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The number of angiosperm species for which nuclear DNA amount estimates have
been made has nearly trebled since the last collected lists of such values were published,
and therefore, publication of a more comprehensive list is overdue. This paper lists
absolute nuclear DNA amounts for 753 angiosperm species. The data were assembled
primarily for reference purposes, and so the species are listed in alphabetical order, as
this was felt to be more helpful to cyto- and biochemists whom, it is anticipated, will
be among its major users.

The paper also reviews aspects of the history, nomenclature, methods, accuracy and
problems of nuclear DNA estimation in angiosperms. No attempt is made to reconsider
those aspects of nuclear DNA estimation which have been fully revised previously,
although the bibliography of such aspects is given. Instead, the paper is intended as a
source of basic information regarding the terminology, practice and limitations of
nuclear DNA estimation, especially by Feulgen microdensitometry, as currently
practiced. '
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228 M. D. BENNETT AND J.B. SMITH

1. INTRODUCTION

Numerous studies have shown that the DNA content per genome is usually constant and there-
fore is characteristic for each species. However, considerable interspecific variation in DNA
content per genome has been noted. Knowledge of such variation is useful for cyto-taxonomical
and evolutionary studies (Rees & Walters 1965; Southern 1967; Price & Bachmann 1975).
DNA content per genome has been shown to be closely correlated with the rates of somatic
(Van’t Hof & Sparrow 1963; Evans, Rees, Snell & Sun 1972) and meiotic (Bennett 1971, 1973)
cell development, and with radiosensitivity (Sparrow & Miksche 1961; Underbrink, Sparrow
& Pond 1968) and radiation-induced mutation rates (Sparrow, Baetcke, Shaver & Pond 1968;
Abrahamson, Bender, Conger & Wolff 1973) in plants. Thus, given the nuclear DNA content,
the duration of the mitotic cycle in root-tip cells, and of meiosis in pollen mother cells, the
radiosensitivity and the forward mutation rate per locus per rad can often be predicted to a close
approximation.

Nuclear DNA amounts of a small number of related or unrelated angiosperm species have
been published in numerous papers so that locating an estimate for a given species, or finding
out whether an estimate has been made, can be very time consuming. Several collected lists of
DNA amounts in higher plants have already been published (Rees & Jones 1972; Sparrow,
Price & Underbrink 1972; Bennett 1973). However, the number of angiosperm species for
which nuclear DNA content has been estimated has more than doubled in the last three years,
and therefore, it seemed worthwhile to assemble a more comprehensive list of species DNA
amounts than was available hitherto. Previous lists were usually composed to test or illustrate
various hypotheses concerning the consequences of variation in nuclear DNA content. However,
the present list is assembled primarily for reference purposes. For this reason the species are
presented not in the order in which they would occur in a flora, but in alphabetical order. This
arrangement was felt to be more helpful to cyto- and biochemists, whom it is anticipated, will
be the major users of this list.

2. NOMENCLATURE OF DNA AMOUNTS
(a) C-values

DNA amounts are often expressed as C’ values. This term was first used by Swift (1950) in an
attempt to avoid confusion with chromosome number. Thus, a diploid nucleus (27 = 2x)
entering prophase, and a tetraploid nucleus (27 = 4x) in early interphase both contain the 4C
DNA amount, although they contain different numbers of chromosomes. The letter C stands for
‘constant’, i.e. the amount of DNA that is characteristic of a particular genotype (H. Swift,
private communication). The C-value (or 1C value) for any genotype is the DNA content of the
unreplicated haploid chromosome complement.

Nuclear DNA content usually doubles at DNA synthesis phase (S-phase) of the cell cycle.
Consequently the minimum and maximum C-values for nuclei at a single ploidy level normally
differ in the ratio 1:2, while the range of C-values increases in direct proportion to the ploidy
level of the nucleus. Thus the normal ranges of C-values in haploid, diploid and triploid nuclei
are 1-2C, 2-4C and 3-6C, respectively. C-values are estimated by using nuclei of known ploidy
level which are known to have either not initiated S-phase, or to have completed it. For instance,
2C and 4C amounts have been frequently estimated in measurements of single mitotic nuclei in
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meristems (usually root-tips) of diploid plants because, the DNA content of such nuclei is
characteristically 4C at prophase and metaphase, and 2C at telophase. Similarly, the 1C value
has often been estimated in measurements of individual nuclei in meiocytes at second telophase
or young tetrads which characteristically contain unreplicated haploid chromosome comple-
ments.

(b) Per cell’ values

DNA estimates are also frequently expressed as the mean content per cell. Sometimes a ‘per
cell’ value corresponds to a known C-value. For instance, the mean DNA content per cell for a
pure sample of meiocytes at first prophase of meiosis usually corresponds to the 4C value which
these cells characteristically contain (Swift 1950; Bennett, Rao, Smith & Bayliss 1973). Clearly,
however, the mean DNA content per cell does not bear a fixed relationship to any C-value, and
may vary considerably depending upon many factors including the proportion of nuclei at dif-
ferent stages of the cell cycle, the ploidy levels of the nuclei sampled, and even the number of
nuclei per cell. Thus, increasing the proportion of nuclei at G2 or of polyploid or multinucleate
cells in a sample all increases the mean DNA content, and hence the mean C-value, per cell.
In a meristem containing only diploid cells the mean DNA content per cell must lie between 2C
and 4C. In practice many tissues contain a proportion of polyploid cells. For instance, root-tips
(the tissue most frequently used to estimate DNA per cell in plants) contain polyploid root-cap
cells (Barlow 1975 b), and developing metaxylem (List1963) with up to the 16C and 64C, respec-
tively, in individual nuclei of some species. Thus, the mean DNA content per cell may approach,
and even exceed, the 4C value.

(¢) Arbitrary units

The relative DNA contents of nuclei are often given in arbitrary units alone (see, for example
Jones & Rees 1968). In intraspecific studies, relative nuclear DNA contents may be given in
C-values. Here a biological yardstick, namely the DNA content of the unreplicated haploid
chromosome number, arbitrarily defined as unity, is used. DNA contents of nuclei with a con-
stant C-value in several species are often expressed either as a percentage of the DNA amount
in one of the species measured (which is therefore given the arbitrary value of 100 units (see, for
example, Chooi 1971), or relative to one species measured which is arbitrarily given the value
unity (see, for example, Rothfels & Heimburger 1968). Here too, in either case, a biological
yardstick is used, namely the 2C or 4C DNA content of a standard species. Alternatively in
interspecific comparisons a non-biological arbitrary unit derived from the technique or the
machine used to estimate DNA amounts has often been adopted. For instance, when DNA
amount is estimated by densitometry, the results have often been given in arbitrary units such
as, ‘relative Feulgen absorption units’ (see, for example, Miksche 1g71).

Most data given in arbitrary units alone are not readily convertible into absolute units of
DNA amount without further calibration experiments and this limits their usefulness.

(d) Absolute DNA amounts

Absolute DNA amounts may be expressed in several ways. First, they may be given in units of
mass; usually either in picograms (pg) as in table 1 of the present work (n.b. 1 picogram =
107*2g), or, in daltons as in McCarthy (1969) (n.b. 1 dalton = the mass of one hydrogen
atom = 1.66 x 10~2* g). Second, DNA amounts may be given in molecular terms as a number of

28-2
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nucleotide pairs, as in Sparrow et al. (1972). DNA amounts given in daltons or in nucleotide
pairs are readily converted to picograms by means of the following formulae:

(i) 1 nucleotide pair = 660 daltons

(ii) 1 picogram = 0.965 x 10° nucleotide pairs (Straus 1971). (N.B. The relative molecular
masses of the four nucleotides, adenine-, thymidine-, cytosine- and guanosine-5'-monophos-
phates are 347.25, 322.23, 322.22 and 363.25, respectively. Hence the mean molecular mass per
nucleotide is about 339. The formation of a nucleotide pair involves the loss of a water molecule
and so the mean molecular mass per nucleotide pair is about: (339 x 2) — 18 = 660. Use of this
conversion factor assumes that the DNA contains in a 1:1:1:1 ratio only the four nucleotides
listed above. As both of these assumptions are known to be incorrect, use of the above formulae
gives only a good approximation to the real DNA amount.)

