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Summary. First generation (S, ) progeny, second genera-
tion (S,) progeny, and backcross (BC) progeny of a cel-
ery (Apium graveolens L. var. dulce) somaclonal variant,
UC-T3, were evaluated for resistance to the fungus
Fusarium oxysporum f. sp. apii, race 2 (FOA,). Chi-
square analysis of S; progeny showed that the expression
of resistance did not fit a single-locus model. S, progeny
means were similar among families, except in a heavily
infested field. The lowest ranking S, family in both the
lightly infested and heavily infested fields was significant-
ly more resistant to FOA , than individuals of the suscep-
tible progenitor line ‘Tall-Utah 5270R’; therefore; it was
concluded that the trait was heritable. The phenotypic
distribution of the backcross progeny was broad, sug-
gesting that the new resistance was conferred by at least
two genes whose expression was dominant to susceptibil-
ity. The mean scores for disease resistance of the progeny
of crosses between UC-T3 and the moderately resistant
line, ‘Tall-Utah 5270HK’, generally equaled the resis-
tance found among the progeny of the most resistant
parent.
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Introduction

Cell and tissue culture can be very useful for creating new
genetic variation (Larkin and Scowcroft 1981; Lee and
Phillips, 1988). Much of the variation is genetic and her-
itable (Earle et al. 1978; Evans and Sharp 1983; Larkin
et al. 1984; Orton 1984; Scowcroft et al. 1983; Zong-xiu
et al. 1983), affecting single and polygenic characters
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(Evans and Sharp 1983; Evans et al. 1984; Larkin et al.
1984; Shepard 1981; Singer and McDaniel 1984), and
organelle (McNay etal. 1984) as well as nuclear
genomes.

Although there has been considerable interest in so-
maclonal variation, very few crop cultivars have been
derived from tissue culture with novel disease resistant
germplasm (Daub 1986). Probable reasons are that not
all crop species are amenable to cell culture, that it is
often difficult to select for resistance at the cell level, and
that it may be necessary to regenerate plants prior to
selection, a procedure that involves much time and labor
to achieve an uncertain outcome. Furthermore, as with
any new source of germplasm, the resistance must be
fully characterized to determine the most appropriate
method of incorporating it into existing varieties.

Celery (Apium graveolens L. var. dulce) has many
natural pathogens. It is particularly susceptible to Fusa-
rium wilt, caused by the fungus Fusarium oxysporum f. sp.
apii, race 2 (FOA,). Conventional breeding methods to
introgress genes for resistance in celery are very time-con-
suming. Moreover, when we began this research no resis-
tant material was available for breeding. Cell culture
scemed a viable alternative to conventional breeding
methods, because celery is relatively easy to culture and
regenerate (Chen 1976; Williams and Collin 1976; Al-Ab-
ta and Collin 1978; Dunstan et al. 1982; Rappaport et al.
1988; Nadel et al. 1989) and selection procedures using
regenerated plants to obtain resistance to FOA, and oth-
er diseases seemed promising (Rappaport 1982; Pullman
and Rappaport 1983; Heath-Pagliuso et al. 1988; Wright
and Lacy 1988). Wright and Lacy (1988) showed that
regenerated plantlets from two celery lines ranged from
highly susceptible to highly resistant for three fungal
pathogens and one bacterial pathogen. Our results
showed that the progeny of a somaclonal variant of cel-



ery, UC-T3, obtained from a FOA,-susceptible cultivar,
‘“Tall-Utah 5270R’ (5270R), had increased resistance to
FOA, (Rappaport and Heath-Pagliuso 1986, 1987,
Heath-Pagliuso et al. 1988). In order to fully characterize
this germ plasm, we have compared S, and S,. back-
crossed (BC, ) and outcrossed progeny arrays for level of
resistance and stability. Inferences were made as to the
putative genotype of UC-T3, as well as to the usefulness
of this new germplasm.

Materials and methods
Plant material

Seed of the FOA ,-susceptible line, “Tall-Utah 5270R’ (5270R),
and the moderately tolerant ‘Tall-Utah 5270HK’ (5270HK),
were supplied by Sun Seeds Inc., CA. 5270R was used as the
parental material to establish cell culture lines, because it was
the most commonly grown cultivar in California at the time
these studies were initiated. Because the parent of UC-T3 and all
its siblings died as a result of FOA, infection, 5270R plants
from commercial seed were used as an indication of the resis-
tance present in the original parent. Tests were conducted either
in the greenhouse or in the field.

