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A protocol for Coffea arabica L. cvs. Caturra and 
Catuaí plant regeneration via indirect somatic 
embryogenesis (ISE) was established. Furthermore, a 
biolistic mediated genetic transformation protocol was 
optimized for Catuaí callus aggregates. Maximum callus 
induction was obtained when Caturra (87%) and 
Catuaí (67%) leaves were cultured on Murashige and 
Skoog medium with 18.56 µM kinetin and 4.52 µM2,4-
dichlorophenoxyacetic acid (2,4-D). Catuaí suspension 
cultures were established from embryogenic callus using 
liquid proliferation CP and Sli media and diffused light 
and darkness. The higher suspension cultures fresh 
weight was obtained using Erlenmeyer (1425.4 ± 354.9 
mg) than Recipient for Automated Temporary 
Immersion System (RITA®)  (518.6 ± 55.1 mg),  whereas  
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the dry weight of suspension cultures was not 
significantly affected by the culture system used. Higher 
number of embryos per vessel (307.6 ± 49.0) and their 
fresh weight (9.6 ± 1.5 mg) were obtained with semisolid 
R medium than S3 medium. The highest somatic 
embryo development (25.0 ± 2.7) and fresh weight 
(780.0 ± 85.4 mg) were obtained with 1 min of 
immersion every 8 hrs. Higher fresh weight of 
regenerated plantlets was obtained with liquid Yasuda 
medium in RITA® (124.6 ± 16.3 mg) than semisolid 
media (36.3 ± 11.3 mg). For genetic transformation, the 
effect of helium pressure (900 and 1550 psi), and target 
distance (9 and 12 cm) and plasmid (pCAMBIA 1301, 
pCAMBIA 1305.2 and pCAMBIA 1301-BAR) on 
transient uidA expression Catuaí suspension cultures  
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were evaluated. The highest number of blue spots was 
obtained using 900 psi and 9 cm (125.8 ± 17.3). Stable 
uidA expression was observed on Catuaí callus 
aggregates transformed with pCAMBIA 2301 and 
cultured on 100 mg l-1 of kanamycin. 

Coffee (Coffea arabica L.) is one of the most economic 
important crops for more than 50 countries in the world and 
it is highly valuable for beverage consumption. 
Nevertheless, among several factors, coffee production is 
affected by seed and cuttings low multiplication rates and 
susceptibility to different diseases and pests. Techniques 
such as plant tissue culture and plant transformation can 
contribute to coffee improvement and accelerate the release 
of varieties with new traits (Santos-Briones and Hernández-
Sotomayor, 2006). 

Micropropagation constitutes an alternative for the mass 
propagation of selected coffee clones and hybrids (Etienne 
et al. 2002). Moreover, genetic transformation of coffee 
varieties requires development of efficient in vitro culture 
systems to obtain competent explants for plant 
transformation and regeneration (Fernández-Da Silva and 
Menéndez-Yuffá, 2003). Somatic embryogenesis has been 
preferred over other in vitro developmental processes, such 
as organogenesis or axillary bud proliferation, for 
micropropagation and genetic modification of higher plants 
(Ogita et al. 2002). In coffee, this process has been 
achieved via direct somatic embryogenesis from pro-
embryogenic cells of the leaf tissue in the absence of 
conspicuous callus proliferation or by indirect somatic 
embryogenesis (ISE) via friable embryogenic callus 
formation (Molina et al. 2002). Embryogenic callus 
cultures are obtained after culture of explants on an auxin 
containing medium. Thereafter, subculture on auxin free 
medium induces embryo regeneration (van Boxtel and 
Berthouly, 1996). 

ISE in coffee comprises a sequence of steps including 
callus induction and proliferation, and embryo 
development, as well as germination and conversion into 
plants (van Boxtel and Berthouly, 1996). The use of liquid 
medium has enabled the proliferation and mass production 
of somatic embryos in Erlenmeyer flasks or bioreactors in 
C. arabica and C. canephora (Zamarripa et al. 1991; van 
Boxtel and Berthouly, 1996; Barry-Etienne et al. 1999; 
Barry-Etienne et al. 2002a; Quiroz-Figueroa et al. 2002; 
Santana et al. 2004). Previous investigations have been 
conducted to compare the efficiency of liquid systems using 
Erlenmeyer flasks and bioreactors (Berthouly et al. 1995), 
the composition of culture media (Neuenschwander and 
Baumann, 1992; van Boxtel and Berthouly, 1996; Quiroz-
Figueroa et al. 2001), the culture density (van Boxtel and 
Berthouly, 1996; Santana et al. 2004), the callus age 
(Santana et al. 2004), and the subculture intervals (van 
Boxtel and Berthouly, 1996). In those cases in which 
bioreactors have been used, the duration and the frequency 
of immersion have been also studied (Albarrán et al. 2005). 

Genetic transformation of C. arabica and C. canephora has 
been reported using Agrobacterium tumefaciens (Hatanaka 
et al. 1999; Leroy et al. 2000; Ogita et al. 2002; Canche-
Moo et al. 2006), Agrobacterium rhizogenes (Alpizar et al. 
2006; Kumar et al. 2006) electroporation (Fernandez-Da 
Silva and Menéndez-Yuffá, 2003) and biolistic (van Boxtel 
et al. 1995; Rosillo et al. 2003; Ribas et al. 2005). These 
investigations have been conducted in order to optimize the 
transformation parameters using marker genes, to confer 
resistance to insects and herbicides or to reduce the caffeine 
content (Santos-Briones and Hernández-Sotomayor, 2006). 

