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Abstract
Cell divisions are accurately positioned to generate cells of the correct size and shape. In plant cells, the new cell wall is built in 
the middle of the cell by vesicles trafficked along an antiparallel microtubule and a microfilament array called the phragmo-
plast. The phragmoplast expands toward a specific location at the cell cortex called the division site, but how it accurately 
reaches the division site is unclear. We observed microtubule arrays that accumulate at the cell cortex during the telophase 
transition in maize (Zea mays) leaf epidermal cells. Before the phragmoplast reaches the cell cortex, these cortical-telophase 
microtubules transiently interact with the division site. Increased microtubule plus end capture and pausing occur when mi-
crotubules contact the division site-localized protein TANGLED1 or other closely associated proteins. Microtubule capture and 
pausing align the cortical microtubules perpendicular to the division site during telophase. Once the phragmoplast reaches the 
cell cortex, cortical-telophase microtubules are incorporated into the phragmoplast primarily by parallel bundling. The add-
ition of microtubules into the phragmoplast promotes fine-tuning of the positioning at the division site. Our hypothesis is 
that division site-localized proteins such as TANGLED1 organize cortical microtubules during telophase to mediate phragmo-
plast positioning at the final division plane.
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Introduction
Cell division in plants occurs via the transport of vesicles 
along an antiparallel microtubule array called the phragmo-
plast to build a new cell wall (Smertenko et al. 2017). The 
phragmoplast grows toward the cell cortex via microtubule 
nucleation on preexisting phragmoplast microtubules. 
Microtubule-dependent microtubule nucleation on the 
phragmoplast is mediated by gamma-tubulin and augmin 
complex proteins (Hotta et al. 2012; Nakaoka et al. 2012; 
Murata et al. 2013; Lee et al. 2017; Lee and Liu 2019). 

Microtubule bundling in the phragmoplast may be mediated 
by MICROTUBULE ORGANIZATION 1 (MOR1)/TMBP200/ 
GEM1, which localizes to the phragmoplast and also cross-
links microtubules in vitro (Yasuhara et al. 2002; Hamada 
et al. 2004). This activity is consistent with its role in rapid 
phragmoplast expansion, as demonstrated by quantitative 
live-cell imaging (Kawamura et al. 2006). In addition to nucle-
ation and bundling, microtubule disassembly at the phrag-
moplast lagging edge also promotes phragmoplast 
expansion. Mitogen-activated protein kinase (MAPK) 
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IN A NUTSHELL
Background: Both cell division and proper orientation of the division are important for plant development and 
growth. Cell division is initiated in the middle of the cell by a structure called the phragmoplast. The phragmoplast 
is composed of filaments including microtubules and it expands outward to form the new cell wall. Phragmoplast 
positioning is mediated by proteins that localize in a ring at the future division location or division site. It is not known 
how these proteins promote division positioning.

Question: How do proteins at the division site contribute to the phragmoplast reaching the correct location?

Findings: We propose a potential mechanism linking phragmoplast positioning with division site-localized proteins 
using maize epidermal cells expressing a live-cell microtubule marker. We discovered that an extensive network of 
microtubule filaments accumulates at the cell periphery and is captured at the division site by a microtubule-binding 
protein called TANGLED1, thereby leading to microtubules that are oriented perpendicular to the division site. 
Pre-oriented microtubules are added into the phragmoplast as it reaches the cell periphery to accurately direct 
the movement of the phragmoplast.

Next steps: Whether microtubules participate in division positioning and how TANGLED1 might modulate their dy-
namics in other plant cells are unknown.

phosphorylates MAP65-1, which, in turn, reduces the micro-
tubule bundling efficiency of MAP65-1. MAP65-1 phosphor-
ylation allows lagging edge microtubules to disassemble, 
thereby promoting phragmoplast expansion (Sasabe et al. 
2006; Sasabe and Machida 2012). MAP65-1 is also phos-
phorylated by alpha Aurora Kinase, which similarly promotes 
timely phragmoplast expansion (Boruc et al. 2016). 
PHRAGMOPLAST ORIENTING KINESIN2 (POK2) promotes 
timely phragmoplast expansion, possibly through interaction 
with the phragmoplast midzone crosslinker MAP65-3 
(Herrmann et al. 2018).

Although there has been progress in identifying factors 
that mediate phragmoplast expansion, how the phragmo-
plast is directed toward a specific cortical location, called 
the division site, is still unknown (Rasmussen and Bellinger 
2018; Livanos and Müller 2019). In land plants, the location 
of the future division site can be accurately predicted by a 
microtubule and microfilament structure that assembles 
during the G2 phase of the cell cycle at the cell cortex called 
the preprophase band (PPB). Several proteins co-localize 
with the PPB and remain at the division site until the division 
is completed. These division site-localized proteins promote 
phragmoplast guidance to the division site: phragmoplasts in 
mutant cells often do not return to the division site (Cleary 
and Smith 1998; Müller et al. 2006; Martinez et al. 2017). 
Several division site-localized proteins are microtubule- or 
microfilament-bundling or motor proteins (Müller et al. 
2006; Wu and Bezanilla 2014; Hermann et al. 2018; 
Martinez et al. 2020), suggesting that division site positioning 
may be mediated by local alterations in cytoskeletal 
dynamics.

Current models of division plane positioning propose that 
division site- and phragmoplast-localized proteins pull or 
push cytoskeletal filaments within the phragmoplast to 
guide it to the division site. More specifically, these models 
propose that microtubules attached to and nucleated from 

the phragmoplast (peripheral microtubules) interact with div-
ision site-localized proteins such as the PHRAGMOPLAST 
ORIENTING KINESIN2 (POK2) or MYOSINVIII (Wu and 
Bezanilla 2014; Chugh et al. 2018). A proposed function 
of POK2, a microtubule plus end-directed kinesin, is to 
bind peripheral microtubules and, through plus end- 
directed movement, push them away from the division 
site, thereby positioning the phragmoplast (Chugh et al. 
2018). MYOSINVIII, a division site-localized protein that 
also localizes to the plus ends of peripheral phragmoplast 
microtubules, mediates an interaction between microtubules 
and actin filaments to guide the phragmoplast to the division 
site (Wu and Bezanilla 2014). The microtubule-binding pro-
tein TANGLED1 (TAN1) localizes to the division site in maize 
(Zea mays) and Arabidopsis (Arabidopsis thaliana) (Walker 
et al. 2007; Martinez et al. 2017). In vitro, TAN1 bundles 
and promotes transient microtubule capture and crosslink-
ing. Furthermore, it co-localizes with a small population of 
phragmoplast microtubules at the division site in vivo and 
promotes timely phragmoplast expansion (Martinez et al. 
2017, 2020). Maize tan1 mutants have defects in phragmo-
plast guidance to the division site, indicating that TAN1 con-
tributes to positioning the phragmoplast, but the underlying 
mechanisms are not yet clear (Cleary and Smith 1998; 
Martinez et al. 2017).

