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‘Abstract |
Sunflewer (Hel ianthus annuus L.) ‘end Canada thistle
7(Clrslum arvewse L.) plants are susceptible tek picloram

(4-am1no~3 5, 6—tr1chloro%gcolinic acid) anqy .clopyralid .
l(3 6~ dxchloro z-pyridinecarboxylxc acid) whetees repeseed‘

"(Brasslca napus L.) plants are susceptible to piclorem only.

Thxe ltudy val undertaken to elucidate vhether intre- and/or
771nter-species dxfferences \in sensit1v1ty of ‘the three
species to the two herﬁ&ixdes can  be etttxbuted"‘to

. dxfferences in absorption, tre slpcatxon, end/or metabolism

1

of the hetb:cxdes and/or tht’extent of ethylene bxosynthes1s

T

~a£ter applxcatlon of ‘the herb1c1des.

! Dxfferences in sensxt1v1ty to pxcloram and 'clopytélid»

: thhzn and between a specxes vere not attrlbuteble to
dxfferences 1n absorptxon, trenslocat1on, and metabolxsm..
- Thin’ layer chromatogrephy ' reveeled that  one

- water- soluble metebolzte was formed from each of the two

herbxcxdes. In each 1nstance, tHe metabol1te was the same xn"

‘all three plant spec1es.. The metabqlxte ‘may be g
| d1sacchar1de ester ‘of p1cloram and clopyrelxq
Th1s is’ th “first . .experxmental work in  which

vherb1c1de-1nduced ‘ethylene product1on has been shbwn,to

occur in 1ntact plants uszng a continuous flow system.,

Picloram ~caused ‘an 'iECrease in ethylene product1on in

rapeseed plants whereas clopyza11d d1d not. Both . herbicides

‘caused an .1n%rease “in  ethylene _product:onj in sunflower

plents. - Treatment" of susceptible; speciés o with



iminoethoxyv{ﬁylglycinc 1av63”bctore’piélorim or ‘clopytalid
 was appliod prevented an increase in othylene production.
Pretrcatment uith g&p also dclayod the dcvelopment of‘
morphological chnngeu induced by pxcloram or clopyralid in
susceptible species.

o,

B -
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1. Introduction

‘Plants in the Cruciferae" fam1ly tend to be at least
’moderately re51stant to plcloram ahd clopyralld (6, 44).
partlcular;' clopyra11d unlike -plcloram, can be used to.
selectxvely ¢ontrol many broadleaf weeds 1n rapeseed wlthout
'cau51ng ~damage \co ’the" crop. Thls -makes clopyra11d of
part1cular 1nterest in weege:n Canada and Europe, because of
fits phytotoxlc effect on weedy membere of the Comp051taef
Legumlnoseae, and Polygonaceae fdhllles wh1ch are a problem
in rapeseed crops (17, 35, 79). Clopyralld has little
herbicidalg activicf-'ageinSt' many lweed species in the
Cfuciferae; Amarenthaceae, ahd Chenopodiaceae femilies.

With this in mind, the prlmary object1ve of this study
- was - to leluc1date the - d1fference in select1v1ty between the'
" two herb1c1de in susceptible ‘and re51stant ‘spec1es.. This
objective was. achieved by examiniﬁgl three major areas.
First, it wés_deﬁerminedehether differences,in TSensitivity
‘hetween'\picloram and clopyralid in rapeseed, sunflower;;and—;
Canedafthistle plants couidvbe attributed to differencee‘ in
absorption, translocation, ahd the extent of metaboliém of
the two: herb1c1des in' these° piant eEecies. fThe, Second
_objective was to determine whether ethylene is 1nvolved in
the’herbicidal activity of the two herbicides in susceptiblev
and resistant species. The thi:d objective“was tc determiﬁe
whether the two herbicides intergctl.differently with some
‘target site in ,the icells of resistant and suSceptibie
eﬁecies..bifference Lh the extent'of'ethyiene biosYnthesis



were used as a tool to. determine whether there was
difference in the way the herbicidesd interacted ‘with a
‘target s1te 1n resistant and suscept1b1e species. Once these
objectives had been achieved it was. determ1ned whether.» the
met;bol1tes produced in. all three plant spec1es were the
same for each herb1c1de Furthermore, the metabollte(s) were.
1solated_‘and .pug1f1edwzto determine their structure and
'physical propertiesr . I d | A

All experlments were conducted under controlled
env1ronnent condltions. Sunflower and rapeseed plants were
chosen because both are annual specles' sunflower plants are R
susceptlble to both_herb1c1des whereas\rapeseed plants are<‘
moderately susceptible; to p1cloram only Th\refore, 1ntra-3r5d

and/or 'inter-species comparisons of the absorpt1on and

translocation patterns and of the extent of metabollsm were

i \\

“made to determine if these factors were '1mportant' 1n\~

~
contrlbutlng to sen51t1v1ty d1ffvrences within a species and
@“SEEE;en plant spec1es. ' ;
Because Canada thistle is a severe weed problem ind
. western Canada in many- cropstllncludlng rapeseed tit was“;r

included in some experiments. Informatlon on the absorption,

translocation and extent of'metabollsm of the two herb1c1des

Ay

may explaln some of the differences in response to
clopyral1d and plcloram by fleld\\rpwn Canada thztle plants.A

Furthermore,.thls perennial species was included with a view
- .

to determining possiBle %%%Tfferenées in  absorption,

@

translocation, and metabolism of the herbicides in annual



.

KT

and perennial species.’



2, LITERATURE REVIEW -

2.1 Introductxon ‘
" In order to revxew all the pertlnent \i1terature - as
eftic1ently and thoroughly .as poss1b1e, th topxcs of -
N interest are emphas1zed accordxng to thexr 1mportance to the
‘the51s research,' The top1cs deemed to be of greatest
importance are revieved in a .general manner, followed by>
épecific: discquion' of the synthet1c pyridines. The toplcgﬁi,

of . less impdrtance are addressed with regard to the

synthetic pyridines ohly. - - o ‘:Q% "
gL ?yridines

,2.2.1,Genera1 '

| It has been knbwn for many years ,thath.naturally
Occurring pyr1d1ne compounds M;§ﬂ¢q | as ‘fusaric acid
(5= butyl 2- pyr1d1necarboxyl1c o acfd) nicotinic acid

T
,‘»R

. . ,
: s (3~pyr1d1necarboxy11c acid), n1cot1nam1de, nicotine

’gg;ﬁa-(1—methy1r2~pyrrol1dinyl)pYridine), NAD (nicotinamide
17;3;dEhihe‘ idinucleotide), 'trigopelline (N-methyl nicotinic
vecid); uracil, thymine; and  cytosine exert ‘biological
ac;ivity' in plant and/dr animal systems (39, 44). Schreiner
&fband Shorey‘(111, cited in 44) were the first to report on
the plant growth- inhibitory action of- ‘a pyr1d1ne der1vat1ve

ﬂ after isolating a- plcollne Y- carboxyl1c acid from the soil

of barren land. Yabuta et al. (126, c1ted in 44) found‘that
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fusaric acid, isolated from Glbbeﬁella FUJIkUPoI Wr., a
pathogenic mold of rice plants, exerted growth- 1nh1b1%ory

o act1on on rice. ‘Gauman (48) also showed that when fusar1c{

‘ac1d llsolated from Fusarlum lycopenslcl Sacc., was applled
to tomato plants they wilted. | ' |

The synthetic pyr1d1nes of 1nterest to this dlscussxon
are picloram (4- aman*B,s,6-tr1chlorop1colxn1c‘ acid) and

clopyralid (3,Gfdicbioto-Z-pyridinecarboxylic acid). Their

* . physicochemical properties are listed - in Table 1 (125).

~Triclopyr ([(3,5,6-trichloro-2-pyridinyl)oxylacetic acid)
»nilllalso be discussed, but in 'less detail. ,Thesa,.threefl
compounds, 1like the benZoic‘ acid. and phenoxyacetio acid
derivati;es that have herbicidal’activity,}are classified as
auxin or auxinic- type hefbicides (6' 44, 125). They will
controj many b%oadleaf herbaceous and woody plants, and may
be s1gn1f1cantly mon tox1c than 2, 4 D or 2 ,4,5-T to some.:
plant species. Other pyrldlne compounds shown to have plant

growth- 1nh1b1tory -action are 2,3 5 tr1chloro 4~pyr1d1nolr
(DAXTRQN), 6~chloropioolinic ac1d,‘ and isonicotinic acid

(44, 49), | S T

2.2,2 Physiologiéal Effects | o ' X

2.2.2.1 Effects on Plant Gronth'and‘nnatomy

| “ *The effects of picloram and clopyra11d on plant growth'
and anatomy of susceptlhue specxes are 51m11ar to those'
caused by }AA and auxinic- type herb1c1des such as* 2 4~D or

dlcamba , (24 45, 52). )Exten51on of the mid-rib and ‘



Table 1

Nomenclature and Physicochémical'Propgrties of Clopyralid:,,

‘Common name:

Product name:

Molgculaf formula:
Molécular weight'
Physical descr1pt10n-
Melt1ng point:

Vapour pressure:

pKa |
Solqgility:

@‘% "Dy

3,6~dichloro-2-~ pyrzd1necarboxy11c acid

LONTREL o formulated as. V

monoethanolamine séjt

C.H,Cl1,NO,

To192 R

White crystalline solid, odourless.

- 151 - 152°C

1.3 X 10~ 'mm Hg at 25°c.

2.3 ﬂ
water ° 0.1 ;/??Dﬂml aﬁ'?5°C
aéetbne >25 |

.me;hanolv . 0 $15

xylene . 02.3




ﬁ’& s -
Table 1 (continucd)%x

Nomenclature and Physicochemical Properties of Picloram
- * i i ﬂ““!.', S
1’.1 4

b

. . l{'
Common name: 3 4—amino~3,5,Gftrich16:0picolinic Qw'

Product name: | PORDON | to:mulated_as
| potassium salt

Molecular formﬁlq: ‘C.H,ClaNaOa

'Molecular weight: - 241.5
Physical descriptioq: White powder. Chlorine lgiﬁﬁf Y ‘iéﬁggi
Melting point: ' Decomposes before melting. o
.Vapqur p}essQre: , 6.16 X 107" mm Hg at 35°C. n

1.07 X 10°¢ mm Hg at 45°C.

pKa: a ‘ 3.6
Solubility:- ‘water . 0.043 g/100 ml at 25°C
acétoné. : 1.98 g
’ gthanol S 1.05

dichloromethane 0.06
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thickening oflth.wmisophyll may occur in leaf tips of

susceptible plant species treated with picloram, With

'in;reased dosage, cuﬁping and stunting of the leaves are

" observed  (6). Terminal leaf growth cpasés. .Tissue

proliferation along the\stgmfgay take place fir;t at the
stem tip, then at the nogss; and finally along the length
of the entire stem. nganwhfle, epinasty, bending, and
splitting of the stem occur. The roots become thickened and
stunted, Ad?entitious root initials_deVelop which crush the
phloemﬁénd cartex, eventually resulting in rupturing of the
epidermis of stem tissues (44). The plant soon dies.
Anatomical modifigationé in susceptible species
following ’treatmeﬁﬁ\ywith herbicidal cgncentfations ‘of‘

picloram or clopyralid have been described (6, 24, 44, 51,

85, 86, 101) and are essentially the same as _“the

modifications caused by other auxinic-type herbicides (6).

" They include the disintegratién of phloem and cortical

cells (69), and reduction in periclinal cell division in
tbé cémbial region (6). Peterson et al. (101) noted kflem
blockgge, enlargement of cortical and pith’ cells,'ahd
necrosis of the apex, parenchymatous, and phloem tissues ih
shoots of red maple treated with picloram. Both picloram

and clopyralid had similar effects on cell division and

.elongation in soybean and pea hypocotylé;‘respectively (24,

85, 86). After herbicide treatment, éell‘divi§jdn'decreased
in 'the meristem ‘but not in the elongation zone of the

hypocotyls; cell elongatioﬁ\ ceased in the meristem and

00 .
K}
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elongation zones; and radial enlargement of cells océurred
in the elongation and’' mature zones of the hypocotyls of

|

“ both species,

2.2.2.2 Effects on Oxidati§e Phosphorylatioﬁ

gicloram has bgén shown to inhibit ,respiratidn’ in
isolated cucumber mitochondria L46).sting succinate as a
substrate, inhibition of the TCA cycle occurred with
piclofam dohcen;ra;ions in the range 6f'10" to 10"-M{?Aﬁ
a-ketoglutérate substrate 5ystem; however, was much less
sensitive to, éimilar piclofam concentrations. Fuéhric acid’
has been shown to depress resﬁiration inl isolated
mitochondria of tomato and cauliflower (46).

Piclor;mxat 10-° ‘M caused swelling _df barley and
safflower éipochondria that had previously contracted when
ATP was adéed prior to the picloram treatment (22). Pféloram
at iO” M increaseé ATPése ac;ivi;y'in saffrgker. This was
_consistent with results that VShowed’ picloram-induced
svwelling in mitochondria .previously contracted by ATP.
_treatment. - The 'authdrs (22) spgge;t'_that the véﬁanges
mbnifested after~piclo;am ﬁfeatment may be due-pfimarily to
conforhatibna; changes in the‘”state'ﬁof "the mitochondrial

inner membrane. .

A

5.

'2.2.2.3 Metal Binding Activity
Several reésearchers ~ have shown that auxins,
phenoxyaceticlacid herbicfaes,—and some .pyridine' compounds

~form complexes with metal ions (22, 45, 107). For example,

)



10

fusafic acid chelated heavy metal ions involved in the
Fe-porphyrin oxidase complex (44). This inhibitory effect
was reversed by the addition of suitable metal, ions, Enzymes
that were ,not 'associated with heavy metals were not
”iﬁhibited by fusaric acid. Therefore, it was postulated that
p1cloram may form complexes with metal ions associated with
the respiratory enzyme systems 1n‘;1tochqnd ia (22) This
chelation of metal ibns may ‘lead- to changes{ in membnang
structures and/qr protonic equilibrium of ‘the mitochondria,
thereby explaining the action of .picloram .on respiration iﬁ
mitochondria. | |
éeroxidase,.whiqh is,associated with the auxin oxidase
syétem, requires Mn*? .as a cofactor. Foy (44) hypothesized -
that'inhibi;ioﬁ of the oxidase system through chelation of
Mn*? may resd&t in] exéessive endogenous levels of auxin
which result 1n many of the phy51ologzcal abnormalities seen
in susceptlble' species after picloram treatment. However,
- Foy and Chang (45) found no correlat1on between the metal
complexing propert1es of the pyridine compound% and growth
regulatory activity. Furthermore, recent stud1e§ 1nvolv1ng
in v)kro ox1dat1oP of IAA by picloram and the comparison of
the growth k1net1¢s of IAA- and p1cloram-treated‘coleoptiles
éuggest that the -grdwth—promoting' action‘of the pyridine

herbicides does not involve inhibition of auxlp oxldase by

metal chelation (20) ' ' ]



‘:b\)‘ . ‘ . . 1 1

’
i)

2.2.2.4 Nucleic Acid Metabolism and Protein Synthesis

Picloram has been reported to have a stimulative effect
on mRNﬁ and protein synthes;s (23, 76). Chen et al. (23)
reported-incréésed“levels ofwhNA, DNA, and protein in root
tissues of cucumber éeedlings “%eated with picloram. The
gréatest decrease in the protein/RNA ratio 'occurred when
picloraﬁ qoﬁcentrations were most stimulétofy for RNA, DNA,
and protein synthesis. Consequently, they concluded that
picloram was - making more DNA template available for
transcription, thus increasing RNA lévels. Chang and Foy
(21) found ﬁhat‘growth-promoting 1evél; of picloram enhanced
synthesis of.ﬁNAase, while the converse was shbwn when
growth—inhibitofy concentrations of .the herbicide ;ere
applied. Piclorah caused both qualitative and duantitative
alterations in the band patterns of.soluble‘proteins as
determined by gel electrophoresis and isoelectric focus;pg
techniques. ‘ )

Malhotra and Hanson (76) indicated that total RNA and
DNA content of tissues was correlat?d inversely with plant
resistance to picloram; resist;nt species were 1low in
nucleic acids, whereas sensitivé species were \Pigh in
nucleic. acids. The presence 6f,higher levels of native boundf
nucleases in the resistant speéfés may prevent the
a;éumulation'of nucleic acids; these nucleic acids beiﬁg
degradég as soon as they are synthesized 1in resistant’

i
species.
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Baur and Bowmah4$(12) found that (Floram had a

stlmulatory egfect on 1eC- leuc1ne uptake in"'the hook but not
1

: s
ﬁtlssues of ﬁbean.f ThlS ‘would 1nd1cateh that

the hypocot“- 33

'\1ncreased protein 5ynthes1s was’ related to the tr1gger1ng of
v e '
cell elongatlon. Inhibition of protein synthe51s »Wlth

cyclohex1m1de . and . erythromycin “ &yndlcated that -
pacloram stlmulated prote1n§synthe51s ‘was a functlon of '803

cytoplasmlc - ribosomes rather than - 708 chloroplaSt .or

m1tochondr1al'riboso

Applitation o

‘clopYralid to‘intact soybean hYpoeotyls‘

'nresulted in dramatlc nucleolar swelllng (24). However, there -

was no 51gn1f1cant alteration, 1n‘the‘51ze of the nuclei.

. o

Relatlve DNA RNA and.protein Qalues were about 153:11 for

’~untreated ) nuclel ~ whereas . the 0 nuclel‘ isolated from

. clopyralld treated t1ssues contalned almost ~twice ~as much

0‘

RNA and proteln as untreated nuclel. DNA per nucleué’was the

same for treated and untteated tissues, Isolated nucle1 from

treated and .untreated hypocotyl tissues contained nearlyj

equ;valent levels ~ of ‘RNA polymerase 11, but the

herbicide-treated nuclei . had "three to fggrh fold higher

i

levels of RNA polymerase I.. The aboveva results were

°

' éonsiStentw with ghose obtained from nuc1e1 isolated from

soybean seedllngs treated w1th 2,4-D (25)

/ R

4

/o .
_2.2.3’Edaphic Behaviour

7&n1mal soil adsorptlon of picloram and clooyralid,

I

L

doccurs in neutral or alkalfne ‘sandy loam that is low in.



organic ‘matter content; it "1ncreases w1th dECreasxng pH

1ncrea51ng organlc matter, and lncgaa51ng concentratlons of

\

hydrated iron and alum1n1um oxides (35 44, 102) Leaching

of plcloram and clopyral1d is greatest 1n llght textured low'

organlc. matter soils (60 61, 62, 102) Gené&a%ly, there is-

an 1ncrease in adsorptlon ‘and a decrease in leachlng of acid
herbicides .as soil organic matter 1ncrea§es or pH decreases
(44)v Furthermore, both picloram and clopyralld have a pKa
- of less than 4 (TZS)t Since most agricultural soils have a
1pH that is greater than 4,_these'herbicide§ grobably exist

.primarily in -the anionic form (35 102). Based on the above

information it has been suggested that adsorptlon of . the

non-ionic form of plcloram and clopyralld by physical forces

Q

6ﬁ/hydrophob1c ‘adsorbents pr ably ° represents“ghe major

mec¢hanism for;sorptlon of thefse herbicides'(44).

Microbial degradation is* the pr1nc1pal mechanism\vfor

picloram . and clopyralld reductlon in the 5011 (102, 127).

.Meikle et -al. (82) proposed a reactlon sequence for the

degradation of .plcloram by soil . microbes. These authors

'determined that the . rate-limiting step ~in picloram

disappearance was the first step in microbial degradation,

since the products of the reactions were more easily -

.

degraded than picloram itself.‘Althgugh a degradation scheme

. has not yet beenbproposed for clopyralid, it does ' have a

shorter half—lifeh than picloram, and may be regardedsas

being considerably less vrecalcitrant _than the  latter

herbicide under most soil conditions.

r
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In general, thelpersistence of picloram and clopyralid
is directly related to the depth of the herbicideg? in the
soil ”grofile, inversely related to organic matter contentv
and temperagure of the soil, and decreaSes with the presence
of plant _roots (44,r52} 102). Furthermore, Chen and Farrow
‘(26) showed that }degradatioh processes were affected
“adversely byidryiﬁghand water-logging of thevéoil.

'

2.3 Absorption and Translocation of Pesticides

2,3.1’General

-The cuticle is the initial barrier - penetration of
pest1c1des 1nto the leaves and aerial parts of ‘the plant and
- must Dbe breached by  the compoundf before .a blological
'responseh can be 'indUCed (6, 18, 32, 37). .The entire
structure of the'cuticle is nOn-living and ex1sts oh the
outer wall of the epidermal cells whicn are in contact w1th
the protoplasm (32) Cutlcles are ‘heterogeneous membranes,'
“their main components being lipids. - Based on ¢hloroform
~ s6lubility, hwo types .fthUticular lipids exist;‘ thev
-insoluble“polyher matrlx and the soluble cuticular lipids
known as rhe vaxes (TOSY.'The former behaves‘vas a porous
membrane‘,whilé the latter represents a solubility membrane.
The soluble cuticularvlipid layer has.thedgreater effect of
the two lipid componénts on the overall permeability of
cuticular membranes to polar and non= polar solutes, A large

number of pores in the polymer matrix are,blocked or covered

#
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by .soluble cutlcular llplds, thereby reduc1ng permeab111ty
;ceefficientS'of polar solutes by two or three orders of
"megnitude. .Schonner | (108) therefore, partitioned  the
permeability coeff1c1ents for the transfer of- solutes across
cuticles‘int 3ntr1but;ons7from the polymer matrix and from‘
the soluble cuticUlérjlipids. Depending on the prbperties of
the solute ﬁolecule, a cuticular membréne béhaves as a
vporous mehbrane, a solubility membrane, or as a mixture of
both.ruPenetretion of water and solutes may alsd'take'place
through ectodesmata and stomata. Indications§ are that
stomatal -entry is poss1ble only @%r liquids w1th a contact
angle of;zerp,hand as long asvthe surface area rs wet A(J09,
. 110). |

‘ é}stemic pesticide transport is described as being
epoplastic, symplastic or ambimobile‘(29, 37(~59,'106). tong'
_dist;née transpdrt of symplastic chemicels occurs .in the
'phloem 4while for - apoplast%&f cheimicals it vocsurs in the
,xylem. The. term ambimobile descrlbes transport in both
5ystems. Two subdivisions exist w1th the apoplastlc group of’
pest1c1des, euvapoplastic, and pseudoapoplast1c (99). Those
xenoblotlcs ‘1ncapab1e of penetratlnqgghe'cel;‘plasmalemma
a  and, therefore, mdving only ih the apoplast, are termed‘
euapoplastic. Herbicides from the urea and triazine groups,
largely inhibitors of photosynthe51s,v must = penetrate the
.membranes of"the cytoplasm and chloroplast The term

'pseudoapoplastlc is used to descrlbe these chemlcals because‘

of their movement in both the apoplast and symplast (37).
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general, apoplastic- chemicals,are snept acropetally in the

v

' transpiration stream, accumulating in the tips and maygins

of ‘leaves and other organs that possess physiologlcally -
active stomata (100). | | . | ‘ .
As a yopng leaf matures, it5changes from en importer to
an ‘exporter of photosynthetic"assimilates (50 - 124).
Movenent of. assimilates, within the plant symplast is from

source to sink (6). The mass flow theory, first proposed by

‘Munch, states that higher sugar concentrations in the phloem

cause water to move from surrounding. tlssue by osm0515° the

high turgor pressure then forces the contents .of the sieve
tubes to flow ."en masse (59).\5 t has ‘been .assumed that -
herbicides and other' exogenous compounds would be carried
along this stream. Work done by Giaquinta (50.). supports th1s

theory. Theoretlcal_‘mechanlsmsv.of phloem transport and

'loadlng are discussed by - Baker (7) ~-and | Luttge . .and:

Higgenbotham (75). P

/
2.3.2 Pyridines

5

Picloram .is readilyp_taken up by leaves after follage
treatment (6, 15, 16, 44,'56; 57, 113, 115), by the roots
from soil or nutrient solution (6,l15, 16, 44, 55, 66, 113),
or by such tissue as potato tuber SIices (11, 118).

