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ABSTRACT. Flow cytometry has been widely used to estimate relative and absolute genome sizes (DNA contents) of
plants for more than 50 years. However, the accuracy of these estimates can vary widely because of many factors, in-
cluding errors in the genome size estimates of reference standards and various experimental methods. The objectives of
this study were to reassess genome sizes of commonly used reference standards and quantify sources of variation and
error in estimating plant genome sizes that arise from buffers, confounding plant tissues, tissue types, and plant refer-
ence standards using both 40,6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) fluorochromes. Five sepa-
rate studies were performed to elucidate these objectives. Revised estimates of genome sizes of commonly used plant
reference standards were determined using human male leukocytes as a primary standard with an updated genome
size (6.15 pg; 12.14% lower than that of earlier studies) using both DAPI and PI fluorochromes. Comparison of six dif-
ferent buffers (Galbraith’s, LB01, MB01, MgSO4, Otto’s, and Sysmex) resulted in variations in genome size estimates
by as much as 18.1% for a given taxon, depending on the buffer–fluorochrome combination. The addition of different
confounding plant tissues (representing 10 diverse taxa and associated secondary metabolites) resulted in variations in
genome size estimates by as much as 10.3%, depending on the tissue–fluorochrome combination. Different plant tissue
types (leaf color/exposure and roots) resulted in a variation in genome size estimates of 10.7%, independent of the fluo-
rochrome. The selection of different internal reference standards introduced an additional variation in genome size esti-
mates of 5.9%, depending on the standard–fluorochrome combination. The choice of fluorochrome (DAPI vs. PI) had
one of the largest impacts on genome size estimates and differed by as much as 32.9% for Glycine max ‘Polanka’ when
using human male leukocytes as an internal standard. A portion of this variation (~10.0%) can be attributed to the
base pair (bp) bias of DAPI and variations in Guanine-Cytosine (GC):Adenine-Thymine (AT) ratios between the sample
and standard. However, as much as 22.9% of the variation in genome size estimates may result from how effectively
these fluorochromes stain and report the genome. The combined variation/error from all these factors (excluding varia-
tion from bp bias for different fluorochromes, and assuming variations from confounding tissues and tissue types to
both result from secondary metabolites) totaled 57.6%. Additional details of how selected factors impact accuracy, pre-
cision, and the interaction of these factors are presented. Overall, flow cytometry can be precise, repeatable, and ex-
tremely valuable for determining the relative genome size and ploidy of closely related plants when using consistent
methods, regardless of fluorochrome. However, accurate determination of the absolute genome size by flow cytometry
remains elusive, and estimates of genome size using flow cytometry should be considered gross approximations that
may vary by ±29% or more as a function of experimental methods and plant environments. Additional recommenda-
tions of best practices are provided.

Flow cytometry was first used for plants in Germany (Heller
1973) to measure the genome size of Vicia faba. However, the
complex enzyme-based methodology made it difficult to repli-
cate, and the application did not gain widespread recognition un-
til the 1980s. Galbraith et al. (1983) successfully streamlined the
protocol by using mechanical homogenization. Flow cytometry-
based estimations of genome size have been used to determine
ploidy, support genome sequencing and taxonomic studies, esti-
mate guanine-cytosine (GC):adenine-thymine (AT) contents,
and determine the sex of dioecious plants (Moreno et al. 2018;
�Smarda et al. 2012). Although the use of plant flow cytometry to
estimate the relative genome size and ploidy is widely accepted,
the accuracy of flow cytometry for estimating the absolute ge-
nome size in plants is more difficult to validate. The use of
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fluorochromes to stain DNA and measure genome sizes is com-
plicated by many factors, including interferences from secondary
metabolites, buffer effects, fluorochrome affinities and staining
efficacy, chromatin composition and architecture, and other fac-
tors that can interfere with fluorescence.

FLUOROCHROME EFFECTS. A diverse range of fluorochromes
have been used in plant flow cytometry. How effectively these
dyes stain the entire genome, the impact of chromatin on stain-
ing efficacy, and how the fluorescence of these dyes is affected
by buffers and diverse plant metabolites are largely unknown.
Significant variations in the estimated plant genome size have
been observed when different fluorochromes were used (Dole�zel
et al. 1992); these were attributed to differences in staining, in-
cluding base pair (bp) biases and incubation time. Although
many stains have been used for plant flow cytometry, propidium
iodide (PI) and 40,6-diamidino-2-phenylindole (DAPI) are more
commonly used. Because DAPI preferentially stains adenine
and thymine, variations in the bp composition between the sam-
ple and internal standard can result in an error/bias (Dole�zel
et al. 1992). Therefore, it is often suggested that intercalating
stains like PI more accurately determine the absolute genome
size (Dole�zel et al. 2003) because GC/AT contents vary consid-
erably across vascular plants (Galbraith et al. 2021). Although
the concern regarding bp bias is important, other fluorochrome
characteristics including the efficacy of staining densely packed
chromatin and the sensitivity of fluorescence to interfering me-
tabolites also impact the accurate estimation of genome size
(Darzynkiewicz and Traganos 1988; Darzynkiewicz et al. 1984).

BUFFERS EFFECTS. Buffers are essential components for both
nuclei isolation and staining when preparing samples for flow
cytometry. Isolation and staining buffers can be separate or com-
bined. Buffer components may include surfactants, isotonic os-
motic agents, pH buffers, phenolic binding ingredients [e.g.,
polyvinylpyrrolidone (PVP)], compounds that help preserve
DNA (e.g., spermine), and enzymes that break down RNA or
proteins. Because of the diversity of tissue types, morphology,
and metabolite composition, buffers have been optimized for dif-
ferent applications (Loureiro et al. 2006b). As many as 28 buf-
fers are commonly used (Dole�zel et al. 2007). The development
of woody plant buffer (WPB) was shown to more effectively
produce acceptable results for problematic tissues when com-
pared with general purpose buffer (GPB) when screened across
37 taxa (Loureiro et al. 2007a). Otto’s buffers I and II were
found to work particularly well with more acidic plant cells
(Emshwiller 2002). Sadhu et al. (2016) developed the novel
buffer MB01 that reduced the degradation and adhesion of nu-
clei in Zingiberaceae species. In some cases, Otto’s buffers I and
II were best for determining genome sizes of plants that have
smaller genome sizes (Loureiro et al. 2006b). Although optimiz-
ing buffers for problematic species is often warranted, research
has shown that buffers can interact with plant metabolites and
fluorochromes to impact genome size estimates (Loureiro et al.
2006b).

