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Abstract: Castanea sativa cv. ‘Garrone Rosso’ and ‘Marrone di Castel del Rio’ are two of the most
prized varieties in Italy due to their valuable and healthy nuts used for fresh consumption and in the
confectionery industry. Despite the growing demand for chestnuts, there are constraints regarding
plant propagation that hamper the renewal and new planting of orchards in different areas. Castanea
sativa is susceptible to diseases that have caused a reduction in its area of production. For this reason,
in vitro culture represents a valuable technique for germplasm preservation and plant multiplication
enabling production of a high number of plants for use in breeding programs. Here we present an
in vitro micropropagation protocol for Italian Castanea sativa cv. ‘Marrone di Castel del Rio’ and cv.
‘Garrone Rosso’ to contribute to the preservation and enhancement of the Italian germplasm. Nodal
explants were used as the starting material for in vitro establishment. The cv. ‘Marrone di Castel del
Rio’ showed a high percentage of survival explants (92%) when subjected to long bleach exposure
(25 min), in contrast to what was observed for the ‘Garrone Rosso’ cultivar. Ascorbic acid was found
to be the best compound to counteract phenol exudation. The MS3B and DKW media supplied with
0.5 mg/L BAP were effective for in vitro establishment, while the DKW medium (0.1 mg/L BAP and
0.05 mg/L IBA) was preferable for the proliferation phase. A double-layer rooting methodology was
used and 35% rooting was observed with 25 mg/L IBA rooting treatment.

Keywords: axillary budding; chestnut; in vitro culture; micropropagation

1. Introduction

The European chestnut (Castanea sativa Mill.), also known as the sweet chestnut, is
a multipurpose tree, valued worldwide for nut and timber production [1]. In addition,
this species offers a wide range of by-products that contain potentially valuable bioactive
compounds, with antioxidant, anticarcinogenic and cardioprotective properties [2]. In
countries with a long tradition of cultivation, chestnut agroforestry systems provide specific
ecosystem services, such as the provision of food for humans and wildlife, temperature
and humidity moderation, and more generally contribute to climate regulation by carbon
storage, and to the conservation of traditional knowledge, as well as to valuing of the
landscape [3]. During its expansion in Europe, large populations of the species grew
which varied in their characteristics, including those relating to fruit traits and plant
response to biotic and abiotic stresses, such as ink disease (Phytophthora spp.) [4], chestnut
blight (Cryphonectria parasitica) [5,6], and the pest Dryocosmus kuriphilus [7]. In Italy, the
spread of chestnut tree populations across the centuries has contributed to the evolution
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of a rich varietal heritage in different pedoclimatic areas. Currently, over 300 cultivars are
described [8]; they represent a genetic heritage that should be safeguarded and preserved [9].
Among the major Italian cultivars, ‘Marrone’ is one of the most valuable and widely
known across the world. It is distributed across most of the country under different
names, including ‘Marrone di ChiusaPesio’, ‘Marrone di Val Susa’, ‘Marrone di Luserna’
(Piemonte), ‘Marrone di Castel del Rio’, ‘Marrone di Zocca’ (Emilia Romagna), ‘Marrone
del Mugello’, ‘Marrone di Marradi’ (Toscana), ‘Marrone di Combai’, and ‘Marrone di San
Zeno’ (Veneto). These ‘Marrone’ cultivars have common morphological and carpological
traits and share the same SSR genotype [10,11]. Their nuts are valued for their excellent
characteristics, such as the ease of episperm removal, and the flavored flesh, which is very
suitable for candying.

Besides ‘Marrone’ cultivars, the widely cultivated germplasm includes both local
endangered varieties, and cultivars extensively grown in specific areas. In the Piedmont
Region, one of the main Italian regions for chestnut cultivation, a significant proportion of
the local fresh market is supplied by the cv. ‘Garrone Rosso’. This cultivar is a vigorous
plant that offers medium-to-large sized nuts and is adapted to live at higher elevations
along the Alpine valleys in comparison with other cultivars. Its produce can be marketed
under the P.G.I. (Protected Geographical Indication) label “Castagna Cuneo”.