- On the basis of temperatnre coefficients and metabolism

studies, p1cloram uptake by roots appears to be governed by

'both passive and actlve mechan1sms (66, 92). The~1n1t1al

nphase of entry'is governed meinly~ by .passiQe processes,



whereas the,continuing‘uptakedis,hcontr‘ﬂled, ~at  least din
| part, by active mechanisms (92f Evzdence also ex1sts that
follar uptake of p1c10tam by leaf tissue 1nvolves an act1ve
component (115). The  rate and extent of follar uptake of
”-pioloram’increase.asv te}ative hum1d1ty, temperature, and
‘light intensity increase (93). Fol1ar absorption of p1cloram
and triclopyr is greateatf when leaf surfaces _have small
‘lamountsl of epicuticular wax, high stomatal density; a thin
"cutlcular membrane, and h1gh stellate trlchome den51ty (67,
“115). These “propertles are genetally assoc1ated w1th
immature leaves and/or}the abaxial surface of many plant
’Aapecies;

Plcloram uptake ‘by the roots of oat and sgybean plants
'and potato tuber ~slices was markedly reduced as the pH of
the nutrient solutlon was increased from 4 £B 6 (11,. 66,
" 118). Keepmng in mind that the the pKa of picloram is
.agproxinately'4’ the‘above obsetvatiOns ate oonsistent with
Crisp'e"weak acid hypothesis (31) in wh;ch he proposes that
herb1c1des such as p1cloram may be taken up more readily in
.the_undlssoc1ated acid form than ;n the 1on;c form; However,
with foliarly applied picloram an_increase in pH above that
of the value of the pKa did not reduce herb1c1de uptake
.untll‘pH levels exceeded 7. The reason for ‘the dlsorepancy :
: between foliar -‘and root_absorptlon at’various PH lebels*is
‘not understood. | S e nyo | "

P1cloram is readily exported acropetally to the shohts

after . absorptlon by the roots from nutrient solution (55['

S
Lo
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95, 112). For example Hallmen (55) found that more than 50%
| of the rad1oact1v1ty from root-applxed "Cszcloram was
found in the shoots of resistant and‘susceptible schies, 3
days after treatment 'however. ka dlfference between the
dlstrlbutlon of radloactlvlty 1h the shoots of susceptlble
versus resistant Species has ' been found following root
uptake of jbicioram. In 4 résistaht~ vspecies 'hariey,f
radioactiviti -was dlstrlbuted throughout the shoot, whereas
in susceptible spec1es radloact1v1ty accumulated mainly 'in‘
the - shoot meristems’ (113), ‘Similar distribution patterns of .
p1cloram, clopyralld. and tr1clopyr have been observeﬁ in
susceptlble’.spec1es after these herbicides" were absorbed
from the soil by roots (15, 1, 35). |
Following foliar absorption, picloram and clopfraiid
were readily transported out of treated leaves (96, 11z,

119). ‘.Approximately" 50 ‘and 36%% of the. reéouered -

¥

radioactivity‘was exported froh the treated leaf - in rapeseed_‘ -

(119) and Canada thistle (96) plants,'respectlvely, 24 hours_
' after foliage was treated ywith '‘C- clopyralld Over' 70% Of_
the exported pchoram ang clopyralld accumulated maxnly in
" the ahoot mer1stem in annual plantS such asv‘sunﬁlower ;(56)
and rapeseed (56, .119) In a perennial Species,vcanaoa .
thistle, the roots often act as a strong sink, depend1ng..on

the plant's stage of development. For example, Turnbull
(f19) found that 65% of .tphe radioact1v1ty 'exported from‘
foliage‘ treated wlth '*C~clopyralid was found in the roots

- 24 houra after; treatment ; 'Radosevich and-.Bayer (103)



19

’examined the effect of temperature and mhotoper1od on
. p1cloram and . tr1clopyr translocat1on in five' plant spec1es
: and found that, regardless of spec1es . 6% treatment,
."C-movement from the treated folzagew;as greatest under
condltlons of long days and hlgh temperaturef
In’ general the pyr1d1nes appear to be translocated in
bothj the xylem and phloem followzng root or  foliar -
absorption. by res1stant and . suscept1ble spec1es (6, 44,'5§,.v
103, 112). o' Donovan (95) showed that radioactivity ‘was
‘. associated mainly with the ' protoplasm ‘of root cortical
meells, the xylem and phloem of the stem, the xylem of older
:primaryﬂ leaves, and the xylem and phloem of younger apxcal
leaves of soybean 'plants follow1ng root-absorption of
"Cr p1cloram from nutrlent solutlon. ‘

‘ Egress of p1cloram and clopyralid from- plant roots
following foliar .oTf root absorptlon has been detected (56
‘~-S7; 66, 105 112' 113, 119) In follage appl1ed treatments‘
thew extent of root exudatlon depends on the port1on of the
: total herb1c1de dose translocated to the roots. Hallmen (56)

. found 10% and less than 1% of the recovered radloact1v1ty in
the roots and nutr1ent solutlon, respect1vely, 9 days after
a follar appl1catlon of “C -picloram to sunflower plants. In
51m11ar experlments several authors showed that over a
9—day perlod no p1cloram or clopyral1d was translocated to
the roots of rapeseed plants (56 119), Consequently, ~there

was no herblclde available 1n the roots to exude into the
l

nutrlent solutlon. Conversely,\ 24 and 20% of ‘the .total
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reéovefsd‘radibactiVity was found%in the roots and Jnutrieni
:solutisﬁ,”respectively, 9 days after folxar appl1cat1on of;
rac- clopyralzd to Canada thistle Plants (119). ‘Cons1derab1y
less clopyral:d than ‘2'4’9- was exuded £rom the roots
following herbicide applisatiOQWto fhe foliage gpf Canada

thistle plants. '

2.4 Herbicide and Auxin Metabolism in Plants

%

;2,4.1 General |

The metabolism~ of  herbicides has been = thoroughly
;eviewgd by Hatzios snd Pehﬁer (58). These authors classify
herbicides according to their type of metabslism, that is:
‘stable herbicides, thdse'.%which- are not metabolized;
herbidides-dssctivated'Sy metabolism; herbicides deactiyated'
by met;bolism at rates dependeﬂt upon the,blant speégesf and
‘finally, herbicides activated‘bf the prosess ofA metabolism.
The msjor mechanisms active in the plan£ \tb transform
herbicides‘ dre oxidation; reducpion, ' hydrolysis,
dehxdraéggﬁfg dehalogenation,-‘: exchange : reactions,
'isomerizatioh, and conjugation, of whish5the first three ahd
the lasﬁ1 one are ;He most common and importént‘teaction
meéhanisms. o | |

Hatzios and~ Penner (58) suégest thst xen§b1otics
undergo a two-phase process in. metabql1sm. The primary phase

includes reactions such as ox1dat1ons, reductions, and

hydrolysis,. which may alter herbicide selecfivity and
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phytotoxicity. The éecondary phase genefallyr “involves
conjugatidni ﬁhidh“rgsults in ﬁeéabolites with little 6r-no(i
phytbtoxicity, hiéher vater 501ubility, and limited movement
in the  plant because of compar;mentalizafion. Herbicides
have Beeh_Shown to conjugate with_[giutathioné,' cysteine,
coenzyme A,'éminb acigql‘qlucdse, or.éther'sugar;.(G, 58) .

One of the most common detoxification processes
i;§olving. "the auxinic-type hé%bicide;' such; éq, 2,4-D,
2,4,5-T, MCPA, andf’piclo;am is conjugation of these
compounds with aminé/aCids and. sugars. Several‘plaht species;
are known to form amino-acid conjugates with 2,4-D, MCPaA,
and ’2,4,5-T“ (6;. 46, 41, 42, 58,.[29). Seven.ether-séluble
‘amino agiahbonjugates _Qf 2,4-D- have beén"isolated from
soybean co€§1edon céllﬁs cultures (42). These conjugates are
linked through the alpha amide bond. of the»aﬁino‘acid. Amino
acids that have -beeq”‘shown to bé*conjugated to 2,4-D, in
soybean callus tiSSué,j ,@nclude'l gspartate; glutémate,
.alanine, valine, ‘leucine, phenjlélanine, and tryptophan
(41). The aMino acid Conjugates’ of 2,4-D appear to have
vbiologica} actfvitf"but liﬁited mobility within‘the,plaht
(58),

The conjugation of IAA with°§ugars; such as;glucosetand
myo-inositol, by means of. an egtér ‘linkage; has ‘been
reported (8, ' 38, ' 68, '735j 83, 94, 98, 121, 122, 123){
Furthermore, . the’j organic lchemical ‘sjnthesis of
"C-indole-3~acétyl4myo-inositol ih&so been successful (94).
It has also been demonstfgted that fhéfc:udé enzyme -sysféms

- )

\ _ - | : . v



22

responsible for thg biosynthetic conjﬁgation,of myo-inositol
-and glucose with IAA can be isolated (68, 83).,These glucose
and myo-inositol esters of IAA may act ﬁo homeostatica}ly
control’ hormone concéntrationé, tO'facilitate‘the transpoft
‘of IAA from seed to shoot, ‘andw,to prbtect IAA against .
oxidation by pefoxidéses'(SB).*' | |
The type of glycbside~c6njuga£es formed when various
‘herbicides are metabolized in plqsts_iﬁcludes: O-glucosides,
N-glucosides, glucose es:efs, disécéharides, gentiobiosides,
and gluéosylarabinoses, of which ?hclo—glucosides appear to
* be most common type of conjugates of herbicides. The"
Structures of.these glycoside conjugétes‘of herbicides,ﬁave
been described'(6, 27, 47, 58, 72).
2.4.2 Pyridines o
Early‘workers reported  that picloram was extremely
" stable in treated plants, with few metabélites_recngred (6;
44, 78). Concentrations of these metabolites were very .low.
Meikle et al; (81) reported that picloramhwas.decafboxyiétédl
/‘@ery'siowly'in cotton, Qyielding 14Co, 'ﬁrom "4C-carboxyl
picloram in cotton. The herbicide was. associated with
insoluble protein at a level representing oﬁly 3% of total
radiocactivity. After acid hydrolysis; the herbicide wasl
liberated from the protein. Sharma and Vanden Born *(113)
reported‘slow’decarboxylation of picloram in Canada fhistle,
"soybean, aﬁd barley. In sprirg wheat, picloram was degraded

to a . small extent _ (104). Metabolites included
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',4-amino-3,Iggichloro—6-hydroxypicolinic acid, oxalic acid,
and 4~amin$¢¥ﬂ3,5—trichloro§Yridine, but 83% of the acti?ity
was still\presentﬂas picloramY  ’

Inxﬁg%gpt years, researchers havé found thét picloram
is metabéiized to a greater extentvin many.plant species
than was reported previously (55, 56, 57, 70,.'7J, 77, 178,
114). Maroder and Prego (78) found that Prosopis ruscifolia
actively transfgrmea picloram‘to:a conjugated derivative of
the herbicide.irﬁhe guantity of the water-soluble cohjugate
ranged from 1.3~£o 3.2 times Fhat ~of picloraﬁ."similéfly,
Sharma and Vanden Born. (114) ;howed ﬁhat conjugated picloram
accogntea for 40% and 25% of the total ‘radioactivity in
excised barley and Canada thistle leaf t£§§ug, respectively, '
3 days after treétment. Using root appTicatibns of
veC-picloram, Hallmen (55) showed that 1ittlé of the
herbicide wa5~‘metaboii;Ed in ksdsceptible sunflower \agd
spruce planfs, while in picloram-toleraﬁt vheat andvrape§eed\a
plénts most of the herbicide was changed to Qater-solﬁble
conjugafe; that increaééd in concentration with time.
Similarly, ‘after leaf applications . of '*C-picloram,
approxim&tely 20% and 70% of the recovered ;aéioacti%ity was
found as waté?~soluble conjugates in susceptiblé sunflower
andJ’resistant rapeseed ipiants, respectively' (56). Qallmen
(56) hypothesized thgt as ﬁhe extent of picloram métaboiisw
increased the amoﬁnt;Q of herbiciaé translocated out o§ the

N,
”d’treated' leaf would decrease. He concluded that this

hypothesis may explain the suséeptibility differEncgﬁf/f



24

‘between rapeseed and sunflover plants to . picloram. In
contrast, Thrnbu11’(119) found no clopyralid mefabolites in
rapesegd'plants. \

After isolation and acid ‘hydrolysis of picloram
conjugates, severa; authorslfound derivatives that had the
same Rf value asvpicloram, as determined:by'TLC (55, 56, 57,
77, 78, 114). Sharma and Vanden Born (114) found that
conjugates gave a positive reaction for éugars, a negative
reaction‘ for amino acids, and that less than 1% of
radioactivity was associated with proteﬁﬁ and nucleic acid
fractions. Kudaikina et al. (70, 71) have since isolated and
‘identified two'water—soléble sugar conjugafes of picloram,
1~O~(4-amiho—3,5,64trichloropicolyl)—q;glucopyranoside and
N-(2-carboxy;3,5,6-trichloropyridine%4—yl)—glucosamine, from
corn and sunflower plants, respect}vely.

.
[as

2.5 Ethylene and Herbicide Action

2.5.1 General .

Herbicides have¢been reported to stimulate éthylene
production in a ﬁumﬁer of piant spééies (2, 3;'53, 64, 74,
‘89, 90, 97, 1175. In particular, the auxinic-type herbigideg
such as 2,4-D, 2,4,5-T, picloram, 2,5-dichlérophenoxyacetic
aéid, and dicamba prémote ethylene biosyntﬁesig‘(13, 80, 89,
80, 91, 117), A controyersy'exists‘among researchers as to
whether there is an association between plant sensitivity to

auxinic-type herbicides and the increase in ethylene
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’ producﬁion brought about by this herbicide treatment (88).
Ethylens has been shown’ to induce epinasty, enhanne
senescence, reduce the nmount of chlorophyll, and cause
abscission ‘of leaves and other organs (53), Many of these.
respbnseé are similar to those induced by the auxinic
herbicides. Hoyever, the separation of some of the effects
of auxinic herbicides from those of ethylene has been shown.
(2,(5, 6, 88). There 1is some evidence, nonetheless, to
indicate that the auxinic herbicide-induced responses that
pfecede death, such as leaf and stem epinasty and - Leaf
" abscission, may be accounted for by ethylene (6; 88).
Auxinic herbjcides have been shown to promote ethylene
biosnnthesis . more in suscep%}gig<§han in_fesistant species
(88J‘9B).’Furthermore, analogs of auxinic herbicides Uth%g
are inactine as synthetic auxins are also inactivé‘as
enhyleneubiosynthesis promote}s. For example, phenoxyacetic
acid - the chloro substituted phenoxyacetlc acids, and
‘:3 4,5~ trlchlorophenoxylsobutyrlc acid, are all known analogs
of . aux1n1c herb1c1des but have little auxin activity and do
not markedly increase ethylene biosynthesis,

There are five criteria for investigating whether the
action of an auxin,'which is mimiéked by ethylene, is due to
auxin-induced ethylene synthesis (88) ‘These cslterla which
also may be applied to the aux1n1c type herb1c1des, are: the
kinetics of auxin-induced ethylene synthesis should show

that timing and amount of ethylene synthesizZed allow a cause

and effect relationéhip to occur; ethylene should produce
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the’ sane effect more rapldly than auxln; saturating levels
rlof ethylene should mask 'the response "to auxin and the
addlt;onal effects of auxin must be due to it’ rather than to
ethylene; reductlon of 1nterna1 concentratlons ‘of ethylene
.in _auxin—treated tissue by vacuum or by flush1ng with air
~should reduce or delay the responSe, COZ‘ should reduce. or
_delay" ‘the « effects of auxln. since CO, 1is wusually a-
competitive énhlbitor of ethylene action. | #
| " Yu ?;ﬁand ~ ‘Yang (128) . have determined. that.
j@ aminoethoxyvinylglycine (AVG) is a' poteht inhibitor of
ethylene biosynthesis. Their results suggeSt that in the
'fethylene biosynthetic dpathway (méthionime = s‘adenosyl-b'
methionine'.(SAM)‘ * 1 am1nocyclopropane 1 carboxyllc acidm
(acc) *‘ethylene)ﬁ IAA ‘stimulates - ethylene productlon by
inducing ‘the 'activation of ACC synthetase, which'catalyzes'
- the conversion of,SAivto ACC. Aminoethogyvinylglycine “(AVG)
‘acts"to ’inhibit the conversion of nethionine to ACC, thus
_prevenging ethylene-bfosynthesis. Paradies et al. (97) have
shown that AVG can be used with the non- aux1n1c herb1c1de
V' ;metolachlor to determlne whether symptoms’ expressed by
treated sorghum seedllngngcan be attributed to“increased
ethylene prodUCtlon brought “about by the herbicide
treatment. - Am1noethoxyv1nylgly01ne decreased ethylene
formatlon by metolachlor treated sorghum seedlings, but the'
‘authors observed' that deformatlon 1n the seedl1ngs was the

same as ‘in metolachlor treated controls, - ‘They concluded that

the herb1c1de-1nduced ethylene production is a symptom and

o
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not the inducer of the morphological effects visible after

)

métoldéhlor trgatment of sorghum seedlings.



3. MATERIALS AND nE'rHQp_s *

3.1 Herbicides

The radioactive herbicides used were: ‘clopyralid
“(2,6-'*C; sp. act. 429 MBq-mmole‘f, 11.6 ‘mCi-mmole";
radiochemical purity >99%) and‘picloram (2;6-“C} sSp. act,
370 MBqg- mmole-'; 10.0 mCi-mmole“; ‘radiochemical 'purity'
>99%) . -Analytical grade. standards (5 g) of clopyralld and
picloram were >39% pure. Commercial herb1c1de formulations
used were clopyralid ‘(360 q acid equivalent (ae)/L) and
Picloram (240 g ae/L as‘K‘.Salt) Rad10act1ve | cgmmerc1al

and analytlcal grade herb1c1des vwere obta1ned from Dow'

3.2“%l§nt Material | _ | o ‘_. © |
The>'plants used were rapesaed (Brassica napus L. cg.
, Altex) sunflower (Helianthus annuus L. CV. Mammoth Grey
Stripe) and Canada thlstle (Clr51um arvense L. ) Regardless
-of the med1a or the env1ronment in which the plants were
grown, SlX rapeseed or sunflower seeds were planted per pot.

After 10 days, plants were thinned to three plants per - pot.

At the requ1red stage of growth the plant num@er per pot was

reduced. to one. Canada thlstle plantség%re started from 4—

. <

tof'6;cm root cutt1ngs. These cuttings were planted in 54 x
28 x 6 cm flats conta1n1ng perlite and 4. to 21 days later,
after sproutlng, were transplanted to pots (one plant/pot)'

contalnlng the appropr1ate growth medium.’ Until the time of

e L o -
'"Dow Chemical Co., Midland, MI.

2
o

- 28

2
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- transplanting, the euttings were grown - in a greenhouse
maintained at a temperatUre of 207169C ‘day/night.: Sunlight
was supplemented w1th llght from high pressure sod1um lamps‘

to prov1de a 16- hour photoperlod.
3.3 Absorption and Translocation

3.3.1 Absqrpfion ‘and  Translocation - of Picloram and
Clopyralid h
,The‘ absorption and translocation patterns . of
"C—picloram and i‘C—ciopyralid were investigated in all
three plant species. Canada thistle plants were transplanted
1nto 9-cm diam plastic cups containing 350 ml‘ofls111ca
sand. Rapeseed7or‘Sunflower seedsa_were sown into plastic
cup's eontaininé the -lsame medium. Each‘ cup had tﬁr!ules in
cte

the bottom and was set 1n51de a secong: cug that a

g

as a
reservoir [ for the nutrient solution.
witﬁ\half-strength Hoagland's solurion as required.
Plantsf were grown in a eentrolled environment'growth
cabinet maintained at 20/16+1°C day/night nith ‘a- 16-hour
photoperiod and relatiVe humidity'df 65%. Light~ intensity?
‘(400 to 700 nm) was constant'throughont at 250 uE-m?*-s”',
‘Herbicides were dissolved in’ ethanol:water (1:9 v/v)
containing 0.5% \(v/v) oxYSorbic'(ZO POE)J (pelyoxkethylene
scrbitan monolaurate) to a concentration _withl approximate .-

*Measured with a Li-cor Quantum Meter, model LI—185 Lambda
Instr. Corp., Lincoln, ‘NE. v

‘Tween 20; Matheson, Coleman and Bell, Manuf. Chemlsts,'
Norwood, OH. : ,

¥Plants were watered -
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%ad1oact1v1ty of 3300 Bg (2. 0 X 10°* dpm) per 10 ul, which is
equivalent to 780, and = 900 uM of “C p1cloram and
“C-clopyralld respectively; Tne quantitf of rad;olabeled
herbicide in the 10 unl of solutlon applled to the plants was
7. 8 x 10"' or 9.0 X 10" umol of "C~picloram-' and
“C*g@opyralld ' reepectively. Cotyledons were removed from’
bivsunflower and -rapeaeed“ plants . priori to treatment. A
'miéropipette‘ was used to .apply a_ total of 10n41'of a
herblczde solution as eiéht‘ to ten drops across the
’ mkgsectlon (perpendicular' to the lmid-vein) of a leaf.
{‘Herb1c1de treatmenta were fapplied to the third leaf of
rapeseed plants at' the five;leaf stage, one leaf of the
_second leaf—pa1r of sunflower plants ?atf_the ‘three- leaf
_stage and the ‘fourth leaf from the apex of Canada thlstle
plants at the pre-bud stage (8- to 10-leaf stage) of
development Tne 'leaf that recelved a treatment was fully
“expanded in all experiments except one,

Plants were dissected 24, 72, or 144 hours after
‘tteatment. Rapeseed plants werehdissected into the treated
leaf, first leaf, second leaf'- fourth leaf, fifth leaf,
growing point (all tissue above the f1fth leaf) stem, and
roots. Sunflower plants were dlssected into the treatedn
leaf, the leaf opposite the treated leaf, the leaf directly
below the  treated leaf, the leéf)below and oppoaite the
treated leaf, the growing point (all itissue above ‘the

treated leaf),‘ the stem between the treated leaf and the

-,

Y - — -~ —— -

‘Wiretrol, Drummond Scientific Co., Broomall, PA.
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cotyledons, the stem below the cotyledons, and the roots.
Canada thistle plants were dlssected into the treated leaf,

the apex .(including the growlng point " and the  hevest
expanding leaves), the leaves and stem in the region between
hthe apex and treated leaf, aLl,;eaves below the tfeated‘
leaf, the stem tissue below the tteated leaf, and the roots,
yhich were sub d1V1ded 1nto the orlglnal root cuttlng, the
newly developed tap root, and the ‘fibrous roots.

