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Abstract: Flow cytometry is widely applied to infer the ploidy and genome size (GS) of
plant nuclei. The conventional approach of sample preparation, reliant on fresh plant
material to release intact nuclei, often results in poor yields of nuclei in conditions when
a plant material cannot be kept fresh due to logistical constraints. Previous attempts to
use frozen plant material were mainly limited to ploidy analysis and relied on chopping
methods, which restrict the material input and often result in poor nuclei yield, especially
in frozen samples, due to incomplete disruption. Here, we present a modified protocol
for GS estimation using frozen plant material that facilitates larger volumes of tissue to
be processed while improving debris removal. Nuclei isolated from this protocol can
also be used for DNA or RNA extraction. Genome size estimates from frozen material
are similar to those from fresh material, with a reduction in error range, although not
always significant (p > 0.05). In certain species, frozen samples can yield substantially more
nuclei than fresh material. With the addition of specific debris compensation algorithms,
coefficient of variation (CV%) can be maintained below 5%. This method has special value
in estimating the GS of samples collected from remote locations and frozen for use in plant
genome sequencing. Freezing preserves high-quality DNA and RNA, enabling the same
sample to be used for both flow cytometry and genome sequencing.

Keywords: flow cytometry; FCM; genome size; picograms; plant genome; frozen plant material;
nuclei isolation

1. Introduction

Flow cytometry (FCM) is widely used to estimate genome size (GS) and ploidy in
plants. The method involves the preparation of a suspension of intact nuclei, labeling
the nuclei with a fluorochrome that binds to nucleotides, and measuring the fluorescence
intensity of each nucleus [1,2]. The conventional method for sample preparation involves
releasing intact nuclei by chopping fresh plant material in a compatible buffer [1,2]. Leaf
material is always co-chopped with another plant species of known GS and ploidy, to cal-
culate the relative difference in fluorescence and hence GS [1-3]. Genome size is expressed
and measured as a “C-value”, which is the entire DNA content of a nucleus [4]. The DNA
content of a haploid nucleus, in its unreplicated state, is referred to as the ‘1C-value’, and it
is measured in units of picograms (pg) or million base pairs (Mbp) [4,5]. One picogram of
DNA is equivalent to 978 Mbp [5].

It is becoming more common to use FCM to estimate GS prior to sequencing plant
genomes [2,6]. In instances where plant materials are sourced from remote and geographi-
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cally distant locations, the challenge arises in maintaining the freshness of the specimens
over extended periods. The inherent difficulty in preserving plant material under such con-
ditions renders it impractical for prolonged storage, consequently impeding the feasibility
of GS estimation. The logistical constraints pose a significant obstacle to the preservation
of plant material integrity, thereby limiting the scope and reliability of plant material for
FCM [7]. A few studies have previously used fixed material, either ethanol preserved,
paraffin fixed, or frozen material for ploidy and GS estimation of plants [8-16]. Despite
this, preserved plant material is not generally used for FCM in the estimation of ploidy
and GS due to the potential effect of the preservation method on fluorescence [2,7]. Frozen
plant tissue has shown potential for ploidy analysis; however, its application in GS esti-
mation remains limited due to challenges such as increased debris and higher coefficients
of variation (CV), which may affect measurement accuracy [10,11]. These concerns are
primarily based on qualitative observations, including poor histogram resolution, excessive
debris [11], and high CV values [10], which have discouraged its use for GS estimation.
Notably, these evaluations lacked direct statistical comparisons with fresh tissue; thus, the
suitability of frozen plant material for GS estimation remains uncertain.

To address issues related to lower nuclei yield, maintain CV values within acceptable
range and, most importantly, evaluate if GS estimates from frozen material are comparable
to those from fresh material, this study presents a novel protocol for nuclei isolation from
frozen plant material. Unlike earlier attempts that relied on chopping frozen material,
which often resulted in incomplete disruption and low nuclei yield, this method allows
the use of larger volumes of frozen plant material for GS estimation. This method is based
on protocols originally developed for the extraction of high-quality DNA from frozen
material [17-19]. It involves homogenization of plant material through physical disruption
(grinding and blending) and chemical disintegration of the cell wall (by detergents and
buffers) to isolate intact nuclei [17-19]. Depending on leaf chemistry, this can facilitate the
use of larger amounts of leaf material for higher nuclei yield, as mechanical homogenization
allows efficient processing of bulk tissue, overcoming the volume limitations associated
with manual chopping. This improves sample throughput and ensures sufficient nuclei
for both genome size estimation and downstream DNA extraction. The combination of
several washing steps, use of buffers, filtration, and centrifugation in this method helps
to eliminate debris in the form of intact cells and tissue residues [19]. Furthermore, with
the use of debris compensation algorithms [9,20], the impact of debris on peak resolution
and CV% can be minimized. The proposed method can complement genome studies
where plant material is frozen for sequencing purposes. Extracting DNA from isolated
intact nuclei minimizes the presence of cellular contaminants, thereby improving DNA
purity and integrity [18,19,21], which is an essential requirement for long-read sequencing
platforms [22,23].

