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Abstract: Micropropagation protocols for red-fleshed Hylocereus species (Cactaceae) have been
developed; however, these methods prolong the sprout duration from areoles and produce irregular
micro-propagules in ‘Da Hong’ pitaya. Thus, the present study aimed to establish an improved
micropropagation protocol for this cultivar. Shoot regeneration and root induction of self-pollinating
seedling segments were evaluated in response to combinations of activated charcoal (AC; 200 mg/L),
α-naphthaleneacetic acid (NAA; 0.05, 0.10, and 0.20 mg/L), and 6-benzylaminopurine (BAP; 1.00,
2.00, and 4.00 mg/L). The correlations among plantlet growth characteristics and plantlet survival
rate after transplantation under field conditions were calculated. Increasing the NAA concentration
increased the number of roots but reduced root length. The addition of AC enhanced shoot length
and prevented the regeneration of dried-out, clustered, and abnormal shoots. Plantlets treated with
200 mg/L AC and 0.10 mg/L NAA produced the highest number of shoots, i.e., 4.1 shoots, which
however, were shorter and lighter than those cultured with AC alone. Plantlets grown on medium
supplemented with BAP showed no advantage in shoot number, shoot weight, plantlet surface area,
or plantlet volume. The weight and shoot surface area of plantlets were strongly correlated. All
plantlets grew well at 4 weeks post-transplantation. Overall, these results support this improved
micropropagation method to regenerate robust ex vitro plantlets.

Keywords: dragon fruit; micropropagation; regeneration; spontaneous rooting; plant growth regulator

1. Introduction

Pitaya (Hylocereus spp.), which belongs to the family Cactaceae [1], has recently become
an important fruit crop in Asia and America due to varietal improvements and increased
production during the off-season using night-break/prolonged-daytime techniques [2–6].
H. polyrhizus ‘Da Hong’, also known as ‘Big Red’, is a red-fleshed pitaya cultivar and
is the dominant cultivar grown in China, Vietnam, and Taiwan because of its desirable
characteristics, including self-compatibility, large fruit size, high sweetness, and abundant
yield [3,6].

However, ‘Da Hong’ is susceptible to pathogenic infection [Cactus virus X [7], Neoscyta-
lidium dimidiatum [8], and Colletotrichum spp. [9–11]] by penetrating hyphae or mechanical
wounds [7,12,13], reducing plant growth vigor, i.e., shoot initiation and flower blooming,
and fruit production [9,12]. Agar-based micropropagation has proven to be a valuable
method to decrease the risk of infection in tomatoes and cacti, as pathogenic contamination
can be visually inspected and prevented [14–16]. Therefore, in vitro propagation may
represent a potential strategy to reduce disease risk in ‘Da Hong’ plantlets and renew
infected orchards.
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Plant state and environmental conditions during incubation affect pitaya tissue culture
and the micro-propagules, including explant type, medium strength (Murashige and Skoog
[MS]) [17], i.e., full- or 1/4 strength, and the form and concentration of plant growth
regulators (PGRs) [14,18,19]. Culture media are frequently supplemented with the PGRs
naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BAP) because of their availability,
convenience, and direct shoot (cladode) regeneration properties [20]. Hylocereus plantlets
cultured on media supplemented with these PGRs show a 2- to 18-fold increase in shoot
regeneration rate compared with untreated micro-propagules, depending on the species
and cultivars [18,21–25]. For example, plantlets of the white-fleshed pitaya H. undatus
cultured on MS medium supplemented with appropriate PGRs, i.e., 4 mg/L BAP and 0.1
mg/L NAA, regenerated a maximum of 22 shoots/plantlet; however, the shoot number of
the control plantlets was unavailable [26]. Preliminary studies have proposed media for
red-fleshed H. polyrhizus and its hybrids and reported an 83.2% in vitro germination rate
and regeneration of 6–8 shoots on the micro-propagules [25,27,28]. However, the specific
cultivars used in these studies are unknown.

Few studies have reported normal regeneration in pitaya micropropagation [18,22].
Shoots regenerated using such PGRs were either semi-transparent or light green [21,28],
indicating low shoot vigor, which prolonged the duration of micropropagation [14,29].
In addition, our preliminary results showed that the given media used for red-fleshed
pitaya in previous studies were not appropriate for the ‘Da Hong’ cultivar, which produced
abnormal shoots.

