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A B S T R A C T

Vaccinium meridionale is an Andean species of high nutraceutical value whose conventional propagation is 
limited by its low multiplication rate. In this study, an integrated micropropagation protocol was developed, 
encompassing in vitro establishment through ex vitro rooting. During the establishment phase, fungal contami
nants were identified, detecting genera such as Diaporthe, Fusarium, Colletotrichum and Phoma. In the multipli
cation phase, the basal media Driver and Kuniyuki (DKW), Woody Plant Medium (WPM) and Murashige and 
Skoog (MS) were evaluated, supplemented with zeatin (Zea), 2-isopentenyladenine (2iP), meta-topolin (mT) and 
thidiazuron (TDZ), all applied at equimolar concentrations of 2.5 μM. Morphogenic parameters, photosynthetic 
pigment content, SPAD index and elemental composition of regenerated tissues were quantified. DKW medium 
supplemented with Zea or 2iP promoted the formation of 9–10 shoots, with lengths of 2.5–2.9 cm, SPAD values 
of 35–36, and chlorophyll content >31 μg/mL. The accumulation of P, Ca, Mg, Fe, Zn, Cu and Mn in the tissues 
varied widely among treatments. During rooting, the application of 500 ppm naphthaleneacetic acid (NAA) 
induced the formation of longer roots, as well as vigorous and elongated shoots with a high number of leaves. 
This optimized protocol provides a valuable tool for the propagation of V. meridionale, with potential applications 
in conservation, genetic improvement and commercial plant production.

1. Introduction

The Andean blueberry (Vaccinium meridionale Swartz) is a shrub of 
the Ericaceae family endemic to the Andean regions of South America, 
inhabiting environments ranging from cloud forests to shrublands 
located between 1,500 and 3,000 m a.s.l. in countries such as Ecuador, 
Colombia, Venezuela, and Peru1–3. In recent years, several studies have 
highlighted that fruits of V. meridionale contain high levels of anthocy
anins, procyanidins, flavonoids, polyphenols, and hydroxycinnamic 
acids, in addition to exhibiting strong antibacterial and antioxidant 

activity4–6. For instance, Garzón et al.2 demonstrated that Andean 
blueberry extracts have strong antibacterial effects against Staphylo
coccus aureus and Escherichia coli. Furthermore, these fruits have been 
reported to reduce the viability and proliferation of human colon cancer 
cells7, display cytotoxic properties against leukemic cell lines8,9, and 
exert anti-inflammatory and antioxidant effects in overweight 
women10,11. Other studies revealed the potential of Andean blueberry 
polyphenols for blood pressure regulation and their adjuvant anti- 
inflammatory effect when combined with aspirin8,11. Altogether, these 
benefits have established the Andean blueberry as a nutraceutical food, 
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both fresh and processed12.
Due to its multiple properties and uses, demand in both local and 

international markets has increased considerably. However, meeting 
market needs poses significant challenges, as fruits are mainly collected 
from wild populations and small-scale plots with low yields, which 
limits year-round availability and uniformity in berry size13. 
V. meridionale has shown remarkable adaptability to specific cultivation 
conditions, particularly its ability to thrive in acidic soils (pH 4.4–5.4), 
making it an ideal crop for Andean regions where fruits are scarce and 
soils are predominantly acidic2,14.

Expanding production areas necessitates the development of 
improved propagation methods for the species. Traditionally, 
V. meridionale is propagated through seeds, shoot cuttings, and air 
layering techniques, which face difficulties such as low germination 
rates, poor rooting percentages, lack of uniformity, long propagation 
periods, and a risk of disease dissemination. For example, seed germi
nation rates below 25 %15 and rooting rates between 18 % and 33 %16

have been reported, with waiting periods of 1–2 years to obtain plants 
suitable for field establishment17. In this context, micropropagation has 
proven to be a valuable tool for the rapid, efficient, and disease-free 
production of multiple plantlets18–20. However, the success of this 
technique is strongly influenced by factors such as genotype/species, 
culture medium composition, growth regulators, and culture environ
ment21. Reports of successful micropropagation for V. meridionale have 
been scarce, especially when nodal segments or explants from adult 
plants have been used. Studies conducted during the establishment and 
multiplication phases have shown that WPM (Woody Plant Medium)22

and AND (Anderson Medium) have induced oxidative necrosis of up to 
70 % and have promoted the formation of thin, reddish stems and 
leaves23–25, while MS medium (Murashige and Skoog)26 has resulted in 
poor elongation23. Conversely, in V. arboreum, a species closely related 
to V. meridionale, the DKW (Driver and Kuniyuki)27 medium has been 
reported to promote the formation of vigorous shoots with large leaves 
and rapid elongation25. This highlights the need for research that is 
species-, variety-, and genotype-specific.

Growth regulators, essential chemicals in micropropagation, also 
play critical roles19. For instance, cytokinins regulate a variety of 
cellular processes involved in shoot induction28, and their effects vary 
depending on type, classification, and dosage. Regulators such as zeatin, 
2iP, and TDZ have been widely used in Vaccinium species; for example, 
2iP applied at 20 mg L− 1 induced small shoots, high callus formation, 
and hyperhydration in V. meridionale29. Similarly, TDZ has been applied 
to multiply recalcitrant Vaccinium species24,30. Other hormones, such as 
meta-topolin (mT), have shown greater stability in some woody species, 
improving multiplication, maintaining genetic stability, reducing shoot 
tip necrosis, delaying senescence and hyperhydricity, and alleviating 
physiological disorders31,32. Thus, the current trend is to optimize pro
tocols using cost-effective cytokinins that enhance shoot regeneration33.

Knowing that species (genotypes and cultivars) respond differently 
to the type and concentration of media or growth regulators25,34,36, and 
that multiplication methods suitable for one cultivar may not be optimal 
for others35, the present research aims to provide relevant information 
on the micropropagation process of V. meridionale. In this context, the 
objective of this study was to establish a micropropagation protocol for 
V. meridionale, beginning with establishment, where contaminants were 
identified, and subsequently evaluating during multiplication the 
interaction of basal media and types of cytokinins, while also incorpo
rating indicators of physiological development, photosynthetic pig
ments, nutrient content, and ex vitro rooting capacity. Through a 
sequential approach, both early morphological responses and shoot 
biomass yield and functional quality were assessed to optimize an in
tegrated micropropagation protocol applicable to this native species of 
high nutraceutical value.

2. Materials and methods

2.1. Plant material

Shoots of Vaccinium meridionale Sw. were obtained from two sources: 
(i) plants collected directly from their natural habitat, which were 
taxonomically identified by Tineo et al.36 through morphological and 
molecular analyses; and (ii) plants obtained by sexual reproduction 
under controlled greenhouse conditions. From the latter, genotype 
INDES-002 (Fig. 1) was selected, corresponding to a five-year-old plant 
in the productive stage, grown in 10 L containers with a slightly acidic 
substrate (pH 5.34) and 7.69 % organic matter content.

