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PREFACE

Western Regional Cooperative Research Projects on weeds (W-S2, W-63,
W-77) have been concerned with a wide range of herbicide-weed control prob­
lems over the years. These projects ranged from purely physiological investi­
gations on translocation and mode of action of herbicides to practical matters
such as environmental factors that alter herbicide efficiency. In the 60's, be­
cause of mounting public concern over immediate health hazards and long­
term ecological consequences of pesticides in the environment, herbicidal
research projects shifted in part away from studies of better crop protection
toward assessment of the effect of herbicidal pollutants in the environment.
Project W-l 08 was initiated to determine the effects of repetitive application
or persistent pollution levels of. herbicides on plant communities and indi­
vidual species of the plant community. This bulletin deals with the effects or
action of herbicides on the structure, chemical composition, and function of
plant species.

Because many different herbicides were used in the project, the range of
studies was correspondingly broad. Experiments were designed to study: (a)
mechanism of action of several herbicides on dipeptidase synthesis in squash
cotyledons; (b) effects of herbicide and growth regulators on bud sprouting of
purple nutsedge; (c) cytological and biochemical effects of trifluralin on root
tips; (d) inhibition of carotenoid synthesis by Sandoz 6706; and (e) mode of ac­
tion of 2,4-D in stem tissue. Additional experiments dealt with the effects of
growth regulators and other additives upon herbicide action.

The findings of this project may be used to develop principles that may
enable man to avoid environmental pollution with herbicides while retaining
their advantages. It is especially important to have an understanding of the ef­
fects of herbicides on plant biochemical processes so that this information may
be related to the plant community and to ecological consequences. For exam­
ple , a slight alteration of the photosynthetic efficiency of a plant species could
have enormous consequences on a plant community and the whole ecos ystem
in which the plant community is found. Further, morphological and bio­
chemical changes caused by herbicides may prove to be valuable indications
of the presence of specific herbicidal pollutants in the environment.

P. G. Bartels and R. K. Nishimoto
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Chapter 1.
Hormonal Control and Herbicidal Influence

on Dipeptidase Synthesis
in Squash Cotyledons

F. M. Ashton and R. Tsay

INTRODUCTION

Dipeptidase, one of the proteolytic enzymes of squash iCucurbita maxima
Duch. 'Hubbard') cotyledons, has been isolated and purified (Ashton and
Dahmen, 1967). This enzyme has been shown to increase severalfold during
seed germination. Its development was inhibited by protein synthesis inhibi­
tors. N,6-benzyladenine (BA) stimulated jlevelopment of the enzyme activity
in half-seeds of squash (Sze and Ashton, 1971). However, these studies did not
unequivocally show whether the dipeptidase was synthesized de novo or arose
through activation of a zymogen. The inhibitor studies suggested that it was
synthesized de novo. Specificity of control of the dipeptidase by plant hor­
mones, effect of herbicides on its development, and the herbicidal action on
hormonal control processes have not been studied.

The objectives of this study were to investigate (a) the effect of herbicides on
dipeptidase activity, (b) the hormonal regulation of dipeptidase, (c) the in­
fluence of herbicides on hormonal control of dipeptidase, and (d) the de novo
synthesis of dipeptidase. Some of the results reported in this paper have been
previously published (Tsay and Ashton, 1971, 1974a, 1974b).

LITERATURE REVIEW

The effect of herbicides on various enzymes has been reviewed many times
in the last two decades (Freed, 1953; Weintraub, 1953; Wort, 1954, 1964;
Woodford et al., 1958; Hilton et al., 1963; Moreland, 1967; Robertson and
Kirkwood, 1970; and Ashton and Crafts, 1973). Here the subject is limited to
those papers concerning herbicides used in the study, namely: auxin,
dichlobenil (2,6-dichlorobenzonitrile), endothall [7-oxabicyclo(2,2, 1)heptane­
2,3-dicarboxylic acid), and naptalam (N, l-napthylphthalamic acid). The term
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"auxin," used as a generic term, includes synthetic and naturally occurring
compounds having the growth-promotion properties of indol-3-acetic acid
(IAA). The auxin compounds discussed herein are: 2,4-D [(2,4-dichlorophe­
noxy) acetic acid], dicamba (3,6-dichloro-o-anisic acid), and IAA. Because 2,4­
D has also often been used at low concentrations as a hormone, it and other
auxin compounds used as hormones are discussed as one topi c, a uxin . Dicam­
ba used as a herbicide in most of the cases is discussed separately.

Auxin

The influences of auxin on different enzyme s have been extensively studied
since 1950, but these investigations have not shown a definite effect on th e
same enzyme from different plant materials. The differ ent responses may
relate to plant material itself , concentration of auxin used, time of treatment,
and other factors .