Activated charcoal (AC) plays a critical role in tissue cultures, promoting micro-
propagule growth and development. Wang and Huang [30] indicated that AC supplemen-
tation in the culture medium could darken the medium to simulate the soil conditions and
absorb toxic metabolites, thereby increasing shoot and root development in Phalaenopsis,
Cymbidium, and Dendrobium species. A reduction of residual PGR side effects in the explant
rooting was also shown in Cactaceae species [31]. However, no AC benefit could be ob-
served in shoot initiation in Vigna radiate [32] or root induction in Echinocactus, Echiaocereus,
Mammillaria, and Stenocactus species [33].

Given the advantage of AC in reducing the side effects of PGRs during incubation
and the potential to propagate an entire plantlet forming simultaneous shoots and roots
from the primordium [32], MS medium supplemented with AC has been used for the
micropropagation of white-fleshed pitaya [34]. Despite the importance of ‘Da Hong’ in the
global pitaya industry, designated tissue culture studies of this cultivar are unavailable.
The effects of AC on developing red-fleshed pitaya plantlets, particularly ‘Da Hong’, are
thus unknown.

In the present study, in vitro segments of self-pollinating ‘Da Hong’ progeny were used
as explants. To address the knowledge gap, we assessed the effects of AC in combination
with different concentrations of PGRs on plantlet characteristics. We then analyzed the
relationships among plantlet characteristics and their derivative parameters to construct
an essential growth database for the red-fleshed pitaya tissue culture system. Finally, we
improved the in vitro culture system based on an existing protocol [26]. The results of
this study potentially provide a new in vitro propagation method for producing robust
plantlets of H. polyrhizus ‘Da Hong’.

2. Materials and Methods
2.1. Plant Materials and Culture Establishment

Self-pollinating fruits of H. polyrhizus ‘Da Hong’ were harvested from a commercial
orchard in Taichung, central Taiwan (24◦14′33.2′′ N, 120◦48′21.6′′ E), on 27 June 2019,
2 November 2019, and 11 July 2020. Seeds were collected from the flesh and sterilized
following the method described by De Feria et al. [21], with modifications. In brief, the seeds
were immersed in 75% (v/v) alcohol for 30 s and then in 1% (v/v) sodium hypochlorite
containing Tween 20 for 15 min. Next, the seeds were rinsed five times with sterile distilled
water. The rinsed seeds were cultured in glass bottles with 1/4 strength MS medium
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(M5519, Sigma Chemical Co., St. Louis, MO, USA) supplemented with 3% (w/v) sucrose
and 0.8% (w/v) agar (Kungfei Trading Co., Ltd., Tainan, Taiwan) to shorten by 1.5-fold
the germination duration and increase their germination rate by 153% compared to full-
strength MS medium [35]. The cultures were incubated in a culture room at 25 ◦C ± 2 ◦C
with a 16/8 h (L/D) photoperiod under 50 µmol/m2/s fluorescent light. Before use, the
pH of the MS medium was adjusted to 5.8. All experiments were performed in the tissue
culture laboratory of the Department of Horticulture at National Chung-Hsing University,
Taichung, Taiwan.

2.2. Shoot Regeneration and Root Induction Using AC, NAA, and BAP

We investigated the effects of different concentrations and combinations of PGRs on
shoot regeneration and root induction following a previous study [26], with modifications.
Briefly, we supplemented the MS medium with either NAA alone (0.05, 0.10, or 0.20 mg/L;
Sigma Chemical Co., St. Louis, MO, USA) or 200 mg/L AC in combination with NAA and
BAP (1.00, 2.00, and 4.00 mg/L; Sigma Chemical Co., St. Louis, MO, USA) (Table 1).

Table 1. Experimental treatments of Murashige and Skoog (MS) medium supplemented with different
combinations and concentrations of activated charcoal (AC) and plant growth regulators (PGRs).

Treatment Label PGRs 1 (mg/L)

NAA supplemented in MS medium
AC NAA BAP

CS – – –
TS01 – 0.05 –
TS02 – 0.10 –
TS03 – 0.20 –

AC, NAA, and BAP supplemented in MS medium
AC NAA BAP

CM01 – – –
CM02 200 – –
TM01 200 0.05 –
TM02 200 0.05 1.00
TM03 200 0.05 2.00
TM04 200 0.05 4.00
TM05 200 0.10 –
TM06 200 0.10 1.00
TM07 200 0.10 2.00
TM08 200 0.10 4.00
TM09 200 0.20 –
TM10 200 0.20 1.00
TM11 200 0.20 2.00
TM12 200 0.20 4.00

