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Abstract Within the genetically variable population of
Dianthus barbatus *“Dagan”, we identified genetic lines
with flowers possessing ethylene insensitivite-related
phenotypes. The phenotypes are: Caf* , with a fresh-look-
ing corolla attached to a mature ovary; Inr-, with flowers
whose petals do not inroll during flower senescence; and
Rfi+, whose flower petals inroll, but recover from inroll-
ing. The frequencies of Caf* , Inr- and Rfi* were 33%,
25% and 75% in the population inspected, respectively.
These relatively high frequencies were probably due to
continuous selection over the years for flowers with open
and long-lasting corollas. By examining the distribution
of the genetic lines which express two of these pheno-
types, we determined that Caf* , Inr- and Rfi+ are inde-
pendent traits. However, these traits might be associated
with male sterility. Exposure of a random sample of the
population to exogenous ethylene, followed by examina-
tion of the resulting inrolling and wilting, reveaed five
different ethylene response groups. In one group ethylene
enhanced both inrolling and wilting, and most genetic
lines within this group exhibited a Caf- phenotype. In two
other groups ethylene enhanced either the inrolling or the
wilting, and both of the Caf* and Caf- phenotypes were
included. Two other groups were completely non-respon-
sive to ethylene, but in one of them the flower life span
was twice as long as in the other, and all the genetic lines
exhibited the Caf* phenotype. We concluded that the
Caf* phenotype is most-likely related to ethylene insensi-
tivity and that the inrolling and wilting are controlled by
ethylene, probably via different pathways.
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Introduction

Ethylene is involved in the senescence of many flowers,
among them species within the family Caryophylaceae.
The natural-senescence cascade in the carnation flower
isinitiated by pollination-induced ethylene, leading to an
increase of ethylene in the petals, which eventually caus-
es their inrolling and wilting (Halevy 1986; Woltering et
al. 1994; Van Altvorst and Bovy 1995). In ethylene-sen-
sitive flowers, senescence is enhanced by exposure to
exogenous ethylene.

The ethylene response pathway has been thoroughly
studied, and many components of this pathway and the
interactions among them have been discovered both in
Arabidopsis and tomatoes. (Chang et al. 1993; Chang
1996; Lanahan et al. 1994; Ecker 1995; Wilkinson et al.
1995; Bleecker and Schaller 1996; Keiber 1997; Fluhr
1998; Johnson and Ecker 1998; McGrath and Ecker
1998; Solano and Ecker 1998). Mutations in several
genes in the pathway give rise to ethylene-insensitive
phenotypes not only in seedlings, where these muta-
tions were originally discovered, but also in all stages
of plant development (Bleecker et al. 1988; Guzman
and Ecker 1990; Chang 1996; Johnson and Ecker 1998;
Solano and Ecker 1998). This is perplexing, especially
in the light of the diverse processes that are induced by
ethylene in the various developmental stages. in seeds,
ethylene promotes germination; in roots it induces root
hair growth; in seedlings grown in darkness it prevents
stem elongation, while in those grown in light it causes
stem elongation; and in petals and fruits it initiates se-
nescence (Abeles et al. 1992; Dolan 1997; Smalle and
van der Straeten 1997). In order for ethylene to control
a plethora of unrelated processes, there may be addi-
tional genes in the ethylene-response pathway that con-
tribute to the response specificity. In support of this,
many proteins, which bind ethylene-response elements,
have been identified (Okamuro et al. 1997), and differ-
ent cis ethylene-response elements are used to activate
ethylene-induced genes in various tissues (Deikman et
al 1997).



The present study describes ethylene insensitivite-re-
lated flower phenotypes in a genetically variable popula-
tion of Dianthus barbatus. Some of the ethylene-insensi-
tive phenotypes are not associated with each other. We
also describe five groups differing in their responses to
exogenous ethylene.

