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Abstract: Sechium compositum (Cucurbitaceae) is a wild species that is distributed in the Soconusco
region, Chiapas, Mexico, and the border with Guatemala. This species has an intangible biochemical
value resulting from the pharmacological relevance of its secondary metabolites. However, as a
consequence of the lack of knowledge about its importance, it is being displaced from its habitat at
an accelerated rate, incurring the risk of genetic loss. Therefore, an in vitro culture protocol with two
experimental phases was evaluated to propagate, conserve, and regenerate this species. The first
phases considered the multiplication of seedlings, adding seven concentrations (0.1, 0.2, 0.4, 0.6, 0.8,
1.0, 1.2 mg mL") of 6-benzylaminopurine (BA) and thidiazuron (TDZ) and evaluating the number
of buds, shoots, and seedling height. The best multiplication response was recorded with 0.1, 0.2,
0.4, and 1.0 mg L of BA and 0.1 mg L' of TDZ, as well as the MS base culture medium. With 0.1
mg L1 of BA, 52-mm height, 1.36 shoots, and 9.22 buds were obtained, surpassing the MS control
(MS culture medium alone); likewise, twice more roots (80%) and a 14% reduction in the bud
structure were packed in 50 repetitions. The second phase consisted of inducing callus formation
from stem and leaf explants through the addition of 0.5, 1.0, and 2.0 mg L' of TDZ and 2,4-
Dichlorophenoxyacetic acid (2,4-D) to the medium. The results demonstrated that the induction of
callogenesis in S. compositum has a better start from the stem in a medium with 2.0 mg L-! of 2,4-D,
whose value was 4.89 —equivalent to 97.8% callus formation around the explant. The addition of
500 mg L' of polyvinylpyrrolidone (PVP) is also suggested to reduce oxidation. This protocol
represents a significant advance in the conservation, multiplication, and callogenesis of S.
compositum and contributes to its rescue and revaluation in the face of the danger of extinction.

Keywords: agrobiodiversity; in vitro multiplication; cucurbitaceae; underutilized species; Sechium
(P. Br.)

1. Introduction

Agrobiodiversity includes local or native varieties, tolerated, encouraged, cultivated, in process
of domestication ecotypes, and their wild relatives [1,2]. Phytogenetic resources for food and
agriculture, implicit in agrobiodiversity, play a fundamental role in human development, providing
significant benefits [3] that contribute to the scientific, technological, socioeconomic, and cultural
progress of megadiverse countries [4].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Some of these local varieties and their wild relatives have not yet been fully characterized, which
creates a major limitation for the identification of new uses or improvement of known ones. In many
cases, the commercial success of a genotype can indirectly displace local varieties whose use or
consumption are less popular —especially wild relatives, which have been rendered fragile, placed
in conditions of erosion, or lost by the lack of research about their potential uses [5-7].

The conservation of these phytogenetic resources requires the application of in situ and ex situ
strategies [8]. The first focuses on the maintenance of plant species and traditional agricultural
systems in the habitats of origin, where they have developed specific phenotypic and genetic
characteristics. This effort entails the protection of natural areas, wild ecosystems, and other
environments within their original context [8]. In this process, the lore of rural communities plays a
crucial role, since their populations have been the guardians of these plants and their uses for
generations [5,9,10].

Ex situ conservation is mainly carried out in germplasm banks or scientific collections [10,11]and
consists of the preservation of orthodox and recalcitrant seeds [12,13] outside natural habitats. Both
approaches play a fundamental role in the protection and conservation of the genetic diversity of
plant species, contributing to food security and global biodiversity.

In this context, chayote (Sechium P.Br.) (Cucurbitaceae) emerges as an important phytogenetic
resource for Mexico (its center of origin and domestication). The genus includes ten species, of which
only S. edule and S. tacaco are cultivated as food [14]. The other eight (S. chinantlense, S. compositum, S.
hintonii, S. talamancense, S. panamense, S. pittieri, S. venosum, and S. vilosum) are wild species [15].

S. compositum is distributed in the Soconusco region, Chiapas, Mexico, and the border with
Guatemala [14]. In 2011, the proximity of rural communities placed five S. compositum populations in
the status of very high fragility in Chiapas [16]. This limited geographical distribution and lack of
knowledge of any use among rural inhabitants has promoted its displacement by economically
profitable crops, such as coffee, corn, and forage species [16].

According to recent studies by [17], both the biological variants of S. edule and two identified
morphotypes of S. compositum have a high content of secondary metabolites with pharmacological
activity-specifically tetracyclic triterpenes, phenols, and flavonoids [18,19] with antileukemic [20] and
antifungal [21] potential, which opens a window of opportunity for its revaluation and therefore
contributes to its conservation.

