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. ABSTRACT

! ’ . . ! :

' D Stihkweed is susceptible to the herbicide chlorsulfuron Seedlings slowly' “'
’ metabolized the herbicide to nonphytotoxic proqucts At 24 and 120 h after

application 88 and 45% respectively of the applied chlorsulfuron was~still in the'v .

phytotoxic form Chlorsulfuron reduced shqot growth of stinkweed A spot
application of 7 ng (20, picomoles) per seedling to the’éoliage was suﬁ'icient to result in,_
a. 50% reduction in plant height fourteen days later Foliar absorption of
chlorsulfuron by stinltweed seedlings was slow; 12 - 25% of the applied amount in 24

h. ’l‘ranslocation of the herbicide out of the treated leaf was limited 1.7 - 2.8% of the‘_

S
applied amount in 24 h. One of the effects of chlorsulfuron treatment was'a reduction ‘

in the incorporation of 14C nto amino acids In shoot apical tissue when the shoot

* was exposed to l“COz, ln both intact plants and excised leaves chlorsulfuron reduced

the expo,rt of assimilates out of herbicide-treated leaves Twelve houxs after a spot
®

application of 1 ug assimilate translocation was reduced by 30%. In chlorsulfuron-_ ‘

treated excised leaves the. concentration of sucrose had increased. from 1. 7 to 4. 2-,_

nmoles/mg and the concentration of amino acids from 16.8 to 28 6 nmoles/mg 30h:

aft%r applic.ation of the herbicide Incorporation of 14C-activity into free amino acids
and into amino acids derived from soluble proteins extracted from chlorsulfuron-
treated leaves. exposed to 14C02 24 h after application of the herbicide was reduced 36

and 43%, respectively Supplying branched-chain arnino acids to stinkweed seedlings

prior to the application of chlorsulfuron prevented the occurrence of all eﬂ'ects,

Ry \
- described The observed reduction in assimilate transport is not due to an ell‘ect on the

synthesis of assimilates but on their movement out of the herbicide treated leaves It ,

is suggested that the limited phloem mobility of chlorsulfuron is due to the effect of

a

the herbicide on ‘the export of assimilates
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. INTRODUCTION

During the last few decades. chemical weed control has become an
increasingly important crop management practice for many farmers The use of
herbicides on the Canadian prairie provinckts alone has increased from 2 238 000 kg
| in 1958 to 14,233,000 kg in 1978 (Hay, 1980). Understanding the behaviour and action
.’ of these_ chemicals is basic to any recommendation for their safe use. Mode of action!
studies can provide information regarding the time-.and manner of application g
species susceptibility and the manner in which susceptible plants die.

In :ddition the study of the mode of action of herbicides has contributed
greatly to ‘the understanding of plant metabolism For example— the current
knowledge of plant photosynthesis has been gained in large measure through the
availability of specific inhibitors of electron transport The herbicides diuron and
-atrazine are such inhibitors. Many other herbicides are or have the potential to
become important tools for studying the physiology and biochem‘istry of{ plants. The
recently registei‘ed,herbicide chlorsulfuron has the potential to become such a tool ‘

The overall objective of this stud)@was to devclop an understanding of the
mode of action of the herbicide chlorsulfuron in a susceptible annual broadleaved
| ~ weed [stinkweed (Thlaspi. arverlse L )]. To attam this objective at-tention was focused
pl:lmai:i.l;Lo.n the events that t occur dunng the l'irst 24 h after foliage application of the
herbicide Several key questions have guided this study: (a) What is the effect of
chlorsulfuron on the growth of stinkweod seedlings? (b) Is chlorsulfuron absorbed by ‘
‘ stinkweed and s it subsequently translocated within the seedling? (c) Does stinkweed

metabolize chlorsulfuron to non-phytotoxic compounds? (d) Does, chlor-sulfuron

- ®

s

S

1 Throughout this study the term “mode -of -actfon"” is used to deriote the whole complex of
herbicide-plant interaction; "mechantsm of action” ‘indicates a specific metabolic pathway or
process that is affected directly by therherbicide; "site of action” is reserved for the speciﬂc site
at which the herbicide molecules act. -

I
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affect the metabolism of carbon compounds in stinkweed? (e) Is assimilate transport

affected by chlorsulfuron?

. The selection of stlhkﬁee_d as the mai.n' experimental species was bz_xsed on its
‘coﬂv“enie'nt' siie for exj)ei‘hﬁerital purposes, its high susgei)ﬁbﬂity to chlorsulfuron,
ahd “the availabflity c;f sufﬁgien’; seed to accpmplish'.vthis stuay.. Flax ‘(Linum
| usitdtté#um) and wheat (TrtticumA aestivum) were included in the metabf)lism studles

beqaﬁse 6.{‘ their ability to metabolize chlorsulfuron to non-phytotoxic products.

)

-
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2.1 The mode of action orfhexbicldes | .o

The herbicidal action of a chemical arises from its ability to interact with a
~plant In such a manner as to inhibit or disturb its growth in a detrimental manner
This Interaction usually involves an inhibition or disturbance of, or effect on, a
process essential to the growth of that plant/gased on what is known about the mode
of action of herbicides, several such interactions can be identified For example the
herbicidal effects of some chemicals can be - attributed to their effect on
photosynthests. For others the effect is on carotenoid biosynthesis The effect of some
herbicides can be attributed to their ability to,uncouple the synthesis of ATP from "
‘electron transport. A few herbicides are known to interfere directly with protein or

nucleic acid biosynthesis. Others interfere with micLl'otubule formation or function‘

*
<

during cell division Still others affect auxin metabolism
According to Fedtke ( 1982) in the study of the mode of action of herbicides six’
diﬂ'erent types of data can be gathered each yielding its own unique information
:about the interaction between herbicide and plant. Data about the time and method of
application required to. obtain a herbicidal effect provide information about the
.,sensitive growth stage and sensitive part of the plant. A survey of the sensitive tissue
yields information regarding the cell type affected by the herbicide. Cytological and o
microscopic observations might provide clues as to which cellular and subcellular
components are affected In addition by using autoradiographic or .
microautoradiographic techniques info‘mation about possible sites of herbicide
accumulation in the plant can be gained Investigations at the physiological level can

demonstrate the eﬁ'ect of the herbicide on in vivo plant metabolic processes

.Biochemical experimegts such as in vitro investigations witH isolated enzyme

%
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systems provide data on the inﬂuence of the herbicide on a particular metabolic

pathway Biochemical parameters such as the concentration of plant metabolites can
also provide the investigator w&tLh clues regarding the eﬂ'ect of ‘the herbicide on ™~

metabolic pathways Inforrnation about the.possible interaction of the herbicide with

- a protein, either an enzy\ﬁ;’e\ ora binding protein can provide evidence for the site of

.
¢ ‘

molecular interaction Le., the site of action

In addition to the fact that the understanding of the mode of acti'on of-a
herbicide is limited by g general lack of complete understanding of the physiological
and biochemical procesges involved in the growth of a plant, there is the diﬁ’i,culty of

distinguishing between the primary eﬁ:ect of the herbicide at the site of action and its

metabolic consequences, and the resulting secondary effects. Consequently‘. for many

of the currenthr available herbicides the understanding of their mode of action is
limited to a general knowledge of the time and method of application the sensitive

tissue the distribution and accumulation of the herbicide within the whole plant

; .following application and a broad description of Hpir inﬂuence on in vivo

metabolic systems. In the case of some herbicides detailed cytological work has been

l

'dor\e For others, a more detailed description of their effect on a metabolic pathway is

: available In the case ‘of only a few herbicides is there some under?anding of their

»

- action at a molecular level. Chlorsulfuron is cne of these herbicides '_ o

. /
2.2 Chlorsulfuron ( ,"'/
N j ‘ :
Chlorsulfuron belongs to the sulfonylurea class of herbicides (’I‘able 1 Blair

and Martin, 1988) The herbicides in this recently developed ‘group of compounds are

noted for their Tow rates of application and their low mammalian toxicity As a group
they already have proved to be very interesting from the point of view of their

structure activity relationships Slight modifications of their chemical structures

A

B
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have resulted in large differences in their selectivity patterns and their persistence in .
the sofl. Chlorsulfuron and metsulfuron are both selective herbicides that are used‘ for
broadleaved weed control in cereal crops Sulfometuron methyl is considerably less o
selective and is more persistent in soil. It is recommended primarily for long-term ‘

1]

vegetation control -

2.2.1 Agronomic use

In Canada, chlorsulfuron is x‘egistered2 for use in wheat, barley (Hordeum '
vulgare) oats (Avena sativa) and in reduced-tillage fallow, in the prairie provinces
and in the Peacc River region of British Columbia. ?Application of a postemergence'
spray of chlorsulfuron at a rate of 11 g/ha3 controls Juch broadleaved weeds as lamb s
quarters (Chenopodium album L), hernpnettle (Galeopsts tetrahi.t L), wild mustard
[Brassica kaber (DC.) L C Wheeler] volunteer rapeseed (Brassica iampestrts L.),
flixweed [Descurania sophia (L.) Webb], redroot pigweed (Amaranthus retroflexus L.),
stinkweed green smartweed (Polygonum sca.brum Moench) lady's thumb (Polygonu.m )

' persicaria L.) and cow cockle (Saponarta vaccarta L) At the higher recommended |
' rate 22.5-g/ha, chlorsulfuron also controls chickweed [Stellaria media (L.) Vill.],

kochia [Kochia scoparia (L.) Schrader], cleavers (Galium aparine L.), Canada thistle .
[Ctrstum arvense (L.) Scop.], wild buckwheat S(li’olygor‘tum convolvulus L) and Russian
thistle [Salsoli kalt L.) var. tenuifolia Tausch |. The addition of a surfactant to the'

.

- spray solution is recommended

e

-+
Fen
b

gy

2 Regiwtered under the trade name GLEAN. Registration no 17245, Pest Control Products Act.
" Canadian Patent no 1082189. _ . ' _ E .
-3 Unlfs otherwise noted, herbicide applicatien rates are recorded in grams of active ingredient

per hectare. o - . 4 _



Table 1. Sulfonylﬁxfea herbicides

Common name

TRADE NAME Chemical name and structural formula_
{Code name) . : : ) .
Chlorsulfuron 2-cl‘ﬂoro-‘N-[(4-metl;oxy-6-methyl- 1,3,5-triazin-2yl)amino -
GLEAN ' carbonyllbenzenesulfonamide : .
(DPX-W4189) : ' . ,

. Cl > ) ¢ . OCH3 ' v

A \9 - D)
'SO,- N-C-N Q N
, H H . N ( .
¢ . . : G"S .
Metsulfuron methyl 2[[[[(4-mcthoxy-6-inethyl-1.3.5-tr1azin—2-yl) .
ALLY R amino]carbonyl]amino]sulfo'n'yl]benzoate : :
~ (DPX-T6376) .- |

OCH34

e
®)

- G‘i3’.

Sulfometuron meth

OUST
(DPX-T5648)

yl Methyl 2-[[l[(4.6-dirnethyl-2-pynmld1nyl)amino]-
' carbonyl]amir_m]sulfonyl]benzoate

B
Ny
at
ES

~

AN ' . A



EXPRESS
(DPX-L5300)

l .

-

-2-[3-(4-methaxy-6-methyl-

- YA -
1,3,5-triazin-2y1)-3-

methylureidosulfonyl|benzoate

N ' :
N,——.-(
.‘ G_' a

¢ (DPX-M6316)

Methyl 3-([(4-methoxy-6-methyl- 1,3,5-triazin-2-yl)
-amin_ocarbonyl]aminosulfonyu-2—thlophenecarboxylate

OCH3;

Chlorimuron ethyl *

CLASSIC - .
- (DPX-F6025)

£

Bensulfuron methyl

LONDAX
(DPX-F5384) -

DR

I3

B

“’(‘ff-_



- -

2-{({l{4-ethaxy-6-(methylamino)-1,3,5-triazin- 2-xl]aﬁ£1no]- |

MUSTER ' carbonyl]amino]sulfonyl]benzoate :
(DPX-A7881) R
.0 .
SR .
COCH 4 A

‘/ .
]
“Triasulfuron N-(6-methoxy-4-methyl-1 Sﬁ-tnmm- -yl amino- - ¢
AMBER e carbonyl)-2 (2 -chloroethoxy)-benzenesulfonamide
(CGA 131-036) ' .
o , _<>CH3
N
OOy
N"—f'/ o
. OCHp—CHCl CH,
N

- Chlorsulfuron can be mlxed with difenzoquat v(1.2-dunethyl-3.5-diphenyl- 1H-. .
pyrazoliu‘rrt methyl sulfate), diclofop me‘thyl {me;flyl 2-[4}.(2.4-tiichlorophenoxy)-
phehoxy]-propanoate}. or ﬂamprop 'methyl >{rr.1eth.y1(i)—2-[N-(3-'chloro-4-ﬂuoro-
pher_xyl)benzamide]’-p‘rOpiona’te}'. enabling a farmer to control chlorsulfuron-
susceptible broadleaved weeds and wild oats’ (Avenct Sfatua L.) in cereal"c'x"o'ps‘ v(rith a .
single spray application. : |

Chlorsulfuron is recommerided only for ﬁse on crop'la;ud that is dedicate'd'
primarﬂy to the production of wheat barley, and oats, and that has a soil pH of 7.5 or.
less ’I‘he soll -residual activity of chlorsulfuron can injqre such crops as rapeseed

o,

"lentﬂs (Lentula lens), field begfxs (Phaseolus vulgaris) peas (P&!g(m sativumy, flax

sugarbeet (Beta vulgaris) and potatoes (Solanum tuberosum L) The mimmurn

-

7



reeropping interval4 on soils with a pH oi' 7.0 or less is 2 months for spring and winter
'wheat and’ 10 months for durum wheat ba:rley and oats. On solls with a pH of 7.1 to
7.5 this interval is 2 months for spring and winter wheat, 10 months for durum

e
~ wheat; anid 22 months for barley and oats.

2.2.2 Chemistry. toxicity, and structure-activity relatlonship |

Chlorsulfuron can be synthesized readily by reacting equivalent amounts of 2-
vchlorobenzenesulfonyl lsocyanate with 2-amino- imethoxy-G-rnethyl—l 3.5- triazine
.\ in acetonitrile at room temperature (Levitt et aL 1981) The resulting mixture is -
E ﬁltered and the precipitate is washed with ethyl ether to yield the desired product The
physico chemical properties of chlorsulfuron are presented in ’I‘able 2 (Anonymous
1983).

Chlorsulfuron is a weak acid that has been observed to degrade by hydrolysis
’I’liis%hydrolysis is pH -dependent and occurs fastest at PH levels below 7. The_ o
hydrolysis products are 2- chlorobenzene sulfonamide and 2 amino 4- rnethoxy-6-
» methyl-l 3.5- triazine Hern'nann et aL ( 1985) reported half—lives for chlorsulfuron
under indoor conditions of 92 hin- rnethanol 78 h in distilled water and 18 h in.
natural creek water. The photostability of chlorsulfuron was studied by exposing ~_
chlorsulfuron adsorbed to silica gel or montmorillonite powder to irradiation (< 290
- nm) for 6 h. ’I‘he half-lives were 60 and 66 h, respectively. Under outdoor conditions
half-lives for chlorsulfuron were 186 h in distilled water 31 hin creek water, 136 h

when adsorbed to silica gel, and 115 h when adsorbed to montmorillonite powder -

(Herrmann et al, 1985)

o -

4 The minimum recropping interval is the t.lme from last chlorsulfuron application to the
anticipated date of planting

9



' Tabie 2. Nomenclature and physicochemical prop

~ Decomposition temperature:

<.

¢

erties of chlorsulfuron

Chemical name:

o
Co&uﬁ_on ham¢: :
Prodﬂct name: -
Manufacturer:

Structural formula:

3

Molecular formula:
Molecular weight:

Physical description:

3

Melting point:

-Vapour pressure:
PKa:

1-Octanol/water partition
- coefficient:

Solubility:

Solvent

"Acetone
tlexane ) Py
Methanol ’
Methylene chloride
Toluene

" Water (pH 5)
“Water (pH 7)

Z

va

2-chloro-N-[(4-methoxy-6-methyl-1,3,5-triazin-2-

yl)ami_no carbonyl]benzenesulfonamlde

chlorsulfuron

GLEAN Weed Killer 75% Dry Flowable

DuPont

-

357.8

’ C12H12C1N504S

odourléss. white, crystalline solid

174-178C

192 C

4.6 x 10°6 mm Hg at 25 C

46

45
120

Temp. C
.22
. 29
22 .
22
22
25
25

LogP

© 1.05

- . .-0.67

£/100 ml
5.7

1.4
10.2

- 03

0.03
2.8

e

A



- , Chlorsulfuron is of comparatively low mammalian toxicity (Anonyrmous
1979) Its oral LDso for fasted. male rats is 5545 mg/kg The her%icide ‘has a low
| toxicity to wildlife and fish [oral LD50 >5000 mg/kg for quail(and duck. LCs0 (96 h)
>250 ppm for trout and blue gill], it has shown no mutagenic activity in the Ames test,
_ and its rates of excretion from mammals are very high (99.9% within 3 days)
(Herrmann et al., 1985) Neither chlorsulfuron nor its hydfolysis or metabolic
products have shown any potential accurnulation thfough - the food chain
(Anonymous 1980). “ .
- The 'guHonylurea compound’s can 'be viewed as a combination of three
'moieties aryl ring sulfonylurea bridge and heterocyclic ring (Figure 1); In the
development of chlorsulfuron optimization of the structure for herbicidal activity
was accomplished by varying one of these 1moieties at a time (Levitt 1982) In the aryl »
ring, ortho substitution (#2) resulted in the highest activity followed by substitution
at the meta position (# 3) Substitution at the para position (# 4) produced inactive
| "compounds ’l‘he substituent can be a variety of atoms or small groups except for a
free carboxylic group. Disubstitution at the two ortho positions # 2 and 6) with .
chlorine (Cl) produced a compound with the same activity as one that had a single Cl
substitution at one of the ortho positions
‘ With respect to the heterocyclic moiety of the molecule the highest activity
' was obtained with compounds that had a methoxy ( -OCHj) group in the X position and
a met_hyl ( CHa) group In the Y position. Substitution at the 5 position resulted in
lower herbicidal activity. The bridge connection at the # 2 position resulted in
compounds that had the highest activity. The greatest activity was obtained when z

‘ was a nitrogen (N) atom. Compounds with unmodified sulfonylurea bridges had the.

highest activity.
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Hg'ure 1. Basic chemical structure of sulfonylurea herbicides

.- 2.2.3 Absorption and translocation

-

o follage-of plants. Sweetser et al. (1982) reported that 24 h after the application of 1“C-

" A wide range of values are reported for the absorption of chlorsulfuron by the

-chlorsulfuron, on average 84% of the applied MC activity was absorbed by leaves of
susceptible sugarbeet soybean, mustard and cotton In tolerant wheat barley, and
wild -oats, 65% of the applied activity was absorbed dunng the same time period.
Hageman and Behrens (1984a) found less absorption by eastern black nightshade N
. (Solanum ptycanthum Dun) and velvetleaf {Abutilon theophrasti Medic.}).. In these
. - two species on average approximately 40% of the recovered I“C -activity had ‘been
absorbed by the leaves, 24 h after the application of ‘14C-chlorsulfuron. -
Devine et al (1984) have demonstrated that the detenntnation of the amount -
of herbicide absorbed by leaf tissue depends greatly on the method employed Their |
.. work with several species, leaf wash solutions and wasi techniques suggests that
rinsing a treated leaf twice with, or dipping it twice in 10% (v/v) aqueous ethanol,
effectively removes all of the unabsorbed herbicide. Using the xinse or dip technique
they found that 24-h after the application of 14C- chlorsulfuron approximately 20%
-

of the recovered activity was absorbed by leaves of Tartary buckwheat 1n the case of

' barley and Canada thistle the values. were 37 and 13% respectively



\ gl
Chlorsulfuron ‘or its metabolit_e(s) is g'anslocated in- both tolerant and o

e

susceptible species. Svyeetser et al. (1982) obsewed no différence between tolerant

. species (wheat barley and wild oats) and susceptible species (sugarbeet mustard

. soybean and cotton) in the amount of 14C activity translocated. out a leaf that had

been treated with 14C- chlorsulfuron, In all instances on average approximately 74%'
of the applied 14ce activity had been translocated out..pf the treated leaf, 24- h after E
applieation In eastern black nightshade and velvetleaf no diﬂ’erence was obsewed in |
.the amount of 4C- activity translocated out of the tréated leaf 4, 8, and 12 h after i'
application of “C chlorsulfuron (Hagernan and Behrens, 1984a) However 24 and 48
h after application more MC activity had translocated ou,t/of the treated leaf of the |
tolerant species eastern black nightshade (68 and 80% of the absorbed activity.
| respectively) ’fl':an of the. susceptible species velvetleaf (49 and 5;7% respectively)
' 2.2.4 Mode of action
One of- the most noticeable responses of susceptible plants to.a—fedi/ge or root 4
application of chlorsulfuron is a rapid inhibition of growth. In one of the first. re;\orts
on the mode of action of chlorsulfuron Ray (1980) reported that 48 h after placing the -
roots of corn seedlings in a solution of 2.8 nM chlorsulfuron the increase in root |
fresh weight was reduced. During the same tirne period the increase in shoot freshv'
- weight was reduced by chlorsulfuron concentrations of 28 nM or greater “The growth
rate of a leaf of corn seedlings whose foliage had been treated with chlorsulfuron was
" reduced within 2 H-after treatment Eight’ hours after treatrnent the growth rate was
only 20% of the growth rate at treatment time,. ’I‘hese observations suggest that
”chlorsulfuron acts vexy rapidly (Ray 1982b) , A
The rapid inhibition of growth is confirmed by observing, the_ effect of

chlorsulfuron on cell division in susceptible plants. In broadbean' (Vicia faba) the
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~ mitotic index5 of root tips was reduced from 6.4 to 0.9 divis'ion ﬁgures when the roots - -

» v

had beel& exposed to 2 8 nM chlorsulfuron (Ray,  1980). No effect on the frequency
distribution of the various mitotic stages in chlorsulfuron—treated root tips was

_observed Chlorsulfuron inhibits the incorporation of 3H- thymidine into treated corn

‘root and pea root tips Four hours- after treatment with 28 nM chlorsulfnron a 50%» e

'inhibition of 3H thymidine incorporation into corn root tips was observed (Ray,
1980). Observation of the effects of chlorsulfuron on the cell cycle of pea root tip

’ rneristem indicates that chlorsulfuron ixrhibits the progression of cells fror'n- the G2

"L lphase {pre- mitotic) to the M phase (rnitosis) and from the G1 phase (pre DNA

: synthesis) to the Q\phase (DNA synthesis) (Rost 1984) Cl"loxsulfuron does not appear |

" to exert an effect during the mitotic ‘phase-and the DNA synthesis phase Instead it |
appears to act during the transition phases. . | .

