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The effect of CuSO4 for establishing in vitro culture, and the role nitrogen and
iron sources in in vitro multiplication of Corylus avellana L. cv. Tonda
Gentile Romana

Cristian Silvestri, Eddo Rugini and Valerio Cristofori

Department of Agriculture and Forest Sciences (DAFNE), University of Tuscia, Viterbo, Italy

ABSTRACT
In the present work, we have used copper sulphate (CuSO4�5H2O) enriched medium for effective con-
trol of visible and latent contamination. Among the different concentrations used, 1.25–2.5mg/L
resulted the most appropriate. In addition, the role of different nitrogen source and concentrations
(NH4NO3 and KNO3), as different iron source (FeEDTA and FeEDDHA) has been investigated in the pro-
liferation and rooting phases of European hazelnut (cv. Tonda Gentile Romana). The normal concentra-
tion of nitrogen present in Murashige and Skoog medium is too high for hazelnut micropropagation
cv. Tonda Gentile Romana. A reduction of total nitrogen, accompanied by a reduction of ammonium
forms, resulted in a better quality of the shoots. Similar results have been obtained when the common
iron source FeEDTA has been replaced by the same concentration of FeEDDHA. An increase in rooting
occurs when the amount of nitrogen was reduced in the rooting medium, particularly when the
NH4NO3 was not present.
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1. Introduction

Hazelnut (Corulys avellana L.) is a woody species of increas-
ing interest because of its industrial production in both fresh
market and processing industries. Furthermore, it is known
that hazel fruit contains taxanes, molecules used in the pro-
duction of chemotherapy drugs (Bestoso et al. 2006). In the
last years, the economic potential of this species has been
increased since the hazelnut oil has been proposed even as
biodiesel (Xu et al. 2007; Demirbas 2008).

Usually, hazelnuts are propagated by suckers’ layering
from vigorous donor plants. However, the increasing inter-
ests in hazelnut cultivation, which led to the need of large
number of plant availability, and the presence of some dis-
eases recently encountered in some hazelnut district (i.e.
Dieback of hazelnut in the Viterbo province), are underlined
the risk connected with suckers’ layering propagation,
unable to satisfy the massive demand of high quality
plant material.

Propagation by cuttings, a propagation techniques widely
used for fruit trees, have not produced protocols able to
ensure a large-scale propagation (Kantarci and Ayer 1994;
Solar et al. 1994; Cristofori et al. 2010; Contessa et al. 2011a;
Contessa et al. 2011b; Contessa et al. 2014; Tombesi et al.
2015), because hazelnut are very genotype dependent and
due to the annual weather condition and the health and
vigor of donor plants, that are fundamental for the success
of cuttings (Contessa et al. 2011a; Contessa et al. 2011b,
Contessa et al. 2014).

In vitro technologies, such as micropropagation, can be
used to produce plants of existing and novel varieties, to be
multiplied exponentially in a short time period, as well as a
tool for implementing plant breeding biotechnological
approaches in woody species, particularly if mature tissues
from valuable cultivars are used (Silvestri et al. 2016;
Karasawa et al. 2016).

The hazelnut has yet been considered a species character-
ized by a recalcitrant behaviour (Nas and Read 2004;
Damiano et al. 2005; Bacchetta et al. 2008; Caboni et al.
2009) since the in vitro response is most exclusively geno-
type-dependent (Hand et al. 2014; Hand and Reed 2014;
Akin et al. 2017). Hazelnut varieties are generally difficult to
initiate into culture due to internal microbial contaminants
and lack of juvenility material (Hand et al. 2016). Recently
Hand et al. (2016) reported that the surface disinfestation
technique is important, and they recommend the use of first
three nodes below the apex of fast-growing greenhouse
plants. Often, the surface sterilization is not sufficient, since
the endogenous contaminant can arise after many days in
culture, avoiding the maintenance of aseptic conditions that
represent the single factors responsible for maximum losses
in plant tissue culture (Javed et al. 2017). Copper is an essen-
tial elements for plants and possess a wide range antimicro-
bial efficacy but the plant response varies among species.
The in vitro establishment is not the sole problem encoun-
tered in hazelnut propagation, due to the recalcitrance of
hazelnut to the in vitro conditions.
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Many basal salts have been used for hazelnut micropropa-
gation. Yu and Reed (1993) compared the most commonly
used: DKW (Driver and Kunijuki 1984), WPM (Lloyd and
McCown 1980) and Anderson medium (Anderson 1984) and
found that DKW was superior respect to the others.

