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Programmed cell death (PCD)-triggered degradation of plant tapetum is essential for microspore development and pollen coat
formation; however, little is known about the cellular mechanism regulating tapetal PCD. Here, we demonstrate that Rab7-
mediated vacuolar transport of tapetum degradation-related cysteine proteases is crucial for tapetal PCD and pollen
development in Arabidopsis (Arabidopsis thaliana), with the following evidence: (1) The monensin sensitivity1 (mon1) mutants,
which are defective in Rab7 activation, showed impaired male fertility due to a combined defect in both tapetum and male
gametophyte development. (2) In anthers, MON1 showed preferential high level expression in tapetal cell layers and pollen. (3)
The mon1 mutants exhibited delayed tapetum degeneration and tapetal PCD, resulting in abnormal pollen coat formation and
decreased male fertility. (4) MON1/CALCIUM CAFFEINE ZINC SENSITIVITY1 (CCZ1)-mediated Rab7 activation was
indispensable for vacuolar trafficking of tapetum degradation-related cysteine proteases, supporting that PCD-triggered
tapetum degeneration requires Rab7-mediated vacuolar trafficking of these cysteine proteases. (5) MON1 mutations also
resulted in defective pollen germination and tube growth. Taken together, tapetal PCD and pollen development require
successful MON1/CCZ1-mediated vacuolar transport in Arabidopsis.

Proper pollen development is essential for successful
reproduction of flowering plants. The development of
fertile pollen requires nutritive contributions from the

surrounding cell layers (Xie et al., 2014; Zhang et al.,
2014). The tapetum is of particular importance in this
regard by providing proteins, lipids, and other mate-
rials. Through proper programmed cell death (PCD)-
mediated tapetum degeneration, the tapetum provides
proteins and lipids for the development of microspores
into mature pollen grains (Varnier et al., 2005; Ito et al.,
2007; Phan et al., 2011; McCormick, 2013). Premature or
delayed tapetal PCD results in sterile pollen due to dis-
ruption of nutrient supply (Ku et al., 2003; Millar and
Gubler, 2005; Kawanabe et al., 2006; Vizcay-Barrena
and Wilson, 2006; W. Zhang et al., 2006). Proper tapetal
PCD is regulated by a set of transcription factors as well
as their downstream proteolytic enzymes, including
aspartic and Cys proteases, which play important roles
in the execution of plant tapetal PCD (Li et al., 2006; Yang
et al., 2007; Xu et al., 2010; Richau et al., 2012; Niu et al.,
2013). Many of these proteolytic enzymes are activated
in an acid pH environment and perform their function in
tapetal PCD (Lam and del Pozo, 2000; Kuroyanagi et al.,
2002; Hatsugai et al., 2004; Zhang et al., 2014). Despite
the importance of these proteolytic enzymes to plant
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reproduction, little is known about the cellular basis in
regulating their transport and contribution to tapetal
PCD and pollen development.
In animals, the PCD is executed by caspases (Cys-

containing Asp-specific proteases). In plants, several
studies suggest that proteolytic enzymes, including
aspartic and Cys proteases, have caspase-like activity
and function in PCD, although plants have no direct
homologs to animal caspases (Solomon et al., 1999; Lam
and del Pozo, 2000; Hatsugai et al., 2004; Hatsugai et al.,
2015). In Arabidopsis (Arabidopsis thaliana), Cys prote-
ases are synthesized in the endoplasmic reticulum (ER)
as the proprotein precursor form, and self-catalytically
converted into the mature form in an acidic environ-
ment such as the vacuole (Kuroyanagi et al., 2002;
Hatsugai et al., 2004; Gu et al., 2012; Zhang et al., 2014;
Hatsugai et al., 2015; Chung et al., 2016). It has been
speculated that the maturation process of these Cys
proteases occurs in vacuoles during the PCD. For ex-
ample, the mature form of VPE (vacuolar processing
enzyme) released from ruptured vacuoles initiates the
proteolytic cascade that leads to PCD in the plant im-
mune response aswell as tissue development (Hatsugai
et al., 2015). Although PCD has been well studied for its
essential function in plant development and defense
response, the role of vacuoles and vacuolar transport in
regulating PCD remains elusive (Hatsugai et al., 2009,
2015; Hatsugai and Hara-Nishimura, 2010).
In plant cells, the vacuole often occupies almost 90%

of cellular volume in mature tissue cells and plays di-
verse cellular functions (Rojo et al., 2001). Vacuolar
transport of proteins is tightly controlled by a series of
machinery proteins, including Rab GTPases, which
function as key molecular switches to coordinate ve-
sicular transport (Cui et al., 2016). Previous studies
showed that activation of Rab7 by the MONENSIN

SENSITIVITY1 (MON1)/CALCIUM CAFFEINE ZINC
SENSITIVITY1 (CCZ1) complex is essential for pre-
vacuolar compartment (PVC)-to-vacuole trafficking
andplant growth (Cui et al., 2014; Ebine et al., 2014; Singh
et al., 2014). Here, we further demonstrate that Rab7-
mediated vacuolar trafficking of tapetum degradation-
related Cys proteases plays important roles in proper
tapetal PCD, pollen coat formation, and plant repro-
duction. This study has thus unveiled a previously
unidentified regulatory mechanism of Rab7-mediated
vacuolar transport in regulating tapetal PCD and pollen
development in plants.

