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¢ Abstract

Correct information on genome size is important in many areas of research. For a long
time, scientists have been struggling to understand the reason for the huge variation in
eukaryotic genome size and its biological significance. More recently, the knowledge on
genome size has become important to structure genome sequencing projects as their
scale and cost depend on genome size. Despite the fact that the first estimates of ge-
nome size in eukaryotes were made more than 50 years ago, we are still not quite sure
about the exact genome size in practically all animal and plant species. Moreover, differ-
ent estimates continue to be published for the same species. These discrepancies com-
promise data comparison and interpretation and point to methodological problems,
which include standardization. This article assesses the current state of DNA reference
standards for flow cytometry and the issues related to their calibration.
Society for Advancement of Cytometry
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MOoST of the genetic information in eukaryotes is localized in the cell nucleus and
numerous attempts have been made to determine the quantity of nuclear DNA, espe-
cially after various lines of evidence associated DNA with genes (1). It soon became
clear that the amount of DNA per nucleus is relatively constant in somatic cells of a
given species and that sperm cells have approximately half the DNA amount found
for somatic cells (2,3). These experiments provided independent data to support the
hereditary role of DNA and marked the beginning of numerous fruitful lines of
research and applications, many of them still important today, all relying on the abil-
ity to determine DNA amounts in cell nuclei.

The early determinations were made colorimetrically on DNA extracted from a
known number of cells although the presence of cells in different cell cycle phases
could compromise the accuracy of these estimates. The colorimetric approach made
identification of subpopulations of cells with different DNA amounts impossible.
However, cytometric methods suitable for measurement of absorbance of light in
individual nuclei (either using UV light with non-stained nuclei and/or monochro-
matic visible light with nuclei stained by the Feulgen reaction) were already available
during the 1940s and were used to discover the presence of cells with different classes
of DNA amounts. Such cells were observed in a variety of animal tissues and were
associated with polyploidy and polyteny (4,5). The presence of nuclei with 2, 4, 8, 16,
or 32 times the haploid value was described in plant tissues by Swift (6) who intro-
duced the “C” terminology to classify nuclear DNA amounts. In this terminology,
DNA classes are labeled as C, 2C, 4C, 8C, etc. to characterize DNA amounts of nuclei
by multiples of the DNA amount in a complete chromosome set in a non-replicated
haploid nucleus, which has the class C DNA amount.

At the beginning of the 1950s, biochemical and cytochemical studies established

the constancy of nuclear DNA amount for a given species and described its altera-
tions during the mitotic and meiotic cycle and changes due to polyploidy and poly-
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teny. An observation with important implications for the
understanding of cellular pathology and carcinogenesis and
for subsequent biomedical applications of nuclear DNA con-
tent measurements concerned the increase of nuclear DNA
amounts in carcinomas and lymphocytes of patients with
leukemia (7,8).

In line with studies on differences in DNA amounts
within various organisms, the pioneering studies discovered
differences in DNA amounts between species (9). This work,
together with other studies in animals and plants which fol-
lowed (10-14), revealed a lack of correlation between the evo-
lutionary complexity of an organism and its nuclear DNA
content. This implied a lack of correlation between the
amount of nuclear DNA and the number of genes and
Thomas (15) coined a term “C-value paradox” to describe this
phenomenon. Although this term still remains in use today,
there is no longer a paradoxical aspect of this discrepancy. Nu-
clear DNA of various organisms contains various proportions
of noncoding and repetitive sequences and hence its quantity
needs not to be related to the number of genes. But why do
organisms differ in DNA amounts after all? This is a persisting
problem and various components of this question have been
collectively termed the “C-value enigma” (16).

In a search to reveal the evolutionary trends in the varia-
tion of nuclear DNA content and its biological significance,
efforts have been made to estimate DNA amounts in as many
species as possible. On March 1, 2010, the Animal Genome
Size Database contained 6,518 records representing 4,972 spe-
cies (17) while the Plant DNA C-Values Database comprised
6,744 entries (18). Although these numbers are impressive, the
coverage of the existing biodiversity is far from complete and
many taxa and important clades are missing (19). Moreover,
contrasting C-values can be found for the same species. For
example, 1C-values ranging from 3.80 to 5.93 pg DNA can be
found for Pisum sativum in the Plant DNA C-Values Database
(18), see also Table 1. Although it is possible that in some spe-
cies publications on intraspecific variation of nuclear DNA
content reflect a real variability, many reports are suspected to
be erroneous (20,21).