PLANT TISSUE AND METABOLITE EFFECTS. Diverse secondary
metabolites in plants may vary substantially between plant taxa
and tissues. The presence of these compounds can lead to errors
when estimating the plant genome size using flow cytometry
(Bennett et al. 2008; Loureiro et al. 2006a; Noirot et al. 2003;
Price et al. 2000; Sharma et al. 2019). Substances such as antho-
cyanins (Bennett et al. 2008), caffeine (Noirot et al. 2003), chlo-
rogenic acid (Noirot et al. 2003), coumarins (Sastry et al. 1993),

ellagic acid (Dixit and Gold 1986), tannic acid (Loureiro et al.
2006a) and other unidentified compounds (Price et al. 2000)
have been shown to interact with fluorochromes and nuclear
DNA, leading to either an underestimation or overestimation of
the genome size (Sharma et al. 2019). Some cytosolic com-
pounds can interfere with stains, causing quenching, or impact
DNA condensation and DNA accessibility. Stain interactions
with cytosolic compounds can result in as much as 20% error
when determining genome size (Noirot et al. 2000). In some
cases, caffeine may prevent PI from binding with the DNA by
competition or by forming complexes with the intercalating dye
(Greilhuber 1988). This interaction between PI × caffeine usu-
ally leads to lower genome size estimates; however, when caf-
feine forms complexes with phenolic compounds, the genome
size estimates may be higher (Noirot et al. 2003). Tannic acids,
in particular, can impact genome size estimations and may inter-
act with the nuclei isolation and staining buffers (Loureiro et al.
2006a). When working with taxa containing high levels of tannic
acid or other phenolics, the addition of polyvinylpyrrolidone
(PVP), chelating agents, and antioxidants may be appropriate
(Loureiro et al. 2021). Additionally, anthocyanin pigments have
been shown to affect the results of PI staining, and it has been
suggested that some intraspecific variations in genome sizes ob-
served in the literature may be related to anthocyanin levels in
the different tissues sampled (Bennett et al. 2008).

TISSUE TYPE EFFECTS. The choice of plant tissue has been
shown to impact results when estimating the plant genome size
with flow cytometry. Tissue effects on genome size estimations
can be attributed to the organ that the tissue comes from,
whether that tissue is alive, dead, or fixed, and the cytosolic
compounds found in the tissue. Different secondary metabolites
found in varying types and amounts across plant tissues can also
result in tissue-specific interference. Leaf lamina tissue is com-
monly sampled in flow cytometry protocols because of its acces-
sibility (Dole�zel et al. 2007; Pellicer et al. 2021); however,
studies also use floral tissues, vegetative buds, and root tissue.
Michaelson et al. (1991) found that genome size estimates of
Helianthus annuus vary as much as 48% among leaves from dif-
ferent nodes of the same plant when using PI. Price et al. (2000)
later provided evidence that this variation was attributable to en-
vironmentally induced inhibitors that interfere with intercalation
and/or fluorescence of PI (Price et al. 2000). Although the tissue
type is often selected to maximize efficient nuclei extraction,
characteristics of different tissues may impact DNA staining,
fluorescence, or both.

REFERENCE STANDARD EFFECTS. Because flow cytometers mea-
sure relative fluorescence, it is essential to include a reference
standard with a known genome size to calculate the genome size
for an unknown. The selection of an appropriate reference stan-
dard is essential to the accurate calculation of the plant genome
size. Early applications of flow cytometry to estimate plant ge-
nome sizes often used animal nuclei as reference standards, pri-
marily because these standards were both well-researched and
readily available. However, animal nuclei are generally no lon-
ger recommended as internal standards because they may inter-
act differently than plant nuclei with various factors, including
buffers, fluorochromes, and plant metabolites (Temsch et al.
2022). Additionally, the use of internal standards with similar but
distinct genome sizes is often recommended to protect against the
nonlinearity of fluorescence photomultipliers and extrapolation er-
rors (Bagwell et al. 1989; Suda and Leitch 2010). Therefore, the
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available animal standards also did not offer adequate coverage of
the genome size variation present in plants, which is currently
known to have a lower limit of 0.14 pg for Genlisea tuberosa
(Fleischmann et al. 2014) and an upper limit of 304.46 pg for
Paris japonica (Pellicer et al. 2010). As a result, the use of diverse
plant reference standards has been recommended (Dole�zel and
Greilhuber 2010; Johnston et al. 1999; Price et al. 1980).

Other issues exist when genome size estimates of these refer-
ence standards are based on different methods and/or various es-
timates used for the genome sizes of the primary standards
(Loureiro et al. 2007b). Pisum sativum ‘Ctirad’, one of the most
used reference standards, has published genome size estimates
ranging from 8.20 to 9.60 pg (17.1% variation), depending on
methods (Dole�zel and Greilhuber 2010). Part of the variations in
genome size estimates of reference standards comes from varia-
tions in genome size estimates of primary standards. The best es-
timate of the true genome size of male human leukocytes has
changed over time, ranging from 7.0 pg (Tiersch et al. 1989) to
6.41 pg (Piovesan et al. 2019). Genome size values for a stan-
dard set of commonly used reference standards were provided
by Dole�zel et al. (1992, 1998) and based on human male leuko-
cytes, with an estimated genome size of 7.0 pg. As a result,
many plant genome sizes that were determined using these plant
reference standards with genome sizes based on outdated values
for human male leukocytes have inflated estimates of genome
size.

DEFINING AND CALCULATING ACCURACY AND PRECISION. Accu-
racy and precision are terms that are commonly used to describe
the degree of correctness or exactness of a measurement (Na-
tional Institute of Standards and Technology 2023). Although
definitions can vary, when used here, accuracy (bias) refers to
the degree to which a measurement or estimate agrees with the
true value, if that value is known. Accuracy is commonly ex-
pressed as a percentage of the error between the measured value
and true value. Precision (repeatability), when used here, refers
to the degree of reproducibility or agreement between multiple
measurements or estimates of the same quantity under the same
conditions. Precision is often expressed as a measure of vari-
ance among measurements (e.g., mean absolute deviation, SD,
or SEM).

In the context of plant flow cytometry, accuracy and precision
are important for obtaining reliable and meaningful data. If the
data are inaccurate, then they will not reflect the true genome
size of the measured cells. If the data are not precise, then they
will not be reliable or repeatable.

The overall objectives of this study were to reassess genome
sizes of commonly used reference standards and quantify vari-
ability and error in estimating plant genome sizes that arise from
different extraction buffers, reference standards, confounding
plant tissue, and tissue types within a plant using both DAPI and
PI fluorochromes.

Materials and Methods

GENERAL FLOW CYTOMETRY. All plant material was grown on-
site, and fresh tissue was used. Plant tissue samples were pre-
pared by co-chopping leaf disks (0.26 cm2) or terminal roots
(3 cm long) with a reference standard using a double-edged razor
blade in a petri dish containing 500 mL of extraction buffer.
Then, samples were filtered through 50-mm nylon mesh and
stained using 2.0 mL of staining buffer containing either DAPI

or PI. PI samples were incubated at room temperature for 60 min
before running. Nuclei fluorescence was determined using a flow
cytometer (Quantum P; QuantaCyte, Mullica Hill, NJ, USA),
sampling >5000 nuclei per sample/standard combination, and
performing analyses using CyPad software (QuantaCyte ver-
sion 1.3). Sysmex (Sysmex Corporation, Kobe, Hyogo, Japan)
cleaning solution and Sysmex decontamination solution (Sys-
mex Corporation) were used to clean the cytometer between
each run. The 2C DNA contents were calculated as follows:
2C 5 DNA content of standard × (mean fluorescence value
of sample � mean fluorescence value of the standard).

EXPT. 1: ESTIMATING GENOME SIZES OF PLANT REFERENCE

STANDARDS USING HUMAN MALE LEUKOCYTES AS AN INTERNAL STAN-

DARD AND EITHER DAPI OR PI FLUOROCHROMES. Reference plant
standards included G. max ‘Polanka’, P. sativum ‘Ctirad’, Ra-
phanus sativus ‘Saxa’, Secale cereale ‘Dankovske’, Vicia faba
‘Inovec’, and Zea mays CE-777, which were graciously pro-
vided by J. Dole�zel. Leukocytes, drawn from a male laboratory
member, and isolated by Zen-Bio Inc. (Durham, NC, USA) as
their human peripheral blood mononuclear cells product. Plant
tissues were chopped in a petri dish containing 500 mL of
CyStain Precise P (Sysmex Corporation) extraction buffer or CyStain
Absolute P (Sysmex Corporation) extraction buffer as DAPI and PI,
respectively. Then, 12 mL of fresh suspended human leukocytes was
added to the suspended plant nuclei and vortexed. The mixed nuclei
and buffer were stained using 2.0 mL of staining buffer contain-
ing either DAPI (CyStain Precise P; Sysmex Corporation) or PI
(CyStain Absolute P; Sysmex Corporation). The experiment
had a split block design with fluorochrome as the main factor
and the reference standard as the sub-factor. A complete factorial
set of all six plant standards and two fluorochromes was proc-
essed on a given day and treated as a complete block, with seven
replicates blocked over 7 d.

