B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL ‘|
OF SOCIETY

Nuclear DNA Amounts in Angiosperms
M. D. Bennett and J. B. Smith

Phil. Trans. R. Soc. Lond. B 1991 334, 309-345
doi: 10.1098/rsth.1991.0120

References Article cited in: _ o
http://rstb.royalsocietypublishing.org/content/334/1271/309#related-urls

Email alerting service Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

To subscribe to Phil. Trans. R. Soc. Lond. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 1991 The Royal Society


http://rstb.royalsocietypublishing.org/content/334/1271/309#related-urls
http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;334/1271/309&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/334/1271/309.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

Downloaded from rstb.royalsocietypublishing.org

Nuclear DNA amounts in angiosperms

M.D. BENNETT! anp J. B. SMITH?

Y Jodrell Laboratory, Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3DS, U.K.
2 The Cambridge Laboratory, Institute of Plant Science Research, Colney Lane, Norwich NR4 7UH, U.K.

SUMMARY

Collected lists of nuclear DNA amounts estimated for a total of almost 1000 angiosperm species were
published by Bennett & Smith (Phil. Trans. R. Soc. Lond. B 274, 227-274 (1976)), and by Bennett ¢t al.
(Proc. R. Soc. Lond. B 216, 179199 (19824)). Subsequently, work on nuclear genome size in flowering
plant taxa, and interest in its consequences, has increased. Thus, estimates for 588 angiosperm species not
previously listed were published, or communicated to us, between 1982 and mid-1986. As these additional
estimates came from more than 50 sources which were either widely scattered in the scientific literature
or unpublished personal communications, they are not readily accessible. This, and the many personal
enquiries for the information received, shows that a further publication, compiling the new data is needed.
This paper, therefore, contains a further supplementary list of absolute DNA amounts. This new
compilation includes DNA C values for 629 angiosperm species not listed in either of the above-mentioned
papers, with additional estimates for 119 species already listed by them. These data are assembled
primarily for reference purposes. Analysis of citations of the two previously published lists and of personal
requests for additional information both show that the major users of genome size information are cell and
molecular biologists. Consequently, the species are listed as before in alphabetical order, rather than by
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any taxonomic scheme, as this was felt to be more helpful to these users

1. INTRODUCTION

The development of various routine chemical and
cytochemical techniques for measuring the amount of
DNA per cell, or per nucleus, has allowed the size of
the unreplicated haploid nuclear genome (known as
the C-value) to be estimated in several thousand plant
or animal species since the 1950s. Comparison of the
results has revealed considerable variation in DNA C-
value between species in several, though not all, major
taxonomic groups of such organisms (Callan 1972;
Sparrow et al. 1972; Cavalier-Smith 1978, 19854)
including variation of at least 2500-fold among
angiosperm species, with 1C values claimed to range
from 0.05 pg in Cardamine amara to 127.4 pg in Fritillaria
assyriaca (Bennett & Smith 1976; Bennett 1985).

It was soon recognized that variation in DNA
amount both among eukaryotes as a whole, or among
species within large taxonomic groups, such as insects,
amphibia, algae, or the angiosperms, was not corre-
lated with organismic complexity (Thomas 1971),
and hence was not determined by a need for more types
of genes. Various theories were advanced to account
for the observed variation in DNA C-value, including
changes in the number of DNA strands within
chromosomes (Martin & Shanks 1966) and crypto-
polyploidy (Sparrow & Nauman 1976), although these
ideas were never widely accepted. However, with the
discovery of repeated DNA sequences (Britten &
Kohne 1968) and the finding that variation in DNA C-
value in angiosperms mainly involves an increase in the
amount and proportion of repeated DNA sequences in
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the nuclear genome (Flavell ez al. 1974), many of which
are presumably non-genic, and not transcribed (Lewin
1975; Orgel & Crick 1980), the search for an
explanation for the question of the significance of the
massive variation in DNA C-value, epitomized as the
‘C-value paradox’ by Thomas (1971), became more
focused. Thus, with increasing nuclear genome size
the ratio of genic:non-genic DNA in the genome is
reduced. Indeed, non-genic DNA probably accounts
for 909%,, and perhaps even 999, of the DNA in
angiosperms with the largest genomes (Flavell 1980).
Such information fostered new speculation concerning
the origin and function (if any) of variation in DNA
type and amount, and produced increased interest in
genome size in the early 1980s. Non-genic sequences,
whose amount and proportion can vary in the nuclear
genome, were variously suggested to be ‘junk’ DNA
(Ohno 1972), ‘secondary’ DNA (Hinegardner 1976),
‘nonsense’ DNA (Wang & Fundenberg 1974), and,
more recently, as ‘selfish’ DNA (Orgel et al. 1980;
Orgel & Crick 1980), ‘parasitic’ DNA (Orgel &
Crick 1980), or ‘ignorant’ DNA (Dover 1980).
Moreover, Dover (1982) has proposed a process of
spread and fixation of ‘selfish’ repeated sequences as
a result of non-reciprocal processes called ‘molecular
drive’.