The discrepancies in the estimation of nuclear DNA con-
tent point to methodological problems and compromise data
comparison and interpretation. More than 50 years after the
pioneering studies, we are still far from the point of being able
to estimate reliably eukaryotic nuclear DNA amounts in abso-
lute units. This article focuses on an important methodologi-
cal aspect of the estimation of nuclear DNA content in plants,
which is the use of reference standards.

TERMINOLOGY ON NUCLEAR DNA CONTENT
AND GENOME SIZE

Before proceeding with methodological aspects of DNA
content estimation, it is useful to summarize the current ter-
minology. One copy of the genetic information had already
been termed genome in 1920 by Winkler (22). However, the
term genome size to denote the quantity of DNA in which the
information is stored was not coined until the late 1960s
(13,23). Unfortunately, the definition of genome size was not
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clear enough and the terminology remained ambiguous. Thus,
the mass of nuclear DNA in the whole chromosome comple-
ment (with chromosome number 7n) was often referred to as
genome size irrespective of ploidy and number of basic chro-
mosome sets (x) the chromosome complement comprised.
Only recently, Greilhuber et al. (24,25) proposed a coherent
terminology in which the term genome size is used as a cover-
ing term in the wide sense, irrespective of ploidy. The neces-
sary distinction of the kinds of genome sizes is made by the
adjectives “monoploid" (one chromosome set of an organism
having the chromosome base number x) and “holoploid” (the
whole complement of chromosomes with chromosome num-
ber n characteristic for the organism). The abbreviated terms
(symbols) for monoploid and holoploid genome size are Cx-
value and C-value, respectively (24).

Conversion Between DNA Mass and the Number of
Base Pairs

Nuclear DNA amounts were traditionally given in pico-
grams of DNA. With the advent of molecular biology the
trend was to express genome sizes in the number of base pairs.
This necessitated a conversion factor. Britten and Davidson
(26) considered 9.13 X 10° nucleotide pairs per pg DNA and
this factor was quoted by Nagl (27) without providing a refer-
ence and later used by Rasch (28) and other authors (29).
When estimating genome size of Rana pipiens, Straus (30)
mentions 5.6 X 10° nucleotide pairs per 5.8 pg DNA in the
haploid genome. These values were most probably used by
Bennett and Smith (31) to derive a factor of 0.965 X 10° for
the conversion of pg DNA to the number of base pairs. This
factor was used extensively, although a different factor of 0.98
X 10° base pairs per pg DNA was used by Cavalier-Smith (32).
Unfortunately, derivation of the latter was not explained in
the publication.

Probably the most accurate conversion factor was derived
by Dolezel et al. (33) who were motivated to do so after read-
ing a paper by Thomas et al. (34). In this work, 2C DNA
amount of human female and male was estimated to be 3.77
pg and 3.70 pg DNA, respectively. These values were in a sharp
contrast to all previous estimates and a careful reading
revealed that DNA amounts were calculated assuming 6.162 X
10° nucleotides for the human male nucleus and a mean nu-
cleotide molecular weight of 360 g/mol (the authors erro-
neously considered nucleotides and not nucleotide pairs).
Dolezel et al. (33) determined the mean relative molecular
weight of one nucleotide pair to be 615.8771 and used this
value to derive a formula for converting the number of nucle-
otide pairs to picograms of DNA: genome size (bp) = (0.978
X 10°) X DNA content (pg). These calculations not only
revealed the serious error of Thomas et al. (34), but provided
a clear reference for converting DNA mass in picograms to the
number of base pairs. This conversion factor has been used in
many studies and as of April 30, 2010, the paper of Dolezel
et al. (33) has been cited 126 times (ISI Web of Knowledge),
catapulting it to a position of the third most cited paper in the
history of the scientific journal Cytometry Part A (A. Tarnok,
pers. comm.).