Several protocols have been described in the literature for 
plant regeneration of coffee via ISE; nevertheless, specific 
conditions and protocols developed for a particular 
genotype are not necessarily reproducible for others (van 
Boxtel and Berthouly, 1996; Molina et al. 2002; Santana et 
al. 2004). Moreover, it has been shown that somaclonal 
variation among coffee plants regenerated through somatic 
embryogenesis range from 2% to 10% and it depends on 
the genotype, explant source, culture age, type and 
concentration of plant growth regulators, ploidy levels and 
chromosome number (Etienne and Bertrand, 2001; Etienne 
and Bertrand, 2003). However, ISE would facilitate large 
scale production of embryogenic calli and of somatic 
embryos for genetic transformation experiments and mass 
propagation of selected coffee clones and hybrids (van 
Boxtel and Berthouly, 1996; Etienne et al. 2002). 

 
Figure 1. ISE from Coffea arabica L. cv. Caturra and Catuaí 
leaves. (a) embryogenic callus (arrow). (b) Clusters of 
embryogenic cells (arrows) of Catuaí suspension cultures 
observed by light microscopy (40X). (c) Proliferation of Catuaí 
embryogenic calli in liquid Sli medium (d) Somatic embryo 
formation from Catuaí suspension culture (arrow). (e) 
Germination and somatic embryos conversion into plantlets in 
RITA® with R liquid media. (f) Germination and somatic 
embryos conversion into plantlets in RITA® with R semisolid 
media. (g) Coffee plants regenerated using RITA® and 
semisolid culture media.
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Therefore, the aim of this research was to define the best 
conditions for embryogenic callus induction and 
proliferation, as well as for embryo development and 
germination of somatic embryos from suspension cultures 
of coffee (Coffea arabica L. cv. Caturra and Catuaí) by 
studying the influence of culture media composition, light 
condition, culture system (semisolid vs. bioreactor) and 
immersion duration in bioreactor. Moreover, using the 
system for plant regeneration via ISE of Coffea arabica L. 
established in this study, our purpose was to optimize the 
biolistic parameters that affect the DNA delivery and stable 
expression of marker genes into Catuaí suspension cultures. 

MATERIALS AND METHODS 

Plant material 

Seeds of Caturra and Catuaí, collected from coffee 
plantations in Alajuela, Costa Rica, were washed and 
soaked for 24 hrs in distilled water with two drops of 
Tween 20, disinfected with 3.5% (v/v) sodium hypochlorite 
for 1 hr and finally rinsed three times with sterile distilled 
water. The zygotic embryos were excised from the seeds 
and cultured in baby food jars closed with polyethylene 
food wrap (Glad, Costa Rica) containing 20 ml of MS 
medium (Murashige and Skoog, 1962) supplemented with 
Morel vitamins (Morel, 1965), 100 mg l-1 myo-inositol, 200 
mg l-1 casein hydrolysate, 400 mg l-1 malt extract, 4.4 µM 
6-benzylaminopurine (BAP) and 2 g l-1 Gelrite; pH was 

adjusted to 5.6 before autoclaving for 21 min at 121ºC and 
1.07 kg cm-2. In vitro plantlets developed from these 
embryos were cultured with 20 ml of the above medium 
under a 16 hrs light photoperiod (30 µmol m-2 s-1) at 26 ± 
2ºC and transferred to fresh medium every 90 days. 

Induction of embryogenic callus and 
establishment of suspension cultures 

First and second completely developed leaves from the in 
vitro plants were used as explants for callus induction. Leaf 
sections measuring 0.5 cm2, without the midvein and the 
margins, were placed with the abaxial surface upwards on 
10 ml of callus induction medium contained in culture 
tubes (21 x 150 mm). For the first culture step, the medium 
C (van Boxtel and Berthouly, 1996) supplemented with 9.8 
µM 2-isopenteniladenine (2-iP), 2.2 µM 2,4-
dichlorophenoxyacetic acid (2,4-D) and 4.9 µM indole-3-
butyric acid(IBA) and the medium S1 (Sondahl et al. 1991) 
complemented with 18.5 µM kinetin and 4.5 µM 2,4-D 
were tested. After one month of culture on C and S1 
medium, the primary callus and explants were subcultured 
in culture tubes containing 10 ml of the embryo induction 
medium E (van Boxtel and Berthouly, 1996) and S2 
(Sondahl et al. 1991) respectively. 

The cytokinins of the original callus induction media C and 
S1 were replaced by several concentrations of BAP (4.4, 
8.9, 13.2, 17.6 and 22.2 µM) or thidiazuron (TDZ) (2.2, 4.5 
and 6.8 µM) in order to evaluate their effect on callus 
formation. The explants were cultured in the dark at 26 ± 
2ºC. Percentage of callus formation [(explants with 
embryogenic callus/total of explants)* 100] was evaluated 
after 16 weeks of culture on S1 + S2 or C + E. 

