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Abstract: Annonaceae, comprising approximately 107 genera and 2400 species, is the largest family
among early-divergent Magnoliales. Previous studies have concentrated on the binding mechanism
that holds together the four members of tetrads in Annonaceae. However, the development mecha-
nisms of different tetrad types remain largely unknown. Mitrephora tomentosa was found to exhibit
five permanent tetrad types, with two or three of them existing in the same microsporangium, which
is ideal for studying the formation mechanisms of different permanent tetrad pollens in a single
microsporangium and explaining the relationship between cytokinesis and pollen tetrad types. The
ontogenetic development of the different tetrads in M. tomentosa was investigated using electron
microscopy technologies, histochemical staining, and immunocytochemistry. During meiosis, pollen
mother cells produce decussate and tetragonal tetrads by successive cytokinesis and produce tetra-
hedral and rhomboidal tetrads by simultaneous cytokinesis. Bidirectional callose deposition was
observed in tetrahedral, tetragonal, rhomboidal, and decussate tetrads. The variations in the process
of microsporogenesis randomly accumulate and manifest as different combinations of cytokinesis
and callose deposition, leading to the formation of differently shaped tetrads. In mature permanent
tetrad pollens, four microspores are connected by both simple cohesion and cytoplasmic channels,
which also play an important role in maintaining the synchronization of the tetrad members.

Keywords: binding mechanism; cytokinesis; microsporogenesis; Mitrephora; tetrad pollen

1. Introduction

Pollen is the male gametophyte of seed plants and plays a crucial role in plant repro-
duction and evolution. Pollen dispersal units exhibit impressive morphological variation in
flowering plants, ranging from monads (single grains) to compound pollens (two or more
grains united), which exist in over 100 families across basal angiosperms, monocots, and eu-
dicots, and are typed with dyads, tetrads, polyads, massula, and pollinia [1–3]. As the most
common form of compound pollen, tetrad pollen appears in more than 50 families [3–6].
According to the spatial arrangement of four members within the tetrad, permanent tetrads
are typed as tetrahedral, tetragonal, rhomboidal, decussate, T-shape, or linear-shape [7].
Tetrad shape variation has been of long-standing interest for studies of microsporogenesis
and systematics in angiosperms [6,8–10].

During microsporogenesis, the cytokinesis type and callose deposition direction show
great diversity in the stage of meiosis. Generally, three types of cytokinesis, viz., successive,
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simultaneous, and intermediate cytokinesis, have been recognized in angiosperms. The
direction of callose deposition can be divided into centripetal and centrifugal formations.
Successive cytokinesis with centrifugal callose deposition is common in monocots and basal
angiosperms, and it often produces tetragonal and decussate tetrads [11–14]. Meanwhile,
simultaneous cytokinesis with centripetal callose deposition is predominant in eudicots and
is usually associated with tetrahedral, or rarely with rhomboidal, tetrads [15,16]. Interme-
diate cytokinesis is rare and has only been reported in some cycads and magnolias [17–21].
The cytokinesis type and the tetrad shape are relatively conserved in monocots and eudi-
cots; therefore, the cytokinesis type can usually be inferred from the tetrad shape [6]. By
contrast, in basal angiosperms, e.g., Magnoliaceae Juss. [22], Annonaceae Juss. [21], and
Monimiaceae Juss. [23], three cytokinesis types occur, showing dramatic variation in tetrad
shape, and the relationship is obscure between the type of cytokinesis and tetrad shape [24].

