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Abstract

Extracting high-molecular-weight (HMW) DNA from cactus tissues remains technically
challenging due to the abundance of mucilage, pectins, polyphenols, and other metabolites
that compromise DNA purity, increase viscosity, and reduce integrity, thereby limiting its
suitability for long-read sequencing. This constraint is particularly relevant in Selenicereus
megalanthus, a crop of increasing agronomic and genomic importance for which optimized
protocols for third-generation sequencing remain limited. Here, we compared four CTAB-
based DNA extraction protocols using dehydrated cladode tissue and evaluated DNA
quality using NanoDrop spectrophotometry, Qubit fluorometry, agarose gel electrophoresis,
and functional validation via sequencing on the Oxford Nanopore PromethION 2 Solo
platform. Among the tested methods, our proposed optimized mucilage-adapted CTAB
(MuCTAB) protocol, comprising 4% CTAB, 4% PVP-40, 0.5% β-mercaptoethanol, and
proteinase K, showed the best overall performance. MuCTAB yielded the highest dsDNA
concentration (239.63 ± 34.37 ng/µL), optimal purity ratios (A260/A280 = 1.96 ± 0.05;
A260/A230 = 2.01 ± 0.01), and superior DNA integrity. Nanopore validation confirmed
its effectiveness, with MuCTAB producing the highest sequencing yield (84.2 Gbp), read
count, mean read quality score (Q18.4), read N50 (40.3 kbp), and maximum read length
(1.9 Mbp). Overall, MuCTAB represents a low-cost, reproducible, and efficient method for
HMW DNA extraction from mucilage-rich pitahaya tissues and shows promising potential
for adaptation to other recalcitrant plant species.

Keywords: genomic DNA; Selenicereus megalanthus; pitahaya; Oxford Nanopore; Cactaceae;
mucilage

1. Introduction
Pitahaya, or dragon fruit, comprises a group of climbing and epiphytic cacti important

for production in tropical regions and is currently classified within the genus Selenicereus,
previously known as Hylocereus [1,2]. Among the cultivated species, S. undatus, S. monacan-
thus, and S. megalanthus are the most prominent, differing in peel and pulp color, ploidy
level, reproductive system, and agronomic traits [3–6]. In addition to their increasing
commercial value, these fruits have attracted considerable interest due to their nutritional
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composition, bioactive compound content, and potential as an alternative crop for diversifi-
cation in tropical and subtropical agroecosystems [5,7,8]. In Peru, cultivation has expanded
to several regions, including Amazonas and San Martin, where recent studies have revealed
morphological variability among cultivated accessions, suggesting the existence of valuable
genetic resources for conservation, breeding and selection [9,10].

Despite its agronomic importance, genomic resources to support long-read sequencing
in pitahaya remain limited across species. S. undatus already has a chromosome-scale nu-
clear genome, enabling deeper insight into genome evolution, chromosomal organization,
and the regulation of betalain biosynthesis [11]. Likewise, studies based on chloroplast
genomes and comparative plastomics have begun to provide valuable information for
resolving phylogenetic relationships, patterns of structural variation, and taxonomic de-
limitation within the genus [12–14]. However, genomic development in yellow pitahaya
(S. megalanthus) remains comparatively less advanced than in other cultivated Selenicereus
species, despite its agronomic relevance and polyploid condition. This gap partly reflects
the persistent technical difficulty of obtaining high-quality genomic DNA from mucilage-
rich tissues, which has limited the generation of robust molecular and genomic resources
for this species.[15].

The consolidation of long-read sequencing platforms, particularly those developed by
Oxford Nanopore Technologies and PacBio, has reshaped modern plant genomics [16,17].
Unlike short-read sequencing, these technologies enable the recovery of repetitive regions,
the detection of structural variants at higher resolution, reduced assembly fragmentation,
and the reconstruction of complex organellar and nuclear genomes, which is especially
valuable in non-model, heterozygous, or polyploid species [18–22]. However, their success
depends critically on input DNA quality. The generation of stable libraries and informative
long reads requires high-molecular-weight (HMW) DNA with high integrity, adequate
purity, and minimal contamination from polysaccharides, phenolic compounds, proteins,
and salts; in plant tissues, these factors often represent a major methodological bottle-
neck [23,24].

