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Mitochondrial fission occurs frequently in plant cells, but its biological significance is poorly understood because mutants
specifically impaired in mitochondrial fission do not show obvious defects in vegetative growth. Here, we revealed that the
production of viable pollen was reduced in mutants lacking one of the three main proteins involved in mitochondrial
fission in Arabidopsis (Arabidopsis thaliana), DYNAMIN-RELATED PROTEIN3A (DRP3A)/Arabidopsis DYNAMIN-LIKE
PROTEIN2A, DRP3B, and ELONGATED MITOCHONDRIA1 (ELM1). In drp3b and elm1, young microspores contained an
abnormal number of nuclei, and mature pollen had aberrant accumulation of lipids in their coat and an irregular pollen
outer wall. Because the formation of the pollen wall and coat is mainly associated with tapetal function, we used 3D imaging to
quantify geometric and textural features of cells and mitochondria in the tapetum at different stages, using isolated single tapetal
cells in which the in vivo morphology and volume of cells and mitochondria were preserved. Tapetal cells and their mitochondria
changed in the volume and morphology at different developmental stages. Defective mitochondrial fission in the elm1 and drp3b
mutants caused changes in mitochondrial status, including mitochondrial elongation, abnormal mitochondrial ultrastructure, a
decrease in cross-sectional area, and a slight alteration of mitochondrial distribution, as well as a large reduction in mitochondrial
density. Our studies suggest that mitochondrial fission is required for proper mitochondrial status in the tapetum and possibly in
pollen as well and therefore plays an important role for the production of viable pollen.

Successful production and release of fertile pollen is
vital for sexual reproduction. The tapetum is the in-
nermost layer of the anther and encloses the locule
where pollen develops. In addition to supplying nu-
trients for pollen growth, the tapetum synthesizes and
transfers pollen outer wall precursors for the forma-
tion of the pollen outer wall (Gu et al., 2014; Xu et al.,
2014; Shi et al., 2015). From the vacuolated-pollen (VP)

stage to the late-tricellular (TC) stage, the tapetum
synthesizes and accumulates pollen coat components,
including neutral lipid, flavonoid, proteins in elaioplasts,
and tapetosomes, and finally undergoes programmed
cell death (PCD) to release pollen coat materials onto the
pollen (Wu et al., 1997, 1999; Buchanan et al., 2000; Hsieh
and Huang, 2007; Li et al., 2012). Therefore, the tapetum
plays a key role in pollen development especially in the
formation of pollen outer wall and pollen coat. To syn-
thesize, secrete, and transfer materials for pollen growth,
the tapetum requires an abundant supply of energy and
metabolism.
In nongreen and metabolically active tapetal cells,

mitochondria are the major energy source involved in
essential metabolism. Cytoplasmic male sterility (CMS),
a useful tool for crop breeding, usually results from mi-
tochondrial malfunction in the tapetum due to an ab-
normal chimeric mitochondrial open reading frame. The
chimeric mitochondrial open reading frame is generated
not only in the tapetum but also in other cells across the
whole CMS plant. However, sporophytic CMS plants
usually display no apparent defect in vegetative growth
but do have severe defects in the tapetum, resulting in
male sterility (Luo et al., 2013; Hu et al., 2014). Tapetal
PCD displays characteristics of mitochondrion-mediated
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PCD (Papini et al., 1999). Cytochrome c release, a feature
of mitochondrion-mediated PCD in animals, was ob-
served during tapetal PCD in CMS lines (Balk and
Leaver, 2001; Luo et al., 2013). These findings indicate
that proper mitochondrial status is tightly associated
with tapetum function and PCD. However, how tapetal
mitochondrial status, including mitochondrial mor-
phology, volume, number, and distribution, is altered
during pollen development remains elusive.

Mitochondrial morphology is linked to cell energy
and metabolic requirements as well as cell fate. To
maintain the basic intracellular energy requirement
and metabolism, and to respond to different cell con-
ditions, mitochondrial amount and morphology need
to be tightly controlled in cells (Scott and Logan, 2011;
Rose and Sheahan, 2012; Mishra and Chan, 2016). The
formation of dynamic mitochondrial networks in cells
is regulated by the fusion and fission machinery. In
plants, several proteins are involved in mitochondrial
fission; among them, dynamin and dynamin-related
proteins play a central role (Arimura, 2018). In Arabi-
dopsis, DYNAMIN-RELATED PROTEIN 3A (DRP3A)/
Arabidopsis DYNAMIN-LIKE PROTEIN2A, DRP3B/
Arabidopsis DYNAMIN-LIKEPROTEIN2B, ELONGATED
MITOCHONDRIA1 (ELM1), PEROXISOMAL and
MITOCHONDRIAL DIVISION FACTOR1, MITO-
CHONDRIAL DIVISION FACTOR 2, and FISSION1A
and FISSION1B are involved in mitochondrial fission
(Arimura and Tsutsumi, 2002; Arimura et al., 2004,
2008; Logan et al., 2004; Mano et al., 2004; Scott et al.,
2006; Fujimoto et al., 2009; Aung and Hu, 2012).
DRP3A and DRP3B belong to the dynamin family and
are localized tomitochondria and peroxisomes (Arimura
and Tsutsumi, 2002; Arimura et al., 2004; Logan et al.,
2004; Mano et al., 2004; Fujimoto et al., 2009). DRP3A
and DRP3B are functionally redundant in mitochondrial
fission but have distinct roles in peroxisome division
(Fujimoto et al., 2009). Plant-specific protein ELM1
(NETWORK1) was the first plant- and mitochondrial-
specific fission protein discovered (Logan et al., 2003;
Arimura et al., 2008; Logan, 2010). ELM1 interacts with
DRP3A and perhaps DRP3B to recruit them to the mi-
tochondrial fission sites (Arimura et al., 2008). However,
the importance of mitochondrial fission in plants is un-
known because the mitochondrial fission mutants with
elongated mitochondria investigated to date do not
display obvious defects in general plant growth.

