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Summary

Background: In premitotic plant cells, the future division
plane is predicted by a cortical ring of microtubules and
F-actin called the preprophase band (PPB). The PPB per-
sists throughout prophase, but is disassembled upon nu-
clear-envelope breakdown as the mitotic spindle forms.
Following nuclear division, a cytokinetic phragmoplast
forms between the daughter nuclei and expands laterally
to attach the new cell wall at the former PPB site. A variety
of observations suggest that expanding phragmoplasts
are actively guided to the former PPB site, but little is
known about how plant cells ‘‘remember’’ this site after
PPB disassembly.
Results: In premitotic plant cells, Arabidopsis TANGLED
fused to YFP (AtTAN::YFP) colocalizes at the future divi-
sion plane with PPBs. Strikingly, cortical AtTAN::YFP
rings persist after PPB disassembly, marking the divi-
sion plane throughout mitosis and cytokinesis. The At-
TAN::YFP ring is relatively broad during preprophase/
prophase and mitosis; narrows to become a sharper,
more punctate ring during cytokinesis; and then rapidly
disassembles upon completion of cytokinesis. The initial
recruitment of AtTAN::YFP to the division plane requires
microtubules and the kinesins POK1 and POK2, but sub-
sequent maintenance of AtTAN::YFP rings appears to be
microtubule independent. Consistent with the localiza-
tion data, analysis of Arabidopsis tan mutants shows
that AtTAN plays a role in guidance of expanding phrag-
moplasts to the former PPB site.
Conclusions: AtTAN is implicated as a component of
a cortical guidance cue that remains behind when the
PPB is disassembled and directs the expanding phrag-
moplast to the former PPB site during cytokinesis.

Introduction

In plants, where cells are embedded in a matrix of wall
material and do not migrate, relative cell positions
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are permanently established when daughter cells are
formed at cytokinesis. Consequently, proper orientation
of division planes during development is critical for the
cellular organization of plant tissues. Unlike most other
eukaryotic cells, the division planes of plant cells are es-
tablished prior to mitosis. During S or G2 phase of the
cell cycle, most plant cells form a cortical ring of micro-
tubules and F-actin called the preprophase band (PPB)
at the future division plane as the premitotic nucleus mi-
grates into this plane [1]. The PPB persists throughout
prophase, but is disassembled upon nuclear-envelope
breakdown as the mitotic spindle forms [1, 2]. During
cytokinesis, a new cell wall (cell plate) is initiated
through the action of the phragmoplast, another F-actin-
and microtubule-based structure. The disk-shaped
phragmoplast is assembled between daughter nuclei
and expands laterally to complete cytokinesis, guiding
cell-plate attachment at the site formerly occupied by
the PPB [3, 4].

The observation that PPBs accurately predict the fu-
ture division plane in a wide variety of plant cell types
strongly suggests that the PPB plays a key role in divi-
sion-plane establishment [1, 5]. Further supporting this
idea, genetic [6] or pharmacological [7] disruption of
PPBs causes cells to divide in aberrant orientations. A
variety of observations have indicated that some type
of cue is present at the former location of the PPB and
functions to guide phragmoplast expansion to this site
[8]. For example, if a spindle is mechanically displaced
from the plane defined by the former PPB, phragmo-
plasts often migrate back to the former PPB site as
they expand [9, 10]. Furthermore, in some cell types,
spindles normally rotate to an oblique orientation during
mitosis. When this occurs, the phragmoplast is initially
oriented obliquely, but rotates as cytokinesis proceeds
so that the cell plate attaches at the former PPB site
[11, 12]. Thus, the PPB has long been thought to function
during prophase to establish a ‘‘cortical division site’’
that guides the expanding phragmoplast during cytoki-
nesis [5, 8, 13].

Identification of the molecular features of the cortical
division site has been a longstanding challenge. During
mitosis and cytokinesis, the former PPB site is ‘‘nega-
tively marked’’ by local depletion of cortical F-actin
[14–16] and a kinesin, KCA1 [7]. The depletion of these
two proteins has been proposed to play an important
role in the maintenance or function of the cortical division
site. A novel microtubule-associated protein, AIR9, co-
localizes with PPBs but disappears from the cortex
upon PPB disassembly, later reappearing at the cortical
division site when the cell plate inserts there [17]. Simi-
larly, two other proteins are localized at the cortical divi-
sion site or adjacent cell wall just as the cell plate at-
taches there: RSH, a hydroxyproline-rich glycoprotein
[18], and T-PLATE, a protein with domains similar to
those of vesicular-coat proteins [19]. Thus, AIR9, RSH,
and T-PLATE are all implicated in cell-plate attachment
at the cortical division site and/or cell-plate maturation.
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However, proteins that are recruited to the division site
by the PPB and remain localized there after PPB disas-
sembly have not been identified.

Previous studies established that the tangled (tan)
gene plays an important role in the spatial control of cy-
tokinesis in maize [20]. In tan mutants, cells in all tissues
divide in aberrant orientations because of the frequent
failure of phragmoplasts to be guided to former PPB
sites [12]. The highly basic maize TAN protein binds to
microtubules in vitro, but is not closely related to other
proteins of known function [21]. Proteins recognized
by anti-TAN antibodies were shown by immunofluores-
cence microscopy to associate with PPBs, spindles,
and phragmoplasts in dividing cells and to be present
in the cytoplasm throughout the cell cycle [21]. However,
these antibodies were not completely specific for TAN
[21]; they apparently also recognized TAN-related pro-
teins that are likely to be the products of expressed,
tan-related genes that were recently identified via
EST sequencing (e.g., TIGR Gene Indexes TC311793,
TC290411, DR791368). Therefore, the intracellular local-
ization of maize TAN has not been definitively deter-
mined.

To advance our understanding of TAN localization and
function, we investigated the Arabidopsis TANGLED ho-
molog (AtTAN). Here we show that AtTAN::YFP is re-
cruited in a microtubule- and kinesin-dependent manner
to the corticaldivision site, where it colocalizeswith PPBs
and persists at the division site after PPB disassembly,
positively marking this site throughout the remainder of
the cell cycle. We also present genetic evidence that At-
TAN plays a role in phragmoplast guidance. Thus, AtTAN
is implicated as a component of a cortical cue that pre-
serves the memory of the PPB throughout mitosis and
cytokinesis.

