The Plant Cell, Vol. 4, 549-556, May 1992 © 1992 American Society of Plant Physiologists

The Small Genome of Arabidopsis Contains at Least Nine
Expressed B-Tubulin Genes
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The small genome of Arabidopsis contains at least nine expressed B-tubulin (TUB) genes, in contrast to the large ge-
nomes of vertebrate animals, which contain a maximum of seven expressed B-tubulin genes. In this study, we report
the structures of seven new TUB genes (TUB2, TUB3, TUB5, TUB6, TUB7, TUBS8, and TUBY) of Arabidopsis. The se-
quences of TUBT and TUB4 had been reported previously. Sequence similarities and unique structural features suggest
that the nine TUB genes evolved by way of three branches in the plant g-tubulin gene evolutionary tree. Two genes (TUB2
and TUB3) encode the same B-tubulin isoform; thus, the nine genes predict eight different p-tubulins. In contrast to the
a-tubulin (TUA) genes with their divergent intron patterns, all nine TUB genes contain 2 introns at conserved positions.
Noncoding 3’ gene-specific hybridization probes have been constructed for all nine TUB genes and used in RNA gel blot
analyses to demonstrate that all nine genes are transcribed. Two-dimensional protein inmunoblot analyses have resolved
at least seven different p-tubulin isoforms in Arabidopsis, indicating that most, if not all, of the TUB transcripts are translated.

INTRODUCTION

The important roles of microtubules in a large number of ba-
sic cellular processes and in morphogenesis of higher plants
have been discussed in Kopczak et al. (1992) and in several
previous reviews (Hepler and Palevitz, 1974; Gunning and
Hardham, 1982; Tiwari et al., 1984; Lloyd, 1987; Silflow et al.,
1987; Fosket, 1989; Hussey et al., 1991). Yet, the genetic con-
trol of microtubule-based processes remains largely unstudied
in higher plants. The basic structural unit of microtubules is
the heterodimer containing one molecule of each of two pro-
teins, a-tubulin and B-tubulin, both with a molecular weight
of approximately 50,000. In multicellular eukaryotes, both pro-
teins are usually encoded by small gene families (Cleveland
and Sullivan, 1985; Silflow et al., 1987; Fosket, 1989; Hussey
et al., 1991). The tubulin gene families of higher animals have
been studied in considerable detail (reviewed by Cleveland
and Sullivan, 1985). In contrast, little is known about the tubu-
lin gene families of higher plants (Silflow et al., 1987; Fosket,
1989; Hussey et al., 1991). In Kopczak et al. (1992), we described
the a-tubulin (TUA) gene family of Arabidopsis. In this study,
we describe the B-tubulin (TUB) gene family of Arabidopsis.
Together, these two gene families represent about 0.05% of
the Arabidopsis genome.

The genomes of higher animals contain many sequences
that hybridize to tubulin coding sequence probes; however,
at least in mammals, many of these sequences are pseu-
dogenes (Lee et al., 1983; Wang et al., 1986). The maximum

1 To whom correspondence should be addressed.

number of expressed B-tubulin genes reported in any species
is seven in chickens (Monteiro and Cleveland, 1988). Although
multiple B-tubulin isoforms have been demonstrated in a few
plant species (reviewed by Hussey et al., 1991), the sequences
of only five plant B-tubulin genes have been published to date.
These include two from soybean (Guiltinan et al., 1987), two
from Arabidopsis (Marks et al., 1987; Oppenheimer et al., 1988),
and one from maize (Hussey et al., 1990). In addition, Hussey
et al. (1990) reported the sequence of a distinct f-tubulin cDNA
from maize. Thus, six plant p-tubulin coding sequences are
known, with no more than two sequences available in any one
species. In this study, we report the cloning, sequencing, and
initial analysis of expression patterns of seven additional TUB
genes of Arabidopsis, bringing the total number of expressed
TUB genes in Arabidopsis to nine, which is two more than in
any other species studied to date. Our collection of clones con-
tains the entire complement of coding sequences detected by
hybridization of B-tubulin probes to genomic DNA on gel blots
and permits us to examine the diversity of p-tubulin coding
information in a single higher plant species.