Recently, Hand et al. (2014), Hand and Reed (2014)
studied the required mineral nutrient concentrations for
micropropagation of five cultivars of C. avellana and found
that nitrogen requirement is strongly cultivar-dependent. In
particular, increased Ca(NO3)2 (1.5� DKW medium) signifi-
cantly promoted the shoot multiplication and length of all
the five varieties employed and, furthermore, it improved the
overall quality of two varieties.

The nitrogen type and concentration even affect the qual-
ity response of each cultivar in different ways; in particular
one variety responded best to low NH4NO3 and high
Ca(NO3)2 level; two of them required high NH4NO3 and high
Ca(NO3)2, while one required high amount Ca(NO3)2 and low
NH4NO3 concentrations (Hand et al. 2014). Nas and Read
(2004) used concentrations of Ca(NO3)2 and NH4NO3 lower
than the Murashige and Skoog (MS) medium but higher
than DKW medium, while Bacchetta et al. (2008) formulated
a novel medium (HM) with the same concentration of
NH4NO3 used in MS medium.

Nitrate and ammonium ions are the most common nitro-
gen source used for in vitro propagation (Murashige and
Skoog 1962; Niedz 1994). The different forms of nitrogen
affect the endogenous levels of cell metabolites as well as
proteins, organic acids and plant hormones (Sotiropoulos
et al. 2005), the nitrogen concentration, and the ratio of its
forms may influence cell division, differentiation, growth and
development of tissue cultures. In addition nitrogen supply
affect also chlorophyll content, rubisco activity, electron
transport rate, photosynthetic rate, anthocyanin production,
fresh mass, soluble protein concentration, and osmotic pres-
sure of the cell sap (Guidi et al. 1998; Jain et al. 1999;
Mashayekhi-Nezamabadi 2000). Furthermore, species suscep-
tible to ammonium nutrition grew without toxicity symptoms
if the concentration of ammonium is moderate. An unbal-
ance of ammonium concentration in the culture medium
lead to NH4

þ-toxicity which is the result of NH4
þ-induced

mineral nutrient deficiency caused by the impaired uptake of
metal ions, alterations in the osmotic balance and modified
phytohormone metabolism (Gerendas et al. 1997). In add-
ition, nitrogen forms and concentration, as reported by many
authors in numerous species (Kerbauy 1993; Hinnen et al.
1989; Evans 1993; Woodward et al. 2006) affected
the rooting.

Iron is an important element for development and quality
of plant material. It is involved in many pathways as photo-
synthesis and respiration, but the plants can take up iron
only in specific forms (Hell and Stephan 2003). At pH 5.6–6.0,
usually adjusted in plant tissue culture medium, the unche-
lated ferric iron forms insoluble ferric oxides, unavailable to
plant tissues (Garrison et al. 2013). To enhance its solubility
Fe3þ are usually added as chelated forms (Fe-EDTA and Fe-
EDDHA), but Fe-EDTA is the iron form contained in all the
main salt media usually marketed.

Fe-EDTA represents the most used iron source in micro-
propagation protocols, also in hazelnut (Yu and Reed 1993;
Damiano et al. 2005; Bacchetta et al. 2008); however, Fe-
EDDHA was found more suitable for some interspecific
hybrids of hazelnut (Garrison et al. 2013).

Starting from the contradictory results published the
screening of macro and microelement requirements as nitro-
gen and iron for each cultivar is important, especially for the
recalcitrant varieties such as Tonda Gentile Romana, which
shows some problems for a large-scale propagation.

This work aimed to optimize a protocol for in vitro estab-
lishment able to reduce the bacterial contaminants and
increase the hazelnut in vitro establishment.

Although the present work did not consider the import-
ance of ion confounding (Akin et al. 2017), the general
approach for optimization of tissue culture medium by using
salts as factors, proved to be a useful tool to study the
media composition.

