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Abstract

The absence of effective genetic transformation methods in Pitaya species significantly restricts the investigation of gene
function and implementation of modern breeding techniques such as gene editing. Establishing an efficient regeneration
protocol is a prerequisite for genetic transformation. In this study, a procedure for adventitious shoot regeneration in Hylo-
cereus undatus cv. ‘Cosmic’ is described. Various factors affecting in vitro shoot regeneration from cladode sections were
evaluated, including the effects of cytokines, auxins, and light exposure. The best results were achieved on Murashige and
Skoog medium supplemented with 4.5 puM N6-benzylaminopurine and 0.5 uM indole-3-butyric acid, reaching regenera-
tion rates up to 82.1%=5.1%. Additionally, the effect of the antibiotic kanamycin was studied. Forty mg L™ kanamycin
completely inhibited shoot regeneration from non-infected explants, whereas 5.4+3.0% of the explants infected with A.
tumefaciens harboring the pBINGUSint binary plasmid regenerated at the same kanamycin concentration. Nevertheless,
based on GUS assays, none of the regenerated shoots were confirmed as transgenic. The relatively high rate of shoot
regeneration achieved is a critical step towards developing effective transformation techniques for this species. The devel-
opment of such a method will help pitaya breeding progress more quickly by opening the door for functional genomics
studies and gene editing.

Key message
An efficient adventitious shoot regeneration protocol in H. undatus was established as an essential preliminary tool for
developing a transformation system in this species.

Keywords Agrobacterium-mediated transformation - Cactaceae - Dragon fruit - Organogenesis - Plant biotechnology -
Tissue culture

Introduction

Pitayas (Hylocereus spp.), also known as pitahayas, are

perennial climbing cacti native to tropical areas of the

Elisabeth Carmona-Martin and Francisco Conde contributed equally Americas. Their fruit, commonly called “dragon fruit”, is
to this study. a medium/large berry with bracts on the skin and a juicy
pulp filled with numerous small, soft seeds. Being a tropical
plant, pitaya is adapted to arid and semiarid environments,
54 Cesar Petri and exhibits unique physiological characteristics such as
cesar.petri@csic.es Crassulacean Acid Metabolism (CAM) pathway, metamor-
phosed leaves and modified stems (cladodes) with stomata to
facilitate gas exchange due to their reduced leaves. Among
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undatus (Ortiz-Hernandez and Carrillo-Salazar 2012; Ibra-
him et al. 2018).

In recent years, the nutritional properties of pitaya fruit
have been extensively studied (Ibrahim et al. 2018; Chen
et al. 2023). However, this crop may have also importance
in the industry for bioplastics or as a natural dye for food
and cosmetics (Taharuddin et al. 2023). Moreover, its high
drought tolerance (Wang et al. 2021) makes it particularly
attractive for cultivation in arid and semi-arid zones in the
context of climate change, where water resources must be
conserved.

Pitaya species currently lack efficient genetic transfor-
mation systems (Chen et al. 2023). The advancement of
biotechnology tools offers substantial benefits, not only by
enhancing our understanding of biological processes but
also by enabling the efficient incorporation of desirable
traits into cultivated genotypes through transformation or
gene editing.

To develop effective genetic transformation tools in a
given species, several aspects of tissue culture must first be
optimized. An in vitro multiplication protocol is necessary to
maintain and propagate plant material to be used as explant
sources. Additionally, it is essential to develop protocols for
somatic embryogenesis or shoot organogenesis, enabling
the regeneration of whole plants from somatic cells. This
process involves cellular reactivation or reprogramming
that leads to the formation of new plantlets. Finally, it is
necessary to implement a technique to stably introduce for-
eign genetic material into pluripotent somatic cells.

