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Abstract. We examined the effects of a sulfonylurea The sulfonylurea herbicide chlorsulfuron (2-chldxe-
herbicide, chlorsulfuron, which is known as a potent in- [(4-methoxy-6-methyl-1,3,5-triazin-2-yl)aminocarbonyl]-
hibitor of plant cell division, on morphogenetic cell di- benzene sulfonamide) arrests cell division by blocking
vision and disorganized cell division using the culture the cell cycle progression in both the @nd G, phases
system of multiple shoot primordia and callusRdssi- (Rost 1984, Rost and Reynolds 1985). This arrest of cell
flora edulis. The multiple shoot primordia tissue treated division is reversible because chlorsulfuron-treated cells
with chlorsulfuron failed to achieve shoot morphogen- begin to divide after the removal of chlorsulfuron from

esis, and a large part of the tissue was necrotized duringthe culture medium (Ray 1984, Reynolds 1986, Rost
the posttreatment culture, even when it was washed and1984, Rost and Reynolds 1985).

transferred to chlorsulfuron-free medium. The inhibition At the cytodifferentiation level, chlorsulfuron was
of Passiflorashoot morphogenesis by chlorsulfuron was shown to inhibit neither growth regulator-induced cell
not reversed by the simultaneous addition of branched g|ongation (Ray 1982a, 1982b) nor tracheary element
amino acids, which are known to reverse the inhibitory gifferentiation (Reynolds 1986). Fukuda and Komamine
effect of chlorsulfuron. In contrast, the same treatment of (1980, 1981) used a number of chemical inhibitors in
chlorsulfuron on the callus did not kill the cells, although ¢ \itures ofZinnia elegansmesophyll cells and showed
the growth resumption was retarded by a prolonged lag that tracheary element differentiation occurs in the G
period. The addition of branched amino acids enhanced phase and does not require replication of the whole DNA
the recovery growth of the chlorsulfuron-treated callus. iy the S phase. Therefore, it is not unreasonable that
These results suggest that the inhibition of disorganized cytodifferentiation occurs in chlorsulfuron-treated cells.
cell division (callus growth) by chlorsulfuron is revers- At the biochemical level, this herbicide has been
ible, whereas morphogenetic cell division (shoot mor- shown to inhibit the activity of acetolactate synthase, the
phogenesis), which is under complex regulation, is in- enzyme that catalyzes the first step in the biosynthesis of
hibited irreversibly by chlorsulfuron. Qualitative differ- e branched amino acids (Chaleff and Mauvais 1984,
ences between morphogenetic cell division and pawkes et al. 1989, Kishore and Shah 1988, Ray 1984).
disordered simple proliferative cell division are dis- Because the addition of valine and isoleucine resulted in

cussed. the recovery of cell division in the root tip dPisum
sativum(Ray 1984, Robbins and Rost 1987, Rost 1984,
Key Words. Cell cycle—Cell division—Chlorsul- Rost and Reynolds 1985), these branched amino acids
furon—Morphogenesis-RPassiflora edulis—Sul- were implicated in the regulation of cell cycle activity
fonylurea herbicide (Rhodes et al. 1987). In addition, in suspension cultures

of Solanum carolinens¢he effect of chlorsulfuron on
cell division could be reversed by the exogenous appli-
Abbreviations_: BA_, 6-benzy|amin0purine;_2,4-I?, 2,4-dichloro- igté%;] o;:;;gggzﬁg atﬂ]a!:]?::lflgft)tv?lttf:]?lvwﬁglljl':mm(srgl)’]/g;g—s
phenoxyacetic acid; IBA, indole-3-butyric acid; 5-FdUrd, 5- e IV . X

fluorodeoxyuridine: MS medium, Murashige and Skoog medium; NetiC cell division, such as in suspension cell or callus
MSP, multiple shoot primordium(-dia). growth, is not prevented by chlorsulfuron when branched
*Author for correspondence. amino acids are added to the culture medium.
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The question thus arises as to how chlorsulfuron func-
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were incubated at 26°C under continuous fluorescent light at 30

tions at the morphogenetic level. Morphogenesis such asr#mo!- m* s

the shoot formation of higher plants is the integration of
cell division and cytodifferentiation. Moreover, the cell
division underlying morphogenesis is highly organized
both spatially and temporally by complex regulation,

whereas callus or suspension cells propagate via disor-

ganized cell division. It would be of interest to know how
chlorsulfuron acts on higher plant morphogenesis. How-
ever, there has been no such study, to our knowledge.
We obtained multiple shoot primordia (MSP) from an
excised leaf segment éfassiflora eduligKawata et al.