UPDATED ESTIMATE OF THE MALE HUMAN GENOME SIZE. The
Telomere-to-Telomere Consortium (Nurk et al. 2022) recently
compiled a complete 3,054.815472-Mbp monoploid sequence of
the human female genome, providing a diploid holoploid size of
6,109.630944 Mbp. Correcting for the smaller Y chromosome in
the male genome reduced the size slightly by 1.5514% (Piovesan
et al. 2019), thus providing a size of 6,014.8461295 Mbp. A ge-
nome size of 6.150413 pg was estimated by converting from bp
to mass using GC content for the male genome of 40.91%
(Piovesan et al. 2019) and relative weights of nucleotide
pairs for AT of 615.3830 atomic mass unit (AMU) and GC of
616.3711 AMU (Dole�zel et al. 2003) with the following formula:
(GC bp × 616.3711 AMU) 1 (AT bp × 615.3830 AMU) 5
AMU human male genome (Dole�zel et al. 2003). Further convert-
ing to pg was performed by using the following formula: 1 pg 5
1.660539 × 10�12 pg/1 AMU (Mohr and Taylor 2000).

EXPT. 2: EFFECTS OF BUFFERS AND FLUOROCHROME ON THE

ESTIMATE OF THE GENOME SIZE. Seven flow cytometry nuclei
isolation and staining buffer combinations were used to estimate
G. max ‘Polanka’ and P. sativum ‘Ctirad’ genome sizes with
DAPI and PI fluorochromes. Otto’s I and II (combination)
(Dole�zel and G€ohde 1995), LB01 (Dole�zel et al. 1989), MB01
(Sadhu et al. 2016), MgSO4 (Arumuganathan et al. 1991), and
Galbraith’s buffer (Galbraith et al. 1983) were made in the labo-
ratory. In addition, nuclei isolation buffers and stain buffer com-
binations of CyStain™ ultraviolet Precise P Nuclei Extraction
Buffer and CyStain™ ultraviolet Precise P Staining Buffer (Sys-
mex Corporation) as DAPI and CyStain™ PI Absolute P Nuclei
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Extraction Buffer and CyStain™ PI Absolute P Staining Buffer
(Sysmex Corporation) as PI were included. P. sativum ‘Ctirad’
and G. max ‘Polanka’ were chosen for comparison because of
their similar AT:CG ratios (�3% difference) (National Center
for Biotechnology Information, 2023a, 2023b) to minimize bp
bias when comparing DAPI and PI fluorochromes. Plant stan-
dard tissues were co-chopped in petri dishes with 500 mL of
each extraction buffer with no fluorochrome. Then, nuclei were
stained using 2.0 mL of the matching staining buffer with either
4 mg/mL DAPI or 50 mg/mL PI, except for the Sysmex buffers,
which have proprietary concentrations. For staining buffers con-
taining PI, the enzyme RNaseA was included at a concentration
of 50 mg/mL. The experiment had a split block design with fluo-
rochrome as the main factor and buffer as the sub-factor. A com-
plete factorial set of all seven buffers and two fluorochromes
was processed on a given day and treated as a complete block
with five replicates blocked over 5 d.

EXPT. 3: EFFECTS OF CONFOUNDING PLANT TISSUE AND FLUO-

ROCHROME ON THE ESTIMATE OF THE GENOME SIZE. Ten con-
founding taxa were chosen from a diverse range of plant families
with varied secondary metabolites, including Ginkgo biloba,
Thuja ‘Green Giant’, Illicium ‘NCIH1’, Magnolia virginiana
‘Jim Wilson’, Miscanthus sinensis ‘Gracillimus’, Arundo donax,
Cannabis sativa, Rosa chinensis ‘Mutabilis’, Pterocarya fraxini-
folia, and Camellia ‘Ashton’s Supreme’. P. sativum ‘Ctirad’ and
G. max ‘Polanka’ were used as standard pairs. Standard pairs and
confounding plant tissue were co-chopped in a petri dish contain-
ing 500 mL of extraction buffer CyStain Precise P (Sysmex Cor-
poration) or CyStain Absolute P (Sysmex Corporation) for DAPI
and PI, respectively. Then, nuclei were stained using 2.0 mL of
staining buffer containing DAPI (CyStain Precise P; Sysmex
Corporation) or PI (CyStain Absolute P; Sysmex Corporation).
The experiment had a split block design with fluorochrome as the
main factor and confounding tissue as the sub-factor. A complete
factorial set of all 10 confounding plant tissues and two fluoro-
chromes were processed on a given day and treated as a complete
block with six replicates blocked over 6 d.

EXPT. 4: EFFECTS OF PLANT TISSUE TYPE AND FLUORO-

CHROME ON THE ESTIMATE OF THE GENOME SIZE OF BERBERIS THUN-

BERGII ‘NCBT2’. Containerized specimens of B. thunbergii
‘NCBT2’ Sunjoy NeoVR were used to sample tissue with P.
sativum ‘Ctirad’ as an internal standard. Three Berberis tis-
sue types were sampled: roots, red leaves (exposed to full
sun), and yellow leaves (shaded leaves from the canopy inte-
rior). Berberis tissue samples and plant standard tissues were
co-chopped in a petri dish containing 500 mL of extraction
buffer CyStain Precise P (Sysmex Corporation) or CyStain
Absolute P (Sysmex Corporation) as DAPI and PI, respec-
tively. Then, nuclei were stained using 2.0 mL of staining
buffer containing DAPI (CyStain Precise P; Sysmex Corpo-
ration) or PI (CyStain Absolute P; Sysmex Corporation). The
experiment had a split block design with fluorochrome as the
main factor and tissue type as the sub-factor. A complete fac-
torial set of all three tissue types and two fluorochromes was
processed on a given day and treated as a complete block
with six replicates blocked over 6 d.

EXPT. 5: EFFECTS OF THE INTERNAL PLANT REFERENCE

STANDARD AND FLUOROCHROME ON THE ESTIMATE OF THE GENOME

SIZE. Genome sizes for both P. sativum ‘Ctirad’ and Z. mays
‘CE-777’ were estimated using different internal plant reference
standards in the following (sample/reference) combination pairs:

P. sativum ‘Ctirad’ and S. cereale ‘Dankovske’; P. sativum
‘Ctirad’ and Z. mays ‘CE-777’; Z. mays ‘CE-777’ and P. sati-
vum ‘Ctirad’; and Z. mays ‘CE-777’ and G. max ‘Polanka’. Sam-
ple and reference tissues were co-chopped in a petri dish
containing 500 mL of extraction buffer CyStain Precise P (Sys-
mex Corporation) or CyStain Absolute P (Sysmex Corporation)
for DAPI and PI stains, respectively. Then, nuclei were stained
using 2.0 mL of staining buffer containing DAPI (CyStain Pre-
cise P; Sysmex Corporation) or PI (CyStain Absolute P; Sysmex
Corporation). The experiment had a split block design with fluo-
rochrome as the main factor and sample/reference combination
as the sub-factor. A complete factorial set of all four sample/ref-
erence and two fluorochromes was processed on a given day
and treated as a complete block with six replicates blocked
over 6 d.