The amount  of herbicide- present on the treated‘leaf
surface 24, 72, or 144 hours after application . was
determined by meane ef. a ‘leaf rinse technique (33). The
ltechnique consisted of holding the treated leaf in a plastic
funnel., and directingblo ml ethanol:water (1:9 v/v) over the
'treeted area of thevleafn The rinse solution was - collected -
tn a 22-ml scintillation:vial, from which a 5~-ml aliquot was
“taken and added to 35 similar viai contaihing 10 ml  of
scintillation'. liqui%’ Radloact1v1ty :was ‘quantified by.
standard 11qu1d sc1nt¥ilat1on spectrometry (LSS)‘

In order to estlmate the extent of the - radlolabelled
herbicide. exudlng from the roots of treated plants; theL
nutrient solut1on wasuassayed for radioactivity. At the time
of’harvest ‘the nutrient solution was . dralned from the
pleetic cup that was used as a reservoir. The solutlon was
poured over'the silica sand in the plastic cup in which 'the

3

plant was growing, and allowed to drain into a beaker. This

5Aquasol -2; New England Nuclear, Boston, MA.
‘Model-Tri-Carb 460 CD:; Packard Instr. Co. Inc., Downers
" Grove, IL. ‘ ‘
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_pr0cess was repeated twice. After the final rinsing of the
silica sand the nutrient solution was collected»“and its
volume was measured A 5-ml aliquot of the ‘nutrient solutlon
_was transferred to a 22 ml scintillation vial containing 10 .
ml sc1nt111at1on fluid®*. Radiocactivity was quantr?ﬁed;by
LSSr' | u

'Plant tissue was dried for 48 hours at}40°C, stored'ln
a freezer (-20°C) and later combusted in a biologlcal sample
oxidizer’. Standards were prepared by.comousting a known
‘weight of ! dried plant tissue or filter paper with a
“Cfmethyllmethacrylate disc* that had a total radioactivity.
of 595 BqA (3.56 X 10* dpm). Plant tlssue and filter paper
‘that was combusted weighed 50, 100 200, 300, 400, and 500
mg. More than 90% of the '4CO, generated by combu!tlon of
samples weighing 100 mg or less could be collected in a vial
containing 15 ml iscintillation fluid’., For samples that
weighed more than 100 mg the'okidiaer_had to be modifiedp to
achieve the same C024trapping efficlency;ZThis‘was donedby
arranglng two vials in serles, each wlth 15 ml- sc1nt111at10n
fluid. Any '4CO; not trapped in the first v1al was collected |
in the second vial. In this manner, samples weighing as much

as 400 mg could be combusted while maintaining a
o

'4CO,~trapping effiency greater than 90%.
All experiments ‘were of a randomized design with four

plants per treatment Experiments were conducted twice and
"Model OX300' R. J. Harvey Instr. Corp., Hillsdale, NJ.

*New England Nuclear, 549 Albany St., Boston, MA 02118
*Carbon 14 Cocktail (COz trapp1ng) R. J. Harvey Instr.
Corp., Hlllsdale NJ. : '
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data from autyéicglAéxperimenF were anaiy;ed by ﬁnalysis of
- variance. .Data‘ rép;esentin§ distribution of a F‘Cflabeled
herbicide were expressed a?  'a percentage of ‘total
,radipactivi;y recovered in.fhe enti:ejplant‘(including the
leaf wash); or of the data fbf the entfre, plant less the

."
leaf wash and treated leaf.

3.3.2 Trahslqcation éf_fhe Acid Amide«of Clopyralia“

The cérboxylic acid amlde of "‘C-clopyrélid,";
‘suspected metabollte of‘clopyralld was synthesized (section
3.8.1) and 'applled to rapeseed planfs to‘determine hoy,
alteration of the carboxylic acid. moiety . would.'afféct'f~
absorﬁtion aﬁd transloéation. »Thé\ “C—;adiolabeled .acid
émide'wa; dissolved in ethanol:water (1:9 v/v) containing
~0.5% Tween -20,' "to. a concentrat1on witQ apprbximéfe
.rad1oact1v1ty of 670 Bq (4.0 X 10° dpm) in iO ul -and was -
"applied to ’the third 1leaf of rapeseed planﬁs }n the
four—ieaf stage : Afmer 72 h, plants were harvested,"

dlssected, and combusted as descrxbed in Sec¢tion 3 3.1.

o

3.4 Quantification ofIWatét;Solub%e Conjugate5<qf Herbicides

In a preliminary experiment’ the effects of” pH on the
,eff1c1ency of '¢C- p1cloram or 'tC- clopyralld transfer from
buffered _ aqueous C.solutlons into dlchloromethane were

determined. Nine sodium phosphate/c1trate buffer sqlutions
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were prepared, rénging in pH‘froh 1.6 to 5.0, Each solution
contained ;‘C*picloram or '‘C-clopyralid at a concéntraﬁion
of 3300 Bq,(2.0 X 105 dpm) per 5 ml. An aligquot (5 ml) of
the buffe;ed solution was partitioned three times against
‘dichloromethane (5 ml). The quantity of herbicide in the
aqueous and eqch'créqnic phase was determined by LSS.

'::Thé extent of ‘wconversion of "C—piclofam and
*4C-clopyralid to’ water—ﬁolub}e'derivatives Qas quantifibd
in all tﬁrée_plant speci;s._ﬁ mefhod vdescribédrrby Hallmen
and Eliasson (57) was .modified and used tb/deterhine the
quantityrof‘recovered‘rgdioactivi;yﬁpresent as herbicide and
herbicidg’ c;njugates. élanté_were treated with ;‘C—picloram '
or "C—éloéyraiid'and‘harvested 24, 72, and 144 hours after
.trggtﬁént. The silica sapd’was rinsed from the roots of each
plant with water and the entire plant was wrapped in
aluminum—foii ‘and immeéiatelyA :roien - (-20°C). After

\
: : L )
freezing, each plant was cut \&nto small  pieces and

/

homogenfzed> {n cold 85% acetone (10 mi/g fresh weight of
- 'tiséue) with a Sorvai Omni-mixer (3 minutes) and a.- Polytron
Jsonic mixer (1 hinuge). The homogenate was filtered in a
~ Buchner fugnel'through a Whatman #1 filter paper. The filter
cake’ was rinsed once with 85% acetone. (25-50 ml) and then
repeatedly with methanol until the residue was white in‘
colouf. The residue was frézen and later combuétedvto'

determine the amountbof ‘{C-herbicide present, |
The filtrate was reduced in volume under a stfeam of

!

air (40°C) or . by vacuum rotary evaporation (35°C) to

“y
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approx1mate1y 5 to 10 ml. The aqueous solution remaining in
the beaker was removed The beaker was r1nsed with water (7
'ml) and scoured with a rubber | pol1ceman 'in order to
solubilize any residue. The rinsing and scouring procedures
were repeated. The aqueous solution' and  washings wvere
combined and centrifuged (50‘ rpm for 10 minutes). The
supernatant was decanted; The pellet was dissolved in
dichloromethane, transferred to a combustion vessel, reduced
to drynesa,fand the residue was combusted and assayed for
radioactivity.

The volume of the.aqueous Supernatant was neaaured and
a 1-ml aliquot was assayed for radiocactivity as previously
described for the leaf rinse solution (Section '3.3.1). The
quantity of radioactivity recovered in the supernatant was
expressed as a percentage of»the total herbicide' recovered
in the supernatant, pellet,'and filter cake. A 5-ml aliquot
| of the supernatant was adjdsted to pH 1.6 with HCI and
partitioned four times agalnst dlchloromethane (5 ml). After-
-each partition the organlc phase was transferred to a 22-ml
sc1nt111atlon vial conta1n1ng 10 ml scintillation llqu1d and
ass"!d for radloact1v1ty. The remaining aqueous phase
contained the 'vater—soiuble derivative of the herbicide.
Most ofmthe»radioactivity in the aqueous phase partitioned
into dichloromethane after hydroly51s with 1 M 'NaOH for 1

'hour at 100 C and acidifying the solutlon to pH 1.6, or

after hydroly51s with 1 M HCl for 1 hour at 100° C.
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In 5 énother experiment,ﬂ%3é-picloram or '‘C-clopyralid
was applied to rapeseed plants ‘that were . homdgenized./é;d
extfacted immediately. The aqueous residue was partitioned
with dichloromethane as described above. This was done to
determine if water-solubleh conjugates were produced as a

result of the extraction procedure.

3.5 Purification of the Naturally ‘Producgd Herbicide
Metabolite 3

Analytical grade picloram or clopyralid was dissolved

in ethanol:water (1:9 v/v) containing 0.5% Tween 20 to a

¢

concentration of 3.1 aqd 3.9 mM, réspectiyely.; Thg
radiolabelled herbicide was dissolved in the - corresponding
.solution to a concentration with approximate radiocactivity
of 330 Bg (2.0 X 10* dpm) per 10 wl'®. A micropipette* was
used to disperse 50-100 ul of:the herbicide solution,‘as 2-
to‘ 10ful drops, over ghe entire surface of fully expanded
rapeseedx}eaves. A<Lotal of i.5 ml of the tréatmenf solution
| was‘,appi¥?3*'to 15 to 20 leaves. After 4 hours, the treated
leaves were removed from the plant and‘fhe leaf petiole was
immersed in 1,5 ml water in a ;ial. The leaf and vial were
enclosed in an 8-cm diam jar containing 50 ml of water and
placed in an incubator at 23°C + 2 with a 24-hour
photoperiod and a light intensity‘(4OD to 700 nm) of 125
uE-h’-s“. After 72  hours thé 1eaves vere hérvested and

- '°The concentrations of '‘C-picloram and '“C-clopyralid were
89.8 and 78.1 uM, respectively. The quantity of radiolabeled
herbicide in the 10 ul of solution was 77.7 X 10-° or 90.1 X
. 107* umol of ‘'*C-picloram and '‘C-clopyralid, respectively.
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homogenized as described previously (see Section 3.4f, in

order to 1isolate the aqueous extract containing the

hetbicfde and herbicide conjugate.
- y

3.5.1 Pﬁrification of the Derivatized Plant Metabolite '

The aqueous extract (26 ml) described in/section'3.5.'

was diluted with an equal volume of 28% NH,OH and incubated
at 30°C for 1 hour in order to derivatize ‘the herbicide
metabolite. The mixture - was QbaCUUm~evap§:ated (50°C) to
lfemove NH,, adjusted to pH 1.6 with HCl, and extracted five
times with equal volumes of dichloromethane. The
dichloromethane fractions weré pooled and dried over
anhydrous Na,SO,, and reduced to dryness under a ‘streém oof
;itrogen gas. The residue was dissolved in 10 ml énhydrous
acetone, reddced in volume to ' ml, and streaked across. a
silica gel TLC piate".» The"ﬁlate was developed in
béngeneimethanol (9:1 v/v). After development, the amide
derivative of'piéloram_or clopyralid was located by écanniﬁg
the plate with a Geiger4Mugller TtC%plate.scaﬁner" and by
visualization under UV (254 nm) radiétion. Thg ione of
interest was scraped from the plate and the silica gel was
eluted with 20 ml ethyl acetate. The eluant was reduced  in

- — - - ——— o~ — -

''Plate type: Linear-K Preadsorbent (LK5), 250 um thickness,
20'X 20 cm; Whatman Chemical Separation Inc,, 9 Bridewell
Place, Clifton, NJ 07014, _

'*Berthold LB2760; scanning parameters: voltage - 1695 V;
time constant - 10 sec; ratemeter - 1K; slit: number
LB6292-1, width 2 mm, length 20 mm; counting wire length -
25 mm; scaling factor - 8; gas - P-10 (10% argon, balance
mathane); gas flow setting - 6 to 8.
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volume to 800 ul ,under a 'stream of nitrogen gas and

re-chromatographed‘using the same procedure. The final ethyl
acetate eluant .was concentrated to 800 uxl under nitrogen and

0.2 #l1 was analyzed by GC-MS.

()

3.5.2 Purificaiion'of Non-Derivatized Plant Metabolite !

<

The aqueous extract (5 ml) from section 3.5 was added

to 10 g silica gel'® (40 - 140 mesh), mixed thoroughly, and

dried at 40°C 'for 2 hours. The mixture was Stirred‘énd
allowed to cool before adding absolute ethanol (50.ml). The
ethén01~siliéa gel mixthre_waslstirred for severai minutes
and then separated by fiitration. The extraction of the

silica  ge1 with the ethanol was repeated three times,

Ethanol fractions were combined and concentrated to 1.5 ml-

in;.va;uo, streaked on a silica gel TLC"piate"; and
chromatographed. in ethanol:dichloromethane .(1:1 Ev/v). A
broad zone éontaining '4C (Rf 0.35 - 0.70) was scrapéd from
the plate and the silica gel was eluted with absolute
ethanol. The eluate was concentrated and streaked on a
silica gel TLC plate'?®, develobed with acetone:water (9:1
v/v), the '‘C zone was removed and the silica gel was eluted
with ethanol. The ethanol solutioﬁ was reduced to dryness iﬁ
vaéUO'and dried over P.0s for 24'hoqrs, in prqggfatjon for
acetylation or silylation of the metabolite. h

e " = ——— " — - - —

'*J.T. Baker Chemical Co., Phillipsburg, NJ 08865.

'*‘Plate type: Linear-K Preadsorbent Preparative (PLK5), 1000
um thickness, 20 X 20 cm; Whatman Chemical Separations Inc.,
9 Bridewell Place, Clifton, NJ 07014. )

'*Plate type: 250 um, 20 X20 cm; J.T. Baker Chemical Co.,
Phillipsburg, NJ 08865. ,
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An equally effective but less 'timeconsuming method for

metabolite purification was”developed} With this method, the
aqueous plant extract (5 ml) was passed‘ tBrough a C,,
Sep-Pak'‘ cartridge. The cartridge was flughed with water (5
ml) to remove all sugars and salts} and then rihsed with
methanol (5 ml) to elute all radioactivity. The. methanol
eluate was reduced in volume to 0.5 ml, applied to a silica
Sep-Pak'’ cartridge, and rinsed with tetrahydrofuran (10
ml). The eluate was reduced in volume to 0.75 ml, applied to
a second‘ﬁilica Sep-Pak, and rinsed with tetrahydrofuran (15

N

ml). The ellate was concentra » Streaked on a silica gel

TLC plate'®, and devéloped witd 28 one:vater (9:1 v/v).

Acetylation of the herb? Riledrctabolite was performed
at 40°C for 4 hours with an- excess of acetic
anhyaride:pyridine (2:1 v/v). Excess Eeagents werelrehovéa
in vacuo‘ (50°C) and by TLC with diethyl ether. The

\\/acetylated products were spotted on & silica gel TLC plate
and devel§ped in benzene:meﬁhanol (9:1 v/v) - or
dichloromethane:methanol (%:1 v/v). Silylation was conducted
by dissolving the herbicide metabolites in Tri-sil z'* (1
ml) at 30°C. After 30 minutes an aligquot (0.5 ul) was

analyzed by GC-MS. )

Combined GC-MS was performed on a Hewlett Packard 5985

' ‘Part No. 51910; Waters Associates, Maple Street, Milford,¥
MA 01757, | |
""Part No., 51900; Waters Associates, Ibid.

'*Pierce Chemical Co., Rockford, 1IL. o

'*J&W Scientific Inc., 3871 Security Park Dr., Rancho
Cordova, CA 95670. :
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0.32 mﬁ; 15 m lengtﬁ) coated w1th SE- 54.§tatlonary phase.
‘Helium"was used as carrier gas at a £low date of 50
cm/minute. The temperatures ‘of the injector and GC-MS
transfer line Qere 280 and 275°§,‘respeetiveiy. The VMS had
"~ an iogizihg energy of 7Q.eV,VEM.pdteptial of‘2200 %olts, and
an ion—source | temperature "of '200°cC. The ”GC ~was
"temperaturefprogrammed from'90 to 275°C at 30°C/minute.

Y

\

3.6 Effect of pH. on the Stabﬁlity, of the _Herbicide

Metabolite

A

The 1solated tC- clopyralld metabollte (Section 3.5.2)
wa§ d1ssolved in ethano) to a concentration with approxlmate
rad10act1v1ty of 660 Bg (4.0 X /lbf' dpm) per 100 ul.  An.

'allquot (100 u1) of the metabolite was transferred to eachw'

. ' & . )
of several test tubes, reduced to dryness, and the 'residue

.

P

was taken up in a 0.1 M buffered solution (5 ml). BUffered
solutions ranged in pH from 3 to L0, 1ncrea51ng by - 1 pH
unit. The-bd?fers used‘were- sodium c1trate/c1trate, pPH 3 -

4

- 6; potacsium phosphate monobasic/KOH, pH 7 - pota551um
carbonate/potassium horate/KOH,*lpH 10. The test tubes were
incubated for 3 hours in a water bath at 37° C, ecooled,rvandj
‘the solution was adjdsted to’pH 6-before.being‘partitioned
- three fimes Witt : dlchloromethane. ; The aqueous  a®d

dlchloromethane fractlons were assayed for radloact§b1ty as

descrlbed previously. The‘ experlment consisted of three

'replicates‘per treatment.
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3.7 In Vitro Synthesis of the Herbicide Metaholite.

Leaves (25-35 g fresh weight) from 30~day—ela repeseed

/

plants were homogenlzed in a cold mortar for 5 mlnutes wlth
: 4

- 10 g sea sand and 0.1 M sodium citrate buffer (pH 5.2)
< ) \ h L .
containing 0.01 M cysteine., The homogenate was strained

through ;heeseeloth'and cenrrifuged at 1500 G (5 minutes;
- 3°C). Enzy&es‘ vere isolateé from.the'supernatant using two\
modified procedures‘reportedvby Kopéeuﬁcz et al. (68) - and
Frear et al.'(47), resuee:ively. N»
5‘Method 1. | “4
The supernatant was centrlfuged at 10, OOO ‘G (5 minutesf
36C). .
contarning,' in'umoles, CoA, 1;.ATP, 10: giucose, 80; MgCl,,
80; UDP-glucose, 7; ;‘C-cldpyralid; 1;56 X 10-=.(4;0 X '105
dpm; 6600 Bg) - in 4 ml sodium citrate buffer (pH 5.2). To
rube A, 4 ml of fresh enzyme-supernatant were added, and to
ntuS;~B, 4‘ml°of boiled enzyme-supernatant.
Method 2. o |
The' supernétant wvas cenrrifuged at 70,000 G (30
minutes; 3 Ci. The resultlng so1ut10n was prec1p1tated with
(NH.),SO. (30-60% saturation), centrifuged at 10,000 G (10
minutes; 3°C), and the pelleu was dlssolved in' 5 to 10 ml of
" 0.05 M sodlum citrate buffer (pH 5.2). An allquot (2.5 ml)
of rhe solutlon 'wae placed on a PD-10 column?° and tne
enzymee were eluted with 3.5 ml of sodiun citrete buffer (pH

5.2). Two - .incubation 'mixtures -were prepared' each
2°Columns pre packed wlth Sephadex G-25 M; bed volume S ml;
Pharmac1a Fine Chemicals AB, Uppsala, Sweden '

Two 1ncubat10n . mixtures were prepared, each ™
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R
containing, in umoles, UDP-glucose, 0.9; '*C-clopyralid,
1.56 X 10°% in 1 ml of;O.f M sodium citrate buffer (pH 5.2).
To test tube A, 1 ml of fresh enzyte so}ution was added, and
to tubé'B, 1 ml of boilednénzyme solution.

Both methods weére repeated a; pH 7.5 using a 0.1 M
poféssium phosphate buffer.

Regardigss of the method USed? the . mixture was
“incubated for 4 or 24‘hqurs at 30°C Qénd the reaction was
Etopped by adding two volumes of cold acetone. The protein
Aprecipitate was removed_By cedtrifugation, the supernatant
' was concén;rated, and thg remaining agqueous . bhase was
adjusted to nﬁﬁ 1.6 ;nd .extracted three . times with
dichlbromethane as described’ previously. The aqueous and
dichlorqmethane frag}ibns were asayed for ‘radioactinity by
LSS to determine the amount of water-soluble herbicide
metabolite sYnfhesized after intubntion in -the eniyﬁe

~mixture. : b &

Y

3.8 Chemical Synthesis of the Possible HerSicide Metabolites

P . y

- %-

3.8.1 ‘Synthesis " of Ester and Amfée of Picloram and

e
o

Clopyfalidl, “ﬂ@”1 . Falk
. | (O P Iy R
A d1azqmeth§/%iether solut®on was made by placing a

solution of 6 g .KOH dissolved ih 10 ml water, 35 ml of
2-(2fethoxyethoxy)-ethano; and .20 ml of ethyl ether,{h;o a
=100 ml long-necked distilling flask cOntainin%Ega_ teflon

stirring bar. A dropping _funnel was attached" to the
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distilling flask. A solution of 25.1 g '(0.1 mole) .of
p-tolylsulfonylme;hylnitrosamide in T25 ml of -e;her was
placed in the dropping funnel. The distilling flask was
heated to”70—75°C and the solution from ;he‘dfépping fuhnél
was added slowly, over 15-20 mindteéf When the dropping
funnel was émpty, more ether was added, to the distillation

)
7\

Q ~§¥%§ate of distillation. The

A
flask at a rate equivalent tq:

ether was added until’ the dtSiyea¥e was colourless.

A solution (1 ml) of ﬂ‘C-picloram or '*Crclopyralid in
methanol (156 &M; 30 ug/ml) was placed 1in a . 25-ml
round-bottomed flask .and 5 ml  of the diazomethane-ether

solugion was added. The mixture was warmed, allowed to react

wg 5-10 minuges, placed 1in a waﬁm'water béth,-and the

'i?iOmethaﬁé and ether Vefe alloweﬁ. to evaporate under a

fﬁégream of nitrogén  gas. The residue, the methyl‘ester-of

‘iéicloram or clopyralid, was taken up in 1 ml ofnmethanol;

| In éome instances, ammoﬁia gas vas bubbled through tﬁe
methanol solution dontainiﬁg the methyl ,estef of the -
hérbicide' in order to produce”the‘carboxylic acid amide of
lp}cloram or élopy:alid. The solution was allowed to stand at
25°C for 24 hoursbbéfore TLC. |

. The above procedure was‘repeated with'analytical' gfade

picloram_ and clopyralid to produce the methyl‘esters and
carboxylic acid amides of the ﬁérbicidgs. The ‘methyl ‘ester
and amide of the herbicides were purif}ed by'éhromatography
on silica gel fLC plates'*® wusing the solvent systems

iso—propanol:NH,OH:water,”8&1:1 v/v/v), CH,Cl,;:methanol (9:1

ol
w o
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v/v), or benzene:methanol (9:1 v/v).

