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SUMMARY

The extent of variation in cell mass, and in the size of the cell population of
cotyledons has been examined to determine their relative roles in the evolution
of variation in seed weight within the genus Vicia. In the 12 species examined
there were highly significant correlations between seed weight and cotyledon
cell number, and between seed weight and mean cell mass. The extremes
differed by a factor of 625 fold in dry seed weight; of this variation, most (140
fold) was attributable to variation in the size of the cell population and only a
4-47-fold change was due to differences in cell mass. The cotyledon cells of all
the species, irrespective of their seed weight showed very high levels of replica-
tion of their DNA. The implications of these data in terms of the evolution of
seed mass in Vicia is considered. There was a constant relationship between cell
mass and DNA amount per cell for all species, irrespective of the basic genome
size, extent of DNA replication or of the information content of the genome.
The basis of this relationship, and its evolutionary implication, is considered.

1. INTRODUCTION

SUBSTANTIAL variation in the size of seeds exists both between and within
different species of plants (Harper et al., 1970; Salisbury, 1974). While the
evolutionary significance and ecological implication of these variations have
been the subject of considerable discussion, the cellular and molecular basis
of the variation in size is for the most part not understood. Yet the seed is
the economically important component of many of our crop plants and a
greater knowledge of its biology is of significance in programmes of crop
plant improvement. Physiological studies have not resolved the relative
roles of the sources of photosynthate, of the capacity or strengths of the sinks
within the seed, and of the translocation system between them in determining
the size of the seed (Evans, 1975). Sink strength and size has not been
defined in terms of enzymatic activities, hormone levels, nucleic acid and
protein metabolism, nor in terms of cell numbers and cell mass (Dure, 1975).
Within the species Pisum sativum it has been shown that the variation in seed
size between different genotypes is associated with both a change in the num-
ber of cells within the cotyledons and in the mean weight of those cells. The
mean cell weight is in turn related to mean DNA and ribosomal RNA
amounts (Davies, 1975; Davies and Brewster, 1975; Davies, 1976), but the
factors regulating the latter parameters have only begun to be examined in
studies of the role of ribosomal RNA cistron numbers (Cullis and Davis,
1975) and of RNA polymerase levels (Cullins, 1976). Bennett (1972) and
Jones and Brown (1976) demonstrated a relationship between seed mass and
the diploid (2C) armount of DNA in the genome of different species within
the genera Vicia, Allium and Creprs, although in all these instances there was a
considerable amount of variation not accountable in terms of change in 2C
DNA contents. The present study has sought to examine the basis of the
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approximately 600-fold difference in seed size that exists between different
species within the genus Vicia.

2. MATERIALS AND METHODS

The following species were used Vicia angustifolia (BA46); V. bithynica
(BA8); V. disperma (BAT); V. ervilia (BA18); V. grandiflora (BA25); V. lutea
(BA34); V. narbonensis (BA37); V. pubescens (BA43); V. sativa (BA44); V.
villosa (BA66); V. faba major cv. Green Windsor; V. faba minor cv. Maris Bead
(BA71). I am indebted to Dr E. Griffiths, Institute of Rural Science,
University of Wales, Aberystwyth, for kindly providing the seed of these
species.

Cell counts were made following digestion of the cotyledons with chromic
acid for 24 or 48 hours at room temperature (Rijven and Wardlaw, 1966).
Your replicate samples, cach of 10 separate counts were used to determine
each value. The values quoted are the final cell numbers after cessation of
cell division. DNA was extracted by homogenising a known weight of
tissue in buffer (50mm Tris pH 8-0, 10mm mercaptoethanol, 2mm magnesium
chloride; 5 per cent glycerol; 1 mg/ml polyvinylpyrrolidone), spinning at
100,000 g for 30 minutes, washing thc pellet twice in buffer, precipitating
with 2 vols of ethanol, spinning again at 100,000 g then digesting the pellet
in 5 per cent perchloric acid at 70°C for 30 minutes. The DNA was esti-
mated by a diphenylamine method (Schneider, 1957). For the mature
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Fri. 1.—Relation between numbers of cells in the two cotyledons and the dry weight of a seed
in different species of Vicia. O = V. pubescens; X = V. angustifolia; A = V. disperma;
& = V. sativa; @ = V. ervilia; ¥ = V. grandifiora; 3% = V. villosa; + = V. lutea;
W = V. bithynica; /\ = V. narbonensis; Xx = V. faba minor; ] = V. faba major.
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seed, three replicate estimates were made per species. In the case of the
developing cotyledons, each sample was estimated separately, and the value
related to its fresh weight. Replicate samples were not readily attainable
for any given developmental age. Dry weights of mature sceds were
determined aftcr equilibration over calcium chloride.

