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Abstract. Five-day-old, dark-grown seedlings of the Epinastic (Epi) to-
Mato mutant (Lycopersicon esculentum Mill.) and its parent, cultivar
VENS, were used as a system for assessing the role of ethylene in the Epi
Dhenotype. The distinguishing features of Epi seedlings are an increase in

Ypocotyl diameter and reduced hypocotyl length. Treatment of VFNS8
Seedlings with 0.5 pl/liter ethylene closely mimicked the Epi phenotype.
The rate of ethylene production by 5-day-old, dark-grown Epi seedlings
Was double that of VFNS seedlings. Nevertheless, treatment of Epi seed-
lings with inhibitors of ethylene biosynthesis (aminoethoxyvinylglycine or
C02*) or ethylene action (silver thiosulfate or norbornadiene) failed to nor-
Mmalize the Epi phenotype. Epi seedlings grown in sealed jars containing
ethylene and CO, adsorbants also expressed the characteristic Epi pheno-
type. The results indicate that the physiological lesion resulting from the
Epi gene mutation is not simply an overproduction of ethylene.

€ Epinastic (Epi) tomato results from a single-gene, partially dominant mu-
an(lion and is characterized by severe epinasty of the leaves, swelling of stem
2o Petiolar cortex, and an abundance of lateral roqts (UrS}n 1987).. During
co Wwth a_rld development, the Epi phenotype becomes mcreas_mgly epinastic in
1 nJllnCtlop yvith an elevation of tissue ethylene concentration (Fujino et al.
eth ;1). This increase in ethylene production results from e[cYated leyels of the
198y €ne precursor, ACC, rather than greater EFE act}v1ty (Fujino et al.

8a). Furthermore, the increase in ethylene levels in Epi does not appear to

h
tat

\‘

X
Pl‘esem address: Hines Nurseries, P.O. Box 1449, Vacaville, California 95696



54 D. W. Fujino et al

result from a difference in IAA content or sensitivity compared to its parent
line, cultivar VFN8 (Fujino et al. 1988b). Therefore, 1 hypothesis would b¢
that the Epi mutation has resulted in a constitutive overproduction of ethylene
which causes the characteristic phenotype.

We tested this hypothesis using dark-grown Epi and VFNS8 seedlings. The
Epi phenotype is expressed in seedlings as a thickened and shortened hypo
cotyl, compared to VFN8 seedlings. VFN8 seedlings treated with ethylen¢
closely resemble Epi seedlings. We measured ethylene production by seedling$
of the 2 genotypes and compared their morphologic responses to inhibitors of
ethylene synthesis and action to determine the role of ethylene in the Epi phe-
notype.

Materials and Methods
Plant Material

Tomato (Lycopersicon esculentum Mill.) seeds of the Epi mutant and its parent
(cultivar VFNS8) were surface sterilized for 45 min in 2% NaOCl! solution (40%
bleach). Seeds were rinsed with 3 liters of distilled water, sown onto moistened
blotter paper in 11 x 11 x 3 cm germination boxes, sealed and placed in the
dark at 26°C. After 48 h, uniform seeds with 1 mm radicles were selected for
the following experiments.

Ethylene Determination

Pregerminated seeds were sown onto moist blotter paper, placed in an 8 ml vial
containing 1 ml of 2.5 mM KH,PO, (pH 6.0), and kept in the dark at 26°C. On
day 5, the vials were purged with ethylene-free air, sealed with rubber septa.
and placed in the dark for 6 h. Ethylene accumulation within the vials was
determined by gas chromatography as described by Bufler et al. (1980).

Ethylene Treatments

VFN8 and Epi seeds were sown on separate blotter papers, placed into 0.5 liter
jars containing 10 ml of 2.5 mM KH,PO, (pH 6.0), and sealed with lids con-
taining rubber septa. Ethylene was injected into the jars to achieve final con-
centrations of 0.1, 0.2, and 0.5 ulliter. The jars were placed in the dark at
26°C. On day 5, the seedlings were removed and photographed to compare the
phenotypes of the 2 genotypes. Ethylene concentrations at the start and con-
clusion of the study were confirmed by gas chromatography.

