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How growth, microtubule dynamics, and cell-cycle progression are
coordinated is one of the unsolved mysteries of cell biology. A
maize mutant, tangled1, with known defects in growth and proper
division plane orientation, and a recently characterized cell-cycle
delay identified by time-lapse imaging, was used to clarify the re-
lationship between growth, cell cycle, and proper division plane
orientation. The tangled1 mutant was fully rescued by introduction
of cortical division site localized TANGLED1-YFP. A CYCLIN1B de-
struction box was fused to TANGLED1-YFP to generate a line that
mostly rescued the division plane defect but still showed cell-cycle
delays when expressed in the tangled1 mutant. Although an inter-
mediate growth phenotype between wild-type and the tangled1
mutant was expected, these partially rescued plants grew as well
as wild-type siblings, indicating that mitotic progression delays
alone do not alter overall growth. These data indicate that division
plane orientation, together with proper cell-cycle progression, is
critical for plant growth.
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Plant cells are surrounded by a cell wall that together with
other cellular factors, controls cell growth and restricts cell

movement. According to cell theory, the orientation of the di-
vision plane sets the ultimate placement of cells and is therefore
key for the overall organization of the plant body. Alternately,
according to organismal theory, cell partitioning merely fills in
space, and therefore division plane orientation plays no role in
overall plant organization (1). Multiple examples exist that
support one theory or the other, but a combined theory whereby
overall growth is regulated at the organ level, but executed by
cells, may be the most accurate (2). Cell walls are positioned
during the cell cycle with the involvement of characteristic mi-
crotubule arrays: a preprophase band (PPB), which assembles in
late interphase (G2) and predicts the future division site (3); a
spindle in metaphase and anaphase; and a phragmoplast during
telophase and cytokinesis that directs the formation of the new
cell wall to the cortical division site (4–6). The PPB is not re-
quired for cytokinesis but is critical for division plane orientation
and may be required for timely cell-cycle progression (7, 8). The
PPB disassembles before cytokinesis, raising the fundamental
question of how the premitotic location of the PPB specifies the
position of the future new wall (9).
Mutants with general division plane defects often have sig-

nificant alterations in both microtubule organization and overall
growth (10–12). Alternatively, mutants may have defective specific
asymmetric divisions leading to developmental defects (13–19).
Many mutants with general division plane defects have mutations
in genes that encode microtubule-associated proteins that disrupt
both mitotic and interphase microtubule dynamics. In these cases,
it is difficult to separate the relative contribution of mitotic versus
interphase functions in wall placement. The division plane mutant
tangled1 (tan1) is particularly informative because the TAN1
protein is observed only in mitotic cells (20, 21) and binds mi-
crotubules in vitro (22). Analysis of the tan1 mutant is therefore
used here to elucidate the specific contribution of microtubule

dynamics during mitosis. Similar to mutants with defects in both
interphase and mitotic microtubule dynamics, maize tan1 mu-
tants have short stature and misoriented cell patterns (23), as do
mutants of TAN1-interacting partners phragmoplast orienting
kinesin-1;2 (24). TAN1 is similar to the microtubule binding
domain of adenomapolyposis coli (22), a multifunctional protein
that promotes proper division orientation in animal cells (25–27).
In Arabidopsis thaliana, AtTAN1 fused to yellow fluorescent
protein (YFP) was the first identified positive marker of the cor-
tical division site, remaining at the site after PPB disassembly (20).
AtTAN1-YFP division site recruitment occurs via several in-
dependent mechanisms during different cell-cycle stages (21), but
AtTAN1 function is still unclear. Because of the mild tan mutant
phenotype in A. thaliana (20), it was impossible to determine
whether AtTAN-YFP could rescue the tan mutant phenotype.
Fully functional maize TAN1 fused to YFP (TAN1–YFP) and

TAN1–YFP lines described below were examined using live-cell
imaging to assess TAN1 function. One TAN1–YFP line with the
destruction box from CYCLIN1B fused to TAN1–YFP (D-TAN1-
13–YFP), showed partial rescue of the tan1 mutant. D-TAN1-13–
YFP in the tan1mutant background exhibited significant delays in
mitotic progression, but only minor defects in division plane
orientation. Analysis of this variant allowed us to assess the
relative importance of mitotic delays and phragmoplast guidance
to the division site. D-TAN1-13–YFP in the tan1 mutant back-
ground grew to the same size as wild-type, suggesting that
compensatory mechanisms could rescue growth impacted by
mitotic delays but not a combination of mitotic delays and di-
vision plane orientation defects.

