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nutrient-poor or acidic soils, with flowers typically exhib-
iting symmetrical corollas with loosely fused petals (Rose 
et al. 2018). Among the economically significant members 
of this order is the genus Vaccinium, which includes spe-
cies such as Vaccinium corymbosum L. (blueberry) and Vac-
cinium floribundum Kunth (mortiño). The genus Vaccinium, 
belonging to the Ericaceae family, encompasses approxi-
mately 450 species primarily distributed across the North-
ern Hemisphere, the Andes Mountains, and South Africa 
(Wrońska et al., 2018). These species are typically found at 
elevations ranging from 1,500 to 4,700 m above sea level, 
where temperatures range between 4 and 17 °C (Meléndez 
& Flor, 2021). Blueberries are the most widely cultivated 
species in this genus due to their frost resistance and high 
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Abstract
The Ericales encompass a diverse group of plants, including commercially significant species such as persimmon, blue-
berries, kiwifruits, Brazil nuts, argan, and azalea. However, to date, no research has been conducted on the isolation of 
protoplasts in blueberry species such as Vaccinium corymbosum L. and Vaccinium floribundum Kunth (mortiño). The use 
of protoplasts for in vitro propagation has become a powerful tool to overcome sexual incompatibility barriers between 
plant species or genera and to transfer genes for resistance to diseases, pests, herbicides, and other stress factors, thereby 
enabling the production of a large number of high-quality hybrid plants. Consequently, the isolation of a substantial quan-
tity of protoplasts and the establishment of an efficient regeneration protocols are essential prerequisites for the successful 
advancement of modern botany. Nonetheless, the establishment of efficient protoplast-based systems remain a challenge 
for numerous crop plants. The present work outlines the state-of-the-art of protoplast isolation systems within the Ericales 
order. Furthermore, we have successfully established the first and highly efficient system for the isolation of blueberry 
protoplasts from leaves employing an enzymatic solution comprising 1% cellulase, 1.5% macerozyme, and 0.3% pectinase 
at incubation for 28 h resulting in a yield of 5.95 × 104 protoplasts (FW). Additionally, callus induction was achieved in 
mortiño leaf explants by using semi-solid Woody Plant Medium supplemented with 2.5 mg/L of 2,4-Dichlorophenoxy-
acetic acid. Subsequently, we developed a highly efficient system for the isolation of mortiño protoplast, employing an 
enzymatic solution containing 2.5% cellulase, 3% macerozyme, and 0.3% pectinase atincubation for 5 hours resulting in 
a yield of 1.05 × 105 protoplasts (FW). Here, we have reported for the first time a highly efficient system for protoplast 
isolation in blueberries, making a significant milestone in the advancement of new plant breeding technologies for these 
species and other related crops.
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commercial demand, largely driven by their classification as 
a superfood (Yavorska, 2016). They are recognized for their 
high content of polyphenols, flavonoids, phenylpropanoids, 
sugars, lipids, vitamins, and minerals, making them highly 
valuable for human nutrition (Meléndez et al. 2021). Simi-
larly, mortiño has gained scientific and commercial interest 
due to its antioxidant and anti-inflammatory potential. How-
ever, its adaptation to controlled cultivation, particularly in 
greenhouse environments, remains challenging (Cobo et al. 
2016; Llivisaca-Contreras et al. 2022). Despite the growing 
demand for these species, in vitro propagation and regenera-
tion studies on mortiño remain scarce (Rache & Pacheco, 
2010). In contrast, blueberries have demonstrated success-
ful commercial production via in vitro culture techniques 
(Debnath 2007; Castro 2016; Georgieva and Kondakova 
2021), yet research on protoplast isolation and regeneration 
in this species remains largely unexplored. Both blueber-
ries and mortiño face significant challenges in traditional 
vegetative propagation, with pests and diseases posing risks 
to plant development, fruit production cycles, and overall 
yield quality (Becerra et al. 2017). Given these limitations, 
micropropagation and protoplast isolation techniques pres-
ent promising alternatives to facilitate large-scale disease-
free plant production and enhance fruit quality.