1 NAA, α-naphthaleneacetic acid; BAP, 6-benzylaminopurine.

Activated charcoal was added to the MS medium supplemented with BAP as the
preliminary results showed that shoots regenerated using the MS medium supplemented
with BAP without AC dried out, clustered, and became abnormal (Figure 1). We found that
adding 200 mg/L of AC into the medium reduced these side effects. The in vitro pitaya
seedlings were excised and sub-cultured as mother explants. The shoots regenerated by the
mother plants were excised as 15 mm segments. Three replicate bottles, each containing
five segments, were prepared for each treatment.
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Figure 1. In vitro plantlets of Hylocereus polyrhizus ‘Da Hong’ after 5 months of incubation (A) on
Murashige and Skoog (MS) medium and (B) with 2.00 mg/L 6-benzylaminopurine (BAP). Scale Bar
= 1 cm for the plantlets without agar.

Plantlet growth characteristics (i.e., number of shoots, shoot length, root length, and
shoot surface area) were measured using ImageJ [36]. Owing to the irregular size and
shape of the plantlet shoots, it was difficult to accurately calculate the shoot surface area.
In our best effort to measure the full surface area, four sides of the plantlet shoots were
photographed, and the photos were transformed into an 8-bit type followed by selection
of software functions (i.e., threshold and filter) to match the shape of the shoots. The
plantlets were weighed (FW) using an electronic balance (XT220A, Precisa Gravimetrics
AG, Dietikon, Switzerland) after 8 weeks of incubation. Archimedes’ principle was applied
to measure the shoot volume. The shoot surface area per unit length [SAL; mm; Surface
area shoots (mm2)/Length shoots (mm)], shoot weight per unit length [SWL; mg FW/mm;
FW shoots (mg)/Length shoots (mm)], root weight per unit length [RWL; mg FW/mm; FW
roots (mg)/Length main root (mm)], and root/shoot ratio [g FW/g FW; FW roots (g FW)/FW
shoots (g FW)] were also calculated, where FW indicated fresh weight. Finally, we analyzed
the pairwise Pearson’s correlations between plantlet growth characteristics to construct
the essential growth database of red-fleshed pitaya in vitro, e.g., the relationship between
plantlet weight and surface area and the relationship between (regeneration) shoot length
and (regeneration) shoot surface area.

2.3. Acclimatization

After 8 weeks of incubation in the culture room (on 25 April 2020), plantlets were
transferred from the bottle, and the agar was gently removed from the roots. The ex vitro
plantlets were maintained in a plastic box containing clean water at room temperature
(22–25 ◦C) with a 16/8 h (L/D) photoperiod under 50 µmol/m2/s fluorescent light for
1 week. The plantlets were then planted in plastic pots containing peat soil (pH 5.5–6.0,
Stender Peat Substrate, Known-You Seed Co., Ltd., Dashu, Kaohsiung, Taiwan). The
plantlets were cultured on the terrace under field conditions with 80 µmol/m2/s solar light
for 4 weeks, and the plantlet survival rate was then assessed.
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2.4. Data Analysis and Statistics

Data were analyzed using one-way ANOVA in SAS 9.4 (SAS Institute Inc., Cary, NC,
USA). The PROC GLM procedure was used to conduct multiple pairwise comparisons
using Fisher’s protected least significance difference (LSD) test. We considered p ≤ 0.05
as significant. Figures were constructed using SigmaPlot 10.0 (Systat Software Inc., San
Jose, CA, USA) and Powerpoint 2019 (Microsoft Corp., Redmond, WA, USA). A heat map
of Pearson’s correlation coefficients between pairs of plantlet growth characteristics was
created using Python 3.8.0 (Python Software Foundation).

3. Results
3.1. Effects of NAA Alone on Shoot Regeneration and Root Induction

H. polyrhizus ‘Da Hong’ plantlets grown on MS medium supplemented with various
concentrations of NAA are shown in Figure S1. For all concentrations of NAA, there were
no significant differences in the shoot regeneration number (3.6 shoots/plantlet), shoot
length (57.32 mm), and average shoot length (18.41 mm; Figure 2). Other plantlet growth
characteristics, i.e., plantlet weight (Figure S2), plantlet surface area, and plantlet volume
(data not shown), were similar for all different concentrations of NAA.
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Figure 2. Shoot regeneration number, root induction number, and length of shoots and roots of
Hylocereus polyrhizus ‘Da Hong’ grown on Murashige and Skoog (MS) medium supplemented with
α-naphthaleneacetic acid (NAA) alone. Treatments: CS, control; TS01, 0.05 mg/L NAA; TS02,
0.10 mg/L NAA; TS03, 0.20 mg/L NAA. Mean± SE (n = 3, 5 segments per replicate). Means followed
by different letters near the column and circle are significantly different at p = 0.05 using Fisher’s
protected LSD test. The black circle inside the green column indicates the average shoot length.

