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Summary. The genomic distribution of actin-related 
sequences in tomato was investigated using a cloned 
actin gene from soybean. Ten actin loci account for 
most of the hybridizing fragments observed with 
Southern analysis. Single loci were found on chromo- 
somes 1, 3 and 10 and two loci on chromosome 4. One 
locus is linked to an unmapped isozyme marker, Sod-1. 
The four remaining actin loci are independent of each 
other and of any of the other markers tested. The num- 
ber of actin loci in tomato (10) is greater than that 
estimated for soybean (8). As soybean is apparently a 
tetraploid and tomato a diploid, these results suggest 
that the number of actin loci has not been stable during 
the evolution of dicots. A number of these mapped loci 
lie in regions of the genome previously devoid of 
molecular markers and thus may be useful in basic and 
applied genetic research. 
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Introduction 

The genetic analysis of electrophoretically-separable 
proteins has provided researchers with a large number 
of genetic markers in a variety of species. Isozymes 
represent the class of proteins most exploited as genetic 
markers in higher plants (Tanksley and Orton 1983). 
In tomato (Lycopersicon eseulentum), linkage relation- 
ships and chromosomal locations have been determined 
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for more than 30 enzyme-coding genes and the infor- 
mation has been utilized for a variety of breeding and 
genetic experiments (Tanksley et al. 1981; Zamir et al. 
1981; Vallejos and Tanksley 1983; Tanksley and Loaiza- 
Figueroa 1985). Isozymes, however, mark only a por- 
tion of the genome and in some crosses, allelic variation 
is lacking, reducing even further the number of usable 
markers. 

In recent years, unique DNA sequences corre- 
sponding to specific chromosomal sites have been used 
as genetic markers in humans (Botstein etal. 1980; 
Jeffreys etal. 1985; White etal. 1985). With this ap- 
proach, allelic variation is detected by first digesting 
DNA from the individuals being analyzed with a 
variety of restriction endonucleases. The resulting frag- 
ments are separated by electrophoresis and transferred 
to membranes. Allelic fragments are then identified by 
probing filters with radioactively-labelled, cloned, 
homologous sequences. Genetic variation detected in 
this manner has often been referred to as restriction 
fragment length polymorphism (RFLP). 

Mapping of loci detected by RFLPs has advanced 
rapidly in humans and the information is finding 
application in prenatal diagnosis of a number of 
genetic disorders (Murray et al. 1982; Newmark 1984; 
Rozen et al. 1985). Recently it has been proposed that 
mapped DNA markers detected by this procedure may 
provide a unique approach to the cloning of genes 
whose protein products are unknown (Gusella et al. 
1984). 

In this paper, we describe the mapping in toma- 
to of sequences homologous to the gene that codes 
for actin, a highly conserved protein found in all 
eucaryotics and which functions in a number of cellular 
activities including chromosome movement and 
cytoplasmic streaming (Kamiya 1981). The results not 
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only shed light on the organizat ion of  this mul t igene 
family in higher  plants but  also provide a number  of  
new genetic markers  in tomato.  

Materials and methods 

Genetic material 

Hybrids were made between Lycopersicon esculentum cv. 
'VF36' (LA916) and the wild species Lycopersicon pennellii 
(LA716 from atico, Peru). 'VF36' was used as the pistillate 
parent since unilateral compatibility precludes the reciprocal 
cross (Rick 1960). Both lines are inbred and have homose- 
quential chromosomes (Rick 1975). F1 hybrids were back- 
crossed to L. pennellii using the latter as the staminate parent. 
Backcross seed was sown in the greenhouse to obtain approxi- 
mately 100 individuals. 

The backcross population was analyzed for segregation of 
the following isozyme markers according to Vallejos (1983): 
Aps-1, Aps-2, Got-2, Prx-1, Prx-2, Prx-4, Prx-5, Est-3, Est-7, 
Pgm-1, Pgm-2, Pgi-1, 6Pgdh-2, Skdh-1, Sod-l, Sod-2, Tpi-2. 
DNA was isolated from backcross plants according to the 
procedure described below. 

