). Source data are provided in Source data file. c In vivo pollen tube
growth and targeting to ovules for fertilization in WT, atg5-1, atg7-2, atg5-1/atg7-2,
respectively. Twisted and abnormal accumulation of pollen tubes during the ovule-
targeted growth occurred as the arrows indicate. Cross-pollination between WT
and atg5-1, and atg7-2 and in vivo pollen tube growth for fertilization. Arrows
indicate the twisted and abnormal accumulation of pollen tubes. Three indepen-
dent experimental replicates were conducted for each sample and consistently
yielded similar results. Scale bars = 100 μm.
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NBR1 receptor facilitates recruitment of ADF7 and Profilin2 for
degradation via autophagy
Actin Depolymerizing Factor (ADF) and Profilin are the major reg-
ulatory proteins to participate in the cleavage of actin filaments in
Arabidopsis thaliana23–25. The ADF family comprises 11 members, with
only ADF5 and ADF9 possessing actin polymerizing capabilities, while
the remaining members exhibit actin depolymerizing abilities. In
contrast, the Profilin family consists of five members, among which
Profilin1 to Profilin3 function as actin depolymerization factors, while
Profilin4 and Profilin5 are classified as actin polymerization factors
(Supplementary Fig. 5). To elucidate how ATG5- and ATG7-mediated
autophagy modulates the organization of actin filaments, we
embarked on a series of studies. Initially, we performed a western blot
analysis and found a notable elevation in ADF and Profilin protein
levels in the atg5-1 and atg7-2 mutant pollen compared to the WT
(Fig. 5a). Moreover, we treated mature WT Arabidopsis pollens with
autophagic inhibitors 3-Methyladenine (3-MA) and wortmannin
(Wort). Autophagic degradation of ADF and Profilin were strongly
inhibited compared to the untreated controls by western blotting
analysis with anti-ADF and anti-Profilin antibodies (Supplementary
Fig. 6). Subsequently, we explored the potential recruitment and
interaction between the autophagic receptor and ADF and Profilin. We
selected ATG8d, an autophagy marker highly expressed in pollen,
NBR1, a notable autophagic receptor, and actin filament

depolymerizing regulators including actin depolymerization factors
(ADFs) and Profilins for investigation. Based on the phylogenetic
clustering and functional analysis of the ADF and Profilin protein
families, we have identified the members specifically involved in actin
depolymerization (Supplementary Fig. 5). These proteins were subse-
quently targeted in luciferase complementation assays to assess their
interactions with NBR1. Our results showed that NBR1 can interacts
with multiple ADF family members including ADF1, 2, 3, 4, 6, 7, 8, 10
and 11, with notably strongest interaction specifically with ADF7
(Supplementary Fig. 7a, b). Additionally, gene expression analysis
indicated that ADF7 and ADF10 are particularly highly enriched in
pollen (Supplementary Fig. 7c). Based on these findings, ADF7 was
determined and selected for future study. Among the Profilin family
proteins, only Profilin2 demonstrated a positive interaction with NBR1
(Supplementary Fig. 7d). Next, we conducted a yeast two-hybrid (Y2H)
analysis to probe protein-protein interactions and observed that
ATG8d interacted with NBR1, and NBR1 interacted with ADF7 and
Profilin2 (Fig. 5b). These interactions were corroborated by luciferase
complementation assay (Fig. 5c). Additionally, we have generated
transgenic Arabidopsis lines expressing pADF7::GFP-ADF7 and pProfi-
lin2::GFP-Profilin2 under the control of their native promoters. Co-
immunoprecipitation (Co-IP) assays demonstrated that ADF7 and
Profilin2, expressed under native promoter regulation, interact with
NBR1 (Fig. 5d). Since actin organization in growing pollen tubes is

Fig. 4 | Depolymerization of actin filaments in atg5 and atg7mutants results in
defects in sperm cell biogenesis and aberrant pollen tube growth during fer-
tilization. a 3-D images of mature pollen grains of WT, atg5-1 and atg7-2 stained
with both Alexa-488 phalloidin and DAPI. Three independent experimental repli-
cates were conducted for each sample and consistently yielded similar results.
Scale bars = 10μm.b Schematic illustration ofmicroinjection of 10μL 200nMactin
polymerization inhibitor latrunculin B (LatB) into the developing flower bud (stage
10–12). After 40h, the development and opening of the LatB-injected flower bud is
strongly inhibited comparedwith themock. c 3-D images of pollen grains thatwere

released from the anthers with or without the LatB treatment and stainedwith both
Alexa-488 phalloidin and DAPI. Three independent experimental replicates were
conducted for each sample and consistently yielded similar results. Scale bars
= 10μm. d 3-D images of 6-h germinated Arabidopsis WT, atg5-1 and atg7-2 pollen
tubes stainedwithAlexa-488phalloidinwere obtained. A total ofn = 67 (WT),n = 79
(atg5-1), and n = 88 (atg7-2) pollen tubes were examined across six independent
experiments for each sample. Source data are provided in Source data file. Scale
bars = 10μm.
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closed regulated by tip-focused calcium gradient and distribution26,27,
we also observed the calcium influx and gradients in pollen tube tip.
We found that ~18% of the pollen tubes of atg5-1 and atg7-2 mutants
exhibited disrupted tip-focused calcium gradient (Supplemen-
tary Fig. 8).

