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Effects of Electric Current on Flowering in Pharbitis
and Floral Stimulus Activity in the
Phloem Exudate of Cotyledons

Kim, Seon Hee, Meen Wha Yi and Jueson Maeng*
Department of Biology. Sogang University, Seoul 100-611, Korea

Direct current (DC) applied to cotyledons during a 16 h inductive dark period inhibited the
flowering in the short-day plant, Pharbitis nil Choisy cv. Violet. The inhibitory effect of DC
was more profound when the current flowed from roots to cotyledons, showing its polarity-depen-
dent action. The second half of the inductive dark period was more sensitive to DC stimulus.
The flowering was significantly depressed only when DC stimuli were applied to the translocation
path of the floral stimulus from the induced cotyledon to the apex, suggesting that the transport
of floral stimulus was damaged by the DC treatment. The vegetative apex culture bioassay
system showed that a significant level of the floral stimulus activity existed in the phloem exudate
from the cotyledons which would fail to form their own floral buds. These results strongly
support the hypothesis that DC partially impede, at least temporarily, the transmission path
of the floral stimulus from florally-induced cotyledon to the apex, rather than depressing in

situ synthesis of the floral stimulus.
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Under appropriate light environment photoperio-
dic plants are induced to produce interorgan signal
in their leaves or cotyledons which is transmitted
to apex to shift ongoing vegetative growth to repro-
ductive phase. Transmissible signals, nature of which
is vet to be identified, have so far been proposed
to be a floral promoter in Nicotiana tabacum (Chaila-
khayan er gl. 1989), an inhibitor in Pisum sativum
(Murfet, 1985), a balanced mixture of promoters and
inhibitors (Thomas. 1993), or interacting inhibitors
(Law et al., 1993).

In the study to characterize the action mode of
unknown floral stimulus, Bernier er a/. (1981) and
Vince-Prue and Gressel (1985) introduced localized
blockage along the transmission path by girdling
the stem above the induced leaves or cutting the
supply of floral stimulus by removing induced lea-
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ves. Along with these mechanical manipulations to
prevent the plants from flowering, Montavon and
Greppin (1983, 1986) applied 10 V of direct current
(DC) between the petiole of the leaf being induced
and the root of long-day Lactuca to prevent flower-
ing. Adamec er al. (1989) and Machackova e al.
(1990) have observed the inhibitory DC action in
Chenopodium, a short-day plant, by applying the cur-
rent between cotyledons and the root. They proposed
a hypothesis that DC inhibited flowering in Cheno-
podium by interfering with the transport of a floral
stimulus from the induced leaf to the apex. However,
their results could not completely exclude the possi-
bility that synthesis of the floral stimulus might have
been blocked by DC treatment.

To verify the alternative. the present study adopted
a bioassay system as described by Ishioka er al
(1990. 1991) and intended to confirm the activity of
floral stimulus in phloem exudates from DC-stimu-
lated cotyledons of Pharbiris nil.
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MATERIALS AND METHODS
Plant material

Seeds of Pharbitis nil Choisy cv. Violet, a short-day
plant were soaked in concentrated sulfuric acid for
30 min with occasional stirring and were rinsed with
running water at least for 20 h. The seeds thus imbi-
bed were sown on mixture of perlite and vermiculite
(v/v 1:1) in 12 cm diameter pots and grown with
Hoagland nutrient solution under continuous light.
The irradiance from mixture of fluorescence lamps
and incandescent bulbs was adjusted at 15 W-m™
at the plant level and temperature was kept at 26+ 2
. The plants 6 days old were used in all experime-
nts.

DC application

DC application to the plants was performed with
setup described by Adamec et gl. (1989) and Ma-
chackova er al. (1990) with slight modification. DC
was applied through salt bridges made of polyethy-
lene tubing (inner diameter 1.2 mm, outer 1.8 mm)
filled with 10 mM KCl solution. A bridge was fixed
on either center of abaxial side of a cotyledon or
elsewhere designated in the experiments, and conne-
cted the plants with a Ag/AgCl-clectrode. By a salt
bridge, another Ag/AgCl-¢clectrode of opposite pola-
rity was connected with the nutrient solution bathing
the roots. From a power supply (£ 15 V), the DC
of various intensities (3, 6 or 9 pA) was set by means
of a rheostat on the microampermeter scale.