2. Materials and methods

2.1. Plant material

Plant materials “Tonda Gentile Romana” were used for in
vitro establishment. The variety has been propagated by cut-
tings, potted in 1 L pots and maintained in a growth cham-
ber until controlled environmental conditions (24 ± 1 �C; 16 h
light/8 h dark, RH 35%), with artificial fluorescent
lamps (40 mmol m�2 s�1).

2.2. Explant collection, surface sterilization, and CuSO4-
enriched media

The first three nodal segments were used as explants, dis-
carding the shoot apex. All leaves have been removed and
nodal segments were immerged for 1 h in aqueous solution
containing 250mg/L ascorbic acid, 250mg/L citric acid,
5mg/L GA3, and 0.1% PPM. Then, the explants have been
surface sterilized in a 20% commercial bleach plus few drops
of Tween 20 for 30min and rapidly rinsed twice with sterile
distilled water.

The culture establishments have been performed in
100� 20mm glass tube containing 5mL of medium com-
posed of half-strength MS medium, 20 g/L sucrose, 6mg/L 6-
benzylaminopurine, 0.1mg/L naphthalene acetic acid,
0.1mg/L thidiazuron and 0.55% plant agar (Duchefa,
Haarlem, Netherlands). Medium pH has been adjusted to 5.8
with KOH 1M and autoclaved at 121 �C for 20min. The cul-
ture media were supplemented with different concentrations
of CuSO4�5H2O (0.0, 1.25, 2.5, and 5mg/L). The contamin-
ation rates and number of bud sprouted have
been collected.

The cultures have been maintained in a growth chamber
at 24± 1 �C with a 16-h photoperiod of 40-mmol m�2 s�1

provided by fluorescent lamps. Fifty explants for each media
have been considered.
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2.3. Propagation of explants under different
concentration of NH4

1/NO3
2 and iron source

Experiments were performed to examine the effect of differ-
ent NH4

þ and NO3
� combination on shoot growth and qual-

ity of the propagated hazelnut.
Ten shoots of about 20mm in length were transferred

into each jar containing 100mL of medium, replicated three
times. For all experiments, the nitrogen content differs in
inorganic nitrogen levels. Treatments have been prepared as
follow: A-(1650mg/L NH4NO3 and 1900mg/L KNO3), B-
(825mg/L NH4NO3 and 1900mg/L KNO3), C-(825mg/L
NH4NO3 and 4000mg/L KNO3), D-(2000mg/L NH4NO3). The
pH of all the media tested was adjusted to 5.8 before auto-
claving at 121 �C for 20min.

Furthermore, iron was supplied either as ethylenediamine
tetra acetic acid-ferric-sodium salt (FeEDTA) or ethylenedi-
amine bis(2)-hydroxyphenylacetic acid (Fe-EDDHA) in the
form of Sequestrene 138 (PhytoTechnology Laboratories,
Lenexa, KS, USA), at 100 and 200mg/L.

The photosynthetic pigments were extracted from 100mg
of fresh leaves. The extraction has been performed in 15mL
test tubes with 4mL of methanol 100%, heated 10min in a
water bath to 65 �C and then stored at 4 �C for 24 h. After
centrifugation at 5000g per 5min, the concentrations of
chlorophyll contents were determined spectrophotometric-
ally with a spectrophotometer EVO 60 (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and chlorophyll a, chloro-
phyll b, total chlorophyll, and Chla/Chlb ratio calculated
according to Lichtenthaler (1987). Five samples for each
treatment were analysed and repeated three times. The dry
matter (DW) was determined using 10 leaves for each treat-
ments by heating at 105 ± 2 �C until constant weight. The
evaluation of growth parameters has been performed by the
number of shoots per explant, the number of nodes and the
mean internode length after four weeks of culture.

2.4. Rooting of explants under different concentration
of NH4

1/NO3
2

In order to study the response to different nitrogen sources
and concentrations on root induction, 2–3 cm individual
shoots were excised at the end of a 4weeks proliferation
period on the medium HM (as described above). The rooting
media consisted of half-strength MS medium gelled with
0.6% plant agar and supplemented with 3% sucrose, 1mg/L
indole-3-butyric acid. The media varied within them in inor-
ganic nitrogen levels as follow described: A-(475mg/L KNO3),
B-(950mg/L KNO3), C-(412mg/L NH4NO3 and 475mg/L
KNO3), D-(412mg/L NH4NO3 and 950mg/L KNO3), E-(825mg/L
NH4NO3 and 475mg/L KNO3), F-(825mg/L NH4NO3 and
950mg/L KNO3). All the experiments have been conducted
with three replications by using 100mL of medium and ten
explants. The cultures were initially maintained for a week in
dark conditions at 24±1 �C, and then were exposed to the
same light and temperature conditions as described above.
After 21days in culture on the rooting medium, the percent-
age of rooted shoots were recorded.

