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Abstract: There are two primary forms of plant propagation: sexual and asexual. In nature,
propagation of plants most often involves sexual reproduction, and this form is still used in several
species. Over the years, horticulturists have developed asexual propagation methods that use
vegetative plant parts. Innovation in plant propagation has supported breeding programs and
allowed the production of high-quality nursery plants with the same genetic characteristics of
the mother plant, and free of diseases or pests. The purpose of this Special Issue, “Innovation in
Propagation of Fruit, Vegetable and Ornamental Plants”, was to present state-of-the-art techniques
recently developed by researchers worldwide. The Special Issue has brought together some of the
latest research results of new techniques in plant propagation in nine original papers, which deal
with a wide range of research activities.

Keywords: nursery plants; plant multiplication; seeds; cuttings; budding; grafting; micropropagation;
biotechnology

1. Introduction

In horticulture, plant propagation plays an important role as the number of plants can be rapidly
multiplied retaining desirable characteristics of the mother plants, as well as reducing the bearing age
of the plants. Depending on the species, different techniques can be applied to optimize a nursery
production system or even to solve a specific propagation difficulty.

In cultivated almond (Prunus dulcis), non-infectious bud-failure (NBF) is a commercially important
age-related disorder that results in the failure of new vegetative buds to grow in the spring.
The incidence of NBF increases with clone age, including within individual long-lived trees as
well as nursery propagation lineages. Consequently, nursery practices emphasize the establishment
of foundation-mother blocks, utilizing propagation-wood selected from proven and well-monitored
propagation lineages. Commercial propagation utilizes axillary shoot buds through traditional budding
or grafting. Thus, to solve this issue, one possibility is to examine NBF development using basal
epicormic buds from individual trees of advanced age as an alternative source of foundation stock.

Blueberry (Vaccinium virgatum) traditionally is propagated by softwood, semi-hardwood and
hardwood cuttings or even rhizome cuttings of selected clones [1]. Some challenges in this production
are a very low rooting percentage in many genotypes, the amount of time required to propagate
and commercialize newly-released cultivars for mass propagation [1,2] and phytosanitary problems.
In vitro culture (micropropagation) can overcome the limitations of traditional cuttings, presenting an
alternative for faster growth throughout the year (with no seasonal effects) without pathogens.

Seed production in pepper (Capsicum sp.) is achieved by the self-pollination of promising plants
to develop true breeding lines. In recent years, there has been an increase in the use of hybrid cultivars
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because of their higher yields and often unique characteristics. However, seeds from hybrid plants
cannot be saved for the next generation since self-progeny would show segregation of desirable traits.
Therefore, a clonal propagation protocol could be implemented to enhance profitability of these novel
germplasm types [3].

Bacterial wilt is a soil-borne disease of eggplant (Solanum melongena) caused by Ralstonia
solanacearum, a highly pathogenic soil-borne bacterium that invades the vascular system of a host plant
leading to plant wilting and death. At present, the use of tolerant rootstocks for grafting eggplant
varieties is the most effective approach to control bacterial wilt disease [4]. Thus, different grafted
combinations of eggplant need to be studied to determine if they affect plant growth and abate the
bacterial wilt tolerance of a rootstock upon inoculation with R. solanacearum.

The Dragon Tree or Drago (Dracaena draco) is a subtropical ornamental plant used for its medicinal
properties. In view of the drastic reduction in the number of individual varieties and the consequent
loss of dragon tree genetic diversity caused by absence of natural regeneration, micropropagation
offers many advantages because it potentially can facilitate large-scale production of valuable clones
and allow plant reintroduction in its natural ecosystem [5–9]. Unfortunately, most of the published
protocols have been poorly described, in particular concerning the difficult stage of acclimatization, so it
is necessary to develop an efficient procedure for micropropagation and subsequent acclimatization of
this species under in vitro culture conditions.

2. Papers in This Special Issue

The Special Issue “Innovation in Propagation of Fruit, Vegetable and Ornamental Plants” brings
together some of the latest research results of new techniques in this field. It presents nine original
papers, which deal with a wide range of research activities.

We can divide the Special Issue in three parts, as follows.

2.1. Fruit Crops

The first contribution in this section explored the “Association of Indolebutyric Acid with
Azospirillum brasilense in the Rooting of Herbaceous Blueberry Cuttings” by Koyama et al. [10].
The use of plant growth-promoting rhizobacteria (PGPRs) can be a promising biological alternative
for increasing the rooting of blueberry (Vaccinium sp.) cuttings [11]. Azospirillum is a genus of PGPRs
that inhabits the roots of host plants and provides beneficial effects to the plant under normal growth
and/or stress conditions [12]. PGPRs of this genus can increase the fixation of free nitrogen and the
production of phytohormones, thus promoting growth in inoculated plants [13].

Studies have shown promising results for association with the PGPR species Azospirillum brasilense,
since it promotes root development by increasing the production of hormones, leading to growth and
development of plants [14–16]. In this context, the objective of this study was to assess the viability
of producing blueberry nursery plants from cuttings using different doses of IBA in association with
A. brasilense. The authors found that the application of IBA with the A. brasilense rhizobacteria increased
the number of roots of ‘Powderblue’ blueberry cuttings, while the treatments with indolebutyric acid
(IBA) alone and IBA 1000 mg L−1 + A. brasilense increased the root length of the cuttings. However,
treatments with IBA and A. brasilense combined had no impact on the % rooted cuttings and % survival
of the cuttings.

The second paper illustrated that “Propagation from Basal Epicormic Meristems Remediates
an Aging-Related Disorder in Almond Clones” by Gradziel et al. [17]. The deterioration of clone
performance with age has similarly been reported in several crops [18–20] due to genetic [20] or
epigenetic [21,22] changes resulting in losses in productivity and/or crop value. Non-infectious
bud-failure (NBF) is a disorder of almond (Prunus dulcis) characterized by the failure of terminal
vegetative buds to push in the spring [23]. Extensive research has failed to find any association of
NBF with known pathogens, including viruses and viroids [24–28]. However, the incidence of NBF
increases with clone age, including within individual long-lived trees as well as nursery propagation
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lineages. Thus, the aim of this study was to examine NBF development using basal epicormic buds
from individual trees of advanced age as an alternative source of foundation stock, since almond
commercial propagation utilizes axillary shoot buds through traditional budding or grafting.

The results of this study showed that the age-related progression of NBF was suppressed in these
epicormic meristems, possibly owing to their unique origins and ontogeny. However, the underlying
mode of action for suppression remains unknown, and vegetative-progeny testing remains the only
effective strategy for identifying suitable commercial propagation clone sources. NBF development
in commercial orchards propagated from foundation blocks established from these sources was
similarly dramatically suppressed even over the 10- to 20-year expected commercial orchard life.
Foundation-stock stability can be further maintained through appropriate management of propagation
source trees, which requires accurate knowledge of meristem origin and development.

The third paper concerned the “In Vitro Establishment of ‘Delite’ Rabbiteye Blueberry Microshoots”
by Schuchovski and Biasi [29]. Traditionally, blueberry is propagated by softwood, semi-hardwood
and hardwood cuttings [1], or even rhizome cuttings of selected clones [30]. Some challenges in this
production are a very low rooting percentage in many genotypes, the amount of time required to
propagate and commercialize newly-released cultivars for mass propagation [1,2] and phytosanitary
problems. In vitro culture (micropropagation) can overcome the limitations of traditional cuttings,
presenting an alternative for faster growth [31]. However, one of the first steps to overcome in
this process is the establishment of new explants in vitro. Thereby, ‘Delite’ rabbiteye blueberry
was cultured in vitro with four cytokinins: zeatin (ZEA), 6-(γ-γ-dimethylallylamino)-purine (2iP),
6-benzylaminopurine (BAP) and kinetin (KIN) at eight concentrations (0, 2.5, 5, 10, 20, 30, 40 and
50 μM) aimed to establish new explants. Additionally, nine combinations of nitrogen salts were tested,
using Woody Plant Medium (WPM) and a modified WPM as the basic medium.

Based on the several combinations of cytokinins and nitrogen salts evaluated in this study,
the authors recommended, as an efficient strategy for the in vitro establishment of ‘Delite’ rabbiteye
blueberry, the lowest ZEA concentration (2.5 μM), which promoted a high survival rate (89.7%) as well
as a good response of explants forming new shoots (81.3%). This concentration yielded 1.3 new shoots
per explant, a high shoot length (13.8 mm) and 10.0 leaves per shoot. Concerning salt composition,
the authors recommend the original WPM. An increase or decrease in the NH4NO3 and Ca(NO3)2

concentration did not promote better growth than the original medium.
The fourth contribution was “Pecan Propagation: Seed Mass as a Reliable Tool for Seed Selection”

by Poletto et al. [32]. High-quality seedlings are essential in establishing healthy and productive
orchards, and studies on new technologies for pecan (Carya illinoinensis (Wangenh) K. Koch) cultivation
in subtropical regions have mostly focused on seedling production [33,34]. However, seed sizing is
a single technique suggested as an efficient indicator positively correlated with seed physiological
quality and plantlet vigor [35,36]. In this context, this study evaluated the correlation between seed
mass, seed emergence and plantlet vigor in the pecan cultivar Importada, towards producing healthy
seedlings for orchard establishment under subtropical climatic conditions.

Among the results reported by the authors, a significant positive correlation between seed mass
and plantlet height, stem diameter, emergence rate and number of leaves was observed. Thus,
the authors suggested that seed mass can be used as a direct method for seed selection towards
production of vigorous pecan seedlings. Therefore, controlled studies—taking into consideration the
recalcitrant nature of pecan seeds [37] and the influence of genetic stratification of seed parents on
these traits—should be carried out. In addition, an increase in seed mass is usually associated with
a decrease in the number of seeds that a plant can produce per unit canopy per year [38].

2.2. Vegetable Crops

The first contribution in this section explores the topic “A Susceptible Scion Reduces Rootstock
Tolerance to Ralstonia solanacearum in Grafted Eggplant” by Huang et al. [39]. The use of tolerant
rootstocks for grafting eggplant (Solanum melongena) varieties is the most effective approach to control
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bacterial wilt disease, caused by Ralstonia solanacearum, an important disease in this crop. However,
although a disease-tolerant rootstock can generally improve the tolerance of a susceptible scion [4],
the disease tolerance of grafted plants is generally lower than that of self-rooted plants [40,41],
which suggests that a susceptible scion may also influence the tolerance level of the rootstock. Thus,
the authors aimed in this study to establish different grafted combinations of eggplant and determine
if they affect plant growth and decrease the bacterial wilt tolerance of a rootstock upon inoculation
with R. solanacearum.

The authors found that the use of a susceptible scion in scion/rootstock eggplant grafts contributed
to a reduction in rootstock tolerance to R. solanacearum. Similar results were previously reported for
other plant species, including Capsicum anuum L. and Solanum lycopersicum [42,43], where the use of
a susceptible scion on a tolerant rootstock reduced the biological yield of plants to a certain extent when
infected with R. solanacearum. This phenomenon was documented for eggplant through this study.

The second paper concerned “Aeroponic Cloning of Capsicum spp.” by Del Valle-Echevarria
et al. [3]. Clonally-propagated pepper hybrids would provide an effective way to immortalize favored
hybrid genotypes. There are several cloning techniques available, such as in vitro propagation, which
presents some disadvantages. In contrast, aeroponic cloning promises to be a great technique that
can be used by pepper enthusiasts since it consists of soilless culture that allows for plant growth in
a controlled environment, such as a greenhouse or growth chamber that can be readily available [44].
However, peppers have not been evaluated using this technique. Thus, this study evaluated the
suitability of an aeroponic cloning protocol by using five Capsicum spp. cultivars as well as one closely
related wild species.

Interesting findings were reported in this study: All domestic species were successfully regenerated
under aeroponic conditions but not Capsicum eximium, the wild species. In this context, the success of
cloning in all five domesticated Capsicum spp. in aeroponic conditions illustrated that it is a viable
option for increasing populations of plants with desirable phenotypic traits for both home and boutique
growers. Of the species analyzed, Capsicum annuum peppers had the fastest node formation and
obtained a larger volume of roots after node formation as compared to C. baccatum, C. frutescens and
C. pubescens. This study presented a cost-effective strategy to clonally propagate peppers for personal,
industrial and conservation purposes.

2.3. Ornalmental and Medicinal Crops

The first contribution in this section explored “In Vitro Propagation and Acclimatization of Dragon
Tree (Dracaena draco)” by Galus et al. [45]. Dracena draco, known as the dragon tree, is a subtropical
ornamental species that presents important interest due to its medicinal properties [46], which is
prompting innovative approaches for its efficient use in the food industry and in pharmacological
applications. In this study, an efficient in vitro procedure was developed for bud induction, rooting of
developing shoots and greenhouse acclimatization of young plantlets of dragon tree.

The MS medium [47] was supplemented with different combinations of kinetin (KIN) or
6-benzylaminopurine (BAP) and naphthaleneacetic acid (NAA) or indole-3-butyric acid (IBA). Media
were (S1) 1 mg/L KIN and 1 mg/L NAA; (S2) 3 mg/L KIN and 1 mg/L IAA; (S3) 1 mg/L BAP and 2 mg/L
IBA; and (S4) 1 mg/L BAP and 1 mg/L NAA [48], and were used to initiate shoot development on
dormant buds recovered from mature D. draco trees. Developing shoots were sub-cultured on MS
medium containing different concentrations of IBA: (R1) 0 mg/L IBA; (R2) 0.5 mg/L IBA; (R3) 1 mg/L
IBA; and (R4) 2 mg/L IBA.

In this study the authors reported that the best shoot induction and rooting media were S1 and
S2, and R3 and R4, respectively. Dormant buds from one-year-old D. draco plants submitted to this
in vitro procedure allowed successful recovery of up to eight individuals per explant used. In vitro
grown plants were successfully acclimated in the greenhouse. The potential of this in vitro procedure
for multiplication of this endangered tree is discussed in this report.

4



Horticulturae 2020, 6, 23

The second paper in this section is “Improved Propagation and Growing Techniques for
Oleander Nursery Production” by Sabatino et al. [49]. Implementing propagation methods to
enhance transplant success, establishment and post-plant maintenance is a major objective for plant
nurseries involved in the production of shrubs to be used for gardens and natural landscapes in
regions with a Mediterranean climate. In this regard, the production of oleander (Nerium oleander)
rooted cuttings with a well-developed root system is fundamental for successful transplanting and
establishment in the field [50]. In the first trial, the authors examined rooting of stem cuttings in
relation to number of nodes and indole-3-butyric acid (IBA) treatment in five N. oleander clones (clones
1 to 5) grown in Sicily. In a second trial, they tested the effect of different forcing dates and shading on
oleander plants for gardens and natural landscapes using just one clone (clone 1).

Interesting results were recorded in both trials: three- and four-node cuttings, ranging in length
from 10 to 14 cm, were significantly superior to two-node cuttings (8–10 cm long) in terms of rooting
percentage and number of roots per cutting. Concerning IBA application, this treatment improved
rooting percentage and root number as compared to an untreated control. However, irrespective of IBA
application, rooting percentages ranged from 52% to 94% in clones 4 and 1, respectively. With respect
to the shading periods, shaded plants forced in October were significantly higher than those forced in
November and in December. Beginning of flowering was delayed in unforced plants. Plants forced
in October flowered significantly sooner (first decade of March) than unforced ones (first decade of
May) and reached complete flowering almost two months earlier (last week of March). Shading might
also save a considerable amount of water during the driest months, especially in Mediterranean areas
where water is a scarce resource. Finally, by forcing oleander to flower earlier, growers can supply
blooming plants to the market when they would naturally still be vegetative. Overall, this would
provide nurseries involved in ornamental plant production with a great marketing tool.

The last contribution examined is “LEDs Combined with CHO Sources and CCC Priming PLB
Regeneration of Phalaenopsis” by Mehraj et al. [51]. Regeneration of protocorm-like bodies (PLB)
is the best and most efficient technique for orchid micropropagation [52], because it has a rapid
proliferation capacity for producing a large number of PLBs within a short period [53]. However,
environmental factors such as culture media and light source can affect PLB regeneration and plantlet
development. Thus, this study determined the best carbohydrate (CHO) source and LED light
combination for successful PLB regeneration of Phalaenopsis “Fmk02010”. In addition, the authors also
assessed the impact of chlorocholine chloride (CCC) priming in in vitro PLB propagation of Phalaenopsis.
The authors applied 15 LEDs combined with three CHO sources and five CCC concentrations to assess
the PLB organogenesis.

Among the results, the authors concluded that sucrose and trehalose can be used as excellent
CHO sources in the culture media for PLB regeneration of Phalaenopsis. Red/white LED + sucrose
was the best combination to produce the maximum number of PLBs. However, the combination of
blue/white LED + trehalose also produced a large number with healthier PLBs; it also had a tendency
to produce a greater number of shoots that would need immediate subculture for future preservation.
Red/blue/white LED + trehalose generated a satisfactory number of PLBs with a higher fresh weight
and did not generate any shoots. An excessive concentration of CCC (10 mgL−1) caused an enormous
reduction in the number of PLBs, the percentage of PLB formation and fresh weight; the addition of
low concentrations of CCC in the plant culture medium was also unnecessary.

3. Conclusions

The papers of the Special Issue on “Innovation in Propagation of Fruit, Vegetable and Ornamental
Plants“ represent innovative research results in this area, with strong applications regarding nursery
production and breeding of these species. We hope that this Special Issue will stimulate further research
in this area worldwide.
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Abstract: The bacterial wilt pathogen (Ralstonia solanacearum) is a highly pathogenic soil-borne
bacterium that invades the vascular system of a host plant leading to plant wilting and death.
In agricultural systems, tolerant rootstocks are usually used to enhance disease resistance and
tolerance in crop plants to soil-borne pathogens. Here, two distinct eggplant cultivars with different
tolerances to R. solanacearum infection, the disease-tolerant cultivar ‘S21′ and the disease-susceptible
cultivar ‘Rf’, were used to investigate if scion tolerance level can affect tolerance of rootstock upon an
infection of the same pathogen. Three scion/rootstock grafted combinations were considered: Rf/S21,
S21/S21, and Rf/Rf. Plants that resulted from the combination Rf/S21, composed of the susceptible
scion grafts, showed weak tolerance to R. solanacearum infection, and exhibited the poorest growth
compared to the tolerant scion grafts (S21/S21). As expected, the combination Rf/Rf showed the
lowest level of disease tolerance. Furthermore, a high level of exopolysaccharides (EPSs) and cell wall
degrading enzymes (CWDEs) were detected in susceptible scion grafts. These factors are involved
in plant growth inhibition due to blocking transport between scion and rootstock and damage of
vascular tissues in the plant. A high level of reactive oxygen species (ROS) and active oxygen
scavenging enzymes were also detected in susceptible scion grafts. Excess accumulation of these
substances harms the dynamic balance in plant vascular systems. These results indicated that the
use of a susceptible scion in scion/rootstock eggplant grafts contributed to a reduction in rootstock
tolerance to Ralstonia solanacearum.

Keywords: bacterial wilt; Solanum melongena; susceptible; tolerance; exopolysaccharides; cell wall
degrading enzymes

1. Introduction

Bacterial wilt is a soil-borne disease of eggplant (Solanum melongena) caused by Ralstonia
solanacearum E.F. Smith, which usually occurs in tropical, subtropical, and temperate regions (Smith,
1896). The bacterial wilt pathogen enters the host plant through the roots and invades the vascular
system [1,2]. R. solanacearum infects xylem parenchyma and stimulates cells to form invasive compounds
in the vicinity of the vascular tissues, which are then released into the vessels and sieve tubes.
The pathogen rapidly proliferates and spreads in vascular tissues, causing obstruction of the xylem and
phloem [3]. R. solanacearum is also similar to most plant pathogenic bacteria that can secrete various
toxic proteins that induce a hypersensitive response in the host plant and activate a complex plant
defense network [4].
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Studies have shown that R. solanacearum can produce a large number of exopolysaccharides (EPSs)
in the vascular tissues, which block xylem and phloem [5]. EPSs hinder water and nutrient transport
in the plant’s vascular system, resulting in wilting symptoms, and therefore EPSs are an important
pathogenicity factor of bacterial wilt disease [6,7]. R. solanacearum secretes cell wall degrading enzymes
(CWDEs) during host infection, including cellulase (Cx), pectin methylgalacturonase (PMG), and pectin
methyl transelimination enzyme (PMTE), which have been studied for their potential in promoting
pathogenesis and causing disease symptoms [8–10]. In general, CWDEs produced by plant pathogens
are considered to be important pathogenicity factors. Significant work has been published on the role
of CWDEs during plant pathogen infection, and studies show that the accumulation of CWDSs will
accelerate the decline of plant cells [11,12].

Once host plants are infected with R. solanacearum, pathogens cannot be directly inhibited or
eliminated, therefore plants induce and excrete defense factors including phytoalexin and reactive
oxygen species (ROS) that enhance defense against pathogens [13]. Superoxide anion (O2

−) and
hydrogen peroxide (H2O2) are the major forms of ROS. These molecules are highly reactive and
toxic and can lead to the oxidative destruction of cells. The rapid accumulation of plant ROS at
the pathogen attack site, a phenomenon called oxidative burst, is directly toxic to pathogens and
can lead to a hypersensitive response that results in a zone of host cell death, which prevents the
further spread of biotrophic pathogens [14,15]. However, a greater degree of R. solanacearum stress
on the plant tissues results in the excess accumulation of ROS, which increases the burden of the
active oxygen-scavenging system in plants [16]. Active oxygen-scavenging systems in plants mainly
include superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase
(APX) [17,18]. The main role of SOD is to remove the O2

− present in the cytoplasm, chloroplasts, and
peroxisomes to prevent oxygen radicals from damaging the cell membrane system [19]. CAT and
POD facilitate H2O2 enzymatic degradation to prevent an over-accumulation of more toxic OH− [20].
APX is also a H2O2 scavenger that uses the APX-AsA cycle to reduce damage from H2O2 in plant
cells [21,22]. These enzymes, to a certain extent, have become the protective system for plants facing
environmental stress, maintaining the balance of ROS metabolism within the cells and protecting the
membrane structure. However, plant cells will also be damaged if the excess accumulation of ROS
exceeds the ability of the active oxygen scavenging enzyme system [23].

At present, the use of tolerant rootstocks for grafting eggplant varieties is the most effective
approach to control bacterial wilt disease [24]. There are complex interactions between the rootstock
and scion during the period of initiation and the completion of healing in grafts [25]. Investigations
on the interaction of rootstock and scion have mostly been focused on physiological and biochemical
characteristics regarding the mechanisms involved in graft compatibility, nutrient and water uptake,
assimilation and translocation of solutes, and the influence of the rootstock on the main physiological
processes of the scion [26]. Studies have shown that rootstocks not only affect the nutritional status,
water metabolism, and hormonal signaling of the scion, but they can also increase the resistance and
tolerance of the scion to disease and environment stresses, resulting in a higher yield [27,28]. Although
a disease-tolerant rootstock can generally improve the tolerance of a susceptible scion [24], the disease
tolerance of grafted plants is generally lower than that of self-rooted plants [29,30], which suggests that
a susceptible scion may also influence the tolerance level of the rootstock. However, to our knowledge,
there are no studies to determine if the disease tolerance level of a scion directly affects rootstock
tolerance to a specific disease.

In this study, different grafted combinations of eggplant were established to determine if they affect
plant growth and abate the bacterial wilt tolerance of a rootstock upon inoculation with R. solanacearum.
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2. Materials and Methods

2.1. Plant Material and Ralstonia Solanacearum

Eggplant genotypes ‘Qiezhen No. 21’ (S21, high tolerance to bacterial wilt), bred by Guangxi
University, Nanning, China, and “Zichang eggplant No. 1” (Rf, high susceptibility to bacterial wilt),
a commercial variety, were used to establish the experiment. The grafted scion/rootstock combinations
Rf/S21, S21/S21, and Rf/Rf were constructed as the experimental plants.

R. solanacearum (bacterial wilt pathogen) was provided by the Plant Pathology Laboratory of the
Agricultural College at Guangxi University. The bacterium was mixed with a 30% glycerol solution
and stored at −80 ◦C. Before inoculation, metal rods were dipped into the stored R. solanacearum
and were used to draw several lines on sterile nutrient agar (NA) medium. The stored pathogens
were transferred to the medium and were activated and incubated in a 28 ◦C incubator. After 2 d
of incubation, media with no contamination and with good bacterial growth (a single white colony,
strongly pathogenic in subsequent experiments) (Figure 1) were selected as inocula.

  
(a) (b) 

(c) 

Figure 1. (a) Grafting seedlings with C-type annular tubes. (b) Pathogenic R.solanacearum in NA
medium. (c) Disease classification standard for the plant.

2.2. Grafting Method, Grafted Plant Cultivation and R. solanacearum Inoculum

Eggplant seeds of each graft combination and a non-grafted Rf control were soaked in warm water
(50 ◦C) and sown in 50-hole trays with commercial plant cultivation substrate to promote germination.
When seedlings exhibited two true leaves, they were grafted with C-type annular tubes (Figure 1)
using the close joining method [31]. The grafted seedlings were then kept in a growth chamber under
controlled conditions (24–28 ◦C, 90–95% relative humidity, darkness) for 12 h. Further, to promote graft
healing, the temperature of the growth chamber was changed to 20–22 ◦C for 3 d, then seedlings were
moved to the greenhouse (26–28 ◦C). After 15 d of growth under greenhouse conditions, the grafts
were transplanted into larger pots containing substrate. Physiological parameters (see in detail below)
were measured during this period. When the grafted plants exhibited 4–5 true leaves, R. solanacearum
inoculum, diluted in water to a concentration of OD600 = 0.5, was applied using the root damage
infused inoculum method [32]. After inoculation, seedlings were incubated in a growth chamber for

11



Horticulturae 2019, 5, 78

28 d under a 14 h photoperiod with 30 ◦C day/25 ◦C night and 70% relative humidity. Non-inoculated
plants of each graft combination were included and otherwise handled the same way. Prepare enough
experimental plants according to the experimental arrangement (Table S1). Containers were watered
and fertilized twice a week from seed sowing to the end of the experiment, approximately 2 to 3 months.