Nuclear Genome Size



REVIEW ARTICLE

Table 1. Independent estimates of 2C DNA content in Pisum sativum. Two different 2C-values were considered for Allium cepa, which

was used as reference standard

RATIO OF 2C-VALUES (P. SATIVUM/A. CEPA) P. SATIVUM 2C DNA CONTENT (PG)*

SAMPLENO.  ACCESSION OF P. SATIVUM RATIO RANK A B METHOD®  REFERENCE
1 cv. 0.3119 35 10.45 10.84 FDM 85
2 Minerva Maple 0.2896 34 9.70 10.07 FDM 31
3 Ccv. 0.2269 1 7.60 7.89 FDM 86
4 cv. 0.2783 31 9.32 9.67 FCM 87
5 cv. 0.2609 17 8.74 9.07 FCM 43
6 Express Long 0.2560 11 8.58 8.90 FCM 88
7 Frithe Maiperle 0.2693 25 9.02 9.36 FDM 75
8 Frithe Maiperle 0.2693 26 9.02 9.36 FDM 75
9 5 cultivars 0.2573 12 8.62 8.94 FDM 75

10 2 cultivars 0.2543 9 8.52 8.84 FDM 75
11 3 cultivars 0.2651 19 8.88 9.21 FDM 75
12 Frithe Maiperle 0.2663 21 8.92 9.26 FDM 75
13 Perfektion 0.2633 18 8.82 9.15 FDM 75
14 ‘Wunder von Kelvedon 0.2675 23 8.96 9.30 FDM 75
15 Frithe Heinrich 0.2651 19 8.88 9.21 FDM 75
16 Minerva Maple 0.2585 14 8.66 8.99 FDM 75
17 19 accessions 0.2714 29 9.09 9.43 FDM 75
18 19 accessions 0.2694 27 9.02 9.36 FDM 75
19 19 accessions 0.2687 24 9.00 9.34 FDM 75
20 Kleine Rheinlidnderin 0.2535 7 8.49 8.81 FCM 74
21 Kleine Rheinlidnderin 0.2532 5 8.48 8.80 FCM 74
22 Ctirad 0.2672 22 8.95 9.29 FDM 44
23 Ctirad 0.2587 15 8.67 8.99 FDM 44
24 Ctirad 0.2532 6 8.48 8.80 FDM 44
25 Ctirad 0.2589 16 8.67 9.00 FDM 44
26 Ctirad 0.2696 28 9.03 9.37 FCM 44
27 Ctirad 0.2543 8 8.52 8.84 FCM 44
28 Ctirad 0.2448 2 8.20 8.51 FCM 44
29 Ctirad 0.2758 30 9.24 9.59 FCM 44
30 Minerva Maple 0.2848 32 9.54 9.90 FCM 77
31 Ctirad 0.2549 10 8.54 8.86 FIDM 89
32 Ctirad 0.2574 13 8.62 8.95 FIDM 89
33 Ctirad 0.2867 33 9.60 9.97 FIDM 89
34 Frison 0.2500 3 8.38 8.69 FCM 76
35 Minerva Maple 0.2500 4 8.38 8.69 FCM 76
Mean 0.2641 - 8.85 9.18 - -
Standard Deviation 0.0148 - 0.496 0.516 - -

2 Two different 2C values were considered for the reference standard Allium cepa: A - 2C = 33.5 pg (31) and B - 2C = 34.76 pg (43).
b FCM, flow cytometry; FDM, Feulgen scanning densitometry; FIDM, Feulgen image densitometry.

Estimation of Genome Size Using Flow Cytometry
Although it may come as a surprise, estimation of ge-
nome size is not a trivial task even in the beginning of the
third millennium. As most of animal and plant tissues are
comprised of cells at various stages of the cell cycle, it is not
advisable to isolate DNA from many cells and calculate mean
DNA content. Instead, various cytometric methods have been
used to estimate DNA amounts in single cells and nuclei
whose cell cycle position is known. Feulgen microdensitome-
try dominated the field until the beginning of 1980s, when it
has been gradually replaced by flow cytometry, which offers a
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convenient approach and higher throughput. A trend towards
using flow cytometry was stimulated by the cessation of the
production of scanning microdensitometers—“the obsoles-
cence time bomb” (35). Although image cytometry can replace
scanning microdensitometry, it has been used rather excep-
tionally in the plant sciences. On the other hand, it plays a sig-
nificant role in the animal genome size research (17).