The method reported here was applied to four plant species and fluorescence parame-
ters were compared for the nuclei isolated from frozen and fresh preparations. The fluores-
cence data from both preparations were subjected to the conventional histogram analysis
and debris-compensated peak modeling approach to assess the accuracy of GS estimates.

2. Materials and Methods
2.1. Plant Material

Four species, Adenanthos sericeus var. sericeus Labill., Hollandaea sayeriana (F. Muell.)
L.S.Sm., Macadamia tetraphylla L.A.S. Johnson, and Macadamia jansenii C.L. Gross & P.H. We-
ston, with GS varying approximately 2.5 times within the same plant family, were selected
for comparison of fresh and frozen methods [24,25]. Information about the chromosome
number, ploidy, genome size, and whole genome sequence for all species was retrieved
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from the literature [25-30]. Young plants of H. sayeriana and A. sericeus were sourced from
local nurseries and kept in glasshouse conditions at the University of Queensland. Leaf
material for M. tetraphylla and M. jansenii was collected from Mt Coot-tha Botanical Gardens,
Brisbane. Oryza sativa subsp. japonica cv. ‘Nipponbare” (1C = 388.8 Mbp/0.397 pg) [3,31]
was used as the internal standard and grown in glasshouse conditions at the University of
Queensland. Nipponbare rice is one of the commonly used internal with a verified genome
size [3]. In addition, high-quality genome assemblies are available for this cultivar [31-33],
further supporting its use in GS estimation studies.

2.2. Pretreatment of Leaf Material

For frozen preparations, sufficient liquid nitrogen and dry ice were carried during field
sample collection to prevent thawing, ensuring the leaves were safely transported back to
the lab and stored in a —80 °C freezer to maintain sample integrity. Young, fully expanded,
healthy leaves of the plants were collected in labeled perforated plastic bags. Each bag
contained two water-resistant and frost-resistant labels. After collection of leaves, bags
were secured with rubber bands. To minimize physical damage to the leaves, the wrapped
bags were promptly snap-frozen in liquid nitrogen, ensuring freezing was complete when
bubbling ceased and stabilized. The bags were promptly stored in dry ice and transported
to the lab, where they were kept in a —80 °C freezer until being processed for nuclei
isolation. For fresh preparations, fresh, fully expanded young leaves were sampled in a
plastic bag with a moist paper towel and processed for nuclei isolation on the same day of
the collection.

2.3. Reagents and Buffers

e  Woody plant buffer (WPB) [as per 25,34]: 0.2 M Trizma hydrochloride (Sigma, Merck
Life Science Pty Ltd., Bayswater, VIC, Australia, Product No. 93363-50G), 0.04 M
Magnesium chloride hexahydrate (Sigma, Merck Life Science Pty Ltd., Bayswater,
VIC, Australia, M2670-100G), 0.02 M ethylene diamine tetra acetic acid disodium salt
dihydrate (EDTA.Na2, Chem Supply Australia, Gillman, SA, Australia, Product code:
Product code: EA023-500G), 86 mM Sodium chloride (Sigma, Merck Life Science Pty
Ltd., Bayswater, VIC, Australia, Product No. 71380-500G), 10 mM Sodium metabisul-
fite (Sigma, Merck Life Science Pty Ltd., Bayswater, VIC, Australia, S9000-500G), 1%
Triton X-100 (Chem Supply Australia, Gillman, SA, Australia, Product code: TL125-P),
UltraPure DNase/RNase free distilled water (Invitrogen, Thermo Fisher Scientific Inc.,
Waltham, MA, USA, Cat. No. 10977-015, 300 mL), 3% Polyvinylpyrrolidone-10 (Sigma,
Merck Life Science Pty Ltd., Bayswater, VIC, Australia, Product No. PVP10).

e  Staining buffer (20 uL per 400 uL of sample): 100 pL propidium iodide (PI, 1 mg/mL,
Sigma, Merck Life Science Pty Ltd., Bayswater, VIC, Australia, Product ID P4864-
10ML), 1 puL of RNase 10 mg/mL (Stock Solution 20mg/mL, Invitrogen, Thermo
Fisher Scientific Inc., Waltham, MA, USA, Cat. No. 12091021). The buffer was kept on
ice and covered with aluminum foil due to the light-sensitive nature of PL

e 10x Homogenization buffer (HB) for frozen preparations: 0.1 M Trizma Base (Sigma,
Merck Life Science Pty Ltd., Bayswater, VIC, Australia, Product No. 93362-500G), 0.8 M
Potassium chloride (Chem Supply Australia, Gillman, SA, Australia, Product code:
PA054-500G), 0.1 M ethylene diamine tetra acetic acid (Sigma, Merck Life Science Pty
Ltd., Bayswater, VIC, Australia, Product No. E6758-500G), 17 mM spermidine (Sigma,
Merck Life Science Pty Ltd., Bayswater, VIC, Australia, Product No. 85558-5G), 17
mM spermine (Sigma, Merck Life Science Pty Ltd., Bayswater, VIC, Australia, Product
No. 85590-5G), 10 M NaOH (Chem Supply Australia, Gillman, SA, Australia, Product
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code: SA178) to adjust pH to 9. The solution can be stored in a glass bottle at 4 °C for
up to one year.