2.3. Disease Classification and Disease-Tolerance Evaluation

To identify disease symptoms, plants of the graft combinations and the non-grafted control were
analyzed at 28 d post-inoculation (DPI) with R. solanacearum. Twenty plants were evaluated per grafted
combination and control and repeated three times (80 plants per repetition, for a total of 240 plants, were
considered; Table S1). The level of disease tolerance was evaluated at 28 DPI following the procedure
described by Liu et al. [33]. Five different levels of plant tolerance to R. solanacearum infection were
defined: Grade 0: no obvious symptoms; Grade 1: one leaf wilting; Grade 2: 2–3 leaves wilting; Grade
3: four leaves wilting; Grade 4: whole seedling wilting or death (Figure 1). The parameters, incidence
rate (IR) and disease index (DI) were determined according to the mathematical expressions below.
Incidence rate (IR) = number of infected plants/number of inoculated plants. Disease index (DI) =

∑

(disease grade × number of infected plants)/(the highest disease grade × number of inoculated plants)
× 100. Five levels of plant tolerance to bacterial wilt were considered (based on the DI parameter):
I: immune (DI = 0); HT: highly tolerant (0 <DI ≤ 15); T: tolerant (15 <DI ≤ 30); MT: moderately tolerant
(30 < DI ≤ 45); S: susceptible (45 < DI ≤ 60); HS: highly susceptible (DI > 60) [9]. The experiment was
a completely randomized design with three repetitions, analysis of variance (ANOVA) was used to
test for significance, and significant differences (P < 0.05) between treatments were determined using
Tukey’s test.

2.4. Measurement of Plant Growth Situation

Ten plants from each graft combination were randomly selected after disease-tolerance evaluation
(30 plants per experimental repetition, a total of 90 plants upon 3 repetitions; Table S1) at 28 DPI.
The biomass that reflects plant growth was measured, including plant height (g), stem diameter (cm),
root length (cm), and surface area (cm2), and dry and fresh weight (g) of the plants. Plant height was
considered as length between the base of the stem and the end of the apical meristem. Plant height was
measured by a straightedge ruler. The stem diameter of the scion was measured approximately 0.5
cm above the graft interface and stem diameter of the rootstock was measured approximately 0.5 cm
below the graft interface, both using a Vernier caliper. After washing roots to remove media, root
length and surface area were measured using a Founder Z2400 scanner and analyzed with WinRHIZO
2009c software. Fresh weights of plant stems and roots were measured with an electronic Mettler
Toledo balance. For dry weight determination, seedlings were placed in a ETTAS ON-300S drying
oven, at 105 ◦C for 15 min for enzyme inactivation, dried at 45 ◦C until a constant weight, and then
measured with the electronic balance. To calculate normalized values in this experiment, the biomass
measurement values at 28 DPI minus their average value at 0 DPI (average from 10 plants per grafted
combination), were calculated.

2.5. Determination of EPS Content and Cell Wall Degrading Enzyme (CWDE) Activity of Grafted Plants

Samples were collected from grafted plants at 0, 7, 14, and 28 DPI with R. solanacearum. Ten plants
were selected from each grafted combination at each experimental timepoint (30 plants per grafted
combination at each time point, for a total of 360 plants upon 3 repetitions; Table S1). Samples taken
from stems (0.2 g) and roots were individually ground well with a mortar and pestle and diluted with
10 mL distilled water. After homogenization, samples were boiled for 30 min, centrifuged at 12,000× g
for 10 min at 25 ◦C, and supernatants collected into a 25 mL bottle. These supernatants were then used
to measure EPS content following the phenol-sulfuric acid method described by Cao et al. [34].
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Briefly, 0.5 mL of supernatant solution was mixed with 1.5 mL of distilled water and after
mixing well, 1.0 mL of phenol solution (90 g·L−1) and 5.0 mL concentrated sulfuric acid were added.
After 30 min of incubation at room temperature, absorbance was measured at a 485 nm wavelength.

To proceed with CWDE activity measurements, extraction buffer was prepared by dissolving
11.78 g NaCl in a 250 mL sodium acetate–acetic acid buffer solution (0.05 M, pH 5.5). Afterwards,
samples (0.2 g) taken from stems and roots were individually thoroughly ground with a mortar and
pestle and diluted with 1.6 mL extraction buffer in an ice bath. Then, centrifugation was performed at
12,000× g and 4 ◦C for 20 min, and supernatants (extracted solution) were collected for measuring
CWDE activity [35].

To measure the cellulase (Cx) activity, the protocol described by Li et al. [35] was followed. Briefly,
0.1 mL of extracted solution was added to 0.2 mL carboxymethylcellulose sodium (CMC) solution (0.6%
v/v concentration), with a 30 min incubation in a 50 ◦C water bath. Then, 1.5 mL 3,5-dinitrosalicylic acid
(DNS) solution (6.3 g/L) was immediately added to stop the reaction. The absorbance was measured at
a 485 nm wavelength.

To determine the pectin methyl-galacturonase (PMG) activity, the protocol previously described
by Li et al. [35] was followed. Briefly, 0.1 mL of extracted solution was added to a solution consisting of
0.1 mL pectin solution (0.25% v/v concentration) and 0.3 mL acetate buffer (0.05 M, pH 5.5). Afterwards,
1.5 mL DNS solution (6.3 g/L) was added to stop the reaction. The absorbance was measured at a
540 nm wavelength.

The method used to determine the pectin methyl trans elimination enzyme (PMTE) activity
followed the protocol described by Li et al. [35], consisting of addition of 0.1 mL of extracted solution to
the previous prepared mixture of 0.1 mL pectin solution (0.25% concentration, containing 0.6 mmol·L−1

of CaCl2·2H2O) and 0.3 mL glycine–sodium hydroxide buffer (0.05 M, pH 9.0). The absorbance was
measured at a 232 nm wavelength.

For calculating relative enzyme activity (U) in each of the assays above, the absorbance changes of
the extracted solution were recorded over 1 min.

2.6. Determination of ROS and Active Oxygen Scavenging Enzymes Activity in Grafted Plants

The level of ROS and the activity of active oxygen-scavenging enzymes were measured following
protocols already described in several reports [36–39]. For those analyses, enzyme extraction buffer
(2.5 g polyvinyl pyrrolidone (PVP) in a 100 mL 0.05 M, pH 7.8 phosphate buffer) was prepared prior to
plant material processing. Afterwards, samples taken from stems (0.2 g) and roots were individually
thoroughly ground with a mortar and pestle and diluted with 2.0 mL extraction buffer in an ice bath.
Afterwards, solutions were centrifuged at 12,000× g and 4 ◦C for 30 min and supernatants (extracted
solution) were collected for the next experiment.

To determine the content of the superoxide anion (O2
−), the protocol described by

Dhindsa et al. [37] was followed. Briefly, 1.0 mL of extracted solution was mixed well with 1.0
mL phosphate buffer (50 mM, pH 7.8) and 1.0 mL hydroxylamine hydrochloride (1 mM) solution. The
mixture was incubated at 25 ◦C for 1 h. Further, 1.0 mL P-aminophenylsulfonic acid (1.0 mmol·L−1)
and 1.0 mL α-naphthylamine (7 mmol·L−1) were added. The absorbance was measured at a 530
nm wavelength.

To determine the content of hydrogen peroxide (H2O2), the method described by Dhindsa et
al. [37] was followed. Briefly, 1.0 mL of extracted solution was mixed well with 0.4 mL color-developing
solution (containing 100 mL of 0.1 M phosphate buffer, 25 μL of N, N-dimethylaniline, 100 mg
of 4-aminoantipyryline), and 0.1 mL horseradish peroxidase (250 μg·mL−1). The absorbance was
measured at a 550 nm wavelength.

For superoxide dismutase (SOD) activity determination, the method previously reported by
Kochba et al. [38] was followed. Briefly, 0.1 mL of previously extracted solution was mixed with 2.6 mL
reaction mixture solution (102 mL of 0.05 M, pH 7.0 phosphate buffer; 18 mL of 130 mM DL-methionine
(MET); 18 mL of 750 μM nitro blue tetrazolium (NBT); 18 mL of 100 μM EDTA-Na2), and 0.3 mL
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riboflavin (20 μM). After a 15 min reaction under lights (4000 lx), the reaction was blocked in the dark
for 5 min. The absorbance was measured at a 560 nm wavelength.

To determine catalase (CAT) activity, the method described by Kochba et al. [38] was followed,
which consisted of mixing 0.1 mL of extracted solution within a 2.9 mL phosphate buffer (0.05 M, pH
7.8) and 0.1 mL H2O2 (2% v/v concentration). The absorbance was measured at a 240 nm wavelength.

For peroxidase (POD) activity determination, the protocol described by Dalton et al. [39] was
followed. Briefly, 0.1 mL of extracted solution was mixed with a 3 mL reaction mixture solution
(100 mL of 0.02 M phosphate buffer at pH 6.0, 38 μL of 30% v/v H2O2, and 0.112 mL of guaiacol).
The absorbance was measured at a 470 nm wavelength.

To determine ascorbate peroxidase (APX) activity, the method described by Dalton et al. [39] was
followed. Briefly, 0.1 mL of extracted solution was mixed well with 2.6 mL phosphate buffer (0.05 M,
pH 7.0, containing 0.1 mM of EDTA-Na2), 150 μL H2O2 (20 mM), and 150 μL ascorbic acid (5 mM).
The absorbance was measured at a 190 nm wavelength.

For calculating relative enzyme activity (U), the absorbance change value of the extracted solution
was recorded over 1 min.

3. Results

3.1. Susceptible Scion Grafts Showed a Weak Tolerance to R. solanacearum

Disease index (DI) and incidence rate (IR) parameters were calculated according to the disease
classification standard (Figure 1). The IR of graft S21/S21 was 8.33%, and the DI was 7.23, showing
a high tolerance level. The IR of graft Rf/S21 was 26.67%, and the DI was 22.64, showing normal
tolerance. The IR of graft Rf/Rf was 100%, and the DI was 97.08, showing high susceptibility (Table 1).
The non-grafted plant Rf exhibited a similar level of susceptibility as the Rf/Rf graft, suggesting that
grafting did not enhance susceptibility of the susceptible scion (Rf). The disease tolerance level of the
different graft combinations was S21/S21 > Rf/S21 > Rf/Rf, which demonstrated that the tolerance level
of grafted rootstock decreased by grafting with the susceptible scion (Rf). Thus, the tolerance of a
tolerant rootstock was attenuated with the susceptible scion graft (Rf/S21).

Table 1. Tolerance of different grafting combinations to R. solanacearum.

Grafted Combination
(Scion/Rootstock)

No. Inoculated
Plants

No. Infected
Plants

Incidence Rate
(IR) (%)

Disease Index
(DI)

Tolerance
Level

S21/S21 60 5 8.33a z 7.23a HT y

Rf/S21 60 16 26.67b 22.64b T
Rf/Rf 60 60 100c 97.08c HS

Rf (non-grafted) 60 60 100c 96.25c HS
z Different lowercase letters indicate a significant difference (P < 0.05) according to Tukey’s test. y HT indicates
high tolerance, T indicates tolerance, and HS indicates high susceptibility; the Rf non-grafted plant was the
experimental control.

3.2. Susceptible Scion Grafts Have a Worse Growth Situation Post Inoculation with R. solanacearum

Plant growth parameters, measured 28 days post-inoculation (DPI) with R. solanacearum, were
used to investigate the effects of the susceptible scion on rootstock tolerance upon infection with the
pathogen. There was no significant difference in root length and root surface area between grafts
Rf/S21 and S21/S21 in the non-inoculated R. solanacearum (Data S1). However, pathogen-inoculated
graft Rf/S21 exhibited a shorter root length and less surface area compared to S21/S21 (Figure 2).
This negative effect on plant growth was also observed for plant height, stem diameter, and dry and
fresh weight (Figures 3 and 4). Without inoculation, root length, surface area, stem diameter, and
plant weights were similar for Rf/S21 compared to S21/S21. Because inoculation with R. solanacearum
inhibited growth of Rf/S21 plants, growth of the tolerant rootstock was abated by the susceptible scion.
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These findings suggest that the susceptible scion (Rf) had a negative effect on the eggplant rootstock
post-inoculation with R. solanacearum.

Figure 2. Normalized root length and root surface area in different graft combinations. The error bar
indicates the standard error, n = 30; the different letters indicate a significant difference (P < 0.05) across
all combinations according to Tukey’s test.

 

Figure 3. Normalized plant weight, scion stem diameter, and rootstock stem diameter in different graft
combinations. Note: The error bar indicates the standard error, n = 30; the different letters indicate a
significant difference (P < 0.05) across all combinations according to Tukey’s test.

 
Figure 4. Normalized dry weight and fresh weight of plant stems and roots in different graft
combinations. Note: The error bar indicates the standard error, n = 30; the different letters indicate a
significant difference (P < 0.05) across all combinations according to Tukey’s test.
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3.3. High Levels of EPS and CWDEs Accumulated in Susceptible Scion Grafts

To further investigate the inhibitory effect of the susceptible scion on the tolerant rootstock after
infection with bacterial wilt, the exopolysaccharide (EPS) content and cell wall degrading enzyme
(CWDE) activities were measured in the rootstock (Data S2). Rf/S21 produced more EPSs than S21/S21
in both stem and roots. The EPS continuously accumulated in Rf/S21 rootstock over time, reaching a
peak at 28 DPI with R. solanacearum (Figure 5). The EPS content of the S21/S21 rootstock reached a peak
value at 14 DPI with R. solanacearum and subsequently declined. In Rf/Rf (high disease index, Table 1),
the EPS accumulation of the rootstock was much higher than that in Rf/S21 and S21/S21. Similarly, the
CWDE (Cx, PMG, and PMTE) activities of Rf/S21 rootstocks were higher than those in the S21/S21
rootstock, both in stem and roots. These enzyme activities also reached their peak value in the S21/S21
rootstock at 14 DPI with R. solanacearum and subsequently declined (Figures 6–8). Overall, the EPSs
and CWDEs accumulated in the tolerant rootstock (S21) grafts less than in susceptible scion (Rf) grafts.
These results demonstrate that high levels of EPS and CWDE accumulation can be the cause of graft
susceptibility upon bacterial wilt infection.

Figure 5. Concentration of the exopolysaccharides (EPSs) in the different graft combinations
post-inoculation with R. solanacearum. Note (A) rootstock stems; (B) rootstock roots; the error
bar indicates the standard error, n = 30. See Supplement for mean separations.

 

Figure 6. Relative activity of cellulase (Cx) in different graft combinations post-inoculation with R.
solanacearum. Note (A) rootstock stems; (B) rootstock roots; the error bar indicates the standard error, n
= 30. See Supplement for mean separations.
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Figure 7. Relative activity of the pectin methylgalacturonase (PMG) in different graft combinations
post-inoculation with R. solanacearum. Note (A) rootstock stems; (B) rootstock roots; the error bar
indicates the standard error, n = 30. See Supplement for mean separations.

Figure 8. Relative activity of the pectin methyl transelimination enzyme (PMTE) in different graft
combinations post-inoculation with R. solanacearum. Note (A) rootstock stems; (B) rootstock roots; the
error bar indicates the standard error, n = 30. See Supplement for mean separations.

3.4. High Levels of ROS and Active Oxygen Scavenging Enzymes Accumulated in Susceptible Scion Grafts

In order to further investigate the defense factors of the tolerant rootstock against R. solanacearum,
the level of ROS (content of O2

− and H2O2) and the activities of active oxygen scavenging enzymes
(SOD, CAD, POD and APX) were measured in the rootstocks (Data S3). The O2

− and H2O2 content
in each part of the S21/S21 rootstock were basically maintained at the same low levels, even at
different DPIs with R. solanacearum, indicating that the ROS maintained their balance in the self-grafted
rootstocks (Figures 9 and 10). The Rf/S21 rootstock reached a peak value for O2

− concentration at
7 DPI with R. solanacearum, then this value began to decrease and ultimately became close to the O2

−
concentration of the S21/S21 rootstock at 14 DPI (Figure 9). In addition, the H2O2 content in each
part of the Rf/S21 rootstock was always higher than that in S21/S21 (Figure 10). These results indicate
that the susceptible scion (Rf) induced an increased accumulation of ROS in the tolerant rootstock
(S21) upon R. solanacearum infection. Meanwhile, a high-level accumulation of ROS suggests that the
susceptible scion (Rf) reduced tolerance of the rootstock (S21) causing R. solanacearum to more easily
infect the host plant.
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Figure 9. Concentration of O2

− in different graft combinations post-inoculation with R. solanacearum.
Note: (A): rootstock stems; (B): rootstock roots; the error bar indicates the standard error, n = 30.
See Supplement for mean separations.

Figure 10. The H2O2 content in different graft combinations post-inoculation with R. solanacearum.
Note: (A): rootstock stems; (B): rootstock roots; the error bar indicates the standard error, n = 30.
See Supplement for mean separations.

In order to alleviate the damage of ROS on plant tissues, plants maintain a relative balance of ROS
through active oxygen scavenging enzymes because more ROS is generated in response to pathogen
infection. In addition to the SOD activity of the Rf/S21 rootstock (similar to S21/S21), the activity of
CAD, POD, and APX were significantly higher in the Rf/S21 rootstock when compared with the S21/S21
rootstock post R. solanacearum inoculation (Figure 11). This also suggests that tolerance of the rootstock
is affected by the susceptible scion, breaking the balance of the active oxygen scavenging system in
the grafted rootstocks by the excess accumulation of ROS and active oxygen scavenging enzymes.
The tolerant rootstock damages its own tissues via the imbalance of the active oxygen scavenging
system when facing R. solanacearum infection in Rf/S21, resulting in reduced growth and further
reducing its disease tolerance (Figures 2 and 4). Therefore, continuous infection of R. solanacearum in
grafted eggplant would induce death in some of the grafted plants, even if they have a high tolerance
in their rootstocks (Table 1).
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Figure 11. Relative activity of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and
ascorbate peroxidase (APX) of the rootstock roots in different graft combinations post-inoculation with
R. solanacearum; the error bar indicates the standard error, n = 30. See Supplement for mean separations.

4. Discussion

A susceptible scion (Rf) on a tolerant rootstock reduced the biological yield of plants to a certain
extent when infected with R. solanacearum, which corroborates results previously described for other
plant species, including pepper (Capsicum anuum L.) and tomato (Solanum lycopersicum) [40,41]. Now,
this phenomenon was documented for eggplant through this study. Currently, more attention has
been given to the selection of a tolerant rootstock for grafting, while less attention has been given to
the importance of scion tolerance [24]. The effect of the scion upon rootstock tolerance is significant in
practical plant production, because susceptible scions cannot achieve their expected economic output
due to a reduction in rootstock disease tolerance. Therefore, it will be meaningful to pay attention to the
selection of disease tolerant scions in future vegetable grafting processes. The accumulation of EPS and
the activity of CWDEs in eggplant rootstocks directly reflect the ability of rootstock plants to successfully
react against R. solanacearum infection. Although it is not completely understood how these substances
affect disease tolerance in grafted plants, the present results showed that R. solanacearum secreted
massive amounts of EPS and CWDEs in rootstocks at 14 DPI with R. solanacearum. Pathogens could be
prevented from harming eggplant growth if the inspection and defense work of plants is performed in
time (before 14 DPI). Additionally, perhaps more effective EPS and CWDE detection systems could be
developed to detect the infection of R. solanacearum in time and reduce losses as possible.

In plants, cell-to-cell communication plays a critical role in development, disease tolerance, and
responses to diverse environmental stresses. Various types of plant RNA species move from cell
to cell (short-range) or systemically (long-range) to potentially regulate whole-plant physiological
processes [2,42]. Plant vascular systems are constructed by specific cell wall modifications, through
which cells are highly specialized to make conduits for water and nutrients. R. solanacearum primarily
causes pathogenesis by invading the vascular system, which obviously is involved in systemic substance
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circulation and regulation in plants. Plants resist the invasion of R. solanacearum, not only due to
local tissue reactions, but also due to common systemic regulation. In this study susceptible scions
showed a weak disease tolerance. It remains possible that some factors from susceptible scions move
into tolerant rootstocks and reduce their tolerance. Recent studies have revealed that CLE and CEP
peptides secreted in the roots are transported above ground via the xylem in response to plant–microbe
interactions and soil nitrogen starvation, respectively [43]. Thus, plant vascular systems may not only
act as conduits for the translocation of essential substances but also as long-distance communication
pathways that allow plants to adapt to changes in internal and external environments at the whole
plant level [44]. Our research on how susceptible scions influence the tolerance level of rootstocks has
led us to propose a process involving the regulation of long-distance signals in plants. There may
be a specific interaction between the scion and rootstock, and a grafted plant always maintains the
exchange of substances through the xylem and phloem [45], in which disease-related substances (some
toxic proteins) in the rootstock are transmitted upwards. If some substances (defense factors) from the
scion are conducted downwards over time, the rootstock suffers weakened disease tolerance [46,47].

Although our experiment does not study the exchange or circulation of substances in grafted
plants, the direct factors for the weakened disease tolerance in the tolerant rootstock were detected.
These factors are directly associated with a decrease in disease tolerance, shown by the accumulation
of EPSs and CWDEs in graft tissues (Figures 5–8). Furthermore, through measuring the related balance
system of the ROS and active oxygen scavenging enzymes, the reasons for weakened disease tolerance
of tolerant rootstocks were explained. The overproduction of O2

− and H2O2 would damage plant
tissues, while a complex dynamic balance in plants could offset these damages through the actions
of SOD, CAT, POD, and APX (Figures 9–11). It is evident that proteins and a range of RNAs can be
transported via the phloem, and some of these elements can exert their physiological functions in
different plant tissues [44]. Therefore, it could be some unknown substance(s) secreted in the scion,
and transport to the rootstock affecting its disease tolerance. In the future, the factors that regulate
rootstock tolerance could be studied by big data analysis of RNA-seq to further study the mechanism
of the interaction between scion and rootstock.

5. Conclusions

A susceptible scion reduced the disease tolerance of a bacterial wilt-tolerant rootstock upon
R. solanacearum infection. Thus, the susceptible scions showed poorer growth. Moreover, the excess
accumulation of EPS and CWDEs in plants with susceptible scions resulted in weakened disease
tolerance of the rootstock. Furthermore, the excess accumulation of the ROS and active oxygen
scavenging system disrupted the balance of the active oxygen scavenging system in the grafted plants,
attenuating the disease tolerance of the rootstock.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/5/4/78/s1,
Table S1: Experiment arrangement, Data S1: Plant biomass, Data S2: EPS and CWDE analysis, Data S3: ROS
related analysis.
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Abstract: Association between auxins and plant growth-promoting bacteria can stimulate root growth
and development of fruit crop nursery plants, and can be a promising biological alternative to
increase the rooting of cuttings. The objective of this study was to assess the viability of producing
‘Powderblue’ blueberry nursery plants from cuttings using different doses of indolebutyric acid (IBA)
in association with Azospirillum brasilense. The following treatments were tested: 0 (control); 500 mg
L−1 of IBA; 1000 mg L−1 of IBA; A. brasilense; 500 mg L−1 of IBA + A. brasilense; and 1000 mg L−1

of IBA + A. brasilense. The experimental design was completely randomized, with six treatments
and four replicates, and each plot (box) consisted of 10 cuttings. The boxes were arranged in a mist
chamber with an intermittent regimen controlled by a timer and solenoid valve. After 90 days, the
following variables were assessed: rooted cuttings; survival of cuttings; foliar retention; sprouting;
cuttings with callus; root dry mass per cutting; number of roots per cutting; and root length. It was
observed that the application of IBA with the A. brasilense rhizobacteria increased the number of roots
of ‘Powderblue’ blueberry cuttings, while the treatments with IBA alone and IBA 1000 mg L−1 + A.
brasilense increased the root length of cuttings. However, treatments with IBA and A. brasilense had
no impact on % rooted cuttings and % survival of cuttings.

Keywords: auxin; rhizobacteria; rooting; Vaccinium spp.

1. Introduction

Blueberry (Vaccinium spp.), a fruit species of temperate climates, has high medicinal value
owing to its high content of anthocyanins which confer high antioxidant properties to the fruits.
These antioxidants help neutralize free radicals related to the onset of degenerative diseases,
such as cancer, cataracts, immune disorders, cognitive impairments, and muscle degeneration [1].
The commercial interest in this species has greatly increased because of several studies reporting its
efficacy as a medicine [2–4]. Consequently, its cultivation is becoming widespread and of interest to
producers in Brazil, where it was first grown around 1983 in Pelotas (RS), in studies conducted by the
Brazilian Agricultural Research Corporation [5].

Blueberry is mostly asexually propagated through cuttings as adult plants are obtained in a
shorter time period compared to those sexually propagated. In addition, this method can be easily
executed and lead to the formation of adventitious roots in cuttings in any season of the year [6,7].
However, different blueberry cultivars show distinct responses regarding rooting of cuttings owing to
genetic factors that influence cell differentiation and root formation [8,9].
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For plant species that are difficult to root, such as blueberry, auxiliary techniques with growth
regulators, such as indolebutyric acid (IBA), can be used [10]. Exogenous application of synthetic
auxins is very common in vegetative propagation methods using cuttings as they act similar to the
natural phytohormone [11]. However, studies have shown that the use of the synthetic hormone IBA
in high concentrations can be toxic to the plant or inhibit rooting [12].

The use of plant growth-promoting rhizobacteria (PGPRs) can be a promising biological alternative
for increasing the rooting of cuttings [13]. Azospirillum is a genus of PGPRs that inhabits the roots of host
plants and provides beneficial effects to the plant under normal growth and/or stress conditions [14].
PGPRs of this genus can increase the fixation of free nitrogen and the production of phytohormones,
thus promoting growth in inoculated plants [15].