NBR1 could interact with cytosolic ubiquitinated proteins via its
C-terminal ubiquitin-associated (UBA1 and UBA2, collectively referred

to as UBA) domains for autophagic clearance in mammals28,29. To fur-
ther determine whether the interaction between NBR1 and ADF7 and/
or Profilin2 is through the UBA domains in Arabidopsis, we generated
various truncated variants of NBR1, including NBR1ΔUBA,
NBR1ΔPB1ΔZZΔFW, NBR1ΔZZΔFWΔUBA, NBR1ΔZZ, NBR1ΔFW and
NBR1ΔZZΔFW for the examination (Fig. 5e). We performed Y2H assays
and luciferase complementation assays with these NBR1 truncation
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constructs. The Y2H assay showed that NBR1ΔUBAwas able to interact
with ADF7 and Profilin2 (Fig. 5f), implying that the twoUBAdomains of
NBR1 are not mandatory for interaction with ADF7 and Profilin2. In
contrast, activation domain (AD)-NBR1ΔPB1ΔZZΔFW could not inter-
act with a binding domain (BD)-ADF7 and BD-Profilin2 (Fig. 5f), sug-
gesting that the UBA domains of NBR1 cannot bind with ADF7 and
Profilin2. Furthermore, a luciferase complementation assay reaffirmed
thatNBR1, evenwithout theUBAdomains,was still able to interactwith
ADF7 and Profilin2 (Fig. 5g). To further elucidate the functional
domains involved in NBR1-mediated cargo recognition and interac-
tion, we conducted Y2H and luciferase complementation assays with
various NBR1 truncations. The results showed that NBR1 retained its
ability to bind to ADF7 and Profilin2 when either the ZZ or FW domain
was individually truncated. However, simultaneous truncation of both
ZZandFWdomains abolished the interaction ofNBR1with eitherADF7
or Profilin2 (Fig. 5f, g). These findings underscore the indispensable
role of both the ZZ and FW domains in facilitating ADF7 and Profilin2
recognition by NBR1 during non-ubiquitinated autophagy.

On the other hand, we further generated GFP-ADF7 and GFP-
Profilin2 transgenic Arabidopsis overexpression (OX) lines. We also
found that ~15% of mature pollen grains from the GFP-ADF7 and GFP-
Profilin2 OX lines contain one undivided generative nucleus (Supple-
mentary Fig. 10a, b). Moreover, polar pollen tubes growth exhibited a
twisted accumulation pattern during fertilization in the OX expression
lines of ADF7 and Profilin2 (Supplementary Fig. 10c). Similar to the
observations in theatg 5 andatg 7mutants, the number of seedswithin
the siliques of the OX lines was reduced as the arrows indicated when
compared with the WT (Supplementary Fig. 10d). Statistical calcula-
tion of the seed setting rate showed about ~15% reduction was
observed in the OX lines (Supplementary Fig. 10e). Meanwhile, we
employed a reversegenetics approach to investigatewhether reducing
the levels of ADF7 and/or Profilin2 could suppress the defects of seed
setting rate associated with the atg5-1 and atg7-2.

ADF and Profilin consist of multiple family members with similar
functions, suggesting potential functional redundancy in regulating
cytoskeleton organzaition30,31. Employing a genetic approach to knock
out all members of the ADF and Profilin families is time-intensive and
unfeasible due to their critical roles in cytoskeleton regulation, which
is likely to lead to plant lethality upon complete depletion. RNAi pro-
vides an alternative approach that enables the simultaneous knock-
down of multiple ADF and Profilin family members by targeting their
highly conserved sequences, thus avoiding potential lethality. Conse-
quently, we employed RNAi to reduce the expression of multiple ADF
and/or Profilin family members in the atg5-1, atg7-2 and atg5-1/atg7-2
genetic backgrounds. This strategy allowed us to effectively

