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SUMMARY
Fraction 1 protein (F-1-P), found in all green plants, con sists of eight large subunits (LS) coded by chloroplast DNA and
eight small subunits (SS) coded by nuclear DNA .
By electrofocusing in BM urea many different species of F- 1 - P from all parts of
the Plant Kingdom, the LS is invariably found to resolve into
three polypeptides of different isoelectric points and the SS
into from one to four polypeptides.
During evolution of new
plant species by amphiploidy the composition of the LS is always
determined by the maternal parent , but both parents make equal
contributions to the composition of the SS.
In the case of N.
tomentosiformis (n=12; lSS ) d x N. sylvestris (n=12; lSS) ~ ➔
N. tabacum (n=24; 2SS) d x N . glutinosa ( n=12; 2SS) ~ ➔ N. dig luta (n=36; 4SS) a F- 1-P evolved containing 4SS polypeptides.
None of these arose by point mutation during speciation , al though the SS of F- 1 - P of N, digluta could have eight differ ences in amino acid sequence compared to N. sylvestris or N.
tomentosiformis , the differences being the consequence of am phiploidy.
Using this example, together with F- 1 -P composition
in parasexual hybrids , it is hypothesized that the genetic in formation for more than one SS polypeptide is non - allelic and
most likely located on heterologous chromosomes.
The study of
F- 1 - P in 62 species of Nicotiana provides a model system whereby
the LS is an indicator of the evolutionary age of one genus re lative to another and the SS an indicator of the age of one
species relative to another.
The SS can also serve to designate a new species of plant , while the LS has been used to trace
the origin of genomes in amphiploids .

MACROMOLECULAR NATURE
OF FRACTION I PROTEIN
Fraction I protein is the major soluble protein of p l ant
leaves wh ich assimilate carbon dioxide by the Calvin- Benson path-
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During photosynthesis the protein catalyzes the combinaway.
tion of carbon dioxide from the atmosphere with ribulose 1,5
diphosphate within the leaf cells to produce two molecules of
Some of the phosphoglyceric acid is
3-phosphoglyceric acid.
used to resupply the ribulose 1,5 diphosphate, whereas the remainder is mainly converted to starch. Fraction I protein is
In living cells
located in the mobile phase of chloroplasts.
of leaves the visible manifestation of its catalytic activity
is the rapid accumulation and growth in size of starch grains,
also located in the mobile phase of chloroplasts (WILDMAN et al.
In succulent leaves approaching major expansion in area,
1974).
like those of tobacco, spinach, pea, alfalfa, soybean and sugar
beet, for example, Fraction I protein will constitute up to one
In tobacco, tomato,
per cent of the fresh weight of the leaves.
petunia and egg plant, Fraction I protein can be isolated in
high yield as a pure, crystalline protein using a remarkably
simple method (CHAN et al. 1972).
In all preparations from eucaryotic organisms so far analyzed, Fraction I protein is composed of eight large subunits
In the case of the crystaicombined with eight small subunits.
line protein, electron microscopy and X-ray crystallography have
indicated how the large and small subunits are put together
(BAKER et al. 1977). As shown by the diagram in Figure 1, the
eight large subunits
are organized as a
cube, with pairs of
small subunits probably occupying four
out of six faces of
56,000 DALTON
the cube. Each mono75f OF MASS
meric large subunit
contains about 450
amino acids and has
12,500 DALTONS
a molecular weight
25% OF MASS
of ca. 55,000 daltons, so that the
cube of eight large
subunits produces a
Figure 1. Structure of Fraction I protein. mass of ca. 440,000
The small
daltons.
subunits are composed of ca.100 amino acide (ca. 12,500 daltons),
so that these eight add another 100,000 daltons to the macromolecule, which in its native state has a molecular weight in excess of a half million daltons.

