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Abstract

In vitro propagation of avocado faces several limitations. To optimize the establishment
phase, we evaluated three plant material types: etiolated shoots, 30-day covered field
shoots, and uncovered field shoots, collected at two time points. Biochemical and anatomi-
cal analyses were conducted to understand material performance during establishment.
Across both collection times, etiolated shoots exhibited minimal oxidation, enhanced bud
sprouting, reduced malondialdehyde (MDA) and reactive oxygen species (ROS) levels,
increased peroxidase (POD) activity, and improved xylem development, consistently out-
performing field-derived materials. Using etiolated shoots, we optimized disinfection
and in vitro multiplication protocols. Pre-disinfection with 3 mL L−1 Phyton 27® and 2%
sodium hypochlorite yielded the highest survival rates. In multiplication experiments,
varying concentrations of 6-benzylaminopurine (BAP) and meta-topolin (MT), supple-
mented with gibberellic acid (GA3), did not significantly affect growth variation. However,
8.88 µM BAP with 0.29 µM GA3 resulted in the greatest number of sprouted buds.

Keywords: micropropagation; etiolation; anatomy; 6-benzylaminopurine (BAP); meta-
topolin (MT); gibberellic acid (GA3); antioxidant activity

1. Introduction
Avocado is a globally significant fruit crop, highly valued for its nutritional benefits

and strong consumer demand [1]. This species, belonging to the Lauraceae family [2], is
native to Central America and comprises three primary botanical races: Mexican, West
Indian, and Guatemalan, which differ in their environmental adaptability and fruit quality
profiles [3–5]. Among these, the ‘Hass’ cultivar has achieved global dominance due to
its postharvest quality and market preference [6]. The optimal productivity of this culti-
var in commercial orchards relies on selecting suitable rootstocks, such as ‘Merensky 2’,
which demonstrates high tolerance to Phytophthora cinnamomi [7], salinity [8,9], and stress
conditions commonly encountered in replanting scenarios [10].

Clonal propagation of elite avocado rootstocks is crucial for preserving genetic fi-
delity and ensuring uniform agronomic performance [11]. While propagation by seed
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remains common, it is genetically heterogeneous and unsuitable for maintaining selected
traits [11,12]. Traditional clonal methods, including air-layering as well as the Brokaw and
Ernst etiolation techniques, have enabled propagation at a commercial scale [13–15]. How-
ever, these methods are laborious, time-consuming, and associated with high failure rates,
ranging from 15% to 30%, particularly during grafting and rooting [16–18]. Additionally,
they are limited by environmental dependency and genotype-specific responses [19–23].
Consequently, micropropagation is increasingly explored as a technically feasible alterna-
tive, offering the potential for year-round, scalable, and space-efficient production [17].

Another disadvantage that only the Brokaw technique has is that if the strangulation
ring is poorly adjusted, it can allow the original root system to retain its functionality,
which could compromise the development and dominance of the clonal rootstock root
system. In vitro propagation offers a distinct alternative for the mass multiplication of
commercially important fruit species [24]. Various treatments have been evaluated in
avocado micropropagation, with varying results in terms of limitations and successes,
depending on the rootstock used [17]. While these techniques (in vitro, Brokaw and Ernst)
require specialized infrastructure and technology, micropropagation has the advantage
that it can be performed throughout the year, requires less space [17], and allows for the
production of a greater number of plants from a smaller amount of plant material.

During the establishment stage, factors such as pre-disinfection and disinfection of the
plant material, the type and quality of the explant, the culture medium, and growth regula-
tors are essential. Pre-disinfection and disinfection are critical steps to reduce losses caused
by microorganisms, such as bacteria and fungi [25], which represent a major problem dur-
ing this stage of in vitro culture [17]. For this purpose, fungicides and/or bactericides are
used in pre-disinfection [25] and disinfectants, such as sodium hypochlorite, in disinfection,
in order to reduce microbial contamination and achieve asepsis [26,27].

Various explant types have been utilized for avocado micropropagation, including
mature embryos [28,29], immature embryos [28,30], pollen grains [31], cotyledon-derived
callus tissue [32], leaf [33], meristematic tissues, and nodal segments [21]. In avocado
in vitro propagation, nodal segments have demonstrated superior shoot development
compared to meristem-based approaches, which exhibit notable limitations [17]. Similarly,
explants containing axillary buds tend to outperform those with apical buds, showing
enhanced morphogenetic responses [34,35]. Despite its advantages, micropropagation of
avocado presents critical challenges during the establishment stage. Explant browning and
necrosis due to oxidative stress are major limitations, often resulting from reactive oxygen
species (ROS) accumulation triggered by wounding, high phenolic content, or subopti-
mal culture conditions [36–38]. Oxidative stress can lead to lipid peroxidation, typically
measured by malondialdehyde (MDA) levels, which compromises explant viability [39,40].
Preconditioning treatments like etiolation in darkness can lower ROS levels by boosting
antioxidant enzymes such as peroxidase (POD) and superoxide dismutase (SOD) [38,41,42].
These enzymatic systems help maintain redox homeostasis, improving in vitro performance
and survival of the plant [43].

Various rejuvenation strategies have been employed to enhance explant physiological
youth and improve in vitro responses. These include growth regulator application [44],
exposure to darkness or etiolation treatments [41], grafting onto juvenile rootstocks [45],
and seedling-derived explant use [46]. Otherwise, the explant’s nutritional status is a critical
determinant of in vitro shoot development, as initial nutrient reserves directly influence
morphogenetic responses [47]. The accumulation of these reserves is closely linked to the
plant’s phenological stage [48]. It has been reported that stems contain higher soluble sugar
and starch concentrations compared to other tissues, with peak total soluble sugar levels
observed shortly after sprouting [49]. The anatomical characteristics of the propagation
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material also play a pivotal role in determining its morphogenic capacity, which is strongly
influenced by the explant’s ontogenetic stage [50]. In avocado, etiolated shoots exposed to
light for one to two weeks exhibit rapid anatomical changes in the phloem, transitioning
from a thin, discontinuous line of phloem fibers to a thicker, continuous band [23,41].
Concurrently, an increase in xylem cell number and hemicellulose content is observed,
indicating active tissue differentiation and vascular development [41].

In in vitro culture, the composition of the culture medium and the use of growth
regulators are critical for optimizing the development and quality of the explant [51]. Most
avocado micropropagation studies employ Murashige and Skoog (MS) medium as a basal
formulation, often with modifications to mineral salts, vitamins, and plant growth regula-
tors. Early research identified specific components of the standard MS medium as detri-
mental to avocado tissue culture [17]. Notably, ammonium nitrate induced tissue necrosis;
a 33% reduction in its concentration significantly improved tissue health and shoot develop-
ment [17]. Furthermore, avocado’s sensitivity to chloride ions [52] suggests that reducing
chloride concentrations in the medium could further enhance in vitro responses. Among
growth regulators, BAP is the most used cytokinin in avocado micropropagation [17,42].
Other plant growth regulators applied include GA3 [42], benzyladenine (BA) [16,53] and
MT [36].