A great deal of research on chestnuts has focused on the development of vegetative
propagation systems able to meet the demand for elite genotypes that provide both high-
quality timber or nuts and resistance/tolerance to major diseases. Since the chestnut
is a difficult-to-root species, in vitro techniques are attracting increasing interest for the
nursery production of chestnut plants as an alternative to traditional vegetative propagation
methods [12]. The first studies on the in vitro culture of chestnuts were carried out in the
early 1980s when researchers began to see it as a viable alternative to traditional methods
of propagation [13,14]. As a result of these studies, the first in vitro chestnut plants were
obtained and successfully acclimated in the field. Studies were carried out in France aimed
at propagating specific genotypes resistant to ink disease through breeding [15,16].

Explant selection is the crucial step for in vitro culture initiation: shoot apices, axillary
buds and nodal explants are reactive explants used for Castanea spp. in vitro establish-
ment [1,12]. Vieitez et al. [5] described an experimental protocol developed for in vitro
propagation using axillary explants of European chestnut and its hybrids with C. crenata.

Although in vitro culture protocols have already been developed for the genus Cas-
tanea [1,4,5,17–21], large-scale propagation of C. sativa is currently not yet possible since
it is a genotype-dependent technique and requires specific protocols for each species and
cultivar, making it impossible to adopt a universal protocol. For this reason, since in vitro
culture protocols for Italian varieties are not available, this research was focused on devel-
oping a protocol to micropropagate C. sativa cv. ‘Garrone Rosso’ and ‘Marrone di Castel del
Rio’ (genotype ‘Marrone’), two cultivars of great value and representative of the cultivated
pool of chestnut varieties in North Italy.

2. Results and Discussion
2.1. Culture Establishment

The first step of the research project involved the development of a nodal explant
sterilization protocol for C. sativa cv. ‘Marrone di Castel del Rio’ and cv. ‘Garrone Rosso’.
Sodium hypochlorite alone, or in combination with plant preservative mixture (PPM TM)
and ethanol 70%, was used for the sterilization trial. PPM TM is a biocide able to prevent
microorganism growth [22], while ethanol 70% and sodium hypochlorite (NaOCl) are
the main surface-sterilizing agents used in plant cell and tissue culture experiments [23].
Explants taken in the open field showed a high percentage level of contamination (from
80% in the case of a high exposure time to bleach to 90% for a low exposure time) in all the
treatments tested. Subsequently, explants excised from plants cultivated under greenhouse
conditions were used to establish an in vitro culture (Figure 1). The results showed differing
genotype dependent behavior between the ‘Marrone di Castel del Rio’ and ‘Garrone Rosso’
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cultivars. ‘Garrone Rosso’ explants, under a low exposure time to bleach (treatments I,
III, VI, VII), showed a high percentage of survival explants with a statistically significant
difference in treatment I (100%). In treatments II, IV and V, 0% surviving explants of
‘Garrone Rosso’ were detected; correspondingly, 100% were contaminated or necrotic. In
contrast, ‘Marrone di Castel del Rio’, under a low exposure time, showed a high percentage
of contamination (82% for 5 min, treatment VII). In this case, treatment V (25 min in 33% v/v
of bleach) resulted in a statistically significant difference, with a high survival percentage
(92%) of green healthy explants. As previously reported for other nut species [24], microbial
contamination represents the main factor affecting in vitro culture establishment. This
step is critical because it necessitates correct modulation between the concentration of the
sterilizing agent and the exposure time of the explants to the solution. An establishment
protocol must be appropriate, enabling removal of contamination without compromising
the growth of the in vitro explant [5]. In conclusion, for ‘Marrone di Castel del Rio’ explants,
treatment with 33% v/v bleach was successful while both ethanol and PPM TM did not
improve the sterilization process; for ‘Garrone Rosso’, pretreatment in ethanol 70% for 30 s
followed by 10 min in 33% v/v bleach and rinsing in PPMTM was required to obtain 100%
explant survival.
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Figure 1. Effect of different sterilization treatments on in vitro establishment of two European chest-
nut cultivars ‘Marrone di Castel del Rio’ and ‘Garrone Rosso’. Treatments tested: (I) 30 s in 70%
ethanol + 10 min in 33% v/v bleach + 0.2% PPM TM, (II) 2% PPM TM, (III) 30 s in 70% ethanol +
10 min in 33% v/v bleach, (IV) 30 s in 70% ethanol + 20 min in 33% v/v bleach + 0.2% PPM TM,
(V) 25 min in 33% v/v bleach, (VI) 10 min in 33% v/v bleach, (VII) 30 s in 70% ethanol + 5 min
in 33% v/v bleach. Data shows the percentage of green/survival explants. In the case of treat-
ments II, IV and V, the ‘Garrone Rosso’ cultivar showed 0% explant survival, with the same for the
‘Marrone di Castel del Rio’ cultivar in treatment II. Data are the means of three biological replicates
(15 nodal explants each) ± SE. For each cultivar, means with the same letter do not significantly differ at
p ≤ 0.05 (Tukey’s HSD test). Lowercase letters and capital letters were used for ‘Garrone Rosso’ and
‘Marrone di Castel del Rio’ respectively.

