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Abstract

The extraction of high-quality, high-molecular-weight (HMW) DNA from plant tissue is a critical step for successful long-read
sequencing, particularly in species with high secondary metabolite content. Myracrodruon urundeuva (“Aroeira”, Anacardiaceae),
a native tree species from Brazil, presents significant challenges for DNA extraction due to its rich composition of polyphenols and
polysaccharides, which can inhibit enzymatic reactions and compromise sequencing efficiency. In this study, we present an optimized
DNA extraction protocol specifically tailored for native forest species with high secondary metabolite content. The protocol integrates a
sorbitol pre-wash step to reduce contaminants, an improved CTAB-based extraction method, and a subsequent clean-up process using
proteinase K and RNAse A, followed by short-fragment elimination to enrich HMW DNA. Our approach significantly improved DNA
purity, achieving 260/280 ratios close to 1.8 and 260/230 ratios above 1.9, with DNA fragment sizes averaging over 60 kbp. The extracted
DNA was successfully used in Oxford Nanopore Technologies (ONT) long-read sequencing, yielding high read lengths and sequencing
coverage. These findings enhance genomic studies of native species, facilitating conservation efforts, genetic diversity assessments, and
sustainable management strategies. The proposed protocol offers an efficient and cost-effective alternative to obtain high-quality DNA
in species with challenging biochemical compositions, supporting the advancement of third-generation sequencing technologies in plant
genomics.
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1. Introduction

The study of native forest species is significant for biodiversity
conservation and sustainable development [1]. These species play
essential ecological roles, such as maintaining ecosystem services
and promoting environmental resilience. Moreover, the precise
scientific identification of these species is necessary to recognize
those with economic potential, as well as those that are legally
protected, endemic, rare, or at risk of extinction, information
that is indispensable for environmental analyses and vegetation
management permit processes [2]. In this context, Myracrodruon
urundeuva Allemao, commonly known as Aroeira, Aroeira-do-
sertdo, or Aroeira-preta, is a tree species belonging to the Anac-
ardiaceae family that is widely distributed across the Northeast,
Southeast, and Central-West regions of Brazil and extends into
areas of Paraguay, Bolivia, and Argentina [3]. It is characterized as
amedium- to large-sized tree, reaching heights of 15to 3o mand a
diameter of 80 to 100 cm. Its trunk is straight, with a broad canopy
and drooping branches, while the bark has a brownish-gray color

and scaly texture [4]. The wood is notably dense, ranging from
0.6 g/cm3 to 0.8 g/cm3, giving it remarkable mechanical strength
and durability. These properties make it highly valued for various
end uses, including civil construction, furniture manufacturing,
and the production of utility poles and railroad sleepers [5-7].
Additionally, the species holds significant ecological importance,
as it is part of seasonal deciduous forests and contributes to
maintaining biodiversity within these ecosystems [8, 9].

Recent studies have investigated the chemical and pharmaco-
logical properties of M. urundeuva, particularly concerning the
volatile compounds present in its bark and leaves. These stud-
ies indicate that tannins extracted from the bark exhibit anti-
inflammatory and antioxidant properties, suggesting possible
therapeutic use in the treatment of inflammatory and neurode-
generative diseases. Such findings indicate potential for the sus-
tainable use of this species, highlighting its value not only in terms
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of high-quality wood but also in both traditional and modern
medicine [1, 8, 10]. Despite its ecological and economic signifi-
cance, M. urundeuva is threatened by predatory exploitation and
the degradation of its natural habitats. Intensive logging, com-
bined with agricultural expansion and urbanization, has led to a
decline in natural populations, resulting in the species being clas-
sified as vulnerable in several regions [11]. Conservation efforts,
including reforestation programs and sustainable management
practices, are imperative to ensure the preservation of this species
and the ecosystem services it provides [12—14].

The integration of advanced molecular techniques in the study
of native forest species not only enhances knowledge of genetic
variability and phylogenetic relationships but also supports con-
servation strategies and the sustainable use of these resources.
The application of optimized DNA extraction protocols, combined
with modern genomic approaches, strengthens the identification
of genes of interest and the understanding of adaptive mech-
anisms, contributing to the preservation and valuing of native
forests. Obtaining high-quality genomic DNA is a fundamental
step in conducting genetic studies on native forest species.

