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Abstract

Key message Abnormal tapetum degradation and anther development in cytoplasmic male sterility SaNa-1A are the
main reasons for the anther abortion.

Abstract SaNa-1A is a novel cytoplasmic male sterility (CMS) line of Brassica napus derived from somatic hybrids of B.
napus-Sinapis alba, and SaNa-1B is the corresponding maintainer line. Ultrastructural comparison between developing
anthers of sterile and maintainer lines revealed abnormal subcellular structure of pollen mother cells (PMCs) in the CMS
line. The PMC volume and size of nucleus and nucleolus in the CMS line were smaller than those in the maintainer line. The
abnormal tapetum cell development and delayed tapetum degradation inhibited microspore development. Finally, anther abor-
tion in the CMS line occurred. Physiological and biochemical analyses of developing anthers and mitochondria revealed that
over-accumulation of reactive oxygen species (ROS) in the SaNa-1A and deficiency in antioxidant enzyme system aggravated
the oxidization of membrane lipids, resulting in malondialdehyde (MDA) accumulation in anthers. High MDA content in the
CMS line was toxic to the cells. ROS accumulation in SaNa-1A also affected anther development. Abnormal structure and
function of terminal oxidase, which participates in the electron transport chain of mitochondrial membrane, were observed
and affected the activity of cytochrome c oxidase and FF;-ATPase, which inhibited ATP biosynthesis. Proline deficiency in
SaNa-1A also affected anther development. Few hybridization signals of programmed cell death (PCD) in tetrads of SaNa-
1A were identified using TdT-mediated dUTP Nick-End Labeling assay. PCD was not obvious in tapetum cells of SaNa-1A
until the unicellular stage. These results validated the cytological differences mentioned above, and proved that abnormal
tapetum degradation and anther development in SaNa-1A were the main reasons for the anther abortion.
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Introduction

Male sterility is an important accident in development of
hermaphroditic plants (Wan et al. 2010). Cytoplasmic male
sterility (CMS) has been defined as ‘maternally’ inherited
deficiency in producing viable pollen, and is correlated with
the gene distortion in mitochondria. Presently, it has been
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reported in ~ 150 higher plant species (Budar and Pelletier
2001; Li et al. 2017), and can be restored by nuclear fertility
restoring (Rf) genes (Yamagishi and Bhat 2014). CMS as
one of the ideal system for pollination controlling has greatly
contributed to increase rapeseed production, and was clas-
sified into two types according to the origin of cytoplasm.
The one type was derived from intergeneric hybridization or
mutation during natural reproduction, including pol CMS,
nap CMS and Shan2A CMS. The other type was caused by
nucleus substitution or mitochondrial gene recombination
during distant hybridization or protoplast fusion between
the different species, including Ogura CMS and four CMS
(Shen et al. 2008; Leino et al. 2003). As reported, func-
tional deficiency of sexual whorl in hermaphrodite species is
related to programmed cell death (PCD), which is critical for
development and release of anthers and pollen grains (Song
et al. 2016; Varnier et al. 2005; Parish and Li 2010; Wilson
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et al. 2011). For example, PCD in tapetum is essential for
late development of viable pollen, disruption or premature
PCD in tapetum stage and other stages of anther develop-
ment would result in microspore abortion and male sterility
(Liu et al. 2018a; Ku et al. 2003; Li et al. 2006).

CMS is also associated with abnormal recombination
of mitochondrial genome. Mitochondrion provides energy
for cell activities through respiration, and it is also a major
source of reactive oxygen species (ROS) that participates in
oxidative eruption and triggers cell death (Green and Reed
1998; Liu et al. 2018b). However, excessive accumulation of
superoxide (O,7), hydrogen peroxide (H,0,), and hydroxyl
radical (-OH) could lead to cell death (Maxwell et al. 2002).
Plants have developed various mechanisms (e.g., enzymatic
and nonenzymatic) for ROS scavenging. Besides antioxi-
dants such as ascorbate and glutathione, superoxide dis-
mutase (SOD), ascorbate peroxidase, and catalase are well
known as ROS-scavenging enzymes (Mostofa et al. 2015).
As a widely used marker of oxidative lipid injury, and an
abundant individual aldehydic lipid breakdown product,
malondialdehyde (MDA) content varies in response to biotic
and abiotic stress. In vivo, MDA and other aldehydes can
alter proteins, DNA, RNA, and other biomolecules through
Schiff base addition reactions, which are also toxic to cells
(Esterbauer and Cheeseman 1990).

As mentioned above, the chimeric protein resulting
from mitochondrial genome rearrangement is responsible
for CMS in plants, which contains fragment of oxidative
phosphorylation (OXPHOS) complex subunits (Hanson and
Bentolila 2004). Hitherto, few researches on function of the
chimeric proteins have been reported, but the mechanism
of sterilizing factors is still unclear. For instance, the maize
CMS-T URF13 protein (Rhoads et al. 2006) and Ogura
CMS ORF138 (Duroc et al. 2006) resulted in a pore in inner
membrane of mitochondrial. Protons could leak through
the membrane pore, and result in uncoupling of respiratory
chain and ATP synthase, leading to reduced ATP synthe-
sis (Duroc et al. 2009). The interaction of sterilizing factor
with respiratory chain has been reported in some CMS lines.
The sunflower CMS is caused by the expression of ORF522,
which interacts with the ATP synthase and affects its activ-
ity (Sabar et al. 2003). In the HL-CMS of rice, a chimeric
protein ORFH79 interacts with a QCR10 subunit homologue
of complex III (P61), which inhibits the activity of complex
111, leads to reduced ATP level and increased ROS content
(Wang et al. 2013).