The ex situ conservation of S. compositum faces significant challenges, given its climbing nature
and recalcitrant seed, which hinders its preservation through traditional methods [22]. In response
to these challenges, a viable alternative is its establishment under in vitro conditions. This approach
not only allows the preservation of the species, but also its regeneration and possible reintegration
into its original habitat [23,24]. Furthermore, in vitro preservation is a source of tissues that are
valuable for bioprospecting research [18], as well as the induction of mutagenesis for future
applications. This biotechnological technique has several applications, including the study of
physiological aspects [25], clonal propagation [26], production of secondary metabolites [27] plant
regeneration [28,29] and obtaining disease-free varieties [23,30,31].

A significant number of research works have focused on the in vitro establishment, conservation,
and regeneration of S. edule [22,32-36] in addition to clonal propagation, rooting, and acclimatization
protocols [22,37,38]. However, unlike the case of other species, explant-based callogenesis protocols
have not been studied [39]. Callogenesis is the basis for massive in vitro propagation through indirect
organogenesis or indirect somatic embryogenesis [40,41]; however, no such protocol has been
developed for wild species.

The objective was to develop an in vitro multiplication protocol from bud explants, as well as a
callogenesis protocol for Sechium compositum (Donn. Sm.) C. Jeffrey, with the purpose of obtaining
tissue for the regeneration of the species, consequently contributing to its conservation and the
possibility of studies for new uses.

2. Materials and Methods
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The research was divided into two experimental phases. The first considered the multiplication
of seedlings through the addition of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 mg mL-" concentrations of the 6-
benzylaminopurine (BA, PhytoTechnology Laboratories® B800, Shawnee Mission, KS, USA) and
thidiazuron (TDZ, Sigma-Aldrich® P6186, San Luis, MO, USA) growth regulators, in order to observe
differences in number of buds, shoots, and seedling height, with the MS plant culture medium [42].
The second phase consisted of the induction of callus formation from stem and leaf explants, with
the addition of 0.5, 1.0, and 2.0 mg L-! concentrations of the TDZ and 2,4-D growth regulators to the
medium.

2.1. Biological material

Vegetative material of S. compositum from accession 321-05 of the Sechium P. Br. Germplasm
Bank (19° 08’ 48” N and 97° 57" 00” W), was used. The original growth conditions of the accession are
high evergreen forest. However, since its collection (2005), it has been acclimatized to mountain cloud
forest conditions: 1,340 m.a.s.l, 19 °C average annual temperature, 85% relative humidity, and 2,250
mm annual precipitation. The soils are nutrient-rich vitric luvisols with moderate fertility, coarse
texture, and fragments of volcanic glass, slightly acidic to acidic pH (4.3-6.5), abundance of organic
matter, low levels of calcium, and high levels of iron, manganese, and zinc [43].

2.2. Experimental phase 1: disinfection procedure for the establishment of biological material

Twenty-centimeter-long tips of plagiotropic stems (vine) were collected up to the apical bud.
The axillary buds were cut from the vine in the laboratory; the following disinfection procedure was
then applied: they were washed with soap (Axion®) and water, placed in 70% (v/v) alcohol for 1.0
min, and disinfected with sodium hypochlorite bleach (Cloralex®) at 20% (v/v) for 10 min while
stirring. They were immediately washed with sterile distilled water in a laminar flow hood. Finally,
they were established in a MS medium supplemented with 1.5 mgL"' Plant Preservation Mixture
(PPMTM, Plant Cell Technology, Inc.). The responsive buds were multiplied and used for the
development of biotrials for the establishment, multiplication, and induction of calluses.

2.2.1. In vitro base culture medium and general maintenance conditions

The base culture medium for the in vitro establishment, maintenance, and callogenesis was the
MS [42] medium with vitamins (PhytoTechnology Laboratories® M519, Shawnee Mission, KS, USA)
under standard conditions. They were gelled with 9 g L' of agar (PhytoTechnology Laboratories®
A111, Shawnee Mission, KS, USA) supplemented with 30 g L' of D-sucrose (PhytoTechnology
Laboratories® S391, Shawnee Mission, KS, USA); the result was sterilized in an automatic autoclave
at 120 °C, at 0.1 MPa pressure for 20 min. Seven mL of medium were placed in 15-cm glass tubes with
plastic lids; meanwhile, 25 mL of medium were placed in glass bottles with plastic lids. The pH was
adjusted from 5.7 to 5.8 with 1.0 N sodium hydroxide (BAKER ANALYZED®) or 1.0 N hydrochloric
acid (MERCK®). The incubation conditions for all tests were 25 +1 °C and a 16-h light photoperiod
with 3,000 lux intensity.