investigate the phenotypic defects associated with impaired autop-
hagy.We found that the seed setting rates of ADF-RNAi/atg5-1, Profilin-
RNAi/atg5-1, ADF-RNAi/atg7-2, Profilin-RNAi/atg7-2, ADF-RNAi/atg5-1/
atg7-2, Profilin-RNAi/atg5-1/atg7-2, and ADF-RNAi/Profilin-RNAi/atg5-1/
atg7-2 were partially restored when compared to atg5-1, atg7-2 and
atg5-1/atg7-2 mutants. Nevertheless, it is noteworthy that their seed
setting rates were not fully recovered to theWT levels (Supplementary
Fig. 11a-d). Furthermore, we observed and systematically compared
the sperm cell biogenesis and 3-D spatial organization of actin fila-
ments in pollen grains and pollen tubes between the WT and various
mutants. Although all the mutants showed exhibited varying degrees
of defects in both sperm cell biogenesis and actin organization, the
atg5-1, atg7-2 and atg5-1/atg7-2 mutants showed relatively higher
defective ratios compared to ADF-RNAi/atg5-1, Profilin-RNAi/atg5-1,
ADF-RNAi/atg7-2,Profilin-RNAi/atg7-2,ADF-RNAi/atg5-1/atg7-2,Profilin-
RNAi/atg5-1/atg7-2, and ADF-RNAi/Profilin-RNAi/atg5-1/atg7-2 (Supple-
mentary Fig. 11e, f). It suggests that down-regulation of the expression
of ADF and Profilin can partially restore the defective phenotypes of
atg5 and/or atg7 mutants. These results confirmed that ADF7 and
Profilin2 mediated actin spatial organization is functionally essential
for the sperm cell biogenesis and male fertility in Arabidopsis.

In addition, we examined the phenotypes of nbr1-c2 mutant in
comparison with the WT. Notably, we observed no significant differ-
ences in ADF and Profilin protein levels, actin organization in pollen
grains and pollen tubes, sperm cell formation and seed setting rate in
the nbr1-2cmutant compared to the WT (Supplementary Fig. 12). This
lack of phenotypic defects is consistent with the understanding that
NBR1 is not the sole receptor involved in autophagy32,33. Our findings
imply that the degradation of actin depolymerizing factorsmay not be
exclusively reliant on NBR1. To further investigate the involvement of
potential alternative autophagic receptor(s), we performed a screen-
ing and analysis of the interactions between various other cytoplasmic
autophagic receptors, including ATI1, ATI2, ATI3, RPN10, Pex6, and
Pex10, with ADF7 and Profilin2 proteins by luciferase complementa-
tion assays, respectively34–37. Our results indicate that the autophagic
receptor family ATI can interact with both ADF7 and Profilin2 (Sup-
plementary Fig. 13). These findings suggest that the autophagic
degradation of ADF7 and Profilin2 proteins likely depends on both
NBR1 and ATI, involving a functional coordination mechanism
between NBR1 and ATI during autophagy in Arabidopsis male game-
tophyte development and pollen tube growth during fertilization.

Collectively, a schematic hypothetical workingmodel is proposed
(Fig. 6). ATG8-NBR1-mediated autophagy can recruit and interact with
actin depolymerization factors of the ADF family and Profilin2 for
subsequent degradation to control their levels to sustain the dynamic

Fig. 5 | The role of ATG5 and ATG7 in mediating autophagic degradation of
ADF7 and Profilin2 via the NBR1 receptor. a Western blotting detection of ADF
and Profilin levels in Arabidopsis WT, atg5-1 and atg7-2 pollen grains by using anti-
ADF and anti-Profilin antibodies. Western blotting was performed in three inde-
pendent experimental replicates, yielding consistent results. Source data of blot-
ting are provided in Source data file. b Yeast two-hybrid analysis of protein
interactions between NBR1 and ATG8d, ADF7, Profilin2. Positive interactions were
determined by the appearance of yeast colonies on quadruple dropout agar
medium SD/–Leu/–Trp/–His/–Ade (right column). A total of three independent
experimental replicates were conducted for each sample, consistently yielding
similar results. c Luciferase complementation assay to investigate protein interac-
tions between NBR1 and ATG8d, ADF7, Profilin2. Positive interactions were deter-
mined by the appearance of fluorescent colors. Three independent experimental
replicates were conducted for each sample, and similar results were consistently
obtained. d Immunoprecipitation assay for detection of protein interactions
between NBR1 and ADF7, and Profilin2. Total proteins were extracted from trans-
genic Arabidopsis expressing pUBQ::GFP, pADF7::GFP-ADF7 and pProfilin2::GFP-
Profilin2. Immunoprecipitation was conducted by using GFP-trap beads and
determined by western blotting with indicated specific antibodies.