Another major interest in the biological significance
of genome size has stemmed from the finding that
interspecific and intraspecific variation in DNA C-
value is correlated, often very closely, with many
diverse phenotypic characters at nuclear, cellular,
tissue, and even organismic levels (Bennett 1973, 1985,
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1987; Olmo 1983; Horner & MacGregor 1983;
Cavalier-Smith 19855).

For example, major interspecific variation in DNA
amount in angiosperms has been shown to correlate
with the total volume of centromeres per nucleus
(Bennett ef al. 1981), chromosome length or volume
(Rees et al. 1966; Bennett et al. 1983; Anderson et al.
1985), nuclear volume and mass (Baetcke et al. 1967
Pegington & Rees 1970), cell volume and mass (Martin
1966; Jellings & Lecech 1984; Lawrence 1985) and the
volume of mature pollen grains (Bennett 1972;
Lawrence 1985).

Other correlations have been shown between DNA
amount and the number of chloroplasts per stomatal
guard cell (Butterfass 1983) and the number of copies
of the chloroplast genome per leaf mesophyll cell
(Bowman 1986), seed mass (Bennett 1972; Jones &
Brown 1976; Thompson 1990), the rate and duration
of DNA synthesis (Van’t Hof 1965, 1973), the
minimum duration of the mitotic cell cycle (Van’t Hof
& Sparrow 1963 ; Evans et al. 1972; Van’t Hof 1975),
the duration of meiosis (Bennett 1971, 1977), minimum
generation time (Bennett 1972; Smith & Bennett
1975), radiosensitivity (Sparrow & Miksche 1961;
Underbrink & Pond 1976) and radiation-induced
mutation rates (Abrahamson et al. 1973), ecological
and phenological factors (Grime & Mowforth 1982)
and the optimum environment and the geographical
ranges of crop (Bennett 19764, b; Rayburn et al. 1985;
Laurie & Bennett 1985) and non-crop species (Bennett,
et al. 1982b; Grime 1983). Clearly, nuclear DNA
influences the phenotype in two distinct ways, first by
expression of its genic content, and second by the
physical effects of its mass and volume. The term
‘nucleotype’ was coined to define those conditions
of the nuclear DNA which affect the phenotype in-
dependently of its encoded informational content
(Bennett 1971, 1972, 1973). Thus studies of the
consequences of large scale variation in DNA amount
show that the DNA C-value is a character of
fundamental biological significance.

Rees & Walters (1965) used DNA amount measure-
ments to investigate the phylogeny of bread wheat.
Since then comparisons of nuclear genome size in
related angiosperm taxa have shown DNA C-value to
be a useful character in several cytotaxonomical and
evolutionary studies (Price 1976). Questions addressed
in this context include: (i) whether the DNA C-value
increases in proportion to ploidy level (Ohri &
Khoshoo 1982; Marchi et al. 1983); (ii) whether the
amount of DNA in particular constituent genomes of
an allopolyploid, equals that of its putative donor
species (Verma & Rees 1974; Nishikawa & Furuta
1978); (iii) whether evolutionarily advanced species
within a group have more or less DNA than related
diploids and hence whether advancement has involved
the gain or loss of DNA (Nagato et al. 1981 ; Greilhuber
1982; Martin 1983); and (iv) whether or not the
general pattern of DNA amounts within a group agrees
with a previously established taxonomic scheme (for a
group of diploids) based on other characters (Price &
Bachmann 1975; Le Coq et al. 1977).