2.2. Evaluation of Polyphenol Controlling Agents to Be Applied in Chesnut In Vitro Culture

In addition to microbial contamination, another limiting factor associated with in vitro
culture establishment of chestnut is the deleterious effect of oxidized phenolic compounds,
as previously mentioned [5,12,21]. Phenolic compounds can cause apex necrosis [25] and
affect plant growth.

To counter these deleterious effects, the growth of chestnut shoots in media containing
three different agents, polyvinylpyrrolidone (PVP), ascorbic acid (AA), and activated char-
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coal (AC) was investigated for both the establishment and proliferation steps. The results
obtained revealed an important role of these molecules in promoting explant development,
with PVP and AA found to be the most effective polyphenol controlling agents for in vitro
growth in both steps (Figures 2 and 3). During establishment, the addition of PVP to the
culture medium resulted in the best performance in terms of the percentage of new shoots
formed (80%), but not significantly different compared to the AA treatment (Figure 2).
During the proliferation step, shoot length (19 mm), width (2.8 mm), number of leaves
per explant, leaf length and width showed the greatest increases in the PVP treatment but
were not statistically different compared to the AA treatment (Figure 3). Only shoot width
was significantly larger with PVP addition compared to all other polyphenol controlling
agents. Despite good development, 90% of explants exposed to PVP treatment showed
evidence of necrosis on the apex, while, in the presence of AA, the plants developed without
showing shoot tip necrosis. As demonstrated by North et al. [26], Nishchal et al. [27] and
Ahmed et al. [28], AA and PVP act on polyphenols by reducing their negative influence
and improving plant fitness. AA is an antioxidant that is also used to inhibit phenolic com-
pound exudation and reduce oxidative browning. It does not act directly on polyphenol
oxidase but prevents browning by reducing oxidized polyphenols [26]. In contrast, PVP is
a water-soluble polymer that forms hydrogen bonds with phenolic compounds, promoting
their precipitation [29]. In addition, it can detoxify oxygen radicals produced when the
plant is injured, thus protecting cells from oxidative damage [26].
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Figure 2. Effect of different polyphenol controlling agents on establishment of chestnut cv. ‘Gar-
rone Rosso’. (A) Shoot induction percentage, (B) shoot length and (C) nr. of shoots per explant.
The same results were observed for the cv. ‘Marrone di Castel del Rio’. CTR: control medium, a
medium without any polyphenol controlling agents; PVP: 500 mg/L polyvinylpyrrolidone; AA:
100 mg/L ascorbic acid; AC: 1 g/L activated charcoal. Data are the means of three biological replicates
(15 nodal explants each) ± SE. Means with the same letter do not significantly differ at p ≤ 0.05
(Tukey’s HSD test).