Thus, this study aimed to evaluate the in vitro establishment response of ‘Merensky 2’
avocado rootstock explants subjected to various conditioning treatments, assessed at two
independent experimental time points. In addition, the study investigated the individual
effects of disinfection protocols and growth regulator applications on the performance of
etiolated material.

2. Materials and Methods
The study was performed at the Propagation Laboratory of the Pontificia Universi-

dad Católica de Valparaíso (32◦54′ S, 71◦16′ W). Plant material was randomly collected
from a seven-year-old ‘Merensky 2’ avocado rootstock mother plant orchard and subjected
to annual pruning for rejuvenation. Shoots used in the experiment emerged following
pruning in August 2023. In addition, etiolated ‘Merensky 2’ material obtained using the
Brokaw technique from the laboratory’s avocado clonal propagation unit was included.
Both field-derived and etiolated materials were subjected to weekly disinfection for 30 days
using Phyton-27® (3 mL L−1); (Marketing ARM International, INC, Florida, USA). The
experiments were conducted at the end of the first and second vegetative flushes in the
study region, namely in late January and early April, respectively. Ambient temperatures
were recorded for 30 days prior to each plant material collection to characterize the envi-
ronmental conditions preceding each flush. The study site is located in a Mediterranean
climate zone, typified by hot, dry summers and cool, partly cloudy winters, with an average
annual precipitation of 264 mm [54]. Daily average incident shortwave solar radiation
varies seasonally, reaching a maximum of 9.1 kWh m−2 in December and a minimum of
2.6 kWh m−2 in June [54].

2.1. In Vitro Establishment with Nodal Section Explants from First and Second Vegetative Flushes

Three types of plant material differentiated by conditioning treatment were used:
T1–etiolated material (E1 and E2), T2–field material covered for 30 days (CF1 and CF2),
and T3–uncovered field material (UF1 and UF2). The timing of treatment initiation and
material collection (first and second vegetative flush) was based on the phenological stages
described by Mena [55] for the Quillota province, complemented by weekly monitoring of
the mother plants (Table 1).
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Table 1. Characteristics of the conditioned plant material, according to treatment, used in the
establishment 1 and 2 experiments of “Merensky 2” avocado rootstock.

Plant Material at the End of First Vegetative Flush (Sileptic Shoots)

Treatments Material Type Munsell Color Values Phenological
State (BBCH)

% Leaf
Abscission Average Temperature (◦C) Hours > 38 ◦C

T1 (E1) Etiolated material Yellow 5Y (8/4 and 8/6) Not applicable 0% Not applicable Not applicable

T2 (CF1) Field material covered for
30 days

Green-yellow 5GY (5/6
and 5/8) 219/319 100% 21.6 71

T3 (UF1) Uncovered field material Green-yellow 2.5GY (5/6,
5/8 and 6/6) 219/319 0% 19.6 3

Plant material at the end of second vegetative flush (Proleptic shoots)

T1 (E2) Etiolated material Yellow 5Y (8/4 and 8/6) Not applicable 0% Not applicable Not applicable

T2 (CF2) Field material covered for
30 days

Green-yellow 5GY (5/8
and 6/10) 223/328 40% 18.3 13

T3 (UF2) Uncovered field material Green-yellow 2.5GY (6/6)
and 5GY (5/6) 223/328 0% 18.0 1

In the field, plants of the first and second flush vegetative growth were characterized
according to Munsell color values [56] and BBCH (Biologische Bundesanstalt, Bundessorte-
namt und Chemische Industrie) [57]. From these plants, 20 branches measuring 4–5 mm in
diameter were randomly selected. Half of the selected branches were covered for 30 days
using 1.2 m-high, 17 cm-diameter Kraft paper cylinders (VIERLTDA, Santiago, Chile) with
sealed upper ends (CF1 and CF2). Temperature was recorded using Elitech RC-4 datalog-
gers (Elitech, San Jose, CA, USA), with sensors placed at the midpoints of shoots in both
CF1, CF2, UF1 and UF2 treatments (Table 1).

Shoots from CF1, CF2, UF1, and UF2 were collected using pruning shears, while E1
and E2 shoots were harvested with a scalpel. In the Propagation Laboratory, leaves were
removed, and stems were sectioned into 1.5 cm segments, each containing at least one
bud. These segments were first washed with commercial detergent (Quix, Unilever Chile,
Laboratorio Dukay S.A., Santiago, Chile) and rinsed under tap water for 15 min. Following
this, they were disinfected by immersion in a 1.5% sodium hypochlorite (NaClO) solution
(Comercial Vimaroni S.A., Quilpué, Chile), supplemented with 2838.97 µM ascorbic acid
(AA) (Merck KGaA, Darmstadt, Germany) and 2602.49 µM citric acid (CA) (Comercial
Vimaroni S.A., Quilpué, Chile), along with two drops of Tween 20 (Loba Chemie, Laboratory
Reagents & Fine Chemicals, Mumbai, India). This solution was kept under constant
agitation for 15 min. After disinfection, the segments were transferred to a laminar flow
hood, where they were triple-rinsed with sterile distilled water containing 2838.97 µM AA
and 2602.49 µM CA, then dried with absorbent paper.

One-centimeter nodal section explants, each with a single bud, were placed in culture
flasks at a 40–50◦ angle relative to the medium surface. The culture medium was a modified
Murashige and Skoog (1962) (MS) [58] formulation (Sigma-Aldrich, St. Louis, MO, USA),
with the concentrations of ammonium nitrate and calcium chloride reduced to 33% of
their original values and complemented with 30 g L−1 sucrose. Thirty-five mL flasks,
each containing 8 mL of medium and one explant, were used. The pH was adjusted to
5.7 ± 0.1, and the medium was solidified with 6.5 g L−1 agar (Algas Marinas S.A., Santiago,
Chile). Cultures were incubated in a growth chamber at 25 ± 1 ◦C with a 16-h light
photoperiod (3000 Lux). To minimize oxidation, cultures were kept in darkness for 15 days.
After this period, cultures were transferred to indirect light (500 Lux) and subsequently to
direct light (3000 Lux). For each treatment, twelve explants were randomly selected and
evaluated in three replicates. After 45 days, the percentage of explants exhibiting fungal
or bacterial contamination, oxidation, survival, and sprouting (defined as shoots ≥ 4 mm)
was recorded.
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2.2. Biochemical Assays for Plant Material from First and Second Vegetative Flushes
ROS, SOD, POD, MDA and, Protein and Sugar Content

To evaluate ROS levels, 200 mg of vegetal material was ground and homogenized in
1 mL of 10 mM Tris-HCl buffer (pH 7.2) (Sigma-Aldrich, St. Louis, MO, USA). The collected
supernatant was diluted in extraction buffer for fluorescence measurement, both with and
without 1 mM H2DCFDA-DCF probe. ROS formation was determined by measuring the
fluorescence intensity of the probe’s oxidation product (λexc/λem: 490/525 nm). Kinetic
measurements were performed using a Skanit® Appliskan multiplate reader (Thermo
Fisher Scientific, Waltham, MA, USA) at 37 ◦C for 30 min, with light exclusion [59].

