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Abstract
Pollen wall assembly is crucial for pollen development and plant fertility. The durable biopolymer sporopollenin and the constit-
uents of the tryphine coat are delivered to developing pollen grains by the highly coordinated secretory activity of the surround-
ing tapetal cells. The role of membrane trafficking in this process, however, is largely unknown. In this study, we used
Arabidopsis thaliana to characterize the role of two late-acting endosomal sorting complex required for transport (ESCRT) com-
ponents, ISTL1 and LIP5, in tapetal function. Plants lacking ISTL1 and LIP5 form pollen with aberrant exine patterns, leading to
partial pollen lethality. We found that ISTL1 and LIP5 are required for exocytosis of plasma membrane and secreted proteins in
the tapetal cells at the free microspore stage, contributing to pollen wall development and tryphine deposition. Whereas the
ESCRT machinery is well known for its role in endosomal trafficking, the function of ISTL1 and LIP5 in exocytosis is not a typical
ESCRT function. The istl1 lip5 double mutants also show reduced intralumenal vesicle concatenation in multivesicular endo-
somes in both tapetal cells and developing pollen grains as well as morphological defects in early endosomes/trans-Golgi net-
works, suggesting that late ESCRT components function in the early endosomal pathway and exocytosis.
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Introduction
Tapetal cells are one of the most fascinating yet least under-
stood cell types in flowering plants. They line the locule of
the anther and provide microspores and pollen grains with
metabolites, nutrients, and critical molecules for the assem-
bly of the pollen wall (Pacini et al., 1985). In Arabidopsis
thaliana, the tapetum secretes metabolites into the locule
and remains functional for only 4 days (Smyth et al., 1990;
Sanders et al., 1999), but without it, pollen grains fail to de-
velop, resulting in male sterility. Tapetal cells become binu-
clear and polyploid by restitution mitosis (i.e. binucleate
cells enter mitosis but all the chromosomes share a single
metaphase plate, resulting in a cell with two nuclei with du-
plicated sets of chromosomes (Valuchova et al., 2020) before
undergoing programmed cell death during late stages of pol-
len development. Right after microspore mother cells un-
dergo meiosis, the tapetum secretes callases that degrade
the callose encasing the tetrad, allowing for the release of
the individual haploid microspores (Zhang et al., 2007). The
tapetal cells then synthesize precursor molecules for the as-
sembly of sporopollenin, one of the toughest and most du-
rable polymers in nature. Sporopollenin forms the outer
layer of the pollen grain or exine and is resistant to fossiliza-
tion (Brooks and Shaw, 1968). Finally, during later stages, the
tapetum synthesize steryl esters, waxes, flavonoids, and pro-
teins that fill the cavities and crevices of the exine forming
the tryphine (or pollen coat), which acts as a chemical and
physical interface between the pollen grain and its environ-
ment and is critical for protection against UV (ultraviolet)
radiation, insect-mediated pollination, and pollen hydration
at the stigma (Shi et al., 2015). In Arabidopsis and other
Brassicaceae, flavonoids and alkanes are stored in a tape-
tum-specific organelle called the tapetosome (Hsieh and
Huang, 2007), which is derived from the endoplasmic

reticulum (ER), whereas steryl esters accumulate in modified
plastids called elaioplasts (Wu et al., 1999).

Although many of the enzymes responsible for the syn-
thesis of these highly specialized metabolites are known (no
other cell type in land plants synthesizes sporopollenin pre-
cursors), how exactly these metabolites are trafficked within
tapetal cells and secreted into the locule is less clear. The
completion of programmed cell death leads to tapetum
breakdown and the release of all its cellular contents, includ-
ing tapetosomes and elaioplasts, into the locule. However,
prior to this last step, materials targeted to the anther locule
are exported through the plasma membrane, employing
both exocytosis and plasma membrane transporters. In fact,
tapetal cells are devoid of cell walls; instead their plasma
membranes make contact with the locule to facilitate the
massive export of metabolites (Quilichini et al., 2014a).

Several plasma membrane transporters, including some
ATP-binding cassette (ABC) transporters of the G subfamily,
have been implicated in metabolite export from the tape-
tum into the anther locule. Arabidopsis ABCG26 transports
polyketide sporopollenin precursors for exine formation
(Quilichini et al., 2010, 2014b; Choi et al., 2011; Dou et al.,
2011; Kuromori et al., 2011). The secretion of tryphine com-
ponents seems to involve several transporters. ABCG9 and
ABCG31 mediate export of steryl glycosides (Choi et al.,
2014), whereas the transporter NPF2.8 seems to facilitate
the release of flavonol sophorosides into the anther locule
(Grunewald et al., 2020). ABCG1 and ABCG16 are also re-
quired for pollen development, but the nature of their sub-
strates is unclear (Yadav et al., 2014).

Exocytosis is also required for tapetal function. Seed plant-
specific type III lipid transfer proteins or LTPs that are exclu-
sively expressed in the tapetum are trafficked from the ER
to the trans-Golgi network (TGN), either bound or unbound
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to sporopollenin precursors, and are exported into the loc-
ule by exocytosis to become incorporated into the pollen
exine (Huang et al., 2013). Thus, during its short life, the ta-
petum changes its biosynthetic and secretory activities dras-
tically to accommodate the demands of the microspores
and pollen grains. Therefore, it is logical to predict that tape-
tal cells require very tight regulation of their endomembrane
secretory system and plasma membrane composition to en-
sure the sequential secretory phases of the tapetum.

Selective degradation of plasma membrane proteins, such
as transporters, is mediated by endocytosis and endosomal
sorting for vacuolar degradation. Plasma membrane proteins
(cargo) are tagged for degradation by ubiquitination and are
internalized into endocytic vesicles that are transported to
early endosomes, which in plants correspond to the TGN
(Dettmer et al., 2006; Lam et al., 2008). Cargo can be deubi-
quitinated and recycled back to the plasma membrane or
remain in the endosomal system to be sequestered into
intralumenal vesicles of multivesicular endosomes (MVEs).
Upon maturation, MVEs fuse with vacuoles/lysosomes, re-
leasing cargo-loaded intralumenal vesicles, which are de-
graded by the action of local hydrolases (Luzio et al., 2014;
Paez Valencia et al., 2016).

The recognition of ubiquitinated cargo proteins and their
sequestration into endosomal vesicles are mediated by the
endosomal sorting complex required for transport (ESCRT)
machinery. The canonical ESCRT machinery in the
Opisthokonta clade consists of ESCRT-0, ESCRT-I, ESCRT-II,
ESCRT-III, and the SKD1 (Suppressor of Kþ Transport
Growth Defect 1; known as VPS4 in mammals and fungi)–
LIP5 (Lyst-Interacting Protein 5; also known as Vta1p in
fungi) complex, which are sequentially recruited during
endosomal sorting and intralumenal vesicle formation.
Lineages lacking ESCRT-0, including plants, instead utilize
the more ancestral TOM1 and TOM1-like (TOL) proteins to
recognize ubiquitinated cargo (Korbei et al., 2013; Moulinier-
Anzola et al., 2020). Early acting ESCRTs, such as ESCRT-0/
TOLs, ESCRT-I, and ESCRT-II, contain ubiquitin-binding
domains that interact with ubiquitinated cargo to cluster
them to sites of forming vesicles and initiate membrane
bending (Katzmann et al., 2001; Wollert and Hurley, 2010;
Schuh and Audhya, 2014). ESCRT-III subunits do not inter-
act with ubiquitin but form heterogeneous filamentous spi-
rals around the clustered cargo to deform the membrane,
constricting the neck of the nascent vesicle (Hanson et al.,
2008; Fyfe et al., 2011; Shen et al., 2014; Chiaruttini et al.,
2015; Pfitzner et al., 2020). The AAA ATPase SKD1 and its
positive regulator LIP5 bind and remodel the ESCRT-III spi-
rals (Shen et al., 2014; Mierzwa et al., 2017; Maity et al.,
2019), facilitating vesicle release into the endosomal lumen.
However, the exact mechanism is not entirely clear.