Plantlets grown on the culture medium supplemented with 0.20 mg/L NAA (treatment
TS03) had significantly (p = 0.0024) more roots (2.8 roots/plantlet) than plantlets grown on
medium supplemented with 0, 0.05, or 0.10 mg/L NAA (1.6, 1.7, and 2.2 roots/plantlet,
respectively; Figure 2). However, plantlets grown on control culture medium (treatment CS)
had significantly longer main roots (84.38 mm) than those grown on media supplemented
with 0.10 and 0.20 mg/L NAA treatments (71.32 and 67.47 mm, respectively); plantlets
grown on control culture medium also had longer main roots than plantlets grown on
culture medium supplemented with 0.05 mg/L NAA (79.40 mm), but this difference was
not significant. Root weight per unit length was significantly greater in plantlets grown on
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medium supplemented with 0.20 mg/L NAA (1.09 mg/mm) than in plantlets grown on
control medium (0.52 mg/mm; Figure 3).
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Figure 3. Plantlet growth characteristics of shoot surface area per unit length (SAL; surface area

shoots/Length shoots), shoot weight per unit length (SWL; FW shoots/Length shoots), and root weight per
unit length (RWL; FW roots/Length main root) of Hylocereus polyrhizus ‘Da Hong’ grown on Murashige
and Skoog (MS) medium supplemented with α-naphthaleneacetic acid (NAA) alone. Treatments: CS,
control; TS01, 0.05 mg/L NAA; TS02, 0.10 mg/L NAA; TS03, 0.20 mg/L NAA. Mean ± SE (n = 3,
5 segments per replicate). Means followed by different letters near the column are significantly different
at p = 0.05 using Fisher’s protected LSD test.

3.2. The Combined Effects of AC, NAA, and BAP on Shoot Regeneration and Root Induction

Shoot appearance was improved by supplementing the MS medium with 200 mg/L
AC: the shoots of plantlets grown on AC-supplemented media were dark green, with a
succulent structure (Figure 4). The plantlets grown on medium supplemented with AC
and 0.10 mg/L NAA (TM05–08) regenerated significantly more shoots (4.1 shoots/plantlet)
than plantlets grown on any other media (Figure 5A).
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Figure 4. Plantlets of Hylocereus polyrhizus ‘Da Hong’ cultured (A) on Murashige and Skoog (MS)
medium and (B) on activated charcoal (AC)-supplemented MS medium. Profiles in the white square
frame are plantlet transections, showing that plantlets grown on the AC-supplemented MS medium
were succulent. Bar = 2 cm; bar inside white square = 1 cm.
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Figure 5. Shoot regeneration number, root induction number, and shoot and root lengths (A); fresh
weight of plantlets, shoots, and roots, as well as root/shoot ratio (B) of Hylocereus polyrhizus ‘Da Hong’
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cultured on Murashige and Skoog (MS) medium supplemented with activated charcoal (AC) combined
with α-naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BAP). The black circle inside the green
column in plate A indicates the average shoot length. Treatments: CM01, control; CM02, 200 mg/L AC;
TM01, 200 mg/L AC and 0.05 mg/L NAA; TM02, 200 mg/L AC, 0.05 mg/L NAA, and 1.00 mg/L BAP;
TM03, 200 mg/L AC, 0.05 mg/L NAA, and 2.00 mg/L BAP; TM04, 200 mg/L AC, 0.05 mg/L NAA,
and 4.00 mg/L BAP; TM05, 200 mg/L AC and 0.10 mg/L NAA; TM06, 200 mg/L AC, 0.10 mg/L NAA,
1.00 mg/L BAP; TM07, 200 mg/L AC, 0.10 mg/L NAA, and 2.00 mg/L BAP; TM08, 200 mg/L AC,
0.10 mg/L NAA, and 4.00 mg/L BAP; TM09, 200 mg/L AC and 0.20 mg/L NAA; TM10, 200 mg/L
AC, 0.20 mg/L NAA, and 1.00 mg/L BAP; TM11, 200 mg/L AC, 0.20 mg/L NAA, and 2.00 mg/L BAP;
TM12, 200 mg/L AC, 0.20 mg/L NAA, and 4.00 mg/L BAP. Mean ± SE (n = 3, 5 segments per replicate).
Means associated with different letters near the columns are significantly different at p = 0.05 using
Fisher’s protected LSD test.