Floral induction and growth analysis

When grown under continuous light for 6 days,
Pharbitis developed a pair of fully opened cotyledons
at the cotyledonary node approximately 2 mm below
the apex. The plants were iransferred to the dark
room where the flowering was induced by a single
16 h dark period. One of the cotyledons, if necessary.
was excised just before the dark treatment and lano-
lin was pasted on the cut area to block the phloem
exudation. At the end of the dark period, the plants
were grown under continuous light for 2 weeks and
the flowering was evaluated in terms of numbers
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of floral buds per plant. Five plants were treated
in each experiment repeated three times and mcans
with standard errors were calculated from the results.

Collection of phloem exudate

Phloem exudate was obtained by the procedure
as described by Ishioka er al. (1990, 1991). Cotyledons
with petioles excised from the plants immediately
after the end of the inductive dark treatment were
placed in a vial containing 20 mM EDTA solution
such that the ends of the petioles were submerged
in the chelating solution for 1 h. The cotyledons
then were transferred to deionized distilled water (10
mL/10 cotyledons) and incubated for 6 h, keeping
the ends of the petioles well submerged in the ba-
thing solution. The solution containing the diluted
phloem exudate was used for bioassay for floral sti-
mulus activity, The incubation was performed at 26
+2T in the light.

Bioassay for floral stimulus

The bioassay was performed according to Ishioka
et al. (1990, 1991) with slight modification. After treat-
ed with sulfuric acid, the imbibed seeds of Pharbitis
nil were surface sterilized with 1-1.5% NaOCl solu-
tion for 20 min and rinsed three times with sterilized
deionized distilled water. The seeds were sown asep-
tically on autoclaved Murashige and Skoog (MS)
medium supplemented with 3% sucrose and 0.8%
bactoagar (Difco, USA) in 125 mL Erlenmeyer fla-
sks. The cultures were kept in a growth chamber
under continuous light for 7 days. The apices of the
seedlings thus grown were excised (rom scedlings
and used for bioassay. Fach apex, 5 mm long, was
placed on 10 mL of autoclaved MS medium with
5% sucrose, 0.8% bactoagar and the phloem exudate
in a test tube. The exudate had been added to the
medinm before autoclaving. The apex cultures were
maintained under continuous light in a growth
chamber. At the end of 6 week culture penod. the
activity of floral stimulus in the phloem c¢xudate was
analyzed by measuring percentages of plantlets with
floral buds. Each bioassay was repeated three times
with ten replicates. The bioassay system is shown
in Fig. | diagrammatically.
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Table 1. Floral responses of Pharbitis nil affected by 16
h DC (6 pA) stimulus with various application schedules
and polarities. Anode and cathode connected to rools or
a cotyledon, with untreated cotyledon cut off before DC
treatment. The plants were induced to flower by a 16 h
dark period (IDP). Dala are shown with SE

Application period Polarity Flowering
(16 h) Anode  Cathode (floral buds/plant)
None None None 288+ 0.25
Light before IDP Root Cotyledon 0
Cotyledon Root 097+0.15
IDP Rool Cotyledon 0
Cotyledon Root 0.65£0.10
Light after TDP  Rool Cotyledon 042+ 0.13
Cotyledon Root 048+ 0.06

period (Fig. 3). DC of 3 pA depressed flowering li-
nearly as the stimulus lengthened from 4 to 16 h.
The maximal depression was only 47.4% of the cont-
rol (Fig. 3A). Complete inhibition of flowering was
brought by even 8 h DC stimulus when the inten-
sity of the current doubled (Fig. 3B). When stimula-
ted by DC of 9 uA during the first 4 h of a 16
h inductive dark period, the plants remained vegeta-
tive (Fig. 3Q).

Flowering was inhibited not only by DC stimulus
during the inductive dark period but also by that
imposed either before or after the dark (Table 1).
When DC of 6 pA flowed from roots to a cotyledon
for 16 h either before the beginning or after the end
of a 16 h dark period, the flowering was inhibited
completely or by 854% respectively. The current of
opposite polarity depressed the flowering either by
66.3% or 83.3%. The plants were found to be sensitive
to DC treatments given during the noninductive
light periods.