Interest in the amount of DNA in the genomes of
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organisms in general, and of angiosperms in particular,
was noticeably increased in the early 1980s (see figure
1) for both practical and theoretical reasons of concern
to a wide range of biologists. Publication of ‘The
evolution of genone size’ (Cavalier-Smith 1985¢) exempli-
fied this general interest, as did the significant work of
Grime and colleagues in proposing ecological inter-
pretations of variation in genome size (Grime &
Mowforth 1982; Grime e al. 1985).

Part of this enhanced interest stemmed from the
realization that detectable, and often quite consider-
able, intraspecific variation in DNA amount, despitc a
constant chromosome number and ploidy level, is
much more common than was once thought (sce
Bennett 1985). Such intraspecific variation may also
have adaptive significance (Bennett 1985) via its
nucleotypic effects with plant phenotypic and pheno-
logical characters.

Another new interest came from the demonstration
that interspecific variation in DNA amount is dis-
tributed in the karyotype in at least two highly non-
random ways. Thus, in particular angiosperm genera,
such variation involves either the addition or delction
of a constant absolute amount of DNA to each
chromosome type (see Rees 1984) or the addition or
deletion of a constant proportional amount of DNA
which maintains the relative shapes of all the chromo-
some arms in the karyotype constant (see Rees et al.
1978 ; Brandham 1983). It has been suggested that such
karyotype evolution is of functional significance, and
may reflect selection for a particular architecture
determined by constraints of position effects affecting
interchromosomal interactions that depend on the
spatially ordered genome (Bennett 19844, b).

A knowledge of genome size is most useful to any
worker estimating the number of clones needed to
create a species gene library which should contain a
given gene, or genes, with a defined probability.
Further practical significance of a knowledge of the
DNA C-value is seen from its relevance for choosing the
most suitable species for particular kinds of molecular
studies. For example, Meyerowitz was attracted to
Arabidopsis thaliana as a potential plant equivalent of
Drosophila because of its unusually small genome, and
its extraordinarily short minimum generation time (a
character itself related to very low DNA amount;
Bennett 1972). The remarkable low amount of re-
peated DNA sequences, and the fact that specific genes
are present in one copy per nuclear genome, two
characters that reflect selection for a near minimal
DNA amount for an angiosperm, make Arabidopsis
thaliana highly suitable for ‘chromosome walking’
around the sites of restriction-fragment length poly-
morphisms linked to mutations to clone important
genes, especially, it was hoped, those involved in the
regulation of development (Leutwiler et al. 1984 ; North
1985). Indeed, very low genome size was one most
important character influencing the recent selection of
A. thaliana as the first angiosperm chosen to have its
entire genome sequenced in an international col-
laboration (NSF 1990; Anderson 1991). Other angio-
sperm candidates for genome sequencing, such as
Oryza sativa, are also chosen, or suggested, partly
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because of their relatively low DNA C-values. On a
different scale, knowledge of DNA C-values could have
practical significance in view of recent suggestions that
this character would play an important role in
determining which plant and crop species would
survive best the effects of a nuclear winter (Grime
1986), and how different plants would respond to
ozone depletion (Bennett 1987) or to global warming
(Grime 1986, 1990).