Immunoprecipitation assays were performed in three independent experimental
replicates, yielding consistent results. Source data of blotting are provided in
Source data file. e Schematic illustration of different domains of the full-length
ArabidopsisNBR1 and its six different types of truncations. Theywere subsequently
used to identify the functional domain(s) for its interactionwith ADF7 and Profilin2.
f Yeast two hybrid analysis of the interaction between NBR1ΔUBA,
NBR1ΔPB1ΔZZΔFW, NBR1ΔZZΔFWΔUBA, NBR1ΔZZ, NBR1ΔFW and NBR1ΔZZΔFW
withADF7 and Profilin2, respectively. Yeast cells transformedwith various plasmids
were cultured on synthetic complete medium to exam the protein interactions.
Positive interactions were determined by the appearance of yeast colonies on
quadruple dropout agar medium SD/–Leu/–Trp/–His/–Ade (right column). A total
of three independent experimental replicates were conducted for each sample,
consistently yielding similar results. g Luciferase complementation assays for
determination of the interaction between NBR1ΔUBA, NBR1ΔPB1ΔZZΔFW,
NBR1ΔZZΔFWΔUBA, NBR1ΔZZ, NBR1ΔFW and NBR1ΔZZΔFW with ADF7 and Profi-
lin2, respectively. Three independent experimental replicates were conducted for
each sample, and similar results were consistently obtained. Positive interactions
were determined by the detection of fluorescent colors.
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organization of actin filaments in sperm cell biogenesis and pollen
tube targeted growth during fertilization (Fig. 6). In atg5-1 and atg7-2,
the autophagy pathway is abolished resulting in over-accumulation of
ADF7 and Profilin2 in pollen grains and pollen tubes, leading to
depolymerization of actin filaments. As a result, it leads to the dis-
ruption of sperm cells biogenesis and a noticeable deviation in the
directional pollen tube growth and targeting to ovules during fertili-
zation. Hence, autophagy acts as a modulator of male gametophyte
development and fertility and of actin organization in Arabidopsis
reproductive development.

Discussion
Recent evidence has shown that autophagy is involved in multiple
steps of sexual reproduction, depending on plant species, including
male gametophyte development and maturation, self-incompatible
pollen rejection and pollen germination20–22,38–40. Nevertheless, the
role(s) of canonical autophagy during sexual reproduction in Arabi-
dopsis thaliana is still an enigma since almost all of the autophagy-
defective Arabidopsis mutants such as atg2, atg5 and atg7 exhibit
normal life cycles without any deleterious phenotypes during fertili-
zation, embryogenesis and seed formation. Plants with these muta-
tions are nearly comparable to WT Arabidopsis with regards to
progression and completion of their life cycle9,22. On the other hand,
Arabidopsis plants with the ATG6 loss-of-function mutation show
substantial defects in pollen germination38,41. However, ATG6 is a key
component of the phosphoinositide 3-kinase (PtdIns3K) complex and
therefore involved in many intracellular processes including endocy-
tosis and endomembrane trafficking1,9. It is currently not possible to
rule out these various activities as they affect pollen germination. The
exact roles of ATG6 in regulating pollen germination via autophagy
remain to be further studied and characterized. Due to the lack of
substantial, definable phenotypes of these ATGmutants, autophagy is
widely considered to be functionally irrelevant during reproduction in
Arabidopsis thaliana. Despite these observations, it is curious and
noteworthy that several core ATGs, including ATG5, ATG7 and ATG8h,
are highly enriched in anthers or pollens compared with other tissues
based on expression profile analyzes (Supplementary Fig. 1)22. Addi-
tionally, western blot analysis of ATG8-PE in germinated Arabidopsis
pollens showed substantially reduced autophagic activity in atg5-1 and
atg7-2 mutants compared with WT (Fig. 1). Moreover, to further

elucidate the functions of ATG5 and ATG7 in autophagy during pollen
tube growth, we examined their subcellular colocalizationwith various
autophagic marker proteins involved in different developmental
stages of autophagosome formation. We observed a pronounced
colocalization of ATG5 and ATG7 with ATG8 and SH3P2, which is likely
reflective of their critical roles in the formation and maturation of
autophagosomes (Fig. 1)9. In contrast, colocalization of ATG5 with
ATG6 and ATG9 was relatively lower, consistent with the primary
functions of ATG6 and ATG9 in the early stages of autophagosome
formation and fusion (Fig. 1)9. Collectively, these results are likely to
suggest a role for autophagy in modulating functions of male game-
tophytes in Arabidopsis.

Emerging studies show that ATG5- andATG7-mediated autophagy
participates in the clearance of cytoplasm in the process of sperm cell
differentiation in lower plants that generate motile sperm cells for
fertilization42. In addition, the loss-of-functionmutants of OsATG7 and
OsATG9 cause male sterility in rice. Far fewer autophagosome-like
structures were observed in the tapetum ofOsatg7 rice20. Even though
the underlying cellular mechanisms in the tapetum require further
investigation, this observation indicates that autophagy is required for
the development of male gametes in rice. Consistently, our results
demonstrate that ATG5- and ATG7-mediated autophagy functionally
participates in modulating pollen tube growth guidance and male
fertility under standard cultivation conditions in Arabidopsis thaliana.
In fact, it has been shown that canonical ATG5- and ATG7-mediated
autophagy is required for normal sperm formation andmale fertility in
animals. For example, ATG5 and ATG7 were shown to induce autop-
hagyby integratingmultiple signals tomaintain normal developmental
processes of male fertility in mice18,19,43. ATG5-mediated autophagy
controls various aspects of spermiogenesis including spermatid
development, sperm individualization and sperm fertility18. Further-
more, the depletion of ATG7 disrupted autophagic flux in germ cells
and resulted in irregular or nearly round-headed spermatozoa19.