2.2. In vitro establishment and identification of contaminants in field 
explants

Apical shoots of adult plants collected in their natural habitat were 
subjected to surface disinfection protocols that included immersion in 
ethanol (70 %, 0.5-2 min), sodium hypochlorite (1.5-3%, 3-15 min), 
calcium hypochlorite (0.25 %, 3-4 min), and mercuric chloride (0.1 %, 
30-60 s). Subsequently, explants were cultured on WPM medium of 
Lloyd and McCown22 (L449, PhytoTechnology, Shawnee Mission, KS, 
USA), adjusted to pH 5.2. At 15 and 30 days, their condition was eval
uated, and those with fungal contamination were isolated on Potato 
Dextrose Agar (PDA) medium for molecular identification using the ITS 
region of ribosomal DNA. Due to the high level of contamination and 
oxidation, these explants were not used in the subsequent multiplication 
phases.

2.3. In vitro establishment with greenhouse explants

The vigorous and productive mother plant (Fig. 2A) was treated with 
Protexin® (Carbendazim, 2 mL L− 1) every seven days.Young shoots (12 
cm) were collected (Fig. 2B), leaves were removed, leaving 2 mm of 
petiole (Fig. 2C), and the shoots were washed with water and detergent 
for 30 min. Stems were trimmed to 6 cm and disinfected under a laminar 
flow hood with 70 % ethanol (1 min), 1 % sodium hypochlorite (5 min), 
and 0.1 % mercuric chloride (2 min), using Tween 20 as a surfactant. 
Finally, they were rinsed with sterile deionized water, and the ends were 
removed.

Explants (3 cm) were transferred to tubes containing 10 mL of WPM 
medium, supplemented with vitamins, sucrose (30 g L− 1), agar (6 g L− 1), 
and ascorbic acid (1.5 mg L− 1) (Fig. 2D), until shoot induction was 
achieved (Fig. 2E)

2.4. In vitro multiplication assays and growth conditions

Fifteen treatments resulted from the combination of three basal 
media: DKW27 (D2470), WPM, and Murashige and Skoog26 (M519), 
with four cytokinins: zeatin (Zea) (Z125), the isoprenoid 2-isopentenyla
denine (2iP) (D525), the aromatic meta-topolin (mT) (T841), and the 
synthetic thidiazuron (TDZ) (T888), plus a control without hormones for 
each medium. All cytokinins were applied at equimolar concentrations 
of 2.5 μM, determined from preliminary assays with zeatin at different 
concentrations (0.5, 1.0, 2.0, 2.5, 4.0, 6.0, 8.0, and 18 μM). All reagents 
were supplied by PhytoTechnology Laboratories, Shawnee Mission, KS, 
USA.

From a container with hormone-free WPM culture medium (Fig. 2F), 
1.5 cm nodal segments with three to five axillary buds were cultured, as 
shown in (Figs. 2G and 2H) and grow in magenta flasks (Cat. No. 
310074, SPL Life Sciences Korea) with 40 mL of medium until devel
opment according to the treatments (Fig. 2I). Media were adjusted to pH 
5.2 and sterilized (121 ◦C, 20 min, 105 kPa). Cultures were maintained 
at 25 ± 1 ◦C under a 16 h photoperiod (3000 lx). Subcultures were 
performed monthly maintaining the study treatments.37.
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Fig. 1. Mother plant of V. meridionale (Genotype INDES-002) grown in a greenhouse. A) Front view of the plant, B) Top view, C) Flowering, D) Fruit formation.

Fig. 2. Aseptic establishment and initial in vitro multiplication: A) mother plant, B) collected shoots, C) leaf removal for explant preparation, D) explant placed on 
culture medium, E) induction of axillary shoots, F) Shoots in hormone-free medium, G) top view of nodal segments, H) front view of nodal segments, I) induction of 
shoots in the treatments.
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2.5. Evaluation of shoot morphology, callus formation, and biomass

Morphological evaluations were carried out at 30 and 60 days of in 
vitro culture. At 30 days, the number of shoots per explant and the 
percentage of callus formation were recorded. Digital images were taken 
to measure the length of the longest shoot and the areas occupied by 
shoots and callus in the culture medium, using ImageJ software38,39, 
with regions manually delimited using the “freehand” tool. In addition, 
fresh callus weight was recorded at the time of monthly subculturing.

At 60 days, the total number of shoots per explant and their average 
length were evaluated. Fresh and dry shoot weights were also deter
mined, with samples dried at 60 ◦C for 72 h. From these values, dry 
matter content was calculated using the formula40,41: 

Dry matter content (%) = 100 × (dry weight / fresh weight)

2.6. Determination of photosynthetic pigments and SPAD index at 60 
days

The Soil Plant Analysis Development (SPAD) index, a numerical in
dicator used to estimate the relative chlorophyll content in leaves, was 
measured by taking readings from three central leaves using a SPAD-502 
Plus meter (Konica Minolta, Japan). To quantify chlorophylls and ca
rotenoids, 0.2 g of fresh tissue was extracted with 80 % acetone, MgCO3, 
and centrifuged (2500 rpm, 10 min, 10 ◦C). Absorbances were measured 
at 663.2, 646.8, and 470 nm with a spectrophotometer (GENESYS 180, 
Thermo Fisher Scientific, USA). Concentrations were calculated using 
the equations of Lichtenthaler and Buschmann42:

Chlorophyll a (μg⋅mL− 1): 12.25 A663,2–2.79 A646,8.
Chlorophyll b (μg⋅mL− 1): 21.50 A646,8–5.10 A663,2.
Chlorophyll a + b (μg⋅mL− 1): Chlorophyll a + Chlorophyll b.
Carotenoids (μg⋅mL− 1): (1000 A470 − 1.82 Chl a − 85.02 Chl b) / 

198.

2.7. Quantification of nutrients in in vitro explants at 60 days

Mineral nutrient analysis was performed on lyophilized leaf tissue 
using a 4.5 L FreeZone lyophilizer (Labconco Corp., USA). Samples were 
finely ground, and 0.2 g was weighed for acid digestion with a nitric 
acid–perchloric acid mixture in a 6:2 ratio (v/v). After the reaction was 
complete, the samples were filtered, and the final volume was adjusted 
to 25 mL with ultrapure water.

The quantification of P, Ca, Mg, Fe, Zn, Cu, and Mn was performed 
using microwave plasma–atomic emission spectroscopy (MP-AES, 
model 4100, Agilent Technologies, USA). Measurements were carried 
out using calibration curves generated from standard solutions within 
the following ranges: macronutrients (P, Ca, Mg), 0.01–10 ppm; 
micronutrients (Fe, Cu, Mn, Zn), 0.05–8 ppm.

