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Abstract Reproductive abnormalities reduced the per-
cent stainable pollen, and fruit and seed set in interspe-
cific F, populations derived from crosses of Lycopers-
icon esculentum and L. pennellii but were not observed
in parental lines and interspecific F; populations. The de-
gree to which these reproductive abnormalities were ex-
pressed in the interspecific F, populations was affected
by cytoplasm. Reproduction was impeded in interspecif-
ic F, populations containing L. esculentum cytoplasm
(F5°) by reduction in pollen production, the lack of fruit
set and a high proportion of parthenocarpic fruit among
plants capable of fruit set. The F, populations containing
L. pennellii cytoplasm (F5P*) showed a reduced frequen-
cy of reproductive abnormalities at all stages of repro-
ductive development, resulting in higher values for per-
cent stainable pollen, fruit and seed set and higher pro-
portions of the FLP4 populations being capable of setting
fruit or seed than F}° populations. The major barrier re-
maining in F}P* populations was reduced fruit set com-
pared to parental lines. The barrier to fruit and seed set
observed in the F5¢ populations, and to a lesser extent in
the F5P* populations, occurs around the time of fertiliza-
tion or early embryonic development. The effect of L.
pennellii cytoplasm on barriers in the F;?* populations is
proposed to be due to an interaction between cytoplas-
mic and nuclear genes during fertilization of the F,
plants to produce F, populations and may also affect
subsequent generations.
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Introduction

Wild relatives of crop species are important sources of
valuable traits that enable plant breeders to produce vari-
eties that better fit agricultural requirements. Reproduc-
tive barriers restrict the flow of genes between species
and thus are major obstacles to the use of wild species in
breeding programs. These barriers can be detected at
several developmental stages (Knox 1984; Ascher 1986),
including pollen tube growth, fertilization and seed de-
velopment, and they may result in a lack of fertilization,
embryo abortion, poor embryo development, or de-
creased seed viability.

The interspecific barrier, hybrid breakdown, can affect
the F,, F,, or later generations following an interspecific
cross, resulting in plants that are non-vigorous, male
and/or female sterile, or non-fecund (fail to produce via-
ble seed) (Hadley and Openshaw 1980; Weeden and Rob-
inson 1986; Haghighi and Ascher 1988). Reproductive
abnormalities in F, populations caused by hybrid break-
down were reported in crosses between Gossypium hirsu-
tum L. and G. barbadense L. (Stephens 1950), Zauschne-
ria cana Greene and Z. septentrionalis Keck (Clausen et
al. 1940), Layia gaillardioides DC. (Hook. et Arn.) and L.
hieracioides DC. (Hook. et Arn.) (Clausen 1951), Cur-
curbita maxima Duchrsne and C. ecuadorensis Cutler and
Whitaker (Cutler and Whitaker 1969; Weeden and Robin-
son 1986) and crosses between most of the species in
Lycopersicon (MacArthur and Chiasson 1947; Rick and
Lamm 1955; Rick et al. 1976; Mutschler and Liedl 1994).
The presence of a complete genomic set of chromosomes
from each of the parent species did not affect plant
growth or fertility in these interspecific F;s, which sug-
gests that hybrid breakdown in these cases is not due to
gross chromosomal differences between the species.
Weakness and sterility in later generations appeared only
after recombining the alleles from the two species.

Little is known about the mechanisms of reproductive
barriers, such as hybrid breakdown. Lycopersicon is a
good research model for work on reproductive barriers
because all members of the genus have the same chro-
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mosome number and chromosome structure (Rick 1991),
and crossing behaviors among the different species in the
genus have been well established (see summary in Mu-
tschler and Liedl 1994).

We were interested in the reproductive barriers be-
tween L. esculentum and L. pennellii because multigenic
traits of horticultural interest are found in the wild spe-
cies, L. pennellii. Since self-compatible accessions of L.
pennellii are available and all accessions of L. esculent-
um are self-compatible, self-incompatibility should not
confound the effects of the interspecific reproductive
barriers. Prior work with these two species identified hy-
brid breakdown in the F, generation. Interspecific hy-
bridization produced a fertile hybrid, which gave rise to
an F, population exhibiting severely depressed fecundity,
regardless of the accessions used in the initial interspe-
cific cross (C.M. Rick, personal communication).

Andersen (1963) reported creation of sterile plants by
transferring the L. pennellii nuclear genome into the cy-
toplasm of L. esculentum. He also proposed that transfer
of the L. esculentum nucleus into L. pennellii cytoplasm
might create a cytoplasmic male sterile. Creation of cyto-
plasmic/nuclear male sterility by interspecific crosses
has been reported in many crop plants (Hanson and Con-
de 1985; Kaul 1988). Inheritance of organelles in tomato
is uniparental for Lycopersicon species (Smith 1989).
Thus, in crosses between L. esculentum and L. pennellii,
the progeny all carry the L. esculentum organelles when
L. esculentum is the female parent. Comparison of the
two F;s generated between these species would be infor-
mative to determine whether there is an interaction be-
tween the cytoplasm and the nucleus affecting hybrid
breakdown. However, the reciprocal cross (L. pennell-
iixL. esculentum) is not successful, due to an unrelated
reproductive barrier, unilateral incongruity (Mutschler
and Lied] 1994).

