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Summary. Iodoacetate-treated Citrus protoplasts from
embryogenic nucellar calli of Sour orange (C. aurantium)
or from Rough lemon (C. jambhiri) were fused with y-ir-
radiated protoplasts from a related genus, Microcitrus.
The fused protoplasts were cultured to obtain colonies
and micro-calli. Micro-calli derived from these two fu-
sion combinations were isolated, propagated and differ-
entiated into embryos, which subsequently regenerated
trees having the morphology of Sour orange or Rough
lemon. These intergeneric fusions resulted in mitochon-
dria with novel DNA, indicating recombination between
the chondriomes of Citrus and Microcitrus. Chloroplast
DNA analyses of fusion-derived embryos indicated that
they contained the chloroplasts of either fusion-partner
or a mix of these chloroplasts. Later plastome analyses of
leaves from fully differentiated plants showed that cy-
brids having Rough lemon morphology had either
Rough lemon or Microcitrus chloroplast DNA, indicat-
ing complete sorting out of chloroplasts. Likewise, sort-
ing out of Microcitrus chloroplasts was detected in a
cybrid plant having Sour orange morphology.
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Introduction

Concerted interactions between the nuclear genome and
the chloroplast genome (plastome) as well as between the
nuclear genome and the mitochondrial genome (chondri-
ome) are required to establish metabolic functionality
and morphogenetic integrity in plants. Thus, the ex-
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change of endogenous organelles by alien ones may dis-
turb these interactions and lead to malfunctions and mal-
formations (reviews: Galun and Aviv 1983, 1986). On the
other hand, the establishment of alloplasmonic crop
plants by our “donor-recipient” protoplast-fusion proce-
dure (Zelcer et al. 1978) or its modifications was reported
by numerous authors to result in cultivars with potential
breeding advantages (e.g. Sidorov et al. 1981; Pelletier
et al. 1983; Aviv et al. 1984; Flick et al. 1985; Barsby et al.
1987; Galun etal. 1987, 1988; Imamura et al. 1987,
Kumar and Cocking 1987; Morgan and Maliga 1987,
Robertson et al. 1987; Thomzik and Hain 1988).

The tribe Citrinae (“True Citrus Fruit Trees’) of the
Rutaceae includes the cultivated genus Citrus, a cultivat-
ed genus of lesser economic importance, Fortunella, a
genus used as rootstock, Poncirus and three additional
genera: Eremocitrus, Clymenia and Microcitrus (Swingle
and Reece 1967). Among these six genera, Microcitrus is
rather distinct. It is native to Australia and southeastern
New Guinea and its vegetative and fruit characteristics
differ substantially from those of Cizrus. This distinction
is also expressed in the unique amylase-isozyme composi-
tion (Esen and Scora 1977) and in the unique chloroplast
DNA restriction patterns (Green et al. 1986).

In the following work we sought an answer to the
question of whether or not chloroplasts and/or mito-
chondria from Microcitrus could replace these organelles
in two Citrus rootstocks: Sour orange and Rough lemon.
A positive answer could furnish novel cybrid trees with
potential breeding value.

Materials and methods

Protoplast sources

Nucellar calli of Sour orange ( Citrus aurantium L‘) and Rough
lemon (Citrus jambhiri Lush.) were obtained and maintained as
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described previously (Vardi et al. 1982). The embryogenic callus
line of Microcitrus sp. was the same as the one described by
Vardi et al. (1986). The source of feeder-protoplasts was a non-
embryogenic callus line derived originally from ovules of the
hybrid Poorman x Poncirus trifoliata (PPT).

Isolation, pre-fusion treatment and plating of protoplasts

Protoplasts were isolated from calli by the methods detailed
previously (Vardi et al. 1987; Vardi and Galun 1989). Donor
protoplasts (i.e. Microcitrus) and feeder protoplasts (i.e. PPT)
were washed once with a wash solution (Vardi et al. 1987) and
exposed to 50—60 krad. After irradiation, the protoplasts were
washed two more times with the same wash solution. Recipient
protoplasts were washed once after release from maceration
fluid, suspended for 20 min in wash solution containing
0.25mM (recrystallized) iodoacetate and then washed three
times by centrifugation in wash solution.