Rooted plantlets have been transferred in Jiffy pots and
covered with polyethylene film to maintain high relative
humidity. After three weeks the number of survived plants
were recorded.

2.5. Statistical analysis

Data were subjected to analysis of variance (ANOVA). The
mean were separated with Duncan’s test (P� 0.05), using R
software package (http://cran.rpoject.org). Data recorded as
percentage have been transformed by arcsine square root
prior to be subject to ANOVA.

3. Results and discussion

3.1. Explant collection, surface sterilization, and CuSO4-
enriched media

The nodal segments discarding the shoot apex were used as
explants, as suggested by Hand et al. 2016 (Figure 1(a)).
After 15 days in culture, the nodal segment start to growth
(Figure 2(b)).

As showed in Figure 1, the addition of copper sulphate
strongly reduced the bacterial contaminations in the culture
medium. 2.5mg/L CuSO4�5H2O (Figure 2(c)) significantly
decreased the contamination frequency in the establishment
phase, but maintaining a high bud sprouting (Figure 1). The
highest concentrations (5.0mg/L) reduce significantly the
contamination rate, but at the same time negatively affected
the bud sprouting and, for this reason, this concentration
has been considered not suitable (Figure 1).

3.2. Propagation of explants under different
concentration of NH4

1/NO3
2

Shoot growth resulted significantly affected by different
ammonium and nitrate combination (Table 1). In particular,
the best results have been obtained with the nitrogen con-
centration combination B (825mg/L NH4NO3: 1900mg/L
KNO3), in which both N-NH4 and N-NO3 were reduced
respect to the control (1650mg/L NH4NO3: 1900mg/L KNO3);

Figure 1. Effect of different concentration of copper sulphate on bud develop-
ment and contamination rate of hazelnut cv Tonda Gentile Romana after
21 days in culture. Bars and line represent the mean ± standard deviation. Mean
denoted by different letters within bars or line are significantly different at
P� 0.05 using Duncan’s test.
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in this medium, the node number resulted higher than the
control (5.8 vs. 3.6). In the media C and D, the mean node
number resulted drastically reduced, showing a very low
number of neo-formed phytomers (1.4 and 1.7, respectively).
The mean internode length and the dry matter did not
shown significant differences among the treatments. The
number of shoot per explants was not affected by treat-
ments, except in the medium C (825mg/L NH4NO3: 4000mg/
L KNO3), where this value resulted significantly lower. The
total chlorophyll content resulted drastically reduced in the
medium C (1.21mg/g fw), while in the others media the
mean values range between 1.70 and 2.01mg/g fw. Similar
results have been observed for chlorophyll a, for which the

highest content was recorded in the medium B, not signifi-
cantly different to the media A and D while the lowest one
was observed in medium C (0.84mg/g fw). On the contrary,
the Chl b contents have been affected by the treatments; in
particular, Chl b resulted higher in media B and D (0.63 and
0.61mg/g fw respectively) than the control A and medium C
(0.37 and 0.22mg/g fw, respectively). The Chl a/Chl b ratio,
which can be provide a further information about the
physiological status of the shoots, resulted significative
affected by the medium; in particular the shoots grown in
the medium C showed the highest ratio (3.82), while the
lowest one has been observed in medium B and D (2.30 and
1.85, respectively).

Figure 2. Explants of cv Tonda Gentile Romana used for in vitro establishment (a). Disinfected explant growing in the medium after 21 days of culture (b). Media
containing CuSO4�5H2O at 2.5mg/L (on the left) compared with control (on the right) (c). Plantlets derived from rooting experiment in rooting medium lacking
NH4NO3 (d) and control rooting medium F (e).