2.8. Ex vitro rooting assay

Uniform shoots (3–5 cm long, with at least two nodes) were selected 
and transplanted into trays with pre-moistened ARANMIX® #8 sub
strate. Seven treatments with naphthaleneacetic acid (NAA) (N600, 
PhytoTechnology Laboratories, Shawnee Mission, KS, USA) were diluted 
in 1N NaOH at concentrations of 0, 250, 500, 1000, 1500, 2000, and 
3000 ppm, by basal immersion of explants for 3 s. The trays were placed 
in humid chambers under controlled conditions of temperature (25 ± 2 
◦C) and relative humidity above 80 %.

At 45 days after transplantation, the following variables were eval
uated: root length (cm), shoot length (cm), root/shoot ratio, and number 
of leaves per plant.

2.9. Experimental design and statistical analysis

In the multiplication assays, a completely randomized design (CRD) 

with a 3 x 5 factorial structure (15 treatments) was used, with five 
replications per treatment (magenta jars containing four explants). 
Generalized Linear Mixed Models (GLMMs) were applied to evaluate the 
effects of basal media, cytokinins, and their interaction at 30 and 60 
days. Analyses were performed using InfoStat v.2020 and R v.4.3.3, with 
Maximum Likelihood (ML) and Restricted Maximum Likelihood (REML) 
estimation. Heterogeneous variance structures were adjusted, and jars 
were considered as random effects. Model selection was based on the 
Akaike Information Criterion (AIC) and the Bayesian Information Cri
terion (BIC). Hypotheses were tested at p ≤ 0.05, and Fisher’s LSD test 
was applied for mean comparisons. The destructive nature of some 
procedures was taken into account, and priority was given to preserving 
material for subsequent stages. Percentage variables were transformed 
using the expression y = arcsine (√(x/100)) for analysis as parametric 
data. Results were interpreted on their original percentage scale. For the 
rooting assays, a completely randomized design (CRD) with seven 
treatments and five replications was used. Variables were analyzed with 
General and Mixed Linear Models.

3. Results

3.1. Establishment and identification of contaminants

The assays conducted with apical shoots collected from the field, 
using different combinations of disinfectants and concentrations, 
showed 100 % fungal contamination and phenolic oxidation. Eight 
morphotypes were identified, mainly belonging to the genera Diaporthe, 
Fusarium, Colletotrichum, and Phoma, with identity percentages above 
95 % compared with reference strains from GenBank (Table 1). The 
observed symptoms included white or dark cottony mycelium on the 
stem, mycelial growth in the culture medium, and pigmented colonies 
adhering to the container walls.

In contrast, explants obtained from greenhouse-grown plants 
allowed for more successful in vitro establishment, although some losses 
were recorded during the first weeks. After a long period of four months, 
the regenerated shoots reached lengths of 5–7 cm (Fig. 2 A–E).

3.2. Morphological response of shoots and callus formation at 30 days

The number of shoots per explant at 30 days varied significantly 
among treatments (Table 2). The highest values were recorded in WPM 
with mT (4.45 ± 0.28), DKW with 2iP (4.45 ± 0.21), and WPM with Zea 
(4.15 ± 0.17). In contrast, treatments with DKW without cytokinins or 
supplemented with TDZ, as well as MS without cytokinins or supple
mented with mT, TDZ, or 2iP, showed the lowest values and were sta
tistically similar to each other.

The longest shoot length at 30 days was observed in DKW with 2iP 
and Zea, WPM with 2iP, and MS with Zea, which were significantly 
equal among themselves. The lowest values were DKW with mT and 
TDZ, WPM with TDZ, and MS supplemented with 2iP, mT, and TDZ. 
(Table 2).

In terms of sprouting area, the highest values were obtained in DKW 
with Zea or 2iP and in WPM with Zea or 2iP, treatments that were sta
tistically equal. In contrast, DKW without cytokinins and MS without 
cytokinins or supplemented with 2iP, mT, or TDZ had the smallest 
sprouting areas. (Table 2).

Callus induction varied among treatments. The highest percentages 
were observed in WPM and DKW with TDZ, as well as in treatments with 
Zea in DKW, WPM, and MS, and in WPM with 2iP. In contrast, no callus 
formation was observed in the DKW and MS controls, nor in the MS 
treatment with mT. (Table 2).

In terms of callus surface area in the medium, the highest values were 
observed in DKW with TDZ (1.02 ± 0.06 cm2) and WPM with TDZ (1.00 
± 0.06 cm2). The greatest callus fresh weight was also obtained with 
DKW plus TDZ (0.58 ± 0.03 g), followed by WPM with TDZ (0.46 ±
0.03 g) (Table 2).
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3.3. Morphological response and shoot biomass at 60 days

Sprouting capacity varied significantly among the combinations of 
basal medium and cytokinin at 60 days, with contrasting responses in 
the number and size of the shoots developed (Figs. 3 and 4). For the 
number of shoots, the most effective combinations were DKW with Zea 
(10.50 ± 0.37), WPM with Zea (9.91 ± 0.33), and DKW with 2iP (9.17 
± 0.66), with no statistical differences among them. At the opposite end, 
the lowest values were observed in the DKW, WPM, and MS media 
without cytokinins, as well as in MS with mT and WPM with TDZ (Figs. 3 
and 4).

Regarding mean shoot length, the treatments with DKW plus Zea 
(2.93 ± 0.10 cm) and DKW plus 2iP (2.53 ± 0.23 cm) reached the 
highest values, being significantly superior to the others. In contrast, the 
smallest shoots were obtained in the WPM, MS, and DKW media sup
plemented with the cytokinin TDZ, similar to those obtained in MS 
without cytokinins, all below one centimeter (Figs. 3 and 4).

The analysis of biomass in regenerated shoots reflected similar pat
terns. The shoots with the highest fresh weight were recorded in DKW 
with Zea (3334.00 ± 51.54 mg), followed by the combination of DKW 

with TDZ (3085.80 ± 83.12 mg), which was determined by callus for
mation and leaf deformation (Fig. 4), The shoots with the lowest fresh 
weight corresponded to MS without cytokinins (Table 3).

Regarding shoot dry weight, the combination of DKW with Zea 
(378.80 ± 18.26 mg) presented the highest values, whereas the MS 
culture medium without regulators showed the lowest values (0.16 ±
0.13 mg). The percentage of dry matter in the shoots displayed a 
different pattern, with the highest values obtained in WPM with 2iP 
(18.48 ± 0.01%) and DKW with 2iP (17.63 ± 0.01%), while the lowest 
percentage was also recorded in MS without regulators (0.16 ± 0.04%).

3.4. Photosynthetic pigment content and SPAD index at 60 days

The SPAD index was highest in culture media containing DKW 
combined with 2iP (36.87 ± 0.70) and DKW combined with Zea (35.72 
± 0.70), followed by WPM with 2iP (33.49 ± 0.70) and the WPM control 
(32.41 ± 0.70). In contrast, the lowest values were recorded in MS 
culture media with Zea (12.99 ± 0.70) and MS with TDZ (13.65 ± 0.70), 
with similar values between them (Table 4).

