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Proper orientation of the cell division axis is critical for asymmetric cell
divisions that underpin cell differentiation. In animals, centrosomes
are the dominant microtubule organizing centers (MTOC) and play a
pivotal role in axis determination by orienting the mitotic spindle.
In land plants that lack centrosomes, a critical role of a microtubular
ring structure, the preprophase band (PPB), has been observed in this
process; the PPB is required for orienting (before prophase) and
guiding (in telophase) the mitotic apparatus. However, plants
must possess additional mechanisms to control the division axis, as
certain cell types or mutants do not form PPBs. Here, using live
imaging of the gametophore of the moss Physcomitrella patens,
we identified acentrosomal MTOCs, which we termed “gameto-
somes,” appearing de novo and transiently in the prophase cytoplasm
independent of PPB formation. We show that gametosomes are dis-
pensable for spindle formation but required for metaphase spindle
orientation. In some cells, gametosomes appeared reminiscent of the
bipolar MT “polar cap” structure that forms transiently around the
prophase nucleus in angiosperms. Specific disruption of the polar caps
in tobacco cells misoriented the metaphase spindles and frequently
altered the final division plane, indicating that they are functionally
analogous to the gametosomes. These results suggest a broad use of
transient MTOC structures as the spindle orientation machinery in
plants, compensating for the evolutionary loss of centrosomes,
to secure the initial orientation of the spindle in a spatial window
that allows subsequent fine-tuning of the division plane axis by
the guidance machinery.
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H ow do plants set their spindle division axis without centro-
somes? In many angiosperm cell types, the cortical micro-
tubules (MTs) are reorganized in G2 phase into a MT-based ring
structure, the preprophase band (PPB), which encircles the nu-
cleus at the cell cortex and represents a unique and key structure
for oriented divisions in plants (1, 2). The PPB gradually de-
generates during prophase. However, it defines the future di-
vision zone by recruiting a specific set of proteins to the cortex
(3-8). During telophase, the phragmoplast, the postanaphase
mitotic apparatus that recruits membrane and cell plate material
for cytokinesis, centrifugally expands toward the cell cortex and
strikingly precisely reaches the zone that the PPB formerly oc-
cupied. In addition to this “phragmoplast guidance” function, the
PPB also sets initial spindle orientation. During degeneration of
the PPB, nuclear envelope (NE)-associated MT structures, called
polar caps, are formed on the opposite sides of the nucleus, per-
pendicular to the plane of the PPB (this structure is also called
prospindle or prophase spindle) (9-12). Arabidopsis cell lines that
do not assemble PPBs fail to establish these caps, indicating a
critical role of the PPB in initial spindle orientation (9). However,
whether initial spindle orientation by the PPB is critical for division
plane determination is not clear, as the guidance mechanism could
be strong enough to correct an initially misoriented mitotic appa-
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ratus (13). Plants also must have developed a PPB-independent
mechanism for division plane determination, as PPBs are not
observed in certain plant cell types, such as gametophytic cells or
endosperm cells that execute oriented divisions (14). For instance,
without centrosomes or the PPB, the chloronemal apical cells of
moss invariably orient the spindle along the cell’s long axis and the
division plane perpendicular to it (15, 16). Moreover, the recently
reported #rm678 mutant that does not form obvious PPBs only
causes some loss of precision in division plane orientation and
develops remarkably normally (17). Overall, the mechanism of
division axis determination is still not well understood in plants.
In this study, we aimed to uncover a fundamental mechanism of
division plane determination in plants, and took the gametophore
tissue of the moss Physcomitrella patens as model system (18).
Multiple cell types in gametophores execute asymmetric cell di-
vision, and the tissue shows 3D growth to make the stem and leaf-
like structures (19). We followed MT organization and cell division
in the living gametophore. PPBs were not observed in every cell,
but regardless of the presence or absence of PPBs, discrete cyto-
plasmic MT organizing centers (MTOC) were identified during
prophase. The specific disruption of this structure during live im-
aging showed that the structure is a key determinant of spindle and
division plane orientation. Analogous to this finding, when the
polar caps were disrupted in tobacco BY-2 cells, spindle orienta-
tion was skewed and the cell plate was not accurately directed to
the cortical division zone (CDZ) preestablished by the PPB. These
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results suggest that acentrosomal MT assembly in prophase con-
trols spindle orientation and that the spindle orientation is the first
key step toward proper cell plate guidance in a wide range of
plant cells.

Results

The First Three Asymmetric Cell Divisions in the Gametophore Occur
in a PPB-Independent Manner. P. patens has two distinct gameto-
phyte bodies: the protonemata and the gametophores. Protonemata
show filamentous tip growth (2D), whereas the gametophore, which
differentiates from the protonemata, shows 3D growth to make the
stem and leaf-like structures (19). We first aimed to study the first
three asymmetric cell divisions in the gametophore, in which we
observed that the division plane orientation is robustly determined,
with small angle variations among independent gametophores (Fig.
S1). We generated a transgenic moss line that expresses mCherry—
a-tubulin and Citrine-MAP65d in the gametophore to monitor the
determination process of the cell division plane in the gametophore
initial cells. MAP65d is an MT-bundling protein weakly associated
with the metaphase spindle midzone and strongly with the phrag-
moplast equator, enabling accurate measurement of the cell plate
orientation relative to the cell growth axis (20). MAP65 also serves
as a marker of the PPB and the cortical MT array in seed plants
(21). The transgenic moss line grew with normal morphology, in-
dicating that the transgenes did not significantly perturb MT dy-
namics or organization (Fig. S24).
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We performed time-lapse imaging at 2-min intervals (Fig. 1
and Movie S1). During the first three division cycles, cortical MT
arrays were not apparent and PPB-like structures were not ob-
served. However, 17 + 4 min (+SD, n = 23) before the first di-
vision, a prominent MT cloud appeared in the cytoplasm at the
apical side (—20 min in Fig. 14). The cloud had a dense interior
signal connected with MTs in various directions (Inset of Fig. 14).
The distance between the MT cloud and the nucleus gradually
reduced, followed by NE breakdown (NEBD) and bipolar spindle
formation (Fig. 1E). The spindle axis of the first divisions deviated
by 17 + 8° (£SD, n = 5) from the apical-basal growth axis, and this
orientation was maintained until anaphase onset. The phragmo-
plast formed in this orientation and rotated additionally 35 + 7°
(£SD, n = 5) during its expansion to produce an oblique division
plane (12-20 min in Fig. 14). A single polar cytoplasmic MT cloud
was also observed before the second and third division in the ga-
metophore initial cells (Fig. 1 B and C and Movie S1).