To start embryogenic suspension cultures, 250 mg fresh 
weight of friable embryogenic callus were transferred into 
25 ml of liquid proliferation medium CP (van Boxtel and 
Berthouly, 1996) contained in 125 ml Erlenmeyer flasks. 
To determine cell viability, one ml of suspension cultures 
was placed in a microcentrifuge tubes and centrifugated at 
1000 rpm and 100 µl of Evans Blue (0.1% w/v) was added   
 10 min at room temperature, centrifuged at 1000 rpm and 

Table 1. Effect of BAP, TDZ and Kinetin on embryogenic
callus induction in coffee (Coffea arabica L. cv. Caturra and
Catuaí) 16 weeks of culture on S1 + S2 media. 

 
Growth regulators (µM) Callus formation (%) 

2,4-D BAP TDZ KIN Caturra Catuaí 

4.52 - - 18.5 87 a 67a 

4.52 4.4 - - 19 b c 8 b 

4.52 8.9 - - 11 b c 9 b 

4.52 13.2 - - 6 b c 11 b 

4.52 17.6 - - 6 b c 5 b 

4.52 22.2 - - 0 d 0 c 

4.52 - 2.2 - 9 b c 3 b 

4.52 - 4.5 - 15 b c 3 b 

4.52 - 6.8   0 d 0 c 

Same letters within columns denote statistically equal means 
with the Duncan test at P < 0.05. 

Table 2. Proliferation of suspension cultures of coffee 
(Coffea arabica L. cv. Catuaí) using RITA® and Erlenmeyer 
flasks after 4 weeks of culture on Sli medium in the dark. 

 

 Culture system Fresh 
weight (mg) 

Dry 
weight (mg) 

RITA® 518.6 ± 55.1 b 89.2 ± 4.6 a 

Erlenmeyer  1425.4 ± 354.9 a   109.6 ± 18.2 a 

Each value represents the mean ± SE of 5 replicates from 
different RITA® and Erlenmeyer flasks. Same letter within 
columns denotes denote statistically equal means with the 
Duncan test at P < 0.05. 
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resuspended in distilled water. Viability was determined by 
counting the coloured cells in a hemacytometer using an 
Olympus BX41 microscope. 

Histological analysis of the suspension cultures was 
performed by fixing the tissue for 24 hrs in a solution 
containing 10% (v/v) formalin in 0.2 M phosphate buffer. 
Then, the suspension cultures were dehydrated in a graded 
series of ethanol and embedded in paraffin wax. Six µm 
sections were stained with Haematoxylin-Eosin and 
photographs were taken using an Olympus BX41 
microscope. 

Proliferation of suspension cultures 

Six-month-old suspension cultures of C. arabica cv Catuaí 
were used for the following experiments. Two culture 
media and light conditions were evaluated for the 
proliferation of Catuaí suspension cultures. Two hundred 
and fifty milligrams fresh weight of suspension cultures 
were cultured in 25 ml of liquid proliferation CP (van 
Boxtel and Berthouly, 1996) or Sli medium (Quiroz-
Figueroa et al. 2002) in 125 ml Erlenmeyer flasks under 
diffused  light  with 12 hrs light photoperiod (30 µmol m-2 
s-1) or in the dark. The suspension cultures were maintained 
on a gyratory shaker at 100 rpm at 26 ± 2ºC. In a second 
experiment, 250 mg fresh weight of suspension cultures 
were cultured either in 25 ml of liquid medium in 125 ml 
Erlenmeyer flasks or in the Recipient for Automated 
Temporary Immersion System (RITA®) with 200 ml of 
liquid media and with a 1 min immersion period every 8 
hrs. In every experiment, five Erlenmeyer flasks and five 
RITA® containers were used simultaneously. Proliferation 
of suspension cultures was measured by determining the 
fresh weight and dry weight after 4 weeks of culture. 

Development of somatic embryos from 
suspension cultures 

Catuaí somatic embryo development was evaluated using 
two culture systems: plating them on 20 ml semisolid 
medium (gelled with 2.5 g l-1 Gelrite) contained in Petri 
dishes (100 mm x 20 mm) or culturing in RITA® containers 
with 200 ml liquid medium. In both conditions, R (van 
Boxtel and Berthouly, 1996) and S3 (Quiroz-Figueroa et al. 
2002) culture media were tested. Two hundred and fifty 
milligrams fresh weight of suspension cultures were 

Table 3. One-way Anova for the variables analysed.

