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Abstract 

 
The future of strawberry propagation and sales is very positive, so an 
efficient mass propagation system for strawberry (Fragaria × ananassa) 
was developed in this study. Strawberry leaf explants successfully 
induced green compact calli in semi-solid MS medium supplemented 
with 1 mg/l 2,4-D and 0.5 mg/l BA within 2 weeks. Subculture the calli 
in semi-solid MS medium supplemented with 1 mg/l TDZ and 0.2 mg/l 
2,4-D produced 3.8 microshoots per callus within 49-56 days. These leaf-
derived calli with adventitious shoots were cultured with 0.1 mg/l  GA3 
and shaken at 120 rpm. The number of shoots increased from 15.3 shoots 
to 43.6 shoots per culture (100 ml) within 2 weeks, but all were 
hyperhydric shoots. Hyperhydric shoots recovered to normal shoots 
within 1 month when cultured on semi-solid MS medium with 8 g/l agar. 
Shoots formed roots on semi-solid MS medium supplemented with 0.5 
mg/l IBA within 2 weeks. Rooted plantlets were acclimatized for 1 week 
before being transferred to the field at Bendito farm, where the strawberry 
plants were grown until maturity. 

 
 
1. Introduction 

 
Strawberry (Fragaria × ananassa) is one of the economically important fruits in Thailand, and it is 
mainly cultivated in the northern part of Thailand, a region of appropriate temperature and humidity 
for its propagation. Increased consumption of strawberry has not only been associated with its 
alluring color, scent and taste but also a source of useful compounds such as vitamin C, flavonoids, 
anthocyanins and other polyphenols [1]. The health benefits of strawberries have been the subject 
of many studies over recent decades. It has been demonstrated that this fruit exerts a wild range of 
biological activities such as antioxidant, cardioprotective effects and anti-inflammatory properties 
[2]. These activities have been attributed to the fruit’s high level of polyphenols. Strawberry can be 
used as raw material for flavouring agent in food and beverage products.  
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The cultivated strawberry is a dicotyledonous, perennial and low-growing herb. 
Conventional methods for vegetative propagation of strawberry are labor-intensive and offer low 
production of plants from a selected genotype. Tissue culture is one of the useful methods for mass 
propagation in a short time, preserving the genetic characteristics of the mother plants [3]. This 
method has been applied to many plants [4, 5], including the strawberry [6]. 
 Earlier work on strawberry micropropagation was reported more than 30 years ago [7]. 
Strawberry leaf explants have been shown to have high regeneration rates [8-10]. In 1990, James et 
al. [11] reported the highest regeneration rates when using the youngest leaves explants. There have 
been many research studies on strawberry regeneration [12-15] but there are still problems with 
regeneration reported.  For example, the highest percentage of shoot regeneration was only 4% [16], 
which was not suitable for commercialization.  
 The technique of microshoot culture in liquid medium, either under stationary [17] or 
shaking [18] conditions, allows the nutrient medium and plant growth regulators to stimulate and 
support the development and growth of multiple axillary buds. Continuous shaking medium causes 
the disappearance of apical dominance in microshoots, and thus leads to the induction and 
proliferation of axillary buds. Liquid cultures also dilute the toxic compounds (phenols) released by 
the shoots, producing culture oxidation and browning which usually occur in semi-solid medium. 
Nhut et al. [19] reported on the rapid mass shoot propagation of Gladiolus by liquid shake culture 
which produced 216 shoots in 50 ml MS liquid medium after three subcultures within 45 days. 
However, liquid culture can cause hyperhydricity of plantlets. 

Therefore, the aims of this study were to determine the appropriate growth regulator for 
callogenesis and indirect organogenesis of strawberry leaf explants, establish the best suspension 
culture for mass propagation, facilitate recovery of hyperhydric shoots, promote root induction, 
acclimatize plantlets in peat moss, and finally transfer to the field. 
 
 
2. Materials and Methods  
 
2.1 Plant material and surface sterilization   
 
Strawberry (Fragaria × ananassa) seeds were obtained from Bendito Farm, Mae Hong Son, 
Thailand. The seeds were surface sterilized with 20% clorox® containing 1 drop of Tween-20 per 
100 ml for 20 min with occasionally shaking. The seeds were then removed and washed three times 
with sterile distilled water. Finally, the seeds were cultured on semi-solid MS medium [20] without 
plant growth regulators and incubated in a cultured room for 7 days in order to examine microbial 
contamination. The healthy seedlings were continually grown on MS medium for 2 months, after 
which the plantlets were used as a source of explants.  
 