To eliminate the possibility that the MT cloud assembly is an
artifact of mCherry—o-tubulin expression, we immunostained en-
dogenous MTs during the first gametophore division in wild-type
moss cells (Fig. S2B). To identify prophase cells, we counter-
stained phosphorylated histone H3 at Ser10, which gets phos-
phorylated upon entry into mitosis (22). We observed the cyto-
plasmic MT cloud at prophase after immunostaining, indicating
that they are formed in wild-type moss (Fig. S2B). This experiment
also confirmed that PPBs do not form in the gametophore initial

-12 -8 -4
(min)

Fig. 1. Adistinct MT organizing center appears during the asymmetric cell divisions of the gametophore initial. (A-C) Time-lapse imaging of Citrine-MAP65d
(green) and mCherry—a-tubulin (magenta) during the first (A), second (B), and third (C) division in the gametophore initial. The gametophore in B is identical
to the one shown in C. Images were recorded every 2 min. Time 0 corresponds to the timing of NEBD. Arrowheads indicate the MT cloud. Magnified views of
the boxed regions are shown on the right. (Scale bars, 10 um.) (D) Schematic representation of the initial division plane orientations in the gametophore.
(E) Gradual decrease of the distance (d) between the MT cloud and the apical surface of the nucleus (+SD, n = 5). Time 0 corresponds to the timing of NEBD.
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Fig. 2. The gametosome plays a critical role in spindle orientation. (A) Time-
lapse imaging of mCherry—a-tubulin during the first division of the game-
tophore initial. Images were recorded every 15 s. Time 0 corresponds to the
timing of NEBD. MTs emanated from the gametosome penetrate into the
nucleus upon NEBD. Subsequent MT amplification and bipolarization leads
to metaphase spindle formation (300 s). (B) Time-lapse imaging of mCherry—
a-tubulin in a cell transiently treated with oryzalin. Before the first division
in the gametophore initial, cells were treated with 20 uM oryzalin (—22 min),
which destabilized the gametosome. Oryzalin was washed out upon NEBD
(time 0), and images were recorded every 15 s. MTs were nucleated in a
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cell, in contrast to the first division of the zygote in angiosperm cells
that clearly uses a PPB-dependent mechanism (23).

The Gametosome, an MTOC in the Prophase Cytoplasm Required for
Proper Spindle Orientation. To analyze the behavior of the MT cloud
during spindle assembly, we imaged mCherry—oa-tubulin at 15-s in-
tervals (Fig. 24 and Movie S2). MTs penetrated the nuclear space at
NEBD and constituted spindle MTs, indicating that the cloud acts as
a major MT generation and organization center (60-120 s in Fig.
2A4). However, unlike centrosomes or other well-studied MTOC:s,
MTs were loosely focused in the clouds and their center could not be
unambiguously assigned. Furthermore, the MT cloud merged into
the spindle MTs and was no longer detectable as a discrete MTOC
at metaphase (300 s). We named this transient MT organizing center
in the gametophore cytoplasm the “gametosome.”

We assessed the function of the gametosome by transient MT
destabilization (Fig. 2B and Movies S3 and S4). In this experiment,
we treated the gametophore with oryzalin, an MT-destabilizing
chemical, as soon as we detected an immature MT cloud in the
apical cytoplasm, before the first division (—22 min in Fig. 2B). As
expected and in contrast to the DMSO control, where gametosome-
based spindle assembly took place and metaphase spindles were fully
observed in a single focal plane (n = 6), MTs disappeared rapidly
following oryzalin treatment (=20 min in Fig. 2B). When NEBD
took place, indicated by the inflow of soluble mCherry—a-tubulin into
the nucleus, we washed out the oryzalin solution or DMSO by
medium exchange (0-120 s in Fig. 2B). In the oryzalin washed-out
cells, MTs reappeared at the region formerly occupied by the nu-
cleus (210 s). Subsequently, the number of MTs gradually increased
and eventually a bipolar spindle formed (375 s). During this spindle
assembly process, we did not observe a reemergence of the game-
tosome, indicating that bipolar spindles can assemble independently
of the gametosome. We interpret that chromatin-mediated MT
nucleation and subsequent amplification led to spindle formation,
which is typical for animal cells in the absence of centrosomes (24,
25). In the cell displayed in Fig. 2B, the spindle angle was oriented at
76° with respect to the tangential of the growth axis, as determined in
Fig. S1C. Subsequently, the division plane was not properly set (56°
with respect to the tangential of the growth axis). Biological repeti-
tions of this experiment revealed the establishment of various spindle
angles after washout of oryzalin. We classified the cells according to
the angle of their spindle (within 30° tilted or over 30° tilted), and
division plane orientation was measured in those cells (Fig. 2C). The
average division plane orientation of the cells, originating from
spindles which were tilted below 30°, was not significantly different
from that of control cells [49 + 8° (£SD, n =5) vs. 52 + 2° (n =5) for
control cells]. In contrast, the average division plane orientation of
the cells, which had their spindles tilted over 30°, was 64 + 9° (£SD,
n = 5), which was significantly different from the control cells (Fig.
2C). These results indicate that gametosome-dependent spindle
orientation in the gametophore initial division provides an important
contribution to division plane orientation.