While there are some reports on pitaya micropropagation
(Mohamed-Yasseen 2002; Vifias et al. 2012; Fan et al. 2013;
Zambrano-Forero et al. 2015; Hua et al. 2015; Rahman et al.
2015; Qin et al. 2017; Bozkurt et al. 2022; Lee and Chang
2022; Mallap-Detquizéan et al. 2022; Comlekcioglu 2024),
few studies have documented adventitious shoot regenera-
tion in dragon fruit (Infante 1992; Pelah et al. 2002; Dah-
anayake and Ranawake 2011; Suarez Roman et al. 2014;
Rodrigues et al. 2022), and only two of these focused on
H. undatus (Dahanayake and Ranawake 2011; Rodrigues
et al. 2022). Notably, these studies did not report regenera-
tion rates. Furthermore, to the best of our knowledge, there
is currently no published manuscript providing a detailed
account or experimental evidence of successful genetic
transformation in this species.

Therefore, the objective of this study was to establish
an efficient protocol for adventitious shoot regeneration in
H. undatus as an indispensable first step towards the devel-
opment of robust transformation systems. To this end, we
explored the effects of several factors typically influencing
in vitro shoot regeneration, including some that have not
previously been studied in this species. Additionally, we
investigated the potential to use the antibiotic kanamycin
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Fig. 1 (a) Micropropagated shoots of pitaya (H. undatus cv. ‘cosmic’) }
of about 8 weeks old used as the source of explants. (b) Explants;
cladode cross-sections of about 1-2 mm thick. Horizontal bar indi-
cates 1 cm. (¢) Adventitious shoot regeneration (blue arrows). Even-
tually, root regeneration was observed (red arrow). Photograph was
taken at 7 weeks from the beginning of the experiment. Horizontal
bar indicates 1 cm. (d) Detail of direct shoot regeneration from a clad-
ode section. Photograph was taken at 8 weeks from the beginning of
the experiment. Horizontal bar indicates 0.5 cm. (e) Detail of indi-
rect shoot regeneration. Photograph was taken at 8 weeks from the
beginning of the experiment. Horizontal bar indicates 0.5 cm. (f) Cal-
logenesis observed at 8 weeks from the beginning of the experiment in
the different cytokinin treatments. Horizontal bar indicates 1 cm. (g)
Acclimatized shoots cultured in a greenhouse. Photograph was taken
at 6 weeks from the beginning of the acclimatization process

for selective shoot regeneration and conducted assays of
Agrobacterium-mediated transformation.

Materials and methods
Plant material andin vitroestablishment

Nodal segments from adult H. undatus (cv. ‘Cosmic’) plants
were collected at the experimental station of the Instituto
de Hortofruticultura Subtropical y Mediterranea (IHSM)
(Malaga, Spain) and used as starting material for in vitro
culture establishment. For surface sterilization, the cladode
nodes were first rinsed briefly with water. They were then
immersed in a solution containing 20% commercial bleach
(commercial bleach=6.15% sodium hypochlorite) and
0.02% Tween-20 for 20 min, followed by three rinses with
sterile distilled water under a laminar flow hood. The steril-
ized nodes were placed on multiplication medium (MM),
consisting of Murashige and Skoog (MS) medium including
MS vitamins (Murashige and Skoog 1962), supplemented
with 0.2 mM adenine sulfate dihydrate, 3% (w/v) sucrose
and 0.7% (w/v) plant agar (Duchefa Biochemie, Haarlem,
The Netherlands. Ref: P1001). The pH was adjusted to 5.7
before sterilization in the autoclave at 121°C for 20 min.
Cultures were maintained in a growth chamber under a
16/8 h light/dark photoperiod, with a light intensity of 45-50
uE m2 s! and a constant temperature of 25+ 1 °C. Newly
developed axillary shoots were subcultured onto fresh MM
every eight weeks (Fig. 1a).

General regeneration strategy

Eight-week-old in vitro shoots maintained in MM were used
as the source of explants; cladode cross-sections of about
0.5-1.0 mm thickness (Fig. 1b). The basal regeneration
medium (BRM) consisted of MS medium including vitamins
(Murashige and Skoog 1962), 3% (w/v) sucrose and 0.7%
(w/v) purified agar (Sigma-Aldrich, Darmstadt, Germany.
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Ref: A1296). The pH was adjusted to 5.8 before sterilization
in the autoclave at 121°C for 20 min. Cultivation conditions
were the same as described above, except the light intensity
was reduced to 20-25 uE m? s~!. Explants were remained
on the same culture plates throughout the experiment. This
shoot regeneration protocol was followed, with the modifi-
cations indicated below, for all of the experiments.