2.2 Callogenesis  
 
In vitro leaf explants (0.5 cm long) were cultured on semi-solid MS media supplemented with 0.5, 
1, 2 and 4 mg/l NAA or 2,4-D in combination with 0.5 and 1 mg/l BA. MS medium without plant 
growth regulators was used as control. The cultures were kept under 2000 lx light for 16 h per day 
at 25±2°C. The observed parameters for the callogenesis experiment were degree of callus 
formation, texture and color of callus, days for callus initiation and callogenesis percentage (%). 
Number of days of callus initiation was started from the inoculation of the explants and the other 
data was recorded after 4 weeks. Each treatment consisted of 15 replicates.  
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2.3 Shoot proliferation from leaf-derived callus 

 
Light green compact calli from the callogenesis experiment were cultured on semi-solid MS medium 
supplemented with 1 mg/l 2,4-D and 0.5 mg/l BA for 4 weeks in order to use the explant in this 
experiment. Callus pieces (ca. 100 mg fresh weight) were subcultured on semi-solid MS media 
supplemented with 0.5, 1 or 1.5 mg/l TDZ in combination with 0.02 or 0.2 mg/l 2,4-D. MS medium 
without plant growth regulators was used as control. The cultures were kept under 2000 lx light for 
16 h per day at 25±2°C. The observed parameters for shoot proliferation experiment were shoot 
regeneration percentage (%), days for shoot induction, and number of microshoots per explant. The 
number of days for shoot induction was started from the inoculation of the callus and the other data 
was recorded after 8 weeks. Each treatment consisted of 15 replicates. 
 
2.4 Mass propagation of microshoots in liquid shake cultures     
 
Leaf derived calli with adventitious shoots (ca. 3 g fresh weight per culture) were inoculated in 100 
ml liquid MS media with different concentrations of GA3(0.1, 0.5, 1 and 2 mg/l). MS liquid medium 
without plant growth regulators was used as control. The cultures were shaken at 120 rpm on an 
orbital shaker and kept under 2000 lx light for 16 h per day at 25±2°C. The observed parameters for 
mass propagation experiment were length of longest petiole, number of shoots per culture and the 
dry weight growth index. The data were recorded within 2 weeks. The dry weight growth index was 
measured using equation 1. Each treatment consisted of 15 replicates.  
 

  Dry weight growth index = 𝐷𝐷𝐷𝐷2−𝐷𝐷𝐷𝐷1
𝐷𝐷𝐷𝐷1

    (1) 
 
Where: 𝐷𝐷𝐷𝐷1= Initial dry weight of calli with adventitious shoots (first day of culture) (g/culture) 
             𝐷𝐷𝐷𝐷2= Final dry weight of microshoots (after 14 days of culture) (g/culture) 
 
2.5 Effect of agar concentration on hyperhydric shoots 

 
Two weeks old hyperhydric shoots (1 cm) from the mass propagation experiment were cultured on 
semi-solid MS media supplemented with different agar concentrations (8, 10, 12 and 14 g/l) without 
plant growth regulators. The cultures were kept under 2000 lx light for 16 h per day at 25±2°C. The 
observed parameters for this experiment were percentage of water content, fresh matter, dry matter 
and root formation percentage (%). The percentage of water content was measured using equation 
2 [21]. The data were recorded within 4 weeks. Each treatment consisted of 15 replicates. 
 
                                      Water content per shoot (%) = 𝑚𝑚1−𝑚𝑚2

𝑚𝑚1
 𝑥𝑥 100                      (2) 

 
where: 𝑚𝑚1= Fresh weight (mg/shoot) and 𝑚𝑚2 = Dry weight (mg/shoot) 
 
2.6 Effect of growth regulators on the rooting of the plants 

 
Healthy shoots (2 cm) without roots from the previous experiment were transferred to MS media 
supplemented with only NAA or IBA (0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mg/l). 
MS medium without plant growth regulators was used as control. The cultures were kept under 2000 
lx light for 16 h per day at 25±2°C. The observed parameters for the root induction experiment were 
root formation percentage (%), days for root induction, average number of roots per culture and root 
morphology. The observation of number of day till the root induction was started following the 
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shoot inoculation and the other data was recorded 4 weeks later. Each treatment consisted of 15 
replicates. 
 