RESULTS

Abnormal Deposition of Pollen Coat Materials Occurs in
mon1 Mutants

Werecently found twoMON1knockout lines,mon1-1and
mon1-2, showing a dwarf phenotype (Supplemental
Fig. S1, A and B; Cui et al., 2014). In this report, we
further identify and characterizemale sterile phenotype
of mon1, which was caused by defective pollen coat
formation based on the following evidence: (1) The
mon1 mutants exhibited reduced fertility as indicated
by nonelongated siliques, inside which no mature
embryo was formed, and this phenotype was recov-
ered by GFP-MON1 back transfer (Fig. 1, A–H;
Supplemental Fig. S1, C–E). (2) A substantial por-
tion (65%) of mature pollen from mon1 homozygous
mutants showed irregular pollen coat patterns and
a deformed shape, compared with the wild type,
heterozygous mon1+/2, and GFP-MON1/mon1-22/2

(Fig. 1, I–L; Supplemental Fig. S2). This suggests a
function of MON1 in pollen coat formation. Further
transmission electron microscopy (TEM) analysis using

Figure 1. Themon1mutants exhibit defects in
pollen coat formation, causing decreased
male fertility. A to C, Impaired fertility inmon1
was indicated by nonelongated siliques of
representative primary inflorescences. Non-
elongated siliques were found in mon1-2 mu-
tants (B). Bars = 1 cm. D to G, Nonelongated
siliques from mon1-2 mutants did not contain
any mature embryos. Bars = 1 mm. H, Signifi-
cant decrease of mon1 fertility indicated by
quantitative analysis of silique developmental
phenotype. I to P, SEMand TEM images showed
mon1-22/2 mutants (K and O) had abnormal
pollen coat compared with the wild type (I and
M), mon1-2+/2 (J and N), and GFP-MON1/
mon1-22/2 (L and P). The arrows in K and O
indicate abnormal coat formation inmon1-22/2

mutants. Bars = 10mm in I to L and 2mm inM to
P. WT, Wild type.
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pollen grains at the same developmental stages also
showed that the pollen coats of mon1-22/2 have defects
compared with the wild type, mon1-2+/2, and GFP-
MON1/mon1-22/2 (Fig. 1, M–P). (3) In mon1 mutants,
due to the pollen coat defects, fewermature pollen grains
were released from the anther and adhered to the stigma
(Fig. 2, A–D; Supplemental Fig. S1, F and G). The re-
duced fertility was not caused by the shorter filaments
observed in mon1 mutant, because compared with the

wild type, fewer pollen grains from mon1-2 were at-
tached to stigmas when hand-pollinated to wild-type
stigma (Supplemental Fig. S1F). (4) Compared with the
wild type (90%), fewer pollen grains from mon1 (50%)
showed complete hydration at 11 min after pollination
on wild-type stigmatic papillae (Fig. 2, E and F), indi-
cating a defective hydration process in mon1 pollen
grains. High humidity partially rescued this defect of
mon1 (Fig. 2G). The mon1 stigmatic papillae showed no
defect for accepting wild-type pollen (Fig. 2H). (5) The
floral organs of mon1-2 mutants were around 25%
smaller compared with the wild type but showed no
obvious flower developmental defect (Supplemental
Fig. S3, A–D). Using Alexander and 49,6-diamidino-2-
phenylindole (DAPI) staining, no difference was ob-
served regarding pollen viability between the wild type
andmon1-2 (Supplemental Fig. S3, E–H), indicating that
MON1 did not regulate flower development and pollen
viability. Taken together, these results demonstrated
that MON1 is required for pollen coat formation and
plant reproduction.

Preferential Expression of MON1 in Tapetal Cell Layers Is
Essential for Tapetum Degeneration

In plants, production of viable pollen in anther loc-
ules depends on both the proper development of mi-
crospores and tapetum degeneration that provides
materials for pollen coat formation (Li et al., 2006; Ito
et al., 2007; Yang et al., 2007; Zhang et al., 2014). Here,
we have discovered that expression of MON1 in the
tapetal cell layers is essential for tapetum degeneration.
The Arabidopsis genome encodes one MON1. Based
on the Arabidopsis eFP Browser, MON1 showed rel-
ative high expression in various organs and tissues,
including the flower and pollen (Supplemental Fig. S4;
Winter et al., 2007). RNA in situ hybridization analysis
showed that MON1 is highly expressed in the tapetal
cell layers during anther developmental stages 5 to
11 as well as in pollen grains (Fig. 3). The specific ex-
pression of MON1 in tapetum suggests that MON1
was involved in pollen coat formation, while MON1
expression in pollen grains indicates a function in
pollen germination and tube growth. To further define
MON1 function in pollen coat formation, we per-
formed histological analyses using wild-type and
mon1-2 anthers at stages 5 to 12. Compared with the
wild type, delayed tapetum degeneration was ob-
served in mon1-2mutants from stages 10 to 12 (Fig. 4).
Wild-type tapetal cells began to shrink at stage 10 and
gradually degenerate into a thin and broken layer at
stage 11, and disappeared completely at stage 12 (Fig.
4, D–F). However, mon1 tapetum remained intact and
became slightly hypertrophic until stage 11, and at
stage 12 a thin and broken layer of tapetum was still
visible (Fig. 4, K and L). TEM analysis also showed a
delayed degeneration of tapetal cells in mon1 com-
pared with the wild type, suggesting the notion that
MON1 is involved in tapetum degeneration (Fig. 5).

Figure 2. Defective pollen coats of mon1 result in decreased pollen
adhesion to the stigma and a slower pollen hydration process. A to D,
Fewer pollen grains were released and attached to the stigma in the
mon1mutant as shown by light and SEM imaging. Bars = 1mm in A and
B and 20mm in C andD. E to H, Comparedwith thewild type (E), pollen
(indicated by arrows) from the mon1 mutant (F) showed a slower hy-
dration process when pollinated on the wild-type stigmatic papilla
under low-humidity conditions (,40%). High humidity (.80%) par-
tially rescued this defect of mon1 (G). Wild-type pollen showed a
normal hydration process when pollinated on the mon1 stigmatic pa-
pilla under low-humidity conditions (H). Bars = 10 mm.WT, Wild type.
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TheMON1Mutation Causes Delayed PCD in Tapetal Cells