Materials and methods

Plant material

A genetically variable population of D. barbatus ‘‘Dagan” was
created by Umiel et al. over 20 years ago and has since been main-
tained by seed propagation. This population was constructed by
crossing cold-requiring biennial cultivars with cold-indifferent an-
nual garden cultivars, and selecting for cold-indifferent annual
phenotypes suitable for cut-flower production (Umiel et al., un-
published data). Therefore, the proportion of phenotypes with
open and long-lasting flowers of commercia value was increased
in the population by selection over the years. In addition, the pop-
ulation was enriched in male-sterile plants, to ensure a high level
of cross-pollination within the population. This population yielded
several commercial D. barbatus cultivars for cut flowers, which
do not require cold treatment for flowering (Shor et a. 1987;
Umiel et al., unpublished results). The ““Dagan’” population was
grown from seeds in an open field in Bet-Dagan (Israel) and polli-
nated by natural pollinators (bees, butterflies etc.). The phenotypes
observed in this population are described in Fig. 1.

Analysis of the dependency between the various phenotypes

A random sample of 174 plants (genetic lines) was chosen and
marked. Each plant was characterized for the phenotypes Caf* /
Caf-, Inr* / Inr-, Rfi*+ / Rfi- and for MS/MF. The frequency of
each single phenotype in the population (e.g. Caf* ) was deter-
mined (see Table 1). The observed numbers of genetic lines each
expressing a double-phenotype combination (e.g. Caf* / Inr-, Caf*
IMS etc.) was also determined by counting the double phenotype
separately in the sample (see Table 2).

In order to determine dependency (and /or association) be-
tween different phenotypes, we assumed the null hypothesis that
each phenotype within the paired phenotypes is independent of
(and/or not associated with) the other phenotype in the pair. The
expected frequency of the double-phenotype combination was cal-
culated as the product of the individual frequencies (from Table 1)
of the single phenotypes [e.g. (frequency of Caf* ) x (frequency of
Inr-) = the expected frequency of the Caf* /Inr- double pheno-
type]. The null hypothesis was tested by comparing the observed
with the expected number of double phenotypes by means of a
chi-sguare test, yielding probability (P) values with one degree of
freedom (Table 2).

Ethylene treatment of the flowers

A random sample of 27 genetic lines from the *“*Dagan” popula-
tion was selected, and 4-5 flowers of each genetic line were har-
vested at the petal-opening stage before pollination occurred.
Flowers were immediately placed in a 30-ml vial containing tap
water arranged in a multi-well box, and incubated under continu-
ous fluorescent light at a controlled temperature of 21°C. Each
box was wrapped in a sealed polyethylene bag, creating a closed
volume of about 20 |. Ethylene was injected via a caulking materi-
al into the polyethylene bag to a final concentration of 2 ppm and
this concentration was maintained for 6 h. The control treatment
boxes were injected with fresh air. The ethylene concentration in
each bag was analyzed by withdrawing a 2-ml gas sample with a
hypodermic syringe and injecting it into a gas chromatograph
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(Varian, Palo Alto, Cdif.) equipped with an activated-
alumina column and a flame-ionization detector. After the 6t-h
treatment the flowers were removed to fresh air and the ethylene
effect was monitored by determining the wilting and the in-
rolling indices (see Fig. 2). The results are presented as the
mean values of the indices of four or five flowers for each genetic
line.

Results
Description of the flower phenotypes

Usually, carnation flowers inroll or wilt after pollina-
tion, concomitantly with ovary development (Halevy
1986; Woltering et al. 1994; Van Altvorst and Bovy
1995). Hence inrolling accompanies senescence and a
developed ovary is associated with a wilted corolla. In
the **Dagan’ population we observed genetic lines that
either exhibit inrolling (Inr*) or did not inroll (Inr-)