The unique isocytoplasmic line, consisting of an L.
esculentum nucleus and L. pennellii organelles, was cre-
ated from embryos rescued from a cross between L. pen-
nellii and its interspecific F| (L. esculentumxL. pennellii)
(Mutschler 1990). This line is fertile and fecund, rather
than cytosterile, as suggested by Andersen (1963). In the
process of developing the isocytoplasmic line, the repro-
ductive behavior of intervening generations suggested
that the L. pennellii cytoplasm reduced reproductive ab-
normalities in succeeding generations. The objectives of
this study were to define hybrid breakdown in an F, pop-
ulation of L. esculentumxL. pennellii and ascertain the

effect of the cytoplasm on hybrid breakdown in the F;

and I, generations.

Materials and methods

Plant materials

The plant materials used included L. esculentum cv. New Yorker
(NY), which is self-compatible (as are all L. esculentum cultivars),
a self-compatible accession of L. pennellii PI 246502, LA716 (Lp)
from Dr. C.M. Rick, University of California, Davis (Rick 1960,

1969), and the interspecific hybrid between these two lines
(NYxLp). This interspecific F; hybrid contains the L. esculentum
cytoplasm, and so is referred to as FL¢, in which the superscript
“Le” denotes the cytoplasm type. The F, seeds obtained from self-
pollinations of a single FL¢ plant were the basis of the Fi* popula-
tions.

The “isocytoplasmic” line contains the cytoplasm of Lp and
the nuclear genome of NY (Mutschler 1990). The fourth true
backcross generation in the creation of the isocytoplasmic line
(NYLe4), which has the pedigree ((LpxFyo)xFro)XFi#)xNY)x
NY)xNY)xNY, was pollinated with Lp pollen to give the interspe-
cific hybrid F?%. Seed collected from self-pollination of a single
FLp4 plant was the basis of the Fi* populations. RFLP analysis
with average spacing between markers of approximately 15.5 cM
through the entire nuclear genome later indicated that the genome
of the NYLr4 plant used in the creation of the F;?* and the Fy»*
populations was homozygous L. esculentum except for a region on
chromosome 1 between the markers CT233 and TG71 from the
map of Tanksley et al. (1992) that was heterozygous. Further
RFLP analysis of the F?* and the F5?* populations showed that
their genomes were homozygous L. pennellii for the same region
on chromosome 1.

Two F5¢ populations (I, III) and two F;?* populations (II, IV)
were studied (Table 1). Populations I and II contained more in-
dividuals than populations III and IV; however, populations III and
IV have the advantage of being grown simultaneously in the same
environment. The parental lines NY, NYLr4 and Lp, as well as
Fte and FL?4, were grown at the same time with each F, population
for use as controls. All plants were grown under greenhouse con-
ditions in soilless media (a modification of Cornell mix (Bood-
ley and Sheldrake 1982)) supplemented with Osmocote and fertil-
ized weekly with Peters 9-14-15. Natural daylength conditions
were supplemented to 12 h (0600-1800 h) by high-intensity dis-
charge lights. Standard fungicide and insecticide practices were
followed.

Pollen stainability

Three flowers from each plant were collected in the morning,
fixed for 24 h in Carnoy’s fixative (3 absolute ethanol: 2 chloro-
form: 1 glacial acetic acid), and subsequently stored in 70% etha-
nol at 4°C. The anthers of each flower were macerated with a drop
of Alexander’s stain (Alexander 1969) and examined microscopi-
cally at 80 to 100x to determine the percentage of stainable pollen.
Stainable pollen grains (fertile) were plump and purple, due to
stained cytoplasm, and surrounded by a ring of green, due to the
stained cell wall. In contrast, unstained pollen grains (aborted)
were shriveled and were only stained green because they lacked
cytoplasm. The pollen stainability of each plant was calculated by
averaging the percentages of the three flowers. Additional samples
were counted to confirm the data from plants showing either a
large variation in the percent pollen stainability among the flow-
ers, very few pollen grains, or no pollen observed in the three
flowers collected. Average percent pollen stainability data were
transformed by the arc sine function to approach normality for sta-
tistical tests. The differences between population means in percent
pollen stainability were tested by #-tests without pooling the vari-
ances, using statistical software (MINITAB 1991). Anthers of the
plants showing no pollen were stained with Alexander’s stain and
examined under a light microscope. All of the flowers showing no
pollen production and no evidence of microsporocyte development
from the microspore mother cells were considered to have a pre-
meiotic block to pollen production.

In vitro and in vivo pollen germination

The normal appearance of plump stainable pollen does not prove
pollen viability. Therefore, pollen was tested by using the follow-
ing in vitro and in vivo pollen germination tests to determine
whether pollen stainability accurately reflects pollen viability, and
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Table 1 Comparison of the four F, populations for reproductive potential, pollen stainability, fruit set, seed set and germinable seed

