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Abstract 

Four rice (Oryza sativa) genomic actin genes have been characterized. The rice actin genes show a 
conservation of intron number and position that is characteristic of plant actins. Sequence comparisons 
revealed that the plant actins generally have a high degree of inter- and intraspecific sequence hetero- 
geneity. However, one rice actin gene has a much higher degree of nucleotide sequence identity to a 
previously isolated actin sequence fromArabidopsis thaliana than to any other plant actin gene. This leads 
us to suggest that the two sequences may represent functionally homologous genes which arose from an 
ancient actin gene lineage that was separated by the divergence of the dicot and monoc0t plants. Genomic 
DNA blot analysis showed that the rice actin gene family contains at least eight unique members. RNA 
hybridization analysis revealed that individual rice actin genes can display different patterns of transcript 
accumulation. The observed differences in sequence and transcript accumulation patterns suggest that 
the individual rice actin genes may differ in their transcriptional regulation and/or cellular function. 

Introduction 

Cytoplasmic actin is an essential component of 
the eukaryotic cell cytoskeleton and has been well 
studied in a number of animal systems [24]. 
Although actin is less well characterized in higher 
plants than it is in animals, it is believed to play 
an important role in plant cell cytoplasmic 
streaming, cell shape determination, cell division, 
organelle movement and extension growth 
[30, 34]. 

Actin gene families in higher plants have been 
found to consist of at least six genes in soybean 
(Glycine max) [31, 32], six genes in maize (Zea 

mays) [32], three genes in Arabidopsis thaliana 
[23], five genes in potato (Solanum tuberosum) 
[4], ten genes in tomato (Lycopersicon esculentum) 
[2] and two genes in carrot (Daucus carota) [36]. 
It has also been reported that actin is encoded by 
a complex supergene family in Petunia hybrida [ 1 ]. 
A feature of all these plant actin genes has been 
their relatively high degree of intra- and inter- 
specific nucleotide sequence divergence and a 
conservation of coding region intron positions 
that is not found in animal actin genes [ 12, 22, 27, 
32]. Preliminary results suggest that various 
members of the soybean actin gene family may 
show different patterns of organ- and tissue- 
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specific expression [11, 20]. However it is not 
known if these soybean actin gene transcripts dis- 
play any differential patterns of developmental- 
stage specificity. 

Previous work in our laboratory resulted in the 
isolation and sequencing of the coding regions of 
four rice (Oryza sativa) actin genes [26] and the 
complete structural characterization of the rice 
actin 1 gene [18]. Subsequent work led to the 
identification of the rice actin 1 gene promoter as 
an efficient constitutive regulator of foreign gene 
expression in transformed rice tissue [ 19]. In this 
paper we further characterized the four previously 
isolated rice actin sequences [22]. DNA sequence 
analysis of the four rice actin genes, along with a 
number of other plant actin sequences, indicates 
that their DNA and deduced amino acid se- 
quences generally display a high degree of intra- 
and interspecific divergence. However, a com- 
parison between the rice actin 1 gene and the 
AAcl actin gene of Arabidopsis thaliana revealed 
a degree of sequence identity that leads us to 
suggest that these two sequences may represent 
orthologous genes. 

Genomic DNA blot analysis revealed that 
there are at least eight actin-related sequences in 
rice. In order to determine whether the expression 
of the four isolated members of the rice actin gene 
family are differentially regulated, their respective 
transcript levels were examined during the course 
of rice plant vegetative development. Our results 
indicate that RNA transcribed from individual 
rice actin genes can display either a constitutive or 
developmentally differentiated pattern of accumu- 
lation and that the members of the rice actin gene 
family differ from each other in the develop- 
mental-stage and tissue-specific abundance of 
their respective transcripts. 