Results

Arabidopsis TANGLED::YFP Localizes as a Ring

at the Cortical Division Site throughout Mitosis

and Cytokinesis
A BLAST search of the Arabidopsis genome revealed
a single gene that encodes a protein significantly similar
to maize TAN. The full-length coding sequence of Arabi-
dopsis TAN (AtTAN; At3g05330) was determined by se-
quencing of a cDNA clone and RT-PCR products. Like
maize TAN (pI 12.6), AtTAN is highly basic, with a pI of
12.3. AtTAN (53 kD) is 29% larger than maize TAN (41
kD), mainly because of internal sequence duplications
that are near the carboxyl terminus of the Arabidopsis
protein and are not found in maize TAN or its other dicot
homologs (Figure S1 in the Supplemental Data available
online). AtTAN is 35% identical overall to maize TAN; its
amino-terminal half (245 amino acids) is 48% identical to
the corresponding region of maize TAN (Figure S1). Anal-
ysis of an AtTAN promoter::b-glucuronidase reporter
together with northern-blot analysis demonstrated that
AtTAN expression correlates with cell division (Fig-
ure S2), as previously shown for maize tan [21].

To investigate the localization of AtTAN protein, we
fused yellow fluorescent protein (YFP) to its carboxyl
terminus and expressed the fusion protein from either
the native promoter or a constitutive CaMV 35S pro-
moter in transgenic plants. In both cases, AtTAN::YFP
localized in well-defined, peripheral rings found in a sub-
set of root-tip cells. Two distinct classes of rings were
observed: broad, diffuse rings (Figure 1A), and sharper,
denser rings (Figure 1B). When expressed from the
CaMV 35S promoter in transgenic Arabidopsis, maize
TAN fused at its carboxyl terminus to GFP localized sim-
ilarly, also forming either broad (Figure 1C) or sharp
(Figure 1D) rings in a subset of root-tip cells.

To clarify how AtTAN::YFP rings relate to mitotic
microtubule arrays, we transformed plants expressing
AtTAN::YFP with a 35S promoter::CFP::a-tubulin (CFP::
TUA1) construct [22]. In root tip cells with PPBs, AtTA-
N::YFP formed a diffuse ring that colocalized precisely
with the PPB (n > 60; Figures 2A–2D). In cells with mitotic
spindles, AtTAN::YFP was localized at the future division
plane as a diffuse ring of the same width as a PPB-asso-
ciated ring (n > 35; Figure 2E–2H). In cells with phragmo-
plasts, AtTAN::YFP rings were sharper and denser than
those in cells with PPBs or spindles, and they precisely
circumscribed the midplane of the phragmoplast (n >
100; Figures 2I–2P). These sharp rings were relatively
continuous in cells at early stages of cytokinesis (Fig-
ures 2I–2L), but appeared distinctly punctate at later
stages (Figures 2M–2P). Analysis of AtTAN::YFP and
CFP::TUA1 was focused mainly on root tips, where most
cell divisions are transverse to the long axis of the root,
but we observed similar results in tissues where other
patterns of division occur, such as newly emerged coty-
ledons and leaf primordia.

Figure 1. Arabidopsis and Maize TAN Fluorescent Fusion Proteins

Form Rings in a Subset of Root-Tip Cells in Transgenic Arabidopsis

Arrowheads point to broad, diffuse rings found in cells with a single

nucleus, and arrows point to sharper, denser, more punctate rings

found in cells with divided nuclei.

(A and B) Localization of Arabidopsis TAN::YFP expressed from its

native promoter (1.34 kb of genomic sequence upstream of the

ATG).

(C and D) Localization of maize TAN::GFP expressed from the CaMV

35S promoter. The scale bar represents 10 mm.
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Figure 2. Arabidopsis TAN::YFP Localizes as a Ring at the Division Site throughout Mitosis and Cytokinesis in Root-Tip Cells

(A–P) Dual localization of 35S-AtTAN::YFP (monochrome in second column, green in third and fourth column) and 35S-CFP::TUA1 (monochrome

in first column, red in third and fourth columns) in cells at the indicated cell-cycle stages. Brackets in (A) indicate a pair of adjacent PPBs.

Arrowheads point to a metaphase spindle in (E) and to phragmoplasts in (I) and (M). The arrow in (G) points to the junction between a spindle-

associated AtTAN::YFP ring and the adjacent PPB. In (D), (H), and (L), 45� rotations show that AtTAN::YFP forms a complete ring encircling the

cell. The scale bar represents 10 mm.
Time-lapse observations were made to investigate the
timing of changes in AtTAN::YFP localization in single
cells as they progress through the cell cycle. As illus-
trated in Figures 3A–3E for the cell shown at time zero
(metaphase) in Figures 2E–2H, broad AtTAN::YFP rings
began to narrow as soon as a phragmoplast was ini-
tiated (Figure 3C) and sharpened further during the
course of phragmoplast expansion to the cell periphery
(n = 5; Figures 3D and 3E). Time-lapse imaging of cells at
later stages of cytokinesis, when phragmoplasts had
already expanded to the cell periphery, showed that
AtTAN::YFP rings persisted through the completion of
cell-plate insertion and then disintegrated (n = 11). For ex-
ample, in the cell shown in Figures 3F–3I, an expanded
phragmoplast initially appeared in an arc across the
upper half of the cell, having previously reached the
plasma membrane and disassembled in the lower half
of the cell; the punctate AtTAN::YFP ring was clearly
visible as bright spots around the entire cell equator
(Figure 3F). As cytokinesis proceeded (Figures 3G–3I),
disintegration of AtTAN::YFP puncta followed disas-
sembly of the phragmoplast from the corresponding
position at the cell periphery by 10–20 min. Low levels
of 35S-promoter-driven AtTAN::YFP were observed in
the cytoplasm of interphase cells, but native promoter-
driven AtTAN::YFP was only detectable in cells with cor-
tical rings (data not shown), suggesting cell-cycle-regu-
lated accumulation of TAN protein and/or TAN mRNA.

In summary, AtTAN::YFP forms cortical rings that, to-
gether with PPBs, demarcate the future division plane
in premitotic cells. Unlike PPBs, however, AtTAN::YFP
rings persist at the cortical division site throughout mito-
sis. The initially broad AtTAN::YFP rings seen in cells
with PPBs and spindles narrow down during cytokinesis
to become sharper, more punctate rings, which disinte-
grate shortly after cell-plate insertion.

