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Characterization of the Arabidopsis Augmin Complex
Uncovers Its Critical Function in the Assembly of the
Acentrosomal Spindle and Phragmoplast Microtubule Arrays™
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Plant cells assemble the bipolar spindle and phragmoplast microtubule (MT) arrays in the absence of the centrosome
structure. Our recent findings in Arabidopsis thaliana indicated that AUGMIN subunit3 (AUG3), a homolog of animal dim +y-
tubulin 3, plays a critical role in y-tubulin-dependent MT nucleation and amplification during mitosis. Here, we report the
isolation of the entire plant augmin complex that contains eight subunits. Among them, AUG1 to AUG6 share low sequence
similarity with their animal counterparts, but AUG7 and AUG8 share homology only with proteins of plant origin. Genetic
analyses indicate that the AUG1, AUG2, AUG4, and AUG5 genes are essential, as stable mutations in these genes could only
be transmitted to heterozygous plants. The sterile aug7-1 homozygous mutant in which AUG7 expression is significantly
reduced exhibited pleiotropic phenotypes of seriously retarded vegetative and reproductive growth. The aug7-1 mutation
caused delocalization of y-tubulin in the mitotic spindle and phragmoplast. Consequently, spindles were abnormally
elongated, and their poles failed to converge, as MTs were splayed to discrete positions rendering deformed arrays. In
addition, the mutant phragmoplasts often had disorganized MT bundles with uneven edges. We conclude that assembly of

MT arrays during plant mitosis depends on the augmin complex, which includes two plant-specific subunits.

INTRODUCTION

In flowering plants, microtubules (MTs) are nucleated and orga-
nized in the absence of a structurally defined MT organizing
center like the centrosome. Consequently, the bipolar spindle
MT array often exhibits converging but unfocused poles (Palevitz,
1993; Smirnova and Bajer, 1998). Upon the completion of mitosis,
the spindle array is replaced by the bipolar phragmoplast in which
MTs are oriented with their plus ends facing the division site (Liu
et al., 2011b). Within these arrays, MT polymerization takes place
continuously to support the rapid reorganization of spindle and
phragmoplast (Komaki et al.,2010; Ho et al., 2011a). As the key MT
nucleation factor, the y-tubulin complex is detected along both
spindle and phragmoplast MTs with biases toward the MT minus
ends facing spindle poles and phragmoplast edges (Liu et al.,
1993; Nakamura et al., 2010). The functions of the ~y-tubulin
complex proteins are essential for MT nucleation and organization
during mitosis and cytokinesis in plant cells (Pastuglia et al., 2006;
Nakamura and Hashimoto, 2009; Kong et al., 2010).

The association of the y-tubulin complex with MTs implied a
MT-dependent MT nucleation mechanism. In fact, the appear-
ance of the y-tubulin complex on the MT lattice often precedes
new MT nucleation events (Nakamura et al., 2010). Although this
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vy-tubulin-dependent MT nucleation phenomenon is often ob-
served in the interphase cortical MT array that gives rise to new
MT branches at ~40° angles (Murata et al., 2005), it is unclear
whether a similar mechanism exists in the spindle and phrag-
moplast. It is also unknown how the y-tubulin complex associ-
ates with MT lattices prior to initiating MT nucleation. The WD-40
repeat protein NEDD1 (for Neural precursor cell expressed,
developmentally down-regulated protein1)/y-tubulin complex
protein-WD has been considered as a targeting factor for the
vy-tubulin complex during mitosis in mammalian cells (Liders
et al., 2006). The Xenopus laevis counterpart can cosediment
with polymerized MTs, suggesting that it may mediate the
interaction between the y-tubulin complex and MTs (Liu and
Wiese, 2008). A homologous protein discovered in plants
plays a critical role in MT organization in the spindle and phrag-
moplast (Zeng et al., 2009). However, it remains unclear how this
Arabidopsis thaliana NEDD1 may participate in +y-tubulin—
dependent MT nucleation and organization.

It is believed that the y-tubulin complex is targeted to struc-
turally defined MT organizing center and MT lattices via different
anchoring proteins (Kollman et al., 2011). In Drosophila mela-
nogaster, an RNA interference-based screen for spindle defects
led to the discovery of dim vy-tubulin genes whose products
form the augmin complex that regulates y-tubulin localization in
mitotic spindles, but not at the centrosome (Goshima et al.,
2008). A similar complex containing eight HAUS (for homologous
to augmin subunits) proteins isolated from mitotic cells regulates
spindle assembly and mitotic progression (Lawo et al., 2009;
Uehara et al., 2009; Hutchins et al., 2010). A recent study showed



that augmin is also required for MT amplification in the central
spindle during anaphase (Uehara and Goshima, 2010). Strong
interaction between augmin and the y-tubulin complex can be
detected in mitotic but not interphase cells (Teixidd-Travesa
et al.,, 2010). Among augmin subunits, HAUS8/HICE1 is an
MT-associated protein (MAP) that directly binds to MTs (Wu
et al., 2008). Another subunit, the HAUS6/FAM29A protein,
interacts with NEDD1 in mitotic cells (Zhu et al., 2008; Uehara
etal., 2009). Collectively, these findings have led to a model of an
augmin-NEDD1-y-tubulin continuum that initiates nascent MT
nucleation on existing MTs so that more MTs can be formed
within the spindle (Goshima and Kimura, 2010).

Because augmin functions in y-tubulin localization on spindle
MTs but not at the centrosome (Goshima et al., 2008), y-tubulin—
dependent assembly of the acentrosomal spindle in plant cells
may employ a similar mechanism. Indeed, the Arabidopsis ho-
molog of HAUSS3, AUGMIN subunit 3 (AUGS3), exhibits a locali-
zation pattern similar to that of y-tubulin complex proteins (Ho
et al., 2011b). AUGS is an essential protein for gametophyte and
sporophyte development, and an aug3 mutation led to impaired
mitotic MT arrays that often showed half spindles, elongated
spindles, or spindles with unconverged poles (Ho et al., 2011b).
In addition, the mutant phragmoplasts frequently had randomly
packed MT bundles. Other animal augmin subunits have either
low or no sequence similarity to proteins encoded by plant
genomes like that of Arabidopsis. If a similar mechanism is
shared by animals and plants, plants would be predicted to
produce a similar protein complex to fulfill the function.

To examine whether an augmin complex is formed in Arabi-
dopsis, we used a functional AUG3-c-myc fusion protein ex-
pressed in transgenic plants for purification and identification of
proteins associated with AUGS in vivo. Reciprocal purifications
using later identified AUG subunits uncovered at least eight AUG
subunits in the augmin complex. Seven of them are encoded by
single genes in Arabidopsis, and their loss-of-function mutations
often were sporophyte lethal. Two of the newly identified subunits
are homologous only to proteins of plant origin. Based on pheno-
typic analysis of newly isolated heritable mutations, we report that
the function of plant augmin is critical for forming converging
spindle poles and organizing MT minus ends at the phragmoplast
distal ends. Thus, despite their divergence, the plant and animal
augmin complexes have taken on fundamentally similar essential
functions in MT nucleation and organization in mitotic MT arrays.

RESULTS

Identification of Six Subunits in the Arabidopsis
Augmin Complex

Previously, an AUG3-c-myc fusion protein was expressed in the
aug3-1 mutation background and proven to be functional (Ho
et al., 2011b). This protein interacted with another putative
augmin subunit AUG1 in vivo. We asked whether other proteins
could be recovered after the purification scheme was scaled up.
Proteins derived from an AUGS3-c-myc affinity column gave rise
to a number of SDS-PAGE bands that were absent in the wild-
type control. Figure 1A also shows the bait detected by an anti-c-
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myc immunoblotting. To identify these polypeptides copurified
with AUGS3-c-myc, four gel regions containing distinct bands
were excised, as highlighted in Figure 1A, and subjected to
trypsin digestion and peptide identification assisted by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) anal-
ysis. Six proteins were detected with 5 to 71% peptide coverage
(Figure 1B; see Supplemental Table 1 online), including the
previously reported AUG1 and AUGS. Interestingly, all six pro-
teins are acidic with calculated pls of 5 to 6 (Figure 1C). The four
newly identified proteins encoded by At2g32980, At1g50710,
At5g38880, and At5g40740 were named AUG2, AUG4, AUG5,
and AUGS, respectively. When they were compared with pro-
teins predicted by the genomes of rice (Oryza sativa) and moss
(Physcomitrella patens), homologous proteins with high se-
quence identities were identified (see Supplemental Figures
1 to 4 online). When their sequences were aligned with the
corresponding human HAUS proteins, limited amino acid se-
quence identities of 16 to 19% were found (see Supplemental
Figures 1A, 2A, 3A, and 4A online). Notably, the identical amino
acid residues between the four Arabidopsis AUGs and the HAUS
counterparts were largely conserved in the three examined plant
species (see Supplemental Figures 1C, 2B, 3B, and 4C online).
Hence, these results further suggest that an augmin complex
is formed in Arabidopsis, and at least six of its subunits share
amino acid sequence similarity with their human counterparts.