 
  Sum of square gl  Mean square       F            p      

Number of somatic embryos      

 Effect of culture media composition 436896.80 1 436896.80 48.69 0.0001

 Effect of culture system 27084.80 1 27084.80 3.02 0.1015

Fresh weight of somatic embryos      

 Effect of culture media composition 425.04 1 425.04 48.51 0.0001

 Effect of culture system 26.45 1 26.45 3.02 0.1015

 Fresh weight of embryogenic callus      

 Effect of culture media composition 26.61 1 26.61 44.59 0.0001

 Effect of culture system 0.19 1 0.19 0.31 0.5841

 

 
 
Figure 2. Influence of culture medium and light condition 
on fresh weight of suspension cultures of coffee (Coffea 
arabica L. cv. Catuaí). Evaluation was conducted after 4 
weeks of culture on CP and Sli medium under diffused light with 
12 hrs light photoperiod or in the dark. Each value represents 
the mean ± SE of 5 replicates from different Erlenmeyer flasks. 
Same letter above columns denotes denote statistically equal 
means with the Duncan test at P < 0.05. 
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cultured per Petri dish or RITA® container. The immersion 
period for the latter was 1 min every 8 hrs. Once the best 
combination of culture medium and culture system was 
determined, a second experiment was carried out, to 
evaluate the effect of the immersion period on somatic 
embryo development as follows: 1 min, 5 min and 10 min 
every 8 hrs. In both experiments, five RITA® containers 
and five Petri dishes were used. The suspension cultures 
were kept under 16 hrs light photoperiod (30 µmol m-2 s-1) 
at 26 ± 2ºC. For both experiments, the total number of 
somatic embryos, fresh weight of somatic embryos and 
fresh weight of tissue were determined after 8 weeks of 
culture. 

Germination of somatic embryos and conversion 
into plantlets 

Torpedo somatic embryos of Catuaí were germinated on 20 
ml semisolid or 200 ml liquid Yasuda medium (Yasuda et 
al. 1985) contained in baby food jars or RITA®, 
respectively. Semisolid medium was gelled with 2.5 g l-1 

Gelrite. Ten somatic embryos were cultured in each baby 
food jar and 20 somatic embryos in each RITA® container 
with an immersion time of 1 min every 8 hrs. Once the best 
germination medium was determined, a second experiment 
was carried out, to evaluate the effect of the immersion 
period on somatic embryo germination as follows: 1 min, 5 
min and 10 min every 8 hrs. Five baby food jars and five 
RITA® containers were used simultaneously in each 
experiment. The explants were cultured under 16 hrs light 
photoperiod (30 µmol m-2 s-1) at 26 ± 2ºC. The total number 
of germinated somatic embryos, fresh weight of somatic 
embryos and embryogenic callus and conversion of somatic 
embryos into plantlets were assessed after 12 weeks of 
culture in the conditions described above. The percentage 
of germination [(germinated somatic embryos/total of 
somatic embryos) x 100] and the conversion of embryos 
into plants [(Number of plants with two pairs of true 
leaves/total of somatic embryos) x 100] were calculated. 

Preparation of plasmid DNA 

The plasmid pCAMBIA 1301 (Center for the Application 
of Molecular Biology to International Agriculture, 
Canberra, Australia), containing a uidA gene and the hpt 
gene, both under control of the constitutive CaMV35S 
promoter, was used for biolistic optimisation. The plasmid 
was isolated from Escherichia coli XL1 cells using the 
Wizard™ Plus Midipreps DNA purification systems 
(Promega). Ten µl of DNA (1 µg µl–1) were precipitated 
onto 50 µl sterile gold particles (1 µM, Bio-Rad 
Laboratories Inc, Hercules, CA, USA) following the 
protocol described by Russell (1993). 

Optimization of DNA delivery into suspension 
cultures 

Prior to particle bombardment, 250 mg of Catuaí 
suspension cultures were cultured on a Petri dish for 4 hrs 
on filter paper placed on top of Yasuda et al. (1985) 
medium supplemented with 0.5 M mannitol and 0.5 M 
sorbitol (Rosillo et al. 2003). Suspension cultures were 
bombarded with the plasmid pCAMBIA 1301 using either 
900 psi with a target distance of 9 cm or 1550 psi with 12 
cm according to Rosillo et al. (2003). In all the 
experiments, 10 Petri dishes were bombarded once and 
cultured in the dark at 26 ± 2ºC. Additionally, non-
bombarded suspension cultures were included as controls. 

Once the best helium pressure and target distance were 
determined, smaller suspension cultures (0.1-0.3 cm) and 
small calli aggregates (0.5-1.0 cm) were bombarded with 

 
 
Figure 3. Histochemical assay of uidA gene. (a) Transient 
uidA expression on Catuaí suspension cultures bombarded with 
pCAMBIA 1301. (b) Stable uidA expression on Catuaí 
suspension cultures bombarded with pCAMBIA 2301 after 4 
weeks of culture on Sli medium (Quiroz-Figueroa et al. 2002) 
supplemented with 100 mg l-1 kanamycin. (c) Catuaí suspension 
cultures on selection with 100 mg l-1 kanamycin after 4 weeks of 
bombardment with pCAMBIA 2301. (d) Complete growth 
inhibition of Catuaí suspension cultures in selection medium 
containing 100 mg l-1 hygromycin or 3 mg l-1 ammonium 
glufosinate. 
 

Table 4. Effect of culture medium on somatic embryo
formation from suspension cultures of Coffea arabica L. cv.
Catuaí after 8 weeks of culture using Petri dishes and RITA®

containers. 

 
Fresh weight 

Culture 
medium 

Number of 
somatic 
embryos 

 Somatic 
embryos  

(mg) 

 Embryogenic 
callus  

(g) 

R 307.6 ± 49.0 a 9.6 ± 1.5 a 1.15 ± 0.2 b 

S3 12.0 ± 5.2 b 0.4 ± 0.2 b 3.5  0.4 a 

Same letters within columns denote statistically equal means with 
the Duncan test at P < 0.05. 
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the plasmids pCAMBIA 1305.2 (uidA version GUSPlus™ 
and the hpt gene), pCAMBIA 1301-BAR (uidA gene and 
the bar gene) and pCAMBIA 2301 (uidA gene and the nptII 
gene). 