Tissue culture and origin of progeny generations

The tissue culture methods and the origin of the somaclonal
variant UC-T3 have been reported elsewhere (Heath-Pagliuso
et al. 1988). UC-T3 was self-pollinated to yield the first genera-
tion progeny (S,). Second generation progeny (S,) were ob-
tained by self-pollinating S, individuals that survived to maturi-
ty following exposure to Fusarium. Backcross progeny (BC,)
were obtained by crossing S, plants that survived Fusarium wilt
treatment to 5270R. Another cell culture line, HK-15, was ini-
tiated from 5270HK and regenerated plantlets were evaluated
for resistance in the greenhouse. At maturity, plants that re-
ceived a rating of zero were self-pollinated or were crossed to S,
progeny of UC-T3.

Barley straw inoculum

Forty grams of barley straw inoculum was prepared by mixing
10 m! of Fusarium oxysporum f. sp. apii, race 2 (FOA,) micro-
conidial suspension (10° spores/ml) grown in Charudattan
media (Charudattan and DeVay 1972) following the method of
Schneider (1984). Three-month-old greenhouse-grown plants
were transplanted to soil (UC mix) containing 5 g of barley
straw inoculum per kilogram of soil.

Disease evaluation

Plants were evaluated for disease by slicing the root and crown
tissue. Each plant was assigned a root score based on visual
determination of the amount of vascular discoloration and de-
cay characteristic of FOA, infection. We initially rated the
plants using a scale of 0 (healthy —no decay or discoloration) to
7 (dead), but changed to an index of 1 (healthy) to 5 (dead) to
conform with the index used by other rescarchers studying
FOA, resistance. Mean root score (MRS) is the average of the
root scores of all the progeny tested per family or per cross.
Field-grown plants were examined at 90 days and greenhouse
trials were conducted 10 weeks postinoculation. Scoring the
roots in this manner does not destroy the plant. Thus, those
plants receiving a zero rating could be transplanted and allowed
to reach maturity in the greenhouse.
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Experimental design

In greenhouse trials the plants were completely randomized.
Field trials were conducted in farmer’s fields by the local farm
advisor or seed company representative and were necessarily
restricted by the cultural and harvesting practices of the grower.
At each location, several lines being tested for FOA , resistance,
ours included, were planted in rows in a small quadrant of the
field. A commercial crop was usually planted in the adjoining
rows. The lines were randomized between locations. Due to the
small number of seeds available and a desire to test celery grown
in both non-FOA ,- and FOA ,-infested fields, the lines were not
replicated within a location.

Statistical analyses

All statistical analyses were performed using the Stats Plus Pro-
gram for the Apple Ile (Human Systems Dynamics). Analysis of
variance was used to test for significant differences among the
means. Student’s ¢-test was used to determine ranking (Steel and
Torrie 1960).

Results
Selfed progeny

The S, progeny were evaluated in the greenhouse and the
data fit a bimodal frequency distribution (Fig. 1). Two
models that give a bimodal distribution are the single
gene dominant (3:1) and the two-locus model] with both
genes dominant (9: 7). Chi-square analysis shows that the
data are not significantly different from what is predicted
by the two-locus model (Table 1).

UC-T3 S, progeny and the S, progeny of one family
were tested for resistance to FOA, (October, 1986). The
progeny means of both generations were significantly
different from 5270R at the 1% level of significance;
therefore, an additional 12 families (S, progeny) were
tested in two fields, A and B, in Oxnard the following
spring (Fig. 2, Table 2). The fields differed in the degree
of FOA, infestation, as shown by the different ratings
obtained for the susceptible cultivar, 5270R. In field A,
which had the lowest level of FOA, infection, there were
no differences among means. In contrast, significant
differences were observed among families in field B.
In both fields, however, even the lowest ranking family
was significantly healthier than individuals of 5270R
(Table 2).