STATISTICS. An analysis of variance was completed for each
experiment using SAS (SAS version 9.4; SAS Institute, Cary,
NC, USA) PROC MIXED for the split-plot design. When the
Levene test for unequal variance between fluorochromes was
significant, PROC MIXED was also used to adjust for heterosce-
dasticity using the DDFM 5 SATTERTHWAITE option in the
model statement and GROUP5 fluorochrome in the REPEATED
statement. When appropriate, individual mean comparisons were
conducted using LSMEANS/DIFF.

Results

EXPT. 1: ESTIMATING GENOME SIZES OF PLANT REFERENCE

STANDARDS USING HUMAN MALE LEUKOCYTES AS AN INTERNAL STAN-

DARD AND EITHER DAPI OR PI FLUOROCHROMES. An analysis of
variance showed that the genome size of the plant standards var-
ied as a function of fluorochrome, taxa, and an interaction be-
tween the two (P <0.01). The difference in the estimated genome
size between the two fluorochromes varied depending on the taxa
(Table 1). Genome size values determined using PI were generally
lower than those reported previously (Dole�zel et al. 1992, 1998;
Lys�ak and Dole�zel 1998). The difference in genome size esti-
mates determined by DAPI and PI varied from 11.7% for P. sati-
vum ‘Ctirad’ to 32.9% for G. max ‘Polanka’. The measurement
precision (repeatability) was relatively high for any given refer-
ence standard, with the SEM ranging from 0.01 to 0.16 pg for
DAPI and from 0.01 to 0.28 pg for PI, and it was always less than
2% of the mean.

EXPT. 2: EFFECTS OF BUFFERS AND FLUOROCHROME ON THE ES-

TIMATE OF THE GENOME SIZE. Regardless of whether the genome
size of P. sativum ‘Ctirad’ was estimated using G. ‘Polanka’ as a
reference standard or the reciprocal, there was a significant inter-
action between extraction buffer × fluorochrome on the estimate
of the plant genome size. These effects demonstrated that the
use of different buffers influenced the estimate of the plant ge-
nome size, but the degree of influence depended on which fluo-
rochrome was used. Genome size estimates determined with
different buffers varied as much as 18.1% when using DAPI and
14.1% when using PI (Table 2). Estimates of genome size were
generally higher when using DAPI than when using PI, but the
degree of difference varied by buffer. Precision, as measured by
the SEM, for any given buffer/sample combination ranged from
0.01 to 0.08 pg for DAPI and 0.02 to 0.21 pg for PI, and it was
always less than 3% of the mean.
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EXPT. 3: EFFECTS OF CONFOUNDING PLANT TISSUE/METABOLITES

AND FLUOROCHROME ON THE ESTIMATE OF THE GENOME SIZE.
When estimating the genome size for G. max ‘Polanka’ using P.
sativum ‘Ctirad’ as an internal standard, there was a significant
interaction between fluorochrome × confounding plant tissue
(P < 0.01) for both genome size and percent error. Genome

size estimates for a given sample ranged by 8.0% when using
DAPI and 10.3% when using PI, depending on which con-
founding tissues were present (Table 3). Accuracy, measured
as % error compared with the control for DAPI and PI, varied
in magnitude and direction, depending on which confounding
plant tissue was present. In some cases, the confounding tissue

Table 1. Calculated 2C genome sizes of six common plant standards measured using either 40,6-diamidino-2-phenylindole (DAPI) or propi-
dium iodide (PI) fluorochromes and human male leukocytes (6.150413 pg, estimated genome size) as an internal standard.

Plant standard Fluorochromei
Estimated 2C genome size
[mean ± SEM (pg)]ii,iii

Previously published 2C
genome size with PI (pg)

Glycine max ‘Polanka’ DAPI 2.79 ± 0.03* N/Ax

Pisum sativum ‘Ctirad’ DAPI 8.66 ± 0.05* N/A
Raphanus sativus ‘Saxa’ DAPI 1.24 ± 0.01* N/A
Secale cereale ‘Dankovske’ DAPI 11.16 ± 0.13* N/A
Vicia faba ‘Inovec’ DAPI 26.68 ± 0.16* N/A
Zea mays CE-777 DAPI 4.02 ± 0.07* N/A
G. max ‘Polanka’ PI 2.10 ± 0.02* 2.50v

P. sativum ‘Ctirad’ PI 7.75 ± 0.05* 9.09vi; 8.02ix

R. sativus ‘Saxa’ PI 0.94 ± 0.01* 1.11iv; 0.98viii

S. cereale ‘Dankovske’ PI 13.58 ± 0.11* 16.19vi

V. faba ‘Inovec’ PI 21.43 ± 0.28* 26.90iv; 23.80ix

Z. mays CE-777 PI 5.04 ± 0.08* 5.43vii

i CyStain Precise P (Sysmex Corporation, Kobe, Hyogo, Japan) or CyStain Absolute P (Sysmex Corporation) staining buffers were used as
DAPI and PI, respectively.
ii Values are means (n 5 7) ± SEM.
iii *Indicates that the two means for the estimated 2C genome size determined for the same plant standard using the two fluorochromes
were significantly different (P < 0.01).
iv Dole�zel et al. (1992).
v Dole�zel et al. (1994).
vi Dole�zel et al. (1998).
vii Lys�ak and Dole�zel (1998).
viii �Smarda et al. (2014).
ix Vesel�y et al. (2012).
x N/A indicates that there is no previously published genome size for the relevant plant standard using the fluorochrome DAPI.

Table 2. Genome size (2C) for Glycine max ‘Polanka’ and Pisum sativum ‘Ctirad’ as a function of extraction buffer and either 40,6-diamidino-
2-phenylindole (DAPI) or propidium iodide (PI) fluorochromes.

