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ABSTRACT

We have investigated the molecular evolution of plant and nonplant actin
genes comparing nucleotide and amino acid sequences of 20 actin genes. Nu-
cleotide changes resulting in amino acid substitutions (replacement substitutions)
ranged from 3-7% for all pairwise comparisons of animal actin genes with the
following exceptions. Comparisons between higher animal muscle actin gene
sequences and comparisons between higher animal cytoplasmic actin gene se-
quences indicated <3% divergence. Comparisons between plant and nonplant
actin genes revealed, with two exceptions, 11-15% replacement substitution. In
the analysis of plant actins, replacement substitution between soybean actin genes
SAcl, SAc3, SAc4 and maize actin gene MAc] ranged from 8-10%, whereas these
members within the soybean actin gene family ranged from 6-9% replacement
substitution. The rate of sequence divergence of plant actin sequences appears
to be similar to that observed for animal actins. Furthermore, these and other
data suggest that the plant actin gene family is ancient and that the families of
soybean and maize actin genes have diverged from a single common ancestral
plant actin gene that originated long before the divergence of monocots and
dicots. The soybean actin multigene family encodes at least three classes of actin.
These classes each contain a pair of actin genes that have been designated kappa
(SAcl, SAc6), lambda (SAc2, SAc4) and mu (SAc3, SAc7). The three classes of
soybean actin are more divergent in nucleotide sequence from one another than
higher animal cytoplasmic actin is divergent from muscle actin. The location
and distribution of amino acid changes were compared between actin proteins
from all sources. A comparison of the hydropathy of all actin sequences, except
from Oxytricha, indicated a strong similarity in hydropathic character between
all plant and nonplant actins despite the greater number of replacement substi-
tutions in plant actins. These protein sequence comparisons are discussed with
respect to the demonstrated and implicated roles of actin in plants and animals,
as well as the tissue-specific expression of actin.

ULTIGENE families are sets of genes descended by duplication and
divergence from common ancestral genes. These families are useful
models for studying the evolution of eukaryotic genes in relation to their
function and regulation. Comparisons of the protein coding regions, nucleotide
sequences and exon-intron arrangements of related genes provide a means of
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tracing their evolutionary pathways (EFSTRATIADIS ¢f al. 1980; BROWN et al.
1984).

The structure of actin genes can be examined across broad evolutionary
distances because actin is highly conserved and is ubiquitous in eukaryotes. In
animals, actin is primarily involved in muscle contraction in differentiated mus-
cle tissue. In nonmuscle animal cells, actin is involved in a variety of processes
including cytoskeletal structure, cellular motility, cell-surface mobility, intra-
cellular transport, cytoplasmic streaming, cytokinesis, endocytosis, exocytosis,
clot retraction, microvillar movement and, possibly, chromosomal condensation
and mitosis (SCHLIwA 1981; LLoyD 1983; PONTE et al. 1983; StosseL 1984).

Actin is encoded by a multigene family in all animals, and protozoa and
plants so far examined, but is encoded by a single gene in yeast. The organi-
zation of this gene family from animals and protozoa has been studied in
Dictyostelium (MCKEOWN and FIRTEL 1981), Caenorhabditis elegans (FILES,
CARrr and HirsH 1983), Drosophila (FYRBERG et al. 1981), Strongylocentrotus
purpuratus (DAVIDSON et al. 1982), chicken (FORNWALD et al. 1982), rat (ZAKUT
et al. 1982) and human (ENGEL, GUNNING and KEDES 1981). The gene family
differs in size among these organisms, and the number and location of introns
within actin genes can be highly variable (SHAH, HIGHTOWER and MEAGHER
1983).

Slight sequence differences located primarily in the amino terminal region
of mammalian actins result in six distinct actin isoforms (VANDEKERCKHOVE
and WEBER 1978). These differences identify three major categories of actin
in mammals: nonmuscle or cytoplasmic types (8 and v in both brain and
thymus), smooth muscle types (vascular and nonvascular) and striated muscle
types (a skeletal and « cardiac). Smooth-muscle and striated-muscle actins are
more closely related to each other than they are to cytoplasmic actins.

A limited number of studies have identified actin in plants (WILLIAMSON
1980). JacksoN and DoyLE (1977) identified a putative actin from Phaseolus
vulgaris root tips. Actin has been isolated from wheat germ (ILKER, BREIDEN-
BACH and MURPHY 1979), tomato endocarp tissue (VAHEY and SCORDILIS 1980)
and soybean seedlings (METCALF et al. 1980). Plant actin isotypes have not yet
been identified. The sequences of the first nine amino acids in the amino
terminus of the three soybean actins and one maize actin, however, are far
more conserved among distant plant actins than the corresponding sequences
that result in isotypic variation in animal actins (SHAH, HIGHTOWER and
MEAGHER 1983).