The AUG1,AUG2, AUG4, and AUG5 Genes Are Essential
for Sporophyte Development and Play a Critical Role
in Gametogenesis

To analyze the functions of the AUG subunits, T-DNA insertional
mutations at the AUG1, AUG2, AUG4, and AUGS5 loci were
isolated (Figure 2A). Unfortunately, no mutations were identified
at the AUGE locus. The aug7-1 mutation had an insertion in the
5th intron, aug2-1 in the 1st intron, aug4-1 in the 7th intron, and
augb-1 in the 1st intron (Figure 2A). Like the aug3-1 mutant (Ho
etal., 2011b), the heterozygous mutant plants of aug7-1, aug2-1,
aug4-1, and aug5-1 all exhibited distorted genetic segregation
patterns when self-pollinated (Figure 2B). Notably, no homozy-
gous progenies were recovered from self-fertilization of the
heterozygous plants harboring any one of these four mutations.

The distorted genetic segregation phenotype of the +/aug
plants was likely caused by the loss of fertility, since the trans-
mission efficiency of the mutant allele through both the male and
female gametes were affected (see Supplemental Table 2 on-
line). In addition, aborted seeds and unfertilized ovules were
frequently found in siliques produced by the heterozygous mu-
tants (see Supplemental Figure 5 online), and they could have
contributed to the distorted segregation phenotype of the +/aug
plants. These results collectively indicate that AUG1, AUG2,
AUG4, and AUGS5 are essential for both gametophyte and
sporophyte development. This is consistent to our earlier finding
for AUGS3 (Ho et al., 2011b).

Because the developing microgametophytes in Arabidopsis
allow us to analyze possible mitotic phenotypes brought about
by sporophytically lethal mutations (Liu et al., 2011a), we exam-
ined whether the augi1-1, aug2-1, aug4-1, and aug5-1 caused
defects in MT organization in mitotic arrays. Defects in the
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Figure 1. Purification of the Arabidopsis Augmin Complex and Identification of Six Augmin Subunits.

(A) Proteins copurified with AUG3-c-myc using anti-c-myc antibody were subjected to SDS-PAGE and immunoblotting analysis. Gel was stained with
silver nitrate. Asterisks indicate the bait, AUG3-4Xc-myc. The numbers next to the gel image indicate the position of the gel regions analyzed in the
following LC-MS/MS analysis described in (B). AUG3-myc, transgenic line expressing AUG3-4 Xc-myc; M, molecular weight markers; WT, wild-type

negative control.

(B) MS results obtained from the samples shown in (A). Six augmin subunits, including two previously reported augmin subunits (AUG1 and AUG3),
were identified. Gene identification name according to TAIR database (Gene ID), name, number of unique peptides (# peptides), and sequence

coverage (Coverage) are listed. The bait AUG3-c-myc is highlighted in gray.

(C) Properties of Arabidopsis augmin subunits. Calculated molecular mass of the proteins (MW [kD]) and theoretical pl are shown.

spindle and phragmoplast MT arrays were detected in aug7-1,
aug4-1, and aug5-1 mutant cells when compared with cells of the
wild-type control (Figures 2C to 2E). In pollen mitosis |, the mitotic
apparatus was placed toward the cell periphery as shown by the
metaphase spindle with the interior pole pointing at the center
of the cell (Figure 2C). The mutant cells often produced two types
of spindles: incomplete half spindles anchored to the cell cortex
(middle panel in Figure 2C) or elongated spindles across the
dividing microspores (bottom panel in Figure 2C). At late anaphase
and telophase, the control cells had two reforming nuclei placed
peripherally (WT in Figure 2D). By contrast, elongated mutant
spindles resulted in the separation of sister chromatids further
away from each other (middle and bottom panels in Figure 2D).
Compared with the expanding short phragmoplast MT array found
in the control cells, mutant cells often produced long MT bundles
placed in between two reforming nuclei (Figure 2D). These elon-
gated internuclear MTs did not progress to form a centrifugally
expanding phragmoplast array as demonstrated by the control
cells (WT in Figure 2E). Instead, MT filaments were randomly
packed between two reformed nuclei (Figure 2E). Thus, our results
indicate that these augmin subunits play critical roles in MT
reorganization during spindle and phragmoplast development.

Augmin Subunits Decorate the Spindle and Phragmoplast
MT Arrays

To examine the localization of these newly identified AUG proteins,
we generated transgenic plants that expressed AUG4-c-myc or

AUG5-c-myc fusion proteins. These proteins were detected by
anti-c-myc immunofluorescence in dividing cells and shared a
similar if not identical localization pattern (Figure 3; see Supple-
mental Figure 6 online). For example, the AUG5-c-myc protein was
detected on the nuclear envelope decorating the spindle MT
array formed at late prophase (Figures 3A to 3C). At metaphase,
AUG5-c-myc was found along kinetochore fibers in a punctate
manner (Figures 3D to 3F). At late stages of anaphase, the
AUG5-c-myc signal was particularly pronounced on the short-
ening kinetochore fibers near spindle poles (Figures 3G to 3l).
Punctate AUG5-c-myc signals also appeared along phragmo-
plast MTs (Figures 3J to 3L). Thus, the localization pattern of
AUG4-c-myc and AUG5-c-myc was similar to that of AUG3
reported previously (Ho et al., 2011b).

A fusion of the AUG6 genomic sequence including its up-
stream promoter region and the green fluorescent protein (GFP)-
coding sequence was introduced into an Arabidopsis host plant
to examine the localization of the AUG6 protein in living cells.
In cells expressing both AUG6-GFP and mCherry-TUB6 (for
B-tubulin 6), AUG6-GFP was observed along spindle and phrag-
moplast MTs (Figure 3M; see Supplemental Movie 1 online).
Again, the GFP signal was particularly pronounced toward
spindle poles during anaphase (snapshot at 25 min; Figure
3M). When fluorescence intensities were scanned across the
spindle and phragmoplast, it was obvious that the GFP signal
was biased toward the spindle poles (see Supplemental Figure 7
online). While the mCherry-tubulin signal left a very narrow dark
line in the phragmoplast midline, the AUG6-GFP signal had a
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Figure 2. Phenotypic Analysis of Mutations in AUG Genes.

(A) Schematic illustration of the AUGT, AUG2, AUG4, and AUG5 genes and the positions of corresponding T-DNA insertions. Exons and introns

are displayed as open boxes and lines, respectively.

(B) Genetic segregation patterns of offspring derived from self-fertilization of the heterozygous aug mutants. All segregation ratios are significantly
different from the expected ratio (1 +/+: 2 +/aug: 1 aug/aug) based on the x? test (P < 0.5).
(C) to (E) Defects in MT organization caused by aug7-1, aug 4-1, and aug5-1 mutations at metaphase (C), telophase (D), and cytokinesis (E) during

pollen mitosis | visualized by immunofluorescence. Bars = 5 pm.

(C) A wild-type (WT) metaphase spindle exhibits a bipolar configuration with converged spindle poles (top panel). In aug7-1 and aug5-1 mutants,
metaphase spindles only contain randomly packed MTs in the peripheral side (middle panel) or are elongated and disorganized (bottom panel).

(D) During telophase, compared with the laterally expanding phragmoplast MT array positioned near the cell periphery in the wild type (top panel),
elongated MT arrays are observed in aug4-1 and aug5-1 mutants that show no sign of lateral expansion (middle and bottom panels).