In plants, endosomal intralumenal vesicles do not form in-
dividually but rather, vesicles are formed as concatenated
networks and internalize ESCRT-III, which stabilizes inter-ves-
icle bridges (Buono et al., 2017). Regardless of how SKD1
mediates vesicle formation, it is an essential component of
the ESCRT machinery and for Arabidopsis, indispensable for

development and cell viability (Haas et al., 2007; Shahriari et
al., 2010). Not surprisingly given its essential role, SKD1 ac-
tivity is tightly regulated by a variety of factors. LIP5 (also
called Vta1p in yeast) increases SKD1 ATPase activity
in vitro (Haas et al., 2007; Azmi et al., 2008; Rue et al., 2008).
In addition, the plant-specific ESCRT protein Positive
Regulator of SKD1 enhances the activity of SKD1 in vitro
(Reyes et al., 2014). Other proteins such as the ESCRT-III ac-
cessory subunits CHMP1, VPS60, and IST1 modulate the re-
cruitment of SKD1 to endosomal membranes (Azmi et al.,
2008; Dimaano et al., 2008; Nickerson et al., 2010). More spe-
cifically, yeast Ist1p has been reported to play both negative
and positive roles in SKD1 activity (Dimaano et al., 2008;
Jones et al., 2012; Tan et al., 2015; Buono et al., 2016; Frankel
et al., 2017). In yeast, Ist1p regulates Vps4p in a dose-depen-
dent manner and therefore uniquely modulates the endoso-
mal pathway. At low concentrations, Ist1p increases Vps4p
activity by stimulating the recruitment of Vps4p to endoso-
mal membranes, whereas at high concentrations, Istl1p di-
rectly binds to Vps4p, inhibiting both its ATPase activity
and its interaction with other ESCRTs (Dimaano et al., 2008;
Jones et al., 2012; Tan et al., 2015).

In Arabidopsis, there are 12 IST1-LIKE (ISTL) proteins, of
which ISTL1 plays the role of a canonical IST1 subunit in
endosomal sorting (Buono et al., 2016). As is typical for IST1
in other organisms, Arabidopsis ISTL1 physically and geneti-
cally interacts with LIP5 (Dimaano et al., 2008; Rue et al.,
2008; Buono et al., 2016). Whereas lack of IST1 function in
the nematode Caenorhabditis elegans causes plasma mem-
brane protein mis-sorting and the formation of MVEs with
smaller intralumenal vesicles (Frankel et al., 2017), yeast and
Arabidopsis mutants for Ist1 and ISTL1, respectively, do not
exhibit detectable abnormalities in endosomal sorting or
physiological responses under normal growth conditions.
Arabidopsis lip5 mutants show slightly reduced growth due
to impaired cell expansion, reduced responses to abscisic
acid, and compromised tolerance to heat, drought, salt
stress, and bacterial pathogens (Haas et al., 2007; Xia et al.,
2013, 2016; Wang et al., 2014, 2015; Buono et al., 2016).
However, eliminating both ISTL1 and LIP5 functions results
in severely dwarf plants with constitutively upregulated bi-
otic defense responses and impaired fertility (Buono et al.,
2016).

Given the predicted central role of plasma membrane pro-
tein homeostasis and endomembrane trafficking in the tape-
tal cells of Arabidopsis, we investigated the role of two
ESCRT components, ISTL1 and LIP5, in tapetal function. We
found that LIP5 and ISTL1 are required for the exocytosis of
the plasma membrane ABCG9 transporter and secretion of
a type III LTP, specifically during the free microspore stage.
The exocytic trafficking of these cargo proteins is critical for
pollen wall development but is not a typical ESCRT func-
tion. In addition, the istl1 lip5 double mutants not only
show drastic structural defects in MVEs, including reduced
intralumenal vesicle concatenation, in tapetal cells and de-
veloping pollen grains but also morphological disruptions of
early endosomes/TGN, bringing important insights into the
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potential roles of late ESCRT components in the early
endosomal pathway and exocytosis.

Results

ISTL1 and LIP5 are required for gametophyte and
seed development
The istl1-1 lip5-1 double mutant plants exhibit dwarfism due
to reduced cell expansion, early senescence, and constitutive
defense response, as evidenced by the upregulated expres-
sion of the defense response marker gene PR1 (PATHOGEN-
RELATED1), even in the absence of pathogens or their elici-
tors (Buono et al., 2016). Similar to other mutants showing
constitutive defense response, istl1 lip5 mutant plants kept
at high temperature (28�C) are able to grow and enter the
reproductive phase. However, although able to form flowers,
istl1 lip5 plants at 28�C fail to develop seeds, suggesting that
infertility is directly connected to defective ESCRT function
and not to the constitutive defense response.

To investigate the role of ISTL1 and LIP5 in fertility, we an-
alyzed pollen viability in istl1 lip5 anthers by Alexander’s
staining, which results in viable pollen grain turning magenta
and aborted pollen, blue-green (Alexander, 1969; Peterson et
al., 2010). Whereas wild-type (WT), single, and istl1�/
�lip5�/þ mutants contained on average 2%–3% of aborted
pollen grains in their anthers, a much higher (up to 40%)
and more variable proportion of aborted pollen was pro-
duced by istl1 lip5 double homozygous mutant anthers in
plants grown at 28�C (Figure 1, A and B).

To rule out potential deleterious effects of high tempera-
tures on pollen development (Sakata et al., 2010; Dündar et
al., 2019), we blocked the salicylic-dependent constitutive
pathogen response in the istl1 lip5 mutant by introducing
the sid2-2 mutation, which impairs salicylic acid synthesis
(Wildermuth et al., 2001), and analyzed istl1 lip5 sid2 triple
mutant and control plants grown at 22�C. Like istl1 lip5
plants grown at 28�C, the istl1 lip5 sid2 triple mutant grown
at 22�C produced flowers with an abnormally high propor-
tion of aborted pollen grains (Supplemental Figure S1) and a
reduced seed set, suggesting that the defective fertility ob-
served in the istl1 lip5 double mutant is not a pleiotropic
defect due to the activation of the constitutive pathogen re-
sponse but most likely, a direct result of impaired ISTL1 and
LIP5 functions.

To analyze whether istl1 lip5 pollen grains were able to
lead to successful fertilization and seed formation, we per-
formed a pollination competition assay, wherein we hand-
pollinated the stigma of a WT Col-0 flower with pollen from
an istl1 �/� lip5 þ/� plant. As shown previously, these
plants carrying one WT allele of LIP5 produce viable pollen
grains (Figure 1, A and B). Whereas all pollen grains should
carry the istl1 mutant allele, 50% of them should also carry
the lip5 mutation. If the double istl1 lip5 mutant pollen
grains are functional, pollination of a WT flower should re-
sult in 50% of the seed set carrying the lip5 mutant allele.
We found that 48.8% of the resulting seeds contained the
lip5 mutation (expected: 50%, observed: 48.8%, n¼ 170),

indicating that the combination of the istl1 and lip5 muta-
tions per se does not affect pollen development and func-
tion. Consistently, when istl1 �/� lip5 þ/� plants were
allowed to self-pollinate, they produced a normal seed set in
which approximately one fourth of the resulting seeds were
istl1 lip5 double homozygous mutants (expected: 25%; ob-
served: 25.2%; n¼ 127), as expected for normal transmission
of the mutant alleles. These results, together with the nor-
mal proportion of viable pollen grains observed in istl1 �/�
lip5 þ/� (Figure 1, A and B), suggest that the abortion of
pollen grains in istl1 lip5 homozygous mutant plants is due
to maternal (sporophytic) defects.