Total chlorophyll content was greatest in DKW with 2iP and DKW 

Table 1 
Molecular identification of fungi isolated from V. meridionale explants cultured in vitro.

Scientific name Lab code Host (in vitro) Observed symptom Identity 
(%)

Reference strain 
(GenBank)

ITS accession 
number

Diaporthe passiflorae AFHP102 Vaccinium 
tissue

White cottony mycelium on the stem. 99.46 KR534744.1 PX658207

Diaporthe sp. CLY-13 AFHP103 Vaccinium 
tissue

Dark mycelium on the stem. 97.83 AB537342.1 PX658208

Uncultured fungus AFHP104 Vaccinium 
tissue

Orange colony attached to the tube. 95.91 MT236569.1 PX658209

Phoma sp. G358 AFHP105 Vaccinium 
tissue

White-dark mycelium in the medium, beneath the stem. 99.82 KR094449.1 PX658210

Colletotrichum sp. AFHP106 Vaccinium 
tissue

Abundant mycelium in the culture medium. 99.78 MN744300.1 PX658211

Fusarium begoniae AFHP108 Vaccinium 
tissue

Dark mycelium on the medium and stem. 99.64 KM577645.1 PX658212

Fusarium sp. AFHP109 Vaccinium 
tissue

White mycelium in the medium, attached to the stem. 99.82 KX496881.1 PX658213

Diaporthe 
phaseolorum

AFHP110 Vaccinium 
tissue

Abundant mycelium in the culture medium, attached to 
the stem.

98.98 EU272530.1 PX658214

Table 2 
Effect of basal media and cytokinin type on morphological variables and growth of shoots and calli during the in vitro multiplication phase of V. meridionale, 30 days 
after the beginning of the experiment.

Basal 
medium

Cytokinin 
type

N◦ of shoots per 
explant1

Length of the 
longest shoot (cm)1

Shoot surface area in the 
medium (cm2)1

Callus 
induction (%)1

Callus surface area in the 
medium (cm2)2

Fresh callus 
weight (g)2

DKW Control 1.25 ± 0.10 ef 0.64 ± 0.03 bcde 5.86 ± 0.42 gh Sin Callus Sin Callus Sin Callus
Zea 3.15 ± 0.20b 0.71 ± 0.03 abc 12.11 ± 0.63 a 70.39 ± 0.25 a 0.72 ± 0.06 bc 0.38 ± 0.03c
2iP 4.45 ± 0.21 a 0.78 ± 0.05 a 11.47 ± 0.59 ab 35.96 ± 0.25c 0.25 ± 0.06 fg 0.23 ± 0.03 d
mT 2.10 ± 0.24c 0.59 ± 0.04 defg 7.19 ± 0.46 d ef 24.98 ± 0.64c 0.20 ± 0.06 g 0.15 ± 0.03 e
TDZ 1.15 ± 0.08f 0.54 ± 0.03 fg 6.62 ± 0.48 efg 63.86 ± 0.25 a 1.02 ± 0.06 a 0.58 ± 0.03 a

WPM Control 1.85 ± 0.18 cd 0.63 ± 0.03 cde 8.18 ± 0.42 d 39.64 ± 0.36 bc 0.46 ± 0.06 d 0.20 ± 0.03 de
Zea 4.15 ± 0.17 a 0.59 ± 0.03 def 12.01 ± 0.63 a 67.09 ± 0.25 a 0.83 ± 0.06b 0.38 ± 0.03c
2iP 3.50 ± 0.17b 0.77 ± 0.06 ab 10.69 ± 0.59 ab c 60.72 ± 0.25 ab 0.57 ± 0.06 cd 0.31 ± 0.03c
mT 4.45 ± 0.28 a 0.65 ± 0.03 bcde 9.78 ± 0.46c 42.19 ± 0.25 bc 0.56 ± 0.06 cd 0.35 ± 0.03c
TDZ 1.55 ± 0.11 de 0.49 ± 0.02 g 7.40 ± 0.48 d e 88.10 ± 0.25 a 1.00 ± 0.06 a 0.46 ± 0.03b

MS Control 1.25 ± 0.10 ef 0.28 ± 0.02 h 5.22 ± 0.42 h Absence of callus Absence of callus Absence of callus
Zea 2.35 ± 0.20c 0.70 ± 0.04 abcd 9.93 ± 0.63 bc 48.92 ± 1.21 abc 0.28 ± 0.06 e fg 0.14 ± 0.03 e
2iP 1.35 ± 0.15 ef 0.54 ± 0.02 fg 6.40 ± 0.59 efgh 24.98 ± 0.64c 0.43 ± 0.06 de 0.17 ± 0.03 de
mT 1.20 ± 0.09f 0.55 ± 0.05 efg 6.03 ± 0.46 fgh Sin Callus Sin Callus Sin Callus
TDZ 1.05 ± 0.05f 0.51 ± 0.03 fg 6.26 ± 0.48 efg h 30.22 ± 0.25c 0.41 ± 0.06 d ef 0.15 ± 0.03 e

1Each value represents the adjusted mean ± standard error (n = 5; pseudoreplicates = 20). Values within the same column followed by different letters are significantly 
different according to Fisher’s LSD mean comparison test (α = 0.05).
2Each value in the table represents the adjusted mean ± standard error (n = 5). Mean values followed by different letters within a column are significantly different 
according to Fisher’s LSD test (p < 0.05).
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control (both with 40.92 ± 0.04), followed by WPM with 2iP (33.11 ±
0.04). The lowest values were observed in MS with TDZ (8.14 ± 0.04) 
and WPM with TDZ (11.03 ± 0.04). A similar pattern was found for 
chlorophyll a, where DKW with 2iP and DKW control reached the 
highest values (27.87 ± 0.03), while MS with TDZ (5.98 ± 0.03) and 
WPM with TDZ (7.71 ± 0.03) presented the lowest (Table 4).

For chlorophyll b, DKW with 2iP and DKW control also recorded the 
highest values (13.05 ± 0.02), followed by WPM control (10.29 ± 0.02). 
The lowest values were observed in MS with TDZ (2.15 ± 0.02), WPM 
with TDZ (3.32 ± 0.02), and MS with mT (4.42 ± 0.02) (Table 4).

The carotenoid content was highest in the WPM control (12.20 ±
0.02), followed by the DKW control and the 2iP treatment (11.65 ±
0.02), while the lowest values were recorded in MS with TDZ (2.03 ±
0.02), WPM with TDZ (2.92 ± 0.02), and MS with Zea (3.78 ± 0.02).

3.5. Nutrient quantification in in vitro explants at 60 days

Treatments based on DKW generally showed the highest nutrient 
contents, whereas treatments in MS medium, particularly with Zea and 
TDZ, exhibited the lowest levels (Table 5).

Phosphorus (P) content was highest in WPM with 2iP (285.89 ppm) 
and DKW with TDZ (285.61 ppm), while the lowest value was recorded 
in MS with Zea (49.90 ppm). For calcium (Ca), the highest levels were 
observed in DKW with TDZ (1595.41 ppm), followed by DKW with mT 
(1404.15 ppm). In contrast, MS with Zea showed the lowest value 
(398.43 ppm) (Table 5).