[

- 3.8.2 Synthesis of Glucose and -Sucrose Conjugates of

.élopyralid

. ' e
A 100-x1 aligquot of an ) ethanol  solution  of

™ , L
'*C-clopyralid (3.1 mM) was transferred to a 20-ml

- round-bottomed fissk'and reduced to dryness under a stream
of nitrcgen. gas. Analytical g:ade%élopyralid (100 mg; 520

pmoles; dried over P,0,) was added to the flask, followed by

10 ml of th1onyl chloride (SOCl ). The mixture was refluxedz

(85°C) for 2 5 hours after wh1ch the excess thionyl chloride

I’
st evaporated under vacuum at 60 C. The residue was

dissolved in 5 ml of anhydfousﬁité%rahidrofurah and slowly'

added to a SOlUthh con51st1ngao§ anhydrous pyridine (10 ml)‘

and 200 mg (1 1 mmoles) of powaered glucose which had been

dried over P,0:. The_reaction mlxture was stirred vigorously
. for 12 h_at.25°C'snd then evapgrated to drynessﬁunder vacuum
(60°C). The residue was taken up in water (5 ml), reduced to
.dryness, redissolved in water (3 ml)5rand then part1t10ned
against ethyl lacetate (10 .ml). The sucrose‘conjugate of
clopyral1d was synthe51zed u51ng che same method excépt
'p@at glucose was*replaced by sucrose (300 mg; 0.88 mmoles;

driéd over P,0,).
ul/cm) along the origin on a silica gel plate (250 pm
thickneSs) and developed in iso-propanol:acetic acid:water

(18:1:1"v/v/v) in order to separate clopyralid, glucose, and

After partitioning, the agqueous phase was streaked (5
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pyridine from the glucose?clopyralid conjugate .(Rf 0.62). °
The ‘sucrose-clopyralld conjugate was separated (Rf 0.02)
from some components of the reaction mixture on 51l1ca gel
TLC  plates'® ' that were developed in dlchloromethane acetlc
acid: acetone methanol (8 121 " v/v/v/v). The glucose-- or
sucrose-herb1c1de conjugate-.was located scraped from the
"TLC plate, and eluted from the sxllca gel with ethanol (5°
ml). ' The ethanol solutlon was . reduced in volume to 0.5 to 1
ml under a stream of nitrogen gas.v ’

The _glucose or sucrose conjugates of clopyra11d were
co—chromatographed on 51l1ca-_gel TLC platesf’> with the
carboxylic acid amide of clopyralid, the methyl ester of
clopyralid' the natural metabolite of clopyralld '1solated
from rapeseed plants, glucose, sucrose, and- clopyral1d “The
solvent system ’used ‘was  either d1chloromethane zacetic
acid:acetone:methanol LCERERER y/v/v/v)- or
iso—propanol:acetic “acidiwater (18:1:1 v/v/v). 1In some
cases, the compounds'wereISpotted‘on the TLC plate and then
exposed to NH, vapours for 2 hours before development.
Clopyralid‘ and its sugar_conjugates werevvisualized on'the
TLC plates by eéxposure to UV (254 nm) llght Glucose,
sucrose, and sugar con]ugates of clopyralid were detected by
spraying the plates with a‘m1xture of 0.5 g thymol dissolved
in 95 ml ethanol to which‘S'ml of concentrated'H SO, was
added. Sugars:and sugar-clopyralid conjugates appeared . as
pink spots after the plate was heated for 15 20 m1nutes at

. 120°C.
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3.9 En?ymatic~ Hydroiysis the of ‘Water—éoluble~,Herbicide
Metabolite | | | |
o ' | o . )
The water-soluble herbicide metabolite of' clopyralid
'wés purified to remexe'all ftée‘éolpble sugars by employing
the purification procedgre described in Sectibn 3.5.2. yhich
utilizes the C,, and siiica Sep-Paks. An aliquot (0.5 ml) of
“the solution containing 1660.Bq_ (1.0 X 10° dpm) of, the
water-soluble herbicidé metabolite was transferred to a test
ftube and reduced t§ dryness under a stream of nitrogen 'ggs.
The herbicide metabolite was‘ then incubated for 4 or 24
hours at 36°C in 5 ml df_O;1\M sodium citrate buffer.. (pH
4.8) containing 2 mg/ml vaf B-glucosidase from"-éiﬁoﬁds
(emuléin)’“, 16 mg/ml of hesperidinase from Penié??iium .
spp.??, or 0.4 mé/ml of a;glucosidase froﬁ yeast??, Controls
were estab}ished in which the corresponding enzyme was
boiled for 10 minutes iﬁ 5 ml of;0.1 M sodium éitrate buffef
. (pH 4;@), .cooled, and an aliquot of the water-soluble

herbicide metabolite was transferred to g%his incﬁbation

'mixture.
The enzymatic hydrolysis reactions .were stopped by
adding céld acetone (-10°C; .7 ml) to tfe test tubes. The

mixture was then centrifuged to remove the denaturéd enzyme,

- ——— i ——— o ———

21 B-glucosidase (EC 3.2.1. 21), act1v1ty 1010 units/mg
powder; Calbiochem-Behring Corp., La Jc.:a, CA 92037.
- *?Hesperidinase (EC 3.2.1.40), activit, Oﬁ§7 units/mg powder
@nd also containing B-glucosidase (EC Ioeo.21), activity of
0.003 unlts/mg powder; Sigma Chemical Co., St Louis, MO
63178.

*’a-glucosidase (EC 3.2.1.20), act1v1ty 100 units/mg proteln
and also containing amylase (EC 3.2.1.1), activity 0.5
units/mg protein; Sigma Chemical Co., St. Louis, MO 63178.
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and the acetone was removed by»vacuum evaporation (40°C).
The pH of thévnemaining aqueous solution was adjusted to 1.6
before three lextractions with eqUai_ volﬁmes of
dichlorqmgthané.  The aqueons ‘and_ three ‘- dichloromethane
fractiqnsuwere each.assayed for radiocactivity by LSS.

In another Experiment,. an 'aiiduot (0.5 mi) of the
purified water- ‘soluble metabollte vas reduced to dryness.and'
incubated in 0.5 ml of 0 1™ sodxum citrate buffer (pH 4.8)
whlch contalned 8 mg/m‘ of , B- glu0051dasq, 16 mg/ml oﬁ
hesperldlnase,'vor 0.4 mg/ml .of a-glucos1dése. " These
solutlons were incubated at 36°C and after 4 and 24 hours an
aliquot (20 ul) was spotted on a TLC plate'® that was
developed Qith dichloromethadg:methanol:atetone:ééetic acid
18:1:1:1.v/v/v/v).'A series of éontrols was also,eStablished
for this experiment, using boiled enzyme préparatidné.‘

Przor to 1ncubat10n w1th tﬂe water soluble 7hetabolite,
the enzymat}c activity of Biéiuc051dase,«a-glucosidébe, and
hesperidinase were determined by the enzymatic liberation of
glucqse from _arbutin (hydroquinonefB-D-glucqpyranpside),
- p- n1trophenyl ‘a-D- glubopyranosxde, | and hesperidin
(hesperidin e rhamnogluc051de) ré%pectively. -Sqlu£ions
‘contaiﬁjng 2 mg/ml of B-glucosidase with arbutih, 1 mg/ml of
a-glucosidase wlth p—nltrophenyl—a D- glucopyran051de, or 16
mg/ml of hesperldlnase with hesperidin were 1ncubated at
Q£§6 C for 4 hours in 0. 1M sodlum c1trate buffer«&%ﬂ 5.0).
The ’ concentratlon of arbutin,

¢

pfnitrophenyl-a-D-glucopyranoside, or hesperidin that was
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fncubated.with the approﬁriate enzyme ranged from 0 to-'1 mM.
‘A set of controls was established by adding boiled enzyme
preparation to the .incubation solution coutaining the
.appropr1ate subStrate.1‘. |

‘The glucose lxberated by each enzyme wss .assayed
spectrophotometrlcally at 540 nm using the Somogyi method
‘ “(116). The results were compared to the control contalnlng
.the correspondlng boiled enzyme. In, addition, a standard
curve .of glucose, angxng in concentrat1on from 0 to 200 ug,
vas prepared and the relatlve enzymatlc release of glucose
from the'.respective substrate was determined by comparison

to the glucose standard curve.:

3.10 Ethylene Biosynthesis and Herbicide Action

Seeds of gsupflower .and ‘rapeseed ‘-were planteé in
“individual pots containing sangd, . 5011 and peat- hoss
(1:1:1). After 10 days, plants were thinned to three plants
per pot. Plants were grown in a growth cabinet malntalned at
20/16x1 °C day/night with a 16-hour photoperlod and relative
humidity of QG%. The light intensity (400 to 700 nm) was
constant at 450 uEim"-s“;

In all experiments, commercial formulstions of picloram
~and clopyralia were used. Initial experiments on the
'selectivity of picloram and clopyralid in sunflower and
rapeseed were done in a growth cabinet. Picloram and

‘elopyralid were app11ed with a motorlzed laboratory sprayer

at rates of 0.05, O. 1 0.25, 0.5, 0.75, 1.0, 2.5, and 5.0
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kg/ha. Plant response was monitored for 18 days for

herbicide symptoms. In all other experiments, herbicides

were applied as 10-ul drops with an automatic pipet, to the:

third leaf of rapeseed or to one leaf of the second leaf
pair of sunflower. Concentrations of the herbicide solutions
used . were: 0.52, 2.6, 13, or 25 mM, and 0.04, 2.1, 10.4, or
19.9 mM for clopyralié and picloram, respectively. These

, i .
concentrations are equivalent to 0.1, 0.5, 2.5, or 4.8 g

ai/L for both herbiéideé. Depending?on>the experiment, the
quantity of herbicide applied to a‘plant was either 5.2 X
10°%, 2.6 X 107", 13 X 10" umol in 100 ul or 5 umol in 200
u«l of solution for clopyralid,.and efther'4.0 X 10-*, 2.1 X

10°', 10.4 X 107" umol in 100 ul or 39.8 x‘10-' umol in 200

«

ul of solution for picloram. These quantities are equivalent

to 10, 50, 250 ug in 100 1 or 960 ug in 200 ul of solution
for " both herbicfdes; In some experiments a'pré-treétment of
.a 31 or 125 uM soi&tion,of aminocethoxyvinylglycine** = (AVG)
was ~appligd with an atomizer by spgaying the planﬁs unfil
run-off. Tween 20 (0.05% v/v) was added to the AVG solution
appliéd‘to rapeseed, in order to achieve.adequate wetting of
;Athe waxy leaveﬁ. |

For each experiment on the measurement of the rate

ethylene production, one plant in the 4-leaf stage was

selected for similar morphological characteristics.

Cotyledons were removed and the piant was sealed around the

stem in a glass cuvette described 'previously (10). The

otV
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‘system was allowed to equilibrate for several hqurs in a
stream of air to avoid problems arising from ethylene
production reshltfng from mechanical stimulation during
insertion of the plant into the cuvette. To  remove:
hydrocarbon céﬁtaminants, air containing 500 ul/L 6f co, wé;
paésed through a stainless stéel tube (2.5°cm diam) packed
’with platinized asbestos maintained at '700°C  (36). The
purified cool air was passed through the cuvette at a flow
rate of 200 ‘ml/minute. The total volume of the system was
3.8 L, requiring approximately 20 minutes for egquilibration
and complete gas turnover. Temperature of the cuvette was
maintéined at 27+1 °C by water from a constant temperature
bath, circulating within a jacket enclosing.the cuvette.
Light (400 to 700 nm) intensity was constant at 125
uE-m-?-s°', provided by six 150 ﬁatt ingandescent bulbs. The
lighé was paséed through a Plexiglas filter containing é
12-mm depth of CuSO, S5H,0 (2% w/v) solution with a cut-off

~

point at 730 nm,

Airo leaving the . cuvette was bubbled through 15 ml
ice-cooled, saturated solution of KOH contained 1in a gas
wa;hing bottle, to remove CO, and water vapour. To collect
the ethylene,‘ the air was then passed ithrough a trap -
containing silica gel (0.5 g, 60 to 80 mesh) kep; at ;86 °C
in a dry ice-acetone bath (10). Ethylene concentrations were
determinéd on a gas chromatograph (Hewlett Packard 5830A)
equipped with a Porapak Q column?® (80 to 100 mesh) and a

1sChromatographic Specialties Ltd., 300 Laurier Blvd.,
Brockville, Ont.
4
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flame ionizétion detector. The hel;um carrier gas flow rate
was 60 ml/minute. The gas chromatograph oven temperature was
maintained' at a constant 60 °C. Contentrations of CO, vere
determined on a gas' chrbmétograph (Hewlett Packard 5880)
equipped with the same column, and a thermal conductivity
détéctor. Helihm carrier gas flow was 60 ml/minute, while
the gésh;éhﬁomatdéraph oveﬂ temperature was maintained at a
cbnstanf-50v°c.‘ N

A study of changes in morphology and leaf axil angle
“after treatment withAAVG, herbicide, &6r AVG plus herbicide,
was coﬁducted with sunflower plants. The plants were
transferred to a growth cabinét maint§ined at 27+1 °c and
relative humidity of 90%, 24 hours prior to treatme--. The
light intensity (400 to 700 nm) was cdnstant at 250
- uwE-m -5 ', Details of the chemical treatments are described
with the result§. Morphological changes were assessed by
observation at 0, 4, 8, 12, and 24 hours after treatment.

Each expefiment,was repeated at least three times and
the same trend was obgqined coﬁsistedtly in all experiments.

Data presented are from one of the three experiments.
/



4. Results and Discussion

4.1 Absorption and franslocatﬁon | ﬁﬁv
4.1.1 Herbicide Loss Due to Environmental Conditions
Prior to beginbing the'éxoetimentsﬁ on the absorption
and translocation»dof ‘;E-picloram and '4C- clopyralld an
experiment was conducted to determlne if any herb1c1de vas
lost due }to the ,enV}ronmental condltlons under wh1ch the
plants were grown, dfied, and stored.JRadiolabeled' picloram
or clopyralid -was applied to detoched leaves ofgrapeseed,
sunflower, and Canada thistie plants, as well as fllter
paper disks and glass microscope cover slips, before belng
placed in a growth chamber for 8, 24, 72? and 144 hours. ?he‘

&
. N

herbicides were also applied to filter paper disks that yégegy

placed in an oven at 50°C for 48 hours or in a freezerﬁ'é

-15°c for one month. After completlon of each treatment’ gh*':

fractlon of rad1olabeled picloram and clopyralld reMaznlng
was determlned by combustion of the leaves and fllter paper;%:
digks, or by insert 1ng the glass cover sl1ps dlrectly

327 N - 'w :
scintillation wvials containing sc1nt111atlon fluid. Re;ults o

a set of controls “that were establlshed by §Jaﬁ§ng a
: : oy b
measured amount of '*C-picloram or '‘C- clopyralld ndugectly

into a scintillation _vial. None of the resultsf

significantly from the respective controls.

>
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4.1.2 Absorption and Translocation in Rapeseed and Sunflower

Piants . »

The - absorption and translocation pattern of '*C, after
application of radiolabeled: picloram or clopyralid to
rapeSeed and'sunfldwer plants, is shown in Table 2. Data for
each plant part are expreseed as a percentage of the sum of
radioactivity recovered in the leaf wash 'ahd all: plant
parts. '

The type of herbicide, the time of harvest, and the
plant species treated had no major effect on the amount of
'eC Qashed Off the treated leaf, except in the case when
rpicloram was applied to fapeseedlplants that were harvested
ggwhours after treatment (Table 2).-Ih most cases, more than
95% of the radioactivity from '*C-picloram and

"C—cldbyralid treatments was absorbed by the rapeseed and

_ Y
sunflewer plants. o g

. E- ]
. Within a plang species, there was no difference between

~ 4be 'amounts of '*C-picloram and '"*C-clopyralid recovered 1in
’”f%ﬁgﬁtreated leaf regardless of. the harvest time. However a
;:comparlson between the plant species showed that, as the
ttlme ‘between treatment and harvest increased, less picloram
and clopyralid remained in the treated leaf of sunflover
than of tapeseed plants. Approximately 25% less p1cloram or
clopyralld remained in the treated leaf of sunflower than of

rapeseed plants 144 hours after treatment.
Less than 5% of the tbtal: radioactivity ‘recovered in

.

both plant speciesﬁwas transported basipetally, regardless

Lt



|86

L

A .>_w>_uumnmmg ‘p} 1 guAdOLD 4O (G°Z). 9° V6

uu pue " (L'T) “(0°z) £°004 pue ‘A{aaj3dadsas ‘wedoldyd 4oy (574} Z'vg pue “(6°0) V'EE “(p1) 3001 sem juldwieady
R ’ Jalje sJdnoy -pviL 'ZL ‘PT Wucn_a JBMOL JuNns Uy} Cmgm>oqu sem. eyl >«ﬂ>_»umo—DmL payidde (ejoy 4O abejuaduad auyL,
o - >,w>,~uwammg o_ﬁmg>ao—u 204 (L) b ze

pue "(O0'C) +°T6 '(Z°9) 0'G6 pue *Al@Ap10oadsad "wedoidyd Joy (s'c) €°c6 pUE "(6°9) 9° wm ‘(pe) L GOl sem juauyeady
483140 Sanoy ppl ‘ZL 'vT siueid passaded U} PBJIDAODBJ sEM W) A3} iA130v0o)ped payidde (810} 30 abeiuaduad aul,

’ ~ “se@sayiusded Ul BJe SURBW BY) JO SJIOUJI pPUIEPLRIS,

e - . s

(6°0) 9°E (6°0) L°C : S31004 (' 0) &7} {6 ' 0) v'C . §3004 |42

(8°0) 8°C (§°0) L'z @auy Buypniouy jealr (Z2°0) G} (6°0) 8°€ . ayy Buipniouy jesl - TL

(i "0) £°0 (E°0) 04 paIeaU} MO(BQ 8nss}] (€'0) 92 MV‘ (0°Z) 90V p3jeaJy mo|8Q anssiy [ 44

: (6°0) 9°€ (1°0) §°0 : (6°1) E°C}H (8e) T 3 44
(€°0) &'} (z20) 60 jea| paresuy (871) T 04 (s°2) 004 o - L

(60) 971 (0°0) €70 8yl @iisoddo jean (¢ v) zozl (8°0) 6°¢€ jeal WiJnog- . pl

(6°0) O'¥ (9"1) €L suyod BuymouB (L zy 8'ze 6 v) . E°ST ) 22"

te 0} §°¢€ (8'4) O'6 pue. jea| pajes.dl (z=¢y o'zt (E'v) 6 0 . TL

(¢ C) O'0v (€' 1) 6°6 m>onw‘03mm_u wals (6 ¢) O 6l (c+) 9 ¢ jesat Uy d | &4

(8°5) L &L (6°9) v 69 " (ee) 679 (LS v L : T ey

(E°9) £'5¢L , (1rs) 8ps (L) 091 (L) v ey C TL

7 (L'L) 97¢ee (O°¢) G°CZv 1uyod Buymodn (0'1) &6 (L vy et~ . . 3ujod Guymody vT-
(L v) vl (6°9) L 8i . (8'0) T'sE (9°9) z'¢v ‘ v : T2

(9°9) 8 Li (1°'9) €°1E (L €)Y 0°0v (0°1) p vy TL

(6°6) EES (9°€) 90w Jend| paiesdl (8°C2) v 55 (1°£) 8'8% jeal paieady - vT
Ao4ova.o Am;om Sk (¢ 0) v O . (€°-0) ﬂvo T vyl

(6°0)°€E"} . {9°0) € . K - (Z°0) 'O (9°0) £ . : TL

(s°0) €714 (0°E) L'S ysem jean - (9°0) v (€ €) &' vl o uysem jed |44

E . . ® 4
..... FEPIIBA0CDBY 4O Y)------ . . ‘ s e - - (PBJDAODII JO Y)-- -~ .

i PL{CJALO| DDy weJso(o1d-2, ¢ . . u-_mg>co_o Do W a0 21d-D, . c (4)
. (J43MOL JuUNnS B vuLmn jueid . .anmaaﬂa ~ - yuwd ucmfn dw} |

T ) . : e .Umncmaxw Apln, B8UIM S3ARDY
palead) .>_w>.uuwamwu‘.wmuun »mm,-wwucy pue - umm_- >_w 3y} Uy IJudM myzm_a JBMO | JUNS pue paadsadey "siIuv|d J8mMoq juns

4O ared ;€3 PUODIS 3yl JO jea| auo pue paasadea 30 jesp PpJrUl Byl 01 pieaAdoid-2,, pue wedontd-3, ,* JO Co—umU._ch

13130 SJ4NOY pri pue

n» ‘vt Uwgm>oumg AYyAa1idvolped {8310} 40 mocycccgwo © Se D, JO UOIINQLJIISIQ T @LlQ¥]

@



55

o

~of the herbicide applied or the time of harvest (Table 2).

The one exception occurred when picloram wg gbplied . to

‘rapeseed plants  that' were  harvested 24 }later. Less
N .

than 0.5% of the radicactivity recovered..in rapeseed and
. g . .

sunflower plants was found 1in the roots 24, '72, and 544
hdursrafter treatment (data not shown). Little ;adioactivity
(less thahHO.Z%)‘was found in‘the BUtrient'solution of ‘both
‘plant species at any time interval after treatment.

i A ‘ comparlson ’ between"the acropetal transport of

rad10act1v1ty from ‘*C-picloram . and '*C-clopyralid
. / ’ ' .

treatments was made at each/ time interval (Table 3)f No

o - .
difference was found. at any /time interval between the
. (J:f:i? ' ) . . ‘ [ ¥ l/ . J

~acropetal movement of the two herbicides within a plant

sspecies, e#cept in one case, /The exception occurred with
rapeseed plants °~ harvested] 24 houre after‘ herbicide
applicatiod, and refleets ehe.faeF'that a lafge portion o£5
\the,recovered picloram dose moved basipetally. |
" The strédgest sink for | the 'radicactivity that moved
acropetally in rapeseed plants appears to be the growing
point édd the fifth leaf;erth gheseeplant parte ‘were 'very
small and undergoing rapidegroetﬁ and development. However,
the fodrth leaf of the rapeseed plants, wnlch was :egafded
,as- belng fully expanded, also acted’as'a strong sink,'ld
.sunflower plants-the rapidly expanding 'leaves "above the

L

treatedJleaf acted as the prlmary@¥1nk Less than 10% of the

>

rad10act1v1ty recovered in the plant was foUnd 1n the ‘stem
: /N Coe ' _
tissue .between the treated leaf an@iche growlng point of

C
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Table 3. Comparison at each time interval of théﬁ{ecovered
radioactivity, transported acropetally out of thetreated
leaf after application of '*C-picloram or t4C-clopyralid to
rapeseed and sunflower plants., Data were obtained from Table
2 by summing the amount of radiocactivity found in the plant
parts situated above the treated leaf'. . ' :

(h)

Time ' Plant species “C—piclgram "4C-clopyralid LSD?
2 o , |

2

(0.01)

24 Rapeseed " .7 16,0

_ (2.6) 40.6 (2.6) 14,1
72 50.3 (1.7) 58.2 (3.8) NS
S 144 53.9 (6.3) 63.0 (2%0) NS
24 Sunflower .. 52,7 (5.0) 45.1 (9.9) NS
72 . " 64.7 (6.3) - 80.7 (6.2) NS
144 77.2 (6.7) - 83.3 (4.7) NS

'Standard errors of the *means are in parentheses.

NS = not significant
variance. . B

as determined by an analysis of

. L3

sunflower plants. Moreover, little radioactivity moved into

the leaf opposite the treated. leaf in sunflow

ey plants..

\

The .acropetallﬁtraﬁglocation data representing ‘each

plant species in Table 3 were ‘analyzed bby means of a
Q;‘S’,, . . .

‘two-factor analy$is of variance. The analysis included™the

main effects of timi/(24, 72, and 144 houfs;affer treatment)

_ 1 L ‘
and perbicide tre?tment‘(picloram and clopyralid), as well

_ o . . ‘
© as a time X herb1c1Fe interaction term. The interaction term

was . not
sunflower.

treatment

signifﬂcant (P£0.05) for either rapeseed 3or'/

: . | . . ) .
In raﬁeseed, thet main effect of herbicide

/

was - éignificant‘ (P<0.05), indicating that.

regardless of thefharveSt.time; the 'ac:opgfal movement of¢

B

I
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picloram was lesthhan that of clopyralid. In sunflower,
there was no dﬁfferente between the acropetal movement of
the herbicides, regardless of the harvest ‘time The main
effect - .of time was significant (PS0.0S) for ooth ptant~
species. Therefore, regardless of . tne 'AC~ herb1c1de ﬁsed
within a plant species;, nOre radioactivity moyed acropetally
when the plants were harvested 72 or 144 'hours after

'treatment"than 24 hours after treatment. '

In most inetan:esr ‘the recovery of piclcram and
clopyralld exceeded 90% when results were expressed as a
percentage of the total herbicide dose appdled to;_rapgSeed
and sunflower ‘ptants (Table ‘2%. In those casee where thee
total herb1c1de recovery was less. *han 9C%, thére appears to
gge no’ pattern of “loss .based on the type bf'herbicide
u—applied,,the‘pbant species‘ treated, or “the _time _between

treatment and »harQest. Loss of radioactivity following
“therbicide application eouid not be, explained on 'the
basis of root exudation, or enyironmentai.conditions urider
which the plants were grown, -dried, vand' harvested (seel

Section 4.1.1).

4.1.3 AEffect of the( Maturity of the»“Treated- Leaf on

Absorption and Translocatlon‘f%?%gf

The degree of maturlty of theﬁ%reated leaf of brapeseed‘

and sunflgwer plants had a marked affect on the absorptlon‘

Ad

and translocation pattern of '*C .afteg appllcatlon of

"*C-picloram and “C-clopyralid (Table 4);'Data representing
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&

absorption and translocation in plants that were considered
to have fully expénded leaves are the same as those

presented in. Table 2. The absorption and translocation

patterns in ‘plants without fully expanded treated leaves‘

. were - obt 1ned by treatlng ‘the plants 4-5 days earller than

the plants that ‘had more mature treated leaves.-

In both plant species ‘the degree of'maturity'of the

treated lea d1d not affect the amount of herbicide that was
absorbed. However maturity of the treafed leaf
significantly affected .the amsunt ﬁbfv fadioactivity théﬁ
.» moved out of the treated leaf foilbwing‘gpplicatioh of
'‘C-picloram and"‘C-clopyralid to rapeseed and sunflower
plants. Less mature leavés éxported leés”radipactivity than
more ﬁature leaves./}n both plant species, more than 80 and
50% of the recqvered‘ radloact1v1ty remained in or on the
less mature ‘+reated leaf 24,. 72, and 144 hoursliafter
~application of “C—picloram and ‘1‘C~clopyralid,
‘reépectively.

