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Abstract ¸ycopersicon peruvianum displays gameto-
phytic self-incompatibility (GSI). We have isolated
self-compatible (SC) tetraploids of ¸. peruvianum from
tissue-cultured leaves and have explored the expression
and inheritance of their S-related proteins. The S-
related protein profiles of styles of SC tetraploids were
indistinguishable from the diploid self-incompatible
(SI) explant source based on SDS-PAGE. All progeny
obtained from self-fertilization of two tetraploids were
SC. Cloned cDNA sequences of the S-related proteins
were used to determine the inheritance of this locus in
these progeny through Southern hybridization. The
allelic ratio, as determined from the intensity of DNA
restriction fragments, was consistent with the predicted
ratio if only pollen bearing two different alleles was
successful in achieving fertilization. All progeny ob-
tained had at least one copy of each allele, and indi-
viduals fully homozygous for either allele were not
found, indicating that pollen grains bearing two identi-
cal alleles were inhibited. In addition, the level of
expression of the S-related proteins in the progeny
correlated with the allelic dosage at the DNA level. We
demonstrate that the observed self-compatibility in the
tetraploids was not caused by an alteration in the
expression of S-related proteins.
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Introduction

Members of the family Solanaceae exhibit gameto-
phytic self-incompatibility (GSI) that is controlled by
a single major locus, the S locus, and the incompatibil-
ity phenotype is controlled by the genotype of the
pollen and the style (de Nettancourt 1977). The S-
related proteins of the styles are basic, glycosylated
proteins of low molecular weight (Mau et al. 1986;
Anderson et al. 1986; Ai et al. 1990; Kaufmann et al.
1991). These proteins exhibit ribonuclease activity and
are referred to as S-RNases (McClure et al. 1989). They
have been shown to be essential for the GSI response in
transgenic plants (Lee et al. 1994; Murfett et al. 1994).
During an incompatible response the S-RNases are
involved in the degradation of pollen RNA, which
results in the disruption of protein synthesis and event-
ually the arrest of pollen-tube growth (McClure et al.
1990).

Polyploidy is known to result in the breakdown
of GSI in the Solanaceous species Nicotiana (Pandy
1968), Petunia (Stout and Chandler 1942), Solanum
(Livermore and Johnstone 1940), and ¸ycopersicon (de
Nettancourt et al. 1974), as well as in the
non-Solanaceous, ¹rifolium (Brewbaker 1954), Pyrus
(Crane and Lewis 1942), and Oenothera (Lewis
1947).

In a previous study Frary (1990) recovered rare self-
compatible SC ¸ycopersicon peruvianum plants from
tissue-cultured leaves of SI plants. These plants had
increased leaf and guard cell size, which suggested that
they might be autopolyploids. Herein we describe the
breakdown of the GSI response in tetraploid ¸. peru-
vianum heterozygous for the S alleles for which cDNA
clones of both the alleles were available (Rivers et al.
1993; Liang et al. 1994).



Materials and methods

Plant material

A single plant of ¸ycopersicon peruvianum (from accession LA 2163,
kindly provided by C. M. Rick, University of California, Davis) from
which the S

m1
and S

m2
alleles were cloned served as the source of

diploid tissue from leaf explants (Chawla PhD thesis). We refer to
the diploid genotype (having one copy each of S

m1
and S

m2
as ‘‘S

m12
’’,

the tetraploid genotype bearing two copies of each allele as ‘‘S
m1122

’’,
etc. A ‘‘related ¸. peruvianum’’ refers to a plant belonging to the same
accession used in the study but differing in genotype at the S locus.
The ploidy status of two SC regenerants used in further genetic
studies was determined by pollen size and leaf guard cell measure-
ments (Wilson et al. 1981). Their pollen diameter was 20—30% larger
and guard cells 40% larger than those of the diploid GSI plants,
indicating that they were tetraploid (Dowley et al. 1975). Chromo-
some counts in pollen mother cells (Belling 1926) and from roots
originating on leaf cuttings further confirmed that they were tetrap-
loid (2n"48).

Pollination studies

Reciprocal crosses were performed between self-fruitful regenerants
and the original diploid plants. The aniline-blue fluorescence tech-
nique (Martin 1959) was used to observe pollen-tube growth within
the style. For tetraploid]diploid, and diploid]diploid crosses, the
styles were removed from the flowers 72 h after pollination (to allow
for completion of the GSI response). For the diploid]tetraploid
crosses the styles were removed 48 h after pollination as flowers
usually abscised by 72 h post-pollination. Fixation and staining was
done as previously described (Williams and Webb 1987).