To better understand the importance of mitochondrial
fission in pollen development, we investigated drp3a,
drp3b, and elm1 mutants and observed that these mu-
tants had elongated mitochondria in the tapetum and
developing pollen, and a reduced pollen number. Fur-
thermore, using 3D imaging of single tapetal cells, we
were able to quantify the volume and morphology of
tapetal cells andwholemitochondrial network aswell as
the geometric and textural features of mitochondria in
wild-type and mitochondrial fission mutants. Our re-
sults showed that the volume and shape of tapetal cells
and mitochondrial amount and morphology in the ta-
petum changed as pollen developed, and defects in

mitochondrial fission caused reductions in pollen pro-
duction possibly by disrupting mitochondrial status in
the tapetum and pollen.

RESULTS

Mutants Lacking DRP3A, DRP3B, and ELM1 Showed
Decreased Production of Viable Pollen

In agreementwithprevious studies (Arimura et al., 2008;
Fujimoto et al., 2009; Aung and Hu, 2012), we did not
detect apparent defects in vegetative growth of null drp3a,
drp3b, and elm1mutants. However, shorter siliques, and a
reduced number of siliques, were observed in the mutants
(Fig. 1, A–E). We further examined the total number of
viable and aborted pollen per anther using Alexander
staining (Fig. 1, F, G, J, K, N, and O; Supplemental Fig. S1,
A–C). Under normal light condition (;110mmolm22 s21),
all mutants displayed a significant increase (3% to 6%) in
aborted pollen and a decrease of ;30% in total pollen
numberper anther, comparedwithwild type (Fig. 1,Nand
O). Expressing ELM1 driven by its native promoter in an
elm1 mutant background restored the relative total pollen
number per anther and the percentage of aborted pollen
number to wild-type levels (Supplemental Fig. S2), indi-
cating that reduced pollen production in the elm1 mutant
was caused by the loss of ELM1.

We also examined wild-type and mutant plants that
had been grown under normal light conditions
(;110 mmol m-2 s21) during the vegetative stage
before being transferred to low light conditions
(;45 mmol m-2 s21) after the emergence of inflores-
cences. In addition to oxidative phosphorylation in mi-
tochondria, carbohydrate breakdown such as glycolysis
is an alternative way to generate ATP in nongreen tis-
sues. In plants, carbohydrate is mainly produced from
photosynthesis and transported to sink tissue such as the
tapetum and pollen. A long period of low-light treat-
ment reduces the activity of PSII and the content of
photosynthetic pigments (Dong et al., 2014; Zhang et al.,
2016),whichmay reduce carbohydrate supply andmake
plants rely more on mitochondrial function. After
transfer to low light, the percentage of aborted mature
pollen did not change in the wild type compared with
that in plants remaining in normal light, but increased
;2-fold in the mutants (Fig. 1, H, I, L, M, and O;
Supplemental Fig. S1, D–F). In addition, the total num-
ber of pollen per anther was reduced 20% in wild type
but was increased 40% in the mutants (Fig. 1N). These
results indicated that mitochondrial fission is important
for the production of viable pollen, especially under low
light conditions. Because ELM1 and DRP3B are known
to primarily affect mitochondrial division, the following
analyses were performed in elm1 and drp3b mutants.

Mitochondria and Pollen in the Fission Mutants Showed
Defective Morphologies

To verify the alteration of mitochondrial morphol-
ogy in mitochondrial fission mutants, we analyzed
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mitochondria in the tapetum and pollen in wild type
and mutants using transmission electron microscopy
(TEM). Our data showed that mitochondria were
elongated in both the tapetum and developing pollen
in elm1 and drp3bmutants, in contrast to the small and
round-shaped mitochondria in wild type (Fig. 2, A–H;
Supplemental Fig. S3). At the young microspore (YM)
stage, elm1 but not drp3b pollen contained a number of
mitochondria that were swollen and had less matrix
content and cristae structure (Fig. 2B). Among the
elongated mitochondria in the mutant tapetum, some
had normal cristae and matrix density (Fig. 2F;
Supplemental Fig. S4), whereas others contained vesicle-
and vacuole-like structures in the matrix or lower cristae
and matrix content (Fig. 2, G and H; Supplemental Fig.
S4). To understand which pollen defect is caused by
mitochondrial fission deficiency, we first performed
Cryo-scanning electron microscopy (Cryo-SEM) to

investigate mature pollen from wild type, elm1, and
drp3b, which showed that wild-type pollen had a clear
reticule-like outer wall pattern and folded inward to
form the “olive” shape (Fig. 3, A, D, andH). However, a
portion of the mutant pollen had aberrant structure on
the pollen outer wall, and some pollen walls were
covered by an overaccumulation of a pollen-coat–like
structure on their surface (Fig. 3, B, C, E, G, and I–K). In
addition, unlike the olive-shaped pollen in the wild
type, a large portion of the pollen in the elm1 and drp3b
mutants was round, which may indicate impaired in-
ward folding of pollen.
Normally the pollen outer wall is covered evenly

with pollen coat components that are mainly composed
of neutral lipids, proteins, and flavonoids, which are
synthesized in the tapetum (Wu et al., 1997; Ting et al.,
1998; Hsieh and Huang, 2005, 2007). Because we ob-
served abnormal material accumulation on the surface

Figure 1. Reproductive growth and
pollen production in wild type and mi-
tochondrial fission mutants. A to E,
Forty-three-d–old plants grown under
normal light conditions, showing whole
plants (A) and siliques of wild type (B),
drp3a (C), drp3b (D), and elm1 (E). Blue
arrows indicate abnormal morphology
of siliques. F to M, Alexander staining of
mature pollen of plants grown under
normal (;110mmolm22 s21; F, G, J, and
K) and low light (;45 mmol m22 s21; H,
I, L, and M) conditions. J to M, Enlarge-
ment of the areas enclosed by the dashed
boxes in (F) to (I). Red asterisks indicate
aborted pollen. N, Relative viable pollen
per anther (versus wild type). O, Per-
centage of aborted pollen. A total of six
anthers from three plants (two anthers
per plant) was used for each experiment
with three biological repeats. All the
pollen in each anther was counted. The
results are shown as mean 6 SE. Statisti-
cally significant difference (P , 0.05) is
indicated by different letters according
to Student’s t test. Scale bars = 5 cm (A);
2 cm (B–E); 50 mm (F–I); 20 mm (J–M).
NL, normal light; LL, low light.
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of elm1 and drp3b pollen, more obvious in the elm1
mutant, we analyzed neutral lipids on the surface
(Fig. 4, A–F) and in the interior (Fig. 4, G–L) of wild-
type and elm1 pollen by imaging the optical top and
cross-view of mature pollen that were stainedwith Nile
Red, a neutral lipid-staining dye. Wild-type and elm1
pollen did not show an obvious difference in the
amount and size of neutral lipid droplets in the pollen
interior (Fig. 4, G–L). However, unlike wild-type pollen
in which neutral lipids were evenly distributed in the
cavities of the pollen outer wall (Fig. 4, A–C and G–I),
neutral lipids formed big clumps on the surface of elm1
pollen (Fig. 4, D–F and J–L). The results indicated that in
mitochondrial fission mutants, the formation of both
pollen outer wall and pollen coat were impaired, im-
plying a disruption of tapetal function.

