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Abstract

Pitahaya (Hylocereus spp.) is an emerging crop for tropical regions; however, its
vegetative propagation is strongly influenced by environmental and management factors.
Optimizing rooting and establishment under nursery conditions is essential to produce
uniform and vigorous seedlings. This study evaluated the effects of root inducers and
substrates on the vegetative propagation of three Hylocereus species under nursery
conditions. A completely randomized design (CRD) with a 2x2x3 factorial arrangement
was implemented, including two root inducers (NAA + IBA soiution and seaweed
extract), two substrates (substrate 1 and substrate 2), and three species (H. undatus, H.
megalanthus, and H. costaricensis), resulting in 12 ireaiments with four replicates each.
Seven variables were assessed: shoot emission time (SET), cutting viability (CV), number
of shoots (NS), shoot length (SL), number oi roots (NR), root length (RL), and vegetative
vigor index (VVI). ANOVA revealed significant effects (p < 0.05) in the three-factor
interaction for SET, CV, NS, SL, RL, and VVI. Treatment T9 achieved the shortest SET
(21.53 days) and highest CV (100%), T7 recorded the highest NS (1.62 shoots plant™),
T3 showed greater SL (68.67 ¢cm) and NR (5.30 roots plant™), and T12 obtained the
highest RL (42.69 cm) and VVI (110.18). Effect size analysis based on partial eta squared
(mp?) identified species as the most influential factor, explaining 55-98% of the observed
variance. Among the evaluated species, H. costaricensis showed the best overall
performance. These findings demonstrate that combining H. costaricensis, substrate 1,
and NAA + IBA enhances vegetative propagation efficiency. These findings provide
valuable evidence for improving pitahaya propagation protocols and optimizing seedling
production under nursery conditions.
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1. Introduction

Pitahaya (Hylocereus spp.), commonly known as dragon fruit, is a cactus belonging to
the genus Hylocereus within the family Cactaceae. The genus comprises approximately
14 species, of which H. undatus, H. monacanthus (Lem.) Britton & Rose, H.
costaricensis, and H. megalanthus are among the most widely cultivated worldwide 2.
Species of this genus are native to tropical and subtropical regions of the Americas 3, and
have high export potential because of their nutritional value and adaptability to a wide
range of soil and climatic conditions *

Global pitahaya production has increased steadily, with Vietnam, China, and Indonesia
together accounting for nearly 93% of total global output °. In Latin America, pitahaya
has gained importance as an alternative crop that improves rural livelihoods and
contributes to agricultural sustainability and diversificatiori *. In Peru, the cultivated area
expanded markedly from 34.2 ha in 2019 to 419.2 ha in 2023, accompanied by a rapid
increase in production from 156.9 t to 4,178.9 t ® . At the regional level, Lima and Piura
lead national production, accounting for 48.4% and 36.1% of total output, respectively,
followed by Ica, Amazonas, Moquegug, and La Libertad ®. These trends indicate growing
interest in pitahaya cultivation and its poiential as a sustainable and commercially viable
crop. However, the rapid expansion of cultivated areas also poses new challenges,
particularly regarding the availability of high-quality genetic material to support newly
established plantations '

Although pitahaya can be propagated by seed, this approach does not ensure genetic
uniformity. Therefore, vegetative propagation through stem cuttings is preferred as a
more efficient approach 8. This method is widely used because vegetatively propagated
plants exhibit faster growth, earlier fruiting, and greater genetic stability ®°. Achieving
effective vegetative propagation depends on several key factors that play a crucial role
during the rooting stage . Among these, the application of auxins and the selection of
an appropriate rooting substrate are considered critical 2. Understanding and
optimizing these factors are essential to ensure successful propagation and enhance
productivity at the commercial scale.

Previous studies have shown that the choice of rooting agent, whether synthetic or
organic, has a significant effect on the formation of adventitious roots in cuttings 4, as
well as root length and shoot development in vegetatively propagated species 0111516,
Among synthetic rooting agents, the most widely used auxins across a wide range of plant
species are indole-3-butyric acid (IBA) and 1-naphthaleneacetic acid (NAA), which
promote cell division and differentiation, although their effectiveness depends on
concentration and plant species 1. Moreover, seaweed extracts derived from Ecklonia
maxima contain phytohormones such as auxins, cytokinins, ethylene, and gibberellins,



which can stimulate root formation and overall plant growth 20, These extracts have
also been reported to improve soil health, plant growth, and stress tolerance through the
action of natural phytohormones, amino acids, polysaccharides, and micronutrients 21:22,
Accordingly, comparing synthetic and organic rooting agents is essential for developing
efficient and sustainable propagation strategies for pitahaya.