Although only a portion of the pollen grains produced by
istl1 lip5 plants aborted during development, mutant plants
were largely unable to produce seeds, suggesting that re-
duced pollen viability is not the only underlying cause for
the reduced fertility of the istl1 lip5 mutant. We analyzed
mature siliques from istl1 lip5 sid2 triple mutants that were
either allowed to self-pollinate or pollinated with WT pollen
(Figure 1, C–E). Both the istl1 lip5 sid2 triple mutant and
WT ovaries contained similar total numbers of ovules
(mean¼ 43.2 per silique; Student’s t test, P¼ 0.16, n¼ 6
WT, and 9 istl1 lip5 sid2 siliques). However, compared to
self-pollinated WT flowers in which we rarely observed
unfertilized/aborted ovules (0.3%; n¼ 6 siliques), triple mu-
tant siliques resulting from self-pollination showed an ap-
proximately 50% reduction in seed set due to unfertilized/
aborted ovules (Figure 1, C and D). In addition, approxi-
mately 22% of the resulting seeds were arrested and shriv-
eled (Figure 1, C and D). Whereas 60% of the ovules were
fertilized and initiated seed development from istl1 lip5 sid2
flowers manually pollinated with WT pollen (a slightly
higher proportion compared to the self-pollinated siliques),
45% of them were shriveled and did not complete develop-
ment (Figure 1D).

We then analyzed more carefully the shriveled seeds from
self- and manually pollinated istl1 lip5 sid2 mature siliques
to identify at which developmental stage they were arrested.
More than half of these seeds contained embryos at the tor-
pedo or earlier stages, and approximately 22% of the seeds
were arrested at the bent cotyledon embryo stage (Figure
1E). The mutant siliques derived from self-pollination but
not the ones pollinated with WT pollen contained shriveled
seeds with abnormal embryos (Figure 1, C and E). These
results indicate that in addition to aborted pollen, a mater-
nally derived defect in ovule development and abnormal
seed development in istl1 lip5 contributes to its reduced
fertility.

ISTL1 and LIP5 are important for exine and tryphine
deposition
Whereas many ESCRT components have been reported to
affect different aspects of plant development, embryo mor-
phogenesis, and biotic and abiotic responses (Spitzer et al.,
2009; Isono et al., 2010; Katsiarimpa et al., 2011, 2013; Korbei
et al., 2013; Spallek et al., 2013; Xia et al., 2013, 2016; Cai et
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al., 2014; Gao et al., 2014; Reyes et al., 2014; Wang et al.,
2014, 2015; Cardona-López et al., 2015; Kalinowska et al.,
2015; Kolb et al., 2015; Belda-Palazon et al., 2016; Buono et
al., 2016; Liu et al., 2021), the istl1 lip5 double mutant seems
to be unique in having a drastic effect on gametophyte de-
velopment. We focused our analysis in the development of
pollen grains in the lip5 and istl1 single and istl1 lip5 double
mutants.

To understand why pollen viability is partially compro-
mised in the istl1 lip5 double mutant, we analyzed the mor-
phology of the pollen cell wall in WT, lip5 and istl1 single
and istl1 lip5 double mutants by scanning electron micros-
copy. Mature Arabidopsis pollen grains are surrounded by
three cell wall layers: the outer exine, the inner intine, and
the tryphine filling the exine crevices. The exine consists of a
foot layer or nexine, column-like structures called bacula,
and the outermost tectum with a reticulate pattern. The
scaffold of the future exine (called primexine) is formed by
the microspore while still encased by the callosic wall of the

tetrad. Upon microspore release, the sporopollenin precur-
sors secreted by the tapetum impregnate the primexine,
forming the mature exine (Blackmore et al., 2007; Ariizumi
and Toriyama, 2011). The intine is made of cellulose, pectins,
and other polysaccharides and is assembled by the
microspore.

Whereas 80%–90% of pollen grains from istl1 lip5 mutant
anthers showed normal reticulate patterns like those seen in
WT, lip5, and istl1 single mutant pollen grains or had slightly
modified patterns with regions displaying larger or smaller
lumina (gaps) or smooth patches, 10%–20% of the double
mutant pollen showed only remnants of bacula or
completely smooth surfaces (Figure 2, A and B).

To analyze in more detail the pollen cell wall defects, we
imaged istl1 lip5 double mutant mature pollen grains by
transmission electron microscopy and electron tomography.
Whereas the intine was normal in terms of thickness and
texture, the exine layer in istl1 lip5 double mutant pollen
was much more variable in terms of thickness and

Figure 1 Fertility defects in istl1 lip5 mutants. A, Detection of viable and aborted pollen by Alexander’s staining in WT, single istl1 and lip5
mutants, istl1�/� lip5þ/�, and homozygous istl1 lip5 double mutant anthers from plants grown at 28�C. B, Quantification of aborted pollen
grains from at least three anthers of each genotype (n¼ 11 WT, 3 lip5, 5 istl1, 6 istl1�/� lip5þ/�, and 16 istl1 lip5 anthers). The boxes show the
25th and 75th percentiles, middle lines indicate the median, and whiskers refer to upper and lower fences. Different letters represent significant
differences (one-way ANOVA followed by Tukey, P< 0.05; See Supplemental File 1). C, Dissected mature siliques showing ovule (red arrowheads)
and seed (asterisk) abortion in self-pollinated istl1 lip5 sid2 plants (n¼ 9 siliques from manually pollinated WT; 9 siliques from WT manually polli-
nated triple mutants; 6 siliques from self-pollinated WT; and 12 siliques from self-pollinated triple mutant plants). Aborted seeds contained
arrested or abnormal embryos. D, Analysis of seed set in manually and self-pollinated WT and istl1 lip5 sid2 triple mutant plants. Numbers on top
of each bar indicate the quantity of seeds analyzed. E, Quantification of developmental stages of arrested embryos in aborted seeds in istl1 lip5
sid2 plants either self-pollinated (n¼ 33 embryos) or pollinated with WT pollen (n¼ 48 embryos).
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patterning compared to the WT (Figure 2, C and D), which
is consistent with the results of our scanning electron mi-
croscopy image analysis. Lastly, although present in both
WT and istl1 lip5 double mutant pollen grains, the deposi-
tion pattern of tryphine seemed to be much more variable
in the double mutant than in WT (Figure 2C).

We then investigated which step(s) in pollen development
were affected in the istl1 lip5 double mutant by analyzing
developing anthers. The istl1 lip5 mutant anthers developed
free microspore and bicellular pollen grains that frequently
(approximately 90% of the observed microspores/pollen
grains) contained large concentric double-membrane struc-
tures of unknown origin that were not detected in WT
anthers (Figure 3, A–E0). At the tri-cellular stage, between
30% and 40% of the istl1 lip5 pollen grains were collapsed or
highly vacuolated (Figure 3, F–L; Supplemental Figure S2).

Since our genetic and pollen viability analyses (Figure 1, A
and B) indicated that the pollen developmental defects in
the istl1 lip5 double mutant were due to a maternal effect,
we also analyzed the anther wall. In Arabidopsis, the anther
wall consists of the epidermis, endothecium, middle layer,

and the tapetum in contact with the locule. In developing
istl1 lip5 mutant anthers, we did not observe structural
alterations in any of the anther wall layers during the devel-
opment of microspores and pollen grains (Supplemental
Figure S3). More specifically, tapetal cells in both WT and
mutant anthers developed normally and underwent pro-
grammed cell death by the time the pollen grains reached
the late bicellular stage (Figure 3, F and H; Supplemental
Figure S3). However, at this stage, we noticed an unusual
occurrence of crystalline material reminiscent of waxes in-
side the locule of istl1 lip5 double mutant anthers (Figure 3,
K–M), indicative of abnormal tapetal activity and/or defi-
cient incorporation into the pollen wall.