In chestnut, AA was already used in in vitro culture of Portuguese cultivars [1] to
reduce oxidative stress, while there is no evidence of studies on the effect of PVP. Frequent
cases of apex necrosis in plants grown in vitro are reported in the literature for differ-
ent species, including chestnut [30], Pistacia vera [31], Lavandula angustifolia [32], Quercus
alba [33], and Juglans nigra [34]. Our results revealed that plants cultivated on the control
medium, deprived of polyphenol-controlling agents, showed polyphenol-associated stress
signals, such as leaf crumpling and stem browning, which are undesirable traits in in vitro
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propagation. In contrast, explants cultivated on media with AA showed a reduction in
polyphenol exudation and increased plant vitality. AA was inferred, therefore, to be the
best polyphenol-controlling agent to be used in chestnut in vitro culture. Finally, AC was
found to be of little benefit in controlling oxidized polyphenols in chestnut and caused
stunted growth of shoots. The negative effect of AC contrasts with the results reported by
Chevre et al. [35] who found that AC favors the elongation of C. sativa cv. ‘Marigoule’ ex-
plants, compared with explants treated with PVP, which did not result in significant effects.
These different results could be due to genotypic differences of the starting material [36].
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Figure 3. Effect of different polyphenol controlling agents on shoot proliferation of chestnut cv.
‘Garrone Rosso’. (A) Shoot length, (B) nr. of leaves per explant, (C) leaf length, (D) leaf width and
(E) shoot width. CTR: control medium, a medium without any polyphenol controlling agents; PVP:
500 mg/L polyvinylpyrrolidone; AA: 100 mg/L ascorbic acid; AC: 1 g/L activated charcoal. Data are
the means of three biological replicates (15 nodal explants each) ± SE. Means with the same letter do
not significantly differ at p ≤ 0.05 (Tukey’s HSD test).

After detecting the best polyphenol controlling agent compound to be added in
both establishment and proliferation steps, disinfected explants and bud sprouts were
successfully cultured on the three-shoot induction media tested and treated with 100 mg/L
AA. For both genotypes, the shoot induction percentage was significantly higher (p < 0.05)
in the explants cultivated on Murashige and Skoog medium with half-strength NH4NO3
and KNO3 (MS3B) [37] compared to the GD medium [38] and to the DKW-modified
medium [39,40] (Figure 4). With respect to the morphology of the shoots, in ‘Garrone Rosso’,
the number of leaves was significantly higher in shoots cultivated on media containing
DKW or MS3B mineral solution compared to those cultivated on the medium containing GD
mineral solution. In ‘Marrone di Castel del Rio’, the number of leaves was significatively
higher in plants cultivated on DKW mineral solution compared to GD and MS3B. In
‘Garrone Rosso’, the shoot length was significantly higher in plants cultivated on MS3B and
DKW media than in the GD medium. In ‘Marrone di Castel del Rio’, the shoot length was
significantly different between all treatments; resulting to be higher in the DKW medium.
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In conclusion, both MS3B and DKW media were found to be good media for ‘Garrone
Rosso’ and ‘Marrone di Castel del Rio’ shoot induction and development. To obtain a
high percentage of responding explants, it is preferable to use the MS3B medium for both
cultivars; in order to obtain well developed shoots, for ‘Garrone Rosso’ no difference
between DKW and MS3B was detected, while, for ‘Marrone di Castel del Rio’, a significant
increment in shoot size was detected in DKW medium.