Regarding magnesium (Mg), DKW with TDZ also reached the highest 

concentration (276.73 ppm), followed by DKW with mT, while MS with 
Zea had the lowest accumulation (56.01 ppm). For iron (Fe), the DKW 
plus mT treatment stood out with the highest value (57.99 ppm), sur
passing all others, while WPM control was the lowest (13.79 ppm) 
(Table 5).

For zinc (Zn), the highest concentrations were found in DKW with 
mT (13.25 ppm), while MS with Zea reported the lowest (3.45 ppm). An 
opposite pattern was observed for copper (Cu), where MS with TDZ and 
MS with 2iP presented the highest concentrations (3.84 and 3.01 ppm, 
respectively), in contrast with DKW with TDZ (1.01 ppm) and WPM with 
2iP (1.20 ppm) (Table 5).

Finally, the greatest manganese (Mn) accumulation was obtained in 
DKW with Zea (27.95 ppm), followed by DKW with 2iP (25.95 ppm), 
whereas MS with Zea (3.51 ppm) and MS with TDZ (4.70 ppm) showed 
the lowest levels.

3.6. Ex vitro rooting induced by NAA

The greatest root development, measured as root length, was 
observed with the 500 ppm dose, followed by 2500 ppm. The treatments 
of 1000 to 2000 plus the 3000 ppm dose and the control had the shortest 
roots (Fig. 5A). In terms of shoot length, the highest values were also 
recorded with 500 and 2000 ppm, while the lowest was with 3000 ppm.

The root-to-shoot ratio was close to 1 with NAA at 3000 ppm, fol
lowed by 500, 1000, and 2500 ppm, with no differences observed be
tween the treatments. The lowest values were observed with 1500 and 
2000 ppm (Fig. 5B). The number of leaves varied among the treatments, 
with the highest values at 500, 1000 ppm, and 1500 ppm, and the lowest 
at 2500 and 3000 ppm.

Treatment with 500 ppm NAA promoted abundant and well- 
structured rooting, with fine, branched roots, which facilitated suc
cessful acclimatization in substrate, evidenced by vigorous plants with 
active growth during the nursery phase. (Fig. 6 A–C).

4. Discussion

The in vitro establishment of V. meridionale from field-derived apical 
shoots faced a strong limitation due to persistent fungal contamination 
(100 %), even after multiple disinfection protocols43. This level of 
infection reflects the high load of endophytic microorganisms present in 
plant tissues from natural environments, which may remain latent and 
become activated under favorable in vitro culture conditions44,45. The 
molecular identification of eight morphotypes, including Diaporthe 
passiflorae, Fusarium begoniae, Colletotrichum sp., and Phoma sp., con
firms that these are common pathogenic genera in blueberries, with high 
adaptability and resistance to disinfecting agents. Moreover, the pres
ence of pigmented colonies and abundant mycelium suggests elevated 
metabolic activity in the medium, which may be attributed to the 
interaction between endogenous phenolic compounds of the explant and 
opportunistic pathogens, a phenomenon already reported in other 
Vaccinium species46. Consequently, it has been proposed that the origin 
of the explant, rather than the disinfection process itself, is the deter
mining factor for successful culture, with greenhouse-acclimated tissues 
under strict phytosanitary management being preferable44,47,48. Under 
these conditions, although initial growth was slow (shoots of 5–7 cm 
after four months), a more stable and progressive establishment was 
achieved, highlighting the importance of adjusting not only disinfection 
conditions but also the physiological and sanitary source of the plant 
material.

The differential behavior of shoots as a function of basal medium and 
applied cytokinin reflects a specific interaction between hormonal 
signaling and the nutritional composition of the medium. Treatments 
with DKW and WPM combined with 2iP, mT, or zeatin showed superior 
responses in variables such as shoot number and length, aerial biomass, 
and SPAD index, suggesting that the concentration and ionic form of 
nutrients such as calcium, nitrogen, and potassium directly affect cell 

Fig. 3. Effect of basal media and cytokinin types on the in vitro multiplication 
of V. meridionale after 60 days of culture. A) Mean number of shoots per explant 
and B) Mean shoot length. Bars represent adjusted means ± standard errors (n 
= 3, pseudoreplicate = 12). Different letters above the bars indicate significant 
differences among treatments according to Fisher’s LSD test (p < 0.05).
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proliferation and elongation in V. meridionale, as has also been reported 
in other species of the genus20,46. In particular, zeatin remained one of 
the cytokinins with the most stable response and without adverse 
physiological symptoms49, which is associated with its lower suscepti
bility to degradation and its compatibility with slightly acidic pH50. 
Cytokinin 2iP, for its part, promoted efficient cell division without 
inducing hyperhydricity, as previously observed in V. corymbosum, 
V. ashei, and V. arboreum25,46.

Among the evaluated combinations, the interaction between DKW 
and 2iP showed the highest performance in shoot number and devel
opment, confirming the potential of DKW medium for woody species, as 
indicated by Rahman51. This medium, originally formulated for the 
propagation of walnuts (Juglans spp.), contains intermediate levels of 
ammonium nitrate and lacks potassium nitrate, which could favor a 
more balanced nitrogen uptake27. Added to this is its higher content of 
potassium sulfate and magnesium sulfate, which may enhance cell 
turgor processes and chlorophyll synthesis, key elements in the vigor 
observed in shoots22,26,36. This response could also be explained by its 
high calcium concentration, which plays a role in elongation and cell 
organization in meristematic tissues46. Likewise, WPM medium com
bined with 2iP also showed good results, consistent with previous 
studies where this medium has been widely recommended for blue
berries, especially when 2iP is used as the sole cytokinin source49,50,52. 
Taken together, the results demonstrate that the physiological response 
of V. meridionale varies depending on the specific combination of basal 
medium and cytokinin type, including those with zeatin, reinforcing the 
need to optimize protocols according to the nutritional and hormonal 
requirements of each species and stage of in vitro culture24,34.

The use of TDZ in the in vitro multiplication of V. meridionale pro
moted abnormal development, characterized by a marked tendency 
toward callus formation and disorganized tissue proliferation, which can 
be attributed to its well-known dual auxin–cytokinin-like activity. This 

nonspecific action triggers massive cell divisions without defined 
meristematic differentiation, a phenomenon widely described in woody 
species44. In our study, the combinations containing TDZ, particularly in 
MS medium, not only resulted in small shoots with malformations but 
also produced a substantial increase in callus biomass. The surface area 
occupied by these calli was considerably greater compared to other 
treatments, consistent with the observations of Arigundam et al.53 in 
wild lingonberry clones and of Cappelletti et al.54, who also reported 
extensive callus formation at the base of shoots under TDZ treatments in 
WPM medium.