To evaluate antioxidant enzyme activity on ROS generation, 200 mg vegetal material
was used. Samples were centrifuged at 15,000× g for 20 min at 4 ◦C and then supernatant
and pellet were resuspended in 0.8 mL of the same buffer. The SOD and POD enzyme
activities were measured [60].

To determinate SOD activity the assay was based on the inhibition of nitro blue
tetrazolium (NBT) reduction by superoxide radicals. A 2 mL reaction mix included
50 mM phosphate buffer (pH 7.8), 2 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA),
9.9 mM L-methionine, 55 µM NBT, 0.025% Triton X-100, and 40 µL sample extract. To start
the reaction, 20 µL of 1 mM riboflavin was added. The mix was exposed to a 15 W fluores-
cent light at 12 cm for 10 min while shaking. The blank was kept in darkness. Absorbance
was recorded at 560 nm and quantified with a standard curve from pure SOD [60].

To determinate POD activity the assay mixture included 50 mM potassium phosphate
buffer (pH 7.0) (Sigma-Aldrich, St. Louis, MO, USA), 0.5 mM guaiacol, 0.5 mM H2O2, and
0.01 mL sample extract. The reaction was initiated by adding H2O2, and absorbance was
measured for 3 min. POD activity was determined by measuring the increase in absorbance
at 470 nm, which corresponds to guaiacol oxidation, using an extinction coefficient of
26.6 mM cm−1 [60].

Lipid peroxidation was evaluated using the thiobarbituric acid (TBA) assay, specifically
measuring malondialdehyde (MDA) as described in Zeb and Ullah [61]. Briefly, the
supernatant absorbance was measured at 532 nm using an EPOCH microplate reader
(ELx800, BioTek®, VT, USA). Non-specific absorbance at 600 nm was subtracted. The
MDA-TBA complex concentration was calculated [61].

Total protein in the previously obtained extracts used for evaluated SOD, POD and
MDA was quantified using the BCA method, following the manufacturer’s instructions.
Absorbance was measured at 562 nm, and protein concentration was determined by in-
terpolation from a standard curve prepared with bovine serum albumin. Samples were
analyzed in biological and technical triplicates [62]. In addition, we evaluated the effect of
different growth conditions on the content of total soluble sugars and reducing sugars in
100 mg of collected plant material. Standard sugar samples (glucose, fructose, and sucrose)
were prepared at 1 mg mL−1 in water and used as reference. For this, the µg reducing
sugars per mg fresh tissue was determined using the DNS method [63].

Total sugar content was determined using the phenol–sulfuric acid method described
by Doran and De Souza [64]. Briefly, the reaction mixture was incubated at 37 ◦C for 10 min,
and absorbance was measured at 490 nm using an EPOCH microplate reader (BioTek).
Data were interpolated into a glucose calibration curve, and results were expressed as µg
total sugars per mg fresh tissue.

Both standard solutions and samples were repeatedly spotted (1 µL × 4) onto silica gel
GF254 TLC plates (Merck Millipore, Darmstadt, Germany) at predefined positions. The TLC
plates were developed using a chloroform–acetic-acid–water mobile phase (3:3.5:0.5 v/v)
and dried at room temperature. Plates were then sprayed with ethanol–anisaldehyde–
sulfuric acid (18:1:1) (Sigma-Aldrich, St. Louis, MO, USA) and visualized at 120 ◦C.
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2.3. Anatomical Study

For this study, explants from treatments E1, CF1, UF1, E2, CF2, and UF2 were collected
and processed according to the procedures described in Section 2.1. Each nodal section
explant per treatment was washed with Tween 20, dried, and fixed in FAA solution (40% for-
malin (Agromaipo, Santiago, Chile), ethanol (MERCK®, Darmstadt, Germany), and acetic
acid (MERCK®, Darmstadt, Germany)) for 72 h. Samples were then dehydrated using a
graded ethanol series. After dehydration, samples were cleared in xylene (MERCK®, Darm-
stadt, Germany) for two 1-h cycles. Finally, they were infiltrated with Histosec (MERCK®,
Darmstadt, Germany) through three changes to form paraffin blocks. Transverse sections of
avocado rootstock stems, taken just below the bud, were cut to a thickness of 10 µm using a
LEICA RM 2235 rotary microtome. Tissue staining was performed with alcoholic safranin
(ARQUIMED, Santiago, Chile) and light green (HiMedia, Mumbai, India). Stained sections
were examined and photographed using a LEICA ICC50 W camera mounted on a micro-
scope at 4× and 10× magnification. Tissue visualization, cell counting, and measurements
were conducted using ImageJ version 1.54 (Wayne Rasband and contributors, National
Institutes of Health, Bethesda, MD, USA). Transverse stem sections revealed distinct struc-
tural developments across the tissue [23]. Measurements were taken by treatment and date
in two defined zones of the avocado stem: zone 1 (adjacent to the bud, up to 1 mm away)
and zone 2 (more than 2 mm from the bud). Within each zone, the following parameters
were quantified using ImageJ software: distance from the epidermis to the cambial zone
(inclusive), xylem zone length, number of phloem fibers and xylem vessels, fiber and xylem
vessel wall thickness, and xylem vessel lumen area. Photomicrographs were calibrated
using a reference scale, establishing a pixel-to-micron ratio of 1 pixel = 1.693 µm.

2.4. In Vitro Establishment of Etiolated Material
Disinfection Experiment with Etiolated Material

The culture medium used was modified MS. It included Ca(NO3)2 (4.5 meq), KNO3

(10.9 meq), and NH4NO3 (7.5 meq). This experiment utilized etiolated (E) material sourced
from the Cloning Unit of the Propagation Laboratory. A completely randomized de-
sign was implemented, resulting in four disinfection treatments. These treatments com-
bined two NaClO concentrations with two pre-disinfection applications of Phyton-27®,
applied 4 and 2 days prior to in vitro establishment. The treatments were as follows: T1:
1.5% NaClO + 1.5 mL L−1 Phyton-27®; T2: 2% NaClO + 1.5 mL L−1 Phyton-27®; T3:
1.5% NaClO + 3 mL L−1 Phyton-27®; and T4: 2% NaClO + 3 mL L−1 Phyton-27®. Nine
explants per treatment were used, with three replicates per treatment. After 30 days, the
percentage of explants showing infection (fungal or bacterial), oxidation, and survival
was recorded.