Significance

Speculation about the role of division plane orientation in the
growth of a plant has hinged on two conflicting ideas. The first
idea is that the plant body is specified at the tissue level and
cells divide merely to fill in the space, making the orientation of
division unimportant to the overall growth. The second idea is
that the orientation of the division plane is critical for tissue-
level patterning and therefore also impacts growth. This study
suggests that misorientation of the division plane together
with cell-cycle delays cannot be compensated for. Therefore,
division plane orientation is a critical but potentially indirect
factor for growth.

Author contributions: P.M. and C.G.R. designed research; P.M. and C.G.R. performed re-
search; A.L., A.S., and C.G.R. contributed new reagents/analytic tools; P.M. and C.G.R.
created the figures; A.L. produced the TAN1-YFP construct and sequenced the upstream
regulatory region of the tan1 gene to ensure normal regulatory functions and produced
the CFP-TUB construct; P.M. and C.G.R. analyzed data; and P.M. and C.G.R. wrote
the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. Email: carolyn.rasmussen@ucr.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1619252114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1619252114 PNAS | March 7, 2017 | vol. 114 | no. 10 | 2759–2764

PL
A
N
T
BI
O
LO

G
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1619252114&domain=pdf
mailto:carolyn.rasmussen@ucr.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619252114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619252114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1619252114


Results and Discussion
Maize tan1 mutants have short stature and rough textured leaves
with disordered cell patterning and shapes (28) (Fig. S1 A–C) but
did not have cytokinesis defects, such as incomplete cell-wall
stubs or multinucleate cells (Fig. S1E) (23). Moreover, cells
derived from both symmetric and asymmetric divisions were
abnormally shaped (Fig. S1E), indicating that TAN1 function is
required for proper division plane orientation in symmetrically
and asymmetrically dividing cells.
Previous studies suggested that tan1 mutants have division

plane defects caused by the inability of phragmoplasts to track
back to the division site (29). However, these experiments were
conducted with fixed cells: it was not possible to compare the
location of the PPB to the final orientation of the completed
division. YFP-TUBULIN (30) was crossed into tan1 mutants to
directly test the hypothesis that tan1mutants had a phragmoplast
guidance defect using time-lapse imaging. Wild-type and tan1
mutant cells expressing YFP-TUBULIN were imaged from
prophase until the end of cytokinesis and compiled into a single
time-lapse to compare PPB location to the final division plane
(Fig. 1A, six other examples in Fig. 1B, and Movie S1). In wild-
type cells all completed divisions displayed normal division ori-
entation: the new cell wall aligned with the former location of the
PPB (n = 87). When tan1 mutant cells were observed 62.5% (n =
30 of 48) of new cell walls returned to the division site previously
occupied by the PPB (Fig. 1C and Movie S2), whereas 37.5% of
new cell walls displayed an aberrant location (Fig. 1 D and E and
Movie S3). These data provide direct evidence that tan1 mutant
cells have defects in division plane orientation because of a
phragmoplast guidance defect.
While performing temperature controlled time-lapse imaging

(31), we observed that tan1 mutant cells were delayed in both
metaphase (Fig. 2A) and telophase (Fig. 2B), but not anaphase
compared with wild-type siblings (Fig. S2). Time-lapse imaging
was performed by taking a Z-stack every 5 min and assessing at
each time the morphology of the mitotic structure. The start of
metaphase was counted from the first time the spindle was ob-
served until the anaphase spindle was observed. This time-point
became the first time-point for anaphase. Telophase timing was
measured from the first time-point a phragmoplast was observed
until the phragmoplast was completely disassembled (31). There
was no correlation between metaphase delay and defects in
phragmoplast guidance to the division site (Fig. S3A), and no
correlation between metaphase and telophase delays (Fig. S3B).
Next, phragmoplast dynamics were analyzed during telophase to
determine whether delays in telophase were a result of slower
phragmoplast expansion rates in addition to failure to return to
the division site. Phragmoplast expansion (Fig. 2C) and disas-
sembly (Fig. 2D) were slower in tan1 mutant cells versus wild-
type, but there was no correlation between slow phragmoplast
expansion and misoriented phragmoplast orientation (Fig. S3C)
[Kolmogorov–Smirnov (KS) test, P > 0.1]. The delays in meta-
phase and telophase suggest that TAN1 may alter microtubule
stability or dynamics in mitotic microtubule arrays. Lack of
correlation between mitotic delays and misguided phragmoplast
orientation suggest that mitotic progression and proper division
plane orientation may be separate.
TAN1 driven by its own promoter was fused to YFP and