In this study, we report that ATG5- andATG7-mediated autophagy
indeed participates in modulating the reproduction of Arabidopsis
thaliana and controls sperm cell biogenesis and pollen tube growth.
This conclusion is supported by several lines of evidence: i) detailed
investigation on the seed formation in siliques of atg5-1, atg7-2, atg7-3
and atg5-1/atg7-2 revealed that ~15–20% reduction of seed set com-
pared with WT (Fig. 2). This result could be overlooked since the seed

Fig. 6 | Schematic hypothetical working model of ATG5- and ATG7-mediated
autophagy in modulating male fertility in Arabidopsis. In WT Arabidopsis,
autophagy modulates sperm cell biogenesis and the directional growth of pollen
tubes during fertilization. This is achieved by maintaining appropriate levels of
actin depolymerization factors ADF7 and Profilin2 at appropriate levels through

NBR1-mediated autophagic degradation. In the context of atg5 or atg7 mutants,
compromised autophagy leads to an excessive accumulation of ADF7 and Profilin2
in pollen grains and tubes. This accumulation disrupts the spatiotemporal
arrangement of actin filaments. As a result, it incites significant aberrations in
spermatogenesis and directional pollen tube growth during the fertilization.
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formation defect in atg5-1, atg7-2, atg7-3 and atg5-1/atg7-2 is not
severe; ii) the pollen germination ratio and tube growth of atg5-1, atg7-
2 were reduced, especially at the beginning of germination, as
demonstrated by time-lapse tracking of pollen tube germination
(Fig. 2). Previous studies allowed the pollen from atg5-1 and atg7-2
strains to germinate for 10 h or more, which could lead to the over-
growthof pollen tubes and, therefore, obscure thephenotype1,22. In the
absence of ATG5- and ATG7-mediated autophagy, the initial stages of
pollen germination appeared to be inhibited, leading to reduced ger-
mination rates (Fig. 2). This could be attributed to the incapability of
pollen to efficiently degrade stored materials via autophagy, thereby
restricting essential metabolites availability and energy supply. Over
time, however, pollens may activate alternative autophagic pathways
or employ other parallel degradation mechanisms to facilitate the
stored material turnover, ultimately restoring normal pollen tube
growth rates during later stages of germination21,44,45; iii) more detailed
studies of pollen tube growth and targeting to ovules showed that a
portionof atg5-1 and atg7-2 pollen tubeswere deformed. They became
twisted and accumulated outside of the ovules rather than growing
straight to the ovules for fertilization as observed for WT pollen tubes
(Fig. 3). Although it remains to be determinedwhether these abnormal
pollen tubes could eventually achieve fertilization, it is evident that
autophagy is functionally involved in pollen tube growth and targeting
during fertilization in Arabidopsis thaliana; and iv) ~20% of the mature
pollens of atg5-1 and atg7-2 contain only an undivided generative
nucleus. This result likely accounts for the aberrant seed formation
within the siliques of the mutants (Fig. 2).

Actin filaments play crucial roles in modulating spermatogenesis
in animals andmediate sperm nuclear migration during fertilization in
flowering plants46–49. Moreover, abundant evidence suggests that actin
filaments serve as a key regulator in controlling pollen tube cell mor-
phogenesis and polar growth25,50–52. Therefore, it is highly speculated
that actin filaments are regulated by canonical autophagy for sperm
cell formation during pollen development and pollen tube growth
during fertilization in Arabidopsis. Indeed, we observed significantly
depolymerized and fragmented actin filaments in both mature pollen
grains and pollen tubes from atg5-1 and atg7-2 (Fig. 4). Although the
detailed mechanism of actin filaments in mediating mitosis of the
generative nucleus in pollen remains ambiguous, it is evident that
depolymerization of actin filaments during male gametophyte devel-
opment can abolish sperm cell formation in Arabidopsis. Autophagy
actually is involved in modulating the spatial organization of actin
filaments in pollen grains and tubes. Similarly, it has been demon-
strated that autophagy-deficient mice showed depolymerization of
actin filament organization during spermatid differentiation, and
thereby lead to abnormal spermatogenesis and male sterility53. Thus,
autophagy is functionally conserved in modulating actin filaments to
sustain sperm cell formation during male gametophyte development
in both animals and plants.

There remains one key question to be answered: how exactly does
autophagy modulate the organization of actin filaments. Shang et al.
found that autophagy mediates the degradation of PDLIM1 (PDZ and
LIM domain 1 [elfin]) which is a negative regulator of cytoskeleton
organization. This degradation is instrumental in facilitating the mor-
phological transitions of spermatids, particularly during acrosome
biogenesis53. In the context of atg7-null mice, autophagy cannot be
initiated and causes accumulation of PDLIM1 in the cytosol of the
spermatids. The consequent PDLIM1 accumulation disrupts cytoske-
letal organization during spermatid differentiation, culminating in a
marked diminution of spermatozoa motility53. Drawing parallels with
the plant kingdom, ADF and Profilin are the principal molecules
mediating the depolymerization of actin filaments in various
species31,54,55. In atg5-1 and atg7-2 mutants, increased accumulation of
ADF and Profilin were detected and their degradation requires specific
interaction with the ATG8-NBR1-medaited canonical autophagy