Table 1. Effect of nitrogen source and concentrations on shoot development of single node explants of in vitro grown hazelnut (Corylus avellana L.) cv Tonda
Gentile Romana.

N sources and
concentrations
(mg/L) Shoots/explant Nodes/explant

Internode
length (mm)

Total
chlorophyll
(mg/g fw)

Chrophyll a
(mg/g fw)

Chrophyll b
(mg/g fw) Chl a/Chl b Dry matter (%)

A NH4NO3: 1650
KNO3: 1900

1.46 ± 0.51a 3.60 ± 0.9b 5.4 ± 0.3 1.70 ± 0.21a 1.10 ± 0.19a,b 0.37 ± 0.06b 2.97±0.12b 19.8 ± 2.2

B NH4NO3: 825
KNO3: 1900

1.66 ± 0.48a 5.2 ± 0.8a 5.7 ± 0.3 1.95 ± 0.20a 1.45 ± 0.11a 0.63 ± 0.07a 2.30 ± 0.19c 19.7 ± 1.1

C NH4NO3: 825
KNO3: 4000

1.13 ± 0.35b 1.4 ± 0.5c 5.9 ± 0.4 1.21 ± 0.17b 0.84 ± 0.09b 0.22 ± 0.08b 3.82 ± 0.54a 18.9 ± 1.9

D NH4NO3:-
2000 KNO3:-

1.56 ± 0.50a 1.7 ± 0.5c 5.7 ± 0.2 2.01 ± 0.25a 1.13 ± 0.11a,b 0.61 ± 0.05a 1.85 ± 0.15d 20.1 ± 1.5

Data represent mean value ± SD. Different letters among the same column indicate significant differences among treatments with Duncan’s test (P� 0.05).
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Concerning the iron source used, the shoots grown with
FeEDDHA showed better traits when compared with FeEDTA
(Table 2). Shoots appeared longer and characterized by a
higher number of internodes when the iron source used was
FeEDDHA in both concentrations (100 and 200mg/L). In the
same manner, the total chlorophyll content, Chl a, Chl b, and
Chl a/Chl b ratio have showed different results from the con-
trol (36.70mg/L FeEDTA). In particular, the shoots cultivated
with 100mg/L EDDHA are characterized by the lowest value
of Chl a/Chl b ratio (2.34) respect to Fe-EDTA (2.98), while no
differences have been observed between Fe-EDDHA at 100
and 200mg/L. No differences in terms of dry matter have
been observed.

3.3. Rooting

Rooting was significantly affected by nitrogen concentration
and source (Table 3). Highest rooting was found at lower
nitrogen levels, in particular in the rooting media A (475mg/L
KNO3) (Figure 1(d)) and B (950mg/L KNO3), the media lacking
NH4NO3, 87% and 72% respectively.

In the media E and F (control; Figure 1e), the rooting
resulted very low, and the roots did not elongate. The plant-
lets obtained in the media lacking NH4NO3 showing a better
acclimatization, confirming the importance of the medium
used in the acclimatization phase of young plantlets pro-
duced in vitro. The media C and D gave better results respect
to media E and F, while their survival percentages did not
differ from the media A and B.

4. Discussion and conclusions

The results of the present study showed that the applications
of CuSO4�5H2O at 1.25 to 2.5mg/L is useful in controlling the
endogenous contaminants during the establishment of in
vitro cultures.

The main objective of in vitro propagation of recalcitrant
species such as hazelnut is the opportunity to have a proto-
col adapted to a large number of commercial varieties. The
improvement of growing media is important not only to pro-
duce a higher quality material, but also for obtaining shoots
easy to handling in in vitro operations. In this work, we ana-
lysed the effect of different nitrogen supplies (KNO3 and
NH4NO3) and iron source (FeEDTA vs. FeEDDHA) in the
propagation chain of European hazelnut. The reduction to
half concentration of ammonium nitrate compared to the
control, produced shoots with a greater internode number,
higher chlorophyll a and b contents and a good Chl a/Chl
b ratio.