Analysis of wax composition
Some of the pollen wall defects seen in the double istl1 lip5
mutant are consistent with the abnormal deposition of wax
components within the tryphine. As the istl1 lip5 mutant
produces few seeds and flowers, we were unable to collect
the large amount of pollen (e.g. 10 ng from 3,000 plants;
Choi et al., 2014) required to analyze tryphine wax

Figure 2 Pollen wall architecture. A and B, Scanning electron micrographs of WT, istl1, lip5, and istl1 lip5 mature pollen released from mature
anthers. Pollen from istl1 lip5 display a range of defective exine morphologies. Arrowheads in (A) indicate abnormal patches of flattened exine
and asterisks in (B), areas with covered gaps. C, Transmission electron micrographs of mature pollen grains showing exine (E), intine (I), and try-
phine (arrowheads) in WT and istl1 lip5 mutant pollen. D, Box and whisker plots show variation in exine and intine thickness in WT and istl1 lip5
pollen. The boxes show the 25th and 75th percentiles, middle lines indicate the median, and whiskers refer to upper and lower fences. At least 10
pollen grains of each genotype were analyzed. Scale bars ¼ 10 mm in (A); 1 mm in (B), and 800 nm in (C).
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composition. Instead, we analyzed waxes in whole anthers
of WT and single and double mutant flowers using gas chro-
matography coupled with mass spectrometry (GC–MS).
Overall, we did not detect changes in any of the most abun-
dant wax components, including free fatty acids (16:0 and
18:0) and the alkane nonacosane (C29:0), among WT and
mutants (Figure 4). Among the less abundant alkanes, a re-
duction in the level of an isomer of triacontane (C30:0 iso)
was detected in all single and double mutants, but this de-
crease was more pronounced in the istl1 lip5 double mu-
tant. The level of a hentriacontane isomer (C31:0 iso) was
reduced in all mutant anthers, whereas hentriacontane
(C31:0) levels were significantly reduced only in the istl1 lip5
double mutant (Figure 4). Among sterols, which were also a
minor component of whole anther waxes, b-sitosterol and

campesterol levels were reduced in single and double mu-
tant anthers (Figure 4). These results indicate that all major
wax components were not altered and that the accumula-
tion of some minor alkane and sterol components was re-
duced in single and double mutant anthers. However, the
reduced accumulation of some these compounds is most
likely not directly connected to the reduced pollen viability
seen only in the istl1 lip5 mutant but not in the correspond-
ing single mutant anthers.

Endosomal structural features in tapetum and
pollen
To determine the underlying cause for reduced pollen viabil-
ity in the double istl1 lip5 mutant, we analyzed the distribu-
tion and structural features of MVEs in both pollen and

Figure 3 Ultrastructural features of microspores and pollen grains. A, WT and (B) istl1 lip5 microspores prior to vacuolation. C and D, Most mu-
tant microspores show large concentric double-membrane structures of unknown origin. (E) Electron tomographic slice and (E0) corresponding
tomographic reconstruction of a portion of a double-membrane structure. (F) The overview of mature WT pollen grains within a locule. G, WT
pollen grains. H, The overview of mature pollen within an istl1 lip5 anther with some collapsed grains (asterisk). I–L, Collapsed pollen grains (aster-
isks) in istl1 lip5 anthers and highly vacuolated pollen (J) prior to collapse. Crystalline material was observed in istl1 lip5 locules (red arrowheads in
(K) and (L)). (M) Detail of crystalline material accumulated in the mutant anther locules. En, endothecium; N, nucleus; V, vacuole. Scale bars¼ 1
mm in (A), (B), (G), (I), (J), (K), and (L); 400 nm in (C), 100 nm in (D), (E), and (E0); 6 mm in (F) and (H); 500 nm in (M).
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tapetal cells in mutant anthers. We introduced RHA1/
RabF2a-GFP (late endosome marker) and VHAa1-GFP (TGN
marker) into istl1 lip5 plants and analyzed the anthers by
confocal microscopy. Based on the signal from these fluores-
cent markers, we did not observe differences in the distribu-
tion, abundance, or size of the TGN or MVEs between istl1
lip5 and WT (Supplemental Figure S4).

We then imaged istl1 lip5 anthers using transmission elec-
tron microscopy to analyze potential structural differences
in endosomal compartments in greater detail. We noticed
that MVEs were not uniformly distributed within tapetal
cells. By measuring the shortest distance between individual
MVEs and the plasma membrane in electron micrographs of
WT tapetal cells at the free microspore stage, we found that
over 85% of the MVEs were located within 2 microns from
the plasma membrane domains facing the locule, which are
devoid of a cell wall (Figure 5, A–C). A similar distribution
pattern was seen in istl1 lip5 double mutant tapetal cells,
with over 80% of the MVEs found in the vicinity of the
locule-facing plasma membrane regions (Figure 5, A–C). To
determine whether other organelles show similar asymmet-
ric distribution patterns within tapetal cells, we also ana-
lyzed the relative positions of mitochondria with respect to
the plasma membrane facing the locule (Supplemental
Figure S5). We found that mitochondria were more evenly
distributed than MVEs, with approximately 48% of mito-
chondria within 2 microns from the plasma membrane in
both WT and double mutant tapetal cells.

We then analyzed the structural features of MVEs. In WT
plants, MVEs in tapetal cells (380 6 48 nm in diameter)
were significantly larger than those found in root cells (285

nm 6 45 nm in diameter (Buono et al., 2016) and in micro-
spores (220 648 nm in diameter; Figure 5, D–G).
Interestingly, whereas the istl1 lip5 double mutation did not
affect the size of MVEs in root cells, MVEs were significantly
smaller (224 6 53 nm) in mutant tapetal cells but signifi-
cantly larger (290 6 72 nm) in microspores compared to the
corresponding WT cell types (Figure 5F). In addition, endo-
somal intralumenal vesicles of root cells (Buono et al., 2016),
tapetal cells, and microspores were significantly enlarged in
the istl1 lip5 mutant, whereas intralumenal vesicles in WT
tapetal endosomes were 48 6 7 nm, they were 55 6 8 nm in
the istl1 lip5 double mutant (Figure 5G). Likewise, the diam-
eter of endosomal intralumenal vesicles in microspores was
55 6 13 nm in WT but significantly larger (69 6 16 nm) in
the istl1 lip5 mutant (Figure 5G). Finally, we found that
tapetal MVEs contained fewer intralumenal vesicles per
cross section than the WT (Figure 5H). These results indi-
cate that the istl1 lip5 double mutation affects intralumenal
vesicle size consistently across cell types, whereas changes in
endosomal size are cell type-dependent. We do not believe
that the differences in MVE structure between tapetal and
root cells were due to different temperature conditions (pre-
vious root MVE analysis was performed in seedlings grown
at 22�C, whereas tapetal MVEs were from anthers grown at
28�C) because MVE structural features were similar in WT
tapetal cells and pollen grains from anthers grown at either
22�C or 28�C.

In MVEs of root cells, intralumenal vesicles form in
concatenated networks that are critical for cargo retention
and proper endosomal sorting; single mutants for late
ESCRT components such as CHMP1 and LIP5 show reduced
vesicle concatenation (Buono et al., 2017). To further under-
stand the defects in MVE function in mutant tapetal cells,
we performed electron tomography and 3D segmentation.
Based on the reconstruction of 8 WT and 12 istl1 lip5 mu-
tant MVEs, we found that whereas approximately 90% of
the endosomal intralumenal vesicles in WT tapetal cells
were concatenated as part of complex network, the large
majority (9 out of 12) of the reconstructed istl1 lip5
endosomes contained only nonconcatenated vesicles of
either free vesicles or single buds attached to the limiting
membrane (Figure 6, A–C), which is a much more acute re-
duction in vesicle concatenation than previously reported
for MVEs in root cells of chmp1 or lip5 single mutants
(Buono et al., 2017). In addition, and consistent with our
transmission microscopy analysis (Figure 5), the recon-
structed istl1 lip5 mutant MVEs showed a sharp decrease in
the number of intralumenal vesicles compared to their WT
counterparts (Figure 6, A and B).

