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Abstract. Protoplasm culture following the chemical fusion of ‘Valencia’ sweet orange [Citrus sinensis (L.) Osb.]
protoplasts, isolated from an embryogenic suspension culture, with ‘Femminello’ lemon [Citrus limon (L.) Burro. f.]
leaf protoplasts resulted in the regeneration of an interspecific allotetraploid somatic hybrid plant, two autotetraploid
lemon plants, and diploid plants from both parents. The regeneration of plants from lemon leaf protoplasts is an
example of protoplast-to-plant regeneration from non-nucellus-derived tissue for Citrus. Regenerated plants were
classified according to leaf morphology, chromosome number, and analyses of phosphohexose isomerase (PHI), per-
oxidase (PER), and 6-phosphoglucose dehydrogenase (PGD) zymograms. The somatic hybrid plant was vigorous,
with leaves morphologically intermediate to the parents. The tetraploid lemon plants were similar to diploids, although
less vigorous and with thicker leaves. The tetraploid lemon and somatic hybrid plants, if fertile, could be used in
interploid sexual crosses to breed triploid seedless lemon cultivars with tolerance of mal secco disease from sweet
orange. Further investigation of plant regeneration from leaf protoplasts could increase the number of totipotent
Citrus clones amenable to somatic hybridization and genetic transformation experiments.
Cultivar development in Citrus by conventional breeding
methods has been limited by the complex reproductive biology
of Citrus (Grosser and Gmitter, 1990b; Swingle and Reece,
1967). Recently, interspecific and intergeneric somatic citrus
hybrids have been obtained via protoplasm fusion (Ohgawara et
al., 1985, 1989; Grosser and Gmitter, 1990a; Grosser et al.,
1988a, 1988b, 1989; Kobayashi and Ohgawara, 1988; Kobay-
ashi et al., 1988). These successes suggest potential new gene
transfer strategies for citrus scion and rootstock improvement
(Grosser and Gmitter, 1990b).

Mal secco is a systemic fungal disease of Citrus caused by
Phoma tracheiphila (Petri) Kantsch. & Gik. and occurs widely
in the Mediterranean and Black Sea areas (Solel and Salerno,
1988). Lemon and citron (C. medica L.) are most susceptible,
but grapefruit (C. paradisi Macf.) and sweet orange are consid-
ered to be tolerant. The development of improved lemon cul-
tivars with adequate tolerance or resistance to mal secco disease
is an important breeding objective in these areas. In Italy, breed-
ing efforts have produced lemon cultivars with improved tol-
erance to mal secco disease (including ‘Monachello’,
‘Interdonato’, and ‘Santa Teresa’), but they lack the productiv-
ity and fruit quality of ‘Femminello’ (Salerno and Cutuli, 1977).
Other high quality lemon selections are being evaluated but none
apparently has adequate tolerance to this disease.

Our objective was to generate interspecific somatic hybrid
plants of ‘Femminello’ lemon and ‘Valencia’ sweet orange in
an effort to combine the good quality and performance of ‘Fem-
minello’ lemon with the cold hardiness and mal secco-tolerance
of ‘Valencia’. Such an allotetraploid hybrid could be used as a
breeding parent in tetraploid × diploid hybridization with lemon
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to produce improved seedless triploid lemon-types tolerant of
mal secco.

Materials and Methods

Protoplasm isolation. Protoplasts of ‘Femminello’ lemon were
isolated from leaves of young nucellar seedlings maintained in
a growth chamber (16-hr photoperiod, 300 µmol·s-l·m-2 light
intensity, 26 to 30 C), according to the procedure of Grosser and
Chandler (1987). ‘Valencia’ protoplasts were isolated from a 1-
year-old suspension culture initiated from nucellus-derived em-
bryogenic callus. The ‘Valencia’ suspension culture was main-
tained and subculture every 2 weeks on a modified MT basal
medium (Murashige and Tucker, 1969) containing 500 mg malt
extract/liter and 50 g sucrose/liter. This medium, designated as
H + H, contains a MT macronutrient regime modified by a
50% reduction in the MT NH4NO 3 and KNO3 concentrations
and the addition of 1550 mg glutamine/liter and 750 mg KCl/
liter (Grosser and Gmitter, 1990b). For protoplasm isolation, 1
ml of suspension (4 to 12 days into the 14-day cycle) was trans-
ferred to a 60 x 15-mm petri dish with a widemouth pipet. The
suspension medium was carefully removed with a pasteur pipet
and replaced with 3 ml BH3 protoplasm culture medium (Grosser
and Chandler, 1987; Grosser and Gmitter, 1990b). One milli-
liter of enzyme solution (Grosser and Chandler, 1987; Grosser
and Gmitter, 1990b) was added drop by drop to facilitate cell
separation, and the petri dishes were sealed with Nescofilm
(Karlan Chemical, Torrance, Calif.) and incubated for 16 hr in
the dark at 28C on a rotary shaker (50 rpm). Both protoplasm
preparations were passed through a 45-µm stainless steel filter
and centrifuged for 10 min at 100 x g to remove the enzyme-
medium solution. Protoplasts were purified further by centri-
fugation on a sucrose–mannitol gradient as described below.
Pelleted protoplasts were gently resuspended in 4 ml of a 25%
sucrose solution containing CPW nutrients (Power et al., 1984).
Two milliliters of 13’% mannitol solution with CPW nutrients
were carefully layered on top to avoid mixing. The preparations
were then centrifuged 6 min at 100 x g.

