
Abstract Somatic hybrids between the zinc hyperaccu-
mulator Thlaspi caerulescens and Brassica napus were
produced by electrofusion of protoplasts isolated from
each species. Optimization of electrofusion parameters
yielded interspecies heteroplasmic fusion rates of up to
13%. Hybrids were selected by screening the growing
calli for Zn tolerance. In addition, a second novel selec-
tion technique was developed based on the observation
that a high proportion of hybrid microcalli grown in liq-
uid media did not adhere to the wall of the culture ves-
sel, while microcalli derived from parental cells did.
Seventeen from a total of 64 regenerated plants were
conclusively verified as hybrids by AFLP DNA analysis.
The hybrid plants were grown in soil for up to 4 months,
and at least five flowered. Several of these hybrids sur-
vived when grown on high-zinc media. These hybrids
accumulated levels of zinc and cadmium that would have
been toxic for B. napus. The data indicate that transfer of
the trait for metal hyperaccumulation in plants is possi-
ble through somatic hybridization.
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Introduction

Industrial practices such as mining, smelting, and the
disposal of manufacturing wastes have increased the
concentration of toxic metals in the environment
(Nriagu 1979; Kabata-Pendias and Pendias 1989). At
many zinc-mining and -smelting sites, levels of zinc and
cadmium in soil have become so high that few plants
survive, resulting in severe disruption of local ecosys-
tems (Beyer 1988). A small number of plant species
have the ability to grow in metal-contaminated soil and
to actively accumulate heavy metals in their tissues.
These plants may be used to extract toxic metals from
soil, a process known as phytoextraction or phytoreme-
diation (Chaney 1983; U.S. Department of Energy 1994,
Chaney et al. 1997). Thlaspi caerulescens (alpine pen-
nycress), a member of the Brassicaceae, is a Zn- and
Cd-tolerant plant that can accumulate exceptionally high
levels of both metals in its shoot tissue (Rascio 1977;
Brown et al. 1995). The usefulness of T. caerulescens
for soil remediation is limited, however, by its small
size (approximately 15 cm high), slow growth rate, and
rosette growth habit, which make mechanical harvesting
difficult. The dry weight yield of T. caerulescens
growing over a 6-month period produces approximately
3–4 t/ha (Baker et al. 1994). In their study these authors
estimated that it would take 13 years to lower the Zn
content of the soil in their study from 444 ppm to
300 ppm, which is the limit for Zn in agricultural land
set by the Commission of the European Communities
(CEC 1986). Most temperate-zone hyperaccumulators
that have been identified are also small plants. Conse-
quently, it would be desirable to have a larger and more
vigorous hyperaccumulator plant that could remove po-
tentially toxic metals from soil more efficiently and al-
low mechanical harvesting of the plants in order to im-
prove the economics of phytoextraction.

The possibility of using molecular techniques to engi-
neer a larger plant for hyperaccumulation is attractive;
unfortunately, the number or types of genes responsible
for metal tolerance and hyperaccumulation have not
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been elucidated. Ingrouille and Smirnoff (1986) ob-
served that tolerance and hyperaccumulation were genet-
ically independent in T. caerulescens, and most genetic
studies of metal tolerance in other species have conclud-
ed that tolerance is a polygenic trait (Antonovics et al.
1971). As an alternative to the isolation and characteriza-
tion of all genes involved in metal tolerance, we attempt-
ed to hybridize T. caerulescens with a related species of
higher biomass.

There have been numerous successful attempts at in-
terspecific and intergeneric hybridization, both sexual
and somatic, within the Brassicaceae. Some of these
studies involve one of the high-biomass crop species in
the genus Brassica, such as Brassica napus (canola,
rapeseed), Brassica oleracea (cabbage, broccoli, etc.), or
Brassica juncea (Indian mustard) (Prakash and Hinata
1980; Glimelius et al. 1991). Interspecific sexual hybrid-
ization may require the use of techniques to overcome
initial sexual incompatibility, such as in vitro fertiliza-
tion or embryo rescue. Somatic hybridization, which is
accomplished by hybrid regeneration from tissue culture
after protoplast fusion, encompasses species with com-
plete sexual incompatibilities. Somatic hybrids from par-
ents of a widely divergent genetic background may have
low fertility and viability. Repeated backcrossing to one
parent, while screening for a desired trait, may provide
an opportunity to transfer genes from one genome to an-
other via non-homologous recombination (Chevre et al.
1994). Alternatively, restoration of the fertility of asym-
metric hybrids via spontaneous loss of some chromo-
somes of one parent has been reported (Gleba et al.
1988).

Most species in the Brassicaceae are amenable to pro-
toplast-culture and plant-regeneration techniques. B.
napus grows well in tissue culture, and has been fused
with plants in many other genera, including Diplotaxis
(Klimaszewska and Keller 1988), Eruca (Fahleson et al.
1988), Arabidopsis (Bauer-Weston et al. 1993), Raph-
anus (Sundberg and Glimelius 1991), Sinapis (Primard
et al. 1988), Lesquerella (Skarzhinskaya et al. 1996), and
Moricandia (O’Neil et al. 1996). Several of these somat-
ic hybrids have proven fertile. Thlaspi caerulescens be-
longs to the Lepidieae tribe of the Brassicaceae, while
crop Brassicas are in the Brassiceae tribe. Intertribal sex-
ual hybridization in the Brassicaceae has not been re-
ported, but intertribal somatic hybridization has been ac-
complished. Fahleson et al. (1994) produced somatic hy-
brids between B. napus and Thlaspi perfoliatum, a spe-
cies that does not hyperaccumulate metals. Some of
these Brassica+Thlaspi somatic hybrids were fertile
when backcrossed to B. napus.