Buffer Fluorochrome

Estimated 2C genome size
[mean ± SEM (pg)] for
G. max ‘Polanka’i,ii

Estimated 2C genome size
[mean ± SEM (pg)] for
P. sativum ‘Ctirad’ii,iii

Galbraith’s DAPI 3.18 ± 0.04a 7.61 ± 0.11a

LB01 DAPI 3.18 ± 0.01a 7.59 ± 0.02a

MB01 DAPI 3.11 ± 0.02a 7.77 ± 0.06a

MgSO4 DAPI 3.18 ± 0.03a 7.61 ± 0.06a

Otto’s DAPI 2.91 ± 0.03b 8.31 ± 0.08b

Sysmexiv DAPI 2.70 ± 0.01c 8.96 ± 0.04c

Galbraith’s PI 2.13 ± 0.02B 7.65 ± 0.07AB

LB01 PI 2.05 ± 0.02BC 7.93 ± 0.09BC

MB01 PI 1.96 ± 0.05C 8.32 ± 0.21D

MgSO4 PI 2.03 ± 0.05C 8.03 ± 0.18CD

Otto’s PI 2.23 ± 0.02A 7.29 ± 0.07A

Sysmexv PI 1.99 ± 0.02C 8.20 ± 0.08CD

i Determined with P. sativum ‘Ctirad’ as an internal standard with an estimated genome size of 8.66 pg when using DAPI and 7.75 pg
when using PI.
ii Values are means (n 5 5) ± SEM. Values followed by different letters within a column and fluorochrome are significantly different
(P # 0.05). Lowercase letters represent comparisons within the DAPI fluorochrome. Uppercase letters represent comparisons within the PI
fluorochrome.
iii Determined with G. max ‘Polanka’ as an internal standard with an estimated genome size of 2.79 pg when using DAPI and 2.10 pg
when using PI.
iv Sysmex Precise P proprietary buffer kit (Sysmex Corporation Kobe, Hyogo, Japan) was used with DAPI.
v Sysmex Absolute P proprietary buffer kit (Sysmex Corporation) was used with PI.
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drove genome size estimates consistently higher (e.g., M. virgini-
ana ‘Jim Wilson’ and P. fraxinifolia) or lower (e.g., A. donax and
R. chinensis ‘Mutabilis’), regardless of which fluorochrome was
used; in other cases, the confounding tissue drove genome size es-
timates in opposite directions, depending on the fluorochrome
(e.g., C. ‘Ashton’s Supreme’, C. sativa, G. biloba ‘Mariken’,
I. ‘NCIH1’, M. sinensis ‘Gracillimus’, and T. ‘Green Gi-
ant’), demonstrating differential effects. The range of error
was more pronounced for PI (�2.98% to 7.15%) than for
DAPI (�3.26% to 5.02%). Precision, measured as the mean
absolute deviation (MAD), was only influenced by the fluo-
rochrome (P < 0.01), and it was greater (lower MAD) for PI
(�X 5 0.03) than for DAPI (�X 5 0.07). Precision, as mea-
sured by the SEM, ranged from 0.02 to 0.06 pg for DAPI and
from 0.01 to 0.02 pg for PI, and it was always less than 3%
of the mean.

When estimating the genome size for P. sativum ‘Ctirad’ us-
ing G. max ‘Polanka’ as an internal standard, there was also a
significant interaction between fluorochrome × confounding
plant taxon (P < 0.01) for both genome size and percent error.
Genome size estimates were 8.6% when using DAPI and 10.3%
when using PI, depending on the presence of different confound-
ing tissues (Table 3). Accuracy (% error) also varied in magni-
tude and direction, depending on the confounding tissue that was

present, but the direction of error was generally the opposite of
that when P. sativum ‘Ctirad’ was the internal standard com-
pared with G. max ‘Polanka’. Precision (MAD) varied as a func-
tion of both fluorochrome (P < 0.01) and confounding plant
taxon (P < 0.05), but with no interaction. Again, precision was
higher (lower MAD) for PI (�X 5 0.13) than for DAPI (�X 5
0.23). Precision, as measured by the SEM, ranged 0.06 to 0.20 pg
for DAPI and from 0.05 to 0.09 pg for PI, and it was always less
than 3% of the mean.

Regardless of the sample/standard combinations, estimates of
the genome size were generally higher when using DAPI than
PI, but the degree of difference varied as a function of the con-
founding plant tissue.

EXPT. 4: EFFECTS OF PLANT TISSUE TYPE AND FLUOROCHROME

ON THE ESTIMATE OF THE GENOME SIZE OF BERBERIS THUNBERGII

‘NCBT2’. Both tissue type and fluorochrome had significant ef-
fects (P < 0.01) on the genome size estimation with no interac-
tion. Regardless of tissue type, genome size estimates were
higher when using DAPI (main effect mean of 3.32 pg) than when
using PI (main effect mean of 2.80 pg), with a difference of
18.6% (Table 4). Regardless of fluorochrome, genome size esti-
mates for different tissue types were all significantly different
from one another (P < 0.01), with the highest for red leaves
(main effect mean of 3.22 pg), followed by that for yellow

Table 3. Genome size (2C), accuracy (% error), and precision [standard error of the mean (SEM) and mean absolute deviation (MAD)] of
estimated 2C genome size for Glycine max ‘Polanka’ and Pisum sativum ‘Ctirad’ processed with confounding tissue from diverse plants
using either 40,6-diamidino-2-phenylindole (DAPI) or propidium iodide (PI) fluorochromes.

Confounding plant tissue Fluorochrome

2C genome
size [mean ±
SEM (pg)] for

G. max
‘Polanka’i

Error
(%) ± SEM

MAD
[mean ± SEM

(pg)]

2C genome
size [mean ±
SEM (pg)] for
P. sativum
‘Ctirad’ii

Error (%)
± SEM

MAD
[mean ± SEM

(pg)]
Arundo donax DAPI 2.66 ± 0.04iii �1.05 ± 1.32 0.07 ± 0.01 9.10 ± 0.12 1.04 ± 1.34 0.25 ± 0.05
Camellia ‘Ashton’s Supreme’ DAPI 2.61 ± 0.03 �2.73 ± 1.09 0.06 ± 0.01 9.26 ± 0.10 2.76 ± 1.15 0.23 ± 0.02
Cannabis sativa DAPI 2.68 ± 0.02 �0.24 ± 0.63 0.03 ± 0.01 9.02 ± 0.06 0.16 ± 0.65 0.09 ± 0.04
Control DAPI 2.69 ± 0.04 0.00 ± 1.46 0.07 ± 0.02 9.01 ± 0.13 0.00 ± 1.45 0.23 ± 0.08
Ginkgo biloba ‘Mariken’ DAPI 2.70 ± 0.05 0.60 ± 1.95 0.09 ± 0.03 8.96 ± 0.17 �0.52 ± 1.92 0.31 ± 0.10
Illicium ‘NCIH1’ DAPI 2.69 ± 0.06 0.19 ± 2.24 0.12 ± 0.0 9.00 ± 0.20 �0.05 ± 2.17 0.39 ± 0.09
Magnolia virginiana ‘Jim

Wilson’
DAPI 2.82 ± 0.03 5.02 ± 1.06 0.06 ± 0.01 8.57 ± 0.09 �4.83 ± 0.97 0.18 ± 0.03

Miscanthus sinensis
‘Gracillimus’

DAPI 2.76 ± 0.03 2.69 ± 1.03 0.05 ± 0.02 8.77 ± 0.09 �2.68 ± 0.98 0.16 ± 0.05

Pterocarya fraxinifolia DAPI 2.69 ± 0.02 0.15 ± 0.83 0.04 ± 0.02 8.99 ± 0.07 �0.23 ± 0.81 0.13 ± 0.04
Rosa chinensis ‘Mutabilis’ DAPI 2.60 ± 0.03 �3.26 ± 1.11 0.06 ± 0.01 9.31 ± 0.11 3.32 ± 1.18 0.22 ± 0.05
Thuja ‘Green Giant’ DAPI 2.72 ± 0.05 1.47 ± 1.78 0.09 ± 0.02 8.88 ± 0.15 �1.40 ± 1.70 0.30 ± 0.07