Feeder layer, protoplast fusion and plating

Feeder protoplasts were plated at 10° per ml in BM solidified
with 0.6% agar to constitute a bottom layer of 2 ml per 5-cm
(diameter) petri dish, as described elsewhere (Vardi and Raveh
1976; Vardi et al. 1987). Equal amounts of recipient (Rough
lemon or Sour orange) and donor (Microcitrus) protoplasts at a
final concentration of 5-10° per ml were mixed, a drop (ca.
0.3 ml) of this mixed suspension was placed on a petri dish
between two adjacent polyethylene-glycol fusion-solution drops
and the fusion was induced as detailed (Vardi et al. 1987). After
dilution with Ca(NO,), (pH 10.5) and washings, the fused pro-
toplasts were suspended in BM containing 0.3 M sucrose and
0.3 M mannitol; to each 2.0 ml of this suspension, 1.5 mi of the
same BM with sucrose and mannitol, but containing 1.2% agar
(maintained at 42°C), was added and the mixture was plated
over the feeder layer.

Isolation of colonies, induction of embryos and regeneration of
plants

Isolation of colonies, induction of embryos and regeneration of
plants was performed as detailed by Vardi and Galun (1989).
Briefly, petri dishes containing a layer of fused protoplasts over
a layer of feeder protoplasts were maintained at 25° +2°C in low
light (fluorescent tubes, approx. 20001x). When colonies
reached a diameter of 1-2 mm, they were individually trans-
ferred to BM with 4% sucrose. The resulting calli were induced
to form embryos by transfer to BM containing 2.0% glycerol
and devoid of sucrose. Embryos were individually transferred to
plates containing solidified BM with malt extract (0.15%) and
sucrose (4%). When the cotyledonary leaves expanded, the
plantlets were transfered into tubes containing solidified BM
with sucrose (2%) and naphthaleneacetic acid (0.05 ppm) to
cause axis elongation and root formation. When roots had elon-
gated another transfer was made, into Jiffy turf-pots, and ulti-
mately the plants with a well-developed root system were accli-
matized in the greenhouse.

Analyses of organelle content

Chondriomes were characterized by restriction-pattern analysis
of mitochondrial DNA (mtDNA). Calli derived from individual
fusion products were given identification numbers and induced
to differentiate into embryogenic callus. The latter served for
mtDNA analysis as well as for the further regeneration of plants
(as indicated above). MtDNA restriction profiles were obtained
as described previously (Vardi et al. 1987). The mtDNA from
each fusion-derived cybrid was digested with Sall, BamHI or
Pstl. Thus, three restriction profiles were obtained for each
mtDNA sample.

The characterization of plastome content was performed in
two stages. The first stage was as noted for chondriome charac-
terization. The second stage was at the differentiated plant level.
The characterization at both stages was based on the restriction
profiles of chloroplast DNA (ctDNA). For the ctDNA analysis
at the first stage, the embryogenic calli were suspended in BM
containing 2% glycerol. This resulted in the establishment of
green suspensions derived from individual fusion products. Ten
to 20 grams (fresh weight) of cells served for each ctDNA restric-
tion-profile analysis. The analyses were performed as described
by Green et al. (1986). The ctDNA was digested with PstI,
separated by gel-electrophoresis, blotted on nitrocellulase paper
and hybridized to a radiolabelled cloned PstI fragment (Ps2A)
of Nicotiana tabacum ctDNA. For ctDNA analysis at the second
stage, 1 -2 g leaf samples were harvested from individual fusion-
derived plants. The method of Mettler (1987) was employed and
the respective blots were hybridized with radiolabelled Ps2A, as
previously described (Green et al. 1986).