1995). These MSP have been subcultured repeatedly for

more than 4 years on a subculture medium, maintaining
their morphogenetic ability. When the MSP are trans-
ferred to a medium for shoot development, shoots do
develop from them. This culture system is suitable for
the examination of how a herbicide acts on morphoge-
netic ability. We have been subculturing the callus of this
plant species, which is another material proliferating by
disorganized cell division.

In the present investigation, experiments were per-
formed with the MSP and callus &f. edulisto answer
the following three questions: When MSP tissue is
treated with chlorsulfuron, how is the shoot morphogen-
esis influenced in posttreatment culture? If normal mor-

Chemical Treatment

Chlorsulfuron (stock solution dissolved in acetone), aphidicolin (stock
solution dissolved in methanol), or 5-FdUrd (stock solution dissolved
in distilled-deionized water) was mixed into liquid culture medium to
give an objective concentration before the pH adjustment, followed by
sterilization by filtration. Each chemical was applied to MSP tissue or
callus that had been subcultured for 7 days at 26°C for various periods
and was then removed by washing the tissues with liquid medium four
times. The washed tissues were transferred to solidified medium and
cultured for 3 weeks.

To know whether branched amino acids reverse the effect of chlor-
sulfuron, various concentrations of isoleucine and valine were added
simultaneously to chlorsulfuron solution and applied to MSP tissue or
callus cultures.

Evaluation of Shoot Formation and Growth of MSP
Tissue and Callus

The shoots developed from MSP tissue were evaluated with a stereo-
scopic microscope at 3 weeks after the commencement of the post-
treatment culture. Shoots more than 5 mm in length were considered
developed shoots. Growth of MSP tissue and callus was evaluated by
measuring the fresh mass at 3 weeks after the commencement of the

phogenesis is disrupted by chlorsulfuron treatment, doesposttreatment culture.

the addition of branched amino acids neutralize this in-
hibitory effect of chlorsulfuron? How does chlorsulfuron
act on the callus growth dP. edulis,which occurs by
disorganized cell division?

Materials and Methods

Plants and Growth Conditions

Multiple shoot primordia ofP. edulisSims var. maracuja peroba were
induced primarily from an excised leaf segment and have been sub-

Results

Fig. 1 shows the effect of chlorsulfuron on shoot mor-
phogenesis ifPassiflora.Pieces (2.5-3.5 mm, 0.03-0.04
g) of MSP tissue were treated with chlorsulfuron at 26°C
for 0-3 days, washed with liquid medium, and then cul-
tured on the medium for shoot development. The number
of shoots that developed to more than 5 mm in length
was measured after 3 weeks of culture. As shown in Fig.
1, the chlorsulfuron treatment for only 1 day inhibited

cultured for more than 4 years as described in detail (Kawata et al. SO0t morphogenesis to 27% of the control level, and 2
1995). Young mature-type leaves (within 2 weeks after leaf expansion) O more days of treatment reduced the shoot morphogen-
were surface sterilized with 70% (v/v) ethanol for 1 min and 1% so- esis level to less than 10% of the control. Together with
dium hypochlorite solution for 10 min followed by rinsing with ster-  the inhibition of shoot morphogenesis, whole growth of
ilized Water_. The sterilized leaves were cut into smal_l segments (2 mm \SP tissue was also inhibited severely (Fig. 2), and a
x 3 mm) with a rgzor blade. Leaf segmentg were first cultured _for 1 Iarge part of the MSP tissue was necrotized (Fig. 3).
month on Murashige and Skoog (1962) medium supplemented with 3% . .