Studies have shown promising results for association with the PGPR species Azospirillum brasilense;
it promotes root development by increasing the production of hormones, leading to growth and
development of plants [16–18]. In this context, the objective of this study was to assess the viability of
producing blueberry nursery plants from cuttings using different doses of IBA in association with A.
brasilense.

2. Materials and Methods

2.1. Plant Materials

The experiment was conducted from April to July 2018 at the Department of Horticulture of the
Agricultural Research Center of the Londrina State University—PR, Brazil (latitude 23◦23′ S, longitude
51◦11′ W and elevation of 566 m). Herbaceous cuttings from the median part of shoots of ‘Powderblue’
(Vaccinium sp.) blueberry stock plants were used and maintained in the same department in a
greenhouse, originating from a collection of blueberry cultivars belonging to the Brazilian Agricultural
Research Corporation, Pelotas, RS, Brazil.

2.2. Experimental Design and Treatments Description

The experimental design was completely randomized, with six treatments and four replicates,
for a total of 24 experimental units, with each plot comprised of 10 cuttings. The effect of different
concentrations of IBA in talc and the association with A. brasilense was assessed. The following
treatments were tested: 0 (control); 500 mg L−1 of IBA; 1000 mg L−1 of IBA; A. brasilense; 500 mg L−1 of
IBA + A. brasilense; and 1000 mg L−1 of IBA + A. brasilense. The maximum tested dose of IBA (1000 mg
L−1) was based on Fischer et al. [19].

Before collecting the cuttings, the IBA solutions were prepared. For this, 0.05 and 0.1 g of
concentrated IBA (99.9% purity; Sigma-Aldrich®, St. Louis, MO, USA) were weighed using a
semi-analytical balance and dissolved in 50 mL of 100% ethanol. When the IBA was totally dissolved,
the volume was adjusted to 100 mL with distilled water, and solutions with concentrations of 500 and
1000 mg L−1 of IBA were obtained. To prepare the IBA in talc, 0.1 g of IBA was mixed in industrial
inert talc (Quimidrol®, Joinville, Brazil) for a total of 100 g. For better homogenization, sufficient IBA
with ethanol solutions was added to form a paste, and then transferred to an oven at 40 ◦C, where it
remained until complete evaporation of the solvent.

Cuttings were prepared using a bevel cut just below a node, discarding the leaves at the basal part,
and keeping two pairs of leaves in the upper part which were later cut in half. During preparation, the
cuttings were kept in a container with water to avoid dehydration. After preparing the cuttings, the
IBA talc was applied to the base of the cuttings.

Then, the cuttings were placed in perforated plastic boxes (44 × 30 × 7 cm) containing vermiculite
substrate of medium granulation for rooting, followed by the application of 1 mL of solution containing
A. brasilense (BR 11001t) isolates obtained by Silva et al. [20]. The bacterial isolates were cultured
in DYGS medium (glucose 2%, peptone 1.5%, yeast extract 2%, KH2PO4 0.5%, MgSO4·7H2O 0.5%,
glutamic acid 1.5%, pH 6.8), the procedure recommended by Kuss [21], with agitation of 120× g at
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28 ◦C, until reaching a population density of 108 CFU mL−1. The cultured bacteria were applied
directly into the substrate.

2.3. Growth Conditions

The boxes were arranged in a mist chamber with an intermittent misting regimen controlled by
a timer and solenoid valve. The valve was programmed to mist for 10 s every 6 min. The misting
nozzle employed (Model DAN-7755 Modular Greenhouse Sprinkler, Tel Aviv, Israel) had a flow rate
of 35 L h−1. The mist chamber was placed in a greenhouse with a transparent polyethylene film and
30% cover.

To control fungal diseases, the cuttings were treated weekly with a spray of tebuconazole fungicides
(1 mL L−1). Foliar fertilization with Biofert Plus® (Contagem, Brazil) fertilizer (8-9-9 +micronutrients)
at a 5 mL L−1 concentration per spray was applied every 15 d.

2.4. Evaluations

After 90 d, the following variables were assessed: rooted cuttings (% of cuttings that developed at
least one root); survival of cuttings (% of live cuttings); foliar retention (% of cuttings that did not lose
leaves); sprouting (shoot growth); cuttings with callus (% of live cuttings without roots); root dry mass
per cutting (g); number of roots per cutting; and root length (cm). The root dry mass was determined
by oven drying samples with forced air circulation at 78 ◦C for 24 h.

2.5. Statistical Analysis

Prior to individual analysis of variance, the homoscedasticity and normality of the residues
were confirmed using Bartlett [22] (p ≤ 0.05) and Lilliefors [23] tests (p ≤ 0.05), respectively. Arc-sine
transformations

√
(x/100) were performed for variables expressed in percentage and the transformation√

(x + 1) was performed for counting data. After performing the individual analysis of variance,
those characteristics which had fewer than seven ratios, between the highest and the lowest residuals,
were submitted to factorial analysis of variance. Means of significantly affected characteristics were
compared by Tukey’s test (p ≤ 0.05).

3. Results and Discussion

There were no significant differences for % rooted cuttings, survival, foliar retention, cuttings with
callus, and root dry mass (Table 1). In contrast to our results, olive-tree cuttings (Olea europaea) treated
with 3 g L−1 of IBA in association with A. brasilense led to a higher percentage of rooted cuttings [24].
Therefore, it is likely that the application of IBA and the inoculation with rhizobacteria present different
responses depending on the species.

Table 1. Rooted cuttings (RC), survival (SV), foliar retention (FR), leaf retention (LR), sprouting
(S), cuttings with callus (CC), root dry mass (DM), number of roots (NR), and root length (RL) of
‘Powderblue’ blueberry cuttings exposed to indolebutyric acid and Azospirillum brasilense.

Sources of
Variation

RC (%) SV (%) FR (%) S (%) CC (%) DM (g) NR RL (cm)

TMS z 0.1 ns y 0.3 ns 0.4 ns 0.8 * 0.4 ns 5.5 ns 27.3 * 66.5 *
EMS 0.3 0.2 0.4 0.2 0.3 4.1 8.5 11.4
Mean x 45.4 89.2 42.0 73.3 37.1 0.6 3.9 4.5

CV (%) 16.7 8.8 12.3 12.2 20.8 33.8 15.0 26.6
z TMS = Treatment mean square. EMS = Error mean square. y * = significant p ≤ 0.05 by ANOVA. ns: not significant.
x Mean across treatments. CV (%) = Coefficient of variation.

The applications of IBA and the rhizobacterium A. brasilense increased the number of roots per
cutting (Tables 1 and 2). One of the great advantages of increased lateral root production through
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cuttings is that the volume of soil available to the plant is higher, indirectly increasing the capture
of available resources in the soil and increasing the absorption of water and nutrients. These results
were also observed with ‘Berkeley’ blueberry from the application of 1000 mg L−1 IBA [25] and with
‘Bluegem’ and ‘Powderblue’ blueberries from the application of 2000 mg L−1 IBA [8].

Table 2. Number of roots (NR), root length (RL), and sprouting (S) of ‘Powderblue’ blueberry cuttings
treated with indolebutyric acid (IBA) and Azospirillum brasilense (Azo).

Treatments NR 1/ RL (cm) 1/ S (%) 1/

Control 2.79 c 2.81 b 92.5 a
500 mg L−1 IBA 4.02 b 5.62 a 85.0 a
1000 mg L−1 IBA 3.50 b 5.18 a 60.0 b
Azo 5.57 a 3.88 ab 70.0 b
Azo + 500 mg L−1 IBA 4.38 b 4.28 ab 75.0 b
Azo + 1000 mg L−1 IBA 3.38 b 5.00 a 57.5 c

1/ Means followed by the same letter in a column do not differ by the Tukey’s test set at 5% probability.

In addition, it was possible to observe that inoculation of A. brasilense alone was superior to the
other treatments in increasing the number of roots per cutting. A. brasilense is known for the ability
to alter the architecture of the roots of plants, increasing the formation of lateral and adventitious
roots and root hairs. This is because of the production or metabolization by A. brasilense of chemical
signaling compounds that alter root elongation and arrangement and the formation of root hairs [26].

However, there were no significant differences between treatments with IBA alone and in
association with A. brasilense. Therefore, such an association did not benefit the development
of new roots compared to the treatments with IBA alone. Indolacetic acid (IAA) is one of
the most important molecules produced by Azospirillum sp. and studies suggest bacterial
biosynthesis of IAA can be drastically affected by environmental conditions and exposure to
other compounds [16,18]. Thus, the application of IBA may have influenced the production of
the rhizobacteria growth-promoting substances.

The mean root length (Table 2) increased with applications of 500 and 1000 mg L−1 of IBA and
1000 mg L−1 of IBA + A. brasilense, and cuttings showed more developed roots compared to that of the
control. Genetic factors can influence cell differentiation and root formation in cuttings, and different
blueberry cultivars show distinct responses regarding the rooting of cuttings. In studies conducted
with ‘Climax’ and ‘Florida’ blueberries, the application of IBA did not increase root length of the
roots [27], but ‘Bluegem’, ‘Bluebelle’, and ‘Powderblue’ blueberries responded exponentially to the
different concentrations of the growth regulator [8].

Regarding sprouting, emergence of growing buds was more vigorous in the control as compared
to treatment with 500 mg L−1 of IBA. Initiation and development of buds are independent of the
adventitious formation of roots. The application of high concentrations of auxins in cuttings can inhibit
bud growth, sometimes even preventing growth of the aerial part, although root formation may be
adequate [11]. Therefore, it was verified that application of A. brasilense alone is a viable alternative to
increasing the number of adventitious roots in ‘Powderblue’ blueberry cuttings.

4. Conclusions

The application of IBA with the Azospirillum brasilense rhizobacteria increased the number of
roots of ‘Powderblue’ blueberry cuttings, while the treatments with IBA alone and IBA 1000 mg L−1

+ A. brasilense increased the root length of cuttings. However, treatments with IBA and A. brasilense
combined had no impact on % rooted cuttings and % survival of cuttings.
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Abstract: In this study, an efficient in vitro procedure was developed for bud induction, rooting of
developing shoots and greenhouse acclimatization of young plantlets of dragon tree (Dracaena draco).
Effects of media (S1 (1 mg/L KIN and 1 mg/L NAA), S2 (3 mg/L KIN and 1 mg/L IAA), S3 (1 mg/L
BAP and 2 mg/L IBA) and S4 (1 mg/L BAP and 1 mg/L NAA)) on shoot induction and media (R1
(0 mg/L IBA), R2 (0.5 mg/L IBA), R3 (1 mg/L IBA), and R4 (2 mg/L IBA)) on root induction were
examined in order to find optimal plant hormone concentrations for efficient Dracaena draco dormant
bud development and subsequent rooting. The best shoot induction and rooting media were S1 and
S2, and R3 and R4, respectively. Dormant buds from one-year-old Dracaena draco plants submitted to
this in vitro procedure allowed successful recovery of up to 8 individuals per explant used. In vitro
grown plants were successfully acclimated in the greenhouse. The potential of this in vitro procedure
for multiplication of this endangered tree is discussed in this report.

Keywords: acclimatization; auxins; cytokinins; Dracaena draco; in vitro

1. Introduction

Dracaena draco, the Dragon Tree or Drago, is a subtropical plant native to the Canary Islands, Cape
Verde, Madeira, and locally in Western Morocco [1,2]. The tree is characterized by a single or multiple
trunk growing up to 12 m tall, with a dense umbrella-shaped canopy of thick leaves [3]. It grows slowly,
requiring about ten years reaching 1 m tall [4]. Young trees have only a single stem; branching occurs
when the tree flowers, when two side shoots at the base of the flower panicle continue the growth as a
fork in the stem. Some specimens are believed to be up to 650 years old; the oldest is growing at Icod
de los Vinos in Northwest Tenerife [1]. Recently-discovered wild populations in Western Morocco have
been described as a separate subspecies, Dracaena draco subsp. ajgal, while those on Gran Canaria are
sometimes distinguished as a separate species Dracaena tamaranae [5]. Rising interest in Dracaena draco
for its medicinal properties [6] is prompting innovative approaches for efficient use of this endangered
tree for food industry and pharmacological applications.

In view of the drastic reduction in the number of individuals and the consequent loss of dragon
tree genetic diversity caused by absence of natural regeneration, micropropagation offers many
advantages because it potentially can facilitate large-scale production of valuable clones and allow
plant reintroduction in its natural ecosystem [7–11]. In addition, micropropagation may be an essential
step to obtain plants from frozen collections of dragon tree plant material, the most valuable way
of preserving this genus. Unfortunately, most of the published protocols are poorly described, in
particular concerning the difficult stage of acclimatization. Therefore, the aim of the present study was
to develop an efficient procedure for micropropagation and subsequent acclimatization of Dragon tree
(Dracaena draco) under in vitro culture conditions. In this study, suitable explant sources, combinations
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of plant growth regulators for shoot development, and optimal concentrations of IBA for root induction
were investigated.

2. Materials and Methods

2.1. Plant Material
Dracaena draco trees purchased from a French Nursery (Annemasse, France) were used as starting

material for isolation of dormant buds. They were maintained in greenhouse at 25 ± 2 ◦C with a 16-h
photoperiod. Light intensity was set at 40 μmol m−2 s−1 and was provided by mercury fluorescent
lamps. Additional trees were obtained either by in vitro or in soil germination of fresh D. draco seeds
and their growth in a greenhouse for 2 years (Figure 1a,b). They were also used as starting material for
the isolation of dormant buds. Dormant buds obtained from mature D. draco trees (Figure 1c) were
treated with 70% ethanol for 5 min and used as starting plant material.

 

Figure 1. Culture of D. draco in soil or in vitro: (a) in vitro germination of D. draco seeds;
(b) germination of D. draco seeds in soil; (c) one-year-old D. draco plants obtained from in vitro
and in soil germinated seeds.
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2.2. Dormant Bud Sterilization

Buds were sterilized for varying periods (50 buds per each time of 0.5, 1, 2, 5, 10, and 20 min)
in 2.5% HClO (w/v) bleach. Three double distilled water washes (for 10 min) were then performed.
The washed buds were transferred to Murashige and Skoog (MS) medium (1.5% sucrose, 0.8% agar,
pH 5.8; Sigma-Aldrich, Buchs, Switzerland) [12] and bud contamination was recorded after 3 d of
culture. Effective viability of the buds was also checked visually by the absence of tissue damage and
visible necroses.

Sterile dormant buds were used in the different experiments for testing shoot and root induction
media. All inoculations were performed under aseptic conditions in a sterile cabinet. The medium was
adjusted to pH 5.8 prior to autoclaving at 121 ◦C for 25 min. The cultures were maintained at 25 ± 2 ◦C
with a 16-h photoperiod as described earlier. Explant contamination and survival rates were evaluated
5 days after inoculation and percentages were calculated.

2.3. Shoot Induction

Dormant buds recovered from mature D. draco trees were used to initiate shoot development on
MS medium [12] supplemented with different combinations of kinetin (KIN) or 6-benzylaminopurine
(BAP) and naphthaleneacetic acid (NAA) or indole-3-butyric acid (IBA). Media were: S1) 1 mg/L KIN
and 1 mg/L NAA; S2) 3 mg/L KIN and 1 mg/L IAA; S3) 1 mg/L BAP and 2 mg/L IBA; and S4) 1 mg/L
BAP and 1 mg/L NAA were used [13]. There were 50 buds per growth regulator combination, and all
experiments were performed in triplicate. Containers used in the experiment consisted of 30 × 160 mm
test tubes. Shoot development data were taken after one month of culture. Developing shoots were
maintained and used for rooting experiments.

2.4. Rooting of Developing Shoots

Developing shoots were sub-cultured on MS medium containing different concentrations of IBA;
R1) 0 mg/L IBA; R2) 0.5 mg/L IBA; R3) 1 mg/L IBA; and R4) 2 mg/L IBA were used. There were 50 buds
per growth regulator, and all experiments were performed in triplicate. Container types used in the
experiment consisted of 30 × 160 mm test tubes. Root development data were taken after one month
of culture.

2.5. Acclimatization of Rooted D. Draco In Vitro Grown Plants

Acclimatization assays performed in this study used plants rooted in R4 medium followed by
culture in MS medium without growth regulators [13]. Single plants were transferred to 500 mL pots,
with an autoclaved soil mixture of peat and perlite (3/2, v/v), and placed in a glass chamber located
in the greenhouse. In the first few days, plants were fogged with sterile water to avoid leaf fade.
Time between fogging periods was progressively lengthened to diminish relative humidity. In two
independent experiments, plants were transferred to soil and results were examined after 6 weeks.

2.6. Statistical Analysis

The statistical analysis of the data was performed using analysis of variance (ANOVA), using
% data from each experiment as a replication. When significant effects (P < 0.05) were detected, the
treatments were compared using a post-hoc Tukey’s honestly significant difference (HSD) test at
P < 0.05. The statistical program used was IBM SPSS Statistics v. 22. Rooted shoots were maintained
and used for acclimatization experiments.
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3. Results and Discussion

3.1. Optimization of Dormant Bud Sterilization

The effect of different sterilization periods on bud health and absence of contamination was
studied. Table 1 shows that a 2- to 5-min sterilization was optimal for avoiding tissue damage and
providing sterile explants (Table 1). Subsequently all sterilization was performed for 3 min. These
results are in the same range than those reported by Miller and Murashige [7] for D. godseffiana,
Vinterhalter [8] for Dracaena fragrans, Blanco et al. [11] for Dracaena deremensis, and Liu et al. [13] for
Dracaena surculosa.

Table 1. Effect of sterilization time on infection and survival rates of buds cultured in vitro.

Sterilization Time (min) Infection (%) Healthy Buds (%)

20 0 c z 6.6 ± 11.5 cd
10 0 c 0 d
5 0 c 32.0 ± 3.6 ab
2 0 c 42.3 ± 2.5 a
1 5.0 ± 3.6 b 21 ± 3.6 bc

0.5 67.2 ± 2.5 a 0 d
z Mean separation using Tukey’s HSD test at P ≥ 0.05.

3.2. Shoot Induction

The effect of different treatment combinations of KIN or BAP and NAA or IBA were investigated.
Shoot induction results are shown in Table 2. Shoot induction rates varied among the tested media.
The highest shoot induction was obtained on media S1 and S2. Shoot induction in the medium S1 was
high with up to 80% of the buds developing shoots. Shoot induction on medium S2 was also high
approaching a rate of 75% shoot development. Figure 2a–c illustrate an example of developing shoots.
Because S1 medium induced the highest shoot induction, this medium was chosen as the standard
medium for shoot induction of all dormant buds.

Media S1 and S2 used in this study were successfully used by Blanco et al. [11] and Miller
and Murashige [7] to induce differentiation and multiplication of D. deremensis and D. godseffiana,
respectively. Results obtained in this study indicate that these media were also effective in inducing
shoot differentiation in D. draco.

Table 2. Effect of media hormonal composition on shoot and root induction of D. draco buds.

Media Hormonal Composition Shooting % Rooting %

S1 1 mg/L KIN, 1 mg/L NAA 80.6 ± 1.2 a z 0 c
S2 3 mg/L KIN, 1 mg/L IAA 76.0 ± 4.6 a 0 c
S3 1 mg/L BAP, 2 mg/L IBA 24.6 ± 1.5 b 0 c
S4 1 mg/L BAP 1 mg/L NAA 0 c 0 c
R1 0 mg/L IBA 0 c 0 c
R2 0.5 mg/L IBA 0 c 0 c
R3 1 mg/L IBA 0 c 51.0 ± 3.6 b
R4 2 mg/L IBA 0 c 66.2 ± 2.0 a

z Mean separation using Tukey’s HSD test at P ≥ 0.05.
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Figure 2. In vitro multiplication and acclimatization of D. draco: (a) dormant buds collected from
1-year-old D. draco plants in culture; (b–d) development of buds after 3, 6 and 9 weeks of culture in
S1 medium, respectively; (e,f) rooted plants in culture; (g) one-year-acclimated plants from in vitro
micro-propagated D. draco plants.
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Although having a much lower % shoot induction, medium S3 induced about 24% shoots. This
medium has been successfully used by Vinteralter [8] to induce shoot multiplication in D. fragrans.
Similar results were also obtained by Perez et al. [14] and Aslam et al. [15] using Dracaena sanderiana.

3.3. Root Induction and Plant Maintenance

Fifty developing shoots obtained on the medium S1 were cultured on different concentrations of
IBA for rooting. After a month of culture, root development occurred abundantly in media R3 and R4
(Table 2). Root formation on high concentration of IBA (1–2 mg/L) had higher rhizogenic potential with
harder, longer and whiter roots (Figure 2d,e). The best results for rooting were obtained in the medium
containing 2 mg/L IBA. Over 50% and 66% of developing shoots produced roots media R3 and R4,
respectively, after a month of culture. It is clear from the data in Table 2 that poor root development
occurred with low concentrations of IBA. Better results were obtained in at the higher concentrations
of IBA rather than the lower concentrations where no rooting occurred. R4 medium was chosen as the
optimum medium for rooting in this study.

These results are in disagreement with those of Vinterhalter [8], who reported that during root
induction in D. fragrans, 0.5 mg/L IBA was optimal. Parallel with these results, Blanco et al. [11]
reported that a hormone-less medium was convenient for rooting D. deremensis. These results seem to
indicate that rooting in the genus Dracaena is variable among species [8,11,13–16].

3.4. Acclimatization of Regenerated Plants

From the plants that rooted in R4 medium (25) and that were transferred to the soil mixture,
100% were totally established after 6 weeks. No morphological differences were found between
these plants and the mother plant (Figure 2f). Checking the plants after 18 months for morphological
abnormalities revealed no difference with plants obtained from soil grown sites (Figure 2g). In our
work, acclimatization was given particular attention. The use of the glass chamber in the greenhouse
and fogging during the first days with longer spacing between fogging periods to gradually diminish
relative humidity could explain the complete success of acclimatization. Acclimatization success in our
study was higher than reported in earlier studies of Vinterhaler [8] for D. fragrans, Blanco et al. [11] for
D. deremensis, and Miller and Murashige [7] for D. godseffiana, where low success rates were reported.
However, our acclimatization success rates were in the same range reported by Aslam et al. [15] for
D. sanderiana Sander ex Mast and by Liu et al. [13] for D. surculosa. Similar to results of Liu et al. [13]
and Aslam et al. [15] using D. sanderiana and D. surculosa, respectively, ex vitro established plantlets
exhibited no visible phenotypic aberrations.

4. Conclusions

In the present study, the highest shoot induction rate, the greatest percent rooting and
acclimatization rates were obtained using the S1 and R4 media containing [1 mg/L KIN, 1 mg/L
NAA] and [2 mg/L IBA], respectively. Ex vitro transfer of plantlets to soil resulted in no visible
phenotypic aberrations as required for efficient multiplication of the tree. The present in vitro culture
procedure yielding up to 8 plants per mature plant (data not shown) could be used for micropropagation
of D. draco with the aim of reintroduction of this endangered species in its native ecosystem where natural
regeneration is no longer observed. This in vitro culture procedure offers also the potential for efficient
use of Dracaena draco by food and pharmacological industries, allowing efficient biotechnological
valorization of the species and increasing awareness for its conservation.
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Abstract: In the first trial, we examined rooting of stem cuttings in relation to number of nodes and
indole-3-butyric acid (IBA) treatment in several Nerium oleander clones grown in Sicily. In a second trial,
we tested the effect of different forcing dates and shading on oleander plants for gardens and natural
landscapes. Three- and four-node cuttings, ranging in length from 10 to 14 cm, were significantly
superior to two-node cuttings (8–10 cm long) in terms of rooting percentage and number of roots
per cutting. The application of IBA improved rooting percentage and root number as compared to
untreated control. Irrespective of IBA, rooting percentages ranged from 94% in clone 1 to 52% in
clone 4. Shaded plants forced in October were significantly higher than those forced in November
and in December. Beginning of flowering was delayed in unforced plants. Plants forced in October
flowered significantly sooner (first decade of March) than unforced ones (first decade of May) and
reached complete flowering almost two months earlier (last week of March).Shading had little effect
on plants forced in October and in November as compared to unshaded plants in terms of start of
flowering, but it slightly hastened beginning of flowering of December forced plants as compared to
their unshaded counterparts.

Keywords: rooting; cutting; forcing; oleander; shading

1. Introduction

Nerium oleander L. (oleander) is a shrub native to northern Africa and the Mediterranean region
grown for flowers and evergreen foliage. The long flowering period extending from early spring
through late fall and the appealing flower display make oleander a valuable ornamental plant and
one of the best shrubs for landscaping and xero-gardening projects in semi-arid environments [1].
The species has also become an important plant for flowering pots [2,3].

Implementing propagation methods to enhance transplant success, establishment, and post-plant
maintenance is a major objective for plant nurseries involved in the production of shrubs to be
used for gardens and natural landscapes in regions with a Mediterranean climate. In this regard,
the production of oleander rooted cuttings with a well-developed root system is fundamental for
successful transplanting and establishment in the field. By growing plants in a greenhouse or other
protected facilities, plant nurseries force plants to bloom out of season. Ornamental shrubs with colors
create a great amount of impulse buying from the average garden plant consumer because a flowering
plant provides immediate gratification and guarantees that the consumer is getting what they paid
for [4]. Based on these considerations, reducing the time span between propagation and flowering by
individuating opportune forcing and shading techniques induces oleander to bloom out of season and
improves its marketability for garden plantings.

