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Although a number of transformation systems and selection regimes have been developed for cassava
(Manihot esculenta Crantz), they have only been applied in a limited number of genotypes. This
limitation of the applicability of the systems is due largely to variation in morphological responses of
different genotypes to the regeneration and transformation procedures employed, which underscores
the need to study all possible parameters for any given cultivar. Using two cultivars (“Rosinha” and
“Buja Preta”) we made an attempt to improve the frequency of somatic embryogenesis (SE), establish
friable embryogenic callus (FEC) lines from developing somatic embryos and evaluate the effect of
different concentrations of the antibiotics kanamycin, on secondary somatic embryogenesis (SSE) and
of paromomycin, on FEC in proliferation and histodifferentiation media. Further, we report on transient
expression of the visual marker gene uidA following particle bombardment of FEC from ‘Buja Preta’ and
of cut pieces of green somatic cotyledons from ‘Rosinha’, using the plasmid pBI426. Higher humber of
embryos, which emerged as early as 8 days after culture on MS medium (CIM), was obtained when
abaxial part of the explant was in direct contact with the medium as against the adaxial side, and this did
not depend on the explant size (0.5 cm? or 2.5 cm?). Highly friable and embryogenic callus was obtained
on GD medium supplemented with 2% (w/v) sucrose and 12 mg/L picloram. While paromomycin, at
concentration of 60 mg/L arrested the proliferation and histodifferentiation of FEC, kanamycin in CIM
containing explants undergoing SSE led to a decrease in their embryogenic potential resulting in tissue
death at 50 mg/L. The highest transient expression of uidA gene in FEC was observed combining
plasmolysis, M5 particle and a helium pressure of 1,200 psi, while in somatic cotyledons, the highest

expression was observed when M5 particle was used along with the helium gas pressure of 900 psi.
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INTRODUCTION

Cassava (Manihot esculenta Crantz) is the third largest
tropical crop used as a staple food, particularly in Africa,

*Corresponding author: E-mail: biorazi@gmail.com. Tel: +234
70 34589199.

Abbreviations: CIM, Cassava somatic embryogenesis
induction medium; CMM, Cassava somatic embryogenesis
maturation medium; FEC, friable embryogenic callus; GD2P50,
GD medium + 2% sucrose and 12 mg/L picloram; MS2NAA5,
MS medium+ 2% sucrose and 1mg/L NAA; SE, somatic
embryogenesis; SSE, secondary somatic embryogenesis.

Asia and South America (Stupak et al., 2006). An
estimated 700 million people obtain more than 500 Kcal
per day from the crop and more than 500 million people
consume 100 Kcal per day from cassava (Taylor et al.,
2004). Globally, dependence on the crop is expected to
increase with a projected 60% boost in production by
2020 (Aerni, 2006). While conventional methods of
breeding have failed to fully address the problems
associated with the production and utilization of the crop
(Puonti-Kaerlas, 2000), transgenic technologies repre-
sent an alternative tool that can complement traditional
breeding to extend its pool for useful gene sources over



species barriers while offering the possibilities of trans-
ferring single trait without encountering the problems
often associated with traditional breeding (Taylor et al.,
2004).

An important prerequisite for the development of genetic
transformation system is the availability of morphogenic
culture that can be used in gene transfer techniques
(Taylor et al.,, 1996, 2004). In cassava, this can be
achieved through somatic embryogenesis. First reported
by Stamp and Henshaw (1982) from zygotic cotyledons
and then from clonal leaf materials of cassava, the
general strategy is to induce the formation of somatic
embryos from explants on a Murashige and Skoog
(Murashige and Skoog, 1962) (MS) based medium
supplemented with auxin, from which embryos can be
used to regenerate plants that are clones of the parent
material while preserving all traits of the original germ-
plasm. However, despite the apparent success in the
production of somatic embryos in cassava, their use as
targets in most regeneration and genetic transformation
systems has not been quite encouraging (Raemakers et
al.,, 1997; Zhang and Puonti-Kaerlas, 2000; Sarria et al.,
2000; Siritunga and Sayre, 2003). This is because both
primary and secondary somatic embryos seem to have a
multi-cellular origin and this may lead to the production of
chimeras, thereby increasing the chances of somaclonal
variation (Stamp and Henshaw, 1987; Raemakers et al.,
1997). On the other hand, the system of somatic embryo-
genesis that produces FEC is preferred due to the fact
that the progenitor cells of these structures are located on
the surfaces of preexisting FEC units, thus emerging cells
are easily accessible to all techniques of gene transfer
(Taylor et al., 1996). FEC therefore, represents the initial
stage of embryogenic development, as such is advante-
geous in the transformation of plants because an individul
cell has the chance of behaving independent of its
neighbouring cell to form a new embryogenic unit.