Because the total pollen number per anther was re-
duced in the mutants, we reasoned that mutant pollen
had defects leading to degeneration before pollen
maturation. To reveal the defect in developing pollen in
the mutants, we analyzed YMs using light microscopy,
4',6-diamidino-2-phenylindole (DAPI) staining, and

TEM. Each wild-type YM contained one nucleus (Fig. 5,
A, D, G, and J), but in the mutants, some YMs possessed
two nuclei (Fig. 5, B, C, E, and F), whereas others lacked a
nucleus (Fig. 5, H, I, K, and L), suggesting that defects in
mitochondrial fission affect nuclear number in YMs. Mi-
tochondria are the major ATP-generating organelles in
pollen, and thus we analyzed ATP content in mature
pollen from wild type and elm1, reasoning that the elm1
mutant would possibly have a stronger influence on
metabolism because it showed more severe defects in
mitochondrial morphology and pollen development.
However, ATP content (pM/mg protein) in elm1 was
similar to that in wild type (Supplemental Fig. S5). These
results suggested that defects in mitochondrial fission dis-
rupted tapetal function and nuclear number in developing
pollen but did not affect ATP content in mature pollen.

Establishment of 3D Imaging of Tapetal Cells
and Mitochondria

Because tapetal function is important for the com-
position of the pollen outer wall and the pollen coat,

Figure 2. TEM images showing mito-
chondrial morphology in the tapetum
and pollen of wild type (WT) and elm1.
A to D, Pollen (A and B) and the tapetum
(C and D) at the YM stage. E to H, Mi-
tochondria in wild-type tapetum (E);
mitochondria with abundant cristae (F),
vacuole- and vesicle-like structures (G),
and lower cristae andmatrix content (H)
in elm1 tapetum. Red asterisks indicate
elongated mitochondria. Yellow arrows
indicate mitochondria containing less
cristae and matrix content. Blue arrows
indicate vacuole- or vesicle-like struc-
tures inmitochondria. Scale bars = 1mm
(A–D); 200 nm (E–H).
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which were obviously affected in elm1 and drp3b mu-
tants, we used tapetal cells to investigate how defective
mitochondrial fission disturbs mitochondrial status, in-
cluding the morphology, number, volume, and distri-
bution in cells. To this end, we generated transgenic
Arabidopsis plants expressing tapetal specific
mitochondrion-targeted GFP (mito-GFP), using
the tapetum-specific promoter of At5g62080 that is
expressed from the pollen mother cell (PMC) to the TC
stage (Huang et al., 2013). Confocal images of anthers
from transgenic plants showed strong and specific ex-
pression ofmito-GFP in the innermost layer, which lacks
the fluorescence signal of chlorophyll (Fig. 6, A–C), in-
dicating that mito-GFP was specifically expressed in the
tapetum, the only layer of the anther wall layers known
to be void of differentiated chloroplasts.
Taking advantage of the fact that there is a relatively

loose connection among tapetal cells and between the

tapetum and the adjacent wall layer (Owen and
Makaroff, 1995), we used fixatives to preserve in vivo
features of cells and then separated tapetal cells from
other anther wall layers to obtain single tapetal cells.
The isolated tapetal cells are relatively thin and trans-
parent, thus facilitating the acquisition of high-quality
images of organelles and the analysis of their detailed
geometric and textural features. In transgenic lines,
mito-GFP was detected in the double-nuclei tapetal
cells (Fig. 6, D and F; Supplemental Movie S1) and
colocalized with the mitochondrion-specific dye Mito-
Tracker red (Supplemental Fig. S6), demonstrating the
targeting of mito-GFP to tapetal mitochondria. We also
stained the entire single tapetal cells with propidium
iodide (PI; Fig. 6G; Supplemental Movie S2), which is a
fluorescence dye for plant cell walls and can only pen-
etrate dead cells. The PI and mito-GFP fluorescence
signals in single tapetal cells were captured and later

Figure 3. Cryo-SEM of pollen of wild type (WT) andmutants. A to C, Dehiscent anthers. D to G, Mature pollen. H to K, Surface of
mature pollen. Scale bars = 50 mm (A–C); 30 mm (D–G); 5 mm (H–K).
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used for 3D imaging of tapetal cells and mitochondria.
Finally, we established a link among the longitudinal
size of flower buds, pollen stages, and the anther stages
classified by Sanders et al. (1999) by differential inter-
ference contrast (DIC) microscopy, DAPI staining, and
TEM (Supplemental Fig. S7) to facilitate routine col-
lection of anthers at different developmental stages.