According to Hartmann [5], oleander cultivars are clonally propagated by leafy cuttings, which root
easily if taken from rather mature wood during the summer and treated with a 3000 ppm indole-3-butyric
acid (IBA) quick-dip. Toogood [6] affirms that to produce a oleander flower plant in 2 years, leafy cuttings
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or semi-hardwood cuttings can be rooted directly in 3–6 weeks and that bottom-heat at 12–20 ◦C
enhances rooting. Dirr [7] suggests to root cuttings collected from mature wood in late July or August
after a 3000 ppm IBA application. Ochoa et al. [8,9] report that basal temperatures ≥25 ◦C favor
rooting and root quality of semi-hardwood oleander cuttings, and that cuttings taken from the basal
part of the stem produce larger root growth, although more roots with a more homogeneous length
distribution were obtained from distal cuttings. However, to our knowledge, no published data is
available concerning the influence of the morphological characteristics of the cuttings on adventitious
root formation. Therefore, in the first series of experiments our objective was to examine rooting of
stem cuttings in relation to number of nodes and IBA treatment in several Nerium oleander clones grown
in Sicily.

Although there have been several studies undertaken to improve the suitability of this species as a
potted plant, especially through the use of plant growth regulators, there are no reports concerning the
effects of shading and diverse forcing date on oleander nursery production. Therefore, in the second
experiment we tested the effect of different forcing dates and shading on oleander production.

2. Materials and Methods

The research was conducted at the experimental field of the Department of Agricultural, Food
and Forest Sciences of Palermo (SAAF), at Marsala, Trapani Province (longitude 12◦26′ E, latitude
37◦47′ N, altitude 37 m above sea level (asl) in the north-western coast of Sicily (Italy).

2.1. Propagation Treatments

In the first experiment, distal 30-cm-long stem cuttings were harvested on 23 March 2018, from
actively growing oleander stock plants. Plants were of cutting origin and from a 10-year-old Sicilian
unnamed clone characterized by a red corolla (clone 1). Hardwood stem cuttings were collected
from the previous year’s growth cycle in the middle of the crown of the stock plants. Cuttings were
stored overnight at 6 ◦C. The next day, the terminal shoot was removed and cuttings were cleaned
and defoliated prior to planting. The cuttings were trimmed into three types: (1) two-node cuttings
(length 8–10 cm); (2) three-node cuttings (length 10–12 cm); (3) four-node cuttings (length 12–14 cm).
Average diameter of the cuttings ranged from 10 to 13 mm. All cuttings had the first cut made 10 mm
above the distal node and the second cut made 20 mm below the proximal node. To verify the cutting
response to exogenous auxin, cuttings were dipped to a 2.0 cm depth in a 0.3% indole-3-butyric acid (IBA)
solution for 30 s. Reagent grade IBA (Sigma Aldrich, Italy) was dissolved in 90% ethanol, then brought
to a final concentration of 6% ethanol and 94% distilled water (v/v). Untreated cuttings were dipped
in distilled water (control). After 30 and 45 d, data were recorded as percent survival, percentage of
cuttings rooted, number of roots per cutting, and length of the 6 longest roots. Growth resulting from
sprouting of the buds present on the original cutting material was rated by measuring shoot length
after 30 and 60 d.

In the second experiment, distal 30-cm-long hardwood stem cuttings were harvested on 30 March
2018, from actively grown stock plants of five Sicilian unnamed oleander clones characterized by a red
(clone 1), pink (clone 2), white (clone 3), salmon (clone 4), and yellow (clone 5)corolla (Figure 1).

Cuttings were collected as described in the first experiment, and stored overnight at 6 ◦C. The next
day, three-node cuttings (length 10–12 cm) were prepared as described in the first experiment. To verify
the cutting response to exogenous auxin, half of the cuttings were dipped to a 2.0 cm depth in a 0.3%
IBA solution for 30 s, whereas the remainder were dipped in distilled water (control). After 30 and 45
days, data were recorded as percentage of cuttings rooted, number of roots per cutting, and length
of the 6 longest roots. Growth resulting from sprouting of the buds present on the original cutting
material was rated by recording shoot length and number of leaves per rooted cutting after 30 and 60 d.

40



Horticulturae 2019, 5, 55

Figure 1. Nerium oleander clones tested.

In the two experiments, propagation was performed in an unheated greenhouse covered with
clear polyethylene (PE) and external 70% shade-cloth. Single cuttings were stuck to each plastic pot
(diameter 12) containing a peat:perlite (2:1/v:v) media. Air temperature in the greenhouse was 18–23 ◦C
during the day and 14–16 during the night. Rooting medium temperature was 18–22 ◦C during the
day and 14–18 ◦C during the night. Intermittent mist operated daily for 30 s every 2 h from 8:30 A.M.
to 6:00 P.M.

2.2. Forcing and Shading Treatments for Plant Nursery Production

In this experiment, three-year-old plants of a Sicilian unnamed clone characterized by a red corolla
(Clone 1) were used. These plants were originally from cuttings and were grown in round plastic pots
(20 cm diameter) filled with a commercial peat-perlite substrate mix (VIGORPLANT, SER FS V10-18,
Italy) 80:20 (v/v). The substrate mix used had the following properties: pH 5.5, electric conductivity
0.20 dSm−1, (dry) bulk density 95 kg m−3, total porosity 94%, NH4 220 mg kg−1, NO3 833 mg kg−1,
P 40 mg kg−1, K 631 mg kg−1. In March 2018, to obtain homogenous plants the material plants were
pruned to five branches. Seven days before the beginning of the experiment, plants were fertilized
with a water soluble fertilizer (20-20-20) at 2 gL−1. In the first week of June 2018, to verify the plant
response to shading, half of the plants were placed into a shade house (Aluminet TM 30% shade cloth),
whereas the remaining were left outside. To test the effect of different forcing times, three forcing
dates were selected: 1 October, 1 November, and1 December. For each shading treatment (shading
vs.no shading), half of the plants were transferred into ethylene vinyl acetate (EVA)-covered forcing
tunnels and half of the plants were left outside. The experimental plants were watered as necessary to
ensure that the plants would not be exposed to drought stress. Maximum, minimum, and average
temperature were monitored during the forcing periods (Figure 2).
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Figure 2. Maximum, minimum, and average temperatures during the forcing periods.

In order to assess the ornamental quality of oleander plants, data were collected on plant height at
beginning of flowering, number of days from first of January to beginning of flowering, and number of
days from first of January to full flowering.

2.3. Statistical Analysis

In the first propagation experiment, three levels of node number (two-, three-, and four-node
cuttings) in combination with IBA concentrations of 0 and 0.3% were tested in a two-factor, randomized
complete block design with 4 blocks and 96 cuttings per IBA treatment, 24 per block. Data were
subjected to a two-way analysis of variance ANOVA. In the second propagation experiment a 5 × 2
(clones × IBA) factorial set of treatments within a complete randomized block design was used with
4 blocks and 96 cuttings per IBA treatment. Data were subjected to a two-way ANOVA. In the forcing
experiment, 2 levels of shading (shading vs. unshaded), in combination with 3 forcing times plus the
not-forced treatment were tested in a 2 × 4 factorial set of treatments within a randomized complete
block design with 4 blocks and 100 plants per treatment. Data were subjected to a two-way ANOVA.

All data were statistically analyzed using the Statistical Package for Social Science (SPSS) software
version 14.0 (StatSoft, Inc., Chicago, IL, USA). Mean separation was assessed by Tukey Honest
Significance Difference (HSD) test. Percentage data were subjected to arcsin transformation before
ANOVA analysis (Ø = arcsin (p/100)1/2).

3. Results

3.1. Propagation Treatments

In the first experiment, overall percent survival was 97% to 98%; no significant effects of node
number and IBA treatment were found on cutting survival (data not shown). Rooting percentage at
30 days after cutting insertion into the rooting medium was significantly affected by node number
and IBA treatment (Table 1). Regardless of auxin treatment, three- and four-node cuttings gave a
significantly higher rooting percentage as compared to two-node cuttings. Independently of node
number, percentage of rooting increased from 83% in untreated cuttings to 93% in cuttings exposed
to IBA. However, no significant interaction was found between node number and IBA exposure.
Node number did not affect the number of roots per cutting 30 days after planting regardless of IBA
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treatment (Table 1), whereas root number per cutting at 45 days averaged over IBA was significantly
higher in three and four node cuttings as compared to two node cuttings. Irrespective of node level,
IBA significantly increased the number of roots per cutting from 7 to 10 and from 16 to 23 after 30 and
45 days, respectively. No significant interaction was found between node number and IBA exposure in
terms of root number.

Table 1. Effects of number of nodes per cutting and indole-3-butyric acid (IBA) on rooting and shoot
length of Nerium oleander.

Treatments
Rooting

(%)

No. of Roots
Cutting−1

Root Length (cm) Shoot Length (cm)

at 30 d at 45 d at 30 d at 45 d at 30 d at 60 d

Node
Number (N)

2 87.7 b z 7.8 15.9 b 11.8 12.0 6.8 8.5
3 94.1 a 8.8 22.3 a 10.4 12.2 7.0 8.9
4 91.9 a 8.9 21.1 a 12.2 14.0 8.2 8.6

IBA
0 ppm 83.5 b 6.9 b 16.4 b 10.4 13.1 5.9 b 8.4

3000 ppm 93.0 a 10.0 a 23.2 a 12.5 12.4 8.1 a 8.8
Significance

N **y NS ** NS NS NS NS
IBA * ** *** NS NS *** NS

N × IBA NS NS NS NS NS NS NS
z Data within a column followed by the same letter are not significantly different at p ≤ 0.05 according to Tukey HSD
Test. y The statistical significance is designated by asterisks as follows: *, at p ≤ 0.05; **; at p ≤ 0.01; ***, at p ≤ 0.001;
NS = not significant.

Node number and IBA treatment did not significantly affect root length eitherat 30 or45 d from
planting in the rooting medium (Table 1). The length of the shoots resulting from sprouting of the buds
present on the original cutting material averaged over IBA was not influenced by node number after
either 30 or60 days from planting (Table 1). After 30 days, shoots developed from cuttings exposed to
IBA were significantly longer than those grown from untreated ones regardless of the node number.
There was no significant interaction between node number and IBA exposure in terms of root length.

In the second experiment, there were significant effects of auxin treatment, tested clones, and their
interaction for rooting and shoot growth of the cuttings (Table 2).

Regardless of IBA treatment, clone 1 (red) had the highest rooting percentage (94%), followed by
clone 2 (pink), clone 3 (white), and clone 5, whereas, clone 4 (salmon) showed the lowest rooting (52%).
Rooting percentage averaged over clones accounted for 78% and 80% in untreated and IBA treated
cuttings, respectively. The ANOVA revealed a significant effect of the interaction between clones and
IBA (Tables 2 and 3). Rooting percentages ranged from 96% in clone 1 (red color) cuttings exposed to
IBA to 48% and 56% in clone 4 cuttings exposed and not exposed to IBA, respectively.
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Table 3. Effects of the interaction clones and IBA on rooting and growing of three-node cuttings of
several clones of Nerium oleander.

Treatments Rooting (%)
No. of Leaves

Cutting−1 at 30 Days
No. of Leaves

Cutting−1 at 60 Days

Clone 1 × 0 ppm 87.5 c z 14.5 c 28.6 a
Clone 1 × 3000 ppm 95.8 a 18.0 ab 29.2 a

Clone 2 × 0 ppm 91.7 b 21.8 ab 24.9 b
Clone 2 × 3000 ppm 92.7 b 16.3 b 19.9 c

Clone 3 × 0 ppm 85.4 c 23.5 a 24.2 b
Clone 3 × 3000 ppm 89.6 bc 20.8 ab 21.8 bc

Clone 4 × 0 ppm 56.3 e 19.0 ab 27.6 a
Clone 4 × 3000 ppm 47.9 f 12.5 c 19.8 c

Clone 5 × 0 ppm 70.8 d 18.5 b 26.3 b
Clone 5 × 3000 ppm 72.9 d 19.5 b 19.5 c

z Data within a column followed by the same letter are not significantly different at p ≤ 0.05 according to Tukey
HSD Test.

Irrespective of the auxin treatment, 30 days after cutting insertion in the rooting medium, clone 2
(pink) and clone 3 (white) gave the highest number of roots per cutting (10.0 roots), followed by clone
1 (8.8 roots), clone 5 (7.4 roots), and clone 4 (6.3 roots) (Table 2). Data expressed as number of roots per
cutting 45 days after planting, regardless of IBA, revealed that clone 1 had the highest score because it
almost tripled root number. Data from the remaining treatments supported the trend established at
30 days.

Irrespective of the clones, IBA exposure significantly increased root number as compared to the
control, both at 30 and 45 days after planting. There was no significant interaction between node
number and IBA exposure in terms of root number, either at 30 or 45 days after planting.

Data on root length at 30 d averaged over IBA showed significant effects of clone only. Clone 2
had the longest roots, followed by clone 3 and clone 5. Irrespective of the clones, IBA treatment had no
effect on root length. No significant interaction was found between IBA and clones in terms of root
length. There were no significant effects of auxin treatment, tested clones, and their interaction for root
length at 45 days.

Treatments had no significant effects on shoot length after 30 days from planting (Table 2).
However, after 60 days from planting, irrespective of IBA, shoot length was significantly affected by
clones. Clone 2 (pink) and clone 3 (white) had the longest shoots, whereas clone 1 (red) and clone 4
(salmon) had the shortest ones (Table 2). Shoot length averaged over clones was higher in IBA treated
cuttings as compared to the untreated ones.

Irrespective of the auxin treatment, clones significantly influenced number of leaves per cutting−1

at 30 days from planting (Table 2). Clone 3 (white) had the highest number of leaves and clones 1
and 4 the lowest. On the contrary, regardless of the clones, IBA did not significantly affect number of
leaves at 30 days from planting. A significant interaction was found between clones and IBA in terms
of number of leaves per cutting after 30 days (Table 3); the highest number of leaves per cutting was
observed in clone 3 and clone 2 cuttings in absence of IBA, followed by clone 3 cuttings exposed to IBA.

There were highly significant effects of tested clones, auxin treatment, and their interaction for
number of leaves per cutting after 60 days from planting (Table 2). Regardless of IBA, clone 1 had the
highest number of leaves (29 leaves), followed by clone 4 (24 leaves). Number of leaves per cutting
averaged over clones was higher in IBA-treated cuttings as compared to the untreated ones.

Regarding the interaction, the highest number of leaves per cutting was observed in clone 1,
either in the presence or in absence of IBA treatment, whereas the lowest value was detected in the
combination of clone 5 with IBA (Table 3).

45



Horticulturae 2019, 5, 55

3.2. Forcing and Shading Treatments

There were significant effects of forcing dates, shading, and their interaction for plant height
(Table 4).

Table 4. Effects of the interaction forcing and shading on plant height, beginning of flowering, and full
flowering of Nerium oleander pot plants.

Treatments Plant Height (cm)
Beginning of Flowering
(Days from 1 January)

Full Flowering (Days
from 1 January)

Not-forced × U 82.3 d z 122.7 a 142.0 a
October forcing × U 73.0 e 69.0 e 85.0 g

November forcing × U 95.0 c 78.3 d 112.7 e
December forcing × U 97.7 c 111.7 b 130.0 c

Not-forced × S 98.0 c 120.0 a 136.0 b
October forcing × S 116.3 a 71.0 e 96.7 f

November forcing × S 103.0 b 79.3 d 95.0 f
December forcing × S 105.0 b 99.0 c 117.0 d

Significance
Forcing (F) ***y *** ***
Shading (S) ** * NS

F × S *** * ***
z Data within a column followed by the same letter are not significantly different at p ≤ 0.05 according to Tukey HSD
Test. y The statistical significance is designated by asterisks as follows: *, at p ≤ 0.05; **; at p ≤ 0.01; ***, at p ≤ 0.001;
NS = not significant.

Plants exposed to shading from June to September and transferred into the tunnels on October 1
were significantly higher than shaded plants forced on November 1 and December 1. These plants in
turn were significantly higher than their unshaded counterparts. Plants in all other treatments were
significantly shorter (73 to 98 cm in height).

Regardless of shading, forcing hastened beginning of flowering, as plants transferred into the
tunnels in October, November, and December flowered significantly earlier than unforced ones.
Regarding the interaction, both shaded and unshaded plants forced in October began to flower 71 and
70 days after January 1, respectively, whereas shaded and unshaded plants forced in November began
to flower 9 and 8 days later, respectively. Plants in the remaining plots began to flower significantly later.

Irrespective of shading, forced plants reached full flowering significantly earlier than unforced
ones. There was a significant interaction between forcing and shading in terms of full flowering.
Unshaded plants forced in October reached the full flowering phase 11 and 10 days earlier than shaded
plants transferred into the tunnels in October and in November, respectively. Plants in the remaining
treatments reached full flowering significantly later.

4. Discussion

In the first experiment of the present study, three- and four-node cuttings, ranging in length
from 10 to 14 cm, were significantly superior to two-node cuttings (8–10 cm long) in rooting
percentage and number of roots per cutting. Our results agree with those obtained by Smalley
and Dirr [10], Henry et al. [11], Hinesley et al. [12], and Caruso and Iapichino [13], who reported
that longer and multi-node cuttings positively affect root count in Acer rubrum, Juniperus virginiana,
Chamaecyparis thyoides, and Plumeriarubra, respectively, as compared to shorter cuttings. The superior
efficacy of longer cuttings in inducing higher rooting performance as compared to shorter cuttings
might be attributed, as suggested by Beyl et al. [14] in a study on Actinidia arguta, to their higher
carbohydrate reserves.

In our study, the application of IBA improved rooting percentage and root number as compared to
untreated control. IBA has been reported to increase in vivo and in vitro adventitious root formation
in many species, including vegetables, perennials, and ornamental shrubs [15–26].
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In the second experiment in the absence of IBA, clones 1, 2, and 3 had a rooting percentage ranging
from 85% to 92%, whereas in clones 4 and 5, rooting did not exceed 70%. These findings partly agree
with those obtained by Ochoa et al. [8,9], who reported that in the absence of auxin treatments rooting
percentage of semi-hardwood oleander cuttings can be higher than 80%. We also found that exposing
clones to IBA resulted in an increase in rooting capacity for clones 1, 2, and 3, but had no effect on
clones 4 and 5, whose rooting capacity either declined or remained unchanged. This different response
among clones confirms that rooting ability of cutting in oleander is influenced by genotype, as reported
for other woody species, such as (Corylusavellana) and olive (Olea europaea) [25,26].

Shaded plants forced in October were significantly higher than those forced in November and in
December, which in turn where higher than plants of the other treatments.

Oleander plants forced in October flowered significantly sooner (first decade of March) than
unforced ones (first decade of May) and reached complete flowering almost two months earlier (last
week of March). Beginning of flowering was delayed in unforced plants. Shading had little effect on
plant forced in October and in November as compared to unshaded plants, in terms of beginning of
flower, but it slightly hastened beginning of flowering in December forced plants as compared to their
unshaded counterparts.

5. Conclusions

According to our findings we suggest that the use of three- and four-node cuttings together with
IBA basal dip may be beneficial to propagators wishing to produce oleander with a well-developed
root system and capable of achieving rapid establishment in the field. The greater root systems of three-
and four-node IBA-treated rooted cuttings as compared to untreated ones facilitated the uptake of
water and nutrients and provided more carbohydrate reserves to support early spring sprouting and
faster top growth in the subsequent growing season. Shading (from June to September) prior to forcing
promoted vigorous growth and taller plants as compared to no shading. Shading might also save a
considerable amount of water during the driest months, especially in Mediterranean areas where water
is a scarce resource. Finally, by forcing oleander to flower earlier, growers can supply blooming plants
to the market when they would naturally still be vegetative. Overall, this would provide nurseries
involved in ornamental plant production with a great marketing tool. Therefore we can conclude that
the use of appropriate plant propagation material and techniques together with opportune shading
and forcing might be beneficial to Sicilian plant nurseries involved in oleander production.
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Abstract: Throughout this study, the objective was to determine the most effective carbohydrate (CHO)
sources under different light-emitting diodes (LEDs), and the impact of chlorocholine chloride (CCC),
for the in vitro regeneration of the protocom-like bodies (PLBs) in Phalaenopsis ‘Fmk02010’. We applied
15 LEDs combined with three CHO sources and five CCC concentrations in the study. Organogenesis
of PLBs was very poor in maltose both for the number of PLBs and their fresh weight (FW) compared
to media containing sucrose and trehalose. Sucrose was the best CHO source under the red-white
(RW) LED for the in vitro organogenesis of PLBs (PLBs: 54.13; FW: 0.109 g), while trehalose was best
under the blue-white (BW) LED (PLBs: 36.33, FW: 0.129 g). The red-blue-white (RBW)-trehalose
combination generated a suitable number of PLBs (35.13) with the highest FW (0.167 g). CCC at 0.01,
0.1, and 1 mgL−1CCC had no effect on PLB formation or FW, but 10 mg L−1 reduced both. RW-sucrose,
BW-trehalose, and RBW-trehalose were the best combinations for PLB organogenesis. The addition of
low concentrations of CCC in the plant culture medium are unnecessary.

Keywords: protocorm-like bodies; light-emitting diode; trehalose; maltose; CCC; correlation;
growth retardants

1. Introduction

Phalaenopsis is the most important and valuable commercial orchid in the Orchidaceae family.
It is widely accepted both as cut and pot flowers. Unlike most flowering plants, orchids have a very
unique reproductive system. Propagation of Phalaenopsis, either vegetatively or by seed, is quite
difficult. Tissue culture is the common method due to its successful and rapid propagation. PLB
regeneration is the best and most efficient technique for orchid micropropagation [1], because it has a
rapid proliferation capacity for producing a large number of protocorm-like bodies PLBs within a short
period [2]. They can be induced directly from explants, such as shoot tips [3], flower stalk buds [4], root
tips [5], and leaf segments [6]. The indirect regeneration of PLBs can be done by embryogenic callus
culture using solid [7] or liquid [8] suspension cultures. Proper media compositions with optimum
culture conditions are among the significant factors for fast and high quality plantlet regeneration
through PLBs [9,10]. PLBs are the sole form of somatic embryo that imitates the zygotic embryo in
natural seed, but unlike the zygotic embryo, it can grow continuously without any dormancy [11].

Media ingredients are the key factor for successful PLB regeneration in vitro. Plant tissue culture
media generally have mineral salts, vitamins, growth regulators, and water [12]; another important
component is the carbon source to supply energy [13]. There are many carbon sources like sucrose,
fructose, glucose, trehalose, maltose, and sorbitol [8,14] used for plant tissue culture that might be in
simple or complex forms [15]. It is well known that plants are sensitive to light. Light also affects
PLB regeneration through photosynthetic and phototropic responses and may depend on light quality
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and photoperiod [16]. Fluorescent lights are commonly used. LED lights are currently used for
in vitro cultivation. Power consumption of fluorescent lights is greater, and they produce a wide
range of wavelengths (350–750 nm) that are unnecessary for plant development. Monochromatic
LEDs emit light at specific wavelengths. LEDs are used commercially in plant tissue culture due to
their numerous advantages compared to conventional light systems; such as wavelength specificity,
durability, small size, long operating time, relatively cool emitting surface, and the ability to control
spectral composition [17–19]. Concerning economic viability, the use of LEDs is increasing rapidly
in agriculture due to their huge capacity to save electrical energy. LEDs are more efficient in in vitro
culture than white fluorescent light. It is stipulated that they have the specific wavelengths that fits
plants exact need for morphogenic responses [20]. The wavelength a plant needs varies according to
the species.

LEDs are a unique type of semiconductor diode that have several technical benefits over usual light
sources for photosynthesis [21]. LEDs allow wavelengths to be matched to the plant photoreceptors to
influence plant morphology and metabolic composition [22–24]. Plant pigments absorb red wavelengths
(600–700 nm) efficiently, with the most efficient being660 nm, which is close to the chlorophyll absorption
peak, whereas the blue region includes the visible spectrum (400–500 nm) [25]. It has also been reported
that red light has a significant role in starch accumulation through photosynthesis [26] and blue light
in chloroplast development, chlorophyll formation, and stomatal opening [27]. Red and blue light are
the best to drive photosynthetic metabolism. Green wavelength effects are opposite those of red and
blue wavelengths [28].

A number of in vitro studies have reported vigorous plant growth under LEDs. LED lights have been
previously used for PLB organogenesis in Cymbidium finlaysonianum [29], Dendrobiumkingianum [30,31],
hybrid Cymbidium [32,33], and plantlet regeneration in gerbera [34]. A series of studies have already
been conducted to improve the tissue culture of Phalaenopsis using a number of factors. We previously
used growth regulators and elicitors for the PLB regeneration of Phalaenopsis [35,36]. The effects of light
spectral quality on the photosynthetic ability varied by plant species [37]. Many plant species do not
respond well under a sole LED color, and this limitation can be overcome by combining different colors.
On the other hand, many researchers have reported the long-term effect of growth retardants on in vitro
growth and development [38,39]. Chlorocholine chloride (CCC: (2-chloroethyl) trimethyl-ammonium
chloride) can be used to manipulate plant growth [40–42]; it inhibits gibberellic acid biosynthesis [43,44].
Gibberellic acid reduces adenosine diphosphate-glucose pyrophosphorylase (AGPase) activity, which
is responsible for the reduction of starch synthesis [45]. Application of CCC can counteract this starch
synthesis reduction by blocking gibberellic acid synthesis. CCC may have an impact on plant growth by
altering the hormone content.

The purpose of this study was to determine the best CHO source and LED light combination for
successful PLB regeneration of Phalaenopsis ‘Fmk02010’. In addition, our goals was also to assess the
impact of CCC priming in in vitro PLB propagation of Phalaenopsis.