Electrofusion of plant protoplasts is an effective pro-
cedure for somatic hybridization (Bates 1985; Fish et al.
1988; Saunders et al. 1989a,b). In the present paper, we
describe the use of protoplast electrofusion to produce
somatic hybrids between T. caerulescens and B. napus.
Such hybrids may serve as genetic “bridges” (Glimelius
et al. 1991) for transferring Thlaspi’s metal tolerance
and hyperaccumulation traits to a larger plant. We also

report the first use of AFLP DNA analysis for somatic
hybrid confirmation, and a novel method of hybrid se-
lection.

Materials and methods

Plant material and culture

Seed of T. caerulescens J.&C. Presl, derived from seed collected
from a Zn/Cd smelter site in Prayon, Belgium, was kindly sup-
plied by Y. Li (USDA-ARS, Beltsville, Md). Seed of B. napus cv
Westar was obtained from G. Bañuelos (USDA-ARS, Fresno, 
Calif.). Seeds of both species were surface-sterilized in 10% (v/v)
commercial bleach (0.525% w/v sodium hypochlorite), containing
3 drops of Tween 20 (Sigma, St. Louis, Mo.) per 100 ml, for 
15 min and rinsed in sterile water. Seeds were germinated on half-
strength MS medium (Murashige and Skoog 1962) containing
0.7% (w/v) agar. Thlaspi plants were grown on MS medium in a
growth chamber at 25°C with continuous fluorescent light at an
intensity of 100 µE m–2 s–1. Brassica seedlings were grown in the
dark for 5 days immediately prior to protoplast isolation.

Protoplast isolation

Mesophyll protoplasts from T. caerulescens or B. napus were iso-
lated from in vitro-grown plants. Thlaspi leaves were torn while
peeling off the lower epidermis, and Brassica hypocotyls were cut
into 1–2-mm segments. Approximately 1 g of plant tissue was
plasmolysed for 1 h in 0.3 M sorbitol and 0.05 M CaCl2·2H2O,
then incubated in 12–15 ml of filter-sterilized digestion solution.
The digestion solution contained 1% (w/v) Cellulysin (Calbio-
chem, San Diego, Calif.), 0.1% (w/v) Macerase (Calbiochem, San
Diego, Calif.), and 5 mM of MES (2-N-morpholino-ethanesulfon-
ic acid)-NaOH, pH 5.6, in Kao’s medium #3 (Kao et al. 1975) as
modified by Nagy and Maliga (1976). Digestion proceeded for
16–18 h in the dark at 25°C and 40 rpm. Released protoplasts were
filtered through a 200-mesh stainless-steel screen with 74-µm
pores. The digestion plate was rinsed with sufficient volume of
W5 salt solution (Menczel et al. 1981) to q.s. the suspension to 
50 ml. The protoplasts were pelleted by centrifugation at 100×g
for 7 min, then resuspended in a salt solution containing 16%
(w/v) sucrose (Banks and Evans 1976) and transferred to a 15-ml
centrifuge tube. One milliliter of W5 solution was layered on top,
and the protoplasts were centrifuged at 60×g for 13 min. The pro-
toplast layer at the interface was collected and rinsed in 12 ml of
W5 solution, pelleted at 50×g for 5 min, then resuspended in 
0.5 M mannitol to cell densities of 1.5×105 Brassica protoplasts
per ml and 3.0×105 Thlaspi protoplasts per ml. Equal volumes of
the two suspensions were mixed in preparation for electrofusion.

Protoplast Electrofusion

Protoplasts were fused using one of two square-wave pulse gener-
ators from BTX Inc., (Model 200 or Model 2001, BTX, Inc., San
Diego, Calif.). A 0.4-ml aliquot of protoplast suspension was
placed in a 2-mm-gap electrofusion cuvette (Model 620, BTX,
Inc., San Diego, Calif.), and the protoplasts were aligned using
AC current with a frequency of 1 MHz and a field strength of
0.125 kV/cm for 25 s. These cells were fused by one or more 
100-µs DC pulses. Heterokaryon fusion rates, the post-fusion
number of intact cells, and protoplast viability were measured 
at various ranges of DC pulse-field strengths between 0 and 
1.75 kV/cm with three replicates at each setting. Cell density was
determined on a Bright Line hemacytometer (American Optical,
Buffalo, N.Y.) by counting nine replicate areas for each sample.
Hybrid protoplasts were visible as cells containing green chlo-
roplasts from Thlaspi mesophyll cells and colorless granular cyto-
plasmic strands characteristic of dark-grown Brassica hypocotyl
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cells (see Fig. 3A). Protoplast viability was determined 1–2 h after
fusion by staining with fluoroscein diacetate (FDA), as previously
described (Saunders et al. 1995). After electrofusion, the pro-
toplasts remained undisturbed for 30 min and were then trans-
ferred to a microfuge tube and pelleted at 50×g for 5 min. The pel-
let was resuspended in 1.3 ml of filter-sterilized culture medium A 
(Glimelius et al. 1986), a modified 8p medium (Kao and 
Michayluk 1975) containing 4.5 µM of 2,4-dichlorophenoxy-ace-
tic acid (2,4-D), 0.5 µM of 1-naphthaleneacetic acid (NAA), and
2.2 µM of 6-benzylamino-purine (BAP).