(E) During cytokinesis, a curved phragmoplast can be seen in the wild-type cell (top panel). In the aug4-1 and aug5-1 mutants, phragmoplast MTs

are disorganized (middle and bottom panels).

wider dark gap in the phragmoplast midzone (see Supplemental
Figure 7 online). This result suggests that AUG6-GFP preferen-
tially localized to MT minus ends in the spindle and phragmoplast
MT arrays. Thus, all three proteins showed localization patterns
similar to those of AUG1 and AUGS3 expressed in either c-myc or
GFP fusions (Ho et al., 2011b).

Because the MT minus end-biased localization of the AUG
proteins resembled that of the y-tubulin complex, we tested
possible colocalization by double staining of AUG4-myc or

AUG5-myc with y-tubulin. AUG4-myc and AUG5-myc showed
colocalization with y-tubulin in cells of metaphase through tel-
ophase (see Supplemental Figure 8 online). This result demon-
strates that plant augmin likely interacts with y-tubulin complex
on the spindle and phragmoplast MT arrays.

The colocalization of AUG proteins with y-tubulin com-
plex prompted us to test further whether the augmin complex
interacted with the y-tubulin complex in vivo. Because such an
interaction was detected in mitotic cells in human (Teixidé-Travesa
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Figure 3. Localization of AUG5 and AUG6 in Mitotic Root Meristematic Cells.

(A) to (L) Immunolocalization of AUG5-c-myc. In merged images, AUGS is pseudocolored in green, MTs in red, and DNA in blue.
(A) to (C) In a prophase cell, AUG5-c-myc signal is observed along MTs on the nuclear envelope.

(D) to (F) In a metaphase cell, AUG5-c-myc signal appears along kinetochore fiber MTs in a punctate manner.

(G) to (I) During anaphase, AUG5-c-myc particularly decorates the shortening kinetochore fibers at the poles.

(J) to (L) AUG5-c-myc signal decorates phragmoplast MTs.

(M) Live-cell imaging of the AUG6-GFP. Snapshots were extracted from a time-lapse movie of a mitotic root cell expressing AUG6-GFP and mCherry-
TUBSG (see Supplemental Movie 1 online). AUG6 and MTs are shown in green and red, respectively. The starting time is set at 0, and snapshot images
are taken at times (hour:minutes:seconds) as shown on the bottom left. Like AUG5-c-myc, AUG6-GFP prominently decorates spindle and

phragmoplast MT arrays from prophase to cytokinesis.
Bars =5 um.

et al,, 2010), we used actively dividing tobacco (Nicotiana
tabacum) Bright Yellow 2 (BY-2) cells expressing the AUG3-c-
myc fusion protein for this purpose. This protein was detected
via anti-c-myc immunofluorescence in spindle and phragmo-
plast MTs in a pattern similar to that seen in Arabidopsis (see
Supplemental Figure 9A online). This result suggested that this
Arabidopsis-derived AUG3 fusion protein is most likely func-
tional in tobacco cells. Proteins copurified with AUG3-c-myc,
detected by the anti-c-myc antibody, were probed with the G9
anti-y-tubulin antibody. A clear band was detected at the
expected ~56-kD position but was not seen in the control
experiment using untransformed BY-2 cells (see Supplemental
Figure 9B online).

Taken together, these results strongly support the notion that
AUG1, AUGS, AUG4, AUG5, and AUG6 are associated in an

augmin complex that acts on MTs and interacts with y-tubulin in
spindles and the phragmoplast.

The AUG Complex Contains at Least Two
Plant-Unique Subunits

Given that AUG4-myc and AUG5-myc were functional, along
with AUG3-c-myc, they were employed as baits for further
purification and confirmation of the augmin complex by affinity
chromatography. Besides recovering the baits (asterisks, Figure
4A), common bands were revealed by silver staining on SDS-
PAGE gels (Figure 4A). These baits were also revealed by
immunoblotting with the anti-c-myc antibody (asterisks, Figure
4B). Using antibodies individually raised against AUG1, AUG3,
AUG4, and AUG5, the native proteins at 33, 71, 43, and 93 kD,
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Figure 4. Reciprocal Purification of Augmin Subunits and Identification of Two Plant-Specific Subunits.

(A) Immunoaffinity purification results using transgenic plants expressing AUG3-c-myc, AUG4-c-myc, or AUG5-c-myc. Purified proteins together with
those from a wild-type negative control are revealed in a silver-stained gel. Asterisks indicate the bait for each purification. The positions of AUG1, 3, 4,
and 5 are indicated at the right side of the gel image. M, molecular weight markers.

(B) Immunoblotting analysis using anti-c-myc, anti-AUG1, anti-AUG3, anti-AUG4, and anti-AUGS5 antibodies. Proteins purified from AUG3-c-myc (A3),
AUG4-c-myc (A4), and AUG5-c-myc (A5) include all subunits of the augmin complex. The baits (asterisks) and endogenous augmin subunits (arrows)

are revealed by immunoblotting. WT, wild type.

(C) Mass spectrometry results obtained through three independent immunopurifications using AUG3-c-myc, AUG4-c-myc, and AUG5-c-myc as baits.
Besides AUG1-6, two additional subunits (AUG7 and AUGS8) were identified. Gene ID represents gene identification number by TAIR; # peptides,
number of unique peptides; # spectra, number of total spectra; coverage, sequence coverage. The bait of each experiment is highlighted in gray.

respectively, were detected in the purified protein preparations
(arrows, Figure 4B). The anti-AUGS, -AUG4, and -AUG5 anti-
bodies also detected their c-myc-tagged fusion proteins, which
migrated behind the native proteins (asterisks, Figure 4B). Inter-
estingly, when a bait was revealed, its corresponding native
protein was not detected even though heterozygous plants were
used as purification material. In BY-2 cells ectopically expressing
AUG3-c-myc, the tobacco AUG1, AUG4, and AUG5 were also
copurified with this fusion protein as detected by immunoblotting
(see Supplemental Figure 9B online). This result suggested that
AUG3-c-myc formed a complex with these endogenous tobacco
augmin subunits. Thus, these reciprocal copurifications indis-
putably support our earlier prediction that these AUG proteins
form a stable protein complex in vivo. In addition, the complex
likely had only single polypeptides for AUG3, AUG4, and AUGS5.

Because the animal augmin complexes contain at least eight
subunits, we asked whether other proteins were consistently
copurified with the three baits used in the purification. To maxi-
mize peptide identification, purified proteins were collectively
analyzed by a shotgun approach after all purified polypeptides
were stacked in an SDS-PAGE resolving gel prior to being
subjected to LC-MS/MS analysis. Eight proteins were consis-
tently detected with significant peptide coverage as high as 75%
when the three independent baits were used (Figure 4C; see
Supplemental Table 3 online). Besides AUG1-6, there were two
proteins encoded by the At5g17620 and At4g30710 loci, named
AUG7 and AUGS thereafter, respectively. Again, AUG7 is an
acidic protein with pl = 4.82, like the other six augmin subunits
identified earlier in Arabidopsis. By contrast, AUGS8 is a basic
protein with predicted pl of 10.69. Neither AUG7 nor AUG8
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shows noticeable amino acid sequence similarity to the human
HAUS7 and HAUSS or other proteins of animal or fungal origin.
Thus, they likely are plant-specific augmin subunits.

AUG?7 Is Associated with Spindle and Phragmoplast
MTs and Plays Essential Roles in Vegetative and
Reproductive Growth

AUG7 contains a predicted central coiled-coil domain (Figure 5A).
It shares amino acid sequence identity/similarity of 83.1%/90.9%
to the reported tomato (Solanum lycopersicum) NUCLEAR MATRIX
PROTEIN1 (NMP1) (Rose et al., 2003) (see Supplemental Figure 10
online). However, the function of NMP1 is unknown.

A mutation was isolated that had a T-DNA insertion in the 5’
untranslated region of the first exon (Figure 5B). This insertion
also resulted in a 40-bp deletion 60 bp upstream of the start
codon. To determine how the insertion event altered the expres-
sion of AUG7, a quantitative RT-PCR experiment was per-
formed: It determined that the homozygous mutant had ~17%
of the steady state mRNA level of the wild-type control (Figure
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Figure 5. Characterization of the AUG7 Gene.