Interestingly, we also observed that, besides the structural
defects in MVEs where ESCRT function is needed for cargo
sorting and vesicle formation, the early endosomes/TGN
compartments were structurally abnormal in istl1 lip5 mu-
tant tapetal cells. Whereas TGN profiles associated with
Golgi stacks and clusters of MVEs were detected in both
WT and mutant cells, the TGN in istl1 lip5 tapetal cells
showed large marginal bulges of up to 250 nm in diameter

Figure 4 Analysis of anther waxes. Wax components extracted by
rapid immersion in chloroform of lyophilized anthers were identified
and quantified by GC–MS. Values are means from four biological rep-
licates consisting of approximately 50 anthers each 6 SD. Statistical
analysis was performed with GraphPad Prism, using one-way ANOVA
with Tukey’s multiple comparison posttest. Results were designated
significant when the P < 0.05 (*P< 0.05; **P< 0.01; ***P< 0.001,
****P< 0.0001; see Supplemental File 1).
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(Figure 7), suggesting a role of ISTL1 and LIP5 in TGN
function.

Localization of GFP-ABCG9 and GFP-ABCG16 in
istl1 lip5 tapetal cells
As both exine and tryphine deposition depend on the secre-
tory activity of tapetal cells, we tested whether the localiza-
tion of the transporters ABCG9 and ABCG16, both of which
localize to the plasma membrane of tapetal cells and

participate in pollen wall assembly (Choi et al., 2014; Yim et
al., 2016), were affected in the double mutant. We con-
firmed that both transporters localized to the plasma mem-
brane in WT tapetal cells. However, whereas GFP-ABCG16
was found at the plasma membrane of istl1 lip5 tapetum,
GFP-ABCG9 was largely absent from it (Figure 8).

We then looked more carefully at the localization of GFP-
ABCG9 and GFP-ABCG16 in mutant anthers. Whereas the
single istl1 mutant tapetal cells showed normal distribution

Figure 5 MVE distribution and morphology in the tapetum and pollen. A, B, Representative images of MVEs in tapetal cells near the locule-facing
plasma membrane (PM) regions of WT (A) and istl1 lip5 (B). Microspores have been just released from tetrads at this stage. C, Analysis of MVE
distribution in the tapetum. The graph depicts the frequency of MVEs at increasing distances from the PM. All MVEs found in single sections of
five tapetal cells during microspore development were analyzed (17 WT MVEs and 27 istl1 lip5 mutant MVEs). D, E, The overview of MVEs in
tapetal cells during microspore development (D) and developing (early bicellular) pollen (E) in WT and istl1 lip5 anthers. F–H, Quantitative analy-
sis of MVE structural features in the tapetum and developing pollen, showing differences in MVE diameter (F), intralumenal vesicle (ILV) diameter
(G), and number of ILVs per square micron in tapetal MVEs (H). The boxes show the 25th and 75th percentiles, middle lines indicate the median,
and whiskers refer to upper and lower fences. Different letters represent significant differences by one-way ANOVA followed by Tukey
(Supplemental File 1) in (F) and (G). Statistical significance in (H) was calculated by a two-tailed Student’s t test. G, Golgi; L, locule. Scale bars ¼
200 nm.
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of GFP-ABCG9, both lip5 and istl1 lip5 exhibited an increase
in internal signal, more specifically in the tonoplast (Figure
8A), which is typical of endosomal sorting mutants (Spitzer
et al., 2009; Buono et al., 2016). However, different from the
single lip5 mutant, istl1 lip5 tapetal cells were largely devoid
of GFP-ABCG9 signal at the plasma membrane but showed
more signal associated with internal membranes besides the
tonoplast (Figure 8, A and B). This suggests that, whereas
both lip5 and istl1 lip5 tapetal cells show defects in endoso-
mal sorting, the istl1 lip5 mutant is unable to achieve and/or
maintain the plasma membrane localization of GFP-ABCG9.
Although some GFP-ABCG16 signal was also detected in the
tonoplast of double mutant tapetal cells, its overall localiza-
tion at the plasma membrane was normal and indistinguish-
able from the WT (Figure 8, C and D).

This drastic discrepancy between the effects of the
double istl1 lip5 mutation on the trafficking of two ABCG

transporters in tapetal cells prompted us to check more
carefully the temporal expression of these two proteins. We
found that whereas GFP-ABCG16 was expressed during the
late microspore mother cell and tetrad stages (stages 6 and
7 of Arabidopsis anther development; Sanders et al., 1999)
and degraded in the tapetal vacuoles when microspore are
released into the locule (stages 8 and 9; Figure 8C), GFP-
ABCG9 was expressed at stages 9 and 10. This suggests that
the role of ISTL1 and LIP5 in the proper localization of
plasma membrane proteins in tapetal cells may be critical
only when microspores are free in the locule but not in ear-
lier developmental stages.

To test whether exocytosis of soluble proteins was af-
fected in istl1 lip5 mutants, we expressed a GFP-tagged type
III LTP (At5g62080) that is specifically expressed in tapetal
cells and secreted to the anther locule during pollen forma-
tion (Huang et al., 2013). In both the WT and islt1 lip5

Figure 6 Tomographic analysis of MVEs and TGNs in istl1 lip5 tapetal cells during the free microspore stage. A, Tomographic reconstructions of
WT and istl1 lip5 MVEs. Colored spheres were placed within ILVs to better visualize concatenated vesicles (blue), single buds attached to the limit-
ing membrane (green), and free vesicles (red). B, Representative tomographic slices of MVEs. C, Quantification of vesicle connections derived
from 8 WT and 12 istl1 lip5 reconstructed MVEs. The boxes show the 25th and 75th percentiles, middle lines indicate the median, and whiskers
refer to upper and lower fences. Scale bars ¼ 50 nm.
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anthers, LTP-GFP first accumulated in tapetal cells and was
first detected in the locule at the tetrad stage (stage 7;
Figure 9A). Secretion continued through the free microspore
stages until the onset of tapetal degeneration (stages 8–10).
However, by stage 9, LTP-GFP accumulated inside the tape-
tal vacuoles in the double mutant but not in WT, suggesting
that exocytosis of LTP-GFP was impaired in mutant tapetal
cells at this stage (Figure 9A). These results, together with
the analysis of the two ABCG transporters (Figure 8), further
support the notion that exocytosis of both plasma mem-
brane and secreted cargo is compromised in istl1 lip5 tapetal
cells, specifically during the free microspore stage.

To further confirm the specific defects on exocytosis seen
in istl1 lip5 tapetum, we analyzed the distribution of the sol-
uble bulk-flow secretion marker sec-RFP, which contains a
sporamin signal peptide and is exported to the apoplast in
plant cells (Samalova et al., 2006). Defects in exocytosis re-
sult in retention of sec-RFP in the endomembrane system
(Renna et al., 2013). In root cells, sec-RFP was exported to
the apoplast both in WT and istl1 lip5 seedlings (Figure 9, B
and C). However, the sec-RFP signal in istl1 lip5 anthers ac-
cumulated in intracellular foci of tapetal cells at the free mi-
crospore stage (Figure 9, D–G). These results confirm the
notion that in the tapetum, ISTL1 and LIP5 are required for
exocytosis, a surprising function for ESCRT components.

ESCRT gene expression in tapetum, microspores,
pollen, and root cells
We have found that ISLT1 and LIP5 together play a key role
in exocytosis in a cell type- and developmentally dependent
manner. To explore whether this unusual function is

connected to the expression of specific sets of ESCRT
genes, we compared transcriptomic data from root cells (de-
veloping cortex and meristematic cells; Li et al., 2016),
microspores (Wang et al., 2020), pollen grains (Loraine et al.,
2013), and tapetal cells at two stages of development (stages
6 and 7 and stages 8–10; Li et al., 2017; Supplemental Figure
S6).