2.2.2. In vitro multiplication

Two growth regulators were added to the MS base culture medium to induce seedling growth
and in vitro shoot formation from buds of S. compositum: 1) 6-benzylaminopurine (BA
PhytoTechnology Laboratories® B800, Shawnee Mission, KS, USA), at 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 mg
mL concentrations; and 2) thidiazuron (TDZ, Sigma-Aldrich® P6186, San Luis, MO, USA) in the
same concentrations. The control consisted only of a MS culture medium (MS control). The 14
treatments plus the control were distributed in a completely randomized arrangements with ten
repetitions. They were incubated at 25 = 1 °C with a 16-h light photoperiod. The evaluation was
carried out after four months, recording stem length (mm), number of shoots, number of buds,
presence of roots, and formation of structures (e.g., calli). To check the effect of the minimum BA
concentration, buds were sown on a MS medium supplemented with 0.1 mg L' of BA and compared
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with the MS base culture medium. The sample size was n=50 repetitions per completely randomized
treatment.

2.3. Experimental phase 2: callogenesis induction

Stem and leaf explants were taken to obtain callus in vitro. Two growth regulators were added
to the MS base culture medium: 2,4-D (2,4-Dichlorophenoxyacetic acid; Phytotechnology
Laboratories® D295, Shawnee Mission, KS, USA) and TDZ (Sigma-Aldrich® P6186, San Luis, MO,
USA), both with 0.5, 1.0, 2.0 mg L concentrations and 18 repetitions. The control was MS culture
medium by itself (MS control), with 10 repetitions per explant. A completely randomized design was
applied (n=236). They were incubated at 25 +1 °C, with a 16-h light photoperiod, and 3,000 lux
intensity. The evaluation was carried out 30 d after establishment, recording fresh weight (g) and
level of callus formation (%) according to the scale described in Table 1.

Table 1. Five-level scale used to determine callus formation from stem and leaf explants of Sechium
compositum.

Callus formation scale Description

Level
(%)
1 0 There is no tissue response.
) Los The tissue swells (turgor) and begins to form a light-yellow callus at
the ends.
The ends surrounding tissue areas show a greater amount of white
> 2650 callus.
A green tissue portion is observed at the top. The rest of the callus is
! 7 white.
5 76.100 The callus has completely covered the tissue and there is an increase

in the white mass, with a slight brown tone in small areas.

The estimated volume of callus was calculated using the regression model, based on non-
intrusive measurements reported by Ramos-Parra et al. [44]. with the following equation:

Estimated volume of callus = 1.019 + 0.044(d:2h) + 0.106(d2h)

where: £8's= numbers that indicate the parameters of the models (1.019, 0.044, 0.106).

di= diameter 1, linear dimension parallel to the medium and largest horizon, considering that
the container is in front of the observer.

dz2= diameter 2, dimension parallel to the medium and perpendicular to d1.

h=height (h), dimension perpendicular to di, which were substituted in the model to obtain the
estimated callus volume.

Prevention of oxidation in calli

Independent tests were carried out with activated carbon and polyvinylpyrrolidone (PVP) to
reduce the effect of oxidation on calli, to obtain calli that maintained normal growth characteristics,
to increase the areas of potentially active calli, and to decrease brown-yellow areas.

A) Test with activated carbon

One hundred twenty stems were sown in a medium with 2.0 mg L' of 2,4-D and 2.0 mg L' of
activated carbon (PhytoTechnology Laboratories® C325, Shawnee Mission, KS, USA). Callus
formation was evaluated during 30 d.

B) Test with polyvinylpyrrolidone (PVP) as antioxidant agent

In this trial, stems were sown in the callus formation medium (2.0 mg L of 2,4-D) with 250 mg
L1 and 500 mg L concentrations of polyvinylpyrrolidone (PVP; Sigma-Aldrich® P2307, San Luis,
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MO, USA), and they were compared with the control medium without PVP. The development of
each callus (%) was evaluated taking into consideration the characteristics described in Table 1, under
a completely randomized design with ten repetitions. In a parallel experiment, level 5 calli (Table 1)
formed from stem were resown in a medium with 2.0 mg L of 2,4-D, to which 250 mg L' and 500
mg L1 of polyvinylpyrrolidone were added. The percentage of callus formation was evaluated
considering characteristics such as growth of the mass, decrease in brown areas (sign of oxidation),
and increase in light areas (potential active callus) (Table 2). Both experiments were established under
a completely randomized design, with ten repetitions, and were evaluated at 20 and 30 d. The results
were analyzed using the Kruskal-Wallis One Way Analysis of Variance on Ranks test.

Table 2. Scale used to determine the percentage of callus for multiplication.

Callus development (%) Description

0 Brown callus and yellow medium are observed.

The callus maintains a greater number of brown areas and the mass
25 does not increase. The medium looks slightly yellow.

A greater percentage of potentially active callus is observed, and the
50 medium turns a light yellow.

A considerable decrease in brown areas is observed, along with has a
75 greater number of active areas in the callus, and a transparent medium.

The callus presents mostly or all active zones, its mass increases, and
100 root formation is observed. The medium is transparent.