Moreover, the behavior observed in MS with TDZ may be influenced 
by the high total nitrogen concentration and the balance between 
ammonium and nitrate forms in this medium, which can amplify the 
already strong effects of TDZ, especially when used at higher concen
trations. Although this cytokinin is useful in embryogenic protocols or 
with recalcitrant genotypes due to its resistance to enzymatic degrada
tion55, in vegetative multiplication protocols, it can be counterproduc
tive because of hyperhydricity, fasciation, and reduced shoot 
elongation56. This response was also evident in our preliminary exper
iments, where replacing zeatin with TDZ in previous treatments pro
duced results similar to those described by Sun et al.57 in V. dunalianum, 
with malformed shoots and high callogenesis. Finally, although some 
treatments without regulators or with mT showed a complete absence of 
callus, this confirms the need for precise hormonal regulation to avoid 
undesired responses.

The results obtained after 60 days of culture show that the combi
nation of basal media and cytokinins decisively influences morphogen
esis and structural quality of V. meridionale shoots. The highest 
multiplication rates were observed with zeatin and 2iP, especially in 
DKW medium, suggesting that the interaction between an appropriate 
hormonal source and a balanced ionic composition favors both shoot 
induction and elongation58. Zeatin, in particular, has been reported as 

Fig. 4. Top and front views of shoot formation in V. meridionale under different combinations of basal media and cytokinins. Representative images of explants 
cultured on basal media DKW (Driver and Kuniyuki), WPM (Woody Plant Medium), and MS (Murashige and Skoog), supplemented with Zeatin (Zea), 2-isopente
nyladenine (2iP), meta-topolin (mT), thidiazuron (TDZ) and a control without cytokinin. Vertical (top) and horizontal (bottom) views show morphogenic differ
ences induced by the evaluated combinations. Scale bar = 1 cm.
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an efficient cytokinin for species of the Vaccinium genus due to its more 
physiological action, promoting sustained elongation and structured 
differentiation59. In turn, the use of 2iP generated well-formed and 
compact shoots, without evidence of excessive callus proliferation, a 
behavior consistent with previous studies60,61.

In contrast, treatments with TDZ showed high accumulation of fresh 
biomass without proportional shoot elongation. This behavior is 
attributable to the hyperproliferation of dedifferentiated tissues such as 
calli, already described in blueberry, where the auxin–cytokinin dual 
activity of TDZ induces intense but poorly organized cell division. This 
response was accompanied by characteristic symptoms of hyper
hydricity, such as thickened leaves, rosette-like structures, and loss of 
tissue organization, a phenomenon that severely compromises the 
functionality of regenerated shoots62. Although an increase in aerial 
biomass was recorded, this mainly reflected water accumulation and 
undifferentiated tissues rather than functional growth, as also reported 
by Stefenon et al.63. This behavior was confirmed by the lower per
centage of dry matter in treatments with TDZ and zeatin, whereas 2iP 
promoted a denser and physiologically competent architecture, with 
higher dry matter values, reflecting lower water content and reduced 
incidence of malformations.

TDZ-induced hyperhydricity has been widely documented as a 
physiological abnormality associated with hormonal and nutritional 
imbalances in the medium, leading to glassy shoots, soft tissues, and 
poor differentiation64,65. In addition, the persistence of calli under these 
conditions contributes to increased weight without representing effec
tive regeneration66. Although TDZ can be useful in embryogenesis 
protocols, its indiscriminate use in vegetative multiplication, especially 
at doses above 1 µM, may be counterproductive62. In this context, the 
use of zeatin and 2iP, particularly in combination with DKW medium, 
stands out as a more suitable strategy for obtaining viable, well-formed 
shoots with potential for subsequent culture phases.

The synthesis of photosynthetic pigments and the functionality of the 
photosynthetic apparatus are key indicators to assess the physiological 
quality of in vitro shoots. In this study, treatments with DKW medium 
combined with 2iP or zeatin promoted the highest values of total chlo
rophyll, chlorophyll a and b, as well as SPAD index, suggesting greater 
photosynthetic capacity. These results could be explained by the effect 
of cytokinin on chloroplast biogenesis and cell differentiation, as re
ported in studies with other woody species67. Zeatin, in turn, showed a 
sustained positive effect, favoring the formation of shoots with higher 
pigment content, which has been associated with its chemical stability 
and lower interference in tissue maturation61.

The SPAD index, an indirect measure of chlorophyll content, was 
positively correlated with total chlorophyll content and was highest in 
explants treated with 2iP in DKW, indicating superior photosynthetic 
functionality. In contrast, treatments with TDZ, especially in 

Table 3 
Effects of basal media and cytokinin types on fresh weight, dry weight, and dry 
matter percentage of explants during in vitro multiplication of V. meridionale at 
60 days after initiation of the trial.

Basal 
medium

Cytokinin 
type

Shoot fresh 
weight (mg)1

Shoot dry 
weight (mg)1

Shoot dry 
matter (%)1

DKW Control 138.00 ± 13.56 
i

21.80 ± 2.84 i 15.990 ± 04 
abcd

Zea 3334.00 ±
51.54 a

378.80 ±
18.26 a

11.56 ± 0.01 
ef

2iP 570.20 ±
50.13f g

100.20 ±
7.79f

17.63 ± 0.01 
ab

mT 266.40 ±
41.12 h

41.72 ± 3.72 
g h

15.99 ± 0.04 
abc

TDZ 3085.80 ±
83.12b

320.34 ±
16.54b

10.24 ± 0.01f

WPM Control 324.00 ±
56.49 h

32.72 ± 3.89 
h

10.89 ± 0.04 
ef

Zea 828.80 ± 55.30 
e

124.68 ±
13.91 ef

15.20 ± 0.01 
cd

2iP 750.60 ±
115.47 ef

138.06 ±
17.25 def

18.48 ± 0.01 
a

mT 1030.20 ±
108.90 de

143.44 ±
11.36 de

14.43 ± 0.04 
cde

TDZ 1253.80 ±
133.33 cd

189.54 ±
24.70 cd

14.43 ± .01 
cd

MS Control 47.80 ± 7.17 j 0.16 ± 0.13 k 0.16 ± 0.04 g
Zea 377.56 ±

23.32 h
57.85 ± 4.71 
g

15.20 ±
0.01c d

2iP 403.00 ± 80.72 
gh

61.00 ± 9.00 
g

15.99 ± 0.01 
bcd

mT 114.00 ± 19.65 
i

13.80 ± 1.39 j 12.95 ± 0.04 
def

TDZ 1492.00 ±
177.35c

227.80 ±
14.67c

15.99 ± 0.01 
bcd

1Each value in the table is represented as the adjusted mean ± standard error (n 
= 5). Mean values followed by different letters within a column are significantly 
different according to Fisher’s LSD test (p < 0.05).

Table 4 
Effect of basal media and cytokinin types on SPAD index, total chlorophyll, chlorophyll a, chlorophyll b, and carotenoids during the in vitro multiplication phase of 
V. meridionale after 60 days of culture.

