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Abstract

The exploitation of somaclonal variation potentially could be a valid strategy to overcome the
depletion of hop intraspecific agrobiodiversity. To increase somaclonal variation induction, it is
possible to resort to several strategies including a differentiated starting explant material such as
leaves, roots and stems, an extended time in which cultures are maintained in vitro, and a well-
balanced cytokinin/auxin ratio. In this research, firstly, the influence of growth regulator type and
concentration and the effect of the period of in vitro hop leaf culture (6, 12 and 18 wk) were
investigated. Secondly, cytofluorimetric and RAPD analysis were carried out to verify the
occurrence of somaclonal variation. Adventitious shoots were obtained in all media containing 6-
Benzylaminopurine (BAP) (except BAP at lowest concentration tested), with no influence detected
by culture period. Mutants were detected among regenerants (16.8%) with more than half of the
tetraploids obtained from medium containing the highest BAP concentration (35.55mM). Mutants
detected by Randomly Amplified Polymorphic DNA (RAPD) analysis were independent of the
medium composition and time in culture. A strong influence regarding explant was observed where
nearly half of mutants obtained originated from cultured leaf tissues. Further studies are needed to

characterize the field performance of mutants.

Keywords: Adventitious shoots regeneration, flow cytometry, hop, RAPD, somaclonal variation.

Introduction

Hop (Humulus lupulus L.) is a dioecious plant, cultivated mainly for its female inflorescences, used
to add bitterness, aroma and flavour to beer. In recent years, the increasing interest on craft brewing
and the widening of beer consumption in new markets has led to the research of hop genotypes
characterized by peculiar phytochemical profiles. Unfortunately, during its domestication and
breeding process, hop suffered from a shrinking of intraspecific agrobiodiversity that brought to an

impoverishment genetic basis. Breeding is the solution to select hop genotypes endowed with
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interesting phytochemical profiles, but also suitable for sustainable cultivation and adaptable to
climate changes. A fundamental outcome for starting a breeding program is to increase genetic
variability that can be reached through outcrossing or by manipulating the plant ploidy level. Plant
biotechnology offer tools for accelerated breeding and exploiting the variation that can arise
through the in vitro culture of plant cells, tissues and organs, referred to as ‘somaclonal variation’
(SV; Larkin and Scowcroft 1981). Somaclonal variation is triggered by several factors, among
which the most studied are the auxin/cytokinin concentration and ratio, type of explant and the total
time in culture across multiple subculture cycles (Cao et al., 2016; Krishna et al., 2016; Lestari
2006; Mahlanza et al., 2013; Novikova et al., 2020; Pijut et al., 2012; Ramirez-Mosqueda and
Iglesias-Andreu 2015; Rival et al., 2013; Smulders and de Klerk 2011). D’ Amato (1985) reported
that plant growth regulators can have mutagen-like effects where, in several species, it has been
reported that somaclonal variation rate markedly increased when auxins and cytokinins were added
to the culture medium (Matsuda et al., 2014; Sales and Butardo 2014; Sun et al. 2013). The use of
cytokinins to induce indirect organogenesis increases the occurrence of polyploid cells, while the
presence of auxins can cause a higher DNA methylation rate and chromosomal instability (Bairu et
al., 2011; Mancano et al., 2019). Bairu et al. (2006) reported a high rate of somaclonal variation in
Cavendish banana (Musa AAA, cv. ‘Zelig’) because of the high concentration of 6-
Benzylaminopurine (BAP) in the culture medium. In Solanum melongena L., the addition of BAP
to the culture medium induced a high rate of polymorphism in adventitious shoots obtained through

indirect organogenesis from leaf explants (Mancano et al., 2019).

In addition to type and concentration of plant growth regulators, the explant can influence the
genetic stability of the in vitro cultured plant material. Generally, the use of more differentiated
tissues, including roots, leaves and stems, gives rise to greater variation, especially, if indirect
organogenesis occurs, where callus formation entails explant cellular de-differentiation and plant

regeneration by organogenesis entails cellular redifferentiation resulting in genetic and epigenetic
3



changes (Leva et al., 2012; Kaeppler et al., 2000; Grafi and Barak 2014). Zayova et al. (2010)
reported somaclonal variants in S. melongena L. plants, regenerated through indirect organogenesis.
Somaclonal variation, detected by ISSR markers, was also obtained from indirect organogenesis of
Arracacia xanthorrhiza (Vitamvas et al., 2019). Furthermore, the longer the time in which a culture
is maintained, the greater is the chance of obtaining novel genetic variability (Krishna et al., 2016).
For example, it has been reported that with the increased culture age, the occurrence of callus
variant Kkaryotypes increases and therefore the possibilities of variation in regenerated plants

(Zayova et al. 2010).