HETEROGENEITY IN THE POLYPEPTIDE
COMPOSITION OF THE LARGE
AND SMALL SUBUNITS
Whereas the large and small subunits of Fraction I protein
are homogeneous in regard to molecular weight, the large subunit
is invariably, and the small subunit sometimes, heterogeneous in
regard to the isoelectric points of their polypeptides (CHEN et
One type of heterogeneity is illustrated in Figure
al. 1976a).
2. Here pure crystalline Fraction I protein from Nicotiana

COMPOSITION OF FRACTION I PROTEIN

85

tabaeum leaves was dissociated into its large and small subunits
by 8M urea, carboxymethylated and then subjected to isoelectric
focusing. This procedure caused the protein of the large subunit to resolve into three polypeptides whose isoelectric points
are slightly different from one another. The electrofocusing
also caused the small subunit protein to separate into two polypeptides of different isoelectric points. The heterogeneity
displayed by the polypeptides has proved to be remarkably useful
in studies on the evolution of Fraction I protein and also on
the origin of plant species. This comes about because the number and isoelectric points of the polypeptides serve as phenotypic markers for genes located in chloroplast DNA as well as
genes contained in nuclei. The origin of the isoelectric points
of the three large subunit and two small subunit polypeptides of
the N. tabaeum Fraction I protein illustrates the mode of evolution of Fraction I protein.

EVOLUTION OF N. tabaaum
FRACTION I PROTEIN
CLAUSEN (1932), GOODSPEED (1954) and KOSTOFF (1938) had
concluded on cytological, morphological and geographical grounds
that N. sylvestris (n=l2) and N. tomentosiformis (n=l2) were the
diploid parents of the N. tabaeum (n=24) amphiploid. Several
recent studies (GRAY et al. 1974; KAWASHIMA et al. 1976; STR0BAEK et al. 1976) on the polypeptide composition of the Fraction
I protein contained in the three plant species in question have
converged to authenticate the previous conclusion. The chemical
analyses have carried
the knowledge an additional step forward by
demonstrating that N.
sylvestris had to be
the female parent and
that the genetic information for the small
subunit was contained
on heterologous chromosomes, one donated by
each parent in the original hybridization.
The coding information
for the Fraction I protein large subunit polypeptides is contained in
chloroplast DNA (CHAN
2
3
4
5
6
7 8
and WILDMAN 1972) and is
inherited only via the
Figure 2. Composition of Fraction I
maternal .line. The maprotein from cultivars of N. tabaeum
ternal mode of inheritshown by electrofocusing. 1,2,3,4:
ance has been demonstran, 2n, 3n and 4n cultivars from U.S.;
ted for species of Nico5,6,7,8: cultivars from Europe and
tiana (SAKANO et al.
Japan.
1974), Avena (STEER1975),
Triticum (CHEN et aZ.1975)
and, in our unpublished experiments, for species belonging to the

s
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Cruciferae and Malvaceae. Thus, on the basis of present knowledge, only one of the two parents in an interspecific hybrid
can contribute the genetic information controlling the primary
structure of the large subunit polypeptides during evolution of
In contrast, the genetic information for
a new species of plant.
the small subunit polypeptides is contained in nuclear DNA, permitting both parents to make an equal contribution to the new
species. The diagram reproduced in Figure 3 illustrates the specific case of how the Fraction I protein contained in N. tabacum
originated.
The large subunits of the Fraction I protein in the parents
of N. tabacum contain a difference in chymotryptic peptides (KAWASHIMA et al. 1976). Only N. sylvestris large subunit protein
has a peptide composition identical to N. tabacum large subunit
Similarly, N. sylvestris has three polypeptides whose
protein.
isoelectric points correspond to those in N. tabacum, whereas
those in the other parent do not. Therefore the differences in
composition of the large subunit obtained by electrofocusing have
their counterpart in differences contained in the primary structure of the amino acid sequence of the large subunit protein.
The small subunit of N. tabacum Fraction I protein consists
of two polypeptides of different isoe~ectric-points. These have
been separated and partially sequenced and then compared to the
sequences for the single component polypeptides found in the two
parents of N. tabacum (STR0BAEK et al. 1976). The comparison is
shown in Figure 4. There is some dispute as to whether the Nterminal amino acid is methionine (IWAI et al. 1976) but agreeIf methionine
ment in regard to order of amino acids thereafter.
is the beginning, then, reading from left to right, the seventh
amino acid in the small subunit is isoleucine in N. sylvestris
and tyrosine in N. tomentosiformis.
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Figure 3. Diagram illustrating
the origin of the amphidiploid
N. tabacum. The coding information for the large subunit is
transmitted maternally, while
the coding information for the
small subunit has biparental
From STR0BAEK
transmission.
et al. (1976).
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Both of these amino acids occupy the seventh position in
the unseparated po l ypept i des of the N. tabacum prote in . Theimportant po int to be made out of these data is that the change
from an isoleucine to a tyrosine cannot be acco unted for by a
point mutation in the genetic code for the smal l subunit, that
i s, the coding triplet fo r tyrosine (UAU or C) cannot be trans formed to the t ri plet for iso l eucine (AUC or A) by c h anging just
one nucleotide. Rather, it is ev ident that small subun i t po l y peptides d i stant l y related in regard to pr i mary structure can be
combined into the structure of the o li gomeric Fraction I protein
by the single step of hybridization between different species of
p l ants. Furthermore, the data permit the prediction that informat i on for each of the two po l ypeptides in N. tabacum Fraction I
protein will be l ocated on heterologous chromosomes, one chromosome having come from N. sylvestris and the other from N. tomen tosiformis .
NUMBER
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Figure 4.
A region in the primary structure of the smal l
subunit po l ypeptides of the amphidiploid N. tabacum Frac t i on I p r otein whose po l ymorphism coul d not be explained
by a point mutation in the sequence of ei ther of its dip loid paren tal species.