Substitution lines for chromosomes 2, 3, 6, 8 and 11 were 
provided by Dr. C. M. Rick, University of California, Davis. A 
description of their construction can be found in Rick (1969, 
1971). 

DNA isolation 

Total DNA was extracted approximately 25 g of fresh leaf 
tissue from individual plants. The procedure is a modification 
of that reported in Murray and Thompson (1980). The tissue 
was homogenized in a blendor with 150ml of extraction 
buffer (100 mM Tris pH8.0, 0.35 M Sorbitol, 5 mM EDTA and 
1.0% B-mercaptoethanol), filtered through cheesecloth/Mira- 
cloth (Calbiochem) and spun at 700• for 15 min in a JA10 
rotor (Beckman). Each pellet was resuspended in 5 ml extrac- 
tion buffer and transferred to a 50 ml screw cap centrifuge 
tube. The resuspension was adjusted to 1.0% CTAB (hexa- 
decyltrimethylammonium bromide, Sigma), 1 M NaC1, 25 mM 
EDTA and then adjusted to 1.0% sarcosyl and heated to 60~ 
for 20 min. The lysate was extracted once with chloroform/ 
octanol (24 : 1 v/v). The aqueous phase was mixed with two- 
thirds volume isopropanol to precipitate the DNA. The 
precipitate was washed in 76% ethanol, 10 mM ammonium 
acetate pH 7.0. The DNA was dissolved and further purified 
by CsC1/ethidium bromide centrifugation (Maniatis etal. 
1982). 

Electrophoresis and blotting 

Three ~tg of total DNA per individual was digested with 
Eco RI or BgllI (Bethesda Research Labs) according to 
manufacturer's instructions. Restriction fragments were then 
separated on 0.8% agarose gels (100 mM Tris, 12.5 mM sodium 
acetate, 10 mM EDTA, pH 8.1) and transferred to Zeta-bind 
nylon filters (AMF Cuno) according to manufacturer's 
specifications. 

Probes 

Two actin probes were employed - pSAC3 and pMACI. Both 
were obtained from Dr. R. Meagher, University of Georgia. 
pSAC3 is a 3.0 kilo base (kb) Hind lII genomic clone from 
soybean that contains approximately 500 and 950 base pairs 

(bp) of 5' and 3' flanking sequences, respectively, in addition 
to the coding portion of the gene which is interrupted by 3 
introns (approximately 80 bp long) (Shah et al. 1982). pMAC1 
is a genomic clone from maize defined by Eco RI and Bst I 
restriction sites and has a similar structure to pSAC3 (Shah 
et al. 1983). Both had been previously cloned into pBR322. 

The actin insert from each clone was isolated from the 
plasmid by the method of Maxam and Gilbert (1977). These 
sequences were subsequently labelled with 32p dCTP by nick 
translation (Rigby et al. 1977) and hybridized to the filters in a 
solution containing 5X SSC, 50mM NaH2PO pH7.4, 0.4% 
SDS, 5X Denhardt's, 2.5 mM EDTA, and 100 ~tg/ml denatured 
calf thymus DNA (R. A. Jorgensen, personal communication). 
The specific activity of the probe was 108-109 dpm/~tg and 
was added to the hybridization solution at the rate of 
10~dpm/ml. The hybridization took place at 65~ for 
16-24 h. The filters were then washed twice in 2X SSC, 0.1% 
SDS at 65~ for 20 min, then at 1X SSC, 0.1% SDS and then 
0.5X SSC, 0.1% SDS for 20min each (Maniatis etal. 1982). 
The only exceptions to this procedure were that the pMAC1 
maize probe hybridization buffer contained 5% dextran sulfate 
(Sigma) and the final wash was 1.0X SSC, 0.1% SDS. 

Washed filters were placed against Kodak XAR-5 X-ray 
film for 24-72 h at -70 ~ using DuPont Cronex Lightning- 
Plus intensifier screens. Films were then developed according 
to manufacturer's specifications. 