Characteristic Population I (F5¢) Population II (F5r4) Population II (F5°) Population IV (F5?%)
n % n % n % n %
Population size 146 74 53 59
Non-flowering 25 17.1 1 1.4 5 9.4 0 0.0
Premeiotic block 4 2.7 0 0.0 2 3.8 0 0.0
Pollen stainability 117 73 46 59
mean? (SEM)P 50.0 (2.23) 744 (2.47) 37.8 (4.25) 62.1 (2.58)
median® 53.8 81.4 36.8 63.2
range? 0.0-90.6 0.0-97.5 0.5-86.7 6.7-94.7
Fruit set 23 19.72 54 74.02 21 45.72 33 55.92
Fruit parthenocarpic 23 100.0¢ 3 5.6° 9 42.9¢ 1 3.0¢
Fruit contains seed 0 0.0 51 94.4¢ 12 57.1¢ 32 97.0¢
Mean seed per fruit 4.2 10.9 4.2 10.9
Set germinable seed 0 0.0 48 94.14d 10 83.3d 30 93.84
Fecund plant 0 0.0,0.0e 48 65.8,64.9¢ 10 21.7,18.9¢ 30 50.8, 50.8¢

a Percentage based on the portion of the I, population which pro-
duced pollen

b SEM: standard error of the mean

¢ Percentage based on the portion of the F, population which set
fruit

thus whether the crossing barrier resulted from a lack of viable
pollen. Eight plants from population III and seven plants from
population IV having highest pollen stainability within the popula-
tions, but differing for fruit and/or seed production, were chosen
for the in vitro and in vivo pollen germination tests. Due to fluctu-
ations in flowering dates and the need for replication, tests were
repeated several times.

For in vitro pollen germination tests, pollen was collected in
the morning by vibrating freshly opened flowers over a microfuge
tube. The pollen was then suspended at a concentration of 2.5x105
pollen grains/ml of pollen germination solution [10% sucrose,
100 ppm H;BO;, 300 ppm Ca(NO;)-4H,0, 200 ppm MgSO,-7H,0
and 100 ppm KNO, (pH 6.5) (Brewbaker and Kwack 1963)]. Each
pollen suspension was replicated three times, with 100 ul of the
pollen suspension distributed into three wells of a 96-well microti-
ter plate, which was held for 4 h on an orbital shaker at very low
speed at room temperature. Afterwards, a drop of the pollen sus-
pension from each well was stained with a drop of Alexander’s
stain, and examined microscopically. Germinated pollen grains
were characterized by pollen tubes at least as long as the diameter
of the pollen grains. The germinable pollen was expressed as the
percentage of total stainable pollen grains; the in vitro pollen ger-
mination percentage for each plant was calculated by averaging
the three replicates. Pollen from NY, Lp, NYMe4, Fie and Fipt
plants were used as controls to standardize the procedure.

For in vivo pollen germination tests, fresh shoots with flowers
and buds were taken from the greenhouse in the morning and
placed in water pics containing 10% sucrose and 200 ppm 8-hy-
droxyquinoline (Flaschenriem 1974). The buds were emasculated
and subsequently pollinated with pollen from open flowers on the
same shoot. These shoots were kept in a growth chamber main-
tained at 22°C. After 48 h, the pollinated flowers were placed in
FPA fixative (5% formalin, 5% propionic acid, and 90% ethanol)
at 4°C until examination. The sepals, petals, and any remaining
anther cone tissue were dissected away from the pistil before it
was softened in 8 N NaOH overnight. The NaOH was then re-
moved and the pistils were rinsed three times with double-distilled
water. The pistils were stained with aniline blue (0.1% aniline blue
in 0.1 M K,PO,) for 4 h in the dark, placed in a drop of glycerine,
squashed on a slide, and examined by fluorescent light microscopy
(Zeiss standard microscope no. 2 filter) (Kho and Baer 1968).

d Percentage based on the portion of the F, population which set
seed

¢ Percentages based on the portion of the F, population which pro-
duced pollen, and on the entire population, respectively

Seed production

At least five flowers per F, plant were self-pollinated manually to
produce F; seed. On those F, plants not initially setting fruit, addi-
tional manual pollinations were made with both self and Lp pol-
len. Self-pollinations were also made continuously on all plants,
including the controls, using floral vibration during the 4-month
period after plants began flowering. The fruit from each plant was
collected at maturity and seed was extracted by soaking the seed
and placental tissue for 20 min in 18% HCI to remove the placen-
tal tissue from the seed. Numbers of total fruit and total seed har-
vested were collected for each plant and converted to average seed
per fruit (total seed harvested/total fruit harvested).

Seed germination test

Seed germination tests were performed on seed for each F, plant
that had seed set and for the controls, NY, Lp, NYLr4, FLe and F;p4.
Up to 50 seeds per plant were tested by placing the seed on moist
blotting paper in a plastic box, and holding the box in a dark
growth chamber maintained at 30°C (Association of Official Seed
Analysts 1988). The total number of seedlings was recorded on the
Sth and 14th days after the start of the test. The few seeds that de-
veloped abnormal roots or cotyledons and stopped growing were
recorded as abnormal/stunted seedlings and were not scored as ger-
minable seed. The percent seed germination of each plant was ex-
pressed as the percentage germinable seed of the total seed tested.

A second seed germination test was done with the seed that
failed to germinate in the first germination test to determine
whether the seeds were dormant (Rick and Hunt 1961). The un-
germinated seeds were soaked in 2.7% sodium hypochlorite for
30 min, thoroughly rinsed in tap water, dried, then retested for ger-
mination using the procedure described above.