RESULTS

The TUB Gene Family in Arabidopsis

The sequences of two TUB genes, TUB4 and TUB1, were
reported by Marks et al. (1987) and Oppenheimer et al. (1988),
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respectively. Four additional TUB genes, designated TUB2,
TUB3, TUBS, and TUB6, were isolated from a A sep6 lacs
genomic library (Pruitt and Meyerowitz, 1986). Two more genes,
designated TUB7 and TUBS, were isolated from a cosmid vec-
tor pOCA18 genomic library (Olszewski et al., 1988). A DNA
gel blot comparison of the available TUB clones and genomic
fragments that hybridized to TUB coding sequence probes
showed that two EcoRI fragments with homology to TUB se-
quences were not represented in our collection of clones.
Clones of these two fragments were subsequently isolated from
libraries prepared from size-fractionated genomic restriction
fragments (see Methods) and shown to harbor TUBS.
Figure 1 shows a DNA gel blot cataloging the TUB genes
present in the Arabidopsis genome and relating the respec-
tive genomic EcoRI fragments to the cloned TUB genes that
they harbor. TUB4 was not cloned in our laboratory; however,
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Figure 1. DNA Gel Blot Comparison of Cloned and Genomic TUB
Genes of Arabidopsis.

All DNAs analyzed were digested with EcoRI, and the representative
DNA samples on the gel blot are as follows: genomic DNA, 7.5 ug of
EcoRI-digested total DNA; and TUBT through TUB3 and TUBS through
TUB9, agarose gel-purified EcoRI fragment inserts of the respective
clones. The quantities of inserts loaded were adjusted based on frag-
ment length to be equivalent to the number of single-copy sequences
in 75 ug of genomic DNA. The DNAs on the gel blot were hybridized
to a mixture of two restriction fragments containing most of the TUB1
gene and the 3’ coding sequence of the TUB5 gene (see Methods).
The genomic fragment (arrow) containing TUB4 (Marks et al., 1987)
was identified by hybridization with a 3' noncoding gene-specific probe
(see Methods) constructed from a TUB4 genomic clone.

the location of TUB4 on the DNA gel blot shown was deter-
mined by hybridization of the DNA on the gel blot to a 3’
noncoding gene-specific probe constructed from a TUB4 clone
(Marks et al., 1987). TUB1, TUB4, TUBS, TUB7, and TUB8 are
each located on single EcoRI fragments (approximately 11.7,
9.7,9.4, 36, and 3.2 kb, respectively). Genes TUB3, TUB6, and
TUB9 are each located on two EcoRI fragments as follows:
TUB3, 5', 2.6 kb, 3', 1.6 kb; TUBS, 5', 1.6 kb, 3', 3.4 kb; TUBY,
5,74 kb, 3', 1.5 kb. TUB2 is present on three EcoRI fragments
of 45, 0.8, and 2.6 kb (5" to 3'). TUB2 and TUBS3 are linked as
direct tandem repeats (Oppenheimer et al., 1988) such that
the 3’ end of TUB2 and the 5' end of TUB3 are present on the
same 2.6-kb EcoRI fragment (shown only in the lane contain-
ing the TUB3 clone in Figure 1). The DNA gel blot results are
consistent with the possibility that all of the TUB genes of
Arabidopsis have been cloned.