EVOLUTION OF THE FRACTION I PROTEIN
CONTAINED INN. digluta
A further step in the evolution of the primary structure of
Fraction I protein during speciation of Nicot i ana has been seen
in the case of N. digluta (n=36). CLAUSEN and GOODSPEED (1925)
made the hybrid N . glutinosa ~ x N. tdbacum d.
The seeds of the
F1 hybrid germinated and produced plants which , tho u gh vigorous,
remained self-inferti l e and also in fertile to either N. glutinosa
or N. tabacum pollen. Evidently, infertility was due to failure
of chromosome pairing during meiosis.
A spontaneous doubl i ng of
somatic chromosomes occurred in one individual in the popul ation.
Doub ling the chromosomes produced a plant which could self-fertilize and survi ve alternation of generations; consequently, i t was
el i gible to be call ed the new species, N. digluta . The large sub unit polypeptides of N. glutinosa have different isoelectric
points than those of N. tabacum.
N. digluta has those corre sponding to N. glutinosa as demanded by maternal inheritance .
The Fraction I protein of N. glutinosa has two smal l subunit
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polypeptides, but their isoelectric points are different from
The small subunit of
the two in the protein from N. tabacum.
N. digluta contains four polypeptides corresponding in isoelectric points to the two in N. gZutinosa and the two ~n N. tabacum
(KUNG et al. 1975). By extrapolation from the N. tabacum analysis, we would also suspect that the coding information for
each of the N. glutinosa small subunit polypeptides is contained
If not, the two genes must be at
on different chromosomes.
different loci on the same chromosome and are therefore non-allelic. There is no segregation of the two polypeptides following self-fertilization of N. glutinosa or cross-pollination by
another member of the population. We make the further presumption that the two chromosomes in N. glutinosa are heterologous
with respect to the two chromosomes containing the genetic code
Extending the
for small subunit polypeptides in N. tabacum.
argument, the genetic information for the four small subunit
polypeptides in N. digluta is thought to be distributed on four,
It is clear, however, that further
heterologous chromosomes.
genetic analysis is badly needed. Otherwise we cannot be confident that linkage is not operative in this system, although
our preference favors the four-chromosome hypothesis.
In tracing the origin of the N. digZuta protein from the
first hybridization of N. sylvestris and N. tomentosiformis to
produce N. tabacum, the striking feature is that there is no
evidence that mutations in the coding information for the small
subunit polypeptides sufficient to change polypeptide isoelectric
points accompanied the evolutionary process which increased the
It is equally striking
polypeptide number from one to four.
that maternal inheritance of the coding information for the large
subunit polypeptides was adhered to strictly during the two stages
of speciation which resulted in the appearance of N. digluta.
In our unpublished experiments one backcross of N. digZuta with
N. tabacum pollen was enough to remove two of the four small
subunit polypeptides from Fraction I protein. The lost polypeptides corresponded in isoelectric points with the two found in
N. gZutinosa protein. This seems to be further evidence in favor of the view that genetic information for the lost polypeptides had been contained on chromosome(s) originally derived
from the N. glutinosa genome.