The plant cell at telophase has often been considered de-
void of microtubules outside of the phragmoplast 
(Smertenko et al. 2017). However, many reports indicate 
that both microtubules and microtubule nucleators such 
as gamma-tubulin are present at the cell cortex during telo-
phase in monocots, dicots, ferns, and moss (Gunning et al. 
1978; Wick 1985; Liu et al. 1995; Panteris et al. 1995; Kong 
et al. 2010; Wu and Bezanilla 2014). Additionally, in dicots, 
microtubules nucleated from the nuclear envelope in late 
telophase contact the cell cortex but their function was not 
described (Chan et al. 2005; Van Damme and Geelen 2008). 
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More recently, cortical microtubules were shown to accumu-
late independently of the nuclear envelope in Arabidopsis 
during the late telophase (Lucas 2021). A previously pro-
posed function of cortical-telophase microtubules is to pre-
populate the cortex for microtubule reorganization during 
G1 (Flanders et al. 1990).

Here, we demonstrate that cortical microtubules are orga-
nized by a transient interaction with the division site, specif-
ically near TAN1 puncta, in maize during telophase. This 
interaction may be directly mediated by the division site- 
localized protein TAN1. The cortical-telophase microtubules 
are prearranged via interactions with TAN1 or other nearby 
proteins at the division site. Cortical-telophase microtubules 
are then added by parallel bundling into the phragmoplast at 
the cortex. Therefore, cortical-telophase microtubules direct 
the movement of the phragmoplast toward the division site 
in maize cells.

Results
Analysis of cortical microtubule accumulation and 
orientation during telophase
Live-cell imaging of symmetrically dividing maize leaf epider-
mal cells revealed an unexpected population of 
cell-cortex-localized microtubules that typically accumu-
lated during telophase (n = 45/49 cells) (Fig. 1, A and B; 
Supplemental Fig. S1, A and B). Cortical microtubules were 
sparse or nonexistent during metaphase (10% n = 2/20 cells 
from 8 plants, Supplemental Fig. S1, G and H) and anaphase 
(0% n = 0/8 cells from 8 plants). These cortical-telophase mi-
crotubules were spatially distinct from the phragmoplast and 
accumulated before the phragmoplast reached the cortex, as 
shown by time-lapse imaging (Fig. 1, A and B). We measured 
the density of cortical-telophase microtubules using the 
BoneJ plug-in in ImageJ (Doube et al. 2010), as described in 
the “Materials and methods” section. Using confocal z stacks 
with 0.5-µm resolution, we observed that the cortical- 
telophase array started to accumulate when the phragmo-
plast was as far as 3 to 4.5 microns away from the cell cortex 
(5% density, n = 2 cells). When the phragmoplast was be-
tween 0.5 and 1.5 microns from the cell cortex, the cortical- 
telophase array covered 33% of the cortex [n = 6 cells, 
standard error (SE) ± 7%]. The density of the cortical- 
telophase microtubules increased as the leading edge of 
the phragmoplast neared the cell cortex. The density of the 
cortical-telophase array when the phragmoplast touched 
the cortex was 39% (n = 24 cells, SE ± 4%, from 12 plants). 
Together, these results indicate that cortical-telophase mi-
crotubules accumulate during telophase but before the 
phragmoplast reaches the cortex.

Cortical-telophase microtubules were present in over 90% 
of wild-type cells during telophase (n = 173/190 cells from 26 
plants, Fig. 2A). Cortical-telophase microtubule arrays cov-
ered 33 ± 2% (mean ± standard error (SE) of the cell cortex 
(Fig. 2D), with an average anisotropy of 0.12 ± 0.01 arbitrary 

units (Fig. 2B). These anisotropy values (reflecting the relative 
orientation of cortical-telophase arrays) were similar to 
those of microtubule arrays in Arabidopsis shoot meristems 
during interphase (Boudaoud et al. 2014). The cortical- 
telophase microtubules were on average typically arranged 
into anti-parallel arrays perpendicular to the division site 
(∼50% within 10 degrees of perpendicular relative to the 
phragmoplast midline, n = 38 microtubule arrays from 19 
cells, 7 plants, Fig. 2D), with most plus ends facing the div-
ision site. We also observed cortical-telophase microtubule 
arrays in Arabidopsis root cells (Supplemental Fig. S1C). 
The results were similar to previous reports showing 
microtubule-nucleating protein accumulation at the cell 
cortex (e.g. Kong et al. 2010; Vavrdová et al. 2019; Lucas 
2021) or cortical microtubules in moss (Physcomitrium 
patens) (e.g. Wu and Bezanilla 2014). Therefore, cortical- 
telophase microtubule arrays were abundant and on aver-
age oriented perpendicular to the division site during 
telophase in maize epidermal cells. Although they are diffi-
cult to see, cortical-telophase microtubules may be a con-
served feature of plant cells.

Analysis of microtubule dynamics
To assess whether cortical-telophase microtubules had dif-
ferent properties compared to phragmoplast microtubules, 
we treated maize epidermal cells with the microtubule desta-
bilizer propyzamide (5 µM). Propyzamide inhibits micro-
tubule assembly by binding to beta-tubulin (Young and 
Lewandowski 2000). Cortical-telophase microtubules were 
more sensitive to 5-µM propyzamide treatment than phrag-
moplast microtubules. The majority of cortical-telophase mi-
crotubules were depolymerized within 30 min of treatment 
(Supplemental Fig. S2, n = 50/56 cells from 3 plants). 
After an additional 30 min, all remaining cortical-telophase 
microtubules were disassembled. In contrast, interphase 
cortical microtubules were intact after 30 min of propyza-
mide treatment, depolymerizing after 45 min to 1 h of 
treatment (n = 117 cells from 2 plants). In contrast, phrag-
moplast microtubules were resistant to propyzamide treatment 
and remained intact after 1 h (n = 68/68 phragmoplasts). When 
incubated with DMSO (negative control), cortical-telophase mi-
crotubules were still intact 30 min after treatment (n = 34/69 
cortical-telophase microtubule arrays). Phragmoplast (n = 62) 
and interphase microtubules (n = 82 cells) were also intact. 
Together, these results indicate that cortical-telophase mi-
crotubules are more sensitive to treatment with 5 µM pro-
pyzamide than either interphase cortical microtubules or 
phragmoplast microtubules, suggesting that they are more 
likely to be single, highly dynamic, and unbundled microtu-
bules that are distinct from the phragmoplast, which is con-
sistent with our imaging data.

To understand how cortical-telophase microtubules 
formed arrays with their plus ends facing the division site, 
we examined individual microtubules interacting with the div-
ision site in addition to other locations within the cell 
(Supplemental Table S1 and Supplemental Data Set S1). In 
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wild-type cells, microtubule plus ends were transiently stabi-
lized by pausing or capturing at the division site (Fig. 3, 
A and C; see Movie 1). When cortical-telophase microtubules 
contacted the division site, 59.4% of microtubules paused 
(n = 60/101 microtubules, 4 cells, 3 plants, Table 1), 4.9% 
underwent immediate catastrophe after touching the division 
site, and 35.6% passed through the division site without alter-
ing of their trajectories. When cortical-telophase microtubules 
interacted with the division site, 59% (n = 53/90) buckled, in-
dicating that the microtubule was still growing as it was tran-
siently captured at the division site. Median pausing or capture 
time was 15 s at the division site but 10.0 s in other locations 
(Fig. 3, A and C; Table 2, P value = 0.03). Transient stabilization 
of microtubule plus ends at the division site may promote 
overall perpendicular orientation.

