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Abstract: Peppers (Capsicum spp.) are recalcitrant to in vitro culture regeneration, making the
application of in vitro-based breeding strategies difficult. We evaluated the impact of different
combinations of auxins, cytokinins and micronutrients on the induction of direct organogenesis in
cotyledon and hypocotyl explants of C. annuum, C. baccatum and C. chinense. We found variation in
the regeneration response among species and type of explant. In this way, the average numbers of
shoots per cotyledon and hypocotyl explant were, respectively, 1.44 and 0.28 for C. annuum, 4.17 and
3.20 for C. baccatum and 0.08 and 0.00 for C. chinense. Out of the six media, the best overall results were
obtained with the medium Pep1, which contained 5 mg/L BAP (6-benzylaminopurine), 0.5 mg/L
IAA (indole-3-acetic acid) and 0.47 mg/L CuSO4, followed by a subculture in the same medium
supplemented with 10 mg/L AgNO3 (medium Pep1.2). The best result for the Pep1 + Pep1.2 medium
was obtained for C. baccatum using cotyledon explants, with 8.87 shoots per explant. The explants
grown in medium Pep1 + Pep1.2 were the ones with greener tissue, while overall the hypocotyl
explants were greener than the cotyledon explants. Our results indicate that there is wide variation
among Capsicum species in terms of regeneration. Our results suggest that the synergistic effect
of copper and silver resulted in a higher regeneration rate of Capsicum explants. Explants with
shoots were transferred to different media for elongation, rooting and acclimatization. Although
acclimatized plantlets were obtained for C. baccatum and C. chinense, an improvement in these latter
stages would be desirable for a high throughput regeneration pipeline. This work contributes to the
improvement of Capsicum regeneration protocols using specific combinations of medium, explant and
genotype, reaching the levels of efficiency required for genetic transformation and of gene editing
technologies for other crops.

Keywords: direct organogenesis; AgNO3; CuSO4; Capsicum annuum; Capsicum baccatum;
Capsicum chinense

1. Introduction

Efficient direct organogenesis induction would have a large impact on the breeding
of and research on peppers (Capsicum spp.). Worldwide, five Capsicum pepper species
(C. annuum L., C. baccatum L., C. chinense Jacq., C. frutescens L. and C. pubescens L.) are
cultivated over an area of 3.72 million hectares [1]. World pepper production reached
42.3 million tons in 2019, ranking sixth among all vegetables in terms of global produc-
tion [1]. Despite the great advances achieved in the breeding and genomics of peppers [2,3],
most Capsicum materials are considered as recalcitrant to in vitro culture techniques,
making the application of conventional and modern breeding techniques that require
in vitro regeneration more difficult [3,4]. Since Gunay and Rao [5] published the first work
on the regeneration of pepper plants in 1978, numerous subsequent experiments have
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demonstrated the difficulties of pepper regeneration in in vitro culture, including natural
morphogenetic recalcitrance, rosette bud formation, sensitivity to ethylene, and differences
among genotypes [3,6]. Despite this, there are several studies of regeneration from different
explants showing some success [6–11], although they do not reach the required efficiency
for genetic engineering applications.

Capsicum explants are very sensitive to ethylene during their in vitro development, a
characteristic that has been related to recalcitrance [10]. In this way, during in vitro culture,
pepper explants usually develop chlorosis, abscission of the foliar primordia and loss
of vigor [3]. One way to mitigate this effect is using inhibitors of the action of ethylene,
which also improve morphogenesis by reducing recalcitrance, achieved by promoting cell
elongation and division [3]. Among the ethylene inhibiting substances added to the culture
medium, AgNO3 has been the most used for Capsicum [10–12].

To overcome the rosette bud formation (resistance to elongation), silver nitrate (AgNO3)
or phenylacetic acid (PAA) has been added to the culture media [10], although the problem
still persists in many materials [3]. Other authors have successfully used copper (Cu)
to promote the elongation of shoots [13]. Additionally, differences in the organogenic
response have been reported among different Capsicum species and genotypes. In this way,
large differences in regeneration have been reported in several Capsicum species, including
C. annuum, C. baccatum and C. chinense [7,9,14]. The differences found suggest that the
variation associated with genotype in Capsicum materials is a limiting factor in the devel-
opment of widely applicable regeneration protocols in Capsicum. In fact, individualized
protocols are required for different genotypes [6]; so, cultivar-specific media formulations
have been designed [15].

Many efforts have been made to achieve the successful regeneration of Capsicum.
Regeneration has mainly been achieved via organogenesis [7,15–17]. These works reveal
that the key factors in designing an efficient protocol for plant regeneration in Capsicum
genotypes are, fundamentally, the appropriate choice of explant and the formulation of
a medium supplemented with specific growth regulators. In this respect, Golegaonkar
and Kantharajah [18], when investigating the formation of shoots from leaf and cotyledon
explants in five C. annuum cultivars, reported that according to the percentage of contribu-
tion to the variation observed, the explant factor accounted for most of the total variation
found (49.7%), followed by the media (29.2%) and the cultivar (14.3%). Despite some occa-
sional successes in Capsicum regeneration, the evaluation of differences among Capsicum
species has not been widely studied. In particular, few works have studied regeneration
in C. chinense and C. baccatum, two cultivated species that are cross-compatible with the
economically most important C. annuum [19].

In this work, we evaluate the direct organogenesis regeneration in two explants
(cotyledon and hypocotyl), several combinations of growth regulators and micronutrients,
and three genotypes of the following species: C. annuum, C. baccatum and C. chinense. We
aim at developing an efficient regeneration protocol and at understanding the mechanisms
involved in the regeneration of pepper plants in in vitro culture. Our study will contribute
to establishing an efficient, widely applicable Capsicum regeneration protocol that might be
used for genetic transformation and gene editing technologies.