FORMATION OF NEW SPECIES OF
FRACTION I PROTEIN BY PARASEXUAL
HYBRIDIZATION OF PLANT PROTOPLASTS
CARLSON et al. (1972) discovered that a new species of Nicotiana which is self-fertile could be produced by the initial
act of fusing protoplasts of N. glauca (n=l2) mesophyll tissue
with those of N. langsdorffii (n=9). Fifteen N. glauca + N.
langsdorffii parasexual hybrids have been created (SMITH et al.
1976). Eight of the fifteen parasexual hybrids contained large
subunit polypeptides of the N. langsdorffii type and seven of
the N. gZauca type. All fifteen parasexual hybrids contained
both N. glauca and N. Zangsdorffii nuclear genomes whose DNA
was translated into three different small subunit polypeptides.

COMPOSITION OF FRACTION I PROTEIN
Why parasexually produced plants cannot tolerate the presence
of two chloroplast DNA genomes operating in the same cell remains a mystifying question. The Fraction I protein small subunit of N. glauca consists of a single :polypeptide whose isoelectric point is distinguishable from the two polypeptides of the
N. langsdorffii small subunit. Since all parasexual hybrids
have Fraction I proteins containing three small subunit polypeptides, we reason by analogy that the genetic information for
the N. glauca polypeptide is on one chromosome and information
for the N. langsdorffii polypeptides on two other chromosomes.
In all hybrids the amounts of each of the three small subunit
polypeptides appear to be equal, so that dominance is not a factor in the expression of the genetic inform'a tion coming from
different chromosomes.
The Fraction I protein in the selfed F2 progeny from eleven of the parasexual hybrids has been found to contain the
same three small subunit polypeptides.
In two instances a
selfed F, generation Fraction I protein was found to contain
the same three small subunit polypeptides. Therefore the analysis of the Fraction I protein polypeptide composition of
parasexual hybrid plants provides additional evidence in support of the argument that the genetic information for the
small subunit amino acid sequence is located on heterologous
chromosomes in the case of Fraction I proteins composed of
more than one small subunit polypeptide.
The probable separation of information on different chromosomes provides the potential for a plant protein to undergo a
relatively enormous change in its composition by a single evolutionary event, as illustrated by Fraction I protein. The two
polypeptides of the small subunit of N. tabacum protein have
been partially sequenced.
In the first forty amino acids, two
differences have been found (Figure 4). From amino acid analyses, it is predicted that two additional differences will be
found in the sixty-two amino acids remaining to be sequenced
(STR0BAEK et al. 1976). Thus the evolutionary event which produced N. tabacum was accompanied by four changes in amino acid
sequence of the small subunit.
If we assume that differences
of similar magnitude are responsible for separation of the two
polypeptides of N. glutinosa, \then in reaching the evolutionary
state of Fraction I protein iru1 N. digluta eight differences
could have occurred in the ami~o acid composition without any of
them being attributable to point mutations in the genetic code.
What is seen in this example at the molecular biological level
is stark testimony to the accuracy of the view, so frequently
advanced by plant evolutionists, that amphidiploids do not produce anything new in the genetical sense, but simply add together or combine genetic information already pre-existing in the
parents.
But evolution by amphidiploidy has produced, according
to the estimates of SOLBRIG (1966), 40% of the world's total
plant species.
Isozymes also arise by amphidiploidy, ferredoxin being an
example.
Two species of ferredoxin have become a part of the
phenotype of N. digluta, whereas only one form exists in N. tabacum and N. glutinosa, the parents of N. digluta (KWANYUEN and
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It can be imagined that species already containWILDMAN 1975).
ing a number of forms of an enzyme (like peroxidase,for example)
could dramatically increase that number if speciation were to
follow hybridization and amphidipLoidy. As in Fraction I protein, the number could change dramatically and still be unaccompanied by any mutations in the genetic information coding for
the individual proteins in the mixture.