(WAV) sucrose (MS medium), im BA, and 1um IBA, solidified with 'I_'hese results indicate that the _ce_ll_s constituting the MSP
0.2% (wiv) Gellan Gum (Wako-junyaku, Osaka, Japan) for the induc- tisSsue could not resume cell division even when chlor-
tion of MSP. Induced shoot primordia were subcultured on MS medium Sulfuron was removed from the medium.

supplemented with 1am BA at 3-week intervals. For shoot formation, The thymidine analog 5-FdUrd is known as an inhibi-
the MSP mass subcultured for 7 days was cut into small aggregatestor of DNA synthesis by blocking thymidylate synthase
(2.5-3.5 mm, 0.03-0.04 g) and transferred to MS medium containing a (Hartmann and Heidelberger 1961). AphidiCOIin isa spe-

lower concentration of BA (0.um). Callus was induced by the culture P . ) T
of a leaf segment on MS medium supplemented with;0BA and cific inhibitor of replicative nuclean- and«-like DNA

10 uM 2,4-D and then subcultured on the same medium at an interval polymerase in ?‘_n'mal and plant Ce"Sa. reSpeCt'VeIIYa and
of 3 weeks. All media were adjusted to pH 5.7-5.8 before the addi- Prevents the initiation of DNA synthesis (Ikegami et al.

tion of Gellan Gum and autoclaved at 121°C for 15 min. All cultures 1978, Sala et al. 1983). Both 5-FdUrd and aphidicolin
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Fig. 1. Effect of chlorsulfuron on shoot morphogenesisRofedulis
MSP tissues were treated with MS medium supplemented \@jhof
without (O) 1 wm chlorsulfuron for various periods and washed with
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drugs on shoot morphogenesis. This result suggests that
reversible arrest at the,65 transition by treatment with
5-FdUrd or aphidicolin does not affect the shoot mor-
phogenesis oPassiflora.

At the biochemical level, chlorsulfuron inhibits aceto-
lactate synthase, the key enzyme in the biosynthesis of
branched amino acids (Chaleff and Mauvais 1984,
Kishore and Shah 1988, Ray 1984). This action is neu-
tralized by the simultaneous application of valine and
isoleucine (Ray 1984, Reynolds 1986, Robbins and Rost
1987, Rost 1984, Rost and Reynolds 1985). Table 2
shows the effect of the simultaneous application of
branched amino acids on shoot morphogenesis in the
culture of MSP treated with chlorsulfuron. No significant
recovery of shoot morphogenesis by the simultaneous
application of branched amino acids was observed. In
addition, in the culture of MSP tissue treated with chlor-
sulfuron plus branched amino acids, a large portion of
the tissue was necrotized during the posttreatment cul-

liquid medium. The tissues were then cultured on the medium for shoot ture. This result indicates that the lethal effect of chlor-

formation. The number of shoots was measured after 3 weeks of cul- sulfuron was not reversed by the addition of branched
ture. Data are the mean = S.D. of five measurements.
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Fig. 2. Effect of chlorsulfuron on morphogenetic growth Bf edulis
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amino acids.

To examine the effect of cell cycle blockers on the
disorganized cell growth dPassiflora,calli were treated
with chlorsulfuron, 5-FdUrd, or aphidicolin for 2 days
and cultured for 3 weeks after removal of the drug. As
shown in Table 3, only chlorsulfuron inhibited the callus
growth, whereas the calli treated with 5-FdUrd or aphidi-
colin grew as much as did the controls. However, the
growth inhibition of the chlorsulfuron-treated callus was
different from the inhibition of shoot morphogenesis, in
which the chlorsulfuron-treated MSP hardly grew, and a
large part of the MSP tissue was necrotized. By contrast,
the chlorsulfuron-treated calli grew vigorously, although
the growth resumption was retarded at the initial stage in
culture. The chlorsulfuron-treated calli grew from 0.02 g
to 0.1 g in fresh mass in the 3 weeks of culture. There-
fore, it could be said that the decrease in fresh mass was
caused by the lag period prolonged by chlorsulfuron
treatment. This result suggests that chlorsulfuron treat-
ment merely retarded the cell proliferation and that its

MSP tissues (0.03-0.04 g) were treated with MS medium supple- toxicity is not lethal. Vital staining (Gaff and Okong'O-

mented with @) or without (O) 1 M chlorsulfuron for various periods

ogola 1971) showed no significant difference of the alive

and washed with liquid medium. The tissues were then cultured on the g percentage between chlorsulfuron treatment and

medium for shoot formation. Fresh mass was measured after 3 weeks

of culture. Data are the mean + S.D. of five measurements.

block cell cycle progression at the,(& transition,
whereas chlorsulfuron blocks it at the, @r G, phase.
Table 1 shows the effect of these drugs Passiflora

controls, although a slight decrease in the triphenyltetra-
zolium chloride reduction rate (Steponkus and Lanphear
1967) was recognized in chlorsulfuron-treated cells com-
pared with the control cells (data not shown).