2.4. Feasibility of the callogenesis protocol

The repeatability of the callogenesis protocol was checked by sowing 120 stems in a MS medium
supplemented with 2.0 mg L-! of the 2,4-D regulator. Callus formation, diameter 1, diameter 2, height,
and estimated volume were evaluated at 25 d, using the equation proposed by [44]. Subsequently, 60
calli were divided into two fragments and resown in a MS medium supplemented with a 2.0 mg L
concentration of the 2,4-D regulator and 500 mg L' of PVP. At 30 d, callus formation, diameter 1,
diameter 2, height, and estimated volume were evaluated following the equation proposed by [44].

2.5. Statistical analysis

All treatments had a completely randomized experimental design. When the assumptions of
normality and homogeneity were not met, the nonparametric Kruskal-Wallis test was applied. For
the bud multiplication test, the following was applied: the Wilcoxon analysis of multiple range
comparison of paired sides by the Dwass Method [45], Steel [46], Critchlow-Fligner [47] (DSCF
method) was used to determine the following variables: seedling height, number of buds, and
number of shoots. For the callus and root formation variables, it was performed using the Mann-
Whitney U Test (P = <0.001). The callogenesis experiment was analyzed through the Wilcoxon
analysis of multiple range comparison of paired sides by the Dwass Method [45], Steel [46],
Critchlow-Fligner [47] (DSCF method). In addition, a Mann-Whitney U Test comparative analysis (P
=<0.001) was carried out separately for calli inducted from the stem explant and from the leaf explant.
The efficiency of adding PVP to the medium to reduce oxidation in callus was determined by the
Mann-Whitney U Test (P = <0.001). The data were analyzed in the SAS® 2022 On Demand for
Academics statistical software, online, and using the SigmaPlot [14.0] software.

3. Results

3.1. Experimental phase 1: in vitro multiplication

Under the comparison of ranges by the DSCF method (P < 0.05), treatment 2 (1.0 mg L of BA)
recorded the tallest seedling heights (64.46 mm), which doubled the value of the control and other
treatments (Table 3).
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Treatment 9, which consisted of the application of a 0.1 mg L' concentration of TDZ
demonstrated a significant increase in growth, with a 30.32 mm average value. Regarding the number
of buds, outstanding results were observed with 0.1, 0.2, 0.4, and 1.0 mg L concentrations of BA
(treatments 2, 3, 4, and 7), as well as with 0.1 mg L' of TDZ (treatment 9) and the control group; all
of them exhibited optimal responses, with a range of 10-16 buds (Table 3).

Table 3. Effect of seven concentrations of thidiazuron (TDZ) and 6-benzylaminopurine (BA) on height
and proliferation of buds and shoots of Sechium compositum.

Growth Concentration (mg Seedling height (mm) Buds (Number) Shoots (Number)

e regulator L) Means SE Means SE Means SE
1 MS Control 0 20.25 ab +6.1 103 a +1.4 1.0 bc +0
2 BA 0.1 10.02 ab +0.88 164 a *1 21 a +0.3
3 0.2 31.76 ab +9.85 150 a *1.9 17 ab +0.2
4 0.4 9.78 ab +1.31 117 a +14 1.6 ab +0.2
5 0.6 28.76 ab +8.27 74 ab £1.6 14 ab +0.2
6 0.8 8.56 ab +3.62 3.9 ab £1.9 0.7 bc +0.2
7 1.0 64.46 a +7.86 124 a +0.5 20 a +0.2
8 1.2 11.46 ab +2.92 41 ab £1.1 1.0 bc +0
9 TDZ 0.1 3725 a +7.52 122 a 2.5 21 a +0.4
10 0.2 30.32 ab +7.84 10.0 ab £3.1 14 ab +0.3
11 0.4 16.46 ab +6.35 5.6 ab +1.8 1.0 ab +0.3
12 0.6 256 ¢ 0.7 0.8 bc +0.2 0.7 bc +0.2
13 0.8 325 b +0.91 0.9 bc +0.3 0.6 bc +0.2
14 1.0 563 b +1.76 1.7 bc +0.6 1.1 ab +0.3
15 12 213 ¢ +0.71 0.5 bc +0.2 0.5 bc +0.2

Means + SE (standard error). Kruskal-Wallis Analysis Pr > Chisq < 0.0001. Means with the same letter are not
statistically different according to the Wilcoxon matched pairs signed rank test versus the Steel-Dwass-
Critchlow-Fligner method (P < 0.05). T£ = Treatments.