5C). In contrast with the aforementioned +/aug mutants, the self-
fertilization progeny of the heterozygous aug7-1 plant showed
a normal segregation pattern of +/+:+/aug7-1:aug7-1/aug7-1 =
1:2.05:1.29 (n = 165). However, the aug7-1 homozygous mutant
exhibited pleiotropic phenotypes in both vegetative and repro-
ductive growth. At first, we noticed that the homozygous mutant
seedlings produced roots with approximately fourfold reduction
in length when compared with either the wild-type or heterozy-
gous mutants (Figures 5D and 5E). The homozygous plant also
showed seriously retarded growth that became obvious 2 to 3
weeks after germination (Figure 5F). The mutant produced leaves
with much reduced sizes that accumulated anthocyanin and
appeared purple. Although it remained dwarf, the mutant con-
tinued to produce more shoots and eventually inflorescences,
and the growth lasted for up to 8 to 10 months after germination.
The inflorescences, however, were aborted and the flower buds
never opened (Figure 5F). By contrast, the heterozygous plant
was indistinguishable from the wild type.

To confirm that the phenotypes described above were caused
by the insertional aug7-1 mutation, genetic suppression/
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(A) Schematic diagram of the AUG7 protein. A coiled-coil is predicted in the middle of the protein. aa, amino acids.

(B) Schematic representation of the AUG7 gene with exons and introns as open boxes and lines, respectively. The aug7-1 mutation has a T-DNA
insertion in the first exon.

(C) Assessment of the expression level of AUG7 by quantitative RT-PCR. The wild-type (WT) expression level was set at 1. The error bars represent SD of
four replicates.

(D) Root length test for the offspring derived from self-fertilization of heterozygous aug7-1 mutant. Genotypes of the seedlings were determined based
on the detection of the wild-type AUG?7 locus (top panel) and/or aug7-1 mutation (middle panel). Among 10-d-old seedlings (bottom panel), the
homozygotes have shorter roots (asterisks). Bar = 10 mm.

(E) Comparison of root lengths of wild-type, heterozygous (Hetero), and homozygous (Homo) aug7-1 mutant seedlings at 5, 10, and 15 d after
germination. The root lengths of homozygous seedlings are significantly shorter than those of the wild type and heterozygotes (asterisks, t test, P <
10-8). Data are shown as mean = SD with a minimum of 11 plants.

(F) Pronounced growth retardation caused by the aug7-1 mutation. Five weeks after germination, the homozygous aug7-17 mutant (left panel inset)
shows very limited vegetative growth compared with a heterozygous plant, which has already produced an inflorescence (left panel). At 21 weeks after
germination, the homozygous aug7-1 plant remains dwarf and produces aborted flowers (right panel). Bars = 10 mm.

(G) Live-cell imaging of AUG7-GFP in a root meristematic cell undergoing mitosis. Snapshots were extracted from Supplemental Movie 2 online. Time is
shown in seconds. In metaphase, the AUG7-GFP signal appears in the spindle. The signal is prominent on the shortening kinetochore fiber MTs during
anaphase and then seen in the phragmoplast during cytokinesis. Bar = 5 pm.



complementation experiments were performed using genomic
fusions with either the 4xc-myc- or GFP-coding sequence. We
recovered plants in the homozygous aug7-1 background that
expressed AUG7-c-myc or AUG7-GFP and grew similarly the wild-
type control. This supports that the aforementioned phenotypes
were indeed caused by the T-DNA insertion and that both fusion
proteins were functional.

To test whether AUG7 was associated with other identified
AUG subunits in vivo, we performed affinity purification of AUG7-
c-myc using an anti-c-myc column. By both protein silver stain-
ing and anti-c-myc immunoblotting, the AUG7-c-myc fusion was
revealed at 49 kD (see Supplemental Figure 11 online). The
purified proteins were also probed with anti-AUG5 antibodies
that detected a band at 93 kD, indicating that the AUG5 protein
was present. Thus, AUG7 is an integral component of the augmin
complex in Arabidopsis.

The tomato AUG7 homolog NMP1 was proposed to be in the
nuclear matrix (Rose et al., 2003). However, its localization in
dividing cells has not been reported. We observed the AUG7-
GFP signal in dividing cells in the root apical meristem by
confocal microscopy (Figure 5G; see Supplemental Movie 2
online). The fusion protein decorated the mitotic spindle and
appeared pronounced in the spindle poles of the anaphase
spindle (Figure 5G, middle panel), a feature shared by both the
vy-tubulin complex and other studied AUG proteins. When the
cell entered telophase and cytokinesis, AUG7-GFP became
associated with the phragmoplast and left a wide dark zone
in the middle of the phragmoplast (Figure 5G, arrowheads, right
panel). Again, this is similar to the localization pattern of
v-tubulin. We conclude that AUG?7 is a bona fide subunit of the
Arabidopsis augmin complex.

Reduced AUG?7 Expression Compromises the
Morphogenesis of the Spindle and Phragmoplast MT Arrays

Previously, we were unable to reveal how augmin affected mitosis
in somatic cells because the aug3-71 and other aug mutations
were sporophyte lethal. Since the homozygous aug7-1 plants
had significantly reduced AUG7 expression and showed pro-
nounced growth retardation, we asked whether the phenotype
was due to defects in MT organization caused by compromised
AUG7 function. Mitotic cells in the root apical meristem were
convenient for us to observe spindle and phragmoplast MT
arrays by antitubulin immunofluorescence. These cells typically
form spindles along the root axis in the wild-type roots. Although
the spindles are not perfectly focused, they contain converging
poles and are confined in the central region of the cell (WT, Figure
6A). Abnormal spindles were formed in the aug7-1 cells and
exhibited distorted morphologies in several aspects (aug7-1,
Figure 6A). At first, spindle poles often failed to converge and
MTs were splayed more or less toward the cell ends (arrows,
Figure 6A), although two half spindles could clearly discerned.
Second, spindles often became elongated when compared with
the control ones. We compared the spindle lengths and used the
cell length as a reference. The wild-type spindles showed con-
sistent lengths of 7.52 + 1.48 um no matter how long the cells
were (~10 to 30 wm range, 16.5 = 5.66 wm on average, n = 53).
On the other hand, spindles produced by the homozygous aug7-1
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cells generally had longer spindles. In addition, longer spindles
were found in longer cells (Figure 6B). The lengths of aug7-1
spindles varied from 10 to 25 wm with an average of 14.1 = 3.81
pm, while the cell lengths ranged from 15 to 40 um with an
average of 21.0 = 5.92 um (n = 40) (Figure 6B). Third, spindles
inside the aug7-1 mutants often were tilted and oriented diago-
nally as if they were expanding to the geometric limit (Figure 6A). In
addition to these abnormal spindle morphologies, fine and dis-
crete MTs were often detected in the cytoplasm. We quantita-
tively assessed and compared the spindle morphology in the
wild-type and aug7-1 cells by dividing them into four categories:
(1) normal spindles oriented along the root axis, (2) long spindles
with lengths exceeding 10.5 um, (3) disorganized spindles with
splayed poles or MTs randomly packed near the chromosomes,
and (4) disorganized and long spindles. In the wild-type cells,
>90% of the spindles were in the “normal” category (n = 51). In
aug7-1 cells, abnormal metaphase spindles were found at a very
high frequency of 86% (n = 36) (Figure 6C).

Abnormal phragmoplast MT arrays were also detected in the
aug7-1 mutant cells. In the wild type, the control phragmoplasts
showed well-organized bipolar MT arrays, and reforming daugh-
ter nuclei were positioned vertically on the opposite sides of the
phragmoplast (top panels, Figure 6D). The phragmoplasts in the
homozygous aug7-1 cells often contained loosely packed fine
MTs (bottom panels, Figure 6D). They were often longer than the
control phragmoplasts and assumed oblique positions. Con-
comitant with the oblique orientation of the phragmoplast, the
two daughter nuclei were positioned according to the phragmo-
plast axis (Figure 6D). On average, the mutant phragmoplasts
were 5.86 = 1.91 um (n = 25) in length, while the wild-type
controls were 3.78 * 0.493 um (n = 55; Figure 6E). In addition,
aug7-1 cells often had fine MTs scattered in the cytoplasm, away
from the phragmoplast proper (arrowheads, Figure 6D). Again,
when assessed quantitatively, the mutant produced elongated
or disorganized phragmoplast MT arrays at a frequency >95%
(n = 20), and <6% of the control phragmoplasts were abnormal
(Figure 6F). Occasionally, some cells harbored double spindles
(see Supplemental Figure 12A online). Other dividing cells of the
aug7-1 mutant showed excessive numbers of chromosomes,
indicating cells were polyploid (see Supplemental Figures 12B
and 12C online).