Tapetum degeneration relies mainly on tapetal PCD,
which consists of sequential cytological events, in-
cluding shrinkage of cytoplasm and nuclear, fragmen-
tation of DNA, rupture of the vacuole, and ER swelling
(Wilson and Zhang, 2009; Chang et al., 2011). The
delayed tapetum degeneration inmon1may be due to a
delayed tapetal PCD. To test this hypothesis, we per-
formed terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assays on wild-type
and mon1 anthers at stages 8 to 12, in which positive
signals indicate cells that undergo massive DNA frag-
mentation (Fig. 6). In the wild type, tapetal cells undergo
PCD for tapetum degeneration from late stage 10 (Fig.
6G; Xie et al., 2014). By contrast, in the mon1 mutant,
weak TUNEL-positive signals began to be detected at
stage 11 and 12, showing delayed PCD in mon1 (Fig. 6, J
and L). No TUNEL-positive signal was detected before
stage 10 in the wild-type andmon1mutants (Fig. 6, A–F).
Tapetum-specific organelles, including the tapetosomes
and elaioplasts, showed no difference in the wild type
andmon1, excluding the possible involvement of MON1
in their biogenesis (Supplemental Fig. S5, B and C;
Quilichini et al., 2014). These results suggest that MON1
is crucial for the proper timing of tapetal PCD. To know
whether MON1 dependent PCD is general, we have
performed the root cap PCD experiments according to
the previous study (Fendrych et al., 2014). The results

showed no significant difference between the wild type
and mon1 in root cap PCD process (Supplemental Fig.
S6). This led us to conclude that the MON1-mediated
PCD is not involved in the root cap PCD process.

Tapetal PCD Requires Cys Protease Transport to
the Vacuole

The observation of enlarged PVCs inmon1 tapetal cells
indicates that vacuolar transport may contribute to
tapetal PCD (Fig. 7). Several Cys proteases, including
RD21, RD19, RDL1, and AT4G32940, were reported to
show coordinated down-regulation of expression in the
ms1 or ams mutants and were speculated to play signif-
icant roles in tapetal PCD (Yang et al., 2007; Xu et al.,
2010). MON1/CCZ1-mediated Rab7 activation contrib-
utes to vacuolar transport of most soluble cargo proteins,
including storage proteins and lytic vacuole markers
(Cui et al., 2014; Ebine et al., 2014; Singh et al., 2014). We
thus hypothesized that MON1/CCZ1-mediated vacuo-
lar transport plays a key role in the regulation of matu-
ration of tapetum degradation-related Cys proteases. To
test this hypothesis, we analyzed vacuolar processing of
Cys protease RD21 using flower buds from thewild type
and mon1 mutants. RD21 was detected as three forms:
proform (pRD21), intermediate isoform (iRD21); and
mature RD21 (mRD21; Hayashi et al., 2001; Gu et al.,
2012). pRD21 showed more accumulation in mon1-2

Figure 3. Preferential expression of MON1 in
tapetum and pollen. High expression ofMON1
in tapetum and pollen was detected by RNA
in situ hybridization in anthers at different
development stages as indicated usingMON1
antisense (A–E) andMON1 sense (F–J) probes.
All sections are transverse. The pink-purple
color indicates the hybridization signals. The
strong signals were detected in tapetum and
pollen grains from stage 5 to 11 (A–E). Control
hybridizations with sense probes forMON1 do
not show any signals above background (F–J).
Bars = 10 mm.

Figure 4. MON1 mutation results in delayed
tapetum degeneration. Semithin sections showed
delayed tapetum degeneration in mon1-2 com-
pared with the wild type (WT). Transverse sem-
ithin sections of wild-type (A–F) and mon1-2
(G–L) anthers at indicated stages were rep-
resented. The tapetal cells were completely
degenerated at stage 12 in the wild type (F);
however, residue from degenerating tapetal
cells remained at stage 12 inmon1-2 (L). The
arrows in D, E, and J to L indicate tapetal
cells. Bars = 20 mm.
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mutants than in the wild type, supporting that MON1
loss of function inhibited maturation of newly synthe-
sized proteases, which is likely caused by inhibited vac-
uolar trafficking of RD21 inmon1 (Fig. 7A). We speculate
that MON1/CCZ1-mediated Rab7 activation is essential
for RD21 transport to the vacuole, which provides an
acidic environment for enzyme maturation. Further
immunogold TEManalysis showed that theCys protease
RD21 accumulated in enlarged PVCs at stage 9 inmon1-2
tapetal cells. By contrast, in the wild type, RD21 suc-
cessfully reached the vacuole, supporting that vacuolar
transport of RD21 was essential for protease maturation,
which was inhibited in mon1 tapetum (Fig. 7, B and C).
The high and lowmagnification images and quantitative
analysis of PVCs in the wild type and mon1 mutant
showed that the size of PVCs in mon1 is significantly
enlarged compared with the wild type (Fig. 7, D–G;
Supplemental Fig. S5A).

Vacuolar Trafficking of Tapetum Degeneration-Related
Cys Proteases Requires Rab7 Activation by MON1/
CCZ1 Complex