2.7 Acclimatization of plantlets   
 
Regenerated plants, with strong stems and healthy root systems, were selected and thoroughly 
washed with tap water to remove any traces of agar before transferring into pots containing sterile 
peat moss, covered with a plastic bag that was gradually opened during the acclimation period. 
Plants were maintained in a culture room under 2000 lx light for 16 h per day at 25±2°C and watered 
every other day for 1 week. Acclimatized plants were transferred to the field of Bendito farm in Mae 
Hong Son. 
 
2.8 Statistical analyses 
 
Statistical parameters, such as percentage, mean, and standard deviation, were estimated using 
Microsoft Office Excel program and the data were analyzed by Duncan’s multiple range test 
(DMRT) at P ≤ 0.05 with SPSS ver. 23  
 
 
3. Results and Discussion 
 
3.1 Callogenesis 
 
There was a wide range of variation in days for callus initiation, callogenesis percentage (%), degree 
of callus formation, callus characteristics (texture and color), depending on various concentrations 
of plant growth regulator application. In Table 1, the results showed that auxin (2,4-D and NAA) 
alone promoted callus induction and took a minimum of 7-14 days for callusing but the calli were 
creamy and soft in texture (Figure 1A). Friable callus occurred in MS medium with auxin alone 
because auxin plays a major role in controlling cell elongation, which consists of two interrelated 
processes; osmotic uptake of water and extension of the cell wall [22]. The combination of cytokinin 
(BA) and auxin (2,4-D and NAA) produced better results compared to the use of auxin alone. The 
combination of 1 mg/l 2,4-D and 0.5 mg/l BA produced maximum callogenesis percentage (100%) 
and minimum days for callus induction (7-14 days) and the calli were light green compact (Figure 
1B). The auxin:cytokinin ratio plays an important role in the formation of cell phenotype, and in the 
regulation of organogenesis in vitro and plant morphogenesis [23]. Several researches reported that 
green calli with hard texture and good regeneration ability could be used for shoot proliferation [24-
26]. In MS medium without any plant growth regulators, it was found that there was no callogenesis. 

Our result was concomitant with Ara et al. [15] who found that the best response in callus 
induction of strawberry on MS medium was with 1.0 mg/l 2,4-D and 0.1 mg/l BA, 2 weeks after 
culture.  
 
3.2 Shoot proliferation from leaf-derived callus 
 
Diengngan and Murthy [27] found that TDZ was significantly better than BA in the performance of 
in vitro shoot response of strawberry nodal segments. Debnath [28] also reported that TDZ was 
more effective for plant regeneration from leaves of strawberry. In this experiment, shoot 
regeneration from leaf derived calli of strawberry cultured on MS medium with combination of 2,4-
D and TDZ were summarized in Table 2. The results showed that green callus happened in every 
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treatment after 4 weeks, and adventitious buds appeared on these green calli resulting in microshoots 
within 49-56 days of culture. The best shoot regeneration percentage was observed on MS medium 
with 1 mg/l TDZ and 0.2 mg/l 2,4-D (73%), which gave the maximum number of shoots per callus 
(3.8 shoots/callus) as shown in Figure 2. Our result was concomitant with Passey et al. [29] who 
found the best response in shoot regeneration of strawberry on MS medium with 1.0 mg/l TDZ and 
0.2 mg/l 2,4-D. However, all shoots obtained in the medium with TDZ and 2,4-D could not form 
any root.  
 