Protoplasts, which are plant cells with enzymatically 
removed cell walls, are extensively used in tissue culture-
based breeding strategies due to their capacity to regenerate 
into whole plants. They are totipotent, highly sensitive, and 
versatile, making them valuable for diverse applications in 
plant biotechnology (Jadán & Dorca, 2019). Several factors 
critically influence successful protoplast isolation, includ-
ing enzyme type, enzyme concentration, explant type, enzy-
molysis duration, osmotic pressure, and purification method 
(Chen et al. 2023). Optimizing these parameters is essen-
tial to achieving efficient cell wall digestion and protoplast 
viability. The isolation, culture, and fusion of protoplasts is 
a pivotal area in plant research, offering applications such 
as single-cell cloning, somatic hybridization via protoplast 
fusion, genetic transformation through DNA uptake, and 
cellular studies of membranes and organelles (Veilleux et 
al. 2004). Given these advantages, protoplast-based meth-
ods have emerged as powerful tools in plant breeding. 
Unlike conventional breeding and transgenic CRISPR/Cas9 
approaches, gene editing via transient transformation and 
protoplast regeneration allows precise genome modifica-
tions within a single clonal generation while avoiding the 
integration of foreign DNA into the host genome (Reed and 
Bargmann 2021). This technique enables greater control 
over donor DNA delivery, resulting in enhanced precision 
and efficiency. While protoplast-based systems have been 
successfully implemented for plant regeneration in related 
Vaccinium species, such as Rhododendron (Tu et al. 2009), 

Mountain Laurel (Hasegawa et al. 2005), Tea Plant (Xu et 
al. 2021), and Strawberry Tree (Choury et al. 2018), their 
application in blueberries remains insufficiently explored.

The present study establishes a highly efficient proto-
plast isolation system from in vitro cultures of blueberry 
and mortiño. To achieve this, a comprehensive literature 
review on protoplast isolation in Ericales species was con-
ducted, enabling the selection of optimal source materi-
als and enzymatic digestion conditions. We successfully 
developed a high-efficiency protoplast isolation system for 
blueberry leaves resulted in a protoplast yield of 5.95 × 10⁴ 
protoplasts/g fresh weight (FW). Additionally, we estab-
lished a highly efficient protoplast isolation system for mor-
tiño calli yielded 1.05 × 10⁵ protoplasts/g FW demonstrating 
its effectiveness for protoplast extraction in this species. 
To the best of our knowledge, this study presents the first 
detailed and efficient protoplast isolation method for blue-
berry and mortiño plants.

Materials and methods

In vitro establishment and multiplication of 
blueberry shoots

Blueberry plants (Vaccinium corymbosum L.), Biloxi vari-
ety, cultivated under greenhouse conditions in Bolívar, Car-
chi, Ecuador, were collected for the study. The plants were 
subjected to a phytosanitary control protocol twice per week 
using Copper sulfate pentahydrate (SKUL-27®), a systemic 
fungicide, at a concentration of 2 mL/L. Young, slightly lig-
nified stems approximately 5 cm in length, each containing 
two axillary buds, were selected. All leaves were removed 
prior to surface disinfection, which was performed as fol-
lows: 20  min under running water, 15  min in a 2% soap 
solution, 1 min in 70% ethanol, 5 min in 3% sodium hypo-
chlorite, and 5 min in 0.4% (270 g/L) SKUL-27®. Between 
each step, explants were rinsed with sterile distilled water 
to eliminate residual disinfectants. Following disinfection, 
the explants were inoculated onto Woody Plant Medium 
(WPM) (Lloyd and McCown 1981) supplemented with 
3 mg/L 6-benzylaminopurine (6-BAP), 30 g/L sucrose, and 
7 g/L agar, following the methodology described by Castro 
et al., (2016) (Fig. 1a).

Protoplasts isolation from in vitro blueberries 
leaves

One-month-old in vitro blueberry leaves were weighed (1 g) 
and finely chopped to increase the contact surface area with 
the enzymatic solution. The fragmented leaves were sus-
pended in 5 mL of BH3 medium containing 0.7 M mannitol, 
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adjusted to pH 5.7. Subsequently, 5 mL of enzymatic solu-
tion was added, comprising 0.7  M mannitol, 12 mM cal-
cium chloride, 6 mM MES, and 13 mM monobasic sodium 
phosphate, along with specific enzymes according to the 
treatment conditions outlined in Table 2. No sterile water 
washing was performed before the enzymatic procedure. 
To enhance the extraction of the middle lamella, vacuum 
pressure was applied to disrupt surface tension and ensure 
complete submersion of the plant material. The samples 
were subsequently incubated in darkness at 27 °C with con-
tinuous agitation at 90 rpm. Protoplast yield was quantified 
every two hours.

