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Abstract
In vitro propagation of Prunus sp. using semi-solid media allows clonal multiplication but requires
frequent subcultures and higher labor and material costs. In contrast, temporary immersion bioreactors
(TIBs) promoted faster shoot elongation, higher biomass accumulation, and improved overall shoot
quality, while reducing handling time and the cost per regenerated plant. This work aimed to establish in
vitro selected rootstocks of Prunus avium and Gisela 6 (Prunus cerasus x Prunus canescens) and
compare the multiplication and rooting processes of shoots obtained in different culture conditions, in
semi-solid media and SETISTM bioreactors a system that alternates brief liquid immersion with aeration
to enhance growth and shoot quality. Process efficiency and shoot growth parameters were evaluated,
including in vitro establishment percentages, shoot length, number of shoots, and Relative Growth Rate
(RGR). Physiological and biochemical analysis were also conducted, such as photosynthetic pigments
content, total flavonoids, malondialdehyde (MDA), and proline levels. The in vitro percentage
establishment was 56% for P. avium and 62% for Gisela 6, consistent with seasonal conditions favoring
lower contamination. While no statistical differences were observed in the number of shoots between
systems or genotypes, shoot elongation was significantly higher in TIB, particularly for Gisela 6. The RGR
index confirmed the superior performance of TIB in promoting shoot proliferation, and rooting capacity
was also improved, with 57% rooting in Gisela 6 and 44% in P. avium from TIB compared to 16% and 10%
in semi-solid medium, respectively. Biochemical analyses revealed that P. avium propagated in TIB
showed reduced pigment levels and signs of stress likely related to hyperhydricity, whereas Gisela 6
exhibited greater stability across both systems. Overall, the results demonstrate that TIB is a more
efficient alternative to semi-solid media for the micropropagation of sweet cherry rootstocks, enhancing
shoot quality, growth, and ex vitro rooting, although genotype-specific responses highlight the need for
further optimization.

Key message
Temporary immersion bioreactors enhance shoot growth and relative growth rate in sweet cherry
rootstocks, offering a cost-effective alternative to semi-solid media for large-scale micropropagation.

Introduction
Sweet cherry (Prunus avium L.) is a well-known Rosaceae tree, cultured mainly for its edible fruits.
Although cultivated in both Hemispheres, Prunus species are naturally distributed throughout the
Northern Hemisphere, being highly represented in Europe (Baránek et al., 2006). Almonds, apricots, and
peaches are among the most representative Prunus crops, and prefer warmer temperate regions
influenced by a Mediterranean climate, while cherries and plums are better adapted to cooler temperate
areas of the world. However, regardless of their climatic preferences, all Prunus species require
adequate winter chilling to ensure effective fruit set and optimal production (Guajardo et al., 2020).
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In Portugal, the sweet cherry production is mostly located in the interior north and centre of the country.
According to Portuguese statistics (INE, 2021), the 2021 harvest was considered the most productive of
the last 50 years, with a total of 23.9 thousand tons. These outcomes are driven by the growing number
of specialized cherry farms adopting improved cultivars and advanced technologies, highlighting the
increasing demand for large-scale production of high-quality rootstocks and scion varieties to support
the continuous improvement of this production sector. 

Grafting is the most common method used for sweet cherry propagation, resulting in orchard trees
composed of two genetically distinct components: the scion (aerial part - cultivar) and the rootstock.
This grafted union creates a strong cultivar-rootstock relationship, which significantly influences
performance and productivity, including parameters such as blossom, fruit set, fruit size, sugar content
(Albacete et al., 2015), as well as tolerance to biotic and abiotic stresses (Guajardo et al., 2020; Opazo et
al., 2020).

To maintain high-quality growing standards required by the worldwide industry, it is imperative to
implement clonal propagation systems for elite scion and rootstock materials (Mauro et al., 2020).
Tissue culture techniques facilitate the rapid production of genetically identical plants, requiring minimal
space, supplies and time. However, the application of these achievements in fruit trees, particularly in
Prunus, is often complex and must overcome the intrinsic biological characteristics of the different
genotypes, including their recalcitrance to the current propagation methods (Martínez-Gómez et al.,
2005).

Several methods have been used to establish P. avium cultivars and rootstocks with efficient
micropropagation protocols. Described methodologies for the in vitro propagation of cherries include the
use of stem sections between nodes from one-year-old shoots (Feucht & Dausend, 1976), shoot
tips (Hammatt & Grant, 1998; Németh, 1979; Sedlák & Paprštein, 2008), embryos (Ivaniĉka & Pretová,
1980), and in vitro micrografting (Amiri, 2006). Overall, these studies have shown a significant
dependence on genotype for both propagation and regeneration abilities (Feeney et al., 2007; Godoy et
al., 2017; Zilkah et al., 1992).