Although none of the 52 ESCRT genes considered in this
analysis was specifically expressed or not expressed in tapetal
cells, based on the overall expression analysis, tapetal cells
were clustered together in a different clade from roots,
microspores, and pollen grains (Supplemental Figure S6),
suggesting that differences in the expression patterns of
multiple ESCRT genes could be the underlying reason for
their unique function in tapetal cells. Both ISTL1 and LIP5
were expressed at similar levels in all six cell types/stages,
with the exception of pollen grains, where LIP5 expression
was lower. Interestingly, LIP5 and ISTL1 were expressed in
the two tapetum stages analyzed, and their expression
slightly increased at the latest stage, when exocytosis was
impaired in the double mutant.

Discussion
We have identified a role for two ESCRT components, ISTL1
and LIP5, in regulating exocytosis during the late stages of
tapetal function. Double istl1 lip5 mutant microspores and
pollen grains can develop normally only if at least one WT
allele of either gene is expressed in the tapetal cells. The
combined functions of these two genes extend beyond their
known canonical functions in MVE sorting, as they are re-
quired for exocytosis of both plasma membrane and

Figure 7 Tomographic analysis of TGNs in WT and istl1 lip5 mutant tapetal cells at the free microspore stage. A, Tomographic reconstructions
and B, tomographic slices of WT and istl1 lip5 TGNs (red) and associated MVEs (white). For simplicity, ILVs are depicted as spheres within MVEs.
Note large marginal bulges in the mutant TGNs. The trans-most Golgi cisterna is depicted in cyan. Scale bars ¼ 100 nm.
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secreted proteins at the stage when microspores are free in
the anther locule.

Impaired exocytosis in tapetal cells of istl1 lip5
anthers
In both single and double istl1 lip5 mutants, tapetum devel-
opment and programmed cell death proceed normally.
Programmed cell death and the loss of plasma membrane
integrity cause the release of the tapetal cell contents into
the locule for their incorporation into the pollen grain exine
as part of the tryphine (Pacini et al., 1985). However, the

export of tryphine components from tapetal cells into the
locule starts earlier through the activity of plasma mem-
brane-localized transporters, many of which are exclusively
expressed in tapetal cells (Choi et al., 2014).

We found that one of those transporters, ABCG9, is
largely absent from the plasma membrane of istl1 lip5 tape-
tal cells but instead accumulates in internal membranes, in-
cluding the tonoplast. Whereas mis-sorting of plasma
membrane proteins to the tonoplast is a common defect in
ESCRT mutants, including the lip5 single mutant (Spitzer et
al., 2009; Buono et al., 2016), the inability to maintain their

Figure 8 Localization of GFP-ABCG9 and GFP-ABC16 in tapetal cells. A, Confocal slices of tapetal cells collected from the surface of the tapetal
layer (tangential view; upper row) and through the middle of the locule (bottom row) in WT (WT), istl1, lip5, and istl1 lip5 mutant anthers at the
free microspore stage (stages 8 and 9). Chlorophyll autofluorescence is shown in magenta. Note the accumulation of GFP-ABCG9 at the tonoplast
of small vacuoles in the lip5 and istl1 lip5 cells (white arrowheads) and in internal foci in the istl1 lip5 tapetum (orange arrows). B, Quantification
of the ratio between the GFP-ABCG9 signal intensity from the PM and cell interior (Int) shown as mean 6 SD. A smaller ratio indicates more intra-
cellular signal. Different letters represent significant differences (one-way ANOVA followed by Tukey, P< 0.05; n¼ 40 cells from 7 WT anthers, 18
cells from 5 istl1 anthers; 30 cells from 6 lip5 anthers; 59 cells from 8 istl1 lip5 anthers; see Supplemental File 1). C, Confocal slices from the surface
of the tapetal layer (tangential view; upper row) and through the middle of the locule (bottom row) in WT and istl1 lip5 mutant anthers at differ-
ent stages of development. By stages 8 and 9, GFP-ABCG16 is removed from the PM and delivered to either the vacuolar lumen for degradation
in WT tapetal cells (white arrowheads) or partially mis-sorted to the tonoplast in istl1 lip5 tapetal cells (yellow arrow). D, Quantification of the ra-
tio between the GFP-ABCG16 signal intensity from the PM and Int shown as mean 6 SD at stages 6 and 7 (n¼ 29 cells from four WT anthers; 45
cells from 12 istl1 lip5 anthers). A t test was used to calculate the corresponding p value. AW, anther wall; T, tapetum. Scale bars ¼ 10 mm.
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plasma membrane localization is not. The finding that lip5
mutant tapetal cells are able to support normal microspore/
pollen grain development indicates that the mis-sorting of
GFP-ABCG9 to the tonoplast does not result in inadequate
tapetal secretory activity. However, the drastic reduction in
the plasma membrane pool of GFP-ABCG9 is only seen in
the istl1 lip5 mutant could account for the abnormalities in
pollen development. ABCG9 works redundantly with
ABCG31 to export tryphine components (steryl glycosides)
from the tapetum into the locule, and a double mutant
plant for both transporters showed an approximately 35%
reduction in pollen viability, with largely normal exine pat-
terns but irregular tryphine containing crystalline electron-
lucent structures (Choi et al., 2014), similar to the ones

observed in istl1 lip5 anther locules. Mutants for some other
tapetum-specific, plasma membrane-localized ABCG trans-
porters show even more severe pollen defects. For example,
mutants for the ABCG26 transporter, which exports sporo-
pollenin precursors from tapetal cells into the locule, pro-
duce aborted microspores with no exine (Quilichini et al.,
2010), whereas mutants for ABCG16 and ABCG1
produce aborted pollen grains with no nexine layer within
the exine and a grossly abnormal intine (Yadav et al., 2014;
Yim et al., 2016). The finding that over 80%–90% of the
microspores in the istl1 lip5 double mutant develop an exine
with normal or slightly altered patterns (Figure 2, A and B)
indicates that sporopollenin deposition and therefore,
the trafficking of at least some ABCG transporters is not

Figure 9. Secretion of soluble cargo by tapetal cells. A, Expression and secretion of LTP-GFP in WT and istl1 lip5 mutant anthers. LTP-GFP
secretion into the locule is first detected in the early tetrad stage and until tapetum degeneration at late stage 10. LTP-GFP accumulates inside
tapetal vacuoles (white arrowheads) at stages 9 and 10 in istl1 lip5 mutant but not the WT anthers. (A)–(G) Distribution of the sec-RFP secretory
reporter. B, C, Apoplast localization of sec-RFP in both WT and istl1 lip5 mutant roots cells. D–G, Distribution of sec-RFP in WT and istl1 lip5 mu-
tant anthers (D,E) and tapetal cells (F,G) at the free microspore stage (stage 9). Note the abnormal accumulation of sec-RFP in mutant tapetal
cells (arrowheads in F). M, microspore; Tet, tetrad. Scale bars ¼ 10 mm.
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drastically affected in the double mutant. Consistent with
this notion, we found that the ABCG16 transporter is nor-
mally localized to the plasma membrane of tapetal cells in
double mutant anthers. However, the temporal expression
patterns of these ABCG transporters differ according to the
biosynthetic functions of the tapetum. ABCG16, which is
important for exine and intine assembly, is expressed during
early stages, when microspores are still enclosed in tetrads
surrounded by callose (stages 6 and 7; Figure 8C), whereas
ABCG9 is expressed later, when the microspores are free in
the locule (stages 8 and 9; Figure 8A). These observations
suggest that LIP5 and ISTL1 specifically control the plasma
membrane localization of proteins in the tapetum at later
development stages (stages 9 and 10), when tryphine com-
ponents start to be released into the locule. In support of a
general block of exocytosis in late tapetal cells, we found
that a type III LTP was secreted normally into the locules of
istl1 lip5 anthers until the free microspore stage, when LTP-
GFP was redirected to the vacuolar lumen (Figure 9A).