2. Materials and Methods

2.1. Plant Materials and Culture Conditions

PLBs of Phalaenopsis ‘Fmk02010’ were multiplied in 2.2 gL−1 of PhytagelTM (Sigma-Aldrich®,
Tokyo, Japan) solidified MS medium (modified) [46] at the Lab of Vegetable and Floricultural Science,
Faculty of Agriculture and Marine Science, Kochi University, Japan. We added two major salts,
ammonium nitrate (412.5 mgL−1) and potassium nitrate (950.0 mgL−1), to the MS medium for the
modification. We excised single PLBs to use as explants. The pH was adjusted to 5.5–5.8 using 1 mM
2-(N-morpholino) ethanesulfonic acid sodium salt (MES-Na) prior to autoclaving. We used 30 mL
of culture media in each 250-mL culture bottle (UM culture bottle: AsOne, Japan) and autoclaved
at 121 ◦C for 15 min at 117.1 KPa.
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2.2. CHO Sources and LED Lights

Sucrose, trehalose, and maltose (20 g/L) (Sigma-Aldrich®, Tokyo, Japan) were used as CHO
sources before autoclaving. The PLBs for organogenesis were placed under fourteen different LED
light sources with a control. These were: (1) control (C: white fluorescent light); (2) R (red LED);
(3) G (green LED); (4) B (blue LED); (5) W (white LED); (6) RG (red → green LED); (7) RB (red →
blue LED); (8) RW (red→ white LED); (9) GB (green→ blue LED); (10) GW (green→ white LED);
(11) BW (blue→ white LED); (12) RGB (red→ green→ blue LED); (13) RBW (red→ blue→ white
LED); (14) RGW (red→ green→white LED); and (15) GBW (green→ blue→white LED). All LED
lamps were monochromic. We did not use two different monochromic LEDs together. A monochromic
light supplemented with ≥1 monochromic light had a dissimilar light effect. For example, red LEDs
supplemented with blue fluorescent were equivalent to cool-white fluorescent plus incandescent
lamps [47]. The technique for the sole, double, and triple LED light combinations used in this study is
shown in Scheme 1.

Scheme 1. Visualization of the experimental layout. C, control.

2.3. CCC Concentrations

Four different CCC concentrations with the control (BioReagent, Sigma-Aldrich®, Tokyo, Japan)
were used. They were 0 (control), 0.01, 0.1, 1, and 10 mgL−1. Sucrose was used in the culture media,
while other culture conditions were similar as described in Section 2.1.

2.4. PLB Culture, Data Collection, and Data Analysis

Experiments were organized in a randomized complete block design. Each bottle contained five
PLBs (with three replications). PLBs were cultured 60 days for the LED-carbon source experiments and
42 days for the CCC-treated PLBs. The explants were cultured at 25 ± 2 ◦C with a 16-h photoperiod
with 54 μmol/m−2 s−1 of irradiance. The number of PLBs (including budding PLBs), shoots, and roots
were counted (Figure 1a). The length of shoots and the fresh weight (FW) of PLBs were measured. The
average numbers and percentages were calculated as follows.

� Average number=Number of cultured explants with new PLBs/Total number of cultured explants
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� Percentage of PLB (%) = (Number of cultured explants with new PLBs/Total number of cultured
explants) × 100

Data are presented as the mean ± the standard error (SE). One-way ANOVA was analyzed by
Minitab®17 (Minitab Inc., Pennsylvania 16801-3008, USA, 2017) using Tukey’s multiple comparisons
test method with the 95% confidence interval.

3. Results

3.1. CHO Sources and LED Lights

RW-sucrose and the control did not significantly differ (Table 1). However, all other LED-sucrose
combinations produced a significantly lower number of PLBs than the RW-sucrose, some significantly
lower than the control as well. Within trehalose treatments, BW-trehalose performed well for the
mean number of PLBs (36.33), which was closely followed by RBW-trehalose (35.13) (Table 1). Maltose
showed the worst overall performance for PLB regeneration with all LED combinations (Table 1). PLBs
under different LEDs showed statistically identical fresh weights for mediums with sucrose and most
with trehalose. However, the medium with maltose showed significant differences among the different
LEDs. Maximum mean fresh weight was found for RBW-trehalose (0.167 g), RBW-maltose (0.112 g),
and RW-sucrose (0.109 g) (Table 1). The RBW-trehalose combination also produced a satisfactory
number of PLBs (35.13) (Table 1). The CHO source-LED combinations with the first, second, and third
highest values for the number of PLBs within each CHO source group (Figure 2) and fresh weight
(Figure 3) are shown. Sucrose produced the highest and second highest numbers of PLBs, and trehalose
was best for the fresh weight as the CHO source in the culture medium (Figures 2 and 3).

After 60 days of culture, some treatments tended to produce shoots. Trehalose had a greater
tendency for shoot growth under LED lights except GW, RGB, RBW, RGW, and GBW (Table 2). There
were no shoots for trehalose under white fluorescent light (control). Shoots were produced with
W-sucrose and RGW-sucrose, as well as with RG-maltose. Root formation was not observed in any of
the treatment combinations except trehalose-RG (number: 0.03; length: 0.03 cm; data are not shown).

3.2. CCC Concentrations

The number of PLBs, PLB formation rate, and fresh weight of Phalaenopsis ‘Fmk02010’ with
different concentrations of CCC in the culture medium are shown in Table 3. The number of PLBs
and fresh weight were significantly lower at 10 mgL−1CCC. The maximum number of PLBs were
produced in the culture medium treated with 0.01 mgL−1 of CCC. In this treatment, there was a
100% PLB formation rate. The PLB formation rates were 93.33%, 93.33%, 80.00%, and 33.33% at
0, 0.01, 1, and 10 mgL−1 of CCC, respectively. The maximum fresh weight was from the culture
media having 0.01 mgL−1 of CCC, whereas the minimum fresh weight was found at 10 mgL−1 of
CCC (Table 3). CCC at 0.01, 0.1, and 1 mg L−1 did not differ from the control values for number of
PLBs or fresh weight. In the scatter plot (Figure 4), the relationship between PLB organogenesis and
CCC concentration are shown. The R2 of the correlation was high for both number of PLBs (R2 = 0.915)
and fresh weight (R2 = 0.747) to the different CCC concentrations. There was a negative relationship
in both cases, suggesting that the number of PLBs and fresh weight would decrease with increasing
CCC concentration in the culture medium.
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Table 2. Shoot growth withdifferent CHO sources and LED lights during PLB organogenesis of
Phalaenopsis ‘Fmk02010’.

Light z
Number of Shoots Mean Shoot Length

Sucrose Trehalose Maltose Sucrose Trehalose Maltose

Control 0 0 0 0 0 0
R 0 0.38 ± 0.14 0 0 0.26 ± 0.10 0
G 0 0.38 ± 0.14 0 0 0.04 ± 0.02 0
B 0 0.75 ± 0.29 0 0 0.11 ± 0.05 0
W 0.13 ± 0.07 0.25 ± 0.09 0 0.05 ± 0.05 0.08 ± 0.03 0
RG 0 0.13 ± 0.07 0.13 ± 0.13 0 0.08 ± 0.04 0.03 ± 0.03
RB 0 0.25 ± 0.13 0 0 0.05 ± 0.03 0
RW 0 0.13 ± 0.07 0 0 0.03 ± 0.01 0
GB 0 0.13 ± 0.07 0 0 0.05 ± 0.03 0
GW 0 0 0 0 0 0
BW 0 0.38 ± 0.14 0 0 0.12 ± 0.04 0
RGB 0 0 0 0 0 0
RBW 0 0 0 0 0 0
RGW 0.25 ± 0.13 0 0 0.03 ± 0.03 0 0
GBW 0 0 0 0 0 0

z Control (C: white fluorescent light); R (red LED); G (green LED); B (blue LED); W (white LED); RG (red→ green
LED); RB (red→ blue LED); RW (red→white LED); GB (green→ blue LED); GW (green→white LED); BW (blue→
white LED); RGB (red→ green→ blue LED); RBW (red→ blue→ white LED); RGW (red→ green→ white LED);
and GBW (green→ blue→white LED).

Table 3. Role of CCC concentrations forthe in vitro PLB production of Phalaenopsis ‘Fmk02010’.

CCC (mgL−1) Number of PLBs PLB Formation (%) Fresh Weight (g)

0 12.53 ± 1.71 z a 93.33 0.175 ± 0.028 a
0.01 15.67 ± 1.01 a 100.00 0.211 ± 0.018 a
0.1 13.73 ± 1.62 a 93.33 0.191 ± 0.022 a
1 11.07 ± 2.08 ab 80.00 0.182 ± 0.027 a
10 4.40 ± 1.74 b 33.33 0.049 ± 0.019 b

z Mean ± SE values that do not share a letter within each column are significantly different at P ≤ 0.05.

   
(a) (b) (c) 

Shoot 

Root 

PLBs 

Figure 1. PLB organogenesis of Phalaenopsis: (a) PLBs, shoots, and roots, (b) RW-sucrose; and
(c) BW-trehalose.
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(a) (b) (c) 

Figure 2. Comparison of PLB production for the (a) highest (b) second highest and (c) third highest
CHO source –LED combination within each CHO source. The X-axis the treatment combination, the
Y-axis represents the number of PLBs, and the error bar represents the 95% confidence intervals. See
text for meanings of abbreviations.

  
(a) (b) (c) 

Figure 3. Comparison of fresh weight for the (a) highest (b) second highest and (c) third highest within
CHO source –LED combination each CHO source. The X-axis the treatment combination, the Y-axis
represents the number of PLBs, and the error bar represents the 95% confidence intervals. See text for
meanings of abbreviations.
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Figure 4. Correlation between the number of PLBs (left) and fresh weight (right) with CCC
concentrations of the culture medium. Mean data were used for these analyses.

4. Discussion

Among the combinations, RW-sucrose produced the maximum number of PLBs, but the fresh
weight not the highest (Table 1). On the other hand, the BW-trehalose combination produced
comparatively fewer PLBs than that of RW-sucrose, but the fresh weight was higher. Sucrose was
the best CHO source for number of PLBs (Figure 2), whereas trehalose was the best regarding the
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fresh weight (Figure 3). Both number of PLBs and fresh weight are very important for successful and
healthy PLB regeneration. Using trehalose in culture media was more effective than sucrose for friable
callus formation in Phalaenopsis [48]. RW-sucrose, BW-trehalose, and RBW-trehalose combinations
may be better for PLB organogenesis of Phalaenopsis considering both the number of PLBs and fresh
weight. These three combinations were cultured in the white LED on the last 20 or 30 days; the first
20 or 30 days they were cultured under red, or blue, or red and blue LEDs. Results suggested that a
white LED was important for rapid and healthy PLB growth, because the plant may have the ability to
produce more chlorophyll under white light [49]. PLBs cultured under red LEDs for the early period
showed a tendency to generate more PLBs. Plant growth was fragile under red light [50,51], and it
stimulated endogenous gibberellins that cause cell proliferation and mitosis [52]. Red light increased
multiplication rate [53], and our study also confirmed the increased multiplication of PLBs under red
light. The red wavelengths (between 600 and 700 nm) were absorbed by plant pigments [23]. Hormones
responsible for inflorescence formation, inflorescence elongation, and bud breakage were stimulated
by red light [54]. PLBs cultured under blue LEDs in the early period produced a higher fresh weight.
Trehalose-BW produced the maximum fresh weight of PLBs, and blue LEDs robustly encouraged PLB
growth. Tanaka et al. [55] found blue LEDs to be effective for PLB formation in Phalaenopsis.

LEDs are an effective light source for plants [52,56], and light quality plays apart in the vital
function of photosynthesis. The mechanism is that in which light is absorbed by chlorophyll [57]. Blue
light plays an important role in chlorophyll biosynthesis [58–60] that may affect both the number of
PLBs and fresh weight with a white LED. Chlorophyll contents are correlated with plant species or
cultivar when grown under different light qualities [61]. Anuchai and Hsieh [62] found significantly
higher chlorophyll (both a and b) and carotenoid content under blue light in Phalaenopsis. They also
found a higher number of stems, fresh weight, and leaf length under red LEDs and higher RuBisCO
enzyme activity. PLBs cultured under red LEDs in the early period, and then shifted to blue LEDs
and white LEDs, showed significantly better results both for number of PLBs and fresh weight. The
results suggested that red, or blue, or red and blue LEDs should be used initially, and then shifted
to white LEDs for successful and healthier PLB regeneration of Phalaenopsis ‘Fmk02010’, but their
effects also depend on the CHO sources in the culture medium. In our study, trehalose was better for
available CHO for PLB organogenesis with BW LEDs (i.e., 30 days under a blue LED→ 30 days under
a white LED). Similarly, sucrose was better for available CHO under RW LEDs (i.e., 30 days under a red
LED→ 30 days under a white LED). Conversely, BW-trehalose produced the second largest number of
shoots (Table 2). LEDs have been successfully applied in vitro in various plant species [20,29–33]. The
ideal light stipulation for each plant species is unique. The response to the spectral composition of one
plant species in vitro may not be similar for another plant species [63].

In our previous study, we used a number of growth regulators for PLB regeneration [35,36],
so included the growth retardant CCC in the current study. The concentration of CCC played an
important role in PLB organogenesis of Phalaenopsis “Fmk02010” ‘Fmk02010’. Growth retardants
were extensively used in vivo to improve floricultural characteristics, especially to control plant
height. Application of CCC seemed to be effective with a very low concentration. PLB formation
was very sensitive to a high concentration (>0.01 mgL−1). Plant growth retardants like CCC could
improve carbohydrate accumulation by increasing photosynthetic capacity and altering endogenous
hormones [64,65]. CCC treatment can promote nutrient uptake, water balance, and protein synthesis
in growing organs [66]. An increasing concentration of CCC resulted in a decreased number and
percentage of PLB formation. The addition of CCC to the in vitro medium enhanced tuberization [67–69].
We found an effect of a higher concentration CCC on PLB organogenesis in culture media through the
investigation of the relationship between CCC with PLB organogenesis. Similar relationships have
also been studied previously [70–72]. CCC is an anti-gibberellin growth regulator that inhibits an early
step in gibberellic acid (GA) biosynthesis [43]. Treatments with CCC counteract the reduction in starch
synthesis by blocking GA synthesis. Plant growth retardants like CCC and paclobutrazol are able to
inhibit gibberellin biosynthesis or action [73,74], and can control excessive vegetative growth [75,76]
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which ultimately increases quality attributes such as dry matter content [77]. CCC treatment is mostly
effective for tuberous and bulbous pants. PLBs are tuber-like bodies. We observed that the addition of
the growth retardant CCC had no effect on PLB formation or fresh weight except for a reduction at the
highest concentration (Table 3).

5. Conclusions

Sucrose and trehalose can be used as excellent CHO sources in the culture media for PLB
regeneration of Phalaenopsis. RW-sucrose was the best combination to produce the maximum number
of PLBs. However, the combination of BW-trehalose also produced a large number with healthier PLBs;
it also had a tendency to produce a greater number of shoots that would need immediate subculture for
future preservation. RBW-trehalose generated a satisfactory number of PLBs with a higher fresh weight
and did not generate any shoots. An excessive concentration of CCC (10 mgL−1) caused enormous
reduction in the number of PLBs, the percentage of PLB formation, as well as fresh weight.
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Abstract: Aeroponic cloning is a great strategy to maintain desired genotypes by generating a whole
new plant from cuttings. While this propagation technique has been demonstrated for tomatoes
(Solanum lycopersicum) and potatoes (Solanum tuberosum), no protocol has been developed for peppers
(Capsicum spp.). The ability to clonally propagate different Capsicum holds promise for domestic
and industrial growing operations since elite cultivars with desirable traits (e.g., high capsaicin
levels, nutrient content, and striped fruit) can be perpetuated without the need of planning a nursery.
We tested six Capsicum species for their feasibility of aeroponic cloning by stem cuttings. All domestic
species were successfully regenerated under aeroponic conditions but not for Capsicum eximium,
a wild species. Of the species analyzed, Capsicum annuum peppers had the fastest node formation
(11.6 +/− 0.89 days, P ≤ 0.01) and obtained a larger volume of roots (P ≤ 0.01) after node formation as
compared to C. baccatum, C. frutescens, and C. pubescens. This study presents a cost-effective strategy
to clonally propagate peppers for personal, industrial, and conservation purposes.

Keywords: pepper; propagation; domestic; wild

1. Introduction

The genus Capsicum consists of more than 30 species, five of which are the result of domestication
dating back to 6000 BC: C. annuum, C. baccatum, C. chinense, C. frutescens, and C. pubescens [1,2].
Commercially-cultivated pepper is an important vegetable and spice consumed daily by nearly a
quarter of the world’s population [3,4]. Domesticated in South-central Mexico (C. annuum; [5]) or
Peru (C. baccatum and C. pubescens; [6]), peppers spread rapidly across the world after European
contact due to their multitude of culinary uses, high nutritional content, and unique chemistry (e.g.,
capsaicin) [4]. Peppers are grown extensively worldwide with about 32 million metric tonnes produced
in 2014 [7]. In 2016, the United States pepper production was valued at approximately 700 million
USD [8]. In addition to the fresh market, there are many other high value products such as red
pepper, chili flakes, and hot sauce that have distinct niche markets [9,10]. The most common pepper
species in cuisine often depends on local cultural traditions. For example, in northerly temperate
latitudes sweet bell peppers (C. annuum) are favored, while in many tropical regions fiery types
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(C. chinense) are preferred [11]. Furthermore, Capsicum spp. cultivars produce varying levels of
capsaicin, provitamin A, vitamin C, and folate, which has sparked interest in developing varieties to
combat human malnutrition [12,13].

While pungency is an important characteristic in peppers [14], there are several roadblocks to
propagating pungent plants. Often pungent varieties have poor and inconsistent germination, require longer
time to germinate, and are expensive (more than 1 USD per seed). Additionally, many boutique growers
make their own novel hybrids, both within and between species, and select for specific ideotypes [15].

Traditionally, pepper seed production is achieved by the self-pollination of promising plants to
develop true breeding lines. In recent years, there has been an increase in the use of hybrid cultivars
because of their higher yields and often have unique characteristics. However, seeds from hybrid
plants cannot be saved for the next generation since self-progeny would show segregation of desirable
traits. Therefore, a clonal propagation protocol could be implemented to enhance profitability of these
novel germplasm types.

Clonally propagated pepper hybrids would provide an effective way to immortalize favored
hybrid genotypes. Additionally, cloning protocols could be used to preserve pepper lineages that
exhibit medicinal qualities or that are threatened by extinction [16]. While a major domestication trait
across the plant kingdom has been a reduction in seed dormancy [17], which leads to easier use of
plants in farming systems, it is unclear if this has also been selection for an increase in the ability of
domestic species to be cloned, which would lead to a similar ease of use in cultivated systems.

Tissue culture is a method that is often used to clonally propagate recalcitrant, unique, or valuable
samples by taking seed, embryos, or somatic tissue and placing it on a nutrient growth media. Tissue
culture based methods have been developed to propagate successfully various Capsicum spp. [18] in
laboratory conditions. However, tissue culture has limited utility for boutique or home growers as
they do not have access to the sterile facilities or the necessary materials and supplies to carry out
this task. Aeroponic cloning promises to be a great technique that can be used by pepper enthusiasts
since it consists of soilless culture that allows for plant growth in a controlled environment, such
as a greenhouse or growth chamber that can be readily available [19]. However, peppers have not
been evaluated using this technique. The objective of this study was to evaluate the suitability of an
aeroponic cloning protocol by using five domestic Capsicum spp. as well as one closely related wild
species. Two key phenotypes that measure the success of this process are: time to node formation to
judge the start of active growth (analogous to germination) and biomass accumulation, which is an
important marker of plant vigor and a good predictor of future yield.

2. Materials and Methods

2.1. Propagation of Mother Plants

Pepper types were sourced from various heirloom seed producers across North America and
represent six different species (unless otherwise noted; Table 1). Seeds from each pepper type were
planted 0.635 cm deep using Master Garden premium potting mix (1.25N/0.21P/0.30K) (Premier Tech
Horticulture, Ltd., Olds, AB, Canada) and sown in covered 32 cell deep flats for 7–14 days. Once plants
emerged from soil, covers were removed from flats and plants were grown indoors for 18 h of light
and 6 hours of a dark photoperiod under Sunblaze T5 fluorescent lights 5000 lumens (Sunlight Supply,
Inc., Vancouver, WA, USA). All plants were fertilized with MotherPlant Nutrients (0.2N/0.3P/0.2K)
(Hydrodynamics International, Lansing, MI, USA) following the manufacturer’s recommendations.
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Table 1. Species, cultivar and seed source for cultivars tested in this study.

Species Cultivar Seed Source

Capsicum annuum Ruby King Seed Savers
Capsicum annuum Sweet Big Daddy Hybrid Burpee
Capsicum baccatum Dedo De Moca PepperLover.com
Capsicum baccatum Aji Limon Chile Pepper Institute
Capsicum chinense Tobago Yellow Scotch PepperLover.com
Capsicum chinense Trin. Scorpion Sweet PepperLover.com
Capsicum chinense Hot Zavory Burpee
Capsicum eximium CGN 19198 PepperLover.com
Capsicum eximium CGN 24332 PepperLover.com

Capsicum frutescens Bradley PepperLover.com
Capsicum frutescens Tobasco Heirloom Burpee
Capsicum frutescens Tobasco Seed Savers
Capsicum pubescens Red Rocoto Seed Savers

2.2. Cloning Experiments

Once plants formed stems with a diameter greater than 1 mm, branches were cut for cloning
experiments and placed into an aeroponic cloning chamber. Cuttings ranging from 7.62–15.24 cm in
length were taken from top growing tips or hearty side shoots. Each cutting had 2–4 sets of leaves to
aid photosynthetic activity. The lower two nodes and any flower buds were trimmed from cuttings.
Sterile clean blades were used to make a 45-degree angle cut 0.635 cm below a set of nodes, and cuttings
were placed in stem collars, allowing a minimum of 2.54 cm of the stem to be exposed under the
collar. For all aeroponic cloning experiments, as recommended by the manufacturer, 50 mL of Power
Clone Advanced Liquid Formula (Botanicare, AZ, USA) was mixed per 3.79 L of distilled water and
the solution was placed in the reservoir of a Turbo Klone T96 cloning machine (Everything Green
Hydroponics, LLC. Las Vegas, NV, USA) and run with continuous spraying to help increase the onset
of node formation (Figure 1). Two Sun Blaze Fluorescent Strip Lights were placed 26.67 cm apart from
each other and 30.48 cm above pods in the growing chamber. Plants were grown at 21.0 ◦C. Each clone
was inspected for; (1) time to node formation, identified as time from stem cutting to the initiation
of node formation, (2) whole plant dry weight 14-days post node formation, and (3) root dry weight
14-days post node formation.

Figure 1. Capsicum spp. cuttings in aeroponic cloning machine.

2.3. Statistical Analysis

The experimental design was a randomized complete block with three blocks, where treatments
consisted of different Capsicum species. Stem width and height at the time of cloning were treated as
covariates. Analyses were conducted in the R statistical software package [20]. Treatment means were
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separated using a Fisher’s protected least significant difference with a significance level of P < 0.05.
When treatments did not grow, they were treated as missing data.

3. Results and Discussion

There were significant differences in vigor and cloning success between species in time to node
formation and the robustness of subsequent cloned material (Figure 2). As expected, C. annuum was
the fastest species to form nodes. C. annuum is the most highly cultivated of the species tested in this
study and has the longest domestication history. Unexpectedly, C. chinense had the slowest time to
node formation, as its growth habit suggested that it would be amenable to cloning, given that stem
diameter is a highly significant covariate to cloning success. Capsicum eximium, the only non-domestic
species, failed to resume active growth after cloning (Figure 2). This is likely due to small stems of
C. eximium (Figure 3E,F), as well as the wild nature of the plant. Future studies should use larger
cuttings with thicker stems to evaluate if aeroponic cloning may be suitable for exotic (non-domestic)
species. If this is successful, aeroponic cloning may aid in the preservation of rare species, some of
which are endangered and poorly conserved in ex situ collections. One such example is C. galopengense,
which is no longer present in its native Galapagos Islands due to the introduction of goat herbivory [21].

It took an average of 15.6 days for all species to form a node, similar to what previous studies
reported for germination time in pepper [22]. Capsicum chinense seeds are known to take longer to
germinate and obtain shorter heights than C. annuum plants [23]. This trend is similar to the findings
from this study for node formation and root emergence. The range of days to growth initiation was
much smaller for cloned material in this experiment (10–28 days) as compared to previously reported
seed germination ranges of 10–47.4 days [22]. Our data supports previous research showing that
somatic regeneration of pepper is feasible [24,25]. Plant growth proceeded normally in all cloned
material. Initial stem width and stem height at the time of cloning (Figure 3) were significant covariates
(P < 0.01). There were initial differences in growth at seven days after node formation for both total
dry weight and ratio of above to below ground biomass (Figure 2). However, after 14 days these
differences were minimal. Dissimilarities in plant vigor were indicative of ease of cloning and provided
an opportunity to assess which species are most amenable to this procedure.

Aeroponic cloning chambers are highly accessible to small-scale growers, requiring only $300
USD to purchase the chamber, nutrient solution, and lighting, as compared to the tissue culture
approach that can have operating costs of approximately $24,600 USD per year (numbers based on an
estimate for St. Paul, Minnesota, 2016). There was an increased labor requirement relative to traditional
crossing, but the cloning methodology provides an opportunity to preserve genotypes that cannot be
maintained as seed stocks. Additionally, aeroponic cloning may help small scale boutique growers by
allowing them to increase production of novel genotypes without the need for true breeding varieties.
In this study the success of this method depended on propagation material being disease and insect
free, as plants treated with insecticide or fungicide showed a lack of node formation, root formation,
and overall growth. Therefore, cuttings should be taken from plants either grown indoors and disease
free, or from outdoor plants pretreated for pests prior to taking cuttings for cloning.
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Figure 2. Vigor measurements from different Capsicum spp. tested in aeroponic conditions. (A) Time to
node formation in days, (B) Total Dry Weight in grams (g), (C) Root Dry Weight in grams (g), (D) Ratio
of Root Dry weight to Shoot Dry Weight. Letters indicate significant differences between means based
on a Fischer’s protected LSD.
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Figure 3. Variation of stem thickness for Capsicum spp. evaluated in this study: C. annuum (A),
C. baccatum (B), C. chinense (C), C. frutescens (D), C. eximium strain CGN 19198 (E), and C. eximium strain
CGN 24332 (F). Yellow scale bar = 1 cm.