" The effect of chlorsulfuron on the growth rate of susceptible plants {s not due_
to an effect on cell elongation or expansion processes Chlorsulfuron at
concentrations,up to 28 nM did not affect the indole acetic acid-induced elongation of

'etiolated pea stems nor the cytokinin induced cell expansion in cucumber (Cucumts -
' sativus) cotyledons, nor di@ect the gibberellic acid-inducéd elongation of lettuce
(Lactuca satival hypocotyls (Ray, 1980).

In order to localize the site of action‘ of herbicides. enzymatically 1solated.

metabolically active, leaf cells and chloroplasts. can be used (Ashton et al., 1977)
_ When such cells obtained from soybean (Glycine maxj were incubated for dO 60, and
120 min with O 1 to 100 uM chlorsulfuron, no effect on the incorporation of 14CO, was

.observed-(Hatzios and Howe, 1982). In the same study no effect on the incorporation of

14C-leucine into protein' was observed, except at the*highest (100 uM) concentration.

\

5 The number of di\}iding cells per 100 cells.

[



and after a 120-min incubation period.. RNA synthesis measured by the

sy

incorporation of l4c. uracil was inhibited only at 100 uM chlorsulfuron with

incubatlon periods of 60 and 120 min. The incdrporation of 14C acetate into lipids ‘

was inhibited by 1 pM or greater. chlorsulfuron,concentrations and after 30- ‘min or

N
' ,longer incubation periods Based on these resuits, Hatzios and Howe (1982) concluded

that lipid biosynthesis was the most Sensitive and the first metabolic processl'

ed by chlorsulfuron

In similar experiments with leaf cells isolated from beans (Phaseolus vulgarls

_L) de Villiers etal (1980) found that incubation with 500 p.M chlorsulfuron for 120
‘min had reduced the incorporation of MC02 by 91%. Under the same conditions the

| : synthesis of RNA, ﬂ-otein and lipids was inhibited by 67, 59, and 64% respectively
Respiratipn was reduced by 26%. Since chlorsulfuron does not affect the light- induced
A’l'Pase activity of isolated chloroplagsts de Villiers suggested that it inhibits
photosynthesis by inhibiting PS II- mediated oxygen evolution However, Ray's work
| (1980) indicates that oxygen evolution oi' chloroplasts incubated with 280 uM

chlorsulfuron Is not affected. Since the inhibition of 1*CO, incorporation as reported

“. by de Villiers et al., (1980) occurred at high concentrations of chlorsulfuron tis

a

concluded that photosynthesis is probably not the primary site of action of

chlorsulfuron Most photosyntheéis inhibiting herbicides exhibit their effect” at.

much lower concentrations e 1uM.

»Although chlorsulfuron reduced the incorporation of 3H-thymidine into the -

DNA of corn root cells no direct effect on DNA synthesis has been demonstrated

Using. nuclei isolated from etiolated soybean hypocotyl tiSSue Ray (1982a)

dernonstrated that chlorsulfuron at concentrations up to 30 uM had no effect on the K

1

'incorporation of 3H-thymidine triphosphate. Neither was the activity of: the enzyme

DNA polymerase ‘extracted from Comm roots, aiTected by chlorsulfuron Chlorsulfuron

e

g
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did not affect the synthesis’ of the nucleosides requlred for DNA synthesis nor was the
phosphorylation of thymidine inhibited by the herbictde

A major breakthrough in the understanding of the mode of action of

«

."chlorsulfuron. and of its analog sulfometuron\ methyl. occurred when it was

dei'nonstrated. both with bacteria and with higher piants that the growth inhibition = |

caused by these herblcides cou]d be alleviated by the addition’ of amino acids to the

growing medium (Anderson and Hibberd, 1985; LaRossa and Schloss 1984; Ray,

1984a; Scheel and Casida, 1985) A comblnation of the branched chain arnino acids

L-valine and L—isoleucine each at a concentration of 100 uM In the growing medium

protected excised pea roots from the growth- lnhtblting effects of chlorsulfuron.
Chlorsuifuron, at concentrations up to 100 times that needed to cause mhibition of
growth did not aﬂ'ect the growth of pea roots in the presence of these two amino acids. |

This ability of the valine-isoleucine combination to allevlate the
chlorsulfuron-induced growth inh,ibltion'has been‘dernonstrated also in whole plants

(Ray, 1984a). When peas were germinated in the presence ot’ 28 nM cmorsulfuron:

nearly complete growth inhibition occurred. However, when 100 |.1M vallne and

lsoleucme/were included in the growing medium along with the chlorsulfuron,
normal growth occurred. Y’I‘hese results suggest that the mode of action of
chlorsulfuron involves the biosynthesis of valine and 1soleuc1ne.-

. ""In subsequent experiments, Ray (1984a)‘and LaRossa and Schloss (1984) found
that the enzyme acetolactate syrrth’ﬁge (ALS EC 4.1.3.18). the first common enzyme in
the blosynthetic pathways of valine ‘and 1soleuc1ne was strongiy inhlbited by
chlorsulfuron and metsulfuron methyl. As little as 28 nM chlorsulfuron mhibtts the
actlvity of this enzyme. There is no difference in the 1nhibitory effect of

chlorsulfurdn on acetolactate synthase extracted from susceptible or tolerant species.

In both instahces the activity of the enzyme is. reduced by chlorsulfuron This
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_strongly suggwts that the selectivity of chlorsulfuron is not due to diﬁ'es'ences in the

target enzyme ‘)
- Three isozyxi’xes.;'of ALS 'have.been found in the enteric bacteria Saimonella
typhimurlum (ALS I and 1) and Escherichia coli (ALS 1and III) (De Felice et aL 1982).
Of these isozymes ALS Iis compietely insensitive to the sulfonylurea sulforeturon R
_methyl, while ALS II and III are inhibited by this herbicide (LaRossa and Smulski, ,
1984). The inhibition of ALS I of S. typhtmurium by sulfometuron methyl exhibits
- biphasic kinetics. with an initial IQ of 660 + 60 nM and a final, steady state Kl of 65 + ‘
25 nM (LaRossa and Schloss 1984). This slow, tight binding is dependent upon the #
presence of pyruvate ’I’he inhibitiori is both reversible and uncompetitive It is not
antagonized by tHe participants. in the enzymatic reaction Le., pyruvate TPP, and
FAD. According to Fedtke and ’I‘rebst (1986), this suggests an allosteric type of

inhibition. . v

2.2.5 Resistance . i

In the yeast Saccharomyces Eerevtsiae. 5:1 ':'spontaneou Jniutants resistant to
sulfometuron methyl have been isolated (Falco and Dumas;:_ 'I-:985).’ Genetic a ysis
has demonstrated tl'rat thesg rnutations are dorninant tightly linked and located-on
the ILV2 gene that encodes acetolactate sy,nthasc An additional 15 sulfometuron *
methyl-resistant mutants have been isolated These do not have the mutation
] occurring on the ILV2 gene but at two other loct. The complete nucleotide sequences of
the wild- type yeast ILV2 gene and a resistant mutation have been determined. The.
' deduced amino acid sequence of the protein indicates. a single amino acid change,
%’om proline to serine, in the mutant, acetolactate synthase (LaRossa and Falco, 1984).

Several mutants resistant to chlorsulfuron and sulfometuron methyl have

i been isolated frorn cultured cells of tobaccb\Nicotiana tabacum) (Chaleff and Ray

-
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1984); Plants that were regenerated from these resistant isolates proved to be

icompletely resistant to’ chlorsulfuron at doses up to 100 times higher than that
- required to inhibit the growth of susceptible tobacco plants Using genetic analysis it
.was demonstrated ‘that resistance could be conferred by a homozygous single

dominant or semi-dominant mutation. Of the six mutations on. which linkage .
analysis was performed four were on one genetic locus. two on a segond locus. All six
mutations proved to be true mutations in that resistance was transmitted through
sexual crosses in accordance with conventional inheritance patterns The mutants

were- resistant to both chlorsulfuron and sulfometuron methyl.

The chlorsulfuron and sulfometuron methyl-resistant tobacco mutants were

used to demonstrate that these herbicides inhibit the enzyme acetolactate synthase R
(Chaleff and Mauvais 1984) The ALS activity-in extract$ obtained from normal
tobacco cells was inhibited 50% by 14 nM chlorsulfuron In contrast 8 uM

chlorsulfuron did not cause this level of enzyme inhibition in extracts obtained from

P
—~

resistant tobacco cells. Hence it appears that an altered enzyme is the basis for the .
' observed resistance )

This was " confirmed with chlorsulfuron resistant mutants of Ar&rdopsrs
thaliana (Haughn and\Somerville 1986). In'this species resistance is due to a single
dominant nuclear mut}ation at a-locus designated csrl that has 'been genetically '
mapped to chromosome-3. ALS activity in extracts of chlorsulfuron‘-'.resistant plants
was much less susceptible to inhibition by chlorsulfuron than the activity in extracts
of wild -type plants. Recently Haughn et al. ( 1988) have been ‘able to introduce the
mutant Arabidopsis ALS gene into tobacco plant by a Ti plasmid mediated
transfom‘at.ion ’I'he DNA sequence of the mutant gene differs from that ,of the wild

type by a <'ing1e base pair substitution, resulting in a proline-to-serine arnino acid

) ~
\
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shbstitution The cloned gene conferred over a 100-fold resistance to chlorsulfuron on
thé tobacco plants h
| axena and King (1988) have isolated several sulfonylurea-resistant cell lines

from h ploid cell suspension cultures of Datura lnnoxia P, Mill. These lines showed a

high (100- to 1000-fold) resistance to chlorsulfuron and sulfometuron methyl While'

some cell linés showed cross—resistance to imidazolinone herbicides (see section

2.3.1), others showed no cross—resistance at all.

-

2.2.6Eﬂ‘éctsonplgnt metabolism -

‘ Treatment of'-a susceptible plant yvith chlorsulfuron induces chlorosis,
ne‘crosis epinasty, leaf abscission, anthocyanin accumulation and stunting and
‘leads ultimately to the death of the plant. In the period between chlorsulfuron

- treatment and the death of the plant, several physiological changes can be observed.

"In velvetleaf seedlings a spray application of 35 g/ha resulted in a stimulation of the -

)

.

production of ethylene with a ‘maximum occurring 36 h after treatment (Hageman

\

and Behrens 1984b). In the" abscission zone this increase in th.e production of -

ethylene occur@d simultaneously with an increase in cellulase activity. In sunﬂower
seedlings th‘lapplication of 10 ug chlorsulfuron ¢e the shoot apicat tissue resulted in a
stimulation of ethylene production by the cotyledons the hypocotyls and the roots.
Measuring the ethylene production of. hypocotyls excised from chlorsulfuron-treated

seedlings, Suttle (1983) found that it reached a maximum 2 to 3 days after treatment

This coincided with an accumulation of ACCS, a precursor of ethylene. No effect on

©

ethylene production was observed when excised hypocotyls of untreated seedlings
were incubated with Chlorsulfuron In soybean seedlings, 1 ug chlorsulfuron applied

to the cotyledonary node resulted in an increase in the anthocyanin content of the
N

6 lFarninocyclopropane-l-carboxylic actd

g



, hypocotyl sectlons assessed 8 days late; (Suttle and Schrelner 198 1) ‘Similar results
A were obtained wlth sunﬂower seedlings. In thls case. an increase in both the total
'phenolic and hydrocinnamic acid contént in hypocotyls excised from treated
seedllngs was observed (Suttle et al. 1983). It is doubtful that these responses are
' mediated solely by ethylene Inhlbltlon of the action of ethylene by silver fons faﬂed
t& prevent the chlorsulfuron-lnduced anthocyanln build-up, and exogenous ethylene

- ‘had no eﬁfect on the cdncentratlon of phenollc compounds. “

t N '@,

2.2.7 Selectivity

| The selectivity of chlorsulfuron between tolerant and susceptible species is .
attributed to differences in the metabollsm of the herblclde (See Figure 2) (Hageman
and Behrens, 1984a; Hutehlnson et ap., 1984 Sweetser etal 1982). In susceptlble”
broadleaf species, little or no metabollsm of chlorsulfuron occurs during 24 h aﬂ:er
appllcatlon of the herblclde In tolerant grass specles such as wheat, chlorsulfuron is
rapidly metabolized by hydroxylation of the phenyl ring (metabollte A-1), followed by
conjugatlon with a carbohydrate moiety, resulting fn a polar, inactive O- glycoslde of
chlorsulfuron (metabollte A) In tolerant broadleaf species such as flax and black
nlghtshade (Solanum nlgrum L., detoxiﬁcatlon of chlorsulfuron occurs by
hydroxylation of the methyl group on the heterocycllc rlng (metabollte B-1), followed

//by conjugation wlth a carbohydrate molety (metabolite B).
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Fligurg 2. Metabolic pathways of chlorsulfuron in wheat and ﬂax Metabolites are
identiﬂed -according to references (Hutchinson et aL 1984, Sweetser et al; 1982).
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2.3 Other amino acid biosynthesis-inhibiting herbicides

The sulfonylurea herbicides chlorsulfuron and sulfometurch methyl are not
-. . the only two herbicides known to inhibit amino acid @osynthesis in plants (See
'Table~ 3). (LaRossa and Falco, 19{84)." Recently it has been reported that the
imidazolinone herbicide imazapyr also Anhibits the ‘biosynthesis of branched-chain
amino acids. The nonselective herbicide glyphosate inhibits the biosynthesis of
| aromatic amino acids Aminotriazole has been found to antagonize the biosynthesis

of histidine Phosphinothricin Is a competitive inhibitor of glutamine synthase

aﬂecting the biosynthesis of glutamine.

. \\-

\

]
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Table 3. -Herbicides that inhibit amino acid blbsynthes'lé." '
| Herbicide = _ Inhibited Target o Apparent - - Source -
- ' pathway . enzyme ‘ @ K, (nM} - '
Chlorsulfuron Branched . Acetolactate .7 Tobacco
chain = " synthase 2] . Pea
‘Sulfometuron Branched, Acetolactate - 60 Bacteria
- ®methyl chain - : synthase - 110 . Yeast
‘ : , B o : 16 Pea =,
Imazapyr . Branched Acetolactate. | - 12,000 - Maize
- L chain synthase L
.Glyphosate Aromatlc . 5-enolpyruvyl- - 110,000  Bacteria
: shikimate-3- . : :
phosphoric acid B
synthase R -

3-deoxy-D-arabino- 500090 Mung
o0 heptulosonate-7- ' bean
‘ phosphate synthase & :

re

Aminotrlazole' Histidine .
. hosphate

- Imjdazole glycerol 30,000 Bacteria
dméydratase

Rhosphinothricin  Glutamine Glutamine synthase  73.000 Pea

. 2.3.1 Imidazolinones

When corn suspension cells were mcubated with 10 uM imazapyr, growth of

= the cells was inhibited (Anderson and Hlbberd 1985) Accompanying this inhibition -

{ v,
was a reduction in the incorporation of radiolabelled amino acids into protein. The

" inhibition of protein synthesis ranged from_ 50 to 77%, 48 h after mcubation with
1mazapyr. Incubation of corn suspension cillture cells with 1 uM imazapyr for 48 h
resilted in an lncrease in the pool size of most of the free amino acids. except of valine

and leucine. Pool sizes of the latter were 52 and 279 /) respectively of the levels found

* in untreated cell cultures ’I'he effect of the herbicide could be alleviated if the cells.

K
were incubated ina medlum contalngg 1 mM of each of the branched-chaln amino

°
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acids. This suggesm that the site of action of imazapyr is one of the.steps in the

* blosynthesis of vallne. leucizie, and isoleuctne.

' that imazapyr binds to ALS, both in vivo and in vitro. Imazapyr is a slow, tlght-« -

.resistant to the imldazolinones The 150 values for the inhibitlon of ALS by the

23

Subsequently it -has been- demonstra ed that imazapyr lnhibits the action of

@
the enzyme ALS (Shaner et al., 1984). Mubhitch et al. (1987) have isolaled and purified

(49-fold) this enzyme from corn suspension culture cells They have demonstrated

blnding inhibitor of ALS. Initial and final (4 h later) K values for the inhibition of

the enzyme isolated from majze by lrnazapyr were 15 and 0.9 uM respectively. The _

inhibition appeared to be uncompetitive suggesting that the herbicide binds to the

[enzyme:substrate] complex (Shaner et al., 1984).

' Anderson and Hibberd (1985) have reported on a corn line (XA 17) that is

lmidazolinones were 1-10 uM in the wild type. and 3-30 mM in the resis%nt line ’l‘hls

resistant line was also resistant to the, sulfonylurea herbieides For this group the I,
o

values were 0 01 u.M and 0.3 uM, respectively (Fedtke an't 'I‘rebst 1986). The absence of

'cross -resistance - to irnidazollnones In some Datura innoxia cell llnes that are

resist;nt to sulfonylurea herbicides suggests that these two groups of herbicldes act qn

TP

slightly diﬂ"erent sites on the ALS enzyme (Saxena and King, 1988).’

The physiological responses of corn seedlings to an application of 1mazapyr'

have been rnonitored by Shaner and Reider (1986). They found that 24 h aﬁer a spray
application of 250ga.e. /ha to 21-day old corn seedllngs the level of neutra ugars in
the leaves had increased by 39% Using root tips excised from corn seedlings that had

their roots exposed to 150 uM imazapyr they found that protein synthesis and lipid

_ synthesis were not inhibited 24 h later. During the same period respiration and RNA

P

synthesis were inhibited by 32 and 15%. respectively while DNA synthesis was ‘

inh ited 70 to 90% The level of free soluble protein decreased 21%; total free amino



~
o

. .24
acid levels mcreased 32% The DNA synthesls mhibitlon did not bcgin until § to 7h

,ub

* after the application of lmazapyr and could be allevlated by an exogenous supply of

valine leucine and 1soleuc1ne

2.3.2 Glyphosate . i VP

Glyphosate is a patent inhibltor of the shikimic acid pathway (Cole 1985)

~This triple-branched pathway is found only in microorganisms and plants and 1s )

(o]

initiated by the condensatlon of phosphoenolpyruvate (PEP) with erythrose-4-
phosphate. The major endproducts of this pathway are the aromatic amino acids
tyrosine,. phenylala'mnc. and tryptophan. Phenylalanine feeds into’ sec_ondary
phenolic .‘con"l_POI-.lﬁd ?amways via the enzyme pheﬂylalaning ammonia-lyase (‘PAL.
" EC 4.3. 1.5) to prodace such phenolic cndproduats as lignin pfecursors. flavonoids, and

© tannins.

One of the primary sites of action of glyphosate appears to be the enzyme 5- 4

enolpyruvylshikimate 3-phosphate (E%SP) synthase (E.C. 2.5.1.19) (Amrhéin et al.,

1982). This enzyme found predominantly within the plastids (Smart and Amrhein
1987), catalyzes the formation of 5- enolpyruvylshlkimate 3- phosphate {rom
shikimate 3-phosphate and PEP. The inhibition by glyphosate of EPSP synthase

extracted from Nicotiana silvestris was uncompetitive with respect to shikimate 3-

phosphate (Rubin et al., 1984). In the case of EPSP synt-hase extracted from Klebsiella

pnieurmoniae or cultured cells of Corydalis sempervirens, the inhibition with respect

to shikimate 3-phosphate was noncompetitive (Amrhétn et al., 1982). In all,systems

examined thus far, glyphosate/is a competitive inhibitor of EPSP synthase - with 3

’ -respect to PEP. The following K; values for this inhibltion have been reported: Ptsum .

sativum 0.08 uM (Mousdal and Cogglns 1984), Klebsiella pneumoniae 1 uM (Amrhem

et al., 1982), Neurospora crassa 1.1 uM (Boocock and Coggins, 1983}, Nicotiana

.

y
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silvestrls 1 25 pM (Rubin, et aL 1984) and Corydalis sempervirens 10 uM (Amrhein et
| al, 1982) These EPSP inhibition pattenﬁ irﬁply a mechanism in which glyphosate
competes with PEP for binding to an [enzyme shikim@e 3- phosphate] complex
Binding of . glyphosate to this complex forms the. \terminal complex i
| [enzyme shikimate 3- phosphate glyphosate] A glyphosate -Tes _;tant carrot {Daucus
4 carota) cell line_ has been reported to have a 5.57fold Increase in EPSP activity and an
" EPSP _'protein level of 8v 7 times that of the wild type (Hauptman et al., 1988).
Another target for glyphosate appears to be the enzyme 3- deoxy-D arabino-
) "',.heptulosonate 7- p‘hosphate (DAHP) synthase (EC 4.1.2. 15) (Rlibin et al, 1982). This’
‘ienzyme the t one in the shikimic actd pathway, catalyzes the condensation of
'erythrose 4- phosphate and PEP to 7- -phospho-2-keto-3- deoxy D- arabinose-
heptonate In mungbean [V@na radiata (L) Wilczeck] two isozymes of DAHP synthase
| have been isolated. The one, stimulated sev%al fold by Mn?* (DAHP synthase-Mn), is-
Inot inhibiteggy glyphosate; the other, absolutely dependent upon the presence of C02+
“for activity (DAHP synthase Co), is’ greatly inhibited by glyphosate. This inhibition
which cannot be attributed to Co2* chelation by glyphosate, is competitive with
respect to erythrose 4-phosphate.
Attempts have been made to alleviate the growth inhibiqt)ory action of

a
}lyphosate by supplying the aromatic amino acids tyrosine, phenylalanine, and

W
tryptophan to the organism or tissue. J aworski (1972) dern_onstrated that the growth
inhibition of Lemna gibba and Rhizobfum japonicum could be overcome in this
manner. Although this reversal of growth inhibition" has heen demonstrate(:l in a wide
range of microorganisms and cultured plant cells only in the case of Arabtdopsis

thaliana has it een dernor?strated with: intact plants (Amthein et aL 1980; GresshofT,

1979; Haderlle et al., 1977; Roisch and Lingens, 1974; Roisch and Lingens 1980).