Materials and methods 

DNA sequence analysis 

The isolation and sequencing of the rice actin 
genes has been described previously [26]. The 
alignment of actin coding regions and comparison 

of their deduced amino acid sequences were done 
using the Microgenie T M  sequence analysis pro- 
gram [25]. For analysis of the number of synony- 
mous and nonsynonymous replacement substitu- 
tions, in all of the pairwise comparisons, the pro- 
gram of Li, Wu and Luo [15] was employed. 
Sequence comparison phenograms were con- 
structed using the unweighted pair-group method 
(UPGMA) for actin coding regions with the se- 
quential, agglomerative, hierarchical and nested 
(SAHN) clustering program of the numerical tax- 
onomy systematics (NTSYS)package [5, 28, 33]. 
The Mantel t-test approximation was applied to 
test the goodness of fit for the resulting pheno- 
grams [ 17]. 

Isolation and characterization of  non-specific and 
gene-specific actin probes 

Restriction fragments containing portions of the 
four previously isolated rice actin genes [26] were 
subcloned into pBluescriptlI-KS (Stratagene) for 
sequence analysis and for the production of 32p_ 
labeled probes, following standard proce- 
dures [ 16]. 

Genomic DNA preparation and analysis 

Rice genomic DNA was isolated from young 
greenhouse-grown plants (Oryza sativa var. 
indica, cv. IR36) as described by Dellaporta et al. 
[3 ] with the addition of a phenol-chloroform ex- 
traction prior to the final ethanol precipitation. 

For DNA blot analysis 10 #g samples of rice 
IR36 genomic DNA were digested with Hind III, 
fractionated by electrophoresis using 0.9~o agar- 
ose gels and transferred to GeneScreen Plus 
membranes (Dupont) for hybridization by the 
procedure of Bernatsky and Tanksley [2]. 

RNA preparation 

Total RNA was isolated from rice IR36 tissue 
collected from plants at various stages of develop- 



ment. Seeds were germinated aseptically on two 
layers of Whatman 3MM paper in Petri dishes, 
or larger containers in a growth chamber. Roots 
and/or shoots were collected separately at various 
times after germination. All tissues were ground 
to a free powder in liquid nitrogen. The powder 
was transferred to a polypropylene tube. One ml 
of extraction buffer (100 mM NaOAc, 1~o SDS, 
pH 5.0) was added per gram of tissue and the 
samples were extracted twice with an equal vol- 
ume of phenol : chloroform : isoamyl alcohol 
(25 : 24 : 1). KC1 was added to the aqueous phase 
for a fmal concentration of 0.3 M. After a 30 
minute incubation on ice the samples were cen- 
trifuged for 10 minutes at 8,000 x g. The super- 
natant was transferred to a new tube and the 
RNA was precipitated with LiCI as described by 
Wallace [39]. 

RNA analysis 

For RNA slot-blot analysis, varying amounts of 
total RNA were splotted onto nitrocellulose fdters 
using a Minifold Slot-Blot System (Schleicher 
and Schuell). RNA (5 pl) was mixed with 20/A of 
20 x SSC and 30 #1 of formamide. The samples 
were heated at 65 ° C for 5 minutes, placed on ice, 
and loaded into wells of  the slot blot apparatus. 
Prehybridization, hybridization and washes were 
as described for DNA hybridization analysis. 

For reverse RNA blot analysis 5 #1 of DNA 
from each of the clones containing the 3' ends 
from each of the four previously isolated rice actin 
sequences (gene-specific probes) were added to 
25 #1 of 0.3 M NaOH, 6 x SSC, heated at 80 °C 
for 15 minutes, neutralized with 25/~1 of 2.0 M 
NH4OAc, and placed on ice. The samples were 
transferred to nitrocellulose filters using the slot- 
blot apparatus described above. The concentra- 
tions of the DNA samples were adjusted so that 
equimolar amounts of each actin insert were 
loaded in each well. Final insert DNA amounts 
were 0.15, 0.3, and 0.6pmol. The filters were 
hybridized with radioactively labeled single- 
stranded eDNA transcribed from rice IR36 total 
RNA as follows. After heating 10 #g of RNA at 
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80 °C for two minutes and cooling on ice, fn'st- 
strand cDNA was transcribed as described by 
Krug and Berger [ 14] with the following modifi- 
cations: incubation time was one hour; the chase 
step was omitted; 80 #Ci 32p-dATP (Amersham, 
3000 Ci/mmol) was used instead of 32p-dCTP. 
The cDNA containing solution was treated with 
NaOH to hydrolyze the RNA, neutralized and 
then added to the hybridization solution [14]. 
Prehybridization, hybridization and washes were 
carried out as described for DNA blot hybridi- 
zations. 