AUG7 Regulates the Association of y-Tubulin with the
Spindle and Phragmoplast MTs

Since the aug7-1 mutation seriously affected the organization of
MTs in spindles and phragmoplasts, we asked whether these
defects were caused by mislocalization of y-tubulin inside the
spindle and phragmoplast. In the metaphase spindle, y-tubulin
was detected along MTs with biases toward spindle poles where
MT minus ends were concentrated (Figure 7A, top panel). In the
aug7-1 cells, however, the y-tubulin signal was hardly detected
inside the metaphase spindle and was nearly indistinguishable
from the diffuse signal in the cytoplasm (Figure 7A, bottom
panel). We quantified the signal intensity of y-tubulin inside the
metaphase spindle and outside the spindle in the cytoplasm.
Wild-type metaphase cells had an average ratio of 2.03 + 0.41
(n = 38), while the homozygous mutant had a ratio of 1.36 *+ 0.41
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Figure 6. Abnormal MT Organization in the Mitotic Spindle and Phragmoplast of the aug7-1 Mutant.

(A) and (D) Immunofluorescence of MTs in metaphase spindles (A) and phragmoplasts (D) in root meristematic cells of the wild-type (WT) control and
aug7-1 mutant. In merged images, MTs are pseudocolored in red and DNA in blue. Cell outline is indicated by white frames in the merged images.
(A) A metaphase spindle of the wild type shows converged spindle poles. The aug7-1 mutant cells often form long, diagonally oriented and/or
disorganized spindles with unconverged poles (arrows). Discrete MTs are also detected in the cytoplasm (arrowheads).

(D) Compared with MTs in the wild-type phragmoplast, phragmoplast MTs in aug7-1 tend to be longer and disorganized. Discrete MTs are also
detected elsewhere in the cytoplasm (arrowheads). Bar = 5 pm.

(B) and (E) Quantification of the spindle length with the cell length as a reference (B) and the phragmoplast length with the cell length as a reference
(E) in the wild-type control and aug7-1 mutant. Generally, longer spindles (B) and phragmoplasts (E) are found in aug7-1 cells compared with those of
the wild type.

(C) and (F) Proportions of spindles (C) and phragmoplasts (F) that show normal and abnormal (long, disorganized, and long and disorganized patterns)
configurations in the wild type and aug7-1 mutant.

(n = 27), clearly demonstrating drastic reduction of y-tubulin asso- was no longer observed near the spindle poles (Figure 7B, bottom

ciation with the metaphase spindle in the mutant cells (Figure 7D).

During anaphase in the wild type, prominent y-tubulin signals
were associated with shortening kinetochore fiber MTs near the
spindle poles (Figure 7B, top panel). In the homozygous aug7-1
mutant, again, such a striking localization pattern of y-tubulin

panel). Quantitatively, the vy-tubulin intensity ratio of the polar
region and cytoplasm was 2.71 = 0.79 (n = 9) in wild-type cells but
dropped to 1.41 = 0.25 (n = 5) in the aug7-1 cells (Figure 7D).

A similar y-tubulin delocalization phenomenon was observed
in cells bearing a phragmoplast. Instead of decorating MTs in a
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Figure 7. Delocalization of y-Tubulin in the Mitotic Spindle and Phrag-
moplast of aug7-1 Mutant.

(A) to (C) Immunofluorescence of y-tubulin and MTs in the wild-type and
aug7-1 mutant cells. In the merged images, y-tubulin is pseudocolored in
green, MTs in red, and DNA in blue. WT, wild type. Bar =5 um.

(A) In a wild-type metaphase cell, y-tubulin decorates kinetochore fiber
MTs with biases toward spindle poles (top panel). Such a pattern is
barely detected in the unconverged metaphase spindle of the aug7-1 cell
at a similar stage (bottom panel).

(B) During anaphase, y-tubulin signal is prominently detected along
shortening kinetochore fiber MTs in the wild type (top panel), but the
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manner biased toward their minus ends as in the wild-type
phragmoplasts (Figure 7C, top panel), y-tubulin no longer accu-
mulated on the MTs in the aug7-1 cells undergoing cytokinesis.
Instead, the signal became diffuse throughout the cytoplasm
(Figure 7C, bottom panel). When the phragmoplast-localized
v-tubulin signal was compared with that in the cytoplasm, a ratio
of 2.21 = 0.64 (n = 43) was found in wild-type cells. This ratio was
reduced to 1.55 = 0.44 (n = 16) inaug7-1 mutant cells (Figure 7D).

We also noticed that the intensities of the MT signals inside the
metaphase spindle and the phragmoplast were lower than those
in the control cells (Figures 7A and 7C). Quantitatively, the ratios
of antitubulin fluorescent intensity in the spindle and phragmo-
plast to cytosol dropped from 7.31 = 2.41 (n = 38) and 7.90 =
2.69 (n = 44) in control cells to 4.11 = 1.78 (n = 26) and 4.32 =
1.46 (n =17)inaug7-1 cells, respectively (Figure 7E). By contrast,
the ratios did not show an obvious difference in anaphase
spindles (Figure 7E).

Taken together, we conclude that the y-tubulin localization to
spindle and phragmoplast MTs is dependent on AUG7 and likely
other augmin subunits. When y-tubulin is not properly targeted to
MTs, MT organization and consequently mitosis can be com-
promised as demonstrated by the aug7-1 homozygous mutant.

DISCUSSION

In this study, we report the discovery of the Arabidopsis augmin
complex composed of at least eight subunits that are associated
with the y-tubulin complex during mitosis and cytokinesis. The
function of augmin is required for the acentrosomal mitosis and
cytokinesis in plants, as reduced AUG?7 expression led to serious
defects in MT organization in the spindle and phragmoplast and
T-DNA insertional mutants of the AUGT to AUG5 genes were
lethal in both haploid gametophytic and diploid sporophytic
cells. Thus, plants and animals deploy an analogous augmin-
dependent mechanism, despite variations in the augmin sub-
units, in regulating the morphogenesis of mitotic and cytokinetic
MT arrays.

The Arabidopsis Augmin Complex Contains Both
Conserved and Unique Subunits Compared with
Its Animal Counterparts

Among the eight augmin subunits reported in the previous and
current studies, AUG1 to AUG6 can be aligned with the human
HAUS1 to HAUS6 proteins despite very low sequence similarity.
This is somewhat surprising because the corresponding sub-
units in fly and human cells are not absolutely conserved (Lawo

signal is greatly diminished in an anaphase aug7-1 cell (bottom panel).
(C) In the wild-type phragmoplast, y-tubulin localizes on MTs with biases
toward minus ends (top panel). In aug7-1, only weak signals are detected
on disorganized phragmoplast MTs (bottom panel).

(D) and (E) Quantitative assessment of the fluorescent signal intensities
of y-tubulin (D) and «,B-tubulin (E). The ratios of the spindle- or
phragmoplast-localized signals to the cytoplasmic ones are shown as
mean * sD. When marked with asterisks, the decreases in the relative
intensity are statistically significant (t test, P < 0.0001).
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et al., 2009; Uehara et al., 2009). Further sequence analysis
predicted that proteins like AUG2 and AUG6 share significant
structural similarities to their human counterparts. For example,
AUG2 contains three predicted coiled-coil domains and the
second and third domains have calculated high pl values of
9.99 and 10.00, respectively (see Supplemental Figure 1 online).
Similarly, HAUS2 contains coiled-coil domains with predicted pls
for the second and third domains of 10.45 and 9.31, respectively
(see Supplemental Figure 1 online). Both AUG6 and HAUS6/
FAM29A have four predicted coiled-coils and contain N-terminal
basic domains with predicted pls of 9.18 and 9.14, respectively
(see Supplemental Figure 4 online). It remains to be tested whether
these deduced features contribute to the assembly of the augmin
complex and/or the interaction with the y-tubulin complex.

Unlike AUG1-6, AUG7, and AUGS8 are conserved only within
the plant kingdom. Interestingly, Drosophila does not possess a
homolog of the human HAUS7/UCHL51P protein nor do humans
have a homolog of the Drosophila augmin subunit Dgt8/Wac
(Meireles et al., 2009; Uehara et al., 2009). However, some
structural features may be conserved among proteins with no
obvious sequence conservation. For example, Dgt8/Wac pos-
sesses a characteristic central coiled-coil domain through which
it interacts with Dgt2 (Meireles et al., 2009). A central coiled-coll
domain was also identified in the AUG7 protein reported here.
Thus, structural features of coiled-coil domains in AUG7 and
other AUG proteins may allow direct interactions as seen be-
tween Dgt2 and Dgt8/Wac.