Unfortunately, we were unable to analyze tryphine com-
position in the double istl1 lip5 mutant to determine which
additional transporter activities could be compromised in
the tapetum. The analysis of waxes from whole anthers
showed differences for some minor components (alkanes
and sterols) between the WT and mutants and between sin-
gle and double mutants, but compared to the small amount
of tryphine contained in each anther, it is most likely that
our analysis failed to capture relevant differences in the se-
cretion of tryphine wax components.

How ISTL1 and LIP5 control exocytosis of plasma mem-
brane and secreted proteins at the free microspore stage is
unclear. However, it is important to note that this is not an
expected result for a stronger, synergistic effect of the two
mutations on ESCRT function through MVE sorting. The
strong ESCRT mutant chmp1a chmp1b partially mis-sorts all
types of plasma membrane proteins to the tonoplast, result-
ing in embryo or seedling lethality (Spitzer et al., 2009).
However, although the lack of CHMP1 function leads to
more severe developmental defects than the double istl1
lip5 mutation, it does not result in plasma membrane deple-
tion of any of the several ESCRT cargo proteins that have
been analyzed (Spitzer et al., 2009). In addition, although
LIP5 and ISTL1 are not differentially or even preferentially
expressed in the tapetum (Supplemental Figure S6), their
combined function is specifically important to tapetal cells,
whereas the functions of other cell types and tissues seem
to be much less affected by the double mutation. This
points to a function of the ISTL1 and LIP5 proteins in tape-
tal cells.

Our data suggest that ISTL1 and LIP5 together have a role
in the endomembrane anterograde pathway that is more
critical in the tapetum than in other cell types. There is
an additional evidence in the literature that the secretory
activity of tapetal cells is regulated in specific manners. For
example, COP-II vesicle assembly is required for anterograde
trafficking from the ER to the Golgi. There are two isoforms
of the COPII component SEC31 in Arabidopsis, SEC31A and

B, which are widely expressed in plant organs during devel-
opment. However, a mutant for SEC31B shows normal
growth and development but severe defects in exine assem-
bly and tryphine deposition, with tapetal cells that fail to
form tapetosomes while maintaining a normal ABCG9
pool (Zhao et al., 2016). Thus, the high secretory activity of
tapetal cells may be associated with specialized and unique
functions of trafficking factors, including ESCRT proteins.

ISTL1 was recently identified as a candidate important for
maize (Zea mays) leaf cuticle development in a genome-
wide association study (Lin et al., 2020). Cuticle assembly on
the surface of all aerial organs requires the export of cutin
precursors waxes from epidermal cells and relies on ABCG
transporters closely related to those involved in the export
of exine and tryphine components (McFarlane et al., 2010;
Panikashvili et al., 2010, 2011). Our wax analysis of whole
anthers showed that even though single istl1 and lip5
mutants have fully functional anthers, they do have reduced
accumulation of some wax alkanes and sterols, opening the
possibility that LIP5 and ISTL1 may play a role in the exocy-
tosis of plasma membrane transporters associated with the
export of cuticle and waxes in other cell types.

We also detected ovule and seed abortion due to mater-
nal effects in istl1 lip5 plants. Although we did not investi-
gate these developmental defects in detail and there are no
equivalent cells to tapetal cells within ovules, megaspore
mother cells become surrounded by callose prior to under-
going meiosis, and female gametophyte/embryo sac develop-
ment requires the intense transport of nutrients and
signaling molecules from maternal tissues (Webb and
Gunning, 1990). ISTL1 and LIP5 could be required to medi-
ate these activities.

Endosomes in tapetal cells and microspores
We also found some interesting features in the distribution
and structure of MVEs of tapetal cells. The distribution of
MVEs was not uniform across the cytoplasm but rather po-
larized toward the plasma membrane regions facing the loc-
ule, which could be important for trafficking endocytic
material and mediating the efficient turnover of plasma
membrane proteins.

Tapetal MVEs were larger and more complex in terms of
number of intralumenal vesicles than those in either root
cells (Buono et al., 2017) or microspores/pollen. Some stud-
ies suggest that changes in endocytosis correlate with MVE
size and number. For example, in shoot apical meristem
cells, MVE size and abundance increase during cytokinesis
(Segui-Simarro and Staehelin, 2006), when up to 75% of the
cell plate membrane is removed by endocytosis (Otegui and
Staehelin, 2000). Similarly, MVEs increase in size in concert
with two waves of endocytic activity that occur during ovu-
lation in C. elegans (Frankel et al., 2017). Thus, the larger size
of MVEs in tapetal cells compared to root cells could be re-
lated to the high turnover of plasma membrane proteins
likely required to sustain the secretory activity of the tape-
tum. Another possibility is that MVE size correlates to the
cell ploidy. In fact, tapetal cells with two polyploid nuclei
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develop the largest MVEs, haploid microspores contain the
smallest MVEs, and the diploid differentiating root cortex
cells contain MVEs of intermediate size. Whereas the mech-
anisms that regulate MVE size are not known, it is notewor-
thy that the double istl1 lip5 mutation affects MVE diameter
in a cell-specific matter. Thus, whereas MVE diameter was
not altered in istl1 lip5 root cell, MVEs were smaller in
mutant tapetal cells but larger in mutant pollen grains com-
pared to the corresponding WT cell types.

Different from MVE diameter, the intralumenal vesicles
were larger in all the analyzed cell types of the istl1 lip5 dou-
ble mutant vs. the WT. In addition, we found a drastic re-
duction in vesicle concatenation in istl1 lip5 tapetum. Most
istl1 lip5 MVEs contained only free vesicles or single buds at-
tached to the limiting membrane (Figure 6), which repre-
sents the lowest vesicle concatenation rate detected in any
cell type or ESCRT mutant, including lip5 (Buono et al.,
2017).

We also noticed structural alterations in early endosomes/
TGNs of istl1 lip5 tapetal cells. This finding is unexpected, as
no other plant ESCRT mutation has been reported to affect
TGN morphology. However, mutants for TGN-localized pro-
teins that are important for secretion/exocytosis often show
structural alterations in the TGN. For example, mutants for
ECHIDNA, which controls cuticular wax secretion in
Arabidopsis epidermal cells (McFarlane et al., 2014), pollen
and anther development (Fan et al., 2014), and general se-
cretory trafficking (Gendre et al., 2011) show abnormal TGN
morphology (Boutte et al., 2013). In addition, loss-of-func-
tion mutants for TGNap1, which maintains homeostasis of
biosynthetic and endocytic trafficking pathways and is also
required for the proper secretion of sec-RFP (Renna et al.,
2018), showed bulges in the TGN similar to those observed
in istl1 lip5 tapetal cells. Taken together, the structural alter-
ation of the TGN further supports a role for ISTL1 and LIP5
in exocytosis.

Materials and methods

Plant materials and growth conditions
The following A. thaliana lines were used in this study: lip5-
1 (SAIL_854_F08; Haas et al., 2007), istl1-1 (SALK_021562;
Buono et al., 2016), and sid2-2 (Wildermuth et al., 2001).
Expression cassettes containing ACBG9pro:sGFP-ABCG9
(Choi et al., 2014), ABCG16pro:GFP-ABCG16 (Yim et al.,
2016), or GFP-LTP (pAt5g62080:At5g62080-GFP; Huang et al.,
2013) were introduced into Col-0 and istl1 �/� lip5 þ/�
by Agrobacterium-mediated transformation and crossed
with lip5 to obtain homozygous lip5 mutant plants. The
fluorescent protein markers VHAa1-GFP (Dettmer et al.,
2006), RabF2a-GFP (WAVE7; (Geldner et al., 2009), and sec-
RFP (Samalova et al., 2006) were introduced into the mutant
lines by crossing.

Plants were grown in growth chambers at 22�C or 28�C
under 16 h of light (fluorescent lights; 120 mm m�2 s�1)
and 8 h of dark cycle. Seeds were pretreated with 70% etha-
nol for 10 min, surface-sterilized in 25% concentrated bleach

for 1 min, and washed in distilled water at least four times.
Seeds were sown on plates containing 0.5� Murashige and
Skoog salts supplemented with 1% sucrose, stratified at 4�C
for 2–4 days, and set to germinate.