In hop, somaclonal variation can be a valid tool to recover polyploids, characterized by altered plant
morphology, phenology and physiology (Levin 2002; Roy et al. 2001). Specifically, in traditional
breeding programs, tetraploids play an important role in hop breeding, as they can be crossed with
diploid plants to obtain triploids (Roy et al. 2001). Actually, hop producers and, most of all,
brewers are particularly interested in triploid cultivars which are infertile and therefore seedless
(Dhooghe et al. 2011). Hop seeds contain fatty acids and proteins that compromise beer

fermentation (Hildebrand et al. 1975).

Unfortunately, traditional plant breeding methods require multiple generations taking years to
produce a new variety. On the contrary, through tissue culture, tetraploids can be recovered in
approximately six months. The mechanism that leads to tetraploid induction by indirect
organogenesis is not well understood but could be induced using cytokinins and auxins that
generate endomitosis phenomena. (Trojak-Goluch et al. 2015). It has been reported that aberration
in vitro could be due to chromosomal damages and its consequences such as deletions, duplications,

inversions, and translocations (Duncan 1997).



Adelberg and Rhodes (1994) found that the explant type is one of the most crucial factors affecting
the occurrence of polyploidization. A large percentage of tetraploid regenerants were obtained from
immature cotyledons of Cucumis melon L. compared with those obtained from apical meristem

explants, both arising from the same seed.

In the past, to detect polyploids among all tissue culture regenerants, the primary method for
detection was traditional cytological approaches based on chromosomes counts which is time
consuming (Hamill et al., 1992), while estimating ploidy based on guard cell stomatal
characteristics (chloroplast number) is not always reliable due to environmental effects (Van Duren
et al. 1996). Flow cytometric analysis of nuclear DNA content is being increasingly used for ploidy
assessment. As previously cited, somaclonal variation not only induces polyploidization, it can
cause a wide range of mutations. Different tools have been used to assess this variability based on
the differences in morphological traits (Pérez et al., 2009; 2011; Nhut et al., 2013), biochemical
(Vujovic et al., 2010; Kar et al., 2014) and molecular DNA markers (Hossain et al., 2003; Krishna
and Singh, 2007; Pathak and Dhawan, 2012; Bello-Bello et al., 2014) or their combinations
(Horacek et al., 2013; Dey et al., 2015; Stanisi¢ et al., 2015). Specifically, since the probability of
mutations is randomly distributed acrossteng the genome, an efficient way to analyze somaclonal
variation are PCR based markers, such as random amplified DNA polymorphism (RAPD). RAPD
has proved to be effective in several cases allowing for fast screening of the genome. In Lolium
(Wang et al., 1993), Triticum (Brown et al., 1993), Picea (Isabel et al., 1993) and Beta (Munthali et

al., 1996) changes in RAPD bands have been observed in somaclonal variants.

The objective of this research was to study indirect in vitro organogenesis from hop, genotype
“Gianni”, using leaf explants to determine the influence of type and concentration of growth

regulators in the culture medium and the effect of the time in culture in which leaf explants were



maintained in vitro. Regenerants were characterized by cytofluorimetric analysis to determine their

ploidy and evaluated by RAPD to verify any possible polymorphism.

Material and methods

Plant Material

Young, well expanded leaves of Humulus lupulus L.(hop), genotype “Gianni” (Mongelli et al.,
2015), were isolated from two-mo-old in vitro cultured plantlets, cultured in 500-mL glass jars
containing 100 mL of Murashige and Skoog (MS) culture medium (Duchefa Biochemie, B.V.,
Haarlem, The Netherlands) (Murashige and Skoog, 1962) containing 30 g L of sucrose (Duchefa
Biochemie, B.V., Haarlem, The Netherlands), 8 g L of agar (Duchefa Biochemie, B.V., Haarlem,
The Netherlands) and pH adjusted to 5.8 prior to autoclaving for 20 min at 121 °C. In vitro cultures
were maintained in a growth chamber, at 25+1°C and light intensity of 20 pmol m™2 s, under 16 h

photoperiod.