Protoplast culture and plant regeneration

Cell lines developed from protoplast-fusion experiments were cul-
tured either without selection, with selection for Zn tolerance, or
with selection on the basis of differential adhesion of microcalli to
the culture vessel wall when grown in a liquid medium. Without
selection, protoplasts were grown in liquid media for 19 days, at
which time microcalli were plated on a semi-solid medium. After
electrofusion, protoplasts suspended in medium A were trans-
ferred in 0.3-ml aliquots to wells of a 24-well flat-bottomed tissue-
culture plate (Corning Glass Works, Corning, N.Y.) and grown in
the dark at 25°C. On day 5, after cell division had begun, the me-
dium was diluted with 0.9 ml of medium C, which was identical to
medium A except that it did not contain 2,4-D, NAA, or BAP. On
day 10, 1.0 ml of medium D (identical to medium A, but with one-
fourth the concentrations of 2,4-D, NAA, and BAP) were added to
each well, and two 0.7-ml aliquots were taken from each well and
transferred to new wells. On day 19, 1.0 ml of medium D was
added to each well, and microcalli were collected in a wide-bore
pipette and plated on medium F, consisting of K3 medium (Nagy
and Maliga 1976) with 0.1 M sucrose, 0.13% (w/v) agarose and
the same hormone concentrations as medium D. The plated micro-
calli were cultured at 25°C in cool white fluorescent light with an
intensity of 30 µE m–2 s–1 and a daylength of 16 h. Two-weeks la-
ter, 1–2 mm calli were transferred to fresh medium F and the light
intensity was increased to 100 µE m–2 s–1. On day 47, calli were
transferred to medium G, consisting of K3 medium with 0.03 M
sucrose, 0.7% (w/v) purified agar (Sigma Chemical Co., St. Louis,
Mo.), 0.6 µM of indole-3-acetic acid (IAA), 2.2 µM BAP and 
4.6 µM of zeatin, for shoot induction. Calli were transferred to
fresh medium G at 2-week intervals. One regenerated shoot from
each callus was transferred to hormone-free MS medium. If roots
did not develop, shoots were transferred to MS medium containing
0.5 µM of NAA. Regenerated plants were propagated by rooting
nodal cuttings in the same MS+0.5 µM NAA medium. Rooted
plants were transplanted to soil and grown in a growth chamber 
at 25°C under cool white fluorescent light supplemented with 
52 W tungsten lamps for a combined light intensity of 200 µE 
m–2 s–1 over a 16-h daylength.

Putative hybrid selection

To select for Zn-tolerance, the following changes were made in
the cell-culture protocol. After electrofusion, the media used for
protoplast culture contained basal nutrient Zn supplied as 7 µM of
zinc sulfate. Appropriate Zn levels for screenings were identified
in preliminary experiments. The Zn concentration in the liquid
media was 275 µM. On day 24, microcalli were plated on a modi-
fied medium F containing 3160 µM of total Zn. On day 42, surviv-
ing green calli were transferred to standard medium F. Two-weeks
later they were transferred to medium G, following the protocol
for the unselected calli.

A second hybrid selection technique was developed based on
calli that did not adhere to the wall of the culture vessel when
grown in a liquid medium. After electro-fusion and resuspension
in medium A, the protoplasts from three fusions were combined in
a 60-mm Petri dish, with a total suspension volume of approxi-
mately 3.5 ml. On day 5, 3 vol of medium C were added. On day
10, half of the suspension was transferred to a new Petri dish, and

a 0.8 vol of medium D was added to each dish. On day 19, the
suspensions were transferred in 3-ml aliquots to 100-mm Petri
dishes containing 15 ml of medium D, and were cultured at 25°C
under cool white fluorescent light with an intensity of 30 µE m–2

s–1 and a daylength of 16 h. On day 38, floating calli 1–2 mm in
diameter were plated on medium F. Two-weeks later, they were
transferred to medium G, after which the protocol was the same as
for the unselected calli.

DNA isolation

DNA was isolated with modifications from Doyle and Doyle
(1987). Young leaf tissue was collected, frozen in liquid nitrogen,
and ground to a powder. One-gram samples were combined with 
3 ml of CTAB buffer [100 mM Tris-HCl, pH 8.0, 1.4 M NaCl, 
20 mM EDTA, 2% (w/v) hexadecyltrimethylammonium bromide
(CTAB), and freshly prepared 1% (v/v) 2-mercaptoethanol]. The
mixture was incubated at 60°C for 1 h, then phased extracted with
an equal vol of phenol:chloroform:isoamyl alcohol (25:24:1). The
emulsion was centrifuged at 10,000×g for 20 min at 4°C, and the
upper phase collected. DNA was precipitated with 0.1 vol of 3 M
sodium acetate-NaOH, pH 5.2, and 0.75 vol of cold isopropanol at
–20°C for 1 h. The DNA pellet was collected by centrifugation at
8000×g for 15 min at 4°C, washed twice in 70% (v/v) ethanol, air-
dried for 20 min, and resuspended in 300 µl of TE buffer (10 mM
Tris-HCl, pH 8.0, 1 mM Na2EDTA). Insoluble debris was re-
moved by further centrifugation at 14,000 g for 10 min at 4°C, and
the supernatant was treated with 18 µg of RNase (Calbiochem,
San Diego, Calif.) at 37°C for 1 h. An equal volume of phe-
nol:chloroform:isoamyl alcohol (25:24:1) was added, and the
emulsion was centrifuged at 14,000 g for 3 min at 4°C. The upper
phase was transferred to a new tube, and 0.1 vol of 3 M sodium
acetate-NaOH, pH 5.2, and 2.5 vol of cold 95% (v/v) ethanol were
added. After a 10-min incubation on ice, the tube was centrifuged
at 11,000 g for 5 min. The DNA was washed twice in 70% (v/v)
ethanol, air-dried for 30 min, and resuspended in 50–300 µl of TE.

