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Abstract

The estimation of nuclear DNA content has been by far the most popular application

of flow cytometry in plants. Because flow cytometry measures relative fluorescence

intensities of nuclei stained by a DNA fluorochrome, ploidy determination, and esti-

mation of the nuclear DNA content in absolute units both require comparison to a

reference standard of known DNA content. This implies that the quality of the results

obtained depends on the standard selection and use. Internal standardization, when

the nuclei of an unknown sample and the reference standard are isolated, stained,

and measured simultaneously, is mandatory for precise measurements. As DNA

peaks representing G1/G0 nuclei of the sample and standard appear on the same his-

togram of fluorescence intensity, the quotient of their position on the fluorescence

intensity axis provides the quotient of DNA amounts. For the estimation of DNA

amounts in absolute units, a number of well-established standards are now available

to cover the range of known plant genome sizes. Since there are different standards

in use, the standard and the genome size assigned to it has always to be reported.

When none of the established standards fits, the introduction of a new standard spe-

cies is needed. For this purpose, the regression line approach or simultaneous analy-

sis of the candidate standard with several established standards should be prioritized.

Moreover, the newly selected standard organism has to fulfill a number of require-

ments: it should be easy to identify and maintain, taxonomically unambiguous, glob-

ally available, with known genome size stability, lacking problematic metabolites,

suitable for isolation of sufficient amounts of nuclei, and enabling measurements with

low coefficients of variation of DNA peaks, hence suitable for the preparation of high

quality samples.
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1 | INTRODUCTION

Flow cytometry (FCM) allows rapid and accurate quantification of

light scatter and fluorescence of microscopic particles during their

movement at high speed in a narrow stream of liquid. As large plant

populations can be measured, small subpopulations can be identified

[1]. In plants, the most popular application of FCM has been the esti-

mation of the nuclear DNA content (genome size, C-values; [2, 3]).

The assay is relatively straightforward and relies on staining nuclei by

a DNA-specific fluorescent dye and quantification of the amount of

the bound fluorochrome [4, 5]. Thanks to the availability of affordable

and easy-to-use flow cytometers, the method gradually replaced Feul-

gen densitometry, which is more laborious, has much lower through-

put, and for which the production of new instruments was

discontinued. Similar to Feulgen densitometry, FCM does not measure

the nuclear DNA content in absolute units. In order to transform arbi-

trary to absolute units, mean peak position on the fluorescence inten-

sity axis (PP) of the nuclei of the unknown sample is compared with

that of a reference standard with known C-value following the

equation

2C-valueObject ¼2C-valueStandard�PPObject G1=G0 � PPStandard G1=G0

Note: The resulting object's C-level depends on the inserted C-level

of the standard organism—the C-level is the number preceding the

term “C-value”. For instance, in the equation above it is 2. The

equation with 2C is the typical case when working with mature vas-

cular plants, while in some groups (e.g., bryophytes) one or both

values may be 1C. The C-level of a given nucleus depends on its

stage within the courses of the cell cycle and the organism's life

cycle (generative polyploidy is not discussed here, for nomenclature

details, see [2, 3]). Nuclei are referred to according to the FCM rele-

vant phases of the cell cycle as either G1/G0 or G2, whereas the

alternation of generations (haplo-diplontic life cycle) is connected

to a change in the nuclear phases resulting a haplophasic genera-

tion (gametophyte/one holoploid chromosome set per nucleus) and

a diplophasic generation (sporophyte/two holoploid chromosome

sets per nucleus). As a consequence, regular gametes contain one

holoploid chromosome set, each chromosome consisting of one

chromatid. They are at the 1C-level. Subsequent fertilization results

in nuclei containing two holoploid chromosome sets with each one

chromatid per chromosome or, in other words, two chromatids in

each homologous chromosome pair, the 2C-level. Replication of

the DNA during the course of cell cycle doubles the number of

chromatids from one chromatid per chromosome in the G1/G0

nuclei to two chromatids per chromosome within the G2 nuclei and,

therefore, cause nuclei on the 4C-level in the sporophytic genera-

tion (i.e., two chromatids per chromosome = 4 chromatids per

homologous chromosome pair), but the 2C-level in the gameto-

phytic generation (i.e., two chromatids per chromosome, one chro-

mosome set). In a mixed preparation containing different

generations or cell cycle phases, the different C-levels have to be

compensated by an introduced factor. For example, given a

gametophytic object (e.g., a moss or pollen) was prepared together

with a sporophytic standard organism, the equation has the form

1C-valueObject = 2C-valueStandard � PPObject G1/G0 � PPStandard G1/G0,

and thus the object's 2C-value = 2 � 2C-valueStandard � PPObject G1/G0

� PPStandard G1/G0. See References [2, 3] for a detailed overview includ-

ing the distinction between holoploid (C-levels) and monoploid genome

size (Cx-levels), which is particularly important in generative polyploids.