Results
Reproductive parameters

All plants from the control populations (NY, NYLr4, Lp,
Fre and FiP%) flowered and produced pollen normally,
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but some of the plants in the F, populations showed re-
productive abnormalities not observed in the control
populations. In the Fk® populations I and III, 19.8% and
13.2%, respectively, of the plants either failed to flower
or to produce pollen due to premeiotic failure (i.e. prean-
thesis bud aboition or premeiotic blocks in microsporo-
genesis) (Table 1). However, failure to flower or produce
pollen was much rarer (1.4%) and not observed, respec-
tively, in the F5?* populations II and IV (Table 1).

Pollen viability, as measured by percent pollen stain-
ability, was reduced in the F5¢ and F5P* populations com-
pared to the control lines. Estimated population mean
values (and standard errors of the means) of percent pol-
len stainability for the control lines NY, NYLp4, Lp, Fie
and FIP* were high, at 95.5% (1.05), 97.3% (0. 51)
87. 6% (0.92), 79.2% (1.10) and 86.0% (0.84), respec-
tively. All of the F, populations had lower mean percent
pollen stainabilities with much higher standard errors
than the controls (Table 1). Considering the similar small
variances of the parent controls, the higher variances of
the F, populations are likely to be the result of segrega-
tion for gene(s) affecting pollen production.

There were also significant differences in percent pol-
len stainability between the Fi* and FL** populations.
Both of the F;P* populations had higher percent pollen
stainabilities than the F}*® populations (Table 1). Signifi-
cant differences in the mean values of pollen stainability
were observed between populations I and I (#-val-
ue=7.83, df=148, P<0.001) and between populations III
and IV (t-value=4.85, df=81, P<0.001).

Fruit and seed set were also reduced in the F, popula-
tions, with both of the Fi® populations being more se-
verely affected than either of the F5P* populations. All
the plants of parental lines NY, NYLp4, Lp, Fi¢ and Fi»4
set fruit and seed successfully after being self-pollinated
by hand or by floral vibration, although Lp plants set less
fruit than the other parental lines after floral vibration,
and also produced some parthenocarpic fruit. All four F,
populations set less fruit and seed than the parental lines
and the two F, populations, even after intensive manual
self-pollination (Table 1). The percentage of plants pro-
ducing only parthenocarpic fruit was much larger in the
FL¢ populations (I and III) than the F5P* populations (II
and IV). However, no correlation was observed between
percent pollen stainability and fruit set in either F5® pop-
ulation. Percent pollen stainability of population I and III
plants that set only parthenocarpic fruit ranged from 6%
to 87%.

The number of seeds produced in seed-bearing fruit
was also reduced in both the F5® and Fi?* populations
compared to the controls. The average seed number per
seed-bearing fruit from manual self-pollinations of the
control populations was 44.6 for NY plants, 41.9 for
NYLr4 plants, and 14.3 for Lp plants. The average seed
number per seed-bearing fruit was higher for F{P* plants
(35.4) than for F{® plants (26.6). The average seed num-
ber per seed- bearrng fruit was much lower in fecund
plants in the FL© and F5P* than in the parent lines and the
Fie and FL4, but again the average seed number per

seed-bearing fruit was higher for seed-producing plants
with L. pennellii cytoplasm (F5P4) than for plants with L.
esculentum cytoplasm (FLe) (Table 1). Reduced seed set
in both the F5P4 and F5¢ was not caused by abnormalities
in the development or functlon of the female structures,
since all of the non-fecund Fi?* and F}* plants tested
were capable of fruit and seed set when pollinated with
Lp pollen.

Since a plant cannot be considered fecund unless it is
demonstrated that the seeds it produces are viable, ger-
mination was tested to determine seed viability of the
controls, remnant F5¢ and F5P* seed, and F; seed lots
generated by selfing F2 plants in populations II (F5»%), III
(F%©), and IV (F5P4). Variation in percent germination ex-
1sted among the control seed. The percent germination
for Lp seeds was only 18% after 14 days. The very low
percent germination of the seed of this wild species may
be due to the presence of some non-viable immature
seed in the seed bulk used; therefore, this population was
eliminated from further comparisons among the genera-
tions. Self seed from the NY plants reached 100% germi-
nation by the 14th day, while percent seed germination at
14 days was slightly lower for seed of NYLr4 (86.0%),
Fte (93.8%) and FP4 (83.3%). However, since similar
differences had not been observed between other seed
lots of NY and NYLr4 (E.D. Cobb, personal communica-
tion), no consistent effect on seed germination was as-
cribed to the cytoplasmic and nuclear differences be-
tween the NY and NYL#4 or, by extension, between the
Fle and F-P4. Percent germinability was decreased in
remnant FLP4 and F}¢ seed (both 80.0%) to a level similar
to that of FLP4

Percentage germinability was decreased in F}° and
FLp4 seed lots. Only five of the ten Fy® seed lots obtalned
from seed-producing F}*® plants in population III had
greater than 50% germination, and the average number of
FLe seeds available for testing was only 13 per plant.
However, 73% (35 of the 48 plants tested) and 87% (26
of the 30 plants tested) of the FiP* seed lots obtained
from FLP* plants in populations II and TV, respectively,
had seed germination higher than 50%, and the average
number of F5P* seeds tested was 34 per plant. No correla-
tion between the number of seeds produced and the per-
centage of seeds that germinated was found within any of
the populations. The mean percent germination of Fip*
seed (59.0 and 62.2% from populations II and IV, respec-
tively) was distinctly higher than that of FL° seed (45.7
from population III), repeating the general pattern of re-
duced expression of reproductive abnormalities in the
F;p4 compared to that in the Fi¢ (Table 1). A similar
small proportion of the F; seed lots from the F, popula-
tions (one of the 12 obtained from population III Fi*
plants, three of the 51 population II and two of the 32
population IV F5P* plants) produced only non-germinable
F; seeds. Seed dormancy was not indicated, since the so-
dium hypochlorite treatment of the non-germinated seed
did not result in any improvement in seed germination.