In Vitro Organogenesis from Leaf Portions

Isolated leaves were cut in sections (0.5 x 0.5 mm) and placed into culture, in sterile Petri dishes
(ten explants for each Petri dish, ten Petri dishes per treatment), with the abaxial surface toward the
culture medium. To facilitate medium uptake by tissue, several transverse cuts to the leaf segments
were made before the culture initiation. In order to evaluate the influence of type and concentration
of growth regulators on hop leaf explants, six culture media were tested: (i) MS: MS culture
medium without growth regulators, used as control medium; (ii) MS-BAPO: MS culture medium
supplemented with 0.1 pM of 1-Naphthaleneacetic acid (NAA) (Duchefa Biochemie, B.V.,
Haarlem, The Netherlands); (iii) MS-BAP2: MS-BAPO culture medium supplemented with 8.88
MM of BAP (Duchefa Biochemie, B.V., Haarlem, The Netherlands); (iv) MS-BAP4: MS-BAPO
culture medium supplemented with 17.77 uM of BAP; (v) MS-BAP6: MS-BAPO culture medium
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supplemented with 26.66 UM of BAP; (vi) MS-BAP8: MS-BAPO culture medium supplemented

with 35.55 uM of BAP. Culture media was autoclaved and cultures incubated as described above.

Experimental Design and Analysis of Data

The experiment was carried out in a completely randomized design with ten replications and a total
of 100 explants was used per each culture medium tested. Cultures were monitored every wk for 18
wk and, to evaluate plant regeneration potential and the effect of length of time length in which the
explants were in culture, three specific time periods in culture (PC) were selected: first PC (I PC)
after 6 wk of culture, second PC (11 PC) after 12 wk of culture and third PC (111 PC) after 18 wk of
culture. For each PC, adventitious shoots were excised, and the following parameters were
recorded: the number of explants producing callus, the number of explants producing roots, the
number of explants producing shoots, the average number of roots per each explant (n° of roots),
the average number of shoots per each explant (n° of shoots), the average length of roots and the
average length of shoots. Data of explants with callus, roots and shoots were used to calculate

percentages.

At the conclusion of the experiment, Mean Regeneration Time (MRT) and Regeneration Energy
(RE) were calculated; formulae used were the following (formulae were adapted to organogenesis
respectively from Kader (2005) and from Paul (1972) who developed them for seed germination):
MRT = Y f*x/fwt (F=number of explants with shoots on a given day, x=days needed for explant to
regenerate; fior=number of all explants with shoots); RE = > f*x before the peak*100)/ftot
(f=number of explants with shoots on a given day, x=days needed for explant to regenerate;
ftot=number of all explants with shoots; “peak” indicated the specific time at which regeneration is
the highest). Two-way ANOVA (influence of Culture Medium Composition, CMC, and influence

of the PC) was used to calculate the differences among treatments per each parameter considered,;



Tukey’s test (p<0.05) was used for mean separation (SYSTAT 13.1, Systat Software, Inc; Pint

Richmond, CA).

Rooting and Acclimatization

After 6, 12 and 18 wk of culture, adventitious shoots, with the first leaflets fully expanded, were
excised and cultured in 25 mL glass jars, on MS culture medium. When plantlets had well-formed
roots and leaves, they were transferred from in vitro to in vivo conditions. Specifically, plantlets
were extracted from the culture medium, the roots were washed with distilled water and plantlets

transferred in 2x2 cm growing trays, containing sand and peat mixture (2:1 w/w).

Flow Cytometry Analysis of Regenerants
Flow cytometry analysis was performed to evaluate the ploidy of regenerated plants, using a

NovoCyte (Acea Biociences, San Diego, CA, USA). Each regenerant was analysed three times.

Approximately 0.5 cm? of leaf sample from regenerated plants and mother plant, genotype “Gianni”
(control), were chopped with a razor blade for 30 to 90 sec, in a plastic Petri dish containing 0.5 mL
of extraction buffer (Partec CyStain Pl Absolute P Nuclei Extraction Buffer; Partec GMBH,
Minster, Germany). The resulting extract was passed through a 30 um filter into a 3.5 mL plastic
tube, to which was then added 2.0 mL of Partec CyStain Pl Absolute P Staining Buffer (Partec

GMBH, Munster, Germany), containing 12 pL of Propidium lodide Solution and 6 uL RNase A.