Hybrid confirmation

AFLP DNA analysis was done on four individuals of each parent
and on 26 regenerated plants. This procedure generates bands by
PCR-amplification of selected genomic restriction fragments that
are separated by electrophoresis on a denaturing sequencing acryl-
amide gel. AFLP DNA Analysis System-I kits (Life Technologies,
Inc., Gaithersburg, Md.) were used according to the manufactur-
er’s recommendations and as described by Lin et al. (1996). Un-
less indicated, all reagents for restriction-enzyme digestion, adapt-
er ligation, and polymerase chain reaction (PCR) were supplied
with the kit. Approximately 500 ng of genomic DNA was digested
with 2 µl of EcoRI/MseI restriction-enzyme stock solution 
[1.25 U/µl of both EcoRI and MseI, 10 mM Tris-HCl pH 7.5, 
50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mg/ml BSA,
50%(v/v) glycerol, 0.1% Triton X-100] and 5 µl of 50 mM Tris-
HCl pH 7.5 containing 50 mM of Mg-acetate and 250 mM of 
K-acetate, q.s. to 25 µl with H2O. The digestion proceeded for 2 h
at 37°C, and the reaction was stopped at 70°C for 15 min. PCR
adapters were ligated to the digested DNA using 24 µl of EcoRI
and MseI adapter/ligation solution containing 0.4 mM ATP, 
10 mM Tris-HCl (pH 7.5), 10 mM Mg-acetate, 50 mM K-acetate
and 1 µl of T4 DNA ligase solution (1 U/µl in 10 mM Tris-HCl pH
7.5, 1 mM DTT, 50 mM KCl, and 50% glycerol). The reaction
mixture was incubated at 20°C for 2 h, then a 10-µl aliquot was di-
luted 10-fold with TE buffer (10 mM Tris-HCl pH 8.0, 0.1 mM
EDTA). A selective PCR-amplification was performed on this
sample with a Gene Amp 2400 thermal cycler (Perkin Elmer
Corp., Norwalk, Conn.) with a temperature profile of 20 cycles at
94°C for 30 s, 56°C for 1 min, and 72°C for 1 min. The reaction
mixture contained 5 µl of the diluted sample, 5 µl of PCR buffer
(100 mM Tris-HCl pH 8.3, 15 mM MgCl2, and 500 mM KCl), 1
unit of Taq DNA polymerase (Life Technologies, Inc., Gaithers-
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burg, Md.), and 40 µl of a mixture containing EcoRI+A and
MseI+C primers and dNTPs. A 3-µl aliquot of the reaction mixture
was diluted 50-fold in TE buffer, and the diluted sample was used
as the template in a second selective PCR reaction. To prepare suf-
ficient labeled primer for the amplification of 25 samples, 4.5 µl of
EcoRI+ACC primer solution (27.8 ng/µl) was mixed with 2.5 µl of
kinase buffer (350 mM Tris-HCl pH 7.6, 50 mM MgCl2, 500 mM
KCl, and 5 mM 2-mercaptoethanol), 5 µl of [γ-32P]ATP solution
(3,000 Ci/mmol, Amersham, Inc., Arlington Heights, Ill.) contain-
ing 69 µCi, and 0.5 µL of T4 polynucleotide kinase (10 U/µl in 
50 mM Tris-HCl pH 7.6, 25 mM KCl, 1 mM 2-mercaptoethanol,
0.1 µM ATP, 50% glycerol). The reaction proceeded at 37°C for 
1 h and was stopped by enzyme inactivation at 70°C for 10 min.
Two reagent mixtures, Mix 1 and Mix 2, were used in the PCR 
reaction. To make sufficient Mix 1 for 12 reactions, 6 µl of the
32P-labeled EcoRI-ACC primer was mixed with 54 µl of unlabeled
MseI+3 primer (6.7 ng/µl) and dNTPs. Sufficient Mix 2 for 12 re-
actions contained 6 units Taq polymerase, 24 µl PCR buffer, q.s. to
120 µl. Each PCR reaction contained 5 µl of diluted preamplified
sample, 5 µl of Mix 1, and 10 µl of Mix 2. The PCR profile was 1
cycle of 94°C for 30 s, 65°C for 30 s, and 72°C for 1 min, fol-
lowed by 12 cycles with the same extension and denaturation
steps but with the second temperature (annealing) lowered by
0.7°C in each cycle, and finally 23 cycles of 94°C for 30 s, 56°C
for 30 s, and 72°C for 1 min. After PCR-amplification, an equal
volume of formamide dye [98% (w/v) formamide, 10 mM Na2
EDTA, bromophenol blue, xylene cyanol] was added, and the
mixture was heated at 90°C for 3 min and stored at 4°C. A 5%
(w/v) polyacrylamide gel containing 19:1 acrylamide: bisacrylam-
ide, 7.5 M urea, and 1×TBE buffer [0.1 M Tris(hydroxymethyl)
aminomethane, 0.09 M boric acid, 0.001 M EDTA] was poured
with 0.4-mm spacers and a sharks-tooth comb, and the gel was
pre-electrophoresed at 50 W for 20 min. A 2-µl aliquot of the sam-
ple was loaded on the gel, and electrophoresis was performed at
50 W until the slower dye (xylene cyanol) was two-thirds down
the length of the gel. The gel was dried and exposed to X-ray film,
without an intensifying screen, overnight at –70°C.