The use of liquid media-based methods is often regarded as the optimal solution for micropropagation,
due to superior nutrient availability, improved contact with explants, and the ability to support faster
growth and higher multiplication rates compared to semi-solid media (Preil, 2005). However, technical
challenges such as anoxia and hyperhydricity can counterbalance these advantages (Etienne &
Berthouly, 2002). Temporary immersion systems (TIS) have become one of the most popular methods to
overcome such problems (Hwang et al., 2022; Vidal et al., 2015), by enabling temporary contact between
the plants and the liquid medium, thus avoiding continuous immersion and providing adequate oxygen
transfer to the cultures (Alvard et al., 1993; Etienne & Berthouly, 2002; Teisson & Alvard, 1995). The
increased absorption of nutrients via the liquid medium together with the renewal of the air inside the
bioreactors may improve the physiological state of the explant (Vidal & Sánchez, 2019).
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The purpose of using bioreactors is to control chemical or physical parameters to create optimal growth
conditions. The main objective is to achieve a high yield and quality of explants while minimizing
production costs through the integration of low-cost devices and automated facilities (Preil, 2005).
These systems operate by periodically immersing plantlets in liquid medium using timed cycles of
immersion and drainage, regulated by solenoid valves (Hwang et al., 2022; Kim et al., 2020). An
advanced example is the SETIS™ bioreactor, which improves upon previous TIS designs with a compact,
user-friendly structure that maximizes surface utilization. It features a multi-stage process involving
nutrient transfer through compressed air, timed immersion, gravity-based drainage, and active ventilation
to optimize growth conditions (Vervit, 2024).

This work aimed to establish the traditional rootstock P. avium and the commercial rootstock Gisela 6
(Prunus cerasus x P. canescens) in vitro and compare the multiplication and rooting processes of shoots
in different culture conditions: semi-solid media and temporary immersion bioreactors (TIB) using
SETISTM system. The efficiency of the newly developed protocol was assessed by the evaluation of
shoot multiplication and growth parameters, including in vitro establishment percentages, shoot length,
number of shoots, and Relative Growth Rate (RGR), as well as by the measurement of physiological and
biochemical parameters, such as photosynthetic pigments content, total flavonoids, malondialdehyde
(MDA), and proline levels.

 

Materials and Methods
Plant material

P. avium (Pa), commonly known as wild cherry and used as the standard seedling rootstock for sweet
cherry ‘Franco de Cerejeira’ and Gisela 6 (G6) rootstocks were kindly provided by Viveiros Miguel Vaz
Miranda do Corvo, Portugal (40.101997° N, 8.311087° W). The plant material was collected directly from
a mother plant field during spring sprouting and stored on ice until it was brought to the laboratory and
established in vitro as described in the following sections.

In vitro establishment

Young branches with 20 cm were cut and stored on ice. In the laboratory, the nodal segments were cut
and immediately immersed in a solution (1.g L-1) of the fungicide Mancozebe (Bayer®) for 15 minutes,
followed by 70% (v/v) ethanol washing for 30 seconds. The plant material surface was then sterilized
with 5% (w/v) sodium hypochlorite (Sigma-Aldrich®) containing (2-3) drops of Tween 20 (Sigma-

Aldrich®) for 10 min. After the surface disinfection, the plant material was washed 3 times with sterile
deionized water. Lastly, the explants were cut and placed in MS (Murashige & Skoog, 1962) (Duchefa
Biochemie) medium without plant growth regulators (PGRs) in assay tubes measuring 16 mm in
diameter and 150 mm in length .  The initial number of nodal segments cultured in vitro, was 37 for
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Gisela 6 and 53 for P. avium. The cultures were maintained in a growth chamber at 25°C under a 16-hour
light photoperiod. The percentage of in vitro establishment was taken after 28 days of culture.

Shoot proliferation in semi-solid and SETISTM  bioreactor

The culture media for shoot propagation were optimized according to the experiments carried out by
Sharma et al. (2017). MS basal media was supplemented with 0.44 μM of N6-benzyladenine (BA), 0.29
μM gibberellic acid (GA3), 3 % (w/v) sucrose, 0.7 % (w/v) agar and the pH was adjusted to 5.8. After
twelve subcultures, propagation assays were conducted in semi-solid media in plastic Microbox
containers (Sac O2) with a cover diameter of 118 mm, base diameter of 90 mm, height of 120 mm, and
fill volume of 870 mL, complemented with white filters (9,87 GE / day). For each Microbox containing
150 mL of medium, N = 10 explants were used, totaling N = 60 per treatment. Both nodal and apical
shoots (1 cm long) were used as explants in all treatments.

In parallel, shoots were cultured in SETISTM bioreactors. The culture vessel had a volume of 6 L and the
media vessel 4 L. Stage 1 corresponded to the stationary phase, with the medium remaining in the lower
container. In stage 2, the medium was circulated to contact the explants for 5 minutes every 8 hours. For
each bioreactor containing 2 L of medium, N = 60 explants were used. Both nodal and apical shoots
were also employed in the SETIS™ assays. After 28 days, shoot length and number of shoots were
recorded. Relative Growth Rate (RGR) was calculated as (Ln W2 – Ln W1) × 100 / (t2 – t0), where W1
and W2 are, respectively, the initial and final fresh weights (g), and t0 and t2 represent the starting and
ending times of the 4-week subculture (Poorter & Garnier, 1996). All plants were maintained under
standard conditions (light photoperiod and temperature).