In Arabidopsis protoplasts, vacuolar trafficking of
the soluble vacuolar marker Aleu-GFP was inhibited
when coexpressed with dominant negative Rab7 (Fig.
8, A–C). When expressed individually in Arabidopsis
protoplasts, RD21 showed a vacuolar pattern; however,

when coexpressed with the dominant negative Rab7,
the vacuolar trafficking of RD21 was inhibited as they
were accumulated inside the enlarged PVCs (Fig. 8, D–
F). These results demonstrate that vacuolar trafficking
of the Cys protease RD21 requires Rab7 activation by
MON1/CCZ1. In addition, we further tested three
other Cys proteases (RD19, RDL1, and AT4G32940),
which were down-regulated in ms1 or ams mutants, as
well as a putative Cys protease gVPE, which was
reported to participate in PCD for the plant immune
response and proposed to be involved in reproductive
development (Hatsugai et al., 2004; Yang et al., 2007; Xu
et al., 2010; Hatsugai et al., 2015). Here, single expres-
sion of these Cys proteases, including RD19, RDL1,
AT4G32940 and gVPE, all showed vacuole localization;
however, when coexpressed with dominant negative
Rab7, the vacuolar trafficking of these Cys proteases
was inhibited (Fig. 8, G–R). We have also performed
the transient expression in leaf protoplasts of the wild
type and mon1. The results consistently showed that
vacuolar transport of Aleu-GFP and RD21-GFP was
dependent on MON1, similar to the situation when
coexpressing with the dominant negative Rab7 mutant
(Fig. 9). These results further support the conclusion
that dominant negative Rab7 has equal effect as MON1
mutation. In summary, based on these results we pro-
pose that tapetal PCD requires successful vacuolar
transport of Cys proteases through RAB5/RAB7 se-
quential action on PVCs. In wild-type tapetum, mature
enzymes were released and triggered the tapetal PCD
after vacuole rupture. Tapetal cell contents, including
the tapetosomes and elaioplasts, then contributed to the
pollen coat formation (Fig. 10A). However, MON1
mutation inhibited vacuolar transport of Cys proteases
and their maturation, resulting in delayed tapetal PCD
and abnormal pollen coat formation (Fig. 10B).

MON1 Mutation Results in Defective Pollen Germination
and Tube Growth

Proper pollen germination and tube growth are a
prerequisite of double fertilization and seed formation
in flowering plants (Lu et al., 2011; Dresselhaus and
Franklin-Tong, 2013; Duan et al., 2014; Dresselhaus
et al., 2016). To further test whether pollen coat defects
would lead to reduced pollen germination and tube
growth, we perform the in vitro and in vivo pollen
germination assay. The germination rate of the pollen
grains in vitro decreased significantly in homozygous
mon1-2 (46%6 9%) comparedwith that in the wild type
(85% 6 2%), heterozygous mon1-2 (75% 6 6%), and
GFP-MON1/mon1-2 (82%6 3%), suggesting thatMON1
regulates pollen germination (Supplemental Fig. S7).
MON1also regulates pollen tube growth because in vivo
aniline blue staining on emasculated wild-type pistils
hand-pollinated with pollen grains from either the wild
type ormon1-2 showed decreased pollen tube growth of
mon1. At 9 h after pollination (HAP), wild-type pollen
tubes reached to the middle part of a pistil, while pollen

Figure 5. The mon1-2 shows delayed tapetum degeneration in TEM
analysis. High-pressure frozen/freeze-substituted anthers at stages
11 and 12were examined. TEM images of 70-nm-thick sections showed
close-up views of tapetal cells and pollen coat structures in the wild
type (WT; A andC) andmon1-2 (B andD). The arrowheads in A indicate
the degradation of tapetal cells in the wild type. The arrow in C shows
the fully packed pollen coat in the wild type. Bars = 2 mm.
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tubes ofmon1 just emerged from the style (Supplemental
Fig. S8, A and B). At 12 HAP, most wild-type pollen
tubes had reached to the bottomof a pistil (Supplemental
Fig. S8C). By contrast, pollen tubes of mon1 just reached
the middle part of a pistil (Supplemental Fig. S8D). The
decreased pollen tube growth of mon1 could be caused
by either pollen coat defects or pollen defects or both.
To find out, we performed reciprocal crosses between
mon1+/2 and the wild type. Pollen transmission rate
of mon1-1 (mon1-1+/2:wild type = 42:62) and mon1-2
(mon1-2+/2:wild type = 44:60) were slightly lower than
expected (1:1), while female gametophytes were not
affected (Supplemental Table S1). In addition, limited
pollination assay with limited pollen grains from the
wild type, mon1+/2, or mon12/2 manually pollinated
onto emasculated wild-type pistils showed lower ratio
of fertilization of ovules from mon12/2 (65%) com-
pared with the wild type (95%) and mon1+/2 (89%).
When limited pollen grains from the wild type were
manually pollinated onto emasculated the wild type
or mon12/2 pistils, they showed comparable ratio of
fertilization of ovules from wild-type (95%) and
mon12/2 (91%) pistils. These reciprocal crosses further
support that the reduced fertility in mon1 mutant is
caused by MON1 function in pollen coat formation
and pollen development. Taken together, these results
suggest that abnormal pollen coats in mon1 contribute
mainly to the decreased pollen germination and tube

growth.MON1 showed high expression in both tapetum
and pollen, indicating MON1 function in both tapetal
cell layers and mature pollen grains (Fig. 3). Previous
studies show that proper endomembrane trafficking is
essential for pollen tube growth (de Graaf et al., 2005;
Zhang et al., 2010; Zhang andMcCormick, 2010; Li et al.,
2013; Zhao et al., 2013). Our results also showed im-
paired vacuolar trafficking inmon1mutant pollen tubes.
In wild-type germinated pollen tube, MON1 showed
a punctate pattern and Rab7 (RABG3f) localized to
endosomes and tonoplast, similar to that in roots
(Supplemental Fig. S9, A–F; Cui et al., 2014; Ebine et al.,
2014; Singh et al., 2014). Inmon1 germinated pollen tube,
the GFP-RABG3f lost its tonoplast pattern and showed
punctate dots, which were separated with the mCherry-
RHA1 positive PVCs, indicating that in mon1 mutant
pollen tubes protein transport between PVCs and the
vacuole was also inhibited, whichmay also contribute to
the pollen tube growth defect in mon1 (Supplemental
Fig. S9, G and H).