2.5. Multiplication Experiments of Etiolated Explants

In the multiplication experiments, the same basal medium was used as in the estab-
lishment stage.

2.5.1. Explants Multiplication Using BAP and GA3

This experiment utilized sprouted nodal section explants obtained from the prior
in vitro establishment of etiolated material. A completely randomized design was ap-
plied, comprising eight treatments with five replicates each (one explant per replicate).
To evaluate the individual and combined effects of growth regulators, three concen-
trations of BAP (Sigma-Aldrich, Steinheim, Germany) and one concentration of GA3

(Merck, Darmstadt, Germany) were tested. The treatments were as follows: T0: Con-
trol (no growth regulators); T1: 4.44 µM BAP; T2: 8.88 µM BAP; T3: 13.32 µM BAP;
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T4: 0.29 µM GA3; T5: 4.44 µM BAP + 0.29 µM GA3; T6: 8.88 µM BAP + 0.29 µM GA3;
T7: 13.32 µM BAP + 0.29 µM GA3. Shoot length was measured at the beginning of the
experiment and again after 30 days to assess growth variation.

2.5.2. Explants Multiplication Using MT and GA3

These experiments employed sprouted nodal section explants derived from the pre-
vious in vitro establishment of etiolated material. A completely randomized design was
implemented, consisting of six treatments with five replicates each (one explant per repli-
cate). To evaluate the individual and combined effects of growth regulators, two concen-
trations of MT (MedChemExpress, Monmouth Junction, NJ, USA) and one concentration
of GA3 (Merck, Darmstadt, Germany) were tested. The treatments were as follows: T0:
Control (no growth regulators); T1: 0.41 µM MT; T2: 0.83 µM MT; T3: 0.29 µM GA3;
T4: 0.41 µM MT + 0.29 µM GA3; and T5: 0.83 µM MT + 0.29 µM GA3. Shoot length was
recorded at the start and after 30 days to assess growth variation.

2.6. Statistical Analysis

For all in vitro propagation tests and the anatomical study, a Generalized Linear Model
(GLM) and a variance components analysis were used, evaluating the differences between
treatments using the Tukey test (p ≤ 0.05) in the Minitab 19 statistical software (Minitab Inc.,
State College, PA, USA). For biochemical assays, a one-way analysis of variance (ANOVA)
was performed, followed by Tukey’s multiple comparisons test, with a 95% confidence
interval. All analyses were performed using GraphPad Prism 10.4 software (GraphPad
Software, San Diego, CA, USA).

3. Results
3.1. In Vitro Establishment with Nodal Section Explants from First and Second Vegetative Flushes
3.1.1. Contamination, Oxidation, Survival, and Sprouting in Nodal Section from the End of
the First Vegetative Flush

During the in vitro establishment (Table 2), significant differences (p ≤ 0.05) were
observed among treatments in both explant loss due to oxidation and in the sprouting
percentage. The UF1 treatment exhibited the highest percentage of explant loss attributable
to oxidation, whereas E1 showed no oxidation-related losses. In terms of sprouting, E1
demonstrated a significantly higher sprouting percentage compared to UF1, which had the
lowest sprouting performance among the treatments.

Table 2. In vitro establishment response of ‘Merensky 2’ avocado rootstock nodal section explants
collected at the end of the first vegetative flush.

Treatment
Contamination

Bacterial (%) Fungal (%) Oxidation (%) Survival (%) Sprouting ≥ 4 mm (%)

E1 33.3 ± 5.6 8.3 ± 1.3 0.0 ± 0.0 c 58.3 ± 4.4 44.0 ± 4.8 a
CF1 19.4 ± 4.6 24.8 ± 3.0 19.5 ± 4.7 b 36.1 ± 3.3 19.4 ± 3.7 ab
UF1 22.0 ± 3.7 13.9 ± 2.8 36.1 ± 3.6 a * 25.0 ± 2.3 5.5 ± 1.7 b

p n.s. n.s. 0.001 n.s. 0.012
E1: Etiolated material; CF1: Field material covered for 30 days; UF1: Uncovered field material. Values are
presented as mean ± SD. * Within each column, values with different letters indicate statistically significant
differences (Tukey’s test, p ≤ 0.05). n.s.: p > 0.05.

3.1.2. Contamination, Oxidation, Survival, and Sprouting in Nodal Section from the End of
the Second Vegetative Flush

In vitro establishment response for this time point was analyzed (Table 3), revealing
that the percentages of oxidation-related loss, survival, and sprouting were significantly
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different (p ≤ 0.05). Specifically, E2 exhibited a lower percentage of oxidation and higher
survival and sprouting compared to UF2.

Table 3. In vitro establishment response of ‘Merensky 2’ avocado rootstock nodal section explants
collected at the end of the second vegetative flush.

Treatment
Contamination

Bacterial (%) Fungal (%) Oxidation (%) Survival (%) Sprouting ≥ 4 mm (%)

E2 30.6 ± 3.3 16.7 ± 4.3 0.0 ± 0.0 b 52.8 ± 2.7 a 41.7 ± 6.6 a
CF2 27.8 ± 2.0 33.3 ± 3.3 5.6 ± 0.6 ab 33.3 ± 3.3 ab 19.4 ± 2.7 ab
UF2 41.7 ± 3.6 13.9 ± 2.7 19.5 ± 1.7 a * 25 ± 2.3 b 5.5 ± 1.7 b

p n.s. n.s. 0.021 0.035 0.032
E2: Etiolated material; CF2: Field material covered for 30 days; UF2: Uncovered field material. Values are
presented as mean ± SD. * Within each column, values with different letters indicate statistically significant
differences (Tukey’s test, p ≤ 0.05). n.s.: p > 0.05.

3.2. Biochemical Assays for Plant Material from First and Second Vegetative Flushes
ROS, SOD, POD, MDA and, Protein and Sugar Content

In the first vegetative flush, biochemical assays revealed significant differences
(p ≤ 0.05) in protein content, ROS levels, antioxidant enzyme activity, and MDA con-
tent among treatments. Protein content (Figure 1a) was highest in UF1, followed by CF1,
and lowest in E1. MDA content (Figure 1b), a marker of oxidative stress, was greatest in
CF1, intermediate in UF1, and lowest in E1. POD activity (Figure 1c) was significantly
higher in E1 compared to CF1 and UF1, while SOD activity (Figure 1d) was highest in CF1,
followed by UF1, and lowest in E1. ROS levels (Figure 1e) were highest in CF1, followed by
E1, and lowest in UF1. On the other hand, significant differences (p ≤ 0.05) were observed
in total sugar content (Figure 1f) and reducing sugar content (Figure 1g). UF1 showed the
highest levels of both total and reducing sugars, followed by E1, with CF1 exhibiting the
lowest values. The ratio of reducing-to-total sugar content (Figure 1h) was greatest in UF1,
while E1 and CF1 displayed similar, lower ratios.