2. Materials and Methods
2.1. Plant Material

Three accessions from different Capsicum species (C. annuum, C. baccatum and C. chinense)
with different origins and characteristics were used. The C. annuum accession was a
breeding line of California Wonder (CW breeding line). For the two other species, the
accessions BOL-37R (C. baccatum; Origin: Sillane, Chuquisaca, Bolivia) and ECU-973
(C. chinense; Origin: El Chaco, Napo, Ecuador) were used. The seeds were provided by the
Germplasm Bank of Universitat Politècnica de València (Valencia, Spain).
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2.2. Growth Conditions of the Starting Material

For in vitro germination, the seeds were sterilized by immersion in 70% ethanol for
30 s and then in 20% commercial bleach for 10 min, and they were finally washed three
times, for 3 min per wash, in sterilized distilled water. After sterilization, 50 seeds per
accession, distributed in five Petri dishes were germinated in the E0 medium from García-
Fortea et al. [20]. The Petri dishes were incubated at a temperature of 25 ◦C in the darkness
to obtain elongated hypocotyls. The incubation lasted for three weeks, until cotyledons
and hypocotyls reached the appropriate size for obtaining the explants. For cotyledons, the
proximal and distal parts were excised while the hypocotyls were cut into fragments of
about 1 cm long. The day before explants were obtained, the plates were exposed to light
in order to facilitate the handling of cotyledons.

2.3. In Vitro Culture of Explants

A total of 510 explants, distributed over 102 Petri dishes were grown for the in vitro
regeneration experiments. Six media, including a control medium, were used (Table 1).
The formulation of growth regulators was based on the literature [10,13,20,21]. The media
included two different concentrations of Murashige and Skoog (MS) medium [22] and
sucrose, which were supplemented by combining different concentrations of the following
growth regulators: 6-benzylaminopurine (BAP), indole-3-acetic acid (IAA), α-naphthalene
acetic acid (NAA), zeatin riboside (ZR), phenylacetic acid (PAA), copper sulphate (CuSO4)
and silver nitrate (AgNO3) (Table 1). The pH of all media was adjusted to 5.9.

Table 1. Composition of media used to induce direct organogenesis in Capsicum.

Medium MS
(g/L)

Sucrose
(g/L)

Gelrite
(g/L)

BAP
(mg/L)

IAA
(mg/L)

NAA
(mg/L)

ZR
(mg/L)

PAA
(mg/L)

CuSO4
(mg/L)

AgNO3
(mg/L)

Control 4.4 30 7 - - - - - - -
Pep1 a 4.4 30 7 5 0.5 - - - 0.47 -
Pep2 4.4 30 7 10 - 0.1 - - - -

Pep3 b 4.4 30 7 5 1 - - - - -
Pep4 4.4 30 7 5 - - - 3 0.47 -
Pep5 2.2 15 7 - - - 2 - - -

a The explants in Pep1 medium were subcultured after three weeks to Pep1.2 medium, with the same composition as Pep1, supplemented with
10 mg/L of AgNO3. b The explants in Pep3 medium were subcultured after three weeks to Pep3.2 medium, with the same composition as Pep3,
supplemented with 10 mg/L of AgNO3. Abbreviations: MS: Murashige and Skoog medium, BAP: 6-benzylaminopurine, IAA: indole-3-acetic acid,
NAA: α-naphthalene acetic acid, ZR: zeatin riboside, PAA: phenylacetic acid. The pH of all media was adjusted to 5.9.

Pep1 medium was made up of MS and sucrose and supplemented with BAP, IAA and
CuSO4 (Table 1). The chosen BAP concentration (5 mg/L) was the most frequently reported
in the bibliography for pepper [10,13] and the IAA concentration was 0.5 mg/L. The CuSO4
concentration (0.47 mg/L) was 30 times higher than the MS level of CuSO4 and was used to
check if this element induced elongation of the shoots [13]. The subculture medium Pep1.2
was prepared with the same formulation as Pep1, with the addition of AgNO3 (10 mg/L) to
evaluate if it inhibited the action of ethylene and improved the organogenesis of shoots [10].
The Pep2 medium was prepared using the same concentrations of MS and sucrose as
Pep1, and supplemented with BAP (10 mg/L) combined with 0.1 mg/L of NAA [21]. The
Pep3 medium was similar to Pep1, but with twice the concentration of IAA and without
CuSO4 (Table 1). After three weeks, the explants were subcultured in Pep3.2 medium,
with the same composition as Pep3, but supplemented with AgNO3 [10]. Pep4 medium
included CuSO4 (0.47 mg/L), BAP (5 mg/L) and PAA (3 mg/L) [13]. Pep5 medium was
formulated with half concentration of salts (MS) and sucrose compared to the other media
and contained ZR (2 mg/L). This medium was the best for eggplant regeneration [20]. A
base medium with the same concentrations of salts and sucrose as Pep1-Pep4, without any
hormonal or additional mineral supplements, was used as a control (Table 1).

The explants were cultured with a photoperiod of 16 h light/8 h dark at a temperature
of 25 ◦C. Gro-Lux F36W/GRO fluorescent tubes (Sylvania, Erlangen, Germany) with
irradiance values of 100–112 µmol m−2 s−1 were used. After three weeks, the explants
in Pep2, Pep4, Pep5 and the control media were transferred to fresh media to avoid the
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depletion of nutrients and growth regulators. The explants in Pep1 and Pep3 media were
also subcultured, in this case to Pep1.2 and Pep3.2 media, respectively. In these new fresh
media, the explants were kept for one month.

2.4. Response of Explants and Their Characterization

After one month of culture, the presence of callus in the explants was evaluated using
the following scoring system: explant without callus (0), explant with callus at either the
proximal or distal cut edge (1), explant with callus at both proximal and distal edges (2).
Images of the different structures of explants were taken using a stereo microscope Leica S
Apo (Leica, Wetzlar, Germany) and images of the plates were also taken.