Statistical analysis of RNA blot data was 
carried out using the StatView T M  SE + program 
(Abacus Concepts, Inc.) on an Apple Macintosh 
SE computer. 

Results 

Characterization and sequence analysis of four rice 
actin genes 

It has been reported previously that four unique 
actin genes, designated RAcl,  RAc2, RAc3 and 
RAc7, were isolated from a rice (Oryza sativa cv. 
IR26) 2EMBL4 genomic library, subcloned into 
pUC13 and M13 vectors and their nucleotide 
sequence determined [26]. A sequence alignment 
between a 1.5 kb RAcl cDNA clone [ 18] and the 
four genomic actin clones was made to determine 
the probable number and locations of the introns 
within their respective coding regions. This analy- 
sis identified three introns located at the same 
position in all four rice actin coding regions, as 
that reported for all other previously characterized 
plant actin genes. Restriction maps of the four rice 
actin genes, with the positions of their coding 
region exons indicated, are presented in Fig. 1. 

The nucleotide and amino acid sequences of 
the four rice actin genes and the previously pub- 
lished actin sequences from soybean [31, 32], 
maize [32], Arabidopsis thaliana [23] and 
lodgepole pine [13] were compared (Table 1). 
Proteins were aligned and their amino acid se- 
quences were compared by determining their per- 
centage similarity (Table 1, upper right above the 
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Fig. 1. Restriction maps of pRAcl ,  pRAc2, pRAc3 and 
pRAc7. Restriction sites are designated by vertical lines: E, 
Eco RI; B, Barn HI; R, Eco RV; H, Hind III; X, Xba I; Bg, 
Bgl II; P, Pst I. The solid rectangles represent coding region 
exons. Actin 3 ' -end gene-specific probes were: a 0.9 kbp 
Bam HI-Hind II fragment from pRAcl :  a 0.5 kbp Xba I- 
Bgl II fragment from pRAc2; a 0.8 kbp Eco RV-Eco RV frag- 
ment from pRAc3 and a 0.3 kbp Pst I-Hind III fragment from 
pRAc7. The non-specific actin gene probe was a 0.26 kbp 
Hind Ill-Barn HI fragment from pRAc2. Horizontal lines 
below the restriction maps indicate the position of these 
probes. Only those Bgl II and Pst I sites which delineate 
hybridization probes have been placed on the maps and 

these are enclosed in parentheses. 

diagonal) using the Beckman Microgenie T M  pro- 
gram [25]. The percentage nucleotide replace- 
ment substitution (corrected for multiple hits) for 
the aligned actin coding regions (Table 1, lower 
left below the diagonal) was determined using the 
program of Li, Wu and Luo [ 15]. This analysis 
revealed that the rice actins are as diverged from 
each other, at both the nucleotide and amino acid 
levels, as they are from the other plant actins. Rice 
actins as a group display 5 .7-13.3~ nucleotide 
replacement substitution and 83.4-90.5 ~o amino 
acid similarity, while rice actin vs. other plant 
actin comparisons yielded 3.6-20.4~o nucleotide 
replacement substitution and 80.7-93.9~o amino 
acid similarity. While this high degree of inter- and 
intraspecific sequence divergence appears to be a 
general feature of the plant actins we observed 
that the rice RAcl  gene shows close sequence 
similarity to the Arabidopsis thaliana actin AAcl  
actin gene, with 93.3 ~o amino acid sequence simi- 
larity and only 3.6~o nucleotide replacement sub- 
stitution. This degree of sequence identity 
between the RAc 1 and AAc 1 genes, when viewed 
against the relatively high amount of sequence 
divergence within the plant actins, leads us to 
suggest that the two sequences may represent 

Table 1. Coding region amino acid sequence comparisons a (% similarity) and percentage replacement nucleotide substitution b 
in pairwise comparisons between plant actin genes c. 