N

i
g
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Tolerance to glypl%sate'. has been found in plants that overproduced the

enzyme EPSP synthase. The glyphosate-tolerant cell line MP4-G of Petun hybrida ~

was shown to overproduce EPSP synthase messenger RNA as a result of 20 fold

ampliﬁcation of the gene (Shah et al., 1986) In case of tobacco a mutant gene
arcA locus of Salmonella typhimurium was inco;porated using the Agrobacterium
tumefaciens plasmid vector system (Comai et aL 1985) 'I‘his mutant gene encodes an
EPSP synthase with decreased affinity for #lyphosate due to a proline-to-serine
amino acid substitution When these transfort‘tobacco plants were sprayed with
. glyphosate, their tolerance to glyphosate was correlated with- the level of er;éssion
of the aroA gene. The greater the level of expression the greater the tolerance of the
tobacco to glyphosate n “

) When plants are treated with glyphosate. one result is an accumulation of
shikimic acid in the tissue (Amrhein."et al; 1980, Berlin and-Witte, 198 1)..Thi's .
accumulation: of shikimic acid, rather than of shikimic 3'-phosphate has been
ascribed to an enzymatic dephosphorylation of the latter. Because the synthesis of
aromatic amino acids is inhibited by glyphosate, decreased levels of the free amino
acids phenylalanine and tyrosine have been measured following 'application of the
herbicide (Ekanayake et al, 1979; Hoagland et al 1973’ Hoagland et al. 1579'
Holldnder and Amrhein, 1980 Jaworski 19727 Nilsson 1977, Shaner and Lyon,
1980) In contrast, the total amount of free amino acids increa”sed The result of this
deficit of aromatic amino acid{s' is a reduction in the synthesis of protein. In wheat the
soluble protein content decreased hy 68% after exposure to’0.5 mM glyphosate for 24 h
(Cole et al., 1980). No such reduction .was observed in maize roots (Duke and I-‘Iodagland..

1978} or soybéan axes (Hoagland et al., 1979). - "



" 2.3.3 Aminotriazolé
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The h'erbicide aminotri_azole7 (3-amino-1 2 4-triazole) rapidly inhibits the.

growth of the bacterium Salmonella typhimurium by inhibiting the biosynthesis of

-

histidine (Hilton et al., 1965). In vitro, aminotriazole inhibits the activity of the

accumulation of the metabolic intermediates imidazole glycerol phosphate and

reversal of growth inhibition was obtained w{hfn both histidine and purine were
supplied In higher ﬁlants application of aminotriazole does not result in a decrease

in the histidine content or an accumul’ation of the metabolic intermediates (Hilton

1969; McWhorter and Hilton 1967) Therefore inhibition of histidine biosynthesis, o

'doés not appear to be a primary site of action of this herbicide in higher plants.

4

2.3.4 Phosphinothricin v

* The experimental herl%icide phosphinothricin (2- amino 4- methyl phosphino

alanine) antibiotic produced by Streptomyces vtridochromogenes (Bayer et al., 1972).

"~ This herbicide is a competitive inhibitor of the enzyme glutamine synthetase (EC

6.3.12), the first enzyme involved in the assimilation of ammonia in plants (Leason et

al., 1982) The inhibition of glutamine synthetase in. !}igher plants results in an

/

accumulation of ammonia in the tissue. The following K, values for the inhibition of °

~ glutamine synthetase by phosphinothricin have{t l’&e.r) reported Eschertchla coli

0.0059 mM pea leafO 073 mM.

0 . - »

- oA

7 Trade name: Amitrole. American Cyanamid C%pany

_enzyme imidazole glycerol-phosphate dehydratase (EC 4.2.1. 19), resulting in the v _'

‘ aminoimidazole carboxamide ribotide The growth inhibition of S, typhlmurlum can

-

be all\eviated “partly by supplying the organism with histidi,ne A more complete A

: butyric acid) was initially isolated from a tripeptide (phosphinothrycil aIanyl-'



3. MATERIALS ANDMETHODS '
3.‘1.1 l’lant material
Stinkweed seedlings were grown from seed8 in 175-ml styrofoam cups ﬁlled
with ‘horticultural grade vermiculite The cups were subirrigated with nutrient
. *solution The reservoir was a wooden tray (77 by 57 by 6 cm inside dimension) lined
with polyethylene and covered with a hardboard lid with 48 holes, sized to
accornmodate the cups. The plants were grown in a growth cabmet at 23/ 19 C |
"day/ igh@emperatures with an 18 h photoperiod Fluorescent lights supplied a
phot thetic photon hux density (PPFD) of 800 ;,LE m2-s1, The relative hurnidity
was509%.
~——

In the chlorsulfuron metabolism experiments flax {cv. Norlin) and wheat (cv

»

Chinese Sprlng) seedlings were used also. These seedlings were grown under the same

conditions and in the same manner as the stinkweed seedlings ’

) 3.1.2 Nutrient solutions ) .
’Phe nutTTEIIt—SOIutions used threughout this study were half—strength
Hoagland s solution (Hoagland and Amon 1950) modified to contain 1.5 pg/ml iron
In éxperiments in which L-valine L—leucine and L-isoleucine were supplied to the

.

' seedlings the nutrient solution contained 1 mM of each of these compounds

3. 1.3 Herbicide
‘In all experiments, except the metabolism ‘experiments, chlorsulfuron, .14C-

labelled [phenyl-14C(U); sp. act. 152.1 Bq.mnole": radio-chemical purity, 98.9%] or E

8 The single source of seed used throughout this study was from a collection made on the
University of Alberta Ellerslie Research farm during the summer of 1982
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technical product (95% pure)9 ‘were applied in eight to ten droplets (10 ul total

volume) of application solution consisting of 10 mM. ‘Na,HPO, -citric acid buffer, pH

8.0, containing 10% fv/v) teDahydrofuran and 0.1% (v/v) surfactant!10 [50% (w/v)l_ R

octylphenoxypolyethoxyethanol] Using a Teﬂonm-coated needle syringell, the
droplets were placed randomly on the third or fourth true leaf of stinkweed seedlings
that ‘had five to seven true leaves The amount of chlorsulfuron ~applied varied

" between experiments and is reported .separately for each experiment Control

treatments consisted 6f eight to ten droplets (10 ul total volume) of application"'

solution without chlorsulfuron

For the metabolism experiments 14C-chlorsulfuron was dissolved in 10%

v/v) aqueous ethanol containing 0.5% (v/v) oxysorbic (2OPOE) (polyoxyethylene

sorbitan monolaurate) to a concentration of approximately 1050 Bq per 10 ul
solution. A rnicropipette was used’ to apply 10 pul herbicide Solution as eight to ten

. droplets to the tip of a young anded leaf (i.e the third leaf of wheat or the third or

fourth true leaf of stinkweed), 6r to two expanded leaves near the apex of flax plants

Jt_hat had 20 to 25 leaves. .

The technical chlorsulfuron was stored as a 500 ug/ml stock solution in
tetrahydrofuran in the dark at--20 C. For each experiment, the chlorSulfuron
treatment solutions were prepared freshly by pipetting the appropriate amount of

stock solution into a glass microvial evaporating the solvent, and adding the

appropriate amount of application solution Prior to application the microvial with.

the chlorsulfuron solution was held in a sonic bath for 1 min in order to ensure all

9 Technical and 14C_labelled ‘cm{rsulfuron were gifts from DuPont, Wil‘mington. DL
O citowett Plus, BASF Canada Inc., Calgary, AB.

Unimetrics 5000 sefles, Terochem Laboratories Inc., Edmonton AB. Cat. No. ’IPSOIO’I‘LC
Tween 20, Matheson, Coleman and Bell, Manuf. Chemicals‘Norwood OH.
13 Wiretrol 10 ;il Drummond Scientific Co., Broomall, PA '

J
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the chlorsulfuron was dissolved The l“C—chlorsulfuron was stored dry in the dark at

v,
-20 C. 'I‘reatment solutions were prepared by dissolving the 14C-chlorsulfuron in
: tetrahydrofuran and taking an aliquot. This aliquot was used to prepare the -
treatment solution in the same manner as described above The solution of 1"'C-v

chlorsuifuron in tetrahydrofuran was reduced to dryness again ‘'with a stream of

' nitrogen gas before storage | )
'/ .
.3.1.4 Assay procedures. , ' _ i

3.1.4.1 Sugar quantification f

The assay method for sugars was based on. the procedure outlined by Spiro
) (19‘_66). According to this method. an %uot of extract or exudate (50 or 75 pl) was-
COmbined with anthrone reagent (2 or 3 ml) in a 67hl culture tube : The tubes were
sealed with parafﬁn ﬂlm and. heated for 10 min at 95\ Cin an aluminum block. After -
cooling the tubes In ice, the absorbance at 620 nm was determined A standard curve,
prepared each time with stock solutions of glucose related the absorbai e to the
sugar concen.tration expressed as mM glucose equivalents

The anthrbne reagent was prepared by combining in a ﬂask 400 mg of
- anthrone with 16 ml of 95% ethanol and 60 ml deionized water ’I’chis solution 200
ml of concentrated H, SO was ad@ed very slowly keeping tjhe ﬂask cool with running

" water. 'I‘he reagent solution was stored in the dai;k at 4 C

3.1.4.2 Amino acid quantiﬁcation' 3
The assay method for amino acids was based on the Tprocedure outlined by
‘Moore (19\68) Forty microliters of extract was combined with 360 ul ninhydrin '

reagent solution“ in 6- ml Culture tubes The tubes were. sealed with parafﬁn fiirn and

** N 1632. SIGMA Chemical Company,’st.-Louis, MO, USA. ' s
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heated for 30 min at 90 C in an aluminum block. Aﬁer letting the tubes cool to room

temperature. l 6 ml water'l-propanol (1:1, v/v) was added. The contents of the tubes

were mixed with a vortex mixer and the absorbance at 570 nm was determined A

&,

17

Ry A r

standard curve, prepared each time with sto%k sol'utions of L-leucine, related the

: 'absorbance to the amino acid concentration expressed as’ mM leucine equivalents.

All samples were assayed, in duplicate *

-

3. 1.4'.3 Sample .combm;tion and liquid scintillation spectrometr-jr

Sample combustion was done in a biological sample oxidizer 15 using
Carbon-14 cocktail or trapping the MC02 liberated during the cornbustton process.
For sampl&s that contained both 3H and 14C, the water containing the 3H was trapped
in Aquasol 2 Sample combustion time ranged between 2 and 4 min, depending

upon sample size When samples with a high 4C-activity were combusted, two vials

. filled with carbon dioxide-trapping cocktail were used in series.

All radioactivity dete‘rrninations were done by liciuid scintillation
spectrometxy (LSS){ 8, using standard vials. Aqueous aliqupts of volumes greater
than 150 ul were counted ustng Aquasol-2 or Ready-SolvT™ MP19 as the cocktail In
all other instances a cocktail consisting.of toluene : 2- ethoxyethanol PPO : POPOP
(670 330-: 4 1, v/v/w/w)20 was used. Appropriate quench. correction curves were

generated for each cocktail-aliquot combination used.

15 l-iarvey OX300 RJ. l—larvey lnstrument Corp.. Hillsdale, NJ

See address In footnote 15. ‘
NE- 952 NEN Research Products, Dupont Canada.

8 Packard Tri-Carb® 460 CD or Packard Minax{8' Tri-Carb® 4000 Series Liquid
) Scintillation Counter; Packard Instument Company, Misslisau' o) -
9

No. 158728 Beckman Instruments, Inc.. Galway, Ireland.

" PPO - 2,5- diphenyloxazole
POPOP - 1.4- bis 2- (5-phenoxyloxazoyl) benzene .

ot
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. 3.3 Growth measurements
)

" - and did not;touch the balance Just before taking a reading the meniscus level of the

21-

32
3.2Doseresponse - ‘

Chlorsulfuron. in doses ranging from 0.1 to 5000 ng per plant was applied to. -
the third leaf of stinkweed seedlings that had four true leaves Fourteen days later the
seedlings were harvested, and shoot height and fresh weight were determined. After
drying the, shoots for two days at 70 C, the shoot dry weights were d;termined ’I‘he

experiment vgés done Mce with four seedlings per dose. <
M RSO

PR

In order to ménitor the effect of chlorsulfuron on the growth of stinkweed
seedling non—destructive}y (a) the daily increases in the shoot weight of individual
seedlings were deterxnined and (b) the rates of elongation of emerging true leaves were

rneasured on a continuous basis

4 L e

3.3.1 Increase in shoot fresh weight

Stinkweed seedlings were mounted in pieces of plexiglass {5 x 5 cm), with their

- roots protruding through a 5-mm diameter hole into nutrient solution. The seedlings

were kept in:place by means of a piece of paraffin ﬁlm taped to the underside of the

plexiglass. Fresh weights of the shoots were determined daily by placing the seedling-

' plexiglass assemblies on.a wire frame that was mounted on an electronic balance21

(Figure 3). While on this balance the roots were hanging in a 1251l sidearm suction

flask filled with nutrient solution This flask was supported by a laboratory stand
L I

-

nutrient solution ‘was adjusted, by means of a syringe attached to the fiask, as close as

possible to the underside of the plexiglass without touching it. Assuming that the

» density of the roots approaches that of the nutrient solution,_.the actual increase in

‘Mettler AC100
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shoot fresh 'weight over time corresponds to the increase in the weight of the seedling-

ple:dglass assembly o,

.fh

Figure 3. Assembly of flask and balance used to weigh the shoots of stinkweed
seedlings ‘

3.3.2 Rate of leafclongation - )

o Eight hours before herbicide treatment the venniculite was carefully washed
off the roots of stinkweed seedlings, and each seedling was mounted with cellulosé '_
' ﬁller ina piece of plexiglass (10 x 10 cm), with its roots protruding through a 10-mm
diameter hole into nutrient solution The elongation of the fourth true leaf was
‘ .monitored by means of an angular displacement transducer (Figure 4) that was

: ,interfaced with a datalogger LA cus‘tom_-built sensor arm rested against the tip of the"

’
3

? ' Metripak Transducer, Model 33-03. Gould Inc ‘Brush Instx‘-ument Systems Division 363 1' e
Perkins Ave., Cleveland, OH. : ,

CR21 micrologger, Campbell Scientiﬂc lnc.. i UT
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leaf. Due to the symmetrlcal design of the sensorarfn the force exerted on the leaf was

only 130 mg. The datalogger was programmed to record the output signal of the
transdu;,:er once per minute (1 mV corresponded to 10 ym of vertical displacement of
the sensor arm) ‘The data recorded by the datalogger were transferred to a computer
by means of a cassette tape, a tape recorder and a modem24 Data were recorded from
2 h before herbicide treatment untﬂ 10 h after. A]l experiments were conducted in a
‘growth cablnet at 20 C, 50% relative humidity, and at a PPFD of 800 puE'm2s "
»supplled by both incandescent and fluorescent lights. For each treatment,

measurements were taken on three seedlings.

Figure 4. 'Radial transducer momtoring the rate of leaf elongation of a stinkweed
seedling. . .

m D < : - Py . v -
C20 Cassette Interface, Camipbell Scientific Inc., Logan, UT.
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3.4 mnsxocatiog_qf_chiorsuuumn . L
A Translocation of chlorsulfureh in ‘stinkweed seedlings was assessed by two
‘methods. In the first method, the distribution of 14C-activity among the varlous parts
" of the seedlings at different times after application of 1"C-chlorsuli‘t.iron to a leaf on t
z’the roots was determined. In the secbnd method, a mutilation experiment. the effect
. of the length of time a chlorsulfuron-treated leaf remained attached' to the rest of the
seedling, on the dry w\ewof the shoot 14 days after herbicide treatment, was

determined.
- ! ,
3.4.1 “C-Chlorsu.l&xgn translocation

~ 3.4.1.1 Follage application

Two serles of experiments were conducted In the first series, stinkweed
seedlings were. harvested 1,2,3,6,9, 12, and 24 h after application of 500 Bq of l“C-
ch o:sulfuron to the: third true leaf. The amount of herbicide present on the leaf
surfaces at harvest time was determined by rinsing the treated leaf three times with 5
ml 10% (v/v) aqueous ethanol (Devine et al., 1984), dispensed with an automatic
-pipette The radioactivity in the rinse solutions was quantified by LSS The
vermiculite was washed off the roots and each seedling was divided into four parts,
ie., roots treated leaf, shoot apex and the remaining parts of the shoot. The pl’ant
parts were stored at -20 C until they were combusted The experiment was performed
twice with three seedlings per treatment. ’ ' -

The second series of experiments was conducted in a manner similar to that h
_described above except ﬁ'iat the radiolabelled chlorsuli'uron was applied to the third
_or the fourth true leaf of stinkweed seedlings Seedlings were harvested 6, 12, 24, and

=

= Finnpipette, 1 to 5 ml adjustable, Labsystems OY; Helsinki. Finland.




48 h after treatment.

' 3.4.1.2Root application’ ~

| Stinkweed seedlings were placed with theu; roots in 6-ml culture tubes

containing 820 Bq of !4C-chlorsulfuron in nutrient solntion. The chlorsulfuron
concentration in the nutrient-solution was 1 ug/ml. The culture 'tubes were 'wrapped in
alurninum foil and the seedlings were held in place with paraffin film. 'I'hroughout
the course of the experiments the nutrient solution level in the tubes was checked
every 4 h and, if required, it was adjusted to the original level with delonized water. At
harvest time, 1, 2,;. 6. 12, 24, and 48 h aﬁer the start of t_he ‘experiment. the seedlings
were removed from the culture tubes and the roots were dipped in defonized water for
30 sec. The nutrient solution and the water in which the roots were dipped were
tranSferred to scintillation vials and the !4C-activity was assayed by LSS. The roots:
. were blotted dry, weighed, and stored at -20 C. Each shoot was divided ll'ntofour parts,
Le., atplcal tissue, ‘third true leaf, fourth true le;f. and remainder of the shoot. The
parts were weighed, and stored at -20 C untll combus_tion. The expertrnent was

3

performed twice with three seedlings‘per treatment.

3.4.2 Serial mutilation

Stinkweed seedlings were treated by applying 1 ug chlorsulfuron to the third‘

true leaf. The treated leaves were removed at diITerent tirnes after the herbiclde-

applicatlon F ourteen days after the chlorsulfuron treatment, the seedlings were -

harvested and the dry weight of the shoots was determined aﬁer drying at 70C for 2 °

days. The experiment was performed twice with six seedlings per treatment.
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3 A

3.5 Metabolism of chlorsulfuron K
. In order to determine to what extent stinkweed seedlings metabolize
chlorsulfuron a simple procedure was developed to extract chlorsulfuron and its

metabolites from plant tissue that had been treated with “C chlorsulfuron

3.5.1 _Method
14_C-chlorsu1furon (1050 Bq) was applied to flax, stinkweed, and . wheat
seedlings (see section 3.1.3). The seedlings \:r)ere harvested 5 days after*treatment. ’I‘he
amourit of 14C-activity remaining on the leaf surface was determined according to the
method described in section 3.4.4.1. The»‘fe?!rmiculite was washed off the roots and the

seedlings were wrapped in aluminum fol and storedgf'l't -20 C.

3.5.1.1 Extraction procedure ' - - -
The frozen plant tissue was cut fito small seo,tiwns (10 to 15 mm wide and up to
50 r.nm long} and ground for 2 min in 25 to 50 ml deionized water in a blender at full
speed (Figure 5) (Bestman et aL, 1987). The ground tissue was transferred to a 250-
' centrifuge tube and the. blender was rinsed with 25 m] deionized water After
.centrifugation (10, OOOg 10 min) the supematant was filtered into a 900-ml glass jar“'
. ‘through Whatman No. 1 filter paper using a 7.5-cm buchner funnel. ’l‘he pellet and the
residue were reground in 25 ml deionized water, the suspension was centrifuged and

the supernatant was filtered into the jar as described previously The filter paper and

pellet (Pellet I, Figure 5) were. dried 3t 60 c and combusted.

I

@

cm

T

% Model 700A., Waring Products Corp., New ?orle: NY.
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ngre5 Flow diagram of extraction, separation, and quantification of 14C-
chlorsulfuron and its metabolites from plant tissue.

. An equal volume of cold (-20 C) acetone was added to the filtrate tovprecipitate

‘the protein. The jar was covered with paraffin sealing film and stored at 4 C. After a

minimum of 12 h, the liquid was transferred to 110-ml glass centrifuge tubes and

centnfuged (IOOOg. 10 rnin). The snpematanL'Was filtered through Whatman No. 1

filter paper directly into a 500- or 1000 ml evapor’&tin& flask. The filter paper

’together with the pellet (Pellet 1I, Figure 5), was dried and combusted as described

above. The acetone in the supernatant was evaporated at 40 C using a rotary

evaporator and the remaining water fraction was transferred to a freeze drying

——
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flask. The liquid in the ﬂasks was frozen using a dry ice/acetone mixture. in such a

mannerastocoatthewallsoftheﬂasks . S

-~ T
3

Aﬁer freeze-drying. the residue was dissolved in 10 to 20 m! deionized water.

- The lquid was transferred; to a 25-rnl pear-shaped boiling flask and reduced to

dxyness with a rotary evaporator (50 C). ’I‘he residue was dissolved in 1 ml de louized' |
- water and transferred to a 1.5-ml polyethylene centrifuge tube. ’I‘wenty microliters of
- a solution of 3H-sucrose [fructose 1-3H(N); spec. act. 133.2 kBq-nmole";

radiochemical purity 99.5%] . containing 830 Bq'.‘\'vas added as an internal °

standard. The tubes were centrifuged (8.000g, 2 min), and a 100-ul aliquot was assayed
by LSS: The ratio between the 3H- activity in this aliquot and the amount of 3H-
sucrose added initially as the intemal standard was ‘used to calculate the total

amount of 4C- activity in the extract

3;5.1.2 Chromatography ‘

A reverse-phaSe preparative chromatography colum'n28 was prewetted with 5
ml methanol and flushed with 10 to 15 rnl aqueous 0.1%. (v/v) formic acid. Using. a
250- or 500—u.l sample loop, plant extract was loaded on the cartridge and eluted with a
step gradient of aqueous 0.1 % (v/v) formic acid and methanol at a flow rate of 0. 5

ml/min. A peristaltic pump was ‘used to maintain this flow rate The steps in the ..

gradient were O, lO 25 35, 45, and 100% methanol. In order to obtain a

chromatogram, 2-min fractions were collected directly into’ Jiquid scintillation
vials to which 10 ml scintillation liquid was added subsequently The radloactivity
v?/as determined by LSS. For each Species a minimum of six plants was used to obtain

chromatograms.

z NET-341, NEN Research Products, Dupont Canada. Lot no. 1060-276.
SEP-PAK C) g cartridge, Waters Assoctates, Milford, MA.

v
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In order to determine the extent of chlorsulfuron metabolism in each species.