The shoot lengths of plantlets grown under the treatment conditions CM02, TM06,
TM09, and TM10 were significantly longer (93.97 mm) than those grown under other treat-
ment conditions (63.81–90.96 mm; Figure 5A). The average shoot lengths were significantly
greater in treatments TM01–04, TM09, TM10, and TM12 (70.93 mm) compared to those
obtained with the controls and other treatments (21.71–46.50 mm; Figure 5A). The addition
of 1.00 mg/L BAP tended to increase shoot length, especially in combination with 0.10 and
0.20 mg/L NAA (i.e., TM06 and TM10), although plantlets had similar shoot lengths in
medium supplemented with AC alone. However, the average shoot lengths were low for
plantlets cultured on 0.10 mg/L NAA, due to the influence of NAA concentration on the
shoot number.

Plantlets grown on medium supplemented with 0.05 or 0.20 mg/L NAA had shoots of
similar weight to those in treatment CM02 (MS medium supplemented with AC only); shoot
weight in these groups was significantly greater than that of plantlets grown on 0.10 mg/L
NAA (Figure 5B). In addition, plantlet surface area and plantlet volume were similar across
plantlets grown on media supplemented with AC alone (CM02) and AC in combination
with 0.05 mg/L NAA or 0.20 mg/L NAA; these values were significantly higher than those
obtained with CM01 and the treatments with 0.10 mg/L NAA (Figure 6A). Neither plantlet
surface area nor plantlet volume was affected by BAP concentrations (Figure 6A).

Both SWL and SAL were significantly affected by NAA and AC: shoots grown on
medium supplemented with AC only (CM02) or medium supplemented with AC in
combination with 0.05 or 0.20 mg/L NAA had a heavier SWL and larger SAL than shoots
grown on medium supplemented with 0.10 mg/L NAA (Figure 6B).

The root number of the plantlets remained similar (1.3 roots/plantlet) across all
combinations of PGR supplements (Figure 5A). Main root length and root weight were
also similar across PGR treatments (Figure 5A,B). Irrespective of segment weight, the
root/shoot ratios of treatments TM01–04 (0.05 mg/L NAA with 0–4.00 mg/L BAP) were
lower than those of CM01 and of treatments TM05–08 and TM12 (0.10–0.20 mg/L NAA
with 0–4.00 mg/L BAP; Figure 5B). Notably, the addition of BAP did not affect plantlet
fresh weight or root/shoot ratio.
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Figure 6. Relationship between plantlet surface area and plantlet volume (A) and shoot surface area per
unit length (SAL; Surface area shoots/Length shoots), shoot weight per unit length (SWL; FW shoots/Length

shoots), and root weight per unit length (RWL; FW roots/Length main root) (B) of Hylocereus polyrhizus
‘Da Hong’ cultured on Murashige and Skoog (MS) medium supplemented with activated charcoal
(AC) combined with α-naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BAP). Treatments:
CM01, control; CM02, 200 mg/L AC; TM01, 200 mg/L AC and 0.05 mg/L NAA; TM02, 200 mg/L AC,
0.05 mg/L NAA, and 1.00 mg/L BAP; TM03, 200 mg/L AC, 0.05 mg/L NAA, and 2.00 mg/L BAP;
TM04, 200 mg/L AC, 0.05 mg/L NAA, and 4.00 mg/L BAP; TM05, 200 mg/L AC and 0.10 mg/L NAA;
TM06, 200 mg/L AC, 0.10 mg/L NAA, 1.00 mg/L BAP; TM07, 200 mg/L AC, 0.10 mg/L NAA, and
2.00 mg/L BAP; TM08, 200 mg/L AC, 0.10 mg/L NAA, and 4.00 mg/L BAP; TM09, 200 mg/L AC and
0.20 mg/L NAA; TM10, 200 mg/L AC, 0.20 mg/L NAA, and 1.00 mg/L BAP; TM11, 200 mg/L AC,
0.20 mg/L NAA, and 2.00 mg/L BAP; TM12, 200 mg/L AC, 0.20 mg/L NAA, and 4.00 mg/L BAP.
Mean ± SE (n = 3, 5 segments per replicate). Means associated with different letters near the columns
are significantly different at p = 0.05 using Fisher’s protected LSD test.
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3.3. Pairwise Correlations between Growth Characteristics of Shoots and Roots