RAc 1 RAc2 RAc3 RAc7 MAc 1 SAc 1 SAc3 PAc 1 AAc 1 

RAcl  - 90.5 89.1 86.0 87.0 87.3 89.6 87.6 93.9 
RAc2 5.7 - 87.4 84.8 86.8 83.7 87.9 88.3 90.2 
RAc3 6.5 8.4 - 83.4 85.4 82.8 86.5 85.2 90.7 
RAc7 11.4 12.1 13.3 - 87.0 80.7 83.9 84.5 87.0 
MAc 1 7.2 8.1 8.7 10.6 - 82.8 86.2 84.5 89.1 
SAcl 7.3 10.1 10.8 16.3 10.3 - 85.1 85.1 88.1 
SAc3 6.0 8.2 7.8 13.3 7.7 8.7 - 90.7 89.9 
PAcl  6.7 7.8 9.6 20.4 9.0 8.9 5.9 - 90.7 
AAcl  3.6 7.2 6.9 12.3 7.2 7.0 6.5 7.2 - 

a Comparisons of the deduced protein sequences (upper portion of matrix) was done using the Beckman Microgenie T M  program 
[25] to determine percent similarity. In determining percent similarity, the following pairs of amino acids are considered to 
be the same: Asp vs. Glu, Asn vs. Gin, Lys vs. Arg, Leu vs. Val and Ser vs. Thr. 

b The percentage replacement substitution (bottom portion of matrix) was determined by the program of Li, Wu, and Luo [ 15]. 
c The plant actin sequences are abbreviated as follows: rice (Oryza sativa), RAcl ,  RAc2, RAc3 and RAc7; maize (Zea mays), 

M A c l ;  soybean (Glycine max), SAcl and SAc3; lodgepole pine (Pinus contorta), PAcl  and Arabidopsis thaliana, AAcl .  



genes which were separated by the divergence of 
the monocot and dicot plants. 

Using the information in Table 1 and assuming 
a linear rate of plant actin gene evolution [ 12] we 
generated a phenogram using the unweighted 
pair-group method (UPGMA). The resulting 
phenogram (Fig. 2) indicates that if the branch 
point for divergence of the rice RAcl and 
Arabidopsis AAcl actins corresponded to the 
divergence of the monocots from the dicots during 
the evolution of the angiosperms, then the gene 
duplications that gave rise to the other plant 
actins must have occurred early in the evolution 
of the vascular plants. Such gene duplication 
events must have occurred before the division of 
the gymnosperms and angiosperms from a com- 
mon ancestral plant. The origin of the divergence 
of the lodgepole pine PAcl gene and soybean 
SAc3 gene may have coincided with the organis- 
mal split that separated the gymnosperms and 
angiosperms, since these two genes are less diver- 
gent than (most of) the other angiosperm actin 
sequences. 
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Plant actin protein display structural domain con- 
servation 

While the precise functions of plant actin isoforms 
have yet to be determined it is believed that these 
isoforms play different roles within the plant cell 
and interact with different components of the 
plant cell cytoskeleton. Consequently plant actins 
should contain a number of conserved protein- 
protein interaction sites whose structural require- 
ments would act to constrain the sequence diver- 
gence of functionally equivalent plant actin iso- 
forms. When the protein sequences of the plant 
actins are aligned there exist stretches of amino 
acids which are conserved both within plants and 
between plant and animal actin proteins (Fig. 3a), 
despite their generally high degree of inter- and 
intraspecific sequence divergence. These con- 
served regions within the plant actin proteins 
often coincide with sites which are believed to 
function in actin : actin and/or actin : actin- 
binding protein interactions in animal systems 
(Fig. 3b) [38]. 