Results

Two fusion combinations were performed. In the first
combination, y-irradiated Microcitrus (donor) proto-
plasts were fused with iodoacetate-treated (recipient)
Rough lemon (C. jambhiri) protoplasts (MR). In the sec-
ond combination, y-irradiated Microcitrus protoplasts
were fused with iodoacetate-treated (recipient) Sour
orange (C. aurantium) protoplasts (MS). Control plat-
ings of unfused y-irradiated Microcitrus protoplasts did
not result in colonies. Iodoacetate-treated recipient pro-
toplasts from either Rough lemon or Sour orange, which
were not fused with donor protoplasts, succumbed with-
in 24 h after plating. When donor protoplasts were mixed
with recipient protoplasts, but not fused, no colonies
were obtained.

From the MR fusion, we analyzed the derivatives of
nine colonies. When these colonies produced micro-calli,
parts of each such callus were transferred to glycerol-
containing medium. This transfer initiated embryogene-
sis. Several embryos from each original micro-callus were
regenerated to plants (as described in “Materials and
methods”). Altogether, 60 MR plants were thus rooted in
Jiffy turf-pots. All the regenerated plants had the mor-
phology of Rough lemon (Fig. 1 A) and none showed the
characteristics of Microcitrus (Fig. 1B). Note the great
difference in leaf blade and spininess: Rough lemon
leaves are ovate and large (length > 5 cm), while Micro-
citrus leaves are lanceolate and small (length <2 cm); Mi-
crocitrus shoots contain conspicuous spines in each leaf
axil, while only occasional spines develop on Rough lem-
on shoots. No plants with intermediate morphology (be-
tween Microcitrus and Rough lemon) were encountered.
All analyzed root tips or young leaf tips retained the
typical Citrus chromosome count (2n=18).

From the MS fusion 60, micro-calli were isolated,
propagated and later transferred to regeneration. Over
200 MS plants were rooted in Jiffy turf-pots. As observed
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Fig. 1A—-C. Morphology of fusion-derived plants and of the donor plant (Microcitrus sp). A — a plant regenerated from the fusion
of a y-irradiated Microcitrus protoplast with an iodoacetate-treated Rough-lemon protoplast; B —a branch from Microcitrus-bearing
fruits; C — a plant regenerated from the fusion of a y-irradiated Microcitrus protoplast with iodoacetate-treated Sour-orange

protoplast. The bars represent 3 cm

in the MR-derived plants, none of the plants had Micro-
citrus morphology; all the MS plants resembled Sour
orange (Fig. 1C) and all tested root tips retained the
diploid chromosome number of Citrus.

Since none of the iodoacetate-treated (recipient) pro-
toplasts of either Rough lemon or Sour orange, which
were not fused, resulted in colonies, we assumed that all
the regenerated MR and MS plants were indeed fusion-
derived. To verify this assumption, we analyzed the mtD-
NAs from the presumptive cybrids. Three and eight sam-
ples from MR and MS, respectively, served for these
analyses and every mtDNA analysis was based on re-
striction profiles obtained, respectively, after digestion
with PstI, with BamHI or Sall. Figures 2 and 3 demon-
strate restriction profiles after Ps¢l and BamHI diges-
tions, respectively (digestion with Sal/l is not shown).
None of these mtDNA restriction profiles was identical
to either of the respective mtDNA profiles of the original
fusion partners. Most mtDNA samples revealed novel
mtDNA fragments in addition to the fusion-partners’
fragments (i.e. mtDNA fragments of Microcitrus and
Sour orange in MS). Moreover, at least some of the
fusion-partners’ specific fragments were missing from the
profiles of the fusion-derived mtDNA samples. This ex-
cluded the possibility that the analyzed mtDNA samples
represented mixtures of Microcitrus and Citrus chondri-