Epi Phenotype Reversion

Pregerminated seeds of VFN8 and Epi were sown onto blotter paper in 11 X
11 % 3 cm plastic boxes containing 13 mil of 2.5 mM KH,PO, (pH 6.0), or
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buffer containing either ethylene biosynthetic inhibitors (AVG or Co?*), or the
Sthylene action inhibitor, 0.1 mM STS (0.1 mM AgNO; + 0.4 mM sodium
thlosulfate)- The boxes were covered and placed in the dark at 26°C. For nor-
oomadiene treatment, seeds on moistened blotter paper were sealed in 0.5 liter
Jars. Norbornadiene was injected through a rubber septum to achieve a final
Concentration of 1000 ulliter. Five days after seed germination, the seedlings

Zefﬁ removed and photographed to compare the Epi phenotype to VFN8 con-
Ols.

Effect of CO,- and Ethylene-Free Air

Pr germinated seeds of VFNS8 and Epi were sown onto separate blotter papers
and placed into 0.5 liter jars containing 10 m! of 2.5 mM KH,PO, (pH 6.0).

0da lime, potassium permanganate (Purafil), or both soda lime and permanga-
Nate were added to the jars in separate vials. The jars were sealed and placed
' the dark at 26°C. Levels of CO, and ethylene in the jars were monitored by
gag chromatography. On day 5, the seedlings were removed and photographed
o Compare the phenotypes of the 2 genotypes.

Results

Wlfen 5-day-old dark-grown seedlings of VFN8 and Epi were compared, the
Pl mutant was phenotypically different from its parent, VFN8 (Fig. 1).The
YPocotyl was thicker and the total length of the hypocotyl was 62% les_s than

that of yENg (Table 1). In addition, the ethylene production rate of Epi seed-

'M8s was twice that of VFN8 seedlings (Table 1). Treatment of VFN8 and Epi

Seedlings with various ethylene concentrations reduced hypocotyl elongat}op
€n compared with their untreated controls (Fig. 2). The percentage ln'hlbl-

lion a4 each ethylene concentration did not differ significantly between Epi and

N8 (Table 2), indicating that ethylene sensitivity of the 2 genotypes was
eSSentially identical. ) )

. Treatment of VFNS seedlings with 0.5 ul/liter ethylene phenotypically mim-

Icked the Epi control seedlings (Fig. 2C). These results support the hypothes1s

tha ethylene is responsible for the Epi phenotype, because ttge Epi mutant
"oduces significantly more ethylene and treatment of VFN8 with exogenous

ot Ylene mimicked the Epi phenotype.
Ince the accelerated ethylene production rate appeared to be responsible

.OF the Epi phenotype, a series of experiments were conducted using various

Whibitors of ethylene biosynthesis or action in an attempt to revert the Epi

b €notype. VFNS8 and Epi seedlings were treated with the ethylene biosyn-
Clic inhibitors AVG and Co?* at various concentrations. Treatment with

VG at up to 2 uM was ineffective in normalizing the Epi phenotype (Fig. 3).

ngher concentrations of AVG (10 and 50 M) applied in sterile culture were
80 ineffective, although loss of normal root geotropism occurred in both ge-
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Fig. 1. Dark-grown seedlings of VFN8 and Epi 5 days after sowing.

Table 1. Hypocotyl length and rate of ethylene evolution by 5-day-old, dark-grown seedlings of
VFNS8 and Epi

Genotype Hypocotyl Length (mm) Ethylene Production (nl/g/h)
VFNS 25.1 £ 1.6 0.31 = 0.02
Epi 9.6 + 0.4 0.64 + 0.03

Hypocotyl lengths are the means of 10 seedlings + 95% confidence interval. Ethylene evolutioft
rates are means of 5 replicates of 6-8 seedlings per vial + 95% confidence interval.

notypes (data not shown). Treatment of seedlings of both genotypes with Co?*
also had no effect on either Epi or VFN8 (data not shown).