Mortiño callus induction and multiplication

Leaves from wild mortiño (Vaccinium floribundum Kunth) 
plants were collected from Pasochoa, Pichincha, Ecuador. 
The youngest leaves were selected, and their edges were 
trimmed to obtain fragments of approximately 1 cm². The 
plant material was then subjected to a surface disinfection 
procedure as follows: 20 min under running water, 10 min 
in a 2% soap solution, 3 min in 70% ethanol, 5 min in 3% 
sodium hypochlorite, and 5 min in 0.4% (270 g/L) SKUL-
27®. Between each step, explants were rinsed with sterile 
distilled water to remove residual disinfectants. Following 
disinfection, the explants were inoculated onto Woody Plant 
Medium (WPM) (Lloyd & McCown 1981) supplemented 
with 2.5  mg/L 2,4-dichlorophenoxyacetic acid (2,4-D). 
This culture medium was used for both callus induction 
and multiplication stages. Callus tissue was collected 21 
days after inoculation, as by this time, it had exhibited suf-
ficient growth to provide the quantity required for protoplast 

isolation (Fig. 1b). For each isolation assay, 0.5 g of callus 
tissue was weighed.

Protoplasts isolation from mortiño calli

For the isolation of protoplasts from mortiño callus, 3 mL of 
0.7 M BH3 culture medium and 3 mL of enzymatic solution 
were used. No sterile water washing was performed before 
the enzymatic procedure. The enzymatic solution con-
sisted of 0.7 M mannitol, 12 mM calcium chloride, 6 mM 
MES, and 13 mM monobasic sodium phosphate, with spe-
cific enzymes added according to the treatment conditions 
described in Table 3. A total of 0.5 g of in vitro callus tissue 
was treated with the enzymatic solution. The samples were 
incubated in darkness at 27 °C with continuous agitation at 
95 rpm for 10 h. The concentration of isolated protoplasts 
was quantified every hour using a hemocytometer.

Statistical analysis

A randomized experimental design was used for the study. 
Statistical analysis was performed using one-way ANOVA, 
and mean comparisons were performed using Tukey’s test 
(P ≤ 0.05). Data analysis was carried out using InfoStat 2017 
software for Windows.

Results and discussion

In recent years, species within the order Ericales, particu-
larly those of the Vaccinium genus, have gained substan-
tial agro-commercial interest. However, their propagation 

Fig. 1  (A) In vitro blueberry leaves (B)Mortiño calli at 21 days after inoculation (dai). Scale bar = 1:4
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cellulase, in combination with pectinase at concentrations 
of 0.5%, 1%, and 2% (Tu et al. 2009). Building upon this 
knowledge, we conducted a comprehensive review of proto-
plast isolation systems for species within the order Ericales 
to establish an optimized system for Vaccinium corymbo-
sum and Vaccinium floribundum (Table  1). Our findings 
corroborate that both enzyme concentration and digestion 
time are pivotal factors influencing protoplast yield and 
viability. Most effective systems typically employed a 2% 
cellulase cocktail, often combined with pectinase (0.5–2%) 
or macerozyme (0.6–1%). Notably, cellulase concentra-
tions exceeding 3% consistently resulted in decreased yield, 
which we attribute to the toxic effects of the enzyme (Tu et 
al. 2009). Our study evaluated four enzymatic treatments for 
in vitro blueberry leaves, consisting of different concentra-
tions of cellulase, macerozyme, and pectinase (Table 2). No 
significant protoplast release was observed before 20 h of 
digestion (Fig. 2a). Protoplast concentration was quantified 
every two hours from 20 to 34 h, revealing that the highest 
yield (5.95 × 10⁴ protoplasts/g fresh weight) was achieved 
using treatment Ta2 (1% cellulase, 1.5% macerozyme, 0.3% 
pectinase) after 28 h of digestion. Statistical analysis con-
firmed significant differences among treatments (Fig.  2b). 
For mortiño, protoplast isolation was conducted from cal-
lus tissue induced from leaf explants cultured on semisolid 
Woody Plant Medium (WPM) supplemented with 2.5 mg/L 
2,4-dichlorophenoxyacetic acid (2,4-D). Three enzyme 
combinations with varying concentrations and incuba-
tion times were tested (Table 3). Protoplasts were quanti-
fied hourly for 10 h (Fig. 2c), with significant differences 
observed between treatments. The highest yield (1.05 × 10⁵ 
protoplasts/g fresh weight) was obtained with treatment Ta3 
(2.5% cellulase, 3% macerozyme, 0.3% pectinase) after 5 h 
of digestion (Fig. 2d).