Efficient DNA extraction is challenged by the presence of sec-
ondary metabolites in plants, such as polysaccharides and phe-
nols, which can interfere with the purity and integrity of genetic
material [15, 16]. CTAB (cetyltrimethylammonium bromide)-based
methods have been widely employed to overcome these difficul-
ties, providing DNA of sufficient quality for subsequent molecular
analyses [17]. However, based on our experience with Brazilian
native species, which are rich in secondary metabolites, commer-
cial kits and generalized protocols are often ineffective, potentially
leading to failures in third-generation sequencing, such as Oxford
Nanopore. While many studies focus on obtaining high-molecular-
weight DNA [18, 19], field samples from plants under intense se-
lection and competition, such as those found in Brazil, present ad-
ditional challenges. Therefore, protocol optimization is essential to
ensure successful genetic analyses for projects involving complete
genome sequencing and assembly specifically directed at third-
generation long reads, where large amounts of pure native DNA
are required. These protocols also support the analysis of epige-
netic modifications associated with sequencing of methylated DNA
regions. Nucleic acid extraction protocols designed for PCR-based
sequencing or for use in population genetics studies, such as Short
Sequence Repeats (SSR) or Inter Simple Sequence Repeat (ISSR)
markers, may not adequately support these genomic studies due to
the presence of secondary compound contaminants in the sample.
As an example, a study on individuals of another genus of the same
family, Schinus terebinthifolius, showed that the composition of
essential oils varied among different populations, reflecting both
environmental adaptability and distinct chemical profiles across
regions [20]. These factors represent potential contaminants for
genomic analyses that are based on third-generation applications,
such as Oxford Nanopore long reads.

Therefore, the choice of a DNA extraction protocol must consider the
specific characteristics of each species and the type of plant tissue
used. In this context, methods such as that of Mogg and Bond [21]
offer practicality and improved DNA quality while having a lower
impact compared to the traditional CTAB method [22]. Additionally,
adapting protocols to the specific characteristics of native species is
necessary to ensure DNA is obtained efficiently with high purity and
sufficient concentration, as suggested by Faleiro et al. [23] and Silva
et al. [24]. However, the application of these methods without prior

washing or subsequent fragment selection may also compromise the
results of Oxford Nanopore sequencing.

Through the optimization of various DNA extraction methods, we
developed a protocol for high-molecular-weight DNA extraction for
Brazilian native forest species for use with third-generation Oxford
Nanopore long-read sequencing. This protocol includes preliminary
washing steps and can be easily applied to process a small number
of samples, as suggested for genome projects where no reference
genome is available. The efficiency of DNA extraction from plant
tissue depends on selecting the appropriate protocol, considering
the specific nature of the tissue and the presence of interfering com-
pounds. Moreover, the standardization of these methods is needed
to ensure the reproducibility and reliability of results in studies
addressing the genetic diversity of native forest species.

2. Materials and methods

Young leaves were selected in the field, separated into portions of
approximately two grams, and wrapped in aluminum foil imme-
diately after collection. Another option for collection is to select
branches with young leaves without detaching the leaves. To avoid
desiccation, these branches can be wrapped and kept in moistened
cotton bags until processing in the laboratory. Samples frozen at
-80 °C can also be used long after collection (over a year). The
strategy of collecting young leaves for some deciduous species
such as Aroeira is important, as the tree loses all its leaves during
flowering, and therefore, the best collection time is at the begin-
ning of the rainy season. Late collection in summer is not rec-
ommended, considering that early senescence occurs. Old leaves
did not result in sufficient DNA extraction due to the presence
of large amounts of secondary metabolites, as indicated by low
ratios in Nanodrop (Thermo Fisher Scientific, Waltham, USA)
measurements. Permission to access genetic heritage is registered
in the SisGen system (National Genetic Heritage and Associated
Traditional Knowledge Management System), number AEF203A.

2.1. DNA extraction

For this protocol, two commercial kits were tested: the Wizard®
HMW DNA Extraction kit (Promega Corporation) and the
Nanobind® plant nuclei kit (PacBio-Pacific Biosciences of Califor-
nia, Inc.). In addition, we modified protocols to isolate HMW DNA
described in the literature, including those proposed by Rai [25]
and Jones et al. [26], as both use magnetic beads to purify DNA.
We optimized the steps to avoid their use, because the cost can
be high and prohibitive in some situations, such as in poorly
equipped field laboratories.