The CMS line SaNa-1A containing 38 chromosomes
was previously selected from the BC; progenies of Bras-
sica napus—Sinapis alba somatic hybrids, using B. napus cv.
‘Yangyou6’ as recurrent parent (Wang et al. 2005). RNA-
seq analysis was conducted on the abortion stage of floral
buds from SaNa-1A CMS and the corresponding maintainer
(SaNa-1B) (Du et al. 2016). In this study, a correlative
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structural approach using electron microscopy was employed
to study anther development in SaNa-1A and SaNa-1B. In
addition, the physiological indicators and PCD of sterile
anthers were analyzed to characterize defects in degenera-
tion or abnormalities in the tapetum.

Materials and methods
Plant materials

The novel CMS line (SaNa-1A) selected from progenies of
somatic hybrids between B. napus and S. alba, and the main-
tainer line (SaNa-1B) was used in this study. Plant materials
were cultivated in the experimental fields of Jiangsu Insti-
tute of Agricultural Science in the Lixiahe district (Yang-
zhou, Jiangsu Province). Different sizes of sterile and fertile
anthers were fixed for cellular ultrastructure analysis.

Transmission electron microscopy (TEM)

For TEM, anthers at various developmental stages were pre-
fixed in 0.1 N sodium phosphate buffer containing 2.5% glu-
taraldehyde (pH 7.2), and post-fixed in 2% OsO,. Following
ethanol dehydration, samples were embedded in epoxy resin.
Ultrathin sections (60 nm) were obtained with a Leica UC6
ultramicrotome, and double stained with 2% (w/v) uranyl
acetate and 2.6% (w/v) lead citrate aqueous solution. Images
were recorded using a Philips Tecnai 12 transmission elec-
tron microscope (Wan et al. 2010).

TdT-mediated dUTP nick-end labeling (TUNEL) assay

Sections (10 um) were washed with PBS (160 mM NaCl,
2.7 mM KCl, 8§ mM Na,HPO,, and 1.5 mM KH,PO,) for
5 min and incubated in 20 pg/mL proteinase K in 100 mM
Tris—HCI (pH 8.0) and 50 mM Na,EDTA (100 pL per slide
in a humid chamber). The sections were washed with PBS
for 5 min and fixed with 4% (w/v) paraformaldehyde in
PBS for 10 min. The sections were washed again in PBS
for 5 min, and the 3’-OH ends of DNA were labeled with
fluorescein 12-dUTP using the apoptosis detection system
fluorescein (DeadEnd™ Fluorometric TUNEL System, Pro-
mega), according to the manufacturer’s instructions (Balk
and Leaver 2001). The fluorescent signal was viewed and
photographed using an Eclipse Ni-U microscope (Nikon,
Japan).

Isolation of mitochondria
All the extraction steps were performed at 4 °C. Anthers

(200 g) were homogenized in 1000 mL buffer (0.5 M
sucrose, 50 mM Tris—HCI, 10 mM EDTA, 1% bovine serum
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albumin, 5 mmol/L B-mercaptoethanol, 1.5% polyvinylpyr-
rolidone, pH 7.5). The homogenate was filtered through a
layer of cheesecloth and two layers of miracloth, and cen-
trifuged at 3000 g for 15 min. The supernatant was then
centrifuged at 17,000¢g for 15 min, and the pellet was re-
suspended in buffer A [0.5 M sucrose, 50 mM Tris—HCI,
10 mM MgCl2, and 25 pg/mL DNase (Roche), pH 7.5] at a
5:1 (g/mL) ratio and kept at room temperature for 1 h. The
suspension was then centrifuged at 18,000 g for 20 min, and
the pellet was re-suspended in 30 mL of buffer B (0.6 M
sucrose, 10 mM Tris—HCI, 20 mM EDTA, pH 7.5). The
suspension was centrifuged again at 18,000g for 20 min.
Finally, the pellet was re-suspended in the same buffer and
layered onto a step gradient consisting of 1.45 M and 1.2 M
sucrose solution containing 10 mM Tris—HCI and 20 mM
EDTA (pH 7.5). The gradient was centrifuged at 72,000g
for 90 min. Purified mitochondria were removed from the
1.45-1.2 M interphase, diluted with two volumes of buffer C
(10 mM Tris—HCI, 20 mM EDTA, pH 7.5), and centrifuged
at 18,000 g for 20 min (Chen et al. 2011).

Determination of H,0,, ATP, and MDA content

After staining the mitochondria with dihydrorhodamine 123
for 5 min, H,O, generation was observed under a fluorescent
microscope (Agilent Cary Eclipse, USA). H,O, production
in the isolated mitochondria was measured with a nonen-
zymatic assay according to Tiwari et al. (2002). The ATP
content was measured using the luciferin—luciferase method
(Zhang et al. 2014). ATP was dissolved in 5 mL of 25 mm
HEPES buffer (pH 7.5), and luminescence from 200 puL sam-
ple was assayed in a chemiluminescence detector (Promega
GloMax 20/20, USA) using luciferin—luciferase (ATP Assay
Kit, Beyotime, China). The MDA content was measured
spectrophotometrically at 532 nm, with the subtraction of
non-specific absorption at 600 nm (Bradford 1976).