Tapetal Cells and their Mitochondria Changed in the
Volume and Morphology at Different
Developmental Stages

It was unclear how the tapetum alters its cell volume
to coordinate with pollen growth at different stages and
the process of tapetal PCD. To this end, we analyzed
features of tapetal cells, using single tapetal cells iso-
lated from seven developmental stages: PMC, meiosis,
tetrad, YM, VP, binucleate (BN), and TC. PI-stained
cells were imaged by confocal microscopy, and the

volume and shape of tapetal cells were quantified using
the software IMARIS (Bitplane; Chen et al., 2016) and
MicroP 3D, a homemade MatLab-based software (The
MathWorks; Fig. 7). During pollen development, the
volume of tapetal cells increased.3-fold from the PMC
to the VP stage, after which it remained unchanged at
the BN and TC stages (Fig. 7, A and B). To reveal
changes in tapetal shapes at different stages, the major,
first minor, and second minor axes (y-, x-, and z-axes,
respectively, in the first 3D image of Fig. 7A) of tapetal
cells were measured. Except from the meiosis to tetrad
stage, the ratio of the major and first minor axis of
tapetal cells did not change during development (Fig. 7,
A and C), suggesting that during tapetal cell enlarge-
ment, a similar ratio of major to first minor axis was
mostly maintained. The ratio of major to second minor
axis of tapetal cells was not changed from PMC to YM
but increased at the VP and BN stages (Fig. 7D), indi-
cating that the thickness (z-axis) of tapetal cells was
reduced at the late stage, which agrees with results

Figure 4. Nile red staining of wild-type (WT) and
elm1 mature pollen. Mature pollen was stained
with Nile red, a dye specifically staining neutral
lipids. Images were acquired and processed by a
model no. LSM780 plus ELYRA confocal micro-
scope (Zeiss). The optical top views (A–F) and
optical cross views (G–L) of mature pollen are
displayed to show the distribution of neutral
lipids in and on pollen. B, E, H, and K, Merged
images of Nile red fluorescence (from A, D, G,
and J) and DIC (from C, F, I, and L). Scale
bars = 5 mm.
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from the IMARIS-mediated reconstruction of 3D mor-
phology of tapetal cells (Fig. 7A). These results showed
that at the BN and TC stages, instead of enlarging cell
volume, the tapetum reduced its thickness—probably
to increase the area facing the locule for the expansion
of locule space.

We next determined the status of tapetal mitochon-
dria during pollen development in wild-type plants.
Mito-GFP signals of single tapetal cells at the seven
stages as described above were imaged and quanti-
fied for mitochondrial volume and features (Fig. 8).
Total mitochondrial volume in each tapetal cell increased

Figure 5. Morphology of YM-stage pollen of
plants grown under normal light condition. DIC
(A–C and G–I), TEM (D–F), and images of pollen
stained by DAPI (J–L). Yellow asterisks in (B) and
(C) showmicrospores with double nuclei. Yellow
arrows in (E) and (F) point to nuclei. Red asterisks
in (H), (I), (K), and (L) show the microspores
lacking a nucleus. Scale bars = 20 mm (A–C,
G–L); 2 mm (D–F).

Figure 6. Expression of mito-GFP in
tetrad-stage anthers and tapetal cells
from Arabidopsis plants expressing
tapetum-specific mito-GFP. A to C,
Single-section images of an anther. D to
G, Projected images of mitochondria in
a single tapetal cell. Mito-GFP and
chlorophyll fluorescence (A), DIC (B),
and merged (C) images of an anther.
Mito-GFP fluorescence (D), DIC (E),
merged (F), and PI (G) images of a tapetal
cell. GFP signal is green, chlorophyll
signal is purple, and PI signal is red.
Scale bars = 20 mm (A–C); 2.5 mm
(D–G).
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.6-fold from the PMC to the VP stages and reduced
;3-fold from the VP to the TC stages (Fig. 8D). Given
that cell size affects cellular energy demand, which is
positively linked to mitochondrial amount, we exam-
ined whether the change in total mitochondrial volume
in tapetal cells simply reflects the enlargement of
tapetal cell volume, by calculating mitochondrial den-
sity in the tapetum (mitochondrial volume per unit
volume of tapetal cell). Mitochondrial density increased
;2-fold from the PMC to the YM stage; was unchanged
at the VP stage; and decreased 2.7-fold from the VP to
the TC stage (Fig. 8E).We reasoned from these data that
the alteration of mitochondrial amount in the tapetum
is not only due to the change of tapetal cell volume but
also to other cellular demands.

Remarkably, our 3D imaging of mito-GFP revealed
mitochondrial fragmentation in tapetal cells at the BN
and TC stages (Fig. 8, A and B). The geometric and
textural features of tapetal mitochondria were further
extracted usingMicroP 3D to quantitatively analyze the
size, number, and cross section of tapetal mitochondria
(Fig. 8, C, and F–H). Based on the extracted morpho-
logical features, tapetal mitochondria were classified
into six subtypes: fragments, lumps, simple tubules,

branched tubules, small reticulum, and large reticulum,
shown in representative tapetal cells in Figure 8C. At
the BN and TC stages in tapetal cells, the percentage
was increased for fragments, lumps, and short tubule
subtypes (Supplemental Fig. S8, A–C), but largely de-
creased for the small and large reticulum subtypes
(Supplemental Fig. S8, D and E). The number of mito-
chondria remained statistically unchanged from the
PMC to the VP stage but was increased at the BN and
TC stages (Fig. 8F). The mean value of individual mi-
tochondrial size (volume) was increased from PMC to
meiosis and remained the same from the meiosis to the
VP stage. Subsequently mitochondrial size was dra-
matically decreased at the BN and TC stages (Fig. 8G).
Compared to the VP stage, tapetal mitochondrial vol-
ume was decreased but total mitochondrial number
was dramatically increased at the BN and TC stages
(Fig. 8, D and F). Taken together, these results indicated
that mitochondrial size in the tapetumwas decreased at
the BN and TC stages. In addition, individual mito-
chondrial size (volume) was smaller at the TC than the
BN stage, and the area of the cross section of the mito-
chondrial skeleton, which represents the diameter of
mitochondria, did not change at the BN stage but

Figure 7. Numerical analysis of cell
morphology of tapetal cells in wild type.
A, Z-projected images of PI-stained
tapetal cells at different stages. Three-
dimensional image stacks of cells were
acquired by confocal microscopy and
reconstructed by the software IMARIS.
Scale bars = 5 mm. The PI micrographs
were further used for numerical analysis
of cell morphology, including volume
(B) and shape (C and D). For quantifica-
tion of cell morphology, length of axes of
the cell was calculated. The y-, x-, and
z-axes are the major, first minor, and
second minor axes, respectively. B to D,
Morphological changes of cell mor-
phology of wild-type cells at different
stages. Cell number quantified at each
stage per experiment was $19. Three
biological repeats were performed
(n = 3). Results are shown as mean6 SE.
Statistically significant difference (*P ,
0.05; **P , 0.01; ***P , 0.001) is ana-
lyzed by Student’s t test.
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significantly increased at the TC stage (Fig. 8H), indi-
cating that mitochondria become swollen at the
TC stage.