The type of abnormalities observed affecting fecundi-
ty were consistent between the F5¢ and F5?* populations,
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with a greater proportion of FL¢ plants producing abnor-
mal or stunted F, seedlings than FjP4 plants. Of the F,
seed lots tested, 33% (four of the 12 obtained from popu-
lation III) produced abnormal or stunted F, seedlings,
while 15.7% and 21.9% of the F;** seed lots (eight of the
51 obtained from population II and seven of the 32 ob-
tained from population IV F,1p4 plants, respectively) pro-
duced abnormal or stunted I; seedlings. However, the
number of abnormal or stunted F; seedlings produced by
any F, individual was very small.

Overall, fewer F; plants were generated from a small-
er proportion of individuals in the F5¢ populations than
in the F5»* populations. No fecund plants were obtained
from the F5¢ population 1. Of the 12 F5® seed-bearing
plants in population III, ten fecund plants gave 88 F°
seedlings, of which 57 were derived from only two rela-
tively productive F5° plants. In contrast, of the 83 seed-
bearing plants in the combined F5P* populations II and
IV, 78 were fecund; 24 of these produced more than 100
seeds each.

In summary, some plants within each F, population
exhibited one or more form of blocked reproductive de-
velopment. These restrictions to reproduction were less
frequent in FLP* populations than in F,Le populations, re-
sulting in higher values for mean pollen stainability, fruit
set, seed set, and seed germination and higher propor-
tions of plants capable of setting fruit or seed in the F5P*
populations (Fig. 1). The cumulative effect of these re-
strictions is that the proportion of an F, population that is
fecund (capable of producing germinable seed) was low-
er in the F4¢ populations (0% and 18%) and moderate in
FLp4 populations (65% and 51%). Thus, the effects of cy-
toplasm on hybrid breakdown reduce restrictions in re-

Table 2 In vivo pollen germi-

nation test, fruit set and seed set  Cytoplasm % Pollen In vivo pollen germination test
data of selected plants from [T~ genotype stainability - —
(F5°) and population IV (Fi»4) Pollen tubes  Pollen tubes at the  Fruit set® % Seed germination
in style2 end of styleb

Le 84.8 +4+++ +4+++ N -

Le 84.0 +++ +++ Y 25

Le 76.6 ++ +++ Y 25

Le 713 +++4+ +4++4+ Y 33

Le 70.9 A+ -+ Y 0

Le 70.4 +++ +++ Yd -

Le 68.2 ++ +++ N -

Le 66.9 +++ +++ Y 81

Lp 94.7 +++ o+t N -

Lp 86.6 +++ ++++ Y 88

Lp 852 4+ +++ Y 86

Lp 832 +++ +++ Y 92

Lp 82.6 4+ +4+++ Y 66

Lp 82.3 ++ ++ N -

Lp 81.0 4+ +4++ N -

a ++++ All of the flowers tested have pollen tubes growing in the style

+++ More than half of the flowers tested have pollen tubes growing in the style
++ About half of the flowers tested have pollen tubes growing in the style

b t++ In all of the styles, the pollen tubes reach the end of the style

+++ In more than half of the styles, the pollen tubes reach the end of the style
++ In about half of the styles, pollen tubes reach the end of the style

¢ F, plant set fruit successfully (Y) or failed to set fruit (N)

4 F, plant set parthenocarpic fruit
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production, but do not eliminate them in interspecific F,s
between L. esculentumxL. pennellii.

Pollen germination

To investigate the nature of non-fecundity in the F, pop-
ulations, in vivo and in vitro pollen germination was test-
ed for selected fecund and non-fecund individuals from
population III (F5¢) and population IV (F5p4) (Table 2).
A proportion of the pollen from all of these plants germi-
nated in vitro, indicating that at least some of the pollen
from each plant was viable. However, the percentage of
in vitro pollen germination for each of the plants and
controls varied greatly each time the germination test
was performed. A two-way ANOVA test for percent pol-
len germination applied to the data from the controls
(NY, Lp, NYLp4, Fi# and FiP4) indicated that interaction
between testing date and genotype was highly significant
(data not shown). Therefore, in vitro pollen germinabili-
ty could not be used to quantify reliably the pollen via-
bility of individual F5¢ and FLP* plants.

The same F¢ and F5P* plants were also self-pollinat-
ed to test in vivo self-pollen tube growth. For each plant,
at least half of the flowers tested had pollen tubes grow-
ing into the style, and most of the styles had numerous
pollen tubes at, or growing into, the ovary (Table 2). The
method used was not able to determine whether pollen
tubes entered the micropyle or whether double fertiliza-
tion was achieved. However, sufficient pollen tubes were
observed reaching the ovary for each of the plants tested
to support full fertilization and seed set barring further
reproductive barriers.