A A c l  Arabidopsls thal~na 

RAcl  Rice 

RAc2 Rice  

RAc3 Rice 

PAc l  P ine 

S A c 3  S o y b e a n  

RAc7 Rice 

MAc1 Maize 

SAc1 S o y b e a n  

I I I I I I I 
84 86 88 90 92 94 96 

Fig. 2. Deduced phenogram of plant actin proteins. The sequential, agglomerative, hierarchical and nested clustering program 
of the numerical taxonomy systematics package [5, 28, 33] was used to construct an unweighted pair-group, phenetic tree for 
the plant actins. The scale on the bottom correlates branch lengths with the percentage similarity of the plant actin amino acid 
sequences (data from Table 1). A Mantel t-test [17] gave a t value of 2.916 (p  > 0.9982, where p represents the probability that 

this phenogram was not generated by chance) for this phenogram. 
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Fig. 3. A. Regions of amino acid sequence similarity between plant and animal actin proteins. The human/7-cytoplasmic (HuCy) 
and ~-cardiac (HuCa) actin sequences [10, 38] are shown as representative animal nonmuscle and muscle actin protein isoforms 
respectively. Plant actin sequence abbreviations are as in Table 1. A consensus sequence (Cons*) is indicated below each 
conserved plant actin region. An asterisk below a concensus sequence residue indicates that one (or more) of the plant actin 
proteins differs in its protein sequence from the consensus sequence at that residue. B. Graphic representation indicating the 
position of conserved amino acid regions (striped boxes) within plant and animal actin proteins. The sites of actin : actin and 
actin : actin-binding protein interactions inferred from studies of animal systems are indicated by vertical arrows. The equivalent 

regions in A and B are indicated by letter. 

Rice actin is encoded by a gene family 

T h e  ident i f icat ion o f  four unique  rice actin genes  
ind ica ted  that  rice act in prote ins  are e n c o d e d  by 

a gene  family.  T o  de termine  w h e t h e r  there were  
addi t ional  act in (or act in- l ike)  s e q u e n c e s  in rice,  
g e n o m i c  D N A  blots  were  hybr id i zed  wi th  a 
260 bp Hind III-Bam H I  restr ict ion fragment  
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from the third exon of RAc2 (Fig. 1), at low strin- 
gency (37 °C, 5 x SSC, 50~o formamide). This 
fragment was selected as a potential non-specific 
actin probe because it covered a region with high 
sequence identity between the 4 isolated rice actin 
genes, and because it was unlikely to span any 
other Hind III or Barn HI sites in any as yet 
uncharacterized rice actin genes. Eight to ten 
restriction fragments hybridized to the RAc2 
probe when total DNA was digested with Eco RI, 
Bam HI, or Hind III. The hybridization pattern 
produced by Hind III digestion of genomic rice 
DNA is shown in Fig. 4, lane A. These results, 

along with the previously reported isolation of 
eight different classes of rice actin cDNA clones 
[ 18] suggest that the rice genome contains at least 
eight unique actin genes. 

DNA blots of genomic DNA digested with 
Eco RI, Bam HI, orHind III were also hybridized 
with 32p-labeled (putative) rice actin gene-specific 
probes, isolated from the 3' end of each of the four 
rice actin genes (Fig. 1), under conditions of 
higher stringency (42 °C, 5 x SSC, 50~ forma- 
mide) than was used for the non-specific hybridi- 
zation described above. The results of hybridi- 
zations to Hind III-digested genomic DNA are 
shown in Fig. 4, lanes B to E, with the probes 
derived from RAcl,  RAc2, RAc3, and RAc7 
hybridizing respectively to the expected (from 
phage and plasmid restriction maps) 1.1 kbp, 
7.7 kbp, 2.1 kbp, and 3.6 kbp Hind III restriction 
fragments. Under the conditions employed each 
probe hybridizes specifically to the actin gene 
from which it was derived, confirming these 
DNA-DNA hybridization conditions as gene- 
specific. 