Flow cytometric estimation of nuclear DNA content in
plants is typically done on nuclei isolated by homogenization
of fresh tissues (36). Although various modifications of the
original protocol have been introduced (37,38), tissue chop-
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ping with a sharp razor blade remains the prevailing approach.
The composition of the nuclei isolation buffer is critical to
mechanically stabilize isolated nuclei, protect their DNA from
degradation and provide conditions needed for specific and
stoichiometric DNA staining (39,40). Recent data have further
revealed a role for the isolation buffer—to suppress the nega-
tive effect of cytoplasmic compounds on DNA staining and
avoid precipitation of cellular debris (41). A list of the most
frequently used buffers can be found in the FLOWer database
(42). After the initial uncertainty on the suitability of DNA
fluorochromes for the estimation of genome size, it became
clear that only DNA intercalators such as ethidium bromide
or propidium iodide, which do not exhibit preferential bind-
ing to AT or GC base pairs, should be used (43,44). Once the
DNA of nuclei in the solution is stained, the sample can be an-
alyzed using flow cytometry for relative nuclear fluorescence
intensity.

Cytometric measurements are always relative and a stand-
ard with known genome size is needed to estimate genome
size of the unknown sample. In principle, this can be done so
that the sample and the standard are measured independently
and the means of fluorescence intensity of nuclei in the same
phase of the cell cycle (typically in G1) are compared. How-
ever, this so called external standardization is not recom-
mended, especially in high-precision measurements, as both
samples are not treated under identical condition. For the
same reason, it is not advisable to mix two independently pre-
pared samples prior to the analysis (45). It has been generally
accepted that only the so called internal standardization, when
the nuclei of the standard and the unknown sample are iso-
lated, stained, and analyzed simultaneously, yields reliable
results (40,45-47).

DNA Reference Standards

As genome size of the unknown sample is estimated after
a comparison with a reference standard, calibration of the
standard’s genome size is of prime importance. It will establish
the absolute precision of the estimate and a possibility to com-
pare the estimate with those obtained in other laboratories
and with other samples. In principle, nuclei isolated from ani-
mals and plants should be used interchangeably. However, as
the staining of nuclear DNA is influenced by chromatin struc-
ture and DNA accessibility, it has been recommended not to
use animal standards, such as chicken (Gallus gallus) red blood
cells, for plants (Key recommendation 3 at the Angiosperm Ge-
nome Size Discussion Meeting and Workshop 1997, see 35). But,
as it is useful to compare genome size in animals and plants,
there is a need for calibrating their standards against each other
and a common primary reference standard is desirable.

As there has never been an agreement on DNA reference
standards, various animal and plant species have been used
with a risk of producing data, which cannot be compared.
Even worse, as there is no agreement on the genome size of
reference standards, the same standards have been used in dif-
ferent studies with different DNA amounts assigned to them
(see 48). Ideally, only one reference standard should be used
for all estimations. However, this is not realistic as the range of
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known genome sizes in plants and animals extends three
orders of magnitude (17,18). As the use of only one standard
for the whole range would bring a risk of error due to nonli-
nearity (49), a set of reference standards is needed to cover the
range. A logical strategy is to calibrate a primary (“gold”) ref-
erence standard and then perform a series of experiments to
calibrate other (secondary) reference standards. As the calibra-
tion needs to be done in a step-wise manner, the number of
steps from the primary reference to the secondary standard is
important (44) and the genome size of the primary reference
should be in the middle of the range. In land plants, 2C values
range from 0.12 to 254.8 pg, with the median 2C-value 5.06 pg
and mean 2C-value 12.38 pg (18, L. J. Leitch, pers. comm.).