A. donax PI 1.95 ± 0.02 �0.69 ± 0.99 0.04 ± 0.01 8.35 ± 0.08 0.69 ± 0.99 0.15 ± 0.04
C. ‘Ashton’s Supreme’ PI 2.10 ± 0.02 7.15 ± 0.96 0.04 ± 0.01 7.74 ± 0.07 �6.68 ± 0.84 0.14 ± 0.03
C. sativa PI 1.97 ± 0.01 0.47 ± 0.61 0.02 ± 0.01 8.25 ± 0.05 �0.50 ± 0.60 0.07 ± 0.04
Control PI 1.96 ± 0.02 0.00 ± 1.00 0.04 ± 0.01 8.29 ± 0.08 0.00 ± 1.00 0.16 ± 0.04
G. biloba ‘Mariken’ PI 1.92 ± 0.02 �2.24 ± 1.08 0.04 ± 0.01 8.48 ± 0.09 2.30 ± 1.12 0.19 ± 0.03
I. ‘NCHI1’ PI 1.91 ± 0.02 �2.98 ± 0.81 0.03 ± 0.01 8.54 ± 0.07 3.06 ± 0.89 0.12 ± 0.05
M. virginiana ‘Jim Wilson’ PI 2.01 ± 0.02 2.47 ± 1.03 0.04 ± 0.01 8.09 ± 0.08 �2.41 ± 0.98 0.17 ± 0.03
M. sinensis ‘Gracillimus’ PI 1.95 ± 0.01 �0.78 ± 0.68 0.03 ± 0.01 8.35 ± 0.06 0.76 ± 0.68 0.11 ± 0.03
P. fraxinifolia PI 2.03 ± 0.02 3.15 ± 0.76 0.03 ± 0.01 8.04 ± 0.06 �3.07 ± 0.73 0.10 ± 0.04
R. chinensis ‘Mutabilis’ PI 1.96 ± 0.02 �0.21 ± 0.91 0.03 ± 0.01 8.31 ± 0.07 0.21 ± 0.89 0.13 ± 0.06
T. ‘Green Giant’ PI 1.93 ± 0.02 �1.97 ± 0.82 0.03 ± 0.01 8.46 ± 0.07 2.00 ± 0.85 0.14 ± 0.03
i Determined with P. sativum ‘Ctirad’ as an internal standard with a genome size of 8.66 pg when using DAPI and 7.75 pg when using PI.
ii Determined with G. max ‘Polanka’ as an internal standard with a genome size of 2.79 pg when using DAPI and 2.10 pg when using PI.
iii All values are means (n 5 6) ± SEM.
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leaves (main effect mean of 3.06 pg), and the lowest for roots
(main effect mean of 2.91 pg), with a difference of 10.7%. Preci-
sion, as measured by the SEM, ranged from 0.02 to 0.05 pg for
DAPI and from 0.04 to 0.05 pg for PI, and it was always less than
2% of the mean.

EXPT. 5: EFFECTS OF THE INTERNAL PLANT STANDARD AND FLUO-

ROCHROME ON THE ESTIMATE OF THE GENOME SIZE. There was a
significant effect of the internal plant standard, fluorochrome,
and interaction between the two when estimating genome
size (P < 0.05). Estimates of the genome size of P. sativum
‘Ctirad’ varied between the two internal standards (Secale cere-
ale ‘Dankovske’ and Zea mays CE-777) by 5.24% when using
DAPI and by 5.87% when using PI (Table 5). Estimates of the
genome size of Z. mays CE-777 did not differ between the two
internal standards (G. max ‘Polanka’ and P. sativum ‘Ctirad’), re-
gardless of fluorochrome.

Accuracy (% error) and precision (MAD) were both signifi-
cantly affected (P < 0.01) by the internal standard, but not by
fluorochrome or an interaction between the internal standard and
fluorochrome. Estimating the genome size of P. sativum ‘Ctirad’
using S. cereale ‘Dankovske’ as an internal standard resulted
in an underestimate of genome size (compared with using hu-
man male leukocytes) (Table 1), lower % error, and similar pre-
cision (similar MAD) compared with using Z. mays CE-777
as an internal standard that overestimated the genome size.

When estimating the genome size of Z. mays CE-777, using ei-
ther G. max ‘Polanka’ or P. sativum ‘Ctirad’ as internal stand-
ards, both resulted in underestimating genome sizes with similar
accuracy and precision. Precision, as measured by the SEM,
ranged from 0.03 to 0.10 pg for DAPI and from 0.04 to 0.10 pg
for PI, and it was always less than 2% of the mean.

Discussion

EXPT. 1: ESTIMATING GENOME SIZES OF PLANT REFERENCE

STANDARDS USING HUMAN MALE LEUKOCYTES AS AN INTERNAL STAN-

DARD AND EITHER DAPI OR PI FLUOROCHROMES. Genome sizes
determined using PI were 3.5% to 25.5% lower than those re-
ported previously (Dole�zel et al. 1992, 1998; Lys�ak and Do-
le�zel 1998). In part, these lower values likely resulted from
our use of a revised (12.14% lower) estimate of the human
male leukocyte genome size of 6.15 pg compared with 7.0 pg
used previously.

The calculated genome sizes of the plant standards measured
by DAPI and PI were significantly different (Table 1). For many
of the plant standards, the DAPI-determined genome sizes were
larger than the PI-determined measurements, except for Zea
mays CE-777 and Secale cereale ‘Dankovske’, which were
lower when using DAPI. Considering the potential for bp bias
when using DAPI, the lower values for these grasses when using
DAPI could be explained by the lower AT content generally
found in monocot genomes compared to that found in dicots
(Singh et al. 2016). The larger genome size estimates found with
DAPI for the remaining plant standards suggested that DAPI
may stain a greater portion of the sample nuclear DNA than that
stained by PI. It is noteworthy that the difference in the genome
size estimates determined by DAPI and PI varied from 11.7%
for P. sativum ‘Ctirad’ to 32.9% for G. max ‘Polanka’, even
though these two species have very similar GC contents (37.5%
and 35.0%, respectively) (National Center for Biotechnology In-
formation 2023a, 2023b). Considering that humans have a ge-
nome AT content of 59.1% and G. max has a genome AT
content of 65.0% (a difference of 10.0%), we would expect the
bp bias of DAPI to overestimate the genome size of G. max by a
similar percentage, but values for DAPI were 32.9% higher than
those for PI for G. max ‘Polanka’, indicating that 22.9% of the
difference was caused by factors other than bp composition.

The efficacy of different fluorochromes to penetrate and stain
the entire genome is one of the greatest unknowns when using

Table 4. Genome size (2C) for Berberis thunbergii ‘NCBT2’ as a
function of tissue type (unshaded red leaves, shaded yellow
leaves, and roots) using either 40,6-diamidino-2-phenylindole
(DAPI) or propidium iodide (PI) fluorochromes with Pisum sati-
vum ‘Ctirad’ as an internal standard.

Fluorochrome Tissue type
2C genome sizes

[mean ± SEM (pg)]i,ii

DAPI Red leaves 3.54 ± 0.04a

DAPI Yellow leaves 3.26 ± 0.05b

DAPI Roots 3.16 ± 0.02b

PI Red leaves 2.90 ± 0.04A

PI Yellow leaves 2.86 ± 0.05A

PI Roots 2.65 ± 0.04B

i Values are means (n 5 6) ± SEM.
ii Values followed by different letters are significantly different (P #
0.05). Lowercase letters represent comparisons within the DAPI
fluorochrome. Uppercase letters represent comparisons within the
PI fluorochrome.

Table 5. Genome size (2C), accuracy (% error), and precision (mean absolute deviation) for Pisum sativum ‘Ctirad’ and Zea mays CE-777
when using different internal standards and either 40,6-diamidino-2-phenylindole (DAPI) or propidium iodide (PI) fluorochromes.