transformed into maize (32): TAN1–YFP fully rescued the mu-
tant phenotype (Fig. 3N) and was observed only in mitotic or late
G2 cells. TAN1–YFP localized to the cortical division site in
symmetrically (Fig. 3 A–D) and asymmetrically (Fig. S4) dividing
cells. Low TAN1–YFP fluorescence intensity was often observed
during G2 (Fig. 3I), suggesting that TAN1–YFP was recruited to
the division site after PPB formation. After prophase, TAN1–
YFP accumulated at the cortical division site and stayed at the
same level until the end of telophase (Fig. 3 A–D and I). In

addition to cortical division site localization, TAN1–YFP faintly
colocalized with the metaphase spindle (Fig. 3B) (∼23% fluo-
rescence intensity compared with TAN1–YFP at the cortical
division site, n = 25), anaphase spindle (Fig. 3C) (∼10% fluo-
rescence intensity compared with TAN1–YFP at cortical division
site, n = 6), and phragmoplast microtubules (Fig. 3D) (∼15%
fluorescence intensity compared with TAN1–YFP at the cortical
division site, n = 21). Spindle and phragmoplast localization of
TAN1–YFP together with in vitro TAN1–microtubule interaction
(22) is consistent with the hypothesis that TAN1 directly alters
microtubule dynamics in these structures. AtTAN–YFP did not
appear to colocalize with the spindle or phragmoplast in
A. thaliana (20, 21). The faint nucleolar localization of TAN1–YFP
(Fig. 3A) was similar to that observed in AtTAN–YFP cells (21).
TAN1–YFP was crossed into the tan1 mutant to determine if
it rescued the mutant phenotype. A population segregating for
tan1/+ (Fig. 3L), tan1/tan1 (Fig. 3M), and the TAN1–YFP trans-
gene (Fig. 3N) was assessed for growth by measuring the area of
several leaf blades (leaf 7 in Fig. 3K and leaves 5 and 8 in Fig. S5).

Fig. 1. Time-lapse and division-time quantification. Merged images show
before (green) and after (magenta) division. (A) Wild-type cell division.
(B) Six representative wild-type cells. (C) Correctly oriented tan1 cell division.
(D) Misoriented tan1 division. (E) Six representative tan1 cells. Brackets mark
PPB location. Misplaced cell walls indicated by asterisks. Time (minutes) at
the bottom of the image. (Scale bars, 10 μm.)
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TAN1–YFP; tan1/tan1 displayed both wild-type growth (Fig. 3K)
(KS test, P = 0.16) and cell-wall patterning similar to wild-type
(Fig. 3N) (n = 13 individual plants), indicating that TAN1–YFP
fully rescued the mutant phenotype.
The phragmoplast guidance defect observed in the tan1 mutant

(Fig. 1), together with temporally separate AtTAN recruitment to
the division site during both prophase and telophase (21), sug-
gested that TAN1 has a critical function during telophase. We
used a TAN1–YFP fusion containing the CYCLIN1B
(GRMZM2G034647) destruction box (D-TAN1–YFP) to assess
the function of TAN1 after anaphase. Maize CYCLIN1B is de-
graded in anaphase (33) and A. thaliana CYCLIN1B homolog has
been used to degrade proteins during anaphase (34, 35). A negative
control with a mutated destruction box was also created (mD-
TAN1–YFP). Three independently transformed D-TAN1–YFP
and mD-TAN1–YFP lines were crossed into lines expressing
cyan-fluorescent protein (CFP)–TUBULIN and the tan1 mutant
to assess localization and rescue. mD-TAN1–YFP localized to
the division site similar to TAN1–YFP and had similar fluores-
cent intensities (Fig. S6 A–F), indicating that adding a sequence
to the N terminus does not alter division site localization or
relative fluorescence intensities. All mD-TAN1 lines completely
rescued the short stature of the tan1 mutant and had leaves with
the same size quantified through measurement of leaf areas (Fig.
S7 D–F). D-TAN1–YFP also localized to the division site, but
fluorescence signal significantly decreased at the division site as
telophase progressed (D-TAN1-13–YFP in Fig. 3 E–H, and J and
D-TAN1-3–YFP and D-TAN1-21–YFP in Fig. S6 G–J). Quan-
tification of fluorescence intensities at the division site indicated
that D-TAN1–YFP from three independently transformed lines
was eliminated in telophase only when the phragmoplast >10 μm
and after the majority of transverse divisions were completed
(D-TAN1-13–YFP in Fig. 3J D-TAN1-3–YFP and D-TAN1-21–
YFP in Fig. S6 H and J). Therefore, the destruction box, al-
though it eventually led to D-TAN1–YFP elimination from the
division site, did not eliminate D-TAN1–YFP completely before
the majority of cells finished cytokinesis.