This relation makes the standardization the critical point in the

whole procedure. This paper summarizes the information on standard-

ization methods, reference standard selection, and the establishment

of new standards.

2 | TYPES OF STANDARDIZATION
PROCEDURES

a. External standardization: The nuclei of the sample and the refer-

ence standard are isolated, stained, and analyzed separately. The

positions of DNA peaks in both samples are recorded and

the nuclear DNA content of the unknown sample is calculated

based on the quotient of the PP. Even if the instrument is cali-

brated repeatedly, for example, each time after analyzing a few

samples, this approach is not suitable to obtain precise data. Vary-

ing drifts intrinsic to the process of preparation (dye saturation of

the DNA, preparation age or temperature-driven nuclear disinte-

gration, staining inhibition associated with the presence of second-

ary metabolites [6, 7]) and/or drifts inherent to the instruments

(voltage-dependent photomultiplier amplification, temperature-

dependent laser efficiency, sample flow shifts) may lead to varia-

tion in nuclear fluorescence intensity [8] and, therefore, to PP vari-

ation during the course of measurements. External standardization

may be used for preliminary determination of genome size during

the selection process of a suitable internal reference standard, as a

tool for the standard peak identification during the course of mea-

surement, or ploidy level estimation [9]. However, the method of

external standardization is unacceptable for accurate measure-

ments of nuclear DNA contents.

b. Pseudo-internal standardization: In this type of standardization,

suspensions of nuclei are prepared separately from the unknown

sample and the reference standard and only afterward both are

merged, stained, and measured simultaneously. The reason to do

so may be the impossibility to isolate nuclei from both sources

simultaneously, for example, when they are isolated by chopping

plant tissues and by hypotonic lysis of animal or human cells. This

approach does not enable precise measurements because the sam-

ple and the standard nuclei may be influenced by several factors in

different ways (such as the effect of staining inhibitors or dye satu-

ration, as described previously). Pseudo-internal standardization

may be acceptable when it is not possible to co-process both sam-

ple and standard from the very beginning and high-precision

genome size measurement is not required. In the regard of

requesting more precise approaches, caution is needed when inter-

preting such results.
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c. Internal standardization: Nuclei of the unknown sample and the

reference standard are isolated, stained, and measured simulta-

neously in the same suspension. This approach ensures identical

treatment conditions for the nuclei of the standard and the

unknown sample during the whole duration of sample preparation

until measurement. Potential interfering factors, such as the pres-

ence of secondary metabolites [6, 7] are affecting both nuclei types

in the same manner. This is the only standardization method

acceptable for accurate measurement of genome size, detection of

aneuploidy, and DNA base composition (not discussed in this

paper—see Reference [9]).

One of the most serious mistakes in precise genome size measure-

ment with FCM is the use of external standardization, which leads to

artificial variation across individual samples (see References [10–12]).

The extent of the peak shift that may occur even within a short time

during the course of measurement must not be underestimated. The

difference between internal and external standardization is demon-

strated by the following experiment (Figure 1). Leaf tissues of Pisum

sativum (P.s.) and Secale cereale (S.c.) were co-chopped and the

resulting nuclei suspension was split into two tubes. To each tube,

staining buffer containing propidium iodide was added and five mea-

surement runs per tube were performed at the same voltage settings

of the instrument (laser equipped). The whole experiment took about

1 h. The positions of the corresponding G1/G0 nuclei peak pairs (S.c.

and P.s.) were recorded. Peak position quotients (i.e., peak index) fol-

lowing the internal standardization approach from these pairs, showed

1.012-fold variation among the 10 runs. The entire sample and instru-

ment associated variation impacted all nuclei populations in the same

way, hence the ratio between them was stable over all runs. However,

resembling an approach with external standardization, the highest

measured value for G1/G0 fluorescence (that of S.c.) and the lowest

(from P.s.) were used to calculate the greatest possible S.c./P.s. quo-

tient. Vice-versa, the lowest value for the S.c. fluorescence together

with the highest value from P.s. gave the smallest possible quotient

within the underlying data set. The variation in this simulated

approach of external standardization was up to 1.31-fold in this data

set, which was produced from, with regard to secondary substances,

non-problematic material. The peak shifts simply originated from the

sample as well as instrument-intrinsic drift during the course of

measurement.

