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Abstract
Main conclusion A cell death signal is perceived and responded to by epidermal cells first before being conveyed
inwards across the anther wall in male sterile Plantago lanceolata flowers.

In gynodioecious plants, floral phenotype is determined by an interplay between cytoplasmic male sterility (CMS)-promoting
factors and fertility-restoring genes segregating in the nuclear background. Plantago lanceolata exhibits at least four different
sterilizing cytoplasms. MS1, a “brown-anther” male sterile phenotype, segregates with a CMSI cytoplasm and a non-restoring
nuclear background in P. lanceolata populations. The aim of this study was to investigate the cytology of early anther devel-
opment in segregating hermaphrodite and male sterile flowers sharing the same CMSI cytoplasm, and to determine if the
sterility phenotype correlates with any changes to the normal pattern of programmed cell death (PCD) that occurs during
anther development. Cytology shows cellular abnormalities in all four anther wall layers (epidermis, endothecium, middle
layer and tapetum), the persistence and enlargement of middle layer and tapetal cells, and the failure of microspore mother
cells to complete meiosis in male sterile anthers. In these anthers, apoptotic-PCD occurs earlier than in fertile anthers and is
detected in all four cell layers of the anther wall before the middle layer and tapetal cells become enlarged. PCD is separated
spatially and temporally within the anther wall, occurring first in epidermal cells before extending radially to cells in the
inner anther wall layers. This is the first evidence of a cell death signal being perceived and responded to by epidermal cells
first before being conveyed inwards across the anther wall in male sterile plants.

Keywords Anther development - Cell death signaling - Cytoplasmic male sterility - Epidermis - Gynodioecy - Tapetum -
TUNEL

Abbreviations MS Male sterile
CMS Cytoplasmic male sterility PCD  Programmed cell death
H Hermaphrodite

MMC Microspore mother cells
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jackie.nugent@mu.ie Gynodioecy is a plant breeding system where female plants

(male sterile flowers) and hermaphrodite plants (flowers
with fertile male and female organs) co-occur in natural
populations, and is found in about 2% of angiosperm gen-
era (Dufay et al. 2014; Renner 2014). The floral phenotype
is determined by cytoplasmic and nuclear gene interactions,
i.e. cytoplasmic male-sterilizing genes and nuclear male fer-
tility restorer loci (reviewed by Touzet 2012). Cytoplasmic/
nuclear gene interactions also determine cytoplasmic male
sterility (CMS) in hybrid crop lines obtained from intra- or
Department of Biology, Maynooth University, National inter-specific sexual crosses where the nucleus of one acces-

}Jnlive(rfity of Ireland Mayncoth, Maynooth, Co. Kildare, sion or species is combined with the cytoplasm of another
relan

Témas Byrne
tmsbyrne7 @ gmail.com

Grace McCormack
gracemccormack7 @gmail.com

Marc Quiwa
marcquiwa@gmail.com

Elaine Stafford
staffoel @tcd.ie

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-018-3055-y&domain=pdf

914

Planta (2019) 249:913-923

(Kim and Zhang 2018). CMS in these instances is associ-
ated with mitochondrial sterility genes that code for pro-
teins that interfere with normal mitochondrial function in the
absence of any counteracting fertility restoration capacity in
the nucleus particularly during anther development. Many
mitochondrial sterility genes and nuclear restorer genes
have been identified in these hybrid crop contexts (Horn
et al. 2014; Hu et al. 2014; Kim and Zhang 2018) and cur-
rent models for gynodioecy propose similar mitochondrial-
nuclear gene interactions (Touzet 2012).

Most mitochondrial sterility genes are comprised of chi-
meric open reading frames (ORFs) that include pieces of
known mitochondrial genes or ORFs, or are truncated copies
of duplicate mitochondrial genes, or are ORFs of unknown
provenance (Chen and Liu 2014; Kim and Zhang 2018).
Sterility proteins are thought to affect mitochondrial func-
tion in a variety of ways including: (i) disrupting inner mem-
brane integrity, leading to proton leakage and reduced ATP
production, (ii) serving as dysfunctional components of the
mitochondrial electron transfer chain or F1Fo—ATPase com-
plexes also leading to reduced ATP production, (iii) altering
retrograde signaling from the mitochondria to the nucleus,
and (iv) altering peroxide metabolism and reactive oxygen
species (ROS) production. Normal pollen development
depends on cooperative interactions between sporophytic tis-
sue (anther wall) and gametophytic tissue (microspores) and
requires the precise regulation of PCD and disintegration of
the tapetum, the innermost cell layer of anther wall tissue
(Parish and Li 2010). Targeted expression of mitochondrial
protein fragments in the mitochondria of tapetal cells inhib-
its the biogenesis of the electron transfer chain machinery
and is sufficient to induce male sterility phenotypes in trans-
genic tobacco plants (Shaya et al. 2012).