The tropical flowering plant family Annonaceae, with approximately 107 genera and
2400 species [25,26], is the largest family in early-divergent Magnoliales Bromhead. [27].
The monad is inferred as plesiomorphic for Annonaceae, with compound pollen (tetrads
and larger polyads) derived in several phylogenetically disparate lineages [28]. Roughly
40 genera of this family shed their pollen grains in permanent tetrads, although dyads and
polyads occasionally occur [2,3]. Especially, different tetrad types can occur in a single
flower (Pseuduvaria trimera (Craib) Y.C.F. Su & R.M.K. Saunders) [21] or even in the same
microsporangium (Mitrephora tomentosa Hook. f. & Thomson). Previous studies have
concentrated on the binding mechanism holding the four members of tetrads together
in Annonaceae [29–33], while the development mechanisms of different tetrad types re-
main largely unknown. Here, we investigated the stamens of M. tomentosa in different
developmental stages, especially focusing on the cytokinesis type and the microspore wall
formation pattern during microsporogenesis, by using electron microscopy technologies,
histochemical staining, and immunocytochemistry. The present study aims to reveal the
formation patterns of different tetrad types within a single microsporangium, identify the
cohesion mechanism between the individual microspores within the tetrads at both the
morphological and cytological levels in Annonaceae, and provide new insights into the
diversity of microsporogenesis during angiosperm evolution.

2. Material and Methods
2.1. Plant Materials

Adult trees of M. tomentosa were located in the South Botanical Garden of the Chinese
Academy of Sciences, Guangdong Province, China (113.373◦ N, 23.188◦ E). The buds and
mature flowers from differentiation up to anther dehiscence were collected and fixed
immediately in formalin acetic alcohol (FAA (v/v): 70% alcohol, formaldehyde, and glacial
acetic acid at a ratio of 18:1:1) during the period of November 2018 to March 2019. Voucher
specimens were also deposited at the South China Botanical Garden (IBSC). Classification
of premeiotic PMC shapes was carried out using the length-to-width ratio, following Penet
(2012) [10], which classified them as circular (ratio = 1.00), elliptic-circular (1.01–1.13),
subelliptic (1.14–1.32), or elliptic (1.33–2). The palynological terminologies used here follow
Halbritter et al. (2018) [34]. More than 1000 pollen grains were counted and repeated three
times from 10 trees and over 100 flowers.

2.2. Scanning Electron Microscopy (SEM)

For pollen morphology observation, stamens of three mature flowers fixed in FAA
were washed three times with 0.1 M phosphate-buffered saline (PBS), dehydrated in an
ethanol series, and critical-point-dried. Then, the pollen sacs of the anther were dissected
carefully with a tweezer and needle in order to release the pollen grains from the sacs.
Pollen grains were placed directly onto brass stubs, coated with gold using a JFC-1600 Auto
Fine Coater, and subjected to observations under a JSM-6360 LV (JEOL, Tokyo, Japan) SEM
operated at 25 KV.
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2.3. Light Microscopy (LM)

Stamens of young buds and mature flowers were fixed in FAA, dehydrated in an
ethanol series, and embedded in paraffin. The embedded specimen blocks were sectioned
at 8 µm on a rotary Leica microtome. Sections were stained with Ehrlich hematoxylin and
were observed with a DM5500B microscope (Leica, Germany).

Stamens of different stages were also fixed in 2.5% glutaraldehyde (w/v) in 0.1 M
phosphate buffer at a pH of 7.2 overnight at 4 ◦C and then washed three times in phosphate-
buffered saline (PBS). Samples were postfixed in 2% w/v osmium tetroxide for 4 h and
then washed six times in PBS for 2 h. The specimens were dehydrated in an ethanol
series, embedded in Spurr resin, and sectioned at 1 µm with glass knives on an LKB-1180
microtome. Semi-thin sections were stained with toluidine blue and PAS, respectively, and
observed under an LM (Leica, DM5500B).

2.4. Transmission Electron Microscopy (TEM)

The sample blocks of resin-embedded specimens were sectioned at 70 nm by a Lecia-
Ultracut S ultramicrotome with a diamond knife. Ultrathin sections were stained with
uranyl acetate and lead citrate and observed under a Tecnai G2 Spirit Bio TWIN TEM (FEI,
Hillsboro, OR, USA).