Assay for β-glucoronidase activity 

Histochemical GUS assays were performed 48 hrs after 
plasmid delivery following the protocol described by van 
Boxtel et al. (1995). Briefly, bombarded suspension 
cultures were incubated in X-Gluc buffer (2 mM X-Gluc, 
100 mM sodium phosphate buffer pH 8.0, 10 mM EDTA, 1 
mM potassium ferricyanide, 1 mM potassium ferrocyanide 
and 20% v/v methanol) for 24 hrs at 37ºC in the dark. The 
tissue was cleared using 95% (v/v) ethanol and the transient 
uidA expression was determined by counting the number of 
blue spots with a binocular stereoscope. 

Selection of putative transformants 

Bombarded Catuaí suspension cultures were cultured on 
semisolid Sli medium (Quiroz-Figueroa et al. 2002) 
supplemented with 100 mg l-1 hygromycin (pCAMBIA 
1301 and pCAMBIA 1305.2) (Hatanaka et al. 1999), 3 mg 
l-1 ammonium glufosinate (pCAMBIA 1301-BAR) and 100 
mg l-1 kanamycin (Hatanaka et al. 1999; Canche-Moo et al. 
2006) (pCAMBIA 2301). During all selection period, the 
suspensions cultures were maintained with 16 hrs light 
photoperiod (30 µmol m-2 s-1) at 26 ± 2ºC. Four weeks after 
the selective agent was applied, necrosis of the tissues was 
evaluated. 

Statistical analysis 

Data were analyzed using one-way ANOVA and the 
differences between treatment means were contrasted using 
the Duncan test at the level of 5%. The program 
STATISTICA version 6.0 (StatSoft, Tulsa, OK, USA) was 
used. 

RESULTS 

Induction of embryogenic callus and 
establishment of suspension cultures 

A creamy compact primary callus was observed on the cut 
edges of both Caturra and Catuaí leaf explants after two 
weeks of culture on callus induction media C and S1. 
Subsequently, spots of yellow friable embryogenic callus 
formed on the edges of primary callus after 16 weeks of 
culture on embryo induction medium E and S2 (Figure 1a). 
Embryogenic callus was induced only after sequential 
culture on media S1 and S2. Best results were obtained 
with 18.5 µM kinetin and 4.52 µM 2,4-D (Table 1). On the 
other hand, there was no embryogenic callus formation 
when Caturra and Catuaí in vitro leaves were cultured on 
the medium sequence C + E. 

Transfer of embryogenic callus cultures to liquid CP 
medium induced formation of large number of small 
aggregates in Catuaí, in contrast globular somatic embryos 
developed in Caturra. Therefore, it was not possible to 
establish suspension cultures of the latter genotype. The 
Evans Blue test shown viability of the Catuaí suspension 
cultures whereas dead cells shown dark blue colour. The 
suspension cultures were constituted of small and 
isodiametric cells with a prominent nucleus and nucleolus 
and dense cytoplasm (Figure 1b). 

Proliferation of suspension cultures 

The fresh weight of suspension cultures was not 
significantly affected by the proliferation culture media (CP 
or Sli) or by light conditions (indirect light with 12 hrs light 
photoperiod or darkness) tested (Figure 2). On the other 
hand, independently of the culture media used, illuminated 
cultures turned brown after 4 weeks. Therefore, darkness 
was chosen for further experiments (Figure 1c). The present 
study showed that the higher Catuaí suspension cultures 
fresh weight was obtained using Erlenmeyer flask than 
RITA® under the conditions tested. On the other hand, the 

Table 5. Effect of duration of immersion period in RITA® containers on formation of somatic embryos from suspension 
cultures of Coffea arabica L. cv. Catuaí after 8 weeks of culture in R medium. 

 
Fresh weight 

Duration of immersions  Number of somatic embryos
Somatic embryos (mg) Embryogenic callus (g)

1 min every 8 hrs 25.0 ± 2.7 a 780.0 ± 85.4 a 0.7 ± 0.2 b 

5 min every 8 hrs 8.0 ± 2.0 b 249.6 ± 62.4 b 1.8 ± 0.5 ab 

10 min every 8 hrs 8.2 ± 4.5 b 255.8 ± 142.1 b 2.6 ± 0.2 a 

Same letters within columns denote statistically equal means with the Duncan test at P < 0.05. 
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dry weight of suspension cultures was not significantly 
affected by the culture system used (Table 2). 

Development of somatic embryos from 
suspension cultures 

Typical somatic embryos developed from Catuaí 
suspension cultures are shown in Figure 1d. Their number 
and fresh weight were significantly affected by the 
composition of the culture medium used (Table 3). The 
highest number of somatic embryos per vessel and higher 
fresh weight were obtained when the suspension cultures 
were cultured in R medium in contrast to S3 medium 
(Table 4). Moreover, the culture medium composition 
significantly affected the fresh weight of embryogenic 
callus. Thus, the highest fresh weight of embryogenic callus 
was obtained using S3 medium (Table 3 and Table 4). 