In addition, substrate composition is a key factor influencing the success of cutting
establishment, as it is essential for moisture retention and nutrient availability during the
rooting process *°. One of the most suitable substrates can be formulated by combining
organic components such as sawdust, peat, rice husks, and cattle manure, which together
provide optimal physical and chemical conditions for root development and cutting
establishment 22,

Given the increasing commercial demand for pitahaya and the limited technical
information available on its efficient propagation in tropical regions, there is a need for
studies aimed at optimizing seedling production. In this context, the present study
evaluated the effect of two types of rooting agents and two types of substrates on the
vegetative propagation of three Hylocereus spp. species in a controlled nursery
environment. We hypothesized that an appropriate combination of rooting agents and
substrates would significantly improve rooting success and promicie the development of
vigorous and high-quality pitahaya seedlings.

2. Methodology

2.1. Study area

The study was conducted at the Center for Plarit Production for Research and Technology
Transfer, Centro Experimental Yanayacu, Instituto Nacional de Innovacién Agraria
(INIA), located in the province of Jaén, Cajamarca Department, Peru (5.6771° S,
78.7749° W), at an elevation cf 624 m a.s.l. (Supplementary Figure S1). During the
experimental period, the mean temperature, accumulated precipitation, and relative
humidity were 26.96 °C, 175 mm, and 45.73%, respectively 2.

2.2. Biological material

Three Hylocereus species were evaluated (Figure 1): two red-skinned species, H. undatus
and H. costaricensis, collected from mature pitahaya plantations at Grupo Campo Agro
S.A., in the province of Zarumilla, Tumbes department; and one yellow-skinned species,
H. megalanthus, sourced from plantations in the province of San Ignacio. Species
selection was driven by their adaptability to tropical environments, favorable agronomic
and organoleptic traits, and strong commercial demand in both domestic and international
markets.

2.3. Experimental design

The experiment was conducted using a completely randomized design (CRD) with a 2A
x 2B x 3C factorial arrangement, consisting of two rooting inducers (seaweed extract and
a solution of NAA and IBA), two substrate types (substrate 1 and substrate 2), and three
pitahaya species (H. undatus, H. costaricensis, and H. megalanthus). The combination of
factor levels resulted in 12 treatments. Each treatment included four independent
replicates, and each replicate consisted of ten cuttings, resulting in 48 experimental units



and 480 cuttings in total. For statistical analysis, the mean value of the ten cuttings within
each replicate was used as the observational unit; therefore, the ANOVA was performed
with four independent observations per treatment, avoiding pseudoreplication.

Table 1. Description of treatments and interaction of factors.

Combination of factors

Treatment Rooting agent Substrate Species
1 Seaweed Substrate 1 H. undatus
2 Seaweed Substrate 1 H. megalanthus
3 Seaweed Substrate 1 H. costaricensis
4 Seaweed Substrate 2 H. undatus
5 Seaweed Substrate 2 H. megalanthus
6 Seaweed Substrate 2 H. costaricensis
7 NAA + IBA Substrate 2 H. undatus
8 NAA + IBA Substrate 2 H. megalanthus
9 NAA + IBA Substrate 2 H. costaricensis
10 NAA + IBA Substrate 1 H. undatus
11 NAA + IBA Substrate 1 H. megalanthus
12 NAA + IBA Substrate 1 H. costaricensis

2.4. Setting up the experiment

2.4.1.Preparation of vegetative seed
Cuttings were obtained from healthy, pest-iree mother plants at the productive stage
(Figure 1). Lignified cladodes were seiected, and 40 cm segments were taken from the
central portion, avoiding both the young apical region and the senescent basal end. Thus,
vegetative material was coliected from H. undatus, H. megalanthus, and H. costaricensis
(Figure 1). At the basal end of each cutting, a VV-shaped incision was made to expose 5—
7 cm of the vascular tissue. The cuttings were disinfected by immersion in a copper (1)
sulfate pentahydrate (CuSO45H20) solution for 5 min and subsequently allowed to cure
for 5 days in a dry, shaded environment under diffuse light.

Obtaining cuttings from the mother plant Vegetative material from three varieties of pitahava




Figure 1. Obtaining cuttings from a mother plant and vegetative material from three
species of pitahaya. A) H. undatus, B) H. megalanthus and C) H. costaricensis.

2.4.2.Preparation of substrates

The substrates used in the experiment differed in composition. Substrate 1 consisted of
forest soil, compost, and cattle manure mixed in a 3:4:3 ratio, whereas Substrate 2 was
composed of river sand and forest soil in a 4:6 ratio. Prior to use, the physicochemical
properties of both substrates, including pH, electrical conductivity, organic matter, total
nitrogen, available phosphorus, calcium carbonate equivalent, and particle-size
distribution, were determined. Detailed substrate characteristics are presented in
Supplementary Table S5.

Both substrates were sieved and sterilized using the solarization method with low-density
polyethylene (LDPE) plastic sheets, which allow solar radiation to penetrate while
trapping heat within the substrate, thereby disrupting the life cycle of soil-borne
pathogenic organisms 2’. Following sterilization, the substrates were placed in 10 x 25
cm polyethylene bags with gussets and arranged according to the corresponding
treatments and replicates.