The data obtained confirm what has been observed in
many others woody species that showed toxicity symptoms
due to NH4

þ ions (Yan et al. 1992). Previous experiments in
tobacco cell cultures showed that cells proliferated better in
a medium containing low amounts of ammonium and, in
strawberry and carrot cultures, the low ammonium concen-
trations increased the dry mass accumulation (Hidder et al.
1994). In addition, the effects on the chlorophyll contents are
in line with the literature. As reported by Hsu et al. (2003) in
rice, the amount of NH4

þ are responsible of ethylene sensi-
tivity and, consequently, chlorophyll losses.

Similar results have been obtained changing the iron
source; FeEDDHA at both concentrations (100 and 200mg/L)
increase the shoot height and node number and produce
better quality of the shoots, as demonstrated by the higher
total chlorophyll, chlorophyll a and chlorophyll b contents.
As reported by many authors (Hangarter and Stasinopoulos
1991; Garrison et al. 2013), FeEDTA could become unavail-
able in the medium due to its photo-oxidation at pH 5.7 and
to its degradation after light exposure. Furthermore, the best
performance of FeEDDHA in hazelnut propagation could be
attributed to less energy requirements for its decomposition
(Alca~niz et al. 2005). The micropropagated shoots character-
ized by high chlorophyll contents are capable of photosyn-
thesis, which allows better rooting and acclimatization
(Kanechi et al. 1998). Furthermore, the shoots cultivated on
medium containing 100mg/L FeEDDHA showed the lower
Chl a/Chl b ratio, which could mean a better acclimatization
ability. As reported in other species (Spiller and Terry 1980;
Morales et al. 2000), Fe-stressed shoot possess lower chloro-
phyll content and higher Chl a/Chl b ratio, due to a loss of
chlorophyll b with a consequent reduction of light harvesting
complex.

Concerning the rooting phase, the results are in line to
those reported in other species (Woodward et al. 2006;
Grimes and Hodges 1990; Sriskandarajah et al. 1990;
Chattopadhyay et al. 1992). The variations in the nitrogen
sources were able to improve the rooting, especially when

Table 2. Effect of iron source (FeEDTA or FeEDDHA) on shoot development of single node explants of in vitro grown hazelnut (Corylus avellana L.) cv Tonda
Gentile Romana.

Irone source
(mg/L)

Shoot
height (mm) nodes/explant

Internode
length (mm)

Total chlorophyll
(mg/g fw)

Chrophyll a (mg/
g fw)

Chrophyll b
(mg/g fw) Chl a / Chl b Dry matter (%)

Fe-EDTA (36.70) 14.4 ± 2.4b 3.10 ± 0.6b 4.6 ± 0.6 1.82 ± 0.24b 1.24 ± 0.12b 0.42 ± 0.08b 2.98 ± 0.23a 21.2 ± 0.9
Fe-EDDHA (100) 24.2 ± 1.9a 6.71 ± 0.7a 5.5 ± 0.3 2.52 ± 0.21a 1.62 ± 0.06a 0.69 ± 0.08a 2.34 ± 0.12b 19.8 ± 1.6
Fe-EDDHA (200) 20.1 ± 1.1a 4.05 ± 0.4a,b 5.9 ± 0.5 2.31 ± 0.18a 1.67 ± 0.13a 0.62 ± 0.05a 2.63 ± 0.15a,b 20.5 ± 1.8

Data represent mean value ± SD. Different letters among the same column indicate significant differences among treatments with Duncan’s test (P� 0.05).

Table 3. Effect nitrogen sources and concentrations on rooting and acclima-
tization of micro-cuttings derived from in vitro grown hazelnut (Corylus avel-
lana L.) cv Tonda Gentile Romana.

N sources and conc. (mg/L) Rooting (%) Survival (%)

A NH4NO3: -KNO3: 475 87 ± 9a 84 ± 3a

B NH4NO3: - KNO3: 950 72 ± 8a 78 ± 6a

C NH4NO3: 412 KNO3: 475 52 ± 3b 81 ± 8a

D NH4NO3: 412 KNO3: 950 58 ± 6b 81 ± 5a

E NH4NO3: 825 KNO3: 475 33 ± 8c 62 ± 3b

F NH4NO3: 825 KNO3: 950 22 ± 8c 51 ± 6b

Data represent mean value ± SD. Different letters among the same column
indicate significant differences among treatments with Duncan’s
test (P� 0.05).