3 | REQUIREMENTS ON A REFERENCE
STANDARD

Genome size measurement with FCM relies on specific and stoichio-

metric binding of a fluorescence dye to DNA of intact nuclei in both

the standard and the study object, in order to ensure linear propor-

tionality of the resulting mean fluorescence intensity [13]. Unfortu-

nately, there are many obstacles due to the properties of plant

material, which may disturb the measurement in various ways. Con-

sidering this, it is imperative that the standard organism fulfills the

requirements for accurate measurements. Some of the following items

F IGURE 1 Lower scale: Illustration of the effect of G1/G0 peak position variation (in arbitrary units (AU)) on the fluorescence intensity

(FI) axis of co-chopped Secale cereale (S.c.) and Pisum sativum (P.s.) in two simultaneous preparations after five measurements each. The
corresponding S.c./P.s. G1/G0 peak pairs share the same height and the peak shifts on the fluorescence intensity axis are clearly visible. The
quotient accuracy is illustrated by the high congruency of the order of the columns (the height of the columns does not correspond to the time of
measurement). Upper scale: The short (upper) horizontal bar represents the S.c./P.s. ratio range resulting from internal standardization
(1.012-fold), whereas the large (lower) horizontal bar represents the ratio range between the two extreme values (1.31-fold) resulting from
recalculation in order to reproduce external standardization. During the course of measurement, the peaks tended to shift to the right side on the
x-axis of the histogram
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relate to mechanical and chemical issues directly influencing the mea-

surements, while others regard taxonomic issues of the standard,

availability, and cultivation.

• Verified genome size stability within well-delimited taxa is crucial

for reproducibility of the results [9, 10, 14–16]. This includes also

reproductive isolation (absence of cross-hybridization) from the

close relatives and any taxonomic ambiguity, as well as high

genome stability in the course of cultivation and maintenance of

the material (e.g., no stress-induced ploidy level changes). This

requirement excludes also the use of clones derived from in-vitro

tissue or cell suspension culture, since they frequently manifest

cytological somaclonal variation, that is, polyploidy and aneuploidy

[9, 17]. The genome size of a standard organism should be invari-

ant. Any kind of different cytotypes, aneuploidy, B-chromosomes,

sex chromosome dimorphism, tendency to spontaneously form

polyploids (in morphologically indistinguishable individuals), or any

other genome size variation among the material of the standard is

to be excluded. Material from guaranteed pure lines established by

maintenance breeding or by natural clonal propagation is to be pre-

ferred. Special caution is needed in outcrossing species. All this

information must be indicated in publications. In crops, the particu-

lar variety, cultivar, or lineage should be indicated.

• Absence of anatomical structures and/or cell content affecting

preparations in a mechanical or chemical way. First, the standard

material should not possess mechanical properties that prevent

easy sample preparation, such as thick cuticles, tough hairs, or

silicate or carbonate incrustations, such as seen in samples

of xerophytic species or other species with specialized life

strategies. Second, the standard tissues should tolerate a suffi-

cient time for interim storage in the refrigerator, indicated by

retention of turgor pressure, and, additionally, should release a

sufficient number of nuclei on homogenization. Third, a high

content of specific plant products and secondary metabolites

may decrease the yield of nuclei and, therefore, compromise the

stability of the nuclear suspensions (these include mucilaginous

compounds, latex, wax, resins, starch, oxalates, among other

compounds [18]). Fourth, the standard should be free of DNA

staining inhibitors, especially polyphenolics (such as tannins or

anthocyanins; the latter particularly notable in colored tissues).

This is critical, as it has been shown that phenolic compounds

may influence nuclei of different species in different ways, even

when co-processed [7, 19, 20]. Although the effect of secondary

metabolites may be partly reduced by selecting suitable buffer,

or by adjusting buffer composition, and also by selecting a

particular organ or tissue for nuclei isolation (for details see

References [6, 12, 21]), the standard itself should not be a

source of interfering compounds. Detailed tests for identifica-

tion of secondary metabolites are described in References [6]

and [22].

• Texture homogeneity in different tissues/materials. Different tis-

sues may require different conditions for proper nuclei isolation

and quantitative staining.

a. Differences in chromatin accessibility to DNA fluorochromes may

lead to nuclear fluorescence intensity variation among various tis-

sues. Therefore, it is best to use similar tissues in the studied object

and the standard for nuclei isolation. A simple test is advisable sim-

ilar to that shown in Figure 2. A combined preparation of the tissue

in question together with somatic tissues of the same species may

yield two close peaks. Figure 2 shows nuclei from male sperms and

somatic tissues from the liverwort Pellia epiphylla which were com-

pared and a 1.115-fold stainability variation was obtained.