The Nine TUB Genes Predict Eight p-Tubulin Isoforms

The EcoRI fragments containing genes TUB2, TUB3, TUBS,
TUB6, TUB7, TUBS8, and TUB9 were subcloned in pUC119
(Vieira and Messing, 1987) in both orientations, and nested
sets of deletion subclones were sequenced by the dideoxy
chain termination method of Sanger et al. (1977). The com-
plete nucleotide sequences of the eight TUB genes sequenced
in our laboratory were submitted to EMBL, GenBank, and
DDBJ; the accession numbers are given in Methods. The
results of sequence comparisons of the TUB genes of
Arabidopsis showed that the coding sequences of the nine
TUB genes are highly conserved, with nucleotide sequence
identity ranging from 76 to 98% for the various gene pairs.
Figure 2 shows a comparison of the predicted amino acid se-
quences of the B-tubulins encoded by the nine TUB genes of
Arabidopsis. The nine TUB genes predict eight different
B-tubulin isoforms; two genes, TUB2 and TUB3, encode the
same isoform. The eight isoforms exhibit 89 to 96% amino
acid sequence identity; they range in length from 444 to 450
amino acids and have predicted pls of 4.41 to 4.55. A poten-
tially important feature of the eight p-tubulin isoforms predicted
by the sequences of the nine TUB genes is the striking diver-
sity of the hydrophilic C termini. Given the involvement of the
C-terminal regions of tubulins in interactions with microtubule-
associated proteins (MAPs) (reviewed by Wiche et al., 1991),
the divergent termini of the predicted B-tubulin isoforms could
have functional significance.

Each of the Nine TUB Genes Contains Two Introns at
Conserved Positions

Each of the nine TUB genes contains 2 introns at precisely con-
served positions, suggesting that introns were present at these
positions in a common ancestral gene. As is characteristic for
Arabidopsis, most of the introns are quite small (14 range from
80 to 211 bp); however, a few are relatively large for Arabidopsis



40 ) i
IDLQLERIW Vm'
T C

20 30 4
WEVICDEHGY DP
LGVAALLT L

10
TUBI  MREILHVQGG QC

1
I
I
1

40
Tue1 SEVQQVQ)AT ADEE- DEVD EEEE-! QWES-

TUB2 ... Ll G.YE.- ...GEVQQ EEYe
Ty .. . .GEYQQ.EEYe
Tus4 B
uBs ¥ .. EGD..Te
TUR6 EE D.D.EETLOHEs
sz .« AEYEQ.ETYe
B3 . VE.Q.EQ-
g

Figure 2. Comparison of the Predicted Amino Acid Sequences of the
Nine BJubulins of Arabidopsis.

The complete amino acid sequence deduced for the TUBT gene product
(B1-tubulin of Arabidopsis) is given on the top line. The predicted amino
acid sequences of the other S-tubulins of Arabidopsis (TUB2 through
TUBY) are represented on the lines below the 1-tubulin sequence;
only those amino acids that differ from those at the corresponding
positions in the 81 sequence are shown. Amino acids having identity
with those shown for the $1 sequence at top are indicated by dots,
which are included as an aid in alignment of sequences. Dashes indi-
cate where gaps were introduced to permit optimal sequence alignment.
Translation termination codons are represented by bold periods. The
arrows above the p1-4tubulin sequence denote positions where the amino
acid residues of the p4-tubulin and B9-tubulin are identical and differ
from those present in the other seven TUB gene products. The se-
quences shown for TUBT and TUB4 were obtained from Oppenheimer
et al. (1988) and Marks et al. (1987), respectively.
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(e.g., 1020 bp for intron 1 of TUBS). Although the codons inter-
rupted by the 2 introns in TUBT and TUBS are at positions 133
and 223 rather than 132 and 222 as in the other seven TUB
genes, these introns are at homologous sites within the genes.
The positions are shifted downstream by one codon in TUBT
and TUBS because of the unique insertion of three nucleotide
pairs specifying alanine at position 41 in the p-tubulins encoded
by these two genes.

Origin of the Nine TUB Genes: Three Branches in the
Evolutionary Tree

Sequence comparisons and unique structurat features in spe-
cific genes suggest that the nine TUB genes have evoived by
way of three different branches in the plant p-tubulin gene
evolutionary tree. Nucleotide sequence similarities and direct
amino acid sequence comparisons (Figure 2) suggest that
TUBT and TUBS evolved from one ancestral gene, TUB4 and
TUBS originated from a second ancestral gene, and the other
five TUB genes evolved from a third ancestral gene. Of course,
these three putative ancestral genes almost certainly evolved
from an earlier common progenitor.