HYPOTHESIS ON ORIGIN OF SMALL SUBUNIT
POLYPEPTIDES DURING EVOLUTION·OF
FRACTION I PROTEIN IN THE GENUS NICOTIANA
The genus Nicotiana consists of 65 species (GOODSPEED 1954;
The polypeptide composition of Fraction I proBURBIDGE 1960).
tein is known for sixty-two of these species (CHEN et al. 1976b).
Only four differences are found in the isoelectric points of the
three polypeptides of the large subunit coded by chloroplast DNA.
During the evolution of the sixty-two species, thirteen differences have appeared in the isoelectric points of the small subunit polypeptides. Of the sixty-two species, forty-three contain two or more small subunit polypeptides. An understanding
of how a FractiDn I protein in an _am~hi~loid comes to contain
more than one small subunit polypeptide is apparent from the
previous analysis of how the two polypeptides in N. tabaeum and
However, nineteen species of Fracthe four in N. digluta arose.
tion I protein contain only a single small subunit polypeptide.
These are all contained in diploids. Moreover, the isoelectric
point of the single small subunit polypeptide of one species of
a diploid Nicotiana Fraction I protein can be the same as or different from, the isoelectric point of the protein isolated from
another species of Nicotiana. There are five types of species
of Fraction I protein containing a single small subunit polypeptide.
The origin of Fraction I proteins containing single small
subunit polypeptides of differing isoelectric points is most
likely the consequence of point mutations in the genetic code.
The probable manner of how a small subunit polypeptide changes
its isoelectric point is illustrated by the diagram in Figure 5,
The basic premise is that the genetic information is contained
in the alleles on a single chromosome. We presume that in a huge
population of a single species of Nicotiana, designated as SSl
in Figure 5, a point mutation in the genetic code for one of the
100 amino acids of the small subunit occurs in one member of the
Such an occurrence might be at the level of one in
population.
10 6 individual plants. The mutation results in the replacement
of a single amino acid in the primary structure of the small subIf the new amino acid has a charge that is different from
unit.
the former, this will be reflected in a change in the isoelectric
point of the polypeptide. The plant in which the mutation occurred now contains a chromosome in which the unmutated allele
produces one polypeptide of the original isoelectric point and
the mutated allele produces a polypeptide of different isoelecIf this plant, now containing two polypeptides,
tric point.
reproduces either by self- or by cross-fertilization with
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another i ndi v i dua l i n the popul at i on, t he two a l leles wil l se gregate , r esult i ng in r esto r at i on of the previous spec i es of
Fraction I protein together wit h produ ction of an ent i rely new
species of protein as indicated by SS2 in F i gure 5.
Se l f - fer tilization wil l perpetuate this new species of Fraction I protein containing a single smal l subunit polypeptide of an iso e l ectric point different from the single po l ypeptides in the
SSl population .
Po i n t mutation in the SS2 popu l ation could pro duce an alteration in the cod i ng information contained i n the
single chromosome controlling the sma l l subunit, l eading to a
single po l ypeptide wi th another difference in isoelectric point.
Such events may have produced all of the thirteen differences
that have evolved ,
Point Mutati on

=f= } Large

f}

Subunit Polypeptid es

Small Sub unit Polypepti des

Point Mutation

··· ··· ·"

0

Figure 5.
Probable manner in which the single small
sub u n i t polypeptides of Fraction I prote i ns undergo
a change in isoe l ectric po i nts.
In this l ong per i od of spec i ation the genet i c info r mation
has presumab l y found its way by tran s location onto as many as
four different chromosomes in some polyplo i d species of Nicotiana which have Fraction I proteins disp l aying fo u r smal l subunit
polypeptides.

SPECIAL FEATURES OF FRACTION I PROTEIN
EVOLUTION OBSERVED IN NICOTIANA WHICH
ALSO APPLY TO OTHER GENERA
There has been no deviation encountered in the isoelectric
points of l arge and small s u bun i ts of Fraction I proteins iso l ated f r om seve n teen se l f - fe r t il e cu l tivars of N. tabacum involving numerous repetitions of the analyses of different popu l a tions and i nd i vidual plants within the populations . No chang es
have been found in N. glauca Fraction I protein is o lated from
plants whose self- fert il e parents were growing on each conti nent of the world . Th e composit i on of Fract i on I protein within
a species therefore appears to be u nusua l ly stable since i t has
not gratuitously changed during centuries of plant breeding by
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man or by the vicissitudes of Nature as affected by geography
The large subunit polypeptide composition,
and edaphic factors.
because of its extraordinary stability during geological time,
can be used as an estimate of the relative age of different
plants.