3. METHODS FOR ESTIMATING DNA
(a) Chemical extraction

DNA amounts are usually estimated either chemically after extraction, or i situ by micro-
photodensitometry. For chemical estimates the total DNA is extracted from a sample of cells
and dissolved in a known volume of solvent. The concentration of DNA is estimated colori-
metrically using various modifications of the diphenylamine reaction (Burton 1956, 1968), which
produces a colour reaction whose intensity is proportional to the concentration of deoxyribose,
and hence of DNA. Chemical analysis uses very large numbers of cells, the number present
being estimated by sample counts with a haemocytometer (Brown & Rickless 1949), and the
results are usually given as mean DNA content per cell. The results are calibrated in absolute
units using a plot of colour intensity against known concentrations of DNA or deoxyribose.
Alternatively, the concentration of extracted DNA has also been estimated by ultraviolet
spectrophotometry with known concentrations of DNA as a standard (Sunderland & McLeish
1961). For further details of the chemical methods used for estimating DNA see Schmidt &
Thannhauser (1945) ; Sunderland & McLeish (1961) ; Lyndon (1963) and Rothfels et al. (1966).

(b) Microdensitometry

Measurements of DNA amounts by microdensitometry usually use nuclei stained by the
Feulgen method. This method, first described by Feulgen & Réssenbeck (1924) utilizes Schiff’s
reagent containing leuco-basic fuchsin which gives a purple coloration when it complexes with
the aldehyde groups of DNA and RNA. As the result of usage in the literature it has become
normal practice to describe organelles stained with Schiff’s reagent as ‘ Feulgen-stained’, and
the whole technique as ‘ Feulgen microdensitometry’. Consequently, these terms will be used in
the present work. Plant material is usually prepared for Feulgen microdensitometry using
various modifications of the method for higher plants described by McLeish & Sunderland
(1961), itself a modification of the method first described by Leuchtenberger (1958) for animal
tissues. It is generally accepted that Feulgen-staining is specific for DNA (after removal of RNA
by acid hydrolysis), and, subject to certain checks, that proportionality between stain density
and DNA amount can be assumed. Consequently the light absorption of a nucleus so stained is a
quantitative measure of the DNA present in it (McLeish & Sunderland 1961). Thus, the
Feulgen-DNA complex is measured either using monochromatic light at the wavelength of the
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maximum absorption for the complex (about 565 nm) and comparing each nucleus with an
adjacent area of background cytoplasm, or using the two wavelength method (Patau 1952;
Pollister, Swift & Rasch 1969). Early Feulgen-staining estimates were obtained by using a
microscope with an attached spectrophotometer as a source of monochromatic light and a non-
integrating densitometer for measuring the absorption. Later this was measured on integrating
microdensitometers designed specifically for this purpose, first with prototype instruments (e.g.
the ‘Deeley box’ named after its designer (Deeley 1955)), but later with production instruments
such as the Barr & Stroud integrating microdensitometer type GN2, and, the Vickers M85/86
scanning microdensitometer.

For further details concerning the use of Feulgen microdensitometry see Ris & Mirsky (1949),
Swift (1950, 1955), Vendreley & Vendreley (1956), Leuchtenberger (1958), and McLeish &
Sunderland (1961).

Other DNA specific reactions have also occasionally been used to estimate nuclear DNA con-
tent in plants. For instance, the BAO (2,5-bis[4'aminiphenyl-(1")]1,3,4-oxidizole) fluorescence
reaction of Ruch (Ruch & Rosslet 1970). By this method, DNA amount is estimated by micro-
fluorometry.

Feulgen microdensitometry has been justified in terms of yielding appropriate readings in
comparisons of diploid and polyploid series for chromatin of a particular species, consistent
results between either plant or animal species, and from comparisons of identical preparations
such as isolated nuclei (Ris & Mirsky 1949; McLeish & Sunderland 1961). On the basis of such
evidence it has been concluded that Feulgen microdensitometry can give quantitative data of
considerable accuracy (Swift 1950). However, various technical problems encountered in Feulgen
microdensitometry have long been recognized and, therefore, the method should not be accepted
indiscriminately as being quantitative. Swift (1955) stated that misuse of the method and the in-
struments has resulted in the appearance of a certain amount of conflicting datain the literature,
and some natural scepticism as to the validity of microdensitometry as a quantitative method.
Unfortunately this situation has not changed (Wallace, Sparkes & Maden 1972) and, conse-
quently, it seemed worthwhile to outline in the following sections common sources of inaccurate
or variable results. These sources are variable staining or measurement of stain, or intraspecific
variation in nuclear DNA content.

(¢) Problems and errors in Feulgen densitometry

As most of the data given in table 8 were obtained by Feulgen microdensitometry it seemed
worth while listing some of the main errors and problems associated with the technique.

(1) Moisuse of the Feulgen method

The most common errors affecting estimates of nuclear DNA content by Feulgen micro-
densitometry are associated with misuse of the method itself. It is important that use of the
method be standardized in every aspect. It is essential that the optimum hydrolysis time giving
maximum staining of nuclear DNA be determined. Insufficient hydrolysis gives reduced staining
and results in under-estimation of nuclear DNA. On the other hand it is essential that hydrolysis
should not be prolonged until extraction of nuclear DNA is begun. These and other elementary
considerations are amply considered in the literature (Swift 1955; McLeish & Sunderland 1961}
Fox 1968; and Dietch, Wagner & Richart 1968) to which reference should be made.
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(i) Staining failure

Use of Feulgen microdensitometry assumes that Feulgen staining is proportional to nuclear
DNA amount. While this assumption has been justified in numerous tests, nevertheless, apparent
failure of the Feulgen reaction to stain highly polymerized DNA has been noted in a variety of
organisms (Heslop-Harrison 1972) including, the egg cell nucleus and primary endosperm
nucleus of Stellaria media, Pteridium aquilinum, Hordeum vulgare (Pritchard 1964; M. D. Bennett,
unpublished) ; and in 6ocytes of sea urchin and frog (Hotchkiss 1955). The cause of this staining
failure is unknown, but may be associated with the extremely large volume of the nuclei and the
very high dilution of DNA in the nuclei concerned (Pritchard 1964).

(iii) Non-staining DNA

McLeish (1964) reported that about 17 %, of the nuclear DNA in Vicia faba root-tip nuclei
was nucleolar, and virtually Feulgen-negative, even though 50-75 %, of it was not extracted by
the acid hydrolysis of the Feulgen procedure. McLeish claimed that this DNA fraction was
non-chromosomal. Its exact nature is unknown but it may have been metabolic DNA
(Stroun, Charles, Anker & Pelc 1968).

At certain stages of development some nuclei amplify the number of copies of specific DNA
sequences. For example, the 4C DNA amount in Xenopus laevis is about 12.6 pg, but female
meiocytes at pachytene produce up to 20 pg of additional rDNA (Bird & Birnstiel 1971). The
additional nuclear DNA is not incorporated in the linear continuity of the chromosomal DNA
(Hourcade, Dressler & Wolfson 1973). The existence of Feulgen-negative DNA means that
estimates of nuclear DNA content made by Feulgen microdensitometry and chemical extraction
may differ considerably as such DNA is detected only by the second technique. However, if
Feulgen-negative DNA fractions are often not located in the chromosomes, then the Feulgen
estimate may usually give a more reliable estimate of the DNA content per genome.

(iv) Variation in DNA density

Apparent intraspecific variation in nuclear DNA content can be caused by variation in the
nature of the nuclei being measured. For example, several workers have noted that the accuracy
of DNA measurements by microdensitometry is markedly influenced by nuclear DNA density.
To be specific, DNA amount tends to be underestimated as the DNA density increases (Mitt-
woch 1969; Verma & Rees 1974; Bennett & Jellings 1975). This error is of particular importance
in species containing a large proportion of heterochromatin in their genome (Narayan & Rees
1974). Error due to variation in nuclear density or the presence of heterochromatin can be cor-
rected for as described by Bedi & Goldstein (1974) ; Verma & Rees (1974) and Narayan & Rees

(1974)-

(v) Optical errors

Apparent intraspecific variation in nuclear DNA content may have a physical basis associated
with the technique used to measure absorption. Errors have been recognised which are inherent
to the optical system used for microdensitometry, for example, that caused by glare. Goldstein
(1970) stated that, ‘apparent differences in the amount of dye taken up by nuclei of different
sizes, stained by the Feulgen method, which have been reported by various workers and
attributed to differences in DNA content, are of an order of magnitude which could be due to
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the presence of glare’. The amount of glare (and hence the size of the error involved) is closely
related to the size of the specimen-free field illuminated. This error increases sharply with in-
creasing absorbance of chromatin, and hence with chromosome contraction (Goldstein 1970).
Clearly, therefore, the errors involved in reading well-spread metaphase plates or telophase
nuclei are much greater than those involved in measuring prophase nuclei, since both the
illuminated specimen-free area and the absorbance is high at metaphase and telophase com-
pared with prophase.