Regeneration was evaluated weekly, starting 3—4 weeks
after the beginning of the experiment, and continued until
no new adventitious bud formation was observed for two
consecutive weeks (approximately 12—13 weeks from the
beginning of the experiment).

Effect of cytokinins

The effect of two cytokinins at two concentrations on shoot
regeneration from pitaya cladode sections was evaluated.
For this experiment, explants were cultured on BRM sup-
plemented with 0.25 pM indole-3-butyric acid (IBA) and
either 4.5 or 9.0 uM N6-benzylaminopurine (BA), or 4.5 or
9.0 uM thidiazuron (TDZ). A control treatment without any
cytokinin supplementation was included.

Effect of auxins

The influence of two auxins at two concentrations on
shoot regeneration was examined. For this experiment,
explants were cultured on BRM supplemented with 4.5 uM
BA and either 0.25 or 0.5 uM IBA, or 0.25 or 0.5 uM
a-naphthaleneacetic acid (NAA). A control treatment with-
out auxin was included.

Effect of a dark period

Explants were cultured on BRM supplemented with 4.5 uM
BA and 0.5 pM IBA under three light or dark treatments: a
16-h photoperiod (2025 uE m 2 s71) at 25+1 °C or com-
plete darkness for 1 or 2 weeks (at 25+ 1 °C) before transfer
to a 16-h photoperiod (20-25 uE m s ') at 25+1 °C.

Effect of an auxin pulse

Explants were initially cultured on BRM supplemented with
4.5 uM BA, 0.5 uM IBA and 9.0 uM 2.4-dichlorophenoxy-
acetic acid (2,4-D) for three days, then transferred to BRM
with 4.5 uM BA, 0.5 uM IBA (without 2,4-D). Explants
were incubated in complete darkness at 25+1 °C for one
week, then transferred to a 16-h photoperiod at 20-25 uE
m2s!and25+1 °C.
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Shoot elongation, rooting and acclimatization

As new shoots reached 2-3 cm length, they were excised
and cultured in MM for elongation and rooting. Rooted
shoots were washed to remove agar residues and transferred
to pots containing 60% coconut fiber, 30% commercial
substrate (Turbas y Coco Mar Menor S.L., Spain) and 10%
litonite. Potted plantlets were introduced into plastic bags
which were sealed and maintained under shaded greenhouse
conditions. Bags were opened gradually and, after 2 weeks,
they were fully opened.

Regeneration dose-response curve to kanamycin

Explants were cultured on BRM supplemented with 4.5 uM
BA and 0.5 uM IBA during 2 days, and then transferred
to BRM with 4.5 uM BA, 0.5 uM IBA, 300 mg L-1 cefo-
taxime sulphate (Duchefa, Haarlem, The Netherlands) and
0, 20 or 40 mg L™! of kanamycin sulphate (Duchefa, Haar-
lem, The Netherlands). Antibiotics were filter sterilized and
added to the autoclaved medium.

Agrobacterium tumefaciens-mediated
transformation

Non oncogenic Agrobacterium tumefaciens strain EHA105
carrying the binary plasmid p35SGUSINT (Vancanneyt et al.
1990) was used in transformation experiments. The T-DNA
of the plasmid contains the Nospro-nptII-Noster cassette as
the selectable marker gene conferring resistance to amino-
glycoside antibiotics (kanamycin), and the 35Spro-uidA-
Noster cassette as the reporter gene. The reporter gene
includes an intron for plant-specific expression.

The engineered A. tumefaciens strain was cultured and
prepared for infection as described by Wang et al. (2013)
Briefly, for co-cultivation, a single colony was inoculated
into 10 ml of Luria—Bertani medium (10 g L™! Bacto-tryp-
tone, 5 g L™! Bacto-yeast extract, | g L™ NaCl, 1 g L!
glucose; pH 7.0) with 100 mg L™ ampicillin and 50 mg L™!
kanamycin, and incubated overnight at 28°C with constant
agitation (175 rpm). Overnight culture growth reached an
optical density at 600 nm between 0.2 and 1.0. Cultures
were centrifuged at 3,000 g for 15 min and resuspended in
50 mL of bacterial resuspension medium consisting of MS
salts, 2% (w/v) sucrose and 100 uM acetosyringone. Culture
in bacterial resuspension medium was shaken (175 rpm) at
25°C for 5 h before use.