Analysis of antioxidant enzyme, COX,
and F,F,-ATPase activities

SOD activity was assayed by measuring the inhibition of
photochemical reduction of nitro blue tetrazolium, and per-
oxidase (POD) activity was determined by measuring the
absorbance of the product of hydrogen peroxide and methyl
catechol (Stewart and Bewley 1980). The activity of ETC
complex V (F,F,-ATPase) was analyzed following the
method described by Hu et al. (2010). Fresh mitochondria
were obtained and sonicated to yield submitochondrial par-
ticles according to the protocol of the complex V assay kit
(Genmed). Samples (10 uL) from the mitochondria (0.01 mg
mitochondrial protein) were dissolved in 30 uL H,O and 210
UL reaction substrate. The decrease in NADH was detected
with a luminometer (Perkin Elmer) at 340 nm for 5 min,

which was produced by coupling the production of ADP
to the oxidation of NADH via pyruvate kinase and lactate
dehydrogenase reactions. COX activity was analyzed as
described by Ji et al. (2013), and the reaction mixture con-
tained 50 mM phosphate buffer (pH 7.0), 10 uM reduced
cytochrome c (reduced with 10 mM sodium ascorbate), and
10 pL of protein in a final volume of 1.5 mL.

Cytochemical detection of H,0,

H,0, was visualized at the subcellular level using CeCl,
for localization (Zhang et al. 2006). Electron-dense CeCl;
deposits, viewed using TEM, were formed in the presence
of H,0,. Anthers were dipped into freshly prepared 5 mM
CeCl; in 50 mM MOPS (pH 7.2) for 1 h. The sections were
then fixed in 1.25% (v/v) glutaraldehyde and 1.25% (v/v)
paraformaldehyde in 50 mM sodium cacodylate buffer (pH
7.2) for 1 h. After fixation, the sections were washed twice
for 10 min in the same buffer, post-fixed for 45 min in 1%
(v/v) osmium tetroxide, dehydrated in a graded ethanol
series (30-100%, v/v), and embedded in Epon—Araldite.
After 12 h in pure resin followed by a change of fresh resin
for 4 h, the samples were polymerized at 60 °C for 48 h.
Blocks were sectioned (70-90 nm) on a microtome and
mounted on uncoated copper grids. Sections were examined
using a transmission electron microscope at an accelerating
voltage of 75 kV.

Results

Ultrastructure of developing anthers in CMS
and maintainer line

Previously, we found that SaNa-1A CMS line had shorter
filaments, shriveled anthers with no pollen attached on the
surface, and shriveled petals compared with SaNa-1B. Under
microscope, the tapetum was not normally degraded at the
unicellular stage of SaNa-1A, and the mature pollen could
not be released (Du et al. 2016). To reveal the variations
in subcellular level of anther development, we compared
the ultrastructure of SaNa-1A and SaNa-1B, including dif-
ferent anther developmental stages, such as pollen mother
cell (PMC) stage, tetrad stage, unicellular stage, and mature
pollen stage.

At the PMC stage, cells in different layers of SaNa-1B
anther were almost differentiated. The epidermis and endo-
thecium cells were long and strip and had a large vacuole.
The middle layer cells were prolate. All three layers were
rich in endoplasmic reticulum, chloroplasts, and mito-
chondria (Fig. 1a). The tapetum cells were long and strip
and had a large size with large nucleus, obvious nucleolus
and nuclear membrane, rich in endoplasmic reticulum and
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Fig. 1 Ultrastructure of main-
tainer line SaNa-1B at anther
development stages. a Epider-
mis, endothecium, and middle
layer at PMC stage (x 1200),
bar =4 um; b tapetum cells
containing a small amount of
vacuoles at PMC stage (x 1200),
bar =2 um; ¢ tapetum cells
containing abundant mitochon-
dria, endoplasmic reticulum,
and other organelles at PMC
stage (X 2200), bar =1 um; d
pollen mother cells at PMC
stage (X 2200), bar =1 um;

e meiosis of pollen mother
cells (x 1650), bar =2 um;

f epidermis, endothecium

and middle layer at Td stage
(x900), bar =2 pm; g tapetum
cells containing a large number
of vacuoles, lysosomes at Td
stage (X 1500), bar =5 um; h
tapetum cells containing a lot
of elaioplasts, tapetosomes at
Td stage (X 1650), bar =2 um;
i microspore surrounded by
callose (X 2500), bar =5 um;

j plasmodesmata between
adjacent microspore (X 3300),
bar =2 pm; k tapetum cells at
Uni stage (x700), bar =5 pm;

I microspore surrounded by
sporopollenin at early Uni stage
(x700), bar =5 pm; m late
vacuolated pollen stage (X 900),
bar =2 um; n tapetum cells at
MP stage (X 900), bar =2 um;
O: mature pollens (X2200), bar
=1 um; p epidermis and endo-
thecium at MP stage (X 900),
bar =5 um; q tapetum cells
almost completely degraded at
MP stage (x900), bar =2 um.
Ep epidermis, En endothecium,
ML middle layer, T tapetum,

