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1 SUMMARY 
Shoot tip in vitro micropropagation of banana (Musa AAA East Africa) cv.’ Uganda’ resulted 
in off-type plants with an altered plant and fruit development. This study was carried out to 
determine epigenetic mechanisms underlying the altered plant and fruit development of the 
in vitro derived off-type banana. The off-type banana was compared with in vitro 
micropropagation (MP) derived normal banana and conventionally propagated (CP) banana 
plants with no tissue culture history in their ancestry as controls. Plant development was 
estimated based on plant height, girth and number of days from planting to flowering. Fruit 
development was measured as the number of days from flowering to fruit maturation and 
senescence. Mechanisms underlying the altered plant and fruit development were 
determined based on global cytosine DNA methylation and 2C nuclear DNA content. Leaf 
cytosine DNA methylation and 2C nuclear DNA content were determined using reversed 
phase HPLC and flow cytometer, respectively. Results showed that the off-type banana was 
significantly (P < 0.05) taller and delayed to flower compared with the MP and CP derived 
banana. Similarly, the fruits of the off-type banana had significantly (P< 0.05) longer 
maturation, ripening and senescence periods than those of the true-totype fruits. The off-
type derived plants had lower (P < 0.05) leaf global cytosine DNA methylation and 2C 
nuclear DNA amount compared with the MP and CP derived plants. These findings 
suggest that the altered plant and fruit development of the of-type banana are possibly 
under the control of reduced cytosine DNA methylation and nuclear DNA content. Further 
studies are required to identify specific genes which affect plant and fruit development upon 
undergoing demethylation.  

 
1 INTRODUCTION 
During banana shoot tip in vitro 
micropropagation, shoots arise from either 
epidermal and parenchyma cells (i.e. 
adventitious shoots) or intercalary meristem of 
leaf bases (i.e. axillary shoots) (Israel et al., 1991; 
Zaffari et al., 2000; Filippi et al., 2001). 
Differentiated plant cells like parenchyma must 
undergo dedifferentiation to acquire 
regenerative competence (Cassells and Curry, 
2001). The use of growth regulators to induce 

regenerative competence involves 
reprogramming of cell cycles (Harding et al., 
1996) and this may result in a genetic instability 
with an altered plant growth and yield 
(Vuylsteke, 2001; Nwauzoma et al., 2002; Roux, 
2004). An in vitro derived off-type of AAB 
banana cv. ‘Lady Finger’ with a slow plant 
growth, and a reduced bunch and fruit size has 
been reported (Smith et al., 1999). Moreover, a 
tissue culture-derived off-type with a slow plant 
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growth, late flowering and low yield has been 
reported in African plantain cv. ‘Agbagba’ 
(Vuylsteke, 2001). 
Somaclonal variation has been reported to be 
under the control of DNA methylation 
(Finnegan et al., 1993; Harding et al., 1996). 
DNA methylation can reversibly affect 
chromatin conformation, thereby influencing 
gene expression by altering the ability of RNA 
polymerase and transcriptional proteins to bind 
to gene or promoter sequences (Reik and 
Murrell, 2000; Slater et al., 2003). A high 
amount of indole-3-acetic acid and 2, 4-
dichlorophenxyacetic acid in the growth media 
increased DNA methylation in a callus-derived 
carrot (Arnholdt-Schmitt et al., 1991). Similarly, 
a treatment of wheat seeds with 6-
benzylaminopurine increased DNA methylation 
in germinating embryos and seedlings (Vlasova 
et al., 1995). A high DNA hypermethylation 
results in a gene repression, silencing, 
imprinting, culture ageing and loss of culture 
regenerability (Kazmierczak et al., 1998). A loss 
in DNA methylation has frequently been 
reported in tissue culture derived plants. An 
elevated concentration of kinetin in a growth 
media decreased DNA methylation in a callus-
derived carrot (Arnholdt-Schmitt et al., 1991). A 
reduction in DNA methylation increases gene 
transcription, in vitro culture regenerability, plant 
juvenility and tallness (Finnegan et al., 1993; 
Harding et al., 1996).  
A plant genome size or 2C nuclear DNA 
content is highly plastic in a response to 
environmental conditions. An increase in a 
genome size is caused by an entire 
chromosome duplication, a multiplication of 