e 100 mL Triton sucrose buffer (TSB) for frozen preparations: Triton X-100 (20%), 10x HB
(10%), 0.5 M sucrose (Sigma, Merck Life Science Pty Ltd., Bayswater, VIC, Australia,
Product No. S0389-500G), volume was made up to 100 mL with distilled water. The
solution can be stored in a glass bottle at 4 °C for up to one year.

e 1000 mL 1x Homogenization buffer (HB) for frozen preparations: 10x HB (10%),
Sucrose (0.5 M). Volume was made up to 1 L with distilled water.

e 50 mL/sample Nuclei Isolation Buffer (NIB) for frozen preparations: 1x HB
(48.75 mL), TSB (1.25 mL), 0.5gm polyvinylpyrrolidone-360 (Sigma, Merck Life Sci-
ence Pty Ltd., Bayswater, VIC, Australia, Product No. PVP360-100G). Add 125 pL of
2-mercaptoethanol (Sigma, Merck Life Science Pty Ltd., Bayswater, VIC, Australia,
Product No. 63689-100ML-F) before use and keep NIB on ice.

2.4. Equipment
2.4.1. For Fresh Preparations

A 47 mm diameter Petri dish (Advantec MFS Inc, Dublin, CA, USA, Product
ID PD-47A, 42004A00), single-edge razor blades (Personna, Shelton, CT, USA, Product
ID 94-120-2), 40 um polypropylene framed cell strainers (Biologix Corporation, Jinan, Shan-
dong, China, Product ID 15-1040), 5 mL (12 x 75 mm) polystyrene round bottom tubes
(Corning Life Sciences, Tewksbury, MA, USA, Product ID 0587866).

2.4.2. For Frozen Preparations

Sterilized mortar and pestle, refrigerated centrifuge equipped with fixed angle rotor
(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany, Model 4-16K), Steriflip
vacuum-driven filtration system with a 20 pm nylon net filter (Merck Millipore, Cat.
no. SCNY00020), 40 um polypropylene framed cell strainers (Biologix Corporation, Jinan,
Shandong, China, Product ID 15-1040), Pasteur pipettes (20 uL, 200 uL, 1000 uL, 5000 uL),
50 mL conical bottom centrifuge tubes (Corning Life Sciences, Tewksbury, MA, USA,
Product ID 430304), 1.5 mL microfuge tubes, 5 mL (12 x 75 mm) polystyrene round bottom
tubes (Corning Life Sciences, Tewksbury, MA, USA, Product ID PID0587866).

2.5. Nuclei Isolation

For fresh preparations, a one-step protocol was used as described in Dolezel, Greil-
huber and Suda [2]. For each replicate, 40 mg of young fully expanded leaves of the test
species was co-chopped with 15 mg of the internal standard (O. sativa) in a petri dish using
a single-edge razor blade in 500 pL ice-cold modified woody plant buffer (WPB) [25,34].
The homogenate was filtered through a pre-soaked 40 um nylon filter [2]. A 20 uL mea-
sure of staining buffer (containing 100 pL of propidium iodide (1 mg/mL) and 1 pL of
RNase (1 mg/pL) were added to 400 uL of nuclei filtrate, and the sample was kept on ice
until processed.

For frozen leaf material, the nuclei extraction method [19] was followed with modifi-
cations for this study. The detailed protocol is provided in the Supplementary Materials
(Supplementary Note). In summary, 2 gm of frozen leaf tissue (including 10% internal
standard) was ground in a pre-cooled mortar with liquid nitrogen for approximately 5 min
until a fine powder was obtained. The homogenized tissue was suspended in ice-cold
nuclei isolation buffer (NIB), mixed gently, and filtered through a 20 um vacuum filter.
This filtrate was centrifuged at 7000x g for 20 min at 4 °C (or 3000 g for species with
GS > 1000 Mbp). The resulting pellet was washed two additional times with NIB using
identical centrifugation conditions to reduce cytoplasmic debris. Nuclei were finally resus-
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pended in 500 pL of ice-cold modified WPB, filtered through a 40 um nylon filter, stained
with propidium iodide, and treated with RNase before flow cytometric analysis.