The four rice actin genes display different patterns of 
transcript accumulation 

Fig. 4. Hybridization of actin gene probes to DNA blots of 
rice genomic DNA. Hind III digests of rice DNA were 
hybridized with 32p-labeled non-specific or gene-specific 
actin probes (Fig. 1). Lane A, the non-specific actin gene 
probe from pRAc2; lanes B to E, the actin gene-specific 
probes from the 3'-ends of pRAcl,  pRAc2, pRAc3 and 
pRAc7 respectively. Hybridizations were carried out at 
37 °C (lane A) or 42 °C (lanes B through E) in 5 x SSC, 

50% formamide. 

RNA gel blots of total rice RNA were hybridized 
wi th  32p- labe led  actin gene-specific probes to 
determine the transcript number and size for each 
gene. The RNA gel blot hybridizations indicated 
that each actin gene encodes a unique transcript 
approximately 1.5 to 1.7 kb in length (result not 
shown). Based on the predicted exon sizes of the 
rice actin genes [ 18, 26], rice actin transcripts of 
this length would include 0.4 to 0.6 kb of tran- 
scribed but untranslated sequence. 

The steady-state levels of rice actin transcripts 
were examined by slot-blot analysis of RNAs iso- 
lated from different tissues at varying times during 
early vegetative development. DNA probes 
derived from restriction fragments previously 
determined to be gene-specific for each of the 4 
rice actin genes were used in excess and hybrid- 
ized to equal amounts of total RNA from shoots 
2, 4, 7, 13, and 35 days old, and from roots 2 and 
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4 days old. To insure that no cross-hybridization 
occurred between actin genes, hybridizations 
were carried out at 50 °C rather than 42 °C to 
compensate for the increased stability of DNA- 
RNA hybrids over DNA-DNA hybrids. Actin 
transcript levels at the various developmental 
stages were normalized relative to 17S rRNA 
levels by hybridizing duplicate filters with a 
0.8kbp Sac II fragment from the plasmid 
pRR217 containing the rice 17S and 25S riboso- 
mal genes [37]. 

The transcript levels of RAc2 and RAc3 follow 
a similar pattern in the rice shoot tissues sampled 
over the time period examined (Fig. 5, lanes B 

Fig. 6. Comparison ofactin gene transcript levels in develop- 
ing rice shoots. 32p-labeled single-stranded cDNA synthe- 
sized from RNA isolated from 2-day-old shoots (A) and 
4-day-old shoots (B) was hybridized to slot-blots containing 
equimolar amounts of the actin gene-specific restriction frag- 
ments described in Fig. 1. mRNA levels are expressed as a 
percentage of the RAcl value which was the highest value 
obtained at each stage. The numbers represent averages 
obtained after scanning several replicate autoradiograms at 
differing molar amounts of actin gene-specific restriction 
fragments. Sample autoradiograms are displayed above each 

graph. 

Fig. 5. Analysis of actin gene transcript levels in developing 
rice seedlings. The results of RNA slot-blots are displayed 
graphically. Total RNA was isolated 2, 4, 7, 13 and 35 days 
after germination and hybridized (at 50 °C, 5 x SSC, 50% 
formamide) with 32p-labeled probes isolated from: A, 
pRAcl; B, pRAc2; C, pRAc3; D, pRAc7. The solid bars 
indicate RNA isolated from rice seedling shoots and striped 
bars indicate RNA isolated from rice seedling roots. RNA 
levels are expressed as a percentage of the maximum 
observed for each actin gene. The numbers represent 
averages obtained after scanning several replicate autoradio- 
grams from slot-blots containing 0.5 #g, 1.0#g, 2.0#g, 
3.0 #g, 5.0/tg and 6.0/~g of total RNA; therefore the mean 
maximum value, for any one gene's transcript, may not 
always equal 100%. Sample autoradiograms are displayed 

above each graph. 