Pollen viability assay
Alexander’s staining of pollen was performed as previously
described (Peterson et al., 2010). Briefly, flower buds where
fixed in Carnoy’s fixative (6 ethanol:3 choroform:1 acetic
acid) with brief vacuum infiltration for 2 h. Following fixa-
tion, anthers were quickly dissected from the bud on a mi-
croscope slide in a drop of fixative, and a few drops of
Alexander’s staining solution (10 mL 95% ethanol, 1 mL of
1% solution malachite green in 95% ethanol, 25-mL glycerol,
5 mL of 1% acid fuchsin in water, 0.5 mL of 1% solution
Orange G in water, 4-mL glacial acetic acid, and distilled
water to a total of 100 mL) were added to the sample.
A coverslip was placed on top and the slide was places on a
hot plate for a few seconds. Images were captured on
an Olympus BX60 epifluorescence microscope and analyzed
using FIJI (Schindelin et al., 2012).

Transmission electron microscopy and electron
tomography
Anthers were high-pressure frozen/freeze-substituted for
transmission electron microscopy. Anthers at various stages
of development were dissected and frozen in a Baltec HPM
010 high-pressure freezing machine. For ultrastructural
analysis, samples were quick-freeze substituted in 2% (w/v)
OsO4 in anhydrous acetone at �80�C overnight, followed
by warming to room temperature on a rocker with slow agi-
tation for 3–4 h and incubation at room temperature for
�1 h. After several acetone rinses, the samples were infil-
trated in a series of Epon resin (Electron Microscopy
Sciences) changes (10% [v/v] resin in acetone, 25%, 50%,
75% over the course of several hours and three 100%
exchanges of 12 h, 3 h, 3 h) before embedding and polymer-
izing at 60�C for 24 h. Morphological measurements were
done using FIJI (Schindelin et al., 2012).

For electron tomography, 300-nm-thick sections of EPON-
embedded high-pressure frozen/freeze-substituted anthers
were mounted on formvar-coated copper slot grids and
stained with 2% uranyl acetate in 70% methanol and
Reynold’s lead citrate (2.6% lead nitrate and 3.5% sodium
citrate, pH 12). Colloidal gold particles 15 nm in diameter
were used as fiducial markers to align the series of tilted
images. The sections were imaged in a Tecnai TF30 interme-
diate voltage electron microscope (Thermo Fisher) operated
at 300 kV. The images were taken from þ60� to –60� at
1.0� intervals along two orthogonal axes (Mastronarde,
1997) and collected with a US1000 camera (Gatan) at a
pixel size of 0.558 nm. Tomograms were computed using
the simultaneous iterative reconstruction technique (Gilbert,
1972) using the IMOD software package (Kremer et al.,
1996). Tomograms were displayed and analyzed with
3Dmod, the graphic component of the IMOD software
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package. The thinning factor for each tomogram was calcu-
lated and corrected in the models.

Scanning electron microscopy
Scanning electron microscopy was performed on a FEI
Quanta 200 under high vacuum. Mature pollen from open
anthers was adhered to stubs without fixation and coated
with a 5 nm layer of platinum using a Leica EM ACE600
High Vacuum Sputter Coater.

Confocal laser scanning microscopy
Fluorescent confocal images were captured using a Zeiss
model no. LSM 780 or LSM 710 with a �20 objective (Plan-
Apochromat NA¼ 0.8, Carl Zeiss) or �40 objective (LD C-
Apochromat NA¼ 1.1 or C-Apochromat NA¼ 1.2, water-
immersion, Carl Zeiss). GFP was excited using a 488 nm ar-
gon laser and emission collected from 490 to 597 nm using
a 488/561/633 MBS filter (Carl Zeiss). Chlorophyll was ex-
cited by a 633 helium–neon laser and emission collected
from 647 to 721 nm. Sec-RFP was excited using a 514 nm
argon laser and emission collection at 531–703 nm using a
458/514 MBS filter (Carl Zeiss). Anthers were dissected
according to bud size and corresponding to stage as de-
scribed previously (Sanders et al., 1999). Quantification of
confocal images was done with FIJI (Schindelin et al., 2012)

Anther wax extraction and analysis
Approximately 50 anthers per replicate of the Col-0 control
and each of the mutant plants were harvested, immediately
frozen, and lyophilized until further use. Each replicate was
placed in glass tubes, immersed in 5-mL chloroform, and
extracted for 1 min by gently inverting the tube. After trans-
ferring the extract to a new tube, 1 lg of each internal stan-
dard, namely n-tetracosane (24:0 alkane), 1-pentadecanol
(15:0-OH), and heptadecanoic acid (17:0) were added to
each sample. The chloroform extracts were evaporated un-
der a nitrogen stream.

Wax extracts were chemically treated to form trimethyl-
silyl ester and ether derivatives as described previously
(Razeq et al., 2014). After resuspending each derivatized
sample in 200-lL hexane, the samples were transferred to
GC vials with inserts and analyzed by GC–MS on a TRACE
1300 Thermo Scientific GC with a Thermo Scientific ISQ
Single Quadrupole MS detector. Splitless injection was used
with a TG-5MS capillary column (30 m � 0.25 mm i.d., and
0.10 mm film thickness) and a helium flow set at 1.0 mL
min�1. Temperature settings were as follows: inlet 330�C,
detector 300�C, oven temperature set at 150�C for 3 min
and then increased to 300�C at a rate of 4�C min�1, with a
final hold at 300�C for 5 min. Wax components were identi-
fied by their relative retention times and characteristic mass
spectra.

ESCRT gene expression analysis
Gene expression analysis of Arabidopsis ESCRT genes was
performed using publicly available RNA-sequencing data
from pollen (Loraine et al., 2013; NCBI database Sequence

Read Archive accession number SRP022162), microspores
(Wang et al., 2020; Gene Expression Omnibus (GEO) acces-
sion number GSE129744), tapetum (Li et al., 2017; GEO ac-
cession number GSE102528), and root tissues (developing
cortex and meristem; Li et al., 2016; BioProject accession
number PRJNA323955). To make the RNA-sequencing data
comparable across different tissues, the relative expression
unit (FPKM or Fragments Per Kilobase of transcript per
Million mapped reads) was converted to TPM (Transcripts
Per Million). Then, log(TPMþ 1) was calculated and plotted
using the heatmap.2 function (https://cran.r-project.org/
web/packages/gplots/index.html) in R (https://www.r-proj
ect.org).

Statistical analysis
Statistical analysis was performed in Microsoft Excel unless
otherwise stated. Unpaired two-tailed Student’s t test was
used to compare means from two groups, and one-way
analysis of variance (ANOVA) used for multiple comparisons
with a post hoc Tukey test conducted using an online calcu-
lator (astatsa.com) and with GraphPad Prism (https://www.
graphpad.com/scientific-software/prism/). Statistical data
from relevant figures are provided in Supplemental File S1.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL libraries under the following accession num-
bers: LIP5 (AT4G26750); ISTL1 (AT1G34220); SID2
(AT1G74710); ABCG9 (AT4G27420); ABCG16 (AT3G55090);
and LTP (AT5G62080).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Pollen viability in istl1 lip5 sid2
anthers from plants grown at 22�C.

Supplemental Figure S2. Transmission electron micro-
graphs of abnormally vacuolated and collapsed pollen grains
in istl1 lip5 anthers.

Supplemental Figure S3. Anther wall development.
Supplemental Figure S4. Confocal imaging of MVE and

TGN markers in the tapetum.
Supplemental Figure S5. Distribution of mitochondria in

tapetal cells.
Supplemental Figure S6. ESCRT gene expression in differ-

ent cell types.
Supplemental File S1. ANOVA tables.
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