2.3. Shoot Multiplication and Elongation

In Castanea spp. micropropagation, BAP is the plant regulator most widely used, as in
other woody species, such as Quercus spp. [41]. A high concentration of BAP (0.5–2 mg/L)
is used during the establishment phase to enable the development of new shoots, then
BAP, according to Fernandes et al. [1], is reduced (0.005–0.2 mg/L) in the multiplication
phase. The addition of a low concentration of IBA, in the multiplication phase, facilitates
shoot growth (as previously mentioned by Gürel et al. [42]; Bahri et al. [43]). The shoot
multiplication rates obtained for the two different genotypes and the three media tested
are shown in Figure 5. In both genotypes (Figure 6A,B), the highest multiplication rate
was achieved with the modified DKW media, but with a statistically significant difference
obtained only for ‘Marrone di Castel del Rio’. For ‘Marrone di Castel del Rio’ (Figure 5), the
number of new shoots cultivated on DKW medium (3.87 ± 0.16) was significantly higher
compared to the MS3B (1.15 ± 0.16) and GD (0.31 ± 0.15) media. For ‘Garrone Rosso’
(Figure 5), both for DKW (2.31 ± 0.3) and for MS3B (2.0 ± 0.2), the multiplication rate
was significant higher compared to that for the GD medium (0.5 ± 0.15). Our results are
consistent with the multiplication rates (approximately 2.5 to 3.0 of new shoots/explant)
observed by Fernandes et al. [20] Ballester et al. [44] and Miranda and Fernandez [45]. Our
results suggest a higher multiplication rate in DKW, which makes it a good multiplication



Plants 2022, 11, 3308 7 of 12

medium for both ‘Marrone di Castel del Rio’ and ‘Garrone’ cultivars. As mentioned
by Clapa et al. [46], the addition of Sequestrene 138, present in the modified DKW [40],
increased the vigor of the plants as well as the length and number of new shoots.
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Plants 2022, 11, x FOR PEER REVIEW 7 of 13 
 

 

For ‘Garrone Rosso’ (Figure 5), both for DKW (2.31 ± 0.3) and for MS3B (2.0 ± 0.2), the 
multiplication rate was significant higher compared to that for the GD medium (0.5 ± 0.15). 
Our results are consistent with the multiplication rates (approximately 2.5 to 3.0 of new 
shoots/explant) observed by Fernandes et al., [20] Ballester et al., [44] and Miranda and 
Fernandez, [45]. Our results suggest a higher multiplication rate in DKW, which makes it 
a good multiplication medium for both ‘Marrone di Castel del Rio’ and ‘Garrone’ 
cultivars. As mentioned by Clapa et al., [46], the addition of Sequestrene 138, present in 
the modified DKW [40], increased the vigor of the plants as well as the length and number 
of new shoots. 

 
Figure 5. Histogram showing the multiplication rates of ‘Marrone di Castel del Rio’ and ‘Garrone 
Rosso’ cultivars. For each cultivar, means with the same letter do not significantly differ at p ≤ 0.05 
(Tukey’s HSD test). Lowercase letters and capital letters were used for ‘Garrone Rosso’ and 
‘Marrone di Castel del Rio’ respectively. 

 
Figure 6. (A) In vitro shoots of ‘Marrone di Castel del Rio’ during multiplication in DKW, GD and 
MS3B media (from left to right). (B) In vitro shoots of ‘Garrone Rosso’ during multiplication on 
DKW, GD and MS3B media (from left to right). 

Following Fernandes et al., [20], WPM [47] medium supplemented with zeatin was 
successfully used for shoot elongation of ‘Marrone di Castel del Rio’ and ‘Garrone Rosso’. 
For ‘Garrone Rosso’, the number of leaves and the shoot length were 7.4 ± 0.7 mm and 

Figure 6. (A) In vitro shoots of ‘Marrone di Castel del Rio’ during multiplication in DKW, GD and
MS3B media (from left to right). (B) In vitro shoots of ‘Garrone Rosso’ during multiplication on DKW,
GD and MS3B media (from left to right).