DISCUSSION

In plants, tapetal PCD is a prerequisite for normal
pollen development and successful reproduction (Xie
et al., 2014; Zhang et al., 2014; Dresselhaus et al., 2016).
Through tapetal PCD process, tapetum provides its

Figure 6. MON1 loss of function results in
delayed tapetal PCD. Delayed PCD was
detected inmon1 comparedwith thewild type
(WT) using the TUNEL assay. A to L, Fluores-
cence microscopy of DNA fragmentation
detected using the TUNEL assays in sections of
wild-type and mon1-2 anthers at indicated
stages. Tapetal PCD did not occur until stage
11 (J) in mon1 as indicated by a weak TUNEL
signal (indicated by arrowheads), while in the
wild type the tapetal PCD occurred from late
stage 10 (G). The arrows indicate examples of
the TUNEL signals showing up in wild-type
tapetal cell layers at late stage 10. Bars =
50 mm.
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cellular contents, including lipids and proteins, for pol-
len coat formation (Zhang et al., 2014). In the past de-
cades, much has been known about plant PCD. Distinct
from animals, most mutant plants with single-gene
mutations of conserved PCD components are viable,
indicating the regulations of plant PCD are usually
quantitative or are regulated in response to both devel-
opmental cues and environmental signals (Bozhkov and
Lam, 2011). Recently, promoter-reporter lines, including
PASPA3, RNS3, SCPL48, CEP1, and DMP4, have been
successfully generated for visualizing cells ready for
developmentally regulated PCD, which will largely fa-
cilitate the temporal and spatial observation of plant
PCD process during development (Olvera-Carrillo et al.,
2015). However, the underlying cellular mechanisms in
regulating tapetal PCD remain elusive.Here,we provide
evidence demonstrating that MON1-mediated PVC-to-
vacuole trafficking is crucial for tapetal PCD and pollen
development (Fig. 10). Previous studies in Arabidopsis
show that MON1-mediated Rab7 activation is essential
for PVC-to-vacuole trafficking and plant growth.MON1
forms aMON1/CCZ1GEF complex to bind and activate
Rab7. Plants without functionalMON1 contain enlarged

PVCs and show abnormal vacuolar trafficking, resulting
in arrested plant development and growth (Cui et al.,
2014; Ebine et al., 2014; Singh et al., 2014). In this study,
we observed abnormal pollen coats in both mon1-1 and
mon1-2mutants, which were recovered in GFP-MON1/
mon1 plants (Fig. 1, I–P; Supplemental Fig. S2). In mon1
mutants, abnormal pollen coats caused reduced adhe-
sion to stigma and a slower hydration process, resulting
in reduced fertility as mon1 exhibited shorter or non-
elongated siliques (Figs. 1, A–H, and 2; Supplemental
Fig. S1). Increased humidity partially overcame the hy-
dration defects of mon1 pollen (Fig. 2G) when pollen
hydration experiments were performed under high hu-
midity condition, further supporting the conclusion that
abnormal mon1 pollen coat caused reduced hydration
process. These phenotypic observations suggest that
MON1 also functions in pollen coat formation and pol-
len development. The results from pollination experi-
ments using wild-type pollen and mon1 mutant stigmas
(Fig. 2H) showed no decreased stigma receptivity of
mon1 compared with the wild type, which is consistent
with the conclusion that reduced mon1 fertility was not
due to decreased stigma receptivity. Shorter filaments

Figure 7. Themon1mutant has impaired vacuolar processing of Cys protease RD21 with accumulated proform. A, Immunoblot
and quantitative analysis of total anther protein extracts from thewild type (WT) andmon1-2 at indicated stageswith the antibody
against Cys protease RD21 showed that the proform of RD21 accumulated inmon1-2. RD21was detected as three forms: proform
(pRD21), intermediate isoform (iRD21), and mature RD21 (mRD21). B and C, Immunogold electron microscopy images show
that at stage 9, Cys protease RD21 accumulated in enlarged PVCs (indicated by stars) in mon1-2 (C), while in wild type RD21
mainly reached the vacuole for processing (B). The arrows indicate the labeled gold particles using anti-RD21. V, Vacuole. Bars =
500 nm. D to G, TEM images showed PVCmorphology in wild-type (D and E) andmon1-2 (F and G) tapetum. PVCswere labeled
by anti-VSR (E and G). The stars indicate the PVCs. The arrows indicate the labeled gold particles using anti-VSR. Bars = 500 nm.
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were observed inmon1mutant butwere not the cause for
the fertility problem, because (1) when hand-pollinated
towild-type stigma,mon1-2mutant pollen grains showed
less attachment to wild-type stigma (Supplemental Fig.
S1F), and (2) mon1 pollen grains showed significant re-
duction (mon1 65% versus wild type 95%) in fertilization

when we performed the limited pollination assay using
wild-type stigma. Indeed, RNA in situ hybridization
detected preferential expression of MON1 in tapetal cell
layers as well as pollen in developed anthers (Fig. 3),
indicating MON1 may function in tapetum. In mon1
mutants, significantly delayed tapetal PCD resulted in

Figure 9. In mon1-2 mutant leaf protoplasts,
vacuolar trafficking of soluble vacuolarmarker
and RD21-YFP was inhibited. Aleu-GFP (A)
and RD21-YFP (B) showed vacuolar pattern in
wild-type (WT) leaf protoplasts. However, in
mon1-2mutant protoplasts, Aleu-GFP (C) and
RD21-YFP (D) showed inhibited vacuolar
transport and were accumulated in the en-
larged PVCs as indicated by the PVC marker
mRFP-RHA1. Images were collected using a
confocal microscope from cells at 12 to 18 h
after transfection. Bars = 10 mm. DIC, Differ-
ential interference contrast.