2.6. Flow Cytometry

Nuclei labeled with propidium iodide were excited by a blue laser (488 nm) and
fluorescence was measured with a detector configured with a 695/40 nm bandpass filter
on the Becton Dickinson LSR Fortessa X20 Cell Analyzer (BD Biosciences, San Jose, CA,
USA). Fluorescence data were recorded on a linear scale of 256 channels [35]. The leading
trigger threshold was set to 5000. Fluorescence data for 400 uL of nuclei suspension were
acquired for 20 min at a low rate (12 uL/min), which delivered 10-20 events/s for fresh
preparations and 100-150 events/s for frozen preparations. Post-acquisition amplification
of the signal was acquired by setting the forward scatter (FSC) detector voltage/gain to
320, side scatter (SSC) detector voltage to 179, and fluorescence detector voltage to 488 to
position the internal standard peak at 1/5 of the distance from the left end of the x-axis [35].
Forward scatter and side scatter were recorded on a logarithmic scale and used to identify
the fluorescence peak. Instrument settings, including voltages and flow rates, were kept
constant throughout the experiment. All replicates were prepared and analyzed on the same
day to avoid technical variation caused by instrument drift. Additional quality control steps
included maintaining consistent sample-to-standard ratios [36], filtering freshly prepared
buffers to reduce particulates, and performing staining procedures in low-light conditions
to prevent fluorochrome degradation [37]. Prior to fluorescence measurements, nuclear
integrity was verified by fluorescence microscopy to confirm suitability for flow cytometric
analysis. Nuclear integrity was assessed using a LEICA M205 FA fluorescent dissection
microscope (Leica Microsystems Pty Ltd., Wetzlar, Germany) equipped with a DMC450
camera (Serial No. 0067500217). Imaging was performed at 94.8x magnification with
a field of view (FOV) of 2.43 mm. For bright field (BF) imaging, exposure was set to
5 ms, TL brightness at 60%, and nA illumination at 100%. For the RFP-LP fluorescence
channel, exposure was set to 400 ms, using the RFP-LP filter, with FIM at 100%. Images
were acquired in black and white mode at a resolution of 1.2 MP (1290 x 960 pixels), with
a binning of 2 x 2, and digital zoom at 0.8x. Live format settings matched acquisition
resolution (1280 x 960 pixels, bin 2 x 2). Gain was set to 1.5, digital magnification to 1x,
and iris control to 53%.

2.7. Conventional Histogram Analysis

For conventional histogram analysis, gating based on pulse analysis was used to
separate single particles from aggregates in BD FACS DIVA software (v 8.0). Fluorescence
pulse width on the y-axis was plotted against fluorescence pulse height on the x-axis to
remove aggregates and debris (Figures 52, 54, S6, S8, 510, 512, S14 and S16). By consistent
manual gating of the plot, we manually removed debris from all replicates of each species
to identify sample peaks. For gating of the sample peaks, our strategy was to select events
in the middle of the population distribution, aiming to capture the most representative
and homogenous portion of the population. The recommended limit of CV (i.e., <5%) was
also considered for gating of the histograms [38]. In addition, considering the debris level,
minimum requirements for accurate GS estimation were followed as 2000 events in total
and 600 events per peak [35]. However, despite the lower event count, the estimation of
GS was still pursued for comparative purposes, acknowledging that the data obtained
may provide valuable insights and contribute to the broader understanding of variations
between the two methods of nuclei isolation and data analysis. GS was estimated as per
Equation (1), in picograms (pg). A 1 pg measure was considered equivalent to 978 Mbp [5].
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GS (1C/pg) = (Mean fluorescence of sample/Mean fluorescence of standard) x 1C value (pg) of standard (1)

2.8. Histogram Modeling and Debris Compensation-Based Analysis

In this approach, data were subjected to peak modeling algorithms implemented in the
‘flowploidy’ package (v. 1.25.2) of R (v.4.2.3) [20,39]. This modeling approach is based on the
histogram-dependent non-linear least-squares algorithm for peak identification [9,20,35].
Here, single-nucleus events were isolated from aggregates and debris using the gating
of the clusters of differential fluorescence based on particle size (Figures S3, S5, 57, S9,
511, 513, S15 and S17). The ratio of forward scatter pulse height and fluorescence pulse
height was plotted on the y-axis against fluorescence pulse height on the x-axis to identify
the single-nucleus clusters (Figures S3, S5, 57, S9, S11, 513, S15 and S17). This package
facilitated a non-linear regression function to fit a model, which was assessed for goodness
of fit based on residual chi-square (x?) value (RCS) [20]. After peak identification, data were
processed, with debris compensation accomplished through single-cut and multiple-cut
algorithms implemented in the flowploidy package [9,20]. RCS values between 0.7 and 4
for the best-fit model and recommended limits of CV (i.e., <5%) were considered when
gating to isolate debris and aggregates [9,20,36,38].

2.9. Experimental Setup

Five biological replicates were prepared for fresh and frozen preparations. For sta-
tistical comparison, data for four species (A. sericeus, H. sayeriana, M. tetraphylla, and
M. jansenii), two nuclei preparation methods (conventional fresh preparation and proposed
frozen preparation), and two data analysis approaches (debris-compensated (including his-
togram modeling and debris compensation) and non-compensated (including conventional
histogram analysis and no debris compensation)) were collected in one experiment.

2.10. Statistical Analysis

The average of the genome size from five biological replicates was subjected to three-
way ANOVA (species X nuclei preparation x debris compensation) in the ggplot2 (v 3.4.1)
package of R. Post hoc comparisons were conducted using the Benjamini-Hochberg false
discovery rate in R (v 4.2.3). Three-way interactions between species, method, and com-
pensation were tested for significance (CI-95%) on genome size. For the significance of the
unequal variance, Levene’s test was used in R. Each combination of three variables was
subjected to one-way ANOVA (CI-95%) coupled with post hoc comparison supported by
false discovery rate (FDR) correction. Analysis was conducted in R (v 4.2.3) [40].