3. ResuLts

Within thc Vicia species examined a highly significant correlation
(P<0-:001) exists between the final number of cells in the cotyledons of a
seed, and the dry weight of that mature seed. (The weights of the cotyledons
represent approximately 85 per cent of the total dry weight of seed.) The
correlation holds over the 625-fold variation in the dry weight of seed, from
the mean value of 0:00249 g in Vicia pubescens to 1-556 g in V. faba major. The
mean numbers of cells in the pair of cotyledons of these two species are
2-487 x 10* and 3476 x 106 respectively. The slope of the log/log relation-
ship (fig. 1) is 0-7628 +0-0402, indicating that the rate of increase in cell
number diminishcs with increasing seed weight.

The average weight of the cotyledon cells differs in the species examincd
(see table) with the mean being related to mature dry sced weight (b =
0-4900 +0-0686 for the log/lincar relationship, P <0-001). The maximum
extent of the diffcrence in cell weight is 4-47-fold with again a more rapid
initial rate of increase. 'This is in contrast to the 140-fold variation in cell
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Fic. 2.—Relation between DNA per two cotyledons and weight, in mature dry secd of
different species of Vicia (symbols as in fig. 1).
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number. Thus while the evolution of larger seeded forms within the genus
Vicia has been achieved as a result of two mechanisms, the increase in cell
number has been by far the more important.

It has been observed in many systems that cell weight is correlated to
nuclear DNA content (Ycas et al., 1965; Martin, 1966). DNA amounts
present in the cotyledons were determined both for mature dry seed, and
for a range of developmental stages during the maturation of the seed. A
highly significant linear relationship existed between DNA content and seed
weight in the mature dry seed (b = 10413 + 0-0229 for the log/log relation-
ship, P<0-001) (fig. 2). For the range of developmental stages the relation-
ship was not quite linear (5 = 0-8949 +0-0213 for the log/log relationship,
P <0-001) (fig. 3). Thus in the dry seed a unit increase in weight is assoc-
iated with a constant increase in the amount of DNA, irrespective of the
number of cells present, or of the differing basic genome sizes in the different
species. This 1s expected if cell weight is directly related to DNA content,
and such a relationship is observed (b = 0-2842 +0-0221, P <0-001) (fig. 4).
Using the published values (Chooi, 1971a; Bennett and Smith, 1976) for
the 2C amounts of DNA, the average extent of the replication of DNA
within the cotyledon cells of each species was calculated (table). These
data confirmed the high DNA contents and high C values per cell that have
been observed in the cotyledon cells of legumes. They furthermore indicated
that the cells of those species which had the smallest 2C values showed the
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Fic. 3.—Relation between DNA and wet weight in cotyledons of a range of developmental
stages in different species of Vicia (symbols as in fig. 1).
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greatest extent of DNA replication in their cotyledons. The mean C value
obtained for V. faba cotyledon cells is higher than that quoted by Millerd and
Whitfield (1973); they reported a calculated mean value of 16C although
this should be 25C if the average of three similar 2C values obtained by
Evans et al. (1972), Maher and Fox (1973) and Bennett and Smith (1976) of
26-27 x 1012 g is accepted as the correct one.