Table 1. Effect of different concentrations of 2,4-D or NAA in combination with BA on callus 
induction of strawberry leaf explants after 4 weeks of culture 

Plant growth 
regulators (mg/l) 

Days for 
callus 

initiation 

Callogenesis 
percentage 

(%)  

Color and 
texture of callus 

Degree of 
callus 

formation 
2,4-D NAA BA     

0  0 - 0 - - 
0.5  0 7-14 80 CrFr + 
1.0  0 7-14 93 CrFr ++ 
2.0  0 7-14 93 CrFr +++ 
4.0  0 14-21 80 CrFr ++ 
0.5  0.5 7-14 100 LGrCom ++ 
1.0  0.5 7-14 100 LGrCom +++ 
2.0  0.5 7-14 100 LGrCom + 
4.0  0.5 7-14 100 LGrCom ++ 
0.5  1.0 14-21 93 LGrCom ++ 
1.0  1.0 14-21 93 LGrCom + 
2.0  1.0 14-21 93 LGrCom +++ 
4.0  1.0 14-21 73 LGrCom + 

 0.5 0 7-14 100 CrFr + 
 1.0 0 7-14 53 CrFr ++ 
 2.0 0 14-21 73 CrFr ++ 
 4.0 0 14-21 80 CrFr + 
 0.5 0.5 14-21 73 CrCom + 
 1.0 0.5 14-21 100 LGrCom + 
 2.0 0.5 14-21 93 CrCom ++ 
 4.0 0.5 14-21 60 LGrCom ++ 
 0.5 1.0 21-28 80 LGrCom ++ 
 1.0 1.0 21-28 73 LGrCom + 
 2.0 1.0 21-28 100 LGrCom ++ 
 4.0 1.0 21-28 100 LGrCom + 

Note: Com = Compact, Fr = Friable, LGr = Light Green, Cr = Creamy  
+ = Slight callus growth, ++ = Moderate callus growth, +++ = Massive callus grow, ˗ = no callus  
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Figure 1.  Texture and color of callus initiated from leaves explants in MS medium with different 
plant growth regulators. A) Creamy and soft texture callus in MS medium with auxin alone, 

B) Light green compact callus in MS medium with combination of auxin and cytokinin 
 

Table 2. Effect of different concentrations of TDZ in combination with 2,4-D for shoot proliferation 
of strawberry (Fragaria × ananassa) after 8 weeks of culture 

Plant growth regulators 
(mg/l) 

Days for shoot 
proliferation 

Shoot proliferation 
percentage (%) 

Average number of 
shoots per callus 

(Mean±SD) 
TDZ 2,4-D    

0 0 - 0 0e 
0.5 0.02 49-56 13 0.6±1.59e 
1.0 0.02 49-56 53 2.0±1.96bc 
1.5 0.02 49-56 40 1.5±1.92cd 
0.5 0.2 49-56 40 1.5±1.99cd 
1.0 0.2 49-56 73 3.8±2.42a 
1.5 0.2 49-56 33 1.4±2.32cd 

Mean values with different letters in each column are significantly different according to Duncan’s 
test at P < 0.05.  

 
 
 
 
 
 
 

 
 
 
 

Figure 2. Shoot regeneration from leaf-derived callus cultured on MS medium supplemented  
with 1 mg/l TDZ and 0.2 mg/l 2,4-D after 49-56 days 
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3.3 Mass propagation of microshoots in liquid shake cultures     
 
Suspension cultures provide an alternative and potentially more economic method for mass 
propagation. In this study, the influences of gibberellic acid (GA3) on strawberry microshoot culture 
growth and development were investigated in suspension culture. Litwinczuk et al. [30] found that 
GA3 significantly increased the number of axillary shoots of strawberry cultured in semi-solid 
medium. The present investigation is concomitant with the report by Litwinczuk et al. [30]. Table 
3 showed that the number of shoots per culture in MS medium supplemented with GA3 (0.1, 
0.5, 1.0 and 2.0 mg/l) was significantly increased within 2 weeks of culture when compared to the 
MS medium without   GA3 . Two mg/l GA3  significantly increased the growth of microshoots 
(growth index = 25.62) which showed the highest elongation of petioles (1.23±0.08 cm). The highest 
number of proliferated shoots was found in MS medium supplemented with 0.1 mg/l GA3 (43.6 
shoots per culture) (Figure 3). However, the growth index was 14.06 because there was no 
elongation of petiole. In general, GA3 at high concentration could increase elongation of shoot [31] 
but low concentration could increase the number of shoot formation [32]. For mass propagation of 
microshoots in liquid shake culture, the suitable  GA3 concentration was 0.1 mg/l. However, the 
proliferated shoots were hyperhydric with translucent, fragile leaves and without root formation. 
These characteristics are mainly caused by the high level of water available in cultures [33]. 
Hyperhydric shoots are the cause of considerable loss in commercial plant micropropagation. 
Reversion of shoot hyperhydricity was investigated in the next study.  
 