v-Tubulin, but Not Augmin, TON1, or F-Actin, Is Required for Gametosome
Formation. We next searched for factors responsible for gametosome
formation. As possible contributors, we picked up three MT-
associated proteins: y-tubulin, augmin, and TON1. In the mitotic

gametosome-independent manner and a bipolar spindle was formed (375 s).
However, the orientation of the spindle was ectopic, as was also the angle of
the expanding phragmoplast. Cells are outlined with dotted lines. (Scale
bars, 10 pm.) (C) Measurement of final division plane angle in cells tran-
siently treated with oryzalin. The cells were classified according to their
spindle angles, which were within 30° (n = 5) or over 30° (n = 5), after
oryzalin washout. The final division plane angles of classified cells were
compared with control cells (n = 5) using t test. ***P < 0.02; ns, P > 0.5. II-
lustration of the spindle angle (within 30° or over 30°) on the right of graph.
The dotted line shows 30°, and the gray structure indicates the spindle.

PNAS | Published online October 2, 2017 | E8849

wv
=
o
a
w
<
=
[

CELL BIOLOGY


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713925114/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713925114/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713925114/video-4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713925114/-/DCSupplemental/pnas.201713925SI.pdf?targetid=nameddest=SF1

-g-tubulin

Control _mChert
-5 0

¥-tublin RNAi

-5 5 10
o

Aug3 RNAi  mCherry-a-tubulin

1mm

Fig. 3. y-Tubulin is required for gametosome formation. (A and B) Time-
lapse imaging of mCherry—-a-tubulin during the first division of the gametophore
initial in control, y-tubulin RNAi, and Aug3 RNAI lines. Images were recorded
every 5 min. Time 0 corresponds to the timing of NEBD. Arrowheads indicate
gametosomes. (Scale bars, 10 um.) (C) Time-lapse imaging of mCherry—o-tubulin
during the first division in the gametophore initial of the PpTON7-deletion line.
Images were recorded every 2 min. Time 0 corresponds to the timing of NEBD.
The gametosome structure appears normally in prophase (arrowhead). (Scale
bar, 10 pm.) (D) Abnormal gametophore morphology resulting from the PoTON1
deletion, consistent with previously reported data (30). Arrowheads in the final
frames of A and C show the final division plane orientation.

spindle, phragmoplast, and cortical MTs in seed plants, MT-
dependent MT nucleation (also called branching nucleation) rep-
resents a predominant mode of MT nucleation. In this process, the
protein complex augmin binds to existing MTs and recruits a potent
MT nucleator, y-tubulin (16, 26). This mechanism ensures efficient
MT amplification. TON1 forms a complex with PP2A, regulates
branching MT nucleation during interphase, and is required for
PPB formation and oriented cell division (27-30). Our attempts to
localize these proteins in the gametophore initial cell by immu-
nostaining or Citrine tagging at the endogenous locus have been
unsuccessful; signals were not detected anywhere above background
autofluorescence. We therefore depleted those genes by RNAi
(y-tubulin and the Aug3 subunit of augmin) or gene disruption
(TON1), and observed the MTs in living cells. We confirmed the
appearance of the expected phenotype for these newly selected
transgenic lines: defects in mitotic spindle assembly (y-tubulin or
Aug3 depletion) or gametophore development (TON1 deletion)
(Fig. 3 and Movie S5). We observed lack of gametosome formation
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only upon induced depletion of y-tubulin (Fig. 3 A-C). Therefore,
the gametosome is likely formed through a nonbranching-type of
MT nucleation. Furthermore, the orientation of the spindle (14° +
8, £SD, n = 5) and the division plane (52° + 2, n = 5) in the ab-
sence of TONI did not deviate significantly from the control sit-
uation (16° + 5, £SD; ¢ test P > 0.6 and 51° + 4; ¢ test P > 0.6,
respectively), emphasizing that spindle and division plane orien-
tation of the first gametophore division in moss occurs via a PPB-
independent mechanism.

The actin cytoskeleton also affects the orientation of the cell
division axis in many cell types (31, 32). Specifically, actin mi-
crofilaments show a characteristic “twin peak” pattern at the
cortex after the PPB disappears, with a minimum density at the
zone where the PPB was previously located (i.e., the CDZ where
the cell plate is guided to during cytokinesis). Treatment with
actin polymerization inhibitors has been reported to cause cell
plate misorientation, indicating that actin microfilaments are
also critical factors for division plane determination (33-35). To
investigate the involvement of actin microfilaments in division
plane determination in the gametophore initial cell, we first de-
termined the distribution of the actin microfilaments by imaging
the Lifeact-GFP marker, which specifically stains filamentous actin
(36). The appearance of a cortical zone with reduced actin mi-
crofilament density, analogous to the twin peaks pattern reported
for BY-2 cells (35), was not detected throughout mitosis and no
obvious accumulation of actin at the presumed position of the
gametosome could be detected (Fig. 44). We nevertheless ob-
served strong GFP signals at the region corresponding to the

A -20 min 0 min 20 min 30 min 40 min
Lifeact-
GFP
[ s, -

B Untreated

-4 min 12 min 16 min 22min 30 min

¥

MAPG65d
MT
C + Latrunculin B

-4 min 12 min 16 min 22 min 30 min

» ‘)