Tapetal breakdown shares many of the hallmarks associ-
ated with apoptosis-like PCD including relatively rapid cell
death, cell condensation and shrinkage, chromatin condensa-
tion, DNA fragmentation and eventually mitochondrial and
cytoskeletal disintegration (Balk and Leaver 2001; Parish
and Li 2010). Tapetal cell death is tightly controlled during
normal pollen development and both premature and delayed
tapetal PCD has been shown to lead to male sterility in many
instances (Papini et al. 1999; Kawanabe et al. 2006; Ji et al.
2013). The effects of mitochondrial-encoded sterility genes
on pollen development can be counteracted by nuclear-
encoded restorer of fertility (Rf) genes. Rf gene products
are functionally quite disparate in their nature suggesting
that many routes to male fertility restoration can be used
by flowering plants. Most of the identified Rf genes code
for pentatricopeptide repeat (PPR)-containing proteins that
suppress mitochondrial-encoded sterility gene expression at
the post-transcriptional level via a range of RNA processing
mechanisms (RNA editing, splicing, polyadenylation, and/
or cleavage; Kim and Zhang 2018). It is still not clear how
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some other known Rf proteins might restore fertility, e.g.
an aldehyde dehydrogenase in T-CMS in maize (Cui et al.
1996), an acyl-carrier protein synthase-like protein in CW-
CMS in rice (Fujii and Toriyama 2009), a putative peptidase
in Owen-CMS in sugar beet (Matsuhira et al. 2012), and
a glycine-rich protein in LD-CMS in rice (Itabashi et al.
2011). Some yet to be identified Rf genes suppress sterility
gene expression at the translational and post-translational
level (Landgren et al. 1996; Sarria et al. 1998; Luo et al.
2013) and others are involved in suppressing sterility gene
copy number (Feng et al. 2009; Onodera et al. 2015).

It is clear that CMS in crop species is a relevant model for
understanding the nuclear-cytoplasmic interplay underlying
gynodioecy (Stiddler and Delph 2002). However, very little is
known about the molecular action of mitochondrial sterility
factors or nuclear restorer alleles in natural populations of
non-agricultural plant species exhibiting this breeding sys-
tem. Only two mitochondrial CMS genes have been identi-
fied in natural gynodioecious populations, orf138 in wild
radish and orf 129 in wild beet, and both of these were first
identified in radish and sugar beet crop breeding programs
(Murayama et al. 2004; Yamamoto et al. 2008). Several
mitochondrial ORFs, as well as a non-coding mitochondrial
RNA, have been associated with CMS in the model gynodi-
oecious species Silene vulgaris (Sloan et al. 2012; Storchova
et al. 2012; Stone et al. 2017). No nuclear Rf genes have been
identified in any naturally occurring gynodioecious species.
Some studies have focused on the cytology of anther devel-
opment in female flowers in gynodioecious plants (Moon
and Hong 2015; Naghloo and Classen-Bockhoff 2016; Koch
et al. 2018); however, no studies have assessed PCD during
anther development in any gynodioecious species to date.