PLANT BIOSYSTEMS – AN INTERNATIONAL JOURNAL DEALING WITH ALL ASPECTS OF PLANT BIOLOGY 5



nitrate was the sole nitrogen source. Anyway, further investi-
gations are necessary, since the results obtained concerning
the quality of explants during multiplication phase are
important but results on multiplication response (number of
shoots/explant) are also very critical to the development of
protocols aimed to mass propagation.

Thus, optimization of in vitro culture conditions, including
nitrogen and iron source can have a significant impact for
obtaining high quality propagated material, able to better
adapt to ex vitro conditions.

Author contribution

Cristian Silvestri was responsible for conception and design
of experiments, data analysis, and drafting of the manuscript
and edited the paper. Eddo Rugini took care of study con-
ception, design, and drafting the manuscript. Valerio
Cristofori took care of study conception and design and
edited the manuscript. All authors read and approved
the manuscript.

Acknowledgment

The research was partially supported by MIUR (Ministry for education,
University and Research), Law 232/2016, “Department of excellence”, and
by funding have been provided by the project “VI.VA.CO.-Sviluppo del
vivaismo e della piattaforma varietale corilicola”. The authors thank Ms
Antonella Minandri for her work and assistance in in vitro culture.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Akin M, Eyduran E, Reed BM. 2017. Use of RSM and CHAID data mining
algorithm for predicting mineral nutrition of hazelnut. Plant Cell Tiss
Organ Cult. 128(2):303–316.

Alca~niz S, Cerdan M, Juarez M, Jord�a JD, Bermaodez D, Sanchez A. 2005.
Uptake of Fe (o,o-EDDHA) isomers by strategy I and II plants. Acta
Hortic. 697:535–542.

Anderson WC. 1984. Micropropagation of filbert, Corylus avellana. Comb
Proc Intern Plant Prop Soc. 33:132–137.

Bacchetta L, Aramini M, Bernardini C, Rugini E. 2008. In vitro propagation
of traditional Italian hazelnut cultivars as a tool for the valorization
and conservation of local genetic resources. HortSci. 43:562–566.

Bestoso F, Ottaggio L, Armirotti A, Balbi A, Damonte G, Degan P, Mazzei
M, Cavalli F, Ledda B, Miele M. 2006. In vitro cell cultures obtained
from different explants of Corylus avellana produce Taxol and tax-
anes. BMC Biotechnol. 6(1):45–55.

Caboni E, Frattarelli A, Giorgioni M, Meneghini M, Damiano C. 2009.
Improving micropropagation of hazelnut Italian cultivars through
temporary immersion system. Acta Hortic. 845:255–260.

Chattopadhyay S, Datta SK, Ray M. 1992. In vitro effect of NH4NO3 on
growth and alkaloid content of Tylophora indica Merr.
Phytomorphism. 42: 139–144.

Contessa C, Valentini N, Corte M, Botta R. 2014. Investigation on effects
of IBA treatments and ethylene inhibitors on the rooting and bud
retention of semi-hardwood cuttings from “Tonda Gentile delle
Langhe. Acta Hortic. 1052: 151–156.

Contessa C, Valentini N, Botta R. 2011. Decreasing the concentration of
IBA or combination with ethylene inhibitors improve bud retention in

semi-hardwood cuttings of hazelnut cv “Tonda Gentile delle Langhe.
Sci. Hort. 131: 103–106.

Contessa C, Valentini N, Caviglione M, Botta R. 2011b. Propagation of
Corylus avellana L. by means of semi-hardwood cutting: rooting and
bud retention in four Italian cultivars. Eur J Hortic Sci. 76(5):170–175.

Cristofori V, Rouphael Y, Rugini E. 2010. Collection time, cutting age, IBA
and putrescine effects on root formation in Corylus avellana L. cut-
tings. Sci Hort. 124(2):189–194.

Damiano C, Catenaro E, Giovinazzi J, Frattarelli A, Caboni E. 2005.
Micropropagation of Hazelnut (Corylus avellana L.). Acta Hortic. 686:
221–226.

Demirbas A. 2008. Oils from hazelnut shell and hazelnut kernel husk for
biodiesel production. Part A: recovery, utilization, and environmental
effects. Energy Sources. 30:1870–1875.