Tapetal Mitochondria in the Fission Mutants Altered in
Amount and Size

Earlier in this study, we showed that lack of DRP3B
and ELM1 affected the formation of pollen wall and
pollen coat, processes that rely on proper tapetal func-
tion. To investigate whether and how mitochondrial
status is altered in drp3b and elm1 tapetum, we
expressed tapetum-specific mito-GFP in the mutants
and analyzed tapetal mitochondria at different devel-
opmental stages. In the tapetum of drp3b and elm1,
mitochondria became elongated, and mitochondrial
fragmentation at the BN stage was inhibited (Fig. 9,
A–C; Supplemental Fig. S9). Quantification of 3D

images of tapetal mitochondria revealed that total
amounts of mitochondria (volume) per cell was sig-
nificantly decreased in both drp3b and elm1 mutants
from the YM to the BN stages (Fig. 9D). The mean size
of tapetal mitochondria (the average of individual
mitochondrial volume) at most of the stages was in-
creased slightly in drp3b and dramatically in elm1
(Fig. 9E). Interestingly, not only wild type and drp3b
but also elm1 displayed a statistically significant re-
duction in mitochondrial size at the BN stage (Fig. 9E),
indicating that mitochondrial fission is not completely
blocked in elm1 tapetum. In addition, mitochondrial
number in both mutants was decreased (Fig. 9F),
which negatively correlated with the increase of mi-
tochondrial size. In elm1 and drp3b, tapetal mitochon-
dria were elongated, increased in the long axis (Fig. 9,
B and C; Supplemental Fig. S9) with decreases in the
average area of the mitochondrial skeletal cross sec-
tion (Fig. 9G). During development, wild type, elm1,

Figure 8. Morphological changes of
mitochondria in wild-type tapetum dur-
ing development. Individual tapetal cells
expressing mito-GFP at different stages
were separated from anthers and stained
with PI. A, Z-projected images of mito-
GFPand PI of individual cells. PI signal is
red, and mito-GFP signal is green. Scale
bars = 5 mm. B, Magnified image of
tapetal mitochondria enclosed in the box
in (A). Scale bars = 2.5 mm. C, Three-
dimensional numerical mitochondrial
morphological analysis performed by
microP 3D. D to H, Mitochondria of
tapetal cells were classified into six mi-
tochondrial subtypes: fragments (blue),
lumps (yellow), simple tubules (green),
branched tubules (light purple), small
reticulum (gold), and large reticulum
(red). Four tapetal cells at the tetrad, YM,
VP, and BN stages are displayed to
demonstrate mitochondria of six sub-
types. Total mitochondrial volume per
tapetal cell (D), mitochondrial density (E,
with mitochondrial volume/tapetal vol-
ume), total mitochondrial number (F),
mitochondria mean size (G), and aver-
age skeleton cross-section area of tapetal
mitochondria (H) was measured and
shown asmean6 SE (n$ 10/stage; n= 3).
Statistically significant difference (*P ,
0.05; **P , 0.01; ***P , 0.001) is ana-
lyzed by Student’s t test.
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and drp3b all displayed a gradual increase in the dis-
tance from mitochondria to the centroid (Fig. 9H) and
the distance between mitochondria (Fig. 9I), which
may have been a response to the increase in tapetal cell
volume. Compared with the wild type, the distance
from mitochondria to the centroid and the distance
between the two mitochondria in the mutants showed
no significant difference at the tetrad and VP stages
but a slight decrease at the YM and BN stages (Fig. 9, H
and I). These results demonstrated that defects in mi-
tochondrial fission not only caused mitochondrial
elongation and decreases in mitochondrial number
but also a reduction of total mitochondrial volume,
and a slight change in mitochondrial distribution in
the tapetum.

DISCUSSION

Defects in Mitochondrial Fission Affects Tapetal Function
and Pollen Development

In this study, a subset of elm1 pollen showed a dis-
connected pattern of their outer wall, which is often
observed in mutants with defects in the synthesis or the
transfer of sporopollenin, the pollen outer wall pre-
cursor, in the tapetum (Grienenberger et al., 2010; Kim
et al., 2010; Quilichini et al., 2010; Shi et al., 2011; Chen
et al., 2017). In addition, we observed clumps of neutral
lipids on the surface of mutant pollen, which may be
due to aberrant lipid synthesis and accumulation in the
tapetum or abnormal outer wall that is disrupted in the
storage of pollen coat components. Sporopollenin and

Figure 9. Tapetal mitochondria in wild-
type (WT), drp3b, and elm1 mutants. A
to C, Confocal images of mitochondria
in a BN-stage tapetal cell expressing
mito-GFP. Scale bars = 10 mm. D,
Quantification of total mitochondrial
volume per tapetal cell. E, Mitochon-
drial size (the volume of individual mi-
tochondria). F, Total mitochondria
number. G, The average skeleton cross-
section area of tapetal mitochondria. H,
Mitochondrial distance to centroid of
the whole mitochondrial population in
cells. I, Mean of mitochondrial pairwise
distance. At least 20 tapetal cells of each
genotype at each stage were quantified
from three biological experiments. The
results are shown as mean 6 SE. The
statistically significant difference (P ,
0.05) between stages of each genotype is
indicated by a different letter according
to Student’s t test. Within a stage, sig-
nificant difference (P, 0.05) of mutants
versus wild type and between two mu-
tants are labeled with “*” and “#”,
respectively.
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neutral lipid, a component of the pollen coat, are syn-
thesized from fatty acids in the tapetum, and these
processes require a large supply of energy and pre-
cursor (Wu et al., 1997; Ting et al., 1998; Hsieh and
Huang, 2005, 2007; Ariizumi and Toriyama, 2011).
Mitochondria are the main energy source and produce
acetyl-CoA, the precursor of fatty acid biosynthesis as
well as the product of b-oxidation that is important for
lipid utility in cells. Our 3D imaging and quantification
of mitochondria in single tapetal cells revealed that
defects in mitochondrial fission significantly affect mi-
tochondrial size and total mitochondrial amount and
slightly affect mitochondrial distribution. The change of
mitochondrial status in mitochondrial fission mutants
likely disrupts energy supply from, and metabolism in,
mitochondria, affecting the function of the tapetum in
the formation of pollen outer wall and pollen coat.
Mitochondrial number was shown to be dramatically