Plantago lanceolata is a gynodioecious plant species that
exhibits at least four different sterilizing cytoplasms (CMSI,
CMSIIa, CMSIIb and CMSIII) each associated with specific,
but as yet unidentified, sterility genes (de Haan et al. 1997a).
MS1, previously described as the “brown-anther” male ster-
ile phenotype, segregates with a CMSI cytoplasm and a non-
restoring nuclear background in Plantago populations (Van
Damme and Van Delden 1982). MS1 is the most frequent
male sterile type found throughout the world in natural pop-
ulations and genetic association studies (mitochondrial and
plastid) have shown that this is because of migration and not
because of recurrent mutation (de Haan et al. 1997b). The
aim of this study was to investigate the effect of the CMSI
cytoplasm on anther and pollen development in P. lanceolata
flowers. Light microscopy was used to compare the cytology
of early anther development in segregating hermaphrodite
(H) and male sterile (MS) flowers sharing the CMSI cyto-
plasm, and in situ TdT-mediated dUTP nick-end labeling
(TUNEL) assays were used to investigate if the sterility phe-
notype correlates with any changes to the normal pattern of
PCD that occurs during anther development in P. lanceolata.
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Materials and methods
Plant material

Plants were grown from seed provided by Prof. Kirsten
Wolff, Newcastle University, UK. The seed was generated
by crossing an MS female parent with a hermaphrodite male
parent (Cross B: NPZH 22-9 X FREQ 1-13) which results in
a 1:1 segregating population of H and MS plants. All of the
plants in the population have the same CMSI cytoplasm. The
plants were grown in a greenhouse under long-day condi-
tions (16-h light, 8-h dark) to induce and maintain flowering.

Phenotypic analysis

H and MS flowers of different developmental stages were
examined closely using a Leica ES2 stereo microscope. Indi-
vidual flowers were photographed using an Olympus SP-100
camera equipped with a superzoom lens.

Cytology

Flowers were collected from along the entire length of
well-developed H and MS inflorescences; four to five flow-
ers were collected together at a time to create an approxi-
mate series of flowers of different ages. The oldest flowers
(just prior to anthesis) were collected from the bottom of an
inflorescence and the youngest from the top. The flowers
were fixed in 4% paraformaldehyde in PBS (1% Triton, 0.1%
Tween, and 10% DMSO) by vacuum infiltration, dehydrated
in a graded ethanol series, embedded in Epon epoxy resin
(TAAB 812) and sectioned (1-uM transverse sections) using
a Leica UC6 ultramicrotome. Flower sections were stained
with 1% toluidine blue, and were viewed and photographed
using an Olympus BX51 microscope and an Olympus XC30
camera.

Cell death assay

Whole inflorescences were fixed in 4% paraformaldehyde in
PBS (1% Triton, 0.1% Tween, and 10% DMSO) by vacuum
infiltration, dehydrated in a graded ethanol series, embed-
ded in paraffin wax (Paraplast X-TRA, Sigma) and sectioned
(10 uM) using a Leica RM2135 rotary microtome. The sec-
tions were deparaffinized with 100% Histoclear (Fisher Sci-
entific), dehydrated in a graded ethanol series, and permea-
bilized in proteinase K. DNA fragmentation was assayed for
using the DeadEnd Fluorometric TUNEL system (Promega)
according to the manufacturer’s instructions. Some sections
were treated with DNasel to induce DNA fragmentation
as an experimental positive control. The assayed sections

were counterstained with 1 pg/mL of propidium iodide and
mounted with SlowFade Gold antifade reagent (Invitro-
gen). Cover slips were sealed and the samples were exam-
ined under an Olympus FV1000 confocal microscope using
excitation at 488 nm and emission at 500-530 nm to view
the green fluorescence of fluorescein, and 543-nm excitation
and 560-655-nm emission to view the red fluorescence of
propidium iodide. Merged images were generated using the
Olympus FluoView software. Additional sections (10 uM)
were stained only with 1% toluidine blue to help stage the
TUNEL assay sections.

Results
H and MS flower phenotypes

Hermaphrodite Plantago plants produce small protogynous
flowers (stigmas are exserted and become receptive before
the stamens emerge) in very condensed inflorescences at the
tips of long leafless scapes (Fig. 1a, b). Flowers have four
sepals, four petals that are fused to form a corolla tube, four
stamens and a single pistil of two fused carpels (Fig. Ic;
Henderson 1926). Before anthesis, the elongated stamen fila-
ments are folded over and the stamens remain completely
enclosed within the corolla tube. When female flowering is
nearly complete, the oldest flowers at the base of the inflo-
rescence open (the tips of the petals fold back) and exsert the
elongated stamens to release pollen (Fig. 1¢). Male flower-
ing then proceeds up the inflorescence (Fig. 1a, b). Flower
development in MS plants is similar to that described above
except mostly with regard to stamen development. In MS
flowers, stamen filaments never elongate to fold back on
themselves within the corolla, and at anthesis brown, pollen-
less, anthers barely extend beyond the petals (Fig. 1d-f).
Young developing anthers are yellowish-green and the loc-
ules develop but do not enlarge beyond a certain point, in
fact they deflate and quickly turn brown (Fig. le, f). MS
anthers do not contain any pollen. MS flowers also produce
longer styles than hermaphrodites which may be a strategy to
enhance female reproductive capacity (Fig. 1d—f; OIff et al.
1989).