4. Conclusions

The success of cloning in all five domesticated Capsicum spp. in aeroponic conditions illustrates
that it is a viable option for increasing populations of plants with desirable phenotypic traits for
both home and boutique growers. Aeroponic cloning offers a cost-effective solution for increased
propagation, as some seeds of highly sought after varieties are expensive and are available only in
limited quantities. Future experiments should explore the yield and quality of cloned material in both
the field and the greenhouse.
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Abstract: The asexual propagation of clonal crops has allowed cultivation of superior selections
for thousands of years. With time, some clones deteriorate from genetic and epigenetic changes.
Non-infectious bud-failure (NBF) in cultivated almond (Prunus dulcis) is a commercially important
age-related disorder that results in the failure of new vegetative buds to grow in the spring, with
dieback of terminal shoots, witches-brooming of surviving buds, and deformed bark (roughbark).
The incidence of NBF increases with clone age, including within individual long-lived trees as
well as nursery propagation lineages. It is not associated with any infectious disease agents.
Consequently, nursery practices emphasize the establishment of foundation-mother blocks utilizing
propagation-wood selected from proven and well-monitored propagation-lineages. Commercial
propagation utilizes axillary shoot buds through traditional budding or grafting. This study examines
NBF development using basal epicormic buds from individual trees of advanced age as an alternative
source of foundation stock. Results show the age-related progression of NBF is suppressed in these
epicormic meristems, possibly owing to their unique origins and ontogeny. NBF development
in commercial orchards propagated from foundation blocks established from these sources was
similarly dramatically suppressed even over the 10- to 20-year expected commercial orchard-life.
Foundation-stock stability can be further maintained through appropriate management of propagation
source-trees, which requires accurate knowledge of meristem origin and development.

Keywords: clone aging; foundation-stock; genetic-disorder; non-infectious; epigenetic

1. Introduction

Vegetative propagation allows the capture and immortalization of horticulturally desirable
genetic/genomic configurations with the estimated age of some vegetatively propagated fig and grape
clones at over 1000 years [1]. The deterioration of clone performance with age has similarly been
reported in several crops [2–4] due to genetic [4] or epigenetic [5,6] changes resulting in losses in
productivity and/or crop value. Non-infectious bud-failure (NBF) is a disorder of almond (Prunus dulcis,
DA Webb) characterized by the failure of terminal vegetative buds to push in the spring [7]. Because
new shoot and branch development is necessary in almond to produce new flowers and fruit-bearing
wood, NBF development often results in a dramatic loss of crop productivity, particularly when
occurring early in orchard tree structural development [8]. Once established, it is irreversible [9] with
expression becoming more extensive with increasing time both in individual affected trees as well as in
nursery propagation-lineages. Most tree crop nurseries maintain distinct propagation-lineages (i.e.,
clonal propagation sources that can be traced back through earlier propagations to a common source)
to preserve the integrity and quality of their clones. To ensure availability of propagation material that
is true-to–type and free from virus-infection and genetic disorders, commercially important clonal
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propagation sources are maintained in special foundation blocks which are quarantined to control virus
contamination and routinely monitored for quality maintenance. Foundation propagation stock from
these blocks is then used to establish commercial nursery ‘mother-blocks’ which, in turn, provide the
quality and quantity of buds required for commercial plantings. NBF was first reported in California
almond orchards in the early 1930s [10], and has resulted in the commercial decline of many otherwise
valuable cultivars and currently threatens the commercial viability of Nonpareil and Carmel, the
two most extensively planted California cultivars [8]. Nonpareil, the dominant commercial cultivar,
currently at 162,000 ha [11], was originally released in the 1860s with NBF first reported about 1930 [10].
Carmel, the second most important commercial cultivar with current plantings of approximately
53,000 ha was released in 1964 with NBF first being observed in 1978 [12]. Extensive research has
failed to find any association of NBF with known pathogens, including viruses and viroids [13–17]. A
comprehensive evaluation of nursery foundation stock for the highly NBF vulnerable cultivar Carmel
demonstrated lower incidence in orchards propagated from ‘relic-trees’ (i.e., trees closely related
by their propagation lineage to the original Carmel seedling tree) [18]. Consequently, most current
nursery production of both Carmel as well as Nonpareil are based on foundation-stock originating
from epicormic shoots developing at the base of 50 to 100 year-old ‘relic’ trees of Carmel and Nonpareil,
respectively. Epicormic shoots in almond are defined as neoformed shoots that are produced from
latent meristems that have remained dormant until a signal causes them to grow [19]. They differ from
the axillary buds used in traditional propagations in their origins and development, having similarities
with the better-studied epicormic growth in oaks [20,21].

Epicormic shoots appear to originate as axillary and associated subtending meristems that initially
did not grow and became covered with bark [22]. Thus, the ontological developmental phase at the
time of the formation is captured. In Quercus rubra, when the main stem (trunk) of trees was cut into
40 cm segments and green shoots forced, they rooted differentially from a rate of 70% for the bottom
and most basal segment to 17% on segments cut from 3–4 m above ground [23] demonstrating that
the oldest epicormic buds can be quite different in their ontogeny and subsequent development than
younger buds. The increase in NBF expression potential with increasing tree and clone age may thus
be similar to epicormic meristem development in the better-studied forest tree species. This study
examines long-term NBF development when using basal epicormic buds from individual trees of
advanced age rather than traditional axillary buds as the propagation source.

2. Materials and Methods

Standard commercial propagation sources (source-clones) for the varieties Carmel and Nonpareil
were compared against propagation sources from relic-tree basal epicormic origins (REO). Carmel and
Nonpareil test trees were planted in alternate rows with pollinizer trees to provide cross-pollination.
All trees were propagated on Nemaguard rootstock using traditional T-budding of axillary buds
from previous season’s growth of propagation source trees. Source-clone mother trees were either
from traditional nursery propagation lineages or one to two generations removed from a REO source
(Tables 1 and 2). For Carmel, at least 180 trees per source-clone as well as 31 trees propagated from
the original Carmel seedling tree were evaluated. For Nonpareil, 60 trees of each source-clone were
tested. Planting took place in 1990 near Wasco, California in the southern San Joaquin Valley where
high summer temperatures have been shown to be conducive to early NBF development [18]. Planting
was carried out in randomized groups of 10 trees each, in north-south rows with a 7.3 × 6.4 m spacing
on a Wasco-Sandy-loam soil. Standard orchard management practices were applied to all treatments.
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Table 1. Carmel almond propagation sources.

Source FPS ID 1 Origin

E1 na Delta-mother tree propagated
from original Carmel seedling tree

E2 3-56-1-90
Delta source tree 2 propagated
basal epicormic bud from Delta

tree

E3 3-56-8-92
Delta source tree 13 propagated
basal epicormic bud from Delta

tree

E4 3-56-2-90
Delta source tree 7 propagated
basal epicormic bud from Delta

tree

C1 na Standard commercial nursery
source established in 1988

C2 na Standard commercial nursery
source established in 1986

C3 na Standard commercial nursery
source established in 1985

C4 na Standard commercial nursery
source established in 1981

1 last 2 digits of Foundation Plant Services identification number (FPS ID) denote year of establishment.

Table 2. Nonpareil almond propagation sources.

Source FPS ID 1 Origin

E1 3-8-6-72 Propagated from a basal epicormic
bud of a 108-year-old relic tree

E2 3-8-17-92 Propagated from a basal epicormic
bud of a 100+ year-old relic tree

E3 3-8-2-70
Propagated from a basal epicormic

bud of a 100+ year-old
heat-treated relic tree

E4 na
Commercial nursery propagation

source originating from 100+
year-old relic tree

C1 na Standard commercial nursery
source established in 1988

C2 na Standard commercial nursery
source established in 1986

C3 na Standard commercial nursery
source established in 1984

C4 na Standard commercial nursery
source established in 1977

1 last 2 digits of Foundation Plant Services identification number (FPS ID) denote year of establishment.

Four Carmel REO source-clones were evaluated. One tree (subsequently designated as the
Delta mother tree) was propagated from basal buds of the original Carmel seedling tree with 3
trees subsequently propagated from this Delta mother tree (Foundation Plant Services (FPS) sources
3-56-1-90, 3-56-8-92 and 3-56-2-90) (Table 2). Four standard commercial propagation sources (C1–C4)
of Carmel were provided by cooperating nurseries as part of a larger evaluation of NBF risk in
commercially available California propagation stocks [18].

Four REO source-clones for Nonpareil were derived from 100+ year old trees from orchards in
the cooler northern Sacramento Valley (Table 1). Adventitious epicormic shoots either spontaneously
pushing from intact trees or artificially pushed by partial tree girdling/scaffold removal (Figure 1) were
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used to establish three source-clones (3-8-6-72, 3-8-17-92 and 3-8-2-70) at the University of California FPS
Foundation Orchard [24]. An additional REO source designated (E3) was developed by a cooperating
commercial nursery. Four standard commercial propagation sources (C1–C4) of Nonpareil were
provided by cooperating nurseries as part of a larger evaluation of NBF risk in commercially available
California propagation stock [18].

Figure 1. Low non-infectious bud-failure (NBF) foundation stock is developed from epicormic buds
(b,d) pushed from relic trees (planted near the time of cultivar origin) (a). Resulting foundation stock
(c) is maintained by aggressive annual pruning to promote both axillary and epicormic shoot growth
from older basal wood. (Circled top branch in (a) shows classic NBF symptoms of terminal shoot
suppression and resulting erratic branching patterns).

Trees were evaluated using established ratings for NBF expression [18] over the next 18 years
or until plot removal due to excessive tree decline and loss of commercial productivity. Trees were
evaluated in March following primary shoot development. Initial NBF incidence was identified as a
failure of terminal shoot bud growth resulting in the induction and growth of sub-apical buds resulting
in a distinct terminal shoot die-back as shown in ‘a’ of Figure 2. Once identified, NBF was verified in
subsequent years by a consecutive pattern of terminal shoot failures (as in ‘b’, ‘c’, and ‘d’ in Figure 2)
resulting in the distinct ‘crazy-top’ growth pattern characteristic of NBF.
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Figure 2. Shoot expression of NBF. Terminal vegetative buds fail to grow shifting growth to a sub-apical
bud (a). The pattern is repeated here with three previous seasons’ shoot growth-failures (b, c, and d,
respectively) present, resulting in a distinct pattern known as ‘crazy-top’. Note that flower buds are not
directly affected.

3. Results

3.1. Carmel

All FPS REO clone-sources showed no occurrence of NBF until year 8 of the study (Table 3). In
contrast, all commercial sources showed NBF by year 4 with commercial clone-source C4 showing
almost 100% of trees affected at this time. The clone-source C4 was also the oldest traditional commercial
source-clone tested, having been established in 1981. FPS REO clone-source E4 went from 0% to 51%
incidence in year 7, rapidly increasing to almost 89% by year 10, the last year before orchard removal
due to loss of commercial productivity (Figure 3). The remaining FPS REO clone-sources E1, E2 and E3
showed NBF expression of only 3%, 5% and 11%, respectively, at year 8, with a gradual increase in
incidence to 13%, 8% and 15%, respectively, by year 10.
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Table 3. Development of NBF over a 10 year of evaluation period for Carmel relic-tree basal epicormic
origins (REO) source-clAones E1–E4 compared with standard commercial sources C1–C4.

E1 E2 E3 E4 C1 C2 C3 C4

Year
Bf

Trees
Per-cent

Bf
Trees

Per-cent
Bf

Trees
Per-cent

Bf
Trees

Per-cent
Bf

Trees
Per-cent

Bf
Trees

Per-cent
Bf

Trees
Per-cent

Bf
Trees

Per-cent

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 31 10.7 68 36.0
3 0 0 0 0 0 0 0 0 0 0 0 0 36 12.4 147 77.8
4 0 0 0 0 0 0 0 0 60 14.7 53 22.5 102 35.1 183 96.8
5 0 0 0 0 0 0 0 0 71 17.4 66 28.0 114 39.2 189 100
6 0 0 0 0 0 0 0 0 114 28.0 102 43.2 156 53.6 189 100
7 0 0 0 0 0 0 152 51.2 145 35.6 181 76.7 199 68.4 189 100
8 1 3.2 11 5.1 25 10.7 221 74.4 166 40.8 218 92.4 235 80.8 189 100
9 2 6.5 15 6.9 31 13.2 238 80.1 197 48.4 229 97.0 286 98.3 189 100

10 4 12.9 17 7.8 34 14.5 264 88.9 213 52.3 236 100 291 100 189 100
Total 31 217 234 297 407 236 291 189

Figure 3. NBF expression in a nine-year-old tree where NBF was first observed in year 5, resulting in
abnormal tree growth and loss of commercial productivity.

3.2. Nonpareil

Complete control of NBF was achieved in all FPS REO clone sources over the 18-year trial (Table 4).
In the commercially developed REO source E4, 5% of trees showed NBF symptoms by year 18, the
final year before orchard removal. All commercial sources showed NBF by year 10, with incidents
ranging from 2% to 22%. Final, year 18, incidence of NBF in commercial sources ranged from 35% to
87%. Commercial clone-source C4, which showed the highest NBF incidents and rate of increase, was
also the oldest traditional commercial source-clone tested, having been established in 1977.
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Table 4. Development of NBF over an 18-year evaluation period for Nonpareil REO source-clones
E1–E4 compared with standard commercial sources C1–C4. (Sixty trees of each clone-source were
evaluated).

E1 E2 E3 E4 C1 C2 C3 C4

Year
BF
Trees

Per-cent
BF
Trees

Per-cent
BF
Trees

Per-cent
BF
Trees

Per-cent
BF
Trees

Per-cent
BF
Trees

Per-cent
BF
Trees

Per-cent
BF
Trees

Per-cent

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1.7
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 3.3
8 0 0 0 0 0 0 0 0 0 0 0 0 1 1.7 3 5.0
9 0 0 0 0 0 0 0 0 1 1.7 1 1.7 2 3.3 7 11.7

10 0 0 0 0 0 0 0 0 1 1.7 2 3.3 3 5.0 13 21.7
11 0 0 0 0 0 0 0 0 2 3.3 4 6.7 6 10.0 22 36.7
12 0 0 0 0 0 0 0 0 3 5.0 7 11.7 10 16.7 28 46.7
13 0 0 0 0 0 0 0 0 4 6.7 10 16.7 14 23.3 40 66.7
14 0 0 0 0 0 0 0 0 9 15.0 15 25.0 17 28.3 44 73.3
15 0 0 0 0 0 0 0 0 11 18.3 18 30.0 20 33.3 48 80.0
16 0 0 0 0 0 0 0 0 14 23.3 21 35.0 26 43.3 50 83.3
17 0 0 0 0 0 0 0 0 20 33.3 23 38.3 28 46.7 52 86.7
18 0 0 0 0 0 0 3 5 21 35.0 25 41.7 34 56.7 53 88.3

4. Discussion

In both studies, commercial trees propagated from REO sources resulted in a dramatic reduction
in overall incidence and delayed initial appearance of NBF when compared to traditional commercial
nursery sources (Figures 2 and 3). In every study, once NBF was identified in a population, its
subsequent incidence always increased. As populations approached 100% affected, the rate of increase
would understandably decrease, although no declines were observed in the proportion of affected
trees. Greater control was observed for Nonpareil clonal sources than for Carmel when using either
REO or traditional commercial sources.

Establishing REO-based foundation-stock is effective in remediating NBF clonal degeneration
in almond clones. Clone quality deterioration with age is an inescapable consequence of the
immortalization of tree crop genotypes by consecutive, long-term vegetative propagations [2–5]. The
mechanisms remain unknown and appear complex, obviating the otherwise promising opportunities
for DNA sequence analysis [5,25]. Vegetative progeny testing, while tedious and time-consuming,
remains the only reliable strategy for assessing and maintaining clone integrity. For this reason, many
commercial tree crop nurseries have depended upon highly-monitored clonal lineages to maintain
the integrity of their particular clone-source. This type of sequential propagation from a common
well-characterized source also allows intra-clonal selections for traits such as improved productivity
that commercial nurseries exploit to distinguish and market their particular clone-sources. Based on
this paradigm of maintenance/improvement through intra-clonal sequential selections within unique
nursery clone-sources, early nursery efforts to control NBF emphasized selecting individual trees from
such established, elite clonal-lineages that were free from symptoms in otherwise highly symptomatic
orchard plantings, for use as future ‘improved’ propagation sources. Nursery propagation lineages
were thus analogous to tree growth where sequential tree-branch ramifications represent sequential
generations of propagation-wood selection from more recently established orchards (which possessed
the shoot vigor required for the large amount of budwood needed commercially).

NBF has been shown to be a disorder that increases both in individual trees as they age [9,14,26]
as well as individual propagation lineages [12,17,18]. Consequently, just as the lowest NBF incidence
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and so best propagation source would be expected at the base of the tree, the lowest probability of
NBF would be expected at the base of the clonal-lineage, which would be the original seedling tree
from which the cultivar was initially selected. The variety Nonpareil resulted from a seedling first
grown in the 1860s [10,27] with NBF not being reported until the 1930s despite being extensively
planted. This indicates that the original seedling tree had a very low probability of NBF that gradually
increased with further tree growth as well as increasing generations of propagation from the original
seedling-source. Fortunately, by 1960 when Kester [28], initially recognized the relation of NBF with
clone aging and, therefore, the potential remediation through propagation from earlier clonal-sources,
many northern Sacramento Valley orchards still contained individual Nonpareil trees 100+ years old
that were propagated near the time of initial cultivar release. The epicormic buds, ontogenetically,
had lower potential for NBF expression than subsequent buds that formed on resulting propagules.
Therefore, it is possible that propagation from these buds could restore the original ‘normal’ phenotype,
at least for several years to decades. Returning to these old relic trees for collecting propagation wood
thus represents a successful strategy for avoiding NBF.

More than 400,000 ha are currently planted to almonds in California, with over 162,000 ha at
100 to 120 trees per acre, planted to Nonpareil as the dominant variety [11]. (Almond is self-sterile,
requiring both early and late season pollenizers to achieve commercial yields). The propagation of
the 40,000,000 Nonpareil trees currently in commercial production would have required extensive
sequential propagation from multiple propagation lineages, resulting in the variability observed in
Table 4. By the time this test orchard was planted in 1990, most commercial nurseries had started to
recognize the value of REO propagation sources and begun to shift to these sources, although many
were understandably reluctant to abandon their well-established, well-characterized and well-branded
propagation lineages. While, Nonpareil clone-source C4, represents a common commercial source prior
to 1990, the other commercial sources represent such initial nurseries transition efforts. Based on this
and smaller NBF test plots, most modern commercial nursery propagation of Nonpareil is based on the
REO FPS sources evaluated in this study (Table 1). The eventual breakdown of Nonpareil clonal-source
C4, a nursery selection from a separate but similar REO source, may indicate a vulnerability unique to
that source, or alternatively, that all REO sources may be eroding over the subsequent 40–50 years
from the original selection, similar to the erosion that occurred from the original seedling tree until
first expression in the 1930s.

Commercial propagation of the Carmel variety from REO sources delayed and diminished NBF
expression, although because this is a progressive disorder, all FPS REO clonal-sources showed NBF
by year 10. Previous, related studies have shown that this cultivar can still be commercially profitable
if NBF is delayed until after development of the key scaffolds and branches making up the basic tree
bearing-architecture, which is usually about year 7 [18]. The reduced propagation options for NBF
control for Carmel parallel the reduced time from cultivar introduction in 1964 to the first reported
incidents of NBF in 1977 [18]. While propagation from the Delta mother tree or even the original
Carmel seedling tree should result in further reductions in NBF progeny trees, the number of buds
available from these individual trees inherently limits the number of trees possible. At its current
acreage of 13% of the currently planted 400,000 ha almond acres, or 53,000 ha at 100 to 120 trees per acre,
the orchard replenishment would require large nursery propagation mother blocks and so inherently
multiple propagation cycles from the initial seedling tree. Consequently, while individual REO-based
low-NBF propagation sources are available for this cultivar, commercial scale-up is problematic and,
as a result, this cultivar has declined from being the second most extensively planted variety in 1990 at
almost 30% of the acreage to only 13% of the acreage at present [11].

While epicormic meristems have been shown to be valuable sources for the remediation of NBF
in almond, the mechanism remains unknown. Epicormic meristems are unique in that they can be
very long-lived yet exist at only rudimentary stages of development [20,21]. Their morphology and
ontogeny also allows them to be arrested at a specific point in development. In contrast, recently-formed
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axillary meristems normally used in almond propagation are histogenetically complex and need to be
regularly renewed.

Basal axillary buds could be the result of recent epicormic shoot initiation and development
or could be the consequence of multiple growth-cycles in the often inherently slow-growing lower
canopy shoots. Thus, differences between older epicormic and recently-formed axillary bud ontogeny
is important because the extensive tree hedging currently recommended to suppress clone aging in
FPS foundation blocks [14] (Figure 1) tends to push both epicormic and axillary buds for the next
generation of propagation budwood collection.

5. Conclusions

This study examined NBF development using basal epicormic buds from individual trees of
advanced age (REO sources) as an alternative source of propagation stock. Results show the age-related
progression of NBF is suppressed in these epicormic meristems, possibly owing to their unique origins
and ontogeny. Long-term NBF development in commercial orchards propagated from foundation
blocks established from these sources was also dramatically suppressed, even over the 10- to 20-year
expected commercial orchard-lifetimes. Thus, REO-based foundation stock was effective in suppressing
NBF, an age-related disorder in almond. The extent and so commercial value of this suppression
varied with cultivar and was related to NBF expression potential of the initial seedling tree for each
cultivar and the time or number of generations of sequential vegetative propagations until NBF first
appeared. Because the nature and ontogeny of epicormic meristems are largely uncharacterized for
this as well as most tree crops, the underlying mode of action for suppression remains unknown and
vegetative-progeny testing remains the only effective strategy for identifying suitable commercial
propagation clone-sources.
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Abstract: Micropropagation is an important technique for clonal mass propagation and a tool for
in vitro studies. One of the first steps to overcome in this process is the establishment of new
explants in vitro. ‘Delite’ rabbiteye blueberry was cultured in vitro with four cytokinins (zeatin
(ZEA), 6-(γ-γ-dimethylallylamino)-purine (2iP), 6-benzylaminopurine (BAP), and kinetin (KIN)) at
eight concentrations (0, 2.5, 5, 10, 20, 30, 40, and 50 μM). Additionally, nine combinations of nitrogen
salts were tested, using Woody Plant Medium (WPM) and a modified WPM as the basic medium.
ZEA and 2iP showed better responses, but ZEA was superior at lower (2.5 μM) concentrations (89.7%
survival, 81.3% shoot formation, 1.3 shoots, 13.8 mm shoot length, 10.0 leaves). BAP and KIN showed
very low responses. In the combinations of salts with modified WPM, no differences were observed.
However, the original WPM with treatments of 0.5 × NH4NO3 and 1 × Ca(NO3)2, 0.5 × NH4NO3

and 0.5 × Ca(NO3)2, and the modified WPM alone showed the lowest rates of survival and shoot
formation and the shortest shoot lengths. The highest shoot lengths were observed in treatments with
the original WPM, 1.5 × NH4NO3 and 0.5 × Ca(NO3)2, and 1.5 × NH4NO3 and 1.5 × Ca(NO3)2.
This initial study with ‘Delite’ can be the basis for further experiments with different combinations of
salts, 2iP, and ZEA.

Keywords: Ericaceae; Vaccinium virgatum; micropropagation; in vitro culture; cytokinins; zeatin; 2iP;
BAP; kinetin; WPM

1. Introduction

Blueberry is a woody perennial species in the family Ericaceae and genus Vaccinium. The fruit is a
true berry with many seeds, with color ranging from light blue to black and a waxy cuticle layer [1].
Blueberry has been gaining great importance in fruit production, especially because of its recognized
taste properties and its nutraceutical qualities as an anti-inflammatory and anti-oxidant, being a
health-promoting food [2]. Blueberry fruits are rich in polyphenols [3]. These blueberry polyphenols
show anti-inflammation activity, related to the balances in pro-inflammatory cytokines, and they
could be used as an anti-inflammatory medicine [4]. Among the phenolic compounds that appear
at high levels in blueberries are anthocyanins [5], flavonols, and phenolic acids [6]. The anthocyanin
found in high amounts in blueberries contributes to preventing several chronic diseases, such as
neurodegenerative diseases, cardiovascular disorders, cancer, and diabetes [7].

Much research has been developed related to the propagation of blueberries. Traditionally,
blueberry is propagated by softwood, semi-hardwood, and hardwood cuttings [8] or even rhizome
cuttings of selected clones [6]. Some challenges in this production are a very low rooting percentage
in many genotypes, the amount of time required to propagate and commercialize newly-released
cultivars for mass propagation [8,9], and phytosanitary problems. In vitro culture (micropropagation)
can overcome the limitations of traditional cuttings, presenting an alternative for faster growth [10]
throughout the year (with no seasonal effects) without pathogens [11]. There are some studies on
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the in vitro propagation of Vaccinium species, but only some of these have been done with rabbiteye
(V. virgatum Ait. (syn. V. ashei Reade)), specifically for the ‘Delite’ rabbiteye cultivar that is suitable for
and adapted to regions of southern Brazil. For this specific cultivar, some research concerning in vitro
protocol is still required to give more information on the optimal conditions for the development of
this technique.

One crucial point in tissue culture techniques is the appropriate use, type, and concentration of
growth regulators and the combination of culture medium salts that allows fast, efficient development
of the initial explants. Understanding the interference of factors can lead to the development of further
regeneration protocols that could be useful for either micropropagation or developing regeneration
techniques necessary for plant recovery after cell transformation. There is some research showing that
the lack of new shoot growth can make initiation the limiting step in establishing Vaccinium cultures
in vitro [12]. Studies also show that new growth in vitro is difficult to achieve in Vaccinium, especially
when using plant material from the field [13].