On the other hand, the number of somatic embryos, the 
fresh weight of somatic embryos and embryogenic callus 
were not significantly affected by the culture system 
(semisolid medium vs. liquid medium in RITA®) (Table 3). 
Nevertheless, the development of somatic embryos up to 
the torpedo stage from suspension cultures in semisolid 
culture media was completed in eight weeks whereas in 
liquid media in RITA® it was accomplished in six weeks. 

The immersion period in the RITA® containers 
significantly affected the formation of somatic embryos. 
The highest number of somatic embryos, the highest fresh 
weight of somatic embryos and the lowest fresh weight of 
embryogenic calli were obtained using an immersion period 
of 1 min every 8 hrs. Increasing the immersion duration 
reduced the number and fresh weight of somatic embryos 
and increased the fresh weight of embryogenic calli (Table 
5). 

Germination of somatic embryos and conversion 
into plantlets 

Somatic embryos germinated successfully in either 
semisolid or liquid Yasuda culture medium (Figure 1e and 
Figure 1f). The germination rate and conversion of somatic 
embryos into plantlets did not differ statistically between 
both conditions (Table 6). Nevertheless, using the RITA® 

system, the conversion of embryos into plantlets took place 
in four weeks compared to six weeks in semisolid media. 
Moreover, the highest fresh weigh of plantlets was obtained 
with the RITA® system (Table 6). In general, the somatic 
embryos obtained in semisolid Yasuda medium were 
smaller with underdeveloped cotyledons compared to the 
somatic embryos regenerated using RITA® which 
developed larger embryogenic axis with well-defined 
cotyledons (Figure 1e and Figure 1f). Despite these 
differences in earlier germination stage, normal subsequent 
growth and development of the plant was observed. The 
somatic embryos regenerated into plantlets with two to four 
pair of leaves and the length of the plant was 5 cm (Figure 
1g). 

The germination rate, conversion of embryos into plantlets 
and fresh weight of the plants were not significantly 
affected by immersion period tested (data not shown). 

Optimization of DNA delivery into suspension 
cultures 

Transient uidA expression was observed on Catuaí 
suspension cultures bombarded using 900 psi and 9 cm or 
1550 psi and 12 cm (Figure 3a). However, higher number 
of blue spots per Petri was observed when Catuaí 
suspension cultures were bombarded with pCAMBIA 1301 
using 900 psi and a target distance of 9 cm (125.8 ± 17.3) 
than with 1550 psi and 12 cm (30.5 ± 9.1) (Figure 4). 

Selection of putative stable transformants 

When smaller Catuaí callus aggregates (0.1-0.3 cm) were 
bombarded using 900 psi and 9 cm with pCAMBIA 1301 
or pCAMBIA 1301-BAR, no stable expression of uidA, hpt 
or bar genes was obtained. In contrast, stable expression of 
uidA gene was obtained when small Catuaí callus 
aggregates (0.5-1 cm) were bombarded with pCAMBIA 
2301 (uidA gene and nptII gene) and cultured on selection 
medium containing 100 mg l-1 of kanamycin (Figure 3b). 
Moreover, the Catuaí suspension cultures showed a 
continuous growth and remained yellow during the 
selection period with 100 mg l-1 of kanamycin (Figure 3c). 
In contrast, other Catuaí suspension cultures turned brown 
and growth was inhibited after 4 weeks of culture on 
selection medium with 100 mg l-1 of hygromycin 
(pCAMBIA 1301 and pCAMBIA 1305.2) or 3 mg l-1 
ammonium glufosinate (pCAMBIA 1301-BAR) (Figure 
3d). 

 
 
Figure 4. Effect of helium pressure and target distance on 
transient uidA expression in coffee suspension cultures 
(Coffea arabica L. cv. Catuaí). Errors bars correspond to SE. 
Data were recorded 48 hrs after particle bombardment by GUS 
assay. Different letters indicate values are significantly different 
by Duncan test at P > 0.05. 
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DISCUSSION 

A protocol for the induction and proliferation of Caturra 
and Catuaí embryogenic callus and for development of 
somatic embryos from Catuaí suspension cultures was 
established in the present study. Germination and 
development of Catuaí somatic embryos into plants using 
RITA® was also successfully obtained. Furthermore, an 
optimized bombardment protocol for DNA delivery into C. 
arabica L. cv. Catuaí was developed. 

The influence of culture medium composition on induction 
of Caturra and Catuaí callus was clearly observed (Table 1). 
The S1 and S2 media (Sondahl et al. 1991) induced a 
higher percentage of callus formation, compared to C + E 
media (van Boxtel and Berthouly, 1996). The media 
sequence C + E, which was initially developed for 
embryogenic callus induction in C. canephora, was found 
to be less efficient in inducing ISE in C. arabica species 
(van Boxtel and Berthouly, 1996). Callus induction was 
higher when basal medium was supplemented with 2,4-D 
and kinetin. A similar result was obtained by García and 
Menéndez (1987) in Catimor leaves cultured on MS 
medium supplemented with 4.52 µM 2,4-D and 18.56 µM 
kinetin. 