Human as a Primary Reference Standard

A number of studies indicate that the genome of man
falls close to the median 2C-value of plants and thus would
appear to be an excellent primary reference standard. How-
ever, do we know its genome size with enough precision? Ven-
drely and Vendrely (50) extracted DNA from a known number
of human liver nuclei by modified Schmidt-Thannhauser and
Schneider procedures and determined purin content colori-
metrically with the Dische diphenylamine reaction. Estimated
nuclear DNA contents (supposedly representing 2C-values)
were 6.3, 5.9, and 5.8 pg, with the average of 6.0 pg DNA.
Using similar methods, Mandel et al. (51) investigated nuclear
DNA content of human leucocytes, which are diploid and
unreplicated, and reported a value of 6.848 pg/2C. Although
this value differs from that of Vendrely and Vendrely (50), it
seems to indicate that the liver nuclei analyzed by these
authors were mainly diploid and unreplicated. During the
same period, Métais et al. (52) obtained a value of 6.98 pg
(2C) from 14 determinations using leucocytes from normal
humans. When considering these estimates, one should bear
in mind that their precision depends not only on the reliability
of the chemical assays themselves, but also on the presence of
cells in different phases of the cell cycle and the precision with
which the number of cells is determined.

On the basis of the analysis of a number of previous esti-
mates for human genome size, Tiersch et al. (53) assigned a
value of 7.0 pg DNA for fresh male human leukocytes. Using
this value they calibrated a set of 45 animal species with 2C-
values ranging from 1.5 pg to 110.0 pg DNA as reference
standards for flow cytometry. Although the human 2C-value
of 7.0 pg was set rather arbitrarily, it provided a solid platform
to calibrate a range of secondary standards. The 2C-value of
2.5 pg determined by Tiersch et al. (53) for chicken was in a
perfect agreement with the value determined by Rasch et al.
(54) and other authors cited by them and independently con-
firmed the 2C-value of 7.0 pg for man. This 2C-value is com-
monly assumed today as a consensual 2C-value of the human
(17,55-57) and was used to calibrate a set of recommended
plant DNA reference standards (58, Table 2).

However, a detailed analysis of published data indicates
that 2C = 7.0 pg for human seems to be close to the upper re-
alistic limit. For example, a circumstantial evidence for a lower
human 2C-value comes from three independent studies, in
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Table 2. A set of plant DNA reference standards calibrated using
human male leukocytes (2C = 7.0 pg) as primary reference
standard?®

2CDNA
SPECIES CULTIVAR CONTENT  REFERENCE
Raphanus sativus L. Saxa 1.11 43
Solanum Stupické 1.96 43
lycopersicum L. polni rané
Glycine max Merr. Polanka 2.50 90
Zea mays L. CE-777 5.43 84
Pisum sativum L. Ctirad 9.09 44
Secale cereale L. Dankovské 16.19 44
Vicia faba L. Inovec 26.90 43
Allium cepa L. Alice 34.89 44

@ Seeds may be obtained free of charge by contacting the cor-
responding author at dolezel @ueb.cas.cz.

which a model plant Arabidopsis thaliana, a model nematode
Caenorhabditis elegans, chicken, and human were used. Gal-
braith et al. (36) chemically determined the chicken 2C-value
as 2.33 £ 0.22 pg. After simultaneous analysis of A. thaliana
and chicken nuclei, Bennett et al. (59) arrived at a 2C-value of
2.233 pg for chicken (in this study A. thaliana was calibrated
against C. elegans assuming its 1C value = 0.102 pg). Given
the human/chicken ratio of 0.357 as determined by Tiersch
et al. (53), one arrives at a 2C-value of 6.252 pg for human
(Ref. 45).

In addition to colorimetry, Feulgen microdensitometry
and flow cytometry, other methods have been employed to
determine the genome size of human and are worth mention-
ing. For example, Sandritter et al. (60) determined 3.12 pg
DNA for RNase-treated human sperm using UV-cytophoto-
metry, which fits within the range of acceptable genome size
estimates. In contrast, genome size estimated using DNA re-
association kinetics seems to be too low to be considered reli-
able: 1.8 Gbp or 1.84 pg/2C (61,62). The error was almost cer-
tainly due to sequence complexity of the human genome with
the presence of various classes of repetitive DNA. More
recently, Wilhelm et al. (29) compared genome sizes of yeast,
fish Xiphophorus maculatus and human (of Caucasian race,
sex not given) and estimated the human genome size to be 2.9
Gbp/1C, which amounts to 2.97 pg. However, as the conver-
sion factor by Britten and Davidson (26) was used, Wilhelm
et al. (29) actually reported 1C = 3.178 pg. Altogether, these
results may indicate that the human 2C-value is lower than
7.0 pg and higher than 6.0 pg.