Table 3. Effect of different concentrations of GA3for shoot proliferation in liquid shake cultures 
after 2 weeks of culture 

Plant growth 
regulators (mg/l) 

Longest petiole 
length (cm) 
(Mean±SD) 

Average number  
of shoots per culture 

(Mean±SD) 

Average Dry weight 
growth index 
(Mean±SD)  

𝐆𝐆𝐆𝐆𝟑𝟑     
0 0.47±0.03d 15.3±1.52d 6.58±0.80c 

0.1 0.59±0.08cd 43.6±1.15a 14.06±1.61b 
0.5 0.73±0.07bc 32.6±1.52c 15.29±1.62b 
1.0 0.81±0.09b 34.3±3.05c 23.67±2.44a 
2.0 1.23±0.08a 38.0±3.00b 25.62±2.28a 

Mean values with different letters in each column are significantly different according to Duncan’s 
test at P < 0.05. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Mass propagation of microshoots in MS liquid medium supplemented with 0.1 mg/l  GA3  
using a liquid shake culture system 
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3.4 Effect of agar concentration on hyperhydric shoots 

 
The hyperhydric shoots derived from the previous experiment were cultured on MS media with 
different concentrations of agar. Casanova et al. [34] found that the hyperhydricity of adventitious  
shoots decreased when the agar concentration of MS medium was increased. The present 
investigation is concomitant with the report by Casanova et al. [34]. Plantlet hyperhydricity can be 
measured by water content and fresh matter of the plantlets. Table 4 showed that increasing the agar 
concentration in the medium resulted in decreasing the fresh matter and the water content of 
plantlets. We found that the water content of hyperhydric plantlets in the suspension culture was 
92.5%. After 4 weeks of culture in 8g/l agar medium, 100% of the hyperhydric plantlets attained 
normal development. The normal plantlets had water content of 90%. However, we found that the 
higher the concentration of agar in the medium, the lower percentage of root formation in the 
plantlets (Table 4). Due to nutrient uptake limitation in higher agar concentrations, root production 
and growth of the plantlets was decreased. Thus, 8 g/l agar in the MS medium was the most suitable 
for reversion of shoot hyperhydricity. 
 
Table 4. Effect of different concentrations of agar on the reversion of shoot hyperhydricity after 4 
weeks of culture 

Agar 
concentration 

(g/l) 

Water content 
per shoot (%) 
(Mean±SD) 

Average fresh 
weight matter 

(mg/shoot) 
(Mean±SD) 

Average dry 
weight matter 

(mg/shoot) 
(Mean±SD) 

Root 
formation 
percentage 

(%) 
    

8 90±0.19a 347.0±7.19a 33.8±0.11a 53 
10 88±1.63ab 214.5±5.48b 22.3±0.09a 46 
12 87±1.24ab 211.9±9.76b 27.3±0.33a 20 
14 82±1.13b 169.2±4.15c 30.0±0.43a 20 

Mean values with different letters in each column are significantly different according to Duncan’s 
test at P < 0.05. 
 
3.5 Effect of growth regulators on the rooting of the plants 

 
Based on frequency of rooting, number of roots and root germinated time, all treatments with IBA 
and NAA induced roots, but the highest mean number of roots (13.1±2.41) was recorded in the 
medium supplemented with 0.5 mg/l IBA, which started root initiation within 7-14 days of 
inoculation (Table 5). This indicated that NAA resulted in thicker and short roots in contrast to IBA 
containing medium. Callusing at the base of the shoots was observed in all MS medium that 
contained NAA. It was found that the higer the NAA concentration, the higher the callus formation. 
NAA mades roots shorter, which in turn caused less growth for roots in acclimatization medium. 
 
3.6 Acclimatization of plantlets   
 
Strawberry plantlets were grown in vitro with medium containing sugar and nutrients under high 
humidity and low light intensity in aseptic conditions, so they needed acclimatization in order to 
survive in the field. Usually, the stomata and root systems of cultured plants are poorly developed, 
so direct transfer to ex vitro conditions causes high mortality of the plantlets. In order to increase 
growth and reduce mortality in the plantlets at the acclimatization stage, the strawberry plantlets 
were grown in pots containing sterile peat moss, covered with plastic bags and maintained in the 
culture room for 1 week. After 1 week, the plastic bag covers were taken off, and 98% of the 
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acclimatized plantlets were able to be transferred to the field of Bendito farm, in Mae Hong Son. 
All the plants transferred to the field were grown until maturity as shown in Figure 4.  
 