Results

Protoplast Electrofusion

The pulse field-strength of a 100-µs DC square-wave elec-
trofusion pulse was optimized for electrofusion of B.
napus and T. caerulescens protoplasts by varying a single
pulse from 0 to 1.75 kV/cm. The rate of Brassica+Thlaspi
fusion (heterofusions) and the number of surviving intact
protoplasts following the electrofusion pulse were deter-
mined by counting fused heterospecies pairs using bright-
field microscopy 1–2 h after fusion. Fusion of protoplast
membranes with complete circularization of the cell mem-
brane was usually complete within 10–15 min, but hybrid
protoplasts could be identified as long as 2 h after fusion
because of the distinctive cytoplasmic traits of each par-
ent. Thlaspi mesophyll protoplasts had clear cytoplasm
containing green chloroplasts, while protoplasts obtained
from dark-grown B. napus hypocotyls were colorless and
contained distinctly granular cytoplasmic strands. Intact
protoplasts were defined as those that appeared to have a
complete, circular outer membrane.

As shown previously, increasing the field strength of
the pulse resulted in a decrease in the number of intact
protoplasts that survived the pulse (Saunders et al.
1989a; Lin et al. 1997). The heterofusion rate increased
with the pulse field-strength from 0 to 1.25 kV/cm (Fig.

1). The viability of intact protoplasts 1–2 h post-fusion,
as measured by fluorescein diacetate (FDA) staining,
was high (80–90%) in those cells that remained intact
throughout the range of field strengths used (data not
shown). However, the total viability of the protoplast
population in the suspension decreased significantly with
increasing pulse field-strength compared to untreated
controls, as has been reported previously (Saunders et al.
1995). From these results, it was determined that the 
optimal pulse field-strength for heterofusion was 
1.25 kV/cm, which yielded a predictable fusion rate in
the range of 10%. 

Table 1 shows the number of hybrid plants regenerat-
ed from cultured protoplasts subjected to the range of
electrofusion pulse field-strengths used in this study. The
highest number of hybrids grew from protoplasts that
were electrofused at 1.25 kV/cm. Hybrid confirmation
was accomplished by AFLP DNA analysis. 

To determine the effect of multiple electrofusion puls-
es on the rate of somatic hybridization, the number of
electrofusion pulses was varied from 0 to 5, and fusion
rate and the number of surviving intact protoplasts were
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Fig. 1 Effect of pulse field-strength on protoplast electrofusion. B.
napus+T. caerulescens protoplast fusion rate (●) and the post-
fusion number of intact protoplasts (●●) measured after the appli-
cation of one electrofusion pulse at a range of field strengths.
Mean of three replications with standard error as bars

Table 1 Frequency of T. caerulescens+B. napus somatic hybrid
plants produced via electrofusion of protoplasts using a range of
fusion pulse-field strengths

Field strength Number of Hybrid frequency 
(kV/cm) (%)

Plants Hybrids

0 5 0 0
0.75 4 0 0
1.00 8 1 13
1.25 7 3 43
1.50 6 2 33
1.75 6 2 33



measured. All pulses were 100-µs DC square-wave pulses
with a field strength of 1.25 kV/cm, and with an interval
of 1 s between consecutive pulses. As shown in Fig. 2,
the fusion rate increased as the number of pulses in-
creased from 0 to 2. Beyond this range the number of in-
tact cells after electrofusion declined significantly. Viabil-
ity of those protoplasts that remained intact following the
electrofusion pulse remained high as measured by FDA
staining throughout the range of pulse numbers employed
(data not shown). Figure 2 shows that two electrofusion
pulses at 1.25 kV/cm produced the highest heterofusion
rate of 13%. The rates of fusion between protoplasts from
the same parents were not critically determined, but
roughly corresponded to those of heterofusions.

Protoplast culture and putative hybrid selection

Protoplasts of unfused or self-fused T. caerulescens did not
grow into cell clusters or divide successfully under the cul-
ture conditions used in this study. This characteristic elimi-
nated the regeneration of any T. caerulescens cells that did
not contain some genetic component of Brassica. Of the
plants that were regenerated without an active selection

mechanism from protoplasts subjected to electrofusion,
11% were confirmed as somatic hybrids (Table 2).

Further refinements in selection techniques to reduce
unfused or self-fused B. napus cell lines in vitro were ac-
complished by two methods. In one technique, calli from
electrofused protoplasts were screened for zinc tolerance
by culturing them for 18 days on a medium containing
3,160 µM of total zinc. The zinc concentration in the
control medium was 7 µM. Of 2800 calli that received
the high-zinc treatment, approximately 6% survived the
screen and were able to produce chlorophyll. Five plants,
all confirmed hybrids, were regenerated from these zinc-
tolerant calli (Table 2).