4.1.4 Absorption and Translocation in Canada Thistle

More than 37% of the recovered radicactivity was,

absorbed .by the treated leaf of Canada thlstle plants 24,
72, and 144 hours after. appllcatxon of '‘C-picloram and

'*C-clopyralid (Table 5).

A two-factor:analysis of wvariance ~that included the

marn effects of time and,herbiciﬂéttteatmenx
3 "‘Jy‘ ,q

analyze the ‘treated , leat détayiin @iable

‘time ' x

was used to
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Table 5. Distribution of '‘C as a percentage of-"total

radioactivity recovered 24, 72, and 144 hours after

application of '*C-picloram or '"*C-clopyralid to the fourth

leaf from the apex of Canada thistle plants in the 8- to
"10-leaf stage'. o , : :

Time Plant part '*C-picloram? '‘C-clopyralid:
(h) - .

24 Leaf wash

0.0 (0.0) 0.6 (0.6)
72 2.8 (0.8) 0.4 (0.1)
144 2.0 (0.1) 1.6 (0.5)
24 Treated leaf 78.7 (3.8) 61.7 (4.2)
72 ‘ 46.5 (9.8) 22.5 (4.3)
144 “26.9 (3.7) 12.4 (1.2)
24 Apex: incluiding 9.4 (0.7) 15.0 (1.6)
72 growing point, and 32.0 (9.4) 38.2 (2.0)
144 expanding leaves: 46.3 (3.5) - 49.9 (2.4)
24 Tissue between 5.0 (1.7) 5.1 (0.8)
72 the treated leaf 5.3 (0.8) 7.1 .9)
144 and. the apex 9.7 (1.1) 1145 (1.2)
24 All leaves below 2.8 (0.5) 6.0-(1.1)
72 the treated leaf - 4.3 (1.0) 9.4 (1.2)
144 76.5.(0.7) a?9’(0.5%
24 Stem tissue below 2.0 (0.7) 3.80(0.2)
72 the treated leaf - 5.8 (1.4} 8.2 (1.1)
144 ' 6.0 (0.7) 9,0 (1.1)
)
24 Roots 2.0 (0.9) 7.9 (2.4)
725 3.4 (1.4) 14,1 (3.6)
144 2.6 (0.4) 7.8 (

ik,

. : ¥ ; * ,
'Standard errors of fthe means are in parentheses.
‘The percentage of total appl%gfubadioactivity that was
)

recovered 24, 72, and 144 hout fter treatment was 96.0
(4.5), 88.1 (6.8), and-81.2 (5.3) for picloram, .
respectively, ‘and 98.5 (3.3);. 96.5 (1.0), and.79.0 (4.0) for .
clopyralid, respectively. f' E . IR A
L L. R ﬂ s

' . : S . . B

+

Sy T ke
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) herbicide interaction was not significant (P<0.05). Howéver,
.both main effects were signifiéant (PSO.CS).‘ThErefore,
regardless of the harvest time, less clopyralid (32%) th&n
picloram (5i%) remained| in the treated leaf. Furthermore,
less radioactivity remained in theAfréated leaf 72 (34.5%)
and 144'(19:3§$’hours than 24 070;2%) hours after treatment
(LSD4 o= 16). |

‘More than 80% of the recovere radioact&vity that was
transpdrted.acfopecally accumulated in e apex of 'Canada
thistle plants 72‘ and 1@} houfs after application of

.‘C—ﬁicloram orA“C—clopyrdfgd (Table 5). The stém and leaf
tissue between the ‘apex and treated leaf did not act as a

strong sink for ﬁhe herbicides. Tﬁe amounts of radioactivity
found in the plant pa}ts 1oéated above the treated leaf

(Table 5) were summed and a:él presented in‘aFigure 1A, &
rwo-factor analysis of variance was used to analyze the
acropetal tfansport data shown in Figure fA. The time x
nerbicide interaction and the main effect of herbicide
treatment were not significant. However, the main effect of
time was significant (P<0.05). Therefore, regardless of the
herbicide treatment, more radioactivity was trahsported
écropetélly at each successive time 1interval after
treatment. | |

A substantial; portion of the recovered radioéctivity
ﬂ»waﬁ transported baS}petally afﬁer Canada tpistlé plaﬁts were

vgreated 'witg "C—picquaﬁ ~or '*C-clopyralid (Table 5). A

two-factor analysis of variance indicatedvthat the time x
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plants. :
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'*C-clopyralid (®) to

’

herbicide interaction was not significant (P<0.05). However,

both the main effects of time and hérbicide‘ freatment\:were

significant, Less of the total recovered radiocactivity moved

basipetally after Canada thitle plants were treated with

picloram than with clopyralid, regardless of the harvest

time, In addition, more of the recovered radioactivity was

translocated basipetally 72 (22.6%) and 144 (19.8%) hours

than 24 (+2,3%)

herbicide applie

Table 5

after '‘C-clopyralid absorption. There  was

an

(LSD.,s=8.6%).

Figure 1B

ours after treatment,

indicate

regardless %@w

that there

]

decrease in the radiocactivity found in the roots® 144 hours

@

ne appareht

decrease 1in the radioactivity found in Canada thistle roots

~£he'
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144 hours after ‘;C~picloram application (Table 5 and Figure
1&%. Regerdless of the herbicide applied, recovery of the
tofal applied radioactivity was reduced «from 96% to
approximately 80%, respectively, 24 and 144‘ hours after
treatment,

’ Since previous results indicate that . little
radicactivity was ‘lost dﬁe to the ‘environmental condiﬂﬁbns
under which Canada thistle plants were _grown, ’dried, and
Stored, two ‘a;ditional experiments were conducted in order
~ to determine how radioactivity was being ‘' lost in Canada
thistle plants. 1In the first experiment, Canada thistle
plants were‘treaped with '*C-clopyralid and iso;ated in a
Bell jar. ' The amount of CO, entering the Bell jar was
monitoredlby gas chrométbgfaphic techniques described in
Section 3.10. ‘eq, emanating from the chamber was bubbled
siowly through COz-érapping.scin;illatioh fluid?¢ that was
changed as it appfoached CO,-saturation. The experimentm was’
repeated three Ejmes: Little '*CO, was trapped during the
144-hogt'period between treatment ang harvest,

in the second experiment, Canada thistle plants were
treated with '‘C-picloram and "‘C-clopyralid and harvested
144 ‘hOUfS later to  determine the absorption and
translocation pattern of the herbicides as well as the
émount of '*C eku@ed into the ﬁutrient solution and growth
medium (silica sand), Canada thistle plants were treated
when they were at the same stage of development as the

e e e e e - — - ———— -

*‘Ten ml of this scintiliation fluid will absorb 0.6 g (14 -
mmols) of '*CO,: R.J. Harvey Instr. Corp., Hillsdale, NJ.

-~
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plants wused in earlier experiments. Roots were removed from
the silica sand and the sand was rinsed ‘repeatedly with
methanol. | The nutrient solution was assayed for
radiocactivity by LSS. 

The absorption and acropetal translocafion patterns of
beth herbicides weré similar to that shown in Table 5.
However, less than 15% of the total applied radiocactivity
moéed basipetally and only 6% had moved into the rpdt§ 144
hours after application of '‘C-picloram or '*C-clopyraliid.
Less than 1% of the total applied radiocactivity was found in
the nutrient solution plus growth‘medium after application
of either herbicide. The recovery of total applied
radiocactivity was 102.2 + T.1% and §7.2 + 4.,1%,
respectively, 144 hours after treatment with "‘C-picloram

L ] /

and '‘C-clopyralid.
4.1;5 Absorption and Translocation of the '‘C-amide of
| Clopyralid

uTheﬁcarboxylic acid’ amide of clopyralid was applied to
the leaves of rapeseed and sunflower plants in order to
determine what effect altering the carboxylic acid moiety of
the herbicide would have on the uptake and translocation
pattern of the compound.

Less\vthan 4% of the applied :adioac;gvity waéwwashed
off the treated leaf ofbrapeseed and sunflower. plants 72
hours after treatment with the amide deriQatiVel(Table 6).
However, more thah 90% of lthe recovered radioaétivity

-~
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Table 6. Distribution off '*C as a percentage of total -
radioactivity recovered 72 hours after application of the
‘*C-amide of clopyralid to the third leaf of rapeseed and to
one leaf of the second leaf pair of sunflower plants',

§lant part Rapeseed? ' Sunflower?

Treated leaf 98.2 (0.1) 98.2 (1.9)
and leaf wash

Tissue above ' : 1.4 (0.1) 1.4 (0.3)

treated leaf - ‘ ¢

Tissue below 0.4 (0.0) 0.2 (0.0)
treated leaf :

'Standard errors of the means are in parentheses., A
'The percentage of total applied radioactivity that was
recovered in rapeseed and sunflower.plants was 89.0 (4.2)
and 82.6 (1.3), respectively,

_remained in the treated leaf, with ‘ess than 2% being
transported out of the treated leaf of both species. .

In another experiment,lapplication'of 10 mg and YOOA mg
of the acid amide of clopyralid caused no herb.:idaL. .
symptoms in sunflower plants 18 aays after treatmént; The
same doses of clopyralid resulted in herbicidal symptoms

~

within 24 hours of treatment,

- 4.1.6 Discussion |
The absorption and translocation patterns. of picleram

and ° clopyralid in rapeseed and sunflower plants were

™

investigated to obtain a possible explanation for - the

’



sensitivity differences manifested within rapeseed piants
and between the two annual plant species to the herbicidesE
There was no . difference  between "4C-picloram and

"C-élopyralid aSsorption and translocation in supflower
plants. In rapesged:plants, more '‘C maved acropetally after
"*C-clopyralid tﬁan afﬁef '‘C-picloram application. This
difference results from the poor acropetal movement of
radioactivity 24 hours after application of '‘C-picloram.
This anomaly cannot be  explained. These results indicate
that" differences in the absorption and‘ translocation
patterns of '‘C after application of picloram or clppyra}id
to rapeseed plqnts, do not account for the differencé in
sensitivity within this plant species to the two herbicides.

Approximately 20% more picloram and clopyralid moved

acropetally in sunflowexr than in rapeseed plants, 144 hours

after treatment. One may argue that this could account for

the extreme sensitivity ‘differgnce that exists Dbetween |

rapeseed and sunflower plants to these herbicides. Herver,
more than 60% of the recovered picloram and clopyralid moved
lé;ropetally in both plant species, 144 hours after
treatment. With Quch“ large quantities of 'picloram and
clopYralid moving acropetally in both plant species, it is
unlikely that sehsiiivity differences between ‘rapeseed and
sunflowef(plants to these herbicides can be explained solely

’

on the basis Of-absorption and translocation differences.

‘Turnbull ‘(119), studying the absorption and

v

translocation of '*‘C-clopyralid in rapeseed plants, found
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v ‘ i
resuﬂts 51m11ar to those prssented in . Tégles 2 and 3. He
found 44, 35, and 29% of '*C present in the treated leaf of
rapeseed plants, 1, P and 9 days after '"‘C-clopyralid

application, respectively. Less than 3% of the radioactivity
" . L3

was present in the leaf wash, regardless of the. time of

harvest. The amount of '‘C in the acropetal foliage was 48,

*

56, an@l.53%, respectively, 1, 3, and 9 days after treatment.
‘Less than -5 and 1% of the radioac®ivity was found in the’
roots and nutrient solution, respectively, regardless of the

harvest time. -
S
Hallmen‘s (56) S results are markedly different from

those presented«v %3 Tables 2 and 3. He foungd that

[

B

approximatelY'24”u 6, and 48% of the recovered radiocactivity
?

moved out ‘of~ the treated leaf of sunflower plants 1, 3, and

e

9 days after treatment w1th '*C- plcloram, respectively In

rapeseed plants, more than 85% of the radioactivity remained
A . "
wo1in the tneated; leaf 9 .,days 4after - application of
)g a% - i _V_ . :
I plcloram '1" ‘ .

Hallmen (56) Speculated that the select1v1ty difference

¥

'1‘»

between tapeseed ond sunflower plants to picloram was

accounted for, at least in part, by differences in acropetal

¢ 1

translocatlon (ofh the herb1c1de. ‘Hallmen's results may be

mlsleadxng 51nce plcloram was not applied to the same plantH
parts 'in the two species. Picloram was applled to the
-cotyledons of sunflower plants and to the first’ true leaf of
drapeseed plants that were 15-20 days old. Results in Table 4

- g

show that the extent of translocation in rapeseed and
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tv_sunflower plants is affected by the maturity of the treated

j‘leaf. It is p0551ble that the treated leaf of the rapeseed

plants .used in the experlment conducted by Hallmen were not
fully expanded.‘ This " may explain why Hallmen found llttle
translocatlon of plcloram‘ln rapeseed plants.

| Canada"thlstle' plantsr were 1ncluded in thlS study in.
order ‘to-determine whether: the translocatlon pattern of. the
herblcldes ln thls speczes was markedl§ dlfferent from that

in the two annual spec1cs .and whether. there' was  a

dlfference between th absorptlon and translocatlon of

plcloram and clopyralld w1th1n th1s perennlal spec1es

Rad10act1v1ty moved both ba51petally and acropetally in

;Canada thlstle plants treated w1th _“C plcloram or

‘7Crclopyralid (Table‘S). A larger portlon of the H‘C moved

acropetally than ba51petally ',The“acropetal 'movement dwas

2

TSImllar o to tbat \1n"the annual ~plant’ spec1es,‘ most

£~ ’ N

\‘rad1oact1v1ty collected 1n the aplcal merlstem. The pattern

r

::of- acropetal translocatlon of p%cloram and clopyral1d shOWn

"vln Table 5 is. 51mllar td the pattern found 5y seve{z}” Other:7

L""researchers ’34 98<L1;2 113) These researchers found that -

. *

. more than malfmef the rad10act1v1ty that Hyaé transloc ted~

(8

D
!
.. 4

Qut ofa'the“ treated leaf after appllcatl of p1cloram and
. . b

».

/
clopyralld moved acropetall/,XKEgardless of harvest

ime.
. g0 .

» wlthln_ Canada thlstle‘plants more;;adroact1v ty moved
baalpetalfy rfollow1ng "C-clopynalid \thanl~7"€ plcloram

treatment, (Table ©5). BoVey and Mayeux (16) repo_ted thati

e

more;clopYralid;Mthan plclor?m moved ;nto--the,_rOO s\\of l

~ ‘(i";
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1

PFOSOpIS Juliflora plants “that had received fcliar

&

appllcatlons .of tHese herbicides. The difference  in

-

ba51petal movement of picloram and c10pyra \o, may explain

K

'why the latter herbicide is more effectlve 1n "ontrol‘lng P.
Julifilora. Furthermore, it has been shown that Canada
thistle regrowth was controlled more effect: vely with

;lopyralid_than‘With picloram under, greenno‘se-\\oﬁc’tloa?

| | | | S e
(s4). | e

Several rese**\ne*sdnave shown ;hat picloram (43, 65,

112) ,and clopyralld (119, 20) can be-lose throygn roor

exudatlon in various plant spec1es More -speeifﬁoaliy, fhe

loss of plcloram .(rTZ‘ and ciopyralid (‘gOl'by exudation

from the roots of Canada tnlsfle plants has _been._reported.

Turnbull and Stephenson (120) found 4,.}6,'and‘21% of ‘the
. =

- foliar applxed"‘c §;§PYr31 dédfﬁj,dnaCEQunted@ﬁor,T,”3;.andwy
: o : W“w v RIS : ‘

. &P ) ‘Er‘ -
9 days after treatmen:. A@prox1ma¢§ y 1C and 15% of ;hid‘

&
m1551ng radloactlv*ty was*found in- the nutrlent SOlUthﬂ of

-hydroponzcally grown Canada thlstle plants

%fi“ Lndlrect ev1dence laLso ‘exists for © the"™ Ioss of
v e ' , '» ' i .

| clopyral;d by root bexudation._"Eor example several
- : ‘ e
ree/archers (34, 96) found that clopy*al1d moved into: the

roots of Canada thlstle plants, These researchers found. that
o : '

' more qhan 12%'\ofy Lhe applled radloact1V1ty wae ;not

*

recovered, seVéral,days“after treatment.iHowever ,Devineighd'1
L. ? : b #

Vanden Born (34) found that 11ttle rad10act1v1ty . Masg.
Wtranslocated : 'theA roots of perennlal sowthlstle after |

appllcat1on:of. tec- clopyralld Furthermore, none of%%the

. Al
DS -
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'radioactivitl from '‘C-clopyralid that was applied to
perennial sowthitle was  lost ~ 144 hours after treatment.

.Dev%ﬁe and- Vand@n Born (34) suggested.that the radiocactivity

not recovered -from Canada thistle piants was not lost f;om'

f
e 4/

leaf surfaces,: slnce "such losses presumably would have

occurred in both species, ' but rather was lost once the
herbicide was in the Canada-thistle plant. It also has been
showr that radicactivity from Canada thistle plants tj7a:ed

with "*C-picloram ("12) cr  "*‘C-clopyralid ' (Section 4.1.3)

ﬂ“l

" o |
was not lost . as . *CC,, cr due to the environmental
nditions under which “he plant are. grown, dried, and -
- stored (Section &4.1.1), , &

~
Y

The previously cited direct and indirect evidence that

indicates exudation of picloram and cldépyralid from thé

roots of Canada thistlie, may explain why recovery of the

fapg {ed' herticides was low in Table 5. However, in the
54 = , ., . - ) . * . v ’
experiment that was conducted to specifically determine the

amount of .picloram and élopyralid that wés exuded into he

nutrient solution, ll*tle of the applled rad*oact1v1ty moved

S } r
to 4% the roots- Qr.was exuded 1nto the nutrient SOlU*lOﬂ 144
Kours after treatment. Therefore,’ on «éhe' basis  of"' this

'~ experiment it was not possibleb to determine if the two
*tﬁ X - R . - S

[ A 4

W}g, . . .'\‘, . v .’ . . ) . . . . N o . .
- herbicides wefbvethed into the nutrient solution. These

-

results indicate that when .there is little tréhslocation\to'

%

-

the roots there is no opportunity fo;\Fherbicﬁde légﬁdatioh.

» Yo ' .o o s ‘ A ,
However, if there 1is. adequate translocation of™ these

*

N

R ,
" ,.E?r"

- . . 1

pyrié}gé_herbfsides to ‘the roots, as 1in the case of Canada:

.23



71

e, @
)y

thistle treated with clopyralid (Table 5), .exudation may
occur from the roots,

On the basis of the previous discussion, it ‘was

estimated that approximately 15 and 19% of the applied

v

radioactivity may have been exuded from Canada thistle roots

144 _g_hours, after treatment with "4C- plcloram and.

‘fC-clopYralid respectlvely The se estimates of exudation

were obtalned by subtractlng the percentage of total applied
radlﬂactzv ty that was tecc»ered 1n Canada thlStl& plants“

144 hours after "C-plc’oram and “C-*lopv*alxd appllcat on

- f,gv .

from the Forrespondlng an,

_recovered 24
hours - after treatment 'W‘f . Using these estlmates of

exudation, the data presentld were moczfied.
By

CoD : .

Consequently, 1t +is estlmated that 18 and 27% of the .

=]

raoloactlvxty mov1ng ba51petally was localized in the rooﬁs

while 30 and 40% was localized in the tissue below the
treated leaf 144 hours after treatment - with piclcram and
N N i N / 3
¥ : . R
. clopyralid, respectively. M\w T , :
! A - ) \\ , . 2
. . X ) . N ‘ ~
Altergtion of the carboxylic acid moiety of clopyralld

by replatement wit th less polar carboxylln‘ac1d amlde group

’

does not affect absorption buthpas a marked effect on.

translocation : (Table ‘ 64 . _'.Crisp 'showed | that

?

chlorophenoxyacetlc ac1d was readily loaded into. the phloem

However ﬁﬁloem loadlng of chlorophenoxy acetammde was

"minimalu The phloem loadlng that did occur Wlth th19 amlde'r
\7

.co@pound was not dependent upon metabollc processes 51nce

loading was not stlmulated by ATP or 1nh1b1tedﬁ_‘byd KCN,_’

L
-
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thereby ;hdicat%ng passive uptake. On ‘then basis of' these
results,. Crisp:(Bl) nypothesxzed that the Pa*boxy- Group or
any substituent ,roup that can be converted by the’ plant
into a carboxyl group s a prerequ1s1te for phloem load1ng
and entry of xenobxotlc into, -the 51eve tube-eompan:on cell
complex. S | : : _' ‘ S

The portion of the recovered PaTbOXYAlC acid amide of

.

clopyra11c thagxwas exported out of the iﬁfated leaf (Table

6) pfobacly represents a smalT amount of ‘the applied

%
tnatguas nox ccnverted to amide before appxltat1on

l%nt or was someyﬁw ccrver ed ‘back to the carboxyllc
. %
acig nerb,tlde after- appwlraﬁgon tow’he plant.

v . Lo

a . ° N . ,',i:
R

4. 2 Quantxfxcatxon of thé~ Water~Solub Hétabollt s) of .
{ %« |

Picloram and Clopyralxd

N o . A ! )
4.2.1 Results . » .

L2

» \»‘

ants‘?was ;nvestlgated as a posSible'expfepatioh for the
obseived\ﬁif rence&_ln selecttv1ty within and between plant
spec1es to the ‘herbicides. - C
In a preliminary expertment the 'three plant Species

were’ treatedﬂ«w1th *f‘Cfpiblorém apd '4C- clopyralld ~and

The  extent  of Ymetabolism of ¥ '*C-pic&ram " and -

ﬁ&.

~clopyra11d in rapnseed 13unflower,‘eand Canada_ thistle:

"harvested 24, 72, . and 14g%hours later, Plants were'fxtracted;

as described “in Sectron: 3.4 to obta1n an aqueous extract

that contalned dore than 90% of thé total radioactivity

)
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recovered in the plants.“‘when this agueous e#tract was
adjusted to pé 1.6 and ~repeatedly partitioned with‘
dichlorqmethane, aM portfcn of the radioactivity from
d‘C—picloram and- “C-clopyral?d treatments remained in the
: aquedds‘fraction of all three gﬁant species; The pKa values:
of picloram and clopyralid'ane 3.6 and 2.3, respect vely

3

Therefore, it was hypothesiaed that the herb;'

altered by the Qﬁants since, the parent'a

should have parqig oned comple*el ’ﬁtc dichl Py
pH 1.6. Furthermore, an u dicactive ccmpnund wds
detected by thin'layer chrdmaqn“r= ;akTLb5 of the aQueous
extract. All of -the radloaCr »}ty in the dlchloromethane

,fra*n yvas found to . be pic‘Qr.am or clopyralld as

determined by ”LC . There appeared to be no formatlon of any .

ihdlchloromethane soluble (non polan) herbxcxée metabolltes

‘xThe 50¢vent part1t10n1ng and TLC ‘mEY: ods were used to

] ", ,«ﬁ,’ AN N u‘ .
determine the amount of taCe nerb1c1oe that was metabplized.