Table 5. Effect of different concentrations of NAA or IBA on root induction of strawberry 
plantlets (Fragaria × ananassa) after 4 weeks of culture 

MS + Plant growth 
regulators (mg/l) 

Days of 
root 

initiation 

Root 
formation 

(%) 

Number of 
roots/culture 
(Mean±SD) 

Root morphology 

NAA IBA     
0  21-28 100 9.5±1.77bc Thin, long 

0.01  14-21 100 10.2±1.57ab Thick, short, callus at base 
 0.02  21-28 90 8.9±1.09bc Thick, short, callus at base 
0.03  21-28 100 6.0±0.83def Thick, short, callus at base 
0.04  28-35 80 5.8±1.34ef Thick, short, callus at base 
0.05  21-28 70 5.4±1.41ef Thick, short, callus at base 
0.1  21-28 100 7.9±1.26cd Thick, short, callus at base 
0.2  21-28 90 6.1±1.75de Thick, short, callus at base 
0.3  21-28 70 6.3±1.00de Thick, short, callus at base 
0.4  21-28 60 1.3±0.21h Thick, short, callus at base 
0.5  21-28 80 2.1±0.64h Thick, short, callus at base 

 0.01 21-28 80 8.25±1.98cd Thin, long 
 0.02 7-14 60 7.8±1.40cd Thin, long 
 0.03 7-14 60 5.1±2.36efg Thin, long 
 0.04 14-21 60 3.1±0.77g Thin, long 
 0.05 14-21 50 5.3±1.37ef Thin, long 
 0.1 14-21 100 7.7±1.62cde Thin, long 
 0.2 7-14 100 9.3±1.34bc Thin, long 
 0.3 14-21 90 9.2±2.32bc Thin, long 
 0.4 14-21 100 10.0±1.38ab Thin, long 
 0.5 7-14 100 13.1±2.41a Thin, long 

Mean values with different letters in each column are significantly different according to Duncan’s 
test at P < 0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Acclimatized strawberry plantlets transferred to the field of Bendito farm, in Mae Hong 

Son, after 2 months 
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4. Conclusions 
 
From leaf explants to whole plant within 5 months through indirect organogenesis has proved to be 
a reliable method for mass propagation of strawberry, and especially in liquid shake culture. 
However, liquid media may produce hyperhydric plantlets which need a recovery process if they 
are to develop into normal plants. Somaclonal variation may occur since these plantlets were formed 
from callus. Further investigation is needed to better assess the performance and the genetic 
variations of these plantlets. 
 
 
5. Acknowledgements 

 
This research project were financially supported by Talent Mobility Program (National Science 
Technology and innovation Policy Office, Thailand), Bendito Farm Co., Ltd., and Department of 
Biology, Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 
Thailand. 
 
 

References 
 
[1] de Souza, V.R., Pereira, P.A., da Silva, T.L., de Oliveira L.L.C., Pio, R. and Queiroz, F., 2014. 

Determination of the bioactive compounds, antioxidant activity and chemical composition of 
Brazilian blackberry, red raspberry, strawberry, blueberry and sweet cherry fruits. Food 
Chemistry, 156, 362-368. 

[2] Amatori, S., Mazzoni, L., Alvarez-Suarez, J.M., Giampieri, F., Gasparrini, M., Forbes-
Hernandez, T.Y., Afrin, S., Provenzano, A.E., Persico, G., Mezzetti, B., Amici, A., Fanelli, M. 
and Battino, M., 2016. Polyphenol-rich strawberry extract (PRSE) shows in vitro and in vivo 
biological activity against invasive breast cancer cells. Scientific Reports, 6, 30917, 
https://doi.org/10.1038/srep30917.   

[3] Donnoli, R., Sunseri, F., Martelli, G. and Greco, I., 2001. Somatic embryogenesis, plant 
regeneration and genetictransformation in Fragaria spp. Acta Horticulturae, 560, 235-240.  