Initial Recruitment of Arabidopsis TAN::YFP

to the Division Site Requires Microtubules
To investigate the role of the PPB in AtTAN::YFP
localization at the division site, we carried out inhibitor
studies to determine whether AtTAN::YFP localization
requires microtubules. Five micromolar oryzalin, a mi-
crotubule-destabilizing drug, was applied to cells that
had formed PPBs, and these cells were subsequently
observed at 5 min intervals for 10–20 min. As shown in
Figure 4A, the addition of 5 mM oryzalin caused disas-
sembly of the PPB microtubules within 5 min of drug
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Figure 3. Time-Lapse Analysis of Changes in the Appearance of

AtTAN::YFP Rings during Cell Division

In all panels, AtTAN::YFP is shown in green and CFP::TUA1 in red.

(A–E) The metaphase cell shown at time zero in Figures 2E–2H was

subsequently imaged every 5 min as indicated. Arrowheads point to

an AtTAN::YFP ring in a cell with a metaphase spindle (A), an elon-

gated spindle (B), a newly initiated phragmoplast (C), an expanded

phragmoplast (D), and a more expanded phragmoplast (E). Arrows

in (D) and (E) point to the edge of a broad, PPB-associated

AtTAN::YFP ring in the adjacent cell.

(F–I) A cell completing cytokinesis was imaged every 8–10 min as in-

dicated. In (F), a highly punctate, but complete, AtTAN::YFP ring en-

circles a cell with a phragmoplast that has expanded to the upper

face of the cell (arrowhead marked ‘‘u’’) and has already disas-

sembled at the lower face (arrowhead marked ‘‘l’’; note that
addition, but failed to alter AtTAN::YFP localization dur-
ing the observation period (n = 13). Therefore, short-
term maintenance of broad AtTAN::YFP rings that have
already formed appears to be largely microtubule inde-
pendent.

Further experiments were conducted to determine
whether the initial recruitment of AtTAN::YFP to the divi-
sion site requires microtubules. Seedlings were mounted
on coverslips in the presence or absence of 5 mM oryzalin.
Root tips were examined immediately, and again 120 min
later, for the presence of AtTAN::YFP rings. Time-zero
and 120 min images of the same root tips were directly
compared to distinguish new rings (those present at
120 min but absent at time zero) from older rings. In the
absence of oryzalin, 16 of 24 broad rings present at 120
min were new (Table 1). Consistent with our earlier finding
that AtTAN::YFP rings sharpen late in the cell cycle and
disintegrate shortly after completion of cytokinesis, no
sharp rings present at time zero remained after 120 min
in the absence of oryzalin: 12 of 16 were new (Table 1),
and the remaining 4 arose from rings that were broad at
time zero. Extending the results of the short-term oryza-
lin-treatment experiments described earlier, 11 of 25
broad rings present at time zero were still present after
120 min in oryzalin (e.g., single arrowhead, Figure 4B),
but no new broad rings formed in the presence of oryzalin
(Table 1). As in control roots, all sharp rings present at
time zero disappeared during 120 min of oryzalin treat-
ment, and no new sharp rings formed (Table 1). Thus,
new AtTAN::YFP rings consistently formed in the ab-
sence but not in the presence of oryzalin, suggesting
that microtubules are required for the initial recruitment
of AtTAN::YFP to the division site.

Additional experiments were carried out to investigate
whether the lack of AtTAN::YFP ring formation in the
presence of oryzalin could be due simply to inhibition
of cell-cycle initiation by oryzalin. Seedlings were
treated as before for 2 hr with or without 5 mM oryzalin,
then fixed and stained for nucleic acids to identify cells
with condensed chromosomes, indicating that they
were in mitosis (Figure S3). The frequency of cells with
condensed chromosomes was higher in oryzalin-
treated roots (13.4/root, n = 10 roots) than in control
roots (3.6/root, n = 10 roots), as expected if cells con-
tinue to enter the cell cycle during the oryzalin treatment,
but are unable to progress through mitosis because of
lack of microtubule function. Indeed, microtubule-depo-
lymerizing drugs are commonly used as a tool to in-
crease the frequency of mitotic cells because of their
ability to block the cell cycle at prometaphase (e.g.,
[23]). Thus, the failure of AtTAN::YFP rings to form in or-
yzalin does not appear to be due to inhibition of cell-
cycle initiation by the drug treatment, supporting the
conclusion that initial recruitment of AtTAN::YFP to the
division plane is microtubule dependent. However,

AtTAN::YFP puncta in bracketed areas 1 and 2 are equally bright at

time zero). Subsequently, the phragmoplast completes its expansion

into the corner marked by bracket 1 while disassembling elsewhere.

By 8 min (G), the AtTAN::YFP ring has already begun to disintegrate

at the lower face of the cell, and by 26 min (I), it has also disintegrated

at the upper face and at the area marked by bracket 2 while persisting

at the corner marked with bracket 1, where the phragmoplast has not

yet disassembled. The scale bar represents 10 mm.
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inhibition of cell-cycle progression through metaphase
by oryzalin precludes any conclusions from these exper-
iments regarding the possible role of microtubules in
maintaining existing AtTAN::YFP rings after prophase
or in sharpening of AtTAN::YFP rings during cytokinesis.

Taking a complementary approach to further investi-
gate the role of PPB microtubules in recruitment of
AtTAN to the division plane, we also expressed AtTAN::
YFP and CFP::TUA1 in tonneau 2 (ton2) mutants, which

Figure 4. Analysis of the Role of Microtubules in AtTAN::YFP

Recruitment and Retention at the Division Site

All images shown are Z projections of confocal stacks.

(A) CFP::TUA1 (monochrome in first column, red in third column) and

AtTAN::YFP (monochrome in second column, green in third column)

in a cell with a PPB (arrows) before (top) and 5 min after (bottom) per-

fusion of 5 mM oryzalin under the coverslip. The AtTAN::YFP ring per-

sists after disassembly of PPB microtubules.