Given the wide interest in and considerable im-
portance of DNA amount, it is obviously important
that information regarding the amount of DNA that
various organisms possess in their nuclear genomes is
easily available to scientists. However, nuclear DNA
amounts of angiosperms, often for only one or a few
species, are published in numerous papers in diverse
journals, while many estimates exist only as unpub-
lished results in researchers’ notebooks. Consequently,
locating an estimate or checking whether an estimate
has been made for a given taxon, can be both difficult
and time consuming. There is, therefore, a continuing
need to gather widely scattered DNA values into a
single list assembled primarily for reference purposes.
In view of this the present authors compiled a first list
of DNA amounts for about 750 angiosperm species
(Bennett & Smith 1976). Later a supplementary list of
DNA amounts for a further 240 species not previously
listed by Bennett & Smith (1976) was compiled
(Bennett et al. 1982a). These lists have been widely
used. For example, between 1976 and 1984 the Science
Citation Index lists well over a hundred citations of the
original list (Bennett & Smith 1976).

The number of estimates of DNA C-values for
angiosperms published per year was reduced after 1976
compared with the early 1970s (Bennett et al. 19824).
However, that trend was strikingly reversed after 1981
(figure 1). Indeed, by mid-1986 the present authors
became aware of estimates of DNA amount for 629

240

200

160

120

T

80f

40

1971 1981

year

1951 1961

Tigure 1. The number of DNA amounts for angiosperms
published or communicated cach year between 1951 and
mid-1986 for 2073 estimates listed in Bennett & Smith
(1976), Bennett et al. (19824) and table 1 of the present work.

Phil. Trans. R. Soc. Lond. B (1991)

M. D. Bennett and J. B. Smith 311

angiosperm species not included in either Bennett &
Smith (1976) or Bennett ¢t al. (19824). Additional
estimates for 119 species already included in a previous
compilation were also located. Significantly, estimates
for 588 of the previously unlisted species were pub-
lished, or became known to us, after 1981. This large
number of new estimates was obtained from more than
fifty published or unpublished sources. Given the wide
use made of previous lists, and the many requests for
further information it was decided to compile these
new or additional estimates of genome size into a single
list in the present work as a further supplement to
Bennett & Smith (1976).

2. LIST OF DNA AMOUNTS IN
ANGIOSPERMS

Information concerning estimates of DNA amounts
in 748 angiosperm species is given in table 1, and some
explanatory notes relating to this table are given in §5.

As in Bennett & Smith (1976) and Bennett ef al.
(19824), species are presented, not in the order in
which they would occur in a flora, but in alphabetical
order. This arrangement is considered most helpful to
non-taxonomists, who, it is anticipated, will continue
to be the major users of the list.

The format of the present table 1 is identical with
that of table 1 in Bennett ¢/ al. (19824). To avoid
confusion, original references for DNA amounts (given
in column 13 of the present table 1) are numbered 108
et seq. to follow on consecutively from those numbered
1-54 in the corresponding column of table 8 and §7 ¢ of
Bennett & Smith (1976), and 55-107 in the corre-
sponding column of table 1 and §5a of Bennett e al.
(1982a).

As noted previously, published DNA amounts are
of widely different reliability; so some choice had to
be exercised in deciding which estimates should be
included in table 1, and which omitted. The procedure
adopted was exactly as described in §7¢ of Bennett &
Smith (1976).

3. USE OF MICROCOMPUTER

As noted previously (Bennett et al. 19824), use of a
microcomputer can greatly facilitate the storage and
manipulation of DNA amount data. The complete
data included in table I of the present work have been
entered into an IBM microcomputer using Microsoft
Word and are stored on a 5.25 inch floppy disk. Copies
of this disk can be obtained for research purposes by
arrangement with the first author.

The availability of these data in this form can greatly
speed their examination and analysis. For example,
using prime entries (see §54) for species with known
life-cycle type listed in table 1, it was relatively easy
to ascertain that the mean 4C DNA amount for
139 annual species (11.96 pg) is significantly lower
(p < 0.019,) than that for 460 non-annuals (25.81 pg),
thereby confirming the results of two previous com-
parisons (Bennett 1972; Bennett et al. 19824) for two
different but somewhat smaller samples of angiosperm
species.
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4. SUPPLEMENTARY LISTS OF DNA
AMOUNTS FOR ANGIOSPERMS

The main author intends to publish further sup-
plementary lists of DNA amounts for angiosperms at
suitable intervals and would therefore continue to
welcome receiving offprints, preprints and personal
communications giving new DNA estimates for higher
plants. Indeed, it is nearly ten years since the last
supplementary list was published, and the present
work only lists DNA C-values known to us by mid-
1986. Since then new estimates of DNA amounts for
more than 500 angiosperm species have been published
(estimated) so that a further supplementary list is
already needed and in preparation.