2.4.3. Application of rooting inducers

Two rooting agents were used: an Ecklonia maxima—based seaweed extract as an organic
rooting agent (15 mL L™) and a synthetic rooting agent containing 1-naphthaleneacetic
acid (NAA, 0.40%) and indole-3-butyric acid (IBA, 0.10%). The product was applied at
a concentration of 2 mL L™, resulting in fina! concentrations of 8 mg L' NAA (42.96
uM) and 2 mg L' IBA (9.84 uM), corresponding to a 4:1 NAA:IBA ratio. Both products
function as biostimulants by modulatirig plant physiological responses 222°. Application
was performed by immersing the basal end of each cutting in the respective solution for
10 min in the case of the seaweed extract and for 2 min in the case of the NAA + IBA
solution prior to planting.

2.4.4.Planting and maintenance

The basal end of each cutting was inserted into polyethylene bags containing sterilized
substrate until the V-shaped incision was completely covered. The substrate was lightly
compacted to ensure stability the cutting. All bags were labeled and arranged according
to the experimental design and replicates. Plants were maintained in a nursery under a
Raschel shade net providing 60% shade throughout the evaluation period. Irrigation was
applied as needed to maintain adequate substrate moisture throughout the experiment.
Routine maintenance practices, including weed removal and insect pest control, were
performed manually, while fungal diseases were prevented through periodic applications
of copper (I1) sulfate pentahydrate (CuSO45H-0).

2.5. Parameters evaluated

Six variables were evaluated during the four months following planting: shoot emission
time, cutting viability, number of shoots, shoot length, number of roots, and root length.
In addition, a composite variable, termed the Vegetative Vigor Index, was calculated by
integrating all evaluated variables except time to shoot emergence, due to its inverse
nature. The evaluation period was defined based on the growth dynamics of the studied



Hylocereus species and extended until the plants reached an optimal size for
transplantation to the final field.
e Shoot emergence time (SET)

This variable was assessed as the number of days from planting to the emergence of the
first visible vegetative shoot (> 3 mm) from an areole of the cladode.

e Cutting viability (CV)

The percentage of viable cuttings was determined by classifying cuttings that developed
at least one shoot by the end of the nursery stage as viable. The calculation was performed
using the formula adapted from Jose & Sivaprasad °.

VE
Cuttingswith = lvegetativeshoot

(1)

" Totalnumber of cuttings evaluated x
e Number of shoots (NS)

This variable was assessed by counting the total number of visible vegetative shoots (> 3
mm) per cutting. Evaluations were conducted at 15-day intervals, and the value recorded
at the final assessment was used for analysis. Dormant buds aid senescent shoots were
excluded from this variable.

e Shoot length (SL)

Shoot length was measured using a measuring tape graduated in centimeters, from the
point of insertion on the cutting to the shoot apex. When a cutting developed a single
shoot, its individual length was recorded. In cuttings with multiple shoots, shoot length
was calculated as the average iength of all developed shoots.

e Number of roots (NR)

The number of roots per cutting was recorded at the end of the nursery stage. For this
assessment, the substrate was carefully removed, and the root system was gently washed
several times to avoid mechanical damage. Only roots emerging directly from the
vascular bundle were counted.

e Root length (RL)

The substrate was carefully removed from the root zone, and root length was measured
using a tape measure graduated in centimeters, from the point of root emergence to the
tip of the longest root.

e Vegetative vigor index (VVI)

The Vegetative Vigor Index (VVI) was calculated using the formula adapted from
BharathKumar et al.3! and Fetouh & Hassan %,

441

(CV) * (NS + SL + NR + RL)
- 100 (2)

Where CV is cutting viability (%), NS is the number of shoots, SL is shoot length (cm),
NR is the number of roots, and RL is root length (cm). SET was not included in the
equation because it is a temporal variable for which lower values indicate better
performance. This interpretation is opposite to that of the other variables included in the




index, where higher values reflect greater vigor. Therefore, its direct inclusion in the
equation would be inconsistent with the structure of the VVI.

2.6. Statistical analysis

Statistical analyses were conducted using R software version 4.4.3 3 with the packages
dplyr 34, agricolae **, ggplot2 %, and corrplot *”. All variables, except Cutting Viability
(CV), were tested for the normality of residuals using the Shapiro Wilk test (p < 0.05)
and for homogeneity of variances using Levene’s test. A three-way analysis of variance
(ANOVA; p <0.05) was performed to evaluate the effects of rooting agents, substrates,
and pitahaya species, and mean comparisons were conducted using Tukey’s test. Because
CV represents a proportion derived from counts of viable and non-viable cuttings, it was
analyzed using a generalized linear model (GLM) with binomial error distribution and
logit link function. In addition, a Principal Component Analysis (PCA) and a Spearman
correlation test were carried out to assess the relationships among the evaluated variables.

3. Results

3.1. Establishment

Shoot emission time (SET) and cutting viability (CV) were evaluated during the
establishment stage.