and C). Maximal transcript levels are observed in 
the youngest shoots with these levels decreasing 
as the plant develops. In 35-day-old shoots RAc2 
and RAc3 transcripts drop to approximately 20 ~o 
of the level that is observed in 2-day-old shoots. 
RAc2 and RAc3 mRNAs are less abundant in 2- 
and 4-day-old roots than they are in 2- and 4-day- 
old shoots. In contrast, a statistically significant 
reduction in RAcl and RAc7 transcripts in 
shoots is not observed as the rice plant matures 
(Fig. 6, lanes A and D). Additionally, more RAc7 
mRNA is present in 2- and 4-day-old roots than 
is observed in 2- and 4-day-old shoots. These 
findings were confn'med by RNA gel blot analysis 
(K.S. Reece and R. Wu, unpublished results). 

The four rice actin genes differ from each other in 
transcript abundance in developing rice shoots 

It was difficult to compare the relative amounts of 
mRNA from the four rice actin genes using the 
data presented in Fig. 5 due to differences in the 
specific activity of the 32p-labeled probes 



employed. An alternative approach was used to 
compare the relative abundance of the four actin 
gene transcripts in developing rice shoots. Clones 
containing the gene-specific inserts from the 3' 
region of each individual rice actin gene (Fig. 1) 
were spotted onto nitrocellulose filters and 
hybridized with 32p-labeled, single-stranded 
cDNA transcribed from shoot mRNA using an 
oligo(dT) primer. If we assume that each of the 
rice actin transcripts have equally long poly (A) 
tails and that single-stranded cDNA is therefore 
produced equally well from all actin mRNAs, 
then with an excess of the cloned DNAs the rela- 
tive levels of specific actin transcripts in a given 
population of RNA could be compared by 
measuring relative intensities of the bands in the 
resulting autoradiograph. The relative levels of 
the four actin gene transcripts in 2- and 4-day-old 
shoots are shown in Fig. 6. In both shoot samples 
(Fig. 6, A and B), RAcl  transcripts are the most 
abundant with RAc3 and RAc7 transcripts the 
least abundant, comprising less than 15~ of the 
level at which RAcl  mRNA is present. 

Discussion 

We have characterized four members of the rice 
actin gene family. By genomic DNA hybridization 
analysis we have found that these four genes 
belong to a rice actin gene family of at least eight 
members, confu-ming a similar fmding obtained 
from the isolation of eight unique rice actin cDNA 
clones [18]. We found that the four rice actin 
genes are (generally) as diverged from each other, 
in nucleotide and amino acid sequence, as they 
are from the other previously characterized plant 
actin genes. Sequence comparisons revealed that 
the plant actin genes evolved from a single 
ancestral gene that underwent its major period of 
duplication and divergence before the radiation of 
the gymnosperms and angiosperms, at least 400 
million years ago [35]. Although we recognize 
that the U P G M A  method has limitations in 
reconstructing gene trees when evolutionary rates 
are non-linear there is preliminary evidence to 
suggest that the evolution of the plant actin genes 
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has been linear, occurring at a rate of 1 ~ nucle- 
otide replacement substitution every 100 million 
years ( + 50 million years) [ 12]. If we assume that 
the dicots and monocots separated from a com- 
mon ancestral angiosperm some 150 to 200 
million years ago [35] then we would expect to 
find between 1-4~o nucleotide replacement sub- 
stitution between orthologous actin genes whose 
divergence coincided with the appearance of the 
dicot and monocot angiosperms. The 3.6~ nucle- 
otide replacement substitution observed between 
the rice RAc 1 and Arabidopsis thaliana AAc 1 actin 
genes would lead us to suggest that the two genes 
are orthologous and may be functionally homol- 
ogous. Therefore we propose that the name Act 1 
be used for both the rice RAc 1 and the Arabidopsis 
thaliana AAcl  sequences. A similar finding of 
close sequence similarity between a dicot and 
monocot actin protein has previously been 
reported for the deduced amino acid sequences of 
the carrot CAcl  and maize MAcl  actin 
genes [36]. 