It would be most helpful, and increase the value and
comparability of their data, if scientists publishing
DNA estimates for species would wherever possible
give all or as many details concerning their material(s)
as in table 1, including: the authority, chromosome
number, ploidy level, a C-value in absolute units, the
standard species used for calibration and its assumed
C-value, the method used to estimate DNA amount
and the life-cycle type of the species.

Hitherto for simplicity, and because herbarium
specimens are not available for most taxa whose DNA
amounts were studied, species have been, and are in
the present work, listed by using the names of materials
given in the original paper or personal communication.
To avoid ambiguity, and to allow checking of materials
examined, authors publishing DNA amounts should,
whenever possible, prepare a herbarium specimen of
each taxon studied and state where it is deposited.
Future supplementary lists will distinguish between
estimates for materials where herbarium specimens
are, or are not, available for taxonomic checking.

Fewer authors give DNA estimates only in arbitrary
units in recent years. Nevertheless, it is worth noting
again that relative DNA amounts for species in
arbitrary units alone are of very limited use compared
with those calibrated in absolute units. Thus, scientists
are strongly recommended to publish results in absolute
units. This need involve very little additional effort,
and may be achieved by including in each experiment
one or more species whose DNA amount is already
known as a calibration standard.

Seed of most of the standard anglosperm species
listed in §54 (with the exception of Anemone virginiana
and Senecio vulgaris) may be obtained from the main
author for this purpose.

5. NOTES TO TABLE 1

(a) The key to the original references for species
DNA amounts in table 1 is as follows.

108. This paper; n.b. methods were as previously described
in Bennett & Smith (1976).

109. Martin, N. J. 1983 Nuclear DNA variation in the
Australasian Loranthaccae. In Biology of mistletoes (ed. M.
Calder & P. Berhnhardt), pp. 277-293, Sydney: Academic
Press.

110. Grime, J. P. & Mowforth, M. A. 1982 Variation in
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genome size — an ecological interpretation. Nature, Lond. 299,
151-153.

111. Marchi, P., Illuminati, O., Macioce, A., Capineri, R.
& D’Amato, G. 1983 Genome evolution and polyploidy in
Leucanthemum vulgare Lam. Aggr. (Compositae). Karyotype
analysis and DNA microdensitometry. Caryologia 36, 1-18.

112. Raina, S. N. & Rees, H. 1983 DNA variation between
and within chromosome complements of Vicia species.
Heredity, Lond. 51, 335-346.

113. Narayan, R. K. J. 1982 Discontinuous DNA variation
in the evolution of plant species: The genus Lathyrus. Fvolution
36, 877-891.

114. Lawrence, M. E. 1985 Senecio L. (Asteraceae) in
Australia: nuclear DNA amounts. Aust. J. Bot. 33, 221-232.

115. Resslar, P. M., Stucky, J. M. & Miksche, J. P. 1981
Cytophotometric determination of the amount of DNA in
Arachis L. sect. Arachis (Leguminosae). Am. J. Bot. 68,
149-153.

116. Sims, L. E. & Price, H. J. 1985 Nuclear DNA content
variation in Helianthus (Asteraceae). Am. J. Bot. 72, 1213-
1219.

117. Schifino, M. T. & Winge, H. 1983 Karyotypes and
nuclear DNA content of species of the Briza complex and
some other genera of Poeae (Gramineae). Rev. Brazil. Genet. 6,
245-259.

118. Le Coq, C., Guervin, C., Hamel, J.-L. & Jolinon, D.
1978 La quantité d’ADN nucléaire et la garniture chromo-
somique chez quelques ombelliferes: Application a I’étude
de leur évolution. Actes du 2° Symposium International sur
les Ombelliferes. ‘Contributions pluridisciplinaires a la
systématique’. Perpignan, pp. 281-291.