To determine whether or not the application of
branched amino acids neutralizes the inhibitory effect of
chlorsulfuron on growth, calli were treated with chlor-

shoot morphogenesis. The average number of shoots desulfuron alone or with chlorsulfuron plus various con-
veloped from the 5-FdUrd- or aphidicolin-treated MSP centrations of isoleucine and valine, washed in fresh me-
was the same as the control, showing no effect of the two dium, and then cultured on the solidified medium for 3
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Table 1. Effects of chlorsulfuron, 5-FdUrd, and aphidicolin on shoot
morphogenesis d®. edulis. MSP tissues were treated withu chlor-
sulfuron, 5-FdUrd, or aphidicolin for 2 days, washed with liquid me-
dium, and then cultured on the medium for shoot formation. The num-

A. Kuriyama et al.

Fig. 3. Effect of chlorsulfuron on shoot
morphogenesis dP. edulis MSP tissues
were treated with MS medium
supplemented withright) and without

(left) 1 wwm chlorsulfuron for 2 days and
washed with liquid medium. The tissues
were then cultured on the medium for
shoot formation. Photographs were taken
after 3 weeks of culture.

Table 2. Effects of chlorsulfuron and branched amino acids (isoleu-
cine and valine) on shoot morphogenesiRiredulis MSP tissues were
treated with 1um chlorsulfuron alone or chlorsulfuron plus branched
amino acids for 2 days and washed with liquid medium; they were then

ber of shoots was measured after 3 weeks of culture. Data are the meancultured on the medium for shoot formation. The number of shoots was

+ S.D. of five measurements.

Treatment Average no. of shoots/tube
Control 18.2+5.6

Chlorsulfuron 14+15

5-FdUrd 14.8+10.0

Aphidicolin 16.0+11.9

measured after 3 weeks of culture. Data are the mean + S.D. of five
measurements.

Treatment Average no. of shoots/tube
Control 16.0+4.2
Chlorsulfuron 26+29
Chlorsulfuron + isoleucine and valine
Each at 0.1 m 46+5.7
Each at 1 mu 3.0+2.6
Each at 10 m 3.8+3.8

weeks. As shown in Table 4, the addition of branched

amino acids enhanced the proliferation of callus cells,

although the growth rate was not recovered completely callus growth. Chlorsulfuron inhibited both shoot mor-

to the level of the control. This enhancement was causedphogenesis and callus growth. However, the two inhibi-

by the shortening of the lag period at the initial period of tory effects were different in quality and quantity. To-

the posttreatment culture by the branched amino acids. gether with the inhibition of shoot morphogenesis, a
large part of the MSP tissue was necrotized during the
posttreatment culture, even when the tissue was washed

Discussion

In this study we observed a difference in the effects of

chlorsulfuron and the other two drugs (5-FdUrd and
aphidicolin). Although chlorsulfuron treatment strongly
inhibited the shoot morphogenesis Péssifloraand re-

tarded the regrowth of callus, the other two drugs inhib-

and transferred to fresh medium. By contrast, chlorsul-
furon did not show a lethal effect on the callus cells
immediately after the treatment, according to the vital
staining test and triphenyltetrazolium chloride reduction
assay. In addition, although the chlorsulfuron treatment
retarded regrowth of the calli, showing growth inhibi-

tion, the calli resumed proliferation after a prolonged lag

ited neither shoot morphogenesis nor callus growth. This period. These two different responses to chlorsulfuron
difference is perhaps caused by a difference in the modeare perhaps the result of differences in the qualities of
of action between chlorsulfuron and the other drugs. A morphogenetic cell division and simple proliferative cell
second major finding was the different response to chlor- division.

sulfuron treatment between shoot morphogenesis and It was reported that chlorsulfuron strongly inhibits
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Table 3. Effects of chlorsulfuron, 5-FdUrd, and aphidicolin on callus
growth of P. edulis Calli were treated with Jum chlorsulfuron, 5-
FdUrd, or aphidicolin for 2 days, washed with liquid medium, and then

cultured on the medium for callus growth. Fresh mass was measured

after 3 weeks of culture. Data are the mean + S.D. of five measure-
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vidual cells may repair the physiological alteration and
resume division after the removal of chlorsulfuron.