We have earlier established protocols for the induction
of SE in ten cassava genotypes (Machado et al., 2007).
In this work, we report on the improvement of the
frequency of SE and embryo conversion of cut pieces of
somatic cotyledons, establishment of FEC lines from
somatic embryos as well as evaluation of the effect of
different concentrations of the antibiotics kanamycin, on
secondary somatic embryogenesis (SSE) and of paromo-
mycin, on FEC in proliferation and histodifferentiation
medium using two genotypes (‘Rosinha’ and ‘Buja Preta’,
respectively). In addition, we report on transient expres-
sion of the visual marker gene uidA following particle
bombardment. Our findings shall form the basis for effec-
tive transformation of cassava with other reporter genes
and subsequently with genes of agronomic importance.

MATERIALS AND METHODS

Plant materials

The cassava varieties used in this study (“Rosinha” and “Buja
Preta”) were obtained from the cassava germplasm bank maintain-
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ed at the Agronomy School, Federal University of Ceara, Fortaleza,
Brazil. For the establishment of in vitro cultures, the method
described by Machado et al. (2007) was used. Fresh stem cuttings
(20-30 cm) with 5-8 nodes were obtained from mature plants. The
cuttings were planted in plastic trays (50 x 30 x 8 cm) filled with
vermiculite and watered with half-strength MS salts and kept under
green house conditions. When the newly sprouted stems reached 2
cm, they were cut from the mother plant, taken to the lab and
sterilized by immersion in a solution of 1.5% sodium hypochlorite
and 0.01% Triton X-100 for 5 min. Shoot tips containing up to three
leaf primordia were aseptically dissected and transferred to test
tubes (15 x 2.5 cm) containing 10 ml of solidified MS medium
supplemented with 0.1 mg/L benzyl adenine (BA). The tubes
containing the explants were incubated at 26 + 2°C in a growth
chamber programmed to provide a light and dark cycle of 16/8 h
provided by white fluorescent lamps (25.3 pmol m? s™). The
cultures were maintained by monthly subculture of nodal explants in
the same medium. For all media used, pH was adjusted to 5.8 with
1.0 N NaOH and agar (0.5% for all GD medium and 0.8% for all MS
medium), was added before autoclaving.

Cyclic somatic embryogenesis

Primary somatic embryogenesis was induced by culturing isolated
shoot apex obtained from in vitro plants, in Petri-dish containing
cassava induction medium (CIM) which is composed of MS medium
supplemented 8 mg/L picloram. Maturation of embryos was
achieved by transferring the primary embryos into cassava
maturation medium (CMM) containing MS medium supplemented
with 0.1 mg/L BAP. A cyclic system of secondary somatic embryo-
genesis was established by subjecting cut pieces of cotyledons
from mature somatic embryos to CIM. The effects of the position of
the explant (abaxial and adaxial) in relation to the medium and of
cotyledon size (0.5 and 2.5 cm?), on the frequency of SE were
evaluated.

Induction of FEC and embryogenic suspension

FEC was induced by culturing developing somatic embryos on
Gresshoff and Doy (1974) (GD) medium supplemented with 2%
sucrose (w/v) and 12 m/L picloram (GD2P50) in a 16 h photoperiod.
The emergence of FEC and FEC production capacity of each
explant was monitored over a period of 84 days. Embryogenic
suspension was prepared by culturing FEC in a liquid in flask and
kept on a gyratory shaker (MARCONI-MA 140 CFTT) at 120 rpm in
16 h photoperiod. To regenerate embryos from FEC, the tissues
were cultured on MS medium containing 2% (w/v) sucrose and 1
mg/L NAA (MS2NAAS5) and kept in 16 h photoperiod.