One month later (i.e., two months after the start of the explant culture), the state of
the tissue and the number of shoots per explant were recorded. In some explants, it was
difficult to count all the shoots as shown in Figure 1. The nucleus of shoot formation
(0.5 cm in diameter) was defined to simplify the count, and this was the value we used to
calculate the number of shoots. However, after a period of culture, we saw that individual
shoots were obtained (Figure 1). The state of the tissue was evaluated by assigning the
following values to each state: green tissue (1), dull greyish brown tissue (2), and dead
tissue (3) (Figure 2). The percentage of cotyledon and hypocotyl explants with shoots after
two months was also calculated.
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Figure 1. Differentiated Capsicum shoots obtained after two months of culture of cotyledons on
Pep1 + Pep1.2 medium (Pep1: 5 mg/L BAP, 0.5 mg/L IAA and 0.47 mg/L CuSO4; Pep1.2: same
composition as Pep1 plus 10 mg/L AgNO3). The bar for reference measures 1 cm.
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2.5. Elongation, Rooting and Acclimatization

Some of the explants with regenerated shoots from the Pep1 + Pep1.2 medium were
placed in E0 medium (Table 2), which was free of growth regulators [20], to eliminate
the residual effect of the growth regulators from the previous medium. After a week,
the explants were subcultured for a week in ELG elongation medium (Table 2). After
that, the explants with elongated shoots were transferred back to the E0 medium until
the individualization of the shoots and their cultivation in rooting medium. The excised
shoots were cultured in R1 or R2 medium [20] (Table 2). Once the shoots had enough roots
and had grown to an appropriate size, they were passed to the acclimatization phase. The
elongated and rooted shoots were planted in small pots with Neuhaus Humin-Substrat
N3 growing substrate (Klasmann-Deilmann GmbH, Geeste, Germany) and covered with a
plastic glass in which a water spray treatment was applied daily to maintain humidity. The
pots were placed in a chamber under 16 h light/8 h dark photoperiod conditions at 25 ◦C.
The plastic glass was gradually raised as the plants acclimatized and needed less moisture.

Table 2. Composition of the elongation and rooting means used in the preliminary tests.

Medium MS
(g/L)

Sucrose
(g/L)

Gelrite
(g/L)

Citric Acid
(mg/L)

GA3
(mg/L)

IAA
(mg/L)

IBA
(mg/L)

E0 2.6 15 7 - - - -
ELG 4.4 30 7 1 1 1 -
R1 2.2 15 7 - - - 0.5
R2 2.2 15 7 - - - 1

Abbreviations: MS: Murashige and Skoog medium, GA3: gibberellic acid, IAA: indole-3-acetic acid,
IBA: indole-3-butyric acid. The pH of all media was adjusted to 5.9.

2.6. Statistical Analysis

Statistical analysis was performed with R software (version 3.6.1) [23]. For the regen-
eration parameters, the independence of variables was evaluated using a distribution-plot
test, homoscedasticity with Bartlett’s test, and normality with the Shapiro-Wilk test. Since
none of these three criteria were met, the Kruskal-Wallis non-parametric test at p < 0.05
was used, followed by the pairwise Wilcoxon test for separation of means. To complete
the information, the mean, mode, median and range of each data set were obtained, as is
usually the case with non-parametric data analyses.

For the elongation data, the number of explants transferred to the elongation medium,
the number of explants with elongated shoots and the number of shoots per explant were
counted for both cotyledon and hypocotyl. From the data obtained, the percentage of
explants with elongated shoots was calculated with respect to the total number of explants
exposed to the ELG medium (Table 2), together with the standard error, as well as the
average elongated shoots per explant and the standard deviation. For rooting, the number
of shoots transferred to R1 or R2 media and the number of rooted shoots were counted.
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From these data, the percentage of shoots with roots together with the standard error were
calculated for each rooting medium.

3. Results
3.1. Differences in Organogenic Response According to Explant and Medium

For C. annuum, no significant differences were observed among cotyledon and hypocotyl
explants for the number of cut edges with calli, with the mode and the median set as 2 for
both explants (Table 3). The state of the tissue after two months was better for hypocotyl,
with a mean of 1.54, which is closer to 1 (greener, Figure 2) than the result for cotyledon
(1.94), with a median of 1. The most organogenic explant for the regeneration of shoots in
C. annuum was cotyledon with a mean of 1.44 shoots per explant (two months), although
the mode and median were 0 (Table 3).

Table 3. Organogenesis of C. annuum explants. Mean, statistical significance (groups defined with lower-case letters,
p < 0.05), mode, median and range of the number of cut edges with calli (n; after one month); the tissue state (measured on
a 1–3 scale—1 = green tissue, 2 = dull greyish brown tissue; 3 = dead tissue—after two months) and the number of shoots
per explant (n; after two months) depending on the type of explant (cotyledon and hypocotyl) and the medium used for
regeneration. An experimental session, with three replicates for each combination of factors and five explants per plate, was
carried out.

Factors Cut Edges with Calli Tissue State Number of Shoots Per Explant
Mean a Mode Median Range Mean a Mode Median Range Mean a Mode Median Range

Explant
Cotyledon 1.50 a 2 2 0–2 1.94 a 1 2 1–3 1.44 a 0 0 0–9
Hypocotyl 1.56 a 2 2 0–2 1.54 b 1 1 1–3 0.28 b 0 0 0–8

Medium
Control 0.50 c 0 0.5 0–1 2.13 ab 3 3 1–3 0.00 c 0 0 0–0
Pep1 + Pep1.2 1.80 ab 2 2 1–2 1.07 d 1 1 1–2 2.53 a 0 2 0–8
Pep2 1.67 b 2 2 1–2 1.77 bc 2 2 1–3 0.60 b 0 0 0–8
Pep3 + Pep3.2 1.73 b 2 2 1–2 1.47 c 1 1 1–2 2.00 a 0 0 0–9
Pep4 1.93 a 2 2 1–2 2.23 a 3 2.5 1–3 0.03 c 0 0 0–1
Pep5 1.53 b 2 2 0–2 1.80 abc 1 1 1–3 0.00 c 0 0 0–0

a For each factor, means separated by different letters are significantly different at p < 0.05 according to the non-parametric pairwise
Wilcoxon test.

Comparing the media in C. annuum (Table 3), for the number of cut edges with calli,
all the media, including the control, promoted calli formation, with the control being the
medium that produced the least (0.50), followed by Pep5, Pep2 and Pep3 + Pep3.2 with
means of 1.53, 1.67 and 1.73, respectively. Significant differences were observed between
all the Pep media and the control, which induced negligible callus formation (Table 3). The
medium with the greenest tissue was Pep1 + Pep1.2, with a mean of 1.07, which was the
closest to the state of 1 (green, Figure 2). Finally, after two months, the media with the
highest numbers of generated shoots were Pep1 + Pep1.2 and Pep3 + Pep3.2, with 2.53 and
2.00 shoots per explant, respectively, and significantly higher means than the other media.
The median of Pep1 + Pep1.2 was 2, against the value of 0 held by the rest of the media.
The Pep media with the worst shoot regeneration rates were Pep4 and Pep5, with values of
0.03 and 0.00 shoots per explant, respectively, which were not significantly different from
the control (Table 3).