pathway (Fig. 5). However, we observed that nbr1-c2 does not exhibit
the same phenotypes as atg5-1 and atg7-2, such as increased levels of
ADF and Profilin proteins and defects in the actin cytoskeleton orga-
nization related to impaired autophagy (Supplementary Fig. 11 and 12).
These observations imply that the degradation of ADF and Profilin
proteins may not be exclusively dependent on NBR1. Furthermore, we
identified that theATI family of autophagic receptors is also implicated
in the autophagic degradation of ADF and Profilin (Supplementary
Fig. 13). This finding indicates that both NBR1 and ATI may both par-
ticipate in the degradation of ADF7 and Profilin2. Further investiga-
tions are required to elucidate the precise molecular mechanisms
underlying the interaction and coordination between ATI and NBR1 in
the autophagic degradation pathway of ADF7 and Profilin2. Under-
standing how these receptors cooperate and potentially compensate
for each other could aid in understanding the regulatory networks
governing actin cytoskeleton dynamics and autophagy. Additionally,
exploring the specific conditions under which ATI or NBR1 pre-
dominates in the degradation process may provide a deeper com-
prehension of their roles and contributions in various physiological
and stress contexts (Fig. 5 and Supplementary Fig. 13).

In addition, we identified the protein interactions between NBR1
and ARP2/3 complex that regulates the initiation of actin polymeriza-
tion and the organization of filaments into y-branched networks56,57.
ARP2/3 complex degradation requires ATG8-NBR1-medaited canonical
autophagy pathway as previously reported by Schwarzerová et al.58.
Despite of it, the gene expression level of ARP2/3 in Arabidopsis pollen
is markedly low (Supplementary Fig. 9), suggesting that ARP2/3 may
not play a pivotal role in actin organization within pollens. In the
absence of ATG5 and ATG7, autophagy cannot be initiated, thereby it
leads to excessive accumulation of ADF and Profilin proteins in pollen
grains and tubes. This accumulation induces the accelerated depoly-
merization of actin filaments, which in turn disrupts sperm cell bio-
genesis and leads to the deformation of pollen tubes during
fertilization in Arabidopsis. On the other hand, the partial restoration
of seed setting deficiencies, the sperm cells biogenesis and actin
organization in pollens and pollen tubes observed in atg5, atg7 and
atg5/atg7 mutants was accomplished through the down-regulation of
ADFs and/or Profilins via RNAi (Supplementary Fig. 11). These findings
underscore the indispensable role of autophagy in modulating cytos-
keletal organization through the degradation of key regulatory pro-
teins in both animals and plants. In addition, it is noteworthy that atg5
and atg7 Arabidopsis mutants still managed to achieve a great portion
of successful fertilization and seed production without the conven-
tional autophagy, which is significantly distinct from mammals. They
are able to generate well developed pollens containing two functional
sperm cells and morphologically normal growing pollen tubes during
fertilization (Fig. 2 and Supplementary Fig. 2). Hence, it will be of great
importance to uncover whether and what alternative autophagic/
degradative pathway(s) could be employed and its underlying
mechanism(s) topartially sustain themale fertility inArabidopsis in the
future. Our study advances the understanding of the evolutionary
conservation and diversification of autophagy in the modulation of
male fertility in Arabidopsis compared with that in mammals.

Methods
Plant materials and growth conditions
Transgenic Arabidopsis lines expressing GFP-ADF7, GFP-Profilin2 and
GCaMP5 were generated by transforming Arabidopsis thaliana Col-0
with constructs pUBQ::GFP, pUBQ::GFP-ADF7, pADF7::GFP-ADF7,
pUBQ::GFP-Profilin2, pProfilin2::GFP-Profilin2 and pUBQ::GCaMP5,
respectively. Complementation lines were established by expressing
pATG5::GFP-ATG5 in atg5-1 mutant and pATG7::GFP-ATG7 in atg7-2
mutant background. ADF-RNAi/atg5-1, Profilin-RNAi/atg5-1, ADF-RNAi/
atg7-2, Profilin-RNAi/atg7-2, ADF-RNAi/atg5-1/atg7-2, Profilin-RNAi/
atg5-1/atg7-2, and ADF-RNAi/Profilin-RNAi/atg5-1/atg7-2 transgenic
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Arabidopsis were generated by transforming ADF-RNAi and Profilin-
RNAi in atg5-1, atg7-2 and atg5-1/atg7-2backgrounds. The primers used
for the construction of these binary plasmid vectors are detailed in
Supplementary Table 1. Double mutant atg5-1/atg7-2 was obtained
through genetic crossing between atg5-1 and atg7-2. Primers used for
the genotyping are listed in Supplementary Table 2. Arabidopsis seeds
were surface sterilized and germinated on Murashige and Skoog (MS)
medium containing 0.8% (w/v) agar and 3% (w/v) sucrose, pH 5.7.
Seedlings were cultured in a plant growth chamber at 22 °C under a 16-
h light and 8-h dark cycle prior to being transferred into soil in a plant
growth room at 22 °C under a 16-h light and 8-h dark cycle. The light
intensity was ~150μmol/m2/s.