The strongest evidence that genes TUB? and TUB5 have
evolved from a common progenitor is that both genes contain
a unique nucleotide pair triplet insertion specifying an alanine
at position 41 in the predicted B-tubulins. This alanine codon
insertion is not present in any other -tubulin gene sequenced
to date in any species. In addition, the coding sequences of
TUBT and TUBS share 86% nucleotide sequence identity, and
the predicted B1-tubulin and p5-tubulin isoforms exhibit 96%
amino acid identity. Lastly, the amino acid sequences of the
B1 and B5 isoforms are identical from amino acid 83 through
amino acid 296; all of the differences between these two pro-
teins occur in the N- and C-terminal regions.

The evidence for a second ancestral gene that gave rise
to TUB4 and TUB9 also is compelling. Their coding sequences
have 87% nucleotide sequence identity, and their predicted
protein products have 96% amino acid sequence identity. At
11 positions (indicated by arrows in Figure 2), the p4-tubulin
and B9-tubulin share a diagnostic amino acid that is not pres-
ent at that position in any of the other B-tubulins of Arabidopsis.
The coding sequences of TUB4 and TUB9 exhibit only 76 to
80% nucleotide identity with the coding sequences of the other
seven TUB genes. Finally, the TUB4 and TUB9 coding se-
quences are both 444 codons long, 3 to 6 codons shorter than
those of the other TUB genes.

The other five genes—-TUB2, TUB3, TUB6, TUB7, and
TUB8—may all have evolved from a third ancestral gene, but
the evidence supporting this possibility is less convincing than
that for the TUB1/TUBS and TUB4/TUB9 ancestral genes. The
TUB2 and TUB3 genes are almost certainly the products of
a fairly recent (on the evolutionary scale) gene duplication.
These two genes are located in tandem separated by 1 kb of
noncoding sequence, and their coding sequences have 98%
nucleotide sequence identity and encode the same B-tubulin
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isoform. The predicted TUB2/TUB3 gene product has 96 and
94% amino acid sequence identity with the predicted prod-
ucts of TUB7 and TUBS, respectively, and the latter two proteins
share 94% amino acid sequence identity. The TUB6 gene is
the most divergent member of this group; it encodes a protein
sharing 92 to 94% amino acid sequence identity with the
predicted products of the other genes in this group. However,
the five genes in this group all encode proteins of 449 to 450
amino acids in length, 2 to 6 amino acids longer than the prod-
ucts of TUB1, TUB4, and TUB9. (The TUBT relative TUB5 does
not fit the pattern here in that it predicts a product 449 amino
acids in length.) Lastly, there are three diagnostic amino acid
positions (24, 57, and 283) where the products of TUB2, TUBS3,
TUBS6, TUB7, and TUBS are all identical and differ from the prod-
ucts of the other four TUB genes. Thus, TUB6 seems most
likely to have evolved from the same progenitor as TUB2, TUB3,
TUB7, and TUBS8 despite its somewhat more divergent
sequence.

All Nine TUB Genes Are Expressed

Noncoding 3' gene-specific hybridization probes were used
to investigate the expression of all nine TUB genes. The gene-
specific probes were hybridized to RNAs on gel blots of total
RNA isolated from roots, leaves plus petioles, and whole flowers
excised from 21-day-old plants. Figure 3 shows a summary of
the RNA gel blot results obtained using a TUB coding sequence
probe and each of the nine TUB gene-specific probes. The
results demonstrate that all nine of the TUB genes are tran-
scribed and suggest that the transcripts of certain genes
preferentially accumulate in certain parts of the plant. The tran-
scripts of several TUB genes seem to accumulate somewhat
preferentially in flowers, which contain pollen, a tissue rich in
microtubules. The transcripts of TUB5 and TUB6 were found
to accumulate preferentially in leaves plus petioles. Despite
the close evolutionary relationship between TUB? and TUBS,
these genes have very different expression patterns; the TUB7
transcript was shown to accumulate primarily in roots as pre-
viously reported (Oppenheimer et al., 1988).