Discussion

The parental lines NY and NYLr4 were fertile, fecund
and did not exhibit any impediment to sexual reproduc-
tion. The wild species, Lp, had normal reproductive de-
velopment but was less productive than NY and NYLr* in
terms of fruit set, seed set and low seed germination rate.
Reduction in seed set was due in part to the production
of some parthenocarpic fruit. It was also due to differ-
ences in floral structure between the two species. The
style of NY and NYLr* flowers is inserted, and pollen
dehiscence occurs through the development of stomium
(longitudinal slits between the two pollen sacs of each
lobe) (Fahn 1982) facing inward towards the stigma
(Cooper 1927). In contrast, the style of the Lp flower is
exserted, and pollen dehiscence occurs by mean of apical
pores at the end of the anthers (Correll 1958). Therefore,
based on structural differences, there is less chance for
the stigma of an Lp flower to be pollinated by floral vi-
bration.

No reproductive barriers were detected in F}¢ or Fip4
plants, although some of the reproductive parameters of
FLe plants were not as high as those of NY and Lp plants.
These results agree with the observations of Rick (1960,

1969). Also, neither the L. pennellii cytoplasm nor the
segment of chromosome 1 homozygous for L. pennellii
affected the fertility/fecundity of the FL-p4.

Reproductive parameters were reduced in the F5® pop-
ulations. Three to 4% of the plants in the F5® populations
showed abnormalities in flower or pollen development
that were not observed in the parental or F, controls.
Mean percent pollen stainability was lower for both Fj°
populations than for the parental lines. However, the lack
of seed set from self-pollinations of the FL® plants was
not caused by low percentages of germinable pollen or
abnormal pollen germination, since in vivo and in vitro
pollen germination tests did not indicate abnormalities or
differences in pollen germination and pollen tube growth
after self-pollination in the fruitless versus fruitful Fi¢
plants. The barriers to flower or pollen development in
the F5¢ populations should not result from lack of homol-
ogy between homologs of the two species, because chro-
mosome pairing in the F; hybrid of L. esculentumxL.
pennellii is essentially normal (Khush and Rick 1963).
Normal female gamete development in parthenocarpic
Fi¢ plants was indicated by their ability to produce fruit
with viable seed when pollinated with L. pennellii pol-
len. Additionally, self-incompatibility could not account
for the lack of self fruit and seed set, since both first gen-
eration parents (NY and Lp) and the F; were completely
self-compatible. Mean percent seed germination of the
F5¢ was much lower than that of the NY, F}¢ and FLe.
Since non-germination is due to non-viability rather than
seed dormancy, hybrid breakdown also affected seed de-
velopment after fertilization. Therefore, the effects of hy-
brid breakdown on reproduction include plants not able
to produce flowers, preanthesis bud abortion, reduced
pollen viability and some barrier(s) functioning either
immediately before or at fertilization, or very early dur-
ing embryo development.

FLp* populations also exhibited symptoms of hybrid
breakdown, but to a lesser extent than the FL® popula-
tions. The abnormalities in floral development observed
in the Fi¢ were largely missing for the Fi?. Percentage
pollen germination and fruit set was lower in the F5p4
populations than in the parental controls, but was higher
than in the F}© populations. As in the F5® populations, no
correlation was found between pollen stainability and
fruit set in the F5P*. In vivo and in vitro pollen germina-
tion tests indicated normal pollen germination and pollen
tube growth in the Fi?* plants which failed to set self
fruit. However, these self fruitless F5»* plants produce
fruit and seed when pollinated with Lp pollen. Therefore,
the hybrid breakdown observed in the F5¢ and Fi* plants
is similar in the developmental stages affected; however,
the degree to which it is expressed is significantly differ-
ent between the two populations.

The different effects of hybrid breakdown in the Fi©
and F5P* populations should be due to genetic differences
between these populations. The two parent lines, NYLp4
and NY, are genetically similar, but differ for cytoplasm
type and the presence or absence of segregation for loci
on chromosome 1 between the markers CT233 and



TG71. Populations I and IIT (F5¢) possessed the L. escu-
lentum cytoplasm and segregated for markers in the re-
gion on chromosome 1, while populations II and IV
(F5P4) possessed L. pennellii cytoplasm and were homo-
zygous L. pennellii for the loci on chromosome 1. If the
differences in fertility and fecundity between the F5¢ and
FLp4 populations are due to the loci on chromosome 1,
plants from Fi* which are homozygous L. pennellii for
all or the majority of the markers in this region should
have the higher fertility and fecundity seen in the F5P4
populations. However, examination of Fi¢ plants homo-
zygous L. pennellii for all, or at least 50%, of this region
on chromosome 1 shows that the fertility and fecundity
of these FLe plants were more characteristic of the Fi®
than F5P* populations. Therefore, there is no indication
that the region on chromosome 1 homozygous for L.
pennellii in the F5P4 is related to their increased fertility
and fecundity.