Determination of selection pressure

Cut pieces of green cotyledons originating from CMM were cultured
in the presence of kanamycin at the concentrations of 0.0, 0.05,
0.5, 1.0, 2.5, 5.0 and 50 mg/L in CIM and with 0.0, 0.5, 1.0, 2.5, 5.0,
10, 25 and 75 mg/L in CMM. For each treatment, 3 replicates were
made with each replicate represented by 1 plate containing 10
explants per plate giving a total of 30 explants per treatment.
Hundred milligrams (100 mg) of FEC was cultured in GD2P50
supplemented with filter sterilized paromomycin in the following
concentrations: 0.0, 5.0, 10.0, 45.0, 50.0 and 60.0 mg/L. FEC fresh
weight and the appearance of undesirable callus as well as the
death of individual explants were recorded 30 days later. The same
amount of FEC was cultured on MS2NAA5 supplemented with filter
sterilized paromomycin in the concentrations of 0.0, 5.0, 10.0, 40.0,
50.0 and 60.0 mg/L. The emergence or otherwise of embryos was
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Figure 1. Restriction map of the plasmid pBl426 (35S-35S, double
35S CaMV promotor from Cauliflower mosaic virus; AMV, leader
sequence from Alfalfa mosaic virus, uidA-nptll, fused genes coding
for B-glucoronidase (GUS) and neomycin phosphotransferase
(nptll); NOS-T terminator from nopaline synthase.

observed after two weeks. Each treatment consisted of 4 clusters of
100 mg FEC (16 clusters per treatment) replicated three times.

Viability test

Paromomycin-treated FEC was used to carry out viability test using
fluorescein diacetate (FDA) by adopting the method described by
Schopke et al. (1996) with slight modifications. An aliquot of 40 pL
FEC from each antibiotic treatment was stained with 0.05% FDA in
liquid GD2P50 for ten minutes and then mounted on microscopic
slides. All the slides were viewed with optical microscope (Olympus
System Microscope BX 60), under white light and fluorescent
(Olympus System Attachment Model BX-FLA, Olympus). Pictures
were taken with inbuilt camera (Olympus Photomicrosgraphics
System PM 20). For each treatment, three slides were prepared
and the experiment repeated 3 times.

Transformation

A particle delivery system developed by EMBRAPA/CENARGEN
(Rech et al., 2008) which was based on the Sanford and Davit
(1991) model was used to bombard green cotyledons of “Rosinha”
and FEC from “Buja Preta”. The distance between the retention
plate and the target tissue was 80 mm and the RH of the laboratory
was 44 t 4%. The vector used was pBI426 (Figure 1); which
contains the genes uidA and nptll (Dalta et al., 1999) fused under
the control of 35S promoter from Cauliflower mosaic virus (CaMV)
bearing a leading enhancer sequence from Alfalfa mosaic virus
(AMV). Sixty milligram each, of two different tungsten particles; M5
and M10 (Sylvania) (corresponding to 0.5 and 1.0 um average
diameters, respectively) were transferred to centrifuge tubes
containing 1 mL of 70% ethanol and centrifuged for 15 min. The
particles were re-suspended in 50% glycerol. Fifty microliters of the
particle was mixed with 5 pL of plasmid DNA (1 ug/uL), 50 pL of

2.5M CaCl, and 20 puL of 0.1 M spermidine. The mixture was
shaken gently for 10 min and an aliquot of 3.2 uL of this was used
per bombardment.

For particle bombardment of FEC, cell suspension of the tissue
was prepared at least 10 days before. Fractions ranging in size
between 100-500 um were obtained from the suspension by first
vortexing the FEC for 15 s and passage through sieve (40 - 60
mesh). For each bombardment, approximately 250 mg of the tissue
was spread on the bombardment plate (5 cm) as a monolayer. The
effect of particle size and pre-treatment of the tissues with 0.2 M
equimolar concentrations of sorbitol and mannitol 4 h before and 16
h after bombardment of the FEC, on transient expression of uidA
was evaluated after histochemical analysis using the method of
Jefferson (1987).