As a first step, maceration of the material must be carried out in
liquid nitrogen. The mortar and pestle must be cooled beforehand,
the leaves weighed (2 g), and the central veins removed with
scissors. The leaf tissue must be constantly immersed in liquid
nitrogen (about 3—5 1 are needed). Maceration must be carried
out for at least 20 min, as proposed in the Nanobind® plant nuclei
kit (PacBio), until a fine floury powder is obtained. Maceration for
shorter periods did not result in sufficient quantity for subsequent
cleaning, purification, fragment selection, and library preparation
for sequencing steps. The macerated tissue (still in liquid nitro-
gen) is transferred into two 50 ml Falcon tubes that have been
cooled in liquid nitrogen (about 1 g for each tube). After nitrogen
evaporation, 10 ml of sorbitol wash buffer is quickly added to help
reduce polysaccharides and polyphenols (Figure 1).
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Figure 1 ¢ Protocol overview for isolating a quantity of high-quality DNA from M. urundeuva.

The sorbitol wash buffer is composed of 0.35 M sorbitol, 5 mM -After incubation, allow the tubes to cool to room tempera-
EDTA pH 8.0, 100 mM Tris-HCl pH 8.0, and Polyvinylpyrrolidone ture under slow agitation in a Roto-shake Genie (Scientific
1% (w/v) (average molecular weight 360,000; PVP-360; modified Industries) or slow manual inversion for 10 min. Centrifuge
from Inglis et al. [27]), with the addition of 2-mercaptoethanol for five minutes at 3000 rcf at room temperature and trans-
1% immediately before use. Using PVP-360 instead of PVP-40 fer the supernatant to another tube.

resulted in better DNA metrics for several other native species
(data not shown). The buffer must be kept at 4 °C and used within
six months. At this stage, vortexing does affect DNA fragmen-
tation. Thus, mix by vortexing for at least 30 s or until there
are no clumps, followed by centrifugation at 5000 rcf for 5 min
at 4 °C. Discard the supernatant and repeat the process for at
least three washes. After washing, the supernatant should appear
clear and not brown/dark green as it was at the beginning. If a
dark color persists, repeat the wash sequence until obtaining a
lighter-colored supernatant.

-Add an equal volume of chloroform/isoamyl alcohol (24:1)
and invert the tubes for 5 min in a Roto-shake or manually
until completely mixed (milky appearance). Centrifuge for
10 min at 3000 rcf at room temperature and transfer the
upper phase (supernatant) to another tube without touching
the interphase using a wide-bore tip or a 10 ml Pasteur
pipette.

-Add twice the volume of isopropanol at room temperature,
invert ~20 times to ensure complete mixing, and incubate at

After the last wash, immediately add 20 ml of the lysis buffer room temperature for at least 1 h. Centrifuge at 3000 rcf for
proposed by Rai [25], preheated to 60 °C (Tris-HCl 100 mM, five minutes at room temperature. At this point, a viscous
EDTA 20 mM, CTAB (w/v) 4%, NaCl 1.4 M, PVP-360 (w/v) 1%, white or almost clear pellet should be seen at the bottom of
B-mercaptoethanol 2% (added at the time of use)). Continue with the tube.

the following steps:

-Carefully remove and discard the entire supernatant using a
pipette and resuspend the pellet in 1 ml of freshly prepared

-Vortex to avoid the formation of clumps. Adjust the volume 70% ethanol. Use a wide-bore tip to transfer the resuspended
to 20 times the initial weight to maximize the extraction of pellet into a 2 ml LoBind tube (Eppendorf). Rinse the tube
as much DNA as possible. with another 1 ml of 70% ethanol and add to the 2 ml LoBind

tube.

-Place in a dry bath at 60 °C for 1 h at 300 rcf. After 20
min of initial incubation, add 200 pl of Proteinase-K 20 -Incubate the tubes on a Roto-shake at approximately 9—10
mg/ml (incubation of 40 min in Proteinase-K solution). rpm for five minutes. Centrifuge at 13,000 ref for 10 min,
Gently invert the tubes about 10 times to mix the proteinase discard the supernatant, and repeat the wash with 70%
solution. ethanol.
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-Finally, centrifuge under the previous conditions and wash
the pellet with 2 ml of 100% ethanol. Discard the super-
natant and dry for five minutes in a fume hood.