Cytological analysis of anther development

Transverse sections of H flowers were analyzed to deter-
mine the progression of cellular events involved in fertile
anther development in Plantago and representative stages
are shown in Fig. 2. The cytology of anther development
in H flowers is very similar to that previously described for
Arabidopsis and the same numbering of early anther devel-
opment stages is used in this study (Sanders et al. 1999;
Scott et al. 2004). The early stages of anther development

@ Springer



916

Planta (2019) 249:913-923

Fig. 1 Hermaphrodite and male sterile inflorescences and flowers of
Plantago lanceolata. a Side view of a hermaphrodite inflorescence.
b Top view of a hermaphrodite inflorescence. ¢ Single hermaphrodite

generate microspore mother cells (MMCs) surrounded by a
four-layered locule wall (epidermis, endothecium, middle
layer and tapetum) after which the sporophytic tissue shows
preparation for meiosis (Fig. 2a, b; anther stage 5). When
diploid MMCs enter meiosis (meiocytes), the middle layer
becomes crushed and degenerates, and the tapetal cells start
to enlarge and become more vacuolated (Fig. 2c, d; anther
stage 6). Meiosis results in tetrads of haploid microspores
within each locule (Fig. 2e; anther stage 7) and after indi-
vidual microspores are released the tapetal cells begin to
degenerate (Fig. 2f; anther stage 8). As microspores undergo
mitotic division, the tapetal cell layer is completely elim-
inated and the cells of the endothecium begin to enlarge
(Fig. 2g, h; anther stage 11). During the final stages of pol-
len development, the anthers become bilocular (the septum
between each pair of locules breaks down), and eventually
the stomium ruptures and mature pollen grains are released
(Fig. 2i; anther stage 13).

Transverse sections of MS flowers show that the early
stages of anther development generate MMCs and a four-lay-
ered locule wall (epidermis, endothecium, middle layer and
tapetum, Fig. 3a). However, cytological changes in anther
wall cells are evident as soon as the four cell layers differ-
entiate (stage 5); in particular, tapetal cells are larger and
more vacuolated (Fig. 3a) than same stage cells in hermaph-
rodites (Fig. 2a). By late stage 5 onwards, tapetal cells are
highly vacuolated and greatly hypertrophied; middle layer,
endothecial and epidermal cells are also vacuolated but not
to the same extent as tapetal cells (Fig. 3b). The middle
layer cells persist and enlarge rather than being crushed and
eliminated. Within the anther locules, MMCs show some
preparation for meiosis in that cell staining becomes less
dense and each MMC becomes more separated (Fig. 3b).
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flower (sepals removed). d Side view of a male sterile inflorescence.
e Top view of a male sterile inflorescence. f Single male sterile flower
(sepals removed). @ anther, s stigma

However, the cytoplasm of these cells contains many small
vacuoles not present in same stage hermaphrodite MMCs
and prophase I chromosome condensation is not seen. This
suggests that meiosis either does not begin in MS anthers
or is disrupted very early on in the process. Only defec-
tive meiotic products accumulate within locules and these
become progressively crushed by the enlarging middle layer
and tapetal cells of the anther wall (Fig. 3c—e). The mature
anther is indehiscent, empty, and shriveled with only the
epidermal layer persisting (Fig. 3f).