Samples were kept in darkness for 30 min before analysis by flow cytometry. At least 5000 nuclei
were analysed in each sample (NovoCyte Flow Cytometer Operator's Guide), Acea NovoEXxpress

v.1.25 software was used.

DNA Extraction and RAPD Analysis
To verify polymorphism, 83 regenerated plants, were analysed using RAPD molecular markers.

Three leaflets were excised, stored at -80°C and used for molecular analysis from each regenerant



and mother plant. Genomic DNA was extracted following the CTAB (Cetyl Trimethyl Ammonium
Bromide) procedure (Rodolfi et al., 2018) and quantified by spectrophotometric method
(Spectrophotometer Uvikon 930, Kontron Instruments Inc., Boston, MA, USA). Genomic DNA
was amplified using 16 decamer primers (Table 1). The amplification reaction was performed in a
volume of 25 pL containing: 1X Reaction Buffer (KAPA Taq Buffer w/loading dye, KAPA
Biosystems, Wilmington, Massachusetts, US), 1.5 mM MgCl;, 2.5 pM dNTPs (Amersham
Biosciences, Little Chalfont, UK), 0.4 uM of primer (Sigma-Genosys Ltd, Dorset, UK), 1 unit of
tag DNA polymerase (KAPA Tag DNA Polymerase, KAPA Biosystems, Wilmington,
Massachusetts, US), and 40 ng DNA. The amplification reaction conditions for the MJ PCT 100
thermo cycler (MJ Research, Watertown, Mass.) programming were a first step at 95°C for 5 min,
followed by 40 cycles of 40 sec at 94°C, 40 s at 36°C, 2 min at 72°C, for denaturation, annealing,
and primer extension. The last step included 10 min of incubation at 72°C. This reaction was
performed three times for each oligonucleotide tested. The products of amplification were
separated on a 2% agarose gel in TAE buffer and stained with ethidium bromide. Gels were
photographed with a Canon PowerShot A7201S digital camera. DNA molecular weight marker VII
(0.081-8.57kbp) (Roche Diagnostics GmbH, Mannheim, DE) was used to estimate the approximate
molecular weight of the amplified products, with the aid of Kodak digital science 1D Image

Analysis Software (Eastman Kodak Company, Rochester, NY).

Results

In Vitro Leaf Regeneration

Leaf portions cultured on all eulture-media tested maintained their green color for the first two wk,
then turned light brown and started producing a yellowish spongy callus that increased rapidly,
covering the entire surface of the explants. Explants continued producing callus for the first 12 wk,
then stopped growing and the callus turned dark brown. Statistical analysis after 18 wk, on the

percentage of explants producing callus, showed a significant interaction between the main factors
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“Period in Culture” (PC) and “Culture Medium Composition” (CMC) and demonstrated that the
factor that had the greatest influence on leaf in vitro culture response was “CMC”. Callus
regeneration was recorded only from leaves cultured on media containing BAP, independent of its
concentration (Table 2). The first leaf explants regenerating roots was observed after two wk on
culture medium without BAP (MS-BAPOQ); however, explants cultured on media containing BAP
started regenerating roots after three wk. (Fig. 1a). The percentage of explants producing roots
increased from the first “PC” to the second. Statistical analysis showed that both factors influenced
significantly the response from leaf explants. Specifically, the percentage of explants with roots in
the first PC (11.8%) was statistically lower than those observed in the second and third PC (both
23.3%). CMC differences were also statistically significant between media containing BAP and
media without (MS and MS-BAPQ); moreover, the medium with the highest BAP concentration
(MS-BAPS8) induced the statistically lowest percentage of roots from cultured explants (Table 2).
The number of roots produced per single explant was variable, depending mainly on the medium
composition with up to 10 roots per explant recorded from one explant cultured on MS-BAP2
medium (data not shown). A significant interaction between “PC” and “CMC” was observed where
in the first PC the statistically greatest number of roots occurred from explants cultured on MS-
BAPG6 and the lowest on MS-BAP8, whereas in the other two PCs, increasing the concentration of

BAP resulted in a statistically significant decrease in root number (Table 2).

Root length showed a significant interaction between factors, with a strong influence of CMC. The
only statistically significant differences were observed in the first PC, in which statistically longer

roots (12.4 mm) were observed from explants cultured on MS-BAP8 (Table 2).