-Add 75 pl of prewarmed 10 mM Tris-HCI solution at 37
°C. If the pellet is large, add another 75 ul and homogenize
with caution using a wide-bore pipette. Add 1 ul of RNaseA
solution (20 mg/ml) for each 75 ul of elution buffer and
incubate at 37 °C for 30 min.

-Leave at room temperature overnight. Then, assess DNA
quality using a NanoDrop (Thermo Fisher Scientific), a
Qubit (Thermo Fisher Scientific), and a TapeStation instru-
ment (Genomic DNA ScreenTape, Agilent Technologies).
Pulse Field Gel Electrophoresis is also an option. Store DNA
at 4 °C. Do not freeze.

The raw DNA is then further purified using the method described
by Jones et al. [26] with modified enzyme volumes. To the approx-
imately 15 pug of extracted DNA (around 150 ng/ul), we added 10
mM Tris-HCI pH 8 to a total volume of 200 ul.

-Add 4 pl of Proteinase-K solution (20 mg/ml) and 4 ul of
RNAseA solution (20 mg/ml) and incubate the samples at
56 °C for 20 min at 400 rpm (if possible, using a dry bath
with shaking or, alternatively, leaving under gentle agitation).
Adjust the volume to 600 ul with 10 mM Tris-HCI pH 8, add
an equal volume of chloroform/isoamyl alcohol (24:1, v/v)
and invert the tubes constantly for five minutes. Centrifuge
the resulting emulsion at 16,000 rcf for one minute at room
temperature.

-Transfer the supernatant to a new tube and repeat the chlo-
roform/isoamyl alcohol step. After centrifugation, transfer
the supernatant to a new tube and add 1.5 volumes of 100%
ethanol and 0.1 volumes of 3 M sodium acetate pH 5.2.
Incubate on ice for one minute.

-Centrifuge at 16,000 rcf for one minute at room temperature
and discard supernatant. Wash the pellet twice with 700 ul
of 70% ethanol and leave to soak for one minute. Centrifuge
at 16,000 rcf for one minute at 4 °C.

-After the second wash, allow the pellet to dry in a fume hood
for 5—10 min and resuspend it in 50 pl of 10 mM Tris-HCl pH
8. Quantify by Qubit and use 10 ug. To eliminate short reads,
use the Short Fragment Eliminator Expansion kit (Oxford
Nanopore Technologies, EXP-SFE001) following the man-
ufacturer’s instructions. Quantify in Nanodrop, Qubit, and
if possible, TapeStation. Set aside around 6 pg of DNA to
prepare your libraries.

2.2, Library preparation

To prepare the libraries for sequencing in a MinION R10 4.1 flow
cell, use the Ligation Sequencing Kit V14 (SQK-LSK114, Oxford
Nanopore Technologies). Modify the manufacturer’s instructions
as follows: Use around 6 ug of DNA instead of the recommended
1 ug, as losses occur during subsequent washes with beads in the
protocol. Expect around 1.5 ug of final library, which is enough for

at least two injections into a MinION R10.4.1 flow cell. Less
than 1 ug is enough for one injection. During library preparation,
increase the incubation times in the repair and end-prep step to 20
min at 20 °C, followed by 20 min at 65 °C. For bead purification,
increase incubation from 5 to 10 min. During adapter ligation,
increase the incubation time from 10 to 20 min and use 0.5X
Ampure XP beads (Beckman Coulter, included in the SQK-LSK114
Oxford Nanopore Technologies) in the next stage (save these
beads for another purification if necessary). For washing, use
250 ul of Short Fragment Buffer (SFB, included in SQK-LSK114
Oxford Nanopore Technologies), and in the second wash use
250 ul of Long Fragment Buffer (LFB, included in SQK-LSK114
Oxford Nanopore Technologies). After final quantification, expect
between 90 and 100 ng/ul in ~12 ul of the final library. If the
library is below this concentration, perform a second purification
with the beads from the first step. Add another 40 ul of Ampure XP
beads (Beckman Coulter) and repeat the steps above with SFB and
LFB (you can use the same SFB and LFB recovered from previous
washes). Elute in 12 ul and quantify.