Cladode sections were immersed in the bacterial suspen-
sion for 20 min, blotted briefly on sterile filter paper and
placed on co-cultivation medium (BRM without antibiot-
ics supplemented with 4.5 uM BA and 0.5 uM IBA). After
2 days, explants were washed in bacterial resuspension
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Table 1 Effect of two cytokinins at two concentrations, combined with
0.25 uM IBA, on adventitious shoot regeneration from H. undatus
cladode sections

Table 2 Effect of two auxins at two concentrations, combined with
4.5 uM BA, on adventitious shoot regeneration from H. undatus clad-
ode sections

Treatment Regeneration  No. of shoots No. of Treatment Regeneration No. of shoots No. of
rate (%+S.E.) regenerated shoots/ rate (%+S.E.) regenerated shoots/
Regenerat- Regenerat-
ing explant ing explant
Control (only 2.0£2.0 1 1.0£0.1 Control (only 33.9£6.3 22 1.2+0.1
0.25 uM IBA) 4.5 uM BA)
4.5 uM BA 46.4+6.7¥** 29 1.1£0.1 0.25 uM IBA 46.4+6.7 38 1.5+0.1
9.0 uM BA 40.8+7.0%** 22 1.1£0.1 0.5 uM IBA 53.6+6.7* 45 1.5+0.2
4.5 uM TDZ 17.94+5.1%%* 11 1.1£0.1 0.25 UM NAA 41.1+6.6 34 1.5+0.2
9.0 uM TDZ 16.1+4.9%* 9 1.0+0.1 0.5 tM NAA 35.7+6.4 22 1.1+0.1

Asterisks indicate statistical significance compared with the control
(** p<0.01, *** p<0.001). A total of 280 explants were used in this
study, with each treatment consisting of two replicates of 28 explants

medium with 300 mg L™! cefotaxime, blotted briefly on ster-
ile filter paper, and then placed on BRM with 4.5 uM BA,
0.5 uM IBA, 300 mg L' cefotaxime and 0, 20 or 40 mg L™
kanamycin.

To determine stable transformation, GUS assays (Jeffer-
son 1987) were performed 8 weeks after the infection.

Experimental design and statistical analyses

Regeneration and transformation experiments were per-
formed in a completely randomized design. Each treatment
consisted of four Petri dishes containing seven cladode sec-
tions each. All experiments were repeated twice, resulting
in 56 explants per treatment. To test for differences among
more than two independent groups, data were transformed
as needed to fit to a Normal distribution and ANOVA was
performed. Mean comparisons were conducted using Stu-
dent’s t-test (for number of shoots per regenerating explant)
or Pearson’s Chi-square test (for regeneration percentages).

Results

Nodes, collected from mature plants (cv. ‘Cosmic’) culti-
vated in the field, were established in MM and they devel-
oped new axillary shoots in 3—4 weeks. The new in vitro
axillary shoots were excised and sub-cultured at 8-week
intervals onto fresh MM. As they were subcultured, some
them were used as the source of cladode cross-sections used
in the regeneration and transformation experiments.

First adventitious shoots started appearing from clad-
ode sections after 3—4 weeks of culture. Both, direct and
indirect regeneration was observed (Fig. lc, d, ). Eventu-
ally, regeneration of adventitious roots was also detected
(Fig. 1c). Additional buds did not appear after 12—13 weeks
of culture.

Asterisk indicates statistical significance compared with the control
(* p<0.05). A total of 280 explants were used in this study, with each
treatment consisting of two replicates of 28 explants

The addition of cytokinins to BRM significantly improved
regeneration rates compared with the cytokinin-free control
(Table 1). Statistical differences in the regeneration rates
between the two cytokinins tested were also detected. BA,
significantly (9.0 pM BA; p<0.01 and 4.5 uM BA; p<0.05)
enhanced shoot regeneration compared with the TDZ treat-
ments. BA favored predominantly direct shoot formation
(Fig. 1d), whereas TDZ promoted indirect organogenesis
(Fig. 1e) and callus formation (Fig. 1f).