Protoplasm fusion. Approximately equal volumes of purified
protoplasts were collected from the band at the interface of the
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Fig. 1. Leaf morphology (from left to right) of ‘Valencia’ sweet
orange, somatic hybrid of ‘Valencia’ + ‘Femminello’, diploid
‘Femminello’ lemon, and tetraploid ‘Femminello’ lemon. Leaves
were taken from protoplast-derived plants =18 months old.

Fig. 2. Root tip squash prepared from the ‘Valencia’ + ‘Femminello’
somatic hybrid, showing a tetraploid cell (2n = 4x = 36). Focal
adjustments were necessary for an exact count (magnification =
two layers for each parent, mixed, and centrifuged 4 min at
100 x g. Pelleted mixed protoplasts were resuspended in a total
volume of BH3 medium equal to 10 × the volume of the original
pellet. Citrus suspension culture-derived protoplasts are gener-
ally larger than citrus leaf protoplasts, and the final mixture
therefore contained a higher concentration of leaf protoplasts.
Two drops of the resuspended protoplasm mixture were pipetted
to the center of each of 12 fusion petri dishes (60 x 15 mm),
and the protoplasts were fused using the polyethylene glycol
(PEG) method of Menczel et al. (1981) as modified by Grosser
and Gmitter (1990b). Calculation of protoplasm densities before
fusion is unnecessary with this method (Grosser and Gmitter,
1990b; Grosser et al., 1988a, 1988b, 1989).

Protoplasm culture and plant regeneration. After fusion, pro-
toplasts were cultured directly in fusion petri dishes in 8 to 20
drops of a mixture of 1 BH3 medium : 1 liquid MT basal
medium (v/v) containing 200 g sucrose and 0.5 g malt extract/
liter. Fusion petri dishes were sealed with Nescofilm and stored
in plastic containers in the dark at 28C. After 5 weeks of in-
cubation, cultures were supplemented with 10 to 12 drops of a
mixture of 1 BH3 medium : 1 MT basal medium liquid (v/v)
containing 125 g sucrose and 0.5 g malt extract/liter. After 2
more weeks, the osmoticum. was reduced further by the addition
of 2 ml of a mixture of 1 BH3 medium : 1 liquid MT basal
medium (v/v) containing 50 g sucrose and 0.5 g malt extract/
liter (designated EME, Grosser and Gmitter, 1990b). Devel-
oping colonies were transferred, by careful pouring, to 100 x
15-mm petri dishes containing 0.8% agar (Sigma, St. Louis)
solidified EME medium. After 3 to 5 weeks, developing somatic
embryos were transferred to EME 1500 [EME plus an additional
1.0 g malt extract/liter; Grosser and Gmitter (1990b)] for en-
largement. Large, well-shaped embryos were germinated on MT
basal medium containing (per liter) 25 g sucrose, 1.0 mg gib-
berellic acid (GA3), 15 mg coumarin, 0.02 mg naphthalene-
acetic acid (NAA), and 0.5 g malt extract (designated B +
medium) (Grosser and Gmitter, 1990b). Embryos that devel-
oped shoots but poor or no roots were transferred to one-half
strength MT basal medium containing (per liter) 25 g sucrose,
0.5 g neutralized activated. charcoal, and 0.02 mg NAA (des-
ignated RMAN medium) (Grosser and Gmitter, 1990b) for tap-
root induction. Rooted plantlets were transferred to a commercial
potting mixture containing 60% peat and 40% poly-beads and
maintained at high humidity until acclimated.