2.5. Confocal Laser Scanning Microscopy (CLSM)

Stamens fixed in FAA were dehydrated in an ethanol series and then embedded
in paraffin. Embedded blocks were sectioned at 10 µm and stained with 50 µg·mL−1

propidium iodide (PI) and 0.01% aniline. After dyeing for 10 min, a CLSM ZEISS 510 Meta
(Zeiss, Jena, Germany) was used to observe and photograph the samples; laser wavelengths
of 538 and 405 nm were used for PI and aniline blue, respectively.

3. Results

The M. tomentosa has five types of tetrad pollen, which are tetrahedral, tetragonal,
rhomboidal, decussate, and T-shape (Figure 1), and they are all inaperturate. The tetrahe-
dral tetrads are the most common, accounting for about 41% of the total (Figure 1a), while
rhomboidal (23%) (Figure 1c), tetragonal (22%) (Figure 1b), decussate (10%) (Figure 1d),
and T-shaped tetrads (4%) (Figure 1e) appear less often.
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Figure 1. SEM views of different types of tetrad pollens of M. tomentosa. (a) Tetrahedral tetrad pollen.
(b) Tetragonal tetrad pollen. (c) Rhomboidal tetrad pollen. (d) Decussate tetrad pollen. (e) T-shape
tetrad pollen. Scale bar: (a–d) 10 µm; (e) 20 µm.
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3.1. Pollen Mother Cell Stage

Flower buds of M. tomentosa were entirely enclosed by a brown calyx ca. 5–8 mm
in diameter, and the stamens were about 0.8–1 mm in diameter (Figure 2a). Pollen de-
velopment started with the differentiation of pollen mother cells (PMCs) and was kept
synchronous within the individual microsporangium (Figure 3a,d,f). Early in development,
the polygonal PMCs with a large nucleus were appressed against each other (Figure 3a)
and connected by cytoplasmic channels, which were formed by incomplete separation of
the cytoplasm at the connection area (Figure 3b). In the meantime, there was no callose
wall wrapping around the PMCs (Figure 3c). As the PMC stage progressed, the intercel-
lular spaces among the PMCs were gradually enlarged (Figure 3d), and the PMCs were
surrounded by a special callose envelope (Figure 3e). Before meiosis and cytokinesis were
initiated, PMCs were elliptic, and division furrows began to deposit on the periphery of
the cell wall of the PMCs (Figure 3f).
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Figure 2. Different developmental stages of the flower buds and anthers of M. tomentosa. (a) Young
flower bud and anther of the PMC stage. (b) Flower bud and anther of the meiosis stage. (c) Flower
bud and anther of the tetrad stage. (d) Flower bud and anther of the unicellular microspore stage.
(e) Flower bud and anther of the bicellular pollen stage. (f) Mature flower and anther of mature
pollen stage. Scale bars: all flower buds at 5 mm; all anthers observed under light microscope at
200 µm; all sections of anther at 30 µm.
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Figure 3. PMC stage. (a) PMCs are polygonal in shape. (b) Adjacent PMCs are connected by
cytoplasmic channels (arrows). (c) Callose has not deposited at the walls of the PMCs. (d) Gap formed
between PMCs. (e) PMC surrounded by a special callose envelope. (f) Premeiotic PMCs are elliptic,
and division furrows (arrows) start to appear at the periphery of walls of the PMCs. (a,b): TEM view.
(c,e): CLSM images of nucleus and callose detected by PI and aniline blue. (d,f): Semi-thin sections
stained with toluidine blue. CLSM: confocal laser scanning microscopy, Ca: callose, Cy: cytoplasm,
Cyc: cytoplasmic channel, CW: cell wall of the pollen mother cell, N: nucleus, PI: propidium iodide,
PM: plasmalemma, PMC: pollen mother cell, TEM: transmission electron microscopy. Scale bars:
(a,c,d–f): 20 µm; (b): 500 nm.