In C. baccatum, there were no differences between the two types of explant regarding
the number of cut edges with callus (Table 4). The state of the tissue after two months
was better in hypocotyl explants, with a mean of 1.32, which was significantly closer
to 1 (greener, Figure 2) than in cotyledon (1.81). No significant differences were ob-
served between cotyledon and hypocotyl according to the number of shoots per explant
(two months). Although the average for the formation of shoots (4.17 shoots/explant) in
cotyledon was higher than in hypocotyl (3.20), the range was higher in cotyledon (up to 19)
and both types of explant presented the same mode and median values (Table 4).
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Table 4. Organogenesis of C. baccatum explants. Mean, statistical significance (groups defined with lower-case letters,
p < 0.05), mode, median and range of the number of cut edges with calli (n; after one month), the tissue state (measured on
a 1–3 scale—1 = green tissue, 2 = dull greyish brown tissue; 3 = dead tissue—after two months) and the number of shoots
per explant (n; after two months) depending on the type of explant (cotyledon and hypocotyl) and the medium used for
regeneration. An experimental session, with three replicates for each combination of factors and five explants per plate, was
carried out.

Factors Cut Edges with Calli Tissue State Number of Shoots Per Explant
Mean a Mode Median Range Mean a Mode Median Range Mean a Mode Median Range

Explant
Cotyledon 0.98 a 1 1 0–2 1.81 a 1 2 1–3 4.17 a 0 3 0–19
Hypocotyl 1.19 a 2 1 0–2 1.32 b 1 1 1–3 3.20 a 0 3 0–9

Medium
Control 0.33 c 0 0 0–2 2.13 a 3 2.5 1–3 0.30 e 0 0 0–4
Pep1 + Pep1.2 1.00 b 0 1 0–2 1.10 d 1 1 1–2 7.87 a 6 8 0–19
Pep2 0.80 b 0 1 0–2 1.47 bc 1 1 1–2 1.57 d 0 0.5 0–7
Pep3 + Pep3.2 1.00 b 1 1 0–2 1.60 bc 1 1 1–3 5.67 b 8 5 0–18
Pep4 1.70 a 2 2 0–2 1.43 c 1 1 1–3 2.93 c 0 2.5 0–7
Pep5 1.67 a 2 2 0–2 1.67 b 2 2 1–2 3.77 bc 3 3 0–9

a For each factor, means separated by different letters are significantly different at p < 0.05 according to the non-parametric pairwise
Wilcoxon test.

Comparing the media for C. baccatum for the number of cut edges with callus after
one month, all the Pep media had a higher callus production than the control (0.33)
(Table 4). The Pep media with lower calli numbers were Pep2 (0.80), Pep1 + Pep1.2
(1.00) and Pep3 + Pep3.2 (1.00). Regarding the state of the tissue after two months of
culture, Pep1 + Pep1.2 produced greener tissues than the other media, with an average
of 1.10, closer to 1 (green state, Figure 2). After two months of culture, we observed that
Pep1 + Pep1.2 was the medium that best induced direct organogenesis, with a mean of
7.87 shoots per explant, followed by Pep3 + Pep3.2 (5.67), Pep5 (3.77) and Pep4 (2.93). Pep2
had the lowest mean, with 1.57 shoots per explant (Table 4). In all media, the response was
significantly higher than in the control. It is important to highlight the median and mode
values of Pep1 + Pep1.2 (6 and 8 shoots per explant, respectively) and the wide range of
variation (0–19). The mode and the median of Pep3 + Pep3.2 also stand out, with values of
8 and 5, respectively (Table 4).

For C. chinense, the numbers of cut edges with calli were low compared to C. annuum
or C. baccatum, with no significant differences among tissues (Table 5). However, significant
differences were observed after two months of culture regarding the state of the tissue.
At this date, the hypocotyl was the explant type with a greener state, with an average of
1.84, which is closer to 1 than the results for cotyledon, which averaged 2.12 (Figure 2).
The number of shoots per explant was very low, with no significant differences among
tissues (Table 5).

Comparing the media in C. chinense, the media with the lowest numbers of cut edges
with callus were Pep3 + Pep3.2 and Pep4, which did not promote callus (even at lower
rates than the control) (Table 5). The state of the tissue after two months was better in
Pep1 + Pep1.2, with an average of 1.64, closer to the value of 1 (green tissue, Figure 2) than
the others. Finally, no significant differences were observed between media for the number
of shoots after two months, with no media resulting in the production of shoots, except for
Pep3 + Pep3.2 and Pep4, in which a few, small shoots were obtained.

Therefore, considering the results obtained for explants, the cotyledon (Figure 3A,B)
presented better average values for regeneration than the hypocotyl (Figure 3C,D) for the
three species of Capsicum, although the hypocotyl explant remained greener (with means
closer to 1) than the cotyledon.
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Table 5. Organogenesis of C. chinense explants. Mean, statistical significance (groups defined with lower-case letters,
p < 0.05), mode, median and range of the number of cut edges with calli (n; after one month), the tissue state (measured
on a 1–3 scale—1 = green tissue, 2 = dull greyish brown tissue; 3 = dead tissue—after two months) and the number of
shoots per explant (n; after two months) depending on the type of explant (cotyledon and hypocotyl) and the medium used
for regeneration. An experimental session was carried out with three replicates for each combination of factors (except
cotyledon, for which only two replicates were made due to the lack of plant material) and five explants per plate.