One line containing the D-box-TAN1–YFP fusion, D-TAN1–
YFP-13 (Fig. 3 E–H), had low fluorescent intensity at the di-
vision site during all mitotic stages, but had exceptionally low
intensity during telophase (quantified in Fig. 3J) and had no
detectable signal in spindles (Fig. 3 F and G) or phragmoplasts
(Fig. 3H). Although all of the mD-TAN1–YFP and two other
D-TAN1–YFP transgenes fully rescued the tan1 mutant division
plane defects (mD-TAN1–YFP in Fig. S7 A–C and D-TAN1–
YFP in Fig. S8 A and B), D-TAN1-13–YFP tan1/tan1, had minor
division plane defects first observed by cell-wall staining (Fig.
3O) and then quantified by time-lapse imaging of D-TAN1-13–
YFP tan1/tan1 dividing cells (described below). All three of the
D-TAN1 lines completely rescued the growth defect of the tan1
mutant quantified via multiple leaf area measurements made at
28 d after planting (D-TAN1 lines #3 and #21 in Fig. S8 C–E).
D-TAN1-13–YFP plant development was additionally compared
with wild-type siblings at 1 wk (Fig. S9), 2 wk (Fig. S10), and 3 wk
(Fig. S11) after planting.
Two hypotheses could explain the division plane defects in

D-TAN1-13–YFP tan1/tan1 line: (i) overall low expression of
D-TAN1-13–YFP provided insufficient protein to fully rescue
the mutant phenotype during all stages; or (ii) low levels of
D-TAN1-13–YFP during telophase caused the division plane
defect observed. If loss of TAN1 exclusively during telophase
caused division plane defects, metaphase division times would be
the same as wild-type, whereas telophase times would be longer.
In contrast, live-cell imaging indicated that both metaphase and
telophase times in D-TAN1-13–YFP tan1/tan1 cells were in-
termediate between wild-type and tan1 mutants (Fig. 4). During
this time-lapse analysis, one aberrant division was observed
(n = 1 of 106, < 1%) indicating that D-TAN1-13–YFP tan1/tan1
cells have minor defects in division plane orientation (Movie S4).
Phragmoplast expansion rates of tan1 D-TAN1-13 were signifi-
cantly slower than wild-type, and similar to phragmoplast ex-
pansion rates observed in the tan1 mutant (Fig. S12). Total division
time of measured mitotic stages (metaphase, anaphase, telo-
phase) for tan1 (average 123 min, n = 33 from Fig. 2 dataset)
are delayed by 66% compared with wild-type (average 74 min,
n = 70), whereas the D-TAN1-13–YFP tan1/tan1 partial rescue
plants (average 94 min, n = 90) have 40% of the mitotic delay
seen in the tan1 mutant. Minor division plane orientation defects
were observed in D-TAN1-13–YFP tan1/tan1lines (<1%, n = 1
misoriented division of 106 completed divisions) compared with
tan1 mutants (∼37%, n = 48). This finding suggested that
D-TAN1-13–YFP tan1/tan1 represents a partial loss of function
mutant because of low expression rather than a telophase-spe-
cific defect. In addition, undetectably low D-TAN1–YFP fluo-
rescent intensities at spindles or phragmoplasts together with
observed mitotic delays in D-TAN1-13–YFP tan1/tan1 lines is
consistent with a role of TAN1 in altering microtubule dynamics
at mitotic structures. Therefore, D-TAN1-13–YFP tan1/tan1
represented a partial loss-of-function mutant, where significant
mitotic delays were observed but division plane defects were
infrequent.
We predicted that the poorly expressed D-TAN1–YFP partial

rescue line would have growth defects intermediate to the tan1
mutant and wild-type siblings because it had intermediate cell-
cycle delays. However, D-TAN1-13–YFP tan1/tan1 plants grew
as well as wild-type siblings. Growth and development of sibling
plants was assessed by taking pictures of plants, measuring shoot
and root wet weight, and determining length, area and average
width of the leaves (Figs. S9–S13). Completely rescued growth of
plants with cell-cycle delays and minor division plane defects
suggested that defects in cell-cycle progression and minor di-
vision plane orientation were corrected, potentially by expansion
or by another compensatory mechanism (36). We measured cell
area in the proliferative division zone of the maize blade, but no
significant difference was observed between sibling wild-type and