The three-way ANOVA (A x B x C) indicated significant differences among treatments
for both SET and CV (p < 0.05), with coefficients of variation of 5.40% and 16.43%,
respectively (Supplementary Table S1). For SET, the shortest shoot emission times were
observed in treatments T9, T3, T12, and T6 (group d), with mean values of 21.53, 23.31,
23.43, and 24.71 days, respectively (Figure 2A). In contrast, treatments T2 and T8 (group
a) exhibited the longest emissicn times, averaging 68.19 and 67.87 days. The remaining
treatments showed intermediate SET values, forming groups ab, bc, and c.

For cutting viability, the binomial GLM revealed significant differences among
treatments (Supplementary Table 2, Figure 2B). Treatments T3, T9, and T12 achieved
the highest viability values, all reaching 100%, whereasT8 and T2 showed the lowest
viability percentages, with mean values of 40% and 42.5%, respectively. The remaining
treatments, showed intermediate viability levels ranging between 60% and 95%.
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Figure 2. Effects of 12 treatments (A x B x C) on cutting establishment variables. (A)
Shoot emission time (SET) and (B) percentage of cutting viability (CV, %). Different
letters above the bars indicate statistically significant differences according to Tukey’s
test for SET and binomial GLM pairwise comparisons for CV (p < 0.05).

Figure 3 illustrates the response of pitahaya species to the interaction of rooting agents
and substrates on shoot emission time (SET) and cutting viability (CV). For SET, the
interaction between rooting agents and species (A x C) was not statistically significant (p
= 0.0518), although differences in mean values were observed among treatment
combinations (Figure 3A). The shortest SET was observed in H. costaricensis treated
with NAA + IBA, with a mean value of 22.48 days, whereas the longest SET
corresponded to H. megalanthus treated with the seaweed extract, averaging 68.03 days.
H. undatus under both rooting agents showed intermediate SET values (Figure 3A). In
contrast, the substrate x species interaction (B x C) significantly affected SET (p =
0.0184) (Figure 3B). Tukey’s test separated three distinct groups, with the shortest SET
recorded in H. costaricensis grown in substrate 2 (23.12 days). Conversely, the longest
SET was observed in H. megalanthus grown in substrate 1 (65.63 days), while H. undatus
exhibited intermediate SET values under both substrates.

Figure 3C shows cutting viability (CV) as affected by the interaction between rooting
agents and species (A x C), which was not statistically significant. Nevertheless,
differences in mean viability values were observed among treatment combinations. H.
costaricensis exhibited the highest viability values under both rooting agents, reaching
100% and 97.5% for NAA + IBA and seaweed extract, respectively. In contrast, H.
megalanthus exhibited the lowest viability under NAA + IBA and seaweed extract
treatments, with mean values of 52.5% and 61.25%, respectively. H. undatus showed
intermediate CV values under both rooting agents. Likewise, Figure 3D presents cutting
viability (CV) in relation to the substrate x species interaction (B x C), which was also
not statistically significant. However, differences in mean viability values were observed
among species and substrate combinations. H. costaricensis achieved the highest viability
when grown in substrates 1 and 2, with values of 100% and 97.5%, respectively.
Conversely, H. megalanthus showed the lowest viability in substrates 1 and 2, reaching
53.75% and 60%, respectively, whereas H. undatus displayed intermediate CV values
under both substrates.
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Figure 3. Impact of rooting agents and substrates on three Hylocereus species. (A) Effect
of rooting agents on shoot emission time (SET); (B) effect of substrates on shoot emission
time (SET); (C) effect of rooting agents on cutting viability (CV); and (D) effect of
substrates on cutting viability (CV). Different letters above the bars indicate statistically
significant differences according to Tukey’s test (p < 0.05).

The species factor (C) had a significant effect on shoot emission time (SET) and cutting
viability (CV) (p < 0.05) (Supplementary Table S1). Tukey’s multiple comparison test
identified three statistically distinct groups for both variables. For SET, H. costaricensis
and H. undatus exhibited the shortest emission times, whereas H. megalanthus showed
the longest SET values (Figure 4A). With respect to CV, H. costaricensis displayed the
highest viability, H. megalanthus the lowest, and H. undatus intermediate values (Figure
4B).
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3.2. Vegetative development

The variables number of shoots (NS), shoot length (SL), number oi roots (NR), and root
length (RL) were used to assess the vegetative development of pitahaya seedlings. Figure
5 shows representative plants from the 12 treatrents evaluated, where marked
morphological differences were observed in both the aerial and root systems. Treatment
T10 displayed well-developed aerial and root siructures compared to the other treatments.
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Figure 5. Pitahaya seedlings corresponding to the 12 treatments evaluated in the study.
Scale bar =5 cm.

The ANOVA revealed significant differences among treatments (A x B x C) for number
of shoots (NS), shoot length (SL), and root length (RL) (p < 0.05), whereas no significant
effect was observed for number of roots (NR). The coefficients of variation for these
variables ranged from 8.46% to 13.12% (Supplementary Table S3).

Figure 6A shows the number of shoots (NS), where Tukey’s multiple comparison test
identified six statistically distinct groups. Treatment T7 presented the highest mean (1.62
shoots per plant; group a). In contrast, T2 and T8 exhibited the lowest values, with means
of 1.06 and 1.08 shoots per plant, respectively (groups d and cd). The remaining
treatments exhibited intermediate values, forming groups ab, abc, and bcd.