Factors Cut Edges with Calli Tissue State Number of Shoots Per Explant
Mean a Mode Median Range Mean a Mode Median Range Mean a Mode Median Range

Explant
Cotyledon 0.19 a 0 0 0–2 2.12 a 3 2 1–3 0.08 a 0 0 0–4
Hypocotyl 0.31 a 0 0 0–2 1.84 b 1 2 1–3 0.00 a 0 0 0–0

Medium
Control 0.20 b 0 0 0–1 1.96 abc 1 1 1–3 0.00 a 0 0 0–0
Pep1 + Pep1.2 0.16 b 0 0 0–1 1.64 c 1 1 1–3 0.00 a 0 0 0–0
Pep2 0.08 bc 0 0 0–1 2.08 b 2 2 1–3 0.00 a 0 0 0–0
Pep3 + Pep3.2 0.00 c 0 0 0–0 1.80 bc 1 2 1–3 0.04 a 0 0 0–1
Pep4 0.00 c 0 0 0–0 1.80 bc 1 1 1–3 0.16 a 0 0 0–4
Pep5 1.12 a 1 1 0–2 2.44 a 2 2 2–3 0.00 a 0 0 0–0

a For each factor, means separated by different letters are significantly different at p < 0.05 according to the non-parametric pairwise
Wilcoxon test.
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Figure 3. Comparison of shoot formation between Pep1 + Pep1.2 and control media in cotyledon
and hypocotyl of C. baccatum after one month of culture. (A) Cotyledon with high organogenic
response levels (the red arrow indicates the formation of a developed shoot). (B) Cotyledon with no
organogenic response. (C) Hypocotyl with high organogenic response levels. (D) Hypocotyl with no
organogenic response. The size of the bars is 5 mm.

Regarding the state of the tissue, the Pep1 + Pep1.2 medium was the one with means
closest to 1 (green) in the three species. For C. annuum and C. baccatum, after two months,
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Pep1 + Pep1.2 was the medium with the highest mean of shoots per explant in both species.
In C. chinense, no medium had means significantly different to 0.

3.2. Differences in Shoot Formation among the Capsicum spp.

Below, we present the results of organogenic response in cotyledon and hypocotyl
explants of Capsicum spp. according to the in vitro culture medium. We found significant
differences among media within the same explant, with the Pep1 + Pep1.2 combination
the one with the best response in cotyledon and hypocotyl. On average, the cotyledon
displayed a greater capacity for shoot regeneration than the hypocotyl. We also observed
differences among species (Table 6). In this way, for cotyledon, we found significant
differences between C. baccatum and C. chinense, while for hypocotyl, C. baccatum differed
significantly from C. annuum and C. chinense (Table 6).

Table 6. Organogenic response in cotyledon and hypocotyl explants of Capsicum spp. Mean, mode, median and range of
the number of shoots per explant (n) after two months of culture for each type of explant, depending on the medium used
for regeneration. An experimental session was carried out with three replicates for each combination of factors (except
C. chinense cotyledon, for which only two replicates were made due to the lack of plant material) and five explants per plate.

Medium
Cotyledon Hypocotyl

Mean a Mode Median Range Mean a Mode Median Range

C. annuum 1.45 AB 0.28 A
Control 0.00 c 0 0 0–0 0.00 b 0 0 0–0
Pep1 + Pep1.2 4.40 a 5 5 0–8 0.67 a 0 0 0–4
Pep2 1.20 b 0 0 0–8 0.00 b 0 0 0–0
Pep3 + Pep3.2 3.07 ab 0 2 0–9 0.93 a 0 0 0–8
Pep4 0.00 c 0 0 0–0 0.07 ab 0 0 0–1
Pep5 0.00 c 0 0 0–0 0.00 b 0 0 0–0

C. baccatum 4.17 A 3.20 B
Control 0.00 c 0 0 0–0 0.60 c 0 0 0–4
Pep1 + Pep1.2 8.87 a 10 10 0–19 6.87 a 6 6 4–9
Pep2 3.07 b 1 3 0–7 0.07 c 0 0 0–1
Pep3 + Pep3.2 7.33 a 8 8 0–18 4.00 b 5 4 0–8
Pep4 2.60 b 0 0 0–7 3.27 b 2 3 1–7
Pep5 3.13 b 3 3 0–9 4.40 b 6 6 0–7

C. chinense 0.08 B 0.00 A
Control 0.00 a 0 0 0–0 0.00 a 0 0 0–0
Pep1 + Pep1.2 0.00 a 0 0 0–0 0.00 a 0 0 0–0
Pep2 0.00 a 0 0 0–0 0.00 a 0 0 0–0
Pep3 + Pep3.2 0.10 a 0 0 0–1 0.00 a 0 0 0–0
Pep4 0.40 a 0 0 0–4 0.00 a 0 0 0–0
Pep5 0.00 a 0 0 0–0 0.00 a 0 0 0–0

a For each type of explant (cotyledon or hypocotyl), means within species separated by different lowercase letters and means between
species separated by different uppercase letters are significantly different at p < 0.05 according to the non-parametric pairwise Wilcoxon test.

The evaluation of the interaction effects between explant type and medium in the
number of shoots regenerated revealed that in C. annuum (Table 6), the medium that
provided the best response in cotyledon was Pep1 + Pep1.2, with a mean of 4.40 shoots per
explant, followed by Pep3 + Pep3.2, with 3.07. Regarding the hypocotyl, Pep3 + Pep3.2 had
the highest mean (0.93), followed by Pep1 + Pep1.2 (0.67). In addition, the medium with the
highest percentage of explants with shoots after two months was Pep1 + Pep1.2 (Table 7),
with 86.7% for cotyledon and 33.3% for hypocotyl. This was followed by Pep3 + Pep3.2,
with 66.7% for cotyledon and 26.7% for hypocotyl.
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Table 7. Percentage of explants with shoots after two months in cotyledon and hypocotyl of the three
Capsicum species (C. annuum, C. baccatum and C. chinense) in the six media used ± standard error.

Medium
C. annuum C. baccatum C. chinense

Cotyledon Hypocotyl Cotyledon Hypocotyl Cotyledon Hypocotyl

Control 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 26.7 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
Pep1 + Pep1.2 86.7 ± 0.1 33.3 ± 0.1 86.7 ± 0.1 100.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Pep2 46.7 ± 0.1 0.0 ± 0.0 93.3 ± 0.1 6.7 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
Pep3 + Pep3.2 66.7 ± 0.1 26.7 ± 0.1 86.7 ± 0.1 86.7 ± 0.1 10.0 ± 0.1 0.0 ± 0.0

Pep4 0.0 ± 0.0 6.7 ±0.1 46.7 ± 0.1 100.0 ± 0.0 10.0 ± 0.1 0.0 ± 0.0
Pep5 0.0 ± 0.0 0.0 ± 0.0 80.0 ± 0.1 86.7 ± 0.1 0.0 ± 0.0 0.0 ± 0.0

For C. baccatum, Pep1 + Pep1.2 and Pep3 + Pep3.2 were the media that most signifi-
cantly improved the induction of organogenesis in cotyledon, with 8.87 and 7.33 shoots
per explant, respectively (Table 6). Pep1 + Pep1.2 had a mode and a median of 10, and the
upper range value reached 19 shoots. For Pep3 + Pep3.2, the mode and the median were 8
and the range reached up to 18 shoots per explant. In the hypocotyl, a better response was
achieved with Pep1 + Pep1.2 (6.87), although the mean, mode, median and range values
were lower than the best data obtained for cotyledon. Furthermore, Pep1 + Pep1.2 had a
percentage of explants with shoots of 86.7% in cotyledon and 100.0% in hypocotyl, and
Pep3 + Pep3.2 had 86.7% in both explants (Table 7).