Among the auxin treatments, only 0.50 uM IBA (com-
bined with 4.5 uM BA) produced a significant increase
(p<0.05) in shoot regeneration frequency relative to the
auxin-free control (Table 2). Neither IBA at 0.25 uM nor
NAA at 0.25 or 0.50 pM enhanced regeneration (Table 2).

Across all plant growth regulators treatments, the aver-
age number of shoots per regenerating explant did not differ
significantly (Tables 1, 2). The best combination (4.5 uM
BA+0.5 uM IBA) yielded 53.6+6.7% regeneration with an
average of 1.5 shoots per regenerating explant (Tables 1, 2).

Twenty-five regenerated shoots were randomly selected
for elongation, rooting, and acclimatization. All shoots elon-
gated and produced roots on MM within 4-5 weeks. After
that, they were successfully acclimatized to greenhouse
conditions (Fig. 1g).

A pre-culture in darkness for one or two weeks did not
improve overall regeneration compared with continuous
light (Fig. 2). However, a two-week dark period reduced
regeneration significantly (p<0.05) relative to a one-week
dark treatment (Fig. 2). The average shoot number per
responsive explant was unaffected among light treatments.

A three-day pulse with 9.0 uM 2,4-D strongly induced
callus but almost completely suppressed shoot regeneration
(Fig. 3).

Regarding the effect of antibiotics, kanamycin at
20 mgL!' significantly decreased regeneration in
non-infected explants (p<0.001), and 40 mg L' inhib-
ited it (Fig. 4a). Cefotaxime, at 300 mg L', did not affect
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Fig.2 Effect of different dark incubation regimes on adventitious shoot
regeneration from H. undatus cladode sections. Different letters indi-
cate statistically significant differences among treatments (p<0.05). A
total of 168 explants were used in this study, with each treatment con-
sisting of two replicates of 28 explants

regeneration (Fig. 4a). In the Agrobacterium-inoculated
explants, when kanamycin was not added to the medium,
regeneration was comparable to non-inoculated explants
(Fig. 4a). At 20 mg L™! kanamycin, infected explants regen-
erated at a significantly higher rate than non-infected ones
(p<0.01). Infected explants (5.4+3.0%) produced shoots
even at 40 mg L™! kanamycin (Fig. 4a). Histochemical GUS
assays detected no activity in non-infected controls (Fig. 4b)
and only occasional blue spots on a few infected explants
(Fig. 4c, d). None of the regenerated shoots expressed GUS.
Based on explant-level GUS staining, the apparent transfor-
mation efficiency was 5.6%.

Discussion

At least two different cellular strategies are available to
plants to initiate the regeneration process. One method
involves reactivation of undifferentiated cells, while the

Control 2,4: pulse

Fig. 3 Effect of a 2,4-D pulse (9.0 uM), during the first 3 days of
culture, on shoot regeneration from H. undatus cladode sections. (a)
Effect on callogenesis. Photograph taken at 8 weeks from the begin-
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other involves reprogramming differentiated somatic cells
(Ikeuchi et al. 2016). In these processes, plant growth regu-
lators play a crucial role, among which auxins and cytoki-
nins are key. During in vitro plant organogenesis, the ratio
of auxin-to-cytokinin, and their concentration, is a critical
factor that initiates in vitro developmental events. A com-
paratively high auxin-to-cytokinin ratio encourages root
regeneration, the opposite is generally required for shoot
regeneration, while similar levels of auxin and cytokinin
result in callus (Zhao et al. 2008; Tkeuchi et al. 2016).