N nucleus, Mt mitochondria,
ER endoplasmic reticulum, V
vacuole, E elaioplasts, 7d tetrad,
Ca callose, PMC pollen mother
cell, Uni unicellular, MP mature
pollen
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mitochondria (Fig. 1b, ¢). The PMCs had a polygon shape,
large nucleus in the middle of cells, few vacuoles, obvious
nucleolus, nuclear membrane and nucleoplasm, rich in endo-
plasmic reticulum and mitochondria. Moreover, we identi-
fied meiosis in some PMCs (Fig. 1d, e). At the tetrad stage,
the epidermis, endothecium cell, and middle layer started to
degrade (Fig. 1f). The cytoplasm of tapetum cells was rich
in small vacuoles, lysosomes, spherical-shaped oleoplasts,
tapetum corpuscles, and few starch granules (Fig. 1g, h).
Tetrads were formed after meiosis of PMC, with oval shape,
large and deeply dyed nucleus, condensed cytoplasm, and
abundance of mitochondria and plastids. The tetrads were
wrapped in callose, and low-density of electrons were lightly
dyed (Fig. 1i, j). At the unicellular stage, the cell wall of
tapetum started disappearing, and the cytoplasm was rich in
tapetum corpuscles with electron deposits and deeply dyed
oleoplast. Thus, the tapetum started to degrade (Fig. 1k).
The callose surrounding the tetrad was gradually degraded
by the callose enzyme secreted from tapetum, and micro-
spores were separated and released into the anther locule.
The round microspores were deposited with rich sporopol-
lenin on the exine, which formed the columellae (Fig. 11). At
later unicellular stage, microspores grew rapidly, a large vac-
uole was formed, the nucleus was squeezed to one side, and
the cytoplasm was condensed and rich in mitochondria. The
thickness of microspore cell wall was gradually increased
(Fig. Im). The tapetum was completely disrupted at later
unicellular stage, and the cytoplasmic organelles started to
degrade (Fig. 1n). At the mature pollen stage, the bicellular
pollen grain with nutritive and generative cells was formed
after mitosis of mononuclear pollen. After another round
of mitosis, the tricellular pollen grain was formed with two
sperm cells and a nutritive cell. Meanwhile, the cytoplasmic
activity of microspores with well-developed mitochondrial
ridge was increased, and the vacuole started disappearing
(Fig. 10). The anther epidermis and endothecium were com-
pletely vacuolized, the middle layer disappeared (Fig. 1p),
the tapetum was degraded, and the nucleus finally collapsed
(Fig. 1q).

At the PMC stage, all the tissues were well developed
in SaNA-1A, but the epidermis, endothecium, and mid-
dle layer cells did not have a regular shape and possessed
larger vacuoles than those in SaNa-1B (Fig. 2a). The nuclear
membranes of the tapetum in SaNa-1A were unclear, and
its nucleolus was obviously smaller than that in SaNa-1B,
indicating that tapetum development in SaNa-1A occurred
later than that in SaNa-1B (Fig. 2b). The PMC in the CMS
line was also smaller than SaNa-1B and contained vacuoles
of different sizes, with the nucleus and cytoplasm squeezed
to one side. Both the nucleus and kernel in SaNa-1A were
smaller than those in SaNa-1B (Fig. 2c). This indicated that
PMC development in CMS line was affected. Disruption of
endoplasmic reticulum in PMC, disorder, and degradation

of mitochondria was also observed in SaNa-1A. We found
that the PMCs were severely vacuolized until the meiosis
stage (Fig. 2d, e). At the tetrad stage, the tapetum had a
large vacuole, deeply dyed cytoplasm, abundant lysosomes,
and disrupted organelles and nuclear membrane (Fig. 2g).
Meiosis was observed in some PMCs, but their inner struc-
ture was disrupted and the nuclear membrane was broken
into discontinuous fragments (Fig. 2h). Abnormalities in
outlook and inner structure of tetrads were observed in
SaNa-1A, which were irregularly shaped and wrapped in
thick callose. Microspores were identified with many vacu-
oles, the organelles were disrupted, and the endoplasmic
reticulum, mitochondria, and some nucleolus disappeared
(Fig. 2i, j). Anther epidermis and endothecium cells were
completely vacuolized, and their middle layer gradually
disappeared (Fig. 2k). At the unicellular stage, microspores
in SaNa-1A were released from the tetrads, but they were
severely vacuolized and their organelles were disrupted. The
structures of the mitochondria and endoplasmic reticulum
were incomplete, and the nucleus disappeared except for
the small-sized nucleus that was squeezed in the middle of
cells by the vacuole. Microspores were also surrounded by
many sporopollenins (Fig. 21, m). At the same time, the cell
wall of tapetum disappeared, the cells started to degrade,
and the oleoplasts and tapetum corpuscles appeared inside
the tapetum (Fig. 2n). At later unicellular stage, microspore
development was stopped. Although microspores were still
surrounded with sporopollenins, they were degraded inside
and inclusions were invisible (Fig. 20). Moreover, the tape-
tum was filled with large vacuole, the cell structure did not
collapse, although the nucleus and organelles were degrade
(Fig. 2p). At the mature pollen stage, the tapetum of SaNa-
1A was degraded, and numerous oleoplasts and tapetum
corpuscles were released (Fig. 2q). Finally, the tapetum
was completely degraded, and the microspores were envel-
oped in the degraded materials. Nothing was left inside the
microspores, and they were surrounded with sporopollenins
(Fig. 2r).