(B) AtTAN::YFP rings (monochrome only) observed in root tips

treated with 5 mM oryzalin (bottom) or no oryzalin (top). Root tips

were examined at 0 min (left) and again at 120 min (right). Compari-

son of 0 min and 120 min images for the same roots revealed rings

that disappeared (arrows) or faded (single arrowhead) during the ob-

servation period in the presence or absence of oryzalin, but new

rings (i.e., absent at 0 min but present at 120 min; double arrow-

heads) formed only in the absence of oryzalin. The scale bar repre-

sents 10 mm.
fail to form PPBs but do form spindles and phragmo-
plasts [6, 24]. AtTAN::YFP rings were observed in 12/
12 cells with spindles and 10/13 cells with phragmo-
plasts in YFP+ wild-type siblings of ton2 mutants, but
were not observed in YFP+ ton2 mutant cells with phrag-
moplasts (n = 10) or spindles (n = 9; Figure 5A).

In summary, a combination of pharmacological and
genetic experiments strongly supports the conclusion
that the initial recruitment of AtTAN::YFP to the cortical
division site depends on microtubules, but that micro-
tubules are not required for subsequent retention of
broad AtTAN::YFP rings at the cortex once they have
formed.

Localization of Arabidopsis TAN::YFP to the Division

Site Requires the Kinesins POK1 and POK2

We previously described a pair of closely related Arabi-
dopsis kinesins that are required for the spatial control
of cytokinesis, POK1 and POK2 [25]. Similar to tan
mutants of maize, a high proportion of pok1;2 double-
mutant phragmoplasts fail to be guided to former PPB
sites [25]. The COOH terminus of POK1 interacts with At-
TAN in the yeast two-hybrid system, suggesting that
POK1 might interact directly with AtTAN in vivo [25].
To test the hypothesis that these kinesins function in
the localization of AtTAN to the division plane, we intro-
duced AtTAN::YFP and CFP::TUA1 into pok1;2 double
mutants. In nine of 11 YFP+ pok1;2 mutant cells with
PPBs, AtTAN::YFP rings were either faint or absent
(Figure 5B), whereas the remaining two had well-defined
AtTAN::YFP rings. None of the 29 YFP+ pok1;2 mutant
cells observed with spindles (n = 12) or phragmoplasts
(n = 17) had well-defined AtTAN::YFP rings, although
faint, diffuse AtTAN::YFP accumulations were some-
times observed (Figure 5C). By contrast, all cells with
PPBs (n = 11; Figure 5B), spindles (n = 12), and phragmo-
plasts (n = 11) in YFP+ wild-type siblings of pok1;2 mu-
tants had well-defined AtTAN::YFP rings. Therefore,
POK1 and POK2 in combination are required for efficient
localization of AtTAN::YFP at the division site.

Table 1. Summary of Results for All AtTAN::YFP Rings Observed

in Ten Roots of Each Genotype Treated and Analyzed as

Described in the Legend to Figure 4B

0 min 120 min New

Control

broad 32 24b 16a

sharp 39 16a 12a

total 71 40a 28a

Oryzalin

broad 25 11b 0a

sharp 38 0a 0a

total 63 11a 0a

Broad rings are like those seen in cells with PPBs and spindles (e.g.,

Figures 2B–2D and 2F–2H); sharp rings are like those seen in cells

with phragmoplasts (e.g., Figures 2J–2L and 2N–2P). Pairs of corre-

sponding control versus oryzalin values that are significantly differ-

ent at p < 0.001 or p < 0.05 (determined via Mann-Whitney U test

analysis of results for individual roots, which were combined to

obtain the cumulative values shown in the table) are marked with
a or b.
a p < 0.001.
b p < 0.05.
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Arabidopsis TANGLED Plays a Role in Phragmoplast

Guidance in Dividing Root-Tip Cells
Maize TAN is required for guidance of phragmoplasts to
former PPB sites [12]. Phenotypes resulting from muta-
tions in the Arabidopsis TAN gene were examined to

Figure 5. TON2 and POK1/POK2 Are Required for Localization of

AtTAN::YFP at the Division Site

(A) Arrows point to cells with phragmoplasts in plants expressing

AtTAN::YFP (green) and CFP::TUA1 (red) that are wild-type (left) or

ton2 mutant (right). The wild-type cell has a well-defined AtTAN::YFP

ring, and the ton2 mutant cell does not.

(B) Arrows point to a PPB in a wild-type plant (top) and a pok1;2 dou-

ble-mutant plant (bottom) expressing AtTAN::YFP (monochrome in

second column, green in third column) and CFP::TUA1 (mono-

chrome in first column, red in third column). The wild-type cell has

a well-defined AtTAN::YFP ring, whereas the pok1;2 double-mutant

cell has only a very faint accumulation of AtTAN::YFP (arrowhead).

(C) pok1;2 double-mutant cells with spindles (yellow arrows) and

phragmoplasts (white arrows) labeled with CFP::TUA1 (red) lack

well-defined AtTAN::YFP rings (green). Arrowheads point to faint lo-

cal accumulations of AtTAN::YFP (compare to wild-type AtTAN::YFP

ring in [A]). The scale bar represents 10 mm.
determine whether AtTAN also has this function. Plants
homozygous for each of three tan alleles with insertions
near the beginning of the gene (tan-csh, tan-mad, and
tan-riken; see Supplemental Data for additional charac-
terization) appeared morphologically normal but ex-
hibited cell-pattern defects in root tips, indicative of ab-
errantly oriented cell divisions (Figures 6A–6D). Analysis
of microtubule arrays in root tips of tan-csh mutants
revealed a defect in phragmoplast guidance similar to,
but weaker than, that observed previously in tan
mutants of maize [12] and pok1;2 double mutants of Ara-
bidopsis [25]. In both wild-type and tan-csh mutant root-
tip cells, 100% of PPBs were oriented transversely or
longitudinally to the cell’s long axis (wild-type, n = 56;
tan-csh, n = 51; Figures 6E and 6F). In wild-type root
tips, 100% of late phragmoplasts (those spanning the
full width of the mother cell) were also oriented within
15� of the transverse or londitudinal cell axis (n = 54;
Figure 6G). By contrast, nine of 79 late phragmoplasts
observed in tan-csh mutant root tips (11%) were tilted
R 15� from the transverse or longitudinal axis of the
mother cell (Figure 6H). Thus, in tan-csh mutant root
tips, a significant (p < 0.01 by c2 test) proportion of
phragmoplasts were not properly guided to former
PPB sites, demonstrating that TAN plays a role in phrag-
moplast guidance in Arabidopsis roots. The low fre-
quency of aberrantly oriented divisions observed in
Arabidopsis tan mutant roots may indicate the existence
of a TAN-independent mechanism acting together with
TAN to guide phragmoplast expansion in root cells, or
may be due to the presence of residual and/or truncated
TAN proteins that could potentially accumulate in all
three mutants analyzed (see Supplemental Data). The
aberrant division pattern observed in Arabidopsis tan
mutant roots did not alter root growth rate or diameter
(Supplemental Data), consistent with earlier findings
for maize tan mutants where misoriented divisions in
leaves have no impact on leaf shape [20].