Transient expression of chimeric fluorescent fusion proteins in
tobacco pollen tubes by particle bombardment
In brief, anthers were harvested freshly from ~20 tobacco flowers and
transferred to 20ml tobacco pollen germination medium. Pollens
were released into the medium from anthers by vigorous agitation
with a vortex for 2min. Briefly, 15−20 Nicotiana tabacum flowers were
collected and transferred into 20ml of tobacco pollen-specific ger-
minationmedium. After vortexing to release the pollen grains into the
medium, 20ml of the pollen suspensionwas vacuum-filtered onto pre-
wetted filter paper. The filter paper, covered with pollen grains, was
immediately transferred, surface-up, onto 2% agar in an 85-mm dia-
meter Petri dish. For transient expressionof reporter proteins in pollen
tubes, the pollen grains were bombarded with gold particles59,60. Ger-
minate the pollen grains for 2 hours and then observe the pollen tubes
using confocal laser scanning microscopy.

Confocal laser scanning microscopy and image analysis
In general, confocal fluorescent images were collected by using a Leica
TCS SP8 system with the following settings: 63x water immersion
objective, 2x zoom, 750 gain, 0 background, 0.168 µm pixel size and
photomultiplier tubes (PMTs) detector. A confocal dish with a cover
slide at the bottom was used for live-cell imaging of pollen tubes to
minimize potential mechanical damages caused by the conventional
sandwich method of a sample between glass and cover slides. Colo-
calization analysis between two fluorescent proteins was calculated
using ImageJ software with the Pearson-Spearman correlation (PSC)
colocalization plug-in61. Results were presented either as Pearson
correlation coefficients or as Spearman’s rank correlation coefficients,
both of which produce 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.

Protein extraction and western blotting
Total proteinswereextracted from freshly openedArabidopsisflowers
following apreviously optimizedmethod for better detectionof ATG8-
lipid adduct11. Equal amounts of proteins were loaded onto a 15% SDS-
PAGE gel with 6M urea. Thereafter, proteins were transferred onto a
polyvinylidene fluoride (PVDF) membrane. ATG8-PE and free ATG8
were immunodetected by anti-ATG8 antibody (Abcam, ab77003, v/v,
1:4000). ADF and Profilin were immunodetected respectively by anti-
ADF antibody and anti-Profilin antibody which are self-generated and
used in the previous study23.

RT-qPCR
Total RNA was isolated from freshly opened Arabidopsis flowers (S14)
(Vazyme). The first strand for each cDNAwas synthesized byHiScript II
reverse transcriptase (Vazyme). Real-time fluorescence RT-qPCR was
performed on Bio-Rad CFX Connect Real-Time PCR Detection System.
At least three independent replicates were performed. Actin2was used
as an internal control. The primers used are listed in Supplementary
Table 2.

In vitro and in vivo Arabidopsis pollen germination
For in vitro pollen germination: mature pollens at the specific
developmental stage were collected as previously described62.
Mature Arabidopsis pollen grains were transferred from anthers by
spreading them on Arabidopsis solid pollen germination medium
(GM) containing 0.01% boric acid, 1mM Ca (NO3)2, 1mM MgSO4,
5mM CaCl2, 18% (w/v) sucrose and 0.9% agarose at pH 7.0 on a
standard glass microscopy slide. The slide was then incubated in a
wet chamber box at 28 °C and germinated for 2, 4 and 6 h prior to
imaging.

For in vivo pollen germination: Arabidopsis flowers (stage 12)
were castrated and used as female recipients. Pollen grains were
selected from stage 15 flowers and gently spread onto the surface of
stigma of the female recipients for in vivo pollen tube germination.
After 2-, 4-, 6-, 10- and 16-h pollination, the female tissues were fixed
with acetic acid/ethanol 1:3 (v/v) solution for 2 h at RT. Then, the
samples were rehydrated by a series of incubations in 70%, 50% and
30% ethanol for 10min each, and rinsed with ddH2O for 10min at RT.
They were subsequently immersed in 8M NaOH overnight at RT and
then washed for 3 times with ddH2O. Finally, the samples were stained
by aniline blue solution containing 0.2% (w/v) aniline blue and 0.1M
K3PO4 for 2–3 h at RT63. Confocal laser scanning microscopy imaging
was then immediately performed using a TCS SP8 confocal micro-
scope (Leica).