H,0,, MDA content, and antioxidant enzyme
activities in the anthers of CMS and maintainer line

ROS accumulation in mitochondria is an important indica-
tor of oxidative stress in cells, and oxygen-free radicals are
signaling molecules of PCD in plant cells. Thus, excessive
accumulation of ROS could severely cause cell damage and
death. To determine if oxygen radicals were involved in
pollen abortion of CMS, we analyzed the ROS content of
anthers at different developmental stages. At the PMC stage,
ROS was slightly higher in SaNa-1A than in SaNa-1B. At
the unicellular stage, ROS greatly accumulated and reached
the maximum value, which was three times of the ROS con-
tent in SaNa-1B. Afterward, ROS content was reduced in

@ Springer



550

Plant Cell Reports (2019) 38:545-558

Fig.2 Ultrastructure of sterile
line SaNa-1A at anther devel-
opment stage. a Epidermis,
endothecium, middle layer cells
with irregular shape at PMC
stage (X 1200), bar =5 um; b
tapetum cells containing a lot
of small vacuoles at PMC stage
(x700), bar =5 pm; ¢ micro-
sporocyte containing some
large vacuoles at PMC stage
(x700), bar =5 pm; d micro-
sporocyte containing abnormal
organelles, and vacuolated
seriously (x 1200), bar =5 um;
e microsporocyte at PMC stage
(x700), bar =5 pm; f epider-
mis at meiosis stage (X 900),
bar =5 um; g tapetum cells
containing some large vacuole
at Td stage (x900), bar =2 pm;
h microsporocyte occurring
meiosis at Td stage (X 1650),
bar =1 pm; i single micro-
spore in the Td (x 1200), bar
=2 pm; j Td structure (X 900),
bar =5 pm; k epidermis and
endothecium at Td stage
(x700), bar =5 pm; 1 micro-
spore, incomplete mitochondria
and endoplasmic reticulum
structures at early Uni stage
(x900), bar =2 pm; m abnor-
mal mitochondria of microspore
at early Uni stage (X 11,500),
bar =0.2 um; n tapetum at early
Uni stage (X 1200), bar =1 um;
o microspore without inclu-
sion at late Uni stage (X 700),
bar =5 um; p tapetum at late
Uni stage (x2200), bar =5 um;
q degradation of tapetum

(% 1800), bar =5 pm; R: aborted
pollen (X 1600), bar =5 pm.

Ep epidermis, En endothecium,
ML middle layer, T Tapetum,

N nucleus, Mt mitochondria,
ER endoplasmic reticulum, V
vacuole, E elaioplasts, 7d tetrad,
Ca callose, PMC pollen mother
cell, Uni unicellular, U ubisch
body
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SaNa-1A, but it was still higher than that in SaNa-1B. We
found that the ROS content in SaNa-1B was reduced with
anther development (Fig. 3a).

MDA, the product of lipid peroxidation in cell membrane,
serves as a parameter for determining the level of cell mem-
brane injuries. MDA content was minimized at the tetrad
stage of SaNa-1A, but it was relatively stable in SaNa-1B.
MDA content in CMS line was significantly higher than that
in SaNa-1B throughout anther development. This indicated
that lipid peroxidation happened at the PMC stage of the
CMS line, but it was relieved at the tetrad stage, and the
mechanism did not last to the unicellular stage (Fig. 3b).

Antioxidant enzymes are important for clearing oxy-
gen-free radicals and other metabolites that continuously
accumulate and harm cell activity. They are helpful in bal-
ancing oxygen-free-radical content in cells, and protecting
plant growth and development. At the microspore mother
cell stage, SOD activity in SaNa-1B was slightly higher
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than that in SaNa-1A (Fig. 3c). At the tetrad and unicel-
lular stages, SOD activity in SaNa-1B was significantly
higher than that in SaNa-1A, and it was more than twice
that of the PMC stage in SaNa-1B. With anther develop-
ment, SOD activity in the CMS line was maximized at the
tetrad stage, but it was significantly higher in SaNa-1B
since tetrad stage. POD activity in the CMS line was sig-
nificantly increased at the unicellular stage compared with
that of the PMC and tetrad stages, which was also higher
than the POD activity at the unicellular stage of SaNa-
1B (Fig. 3d). These results indicated that active oxygen
was greatly accumulated during anther development, and
the maintainer line was able to clear active oxygen with
improved SOD activity. Although the SOD activity was
slightly increased in the CMS line with anther develop-
ment, it was unable to maintain ROS balance. At later
developmental stages of anthers, the increase of POD
activity in CMS line might inhibited the biosynthesis of
auxin and affected anther development.