AUGS8 is a member of the previously identified QWRF protein
family in Arabidopsis, including ENDOSPERM-DEFECTIVE1
(EDE1) and SNOWY COTYLEDONS (Pignocchi et al., 2009;
Albrecht et al., 2010). These proteins may share the MT in-
teraction property, as demonstrated by EDE1 (Pignocchi et al.,
2009). The MT binding/bundling subunits of human and Dro-
sophila augmins, Hice1/HAUS8 (410 amino acids) and Dgt4 (188
amino acids), share similarity only in a 49-amino acid stretch
despite the drastic difference in protein sizes (Uehara et al.,
2009). Based on its cDNA, AUGS8 is a 644—-amino acid protein
with a DUF566 domain of unknown function. Taken together, the
AUGS8 and its functional counterparts in animals may represent
the most variable subunit in the augmin complex from different
organisms.

In Drosophila, Msd1/Dgt9 was shown to be a MAP as well
(Wainman et al., 2009). This raises a possibility that the augmin
complex may contain more than one MAP. Structurally, Msd1/
Dgt9 and HAUS2/Cep27 can be paired with each other (Duncan
and Wakefield, 2011). Because of its sequence similarity to
HAUS2, it would be interesting to test whether AUG2 also
interacts with MTs directly.

Except for AUGS8, other augmin subunits are encoded by
single genes in the Arabidopsis genome. This may explain why
loss-of-function mutations in any of the seven genes encoding
AUG1-7 would lead to serious defects in mitosis and cytokine-
sis and likely sporophytic death. A T-DNA insertional mutation
in the AUG8 coding region did not cause any noticeable
phenotype. This suggests that AUG8 and other QWRF pro-
teins may be functionally redundant in Arabidopsis. It is also
plausible that AUG8 and its relatives may be assembled into
different complexes. For instance, other QWRF proteins could

have been missed in this MS analysis. Collective conclusions
can be drawn from genetic analysis of these homologous
genes. Nevertheless, an interaction between augmin and
MTs may be established through the direct interaction be-
tween AUG8 and MTs because AUGS likely possesses an MT
binding property, as demonstrated for EDE1 (Pignocchi et al.,
2009).

Unlike other AUG subunits, AUG8 was often detected at low
peptide coverage by mass spectrometry (Figure 4C). Two rea-
sons might explain this result. AUG8 may be weakly associated
with other AUG subunits that are tightly bound together. Alter-
natively, the formation of the intact augmin complex may be
regulated in a cell cycle-dependent manner. Indeed, recent data
suggest that two mitotic kinases, Aurora A and Polo-like kinase 1,
phosphorylate Hice1 in human cells (Johmura et al., 2011; Tsai
et al., 2011). Whereas phosphorylation at 17 sites by Polo-like
kinase 1 was critical for Hice1 to interact with MTs, phosphoryl-
ation events by Aurora A at different sites decreases the inter-
action with MTs and its association with HAUS6/FAM29A.
Therefore, cell cycle-dependent phosphorylation may regulate
the assembly and function of the augmin complex in Arabidopsis
as well.

Although AUG8 was detected with other AUG proteins in our
reciprocal immunopurification experiments, it remains to be
tested whether it is a functional augmin subunit. Future studies
through cell biological and genetic approaches will be necessary
to draw conclusions.

Augmin-Dependent Spindle Morphogenesis in Plant Cells

In animal cells, the immediate consequence upon the loss of
augmin is the diminished localization of y-tubulin on spindle MTs,
but not at the centrosome (Goshima et al., 2007, 2008; Lawo
et al., 2009; Uehara et al., 2009). In plant cells, y-tubulin and its
associated proteins are prominently detected along spindle MTs
with a bias toward spindle poles (Liu et al., 1993, 1995; Zeng
et al., 2009; Nakamura et al., 2010). Our results indicate that an
augmin-dependent mechanism also regulates the localization of
v-tubulin in plant spindles. Together with our report on the aug3
mutant (Ho et al., 2011b), phenotypes exhibited by the aug7-1
cells allow us to gain further insights into the function of MT-
localized +y-tubulin in spindle morphogenesis. At first, we found
that spindles in the mutant cells have splayed poles. This result
suggests that biased localization of y-tubulin toward the spindle
pole and the subsequent efficient nucleation of new MTs are
required for the formation of converged spindle poles. This is
different from the scenario in the formation of centrosomal spin-
dles in which focused spindle poles can still be maintained when
augmin is downregulated (Goshima et al., 2008). This is probably
due to the fact that augmin is not required for the localization of -
tubulin and proteins like NEDD1 at the centrosome (Goshima et al.,
2008; Zhu et al., 2008; Lawo et al., 2009). In the absence of
augmin, therefore, MTs can still be nucleated from the centrosome
during mitosis to establish a bipolar spindle with focused poles. By
contrast, augmin is responsible for the maintenance of the con-
verged poles of acentrosomal spindles in plant cells.

Upon augmin downregulation, animal and plant cells share a
phenotype of elongated spindles (Goshima et al., 2008; Meireles



et al., 2009; Wainman et al., 2009; Ho et al., 2011b). It was
postulated that the increase in MT number due to augmin-
dependent MT nucleation would shorten individual MTs within
the spindle, so that longer spindles would be formed upon the
inactivation of MT-dependent MT generation (Goshima and
Kimura, 2010). Such a hypothesis would rely on the formation
of kinetochore fiber MTs initiated from the centrosome. A similar
phenotype of elongated spindles was also found during acen-
trosomal spindle formation upon the depletion of augmin using
X. laevis egg extracts (Petry et al., 2011). However, the meiotic
spindle formation under such challenges still relies on the nucle-
ation of MTs from focused/converged spindle poles that are
regulated by the cytoplasmic dynein. It was suggested that the
lack of sufficient antiparallel MTs near the chromosome would
lead to oppositely positioned kinetochore fibers being weakly
connected so that spindles are elongated (Petry et al., 2011). In
the aug7 mutant cells, spindle poles were splayed so that it
would be challenging for the cells to generate centralized MTs
toward the chromosomes. It is more likely that MTs generated
from the chromosomes may contribute to the assembly of an
elongated bipolar spindle in these AUG7-downregulated cells.
Earlier observations in Haemanthus and onion (Allium cepa) cells
revealed branched MTs along kinetochore fibers, described as
microtubular fir trees (MTFTs) (Palevitz, 1988; Smirnova and
Bajer, 1992). Unfortunately, MTFTs cannot be easily observed in
small Arabidopsis cells. Thus, it awaits examination at high res-
olution to ascertain whether augmin is required for the formation
of MTFTs. If so, augmin would likely contribute to the formation of
short MT branches. Whenits function is compromised, longer MTs
would be formed in the spindle.

How would a bipolar spindle be established without the con-
verging poles in the aug7 cells? In the absence of the centro-
some, plant cells often form mitotic MT caps on the prophase
nuclear envelope and establish bipolar spindles (Lloyd and Chan,
2006). This does not exclude the possibility of a chromosome-
based mechanism as observed in animal cells. It has been shown
that augmin is not essential for chromosome-mediated MT nu-
cleation for spindle assembly (Goshima et al., 2008; Petry et al.,
2011). We suggest that chromosome-based MT nucleation
is responsible for the establishment of the bipolar spindle in
Arabidopsis cells lacking an efficiently functioning augmin. Al-
though the bipolarity is established, MTs of the mutant spindle
would not converge to virtual poles in the absence of poles
preestablished by mitotic MT caps at late prophase. By de-
creases in branching as well as in the degree of pole-oriented
convergence, the spindle MT array may become longer. Thus, in
addition to augmin, other proteins may be accountable for MT
nucleation at polar caps during prophase and on chromosomes
during prometaphase.