Densitometric scans 

Hybridization signals from Southern blots were quantified 
from autoradiographs with a Biomed soft laser scanning 
densitometer, model SL-504-XL. The relative areas corre- 
sponding to the different bands on the films were quantified 
using an interfaced Apple lie computer with Biomed software. 

Statistical analysis 

Two-way contingency tests for independent assortment of 
isozyme markers and actin sequences based on chi-square 
analysis were accomplished using the SAS Proc Freq software 
program on an Amdahl 470/V5 computer. Loci were con- 
sidered to be independent if the chi-square probability level 
was > 0.05. 

Results 

The soybean actin probe (pSAC3) hybr id ized to a 
min imum of  11 major  Er RI fragments and 13 major  
Bgl II fragments generated from endonuclease diges- 
tion and electrophoresis of  the L. esculentum paren ta l  
D N A  (Fig. 1). The sizes range from 0.5 kb to 20.4 kb. 

By examining the Southern hybridizat ions  of  
pSAC3 with D N A  from 33-55 individuals  of  the 
backcross populat ion,  it was possible to observe segre- 

gation of  eight individual  Eco RI fragments and nine 
Bgl II fragments. Since the backcross was to L. pen- 
nellii, the fragments segregating in the backcross were 
those unique to L. esculentum (Fig. 2). None of  the 
eight E c o R I  fragments co-segregated. It was thus 
interpreted that  these fragments represented eight 
discrete loci designated Act-1 through Act-8. Three 
fragments in the Er RI profile o f  L. esculentum could 
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some 3, Act-1 and Act-lO on chromosome 4 and Act-6 
on chromosome 10. Act-5 is linked with Sod-1 whose 
chromosomal location is presently unknown. Act-2, 

Act-7, Act-8 and Act-9 are not linked to any of  the 
markers used in this study. There was evidence o f  
linkage between Act-2 and a number  o f  other loci, 
particularly those occuring on chromosome4  near 
Pgm-2 (26 cM) and those on chromosome 10 including 
Act-6 (28 cM) and other DNA markers (Bernatzky and 
Tanksley 1986). With the cross used, these two chromo- 
somes have shown varying levels of  pseudolinkage in 

Fig. 1. Restriction digests of L. eseulentum (e) and L. pennellii 
(p) DNA with Eco RI and Bgl lI. Locus designations are listed 
beside corresponding fragments. The first lane is DNA di- 
gested with Hind III and the size of fragments in kilo bases are 
indicated at left 

Table 1. Chi-square analysis for 1:1 segregation ofacfin loci in 
a backcross population, e = L. esculenturn, p = L, pennellii 

Locus Heterozygote Homozygote ~ Z 2" 
e/p p/p 

Act-1 18 17 35 0.03 
A ct-2 21 29 50 1.28 
Act-3 26 29 55 0.16 
Act-4 13 22 35 2.31 
A ct-5 29 24 53 0.47 
Act-6 26 29 55 0.16 
Act-7 22 33 55 2.20 
Act-8 20 15 35 0.71 
Act-9 11 22 33 3.67 
A ct-lO 30 20 50 2.00 

Z~.o5 =3.84 

not be assigned to loci due to their close migration with 
fragments from L.pennellii. The Eco RI and BglI I  
backcross profiles were generated from D N A  from the 
same population and it was therefore possible to 
conduct co-segregation analysis between the fragments 
produced by the two enzymes. A Bgl II fragment which 
co-segregated with a specific Eco RI fragment was 
presumed to belong to the same locus. Such tests 
revealed that seven of  the nine loci segregating in the 
Bgl II profiles matched loci segregating in the Er RI 
profiles. Thus, two additional loci were discovered to be 
segregating in the Bgl II backcross profiles, making a 
total of  ten actin loci. 