3.2. Meiosis Stage

With the flower buds expanded slightly (ca. 8–10 mm), the brown calyx lobes divided,
and the anthers elongated to ca. 1–1.2 mm (Figure 2b). Before meiosis and cytokinesis were
initiated, the callose walls surrounding the PMCs were gradually thickened (Figure 4a).
Each PMC undergoes two meiotic divisions and produces four meiotic nuclei (Figure 4b,c,l).
Both successive and simultaneous cytokinesis were observed not only in the different
anther lobules but also in the same microsporangiums (Figure 4k,l). A temporary dyad is
characteristic of successive cytokinesis, while four nuclei being in the same cytoplasm is
characteristic of simultaneous cytokinesis. In PMCs with successive cytokinesis, the four
meiotic nuclei are arranged in multiplanar (decussate in Figure 4d,e) or uniplanar (tetrago-
nal in Figure 4c,f) formation. In addition, cytoplasmic division occurred twice. The first one
occurred after the end of meiosis I, when a cleavage plane of callose formed centripetally
and orthogonally to the spindle between the two sister meiotic nuclei produced by meiosis
I, resulting in a temporary dyad (Figure 4b,c). The second one occurred after meiosis II, and
two callose plates bidirectionally formed, corresponding to a decussate tetrad (Figure 4d,e)
and a tetragonal tetrad (Figure 4c,f) with two callose plates, respectively. In PMCs with
simultaneous cytokinesis, four meiotic nuclei are arranged in a multiplanar tetrahedral
(Figure 4g) or uniplanar rhomboidal (Figure 4h) formation, and cytoplasmic division does
not occur until the four nuclei form after the end of meiosis II (Figure 4g–i). Six or five
callose plates formed perpendicular to the meiotic spindle, connecting the four daughter
nuclei (Figure 4g–i); as a result, tetrahedral (Figure 4g), and rhomboidal tetrads (Figure 4h,i)
formed. Therefore, except for T-shape tetrad (Figure 4j), the other four tetrad types, i.e.,
decussate, tetragonal, rhomboidal, and tetrahedral, all exhibit bidirectional deposition of
callose walls. Decussate and tetragonal tetrads form in simultaneous cytokinesis, while
rhomboidal and tetrahedral tetrads form in successive cytokinesis.
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Figure 4. Meiosis stage. (a) PMCs during meiosis anaphase I surrounded by thick callose.
(b–f) Successive microsporogenesis. (b) Callose plate centripetally formed with successive cytoki-
nesis. (c) A temporary dyad was formed. (d) Decussate tetrad with two callose plates at second
cytoplasmic division; only one plate was observed with bidirectional deposition in the section.
(e) After meiosis II, two callose plates bidirectionally formed in decussate tetrads. (f) Tetragonal
tetrad with three callose plates after second cytoplasmic division. (g–i) Simultaneous microsporo-
genesis. (g) Tetrahedral tetrad with six callose plates formed via simultaneous cytokinesis; only
three plates were observed in the section. (h,i) Rhomboidal tetrad with five callose plates formed
via simultaneous cytokinesis. (j) T-shape tetrad just after the completion of cell plate formation.
(k) Decussate, tetragonal, and rhomboidal tetrads in a single microsporangium. (l) Successive and
simultaneous cytokinesis concurrently appeared in the same microsporangium. Asterisks refer to
locations of the meiotic nuclei, and arrows denote the orientation of the callose deposition. Si: simul-
taneous cytokinesis, Su: successive cytokinesis. (a,b,d,e,g,h,j): Confocal laser scanning microscopy
images of nucleus and callose. Blue fluorescence: callose, red fluorescence: nucleus and cytoplasm.
(c,l): Light microscopy images of paraffin sections stained with Ehrlich hematoxylin. (i–k): Light
microscopy images of semi-thin sections stained with toluidine blue. Scale bars: (a,b,d–k): 10 µm;
(c,l): 15 µm.