A further attempt was made to normalize the Epi phenotype by treating
seedlings with the ethylene action inhibitors, STS or norbornadiene. STS had
no visible effect on the phenotypes of Epi or VFNS seedlings (data not shown)-
In addition, when 19-day-old, light-grown Epi seedlings were treated contin-
uously in solution culture with 100 pM STS for 14 days, only a partial rever-
sion of the Epi phenotype was observed (Fig. 4). Similar results were obtained
when light-grown seedlings (4-day-old) were treated with 1000 pl/liter norbor-
nadiene (data not shown). Scrubbing the air surrounding the seedlings of CO;
and ethylene also had no effect on the phenotype of either Epi or VFN8 seed-
lings (data not shown). Levels of CO, and ethylene were below the detectable
range of the gas chromatograph (50 pl/liter and 5 nl/liter).

Discussion

Many features of the Epi phenotype suggest that the mutation has resulted in
altered ethylene physiology. The rate of ethylene production is greater in both
dark-grown (Table 1) and light-grown (Fujino et al. 1988a) seedlings of Epi than
VFNS8 seedlings. Increasing epinasty of the leaves is associated with elevated
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:“ig..z, Dark-grown seedlings of VENS and Epi germinated for 2 days, then treated for 3 days with
(he Indicated ethylene concentrations. (A) VFNS8; (B) Epi; (C) comparison of Epi untreated control
O VENS treated with 0.5 plfiiter ethylene.
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Table 2. Effect of exogenous ethylene on hypocotyl elongation of 5-day-old, dark-grown seedling®
of VFN8 and Epi

Genotype Ethylene Concentration (jl/liter) Hypocotyl Length (mm)
VFNS8 0.0 20.3 = 2.5 (100)

0.1 16.3 = 1.9 (80)

0.2 11.0 + 1.4 (54)

0.5 6.7 = 0.7 (33)
Epi 0.0 9.7 = 1.2 (100)

0.1 7.5 = 1.4(77)

0.2 5.7 £ 0.4 (59)

0.5 2.8 = 0.8(Q9

Data are the means of 6 seedlings + 95% confidence interval. The percentages of the control
elongation for each genotype are shown in parentheses.
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Fig. 3. Dark-grown seedlings of VFN8 and Epi germinated for 2 days, then treated for 3 days with
AVG at the indicated concentrations. A representative seedling is shown for each concentratio?
(A) VFNS; (B) Epi.

ethylene levels in Epi plants (Fujino et al. 1988a). Petiole epinasty, cortical
stem swelling, inhibition of elongation, and root branching are well-known re-
sponses to ethylene (Abeles 1973). Inhibition of hypocotyl (Table 2) and root
growth (Fujino et al. 1988a) by ethylene is similar in VFN8 and Epi seedlings:
indicating that the response to ethylene has not been altered by the mutation-
Epi tissues produced ethylene at a greater rate than those of VFN8 (Table 1)
perhaps accounting for the reduction in hypocotyl growth in Epi seedlings (Fig:
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Fig. 4. Epi plant grown in the
greenhouse for 19 days in half-
strength Hoagland's solution #2,
then grown for an additional 14
days in the same solution (/eft) or
solution supplemented with 0.1
mM STS (right).