In cacti, particularly in pitahaya species, this challenge arises from the biochemical
composition of the tissues. DNA extraction in this group is often compromised by the
presence of mucilage and pectins, two polysaccharide fractions that promote the formation
of viscous or gelatinous extracts, hinder phase separation, and facilitate the coprecipitation
of contaminants with nucleic acids [1,25]. In addition, polyphenols and other secondary
metabolites can oxidize, bind to DNA, or interfere with key enzymes in downstream
applications. It has long been recognized that plant samples rich in polysaccharides and
polyphenols require specific adjustments to extraction protocols, including modifications
to the CTAB method, increased ionic strength, and the use of sequestering agents such
as PVP [26]. Although important advances have been made in Cactaceae, most of these
methods have been validated for PCR or conventional sequencing rather than under the
more stringent requirements of long-read platforms [27,28].

Therefore, optimizing DNA extraction in pitahaya is not a minor adjustment but a
prerequisite for advancing genomic, phylogenetic, diversity, and breeding studies in this
crop. A truly effective protocol must reduce extract viscosity, minimize oxidation, decrease
the coprecipitation of polysaccharides and proteins, and simultaneously preserve long,
intact DNA fragments. Based on this need, the present study developed and evaluated an
optimized protocol for extracting high-molecular-weight DNA from mucilage-rich pitahaya
tissues. The suitability of the selected protocol for long-read sequencing applications and
downstream genomic analyses was also assessed, with the aim of providing a reproducible
methodological framework for pitahaya and, potentially, other mucilaginous cacti.
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2. Materials and Methods
2.1. Plant Material

Tissue samples were collected from apical buds and subepidermal parenchyma of
cladodes from adult S. megalanthus plants maintained in the germplasm collection of the
Amazonas Agricultural Experimental Station of the Instituto Nacional de Innovación
Agraria (INIA), Chachapoyas, Peru (6◦13′ S, 77◦52′ W; 2335 m a.s.l.).

2.2. Plant Tissue Preparation

Given the high-water content (>90%) and the characteristic mucilage of the succulent
tissues of S. megalanthus, a dehydration step was implemented prior to processing. Fresh
plant material (approximately 800 mg per sample) was cut into 2–3 cm fragments and
placed on paper towels with silica gel beads (tissue:silica weight ratio of 1:10). Samples were
incubated in an oven at 50 ◦C for 3–5 days, with the silica gel replaced every 12 h to maintain
an active absorption gradient and prevent tissue rehydration, thereby reducing moisture
content to below 5% [3,29]. The dehydrated tissue was ground in a sterile porcelain mortar
to a fine homogeneous powder. Using this material (n = 5), four CTAB-based extraction
protocols were evaluated: the conventional method [30], a CTAB method supplemented
with PVP [26,31], the modified low-salt CTAB protocol (MoLSC) [32], and the optimized
mucilage-adapted CTAB (MuCTAB) protocol for high-molecular-weight DNA developed
in this study.

2.3. CTAB Protocol

Genomic DNA extraction using conventional CTAB was performed following the
protocol of Doyle and Doyle [30], with minor modifications. Briefly, 100 mg of dehydrated
powdered tissue was placed in 2 mL tubes and mixed with 800 µL of CTAB buffer (100 mM
Tris-HCl pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl, 2% CTAB), 2 µL of β-mercaptoethanol,
and 10 µL of proteinase K (20 mg/mL). The mixture was incubated at 65 ◦C for 1 h in a
thermoblock with agitation at 600 rpm to promote cell lysis and nucleic acid solubilization.
After incubation, 1 mL of chloroform:isoamyl alcohol (24:1) was added, the mixture was
gently inverted to mix, followed by centrifugation at 10,000× g to separate the phases. The
aqueous phase was transferred to a clean 1.5 mL tube and treated with RNase A according
to the manufacturer’s recommendations. Subsequently, 750 µL of isopropanol was added
to precipitate the DNA. The resulting pellet was washed twice with 750 µL of 70% ethanol,
air-dried at room temperature for 30 min, and finally resuspended in 30 µL of sterile,
ultrapure water.

2.4. CTAB + 1% PVP Protocol

The second protocol corresponded to the modified CTAB method previously proposed
for cacti with high mucilage content [26]. Briefly, 100 mg of dehydrated powdered tissue
was placed in 2 mL tubes and incubated with 700 µL of extraction buffer composed of 2%
CTAB, 100 mM Tris-HCl (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 1% PVP, and 1.4 µL of β-
mercaptoethanol. The mixture was incubated at 65 ◦C for 20 min. Purification then followed
the general workflow of the conventional CTAB method, including two extractions with
chloroform:isoamyl alcohol (24:1). The recovered aqueous phase was treated with RNase A
prior to DNA precipitation. DNA was subsequently precipitated with isopropanol, washed
with 70% ethanol, and resuspended in 30 µL of ultrapure water.