Basal medium Cytokinin type SPAD index1 Total chlorophyll (μg/mL)1 Chlorophyll a (μg/mL)1 Chlorophyll b (μg/mL)1 Carotenoid (μg/mL)1

DKW Control 24.87 ± 0.70 d 40.92 ± 0.04 a 27.87 ± 0.03 a 13.05 ± 0.02 a 11.65 ± 0.02b
Zea 35.72 ± 0.70 a 31.51 ± 0.04 d 21.24 ± 0.03 d 10.26 ± 0.02b 9.29 ± 0.02f
2iP 36.87 ± 0.70 a 40.92 ± 0.04 a 27.87 ± 0.03 a 13.05 ± 0.02 a 11.65 ± 0.02b
mT 25.74 ± 0.70 d 28.92 ± 0.04f 19.09 ± 0.03 e 9.83 ± 0.02 d 10.72 ± 0.02c
TDZ 21.36 ± 0.70 e 18.8 ± 0.04 j 14.01 ± 0.03 i 4.79 ± 0.02 i 4.25 ± 0.02 k

WPM Control 32.41 ± 0.70b 31.84 ± 0.04c 21.55 ± 0.03c 10.29 ± 0.02b 12.2 ± 0.02 a
Zea 28.54 ± 0.70c 24.43 ± 0.04 h 17.86 ± 0.03 g 6.57 ± 0.02 g 5.79 ± 0.02 h
2iP 33.49 ± 0.70b 33.11 ± 0.04b 22.94 ± 0.03b 10.17 ± 0.02c 9.55 ± 0.02 e
mT 30.32 ± 0.70c 29.6 ± 0.04 e 21.25 ± 0.03 d 8.35 ± 0.02f 7.16 ± 0.02 g
TDZ 18.23 ± 0.70f 11.03 ± 0.04 m 7.71 ± 0.03 l 3.32 ± 0.02 l 2.92 ± 0.02 m

MS Control − − − − −

Zea 12.99 ± 0.70 g 15.54 ± 0.04 k 11.4 ± 0.03 j 4.14 ± 0.02 k 3.78 ± 0.02 l
2iP 24.67 ± 0.70 d 21.48 ± 0.04 i 16.03 ± 0.03 h 5.45 ± 0.02 h 5.59 ± 0.02 i
mT 16.90 ± 0.70f 14.3 ± 0.04 l 9.88 ± 0.03 k 4.42 ± 0.02 j 5.16 ± 0.02 j
TDZ 13.65 ± 0.70 g 8.14 ± 0.04n 5.98 ± 0.03 m 2.15 ± 0.02 m 2.03 ± 0.02n

1Each value corresponds to the adjusted mean ± standard error (n = 3, except SPAD index with n = 5). Values within the same column followed by different letters are 
significantly different according to Fisher’s LSD mean comparison test (α = 0.05).
(–) indicates values not determined due to insufficient biomass for analysis.
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combination with MS, showed significant reductions in both SPAD and 
photosynthetic pigments, which may be due to callus proliferation and 
tissue disorganization induced by this cytokinin64,68. These effects of 
TDZ, despite inducing shoot proliferation, may interfere with the 

functional maturation of photosynthetic tissue.
Carotenoids, key pigments for photoprotection and antioxidation, 

reached their highest levels in treatments with 2iP and in WPM without 
regulators. Their increase has been linked to defense mechanisms 

Table 5 
Effect of basal media and cytokinin types on the nutritional composition of explants during the in vitro multiplication phase of V. meridionale at 60 days after initiation 
of the trial.

Basal medium Cytokinin type P (ppm)1 Ca (ppm) 1 Mg (ppm)1 Fe (ppm)1 Zn (ppm)1 Cu (ppm)1 Mn (ppm)1

DKW Control − − − − − − −

Zea 248.76 ± 6.54b 1020.46 ± 3.34 d 197.76 ± 2.1c 28.59 ± 0.31f 10.35 ± 0.37b 1.42 ± 0.03 fg 27.95 ± 0.06 a
2iP 219.95 ± 6.54 de 1223.05 ± 3.34c 200.94 ± 2.1c 31.93 ± 0.31c 8.19 ± 0.37c 1.51 ± 0.03f 25.95 ± 0.06b
mT 244.85 ± 6.54 bc 1404.15 ± 3.34b 229.68 ± 2.1b 57.99 ± 0.31 a 13.25 ± 0.37 a 2.30 ± 0.03c 20.61 ± 0.06c
TDZ 285.61 ± 6.54 a 1595.41 ± 3.34 a 276.73 ± 2.1 a 32.20 ± 0.31c 10.82 ± 0.37b 1.01 ± 0.03 i 18.41 ± 0.06 d

WPM Control 238.45 ± 6.54 bcd 525.88 ± 3.34 j 130.57 ± 2.1f 13.79 ± 0.31 k 6.65 ± 0.37 d 1.67 ± 0.03 e 17.42 ± 0.06f
Zea 217.94 ± 6.54 e 671.26 ± 3.34 g 149.70 ± 2.1 e 29.72 ± 0.31 e 6.54 ± 0.37 d 1.35 ± 0.03 g 16.89 ± 0.06 g
2iP 285.89 ± 6.54 a 580.72 ± 3.34 h 154.81 ± 2.1 e 16.68 ± 0.31 j 5.31 ± 0.37 e 1.20 ± 0.03 h 18.02 ± 0.06 e
mT 228.29 ± 6.54 cde 539.60 ± 3.34 i 130.38 ± 2.1f 21.48 ± 0.31 i 5.92 ± 0.37 de 1.23 ± 0.03 h 16.00 ± 0.06 h
TDZ 167.20 ± 6.54 g 691.43 ± 3.34f 112.02 ± 2.1 g 33.12 ± 0.31b 8.36 ± 0.37c 2.15 ± 0.03 d 14.30 ± 0.06 i

MS Control − − − − − − −

Zea 49.90 ± 6.54 i 398.43 ± 3.34 k 56.01 ± 2.1 i 30.66 ± 0.31 d 3.45 ± 0.37f 2.98 ± 0.03b 3.51 ± 0.06 l
2iP 191.87 ± 6.54f 839.25 ± 3.34 e 166.66 ± 2.1 d 25.37 ± 0.31 g 3.90 ± 0.37f 3.01 ± 0.03b 12.07 ± 0.06 j
mT − − − − − − −

TDZ 127.33 ± 6.54 h 532.26 ± 3.34 ij 104.26 ± 2.1 h 23.40 ± 0.31 h 4.06 ± 0.37f 3.84 ± 0.03 a 4.70 ± 0.06 k

1Each value corresponds to the adjusted mean ± standard error (n = 3). Values within the same column followed by different letters are significantly different ac
cording to Fisher’s LSD mean comparison test (α = 0.05).
(–) indicates values not determined due to insufficient biomass for analysis.