A RﬁJr
Inr~ Inr” /
N
B Caf * Caf "
¢ MF MS

-

Fig. 1A-C Schematic representation of the various phenotypes.
Inr- (Inrolling) — the petals do not fold at al and are held in a hor-
izontal position at all stages of flower development, Inr+ — petals
fold towards the centre of the flower, Rfi- (Recovery from inroll-
ing) — the petals remain inrolled at all stages of flower survival,
Rfi* —the inrolling of the petalsis followed by a recovery process
that brings them back to a horizontal position, sometimes even
folding towards the base of the flower (A). Caf- (Corolla attached
to fruit ) - the petals wilt concomitantly with ovary development,
Caft - fresh petals attached to a developed ovary with seeds (B).
MS (Male Serile) phenotype, characterized by flowers without an-
thers, and an MF (Male Fertile) phenotype, characterized by an
androgynous flower (C)
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(Fig. 1A). In some genetic lines, the inrolling of the pet-
als was followed by a recovery process that brought the
petals back to a horizontal position ( Rfi*). The popula-
tion also contains genetic lines in which the corolla wilt-
ed after pollination (Caf-) and those that are character-
ized by fresh petals that do not senescence concomitant-
ly with pollination and ovary development, but remain
for several days fresh and attached to the developed
ovary (Caf*) (Fig. 1B). Each of the phenotypes of Inr+
and Caf- comprised about 70% of the population (Table
1). Among genetic lines expressing the inrolling pheno-
type (n = 123) about 84% exhibited the Rfi+ phenotype.
In addition to these phenotypes, about 20% of the stud-
ied population comprised of genetic lines expressing

Table 1 Description and frequency of various flower phenotypes
in the D. barbatus cv ““Dagan’” population. The total number of
genetic lines was 174. The frequency of Rfi +/Rfi - was calculated
only for the 123 genetic lines that expressed the Inr+ phenotype

MS (Male Sterile) and the rest were MF (Male Fertile)
(Fig. 1C and Table 1).

Are the different phenotypes associated with each
other and/or are they associated with the flower sex
phenotype?

Since ethylene is involved both in petal senescence and
inrolling, the traits Caf*, Inr— and Rfi* might all be relat-
ed to either low ethylene production or ethylene insensi-
tivity. Therefore, it is possible that all these traits are as-
sociated with each other. Based on the assumption that
the phenotypes appear randomly in the population (see
Materials and methods), we determined the number of
genetic lines exhibiting the double phenotype and calcu-
lated the number of genetic lines expected to exhibit
these various phenotypes (Table 2). The analysis yielded
a low chi-square value for Caf and Inr and a P value
larger than 0.9 (Table 2A); therefore, these two traits are

Phenotype Total number Fregquency !ndependent of /or not assoqi qted with each other. A si m-
ilar analysis for Caf and Rfi in a sample of 123 genetic
ga;j ﬁg 8’2% lines that exhibited the inrolling phenotype yielded a P
|n?+ 134 0.770 value larger than 0.1 (Table 2B), leading to the conclu-
Inr- 40 0.230 sion that theses phenotypes are not associated with each
Rfi+ 103 0.84 other.
Rfi- 20 0.16 A similar analysis was performed to determine if each
mg 1§g 8‘%83 of the ethylene-related phenotypes was associated with
i the sterility phenotype, (Table 2C, D and E). The result-
Ig?(lﬁlig g;?eg%%?jatr?&%e A Caft/Inr+ Caf*/Inr- Caf-/Inr* Caf-/Inr- Chi-square P
paired phenotypes within a valuea value
B%J%Ztr{?_r'?ﬁeDda?erzgtr‘gﬂ’t Observed ~ 43(0.24) 14(008)  89(052)  28(0.16)
the observed and expected Expected 435(0.25) 13.9(0.08) 88.8(0.52) 27.8(0.16) 0.007 n.s. P>0.9
numbers of genetic lines, show-
ing the indicated phenot
within apopulation of 174 ge. B Caf*/Rfi*  caf*/Rfii-  Caf/Rfi*  Caf/Rfi-  Chi-square P
netic lines. The numbersin pa- value value
rentheses are the frequencies
Bold numbers emphasizes dif-  Expected 34.4(0.28) 6.2(0.05) 689(056) 135(0.11) 1.55ns. P>0.1
ferences between the expected
and observed numbers .
C Caft/MF Caft/MS Caf-/MF Caf-/IMS Chi-square P
value2 value
Observed 35(0.2) 23(0.13) 104 (0.6) 12 (0.07)
Expected 452(0.26) 12.2(0.07)  94.0(0.54) 22.6(0.13) 17.8** P <0.005
D Inrt/MF Inr+/MS Inr-/MF Inr-/MS Chi-square P
valuea value
Observed 100 (0.57)  34(0.194) 39(0.23) 1 (0.006)
Expected 108 (0.62) 26 (0.15) 31.3(0.18) 87(0.05) 11.7** P < 0.005
aChi-square value (left): n.s. =
not significant, ** significantat g Ri*/MF  Rfi*/MS  Rfi-/MF Ri-/MS  Chi-square P
the 1% level valuea value
b Genetic analysis for pheno-
type pairs '”g'&id' ng 2%“ * Retf'.’ Observed 81(0.66) 22(0.18) 9(0.07)  11(0.09)
was performed on 123 genelic gy pected 75.1(0.61) 28.3(0.23) 14.7(0.12) 4.9(0.04) 11.56%* P < 0.005