3.3. Tetrad Stage

Flower buds enlarged to ca. 10–12 mm and changed color from brown to bright yellow.
The anther length was ca. 1.2–1.5 mm (Figure 2c). After the completion of meiosis and
cytokinesis, various types of meiotic tetrad were synchronously produced in the same
microsporangium (Figure 5a). At the early tetrad stage, four sibling microspores within
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one tetrad were encapsulated in a communal callose wall (Figure 5b–g), and a conspicuous
nucleus was located at the center of the cell (Figure 5f). In the tetrads of tetrahedral,
rhomboidal, and tetragonal tetrads, a thick central callose region was evident (Figure 5b–d).
It is common for a portion of the outer callose envelope to be shared between neighboring
PMCs, with no PMC coat present between the adjacent callose layers (Figure 5g). Adjacent
microspores were separated from each other by the thick callose (Figure 5b–f) but presented
narrowed channels without callose layers that were partially shared (arrow) between the
neighboring tetrads (Figure 5h). Proexine began to form between the callose wall and the
plasma membrane, except in the locations without callose, showing the future cytoplasmic
channels between two microspores (Figure 5 h). Proexine was distributed in radial groups
in the network, except in cytoplasmic channels (asterisk), which connected tetrad members
within the same tetrad (Figure 5i,j). Later on, the callose wall was gradually destroyed
(Figure 5k). Meanwhile, the tectum layers of adjoining microspores were fused, forming a
simple cohesion held together with the tetrad members (Figure 5l). At the late tetrad stage,
exines at the proximal and distal sides of the microspore are synchrogenically formed, an
occurrence which is marked by the occurrence of distinct protectum, procolumellae, and
profoot layers (Figure 5m,n).
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Figure 5. Tetrad stage. (a) Semi-thin section stained with PAS shows different tetrad types in the
same microsporangium. (b–f) Uneven callose walls are deposited between the cell walls of PMCs
and the plasmalemma, which encloses the tetrad, and separate the four microspores from each other.
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(b) Tetrahedral tetrad formed six callose plates, among which three plates are visible in the section
(arrowheads). (c) Rhomboidal tetrad formed five callose plates (arrowheads). (d) Tetragonal tetrad
formed three callose plates (arrowheads). The thick central callose region in the tetrads was evident
in (b–d). (e) Decussate tetrad formed three callose plates (arrowheads). (f) Details of microspore
with a conspicuous nucleus located at the center. (g) The callose wall is continuous with the shared
callose wall (asterisk) between two adjacent PMCs. (h) The cytoplasmic channel is partially shared
between the neighboring tetrads. (i,j) Proexine begin to form between the callose wall and the
plasma membrane, except in cytoplasmic channels (asterisk). (k) At the locations without callose,
there is a cytoplasmic channel (arrow) through which starch grains and mitochondria are passing.
(l,m) Protectum begins to fuse at the proximal side, which means a simple aggregate begins to
form. (n) Detail of proexine at the distal side, showing protectum, procolumellae, and profoot layers.
C: columella, Ca: callose, Cyc: cytoplasmic channel, CW: cell wall of PMC, CWI: central callose wall
island, de: decussate tetrad, F: foot layer, M: mitochondria, N: nucleus, P: plastid, Pre: proexine,
PM: plasmalemma, re: rhomboidal tetrad, S: starch, T: tectum, te: tetrahedral tetrad, t: T-shape tetrad.
Scale bar: (a–e): 10 µm; (f,g): 5 µm; (h–n): 1 µm.