To determine if microtubule pausing at the division site 
was due to contact with opposing microtubules, we exam-
ined how often microtubules contacted antiparallel microtu-
bules at the division site. Microtubule pausing at the cortical 
division site ahead of the phragmoplast did not typically 

occur through antiparallel interactions with microtubules lo-
cated on the other side of the division site. For wild-type 
cortical-telophase microtubules, antiparallel contact at the 
division site occurred 13% of the time (n = 8/61 microtu-
bules from 12 cells from 6 plants). This number of antiparallel 
contacts was similar to the number of cortical-telophase 
microtubule contacts that did not occur at the division 
site, 2% (n = 1/48 microtubules from 12 cells from 6 plants, 
no significant difference, 2-tailed Fisher’s exact test). 
Similarly, 25% of phragmoplast leading-edge microtubules 
had antiparallel contacts at the division site (n = 5/20 micro-
tubules from 8 cells, 5 plants, no significant difference com-
pared to cortical-telophase microtubules at the division 
site, 2-tailed Fisher’s exact test). Together, these results sug-
gest that cortical-telophase microtubules did not pause at 
the division site solely due to contact with antiparallel micro-
tubules. Instead, microtubules paused at the division site re-
gardless of whether a microtubule from the other side was 
present, suggesting that a protein (or proteins) located at 
the division site mediated microtubule pausing.

Figure 1. Cortical-telophase microtubules accumulate at the cortex before the phragmoplast contacts the cortex in wild-type maize epidermal cells. 
Times are indicated in hours:minutes:seconds at the bottom left corner. A) Time-lapse imaging of a cell expressing YFP-TUBULIN from metaphase to 
telophase. Microtubules at the cortex (top panel), microtubules at the midplane (middle panel), and merged images (cortex: green and midplane: 
magenta; bottom panel) are shown. Cortical-telophase microtubules faintly accumulate at 14:11, with more accumulating by 29:16; additional inter-
mediary timepoints are shown in Supplemental Fig. S1. B) Time-lapse imaging of microtubules from anaphase to telophase. Merged images (cortex: 
green, and cell plate and plasma membrane dyed with FM-4-64: magenta). X–Z projections show that the cortical-telophase arrays accumulate 
before the phragmoplast reaches the cell cortex. Bar is 10 µm for X–Y images and ∼10 µm for the X–Z projection (estimated due to sample drift). 
Images were acquired using a Zeiss LSM 880 equipped with Airyscan at 100× (NA = 1.46).

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
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TAN1 functions in microtubule plus end capture
To analyze the role of the microtubule-binding protein TAN1 
in microtubule plus end capture, we measured microtubule 
plus end pausing using time-lapse imaging of wild-type cells 
expressing both TAN1-YFP and CFP-TUBULIN. TAN1-YFP 
forms discrete puncta at the division site during telophase 
(Fig. 3D, see Movie 2) (Walker et al. 2007; Rasmussen et al. 
2011; Martinez et al. 2017). In time-lapse images, cortical- 
telophase microtubules appear to interact with stable 
TAN1 puncta at the division site (see Movie 2). We found 
that cortical-telophase microtubules remained near 
TAN1-YFP puncta longer than other regions within the div-
ision site in wild-type maize cells (Fig. 3, D and E). 
Microtubule plus ends paused near TAN-YFP1 puncta for 
∼20 s (20 ± 1.6 s, median ± SEM, n = 39 microtubules, 4 
plants). By contrast, microtubule plus ends that contacted 
regions of the division site distinct from TAN1-YFP puncta 
paused for ∼10 s (10 ± 1.1, median ± SEM n = 48 microtu-
bules, 4 plants, Fig. 3E). Together, these findings suggest 
that TAN1 or other division site-localized proteins in close 
proximity (within Airy Scan resolution limits of ∼150 nm) 
promote cortical microtubule plus end pausing or capture 
during telophase. This microtubule interaction is consistent 

with the results of in vitro dynamic assays where TAN1 tran-
siently captured microtubules at high contact angles 
(Martinez et al. 2020). Together, these results suggest that 
TAN1 or other nearby division site-localized proteins in-
crease microtubule pausing or capture at the division site, 
which over time leads to cortical-telophase arrays that are 
on average perpendicular to the division site, as observed 
in Fig. 2C.

We hypothesized that loss of TAN1 from the division site 
would lead to defects in cortical-telophase microtubule or-
ganization, so we examined cortical-telophase microtubules 
in the maize tan1 mutant. Cortical-telophase microtubule ar-
rays were sparse or missing in nearly 30% of tan1 cells (n =  
24/122 cells from 24 plants, e.g. Supplemental Fig. S1, E and F). 
When cortical-telophase arrays were present in tan1 cells, 
they were often unevenly distributed (asymmetric) (Fig. 2A). 
Furthermore, cortical-telophase microtubule arrays in the 
tan1 mutant were less anisotropic (Fig. 2B) than wild-type 
cortical-telophase arrays. In addition, unlike wild-type 
cortical-telophase arrays, tan1 mutant arrays were not typic-
ally oriented toward the division site (Fig. 2C, median orien-
tation 49.5 ± 3 degrees relative to the phragmoplast midline, 
P < 0.0001 Mann–Whitney U test). These data suggest that 

Figure 2. Cortical-telophase microtubules are typically abundant and arranged toward the division site in wild-type cells but are more variable in 
abundance and organization in tan1 mutant cells. A) A wild-type maize epidermal cell with abundant cortical-telophase microtubules (far left), tan1 
mutant cells with abundant (left), asymmetric (middle), or sparse cortical-telophase microtubules (right). Merged images show a midplane view 
(magenta) and cortex view (green). X–Z shows the X–Z projection, with orange arrowheads indicating cortical microtubules at the top of the 
cell. B) Cortical-telophase microtubule array anisotropy, n = 38 wild-type arrays (19 cells from 5 plants) and 50 tan1 arrays (25 cells from 9 plants) 
with median and quartiles indicated by black bars (2-tailed Mann–Whitney U test P-value = 0.005). Schematic diagrams of cells with high and low 
anisotropy (right). C) Histogram of the average microtubule orientation of the cortical-telophase microtubule array (n = 38 arrays for wild-type and 
50 for tan1 mutant cells, 2-tailed Mann–Whitney U test comparing angle values, P value <0.001). Schematic diagram showing angle measurements 
compared to the division site, D) Relative cortical-telophase coverage, represented as a fraction, was significantly higher in wild-type (38 arrays) than 
tan1 (54 arrays) cells, 2-tailed Mann–Whitney U test, median and quartiles are indicated with black bars (P value <0.0001). Schematic diagrams with 
examples of high and low microtubule coverage. Micrographs were taken under a Zeiss LSM 880 (Airyscan,100×, NA = 1.46). Bars are 10 µm.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data


Cortical microtubules contribute to division plane positioning during telophase in maize      THE PLANT CELL 2023: 35; 1496–1512 | 1501

TAN1 promotes proper cortical-telophase microtubule array 
organization.