Although never systematically evaluated, Price et al. [23] also

suggested to avoid the use of too distantly related organisms

(e.g., animal vs. plant tissues).

b. The use of dry samples has become increasingly important, but

they are almost always measured using fresh standard tissues. This

may produce different results than using either fresh-fresh or dry-

dry combinations. Bainard et al. [24] discussed the differences in

DNA content estimation when dry versus fresh tissues were used

and stated that “It is possible that increased fluorescence in dry tis-

sue may be an indication of undetected self-inhibition of staining

in fresh tissue that is not present in dried tissue, or that nuclei from

dried tissue tend to be closer to full staining saturation for other

reasons.” Hence, a comparison of the PP between dried and fresh

material is recommended and possibly informs about the presence

of secondary metabolites.

c. Commercially available fixed cells or artificial beads are not suitable

as standards for precise DNA content analysis, because they can

only be applied as pseudo-internal standards, that is, they are not

entirely co-processed, therefore not affected in the same way as

the sample. Moreover, the accessibility of chromatin/DNA to a

DNA fluorochrome differs between fixed and non-fixed nuclei [25,

26]. Polystyrene and other type of beads are not suitable as they

do not contain DNA and cannot resemble the kinetics of DNA

staining of the nuclei in suspension.

d. The presence of sex chromosomes is another potential source of

error. C-values may differ between sexes by only a few percent, as

in humans [27], or in Silene latifolia [28], but up to 35% in the liver-

wort Frullania dilatata [29].

However, in some cases, different tissues have to be used due to

possible unavailability of the particular tissue in the standard species

(such as when analyzing endosperm or pollen grains). In any case, the

tissues used must be properly described in the publication.

• High-resolution histograms with peaks with low coefficients of

variation (less than 3%) and low background noise, but a sufficient

number of released nuclei should be obtainable from the reference

standard [9].

• Verified C-level of the nuclei. The DNA content of a cell nucleus

depends on the nuclear phase and the mitotic stage [2, 3]. In differ-

entiated sporophytic organs (e.g., leaf), a majority of nuclei are in

G1/G0 phase of cell cycle (2C-level) and only a few in G2 (4C-level),

whereas in gametophytic tissues (e.g., bryophyte leaflets) the

nuclei are at the 1C-level or 2C-level in G1/G0 or G2, respectively.
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If gametophytic and sporophytic tissues are mixed within one

preparation, compensation has to be considered. Usually, the main

mitotic cycle arrest is in the G1/G0 stage. Therefore, in a typical

histogram of a single species one dominant (in terms of the peak

area) G1/G0 peak and on the double position none, or a much

smaller one in G2 appears (Figure 2). Rapidly proliferating tissues,

for example, very young tomato leaves, may exhibit a larger frac-

tion of G2 nuclei than fully developed tissues. Exceptions are rare,

but do exist. In the moss Physcomitrella patens the vast majority of

nuclei is arrested in G2 and G1/G0 nuclei, if existing at all, are

beyond FCM detectability [30], or in cases of unidentifiable nuclear

phases in organisms with isomorphic, but heterophasic life cycles

[31]. Čerternová and Galbraith [31] suggest to refer to pg/cell

without assignment to a 1C or 2C-value exceptionally in those

cases of unidentifiable nuclear phases. The knowledge of the

C-level in all tissues subjected to measurement is an indispensable

prerequisite in FCM. It enables the correct calculation of the

C-values.

• Presence of endopolyploidy is a matter of debate. Endopolyploidy

is more abundant in certain plant groups (such as Brassicaceae,

including A. thaliana), life strategy, and tissue types [32–36]. Pro-

vided complete replication of the genome, this phenomenon is

tempting for use in standard organisms, since the same standard

is suitable in a wider range of targeted samples, and additionally,

may provide a simple, hence fast control of linearity depending on

the instrumentation [37]. Galbraith [38] found almost perfect line-

arity among up to 32C endopolyploid A. thaliana nuclei populations

(r2 = 0.9999) and recommended the use of endopolyploid nuclei

populations to stretch the range of one standard species. On the

other hand, the peak with nuclei containing the least amount of

DNA (1C in gametophytes and 2C in sporophytes) may be over-

looked, since in endopolyploid tissues such nuclei are occasionally

less frequent than the nuclei with higher C-levels. The use of endo-

polyploid peaks of other species may introduce another error if

incomplete endoreduplication occurs, such as observed in certain

orchids [39] or chromatin structure and DNA accessibility vary

between endopolyploid nuclei populations with varying architec-

ture [40]. As a general rule, increased caution should be applied in

regard of complete DNA replication or other factors affecting the

fluorescence intensity proportionality among the nuclei

populations, if endopolyploid nuclei are used as a standard.