3.4. Unicellular, Bicellular Microspore and Mature Pollen Stage

At unicellular microspore stage, flower buds enlarged to ca. 10–15 mm. The an-
ther length was ca. 1.5–1.8 mm (Figure 2d). The callose walls enveloping the tetrads
were entirely disintegrated, but the tetrad members still maintained adhesion (Figure 6a)
due to the tectum layers of adjacent microspores being greatly fused at both proximal
sides (Figure 6b,c). Furthermore, intine was deposited between the foot layer and the
plasmalemma (Figure 6b,c). As ontogeny proceeded, tetrad members underwent mitosis
and formed a big vegetative cell at the center and a small generative cell at the edge of
the microspores (Figure 6d), and pollen development entered the bicellular pollen stage.
At this stage, the flower buds enlarged to ca. 20–25 mm, and the anther length was the
same as in the last stage (Figure 2e). Cytoplasmic channels between the proximal sides of
adjacent microspores were still observed (Figure 6e,f), and together with simple cohesion at
the distal side functioned as the binding mechanism of the tetrads (Figure 6g,h). Columella
layers of the microspores were not obvious in the cohesion area during the unicellular and
bicellular pollen stages (Figure 6b,c,g,h). At the mature pollen stage, the petals completely
opened, being ca. 30–45 mm in diameter, and the anthers were 1.5–2 mm (Figure 2f). The
anthers started to dehisce (Figure 6i). Mature spheroidal pollen grains contain abundant
starch grains (Figure 6j). The building of the exines and intines of the microspores was
completed, and the granule appeared in the columella layer (Figure 6k,l). All types of
tetrads—tetrahedral, tetragonal, rhomboidal, decussate, and T-shape—have no aperture
but rather exhibit proximal thinning of the exine.
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Figure 6. Unicellular microspore, bicellular microspore, and mature pollen stages. (a–c) Unicellular
microspore stage. (a) Microspores have a conspicuous nucleus located at the center at the early
unicellular microspore stage. (b) Simple cohesion at the proximal side of adjacent microspores.
(c) Intine began to be deposited between the foot layer and the plasmalemma. (d–h) Bicellular mi-
crospore stage. (d) Vegetative cell and generative cell are visible within the bicellular microspore.
(e) Tetragonal tetrad connected by simple cohesion and cytoplasmic channel. (f) Tetrahedral tetrad
connected by simple cohesion and cytoplasmic channel. (g,h) Simple cohesion occurred at the prox-
imal side (g) and distal side (h) of adjacent microspores. (i–l) Mature pollen stage. (i) Dehiscent
anther. (j) Mature spheroidal pollen grains contain rich starch grains. (k,l) Tectum entirely fused,
associated with simple cohesion, either on the proximal side (k) or distal side (l). C: columella,
Cyc: cytoplasmic channel, Gn: generative cell, F: foot layer, In: intine, MS: microspore, N: nucleus,
p: mature pollen, Sc: simple cohesion, SEM: scanning electron microscopy, T: tectum, TEM: transmis-
sion electron microscopy, Vn: vegetative cell. Scale bars: (a,d–f,j): 10 µm; (b,c): 1 µm; (g,h,k,l): 2 µm;
(i): 75 µm.
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4. Discussion
4.1. The Diversity of Microsporogenesis