MAP65d
MT

Fig. 4. Actin inhibition has little impact on division plane determination of
the gametophore initial division. (A) Localization of actin filaments during
the first gametophore division visualized by the Lifeact-GFP marker. No twin
peaks pattern or accumulation at the presumed gametosome location could
be observed. However, strong accumulation was seen at the phragmoplast
midzone. Images were acquired every 5 min with 31 z-sections (separated by
1 pm) and displayed using maximum projection. Time 0 corresponds to the
timing of NEBD. (B and C) Time-lapse imaging of mCherry—a-tubulin (ma-
genta) and Citrine-MAP65d (green) during the first division in the gameto-
phore initial with (B) or without (C) 25 pM of the actin inhibitor Latrunculin B.
Images were recorded every 2 min. Time 0 corresponds to the timing of NEBD.
Arrows indicate gametosomes. Yellow arrowheads indicate MT interdigitation
at the leading edge of the phragmoplast, which have prominent Citrine-
MAP65d signals. White arrowheads indicate abnormal MT interdigitations at
the leading edge of the phragmoplast, which lack prominent Citrine-MAP65d
signals. (Scale bars, 10 pm.)
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Fig. 5. Gametosome formation in leaf-like gametophore cells occurs in-
dependently of PPB formation. (A and B) Time-lapse imaging of Citrine-
MAP65d (green) and mCherry-o-tubulin (magenta) in gametophore cells with
(A) or without (B) PPB formation. Images were acquired every 5 min with 16 z-
sections (separated by 1 um) and displayed after maximum projection (Top,
merged) or as single median slices (Bottom, grayscale). Time 0 corresponds to
the timing of NEBD. PPBs (white) and gametosomes (yellow) are marked with
arrowheads. (C) Time-lapse imaging of Citrine-MAP65d (green) and mCherry—
a-tubulin (magenta) in gametophore cells of the PpTONT-deletion line. Images
were acquired every 5 min with 21 z-sections (separated by 1 pm) and dis-
played after maximum projection (Top, merged) or as single median slices
(Bottom, grayscale). Time 0 corresponds to the timing of NEBD. Gametosomes
form in gametophore cells in this background and are marked with yellow
arrowheads. (Scale bar, 10 pm.)

phragmoplast midzone (2040 min). We next performed time-
lapse imaging of mCherry—a-tubulin and Citrine-MAP65d after
treatment with Latrunculin B, an actin microfilament destabilizer
(Fig. 4 B and C and Movie S6). We identified mild defects in MT
plus-end interdigitation at the leading edge of the phragmoplast
during expansion (¢ = 22 min and 30 min) (arrowheads in Fig. 4 B
and C). However, the gametosome appeared as normal (arrows
at —4 min in Fig. 4 B and C), and the metaphase spindles were
properly oriented (spindle angle of control cells 20° + 10, +SD; Lat
B treated 17° + 7; ¢ test P > 0.5; n = 5 each), which led to the
formation of phragmoplasts and division planes with proper ori-
entation (angle «, defined in Fig. S1C, was 45° + 9 in the control
and 47° + 13 in Lat B-treated cells; n = 5 each, ¢ test P > 0.8).
Gametosome appearance was also observed in the presence of
another actin-destabilizing drug, Cytochalasin B (Fig. S3 4 and B).
We concluded that actin filaments are involved in ensuring the
structural integrity of the phragmoplast, but play little role in
gametosome formation, spindle orientation, or division plane de-
termination in the initial gametophore divisions.

Kosetsu et al.

P. patens myosin VIII is an MT-associated myosin and is lo-
calized at the CDZ in the branch-forming cell of protonemata, where
it guides phragmoplast MTs during expansion, and thereby controls
division plane orientation (37). To investigate a possible contribution
of myosin VIII to gametosome formation, we immunostained MTs in
the myo8-null line (quintuple myoSABCDE deletion line). We ob-
served the gametosome in prophase cells, indicating that, in agree-
ment with the results using actin destabilizing drugs, Myo8 is
dispensable for gametosome formation at this stage (Fig. S3C).

The PPB and Gametosome Control Cell Division Orientation in Leaf-
Like Gametophore Cells. Previous studies, using immunofluores-
cence microscopy of MTs, identified PPBs in the leaf-like ga-
metophore cells of the P. patens gametophore (30, 38). This
suggests that the PPB controls the cell division axis in this tissue;
whether polar caps or equivalent structures are assembled was
not clarified. To address how the gametosome-based mechanism
of the first three divisions switches to a PPB-based mechanism
during gametophore development, we performed live-cell time-
lapse imaging of leaf-like gametophore cells at 5-min intervals,
using the mCherry—a-tubulin and Citrine-MAP65d marker line
(Fig. 5, Figs. S4 and S5, and Movie S7). We observed PPBs
before NEBD in about only a half of the cells (30 of 56). Twenty-
five of these cells showed bands of MTs somewhat resembling
PPBs in seed plants (white arrowheads in Fig. 54, Fig. S4 B-D
and H, and Movie S7), whereas five other cells exhibited only
broad bands, which were difficult to discriminate from the in-
terphase cortical MT organization (Fig. S4 A4 and E-G). Overall,
PPBs were never as dense and clearly defined as in angiosperm
cells. The PPBs disappeared at —13 + 6 min (+SD, n = 27) be-
fore NEBD. Notably, we observed one to three discrete MTOCs
in the cytoplasm closer to NEBD (at 15-5 min before) in 21 of
these cells. The structures were similar to those observed in the
gametophore initials, and served as the poles of the spindles upon
NEBD (Fig. 54, yellow arrowheads). Thus, they could also be re-
ferred to as gametosomes. However, the number and position of
these gametosomes were imprecisely set; for example, in six cells
we observed >two gametosomes, leading to multipolar spindle
formation immediately following NEBD (Fig. S4 G and H). The
occurrence of initially multipolar spindles being formed suggests
that the moss PPB cannot accurately control spindle bipolarity. The
remaining nine cells assembled MTs around the nucleus in pro-
phase, in which we detected more intense MT signals at two sites
than in other areas (Fig. S4D). They subsequently became the two
poles of the spindle, reminiscent of the polar caps of angiosperms.