For shoot length (SL) (Figure 6B), Tukey’s test also separated treatments into six
statistically distinct groups. Treatments T3, T9, T12, and T6 showed the greatest mean
shoot lengths (68.67, 67.99, 60.94, and 57.83 cm per plant, respectively; group a).
Conversely, T5 and T2 had the lowest mean SL values (23.30 and 24.07 cm per plant,
respectively; group d), whereas treatments classified into groups b, bc, bcd, and cd
exhibited intermediate shoot lengths.

Figure 6C shows the number of roots (NR). Although the overall ANOVA did not detect
significant differences among treatments, Tukey’s multiple comparison test distinguished
five statistically homogeneous groups. The highest mean NR values were observed in
treatments T3 and T12 (5.30 and 5.23 roots per piant, respectively; group a). In contrast,
T8, T2, T11, and T5 exhibited the lowest mearis (3.28, 3.34, 3.43, and 3.49 roots per plant,
respectively; group c). The remaining treatments displayed intermediate NR values
(groups ab, abc, and bc).

For root length (RL) (Figuie 6D), Tukey’s test identified ten statistically distinct groups.
Treatments T12 and T10 presented the greatest mean RL values (42.69 and 41.38 cm per
plant, respectively; groups a and ab), whereas T8 and T2 showed the shortest root lengths
(14.35 and 14.74 cm per plant, respectively; group g). The remaining treatments exhibited
intermediate RL values, classified into groups abc, abcd, bcd, cd, de, ef, and fg.
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Figure 6. Effects of 12 treatments (A x B x C) on growth variables of pitahaya seedlings.
(A) Number of shoots (NS); (B) shoot length (SL), (C) number of roots (NR); and (D)
root length (RL). Different letters above (he bars indicate statistically significant
differences according to Tukey’s test (p < 0.05).

Figure 7 shows the response of the thiree Hylocereus species in terms of vegetative growth
variables. ANOVA indicated significant differences among species for number of shoots
(NS) and shoot length (SL) (p < 0.05), with coefficients of variation of 8.46% and
10.48%, respectively (Suppiementary Table S3). For NS (Figure 7A), Tukey’s multiple
comparison test identified three statistically distinct groups. H. undatus and H.
costaricensis produced the highest numbers of shoots (1.47 and 1.33 shoots per plant;
groups a and b, respectively), whereas H. megalanthus exhibited the lowest mean value
(1.21 shoots per plant; group c). For SL (Figure 7B), Tukey’s test also distinguished three
statistically distinct groups. H. costaricensis presented the greatest mean shoot length
(63.83 cm; group a), while H. megalanthus showed the lowest value (25.79 cm; group c).
H. undatus displayed an intermediate mean value and was classified in group b.

Figures 7C and 7D show the response of the pitahaya species for number of roots (NR)
and root length (RL), respectively. ANOVA indicated highly significant differences
among species for both variables (p < 0.001), with coefficients of variation of 13.12% for
NR and 9.61% for RL (Supplementary Table S3). For NR (Figure 7C), Tukey’s multiple
comparison test identified three statistically distinct groups. H. costaricensis presented
the highest mean number of roots (5.17 roots per plant; group a), whereas H. megalanthus
exhibited the lowest value (3.38 roots per plant; group c¢). H. undatus showed an
intermediate mean and was classified in group b. For RL (Figure 7D), Tukey’s test
distinguished two statistically distinct groups. H. costaricensis and H. undatus exhibited



the greatest mean root lengths (36.19 and 36.76 cm, respectively; group a), while H.
megalanthus recorded the lowest mean value (18.57 cm; group b).
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Figure 7. Growth response of three pitahaya species. A) Number of shoots, B) Shoot
length, C) Number of roots, and D) Root length. Different letters indicate statistically
different groups according to the Tukey test (p < 0.05).

3.3. Vegetative vigor index (VVI)

Figure 8A shows the mean values of the 12 treatments (A x B x C) for the Vegetative
Vigor Index (VVI). The ANOVA revealed significant differences (p < 0.05) with a
coefficient of variation of 15.61% (Supplementary Table S4). Tukey’s multiple
comparison test identified five statistically distinct groups. Treatments T12, T3, T9, and
T6 presented the highest VVI values (110.18, 107.52, 105.64, and 98.41, respectively;
group a), whereas T2 and T8 exhibited the lowest means (18.19 and 18.20, respectively;
group d). The remaining treatments, classified into groups b, bc, and cd, displayed
intermediate VV1 values (Figure 8A).

The VVI also differed significantly among Hylocereus species (p < 0.0001). According
to Tukey’s test, H. costaricensis showed the highest mean index value (105.44; group a),
while H. megalanthus exhibited the lowest mean (28.56; group c¢). H. undatus displayed
an intermediate VVI1 and was classified in group b (Figure 8B).
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Figure 8. Vegetative vigor index (VVI) of (A) 12 treatments and (B) three Hylocereus
species. Different letters above the boxes indicate statistically significant differences
according to Tukey’s test (p < 0.05).