retrotransposable elements and DNA repeat 
sequences (Price and Johnson, 1996; 
Bennetzen, 2002). Naphthalene acetic acid and 
2,4-dichlorophenoxyacetic acid used to induce 
rooting have been reported as polyploidy 
inducers (D’Amato, 1997) whereas 6-
benzylaminopurine at 15 mg/L resulted in a 
formation of a tetraploid somaclone ‘CIEN 
BTA-03’ from a triploid banana cv. ‘Williams’ 
(Trujillo and Garcia, 1996). Conversely, a 
reduction in a genome size is frequently caused 
by a deletion of mobile genetic elements and 
repeat DNA sequences, and an impaired DNA 
replication (Deumling and Clermont, 1989; 
Petrov, 2001). Benzylaminopurine in a growth 
media enhanced a reduction of a copy number 
of DNA repetitive sequences in a carrot callus 
(Arnholdt-Schmitt et al., 1991; Pluhar et al., 
2004). Short photoperiodic conditions also 
reduced the amount of DNA in a sunflower 
(Price and Johnson, 1996). The loss in nuclear 
DNA amount has been linked to aplant 
rejuvenation (Arnholdt-Schmitt et al., 1991) and 
a loss of plant adaptation to winter (Deumling 
and Clermont, 1989). 
A shoot tip in vitro propagated off-type banana 
(Musa AAA East Africa) cv. ‘Uganda’ exhibited 
altered plant and fruit developmental cycles. 
Mechanisms underlying the altered plant and 
fruit development in this off-type banana are 
hardly known. The objective of this study was 
to determine the underlying epigenetic causes 
of the altered plant and fruit development in 
the tissue culture derived off-type banana cv. 
‘Uganda’ based on 2C nuclear DNA content 
and global cytosine DNA methylation. 

 
3 MATERIALS AND METHODS 
3.1 Description of study area and plant 
materials: East African highland banana cv. 
‘Uganda’ with no micropropagation history in its 
ancestry was in vitro micropropagated at Sokoine 
University of Agriculture (SUA) according to 
Maerere et al. (2003). The in vitro suckers were 
planted in the field at SUA in May 2003 and four 
off-type plant stools were accidentally detected in 
the field based on visual observation. The off-type 

visually differed from the true-to-type plants by 
altered plant size, flowering and fruit maturation 
time. The off-type plants were multiplied in vivo in 
the field to increase the number of suckers. 
3.2  Experimental design: The setup of the 
experiment was a randomised complete block 
design with three treatments. These treatments were 
the off-type banana, in vitro micropropagated (MP) 
normal banana and conventionally propagated (CP) 
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banana with no tissue culture history in its ancestry. 
A treatment was replicated three times and each 
replicate consisted of 10 plants. Sword suckers were 
collected from field-grown of the off-type, MP and 
CP plants and transplanted in a new plot at a 
spacing of 3 x 4 m in 2006. The crop received an 
appropriate management including weeding, 
irrigation and desuckering to maintain three plants 
per stool. The evaluation of plant and fruit 
development was carried out from May 2006 to 
August 2007. 
3.3  Plant and fruit development: Ten plants 
per replicate were selected for a measurement of 
pseudostem height and girth. The pseudostem 
height was measured from the root collar to the 
level of the inflorescence emergence using an 
extendable ruler whereas the pseudostem girth was 
measured at 100 cm above the root collar using a 
field veneer calliper (Msogoya et al., 2006). The 
flowering time was determined using 10 plants per 
replicate as the number of days from the date of 
planting to the emergence of inflorescence 
(Swennen and De Langhe, 1985). The fruit 
maturation stage was determined as the number of 
days from the day of plant flowering to the date 
when 50 % of the plants had harvestable bunches 
(Samson, 1986). The fruit ripening was estimated 
using a colour chart (RHS Colour Chart) as the 
number of days from the date of harvesting to the 
day when 50 % of the fruits in a hand had yellow 
peel. The fruit shelf life was recorded as the number 
of days from the date of harvesting to the day when 
50 % of fruits in a hand were considered 
unmarketable. 
3.4  Epigenetic mechanisms underlying 
altered plant and fruit developmental cycles: 
Mechanisms underlying the altered plant and fruit 
development were determined based on 2C nuclear 
DNA content and cytosine DNA methylation. The 
2C nuclear DNA content and global cytosine DNA 
methylation was determined from cigar leaves of 
the off-type, MP and CP derived banana plants. 
3.4.1  Nucleus DNA content: Fresh cigar leaf 
tissues of banana samples and those of the 
calibration standard were macerated using ‘bead 
beating’ method according to Roberts (2007). 
Parsley (Petroselinum crispum Mill.) cv. Nyman with 
the leaf 2C nuclear DNA content of 4.46 pg was 
used as a calibration standard (Yokoya et al., 2000). 
The macerated leaf tissue was filtered through 30 