PCD during anther development

In H anthers, the tapetal cell layer is completely degraded by
the time haploid microspores commence mitosis, whereas
in MS anthers a very hypertrophied tapetal cell layer per-
sists as defective meiotic products accumulate and then
become crushed within locules. This differing cytology
suggested that the timing of tapetal cell death is disrupted
in MS anthers by the CMSI cytoplasm. DNA fragmentation
is a hallmark of apoptosis-like PCD, and TUNEL assays
were performed to investigate this aspect of the cell death
process in H and MS developing anthers. Analysis of H
anthers shows that DNA fragmentation is not observed in
any anther cells prior to MMCs entering meiosis (Fig. 4a—f;
anther stage 5). DNA fragmentation is first seen in tapetal
cells during meiosis (Fig. 4g-1; anther stage 6) and is still
detectable up until tetrads are formed and tapetal cell wall
breakdown begins (Fig. 4m-r; anther stage 7). Cells in the
other three anther wall layers (epidermis, endothecium and
middle layer) exhibit no DNA fragmentation at these early
stages of anther development. DNA fragmentation occurs in
some meiocytes and microspores during the normal process
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Fig.2 Anther development in Plantago lanceolata hermaphrodite
flowers. 1-pum-thick transverse sections of fixed individual flowers
were stained with toluidine blue and photographed under bright field
microscopy. Single locules from representative stages of anther devel-
opment are shown. a, b Locules are formed, microspore mother cells
are formed, and four anther wall layers are present (stage 5 of anther
development). ¢, d Tapetal cells become vacuolated and microspore
mother cells enter meiosis (stage 6 of anther development). e Meiosis
is completed and the tapetal cell wall begins to break down (stage 7
of anther development). f Haploid microspores are released and the

of pollen development (Fig. 41, r). This is not unheard of;
in barley (Hordeum vulgare) DNA fragmentation is also
detected in uninucleate microspores during vacuolization
(Wang et al. 1999). Nuclear DNA fragmentation was not
investigated at later stages of H anther development, e.g.
during anther dehiscence.

In situ TUNEL assays show that DNA fragmentation
occurs earlier in MS anther wall cells, is first detected
in the anther before MMCs show preparation for meiosis
(Fig. 5; anther stage 5), and is not confined to just the
tapetum but is observed in all four cell layers of the anther
wall (epidermis, endothecium, middle layer and tapetum;

tapetal cell wall continues to degenerate (stage 8 of anther develop-
ment). g, h Pollen mitotic divisions occur, the tapetum completely
degenerates and the endothecium cells expand (stage 11 of anther
development). i Dehiscence, the anther wall breaks at the stomium
and pollen is released (stage 13 of anther development). E Epider-
mis, En endothecium, MC meiotic cell or meiocyte, MMC microspore
mother cell, MI middle layer, MSp microspore, PG pollen grain, St
stomium, 7' tapetum, 7ds tetrads. Scale bar=10 pm (a-d), 20 pm
(e-i)

Fig. 5a). Because Plantago flowers are produced in such
compact inflorescences (Fig. la, d), each tissue section
contains an approximate developmental series of flower
(anther) sections. A close examination of a short series of
MS anther sections indicates that the initiation of PCD is
separated spatially and temporally within the anther wall,
occurring first in epidermal cells before progressively
reaching the innermost anther wall layers (Fig. Sb—e).
Thus, before any tapetal or middle cell enlargement
becomes obvious in the MS anther, DNA fragmentation
has occurred and PCD has commenced in all four cell lay-
ers of the anther wall.
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Fig.3 Anther development in male sterile Plantago lanceolata
flowers. 1-um-thick transverse sections of fixed individual flow-
ers were stained with toluidine blue and photographed under bright
field microscopy. Single locules from representative stages of anther
development are shown in panels a—e. a Microspore mother cells
are formed and four anther wall layers are present (stage 5 of anther
development). The tapetal cells are more vacuolated than in the her-
maphrodites at the equivalent stage 5. b Microspore mother cells
show evidence of preparation for meiosis (late stage 5 of anther
development). The tapetal cells are much more vacuolated than in

Discussion

This study shows that a CMSI sterility factor affects anther
development in MS flowers after four anther wall cell types
have developed (stage 5 anther development). Cytology
reveals cellular abnormalities in all four anther wall layers,
the persistence and enlargement of middle layer and tapetal
cells, and the failure of MMCs to complete meiosis. Apop-
totic-PCD is detected in all four cell layers of the anther wall
before the middle layer and tapetal cells become enlarged.
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hermaphrodite anthers at the equivalent stage. c—e Meiosis fails to
complete, defective meiotic products accumulate within the locules.
All cells in the anther wall become highly vacuolated. The middle
layer and tapetal cells persist, and greatly enlarge and seem to crush
the defective meiotic products within the locules. f Cross-section of
a mature MS anther, all cells/tissues internal to the epidermis are
collapsed. DMP defective meiotic products, E epidermis, En endo-
thecium, MI middle layer, MMC Microspore mother cell, T tapetum.
Scale bar=20 pm (a), 10 um (b), 20 pm (c—f)