In contrast, we could not identify PPBs in the other 26 cells
(Fig. 5B, Fig. S5, and Movie S7). This was either because these
cells did not form PPBs or our imaging conditions failed to vi-
sualize the faint and transient structure. Regardless, we observed
gametosomes in 21 of 26 of these cells, and the initial spindle
orientation was consistent with their position (yellow arrowheads in
Fig. 5B and Fig. S5 A4, C, and D). These results suggest that, similar
to the situation in the first gametophore divisions, the PPB is not
essential for the formation of gametosomes in the leaf-like game-
tophore cells. In the remaining five cells, we failed to identify
clearly defined gametosomes (Fig. S5 B and E). However, these
cells assembled MTs around the nucleus in prophase.

To clarify the relationship between gametosomes and the PPB,
we performed live-cell imaging in leaf-like gametophore cells in
the TON1 knockout mutant (Fig. 5C). We could not detect PPBs
in this background, but two gametosomes were visible before
NEBD and the initial spindle orientation was consistent with
their position (n = 11) (Fig. 5C).

These results indicate that in moss gametophore cells, game-
tosomes can form in the absence of a PPB and steer the initial
spindle orientation. Moreover, even in cells that form PPBs, the
position and the number of gametosomes have a more pronounced
influence on initial spindle formation than the PPB does.
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The Polar Cap of Tobacco Cells Is a Critical Determinant of Spindle
and Cell Division Axes. The gametosome has a noticeable similarity
to the MT-based polar cap structure in flowering plants, which is
formed at prophase in a PPB-dependent manner at opposite loca-
tions at the NE (9, 10, 39, 40). Polar caps supply spindle MTs during
spindle assembly, but are eventually integrated into the main body
of the spindle, similar to the gametosomes. Furthermore, cultured
Arabidopsis cells lacking polar caps as well as PPBs display spindle
misorientation and enhanced phragmoplast mobility (9). However, it
is unknown whether specific disruption of the polar caps, without
disrupting the PPB or inhibiting the recruitment of cell plate guid-
ance factors, results in spindle or phragmoplast misorientation, as
was observed for the gametosome.

To assess a role of the polar caps in division plane determina-
tion via controlling the initial spindle orientation without abol-
ishing the cell plate guidance mechanism, we performed a MT
depolymerization-regrowth assay in tobacco BY-2 cells expressing
an MT marker. As expected, in control cells (n = 7) the majority
(n = 5) of cells formed their spindle and phragmoplast perpen-
dicular to the PPB, and the cell plate expanded to the location of
the former PPB (Fig. 64). In drug washout cells (n = 9), MTs
reappeared at the region formerly occupied by the nucleus and
eventually bipolar spindles were formed (Fig. 6 B and C, 12—
26 min) (propyzamide was used instead of oryzalin to de-
polymerize MTs). However, eight of nine spindles were improp-
erly oriented (26 min in Fig. 6 B and C). These results were
identical to what was observed in the gametophore initials, sup-
porting the hypothesis that polar caps and gametosomes are
analogous structures required for spindle orientation.

Bipolar spindles formed after drug washout were converted to
phragmoplasts. MT depolymerization has been previously shown
not to affect the localization of CDZ markers, which are required
for phragmoplast guidance (3, 5). We confirmed that the signal
intensity of GFP-TAN1, a CDZ marker, did not significantly
change during the length of our drug treatment (Fig. 6 D and E).

Of eight cells that were monitored following propyzamide
treatment, the phragmoplasts of four cells rotated and eventually
reached the correct insertion sites previously marked by the PPB,
and thus rescued the aberrant initial spindle orientation (Fig.
6C). However, the four other cells could not rescue the initially
defective spindle orientation despite rotation of the phragmo-
plast, and finished cytokinesis with ectopically oriented cell
plates (Fig. 6B). Thus, chromosomal-based spindle formation
alone is not sufficient for proper division plane orientation, as
the correctional capacity of the phragmoplast guidance mecha-
nism has limitations.

Discussion

This study identified the gametosome as the determinant of spindle
orientation contributing to division plane determination in moss
gametophore cells. Our live-cell imaging data of the first gameto-
phore division reveals that the formation and localization of the
gametosome is key to set the initial spindle axis as the mitotic
spindle emerges along the gametosome-nucleus axis and that the
initial spindle orientation assists in division plane orientation. We
further observed rotation of the phragmoplast with respect to the
initial spindle orientation. Gametosome-based spindle orientation
therefore likely cooperates with additional mechanisms, fine-tuning
division plane orientation during the first gametophore divisions,
which we found are TON1- and PPB-independent. Our results
showing normal division plane orientation in a fonl mutant back-
ground disagree with a previous report (30). The reason for this
discrepancy is unclear and might be explained by different game-
tophore induction conditions or by the different knockout strategy
used. Gametophore cell patterning is affected in both fonl mu-
tants, given the clearly aberrant macroscopical phenotype of the
leaf-like gametophore. Our data point to these defects occurring
after the initial rounds of gametophore divisions.
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Fig. 6. Polar cap-dependent spindle orientation contributes to division plane
control in tobacco BY-2 cells. (A-C) Time-lapse imaging of YFP-B-tubulin in a
control untreated cell (A) and upon transient treatment with propyzamide (B
and C). Before NEBD (time 0), cells were treated with 10 pM propyzamide that
destabilized the polar caps. Propyzamide was washed out after cells were
allowed to progress past NEBD for 10 min, and images were recorded every
30 s. MTs were nucleated in a polar cap-independent manner and a bipolar
spindle formed (26 min). However, orientation of the spindle was random. In
the cell presented in C, the division plane was eventually corrected by phrag-
moplast guidance toward the region where PPB was formerly present (50—
64 min), whereas in B the guidance mechanism was not sufficient to correct the
plane (76 min). Arrowheads indicate the PPB and the corresponding region
marked by PPB before NEBD. Arrows indicate polar caps. (Scale bar, 10 pm.) (D)
Representative images of BY-2 cells expressing RFP-MBD and the CDZ marker
GFP-TAN1 in a control untreated cell and upon transient treatment with pro-
pyzamide. Time is indicated in minutes. (Scale bar, 10 pm.) () Quantification of
GFP-TAN1 intensity at the CDZ of untreated and treated BY-2 cells. The ratio of
the fluorescence intensity between time point 0 min and time point 10 min is
shown with SD (n = 10). Arrows indicate the polar caps.