An alternative explanation for the difference in the
fertility/fecundity of the F}® versus the F5P* population is
the effect of cytoplasm type. The relative fertility/fecun-
dity levels of NY, NYLp4, Fl and F'P4 show that cyto-
plasm alone does not affect fertility/fecundity. It is most
likely that the effect of cytoplasm on the severity of hy-
brid breakdown involves interaction of the cytoplasm
with a nuclear locus (loci) controlling hybrid breakdown.
The L. esculentum cytoplasm could restrict the transmis-
sion of gametes or development of embryos with a ho-
mozygous L. pennellii genotype at some unidentified nu-
clear locus (loci). Conversely, the L. pennellii cytoplasm
is more permissive, allowing the transmission of gametes
or development of embryos with similar nuclear geno-
mes. The effect of cytoplasm on hybrid breakdown could
be indirect. For example, the cytoplasm could influence
segregation of a genomic region that includes a locus
controlling hybrid breakdown, and so result in altered
levels of fertility and non-fecundity.

Defining the cause of non-seed set in the F, popula-
tions is complicated because the barrier occurs between
fertilization and early embryo development. The paucity
of information on events surrounding syngamy and the
technical difficulties in observing this complex portion
of the reproductive cycle (Linskens 1974) limit what can
be deduced. Within the Solanaceae, one barrier that oc-
curs after pollen tubes reach the ovary appears to involve
abnormal release of sperm at the embryo sac or problems
achieving syngamy (Choudhury 1959a, b; Bannikova
and Khvedynich 1974; Gradziel et al. 1993). Postzygotic
barriers to embryo and/or endosperm development have
also been documented for crosses within Lycopersicon
species (Smith 1944; Cooper and Brink 1945; Chou-
dhury 1959b; Rick 1963; Hogenboom 1972; Barbano
and Topoleski 1984; Smith and Desborough 1986). Iden-
tification of the exact stage at which development is re-
stricted will be necessary to better understand hybrid
breakdown.

Isocytoplasmic lines may assist breeding programs
using wild species as a source of novel traits by increas-
ing the fecundity of F, progeny and subsequent transfer
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of the trait. This is especially important in breeding for
multigenic traits, which are unlikely to be transferred by
molecular means in the foreseeable future, and which are
more difficult to transfer than monogenic traits, particu-
larly if problems with fecundity limit population sizes.
Further studies of the developmental stage of hybrid
breakdown, the function of genes involved in hybrid
breakdown, and the interactions between these genes and
cytoplasm will provide a better understanding of the
mechanism of hybrid breakdown and help design strate-
gies to facilitate the utilization of wild germplasm in
breeding programs.

Acknowledgements The authors thank Edward D. Cobb for his
assistance in sample collection and his greenhouse expertise. This
research was supported by Hatch Project 149484 and DOE Com-
petitive Grant No. DE-FG02-91ER20037.

References

Alexander MP (1969) Differential staining of aborted and non-
aborted pollen. Stain Technol 44:117-122

Andersen WR (1963) Cytoplasmic sterility in hybrids of Lyco-
persicon esculentum and Solanum pennellii. Rep Tomato Gen-
et Coop 13:7-8

Ascher PD (1986) Incompatibility and incongruity: two mecha-
nisms preventing gene transfer between taxa. In: Mulcahy DL,
Mulcahy GB, Ottaviano E (eds) Biotechnology and ecology of
pollen. Springer, Berlin Heidelberg New York, pp 251-256

Association of Official Seed Analysts (1988) Rules for testing
seeds. J Seed Technol 12:121-122

Bannikova VP, Khvedynich OA (1974) Features of fertilization in
the course of remote hybridization of plants. In: Linskens EF
(ed) Fertilization in higher plants. Proceedings of the Interna-
tional Symposium Fertilization in Higher Plants. Elsevier,
New York, pp 301-310

Barbano PP, Topoleski LD (1984) Postfertilization hybrid seed
failure in Lycopersicon esculentumxLycopersicon peruvianum
ovules. ] Am Soc Hort Sci 109:95-100

Boodley JW, Sheldrake JJ (1982) Cornell peat-like mixes for com-
mercial plant growing. Information Bulletin no 43. Cornell
Cooperative Extension, Cornell University, Ithaca, NY

Brewbaker JL, Kwack BH (1963) The essential role of calcium
ion in pollen germination and pollen tube growth. Am J Bot
50:859-865

Choudhury B (1959a) Development of seed and its parts. Hybrid
seed of Lycopersicon esculentum and Lycopersicon peruvian-
um. Indian J Hortic 16:23-30

Choudhury B (1959b) Hybridization between Lycopersicon escu-
lentum Mill. and Lycopersicon peruvianum Mill. Indian J Hor-
tic 16:102-107

Clausen J (1951) Evolution of interspecific barriers. In: Clausen J
(ed) Stages in the evolution of plant species. Cornell Universi-
ty Press, Ithaca, pp 87-121

Clausen J, Keck DD, Hiesey WM (1940) The genus Zauschneria.
In: Clausen J, Keck DD, Hiesey WM (eds) Experimental stud-
ies on the nature of species. I. Effect of varied environments
on western North American plants. Gibson, Washington, DC,
pp 247-259

Cooper DC (1927) Anatomy and development of tomato flower.
Bot Gaz 83:399-411

Cooper DC, Brink RA (1945) Seed collapse following matings be-
tween diploid and tetraploid races of Lycopersicon pimpineli-
folium.Genetics 30:376-400

Correll DS (1958) A new species and some nomenclatural changes
in Solanum, section Tuberarium. Madrono 14:232-236