 Rooting and aclimatization

The explants coming from the two types of propagation were rooted ex vitro by basal dipping with 1 g L-1

of Indole-3-butyric acid (IBA), for 1 minute and put on a commercial SIRO® Turfa 45-0 mixed with perlite
(80:20), and planted in plastic trays with 80 cm3 per cell. The induced explants were maintained in the
climatic chamber at 25 oC under a 16h light photoperiod. After 28 days, the rooting rate, the root length,
and the number of roots per explant were registered.

Biochemical analysis

After 28 days of culture, explants from both the semi-solid medium and temporary immersion bioreactor
treatments consisting of shoots including both stems and leaves, were immediately flash-frozen in liquid
nitrogen, ground to a fine powder using a mortar and pestle under liquid nitrogen to prevent degradation,
then lyophilized and stored at room temperature until being analyzed. Explants showing a high level of
hyperhydricity were discarded prior to analysis.

Photosynthetic pigments quantification
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The analysis of photosynthetic pigments was carried out to evaluate the physiological performance of
plants grown under two different culture systems: semi-solid medium and temporary immersion
bioreactor (TIB).

Photosynthetic pigments such as chlorophyll a, chlorophyll b and carotenoids were determined
according to Lichtenthaler, (1987). Approximately 10 mg of dry lyophilized tissue powder was extracted
using 1 mL of 80% cold ethanol, followed by 3 times vortexing for 10 seconds each, ultrasonic bath for
10 minutes and centrifuged at 10,000 g for 10 minutes at 4 °C. A total of 750 μl of supernatant was
obtained per sample. From this, 300 μl were transferred to a microcentrifuge tube and diluted 1:1 with
80% cold ethanol. Then, 150 μl per sample were placed in a microplate well, and the absorbances were
read at 470, 649, and 664 nm using a SpectraMax PLUS 384 (Molecular Devices, San Jose, CA, USA). The
results were expressed in μg/mL and calculated using the following equations:

Chlorophyll a (Chl a) (μg/mL) = 13.36 A664–5.19 A649

Chlorophyll b (Chl b) (μg/mL) = 27.43 A649–8.12 A664

Carotenoids (μg/mL) = (1000 A470–2.13 Chl a – 97.63 Chl b)/209

Flavonoids

Total flavonoids were quantified according to (Zhishen et al., 1999) with some adaptations by (Martins et
al., 2022). Briefly, 1 mL of methanol (70%, v/v) was added to 10 mg of dry tissue powder. Samples were
kept on an orbital shaker at 700 rpm, 25°C for 1 hour and centrifuged for 15 min, 10000 g, 4°C. The
supernatant was collected, and the extraction was repeated twice. The final volume was adjusted to 2.5
mL with methanol (70%, v/v).

For quantification, a 60 μL sample was mixed with 28 μL sodium nitrite (5%, w/v). The samples were
incubated in the dark for 6 min, followed by the addition of 28 μL aluminium chloride (10%, w/v). Finally,
120 µL sodium hydroxide (4%, w/v) was added. The absorbance was read at 510 nm in a microplate
reader. The concentration of flavonoids was determined as catechin equivalents from a standard curve
(0-125ug, y = 201.89x-15.633, R² = 0.9951).

Malondialdehyde (MDA) quantification

The same supernatant used for the photosynthetic pigments analysis was then used for the MDA assay.
The MDA quantification protocol was based on (Hodges et al., 1999) and (Landi, 2017). An equal volume
(250 µl) of the supernatant was mixed with the TBA-containing reaction solution (+TBA; 0.5% TBA in 20%
(w/v) trichloroacetic acid) in a 1.5 mL screw-capped microcentrifuge tube. In parallel, the same
procedure was carried out using the TBA-free reaction solution (−TBA; 20% (w/v) trichloroacetic
acid). Blank tubes consisted of 250 μL of 80% ethanol with 250 μL of positive reaction solution or
negative reaction solution. The tubes were incubated at 95 °C for 30 min in a heat block (BOECO
Thermo-shaker for Microtubes TS-100). The reaction tubes were cooled at room temperature (RT) and
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centrifuged at 3,000 g for 10 min at 4 °C, and the supernatant was recovered. 150 µL of each sample or
blank were transferred to a clear 96-well microplate and the absorbance of each well was measured at
440, 532 and 600 nm. MDA equivalents were calculated in (nmol/mL) as (A – B)/157.000) × 106, in
which 

A = [(A532+TBA) − (A600+TBA) − (A532−TBA − A600−TBA)] and B = [(A440+TBA − A600+TBA) ×
0.0571]. Each absorbance reading was repeated three times.