µm nylon mesh and the filtrate was treated with 

RNase at 150 µg/mL, stained using propidium 

iodide and incubated at 25 °C for 20 minutes 
(Hanson et al., 2005). The staining solution 
consisted of 0.06 mg/mL propidium iodide, 56.8 
mg/mL disodium hydrogenphosphate, 3.6 mg/mL 
sodium sulphate and 4.9 mg/mL trisodium citrate. 
The flow cytometric analysis was carried out using 
CAIII flow cytometer (Partec GmbH, Munster, 
Germany) according to Yokoya et al. (2000). The 
effectiveness of the sample preparatory procedure 
was assessed using coefficients of variation of the 
peaks in the histograms, which was as low as 2.05 
and 2.76 % for the calibration standard and banana 
samples, respectively. The 2C nuclear DNA amount 
of the banana sample was calculated according to 
Yokoya et al. (2000) as follows: 

G
G

DNADNA
p

b

pb
∗=  

Where DNAb: 2C nuclear DNA content of banana 
(test plant), DNAp: 2C nuclear DNA content of 
parsley (calibration standard), Gb: Fluorescence 
intensity peak of banana and Gp: Fluorescence 
intensity peak of parsley. 
3.4.2  DNA methylation: Nucleic acids for the 
determination of DNA methylation were extracted 
from cigar leaves using CTAB-based procedure 
with modifications according to Ramage et al. 
(2004). The nucleic acids were digested into 
nucleotides and nucleosides using nuclease P1 
(Sigma N-8630) and bacterial alkaline phosphatase 
(Sigma P-4252) (Chakrabarty et al., 2003; Johnston et 
al., 2005), respectively. Nucleoside chromogram was 
generated by a reversed phase HPLC and the 
percentage global cytosine DNA methylation 
(mDNA) was calculated according to Johnston et al. 
(2005) as follows: 

[ ]
[ ]mdCdC

mdC
mDNA

+
∗= 100  

Where mdC: Methylated DNA cytosine (µM) and 

dC: Non-methylated DNA cytosine (µM). 
 
3.5  Data analysis: Percentage data were first 
arcsin-transformed before undertaking data analysis. 
Data analysis was performed using ‘SPSS 15.0 
computer statistical programme (SPSS, 2006). The 
data were subjected to analysis of variance (P < 
0.05) and multiple means comparison was 
performed based on Tukey honest significant 
difference (Tukey-HSD) test at a probability of 5% 
(Zar, 1997). 
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4  RESULTS 
4.1  Plant development: The off-type banana 
plants were significantly (P < 0.05) bigger. They had 
a taller pseudostem height and height to 
circumference ratio of 329 cm and 6.0 compared 
with 226 cm and 5.3 of the MP derived banana and 
236 cm and 4.6 of the CP derived banana, 

respectively (Table 1). The off-type banana plants 
significantly (P < 0.05) delayed to flower at 293.0 
days from the date of planting compared with 263.6 
and 262.2 days of the MP and CP derived banana 
plants. 

 
Table 1: Plant size and number of days to flowering of in vitro derived off-type banana cv. ‘Uganda’ 
Banana type Plant height 

(cm) 
Plant circumference 
(cm) 

Plant height to 
circumference ratio  

Number of days to 
plant flowering 

Off-type 329b ± 11 55b ±  20 6.0c ± 0.3 293.0b ± 6.0 

MP banana 226a ± 15 42a ± 00 5.3b ± 0.1 263.6a ± 6.0 

CP banana 236a ± 20 51b ± 10 4.6a ± 0.1 262.2a ± 8.0 

Means bearing the same superscript letter within the column are insignificantly (P < 0.05) different according to 
Tukey-HSD test. ± SE: standard error of the mean. 

 
4.2  Fruit development: The fruits of the off-
type banana significantly (P < 0.05) matured later at 
124 days from the date of flowering whereas those 
of the MP and CP derived banana matured at 90.9 
and 87.8 days, respectively (Table 2). Similarly, the 
fruits of the off-type banana had longer (P < 0.05) 
ripening period of 7.0 days from the date of 

harvesting compared with 4.0 and 4.5 days of the 
MP and CP derived banana, respectively. The off-
type fruits also had slower senescence (long shelf 
life) of 17 days from the date of harvesting while 
those of the MP and CP derived banana had shelf 
life of 7.2 and 7.0 days, respectively. 

 
Table 2: Fruit maturation, ripening and senescence of in vitro derived off-type banana cv. ‘Uganda’ 
Banana type Number of days from flowering 

to fruit maturation 
Number of days from 
harvesting to fruit ripening 

Fruit shelf 
life (days) 

Off-type 124.0b ± 3.0 7.0b ± 2.0 17.0b ± 2.1 
MP banana 90.9a ± 6.0 4.0a ± 1.8 7.2a ± 1.8 
CP banana 87.8a ± 5.0 4.5a ± 2.1 7.0a ± 2.1 
Means bearing the same superscript letter within the column are insignificantly (P < 0.05) different according 
to Tukey-HSD test. ± SE: standard error of the mean. 
 