Gel electrophoresis of style proteins

Proteins from three styles and stigmas of mature flowers of indi-
vidual plants were extracted and analyzed on 20% SDS-polyac-
rylamide gels after staining with Coomassie blue (Bernatzky 1993).

Southern analysis

DNA was extracted from the young leaves by a modified miniprep
method (Bernatzky and Tanksley 1986). Approximately 2 ug DNA
was digested overnight with EcoRI as per the manufacturer’s
instructions (Promega). Electrophoresis, Southern blotting onto
Hybond N` membranes (Amersham), and hybridization were done
as described before (Bernatzky and Schilling 1992). Probes were
made by random priming (Feinberg and Vogelstein 1984) of inserts
of S

m1
and S

m2
cDNA clones. Equal counts (approximately 5]107

Bq/lg template) of both probes were added to the hybridization
solution. The filters were washed at a final stringency of 0.5]SSC,
0.1% SDS at 68°C and exposed to X-ray film at !70°C with an
intensifier screen (Dupont).

Results

Breeding behavior

Two self-fertile fruitful plants were selected from
tissue-culture regenerated shoots. Germination studies

(not presented) showed that seeds of these plants had
a germination percentage comparable to that for con-
trol diploid crosses (S

m12
]a related ¸. peruvianum). In

reciprocal crosses, when the diploid was used as a fe-
male and the tetraploid as the male, fruit set was always
observed. Fruits remained small and contained many
undeveloped seeds. This was expected as 2n$]4n#
cross leads to collapse of the seeds due to abnormal
endosperm development (Cooper and Brink 1945).
Since we did observe undeveloped seeds, we classified
this cross as compatible.

In the reciprocal cross, tetraploid $]diploid #, only
3 of 32 pollinations resulted in fruit set. These fruits
remained small and had on average five collapsed seeds
per fruit. This suggests that the style tissue of the
tetraploid exhibited an incompatible but perhaps
weakened response. All progeny obtained from the
self-pollination of tetraploid regenerants were SC based
on fruit set and seed development. Two progeny from
each genotypic class (based on DNA and protein pro-
files, see below), i.e. S

m1122
, S

m1112
, S

m1222
, were self-

pollinated and seed viability determined. These repre-
sentative progeny, irrespective of their genotype, set
viable seeds, and the seed number per fruit was compa-
rable to that of a diploid compatible cross. The diploid
$]tetraploid # resulted in the presence of many pollen
tubes at the base of the style 48 hr after pollination. At
the same point in time the pollen tubes showed very
little growth in the reciprocal crosses. However, at 72 h
post-pollination there was an average of four to five
tubes at the basal end of the style for the tetraploid
$]diploid # cross (two observations). The self-pollin-
ated diploid did not have any pollen tubes at the basal
end of the style after 72 h.

Genetic analysis

SDS-PAGE of the stylar extracts revealed no obvious
differences between the diploid GSI source of explant
and the regenerants (Fig. 1). The two S-locus-asso-
ciated proteins of MW 24—26 kDa corresponding to the
products of the S

m1
and S

m2
alleles were seen in both

the original GSI explants and the two SC regenerants,
indicating that the expression of S-related proteins was
similar. Southern blotting of the diploid parent DNA
digested with EcoRI and probed with their respective
cDNA clones showed two bands of 5 kb and 1.3 kb for
the S

m1
allele and two of 4.2 kb and 0.6 kb for the

S
m2

allele. Since the DNA blots were probed with equal
amounts of S

m1
and S

m2
probes, we expected to see

bands of equal intensity in the diploid (S
m12

) and the
tetraploid (S

m1122
) plants and shifts in intensity propor-

tional to allelic dosage in the progeny. For example,
a S

m1112
plant would show an approximately threefold

higher signal for the S
m1

restriction fragments as com-
pared to that for the S

m2
allele (Fig. 2). On the basis

of random chromosome segregation, five different

993



Fig. 1 SDS-PAGE analysis of stylar extracts of the diploid and its
tissue-cultured regenerants. The S-associated proteins are indicated
at right. Lane 1 is the original diploid; lanes 2—15 are the tissue-
cultured regenerants. Lanes 2 and 3 were subsequently found to be
tetraploids. Molecular-weight estimates are indicated on the left in
kilodaltons (kDa)