Chi-square analysis for test of  1 : 1 segregation is 
shown in Table 1 for each actin locus. A 1 : 1 ratio with 
X 2 < 3.84 indicates single locus segregation. Tests o f  
independent assortment between actin sequences and 
isozyme markers revealed that the actin loci are 
dispersed and are located on at least four chromosomes 
(Fig. 3). Act-3 is on chromosome 1, Act-4 on chromo- 

Fig. 2. A A sample of backcross progeny DNA digested with 
Eco RI. Locus designations are shown on right, e = L. esculen- 
turn. B A sample of backcross progeny digested with Bgl II. 
Locus designations are shown on right, e=L. esculentum. 
These individuals are not the same as those in A 



317 

I 2 5 4 5 6 7 8 9 10 

I 
I 
I 
1 
I 
I 

18 ~I IDH-I 

25 '1 PRx-1 

47~SKDH-1 
451EST-I, 

, 5,6,7 
i 

57! PRX-2,3 

I 
l 

I 
t 
I 
L 
I 
I 

901 

I 
I 
I 

I 
I 

21L(PRx-7, 
PGM-I, 

I 

I16I ACTT3 - 
i 
t 

J 

t 
I 

I 

1451 (EsT-3,NIR-1) 
I 
I 
I 
I 

1611 

016PGDH-I 
B 

.]_II~T-I 
I 

f 

241TP:-2 
~ O 

, ACT-4) 30'(GQT-I i 
I PGM-2) i 

341ADH-I 
i 461 

48]ACT-10 6PGDH-3 
PRX-5 

I 
L 
I 

iii' 
I 

I 
I 
t 
t 
t 

1321 

I 01 GOT-3 
I I 

1 ' 
I 

I 1 I 
, 1 
l 251GOT_ 2 
r I Aco-2 

35KAPs-I�9 ] 
I ADH-2) 40]MDH-3 

i l 
i 
I 
i 

i 
71, 

1021 

ACT-5 -- 20 OM -- SOD-I 

UNNV~.PPED : ACT-2,7,8,9 

271(GoT-q, 
APS-2) 

671 

381EsT-2 37[PRx-4 

62 ' 58 I ~CT-6 

132 E 

861 

12 

0 i EST-4 

8 Ir 6PGDH-2 

16 PGI-I 

541Aco-1 

Fig. 3. Tomato linkage map ofisozyme markers and actin-related sequences. The numbers at top refer to chromosome number and 
numbers along chromosomes indicate map position in cM. thhe actin loci are underlined. Act-5 and Sod-1 (at bottom) are 20 cM 
apart but are not yet assigned a chromosomal position. Act-2, 7, 8 and 9 are independent of any of the present markers 

the past with markers known to be on other chromo- 
somes and therefore the chromosome position of  Act-2 
has been left unassigned until the accumulation of 
more definitive data. 

Analysis of  the substitution lines confirmed the 
location of  Act-4 on chromosome 3 (Fig. 4). Each sub- 
stitution line represents the introgression of a single 
pair of  chromosomes from L. pennellii into an L. escu- 
lentum background. In this figure, the fragment as- 
signed to locus 4 is missing from the profile of the chro- 
mosome 3 stock and there is an additional fragment 
present, presumably from L. gennellii. The chromo- 
some 8 substitution line shows an additional fragment 
similar in size but not intensity to a fragment of L. pen- 
nellii (Fig. 4). The presence of this fragment is not well 
explained. The fragment may represent a partial 
digestion product. Otherwise, the inbred populations 

used in the construction of these substitution lines may 
have had a low level ofpolymorphism for this multigene 
family. Polymorphism, at least in the L. pennellii 
population, is evident in Fig. 2A where a small frag- 
ment from L. gennellii (third from bottom) segregates 
with the Eco RI fragment representing Act-3. 