Fig. 2. Histograms of time required to complete mitotic stages of wild-type
and tan1 mutant cells. (A) Metaphase times: wild-type (39 min, n = 87) and
tan1 (61 min, n = 33), KS test P < 0.0001. (B) Transverse telophase times: wild-
type (29 min, n = 70) and tan1 (56 min, n = 33), KS test, P < 0.0001.
(C) Phragmoplast expansion rates of wild-type (0.20 ± 0.01 μm/min, n = 18 cells)
and tan1 (0.16 ± 0.01 μm/min, n = 18 cells, KS test, P < 0.001). (D) Phrag-
moplast disassembly times for wild-type (6 min, n = 70) and tan1 (12.5 min,
n = 31), KS test, P < 0.0001.
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D-TAN1-13–YFP cells, suggesting either that another compen-
satory mechanism is used or that the cells compensate by ex-
pansion in another part of the leaf (Fig. S14). In some cases, cell-
cycle delays do not noticeably alter overall plant (37) or animal
(38) growth, but other cell-cycle delays alter embryonic or root
patterning in A. thaliana (39, 40). More severe cell-cycle delays
using overexpression of cyclin-dependent kinase inhibitor, ICK1,
demonstrated that cell expansion could partially compensate for
mitotic delays. However, slow cell-cycle progression still led to
abnormal growth and development (41).
The small stature of tan1 mutants suggested that division ori-

entation and proper cell-cycle timing are important aspects of plant
growth. The simplest interpretation of the small stature of the
tan1mutant compared with the normal growth of the partially res-
cued D-TAN-13–YFP tan1 line is that proper division orientation is
directly required for plant growth. Alternatively, the short stature of
the tan1 mutant might indicate slowed growth in response to al-
tered cell shape. Indeed, cell shape and corresponding mechanical
constraints influence growth, even in the absence of cell division
(36). Another interpretation is that altered cell-wall placement
causes unexpected mechanical strain, which then activates a bio-
chemical response, such as the cell-wall integrity pathway, to slow
growth (42). These hypotheses are not mutually exclusive.
Most division plane orientation mutants likely also have mitotic

delays, although this phenotype has only rarely been assessed

(24, 43). In addition, many symmetric division plane orientation
mutants have defects in both interphase and mitotic microtubule
dynamics, making it impossible to address mitotic and interphase
function independently (10–12, 43–47). There are a few mutants

Fig. 3. Localization and rescue of TAN1–YFP and D-TAN1-13–YFP during mitosis and cytokinesis. TAN1–YFP (magenta) localization during prophase (A),
metaphase (B), anaphase (C), and telophase (D) indicated by CFP–TUBULIN (green). Channels are separated CFP–TUBULIN followed by TAN1–YFP and then
merged. D-TAN1-13–YFP (magenta) localization during prophase (E), metaphase (F), anaphase (G), and telophase (H) indicated by CFP–TUBULIN (green).
Channels are separated CFP–TUBULIN followed by TAN1–YFP and then merged. Arbitrary fluorescence intensities measured at the division site for TAN1–YFP
(I) and D-TAN1 (J) using identical imaging conditions. (K) Leaf 7 area measurements of wild-type and tan1 segregating with TAN1–YFP and D-TAN1-13–YFP.
Leaf areas between wild-type and tan1 TAN1–YFP are not statistically different (KS test, P = 0.1994) and are not different between wild-type and tan1
D-TAN1-13–YFP (KS test, P = 0.7091). (L) Wild-type and (M) tan1 epidermal cells stained with propidium iodide (green). (N) TAN1–YFP (magenta) expressed in
tan1 mutant background stained with propidium iodide (green). (O) D-TAN1-13–YFP (magenta) in the tan1 mutant background stained with propidium
iodide (green). (Scale bars, 10 μm.)