For the initial phase of in vitro culture, a combination of cytokinins can usually be used. In the
initial in vitro culture in one study using nodal segments from softwood cuttings of ‘Ozarkblue’
highbush blueberry (V. corymbosum), zeatin (ZEA) and 6-(γ-γ-dimethylallylamino)-purine (2Ip) were
tested in the initial culture medium in different combinations (18 μM ZEA, 25 μM 2-iP, and 9.1 μM
ZEA combined with 25 μM 2iP) using WPM as the basal medium. On medium with ZEA present,
shoots developed with green and red leaves. However, on medium containing only 2iP, shoots had
light red leaves and callus at the base with stunted growth [9].

In lowbush blueberry (V. angustifolium Ait.) cultivated in the initiation phase medium containing
5 μM ZEA or 10 μM 2iP, explants produced elongated shoots with both growth regulators. However,
ZEA treatments showed a higher percentage of new shoot growth compared to 2iP for three
cultivars [6].

Wild bilberry (V. myrtillus L.) and lingonberry (V. vitis-idaea L.) were tested using buds and shoot
tips on a modified MS medium supplemented with 2iP variations from 9.8 to 78.4 μM. For bilberry and
lingonberry, the best results were obtained with 49.2 μM and 24.6 μM, respectively. Brownish explants
were observed with an increasing 2iP concentration [13]. For ‘Berkeley’, ‘Bluecrop’ and ‘Earliblue’,
highbush blueberries, and ‘O’Neal’ southern highbush blueberry, a medium containing 20 μM ZEA
was used in the initiation of cultures [14].

Concerning the type of basal culture medium, many studies have used WPM as the basic medium
for blueberry [14]. However, some authors have tried to optimize this medium by making some
modifications, such as combining MS and WPM media, creating an MW medium [14], or proposing
some changes in the components [15], leading to a modified WPM. A well-balanced medium is
important to prevent stunted growth and physiological disorders [16]. Some authors have discussed
the importance of the balance between nitrogen forms used in tissue culture (NO3

- and NH4
+) as much

as the total amount of nitrogen in the culture medium [17].
The objective of this work was to determine an efficient growth regulator and balance of nitrogen

salts for the establishment of ‘Delite’ microcuttings in in vitro culture.

2. Materials and Methods

In this work, three experiments in initial in vitro culture were designed. In the first one,
four different cytokinins (ZEA, 2iP, 6-benzylaminopurine (BAP), and kinetin (KIN)) were tested
at eight different concentrations. The second experiment tested nine different combinations of the
nitrogen salts (NH4)2SO4, KNO3, and Ca(NO3)2·4H2O, using the modified WPM [15] as the basic
medium. The third experiment tested nine different combinations of two nitrogen salts, NH4NO3 and
Ca(NO3)2·4H2O, using the original WPM [18] as the basic medium and compared them with treatment
10 (modified Woody Plant Medium [15]).
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2.1. Plant Material

One-year-old hardwood cuttings were collected during winter from field-grown rabbiteye
blueberry ‘Delite’ mother plants at the Experimental Station of Universidade Federal do Paraná,
Pinhais/PR. They were treated with an immersion in fungicide solution for 5 min (Cercobin®0.2%)
and stored at a 4 ◦C temperature at the Micropropagation Laboratory, UFPR, Curitiba/PR for one to
two months in plastic bags. Cuttings were placed in glass containers with water in the culture room at
25 ◦C ± 2 ◦C under cool day light at 40 μmol m−2 s−1 with a 16-h photoperiod. Newly formed shoots
were collected and used as explants for the establishment of cultures.

Two-node segments (0.8–2 cm in length, discarding the apical portion of the donor-explant) were
collected and surface sterilized with 70% (v/v) ethanol for 30 s, followed by immersion in 0.5% sodium
hypochlorite solution containing 0.1% (v/v) Tween 20 for 5 min. They were washed with sterile
deionized water three times inside the laminar flow chamber.

2.2. Culture Medium and Growing Conditions

Explants were isolated in culture tubes (150 × 30 mm), with each containing 6 mL of modified
culture medium, differing in each of the three experiments. In all experiments, the medium was
supplemented with Murashige and Skoog (MS) [19] vitamins, 30 g L−1 sucrose, 0.1 g L−1 myo-inositol,
and 6 g L−1 agar (Vetec®). The pH of all media was adjusted to 5.2 before autoclaving at 120 ◦C and
1.5 atm.

2.2.1. Experiment 1: Cytokinins

Microcuttings were isolated in the modified WPM [2] (Table 1), supplemented as described above.
Eight different concentrations (0, 2.5, 5, 10, 20, 30, 40, and 50 μM) of each of the four cytokinin growth
regulators, ZEA, 2iP, BAP, and KIN, were tested, for a total of 32 treatments. ZEA and 2iP, when used,
were sterilized through 0.22 μm filters and added to the cooled media. BAP and KIN were added to
media before autoclaving.

Table 1. Modified Woody Plant Medium (modified WPM) [15] and original WPM [18] culture medium compositions.

Components Modified WPM Original WPM

Macronutrients Final Concentration in the Culture Medium (mg L−1)
(NH4)2SO4 119.00 -
NH4NO3 - 400.00

KNO3 893.00 -
K2SO4 - 990.00

KH2PO4 170.00 170.00
Ca(NO3)2·4H2O 278.00 556.00

CaCl2·2H2O - 96.00
MgSO4·7H2O 370.00 370.00
Micronutrients - -
FeSO4·7H2O 55.60 27.80
Na2-EDTA 74.60 37.30

H3BO3 6.20 6.20
MnSO4·H2O 22.30 22.30
ZnSO4·7H2O 8.60 8.60

KI 0.415 -
Na2MoO4·2H2O 0.25 0.25

CuSO4·5H2O 0.025 0.25

2.2.2. Experiment 2: Combinations of (NH4)2SO4, KNO3, and Ca(NO3)2·4H2O Using the Modified
WPM [15] as the Basic Medium

Explants were isolated using nine different treatments as described in Table 2, with different
amounts (1×, 0.5× or 1.5×) of (NH4)2SO4, KNO3, and Ca(NO3)2·4H2O (Table 2), using the modified
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WPM [2] (Table 1) as the basic medium. Media were supplemented as described above, with the
addition of cytokinin ZEA (5 μM).

Table 2. Experiment 2 with treatments 1 to 9 on the modified Woody Plant Medium (WPM) [15] with
different amounts of (NH4)2SO4 (x), KNO3, and Ca(NO3)2·4H2O (x).

Treatments
1 (Modified

WPM)
2 3 4 5 6 7 8 9

NH4: (NH4)2SO4 (x) 1× 1× 1× 0.5× 0.5× 0.5× 1.5× 1.5× 1.5×
NO3: KNO3 and

Ca(NO3)2·4H2O (x) 1× 0.5× 1.5× 1× 0.5× 1.5× 1× 0.5× 1.5×

Components Final Concentration in the Culture Medium (mg L−1)

(NH4)2SO4 119.0 119.0 119.0 59.5 59.5 59.5 178.5 178.5 178.5
KNO3 893.0 446.5 1339.5 893.0 446.5 1339.5 893.0 446.5 1339.5

Ca(NO3)2·4H2O 278.0 139.0 417.0 278.0 139.0 417.0 278.0 139.0 417.0

2.2.3. Experiment 3: Combinations of NH4NO3 and Ca(NO3)2·4H2O Using the Original WPM [1] as
the Basic Medium

In this third experiment, explants were isolated in 10 different treatments described in Table 3.
Nine treatments were used with different amounts (1×, 0.5× or 1.5×) of NH4NO3 and Ca(NO3)2·4H2O,
using the original WPM [18] as the basic medium, and one treatment used the modified WPM [15]
(Table 1). Media were supplemented as described above, with the addition of cytokinin ZEA (5 μM).

Table 3. Experiment 3 with 10 treatments. Treatments 1 to 9 with the original Woody Plant Medium
(WPM) [18] with different amounts of NH4NO3 (x) and Ca(NO3)2·4H2O (x) and treatment 10 with the
modified WPM [15].

Treatments 1 2 3 4 5 6 7 8 9 10

NH4NO3 (x) 1× 1× 1× 1.5× 1.5× 1.5× 0.5× 0.5× 0.5× -
Ca(NO3)2·4H2O (x) 1× 0.5× 1.5× 1× 0.5× 1.5× 1× 0.5× 1.5× -

Components Final Concentration in the Culture Medium (mg L−1)

NH4NO3 400.0 400.0 400.0 600.0 600.0 600.0 200.0 200.0 200.0 -
Ca(NO3)2·4H2O 556.0 278.0 834.0 556.0 278.0 834.0 556.0 278.0 834.0 278.0

2.3. Growing Conditions

After isolation, cultures were transferred to a culture room and grown at 25 ◦C ± 2 ◦C in the dark
for eight initial days and then transferred to a 16-h photoperiod with a light intensity of 40 μmol m−2 s−1

provided by cool-day fluorescent lamps.

2.4. Experimental Design, Data Collection, and Statistical Analysis

The experiments were conducted in a completely randomized design. In experiment 1,
a two-factor experiment (4 × 8) design was used, with four different cytokinins (ZEA, 2iP, BAP,
and KIN) in eight different concentrations (0, 2.5, 5, 10, 20, 30, 40, and 50 μM). There were 32 treatments
in total. Each treatment had four replicates of 10 tubes each (one plant per tube), e.g., 40 plants per
treatment, resulting in a total of 1280 plants.

In experiment 2, a completely randomized design was used, with nine treatments, according to
Table 2. Each treatment had three replicates of seven tubes each (one plant per tube), e.g., 21 plants per
treatment, resulting in 189 plants.

In experiment 3, a completely randomized design was used, with 10 treatments (Table 3). Each treatment
had four replicates of 10 tubes each (one plant per tube), e.g., 40 plants per treatment, resulting in a
total of 400 plants.
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Plants were evaluated based on many aspects two months (Experiment 1) or three months
(Experiments 2 and 3) after initial culture. Contaminated cultures were discarded and not included
in the data analysis. Contamination rates ranged from 0 to 7.5% in experiment 1. The final number
of explants evaluated is presented in Table S1. In experiment 2, contamination rates ranged from
0 to 14%; and were 0 to 35% in experiment 3. Survival rate (%) and new shoot growth (%) were
recorded. The number of new shoots formed per explant was counted (nº), the length of the longest
shoot (millimeters from base to shoot tip) was measured, and the number of leaves of the longest shoot
was counted (nº). All the plants were evaluated and had the mean estimated from the plants in each
replication, and subsequently, the mean of the three or four replications in each treatment.

In experiment 1, ANOVA, Tukey, and regression analyses did not include values for the zero
concentration treatments, since it was clear that a zero concentration did not have any influence on
the explant development and it is not a concentration that labs would apply in practice. In the zero
concentrations, there was no shoot formation in any of the explants evaluated. Since there was no
shoot formation, there was no valid evaluation of number of shoots formed, length of shoot, or number
of leaves per shoot. Hence, 28 treatments were statistically analyzed using a two-factor experiment
(4 × 7), with four different cytokinins (ZEA, 2iP, BAP, and KIN) at seven different concentrations
(2.5, 5, 10, 20, 30, 40, and 50 μM). The results were first transformed to the square root scale and then
two-way ANOVA was performed (Table S2) to detect any interaction between the two factors and
to check for any statistically significant difference between treatments at levels 1 and 5%. In the case
of interaction between factors, in the variable analyzed, two tests were performed. First, Tukey’s
test (P < 0.05) was performed for each of the cytokinins with each of the concentrations. For factor 2
(different concentrations), regression analysis was performed for each cytokinin with the original data.
The best-fitting regression model was obtained and the R2 value was recorded. In experiments 2 and 3,
original data were used, and one-way ANOVA was performed to check for any statistically significant
difference between treatments (P < 0.01). Then, Scott-Knott’s test (P < 0.05) was performed. For these
analyses, the software Assistat® was used.

3. Results

3.1. Experiment 1: Cytokinins

In all the dependent variables analyzed (survival, shoot formation, number of shoots, length of
shoot, and number of leaves), there was a significant interaction (at least P < 0.01) between the two
factors (growth regulator and concentrations) tested, indicating that their effects are not independent.
In addition, there was a significant difference between the different kinds of cytokinin tested for all
the variables evaluated. F values were significant (at least (P < 0.01)) concerning factor 1 (different
cytokinins) and concerning the interaction of factor 1 (different cytokinins) with factor 2 (different
concentrations). Tukey’s test results are shown in Table 4. The overall development of the explants
in different cytokinin concentrations can be observed in Figure 1. The use of kinetin in the culture
medium did not lead to any response in new shoots formed.
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Table 4. Experiment 1, treatments with four cytokinins at different concentrations, showing mean
values of survival (%), shoot formation (%), number of shoots (nº), length of shoot (mm), and number
of leaves (n) in initial in vitro shoot culture of ‘Delite’ rabbiteye blueberry.

Survival (%)
Cytokinin 2.5 μM 5 μM 10 μM 20 μM 30 μM 40 μM 50 μM

ZEA 89.7 ± 14.2a z 96.4 ± 7.1a 92.2 ± 5.2a 94.7 ± 6.1a 100.0 ± 0.8a 100.0 ± 0.8a 100.0 ± 0.8a
2iP 36.9 ± 14.4b 60.0 ± 20.0b 78.1 ± 11.4a 78.6 ± 16.0a 94.7 ± 6.1a 100.0 ± 0.8a 100.0 ± 0.8a

BAP 24.2 ± 11.6b 52.5 ± 6.8b 59.3 ± 8.3a 82.2 ± 16.9a 71.9 ± 14.7a 68.9 ± 10.1a 73.6 ± 21.6a
KIN 2.8 ± 5.6c 0.0 ± 0.1c 5.0 ± 5.8b 5.3 ± 6.1b 0.0 ± 0.1b 8.3 ± 5.6b 7.8 ± 6.1b

Mean 38.4 52.2 58.7 65.2 66.7 69.3 70.4

Shoot Formation (%)
Cytokinin 2.5 μM 5 μM 10 μM 20 μM 30 μM 40 μM 50 μM

ZEA 81.3 ± 9.2a 88.2 ± 1.8a 90.0 ± 0.1a 94.7 ± 6.1a 100.0 ± 0.0 a 100.0 ± 0.0a 100.0 ± 0.0a
2iP 0.0 ± 0.0b 0.0 ± 0.0b 30.6 ± 22.4b 42.2 ± 8.6b 53.3 ± 14.4b 70.0 ± 12.4b 95.0 ± 5.8a

BAP 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0c 5.0 ± 5.8c 7.8 ± 5.8c 7.5 ± 5.0b
KIN 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0d 0.0 ± 0.0d 0.0 ± 0.0c

Mean 20.3 22.1 30.2 34.2 39.6 44.4 50.6

Number of Shoots per Explant (nº)
Cytokinin 2.5 μM 5 μM 10 μM 20 μM 30 μM 40 μM 50 μM

ZEA 1.3 ± 0.1a 1.4 ± 0.1a 1.3 ± 0.1a 1.5 ± 0.1a 1.3 ± 0.1a 1.5 ± 0.1a 1.6 ± 0.1a
2iP 0.0 ± 0.0b 0.0 ± 0.0b 1.0 ± 0.0a 1.1 ± 0.1a 1.0 ± 0.0a 1.5 ± 0.1a 1.2 ± 0.1ab

BAP 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.5 ± 0.6b 0.8 ± 0.5b 0.8 ± 0.5b
KIN 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

Mean 0.3 0.3 0.6 0.7 0.7 0.9 0.9

Shoot Length (mm)
Cytokinin 2.5 μM 5 μM 10 μM 20 μM 30 μM 40 μM 50 μM

ZEA 13.8 ± 3.4a 8.4 ± 1.1a 5.6 ± 1.8a 6.7 ± 3.4a 4.1 ± 0.3a 3.9 ± 0.6ab 5.0 ± 0.8a
2iP 0.0 ± 0.0b 0.0 ± 0.0b 3.0 ± 0.8a 3.3 ± 0.3b 3.9 ± 0.4a 4.7 ± 0.6a 4.2 ± 0.4a

BAP 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 1.3 ± 1.5b 2.5 ± 2.1b 1.8 ± 1.3b
KIN 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c

Mean 3.4 2.1 2.1 2.5 2.3 2.8 2.7

Number of Leaves (nº)
Cytokinin 2.5 μM 5 μM 10 μM 20 μM 30 μM 40 μM 50 μM

ZEA 10.0 ± 1.3a 8.8 ± 1.3a 6.3 ± 2.3a 8.0 ± 3.2a 6.0 ± 0.9a 6.1 ± 1.5a 7.9 ± 1.1a
2iP 0.0 ± 0.0b 0.0 ± 0.0b 2.4 ± 1.1b 3.0 ± 1.3b 3.2 ± 0.3b 5.7 ± 1.0a 5.8 ± 0.7a

BAP 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0c 0.8 ± 0.0c 1.0 ± 0.0b 0.5 ± 0.0b
KIN 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0c 0.0 ± 0.0b

Mean 2.5 2.2 2.2 2.7 2.5 3.2 3.6
z Data are the means of four replicates ± standard deviation (SD). Means followed by the same lowercase letter
within the column are not significantly different according to Tukey’s test (P < 0.05).
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Figure 1. Initial in vitro shoot culture of ‘Delite’ rabbiteye blueberry in eight different concentrations
(0, 2.5, 10, 20, 30, 40, and 50 μM) with four different cytokinins: (a) ZEA, (b) 2iP, (c) BAP, and (d) KIN.
Bars represent 2 cm. Abbreviations: BAP, 6-benzylaminopurine; KIN, kinetin; ZEA, zeatin; 2iP,
6-(γ-γ-dimethylallylamino)-purine.

3.1.1. The Effects of Cytokinins on Survival

ZEA was superior to the other cytokinins at the concentrations of 2.5 and 5 μM. In all
concentrations, KIN had the worst performance for survival rate. Finally, in the concentration range
of 10–50 μM, ZEA, 2iP, and BAP all had the same effect on survival. The regression analyses can be
observed in Figure 2.
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Figure 2. Regression analysis related to different cytokinin (ZEA, 2iP, BAP, and KIN) concentrations
(2.5, 5, 10, 20, 30, 40, and 50 μM) on in vitro establishment of ‘Delite’ rabbiteye blueberry.
(a) Survival (%); (b) shoot formation (%); (c) number of shoots (nº); (d) shoot length (mm);
(e) number of leaves (nº). Abbreviations: BAP, 6-benzylaminopurine; KIN, kinetin; ZEA, zeatin;
2iP, 6-(γ-γ-dimethylallylamino)-purine.

3.1.2. The Effects of Cytokinins on Shoot Formation

Shoot formation from the initial explant was highly influenced by different cytokinins.
According to the quadratic polynomial regression analysis across ZEA concentrations (Figure 2),
a maximum shoot formation of 100% would be acquired at a concentration of 40.6 μM.

The evaluation of different means can be observed in Table 4, where in almost all of the
concentrations tested (except 50 μM), ZEA was superior to all the other treatments, varying from 81.3
to 100% shoot formation. At concentrations of 2.5 and 5 μM, 2iP, BAP, and KIN did not show any
response. 2iP showed responses from 10 to 50 μM only, presenting a rate varying from 30.6 to 95.0%
in those concentrations. In concentrations of 10, 20, 30, and 40 μM, 2iP was the second cytokinin to
form shoots. At a concentration of 50 μM, 2iP was equivalent to ZEA, and both were superior to BAP
and KIN in this concentration. BAP did not show any response in the explants growing at the lowest
concentrations of 2.5, 5, 10, and 20 μM. The first response for BAP appeared only at the concentrations
of 30, 40, and 50 μM, showing a rate of shoot formation of only 5.0 to 7.8% of explants showing new
shoot formation. BAP had lower shoot formation than ZEA and 2iP at all the concentrations tested.

3.1.3. The Efects of Cytokinins on the Number of Shoots Per Explant

Regarding the number of new shoots formed, we can observe that ZEA showed a linear
relationship (Figure 2) and calculate that a concentration of 22.0 μM would be required to reach
1.4 shoots per explant. With 2iP, the maximum point in the curve reached 1.4 shoots per explant,
which would be acquired at a concentration of 37.37 μM 2iP.

At the concentrations of 2.5 and 5 μM (Table 4), ZEA was superior to all the other cytokinins,
showing 1.3 and 1.4 shoots per explant, respectively. At concentrations of 10, 20, 30, 40, and 50 μM,
ZEA and 2iP had the same performance and were superior to BAP and kinetin. BAP only showed
some shoot formation at concentrations of 30, 40, and 50 μM, exhibiting an average of only 0.5 to 0.8
new shoots per explant.
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3.1.4. The Effects of Cytokinins on Shoot Length

Type of cytokinin had a significant influence on shoot length. Regression analysis (Figure 2) shows
that ZEA followed a quadratic polynomial trend, with the concavity upward, showing an initial higher
shoot length in the lowest concentrations (11.1 mm calculated at 2.5 μM), decreasing to the lowest
point (3.6 mm) at 34.8 μM ZEA, and then starting to increase again. 2iP had a quadratic polynomial
trend with the concavity downward. The maximum point in this curve was 4.56 mm of shoot length at
38.2 μM 2iP.

At the lowest concentrations of growth regulators, 2.5 and 5 μM ZEA was superior to all the other
treatments, showing shoots with 13.8 and 8.4 mm, respectively (Table 4). In these two concentrations,
2iP, BAP, and KIN did not show any new shoots. At the other concentrations tested, 10, 20, 30, 40,
and 50 μM, 2iP showed new shoots. At concentrations of 10, 30, 40, and 50 μM, 2iP treatments
presented shoot lengths that did not differ from those of ZEA; ZEA and 2iP displayed an equal
performance. BAP showed smaller shoots compared to 2iP and ZEA at all the concentrations except
40 μM. BAP only showed new shoots at the concentrations of 30 μM (1.3 mm), 40 μM (2.5 mm),
and 50 μM (1.8 mm). Kinetin was inferior to all the others, in all the concentrations tested.

3.1.5. The Effects of Cytokinins on Number of Leaves

The number of leaves was significantly influenced by different cytokinins. The ZEA regression
curve was a quadratic polynomial with concavity upward (Figure 2), similar to the curve observed for
the influence of ZEA concentrations on shoot length. The minimum value in this curve was 6.2 leaves,
reached at the concentration of 30.7 μM ZEA. 2iP behaved in a linear way, showing a maximum of
5.8 leaves at a concentration of 50 μM. BAP was also represented by a linear relationship, reaching a
maximum of 0.8 leaves at the highest concentration of 50 μM.

At concentrations of 2.5, 5, 10, 20, and 30 μM, ZEA was superior to all the other cytokinins,
showing 10.0, 8.8, 6.3, 8.0, and 6.0 leaves per shoot (Table 4). 2iP was inferior to ZEA at all
concentrations, except at the highest concentrations of 40 and 50 μM, where both cytokinins were
equivalent. BAP was always inferior to ZEA. At concentrations of 10, 20, 30, 40, and 50 μM, BAP
was also inferior to 2iP. BAP only showed some leaves at concentrations of 30 μM (0.8 leaves), 40 μM
(1.0 leaf), and 50 μM (0.5 leaves). At all of the concentrations, KIN did not show any response.

3.2. Experiment 2: Combinations of (NH4)2SO4, KNO3, and Ca(NO3)2·4H2O Using the Modified WPM [15]
as Basic Medium

There were no statistically significant differences among the nine treatments tested for any of
the variables analyzed. Survival and shoot formation rates ranged from 43.7 to 76.2%, the number of
shoots formed ranged from 1.1 to 1.4, shoot lengths ranged from 7.5 to 25.0 mm, and the number of
leaves ranged from 9.4 to 19.7 (Table 5).
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Table 5. Experiment 2 with treatments 1 to 9 on the modified Woody Plant Medium (modified
WPM) [15] showing the number of explants evaluated (nº), survival rate (%), shoot formation (%),
number of shoots (nº), shoot length (mm), and number of leaves (nº) in ‘Delite’ rabbiteye blueberry
in vitro establishment. Abbreviations: CV, coefficient of variation; nº, number.

Treatment
(NH4)2SO4

(x)

KNO3 and
Ca(NO3)2·4H2O

(x)
nº Survival (%)

Shoot
Formation (%)

Number of
Shoots (nº)

Shoot Length
(mm)

Number sf
Leaves (nº)

1-modified WPM 1× 1× 19 48.4 ± 19.1a z 48.4 ± 19.1a 1.4 ± 0.1a 13.9 ± 6.7a 11.1 ± 3.4a
2 1× 0.5× 19 62.7 ± 11.3a 62.7 ± 11.3a 1.3 ± 0.2a 24.9 ± 7.4a 19.7 ± 3.1a
3 1× 1.5× 20 43.7 ± 23.4a 43.7 ± 23.4a 1.3 ± 0.3a 17.7 ± 16.9a 13.7 ± 7.6a
4 0.5× 1× 18 73.0 ± 35.1a 73.0 ± 35.1a 1.1 ± 0.2a 9.1 ± 5.5a 10.9 ± 5.6a
5 0.5× 0.5× 19 69.5 ± 11.5a 69.5 ± 11.5a 1.1 ± 0.1a 10.7 ± 3.2a 11.8 ± 1.5a
6 0.5× 1.5× 20 45.2 ± 4.1a 45.2 ± 4.1a 1.2 ± 0.2a 25.0 ± 14.3a 18.0 ± 6.0a
7 1.5× 1× 21 76.2 ± 8.2a 76.2 ± 8.2a 1.2 ± 0.0a 7.5 ± 2.7a 9.4 ± 3.3a
8 1.5× 0.5× 20 56.3 ± 23.4a 56.3 ± 23.4a 1.1 ± 0.2a 17.2 ± 9.7a 12.7 ± 1.9a
9 1.5× 1.5× 20 54.0 ± 19.2a 54.0 ± 19.2a 1.4 ± 0.4a 21.2 ± 7.7a 16.8 ± 5.0a

Mean - - - 58.8 58.8 1.2 16.4 13.8
CV% - - - 33.1 33.1 16.5 57.4 33.1

z Data are the means of three replicates ± standard deviation (SD). Means followed by the same lowercase letter
within a column are not significantly different according to Scott-Knott’s test (P < 0.05).