Fig. 5. Effect of different concentrations of NAA (naphthaleneacetic acid) on the ex vitro rooting of V. meridionale. A) Mean root and shoot length (cm) as a function of 
NAA doses (ppm), B). Root/shoot ratio and mean number of leaves. Different letters indicate significant differences among treatments for each variable indepen
dently (p < 0.05).
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against light, oxidative, and saline stress characteristic of in vitro cul
tures69. These compounds participate in dissipating excess energy, 
preventing the formation of reactive oxygen species such as singlet ox
ygen, thereby protecting chloroplast integrity and favoring successful 
subsequent acclimatization70.

In contrast, the use of TDZ resulted in marked reductions in chlo
rophyll and carotenoid levels, suggesting a generalized dysfunction of 
the photosynthetic apparatus, possibly induced by oxidative stress and 
poor tissue organization62,71. This functional loss may compromise not 
only photosynthesis but also shoot viability in ex vitro phases. Taken 
together, the results highlight that the type of cytokinin and basal me
dium affect not only morphogenesis but also the physiological quality of 
shoots, with 2iP and zeatin in DKW being particularly efficient combi
nations for maintaining both structure and functionality during the 
multiplication stage.

The nutritional profile of explants cultivated in vitro does not depend 
solely on the availability of nutrients in the basal medium but also on the 
capacity of developing tissues to actively absorb and assimilate them. 
This process is influenced by factors such as the mineral and hormonal 
composition of the culture medium, which regulates regeneration and 
growth72,73, and in turn conditions the absorption of nitrates, phos
phates, and cations74, as well as the physiological state of donor plants 
providing explants75,76.

In the present study, treatments supplemented with DKW medium 
exhibited a greater accumulation of nutrients, including Ca, Mg, P, and 
Mn. This result is consistent with reports highlighting the suitability of 
DKW medium, given its formulation with higher salt concentrations 
enriched in Ca and NO3

–, which favors both cell expansion and physio
logical stability of shoots25,27. On the other hand, MS medium showed 
notably lower nutritional values, consistent with reports evidencing 
physiological deficiencies and low photosynthetic efficiency in Vacci
nium shoots cultured in this medium26,77. Shoots regenerated in MS 
often exhibit hyperhydricity and lower survival compared to those in 
WPM or DKW78,79, as well as a significant reduction in photosynthesis, 
stomatal conductance, and chlorophyll content80. These limitations 
have been associated with nutritional imbalance and the accumulation 
of toxic compounds, which generate oxidative stress and cellular dam
age81. This explains the lower nutrient content in explants maintained in 
MS compared with those cultured in WPM or DKW, where higher 
photosynthetic efficiency and more vigorous growth are observed.

In our study, a high accumulation of Ca and Mg was observed in 
treatments with TDZ. There is evidence that TDZ may enhance the 
availability and translocation of essential minerals. Ca and Mg play 
critical roles in membrane stability, enzymatic activity, and structural 
integrity of plant tissues82,83. Ca accumulation showed a differential 
pattern, reaching significantly higher values in TDZ treatments with 
DKW, whereas levels in WPM and MS were notably lower. The study 
shows that the initial availability of Ca in the medium alone is not suf
ficient to explain the final accumulation in tissues; instead, the inter
action with TDZ modulates the transport and partitioning of this 
element. TDZ has been reported as a regulator that alters carbohydrate 
and nitrogen metabolism as well as ion transporter activity, which could 

explain this synergistic effect84,85. Likewise, TDZ application is associ
ated with increased absorption and accumulation of Ca and Mg under 
abiotic stress contexts, by modulating antioxidant enzymes and 
improving hormonal balance86.

The micronutrient profile was also significantly influenced by the 
interaction between cytokinins and the basal medium. Higher levels of 
Zn and Fe were detected in treatments with mT and TDZ in DKW, while 
Mn tended to accumulate in the presence of zeatin. Studies have shown 
that zeatin contributes to restoring hormonal balance under stress con
ditions and enhances nitrogen metabolism by inducing nitrate reductase 
activity87, suggesting that this regulator promotes a more integrated 
adjustment in micronutrient availability and redistribution. Conse
quently, the differential response observed may be associated not only 
with a direct effect of cytokinin on ion uptake but also with its ability to 
modulate metabolic and hormonal signaling networks related to mineral 
nutrition88.

The morphogenetic response obtained with NAA in V. meridionale 
showed a dose-dependent behavior. Intermediate doses (500 and 2000 
ppm) of NAA promoted greater root development and shoot elongation. 
This result is consistent with reports in other wild Vaccinium species, 
such as V. macrocarpon (100 %) and V. floribundum (70 %), where the use 
of NAA as a root inducer favored root formation and development89,90.

The root/shoot ratio suggests that, in addition to root growth, hor
monal balance was also modulated toward balanced vegetative devel
opment, a response expected when the applied auxin does not exceed 
phytotoxicity thresholds. The root/shoot ratio is closely related to the 
balance between auxin and cytokinin91,92. Variable responses in leaf 
number could be associated with a negative interaction between high 
NAA levels and the availability of endogenous cytokinins. Elevated 
auxin levels can suppress cytokinin biosynthesis, while cytokinins can 
induce auxin biosynthesis, ensuring a balance between both growth 
regulators93. High auxin doses can be toxic, leading to excessive callus 
proliferation and even necrosis in shoots94,95. These reports align with 
our observations, where intermediate NAA concentrations proved to be 
the most effective in most of the variables evaluated. In contrast, high 
NAA doses caused a reduction in both shoot and root length.

5. Conclusion

The present study established a comprehensive protocol for the 
micropropagation of V. meridionale, covering the process from in vitro 
establishment to the ex vitro rooting stage. In the establishment with 
apical shoots from the field, high phenolic oxidation and significant 
fungal contamination by Diaporthe, Fusarium, Colletotrichum, and Phoma 
species were observed, compromising their viability. In contrast, the use 
of plant material from plants kept in greenhouses allowed for a more 
successful establishment, ensuring asepsis and initial regeneration.

During the multiplication phase, DKW medium in combination with 
zeatin or 2iP promoted a greater number and length of shoots, improved 
photosynthetic parameters, and more efficient accumulation of essential 
nutrients compared with MS and WPM. On the other hand, although 
TDZ increased fresh weight and callus development, it did not support 

Fig. 6. Stages of seedling development. A) In vitro seedling with well-defined root system and shoot, B) Details of the root system after the rooting phase, and C) 
Seedlings in pots during ex vitro acclimatization.
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organized growth or physiological functionality of explants. Finally, ex 
vitro rooting was most efficient with the application of 500 ppm NAA, 
producing fine, abundant, and functional roots that facilitated an 
effective transition to non-sterile conditions.

Overall, the results support recommending an efficient protocol for 
the propagation of V. meridionale, based on the use of greenhouse- 
derived shoots, DKW medium with zeatin or 2iP for multiplication, 
and ex vitro rooting induced by NAA. This approach contributes to 
improving the availability of high-quality genetic and physiological 
material for conservation programs and commercial production.
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