In contrast to wild-type cells, cortical-telophase micro-
tubules were not transiently stabilized at the division 
site in tan1 mutant cells, showing no significant difference 
in microtubule pausing at the division site versus other 
cortical locations (Fig. 3, B and C; Supplemental Fig. S3; 

Supplemental Data Set S1; Kruskal–Wallis test and Dunn’s 
test, P = 0.11; adjusted P-value = 1). Unlike wild-type cells, 
where ∼60% of cortical-telophase microtubules paused at 
the division site, significantly fewer cortical-telophase micro-
tubules paused in the tan1 mutant (27%, n = 26/96, Fisher’s 
exact test, P value < 0.00001, Table 2). Instead, the majority 
of cortical-telophase microtubules in the tan1 mutant grew 

Figure 3. Cortical-telophase microtubules pause at the division site near TAN1 puncta. A) and B) Time-lapse images of cortical-telophase micro-
tubules (YFP-TUBULIN, green) pausing at the division site (top panels) or passing (bottom panels) through the division site ahead of the phragmo-
plast in wild-type (WT) A) and tangled1 (tan1) B) cells. Red arrowheads indicate the microtubule plus end. Dotted lines in time-lapse insets mark the 
division site, as predicted through the extension of FM4-64 cell plate staining (magenta). The scale bar is 10 µm and 5 µm in insets. C) Dot plot of 
microtubule pause times (s) at division site and other cortex locations in wild type and tan1. Bars represent median with interquartile range. D) 
Time-lapse images of a wild-type cell cortex with cortical-telophase microtubules and cortical TAN1 localization. Cortical-telophase microtubules 
ahead of the phragmoplast pause at the division site with no TAN1 puncta (i, top panel) and at the division site with TAN1-puncta (ii, bottom 
panel). Microtubules are labeled with CFP-TUBULIN (green) and TAN1 by TAN1-YFP (magenta). Arrowheads indicate the respective microtubule 
plus end. The scale bar is 10 microns and 1 micron in insets. E) Dot plot comparing microtubule pause times(s) at division site locations with or 
without TAN1 puncta in wild-type cells expressing TAN1-YFP. Each dot represents one microtubule pause time. Error bars are median with inter-
quartile range. P-values ns not significant, * < 0.05, ** < 0.01, *** < 0.001 by Kruskal–Wallis and Dunn’s test. Images were acquired using a Zeiss LSM 
880 equipped with Airyscan with a 100× (NA = 1.46) lens.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
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past the division site without any alteration in their tra-
jectories (65% n = 62/96, example in Fig. 3B, 6 cells from 
5 plants, Table 2) or shrunk immediately (8%, n = 8/96). 
Microtubules that interacted with the division site dis-
played similar buckling frequency compared to wild-type 
cortical microtubules (58%, n = 22/38 compared to 59%, 
53/90, P value = 1, Fisher’s exact test). TAN1 also plays a role 
in mediating other microtubule dynamics during telophase, 
as measured using the Dynamic Kymograph Plugin in FIJI 
(Zhou et al. 2020) Supplemental Fig. S4). Microtubule growth, 
shrinkage, and pause during telophase tended to be slower in 
tan1 mutants compared to wild type (Supplemental Fig. S3). 
These data, together with the finding that microtubule paus-
ing or capture increased at TAN1 puncta, suggest that TAN1 
directly or indirectly promotes both microtubule plus end 
capture and shrinkage at the division site.

Interaction of cortical-telophase microtubule arrays 
with the phragmoplast
We hypothesized that when the phragmoplast reached the 
cortex, it would interact with cortical-telophase microtu-
bules. To examine how cortical-telophase microtubule arrays 
interacted with the phragmoplast, we used time-lapse im-
aging. Cortical-telophase microtubules were typically added 
into the phragmoplast by parallel bundling, as described 

below. To assess how individual microtubules from the 
cortical-telophase array interacted with the phragmoplast, 
we first identified sites of microtubule nucleation at the cor-
tex from cortical-telophase microtubules that were clearly 
distinct from the phragmoplast. Next, we determined how 
these microtubules interacted with the phragmoplast. An 
annotated micrograph describes the terms used here, such 
as leading and lagging edges (Supplemental Fig. S5). When 
cortical-telophase microtubules contacted the phragmo-
plast, most (78%, n = 197/252 microtubules from 5 cells 
from 3 plants) were incorporated into the leading edge of 
the phragmoplast by parallel bunding (Fig. 4G, see Movies 
3 and 4). After bundling into the phragmoplast, the microtu-
bules would either remain connected to the original cortical- 
telophase array during the 252 s time lapse (41%, n = 103/ 
252, Fig. 4G) or become fully incorporated into the phragmo-
plast by severing the connection between the cortical- 
telophase array and the phragmoplast (37%, n = 94/251, 
Fig. 4E; see Movie 5). We speculate that severing was per-
formed by the microtubule-severing protein KATANIN, 
which localizes to the distal phragmoplast (Nakamura et al. 
2010; Panteris et al. 2011), possibly via the microtubule- 
binding protein MACET4/CORD4 (Sasaki et al. 2019; 

Table 1. Quantification of individual interaction and bundling events between cortical-telophase microtubules and the phragmoplast. (A) Summary 
of cortical-telophase microtubule bundling times and angles with the phragmoplast. (B) Summary of cortical-telophase microtubule interaction 
types with the phragmoplast. (B) Fisher’s exact test was used, and significant differences are indicated by (**) P < 0.01, (****) P < 0.0001. 
Phragmoplast-interacting MTs: WT (n = 252, 5 cells, 3 individuals), tan1 (n = 163, 5 cells, 3 individuals)

A
Phragmoplast trailing edge Phragmoplast leading edge

Sample

Time bundled 
(seconds, mean ±  

SEM)

Angle bundled 
(degrees, mean ±  

SEM)
Proportion of 

microtubules (%, n)

Time bundled 
(seconds, mean ±  

SEM)

Angle bundled 
(degrees, mean ±  

SEM)
Proportion of 

microtubules (%, n)

Wild type 45.75 ± 6.781 26.57 ± 1.804 34 (86) 108.6 ± 6.922 21.48 ± 1.113 66 (166)
tangled1 ****63.07 ± 6.305 28.44 ± 1.901 **47 (77) 97.96 ± 7.745 25.14 ± 2.032 **53 (86)
P value 0.0001 ns 0.0074 ns ns 0.0074

B
Phragmoplast interaction types

Sample Depolymerized (%, n) Stayed (%, n) Severed (%, n) Stabilized (%, n)