To determine whether the B-tubulin heterogeneity predicted
by the nine TUB coding sequences exists in vivo, two-
dimensional protein immunoblots were performed with an
anti-p-tubulin antibody on total proteins isolated from various
plant organs and/or tissues. Figure 4 shows a two-dimensional
protein immunoblot of the B-tubulin isoforms present in whole
flowers. Seven major spots on the immunoblot suggest the
presence of seven separable B-tubulin isoforms. The calcu-
lated pl for the B2/3 and B6 isoforms is 4.45, and their predicted
molecular weights are 50,737 and 50,589, respectively, sug-
gesting that these two isoforms might not be resolved on our
immunoblots. Because the sequences of the nine TUB genes
predict eight different isoforms, it seems likely that all of the
TUB transcripts are translated. Two minor spots also are evi-
dent on the immunoblot shown in Figure 4. These could
represent post-translationally modified proteins such as the
phosphorylated B-tubulins characterized in animal systems
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Figure 3. Accumulation of TUB Gene Transcripts in Roots, Leaves,
and Flowers.

Total RNAs were isolated from whole roots (R), leaves plus petioles
(L), and whole flowers (F) at all developmental stages of 21-day-old
plants. Samples of these RNAs (10 pg per lane) were analyzed by RNA
gel blot hybridizations using a TUBT coding sequence probe and non-
coding sequence probes specific for each of the nine TUB genes (see
Methods). Two RNA gel blots were used to obtain the data shown. Se-
quential hybridizations were done first with the coding sequence probe
and then with the gene-specific probes; the RNA gel blots were stripped
completely of probe between hybridizations. Approximate size mark-
ers are provided by the positions of the Arabidopsis 18S and 26S rRNAs
indicated at the right.

(Gard and Kirschner, 1985); however, additional studies are
needed to determine whether these spots identify distinct iso-
forms or are merely artifacts.

DISCUSSION

Evidence for Nine Expressed TUB Genes
in Arabidopsis

In this study, we have demonstrated that the small genome
of Arabidopsis contains nine expressed TUB genes, two more



IEF
v
(] |
(Ve
E 3

OH~ HY
Figure 4. Two-Dimensional Protein Gel Blot Analysis of the B-Tubulins
in Arabidopsis Flower Tissues.

The anti-B-tubulin monoclonal antibody 2-10-B6 was used upon a two-
dimensional immunoblot containing proteins isolated from 21-day-old
plants. An enlargement of the region of the immunoblot containing
the B-tubulins is shown. The directions of SDS-PAGE (SDS) and iso-
electric focusing (IEF) are indicated by the arrows.

than in any other species characterized to date. Although we
cannot exclude the possibility of additional TUB genes on other
co-migrating EcoRI fragments or of divergent TUB genes that
cross-hybridize with the cloned TUB genes too weakly to be
detected under our hybridization conditions, it seems likely that
all of the Arabidopsis TUB genes may now have been cloned
and sequenced.

Because vertebrates contain only six or seven expressed
B-tubulin genes (Wang et al., 1986; Monteiro and Cleveland,
1988), the large number of TUB genes in the small Arabidop-
sis genome was unexpected. Perhaps large tubulin gene
families will prove to be a characteristic of higher plants. In
fact, Hussey et al. (1990) have estimated that the maize ge-
nome contains a minimum of nine B-tubulin genes, with
perhaps as many as 16 genes present, and A. Colén and D.
Fosket (personal communication) have evidence for 15 B-tubu-
lin genes in soybean. In addition, Marks et al. (1987) concluded
that of nine plant species examined, all but one, cucumber,
had about as many B-tubulin genes as Arabidopsis, or more.
If, indeed, plant genomes do contain more tubulin genes than
the large genomes of higher animals, one must ask whether
tubulin isoforms perform additional, possibly unique, functions
in plants or whether tubulin genes of plants perhaps respond
to specialized demands for tubulin synthesis that require
additional regulatory circuits. In any case, the divergent hydro-
philic C termini of the eight predicted B-tubulin isoforms could
prove important since these regions of a- and B-tubulins are
known to be involved in their interaction with various MAPs
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in animals and lower eukaryotes (reviewed by Wiche et al.,
1991). Perhaps certain of the B-tubulin isoforms of Arabidop-
sis interact with specific MAPs based on their unique
hydrophilic C-terminal regions.