For the particle bombardment of the somatic embryos, cut
pieces of cotyledons (0.5 cm?) were placed in bombardment plates.
The effects of gas pressures (900 and 1,200 psi) and particle size
(M5 and M10) on the transient expression of uidA were studied.
Where necessary, data obtained was analyzed using SAS (SAS
Institute, 1992-1998).

RESULTS AND DISCUSSION

Effect of the position of explants and explant size on
SSE

The induction of SSE was influenced by the position of
the explants in relation to the culture medium. Although
no significant difference was observed in terms of the
frequency of SSE, there was a tendency of obtaining
higher number of embryos when the abaxial part of the
explant was in direct contact with the culture medium as
against the adaxial side (Table 1). In addition, more
callus formation was observed in the adaxial treatment.
As early as 8 days after culture, the explants under the
abaxial treatment showed evidence of embryogenesis
and by the 12th day, globular stage embryos could be
clearly observed. When present, callus was observed
only around the region of cut. Although Raemakers et al.
(1993) observed that embryos emerge from the adaxial
part of the explants, this is the first time such parameter
is studied and has been found to influence SSE in
cassava.

Since embryos seem to emerge from the cells around
the adaxial side of the explants (Stamp, 1987), we
expected a kind of correlation in the frequency of SSE
and the number of embryos produced per explants on the
one hand, and the explants size on the other. However,
the size of explant did not seem to affect, neither the
frequency of SSE nor the quantity of embryos produced
(Table 1). We observed that even when explant size was
increased from 0.5 to 2.5 cm? no significant difference
existed in the frequency of SSE. Most researchers
actually use an explant of the size 0.5 cm (Zhang and
Puonti-Kaerlas, 2000; Zhang et al., 2000), irrespective of
the regeneration and transformation systems used. This
finding not withstanding, the position of the explant
should be considered as an important factor in the
attempt to improve the frequency of SE in any cultivar of
cassava.
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Table 1. Effect of position and size of explant on the induction of somatic embryogenesis in

cassava cv. Rosinha.

Treatments Frequency of SSE (%) Mean number of embryos + SE
Abaxial (0.5 cm2) 100 ? 64.67 +10.33°
Adaxial (0.5 cm2) 98.3% 42.83 +23.80°
Abaxial (2.5 cm2) 100 ? 60.88 +16.93 °?
Adaxial (2.5 cm?) 94.7° 41.05+24.10°

Values with the same letters along the same column indicate that there is no significant difference in
the treatments (Tukey 5%).
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Figure 2 - Emergence of FEC from somatic embryos in cassava
(Manihot esculenta) cv Buja Preta, cultured in GD2P50 (a) and their
isolotion on the same medium (b). The FEC production capacity of the
fragments is highest at the end of the second cycle of 21 days sub-
culture (c) . Bars and arrows in a and b represent 1 cm.

Induction and maintenance of FEC

Fragments of somatic embryos started producing FEC
about 21 days after culture in GD2P50 (Figure 2a). Over
30% of the individual explants produced FEC within two
cycles of 21 days reaching the highest peak by the
second subculture (Figure 2c). By the third cycle, there
was a fall in the production of callus and most of the
explants have either completely converted to FEC or died
altogether. The FEC produced gave a homogenous
culture which was highly friable and embryogenic.

Effect of paromomycin on the proliferation and
histodifferentiation of FEC

Killing curve of FEC showed that 100 mg of the tissue
increased in fresh weight in GD2P50 supplemented with
up to 45 mg/L paromomycin for 30 days. At concentra-
tions higher than 50 mg/L, there was interruption in
proliferation and loss of friability of the FEC (Figure 3a).
Paromomycin at the concentration of 60 mg/L promptly
killed the cells and caused their disintegration. This is
true for both proliferation and histodifferentiation (Figure
3c). This was confirmed by a viability test (Figure 3b). At
low concentrations of paromomycin (typically 5 mg/L),
there was a dramatic growth of non embryogenic callus
which frequently weighed less than FEC. It is possible
that paromomycin, at low concentrations interferes with
the hormonal balance of the cells as has been observed
else where (Lin et al., 1995) thus leading to the
production of callus of different morphology.