Similarly, albeit being defective, acentrosomal meiotic spin-
dles were established in a bipolar fashion when augmin was
downregulated by RNA interference in frog extracts (Petry et al.,
2011). Multiple mechanisms are known to contribute to the
assembly of the spindle apparatus in animal cells (Duncan and
Wakefield, 2011). Whereas some are dependent on the y-tubulin
complex, others rely on proteins like the Ran GTPase and MAP/
motors. Consistent with what has been found in animal cells,
augmin is required for localizing the y-tubulin complex to the
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spindle in Arabidopsis. The y-tubulin complex is likely present in
cytosolic and MT-localized pools. When it is no longer localized
to the spindle apparatus or the phragmoplast, the cytosolic pool
may still function in MT nucleation during spindle assembly.
Chromosomes would function to anchor MT plus ends so that
MT minus ends would be point away from the chromosomes. An
alternative solution would rely on proteins like the XMAP215
homolog MOR1/GEM1, which decorates spindle and phragmo-
plast MTs (Hamada et al., 2004; Kawamura et al., 2006). In
addition, the Kinesin-5 motor is another critical player during
spindle assembly in plant cells because its loss leads to the
collapse of the bipolar array into a monopolar one (Bannigan
et al., 2007). These proteins all are essential for mitosis, although
phenotypes produced by the loss of their functions differ from
one another (Twell et al., 2002; Eleftheriou et al., 2005; Kawamura
et al., 2006; Bannigan et al., 2007).

It has been shown that two augmin subunits, HAUS6/FAM29A
and HAUSB8/Hice1, interact with Ndc80/Hec1, a protein at both
the kinetochore and the centrosome, which is required for the
assembly of the kinetochore fibers (Bucciarelli et al., 2009; Wu
et al., 2009). Surprisingly, downregulation of Hicel abolishes
Hec1 localization only at the centrosome but not at the kineto-
chores (Wu et al., 2009). The results suggest that Hice1 and Hec1
work together at the centrosome to contribute to spindle as-
sembly initiated at the centrosomes. It would be interesting to
test whether augmin and the Ndc80 ortholog in plants work
together to contribute to the formation of spindle poles.

We routinely detected diagonally aligned spindles in the aug7
mutant cells. This phenomenon may be a result of prolonged
spindle elongation. When spindles continue to elongate in the
mutant cells, they would seek extra space in which to expand.
Reaching the diagonal position would grant the maximal length for
a spindle. Interestingly, the phragmoplasts in mutant cells often
were misaligned as well. This suggests that the orientation of the
spindle apparatus likely influences that of the phragmoplast.

METHODS

Plant Materials and cDNA Clones

The Arabidopsis thaliana lines used in this study are control Columbia-0
and the SALK_098567 (aug7-17), SALK_059104 (aug2-1), SALK_019542
(aug4-1), SAIL_722_G02 (aug5-1), and SK18263 (aug7-1) mutant lines
generated by the Arabidopsis research community (Sessions et al., 2002;
Alonso et al., 2003; Robinson et al., 2009), the AUG3-c-myc line (Ho et al.,
2011b), the grt mutant (Preuss et al., 1994), and the mCherry-TUBG line
(Nakamura et al., 2010). Full-length AUG3, AUG4, and AUG5 cDNA
clones were generated by colleagues as published earlier (Seki et al.,
2002; Castelli et al., 2004). Plant growth conditions and transformation
procedures were as described previously (Kong et al., 2010). For the root
elongation test, seeds were germinated on vertically placed plates
containing 1.2% agar and half-strength strength Murashige and Skoog
salts.

Detection/Genotyping of the aug1-1, aug2-1, aug4-1, aug5-1, and
aug7-1 Mutations and Phenotypic Characterization

Primers used in this study and their corresponding sequences are listed in
Supplemental Table 4 online. The T-DNA insertions at the AUGT, AUG2,
AUGH4, AUGS5, and AUG?7 loci were detected by PCR using the following
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primer sets: aug7-1, 2g1RP3 and LBal; aug2-1, THO72 and LBb1.3;
aug4-1, 1g2RP and LBa1l; aug5-1, 5g2RP and GLB3; and aug7-1,
sk18263-RP and SK-L1. The wild-type alleles were detected by the
following primer sets: AUG1, 2g1RP3 and 2g2LP; AUG2, THO72 and
THO71; AUG4, 1g2RP and 1g2LP; AUGS5, 5g2RP and 5g2LP; and AUG?7,
sk18263-RP and sk18263-LP. To identify the T-DNA insertion position in
the sk18263 mutant, its genomic DNA was used to amplify the predicted
region containing the T-DNA insertion using primers sk18263-LP and
sk18263-RP, and the resulting PCR product was then sequenced with
primers sk18263-LP and sk18263-RP for both ends.

Backcrosses with wild-type plants were performed at least twice
before the characterization, and the observed phenotypes were con-
firmed to be linked to the T-DNA insertion. The measurement of genetic
segregation of self-fertilization and the practice of reciprocal crosses
were performed as described previously (Ho et al., 2011b). Defects in
male gametogenesis were detected by DNA staining using 4’,6-diamidino-
2-phenylindole (aug?1-1, aug4-1, and aug5-1) or by dissecting seeds in
siliques (aug2-1).

Genetic Suppression/Complementation of the aug4, aug5, and
aug7 Mutation and Expression of AUG6-GFP

Genomic fragments of 4.5, 5.9, 6.1, and 3.4 kb for AUG4, AUG5, AUGS,
and AUG?7, respectively, which contain the promoter regions and the
coding sequences, were amplified by PCR using Phusion DNA polymer-
ase (New England Biolabs) and the following primer sets: AUG4, 50710-F
and 50710-R; AUGS5, 38880-F and 38880-R; AUGS6, 40740-F and 40740-R;
and AUG7, 17620-F and 17620-R. Each amplified DNA was cloned into
the Gateway pENTR/D-TOPO vector (Life Technologies) according to the
manufacturer’s instructions. The resulting plasmids were recombined
with pGWB16 (for C-terminal 4Xc-myc fusions of AUG4, AUG5, and
AUG7) or pGWB4 (for C-terminal GFP fusions of AUG6 and AUG7)
vectors (Nakagawa et al., 2007) by LR recombination reactions (Life
Technologies). Consequently, the pGWB16-AUG4, pGWB16-AUGS,
pGWB4-AUG6, pGWB4-AUG7, and pGWB16-AUG7 plasmids were
used for Agrobacterium tumefaciens-mediated transformation into the
heterozygous mutants +/aug4-1, +/aug5-1, and +/aug7-1 (pGWB16-
AUG4, pGWB16-AUG5, pGWB4-AUG7, and pGWB16-AUG?7) or Columbia-0
wild-type plants with/without expression of mCherry-TUB6 (pGWB4-AUGH).
The resulting fusion proteins were revealed to be functional by their
complementation of the corresponding mutant phenotypes. Because of
the use of endogenous promoters for all these constructs, the expression
level of each fusion protein was expected to be similar to that of the native
proteins. Segregation patterns of T-DNA insertions were determined
by PCR-based genotyping as described above, using progeny derived
from an untransformed heterozygous mutant and two independent
transformants.

RNA Extraction and Real-Time Quantitative RT-PCR

RNA samples were prepared from young rosette leaves of 4-week-old
aug7-1 lines and wild-type control plants. Protocols for RNA preparation
and real-time RT-PCR were adapted from a previous study (Kong et al.,
2010), with modifications. In brief, the cDNA samples were diluted to
20 and 5 ng/p.L. Triplicate quantitative assays were performed with 1 pL
of each cDNA dilution in a 25-pL reaction containing IQ SYBR Green
Supermix using an iCycler 1Q5 real-time PCR system (Bio-Rad). The
relative quantification method delta-delta cycle threshold was used to
evaluate quantitative variations between replicates examined. Three
biological replicates were performed. The amplification of PP2A, encod-
ing protein phosphatase 2A, was used as a reference to normalize the
data (Czechowski et al., 2005). Gene-specific primers for AUG7 were
Q-17620_F and Q-17620_R, which span the third and fourth exon and
render a 197-bp product from the wild-type locus.