Cytology. The chromosome number of root tip cells from
regenerated plants was determined using the hematoxylin stain- 
ing technique of Sass (1958), as modified by X. Ling (personal
communication) (Grosser and Gmitter, 1990b). Active root tips
were excised 3 to 4 hr after the onset of light and placed for 2
hr in a supersaturated aqueous solution of 1,4-dichlorobenzene
solution at 4C. Then, root tips were rinsed in double-distilled
(old) H2O and transferred to a solution of 3 100% ethanol :1
acetic acid (v/v) for 2 hr and hydrolyzed in 5 N HCl for 20 min.
After another rinse in dd H2O, root tips were transferred to a
4% Fe NH4(SO4)2 solution, held there for 2 hr and rinsed thor-
oughly by washing in dd H2O for at least 30 rein, and stained
in a 0.2% hematoxylin solution for 30 min. After a final rinse
in dd H2O, root tips were squashed with a smooth round-tipped
glass rod onto a glass slide in 45% acetic acid solution, spread
under a cover slip, and examined. Preparations were scanned
at 200 × magnification, and chromosomes were counted at 1000 x
magnification under oil immersion. At least three root tips and
four metaphase mitoses per root tip were examined for each
regenerated plant.
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Electrophoretic analysis of leaf isozymes. Seedling leaf tissue
from ‘Femminello’, ‘Valencia’, and all plants obtained from
protoplasm fusion and culture was sampled as in Torres et al.
(1978). Isozymes were separated using horizontal starch gel
electrophoresis on 0.8 x 18.2 x 18.2-cm gels containing 10’%
Connaught starch (Fisher Scientific, Pittsburgh, Pa.) and O. 15%
agarose. Peroxidase (PER, EC 1.11.1.7), phosphohexose iso-
merase (PHI, EC 5.3.1.9), and 6-phosphogluconate dehydro-
genase (PGD, EC 1.1.1.44) isozymes were resolved using the
pH 5.7 histidine citrate buffer of Cardy et al. (1981). Electro-
phoresis was carried out for 3 hr at 4C and constant 60-mA
current. Staining recipes were from Vallejos (1983).

Results

A total of 51 plants were regenerated from separate somatic
embryos following protoplasm fusion. Variation in leaf shape and
thickness (Fig. 1) and young leaf pigmentation was observed
among the regenerated plants. Chromosome counts revealed that
three of the regenerated plants were tetraploid (2n = 4x = 36)
(Fig. 2), but the remaining 48 were diploid (2n = 2x = 18).
One’ of the tetraploid plants was vigorous and exhibited leaf
morphology intermediate to that of the parents; it was presumed,
therefore, to be an interspecific somatic hybrid (Fig. 1). The
remaining two tetraploid plants were less vigorous and resem-
bled ‘Femminello’ lemon; they exhibited thick, lemon-type leaves
and red pigmentation in young shoots and leaves, a character-
istic of lemon but not sweet orange. Morphologically, 20 of the
800 x, oil immersion).
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diploid plants resembled ‘Femminello’ lemon and 28 resembled
‘Valencia’ sweet orange. These presumed identities were later
verified by electrophoretic analysis of PHI, PER, and PGD iso-
zymes. All regenerated plants survived transfer to soil and are
still actively growing.

PHI provided the clearest evidence” of somatic hybridity.
Genotypes at this locus were MS for ‘Valencia’ (Torres et al.,
1985) and WS for ‘Femminello’ (Torres et al., 1978). The band-
ing pattern of the somatic hybrid was consistent with the ex-
pected MWSS genotype, displaying bands from both parents and
a unique heterodimer WM Staining activity of the WW band
was low but detectable (Figs. 3 and 4).

“‘Valencia’ was found to be FF, and ‘Femminello’ arid the
somatic hybrid plant were FS for PER (Fig. 5) (Moore and
Castle, 1988). The staining intensity of the F band in the so-
matic hybrid was greater than the S band because of the presence
of three copies of the F allele and only one copy of the S allele
per genome.

The alleles of PGD have not been defined, but it was possible
to distinguish clearly sweet orange from lemon. ‘Valencia’ pro-
Fig. 3. Starch gel stained for PHI activity. From left to right, ‘Fem-
minello’ from leaf protoplasts (lanes 1 and 2), ‘Valencia’ from pro-
toplasts (lanes 3 and 4), tetraploid ‘Femminello’ lemon (lanes 5 and
6), ‘Valencia’ from a nucellar seedling (lanes 7 and 8), the somatic
hybrid (lanes 9 and 10), and ‘Femminello’ from a nucellar seedling
(lanes 11 and 12). Cathode is at top of figure.

Fig. 5. Diagram of PER activity showing banding patterns and allelic
identity of ‘Valencia’, the somatic hybrid, and ‘Femminello’.
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duced five bands and ‘Femminello’ produced two bands that
migrated the same distance as two of the ‘Valencia’ bands. The
zymogram of the somatic hybrid resembled sweet orange, but
staining intensity of the bands common to both parents was
greater than the bands unique to sweet orange. The isozyme
profiles of the two autotetraploid lemon plants were equivalent
to that of ‘Femminello’ for all three enzyme systems.