The second method of hybrid selection was based on
a difference observed between the behavior of suspen-
sion cell clusters from B. napus and those from the elec-
trofusion treatment. When the cells were grown in a liq-
uid medium for longer than 1 month, over 95% of the B.
napus calli adhered to the bottom of the Petri dish, while
approximately 30% of the calli from the fusion experi-
ment of both parents remained floating in the medium. It
was hypothesized that this difference might be related to
the hybrid character of some of the cells, so providing a
mechanism for hybrid selection. Adhering and non-
adhering suspension cell clusters were separated and cul-
tured separately. Plants regenerated from non-adhering
cells had a confirmed somatic hybrid frequency of 67%,
while only 25% of plants regenerated from adhering calli
were confirmed as somatic hybrids (Table 2).

Phenotypes of regenerated plants

A total of 64 plants were regenerated from B. napus and
T. caerulescens cells subjected to electrofusion. Of these,
none had the T. caerulescens phenotype, 47 had the B.
napus phenotype, and the remaining 17 plants had an in-
termediate or a unique phenotype of a putative hybrid
(Table 3). Since only one shoot was cultured from each
callus, each putative hybrid was derived from an inde-
pendent fusion event. Genomic DNA from the 17 puta-
tive hybrids was subjected to AFLP DNA analysis and
all 17 plants were confirmed as hybrids. Thirteen of
these hybrid plants were successfully transplanted to soil
and grown to maturity.

Most hybrids were intermediate in size between the
parental species (shown in Fig. 3B) and they displayed a
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Fig. 2 Effect of pulse number on protoplast electrofusion. B.
napus+T. caerulescens protoplast fusion rate (●) and post-fusion
number of intact protoplasts (●●) measured after the application of
from 0 to 5 electrofusion pulses with a field strength of 
1.25 kV/cm. Mean of three replications with standard error as bars

Table 2 Frequency of somatic hybrid plants produced using four methods of in vitro selection

Selection Number of Frequency of calli that Frequency of plants that 
method produced plants (%) were hybrid (%)

Calli Plants Hybrids

Zn screen 182 5 5 2.7 100
Non-adhering calli 541 9 996 1.7 67
Adhering calli 108 4 1 3.7 25
Partial selection 3193 46 5 1.4 11

(against Thlaspi)
Totals 4024 64 17 1.6 27
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range of morphologies (Fig. 3C–E). None had the rosette
growth habit characteristic of T. caerulescens. The larg-
est hybrid grew to a height of approximately 30 cm in a
15-cm pot prior to flowering. Leaf size and shape were
also intermediate in most hybrids (Fig. 3F), although two
had leaves that were approximately the same size as
those of Thlaspi. Five confirmed hybrids flowered, pro-
ducing flowers intermediate in size between those of the
parental species (Fig. 3G). Regenerated plants of the B.
napus-type flowered as soon as 38 days after transplanta-
tion to soil, while the hybrids took 92–127 days to flow-
er. T. caerulescens requires a vernalization period in or-
der to flower. Flowers of four plants had pale-yellow
petals and pistils, while the fifth plant had bright yellow
petals and a green pistil similar to B. napus. T. caerulesc-
ens flowers have white petals and a pale yellow pistil.
Stamen and anther size were variable among the hybrid
plants, and in some flowers these organs were rudimen-
tary. None of the flowers produced viable pollen.

Using pollen from B. napus, several flowers were pol-
linated and siliques developed. At least one of the hybrid
plants produced seed although the seed appears slightly
smaller than normal for B. napus.

Hybrid confirmation

The production of somatic hybrids was confirmed by
AFLP DNA analysis. In this procedure, selected restric-
tion fragments are amplified by PCR and then separated
by electrophoresis on a denaturing polyacrylamide se-
quencing gel. AFLP assays of parental genomic DNA
produced banding patterns characteristic of each species.
A different banding pattern was obtained for each of four
primer pairs used. Of the four primer pairs selected for
this analysis, EcoRI-ACC/MseI-CAA produced the great-
est number of discriminating bands (Fig. 4). Approxi-
mately 20 bands are present in T. caerulescens samples

Table 3 Phenotype and hybrid character of plants regenerated
from protoplast fusion experiments between B. napus and T. cae-
rulescens

Phenotype Number Number Number 
of plants analyzed of verified 

by AFLP hybrids

B. napus-like 47 9 0
T. caerulescens-like 0 – –
Intermediate or unique 17 17 17
Totals 64 26 17

Fig. 3A–G Protoplast fusion and plant phenotypes of B. napus+T.
caerulescens somatic hybrids and parental species. A Fusion tak-
ing place between a T. caerulescens mesophyll protoplast (left)
and a B. napus hypocotyl protoplast (right). B Fifteen-week-old T.
caerulescens (plant T) and eight-week-old B. napus (plant N).
C–E Somatic hybrids. F Leaf morphology of B. napus (N), T. cae-
rulescens (T), and two somatic hybrids (H1, H2). G Flower mor-
phology of B. napus (N), T. caerulescens (T), and a somatic hy-
brid (H)