(vi) The type of tissue

The nature of the material being examined can have a large effect on the error attached to
estimates of nuclear DNA content made by Feulgen densitometry. The size of the error is
greatly increased in tissue containing numerous refractile organelles, such as chloroplasts,
starch granules and oil droplets. The errors are particularly large for nuclei in tissues containing
coloured oil droplets, resins or tannins which interfere with the measurement of absorption due
to Feulgen staining. Apart from selecting a tissue with minimal interference of these types, little
else can be done about this problem in some species, such as Linum usitatissimum. In other
species varying the fixative has given improved Feulgen staining. For instance, fixing in
formalinpyridine, and after urea pre-treatment, gave improved Feulgen staining in Bryophyllum
crenatum (Warden 1974).

4. INTRASPECIFIC VARIATION IN DNA AMOUNT PER GENOME

Although it is generally assumed that the DNA content per genome is usually constant for
each species, numerous exceptions to this rule are known, or are claimed, to exist. Chromosome
variation such as aneuploidy, the presence of supernumerary chromosomes, and the loss or
duplication of chromosome segments, all of which can have large effects on nuclear DNA
content, cannot be regarded as true examples of intraspecific variation in DNA amount per
genome. However, several other types of chromosomal variation are known which are un-
doubtedly a source of true intraspecific variation in DNA content per genome.

Intraspecific variation in the number of ribosomal DNA (rDNA) genes per genome has been
demonstrated in several plant species (including Zea mays (Phillips, Kleese & Wang 1973),
wheat and rye (Flavell & Smith 1974) and peas (Cullis 1975)). For example, in rye rDNA con-
stituted 0.174 and 0.071 9%, of the genome in the varieties Petkus and King II, respectively
(Flavell & Smith 1974). Such variation, although large in terms of a percentage of the total
nuclear DNA, would produce only a minute change in the DNA content per genome, and
indeed, would be undetectable by either Feulgen microdensitometry or chemical methods.

Another variable which could give rise to very large intraspecific variation in DNA content
per genome is the occurrence of megachromosomes. In F1 hybrids of Nicotiana tabacum x N.
olophora one chromosome in a few cells was enlarged by up to twenty times its normal size
(Gerstel & Burns 1967). Megachromosomes, whose size varied from cell to cell, contained ad-
ditional DNA in proportion to their size (Collins, Andersen & Legg 1970). A megachromosome was
also noted in cultured cells of Triticum aestivum L. cv. Thatcher (Kao, Miller, Gamborg & Harvey
1970). How megachromosomes are produced is unknown. However, in Nicotiana hybrids they
appeared to result from the differential additional replication of a prominent block of hetero-
chromatin. The importance of megachromosomes lies in their showing that a mechanism exists
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whereby sudden large changes in the DNA content of a single chromosome can occur in somatic
cells.

A similar mechanism may be responsible for the intraspecific variation in DNA. content per
genome reported in flax. Heritable changes in plant weight can be induced in the flax variety
Stormont Cirrus by growing the plants from germination in specific fertilizer environments
(Durrant 1971). Two extreme forms, large (L) and small (S) stable genotrophs, result. During
the first 5 weeks of induction the specific treatments induce divergence of nuclear DNA content
with (L) ultimately having 16 9%, more than (S), the original parent having an intermediate
DNA content (Evans, Durrant & Rees 1966; Evans 1968). Biochemical analysis has shown that
rRNA genes are preferentially affected during induction. Plants with an extra 16 9%, DNA (L)
have 70 %, more sequences coding for rRNA than (S) genotrophs (Timmis & Ingle 1973). As
this difference only accounts for 0.23 %, of the difference in DNA content between (L) and (S)
genotrophs, other sequences must also be involved. This conclusion is supported by additional
biochemical studies (Cullis 1973 ; Timmis & Ingle 1974). Attempts to induce intraspecific varia-
tion in nuclear DNA content in a few other species similar to those obtained in flax have been
unsuccessful. This may indicate that the mechanism responsible for variation in flax is not
widely distributed in higher plant species, or, that the right conditions for activating changes in
DNA amount have not been found. The extent and distribution of naturally occurring intra-
specific variation in nuclear DNA content in angiosperms is unknown. There is an indication
that such variation may exist in some Nicotiana species (Perkins, Eglington & Jinks 1971) and it
might explain the intraspecific variation noted in Capsicum annuum and C. baccatum (S. Owens,
private communication). Both these species contain 25-30 9, higher DNA amounts in cultivated
forms than in their wild forms (table 8). Japanese workers have reported intraspecific variation
in 2C DNA amount of up to about 20 %, in various diploid and tetraploid wheat species in-
cluding, Aegilops squarrosa, Triticum monococcum and T. timopheevi (Nishikawa & Sawai 1969;
Furuta et al. 1974, 1975).

Several examples of major intraspecific variation in DNA content per genome have not been
confirmed by subsequent studies. For instance, Abbott (1971) claimed that the DNA content of
cells of excised pea roots cultured in vitro was only 27 %, of that in cells of attached control roots.
Schweizer & Davies (1972) repeated Abbott’s experiments and found no evidence to support his
claim, although they did find significant differences in 4C DNA contents of up to 7 %, between
cultivated varieties of Pisum sativum and P. sativum ssp. abyssinicum. Miksche (1968, 1971) reported
intraspecific variation in DNA per cell of up to 50 %, in Pinus banksiana, 58 %, in Picea glauca and
up to 929, in Picea sitchensis. Independently conducted reinvestigations of DNA amounts in
Picea glauca (Teoh & Rees 1976) and P. sitchensis (R. B. Moir & D. P. Fox, private communication)
collected from the same range of environments previously sampled by Miksche (1968, 1971)
have both failed to repeat Miksche’s observations. However, Teoh & Rees (1976) have found
some differences in DNA content between provenances but these were largely due to the
presence of a variable number of B-chromosomes. For further examples comparison should be
made between the initial claims of Pai et al. (1961) and the subsequent papers by Upadhya
& Swaminathan (1963), Rees & Walters (1965) and Nishikawa (1971); and between Deka &
Sen (1973) and Bennett & Jellings (1975).

Recently, Zakirowa & Vakhtina (1974) reported considerable intraspecific variation in
several Allium species, and intravarietal variation in 1C DNA amount of up to 77 %, in 4. cepa
cv. Dungansky. Because of the importance of A. c¢pa as an assumed standard in Feulgen
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densitometry (see § 7(a)) these results demand further comment. The examples given above
provide good reasons why these results for Allium should be treated with caution until an
independent re-examination of the material is made. However, Zakirowa & Vakhtina’s account
(1974) of the methods they used provides good reasons for concluding that their reported intra-
specific variation in DNA amount was apparent rather than real. Thus they state that after
hydrolysing anthers at 60 °C in 1 M HCI for 10 min they then allowed the anthers to cool down
in 1 M HCI before placing them in Schiff’s reagent. This treatment could easily result in over-
hydrolysis and the loss of a fraction of the DNA from some cells. Their use of whole anthers is
also questionable and may have resulted in unequal penetration of 1 M HCI, Schiff’s reagent
and SO, water with consequential variation in Feulgen staining between nuclei.

5. INTRASPECIFIC STABILITY OF DNA AMOUNT PER GENOME

Although the distribution and extent of intraspecific variation in nuclear DNA content in
angiosperms is unknown it is nevertheless, possible to put the examples cited above in perspec-
tive with respect to the numerous published studies of species DNA amounts. First, the consensus
of published data for animal and plant species agrees in demonstrating the principle of species
DNA constancy. Second, several experiments screening for intraspecific variation in crop species
which have been subject to intense selection pressure have failed to detect significant variation.
For instance, Bennett & Smith (1971) found no significant difference in 4C DNA amount
between accessions of barley (Hordeum vulgare) from widely different geographical locations.
Similarly, no differences were found among 25 Japanese and U.S. varieties of wheat(7riticum
aestivum) by Nishikawa & Furuta (1967). Third, the incidence of intraspecific variation is
probably over-represented in the literature as there has almost certainly been a tendency to
publish examples where intraspecific variation was found more often than instances where it
was not. For example, the present authors have not published the results of surveys which failed
to detect significant intraspecific variation in DNA amount between cultivars of Vicia faba or
between cultivars of winter and spring wheat (7. aestivum). Similarly, no intraspecific variation
in DNA amount was found in Festuca pratensis comparing accessions from a range extending from
Spain to Siberia (H. Rees, private communication). It seems reasonable to conclude, therefore,
that although intraspecific variation in DNA amount may be common at levels below + 19,
it is rare at or above the level at which current methods can reliably detect it (i.e. +3-59%,).