It remains unclear how cells determine where the gametosome
is assembled and why there is only one in the first divisions,
whereas two or even multiple ones appear when the leaf-like
gametophore cells divide. Nevertheless, our localization and
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genetic data demonstrate that in the first gametophore divisions,
a single gametosome is localized in the apical cytoplasm, in-
dependent of a PPB. The PPB might help the determination of
gametophore localization in late gametophore cells, like it fa-
cilitates polar cap formation in angiosperms (9-12). However,
the localization of the gametosome is also PPB-independent in
some wild-type leaf-like gametophore cells where gametosomes
formed in the central area of the wide-open cytoplasmic space.
Moreover, gametosomes were clearly visible in the leaf-like ga-
metophore cells of the fonl knockout line, indicating that their
formation does not require a PPB.

Mechanistically, gametosome formation requires y-tubulin but
not augmin. Thus, activation of nonbranched-type MT nucleation
in the prophase cytoplasm and motor-dependent MT clustering
(41) might be sufficient to self-organize a single gametosome
structure in the cytoplasmic compartment. Identification of the
genes required for the localization of gametosome would be an
important next step toward molecular understanding of the
mechanism underlying spindle orientation in the gametophore and,
more broadly, the execution of asymmetric divisions.

In the first gametophore division, the deviation in the angle of
the spindle, generated in the absence of the gametosome was
correlated with cell plate misorientation. Similarly, in BY-2 cells,
spindles forced to form without polar caps, and thereby lacking any
orientation information from the PPB, were also oriented ran-
domly, and this often led to ectopic cell plate insertion. Thus, we
suggest that polar caps in tobacco cells have an analogous function
to gametosomes. Our results that the polar caps play a decisive role
in spindle orientation are in agreement with previous reports on
the Arabidopsis kinesin-14 mutant, Atk5-1, which shows defects in
spindle length, pole width, and integrity at prometaphase, but is not
defective in pole focusing before NEBD and also does not cause
obvious division plane orientation defects (42, 43).

Notably, in liverworts, two aster-like structures, called polar or-
ganizers, emerge on opposite sides of the nucleus before the PPB
appearance (i.e., independent of the PPB function) (44-47). Al-
though not experimentally addressed, it is tempting to speculate that
polar organizers also function as the main determinants of spindle
orientation in liverworts. The identification of the gametosome in
moss, functioning in initial spindle orientation and thereby contrib-
uting to division plane orientation both with and without PPB for-
mation, supports the idea of a stepwise rather than a sudden
transition between ancient (centrosomal) and modern (PPB-
dependent) mechanisms of cell division in the green lineage (48).

In conclusion, our observations suggest that cytoplasmic MTOC-
based mechanisms for spindle orientation are conserved among land
plants. Loss of centrosomes during plant evolution may have been
compensated by the development or retention of an acentrosomal
MTOC structure with an analogous function to the centrosome.

Materials and Methods

Transgenic Lines. The primers for plasmid construction are shown in Table S1.
To generate Citrine-SYP1a and Citrine-MAP65d lines, we amplified genomic
DNA sequences upstream and downstream of their start codons with specific
primers and cloned them into the pKK138 vector (20). To generate TON1
knockout lines, the amplified upstream/downstream sequences were cloned
into pTN186. mCherry—o-tubulin and Lifeact-GFP were cloned into a vector
that contained the EF7a promoter. The plasmids were integrated at a
nonnative locus. The standard polyethylene glycol-mediated procedure
was used for the transformation of the wild-type strain of P. patens subsp.
patens (16, 20, 49). Inducible RNAI lines for y-tubulin and augmin were se-
lected by the method following ref. 16. In brief, RNAi constructs (used in ref.
16) were cloned into the pGG624 vector (50), and the plasmid was transformed
into Citrine-MAP65d/mCherry—a-tubulin line after Pmel digestion. Transgenic
lines were selected based on hygromycin resistance, and the RNAI lines were
selected after long-term imaging (3-min intervals, 10 h) of protonemata and
assessment of the mitotic phenotypes (prolonged prometaphase and forma-
tion of an abnormally long spindle). The YFP—B-tubulin expression line of
tobacco BY-2 cells was made with a binary plasmid pBI1214-YFPTUB (51). The
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GFP-TAN1/RFP-MBD cell line was made by sequential BY-2 transformation
(p35S::GFP-TAN1 was transformed into a previously established p35S::RFP-MBD-
expressing BY-2 line). The p35S:RFP-MBD and the p355:GFP-TAN1 constructs
were described elsewhere (3, 52, 53).