Despite the knowledge that actin is a fundamental component of animal
cells, the role of actin in plants has not been so well characterized. Actin
filaments generate the force required for cytoplasmic streaming in Nitella (Hi-
GASHI-FUJIME 1980) and Chara (WILLIAMSON 1975). Plant actins appear to
function in other motile processes in plant cells such as the movement of
cellular organelles, in particular chloroplast aggregation (BLATT, WESSELLS and
BrIGGS 1980) and rotation (KLEIN, WAGNER and BrLaTT 1980), as well as
having potential roles in membrane movement and chromosome movement
during mitosis and meiosis (LLOYD 1983).
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Actin gene families in plants have been studied in soybean and maize (SHAH,
HIGHTOWER and MEAGHER 1982, 1983; HIGHTOWER and MEAGHER 1985).
The size of the gene families differs between these two species, but the number
and location of introns within protein coding regions are conserved in those
genes so far examined.

The purpose of the following study was to determine the evolutionary re-
lationship of soybean actin to actins in other eukaryotes. The percentage of
nucleotide substitution that results in amino acid replacement (replacement
substitutions) between actin genes from plant and nonplant organisms is cal-
culated. Nucleotide replacement substitution is the most accurate value for
estimating the number of mutational events leading to amino acid change
(PERLER et al. 1980). The distribution of replacement substitutions in actin
gene sequences is examined.

Comparisons of hydropathy values of each actin protein are also presented
in order to examine the effects of the resulting amino acid replacements on
hydrophilic and hydrophobic domains of actin. Collectively, these data compare
diverse actin genes and proteins from organisms within and among the pro-
tozoan, fungal, plant and animal kingdoms. These results are discussed in the
context of the presumed roles of actin in plants and animals.

MATERIALS AND METHODS

Actin gene sequence data were stored and analyzed on a Bion Workstation (Bion
Intelligenetics, Palo Alto, California). The majority of DNA sequence data was obtained
through the National Institutes of Health database (NG and ABELSON 1980; COOPER
and CRAIN 1982; FORNWALD et al. 1982; HaMADA, PETRINO and KAKUNAGA 1982;
KAINE and SPEAR 1982; NELLEN and Gariwitz 1982; SHAH, HIGHTOWER and
MEAGHER 1982, 1983; ZAKUT et al. 1982; NUDEL et al. 1983; SANCHEZ et al. 1983;
SCHULER, McOskAR and KELLER 1983), apart from recent publications, for which DNA
sequence data were entered manually (PONTE et al. 1984; UEYAMA et al. 1984;
BERGSMA, CHANG and SCHWARTZ 1985). The human v actin sequence was kindly pro-
vided before publication by HARRY ERBA and LARRY KEDES of Stanford University.
MIKE McLEAN and ToM McKNIGHT generously supplied the SAc# soybean actin gene
sequence before publication. Twenty sequences from organisms representing four eu-
karyotic kingdoms were included in the analysis: protozoa: Acanthamoeba, Oxytricha;
fungal: yeast; plant: soybean, maize; animal: chick, Drosophila, human, rat, sea urchin.

The percentage of silent and replacement substitutions between pairwise comparisons
of actin genes was calculated as described by PERLER et al. (1980). Initial calculations
were done on an Apple II plus computer using a program provided by EFSTRADIATIS
and FULLER (SHAH, HIGHTOWER and MEAGHER 1983). All analyses presented here were
done on the Bion workstation using an adaptation of this program, called DIV, which
was written by KEN RICE (unpublished results). Graphics showing the distribution of
replacement substitutions between pairwise gene comparisons were generated with a
companion program developed by KEN RICE. A phenogram illustrating the evolutionary
relationships of actin genes from plant, fungal and animal sources was generated with
the percentage replacement substitution data (see Figure 2) by the program GMDP1M-
cluster analysis of variables (BMDP Statistical Software, Inc., Los Angeles), based on
the clustering strategy UPGMA (unweighted pair-group method using arithmetic av-
erages) (SOKAL and SNEATH 1963). Hydropathy profiles, based on calculations of KYTE
and DooLITTLE (1982), were generated using the PEP software of Intelligenetics Co.
To quantify the degree of similarity among hydropathy profiles, Pearson’s product
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moment correlation coefficient was calculated for each pairwise actin protein compari-
son (SAas INSTITUTE 1982).