The sensitivity of the plants to 4 h application
of DC during each quarter of a 16 h inductive dark
period was examined (Fig. 4). The flowering was de-
pressed by more than 50% of the control in all cases.
The plants were most sensitive to DC stimulus app-
lied in the third and the last quarters of the dark
showing 25.7% and 27.6% of the control respectively.
While short period of DC application before the
dark period could not block flowering significanily,
DC given to the plants after the inductive dark pe-
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Fig. 4. Flowering in Pharbitis nil inhibited by 4-h-DC sti-
mulus (6 pA) at various application timings (I-VII). The
polarity of the current is shown in a diagram inserted in
the figure. DC was applied to plants; for 4 h before the
start of 16 h-dark (I); for the first quarier of the dark (1I).
for the second quarter of the dark (III), for the third guar-
ter of the dark (IV); for the last quarter of the dark (V).
for 4 h after the cnd of the dark (V). or for the second
4 h after the end of the dark (VII). A horizontal bar in
the figure indicates control flowering level. Vertical bars
represent SE.
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Fig. 5. Effect of DC stimulus (6 uA) on the flowering in
Pharbitis nil in the presence or absence of untreated cotyle-
don. DC was applied to plants for 16 h of inductive dark
period. Plants with a single cotyledon received no DC sti-
mulus (I); plants with one cotyledon teceived DC stimulus
(11); plants with both cotyledons received no DC stimulus
(IID); plants with both- cotyledons received DC stimulus
(IV); plants received DC stimulus with cathode connected
10 both cotyledons (V); plants received DC stimulus with
anode or cathode attached to each of the cotyledons (VI).
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Fig. 1. Bioassay system for flower-inducing activity in phl-
ocm exudate; (1) vegetative seedling grown under conti-
nuous light; (@ florally-induced cotyledon with or without
DC stimulus; (3) excised cotyledon dipped into distilled
water to get phloem exudate: (4 phloem cxudate added
to the culture medium; (&) apex region excised and cultu-
red in the medium prepared as @ 8) flowering response
of the apex culturc analyzed to coniirm the floral stimulus
activity in the exudate.
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Fig. 2. Effect of DC stimulus for 16 h-dark period with
varjous intensities and polaritics on flowering in Pharbitis
nil. Vertical bars represent SE.

Floral Inhibition in Pharbitis by DC 161

i 16

3 12

2 4 8

1 + 4
2 o 4 8 12 16
k= Length of DC Stimulus (h)
o
E‘ Py
£y 516 &
'g oy
E {2 &
Ei
= 2 18
=
S’
R 4 g
:6 ]
= 0 - 0
2 b} 4 8 12 16
= Length of DC Stimulus (h)

4 16

o)

3 112

2 3

1 14

0 - - 0

0 4 8 12 16

Length of DC Stimulus (h)

Fig, 3. Effcct of DC stimulus of various lengths on flower-
ing in Pharbitis nil. The current began to stimulate the
plants at the stan of a 16 h-dark period. DC intensities
are; 3 pA (A), 6 pA (B). 9 pA (C). Anode was connected
1o roots and cathode 10 a cotyledon. Untreated cotyledon
was cut off. Vertical bars represent SE.

RESULTS

Plants grown under continuous light for vegetative
growth were induced to flower by a single 16 h dark
period during which DC stimulus with various inte-
nsities and polarities was applied, and the floral res-
ponse was analyzed (Fig. 2). The flowering was dec-
reased as the DC intensity increased. Direct electric
current passing through the plant with the anode
connected to roots and the cathode to a cotyledon
was found to be more inhibitory compared to the
current of opposite polarity. Six pA DC completely
depressed (lowering. The apex growth was not signi-
ficantly affected by the DC stimulus with its intensity
up to 9 uA

Sensitivity of the plants to DC stimulus with va-
rious intensities and duration which was imposed
to the plants at the start of a 16 h inductive dark



June 1994

Table 2. Effect of DC stimulus (6 pA) with various attach-
ment loci of cathodes on the flowering in Pharbitis nil with
a singlc cotyledon. Anodes were connected to the root.
Plants were stimulated by DC throughout a 16 h inductive
dark perod. Data are shown with SE