Proliferation of suspension cultures was achieved with both 
CP (van Boxtel and Berthouly, 1996) and Sli (Quiroz-
Figueroa et al. 2002) culture media. Although, the fresh 
weight of suspension cultures did not differ between both 
culture media (Figure 2), the Sli culture media was chosen 
for suspension cultures proliferation on liquid culture 
media. The differences in the mineral salts and plant growth 
regulator concentration between CP (half strength MS + 4.6 
µM kinetin) and Sli (MS + 9.2 µM kinetin) culture media 
influenced the choice. Van Boxtel and Berthouly (1996) 
demonstrated that under an intensive photosynthetic photon 
flux the growth of suspension cultures was inhibited and 
the risk of polyphenolic oxidation increased. For these 
reasons, dark incubation was chosen for the proliferation of 
Catuaí suspension cultures. 

In this study, the higher fresh weight was seen using 
Erlenmeyer flasks instead of RITA® (Table 2). In a 

continuous immersion system, the Catuaí suspension 
cultures are constantly immersed in the liquid media and 
the uptake and utilization of mineral nutrients, plant growth 
regulators and water could be higher and therefore, 
responsible for the higher fresh weight of suspension 
cultures. Recently, Chakrabarty et al. (2007) reported that 
in a continuous immersion bioreactor, apple shoots 
appeared to utilize more nutrients and uptake more water 
from liquid medium than these growing on temporary 
immersion system. Moreover, Chakrabarty et al. (2007) 
showed that the higher fresh weight per apple shoot and the 
number of shoot per explant were obtained using a 
continuous immersion bioreactor than a temporary 
immersion bioreactor. In this study, in the RITA® the 
medium covers the suspension cultures during a min every 
8 hrs. However this low immersion frequency could limit 
the uptake of mineral nutrients and plant growth regulators 
necessary for the proliferation of the suspension cultures. In 
this sense, Albarrán et al. 2005) demonstrated that 
immersion cycles of 1 min every 4 hrs increased fresh 
weight and somatic embryos number compared to 
immersions cycles of 1 min every 12 hrs or 24 hrs. Besides, 
in an agitated liquid medium embryogenic calli 
disaggregate allowing the formation of suspension cultures. 

On the other hand, in the present study, there were no 
significant differences in the dry weight using Erlenmeyer 
and RITA®, indicating that Catuaí suspension cultures 
proliferation could be carried out using both systems. In 
contrast, Berthouly et al. (1995) observed higher growth of 
embryogenic cultures from different C. arabica genotypes 
in a temporary immersion system than in Erlenmeyer 
flasks. Moreover, Chakrabarty et al. (2007) reported that 
individual apple shoots obtained from temporary immersion 
system had higher dry mass than those obtained from 
continuous immersion system. Although, coffee cell 
proliferation is traditionally carried out using Erlenmeyer 
flasks, using RITA® to multiply embryogenic calli much 
larger containers can be used, transfer times can be 
reduced, permitted control of hyperhydricity and the labour, 
the number of containers and the space required can be 
reduced (Etienne and Berthouly, 2002; Chakrabarty et al. 
2007). 

Table 6. Effect of the culture system on the germination of somatic embryos and conversion into Coffea arabica L. cv. 
Catuaí plantlets after 12 weeks of culture on semisolid Yasuda medium. 

 

Culture system Germination of 
embryos (%) 

Conversion of 
embryos into plants (%) 

 Fresh weight of plants 
(mg) 

Semisolid media 98 ± 2 a 64.0 ± 10.7 a 36.3 ± 11.3 b 

RITA® 100 a 45.3 ± 5.1 a 124.6 ± 16.3 a 

Same letters within columns denote statistically equal means with the Duncan test at P < 0.05. 
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Differences observed in the regeneration efficiency of the 
suspension cultures could be related to differences in the 
concentration of plant growth regulators between both 
culture media (Table 4). The regeneration medium R (van 
Boxtel and Berthouly, 1996) contained 17.6 µM of BAP 
whereas the S3 medium (Quiroz-Figueroa et al. 2002) 
contained 2.32 µM of kinetin and 0.27 µM of 
napthaleneacetic acid (NAA). Somatic embryo 
development from embryogenic callus or suspension 
cultures has been accomplished previously in coffee mainly 
on semisolid culture media (Barry-Etienne et al. 2002b; 
Barrueto et al. 2004; Samson et al. 2006). Temporary 
immersion culture systems have improved the development 
of somatic embryos in Citrus deliciosa, Hevea brasiliensis, 
Musa spp and C. arabica F1 hybrid (Caturra x E531) 
(Escalant et al. 1994; Cabasson et al. 1997; Etienne et al. 
1997; Barry-Etienne et al. 1999; Barry-Etienne et al. 
2002a). Although, the results obtained in the present study 
did not show significant differences between semisolid or 
liquid media contained in RITA® (Table 3), the time 
required for somatic embryo regeneration, germination and 
development of embryos into plantlets was reduced by two 
weeks using liquid culture media in RITA®. Moreover, with 
regard to germination and conversion of somatic embryos 
into plantlets, in the present study the fresh weight of 
plantlets was higher using liquid than semisolid culture 
media (Table 6). It is well known that in semisolid media 
the growth rate is slow and the uptake of water, mineral 
nutrients and plant growth regulators is reduced by gelling 
agent compared to liquid culture media. Moreover, 
inhibitory and toxic exudates from explants do not diffuse 
quickly as in liquid culture media (Gupta and Timmis, 
2005). 