omes. The most plausible explanation for the observed
novel mtDNA restriction profiles is that donor and recip-
ient chondriomes came in contact in the fused proto-
plasts and exchanged mtDNA components. Similar phe-
nomena were encountered in Nicotiana interspecific fu-
sions and were traced to mtDNA recombination (Galun
and Aviv 1986). Since the fusion-derived regenerated
plants had the recipients’ morphology and were diploid,
but none had mtDNA which was identical to that of the
recipient, we assumed that these plants were indeed cy-
brids. This assumption was further supported by the
mtDNA restriction-profiles of some presumptive cybrids
(e.g. MR6, MR8, MR9, MS14), which were almost iden-
tical to the mtDNA profiles of Microcitrus (the donor).
To substantiate our assumption, we analyzed the ctD-
NA of the apparent cybrids. Samples for ctDNA analysis
from the first stage (see “Materials and methods™)
showed that some of them provided restriction profiles
(by Southern blot hybridization) which were identical to
either donor (MR6, MR8, MS4) or recipient (MR7,
MRO) profiles, while most samples provided profiles with
both recipient and donor fragments (Fig. 4). Obviously,
MS and MR ctDNAs having typical Microcitrus profiles
indicated that these ctDNAs represent cybrids. Since no
novel fragments were observed, the samples which
showed both donor and recipient ctDNA fragments
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Fig. 2. Mitochondrial DNA restriction profiles from Microcitrus, Sour orange, Rough lemon, and cybrids derived from MS and MR
fusions. Pst1 digests (2 ug DNA per slot) were fractionated on an agarose gel and stained with ethidium bromide

Fig. 3. Mitochondrial DNA restriction profiles from Microcitrus, Sour orange, Rough lemon, and cybrids derived from MS fusions.
BamHI digests (2 pg DNA per slot) were fractionated on an agarose gel and stained with ethidium bromide
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Fig. 4Aand B. Schematic summary
of Southern blot hybridizations from
- - —_—— Microcitrus, Rough lemon, Sour or-

“» c » — © —_ © o ange, and cybrids derived from MR
N R NI N a5 (A) and MS (B) fusions. Blots with
S ¢ d & e ] E h b B b 0w n D Pstl-digested ctDNA  were hy-
§ = ==23==_ g == === 2 20 bridized with a radiolabelled PstI
S8 585885579 S 5 85855455 fragment (Ps2A) from Nicotiana
33333 E 333333 SA tabacum ctDNA
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Fig. 5. Southern blot hybridization of ctDNA from Micro-
citrus, Rough lemon and cybrids derived from MS and MR
fusions. Blots with PvulI-digested ctDNA were hybridized with
a radiolabelled Pstl fragment (Ps2A) from N. tabacum. The
Pvull restriction profile of Rough lemon ctDNA is identical to
that of Sour orange (not shown)

could represent mixed tissues or indicate that sorting out
of chloroplasts was not completed. We therefore ana-
lyzed the ctDNA from leaves of regenerated plants
(Fig. 5). These analyses indicated that in all the tested
leaves, sorting out of chloroplasts was indeed completed:
all the samples had either the recipient’s or the donor’s
ctDNA restriction profiles. Interestingly, among the five
MR4 plants, the leaves of three had Microcitrus ctDNA
and the leaves of two (MR 4-2 and MR 4-4) had Rough
lemon ctDNA. We conclude that plants containing
ctDNA which was identical to that of the donor (Micro-
citrus) but with morphological features of the recipient
should be defined as cybrids.

Discussion
Citrus was the first arboraceous genus in which efficient

procedures were established to regenerate functional
plants from isolated protoplasts (Vardi et al. 1975, 1982;
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Kobayashi etal. 1983; Grosser and Chandler 1987;
Kobayashi 1987; Sim et al. 1988; Vardi and Galun 1988).
These procedures paved the way to protoplast-fusion-
derived plants in which orange protoplasts constituted
one of the fusion partners, while protoplasts from either
Poncirus trifoliata (Ohgawara et al. 1985; Grosser et al.
1988 a) or Severinia disticha (Grosser et al. 1988 b) were
the other fusion partner. Analyses of the nuclear traits of
plants derived from these two fusion combinations indi-
cated that somatic hybrids were obtained. No informa-
tion was supplied on the organelle compositions of these
somatic hybrids.