Bgth methods‘ ylelded "the *& same results. The

solvent- partlwlonlng procedure prov1ded the ea51est and most
N . ﬁ?& o, -

reproduc1ble of the two mexhdds used to guantify the portlonb

¥

of wf"f—.\ppl"led J4C—p1cloram \and “C—clopyra11d7 that ' was
o L R o ¥
_metabollzed 24, 72, .angd t44 'hours after treatmenti of

g L
’sunf;Swer, rapeseed and Canada thlstle plants ‘However,  to .

ensure, that the sofﬁbnt part1%1on1ng method was accurate,”ft

was necessary to determine whether all the unmetabdllzed+

3,

picloram and clopyralld could be extracted from the aqueous'f

. b . . .
* . * . . -

VAW

‘ phase with d;yhloromethang; and, -if so, at what pH the .



extraction was most efficient|
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wi

Buffered solutions, ranging.inupH from 1.6 to 5 O“ werzzfm‘

i

prepared Each solutxon was fortlfled with "C p1cloram ~an

. u\ ! oo
"C clopyralld and partrtloned three tlmes with equal*
volumes of dxchloromethane. It was foundlthat the optlmah pH ‘
Y S0 A

for .extraction °of more Lthan oPS% "of sC- pzcloram,,ahdf}

'*C-clopyralid ranged from pH 1.6'to’2.0 (Figure'z)g Aqueous

‘extracts were obtained from untreated rapeseed sunflower,
‘and Canada thistie plants. The aqueouF extract's were
Jfortlfled with :radioactive_'pxcloram or“ lbpyralxd the pH

was  adgysted to 1.6, and they.. were %”extracted with

m
_»" 3

dlchloromethane. More than 95% of the applled rad10act1v1ty

’ k4 . . " F i+
was recovered. , -~ :
In a anotheri“EXperiment, plants of ‘the. three' ' ies
’ ) hatl ’ -8 ‘
.were tre%ted with '‘C-picloram or - 'c- clopyralld

immediately harv%sted,vmand subjected?kto thg' metabolite

~extraction procedure to determine I'f the water-soluble *.

‘by TLC. -

&

metabollte was an artlfact of the extraction procedure Mg%e

‘ .

than 97% of the rad10act1v1ty app11ed to tme plants was
A

reqpvered »in the d1chloromethane Q@pctlons and was found to

be?unaltered '*C- plcloram or '*C- clopyralld as determrned

Tables 7 and 8 show the amounts of “C-picloram and

"4C- clopyral1d © that ,yere }conVerted to water- soluble

»

rﬁmetabqilte(s) 24[ 72,’ and 144 . hours after Q@eatment
VWAL DTy . ' ' T

Recovery, of herb1c1de in the aqueous extract afuer solvent

v

'eXtraction,'hYd:Oly51s,.and further solvent extractlon was
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g

- Table 8. Comparison, within a plant species and tlme of the
fractions of '*C-picloram and '*C-clopyralid converted to
water-soluble metabolite(s).

Time Plant ,‘ Water:soluble metabolite LSD'
(h) q‘- '*C-picloram '*‘C-clopyralid (0.05)(0.01)
7
---------------- (% of recoveréd)------------
. 24. ' Rapeseed 27.4 | 37.6 8.4 NS
72 o 44 .1 61.3 7.7 14.1
144 : , : 64.4 70.1 NS NS
24 Sunflower 14.9 6.0 3.9 7.2
724 : 25.5 8.0 3.8 7.0
144 - -} 54.3 21.9 9.4 NS
24 ;; i thistle 3.3 - 6.4 NS NS
T2 - 21.4 17.0 NS~ NS
Mg e g .2 6.1 NS NS

'NS = net 51§n1flcant as determlned by an analysis éfi.
varlance.

greater than 89% of the applied"dose, regardless of the
herbicide treatment or time of harvest (Table 7). ’

The exteat of '‘C-picloram, andg "Caclopyral&d
metabollsm was compared at each tlme interval . within a plant
spec1es (Tab;e -89. In rapeseed plants ther§ was more
clopyralid than plcloram Tmetabolized 24 and 72 hours after

3

- | ol
treatment. However, 144 hours after treatment there was no

«

difference between the amepnt of p1cloram and clbpyralldl

4 that was metabolized. A*factorial analy51s of the rapeseed
da;a in Table 8 showed that the time x herbicide interaction

was not signifieant (P<0.03). The main effects of herbicide
' b
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treatment and harvest time were significant. {Therefgre,
regardless of the time of ha;vest,rﬂmafe clopyralid was
metabolized than picloram. Furthermore, there was more
metabolism of the 'herbicides at eech subsequent harvest
time, regardlessgof the herbicide ‘treatment (32, 53, and

67%; LSD,,,=6.7).

In sunflower plants, there was more metabolism of

"‘C-picloram than "‘C-clopyralid at each time interval. A
fac*orxal anéﬁysis showed that the time ®* _herbicide
' ' @

1n*eract1on and the two main effects were significant
(P<0.05).. Therefore, there was an increase in metabolism ag
time - progressed, regardless of the herbicide treatment,

lized,

Furthermore, mqfe picloram than clopyralid was

2 , X ‘ : A L
regarcdlesy of the time of harwest§gﬁoweveﬂ; the 'sigrificant
two-factor interaction'indicates that as "time ‘progressed ,

there was significantly more metabolism of picloram per unit

time than of clopy:al%? (Figure 3). )

In Canada thistle there was no difference between the

-

metabolism of “C—picloram' and '‘C-clopyralid at each

°

harvest time (Table B)EJFurthermore, a two-factor analysis

. of varlance 1nd1cated th the tlme X herb1c1de interaction

and the main effects bf fime and herb1c1de treatment were

not significan% (P<0.05).

3

During . the previous experlment to quantlfy the amount

o§~herbicide that was metabollzed a_ balance sheet was

maintained to determlne how much rad1oact1v1ty was found {n

-~

the aqueous extract, water- 1qsoluble residue, and the
. . \
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flltered residue. It was concluded that there was ‘no

5

B

water-insoluble residue, the filtered residue, and the
aqueous extract when the data were compared at each harvest

time, Therefore, the data were averaged over time for each

herbicide and the results are presented in. Table 9. The s

" amount of total applied radioactivity accounted for {Q/~the@!

o

i -
balance sheet excepded 94% regardless of the tlme of harvest

or the herolc1de

.

reatment, Approx1mately I and 5% of the
A

radloact1v1ty as!/fecovered in the water-insoluble and the

filtered residues of rapeseed and’ sunflower plants,

At

/respectlvely,,;g More than 5% of the recovered radioactivity
L
remained in ahe flltered re51due of Canada thistle plants.
A . .
4.2.2 Discussion , : <

e

R .
- The resultsV indicate <that the solvent- part1tlon1ng

procedure was an effective method to completely separate the
P S -
radloactlve parent herbicides * frbnm the corresponding

ﬂmetabolltes and to subseguehtlv, quantlfy both compounds.

\ Furthermore the water- soluble herb1c1de metabolltes were

not art1ﬁactS of the extractlon procedure. .

4ﬁ‘treatments -¥Was reSent 1n the agNeous extracts of the three
f‘ . SR i p g 3 i'}\ L
ot g N s,& R

ewplang specles thtLe ?ad:qgctﬁ@&&yaremalned 1n the filte Eedw

"X
'“mw ®
oyt \

£ . L
“ ?Ehe and the water-~ rmsoluble re51due -1s0lated from

K

rapeseed ’sunflower, and Canada thistle plants, Because

’

,hthere was a larger volume of filtered residue~in Canada

H r ¥
FRN , . , 4

Most of the rad1oact1v1ty from the ° '*C-herbicide

- dlfference in  the distribution of radioactivity' in the

il

-
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Table 9. Amount of radioactivity in;ﬁ@e filtered residue,
water-insoluble residye, and aqueousFextract from plants
used in herbicide metabolism experiméRts. Results are
expressed as a percentage of total radioactivity recovered
in rapeseed, sunflower, and Canada thistle plants,
regardless of when the plants were harvested after |
application of '*C-picloram or '*C-clopyralid"'.

Herbicide Plant  Water-insoluble Filtered Agqueous
o species residue residue . extract

\
\
\
\

Picloram. Rapeseed 1.0 (0.3) 5.4 (1.2) 93.6 (4.0) -
' Sunflower 0.9 (0.2) 3.7 (0.7) 95.4 (345)

C. thistle 3.6 (1.5) 7,2 (2.4) 89.2 (4.5)

Clopyralid Rapé§sed 0.8 (0.3) 4:3 (1.1) 94.9 (7.6)
-SunfloWer 1.3 (0.2) 3.5 (0.4) 95.2 (2.7)
1.7 (1.2) 9.2 (5.4) 89.1 (7.8)

™ |

T . . e
'Standard errors of mgans\are in parentheses, . e

v T
\

F

S

ghistle than in the other two, species, it was mQ;g{d}fficult
to-thorgughiy wésﬁktﬁé%filtenﬁ&?r‘sague{ “This ééy explain
why Elightly mbre, fadioactivity QQS found in ‘the filtereév
residue of Canada thistléi plants . tkan ihk the filfered
:gsi?gel?FufépgSQe@g?nd synflower planﬁs.‘# )
'Wugzé?{;%tefiinSOIQPle' residue  (mainly chlorophyll)
represents the material not solublefin the aqueous exEract

once the acetone was removed from the acetone:water solution

in which .the -plants were macerétéd.”fSéé@ion" 3.4). The
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radicactivity associated with‘ the water-insqluble‘residue
may rgpresent"tﬁe \herbiéidef'that. is solque in the
Rydrophobf; c@lpr&phyll\ residue: Radicactivity associated :
with thg fiitered residhé represents ‘tﬁé he b1c1dew
assoc1at:§ w1th proteins and structural carbohydrates cher
“
researchers have used,methods¢51m1far to the ~one described *~
n Section 3.4 to éxtract({:}[plcloram and the me ubc-rte of
this qFrbicidewfrcm different plant spec1es (19, 55, t56:
57). These authors reportel that most of the radi§aétivit§
from the '*C= p1cloram treatments was® ound in;'the QQngus
}>_plant extragt, ;Fbr example, Chaleff (19) recd&erédq§0%v¢fv
theﬁra§ioactivity in thejaqueous extracts takeﬁ frép tohactd
plants previouslfx’trgatqﬁ with “C-picloram.‘képr@xrmateié‘
'10% of ‘thé rédioattivity was .associétéal ”witbf tﬁe,‘
water-insoluble residue that was trapped _by-fﬁltratioQ:,}
Hallmen (5 56) found that léss"thah 5% ,of“the recovered
\\“C prec1p1tat§§ wheh ‘trﬁcthroaéet@c' acid ‘(B% w/v)'wés'
added to the aqueous extact taken from rapeseed !/ and
sunfrbwét - plants ,prevdouély treated ;with ,“C;picLoramt'f
- Furthermore, Chaleff‘(19) and Hallﬁéh (55, 56) - showed. that
partitioning the‘aqﬁeoué phase (pH 1.6) with dichloroﬁethane
qwas an effective procedure for completely separatlng and
accuratély quént;fying _“C-picloram and ‘its water soluble
metéb&lite(s); u : \ > c : }
x‘*Otherf‘researchers (19, 55, 56, 57) have reported thatj
picléram isvmetabolized in both ;eélstant and vsuscept1b1e

&

species. Hallmen (56) found that 27, 46, and-48% of -the.
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o \ . "“‘,‘L‘\‘. L , o . y .
. recovered  !‘C-picloram  was oonqgrted ‘to water-soluble

conjugateEflrs3, and 9 days after trea\ment of sunflower

plants,*.respectavely In rapeseed plants, 39 Gf' and 78%,

.
vréspectlvely, of the plqloram was conve&ted to water soluble .

metabolites after the ,same petlods{of time, Hallmen (dal
~hypothesized ,tﬁaty the difference,fin _rate of p1cloram

. metabolism»'between sunflower ‘and rapeseed plants accounts.
- \ [ .

: for the d1£ference in sen51t1v1ty between the two spec1es

4Examlnatlon of the data (Tables 6 and 7) may lead one
»

“to conclude that the sens1t1v1ﬁy of a plant to ap1cloram or

clopyralld is 'related to ‘metabpllsm of | the_he:b1c1des;b

o

However , the importance of picloram and clopyralld -

metabollsm in’ conferrlng re51stance w1th1n and_betwe/n plant

spec1es can be questlohed in llght of the followlng facts.

bFlrst,‘ even though the herbicides ha;e been converted to
~water-soluble metabolltes,‘fthese “metabolites may have
herbicidal properties.. Second, eveni lf the water-soluble
\d herbicide(metabolites of picloram . and clopyralid are not
h\phytotoxic, the ,plants may be capable of convertlng the
\herb;c1de metabolites back to - the parent herb1c1des.
Therefore,v the watet-soluble herbicide metabollte could be
,sequestered w1th1n the plant and jslowlyg converted to the
herb1c1de to do‘damage to the plant at a later time. Third,
the extent of netabolism 144 hours‘ afterl t:eatment: of
{sungdowex and rapeseed plants_wlth:picloram was 54 and 64%,
respec lteli.’Nonetheless, sunflower plants. are far more

\ / .
sensxtlve to picloram than rapeseed plants. Fourth; within

By

-

=



N ) ’ ' T - : . 84
sunfloﬁer ‘plants, significantly more plcloram than
clopyral1d was metabol1zed 144 hours after treatment and
yet~~sunflower plants arg no less sensitive to plcloram than
to clopyralid. Finally, t nel extent  of p1clonam and

| eiopyralid metabolism in - rapeseed plants 144 hours after
treatment was 64 and 70%, respect1ve1y (Table’ 7) Since not
all of the p;cloram and ' clopyralid applted tp rapeseed .
plants: was conveftede to the apparently non;ﬁhytotdxic;

Phe
_wmetabolite one should be able to apply enough picloram and
'clopytalld to ;ause a phytotoxic effect in rapeseed plants.“
Wlth thls, hypothe51s in'mind, rapeseed plants were treated
with doses of plcloram or clopyralld ranglng from 0.1 to 5.0
kg/ha. A'pdose -as low as 100 ‘g/ha. of pxcloram.capsed
herbicidal'lsymptoms in\\gapeSeed ‘plants‘ 24 hours after
tfeatment. Howeve:ﬂ clopyraiid doses as high.as 5 kg/ha had *
no herbicidal effegt on the rapeseed plants. Taken t?gethert
these results indicate that ditferences‘ in sensitivity

3 . . o . - )
withir  and between spec1es cannot be attributed to

d1fferences in the extent of her$1c1de metabolism.

~.
R

.

S Chaleff (19) 1s§%ated plclo:am—tolerant Nicotiana
tad;&bm\gntants.'He used a modified te%nniqne of Hallmen and
Eliasson (57),tp determine the apounts of picloram and of

the ‘water—solubie:;éetabolitel of plcloram in resistant and

suséeptibled seedlings\\bf_ltobacco.  Resistant 2 seedllngs
incorpotated more .picld;am ~ than susceptible spec1es.

' ?heégfore, resistance was not <conferred by reducing the

© uptake of picloram. Furthermore, Chaleff (19) found no
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,,'.%
difference in the amount of the‘.water-solhble"picloramfr
-‘ﬁeiabolite formed in the resistéﬁt and 'susééptible“ tobacco‘
plants, | The ratio of  the wéterfsoluble metabolite of

. ‘ R

picloram to picloram:;xqeeded 4:1 in both the resistant and
susceptible seedlings;’ Mitchell et al. (87) found that the
rate of metabolite formation and the qﬁantity. of picloram
metabolized 'in tolerant white ash and resistant ﬂed maple
were the éame, 12 days after treatment. o <\\‘

Taken'rtogethér,",the ﬁresults of these;réséaréhérs and
tMe results presented in this thégis imply that there mgﬁ be

*

a difference ih_ hoy piclorém or clop@ralid‘rﬁteract’with
some target sit;q within resistant ‘and susCeptible plant
species. In fact, Chen et al. (23) and Chaleff (19)
conclyded that differential sensitivity at Ithe site of
picloram action rather fhaﬁ»differénﬁial'acgumulatioﬁ‘of.the 
herbicide at the site of action or a differential fate of

metabolism+ accounts for susceptibilty differences among

different plant specfés tobpiclotam.
4.3 Ethylene S}nihediqﬁand Herbicide Action .

4.3.1 Resulﬁs
. The results in Sections 4.1 and 4.2 suggest that
differénces it the extent of'absbrpﬁion, translocation, and
metébolisﬁ' within.‘rapesged plants ana between :apege:a:
plants and sunflower'plants do not explain the djfferehces

in sensitivity within and among the plan@?'species to

3
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picloram and clopyralxd With this in mind, the generatlon

&Evethyleme by rapeseed and sunflower: plants, after
. ) Vo
application of‘picloram or clopyralld was,used as a tool to

determ1ne whether these herb1c1des xnteract dlfferently thh
some target site in susceptlble and resistant plant Spec1es.
Inasmuch as auxinic-type herbicides are known_ to
'increase 'ethylene pqp@uttion_ln;suscept{blelplanté, and in
wirliew of the fact that some of the symptoms induced by the

two herbicides in susceptible’gbecies are typical of those

/

in¥lced by ethylene, it was of interest to ‘determine the
changes " in rates, ~of ethylene production .folloulng
appl1catxon of herb1c1de treatments to both plant spec1es,
Shortly after picloram applxcatxon to the third leaf of a
rapegeed plant, ethylene levels rose (F1gure 4). Usually,
mprpzological injury symptoms also becane-evident 5 to 10
hours.after treatment. The same dose' of clopyralid, - on the
other gand d1d not elevate ethylene ;onceztratiohsappye
basal Nalues (F1gure 4) | B

In another experiment, a rapeseed plant received aﬁ960l
sg/plant, dose of.elbpyralid followed 23.5 hours latet by '5
similar dose ' of plclo:am (Figure 5). Both treatnents vere
applied‘to the‘third'leat. Cldpyralid treatment had llttle
effect on ethylene_‘nptoduetion. After application’ ot
picloram, hpwever, ethylene produckion began to inErease.
This. increased etpylene prpduction' occurred before any

mo;phplbgical changes became apparent. The rate of ethylene

production was 4 to 5 times greater-than the basal level, 24

~.
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Fiqure 4. Effect of picloram or clopyralid treatment-on
ethylene production by rapeseed plants. The X-axis indicates
the time lapse from insertion of the plant into the cuvette,
Each plant (fouyr-leaf stage) was allowed to equilibrate for -
several hours in the cuvette before measurements of ethylene
production were initiated. After 24 hours, each plant
received 960 ug of picloram or clopyralid, applied in 200 xl
(twenty 10-u1 drops) to the third leaf. '
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Fi§ure 5. Effect of a sequential treatment of clopyralid
followed by piclorag Qn ethylene production by a rapeseed
plant. Conditions as\in Figure 4. : '
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v hours after picloram treatment The apparent increase in the

|
rate of %ethylene productxon before pﬁcloram treatment

(Figure 5) rgpresents.‘fluctuations in basal rates of

ethylene produﬁtion (for comparison see Figure 4). '

Having determined that ethylene production increases in

i

responkertoitﬁe icide to which the plant is susceptxble,'
an experiment was ébﬂe to assess whether NE
N ‘ ﬁ?« ‘\ )
ethylene production could be prevented wzfgpaﬁ§§7h known
; :

inhibitor of ethylene b1o$ynthesxs (128) The ‘treatment of
leaves‘ and - cotyleaons of _rgpizeed with AVG prevented the
geqeratlon of ethylenegabove basal 1evels by the plant after

receiving a pxcloram dose of 250 ug (Figure 6). In contrast,

- a plant that did not receive the AVG pretreatment generated

.-approximately six times more ethylene 20 hours after the

pjgioram treatment (Figure 6).

v In sunflower, a species suscept1ble to both herbicides,
ethylene productlon 1ncreased in response to both chem1cals.
The data are preqented only for clopyralid. Clopyralid (10 |
#g) increased ethylene production in sunflower several—fpld4
(Figure 7). Wheﬁ 'AVG (31 uM) was applied before treatment
witn S;ppyralid, AVG pre;ented generation of ethyllne ~above

levels ‘recorded before thegsherbicide treatment was applied\

.(Figure 7). Even when a massive dose (960 sg/plant) of

Dclopyralid was applied to sunflower _Plants that were

pretreated with a 31 uM doée‘ovaVG, there was no increase

in ethyieneﬁ generation above basal levels (Figure 8). In

sunflower plants that did not receive an .AVG pretreatment
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Legend , B ¢
601 l® PICLORAM 250 ug/plant
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" Fiqure 6. Effects of picloram or a pretreatment with AVG

- followed by picloram on ethylene production by rapeseed
plants. AVG (125 uM) solution was sprayed on the entire
plaQ$;48 and 24 hours prior to insertion into the cuvette,
Herbicide dose was delivered in 100 ul of solution (ten
10-x1 drops). ‘ . '
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Figufe 7. Effect of clopyralid treatment on ethylene
product1on by sunflower plants. One leaf of the second leaf
pair received 10 ug herbicide delivered in ‘100 ul of

solution. AVG (31 uM) was appl1ed after 1nsert1on of the
.plant into the cuvette.
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Fiqure 8. Effect of clopyralid treatment on ethylene
production by sunflower plants. One leaf of the second leaf
pair received 960 ug herbicide delivered in 200.xl of
solution. AVG (31 uM) was!applied to the plant after its
insertion into the cuvette. s e
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the ethylene levels generated rose more than 12 times above
‘basal level 5 hours after herbicide treatments were applied7
to the plants.

It might be argued that an increase in ethylene
production is a result of localized tissue wounding caused
by applicagﬁon ofr the herbicide solution ‘to a pianf.
Therefore, an experiment was designech to minimize any
ethylene production that- might be. a résult of' tissye
wounding. A 50 ug dose of clopyralid was applied to the ste@
and cotyledons of‘h sunflower plapi‘(Figgre’Q). The treatedhu-
zone of the plant .was situated.beiow‘lhé cuvette, hhich
enclosed the trﬁe leaves of the plant. Five hours after
treatment with clbpfralid, ethylehe;_cbncentration ig the
cuvette began to rise and was still inereasing .20 hours
" after treatment.

As is evident from the data presented in Figu;es 4 to
9, there was considerable variationriﬁ the absolute rates of
ethylene production between different plant species -and
within a species, in spite of selection for uniférmity of
plants iﬁ term5 of age énd size. Such variatiqns in basal
rates of ethylene production (become apparent when
measurements are made using a continuous flow system‘(9). In
clqsed systems where ethylene can Bé quantified only by
sealing the plant for several hours in a chamber before the
samples are withdrawn, the net measurement of ethylene
accumulation tends to obscure the variability in basél rates

‘of ethylene produced. Even with this variation, the times at
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Figure 9. Effect of clopyralid on ethylene production when
applied to sunflower cotyledons. Cotyledons were isolated
outside the sealed cuvette. A herbicide dose of 50 ug was
delivered in 100 u1 of solution,
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whioh changes in ethylene production occurred in response’ to
a treatment were consistent for ialf replications of an
experiment. A X ' s.p ‘ . Lﬁ. |
For detailed experiments'on'the changes in morphologyn
1nduced by various treatments, sunflower was chosen las 'the
representat1ved plant é:;ause of 1ts suscept1b1l1ty to both
herb1c1des. Leaves of sunflower~plants became ep;nastlc. 4
‘, hours ' after - a 50 bug clopyralid ‘dose was gpplied°to the
cotyledons L(Figure 10) The symptoms were “ virtnally
identical to the ones observed when_ plants wereﬂfumlgated

‘ mithn‘ethylene. Symptoms 'progressed rapldly , énd stem

.

curVatpre was apparent 8 hours after clopyral1d treatment.
\Treatment of plants w1th AVG beforer.the ‘appllcat1on oE
herb1q1de, delayed the development of symptoms The plant
‘treated with AVG pLuso clopyralldk:d1splayed vhyponastyA ofd
cotyledons~ and leaves, as' well aswleaf rolling, 8 homrS'
,yafter treatment although some hygonasty was ev1dent after 4
;l{hours. Stem bendlng dld not occur unt1l ap%/bX1mately 16
hours . after the treatment1 with thG plus - clopyralld
treatment. Aoplicatlon of 'AVG alone did-not\appear to'affect

- the morphologlcal status of‘a sunflower plant ‘although. 24

hoursvafter treatment with AVG, the leaves Tmerging from the"

' <

- apex were4somewhatﬂchlorotiq with rolling evident at leaf
margins. Symptoms were Observed for 5 days after herbicide

B . & : ‘
treatment; there was little change\‘ in 1Vmorphologlcal

characteristics of the plant after 24 h.. The morphology of

sunflower plants treated “with clopyralld nas,,'affected;



Fig. 10 Morphologlcal changes in sunflower treated with
AVG, clopyral1d (DPA), ,or AVG + clopyralid (AVG + DPA).
Pictures ‘represent symptoms 0, 4, 12, and 24 hours after
clopyralld was applied (A,B,C,D). AVG (125 uM) was applied/
to’ leaves until run- off, 24 and 12 hours“before and 0 4,/

12, and 24 hours after cotyledons were treated with - -/
vclopyralid (50 ug/100 ul ten 10-x1 drops). o/

A

/
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regardless of whether an, AVG pretreatmgnt was appliedt
.Leavéé‘ of plantsvtreapéd with AVG élps clopyralid ;emainéd
’hyponastic, while crown tissue showed little. hypertrophy.
Léayes ofJ élopyralid-éréatgd piants were epinastic, while

crowr tissue showed mérked hypertrophy.