PCD occurs earlier in MS anthers than in fertile anthers and
cell death progresses from the outer epidermal layer inwards
to the tapetum. In angiosperms, male sterility programs can
be initiated at any stage of stamen development; before
organ initiation, early in organ development, pre-meiosis and
post meiosis (reviewed by Diggle et al. 2011). Alterations
in tapetal development are the most obvious and frequently
recorded anther wall defects associated with all male steril-
ity systems in flowering plants, including cytoplasmic male
sterility (Balk and Leaver 2001; Li et al. 2004; Luo et al.
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Fig.4 PCD during anther development in hermaphrodite Plantago
lanceolata flowers. 10-um-thick longitudinal sections of fixed inflo-
rescence tissue were assayed for PCD using an in situ TUNEL assay.
An entire transverse anther section is shown in panels c¢—f, single
locule sections are shown in all other panels. a—f Pre-meiotic, stage
5 anther sections. g-1 Stage 6 anther sections during meiosis. m-r
Post-meiotic, stage 7 anther sections. Top panels (a, b, g, h, m, n) are
unassayed, toluidine blue-stained, sections viewed with bright field
microscopy to help with anther staging. Bottom panels (c—f, i-1, o-r)

2013), genic male sterility underlying sex determination in
unisexual flowering plant taxa (Falasca et al. 2013; Moon
and Hong 2015), and in environmental stress-induced male
sterility (De Storme and Geelen 2014). The tapetum is in
direct contact with the developing male gametophyte tis-
sue within locules and this anther wall layer serves several
functions: it is required for meiosis completion, it supports
microspore development, it provides enzymes needed for the
release of microspores from tetrads, and PCD of the tapetum
supplies essential components needed for pollen-wall forma-
tion in fertile anthers (Parish and Li 2010). Both premature
and delayed PCD of the tapetum has been shown to induce
male sterility in many systems (Balk and Leaver 2001; Ku
et al. 2003; Kawanabe et al. 2006; Li et al. 2006). However,
close examination of sterile anther mutants in maize sug-
gests that other anther wall layers may also contribute to the
sterility process, perhaps mediated by more subtle cellular
changes, like altering the timing or extent of anticlinal or
periclinal cell divisions in anther wall layers and affecting
cellular differentiation or signaling across the anther lobe
(Egger and Walbot 2016; Walbot and Egger 2016). Thus,
although we have designated MS anther wall layers based on
their relative position (epidermis, endothecium, middle layer
and tapetum), since there are no defining cell type markers
for any anther wall cell types it is impossible to say if the

are sections assayed for PCD using TUNEL. ¢, i, 0 Sections assessed
for the green fluorescence of fluorescein. d, j, p Sections assessed
for the red fluorescence of propidium iodide. e, k, q Sections under
bright field view. f, 1, r Merged green and red fluorescence images.
The TUNEL signal (fluorescein) fluoresces green in cell nuclei con-
taining fragmented DNA and undergoing PCD. 1, r PCD is detected
in tapetal cells after meiosis begins in hermaphrodite anthers. T Tape-
tum. Scale bar=130 um (c—f), 20 pm (i-1, o-1)

correct cellular differentiation of cell types in each wall layer
actually occurs in MS plants.