The monitoring frequency of protoplast yield dif-
fered between mortiño and blueberry due to the structural 

remains challenging both in field and greenhouse condi-
tions, emphasizing the need for efficient and cost-effective 
cultivation systems to enhance yield. Protoplast culture 
represents a promising alternative for advancing studies 
in plant physiology and genetic improvement (Reed and 
Bargmann 2021). Successful protoplast isolation requires 
the enzymatic digestion of the plant cell wall, a process 
highly dependent on the optimization of enzyme composi-
tion and digestion parameters to maximize protoplast yield 
and viability. In addition, the selection of plant material is 
a critical factor in protoplast isolation. Leaf mesophyll and 
cell suspensions are commonly used explants, with juvenile 
tissues being particularly responsive due to their enhanced 
mitotic activity (Roca and Mroginski 1991). Additionally, 
meristematic aggregates have been reported to yield higher 
numbers of protoplasts due to their active cell division 
(Jiang et al. 2013). The efficiency of enzymatic digestion is 
influenced by species-specific variations in cell wall com-
position, particularly in lignin, cellulose, and pectin content, 
necessitating tailored enzyme concentrations and digestion 
durations (Suárez, 2020). Although higher enzyme con-
centrations may improve protoplast yield, they can also 
compromise cell viability, requiring a fine balance between 
enzyme concentration and digestion time (Zhi-Xin 2011). 
Therefore, establishing an optimized protoplast isolation 
system for each genotype is essential (Castro, 2017).

Analyzing species related to Vaccinium corymbosum 
(blueberry) and Vaccinium floribundum (mortiño) within the 
Ericales order, we identified that Arbutus unedo exhibited 
an efficient protoplast isolation system using a combination 
of Cellulase R-10 (2%) and Macerozyme (1%). This proto-
col was optimized with prolonged incubation periods and 
increased concentrations of Cellulase RS and mannitol when 
older leaves were utilized as explants (Choury et al. 2018). 
Similarly, studies on Rhododendron spp. demonstrated high 
protoplast yields with an enzymatic cocktail containing 2% 

Table 1  Summary of the protoplast isolation systems in the order Ericales
Protoplast isolation Protoplast 

purification
Reference Species Type of 

explant
Enzyme combination Osmotic 

regulator
pH Yield 

(106n/g 
FW)

diges-
tion 
time

Spin 
speed

Spin time

(Tu et al. 2009) Rhododendron In vitro 
leaf

Cellulase R-10 1%, 2% and 
3%

0.9 M 
Mannitol

5.0 1.47 14 h 1000 rpm 1000 rpm

(Rhododendron spp) Pectinase Y-23 0.5%, 1% 
and 2%

5.5

6.0
(Hasegawa et 
al. 2005)

Mountain laurel In vitro 
leaf

Cellulase R-10 2% 1 M 
Mannitol

5 a 
6

15 h 210 x g 210 x g
(Kalmia latifolia) Macerozyme 1%

(Xu et al. 2021) Tea plant In vitro 
leaf

Cellulase 1.5% 0.4 M 
Mannitol

5.7 10 h 200 x g 200 x g
(Camellia sinensis) Macerozyme 0.6%

(Choury et al. 
2018)

Strawberry tree Ex vitro 
leaf

Cellulase R-10 2% and 4% 0.8 M 
Mannitol

5.0 61.3 16 h
(Arbutus unedo) Macerozyme 1%
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precise control of osmotic regulators to maintain isotonic 
conditions, preventing both rupture due to hypotonic stress 
and plasmolysis under hypertonic conditions (Bargmann, 
2021). Our system employed Cell Protoplast Wash (CPW) 
solution containing 13% mannitol, which has been dem-
onstrated to enhance osmotic stability in plants. Mannitol 
serves multiple roles, including membrane hydration, free 
radical scavenging, and structural stabilization (Patel and 
Williamson 2016).