3. Results

Two-way interactions between nuclei preparation and data analysis approach for
genome size were not significant (p < 0.05) for all species (Tables 1 and 2). One-way
ANOVA further confirmed the significance of different combinations of nuclei preparation
and data analysis approaches (Table S1). The average CV varied from 2.7% to 4.59% across
the species and different combinations of nuclei isolation and data analysis, except for
5.3% in frozen preparations with debris-compensated analysis of M. jansenii. The average
number of events per peak ranged from 62 to 11,520 across the species, nuclei preparation,
and data analysis approaches (Table 2).
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Table 1. Results of two-way interactions for nuclei preparation method and data analysis in genome
size estimation.

. . . Residuals
Species Interaction Df Mean Sq. Residuals Df F Value  Pr (>F)
Mean Sq.
. Nuclei preparation:
A. sericeus prepara 3 45 % 1075 16 475 x 107° 0.947 0.35
data analysis
. Nuclei preparation:
H. sayeriana prepara 3 32 x107% 16 1.38 x 1074 2.32 0.15
data analysis
Nuclei preparation:
M. tetraphylla prepara 3 0.000 16 35x 107 0.000 0.99
data analysis
) .. Nuclei preparation:
M. jansenii prepara 3 32x10* 16 44 x107* 0725 0.40
data analysis
Table 2. Average genome size estimates, single-nucleus events per peak, and CV% using fresh and
frozen leaf preparations.
Species Nuclei Prep + Data Avg. GS Avg. Events Avg. Events Avg. Sample Avg. Std.
P Analysis (pg £ SE) in Sample + SE in Std. £+ SE CV% £ SE CV% £ SE
A. sericeus fresh + non-compensated 0.47 £ 0.005 812 + 183 1471 + 258 3.28 £0.21 3.32 £0.09
fresh + compensated 0.46 £+ 0.003 982 + 176 1180 + 142 4.09 £ 0.25 3.11 £0.15
frozen + non-compensated 0.47 + 0.001 9050 + 393 11,520 £ 862 3.16 £+ 0.09 414 £0.14
frozen + compensated 0.47 £ 0.000 3600 £ 273 3240 + 186 459 +£0.11 4.14 + 0.07
H. sayeriana fresh + non-compensated 1.1 £ 0.009 693 + 89 1350 £ 191 3.76 £ 0.21 4.56 4 0.12
fresh + compensated 1.04 £ 0.003 522 +96 530 £ 165 3.69 +0.24 3.16 £ 0.15
frozen + non-compensated 1.08 £ 0.001 2130 £ 250 5810 £ 608 3.58 £0.23 422 £0.04
frozen + compensated 1.04 £ 0.001 1450 + 180 3288 + 429 3.58 +£0.14 3.89 + 0.09
M. tetraphylla fresh + non-compensated 0.86 £ 0.012 512 + 105 1150 £ 92 3.74 £ 0.50 4204013
fresh + compensated 0.82 £ 0.011 147 4+ 142 522 £37 4.26 +0.48 2.70 £0.20
frozen + non-compensated 0.88 & 0.003 1120 + 121 1937 + 99 3.82 +0.16 4.16 +£0.14
frozen + compensated 0.84 £ 0.000 490 £73 561 + 30 4.40+0.21 4.38 +0.08
M. jansenii fresh + non-compensated 0.82 £0.017 176 £ 21 1010 £ 179 3.94 + 0.30 442 +0.15
fresh + compensated 0.78 £ 0.007 62 +21 540 + 129 4.09 + 0.64 323+0.24
frozen + non-compensated 0.86 + 0.005 1480 + 166 2880 + 449 3.10 £ 0.35 4.02 £0.16
frozen + compensated 0.82 &+ 0.003 372 £+ 83 630 £ 68 394+0.3 530 +£0.12

* All values represent means =+ standard error based on five biological replicates per group.

3.1. Genome Size Estimates for Adenanthos sericeus

With conventional histogram analysis without debris compensation, the difference
between the average 1C estimate 0.47 &= 0.001 pg from frozen nuclei was not significantly
different (p = 1) to 0.47 = 0.005 pg of fresh nuclei (Figure 1, Table 2).

¢ fresh_non-compensated © fresh_compensated
frozen_non-compensated © frozen_compensated

0.50 : ns ‘
ns
. ns
%00.49 e
A VL\
Ko4s ‘ e
N
£0.47
e E :E by
g g kS
S 0.46 T R
L3
045 °

Nuclei Preparation and Data Analysis

Figure 1. Comparison of the average 1C estimates for A. sericeus derived using different nuclei
isolation and data analysis approaches. Statistical analyses were conducted using Fisher’'s ANOVA
followed by a post hoc comparison using the Benjamini-Hochberg false discovery rate (FDR) correc-
tion. Significance levels are annotated as follows: ns = not significant (p > 0.05), ** = p < 0.01.
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Debris compensation did not affect the results significantly for A. sericeus. With debris
compensation, the average 1C estimate of 0.46 & 0.003 pg from fresh preparations was
not significantly (p = 0.23) different from the average estimate from non-compensated
analysis (Figure 1, Table 2). Similarly, the average 1C estimate of 0.47 £ 0.000 pg from
frozen preparations and debris compensation was not significantly (p = 0.36) different from
the average estimate from non-compensated analysis (Figure 1).