increased in pollen and the tapetum but not in other
anther layers during early developmental stages (Lee
and Warmke, 1979). In addition, mitochondrial volume
in mature pollen is ;4-fold of that at the BN stage (Cai
et al., 2015). These results suggest that during pollen
development, mitochondrial amount in pollen needs to
be adjusted, which relies on mitochondrial fission ac-
tivity. In this study, we showed that defects in mito-
chondrial fission impact mitochondrial morphology and
nuclear number in developing pollen but did not affect
ATP content in mature pollen, suggesting that mito-
chondrial fission did not play a main role in sustaining
ATP content in mature pollen but is required for main-
taining proper number of nuclei in developing pollen. It
is also possible that disruptingmitochondrial function in
developing pollen in the mitochondrial fission mutants
contributes to the reduction of viable pollen production.

Mitochondrial Status But Not Cell Volume Changed in the
Tapetum during PCD

An increase in mitochondrial function usually re-
flects a rise in energy demand in cells. Based on the
appearance of a high abundance of endoplasmic retic-
ulum, Golgi, and mitochondria in TEM images of the
tapetum, it was suggested that the tapetum becomes
metabolically active at the tetrad and YM stages
(Quilichini et al., 2014). However, in this study, we
demonstrated that mitochondrial density in tapetal
cells increased not only at the tetrad-to-YM stage but
also at the PMC-to-meiosis stage. This suggests that the
tapetum might become metabolically active as early as
the meiosis stage. In addition, the analysis of TEM im-
ages in a previous study showed that at around the BN
stage in Arabidopsis, tapetal PCD seems to be initiated
and tapetal cells are shrunken (Vizcay-Barrena and
Wilson, 2006; Phan et al., 2011; Quilichini et al., 2014).
However, we revealed that the tapetum remained a
similar volume from the VP to the TC stages, indicating
that the tapetal cell volume is not gradually reduced
while PCD occurs. In animals, mitochondrial frag-
mentation facilitates mitochondrial elimination and

transport and is associated with the initiation of
mitochondrion-mediated PCD (Arnoult, 2007; Suen
et al., 2008; Mishra and Chan, 2016). Our geometric
and textural analysis of tapetal mitochondria found
these organelles to be fragmented at the BN stage, when
reduction of mitochondrial amount in tapetal cells and
tapetum PCD occur (Vizcay-Barrena and Wilson, 2006;
Phan et al., 2011; Quilichini et al., 2014), suggesting that
this mitochondrial fragmentation in the tapetum at the
BN stage may be related to the reduction of total mi-
tochondrial volume and the early process of PCD in the
tapetum. It has been shown that mitochondrial matrix
swelling results from the loss of selective permeability
of the mitochondrial inner membrane (Zoratti and
Szabò, 1995; Green and Reed, 1998; Crompton, 1999).
Our finding that mitochondrial swelling occurs at the
TC stage implies that the loss of mitochondrial mem-
brane permeability may be a feature of tapetal PCD.

ELM1-Dependent Fission Is Critical for Controlling the
Size of Tapetal Mitochondria

DRP3A and DRP3B are functionally redundant in
plant mitochondrial fission (Arimura and Tsutsumi,
2002; Arimura et al., 2004; Logan et al., 2004; Mano
et al., 2004; Fujimoto et al., 2009; Aung and Hu, 2012).
In this study, loss of DRP3B only partially inhibited
mitochondrial fission and led to mild increases in mi-
tochondrial size in the tapetum. ELM1 is important for
mitochondrial localization of DRP3A, and perhaps
DRP3B as well (Arimura et al., 2008). Therefore, loss of
ELM1 blocked translocation of both DRP3A and
DRP3B into the mitochondria, and thus, dramatically
increased mitochondrial size in the tapetum. Our result
also indicated that ELM1-dependent mitochondrial
fission plays a major role in controlling the size of
tapetal mitochondria. However, the reduction of mito-
chondrial size occurred not only in wild type and drp3b
but also in elm1 at the BN stage. Recently ELM1-
independent mitochondrial targeting of DRP3A was
observed under cold stress conditions (Arimura et al.,
2017). Therefore, in the absence of ELM1, ELM1-
independent fission mechanisms may participate in
the reduction of mitochondrial size in the tapetum. On
the other hand, DRP3A and DRP3B are localized to not
only the mitochondria but also the peroxisome. Even
though the role of DRP3B in peroxisome division seems
minor, it cannot be excluded that defects in pollen de-
velopment in drp3a and drp3b and the abnormal tape-
tum function in drp3b may be related to partially
impaired peroxisome division.

CONCLUSION

In this study, we demonstrated that impaired mito-
chondrial fission reduced the production of viable
pollen and disrupted tapetal function, but did not have
an obvious impact on vegetative growth. Therefore,
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tapetal function and pollen development seem to be
more sensitive to mitochondrial defects, which agrees
with data shown in most CMS lines. Isolation of single
tapetal cells that preserve their in vivo cell and mito-
chondrial morphology and volume, followed by 3D
imaging-based quantification, led us to the discovery
that in wild type, tapetal cells increased in volume from
the early to middle stage and change shape at the late
stage of development, and that mitochondrial amount
and morphology in the tapetum were altered during
pollen development. By contrast, defects in mitochon-
drial fission impaired the adjustment of mitochondrial
status in the tapetum and possibly in pollen as well.
Our study suggests that mitochondrial fission is critical
for tapetal function and pollen development.