Together with the emergence of the first roots, calli formed organogenic centers in explants cultured
on MS-BAP4 (Fig. 1b). After 4 wk culture, some of the organogenic centers turned into small

shoots with well-developed leaves (indirect organogenesis) (Fig. 1c). Direct organogenesis was not
10



observed. Except for the MS-BAP2 media treatment, adventitious shoot regeneration continued for

all the PCs without transferring leaf segments to fresh medium.

Over 18 wk of explant culture, analysis of the Mean Regeneration Time (MRT) showed a
statistically significant difference from the first to the third PC, showing a decreasing trend in the
time needed to obtain shoot regeneration, However, an opposite trend was observed for the

parameter Regeneration Energy (RE), which increased significantly from the first to the third PC

(Fig. 2).

Statistical analysis on the percentage of explants with adventitious shoots showed a significant
interaction between PC and CMC. Significant differences were observed only between the first and
the other two PCs and only for explants cultured on MS-BAP8, where in the first PC, a significantly

lower percentage of explants with shoots was observed.

Statistical analysis did not reveal any significant factor relating to the average number of shoots.
However, a total of 138 adventitious shoots were obtained, independent of culture medium and PC,
withand up to 14 regenerants from one leaf explant cultured on MS-BAP4 (data not shown). The
shoot length varied from 3 to 26 mm (data not shown) and statistical analysis showed a significant
interaction between PC and CMC. Specifically, for the factor PC, significant differences among
culture media were observed in the third PC in which MS-BAP6 and MS-BAPS8 culture media
induced the statistically longest shoot formation (respectively 16.5 and 9.1 mm). Regarding the
factor CMC, edifferences-statistically significant differences were observed only among explants
cultured on MS-BAP4 culture medium; howeverindeed, in the second PC, the statistically longest

shoots (11.0 mm) were observed (Table 2).

Rooting and Acclimatization
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After approximately 14 d of culture on MS culture medium, 83 out of 138 shoots produceding
roots. Root formation occurred directly from the shoot cut end, without a callus phase.
Approximately 60% of cultured shoots developed a well differentiated root system within 30 d of
culture (data not shown) and regenerated plants transferred to in vivo conditions with a 50%

survival rate.

Flow Cytometry Analysis of Regenerants

All well-developed plantlets derived from adventitious shoots were subjected to flow cytometry to
determine their ploidy. Cytofluorimetric analysis showed the presence of both diploid and tetraploid
lines (Fig. 3a and b); other variations of ploidy, such as mixoploid or octoploid were not detected.
Out of the 83 regenerants analyzed, six (7.2%) were tetraploids. It was not possible to carry on a
statistical analysis because of the low number of tetraploids obtained. However, the efficiency of
tetraploid recovery varied, mainly depending on the medium composition and MS-BAP8 induced
the highest number of regenerated tetraploid plants (66.7%). The time in which leaf explants were
in culture did not influence the ploidy variation because 83.3% of regenerated tetraploid plants were
obtained during the first six weeks of culture (I PC). The starting explant seems to have a strong
influence on the polyploidization process because akmest-hatf3 out 6 -of the tetraploids obtained

were recovered from a single explant.

RAPD Analysis

A total of 183 bands were generated using 16 RAPD decamer primers. For all regenerated plants,
the number of bands generated by each primer varied from 5 (primer 544) to 17 (primer All12);
moreover, primer Al055 generated 5 fragments only with regenerant 52. Each primer generated a
set of fragments, ranging from 149 to 8570 bp. Results indicated that three of the sixteen primers
tested revealed polymorphic DNA profiles: OPK16 for regenerant 134 (Fig. 1), Al12 for regenerant
19A, and AIO5 for regenerated plants 7, 10, 48, 52, 78 and 112 (Table 3). Furthermore, OPK16
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generated one RAPD amplification product (1625 bp) that was unique for regenerant 134, whereas
AIO5 generated amplification products present in regenerated plants 7, 10, and 48 and absent in
regenerated plants 52, 78 and 112 (Table 3). The two amplification products (1650 bp and 1501 bp)

from primer Al12 were absent in regenerant 19A.