2.5. MoLSC Protocol

The third protocol evaluated corresponded to the MoLSC method [32]. For this procedure,
100 mg of dehydrated powdered tissue was resuspended in 500 µL of CTAB lysis buffer
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composed of 100 mM Tris-HCl (pH 8.0), 20 mM EDTA, 2% CTAB, and 1.2 M NaCl, to which
30 µL of proteinase K (20 mg/mL) was added. Samples were incubated at 65 ◦C for 3 h
in an incubator with agitation at 150 rpm. After cooling to room temperature, 500 µL of
chloroform:isoamyl alcohol (24:1) was added, and the mixture was gently inverted to mix,
followed by centrifugation for 15 min at 3000× g. The aqueous phase was transferred to a
clean tube and supplemented with two volumes of diluted CTAB buffer (100 mM Tris-HCl,
20 mM EDTA, and 2% CTAB, without NaCl), followed by a second incubation at 60 ◦C for
30 min to promote formation of the CTAB-DNA complex. Samples were then centrifuged
at 16,000× g for 3 min, the supernatant was discarded, and the pellet was washed with 75%
ethanol. DNA was subsequently resuspended in 100 µL of high-salt TE buffer and treated
with RNase A to a final concentration of 50 µg/mL for 15 min at 60 ◦C. Finally, a second wash
with 75% ethanol was performed, the pellet was dried, and the DNA was resuspended in
30 µL of sterile, ultrapure water.

2.6. MuCTAB Protocol

The fourth protocol, developed and optimized in this study, was termed mucilage-
adapted CTAB protocol for high-molecular-weight DNA (MuCTAB). This method was
specifically designed for pitahaya tissues with high mucilage content and was based on
the use of an enhanced lysis buffer composed of 4% CTAB, 100 mM Tris-HCl (pH 8.0),
20 mM EDTA, 2 M NaCl, and 4% PVP. For extraction, 100 mg of sample was placed in 2 mL
tubes and mixed with 1500 µL of MuCTAB buffer, 5 µL of β-mercaptoethanol, and 12 µL of
proteinase K. The mixture was gently homogenized by inversion for 1 min and incubated
at 65 ◦C for 1 h, with gentle inversion every 5 min to avoid mechanical DNA fragmentation.
After incubation, samples were centrifuged at 16,000× g for 10 min at room temperature,
and the supernatant was transferred to a clean tube. Next, 100 µL of 5 M NaCl and 1000 µL
of chloroform:isoamyl alcohol (24:1) were added, followed by gentle mixing by inversion
for 1 min and centrifugation at 16,000× g for 10 min. The recovered aqueous phase was
transferred to a new 1.5 mL tube and treated with RNase A according to the manufacturer’s
instructions prior to DNA precipitation. Then, 50 µL of 3 M sodium acetate and 800 µL of
cold isopropanol were added, followed by gentle mixing by inversion. The mixture was
incubated at −20 ◦C for 2 h and then centrifuged at 16,000× g for 10 min at 4 ◦C. The pellet
was washed with 800 µL of cold 70% ethanol, centrifuged again at 16,000× g for 15 min at
4 ◦C, air-dried at room temperature for 20 min, and finally resuspended in 30 µL of sterile,
ultrapure water.

2.7. Assessment of DNA Concentration, Purity and Integrity

DNA concentration was determined by dual quantification methods: spectrophotome-
try (NanoDrop One, Thermo Fisher Scientific, Waltham, MA, USA) and dsDNA-specific
fluorometry (Qubit 4 Fluorometer, Thermo Fisher Scientific). Purity was assessed using
the A260/A280 ratio (optimal range 1.8–2.0) and A260/A230 ratio (optimal range: 2.0–2.2).
The NanoDrop/Qubit ratio was calculated as an indirect indicator of spectrophotometric
overestimation relative to fluorometric dsDNA quantification.