There were no strong correlations between shoot number, root number, and other
growth characteristics (Figure 7). However, the shoot lengths of the plantlets were sig-
nificantly correlated with plantlet surface area (r = 0.647; p = 0.0001), and plantlet weight
was significantly correlated with plantlet surface area and plantlet volume (r = 0.931 and
0.986, respectively; p = 0.0001). A high regression coefficient of 0.9795 was found between
regeneration shoot length and surface area (Figure 8A), which coincided with the regres-
sion results for plantlet surface area and plantlet volume based on plantlet weight, which
were 0.8665 and 0.9767, respectively (Figure 8B,C). Given the intricate measurements of
micro-propagules surface area and volume, the regression results provide a well-calculated
basis (plantlet weight) for exploring growth characteristics in vitro.
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Figure 8. Relationships (A) between (regeneration) shoot surface area and (regeneration) shoot length,
(B) between plantlet weight and plantlet surface area, and (C) between plantlet weight and plantlet
volume on Hylocereus polyrhizus ‘Da Hong’. The regression equations were: (A) y = 1.4648x + 0.7624
(n = 808, r2 = 0.9795, p < 0.0001), (B) y = 1980.8x + 144.8 (n = 270, r2 = 0.8665, p < 0.0001), (C) y = 0.1848x2

+ 0.7160x + 0.0752 (n = 270, r2 = 0.9767, p < 0.0001), respectively.
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3.4. Cultivated Duration and Acclimatization

Segments excised from the in vitro seedlings regenerated new shoots after 1 week of
incubation, irrespective of PGR supplementation. Micro-propagules were transplanted
to the field after 4 weeks of in vitro incubation when the shoots were 4 cm long. None
of the plantlets died or showed signs of pathogenic infection during the 4 weeks of field
cultivation (Figure 9).
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(A) Plantlets hardened by incubating in water, (B) all plantlets grew well at 4 weeks after transplantation.

4. Discussion
4.1. Effects of NAA Alone on Shoot Regeneration and Root Induction

Micro-propagules growth qualities were affected by the concentrations and combina-
tions of PGRs [14,19] and endogenous hormones [37] in the culture medium. The shoot
regeneration number of ‘Da Hong’ pitaya was not affected by single PGR NAA supplemen-
tation, in contrast with previous observations of Mammillaria san-angelensis (Cactaceae) [38],
wherein NAA supplementation increased the number of shoots per explant. The bene-
fits of BAP on in vitro shoot sprouting and development have been reported for certain
Cactaceae [37] and Hylocereus species [39]. However, BAP supplementation might cause
hormonal imbalance in plants. Indeed, supplementation with >1.00 mg/L BAP produced
compact, dried-out shoots in ‘Da Hong’ pitaya in the present study. Our results demonstrate
that the Hylocereus plantlet response to BAP might be species-specific.

‘Da Hong’ produced 1.6 roots per plantlet in PGR-free culture medium, consistent with
previous results in H. costaricensis [39] and other Cactaceae species [38,40,41]. However, root
length decreased as the number of roots increased, e.g., for treatment TS03, in contrast to
previous observations in H. undatus [24]. In addition, root density (RWL) was significantly
greater in plantlets cultured on medium supplemented with 0.20 mg/L NAA than in those
cultured on PGR-free medium. These results suggest that, in ‘Da Hong’, the length of the
primary adventitious roots decreased, whereas the number/lengths of the lateral roots
increased when NAA concentration increased in the culture medium. After exposure to
excessively high levels of NAA, this may occur due to root tip enlargement [42] or the
synthesis of inappropriate PGRs [43,44]. Both processes would subsequently reduce the
vigor and viability of micro-plants [42]. Thus, it is critical to identify appropriate NAA
concentrations for optimal healthy root growth in ‘Da Hong’ pitaya plantlets.