A x* test was used to determine if amino acid substitutions were randomly distributed
throughout actin protein sequences. The sequences were divided into ten intervals, and
observed and expected numbers of changes were recorded within each interval. At each
position within an interval, one amino acid substitution was recorded whenever one or
more changes were present in the 20 actin sequences.

RESULTS

The four plant actin genes examined, SAcl, SAc3, SAc4 and MAcl, have
diverged from nonplant actins in 25-30% of their amino-acid-encoding nu-
cleotide sequences (except for Oxytricha) and approximately 22% from each
other. Of the 377 amino acids compared, there were from 50 to 70 amino
acid replacements between these plant actins and most of the nonplant actins,
and from 30 to 50 amino acid replacements between each pairwise comparison
of the four plant actins. To define and quantify the divergence of these plant
actin genes and proteins from each other and from nonplant actin sequences,
we have compared these sequences by a number of criteria. Because of the
difficulty of aligning amino terminal sequence data, the following analyses
began on data corresponding to amino acid residue 9 (alanine in all nonplant
actins, proline in all plant actins) to optimize homology. Results, therefore,
might be slightly underestimated or overestimated for each particular analysis.
A figure of the amino acid alignment for the 20 sequences analyzed is available
from the authors (R.B.M.) upon request.

Hydropathy profiles of actin sequences: The hydropathy profiles compar-
ing the hydrophilicity and hydrophobicity of each actin protein sequence in-
dicated very strong similarities among all sequences examined, with the excep-
tion of Oxytricha (to be discussed separately). Examples illustrating this simi-
larity for a portion of the actin sequence {amino acids 20-152) are shown in
Figure 1. Correlation coefficients ranged from 0.91 to 1.00 for all pairwise
comparisons, with the exception of comparisons with Oxytricha actin, which
ranged from 0.77 to 0.82. When these actin sequences were compared to a
nonrelated sequence of similar length, the Tu factor (AN and FRIESEN 1980),
the correlation coefficients were between 0 and 0.01.

Positive correlations would be expected for highly conserved proteins like
actin. In addition to the high amino acid homology, most amino acid changes
in actin proteins result in conservative amino acid replacements. The following
comparisons were performed to evaluate the contribution of conservative
amino acid replacements to the high positive correlation between actin pro-
teins. The actin protein sequence encoded by SAc3 was compared to the actin
protein encoded by Acanthamoeba, chick a-skeletal, sea urchin 2, and SAcl.
At all differing positions, the amino acid residues in SAc3 were replaced by
the least conservative amino acid residue relative to the corresponding residue
in the protein being compared (KYTE and DooLiTTLE 1982). Correlation coef-
ficients for the four pairwise comparisons with the modified SAc3 hydropathy
profile were 0.72, 0.68, 0.72 and 0.71, respectively, representing 43, 51, 45
and 47 amino acid changes. The correlations determined for unmodified SAc3
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FIGURE 1.—Hydropathy profiles of actins from soybean, Drosophila and sea urchin spanning
the region between amino acid residues 21-152. Hydrophobic areas are denoted by peaks above
the base line (at 0), and hydrophilic regions are denoted by peaks below the base line. Note the
very similar profiles among the four actins. Sea urchin pSpG17 refers to sea urchin 3, SU-3.

and the four sequences were 0.96, 0.93, 0.95 and 0.94, respectively. The
relative differences in these values suggest that conservative amino acid re-
placements in actin proteins have contributed to the high positive correlations

observed among them.



320 R. C. HIGHTOWER AND R. B. MEAGHER

r >e > =
<x>g$<o§xom°_mmg-m°v6>
CPOm @O0 ad 58222 2K
<O OO0 O0OII I ITaxoec>wnwwIononon30
12 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20

ACA1 l(iS 56]4.5145]6.114.1(66[60]46]102]5.1]154155[45[124)24]113[134 315

C SK 2 52[63]65]65|5.1] 15].14]48[119{56]57]|54|49]10li26]i2.1 |140]304
C.CY 3 39|53|5.1] 1.1'|51{5.1] 7010442 4.1| 40] 8/]130]123]11.2]13.1 307
D798 4 28[58|35{64]60]38[109] 50| 55|5.4| 36]14.5]141 [134|14.8]325
D-88F 5 6.1(36[6.7|64|44]104| 56[59]|58|4.1|14.1|14.2]134|14.831.2