Taken together, the various factors known to produce variation in DNA content per genome
(unequal crossing-over, differential amplification, megachromosomes, etc.) must generate a
considerable amount of variation in this character. It is perhaps surprising, therefore, that
species DNA amounts are so relatively constant. Indeed, the observed constancy suggests that
there must be some mechanism whereby DNA amount per genome is monitored and controlled
at or near to an adaptively determined norm for each species. Evidence which appears to sup-
port this notion comes from several experiments using widely different cell types. First, the 4C
DNA content of (L) and (S) flax genotrophs return to a value close to that of the original parent
within a few generations in the absence of selection, even though the (L) and (S) phenotypes
continue to be displayed (Durrant & Jones 1971; Joarder, Al-Saheal, Beguar & Durrant 1975).
Second, in the great majority of comparisons of DNA amounts in naturally occurring polyploids
and their presumed diploid ancestors, the polyploids have DNA amounts not significantly dif-
ferent from those expected assuming DNA constancy per diploid genome (Rees & Walters

29 Vol. 274. B.
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1965; Southern 1967; Grant 1969; Nishikawa 1971; Yang & Dodson 1970; Bennett & Smith
1971; Bullen & Rees 1972; Narayan & Rees 1974). For instance, Smith & Bennett (1975) have
found that the 4C DNA amount of tetraploid Ranunculus ficaria which reproduces vegetatively by
bulbils is almost exactly double that of the diploid species which reproduces sexually. Similarly,
Furuta, Nishikawa & Tanino (1974) have demonstrated that the sum of the DNA contents of
the AA and BB genomes in present-day allo-hexaploid wheat is not significantly different from
that of present day Emmer wheat (a tetraploid species with the genomic constitution AABB).
Thus, they have concluded that no appreciable quantitative change in the DNA contents of the
A and B genomes of common wheat have taken place during at least the past seven thousand
years, in spite of the considerable genetic changes which have occurred. Only two conclusions

may be drawn from the examples cited above; either intraspecific variation in DNA content per
genome has not occurred in diploid and derived polyploid species subsequent to formation of the
latter, or, that such variation has usually been heavily selected against.
TaBLE 1. A COMPARISON OF THE ABSOLUTE DNA AMOUNT/pg PER NUCLEUS OR PER CELL IN
SEVERAL ANGIOSPERMS ESTIMATED INDEPENDENTLY BY SEVERAL LABORATORIES USING EITHER
FEULGEN MICRODENSITOMETRY OR A CHEMICAL METHOD
references
r A ~
DNA amount estimated by DNA amount per cell estimated by chemical
Feulgen microdensitometry extraction and the diphenylamine reaction
A A
C h) C
McLeish
Ingle & Evans & &
this paper (table 8)  Sinclair Rees Sunder- Sparrow & Baetcke
——t— (1972) (1971) land Miksche Lyndon et al. Martin
species 2C 3C 2C 2C (1961) (1961) (1962) (196%) (1966)
Allium cepa 33.5 53.4 32.0 33.5 78.7 54.37 — 54+ 6 65.6
Beta vulgaris 2.5 3.7 2.5 — — — — - —
Zea mays 4.7 7.1 7.5 11.0 15.5 14.1 — — 30.2
Pisum sativum 9.7 14.7 10.0 — 21.4 — 16.0 — —
Secale cereale 16.6 25.4 — 18.9 41.6 — — — —
Vicia faba 26.7 40.0 — 23.9 60.5 38.4 — 44 +8 56.2
Triticum aestivum 34.6 51.9 — — - — — — —
Tradescantia paludosa 41.3 61.9 — 38.8 — 59.4 — 54+6 —

T The standard 2C Allium cepa = 33.5 pg was calculated from this value by Van’t Hof (1965).

6. How ACCURATE ARE ABSOLUTE DNA AMOUNTS?

Published estimates of DNA amounts for the same species obtained by using both chemical
and Feulgen microdensitometric methods sometimes differ greatly. Wallace ez al. (1972) recently
noted that, ‘ Vicia faba provides an outrageous example of imprecision, with a 2C DNA content
calculated to be either 24 or 40 pg’. The chemically determined estimates of 0.73 and 8.0 pg
for Rumex obtusifolius given by Bowen (1962) and Baetcke ef al. (1967) provide evidence of even
wilder imprecision, and prompts the question, ‘How accurate are absolute DNA estimates?’

Published DNA amounts are clearly of widely different reliabilities. Only a fault in the extrac-
tion, staining or measurement could explain differences like those quoted above. Comparing
estimates for individual species with the concensus of data available for those species in the
literature usually allows wildly erroneous results to be identified and discarded (e.g., see § 7 (¢)).
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However, even after this has been done, considerable variation often remains between estimates
for the same species. For example, table 1, which gives DNA per cell measured by chemical
extraction and the diphenylamine reaction in several angiosperms in five separate papers, shows
typical intraspecific variation. Some of the differences represent real variation in DNA content
per cell caused by variation in the proportion of G2 and polyploid cells in the root-tips sampled
(McLeish & Sunderland 1961; Lyndon 1963). However, some differences were doubtless the
result of faulty technique. Two major errors affecting chemical determinations of DNA per cell
in higher plants are recognized, namely, inefficient extraction of DNA (due to the presence of
thick cell walls), and the presence of substances which interfere with the diphenylamine reac-
tion. Unfortunately it is impossible to assess the relative contributions of these factors in pro-
ducing the different DNA per cell estimates cited in table 1. However, it should be noted that
the various authors were usually aware of the limitations of their technique (Baetcke et al. 1967)
and did not claim as great an accuracy for their estimates as is implied by some subsequent
criticism of their work. The standard errors given by Baetcke ef al. (1967) range from about +5
to +29 9%, of the estimated content per cell for individual species.

The accuracy of absolute DNA amounts calculated by Feulgen microdensitometry depend
first, on the accuracy with which each species is measured relative to the standard species used for
calibration, and secondly, on the accuracy of the assumed DNA amount of the standard species.
The reliability of the former may be roughly gauged by comparing results for the same species
obtained by different workers using the same Feulgen method. Table 1 gives the 2C DNA
amounts for several species estimated in three independent laboratories by Feulgen densito-
metry using either Allium cepa (2C = 33.5 pg) or Pisum sativum (2C = 10 pg) as an assumed
standard. With the exception of the results for Zea mays (which require further investigation) the
three sets of results are in close agreement, indeed, much closer than the results obtained by the
chemical method for the same species which are also given (table 1). Thus, individual estimates
obtained by the Feulgen method by Ingle & Sinclair (1972) or by Evans & Rees (1971) differ
from those given by the present authors for the same species by from zero to 14 %, while the
mean percentage difference for the seven possible comparisons is about 7.3 %,. Table 2 presents
data for 13 Ranunculus species estimated by Feulgen densitometry by both Goepfert (1974) and
ourselves, and expressed in arbitrary units relative to Anemone virginiana. Results for individual
species differ by from 2.4 to 20.7 %, with a mean difference of 11.4 9, Table 3 compares the
results for four Tulipa species given by Southern (1967) and ourselves. Assuming the ratio of
estimates for 7. biflora is one, then comparing the ratios for the three other species gives dif-
ferences ranging from 7.8 to 12.3 %, McLeish & Sunderland (1961) compared the ratios of DNA
estimates obtained by chemical and Feulgen methods. Taking the ratio for V. faba as a standard
equal to unity they found that the ratios for eight other species agreed to within 10 %,, while the
ratios for two others differed by 12 and 24 9%, respectively. Swift (1953) stated that, ‘in general
estimates of the nucleic acids in cells are at present accurate to 10 or 20 %,’. The various com-
parisons listed above suggest that the accuracy of estimates of individual species DNA amounts
relative to an assumed standard has in general not improved. While a few estimates are not
accurate even to within 20 %, careful measurements of 4C DNA amounts in species with amounts
of from 0.5 to 2.0 times that of the standard species are probably accurate to within 5-10 %,