Fig. 4 AFLP banding patterns using the primer pair E-ACC/M-
CAA of T. caerulescens plants (lanes 1–5), B. napus plants (lanes
15–18), and B. napus+T. caerulescens somatic hybrids (lanes
6–14). Lane M contains molecular-weight markers. Three of the
approximately 20 bands characteristic of T. caerulescens are indi-
cated with arrows at 217, 309, and 932 bp. Five of the approxi-
mately 30 bands characteristic of B. napus ‘Westar’ are indicated
at 106, 151, 292, 375, and 1183 bp. An example of a polymorphic
band in T. caerulescens is shown at 852 bp. Polymorphism, as ex-
pected, is also seen in the hybrids at 344 bp
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(lanes 1–5) that are not present in B. napus (lanes 15–18),
while B. napus plants contained almost 30 unique bands.
Individual variation in polymorphic bands was higher in
T. caerulescens than in B. napus reflecting the greater de-
gree of heterogeneity in the collection. Of 26 regenerated
plants analyzed, nine had B. napus AFLP DNA patterns
and 17 had hybrid patterns, containing more than ten
unique bands characteristic of each parent (Fig. 4). All of
the 17 plants with hybrid banding patterns had previously
been classified as putative hybrids based on their pheno-
types (Table 3). Thus a close correlation existed between
the morphology of the plant and the AFLP DNA banding
patterns. Bands that were conserved within all individuals
of a parent were rarely absent from a hybrid, indicating
that most hybrids contained the full complement of chro-
mosomes from each parent.

Zn tolerance of regenerated plants

B. napus ‘Westar,’ and T. caerulescens were grown from
seed on media containing five levels of total Zn. Zn con-

centrations for Brassica were 30, 100, 316, 1000, and
3160 µM, and Zn concentrations used for Thlaspi were
30, 316, 1000, 3160, and 10,000 µM. Whole-plant
growth and root growth are shown in Fig. 5 A and B.
The 1000-µM Zn treatment was lethal to Brassica but
not to T. caerulescens. Zn tolerance indices were defined
as growth on 1000-µM Zn divided by growth on 30-µM
Zn. The values of the index for whole plant growth were
0.11 for B. napus and 1.2 for T. caerulescens. For linear
root growth, the index values were 0.06 for B. napus and
1.4 for T. caerulescens.

Based on this result, the Zn tolerance of regenerated
plants was determined by vegetatively propagating multi-
ple nodal cuttings of each plant and growing duplicate
plants on both high (1000 µM) and low (30 µM) zinc me-
dia. Seven plants regenerated from B. napus+T. caerul-
escens electrofusion experiments were evaluated on both
Zn media. Six plants had been verified as somatic hybrids
by AFLP analysis. The seventh plant had a B. napus-type
morphology and was included as a regenerated control.
Zn tolerance indices for both parental species and the re-
generated plants are shown in Fig. 6. Plant 21–10–316–2,
which had a B. napus morphology, did not grow on the
high-Zn medium. The Zn tolerance indices of all hybrid
plants tested had values intermediate between those of the
parents. All hybrids except 15–20–1-2 showed some
chlorosis on the high-Zn medium, but survived for the
length of the experiment (4 months). Plants 18-L-1, 21–4-
ZF-1, and 21–5H-ZF-1, which had been regenerated from
calli screened on high-Zn, were not as a group more Zn-
tolerant than the other hybrids.
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Fig. 5A, B In vitro growth of B. napus ‘Westar’, and T. caerulesc-
ens on an agar-based nutrient medium containing five levels of
Zn. A Whole-plant growth (g fresh weight). B Increase in length
of the longest root (cm)

Fig. 6 In vitro Zn tolerance of seven regenerated plants compared
with parental levels. Zn tolerance indices were calculated for two
measures of growth: whole-plant fresh weight and length of the
longest root. The Zn tolerance index=growth on a high-Zn medi-
um (1000 µM of total Zn) divided by growth on a control medium
(30 µM of total Zn)



Leaves from plants 18-L-1 and 15–20–1-2 grown on
the 1000-µM Zn medium were analyzed for Zn. The leaf
Zn content of 18-L-1, on a dry weight basis, was 
3600 mg kg–1, and that of 15–20–1-2 was 3200 mg kg–1,
confirming the uptake and concentration of zinc in leaf
tissue. These levels are considerably higher than the 
500 mg kg–1 tolerated by most crop plants before toxici-
ty occurs (Chaney 1993).

Several somatic hybrid plants were transplanted into
Zn- and Cd-contaminated soil from smelter emissions
that contained approximately 4000–5000 mg kg–1 of Zn,
pH 5.8, which was lethal to B. napus seedlings. Plant
15–12–5, a rooted hybrid cutting growing in vermiculite
before it was transferred to the high-Zn soil, grew in the
soil for 2 months. Its leaves were a light-green color for
the 1st month, then they became increasingly chlorotic.
Leaves from this plant contained 2900 mg Zn kg–1 and
170 mg Cd kg–1, which was again higher than that toler-
ated by non Zn tolerant crop plants.

Discussion

Somatic hybrids in the Brassicaceae with some degree of
fertility have been produced between a number of indi-
vidual species such as B. napus or B. juncea, and sexual-
ly incompatible combinations such as Diplotaxis harra,
Lesquerella fendleri, and T. perfoliatum (Fahleson et al.
1994; Begum et al. 1995; Skarzhinskaya et al. 1996). In
our study, protoplast electrofusion was used to produce
mature intertribal somatic hybrids between the oilseed
crop species B. napus and T. caerulescens, a hyperaccu-
mulator of zinc and cadmium. This is the first known re-
port of hybridization between a metal hyperaccumulator
and a larger species, providing a potential mechanism for
practical phytoremediation of metal-contaminated soil.