Fig. 2 DNA analysis of progeny obtained from self-pollination of
tetraploids. DNA was digested with EcoRI, the fragments separated
by gel electrophoresis, blotted, and hybridized to cloned S

m1
and

S
m2

cDNA fragments. The approximate sizes of the fragments are
indicated on the left in kilobases (kb). Fragments of approximate
sizes 6.0 kb and 1.3 kb corresponded to the S

m1
allele, those of 4.4 kb

and 0.6 kb to the S
m2

allele. The genotypes represented in the lanes
are as follows: lanes 1 and 2 S

m1122
, lanes 3 and 4 S

m1222
, lanes 5 and

6 S
m1112

Table 1 Observed and expected
genotypic ratios obtained from
self-pollination of tetraploids

Genotype of Expected ratio Observed ratio Observed ratio Expected ratio with
self-pollinated without pollen in tetraploid I" in tetraploid II" selection against
progeny selection! homogenic pollen

S
m1111

0.03 0.00 0.00 0.00
S
m1112

0.22 0.16 0.20 0.17
S
m1122

0.50 0.62 0.68 0.67
S
m1222

0.22 0.22 0.12 0.17
S
m2222

0.03 0.00 0.00 0.00

! Based on random chromosome assortment
"Observed ratio was significantly different from expected ratio without pollen selection at P'0.05
for tetraploid I and tetraploid II (s2"17.1 and 15.7, respectively) but not significantly different from
the expected ratio with pollen selection (s2"2.62 and 1.72, respectively)

genotypes (i.e., S
m1111,

S
m1122

, S
m1112

, S
m1222

, and
S
m2222

) should be observed amongst the progeny from
the selfing of S

m1122
, if all pollen genotypes (S

m11
, S

m12
,

S
m22

) were equally likely to achieve fertilization. We
analyzed 87 and 91 progeny — obtained from the selfing
of two independent tetraploid regenerants — for DNA
signal intensity for both alleles. Theoretically, if all the
pollen was able to achieve fertilization, we would ex-
pect one S

m1111
and one S

m2222
for every 36 offspring

(i.e., be tetraplex for that allele). We observed 14 S
m1112

,
54 S

m1122
, and 19 S

m1222
in one population and 18

S
m1112

, 62 S
m1122

, and 11 S
m1222

in the second popula-
tion. However, we did not recover a single tetraplex
individual in either population (i.e., S

m1111
or S

m2222
).

In addition, both of these sets of progeny conformed to
a ratio of 1 (S

m1112
) : 4(S

m1122
) : 1(S

m1222
), which fits the

expected ratio if only the heterogenic pollen (S
m12

)
achieved fertilization (Table 1). The stylar extracts of
individual offspring from the self-pollinated tetraploids
were subjected to SDS-PAGE analysis in order to see
whether the S-protein dosage correlated with the allelic
dosage at the S locus. A random sample of these
protein profiles is show in Fig. 3. The two S-locus-
associated proteins showed dosage differences that
correlated with allelic dosage based on DNA

hybridization. Although this correlation was based on
visual inspection, it suggests that the level of protein ex-
pression matches the allelic dosage based on DNA.
Therefore, the expression of S-related proteins of the
style is not disturbed in the SC tetraploids or their
progeny.

Discussion

Tissue culture was used to regenerate tetraploid SC
plants from diploid GSI explants. Although
cytochimerism has been observed in in vitro-regen-
erated ¸. peruvianum (Sree Ramulu et al. 1976), we
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Fig. 3 SDS-PAGE of the stylar proteins of selected offspring of one
of the SC tetraploids whose genotype was determined by the DNA
dosage analysis described in Fig. 2. The S-associated proteins are
indicated. The genotypes of the samples as determined by DNA
dosage are as follows: lane 1 S

m1222
, lane 2 S

m1112
, lanes 3 and

4 S
m1122

. Lane 5 is the diploid explant source, S
m12

. Molecular-
weight estimates listed on the left in kiloDaltons

eliminated the possibility that our selected regenerants
were cytochimeras by making chromosome counts or
using phenotypic analysis for the derivatives of each
shoot apical cell layer. In most flowering plants, stom-
ates are L1 derivatives, pollen L2 derivatives and ad-
ventitious roots are L3 derivatives (Tilney-Bassett
1986). All three cell layers of the SC regenerants dis-
played increased ploidy: larger stomates, larger pollen
grains, increased number of chromosomes in root tips.
In addition, our plants were regenerated from leaf
tissue, and it has been shown that most shoots regen-
erated in this fashion are non-chimeric even if the
source tissue is chimeric (Marcotrigiano 1986).