Using a Sequenced Reference Standard

An ideal scenario is to use a DNA reference standard
whose genome has been sequenced to completion. The pro-
gress in sequencing technologies seems to make this proposal
realistic and an uninformed observer may get the impression
that in species, which were announced to be fully sequenced,
the complete sequences are known. Unfortunately, this is not
true. No matter what reasons prompted research teams to
announce the completion of their projects, the reality is that
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the largest eukaryotic genome for which an essentially com-
plete sequence is known is that of the model nematode C. ele-
gans. One copy (1C genome size) occupies 100.3 millions base
pairs (63) and this seems to be too low to qualify C. elegans as
the primary reference standard to be used for calibration of
secondary reference standards.

The human genome sequence was declared complete in
2004 (64). However, due to the presence of peculiar DNA
sequences, mainly repetitive DNA which are difficult to map
and sequence, the sequence was interrupted by 341 gaps,
which were estimated to represent 225 Mb. Together with the
2.85 Gb finished sequence, this gives an estimated human ge-
nome size 3.1 Gb. However, the efforts to close the gaps con-
tinue (65,66) and the exact human genome size will not be
known until this work is completed. At the same time, one has
to be aware of the variation in the human genome, which may
result in differences in genome size between individuals (67).

The genome of chicken is another relevant animal ge-
nome, which has been sequenced. However, once again the
sequence is far from complete and contains a large number of
gaps (68). Thus, the genome size of 1.05 Gb (1C) as reported
by the International Chicken Genome Sequencing Consor-
tium (69) is certainly an underestimate. A comparison with
the situation in the human genome indicates that it is not real-
istic to expect that the gaps in the chicken genome will be
closed in the near future. The same holds true for other animal
species potentially useful as primary reference standards.

Calibrating Plant Reference Standards

The FLOWer database developed by Loureiro et al. (48)
provides a list of reference standards which have been used to
determine genome size in plants using flow cytometry. How-
ever, only a few were calibrated using an independent method.
Chemical genome size determination in multicellular plants is
complicated by the cumbersome determination of cell number
and by DNA synthetic activity and the occurrence of endopo-
lyploidy. Onion (Allium cepa) is suitable for chemical determi-
nation of nuclear DNA content because of a near absence of
endopolyploidy in root tip meristems and adjacent parts of
the root. Sparrow and Miksche (70) determined cell numbers
in root tips and performed chemical determination of DNA
using essentially the same methods as previously used for
human (50-52, see also Ref. 71 for describing the methods
used in plants). The initial value of 54.3 pg DNA / cell, which
was determined on DNA isolated from a population of cells
containing nuclei in G1, S and G2-phase, was subsequently
calibrated by Van’t Hof (72) after considering the relative du-
ration of cell cycle phases. The resulting 2C-value of 33.55 pg,
or 33.5 pg for simplicity (31), holds till today as a reasonable
estimate for this species. Greilhuber et al. (73) compared A.
cepa with the human and a number of animal species using
Feulgen two-wavelength cytophotometry. The estimates for
mitotic blood cells of a male and a female were 6.08 and 6.38
pg (2C), respectively, or 6.22 pg on average. This result was in
excellent agreement with the early chemical determinations of
the human (50-52) and provided a reciprocal confirmation of
the correctness of the 2C value for A. cepa.
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For a long time, A. cepa was the preferred standard for
DNA measurements in plants, but is now increasingly replaced
by other species such as garden pea (Pisum sativum), which
has desirable characteristics such as moderate genome size, ge-
nome size constancy over all cultivars, absence of interfering
metabolites in leaf tissues, continuous availability and ease of
growth. Although the genome size of P. sativum was reported
to be constant (74,75), published C-values are surprisingly
variable. For the purpose of this review, we consider only
those studies in which P. sativum was compared with A. cepa
(Table 1). Obviously, the published C-values are of different
weight, depending on the number of lines studied, number of
replicates and the methods used. The estimates for genome
size of P. sativum vary by 1.375-fold and the median of ge-
nome size ratio P. sativum/A. cepa is 0.2633 (rank 18 of 35).
Using the traditional 2C-value of 33.5 pg for A. cepa (31) this
gives 2C = 8.82 pg for P. sativum, a value close to 8.84 pg esti-
mated using Feulgen densitometry (75).