H CAR 6 44113)57]4.2[118]55) 5.3[5.1| 44]i37]128{12.1i4.1 |31
Hyoy7 |51]47]49]93]42]38]36]60}20f23]112)126]99
H-sM8 14511286 116015 8] 54|136132}119[14.0p9g

RSk o L47]16|5553[5.1]49]3sl25]120/139]300

Ra CY 10 98| 471 44]4.2] 33]126)2.1|106]128 303
YEAST 11 16 116{116]100[17 711801 70|17.8 P96
|- Asqnthamosba (ACA) su 2 961 68| 45(133]126} 11.3}12.2[303)
2-chick sheletal (c-sK)
3-chick cytoplasmic (C-CY) SU-2 13 36| 4211341231121 1134 P92}
th=dius
s-m«c (1 cam) SU 3 14 400132} 116{118[12.9[295
A human ¥ Ctopiaumc (1Y) 1oj117]108{125[p97
S-rat ahalatal (R/SK) HeCY15 - ———
:?—;:Lf'cnngl:u;m (R-ACY) SAC! 16 86| 6011031323
12-s8a urchin | {SU-i}
_ n . 65| 79|37
-t s 83 sed 7
18- Sovoede TCRRT T sacsis LIP3
17-Soybean 3 {SAc3) 330
18-Soybean 4 {SAc4) MAc 119 .
19-Maize | (MAcl)
20- Quyirichg {OXY) OXY 20

FIGURE 2.—Percentage of nucleotide replacement substitution between the actin coding se-
quences. Pairwise comparisons of animal muscle and nonmuscle actin genes with nucleotide re-
placement substitution values ranging from 0.14 to 1.5% are denoted by the symbol ’. Muscle
actin genes are identified as skeletal, cardiac or smooth. Nonmuscle actin genes are identified as
cytoplasmic, 8-cytoplasmic or y-cytoplasmic. Incomplete sequences are indicated by the symbol °.

Silent nucleotide substitution: A large percentage of silent substitution was
observed between plant-nonplant actin gene comparisons. After a correction
for multiple-hit kinetics (PERLER et al. 1980), each plant-nonplant actin gene
comparison revealed >100% silent substitution, suggesting that most silent sites
have been substituted several times. This was also observed for plant-plant
actin gene comparisons, which indicates that they also have been saturated for
silent site substitutions since their divergence from a common ancestor. There-
fore, we have focused on percentage replacement substitution (Figure 2), a
more reliable measure of the gene divergence over long periods of time
(LEwIN 1983).

Nucleotide replacement substitution: The nucleotide replacement substitu-
tions between the three soybean actin genes SAcl, SAc3, and SAc4 and the
maize actin gene MAc!I were 10%, 8% and 8%, respectively (Figure 2). Pairwise
comparisons between SAcI-SAc3, SAc1-SAc4 and SAc3-SAc4 actin genes revealed
nucleotide replacement substitution values of 9%, 6% and 6%, respectively.
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The nucleotide replacement substitution between each of the four plant actin
genes and yeast was 17-18%, between Oxytricha and each of the plant actin
genes was 31-33% and between the four plant actin genes and all other
nonplant actin genes considered individually was 11-15% (Figure 2).

The degree of replacement substitution ranged from 3 to 7% for all non-
plant actin gene comparisons, with the following exceptions. Replacement sub-
stitution of <1% was observed for the three sea urchin actin genes examined.
Percentage replacement substitutions for 11 pairwise comparisons of higher
animal muscle actin genes with other muscle actin genes and of nonmuscle
actin genes with other nonmuscle actin genes ranged from 0.14 to 1.5% (Fig-
ure 2). The highest replacement substitution, ranging from 29 to 33% (Figure
2), was found between Oxytricha and every other actin.

A phenogram, using percentage replacement substitution data (Figure 2),
illustrates the possible evolutionary relationships of actin genes from plant,
fungal and animal sources (Figure 3).

Distribution of amino acid substitutions: The location and relative fre-
quency of nucleotide replacement substitution between various pairwise gene
comparisons was plotted to illustrate conserved and variable regions in the
actin gene sequences. Figure 4 presents four divergence plots comparing two
soybean actin genes, a soybean and animal actin gene, a protozoan and an
animal actin gene, and two animal actin genes. These three examples demon-
strate that, among the most divergent eukaryotes examined, replacement sub-
stitutions were located essentially at random.