Wild type 22 (54) 78 (197) 37 (94) 41 (103)
tangled1 **10 (16) **90 (147) **56 (92) 34 (55)
P value 0.0019 0.0019 0.002 ns

Table 2. Percentage of cortical-telophase microtubule pausing at or 
passing through the division site in wild-type and tangled1 plants. 
Comparison of microtubule interactions with the division site 
between wild type (n = 3 plants, 4 cells) and tangled1 (n = 4 plants, 4 
cells). P-values ns not significant, *** ≤ 0.001 by Fisher’s exact test

Wild Type tangled1

% Pause 59.4% (60/101) 27% (26/96)***
% Pass 35.6% (36/101) 65% (62/96)***
% Depolymerize 4.9% (5/101) 8% (8/96)ns

Movie 1. Time-lapse imaging of cortical-telophase microtubules inter-
acting with the future division site.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
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Schmidt and Smertenko 2019). The remaining cortical- 
telophase microtubules that contacted the phragmoplast 
underwent catastrophe after touching the phragmoplast (22%, 
n = 55/252, Fig. 4F, see Movie 6). Most (66%, n = 166/252) 

cortical-telophase microtubules interacted with the leading 
edge, although others interacted with the lagging edge 
(n = 86/252) and then primarily were incorporated into the 
phragmoplast by low-angle parallel bunding (<45 degrees, 
Table 1).

Cortical-telophase microtubules, when present, were also 
added into tan1 mutant phragmoplasts. Similar to wild-type 
microtubules, tan1 cortical-telophase microtubules were in-
corporated into the phragmoplast, although relatively more 
microtubules interacted with the lagging edge of the phrag-
moplast (Table 1). Proportionally more of the microtubules 
that interacted with the phragmoplast were eventually incor-
porated in tan1 phragmoplasts (90% n = 147/163% versus 
78% in wild-type cells n = 197/252; Table 1). These data indi-
cate that cortical-telophase microtubules in close contact 
with the phragmoplast were primarily added to the leading 
edge in both wild-type and tan1 cells. Although cortical- 
telophase microtubules interacted similarly with the 
phragmoplast in wild-type and tan1 cells, the abundance, 
orientation, and relative accumulation of cortical-telophase 
microtubules were more variable in tan1 cells (Fig. 2, A and D).

Movie 2. Time-lapse imaging of a cortical-telophase microtubule inter-
acting with TAN1-YFP puncta.

Figure 4. Time-lapse images of cortical-telophase microtubules interacting with the phragmoplast using YFP-TUBULIN to label microtubules. A) A 
single early snapshot of a maize dividing cell during telophase with surrounding interphase cells. B) Color-coded time projection showing the move-
ment of the phragmoplast and cortical-telophase microtubules of the cell in A). C) Time projection of cell in F), D) time projection of cell in G). E) 
The cell shown in A) at a later time point. Representative example of severing leading to the incorporation of a cortical-telophase microtubule into 
the phragmoplast. Microtubules of interest are indicated with an adjacent blue line; red asterisks indicate the cortical-telophase microtubule minus 
ends and red pluses indicate the microtubule plus end. Red arrowheads show severing followed by depolymerization. The orange square marks the 
new microtubule minus end after severing. F) Representative example of depolymerization of a cortical-telophase microtubule following contact 
with the phragmoplast. G) Representative bundling of a cortical-telophase microtubule into the phragmoplast. Orange arrowheads show a cortical- 
telophase microtubule incorporated into the phragmoplast by parallel bundling. Bars are 5 µm, Time (s) rounded to a 10th of a second. Images were 
acquired using a Zeiss LSM 880 equipped with Airyscan with a 100× (NA = 1.46) lens.
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Effects of cortical-telophase microtubule 
accumulation on the trajectory of phragmoplast 
expansion
We hypothesized that the addition of microtubules from the 
cortex into the phragmoplast would alter the direction of 
phragmoplast expansion. Using time-lapse imaging, we mea-
sured the movement of the phragmoplast over time and also 
measured the corresponding cortical-telophase microtubule 
array. If more cortical-telophase microtubules accumulated 
on one side of the phragmoplast, the phragmoplast moved 
toward the same direction within ∼15 min (960 s, n = 6 
cells). Terms describing phragmoplasts are defined in the 
model (Supplemental Fig. S5; Fig. 5J). We compared the 
phragmoplast trajectory with the relative accumulation of 
cortical-telophase microtubules “above” and “below” the div-
ision plane (Fig. 5, A–C). The phragmoplast trajectory was 
measured as an angle parallel to the division site, defined 

in Fig. 5A: if the angle is positive, it indicates that the phrag-
moplast angle moved above the division plane. If the angle is 
negative, the phragmoplast angle moved down below the 
division plane. We selected 2 equally sized region-of-interest 
boxes (Fig. 5B) above and below the phragmoplast to meas-
ure the relative cortical-telophase microtubule accumulation 
in front of the expanding phragmoplast. Relative cortical- 
telophase microtubule accumulation was measured by sub-
tracting the microtubule coverage below from above. 
Positive values indicate that more microtubules accumulate 
above the phragmoplast.

The direction of phragmoplast expansion in wild-type 
cells typically followed a flat trajectory within 5 min, with 

Movie 3. Time-lapse imaging of a YFP-TUBULIN labeled cortical- 
telophase microtubule bundling into the phragmoplast.

Movie 4. Time-lapse imaging of a YFP-TUBULIN labeled cortical- 
telophase microtubule bundling into the phragmoplast.

Movie 5. Time-laspse imaging of a YFP-TUBULIN labeled cortical- 
telophase microtubule incorporation into the phragmoplast and 
severing.

Movie 6. Time-lapse imaging of a YFP-TUBULIN labeled cortical- 
telophase microtubule contacting the phragmoplast, then depolymerizing.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
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Figure 5. Long-term uneven accumulation of cortical-telophase microtubules is correlated with changes in phragmoplast direction. A) to D) A wild- 
type phragmoplast: A) Time-lapse imaging with phragmoplast angle relative to the division site and time (s) indicated below. Time-lapse images 
were acquired using a Zeiss LSM 880 with Airyscan (100×, NA = 1.46) or a Yokogawa spinning disk with a Nikon stand (100×, NA 1.45). B) 
Thresholded image with ROI (yellow rectangles) selected to measure relative cortical-telophase microtubule accumulation above and below the 
phragmoplast. The phragmoplast trajectory is indicated by a yellow line. C) Time projection with time-color legend. D) Graph comparing changes 
in phragmoplast angle over time (purple) and relative cortical-telophase microtubule accumulation (orange) above or below the phragmoplast. E) 
and F) A tan1 phragmoplast E) Graph of changes in phragmoplast angle and cortical-telophase microtubule accumulation in tan1 over time. F) 
Time-lapse imaging of tan1; phragmoplast angle and time are shown below. G-I) Longer time lapses: G) A wild-type cell with little overall phrag-
moplast movement. H) Wild-type cell with consistent cortical-telophase microtubule accumulation below the phragmoplast and downward phrag-
moplast angle movement. I) tan1 cell with consistent cortical-telophase microtubule accumulation above the phragmoplast with phragmoplast 
angle movement towards the top. Bars = 10 µm. J) Model of the cell cortex of maize epidermal cells showing cortical-telophase microtubule accu-
mulation, incorporation into the phragmoplast, and changes in the trajectory of the phragmoplast over time.
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<10 degrees overall change (n = 5, Fig. 5D, Supplemental Fig. S6). 
During longer timeframes (18–30 min), wild-type phragmo-
plast trajectories were more variable, but overall, they did 
not persistently change direction (n = 2/4, Supplemental 
Fig. S7), which is consistent with previous time-lapse observa-
tions (Martinez et al. 2017). In wild-type cells with little overall 
phragmoplast angle displacement, cortical-telophase micro-
tubule accumulation varied over time but did not maintain un-
even accumulation (Fig. 5G, Supplemental Figs. S6D and S7B). 
By contrast, sustained accumulation of cortical-telophase 
microtubules either above or below was correlated with 
phragmoplast movement in the same direction (Fig. 5H, 
Supplemental Fig. S7, A and C).