In C. chinense, very low values were observed for shoot regeneration, with no sig-
nificant differences in the number of shoots per explant in any of the explants evalu-
ated (cotyledon and hypocotyl), although some shoots could be observed in cotyledon
explants (Table 6). Regarding the percentage of explants with shoots after two months,
Pep3 + Pep3.2 and Pep4 media were the only options able to regenerate shoots in cotyledon,
both with a percentage of 10.0% (Table 7).

In general, for C. annuum and C. baccatum, the means were higher in cotyledon than in
hypocotyl (Figure 4A,B). The means of Pep1 + Pep1.2 and Pep3 + Pep3.2 were the best for
cotyledon and hypocotyl, except for the hypocotyl of C. annuum, which had a higher mean
for Pep3 + Pep3.2. In C. chinense (Figure 4C), shoot regeneration was observed only for the
hypocotyl in media Pep1 + Pep1.2 and Pep4, although with very low values.
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3.3. Elongation, Rooting and Acclimatization

A total of 20 cotyledon and 5 hypocotyl C. annuum explants from the Pep1.1 + Pep1.2
medium were transferred to ELG medium. In both tissues, 80.0% of the explants had
elongated shoots, with an average of 2.13 elongated shoots per explant in cotyledon and
1.25 in hypocotyl (Table 8). For C. baccatum, 43 cotyledon and 51 hypocotyl explants were
transferred to ELG medium. The cotyledon showed the best result with 46.5% of elongated
shoots compared to 35.3% of hypocotyl (Table 8). The average number of elongated shoots
per explant in C. baccatum was also higher in cotyledon (13.35) than in hypocotyl (3.94). In
the case of C. chinense, five cotyledon explants were transferred to the elongation medium.
No shoots from hypocotyl explants could be transferred since none with shoots were
obtained. The percentage of elongated explants in C. chinense was 40.0% and the average
number of elongated shoots per explant was 1.00.

Table 8. Elongation of shoots of C. annuum, C. baccatum and C. chinense in ELG medium (supplemented with IAA, GA3 and
citric acid). Data represent the number of cotyledon and hypocotyl explants transferred to elongation medium, percentage
of explants with elongated shoots ± standard error and average elongated shoots per explant ± standard deviation.

C. annuum C. baccatum C. chinense

Cotyledon Hypocotyl Cotyledon Hypocotyl Cotyledon Hypocotyl

Number of explants to elongate 20 5 43 51 5 0
Explants with elongated shoot (%) 80.0 ± 0.1 80.0 ± 0.2 46.5 ± 0.1 35.3 ± 0.1 40.0 ± 0.2 -

Average number of elongated
shoots per explant 2.13 ± 0.26 1.25 ± 0.25 13.35 ± 1.69 3.94 ± 0.77 1.00 ± 0.00 -

In those cases where the shoots elongated, they presented a normal appearance within
two weeks, reaching an approximate size of 2 cm and presenting a well-defined structure
with a clearly differentiated apical meristem (Figure 5A). None of the C. annuum transferred
explants (34 explants from cotyledon and 5 from hypocotyl) rooted in the R1 medium
(with a lower concentration of IBA) (Table 9). No C. annuum explant was transferred to
R2 medium. On the other hand, for C. baccatum (Table 9), 12.0% of cotyledon explants
(267 explants transferred to that medium) and 2.8% of hypocotyl (71 transferred explants)
were rooted in the R1 medium. The use of the R2 medium (with the highest concentration
of IBA) resulted in a greater formation of roots, with 54.5% of rooted cotyledon explants
(22 transferred) and 17.9% of hypocotyl (28 transferred) (Figure 5B,C). In the case of C.
chinense, one of the two shoot-excised cotyledon explants transferred to R1 medium (50%)
rooted (Table 9).

After the elongation and rooting processes, 42 seedlings were ready to start the ac-
climatization stage (Figure 5D). A total of 10 plants were acclimatized (7 from cotyledon and
2 from hypocotyl explants of C. baccatum and 1 from C. chinense cotyledon), representing
23.8% of the total initial plants obtained through the in vitro culture process (Figure 5E,F).

Table 9. Rooting of shoots of C. annuum, C. baccatum and C. chinense in R1 medium (0.5 mg/L of IBA) and in R2 medium
(1 mg/L of IBA). The data represent the number of cotyledon and hypocotyl explants transferred and percentage of rooted
explants ± standard error.

R1 R2

Cotyledon Hypocotyl Cotyledon Hypocotyl

C. annuum
Number of shoots to root 34 5 - -
Shoots with root (%) 0.0 ± 0.0 0.0 ± 0.0 - -

C. baccatum
Number of shoots to root 267 71 22 28
Shoots with root (%) 12.0 ± 0.0 2.8 ± 0.0 54.5 ± 0.1 17.9 ± 0.1

C. chinense
Number of shoots to root 2 - 1 -
Shoots with root (%) 50.0 ± 0.4 - 0.0 ± 0.0 -
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Figure 5. Elongation, rooting and acclimatization process of Capsicum spp. plants from the Pep1.1 + Pep1.2 organogenesis
medium. Detail of the elongated shoots in a C. baccatum cotyledon explant, with clear apical meristems (arrows) at the
top of the shoots (A). Images of isolated shoots of cotyledon explants of C. baccatum grown in R1 (B) and R2 (C) media.
Acclimatization and rooting process of C. baccatum plants once they have been rooted in vitro, including the covering during
the first stages with a plastic glass (D), which is gradually opened and removed (E) until the plantlets can develop without
needing protection (F). The bar for reference measures 1 cm.