_the 'total amount of radioactivity eluted by the various methanol concentrations in

“'the step gradient was obtained by collecting the eluent at each methanol

V.,.concentration in a 50-ml evaporating flask, evaporating tlie contents to dryness,

redisSol’ing it in 1 'ml of 45% aqueous v/v) methanol “and transferring it to a
scintillation vial. The experiment was conducted twice using extracts of four plants -

of each species that were chromatographed individually with the activity in each

bulked fraction determined separately. .

o

3.5.1.3 Beta-glucoéidase assay
In order to determine which fraction contained the O- glycoside metabolite of
chlorsulfuron. the total eluent at each methanol concentration was collected and

' reduced to dryness as described above. For each fraction, the residue was dissolved in

,l ml O. l M sodium acetate. One 450-ul aliquot was incubated at. 35¢C for 24 h with 500 -

@uase (EC 3.2.1.21, 1010 units mI*1}2° n 0.1 M sodtum acetate (pH 5.5). A
[0 SR 7
-ul aliquot was incubated with 500 pl of 0.1 M sodium acetate. After
&%
ml of cold (-20 C) acetone was added-and the samples were stored for a

minimum of 12 hat4C. Foﬂbwing centrifugation (1000g, 15 min), the supema(;nt
was transferred to a 10-ml evaporating flask and reduced to dryness. The residue-was
dissolved in 200 ul aqueous 0.1 % (v/v) forinic acid and chromatographed as outlined

above. The experiment was conducted twice, using extracts of four plants per species

—

each time. -

® Calbiochem-Behring, La Jolla, CA. Lot No. 202868
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3.5.1.4 Herbiddal activity assay ‘ ‘
Extracts of p&ants of each species were used to determine the herbicidal'
activity of the various fractions separated by the chromatographic procedure

described. Following chromatography. each methanol fraction was reduced ¢o

dryness and redissolved in 130 ul of the herbicide application solution described in

section 3.1.3. The radioactivity content of a: 10 -ul aliquot was assayed by LSS Of each -

‘fraction, a total volume of 50 ul was applied in eight to ten droplets to a young, .
expanded leaf of a stinkweed seedling that had six to eight true leaves. These plants
were grown from seed in 450-mi plastic cups filled with an autoclaved (130 C, 138 kPa,
45 min) soil:sand:peat (1:1:1, v/v/v) mixture, The cups were watered daily with care

being taken not to wash the applied material off the leaves. Shoot heights and ‘Fi'esh

. and dry weights were. determined 13 days after treatment. The data presented are.

based on the results obtained with extracts of four plants per species. Each extract was

applied to two stinkweed seedlings.

3.5. 2 Eztent of chlorsulfuron metnbolism ln stinkweed seedlings
v. 1“C chlorsulfuron (500 Bq) was applied to the third true leaf of stinkweed
- scedlings. At 12 and 24 h after treatrnent the seedlings were harvested The amount of
14C-activity remaining on the leaf surface was determined according to the method
described in section 3.4.1.1°7 ’I‘heﬂseedlings then were stored at -20 C. The frozen tissue
| was extracted (see section 3.5.1.1.), and the extracts were chromatographed (see
section 3.5.1.2.). ’l‘he eluents for each methanol conc‘entration were bulked, reduced to

dryness, and assayed for “"‘C activily by LSS The €xperiment was done twice with

‘three seedlings per treatment
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3.6 CO,~ﬂxatlon and asaimilate translocation _

The eﬂ'ects of chlorsulfuron on C02 fixation and assﬁnilate translocation
were studied by means of 14C02-pulse labelling experiments conducted in a custom-
made assimilation chamber. o _
3.6.1 Design and construction of assimilation chamber

' The assimilation chamber was constructed out of such inert materials as
aluminum. brass. glass, vstainless steel‘ and Teflon™, The chamber could-
accommodate up to six intact stinkweed seedlings in such a manner that the roots, a
single leaf of each seedling, and'»the remaining parts of the shoots were in three
completely separate compartments (Figures 6 and 7). Seals between the inner
compartment, containing/the intact single leave\s and the outer compartment
containing the remaining parts of the shoots, and between the outer compartment
and the root compartment consisted of cellulose filler"0 a.round‘the stems and the

petioles. A

3.6.2 Experimental procedure .
s‘Except in the experiments involving excised leaves all herbicide treatments |
were applied to seedlings that were mounted in the assimilation chamber 12 to 14 h .
earlier.' Treated seedlings alternated with control seedli’ngs All herbicide
applications were made at; 0800 hrs, following a 10- h dark and 2-h light period
The. Co —ﬂxation rates of the leaves and shoots in t'he inner and outer
compartment of the assimilation chamber respect_ively were calculated on the basis
of the ﬂow rate of the air through the compartments and the difference \WHCO

concentration between the air going into the cl’xamber and the retuming air. The
S

, 0 Polyfilla, Lepage's Limited, Bramalea, Ont.

v



concentration of CO, in the air was determined by gas-liquid chromatograph

Hydrocarbon-free air of known CO, concentration was supplied indepen-

/
! .

gﬁdgntly ito both the inner compartment and the outer compartment at a rate that

maintained a CO2 concentration of 400 +25 ul/L within each compartment The roots
of the seedlings were placed in individual glass cups containing 15 ml nutrient
solution. In order -to maint?in t_he air temperature ‘within the chamber at 2010. SC

the entire chamber was placed in a temperature-controlled. water bath Both

incandescent and ﬂuorescent lights supplied a photosynthetic photon flux density of

300 uE m 2.5 at the level of the seedlings in the chamber The relative humidity in the

qu

v.chamber was 40%

- 3. 6 3 l‘002 labem.ng procedure
Uniformtdistribution of 14CO, within the assimilation chamber during the

v labeling period was obtained by generating 1"CO from [14C]- NaHCOa and lactic acid
‘in an assembly external to the chamber and circulating it by rneans of a peristaltic
pump through a closed loop connecting the appr(;priate compartment and the 14CO,-

’generating assérnbly During the labeling period the CO, concentration within the

compartment was maintained at a ng@r constant level by pumping a SOdanu

. bicarbonate solution into the lactic acid in the 4CO 2-generating assembly at a rate
‘ equivalent to the net rate of” CO m,corporation In all instances this experimental set-

y. up resulted in more than 95{5 incorporation of the total amount of 14C- -activity

'supplied }‘he 14co, liberatjed following the - labeling period was trapped in CO,-
.o
trapping ﬂuor or in 15%: ’-(gv/v) KOH
LR -
59 é :

.v‘.

Hewlett Packéd 5830A gas chromatograph equipped with a Porapak Q column (80 - 100
mesh) and 4 thermal conductivity detector, 50 C, hellum carrier gas flow 60 ml/min. -

Purchased as sterile aqueous solutions in glass ampoules. NEC- 0868 NEN. Research -

Pmducts Dupont Canada. I.ot numbers 670-218 and 2156-008.

T
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compartment SR . ; S t ‘ &

L 5 :
i3
(’.
- 3

Figure 7.  Baseplate of assimﬂation chamber with the six glass cups for nutrient '

solution, the- syringes connccted with Teflon™ llnes to each cup, and the 'I‘s‘:ﬂonTM air - o
lines for the inner and outer compartment

1



~ the outer compartn}ent
/

3.7 Intact seedling experiments -

3.7.1 Incorporatlon of “C-actlvity into varlous fractions following exposure to “COa.

St!nkweed seedlings were mounted in the assimilation chamber in such a

rnanner that the third true leaf of each seedllng was in the inner compartment (Figure

'8). The leaves in the inner compartment were treated with 1 pg chlorsulfuron and the

4
chamber was closed. At 3 6.9, 12, and 24 h aﬁer chlorsulfuron treatment the leaves

in the inner compartment were exposed to 740 kBq l‘*CO2 for 30 min. Following a 90-

min chase period, the seedlings were harvested by dividing them into four parts, ie.,

the 14C02'-tfeated leaf, the shoot apical tissue. the remaining part of the shoot, and the

roots. Each part was weighed and then‘froz /1 with liquid nitrogen. All parts were

~ stored in closed vials at -20 C. , ) >

Figure 8. Stinkweed seedllngs mounted in assimilation chamber The third true leaf
of each seedling is in the lnner compartment, the remaimng part of each shoot is in

Lo : - “
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The apical tissue and the treated leaf were extracted according to the
. procedures &ﬂined in sections 3. 9 1. to 3 9.4. The experiments were done twice with

By
three seedlings ‘per herbicide treatment

- . ‘ 4
3.7_.2 Assimilate translocation , )
4 7
The effect of chlorsulfuron on the translocation of assimilates in stinkweed
. seed'lings was studied (a) in terms of an effect on assimilate translocation out of the

herbicide treated leaf, and (b) in terms of an effect on assimilate translocation out of

the leaf adjacent to the herbicide-treated leaf.

3.7.2.1 Chlorsulfuron and 14co, applied to the same leaf

o
)

@ The experiments were conducted in a manner similar to the ones descﬂbed in
~ section 3.7.1, except that (a) the leaves in the inner compartment of the assimilation .
chamber were exposed to ! CO2 at 6. 12, and 24 h after herbicide treatment, arid‘(b) all
plant pta‘rts were combusted. The ‘experiments were. done three tim'es with three

seedlings.per herbicide treatment.

3.7.2.2 Chlorsulfuma, and 14CO, applied to adjacent leaves

.

)ugm
These expeﬂments were -conducted in a manner similar to those described in

section 3.7.2.1, except that the fourth true leaf of each seedling was in the inner
compartment of the assimilation chamber. The’ herbicide treatments were applied to
) °v~;;~t§‘,v¢.the. third true leaf in the ‘outer compartment. The leafes in the inner compartment
were exposed to 4CO, at 6, 12, and 24 h after the herbicide treatment. The experiments
R
S}\:verwe done three times with three seedlings per herbicide treatment.

"3.7.2.3 Uptake of !4C-leucine by the roots and distribution of 4C-activity

The iiptake of amino acids by the roots of stinkweed seedlings was studied by

~ supplying !4C-leucine [L-@(U): sp. act. 12,802 kBq-nmole"!; radidbhemi&a&urity

- : W



tell . . -

wale

- s T a7
99.7%]3 to the roots and determin.ing the .Subsequent distribu‘iﬁ)n of 14C- activity

h’ 4

within the seedlings. The roots were slat:ed th 6 ml nutrient solution containing 167.

g 0 9

Y
kBq of “C leuctne and 1 mlyf ‘concentration of each of the amino acids L-vaiine, L-
leucine and L-isoleucine. The seedlings were harvested 1, 3. 6, 12, or 24 h after the
start of the experiment. All plant parts were combusted, The experiment was done

“tivice with three seedlings per tneatment : Q

«

3.8 Exudation from excised leaves

b
[}

Expenments with excised lea(r;es were conducted using only the inner
compartment of the assimilation chamber Six 1.5-ml cggrifuge tubes were rnou’ng d
with cellulose filler in the fnner coxhpartment of the assimilation chamber A
'I‘ellonTM line ran from each Ce_ntrifuge tube to the outsid& of the assimilation
chamber, where it was connected to a 5-ml syringe This design permitted rapid
replacement of the exudation solution during the course of experiment without
opening up the inner compartment. K

- Phloem exudation from petioles of excised leaves. is influenced by the .
concentration of EDTA in the bathing solution (Groussol et al, 1986; King and
Zeevaart, 1974). In order to establish the optimum EDTA conce'ntration the third or .
fourth true leaf of stinkweed seedlings was excised, the petioles were recut under
water, and the excised leaves were placed with their :)etioles in individual 1.5- -ml
"centrifuge tubes containing 5 mM phosphate buffer (pH 6.0) with EDTA .
.concentrations ranging from 0.1 to 20 mM. The centrifuge tubes with the leaves were
placed in a plexiglass chamber (50 by 28 by 98 cm inside dimensions) within a growth
cabinet. Moist air was pumped through the chamber at a rate of 1 L/min. The

« *

temperature in the 'chamber was 25 C, the relative humidity was 60%, arid the PPFD

B NEC-279, NEN Research Products, ‘Dupont Canada. bot no. 1669-161.

.,




L S » |
at the level oft%-le;avésx‘fvas 600 pE'm?:s'1.~At 2, 4, 6, and 8 h after cxcising the iea\_res,
the"oathing solution in the centrifuge tubes was trans}erred to a culture tube and
replaced by fresh solution The solution in the tubes was ﬁe&e dried and stored at -
20 C. The experiment was terminated 8 h after excising the leaves. At this time the

area of each leaf? and its fresh weight were determined The aﬁent was done

"y

<
once with eight leaves per EDTA concentration. ¥
‘ ’

3.8.1 Exudation profiles following chlorsulfuron treatnfent\gng/expos’ure to 14co,

3.8.1.1 Chlorsulfuron and 14CO, applied to the same leaf

| The third true leaf of stinkweed seedlings was excised 6, 12, or 24 h after
treatmerx( ﬁm 1 pg chlorsulfuron. The @»’sed lleaves'.were placed in the inner
cOmp. ent of the assimilation chamber and exposed to i85 kBq of 1“7(3'02 for 30
min. At 1, 3, 5, ‘; 9. 11, and 13 h after the start of the 14CO, exposure, the bathing
solutions. in the centrifuge tubes were transferred to culture tubes and replaced by
‘fresh solution The weight of the solution in the ‘culture tubes ‘was determined before
and after taking a 700 -ul aliquot. The aliquots were used for 4C- activity assay by

LSS The contents of the culture tubes were freeze-dried. The amounts of reducing

sugars in the tubes were deterrnined by the anthrone method described in section -

3.1.4.1. The leaves were frozen with liquid nitrogen and stored at -.20 C until

combustion. The experiments were done twice with three leaves per herbicide

treatment.
@]

3.8.1.2 Chlorsulfuron and 14CO, applied to separate leaves
The exudation profiles of leaves adjacent to the chlorsulfuron-treated leaves

of stinkweed seedlings were monitored in experiments similar to those described in

A Li-300 Area meter, Li-Cor Inc., Lincoln, NB, U.S.A.
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section 3.8-'.-2 .' lfi except e fourth true leaf was excised an c-xposed to 14CO, 24 h

. ) .
Jchlorsulfuron The treatments were applied to a small (1 cm2) oval—shaped area on

the adaxial surface of one half of the leaf. lﬁ:?lve or 24 h later the treated leaves were
excised and placed with their petioles in I.5-ml centrifuge tubes containirig 5 mM ‘
phosphate buffer (pH 6. 0) and 0.5 mM EDTA, in the pikxiglass chamber descrlbed in
» Asection 3.8.1. Each leaf was treated with both 3H-sucrose and l“C-sucrose llf‘C(U); Sp.
act. 133.2 kBq nmole-!; radlochemical purﬁy 98%] . The application solution was
_ 10% (v/v) aqueous ethanol containlng OJ% (v/v) oxysorbic (2OPOE) (polyoxyethylene
sorbltan monolaurate) The 4C- sucrose was applied to the 1-cm? area of the leaf that
had been treated with chlorsulfuron or apphcatlon solution only; the 3H-sucrose was

applied to a 1-cm? area of the leaf that had net been treated. The two treated areas

were located side by side, each on one half of the leaf, an equal distance away from the

end of the petiole. The bathing solutfon was changed 2, 4 6. 8, 10, and 12 h after the
. application of radiolabelled sucrose< -
Twelve ,-hOuIrs' after applicatlon of the raldlolabelled sucrose the leaves were
washed wlth 10% (v/v) aqueous ethanol according: to the method of Devine et al..
(1984) The leaves were frozen with liquid nltrogen and stored at 20 C until

combustion The experiment was done once with six leaves per treatment, -

5 NEC-100, NEN Research Products, Dupont Canada. Lot no. 1402-025.
. [<4
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_ tube. The addition of 3.5 ml chloroform and 2.5 ml water, followed by vigorous

50
y

3.8.4 Incorpontion of 1‘C-act!vity into various fractions following exposure to “CO

Stinkweed leaves were excised and exposed to 14CO, (185 kBq) 24 h after they

had been treated with 1 ug chlorsr.ﬁi'uron Following a 30-min labelling period and a

1 330 még chaSe period, the leaves were weighed frozen with lquid nitrogen, and

stored at -20 C. The leaves were extracted and the extracts were separated and assayed

according to the procedures outline in section 3.9.
3.8.5 Incorporation of 4C-activity into soluble leaf proteins following‘e'xpos'.ure to
14 _ . : .

¢ Stinkweed seedlings were transferred to nutrient solutien. After 6to8 h the

| third true leaf was treated Wiﬁog 1ug chlorsulfuron Twenty four hours after herbicide

treatment the leaves were exposed to 1480 kBq 1“C02 for 30 min. Following a330-min -

chase period the leaves were weighed frozen with liquid nitrogen, and stored at-20C.’
Soluble leaf proteins were extracted according to the procedures outlined in section

3.10. The experiments were done twice with three leaves per herbicide treatment.

3.9 Extraction, separation, and analysis of various fractions from plant tissues
[ - )

3.9.1 Extraction procedure

- The variou_s fractions were extracted according to a procedure similar to that
outlined by Dickson (1979). The tissue was homogenized for 1 ‘min in 2 rnl
methanol:chloroform:water (12:5:3, v/v/v) (MCW) using a glass hornogenizer The

llquid was transferred to a centrifuge tube and the homogenizer was rinsed with an

~ additional 2 ml MCW. Following centrifugation’ (1000g, 10 min) the supernatant was

transferred to a graduated conical centrifuge-tube and the pellet was resnspended in 2

ml MCW. After centrifugation the supernatant was added to the graduated centrifuge

tshaking, vortex mixing (30 sec), and centrifugation (10009,. 10 min), resulted in a

-



phase separation The upper phase water-alcohol was transferred toa pearshaped
boiling flask and reduced to dryness using a rotary evaporator The residue was'
dissolved in 1 ml water, transferred toa 1.5-mi centrifuge tube and stored at.-20 C.
The lower phase, chloroform, was transferred to a ’I'eﬂonTM Iined screw cap vial,

reduced to dryness with a stream of nitrog and stored at -20 C.

. . _ Fa
3.9.2 Fractionation of water-alcohol fraction '

: . L)
The water-alcohol fraction was further fractionated using an fon e:rchange
chromatography method similar to that of Atkins and Canvin (1971). The whole
fraction was loaded on a cation -exchange column (4.5 mi; Dow’ex 50X8-400; hydrogen
form) connected in series with an anion exchange column (4.5 ml; Dowex 1X8 400
formate form). With the two columns in series the neutral fraction, containing the
. sugars, was eluted with 20 ml water. After disconnecting the columns the amino acid
:fraction was eluted from. the cation exchange ‘column with 60 g;l 3N HCI The

v

E remaining sugars were eluted from the anion exchange column with an additional 10

ml water after which the acid-1 fraction containing organic acids, was.eluted wi 50

e

ml 6 N foxmic acid and the acid-2 i’raction containing 3- phospho ycerate

ribulosediphosphate and phosphoenol-pyruvic acid, was eluted with 50 ml 2 N HClt

The cation exchange column was regenerated with 50 ml water. The anion exchange .

| column ‘was regenerated with 65 ml 1 sodium formate followed by 65 ml 0.1 N

formic acid. The flow rate of the mobile phases through these columns was. 1 ml per .

min. All eluents were collected in pearshaped boiling ﬂasks and reduced to dryness

~with a rotary evaporator at-40 C. The residues were dissolved in 1 ml water

a

transferred to 1.5-ml centrifuge tubes and stored at -20 C 3

¥ M . "‘



3.9.3 Analysls of sugnr fraction _

The total amount of sugar in this fraction was determined according to the'
method outlined in section 3.1.4.1. The total amount of 4C- -activity was determined
by LSS. ’I‘he individual sugars were separated by HPLC (300 x 7.8 omtm Aminex HPX-

87H column ambient temperature 20 p.l’sample loop; 0.01 N H,SO, mobile phase 0.8

ml/min flow rate; refractive index detection). The indtvidual stgars were collected in

scintillation vials and the arount of 14C-activity was determined by LSS.

-

' 3.9.4 Analysis of amino acid fractian

The total amount of amino acidls was determined by the ninhydrin method

“outlined in section 3.1.4.2. The total amount of #C-activity was detetmined by LSS.

3.9.5 ma'cuoxialtion of lipid fraction

<

;_ Sepﬁration*into neutral lipids galactolipids and phospholipids was achieved\

'by using silica gel cartrldges . The chloroform fraction. 1ml in volume, was loaded

- o
on the cartridﬁ, P

the individual lipid classes were eluted successively with 10 ml

chloroform acetone and methanol respectively. The eluent of each solvent was

»

collected in a Hquid scintillatian AVialb and reduced to dryness using a stream of

M b

nitrogen gas. The total aniount of 14C- activity in each vial was determined by LSS

e
Ly
l, "

3.9.6‘chtiona'£ion of pellet

| The pellets were fractionated enzymatically by mcubating them with 75 units
of pronase (B grade, 45,000 units/g) in 3 rl buffer (0.05 M Tris- stO4 pH 7 5) for 24h
"at 30 Con a wrist-action shaker. Following incubation, centrifugation (1000g 10

min), and washing the remaining pellets twice with water, the supernatants were ...

% SEP-PAK silica cartridges, Waters Associated, Milford, MA.

Ve



freeze-dried. The dried midues were dissolved ins m.l.,water and the amount o “C-

acttvity was determined by gs The total amount of amino acids assumed to
/ .

indIcative of the amount of protein present in the: original pellets, was determined by

-

the mnhydrin method The remaining pellets were combusted
* 3,10 Protein e;traetion. quantification, and separation

3.10.1 mﬂon procedure
. The frozen leaf tissue was ground in 3 rnl bulTer (30 mM Tris- HCl, pH % 7).
'containing 6 mg/ml PVP37, for 30 seconds In a homogenizer38 (11,000 rpm) and for 3 |
min 4n a glass and Teflon™ pestle homogenizer (1000 rpm). The liquid was
- centrif ed (35 OOO& 15 min) twice. In each instance the pellet was transferred to'a

.

combustian 'boat fér ter combustion. After the addition of 6 ml solution contaimng

: 4% (w/v) SDS2?, -5% (v/v) mercaptoethanol and 5% (w/v) sucrose to the supernatant

the samples ‘were heated to 80 C for 10 min. The proteins were precipitated by the

. adm of 15 ml cold ( 20 Q) acetone storing the samples at 4 C for 15 h and .

Ly

3,
:é:'i%:if ation 15 Sdeg 60 rnin) The pellets were resuspended in3 ml Tris HCI buffer

| &'dml}d oEBO.