Proline quantification

Total proline in the extracts was measured following the method described by (Bates et al., 1973). Briefly,
1.5 mL of 3% (v/v) sulfosalicylic acid was added to 50 mg of lyophilized plant material, which was then
centrifuged at 10,000 g for 10 minutes at 4°C. The supernatant (500 μL) was collected and mixed with
500 μL of a solution containing 1.25 g of ninhydrin, 30 mL of glacial acetic acid and 20 mL phosphoric
acid. The samples were incubated at 100 °C for 1 hour and subsequently cooled on ice. The reaction
mixture was extracted with toluene, and the absorbance of the chromophore-containing toluene was
measured at 520 nm using quartz cuvettes in a Thermo Scientific™ GENESYS™ 140 Visible
Spectrophotometer. Proline concentration was determined using a standard curve prepared with L-
Proline (0-15 mg, y = 0.0096x + 0.2471, R² = 0.9668).

Experimental design and statistical methods

To compare genotypes under different proliferation system conditions, physiological and biochemical
data were analyzed using non-parametric statistical methods, as the data did not follow a normal
distribution. Pairwise comparisons were performed using the Mann–Whitney U test (P < 0.05). All
statistical analyses were conducted using GraphPad Prism (v. 8.4.3 for Windows, San Diego, CA, USA).
Results are presented as medians.

Results and Discussion
In vitro establishment

In the present study, the in vitro establishment success rate was evaluated after 28 days for two
genotypes. The establishment percentage was 56% for Prunus avium and 62% for Gisela 6. Overall, the
results were consistent with previous studies for both genotypes. The establishment was performed in
the spring with a low percentage of humidity, allowing for better results. Consequently, the lower rate of
contamination was related to the season, particularly due to the unusually dry conditions during spring.
Several studies have proven that explants collected in spring or summer were found to be less
contaminated than those collected in autumn or winter (Hutchison, 1984; Modgil et al., 1999; Webster &
and Jones, 1991).

In this work, nodal buds were collected and established in vitro from the year branches (Fig. 1). The
choice of explant is a critical factor influencing the success of in vitro establishment. In sweet cherry,
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both nodal buds and shoot tips can be used as explants due to their genetic stability (Druart, 2013).  
In woody fruit trees, the success of the initial stage of micropropagation (in vitro establishment) is
influenced by several factors, including the type of explant, the sterilization procedure, the physical and
chemical conditions of the culture medium, as well as the meteorological conditions at the time of
explant collection (Leal et al., 2007; Pérez-Tornero & Burgos, 2007).

In recent years, significant advances have been made in the development of in vitro propagation
protocols for woody species, particularly those of the genus Prunus, due to their high economic value for
fruit and rootstock production. However, conventional micropropagation using semi-solid media
presents several limitations, such as low multiplication rates, high labor costs, and physiological
disorders, including hyperhydricity or callus formation. To address these challenges, alternative
propagation systems, particularly TIS have been increasingly adopted. TIS allow for periodic contact
between the explants, improving nutrient uptake and gas exchange while reducing the risk of
hyperhydricity. These systems have demonstrated promising results in several Prunus species, showing
higher shoot proliferation rates, improved plant quality, and enhanced rooting efficiency when compared
to traditional methods. Lopes et al., (2023) reported successful establishment and multiplication of
Prunus rootstocks 'GF677' and 'GXN15' using SETIS® bioreactors, achieving higher multiplication rates
compared to conventional methods. Similarly, Godoy et al., (2017) developed a micropropagation
procedure for sweet cherry cultivars and rootstocks using TIS, highlighting the system's effectiveness in
enhancing plant quality and proliferation rates.