Following Fernandes et al. [20], WPM [47] medium supplemented with zeatin was
successfully used for shoot elongation of ‘Marrone di Castel del Rio’ and ‘Garrone Rosso’.
For ‘Garrone Rosso’, the number of leaves and the shoot length were 7.4 ± 0.7 mm and
29.3 ± 1.96 mm, respectively, while, for ‘Marrone di Castel del Rio’, they were
10.23 ± 1.12 mm and 35 ± 2.2 mm, respectively.

2.4. Rooting

Rooting is the critical phase in the chestnut in vitro protocol.
Rooting capacity, in both genotypes, was significantly (Tukey’s HSD test, p < 0.05)

affected by the rooting treatment used. The highest rooting percentage (35%) was observed
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when the rooting treatment was applied for three days with a high concentration (25 mg/L)
of indol-3-butyric acid (IBA) (Figure 7). The length of the roots was 50 ± 1.2 mm for
‘Garrone Rosso’ and 44 ± 1.5 mm for ‘Marrone di Castel del Rio’, respectively. No rooting
appearance was detected in explants subjected to a low concentration of IBA (3 mg/L)
for seven days. Our results are consistent with results observed for chestnut hybrids [5]
and other Fagaceae species, such as the holm oak [48] or American oaks [33]. The low
rooting rates depend on the genotype that plays a crucial role in the micropropagation of
hardwoods and affects all steps [49]. Since the high concentration of IBA was effective for
rooting induction, further investigations are needed to increase the rooting percentage by
testing other rooting regulators at different concentrations and for different exposure times.
The double-layer method for in vitro rooting induction is a useful strategy to induce rooting,
enabling avoidance of transferring explants to a new medium and, therefore, limiting the
plant stress of subcultures.
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3. Materials and Methods
3.1. Plant Material

For in vitro establishment, the explants were collected from both the field and the
greenhouse. Scions of the cultivar ‘Garrone Rosso’ and ‘Marrone di Castel del Rio’ were
grafted onto potted hybrid rootstocks (C. sativa x C. crenata) (approximately two-year-old
plants) and maintained under greenhouse conditions. Grafting was undertaken in February
and explants were collected in May.The first three nodal explants were used, the shoot apex
discarded, and leaves removed. Then, the explants were rinsed for 1h under running tap
water. In addition, young herbaceous twigs were collected under field conditions from
‘Garrone Rosso’ and ‘Marrone di Castel del Rio’ adult trees at the Centro Regionale di
Castanicoltura del Piemonte, Chiusa Pesio.

3.2. Culture Establishment and Anti-Phenolic Treatments

For sterilization, seven different treatments were evaluated. The explants were surface
sterilized in 33% v/v (4.5% of active chlorine) commercial bleach (ACE, Procter & Gamble)
plus a few drops of Twin 20. The treatment with bleach was performed alone or in
combination with ethanol 70% (v/v) and 2% (treatment II) or 0.2% (treatments I and IV)
Plant preservative mixture (PPMTM) (Plant Cell Technology, Washington, DC, USA) was
used as described in Table 1. After the sterilization process, the explants were rinsed twice
in sterilized distilled water (10 min each). Explants were then transferred to the nutritive
medium. All the media used are described in Supplementary Materials File S1.
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Table 1. Treatments tested for explant sterilization.

Sterilization Treatments Tested

I 30 s in 70% ethanol + 10 min in 33% v/v bleach + 0.2% PPMTM

II 2% PPMTM

III 30 s in 70% ethanol + 10 min in 33% v/v bleach
IV 30 s in 70% ethanol + 20 min in 33% v/v bleach + 0.2% PPMTM

V 25 min in 33% v/v bleach
VI 10 min in 33% v/v bleach
VII 30 s in 70% ethanol + 5 min in 33% v/v bleach

PPM: Plant preservative mixture.