. .(x:\

. ,3,10¢2 Protein quantiﬂcation and specific activity determination

LF

The total arnount of *protein Was deteérmined by the Lowry (1951) procedure A

'O 4 ml aliquot of protein solution was mixed with a solution of 2% (w/v) Na,CO, in 1N

_ 'NaOH 1% (w/v) sodium tartrate‘:,0. E%B(W/v) CuSO, (50:1:1, v/v/v) After 10 min at

room temperature, 0.2ml1 N Folin Ciocalteau reagent was added. The samples were

mixed with a vortex rnixer,._ahd’_‘left at room ter_np‘ferat»ure for 30 min before measuring

2

37 Polyvinylpyrrolidone
38 Polytron Brinkman Instruments Rexdale. Ont. -
B sodium dodecyl sulfate .
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~ the absorbance at 750 nm. The protein concentration in the samples was calculated
using a standard curve prepared with bovine serum albumin ’I‘he 14C- -activity in the
‘protein solution was determined by LSS. The spectfic activity was expressed as dpm of

14C-activity per jig of protein

3.10.3 Polyacrylamide gel electrophoresis ' \

~Soluble leaf proteins were separated using SDS- polyacrylarnide gel
electrophoresis (SDS -PAGE). Aliquots containing 200 ug protein were pipetted Into ,
1.5-ml centrifuge tubes After freeze- drying the protein samples were prepared in 100
ul of solubilizing buffer [50.mM Tris-HCl, pH 7.5, 0.001% (w/v) brornophenol blue, 2%
(w/v) sodium dodecyl &mate (SDS), 20% v/v) glycerol. 2% (w/v) dithiothreitol] and
heated for 5 min at 90 C. The proteins were separated on 7.5-15% {(w/v) SDS-
polyacrylamide linear slab gels (Chua 1973) using a 32-cm gel apparatus . The
resolving gel contained a 5.1 to 17.2% (w/v) sucrose gradient for stabilization and was
buffered with 424 mM Tris-HCI (pH 9.18). The‘é% lw/v) stacking gel was buffered with

o
54 mM Tris-H,SO, (pH 6.1). The buffer in the upper reservoir was 41 mM Tris-H,BO,

{pH 8.64) and 9 1% (w/v) SDS; the buffer in the .lower reservoir was 424 mM Tris-HCl
(pH 9,18). Forty microliters of solubilizing buffer, ‘containing 80 pg protein, was
loaded in each lane. SDS-PAGE molecular weight st‘andards41 included lysozyme
(MW 14,400), soybean trypsin inhibitor (MW 21,500), carbonic anhydrase (MW
31,000), ovalbumin '-(MW 45,000), bovine serum albumin (MW 66,200), and

phosphorylase B (MW 92,500). Electrophoresis was carried out at a constaft .

cun'ent4’2 of 15 mA per gel for 9 h.

. ) oo
:(1) PROTEAN™ [I. Bfo-Rad Laboratories (Canada) Ltd.. Mississauga, Ont. -

Blo-Rad Laboratories (Canada) Ltd., Mississauga, Ont. : _ i

Supplied by Electrophoresis Constant Power Supply, ECPS 3000/150, Pharmacia {Canada) -
Inc., Dorval, Quebec ’ ' '
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The gels were stained for 12 to:rl hin O 1% (w/v) Coomassie Blue R-250, 25%

(v/v) isopropanol 10% (v/v) aceéfc acid, and 0.1% (w/v) cupric acetate. ’I'he destaimng
- was done in 40% (v/v) methanol and 7% (v/v) acetic acid, followed by soaking in 40%

" (v/v) methanol, 7% (v/v) acetic acid, and 3% (w/v) glycerol for a minimum of 2 h. .

'3.10.4 Fluorography

‘ The 14C- activity in the polyacrylamide gels was visualized by means of the
ﬂuorographic detection method described by. Sklnner and Grlswold {1983). The gels.
after stainlng and destalning Ywere soaked in glacial acetic dcid for 5 min and in 20%
(w/v) PPO ln glacial acetic acid for 90 min. Subsequently the gels were soaked in 3%

(w/v) glycerol in water for 30 min, after which they were washed llberally with

deionlzed water, and dried at room ternperature between cellophane sheets (Wallevik -

et al, 1982) The dried gels were exposed to preflashed X-ray film*4 ~at -70 C for 4

weeks

3.10.5 Protein hydrolysis | - o —

| Soluble leaf protein was hydrolyzed according to the method of Simpson et al.
_ (1976) Five hundred microliters of protein solution was pipetted into 1-ml ampoules
and freeze drled After the addition of 300 ul 4 N methane sulfonic acid, contalning
0.2% (v/v) tryptamine the ampoules were ﬂame sealed and incubated for 24 h at 115
C. Following incubation, the ampoules werc\opened and the CO liberated durlng thé
mcubatlon perlod was traﬁd in CO,-trapping fluor The hydrolysates were partly

»

neutralized by the additlon of 700 p.l of 5 N NaOH and were fractionated according to

the ion exchange chromatography method descrlbed In section 3.9.2,

43, 2,5-diphenyloxazole
Kodak Xomat-AR



4. lneeponse ofsﬂnkweedseedllngstolncteasingdoeesofchlorsulﬁi;pn
i it #; .
The effect of increasing doses of chlomulfuron on the height, fre h
&r 8

4- RESULTS AND DISCUSSION Fiad B A

N i
dry weight of stinkweed seedlings, assessed‘ 14 days after treatment, can be ﬁescribed -

. by a sigmoid log-dose relationship (Figure 9). The etgguations that describe these
relationships were determined according to the method of Strejbig (1981 ‘Appendix),
and lﬁe curves were drawn accordingly The chlorsulfuron dose at which a 50%
inhibition of the respective response parameter occurred (Iso value) was resolved
graphically. A comparison of the 150 values indicated that the height ‘of the stinkweed

seedlings was the most sensitive parameter measured. A chlorsulfuron dose of 7

v

¢

ng/ seedling resulted in a 50% reduction in shoot height 14 days later. For fresh weight

and dry weight, 134 ng chlorsulfuron per seedling was required to result in a 50%‘

reduction 14 days after Fpplication.
' ’ A

&

4.2 Effect of chlorsulfm'on on the growth of stinkweed seedlings
When stinkweed seedlings were treated with 1 ug of chlorsulfuron no visible

morphological eﬂ'ects could be observed until 36 to 48 h latef. These effects included a

Stunting of the seedlings and chlorosis of the apical tissue. The growth-inhibiting .

effect of chlorsulfuron in stmk-"q"&e'Ed seedlings was measured by rrionitormg the
increase in shoot freslr w;ightuand the elongation of an emerging leaf, immediately

following the herbicide treatment

i oF
,

Y
v
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Figure 9. Effect of chlorsulfuron on the hei
stinkweed seedlings, 14 days after application
- and standard errors, are the results of two ru
. dose, and are expressed as percentages of

. sigmoid curve in each

57

appendix, page '122).
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421 Incn_:asei::shoot’ fmshwd%tt‘ | LN ¢

One mié‘rogxtam bt; @lorsulfﬁron, applied to the‘ third true leaf of stinkweed
seedllng_é. gra'dually‘reducéd the rate ot; g:rowﬁ df the shoot, as m’dicated by thé rateof .~
incréhse in shoot fresh weight following ‘herbicide 'appllcz;tion‘ (Figure 10). The |
aver';ée increase in shoof fresh weigﬁt of seedlings treated with chlorsulfuroh was 32
mg during the 24-h period between 72 and 96‘ h after treatmcht. while in the control :
- seedlings the increase during the same period was 72 mg. Between Qé and 120 h after

2 -
treatment the average increases were 21 and 63 mg, respectively.
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S i e : '
E ‘.. Control -
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ER - ’ . ' 4
Flgure 10. ' Effect of 1 ug of ch]oréulﬁigén, applied to the third true leaf of

stinkweed seedlings, on the increase in’ shoot fresh weight. The data, means and
standard errors, are the results of two runs-vith§four seedlings per treatment. '

When, 120 h after chlorsulfuron treatment, the fresh weights of the shoots, as
calculated by subtracting the weights of tpe plexiglass from the'we.ights of the

plexiglass/shoot assemblies, were compared with the actual final fresh weights of the
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shoots th;y were, on average, 5.2% higher. This was true for hoth control and
chlorsulfuron-treated seedlings The discrepancy suggests that the assumption that
the density of the rootsﬁuals the density of the nutrient solution, is not completely
correct. However, the observed discrepancy although it questions the accuracy of the
values pbtained for the increases In shoot fresh weights at each time interval does

not invalidate tl}s;tobser?tion that a foliar application of 1 png of chlorsulfuron

reduced the m‘geaﬁ'em 6ot fresh weight. Especially not because the discrepancy was
: R ’? 4 ‘ v
relatively srnall ‘and highly consistent. - ' * <

4.2.2 Rate of elongation of the fifth true leaf |
The radial arm 'transduc‘er was used succesfu]ly to measure %frate of leaf .
e]ongation of stinkweed seedlings. For‘each seedling. the rate of elongation of the
fifth leaf during the 2-h period prior to the application of the treatment was
considered to be the engogenous growth rate. This growth rate ranged from 0. 12 to
0.36 mm-h-!. In order to take into consideration the differences in endogenous growth
'irates and in order to make comparisons between the results of dit}'erent treatments,
the data coJlected di;ring t@' 10-h period following application of the treatments are
expressed as growth i’n addition té or short of, that expected on the basis of linear
extrapolation of the endogenous growth rates The sensor arm of the radial arm
transducer described an arc when the leaf elongated but, because of the lirnited totaltl
movement of the sensor arm during the course of a single run, the signal output of the
transducer was assumed to be related linearly to the elongation Of the leaf.
One microgram of’ chlorsul_furon: applied to the fthird true leaf of stinkweed
seedlings had no observable effect on the rates of elongation of the fifth true leaf from

the shoot apical tissue during the 10-h observation period following application (data
[

not shown). Measuring the rate of l¢af elongation beyond the 10-h period following



3

herbicide treatment wéé difficult, due to failure of the transducer arm to remain

resting on the tip of the elongating leaf. -

60

o

‘Different results were obtained when stinkweed “s'eedlings were placed with

;, their roots in nutrient solution containing 1 ug chlorsulfuron (Figure 11). In this

ANVA

instance, a reduction in the rate of elongation of the fifth leaf was observed within 3

to 4 h after placing the seedlings in the solution. This chlorsulfuron-induced.

reduction in the rates of emergence of the fifth true leaves of stinkweed seedlings

could be negated if the nutrient solution containing the chlorsulfuron also contained

1 tnMvof each of the branched-chain amino acids L-valine, L-leucine, and L-isoleucine

(Figure 11). The rate of elongation of the fifth true leaf of stinkweed seedlings placed

with their roots in nutrient solution containing the amino acids without

chlorsﬁlfuron (Figure '12) was similar to that observed for control seedlings (Figﬁre,

r
. -

13). N

Relative growth (mm) ‘

20,12 gt ' — . -

Amino acids

o 120 ¥ 240 360

Time after treatment (min)

Flgure 11. Elongation of the fifth true leaf of stinkweed seedlings growing in nutrient
solution containing 1 ug/ml chlorsulfuron, and with (upper set of curves) or without
(lower set of curves) 1 mM of each of the amino acids L-valine, L-leucine, and L-
isoleucine. The data, means and standard errors, are the results of measurement
taken on three seedlings and are expressed as mm of growth in addition to, or short of, :
growth rate of each seedling -

that expected on the basis of linear extrapolation of the
during the 2-h period before herbicide application.
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4.2.3 mscussi' on
| & \

_ Chlorsulfuron inhibits the growth of stinkweed seedlings This effect on
' growth manifests itself especially in terms of the increase in shoot height or the rate
of elongation of a new leaf. The effect of the herbicide can be alleviated by supplying

: the seedlings with branched-chain amino acids 'I'hwe amino acids, supplied via the
. *.roots. appear to counteract the effect of chlorsulfuron, restoring the rate of leaf .
| elongation of chlorsulfuron—treated seedlings to that of control seedlings No attempt -
."_was made to determine for how long the ‘chlorsulfuron-induced effect can be
. alleviated by the amino acids In principle it could be a long time, unless the
inhibition of the amino acid biosynthetic pathway results in the accumulation of
precursogi ‘to phytotoxic levels

Thme results conflrm what has been reported by others regarding the effect of

chlorsulfuron on susceptible plants For example, within 2 h after application, Ray
(1982a 1982b) was able to observe an effect of chlorsulfuron on the rate of elongation
. ofa maize leaf Within 4 h after application a detectable physiological-biochemical
eﬂ'ect could be d onstrated (Ray 1980) The lack of a measurable effect on the rate of
elongation of the fifth leaf of a stinkweed seedling following a 1-pg application to the
third leaf presumably is due to insufficient absorption and/or translocation of the
herbicide to the site of action The rapid effect on leaf elongation following a root

‘ application of chlorsulfuron appears to suggest that ‘via this route sufficient
- chlorsulfuron is absorbed and then translocated to the stvot apical tissue

-t

) The choice of a folialg applicat%n dose of 1 ug/plant was based on
considera‘tions other than the: dose response relationship In experiments involving
14C chlorSulfuron ‘a minimum foliar application of 500 Bq per plant was deemed to
7 . be required in order to have suﬂ'icient radioactivity in: the plant samples for assaying
: purposes Based on the specific activity of the 14C-ehlorsulfuron 500 Bq is equivalent
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4
to 1 ug ot' chlorsulfuron Although 1 ug of chlorsulfuron per stinkweed seedling
a -
appea@ oto be more than what is required to produce a phytotoxic effect for

" J
5

comparison purposes it was used throughOut this study o X K

4.3 Absorption and translocation of 'chlorsulfuroh'ihﬂstlnkweed'seedlings?

. ) . : L . : . ]
) i . s
. . . )

4.3.1 Folia.r application ;' - ) 7 "f: , P
. Chlorsulfuron is’ absorbed by the leaves of stinkweed seedlings At 12 h after
the application of - 1“C chlorsulfuron to the third true leaf, 7. 8% of the recovered !4C-
activity had been absorbed at 24 h this had increaled to 25 2% (Figure 14). Similar
' results were obtained in another series of experiments when 1“C chlorsulfuron was
applied to the third or the fourth true leaf (Figure 15) In\ this case the average
absorption at 12 h was 8.3%; at 24 h this had increased to 12 5%; at 48 h to 30.0% of
the total/ recovered activity SR v |
Chlorsulfuron is translocated frorn the site of ap‘plication to the other parts of
stihkweed seedlings When 14C chlorsulfurdn was applied to the third true leaf 1.7%
of the total 4C- activity recovered frorr) the tissue 24 h later was recovered from parts
other than the treated leaf (Figure 14) Figure 15 presents the distribution of 14C-
activity following application of 1“C chlorsulfuron to the thir?i or the; fourth true leaf.
Several comments can be made about these results Chlorsulfuron is translocated out
"of the treated leaf to other parts of. the stinkweed seedlings Application “ of
ch]orsulfuron to the third or fourth true leaf resulted in similar distribution patterns.
The dlfference tmphysiological age or location on the shoot between the ‘third and
fourth true leaf does not seem to affect the distribution pattern Very little
chlorsulfuron i1s translocated to the roots or the shoot apical tissue. The large

standard errors are indicative of the high variability encountered in these

. experiments Part of this variability can be attributed to the low specific activity of
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ts of radldactivity recovered in the

~

accurate estimation difficuit.
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Figure 14. Absorption and translocation of 4C-chlorsulfuron in stinkweed seedlings.

The data, means and standard errors, are the' results of two runs with three seedlings
per treatment. -
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Figure 15. Distribution of 14C-activity in stinkweed seedlings following app}_;cétion

of 1“C-chlorsulfuron to the third (Q) or fourth (B) true leaf The data, means and
standard errors, are expressed as percentages of the total amount of 14C-activity
recovered, and are the results of two runs with three seedlings per treatment. In the
case of 14C-chlorsulfuron application to the third leaf, the adjacent leaf was the fourth
leaf, and vice versa.



4.3.2 Root application | _‘
Chlorsulfuron was absorbed by the roots of stinkweed seedlings and was
translocated to the various parts of the shoot (Figure 16). The rate of uptake of .

chlorsulfuron by the seedlings was almost linear over time. Very little chlorsulfuron’

" remained in the roots.

 4.3.3 Comparison between folirir and root application

-
—

In order to facilltate comparisons between the different types of absorption
and translocation experiments, all the amounts of chiorsulfuron absorbed, ‘
translooated. or recovered were expressed as picomoles of herblcide (Tables 4 and 5).
There is \rery good correspo'ndence in absorptlon 6 and 12 h after treatment between
the results of experimen&ln which chlorsulfuron was applied to the third true leaf
only and the ones in w‘h it was applled to the third -or fourth true leaf. This
simﬂarity in results is rather remarkable since the experiments were conducted two
years apart. The data for 24 h after application do not agree very well.

In terms of the amount of chlorsulfuron translocated out of the treated leaf,
the results of the two experiments do not agree with each other very well In the second
experiment more herbiclde was translocated out of the treated leaf than in the first
one. No obvious explanation for this difference can be provided The conditions under
: which the seedlings were grown were similar in both experiments and the seedlings -
had the same physlological age at the time of herbicide treatrnent

After a root application of chlorsulfuron the total amount of ﬁerbicide in the
stinkweed seedlings was higher than after an application to the foliage. For example,
12 h after application the amount of chlorsulfuron in the stmeed seedlings was
approximately twelve times greater following root application than foliowing a foliar

application.
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Flgure '16. Accurmnulation of chlorsulfuron in stinkweed seedlings via uptake from

nutrient Solution containing 1 pg/ml chlorsulfuron. The data, means and standard
. errors, are the results of two runs with three seedlings per treatment. '
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" Table 4. Absorpu¥n and translocation of chlorsulfuron in stinkweed following

application to the Tfoliage or the roots. The data- (means with standard errors in
-parentheses) are expressed as picomoles of herbicide absorbed and translocated, and
- are the combined results of three serles of experiments with 14C-chlorsulfuron.

Absorption o Transl'ocation; |
___________ D
Applicationa App}ication"
Time = Leaf(3) Root Leaf(3) Leaf(3/4)
(h) : (picoméles) ------ et T S
1 327 © “ f11 - (76) - 68 (2.9
2 462 @ L e “100 47 (2
3 81.8 (23) 1243 . ‘(197) 7.2 (1.3
6 142 (38 140 (32 1459 (233 72 (1.2)
9 181 (1¢) ' 2032 @11 94 (14)
12 218 1 230 51 2760 (651) 138 24 453 (10)
24 707 (125 349 (63) 3632 /'(r:;sa 482 (7.6)  79.4 (15.3)
48 840 (193 7755  (1624) . 428 go

A

2 Leaf(3) refers to a series of experiments in which 14C-chlorsulfuron was applied to the third true
leaf; leaf(3/4) refers to application to the third or the fourth true leaf; root refers to an
application of chlorsulfuron to the roots. o ; - ’

“There was fair agreement in the concentrations of chlorsulfuron in the treated
leaf between the two series of foliage-treatment experiments. The concentration of
chlorsulfuron in the third true leaf following a root ‘application was corisiderably

higher than following a foliar applicatlox}. Chilorsulfuron did accumulate slowly in

!

the adjacent leaves following a foliar application. There was very little difference in -

chlorsulfuron concentration In-{hé ‘third or the fourth true leaf following an
' A\

application of the herbicide to the roots.

PR
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Table 5a. Accumulatlon of chlorsulfuron in stlnkweed seedlings following
. application to the follage or to the rpots. The data (means with standard errors ion
- parentheses) are expressed as picomoles of herbicide per‘mg of fresh welght of the
tissue, and are the combined results of three series of experlments with 14C-

chlorsulfuron
o " Treated leaf or leaf # 3 (after root applic tlon) Adjacent leaf
L L G S
Time Appllcatlona / Applicatlon“
T . T TTTTT s CE
.7 Leafl® 7 . Leafld/4) 'Root . Leaf(3) Leafl3/4)" -
2 . — do o (
(hl ‘ . ‘ Q-;----;--;---- (plcomo]es/mg) S
1 020 ooy C L 124 am . 0.26 (0.05)
* 2 035 ;6.@, o 127 3y 062 07
3 "'0_.77,0 (0.22) ', e . 125 (0.22‘)\ ' | 1.14 'XOZM)
6 119 039" o098 (29 169 021 009 (003 131 @2y
9 132 ’(0.17)'.0” | | o 2‘.'1'2‘ ©.46) . 2.16 (0.20)
Yoo T 139. (021 8 .2;12° (0:60) 457 (105 021 (.08 439 0.87)
“oa ;4;2,1 077 279, 57) 5.13 (139 - o.24 ©.08) 4.03 (0.96)
s o 3.69{'(6.537:)' 1620 oy 046" 013 1111 5.60)

~ " 2 Leaf(3) refers to a series of experiments in whlch 4C-chlorsulfuron was applled to the third true
/\,\ leaf; leaf{3/4) refers to application to the third or the l’ourth true leaf; root refers to an

application of chlorsulfuron to the roots. y o
, B . : - a N .
. . . 2 .
The’concen’tratlog of chlorsrrlfuron ln the remalmng part of the shoot Y

following foliar di)pllcation was very low just above cfetection level Much more (100-

400 times) chlorsulfuron accurnulated in the shoot following root appllcatlon
. B ) » . &
> \ §11mlarly. in the shoot aplcal t153ue and ln the roots more chlorsulfuron '

.
aecumulated aﬁer an appllcatlon to the toots than after a follar appllf



" Table 5b. (cont))

Shoot Shoot .apex Rdots
Time . Applieationa Application“ AP Applica'tiona
Leaf Leaf Root Lea¥ Leaf Root ‘Leaf Leaf Root
3) 3/4) (3) 38/4) - {3} 3/4)
) | _ |
(h) - - - (picomoles/mg) -- — R
1 001 . 084 003 135 6000 . 0.58
(0.00) . (0.23} (0.02) : (0.29) (0.00) (0:12)
2 o001 095 003 . - 307 . 000 . 0.67
(0.00) 025  (0.03) . (249) (0.00) _ 7 (0.00)
3 001 124 003 707 0.00 0.67
(0.00) - A (0.33) (0.02) - (5.00} {0.00) . (0.07)
.6 001 007 205 004 .05 099 001 003 066
o7 (0000 (0.0 047 < (003 (0100 (0.2 - (0.000 (0.01) (0.08)
-, 001 220 004 T %#1 - 001 " 075
' (0.00) - ~ (0.36) (0.03) 3.70) (0.01) . ©{0.10)

12 77001 006 397 002 019 121° N 002 -004 138 °

(0.00) (0.01) {1.18) . (0.02) - (0.02) (0.38) (0.01) (0.01) . (0.63)
Lo _ | o E » :

24 004 013 522 004 058 315 004 "~ 006 L 0.86
(0.01) (0.03) (0.91) (0.03) .(0.12) (1.09) 0.01) - (0.01), ¥ (0.15)

48 . 098 926 13 78 ° 009 152
S (o 5 @l - f o 55 @ 30) § ooy . 52)

. T

f(3) refers to a serles of expcriments in which 14C chlorsulfur’on was applied to the thind true ;
lea!‘ leaf{3/4) refers to application to the third or the fourth true leaf: root refers to an-
. application of chlorsulfuron to‘the roots.” oo “J - S J

4.3.3Muw;t;onstudy, Lo R TP

e . - _;‘

4 Another indication of the translocation chare -teristics of - chIorsulfqron was

. obtained by conducting a serial mutilation experiment Thﬁ results of such an_

-experipent (T Qle 6) suggest that duri.ng 4 h after treatment cnough chlorsulfuron wasAa

'-txported from the treated leaf to result in a reduction in shoot dry weight 14 days

~
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léter. In other words, at 4 h after treatment, sufficient herblc_ide had translocated to

the remainder of the plant to cause an effect on growth.
. Q N

Table 6. -The effect of removal of the treated leaf of stinkweed seedlings at different

times after an application of 1 Hg chlorsulfuron, on the increase in shoot dry weight,

assessed 14 days after herbicide treatment. Data are based on two runs with six plants

. per treatment, and are expressed as percentages of the increase in the pooled control
¥ % treatments, : o ' _ ¢

] . ) . <«

Increase in shoot dry weight

T e e e, e, ——————— e

- Time of Mean Standard ‘
shoot removal 1 ‘ error - - T-probability@
g
(HATb] , % of-pooled control seedlings) .
00 - . . 13 . , e SR
05 . 124 10.3 . 0.488
» o _
S - o 11” .. 0393
.. . " - : N - * né
2 : . 96 %12.0 . : 0.209 .
4 2 56 % SP 0.000
. L ot ) ot . . S ' ‘A R
8§ : , -850 73 -, .0000
2o T s o se 0.000 |,
24.. . 95, " 33  0.000

{

2 The T-pfqba“?mty Is based on a stngle degree of freedom comparison with the increase in sheot
dry weight when the treated leaf was removed at treatment time. . : S
~ b Hou}'s after trea’tmgnt." N o ’

3
[y

-

4.3.4 Discussion = - : Lo N
v PR b N . ’ v_‘ B ‘b_‘r L. “« .

C- . -

oo ' The results confirm that. chlorsulfuron is absorbed by the roots and follage of -

stinkweed seedlings. However, the amounts that were absorbed following a foliar

application are considefably smaller then th‘g'amounts reported for seedl_h;gs of othel_j

Co ' species (Sweetser et aL. 1982; Hageman ahd, Behrens, 1984a).vThis discrepéﬁcy can be

-
L



B chlorsuli'&ron

4
\\VJ under which the seedlings were grown The seedlings used in this study rnight have .