[4] Ramirez-Malagon, R., Aguilar-Ramirez, I., Borodanenko, A., Perez-Moreno, L., Barrera-
Guerra, J.L., Nuñez-Palenius, H.G. and Ochoa-Alejo, N., 2007. In vitro propagation of ten 
threatened species of Mammillaria (Cactaceae). In Vitro Cellular and Developmental Biology-
Plant, 43, 660-665. 

[5] Martin, K.P., Joseph, D., Madassery, J. and Philip, V.J., 2003. Direct shoot regeneration from 
lamina explants of two commercial cut flower cultivars of Anthurium andreanum. In Vitro 
Cellular and Developmental Biology-Plant, 39, 500-504. 

[6] Hasan, M.N., Nigar, S., Rabbi, M.A.K., Mizan, S.B. and Rahman, M.S., 2010. 
Micropropagation of strawberry (Fragaria x ananassa Duch.). International Journal of 
Sustainable Crop Production, 5(4), 36-41. 

[7] Miller, A.R. and Chandler C.K., 1990. Plant regeneration from excised cotyledons of mature 
strawberry achenes. HortScience, 25(5), 569-571. 

[8] Nehra, N.S., Stushnoff, C. and Kartha, K.K., 1990. Regeneration of plants from immature leaf-
derived callus of strawberry (Fragaria x ananassa). Plant Science, 66(1), 119-126. 

[9] Liu, Z.R. and Sanford, J.C., 1988. Plant regeneration by organogenesis from strawberry leaf 
and runner culture. HortScience, 23, 1056-1059. 

[10] Nehra, N.S., Stushnoff, C. and Kartha, K.K., 1989. Direct shoot regeneration from strawberry 
leaf disks. Journal of the American Society for Horticultural Science, 114, 1014-1018. 

https://doi.org/10.1038/srep30917


 
Current Applied Science and Technology Vol. 22 No. 1 (January-February 2022) 

_______________________________________________________________________________ 
 

11 
 

[11] James, D.J., Passey, A.J. and Barbara, D.J., 1990. Agrobacterium-mediated transformation of 
the cultivated strawberry (Fragaria x ananassa Duch.) using disarmed binary vectors. Plant 
Science, 69(1), 79-94. 

[12] Șuțan, A.N., Popescu, A. and Isac, V., 2010. In vitro culture medium and explant type effect 
on callogenesis and shoot regeneration in two genotypes of ornamental strawberry. Romanian 
Biotechnological Letters, 15(2), 12-17  

[13] Moradi, K.., Otroshy, M. and Azimi, M.R., 2011. Micropropagation of strawberry by multiple 
shoots regeneration tissue cultures. Journal of Agricultural Technology, 7(6), 1755-1763. 

[14] Folta, K.M., Dhingra, A., Howard, L., Stewart, P.J. and Chandler, C.K., 2006. Characterization 
of LF9, an octoploid strawberry genotype selected for rapid regeneration and transformation. 
Planta, 224, 1058-1067. 

[15] Ara, T., Karim, R., Karim, M.R., Islam, R. and Hossain, M., 2012. Callus induction and shoot 
regeneration in strawberry (Fragaria x ananassa Duch.). International Journal of Biosciences, 
2, 93-100. 

[16] Debnath, S.C., 2006. Zeatin overcomes thidiazuroninduced inhibition of shoot elongation and 
promotes rooting in strawberry culture in vitro. The Journal of Horticultural Science and 
Biotechnology. 81, 349-354. 

[17] Preece, J.E., 2010. Micropropagation in stationary liquid media. Propagation of Ornamental 
plants, 10(4), 183-187. 

[18] Grigoriadou, K., Vasilakakis, M., Tzoulis, T. and Eleftheriou, E., 2005. Experimental use of a 
novel temporary immersion system for liquid culture of olive microshoots. In: A.K. Hvoslef-
Eide and W. Preil, eds. Liquid Culture Systems for in vitro Plant Propagation. Dordrecht: 
Springer, pp. 263-274. 

[19] Nhut, D.T., Teixeira da Silva, J.A., Huyena, P.X. and Paek, K.Y., 2004. The importance of 
explant source on regeneration and micropropagation of Gladiolus by liquid shake culture. 
Scientia Horticulturae, 102(4), 407-414.  

[20] Murashige, T. and Skoog, F., 1962. A revised medium for rapid growth and bio assays with 
tobacco tissue cultures. Physiologia Plantarum, 15(3), 473-497.  