Shoot proliferation in SETISTM 

To evaluate the shoot proliferation of P. avium and Gisela 6 in the two propagation systems, explants
previously maintained for 12 subcultures were used, with the same media composition applied to both.
The comparison between TIB and semi-solid culture systems showed significant differences in shoot
development parameters for both genotypes. In G6, although the median number of shoots was the
same 1.0 cm for both treatments, the difference was statistically significant (p = 0.0054), indicating a
variation in distribution favoring the TIB system. Additionally, TIB promoted significantly greater shoot
elongation in G6, with a median of 2.5 cm compared to 2.0 cm in the semi-solid system (p < 0.0001)
(Table 1). For Pa, no significant difference was found in the number of shoots between treatments (p =
0.1203), as both had a median of 1.0 cm. However, shoot length was significantly higher in TIB 2.1cm
compared to semi-solid 2.0 cm, with p = 0.0004 (Table 1). These results indicate that TIB can enhance
shoot elongation in both genotypes and may also improve shoot proliferation in G6. Similar results were
reported by several authors for Corema album, Colocasia esculenta L. schott and Vanilla panifolia
Jacks (Alves et al., 2021; Mancilla-Álvarez et al., 2021; Ramírez-Mosqueda & Bello-Bello, 2021) in the
SETISTM system, in other TIB systems, similar results were also reported by Cristina et al., (2023) in RITA
with Hylocereus undatus, by Elazab et al., (2023) using the ElecTIS bioreactor with Rubus fruticosus L.,
and by Sota et al., (2021) with Malus sylvestris (L.) Mill.The explanation for these results lies in the use
of a liquid consistency medium, which enhances the physical contact between explants and the culture
medium, thereby promoting a higher assimilation rate of nutrients and water compared to a semisolid
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culture medium (Monteiro et al., 2018). Differences between genotypes were found in TIB, where shoot
length was greater in Gisela 6 compared to P. avium, which may be related to the hyperhydidricity seen
in P. avium. (Fig. 2). Hyperhydricity is a physiological abnormality that directly affects propagation and is
characterised by excessive hydration, yellowing, swelling, glassiness and leaf curling (Kevers et al.,
2004). Hyperhydridicity has also been observed in other woody species propagated in temporary
immersion  systems, such as chestnut (Vidal et al., 2015), apple (Chakrabarty et al., 2003; Zhu et al.,
2005), walnut (Moreno et al., 2012), and pistachio (Akdemir et al., 2014).

Several other reports have shown that immersion time is a fundamental factor in the effectiveness of
liquid culture in TIS, as it affects nutrient uptake, control of hyperhydricity, RGR index, and the quality of
the shoot subcultures (Albarrán et al., 2005; Alvarenga Venutolo, 2015; Benelli & De Carlo, 2018; Etienne
& Berthouly, 2002; Gatica-Arias et al., 2008; Musa & Lyam, 2012; Sota et al., 2021).

In P. avium, hyperhydricity has been reported to be influenced by immersion frequency and the
concentration of growth regulators, as demonstrated in the studies cited above. While these factors
were not evaluated in the present work, our results suggest that similar mechanisms could underlie the
occurrence of hyperhydricity in TIB cultures. The occurrence of this disorder may also stem from
adjustments in growth regulator concentrations in TIB. The interaction among growth regulators in the
media could increase hyperhydricity. Hence, precise modulation of cytokinin levels, such as BA, in the
media is crucial for alleviating hyperhydricity problems in temporary immersion systems. Several studies
found that in many species, higher cytokinin levels are associated with higher hyperhydricity (Ivanova &
Van Staden, 2011; Quiala et al., 2012). This relationship is believed to arise from cytokinin-induced
alterations in water uptake and cell wall structure, which can disrupt normal morphogenesis (Gupta et
al., 2022). While cytokinins are indispensable for shoot proliferation, their excessive levels may
compromise shoot quality. In the context of liquid culture systems such as TIB, this balance becomes
particularly critical, as immersion can exacerbate physiological disorders. Future experiments
specifically addressing immersion schedules and hormone balance will be necessary to confirm their
role in this system.

In addition, ventilation also plays an important role for controlling hyperhydricity in TIB systems. Poor
gas exchange inside closed culture vessels leads to the accumulation of ethylene and excessive
humidity, both of which contribute to abnormal tissue development. Implementing forced or passive
ventilation improves the exchange of gases such as oxygen and carbon dioxide while reducing ethylene
buildup, thereby helping to re-establish a more natural atmosphere around the explants (Hwang et al.,
2022). Ventilation not only supports physiological processes like respiration and photosynthesis but also
reduces excess internal water retention that contributes to vitrification (Martínez-Estrada et al., 2019).
The importance of monitoring hyperhydricity is acknowledged. Although the number or frequency of
hyperhydric shoots was not recorded in this study, assessment of shoot quality including vigour,
morphology, and survival provides an indirect indication of its impact. A dedicated, quantitative
evaluation of hyperhydricity would be a valuable direction for future work. 
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Table 1 – Comparison of shoot development between Temporary Immersion Bioreactor (TIB) and semi-
solid culture systems for G6 and Pa. Median values are shown for the number of shoots and the height
of the tallest shoot. Differences between treatments were assessed using the Mann-Whitney test.
Statistically significant results (p < 0.05) are highlighted. 

 

Parameter

 

Group

 

n

 

Median

 

p-value 

Significant (p < 0.05)

Nº     of shoots (G6) TIB 63 1.000 0.0054 Yes

Semi-solid 60 1.000

Shoot Lenght (G6) TIB 63 2.500 < 0.0001 Yes

Semi-solid 60 2.000

Nº of shoots (Pa) TIB 56 1.000 0.1203 No

Semi-solid 61 1.000

Shoot Lenght (Pa) TIB 56 2.100 0.0004 Yes

Semi-solid 61 2.000

The Relative Growth Rate was also calculated. Table 2 shows the index calculated after 28 days of
culture for the two types of propagation per genotype. The RGR index, as a standardised growth
measure, has shown significant effectiveness when comparing growth in different propagation systems.
It also offers the advantage of minimizing inherent scale differences between growing plants, allowing
for fair comparisons of their performance within the examined time period (Elazab et al., 2023). Based
on this index, TIB confirmed the superiority in promoting shoot proliferation, similar results were
obtained by (Elazab et al., 2023; Sota et al., 2021). However, this apparent advantage was accompanied
by challenges related to shoot quality, particularly hyperhydricity, indicating that further studies are
required to refine culture conditions and confirm the long-term benefits of TIB.