4. Discussion

Our results confirm the recalcitrant nature of Capsicum peppers for direct organogen-
esis regeneration, although variation was observed among species and accessions in the
responses to in vitro culture [7,9,14]. We achieved good results for two of the three species
tested, two of the most commercially important species: C. annuum and C. baccatum. The
organogenesis we obtained was direct, which simplifies in vitro isolation and management
of the shoots, and shortens the time needed to obtain a plant, as a callus differentiation
phase is not necessary. Additionally, the risk of somaclonal variation is reduced.

Plant regeneration through organogenesis in Capsicum was reported from cotyledon,
hypocotyl, leaf, shoot tip, embryo, root and seed explants [6,10,11,18]. We observed that,
in general, the best explant for the regeneration of shoots via organogenesis in C. annuum
and C. baccatum was cotyledon since it obtained the highest number of shoots per explant,
although hypocotyl was the tissue with the healthiest state (green). This may seem like
a contradiction, but there is not a direct relationship between the physiological state of
a tissue and its organogenic capacity, although it is important that there is no oxidation
or necrosis for the success of the protocol. As was the case in previous studies, Capsicum
reported a higher regeneration in cotyledons compared to hypocotyls. In this respect,
Gunay and Rao [5] observed a higher regeneration in cotyledons using a medium with
IAA and BAP in a California Wonder (C. annuum) material. Other studies with a medium
that had IAA and BAP [15,16,24], as well as Gammoudi et al. [10] using a medium similar
to Pep3 + Pep3.2 medium tested here (containing IAA, BAP and AgNO3), reported that
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cotyledon was the most organogenic explant. In this respect, Sanatombi and Sharma [7]
observed that at certain concentrations of IAA and BAP the hypocotyl was unable to
regenerate. The superior organogenic competence of cotyledon has also been reported in
other solanaceous crops, such as tomato [25] and eggplant [20], as well as in cucurbits such
as melon [26].

Generally, the studies carried out in Capsicum have used media with a single combina-
tion of growth regulators, with the aim of evaluating the effects of different concentrations
of growth regulators on the effectiveness of the treatment [7,8,11,13,16]. In our work, the
media containing combinations of BAP and IAA provided better results. Comparing the
results reported in this work with our Pep1 + Pep1.2 medium, Christopher and Rajam [27]
observed better regeneration in C. annuum cultivars, but lower response in C. baccatum.
Sanatombi and Sharma [7] achieved worse results in various cultivars of C. annuum using
the same concentration of BAP and IAA tested in Pep3. The same occurred for Dabauza and
Peña [15] regarding the percentage of explants with shoots, using the same concentrations
as our Pep1 and Pep3 media. In general, the reported results indicate the importance of
the synergistic effect of IAA in combination with BAP for improving shoot regeneration
in Capsicum.

Other studies incorporate AgNO3 in the medium to improve the regeneration of
several solanaceous species, such as tomato [28,29], potato [30,31], Solanum viarum [32] and
Solanum nigrum [33]. In Capsicum, AgNO3 has been used with different combinations of
auxins and cytokinins. In this way, Joshi and Kothari [13] obtained a high number of shoots
per explant in C. annuum, using PAA and BAP with Ag. Similar results were obtained by
Bora et al. [11] in C. chinense with a medium containing NAA and BAP. Valadez-Bustos
et al. [14] achieved a high response for three cultivars of C. annuum and one of C. chinense
with a medium containing IAA, BAP and AgNO3, similar to Pep3.2. With the same medium
as Pep3 + Pep3.2, Gammoudi et al. [10] also observed a high percentage of explants with
shoots in a range of cultivars. In the latter study, although the percentage was lower than
in the medium without silver, the final result was that the medium with silver allowed for
more shoots to be isolated, probably because the silver induced the regeneration of more
shoots in each explant. The percentages of explants with shoots achieved in our work with
Pep1 + Pep1.2 and Pep3 + Pep3.2 were higher than those reported by Gammoudi et al. [10],
especially for C. baccatum.

The results obtained with Pep3 + Pep3.2, together with those described in the liter-
ature [10,11,13,14] confirm that AgNO3 treatments increase the production of multiple
shoots, improving the in vitro regeneration of a plant as recalcitrant as pepper. AgNO3 is
likely to act as an inhibitor of ethylene activity and other compounds that cause chlorosis,
primordial leaf abscission and loss of plant vigor [3,34]. In addition, silver also acts as a
growth regulator and improves elongation, preventing the formation of shoot rosettes [10].

Joshi and Kothari [13] emphasized the role of a high level of copper in regeneration;
they obtained an increase in the number of shoots per explant using a medium with
30 times more copper than the normal content of the MS medium, together with BAP
and PAA, a medium similar to our Pep4. However, their best response was 17 shoots
per explant, a much higher number than the one provided by Pep4, which only achieved
a moderate regeneration in C. baccatum (around three shoots per explant) and did not
work for C. annuum, probably due to the strong influence of the genotype [3,9,10]. The
promoting effect of copper on the elongation and induction of shoots could be because it is
an important component of the enzymes involved in electron transport and the biosynthesis
of proteins and carbohydrates, which could play a role in the regeneration of plants [13,35].
On the other hand, copper favors the action of ethylene since it takes part in the creation
of its receptors; therefore, it could negatively influence the success of organogenesis [13].
However, Ciardi and Klee [36] discussed the existence of an interactive effect between
copper and silver, indicating that silver competes with copper for the ethylene receptor-
binding site. This could lead to the synergistic action of both if they were added to the
medium (as in Pep1 + Pep1.2) since silver could suppress the negative effect of ethylene
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by inhibiting its receptors, and at the same time, maintain copper levels and their positive
effects on regeneration [13].

The results obtained here suggest that the cause of the Pep1 + Pep1.2 medium’s higher
organogenic response compared to the other media is not due to the plant growth regulators
used, since the same growth regulators were tested with Pep3 + Pep3.2, resulting in a
lower level of regeneration. Additionally, Pep1 + Pep1.2 worked better than the previously
reported media containing only IAA and BAP [10,15,16,24,37]. Furthermore, Pep1 + Pep1.2
(with AgNO3 and CuSO4) induced greater regeneration than the two media from which
it was formulated: Pep3 + Pep3.2 (with AgNO3) and Pep4 (with CuSO4). Therefore, we
suggest that the key to the high regeneration achieved with Pep1 + Pep1.2 is the combined
use of copper and silver, as a consequence of their positive interaction, which would
enhance organogenesis. To the best of our knowledge, this effect has not been investigated
or reported in Capsicum.