. 4.3.2 Discussion'

L ,

‘Data presented in'§gc:ions 4.1 ané\4,2 sth_ tha% the
difference in- rate  of’ ethylene production in_respoﬁse to
either herbicide.,trgatment cannot | be attributed to
differences in iabsorption, translocation, or metabolism of
the herbicides in rapeseed plants. &hese results, along with
ﬁhe fact that tbé two herbicides have similar but ;liéhtly
différeht :hemical structurés; suggest that the compounas
may,'{nteract difﬁérentiy with some target~‘site-.within

resistant and susceptible species. In the case of

susceptible species, the target site is activated and sets

in mstion the biosynthesis of ethylene. In resistant

species{‘»the'hefbicide may reach the targét site but has no

subsequent effect.

It could be arqued  that the comme;cial-formulations/

c

used in the eEhYIene experiments were desfgned to optihizé
seléctivity differences within rapeseed pIants while ‘the
formulation used ih the absorption and translocatipn studies
was designed to’ favour penet;atiqn. Therefore, it was
: important_to determine if .rapeseed plants -would respoﬁd

similaflyy) in terms of the amount of ethylene generated,

;
/'/

/

/
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when - the commercial forhulations were. cempared with the
.formulation used in the absorptxon and tran&locat\pn of the
brad1olabeled herbicides used in earller experiments (see
Section 3.15. Consequently, in a control experiment,“a dose
of ‘300 ng/plant of clopyralid or pieloram, spiked with the
correspoﬁdidg radioi;beled herbicide, was dissolved in a
‘solution jcontgining ‘10% ethanol plus O.Sx Tween 20 and
applied to‘rapeseedvplante. Ethylene production levels Trose
at leest 22-£old 24I hours . after picloram‘ application,
whereas there was no 1ncrease in ethylene evolut1on above.

basal levels in rapeseed plants treated with clopyral;d The .

total recovered rad10act1v1gy that was translocated

i
R4

acropetally ‘out of* the treated leaf\\24 hours after
application of '‘G-clopyralid and "C—piclor;;\\ges 32.9 %

.\\\

‘3.1 and 19.7 o+ 4.3, respeptively,pand are simila?\te the
results shown in Tables 2 .and 3 where the commereial\ -
formulation was not sed. TheSe findings indicate that the
‘select1v1ty dlfferencesl within rapeseed plants{ to. the
commercially formulated hixtures containing ciopYralid and
picloram; were not a result of differences in the apgynt of
absorption and spbsequent transtcation of .the two
herbicides. |
o ‘ .
In ‘another ‘experiment ~an attempt was made to inhibit .~

‘the generation 0f,ethylene by rspeseed plants in response to

picloram ' treatments by pretreatlng the plants with doses of
clopyralid. The results 1nd1cate that tnere was no clear -

R

indication of competitive inhibition of the herbicidal
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action of picloram on rapeseed plants by (Flopyrélid.
Furthermofe, ethylene pfoductioﬁ was not maintained at Sagalv
levels when picloram was épplied after clopy:alidvas‘shbwn
 h)mgwé5.,. - |

This is ° the first  experimental "work in ;hich
herbicide-induced ethylene production has beeﬁ shown to
occur in intact plants using a tcntinudus-flowlsystem. This
abproach eliminates the pbtential pitfalls of-\previously
Oﬁhblished_.reports of experiments, using closed systéms,
where it is often very difficult to interpfet the data
because of other'interfering:factors such aé changeg iﬁ the
gaséou; envirbnment.varound the  plant.‘ Moreover,( closed
éystems are not suiﬁahlé for'followingbthé time course of
éhangesbin thg rate. of ethylene“production. This makes it
difficult to disﬁinguish whether' changes in tHe rate of

'ethylene production occur before or after the development of

symptoms” in response to herbicide treatment. The data -

presented in this paper indicate that the application of
picloram and clopyralid to susceptible species induces the
increased biosynthesis of ethylene. This increase in

ethylene production preceded or coincided with the onset of

. morphological changes induced by application of a herbicide

to the susceptible species. However,L when clopyralid .

Ereatments were applied to a fresistént. speciés, rapeseed,

 ethy1ené_pfoduction did nbt increase above basal levels.
Wounding has been sh;wn‘to increase ethylene productionm

(1). Visible wounding of the treated leaf was appareﬁf only
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in some cases when a 960 ug dose of‘clopyrali per plant was
applied to rapeseed oﬁ'éunflower. This localiged wouﬁding,

when. observed, occurred several hours after the increase in

rate of ethylene prdduction started. Moreovegk increased
'etthene production “'was obsgfved with th% ,herbiciae
treatment regardiess of whethe;\youndibg'was Vis;ble or not.
In order to further reduce‘ihe effects of possible wouﬁding
on efhylene prod}gtion; sunflower cotyledons were treated
with clopyréliéj.and isoiated below the sealéd"cuvette,
'(Hallmen (55) has shown that '*C-picloram, gpplied to“the ‘
cotyledons of sunflower, wiil ‘move acropetall$ 24 hours
aftef treatment.) The treatment of isolated cotyledons with
clopyralid led to an in&reésg in ethylene productign from
the portion of the plant enclosed in the = cuvette
épproximately‘ 4 hours after treatment. Thus, ethylene
p;oduction\cannot be aftributgd to localized wounding of the
tfeated tissue. o ?, . ‘ |

Abeles (2) found 'fhat '2{4—D stimulated  ethylene
production in corn and soybeaﬁ; Ethylene had aﬁ inhibitory
effect on growth of the two planﬁ species. However, CO,, a
compgfitive iﬁhibitor. of ethylene actioﬁ, could not be
demonstrated to reverse the supposed ethylene effect.
Several other. researcﬁe:s indicééed that the manifestation
of auxinic-type herbicide ;ction is independent from,(br in
' ?ddition to the action of these compounds in inducing

ethylene production (5, 6, 88). The results indicate that

picloram? and clopyralid-induced ethylene produc%ibn-could
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well be responsible for some of the morphologlcal symptoms
\ dxsplayed by susceptible plants. N
This conc;usion, is supported /by the work witn AVG
(Figures 6, 7, 8, and‘IO). Furthermore, Yu and Yang '(128)
suggested that | AVG inhibits ethylene biosynthesis- by
inhibiting  the conyersion of methionine to
1-aminocyclopropanee1—carboxylic acid (ACC). AVG has been
used with non*aUxidiC‘type herbicides to determine whether
herbicide symptoms can be‘attrdbuted to increased ethylene
'production brought about by the herbicide treatment (97). In
the present' experiments, treatment of plants .with AVG
prevented the generation of ethylene induced by massive
‘doses of picloram or clopyralid applied to rapeseed and
sunflower plants. AVG delayed the development of vsymptoms
lfter herb1c1de treatment. When the symptoms did develop,
they were quite distinct from those 1nduced by the herb1c1de
alone; AVG acted to delay stem curvature and prevented
\epinasty. Hypertrophy~was less severe wﬁen AVG was applied
as a 4 pretreatment before sunflower was treated with
dlopyral1d Howeverq leaves were hyponast1c‘w4 hours after
herbicide treatment and remained 1in this poS1tlon for at
least 5 more days. Conv&xsely, when only the herbicide.vwas
applied, epinasty and stem curvature were apparent 4 hours
after treatmentL Furthermore,  the morphological
manifestations of epinasty and stem curvature, brought‘about

by -hetrblcide treatment, appeared soon‘ after - or

simultaneously with the, r1se of ethylene levels above basal
v

, it
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levels in plants sealed 1in the éuvette. Morphological

' responses to ethylene fumigation or clopyralid treatment

were similar. These results, taken together, suggest that

"enhanced ethylene biosynthesis in response' to herbicide

application is -~a factor involved in the resulting

morpholagical changes. ]

4.4 Identification of the Water-Soluble Metabolite(s) of

Picloram and Clopyralid
The following experiments were conducted to determine
how many water-soluble herbicide metabolites were produced

within a plant species, whether the metabolites were the

¢

same in the different species, .and, to determine the

structure of the metabolite(s).
\ . 5
4.4.1 Pteliﬁiéary Identification by TLC of the Metaﬁodite(s)
- Pfoduced in the Three Plant Species
AQpeous extracté from rapeseed, sunflower, and Canada
thistle plants treated with "C—piclofam'of "C-clopyralid

and haryestéd 144 hours later were subjected to TLC on

silica = gel - plates  using.  the solvent system

n-butancl :NH,OH:H,0 (8:1:1 v/v/v). One metabolite was
detected for each of the herbicides; it was the’ same in all

three plant species. The picloram and clopyralid metabolites

‘had Rf values of 0.62 and 0.65, respectively. There was some

B

trace of a second metabolite of each herbicide, with an Rf

»

of 0-0.05. = o -
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, ( : o ‘ o
Nicotinic acid which 1is found in plants can be

converted to nicotinamide, a known precursor of NAD and

i 1.0

NADPH. Therefore, it was hypotheéized that the

plants to to convert nicotinic acid td'niCOtipa 7
metabolite produced being the carboxylic édid ?w;“
pi;loram‘of clopyralid. | ‘ |

Nicotinic acid, nicotinamide, and the. g
from - rapeseed, sunflower, and Canad&Q;;"
previously treated with '*C-picloram or "C—clopyralid'Iwere
chromatqg;aphed (n-buténof:NH.OH:H,O (B:1:1)) on a silica
gel ' TLC plate. The Rf value of nicotinic acid (0.20) was
. found to be similar to that of picloram and clopyralia.'The
Rf of nicotinamide' (0.52) was similar to that of the
herbicide metabolite pfoduced.by all ;h}ee plant species.}g

On the basis ‘of these results the carboxylic acid
amides of'picloram,and clopy;alid were syntheéized (section
3.8.1). The synthetic amides of the herbicides had Rf values
identical to ‘the unkaown metabolites ofj clobyralid‘ana
‘picloram. The Rf values are shown in. Table 10. ’ |

A supérficfal examination of the data (Table 10) may
lead one t0'con¢lUde that the herbicide metabolite was an
émide derivative. However, in"light of the following
information fhis conclusion was Questioned. first of'.all;
tpe Rf valués for the métabolites ofapiéloram‘and clopyralid

indicate that these two metabolites are less polar than

either of the correspondihg herbicides. Aqueous solutions
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Table 10. Rf values of various compounds chromatographed on:
silica gel TLC plates and developed in the solvent system
n-butanol:NH,OH:H,0 (8:1:1).

Compound . "~ Rf value’
Nicotinic acid o o 0.20
Picloram ’ . 0.19
Clopyralid ) 0.25
Nicotinamide (Sigma Chemical Co.) 0.52
Nicotinamide (synthetic):? B 0.52
Amide od picloram (synthetic)? 0.62
Amide of clopyralid (synthetic)? 0.65
Picloram plant metabolite? ’ 0.62
Clopyralid plant metabolite?® ; 0.65

'Slighty different Rf values were obtained each time the

plant extracts and known compounds were chromatographed. -

*Synthetic: this compound was synthesized in ‘the .lab as
described in Section 3.8.1. :

*Refers to plant extracts from rapeseed, sunflower, and
Canada thistle splants. - ’

were foFtified with nicofinamide; one of thé synthetic
amides - of either herbicide, or the plant metabolite eluted
from TLC plaées that were’developed‘ in n-butanol :NH,OH:H,0
»(8:1:1' v/v/v). Thg aqueous’sélutions’wéfe then partitioned
~égainst diéhlotomethane. All the compoundé-.presént in rtﬂe
aqueous ‘phase moved . into the organic phase. These results
wére»contra;y to th? findings in éectién 4.2 in which no
metabolite . in’ ;hé aqueous phase - would .partition “into
dichlbromethane; Second, .there was streakiﬁg‘ of the
nfadioactiQe zones on silica gel’TLC4plates; The Strééffﬁg

began at the region where t%e carboxylic acid herbicide was
; ERS _

—
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found and stretched into fgg"'region where the suspected
amide metabolite was located. When this.streakéd radioactive
zone wasleluted from the TLC plate and re-chromatographed,
two distinct spots were found that co-migrated with the
amide of the herbicide and the carboxylic acid herbicide.
AThird, when less cohcentrated NH,OH was used‘in the solvent
system a secona unknown metabolite with an Rf of 0-0,05
became predom;nant.

Fourth, thé agueous extracts from rape§eéd, sunfldwep,
and Canada thistl® plants harvested H24' hours after.
treathent'with “C;picloram or “C—clopyralid were run in
one of two selvent systems that did not contain NH.OH (Table
11). The results show that for each herbicide applied one
* common metabolife was produced by all~threé plant species
(Table 11). The Rf value of the uﬁknown metabolite of each
herbicide’ did not - correspond to th;?vof the acid amide of
picloram or clopyralid. 1In aﬁbther experiment, each TLC
plate ‘was spotted with the plant extracts from the three
spegfgs, picloram,.clopyralia, and fhé acid amiée of the
befbicides. A plate was incubated for 1.5 hours in a chamber
:filled with ammonia vapours and developed in one of thé th
solvent éystemg ‘listed in Table 11. Depending on which
Herbitide was ;pplied ﬁo ‘the three plant species, the
unknown herbicide metabolite that was foﬁnd in the aqueous
extract had an Rf value corresponding to the acid amide of

that herbiciae.



Table 11. Rf values of various compounés chromatographed on

silica gel plates and developed in s&lvent systems without
NH ,OH. o

*

Compound Solvent Solvent
, system #1° system #2'
A -

---------Rf values%;---—r—-

“K \

. ‘ o :

Picloram standard 0.51 . 0.45
Clopyralid standard 0.52 0.46
Amide of picloram , 0.80 0.82
Amide of clopyralid 0.87 0.78

Picloram plant extract

after ammbnialygisJ . 0.80 .»-._ 0.82°
Clopyralid plant extract :

after ammonialysis® 0.87 0.78
Picloram plant extract® 0.35-0.50 0-0.05
Clopyralid plant extract® 0.35-0.50 ’ 0-0.05

'Solvent system #1: isopropanol:acetic acid:H,0 (18:1:1
v . p )

Solveny system #2: CH,Cl,:methanol:acetone:acetic acid
(8:1:1:M v/v/v/v). | . ' A

*Rf values were slightly different each time the
chromatographic procedure was repeated.

‘Refers to plant extracts from rapeseed, sunflower, and
Canada thistle plants. . :
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4.4.2 Purification and Identification by GC-MS of the
Ammonialysed Water-Soluble Metabolite from Rapeseed
Plants

The agqueous qxtracts‘gréﬁ plants treated with picloram
and'dlopyralid were exposed to ammonia to convert the
water-soluble herbicide metabolites “therein to  the
corresponding carboxylic acid amides. These amides are
stable compounds that can be eas;ly }separated from the
aqueous extracts and pugified by TLC and gas: chromatography
as described in Section 3.5..The amide derivatives could be
used to determine whether there Qag any alteration in
functional “grbups other than the carboxyl group after the
picléram and clopyralid had undergone meéabolism and vere
subjected to ammonolysis.

The water-soluble metabolites of piéloram or clopyralid
were isolated from the detached leaves of rapeseed plants
(Section 3.5) and subjected to ammonolysis to produce the
corresponding amide of the herbicide that was previously
applied to the plant. After purification of the amide
(section 3.5.1), the mixture wés injected into a combined
GC MS. The resulting mass fragmentation‘ patterns. pf"the
authentic standards of the carboxyllc acid amide of‘plcloram
and clopyralid are shown in Figures 11(AY and 12(A),
respectively. The mass fragmentation pdlt;rns of 'the
fwater soluble blant metabolites of picloram and clopyralid
following ammonoly51s are shown in Flgures 11(B) and 12(B),

respectively, and appear to be 1dent1ca1 to the patterns
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produced by thé\synthetit amide standards of the .respective

" herbicides. . ' | NI

4.4.3 Purification and Identification by GC-MS of the
a Wa;g:-SqlﬁbleMMetabolite from Répeséed'Plants

A large'scalé production and purification of the plant
meﬁabolite ‘§f picloram and clopyralid wasvundértaken as
described in Section‘3.5. Once the metabolite of either
herBicide .wés<opurified it was acepflated or‘silylated. The
acetylated deri&ative was then subjected 'to one more .
purification procedure on silica gel TLC plates that were
déveloped in dichlorohéthane:methamol (9:1 ‘v/Q).“ The
acetylated‘Tor siiylated derivatives _pf’tﬁe water-soluble
metabolites of picloram and’clopyrélia “were then injected
into a cqmbined GC-MS usigg the conditions described for the
analysis of ;be/amide!der;vativesiof the he;bicidegﬁ&Sectipn
3.5;1).;1 This bCfMS ‘ procedure witH  the silylétéd or
. acetylated derivatives of the water-soluble metabolite of
either herbicide was unsuccessful. A masé fragmentation
pattern révealed”a.compqund that wa;;similarvto.piclorqmv or
clopyralid. After séveral unsuccessful attempts to obtain a
mass’ fragmentafion pattefn  using the silylatioh_’ ér
Qéetylétion methods the p;bcedure was abandoned.

| ‘In. another experiﬁent, the ,pﬁrif?é@ water—solﬁble
metgbolite of clopyralid was dissolved ?n a small quantity

' e A
of glycerol and subjected to fast atom bombardment (FAB)

mass spectrometry. The mass fragmentation pattern that

-
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resulted indioated the presence of sodium glyceroi. Thete-
was no indication of . any otﬁer_ coﬁpounds; These results
indicatea that 'there was not _eno;;; of the metabolfte
preseot obtain a goodb ﬁfhgmentation ‘pattern by this

method.

i A Y

4.4.4 Effect of pH on the Stability of lthe Herbicioe
Metabolite

B Duritg preliminary experiments with the metabolites of
the herbicides it beceme evident that. the stabflity of the
- water-soluble metabolite.was affected by tpe pH of the
solution in' which 'it was .dissolved. Thetefore, the
relationship between pH and the étability of the herbioide
metabolite was determined by incubating semples of the
water-soluble metabolite of c10pytalid .for 3 houre in
solutions of varlous pH. The results presented in Figure 1%
‘show that above pH 6 there was repld. conversion’ of the
metabolite back to clopyralid. When' samples of the
water—soluble.metabolite of picioram' and olooyraiid were

incubated *at pH’ 4 and 5 for as long as 48 hours, there was

no conversion to the correspondlnéﬁ%erb1c1de
- 4

4;4.5 In Vitro Synthesis of the Herbicide Metabolite

| The in vitﬁo synthesis of the,xaterlsoluble’ metebolite
was 'attempted usiné the methods of Frear et al. (47) ano
-Kopcewicz et al.v(68). Both procedures were conducted at  pH

5 and and then repeated at pH 7. Regardless of the pH at
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Figuré 13. Effect of pH on the stability of the
water-soluble metabolite of clopyralid after a 3-hour
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incubation in an aquecus solution. Standard errors of the

means were less than 2%.
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which both procedures were conducted, the results proved to.
be - negative, that 1is, no wvater-soluble metabolite of

ciopyralid could be’synthesized in vitro.

4.4.6 Chemical Syqthesis and Chromatography-ef the Suspected

Water-Soluble Metabolite

Characterization by‘ GC-MS of ‘the structure  of the
water- soluble metabollte of p1cloram and clopyralld was . not'
successful "(Section 4.4.3). Therefore, an attempt was made
vto determine the -mefabolite‘s structere lby' “chemjeal
synthesis,  of the suspecfed uplant‘ metabolite. -Once
'synthesized, the compound was used es a standard to
determlne if it had the same Rf ‘value as the unknowe
herb1c1de metabollte produced by the plant, as determined by
TLC. .
| The glucose ester of clopyralid was synthesized and
pdr1f1ed as described in Sectiqn‘3.8.2.xIt was subjected fo
several‘tests to confirm that it was the-'glucoee‘ ester of
, clopyraiid. One  of Ehe tests involved the*aadition of the
.glucose‘metabolite to an agueous solution to determine
whether it couid be partitioned intotdichloremethane. As
.suspected, the results indicated that none of the glucose
ester of clopyralld could be part?%loned into the organlc
 phase. Another test that was performed was chromatography of
the synthetic glucose ester of _c}opyralid, a;ong' with'
several other staedard cempounds, in different TLC' sol?ent

systems (Table 12). In 'some ©cases, the compounds were

O
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exposed to ammonia vapours fof 1.5 hou;awtgéamhonialyse any
ester bonds. The compounds were located o? hlhe silica gel
TLC plates by v1suallzat10n with yltraviolet light (254 nm)
Wthh conf1rms the presence of clopyral1d or a derivative of
. the herblczde, by scanning the pléteéﬁor '4C rad10act1v1ty
which confirms the presence of ';C-clopyfalid, and/qr'vby
chemical reae;ion with thymol/HzSO; to confirm thelpresenee
of sugarsl The results of these three tests are ‘shown in
Table 12. |

The chemically synthesized glucose\ester of cfopjfalid
had an Rf value different from any of ‘the other synthglic
Standafds or the plant metabolite, after chromatogaphy in
either of the ﬁwo solvep; systems (Table 12). This synthetic
glu¢bse metabolite gaQe a positive test for the presence of

both a sugar and clopyralid. When the synthetic compound wés

exposed to ammonia vapours prior to chromatography, two

distinct pqodncts resulted (Table 12). These products were

_glﬁeose and the amide of élepyralld‘ Taken 'together, the

results confirm that the 5yntﬁesized compound was the
glucose ester of clopyral1d FUfthermore, this glucose ester
.of -clopyralid. d1d not have the. same Rf value as the
"herbicide ﬁetabolite produced by the’plent,_eugéesting they
‘are two different'combgunds. The:efore; it was hypothesized

that the water-soluble‘plant metabolite may have involved

~conjugation of clopyralid w1th a sugar m01ety that was mored

polar than glucose, such as a disaccharide. (Polar1ty was

assessed in terms of migration of the compounds on TLC

/
——
o

\ .

s
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plates that ~were developed in the solvent’systems used in

~Table 12. The most polar compound has the lowest RE valye.)

The synthe51s of the sucrose metabol;te is described in

Section 3.8.2. The results in Table 12 indicate that two

compounds are present after the chromaﬂbgraphy of this

synthetic sucrose-metabolite in the first solvent system.