Microscopy. Protonemal cells were cultured at 24-25 °C on glass-bottom
plates covered with the BCD agar medium for 5 d (49). The gametophore
initial was observed in 5-d-old protonemal cells that were cultured for 22—
24 h in the presence of 1 pM benzylaminopurine (BAP) synthetic cytokinin.
For the MT depolymerization-regrowth experiment in the gametophore
initial, oryzalin was dissolved in DMSO at a concentration of 1 mM and
added at a 1:1,000 dilution to the BCD medium. Latrunculin B was dissolved
in DMSO at a concentration of 25 mM and added at a 1:1,000 dilution to the
BCD medium. Effectiveness of latrunculin B was confirmed with the treat-
ment of the Lifeact-GFP line. Cytochalasin B was diluted in DMSO at a
concentration of 20 mM and added at a 1: 100 dilution to the BCD medium.
The diluted solution was added to the culture plate 10-20 min before the
timing of NEBD. When we observed NEBD, we washed out oryzalin by
replacing the BCD medium four times. For the MT depolymerization-
regrowth experiment in the BY-2 cell lines, 10 uM propyzamide was ap-
plied to the cells attached onto a poly-lysine—coated, grass-bottom dish (54)
at NEBD. Cells were allowed to progress past NEBD for 10 min before
washout started. To wash out propyzamide, the medium was replaced with
a drug-free medium six times: 0.8 mL of the medium was added by a
pipetman while it was continuously aspirated with a pump. To observe the
leaf-like gametophore cells, protonemal cells were directly put on the glass-
bottom plates, and then covered with the BCD agarose medium (the low
melting point agarose was used). The plates were inverted and cultured for
3-4 d. We used a fluorescent marker, Citrine-MAP65d, to identify the ga-
metophore, which is naturally developed from the protonemal tissue (BAP
was untreated). MAP65d is expressed in gametophores, but not in pro-
tonemata (20). In the time-lapse imaging at 5-min intervals, white light was
illuminated for 3 min between Citrine/mCherry image acquisitions. A Nikon
TE2000 microscope equipped with a CSU-X spinning-disk confocal unit
(Yokogawa) and an electron-multiplying charge-coupled device camera
(ImagEM; Hamamatsu) was used for live imaging of the gametophore initial
(40x, 1.30-NA lens). The microscope was controlled using the Micromanager
software. For the observation of gametophore cells, a Nikon Ti-E microscope
equipped with CSU-X and ImagEM was used for live imaging (60x, 1.2-NA
lens). The microscope was controlled using the Volocity software package
(Perkin-Elmer). The spindle and final division angles were measured after 3D
projection using ImageJ (axis of rotation = y axis). For image acquisition of to-
bacco suspension culture cells in a single color, an Olympus 1X81 microscope
equipped with a CSU21 spinning-disk confocal unit (Yokogawa) and a SCMOS
camera (Orca-Flash 4.0; Hamamatsu) was used with a 60x objective (NA 1.2). For
dual-color acquisition, a Nikon A1 confocal microscope with GaASP photo-
multipliers was used with a 60x objective (NA 1.2). Immunostaining of a-tubulin
and phosphorylate Ser10 of histone H3 was performed as described previously
(16, 55) with slight modification. In brief, cytokinin-induced gametophores or
4-d-old cultured gametophores were fixed with 8% paraformaldehyde, 100 mM
Pipes-NaOH, pH 6.8, 2.5 mM EGTA, 1 mM MgCl,, 1% DMSO, and 0.1% Nonidet
P-40 for 1 h. Cell walls were digested with 2% (wt/vol) driselase at 37 °C for 1 h.
The cells were incubated with 1:300 dilution of anti—a-tubulin antibody (YOL1/
34; Merck Millopore) and 1:300 dilution of antiphospho-histone H3 (Ser10) an-
tibody (Rabbit polyclonal antibody; Merck Millopore) in PBS overnight at 4 °C.
GFP-TAN1 fluorescence of the tobacco cell line was analyzed with ImageJ. After
subtraction of background fluorescence (average intensity of a region of interest
outside the cell area), the sum of grayscale pixel values of the CDZ was quan-
tified, and relative intensities at 10 min to 0 min after NEBD were determined.

Accession Numbers. Sequence data of this article are available in Phytozome
(www.phytozome.net/) under the following accession numbers: SYPla
(Pp1s59_154V6.1), MAP65d (Pp1s153_98V6.1), a-tubulin (Pp1s341_23V6.1)
and TONT (Pp1s150_58V6.1).
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The division plane orientation in the gametophore initial is tightly controlled. (A and B) Oriented cell plate formation at two- and four-cell stages of
the gametophore initial. The cell membrane was visualized by Citrine-SYP1a. Images were acquired with 51 z-sections (separated by 1 pm) and displayed after
maximum projection. (Scale bar, 20 pm.) (C-H) Schematic representation and quantification of division plane orientation in the first three divisions. The
reference line (red dots) was set perpendicular to the growth direction («) or to the division plane of the first division (3 and y). Mean values + SD are displayed.
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Fig. S2. Marker gene expression causes no morphological developmental differences of moss. (A) Gross morphology of wild-type and the transgenic moss
expressing the mCherry—a-tubulin and Citrine-MAP65d (19-d-old plants). (B) Visualization of the endogenous MTs in the gametophore initial cell by immu-
nostaining using anti—oa-tubulin reveals the presence of the gametosome in wild-type moss. Anti-H3S10ph antibody staining was used to correlate gametosome
appearance with the proper cell cycle phase. Images were acquired with 6 z-sections (separated by 1 um), and displayed using maximum projection.
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Fig. $3. F-actin and Myo8 are not required for gametosome formation. (A and B) Time-lapse imaging of mCherry—a-tubulin (magenta) and Citrine-MAP65d (green)
during the first division of the gametophore initial cell with (B) or without (C) 200 pM Cytochalasin B, an actin inhibitor. Images were recorded every 2 min. Time
0 corresponds to the timing of NEBD. Arrowheads indicate loosened MT interdigitations, which lack prominent Citrine-MAP65d signals. Gametosomes are marked by
arrows. (Scale bar, 10 pm.) (C) Immunostaining of endogenous MTs in the gametophore initial of the myo8 null mutant confirmed the Myo8-independent formation
of the gametosome. Images were acquired with six z-sections (separated by 1 um), and displayed after maximum projection. (Scale bar, 10 pm.)
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Fig. S4. Gametosome formation during cell division in leaf-like gametophore cells with detectable PPBs. (A-H) Time-lapse imaging of gametophore cells
expressing Citrine-MAP65d (green) and mCherry-a-tubulin (magenta). Images were recorded every 5 min with 16 z-sections (separated by 1 pm), and displayed
after maximum projection (Top, merged) or as single median slices (Bottom, grayscale). White and yellow arrowheads indicate the PPB and gametosome,
respectively. Arrows indicate multipolar spindles. Time 0 corresponds to the timing of NEBD. (Scale bar, 10 pm.)
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Fig. S5. Gametosome formation during cell division in leaf-like gametophore cells without clear PPBs. (A-E) Time-lapse imaging of Citrine-MAP65d (green)
and mCherry—a-tubulin (magenta) in mature gametophore cells. Images were acquired every 5 min with 16 z-sections (separated by 1 pm) and displayed after
maximum projection (Top, merged) or as single median slices (Bottom, grayscale). Time 0 corresponds to the timing of NEBD. White and yellow arrowheads
indicate the PPB and gametosome structures, respectively. The arrow indicates a multipolar spindle. (Scale bar, 10 pm.)