Driver JA, Kunijuki AH. 1984. In vitro propagation of paradox walnut
rootstock. HortSci. 19:507–509.

Evans NE. 1993. A preliminary study on the effects of nitrogen supply on
the growth in vitro of nine potato genotypes (Solanum spp). J Exp
Bot. 44:135–140.

Garrison W, Dale A, Saxena PK. 2013. Improved shoot multiplication and
development in hybrid hazelnut nodal cultures by ethylenediamine
di-2-hydroxy-phenylacetic acid (Fe-EDDHA). Can J Plant Sci. 93(3):
511–521.

Gerend�as J, Zhu Z, Bendixen R, Ratcliffe RG, Sattelmacher B. 1997.
Physiological and biochemical processes related to ammonium tox-
icity in higher plants. Z Pflanzenernaehr Bodenk. 160(2):239–251.

Grimes HD, Hodges TK. 1990. The inorganic NO3: NH4 þ ratio influences
plant regeneration and auxin sensitivity in primary callus derived
from immature embryos of indica rice (Oryza sativa L.). J Plant
Physiol. 136(3):362–367.

Guidi L, Lorefice G, Pardossi A, Malorgio F, Tognoni F, Soldatini GF. 1998.
Growth and photosynthesis of Lycopersicon esculentum L. plants as
affected by nitrogen deficiency. Biol Plant. 40(2):235–244.

Hand CR, Wada N, Stockwell V, Reed BM. 2016. Node position influences
viability and contamination in hazelnut shoot explants. In Vitro Cell
Dev Pl. 52(6):580–589.

Hand C, Maki S, Reed BM. 2014. Modelling optimal mineral nutrition for
hazelnut micropropagation. Plant Cell Tiss Organ Cult. 119(2):
411–425.

Hand C, Reed BM. 2014. Minor nutrients are critical for the improved
growth of Corylus avellana shoot cultures. Plant Cell Tiss Organ Cult.
119(2):427–439.

Hangarter RP, Stasinopoulos TC. 1991. Effect of Fe-catalyzed photooxida-
tion of EDTA on root growth in plant culture media. Plant Physiol.
96(3):843–847.

Hell R, Stephan U. 2003. Iron uptake, trafficking and homeostasis in
plants. Planta. 216(4):541–551.

Hidder C, Vezina LP, Desjardins Y. 1994. Short-term studies of 15NO3-

and 15NH4þ uptake by micropropagated strawberry shoots cultured
with or without CO2 enrichment. Plant Cell Tiss Organ Cult.
37185–191.

Hinnen MGJ, Pierik RLM, Bronsema FBF. 1989. The influence of macronu-
trients and some other factors on growth of Phalaenopsis hybrid
seedlings in vitro. Sci Hort. 41(1–2):105–116.

Hsu SY, Hsu YT, Kao CH. 2003. Ammonium ion, ethylene, and abscisic
acid in polyethylene glycol-treated rice leaves. Biol Plant. 46(2):
239–242.

Jain V, Pal M, Lakkineni KC, Abrol YP. 1999. Photosynthetic characteristics
in two wheat genotypes as affected by nitrogen nutrition. Biol Plant.
42(2):217–222.

Javed SB, Alatar AA, Basahi R, Anis M, Faisal M, Husain FM. 2017. Copper
induced suppression of systemic microbial contamination in Erythrina
variegata L. during in vitro culture. Plant Cell Tiss Organ Cult. 128(2):
249–258.

Kanechi M, Ochi M, Abe M, Inagaki N, Maekawa S. 1998. The effects of
carbon dioxide enrichment, natural ventilation and light intensity on
growth, photosynthesis, and traspiration of cauliflower plantlets cul-
tured in vitro photoautotrophically and photomixotrophically. J Am
Soc Hortic Sci. 123:176–181.

6 C. SILVESTRI ET AL.



Kantarci M, Ayer M. 1994. Propagation of some important Turkish hazel-
nut varieties by cuttings. Acta Hortic. 351:353–360.

Karasawa MMG, Chiancone B, Gianguzzi V, Abdelgalel AM, Botta R,
Sartor C, German�a MA. 2016. Gametic embryogenesis through iso-
lated microspore culture in Corylus avellana L. Plant Cell Tiss Organ
Cult. 124(3):635–647.
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