.,,4;“:-_‘, R -

due to “”diﬁerences in the methods used{assess absorption of the herbicide or to
inherent diﬁ‘erences between the species or plants used Sweetser et al. (1982) used
acetone to remove unabsorbed herbicide from the leai' surface of sugarbeet, soybean.
mustard, cetton, wheat barley and wild oat seedlings Hageman and Behrens (1984a)
used an aqueous solution of 0.01% (v/v) Triton X-100 to wash unabsorbed

s

chlorsulfuron from the leaves of eastern black nightshade and velvetleaf seedlings.

3 . . . - ) . .
- Based on the physical-chemical properties\_of chlorsulfuron (Table 1) it is not expected

that the use of either of these wash soluti\qns would overestimate absorption. The -

\

triple rinse technique with 10% (v/v)laqueouh ethanol used in this study has been
h\ .

shown to be effective in removing all of the unabsorbed chlorsulfuron from the leaf

\
surface artary buckwheat C\a t}ﬁsue and barley seedlings (Devine et al.,

st’be assumed that the seedlings used in this study absorbed less
13N has been reported for seedlings of other species. This difference

- might be due to inherent differences in the cuticles or to differences in the conditions

had a thicker cutiole due to the ‘high light intenslty and the low relative hurnidity

ki

”

under which they were ,grown

»

' RS

Chlorsulfuron was translocated out of the treated leaf or rpots to other parts of

h stinkWeed seedlings 'l‘ranslocation out of the roats suggests that the herbicide is

>

" mobile in the xylem translocation out of the treated leaf indicates ‘that it ‘is also

mobile in the phloem ’l‘he accumulation of' chlorsuli'uron in the leaf adjacent to’ the

oy

treated lea,f suggests that chlorsulfuron can Be- transferred from the phloem to the

xylem Presumably the herbicide was exported from the treated leaf via the phloem

Py

and; because of reduced phloem transport intqg the ad_]acent leaf (see section\4 5. 2)

largely imported via the xylem into "this leai' 'I'he percentage of the absorbed

chlorsulfuron translocated out “of the’ treated leaf of stinkweed seedlings is ‘

«

Se o

d



considerably less than has been reported for other seedlings (Hageman and Behrens,
1984a). :

The. comparatively low phloem mobility of chlorsulfuron is difficult to
explain on the\basi'S”Jf its physical-chemical properties. Clopyralid“'5 (3.6-
dichloropyridinecarboxylic acid), a herbicide with comparable pKa value but lower

lipophilicity than chlorsulfuron, is much more mobile In some species almost all of

the clopyralid that is absorbed by a mature leaf can be exported from that leaf (Devine

and Vanden Born 1985) Devine et al. (1987) demonstrated that on the basis of their

aceumu tion into excised tissue and. subsequent elution chlorsulfuron should be as -

mobile or even more mobile than clopyralid in the, phloem Apparently,
accumulation of a herbicide into excised tissue Is not necessarily indicative of
phloeni mobility of that’herbiyide. '\ Sl ‘ e "“
Thgresults of the ab orption and translocation experiments can provide an

explanation for the failure to detect an eﬂ’ect of chlorsulfuron on elongation of the

fifth true leaf of stinkweed seedlings following an application of chlorsulfuron to the

third true leaf (Section 4 2 2) The concentration of chlorsulfuron in the shoot apic\l)
tissue following a foliar application was cdnsiderably less than following an

application to the roots. Assuming{that the concentration of chlorsulfuron in the

shoot apical tissue is a key factor in causing the observed effect on leaf elongation the'

: concentration following a foliar application presumably was too low to induce this .

- eg'ect ' ‘\ R Ll I ' :

5 [4

wh - o E L e . +
MR AN

i v
\J o AN .

: ,"" R B T “ ’ g .’
44Metabolismofchlorsulﬁnon " ‘ ‘“_ : _' : _tO

"

\f o When study;xfg the mode of action of a herbicide it is irnportant to know if thet

phytotoxid eﬂ'ect is caused ‘by the nonmetabolized herbicide rr;olecules or by one or

45 Markcted under th:e',tra'dengne LONTREL. .

e
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: more of its metabolic products. As discussed in/section 2.2.7, in the case of

\chlorsulfuron it 1s known that the nomnetabolized molecules exert the phytotoxic

effects; the metabolic products are not phytotoxic. In order to ascertain if this is also

_ true for stirikvveed seedlings. the metabolism of ch-l_hrsulfuron in this. species was

&

;

.

! . v '

separation by means’# HPLC or TLC The, g

laboratories equipped with an’ HPLC unit, while with the Iatter procedure
]

o

_quantification is cumbersome. Problems encountered following these procedures

include (a) inadequate separat%gn of chlorsulfuron and its metabolites during solvent

L Yy
partitioning and (b) "a. final eﬁ'ract that contains substantial afmounts of plant

pigments. The procedure reported here is an alternate procedure (Bestman et al.”

K3

1987) ' ) ) ‘ “e ',‘ j. . SRS ' ;" : I ;.. . = BN :,i ..:" N
o \,‘w‘i ) C. . K ~/ 3 .
44.1?3Exu'action T _

r

On average 77% of the applied 14C. l‘:hlorsulfuron (90%- oF the total activity
! -

| recovered) was absorbed by the three species 5 days after treatment (Table 7) This

Y

- compares favourably with data reported for the absorption of chlorsulfuron by .

can organic solvent-based procedure (Slates 1983) The remaining 6% was distributed

Ty

L
_’0

Canada thistiedeaves (Devine and Vanden Born. - 1985) R

>

% -

Averaged across ‘the three s;pecies. 94% of the absorbed 14C- activity was

recovered in the°aqueous extract (Table 7). This is: considerably higher than has been

,reported for the extraction of chlorSulfuron from 'spiked’ green plant material using |

o

among pellet I (4%) and pellet I (2%) The total recovery averaged 85% of the applied

“
N

4

14

&
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. actlvity which is- in close agreement with previously reported recovery data for

Canada thistle (Devineband Vanden Bom 1985).
s

Table 7. Distribution of 14C- actl /lfy recovered from flax, stlnkweed and wheat
treated with 14C-chlorsulfuron ab

&

% : o o« _ 14C-distribution | ~. -
Description i ,— Elax i Stinkvveed ' Wheat -
-------- (% of applied) ----------- —————-
Leafwash =~ 42 (g 119 (52 < 10.1 (3.1)
Pellet 1 - 36 (07 - 30 ‘0.5, 22 (04
. Pellet I . 14 (o2 17 02 12 o
| Extract .80.6 Laoe 6'8.5, (11.2) _" 675 @1
_ Total recovered  89.8  (10.8) 851" (en = 810 (10.1)
| . --'—-'—-----—--—---.----‘--: --------- ;---‘(% of;alasorbed) - ’ ---l-- . S
Extract - 942 wy 936 L7 - - .952 (08

aPplants were harvested 5 day,s after appllcatlon of T4c- chloxsulfuron to the leaves.'
tandard errors of means are in parentheses

'.-4.4.1.2chromatography' T
Chromatograms obtained by reverse- phase separatlon of extracts of .

. “C chlorsulfuron-treated seedlings (Flg?re 17) ind.icate that in ﬂax and wheat one

" .. major radloactlvity peak was eluted by 35% rnethanol and
A @

or peaks by 10, i} 45,
‘and 100% methanol In stlnkweed most of the actlvity was accounted for by three

'4 ,peaks eluted by 25» 35, and 45% methanol. Mlnor peaks ‘were eluted by 10 and 100%
. w \) ’

¢
methanol In all three specles very llttle activity was recovered in the O% methanol_ i

~fractlon A 14C-chlorsu1furon,. sta_ndarc_l was eluted as a single peak by 45% rnethanol'.

o
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" Its likely, 'th‘eref'oré‘. tl'l’atsthé 45% 'meth.agidl peaks in the chromatograms- correspond

‘. to ﬁhmgfabohzed 1‘4C,-'ci'llorsuifﬁi'on. o : . R
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Figure 17. Representative chromatograms obtained by reverse-phase‘ separation of

- 14C-chlorsulfuron and extracts of 14C-chlorsulfuron-treated flax, stinkweed, and
‘wheat, using a step gradient of agueous 0.1% (v/v) formic acid and methanol. Flow

rate was 0.5 ml/min. The methanol concentration in each step is shown by the
‘straight, stepped line in each chromatogram. Chromatograms were obtained from the
extracts of a single plant of each species. ' : _

a
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Chlorsulfuron was not degraded during extraction and chromatography This

‘was demonstrated by addjng l“C chlorsulfuron to untreated flax, sﬂnkweed%r wheat

tissue lmmedlately prior® to extraction _Upon chromato phy of the extracts, 95 to
| gra

- B 97% of the activity was recovered asa stngle peak in the 45% methanol fraction.

The. quantitative dlstribution of ‘}'w -activity among the fractions of the

extracts of ﬂax plants, harvested 5 days afft Atreatment indicates that most of the

" activity (62%) was recovered in the 35"% methanol fraction. (Table 8). The

chlorsulfuron-containing fraction (45% methanol) accounted for 12% and the

about 9% of the recovered activity Waschlorsulfuron . - recovered as the .

\

Table 8. strlbut&on MC -activity among methanol fractions of the extracts of

) \% sttnkwe d, and w at treated with 14C-chlorsu1furonal b

& ,, , 14C-distribution ‘ | ©
. S e
Methanol fraction Flax N Stinkweed _ Wheat
.(%) ' v - . _ ' (% of total recovered) e
o > 1.4"‘ o® 18 (05) N 23 5
0 . ed “aa T 4a 5;.0) S 25 3
‘25‘ - ':14.{) , iz.s’j | ie.o.,- "e® . 128 = f1.0) x
. 35 o 61.‘6"#,:. 69 32.1 | 28 - 745 (1.4)
4 122 a7 . 445 . @ 61  ©n
100 43 (@8 13 (03 '1.% | ©0.2)

2Plants were harvested 5 days after application of 14C-chlorsulfuron to the leaves.
bStandard errors of mearns are in parentheses '
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None of the fractions of flax and stinkweed ‘extracts th' t were incubated with

B-glucosidase yielded elution: profiles that were different fro those of the original
fractions This suggests that either no glycoside metabolites ¢ formed in these two
.species or, tf one is formed, it cannot be hydrolyzed by B-glucosidase or the methyl- .
hydroxylated product is eluted at the same concentration as the glycoside. This
observation is in cont;ast to the conclusion of Hutchinson et al. (1984) who suggested \
the formation of a major conjugate of chlorsulfuron in flax that could .be hydrolyzed
by 8-glucosidase. and who identified the hydrolysis product as methyl- hydroxylated
chlorsulfuron. Hutchinson et al (1984) harvested the plants 1 day after treatrnent
while in the present experiments the plants were harvested 5 days after treatment.
This longer period may have resulted in further metabolism to products that cannot
be hydrolyzed by 8-glucosidase to yield a hydroxylated derivative
When aliquots of the different fractions of stinkweed and wheat extracts
containing variable amounts of chlorsulfuron equivalents, were appliedbto stinkweed
seedlings, only the’45% méthanol fractions inhibited stem elongation (Table 9). Stem
elorigation was used as a measure of biological activity because it was shown that
-eﬁects on stem elongation occurred more rapidly and at lower chlorsulfuron doses,

than eﬁ'ects on shoot fresh and dry weight (See section 4.1). No effects on stem

'elongation were observed when corresponding fractions from untreated wheat- plants

¥

- were applied to stinkweed seedlings In the case the flax &-acts both the 0% and

9

_ the 45% methanol fractions inhibited stem elongation of the seedlings. The eﬂ”ects of

< 'the 0% methanol fraction are’ attributed to severe contact injury produced by this

fraction for which there is no ready explanation. Except in the case of the 0%
methanol fractions, the amount of chlorsulfuron or chlorsulfuron-derived product

that was applied to the seedlings was greater than the minimum amount of

)

: chlorsulfuron needed to inhibit growth in these seedlings (approxtmately 14

4

- . L]
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g _,'picomoles) On average 40 to 60% of the applied 14C-activity in each fraction was.

absorbed by the stinkweed seedlings. Hence the 45% methanol fraction appears to be
the only fraction that exhibits .biological activity, confirming that this fraction

contains chlorsulfuron, or a chlorsulfuron metabolite that is biologically active.

e effect of methanol fractions of extracts of chlorsulfuron- treated flax,
. stinkweed a.hd wheat on the growth of stinkweed seedlings 2.

o)
“ . %r . Stinkweed seedling height
Methanol - : Flax _ Stinkweed Wheat
fraction R e_xtract | | extract ~. _ vextract
%) . w-é S
0+ 9. " he 22 | 16
0 24 . 24 25
25 R - R 27 23
35 | 26 1 - 15
" 45 2 - 1 2
100 | 20 19 22
’/Lsp(psaosy e .13 | - 12

£

aData represent plant height measured 13 days after application of aliquots of the methanol
fraction to the leaves. - -

| ’
- 4.4.2 Extent of chlorsulfuron metabolism in stinkweed seedlings

. The extent to which chlorsulfuron was metabolized by stinkweed seedlings 12

or 24 h after application is reported in Table 10. ’I‘he amount of chlorsulfuron -

absorbed is in fair agreement with the results obtained in the absorption experiments._

reported in section 4.3. Good recovery of 14C. activiw was obtained very little of the

applied radioacti'ity was lost with the pellets Chromatography of the extracts
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. indicated that most of the L. -activity, 85 and 90% at 12 and 24 h after application
| respectively ‘was recovered in the 45% methanol fraction. There is no obvious
¢ explanation for the apparent decrease in the extent of metabolism between 12 and 24
h after application Although stinkweed seedlings ‘can metabolize chlorsulfuron to
nonphytotoxic compounds (see 'sections 4.4.1.2 and 4.4.1 3) at 12 and 24 h after |
. \application most (on average 88%) had not been metabolized These results are
similar to the qges reported by Sweetser et al. (1982). These authors found that in such
susceptible species as sugarbeet (Beta vulgaris L.), soybean [Glyctne max (L) Merr]
.. and cotton (Gossypium hirsutum L), 24 h after.application of 14C- chlorsulfuron
s ‘appm&dmately 97, 85, and 75% respectively, of the radioactivity was recovered as

123
chlorsulfuron

4.4.3 Discussion

The aqueous extraction procedure. outlined in Figure 5 worked very well for
chlorsulfuron a herbicide of relatively low solublility in water (300 ppm at 25 C PH 7):
' 'The final extract was sufficiently clear that it could be used directly for
. quantification or chromatographic separation. This is one of the major advantages
of this procedure over the organic solvent based extraction procedures previously
published for chlorsulfuron (Hageman and Behrens 1984a; Hutchinson et al., 1984

P
chlorsulfuron i‘rom its metabolites except from its phenyl ring hydroxylated
product ‘The procedure can be used readily to assess the amount of 14C- chIorsulfuron y
: detoxification that has occurred in plants without resorting to methods. that involve
HLPLC The procedure appears to be particularly well suited for herbicides that, when
_ metabolized by plants form products that are considerably more polar than the'

' _original molecule. Adaptation to other herbicides might require a different step

Sweetser et al, 1984) The chromatographic procedure described separates .



Tgrvadicnt. depending upon the solubllity of the herbicide in question.
. el

() Table 10. Metabolism of chlorsulfuron in stinkweed seedlings, assessed 12 and 24 h
7 after the application of !4C-chlorsulfuron to a single leaf. The data are based on two
‘runs with threg plants per treatmen;,

—— — >
14C_distribution
De;scrlptlon‘ oy ‘————.1—21: — -———1—__ R 2—4—1:_—__
(% of applied?-_-x--------;------'---f~-:-‘--
;' Leafwash 87.9 (L1 - 740 @9
et I . 05 o9 03 o1
11ct11 o 02 O S 02 oo
:'T@Efofug.e‘pellet | 02 (0.0 o | 02 oy _
\ | /\ 64 09 T 187 ey
ot S :lt;)talirécbvered _ 953 ©7 | 91.4 “Tl.?)
| ‘ --- i (% of absorbed)----------cseemmee .
Extract a1 3.0 | .. 7955 (07
Methanol fraction , ", |
(%) ‘ S (% of total extracted) ---------—-romcuecv
0 04 02 T o3 (0.1)
10 20 (04 16 (.1
25 56 @1 T 19 (0.2
B 36 (07 ‘ a2 ©.5)
.4 80 Gy . 90 (8

10 34 13 : .20 (08




Flax and wheat are tolerant to chlorsulfuron due to their ability to metabolize
", the herbicide to nonphytotoxic products Although stinkweed is a susceptible species o

the- results indicate that it also can metabolize chlorsulfuron to nonphytotoxic >
) products However- the rate of chlorsulfuron metabolism in stinkweed is-much lower

.than in wheat or flax. In stinkweed, seven times as mtich chlorsulfuron remains in an
unaltered phytotoxic form as in wheat five days after application Hence the
: selectivity of chlorsulfuron is based more on relative differences in metabolism

rather than on absolute differences among plant species._'_

L4

4.5 Eﬂ'ec of chlorsulfuron on the allocation of uC-activity in intact seedlings
foll exposure to 14CO, ~,

These experiments were designed to determine if the rapid effect of

-

- chlorsulfuron on the elongation of an emerging leaf coincided ‘with an. effect on

o . \

carbon metabolism in the shoot apical .tISSue Intact seedlings were placed in the -
assimilation chamber (Figure 8) in such ‘a manner. t,‘at ‘the herbicide treated leaf

(third true leai) was in ,the inner chamber: and the remaining part of the shoot in the
!
outer chamber Only the shoots in the outer chamber were exposed to l“'COQ The leaves

that were treated with chlorsulfuron were purposely not osed to 14CO,, in order to

i

exclude any possible localized eﬂ'ect of the herbicide on bon metabolism. |

4.5.1 Recovery and allocation of 14C-activity in fractions extracted from nontreated .
' shoot tissue . S :

el e

Chlorsulfuron did not have an effect on the 'total “Ct)g-fbétiOn as measured
. ,by the 14C activity that could be recovered in the soluble fractions extrActed from the
' non-treated shoot tisne (Tables 11 and 12) Except in the case of the amino. acid

fraction extracted from the shoot apical tissue (Table 12), there was no effect of

chlorsulfuron on the allocation of 14C-activity among the various fracti\on‘s and on

the q_uantities of sugars and amino acids in the fractions. In the amino acid fraction
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- Tablé'11. Effect of chlorsulfuron on recovery and -allocation’ df 14C-activity in

the results of tWo runs with 3 seedlings per herbicide tréatment, 4
LR . R . ) . o . . i [
- - Chlorsulfuron o " Chlorsulfuron ,
Parameter ______ ' - Effect2 L Effect?
L Blank lpg : Blank ug L
~ Time® . g : -
‘Total recovered - e
' (h) = eeeiee- (dpm/mg) ------- (%) .
3 2975 (333) 3289 (325 111 - o
. 6 3147 (183) 2755 (188) 88 . .
9 3390 (175) *3115 (223) 92 o
12°. 2337 (304) 2466 (528) - 102
24 2617 (23) 2443 (213) 94
- (h) e (nmoles/mg) ------ %) e (dpm/nmole) ----- (%)
3 170 40 174 @43 108 1403 (338 164.8 @4 1) y 118
6 347 (30) 306 1) 90 - 692 (38 , 64.6 (30 . 94
9 434 (17 391 @25 91 -~ 625 (3 63.5 (2.0) 102"
v 12 38.7 4.3) 42.2(10.0) . 109 485 (29 485 (0.8 ‘99
24 673 (52) 625 (7.6) 95 327 24 336 (9 103 ° T
Aminodeids . :
(h)  —eeeme (nmoles/mg)------ (%) -------(dpmy/nrmole) ----- (%)
3 136 (220 154 (0.5 111 255 (29 226 (19 9 -
6 . 167 (1.6). 16.3 (0.8 99 174. (08 162 (1.3) ° 93 -
. - 9...182 (20 167 (1.2 91 162 (1.2 149 (1) 90
1201500 (1.0}~ 153 (L4 108 13.7 64.3) 10.6 (0.7 78 4
24 163 (1.2) 153 (1.9 g5 10.8 (07, 10.1 (1.1) 94 -
Acid-1 fraction N \' o
B —— (dpm/mg) ------- (%),
3- 690 (26) 660 (66) 95
6 gg‘g (200 462 (29 . 99
-9 ) (3499 352 (199 - 99 '
12~ 208 (28 226 (177 - 107
S 24 235 (14 214 (18) 92
o) e (dpm/mg) ------- (%)
3 52. - 9 47 @) .92
6 31 @ 36 , @ 118
9 33 @ 34 @ 106
12, 24 @ 20 ) 86 .
24 6 '

84
L . N . . t}le ’
various fractions extracted from non-treated shoots (mi#hus. apical. tissue and

» - herbicide-treated leaf) following ‘exposure (30 min labeling period, 90 min chase’
“period) to 14CO,, Th

e data (means with standard errors in parentheses] are hased on .