For reasons more incidental than scientific, the vast majority of species DNA amounts
measured by Feulgen densitometry have been calibrated directly or indirectly by using Van’t
Hof’s 2C estimate for Allium cepa (33.55 pg) as an assumed standard. Thus, this value was

29-2
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originally chosen as a standard by Professor H. Rees and his colleagues because, of the strictly
limited number of plant species whose published chemically determined 2C DNA amounts
appeared reliable, material of A. cepa was always readily available, and also, because they
happened to be measuring DNA amounts of several species in the genus Allium (Jones & Rees
1968; and H. Rees, personal communication). Thereafter, the same standard was used in
numerous studies by Rees and different co-workers (see, for example, Paroda & Rees 1971;
Narayan & Rees 1974; Verma & Rees 1974), by ourselves (Bennett & Smith 1971; Bennett
1972) and others (Ayonoadu 1974; Nagl & Ehrendorfer 1974). As the accuracy of all absolute
DNA amounts estimated by Feulgen microdensitometry is partly determined by the accuracy
of the assumed standard used for calibration, it follows that the reliability of estimates for
several hundred species given in table 8 depends upon the accuracy of Van’t Hof’s original
estimate for the 2C value in 4. cepa. It is, therefore, worth considering how this value was
derived, and also, its reliability.

TABLE 2. TaE 4C DNA AMOUNTS IN SEVERAL RANUNCULUS SPECIES (IN ARBITRARY UNITS RELATIVE
TO ANEMONE VIRGINIANA = 1.0) REPORTED BY TWO LABORATORIES, MEASURED BY FEULGEN
MICRODENSITOMETRY

(The percentage difference between the two estimates (d) is also given assuming
Goepfert’s estimates for each species are equal to 100 %,.)

species Goepfert (1974) this paper (table 8) d (%)

Anemone virginiana 1.0 1.0 —

Ranunculus lingua 2.374 2.815 +15.64
R. ficaria (4x) 1.994 2.142 +7.12
R. cortusifolius 1.049 0.976 —8.47
R. muricatus 1.036 1.301 +20.37
R. arvensis 0.718 0.687 —4.50
R. flammula 0.689 0.712 +3.24
R. bulbosus 0.600 0.630 . +4.77
R. falcatus 0.591 0.577 —2.42
R. acris 0.525 0.599 +12.36
R. sardous 0.429 0.362 —18.50
R. chius 0.400 0.493 +18.87
R. scleratus 0.397 0.449 +11.59
R. lateriflorus 0.257 0.213 —20.65
R. auricomust — — —_

1 The data for R. auricomus are omitted as there is obviously an error due to misidentification in one of the
two papers.

TasLE 3. THE DNA AMOUNTS IN FOUR 7ULIPA SPECIES (IN ARBITRARY UNITS RELATIVE TO
T. BIFLOR4 = 1.0) REPORTED BY TWO LABORATORIES, MEASURED BY FEULGEN MICRO-
DENSITOMETRY

(The percentage difference between the two estimates (d) is also given
assuming Southern’s estimates for each species are equal to 100 %)

Southern (1967) this paper (table 8) d (%)
Tulipa biflora 1.0 1.0 —
T. saxatilis 1.443 1.599 +8.10
T. turkestanica 1.910 2.059 +17.80
T. urumiensis 1.059 0.929 - 12.27
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Using chemical methods and cell counts, Sparrow & Miksche (1961) estimated the DNA
content per cell in 4. cepa as 54.3 pg. Working in the same laboratory, Van’t Hof (1965), used
this value to derive an estimate of the 2C for 4. cepa (namely, 33.55 pg) by assuming that the
frequencies of 2C, intermediate, and 4C cells were proportionate to the relative durations of the
corresponding phases of the cell cycle: G1, S, and G2+ M, respectively. This assumption is
invalidated if the meristem contains a proportion of non-dividing cells (Van’t Hof 1965). As
root-tips meristems are well known to contain a proportion of non-dividing cells (Brown 19513
Webster & Davidson 1968), Van’t Hof’s estimate of the 2C DNA amount in 4. cepa is almost
certainly subject to this error. The extent of the error depends upon the proportions of non-
dividing G1 and G2 cells, the former tending to produce an underestimate in Van’t Hof’s
estimate of the 2C value, and the latter having the reverse effect. As these data are unknown for
the A. cepa root-tips used by Sparrow & Miksche (1961) the resulting error in Van’t Hof’s
estimate of the 2C amount in A. cepa cannot be accurately assessed. However, given that the
histograms for DNA contents of 4. cepa root-tip nuclei presented by McLeish & Sunderland
(1961) are typical (and hence apply to the root-tips used by Sparrow & Miksche (1961)),
Wallace et al. (1972) state that this error would only alter Van’t Hof’s estimated 2C value by
about 1 pg. If they are correct then the error due to non-dividing cells in Van’t Hof’s estimate
is only of the order of about 3 %,.

TaBLE 4. THE 2C DNA AMOUNT/pg IN TWO DICOTS ESTIMATED BY FEULGEN DENSITOMETRY
USING EITHER AN ANIMAL OR A PLANT STANDARD SPECIES FOR CALIBRATION

reference
I's - N
Brown & Jones Bachmann Bennett &
species Wallace et al. private private Maher & Fox Evans & Rees Smith
- - \ (1972) communication communication  (1973) (1971) (this paper)
standard ( ﬁnopw laevis 6.3 — — — — —
+ - Mus musculus — — — 7.0 — —
(assumed) | ggium cepa — 33.5 33.5 — 33.5 33.5
calibrated { Crepis capillaris 5.2 4.7 4.8 — 4.2 —
plant species | Vicia faba — — — 28.8 23.3 26.7

An alternative test of the accuracy of Van’t Hof’s estimate for A. cepa is to compare estimated
DNA contents for individual species obtained by using both 4. ¢cepa and an animal species for
calibration. Thus, using Xenopus laevis erythrocytes as a standard Wallace ¢t al. (1972) estimated
the 2C amount for Crepis capillaris as 5.2 pg, while two other laboratories (table 4) using 4. cepa
2C = 33.5 pg as standard estimated C. capillaris as 4.7 and 4.8 pg, respectively. Thus, estimates
obtained by using either standard agree to within 10 %, Similarly, Maher & Fox (1973) using
Mus musculus (2C = 7.0 pg) as a standard, estimated the 2C DNA content of Vicia faba as
28.8 pg, while two other laboratories using 4. cepa as standard estimated V. faba to be 26.7 and
23.3 pg, respectively. Here the estimates obtained using A. cepa as standard are about 7 and
19 9, lower, respectively, than the estimate obtained with Mus as standard. As all four estimates
obtained with 4. cepa as standard are low compared with those obtained from animal standards
these comparisons suggest that Van’t Hof may have slightly understimated the 2C DNA amount
for A. cepa. However, the comparisons just related also agree in suggesting that Van’t Hof’s
estimate for A. cepa is probably correct to within about 10 %,
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7. PREPARATION OF THE LIST OF DNA AMOUNTS IN ANGIOSPERMS
(a) DNA amount in Allium cepa cv. Ailsa Craig

Zakirowa & Vakhtina (1974) claim to have detected intravarietal variation in DNA amount in
A. cepa cv. ‘Dungansky’ of up to 77 %,. As we used 4. cepa cv. Ailsa Craig as standard for cali-
bration purposes we decided to screen this variety for variation in 4C DNA content. The prepara-
tion and measurement of root-tip squashes was as described below (§ 7 (4)). Table 5 presents the
results (in arbitrary units) for the mean absorption per mid-prophase (4C) nucleus, in samples of
10 nuclei per root-tip, for sixty individual root-tips (each taken from a different seedling)
stained in groups of three on twenty different days.