Cathode connected to (ﬂorglog:l edrél/lpglant)
Control (no stimulus) 3.67£0.12
Cotyledon 0
Distal end of cotyledonary petiole 0
Proximal end of cotyledonary petiole  0.20£0.10
Hypocotyl 3251022
Apical bud 0

riod still exerted its inhibitory effect bringing floral
response down to 64.1% of the control. The DC sti-
mulus applied 4 h after the end of the inductive
dark period showed no effect on the flowering.
In the experiment so far performed, DC stimulus
was set between roots and one of the cotyledons
with untreated one cut off just before the DC appli-
cation, so that the depressive effect of DC on the
flowering might not be masked by floral stimulus
activity possibly produced in the untreated cotyle-
don. It was shown that floral response in Pharbitis
became saturated by a 16 h dark period regardless
of the presence of an untreated cotyledon on the
plant (Fig. 5. I and III). Once one of the cotyledons
was excised and DC was applied to the remaining
cotyledon which was the only possible source of the
floral stimulus, the flowering was completely inhibi-
ted (Fig. 5, II). The production of the floral stimulus
in the untreated cotyledon, however, was not much
hampered by DC treatment on the opposite cotyle-
don, ic. the flowering was depressed only by 17.7%
by DC (Fig. 5, III and IV). When DC flowed either
from roots to both cotyledons or from one cotyledon
to another throughout the inductive dark period, the
flowering was completely blocked (Fig. 5, V and VI).
The floral stimulus once produced is belicved to
be translocated through the phloecm tissue from the
cotyledon to the apex. When somewhere along the
translocation path is impaired, the floral stimulus
cannot successfully reaches the apex, so that signifi-

cant level of flowering canniot be expected. With the
anode fixed on the roots, the cathode was set to

various loci on the plants during the inductive dark
period (Table 2). The flowering was completely inhi-
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Fig. 6. Flowering responses of vegetative apex cultures of
Pharbitis nil to the phloem exudate collected [fom cotyle-
dons of Pharbitis nil exposed to a single 16 h dark period
with or without DC (6 pA) stimulus. Cathodes were conne-
cted to the cotyledons and anodes to the root. Data are
shown with SE.

bited when DC was applied to either distal or proxi-
mal side of the cotyledonary petiole which was the
path of floral stimulus translocation. The current
which flowed from roots only up to the hypocotyl
so that the DC could not directly reach the translo-
cation path was shown to be ineffective.

Two methods were adopted in the present study
for analysis of floral response in Pharbitis. The first
method was to measure the frequency of floral bud
development in the plants which had previously
been received DC stimulus during the inductive dark
period. And the second one was, as outlined in Fig.
1, to confirm and quantify the flower inducing acti-
vity in the phloem exudate to convert vegetative api-
ces to [loral ones. Using the bioassay system, it was
found that the phloem exudate collected from DC-
stimulated cotyledons which would have never evo-
ked floral buds at their own apices contained signifi-
cant level of flower inducing activity (Fig. 6). Within
the range of 10 to 40% final concentrations, in the
bioassay medium, the phloem exudates collected
from DC-stimulated cotyledons could still evoke flo-
wering which was 78.6% to 93.8% levels of the corres-
ponding controls.

The application of DC stimulus to a cotyledon
either in the first or in the second half of a 16 h
dark period could reduce the floral stimulus activity
in the bioassay by 5.5% and 22.5% respectively, show-
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Table 3. Effects of DC (6 pA) on the activity of floral sti-
mulus in phloem exudate (10%) collected from florally-in-
duced cotyledons of Pharbitis nil exposed to a 16 h dark
period. Cathode was connecled to a cotyledon or to cotyle-
donary petiole, with non-stimuolated cotyledon cut off be-
fore DC treatment. The activity was measured in vegctative
apex culture bioassay system as described in MATERIALS
AND METHODS. Anodes were connected to roots of the
seedlings. Data are shown with SE

DC treatment period Cathode on 2?:;?)?;;
None None 40.0x 24
First half of IDP® Cotyledon 378+ 80
Second half of IDP  Cotyledon 31.0£ 89
1IDP Cotyledon 290£ 6.7
1DP Cotyledonary petiole 36.0* 34

qDP, a 16 h inductive dark period.

ing the second half of the dark period was more
sensitive to DC treatment with respect to the potency
of floral stimulus present in the phloem exudate
(Table 3). The activity in the phloem exudate was
lowered by 27.5% by DC flowed from roots to blade
of a cotyledon, while DC from roots to a cotyledo-
nary petiole could lower the floral stimulus activity
in the phloem exudate only by 10%. It was shown
that the activity in the phloem exudate was not sig-
nificantly reduced unless DC directly passed through
cotyledons which are the site of the floral stimulus
production upon receiving photoperiodic signal.