Backcrosses

Backcrosses of UC-T3 S, individuals to 5270R were
tested on a farm in Salinas and at the South Coast Field
Station in Orange County. A wide range of MRS was ob-
tained, depending upon the parents used in the crosses
(Table 3). However, the overall MRS of the progeny of
all crosses were significantly lower (the plants were
healthier) than those for 5270R and comparable to, or in

" one case significantly lower than, the tolerant cultivar,

5270HK (Table 3).
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Fig. 1. Frequency distribution of root scores for S; progeny of
UC-T3. Plants were evaluated for presence of disease in the

greenhouse after 10 weeks in soil containing 5 g inoculum/kg
soil. The rating scale ranged from 0 (healthy) to 7 (dead)
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Fig. 2. Frequency distributions of mean root scores for the
members of each of 12 UC-T3 S, families in two field trials, A
and B, in Oxnard, CA. Mean root scores for the control, ‘Tall-
Utah 5270R’, were 3.4 and 4.0 in A and B, respectively. The
rating scale ranged from 1 (healthy) to 5 (dead)

Interestingly, the S, progeny of T3-577, planted at the
same time, had a mean root score of 2.3. This value is
higher than that of the BC, progeny (Table 3). Similar
results for T3-577 were observed at the South Coast Field
Station (Table 4).

Crosses with 5270HK

Crosses between individuals having similar levels of resis-
tance, such as UC-T3 and 5270HK, were evaluated in

Table 1. Chi-square contingency table of expected values and
probabilities for greenhouse-grown UC-T3 S, progeny. The rat-
ing scale for root scores ranged from O (healthy) to 7 (dead)

Model Scores Chi- Prob-
— square ability
0-3) 3-7

Single dominant gene (3:1)

Observed: 440 290 7.77 0.005 **

Expected: 548 182

Two dominant loci (9:7)

Observed: 440 290 0.32 0.575NS

Expected: 411 319

NS =No significant difference
** Significant at the 1% level

Table 2. Mean root scores of 12 UC-T3 S, families ranked ac-
cording to disease severity in two trials in Oxnard, CA (Novem-
ber, 1987). Scores ranged from 1 (healthy) to 5 (dead)

Family ~ Field LSD,.s* Family  Field LSD,q**
A B
T3-568 15 a T3-AG29 13 a
T3-AG40 16 a T3-571 15 a
T3-AG29 16 a T3-AG35 16 ab
T3-AG4l 16 a T3-AG38 16 ab
T3-571 16 a T3-AG39 16 ab
T3-AG20 18 a T3-AG20 18 abc
T3-AG38 18 a T3-AG36 20 abcd
T3-AG39 18 a T3-AG34 21 abecd
T3-AG28 19 a T3-568 23 abecd
T3-AG35 20 a T3-AG28 25 bed
T3-AG36 20 a T3-AG41 2.6 cd
T3-AG34 21 a T3-AG40 2.7 d
S270R 34 b 5270R 40 e

¥ LSDg 45=0.75 (r=8)
** 1.SD, o5 =varies from 0.80 to 0.92 due to unequal sample
size (r=6-8)

Table 3. Progeny mean root scores (MRS) and standard devia-
tions (SD) of selected UC-T3 S, individuals (T3-719, T3-AG38,
and T3-579) crossed with 5270R. Plants of the tolerant variety,
5270HK, and the highly susceptible variety, 5270R, were in-
cluded for comparison. This field trial was conducted in Salinas,
CA (September, 1987). Disease ratings: 1 =healthy, 5=dead

Cross No. of MRS (SD) LSDg 4, *
progeny

5270R; x T3-719 10 2.2 (0.8) a

5270R, x T3-AG38 10 3.0 (0.0 b

5270R; x T3-577 10 3.4(0.5) b

5270HK (control) 11 3.5(0.5) b

5270R (control) 10 4.1 (0.3) ¢

* LSDg o, =0.59



Table 4. Mean root scores (MRS) and standard deviations (SD)
of backcross progeny (T3-577 x 5270R) and the parental lines
evaluated at the South Coast Ficld Station (February, 1987). The
analysis of variance showed significant differences among the
progeny means at the 1% level (P<0.001). Disease rating:
1 =healthy, 7=dead

Cross No.of MRS (SD) LSD, qs* LSD, o, **
progeny

T3-577 21 1.38 (0.67) a a

5270R x T3-577 26 200(0.72) b a

5270R (seed) 20 3.30 (1.03) c b

* LSD, o5 — Due to unequal sample size, LSD values ranged
from 0.46 to 0.49
** LSD, 0, — Due to unequal sample size, LSD values ranged
from 0.64 to 0.68