Results from a x* test applied to the amino acid sequence comparisons of
these sequences divided into ten intervals (not shown; MATERIALS AND METH-
obs) also indicated that amino acid substitutions were essentially randomly
distributed throughout actin proteins when actins from all four kingdoms were
compared (x® = 11.1; d.f. = 9, P > 0.05). However, the positions and distri-
butions of three categories of amino acid substitutions were determined: those
positions that varied in amino acid substitutions in (1) exclusively plant gene
sequences, (2) exclusively nonplant gene sequences and (3) in both plant and
nonplant gene sequences (Table 1). The amino acid residues in 55 positions
were different in one to four of the plant actin genes, while being conserved
in all other nonplant actin sequences examined. The amino acid residues in
43 positions were different in one to ten of the nonplant actin gene sequences
examined, while being conserved in all plant actins. The amino acid residues
in 34 positions were not conserved in either plant or nonplant actin gene
sequences examined. Oxytricha was not included in this comparison.

DISCUSSION

Rates of nucleotide replacement substitution: Nucleotide substitutions that
result in amino acid replacements accumulate at an overall linear rate during
the evolution of many conserved genes (WILSON, CARLSON and WHITE 1977;
PERLER et al. 1980). For example, globin genes in animals diverge at nucleotide
replacement substitution rates of 1% per 10 million years (MY) (EFSTRATIADIS
et al. 1980). If we compare replacement substitutions among the representative
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FIGURE 3.—Phenogram of actin genes from three eukaryotic kingdoms: the relationships of
actin genes from organisms representing plant, fungal and animal kingdoms are displayed. A
pairwise cluster analysis was used with the percentage replacement substitution data set (Figure 2)
to evaluate the relationships based on the divergence among genes.

actin genes from the four eukaryotic kingdoms and assume a divergence time
of 1000 MY for all kingdoms (MARGULIS and SCHWARTZ 1976), we estimate
1% per 30-244 MY for the overall rate of nucleotide replacement substitution.
If the values for the protozoan actins (Acanthamoeba and Oxytricha) are omit-
ted, then this range of rates for the remaining three kingdoms is much nar-
rower, 1% per 56-108 MY (Table 2). The divergence rates for plant actin
genes compared to actin genes from the animal and fungal kingdoms are 1%
per 56-94 MY. Representatives of the protostome and deuterostome branches
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FIGURE 4.—Divergence plots. The relative frequency of nucleotide replacement substitutions
between four pairwise comparisons of actin genes is plotted to illustrate the extent and distribution
of nucleotide replacement substitutions. Plant-plant, plant-animal, protozoan-animal and animal-
animal actin comparisons are shown, The amino acid residue numbers (1-377) corresponding to
the nucleotide sequence numbers (1-1080) are indicated at the left margin of the figure. A bar
representing five nucleotide replacement substitutions is shown at the lower left.

of the animal kingdom such as Drosophila and sea urchin, respectively, are
thought to have diverged between 550 and 650 MY ago (MARGULIS and
ScHwARTZ 1976). The nucleotide replacement substitution rates between actin
genes from representatives of these branches of the animal kingdom are about
1% per 100 MY, within our calculated overall range of rates. We conclude
from these data (Table 2) that the plant actin genes have diverged from non-
plant actins at overall rates similar to those rates of divergence of most non-
plant actin genes from each other (i.e., animal vs. fungal or deuterosome vs.
protostome). These actin data are plotted in Figure 5; the nucleotide replace-
ment substitution rate for globin genes is included for comparison (EFSTRA-
TIADIS et al., 1980). It can be seen that most of the values for animal proto-
stome vs. animal deuterostome actin comparisons (cluster 3) and plant vs. non-
plant actin comparisons (cluster 2) fall within a strikingly narrow range, which
represents between 0.9 and 1.8% per 100 MY. One would not expect a com-



324 R. C. HIGHTOWER AND R. B. MEAGHER
TABLE 1

Three categories of amino acid changes occurring in actin proteins

I. Amino acid residues in the following positions are variable in plant actins only, conserved in
nonplant actins (55 of 369 amino acids)
9, 10, 16, 23, 27, 46, 62, 77, 79, 86, 99, 100, 102, 103, 106, 107, 123, 124, 130, 135, 138,
139, 190, 197, 202, 205, 207, 209, 219, 221, 225, 229, 232, 233, 242, 244, 254, 258, 261,
264, 270, 273, 275, 276, 279, 309, 316, 320, 323, 331, 332, 335, 336, 339, 340

II. Amino acid residues in the following positions are variable in nonplant actins only, conserved
in plant actins (43 of 369 amino acids)
12, 17, 18, 19, 45, 68, 70, 73, 87, 91, 112, 137, 146, 164, 169, 178, 180, 196, 203, 217,
227, 236, 259, 263, 265, 267, 271, 277, 278, 280, 281, 282, 289, 291, 294, 301, 312, 313,
319, 325, 327, 346, 352