MATERIALS AND METHODS

Plant Growth and Materials

Wild-type Arabidopsis (Arabidopsis thaliana, ecotype Columbia-0), trans-
genic lines and mutants were grown at 22°C under ;110 mmol m22 s21 light
intensity and a 16-h light/8-h dark cycle. For light treatment, wild-type and
mutant plants were grown at 22°C under;110 mmol m22 s21 light intensity for
21 d, followed by treatment with ;110 mmol m22 s21 (normal) or 45–50 mmol
m22 s21 (low) light intensity, respectively. Transfer DNA insertion mutants,
SALK_066958 (drp3a), SALK_045316 (drp3b), and SALK_071234 (elm1) were
purchased from the Arabidopsis Biological Resource Center. The elm1 com-
plementation line is a gift from Dr. Shin-Ichi Arimura at The University of
Tokyo. The homozygous plants were validated by genotyping. The null mu-
tants were checked by reverse transcription PCR. The mito-GFP was amplified
from the plasmid obtained from Dr. Andreas Nebenführ at the University of
Tennessee, Knoxville, by a set of primers (mt-GFP-Forward1: 59-CATGCTTTC
ACTACGTCAATCTATAAG-39, mt-GFP-Forward2: 59-CTTTCACTACGT
CAATCTATAAGATTTTTC-39, and mt-GFP-Reverse: 59-TTACTTGTACAG
CTCGTCCATGCC-39). The amplified mito-GFP fragments were cloned into
pCambia1304 containing the tapetum-specific promoter of AT5G62080 (Huang
et al., 2013), provided by Dr. Anthony H.C. Huang (University of California,
Riverside) andDr.Ming-Der Huang (National Sun Yat-SenUniversity, Taiwan)
between NcoI and PmlI restriction sites. Transgenic Arabidopsis expressing
mito-GFP specifically in the tapetum were generated by floral dipping. Mito-
chondrial fission mutants expressing tapetum-specific mito-GFP were gener-
ated through crossing homozygous mutants and wild-type plants expressing
tapetal mito-GFP. Both wild-type and mutants expressing mito-GFP were se-
lected using antibiotics and GFP signals in the anther as well as genotyping.

Analysis of Bud Size, Pollen Stages, and Pollen Viability

Flower buds were collected from primary inflorescences after 3–5 flowers
opened. Their size was measured as the length from the tip to the bottom. Using
DIC images,DAPI staining, andTEM images, 0.4-, 0.5-, 0.6-, 0.7-, 0.8-, 1.0-, and 1.4-
mm buds were identified, respectively, at the PMC, meiosis, tetrad, YM, VP, BN,
and TC stages under our growth conditions (Supplemental Fig. S7). Based on the
bud sizemeasurement, samples at different stageswere collected for experiments.
For DAPI staining, fresh anthers were stained in 2mg/mL of DAPI in phosphate-
buffered saline (PBS) for visualization under an Axio Imager Z1 microscope
(Zeiss). For Alexander staining, buds with a little white petal emerging out of the
sepal were collected, and sepals and petals were opened to make the dye reach
anthers more easily. The opened buds were put into Alexander solution and
stained overnight. Three buds from three plants (one bud per plant) were stained,
and a total of six anthers (two anthers from one bud) were used to quantify total
pollen per anther and the percentage of aborted pollen.

TEM of Arabidopsis Anthers

Arabidopsis buds were frozen using a high-pressure freezer (EMPACT2;
Leica) at 2000–2050 bar. Freeze substitution was performed in anhydrous

acetone (containing 1% [w/v] osmium tetroxide and 0.1% [w/v] uranyl acetate)
using a model no. EM AFS2 Freeze Substitution & Low Temperature Embed-
ding System (Leica). Samples were kept consecutively at285°C for 3 d,260°C
for 1 d, 220°C for 1 d, 0°C for 1 d, and then back to room temperature. Spurr
resin or EMBed 812 resin (Electron Microscopy Sciences) was used for infil-
tration and embedding. Ultrathin sections of 70–90 nm were cut using an
Ultracut S Ultramicrotome (Reichert) or an EM UC6 Ultramicrotome (Leica)
and collected using 100-mesh copper grids. The sections were then stained with
5% uranyl acetate in 50% methanol for 10 min and 0.4% lead citrate for 4 min,
and then observed using a Tecnai Spirit G20 Transmission Electron Microscope
(FEI) at 80 KV and the images were taken with an Orius CCD camera (Gatan).

Preparation of Individual Tapetal Cells, PI Staining, and
MitoTracker Staining

To separate individual tapetal cells, anthers (from 0.4- to 1.5-mm buds) were
fixed in 4% (v/v) paraformaldehyde (cat. no. 15710; Electron Microscopy Sci-
ences) for 30min under vacuum, andwashed twice in 13 PBS buffer for 10min.
Through careful squeezing of paraformaldehyde-fixed anthers on the slide,
individual tapetal cells were separated from the anther wall. For analysis of
tapetal volume and shape, the isolated individual tapetal cells were stained by
12 mM of PI for 20 min and washed with 13 PBS buffer. To analyze mito-
chondria in tapetal cells, transgenic Arabidopsis expressing mito-GFP (a gift
from Dr. Andreas Nebenführ; Nelson et al., 2007), driven by tapetal specific
promoter of type III lipid transfer protein (Huang et al., 2013), was generated.
To test the subcellular localization of mito-GFP, anthers expressing mito-GFP
were stained with 50 nM of MitoTracker red CMXRos for 30 min in one-half
Murashige and Skoog (1/2 MS) medium, and washed with 1/2 MS medium.
After staining, anthers were fixed using paraformaldehyde and isolated single
tapetal cells, as already described in this paragraph. Tapetal cells stained with
PI or MitoTracker red were imaged using a model no. LSM 780 confocal mi-
croscope (Zeiss).