Although both successive and simultaneous cytokinesis were observed within the
same anther of M. tomentosa, differences between them occurred after meiosis I. A formation
model of different tetrad types is illustrated in Figure 7a–d. In successive cytokinesis, a cell
plate was formed after the first meiosis stage to separate the two daughter nuclei, producing
a dyad temporarily. Subsequently, the second meiosis stage occurred. According to the
relative position of the meiotic nuclei, new cell plates started to be deposited in decussate
(Figure 7a) or tetragonal (Figure 7b) formation, corresponding to three callose plates
(Figure 7a,b). However, in the simultaneous one, the second division continued after the
first division without a cell plate forming and produced four meiotic nuclei in a tetrahedral
shape, with six callose plates deposited (Figure 7c), or a rhomboidal shape with five callose
plates (Figure 7d). Obviously, in M. tomentosa, the type of the tetrad was considered to be
determined by the relative positions of the four meiotic nuclei together with the cytokinesis
patterns and the direction of callose deposition during microsporogenesis, similar to the
mechanism of tetrad formation found in Pseuduvaria trimera [21]. Because pollen meiotic
progression is mediated by microspores and tapetum expression [35,36], and the synthesis
of callose is determined exclusively by tapetum [37], we speculated that the type of tetrad
formed is co-regulated by sporophytic and gametophytic factors.
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Figure 7. Tetrad configurations differ in the number of cleavage planes of callose and the orientation
of meiotic nuclei during microsporogenesis in M. tomentosa. (a,b): Three planes for decussate (a) and
tetragonal (b) formations, respectively. (c,d): Six and five planes corresponding tetrahedral (c) and
rhomboidal tetrads (d). For each tetrad form, the callose deposition began at the border of the PMC
and progressed towards the center of the PMC. Callose is represented by blue, and arrows indicate
the direction of callose progression.
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Recently, Hu et al. (2021) reported a new bidirectional callose deposition pattern in
Magnoliaceae (Magnolia denudata Desr.), where centripetally growing callose walls fused
with a concurrent callose wall island in the center of the cell during cytokinesis [38]. This
pattern was also later observed in Nymphaeaceae Salisb. (Nymphaea colorata Peter), and
the author proposed that bidirectional callose deposition may be a common and perhaps
ancestral feature of microsporogenesis in some basal angiosperms [39]. In M. tomentosa,
tetrahedral, tetragonal, rhomboidal, and decussate tetrads were produced with bidirectional
callose deposition, which was the first specific report on this topic in Annonaceae. In fact,
the bidirectional pattern was shown in earlier studies of Pseuduvaria trimera but was not men-
tioned at that time [21]. Moreover, bidirectional callose deposition was observed in early
research on Euphorbiaceae Juss. (Codiaeum variegatum (L.) Blume), Asteraceae Martinov
(Catananche caerulea L.), Arecaceae Bercht. & J. Presl (Copernicia hospita Mart.), Onagraceae
Juss. (Epilobium roseum Schreb.), and Linaceae DC. ex Perleb (Reinwardtia cicanoba Hara),
but it was also ignored by the authors [8,9,40–42]. Obviously, bidirectional callose deposi-
tion is widespread in angiosperms, rather than being confined to basal angiosperms as Wu
et al. (2021) expected [39]. It is worthwhile to further discuss whether bidirectional callose
deposition independently originated in angiosperms.

Pollen morphogenesis in angiosperms exists in a state of long-term evolutionary stasis,
mainly due to the selection pressure acting on the aperture pattern. Several studies have
demonstrated that pollen aperture pattern ontogeny is determined by the microsporo-
genesis process [8,13,40,43,44]. As a result, triaperturate pollens are widely dominant in
eudicots and are produced by a conserved microsporogenesis process, i.e., simultaneous cy-
tokinesis combined with centripetal callose deposition [9,15,42,45,46]. Monosulcate pollens
are produced predominantly in basal angiosperms and monocots, which is a consequence
of successive cytokinesis and centrifugal callose deposition [47,48]. However, in some
angiosperm species with global aperture or inaperturate pollens, the process of microsporo-
genesis displays great diversity and exhibits different combinations of cytokinesis type
and callose deposition direction, resulting in different shapes of tetrads, e.g., in Euphor-
biaceae (Baloghia inophylla (G. Forst.) P.Green), Apocynaceae Juss. (Apocynum cannabinum
L.), Linaceae (Reinwardtia cicanoba), Malvaceae Juss. (Hibiscus waimeae A. Heller), Oroban-
chaceae Vent. (Orobanche hederae Duby), and Plantaginaceae Juss. (Plantago lanceolata
L.) [9,46,48]. In Annonaceae, inaperturate pollens predominate, and the process of mi-
crosporogenesis displays great diversity; simultaneous or intermediate cytokinesis com-
bine with centripetal or bidirectional callose deposition and form tetrahedral tetrads in
Cymbopetalum Benth., Pseudoxandra R.E. Fr., Pseuduvaria Miq., and Mitrephora Hook. f. &
Thomson, which are similar to eudicots ([4,21,30], this study), and successive cytokinesis
combined with centrifugal callose deposition produces tetragonal tetrads in Xylopia that
are similar to monocots [49]. More diversified combinations, for example, of successive
cytokinesis combined with centripetal or bidirectional callose deposition produce tetrago-
nal tetrads in Annona L., Asimina Adans., and Mitrephora ([49,50], this study). Hence, the
cytokinesis type is highly labile in Annonaceae, and it is difficult to predict the cytokinesis
type from tetrad configurations. We suggest that variations in the process of microsporo-
genesis randomly accumulate and manifest as different combinations of cytokinesis and
callose deposition, and consequently, the formation of differently shaped tetrads.