To define the best agent to be added for polyphenol exudation control, preliminary
experiments were conducted by testing the effect of 500 mg/L polyvinylpyrrolidone
(PVP) [27,50], 100 mg/L ascorbic acid (AA) [1] and 1 g/L activated charcoal (AC) [26].
These polyphenol-controlling agents were added to the modified MS medium [37] contain-
ing half-strength NH4NO3 and KNO3. The medium included 3% sucrose and 0.5 mg/L
benzylaminopurine (BAP) in the induction phase [5], and 0.1 mg/L BAP in the proliferation
stage [1] plus 0.8% agar.

In a second experiment, the effect of mineral solutions on shoot establishment was
evaluated. Three mineral solutions were investigated: MS medium with half-strength
NH4NO3 and KNO3 (MS3B), the Greshoff and Doy medium (GD), and a modified DKW
mineral solution, supplemented with 0.5 mg/L BAP [5], 3% sucrose and 0.8% plant agar
(DUCHEFA, NL), and 100 mg/L AA (as it performed better than the others in the prelimi-
nary experiments).

In all media, the pH was adjusted to 5.6 prior to autoclaving for 20 min at 121 ◦C.
In all experiments, explants consisting of 1–2 cm pieces, containing one single bud each,
were placed in 100 × 20 mm glass tubes containing 5 mL of medium. The cultures were
maintained in a growth chamber at 24 ± 1 ◦C with a 16 h photoperiod provided by
fluorescent lamps (40 µmol m−2s−1). After three weeks in culture, the percentage survival
of shoots, and the number and the length of shoots originating from a single bud, were
evaluated.

3.3. Shoot Multiplication and Elongation

Shoots were transferred to the same mineral solutions used in the establishment
step (see Section 3.1) with a reduced content of BAP (0.1 mg/L) [1] and the addition of
0.05 mg/L indole-3-butyric acid (IBA) and subcultured every six weeks. As reported by
Vieitez et al. [14] and Osterc et al. [51], concentrations of BAP at 0.1–0.5 mg/L have been
shown to be the most suitable for proliferation and healthy growth. At the end of the third
subculture, the multiplication rates were determined by counting the number of newly
developed shoots.

After the proliferation phase, the explants were transferred to the elongation media.
WPM medium with 100 mg/L of AA, 30 g/L sucrose, 0.1 mg/L of zeatin and 8 g/L agar
was used, following Fernandes et al. [1]. The pH was adjusted to 5.6. The elongated shoots
were morphologically analyzed by measuring the shoot size and the number and length
of leaves.

3.4. Rooting

Rooting was induced using a double-layer methodology which consisted of two
media layers overlaid on each other. The lower medium layer was the elongation medium
previously used in the elongation step. Two different concentrations of IBA were tested
in the liquid-modified MS1B (with half-concentration of macro) upper layer: (a) 25 mg/L
IBA—plants were cultured on this medium for 3 days, (b) 3 mg/L IBA—plants were
cultured for 7 days [5]. After the induction of rooting, the shoots were transferred to a
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rooting expression medium consisting of the same mineral medium without plant growth
regulators and enriched with 0.5% AC for 6 weeks.

3.5. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using the SPSS software for
Windows (version 26.0, SPSS Inc., Chicago, IL, USA). Data recorded as percentages were
transformed by arcsine square root prior to being subject to ANOVA. The data presented are
the means of three technical replicates ± SE. Means with the same letter do not significantly
differ at p ≤ 0.05 (Tukey’s HSD test).

4. Conclusions

A suitable protocol for the in vitro culture of chestnut Italian cultivars was set up. The
results highlighted that the best in vitro compound for polyphenols control was the AA,
which resulted in the production of healthy and well-developed plants. MS3B and DKW
were found to be the best mineral solutions for the ‘Marrone di Castel del Rio’ and ‘Garrone
Rosso’ cultivar in vitro establishment, while DKW resulted in a better multiplication rate in
the proliferation phase. Further investigations are needed to increase the rooting percentage
by testing other rooting regulators at different concentrations and for different exposure
times, as rooting is the critical step for the production of woody species.

This protocol represents a useful source for use for future breeding purposes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11233308/s1, File S1: media used for chestnut in vitro culture.
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