We previously reported (Vardi et al. 1987) on the pro-
duction of Citrus cybrids by the utilization of the donor-
recipient protoplast-fusion procedure. The cybrid trees
had the nuclear-coded features of the recipient fusion-
partners and chondriome components from the donors.
In these combinations, the transfer of chloroplasts from
the donors to the cybrids could not be analyzed because
the respective ctDNAs had identical restriction profiles
(Green et al. 1986). In the present study we used recipi-
ents and donors which differ substantially in both their
plastomes and chondriomes, as revealed by the analysis
of their ctDNA and mtDNA restriction profiles.

The iodoacetate treatment of recipient protoplasts
was efficient: no colonies were formed after plating of
unfused Rough lemon or Sour orange protoplasts, and
none of the fusion-derived plants were identical in both
nuclear-coded traits and organelle composition to the
recipient plants. Indeed, fusion-derived mtDNA samples
revealed restriction profiles which were not identical to
either of the fusion partners. It should be noted that
sorting out of chondriomes is probably an extended pro-
cess. For example, Aviv and Galun (1987) found that in
the first sexual progeny of Nicotiana cybrids, the individ-
ual plants varied in respect to their mtDNA restriction
profiles, while the plants of the next sexual generation
were identical to their maternal parents. Thus, in a given
cybrid plant there may be more than one chondriome
population. Consequently, if Microcitrus chondriome
components induce male sterility, the very same plant
may bear both male-fertile and -sterile flowers.

Sorting out of chloroplasts in Citrus cybrids seems to
be a quite rapid process. Most ctDNA extracts obtained
from the embryogenic calli, derived from fused proto-
plasts, had both recipient and donor ctDNA fragments.
However, the ctDNAs from leaves of regenerated cybrid
plants provided restriction profiles which were identical
to either the donor’s profile or the recipient’s profile.
Thus, sorting out of chloroplasts was completed in the
leaves. In several of the cybrids, sorting out was complet-
ed already at the embryogenic callus stage (e.g. MS4,
MR6, MRS).

Our study indicated that Microcitrus chloroplasts
could be transferred into diploid cybrids having Citrus
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(Rough lemon or Sour orange) nuclear-coded morpholo-
gy. On the other hand, in certain cybrids (e.g. MR9), the
recipients’ chloroplasts were retained while Microcitrus
chondriome components were transferred into these cy-
brids. Chloroplast transfer by the donor-recipient proto-
plast-fusion procedure was thus independent from the
transfer of chondriome components. In this respect, Cit-
rus cybrids are similar to cybrids of annual genera (Galun
et al. 1988).

Morphological identity of the cybrids, with the re-
spective recipient fusion-partners, does not exclude the
possibility that some nuclear DNA was transferred from
Microcitrus into the cybrids’ nuclear genomes causing
some genetic variability. Such variability could be useful
for breeding.

One of the purposes of this study was to explore the
possibility of utilizing cybridization for Citrus breeding.
We showed that, indeed, chloroplasts and chondriome
components could be transferred into Citrus cultivars
from an alien genus. The novel Citrus cybrids will be
analyzed for breeding traits. More specifically, the chon-
driome components from Microcitrus could induce male
sterility. Male sterility in Citrus fruit cultivars (with po-
tential parthenocarpy) is of immense economical impor-
tance — it may lead to seedless fruits. Thus, if indeed male
sterility is revealed among the cybrids produced in this
study, a novel and efficient means to breed seedless Cit-
rus fruits could be explored.
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