To be certain that the profiles generated by the 
soybean actin clone were due to hybridization with the 
actin coding sequence and not flanking, non-coding 
regions, the actin insert was digested with Msp I. Msp I 
divides the clone into two fragments, one of which 
contains the coding as well as intron and small flanking 
sequences and the other which contains the 5' flanking 
sequence only. When used as a probe, the coding 
sequence gave a hybridization pattern identical to that 
obtained with the entire genomic sequence indicating 
that hybridization was due to homology with actin 
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Fig.4. DNA from chromosome substitution lines digested 
with Bgl II and compared to L. esculentum (e) and L. pennellii 
(p). The numbers at top indicate chromosome substitution. The 
fragment which corresponds to A ct-4 is shown at left and the 
arrows in the chromosome 3 substitution lane mark the ab- 
sence of this L. esculentum fragment and the appearance of an 
L. pennellii fragment 

coding regions and not the unrelated 5' flanking se- 
quence (Fig. 5). The 5' flanking sequence did not 
produce a discernable hybridization pattern (Fig. 5). 

Hybridization with maize actin probe (pMA C1) 

Because the analysis described relied upon the use of a 
single actin gene from a distantly related species, the 
question arises whether or not all of the actin loci were 
detected in the tomato genome. The possibility exists 
that the soybean probe had sufficient homology with 
only some of the tomato sequences to allow detection 
and genetic analysis by Southern hybridization. One 
way to search for additional loci would be to use an 
actin gene from an organism other than soybean as a 
probe on tomato DNA. The availability of a maize 
actin clone (pMAC1) provided an ideal second probe 
(Shah et al. 1983). As maize is a monocot and soybean 
a dicot, the sequences in pMAC1 and pSAC3 must 
have diverged no later than the divergence of monocots 
and dicots which has been estimated to be more than 
100 million years (Doyle etal. 1982; Marguilis and 
Schwartz 1982). The sequence divergence between 

Fig. SA-C. A comparison of L. esculentum DNA digested 
with Bgl II (1) and Eco RI (2) and probed with the following 
sequences: A entire pSAC3 sequence, B the 5' flanking 
sequence (approximately 1 kb) defined by Msp I and C the 
pSAC3 sequence without the 5' flanking sequence 

pMAC1 and pSAC3 has been described by Shah et al. 
(1983). 

pMAC1, used as a probe against restriction profiles 
from L. esculentum cv 'VF36', produced hybridization 
patterns with very few detectable differences to those 
obtained with the soybean probe (Fig. 6). 

Discussion 

The actin-related sequences in tomato represent a well 
dispersed gene family. We have found a minimum of 
10 genetically independent actin-related fragments in 
tomato as indicated by segregation analysis. The frag- 
ments account for more than 95% of the total hybrid- 
ization signal as determined by densitometric scanning 
of autoradiograms (Table 2) suggesting that we have 
accounted for most of the loci related to the actin 
probes used. 

Many of the fragments assigned to specific loci are 
large enough to contain several copies of the actin 



Fig. 6. L. esculentum DNA digested with Bgl II (1) and Eco RI 
(2) and probed with an actin sequence from corn, pMAC1 and 
an actin sequence from soybean pSAC3 

319 

gene. An estimate of  the maximum copy number  per 
locus can be derived from the minimum size of  the 
restriction fragments containing each locus and by 
knowing that the average actin transcript in plants is 
about 1.7 kb (Hightower and Meagher 1985). Three of  
the actin loci (Act-5, 7, 8) were observed to reside in 
fragments large enough to contain only a single copy of  
the gene whereas the others may contain as many as 10 
copies (Table 2). Predictions o f  maximum copy number  
based on size and number  of  restriction fragments have 
been fairly accurate in the case of  the chlorophyll a / b  
protein gene family (Vallejos etal.  1986; Pichersky 
et al. 1986). Some of  the loci detected in this report may 
in fact be non-functional or pseudogenes, a possibility 
which cannot be determined from this type o f  study. 