B OSaNalA
30 WSaNalB
a
25 a
’é‘ b
= 20 1
] ab a
= b
E 15
=
310
=
=3
(5
< 5
o)
=
0 L
PMC stage Tetrad stage Uninuclear stage
Different developmental stages
OSaNalA D
200 aNal
' mSaNalB a
600
o
g
‘2 500
=
B 400
£
=
= C b ab
2 200
[}
a 100
&
0 i 1
PMC stage Tetrad stage Unimxlear stage

Different developmental stages

Fig.3 H,0, and MDA content, SOD and POD activity of the anthers at different developmental stages. a H,0, content; b MDA content; ¢ SOD
activity; d POD activity. Different alphabets show significant difference of lines at p <0.05 level
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Cytochrome c Oxidase (COX) and F,F,-ATPase
activities, ATP content in the anthers’ mitochondria
in the CMS and maintainer line

ATP is the most direct energy supplier for various bio-
synthesis and activities in cells. Variation in ATP content
plays important roles in plant growth and development,
and POD was reported to accompany ATP reduction
(Tiwari et al. 2002). With anther development, ATP con-
tent was stable without significant changes in SaNa-1B.
ATP content at the PMC stage of SaNa-1A resembled that
of SaNa-1B, but it was significantly reduced afterward. At
the unicellular stage, ATP content in SaNa-1A was 35%
of that in SaNa-1B (Fig. 4a), indicating ATP deficiency,
since the tetrad stage of CMS line might affect anther
development.

F,F,-ATPase catalyzes ATP biosynthesis and hydrolyzes
ATP into ADP. In this study, we found that F,F,-ATPase
activity was maximized at the PMC stage of maintainer line
and reduced at the tetrad and unicellular stages of SaNa-
1B. F,F-ATPase activity was significantly reduced at the
tetrad and unicellular stages of SaNa-1A, which were also
significantly lower than that in SaNa-1B. This finding indi-
cated that stable F;F,-ATPase activity might be important
for anther development in SaNa-1B (Fig. 4b), which is in
agreement with the variation of ATP content in two rape-
seed lines. Thus, we suspect the inhibition of F,F,-ATPase
activity, since the tetrad stage of CMS line might affect ATP
synthesis and anther development.

COX, an enzyme that functions at the end of the res-
piratory electron transfer chain, has been considered as a
marker of mitochondria inner membrane of plants. Thus, it
is important for energy metabolism in plants. We found that
COX activity was maximized at the PMC stage of SaNa-
1B and was significantly reduced at the unicellular stage.
COX activity was significantly lower at the PMC and tetrad
stages of CMS line compared with that in SaNa-1B (Fig. 4¢),
indicating that the respiratory pathways in CMS line were
affected since the PMC stage.
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Subcellular localization of H,0, in the anthers
of CMS and maintainer line

CMS has been reported to accompany ROS accumulation,
and electron depositions from H,0, and CeCl; reaction
could be observed under TEM. Here, we compared the H,0,
content in epidermis and endothecium cells of CMS and
maintainer lines’ anthers. As shown in Fig. 5a, numerous
electrons were deposited between the cell walls of epider-
mis cells in SaNa-1A, and few depositions were observed
on the membrane and inner side of the chloroplast and
mitochondria. At the tetrad and unicellular stages, electron
depositions were increased in the CMS line, which were
mostly found in the outer wall of cells (Fig. 5b, c). However,
electron deposition was not observed throughout the anther
development of SaNa-1B (Fig. 5d—f). This indicated H,0O,
eruption at the PMC stage of CMS line, and was retained
until the unicellular stage. Thus, ROS production greatly
affected anther development, which was in agreement with
the different ROS contents in two rapeseed lines.

TUNEL assay

At the PMC stage, positive hybridization signal of PCD was
not observed in both CMS and maintainer lines (Fig. 6a, e).
At the tetrad stage, PCD was identified in the tapetum of
SaNa-1B (Fig. 6f, white arrowheads), and it was identified
in the tetrads but not in the tapetum of CMS line (Fig. 6b).
At the unicellular stage, PCD was increased in the tapetum
of SaNa-1B (Fig. 6g), but few signals were identified in the
CMS line (Fig. 6¢). At the mature pollen stage, PCD events
expanded to the external anthers of SaNa-1B, and they were
identified in the epidermis cells (Fig. 6h). PCD was only
observed in the middle of the anther locule and few tapetum
cells (Fig. 6d). These results indicated that PCD occurred in
tapetum cells of the maintainer line since the PMC stage, it
increased and extended to the outside layer of anthers, which
was necessary for pollen release. From the tetrad to unicel-
lular stage, PCD in the CMS line was much less compared
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F,F,-ATPase activity; ¢ ATP levels. Different alphabets show significant difference of lines at p <0.05 level
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Fig.5 Sites of electron-dense deposits of the epidermic cells or end-
othecium cells at different developmental stages. a CMS line SaNa-
1A of PMC stage, bar =1 um; b CMS line SaNa-1A of tetrad stage,
bar =1 um; ¢ CMS line SaNa-1A of unicellular stage, bar =2 pm;

d maintainer line SaNa-1B of PMC stage, bar =1 um; e maintainer
line SaNa-1B of tetrad stage, bar =2 um; f maintainer line SaNa-1B
of unicellular stage, bar =1 um. The black arrows indicated the elec-
tron-dense deposits after Ce-H,O, reaction

Fig.6 DNA break detection in anther of SaNa-1A and SaNa-1B
using TUNEL assay. a—d CMS line SaNa-1A; e-h maintainer line
SaNa-1B; a, e PMC stage; b, f tetrad stage; ¢, g unicellular stage; d,

with that in SaNa-1B, indicating that PCD was delayed in the
CMS line and microspore development was hindered since
the tetrad stage. In general, the different PCD events reflected

h mature pollen stage. The white arrows indicated the signal of green
or yellow—green fluorescent hybridization. PMC microsporocyte, Td
tetrad, Sp microspore, T tapetum, MP mature pollen. Bar =50 nm

the cytological difference between the CMS and maintainer
lines, and confirmed that the abnormality in tapetum apop-
tosis and degradation was related to the sterility of SaNa-1A.
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Discussion