Discussion

A long-standing hypothesis [5, 8, 13] holds that the PPB
functions to direct the assembly of a cortical division
site, which preserves the memory of the division plane
following PPB disassembly and interacts with the
phragmoplast during cytokinesis to guide cell-plate in-
sertion at the former PPB site. Our findings for the local-
ization and function of Arabidopsis TANGLED (AtTAN)
fulfill several predictions of this hypothesis. Genetic
analysis showed, as previously demonstrated for maize
TAN, that AtTAN plays a role in guidance of phragmo-
plasts to former PPB sites in dividing root cells. AtTAN::
YFP colocalizes with PPBs in preprophase/prophase
cells and remains localized as a cortical ring after PPB
disassembly, positively marking the former PPB site
throughout mitosis and cytokinesis. Consistent with the
hypothesis that the PPB directs the formation of AtTAN::
YFP rings, pharmacological and genetic studies showed
that the initial recruitment of AtTAN::YFP to the cortical
division site requires microtubules and also requires the
kinesins POK1 and POK2. Because most kinesins func-
tion as microtubule-based motors, these findings sug-
gest that AtTAN may be a cargo for POK1/2, and that
POK1/2 function may be at least partly responsible for
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Figure 6. Genetic Analysis of AtTAN Function

(A–D) Root tip of 5–6-day-old wild-type (A), tan-csh homozygote (B), tan-mad homozygote (C), and tan-riken homozygote (D). Arrows indicate

oblique cell walls indicative of recent, misoriented cell divisions.

(E–H) White arrowheads point to normal, transversely oriented PPBs (E and F) and phragmoplasts (G and H) observed in wild-type (E and G) and

tan-csh mutant root tips (F and H). The gray arrowhead points to an oblique phragmoplast observed a in tan-csh mutant root tip (H). The scale bar

represents 10 mm.
microtubule-dependent localization of AtTAN::YFP to
the division plane. Thus, POK1/2 may help to tether
AtTAN to cortical PPB microtubules during recruitment
of AtTAN to the division site, or these kinesins may func-
tion to deliver AtTAN to the division site along other
microtubules, such as those linking the nuclear surface
to the PPB [26–28].

The persistence of broad AtTAN::YFP rings following
depolymerization of existing PPB microtubules with or-
yzalin, and following spontaneous PPB disassembly
later in the cell cycle in non-drug-treated cells, indicates
that once AtTAN::YFP has been recruited to the division
site, it is retained there in a microtubule-independent
manner. Given that AtTAN lacks a predicted transmem-
brane domain, this finding suggests that it may be an-
chored at the division site through a direct or indirect
binding interaction with an unknown transmembrane
protein with very limited mobility at the division site. Re-
cent work suggesting that PPB microtubules accom-
plish their function in marking of the division plane long
before the PPB normally disassembles [29] is consistent
with the view that microtubule-dependent recruitment
of AtTAN to the division site is an important feature of
division-plane establishment.

Interestingly, as cells make the transition from mitosis
to cytokinesis, AtTAN::YFP narrows from an initially
broad, diffuse ring to a sharper, denser ring that precisely
marks the division plane during cytokinesis. This sharp-
ening process strikingly resembles that observed for
Mid1p’s initially broad cortical ring, which forecasts the
division plane in fission yeast and becomes a sharper
ring at the onset of cytokinesis [30, 31]. Mid1p is an anil-
lin-like protein that is unrelated in sequence to TANGLED
and functions to recruit several other proteins that bring
about the assembly and contraction of an F-actin-based
cytokinetic ring. Coalescence of the Mid1p ring has been
proposed to be driven by an acto-myosin-dependent
mechanism [31], but actin is unlikely to be involved in
narrowing of the AtTAN ring because cortical F-actin is
locally depleted at the cortical division site of plant cells.
Thus, in spite of the resemblance of AtTAN to Mid1p in
some respects, the function of the AtTAN ring, and the
mechanism of its narrowing at the onset of cytokinesis,
are most likely quite different. Sharpening of AtTAN rings
may refine the definition of the division plane in prepara-
tion for cell-plate insertion, but further work will be re-
quired to establish the functional significance of ring
sharpening and to identify the mechanism by which it
occurs.

Together, our findings suggest that AtTAN is a compo-
nent of the guidance cue that has been proposed to
remain behind when the PPB is disassembled and to
function during cytokinesis to direct the expanding
phragmoplast to the former PPB site. How might AtTAN
contribute to phragmoplast guidance? Like maize TAN
[21], AtTAN is distantly related to the basic domains of
vertebrate adenomatous polyposis coli (APC) proteins.
Interestingly, in a variety of dividing cell types in
Drosophila, APC homologs that are localized to specific
cortical domains appear to interact with EB1 at the plus
ends of astral microtubules to orient the mitotic spindle
[32–34]. Spindle position then dictates the division plane
by directing the site of contractile-ring assembly. Re-
cent work has revealed the presence of EB1 at the
plus ends of microtubules radiating from the phragmo-
plast and associated daughter nuclei to the cell cortex
in dividing plant cells [27, 28]. Like APC, AtTAN might in-
teract with microtubule plus ends via EB1 to help guide
the expanding phragmoplast toward the division site.
However, the EB1-binding domain of APC is not present
in maize or Arabidopsis TAN, and no obvious similarities
to this domain are found in any Arabidopsis proteins.
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Thus, such a mechanism would require a cryptic EB1-
binding domain in AtTAN, or the involvement of one or
more as-yet-unidentified proteins linking AtTAN to EB1.
Identification of the mechanism by which AtTAN at the
division site interacts with the expanding phragmoplast
during cytokinesis is an important goal for future studies.