The actin clone from maize, although more difficult 
to hybridize with tomato, gave signals per fragment 
(from densitometric scans, data not shown) that are in 
close agreement with the signals from the soybean 
clone. This could indicate either a close ancestral 
relationship of  the heterologous probes from maize and 
soybean or that the signal is proportional to the 
number  of  genes per fragment. The fact that two of  the 
loci which differ dramatically in total hybridizable 
signal Act-7 (23% signal) and Act-8 (3.2% signal, Ta- 
ble2) are also included in the list of  loci which 
probably contain only a single copy of  the gene casts 
doubt on the latter hypothesis. 

Multiple actin genes are found in all eucaryotic 
organisms except yeast, where only one gene is found 
(Ng and Abelson 1980). There are at least two loci in 
Dictyostelium, one of  which has two tandem copies 

Table 2. Size and intensity of restriction fragments produced with Eco RI and Bgl II and their cor- 
responding locus designations. The maximum number of genes per locus was calculated as described 
in text. Kb = kilo bases 

Actin locus Bgl II Eco RI 

% total Kb % total Kb 
signal a signal ~ 

Average % Maximum no. 
total signal of genes 

per locus 

1 5 18.4 5 9 
2 3 9.4 5 13.8 4 4 
3 23 3.4 17 10.2 20 2 
4 15 19.0 17 9.4 16 4 
5 5 2.4 2.5 7.8 3.7 1 
6 13 4.1 9 5.4 11 2 
7 16 1.8 30 3.6 23 1 
8 3 6.0 3.5 1.7 3.2 1 
9 10 20.4 10 10 

10 3 8.5 3 4 

X 91 X 89 Z 98.9 

a Determined by densitometric scans ofautoradiograms 
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(McKeown et al. 1979). Genomic blots of  Dictyostelium 
DNA suggests that there are 15-20 genes for actin 
(Kindle and Firtel 1978). Drosophila possesses a mini- 
mum of 6 actin genes and they appear to be on dif- 
ferent chromosomes (Fryberg et al. 1983; Lewin 1983). 

Estimates of actin gene organization and number 
are limited in plants. I-Iightower and Meagher (1985) 
report that six different genomic clones from soybean 
belong to three homologous groups based on hybrid- 
ization efficiencies with each other and with total 
cellular mRNA. However, it is not known if any of the 
genes are clustered or what there distribution is among 
the chromosomes. For soybean, the upper limit for 
actin sequences has been set at eight (Hightower and 
Meagher 1985). 

The similarity of copy number estimates in tomato 
(minimum of ten copies) and soybean (eight copies) is 
unexpected. Tomato is a highly diploidized plant with 
only a few cases of duplicated genes. Soybean is a 
suspected allotetraploid (Hadley and Hymowitz 1973; 
Bingham et al. 1976) and would therefore be expected 
to contain twice as many actin genes as tomato if the 
number and function of actin genes per plant genome 
is conserved. It may be that tomato underwent a very 
ancient genome duplication. Analysis of a saturated 
linkage map in tomato based on random cDNA clones 
(currently under development in our lab) should then 
indicate remnant homeologous linkage blocks. Prelimi- 
nary results suggest that the majority of  the cDNAs 
mapped so far represent single loci and are not dupli- 
cated (Bernatzky and Tanksley 1986). It is also possible 
that the number of  actin loci is not well conserved 
across plant families and that the number may change 
over relatively short periods of  evolutionary time. 

New genetic markers 

Genetic mapping of homologous actin fragments 
through segregation analysis has demonstrated the 
ability to utilize conserved heterologous gene sequences 
to quickly develop new genetic markers. Genetic 
markers are proving to be useful in chromosomal 
localization and diagnosis of various human genetic 
disorders (Gusella etal. 1984; Rozen et al. 1985; Jef- 
freys et al. 1985) and will no doubt find many applica- 
tions in plant genetics and breeding (Tanksley 1983; 
Burr et al. 1983). There are, however, limitations to the 
use of multigene families as genetic markers. The 
restriction patterns from genomic hybridizations can be 
quite complex. We have simplified our segregation 
analysis by using backcross progeny. In this way, we 
needed only to score the presence or absence of frag- 
ments from the non-recurrent parent. F2 progeny 
analysis would be much more complicated considering 
that as many as eight loci would be segregating simul- 

taneously on a single autoradiogram and allelic frag- 
ments for each locus would need to be determined. 
Tnere is the possibility, though, that locus specific 
probes could be developed for gene families with many 
members. This has been demonstrated in tomato for 
the chlorophyll a /b  binding protein gene family 
(Pichersky etal. 1985) where individual loci were 
scored using either a 3' non-coding region or an inter- 
vening sequence from genomic clones as probes. 