2.8. DNA Integrity

Genomic DNA integrity was evaluated by electrophoresis on 1% (w/v) agarose gels in
1X TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0), stained with Diamond nucleic acid
dye. For each sample, 2 µL of DNA was loaded together with 1 µL of 6X loading buffer. A
1 kb GeneRuler Plus DNA ladder (Thermo Fisher Scientific) was used as a molecular weight
reference. Electrophoresis was performed at 100 V for 30 min. Bands were visualized under
ultraviolet light in a gel documentation system. The presence of a distinct high-molecular-
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weight band (>23 kbp) without significant degradation was considered indicative of DNA
integrity suitable for long-read sequencing.

2.9. Validation by Long-Read Sequencing

DNA extracted using each protocol was functionally evaluated on the PromethION 2
Solo platform (Oxford Nanopore Technologies, Oxford, UK) using R10.4.1 flow cells and
the SQK-LSK114 library preparation kit. Base calling was performed with Dorado v0.7 in
super-accuracy mode. Sequencing quality metrics, including yield (Gbp), number of reads,
N50, mean and median read lengths, threshold-based read distributions (≥10, 25, 50, 100,
200, and 500 kbp), and maximum read length, were obtained from the report generated by
the sequencing platform.

2.10. Statistical Analysis

All analyses were performed in R v4.5.2 [33] and the RStudio graphical interface
v2026.1.1.403 [34]. Normality and homoscedasticity assumptions were assessed using the
Shapiro–Wilk and Levene tests, respectively. The effects of extraction protocol on concentra-
tion and purity variables were evaluated by one-way ANOVA, followed by Tukey’s HSD
post hoc test (α = 0.05). Effect size was estimated using partial eta squared (η2p). In cases
of heteroscedasticity, the Kruskal–Wallis test was applied. Principal component analysis
(PCA) was performed on standardized data using FactoMineR [35] and biplots with 95%
confidence ellipses were generated with factoextra [36]. The Pearson correlation matrix
was calculated with Hmisc [37]. Data analysis was conducted using packages from the
tidyverse ecosystem [38]; visualizations were generated with ggplot2 [39], radar charts
with fmsb [40] and multipanel composition with gridExtra [41].

3. Results
3.1. Yield and Purity of Genomic DNA

All four extraction protocols yielded detectable amounts of genomic DNA from dried
S. megalanthus cladode tissue (n = 5), with highly significant differences among meth-
ods for all variables evaluated (Supplementary Table S1). Spectrophotometric quantifi-
cation (NanoDrop) showed that the CTAB + 1% PVP (690.40 ± 291.20 ng/µL), MuCTAB
(578.40 ± 43.17 ng/µL), and MoLSC (455.76 ± 104.06 ng/µL) protocols produced signifi-
cantly higher concentrations than the conventional CTAB protocol (139.38 ± 73.83 ng/µL)
(F(3, 16) = 11.0; p < 0.001; η2p = 0.67; Figure 1A). However, fluorometric quantifi-
cation (Qubit), which specifically detects double-stranded DNA, revealed a different
pattern: MuCTAB reached 239.63 ± 34.37 ng/µL, significantly higher than MoLSC
(28.44 ± 3.37 ng/µL), CTAB + 1% PVP (18.09 ± 3.56 ng/µL), and the conventional CTAB
protocol (9.56 ± 2.13 ng/µL) (F(3, 16) = 202.7; p < 0.001; η2p = 0.97; Figure 1B).

Nucleic acid purity (A260/A280) differed significantly among protocols (F(3, 16) = 24.5;
p < 0.001; η2p = 0.82; Figure 1C). MuCTAB reached 1.96 ± 0.05, consistently within the
optimal range of 1.8–2.0, whereas the conventional CTAB protocol (1.51 ± 0.13) showed
substantial residual protein contamination. Purity relative to other contaminants (A260/A230)
provided the greatest discrimination among protocols (F(3, 16) = 37.9; p < 0.001; η2p = 0.88;
Figure 1D). MuCTAB was the only protocol to reach the optimal threshold of ≥2.0 (2.01 ± 0.01;
CV = 0.7%), with a clear progressive separation among methods: conventional CTAB < CTAB
+ 1% PVP ≈ MoLSC < MuCTAB. In addition, MuCTAB exhibited the lowest variability
among biological replicates (Qubit CV = 14.3%; A260/A230 CV = 0.7%), indicating superior
robustness and reproducibility.
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Figure 1. Comparative evaluation of genomic DNA quality among four extraction protocols for S.
megalanthus cladode tissue (n = 5). (A) DNA concentration measured by NanoDrop. (B) dsDNA
concentration measured by Qubit. (C) A260/A280 ratio; green shaded area indicates the: optimal
range (1.8–2.0). (D) A260/A230 ratio; dashed line indicates the optimal threshold (≥2.0). In panels
A–D, different letters above the boxes indicate statistically significant differences according to Tukey’s
HSD post hoc test (α = 0.05). (E) PCA biplot with 95% confidence ellipses. (F) Pearson correlation
matrix of DNA quality variables; color intensity represents the Pearson correlation coefficient, ranging
from negative correlations in blue to positive correlations in red. Asterisks indicate the level of
statistical significance: * p < 0.05, ** p < 0.01, and *** p < 0.001.