Experimental Procedures

Primers Used

The following primers were used: ATLP, 50-GATCCGTTACGAAAGT

GAACACCTTTATC-30; ATRP, 50-ATCTCTTAGGAACCAAAACCGGA

CGCTGT-30; ATUP, 50-TTGGGTTAATCTAGTGAGAA-30; ATIP, 50-TA

GGTGAGGAAGCAGGAAAC-30; JL202 (T-DNA border), 50-CATTTTA

TAATAACGCTGCGGACATCTAC-30; Ds5-4, 50-TACGATAACGGTC

GGTACGG-30; Ds3-4, 50-CCGTCCCGCAAGTTAAATATG-30; ATN-6,

50-GCTTTGGTGAAACCCTGTTGG30; ATN-7, 50-GCCAAGTTACTGC

CATTTCTCG-30; ATN-20, 50-CGAGCTCGGTAGAGTTGAACCAGAT

GCTCCAG-30; ATATG, 50-ATGGTTGCAAGAACCCCACAG-30; PITA,

50-GAAGTTTCCTGCTTCCTCACC-30; NUBQ5, 50-GGTGCTAAGAAG

AGGAAGAAT-30; and CUBQ5, 50-CTCCTTCTTTCTGGTAAACGT-30.

Growth Conditions

For localization studies and examination of Arabidopsis tan mutant

phenotypes at seedling stages, seedlings were grown on plates

containing 13 Murashige and Skoog basal medium (MP Biomedi-

cal), 0.05% MES and 1% agarose or agar. For growth to reproduc-

tive maturity, plants were grown on soil. Plates and pots were incu-

bated at 20�C–22�C on a 16-hr-light/8-hr-dark cycle.

Construction of Full-Length AtTAN cDNA Clone

The entire Arabidopsis TAN coding region was amplified from geno-

mic DNA with ATLP and ATRP and used to probe 106 plaques from

a flower-bud cDNA library (Ler background; a gift from Detlef Weigel,

Max Planck Institute, Tübingen). A 1.2 kb cDNA was isolated, which

was not full length. Arabidopsis flower-bud RNA was used to am-

plify, via RT-PCR with primers ATUP and ATIP, a 500 base fragment

from the 50 end of AtTAN, and this fragment was ligated into the

cDNA clone via an internal BsaMI site to create a full-length AtTAN

cDNA.

Creation of AtTAN::YFP and Maize TAN::GFP Transgenic Plants

To express a C-terminal AtTAN::YFP fusion protein from the CaMV

35S promoter, we cloned the full-length AtTAN cDNA (above) minus

the stop codon in frame with YFP in the vector pEZRK-LNY, which

confers kanamycin resistance in plants (http://deepgreen.stanford.

edu/cell%20imaging%20site%20/html/vectors.html). To express

a C-terminal maize TAN::GFP fusion protein from the CaMV 35S

promoter, the full-length maize TAN cDNA [21] minus the stop

codon was cloned in frame with GFP in the vector pEZT-CL, which

confers BASTA resistance in plants (http://deepgreen.stanford.

edu/cell%20imaging%20site%20/html/vectors.html). To express

AtTAN::YFP from its native promoter, we used primers ATN-7 and

ATN-20 to amplify a genomic fragment comprising 1.3 kb of se-

quence upstream of the start codon together with most of the AtTAN

coding region (including all three introns). The CaMV 35S promoter

and most of the AtTAN cDNA were removed from the pEZRK-based

AtTAN::YFP construct (above) on a SacI/Bsu361 fragment and re-

placed with a SacI/Bsu361 fragment from the AtTAN genomic PCR

product. After sequencing to ensure there were no errors in the

coding regions of these constructs was performed, they were

transformed into Arabidopsis via Agrobacterium-mediated transfor-

mation as described previously [35]. YFP or GFP rings were ob-

served via confocal microscopy in several T2 lines for all three con-

structs. One of the lines expressing CaMV 35S::AtTAN::YFP was

transformed with a CaMV 35S-driven CFP::a-tubulin (CFP::TUA1)

construct conferring BASTA resistance [22] to generate plants

coexpressing AtTAN::YFP and CFP::TUA1.

Localization of AtTAN::YFP and CFP::TUA1

AtTAN::YFP and CFP::TUA1 were examined in root tips of 4–5-day-

old seedlings mounted on glass coverslips in 13 MS liquid media or

water via a spinning-disk confocal-microscope system described
previously [22]. YFP was excited with 488 or 514 nm and was viewed

with a 525/50 or a 570/65 nm bandpass emission filter, respectively.

CFP was visualized with 442 nm excitation and a 480/40 bandpass

emission filter. Image integration times varied from 400 to 800 ms

with a Roper Cascade 512b camera using on-chip gain and reading

off at 5 Mhz. Z series were captured with a 633 1.2 NA water-immer-

sion objective at 0.5 mm intervals. Two-dimensional projections and

three-dimensional reconstructions of Z stacks were produced with

either MetaMorph v.5.0r7 (Universal Imaging) or ImageJ v.1.34s

(http://rsb.info.nih.gov/ij/). Further image processing and red-green

color merges were carried out with NIH ImageJ v.1.34s or Adobe

Photoshop v.8.0 (Adobe Systems). Only linear adjustments to pixel

values were applied. For brightest-point projections at angles other

than zero, linear interpolation was used between Z planes.

Oryzalin Treatments

Seedlings 4–5 days old and expressing AtTAN::YFP and CFP::TUA1

were treated with oryzalin in two different ways. For short-term treat-

ments, seedlings were mounted in water and imaged as described

above to identify cells with microtubule PPBs and AtTAN::YFP rings.

Water was then exchanged with 5 mM oryzalin, and cells that had

PPBs prior to oryzalin treatment were reanalyzed for YFP and CFP

fluorescence at 5 min intervals for 10–20 min. For long-term treat-

ments, seedlings were mounted on coverslips coated with 13 MS,

1% agar, and 0.025% methanol with or without 5 mM oryzalin.

Root tips were imaged immediately for YFP and CFP fluorescence

as described above. After 2 hr incubation in a humidified box inside

a growth chamber, root tips were imaged again for YFP and CFP

fluorescence. Images were analyzed to identify all AtTAN::YFP rings

present before and after treatment. To analyze mitotic activity at the

end of the treatment period, we fixed seedlings in 3:1 methanol:ace-

tic acid and stained them for nucleic acids with 1 mM 40-6-diamidino-

2-phenylindole (DAPI) or 10 mg/ml propidium iodide (PI). PI was im-

aged on the spinning-disk confocal-microscope system described

earlier with 488 nm excitation and a 570–650 nm bandpass emission

filter. DAPI was visualized on a Nikon microscope equipped for epi-

fluorescence imaging with a standard DAPI filter cube and a SPOT

RT camera (Diagnostics) for image acquisition. Images were ana-

lyzed to identify cells with condensed chromosomes.