The MS anther morphology shows similarities to ster-
ile anther morphologies described previously in a range of
different male sterile contexts. Some other gynodioecious
species, such as Persicaria amphibia (Polygonaceae) and
several taxa of Hawaiian Bidens (Asteraceae), also follow a
male sterility program that involves abnormal vacuolation
of tapetal cells, early abortion of microsporogenesis, and
radial enlargement of all layers of the locule wall especially
the tapetum (Sun and Ganders 1987; Moon and Hong 2015).
Within some functionally dioecious Cactaceae (Opuntia
stenopetala and several Consolea species), the male abortion
process involves tapetal abnormalities before meiosis, mei-
otic failure, a persistent middle layer, and a greatly hyper-
trophied tapetum (Strittmatter et al. 2006; Flores-Renteria
et al. 2013). In barley, high temperature-induced male steril-
ity correlates with abnormal vacuolization and hypertrophy
of all four anther wall layers including the tapetum (Oshino
et al. 2007). In Arabidopsis thaliana fat tapetum mutants,
anther morphology is normal until the onset of meiosis
after which the tapetum and middle layer become enlarged,
both layers persist and microsporogenesis is aborted (Sand-
ers et al. 1999). All of these studies are suggestive of other
sporogenic tissues, not just the tapetum, being involved in
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Fig.5 PCD during anther development in male sterile Plantago lan-
ceolata flowers. 10-pm-thick longitudinal sections of fixed inflores-
cence tissue were assayed for PCD using an in situ TUNEL assay.
a—e Pre-meiotic, stage 5 anther sections. a Transverse section of an
entire anther. b—e Transverse sections of a single locule. Sections
were assessed for the green fluorescence of fluorescein and for the red

supporting MMC meiotic progression and the development
of fertile pollen within anthers.

A complex gene regulatory network involved in pollen
development is shared between A. thaliana and rice, suggest-
ing a conserved developmental pathway throughout flower-
ing plants (Gémez et al. 2015). In Arabidopsis, early tape-
tum development and function is controlled by the sequential
activation of three transcription factor genes, DYSFUNC-
TIONAL TAPETUM 1 (DYTI), TAPETAL DEVELOPMENT
and FUNCTION (TDF1), and ABORTED MICROSPORES
(AMS). In mutants defective in any of these genes (dyt!, tdf
or ams), anther development is normal until stage 5 after
which vacuolated, swollen, tapetal cells are observed dur-
ing meiosis and all of the mutants display a male sterile
phenotype (Zhu et al. 2011). In dyt/ mutants, tapetal cell
abnormality is linked to failure of MMCs to complete meio-
sis and to produce microspores (Zhang et al. 2006), while in
tdf and ams mutants, meiosis is completed but microspores
are not released (Zhu et al. 2011). In rice, mutations in the
DYTI homolog UNDEVELOPED TAPETUM1 (UDT1) also
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fluorescence of propidium iodide, only merged green and red fluo-
rescence images are shown. PCD is detected in all four layers of the
anther wall before meiosis begins and proceeds from the epidermal
layer inwards across the anther wall. E Epidermis, EN endothecium,
ML middle layer, T tapetum, V vascular tissue. Scale bar=50 um (a),
30 pm (b—d), 40 um (e)

result in a defective tapetum with abnormal vacuolation,
meiotic failure and male sterility (Jung et al. 2005; Zhang
et al. 2006). One possible gene target of a signaling process
initiated by male sterility-inducing factors could be a DYT]
orthologue in the gynodioecious, functionally dioecious, and
abiotic stress-sensitive taxa that share a similar sterile anther
cytology.

Progressive PCD of anther wall cells has been described
in both fertile and sterile contexts in several taxa. During
fertile anther development in Lilium, PCD extends radially
from the tapetum outwards to the epidermal layer (Varnier
et al. 2005). In kiwifruit, the tapetum undergoes PCD first
before expanding to the middle layer (Falasca et al. 2013)
and in wheat, PCD occurs first in the tapetum before expand-
ing to other external anther wall layers (Liu et al. 2018).
In sterile anthers of some functionally dioecious taxa, PCD
occurs in microspore mother cells and tapetal cells before
extending to all four layers of the anther wall (Flores-Rent-
eria et al. 2013; Hernandez-Cruz et al. 2018). In the PET1-
CMS mutant in sunflower, PCD first occurs in tapetal cells
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and then extends to all other anther wall layers (Balk and
Leaver 2001). These studies suggest that a cell death signal
is first perceived and responded to by internal anther tissue
(MMCs and/or tapetum) before being conveyed to the exter-
nal cell layers of the anther and that this can occur during
both fertile and sterile anther development. What is unusual
about the Plantago MS sterility program is that the wave
of PCD proceeds from the epidermis to the inner anther
wall cell types, suggesting that in these anthers a cell death
signal is first perceived and responded to by the epidermal
cells before being conveyed inwards to cells in the other
anther wall layers. Neighbor relationships are important in
determining both the signaling source and the direction in
which signals are transmitted across the anther lobe dur-
ing development. The establishment of cell fate in anther
walls is dependent on signals that emanate from both exter-
nal domains (epidermal cells) and internal domains (mei-
otically competent cells) of lobe primordia. For example,
pre-meiotic archesporial cells direct sub-epidermal cell fate
and differentiation in the anther wall, while the epidermis
affects cell specification in internal anther wall layers and
meiotic progression of sporogenous cells within locules
(reviewed by Walbot and Egger 2016). Thus, it may be that
the direction cell death progression across the anther lobe is
dependent on which signaling mechanism is disrupted (one
progressing inwards or one progressing outwards) by any
particular sterility factor.