Previous somatic hybridizations involving B. napus
have commonly used polyethylene glycol (PEG) for pro-
toplast fusion (e.g., Klimaszewska and Keller 1988;
Sundberg and Glimelius 1991; Bauer-Weston et al. 1993;
O’Neil et al. 1996). Although this technique is effective,
there have been reports that higher fusion frequencies are
obtainable with electrofusion for some protoplast combi-
nations (Bates 1985; Fish et al. 1988; Saunders et al.
1989b). High fusion frequencies are especially important
when selection methods for the heterokaryons are not
available. We obtained a heterofusion rate of 13%
(equivalent to a total fusion rate of about 26%) after op-
timization of the electrofusion parameters (Fig. 2). This
result is consistent with previously reported total electro-
fusion rates of 20–35% (Kohn et al. 1985; Fish et al.
1988; Saunders et al. 1989b), and is higher than the het-
erofusion rates reported for PEG fusions in B. napus
(Sjodin and Glimelius 1989; Lelivelt et al. 1993). Opti-
mization of electrofusion parameters depends on several
factors, including the size and origin of the protoplasts
being fused (Tempelaar and Jones 1985; Saunders et al.
1993). Pulse field-strengths reported in studies using
other species range from 0.5 to 2.1 kV/cm, with 1–4

electrofusion pulses (Chang et al. 1992; Pupilli et al.
1992; Cheng et al. 1995).

Although hybrid plants were obtained without a com-
plete selection method, this required the culture of large
numbers of non-hybrid calli and regenerated plants. Sev-
eral techniques have been developed for selecting hybrid
cell lines at early stages, including fluorescence-activat-
ed cell sorting, antibiotic resistance, and reversible meta-
bolic inhibition of parental protoplasts with chemicals
such as iodoacetate (Morikawa and Yamada 1992). In
our study, screening calli on a high-Zn medium, coupled
with the inability of T. caerulescens to grow under the
tissue-culture conditions used, proved to be sufficient for
obtaining hybrid plants (Table 2). Since only about 6%
of the calli from fusion experiments survived the Zn
screen, it is likely that some hybrid calli were not stable
or did not express Zn tolerance well.

A second (previously unreported) selection method
was developed based on the apparent differential adhe-
sive capabilities of B. napus and hybrid cell colonies
grown in liquid medium. Among fusion experiment-de-
rived cell colonies, it was observed that some adhered
to the bottom of the Petri dish (as did B. napus colo-
nies), while others did not. AFLP DNA analysis of
plants that were regenerated from the two populations
indicated that a high proportion of plants derived from
”floating” colonies were hybrids (Table 2). Most hybrid
cell clusters eventually adhered to the vessel wall if
grown long enough in the liquid medium, so the phe-
nomenon may be a transient effect due to the hybridiza-
tion.

In this study, AFLP DNA analysis has been used for
the first time for somatic-hybrid identification. In previ-
ous reports, a variety of techniques have been employed
to verify somatic hybrids, including plant morphologies,
isozyme analysis, RFLP DNA markers, detection of spe-
cies-specific repetitive DNA sequences, chromosome
morphology, and measurement of DNA content by flow
cytometry (Saul and Potrykus 1984; Morikawa and Yam-
ada 1992; Cheng et al. 1995). Often multiple techniques
are used because results of one method are not sufficient
to draw unequivocal conclusions about hybridity. This is
in part due to the tendency of somatic hybrids to lose
chromosomes or parts of chromosomes during develop-
ment (reviewed by Harms 1983). Using just one PCR
primer pair, AFLP DNA analysis detected as many as 50
randomly located polymorphisms useful for distinguish-
ing the DNA of the two parental species. By increasing
the number of primer pairs to four, over 120 polymor-
phisms were detected on one gel. Of these 120, about 70
were present only in B. napus and about 50 were present
only in T. caerulescens. Since B. napus has 19 pairs of
chromosomes and T. caerulescens has seven pairs, it is
likely that some portion of each of the chromosomes was
represented by one or more polymorphism. Thus AFLP
should be useful for detecting highly asymmetric hybrids
in which most of one parent’s genome has been lost. The
hybrids produced in this study appeared to contain most
of the DNA from each parent based on the AFLP DNA
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analysis. AFLP should be useful for detecting chromo-
some losses that may occur in future somatic or sexual
generations of these plants.

Several of the somatic hybrids produced in this study
have characteristics that would make them superior to T.
caerulescens for use in phytoremediation. These charac-
teristics include larger above-ground and below-ground
biomass, faster growth of the plant, and an erect growth
habit to facilitate mechanical harvesting of the plants.
The growth of the plant in tissue culture on high-zinc
media (Fig. 5 A and B) as well as on high-Zn soil (Fig.
6), conclusively demonstrate the utility of somatic hy-
bridization as a technique for the production of metal-
tolerant plants. By combining the zinc-tolerant character
of T. caerulescens with the large size of B. napus, a plant
with the potential for phytoextraction of metals from
toxic soils has been produced. We are currently investi-
gating the production of viable seeds from backcrosses
to B. napus.
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