Figure 1 shows that treatments 6, 7, 8, and 10 had a different callus and root formation response
than the control (P=<0.001). This could be the starting point for the development of trials that promote
greater root development or callus formation. The factors that promote callus formation were the
type and the concentration of the growth regulator.
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Figure 1. Effect of six concentrations of thidiazuron (TDZ) and 6-benzylaminopurine (BA), compared
to the MS control, in which the presence of callus and root in seedlings of Sechium compositum was
evaluated. Means =+ SE (standard error). Where the treatments are: 1: MS control, 2: MS+BA (0.1 mg L-
1), 3: MS+BA (0.2 mg L"), 4: MS+BA (0.4 mg L), 5: MS+BA (0.6 mg L"), 6: MS+BA (0.8 mg L), 7:
MS+BA (1.0 mg L), 8 MS+BA (1.2 mg L), 9: MS+TDZ (0.1mg L), 10: MS+TDZ (0.2mg L), 11:
MS+TDZ (0.4 mg L), 12: MS+TDZ (0.6mg L), 13: MS+TDZ (0.8mg L), 14: MS+TDZ (1.0 mg L), 15:
MS+TDZ (1.2 mg L). Kruskal-Wallis One Way Analysis of Variance on Ranks (P = <0.001); Mann-
Whitney U Test (P=<0.001). * Differences between control and treatments (P < 0.05).

Optimization treatments aimed at the in vitro growth of S. compositum must address several
essential traits, including seedling size, number of buds, and induction of a greater number of shoots.
These considerations are essential to ensure adequate multiplication and root development, even in
situations where callus formation is limited. In this study, treatments that can meet such conditions
include 0.1 mg L' and 1.0 mg L of BA and 0.1 mg L' of TDZ (Figure 1).

To validate the results of the first trial, 0.1 mg L-* of BA —one of the concentrations that optimize
the process— was compared with the MS control. According to the analysis of variance (P=<0.001),
there were differences in all the variables evaluated. The following average values were recorded for
the 50 repetitions evaluated for each treatment with 0.1 mg L' of BA: a height of 52 mm, 1.36 shoots,
and 9.22 buds. These figures were higher than the MS control (Figure 2).
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Figure 2. Effect of 0.1 mg L of BA, compared to MS control. Average seedling height, average number
of shoots, buds, percentage of root, callus, and rosette structure of the in vitro seedlings of Sechium
compositum. Means + SE (Standard Error) of n=50 repetitions per treatment. Kruskal-Wallis One Way
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Analysis of Variance on Ranks (P =<0.001); Mann-Whitney U Test (P=<0.001). * Differences between
control and treatments (P < 0.05).

Remarkably, root formation was observed in 50 representative repetitions: 0.1 mg L' of BA
generated twice the number of root than the MS control (80%); even callus formation was observed
(16%) without limiting its growth (Figure 2). In this regard, the cytokinins can induce high
proliferation and cell division —i.e., they increase the multiplication rate of plants, in addition to
inducing root elongation and an increase in shoot production.

When the five reseedings of S. compositum are exceeded, a structure of packed buds (“rosettes”)
is usually formed (Figure 3). Even when it has a significant number of buds, this structure is difficult
to divide for their multiplication. This situation may be caused by a loss of morphogenic competence
in the mature material (morphological, biochemical, and molecular differences); consequently, the
ontogenic age of the plant material causes the absence of elongation, since younger plant explants led
to a greater elongation rate of the axillary buds.

Figure 2 indicates a significant decrease in the formation of the rosette-shaped structure (Figure
3C) when 0.1 mg L of BA was added to the base culture medium, reducing it threefold compared to
the MS control, in which a 42 % rosette formation was observed. These results suggests that BA acts
as a rejuvenating agent for the material. Both cytokinins and BA promote the elimination of the
dormancy of axillary buds, as well as the formation of lateral shoots.

)

2/

Figure 3. Sechium compositum established in vitro: A) +2-months old seedling. B) +2-months old
seedling with two shoots and formation of basal callus. C) Seedling with packed buds (rosette
structure).

3.2. Experimental phase 2: callogenesis induction

In the separate analysis of the explants (leaf and stem), compared with the control, the treatments
with 2,4-D resulted in differences for all the variables evaluated using the Mann-Whitney U Test (P =
<0.001). Furthermore, the concentration of this regulator can vary within a range of 0.5 to 2.0 mg L,
highlighting that the highest concentration resulted in a notable improvement in callus development
(Figure 4).
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Figure 4. Effect of three concentrations of thidiazuron (TDZ) and 2,4-dichlorophenoxyacetic acid (2,4-
D) on callus generation, from leaf (A) and stem (B) explants of Sechium compositum. The following
treatments were used: 1.- MS control-stem, 2.- Stem MS+2,4-D (0.5 mg L), 3.- Stem MS+2,4-D (1.0 mg
L), 4.- Stem MS+2,4-D (2.0 mg L"), 5.- Stem MS+TDZ (0.5 mg L), 6.- Stem MS+TDZ (1.0 mg L), 7.-
Stem MS+TDZ )(2.0 mg L, 8.- MS control-leaf, 9.- Leaf MS+2,4-D (0.5 mg L), 10.- Leaf MS+2,4-D (1.0
mg L), 11.- Leaf MS+2,4-D (2.0 mg L), 12.- Leaf MS+TDZ (0.5 mg L), 13.- Leaf MS+TDZ (1.0 mg L-
1), 14.- Leaf MS+TDZ (2.0 mg L). Means + Standard Error (SE). Comparative analysis Mann-Whitney
U Test (P =<0.001). *Differences between the control and the treatments.