4. DiscussioN

The variation in seed size that is observed between the different species of
Vicia cannot be directly related to any evolutionary phylogenetic sequence
since this has not been established for the species concerned. Nevertheless,
irrespective of whether or not the evolutionary trend is towards an increase in
seed weight, as seems likely by analogy with other crop plants and their
ancestral relatives, the means by which the change in weight has occurred
can now be established. The primary mechanism has been an increase in
size of the cell population within the cotyledons, with an increase in cell
weight a secondary and less important factor. Bennett (1972) observed a
relationship (P <0-01) between seed mass and 2C DNA amount in seven
species of Vicia, although in doing so he omitted one form, V. faba major, which
clearly did not agree with the relationship. Bennett (1972) and Jones and
Brown (1976) also observed a relationship between 2C nuclear DNA amounts
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Frc. 4.—Relation between DNA amount and weight, per cotyledon cell in dry mature seed
of different species of Vicia (symbols as in fig. 1).
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and seed weight in 12 species of 4llium and 1n 16 species of Crepis respectively.
While a general relationship of the kind described certainly exists and has
been confirmed in the present investigation, variation in cell number is of
far greater significance in accounting for variation in seed weight within the
group of Vicia species, than is the 2C amount of DNA. In considering
evolutionary changes in seed weight, be they towards small or large seed, the
necessary flexibility almost certainly will have been achieved more readily by
an adjustment either of the size of the cell population or by the extent of the
replication of the DNA with its concomitant change in cell size, rather than
by changing the basic genome size. It is important to note that even in
species with the smallest seed, the DNA in the cotyledon cells is replicated to
very high values—up to 240C. It had been considered that their small size
might have been associated with a lower extent of, or possibly no, replication
of DNA beyond the diploid level; clearly this is not the case and polyteny or
polyploidy in these cells has been an essential feature of their development.

Although variation 'n cell weight and cell number are mentioned as
separate strategies by which change in seed weight is attained, the two
appear to be correlated. One possible explanation for this follows. As
increases occurred in the nuclear DNA amounts, due to chromosomal
duplication and/or DNA amplification (Rees, 1972), this would be associated
with an increase in average cell mass. The bigger cells would lead to an
increase in leaf area which in turn would provide an increased supply of
photosynthate. This could allow greater meristematic activity within the
cotyledons, and hence the development of a larger cell population, and also
allow a greater subsequent growth of the cells (fig. 5). The increases in cell
number per leaf that accompany the increases within the seed (D. R. Davies,
unpub. obs.) can be explained in similar terms. Although species of Vicia
with the largest seed have the largest leaf areas, it is difficult to define precise
values for the latter, as leaflet area and number vary markedly with develop-
mental stage. In the evolution of species of wheat it has also been observed
that increased grain size is accompanied by parallel increases in flag leaf
area, although their cellular bases are undefined (Evans and Dunstone,
1970). In this group, as in the Viciae (D. M. Harvey, pers. comm.),
photosynthetic efficiency per unit area of leaf has not increased in the larger
seeded species.

Increase in DNA Larger Increased photo- Higher cell
amount, leading me—————pm- le af area—> synthate to sink =——————3 population;
to larger cells in seed meristems larger seed

Increased photo-
synthate to sink
in leaf meristems

Higher cell
population

Fic. 5.—Schematic representation of the possible consequences of an increase in cell size on
leaf area and on seed mass.
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This interpretation of the consequence of increase in DNA per nuclcus
may provide another clue to the paradox of the enormous variation in DNA
amount per cell that exists within the plant kingdom—a variation far in
excess of that found for example in mammals and birds (Rees and Jones,
1972). The function and selective advantage or disadvantage of the addi-
tional DNA has been an enigma, although Rees (1972) has pointed out the
important effects of DNA amount on cell mass and rate of cell division, and
Bennett (1972) the effect on life cycle. Rees and Jones (1972) considered
other effects, and that mentioned here—the consequential effect of DNA
increase on leaf area would also have significant implications both in terms of
increasing the photosynthetic area and also in swamping competitors, and
would be a character subject to selection during evolution. The increase in
leaf area observed in the evolution of the cultivated wheats (Evans and
Dunstone, 1970) and the improved performance of forms with larger leaves
in a variety of crops (Watson, 1952; Wallace et al., 1972) supports this last
contention. In no sense does this imply that changes in leaf area cannot be
attained also by changes in specific structural and regulatory gencs.