Generation of Anti-AUGS3, Anti-AUG4, and Anti-AUG5 Antibodies

The coding regions of AUG3, AUG4, and AUG5 were amplified using Pfx
DNA polymerase (Life Technologies) and the BX832241, U50487, and
U23033 plasmids as templates with the following primer sets: AUGS,
TH121 and TH122; AUG4, U50487_Bam5’ and U50487_Xho3’; and
AUGS5, Xba23033F and Hind23033R, respectively. The resulting frag-
ments were cloned into the PGEX-KG vector at the EcoRl and Sacl sites
(AUG3), pGEX-4T-1 vector at the BamHI and Xhol sites (AUG4), or pGEX-
KG vector at the Xbal and Hindlll sites (AUG5) after the fragments and
vectors were digested by each combination of enzymes. The recombi-
nant plasmids coded for the expression of glutathione S-transferase-
AUG3 (GST-AUG3), GST-AUG4, or GST-AUGS5 fusion protein in bacteria
host BL21 (DE3) (Life Technologies). The fusion proteins were purified
using immobilized glutathione (Thermo Scientific) according to the man-
ufacturer’s instructions and used as the antigens forimmunization of mice
(AUG3 and AUGH) or a rat (AUG4). Antibody production and purification
were as described previously (Zeng et al., 2009).

Affinity Purification and Mass Spectrometry

Proteins were extracted from control Arabidopsis plants and transform-
ants expressing the 4Xxc-myc fusions with AUGS3, AUG4, AUG5, and
AUG?7. In brief, 3-d-old etiolated seedlings were frozen in liquid nitrogen
and ground to powder using a mortar and pestle. An extraction buffer of
50 mM Tris HCI, pH 8.0, containing 150 mM NaCl and 1% Triton X-100
was added to the powder and incubated at 4 °C for 1 h. The supernatant
was collected after centrifugation at 15,0009 and filtration through a
0.45-pm Millex HV filter (Millipore). The c-myc fusion proteins were
purified with anti-c-myc antibody-conjugated magnetic beads according
to the manufacturer’s instructions (Miltenyi Biotec) and subjected to
SDS-PAGE with 7.5% polyacrylamide gels. Gels were stained with silver
nitrate or transferred to polyvinylidene fluoride membranes (Millipore) for
further immunoblotting analysis. The c-myc fusion proteins were detec-
ted by the 9E10 anti-c-myc antibody (Developmental Studies Hybridoma
Bank at University of lowa), and AUG1, AUG3, AUG4, and AUG5 were
detected by the antibodies described above and previously (Ho et al.,
2011b). The anti-AUG3, AUG4, and AUGS5 antibodies were diluted at
1:1000.

To identify copurified proteins, the gels were stained with GelCode Blue
Safe protein stain (Thermo Scientific) and excised, digested with trypsin,
and subjected to LC-MS/MS. To identify peptides, mass spectra were
analyzed using X! Tandem (The Global Proteome Machine) with the
Arabidopsis IPI protein database (version 3.83) and then loaded into
Scaffold 3.0 (Proteome Software). The cutoff setting used is as follows:
minimum two unique peptides, protein identification probability >95%,
and peptide identification probability >80%. To exclude unrelated pro-
teins, obvious contaminants, such as nonrelated enzymes or proteins,
also detected in the negative control were removed. We listed AUG2 in
Figure 1B (indicated with an asterisk) despite its detection with single
peptide (thus, below our cutoff criteria) since it was validated by another
analysis shown in Figure 4C. AUGS listed in Figure 4C (indicated with an
asterisk) was given when peptide identification probability limit was
lowered to 50% for AUG3-myc IP.

Protein Purification from Tobacco Suspension-Cultured BY-2 Cells

Tobacco (Nicotiana tabacum) suspension-cultured BY-2 cells were
maintained as described elsewhere (Kumagai-Sano et al., 2006). The
Arabidopsis AUG3 promoter:AUG3-4xc-myc construct that was used for
the complementation experiment for the Arabidopsis aug3-1 mutant in
the previous study (Ho et al., 2011b) was transformed into BY-2 cells
using an Agrobacterium-mediated method (Kumagai-Sano et al., 2006).
Proteins were extracted from evacuolated protoplasts as described



(Hamada et al., 2004) and subjected to coimmunoaffinity purification
using anti-c-myc antibody as described above.

Immunolocalization and Fluorescence Microscopy

Immunolocalization of tubulins in pollen grains was performed as de-
scribed previously (Lee et al., 2007). Indirect immunofluorescence of root
tip cells or BY-2 cells was performed as described previously (Lee and
Liu, 2000). For dual localization study of c-myc fusion proteins and MTs,
rabbit anti-c-myc antibodies (Sigma-Aldrich) and fluorescein isothiocyanate—
conjugated donkey anti-rabbit 1gG (Rockland Immunochemicals)
were used. MTs were stained with DM1A anti-a-tubulin (Sigma-Aldrich)
followed by Texas Red-conjugated goat anti-mouse IgG (Molecular
Probes). For MT staining of the aug7-1 mutant, sheep antitubulin anti-
bodies (Cytoskeleton) were used with Texas Red-conjugated donkey
anti-goat IgG (Rockland Immunochemicals). For dual localization with
vy-tubulin, G9 mouse monoclonal anti-y-tubulin antibody (Horio et al.,
1999) was used with fluorescein isothiocyanate—-conjugated donkey anti-
mouse IgG (Rockland Immunochemicals). Images were acquired with a CFl
Plan Fluor X100 objective (numerical aperture of 1.3) under an Eclipse 600
epifluorescence microscope (Nikon) or a UPlan Apo X100 (numerical aper-
ture of 1.35; Olympus) under a DeltaVision microscope (Applied Precision).

To observe AUG6-GFP, AUG7-GFP, and mCherry-tubulin signals, seeds
were germinated on agar medium containing half-strength Murashige and
Skoog salt. Seedlings were observed under a Marianas spinning disk
confocal microscope (Intelligent Imaging Innovations) using a Plan-Apo
X63 objective (Carl Zeiss) equipped with diode-pumped solid-state
lasers with excitation at 488 and 561 nm for GFP and mCherry fusion
proteins, respectively. Images were obtained with an electron-multiplying
charge-coupled device camera driven by the Slidebook 5.0 software.
Figures and movies presented here were assembled in the Meta-
morph (Molecular Devices) or SoftWoRx (Applied Precision) software
packages.

Accession Numbers

The Arabidopsis Information Resource (TAIR) locus identifiers for the
genes mentioned in this study are At2g32980 for AUG2, At1g50710 for
AUG4, At5g38880 for AUGS, At5g40740 for AUG6, Atg17620 for AUG7,
and At4g30710 for AUGS.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Amino Acid Sequence Comparison of Plant
AUG2 Homologs and Human HAUS2.

Supplemental Figure 2. Sequence Comparison of Plant AUG4
Homologs and Human HAUSA4.

Supplemental Figure 3. Sequence Comparison of Plant AUG5
Homologs, Human HAUS5, and Drosophila melanogaster (Fly) Dgt5.

Supplemental Figure 4. Sequence Comparison of Plant AUG6
Homologs, Human HAUS6, and Dm Dgt6.

Supplemental Figure 5. Phenotypes Caused by the aug7-1, aug2-1,
aug4-1, and aug5-1 Mutations.

Supplemental Figure 6. Localization of AUG4-c-myc in Mitotic Root
Cells.

Supplemental Figure 7. Measurement of the Fluorescence Intensity
of AUG6-GFP in the Metaphase Spindle and Phragmoplast Shown in
Figure 3M.

Supplemental Figure 8. Dual Localizations of AUG4/AUG5 and
v-Tubulin.
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Supplemental Figure 9. Detection of the Interaction between Augmin
and y-Tubulin in Vivo.

Supplemental Figure 10. Sequence Comparison of the AUG7
Homologs.

Supplemental Figure 11. Interaction of AUG7 and AUGS5 in Vivo.

Supplemental Figure 12. Dividing aug7-1 Cells with Excessive
Numbers of Chromosomes.

Supplemental Table 1. List of the Peptides Identified in the LC-MS/
MS Analysis Corresponding to Figure 1.

Supplemental Table 2. Transmission Efficiency of aug Mutant Alleles
in Reciprocal Crosses between Heterozygous Mutants (+/aug) and
Wild-Type (+/+) Plants.

Supplemental Table 3. List of the Peptides Identified in the LC-MS/
MS Analysis Corresponding to Figure 4.

Supplemental Table 4. List of Primers Used in This Work.

Supplemental Movie 1. Time-Lapse Movie of AUG6-GFP in a
Dividing Arabidopsis Cell Expressing mCherry-TUBB6.

Supplemental Movie 2. Time-Lapse Movie of AUG7-GFP in a
Dividing Arabidopsis Cell.
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