The response to the media was different for the three genotypes used. The best
response was in C. baccatum, followed by C. annuum, with C. chinense being the most
recalcitrant species. Previous studies generally aimed to evaluate the organogenic capacity
of different cultivars, rather than the capacity of different species. Among the studies
that used a similar media to Pep1 + Pep1.2 and Pep3 + Pep3.2, we highlight the work of
Christopher and Rajam [27], who in contrast to our results, obtained a better response
in five cultivars of C. annuum compared to one of C. baccatum, for both cotyledon and
hypocotyl. Sanatombi and Sharma [8] reported a slight superiority of two cultivars of
C. annuum compared to many others of C. chinense, with a very similar result to that
obtained here for C. annuum. Valadez-Bustos et al. [14] reported a better response in the
cultivar of C. chinense than in the three tested cultivars of C. annuum, with superior data
to those found here. These results indicate great diversity in the organogenic response
between cultivars and confirm the strong genotype-specificity in the regeneration capacity
of Capsicum [3,9,10], which limits the possibility of establishing common protocols, even
within species.

The media used did not work for C. chinense. However, positive results were reported with
other formulations, for example, a combination of kinetin, 2,4-D (2,4-dichlorophenoxyacetic
acid) and AgNO3 induced up to 8.1 shoots per explant [17]. Media similar to those tested
here could regenerate shoots; thus, Bora et al. [11] achieved up to 4.2 shoots per explant
with a medium similar to Pep2 (NAA and BAP), using stem tips and seeds as explants.
Sanatombi and Sharma [7] used IAA and BAP with satisfactory results (up to 8.9 shoots per
cotyledon explant), while Hailu et al. [16] and Valadez-Bustos et al. [14], using a medium
supplemented with IAA, BAP and AgNO3, similar to Pep3 + Pep3.2, obtained an average
of 14.6 shoots per explant. These reports suggest that the absence of an organogenic
response of C. chinense in our work is not due to the lack of effectiveness of the media per
se, but to the great genotypic dependence on response capacity that is characteristic of the
genus [3,9,10].

The formation of rosette buds, which are resistant to elongation, is usually a limiting
factor in the regeneration of Capsicum. Explants with numerous shoots that are not large
enough for subculturing in a rooting medium usually result in a low percentage of accli-
matized plants. Therefore, the incorporation of a previous elongation step may improve
the rooting and acclimatization process [16,20]. The elongation medium used in our case
seems to have a positive effect on the three Capsicum species, with elongation percentages
greater than 40%. In general, we observed no differences between the cotyledon and the
hypocotyl in terms of elongation, with the differences residing in the number of elongated
shoots, which were always higher in the cotyledon since it has more shoots per explant.
On the other hand, the rooting media evaluated gave very different results. In the case of
C. annuum, the results were negative since none of the shoots grown in the R1 medium
rooted. On the other hand, C. baccatum had a better response, which was higher in the R2
medium (1 mg/L IBA).
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The survival rate in the acclimatization stage was lower than expected (less than 25%),
in contrast to that reported in the literature, at generally higher than 80% [7,8], which we
attribute to the insufficient length of the explants transferred to the substrate. Probably, an
improvement in elongation could be achieved by keeping the explants in the elongation
medium for longer to prolong the effect of GA3, or by previously excising the shoots from
the explants, instead of introducing the entire explant to the medium, to avoid the depletion
of hormones by competition between the shoots and with the present calli [38]. The data
presented on elongation and rooting are preliminary since the main objective of this work
was the study of the organogenic response of pepper to different stimuli. We suggest that
an improvement of the regeneration protocol is necessary for a substantial improvement of
the acclimatization phase.

5. Conclusions

We have demonstrated the significant effect of the culture medium, the type of explant
and genotype on the organogenesis of pepper, a crop that is very recalcitrant to in vitro re-
generation. In general, the most effective medium for the direct organogenesis of Capsicum
was Pep1 + Pep1.2 (a combination of IAA, BAP, CuSO4 and AgNO3), probably due to the
synergistic effect of copper and silver. We aim to test this medium in future experiments in
order to validate its efficiency in other accessions or cultivars within each of the species, to
establish a widely applicable protocol for Capsicum pepper regeneration. Out of the three
evaluated species, C. baccatum displayed the highest regeneration response, followed by
C. annuum. C. chinense presented a low regeneration capacity with the media used, so it
is necessary to continue researching this species. Cotyledon was the most organogenic
explant for the three species, so it is proposed as the best explant option for the regen-
eration of Capsicum. Although an improvement is required for the elongation, rooting
and acclimatization phases, this study provides relevant information for the improvement
of pepper regeneration protocols, which is of great interest for the application of plant
breeding and gene editing technologies requiring in vitro regeneration in Capsicum.
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37. İzgü, T.; İlbi, H.; Mendi, Y.Y. Optimization of plant regeneration in different pepper (Capsicum annuum L.) lines. Turk. J. Agric.

Food Sci. Tech. 2020, 8, 471. [CrossRef]
38. Robledo, P.; Carrillo, G. Regeneración in vitro de plantas de chile (Capsicum annuum L.) mediante cultivo de cotiledones e

hipocótilos. Rev. Fitotec. Mex. 2004, 27, 121–126.

http://doi.org/10.1007/s10658-011-9841-z
http://doi.org/10.7904/2068-4738-VI(12)-86
http://doi.org/10.1006/anbo.2001.1523
http://doi.org/10.24925/turjaf.v8i2.471-477.3207

	Introduction 
	Materials and Methods 
	Plant Material 
	Growth Conditions of the Starting Material 
	In Vitro Culture of Explants 
	Response of Explants and Their Characterization 
	Elongation, Rooting and Acclimatization 
	Statistical Analysis 

	Results 
	Differences in Organogenic Response According to Explant and Medium 
	Differences in Shoot Formation among the Capsicum spp. 
	Elongation, Rooting and Acclimatization 

	Discussion 
	Conclusions 
	References