TABLE 5. THE MEAN ABSORPTION PER 4C PROPHASE NUCLEUS IN 60 INDIVIDUAL ROOT-TIPS EACH
FROM A SEPARATE SEEDLING OF ALLIUM CEPA CV. A1LsA CRAIG MEASURED IN 20 EXPERIMENTS,
EACH PERFORMED ON A DIFFERENT DAY

seedling
s 2} mean ts.e.
day 1 2 3 (for each day)

1 25.52 25.68 25.58 25.69 +0.05
2 25.62 25.19 25.68 25.50+0.15
3 26.21 26.73 26.84 26.59+0.19
4 25.87 24.85 26.38 25.70+0.45
5 25.90 26.02 25.57 25.83+0.13
6 26.21 26.11 25.89 26.07 £ 0.09
7 25.67 24.53 24.65 24.95+0.36
8 24.48 24.42 24.62 24.51+0.06
9 25.35 25.34 24.63 25.11+0.24
10 25.11 25.11 25.56 25.26 +£0.15
11 25.34 25.51 25.66 25.50 £ 0.09
12 25.35 25.24 24.86 25.15+0.15
13 25.64 25.20 25.84 25.566+0.19
14 25.09 25.91 25.81 25.60 + 0.26
15 24.86 24.38 24.71 24.65+0.14
16 26.02 25.50 25.79 25.717+0.15

17 25.17 25.33 24.98 25.16+0.1
18 25.58 25.72 25.59 25.63 +0.05
19 25.04 24.68 24.69 24.80+0.12
20 24.63 25.20 25.43 25.09 +0.24

The mean absorption per 4C nucleus on individual slides was from 24.42 to 26.84 arbitrary
units (table 5), a difference of only about 10 %,. The means for sets of three slides measured on
different days ranged from 24.65 to 26.59 which almost equals the range for individual slides.
Analysis of variance showed highly significant (P < = 0.001) differences between the means
for different days. Thus, the differences were caused by differential staining or measurement of
DNA on different days. The present results provide no evidence of detectable intravarietal
variation in 4C DNA content in 4. cepa cv. Ailsa Craig. Consequently root-tips of this variety
were considered suitable for use as a standard for calibrating other species.
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(6) Recalibration of DNA amounts in ‘standard’ species

In view of possible errors in previous estimates of 2C and 4C DNA amounts obtained by
Feulgen microdensitometry (see § 3 (c)) it was decided to recalibrate carefully several species
against A. cepa cv. Ailsa Craig, in order to justify their use as known standards for calibrating
other species. The genotypes for recalibration were chosen by using the following criteria

1. They should be easy to culture under laboratory conditions, and root-tips should be
readily available for use as standards throughout the year.

2. They should be either named cultivars, or seed of a defined population, in order to mini-
mize possible error due to intraspecific variation in nuclear DNA content between standards.

3. The spread of DNA amounts should form a series covering the range of DNA amounts in
angiosperms, thus allowing the DNA amount of each species to be estimated by using a standard
species for calibration with a similar DNA amount. This procedure tends to minimize some
technical errors inherent in Feulgen microdensitometry.

4. They should include species often measured in published investigations of DNA amounts
in angiosperms, thus facilitating comparison of the present and past results, and calibration or
recalibration of the latter where appropriate.

On these criteria the following seven species were recalibrated against 4. cepafor use asstandards:

(a) Triticum aestivum cv. Chinese Spring (2n = 6x = 42)

(b) Vicia faba (PBI inbred fertile line 6: 2n = 2x = 12)

(¢) Anemone virginiana (line AV 200 — kindly supplied by Dr G. E. Marks, John Innes Institute,
Norwich: 2rn = 2x = 16).

(d) Secale cereale cv. Petkus Spring (2n = 2x = 14)

(¢) Hordeum vulgare cv. Sultan (2n = 2x = 14)

(f) Pisum sativum cv. Minerva Maple (2n = 2x = 14)

(g) Senecio vulgaris (a wild population growing at the Plant Breeding Institute, Cambridge:
2n = 4x = 40)

Seeds of A. cepa and the species listed above were germinated on Whatman No. 1 filter paper
moistened with distilled water in plastic petri dishes. Tips of roots about 1-2 cm in length were
fixed in freshly made 3:1 absolute ethyl alcohol: glacial acetic acid (by vol.) for about 20 h at
room temperature. Thereafter they were hydrolysed in 1 m HCI at 60 °G for 10 min, stained in
leuco-basic fuchsin (pH adjusted to 3.6) for 2 h, and then given three 10 min washes in SO,
water (McLeish & Sunderland 1961). Root-tips from different species were kept in separate
tubes during this procedure. The darkly stained root-tip was then excised with a clean scalpel
and squashed in a drop of 45 %, acetic acid on a microscope slide (Camlab (Glass) Ltd Cam-
bridge — Belgian microscope slides 0.8-1.0 mm thick) under a cover slip (Chance No. 1). All
microdensitometer readings were made on a Vickers M 86 integrating microdensitometer usually
within 3 h but always within 5 h of squashing. No significant variation in stain intensity in
nuclei mounted in 45 9, acetic acid occurred during this period. In each experiment (day) ten
nuclei judged to be at mid-prophase (4C) were measured on each of three slides (replicates).
Each slide was prepared using a single root-tip from a different plant. The absorption of each
nucleus was calculated as the mean of three readings. Each standard species was compared with
A. cepa in three or four experiments, each performed on a different day.

The present results (table 6) are in close general agreement with, but show some difference
from, those published previously (Evans & Rees 1972; Bennett 1972). In view of the greater care
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TABLE 6. THE MEAN ABSORPTION PER 4C PROPHASE NUCLEUS (IN ARBITRARY UNITS) IN 9 OR 12
INDIVIDUAL ROOT-TIPS MEASURED IN THREE OR FOUR EXPERIMENTS ON DIFFERENT DAYS, AND
THE ESTIMATED 4C' DNA AMOUNT/pg IN EACH EXPERIMENT CALCULATED FROM THE MEAN
ABSORPTION PER PROPHASE NUCLEUS IN ALLIUM CEPA ON THE SAME DAY (SEE TABLE 5) AS AN
ASSUMED STANDARD (4C = 67 pg), IN SEVEN ANGIOSPERM SPECIES

seedling means means corrected for mean
p A v for each day +s.e. A. cepa on the same for the species
species day 1 2 3 (arbitrary units) day +s.e./pg +s.e.[pg
Triticum aestivum 2 25.71 26.69 25.77 26.06 + 0.32 68.47 + 0.84
cv. Chinese 4 26.25 27.08 26.25 26.53 +0.28 69.16 +0.73 69.27 + 0.50
Spring 5 26.59 27.16 27.42 27.06+0.25 70.19 + 0.65J
Vicia faba (PBI, 1 19.16 20.77 20.61 20.18 +0.51 52.84 +1.34 |
inbred line 6) 2 19.57 20.01 21.37 20.32 +£0.54 53.39 +1.42 53.31 +0.29
3 21.24 20.71 21.01 20.99 + 0.51 52.89 +1.28 e
4 21.13 20.64 20.48 20.75+0.2 54.10 +£0.52
Anemone virginiana 6 14.11 14.18 14.30 14.20 £ 0.06 36.49 +0.15
line AV 200 9 13.45 13.39 12.97 13.27+0.15 35.41 +0.40 35.67 +£0.42
10 13.56 13.11 13.05 13.25+0.16 35.12+0.42
Secale cereale cv. 2 12.29 12.19 11.99 12.16 +0.09 31.95+0.24
Petkus Spring 5 12.05 12.90 12.39 12.45+0.25 32.29+ 0.64 33.14 + 0.62
7 12.58 13.03 13.02 12.88 +0.15 34.59 + 0.40 e
8 12.28 12.38 12.36 12.34 +0.03 33.73 £0.08
Hordeum vulgare 1 8.09 8.44 8.41 8.31+0.11 21.76 +£0.29
cv. Sultan 2 8.90 8.75 8.83 8.83 +0.04 23.20+0.11
4 801 797  8.02 8.0 +0.02 20.86+0.05[  2224+057
5 9.04 8.84 8.89 8.92+0.06 23.14 +0.15
Pisum sativum cv. 1 6.92 7.32 7.07 7.10+0.12 18.59+0.13
Minerva Maple 6 7.75 7.51 7.78 7.68 +£0.09 19.74 £ 0.23 19.46 + 0.30
7 7.51 7.28 7.49 7.43 +0.07 19.95+0.18 e
8 7.19 7.15 7.13 7.16 £ 0.02 19.57 +0.05
Senecio vulgaris 6 2.09 2.15 2.15 2.13+0.02 5.47+0.05
(PBI popula- 7 2.24 2.37 2.34 2.32+0.04 6.23 +£0.10 5.88 +£0.22
tion) 8 2.28 2.07 2.16 2.17+0.06 593+ 0.16J