4.2. Cohesion Mechanism of the Permanent Tetrad Pollen

In most members of Annonaceae, the formation of permanent tetrad pollens is con-
nected by various microspore cohesion mechanisms, and therefore, adjacent microspores
within the tetrad fail to dissociate [21,29,31,32,51,52]. Four connecting types have been
reported in Annonaceae, viz. cytoplasmic channels, simple cohesion, callose–cellulose
binding, and crosswall cohesion [21,29,31,52], among which both cytoplasmic channels and
simple cohesion were observed in this study (Figure 6e–h).

Cytoplasmic channels have not only been observed in Annonaceae connecting per-
manent tetrad pollens ([21], this study). In Victoria Lindl. (Nymphaeaceae) with shed
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polyad pollen [53], however, there is no evidence of cytoplasmic channels that connect
the two adjacent microspores. Instead, cytoplasmic channels are transient and serve as
substructures for the wall bridge [53]. Moreover, in a few cases of cytoplasmic channels
appearing together with another binding mechanism, e.g., cytoplasmic channels with
simple cohesion in Ericaceae Juss. [54] and cytoplasmic channels with crosswall cohesion
in Nymphaeaceae [53,54], cytoplasmic channels were hypothesized to act as a template
for proexine deposition due to these channels temporarily appearing from meiosis to the
tetrad stage but disappearing with the deposition of pollen proexine [53,54].

In M. tomentosa, both a communal callose wall and cytoplasmic channels formed at the
proximal side, surrounding the individual tetrad and also holding tetrad members together
with each other at the early tetrad stage. At the late tetrad stage, when the callose wall was
degraded, tetrad members were connected by simple cohesion resulting from the fused
tectum of an adjoining microspore at the proximal side. Although the cytoplasmic channels
persisted from the early tetrad stage to the mature pollen stage, they were not the only
microspore cohesion method, nor did they provide a template for exine deposition, as in
Ericaceae and Nymphaeaceae. In Annonaceae, we considered that the cytoplasmic channels
provide some communication between adjacent tetrad members, e.g., via organelles or
substances ([21], this study), and play an important role in maintaining synchronization in
addition to connecting the four microspores during tetrad pollen development.

5. Conclusions

Mitrephora tomentosa was observed to exhibit both successive and simultaneous cytoki-
nesis in the same microsporangium. During meiosis, pollen mother cells produce decussate
and tetragonal tetrads by successive cytokinesis and produce tetrahedral and rhomboidal
tetrads by simultaneous cytokinesis combined with bidirectional callose deposition. The
variations in the process of microsporogenesis randomly accumulate and manifest as differ-
ent combinations of cytokinesis and callose deposition, forming differently shaped tetrads.
In M. tomentosa tetrad pollens, four microspores are connected by both simple cohesion and
cytoplasmic channels, which also play an important role in maintaining the synchronization
of the tetrad members.
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