Table 2 - Initial and final fresh weight and RGR index of the shoots propagated in semi-solid medium and
in TIB per genotype (Gisela 6 – G6 and P. avium – Pa), calculated after 28 days of culture.

Type of propagation Initial weight (g) Final weight (g) RGR Index

G6 Pa G6 Pa G6 Pa

Semi-solid 0.04 0.04 1.38 1.58 13.02 13.07

TIB 0.05 0.04 6.21 10.07 17.54 19.74

TIB outperformed semi-solid media in ex vitro rooting success



Page 12/28

The ex vitro rooting of these rootstocks proved to be a difficult process, and the results obtained cannot
yet be considered efficient, as rooting rates did not exceed 54%. In comparison, an efficient rooting rate
for commercial application would be expected to reach approximately which is notably lower than the
80–100% range commonly reported for propagation of other Prunus rootstocks  The explants
proliferated in TIB showed more capacity for ex vitro rooting when compared to the ones obtained in
semi-solid media, as it is possible to verify in the Fig.3. The rooting percentage for Gisela 6 in semi-solid
was 16% compared to TIB with 54%, in the case of P. avium for semi-solid was 10% compared to 44% in
TIB (Table 3). 

Explants of the Gisela 6 genotype derived from the TIB system showed better rooting capacity, with
higher median root number and length compared to semi-solid medium (Mann-Whitney test, p < 0.05).
No significant differences were observed for Pa genotype between propagation methods (Table 3).
Rooting percentages were higher in TIB for both genotypes but were not statistically analyzed. These
results suggest TIB enhances rooting efficiency, especially for G6 as is possible to observe in Fig. 4 in
the acclimatisation stage. This outcome highlights that, despite initial issues with shoot quality, the
capacity of shoots to recover during rooting ensures that TIB cultures ultimately deliver a comparable or
even superior number of viable plantlets. Such recovery highlights the practical potential of TIB, while
also indicating the need for further refinement to produce high-quality outputs consistently.

Aragón et al., (2005) noted significantly improved rates of shoot survival and rooting when employing
material from the TIS compared to semi-solid medium. In pineapple, liquid culture within TIS resulted in
the production of shoots displaying enhanced rooting potential, thus facilitating successful ex vitro
acclimatization (Escalona et al., 1999). Furthermore, shoot tips derived from Callistephus hortensis
cultured in TIS exhibited greater size compared to those obtained from the semi-solid medium (Tisserat
& Vandercook, 1985).

Table 3 – Rooting percentage, number of roots, and root of the longest root for G6 and Pa propagated by
semi-solid medium and TIB. Values represent medians with sample sizes (n). Different letters within
each column indicate statistically significant differences between propagation methods according to the
Mann-Whitney test (p < 0.05). Rooting percentages were not statistically analyzed.

Type of
propagation

Rooting %
(G6)

Rooting %
(Pa)

Number of
roots (G6)

Number of
roots (Pa)

Root
lenght
(G6)

Root
height
(Pa)

Semi-solid 16% 10% 1.0 (n=4) ᵃ 1.5 (n=4) ᵃ 0.25
(n=4) ᵃ

2.1 (n=4)
ᵃ

TIB 57% 44% 2.0 (n=11) ᵃ 2.5 (n=10) ᵃ 2.0
(n=11) ᵇ

2.93
(n=10) ᵃ

Impact of Propagation Methods on Photosynthetic Pigments, Secondary metabolites, and Stress
Markers
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The analysis of photosynthetic pigments revealed no significant differences between the TIB and semi-
solid culture systems in the G6 genotype. Chlorophyll a and b, as well as carotenoid contents, showed
similar median values across both culture methods (p > 0.05) (Table 4). Conversely, in the Pa genotype,
significant reductions in chlorophyll a, chlorophyll b, and carotenoid levels were observed in plants grown
in TIB compared to those in semi-solid culture (p < 0.0001) (Table 4). These results suggest that the
semi-solid system supports higher pigment accumulation in Pa, while G6 appears less affected by the
culture method in terms of pigment content. However P. avium genotype in TIB exhibited high levels of
hyperhydricity, this could be due to stress caused by the periodic exposure to the liquid environment
(Cristina et al., 2023). This stress adversely affected both physiological and metabolic processes,
ultimately resulting in an indirect reduction in the content of photosynthetic pigments. Physiologically,
several plant processes are affected by O2 deficiency stress. Excess H2O coupled with O2 deficiency can
have effects on cell turgor, stomatal index, transpiration, photosynthesis, respiration, antioxidant activity
and light uptake (Falqueto et al., 2017). This is caused by the presence of excess fluid in the intercellular
spaces, decrease in cell adhesion and the formation of large intercellular spaces in the mesophyll,
hypolignification, decrease in the formation of the epicuticular layer on leaf surfaces, changes in enzyme
activity and changes in protein synthesis due to disruption of normal metabolic processes (Casanova et
al., 2008; Picoli et al., 2001; van den Dries et al., 2013). In Gisela 6, no significant differences were found
when comparing semi-solid and TIB. Similar results were previously obtained (Hwang et al., 2022) in
strawberry.