Overall, our findings establish a valuable framework for 
future research on protoplast fusion and genetic improve-
ment of Vaccinium species. Further investigations will focus 
on optimizing culture conditions to enhance protoplast via-
bility and regeneration, as well as exploring somatic hybrid-
ization approaches to improve the agronomic traits of these 
economically significant crops.

properties of their tissues. The friable nature of mortiño cal-
lus necessitated shorter enzymatic digestion times, justifying 
hourly monitoring, whereas blueberry leaf tissues exhibited 
greater resistance to enzymatic degradation, requiring quan-
tification at two-hour intervals. These findings emphasize the 
importance of tailored enzymatic digestion parameters for 
each species. Furthermore, V. corymbosum protoplasts were 
derived from in vitro leaves, whereas V. floribundum proto-
plasts originated from in vitro callus tissue. This method-
ological distinction holds significant implications for future 
studies involving protoplast fusion between these species, 
as their protoplasts exhibit distinct visual characteristics: 
blueberry protoplasts appear green, while mortiño callus 
protoplasts are translucent yellow. Beyond optimizing pro-
toplast yield, osmotic regulation was a key consideration in 
our study. The inherent fragility of protoplasts necessitates 

Fig. 2  (A) In vitro blueberry leaf protoplasts at 100× magnification. 
Images were taken at different incubation times: (1) 14 h, (2) 18 h, (3) 
28 h, and (4) 34 h. Scale bar = 50 μm. (B) Mean concentration curves 
(n = 3) of isolated blueberry protoplasts treated for 34 h. Data are pre-
sented as the mean of three biological replicates, with error bars rep-
resenting standard deviations (SD). Different letters (a–d) indicate sta-
tistically significant differences between treatments at p < 0.05, based 
on Tukey’s test. Pp/g FW = protoplasts per gram of fresh weight. (C)In 

vitro mortiño callus protoplasts. Images were taken at different incu-
bation times: (1) 3 h, (2) 4 h, (3) 5 h, and (4) 6 h. Scale bar = 50 μm. 
(D) Optimal treatment conditions were determined for mortiño callus. 
Data are presented as the mean of three biological replicates, with error 
bars indicating standard deviations (SD). Different letters (a–b) indi-
cate statistically significant differences between treatments at p < 0.05, 
based on Tukey’s test
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Conclusions

This study represents a significant advancement in proto-
plast isolation protocols in the order Ericales. We success-
fully established, for the first time, an optimized protoplast 
isolation method for blueberry and mortiño, providing a 
foundation for protoplast-based research in these species. 
Our findings highlight the most efficient treatments: blue-
berry leaf-derived protoplasts achieved the highest yield 
using 1% cellulase, 1.5% macerozyme, and 0.3% pectinase 
with a 28-hour digestion, whereas mortiño callus-derived 
protoplasts reached maximum yield using 2.5% cellulase, 
3% macerozyme, and 0.3% pectinase after 5 h. The estab-
lishment of these protocols opens new avenues for genetic 
improvement and somatic hybridization in Vaccinium spe-
cies. Protoplast fusion between blueberry and mortiño pres-
ents an exciting opportunity to enhance traits such as disease 
resistance, stress tolerance, and fruit quality. The distinct 
coloration of protoplasts from each species offers a practical 
advantage for monitoring fusion events, facilitating further 
studies in hybrid development. Additionally, mortiño, a spe-
cies native to the high Andes, holds ecological importance 
and faces conservation challenges (Cobo et al. 2016). Our 
findings contribute to the broader effort of integrating bio-
technology into sustainable agriculture and conservation 
programs. Future research should explore the applications 
of protoplast technology in Ericales crop improvement, 
including genetic transformation, cytoplasmic hybridiza-
tion, and synthetic polyploidization. These approaches will 
be instrumental in developing resilient cultivars capable of 
withstanding climate change while maintaining high nutri-
tional and agronomic value.
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