i;Table 2). If so, inhibition of ethylene production or action should phenotypi-
Y revert Epi seedlings to the parent morphology.
b However, AVG, Co?*, STS, and norbornadiene had no effect on the Epi
ethenm}’pe. The inhibitors used have been shown to be potent inhibitors of
ylene biosynthesis or action (Beyer 1976; Sisler and Yang 1984; Yu and
C:““g 1979). In those experiments using ethylene synthesis inhibitors, the con-
Ntration of AVG was 10 times higher than the reported K; for tomato fruit
COOHer et a}l. 1979), whi!e the Co?* concentration was 5 times higher than the
c():lcentranon used for inhibiting IAA-induced ethylene by mung bean hypo-
Sevyls (Yu and Yang 1979). Higher concentrations of AVG (3, 10,.and 50 uM)
sGegl‘Ply affected root geotropism without affecting phenotype in 4-day-old
Wa lings of VFNS8 and Epi (data not presented), indicating that the inhibitor
% S_absqrbgd gngl was active. Ursin (1987) showed that AVG was equally ef-
syctlve in inhibiting ethylene synthesis by VFN8 or Epi. Phytotoxicity
ac:‘_lpto'ms' were observed at S mM Co?* for both genotypes. For the ethylene
grelon inhibitors, the norbornadiene concentration used was almost 10 times
W ater than the reported K; (Sisler and Yang 1984). The STS concentration
as Wwithin the range of concentrations used for overcoming ethylene effects in
po*lilnt tissue (V_een 1983). Partial reversion of the Epi phenotype was observed
e Owing continuous STS treatment (Fig. 4; Fujino 1987) and STS blocked the
ind)'len_e component of petiole epinasty induced by auxin in Epi (Ursin 1987),
iolcatmg ghat STS is active in Epi tissue. Failure of inhibitors of ethylene
Synthesis and of ethylene action to revert the Epi phenotype strongly sug-
8ests that ethylene is not directly responsible for the differences in phenotype
¢tween VFNS and Epi.
altiupra.o.ptimal auxin levels can inhibit bud and stem growth (Michener 1942),
ough it has been suggested that the response is mediated via stimulation of
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ethylene production (Burg and Burg 1968). It is possible that the reduced hy-
pocotyl growth of Epi seedlings is due to elevated levels of endogenous IAA,
which would be consistent with its higher rates of ethylene synthesis (Table 1)-
However, no difference was found in IAA content of dark-grown apices of
VFNS8 and Epi (Fujino et al. 1988b).

Since ethylene production and ethylene perception, per se, seem not to be
responsible for the Epi phenotype, an alternative hypothesis is that the cellular
responses to ethylene and/or auxin may be perturbed. Osborne (1982) pro-
posed that the orientation of cellular expansion in auxin- and ethylene-respon-
sive tissues is based on target cells with differential sensitivity to the 2 growth
regulators. Tomatoes possess at least 3 distinct target cell types that differ in
their growth responses to auxin and ethylene. The type III cell, as defined by
Osborne (1982), is located in the petiole region of tomato and elongates in
response to both auxin and ethylene, with the response to ethylene requiring
the presence of auxin. Using an excised petiole system involving the dgt and
Epi tomato mutants, Ursin (1987) reexamined this definition of the type 11l
cell. She showed that petiole target cells apparently do not require the pres-
ence of auxin to respond to ethylene. In addition, she advanced the hypothesis
that the Epi mutant has an altered target cell specificity. Unlike target cells in
VFENS petioles, where a growth response to auxin is completely dependent
upon the stimulation of ethylene synthesis, Epi petioles possess a unique target
cell type that responds to auxin independently of the presence of ethylene.

The hypocotyl cells responsible for the Epi phenotype in this paper have
been classified as type I cells (Osborne 1982), which expand in length in re-
sponse to auxin, but swell laterally in response to ethylene (Eisinger 1983).
Our results are consistent with the model proposed by Ursin (1987), since Epi
hypocotyls still exhibit the swollen phenotype characteristically induced by
ethylene even when ethylene synthesis and action are blocked. In this sense,
Epi appears to have a constitutive ethylene-like response regardless of whether
the hormone is actually present. The reason for the higher ethylene production
rates in Epi tissues remains unexplained, but they would tend to exacerbate
this constitutive tendency, as indicated in Figure 2,

In conclusion, the primary physiological lesion resulting from the Epi gene
mutation apparently does not result from ethylene overproduction or increased
ethylene sensitivity, but from altered cell types that exhibit ethylene responses
even when ethylene is not present. The Epi mutation represents a unique class
of hormonal mutant in which the cellular response to a hormone, rather than
synthesis or perception of the hormone, has been altered. Identification of the
function of the Epi gene should provide insight into the mechanisms by which
hormonal signals orient the direction of cell expansion.
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