References 

Bernatzky R, Tanksley SD (1986) Toward a saturated linkage 
map in tomato based on isozymes and random eDNA 
sequences. Genetics 112:887-898 

Bingham ET, Cutter GL, Beversdorf WD (1976) Creating 
genetic variability: tissue culture and chromosome manip- 
ulation. In: Hill DL (ed) World soybean research. Inter- 
state Printers, Danville Ill, pp 246-252 

Botstein D, White RL, Skolnick M, Davis R (1980) Construc- 
tion of a genetic linkage map in man using restriction 
fragment length polymorphisms. Am J Hum Genet 32: 
314-331 

Burr B, Evola SV, Burr FA (1983) The application of restric- 
tion fragment length polymorphism to plant breeding. In: 
Setlow JK, HoUaender A (eds) Genetic engineering: princi- 
ples and methods, vol 5. Plenum Press, New York, pp 
45-59 

Doyle TA, Hickey LJ (1982) Pollen and leaves from the mid- 
cretaceous potomac group and their bearing on early 
angiosperm evolution. Columbia University Press, New 
York, pp 139-206 

Gusella JF, Tanzi RE, Anderson MA, Hobbs W, Gibbons K, 
Raschtchian R, Gilliam TC, Wallace MR, Wexler NS, Con- 
neally PM (1984) DNA markers for nervous system 
diseases. Science 225: 1320-1326 

Fryberg EA, Mahaffey JW, Bond BJ, Davidson N (1983) 
Transcripts of the six Drosophila actin genes accumulate in 
a stage- and tissue-specific manner. Cell 33:115-123 

Hadley HH, Hymowitz T (1973) Speciation and cytogenetics. 
In: Caldwell BE (ed) Soybeans: improvement, production 
and uses. American Society of Agronomy, Madison Wis, 
pp 97-116 

Hightower RC, Meagher RB (1985) Divergence and dif- 
ferential expression of soybean actin genes. EMBOJ 4:1-8 

Jeffreys AJ, Wilson V, Thein SL (1985) Hypervariable 'mini- 
satellite' regions in human DNA. Nature 314:67-73 

Kamiya N (1981) Physical and chemical basis of cytoplasmic 
streaming. Ann Rev Plant Physiol 32:205-236 

Kindle KL, Firtel RA (1978) Identification of a Dictyostelium 
actin gene, a family of moderately repeated genes. Cell 
15:763-778 

Lewin B (1983) Genes. Wiley and Sons, New York, p 351 
Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning. 

Cold Spring Harbor Laboratory, New York 
Marguilis L, Schwartz KV (1982) Five kingdoms. Freeman, 

San Francisco, pp 17-161 
Maxam AM, Gilbert W (1977) A new method for sequencing 

DNA. Proc Natl Acad Sci USA 74:560 
McKeown M, Taylor WC, Kindle KL, Firtel RA, Bendor W, 

Davidson N (1978) Multiple, heterogeneous actin genes in 
Dictyosteliurn. Cell 15:763-778 



321 

Murray JM, Davies KE, Harper PS, Meredith L, Mueller CR, 
Williamson R (1982) Linkage relationships of a cloned 
DNA sequence on the short arm of the X chromosome to 
Duchenne muscular dystrophy. Nature 300:69-70 

Murray M, Thompson WF (1980) Rapid isolation of high 
molecular weight plant DNA. Nucl Acids Res 8:4321-4325 