3.2. Genome Size Estimates for Hollandaea sayeriana

Using conventional histogram analysis, the mean 1C estimate from frozen nuclei
(1.09 £ 0.001 pg) did not differ significantly (p = 0.35) from that of fresh preparations
(1.10 £ 0.009 pg) (Figure 2).

¢ fresh_non-compensated © fresh _compensated
frozen_non-compensated ¢ frozen_compensated
ns

! Fekdek

_—~ 1'16 *::* J
(-11] ————
S —
2 . | "
7] [ ]
% I -

[ ]
£ 1.08 .
&)

[ )
1.04 x +

Nuclei Preparation and Data Analysis

Figure 2. Comparison of the average 1C estimates for H. sayeriana derived using different nuclei
isolation and data analysis approaches. Statistical analyses were conducted using Fisher’'s ANOVA
followed by a post hoc comparison using the Benjamini—-Hochberg false discovery rate (FDR) cor-
rection. Significance levels are annotated as follows: ns = not significant (p > 0.05), ** = p < 0.01,
= p < 0.0001.

With debris compensation, the average GS estimate of 1.04 & 0.001 pg from frozen
nuclei was significantly lower (p = 1.40 x 10~*) than the average estimate of 1.08 & 0.001 pg
from non-compensated analysis (Figure 2). Similarly, the difference between average
1C estimate of 1.04 =+ 0.003 pg from fresh nuclei preparation and debris-compensated
analysis was significant (p = 5.20 x 10~%) from the 1C estimate of 1.10 + 0.009 pg with
non-compensated analysis. However, the difference between average GS estimate from
fresh and frozen preparations was not significant (p = 1) (Figure 2, Table 2). Moreover, the
average 1C-value of 1.04 & 0.001 pg from frozen preparations and debris compensation
was more precise (p = 0.1, CI = 90%) than estimates from other methods (Table 2).

3.3. Genome Size Estimates for Macadamia tetraphylla

With conventional histogram analysis, the difference between the average 1C estimate
of 0.86 £ 0.012 pg from fresh preparations and 0.88 + 0.017 pg from frozen preparations
was not significant (p = 0.18) (Figure 3, Table 2).

With debris compensation, the average 1C estimate of 0.82 & 0.011 pg from fresh prepa-
ration was significantly different (p = 0.05) from the average 1C estimate of 0.86 & 0.012 pg
with non-compensated analysis (Figure 3). Similarly, the effect of debris compensation
was evident for frozen preparations. The average 1C estimate of 0.84 + 0.000 pg from
frozen preparations was significantly lower (p = 8.10 x 10~*) than the average 1C esti-
mate of 0.88 & 0.003 pg from non-compensated, conventional histogram-based analysis
(Figure 3). However, the difference between GS estimate from frozen and fresh nuclei was
not significant (p = 0.18) (Figure 3, Table 2).
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Figure 3. Comparison of average 1C estimates for M. tetraphylla derived using different nuclei isolation
and data analysis approaches. Statistical analyses were conducted using Fisher’s ANOVA followed
by a post hoc comparison using the Benjamini-Hochberg false discovery rate (FDR) correction.
Significance levels are annotated as follows: ns = not significant (p > 0.05), * = p < 0.05, ** = p < 0.01,
*** = p <0.001.

3.4. GS Estimates for Macadamia jansenii

Without debris compensation, the average 1C estimate of 0.88 £ 0.005 pg from
frozen preparations was not significantly (p = 0.03) different to the average 1C estimate of
0.86 & 0.017 pg from fresh preparations (Figure 4, Table 2).
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Nuclei Preparation and Data Analysis

Figure 4. Comparison of the average 1C estimates for M. jansenii derived using different nuclei isola-
tion and data analysis approaches. Statistical analyses were conducted using Fisher’s ANOVA fol-
lowed by a post hoc comparison using the Benjamini-Hochberg false discovery rate (FDR) correction.
Significance levels are annotated as follows: ns = not significant (p > 0.05), ** = p < 0.01, *** = p < 0.001,
4 = p < 0.0001.

With debris compensation, the average 1C estimate of 0.82 £ 0.003 pg from the frozen
preparations was significantly (p = 3.90 x 10~*) lower than the average 1C estimate of
0.86 & 0.005 pg from non-compensated analysis (Figure 4). Similarly, debris compensation
led to a reduction in the 1C estimate for fresh preparations. With debris compensation,
the average 1C estimate from fresh preparations 0.78 4 007 pg was significantly (p = 0.28)
different to the average estimate from non-compensated analysis (Figure 4, Table 2).

4. Discussion

The constraints of plant material storage and preservation, combined with the absence
of immediate FCM analysis, frequently result in compromised nuclei integrity prior to
processing, making GS estimation challenging [7,41,42]. In addition, conventional nuclei
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isolation from fresh material remains ineffective in many recalcitrant species [2,3,37]. This
study demonstrates that frozen plant material, when processed under optimized conditions,
can yield GS estimates that are comparable to those obtained from fresh material. For some
species, nuclei yields can far outweigh those obtained from fresh material, while the CV%
with debris compensation algorithms can be maintained below 5%.