Figure 8. Dominant negative Rab7 mutant (RABG3fT22N) inhibits the vacuolar trafficking of tapetum degradation-related Cys
proteases as well as soluble vacuolar marker. Vacuolar transport of soluble vacuolar marker (A–C) and Cys proteases (D–R) as
indicated was inhibited as they were accumulated inside the enlarged PVCs when coexpressed with RABG3fT22N in protoplasts.
Images were collected using a confocal microscope from cells at 12 to 18 h after transfection. Bars = 10 mm.
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delayed tapetum degeneration, supporting the notion
that MON1 is involved in regulating tapetal PCD (Figs. 4,
5, and 6). In the early stages, we also observed that the
development of middle layer and endothecium was
compromised in mon1 mutant (Fig. 4). Endothecial cells,
together with epidermal cells, provide structural support
to the anther development. The observed defect in
endothecial cells may also contribute to the reduced male
fertility in mon1, but the precise role of the middle layer
remains unknown. The delayed tapetal PCD is the major
reason for the defective mon1 pollen coat formation be-
cause tapetum directly provides materials for pollen coat
formation. Thus, we conclude that MON1-mediated
vacuolar trafficking regulates tapetal PCD.

Tapetum PCD is usually triggered by developmental
cues for pollen coat formation (Van Hautegem et al.,
2015; Van Durme and Nowack, 2016). Proper timing of
tapetal PCD depends on tightly transcriptional regu-
lation of downstream genes by key tapetum-specific
transcription factors, such asMS1 andAMS (Yang et al.,
2007; Xu et al., 2010). Cys proteases acting downstream
of these transcription factors have been identified as
executor in tapetal PCD (Zhang et al., 2014). Vacuolar
transport of proteases has been postulated to be es-
sential for their function in PCD, yet with little evidence
(Zhang et al., 2014). The mon1 tapetal cells contained
enlarged PVCs (Fig. 7, D–G, Supplemental Fig. S5A),
suggesting that defective PVC-to-vacuole transport
may contribute to delayed tapetal PCD in mon1. Usu-
ally plant PCD relies on a tightly regulated amount of
PCD executors, including proteases (Van Durme and
Nowack, 2016). Such factors like RD21 were kept in-
active until they reached an acidic environment in the
vacuole for maturation and activation (Shindo et al.,
2012). Here, through analyzing the vacuolar processing
of tapetum degradation-related Cys proteases in mon1
mutant, we revealed a cellular basis that MON1-
mediated vacuolar transport of these Cys proteases is
essential for proper tapetal PCD (Fig. 10). Considerably

decreased vacuolar processing of Cys protease RD21
was detected in mon1 anther, supporting that complete
vacuolar transport machinery is in need for RD21
maturation (Fig. 7A). Abnormal accumulation of RD21
in enlarged PVCs in mon1 further supports that vacu-
olar processing of RD21 relies onMON1-mediated PVC-
to-vacuole trafficking (Fig. 7, B and C). In Arabidopsis,
there are nine members in RD21 or RD21A-LIKE
PROTEASE1 subfamily. Two previous independent
reports using two individual RD21 null mutants found
that single mutant showed no obvious developmental
phenotype (Gu et al., 2012; Shindo et al., 2012). It is
possible that single mutation of individual has no
phenotype due to their functional redundancy. In ad-
dition to RD21, vacuolar transport of other putative Cys
proteases, including RD19, RDL1, and AT4G32940 that
were down-regulated in ms1 or ams mutants, depends
on MON1-mediated Rab7 activation (Fig. 8, A–O).
Notably, vacuolar transport of another putative Cys
protease gVPE, which was reported to function in plant
immune response PCD, also requires MON1-mediated
Rab7 activation (Fig. 8, P–R). Similar inhibited vacuolar
transport of RD21 and Aleu-GFP was observed inmon1
mutant protoplast, further supporting that dominant
negative Rab7 has equal effect as MON1 mutation (Fig.
9). Different from the above Cys proteases, CEP1 is a
KDEL-tailed Cys protease, and cep1 mutant is male
sterile due to defective tapetal PCD (Zhang et al., 2014).
Previous studies showed two different localization
patterns of CEP1 in different tissues. CEP1 showed ER
pattern in transgenic Arabidopsis roots (Höwing et al.,
2014) but vacuole pattern in tapetal cells (Zhang et al.,
2014). Due to the tissue-specific localization pattern of
CEP1, the possible effects of mon1 on the vacuolar
transport of CEP1 in tapetum can be done in future
research using transgenic Arabidopsis plants express-
ing GFP-tagged CEP1 driven by tapetum-specific pro-
moter in the wild type and mon1. Our study herein
suggests a general cellular mechanism that PCD

Figure 10. Workingmodel for the essential role
of MON1/CCZ1-mediated Rab7 activation in
regulating tapetal PCD. Tapetal PCD requires
Rab7-mediated vacuolar transport of tapetum
degradation-related Cys proteases. Vacuole rup-
ture releases mature Cys proteases, which trig-
gers the PCD in wild-type (WT) tapetum. The
cell contents, including the tapetosomes and
elaioplasts, then contribute to the formation of
pollen coats (A). However, MON1 mutation
inhibits vacuolar transport of Cys proteases and
their maturation, resulting in delayed tapetal
PCD and formation of abnormal pollen coats
(B). Ts, Tapetosome; El, elaioplast.
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requires successful vacuolar transport system. During
tracheary element differentiation, Rab7 is essential for
this developmentally regulated PCD process (Kwon
et al., 2010). Autophagic cell death has been implicated
as a conservedmechanism for both animal andplant PCD
(Avila-Ospina et al., 2014). As MON1/CCZ1-mediated
Rab7 activation is conserved among eukaryotes, this
studywill extend our knowledge about the functional
roles of Rab7-mediated vacuolar transport in regu-
lating PCD in different species in an evolutionary
perspective.
In addition to tapetal cell layers, MON1 also showed