Anther abortion mechanism in B. napus CMS line
SaNa-1A

The ultrastructure of anther development in rapeseed CMS
line has been broadly reported, and anther abortion and tape-
tum degradation have been correlated with sterility (Polo-
wick and Sawhney 1990; Gonzalez-Melendi et al. 2008;
Dun et al. 2011). Tsvetova and Elkonin (2003) reported two
mechanisms of anther abortion related to tapetum develop-
ment. First, early degradation of tapetum hindered the secre-
tion of callose enzyme for microspore release from tetrads.
The degraded tapetum invaded into the anther locule and
caused abortion. Second, inflated tapetum cells squeezed
microspores and caused anther abortion. Taylor et al. (1998)
found that anther abortion in Arabidopsis CMS line ms7
was caused by advanced degradation of tapetum cells. Balk
and Leaver (2001) reported that sunflower PET1-CMS was
caused by early PCD in tapetum. Gonzalez-Melendiet et al.
(2008) found that Ogu-INRA CMS was also caused by the
early degradation of tapetum cells. Contrarily, Polowick and
Sawhney (1990) found that Ogu CMS of B. napus was due to
the delay of tapetum degradation. Yang et al. (2008) reported
the same mechanism in sesame CMS line. Vizcay-Barrena
and Wilson (2006) compared wild type and ms/ mutant in
Arabidopsis, and found that PCD occurred in the tapetum
since mitosis of microspores in wild type, whereas PCD was
not normally observed in the mutant. In the present study,
we found that the degradation of tapetum was also delayed,
and the callose enzyme was not normally secreted from the
tetrads. Thus, microspores were disabled because of nutrient
deficiency and were not normally released.

Moreover, the mitochondrion is the center of oxida-
tion-reduction reactions and respiration and is thus an
important organelle for energy metabolism. The number of
mitochondria and attached functional proteins was greatly
increased with anther development (Linke and Borner 2005;
Chase 2007). Thus, CMS is closely correlated with deg-
radation and functional disorder of the mitochondria. In
the present study, abnormality of the organelles, such as
mitochondria, endoplasmic reticulum, and nucleolus, was
observed since meiosis of PMCs in the CMS line. Thus, we
suspected that the disruption and degradation of organelles
resulted in the functional disorder in the CMS line, which
affected anther development.

Reactive oxygen metabolism in mitochondria
of the CMS line

The mitochondrion is the main site for ROS generation
in higher plants. We found that ROS content in isolated
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mitochondria of SaNa-1A was slightly higher than that in
SaNa-1B before microspore abortion, indicating that the
deficiency of ROS clearance happened at the beginning of
anther development in SaNa-1A. ROS content of the mito-
chondria significantly increased and maximized at the tet-
rad stage of CMS line. Similar variation in ROS content
was also reported in the mitochondria of HL rice and cot-
ton CMS lines (Li et al. 2004; Wan et al. 2007; Jiang et al.
2007). Subcellular localization of H,0, also revealed ROS
eruption at the PMC stage of SaNa-1A, and Cs-H,0, com-
plexes accumulated at the cell wall, mitochondria, and chlo-
roplast, which were maximized at the tetrad stage. These
observations agreed with the different ROS accumulations
in two rapeseed lines.

SOD activity was significantly increased with microspore
abortion in SaNa-1A, indicating that ROS accumulation
positively induced SOD activity. However, the limited SOD
activity in the CMS line was unable to clear the accumu-
lated ROS; thus, ROS content was maximized at the tetrad
stage of SaNa-1A. POD content in SaNa-1A was signifi-
cantly increased at the unicellular stage of SaNa-1B, but it
was stable in the CMS line. POD might be related to ROS
clearance and balance of IAA content. The increased POD
content in CMS line might accelerate IAA decomposition
and cause nutrient deficiency in microspore development.
MDA accumulation is related to biotic and abiotic stresses
in plants (Esterbauer and Cheeseman 1990). We found that
MDA content in isolated mitochondria was higher at differ-
ent anther developmental stages of SaNa-1A than that of
SaNa-1B, and the variation of MDA content in two rapeseed
lines was consistent with the different ROS accumulation.
This finding also indicated that excessive ROS accumula-
tion in the CMS line would cause MDA accumulation, cell
injury, and anther abortion.

Functional disorder of terminal oxidase
of respiratory electron transfer chain in CMS line

COX is a terminal oxidase of the respiratory electron trans-
fer chain, which plays important roles in aerobic organisms.
COX deficiency can affect ATP biosynthesis and anther
development (Rich and Bonner 1978). In the present study,
COX activity at the PMC stage of the CMS line was sig-
nificantly lower than that in SaNa-1B, indicating that COX
deficiency inhibited the respiratory pathway. Ji et al. (2013)
found that COX activity at different anther developmen-
tal stages of pepper CMS line was lower than that in the
maintainer line. Consistent with the findings of Jiang et al.
(2007), we found that COX activity was improved after
microspore abortion in SaNa-1A, but it was not significantly
different to that of the maintainer line.