Quantification of Volume and Morphology of Cells and
Mitochondria in Single Tapetal Cells

For the quantification of tapetal volume and mitochondria, confocal
Z-sections of whole tapetal cells were imaged by a model no. LSM 780 confocal
microscope with 633/1.4 oil objectives, 0.11-mm3 0.11-mm3 0.25-mm scaling,
2,048 3 2,048 pixel resolution, 224.92-mm 3 224.92-mm image size, 16-bit im-
age format, and 0.6 scanner zoom (Leica). All images were photographed using
the same laser and resolution setting. Image stacks of mitochondrial (GFP) and
tapetal cell (PI) images were used tomeasuremitochondrial volume and tapetal
volumewith the software IMARIS (Bitplane). MicroP 3D, a homemadeMatLab-
based software (The MathWorks), was used for analysis of mitochondrial
characteristics and cell morphology of individual tapetal cells. First, cells of
confocal image stacks were segmented manually with the aid of the software
ImageJ (National Institutes of Health). Single cell image stacks were rescaled
bicubically to fit the dimensions 25 nm 3 25 nm 3 200 nm required for 3D
mitochondrial and cell segmentation. Single image stacks were reprocessed by
medium filter (7 3 7 neighborhood). If image stacks were too noisy, the image
stacks were submitted for 3DGaussian filtering (53 53 5 neighborhood, s = 1)
for noise removal. For segmentation of cells, the cell channels of image stacks
were submitted for cell segmentation using Otsu’s method (Otsu, 1979) plane
by plane, and the largest 3D object reconstructed was kept for further ex-
traction of morphological features. Mitochondrial segmentation was ac-
complished by adaptive local thresholding (Peng et al., 2011) plane by plane
and 3D single mitochondrial objects were reconstructed. Objects with sizes
,0.05 mm3 and intensity ,0.2 3 maximum intensity were removed as noise.
Three-dimensional mitochondrial and cell objects were applied for feature
extraction and geometric and texture features were extracted. Centroids of
mitochondria and cells were further used for calculation of features of mi-
tochondrial distribution, including paired mitochondrial distance, distance
of mitochondria to mitochondrial centroid or nuclear centroid, etc. Mor-
phological features of mitochondria were used for classification of the mi-
tochondrial morphological subtypes. Thirteen mitochondrial subtype
clusters were identified by unsupervised clustering and k-means clustering,
and six mitochondrial morphological subtypes were justified, according to the
literature regarding correlations of mitochondrial morphology and functions.
Six mitochondrial morphological subtypes were used to classify tapetal mito-
chondria as shown in Figure 8C, including fragmented (blue,,1.9mm3), lumps
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(yellow, aspect ratio, 2, area. 1.9 mm3), simple tubules (green, short and not
branched), branched tubules (light purple; branch number . 0 but Euler
number is 1), small reticulum (gold; Euler number # 0; volume , 137 mm3),
and large reticulum (red; Euler number# 0; volume$ 137 mm3). Volume ratio
and number ratio of each mitochondrial subtype was calculated. Three-
dimensional mitochondrial and cell features of single cell image stacks of dif-
ferent treatments or strains were submitted for statistical analysis by Student’s
t test (2-tail, unpaired) and for features with statistical significance (P , 0.05).

Nile Red Staining

To detect neutral lipids on pollen, mature pollen was collected from 10wild-
type and elm1 flowers infiltrated in 25% glycerol, vortexed for 1 min, and
centrifuged at 500g for 5 min. After removing flowers, collected pollen was
stained with 3.14 mM of Nile Red (cat. no. N3013; Sigma-Aldrich) for 20 min.
Single optical sections of pollen were photographed by a model no. LSM 780
confocal microscope using 561-nm/636-nm excitation/emission with an 633/
1.4 oil objective (Leica).

Cryo-SEM

Stamenswere dissected frommultiplemature buds ofwild-type plants, elm1
and drp3bmutants, and loaded on a stub. The samples were frozen by liquid N
slush, and then transferred to a sample preparation chamber at 2160°C. After
5 min, the temperature was raised to 285°C and sublimed for 15 min. After
coating with Pt at2130°C, the samples were transferred to the cryo stage in the
SEM chamber and observed at 2160°C using a cryo-SEM (Quanta 200 SEM/
Quorum Cryo System PP2000TR; FEI) with 20 KV.

Measurement of ATP Content in Mature Pollen

Freshly opened flowers were collected from wild-type and elm1 mutant in
pollen suspension buffer containing 50 mM of K2HPO4, and 1% Suc and 4%
sorbitol at pH 5.8 (Bernard et al., 2011), and vortexed vigorously. One-hundred
microliters of pollen suspension was used for intracellular ATP measurement
and protein quantification. For intracellular ATP measurement, 100 mL of
pollen suspension was treated with 400 mL of 7% HClO4 and 10 mM of EDTA
mixture and incubated for 15 min on ice, then mixed with 100 mL of 5 M KOH
and 1 M of triethanolamine mixture for 10 min on ice. The 10-mL supernatant
was diluted with 50 mM of Tris (pH 8) after 10,000g centrifugation. ATP was
measured by ENLITEN rLuciferase/Luciferin reagent (Promega), according to
the manufacturer’s instructions. Luminescence was quantified using a Spec-
traMax i3X (Molecular Devices), and 10-s relative light unit integration time
was used.

Statistical Analysis

The data were submitted to Student’s t test for statistically significant dif-
ference (P, 0.05). Results are shown as mean6 SE with at least three biological
replicates.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers: AT5G22350 (ELM1), AT4G33650 (DRP3A),
AT2G14120 (DRP3B), AT5G62080 (Lipid transfer protein).
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The following supplemental materials are available.

Supplemental Figure S1. Alexander staining of wild-type, drp3a, and drp3b
pollen under normal and low light conditions.

Supplemental Figure S2. The production of viable pollen in wild-type
(WT), elm1, and complement (Comp.) lines.

Supplemental Figure S3. TEM images showing mitochondrial morphol-
ogy in pollen of wild type and mutants.

Supplemental Figure S4. TEM images showing mitochondrial morphol-
ogy in the tapetum of wild type and drp3b.

Supplemental Figure S5. ATP content in wild-type and elm1 mature
pollen.

Supplemental Figure S6. Colocalization of mito-GFP with MitoTracker red
in tapetal mitochondria.

Supplemental Figure S7. Correlation of bud size, anther, and pollen in
Arabidopsis.

Supplemental Figure S8. Percentage of six mitochondrial subtypes in
wild-type tapetum at different developmental stages.

Supplemental Figure S9.Mitochondrial morphology in wild-type and mu-
tant tapetum at the tetrad to the VP stages.

Supplemental Movie S1. 3D Mitochondria in a tetrad-stage tapetal cell.

Supplemental Movie S2. 3D PI-staining image of a tetrad-stage tapetal cell.
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