The linear relation between mean DNA content and mean dry weight of
cells is confirmed in the present data. The nuclei of the cotyledon cells of
legume seeds can develop high DNA values-—up to 64C being reported in
Pisum arvense (Smith, 1973) and Pisum sativum (Sharpe and van Parijs, 1973;
Millerd and Spencer, 1974; Davies and Brewster, 1975) and up to a mean
value of 100C in Pisum sativum by Cullis (1976). In Vicia faba Millerd and
Whitfield (1973) reported a mean value of 16C, although as stated earlier
this might well be more appropriately calculated to be 25C.  The relation-
ship between DNA content and dry weight per cell exists over the whole
range of Vicia species which were cxamined, although these have different
basic genome sizes, different information content within their DNA and
different extents of replication of their DNA. The extent of the diversity of
the DNA of these species has been studied to only a limited extent but
marked differences were observed in the proportion of highly repeated
sequences among six species studied (Chooi, 1971b). Although the amount
of DNA and the mass of the ccll are related, the nature of the control is not
understood. Ycas et al. (1965) suggested a model of cell size regulation by
the DNA in which an unstable gene product is maintained at a constant
amount per cell; its concentration would then be a function of cell size, and
as the concentration dropped with increasing cell growth so protein synthesis
would cease. In polyploid cells a greater number of copies of the gene
would increase the amount of gene product and thus the cell size. Such a
proportionality is observed in the cotyledon cells in the present experiments,
as the cells increase their DNA contents with devclopmental stage. The
different species of Vicia, however, have differing amounts of DNA, wholly
unrclatcd to varying levels of ploidy, and have differing proportions of
repeated and non-repeated DNA sequences (Chooi, 19716).  Yet, in spite
of this, all the diffcrent species and all the differing levels of DNA in the cells
of any one species show the same constant relationship between DNA amount
and cell mass. According to the Ycas et al., modcl, it would be necessary for
the species to still have numbers of copies of the relevant gene in direct
proportion to their total DNA content. There could be a precedent for
such a relationship in the numbers of rRNA cistrons present in four species
of Vicia, where Maher and Fox (1973) showed that the numbers of rRNA
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genes are in proportion to the DNA content of the species. Not only would
this numerical relationship have to be valid for all the species examined but
also it would have to be demonstrated that there was an equal utilisation of
all the genes in all instances. In the case of rRNA genes Ingle ¢t al. (1976)
have failed to demonstrate an equal utilisation of rRNA genes in 2 number of
species which had vastly differing numbers, 7.¢. they failed to demonstrate a
link between cistron number and amount of gene product. Furthermore, in
another group of related species within the genus MNicotiana, there was no
relation between DNA amount per nucleus and rRNA gene number (Cullis,
1975).

Other models of cell size regulation have been proposed (Fantes et al.,
1975), some of which invoke a regulation dependent on cytoplasmically
produced materials being monitored by the genome. Clearly the cytoplasm
is here assumed to have a primary regulatory function, and this is implicit
in the result sof experiments with certain microbial systems (Weiss et al.,
1975). The data on which these models are based have been obtained
mainly from studies of a given organism in which growth and division
cycles have been perturbed in various ways. In the present studies the
relation observed is based on a range of species of differing genetic constitu-
tions. In all these species, therefore, there is a common mechanism of
sensing the ratio DNA : cell mass and this is difficult to explain in terms of
particular genes and their products because either they would have to be
present in numbers which are proportional to the total DNA mass, or the
regulation of their activity would have to be proportional to this mass. The
difficulty, therefore, in this consideration is to identify a DNA component
which would be related to the mass but not necessarily to the information
content of the genome. One possibility would be the initiation sites for
DNA replication. Both the time for DNA replication and total cycle time
are directly related to DNA amount (Van’t Hof and Sparrow, 1963; Evans
etal., 1972). In the few unrelated organisms examined, an increased amount
of DNA and hence an increased time of DNA synthesis has not been assoc-
iated with a clear-cut change in number of initiation sites (Callan, 1973;
Van’t Hof, 1975); the situation in closely related species has not been
established. Within different tissues of a given species, change in the timing
of DNA synthesis and of mitotic cycles can be associated with changes in
number of initiation sites (Callan, 1972) ; clearly, therefore, their activity can
be regulated. The way in which regulation of replication rate, DNA
amounts, cell cycle time and cell mass are interrelated clearly remains to be
established but a regulation mediated by cell mass on initiation sites is one
possibility.

Acknowledgments.—1 am indebted to Mrs V. Brewster and Mr N. Sanders for their technical
assistance.
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