Principal component analysis (PCA) based on the four DNA quality variables re-
vealed that PC1 and PC2 explained 90.6% of the total variance (72.4% and 18.2%, re-
spectively; Figure 1E). PC1 was positively associated with purity variables (A260/A280
and A260/A230) and Qubit concentration, representing an overall DNA quality gradient.
PC2 was driven mainly by NanoDrop concentration, which was separated from Qubit
in the two-dimensional space, highlighting the differential contribution of co-extracted
contaminants to spectrophotometric readings. MuCTAB samples formed a compact and
clearly differentiated cluster, whereas the conventional CTAB protocol was located at the
opposite end of the quality gradient. The CTAB + 1% PVP and MoLSC protocols showed
intermediate positions with greater dispersion.

A marked discrepancy was observed between concentrations estimated by NanoDrop
and Qubit. The NanoDrop/Qubit ratio varied significantly among extraction methods
(F(3, 16) = 27.1; p < 0.001), indicating marked differences in the agreement between spec-
trophotometric and fluorometric DNA quantification. CTAB + 1% PVP protocol showed
the greatest spectrophotometric overestimation (ratio = 36.91 ± 9.89), followed by MoLSC
(16.37 ± 4.95) and conventional CTAB protocol (14.33 ± 5.33), whereas MuCTAB showed a
ratio of 2.43 ± 0.17, the closest to the ideal value of 1.0. The overall correlation between
the two methods was weak and not statistically significant (r = 0.30; R2 = 0.09; p = 0.196;
Figure 1F), likely attributable to heterogeneity in contamination profiles among protocols.
The correlation matrix further showed that purity variables (A260/A280 and A260/A230)

https://doi.org/10.3390/applbiosci5030054

https://doi.org/10.3390/applbiosci5030054


Appl. Biosci. 2026, 5, 54 7 of 14

were strongly correlated with each other (r = 0.89; p < 0.001), and that Qubit concen-
tration was positively associated with A260/A230 (r = 0.75; p < 0.001) and A260/A280
(r = 0.59; p < 0.01), whereas the NanoDrop/Qubit ratio was negatively correlated with
Qubit (r = −0.63; p < 0.01; Figure 1F).

3.2. Integrity of Extracted DNA

Agarose gel electrophoresis confirmed clear differences in the integrity of genomic
DNA extracted from S. megalanthus cladodes among the evaluated protocols (Figure 2). The
conventional CTAB protocol (Figure 2A) showed low signal intensity, consistent with its
low DNA yield. The CTAB + 1% PVP and MoLSC methods (Figure 2B,C) exhibited more
diffuse signals distributed along the lanes, suggesting increased degradation, smearing, or
the co-extraction of interfering compounds. In contrast, the MuCTAB method (Figure 2D)
produced more consistent high-molecular-weight DNA pattern, characterized by intense,
compact bands near to the top gel with minimal smearing, indicating superior DNA
integrity. These results are consistent with the spectrophotometric and fluorometric data, as
MuCTAB yielded the highest Qubit concentration together with optimal A260/A280 and
A260/A230 ratios, confirming that not only more abundant but also purer and more intact.

 

Figure 2. Agarose gel electrophoresis of genomic DNA extracted from S. megalanthus cladode tissue
using four extraction protocols. (A) CTAB, (B) CTAB + 1% PVP, (C) MoLSC, and (D) MuCTAB. M = 1
kb GeneRuler Plus DNA ladder (Thermo Fisher Scientific).