The callus formed was a compact mass with a white and cottony periphery, as well as some light
yellow-green middle areas, especially in levels 3 and 4 (Figure 5D,E,L]). The explants of level 5 calli
are fully covered with a white layer (Figure 6A—C). After 40 d in the medium, an oxidation process
began, during which the calli changed from light white yellow to brown-yellow (Figure 7D). This
oxidation indicator lasted about 60 d and then the tissue died.
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Figure 5. Callogenesis in Sechium compositum. Oxidized callus obtained from leaf explant: A, B, C, F,
G, H. Callus obtained from stem explant: D, E, L, J. All observed through optical microscope.
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Figure 6. Calli obtained from stem of Sechium compositum sown in medium (2.0 mg L of 2,4-D) with
2.0 mg L of activated carbon. Where: A) Stem explant for callus formation observed 7 days after
sowing (callus formation begins at the ends of the stem where the cut was made); B) Callus observed
15 days after sowing (white callus begins to develop on the surface of the stem); C) Callus observed
30 days after sowing (most of the calli formed roots roots and their development stopped); D) Single
seedling regenerated at 30 d, in the medium with activated carbon from stem explant.
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Figure 7. Calli obtained from stem of Sechium compositum. Where: A) Callus with desired
characteristics (white, with few yellow areas); B) Callus culture was divided for multiplication and
resown in medium with 2.0 mg L' of 2,4-D; C) Calli resown in a medium with 2.0 mg L of 2,4-D with
PVP; D) Oxidized callus.

Specific assays for callogenesis of S. compositum showed that the establishment of stem and leaf
fragments in a MS medium supplemented with 0.5, 1.0, and 2.0 mg L of TDZ is hardly the best
option for callus formation, especially with leaf explants, because callus formation does not surpass
level 2, i.e., less than 50% (Table 4, Figure 4). In addition, the tissue mass was green in the center and
brown in the periphery (Figure 5A-C,F-H). On the contrary, when the medium was supplemented
with three concentrations of 2,4-D (0.5, 1.0, and 2.0 mg L), an average ~level 5 callus formation was
induced —i.e., 100% callus formation at 30 d from the stem explant. The highest concentration was
statistically different in callus formation (4.89 + 0.08).
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Table 4. Effect of three concentrations of thidiazuron (TDZ) and 2,4-dichlorophenoxyacetic acid (2,4-D) on the generation of callus, from stem and leaf explants of Sechium compositum. 'g

=
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In this sense, the success of callogenesis of S. compositum depends on the type of growth regulator
and the explant. The concentration did not show differences in callus fresh weight, diameter, height,
volume, and root formation. Similar results were obtained by Soto-Contreras et al. [39] who evaluated
the effect of 0.5, 1.0, and 1.5 mg L' concentrations at of 2,4-Dichlorophenoxyacetic acid on the
induction of callus formation from different vitroplant explants of S. edule. Their results show that,
with the highest concentration, the nodal segments recorded 100% formation of white calli and a
fresh weight of 1.74 g, while the calli of the leaf segments were greenish and had a fresh weight of
035g.

Control of callus oxidation

a) Activated carbon

The inclusion of an antioxidant in the medium is an alternative to reduce oxidation in in vitro
culture. In this case, 120 repetitions of an experiment in which callus formation was induced from the
stem in the callogensis medium (2.0 mg L' of 2,4-D) with 2.0 mg L of activated carbon were
evaluated. Under these conditions, the stems showed induction of callus formation at 7 d, with
swelling of the explant at the ends where the cut was made (Figure 6A). After 15 days (Figure 6B),
the callus development around the stem was more noticeable. However, after 30 d of evaluation
(Figure 6C), 100% stopped their development with level 3 calli (Table 1) and generated roots; only
one explant generated shoots and leaves (Figure 6D). Therefore, activated carbon in a callus
formation initiation process is not suitable for S. compositum.

There are reports that mention that the addition of activated charcoal to the best callus formation
treatments generates a negative effect (for example, slow cell proliferation of Brosimum alicastrum
callus).

b) Application of polyvinylpyrrolidone (PVP)

According to Figure 8, the level of development of calli with desirable characteristics (Figure
7A,C) at 20 and 35 d (Table 1) show that the calli in the formation medium (control) reached level 5
(100%) at 35 d. Meanwhile, when 250 mg L' of PVP were added to the medium, the formation level
reached 2.2 + 0.13 (30%); for its part, the application of 500 mg L' of PVP to the medium resulted in a
formation level of 3.9 + 0.38 (72.5%). Therefore, adding PVP from the initial stage of callus formation
should decrease callus induction from the stem by 27.5%. Both the control and the 500 mg L
concentration at of PVP showed differences at 35 d, according to the Mann-Whitney U Test (P =
<0.001).