119. Jones, K. & Kenton, A. 1984 Mechanisms of
chromosome change in the evolution of the tribe 7Trade-
scantieae (Commelinaceac). In Chromosomes in evolution of
eukaryotic groups (ed. A. Sharma & A.K. Sharma), pp.
143-168. Boca Raton, Florida: CRC. Press.

120. Martinez, A.J. 1978 Chromosome relationships in
the Tradescantia crassifolia alliance. Ph.D. thesis, University of
Reading, U.K.

121. A. Kenton (personal communication, 1984).

122. Grif, V. G., Valovich, E. M. & Lebedeva, N. V. 1980
Parameters of the mitotic cycle in two species of Trillium L.
Tsitologia 22, 1331-1338.

123. Barlow, P. W. & Rathfelder, E. L. 1984 Correlations
between the dimensions of different zones of grass root apices
and their implications for morphogenesis and differentiation
in roots. Ann. Bot. 53, 249-260.

124. Anderson, L. K., Stack, S. M., Fox, M. H. & Zhang
Chuansan. 1985 The relationship between genome size and
synaptonemal complex length in higher plants. Expl Cell Res.
156, 367-377.

125. Dhillon, S.S., Rake, A. V. & Miksche, J. P. 1980
Reassociation kinetics and cytophotometric characterisation
of peanut (Arachis hypogaea 1.) DNA. Pl Physiol. 65,
1121-1127.

126. N. Kuriyan (unpublished values communicated by
R. K. Narayan, 1984).

127. Ramachandran, C. & Narayan, R.K.J. 1985
Chromosomal DNA variation in Cucumis. Theor. appl. Genet.
69, 497-502.

128. E. M. Watson (personal communication, 1981).

129. 8. W. Armstrong, A. D. Kidd, D. Francis, L. H. Jones
& G. Smith (personal communication, 1984).

130. P. Barlow (personal communication, 1981).

131. Jones, L., Barfield, D., Barrett, J., Flook, A., Pollock,
K. & Robinson, P. 1982 Cytology of oil palm cultures and
regenerant plants. Proc. 5ih Int. Cong. Plant Tissue & Cell
Culture, 727-728.

132. Laurie, D. A. & Bennett, M. D. 1985 Nuclcar DNA
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content in the genera Zea and Sorghum. Intergeneric,
interspecific and intraspecific variation. Heredity, Lond. 55,
307-313.

133. Grime, J. P., Shacklock, J. M. L. & Band, S. R. 1985
Nuclear DNA contents, shoot phenology and species co-
existence in a limestone grassland community. New Phytol.
100, 435-445.

134. Ohri, D. & Khoshoo, T. N. 1982 Cytogenetics of
cultivated Bougainvilleas. X. Nuclear DNA content. Z.
Pflanzenzuchtg. 88, 168-173.

135. Black, C. L. & Beckmann, R. L. 1983 The variability
of nuclear DNA and its implications for polyploidy in white
ash (Fraxinus americana L.: Oleaceae). Am. J. Bot. 70,
1420-1423.

136. Hake, S. & Walbot, V. 1980 The genome of Zea mays,
its organisation and homology to related grasses. Chromosoma
79, 251-270.

137. Goldblatt, P., Walbot, V. & Zimmer, E. A. 1984
Estimation of genome size (C-value) in Iridaceae by
cytophotometry. Ann. Missouri Bot. Gard. 71, 176-180.

138. Nagato, Y., Yamamoto, K. & Yamashita, H. 1981
Variation of DNA content in Asian rice. Jap. J. Genet. 56,
483-493.

139. S. W. Armstrong, A. D. Kidd & D. Francis (personal
communication, 1984).

140. Guerra, M. dos S. 1984 Cytogenctics of Rutaceae. 11.
Nuclear DNA content. Caryologia 37, 219-226.

141. Guerra, M. dos S. 1983 Varia¢do no conteidu de
DNA nuclear de Pisum sativum L. Ci. ¢ Cult. 35, 1661-1663.

142. Pearson, G. G., Timmis, J. N. & Ingle, J. 1974 The
differential replication of DNA during plant development.
Chromosoma 45, 281-294.