lines that were Inr+
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Fig. 2 Wilting and inrolling responses to exogenous ethylene in
varoius genetic lines (A). Ethylene (2 ppm) and regular air as a
control was supplied to flowers in a closed chamber for 6 h. The
inrolling and wilting of five individual flowers from each genetic
line was determined after exposure to fresh air. The wilting was
determined by ascribing 0 — unwilted, 0.5 — partially wilted, 1 —
wilted. The inrolling index was determined according to the sche-
matic presentation in B. The SD of the experiment was about 1%
of the presented value
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ing chi-square values were significant, indicating that
each of the traits Inr, Caf and Rfi was associated with the
mal e sterility phenotype.

Characterizing the response of various genetic lines
to exogenous ethylene

The phenotypes Caft and Inr-could be related to ethyl-
ene insensitivity, and therefore the ethylene sensitivity to
exogenous ethylene was determined. Flowers of 27 ge-
netic lines randomly chosen from the studied population
were either exposed to exogenous ethylene or to air as a
control for 6 h and than removed to fresh air. The inroll-
ing and wilting indices of the petals were then monitored
for 20 days (see Fig. 2A). Various responses to exoge-
nous ethylene are presented in Fig. 2B. Five different
phenotypic groups were observed and the average flower
life span for each of the groups without ethylene treat-
ment and after ethylene treatment was determined (Table
3). In group A neither wilting (Fig. 2B-2) nor inrolling
(Fig. 2B-5) were enhanced by exposure to ethylene. In
group B ethylene enhanced wilting (Fig. 2B-1) but did
not enhance inrolling (Fig. 2B-5). In group C ethylene
did not affect wilting (Fig. 2B-2), but enhanced inrolling
(Fig. 2B-4). In contrast to these groups, in group D both
the wilting (Fig. 2B-1) and the inrolling (Fig. 2B-4) were
enhanced by ethylene. The average flower life span of
groups A,B,C and D without ethylene treatment was be-
tween 15 to 17 days, whereas, in groups B and D ethyl-
ene reduced the average life span to about 11 days (Table
3). In group E the average flower life span was only
about 8 days, significantly shorter than those of the other
groups, either treated or not-treated with ethylene; in this
group, as in group A, ethylene did not enhance wilting
(Fig. 2B-3) or inrolling (Fig. 2B-6).

Isinsensitivity to exogenous ethylene related
to the Caf* phenotype?