Conserved Intron Positions in TUB Genes

In striking contrast to the variable number and positions of the
introns in the TUA genes of Arabidopsis (Kopczak et al., 1992),
each of the nine TUB genes was found to contain 2 introns
at precisely conserved positions. Whether this difference be-
tween the two tubulin gene families is significant or just
fortuitous remains unknown, but this should become clear as
the tubulin gene families of other plants are characterized. The
two sequenced B-tubulin genes of soybean also contain 2 in-
trons at the same positions as those of the Arabidopsis TUB
genes (Guiltinan et al., 1987). However, the one sequenced
B-tubulin gene of maize contains only a single intron at the
position of the first intron in the Arabidopsis and soybean
B-tubulin genes (Hussey et al., 1990). As with the TUA genes
(Kopczak et al., 1992), the structures of the Arabidopsis TUB
genes provide little support for the proposal of Marchionni and
Gilbert (1986) that introns were in place before the divergence
of plants and animals. The third intron of the two Chlamydo-
monas reinhardftii B-tubulin genes (Youngblom et al., 1984) is
located at the same position as the first intron in the plant
B-tubulin genes. In addition, the single intron (separating
codons 131 and 132) in the B2-tubulin gene of Drosophila
(Rudolph et al., 1987) is located very close to the position of
the first intron (interrupting codon 132; 133 in TUBT and TUBS)
of the plant B-tubulin genes. However, none of the introns in
the B-tubulin genes of vertebrate animals occurs at the same
location as any of the introns in the plant B-tubulin genes.

Structural and Functional Divergence of
B-Tubulin Genes

Plant tubulins are known to differ from animal and fungal tubu-
lins in several respects (for discussions of these differences,
see Morejohn and Fosket, 1986; Silflow et al., 1987; Fosket,
1989; Hussey et al., 1991). For example, plant microtubule-
based processes are much less sensitive to colchicine than
the analogous processes in animals (Morejohn and Fosket,
1986). On the other hand, microtubule-dependent phenomena
in animals are not inhibited by low concentrations of dinitroani-
line and phosphoric amide herbicides that completely arrest
these processes in plants and algae (reviewed by Morejohn
and Fosket, 1986; Silflow et al., 1987). Thus, structural com-
parisons of plant and animal tubulins are of interest because
regions of divergence between the tubulins of these two groups
must be responsible for their distinct functional properties. As
would be expected for important functional domains, some se-
quences are conserved in essentially all B-tubulins. For
example, amino acid sequences 148 to 163, 177 to 196, 204
to 218, 270 to 282, and 392 to 411 (Arabidopsis B1-tubulin
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positions) are highly conserved in the B-tubulins of both plants
and animals. Other sequences are conserved in all of the plant
B-tubulins, but differ in animal B-tubulins. Perhaps the most
obvious difference between the plant and animal B-tubulins
occurs in amino acid sequence 197 to 203, where all the plant
sequences currently available are identical and differ from the
animal sequences at five of seven positions. Interestingly, the
region from amino acid 192 to 203 is one of two segments where
plant and animal B-tubulins exhibit major differences in their
hydropathy profiles, with the animal sequences being consider-
ably more hydrophilic than the plant sequences (Silflow et al.,
1987). Other regions where the plant p-tubulins are completely
conserved and differ from the animal B-tubulins are amino acid
sequences 248 to 269 and 374 to 382. Whether or not these
regions of the B-tubulins play any role in the observed differ-
ences between plant and animal microtubules will have to be
determined by direct functional analyses. Nevertheless, se-
quence comparisons are useful in identifying possible
structural bases for the known functional differences between
plant and animal microtubules.