Sample Internal standardi Fluorochrome

2C genome size of
sample [mean ±
SEM (pg)]ii

Error (%) ±
SEM

MAD [mean ± SEM
(pg)]

P. sativum ‘Ctirad’ Secale cereale ‘Dankovske’ DAPI 8.59 ± 0.10c �0.80 ± 0.82a 0.14 ± 0.05a

P. sativum ‘Ctirad’ Z. mays CE-777 DAPI 9.04 ± 0.10d 4.40 ± 0.83b 0.16 ± 0.04a

P. sativum ‘Ctirad’ S. cereale ‘Dankovske’ PI 7.67 ± 0.07a �1.01 ± 0.72a 0.14 ± 0.03a

P. sativum ‘Ctirad’ Z. mays CE-777 PI 8.12 ± 0.10b 4.81 ± 1.23b 0.22 ± 0.05a

Z. mays CE-777 Glycine max ‘Polanka’ DAPI 3.88 ± 0.03A �3.45 ± 0.84A 0.09 ± 0.01A

Z. mays CE-777 P. sativum ‘Ctirad’ DAPI 3.85 ± 0.03A �4.17 ± 0.75A 0.07 ± 0.02A

Z. mays CE-777 G. max ‘Polanka’ PI 4.80 ± 0.04B �4.87 ± 0.59A 0.06 ± 0.02A

Z. mays CE-777 P. sativum ‘Ctirad’ PI 4.82 ± 0.07B �4.48 ± 0.12A 0.13 ± 0.03A

i Genome size values for internal standards were taken from Table 1 when using the same fluorochrome.
ii Values are means (n 5 6) ± SEM. Values followed by different letters within a column are significantly different (P # 0.05). Lowercase
letters represent comparisons for P. sativum ‘Ctirad’ samples. Uppercase letters represent comparisons for Z. mays CE-777 samples.
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flow cytometry to estimate genome sizes. DNA in plant cells can
be tightly packaged with DNA–histone complexes forming nucleo-
somes and chromatin that are further coiled into 30-nm fibers to
various degrees, depending on the plant, stage of the cell cycle,
and transcriptional state (Annunziato 2008). Different fluoro-
chromes may interact differently with these chromatin structures,
and different plant species have vastly different gross organizations
of chromatin and ratios of heterochromatin to euchromatin (Nagl
1979, 1982), which can also vary between tissues (Probst and
Scheid 2015). Research of mammalian leukemia nuclei showed
that using an acid pretreatment to denature histones resulted in
more effective DNA staining (Darzynkiewicz and Traganos 1988;
Darzynkiewicz et al. 1984). Following acid pretreatment, staining
with PI increased 103% to 107%, whereas staining with DAPI in-
creased by 43% to 45%, indicating that DAPI stained a much
greater portion of the DNA before acid treatment. Darzynkiewicz
et al. (1984) further emphasized that regardless of dye, a large por-
tion of nuclear DNA that is in native chromatin is unstainable, and
the portion that is stainable is not representative of the absolute
DNA content per cell. Denaturing histones in plant cells can be
more difficult than denaturing histones in mammalian cells be-
cause of the presence of cytosolic compounds (Ledvinov�a et al.
2018). It would be highly desirable to develop approaches to quan-
tify and minimize this source of error. In addition to staining effi-
cacy, the lower genome size estimates determined using PI may
have resulted from plant metabolites interfering with the fluores-
cence of PI more than they interfered with DAPI. Because of these
issues and unknowns, the assumption that PI is a preferred and
more accurate fluorochrome for estimating plant genome size, sim-
ply because it is intercalating, is highly questionable.

The use of updated values for genome sizes of these plant ref-
erence standards (Table 1) is recommended. Furthermore, using
values for plant reference standards determined with the same
fluorochrome as those used in practice is recommended.

EXPT. 2: EFFECTS OF BUFFERS AND FLUOROCHROME ON THE ES-

TIMATE OF THE GENOME SIZE. Genome size estimates varied as
much as 18.1% as a function of the combination of fluorochrome
and extraction buffer (Table 2). This interaction suggests that
different buffer components can also interact with fluorochromes
or the DNA structure, resulting in significantly different genome
size estimates. This variation was greater when using DAPI than
PI. Loureiro et al. (2006b) compared four buffers with seven
plant species using PI and found that the sample relative fluores-
cence varied from 6.9% to 29.5% for a given species, depending
on the buffer. Wang et al. (2015) found that 7% to 21% of the
genome size variation observed during their work with the genus
Primulina was attributed to buffer effects.

EXPT. 3: EFFECTS OF CONFOUNDING PLANT TISSUE/METABO-

LITES AND FLUOROCHROME ON THE ESTIMATE OF THE GENOME SIZE.
Depending on the combination of confounding plant tissue and
fluorochrome, genome size estimates varied by as much as 8.0%
to 8.6% when using DAPI and 10% to 10.3% when using PI, indi-
cating that both fluorochromes are susceptible to substantial errors
induced by these confounding plant tissues, with PI being more
susceptible than DAPI. The significant interaction between fluo-
rochrome × confounding plant taxon indicated that the fluoro-
chromes responded differentially to the various confounding
tissues. When using DAPI, the addition of C. ‘Ashton’s Su-
preme’, R. chinensis ‘Mutabilis’, and M. virginiana ‘Jim Wil-
son’ resulted in genome size errors of 2.8%, 3.3%, and 5.0%,
respectively. When using PI, the addition of I. ‘NCIH1’,

P. fraxinifolia, and C. ‘Ashton’s Supreme’ resulted in genome
size errors of 3.1%, 3.2%, and 7.2%, respectively. In a similar study
that compared mixed and unmixed extracts, including selected
combinations of coffee (Coffea spp.), rice (Oryza sativa), oil palm
(Elaeis guineensis), cacao (Theobroma cacao), yam (Dioscorea
alata), and petunia (Petunia hybrida) with PI fluorochrome, differ-
ences in genome sizes of mixed samples varied by as much as 20%
(yam/petunia) when compared with those of unmixed samples (Noirot
et al. 2000). Noirot et al. (2002) also noted that the fluorescence peak
location of petunia varied by 19.1% with different coffee cytosols
when using PI, whereas they only varied by 6% when using DAPI.

The confounding plant tissues included in this study were se-
lected because of their taxonomic and biochemical diversity.
Based on this study, it is not possible to know which physical or
chemical properties of the confounding tissues impacted the fluo-
rochrome binding or fluorescence either directly or indirectly
(e.g., pH changes). However, it is known that Rosa, Magnolia,
and the Juglandaceae (e.g., Pterocarya spp.) have diverse poly-
phenolics (Ebrahimzadeh et al. 2009; Thakur and Sidhu 2013;
Wang et al. 2023). Noirot et al. (2002) showed that the addition of
0.5% chlorogenic acid (a precursor of polyphenols) decreased pe-
tunia PI nuclei fluorescence by 5%. In a study that compared the
effects of tannic acid and different buffers on DNA content esti-
mates, Loureiro et al. (2006a) found that the addition of 1 mg/mL
of tannic acid reduced the PI fluorescence of pea (P. sativum) nu-
clei by 28.5% when using Galbraith’s buffer, but that it increased
fluorescence by 8.1% when using LB01 buffer. Camellia spp. are
known to have both complex phenolics and variable levels of caf-
feine (Huang et al. 2013; Nagata and Sakai 1984) that can affect
the fluorescence of PI by limiting the accessibility of the dye, pos-
sibly because of changes to the chromatin structure (Noirot et al.
2003). Other confounding tissues, including Illicium spp., that
have diverse bioactive metabolites, including prenylated C6–C3
compounds, neolignans, and secoprezizaane-type sesquiterpenes
that are found exclusively in Illicium (Liu et al. 2009), had mini-
mal effects on genome size estimates. Similarly, C. sativa, which
contains diverse cannabinoids (Lal et al. 2021), had little effect on
estimates of the genome size. Price et al. (2000) found that com-
bining extracted nuclei from independently chopped Helianthus
annuus and P. sativum ‘Minerva Maple’ at different ratios and
then staining with PI resulted in a 17% variation in genome size
estimates for H. annuus. However, this error was largely negated
when tissues were co-chopped. An investigation of fluorescence
inhibition by sampling red bracts and green leaves from Euphor-
bia pulcherrima co-chopped with P. sativum ‘Minerva Maple’ as
a reference standard found that red bracts had 2.8% to 6.9% lower
genome sizes than green leaves, apparently because of anthocya-
nins (Bennett et al. 2008).