III. Amino acid residues in the following positions are variable in both plant and nonplant actins
(34 of 369 amino acids)
43, 54, 78, 105, 116, 131, 134, 155, 162, 171, 172, 201, 214, 230, 234, 237, 238, 262, 268,
269, 274, 297, 299, 305, 308, 310, 321, 326, 329, 360, 362, 367, 370, 374

TABLE 2

Unit evolutionary periods of replacement substitution in actin
genes from plant and nonplant sources

Replacement substitu-

Comparison tion (%) UEP
Plant vs. animal: 10.6-14.8 68-94
Plant vs. fungal 17.0-18.0 56-59
Animal vs. fungal 9.3-12.8 78-108
Animal vs. protist:

Acanthamoeba 4.1-6. 152-244

Oxytricha 29.2-32.5 31-34
Fungal vs. protist:

Acanthamoeba 10.2 98

Oxytricha 29.6 34
Plant vs. protist:

Acanthamoeba 11.3-13.4 75-89

Oxytricha 31.3-33.0 30-32

Unit evolutionary period (UEP) refers to the time in million
years (MY) required for the fixation of 1% changes between two-
lines (PERLER et al. 1980).

pletely linear rate of nucleotide replacement substitution over distances of
500-1000 MY; however, these data suggest the evolution of these genes has
occurred at generally linear rates. In comparison to globin genes, the rates of
replacement substitution for actin genes are very low. These low rates suggest
that strong selective constraints have been imposed on actin,

Although the majority of actin comparisons (89 of 128) fall within this range
of replacement substitution rates, two sets of comparisons fall outside these
limits. Based on these rates, all comparisons with the Oxytricha actin gene
(cluster 1) showed twice the level of replacement substitution expected, and all
comparisons of an Acanthamoeba actin gene with animal actin genes (cluster
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FIGURE 5.—Rate of nucleotide replacement substitution for representative actin genes from
protozoan, fungal, plant and animal kingdoms. Percentage replacement substitutions for these
comparisons were plotted at 1000 MY, the estimated divergence time for the eukaryotic kingdoms
(MARGULIS and SCHWARTZ 1976). Comparisons of sequences from the representatives of the pro-
tostome branch (Drosophila) and the deuterostome branch (chicken, human, rat, sea urchin) of
the animal kingdom have been plotted at 550 MY, the minimum estimated divergence time for
these two branches (MARGULIS and SCHWARTZ 1976). Cluster one represents all comparisons with
Oxytricha actin (19 points), cluster two contains all plant-nonplant and all fungal-animal actin
comparisons (74 points), cluster three represents comparisons of actin genes from protostome and
deuterostome lineages (22 points) and cluster four contains comparisons of an Acanthamoeba actin
with animal actin genes (13 points). Plant-fungal and plant-animal actin comparisons are bracketed
by two lines. The rate of replacement nucleotide substitution for globin genes is included for
comparison (EFSTRATIADIS et al. 1980).
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4) showed half the level expected (Figure 5). It is possible that the Oxytricha
and Acanthamoeba actin genes have followed distinctly different rates of ev-
olution from the other actin genes examined. These data could also be ex-
plained if the divergence times assumed for these organisms were extremely
different from the currently assumed ones.

These comparisons of actin genes from the animal, fungal and plant king-
doms may be used to interpret the evolutionary relationships of the various
soybean actin genes to one another. The three soybean actin genes have di-
verged from nonplant actins at rates similar to those of nonplant actin genes
from each other. If this is true, then it is logical to assume that these plant
actin genes have also diverged from one another at this rate. The nucleotide
replacement substitution between the three soybean actin genes, which ranged
from 6-9%, is striking in light of these slow rates of replacement substitution.
These data suggest that the three soybean actin genes had an ancient origin
within the plant kingdom. Considering the twofold range of rates observed for
animal, fungal and plant actin genes, we estimate a minimal divergence time
of 330-660 MY for the three soybean genes.

A phenogram, using percentage replacement substitution data (Figure 3),
illustrates the evolutionary relationships of actin genes from plant, fungal and
animal sources. From this phenogram, it can be seen that soybean actin genes
SAcl, SAc3 and SAc4 are more divergent (greater percentage of replacement
substitution) from one another than is higher animal cytoplasmic actin from
higher animal muscle actin.