In tangled1 mutants, both phragmoplast expansion direc-
tion and cortical-telophase microtubule array accumulation 
were more variable than in wild-type plants, but the relation-
ship between asymmetric cortical-telophase microtubule ac-
cumulation and changes in phragmoplast direction was the 
same (Supplemental Fig. S8). Over longer timeframes, sus-
tained asymmetric cortical-telophase microtubule accumu-
lation in tan1 mutants also correlated with changes in 
phragmoplast trajectories in the same direction (Fig. 5I, 
Supplemental Fig. S9). Therefore, in both wild-type and 
tan1 mutants, cortical-telophase microtubule accumulation 
preceded changes in the direction of the phragmoplast. 
Cortical-telophase microtubules interacted less with the div-
ision site in tan1 mutants, often passing through without any 
pause or change in trajectory. We speculate that this in turn 
leads to disorganized and asymmetric cortical-telophase 
microtubule arrays (Fig. 2). These asymmetric cortical- 
telophase arrays are then added into the phragmoplast 
(Fig. 4), leading to defects in phragmoplast guidance ob-
served as changes in phragmoplast direction over time in 
the tan1 mutant (Fig. 5). Changes in phragmoplast direction 
mediated by cortical-telophase also occurred in wild-type 
cells, albeit at a lower frequency.

Discussion
We showed that cortical-telophase microtubule arrays accu-
mulate and interact with the division site in maize during 
telophase before the phragmoplast reaches the cell cortex. 
Cortical-telophase microtubules that nucleated directly at 
the cortex were our focus, although some cortical-telophase 
microtubules may also come from the nucleus. 
Cortical-telophase microtubule nucleation is reminiscent of 
branching clusters of newly regenerating interphase cortical 
microtubules that form after the removal of microtubule- 
depolymerizing drugs (Wasteneys and Williamson 1989). 
Previous reports of microtubules stabilized with Taxol 
showed that cortical-telophase microtubules nucleated dir-
ectly on the cell cortex in the monocot durum wheat 
(Triticum durum) (Panteris et al. 1995), while they may 
have originated from the nuclear envelope in tobacco 
(Nicotiana tabacum) cultured cells (Van Damme and 
Geelen 2008). Both cortical-telophase microtubules and 

nuclear-envelope-nucleated microtubules accumulate at 
the cortex in Arabidopsis cotyledon cells (Lucas 2021). 
Whether cortical-telophase microtubules primarily originate 
at the cortex or the nucleus may depend on the species.

We showed that cortical-telophase microtubules often ori-
ent toward the division site due to increased microtubule 
plus end pausing or capture at the division site (Fig. 3) and 
that cortical-telophase microtubules are most often added 
into the phragmoplast by parallel bundling at low contact 
angles (Table 1). Cortical-telophase microtubules are 
bundled into the phragmoplast leading edge, perhaps similar 
to previously described “mini-phragmoplasts,” which are pre-
assembled phragmoplast modules that are added to the 
phragmoplast by parallel bundling during endosperm cellu-
larization (Otegui and Staehelin 2000; Lee and Liu 2013).

Uneven or asymmetric cortical-telophase microtubule ac-
cumulation was correlated with changes in phragmoplast 
trajectories over time (Fig. 5J). While it is possible that asym-
metric accumulation of cortical-telophase microtubules and 
changes in phragmoplast angles over time both respond in-
dependently to some yet unknown cue, we propose 
that cortical-telophase microtubules, which are incorporated 
into the phragmoplast by parallel bunding, fine-tune the po-
sitioning of the phragmoplast so it reaches the exact division 
site at the cell cortex. The localized addition of preloaded and 
properly oriented microtubules also provides a plausible 
mechanism to achieve phragmoplast insertion at the cell cor-
tex in cells with polarized cytokinesis. In maize, as well as 
other model systems, most divisions are polarized: the phrag-
moplast contacts the cortex at one location, then expands 
outward at the cortex to complete division. Highly polarized 
cytokinesis occurs during periclinal cambial divisions, in 
which phragmoplasts traverse tens to hundreds of microns 
to complete division (Kajala et al. 2014; Fischer et al. 2019). 
Other examples include Arabidopsis epidermal cells (Cutler 
and Ehrhardt 2002; Lucas and Sack 2012), cultured cells 
(Chan et al. 2005), and vacuolated Nautilocalyx cells 
(Venverloo and Libbenga 1987). A guiding mechanism pro-
vided by local cortical microtubules, directly incorporated 
into the phragmoplast as it expands at the cell cortex, would 
provide the necessary specificity in targeting. The direct add-
ition of cortical-telophase microtubules into the phragmo-
plast to alter its local position occurs when the 
phragmoplast is within the micron range of the cell cortex. 
We suspect that this phragmoplast zippering event occurs 
when the addition of vesicles to the cell plate becomes 
slow and variable (van Oostende-Triplet et al. 2017).

We showed that cortical-telophase microtubule plus ends 
are stabilized at the division site near TAN1 puncta. In vitro, 
when TAN1 is added to microtubule dynamic assays, it both 
decreases shrinkage rates and slows microtubule growth 
compared to microtubules without TAN1 addition 
(Martinez et al. 2020). This is consistent with the notion 
that TAN1 potentially stabilizes microtubules. However, in 
vivo, tan1 mutants also have slower microtubule growth 
and shrinkage rates than wild type (WT). It is still unclear 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad033#supplementary-data
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whether TAN1 could also play a role in nucleating microtu-
bules or other functions. Given the intriguing contact 
angle-independent in vitro microtubule interactions ob-
served during co-incubation with HIS-TAN1 (Martinez 
et al. 2020), we speculate that in vivo, TAN1 may block mi-
crotubules from passing through the division site by captur-
ing the microtubule plus ends. Our hypothesis is that high 
contact angle microtubule interactions with TAN1 stabilize 
their plus ends to increase microtubule pause or capture 
times at the division site. An alternate hypothesis is that 
other division site-localized proteins in close proximity to 
TAN1 may mediate this activity. However, no other end-on 
microtubule-interacting proteins in plants have yet been 
shown to localize to the division site (Rasmussen and 
Bellinger 2018; Livanos and Müller 2019).