For the second vegetative flush, significant differences (p ≤ 0.05) were found in ROS
levels, antioxidant activity, and MDA content. Protein content (Figure 2a) was highest in
UF2, followed by CF2, and lowest in E2. MDA content (Figure 2b), an indicator of oxidative
stress, was also highest in UF2, intermediate in CF2, and lowest in E2. POD activity
(Figure 2c) was greatest in E2 and lower in both CF2 and UF2. SOD activity (Figure 2d)
peaked in UF2, followed by CF2, and was lowest in E2. ROS levels (Figure 2e) were highest
in CF2, moderate in UF2, and lowest in E2. In addition, analysis of reducing sugar content
(Figure 2f) and total sugar content (Figure 2g) showed that UF2 exhibited the highest total
sugar levels, followed by CF2, with E2 showing the lowest values. Reducing sugar content
was highest in UF1, with lower values in CF2 and E2. The ratio of reducing-to-total sugar
content (Figure 2h) was greatest in UF2, while E2 and CF2 displayed similar lower ratios.

For the first vegetative flush, thin-layer chromatography (TLC) analysis of sugars
(Figure 3a) yielded qualitative results, with stain intensity reflecting the relative abundance
of each compound. Fructose content was higher in E1 compared to CF1 and UF1, whereas
glucose was more abundant in CF1 and UF1 than in E1. Sucrose was not detected in any of
the treatments.

On the other hand, for the second vegetative flush, the TLC analysis of sugars
(Figure 3b) showed higher fructose levels in E2 compared to CF2 and UF2, while glu-
cose levels were higher in CF2 and UF2 relative to E2. Sucrose was not detected in any of
the treatments.
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Figure 1. Biochemical analysis of ‘Merensky 2’ avocado rootstock stem sections collected at the end
of the first vegetative flush. Parameters assessed include (a) Protein content (relative to fresh weight),
(b) Malondialdehyde (MDA) content, (c) Peroxidase (POD) activity, (d) Superoxide dismutase (SOD)
activity, (e) Reactive oxygen species (ROS) levels, (f) Reducing sugar, (g) Total sugar and (h) Ratio
of reducing sugar-to-total sugars. Treatments: E1—etiolated material; CF1—field material covered
for 30 days; UF1—uncovered field material. Bars with different letters denote statistically significant
differences (ANOVA, Tukey’s test, p ≤ 0.05).

3.3. Anatomical Study

At the anatomical level, significant differences (p ≤ 0.05) were observed among treat-
ments at the end of the first vegetative flush. In zone 1 (Table 4), statistically significant
differences were detected in the distance from the epidermis to the cambial zone (E-Cam),
xylem zone length (Xi), phloem fiber count (NFPh), xylem vessel count (NVXi), xylem
vessel wall thickness (GPVXi), and xylem vessel lumen area (ALVXi). E-Cam was greater
in CF1 and UF1; Xi was significantly greater in UF1; NFPh was highest in E1; NVXi dif-
fered significantly between E1 and UF1; GPVXi was greater in CF1; and ALVXi showed
significant variation between CF1 and UF1.

In zone 2 (Table 4), E-Cam was again greater in CF1 and UF1; Xi and NFPh were
greater in E1; NVXi was higher in both E1 and CF1; and GPVXi was greater in CF1 and E1.
No significant differences (p > 0.05) were observed in phloem fiber wall thickness (GPFPh).
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Figure 2. Biochemical analysis of ‘Merensky 2’ avocado rootstock stem sections collected at the end of
the second vegetative flush. Parameters assessed include (a) Protein content (relative to fresh weight),
(b) Malondialdehyde (MDA) content, (c) Peroxidase (POD) activity, (d) Superoxide dismutase (SOD)
activity, (e) Reactive oxygen species (ROS) levels, (f) Reducing sugar, (g) Total sugar and (h) Ratio
of reducing sugar-to-total sugars. Treatments: E2—etiolated material; CF2—field material covered
for 30 days; UF2—uncovered field material. Bars with different letters denote statistically significant
differences (ANOVA, Tukey’s test, p ≤ 0.05).

Notably, a continuous xylem zone encircling the stem was observed in E1 (Figure 4a),
in contrast to the discontinuous pattern seen in CF1 (Figure 4b) and UF1 (Figure 4c). In CF1
and UF1, phloem fibers appeared agglomerated and poorly lignified (Figure 4e,f,h,i). In E1,
cell walls appeared weaker with the formation of intercellular spaces (Figure 4d,g).

Measurements from zone 1 (Table 5) revealed significant differences in several anatom-
ical parameters at the end of the second vegetative flush: distance from the epidermis to
the cambial zone (E-Cam), xylem zone length (Xi), phloem fiber count (NFPh), phloem
fiber wall thickness (GPFPh), xylem vessel wall thickness (GPVXi), and xylem vessel lumen
area (ALVXi). E-Cam was greater in CF2 and UF2, while Xi and NFPh were greater in
E2. GPFPh was higher in CF2 and UF2, GPVXi differed significantly between E2 and UF2
(greater in UF2) and ALVXi was highest in E2.

In zone 2 (Table 5), significant differences were observed in the following parameters:
E-Cam, Xi, NFPh, GPVXi, and ALVXi. E-Cam was greater in UF2, while Xi and NFPh were
greater in E2. GPVXi differed significantly between UF2 and CF2, with greater thickness
in CF2. ALVXi was highest in E2. Notably, E2 exhibited a continuous xylem ring with
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thickened vessel walls, particularly in zone 1, compared to CF2 and UF2. Phloem fibers
appeared agglomerated and poorly lignified in CF2 and UF2 (Figure 5).

Figure 3. Thin-layer chromatogram (TLC) showing glucose (Glu), fructose (Fru), and sucrose (Suc)
standards alongside ethanolic extracts from ‘Merensky 2’ avocado rootstock stems. (a) First vegetative
flush, (b) Second vegetative flush. Etiolated material (E1 and E2), field material covered for 30 days
(CF1 and CF2), and uncovered field material (UF1 and UF2).

Table 4. Anatomical evaluation of zone 1 and 2 in ‘Merensky 2’ avocado rootstock stems at the end of
the first vegetative flush.