Consistent with these principles, adding cytokinins was
essential for shoot induction from pitaya cladode sections
(Table 1). Adenine or phenylurea are the common precur-
sors of cytokinins. Phenylurea derivatives, such as TDZ, are
synthetic cytokinins, while BA is a natural adenine deriva-
tive (Savelieva et al. 2018). In our study, BA proved sig-
nificantly more effective than TDZ. Adventitious meristems
may theoretically arise through two distinct pathways: (i)
Direct organogenesis, wherein meristems originate directly
from differentiated cells within a freshly excised segment of
whole-plant tissue, without the intermediary formation of
undifferentiated cellular masses; or (ii) indirect organogen-
esis, involving the development of meristems from dediffer-
entiated, unspecialized, and unorganized cells derived from
callus tissues. We observed both, direct and indirect organo-
genesis (Fig. 1). However, when BRM was supplemented
with BA, the majority of the shoots appeared as direct
regeneration. This fact is generally preferred when genetic
stability is desired and somaclonal variation is to be avoided
(Bairu et al. 2011). Our observations agree with previous
results on H. undatus where TDZ, at 9.0 uM, stimulated
indirect shoot regeneration (Rodrigues et al. 2022) whereas
BA, at 11.0 uM, induced direct shoot organogenesis (Dah-
anayake and Ranawake 2011).

The best regeneration was achieved with 4.5 uM BA plus
0.5 uM IBA; this combination was therefore used to test

Regeneration rate (%)

0 T —t
Control 2,4-D pulse

ning of the experiment. Vertical bar indicates 1.0 cm. (b) Effect on
regeneration rates. A total of 112 explants were employed in this study,
with each treatment consisting of two replicates of 28 explants



Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 162:37

Page 7 of 10 37

Fig. 4 (a) Effect of the antibiotics
kanamycin (Km) and cefotaxime 60 -
(Cef) on shoot regeneration from
H. undatus cladode sections,
non-infected or infected Agrobac-
terium tumefaciens carrying the
binary plasmid pBINGUSint. A
total of 224 explants were used

in this study. (b) Histochemical
GUS detection on non-infected

Regeneration rate (%)
w
o

20 A
(control) or (¢, d) infected explants
with A. tumefaciens carrying the 10 4
binary plasmid pBINGUSint. GUS
assay was carried out 8 weeks after 0
infection. Vertical bars indicate O¥rin & O G
1 mm

(Control)

e nON-inoculated o

0 Km + 300 Cef 20 Km + 300 Cef 40 km + 300 Cef
Antibiotics concentration (mg L?)

inoculated

b

two factors not previously evaluated in H. undatus: dark
pre-culture and an auxin pulse. These factors have been
identified as key determinants in adventitious shoot regen-
eration in other species (Pérez-Tornero et al. 2000; Petri et
al. 2005; Petri and Scorza 2010). However, neither treat-
ment improved regeneration here. A three-day exposure to
9.0 uM 2.,4-D almost completely inhibited shoot formation
while stimulating callogenesis, in agreement with other
reports where 2,4-D induced non-organogenic calli in pitaya
(Lopes et al. 2016; Rodrigues et al. 2022). In the model
plant Arabidopsis, shoot regeneration requires an auxin-rich
induction medium followed by a cytokinin-rich medium.
This two-steps process provokes the expression of differ-
ent genes to achieve reprogramming differentiated somatic
cells for subsequent shoot organogenesis (Che et al. 2007).
In Prunus spp. a higher auxin dose at the first steps of the
in vitro culture process enhances adventitious shoot organ-
ogenesis (Petri et al. 2005, 2008; Petri and Scorza 2010;
Carmona-Martin and Petri 2020). H. undatus, however, did
not respond similarly, suggesting species-specific hormonal
requirements. The poorer performance after a two-week
dark treatment may likewise reflect an unfavorable shift in
the endogenous cytokinin-to-auxin balance, as darkness can

raise indole-3-acetic acid (Lopez-Carbonell et al. 1992). The
increase in auxin levels during the dark period at the early
stage of the regeneration process may be comparable to the
exogenous addition of 2,4-D during the 3 days assayed in
the current study. Longer periods, over 2 weeks, in dark may
reduce even more shoot organogenesis from pitaya cladode
sections.