[21] Ciurzyńska, A., Lenart, A. and Karwosińska, J., 2015. Effect of quantity of low-methoxyl 
pectin on physical properties of freeze-dried strawberry jellies. Polish Journal of Food and 
Nutrition Sciences, 65(4), 233-241. 

[22] Cleland, R.E., 2010. Auxin and cell elongation. In: P.J. Davies, ed. Plant Hormones 
Biosynthesis, Signal Transduction, Action! 3rd ed. Dordrecht: Springer, pp. 204-220. 

[23] George, E.F., Hall, M.A. and Klerk, G.J.D., 2008. Plant growth regulators I: Introduction; 
auxins, their analogues and inhibitors. In: E.F George, M.A. Hall and G.J.D. Klerk, eds. Plant 
Propagation by Tissue Culture. 3rd ed. Dordrecht: Springer, pp. 175-204. 

[24] Santos, M.R.A., Souza, C.A. and Paz, E.S., 2017. Growth pattern of friable calluses from 
leaves of Capsicum annuum var. annuum cv. Iberaba Jalapeño. Revista Ciência Agronômica, 
48(3), https://doi.org/10.5935/1806-6690.20170061. 

[25] Palei, S., Rout, G.R., Das, D.K. and Dash, D.K., 2017. Callus induction and indirect 
regeneration of strawberry (Fragaria × Ananassa) Duch. CV. Chandler. International Journal 
of Current Microbiology and Applied Sciences, 6(11), 1311-1318. 

[26] Kurmi, U.S., Sharma, D.K., Tripathi, M.K., Tiwari, R., Baghel, B.S. and Tiwari, S., 2011. 
Plant regeneration of Vitis vinifera (L) via direct and indirect organogenesis from cultured 
nodal segments. Journal of Agricultural Technology, 7(3), 721-737. 

[27] Diengngan, S. and Murthy, B.N.S., 2014. Influence of plant growth promoting substances in 
micropropagation of Strawberry cv. Festival. The Bioscan, 9(4), 1491-1493 

[28] Debnath, S.C., 2005. Strawberry sepal: Another explant for thidiazuron-induced adventitious 
shoot regeneration. In Vitro Cellular and Developmental Biology-Plant, 41, 671-676. 

http://dx.doi.org/10.5935/1806-6690.20170061


 
Current Applied Science and Technology Vol. 22 No. 1 (January-February 2022) 

_______________________________________________________________________________ 
 

12 
 

[29] Passey, A.J., Barrett, KJ. and James, D.J., 2003. Adventitious shoot regeneration from seven 
commercial strawberry cultivars (Fragaria x ananassa Duch.) using a range of explant types.  
Plant Cell Reports, 21, 397-401. 

[30] Litwinczuk, W., Okolotkiewicz, E. and Matyaszek, I., 2009. Development of in vitro shoot 
cultures of strawberry (Fragaria x ananassa Duch.) ‘Senga Sengana’ and ‘Elsanta’ under the 
influence of high doses of gibberellic acid. Floria Horticulturae, 21(2), 43-52.  

[31] Zatyko, J.M., Kiss, G., Radics, ZS. and Simon, I., 1989. Initiation of strawberry runner 
formation in vitro. Acta Horticulturae, 265, 349-352.  

[32] Valles, M. and Boxus, P.H., 1987. Micropropagation of several Rosa hybrida L. cultivars. Acta 
Horticulturae, 212, 611-617. 

[33] Barbosa, L., Neto, V.B.P., Dias, L.C., Festucci-Buselli, R.A., Alexandre, R.S., Iarema, L., 
Finger, F.L. and Otoni, W.C., 2013. Biochemical and morpho-anatomical analyses of 
strawberry vitroplants hyperhydric tissues affected by BA and gelling agents.  Revista Ceres, 
60(2), 43-52.   

[34] Casanova, E., Moysset, L. and Trillas, M.I., 2008. Effects of agar concentration and vessel 
closure on the organogenesis and hyperhydricity of adventitious carnation shoots. Biologia 
Plantarum, 52(1), 1-8. 

 


	Mass Propagation System of Strawberry (Fragaria × ananassa) Microshoots by Liquid Shake Culture
	Prakarn Chomboon and Pana Lohasupthawee*