Different workers reported the use of paromomycin as a
selective agent (Schopke et al., 1996; Gonzalez et al.,
1998; Taylor et al., 2001). In the case of “Buja Preta”,
FEC can be selected using the antibiotic at the
concentration range of 50 to 60 mg/L during proliferation
and histodifferentiation. Although in some works (Puonti-
Kaerlas, 2001), paromomycin has been reported to
reduce the regeneration potential of some transgenic
materials, it has been used with remarkable success
(Schopke et al., 1996). Reasons such as this are often
given in defense of the selection systems that combine
chemical and visual selective agents like luciferase
(Raemakers et al., 1996). Although the use of luciferase
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Figure 3. Effect of different concentrations of paromomycin on the proliferation and histodifferentiation of FEC from cassava (Manihot esculenta) cv Buja Preta (a-c) and of
kanamycin on somatic embryogenesis of cassava (cv Rosinha) (d-e). Increase in fresh weight and histodifferentiation of FEC were inhibited by 60 mg/L of paromomycin (a).
Viability test confirmed the death of the cells between 40 to 60 mg/L (b). Increase in the concentration of kanamycin inhibited the embryogenic capacity of the explants with
accompanying callus formation (d) and maturation of embryos generated led to tissue death at 50 mg/L of kanamycin. Bars in b and ¢ represent 0.05 and 0.5cm respectively
and bars in d and e represent 0.1cm.
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Table 2. Effect of the concentration of kanamycin on secondary somatic embryogenesis of cassava cv.

Rosinha.
CIM + Kanamycin Frequency of SSE (%) Mean Number of Embryos + SE

0.0 mg/L 96.7 % 51.67 +21.98%°

0.05 mg/L 96.7 % 61.67 +19.67°

0.5 mg/L 1002 40.67 +23.33°

1.0 mg/L 80° 9.33 +8.68°

2.5 mg/L 20° 2.00+4.07°

5.0 mg/L 6.7 0.67 +2.54°

50 mg/L 0° 0+0.0°

2795

Values with the same letters along the same column indicate that there is no significant difference in the

treatments (Tukey 5%).

Table 3. Influence of helium gas pressure and particle size on the transient expression of uidA in cotyledons of somatic

embryos from cassava cv. Rosinha.

Frequency of GUS positive | Maximum number of blue Mean number of blue
Treatments explants (%) spots per explant spots per explant + SE
900 psi/ M-5 98.5° 122 23.15 + 23,47 °
900 psi/ M-10 70.6° 24 3.44+503°
1,200 psi/ M-5 47.3° 11 1.08+1.82°
1,200 psi/ M-10 81.4 % 74 10.25 +14.86°

Values with the same letters along the same column indicate that there is no significant difference in the treatments (Tukey 5%).

may allow for the development of non transgenic tissues,
escapes may be eliminated by separating the steps of
visual selection and chemical selection at the regene-
ration stage of maturation (Snepvengers et al., 1997).
While the use of luciferase selection system may be
beyond the reach of some laboratories for economic
reasons (Puonti-Kaerlas, 2001), an alternative system
that combines the visual selection with positive selection
using mannose seems promising in ensuring the elimina-
tion of non transformed tissues without compromising the
putative transgenic tissues (Zhang and Puonti-Kaerlas,
2000).

Effect of kanamycin on somatic

embryogenesis

secondary

Increase in the concentration of kanamycin in CIM con-
taining explants undergoing SSE led to a decrease in
their embryogenic potential as evidenced by the
reduction in the frequency of SSE and a decline in the
number of embryos produced (Table 2). This was accom-
panied by increase in the production of non embryogenic
callus, except in the treatment containing 50 mg/L of
kanamycin, where the explants died altogether (Figure
3d-e). The callus formation may be as a result of methyl-
lation of DNA (Schmitt et al., 1997), which could have
affected the genetic expression in the embryogenic cells
or as a result of hormonal imbalance due to the presence
of by-products of antibiotic metabolism, since they are

known to mimic growth regulators (Holford and Newbury,
1992; Lin et al., 1995).