• Easy maintenance and availability of the standard material is an

important precondition. The former includes sufficient and long-

lasting germination capacity of the seeds and practicable seed/

diaspore storage conditions, short germination time in annuals,

easy cultivation (no special conditions needed, e.g., provided by

greenhouse pest resistance), and sufficient diaspore production

(also in perennials as a backup, or for dissemination among col-

leagues). Perennial species are superior over annuals, as they pro-

vide a longer life-span and permit utilization of the same individual

(or ramets of one natural clone) for the preparation of all

samples within an experiment or even for all samples studied in the

laboratory over a certain period of time and without repeated ger-

mination efforts. A standard (either seeds or propagated plantlets

F IGURE 2 Fluorescence intensity variation among nuclei released from different cell types in the liverwort Pellia epiphylla (P.e.). Peak
1 contains male gamete nuclei emitting lower fluorescence intensity compared with the Peak 2, which contains somatic nuclei of the
gametophyte. The variation of the fluorescence intensity is 1.115-fold (index) and results from the stainability variation between the two
different cell types. The Peaks 3 and 4 refer to the Pisum sativum (P.s.) G1/G0 and G2 nuclei respectively. The P. e. 1C-value calculated from
somatic tissues from both, P.e. and P.s. was 7.0 pg, whereas a false 1C-value of 6.2 pg (given between quotation marks) resulted from the
calculation, when the male gametes were used for C-value calculation
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from natural clones) should be globally available. In this respect,

seed-propagated standards (both annuals and perennials) are

advantageous over vegetatively propagated ones, as seeds will sur-

vive more easily, when posted to other researchers upon request.

• Usability of the standard organism in combination with various

isolation buffers. Certain study objects may require special isola-

tion buffers [6, 21, 41], and, as a matter of fact, scientists may also

prefer a certain isolation buffer in their work. Therefore, a useful

standard organism is subject to work well with several isolation

buffers.

4 | STANDARD SELECTION ACCORDING
TO A GIVEN OBJECT

Since a linear response of a flow cytometer is an indispensable prereq-

uisite for proper relative measurement, Suda and Leitch [42] strongly

recommend locating the DNA peak of the target species between the

G1/G0 and the G2 peaks of the standard as the ideal condition, and in

no way should the difference between the target species and the

standard genome size exceed fourfold. Sliwinska et al. [9] recommend

threefold difference. This is a significant restriction compared with

the potentially higher range provided by the linear scale measurement

window of the instrument (Note: the logarithmic scale is not rec-

ommended for genome size measurement in instruments that employ

logarithmic amplifiers for the logarithmic scale data collection). Mod-

ern instrumentation provides usually satisfactory linearity, which can

be accurately verified according to Bagwell et al. [43]. Depending on

the genome size variation within the targeted sample set, the use of

more than one standard organism may be necessary.

The issue of maximum difference between genome size of the

standard and unknown sample leads to the opposite question, con-

cerning the minimum difference. Too close and hence “overlapping”
DNA peaks on a histogram of relative fluorescence intensity lead to a

kind of “additive spill over” resulting in an artificial approach of the

two peak means, since the signals within the shared area will contrib-

ute mutually to the area of each other's peak. The closer the neighbor-

ing peaks come, the more signals will be added to channels in the

periphery of the other peak. In Figure 3A individual peaks basing on a

fictitious data set are shown as a superimposed projection. The tallest

columns (the peak modes) in the center are columns no. 8 of the light

gray peak, and 14 of the dark gray peak, respectively. Figure 3B dis-

play the data set in the same way as Figure 3A, but simulates com-

bined measurement. Correspondingly, two strongly “overlapping”
peaks with an unequal contribution of signals to the center columns

of both peaks appear. Columns no. 9 and 13 are now the tallest, lead-

ing to a shift of both mean PP. In order to avoid such biased mean

peak values, it is recommended to unambiguously determine at least

95% of the signals within each peak, which lies within ±2 times the SD

from the mean value (or the coefficient of variation in % - as provided

by many flow cytometers). Subsequently, only about 2.5% of the sig-

nals will be shared in the area between the peaks. As a rule-of-thumb,

the minimum distance between the standard (C1) and the study object

(C2) C-values (or peak positions on the histogram axis of relative fluo-

rescence intensity) should not be less than two times the coefficient

of variation given in % from the standard (CV%1) plus two times the

study object (CV%2). The simplified inequality to calculate the actual

(left side) and the essential (right side) distances between the genome

sizes or the PPs on the fluorescence intensity axis is:

jC1�C2 j >0:02� CV%1�C1þCV%2�C2ð Þ

The actual distance has to be larger than the essential distance. C1

and C2 are either the C-values or the PP. If provided by the flow

cytometer, the CV% and the PP can be inserted directly from the his-

togram into this equation.

Example: Given, Hordeum vulgare (C1; PP = 113.57; 5.02 pg/1C)

was measured against P. sativum (C2; PP = 100; 4.42 pg/1C) and the

G1/G0 peak coefficients of variation were 2.5% and 1.5%, respec-

tively. The genome size of H. vulgare is 1.136-fold larger than that of

P. sativum. Is the distance between them larger than the required min-

imum distance under the observed conditions? Provided, the

H. vulgare C-value was calculated from the histogram and the CV%s

were directly taken from the respective histogram peaks, the equa-

tion is:

j113:57�100 j >0:02� 2:5�113:57þ1:5�100ð Þ

13:57>8:68

In this example, the actual difference between the PPs (13.57) is

larger than the calculated minimum distance (8.68), thus under the

precondition of the given CV%, the peak's overlapping area conforms

with the above mentioned condition of nonoverlapping peaks.