Reactive oxygen species (ROS), although highly damag-
ing to cells, can also act as concentration-dependent signal-
ing molecules to determine the timing of PCD in plants. A
temporal peak of ROS production in the tapetum correlates
with the initiation and progression of tapetal PCD in several
flowering plant species, and manipulating peroxide metabo-
lism (genetically or pharmacologically) disrupts the normal
timing of tapetal PCD resulting in male sterility (Chen and
Liu 2014; Xie et al. 2014; Yu et al. 2017). In wild abortive
CMS rice (CMS-WA), the mitochondrial sterility protein
WA352 alters peroxide metabolism, specifically in the tape-
tum by interacting with the nuclear-encoded mitochondrial
protein COX11 triggering ROS burst and premature death of
the tapetum (Luo et al. 2013). ROS burst also correlates with
plant PCD induced by several abiotic stress factors (Petrov
et al. 2015). These studies demonstrate that different signal-
ing inputs (both developmental and environmental) converge
on the same output (ROS burst) to initiate PCD in plants.
Thus, the progression of PCD seen in MS anthers is also
likely triggered by anomalous ROS accumulation in anther
cells in response to an as yet to be identified sterility factor.

In H anthers, cell death leads to complete degradation
and rapid elimination of the tapetum (Fig. 2f-h), a pro-
cess that shows similarities to autophagy-mediated PCD
where both cell death and cell degeneration are linked.
Autophagic cell death is characterized by the occurrence

of double-membrane autophagosomes within the dying
cells that remove the cell remnants. In rice, PCD of the
tapetum (as determined by DNA fragmentation) is initi-
ated at the tetrad stage of anther development (Li et al.
2006) and autophagy occurs at the uninucleate stage of
anther development (as determined by the presence of
autophagosome-like structures, Kurusu et al. 2014). This
indicates temporal separation of the cell death process and
autophagy in rice anthers. The rice autophagy-defective
mutant Osatg7-1 is male sterile and tapetal cell remnants
are not cleared from the anther wall after PCD (Kurusu
et al. 2014) indicating that autophagy is required to support
male fertility in rice. In MS anthers, DNA fragmentation
initiates a cell death pathway that generates highly vacu-
olated cells, followed by cell hypertrophy and prolonged
cell retention, particularly of middle layer and tapetal
cells. This process shows similarities to vacuole-mediated
PCD which is generally associated with the growth of lytic
vacuoles required for the digestion of cytoplasmic contents
and self-clearance of dying cells, and with the retention
of unprocessed cellular corpses. Vacuole-mediated PCD
is considered to be a more generalized plant cell suicide
system than autophagic cell death, and it is associated with
both pathogen-induced (e.g. hypersensitive response) and
developmental cell death in plants (Hatsugai et al. 2006).
Diverse proteases, including vacuolar processing enzymes
(VPEs), play a key role in vacuole-mediated PCD. In
Arabidopsis, one such protease (OVPE) is expressed in two
cell layers of the seed coat (ii2 and ii3) during early seed
development and is required for the shrinkage and removal
of these cell layers. In seeds of a Svpe-I mutant, the cells
in these seed coat layers not only persist but also appear
much larger than in wild-type seeds (Nakaune et al. 2005).
One possibility is that the cell death signal in MS anthers
is involved in activating a more general, stress-related, cell
death program in anther wall cells via a mechanism that
might inhibit, or inactivate, VPE function in these cells.
However, further studies will be required to investigate and
distinguish between autophagy-mediated and/or vacuole-
mediated PCD in Plantago H and MS anther contexts.
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