RAPD analysis showed that 8 out of 83 regenerated plants (9.6%) showed scoreable
polymorphisms. Due to the low number of mutants obtained, it was not possible to carry on a
statistical analysis, but it was observed that mutants were recovered in equal number from MS-
BAP4 and MS-BAP8 and none from MS-BAP6. Moreover, the time in which explants were in
culture did not have a strong mutagenic effect for hop genotype “Gianni” leaf sections cultured in
vitro. —Five out of eight mutants were recovered during the first six wk of culture (I PC)
independent of culture medium. It should be noted that 3 out of 8 mutants were regenerated by the
same leaf section, during | PC, suggesting that the explant origin is also an important -factor to be

considered.

Discussion

Medium composition and duration of culture are key factors influencing regeneration competence
and the incidence of somaclonal variation. In hop, there are several studies reporting plant
regeneration from different types of explants, such as internodes, petioles and leaf discs (Batista et
al. 1996; Gurriaran et al. 1999; Motegi 1979; Peredo et al. 2006; Roy et al. 2001; Smykalova et al.
2001). Many authors reported that the best plant regeneration in hop was from cultured internodal
cuttings (Batista et al. 1996; Connell and Heale 1992; Gurriaran et al. 1999; Heale et al. 1989;
Horlemann et al. 2003; Motegi 1979; Rakousky and Matousek 1994; Sustar-Vozli¢ et al. 1999), but
it is also well known that the regeneration ability of hop is highly genotype dependent (Gurriaran et

al. 1999). For this reason, the first aim of this study was the induction of organogenesis from hop
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leaf segments of genotype “Gianni” by testing the type and concentration of growth regulators in

the culture medium and the time in which explants remained in the culture.

The first sign of organogenesis was callus formation, starting from the edges and eventually
covering all the leaf surface. The percent callus formation was greatest from leaf explants cultured
on media containing BAP (91.5%) and agree with the findings of Rakousky and Matousek (1994)
who obtained similar results from in in vitro cultured hop leaf explants of two Czech clones.
However, Skof et al. (2007) reported scarce callus formation from leaf discs cultured on media
containing both BAP and NAA. The importance of auxin/cytokinin ratio in callogenesis is
evidenced by Gurriaran et al. (1999) who obtained an increase in the number of callus cultures from
explants of hop cultivar Brewers Gold internodal segments cultured on media containing both BAP

and Indole-3-butyric acid (IBA).

Other than callus, leaf explants regenerated roots if cultured on media containing NAA. No reports
are available, to our knowledge, about root induction from hop leaf explants. However, Liberatore
et al. (2020) reported thea percentage of explants with roots was greaterhigher from internodal

segments than that obtained from leaves in the present study.

Adventitious shoot regeneration was observed in all media containing BAP, except from MS-
BAP2, with an average percentage of 8.3%. This agrees with the report by Sustar-Vozli¢ et al.
(1999) where the choice and concentration of cytokinin was found to be essential for organogenic
capacity. There are few reports in which leaf explants are used as for induction of organogenesis.
Skof et al. (2007) reported that leaf discs producing shoots are highly genotype dependent, ranging
from 5.1% in Savinjski to 20.0% in Tettnanger. In “Gianni”, adventitious shoots appeared after
approximately 4 wk of culture, requiring two-fold longer incubation time than what was reported by

Skof et al. (2007), for the cultivars Aurora, Savinjski golding and Tettnanger.
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Cassells (1979) and Gurriaran et al. (1999) observed that due to apical dominance the first shoot
produces auxins that may inhibit regeneration of new shoots. This is the likely reason why
organogenic centers-keep developing new buds only following shoot excision. In order to avoid this
phenomenon,—n-this—study, every 6 wk, shoots were excised and cultured on MS medium. The
percentage of explants producing adventitious shoots increased significantly between the first and
the other two periods of culture, specifically for explants cultured on MS-BAP6 and MS-BAPS,
demonstrating that the adventitious shoot regeneration capacity of “Gianni” leaf explants was
affected by the time in culture. Similar results were obtained in cultivars Brewers Gold and Nugget

with an increase in regeneration rate from the first to the third subcultures (Gurriaran et al. 1999).