Across the species examined, conventional histogram analysis without debris com-
pensation resulted in similar GS estimates for both fresh and frozen nuclei. For example,
A. sericeus produced an average 1C estimate of approximately 0.47 pg from both sample
types (p = 1), and the inclusion of debris compensation did not alter this outcome. In species
with robust nuclear integrity, indicated by high event counts per peak (e.g., >10,000), these
results suggest that fresh and frozen tissues are interchangeable for GS estimation. More-
over, the use of frozen material combined with debris compensation analysis resulted in
lower standard errors and a reduced range of GS estimates. However, these differences
were not always statistically significant (p > 0.05). The reduced variability observed in
frozen preparations may be partly attributed to the fact that all five replicates were pre-
pared within a single-nucleus extraction batch, and the data analysis was conducted in
one session under consistent parameters. In contrast, fresh preparations involved indepen-
dent biological replicates, each derived from separately processed material. Variations in
chopping efficiency and tissue condition during each preparation may have introduced
slight inconsistencies in GS estimates, contributing to the higher range observed in the
fresh samples.

In contrast, for species with comparatively lower nuclear integrity or fewer events
counts per peak, the data analysis approach can significantly influence GS estimates. In
H. sayeriana, while conventional analysis showed no significant difference between fresh
(1.10 pg) and frozen (1.09 pg) samples, the introduction of debris compensation reduced
the average 1C estimate to 1.04 pg for both tissue types. Similar trends were observed in
Macadamia tetraphylla and M. jansenii, where debris compensation consistently reduced
the 1C estimates from both fresh and frozen preparations. For example, in M. tetraphylla,
the fresh sample estimate decreased from 0.86 pg to 0.82 pg (p = 0.05), and the frozen
sample from 0.88 pg to 0.84 pg (p = 8.10 x 10~*), with debris compensation. In M. jansenii,
debris compensation led to a significant reduction in the frozen sample estimate (from
0.88 pg to 0.82 pg, p = 3.90 x 10~*), with a similar, though not statistically significant
trend in fresh samples. This reduction in GS estimate is potentially linked with the effects
of unresolved debris or fragmented nuclei, which may interfere with the fluorescence
signal by adhering to surface of intact nuclei or causing clogs. Therefore, without debris
compensation, GS estimates for certain species are inflated. Species with higher levels of
secondary metabolites may contribute to increased debris, which generates background
fluorescence and interferes with peak resolution. The compensation algorithm mitigates
this effect by excluding lower-intensity events associated with debris, resulting in more
conservative and potentially more accurate GS estimates.

Previously, FCM-based GS estimates for three of the four selected species were cali-
brated against Pisum sativum cv. Torstag (1C = 4.75 pg) [25], resulting in values that differed
by up to 35% from the estimates reported here. Previous 1C estimates for A. sericeus
(0.59 pg), H. sayeriana (1.36 pg), and M. tetraphylla (1.14 pg) were overestimated by 25%,
31%, and 35%, respectively. Recent calibration studies suggest an overestimation of 20%
in GS of Torstag pea [43—45]. Using this recalibrated value of Torstag pea (3.8 pg/1C), the
recalculated GS estimates for A. sericeus (0.47 pg), H. sayeriana (1.09 pg), and M. tetraphylla
(0.91 pg) align well with the measurements reported here. Furthermore, consensus genomes
for M. tetraphylla and M. jansenii assembled with long-read data suggest 1C-values around
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0.81 pg and 0.80 pg, respectively [28,30], supporting the validity of our estimates from
frozen material.

This optimized protocol, which includes rapid freezing and processing at low temper-
atures using liquid nitrogen, preserves nuclear integrity effectively. This is supported by
our fluorescence microscopy observations (Figure S18) and by the comparable GS estimates
between fresh and frozen preparations. Other studies have observed intact nuclei despite
several steps of mechanical and chemical disintegration of the frozen tissue [17,18,21,46]
and after the freezing/thawing process [16,47]. Moreover, the similarity of GS estimates
from frozen and fresh preparations further indicated the preservation of nuclear integrity.
The preservation of nuclear integrity is critical, as thawing damage (caused by ice crystal
formation in intra- and extracellular fluids) can alter fluorescence and thereby affect GS
estimation [47]. Thawing damage is largely dependent on the thawing conditions [47].
By maintaining low temperatures throughout nuclei isolation, our approach minimizes
enzymatic activity and thawing-related damage.

Notably, previous attempts to use frozen leaf material for GS and ploidy estimation em-
ployed the conventional chopping approach in a suitable buffer to release nuclei [10-12,14].
However, employing a mortar and pestle has been shown to yield a higher number of
nuclei [18,21]. Additionally, this technique enables the processing of larger quantities of
leaf material, ensuring effective disruption and homogenization while preserving nuclear
integrity under cryogenic conditions. In addition, several washes with buffers facilitate the
removal of contaminants. In earlier studies, frozen plant samples produced a low signal-to-
noise ratio, and results were disregarded [2,7,11,13,41]. The absence of comparative studies
on the results of frozen and fresh nuclei has limited the adoption of frozen material for flow
cytometry (FCM) applications.