3.3. Experiment 3: Combinations of NH4NO3 and Ca(NO3)2·4H2O Using the Original WPM [18] as the
Basic Medium

In this experiment, it was possible to verify that treatments 7 (0.5 × NH4NO3 and 1 × Ca(NO3)2),
8 (0.5 × NH4NO3 and 0.5 × Ca(NO3)2), and 10 (modified WPM) showed the lowest rates of survival
and shoot formation and shortest shoot length (Table 6).

Table 6. Experiment 3 with treatments 1 to 9 on Woody Plant Medium (WPM) [18] with different ranges
of NH4NO3 (x) and Ca(NO3)2·4H2O (x) and treatment 10 on modified WPM [15], showing number
of explants evaluated (nº), survival rate (%), shoot formation (%), number of shoots (nº), shoot length
(mm), and number of leaves (nº) in ‘Delite’ rabbiteye blueberry in vitro establishment. Abbreviations:
CV, coefficient of variation; nº, number.

Treatment
Solution
NH4NO3

Solution
Ca(NO3)2

nº Survival (%)
Shoot

Formation (%)
Number of
Shoots (nº)

Shoot Length
(mm)

Number of
Leaves (nº)

1-original WPM 1× 1× 38 79.4 ± 16.4a z 79.4 ± 16.4a 1.2 ± 0.3a 33.3 ± 7.6a 15.3 ± 2.1a
2 1× 0.5× 40 95.0 ± 5.8a 95.0 ± 5.8a 1.1 ± 0.1a 23.5 ± 3.9b 12.2 ± 1.5a
3 1× 1.5× 38 97.5 ± 5.0a 97.5 ± 5.0a 1.2 ± 0.1a 21.0 ± 1.9b 11.4 ± 1.7a
4 1.5× 1× 27 86.8 ± 10.5a 83.7 ± 15.7a 1.1 ± 0.1a 25.4 ± 8.9b 12.1 ± 2.9a
5 1.5× 0.5× 40 92.5 ± 5.0a 90.0 ± 8.2a 1.1 ± 0.2a 32.3 ± 7.3a 14.4 ± 1.1a
6 1.5× 1.5× 40 90.0 ± 8.2a 90.0 ± 8.2a 1.1 ± 0.1a 30.7 ± 6.6a 14.1 ± 1.2a
7 0.5× 1× 39 64.4 ± 16.7b 64.4 ± 16.7b 1.1 ± 0.1a 5.0 ± 0.7d 6.6 ± 1.2c
8 0.5× 0.5× 35 55.1 ± 5.6b 55.1 ± 5.6b 1.1 ± 0.1a 18.2 ± 10.5c 10.4 ± 3.6b
9 0.5× 1.5× 26 85.4 ± 17.2a 85.4 ± 17.2a 1.0 ± 0.0a 24.2 ± 3.8b 14.9 ± 1.6a

10-modified WPM 32 55.7 ± 21.4b 55.7 ± 21.4b 1.2 ± 0.2a 15.7 ± 1.3c 12.9 ± 2.2a

Mean - - - 80.2 79.6 1.1 22.9 12.4
CV% - - - 16.4 7.4 15.0 26.9 16.6

z Data are the means of four replicates ± standard deviation (SD). Means followed by the same lowercase letter
within the column are not significantly different according to Scott-Knott’s Test (P < 0.05).

The number of shoots was similar in all the treatments tested. In addition, concerning the
number of leaves, the lowest number was obtained with treatments 7 and 8. Observing survival, shoot
formation, and shoot length, treatment 1 (original WPM) was superior to treatment 10 (modified WPM)
(Figure 3).

88



Horticulturae 2019, 5, 24

 
Figure 3. Initial in vitro shoot culture of ‘Delite’ rabbiteye blueberry with 10 treatments. Treatments
1 to 9 with the original Woody Plant Medium (WPM) [18] with different ranges of NH4NO3 (x) and
Ca(NO3)2·4H2O (x), compared to treatment 10 (modified Woody Plant Medium [15]).

4. Discussion

In vitro establishment is an important step in tissue culture. It is a critical point where explants
come from a different environment and have to adapt to in vitro conditions. One of the key steps
in this process is the use of adequate growth regulators and a balance of mineral salts in a suitable
concentration. Our results showed a screening comparison of four different cytokinins in eight different
concentrations and varying balances of nitrogen salts in ‘Delite’ rabbiteye blueberry, presenting an
efficient technique for in vitro plant propagation of this species.

The species and cultivars of the Vaccinium genus show natural variation in in vitro responses.
There is high genetic variation in growth regulator responses/needs. Our results, based on linear and
quadratic polynomial regression analyses, displayed the effects of cytokinin concentrations and their
great impact on the survival of explants, new shoot formation, number of new shoots formed, length
of shoots formed, and number of leaves in the shoots.

ZEA and 2iP resulted in better responses to in vitro establishment. At the lowest concentrations
tested, 2.5 and 5 μM, ZEA was superior to all of the other cytokinins tested, in all the variables analyzed,
presenting values of: 89.7 and 96.4% explant survival, 81.3 and 88.2% of explants forming new shoots,
1.3 and 1.4 new shoots formed, 13.8 and 8.4 mm of shoot length, and 10.0 and 8.8 leaves per shoot,
respectively. Similar results were observed with highbush blueberry ‘Polaris’ and half-high blueberry
‘St. Cloud’, where ZEA was used at a concentration of 9.1 μM in the shoot establishment in vitro. ZEA
was also efficient in inducing shoot proliferation in a liquid medium at 4.6 μM [10], instead of at higher
concentrations. For V. corymbosum ‘Oskar’, V. angustifolium ‘Emil’ and ‘Putte’, and V. corymbosum × V.
angustifolium ‘Northblue’ establishment, 2 mg L−1 (9.12 μM) ZEA was used [20]. In highbush blueberry
‘Duke’ propagation, ZEA at 2 mg L−1 (9.12 μM) was superior to 2iP or TDZ [21].

For in vitro shoot proliferation in cranberry (V. macrocarpon Ait.) cultivars, ZEA at very low
concentrations (2–4 μM) showed good results [22]. In V. ashei at the multiplication stage, ZEA increased
shoot formation compared to 2iP. However, 2iP showed longer shoots with a higher number of
nodes [23]. For initial culture of highbush blueberry, 1 mg L−1 (2.85 μM) zeatin riboside was used [24].
In lowbush blueberry, the authors tested 0, 2.3, 4.6, or 9.10 μM ZEA on the elongation of shoots,
and concentrations of 2.3 and 4.6 μM gave the best response [25].

Another important aspect is the growth habit of the ‘Delite’ rabbiteye blueberry cultivar in this
study. In particular, in the presence of ZEA and 2iP, it showed a low number of new shoots per explant,
but longer shoots, which means that a new subculture could be performed using the nodal segments
of the long shoot instead of using new axillary or adventitious shoots formed.

At the lowest concentrations (2.5 and 5 μM), there were no responses to 2iP. Treatments with
2iP started to form shoots only at the concentrations of 10, 20, 30, 40, and 50 μM. Concerning the
percentage of explants forming new shoots, 2iP was inferior to ZEA in all of the concentrations,
except 50 μM, where both had the same shoot formation rate. This showed that ZEA triggered a
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response in the explants, even at inferior concentrations (2.5 and 5 μM), and that 2iP was able to lead
to some shoot formation only at higher concentrations (10 μM and above). Concerning shoot length,
at the concentrations where 2iP started showing new shoots (10–50 μM), the shoots formed were
equivalent in length to the shoots formed with ZEA. At concentrations of 10, 20, 30, and 50 μM, both
were superior to BAP and KIN. However, when analyzing the number of leaves, ZEA was superior
to 2iP at almost all concentrations, except 40 and 50 μM, again demonstrating the need for higher
concentrations of 2iP to produce a higher number of leaves. In ‘Brightwell’ blueberry, the authors
found that different concentrations of 2iP (5, 10, 15, or 20 mg·L−1) and TDZ were inferior to 2 mg L−1

(9.12 μM) ZEA in shoot proliferation [26]. ZEA at 4 mg·L−1 (18.24 μM) was more successful than 2iP
at 10 or 15 mg·L−1 (49.2 or 73.8 μM) in establishing V. corymbosum blueberry cultivars [12].

BAP did not show any response at the lowest concentrations of 2.5, 5, 10, and 20 μM. BAP only
started showing a low response to 30, 40, and 50 μM (5.0–7.8% shoot formation). BAP was always
highly inferior to ZEA at all concentrations tested, in all of the variables analyzed, except for the shoot
length at 40 μM. Additionally, BAP was inferior to 2iP from 10–50 μM concerning shoot formation,
number of shoots, shoot length, and number of leaves. In the same way, in ‘Bluejay’ and ‘Pink
Lemonade’ blueberry, the authors found that BAP induced fewer axillary shoots than ZEA, as well as
smaller shoots [27].

Kinetin showed no response concerning shoot formation and had almost no surviving explants
(maximum of 8.3% survival), clearly showing that it was not suitable for ‘Delite’ rabbiteye blueberry
initiation culture.

In this study, different balances of nitrogen salts were tested. Using the modified WPM
medium, no differences were observed among all combinations of nitrogen salts: (NH4)2SO4, KNO3,
and Ca(NO3)2·4H2O. ‘Delite’ blueberry showed lower survival (55.7%), shoot formation (55.7%), and
shoot length (15.7 mm) in the modified WPM compared with the original WPM (79.4%, 79.4%, and
33.3 mm, respectively).

Using the original WPM, it was observed that treatments containing higher amounts of NH4NO3

(1× or 1.5×, instead of 0.5×), as well as the treatment with a higher amount of Ca(NO3)2 (1.5×),
even with a lower amount of NH4NO3 (0.5×), showed the same performance as in WPM without
modification. Similarly, in red raspberries, it was found that combinations of intermediate to high
NO3

- and intermediate to high NH4
+ developed the most growth in most cultivars [28].

However, changing the ranges of Ca(NO3)2, in addition to increasing or decreasing the total
amount of nitrogen and its nitrate form, would also change the Ca+2 ion. Therefore, the result seen
in the treatment Ca(NO3)2 (1.5×) could be related to either nitrogen or calcium in higher amounts,
or even both.

This study in a rabbiteye blueberry cultivar represents a basic framework that can be used to
understand initial in vitro establishment. It can be useful to describe this process in other Vaccinium
cultivars regarding the adjustments necessary to adapt the process to different genotypes.

5. Conclusions

This research showed the effects of different cytokinins at different concentrations and different
nitrogen salt ranges on ‘Delite’ rabbiteye blueberry during in vitro establishment, and it provides basic
knowledge for further experiments in rabbiteye blueberry tissue culture.

In conclusion, focusing on an efficient strategy for in vitro establishment of ‘Delite’ rabbiteye
blueberry, we recommend the lowest concentration tested, 2.5 μM ZEA, which promoted a
high survival rate (89.7%), as well as a good response on explants forming new shoots (81.3%).
This concentration yielded a number of 1.3 new shoots, a high shoot length (13.8 mm), and 10.0 leaves
per shoot. Concerning salt composition, we recommend the original WPM. An increase or decrease in
the NH4NO3 and Ca(NO3)2 concentration did not promote better growth than the original medium.

This work is of interest for evaluating different cytokinin and salt compositions in the culture
medium for in vitro establishment of rabbiteye blueberry, and it can contribute to developing a
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deeper knowledge of large-scale propagation, germplasm conservation, and development of other
biotechnology techniques in other research fields, such as morphology, plant breeding, and physiology.

Future studies could be developed beyond the research presented here, focusing on fine-tuning
the salts composition and concentrations of the growth regulator needed for an efficient response,
as well as combining the two most successful cytokinins tested, ZEA and 2iP.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/5/1/24/
s1, Table S1: Results of the two-way ANOVA of experiment 1 studying the influence of cytokinin type and
concentration on survival (%), shoot formation (%), number of shoots (nº), length of shoot (mm), and number of
leaves (nº) on initial in vitro shoot culture of ‘Delite’ rabbiteye blueberry, Table S2: Number of explants evaluated
after contamination in experiment 1 in each of the treatments (cytokinin type by concentration) on initial in vitro
shoot culture of ‘Delite’ rabbiteye blueberry.
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Abbreviations

BAP 6-Benzylaminopurine
CV coefficient of variation
DF degrees of freedom
KIN kinetin: 6-furfurylaminopurine
MS mean squares
SS sum of squares
WPM Woody Plant Medium

ZEA
zeatin:
6-(4-Hydroxy-3-methylbut-2-enylamino)purine

2iP 6-(γ-γ-dimethylallylamino)-purine
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Abstract: Pecan is one of the most important horticultural nut crops in the world. It is a deciduous
species native to the temperate zones of North America, introduced into the subtropical regions of
Brazil during the 1870s. High quality seedlings are essential to establishing healthy and productive
orchards, and selection of seeds is an important factor in this issue. In this study we evaluated
the correlation between seed mass, emergence rate and morphometric traits of seedlings in the
pecan cultivar Importada. A significant positive correlation (r > 0.81) between seed mass and plantlet
height, stem diameter, emergence rate and number of leaves was observed. Our results suggest
that seed mass can be used as a direct method for seed selection towards production of vigorous
pecan seedlings. However, since an increase in seed mass is usually associated with a decrease in the
number of seeds that a plant can produce per unit canopy, long-duration studies are recommended
in order to evaluate the influence of seed selection on a plantation’s production.

Keywords: Carya illinoinensis; orchards; seedlings production; emergence rate

1. Introduction

The pecan (Carya illinoinensis (Wangenh) K. Koch) is a deciduous tree species of the Junglandaceae
family, native to the temperate zones of North America, and one of the most important horticultural
nut crops in the world. Pecan is cultivated in a wide range of countries, including USA, Mexico, Israel,
South Africa, Australia, Egypt, China, Peru, Argentina, and Brazil [1,2]. Each of these geographic
regions places unique environmental constraints on the cultivars that can succeed there. Therefore,
pecan producers have to select regionally and horticulturally-adapted cultivars and develop the
required technologies for all steps of the production chain, from seed selection for nursery to nut
harvesting for the industry. Since high quality seedlings are essential to establishing healthy and
productive orchards, studies on new technologies for pecan cultivation in subtropical regions have
mostly focused on seedling production [3,4].

Seed sizing is a single technique suggested to be an efficient indicator positively correlated
with seed physiological quality and plantlet vigor [5,6]. Adams and Thielges [7] reported a weak
positive correlation (r = 0.21) between seed size and seedling height in wild C. illinoinensis. In addition,
these authors also reported absence of influence of seed weight on germination or seedling vigor in
improved North American cultivars of pecan. Although climatic conditions, such as water availability,
may interfere in this correlation [5], no study on this topic has been performed for pecan cultivars
cultivated under subtropical conditions.
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Given the scarce and inconclusive results concerning the correlation between seed mass and
plantlet development in pecan, and the need for regionally adapted cultivars, we conducted a
field experiment to examine the correlation between seed mass, plantlet emergence and seedling
development of this species under subtropical climatic conditions.

Since the introduction of the pecan in Southern Brazil, farmers have searched for plants more
adapted to the climatic conditions of the area, selecting cultivars that allowed the establishment of
more healthy and productive orchards. Unpublished studies of our group suggest that the pecan
cultivar Importada is one of the most promising for the subtropical climatic conditions of Southern
Brazil. Therefore, this study evaluated the correlation between seed mass, seed emergence and plantlet
vigor in this cultivar, towards producing healthy seedlings for orchard establishment.

2. Materials and Methods

2.1. Seeds Sampling and Classification

Seeds of the pecan cultivar Importada were collected from 10 mother-trees in Southern Brazil
(28◦58′18” S, 52◦00′30” W; grown in a humid subtropical climate without a dry season, a Cfa climate
according to the Köppen climate classification), generating a lot of 324 seeds. To overcome dormancy,
seeds were maintained within wood boxes in moist sand at 4 ◦C ± 0.1 ◦C for 90 days, following Poletto
and collaborators [4]. After this period, seed mass was determined using a precision balance (0.001 g)
and seeds were sorted into seven classes according to their mass: Class I: <4.9 g (21 seeds); Class II:
5.0–5.9 g (45 seeds); Class III: 6.0–6.9 g (60 seeds); Class IV: 7.0–7.9 g (54 seeds); Class V: 8.0–8.9 g
(57 seeds); Class VI: 9.0–9.9 g (54 seeds) and Class VII: >10.0 g (33 seeds).

2.2. Seeds Sowing and Data Collection

Seeds were sown manually by placing each seed in a 3-cm-deep hole, with a distance of 50 cm
between rows and 20 cm between holes. Following the Brazilian System of Soil Classification [8],
the soil of the region is Typic Argiudoll. Irrigation was performed through a drip system and weeds
were manually controlled. The experiment was conducted using a completely randomized design
consisting of 7 to 20 repetitions of three seeds for each seed mass class. The number of repetitions varied
across seed mass classes according to the amount of seeds available in each category. Plantlet height
(cm), stem diameter (mm), number of leaves and emergence rate ((total of emerged seedlings/total of
sown seeds) × 100) were evaluated 16 weeks after sowing.

2.3. Statistical Analysis

Prior to statistical analysis, data on plantlet emergence were transformed for normalization
employing

√
(x + 0.5). The relationship between seed mass and each measured variable (plantlet

height, stem diameter, number of leaves and emergence rate) was evaluated by regression analysis.
Differences among seed mass classes were evaluated through the Kruskal–Wallis test, and pairwise
comparisons were performed using the Mann–Whitney test with Bonferroni correction. Statistical
analyses were implemented using the software PAST 3.02 [8] and Free Statistic Software v1.2.1 [9].

3. Results

3.1. Measures of Plantlet Vigor and Seedling Emergence

The differences in the measured traits between the smallest seed mass category (<4.9 g) and the
largest seed mass category (>10.0 g) was 1.35-fold for plantlet height, 1.47-fold for stem diameter,
1.16-fold for leaf number, and 1.85-fold for emergence rate. The mean plantlet height ranged from
24.7 cm (Class I) to 33.4 cm (Class VII), the mean stem diameter ranged from 4.6 mm (Class I) to 6.7 mm
(Class VI), and the mean number of leaves ranged from 11.4 in class I to 13.5 in class VI (Figure 1A–C).
The mean emergence rate ranged from 52.4% in class I to 98.1% in class VI. Only one replicate in
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Class VI and one in Class VII failed to reach 100% emergence, while none of the replications in Class I
reached 100% emergence (Figure 1D).

Figure 1. Boxplot diagrams showing the median (bar), 50% confidence intervals (box) and standard
deviation (whiskers) for (A) plantlet height; (B) stem diameter; (C) number of leaves for each seed mass
class; and (D) percentage of plantlet emergence determined as the percentage of germinated seeds
across replicates for each seed mass class. Note that the number of replicates is different in each class
(see text for details).

3.2. Correlation between Seed Mass, Seedling Emergence and Plantlet Vigor

A significant positive relationship between seed mass and emergence rate, plantlet height, stem
diameter and number of leaves was observed in the regression analyses. Although the correlation
between seed mass and the evaluated traits was almost linear, the best fit determined through the
coefficient of determination (R2) was observed using a polynomial model for all correlations (Figure 2).

Accordingly, the Kruskal–Wallis test revealed a statistically significant difference (P < 0.001)
among seed mass categories for all measured traits, and the pairwise comparisons revealed a clear
tendency for significant differences between small seed mass classes and larger seed mass classes
(Table 1). Clearly, smaller seeds (Class I) revealed the weakest results and the best results were observed
in the largest Classes VI and VII for all traits. The difference between means of classes I and VII were
statistically significant for all traits except number of leaves (Table 1). The same pattern occurred when
comparing means of Classes I and VI, while means from Classes VI and VII did not differ from each
other for any of the traits (Table 1).
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Figure 2. Regression analysis of seed mass of the pecan cv. Importada with means of (A) plantlet
height; (B) stem diameter; (C) number of leaves and (D) emergence percentage. Linear regression
equations and coefficients of determination (R2) are presented for the relationships.

Table 1. P-values for the pairwise difference between classes for the evaluated traits, based on the
Mann–Whitney test with Bonferroni correction. Bold numbers are statistically significant.

Class I II III IV V VI Class I II III IV V VI

Height

II 1.00

Stem
diameter

1.00
III 1.00 1.00 0.23 0.45
IV 0.71 1.00 1.00 0.06 0.04 1.00
V 0.09 0.09 1.00 1.00 0.01 0.00 0.63 1.00
VI 0.01 0.00 0.55 0.02 1.00 0.00 0.00 0.02 0.02 1.00
VII 0.02 0.00 0.19 0.03 1.00 1.00 0.02 0.00 0.27 0.72 1.00 1.00

Number
of

leaves

II 1.00

% of
germination

0.13
III 1.00 1.00 0.05 1.00
IV 1.00 1.00 1.00 0.00 1.00 1.00
V 1.00 0.23 1.00 1.00 0.05 1.00 1.00 1.00
VI 0.15 0.00 0.03 0.06 0.19 0.00 0.15 0.29 1.00 0.94
VII 1.00 0.11 1.00 1.00 1.00 1.00 0.01 0.96 1.00 1.00 1.00 1.00

4. Discussion

During plant domestication, genotypes with larger seeds were selected for their contribution
to increased grain yield, as well as for their positive effect on the quality of end-use products [10].
In our study, a significant correlation between seed size, seedling development (plantlet height and
stem diameter) and emergence rate was observed for the pecan cultivar Importada. Seeds with the
larger mass (Classes VI and VII, heavier than 9.0 g) produced larger seedlings and revealed higher
emergence rates.

For commercial orchards, the heritability of these traits is an important factor. Thus, the genetic
control of the variable determining the desired traits is vital. The control of seed size has been

96



Horticulturae 2018, 4, 26

recognized as a complex trait and attributed to both genetic and epigenetic pathways. Based mainly
on studies from cultivated cereal crops, new information is constantly added to the accumulated
knowledge about this issue. For example, a study using high-throughput sequencing identified
twenty-two microRNAs related to seed size in the shrub plant Hippophae rhamnoides [11], generating
data which support future studies on genetic transformation.

The genetic control of seed size and yield in woody plants, on the other hand, has been investigated
less. Recently, a homolog of Auxin Response Factor 19 controlling seed size and seed yield was identified
in Jatropha curcas, demonstrating the importance of the auxin pathway in seed size and yield control in
woody plants [12]. Indeed, the transgenically-mediated overexpression of this gene in J. curcas and in
Arabidopsis thaliana significantly increased seed size and seed yield in these plants [12].

Despite the limited knowledge about specific topics concerning the genetic control of seed size
in woody plants, intraspecific variation in this trait is common in tree species. Evidence of a positive
association between seed mass and mean time to germination was observed by Norden et al. [13] in
an analysis of 1037 tropical tree species. Bispo et al. [6] reported direct interference of seed size in
seedling development of Anadenanthera colubrina, with larger seeds yielding higher growth. Evaluating
the capacity of seed fragments of Eugenia pyriformis to produce new seedlings, Pratavieira et al. [14]
observed a significantly higher capacity by larger seeds. However, Moles and Westoby [15] found no
relationship between seed mass and survival through the transition from seed to emerged seedlings
in populations of 33 species growing under natural conditions. Jijeesh and Sudhakara [16] reported
a lack of correlation between drupe size and the number of leaves, while the analysis of variance
indicated that seedling height, collar diameter, leaf area, tap root length and number of lateral roots
were significantly influenced by drupe size in Tectona grandis with larger drupes recording the highest
seedling attributes.

Such positive correlations have been used as indicative of physiological quality, justifying the use
of size classes for seed selection. In cork oak (Quercus suber), the largest seeds were correlated with
plantlet survival in dry periods, suggesting the need for selection for this trait across sites experiencing
drought [17]. The high positive correlation (r > 0.81) between seed mass, emergence rate and seedling
development revealed in our study may be related to the selection procedures performed by the
nurserymen. Selecting plus-trees for morphological characters leads to the ‘hitchhiking’ of some
genes related to the desired traits. In cereal crops, seed size is a characteristic domestication attribute,
and cultivated inbred lines and landraces usually have larger seeds than their wild progenitors.
Accordingly, a signature of selection during domestication was observed in 63 out of 114 genes
putatively related to seed size in Sorghum bicolor [10].

Different from the wild trees studied by Adams and Thielges [7], the pecan cultivar Importada
has been selected for generations for traits such as nut size, tree development and adaptability to the
subtropical climatic conditions of Southern Brazil. The seedlot of pecan used in this study may also
express the effect of a genetic stratification of seed parents [18] because seeds were obtained from
mother-trees cultivated with the aim of producing nuts for the food industry. Since these mother-trees
were obtained from commercial nurseries, they were previously selected during seedling production.

5. Conclusions

Our study revealed a positive correlation between seed mass, seedling emergence and plantlet
vigor, suggesting that seed mass can be used as a direct method for seed selection towards production
of healthy pecan seedlings. However, in addition to superior emergence rate and seedling development,
orchards should produce seeds with high breeding values and high gene diversity. Therefore,
controlled studies—taking into consideration the recalcitrant nature of pecan seeds [19] and the
influence of genetic stratification of seed parents on these traits—should be carried out. In addition,
an increase in seed mass is usually associated with a decrease in the number of seeds that a plant
can produce per unit canopy per year [20]. Thus, long-duration studies are recommended in order to
evaluate this aspect. Furthermore, as suggested by Thompson and Conner [1], we are performing an
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update of the current genetic status of this crop with genomic characterization of the cultivars planted
in subtropical regions, since breeding objectives have become more refined, and available methods of
genetic plant improvement have expanded.
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