3.3. Functional Validation by Oxford Nanopore Sequencing

To evaluate the functional suitability of the extracted DNA for third-generation sequencing
applications, one representative sample from each protocol was sequenced on the PromethION
2 Solo platform (Oxford Nanopore Technologies) using R10.4.1 flow cells (Table 1; Figure 3).
MuCTAB method generated the highest yield (84.2 Gbp) and total number of reads (10.6 million),
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outperforming MoLSC (56.1 Gbp; 4.1 million), CTAB + 1% PVP (31.9 Gbp; 1.2 million), and the
conventional CTAB protocol (23.7 Gbp; 0.6 million), representing a 3.6-fold increase relative to the
conventional method (Figure 3A). Importantly, MuCTAB also produced the highest mean read
quality score (Q18.4), followed by MoLSC (Q14.5), CTAB + 1% PVP (Q11.3), and conventional
CTAB (Q11.1), indicating that the optimized protocol improved not only sequencing output
and read length but also basecalling quality.

Table 1. Oxford Nanopore PromethION 2 Solo sequencing metrics for genomic DNA.

Parameter CTAB CTAB + 1% PVP MoLSC MuCTAB

Total reads 581,684 1,181,501 4,131,684 10,579,412
Yield (Gbp) 23.7 31.9 56.1 84.2

Read N50 (bp) 7093 7113 22,664 40,308
Mean read length (bp) 1463 2754 20,458 45,630

Median read length (bp) 974 1634 10,476 22,451
Mean read quality 11.1 11.3 14.5 18.4

Reads ≥ 10 kbp 1043 2613 1,730,927 4,843,213
Reads ≥ 25 kbp 0 1237 445,127 3,061,468
Reads ≥ 50 kbp 0 0 194,641 732,515

Reads ≥ 100 kbp 0 0 12,474 91,046
Reads ≥ 200 kbp 0 0 164 8175
Reads ≥ 500 kbp 0 0 0 278

Longest read (Mbp) 0.012 0.027 0.214 1.900

Figure 3. Functional validation of extracted DNA by Oxford Nanopore sequencing. (A) Total sequencing
yield (Gbp). (B) Read N50 (kbp). (C) Cumulative read-length distribution (logarithmic scale). (D) Radar
plot of normalized quality and sequencing performance metrics across the four protocols.
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Read length differences were even more pronounced among protocols. The MuCTAB
method achieved an N50 of 40.3 kbp, representing a 5.7-fold increase relative to both the
conventional CTAB and CTAB + 1% PVP protocols (each approximately 7.1 kbp) and a 1.8-
fold increase relative to MoLSC (22.7 kbp; Figure 3B). Only MuCTAB and MoLSC generated
ultra-long reads (Figure 3C): MuCTAB produced 732,515 reads ≥50 kbp, 91,046 ≥ 100 kbp,
and 278 ≥ 500 kbp, with a maximum read length of 1.9 Mbp. In contrast, the conventional
CTAB and CTAB + 1% PVP protocols did not generate reads ≥50 kbp.

Integration of DNA quality parameters and sequencing performance using a nor-
malized radar plot (Figure 3D) clearly identified MuCTAB as the optimal formulation for
extracting genomic DNA from S. megalanthus compatible with long-read sequencing. This
protocol consistently outperformed the others across the six evaluated metrics: dsDNA
concentration (Qubit), nucleic acid purity (A260/A280 and A260/A230), sequencing yield
(Gbp), read N50, and maximum read length.

4. Discussion
The extraction of high-quality genomic DNA from succulent tissues remains a sig-

nificant technical challenge in Cactaceae, whose tissues contain high concentrations of
mucilaginous polysaccharides, phenolic compounds, and secondary metabolites that co-
precipitate with nucleic acids and inhibit downstream enzymatic reactions [26,28,42]. S.
megalanthus presents similar challenges due to the mucilage-rich parenchyma of its clado-
des [27,30]. In this study, we systematically evaluated four CTAB-based buffer formulations
and validated the optimal protocol through long-read sequencing on the Oxford Nanopore
PromethION platform, providing the first comprehensive assessment of DNA extraction
quality for this species in the context of third-generation sequencing technologies.

Our results demonstrate that the MuCTAB protocol, which incorporates 4% CTAB, 4%
PVP-40, 0.5% β-mercaptoethanol, and proteinase K (20 mg/mL), consistently outperformed
the three alternative formulations across all evaluated quality parameters. The fluorometric
yield obtained with MuCTAB (Qubit: 239.6 ± 34.4 ng/µL) was significantly higher than
that of the conventional CTAB (9.56 ± 2.13 ng/µL), CTAB + PVP (18.09 ± 3.56 ng/µL), and
MoLSC (28.44 ± 3.37 ng/µL) (p < 0.05, Tukey HSD). This 8.4 to 25.1-fold improvement
reflects the synergistic effect of combining PVP-40 for polyphenol sequestration [43], ele-
vated β-mercaptoethanol for disulfide bond reduction and oxidation prevention [44], and
proteinase K for enzymatic protein degradation [45]. This multi-target approach extends
the strategy used by Martínez-González et al. [28] for Opuntia, although our protocol was
specifically optimized for compatibility with long-read sequencing.