19 @

9

a Expresses the chlorsulfuron-induced

b Refers to the time interval between appli

’

F 4

gﬂ%ct In terms of a percentage of the control seedlings
(‘Blank). The values listed are means o '

percentage values for the two separate runs.
catlon of the herbi¢ide and exposure to 14CO,.
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Table 12. Eﬁ'ect of chlorsulfuron on recovery and allocation of- 1"C activity in the
" various fractions extracted from shoot apical tissiie following expoSure (30 m1n
labeling period, 90 min chase period) of the shoot to 14CO,. The data (means with”
standard errors in parentheses) are based on the results of two runs with 3 seedlings
per herbiclde treatment. : . LY

-.. . Chlorsulfuron , | _Chlorsulfuron "
Parameter ____ . __ o __P"Effect2 e Effect?
. . . ~Blank 1 . Blank 1pg o
Total recovered - . A )
. M) s-------(dpm/mg) ------= - (%) ’ -
-, '3 3345 (521) 3552 (487) 105 U .
6 2751 (407) - 4201 (910) 170 : - -
.9 A093(310) 4166 (292) 103 ' _
* 12 - 3361 (321) 2621 (203f . 78 . .
- 24 2991 (213) 2763 (394) 92 ’ .
Sugars _ : L
(h) -------(nmoles/mg)------ (%) meeee- (dpm/nmole) ----- (%)
3 318 (28 409 @y - 128 407 89) 439 B3 108
6 290 (44 364 (6.9 126 403 (7.3 53.9 (7.2)°. 140
9 48.1 (51) 459 7 . 97 532 (7.0 50.1 (5.3 96
12 471 @5 421 @9 90 42.4°(69 37.7 (56 89
24 517 @40 580 (4.3) 113 37.3 .(zz) 342 (5.1) 92
Amino acids R ' o - : .
h)  ------ (nmoles/mg)------ (%) - (dpm/nmole) - (%)
3 11850162 977 (15.3)" - 86 135 @3, 169 w3 130
6 .199.6(37.9) 307.6(78.1) - 150 - 68 (1.00Y 59 (.2 . 8&
9  146.4.(53.9) 191.2(30.1) - . 149 1104 [2.1)0. 6.8(1.2 66
12 793 (74) 1309(146) 171" 97 (©07. 4505 - 53
24 115.4(28.1) 115.6(17.4) 109 83 .24 49 (08 70
i . N - °
Acid-l fraction_ o A
() ---------(dpm/mg) ------- - (%) I
3 544 (68) 592 (79 108 A
6 297 (1100 734 (214) 975
9 452 (81) 649 (112) 141
12 490 (66).. 366 (32) 75 - . .
24 324 (30) 244 (4) 76 - :
Acid-2 fraction o
- (h) .-:---w-»-,--(dpm/mg) '_ff"’"" - (%)
3. 97 (299 129 (32 = 142 .
6 69 (13) 110 .35 199 $
9 80 (18 134 (52} 164 ey :
12 . 176 (89) 106 (33) 72
24 61 © 60 (14 = 97 o

2 Expresses the chlorsulmronﬂnduced effect in terms of a percentage of thc ‘control seedlings
(Blank’). The values listed are means of percentage values for the two separate runs.

b Refers to the time interval between application of the herbicide and exposure to 14CO,.,

<7



: ',and the exposure to “COQ increased In the non—treated~shoot tissue there was an ’

’ N . . ’ AT N _.-A'.v-'.“_'v'(.
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‘activity incorporated as the time interval between the application of chlorsulfuron‘_

v
Lt

.vincrease in the ‘amount of sugars as’ the time intetval between the chlorsulfuron

: treatment and the exposure to 1Co, increased However t;iis increase occurred iﬁ _

poth the blank and the chlorsulfuron treated seedlings and must Z1:>e attributed to

factors other than the herbicide treatnient (

From the data in Table- 1 1 it can be calculated that in the non-apical shoot

tissue most (77 5%) of the 14C-activity was recovered in the sugar fraction 8 5%,
13.0%, and'1 O% was recovered in the amino acid, the acid-l argd the acid-2 fractions

.respectively In the shoot ‘apical tissue rI‘able 12), 50 8% of the recovered 14C-activity

was in the sugar fraction while in the amino acid, the acid 1, and the actd-2

fractions the allocation was 33 6%, 12. 8% and 2.8%, respectively

' . B )
.5.2 Tmnslocation of 1‘C-activity into chlorsulfm-on-treated Leaves

" When the non-treated shoots in the outer part of the assimilation chamber

were exposed to 14CO,, very little l“C-acttvity was translocated to the leaves situated in

the inner part of the chamber® On average only about 0. 12% of the total 14C -activity

A

'recovered from the shoot was recovered from the leaves in the inner charnber

) - 'I‘reating the leaves in the ingide chamber with 1 ug of chlorsuli‘uron up to 24 hours

prior to exposing the shoots\ in the outside chamber to “COz had no eﬂ'cct on the

translocation of 14C- activity into the treated leaves in the inner chamber.

4.5.3Discusaion. S , . - -

-

The reduction in the accumuylation of 14C. activity in the amino acid fraction .

, extracted from the shoot apfical tissue without a concomitant reduction in the total

amount of amino acids in that fraction suggests an effect of chlorsulfuron on amino

J

) 'extracted from the shoot apical tissue there was a decline in the amount 91‘ “C-

v

.#’“Q
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acid metabolis;n On the basis of the site of action of chlorsulfuron (Ray. 984a). it is

expected thﬁ\the reduction in ‘4C-activity in the amino acid’ fraction was due to the

inhibitiqn of the synthesis 8f the branchedf-chain amino acids. Attempts were made '

& ‘..

to quantify the individual amino acids in the amino acid fractions and to detennine ’

e

the total amount of 1""C activity incorporated into each one of them Hd‘wever, due to

*

‘the low speciﬁc activity of the individual arnino acids. the minimum size of the

sample to ‘be separated to detect the 14C. activity in ‘edch arnino acid exceeded the

capacity of the chromatography column It was expected that one of the first effects of-

v .
chlorsulfuron would have heen a reduction in the incorporation of l“C activity into L-

" .v\valine L-leucine, and L-isoleucine.
' >
W

4.6 Eﬁ'ebt of chlorsulfuron on assimilate translocation

<

Both intact seedlings and excised leaves were “used to study the effect of ,.

: 1
chlorsulfuron'on the transport of assimilates out of the treated leaf.

_ 4.6.1Intact seedlings
4 ,
One microgram of chlorsulfuron applied to single leaves of intact stinkweed

seedlings reduced the translocation bf 14C-labelled assimilates out of these Jeaves, if

they were exposed to l“CO 12 or 24 h aﬁer the application of the herbicide (Figure 18).

No such reduction occurred when “C02 was applied 6 h aﬁer the herbicide treatment.

&

Application of 1 ug of chlorsulfuron to one leaf of an intact seedling had no effect on

the translocation of assimilates’ out of the adjacent leaf when it was exposed to l“CO 6

or 12 h after the herbicide application In this instance a period of 24 h between

%
chlorsulfuron application and exposure to l“CO was required in order to observe a

reduction in assimilate translocation Chlorsulfuron had no effect’ on the total

amount of 11CO, assimilated by the leaves
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Flgure 18. Effect of 1 ug ‘of chlorsulfuron, applied to a single leaf of intact stinkweed

seedlings, on the translocation of 4C- -assimilates out of the treated leaf, or.the leaf
adjacent to the treated leaf. Leaves were exposed to 14CO, (30 min pulse, 90 min chase ;
period) 6, 12, or 24 h after herbicide applitation. The data, means and standard -
erfory, are expressed as a percentage ‘of the control and are based on the results of .
. three Buns with. three seedlings per treatment - .
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462Emisedleavee

. .‘_,

Excised leaves exuding through the cut end of the petiole into an EDTA— .

icontaining buﬁ'er solution are a simple system in which the effect of a herbicide L L
. treatment on the assimilate source tissue can be stqdied (Groussol etal, 1986 ‘King "j;'
and Zeevaart 1974) One of the keys to the succesful functioning of this system is the |
. concentration of the chelating agent EDTA in the bathing solution (Groussol et al, -
1986 Fellows and Zeevaart 1983). EDTA forms stable complexes with divalent
cations it reduces the concentration of freely available Ca?* ions in the bathing .
solution Free,Ca2* fons participate in the reactions that seal cut phloem tissue EDTA

prevents this sealing. caused by the formation of the ponsaccharide callose, and

..... -
~
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9 9.6\.2.1, Oi)tlmum ED:I‘A concentx'-atloix\ )

enablessexcised leaves to exud'e T

. ,,/g; ! : o

(ol

-

The -optimum EDTA concentration for th'e'gxﬁda'tion of sugars by excised

" - _stinkweed leaves ranged from 0.5 to 5. mM dépending upon the length of the exudation .

peridd (ngu'rf:!i.s). At all EDTA concentrations the. leaveés remained turgid for the
Lo \»\\1 . v, . j . . -

duration of the 8-h ‘éxudatlon"pendd. At the ernid of this period, only the petioles of the
leaves in the bathing sdiutlon-contélﬁing 5, 10, and 20 mM EDTA had become

translucénf. This is suggested to be a sign of EDTA phytotoxicity (Groussol et al.,

| e
1986). |

[ N
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Figure 19. Effect of increasing concentration of-EDTA in the bathing solution (5 mM
phosphate buffer;- pH 6.0) on the exudation of anthrone-positive compounds by the
petioles of excised leaves of stinkweed seedlings. The data (means) are expressed as the
cumulative amount of glucose equivalents exuded per cm? of leaf area at 2, 4, 6, and 8 h

after excision, and are the results of one run with eight leaves per EDTA
concentration. ' ' : : :
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 4.6.2.2 Exudation following 14CO, -application.

When,stinlrweed seedling leaves  that had been treated with 1 Hg of

chlorsulfuron were ek(:ised and exposed to “602. 12 or 24 h after herbictde
: applicatiom an eﬁ'ect on the exudation profiles (ol'}both sugars and MC -activity was
observed (Figure 20). Fox!' both time intervals, Tess 14C. a.ctivity and less sugar was
' exu:ied by the chlorsulfuron-treated leaves during the subsequent 13-h exudation
period With a 6-h time interval between the application of chlorsulfuron and
‘ exposure to “002, only a reduction in the total amount of sugar exuded by the leaves
could be observed. There was no significant effect on the amount of 1“C-activity
e:cuded .
~ The reduction in the exudation of sugars and l"C -activity by the chlorsulfuron-
treated leaves could be prevented fif, 6 to 8 h prior to herbicide application the roots of

the seedlings were placed in nutrient solution containing 1 mM of each of the amino

‘acids L-valine L-leucine, and L-isoleucine (Figure 21) These amino acids completely )

alleviated the effect of the herbicide.

The reduction in sugar and 4C-activity exudation also occurred when, 24 h

_after the seedlings had been sprayed with chlorsulfuron at a rate of 11 25 g/ha the-"

‘ third true leaf was excised and exposed to l“C02 (Figure 22)

Exudation of 14C- activity and of sugars by the leaf adjacent to the chlorSul-

furon-treated leat' was not. aﬁ'ected by a chlorsulfuron treatment applied 24 h prior to o

excision and exposure to 14002 (Figure 23) - : IR

Q
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Figure 20. Exudation profiles of single, excised stinkweed . leaves, following -
- application of blank or 1 jig of chlorsulfuron to the leaves, 6, 12, or 24-h prior to
excision and exposure to 4CO, (30.min pulse). The data, means and standard errors,
are expressed as percentages of the cumulative amount of 14C-activity or sugars exuded
by the control leaves during the 13-h exudation period, and are the results of two-runs
with three ieaves per herbicide dose. : : B
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.. Figure 21. Exudation profiles of- single, excised stinkweed . leaves, following
application of blank or 1 pg of chlorsulfuron to the leaves 24 h prior to excision and
exposure to 14CO, (30 min pulse). Six to eight hours prior to herbicide application the
~ seedlings were placed with their roots in half-strength ‘Hoagland's solution

‘containing 1 mM of each of the amino acids L-valine, L-leucine, and L-isoleucine. The
- data, means and standard errors, are expressed as percentages of. the cumulative
amount of !4C-activity or sugars ‘exuded by the control leaves during-the. 13-h
* exudation period, and are the results of two runs with three leaves per Herbicide dose.
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Figure 22. "Exudation proflles of single, excised stinkweed leaves, following a spray
application of O or 11.25 g /ha of chlorsulfuron, 24 h prior to excision and exposure to
14CO,. The data, means and standard errors, are expressed as percentages of the
cumulative amount of 4C-activity or sugars exuded by the control leaves during the

13-h exudation pgriod. and are the results of two runs with three leaves per herbieide
dose. et :
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"ﬂgure23 Exudatlon proﬂles of single, excised stlnkweed leaves following

application, 24 h prior to excision and exposure to '4CO,, of blank or 1 ug of
“‘chlorsulfuron to the leaf adjacent to the excised leaf. The data, means and standard
- €ITors, are expressed as percéntages of the cumulative amount of 4C- -activity or sugars

exuded by the control leaves during the 13-h exudation period, and are the results of

 two runs with three leaves per herbiclde dose. 4 ' N
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4.6.2. s Exudatlo: follovfing -sucrooe and “C-suctoee application =~ .
‘  When, 12 h. after the application ol' 1 pg of chlorshlfuron leaves of stinkweed
seedlings were excised and 3H-sucrose and 1“C-sucrose were applied no effect on'the
3H-activity and MC- -activity exudation proﬁles was observed (Figure 24) Neither was )
there an effect on the sugar exudation proﬁles Leaf excision and application of 3H-
sucrose and l“C -sucrose 24 h after the application of chlorsulfuron resulted in a .
decrease in the exudation of 14Cractivity and of sugars (Figure 25) HOWever there was
. no effect on the exudation of 3H-activity. ’I‘hese results suggest that' chlorsx_ilfuron has
a~localized eﬁ'ect. since the 3H_—sucrose was applied.to the nor'i-.treated areas of the
leaves and the iitc-suc\r“ose was applied to th‘e herbicide-matega&asx of the leaves. The

LY

T decrease in exudation occurred only when sncrose was applied to the herbicide-treated
Aarea of the leaf. Chlorsdlfuron does not appear to affect the untreatedharea of the leaf.
R Sucrose applied to that part of the leaf exuded at thf.’ same rate as that of leaves not
' treated.with herbicide. The effect of chlorsull'uron '(on the treated half of the leaf) was
prevented if the seedlings were placed with their roots in nutrient Solution containing
1 mM of L-valine, L-leucine and L-isoleucine 6to8h prior to the chlorsulfuron

0
treatment :
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+Figure 24. Exudation profiles of single, excised stinkweed leaves, following
application of O or 1 pg of chlorsulfuron to the leaves, 12 h prior to treatmerit with 3H-
and 4C-sucrose. Six to eight hours prior to herbicide application the seedlings were
placed with their roots in half-strength Hoaglands' solution or in half-strength
Hpaglands' solution containing 1 mM of each of the amino acids L-valine, L-leucine,
and E-isoleucine. !*C-sucrose was applied to the area of the leaf that had been treated
with herbicide; 3H-sucrose was applied to the area. that had not been treated with
herbicide. The data, means and standard errors, are expressed as nanomoles of .
glucose equivalents exuded per'mg of tissue. ur as the cumulative amount of 3H- or 14C- -
~ activity exuded as a percentage of the total activity absorbed; they are the results of
one run with six leaves per herbicide dose. 2
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excised stlnkweed leaves, following

application of O or 1 ug of chlorsulfuron to the leaves, 24 h prior to treatment with 3H-
and '4C-sucrose. See Figure 24 for other experimental details.
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4.63 Dlscusaion N
'I‘he absence of an eﬁ'ect of chlorsulfuron on the total amount of 14CO,
asssimilated by the treated leaves suggests that in the time'period studied (maximum . .
of 24 h) ‘the herbicide had no measurable effect on pho&osynthesis This conﬁrms _
earlier reports (Hatzios and Howe, 1982). ‘ ) : , .

The reduction in the export of 4C-activity out of the chlorsulfuron-treated
leaves of intact seedlings indicates that the herbicide had an effect on assimilate
translocation This was also demonstrated by the experiments with excised leaves,
where the herbicide causgd a reduction in the exudation of both 14C. activity and =
anthrone -positive sugars. The ability of the branched chain amino acids to overcome
this reduction in exudation strongly suggests that the observed ,reduction was the
result of the mechanjsm of action of chlorsulfuron

’ The localized effect of chlorsulfuron on the assimilate transport system,
suggested by the results of the sucrose experiments is consistent with the findings46
that chlorsulfuron does not spread throughout a leaf readily. if at all, fglowing a spot

application Presumably, if suﬁ'icient herbicide had moved from the treated areas “of

the leaves to the non—treated ones a red%ction in the exudation of 3H-activity would

have been observed. ; A

The agreement between the results obitained with intact seedlings and those
with excised leaves occurred despite large dil‘ferences in the amount of 14C- activity

]
translocated or exuded-in the control seedlings or excised leaves In intact seedlings

16% of the total 1“C -activity assimilated was translocated out of the third true. leaf 2 o

SN

- h after it had been exposed to l“COQ Excised leaves exuded only 4.6% of the total

amount of 14C-activity assimilated during the 13-h period {ollowing exposure to ,14002.'

. ’ . \ “u \
N ) . M
,-

46  M.D. Devine, personal, communication. ’ ' o . . S -
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Excised bean leaves, by comparison, in 12 h exuded 15% of the total"“C activity’

assimilated (Fellows and Zeevaart, 1983) In addition to the species dlﬂ'erence. these
authors used a much higher concentration of EDTA (20 mM) than excised stinkweed _
leaves could tolerate.

A discussion of the rel_ationsh? between the’concei;itration of chlorsulfuron‘
in the tissue and the efl’ect on assimilate‘tr'ansport or exudation is presented in

section"_i.g.
4.7 Eﬁ'ect on incorporation of 1C-activity into various fractions following exposure
to 1"00,, A
Chlorsulfuron had no eﬂ"ect on the total amount of l‘*C activity assimilated by'v
_ the excised leaves of stinkweed seedlings, following exposure to 4CO, 24 h aiter
herbicide application (Table 13) The total amount of sugar and the total amount of ,
| 14C -activity exuded by chlorsulfuron—treated leaves was reduced. ’l‘hese result:;-/
similar to those reported in section¢. 6 2.2, | '
Analysts of the fractions extracted from the excised leaves demonstrated an
" Increase of 50 and 70% respectively. in the total arnount of soluble 5ugars and amino :
acids (Table 13). Only in the case of the sugar fraction was there a concomitant
-increase in the amount of “C activity recovered n’ that fraction. The amOunt of 14C-
-‘ lactivity recovered in the amino acid l‘raction was not aﬂ'ected by'\chlorsulfuron.
- Chlorsulfuron reduced the total arnount of 14C-activity recovered in both the
organic acid and the lipid fraction The chlorsulfuron-induted redhction in the total
amount of 14C-activity recovered in the lipid fraction was due mainly toa reduction in

the amount incorporated in the galactolipids. « - ' T
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Ta’ble' 13. Effect of chlorsulfuron on' assimilation and exudation by excised leaves of
~ stinkweed seedlings, and the allocation of 14C-a in various fractions extracted

irom these leaves following exposure to 14CO,. The 1 were excised and exposed to
“cg, (30 min pulse; 330-min chase perfod) 24 h after the application of blank or 1 ug of
chlorsuuaron The data are based on the results of two runs with three leaves per
treatment ‘

Chlorsulfuron Herbicide

. E effect as
Parameter ", Units? Blank lpg percentage
Fraction _ o . ,' v e ~ of control
Assimilation - -
14C-activity assimilated dpm/mg f 31,759 33,943 ° 104 “'N.S.
Exudation - ' ’ :
Total l“C activity dpm/mg 1,477 - 763 50 =
Total sugars . nmole/mg - 2.02 1.06 53 =
Sugars , : ’
~ Total sugar + nmole/mg 340 . - 494 = 150 *
Total '4C-activity * dpm/mg - 12,891 21,353 163 *
 Specific activity  dpm/nmole 381 436 108 N.S.
Amino acids | : o .
Total amino acids  nmole/mg. 16.8 286 170 =
~ Total 4C-activity dpm/mg 2,245 2315 105 °N.S.
~ Specific activity .. dpm/nmole ° 138 88 - 64 =
Organic acids | R T s
Total 14C- activity dpm/mg’ = 6,007 3.453 58 ..
" Liptds - ‘ N
Total 14C- activity dpm/mg - 1,249 - 951 75 ¢
Neutral lipids dpm/mg 304 - 229 77 *“N.S.
* Galactolipids = - " dpm/mg 367 237 64 *+
Phosph6lipids dpm/mg 578 485 88 .N.S.
Protein . - .
Total:amino acids  nmole/mg 308 257 74 N.S.
~ Total 4C-actlyity - . dpm/mg 7596 . 5488 71+
 Specific act'ivity--*-, ' dpm/nmole T34 31 90 N.S.
aWeigl'xts {mg) refer to tissue frmh weights. .