Newmark P (1984) Molecular diagnostic medicine. Nature 
307:11-12 

Ng R, Abelson J (1980) Isolation and sequence of the gene for 
actin in Saccharomyces eerevisiae. Proc Natl Acad Sci USA 
77:3912-3916 

Pichersky E, Bernatzky R, Tanksley SD, Breidenbach RW, 
Kausch AP, Cashmore AR (1985) Molecular characteriza- 
tion and genetic mapping of two clusters of genes encoding 
chlorophyll a/b binding proteins in Lycopersicon esculen- 
turn (tomato). Gene 40:241-258 

Rick CM (1960) Hybridization between Lycopersicon esculen- 
turn and Solarium pennellii. Phylogenetic and cytogenetic 
significance. Proc Natl Acad Sci USA 46:78-82 

Rick CM (1969) Controlled introgression of chromosomes of 
Solarium pennellii into Lycopersicon esculentum: segrega- 
tion and recombination. Genetics 62:753-768 

Rick CM (1971) Further studies on segregation and recombi- 
nation in backcross derivatives of a tomato species hybrid. 
Biol Zentralb191:209-220 

Rick CM (1975) The tomato. In: King RC (ed) Handbook of 
genetics, vol 2. Plenum Press, New York, pp 247-280 

Rigby PWJ, Dieckman M, Rhodes C, Berg P (1977) Labeling 
deoxyribonucleic acid to high specific activity in vitro by 
nick translation with DNA polymerase I. J Mol Biol 113: 
815-817 

Rozen R, Fox J, Fenton WA, Horwich AL, Rosenberg LE 
(1985) Gene deletion and restriction fragment length poly- 
morphisms at the human transcarbamylase locus. Nature 
313:815-817 

Shah DM, Hightower RC, Meagher RB (1982) Complete 
nucleotide sequence of a soybean actin gene. Proc Natl 
Acad Sci USA 79:1022-1026 

Shah DM, Hightower RC, Meagher RB (1983) Genes encoding 
actin in higher plants: intron positions are highly con- 
served but the coding sequences are not. J Mol Appl Genet 
2:111-126 

Tanksley SD, Medina-Filho H, Rick CM (1981) The effect of 
isozyme selection on metric characters in an interspecific 
backcross of tomato - basis of an early screening proce- 
dure. Theor Appl Genet 60:291-296 

Tanksley SD, Orton TJ (1983) Isozymes in plant genetics and 
breeding. Elsevier, Amsterdam 

Tanksley SD (1983) Molecular markers in plant breeding. 
Plant Mol Biol Rep 1:3-8 

Tanksley SD, Loaiza-Figueroa F (1985) Gametic self-in- 
compatibility is controlled by a single major locus on chro- 
mosome 1 in Lycopersicon peruvianum. Proc Natl Acad Sci 
USA 82:5093-5096 

Vallejos CE, Tanksley SD (1983) Segregation of isozyme 
markers and cold tolerance in an interspecific backcross of 
tomato. Theor Appl Genet 66:241-247 

Vallejos CE (1983) Enzyme activity staining. In: Tanksley SD, 
Orton TJ (eds) Isozymes in plant genetics and breeding, 
part A. Elsevier. Amsterdam, pp 469-516 

Vallejos CE, Tanksley SD, Bematzky R (1986) Localization in 
the tomato genome of DNA restriction fragments con- 
raining sequences homologous to the rRNA (45 S), the 
major chlorophyll a /b  binding polypeptide and the 
ribulose bisphosphate carboxylase genes. Genetics 112: 
93-105 

White R, Leppert M, Bishop DT, Barker D, Berkowitz J, 
Brown C, Callahan P, Holm T, Jerominski L (1985) Con- 
struction of linkage maps with DNA markers for human 
chromosomes. Nature 313: 101 - 105 

Zamir D, Tanksley SD, Jones RA (1981) Genetic analysis of 
the origin of plants regenerated from anther tissues of 
Lycopersicon esculentum. Plant Sci Lett 21:223-227 