4.3.  Nuclear DNA content and cytosine 
DNA methylation: The in vitro derived off-type 
plants had significantly (P < 0.05) smaller leaf 2C 
nuclear DNA content of 1.72 pg compared with 
1.81  and 1.82 pg of the MP and CP derived banana 
plants, respectively (Table 3). Furthermore, the off-
type banana had lower (P < 0.05) leaf global 

cytosine DNA methylation of 11.3 % compared 
with 17.4 and 22.5 % of the MP and CP derived 
banana, respectively (Table 3). The in vitro derived 
MP derived banana had also significantly lower leaf 
cytosine DNA methylation than the CP derived 
banana.  

 
Table 3: Nuclear DNA content and cytosine DNA methylation in tissue culture derived off-type banana cv. 
‘Uganda’. 

Banana type Leaf 2C nuclear DNA content (pg) (± SE) 
Cytosine DNA methylation (%) (± 
SE) 

Off-type banana 1.72a ± 0.02 11.3a ± 0.5 
MP banana 1.81b ± 0.01 17.4b ± 0.3 
CP banana 1.82b ± 0.01 22.5c ± 1.3 
Means bearing the same superscript letter within the column are insignificantly P < 0.05) different according 
to Tukey-HSD test. 
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5  DISCUSSION AND CONCLUSION 
The off-type banana was taller and flowered later 
than the true-to-type plants of either in vitro or 
conventional derived normal banana plants. The 
increased plant height and number of days to 
flowering of the off-type plants were probably due 
to the high juvenility. In vitro derived off-types with 
an increased juvenility have been reported in 
African plantains and potato (Cassells et al., 1991; 
Nwauzoma et al., 2002). The tallness and juvenility 
among in vitro derived regenerants has been 
associated with an alteration in a plant cell 
developmental programme during tissue culture 
(Harding et al., 1996). The increased plant height 
and delayed flowering of the off-type banana in this 
study were possibly under a control of DNA 
hypomethylation and a loss in nuclear DNA 
content. A loss in DNA methylation and nuclear 
DNA content has been linked to an increase in a 
plant height and juvenility in a callus-derived carrot 
(Arnholdt-Schmitt et al., 1991; Finnegan et al., 1993; 
Harding et al., 1996; Cassells and Curry, 2001). 
The fruits of the off-type banana delayed to mature 
possibly due to the higher bunch weight and 
carbohydrate content in the fruit as earlier reported 
in the same off-type banana (Msogoya et al., 2011). 
According to Harada et al. (2005), fruit development 
involves an increase in size caused by a cell 
multiplication at early stage and an enlargement (i.e. 
due to accumulation of soluble solids and water) at 
a later stage. The fruits of the off-type banana had 
also slower fruit ripening and senescence (i.e. longer 
shelf life). These defects were possibly associated 
with an alternation of genes involved in a fruit 

ripening. Several genes involved with changes in a 
fruit colour, aroma, texture, sugars, acids and an 
activation of ethylene synthesis do express 
differentially and their cumulative effect brings 
about fruit ripening and senescence (Alexander and 
Grierson, 2002; Pech et al., 2008). In banana fruit 
ripening, many genes belonging to stresses or 
defences are epigenetically expressed in addition to 
genes related to ethylene biosynthesis, cell wall 
hydrolysis, metabolite transport and transcription or 
translation machinery (Kesari et al., 2007). The 
epigenetic expression of genes belong to stresses is 
associated with a loss in DNA methylation (Galaud 
et al., 1993; Burn et al., 1993). The slow ripening and 
senescence of the off-type banana fruits 
encountered in this study were probably under the 
control of cytosine DNA hypomethylation. 
Cytosine DNA hypomethylation does silence 
several fruit ripening genes, especially those related 
to stresses, causing a delay in a fruit ripening 
(Manning et al., 2006; Seymour et al., 2008).  
It is concluded that the increased plant height and 
delayed plant flowering, fruit ripening and 
senescence in the off-type banana cv. ‘Uganda’ are 
epigenetically under the control of genes which are 
altered as a consequence of a reduction in nuclear 
DNA content and DNA methylation. This is a first 
report in which losses of cytosine DNA methylation 
and 2C nuclear DNA content are associated with 
alterations in plant and fruit development in the 
tissue culture derived East African highland banana 
cv. ‘Uganda’. Further studies are required to identify 
specific genes which affect plant and fruit 
development upon methylation at cytosine base.   
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