Developmentally Regulated Expression of TUB Genes

Another interesting question is whether structurally related
tubulins exhibit similar patterns of expression in different plant
species. The complete predicted amino acid sequences are
now available for 13 plant $-tubulins: nine from Arabidopsis
(Marks et al., 1987; Oppenheimer et al., 1988; this paper), two
from maize (Hussey et al., 1990), and two from soybean
(Guiltinan et al., 1987). When these sequences are compared,
amino acid sequence identity is found to range from 81 to
100%. In vertebrates, all of the characterized B-tubulins fit into
four conserved isotype classes that differ primarily in their
C-terminal regions (Cleveland, 1987). Such isotype classes are
not apparent in comparisons of the available plant g-tubulin
sequences (Figure 2); however, isotype classes may be iden-
tified once more plant B-tubulin genes have been sequenced.

In addition to transcriptional regulation, the synthesis of
B-tubulins in animal cells is autoregulated by modulation of
mRNA stability by a translation-coupled recognition of the
N-terminal tetrapeptide (Yen et al., 1988a). This translation-
coupled modulation of mRNA stability was shown to be
absolutely dependent on the Met-Arg-Glu-lle N-terminal pep-
tide of the nascent translation product (Yen et al., 1988b).
Although there is no evidence for autoregulation of B-tubulin
synthesis in Arabidopsi$, the Met-Arg-Glu-lle tetrapeptide is
conserved in all nine of the predicted TUB gene products. Thus,
the same mechanism of autoregulation of B-tubulin synthesis
is possible for all the TUB genes of Arabidopsis.

Biological Significance of Multiple p-Tubulin Genes

Two major hypotheses have been proposed to explain the ex-
istence of multiple tubulin genes in eukaryotes. Fulton and

Simpson (1976) proposed that the tubulin isoforms were func-
tionally divergent, with different isoforms fulfilling distinct
biclogical functions. Raff (1984) proposed that the different iso-
forms might be functionally equivalent, but also be the products
of duplicated genes that have acquired distinct regulatory ele-
ments allowing the genes to respond to different demands for
tubulins during the complex pathways of differentiation in
higher eukaryotes. As it has turned out, at least in animals,
both hypotheses are correct: some tubulin genes encode func-
tionally divergent products (Asai and Remolona, 1988; Joshi
and Cleveland, 1989; Kimble et al., 1989; Savage et al., 1989;
Hoyle and Raff, 1990; Matthews et al., 1990), and other differen-
tially regulated genes encode structurally and functionally
equivalent, or at least very similar, products (see reviews by
Cleveland, 1987; Raff et al., 1987; Hussey et al., 1991). Given
the apparently even greater complexity of plant tubulin gene
families, it seems likely that some tubulin genes will encode
functionally divergent isoforms and others will encode equiva-
lent isoforms with different temporal and spatial patterns of
synthesis. Finally, the large sizes of the plant tubulin gene fam-
ilies might be related to the unique microtubule arrays—cortical
microtubules, preprophase bands, and phragmoplasts —of
higher plants. The utilization of isoform-specific antibodies
should lead to definitive information about tubulin isoform us-
age in the various microtubule arrays of higher plant cells in
the near future.

METHODS

Plant Material

All plant materials are as described in Kopczak et al. (1992).