Considering that plants regenerated from in vitro cultures can exhibit an array of genetic and
epigenetic changes, known as ‘somaclonal variation’, shoots regenerated from leaf explants were
analyzed using flow cytometry and RAPD molecular markers to evaluate their variability. There are
three main factors giving rise to somaclonal variation: i) explant source, ii) callus formation and iii)
organogenic process (Benzion and Phillips 1988). Among these factors, it has been demonstrated
that most abnormalities are accumulated if the organogenic process is indirect (Phillips et al. 1994;
Roy et al. 2001). In hop varieties, Skof et al. (2007) demonstrated that indirect organogenesis could
be considered a successful method to obtain polyploids. In this study, tetraploid hop, “Gianni”,
plantlets were obtained through regeneration from in vitro cultured leaf explants. Trojak-Goluch
and Skomra (2013) compared diploid and tetraploid hop plants, assessing the effect of
polyploidization on the morphological and chemical characteristics and observed an increase in
flower size, delayed flowering time, greater vigor and higher yield. Moreover, tetraploids play an
important role in hop breeding as they can be crossed with diploid plants in order to obtain triploid
progeny, considered to be superior to both diploids and tetraploids (Roy et al. 2001), mostly

because of their lack of seed productiontessness. In this study, some of the regenerants analyzsed by
15




RAPD molecular markers maintained their diploid chromosomic set but showed a different DNA
pattern when compared to the mother plant. In vitro culture can result in genomic alternations, other
than polyploidy, such as deletion/insertion between priming sites or in restriction sites (De Verno et

al., 1999).

Genetic variation was detected in 16.8% of mutated regenerants (tetraploids and ~RAPD) hop
variants, confirming what reported by several authors (Jain, 2001; Patzak, 2003; Hashmi et al.,
1997; Al-Zahim et al., 1999; Rout, 2002). In vitro culture is a mutagenic system with a mechanism

comparable to what happens in nature (Linacero et al., 2000).

Conclusions

In this study, indirect organogenesis from leaf explants of hop, genotype “Gianni”, was induced
following culture on MS medium containing 6-Benzylaminopurine and 1-Naphtalenacetic acid. The
percentage of leaf explants producing adventitious shoots increased with the period in which
explants were kept in culture. Moreover, the longer the period of culture, the shorter the time
needed for regeneration. The in vitro culture conditions tested in this study determined a
polymorphism rate of 16.8%. This result was independent of the BAP concentration and not
influenced by the time in culture. Mutants obtained will be further characterized to evaluate their

field performance.
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Tables

Table 1. Sequences of 16 decamer Randomly Amplified
Polvymorphic DNA (RAPD) primers used for identifving unique

Name Sequence (5’a3’)  Name Sequence (5’a 3)
OPA10 GTGATCGCAG AIO5 GTCGTAGCGG
OPK16 GAGCGTCGAA  AIO8 AAGCCCCCCA
OPC16 CACACTCCAG Alll ACGGCGATGA
544 TAGAGACTCC All12 GACGCGAACC
AHO1 TCGGCAACCA All4 TGGTGCACTC

AHO09 AGAACCGAGG  Alle6 AAGGCACGAG
AH12 TCCAACGGCT OPB10 CTGCTGGGAC
AH18 GGGCTAGTCA OPB20 GGACCCTTAC

Table 2: Effect of period of culture and of culture medium composition on callus, root and shoot formation

from Humulus lupulus L., genotype “Gianni”, leaf portions, after 18 wk of culture