3. Results

The DNA extraction protocol presented here resulted in good
readings during sequencing. The washing step with sorbitol buffer
significantly reduced contamination from secondary compounds.
In plants with many secondary compounds, such as Aroeira and
other members of the Anacardiaceae family, implementing pre-
washing is essential. Without this, the pellet was generally brown-
ish at the end of elution, and quality data obtained on the Nan-
odrop showed 260/230 ratios of less than 1.00 and 260/280 ratios
of less than 1.4. The omission of magnetic beads for purification
increases the number of handling steps. However, the inclusion of
a clean-up step after extraction, again using proteinase, RNAse,
and chloroform/isoamyl alcohol, with consequent use of the Short
Fragment Eliminator Expansion kit, resulted in excellent metrics
for quality and quantity of DNA (Table 1). The total amount
recovered after using the Short Fragment Eliminator kit varied
between 3.17 ug and 13.15 ug. TapeStation data indicated that
the material had an average of 95% of fragments above 60,000
bp (Supplementary material S1, Figure S1; quality of sequencing
reads Figure S2). As for commercial kits applied to Aroeira sam-
ples, the Wizard® HMW DNA Extraction Kit (Promega) resulted
in very fragmented DNA and the Nanobind® plant nuclei kit
(PacBio) resulted in a low concentration, with an average of 4.81
ng/ul, which is insufficient for library preparation. These methods
were disregarded.

Changing the incubation times and increasing the initial input well
above the values recommended by the kit manufacturer proved to
be essential for the success of library preparation. The successive
losses of material during bead washing reduce the final yield of
DNA, which may result in an insufficient amount of final library
for flow cell injection. For the MinION R10.4.1 flow cell, our stud-
ies indicate that a total amount of 750 ng is sufficient to maximize
pores for long-read sequencing; however, amounts of ~450 ng also
resulted in good reads. For example, a library prepared under the
conditions above with an injection of 750 ng and a second injection
of 450 ng resulted in ~14 Gb of data, with a read length of N50
28.47 Kb and more than 900,000 reads (Figure 2 and Figure 3).
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Table 1 ¢ Summary of quantification DNA ratio values obtained in Nanodrop before and after DNA purification and Qubit final
quantification after Short Fragment Eliminator kit (Oxford Nanopore).

After clean-up and short fragment ubit
Raw DNA efore clean-up .. b g Q . .
eliminator kit quantification
Samp'l(? 260/280 260/230 ng/ul 260/280 260/230 ng/ul ng/ul
repetltlons
#2 1.50 0.67 2216.7 1.80 1.94 528.4 218
#3 1.05 0.41 517.7 1.78 1.69 44.1 63.4
#4 1.58 0.79 2651.9 1.84 1.88 1078.9 251
#5 1.57 0.57 922.5 1.87 1.99 046.2 259
#6 1.85 0.65 1290.6 1.87 1.86 1242 263
Bases
Legend
— Estimated — Passed — Failed
Predicted total number Bases equal to or Bases below the quality
of bases, prior to above the quality score score threshold.
basecalling threshold.
15
12
a9
S
0200 0600 1000 1400 18:00 2200 2600 3000 3400 38:00 4200 4600 5000 5400 5800 6200 6600 7000 7201
Time (Hrs:Mins)
Reads
Legend
— Total — Passed — Failed — Skipped
Total number of reads, Reads equal to or Reads below the quality Reads that will not be
including passed, failed above the quality score score threshold. basecalled. Post run
and skipped. threshold. basecalling is possible.
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=600
u:g 400
200
0
02:00 06:00 10:00 14:00 18:00 22:00 26:00 30:00 34:00 38:00 42:00 46:00 50:00 54:00 58:00 62:00 66:00 70:00 7201

Time (Hrs:Mins)

Figure 2 ¢ Graphics of yield in bases (Gb) of sequenced data (A) and number of reads (B) in a MinION R10.4.1 flow cell.
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Figure 3 ¢ Length distribution of reads of a library prepared with the protocol described here in a MinION R10.4.1 flow cell.