The spectrophotometric purity ratios obtained with MuCTAB (A260/A280: 1.96 ± 0.05;
A260/A230: 2.01 ± 0.01) fall within the optimal ranges for high-quality genomic DNA [46].
The NanoDrop/Qubit concentration ratio, used as an indirect indicator of contamination,
was lowest for MuCTAB (2.43 ± 0.17) compared with MoLSC (16.37 ± 4.95), confirming
minimal overestimation by spectrophotometric methods. This dual-quantification approach
provides a more robust assessment of DNA quality than either method alone and should
be considered standard practice for long-read sequencing applications [47,48].

Functional validation by PromethION 2 Solo sequencing revealed notable differences
among protocols that were not fully captured by spectrophotometric assessment. The
MuCTAB method achieved the highest sequencing yield (84.2 Gbp), number of reads
(10.6 × 106), and N50 (40.3 kbp), substantially exceeding values reported for other cac-
tus species extracted with standard CTAB methods [49,50]. The progressive decline in
sequencing performance from MuCTAB to MoLSC correlated with the purity metrics,
suggesting that residual contaminants interfere with nanopore translocation kinetics and
library preparation efficiency. Polysaccharide contamination increases solution viscosity
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and obstructs nanopore channels, thereby reducing read length and promoting premature
pore inactivation [51].

An important practical contribution of this study is the demonstration that silica gel
drying at 50 ◦C replaces expensive lyophilization equipment, achieving moisture levels
below 5% within 3–5 days. This approach follows the methodologies previously reported
for field-collected plant samples preserved in saturated NaCl/CTAB solution [29], and is
particularly relevant for field stations in Andean regions where S. megalanthus is cultivated.
Principal component analysis further confirmed that MuCTAB produces a qualitatively
distinct DNA profile: the clear separation along PC1 (72.4% of the variance) was driven by
Qubit concentration, the A260/A230 ratio, and sequencing N50.

Table 2 compares our protocol with previously published methods for Cactaceae and
recalcitrant plant species. Several critical observations emerge. First, most existing protocols
have validated DNA quality exclusively through PCR-based applications (RAPD, SSR, ITS,
and matK), which require substantially lower DNA quality and integrity than long-read
sequencing platforms [52]. Only one previous study [42] validated its CTAB protocol using
next-generation sequencing (Illumina HiSeq), but with short-read technology that is less
sensitive to DNA integrity than Oxford Nanopore platforms. To our knowledge, this is
the first study to validate a CTAB-based extraction protocol for Cactaceae using long-read
sequencing. Second, our A260/A230 ratio (2.01) exceeds most reported values and falls
within the range previously reported for Opuntia [28], whereas many earlier studies did
not report this critical metric. Third, the estimated cost (~$1.13 USD) is substantially lower
than combined CTAB/kit approaches [53] (~$8–12) and commercial kit-based methods [54],
while maintaining superior DNA quality for demanding applications.

Table 2. Comparison of DNA extraction protocols for Cactaceae species and recalcitrant plants.

Species Method Tissue Yield A260/280 A260/230 Est. Cost Time (h) Validation Reference

Opuntia spp. CTAB
standard Cladodes Low <1.6 NR ~$1.00 ~6 PCR [55]

Hylocereus/Selenicereus CTAB 4M
NaCl Roots 10–20 µg/g 1.7–1.9 NR ~$1.50 ~6–8 PCR (RAPD) [27]

Opuntia spp. CTAB + PVP Cladodes 153 µg/g ~1.73 NR ~$2.00 ~8–10 PCR (RAPD) [56]

Cactaceae
(20 species)

CTAB
simplified Stems Variable ~1.7 NR ~$0.80 ~4–5 PCR (ITS) [57]

Mucilaginous
species

CTAB +
NaCl sat. Dried Moderate 1.7–1.9 NR ~$1.00 ~5–6 PCR (matK,

trnL) [58]

Opuntia spp. CTAB + PVP
2% Cladodes Variable 1.6–2.1 NR ~$0.80 ~4–5 PCR [59]