Photosynthetic pigments, such as chlorophyll, carotenoids, and phycobilins are crucial for plant
photosynthesis. The balance among these pigments is important for light absorption, photoprotection,
antioxidant activity, regulation of light harvesting and the adaptation to environmental changes (Simkin
et al., 2022). In this study, we employed dry weight as a method to assess photosynthetic pigments and
other biochemical parameters. Utilizing dry weight offers the advantage of yielding more precise and
consistent measurements, primarily by eliminating water interference in the samples, especially in cases
of hyperhydricity.

Table 4 - Biochemical parameters compared between temporary immersion bioreactor (TIB) and semi-
solid culture systems in G6 and Pa genotypes. Values are presented as medians (with units and sample
size). Statistical significance was assessed using the Mann–Whitney test. Significant differences (p <
0.05) are indicated.
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Genotype Parameter Culture
System

Median (unit, n) p-value Significant (p <
0.05)

G6 Chlorophyll
a

TIB 8.695 µg/g DW (n = 12) 0.5899 No

Semi-solid 9.309 µg/g DW (n = 12)

Chlorophyll
b

TIB 2.921 µg/g DW (n = 12) 0.4776 No

Semi-solid 3.058 µg/g DW (n = 12)

Carotenoids TIB 2.031 µg/g DW (n = 12) 0.1135 No

Semi-solid 2.281 µg/g DW (n = 12)

Flavonoids TIB 72.54 mg catechin eq./g
DW (n = 12)

0.4428 No

Semi-solid 63.86 mg catechin eq./g
DW (n = 12)

MDA TIB 176.0 nmol/g DW (n = 6) 0.2403 No

Semi-solid 151.0 nmol/g DW (n = 6)

Proline TIB 4.614 µmol/g DW (n = 3) >0.9999 No

Semi-solid 5.301 µmol/g DW (n = 3)

Pa Chlorophyll
a

TIB 4.828 µg/g DW (n = 12) <0.0001 Yes

Semi-solid 8.284 µg/g DW (n = 12)

Chlorophyll
b

TIB 1.925 µg/g DW (n = 12) <0.0001 Yes

Semi-solid 2.940 µg/g DW (n = 12)

Carotenoids TIB 1.204 µg/g DW (n = 12) <0.0001 Yes

Semi-solid 2.181 µg/g DW (n = 12)

Flavonoids TIB 63.04 mg catechin eq./g
DW (n = 12)

0.2657 No

Semi-solid 73.51 mg catechin eq./g
DW (n = 12)

MDA TIB 236.5 nmol/g DW (n = 6) >0.9999 No

Semi-solid 238.5 nmol/g DW (n = 6)

Proline TIB 11.08 µmol/g DW (n = 3) 0.7000 No

Semi-solid 12.06 µmol/g DW (n = 3)

Flavonoids represent a heterogeneous class of secondary metabolites present in plants, exhibiting
multifaceted roles including UV protection, pigmentation, antioxidant properties, defence against
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pathogens, rhizosphere interactions and involvement in allelopathy (Weston & Mathesius, 2013). These
metabolites play a critical role in mitigating oxidative stress in plants by scavenging reactive oxygen
species (ROS), chelating metal ions, inducing antioxidant enzymes and defending against environmental
stressors. Their ability to maintain cellular redox balance is essential for plant growth, development and
survival in dynamic environments (Shah & Smith, 2020).

In this study, the total flavonoid content was evaluated to determine whether the type of propagation
induced stress in the explants. No statistically significant differences were found between the variables
(Table 3). Our findings suggest that the content of flavonoids remains unaffected by both the
propagation method and genotype variations. However, it is important to note that this method provides
only a quantitative assessment of total flavonoids and does not account for potential qualitative
differences in flavonoid composition.