Pollen development is an energy-consuming process, and
dehydration resembling drought stress is necessary for the



Plant Cell Reports (2019) 38:545-558

555

development of mature pollens (McCormick 2004; Pastore
et al. 2007). ATP biosynthesis in anthers of higher plants
is catalyzed by F,F,-ATPase (Li et al. 2010). In the Boro II
type of rice mitochondria, Wang et al. (2006) reported that
a toxic protein encoded by orf79, which was downstream of
atp6, affected anther development. Zhang et al. (2007) found
that the CMS-related gene atp6-orfH79 encoded a competi-
tive protein of ATP6, and affected the structure and func-
tion of F,F-ATPase. In Arabidopsis, mutation of MGP1,
encoding the F,d subunit of F|F,-ATPase, affected the mito-
chondrial structure during pollen mutation and increased the
hydrolysis activity of F;F,-ATPase (Li et al. 2010). Yang
et al. (2008) identified that the expressional changes on azpA,
which was downstream of 07f220, reduced ATP biosynthesis
in the mitochondria and resulted in anther abortion in the
CMS line of rapeseed. In general, mutation of genes encod-
ing F,F;-ATPase subunits affects mitochondrial function and
induces disorder in ATP synthesis and hydrolysis.

In this study, ATP content in mitochondria of CMS and
maintainer lines was similar at the early developmental stage
of anthers, but it was reduced at later developmental stages
of SaNa-1A. ATP content in SaNa-1B was much stable than
that in the CMS line, indicating that ATP deficiency might
be responsible for anther abortion. We also found that ATP
content was positively correlated with F,F)-ATPase activity.

ROS-mediated PCD and anther abortion

PCD in plants was regulated by genes and characterized by
apoptosis in cell structure, such as cell shrinking, karyopyk-
nosis, chromosome condensation, and DNA fragmentation.
In general, a lag phase existed between DNA fragmentation
and cell structure abnormality. Li et al. (2004) reported that
DNA fragmentation in tapetum started with meiosis in the
rice CMS line, and cell structure abnormality in tapetum was
observed at later microspore stage. Microspore abortion in
the CMS line of sunflower and rice was mainly due to the
abnormal PCD events in tapetum (Ku et al. 2003; Balk and
Leaver 2001). Shi et al. (2009) revealed that advanced PCD
in tapetum of rice photosensitive genic male sterile line 58S
was the main cause of anther abortion. Wan et al. (2010)
reported that abnormal and advanced PCD in tapetum of B.
napus recessive genic male CMS line 9012A was related to
anther abortion, indicating that PCD in tapetum was closely
related to male sterility. In the present study, the differences
of PCD in tapetum were observed since the tetrad stage of
CMS and maintainer lines, which indicating that tapetum
was not normally degraded at the tetrad stage of SaNa-1A.
ROS is an important signal transduction mechanism in
regulating and transferring PCD signals. Excessive accu-
mulation of ROS could induce membrane peroxidation
and PCD (Hoeberichts and Woltering 2003; Mittler et al.
2004). In this study, ROS accumulated since the PMC

mtDNA mutation

Nlitochondrial dysfunction

COX. ATPase dysfunction

ATP ROS metabolic
biosynthesis balance

\ ROS accumulation

Dysplasia ol' tapetum
and microspores

Abeortion

Fig.7 Proposed model for physiological mechanism of CMS line
SaNa-1A

stage of SaNa-1A. Abnormality in antioxidant enzyme
system was observed afterward, and PCD was identified
in the microspores at the tetrad stage. Meanwhile, the
structure and function of cells in CMS anthers became
abnormal. All the differences indicated that ROS accu-
mulation and PCD occurred at the same time, and ROS
was an important signal molecule regulating antioxidant
enzyme activity and it also involved in the PCD of micro-
spores. ROS stress in SaNa-1A was observed since the
PMC to unicellular stage, which was long enough to affect
mitochondrial function and gene expression, and finally
influence microspore development. Thus, we suspected
that oxidative stress is the main reason of anther abortion
in the CMS line.

In the present study, we compared the ultra-microstruc-
ture of anthers between a CMS line (SaNa-1A) from B.
napus—S. alba somatic hybrids and a maintainer line (SaNa-
1B). We found that abnormal PMC development and delay
of tapetum degradation were the main reasons for anther
abortion in SaNa-1A. Physiological and biochemical analy-
ses indicated that the high ROS content in the CMS line
might improve the activity of antioxidant enzyme system,
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whereas the reduced SOD activity and increased POD activ-
ity might inhibit anther development. Variations in mito-
chondria structure affected the structure and function of the
terminal oxidase of the respiratory electron transfer chain,
and ATP biosynthesis was affected by the inhibition of
F,F,-ATPase activity regulated by COX activity. Identifica-
tion of DNA fragmentation revealed that ROS accumulation
induced PCD at the tetrad stage of microspores, and PCD in
tapetum was abnormal in the CMS line, which delayed the
nutrient supply for microspores and finally caused anther
abortion. Previously, the RNA-seq analysis indicated that
genes participating in carbon metabolism, tricarboxylic
acid cycle, oxidative phosphorylation, oxidation-reduction
system, pentatricopeptide repeat, and anther development
were downregulated significantly in the SaNa-1A CMS line
(Du et al. 2016). In general, all the above-mentioned differ-
ences between CMS and maintainer lines were consistent
with the expressional difference from RNA-seq analysis. We
provided a hypothetical model for the abortion mechanism
of SaNa-1A (Fig. 7).
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