4.2. The Combined Effects of AC, NAA, and BAP on Shoot Regeneration and Root Induction

The addition of AC is known to promote plantlet growth and development [30] and
spontaneous rooting during micropropagation [34]. Activated charcoal supplementation
facilitated in vitro organogenesis by absorbing the excess substrates and providing a dark
environment to simulate soil conditions [30]. AC-related sucrose hydrolysis eased micro-
propagule use [45,46]. Moreover, AC promoted both nitrate and ammonium uptake under
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tissue culture conditions, which facilitated plantlet development [32]. Consistent with this,
‘Da Hong’ pitaya plantlets grown on medium supplemented with AC exhibited remarkable
improvement in several characteristics, including shoot length, shoot weight, shoot surface
area, and shoot volume. It is, therefore, possible that AC promotes micro-shoot maturation
and accelerates the propagation cycle by increasing shoot length and weight.

The maximum shoot number for regenerated ‘Da Hong’ (4.1 shoots/plantlet) could be
observed in plantlets cultured on medium supplemented with 200 mg/L AC and 0.10 mg/L
NAA. This result corresponded to 2.4-fold more shoots (1.7 shoots/plantlet) than those
regenerated on medium containing 200 mg/L AC combined with 0.05 or 0.20 mg/L NAA and
to 1.5-fold more shoots (2.8 shoots/plantlet) than those regenerated on MS medium containing
200 mg/L AC only. However, the shoot regeneration number (2.6 shoots/plantlet) of ‘Da
Hong’ was 1.4-fold higher on PGR-free MS medium than on MS medium supplemented with
multiple PGRs, i.e., 200 mg/L AC, 0.20 mg/L NAA, and 2.00 mg/L BAP. This result was
inconsistent with the observation in red/purple-fleshed pitaya H. purpusii, in which plantlets
produced 5.3-fold more shoots on MS medium supplemented with 0.20 mg/L NAA and
2.00 mg/L BAP than on PGR-free MS medium [21].

Compared to the shoot regeneration results for red-fleshed ‘Da Hong’ pitaya, plantlets
of the white-fleshed pitaya H. undatus regenerated 2.2-fold more shoots (2.2 shoots/plantlet)
on MS medium supplemented with 1000 mg/L AC combination with 0.10 mg/L NAA
and 4.00 mg/L BAP [34] and 18-fold more shoots (18 shoots/plantlet) on MS medium
supplemented with 0.01 mg/L NAA and 2.50 mg/L BAP [18] than plantlets grown on
PGR-free MS medium (1.0 shoot/plantlet) [24].

Although AC supplementation had several advantages, the negative effects on the
non-selective absorption of substances including PGRs should also be considered [32]. The
NAA and BAP concentrations used in the present study were similar to those indicated
in a previous report [34], but the regeneration number of ‘Da Hong’ pitaya was higher in
combination with 200 mg/L AC than that of white-fleshed pitaya grown in 1000 mg/L AC.
Despite the genetic differentiation in species and cultivars, PGR absorption by AC might be
a reason behind the reduction in plantlet shoot initiation and regeneration, i.e., the shoot re-
generation number of plantlets was higher in AC-free media than in low-AC concentration
media, while the media supplemented with AC in high concentration exhibited smaller
shoot numbers. PGR concentration after AC supplementation in the culture medium
would require investigation, confirming the quality and quantity of medium substances
and improving the culture medium.

Consistent with a previous study reporting that similar shoot lengths (18.5 mm) were
observed after treatment with varied BAP concentrations [39], our results indicated that
BAP supplementation did not affect the average shoot length, considering the shoot number.
However, NAA concentration did influence shoot development in ‘Da Hong’ pitaya, with
the average shoot length increasing by 3.21–18.5 mm compared to H. costaricensis [39]. NAA
supplementation had similar beneficial effects on other shoot characteristics, including
weight, surface area, volume, SWL, and SAL. These results are consistent with those of
Mauseth and Halperin [37], who suggested that NAA suppresses the effect of BAP on
plantlet development and that the types and concentrations of PGRs used affect plantlet
organogenesis during tissue culture.

4.3. Pairwise Correlations between Growth Characteristics of Shoots and Roots

Studies on the relationships among plantlet growth characteristics are rare in the genus
Hylocereus. However, for Opuntia ficus-indica, which is another plant of Cactaceae, shoot
weight and shoot surface area had a curvilinear relationship under field conditions, with
shoot weight increasing much more quickly than shoot surface area due to shoot thickness
and succulence increases [47]. That result was partially consistent with our observations
in ‘Da Hong’ pitaya, where plantlet weight and plantlet surface area had a strong linear
relationship (r2 = 0.8665). However, this conclusion was incongruent with the hypothesis
of Mauseth [48], who suggested that succulent shoot volume should generally not affect
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surface area due to the shoot rib connection. Notably, the regression equations describing
the relationships between (regeneration) shoot length and (regeneration) shoot surface area,
and between plantlet weight and plantlet surface area as well as plantlet shoot volume,
established in this study, will be helpful for further calculations of gas exchange rate [49]
and leaf area index to estimate the best in vitro growth environment for pitaya.