At the biochemical level, chlorsulfuron inhibits the
activity of acetolactate synthase, the key enzyme in the

biosynthesis of the branched amino acids (Chaleff and
Mauvais 1984). However, the starvation of branched

ments.

Treatment Fresh mass (9)  amino acids does not appear to be the cause of the mor-
Control 0.29 +0.03 phogenetic inhibition because the simultaneous applica-
Chlorsulfuron 0.13+0.04 tion of branched amino acids did not neutralize the effect
5-FdUrd 0.33+£0.08 of chlorsulfuron. It has been suggested that sulfonylurea
Aphidicolin 0.30+0.02

herbicide toxicity is caused by additional effects and the
accumulation of a toxic metabolite in bacteria (LaRossa
et al. 1987, LaRossa and VanDyk 198%hlorella
Table 4. Effects of chlorsulfuron and branched amino acids (isoleu- (Landstein etal. 1990, 1995), and in a higher plant (Clay-
cine and valine) on callus growth &. edulis.Calli were treated with ton and Reynolds 1991, Rost et al. 1990). If the accu-
1 M chlorsulfuron alone or chlorsulfuron plus branched amino acids Mulation of a toxic metabolite induces a further physi-
for 2 days and washed with liquid medium. The calli were then cultured ological alteration of MSP cells, their highly integrated

on the medium for callus growth. Fresh mass was measured after 3 ce|| division might be disordered, terminating the normal
weeks of culture. Data are the mean = S.D. of five measurements. morphogenetic process.

Treatment Fresh mass (g) Another speculation is as foII_ow_s._ 5-FdUrd, aphidi-

Control 0.40 2 0.09 colin, and chlorsulfuron are all inhibitors of plant cell

CEI” o A= division, but the former two drugs arrest cell division at
orsulfuron 0.13+0.07 L .

Chlorsulfuron + isoleucine and valine the G/S transition (Hartmann and Heidelberger 1961,
Each at 0.1 m 0.27 + 0.04 Ikegami et al. 1978, Sala et al. 1983), whereas chlorsul-
Each at 1 rm 0.28+0.07 furon blocks it at the Gand G, phases (Rost 1984, Rost
Each at 10 m 0.28 £0.05 and Reynolds 1985). From the present study, we cannot

assert the relationship between the cell cycle stage at
which chlorsulfuron acts and disorganization of morpho-
genetic cell division oPassifloraoccurs. But there is an
plant cell division (Rost 1984) but has no effect on DNA, interesting report that is helpful in discussing this prob-
RNA, or protein synthesis or on respiration (Ray 1982a, lem. Oliev (1994) has reported that in cultures of the
1982b). We had therefore expected that the continuousunistratose meristem &iella helicophyllathe response
treatment of chlorsulfuron would affect the shoot mor- of cells treated with 5-FdUrd or aphidicolin differed
phogenesis oPassiflorato some degree. However, we from that of cells treated with chlorsulfuron. His result
did not expect that shoot morphogenesis would be inhib- suggests that the phase of the cell cycle differs with
ited strongly even when the MSP tissues were washedregard to auxin synthesis and competence to respond to
and transferred to chlorsulfuron-free medium. Earlier auxin. This difference is of interest for us to speculate the
studies showed that cell division arrested by chlorsulfu- cause of the morphogenetic inhibition because hormone
ron could be reversed by the removal of the drug (Rey- balance, especially between auxin and cytokinin,
nolds 1986, Rost and Reynolds 1985). We suspect thatstrongly affects plant morphogenesis. If the hormone bal-
the unexpected response of MSP tissue after chlorsulfu-ance is disrupted easily at a cell cycle stage at which a
ron treatment is caused by a difference in the mode of drug acts, for example at the, @hase, compared with
cell division between morphogenesis and callus growth. the other stages, it can be considered that the morpho-
The morphogenetic process in higher plants includes genesis of the tissue arrested at @hase is disrupted
mitosis, polarization, the formation of primordia, and the easily.
development of meristems, and it involves a series of
complicated physiological and biochemical events
(Reinert et al. 1997, Thorpe 1980), whereas callus or References
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