To test this hypothesis, the number of Caf* phenotypes
within each of the five groups (A—E) was determined
(Table 3). It can be seen that most lines of the Caft
phenotype (three genetic lines of group A, two genetic
lines of group B and three genetic lines of group C)
were among the three groups that expressed some form
of ethylene insensitivity. Moreover, in group A, which

Table 3 Description of the

flower life span and the distri- Phenotype Total Flower life span (days) Ethylene- Number of plants
. . number enhanced
bution of the Caf*/Caf- pheno- ) ! ~
s : of plants - + inrolling Caf + Caf
type within the various exoge- Ethvlene Ethvlene
nous ethylene response groups Yy Yy
A 3 16.9+3.6 16.9+3.6 - 3 0
B 2 17.4+4.9 10.9+2.8 - 2 0
C 5 15.0+3.3 15.0¢3.3 + 3 2
D 7 15.1+2.0 11.743.2 + 1 6
E 10 8.1+15 8.1+1.5 - 2 8
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expressed complete insensitivity to ethylene, al the ge-
netic lines expressed the Caf* phenotype. Furthermore,
in group D, where both the inrolling and the wilting
were enhanced by ethylene, seven out of eight genetic
lines expressed the Caf- phenotype. These results sup-
port the notion that the Caf* phenotype could result
from insensitivity to ethylene. It is also noteworthy that
the inrolling could be enhanced by ethylene in both the
Caf* and the Caf- phenotypes, as seen in categories C
and D.

Discussion

Carnation petals usually senesce after pollination and
ethylene plays an essential role in this process (Halevy
1986; Woltering et a 1994; Van Altvorst and Bovy
1995). Wilting or inrolling of the flower immediately af-
ter pollination has an enormous evolutionary benefit to
the species, by reducing redundant visits of the pollina-
tors to the same flower, enabling more-efficient pollina-
tion of the individual flowers in a population (Woltering
et al. 1994), while the wilting ensures a supply of metab-
olites to the developing ovary and seeds (Stead 1992).

In the **Dagan” population of D. barbatus, we have
identified flower phenotypes Caf*, Inr- and Rfi* that do
not follow the normal pollination-induced senescence
patterns. The Caf* phenotype (Fig. 1B) resembled the
ethylene-insensitive flower phenotypes of tomato and
Arabidopsis mutants (Lanahan et al. 1994; Friedman and
Halevy, unpublished results), suggesting that it is aresult
of a non-functional gene(s) in the ethylene response
pathway. The Inr- phenotype (Fig. 1A) has been de-
scribed previously for other carnation cultivars and has
been thought to be associated with the lack of ethylene
production (Wu et al. 19914, b; Mayak and Tirosh 1993).
It is not clear yet if the Inr— phenotype in “*Dagan” is
elicited by lack of ethylene production or by inability to
respond to ethylene. The Rfi* phenotype (Fig. 1A) has
not been reported previously to the best of our knowl-
edge, and the physiological processes underlying such
response have yet to be elucidated.

Frequency and association of phenotypes
in the population

The unusua phenotypes mentioned in the present paper
have been observed in the population during the last
15 years. Although these phenotypes should not have
any evolutionary benefits, their relatively high frequen-
cies [0.32, 0.23 and 0.84 for Caf* , Inr- and Rfi* respec-
tively (Table 1)] probably result from years of continu-
ous selection for flowers with open and long-lasting co-
rollas. It is interesting that these phenotypes exist natu-
raly in D. barbatus without the induction of mutations.
The frequency of the MS phenotype in the population
was about 20% (Fig. 1C). Male sterility or partia male
sterility is a common trait in many natural populations

and has been observed at non-negligible frequencies in
some 200 independent populations of Dianthus species;
it even exists among the commercial cultivars (Starshova
1996; Umiel et al., unpublished data).