Effect size estimates (np?) and binomial GLM results consistently identified species as
the most influential factor affecting propagation performance. Species explained between
55% and 98% of the observed variance in growth-related traits and showed the strongest
effect on cutting viability, whereas rooting agents and substrates generally contributed
less to the observed variation (Supplementary Tables S1-54).

3.4. Spearman correlation between evaluated variables

Spearman’s correlation analysis (Figure 9) showed significant associations among most
of the variables evaluated. Due to its inverse nature, shoot emission time (SET) exhibited
negative correlations with all other variables: shoot length (SL) (p = —0.90*), number of
roots (NR) (p = —0.77*), root lengthi (RL) (p = —0.51%*), cutting viability (CV) (p =
—0.73*), and vegetative vigor index (VVI) (p = —0.85%). In contrast, number of shoots
(NS) showed weak correlations with most variables (p = 0.16-0.25), although a moderate
positive correlation was observed with RL (p = 0.49%).

Among the vegetative growth variables, strong positive correlations were detected
between SL and NR (p = 0.73*), RL (p = 0.57*), CV (p = 0.76*), and VVI (p = 0.89%).
Likewise, NR was positively correlated with CV (p =0.81*), VVI (p = 0.80%*), and RL (p
= 0.46*). The strongest positive association was observed between CV and VVI (p =
0.92%).
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Figure 9. Spearman correlation matrix with density and scatter plots by species for the
seven variables evaluated in Hyloceresus spp.

3.5. Principal component anaiysis (PCA) of the variables evaluated

The principal component analysis (PCA) explained 87.3% of the total variance based on
the first two dimensions (Dim1 = 69.3% and Dim2 = 18.0%) for the three Hylocereus
species (Figure 10). Dim1 represented a vegetative performance gradient, with strong
positive loadings for shoot length (SL), number of roots (NR), root length (RL), cutting
viability (CV), and vegetative vigor index (VVI), and a negative loading for shoot
emission time (SET), reflecting its inverse relationship with the other traits. Thus, higher
Dim1 values indicated more vigorous seedlings, characterized by greater rooting capacity
and earlier shoot emergence. Dim2 captured secondary variation primarily associated
with the number of shoots (NS).

The species exhibited distinct distributions along the PCA axes. H. costaricensis was
positioned toward higher values of SL, NR, RL, CV, and VVI, whereas H. megalanthus
was associated with higher SET values. H. undatus occupied an intermediate position and
was associated with higher NS values.
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4. Discussion

The results indicate that vegetaiive propagation of pitahaya through cuttings is strongly
influenced by rooting agents, substrate type, species-specific responses, and the
interaction among these factors. Regarding shoot emission time (SET), H. costaricensis
consistently exhibited the shortest emission times, indicating faster shoot emergence
compared with the other species evaluated. These findings agree with those reported by
Chhetri et al.?, who observed earlier sprouting in H. costaricensis cuttings relative to other
pitahaya varieties.

In contrast, Anagha et al.® reported a mean sprouting time of 13.2 days for H. undatus
grown in vermicompost, which is considerably shorter than the minimum value recorded
in the present study (21.53 days). This discrepancy may be associated with substrate
composition, as vermicompost is rich in readily available nutrients and supports high
microbial activity, particularly enhancing nitrogen (N) and phosphorus (P) availability 3
41 These conditions can accelerate metabolic processes related to bud activation and shoot
emergence, thereby reducing the time required for sprouting.

The faster shoot emergence observed in H. costaricensis may also be associated with
differences in endogenous hormonal balance and reserve mobilization. Adventitious
shoot formation depends largely on the interaction between auxins, cytokinins, and
carbohydrate availability. Species with a more favorable hormonal balance can activate
dormant meristems more rapidly, resulting in earlier sprouting and improved



establishment. In addition, greater mobilization of stored reserves may support the
metabolic demands required for bud activation and initial shoot development.

Similarly, Cardoso et al.*?, who evaluated five Hylocereus species, reported that H.
undatus exhibited greater rooting capacity and higher cutting viability than H.
costaricensis. This contrasts with the findings of the present study, in which H.
costaricensis showed the highest cutting viability (CV), surpassing H. undatus. In
addition, H. megalanthus consistently exhibited the lowest CV values regardless of the
rooting agent or substrate used. The reduced viability observed in this species may be
associated with its ecological requirements, as H. megalanthus is better adapted to
altitudinal ranges between 800 and 1800 m a.s.l. *. Differences in environmental
adaptation may therefore influence rooting responses and propagation success among
species.

Regarding the variables associated with vegetative development, the responses of number
of shoots (NS) and shoot length (SL) varied among treatments. At the interaction level
(A x B x C), the highest NS value was observed in H. undatus established in substrate 2
and treated with NAA + IBA (T7), reaching a mean of 1.6 shoots per plant (Figure 5A).
In comparison, Filho et al.* reported an average of 3.25 shoots per plant in H. undatus
cuttings treated with IBA, a value considerably higher than that cbtained in the present
study. This difference, despite involving the same species and a similar rooting inducer,
may be attributed to variation in substrate composition and environmental conditions,
which play a key role in vegetative propagation processes 2.