Explants

Culture Explants Explants . Root Shoot
PC Medium with callus  with roots s\rlmvc:g;s Roots Shoots length length
Composition =S¢ %+SE  %+SE  n°tSE  n°tSE  mm+SE  mmeSE
I MS 0.00+0.00  0.00£0.00 0.00+0.00 - - - -
|  MS-BAPO 0.00+0.00 2.00+2.00 0.00+0.00 - - - -
|  MS-BAP2  94.00£6.00 31.00+8.88 0.00+0.00 2.09+0.23 - 6.60+0.59 -
|  MS-BAP4  93.00+7.00 17.00+4.73 5.00+1.67 1.88+0.42 3.80+2.06 8.52+1.21 5.41+1.21
|  MS-BAP6  99.00+1.00 11.00+3.48 4.00+1.63 2.31+0.29 1.50+0.29 6.00+0.59 7.13+1.54
|  MS-BAP8  80.00+11.83 10.00+4.47 2.00+2.00 1.10+0.10 2.50+1.50 12.40+2.17 6.00+1.23
I MS 0.00+0.00  0.00£0.00 0.00+0.00 - - - -
I MS-BAPO 0.00+0.00 2.00+2.00 0.00+0.00 - - - -
I MS-BAP2  94.00£6.00 50.00+9.66 0.00+0.00 2.10+0.22 - 6.58+0.46 -
I MS-BAP4  93.00+7.00 39.00+8.88 11.00+4.07 1.69+0.21 5.33+1.78 7.82+0.93 11.00+2.79
I MS-BAP6  99.00+1.00 42.00+10.31 13.00£9.52 1.70+0.17 2.73+0.51 6.39+0.49 13.08+2.53
I MS-BAP8  80.00+11.83 15.00+6.37 14.00+3.71 1.27+0.27 3.22+0.62 9.58+1.47 11.60+2.16
I MS 0.00+0.00  0.00£0.00 0.00+0.00 - - - -
I MS-BAPO 0.00+0.00 2.00+2.00 0.00+0.00 - - - -
Il MS-BAP2  94.00£6.00 50.00+9.66 0.00+0.00 2.10+0.22 - 6.58+0.46 -
Il MS-BAP4  93.00+7.00 41.00+9.60 6.00+2.21 1.66+0.21 2.50+0.67 7.82+0.93 6.60+1.12
1l MS-BAP6  99.00+£1.00 47.00+10.55 9.00+6.52 1.94+0.21 2.79+0.53 6.12+0.40 16.50+3.02
Il MS-BAP8  80.00+11.83 19.00+7.22 10.00+2.98 1.63+0.37 3.13+0.63 8.39+0.99 9.14+2.48
dStatistical analysis of factors
PC 0.633 0.042 0.030 0.535 0.182 0.900 0.000
CMC 0.000 0.000 0.000 0.000 0.439 0.004 0.650
PC*CMC 0.000 0.000 0.000 0.000 0.521 0.000 0.000
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4Two-way analysis of variance (ANOVA), followed by Tukey’s test (p<0.05). PC: Period of Culture;
CMC: Culture Medium Composition. I: 6 weeks of culture; 11: 12 weeks of culture; 111: 18 weeks of
culture. MS: 0 NAA and 0 BAP; MS-BAPO: 0.1mM NAA and 0 BAP; MS-BAP2: 0.1mM NAA and
8.88mM BAP; MS-BAP4: 0.1ImM NAA and 17.77mM BAP; MS-BAP6: 0.1mM NAA and 26.66mM
BAP; MS-BAP8: 0.1mM NAA and 35.55mM BAP. MS: Murashige and Skoog medium. n° of roots:
average number of roots regenerated from one explant; n° of shoots: average number of shoots
regenerated from one explant; SE: Standard Error.

Table 3. Presence of polymorphic Randomly Amplified Polymorphic DNA
(RAPD) fragments in regenerants obtained from leaf portions of Humulus
lupulus L., “Gianni”, and in the mother plant (MP). The symbols + and —
indicate, respectively, the presence or the absence of a RAPD marker.

Regenerated Plant (number) and Mother Plant (MP)

RAPDbands ——— 519/ —8 52 78 112 134 MP
OPK16-1625 - - - - - - - =+ §
Al12-1650 e S +
Al12-1501 v -+ e
AI05-1110 Foov o+ -+ o
AI05-910 S . i
Al05-866 + + + + - + + + +
AI05-800 o - i
AI05-760 - i
Al05-710 + -+ o+ - - - ¥ +
Al05-630 e T +
AI05-570 e i
AIl05-515 + + - + + + + - -
AI05-470 s+ .y
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Figure legends

Fig. 1 In vitro organogenesis from Humulus lupulus L., genotype “Gianni”, leaf explants. a) indirect
root regeneration; b) organogenic centers coming from undifferentiated callus; c) adventitious shoot
regenerated from undifferentiated callus.

Fig. 2 Mean Regeneration Time (MRT) (a) and Regeneration Energy (RE) calculated after 18 wk of
culture. One-way ANOVA, Tukey’s test (p<0.05).

Fig. 3 Cytofluorimetric analysis: histograms of fluorescence intensity of nuclei from diploid
Humulus lupulus L. leaf tissue of genotype “Gianni” a) mother plant b) tetraploid regenerant from
leaf portion.

Fig. 4 OPK16 RAPD marker showing differences in DNA profile amplification in mother plant,
Humulus lupulus L. “Gianni”, and one regenerant from hop, “Gianni”, leaf. Lane R134 = leaf
regenerant; Lane MP = hop, genotype “Gianni”, mother plant; Lane M = DNA molecular weight
marker VII (M) (Roche Diagnostics GmbH, Mannheim, DE). Arrow indicates the differences in

DNA profiles.
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