Tetraploidy has been known to breakdown GSI in
many species. Lewis (1947) proposed that heterogenic
pollen loses its GSI phenotype leading to SC. Our
study on the progeny obtained from the selfing of ¸.
peruvianum tetraploids showed that the genotypic ratio
of the progeny, based on direct analysis of S-related
proteins and their corresponding DNA, was consistent
with the expected ratio when only the heterogenic pol-
len was able to achieve fertilization. The expected
genotypic ratios obtained from selfing the tetraploids
showed a close fit to ratios based on random chromo-
some assortment (Table 1).

All the progeny obtained from selfing the tetraploids,
irrespective of their genotype, were SC. This was
expected as each would produce some amount of
heterogenic pollen, which has been proposed to be
responsible for the SC behavior. The cross diploid
$]tetraploid # was also compatible, which was ex-
pected as the tetraploid-derived SC heterogenic pollen
would presumably be able to grow down the GSI
diploid style and effect fertilization. These results are in
contrast with the observations of de Nettancourt et al.
(1974). In their study of a self-pollinated tetraploid
of ¸. peruvianum they found the SC character was
transmitted to approximately half the progeny whereas
the remaining plants were self-sterile. The self-sterile

condition could be attributed to poor pollen fertility.
However, in a number of their self-sterile plants pollen
abortion was low, and in some cases, pollen-tube inhi-
bition was typical for an GSI reaction. Since the SC
tetraploids of de Nettancourt et al. (1974) were derived
after four generations of forced inbreeding, the effects of
inbreeding on sterility could not be separated from
responses due to GSI.

In our experiment, the reciprocal cross (tetrap-
loid]diploid) was mainly incompatible but some fruit
set was observed albeit at a low frequency ((10%).
These fruits remained small and contained collapsed
seeds, indicating that fertilization had taken place.
Since pollen from the GSI diploid parent would carry
a single S allele, the GSI response of the tetraploid style
to the haploid pollen may differ from that of a diploid
style. This was confirmed by style squashes which
showed that the pollen tubes grew much longer in a 4n
$]2n # cross than in an incompatible cross, though
not more than four to five tubes on average passed
through the base of the style.

We still do not know why heterogenic pollen is able
to achieve fertilization. Lewis (1947) proposed a com-
petition theory which postulated that the products of
the two alleles competed in a diploid pollen grain for
a limited amount of substrate, so that neither of the
alleles produced its normal effect of GSI. A major
drawback to this theory is that it does not explain the
GSI behavior of homogenic pollen (i.e., pollen having
the same S alleles) as presumably competitive interac-
tions would also occur in this pollen (de Nettancourt
1977). In triploids of ¸. peruvianum (de Nettancourt
1977; Sree Ramulu et al. 1977), SC does not occur even
though gamete viability is high and a portion of the
pollen is expected to be heterogenic. Instead, the reac-
tion is typical of GSI. The model of competitive interac-
tion is further compromised in that different tetraploid
lines bearing the same S alleles in ¸. peruvianum (de
Nettancourt et al. 1974) and in N. alata (Pandy 1968)
display large variations in SC. The self-sterile features
of triploids and the variability among tetraploids has
led to the conclusion that the interaction between S al-
leles in pollen depends on the genetic background and
possibly on genetic dosages of other factors in the
pollen grain (de Nettancourt 1977).

The nature of the pollen component and the interac-
tions between pollen and style are not yet known. Two
models have been advanced to explain the specific
interactions between the pollen and the style. One
(Haring et al. 1990) assumes that the specificity of the
GSI response lies in the specific uptake of the S-
RNases, whereas the other (Thompson and Kirch 1992)
proposes that the specificity lies in the inhibition of
RNases once they enter the pollen by S-specific inhibi-
tors. In such a specific milieu, it is likely that the
presence of two different factors in a single pollen
could lead to the failure of its recognition by the
stylar component bearing the same alleles. These two
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receptors/factors would probably occupy similar do-
mains that would lead to their abnormal conformation,
or if dimerization of the pollen component is involved,
that would lead to the formation of unproductive het-
erodimers. Both of these scenarios would, in effect,
block the interaction between the pollen and the stylar
protein. Since only one type of ‘‘factor’’ is present in
homogenic pollen, there is no failure of recognition in
this case, and the reaction is GSI. It is evident that
further research needs to be performed to elucidate the
recognition factors controlling pollen-style interactions
in plants possessing an SI system.
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