4.4. Cultivated Duration and Acclimatization

Our preliminary results showed that the disinfected seeds of ‘Da Hong’ emerged after
1 week under aseptic conditions [35], a period that is consistent with previous reports for
H. purpusii [21] but 3 weeks shorter than that for H. undatus [18]. The seedling segments
regenerated shoots after 1 week of in vitro cultivation. Therefore, the total duration of ‘Da
Hong’ micropropagation, including seed germination, shoot regeneration, shoot elongation
to 4 cm, and root induction, was 8 weeks. That was considerably shorter than the duration
of micropropagation in H. undatus, in which the shoots took 60 days to develop from
1.5 to 2.0 cm [18,26]. All plantlets grew well without disease symptoms at 4 weeks after
transplantation, consistent with observations in other Hylocereus species [21,27,39]. These
findings suggest that the disease risk of field-transplanted plantlets is rare.

4.5. The Potential to Reduce Disease Risk in Plantlets and Renew Infected Orchards

Pathogens typically have latent infectious characteristics on the host surface or in host
organs. The infection pathway depends on the pathogens: both microbial (i.e., bacterial
and fungal) and viral pathogens infect succulent shoots after mechanical injury [7,12],
whereas microbial hyphae may penetrate plant cell walls and infect hosts when environ-
mental conditions are suitable for mycelium development [11,13]. Host development status
(e.g., young shoot, flower, or fruit) may also affect infection susceptibility. For example,
N. dimidiatum infects young shoots and fruits [8,50], while the symptoms of Colletotrichum
spp. are manifested in mature shoots and fruits [10,11,51].

Viral and microbial infections can reduce fruit production by up to 40% [9]. Thus, various
methodologies that minimize pathogen-associated losses have been proposed [9,13]. Micro-
propagation performed in aseptic agar media has been a helpful method for minimizing disease
risks [14], because microbial infections can typically be identified in seedling explants using
the agar plate method [15].

In the present study, robust micro-propagules were produced from disinfected seeds.
It is difficult for microbes to invade seeds, and virus transmission through Hylocereus seeds
and seed-derived seedlings has not been confirmed [12,52]. Therefore, using disinfected
seeds for in vitro propagation of H. polyrhizus ‘Da Hong’ reduces disease risk in the resulting
micro-propagules [7,53]. Blotter or ELISA methods will be needed for further detection of
the predominant microorganisms of Hylocereus, including Cactus virus X, N. dimidiatum,
and Colletotrichum spp., to confirm disinfection during and after micropropagation [15,54].
Although self-pollinating ‘Da Hong’ seedlings were used in the present study, there is the
possibility of heterogeneity [55]; therefore, identification of genetic differentiation should
be investigated in the future.

5. Conclusions

We reported a simple procedure for the in vitro micropropagation of robust ‘Da Hong’
pitaya. Adding AC to the MS culture medium accelerated plantlet growth and development.
Although the shoot regeneration number was not drastically increased, the regenerated
shoots were strong, robust, and capable of sustaining multiple subcultures. We also
observed spontaneous rooting in ‘Da Hong’ segments during shoot development, which
reduced the duration of the rooting process and shortened the overall culture period. We
proved that MS medium supplemented with 200 mg/L AC and 0.10 mg/L NAA was the
best for shoot regeneration. In contrast, the best protocol for shoot development involved
culture medium supplemented with 200 mg/L AC in combination with 0.20 mg/L NAA
and 1.00 mg/L BAP. Successfully micropropagated ‘Da Hong’ pitaya could be used in
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orchards, providing new information in this context, valuable to produce robust seedlings
of the genus Hylocereus tissue culture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8020104/s1, Figure S1: In vitro shoot regeneration
and root induction of Hylocereus polyrhizus ‘Da Hong’ from Murashige and Skoog (MS) medium
supplemented with 0.05–0.20 mg/L α-naphthaleneacetic acid (NAA); Figure S2: Plantlet weight,
including shoots and roots, and root/shoot ratio of Hylocereus polyrhizus ‘Da Hong’ grown on
Murashige and Skoog (MS) medium supplemented with α-naphthaleneacetic acid (NAA) alone.
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