Cutler HC, Whitaker TW(1969) A new species of Curcurbitat
from Ecudora. Ann Mol Bot Gard 55:392-396



368

Fahn A (1982) Plant anatomy. Pergamon Press, Oxford

Flaschenriem DR (1974) A new method of producing Petunia hy-
brida seed in vitro. MS thesis, Mankato State College, Manka-
to, Minn

Gradziel TM, Okada M, St. Clair DA (1993) Pollen-tube hypertro-
phy in ovules of Solanum and Lycopersicon following inter-
specific crosses. Sex Plant Reprod 6:147-152

Hadley HH, Openshaw SJ (1980) Interspecific and intergeneric
hybridization. In: Fehr WR, Hadley HH (eds) Hybridization of
crop plants. American Society of Agronomy and Crop Science
Society of America, Madison, Wis, pp 133-159

Haghighi KR, Ascher PD (1988) Fertile, intermediate hybrids be-
tween Phaseolus vulgaris and P. acutifolius from congruity
backcrossing. Sex Plant Reprod 1:51--58

Hanson MR, Conde MF (1985) Functioning and variation of cyto-
plasmic genomes: lessons from cytoplasmic nuclear interac-
tions affecting male fertility in plants. Int Rev Cytol 94:
213-267

Hogenboom NG (1972) Breaking breeding barriers in Lycopers-
icon. 4. Breakdown of unilateral incompatibility between L.
peruvianum (L.) Mill. and L. esculentum Mill. Euphytica
21:397-404

Kaul MLH (1988) Male sterility in higher plants. Springer, Berlin
Heidelberg New York

Kho YO, Baer J (1968) Observing pollen tubes by means of fluo-
rescence. Euphytica 17:298-302

Khush GS, Rick CM (1963) Meiosis in hybrids between Lycopers-
icon esculentum and Solanum pennellii. Genetica 33:167-183

Knox RB (1984) Pollen-pistil interactions. In: Linskens HF, He-
slop-Harrison J (eds) Cellular Interactions. Springer, Berlin
Heidelberg New York, pp 508-608

Linskens HF (1974) Why fertilization research? In: Linskens HF
(ed) Fertilization in higher plants. Proceedings of the Interna-
tional Symposium Fertilization in Higher Plants. Elsevier,
New York, p xiii

MacArthur JW, Chiasson LP (1947) Cytogenetic notes on tomato
species and hybrids. Genetics 32:163-177

MINITAB I (1991) MINITAB. Minitab, Inc., State College, Pa

Mutschler MA (1990) Transfer of Lycopersicon pennellii cyto-
plasm into tomato (L. esculentum) does not create cytoplasmic
male sterility. Rep Tomato Genet Coop 40:25-26

Mutschler MA, Liedl BE (1994) Interspecific crossing barriers in
Lycopersicon and their relationship to self~-incompatibility. In:
Williams EG, Clarke AE, Knox RB (eds) Genetic control of
self-incompatibility and reproductive development in flower-
ing plants. Kluwer, Dordrecht, pp 164-188

Rick CM (1960) Hybridization between Lycopersicon esculentum
and Solanum pennellii: phylogenetic and cytogenetic signifi-
cance. Proc Natl Acad Sci USA 46:78-82

Rick CM (1963) Differential zygotic lethality in a tomato species
hybrid. Genetics 48:1497-1507

Rick CM (1969) Controlled introgression of chromosomes of So-
lanum pennellii into Lycopersicon esculentum: segregation and
recombination. Genetics 62:753-768

Rick CM (1991) Tomato paste: a concentrated review of genetic
highlights from the beginnings to the advent of molecular ge-
netics. Genetics 128:1-5

Rick CM, Hunt D (1961) Improved seed germination with the use
of sodium hypochlorite. Rep Tomato Genet Coop 11:22

Rick CM, Lamm R (1955) Biosystematic studies on the status of
Lycoperiscon chilense. Am J Bot 42:663-675

Rick CM, Kesicki E, Fobes JF, Holle M (1976) Genetic and bio-
systematic studies on two new sibling species of Lycopersicon
from Interandean Peru. Theor Appl Genet 47:55-68

Smith JA, Desborough SL (1986) An interpretation of genomic
balance in seed formation in interspecific hybrids of Solanum.
Theor Appl Genet 72:346-352

Smith PG (1944) Embryo culture of a tomato species hybrid. Proc
Am Soc Hortic Sci 44:278-288

Smith SE (1989) Biparental inheritance of organelles and its im-
plications in crop improvement. Plant Breed Rev 6:361-393

Stephens SG (1950) The internal mechanism of speciation in Gos-
sypium. Bot Rev 16:115-149

Tanksley SD, Ganal MW, Prince IP, Vincente MC de, Bonierbale
MW, Broun P, Fulton FM, Giovannoni JJ, Grandillo S, Martin
GB, Messeguer R, Miller JC, Miller L, Paterson AH, Pineda
O, Roder MS, Wing RA, Wu W, Young ND (1992) High den-
sity molecular linkage maps of the tomato and potato geno-
mes. Genetics 132:1141-1160

Weeden N, Robinson RW (1986) Allozyme segregation ratios in
the interspecific cross Curcurbita maxima and C. ecuadorensis
suggest that hybrid breakdown is not caused by minor altera-
tions in chromosome structure. Genetics 114:593-609