Soybean encodes three classes of actin: The three soybean actin genes
examined in this study are members of a multigene family, and hybridization
studies have shown that six genes in this family fall into three classes, with a
pair of genes in each class (HIGHTOWER and MEAGHER 1985). In Figure 2, the
replacement substitution values for SAcl, SAc3 and SAc4, representing each
class, are given. These replacement substitution data on the soybean actin
genes, ranging from 6-9%, as well as the hybridization data demonstrate the
great divergence of gene family members. We have named these three classes
as follows: kappa (K), containing SAc! and SAc6 soybean actin genes; lambda
(L), containing SAc¢2 and SAc4 soybean actin genes; and mu (M), containing
SAc3 and SAc¢7 soybean actin genes.

Differential expression and evolution of actin genes within a multigene
family: Members of actin gene families appear to be differentially expressed
in those organisms for which actin gene expression has been examined (VAN-
DEKERCKHOVE and WEBER 1978; TsANG, MAHBUBANI and WILLIAMS 1982;
FYRBERG et al. 1983). The isoforms of nonplant actin do not appear to have
specific functional differences in cellular processes, but do appear to be differ-
entially expressed in striated muscle, smooth muscle and nonmuscle tissues
(GUNNING et al.1984).

Considering the variety of functions suggested for plant actins and the level
of divergence between them, we would expect that the members of the soybean
actin gene family are also differentially expressed. Preliminary studies with
RNA dot blots and Northern blots suggest that there is organ-specific expres-
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sion for two of the five soybean actin genes examined (HIGHTOWER and
MEAGHER 1985). The plant organs examined, root, shoot and hypocotyl, con-
tain a variety of cell types including cortical, vascular and epidermal tissues.
The hypothesis that the diverse actin genes in soybean are differentially ex-
pressed at the tissue level is currently being investigated.

Differential levels of actin protein have been observed in plant cells and
tissues. Cells in the vascular tissue of conifer roots that display cytoplasmic
streaming contain greater amounts of actin than do adjacent tissues (PESA-
CRETA et al. 1982). METCALF et al. (1984) observed the highest frequency of
microfilaments in soybean root tips and radicles, and they estimated that actin
concentrations in root tip extracts were 15-fold higher than those of leaf and
petiole. The organization and distribution of F-actin during the cell cycle of
meristematic onion root tip cells has been examined by CLAYTON and LLOYD
(1985). These studies indicated that actin is present during cell division in the
cytokinetic phragmoplast and is codistributed with microtubules at all stages
of cell plate formation. F-actin has also been observed in actively cytoplasmic
streaming rootcap cells from wheat and soybean (M. HAWES, personal com-
munication; this laboratory).

Fossils of vascular land plants appear in samples from the late Silurian pe-
riod, approximately 400 MY ago (TAYLOR 1981). In the 50 MY that followed,
the Devonian period, land plants with a complex vascular tissue resembling a
stele or protostele became widespread. These plants contain many cell and
tissue types present in higher plants, including xylem, phloem, meristem, sto-
mata and epidermis. The divergence (330-660 MY) of actin genes suggested
by our data might reflect selection pressures for differentially expressed actin
genes in new tissues and cell types.

Muscle actin: VANDEKERCKHOVE and WEBER (1978) analyzed amino acid
sequences of mammalian and avian actins and observed different isoforms of
actin. Warm-blooded vertebrates contain six actins: two cytoplasmic-specific
actins and four muscle-specific actins: skeletal and cardiac striated muscle, vas-
cular and nonvascular smooth muscle actins. The muscle actins were found to
be very similar to one another, whereas the cytoplasmic actins were similar to
actins found in Dictyostelium, Physarum and Acanthamoeba (VANDEKERCK-
HOVE and WEBER 1980; NELLEN and GALLWITZ 1982). They concluded that
an ancestral muscle actin gene expressed in lower vertebrates was duplicated
before or during early amphibian evolution, resulting in the evolution of a
striated muscle and a smooth muscle actin gene. A proposed second duplication
event could have given rise to cardiac and skeletal striated muscle actin genes,
and vascular and nonvascular smooth muscle actin genes (VANDEKERCKHOVE,
DECOUET and WEBER 1983).

Comparisons between human smooth:human cardiac, human smooth:rat
skeletal and human cardiac:rat skeletal actin gene sequences indicate ~1%
replacement substitution. This small value is compatible with the hypothesis
that a more recent, second gene duplication event gave rise to these genes.