Although our results show that kanamycin at a
concentration of 50 mg/L is an efficient agent of selection,
studies have shown that sub-lethal concentrations of the
antibiotic should be employed. For example, Zhang and
Puonti-Kaerlas (2000) used lower concentrations of
kanamycin before transferring the explants to medium to
higher concentrations of the antibiotic and attributed the
high frequency of regeneration obtained to this strategy.

Establishment of parameters for particle
bombardment of FEC and somatic cotyledons

Histochemical analysis carried out 24 h after bombard-
ment of FEC with M5 particle without plasmolysis did not
show any significant expression of uidA. However, FEC
that was pretreated with equimolar concentrations of 0.2
M sorbitol and mannitol 4 h before and 16 h after
bombardment using both M5 and M10 particles and a
helium pressure of 1,200 psi, expressed the gene with
the highest expression found in M5 (Figure 4). Although
the frequency of transformation seems to be low, the
relatively higher level observed in the cells seemed
promising.

In the case of cotyledons from “Rosinha”, the highest
frequency of transient expression per explant was
observed when M5 particle was used along with the
helium gas pressure of 900 psi (Table 3). In addition, the
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Figure 4. Transient expression of uidA in cassava (Manihot
esculenta) following bombardment of FEC (cv. Buja Preta) using
M5 (a and b) and M10 (c and d) tungsten microparticles of
plasmolised (b and d) and non- plasmolised (a and c) explants.
Bars represent 0.5 mm.

explants under this treatment (900 psi+M5) presented
smaller but better defined and evenly distributed blue
spots than explants from other treatments (Figure 5).

The use of particles with low diameter has been
reported to result in high frequency of transient
expression in different plant species (Kemper et al., 1996;
Yang et al.,, 1999; Devi and Sticklen, 2002; Tee and
Maziah, 2005). This is because particles with lower
diameters tend to group less during the process of DNA
precipitation and when released, they separate from each
other better as such penetrate less into the cells. In
addition, low pressure is correlated with better distribution
of particles on the bombarded material (Rasco-Gaunt et
al., 1999). Therefore, the combination of these two
parameters allows for the recovery of plant tissues with
relatively high transient expression in cassava.

Conclusion

Our findings indicate that higher frequency of SE and
higher number of explants per embryo is obtained when
explant is positioned with its abaxial side in direct contact
with the culture medium. We have established cultures of
independent FEC lines originating from different embryo-
genic cycles. While up to 50 mg/L of kanamycin is
required to select green cotyledon of somatic embryos of
cassava (cv Rosinha), lower concentrations should
suffice at initial days following transformation. When FEC
tissues were subjected to solid proliferation and histo-
differentiation medium in the presence of paromomycin,
the phytotoxic level of the antibiotic was also found to be
around 50 mg/L. Although 50-60 mg/L of paromomycin

Figure 5. Transient expression of uidA in cassava (Manihot
esculenta) following bombardment of cotyledons from the “Rosinha”
combining a helium pressure of 900 psi (a and b) and 1,200 psi (c
and d), with particle M5 (a and d) and M10 (b and c). Bars
represent 0.1 cm.

can be used to select for putative transgenic FEC of
cassava (cv Buja Preta) in both proliferation and
histodifferentiation media, and a little over 5 mg/L of the
antibiotic may be used for the selection of embryogenic
suspension in liquid media, we recommend slightly lower
concentrations within the first few days following tran-
sformation before the adoption of these values in
subsequent regeneration stages. Particle bombardment
of FEC showed that higher frequency of transformation is
recorded when tissues were plasmolysed and the particle
M5 used and a combination of M5 particle and 1,200 psi
helium pressure was most efficient in the transformation
of cotyledons. Our findings shall form the basis for
effective transformation of cassava with reporter genes
and subsequently with genes of agronomic importance.
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