60 1 W20 days

30 days
5.0 - -

4.0 A

—ix

3.0 4

2.0 A

1.0 4

Callus development level

0.0 T T 1
MS+2.4-D+PVP (250 mg L-1)  MS+2.4-D+ PVP (500 mg L-1) MS+2.4-D

Culture medium

Figure 8. Effect of adding two concentrations of polyvinylpyrrolidone (PVP) to the medium with 2.0
mg L of 2,4-D for the induction of callus from stem of Sechium compositum. Callus development level
at 20 and 30 days. Means + Standard Error (SE). Comparative analysis with Mann-Whitney U Test (P
=<0.001). *Differences between the control and the treatments.
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Figure 9 indicates that the resowing of callus of average level (4.5) from stem explant, in a
medium with 2.0 mg L of 2,4-D, to which two concentrations of polyvinylpyrrolidone (PVP: 250 and
500 mg L) were added, did not register differences (P =>0.05) at 20 and 35 d. However, with 500 mg
L1, 100% calli with desired characteristics were obtained in a resown callus (Figure 7C) —i.e., they
presented mostly active zones, increase in mass, root formation, and transparent medium (Table 2).
In that sense, adding PVP to the medium for resown calli helps to reduce the oxidation process.

120%
W20 days

100% 30 days

—_—

80%

60%

40%

Percentage of callus growth

20%

0%

MS+2.4-D+PVP (250 mg L-1) MS+2.4-D+ PVP (500 mg L-1)

Culture medium

Figure 9. Effect of the addition of two concentrations of polyvinylpyrrolidone (PVP) to the medium
with 2.0 mg L of 2,4-D on the growth of sub cultured calli with desirable characteristics in Sechium
compositum (reduction in oxidation, survival, and mass growth); evaluated at 20 and 30 days. Means
+ Standard Error (SE). Kruskal-Wallis One Way Analysis of Variance on Ranks (P =>0.05). There are
no differences between the treatments.

3.3. Validation of the callogenesis protocol

As a result of the validation of the callogenesis protocol, the 120 calli sown from stem in a
medium with a of 2.0 mg L-! concentration of the 2,4-D regulator recorded the following results at 25
d: average formation values of up to 70% +29.6%; diameter 1 of 7.74 + 2.5 mm; diameter 2 of 8.41 +2.4
mm; height of 7.35 +2.2 mm; and a volume of 27.89 +19.5 mm?. Half of these calli were divided into
two groups and resown for new callogenesis, on a medium that included 500 mg L of PVP. A 30-
day evaluation reported 100% callus development with active zones, increase in mass, root formation,
and transparent medium.

4. Discussion

4.1. Experimental phase 1: in vitro multiplication

Previous work with S. edule shows similar responses to the application of different
concentrations of growth regulators (e.g.,, BA and TDZ). Authors such as [36] recorded a more
efficient propagation of S. edule plants by adding 0.1 mg L of BA, and 0.1 mg L of GA3 to the MS
base culture medium. Mora also identified that concentrations greater than 0.5 mg L of BA induce
callus formation. Other authors such as [48] observed that the association of different growth
regulators with BA had significant advantages (e.g., greater shoot length) over KN and 2iP, after four
weeks of culture. They also mention the synergistic effect of BA and IAA when the induction of shoots
is similar to BA. The maximum number of nodes and shoot length was observed with 2.0 uM of BA;
this number increased when they were subcultured in a culture medium with the same concentration.

The best medium for the induction of longer roots contained 10 mM of indole-3-butyric acid.
With lower concentrations of TDZ, multiple adventitious buds were induced, but shoots did not
regenerate as was the case of an inoculation of different concentrations of BA.
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BA evidently promotes the generation of shoots, growth, and stimulation of root formation, in
both S. edule and S. compositum, enhancing micropropagation. Authors such as [22] induced the
proliferation of axillary shoots from axenic nodal segments obtained from seedlings germinated in
vitro. Nodal segments were cultured in MS medium supplemented with 0.1 mg L of 6-
benzylaminopurine (BA), producing 8.0 + 0.4 shoots per explant, with a 92% regeneration frequency.
Furthermore, the regeneration of the seedlings was optimized through the addition of 0.1 mg L of
BA and 0.05 mg L' of gibberellic acid (GA3) to the medium, obtaining 5.3 + 1.9 shoots per average
explant.

Regarding the number of shoots, treatments 2, 7, and 9 stood out with an average of 2.1, 2.0, and
2.1 shoots, respectively. These data are considered indicative of the multiplication rate for each
treatment (Table 3). The results highlight the significantly positive influence of the treatments in shoot
growth and multiplication. Overall, this difference in responses is since BA significantly stimulates
the formation of axillary buds, while the TDZ response is associated with the formation of
adventitious buds [49].