5 | PLANT GENOME SIZE VALUES RANGE
AND THE BEST FITTING STANDARDS

Currently known genome sizes of Embryophyta vary about 2300-fold

between the smallest, found in Genlisea tuberosa (0.0624 pg/1C, [44]),

and the largest, that of Paris japonica (152.23 pg/1C; [45]). The indi-

vidual C-values described for land plant species are not normally dis-

tributed between these two extremes, instead forming an extremely

positively skewed distribution having a mode between 0.6 and

0.7 pg/1C (Figure 4). It is not likely that further findings will dramati-

cally change this distribution pattern. Following the maximal distance

between object and standard C-value rule, standard species with a

genome size between 0.15 and 2.76 pg/1C would be sufficient to

cover these C-values. Since 58% of all as yet known Embryophyta C-

values are in this range, it will be easy to select a suitable standard

from the established standard species (Table 1) in most cases. Among

the very low ranking C-values, A. thaliana (0.16 pg/1C) is often used

as a standard. Genlisea tuberosa, as the smallest known Embryophyte

genome, was measured relative to A. thaliana, since their quotient is
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2.56-fold, which is still within an acceptable distance. In fact, stan-

dards in a range suitable for nuclear 1C-values up to 118 pg

(Haemanthus albiflos 29.5 pg/1C) are provided by the literature (see

Table 1). Above 67 pg/1C, no sufficient standard had been

established, when Pellicer et al. [45] published the genome size of

P. japonica. In order to circumvent linearity problems created by the

F IGURE 3 Illustration of
minimum peak distance based on
a fictitious data set. (A) Two
visually superimposed, but
independent individual peak
histograms (light gray and dark
gray). Columns 8 and
14 represent the modes of the
light gray and dark gray peak,

respectively; (B) the combined
data set shows the “additive spill
over.” Each column content
mutually contributes to a
column's content of the other
peak. This resembles the situation
of measurements, when nuclei
with similar mean fluorescence
intensity produce “overlapping”
peaks in the histogram. For the
left-hand peak, the dark part on
top of each column is the
contribution of the right-hand
peak (dark gray). Since this
contribution increases toward the
right, the left mode is shifted to
the middle between the two
peaks. The modes of the two
peaks approached and are now
represented by the Columns
9 and 13, respectively
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9.1-fold variation between P. japonica and A. cepa, they used the

A. cepa 2C nuclei to calibrate two Trillium species to be used as further

standards for P. japonica (152.23 pg/1C), together with 8C nuclei of

A. cepa.

6 | ESTABLISHMENT OF NEW
STANDARDS

To date, a wide spectrum of standard organisms is available (Table 1)

and their use should be preferred since it permits a comparisons of

results from different researchers. But what if all suitable standard

organisms elude flow cytometric sample measurement by conflicts

like, for example, overlapping peaks, problems with germination, culti-

vation, or availability? Here, we describe methods that are used to

establish new standards. Regardless of which approach was finally

used, the method used and the primary standards together with their

genome size and references have to be specified when the new stan-

dard is published. When establishing a new standard, researchers

should be very stringent concerning the measurement precision (CVs

of the peaks <3%, at least 1000 nuclei per peak, nonoverlapping and

not too distant peaks, repeated measurements on different days; see

Reference [9] for details).

• Single calibration standard approach is the most often used

approach. As for typical genome size measurements, a single cali-

bration standard is used per new standard organism. This approach

is more prone to error than approaches employing more than one

primary standard, either derived already from an imprecise calibra-

tion standard C-value selected or from imprecise measurements.

Repeated measurements on different days (and different instru-

ments, if available) partly compensate the latter problem. The main

risk of this approach is that there is no other control. Thus if any

unrecognized problems (e.g., cryptospecies or other) occur, these

will not be noticed.

• Cascade like approach: A set of new standards is calibrated in a

cascade manner, that is, the C-value of every species is compared

with the C-value of a species having a higher or lower C-value.

Starting the calculation from the calibration standard organism

with known genome size (serving as an “anchor”; only one primary

standard is thus needed), one after another species' C-value is cal-

culated in a cascade manner [46–49]. All resulting genome sizes

are supposed to be congruent within the new standard set. There-

fore, the selection of the anchoring standard genome size is critical,

since biased values will continuously impact all derived values over

the subsequent steps. Highly precise measurements are essential

for the cascade like approach.