In our sequence comparisons we were unable 
to discover the interspecific hierarchy of sequence 
identity in the rice actin gene family that had 
previously been reported for the soybean actin 
gene family [ 11 ]. Such a result might be obtained 
when more rice actin genes are isolated and char- 
acterized. A more likely explanation is that the 
pattern of sequence identity observed in soybean 
is a reflection of an allelic or alloallelic relation- 
ship among the actin genes in the tetraploid Gly- 
cine max  [ 8, 9, 11 ]. 

By aligning the plant actin proteins we were 
able to identify stretches of amino acids that are 
conserved within and between the plant and ani- 
mal kingdoms and which coincide with sites 
believed to function in actin : actin and actin : 
actin-binding protein interactions in animal sys- 
tems. It is thought that animal actin-binding pro- 
teins, which include severin, vinculin, gelsolin, 
fragmin and villin, contain amino acid sequences 
similar to actin itself and act to regulate actin 
structure and function by binding to the sites of 
actin-actin interaction [38]. It is likely that many 
of the actin interactions found in animal cells will 
also be found in plants, and that plants will have 
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functional equivalents of the actin-binding pro- 
teins found in animals. Furthermore such inter- 
action sites should act to restrain the extent of 
sequence divergence within the plant actin genes, 
leading to a saturation ofnon-synonomous nucle- 
otide substitutions within such conserved regions. 

The rice actin genes display the conservation of 
intron number and positions that is characteristic 
of the plant actin. Work in our laboratory has 
shown that a 5'-intron, located between a 5' non- 
coding exon and the first coding exon of the rice 
actin 1 gene, is essential for foreign gene expres- 
sion from the rice actin 1 gene promoter [19]. 
Related regulatory functions may be acting to 
maintain the pattern introns within the coding 
region of plant actin genes. 

The significant divergence found between the 
rice actin coding region sequences suggested that 
these genes might differ in their transcript pattems 
and/or functions. Although their transcript sizes 
are similar (1.5 to 1.7 kb), RNA slot-blot analysis 
indicated that all four rice actin genes have dis- 
tinct patterns of transcript accumulation. RAcl 
transcript levels decrease slightly, RAc7 tran- 
script levels remain constant, and RAc2 and 
RAc3 mRNA levels fall approximately 80 ~o dur- 
ing the first 5 weeks following shoot germination. 
By 140 days after germination both RAc2 and 
RAc3 transcripts are undetectable in the whole 
plant while significant levels of RAcl and RAc7 
mRNA remain (K.S. Reece and R. Wu, unpub- 
lished result). When we compare the phenogram 

A n c e s t r a l  

PlantGeneACtin I 
- C o f l s t l t u t l v e  

of the rice actin sequences with their individual 
pattern of transcript accumulation in developing 
rice seedlings (Fig. 7), it appears that the differen- 
tial pattern of transcript abundance observed for 
the RAc2 and RAc3 genes may have evolved 
independently following their divergence from a 
common, constitutively expressed, ancestral 
plant actin sequence. That actin was not coded 
for by a gene family in the ancestor of the vascular 
plants is supported by the finding that actin is 
coded for by a single gene in the green alga 
Chlamydomonas reinhardtii (Dr. Karen Kindle, 
personal communication). 

In conclusion we propose that the sequence 
divergence of the rice actin genes, their differential 
pattern of transcript accumulation in developing 
rice seedlings, and the differences in their 
observed steady-state transcript abundance in 
germinating rice shoots, suggest that each of the 
four rice actin genes may perform one or more 
unique cellular functions. 
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