Isolation of Genomic Clones

Clones of the TUB2, TUB3, TUBS, and TUB6 genes were isolated from
an Arabidopsis thaliana Columbia genomic DNA library prepared in
) sep6 lac5. The library was screened by in situ plaque hybridization
(Benton and Davis, 1977) as previously described (Oppenheimer et
al., 1988) using a Chlamydomonas reinhardtii B-tubulin cDNA probe
(C. reinhardtii B1 clone 9-12; Youngblom et al., 1984). Clones of the
TUB7 and TUBS genes were isolated from an Arabidopsis (Columbia
ecotype) genomic DNA library prepared in cosmid vector pOCA18
(Olszewski et al., 1988). This library was constructed using DNA from
the chlorsulfuron-resistant mutant line GH50 (Haughn and Somerville,
1986). The cosmid library was screened by in situ colony hybridiza-
tion as described in Kopczak et al. (1992), except that the hybridization
probe was a 1.9-kb Hindlll restriction fragment containing most of the
coding sequence of the Arabidopsis TUBT gene (Oppenheimer et al.,
1988) and the probe was labeled by the random-primer protocol of
Feinberg and Vogelstein (1983). Clones of genomic EcoRI restriction
fragments containing the 5’ and 3’ segments of the TUB9 gene were
isolated from libraries constructed in pUC119 (Vieira and Messing, 1987)
and X ZAPIi (Stratagene), respectively, from agarose gel-fractionated
restriction fragments prepared and screened as described by Kopczak
et al. (1992) with the TUB7 Hindlll fragment as probe.



Subcloning and DNA Sequencing

The subcloning and sequencing methods used were described by
Kopczak et al. (1992). The GenBank accession numbers for the eight
TUB genes sequenced in our laboratory are M20405 (TUBT), M84700
(TUB2), M84701 (TUB3), M84702 (TUBS), M84703 (TUB6), M84704
(TUB7), M84705 (TUBS), and M84706 (TUBY).

DNA Gel Blot Analysis

DNA isolations, restriction endonuclease digestions, electrophoresis,
transfers to membranes, and blot hybridizations were performed as
described by Kopczak et al. (1992). The DNA gel blot shown in Figure
1 was hybridized to a mixture of two gel-purified restriction fragments:
a 1.9-kb Hindlll fragment of TUB7 (Oppenheimer et al., 1988) and a
280-bp 3’ coding sequence fragment (EcoRV-Sau3A fragment; from
279 bp 5’ to the T of the TGA termination codon) of TUBS5.

RNA Gel Blot Analysis

Isolation of total RNA from leaves plus petioles, roots, and flowers, form-
aldehyde—agarose gel electrophoresis, transfers of RNA to membranes,
RNA gel blot hybridizations, and DNA gel blot tests of the specificity
of 3" noncoding sequence probes were carried out as described by
Kopczak et al. (1992). All hybridization probes were single-stranded
template DNAs prepared in pUC119 and labeled by the primer exten-
sion protocol of Hu and Messing (1882). The TUB coding sequence
probe was the 1.9-kb Hindl!! restriction fragment of TUB? (Oppenheimer
et al., 1988). All gene-specific probes were subclones containing pri-
marily 3’ noncoding sequences as follows: TUB7, an approximately
430-bp fragment extending from the G of the TGA codon to about 430
bp 3 of the termination codon; TUB2, a 305-bp fragment extending
from 2 bp 5’ to 300 bp 3’ of the TGA codon; TUB3, a 298-bp fragment
extending from 2 bp 5’ to 293 bp 3' of the TGA codon; TUB4, a 435-bp
fragment extending from 8 bp 5’ to 424 bp 3’ of the TAA codon; TUBS,
a 180-bp fragment extending from the G of the TGA codon to 178 bp
3’ of the termination codon; TUB6, an approximately 480-bp fragment
extending from 10 bp 5’ to about 480 bp 3’ of the TGA codon; TUB?,
a 215-bp fragment extending from 26 bp 3’ to 240 bp 3’ of the TGA
codon; TUBS, a 335-bp fragment extending from 5 bp 3’ to 339 bp 3’
of the TAA codon; and TUBS, a 107-bp fragment extending from 31
bp 5’ to 73 bp 3’ of the TAA codon.

Two-Dimensional Protein Gel Inmunoblot Analysis

Proteins were extracted, separated by two-dimensional polyacrylamide
gel electrophoresis, transferred to nitrocellulose membranes, and
reacted with antibodies as described by Hussey et al. (1988). The mono-
clonal antibody 2-10-B6 was raised against sea urchin tubulin and reacts
with B-tubulins from plants and algae (C. Silflow, unpublished data).
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