Zone 1

Treatment E-Cam (µm) Xi (µm) NFPh GPFPh (µm) NVXi GPVXi (µm) ALVXi (µm2)

E1 287.8 ± 17.9 b 131.9 ± 12.9 b 31.8 ± 7.8 a 3.2 ± 0.5 24.8 ± 2.1 a 1.6 ± 0.2 c 284.1 ± 11.3 ab
CF1 620.8 ± 25.4 a 151 ± 12.4 b 14.7 ± 3.5 b 2.5 ± 0.8 21.5 ± 3.5 ab 3.2 ± 0.3 a 251.8 ± 13.2 b
UF1 619.2 ± 21.1 a * 184.6 ± 10.7 a 16.6 ± 5.5 b 2.3 ± 0.8 16.7 ± 3.8 b 2.6 ± 0.2 b 353.2 ± 14.2 a

p 0.000 0.000 0.000 n.s. 0.020 0.000 0.002

Zone 2

Treatment E-Cam (µm) Xi (µm) NFPh GPFPh (µm) NVXi GPXi (µm) ALVXi (µm2)

E1 294.8 ± 11.7 b 105.7 ± 15.0 a 21.2 ± 3.8 a 2.7 ± 0.2 17.7 ± 2.6 a 1.7 ± 0.1 b 253.9 ± 11.7
CF1 437.8 ± 17.6 a 57.7 ± 13.4 b 4.5 ± 1.3 b 2.7 ± 0.1 12.2 ± 1.5 a 2.8 ± 0.4 a 250.8 ± 10.0
UF1 439.0 ± 13.9 a * 67.8 ± 19.3 b 3.5 ± 1.8 b 2.1 ± 0.3 5.7 ± 0.7 b 2.7 ± 0.1 a 237.9 ± 14.7

p 0.000 0.000 0.000 n.s. 0.000 0.000 n.s.

E1: Etiolated material; CF1: Field material covered for 30 days; UF1: Uncovered field material. E-Cam: Distance
from epidermis to cambial zone; Xi: Xylem zone length; GPFPh: Phloem fiber wall thickness; NVXi: Xylem
vessel count; GPVXi: Xylem vessel wall thickness; ALVXi: Xylem vessel lumen area. Values are presented
as mean ± SD. * Within each column, values with different letters indicate statistically significant differences
(Tukey’s test, p ≤ 0.05). n.s.: p > 0.05.

3.4. In Vitro Establishment of Etiolated Material
Disinfection Experiment with Etiolated Material

Treatment 4, which combined the highest concentration of Phyton-27® (3 mL L−1)
with the highest concentration of NaClO (2%), resulted in the highest survival rate and the
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lowest contamination-related losses (Table 6). Notably, none of the treatments exhibited
losses due to oxidation.

Figure 4. Transverse sections of ‘Merensky 2’ avocado rootstock stems collected and fixed in FAA
at the end of the first vegetative flush: (a) etiolated material, (b) covered field material for 30 days,
(c) uncovered field material, (d) etiolated material (zone 1), (e) covered field material for 30 days
(zone 1), (f) uncovered field material (zone 1), (g) etiolated material (zone 2), (h) covered field material
for 30 days (zone 2), (i) uncovered field material (zone 2). Key: EC = distance from epidermis to
cambial zone, Xi = xylem zone length, 1* = phloem fibers, 2* = xylem vessels. Scale bars: (a–c) 500 µm;
(d–i) 100 µm.

Table 5. Anatomical evaluation of zone 1 and 2 in ‘Merensky 2’ avocado rootstock stems at the end of
the second vegetative flush.

Zone 1

Treatment E-Cam (µm) Xi (µm) NFPh GPFPh (µm) NVXi GPVXi (µm) ALVXi (µm2)

E2 278.6 ± 14.6 b 164.8 ± 14.1 a 16.5 ± 2.6 a 3.2 ± 0.8 a 21.5 ± 3.6 1.8 ± 0.3 b 394.5 ± 16.3 a
CF2 529.4 ± 16.9 a * 95.1 ± 12.2 b 5.0 ± 1.0 b 1.7 ± 0.5 b 16.6 ± 2.6 2.1 ± 0.3 ab 157.2 ± 10.6 c
UF2 510.9 ± 10.5 a 110.4 ± 16.8 b 4.0 ± 1.4 b 2.6 ± 0.3 a 16.3 ± 1.7 2.4 ± 0.5 a 258.4 ± 12.1 b

p 0.000 0.000 0.000 0.000 n.s. 0.002 0.000

Zone 2

Treatment E-Cam (µm) Xi (µm) NFPh GPFPh (µm) NVXi GPXi (µm) ALVXi (µm2)

E2 271 ± 11.9 c 141.9 ± 10.4 a * 21.2 ± 2.4 a 3.1 ± 0.2 ab 19.3 ± 3.8 1.6 ± 0.3 b 422.4 ± 11.7 a
CF2 429.7 ± 12.9 b 59.6 ± 8.3 b 2.5 ± 0.3 b 3.7 ± 0.3 a 16.2 ± 2.1 2.8 ± 0.4 a 195.9 ± 10.0 b
UF2 505.2 ± 11.9 a 65.9 ± 7.1 b 6.3 ± 1.3 b 2.3 ± 0.1 b 14.7 ± 2.3 1.9 ± 0.2 b 278.5 ± 10.3 b

p 0.000 0.000 0.000 0.004 n.s. 0.000 0.000

E2: Etiolated material; CF2: Field material covered for 30 days; UF2: Uncovered field material. E-Cam: Distance
from epidermis to cambial zone; Xi: Xylem zone length; GPFPh: Phloem fiber wall thickness; NVXi: Xylem
vessel count; GPVXi: Xylem vessel wall thickness; ALVXi: Xylem vessel lumen area. Values are presented
as mean ± SD. * Within each column, values with different letters indicate statistically significant differences
(Tukey’s test, p ≤ 0.05). n.s.: p > 0.05.
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Figure 5. Transverse sections of ‘Merensky 2’ avocado rootstock stems collected and fixed in FAA at
the end of the second vegetative flush: (a) etiolated material, (b) covered field material for 30 days,
(c) uncovered field material, (d) etiolated material (zone 1), (e) covered field material for 30 days
(zone 1), (f) uncovered field material (zone 1), (g) etiolated material (zone 2), (h) covered field material
for 30 days (zone 2), (i) uncovered field material (zone 2). Key: EC = distance from epidermis to
cambial zone, Xi = xylem zone length, 1* = phloem fibers, 2* = xylem vessels. Scale bars: (a–c) 500 µm;
(d–i) 100 µm.

Table 6. Percentage of contamination and survival of ‘Merensky 2’ avocado rootstock explants
in vitro.

Treatments
Contamination

Bacterial (%) Fungal (%) Survival (%)

T1 59.3 ± 6.4 a * 40.7 ± 4.4 3.7 ± 1.4 b
T2 30 ± 3.1 bc 60 ± 4.1 11.1 ± 0.0 b
T3 40.7 ± 3.2 b 37.4 ± 3.6 11.1 ± 2.4 b
T4 18.5 ± 2.5 c 37 ± 3.4 44.4 ± 0.0 a
p 0.000 n.s. 0.000

T1: 1.5% NaClO + 1.5 mL L−1 Phyton-27®; T2: 2% NaClO + 1.5 mL L−1 Phyton-27®; T3:
1.5% NaClO + 3 mL L−1 Phyton-27®; T4: 2% NaClO + 3 mL L−1 Phyton-27®. Values are presented as mean ± SD.
* Within each column, values with different letters indicate statistically significant differences (Tukey’s test, p ≤
0.05). n.s.: p > 0.05.