In culture systems with temporary tissue immersions, the 
immersion time is very important, since it determines 
nutrient and plant growth regulator uptake and can 
influence hyperhydricity (Etienne and Berthouly, 2002). 
Among the different immersion times used for formation of 
somatic embryos from suspension cultures, it was shown 
that the largest amounts of somatic embryos, the highest 
fresh weight of embryos and lowest fresh weight of callus 
were obtained using short immersions (Table 5). A similar 
result was obtained by Albarrán et al. (2005), who showed 
that short immersion periods (1 min every 12 hrs) strongly 
promoted the embryo production in coffee compared to 
long immersion duration (5 and 10 min every 12 hrs). 

Optimization of parameters for particle bombardment is 
necessary for transient or stable gene expression in any 
plant tissue (Tee and Maziah, 2005). In a previous work, 
Rosillo et al. (2003) evaluated interactions among osmotic 
treatment, helium pressure and target distance for 
bombardment of C. arabica cv. Colombia line BK620. 
These authors concluded that 4 hrs of culture of the cells 
with 0.5 M mannitol and sorbitol prior to particle 
bombardment, 900 psi with 9 cm or 1550 psi with 12 cm 
gave the highest transient GUS expression. To the best of 
our knowledge this is the first report of optimization of 

biolistic parameters for DNA delivery into C. arabica cv. 
Catuaí suspension cultures. The results obtained have 
shown that a lower helium pressure (900 psi) and shorter 
target distance (9 cm) may improve transient uidA 
expression compare to 1550 psi with 12 cm (Figure 4). 

Simultaneously for the optimization of physical, biological 
and environmental parameters that affect the efficiency of 
the biolistic procedure, the choice of suitable selectable 
marker, its optimal concentration and the timing of 
selection are critical (Tadesse et al. 2003; Ribas et al. 
2006). Selection agents must allow the proliferation of 
transformed cells and reduced tissue polyphenolic 
oxidation. Selection of coffee transgenic plants has been 
reported using hygromycin (Hatanaka et al. 1999; Kumar et 
al. 2006), kanamycin (Hatanaka et al. 1999; Canche-Moo et 
al. 2006), chlorsulfuron (Leroy et al. 2000) and ammonium 
glufosinate (Fernández- Da Silva and Menéndez- Yuffá, 
2003; Ribas et al. 2005). Although transient uidA 
expression was observed on Catuaí suspension cultures 
bombarded with pCAMBIA 1301 (hpt and uidA) or 
pCAMBIA 1305.2 (uidA version GUSPlus™ and hpt) in 
this work the use of hygromycin and ammonium 
glufosinate led to oxidation of suspension cultures (Figure 
4d). In this regard, van Boxtel (1997) reported that 
hygromycin caused inhibition of calli formation and severe 
necrosis on coffee leaves and suspension cultures. 
Moreover, these authors indicated that selection using 100 
mg l-1 kanamycin or 3 mg l-1 ammonium glufosinate inhibit 
growth of coffee suspension cultures without causing 
severe necrosis. However, in this study, the selection of 
transformed Catuaí suspension cultures with ammonium 
glufosinate and hygromicin was inhibited by the oxidation 
of the tissue. This result is probably due the damage caused 
by transformation of small size target tissue (0.1 to 0.3 cm) 
and its sensibility to selection agent. Fernández- Da Silva 
and Menéndez-Yuffá (2003) indicated that released of 
phenolic compounds is a problem that affects genetic 
transformation in coffee. 

Size of tissue is an important factor that needs to be 
considered for multiplication and regeneration of 
bombarded explants. Since particle bombardment involves 
the penetration of heavy metal particles into intact cells or 
tissues, microparticles hits may provoke various levels of 
tissue wounding and damage that can hinder plant 
regeneration (Tadesse et al. 2003). In this sense, when fine 
Catuaí callus aggregates (0.1-0.3 cm) were bombarded with 
pCAMBIA 1301 or pCAMBIA 1301-BAR no stable 
expression of uidA, hpt or bar genes was obtained. In 
contrast, stable expression of uidA gene was obtained when 
small Catuaí callus aggregates (0.5-1 cm) were bombarded 
with pCAMBIA 2301. 

Mass propagation and plantlet regeneration via ISE 
required seven to eight months in C. canephora and 
Arabusta and nine to ten months in C. arabica (van Boxtel 
and Berthouly, 1996). In this study, plantlet regeneration 
from cultured leaves of C. arabica cv. Catuaí via ISE was 
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accomplished in five to six months. To the best of our 
knowledge, this is the first report in which somatic embryo 
development from suspension cultures of C. arabica cv. 
Catuaí, germination and conversion of these embryos into 
plantlets, have been accomplished using temporary 
immersion culture in a RITA® bioreactor. Furthermore, the 
optimized genetic transformation protocol developed in the 
present study could be used for incorporation and stable 
expression of cry genes from Bacillus thuringiensis in order 
to confer resistance to Hypothenemus hampei, a very 
important insect plague in this culture. 
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