• Regression line approach [50]. This is one of the most robust

approaches in terms of linearity problems and measurement errors,

since the new standard species will be calibrated against multiple

different calibration standards with known genome size and indi-

vidual measurement errors will be eliminated. A new standard is

measured against a set of other existing calibration standards, each

preparation including the new standard together with one from the

primary standard set. Subsequently, its genome size is calculated

from the obtained quotients (x-axis) and genome sizes (y-axis) of

the respective calibration standards using a linear regression

(y = a � x + b, where a = slope, x = measured standard: object

peak position quotient, b = intercept, y = C-values). The C-value

(y) of the new standard is calculated by substituting x by 1. The

reliability of a regression line decreases rapidly outside of the cloud

of points. Therefore, the new standard should be within the range

of primary calibration standards and outliers should be avoided.

• Multiple standards approach: Nuclei of a new standard are iso-

lated, stained, and analyzed together with two or more calibration

standards as one sample (e.g., see References [51, 52]). Its C-value

is then calculated similarly as in the regression line approach by

multiplying sample fluorescence by the slope (a) of the linear func-

tion y = a � x + b of x represented by G1/G0 peak fluorescence of

standards and y their genome sizes. Compared with the regression

line approach, this approach is faster (all quotients are obtained

during a single measurement of sample and the mix of standard

nuclei). A further advantage is that nuclei from all species are

affected to the same extent during sample isolation and staining. A

disadvantage is the presence of many peaks including those from

G2 nuclei and occasional endopolyploid nuclei populations, hence

resulting in a possible peak interference. Therefore, the number of

calibration standards is limited by practicability.

7 | THE STRUGGLE FOR EXACT ABSOLUTE
GENOME SIZE DATA

All standards are calibrated against a primary reference standard. This

leads to the question, where or when this chain of calibrations relative

to standard organisms begun, or in other words, do we actually know

the genome size of the reference standards?

Vendrely and Vendrely [53, 54] published the first estimate of

absolute C-values of humans in DNA extracts from known nuclei

numbers by means of the diphenylamine reaction [55]. Other investi-

gators followed, and a spectrum of human 1C-values between 3.0 and

3.5 pg [56] was obtained. Van't Hof [57] evaluated the first 4C-values

in a set of plant species including A. cepa using a mathematical C-level

distribution model applied to average DNA contents estimated colori-

metrically. He aimed to identify factors that influence the cell cycle

duration and the genome size. Subsequent works [13, 27, 58, 59]

proved the 1C-value of A. cepa (16.75 pg) to be tolerably accurate and

that the genome size is constant among several cultivars [60],

and were recently be supported [61]. Basing on the genome size of

Homo sapiens on the animal side and A. cepa on the plant side, further

genome size measurements were less cumbersome, when relative

methods were applied. The A. cepa genome is comparably large and,

therefore covering a small range of all presumable plant C-values,

given the maximum distance between standard organism and study

object for measurement (see chapter Standard Selection According to

a Given Object). However, there is strong need to cover the whole

TEMSCH ET AL. 717



range. Subsequently, in the following years, several thousands of plant

species were measured either directly against the absolute values of

A. cepa and H. sapiens or indirectly calibrated standard species

[62, 63].

There is a small uncertainty left regarding the estimated numbers

of 2C, 4C, and nuclei just passing DNA-synthesis in the tissues, which

were used to calculate the first absolute C-values [57]. Therefore,

more deliberate and highly precise absolute C-values useful as

“Gold”-standards were awaited when the recently developed DNA

sequencing method was applied [62]. Unfortunately, the size of the

first genome assembly of a plant, that is, A. thaliana (0.13 pg/1C, [64];

calculated from Mb [65]) was most probably underestimated due to

the presence of repetitive sequences, which were not included in the

assembly. A FCM comparison with the animal Caenorhabditis elegans

(0.10 pg/1C, [66]), whose genome contains only marginal amounts of

repetitive DNA, revealed an actually 25% higher C-value for

A. thaliana (0.16 pg/1C; [67]). The A. thaliana genome, being one of

the smallest of the angiosperms, and similar to the situation in A. cepa

at the other extreme, covers only a part of all species values when

used as a standard, but may be useful as the first “anchor” in order to

calibrate the whole standard species network [62].

At present a complete set of truly “Gold” standards is not avail-

able, since there is no truly complete plant genome sequence or any

other absolute measurement estimate in plant species available to

date [68]. Among the most promising candidates is Oryza sativa

'Nipponbare' [69], which has been used to calibrate some standards

with small genome size [46–48]. Meister [70] found the quotient

between O. sativa and A. thaliana to be 2.545-fold. His findings state

a slight underestimation of the sequencing derived 1C-value

(0.398 pg, calculated from Mb [65]) if compared with A. thaliana 1C-

values (0.16 pg; [67]) resulting in a rice genome size of 0.407 pg/1C.