DISCUSSION

Is the floral inhibitory action of DC applied to
leaves or cotyledons due to deteriorating the synthe-
sis of floral stimulus or, to interfering with the trans-
port of the stimulus from leaves or cotyledons being
induced to the apex? In reports on Chenopodium
(Adamec e al., 1989; Machackova er al. 1990) and
Lactuca (Montavon and Greppin, 1983, 1986) where
DC action was limited during the inductive dark
period and polarity-specific, it was discussed that
DC might probably interfere with the transport to
exert its action. In the present study, polarity-depen-
dency of DC action on the flowering in Pharbitis
was found to be very low, and the inhibitory action
of DC was not only limited within the inductive
dark period but also extended in the light periods
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sandwitching the dark (Fig. 2 and Table 1). The flo-
wering was completely arrested although DC appli-
cation was so limited in the light period before the
start of the inductive dark that the flower induction
processes in cotyledons could occur without DC sti-
mulus. Severe inhibition of (lowering was also obse-
rved when cotyledons had been stimulated by DC
even right after the end of the inductive dark period.
The fact that the Mowering was depressed by the
pre- and post-treatments by DC lct to postulation
that the inhibition might probably be caused by;
deterioration of physiological and histological envi-
ronment for the initiation of flower induction proce-
sses in cotyledons, degradative biochemical changes
leading to improper supply of precursors and enzy-
mes involved in the production of floral stimulus,
decreasing potency of floral stimulus having been
produced, interfering with the transmission of the
stimulus toward the apex, or damage in the apex
leading to the failure of responding to the floral sti-
mulus. The last probable cause was ruled out by
the result that apex was still responsive to the {loral
stimulus transmitted from an untreated cotyledon
(Fig. 5, Iv).

The second half of the inductive dark period was
almost twice as much sensitive to DC stimulus as
the first half (Fig. 4). Considering that the critical
dark period for flower induction 1n Pharbitis was 11.5
h (Vince-Prue, 1985) and the translocation velocity
of Pharbitis floral stimulus was approximately 0.3 m-
b~ (King et al, 1968), the differential scnsitivity bet-
ween the first and second halves of the inductive
dark period reflected a probability that impediment
of the transmission rather than the formation of the
floral stimulus might be more likely to have occured.
This suggestion was further supported by the results
that the flowering was not affected by DC stimulus
when it was applicd between roots and hypocotyl
so that the transmission path for the floral stimulus
toward the apex via cotyledonary peliole was not
directly stimulated by DC (Table 2).

Flower inducing activity was confirmed in phloem
exudates of Perilla (Purse. 1984) and of Pharbitis
(Ishioka er al., 1990, 1991). The bioassay system for
the detection of flower inducing activity in phloem
exudate, previously proposed by Ishioka er al.. was
adopted in the present study. It should be accepted
that there might be possible degradation or loss of
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the floral stimulus in the process of collecting and
handling the phloem exudate for bioassay, so that
the floral evocation activity thus measured in the
bioassay will not always quantitatively reflect the
potency of the flower stimulus working at its apex.
Although there was no information on how fast and
how much the floral stimulus diluted in bioassay
medium could possibly be absorbed into vegetative
apices, it was confirmed that within the range of
10 to 40% final concentrations of the phloem exudate
in the bioassay medium the floral evocation activity
was highly correlated and proportional to the final
concentrations of the exudate (Fig. 6). In the vegeta-
tive apex culture bioassay, a significant level of {loral
evocation activity was still exist in the phloem exu-
date collected from DC-stimulated cotyledons on the
plants which otherwise could never be expected to
flower (Fig. 6). The result confirmed a hypothesis
that the floral stimulus had been synthesized in the
DC-stimulated cotyledons of Pharbitis but could not
successfully reach the dpex due to temporary and
partial blockage on its transmission path. The idea
was further supported by the result shown in Fig.
6 that the floral stimulus could bypass the inhibitory
electric current to evoke the vegetative apices to flo-
ral buds in the bioassay.
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