Oxytricha, a ciliated protozoan: The nucleotide sequence of the Oxytricha
actin gene showed 29-33% replacement substitution with respect to all the
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other actin genes examined. The hydropathy profiles of Oxytricha actin com-
pared with the other actin sequences indicated less similarity (0.77-0.82) than
any other pairwise comparisons (0.91-1.00). The Oxytricha actin is composed
of 356 amino acids; 18 amino acids between residues 68-85 are absent in
comparison to the other actin gene sequences examined. KAINE and SPEAR
(1982) suggested that this actin had possibly become highly specialized in func-
tion. Ciliated protozoans have an elaborate, highly ordered anatomical struc-
ture, and it is plausible that proteins comprising this structure may have been
uniquely modified.

Interactions of actin with other proteins: Comparisons of hydropathy pro-
files illustrate the highly conserved nature of actin from plant and nonplant
sources. The number and lengths of hydrophilic and hydrophobic domains are
conserved, and most of the replacement substitutions between actins have re-
sulted in conservative amino acid replacements. This conservation is thought
to reflect strong selection pressures acting to preserve the tertiary protein
structure, therefore maintaining essential sites for the interaction of actin bind-
ing proteins and for the assembly of actin monomers to form polymeric fila-
ments (POLLARD 1984).

Approximately 60 actin binding proteins have been characterized in animals
(PoLLARD 1984), whereas no actin binding proteins other than myosin have
been identified from plants (LLoyD 1983). Cytoplasmic microfilaments occur
in plant cells as single filaments or in bundles. Little is known about the
development of microfilament arrays in plant cells or about the factors that
regulate bundle formation. Based on ultrastructural studies, cytoskeletal com-
ponents in plant and animal cells have similar features except for the apparent
absence of intermediate filaments in plant cells (TTWARI ¢t al. 1984). However,
recently, a monoclonal antibody raised against an intermediate filament antigen
was shown to cross-react with an antigen in higher plants (DawsoN, HULME
and LioyD 1985).

The amino acid conservation between plant and nonplant actins suggests
that some of the actin binding proteins discovered thus far, or analogues of
them, may be found in plant cells. Additional evidence to support this proposal
is the conservation of amino acid residues in plant and nonplant actins that
are thought to perform a functional role in actin structure and dynamics
(Leavis and GERGELY 1984). Particular sulfthydryl groups on actins are re-
quired for ATP binding, for polymerization and for interaction with myosin.
Cysteine residues 287 and 376, the latter thought to be directly involved in
myosin binding, are conserved in all actins. Cysteine residues 12, 219 and 259
are conserved in most of the actins examined. Tyrosine residue 71, thought
to be involved in the polymerization process (ELZINGA and CoOLLINS 1972), is
conserved in all actins examined. Lu and SziLacyr (1981) have measured
reductions in the reactivities of lysine residues 63, 70, 115, 286 and 338 on
the protein surface after polymerization has occurred. Lysine residue 240 ap-
pears to be involved in the interaction of actin with tropomyosin (EL-SALEH et
al. 1984). With the exception of residue 70 in yeast, all of these residues are
conserved in all actins examined. Therefore, it seems plausible that some of
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the proteins associated with regulation of actin polymerization in animal cells,
or analogues of them, may be identified in plant cells.

Conclusions about the molecular evolution of actin

1. Soybean actin gene sequences appear to have diverged from nonplant
actin gene sequences at overall rates similar to those rates of divergence of
most nonplant actins from each other (SHAH, HIGHTOWER and MEAGHER
1983).

2. Soybean contains at least three distinct sequence classes of actin (HiGH-
TOWER and MEAGHER 1985). The three classes are more divergent in nucleo-
tide sequence from one another than is higher animal cytoplasmic actin from
muscle actin. Their divergence is ancient, probably greater than 300 MY ago
and, perhaps, coinciding with the emergence and subsequent differentiation of
vascular plants.

3. Amino acid substitutions are randomly distributed in actin proteins from
plant and nonplant sources examined as a whole, and most of the amino acid
changes between actins have resulted in conservative amino acid replacements.

4. The evolutionarily conserved nature of actin from plant and nonplant
sources, as indicated by hydropathy profiles, conservative amino acid replace-
ments and amino acid homology, suggests that some of the actin binding
proteins that have been characterized in animal cells, or analogues of them,
may be found in plant cells.

5. The physiological roles of actin in plant and animal cells suggest that
similarities and differences may be found in actins from these sources. Such
similarities and differences may reflect shared and specialized functions, re-
spectively, of actin in these cells. Additional data on plant actins are essential
to broaden the understanding of the molecular evolution of actin genes and
proteins. '
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