The average number of shoots per regenerating explant
(about 1.5) is modest compared with the up to 18 shoots
per explant reported by Dahanayake and Ranawake (2011),
using 5 mm H. undatus stem sections. Notably, regenera-
tion rates were not clearly explained within the manuscript.
Future work should test additional combinations, including
additional BA and NAA treatments, and explore alternative
plant growth regulators.

Cefotaxime is a broad-spectrum cephalosporin that is fre-
quently applied in plant transformation experiments for the
elimination of Agrobacterium after co-cultivation. The con-
centration tested in our study did not affect shoot regenera-
tion from pitaya cladode sections suggesting it could serve
as an effective tool to control Agrobacterium overgrowth.
Kanamycin is an aminoglycoside antibiotic commonly used
as the selection agent for npll-transformed cells/tissues in
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plant tissue culture. Here, the detoxifying effect of npfIl was
clearly notable in terms of adventitious regeneration, signif-
icantly increasing the rates on infected explants when 20 mg
L' kanamycin was applied and allowing shoot regeneration
at the inhibitory concentration of 40 mg L™!. However, these
results did not correlate with the detection of the reporter
maker gene (uidA). GUS events (spots) in the surface of the
explants were infrequent and none of the regenerated shoots
showed activity of the reporter gene.

Several factors are known to affect GUS detection. Luth
and Moore (1999) described that only 11.9% of transformed
grapefruit plants clearly showed GUS activity. In other
reports, the expression was different among tissues, with
more blue spots in roots than in green tissues (Gutoranov
et al. 2001; Motioike et al. 2002). This non-uniform gene
expression could be associated with gene silencing pro-
cesses, its position in the chromosome or post-transcrip-
tional silencing (Iocco et al. 2001), with the promoter driven
the gene also being very important (Gittins et al. 2001). All
of these results collectively demonstrate that X-glu staining
patterns do not always accurately reflect the gene's specific-
ity of expression. Under our experimental conditions, GUS
detection was very poor. Molecular tissue analyses (PCR,
DNA blots or DNA sequencing) could probably have shown
more precise transformation efficiencies.

Rooting and acclimatization of pitaya plantlets were pre-
viously described as highly efficient steps, reaching rates of
90-100% (Mohamed-Yasseen 2002; Vidas et al. 2012; Fan
et al. 2013; Hua et al. 2015; Rahman et al. 2015; Qin et
al. 2017; Bozkurt et al. 2022; Lee and Chang 2022; Mal-
lap-Detquizan et al. 2022; Comlekcioglu 2024). The good
performance of Hylocereus spp. in these stages may be
explained by their natural ability to produce adventitious
roots and their adaptation to drought stress and poor soil
conditions (Ortiz-Hernandez and Carrillo-Salazar 2012;
Shah et al. 2023). As expected, we likewise achieved high
success in rooting and acclimatization of the plantlets to ex
vitro conditions.

Conclusions

Here, we describe an efficient shoot regeneration procedure
for H. undatus (cv. ‘Cosmic’). This system might be trans-
ferable, with more or less efficiency, to other genotypes.
Although the regeneration rates achieved were relatively
high (up to 82.0%), the number of buds per regenerating
explant remained low (around 1.5). To successfully integrate
the regeneration protocol with a transformation system, it
may be necessary to enhance the number of regeneration
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events per explant in order to increase the likelihood of
recovering transformed shoots. Further experiments will
focus on optimizing the procedure by evaluating additional
factors such as the effect of ethylene inhibitors and poly-
amines, nanoparticles (Kim et al. 2017), fungi-associated
biostimulants (Li et al. 2019; Faize et al. 2021; Essalimi et
al. 2022) or the use of small molecule inhibitors to improve
in vitro plant cell reprogramming (Carneros et al. 2024).

In addition, the inhibitory curve of a selective agent (kana-
mycin) has been established and, to the best of our knowledge,
susceptibility of pitaya tissues to 4. tumefaciens infection has
been shown for the first time. The procedure seems promising
and could lead to an efficient transformation method for this
species. Elucidating such a technique paves the way for func-
tional genomics studies and molecular breeding with desir-
able traits (through gene editing or transformation), which
will help accelerate pitaya breeding efforts.
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