Although it might not be really completely sequenced the corrected

value may provide more realistic genome size estimates of plants with

small genomes. However, Doležel and Greilhuber [62] suggested to

continue with standard C-values basing on the middle ranking

4.545 pg/1C of P. sativum [71] for plant objects and 3.5 pg/1C of

H. sapiens [56] for the animal objects, and to recalculate all C-values

once a representative number of “Gold”-standard C-values is

established. We expect that the uncertainties regarding the exact

genome sizes of reference standards will disappear after the produc-

tion of a representative number of complete plant genome assemblies

by the initiatives similar to the human Telomere-to-Telomere

(T2T) consortium (https://sites.google.com/ucsc.edu/t2tworkinggroup).

Meanwhile, it is important to refer thoroughly the used reference stan-

dards together with its used C-value in every publication, to allow re-

calculation of published values after exact genome sizes of the standards

become available.

8 | AVAILABLE STANDARDS, THEIR
GENOME SIZE, AND GC-CONTENT VALUES
IN CURRENT USE

During the several decades of plant genome size measurement using

FCM, a number of calibration standards has been established and publi-

shed (to name only a selection: [13, 16, 29, 46–49, 58, 67, 71–73].

Praça-Fontes et al. [74] re-investigated the FCM usability of a subset of

standard species (Doležel's standard set [13, 71, 75] plus Drosophila mela-

nogaster) by statistical comparison by means of cascade like calibration

approach, and suggested to consider A. thaliana as a “Gold” primary stan-

dard, whereas Raphanus sativus and Glycine max could be exclusion can-

didates. However, the most currently used standards are summarized in

Table 1, along with the calibration methods and primary standards. As

mentioned above, there is some uncertainty about the exact genome

sizes, and the listed values are thus to be considered as “values in current

use” rather than true numbers. For many standards, we list two esti-

mates, which can be considered as the likely upper (those based on

human 3.5 pg/1C) and lower limit (those based on Oryza sativa 0.389

Mbp/1C). We strongly recommend using one or the other set of these

values exclusively within a particular experiment and publication, to allow

easy recalculations in the future. For this reason, we did not include the

various published re-calibrations of individual species or the whole set,

which usually provide similar values subjected to the same uncertainty as

the listed values.

Using base-unspecific DNA fluorochromes in parallel with base-

specific DNA fluorochromes enables to calculate also the genomic GC

content of a sample [9]. Because FCM measures relative fluorescence

intensities of nuclei stained by a DNA fluorochrome, also the genomic

F IGURE 4 C-values (prime estimates of 11,828 species) from the
plant DNA C-values database [63]. The smallest is 0.0624 pg/1C
(Genlisea tuberosa; [44]), the largest is 152.23 pg/1C (Paris japonica;
[45]). The insert shows an enlargement of the x-axis section from 0 to
3.1 pg/1C in 0.1 pg classes
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GC content calculation in absolute units requires comparison to a ref-

erence standard of known GC content. The detailed instructions for

preparation, measurement, and calculation of the GC content are

given in [9], a set of recommended standard species is listed in

Table 1.

All recorded standards were critically selected with a strong focus

on our recommendations. However, it is recommended to examine at

the beginning of each study, if the requirements of the proposed

standard(s) are consistent with the targeted study objects in regard of

the preparation and measurement conditions.

9 | BEST PRACTICE RECOMMENDATIONS

• The internal standardization approach must be used when estimat-

ing nuclear DNA content in absolute units.

• Identify the standard peak position for the further measurements of

the combined preparations unambiguously by running one prepa-

ration, which contains only the standard, on the flow cytometer at

the same voltage setting as the combined preparation. The prepa-

ration with the standard alone must not be used for the result

calculation!

• Upon standard organism selection, consider the proper difference

between the expected C-values of the object and the potential

standard (maximum difference to ensure the linearity of the mea-

surement). On the other hand, avoid DNA peak overlap that hap-

pens at too close C-values.

• Assure the availability of the proper standard organism by timely or

continuous cultivation of annuals or the use of perennial species

(preferably natural clones), respectively.

• Prefer established reference standard species (Table 1). Only if

unavoidable, establish a new standard preferably by the regression

line or multiple standards approaches. Select a species that fulfills

all the standard organism requirements, hence are easy to identify

and maintain, globally available, with verified genome size stability,

lacking problematic metabolites, with tissues releasing a sufficient

number of nuclei, and exhibiting low peak CV%. Avoid endopoly-

ploid tissues when complete DNA replication within the end-

ocycles or proportional fluorescence intensity is not guaranteed.

• Use similar tissues to isolate nuclei from the sample and the standard

to enable internal standardization and to secure similar dye acces-

sibility to the DNA. Describe the tissue type of all material used in

the publication. In species with chromosomal sex polymorphisms

specify also the sex used.

• Always specify the standard species/cytotype/cultivar/clone/line,

its C-value together with the reference in your publication.

• In every study documentation, keep information (photographs, her-

barium vouchers, or other) from your standard organisms together

with the records of your objects.
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