For shoot length (SL), the highest mean value was recorded in H. costaricensis under the
combination of substrate 1 and seaweed extract (T3), reaching 68.67 cm after four months
of evaluation. By comparison, Cardoso et al.** reported shoot lengths of 27.25 cm and
22.18 cm for H. undatus and H. costaricensis, respectively, at 82 days, while Chhetri et
al.® observed 52.1 cm at 90 days. These differences are likely associated with variation in
evaluation period, as ionger experimental durations generally allow greater shoot
elongation to be expressed. Supporting this interpretation, Navarrete Torres et al.*®
reported a total plant height of 263.40 cm in H. undatus after nine months, highlighting
the strong influence of developmental time on shoot growth in pitahaya.

Successful rooting during vegetative propagation is strongly influenced by substrate
moisture conditions and the use of rooting stimulants 47, In the present study, the
number of roots (NR) variable showed that treatments T3 and T12 produced the highest
averages, with 5.30 and 5.23 roots per plant, respectively. This indicates that the species
H. costaricensis and substrate 1 were the most decisive factors, while the type of rooting
agent had no significant influence.

By comparison, Cardoso et al.*? evaluated the effect of biostimulants on pitahaya cuttings
and reported averages of 15.13 and 9.13 roots per plant for H. undatus and H.
costaricensis, respectively, using a commercial substrate enriched with river sand. These
differences could be attributed to the physical and chemical properties of the substrate, as
such formulations are specifically designed to optimize moisture balance and aeration for
vegetative propagation.

With respect to root length (RL), the highest values were observed in treatments
combining NAA + IBA and substrate 1, particularly in H. costaricensis and H. undatus



(treatments T12 and T10), which reached mean root lengths of 42.69 cm and 41.38 cm,
respectively, after four months of evaluation. Previous studies have reported lower RL
values, including 24.07 and 19.00 cm in H. undatus and H. costaricensis at 82 days *2,
25.2 cm in H. costaricensis at 90 days 8, and 13.6 cm in H. megalanthus at 90 days “8.
These differences are likely associated with variation in evaluation period, as the cited
studies assessed rooting for less than four months.

However, Navarrete Torres et al.*® reported a maximum root length of 22.89 cm in H.
undatus after nine months, suggesting that although evaluation time can influence root
development, root elongation dynamics may vary depending on species and propagation
conditions, particularly during early stages of vegetative establishment. Taken together,
these results indicate that root development is influenced by both species-specific
responses and the physicochemical properties of the substrate.

The vegetative vigor index (VVI) integrates all evaluated variables except shoot emission
time (SET), as this variable is inversely related to the other growth parameters. The results
showed that treatments involving H. costaricensis consistently exhibited the highest VVI
values. In particular, treatment T12 recorded the highest index, indicating that the
interaction between H. costaricensis, NAA + IBA, and substrate 1 was associated with
the greatest vegetative vigor.

Notably, both the highest and lowest VVI values were obtained with substrate 1,
suggesting that substrate alone may not fully determiirie wvariation in this index.
Nevertheless, previous studies emphasize that substrate chiaracteristics play a critical role
in the vegetative propagation of pitahaya *°. According to Campbell et al.*, selecting an
appropriate substrate is essential, as low porosity can promote waterlogging and reduce
oxygen availability in the rhizosphere *°. In this study, substrate 1 may have contributed
to improved vegetative development due to its composition. The combination of forest
soil, compost, and cattle manure likely enhances nutrient availability, organic matter
content, and microbial activity, which can promote root formation and overall plant
growth 135,

Not all plants respond uniformly to a specific type of stimulant; this response may vary
even among individuals of the same species *2. In the present study, rooting agents
significantly influenced the vegetative vigor index (VVI), with the combination of NAA
+ IBA being associated with higher VVI values compared to the seaweed extract.
However, several studies have reported beneficial effects of seaweed-based products on
vegetative propagation, attributing their activity to phenolic compounds and hormone-
like substances that enhance endogenous auxin activity and nutrient assimilation >3-,
Indeed, °" observed superior growth responses with seaweed extracts compared to
synthetic NAA in lettuce and tomato transplants, reflected in increased biomass
accumulation and dry matter content. These contrasting findings suggest that the
effectiveness of biostimulants may depend on species-specific responses, physiological
status of the cuttings, and environmental conditions during propagation.

Auxin based rooting agents containing NAA and IBA, which were associated with higher
effectiveness than seaweed extract under the conditions of this study, are among the most
widely used compounds in vegetative propagation due to their consistent efficacy across
a wide range of plant species 7. Their activity is primarily related to the stimulation of
cell division, elongation, and differentiation processes that are essential for adventitious



root initiation and development 8°°. Numerous studies have reported that IBA, in
particular, tends to promote superior rooting responses in cuttings compared with other
plant growth regulators %62,

The superior performance observed in treatments receiving NAA + IBA may be explained
by the complementary physiological roles of these auxins during adventitious root
formation. Auxins stimulate cell dedifferentiation, cell division, and the development of
root primordia, while also enhancing vascular reconnection between the cutting and
newly formed roots. Root formation increases water and nutrient uptake capacity, which
subsequently supports shoot elongation and overall vegetative growth. These
physiological processes may explain the positive responses observed for shoot length,
root length, and vegetative vigor.