GS estimates from frozen plant material can be a good aid to genome sequencing
studies, where the sample is frozen after retrieval, or fresh plant material is not available.
After genome estimation, isolated nuclei can be used for DNA extractions, as the protocol
is optimized for reducing the impact of the secondary metabolites for high-quality DNA
extractions for sequencing [18,19,21,48]. This dual use of the same material can streamline
workflows and reduce the time and resources needed for plant genomic research.

While the method demonstrated reproducibility across the four eudicot species tested,
its applicability may vary in plants with abundant secondary metabolites. Future studies
should evaluate its performance across a broader range of taxa. In this study, nuclei were
analyzed the day after freezing; however, previous studies using alternative protocols
have reported a decline in nuclear integrity with prolonged storage. These reports noted
increased debris, lower nuclei counts, and higher CV, indicating that extended freezing
durations may compromise data quality [11]. Further research is required to evaluate
the impact of extended storage on nuclei quality, CV, and fluorescence signal stability. In
addition, further research can be directed towards optimizing the lysis buffers to reduce
debris content.

5. Conclusions

This study provides statistically validated demonstrations that frozen plant tissues,
when processed using an optimized protocol, can yield GS estimates comparable to those
from fresh material. Furthermore, the incorporation of debris compensation effectively
reduces the influence of fragmented nuclei and debris, helping to maintain CVs within an
acceptable range and minimizing fluorescence interference, thereby improving the accuracy
of GS estimates. Although not always statistically significant, debris compensation also
resulted in lower standard errors, indicating improved precision in GS estimation. This
advancement broadens the utility of FCM for genome studies, especially in scenarios where
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sample collection occurs in remote or logistically constrained environments. The protocol
also holds value for dual-purpose workflows, where nuclei are needed for both genome
sizing and downstream DNA sequencing. With further testing across diverse taxa and
storage durations, this method could significantly enhance field-based and conservation
genomics efforts.

Supplementary Materials: The following supplementary data can be accessed online from the
database titled “A flow cytometry protocol for measurement of plant genome size using frozen mate-
rial” at https:/ /doi.org/10.5281/zenodo.14873353 (Accessed on 1 April 2025). Table S1: Results of
one-way ANOVA for all combinations of species, nuclei extraction method, and debris compensation
on genome size estimation. Figure S1. The process of nuclei isolation from frozen leaf material.
Figure S2. Conventional histogram analysis for the fluorescence data of fresh preparations of Oryza
sativa (P1) and Adenanthos sericeus (P2). Figure S3. Peak modeling and debris compensation analysis
for the fluorescence data of the fresh preparation of Oryza sativa (A) and Adenanthos sericeus (B).
Figure S4. Conventional histogram analysis for the fluorescence data of frozen preparations of Oryza
sativa (P1) and Adenanthos sericeus (P2). Figure S5. Peak modeling and debris compensation analysis
for the fluorescence data of the frozen preparation of Oryza sativa (A) and Adenanthos sericeus (B).
Figure S6. Conventional histogram analysis for the fluorescence data of fresh preparations of Oryza
sativa (P1) and Hollandaea sayeriana (P2). Figure S7. Peak modeling and debris compensation analysis
for the fluorescence data of the fresh preparation of Oryza sativa (A) and Hollandaea sayeriana (B).
Figure S8. Conventional histogram analysis for the fluorescence data of frozen preparations of Oryza
sativa (P1) and Hollandaea sayeriana (P2). Figure S9. Peak modeling and debris compensation analysis
for the fluorescence data of the frozen preparation of Oryza sativa (A) and Hollandaea sayeriana (B).
Figure S10. Conventional histogram analysis for the fluorescence data of fresh preparations of Oryza
sativa (P1) and Macadamia tetraphylla (P2). Figure S11. Peak modeling and debris compensation
analysis for the fluorescence data of the fresh preparation of Oryza sativa (A) and Macadamia tetraphylla
(B). Figure S12. Conventional histogram analysis for the fluorescence data of frozen preparations of
Oryza sativa (P1) and Macadamia tetraphylla (P2). Figure S13. Peak modeling and debris compensation
analysis for the fluorescence data of the frozen preparation of Oryza sativa (A) and Macadamia tetra-
phylla (B). Figure S14. Conventional histogram analysis for the fluorescence data of fresh preparations
of Oryza sativa (P1) and Macadamia jansenii (P2). Figure S15. Peak modeling and debris compensation
analysis for the fluorescence data of the fresh preparation of Oryza sativa (A) and Macadamia jansenii
(B). Figure S16. Conventional histogram analysis for the fluorescence data of frozen preparations of
Oryza sativa (P1) and Macadamia jansenii (P2). Figure S17. Peak modeling and debris compensation
analysis for the fluorescence data of the frozen preparation of Oryza sativa (A) and Macadamia jansenii
(B). Figure S18. Fluorescent microscopy of the Pl-stained frozen nuclei of H. sayeriana.
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