In addition to TAN1, other candidate MAPs might also 
contribute to the stabilization of cortical microtubules at 
the division site during telophase. The kinesin-like 
calmodulin-binding protein (KCBP), a processive minus end- 
directed kinesin-14 that localizes to the division site in moss 
and Arabidopsis, is a highly plausible candidate (Miki et al. 
2014; Buschmann et al. 2015; Yamada et al. 2017). 
Analogous minus end-directed motor proteins in animals 
and yeast (Saccharomyces cerevisiae), dyneins, capture and 
stabilize microtubule plus ends at the cell cortex during div-
ision. Dyneins play a critical role in division plane positioning 
by pulling on astral spindle microtubules at the cell cortex to 
adjust the position of the spindle (Busson et al. 1998; 
Hendricks et al. 2012; Laan et al. 2012). In Arabidopsis, 
kcbp mutants do not have defects in division plane position-
ing, possibly due to a redundant function of a yet unknown 
minus end-directed kinesin at the division site. Whether 
KCBP puncta localized at the division site interact directly 
with microtubules is also unknown (Buschmann et al. 2015).

KCBP interacts with a transient division site-localized pro-
tein called AUXIN INDUCED IN ROOT CULTURES9 (AIR9) 
(Buschmann et al. 2015). AIR9 localizes to the division site 
as the phragmoplast reaches the cortex but is not at the div-
ision site from metaphase until the end of telophase in to-
bacco cultured cells. Therefore, AIR9 is not at the division 
site when the cortical-telophase microtubules originate, or 
when interactions between cortical-telophase microtubules 
and division site-localized proteins begin (Buschmann et al. 
2006). The lack of localization of AIR9 during the majority 
of telophase suggests that it is unlikely to be a major player 
in plus end cortical-telophase microtubule stabilization at 
the division site. Another candidate is the antiparallel 
microtubule-bundling protein MAP65-4, which localizes to 
the division site (Li et al. 2017). However, since most cortical- 
telophase microtubules are not bundled into antiparallel 
microtubule arrays, but instead interact directly with the div-
ision site, it is more likely that cortical-telophase microtu-
bules interact with other classes of microtubule-binding 
proteins.

POK1 and POK2, which are plus end-directed kinesin-12 mo-
tor proteins that localize to the division site (Lipka et al. 2014; 

Chugh et al. 2018; Herrmann et al. 2018), might stabilize 
cortical-telophase microtubules. Since POK1 and POK2 dir-
ectly interact with TAN1 (Müller et al. 2006; Rasmussen 
et al. 2011; Lipka et al. 2014; Mills et al. 2022), they might 
also function together with TAN1 at the division site to cap-
ture microtubules. POK1 and POK2 may capture cortical- 
telophase microtubules at the division site just behind their 
plus ends and then move toward the plus ends, effectively 
pushing the minus ends away from the division site. This 
idea is consistent with microtubule buckling observed fol-
lowing contact with the division site.

Interactions of microtubules and microfilaments with div-
ision site-localized proteins such as MYOSINVIII are likely 
broadly conserved features of division plane positioning in 
plants. MYOSINVIII interacts with both actin and microtu-
bules: their combined interaction, which is mediated by 
MYOSINVIII, guides the phragmoplast toward the proper 
division site (Wu and Bezanilla 2014). Fascinatingly, both ac-
tin and MYOSIN VIII participate in incorporating peripheral 
microtubules, defined as microtubules that nucleate from 
the phragmoplast and grow outward toward the cortex, 
back into the phragmoplast. Drug treatments that block my-
osin activity cause defects in phragmoplast guidance toward 
the cortex (Molchan et al. 2002), as do drugs that disrupt ac-
tin filaments (Yoneda et al. 2004; Wu and Bezanilla 2014). 
MYOSINXI also promotes proper division plane positioning 
in both maize and Arabidopsis (Abu-Abied et al. 2018; Nan 
et al. 2021). Cytoskeleton-mediated (actin-based) division 
plane corrections also occur during telophase in mouse 
(Mus musculus) epithelial cells, suggesting that analogous 
mechanisms occur in other eukaryotes (Lough et al. 2019).

Materials and methods
Plant growth and imaging conditions
Maize (Zea mays) plants were grown in 1-L pots in standard 
greenhouse conditions, with the temperature setpoint 
∼32 °C with a photoperiod of 14 h of light 
(∼400 μE*m−2 s−1)/10 h of dark. Supplemental lighting was 
provided by 1,000-w high-pressure sodium bulbs (Gravita 
Pro Plus 1000W EL). Plants were grown in soil containing 
20% peat, 50% bark, 10% perlite, and 20% medium vermicu-
lite with calcium nitrate (90 ppm CA 75 ppm N), magnesium 
nitrate (45 ppm Mg, 50 ppm N), and further supplemented 
with Osmocote (NPK 14-14-14). Maize plants between 3 
and 5 wk old containing YFP-TUBULIN, CFP-TUBULIN, 
TANGLED1-YFP (Mohanty et al. 2009; Wu et al. 2013), or 
the tangled1 mutant were used for imaging and identified 
by microscopy or by genotyping as previously described 
(Martinez et al. 2017). The primers used for genotyping 
were as follows: for TANGLED1-YFP (TAN LSP1 5′ ACGACC 
GTTAGCACAGAACC and GFP5REV 5′ CTGAACTTGTGGC 
CGTTTACGTCGC); for YFP-TUBULIN (TubAlpha Rp1 5′ 
GGTTTCGGGTGATCCCTATT and TubalphaFp1 5′ GCAAG 
GTTTCGATTTCCGTA); and for CFP-TUBULIN (BTUBR3187 
5′ GACAGGCGGGCATAAGATCC and TUBbeta FP 5′ 
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CGAATTTTCGAATCCTCAGC). Leaves were removed from 
plants until the ligule height was <2 mm. Abaxial symmetric-
ally dividing leaf blade samples were mounted in water be-
tween cover glass and glass slides (Fisherbrand) or in a 
Rose chamber, as previously described (Rasmussen 2016). 
For FM4-64 staining, leaf samples were mounted in 50 μM 
FM-464 and placed in a Rose chamber for imaging. Three 
or more plants per genotype were analyzed. Room tempera-
tures during imaging were between 21 and 24 °C.

Arabidopsis thaliana seedlings were grown on ½ strength 
Murashige and Skoog (MS) medium solidified with 0.8% 
agar. Plates were sealed with surgical tape (3 M) and grown 
vertically in a growth chamber (Percival) with 16-h white 
light ∼111 µE*m−2 s−1 [F17T8/TL741 Fluorescent Tube 
(Philips)/8-h dark cycles with a 22 °C temperature set point]. 
Arabidopsis plants containing CFP-TUBULIN (identified by 
microscopy) were imaged between 3 and 5 d after germin-
ation. Seedlings were mounted in water and covered with a 
cover slip. Root epidermal cells from the meristematic zone 
were imaged at 23 °C.