preferential expression in pollen (Fig. 3), indicating that
MON1 may function in pollen development, germina-
tion, and tube growth. Regarding Alexander and DAPI
staining results, no significant difference between the
wild type and mon1 was observed, indicating the nor-
mal pollen viability of mon1 mutants (Supplemental
Fig. S3, E–H). On the other hand, in vitro and in vivo
pollen germination assay using mon1 pollen with ab-
normal pollen coats from mon1 homozygous mutants
showed reduced pollen germination and tube growth
(Supplemental Figs. S7 and S8). The results from the
manual pollination and germination assay (Supplemental
Fig. S8) did not fully phenocopy the reducedmon1 pollen
release and pollen attachment as observed in the natural
condition (Fig. 2, A–D), which may be due to the fol-
lowing reasons: (1) As shown in Figure 2B, fewer pollen
grains were observed inmon1mutant. This can be caused
by reduced pollen release, reduced pollen attachment,
or both. Indeed, when manually pollinated onto wild-
type stigma in a limited fashion, fewer mon1 pollen
grains were attached (Supplemental Fig. S1F), sup-
porting that MON1 mutation affects the pollen grain
release and attachment process. (2) For the in vivo
germination assay in Supplemental Figure S8, to vi-
sualize the pollen tube growth, excessive amounts of
mon1 pollen grains were pollinated onto the wild-type
stigmas, which increased the possibility of pollen
capture and germination on these stigmas. Since not
many pollen grains exist in the mutant plant without
manual pollination, a reduced pollen attachment phe-
notype was thus visible in the mutant.
In mon1 pollen tubes (Supplemental Fig. S9, G and

H), Rab7 showed cytosolic pattern and separated with
Rab5, indicating that Rab5- and Rab7-mediated vacu-
olar transport was inhibited in mon1 pollen tube.
However, homozygous mon1 mutants (46% 6 9%)
showed decreased germination rate compared with the
wild type (85% 6 2%), heterozygous mon1 mutants
(75% 6 6%), and GFP-MON1/mon1-22/2 (82% 6 3%)
in vitro (Supplemental Fig. S7), suggesting the possible
gametophytic effect of MON1 mutation, which may
contribute to the mon1 phenotype as a minor reason. In
plant cells, multiple vacuolar trafficking pathways, in-
cluding the MON1-mediated pathway, exist (Cui et al.,
2014; Ebine et al., 2014; Singh et al., 2014). Thus, other
vacuolar trafficking pathwaysmay also compensate the
inhibitory effect ofMON1mutation inmediating pollen
germination and pollen tube growth.

To distinguish as much as possible tapetum/
sporophyte versus gametophyte MON1 effect, we have
tried our best in this study to provide strong supporting
evidence using different methods. We found that (1)
mon1 homozygous mutant showed reduced ability in
pollen grain release, attachment, rehydration, germi-
nation, and pollen tube growth. The above phenotypes
are from combined defects in tapetum and gameto-
phyte development. (2) mon1 heterozygous mutants,
containing normal pollen coat, only show a slightly
reduced ability in pollen germination in vitro. This in-
dicates the possible gametophytic effect of MON1
mutation, whichmay contribute to themon1 phenotype
as a minor reason. Tissue-specific complementation of
MON1 function in tapetum versus pollen will provide
more precise information about MON1 function in ta-
petum and pollen in future study.

MON1 may function in other types of PCD. To find
out whether MON1-mediated PCD is general or spe-
cific to tapetum, we performed the root cap PCD
experiments (Supplemental Fig. S6) as described pre-
viously (Fendrych et al., 2014). The results showed no
significant difference between the wild type and mon1
in root cap PCD process, indicating that MON1-
mediated PCD is not involved in the root cap PCD
process. More experiments need to be carried out in the
future to learn whether MON1 participates in other
types of PCD.

In conclusion, through the mechanistic study of the
phenotypic change in mon1 mutants, we demonstrated
that MON1-mediated timely vacuolar transport is es-
sential for tapetal PCD and pollen development (Fig. 10).
Our study sheds new light on the underlyingmechanism
of how Rab7-mediated vacuolar transport contributes to
tapetal PCD and pollen development in plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The T-DNA insertion line (SALK_075382) of mon1-1 was obtained from the
Arabidopsis Biological Resource Center (Alonso et al., 2003). The Ds transposon
line (54-4894-1) of mon1-2 was obtained from RIKEN (Sakurai et al., 2005). The
Arabidopsis (Arabidopsis thaliana) WAVE lines expressing YFP (WAVE 1),
mCherry-RHA1 (WAVE 7), and YFP-VAMP711 (WAVE 9) were obtained from
the Nottingham Arabidopsis Stock Centre (Geldner et al., 2009). To generate
GFP-RABG3f, GFP-RABG3fQ67L, and GFP-RABG3fT22N transgenic plants, the
corresponding constructs were introduced into Agrobacterium tumefaciens and
transformed into wild-type Arabidopsis plants by the floral dip method
(X. Zhang et al., 2006). Seedlingswere grown on standardMurashige and Skoog
growth medium supplemented with 1% Suc at 22°C under a long-day (16 h
light/8 h dark) photoperiod.

Plasmid Construction

Detailed primer sequences are listed in Supplemental Table S2. For the GFP-
RABG3f, GFP-RABG3fQ67L, and GFP-RABG3fT22N constructs, GFP fusions of
Rab7 mutants were cloned into the pBI121 backbone (under the UBQ10 pro-
moter). For the following transient expression constructs, RD21-YFP, RD19-
YFP, RDL1-YFP, AT4G32940-YFP, and gVPE-YFP, the individual gene
was amplified and cloned into the pBI221 backbone for construction of the
YFP fusion. All constructs were confirmed by restriction mapping and DNA
sequencing.
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Pollen Analysis

To detect pollen viability, mature pollen grains were collected from fully
opened flowers and then stained with Alexander or DAPI dye before capturing
images with a Nikon E80i fluorescent microscope. Pollen in vitro germination
and invivoanalysiswereperformedasdescribedpreviously (Samuel et al., 2009;
Xie et al., 2014; H. Wang et al., 2016). For pollen hydration analysis, pistils were
cut and attached on a slide. Individual pollen from the wild type or mon1-2
mutants was put on a wild-type stigmatic papilla using an Eppendorf micro-
manipulator system. The images were captured by a Leica confocal microscope
with a CCD camera. The experiments were repeated more than three times. For
limited pollination assay, less than 30 pollen grains from the wild type ormon1-
1 were put onto the emasculated wild-type pistil. At 54 HAP, the number of
fertilized ovules was calculated under a fluorescent microscope.