The contrasting physicochemical properties of the substrates may have contributed to the
observed responses. Substrate 1 exhibited higher organic matter, total nitrogen, and
electrical conductivity than Substrate 2 (Supplementary Table S5), potentially enhancing
nutrient availability and root establishment. In addition, the effectiveness of exogenous
auxins is influenced by substrate conditions, as adequate moisture and aeration favor root
primordia formation and root elongation. Therefore, the superior performance observed
in several treatments likely resulted from the interaction between hormonal stimulation
and substrate properties.Although species of the genus Hvlocereus can be cultivated
under marginal agronomic conditions and warm climaies %34 their physiological
responses can vary and may be constrained by thermal conditions, which are a
determining factor for plant growth and development . Based on the morphological
differences observed across treatments (Figure 6), the ANOVA results, and the effect size
analyses, species identity emerged as the most influential factor affecting vegetative
propagation in pitahaya. Effect size analysis (np?) for growth-related traits and binomial
GLM results for cutting viability consistently identified species as the most influential
factor affecting propagation performance (Supplementary Tables S1-S4). The dominant
influence of species likely reflects intrinsic ecophysiological differences, including
growth dynamics, hormonal balance, and rooting capacity, which determine propagation
performance under nursery conditions.

Among the 12 treatments evaluated, H. costaricensis consistently exhibited shorter shoot
emission time (SET), higher cutting viability (CV), greater shoot length (SL), number of
roots (NR), and root length (RL), whereas number of shoots (NS) did not follow this same
pattern. In contrast, H. megalanthus generally showed the lowest values for most
vegetative growth variables, while H. undatus displayed intermediate responses. These
differences suggest the presence of species-specific morphological and physiological
traits that influence vegetative propagation responses.

In particular, H. megalanthus appears to be less adapted to hot and arid environments
compared with H. costaricensis and H. undatus %7, which may partly explain its reduced
rooting and growth responses under the conditions of this study. Furthermore, it has been
demonstrated that plant responses to hormonal stimuli depend on the biochemical,
physiological, and molecular capacities of each tissue to perceive and transduce these
signals % highlighting the importance of species-specific sensitivity to growth
regulators during vegetative propagation.



These findings indicate that vegetative propagation of pitahaya is governed by a complex
interaction among species-specific genetic, physiological, and environmental factors.
Although rooting agents and substrate type influenced vegetative development, their
effects were strongly modulated by species identity and prevailing propagation
conditions. The results provide robust evidence for optimizing propagation protocols in
Hylocereus spp. and underscore the need for further research addressing field adaptation,
as well as the physiological and molecular mechanisms underlying the interspecific
differences observed. Collectively, these insights contribute to improving propagation
efficiency, strengthening production strategies, and promoting the long-term
sustainability of pitahaya cultivation in tropical regions.

Some limitations of this study should be acknowledged. The experiment was conducted
under nursery conditions over a relatively short period and without the same level of
environmental control as growth chamber studies. Furthermore, although the cuttings
were obtained from healthy and uniform mother plants, some degree of biological
variability may have influenced the observed responses. In addition, the study focused on
morphological and vegetative growth traits without addressing the physiological or
molecular mechanisms underlying rooting and shoot development. Therefore, future
research should evaluate the field performance of propagated plants and investigate the
physiological, biochemical, and molecular processes that reoulate rooting, vegetative
growth, and species-specific responses.

5. Conclusions

Vegetative propagation of pitahaya was irfluenced by the interaction among multiple
factors, with species identity emerging as the primary determining factor. Effect size
analysis (np?) confirmed that species explained the largest proportion of variance across
all evaluated variables. Among the species evaluated, Hylocereus costaricensis exhibited
the most consistent and favorable responses in establishment and vegetative growth
variables, as well as the highest vegetative vigor index (VVI).

Regarding rooting agents, the application of NAA + IBA was associated with higher
responses than the seaweed extract (Ecklonia maxima), particularly in root development
and overall seedling vigor, supporting the effectiveness of synthetic auxins in stimulating
cell division and elongation processes. With respect to the propagation medium, substrate
1 composed of forest soil, compost, and cattle manure resulted in higher values for root
and vegetative growth variables compared with the other substrates evaluated.

The interaction between H. costaricensis, substrate 1, and NAA + IBA (treatment T12)
produced the highest VVI, identifying this combination as the most favorable for
vegetative propagation under nursery conditions. Collectively, these findings provide a
scientific basis for improving pitahaya propagation protocols under nursery conditions.
However, further field validation is required to confirm seedling performance after
transplantation and to support large-scale implementation.
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