The two compounds are probably isomers of the sypthetic
sucrose-herRicide metabolite. In‘the}second solvent syStem‘
there was streaking of the sucrose metabolite. However, ln
both solvent*sYstems the two compounds representing the

. : ~ b .
synthetic sucrose esters of clopyralid gave positive tests

' for ‘both sucrose and clopyralid. Ammonlalysis of these two

%

compounds produced the amide derivative of clopyralid.ahd

sucrose. The sucrose ester of clopyralid has an Rf value
which is more.like the Rf value of the water-soluble plant
metabollte than the glucose ester of the heéfrbicide.. |

The synthet1c gent10b1ose metabolite has an Rf ‘value
1dent1cal to that of the plant metabolite when developed in
tbe _first solvent system (Table 12). When the gent10b1ose
VR ,

metabolite was run in the second solvent system there were

two isomers of this metabolite, asﬁindicatedfby positive

tests for sugar and clopyralid. However, the plant

‘metabolite did not co-migrate with either of the two isomers

_ , , ‘ » . A ‘ o~
of the synthetic gentiobiose metabolite although their Rf
values were similar to that of the plant metabolite., In
order to determine conclusivély that the synthetlc

metabolites of gentiobiose were dlfferent from the plant .
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netabolite, both compounds were chromatographed on silica
gel - plates }and' developed in n-butanol:acetic aeid:H,O
(12:3:5). Thew results were similar to those ob;ained using
lhe second solvent system noted in Table 12; both isomera of
the synthetic metabolite having .a,,élighfiy‘different Rf
value than that of the plant metabolite. When the compounds
wege ~exposed to ammonia vaphurs, gentloblose and the amide
derivative of clopyralid were the products resulting from
the ammonolysis of the twpkisemers of the géntiobiose_eéters

of clopyralid.

4.4.7 Enzymatic Hydroly51s of the Water-Soluble Metabolite

The naturally produced herbicide 'metabollte was
incubated with a- -and B-glucosidase and heéperidinase to
determine if the herbicide wash?onjugated with a sugar. The
incubation mixture was su5jec£ed to TLC to determine if the .
plant metabollte had been hydrolyzed All enzyme incubatieh'
mlxtures' were ‘chromatog:aphed ‘ agalnst controls that
contalned no enzyme. .

The water-soluble herbicide metabolite produced by the
.plantqwas not hydrolyzed by any of the enzyme preparations
)after af'4-hour incubation. However, incubation_for 16, 24,
and 48 hours with B-glueosidase and hesperldinaée- resulted
in hydrolySis Of the plant metabol1te. The product formed
had the same Rf value as the synthetlc_ glucose ‘ester of
~clopyralid and will hencefdfth’ be designated as the

-/

intermediate metabolite .
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The intermediate metabolite created by enzymatic
hydrolysis was isolated and subjected to ammonolysis. The
resulting compound co-migrated identicélly with the amide of
" clopyralid, indicating that the intermediate metabolite may
be a monosaccharide ester of clopyralid.
| None of the plant éetapolite remained after a 48-hour
“incubation with B-glucosidase. The oﬁly compounds remaining
wvere the intermediate metabolite‘ and clopyralid.
Hesperidinase did not hydrplee all of the plant metabolite
to  the intermediate metaboiite . None of the plant
metabolite was hydrolyied in the control solutions ‘or - the
solutions containing o-glucosidase, as long as 48 hours
after initiation of incubation. |

The previous resultgrindicate_that B-glucosidase and,
to é lesser extent, héiﬁgfidinéseb hydrolyze the plaﬁt
metaboiite to the intermeaiate metaboiite . The-quantity of
plant metabolite hydrolyzed by B-glucosidase ﬁgé 100%, since
none of this metabolite was detected by scanﬁing ;he plate
with the Geigér Mueller scanner. Furthefmore, it appears
fr;m’the TLC results that little of the piant_metabolite was
hydrolyzed to clbpyrafid by B-glucoéidase or -hesperidinase
after 24 or 48 hours of incubation. However, it is difficult
to determine the qguantity of the plant metabolite that was
’ hydrolyzed to clopyralid because thgre was hlways'éoﬁe

cldbyfaiid present on the TLC piates _éfter. chromatography;
.The4 presence of this élopyralid is a result of an inability

ng//toﬁpletely remove- all. the herbicide that  was not
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metabiﬂ‘“ed by the plant. In addition some. free hefbicide
may r;ghl;'_from the chemicgl hydrblysis of a small pbrtiqn
of the plant mgt;bolite thus forming clopyralid during
“ﬂchro%gtography .in. the  acid solvent systems. Copsequently,
;he Quantity of the water~solublev metabolite enzymatically
hydrolyzed to‘clopyralid could'not,be determiﬁed.by 5canhing
~the TLC plates for '*C. Therefore, an alternate method was
used in  ‘which the metabolite  was incubated with
a-glucosidase, Bééru;oéidase, or hesperipinase. The quantity
. of - the plgnt metabolite \SanErted to clopyrdﬁid was
determined by partitioning the incubation vmixture against
dich;oromethané to extract all thé free‘hegpicide (Tablé‘
The results of the dichloromethane = extraction
experiment revealed that a¥§lucosidase did not hyd%olyze the
primary metabolite to \clopyralid’ 4 or 24 hours aftqr'
treatment (Table 13). Z'Howe§er, B-glucosidase and\ 
heéperidinase hydrolyied significant quantities of the plant
metabolite to clopyralid 24 hours after 'initiatioﬁ of the
‘incubation. .Hesperidinasé -did not cohvert as much of the
water-soluhle metabolite‘to clopyralid as dfdﬁ B—glu¢o§idase
(Table 13). The fraction of metabolite hydrolyzed by
heéperidinase and B-glucosidase to clopyralid Qas 13;2 and
20.3%, respectively, after a 24—h§ur incubation,
The»hesperidihaseQ enzyme preparation also contained

0.003 unhits/mg of B-glucosidasé. Therefore, it was difficult

to determine whether the ihtermediate‘ metabolite aqg//:
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Table 13. Enzymatic hydrolysis of the water-soluble
metabolite of ¢lopyralid. The water-soluble herbicide
conjugate was incubated for 4, 24, or 48 hours in sodium
citrate buffer (pH 5.0) with a-glucosidase, f-glucosidase,
or hqsé@fidinase. The conversion of the clopyralid
metabolite back to the '‘parent herbicide was determined by
partitioning the agueous phase, after it was adjusted to pH
1.6, three times against dichloromethane'. '

Time Enzyme Cldpyralid Metabolite Difference
: - from control

(h) . (%) (%) ~ (%)

& Control 14.5 (0.5) 84.5(0.5)
a-glucosidase 13.9 (0.6) 86.1 (0.6) -1.6
B-glucosidase 17.7 (1.2) 82.3 (1.2) +2.2
Hesperidinase 19.0 (2.2) 81.0 (2.1) +3.5

24 Control “15.0 (0.7) 85.0 (0.7)
a-glucosidase 16.8 (1.3) 82.2 (1.3) +2.8
B-glucosidase’ 35.3 (1.0) 64.7 (1.0) +20.3
Hesperidinase 28.2 {(2.8) 71.8 (2.8) +13.2

48  Control > 16.1 (2.6) 83.9 (2.6)
B-glucosidase 35.4 (0.2) 64.6 (0.2) +19.3

- 'Standard errors of the means are in parentheses. .

s

"~ clopyralid that resuited from the hydrolysis of the plant
metabolite were a result of the hesperidinase or
B-glucosidase activity. Consequeatly, the _hesperidinaseﬂ
enzyme was not included in the 48-hour incubation study.
~4.4.8 Discussion

The results (Tables 10 and 11) taken together lipdicate

that one metabolite was. formed from each of the two
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herbiéides;"Eéch herbicide metabofite was the same in all
three plant species. Because the picloram and clopyralid
metabolite were the same in all three plant species, only
the metabolites isolated from‘rapeseedxplants were used for
further investigations on the structure and properties .af
the metabolite. The metabolite is very hydrophilic' and
probably represents picloram or c¢lopyralid conjugated by
means of an ester ’bond to a very polar combound. Some
researchers have suggested £hat picloram is conjugated with
sugar(s) (27, 72, 77, 114).

Upon exposure to ammonia vapours the metabolite of
picloram and clépyralid isolated .from the three plant
\species undergoes ammonolysis producing the carboxylic acid
amide of the respective herbicide. Therefore, the qgé' of
NH,OH 1in the TLC solvent system must be avoided to prevéné
the artifical formation of the carboxyiic acid amide of

- picloram and clbpyralid.

IAA hés'been shown to conjugate with myo—iﬂositol or
glucose by means of an ester iink through the carboxylic
acid group of IAA (73,122). When this metabolite was exposed
to ammonia vapours the molecule was cleaved yielding the
carboxylic acid amide of IAA. Furthermore, Hallmen (57)

, found that chromatographyﬂinfsélvents Ehat contain ammonium -
hydroxide 1leads to decomébéition‘ of .the water-soluble
metabolite of picloram. He found that this lability made it
impossible to purify these compoundé by TLC 1in solvent’

systems containing ammonium hydroxide.
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The mass spectral fragmentationvpatterns of-thé acid.
'amideb of the herbiéides,indicate that tﬁe éarboxylic acid
g:oué | is  the 6nly ‘substituent 'group that ﬁndergdeﬁ
alteration during.the'éonversion ofvpicloram énd clopyralid
to thé‘aater—solublekhethbolite (Figures 171 and 12). ' ’

There is no clear reason why the fragmentation patterns
for the w;tef—soluble'ﬁetabolite of piclofaﬁ'and_clopy;alid
: cogld not bevobtaﬁned (Section 4.4.35. It is ‘possibie that
‘fﬁé w;teffsoluble 7me£§polit; Qas not ,stable " under “the
temperaturé'cohditions at which tﬁe GC-MS  was dperatéd.
_However, decreasing the temperature .did' not solve the
problem. It is also possible thét ﬁhé”metabolite of 3h@, two.
lherbicides' breaks down ini the silylation and acetylation
bmixtupe, since it usually took ‘severél; déys before vthe
mixture vWaﬁf subjected to GC—MS{‘“Thé sﬁlylating or
acefylafing solution containsipyridihé‘which is‘knownjto ‘be
.sligh;iy basicf Prolonéed inéubation in this 301uﬁiph may
’cauSeQdeteriOré;io; of the ester bond of the Water—scluble
métabolité dhe.to pH effects, resulting in convéréion of»the
pight metabolite to the parent.acidl(seg Sec£ion 4;4}4):

*The ‘reSults' of7. tﬁgbexperiment on® the effect’of pH on .
the stability of £hé herbicide metabélitez_(Sectioq, 4.4.4)
‘indicatévvthat the metaboliﬁe may be bibsynthesized and
isolatedvby the pl;nt in an_orgahelle_such as  the wécuéié;
which ‘is ~able tbd maintainn a pH dfaapp}oximatély 5. In
addition, it is unlikely that the metabolite of either

herbicide is‘mébile in the phloem since the pH of the phloem
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‘- 1s regarded as being above 6.5. The}plant-mefabolite would®

rge hydrolyied in the phloem at this pH.

,‘Becéusé of  the ‘instability of the water-soluble
metabolite above pH 6‘i£ is not. surprising that in. vitro
synthesis of ‘the metabolite was not .suctessful at pH 7
(Sectioﬁg 4.4.5). However, the lack of isucceSs in
bivsynthesizing the metabolite of clopyralid af,pH 5 cannot
be explainea.,&t is possible that ehzymes"requi:édl for‘ the
in foﬂo. synthesis of .the metabolite were not isolated
during the procedure or became inactive ;hen ,thg plant
tissues were. macérated in the proéess oféisolating the
enzymes. Second, ﬁhé proper 'substrates may not have been
érovided to successfully_ create the metabolite in vitro.
Finally, thé:e is no. way of knowing with certaihty what the

compound is to which the herbicides are conjugated.

>

b

Therefore, it is possible that the methods wused in the

aytempt to produée the water-soluble herbicide metabolites
werevﬁot specific enodgh to reéult in producufon of the
metabolite.' |

Corner and Swain (2C° chéssfully> synthesized the

glucose esters of p-coumaric, caffeic,“fefulic,'ahd.sinapic

acid. These esters were formed in good yield when the acids

were incubated at pH 8.4 at 37°C with a 2-mole exce;s,df
uridine-5'-diphosphoglucose (UDPG) and an acetone powder
that was prepared from the leaves of geranium, However,

using the same <conditions,  no gluccse - esters  were

synthesized from the same four acids and UDPG using thé‘
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_w%ypothgsized that ﬁhe most likely metabolite was the glucose..
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acetone powders from three other plant species, which
included cabbage, chico;y, and barley.
. A. review of the literature .revealed that amongst

water-soluble metabolites of ' many herbicides and plant

‘growth . regulators, such as 2,4-D, MCPA, 1IAA, dicamba,

chlorsulfuron, and metribuiin, it is guite common to find

Ii¥e

glucose conjugates. In Jfact, esterification of 2,4-D,

picloram, diphenamid, and IAA to glucose through the

carboxylic acid moieties of these compounds is one the most

common types of the water-soluble metabolites formed.
Therefore, based on the -evidence presented previously in

this thesis that clopyralid may be conjugated to a

water-soluble compbund through an ester bond, it was °

ester df.clopYralid._ o

°

"The suspected glucose conjugate of ‘clopYralid was

synthesized and purified as described in .Section 3.8.2. The

synthesis  of the =~ benzoic . acid ester of glucose

(6-benzoyl-D-glucose) has been described by Bock et al. (14)

using @ similar method.

< : .

‘The Rf value of the glucose esger of clopyralid was'

’ @ ) Ty . ' o

magkedly different than -that ®of the. water-soluble plant

&

metabolite (Table 12). However, both the gentiobiose and

sucrose esters‘of—ciopyralid had Rf wvaluyes thch, although

not indentical to, werepy at least similar to that of the
water—soluble plant metabolite. These results support the
hypothesis that the plant métabolite is a disaccharﬁde ester

L
LN
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of clopyralid. Furthermoré,'seyerél researchers‘hsve found
metabolites of diphenamid (63)y and 3-phenoxybenzoic acid
(84) that were' cohjugated by means of au ester bond to.
gent.iobiose.

.Sucrose is not a reduc1ng sugar. Furthermore, sucrose
"is not avallable for conjugatlon with other compounds in the
plant, such as. clopyralld, since the fructose and glucose
subunits are joined through the .anomeric' carbons -of both
monoséccharides. Therefore,  a suorose ester of clopyralid
‘could not be synthesized by the plant. 'However, in -the
present-experiments sucrose was used as one of the sugars'in
the chemical sythesis of the metsbolite oecaUSe this alioﬁsd
the production of a synthetic metabolite rhar was more polar
than ﬁhe glucose?herbicide‘conjugate. |

‘The . enzyme hydrolysis experiments‘éotion 4.4.7)
further support the hypothesrs ﬁhac the her01c1de metabollte
produced by the plant may b;;'a dlsaccharlde ester of
clopyralid. Since the plant .metabolite was hydrolyzed‘ By
B-glucosidase to form bothsthe intermediate metabolite and
clopyralid, it appesrs that the plant 'metaboliré has at
least. one glucose sub*unir; However, it is not clear why
B—glucosidase will not campletely hydrolyze “the plant
metabolite to clopyralid. .

If the water-soluble herbicide metabolite is a
disaccharide ester ofk clopyralid, it 1is possiblefthat‘rhe“
sugar farthest from the herbicide molecule is glucose. This

. . . '
sugar mdy be easily hydrolyzed by B-glucosidase to yield the
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intermediafe metabolite . However, the sugar subunit
adjécent to the herbicide may not ;Be ‘glucose}: Therefdre,
when the water-soluble metabollte was hyd;olyzed yleldlng
the 1ntermed1ate metabollte,the enzyme could not remove the
' sugar remaining on the 1ntermed1ate.metab011te to produce
7”’the free herbicide. If this was the case, it is not,
why 20%. of the originel plant metabolite is hydrolyzed to
'clopyralid"24 and 48 hopps'after initiation of inéubation;
One poeeible explanation is that the sugar moiety of the
intermediate .meeabolite may Sé .Ssusceptible to slow
/"‘H§d;blysis. It is';leo conceivable that the sugar moiety of
the intermediate metabobite‘may,bev glucose. However, this
gldcose unit may not be.re;dily“removed from the metabolite
1f the herb1c1de molecule inhibits the enzyme's act1v1ty A
second posszb1lxty is that the intermediate metabollte may
not be enzyma*lcally hydrolyzed to the herbicide. Rather,
lower;ng the PH to 1.6 to partltlon the free ﬁerbicide into
the organic phase_may result in chemical hydrolysis of the
intermediete metabolite.'Finaliy, there may be two different
plant metabolites that involve disaccharides, both of which
have a glucose ~attached at the farthest position from
clopyralid. -When  this glueose s 'hydrolyzed> two
intermediate metabolites result. The hydrolysis of 20% of
the plant metabolite to clopyralid may actually repesent
complete hydrolysis of the water-soiub}e metabolite that has

" two ®lucose units. The remaining’intermediate metabolite may

actually  result from hydrolysis of glucose from  the

clear
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water-soluble ‘plant' metabolite that has a-mohbsacchafide‘
. other than. glucose attached adjacent to the hefbjcide. This
o second ' intermediate’ metabdlite ‘may resist hydrolysis By
fﬁ—glucqsidase. . | ' | | o |
SevSial researchers hﬁye identified other types dfr
water-soluble metabolités of picloram. For example, Maroder
and Prego (77) éﬁeculated that the_N—glucoside 6f picloram
was formed in Prosopis ruscifo]ia; on the basis of studies
involving enzyme hydrolysis, electrophoresis, and acid/base
hydrolysis, Chkanikov et al. (27) suppofted these findihgs
by use of mass . spectrometry and other physicoéhemical
methods. They found thate picloram was converted to
N—(2—carboxy—3,5,6-tridhloropyridine—4—yl)—glucqsamine,
(N-glucoside of picloram) in sunflower plants. The extent of
f¢onversion to the N-glucoside in sunflower exceeded 70%‘of
the recovered dose. In addition 20% of the recovered dose
- was converteéﬂ to the glucose estér of piélo:am. Only in -
sunflower plahts was the N-glucoside of picloram more
prevalent than the glucose ester of picloram. In other work,
Kua;ikina et al..(72)Aisolated'the glucose ester offbiclonaJ
(1-0—(4—aﬁino-3,5,6—trichloropicolyl)-D—giucopyrahoside) in
spnflower4 and bean plants- and 1identified it byv mass
spectrometry and chromatography. Chkanikov et al. (28) aiso

. . \
found that: picloram formed ether-soluble conjugates with
mustard oils»in;radish and mustard plants.

Results presented in this thesis indicate that the

water-solubl& metabolite of clopyralid, 1isolated from



N , o 128

rapéseed plants, is a disaccharide ester of clopyralid.
There is no evidence for the formation of either»_thé
non¢pblar‘“metébélites ,6f“picloram énd‘ clopyralid“or fhé
N-glucosiﬂe of picloram in rapeseed, sunflower, . and Canada
-thisﬁle | plants. The formation ' of ’the N+~glucoside of
 '_c1opyraiid is not possiblé-sincé‘ this herbicide does not
“have an  amino substituent érdup. Fufthermore,vthéré was no
evidence that the glucose 'estef/yéf either -herbicide was

formed in the three'plant'ﬁﬁggfés."



. ' -~ Summary and Conclusion

There was no differeﬁce between the amoﬁnts of
v"C—picloram and ;‘C—clopyrélid that were ,absofbéd '.by
rapeseed, sunflower, and Canada thistle plaﬁts.
Approximately 60% ofrmoré of the re;overed"radioacfivity
from picloram and 'clopyralid treatments movéd aEropqtally
out of the treated 1leaf 144 hours afFer‘ herbicidé ‘was
abplied to sunflower and rapeseed plants. Less than 5% of'
the '*C-label /from‘ eigher herbiéide _ treatment' "moved
basipetally in sunflower and rapeseed'plants.

More than 55% of '*‘C-label from pi;loram'and\clopyralid
moved acropetally out of the‘treated.leafbin Canada Ehistie
piaﬁté;\*144 hours after treatment. - The acropetal
ttanslocation pattern of thé two herbicides resembled.that

in the two annual species. Significantly more radioactivity
* moved basipetally 144 hours afte; application of‘clopyralid
than picldram. This observation may explain wﬁy clopyralid
is more effecti;e than picléram in con;rolling' Canada .
thistle sh;ot regrowth ﬁrom root buds. -

Significéntlyﬁ more of both '*C-picloram and
'*C-clopyralid was converted to water-soluble metabolite§-iﬁ

.rapeSeed than in sunflowef and_Cénada tﬁistke‘blahts. There

P

was no difference between the amounts of 1‘é-pic%oram and

. @ .
"‘C-clopyralid that were metabolized in rapeseed plants 144
hours after treatment. However,;eveh with the same amount of
metabolism of both herbicides in rapgéeed plantsh a 5 kg/ha

dose of clopyralid had no herbicidal éffect, Wherégs 100

129
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g/ha of picloram® caused herbicide symptoms. Therefore,
differences in the extent. :of metabolism between the two
herbicidee ‘do .not explain sensitivity differences within
,;rapeseeg plants. In sunflower -plants, significantly more
piclorem-lthan clopyralid was metabolized 144 hours after
‘treatment and yet,»sg@flower'piants are vegy seneitive to
h 'herbicides./xfa%ennéogether, resulte of the metabolism
experiments indigage that differences in senéitivity between
“speciés 46 the two hefbi:ides cannot be attributed to
differences in the extent of herbicide metabolism.

QPicio;am applied to the third leaf of a rapeseed plant
‘increased ethylene evolution several—fold.'Clopyralidvhaé no
effeet on etﬁyleﬁe pfoduction in rapeseed plants. In
sunflower, both picloram.and clopyralid . elevated ethylene
levels. ‘ﬁthylene bibsynthesis~ induced by the herbicide
ﬁreatme;t was not restricted tﬂ, £reatmeht ‘areas. When
clopyrelid, was épplied to the cob;ledbns_of sunflower,. the
herbicide 'tfeafment resulted in an increased rate of
' ethyiene brodudtion from the true leaves. Inereased ethylene
p;dduction -preceded or coincided withg ‘the onset of
morpbelogical fesponses induced by a herbicide application
te a sﬁsceptible species. Treatment " with aminoeﬁhoxyvihyl—
giYETﬁe (A&E;——;;;;;e;’;;eloramv or cloﬁgzelid application
.prevented the increase'in ethylene prbductidn_ Pretreatment
'witﬁ AVG also delayed the development of morphological
' changes induced by picloram or cfopyrelid.'lt appears ‘that

enhanced ethylene biosynthesis after application of picloram

2
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or clopyralid to suséeptible species was a factor involved
in the subsequent morphological changes.,

Taken together; . the results o§ )the absorption,
translocation, metabolism, and‘ethylené experimepts indicate
that differences in sensitivity witﬂin‘ and between
susceptible species to picloram and clopyralid are a result
of differences in the way the two herbicides interact with
some taréet sité_in the plaqts. |

Thin layer chromatography indicated that the herbicide
metabolite that is formed after application of piclogam or
clépyrélid was Athe same in ali thfee plant species. Mass
spectrometry and TLC showed that the metaboli;e‘is formed by
conjugation of a very polar compound through the carboxylic
acid moiety of picloram and clopyralida Enzymatic hydrolysis
with B-glucosidase showed that the metabolite may be a

"~ disaccharide ester of the ‘herbicide. This disaccharide
.appears to have a glucose sugunit in it.
In view of these findings, further experiments should
be conducted in vftPO_With céll'suspensions from répeseed
I'and sunflower plants to determine how various concentrétions
of radiolabeled picloram and clopyralid are taken up by
cells, wﬁ%re the hérbicidés accumulate in cel;s, and whether
ethylene production "increases only in cells from species
that are Suéceptible to picloram and clopyralid. These
bexpefiments; may elucidate whether rapeseed plants have a
different susceptibility to picloram than clopyralid at a

céllular level, thereby testing the hypothesis proposed in
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this“ thesis that piqlorém and clopyralid react differeﬁtly
with some target site in susceptible- and resistant plant
species. - ‘, ,

Experiments should also be conducted to conclusively
determine whether the waﬁer-soluble metabolite of picloram
and clopyralid is the same:in all three plant species and
whether 'any.other’wéter—soluble‘metaboli;es can be found in
these species.‘This would require that the metabolites from
gll three plant specjes be isolated and characterized by
GC-MS. Furthermore, it should be established ‘whether the
meéabolite‘ is phytotoxic and whether it is translocated
within the 'plant or sequestered within some organelle in

cells.
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