TaBLE 7. THE 4C DNA CONTENTS IN 8 ANGIOSPERM SPECIES USED AS
CALIBRATION STANDARDS

4C DNA
species amount/pg
A. Triticum aestivum cv. Chinese Spring 69.27
B. Allium cepa cv. Ailsa Craig 67.001
C. 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 21.89
G. Pisum sativum cv. Minerva Maple 19.46
H. Senecio vulgaris (PBI population) 5.88

1 The 2C value for A. cepa originally calculated by Van’t Hof (1965) was 33.55 pg, which gives a 4C value of
67.1 pg. While a few workers have taken the exact value, 2C 4. cepa = 33.55 pg (e.g. Ayonoadu 1974), the majority
have taken the value 2C 4. cepa = 33.5 pg, which gives a 4C value of 67.0 pg (see, for example, Evans & Rees
1971; Nagl & Ehrendorfer 1974). Values for species calibrated using either value for A. cepa as standard are
included in table 8. To avoid confusion, the present work has followed the majority and taken the slightly lower
value (33.5 pg) as an assumed standard.
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with which the new estimates were made, it was decided to use these (rather than those pre-
viously published) as standards for calibration purposes. Consequently, where the estimated
value for a species given in table 8 differs from that published previously by the present authors
(see, for example, Bennett & Smith 1971; Bennett 1972) the latter should be ignored in favour
of those given in tables 7 and 8).

The species listed in table 7 are referred to hereafter as ‘standard species’. The standard
species differ by 12-fold in their 4C DNA amounts, which range from 5.88-69.27 pg. The values
for individual species constitute a useful series covering much of the range of species DNA
amounts known in the angiosperms.

(¢) The choice and handling of data for inclusion in table 8

As published DNA amounts are of widely different reliability, some choice had to be exer-
cised in deciding which estimates should be included in table 8, and which omitted. The
following procedure was adopted

(1) All absolute DNA amounts for species originally calculated by using any species listed in
table 7 as a standard are included in table 8. If the DNA amount assumed for a standard species
is the same as that given in table 7, then the original estimates for the species listed are given
(such data are termed ‘original’ (O) in table 8). However, when the DNA amount assumed
for a standard species differed from that given in table 7, estimates for the other listed species
were recalibrated using the DNA amount for the appropriate standard given in table 7 (such
data are termed ‘recalibrated’ (R) in table 8. For example, the original estimates for Eu-Sorghum
species given by Paroda & Rees (1971) are included because they were obtained using the 2C
value for 4. cepa given in table 7 as a calibration standard. However, values for species in the
Ranunculaceae and Droseraceae given by Rothfels ¢z al. (1966) and Rothfels & Heimberger
(1968) have been included after recalibration because the original chemically-estimated DNA
per cell standard for Anemone virginiana (21 pg) differed from the 2C estimate for this species
given in table 7 (17.9 pg) (see also table 8, footnote q).

(2) Several lists of DNA amounts for species including a standard species, which were given
in arbitrary units only, have been calibrated by us using the value for the appropriate standard
species given in table 7 as an assumed standard, (such data are termed ‘calibrated’ (C) in
table 8). For example, the relative 4C DNA amounts for 25 Allium species given in arbitrary
units by Jones & Rees (1968) were calibrated using the standard, 2C Allium cepa = 33.5 pg, as
this species was included in their study.

(8) Several lists giving estimates of relative 2C or 4C DNA amounts for groups of species
originally given in arbitrary units only, which did not include any standard species, were
calibrated by us (such data are termed ‘calibrated’ (C) in table 8). One or more species listed
in each paper were obtained and calibrated by using a standard species, then the results for the
other listed species were also converted into absolute units using the newly-calibrated species as
assumed standards. For example, Borsos (1973) gave relative 2C DNA contents for 8 Lotus species
(including L. corniculatus) in arbitrary units only. We estimated the 2C DNA content of L.
corniculatus (2.1 pg) using Pisum sativum as a standard. Then, the results for the other 7 Lotus
species were converted into picograms using the newly-determined value for L. corniculatus
as a standard. For further details of results calibrated in this way see footnotes c-g of
table 8.

(4) Lists of relative 2C or 4C DNA amounts for species given in arbitrary units alone, which do

30 Vol. 274. B.
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not include a standard species listed in table 7, but do include one or more species whose DNA
amounts have been calibrated by using a standard species, were calibrated using the values for
species with known DNA amounts as assumed standards (such data are termed ‘calibrated’(C)
in table 8). For example, Furuta (1970) gave relative DNA amounts in arbitrary units for
several wheat species including Aegilops speltoides but not including Triticum aestivum (which is
listed in table 7). As the 2C DNA amount of Ae. speltoides has been calibrated against T'. aestivum
using the results of Rees & Walters (1965), Furuta’s results (1970) were calibrated by using the
value for Ae. speltoides (2C = 11.6) as an assumed standard.

(6) Several lists of chemically determined estimates of DNA content per cell are included
because they give values for standard species which are in general agreement with the expected
2(0—-4C range of values for those species, i.e. similar to the 3C standard amount (see, for example,
Rasch & Woodard 1959; McLeish & Sunderland 1961; Sunderland & McLeish 1961 ; Sparrow
& Miksche 1961; Lyndon 1963; Van’t Hof & Sparrow 1963; Martin 1966; Baetcke et al. 1967).
The results of Baetcke ef al. (1967) show particularly good agreement in this respect, thus, the
DNA contents per cell for V. faba (44 pg) and 4. cepa (54 pg) are both close to the expected 3C
DNA amounts for those species (40 and 53.4 pg) respectively, see table 1). By comparison the
estimates given by McLeish & Sunderland (1961) are consistently somewhat higher than
expectation.

A few other chemically determined estimates of DNA amount per cell were also included in
table 8, which were not originally given together with estimates for a standard species (see, for
example, Ruch & Rosselet 1970; Price ¢t al. 1972).

(6) When several estimates for the DNA amount of the same species are published, each has
been included in table 8 together with its source. If estimates for a species have been made by
ourselves and one or more other laboratories, then our estimate is listed first. Otherwise, the
order of listing estimates for the same species is arbitrary.

(7) All estimates of DNA amount per cell or per nucleus based solely on cell size or nuclear
volume have been omitted from table 8. While nuclear DNA content and nuclear volume often
exhibit a highly significant positive correlation (Baetcke ez al. 1967), estimates of DNA amounts
in individual species obtained using such correlations are subject to larger errors than those
estimated by careful chemical extraction or Feulgen densitometry experiments. For instance,
using the relation of nuclear volume to nuclear DNA content, Sparrow & Nauman (1973)
estimated the 2C DNA amount in two genotypes of Hordeum distichum as 6.55 and 9.79 pg, respec-
tively, a difference of nearly 50 %,. While estimates derived in this way are undoubtedly suitable
for certain types of comparisons (see, for example, Bennett ¢f al. 1972; Sparrow & Nauman
1973 ; Price, Sparrow & Nauman 1973), they are a poor substitute for direct measurements of
nuclear DNA content.

(8) Lists of absolute DNA amounts for species which were obviously grossly inaccurate were
omitted from table 8. For instance, Bowen (1962) estimated the DNA content per cell of Pinus
sylvestris to be about 8 pg, and of Rumex obtusifolius to be about 0.73 pg, while Miksche (1967)
estimated P. sylvestris to have about 93 pg per cell, and Baetcke ez al. (1967) gave an estimate for
R. obtusifolius of about 8 pg. As Bowen (1962) gave estimates of DNA amounts which are con-
sistently about one-tenth of the values for the same species given by other workers, his results
are excluded from table 8.

The majority of species in table 8 are included subject to items 1-4 listed above, and
consequently are given values calibrated directly or indirectly against the assumed value for
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Allium cepa 2C = 33.5 pg. Such species may be identified in table 8 which gives the standard
used for calibration for each species. If the 2C value for A. cepa is subsequently shown to
differ from Van’t Hof’s (1965) estimate it will be simple to recalibrate all such estimates using
the appropriate correction factor.

Relative DNA amounts for species given in arbitrary units only are of very limited use com-
pared with estimates calibrated in absolute units. It is desirable, therefore, that future investiga-
tions of species DNA amounts should give 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 the 8 standard species
listed in table 7 may be obtained on request from the present authors for this purpose.

8. LisTt oF DNA AMOUNTS IN ANGIOSPERMS

This information is presented for 753 species in table 8 which appears on pages 246-269. Some
explanatory notes relating to table 8 appear in §9 on pages 270 and 271.