Since both inrolling and wilting of the petals on
plants are associated with the ethylene response (Halevy
1986; Woltering et al. 1994; Van Altvorst and Bovy
1995), it was possible to assume that both the pheno-
types Inr—and Caf* could result from a common defec-
tive process. However, it was shown (Table 2) that the
distribution of double-phenotype groups is expected
from the independent segregation of the individual phe-
notypes in the population, indicating either that the two
traits segregate independently and/or that they are not as-
sociated physiologicaly with each other (Table 2A). A
Caf* phenotype, which is characterized by afresh corol-
la associated with a developed ovary with seeds, does
not necessarily lead to alack of inrolling (Inr -). The Rfi+
(recovery from inrolling) and Caf* are also independent
and traits (Table 2B), which either segregate indepen-
dently or are not physiologically dependent.

A response to ethylene has been reported to be associ-
ated with male sterility (Rudich et a. 1972; Abeles et al.
1992; Dolan 1997). In contrast, our analysis showed that
the ethylene-insensitive phenotypes Caf* and Inr— are
somehow associated with male sterility (Table 2C-E).
The nature of the male sterility in our population was not
characterized and it is possible that it could have resulted
from the dysfunction of several independent processes.
Therefore, it is difficult to determine the nature of the as-
sociation between the ethylene-insensitivite phenotypes
and MS.

Response to exogenous ethylene

Exposure of flowers to exogenous ethylene is used to
identify ethylene non-sensitive genetic lines (Woltering
and Van Doorn 1988). This approach was used in the
present study and the wilting and inrolling of the flowers
were monitored. It is important to emphasize that the
trait Inr—, mentioned above, and the lack of inrolling in
response to exogenous ethylene are not necessarily iden-
tical traits. Lack of inrolling (like Inr-) has been reported
for Sandrosa and Sandra cultivars of carnation, in which
the exposure to exogenous ethylene causes inrolling of
the flowers (Wu et al 1991a,b; Mayak and Tirosh 1993).
Genetic lines of carnations in which exogenous ethyl-
ene increased both the wilting and the inrolling has pre-
viously been described (Woltering and Van Doorn 1988).
In our population most of these genetic lines showed a
Caf- phenotype. On the other hand, we observed genetic
lines in which both these responses were completely in-
sensitive to exogenous ethylene, were of the Caf* pheno-
type and exhibited the longest vase life (Table 3, group
A). Such genetic lines might harbor a mutation(s) in
components for the perception of ethylene or for down-
stream components similar to the mutations that were
identified in Arabidopsis and tomato (Lanahan et al.



1994; Ecker 1995; Wilkinson et al. 1995; Bleecker and
Shaller 1996; Keiber 1997; McGrath and Ecker 1998). In
a preliminary “‘triple response”’ test on seeds from the
“Dagan” population (data not shown), we identified eth-
ylene non-responsive seedlings, indicating the existence
of genetic lines that are insensitive to ethylene and might
be defective in components that function both in flowers
and in seedlings.

In groups B and C (Table 3) ethylene enhanced either
one process or the other (wilting/inrolling) which sug-
gests that, although both processes can be activated by
exogenous ethylene, their activation is not mutually de-
pendent. In group C there are genetic lines of both Caft
and Caf- phenotypes, which shows that inrolling in re-
sponse to exogenous ethylene is not related to the Caf
phenotypes. Therefore, genetic lines of B and C could be
defective in an unidentified petal-specific gene(s) related
to the ethylene-response pathway.

The existence of genetic lines with very short life
spans and insensitive to exogenous ethylene (Table 3,
group E) could be due to the early production of high en-
dogenous ethylene levels, rendering the petals insensitive
to exogenous ethylene; or, aternatively, due to activation
of a senescence pathway not associated with ethylene.

In summary, the present study showed the existence
of genetic lines exhibiting various ethylene-related phe-
notypes and various responses to exogenous ethylene,
which strengthens the notion that multiple response path-
ways are activated by ethylene and, possibly, that there
are flower-specific components of this response pathway.
Further future heritability studies will establish the ge-
netic nature of the phenotypes, and the *‘triple response”
screen would aid in determining whether some of these
ethylene-insensitive traits are petal specific.
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