Comparative Age of Genera Judged by Number of
Differences in Composition of the Large Subunit

Twenty species of Nicotiana are unique to Australia, whereas the remaining 45 species are confined to the Western Hemisphere. GOODSPEED (1954) proposed that separation and isolation
of the Australian species were the consequence of continental
drift which commenced in the Cretaceous period. RAVEN and AXELROD (1974) have other ideas on the possible age of angiosperms
and the origin of species. However, their view was advanced
before it was known that two species of Nicotiana located at the
tip of South America contain Fraction I protein compositions
which have large subunit polypeptides of the type found in no
other species except those in Australia (CHEN et aZ.1976b).
Furthermore, these proteins have one small subunit polypeptide
found elsewhere only in Australian species and another found
only in Western Hemisphere species. The Fraction I proteins of
these two species therefore appear to be relics of the proteins
in those species which evolved into the Australian species.
Their geographical location is supportive of the Goodspeed hypothesis, which proposed that the Australian species have been evolving in isolation from the Western Hemisphere species for 75100 million years.
In the entir~ genus Nicotiana only four types of Fraction
I protein large subunit polypeptides have been encountered (CHEN
et al. 1976b). It was therefore estimated that 2x=4 is an indication that only two mutations in chloroplast DNA have survived
No differences were
during the entire li~e span of the genus.
encountered among th~ \ Australian Fraction I protein large subTherefore, if lGoodspeed's contention is plausible, it
units.
follows that no survtving mutations in chloroplast DNA coding
for the isoelectric p p ints of the three Fraction I protein large
subunit polypeptides ~ave occurred in the last 75-100 million
years among the Aust~alian species. This would place the maximum surviving mutation rate for chloroplast DNA coding for Fraction I protein at 0.22 mutations/100 amino acids/10 8 years.
Pursuing this line of reasoning further,
The rate could be less.
it would appear that, if more than 75 million years elapse between surviving mutations, the genus Nicotiana must have been
evolving for at least 150 million years for the two surviving
GOODSPEED (1954) proposed that the
mutations to hav:;,1occurred.
Australian Nicotianas are of younger vintage than Western HemiThe
sphere species because the former are all amphiploids.
No AustraFraction I protein analyses agree with this notion.
lian species has a Fraction I protein small subunit with less
than two polypeptides, and 90% of the species have three or four
polypeptides. However, six of the thirteen small subunit poly-
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peptides are Unique to the twenty Australian species. One of
these six is found in those two Nicotiana species located at
Amphiploidy may have been a factor
the tip of South America.
in the more rapid evolution of the polypeptides in Australian
Fraction I proteins since amphiploidy provides a greater chance
for point mutations to occur.
Another manner of looking at the problem of the age of Nicotiana is to consider the probable mutation rate of the small
Thirteen polypeptides are now existent
subunit polypeptide.
Comparing the single polypeptide
among 62 species of Nicotiana.
of N. tomentosiformis with an isoelectric point different from
the single polypeptide of N. sylvestris, the difference in isoelectric points resides in four changes in amino acids out of
On the presumption that each of the addica . 100 amino acids.
tional eleven polypeptides also underwent a change of four ami4 x 12 = 48 amino acid differences among thirteen
no acids,
Allowing a minimum of 75 x 10 6 years since the
polypeptides.
Nicotiana Fraction I proteins have existed, 75 x 10 6 years/48
differences= ca. 1.5 million years per amino acid sequence muIn comparison, a mutation in the sequence of cytochrome
tation.
C, a protein also containing approximately the same number of