30-2
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9. NOTES TO TABLE 8

(a) The key to the original references for species DNA amounts given in table 8 is as follows:

1. Bennett (1972) 19. Martin & Shanks (1966) 38. Cheng & Grant (1973)
2. Bennett & Smith (1976) 20. Rees et al. (1966) 39. Rothfels & Heimberger (1968)
3. Furuta (1970) 21. Chooi (1971) 40. Southern (1967)
4. Rees & Walters (1965) 22. Ingle & Sinclair (1972) 41. Murray (1975)
5. Jones & Rees (1968) 23. Martin (1966) 42. Brown & Jones (private
6. Van’t Hof (1965) 24. Sunderland & McLeish (1961) communication)
7. Evans et al. (1972) 25. Owens (1974) 43. Capesius et al. (1975)
8. Rothfels et al. (1966) 26. Kadir (1974) 44. Goepfert (1974)
9. Sparrow & Mischke (1961) 27. Verma & Rees (1974) 45. Owens (private communication)
10. Baetcke et al. (1967) 28. Ayonoadu (1974) 46. Smith & Bennett (1975)
11. Rasch & Woodard (1959) 29. Wallace et al. (1972) 47. Price & Bachmann (1975)
12, Van’t Hof & Sparrow (1963) 30. Price et al. (1972) 48. Bachmann, Price & Bierweiler
13. McLeish & LaCour (private 31. P. Barlow (private communication) (private communication)
communication) 32. Nagl & Ehrendorfer (1974) 49. Kaltsikes (1971)
14. McLeish & Sunderland (1961) 33. Narayan & Rees (1974) 50. Bennett & Smith (1971)
15. Rees & Hazarika (1969) 34. Bullen & Rees (1972) 51. Borsos (1973)
16. Ruch & Rosselet (1970) 35. liyama & Grant (1972) 52. Guervin et al. (1975)
17. Jones & Rees (1967) 36. Barlow & Nevin (1976) 53. Maher & Fox (1973)
18. Paroda & Rees (1971) 37. P.Barlow (19754) 54. Lyndon (1963)

(b) If a species was calibrated in direct comparison with one of the 8 standard species, the standard species used is identified
in column 14 by the appropriate capital letter given to it in table 7, i.e. A = T. aestivum, B = Allium cepa, etc. If a species
was calibrated subject to the procedures described in § 7 (¢) (iii) and (iv), then the original standard species is identified
first as described above, and the intermediate standard species used to calibrate those species listed with it is also denoted
by its number in table 8, column 1. For instance, standard A (T aestivum) was used to calibrate Aegilops speltoides (species
no. 13 in table 8), which was then used as an intermediate assumed standard to calibrate other 4egilops species given by
Furuta (1970). The calibration standard for such Aegilops species is therefore given as A-13. If a species was calibrated
using an animal standard then the species is named in column 14 of table 8.

(c) 2C DNA estimates for Avena species given by Bullen & Rees (1972) in arbitrary units (a.u.) were converted to absolute
units using the conversion factor, 1 pg = 0.60 a.u. This factor was obtained as the mean ratio of results for 4. brevis,
A. longiglumis, A. barbata, A. sativa, and A. sterilis measured by Bullen & Rees (1972) and the present authors (table 8).

(d) DNA estimates for Avena species given by Iiyama & Grant (1972) in arbitrary units (a.u.) were converted into absolute
units using the conversion factor 1 pg = 0.1155 a.u. This factor was obtained as the mean ratio for results for 4. longi-
glumis, A. strigosa, A. barbata, and A. sterilis measured by Iiyama & Grant (1972) and the present authors (table 8).

(e) 4C DNA estimates given by Guervin ef al. (1975) in arbitrary units (a.u.) for Callisia species were calibrated using the
correction factor 1 pg = 136.5 a.u. This factor was obtained as the mean ratio of estimates for C. elegans and C. repens
given by Guervin ¢t al. and the present authors (table 8).

(f) 4C DNA estimates for Phalaris species given by Kadir (1974) in arbitrary units (a.u.) were converted to absolute units

using the conversion factor 1 pg = 18.088 a.u. This conversion factor was obtained as the mean ratio of results for

P. paradoxa and P. arundinacea (6x) given by Kadir and the present authors (table 8).

2C DNA estimates for Tulipa species given by Southern (1967) in arbitrary units (a.u.) were converted to absolute units

using the conversion factor 1 pg = 0.2342 a.u. This factor was obtained as the mean ratio of results for 7. biflora,

T. saxatilis and T. turkestanica (4x) measured by Southern and the present authors (table 8).

(h) Intraspecific variation in nuclear DNA content may occur in this species. Consequently the values given in table 8
should not be assumed to be correct for all genotypes of the species (see § 5). ;

(i) DNA amounts for Vicia species (including V. faba) given by Rees et al. (1966) were estimated graphically from their
figure 3 in arbitrary units, and then calibrated using the present standard for V. faba (see table 7).

(j) This is a dioecious species. It should be noted that a possible source of intraspecific variation in DNA content exists in
dioecious species, especially those with dimorphic X and Y chromosomes or different chromosome numbers in male
and female plants. These conditions are rare in angiosperms, but some examples are Melandrium and Rumex species
(Stebbins 1971). Anisimov (1973) has found differences in DNA content between two classes of spermatozoids occurring
in equal numbers in the animal Ascaris suum, but no similar measurements have been reported for dioecious plant species
with dimorphic sex chromosomes. Estimates for DNA amounts in dioecious plant species should always specify the sex

" of the material measured.

(k) The authority of this species is either unknown or unclear to the present authors.

(1) Species no. 176 was obtained from Station Nationale d’Essais de Semances, La Miniere 78000 Versailles, France, as
Bromus aff. valdivianus and therefore, the identity of this genotype has not been definitely established.

(m) There is no obvious basic number for the genus Luzula and it is impossible to allocate Luzula species with high chromo-
some numbers to one ploidy level with any certainty.

(n) Ranunculus falcatus is often included in the genus Ceratocephalus. Goepfert (1974) considers it to be a modified hexaploid
based on x = 7, however, it might be a pentaploid based on ¥ = 8.

(o) DNA amounts for several species in the Compositae given by Bachmann, Price and Bierweiler (private communica-
tion) clearly indicate that plants at two or three ploidy levels were measured, e.g. species nos, 213—4; 313-5; 343-5;
371-2; 373-4; 502-3; 504—5; 646-17. As their data did not include chromosome counts, it is impossible to state with
certainty the ploidy levels of the plants involved. In some instances the most likely ploidy levels have been indicated.
For instance, as counts of 12 and 24 are recorded for Leontodon autumnalis (Darlington & Wylie 1955), the values given by

~

(8
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Bachmann et al. have been tentatively assigned to diploid and tetraploid races, respectively. Darlington & Wylie (1955)
give only a single chromosome number for Crepis biennis (2n = 40); Lactuca serriola (2n = 18); Picris echioides and P.
hieracioides (both 2n = 10); and Sonchus asper (2n = 18). Thus in these cases, the DNA amounts may constitute evidence
for the existence of a race with the ploidy level different from that noted in chromosome counts hitherto.

(p) There is probably an error in the original estimate for Aegilops cylindrica given by Furuta (1970). This tetraploid species
is thought to have the genomic constitution CD, yet summing Furuta’s estimates of the DNA contents of the respective
diploids (C- Ae. caudata, 161 a.u.; D- Ade. squarrosa 126-171 a.u.) gives a much higher expected DNA amount for Ae.
cylindrica (287-332 a.u.) than was obtained (162 a.u.). No value is given for the species de. triuncialis ssp. orientalis Eig.
var. persica (Boiss.) Eig (listed immediately above de. cylindrica (table 1 in — Furuta loc. cit.). Perhaps the value for this
species became substituted for the value for de. cylindrica which was accidentally omitted?

(q) The DNA content per isolated nucleus for Anemone virginiana (21.0 pg) given by Rothfels et al. (1966) is mistakenly
quoted as the 4C value for that species by Goepfert (1974). Thus, the 4C DNA amounts for Ranunculus species given by
Goepfert (1974) relative to the standard 4C 4. virginiana = 1.0 (in a.u.) should not be converted to absolute units using
the per cell DNA value of Rothfels e al. (1966), although they may be converted using the 4C value for A. virginiana
given by the present authors (table 7).

(r) Some doubt has arisen concerning the identification of this Luzula species (P. Barlow, private communication).
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