DAPI staining
Mature pollen grains were released from freshly opened flowers by
vortexing them in Arabidopsis pollen germinationmedium containing
0.01% boric acid (w/v), 1mM Ca (NO3)2, 1mMMgSO4, 5mMCaCl2 and
18% (w/v) sucrose at pH 7.0. The flower petals and anthers were
removed with forceps. Arabidopsis pollens were concentrated by
centrifugation at 800× g for 1min at RT. After discarding the super-
natant, the pellet of pollens was gently and fully resuspended with
200μl DAPI staining solution containing 0.25M sodium phosphate
(pH 7.0), 0.25mM EDTA, 0.025% Triton X-100 (v/v) and 0.1 µg/ml DAPI
and incubated in the dark for 30–45min. Confocal laser scanning
microscopy imagingwas then immediately performed using a TCS SP8
confocal microscope (Leica).

Phalloidin staining of actin filaments in pollen grains and tubes
Actin filaments in pollen grains and tubes were stained with Alexa-488
phalloidin as previously described23. Briefly, pollen grains or germi-
nated tubes were fixed for 1 h with 300 µM 3-maleimidobenzoic acid
N-hydroxysuccinimide ester (MBS) in liquid pollen GM. Then, the
samples were washed three times with TBSS (200mM NaCl, 400mM
sucrose and 0.05% NP-40 (v/v) in 50mM Tris-HCl, pH 7.5). Pollen
grains or tubes were stainedwith 200nMAlexa-488 phalloidin in TBSS
buffer overnight at 4 °C and observed under a laser scanning confocal
microscope (Leica SP8) equippedwith a 100xoil objective. The sample
was excited with the 488-nm wavelength of an argon laser, the emis-
sion was set to a range of 505–525 nm, and the Z-series images were
collected with the Z-step set at 0.7 µm. 3-D images of pollen grains and
tubes were generated from the maximum intensity projection of
Z-serious images.

Yeast two-hybrid assay
Y2H assays were conducted using the MatchMaker GAL4 Two-Hybrid
System 3 (Clontech) in accordance with the manufacturer’s instruc-
tions. A pair of pGBKT7 and pGADT7 vectors (Clontech) were used to
carry target cDNAs and then transformed into the Saccharomyces
cerevisiae strain AH109. After selection on SD/–Leu/–Trp medium,
single transformed colonies were screened for growth on SD/–Leu/
–Trp/–His/–Ade medium to determine protein interactions. The pri-
mers used are listed in Supplementary Table 3.
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Luciferase complementation assay
The full-length cDNA sequence of NBR1, ATI1, ATI2, ATI3, RPN10, Pex6
and Pex10 were amplified and inserted into the pCAMBIA-35S-nLUC
vector.Meanwhile,ATG8d,ADF1,ADF2,ADF3,ADF4,ADF6,ADF7,ADF8,
ADF10, ADF11, Profilin1, Profilin2 and Profilin3, ARP2 and ARP3 were
cloned and inserted into the pCAMBIA-35S-cLUC vector. These con-
structs were transformed into A. tumefaciens stain GV3101. Trans-
formed bacteria were cultured, harvested and re-suspended in the
buffer (10mMMgCl2, 200μM acetosyringone, 10mMMES, pH 5.7) to
a final concentration of OD600=0.8–1.0. The suspension was infil-
trated intoNicotiana benthamiana leaves using a syringe. The tobacco
plantswere placed indarkness for 24 h and then incubated in a 16 h/8 h
light/dark cycle for 24 h. Thereafter, the leaveswere sprayedwith 1mM
luciferin solution, then kept in darkness for 5min to quench the
fluorescence. A deep cooling CCD imaging apparatus (NightShade
LB985; Berthold Technologies, Bad Wildbad, Germany) was used to
capture fluorescence images. The primers used for the plasmid con-
struct are listed in Supplementary Table 4.

Co-immunoprecipitation assay
Protein extraction and Co-IP were performed as described64 with
minor modifications. 1 g of 7-day-old transgenic Arabidopsis seedlings
expressing pUBQ::GFP, pADF7::GFP-ADF7 and pProfilin2::GFP-Profilin2
were grounded into powder with liquid nitrogen and homogenized in
2ml IP buffer containing 50mMof Tris-HCl at pH 7.4, 150mMof NaCl,
1mM of EDTA, 0.5% NP-40 (v/v), 10% glycerol (v/v) and 1x protease
inhibitor cocktail. Lysates were clarified through a 0.2μm filter
(Whatman) after centrifugation at 16,000× g. for 15min at 4 °C, and
incubated with GFP-Trap agarose beads at 4 °C for 4 h in a top-to-end
rotator. The beads were then washed five times with ice-cold washing
buffer [50mM Tris-HCl (pH 7.4), 150mM NaCl, 1mM EDTA, 10% gly-
cerol (v/v)], harvested by centrifugation at 16,000× g at 4 °C for 1min
and eluted by boiling in SDS sample buffer. Samples were separated
appropriate antibodies. GFP and NBR1 were immunodetected by anti-
GFP antibody (Invitrogen, A11122, v/v, 1:4000) and anti-NBR1 antibody
(Agrisera,AS142805, v/v, 1:8000). The chemiluminescencewas imaged
using an image analyzer (Tanon, 5200).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided in this paper.
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