Table 5. Mean root scores (MRS) and standard deviations (SD)
of progeny of four crosses with UC-T3 selection and 5270HK
evaluated in Oxnard, CA (February, 1987). Selected S, progeny
of T3 were crossed with S; progeny of a cell culture line initiated
from 5270HK. MRS of progeny obtained by self-pollinating the
parents are included for comparison. Commercial seed of
5270R and 5270HK had MRS of 3.4 and 2.0, respectively.
Disease ratings: 0=healthy, 7=dead

No.of MRS P*
plants (SD)

Cross Genotype LSDg o5**

1 T3-577 x HK15-569 27 0.9 (0.8) 0.0497 a

T3-577 (selfed) 14 1.6 (0.9) b
HK15-569 (selfed) 10 1.6 (0.8) b

2 HK15-572 x T3-575 13 1.2 (0.9) 0002 a
HK15-572 (selfed) 10 1.5(0.7) a
T3-575 (selfed) 13 2.2 (04) b

3 HK-572 (selfed) 10 1.50.7) >1 a
HK-572xT3-577 15 1.5 (0.7) a
T3-577 x HK15-572 11 1.6 (1.1) a
T3-577 (selfed) 14 1.6 (0.9) a

4 HK15-574 x T3-575 12 1.1 (0.9) 0.001 a
HK15-574 (selfed) 15 1.7 (0.8) ab

T3-575 (selfed) 13 2.2 (0.4) b
T3-575 x HK15-574 13 2.3 (1.0) c

* P — Probability obtained from the analysis of variance

*# LSDy o5 — due to unequal sample size, LSD values ranged
from 0.54 to 0.68 for cross 1, from 0.56 to 0.61 for cross 2, and
from 0.62 to 0.64 for cross 4

Oxnard (Table 5). There was no consistent pattern of
response. In one instance, cross no. 1 for example, the
progeny resulting from the cross were significantly
healthier than the selfed progeny of either parent, yet
there were no significant differences between the progeny
of crosses and the progeny obtained by selfing the
parents in cross no. 3. However, in two crosses, HK15-
572 x T3-575 (no. 2) and HK15-574 x T3-575 (no. 4), the
progeny of the crosses showed disease symptoms com-
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parable to the more resistant parent. Cross no. 4 was also
interesting because the reciprocal crosses were signifi-
cantly different.

Discussion

A report on the inheritance of FOA, resistance in crosses
between celery and a highly resistant relative of celery,
celeriac line 112 (Apium graveolens L. var rapaceum),
suggested that resistance was governed by a single dom-
inant gene with modifiers (Orton et al. 1984). A recent
study of the F, progeny of crosses between 112 and the
moderately resistant 5270HK, and the highly susceptible
5270R showed that at least two loci are involved (Quiros
1987). These results are consistent with those obtained
with progeny of UC-T3; two independently segregating
loci appear to be responsible for resistance to FOA,
(Table 1). No additive or synergistic effects were noted;
progeny of crosses between UC-T3 and other lines with
moderate resistance to FOA, were generally equal to the
most tolerant parent.

From this information, we propose that the original
5270R plant we cultured possessed the genotype aabb.
Our first regenerated plant, plant T (Heath-Pagliuso
et al. 1988), which received a rating of 2 on a scale of 0—7,
most likely had the genotype aaBb or aAbb. After a
second cell culture cycle the regenerant (UC-T3), which
received a 0 rating when scored at 10 weeks, probably
contained a second mutation making its genotype AaBb.
Upon self-pollinating such an individual, the two loci
would segregate, typically resulting in a broad phenotyp-
ic distribution, which is what was observed in the S,
progeny of UC-T3 (Fig. 1).

We have shown that although the progeny of UC-T3
appeared to be segregating for two loci, the average resis-
tance among the S, families or BC, progeny arrays was
always significantly greater than that found in 5270R. In
addition, excellent levels of resistance were obtained for
many of the S, families (S, progeny) and among the
progeny of crosses between UC-T3 S, individuals and
the moderately tolerant variety, 5270HK. We conclude,
therefore, that somaclonal variation for FOA, resistance
is heritable and that the new germplasm could be incor-
porated into a breeding line. The progeny of UC-T3 have
been well characterized for disease resistance (Heath-
Pagliuso etal. 1988; Rappaport and Heath-Pagliuso
1986, 1987) and for horticultural traits (Rappaport and
Heath-Pagliuso 1987), making our breeding line (Heath-
Pagliuso et al. 1989) a valuable source of FOA,,-resistant
germplasm.
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