3.5. Multiplication Experiments of Etiolated Explants
3.5.1. Explants Multiplication Using BAP and GA3

Shoot growth did not vary significantly across the different hormone concentrations
and combinations (p > 0.05) (Table 7) (Figure 6). However, lateral bud formation was
significantly influenced (p ≤ 0.05), with treatments 3, 5, and 6 showing the highest number
of lateral buds. Notably, chlorosis and leaf abscission were observed exclusively in plants
from treatment 4 (0.29 µM GA3) (Figure 7).



Horticulturae 2025, 11, 900 14 of 22

Table 7. Shoot growth and lateral bud formation in ‘Merensky 2’ avocado rootstock explants treated
with BAP and GA3.

Treatment Growth Variation (mm) N◦ of Lateral Buds

Control 1.0 ± 0.3 0 ± 0.0 b
T1 1.3 ± 0.2 0 ± 0.0 b
T2 1.6 ± 0.1 0.2 ± 0.1 b
T3 1.9 ± 0.4 1.2 ± 0.2 ab
T4 0.9 ± 0.3 0 ± 0.0 b
T5 2.0 ± 0.5 1.0 ± 0.2 ab
T6 2.5 ± 0.6 1.8 ± 0.2 a *
T7 2.1 ± 0.5 0.6 ± 0.2 ab

p n.s. 0.002
Control: No growth regulators; T1: 4.44 µM BAP; T2: 8.88 µM BAP; T3: 13.32 µM BAP; T4: 0.29 µM GA3; T5:
4.44 µM BAP + 0.29 µM GA3; T6: 8.88 µM BAP + 0.29 µM GA3; T7: 13.32 µM BAP + 0.29 µM GA3. Values are
presented as mean ± SD. * Within each column, values with different letters indicate statistically significant
differences (Tukey’s test, p ≤ 0.05). n.s.: p > 0.05.

 

Figure 6. In vitro multiplication of ‘Merensky 2’ avocado rootstock material. Scale bar: 1 cm.

3.5.2. Explants Multiplication Using MT and GA3

The in vitro shoot growth response of nodal sections to varying concentrations of
MT and its combination with 0.29 µM GA3 (Table 8) showed no significant differences
in shoot elongation. In addition, lateral bud formation was absent across all treatments.
However, treatments containing MT demonstrated enhanced leaf development compared
to the control and T3 (Figure 7).

Table 8. Shoot growth response of ‘Merensky 2’ avocado rootstock explants treated with MT and GA3.

Treatment Growth Variation (mm)

Control 1.0 ± 0.2
T1 2.6 ± 0.4
T2 2.2 ± 0.3
T3 0.9 ± 0.2
T4 2.3 ± 0.4
T5 2 ± 0.2

p n.s.
Control: No growth regulators; T1: 0.41 µM MT; T2: 0.83 µM MT; T3: 0.29 µM GA3; T4: 0.41 µM MT + 0.29 µM GA3;
T5: 0.83 µM MT + 0.29 µM GA3. Values are presented as mean ± SD. n.s.: p > 0.05.
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Figure 7. Shoot growth of ‘Merensky 2’ avocado rootstock explants in vitro, 30 days af-
ter initiation of hormonal treatments. (a–h): BAP and GA3. (i–n): MT and GA3.
(a) Control (no hormones), (b) 0.29 µM GA3, (c) 4.44 µM BAP, (d) 8.88 µM BAP, (e) 13.32 µM
BAP, (f) 4.44 µM + 0.29 µM GA3, (g) 8.88 µM BAP + 0.29 µM GA3, (h) 13.32 µM BAP + 0.29 µM
GA3. (i) Control; (j)T1: 0.41 µM MT; (k)T2: 0.83 µM MT; (l)T3: 0.29 µM GA3; (m)T4:
0.41 µM MT + 0.29 µM GA3; (n)T5: 0.83 µM MT + 0.29 µM GA3. B = axial bud sprouting. Scale
bar: 1 cm.

4. Discussion
This study demonstrated that explant oxidation represents a major barrier to suc-

cessful avocado micropropagation, primarily associated with elevated reactive oxygen
species (ROS) accumulation. Etiolated explants (treatments E1 and E2) showed higher
sprouting rates and no losses due to oxidation, in contrast to uncovered field explants
(UF1 and UF2), which exhibited greater oxidation and reduced sprouting. Similar benefits
of etiolation preconditioning have been reported in other avocado rootstocks [65], and
species such as mango, where dark pre-treatments minimize browning and enhance in vitro
sprouting [66,67]. Physiologically, this can be attributed to antioxidant capacity; etiolated
material showed elevated POD levels [68], a key enzyme in ROS degradation. The elevated
POD content in etiolated tissues promotes the elimination of peroxides and free radicals
(ROS), preventing them from reaching damaging levels. In plants, POD, in conjunction
with SOD, forms the first line of defense against oxidative stress [43]. When antioxidant
enzyme levels are insufficient, ROS accumulate, leading to cell damage and death [43,66,69].
Etiolated explants (E1 and E2) exhibited lower ROS and MDA content, and higher POD
activity compared to both covered (CF1, CF2) and uncovered (UF1, UF2) field treatments.
The reduced MDA content in etiolated material indicates less lipid membrane damage
due to oxidative stress, reflecting an improved physiological state. Conversely, covered
(CF1 and CF2) and uncovered (UF1 and UF2) field explants exhibited the highest ROS
and MDA accumulation, coupled with relatively low POD and SOD activity, indicating
an antioxidant imbalance. Under abiotic stress (e.g., wounding, heat), elevated ROS levels
activate PPO and other oxidases, leading to tissue browning and death [66,68]. Therefore,
abiotic stresses, such as the high summer temperatures to which CF1 and UF1 explants
were exposed at the end of the first vegetative flush, likely explain the increased oxidative
losses compared to CF2 and UF2 explants from the end of the second vegetative flush. This
is supported by the higher MDA content in CF1 compared to UF1, suggesting that the



Horticulturae 2025, 11, 900 16 of 22

covered material, due to prolonged exposure to temperatures exceeding 40 ◦C, activated a
more robust defense against stress. Specifically, the increased ROS levels in CF1 likely trig-
gered an upregulation of antioxidant molecules to regulate ROS content [68], resulting in
lower oxidation losses at that time. It has been observed in several plant species that when
subjected to moderate-to-severe combined stress, they respond better to future stress [70].
Considering this background, temperature control of field material prior to collection could
have allowed better results in the in vitro establishment of avocado. In Saccharum spp.
callus grown in vitro on NaCl medium when transferred to a salt-free medium, regenerated
shoots showed significantly higher levels of antioxidants compared to the control treatment,
suggesting a higher responsiveness to possible oxidative damage [71].