Table S1. List of primers used in this study

Constructs Sequences (5 — 3’) (forward and reverse)
Citrine-SYP1a construct (left arm) GGGGTACCAGCTCTAGCGCGTTGAATTG

ACGCGGGCCCAGTGACTCACTCTCAAGCAA (Underline = Kpnl site and Apal site)
Citrine-SYP1a construct (right arm) GGACTAGTTATGAACAACCTTCTTAGCAACTCG

TCCCCGCGGCAAGGGAACTCGCTATGCTT (Underline = Spel site and Sac2 site)
Citrine-MAP65d construct (left arm) GGGGTACCTGAACGATTGTCGGAGTTGC

CCCAAGCTTTGTGGCTTCTACAAGATCACC (Underline = Kpnl site and Hind3 site)
Citrine-MAP65d construct (right arm) GGACTAGTTATGGTTCAGCAGCCTGTGAC

ATTTGCGGCCGCCCATACCGACCCACTTCGTA (Underline = Spel site and Notl site)
TONT1 KO construct (left arm) GGGGTACCGATTGAGCCCTCTGCCAAAC

CCATCGATGTAAAACGACTTCTTACAACCTTCA (Underline = Kpnl site and Clal site)
TON1 KO construct (right arm) CGGGATCCAAATTTGAAATTTCTCACCTTACGT

ATTTGCGGCCGCGAGTTTCACGTCACCTAACCAG (Underline = BamHl site and Notl site)
Lifeact-GFP construct CACCATGGGTGTCGCAGATTTGAT

TTACTTGTACAGCTCGTC
mCherry/a-tubulin construct CACCATGGTGAGCAAGGGCGAGGAG

GCTCCTGCTCCTGCTCCGCTGTACAGCTCGTCCATGCCGC
mCherry/a-tubulin construct AAAGCGGCCGCGGGCCCCACCATGGTGAGC

TTTACTAGTACCTGCTCCTGCTCCTGCTCCTGCTCCTGCTCCGC (Underline = Notl site and Spel site)
mCherry/a-tubulin construct GGTACTAGTATGAGAGAGATTATC

TATGGCGCGCCGGGCCCTCAGTAGTCGTCGTCCTCCG (Underline = Spel site and Ascl site)
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Movie S1. Time-lapse observation of Citrine-MAP65d and mCherry-a-tubulin during the first, second, and third divisions of the gametophore initial. (Scale
bars, 10 pm.)

Movie S1

Movie S2. Time-lapse observation of mCherry—a-tubulin during the first division of the gametophore initial. (Scale bar, 10 pm.)

Movie S2

Kosetsu et al. www.pnas.org/cgi/content/short/1713925114 6 of 9


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713925114/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713925114/video-2
www.pnas.org/cgi/content/short/1713925114

Movie S3. Time-lapse observation of mCherry—a-tubulin in a cell transiently treated with oryzalin. (Scale bar, 10 pm.)

Movie S3

Untreated

-

Oryzalin

0 min

Movie S4. Other examples of mitosis after transient treatment of oryzalin or control DMSO. mCherry-a-tubulin was imaged. (Scale bar, 10 um.)

Movie S4
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Movie S5. Time-lapse observation of mCherry—a-tubulin in control, the y-tubulin. RNAi line and the Aug3 RNAI line showing that the latter two fail to
produce a bipolar spindle. (Scale bar, 10 um.)

Movie S5
Untreated
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. MT MAPG65d Merge
-4 min
Movie S6. Time-lapse observation of mCherry—a-tubulin and Citrine-MAP65d with or without latrunculin B. (Scale bars, 10 pm.)
Movie S6
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Movie S7. Time-lapse observation of Citrine-MAP65d and mCherry-a-tubulin in leaf-like gametophore cells. Left (merged) shows maximum projections while
Right (grayscale) shows single optical slices.The white arrowhead indicates the position of the PPB, and the yellow arrowheads indicate gametosomes. (Scale

bars, 10 pm.)

Movie S7

Kosetsu et al. www.pnas.org/cgi/content/short/1713925114

9of 9


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713925114/video-7
www.pnas.org/cgi/content/short/1713925114