.S. not slgniﬁcant. . signiﬂcant at P < 0.05; *. signlﬂcant atP< O ol.
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- Analysis of the individual sugars in thé sugar fractions showed that one of the

effects of chlorsulfuron was an increase in the amounts of sucrose in the treated
leaves (Table 14) No increase in the amounts of glucose and fructose could be
demonstrated In the case of fructose was there a small increase in the specific
activity. ‘ i

In order to analyze the protein in the pellets left over after the extraction of the

™~ . ‘
sugars, amino ac¢ids, organic acids, and lipids from the leaf tissue, the pellets were

incubated with pronase. This enzyme hydrolyzes the.peptide bonds in the proteins,

ylelding free em_trlo acids. Analysis of these amino acids showed that chlorsulfuron

| had no eﬁ'ect on thetotal amount of amino acids‘derived from the leaf proteirls (Table

13). The herbicide»dtd reduce the total amount of !4C-activity moorporated‘ in these

amino acids. However the data were highly variable, and caution must be used in
interpretlng them |

The increase both in the totai amount of sugars in the leaves and the emount

of l"*C-actl_vity activity incorporated in them, coupled Mth the decrease in the amount

of sugers exuded by these leé\)ee. éu‘ggi:’st that chlorsulfuron probably does not have an.

effect on the synthesls‘ of sugars, but rather that it r&@®ices their_ export out of the

| leaves: Thislﬁ is supported by'the' increasc 1n the concentration of 'suorose lln the

chlorsulfuron-treated leaves. v ! . o 7

-/



Table 14. Effect of chlorsulfuron on the amounts of sucrose, glucose, and fructose
and their specific activities following exposure of excised stinkweed leaves to 14COo,.
’Iheleavwwereemdsedandckposedto 14CO, (30 min pulse; 330 min chase period) 24
after the application of blank or 1 ug of chlorsulfuron. The data are based on the
results of two runs wit.h three leaves per treatment. : : :

' Chlorsulfuron - Herbicide =
R effect as
Sugar © . Unitsa . Blank lug percentage
Parameter A L , ~ of control
. Sucrose | ‘ L , «

Total amount nmole/mg 1.7 . 4.2 255 *
Specific activity dpm/nmole 1,021 734 75  N.S.
 Glucose - _ o o . .
v Total amount nmole/mg 11.9 16.0 144 N.S. :

Specific activity - dpm/nmole 369 408 102 NS,
Fructose , o o :

Total amount . nmole/mg - 57 _ 74 _ 140 N.S.

Specific activity dpm/nmole 557 739 127 =

2Weights (mg) refer to tissue fresh weights,
-S. not significant; * significant at P < 0. 05; ** slgnlﬂcant at P<o. 01

« In the case of the aminor acld fraction it must be stated that both the size of the
pools of mdividual amino acids, or of groups of biosynthetically related amino acids,
and the ﬂux of the carbon atoms through them are under metabolic control. It could-

be postulated that a reduction in the biosynthesis of one group of amino acids e, the S -

branched-Wmo acids, might not necessarﬂy result 1n an unmedtate decrease -

o in the total amount of amino acids in the leaf tissue On the contrary a decrease in the

-

synthesis of branched- chain amino acids rmght ﬁrst of all result in a decrease in
,protein synthesis due to a lack of available branched- chain amino acids. Thls

' Vdecreasc In protein synthesis might result in an accumulation otlnonbranthed chaln,

~

S
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amino @cids. The overall effect could be an increasc in-the total amount of amino R
acids in the tissue In the absence of data on the composition of .the amino acid
fractions and on the total amount of 14C- activity incorporated in each amino acid ‘the
details of the eﬁ'ect of chlorsulfuron on the amino acid metabolism in stinkweed
leaves remain speculative. ‘

Due to lack ofdata on the total amountof oréanic acids and lipids extracted
from the leaf tissue, interpretation of the observed reduction in the incorporation of
14C-activity in the corresponding fractions is difﬁcult. The reductions might»b'e due to
a general decrease'i:i the amount of lipids and organic acids present, in the leaf tissue,

- or they ’xnight reflect a decrease in -the_ra_te ’of synthesis of these compOt:nds. On the

_ basis of the data presented in Tahle 13, no distinction' between these two possibilities

can be made. | ‘ | |

(
4.8 Eﬁ'ect on incorporation of 1‘c-tici:ivity into soluble proteins following exposure of
excised leaves to ‘OO,

In light of the large variability in both the amount and the speciﬂc activity of
the amino acids that were enzymatically liberated from the proteins in the pellets .
remaining after the extraction of the various- fractions (Table 13), a series of :
experiments was conducted to study speciﬁcally the elTect of chlorsulfuron on the -
- incorporation of l“C activity into soluble leaf proteins following exposure of excised
leaves to 14CO,. The results of these experiments indicate that chlorsulfuron has no
'etl'ect on theutotal amounts of protein‘extracted from the excised leaves ‘(Table 15). In
addition, the herbicide had no ei'fect on the specific activity of the proteins in these N
| extracts, determined by assaying an aliquot of the protein extracts by means of LSS
However when the proteins in the extracts were separated by means of SDS-PAGE,

: and the 14C- activity in the polyacrylamide gels was visualized ﬂuorographically.

X,

reduction in the amount of 1“C -activity incorporated in the proteins extracted from

"““1

~
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" leaves that had been treated with chlorsulfuron was observed

Table 15. _Eff‘ect of chlorsulfuron on the amount

kY 04
(Figure 26). -

)
’

of soiublé ‘froteins -and on the .

- incorporation of !4C-activity into these proteins following exposure of excised leaves _
- of stinkweed seedlings to 14CO,. The leaves were excised and exposed to 14CO, (30 min

pulse; 330 min chase period) 24
chlorsulfuron. Six to eight hours
placed with their roots in half-

h after the application of blank or 1 pg of
prior to herbicide application the seedlings were
strength Hoaglands' solution or in half-

strength

Hoaglands' solution containing 1 mM of each of the amino acids L-valine;;L-leucine,

and L-isoleucine. The data are based on

the results of two runs with, threé*eaves per

treatment. ' o
. Seedlings Chlo'l_'sﬁlfuro'n" | Herbicide
. treated with ~~~ _ - effect as ™
Parameter branched-chain'  Units? - Blank lug - percentage
L amino acids . of control
- Amount of protein
. no pug/mg 1043 2137 109 N.S
yes ng/mg 12.25 12.93. 106 N.S
Specific activity of protein | |
S no dpm/pg 271 285 105g N.S
. yes dpm/ug 85 103 122 N.S
Amount of amino acids in protein : '
' no nmole/pg 23 25 106 N.S
Ji yes nmole/pg 21 20 98 NS
Specific actvity of amino acids o ‘
_ _ .. ... no - dpm/nmole 2,46 1.40 57
yes dpm/nmole 0.84 1.01 119

3Weights (mg) refer to tissue fresh weights. -

-S. not significant; * significant at P < 0.05;

** significant at P < 0.01.
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ngre 26. Combined SDS-PAGE (right) ‘and corresponding fluorogram (left) of
Soluble proteins extracted from excised leaves of stinkweed seedlings exposed to 14CO,.
The leaves were excised and exposed to 4CO, (30 min pulse; 330 min chase period) 24 h

after the applicatiort:of blank (B) or 1 pg of chlorsulfuron (H). The molecular weight -
- markers are (top to bottom): phosphorylase B (92.5 kD); bovine serum albumin (66.2

kD); ovalbumin (45 kD); carbonic anhydrase (31 kD); soybean tr{psin inhibitor (21.5
kD); lysozyme (14.4 kD). A total of 80 pg of protein was loaded in each lane. -

"This observed reduction in the amount of 14C-activ'1'{y incorporated into the

soluble leaf proteins was quantified by hydrolyzing the proteins in the‘different-

extracts with methane sulfonic acid, purifying the amino acids in the hydrolysates by
means of cation exchange chromatography, and determining the specific activity of -

these amino acids. The results support the evidence obtained with the polyaérylanndé '_

gels. Chlorsulfuron reduced the incorporation of 4C-activity into the amino acicié_

deri\(cd from the solublé leaf proteins foliowmg exposuré of the leaf to 4CO,. This

effect of chlc~1‘sulfu£on was reversed if the stinkweed seedlings weré piaced With-t}idir

w -
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‘ roots in nutrient solution containing 1 mM of L-valine, L-leucine. and L-isoleucine. 6
to8h prior to the herbicide treatment Under these conditions chlorsulfuron caused - '
an increase in the speciﬁc activity of the amino acids derived from the soluble leaf .
proteins

On the basis of the results of these expenments it is diﬂ]cult to diﬁ‘erentiate
between two possible effects of chlorsuli'uron In the absence of additional data it
‘ -could be postulated that chlorsuli‘uron has aneffect on the rate of protein turnover in —
'the leaves. A lower tumover rate would result in a lower speciﬁc activity of thev
proteins Another hypothesis would be to attribute the observed reduction in the
incorporation of l"'C -activity into the leaf proteins to the lower specific activity of the

 soluble amino acids (Table 13) the building blocks of these proteins

. 4.9 General discussion '-

| ‘- _.Tﬁ'e mode 4o£ action of chlorsulfuron involves an inhibﬂition' of _the
biosynthesis oi' the branched-chain amino acids‘L-valine and L-isoleucine (Ray,
1984a). The results of the experiments in which the growth of stinkweed seedlings was |
moQitored on a continuous basis, and of the assimilate’ translocation experiments
provide additional evidence for the observation that an efi"ect .on this biosynthetic
.,.pathway is one of the keys to understanding the mechanism of action of this.
herbicide. All of the chlorsulfuron—induced events both in intact seedlings and in

‘ e.xcised leavw could be prevented if the plants were supplied with ;vmme L-leucine

'and L-isoleucine. ;

B Y

One of the effects of alpg application of chlorsulfuron to a single leaf of a i

susceptible plant was a reduction in assimilate transport out of thc treated leaf. . .

Figure 27 schemat_ically relates the mechanisrn of action of chlorsulfuron to some of -

the physiological and biochemical processes involved in the fixation of CO, and the ”

SR
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Figure 27. Dlagfam mustratmg the rélationship between the mode of action of .
.chlorsulfuron, the fixation of carbon dioxide, and the translocation of assimilate.
~ from source to sink tissue. - RS :
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) -transport of assimilates from source tissus to sinks. Although the model does not

- completely rei'iect the e:cpcrimental systems used in this study. for the purposes of
this ¢ ussion it is considered to ‘be adequate.

_After application of the herbicide to the leaf surface, herbicide molecules ‘move

into the leaf tissue eventually ending up in the cytoplasm of the individual cells.

Depending upon the plant species, the herbicide molecules are metabolized, or remain
unchanged (Sweetser et aL 1982) In the case of stinkweed 90% of the chlorsulfuron

| moleculw remained unchanged after 24 h and about 45% after five days
Within the cells the chlorsulfuron mélecules presumably bind to the enzyme

acetolactate synthase (ALS), effectively inhibiting the biosynthesis of L-valine and L-

isoleucine Itis postulated that the immediate result of this inhibition is a decrease in .

the concentration of these amino acids in the tissue. Although no evidence for this

5 was obtained in stinkweed seedlings treated with chlorsulfuron such a decrease jm

the concentrations of branched chain amino acids was observed in corn suspension
» \

o cultures growing in 1 puM imazapyr, a herbicide that also inhibits ALS (Anderson and
Hibberd 1985) The result of the decrease in the levels of branched~chain amino acids
is a reduction in the rate of protein biosynthesis Although the reduction in the

]
incorporation of l“C activity into the proteins of chlorsulfuron-treated leaf tissue can

be interpreted in several ways (see section 4, 7) the magnitude of the reduction (43%; .

(8

'Table 15) g/ould suggest that this is not only due to the reduction in the specific o

activity of the.amino acids used for protein synthesis l36% Table 13) In the light of .

(a) the relatively short time period after the application of the herbﬁide (24 hj, and (b)

the considerably longer tumover rate of leaf proteins (assumed to be in the order of

'days) (Davies and Humphrey. 1978) the results imply a reduction in the rate of
protein biosynthesis

The details of how the inhibition of thep‘b_ios'ynthesis of branched-chain

/
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, amino acids and consequmtly of proteins, is related to the reduction in the transport

R

of assimilates out of the herbicide-treated leat' have not emerged in this study All that
has become abundantly clear is that when the 'branched chain amino acids were
supplied to the treated tissue, the reductlon in assimilate transport does not occur.

The increase in the concentration of sugars in particular of sucrose, in the

’
S

treated leaves suggesth.hat the effect of chlorsulfuron is not first»all an effect on the

synthesis of sugars, but more likely on their loadihg into the phloern. On the basis of-
v

e ..

the mass flow hypothesis of phloem transport it can be assumed that once the sucrose
has been loaded into the phloem tissue, it should be translocated, unless there is an
effect on either the unloading in the sink tissue or there is an obstruction in the |

phloem between source and sink (Delrot and Bonnemain 1985' Giaquinta »1983) ’I'he
2
fact that the chlorsulfuron—induced reduction in assimilate transport also occurs in
[
o \».
excised leaves strongly suggests that the herbﬁ:ide has an eﬁ'ectOon the loading of

assimﬁes into the phloem.

. .

R Is the effect of chlorsulfuron on g-le transport of assimilates solely an effect on
the source tissue or is there also an eﬂ'ect on the sink? Assuming that the onset of an
effect of the herbicide is related to its concen(mEon in the tissue the answer to this
question must combine the information on’ thc effect on assimilate transport with
the inforrnation about the concentration of chlorsulfuron in both the source and the
stink tissgé Table 16 combines the results of the relevant experiments conducted in
this study . .

Six hours after the application of chlorsulfuron to intaCtkstinkweeld seedlings:

there was no reduc'tion in aSsimilate transport. either out of a herbicide-treated leaf

'or out of a leaf adjacent to the treated leaf (for the purpose. of this discussion

~considered to be the sink). This suggests that either the concentration of

chlorsulfuron was too low to cause an effect, or there was a dela'y»before an effect could



be demonstrated ’I‘welve hours after application chlorsulfuron reduced assimi]atef o

transport out of the’ treated leaf. No eﬂ‘ect on the assimilate transport out of the leaf
: . 4, N . : . °
, Table 16. Comparison between the effect of chlorsulfuron on assimilate\

.translocation in intact stinkweed seedlings on the exudation by excised leaves, and

. -on the concentration of chlorsulfuron jn’ theaassimilate source tissue

Time between ~ Relationship o
' . chlorsulfuron between leaf treated . ‘Concentration
. .Experiment. | appli(:ation with chlorsulfuron of chlorsulfuron Effect on
©. andexposure - .and leaf exposed . in leaf exposed  assimilate

tolCO, . tolCO, © | toMCO2 - exportd
m (priole/mg)
" Intact seedlings® 6. - _.same - . 119 (033 -
o o ' ‘adjacent - ’ 0.09 (0.02) -
.12 1 same | - 139 (021 . N
- - ‘adjacent - T 0.21 (0.09 . S
24 : ‘same o 4210 071 -
- .adjacent ;. 024 (. 08) L
Excised leavesC1 24 ‘ same o 421 '(077) B I
' : adjacent 0.24 (0 08) -
2 Based on data presented in Table 5 (Means with standard errors in parentheses). - \

ba hypher indicates an absence of an effect; | indicates a reduction in assimilate export
C Based on data presented in Figure 18. : .
d Based on data presented in Figure 23.

«

adjacent to the herbicide treated leaf c0uld be observed however. At 24 h, the
transport of assimilates out of both types of leaves was’ inhibited Howgver if the
adjacent leaf was excised 24 h after‘application there was no reduction in the
exudation of assimilates. Assuming that -at the time of the exposure. to 14CO, the same
amount of chlorsulfuron was preser;t in each leaf, an argument could be made that the
removal of the sink by excising the leaf, caused-a decrease in the chlorsulfuron-

induced reduction in assimilate transport Apparently the concentration of

chlorsulfuron in the tissue of the excised adjacent leaf was too low to cause an eﬂ"ect

. ”~
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on assimilate exudation Hence these results would suggest that an eﬁ'ect of -

: chlorsulfuron on the sink tissue cannot be completely eliminated in an attempt to

explai? the reduction in assimilate transport out of the treated leaves of . intact
seedlings.

| One of the conseQuences of the chlorsulfuron-induced redu(:tion in the rate of

assimilate transport out of the-ltreated, leair,es 1s a reduction in the'rate -at which the

herbicide molecules themselves are translocated out of the treated tissue. Devine et al.

{1987) have suggested,that on the basis of its physico-cheniical jproperties

,chlorsulfuron should be translocated more readily than» it is in whole plants
Assuming that chlorsulfuron has no direct eilect ie., an effect not mediated through
the inhibition of branched chain amino acid biosyntnesis on the loading of the®
' herbicide molecules into the phloem tissue supplying the treated plants with

)

branched-chain amino acids should increase the rate of chlorsulfuron transport.

This self-lirhiting aspect of chlorsulfuron transport as a consequence of its

Phytoto:dC' action might explain the diﬂ‘erence. in the translocation’ oi’ : chlorsulfuron
betweenl_the tolerant 'east_em'blacknigh‘tshade and the sus'ceptible velvetleaf as
- reported by, Hageman and Behrens (1984a).. At 24 and 48 h after application,
chlorsulfuron translocation was ahout 20% greater' in eastern blacllc'nights’hade than
in velvetleaj.’.Presumably. the rate of assirnilate'translocation out of the treated
leaves of velvetleaf was reduced by the herbicide, resulting in a lower rate of

translocatién of the herbicide.

ol
N

v
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*

"\ - b.SUMMARY AND CONCLUSIONS '

kS

_ Stinkweed is susceptible to the herbicide chlorsulfuron. The susceptibility of

stinkweed can be attributed to the slow rate of metabolism of chlorsulfuron to

nonphytotoxic products At 24 h after application approximately 88% of the applied

chlorsulfuron was still in the phytotoxic form' at 120 h after application this had

decreased to 45% This is in contrast to the rate of chlorsulfuron metabolism in

wheat a species resistant to chlorsulfuron in which at 120 h after application only .

. )
6% was still in the phytotoxic form ' o

'One of the visfble effects of chlorsulfuron on stinkweed seedlings was a rapid ‘

A reduction in shoot growth resulting in stunted plants A spot application of 7 ng (20

picomoles) pervfedling to the foliage was suﬂ'icient to result in a 50% reduction in

planit height 14 days later
Chlorsulfuron was absorbed slowly by the leaves of stinkweed seedlings

’l‘wenty four hours after application f2 25% of the applied amount of herbicide had

been absorbed Translocation out of the treated leaf was limited. Only 1.7 - 2.8% of the

applied amount had moved out of the treated leaf 24 h after application The

distribution of the translocated chlorsulfuron was as follows (in terms of the total .

amount applied): O. 15% was recovered in the shoot apex, 0.2% in the roots, O. 75%
| the leaf adjacent to the herbicide-treated leaf, and 1:7% in the remainder of the shoot.
Absorption via the roots, and subsequent translocation to the shoot occurred much
more readily. s
| In plants exhibiting stunted growth the chlorsulfuron concentration in the

apical tissue was 1 to 5 picomoles per mg of tissue fresh weight A specific consequence

of chlorsulfuron treat{nent was a reduction in l“C incorporation into amino acids in

LN

. . the apical tissue whenthe foliage was exposed to MC02. It is postulated that this
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reduction in l‘C incorporation into the amino -acids is mdicaﬁw of an effect of the

herbicide on amino acid biosynthesis. This in turn :re&lts in an inhibition of the
synthesis of proteins The inhibition of this latter process manifests itself as a _

* reduction in the formation of new tissue, i e., an inhibition of growth

Chlorsulfuron treatment of a single leaf reduced the transp()rt of assimilates

out of that leaf. Twelve hours’ aﬁer a spot application of 1 ug, assimilate translocation

was reduced by 30%. This reduction in assimilate transport also occurred in excised

' chlorsulfuron treated leaves

In chlorsulfuron-treated excised leaveg, the concentration of: sucrose. had

increased from 1.7 to 4.2 nmoles/mg 30 h after application of the. herbicide‘

Concomitantly the concentration of i’ree amino acids had increased from 16.8 to 28 6 .

nmoles/mg. Incorporation of !C-actlvity into these amino acids, and in the amino B
acids derived from soluble proteins extracted ffom the treated leaves, was reduced.
The increase in the.vconc;‘entration of sucrose in the chlorsulfuron-treated leaves, -

‘combined with the absence of an effect of chlorsulfuron on carbon dioxide fixation

' suggests that the obsewed reduction in assimilate transport is not due to an effect on .

the synthesis of assimilates, but rather on their movement out of the leaves
Although the possibility that the effect of chlorsulfuron on assimilate
transport is due to an effect on the assimilate sink tissue has not been eliminated,

there, appears to be a definite effect of the herbicide on the assimilate source tissue,

presu ably on the loading of assimilates into the phloem.

The effect of chlorsulfuron on the export of assimilates out of a herbicide-
“%,
treated leaf provides an explanation for the limited phloem mobility of the herbicide

in susceptible species.

t Suoplying branched chain amino acids to stinkweed seedlings prior to the

- application of c‘ilorsulfuron prevented the occurrence of all effects described. This'

*(»
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observation is consistent with the evidence that most . chlorsulfuron-mduced eﬁ'ects :

appear to occur as a direct result of an inhibition of the synthesis of the branced-

chaln amino acids (Ray 1984a) ‘ ‘
Although no dlrect link has been established between the inhibition of the

biosynthesis of branched chain amino acids and the reduction in the rate of

assimilate trax_lsgprt out qf a treated leaf, this effect might be mediated through an

" inhibition. of protein synthesis, caused by a lack of availability of a full complement

of required amino actds. in the chlorsulfuron-treated tissue.

i
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Equation used to describe the relationship between the chlorsulfuron dose and the

height, fresh and dry weight of stlnk,weed seedlings, 14 days after treatment.

/

-~

Y = —— S— . + LASYM
Y o= dependent variable (height, fresh weight, dry weight) |
"UASYM' = upper asymptote . s . '
LASYM" = Jlower asymptote
- A - = constant
" B - = constant
LNDOSE = logarithm of the chlorsulfuron dose
4 : . Loss _
Y UASYM2 LASYM? A2 B®  functionP
Height 984 (4.1 114 22 3.18 (1.00) -1.68 (0.51) 12,941
" . Fresh Weight 9938 (7.8) 124 95 2170072~ -0.478 (0.16) 56371
- DryWeight 99.8 (720 124 (1L5)°  2.17 (0.64)

-0.478 (0.16) 56,371

3Means with standard errors in parentheses.

bThis value indates the flnal value of the least squares loss function.
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Figure Al. Absorption and distribution of 4C-activity following application of 4C-
leucine to the roots of stinkweed seedlings growing in nutrient solution containing 1
mM of each of the amino acids L-valine, L-leucinie, and L-isoleucine. The data, means
and standard errors, are the results of one run with-three seedlings per treatment.
1000 Dpm of C-activity corresponds to approximately 6 nmoles of L-leuctne.
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