Generation of ton2 and pok1;2 Mutants Expressing

AtTAN::YFP and CFP::TUA1

Plants expressing 35S-AtTAN::YFP and CFP::TUA1 were crossed to

ton2-13/+ plants [24] (a gift from Martine Pastuglia, Centre de Ver-

sailles) and to both pok1-2;2-2 and pok1-1;2-1 double mutants

[25]. In wild-type siblings of ton2 mutant or pok1;2 double-mutant

F2 progeny, diffuse cytoplasmic YFP fluorescence in interphase

cells correlated reliably with the presence of YFP rings in mitotic

cells. Thus, diffuse cytoplasmic YFP fluorescence allowed us to

positively identify ton2 and pok1;2 mutant individuals expressing

AtTAN::YFP even though AtTAN::YFP rings were faint or absent in

these plants. YFP+ shoot tissue (ton2 and wild-type siblings) or root

tips (pok1;2 and wild-type siblings) were scanned for cells with

CFP::TUA1-labeled phragmoplasts (all genotypes), spindles (all ge-

notypes), and PPBs (pok1;2 double mutants and wild-type siblings

only). Cells with these microtubule arrays were then analyzed for

localization of AtTAN::YFP.

Identification and Analysis of tan Insertion Mutants

The tan-mad allele (Ws background) was identified in collaboration

with the Arabidopsis Knockout Facility at the University of Wiscon-

sin via a PCR-based approach [36]. PCR genotyping was carried

out with primers JL202 and ATRP to amplify the tan-mad mutant

allele and ATRP and ATLP to amplify the wild-type allele. A BLAST

search of the Cold Spring Harbor Arabidopsis Genetrap [37]

database at http://genetrap.cshl.org led to identification of tan-

csh (stock CSHL_GT6634; Ler background). PCR genotyping was

carried out either with Ds5-4 and ATRP or with ATIP to amplify the

tan-csh mutant allele and ATLP and ATRP to amplify the wild-type

allele. A keyword search on At3g05330 of the RIKEN insertion data-

base [38, 39] at http://rarge.gsc.riken.jp/dsmutant/keyword.pl re-

sulted in identification of the tan-riken allele (line 13-0229-1, Nossen

background). PCR genotyping was carried out with ATN-7 and Ds3-

4 to amplify the tan-riken mutant allele and ATLP and ATRP to

http://deepgreen.stanford.edu/cell%20imaging%20site%20/html/vectors.html
http://deepgreen.stanford.edu/cell%20imaging%20site%20/html/vectors.html
http://deepgreen.stanford.edu/cell%20imaging%20site%20/html/vectors.html
http://deepgreen.stanford.edu/cell%20imaging%20site%20/html/vectors.html
http://rsb.info.nih.gov/ij/
http://genetrap.cshl.org
http://rarge.gsc.riken.jp/dsmutant/keyword.pl
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amplify the wild-type allele. For all three alleles, progeny of multiple

homozygous mutants, their homozygous wild-type siblings, and

wild-type plants of the same genetic background were examined.

Root tips from 4–6-day-old seedlings and unexpanded hypocotyls

and petioles from 3-day-old seedlings were stained with 10 mg/ml

propidium iodide to fluorescently label cell walls and were imaged

via confocal microscopy as previously described [40]. Unexpanded

pedicels were examined by scanning-electron microscopy as previ-

ously described [40]. Immunofluorescent labeling and confocal-

microscopy analysis of root-tip microtubules were carried out as

described previously [25].

Northern Blots and RT-PCR

RNA was extracted with TRIzol reagent (Invitrogen). For northern

blots, poly A+ mRNA was enriched with the PolyATract mRNA isola-

tion kit (Promega). Northern blots were performed as described pre-

viously [41] with the full-length AtTAN cDNA (described earlier) as

a probe. Blots were stripped and reprobed with a b-tubulin fragment

[42] (a gift from Martin Yanofsky, UCSD) to demonstrate equal load-

ing. For RT-PCR, reverse-transcriptase reactions were performed

with the RETROscript kit (Ambion). PCR amplification of AtTAN

cDNA was then carried out with primers ATATG or ATUP and ATN-

6 or for reactions spanning the insertions in tan-csh, tan-riken, and

tan-mad and ATN-6 and PITA for reactions 30 of these insertions.

As a control, a fragment of the UBIQUITIN5 gene was amplified

with primers NUBQ5 and CUBQ5.

GUS Staining

GUS activity was visualized in plants containing the tan-csh allele by

staining with 125 mg/ml X-Gluc as described previously [43], except

that tissue was incubated for 3–5 days at 37�C.

Supplemental Data

Supplemental analysis and four figures are available at http://www.

current-biology.com/cgi/content/full/17/21/1827/DC1/.
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Supplemental Analysis of Arabidopsis tan Mutants

Analysis of all available mutant AtTAN alleles resulted in
identification of three with insertions that were near the
beginning of the gene and could clearly be shown to
reduce or eliminate the accumulation of full-length At-
TAN transcripts. Sequencing of PCR products amplified
from each allele confirmed insertion locations in intron 1
(tan-mad), 6 bp upstream of the ATG (tan-csh), and exon
1 (tan-riken). As described in the main text, all three mu-
tations caused a low frequency of misoriented divisions
in root tips observed at 4–6 days after germination. Root
growth rates and widths were measured to determine
whether these cell-division phenotypes were associated
with changes in root morphogenesis. Daily increments
of root growth from day 4–5 and day 5–6 after germina-
tion were measured for tan-csh and tan-mad mutants
and the corresponding wild-type lines (Landsberg and
Wassilewskija, respectively). No significant differences
in growth rate were observed (tan-csh, n = 58; Ler, n = 41;
tan-mad, n = 28; Ws, n = 29; p > 0.1 for all pairwise com-
parisons via Student’s t test). Root diameters were mea-
sured 4–6 days after germination at the junction between
cell-division and cell-elongation zones, also revealing no
significant differences (tan-csh, n = 24; Ler, n = 14; tan-
mad, n = 20; Ws, n = 21; p > 0.4 for all pairwise compar-
isons via Student’s t test). Therefore, the minor alterations
in cell-division pattern observed in Arabidopsis tan mu-
tants were not associated with significant differences in
root growth rate or diameter. This is consistent with our
earlier findings for maize tan mutants, where high fre-
quencies of misoriented divisions in all tissue layers of
the leaf have remarkably little impact on leaf shape [S1].