Discussion

Our general strategy for citrus somatic hybridization has been
to fuse protoplasts of one parent, isolated from habituated nu-
cellus-derived tissue, with protoplasts of a second parent, iso-
lated from nonembryogenic tissue that lacks the capacity for
culture and regeneration in growth regulator-free protoplasm cul-
ture medium (usually leaf- or epicotyl-derived seedling callus).
In our previous work, this approach eliminated whole plant re-
covery from the second parent. Hybrid cells resulting from fu-
sion displayed an enhanced capacity for somatic embryogenesis
and plant regeneration. Some of us reported previously that
plant regeneration from unfused protoplasts of either parent,
following fusions of embryogenic suspension culture-derived
protoplasts with leaf protoplasts, was never observed (Grosser
and Gmitter, 1990b; Grosser et al., 1988a, 1988b, 1989). In
the present case, however, not only was an interspecific somatic
hybrid produced, but also 28 diploid plants from unfused ‘Val-
encia’ sweet orange embryogenic callus-derived protoplasts, 20
diploid ‘Femminello’ lemon plants from unfused leaf proto-
plasts, and two tetraploid ‘Femminello’ lemon plants, also from
leaf protoplasts. This surprising result could be the result of
sucrose–mannitol gradient purification of protoplasts from both
parents before fusion. We have not used this procedure in any
of our previously reported experiments. This procedure reduces
the amount of particulate debris and nonviable or damaged pro-
toplasts, factors that could have a negative effect on protoplasm
culture. These results also demonstrate that selection at the cel-
lular level is not necessary for somatic hybrid plant recovery in
citrus, even when plants are regenerated from unfused proto-
plasts of both parents.

This report of plant regeneration from Citrus leaf protoplasts
is an additional one from non-nucellus-derived tissue. Recently,
Ohgawara et al. (1989) reported the recovery of a few ‘Marsh’
grapefruit plants from unfused mesophyll-derived protoplasts
following protoplasm fusion. We have also produced plants from
unfused leaf protoplasts of other cultivars following protoplasm
fusion, using the methods described here, including ‘Duncan’
grapefruit and ‘Murcott’ tangor (purported hybrid of C. sinensis
and C. reticulate Blanco). These results show the potential for
developing a leaf protoplasm to plant regeneration system as an
alternative to embryogenic nucellus-derived callus or suspension
cultures. Embryogenic callus lines of many important Citrus
cultivars are often difficult or impossible to obtain, and toti-
potency in Citrus has been limited to a few polyembryonic clones
(Grosser and Gmitter, 1990b), including ‘Villafranca’ lemon
(Vardi et al., 1982). The development of an efficient protocol
for plant regeneration from leaf protoplasts of monoembryonic
and recalcitrant polyembryonic genotypes would greatly facili-
tate somatic hybridization and genetic transformation research.
Preliminary observations indicate that co-culture is necessary
for ‘Femminello’ leaf protoplasts to undergo mitosis in growth
regulator-free protoplasm culture media. Both mitosis and so-
matic embryogenesis of ‘Femminello’ leaf protoplasm-derived
cells probably are induced or stimulated by co-culturing with
embryogenic ‘Valencia’ cells undergoing the same processes.
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Further experimentation is also needed to determine if the sub-
jection of leaf protoplasts to PEG treatment is necessary or ben-
eficial for subsequent plant regeneration.

Another unexpected result was the regeneration of two au-
totetraploid lemon plants. These plants may have resulted from
homokaryotic fusions of ‘Femminello’ leaf protoplasts or from
chromosome doubling of mitotically active ‘Femminello’col-
onies. These autoploid lemon plants are less vigorous than dip-
loid ‘Femminello’ plants and the alloploid ‘Valencia’ +
‘Femminello’ somatic hybrid plant. Because of the increased
number of alleles present in an allotetraploid somatic hybrid,
there is greater potential for heterosis, and this may explain the
observed vigor in the interspecific ‘Valencia’ + ‘Femminello’
somatic hybrid plant.

Previously, a high percentage of seedless triploid progeny that
produced high-acid fruit was obtained from a cross of tetraploid
‘Lisbon’ lemon with diploid ‘Trovita’ sweet orange (Soost and
Cameron, 1969). More recently, diploid x tetraploid crosses
have produced seedless triploid scion cultivars in Citrus (Soost
and Cameron, 1980, 1985), but this method has been limited
by the few suitable tetraploid breeding parents (Grosser and
Gmitter, 1990b).
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