143. Murray, M. G., Cuellar, R. E. & Thompson, W. F.
1978 DNA sequence organisation in the pea genome.
Biochemistry 17, 5781-5790.

144. Kiper, M. & Herzfield, F. 1978 DNA sequence
organisation in the genome of Petroselinum sativum (Umbel-
liferae). Chromosoma 65, 335-351.

145. Greilhuber, J. 1982 Trends in der Chromosomenevo-
lution von Scilla (Liliaceae). Stapfia 10, 11-51.

146. Goldberg, R. B. 1978 DNA sequence organisation in
the soybean plant. Biochem. Genet. 16, 45-68.

147. Zimmermann, J. L. & Goldberg, R. B. 1977 DNA
sequence organisation in the genome of Nicotiana tabacum.
Chromosoma 59, 227-252.

148. Greenlea, J. K., Rai, K. S. & Floyd, A.D. 1984
Intraspecific variation in nuclear DNA content in Collinsia
verna Nutt. (Scrophulariaceae). Heredity, Lond. 52, 235-242.

149. Yamamoto, K. & Nagato, Y. 1984 Variation of DNA
content in the genus Glycine. Japan. J. Breed. 34, 163-170.

150. Belford, H. S. & Thompson, W. F. 1981 Single copy
DNA homologies in Airiplex. 1. Cross reactivity estimates and
the role of deletions in genome evolution. Heredity, Lond. 46,
91-108.

151. Walbot, V. & Dure, L.S. 1976 Developmental
biochemistry of cotton seed embryogenesis and germination.
VII. Characterisation of the cotton genome. J. molec. Biol.
101, 503-536.

152. Narayan, R. K. J. & Rees, H. 1976 Nuclear DNA
variation in Lathyrus. Chromosoma 54, 141-154.

153. Kenton, A. 1954 Chromosome evolution in the Gibasis
linearis group (Commelinaceae). ITI. DNA variation, chromo-
some evolution, and speciation in G. wvenestula and G.
heterophylla. Chromosoma 90, 303-310.

154. S. R. Band (personal communication, 1984).

155. Olszewska, M. & Osiecka, R. 1982 The relationship
between 2C DNA content, life cycle type, systematic position,
and the level of DNA endoreduplication in nuclei of
parenchyma cells during growth and differentiation of roots
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(b) Bennett & Smith (1976) gave absolute 4C DNA
values for eight angiosperm species recommended for
use as calibration standards to estimate DNA amounts
in other species. Following her extensive work on
Senecto Lawrence (1985) suggested that the value of
4C = 5.88 pg given by Bennett & Smith (1976) for
Senecio vulgaris (PBI population) was too low. This
seemed possible, as S. vulgaris had by far the lowest
DNA amount of the eight standard species, and hence
differed the most from Allium cepa cv. Ailsa Craig
(4C = 67.0 pg), against which the other seven standard
species were calibrated. It is desirable for technical
reasons that the DNA amount of a calibration standard
should not differ too greatly from that of an unknown.

Consequently, the DNA amount of S. vulgaris (PBI
population) was carefully recalibrated against a stan-

dard species with a lower DNA amount, namely,
Hordeum wulgare cv. Sultan (4C = 22.24 pg). The
slightly higher value obtained (4C = 6.33 pg) replaces
the value for §. wulgaris given by Bennett & Smith
(1976) in the following list of 4C DNA amounts for the
eleven calibration standards available for use in the
present work:

amount/pg
A Triticum aestivum cv. Chinese Spring 69.27
B Allium cepa cv. Ailsa Craig 67.00
G Vicia faba (PBI, inbred line 6) 53.31
D Anemone virginiana line AV 200 35.67
E Secale cereale cv. Petkus Spring 33.14
F  Hordeum vulgare cv. Sultan 22.24
G Pusum sativum cv. Minerva Maple 19.46
H Zea mays cv. W64A 10.93
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