Confocal microscopy
Micrographs and short time-lapse images were taken with a 
Zeiss LSM 880 confocal laser scanning microscope equipped 
with Airyscan with a 100×, NA = 1.46, oil immersion object-
ive lens. A 514-excitation laser with bandpass (BP) filters 
465–505 with long-pass (LP) 525 filter was used with 
Airyscan super resolution mode. Images captured using the 
Zeiss LSM 880 were processed using default Airyscan settings 
with ZEN software (Zeiss). For longer time-lapse imaging, 30 s 
intervals were used to capture images of microtubules at the 
cortex to measure both cortical-telophase microtubule accu-
mulation and the orientation of the phragmoplast (data used 
in Fig. 5, G–I) with a Yokogawa W1 spinning disk microscope 
with an EM-CCD camera (Hamamatsu 9100c) and Nikon 
Eclipse TE inverted stand with a 100×, NA 1.45, oil immersion 
objective lens controlled with Micromanager-1.4 with an ASI 
Piezo Z stage and a 3 axis DC servo motor controller. 
Solid-state lasers (Obis) between 40 and 100 mW were 
used with standard emission filters from Chroma 
Technology. For YFP-TUBULIN or TANGLED1-YFP, a 514 la-
ser with emission filter 540/30 was used. For CFP-TUBULIN, a 
445 laser with emission filter 480/40 was used. For the mem-
brane dye FM4-64, a 516 nm laser with emission filter 620/60 
was used.

Telophase cells were identified by the presence of a phrag-
moplast, and cortical-telophase microtubules were imaged 
on the cortical edges of epidermal cells. Two-dimensional 
projections, time projections, and 3-dimensional reconstruc-
tions of z stacks and time-lapse images were generated in FIJI 
(ImageJ, http://rsb.info.nih.gov/ij/). Image brightness and 
contrast were altered using the linear levels option, and fig-
ures were assembled with FIJI and Gnu Image Manipulation 
Program (GIMP https://www.gimp.org/downloads/). Drift 
during time-lapse imaging was corrected with StackReg 

https://imagej.net/StackReg using the translation option 
(Thévenaz 1998).

Quantification of microtubule array organization and 
coverage
Maize lines expressing YFP-TUBULIN were used to examine 
the microtubule cytoskeleton. To measure anisotropy 
(Fig. 2B) and orientation (Fig. 2D), TIFF image files were con-
verted to PNG files using FIJI software and processed with the 
FibrilTool plugin (Boudaoud et al. 2014). For wild-type plants, 
38 arrays from 19 transverse cell divisions during telophase 
were measured from 5 plants with median anisotropy 0.11  
± 0.01 A.U. For tan1 mutants, 50 arrays from 25 transverse 
cell divisions during telophase were measured from 9 plants 
(0.07 ± 0.01 A.U.).

To measure the percent microtubule coverage in Fig. 2C, 
image files were made binary and thresholded using mean 
fluorescence and processed using the Area/Volume fraction 
function in the BoneJ plugin (https://imagej.net/BoneJ;
Doube et al. 2010). The median value for wild-type cells 
(n = 38 arrays, coverage fraction 0.33 ± 0.02) is significantly 
different from the median value for tan1 mutant cells (n =  
54 arrays, coverage fraction 0.20 ± 0.01, Mann–Whitney 
test, P < 0.0001).

Measuring microtubule dynamics
Time-lapse imaging was used to measure microtubule inter-
actions at the division site, near TAN1 puncta, and with the 
phragmoplast. The division site was defined as a location typ-
ically parallel or perpendicular to the long axis of the cell and 
corresponding to the position of the phragmoplast midplane 
or based on the accumulation of the membrane dye FM4-64 
at the cell plate. In tan1 mutants, the “division site” was de-
fined the same way unless the phragmoplast was misor-
iented, in which case the “division site” was defined as the 
midplane of the phragmoplast or the cell plate location de-
fined using the membrane dye FM4-64. Individual micro-
tubule movements were measured using the Dynamic 
Kymograph plugin (https://imagej.net/plugins/dynamic- 
kymograph) in FIJI and binned into categories (for phragmo-
plast interactions). Growth, pause, and shrinkage rates were 
measured by tracing the outlines of dynamic kymographs 
using regions of interest (ROIs) in FIJI. Pauses were defined 
as the presence of a microtubule plus end in a region ± 3 
pixels.

Time-lapse imaging was used to compare the abundance 
of cortical-telophase microtubules and the phragmoplast an-
gle over time. The phragmoplast angle at each time point was 
measured in FIJI and saved in Google sheets or Excel 
(Microsoft Office). Time-lapse image files were first pro-
cessed to remove drift using the transformation selection 
within StackReg (Thévenaz 1998) and to correct for photo-
bleaching using bleach correction (exponential fit) in FIJI. 
Next, images were made binary and thresholded using 
mean fluorescence and processed using the Area/Volume 

http://rsb.info.nih.gov/ij/
https://www.gimp.org/downloads/
https://imagej.net/StackReg
https://imagej.net/BoneJ;
https://imagej.net/plugins/dynamic-kymograph
https://imagej.net/plugins/dynamic-kymograph
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fraction function in the BoneJ plugin (Doube et al. 2010). Two 
equally sized ROIs were selected above and below the phrag-
moplast, such that the ROIs captured cortical-telophase 
microtubule accumulation near the phragmoplast but not 
touching the phragmoplast at any time frame. The bottom 
ROI was subtracted from the top ROI. A positive value indi-
cated more microtubule density or accumulation on the top 
half of the cell. Both phragmoplast angle and relative cortical- 
telophase microtubule accumulation were graphed together 
by time using R, RStudio (Version 1.3.1093), and ggplot2 
(Wickham et al. 2008; R Core Team 2013). Figures were 
made using the Gnu Image Manipulation Program (Gimp, 
versions 2.10.22-2.10.32) with no interpolation during scaling 
and linear adjustments to levels.

Statistical analysis
Microtubule anisotropy measurements were made for wild- 
type and tan1 mutant plants described above. Differences in 
anisotropy were analyzed with GraphPad Prism, and statistic-
al significance was determined with a Mann–Whitney U test, 
P = 0.0054. Microtubule coverage of the cortex during telo-
phase was measured in wild-type and tan1 mutant plants. 
Differences in coverage were analyzed with GraphPad 
Prism, and significance was determined with a Mann– 
Whitney U test, P < 0.0001. Microtubule dynamics data 
were graphed in GraphPad Prism and statistically analyzed 
with R using the Kruskal–Wallis test followed by Dunn’s 
test (P-values adjusted with Bonferroni correction). More in-
formation is available in Supplemental Data Set S1.
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Sequence data from this article can be found in the 
GenBank/EMBL libraries under the following accession num-
ber: TANGLED1: NP_001105636.1
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