amino acids, occurs about every twenty million years (DICKERSON
1972).
Table 1 is a compilation of recently acquired data for the
Fraction I protein composition in species belonging to different
genera of plants, providing an opportunity for comparison to NiOn the presumption that the greater the number of difcotiana.
ferences in the composition of the large subunit the greater
the age of the genus, the genus Nicotiana with four differences
is older than genera belonging to the Cruciferae with three,
In the family Solanaceae, the geChenopodiacea with two, etc.
nus Nicotiana is significantly older than the genus Lycopersicon,
This estimation is thus in conformity
which has no differences.
with the previously advanced view on cytological \ genetical and
geographical grounds that the species constituting the genus Lycopersicon are of recent origin on the geological \ time scale
'
(RICK et al. 1976).
Continuirig the argument, genera capable of intergeneric hybridization in the family Cruciferae are older than Lycopersicon
but younger than Nicotiana. Genera in the Chenopodiaceae are
older than Lycopersicon but younger than Nicotiana and genera of
Gossypium, with its two types, is a relatively
the Cruciferae.
old genus, whereas Oenothera is of more recent origin since no
mutations have survived in its Fraction I protein large subunit.
Among the grain-producing plants belonging to the Monocotyledons, wheat and its relatives are older than barley or corn
and its relatives, teosinte and Tripsacum, as judged by the differences in the polypeptide composition of the large subunit of
their Fraction I proteins.
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Age of One Species Relative to Another as Judged
By . the Number of Small Subunit Polypeptides
In the N. sylvestris x N. tomentosiformis + N. glutinosa x
N. tabacum + N. digluta example previously considered, the presence of multiple polypeptides can be an indication of relative
youth of the species compared to species containing single peptides in their Fraction I protein small subunits. Four polypeptides comprising the small subunit of N. digluta protein places
the species as being younger than N. tabacum with its two polypeptides.
In the same light N. tabacum, with two, is younger
than either N. sylvestris or N. tomentosiformis, each having one
polypeptide. On the basis of present knowledge, no distinction
in age between species can be made if they contain only a single
subunit polypept ide, even though the single polypeptides may
differ in composition as shown by differences in the isoelectric
points.
Corn and teosinte contain two small subunit polypeptides
(Table 1) which place their origin as having occurred after Tripsacum with its single small subunit polypeptide.
In unpublished work, two species of Lycopersicon, as well
as Solanum pennelli, were found to contain only a single small
subunit polypeptide. Two other species contain small subunits
with two polypeptides, which indicates that these species have
evolved more recently than species with one po lypeptide, but
earlier than five other species, including the domestic tomato
L~ esculentum, all of which contain small subunits with three
polypeptides.
Nine different cultivars of the domestic tomato
displayed identical compositions in regard to the isoelectric
points of the lar ge and small subunits of their Fraction I proteins.
Thus domestication of this plant, followed by centuries
of breeding activity by humans, has not produced alterations in
the structural genes coding for the large or small subunits of
Fraction I protein, a situation entirely reminiscent of the domestication of N. tabacum.
The presence of main l y single small subunit polypeptides
in the Fract ion I proteins of the grasses listed in Tab le 1 is
probably the consequence of close pollination of these species.
Mutations which occur in the nuclear DNA coding for the small
subunit would seem to be eliminated soon after appearance by
crossing over, segregation and further cross-hybridization with
parental species .