4. Discussion

Obtaining HMW DNA is a fundamental step in the successful
sequencing of long reads using the MinION flow cell. Further-
more, the purity of the sample is crucial to the success of the
experiment. With the optimization and compilation of previously
described protocols, this study demonstrates that it is possible to
obtain HMW DNA for a plant species with a high concentration
of secondary compounds, as reported for several Anacardiaceae
species [28—30]. The quantity and purity of DNA obtained in
the protocol presented here are similar to previous studies, but
without the use of magnetic beads for purification [18]. Our results
are also comparable to those obtained for cultivated species in
terms of purity and quantity, such as cotton, blackgrass, and
strawberry [31]. Considering that Aroeira is a native species that
is not cultivated, our results are satisfactory and can be used
for research into Anacardiaceae species or other families with
a high content of secondary compounds. The presence of these
compounds can not only result in low purity and integrity of the
extracted DNA but also inhibit enzymes in the library preparation
protocol, such as the repair and end-prep, which negatively impact
Oxford Nanopore sequencing performance [32]. For the genera-
tion of genomic data, previous studies have shown that species
such as brown algae contain polyphenols that are capable of
blocking nanopores, leading to significantly shorter read lengths
compared to controls [33]. Similarly, in our initial attempts with
DNA extracted using protocols optimized for short-read sequenc-
ing or PCR, we observed pore blockage and short fragments, indi-
cating the need to adapt protocols for native DNA extraction from
non-model species. This is particularly important for samples
obtained from natural habitats and diverse biomes, where sec-
ondary metabolites or polysaccharides can compromise long-read
sequencing performance. DNA extraction methods for Aroeira
have been proposed for PCR-based applications and molecular
markers, but as observed in the electrophoretic patterns reported
in these studies, all isolated samples exhibited smearing [34, 35].
Since there are no capillary electrophoresis profiles nor the appli-
cation of sequencing technologies associated with these studies,

we consider that our protocol generally outperforms previous
methods, including the significant presence of fragments larger
than 60,000 bp, as indicated by TapeStation (Agilent Technolo-
gies) results, and OD 260/230 ratios better than those obtained
in previous studies. Indeed, using extraction protocols without the
re-extraction step proposed herein resulted in sequencing failure,
as noted above.

In general, studies involving DNA extraction for use with
new sequencing technologies, such as third-generation Oxford
Nanopore, include several steps to ensure sufficient quality and
quantity for subsequent applications. In this sense, the use of
liquid nitrogen and extended maceration (20—25 min) favors the
release and isolation of nuclei in later stages, ensuring good re-
sults for many species. Furthermore, all methods require several
steps to achieve this purification, including the use of magnetic
beads, which can be costly for some laboratories [18, 31, 36]. As
examples of challenges posed by high concentrations of secondary
metabolites, which highlight the need for prior adaptations like
those implemented in this protocol to overcome species-specific
difficulties, can be found in studies reporting high biological and
chemical variability associated with Native American plants. This
variability has been observed in Anacardiaceae species, such as
cashew (Anacardium occidentale), which presents a high level of
contaminants even when tested with different protocols [37], and
mango (Mangifera indica), where a glucose buffer was used to
reduce the presence of contaminants [38].

For the protocol to be successful, some specific considerations are
necessary. For example, the age of the sampled leaves, storage
conditions, and maceration time are all important. If obtaining
fresh leaf material is not possible, one alternative is the immediate
immersion in liquid nitrogen for sample processing after field
collection. Furthermore, if wide-bore tips are not available, we
recommend cutting the tip of a 1000 ul pipette tip to increase
the diameter. This not only facilitates pipetting, but it also avoids
DNA fragmentation at all stages of the isolation procedure. Use
the same precautions when preparing the library.
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5. Conclusions

With the continuous development of new sequencing method-
ologies, DNA purity and integrity are becoming increasingly nec-
essary. Therefore, protocols adapted to native species that have
a high content of secondary compounds are a challenge for
Nanopore sequencing, as such compounds can inhibit repair and
end-prep enzymes in library preparation. Our protocol for HMW
DNA extraction works well without using magnetic beads for pu-
rification, and the results obtained are comparable to those from
cultivated species in terms of purity and integrity. High yields of
final DNA were obtained (more than 10 ug per gram of tissue), and
the method can be scaled up to increase yield even further. Finally,
we suggest some changes to the Nanopore library preparation
protocol in order to improve sequencing output.
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