EXPT. 4: EFFECTS OF THE PLANT TISSUE TYPE AND FLUORO-

CHROME ON THE ESTIMATE OF THE GENOME SIZE OF BERBERIS THUN-

BERGII ‘NCBT2’. The higher values of genome sizes when using
DAPI compared with the use of PI were consistent with our other
results for dicots. In this case, genome sizes determined with
DAPI were, on average, 18.6% higher than the values determined
with PI. The variation in genome size estimates among tissue
types (10.7%) could have resulted from different pigments and
metabolites interacting with the fluorochromes. B. thunbergii
‘NCBT2’ is unusual because leaves that are fully exposed to the
sun develop a brilliant red color (probably because of anthocya-
nins), whereas leaves in the shade maintain a golden yellow color
(Fig. 1). Bennett et al. (2008) found that red bract tissue
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from E. pulcherrima had as much as 6.9% lower genome size
estimates compared with those of green leaves (likely because
of the anthocyanin cyanidin-3-rutinoside); however, we found
that red leaves had higher estimated genome sizes than yellow
leaves or roots. The inner roots of most Berberis spp. (and
many other Berberidaceae) are bright yellow because of the
presence of the alkaloid berberine, which is known to bind to nu-
cleic acids (D�ıaz et al. 2009). The presence of berberine may have
contributed to the lower genome size estimates for the roots.

EXPT. 5: EFFECTS OF INTERNAL PLANT STANDARDS AND FLUORO-

CHROME ON THE ESTIMATE OF THE GENOME SIZE. The estimates for
genome size, which sometime differ, when using the same fluo-
rochrome but different internal standards indicate that there can
be complicated interactions among the samples and internal
standards (Table 5). The use of both secondary and primary (in
this case, human leucocytes) standards is expected to introduce
some potential error. However, these errors vary depending on
the specific combination of sample and internal standard, and
they differed by as much as 5.9% in this rather limited study of
different sample/standard combinations. Dole�zel et al. (1998)
found that the use of P. sativum ‘Ctirad’ as a standard led to con-
sistently higher measurements by as much as 5.4% compared to
measurements obtained using Allium cepa ‘Alice’. During a
more extensive study that compared eight different plant refer-
ence standards using published genome size estimates for those
reference standards and PI fluorochrome, genome size estimates
of samples varied by as much as 44.4%, depending on which
reference standard was used (Praça-Fontes et al. 2011).

SOURCES AND MAGNITUDE OF VARIATION/ERROR. The most re-
cent estimate of the genome size of human male leukocytes,
used as a primary standard, to estimate genome sizes of second-
ary plant standards, is now 12.1% lower than the values reported
previously (see Materials and Methods). In addition to this error,
the selection of the plant reference standard introduced addi-
tional variation in genome size estimates of 5.9% (Expt. 5). The
use of different extraction buffers resulted in variations in genome
size estimates of as much as 18.1% for a given taxa, depending
on the buffer/fluorochrome combination (Expt. 2). The addition of
different confounding plant tissues resulted in variations in ge-
nome size estimates by as much as 10.3%, depending on the
tissue/fluorochrome combination (Expt. 3). Different plant tissue
types (leaf color/exposure and roots) also resulted in variations in

genome size estimates of 10.7%, independent of fluorochrome
(Expt. 4). Because the variations caused by different plant tissue
types are most likely attributable to variations of secondary metab-
olites, Expts. 3 and 4 may highlight the same error and are not ad-
ditive. The choice of fluorochrome (DAPI vs. PI) had one of the
greatest impacts on variations in genome sizes and differed by
as much as 32.9% for G. max ‘Polanka’ when using human
male leukocytes as an internal standard. A portion of this varia-
tion (�10.0%) can be attributed to the bp bias of DAPI and
variation in AT:CG ratios between the sample and standard,
with 22.9% of the variation in genome size estimates resulting
from how effectively these fluorochromes stain and report the ge-
nome. Excluding variations from the revised genome size esti-
mates for human male leukocytes and potential variations from bp
bias, the combined experimental variation/error from different ref-
erence standards (5.9%), buffers (18.1%), confounding tissues and
metabolites (10.7%), and fluorochromes (22.9%) was 57.6%.
During a comparison of four laboratories that all used PI fluo-
rochrome, Dole�zel et al. (1998) found that estimates of ge-
nome size varied by as much as 50% for G. max ‘Polanka’.
In conclusion, because of variations in plant tissues and experi-
mental methods, estimates of absolute plant genome sizes using
flow cytometry are only reliably accurate to ±29%, but probably
less than that, as this study only evaluated a limited range of se-
lected variables.

Conclusions

The determination of relative plant genome sizes by flow cy-
tometry can be very precise and repeatable (as evidenced by low
MADs and SEMs) and extremely valuable for determining the
relative genome size and ploidy of closely related plants when
using consistent methods.

However, the accurate determination of the absolute genome
size by flow cytometry remains elusive. Estimates of the genome
size using flow cytometry should be considered approximations
(±29% or more) and relative to an internal standard under spe-
cific experimental conditions as influenced by extraction buffer,
fluorochrome, confounding plant tissue/metabolites, tissue type,
and other factors that could interact with binding and fluores-
cence of different fluorochromes. Because of the fundamental
unknown of how effectively different fluorochromes stain the
entire genome and the differential sensitivity of PI and DAPI to
buffers, confounding tissues/metabolites, internal standards, and
tissue types, the assumption that PI is a preferred and more accu-
rate fluorochrome for estimating the plant genome size, simply
because it is intercalating, is highly questionable. In fact, the evi-
dence presented here suggests that PI may underestimate the
plant genome size by as much as 23% compared with DAPI. Be-
cause of revisions in the calculated genome size of human leuko-
cytes, which has historically been used as a primary standard to
estimate genome sizes of secondary plant standards, many ear-
lier estimates of the plant genome size may be overestimated by
�12.1% and should be recalculated if the best estimate of the
absolute genome size is desired. We recommend adopting a re-
vised genome size value of human male leukocytes of 6.150413
pg. Because of the idiosyncrasies and unknown potential for dif-
ferential genome staining among different fluorochromes, the ge-
nome sizes of secondary plant standards should be determined
with the same fluorochrome used for measuring unknowns. For
example, when using DAPI to estimate the genome size, genome

Fig. 1. Berberis thunbergii ‘NCBT2’ Sunjoy NeoV
R

including a container-
grown plant (A), yellow leaves (B), red leaves (C), and root tissue (D).

J. AMER. SOC. HORT. SCI. 149(3):131–141. 2024. 139

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-11-29 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
-N

D
license (https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/). https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/



size estimates for the internal standard should also be determined
with DAPI (Table 1). When reporting and comparing plant ge-
nome size estimates, it is important to identify the tissue type,
buffers, fluorochrome, and internal standard (and associated ge-
nome size).
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