Malondialdehyde (MDA) is widely recognized as a key indicator of oxidative stress because it is a
primary product of lipid peroxidation, a process where free radicals, particularly ROS, attack lipids
containing carbon-carbon double bonds, especially polyunsaturated fatty acids within the cell
membrane (Morales & Munné-Bosch, 2019). High levels of MDA are often correlated with exposure to
environmental stressors, such as drought, salinity, heavy metal toxicity, high temperatures and pathogen
attack. The increased MDA levels under such conditions reflect the extent of cellular damage and the
organism's stress response (Morales & Munné-Bosch, 2019; Polivanova & Bedarev, 2022). For this
parameter, no significant differences were observed between propagation systems within each genotype
(Table 3). However, P. avium consistently showed higher MDA levels than G6, regardless of the culture
system, indicating a possible genotype-dependent response in lipid peroxidation. The elevated MDA
content in P. avium may be associated with the occurrence of hyperhydricity, a condition that
compromises tissue structure and favors the accumulation of reactive oxygen species
(ROS) (Fernandez-García et al., 2008). Increased ROS levels enhance lipid peroxidation, leading to higher
MDA accumulation (Morales & Munné-Bosch, 2019). 

In this work, proline quantification was made to evaluate the effectiveness of the propagation systems.
Proline quantification was used as an indicator to assess the stress levels in plants during the
propagation stage and to evaluate the performance of the different systems. Proline content between
semi-solid and TIB didn’t show statistical differences in the evaluated genotypes (Table 3), however
higher values of proline content were notested in P. avium compared to Gisela 6. Previous studies have
demonstrated that proline accumulation is dependent on the species and the genotype. Different
genotypes respond differently to stress conditions, affecting proline levels. Studies have shown that
under adverse conditions such as drought and salinity, proline accumulation among different genotypes
occurs, with some accumulating significantly more proline than others (Pazuki et al., 2018). 

A study developed by (Shin et al., 2020) observed that proline content increased with higher salt
concentrations regardless of the genotype, indicating a genotype-independent response in tomato
seedlings. However, different tomato cultivars exhibited different levels of proline accumulation in
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response to salt stress, highlighting the role of genotype in determining proline levels in plants. Different
cultivars of apple (Rubinstep) and sweet cherry (Napoleonova and 'Kaštánka) showed higher
accumulation of proline compared to other cultivars in a study made by (Jiroutova et al., 2021) indicating
genotype-dependent responses to osmotic stress. As an osmoprotectant, proline contributes to stress
tolerance, genotypes with higher proline levels are more resistant to drought stress. This study highlights
that proline accumulation can be used as a physiological indicator of plant resistance to stress
tolerance, emphasizing the importance of genotype-specific responses to osmotic stress (Jiroutova et
al., 2021). In another study made in Arabidopsis, the P5CS1 mutant exhibited extremely low proline
levels compared to wild-type plants, showing the role of specific genes in proline accumulation in
response to stress. The capacity to accumulate proline was not consistently correlated with stress
tolerance across different genotypes, indicating the complex interplay between genotype and proline
accumulation in stress responses (Gurrieri et al., 2020).

Conclusion
This study presents the first report of sweet cherry rootstocks propagation using the SETIS™ system.
The success of in vitro establishment, explants were collected and established in vitro, with successful
establishment rates of 56% for P. avium and 62% for Gisela 6. Assessment of shoot proliferation in the
SETIS™ bioreactor showed superior results in shoot length and RGR compared to semi-solid media.
However, hyperhydricity was observed in P. avium in the bioreactor, affecting shoot quality. Ex vitro
rooting posed challenges, with TIB shoots demonstrating better rooting capacity compared to semi-solid
media, facilitating successful ex vitro acclimatization. Nonetheless, improvements in the rooting process
are needed. Photosynthetic pigment analysis revealed a decrease in pigment content in P. avium due to
hyperhydricity. Total flavonoids remained unaffected by the propagation method or genotype variations.
MDA content was significantly higher in P. avium from the bioreactor, indicating oxidative stress due to
hyperhydricity. Proline levels were higher in P. avium compared to Gisela 6, indicating genotype-
dependent responses to stress conditions. These findings underscore the importance of selecting
appropriate micropropagation systems and understanding their impact on plant physiology and
biochemistry. While SETIS™ demonstrated advantages in shoot proliferation and rooting, challenges
such as hyperhydricity-induced stress were observed, highlighting the need for optimization and
improvement of micropropagation protocols. The study demonstrates the feasibility of sweet cherry
rootstock propagation using the SETIS™ system, offering insights into the advantages and challenges of
this method compared to traditional semi-solid media. Genotype-specific responses were observed in
biochemical analyses, highlighting the importance of considering genetic factors in plant propagation
and stress tolerance. Further research may focus on optimizing TIB parameters to mitigate
hyperhydricity and improve plant quality during propagation.
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Figure 1

Gisela 6 branches collected during spring for in vitro establishment. (A) Gisela 6-spring shoots; (B)
Gisela 6 shoots after 28 days of in vitro culture
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Figure 2

Aspect of Gisela 6 and P. avium explants cultured on semi-solid media and TIB after 28 days of
cultivation
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Figure 3

Gisela 6 and P. avium ex vitro rooting results from semi-solid media and bioreactor, after 28 days of
induction
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Figure 4

Gisela 6 and P. avium plantlets propagated in semi-solid media and TIB in the acclimatation stage in
plastic trays with 80 cm3 per cell after 28 days of root induction