TDZ favored the formation of basal calli from 0.2 mg L' to 1.2 mg L (Treatments 10, 11, 12, 13,
14, and 15). In the case of BA, treatments 5, 6, and 8 (0.6 mg L1, 0.8 mg L1, and 1.2 mg L, respectively)
formed more calli than treatments 2, 3, 4, and 7, which had the lowest concentrations (0.1, 0.2, 0.4,
and 1.0 mg L, respectively). For example, in their research on the in vitro application of different
concentrations of cytokinins in Castanea sativa Mill [49] demonstrated that two of their TDZ and BA
treatments recorded a higher (80%) formation of basal callus, which improved the establishment of
the seedlings. They also mention that the basal callus accumulates substances and hormones
necessary for the in vitro response, which, according to [50], suggesting a relationship between the
callus formation and the establishment of seedlings.

In our study, we observed that BA increases the formation of shoots and number of buds.
Important differences were recorded comparing the MS control (MS culture medium by itself) and
the MS base culture medium (MS medium supplemented with 0.1 mg L of 6-benzylaminopurine)
that improved the micropropagation of S. compositum from buds. BA (6-benzylaminopurine) has been
the growth regulator par excellence for the optimization of the induction, multiplication, or
regeneration stages by direct organogenesis in other species and has recorded more shoots and longer
seedlings than MS control. Likewise, depending on the species or variety, and the concentrations or
combinations with other regulators, media supplemented with BA are significantly more potent [51-
53].

4.2. Experimental phase 2: Callogenesis induction

Theoretically, high concentrations of auxins promote root formation, while high concentrations
of cytokinins promote shoot regeneration. A balance between auxins and cytokinins leads to callus
development [54]. However, multiple research works have reported that the use of 24-
Dichlorophenoxyacetic acid (2,4-D) induces in vitro callus formation from various explants,
positioning it as one of the regulators that better promotes callogenesis, whether, or not it is combined
with cytokinins [55-58].

Other authors such as [23] have reported that cytokinins (BA and TDZ) promote callus
formation. Using in vitro stem segments of S. edule, they obtained 70% callus formation with 1.0 mg
L1 of the BA growth regulator, and 76% with 0.4 mg L of TDZ, both at 30 days of evaluation.
Compared with the first stage of this research, high concentrations of TDZ (0.2-1.2 mg L) and BA
(0.5, 0.6, and 1.2 mg L") promoted the formation of callus on the development of the seedling.

Table 4 and Figure 4 show that the best callus formation treatment was based on stem explant
in a medium with 2.0 mg L' of 2,4-D (highest concentration), recording an average value of 4.89
(equivalent to 97.8% callus formation around the explant). The weight and volume variables
indicated that the best treatments started from the stem explant and the medium enriched with 2,4-
D, without differences between concentrations. The presence of a root is an indication that calli can
become embryogenic —i.e., they can be the point of origin for the promotion of the regeneration of
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the seedling (indirect organogenesis) [59,60]; therefore, the best treatments started from the stem in a
medium enriched with 2,4-D, in the three concentrations evaluated.

Likewise, [61] and other authors evaluated the effect of adding PVP to the culture medium as an
antioxidant and observed that the treatment with 500 mg L' decreased the loss of explants of the
guava variety CHRG (Psidium guajava L.), recording a higher frequency of explants and a lower level
of necrosis by oxidation (7%). Other authors such as [62] observed that the PVP treatment doubled
the size of callus of Taxus globosa Schlecht: the callus showed friability and 100% feasibility using
fluorescein diacetate (FdA). They also observed that, despite having an antioxidant, the calli of Taxus
globosa induced with this medium slightly darkened in the subculture, due to the presence of phenolic
compounds.

5. Conclusions

The results show the feasibility of using growth regulators, such as BA, TDZ, and 2,4-D, for the
in vitro multiplication and callogenesis of S. compositum. These results do not rule out the possibility
that the MS medium may continue to be the base culture medium for the maintenance and
propagation of seedlings; however, supplementing it with 0.1 mg L' of BA will doubtlessly optimize
the multiplication and regeneration of seedlings. For callogenesis from stem explants, the best callus-
inducing growth regulator was 2.0 mg L of 2,4-D. The protocol for the induction, maintenance, and
multiplication of calli was validated through the induction of calli from the stem in a MS medium
supplemented with 2.0 mg L of 2,4-D and resowing after 20 d in a medium with 2.0 mg L of 2,4-D
at + 500 mg L of PVP. The success of callus maintenance consists of observing the beginning of
oxidation (even in a medium with PVP) and carry out frequent subcultures of the most active parts
of the callus, approximately 20 days after sowing or resowing.
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