Small Subunit Compositions as an Aid in Deciding
On Designating a New Species of Plant
N. suaveolens is an example of a plant species whose Fraction I protein contains multiple sma ll subunit polypeptides. A
population of N. suaveolens plants presents cons iderabl e polymorphism in phenotypic characters between individuals (BURBIDGE
1960). For example, one individual may have a purple pigment in
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Table 1.
Number of polypeptides of differing iso electric points comprising the large and small sub units of Fraction I proteins isolated from different
species of plants.

FAMILY

GENERA

NUMBER OF SPECIES
ANALYZED

NUMBER OF
POLYPEPTIDES
LARGE

SMALL

DICOTS

60

4

13

9

1

3

Brassica
Sinapis
Rhaphanus

8

3

4

Chenopodiaceae

Beta
Spinacia

2

2

2

Onagraceae

Oenothera

12

1

1

Malvaceae

Gossypium

3

2

2

7
4

3

1
1
1

2
1
1

8

2

1

Solanaceae

Cruciferae

Nicotiana
Lycopersicon
+Solanum

MONOCOTS
Gramineae

Zea
Sorghum
Hordeum
Triticum
+Aegilops

its anthers, another brown, and another green in plants which
otherwise look alike.
Similarly, we have found polymorphism in
the electrofocusing pattern of Fraction I proteins isolated from
individual plants in a population as shown by the diagram in
Figure 6.
All individuals have Fraction I proteins with identical large subunit polypeptides.
However, some plants contain a
Fraction I protein with a pattern of three small subunit polypeptides designated as A in Figure 6. Other plants have a three polypeptide pattern designated as B, whereas still other plants
have the four-polypept~de pattern shown as AB.
Plants with
these three different kinds of Fraction I protein are otherwise
indistinguishable on morphological grounds, at least to the untutored eyes of biochemists. However, when plants of the A or
B patterns self-fertilize, they breed true. The Fraction I pro tein small subunit polypeptide in their progeny will be either
A or B.
Plants containing the AB patterns can be generated in
the laboratory by crossing plants of pattern A with plants of
pattern B.
Since there are no barriers to fertility, this F~
hybrid plant containing four small subunit polypeptides is selffertile.
Although experiments are in progress, it is not yet
known whether the small subunit polypeptide pattern in N. suave olens AB breeds true or segregates into the A and B patterns after self- fertilization.
The external phenotypes of these three
kinds of plants are too similar to distinguish the plants from
each other.
However, the internal Fraction I protein patterns
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-- -- -A

B

AB

could be used as stable, reproducible
phenotypic markers to split N. suaveolens into two distinct subspecies.
The analysis also makes clear that subspecies N. suaveolens AB is a derivative by hybridization between N. suaveolens A and N. suaveolens B.

Lycopersicon minutum, once considered to be a single species, has been
split by RICK et al. (1976) into two
species: L. parviflorum and L. chiemelehlski.
The argument for splitting
Figure 6. Example of how
was based on hybridization behavior
N. suaveolens plants could and
other grounds.
Of interest here
be reclassified into difis the analysis of the Fraction I
ferent species on the baproteins contained in the two spesis of differences in
cies.
L. parviflorum contains a
Fraction I protein composmall subunit with a single polysition.
peptide, while L. chiemelehlski has
two small subunit polypeptides.
In
addition to the fact that these differences in protein composi-·
tion are consistent with the view of RICK et al. that they are
distinct species, the existence of the two small subunit polypeptides in L. chiemelehlski strongly indicates that it evolved
later than L. parviflorum.

Origin of Genomes
Following the successful identification of N. sylvestris as
having been the female donor of the chroloplast DNA genes coding
for the large subunit polypeptides of N. tabacum Fraction I protein, a similar analysis was applied to the donor of the B genome of hexaploid wheat (CHEN et al. 1975). The outcome of the
analysis is reproduced in Figure 7A.
Triticum dicoccum was found
to have chloroplast DNA g enes corresponding to those in T.
aestivum coding for the large subunit of Fraction I protein, and
therefore T. dicoccum was the maternal parent in the cross. Furthermore, the analysis indicated that certain species such as T.
boeticum and T. urartu could not have be ~n direct participants
as the B genome donor in the cross with i~ monococcum which gave
rise to T. dicoccum.
However, the objection was raised that the
single accessions used might not have been. entirely representative of invariance in Fraction I protein composition of the species in question (JOHNSON 1976). Since then,Fraction I proteins
from 38 additional accessions of T. boeticum and four of Ae.
squarrosa have been analyzed with no deviation in polypeptide
patterns on which the pedigrees in Figure 7A are based.
Among nine species of Brassica, to which the vegetables kale,
cauliflower, Brussel sprouts and cabbage belong, one difference
in the Fraction I protein large subunit polypeptide pattern is
found.
In the same nine species, three different small subunit
polypeptides are found. Using these phenotypic markers, the evolutionary progression of these plants of commercial interest
could be deduced with the results shown in Figure 7B.
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T. timopheevii
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n= 21

A
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B . nigra

B. oleracea

n = 9
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B. ca rinata

B. juncea
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n =18

17
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B. napus

n:19

Diagrams indicating the sex of the plant
Figure 7.
giving rise to a particular genome during the origin
of polyploid plants . a: plants be l onging to wheat
(Triticum) family; b: plants belonging to cabbage,
kale, radish (Br assica) family.
The ancestor of modern day corn (Zea mays) is considered
by BEADLE (1939) to have been teosinte (Zea mexiaana), whereas
MANGELSDORFF and REEVES (1939) have proposed Tripsacum as a probable parent . Analysis of the Fraction I proteins from the
three species shows no difference in large subunit composition.
However, both corn and teosinte have small subunits consisting
of two polypeptides (CHEN et al. 1977), whi l e an unpublished
analysis has shown Tripsacum to have a single, small subunit
po l ypeptide . It seems likely, therefore, that Tripsacum antedates both corn and teosinte and that the latter is more dir ectly re l ated to corn on the basis of having an identical Frac tion I protein polypeptide composition.
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