Cactaceae
(20 species)

Qiagen
DNeasy Spines Low NR NR ~$5–10 ~2–3 PCR +

Sanger [54]

Corymbia spp. and
Coffea brassii CTAB + PVP Leaves ~5 µg/g 1.84–1.91 1.29–1.43 ~$1.50 ~3–4 Illumina

HiSeq [42]

Opuntia spp. CTAB +
85 ◦C heat Cladodes >1500

ng/µL 1.8–2.0 2.0–2.2 ~$0.80 ~3–4 PCR (ITS,
matK, rbcL) [28]

Opuntia spp. CTAB +
DNeasy kit

Fresh
cladodes 13–16 µg/g 1.67–2.01 NR ~$8–12 ~3–4 PCR (SSR) [53]

S. megalanthus MuCTAB Dried
cladodes 239.6 ng/µL 1.96 2.01 ~$1.13 ~4–5

ONT
PromethION

(N50 =
40.3 kbp)

This study

NR = not reported. Estimated costs are based on reagent consumption per individual extraction.

The MuCTAB protocol optimized in this study was specifically developed to address
the biochemical challenges inherent to S. megalanthus cladode tissue, whose high mucilage
and polyphenol contents have historically limited genomic studies in this species. This
protocol provides a cost-effective, reproducible, and accessible solution compatible with
the most demanding third-generation sequencing platforms, and it is expected to facilitate
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genome assembly, molecular marker development, and population genetics studies in this
economically important tropical crop species [54].

Oxford Nanopore validation provided strong functional evidence of compatibility
with long-read sequencing; however, the performance metrics appear to derive from
representative libraries per treatment rather than from biologically replicated sequencing
runs. Therefore, variables such as total yield, N50, and maximum read length should
be interpreted as robust proof-of-concept evidence rather than as statistically exhaustive
estimate of sequencing performance for each protocol [18,20,42].

Although the present study focused on S. megalanthus, the biochemical rationale of the
MuCTAB workflow suggests that this approach may be adaptable to other mucilage-rich
or otherwise recalcitrant plant tissues. In our laboratory, the protocol has been explored in
additional plant materials, including cacao, strawberry, woody species of forestry interest,
herbaceous crops and other Cactaceae, have shown encouraging preliminary performance.
However, these evaluations were not included in the present manuscript because they fall
outside its specific experimental scope and were not designed as formal cross-species vali-
dation assays. Therefore, broader validation should be addressed in future studies through
comparative analyses including extraction yield, purity, DNA integrity, and long-read se-
quencing performance. From this perspective, MuCTAB provides a useful methodological
framework not only for strengthening genomics research in S. megalanthus, but also for
guiding future optimization in Cactaceae and other complex plant species constrained by
the difficulty of recovering high-integrity genomic DNA for third-generation sequencing
applications [22].

5. Conclusions
The MuCTAB protocol developed in this study represents a robust and economically

accessible solution for extracting high-molecular-weight genomic DNA from mucilage-rich
Selenicereus megalanthus cladodes. The combination of enhanced CTAB and PVP concen-
trations together with β-mercaptoethanol, proteinase K, controlled tissue dehydration,
and gentle sample handling enabled the recovery of DNA with higher fluorometric yield
(239.6 ± 34.4 ng/µL), better purity (A260/A280: 1.96; A260/A230: 2.01), and greater struc-
tural integrity than the three alternative protocols evaluated. More importantly, these
advantages were not limited to conventional quality metrics but translated directly into
superior Oxford Nanopore sequencing performance, reflected in higher total yield, longer
reads, a markedly higher N50 (40.3 kbp), and the recovery of ultra-long reads. These results
demonstrate that MuCTAB is not merely an incremental modification of the CTAB method
but rather a workflow specifically suited for long-read sequencing applications in mucilage-
rich and biochemically complex plant tissues. In addition to its technical effectiveness,
the protocol offers practical value due to its low cost, reproducibility, and the possibility
of implementation without lyophilization. The MuCTAB protocol thus provides a solid
methodological framework for future genome assembly, comparative genomics, molecular
marker development, and genetic conservation studies in pitahaya and potentially in other
plant species with high mucilage content.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/applbiosci5030054/s1. Table S1: Statistical summary of DNA
yield and purity parameters across four extraction protocols from dried Selenicereus megalanthus
cladode tissue. Standard Eta Squared (η2p).
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