Scanning Electron Microscopy

Pollen grainswere collected from freshly dehisced anthers and thenmounted
on scanning electronmicroscopy (SEM) stubs. After 3 h of air-drying, the pollen
grains were coated with palladium-gold in a sputter coater (S150B; Edwards)
and examined by SEM (S-3400N; Hitachi) at an acceleration voltage of 10 kV.

Semithin Sections

For semithin sections, anthers at various developmental stageswere prefixed
and embedded as described previously (Xie et al., 2014). Semithin sections of
2 mm were cut using a UC6 ultramicrotome (Leica) and stained with 1% to-
luidine blue O (Sigma-Aldrich). The images were captured by a Leica DM
6000 B microscope.

RNA in Situ Hybridization

In situ hybridizationwas carried out asdescribedpreviously (Xie et al., 2014).
In brief, inflorescences of wild-type plants were fixed in formaldehyde solution
overnight at 4°C. After dehydration, the samples were embedded in Paraplast
(Sigma-Aldrich). The 305 bp MON1 fragment was amplified with the primer
pair MON1-Forward/MON1-Reverse. Sense and antisense probes were tran-
scribed in vitro with digoxigenin-UTP by SP6 and T7 RNA polymerases, re-
spectively. The 8 mm tissue sections were hybridized with 1.0 ng/mL probes at
42°C overnight in a hybridization solution. Digoxigenin antibodies were ap-
plied to detect hybridization signals. The images were captured by an Olympus
BX51 microscope.

TUNEL Assay

The general TUNELassaywas performed as describedpreviously (Fendrych
et al., 2014; Xie et al., 2014; Zhang et al., 2014). In situ nick-end labeling of nu-
clear DNA fragmentationwas carried outwith a TUNEL apoptosis detection kit
(DeadEnd Fluorometric TUNEL system; Promega). Images were captured by a
confocal laser scanning microscope (Zeiss).

Protein Preparation and Immunoblot Analysis

To prepare total proteins, buds at various developmental stages were col-
lected and ground in liquid nitrogen and extracted with the lysis buffer con-
taining 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% SDS, and 13
Complete Protease Inhibitor Cocktail (Roche). For immunoblot analysis, RD21
antibody was used at a dilution of 1:1000. The percentage of pRD21 (pRD21/
(pRD21 + iRD21 + mRD21)) was calculated according to the intensity of im-
munoblot bands, which was measured by ImageJ program as described pre-
viously (Lin et al., 2015).

Transient Expression and Confocal Microscopy Images

MaintenanceofArabidopsis suspension-culturedcellsand transient expression
methods were described previously (Miao and Jiang, 2007; Woo et al., 2015; Zeng
et al., 2015; Shen et al., 2016; X. Wang et al., 2016). The general procedures for
transient gene expression analysis in leaf protoplastwere performed essentially as
described previously (Yoo et al., 2007). Confocal images were collected at 12 to
18 h after transformationusing a Leica TCS SP8 confocalmicroscope. Imageswere

processed usingAdobe Photoshop as described previously (Miao and Jiang, 2007;
Zhao et al., 2015; Zhuang et al., 2015; J. Wang et al., 2016).

Transmission Electron Microscopy Study

The general procedures for TEM sample preparation, thin sectioning, and
immunogold labeling were performed essentially as described previously (Tse
et al., 2004; Gao et al., 2014, 2015). For high-pressure freezing, anthers at various
developmental stages were frozen in a high-pressure freezing machine (EM
HPM100; Leica). Ultrathin sections (70 nm) were obtained with a UC7 ultra-
microtome (Leica), and immunogold labeling was performed with antibodies
against VSR (40 mg/mL) and RD21 (dilution 1:50) and gold-coupled secondary
antibody at a 1:50 dilution (Hayashi et al., 2001; Cui et al., 2014). The sections
were poststained with aqueous uranyl acetate/lead citrate, and images were
capturedwith aHitachiH7650 transmission electronmicroscope (Hitachi High-
Technologies) operating at 80 kV.

Accession Numbers

The Arabidopsis Genome Initiative locus identifiers for the genesmentioned
in this article areMON1 (At2g28390), RABG3f (At3g18820), RD21 (AT1G47128),
RD19 (AT4G39090), RDL1 (AT4G36880), and gVPE (AT4G32940).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. MON1 is essential for normal plant growth and
reproduction.

Supplemental Figure S2. MON1 mutation causes defective pollen coat
formation.

Supplemental Figure S3. The mon1 mutants show normal floral organs
and pollen viability.

Supplemental Figure S4. Arabidopsis eFP Browser report shows MON1
gene expression in different plant organs and tissues.

Supplemental Figure S5. The mon1 tapetum shows normal tapetosomes
and elaioplasts, but enlarged PVCs, in TEM analysis.

Supplemental Figure S6. MON1 mutation does not significantly alter the
PCD in root cap.

Supplemental Figure S7. MON1 mutation causes defective pollen germi-
nation in vitro.

Supplemental Figure S8. The mon1-2 mutants show retarded pollen tube
growth in vivo.

Supplemental Figure S9. Loss of function of MON1 impairs the Rab5-to-
Rab7 transition on PVCs in germinated pollen tubes, resulting in their
retarded growth.

Supplemental Table S1. MON1 mutation results in defective male trans-
mission.

Supplemental Table S2. Primers used in this study.
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