Like the densitometric estimates of genome size ratio P.
sativum/A. cepa, also the flow cytometric estimates vary
between laboratories (76,77, Table 1). Considering the
human-based 2C-value of 9.09 pg for P. sativum (44), 2C-
value of A. cepa can be estimated to be 34.52 pg, i.e. only
1.030-fold higher than the traditional value of 33.5 pg. These
data seem to indicate that the ratio of genome size P. sativum/
A. cepa is close to 0.2633 and that the 2C-value of A. cepa is
probably slightly higher than 33.5 pg, i.e., about 34.52 pg, if
2C = 9.09 pg is considered for P. sativum—a value determined
assuming 2C = 7.0 pg DNA for human (44). The use of 2C =
9.09 pg or 8.89 Gbp for P. sativum makes the estimates of ge-
nome size obtained in plants directly comparable with those
in animals, which are based mostly directly or indirectly on
the human value of 2C = 7.0 pg. Irrespective of which C-value
authors consider for their plant standard, experimentally
determined C-value should always be accompanied by C-value
of reference standard to allow for subsequent recalculations.

Will Genome Sequencing in Plants Help?

A considerable number of 160 plant genomes (out of
them 149 land plants) and 228 animal (metazoa) genomes are
reported to be presently sequenced or are projected to be
(National Center for Biotechnology Information http://
www.ncbi.nlm.nih.gov/). However, none of them can be con-
sidered fully sequenced, including the small genome of the
model plant A. thaliana. The Arabidopsis Genome Initiative
(78) estimated its genome size to be 125Mb. This value was
based on the size of all sequenced regions together with an
estimate of the size of nonsequenced regions. The current esti-
mate, which again includes an estimate of nonsequenced
regions like centromeres is 135 Mb (The Arabidopsis Informa-
tion Resource http://www.arabidopsis.org/). It is interesting to
note that this estimate differs only by 8.6% from 157 Mb as
determined after the comparison with C. elegans (59). The rea-
lity is that a complete sequence and genome size of A. thaliana
is currently not known and one cannot exclude a possibility
that it is close to 150 Mb.
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A similar situation is found in other sequenced plant gen-
omes, which include rice (Oryza sativa). The International
Rice Genome Sequencing Project (79) produced 389 Mbp
sequence, which is supposed to cover virtually all the euchro-
matin, but only some heterochromatin regions. The same is
true for sorghum (Sorghum bicolor) with an estimated 1C-
value of 730 Mbp (80,81). No matter if the genomes of rice
and sorghum are sequenced or not, their genome sizes appear
at the lower end to be ideal primary reference standards. This
role could be played by maize (Zea mays). However, its large
and complex genome makes efforts to obtain a complete
sequence especially difficult (82). It is interesting to note that
the progress of sequencing in maize has been measured against
the genome size of 1C = 2,300 Mbp estimated by Rayburn
et al. (83) using flow cytometry. However, higher estimates
have been published (1C = 2,628 Mbp, 84) indicating that a
larger part of the maize genome is yet to be sequenced.

CONCLUSION

In the near future, genome size will be known with suffi-
cient precision only for a minority of eukaryotes, mainly those
with very small genomes. As they are at the low end of the
range of genome size of plants and animals, they are not ideal
primary reference standards. Thus, it seems reasonable to con-
tinue using human as a primary reference in the animal king-
dom and P. sativum as a primary reference in plant kingdom.
To prevent introduction of another source of variation and a
chaos in the literature, it is advisable to continue using refer-
ence standards calibrated against the human male with an
assigned 2C-value of 7.00 pg DNA. Although this 2C-value is
probably overestimated by 5-10%, this approach offers an im-
portant advantage by providing a link and permitting compari-
sons between the estimates made both in the plant and animal
kingdom. Once the human genome size is known with enough
precision, all values assigned to reference standards and estima-
tions made with them can be easily recalculated. There is a
demand to obtain the full genome sequence for human and it
is realistic to expect its availability in the not too distant future.
On the other hand, economic constraints will hamper the
attempts to obtain complete genome sequences in other eukar-
yotes with larger genomes in the near future.
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