Maize tan mutants exhibit cell-pattern defects in
a wide variety of tissue types [S1]. Our analysis of cell-
pattern defects in Arabidopsis tan mutants focused on
tissues where cells are rectangular and normally divide
only transversely or longitudinally, such as roots, hypo-
cotyls, petioles, stems, and pedicels. No cell-pattern
abnormalities were observed in any tissues examined
other than roots (data not shown). The mild phenotype
observed in Arabidopsis tan mutant roots and the lack
of a cell-division defect in other tissues may be due to
functional or partially functional TAN protein that could
be translated from aberrant transcripts found in all three
mutants analyzed. Semiquantitative RT-PCR revealed
that although full-length TAN transcripts were undetect-
able in tan-riken and tan-csh homozygous root tips, nor-
mal or nearly normal levels of TAN transcripts were
amplified from both mutants with primer pairs in which
both primers bind downstream of the insertion sites
(Figure S4A). Moreover, northern-blot analysis revealed
that a slightly larger-than-normal TAN transcript
accumulated in tan-mad homozygous root tips at levels
comparable to those of normal TAN transcript in wild-
type root tips (Figure S4B). Most likely, the aberrant
transcripts found in all three mutants were initiated
within the insertions. In tan-csh mutants, such tran-
scripts could encode a full-length protein. In tan-mad
and tan-riken mutants, they could encode a protein lack-
ing only the amino-terminal 34 residues, because of the
presence of a methionine codon near the beginning of
exon 2 (red asterisk, Figure S1). A definitive null allele,
which is not presently available, will be needed to deter-
mine the full scope of TAN function in Arabidopsis.

Supplemental References

S1. Smith, L.G., Hake, S.C., and Sylvester, A.W. (1996). The tangled1

mutation alters cell division orientations throughout maize leaf

development without altering leaf shape. Development 122,

481–489.



Figure S1. Alignment of TANGLED Sequences

(A) Alignment of Arabidopsis TANGLED (AtTAN) (GenBank accession numbers DQ631804, DR378436, CB264509) with TANGLED homologs from

other plant species for which full-length cDNA sequences are available. Black arrowheads indicate the locations of introns in Arabidopsis and

maize genes only (intron locations for the other homologs shown have not been determined). Red asterisk indicates methionine residue encoded

by a potential alternate start codon near the beginning of exon 2 in the Arabidopsis TAN gene. Purple arrows indicate partial (R1, R3) and full

length (R2, R4) copies of a 43 amino acid repeat motif found in Arabidopsis TANGLED but not in homologs from other dicots or grasses. The

AtTAN sequence shown here represents Landsberg and Achkarren-2 ecotypes. A polymorphism in the Columbia ecotype truncates the protein

at amino acid 445 in the AtTAN sequence shown (see entry for At3g05330 at http://www.arabidopsis.org). Note that the AtTAN protein analyzed

in this study was encoded by a Landsberg cDNA and therefore has the C-terminal end shown in this alignment. Maize TAN sequence is GenBank

S2
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entry AF305892. The other sequences shown are contigs assembled by Plant GDB (http://www.plantgdb.org) from cDNA sequences with the

indicated GenBank accession numbers: Aquilegia formosa x pubescens (columbine), DT734556, DT755454, DR940711, DT755455,

DT734557, and DR940712; Gossypium hirsutum (cotton), DT457333 and DT457334; and Oryza sativa (rice), CK072396, C041534, and C041121.

(B) Alignment of repeat motifs R1–R4 found at the locations highlighted with purple arrows in (A). R2 and R4 are 63% identical. Multiple sequence

alignments were produced with the ClustalW tool of MacVector versus 6.5.3 with default parameters. Percent identities were determined from

pairwise alignments produced as above.

Figure S2. AtTAN Is Expressed in Tissues Where Cells Are Actively Dividing

b-glucoronidase (GUS) activity was analyzed in plants homozygous or heterozygous for the tan-csh allele, which has a modified Ds insertion

harboring a GUS reporter gene inserted 6 bp upstream of the AtTAN start codon. Thus, GUS activity reports AtTAN promoter activity in this line.

(A) Top-down view of developing inflorescence.

(B) Stage 9 flower.

(C) Stage 12 flower.

(D) Primary root.

(E and F) Emerging secondary roots.

(G) Leaf primordia.

(H) Northern-blot analysis of endogenous AtTAN expression in flower buds (fb), root tips, and mature leaves hybridized with an AtTAN gene-

specific probe and subsequently reprobed with a b-tubulin fragment.

Scale bars represent 100 mm (A–F) and 50 mm (G).
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Figure S4. Analysis of AtTAN Transcripts in

tan Mutants

(A) RT-PCR analysis of AtTAN expression in

wild-type, tan-riken, and tan-csh mutants.

PCR was carried out with primers spanning

the Ds insertions in tan-riken and tan-csh

(‘‘TAN’’), primers downstream of the inser-

tions (‘‘30 of insertion’’), and primers for ubiq-

uitin.

(B) Northern-blot analysis of AtTAN expres-

sion in root tips of wild-type and tan-mad mu-

tants performed as described for Figure S2H.

Figure S3. Visualization of Condensed Chromosomes in Oryzalin-

Treated and Control Roots

After a 2 hr incubation with or without 5 mM oryzalin, root tips were

fixed and stained for nucleic acids with propidium iodide to identify

cells with condensed chromosomes (arrowheads), indicating that

they were mitotically active at the time of fixation.

(A) In control plants, condensed chromosomes appeared as linear

arrays in metaphase, anaphase, and telophase cells.

(B) In oryzalin-treated plants, condensed chromosomes formed

rounded clusters of lower density than the linear arrays seen in con-

trol cells, presumably because of the absence of spindle and phrag-

moplast microtubules. Brightest-point projections of spinning-disk

confocal images, acquired at 1 mm intervals, are shown. The scale

bar represents 10 mm.
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