Fig. 4. Partial rescue during metaphase and telophase of D-TAN1-13–YFP in
the tan1 mutant background. Data for wild-type and tan1 is the same as
presented in Fig. 2 A and B, graphed alongside the tan1 D-TAN1-13 data for
direct comparison. (A) Metaphase division time for tan1 D-TAN1-13–YFP cells
(51 ± 6.4 min, 95% CI, n = 106). Metaphase times are significantly different
from wild-type (KS test, P = 0.0027) and from tan1 (KS test, P = 0.0002).
(B) Telophase times (36.3 ± 3 min 95% CI n = 90) for transverse cell divisions.
Telophase times are significantly different from wild-type (KS test, P <
0.0001) and from tan1 (KS test, P = 0.0007).
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that represent intriguing exceptions to highly pleiotropic mu-
tants. One example is the sabre mutant, which has misplaced
PPBs rather than defective or absent PPBs, leading to defects in
establishing the proper division plane orientation in A. thaliana
(48). Another example is a quintupule myosinVIII mutant gen-
erated in Physcomitrella patens. These mutants display division
plane defects in cells that undergo PPB-independent divisions
(49). The MYOSINVIII protein promotes proper phragmoplast
guidance while localizing to the spindle, phragmoplast midzone,
and the division site. The proposed model is that MYOSINVIII
moves along actin filaments to properly translocate the micro-
tubules in the phragmoplast toward the division site (50). TAN1
is only present during mitosis, so mutant analysis provides un-
derstanding of mitotic specific division plane orientation and
cell-cycle progression. This study highlights the importance of
correct division plane orientation and timely cell-cycle progres-
sion to maintain proper growth.

Materials and Methods
Plants were grown in standard greenhouse conditions. Transgenic maize lines
were generated as part of the maize cell genomics project (maize.jcvi.org/
cellgenomics/index.php), including YFP variant Citrine fused to α-TUBULIN
(YFP–TUBULIN, GRMZM2G153292) and cyan-fluorescent protein fused to
β-TUBULIN (CFP–TUBULIN, GRMZM2G164696) (30). A.L. created the TAN-
GLED1 transgene through translational fusion with the YFP variant Citrine
(TAN1–YFP, GRMZM2G039113) described in SI Materials and Methods.
Construction of D-TAN1–YFP and mD-TAN1–YFP fused wild-type or mutated
CYCLIN1B coding sequence from maize GRMZM2G034647 to the N-terminal
end of TAN1 is described in SI Materials and Methods.

All time-lapse and quantitative fluorescent imaging was done using a
custom-built spinning disk system (Solamere Technology) described in SI
Materials and Methods. Time-lapse imaging experiments were performed
using standardized imaging conditions. Four-week-old plants were used and
leaves were removed until the ligule height was <2 mm. Adaxial symmet-
rically dividing blade samples were mounted in water, surrounded by vac-
uum grease on a coverslip, and loaded with another coverslip placed
carefully on top of the sample into a Rose chamber (51) and held at constant
temperature (21 °C) (31). Z-stacks of cells in late prophase were taken every

5 min for up to 6 h. Only cells that completed a division from prophase until
the new cell wall was formed were used to analyze the timing of cell-cycle
stages to ensure that the cells used in the analysis were not damaged during
sample preparation. Morphology of mitotic structures labeled with YFP–
TUBULIN was assessed to infer mitotic stage. Metaphase timing included first
time the spindle was observed until the anaphase spindle was observed. This
time-point became the first time-point for anaphase. Anaphase spindles
rapidly transitioned to phragmoplasts in telophase. Telophase timing was
measured from the first time-point a phragmoplast was observed until the
phragmoplast was completely disassembled (31).

For quantification of fluorescence intensities, micrographs were taken of
TAN1–YFP, mD-TAN1–YFP, and D-TAN1–YFP lines using standardized imag-
ing conditions. Plants coexpressing CFP–TUBULIN were used to identify each
stage of mitosis. Z-stacks were transformed into maximum projections in
ImageJ or FIJI (fiji.sc/) using two or more Z slices. Sample movement was
corrected using the StackReg Plugin in FIJI. Micrographs for Fig. 3 A–H and
Fig. S6 C, E, G, and I were taken with a point scanning confocal microscope
(SP5, Leica) with HyD detector with Argon 514-nm laser emission 510–601 nm
for each mD- or D-TAN1–YFP and 458 with emission 505–510 nm for CFP–
TUBULIN using a 40× NA 1.1 water objective.

See Table S1 for primers used in this study.
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