In future studies, it would be relevant to evaluate the prior application of a compound
that increases antioxidant activity, with the objective of reducing oxidative losses in the
establishment. In this context, the use of brassinosteroids would be a good alternative to
evaluate in order to reduce oxidative loss in field material during in vitro establishment [72].

Dark treatments mitigate ROS peaks, thereby reducing explant oxidation [66,67]. In
this study, pre-etiolation of shoots prior to in vitro establishment nearly eliminated ox-
idative losses, while partial covering of field branches significantly reduced browning
compared to fully exposed material. This is evidenced by ~19.5% and ~5.6% oxidized
explants in CF1 and CF2, respectively, versus ~36.1% and ~19.5% oxidized explants in UF1
and UF2, respectively. This reduction could be attributed to higher relative SOD activity,
although it was insufficient to fully neutralize the generated ROS. In essence, etiolated ma-
terial entered the in vitro system with a low oxidative load and robust antioxidant defenses,
preventing browning and enhancing survival and sprouting. This starkly contrasts with
explants from covered or uncovered fields, where high MDA and low antioxidant activity
compromised tissue viability.

Initial carbohydrate profiles varied among the materials. Specifically, etiolated material
(E1 and E2) exhibited higher fructose levels, while field explants displayed higher glucose
levels. Sucrose was undetectable in all treatments, suggesting rapid utilization within the
sampled tissue. Uncovered field material (UF1 and UF2) contained the highest total and
reducing sugar content, exceeding that of covered and etiolated materials. This indicates
that light-exposed material (UF1 and UF2) possessed greater carbohydrate reserves at the
time of in vitro establishment, attributable to photosynthetic accumulation. Conversely,
sugars in etiolated stems (E1 and E2) likely originated from the mobilization of internal
reserves [73]. Shading has been shown to reduce photosynthetic activity in plants, leading
to decreased sugar content and ATP formation [74]. This could partially explain the weaker
anatomical structure of etiolated material (E1 and E2) compared to field material (CF1, CF2,
UF1, and UF2), and the lack of significant differences between covered and uncovered
field material. The latter may be attributed to the short covering period, given that field
branches were initially photosynthetically active [23]. A lower total sugar content was
observed in CF1, likely due to shading and heat-induced leaf loss, which directly reduces
the photosynthetically active area [73]. Conversely, CF2, which experienced minimal leaf
loss, exhibited higher sugar content.

Xylem characteristics are also relevant. A study in cucumber (Cucumis sativus L.)
demonstrated that increased xylem vessel area in the stem and vascular bundle area in the
root resulted in higher yields [75]. In this study, only nodal sections, directly contacting
the culture medium, were used; therefore, rooted material was not examined. The xylem
zone length, xylem vessel count, and xylem vessel lumen area could potentially correlate
with higher sprouting responses. This characteristic was observed in etiolated material [76].
Although the xylem zone length in etiolated material was not greater than that in covered
or uncovered field material, the etiolated material exhibited a continuous xylem zone in
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the stem cross-section. In contrast, covered and uncovered field material showed a similar
xylem zone length only in zone 1 and a reduced xylem zone length and fewer xylem vessels
in zone 2. Xylem characteristics may be a contributing factor, alongside other variables,
such as hydraulic conductivity, which affects water and nutrient transport [77]. It would
be expected that field material covered for 30 days at the end of the first vegetative flush
(CF1), during the hottest month [78] with temperatures exceeding 40 ◦C, would exhibit
increased xylem wall thickness [79]. However, this was not observed, likely due to the
near-complete loss of leaves, resulting from high-temperature damage to the photosynthetic
and foliar apparatus [80]. This leaf loss reduced evapotranspiration and, consequently,
plant adaptation [81], leading to a smaller xylem cell lumen area in CF1 compared to
uncovered branches.

Given the availability of etiolated plant material and its favorable response, particu-
larly the absence of oxidation-related losses, subsequent experiments focused on optimizing
survival with this material. Preliminary experiments without pre-disinfection resulted in
100% contamination due to bacterial presence (unpublished data). Utilizing Phyton-27®, a
bactericide–fungicide product with a cupric component, has demonstrated effective control
of bacterial diseases [82]. The highest tested dose of Phyton-27®, in combination with the
highest NaClO concentration, yielded the highest survival rates without oxidative losses.
Therefore, future studies could explore higher combination doses of these products to
further enhance survival while minimizing chemical stress-induced oxidative damage.

In in vitro multiplication studies, it has been shown that BAP concentrations of
2.22 µM and 13.32 µM induce a greater number of shoots in avocado [35], which is in
agreement with our observations, where an increase in bud formation and sprouting was
observed with the use of 13.32 µM of BAP. Moreover, it has been reported in in vitro
studies that gibberellins improve bud sprouting and stem elongation [83]. However, in
our study, applying GA3 as the only growth regulator did not promote shoot formation
and growth. On the contrary, negative effects such as leaf abscission and chlorosis were
observed. This is in agreement with other studies, where GA3-supplemented culture
medium showed physiological disorders, e.g., apex and leaf necrosis [84–86], possibly
due to hormonal imbalance [87]. Meanwhile, its application in conjunction with BAP
did not show a detrimental effect and was associated with increased bud formation and
sprouting. This response has been observed in other species, where the combination with a
species-specific concentration of cytokinin and gibberellin has a positive impact on growth
and multiplication [85,88–90], which is possibly due to the balance in biosynthesis and
signal transduction levels achieved [87,90]. On the other hand, the use of culture media
supplemented with MT or MT in combination with GA3 did not affect shoot growth, unlike
the response obtained in another in vitro trial using the avocado rootstock ‘Velvick’ with
the same concentrations [36]. This difference may be due to the characteristics of the plant,
since, depending on the species and genotype, the response and sensitivity to the growth
regulator will be different [86,87,91], which is related to the endogenous hormone content
of the plant [87,90]. Therefore, future experiments using growth regulators and different
concentrations, either individually or in combination, will make it possible to identify
the treatments that obtain better and faster development of the ‘Merensky 2’ rootstock
under in vitro conditions, which will make it possible to optimize stages of the process,
such as rooting. Of the above, it has been shown in another species that a vigorous shoot
obtained at the multiplication stage achieves a better rooting response [91]. It is possible
that the presence of the nodal section limited the efficacy of the growth regulators; therefore,
evaluating these regulators using only shoot explants may yield improved results.
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5. Conclusions
Etiolated ‘Merensky 2’ avocado rootstock material exhibited a superior in vitro estab-

lishment response due to a combination of biochemical, anatomical, and environmental
factors. These explants exhibited reduced oxidative stress at the initial stages, which con-
tributed to increased survival rates in culture medium. Disinfection of etiolated material
with a combination of 3 mL L−1 of Phyton-27® and 2% NaClO produced the lowest con-
tamination rates. Furthermore, bud induction was enhanced by treatments with BAP alone
or combination with GA3.
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