Several investigators reported the effect of a uxin on ribonucleas e (RNase).
Leo and Sacher (1970, 1971) reported that NAA (napthalen ea ceti c a cid) a t a
rate of 1°lig/lil inhibited in crease of RNase in leaf sections of R ho eo discolor
and endocarp tissue sections of bean plants. In corn mesocotyl sections,
however, 2,4-D increas ed the RNase acti vity at low er concentrations and in­
hibited enzy me activity at higher concent ra t ions (Shannon et al. , 1964). A
ranking of species based on RNase is closely correlated with th e ranking based
on relative resi stance to 2,4-D , according to Burkhalter and Carter (1969) .
Their results showed th at changes in RNA and protein levels following 2,4-D
treatments gave inconclusive results; however, RNase levels declined follow­
ing treatment of sen sitive speci es but rose in more resistant pl ants.

Many cell wall degradation enzymes have been found to increase in act iv ity
in response to auxin treatment . IAA treatment a t the ap ices of decapitated­
et iola ted pea, bean, and corn seedlings increased th e amount and specifi c ac ­
tivity of cellu la se in adja cent tissu e (Maclachlan et a l., 1968). When a pp lied
to ep icoty ls of young peas, 10 ppm of a uxin induced formation of ce llu lase,
a nd this activity continued to increase with increasing auxin concentrations
up to 5000 ppm (Fan a nd Maclachlan, 1966). However, in barley coleop t iles
a nd pea ep icoty l internode segments, cellulase was not induced by aux in; but
beta 1,3- a nd/ or beta 1,6-glucanase and hemicellulase a cti vity incr ea sed afte r
a 3-hour IAA tr eatment (Tanimoto a nd Masuda, 1968).

In slices of some pl ant tissue, inv ertase can be induced by wash ing. When
slices of beet-root tissue were incubated in a solution of IAA or 2,4-D, inv ertase
activity decreased (Palmer, 1967). However, in tissue sli ces of sugarcane, IAA
and NAA initially enhanced inv ertase development, but later were inhibitory
(Gl asziou et al. , 1966, 1968). Enzym es other than inv ertase in tissue slices
were also reported to be influenced by auxins: NAA inhibited peroxidase syn­
thesis in sli ces of sugarcane (Palmer, 1968), and a short-term exposure of a uxin
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to beet-root tissues and Jerusalem artichoke disks stimulated ac t ivities of ac id
phosphatase and ATPase (G lasz iou et al. , 1968).

The influen ces of aux in on other enzyme sys tems have a lso been stud ied.
Auxin affec ted th e ac t ivity of nitrate reductase in pea seed lings (Spes ivtsev et
a l., 1970 ), glutathion e reduct ase, and glucose-6-phosphate dehydrogenase in
exc ised co tton coty ledo ns (Bas ler and Wills, 1968), ascorbase in bean (Panic
and Franke, 1970), co-ca rbony lase in pea root tips (Kim and Bidwell , 1967),
and a ldo lase, aminopeptidase, as well as gluta ma te: oxa laceta te transminase
in Atropa belladonna (Siml a a nd Sop an en , 1971).

In an in viv o system, 2,4-D induced add it iona l chro ma tin-bo und RNA
pol ymer ase formation in soyb ean hyp ocot yls (O'Brien, 1967). At herbicidal
concentra t ions, however , 2 ,4-D and IAA inhibited DN A synthes is by Esc he­
richia coli, DNA polymer ase suppo rted by free DN A chroma tin, or nucleo­
histon e prep ared from pea embryos (Schw immer, 1968). Aux in was a lso fou nd
to be involved in th e ac tiva t ion of enzyme ac tivi ty. C it ra te synt hetase isolated
from co rn scute lla, ca uliflower, a nd bean pl ants could be act iva ted by IAA in
vitro a nd ac t iva t ion occurred a t th e externa l SH (sulfhydry l) group of the en­
zyme (Sarkissia n, 1968. 1972).

Dicamba

Mo re la nd et a l. (1969) reported th at d ica mba inhibited GA-ind uced (gib­
ber elli c acid) a lpha-a my lase synt hes is in d ista l-ha lves of barley seeds. In
co ty ledo ns of ge rm ina t ing squash seeds, di ca mba a t 1v-3 M inhibi ted develop­
ment of proteinase act ivity slight ly (Ashto n et a l., 1968).

Dichlobenil

In barley seeds, di chl ob enil was reported to inhibit development of GA­
induced a lpha -a my lase (Pe nne r, 196 8; Devlin a nd Cunning ham, 1970 ) and
ph yt ase (Pe nner, 1968); whe n app lied to ge rm ina t ing squash seeds, it seve re ly
inhi bited seed ling growth and develop ment of pro te inase ac tiv ity (Ashton et
a l., 1968). If BA is added to the d ichloben il treatment, some of the proteinase­
ac t ivity inhi bi t ion cou ld be nullified (Penner a nd Ashton, 1968).

Endotha ll

Endotha ll inhi bit ed development of a lpha-amylase in the endosperm of ger­
mi nati ng ba rley seeds (Pe nne r, 1968). It a lso depressed p roteolytic enzymes in
ge rmi na ti ng squash seeds (Ashto n et a l., 1968), and th is depression was no t
relieved by add itio n of BA (Penner and Ashton, 1968).

Naptalam

Naptal am had little effec t on develop ment of pro te inase ac t ivi ty in ge rm i­
nating squash seeds (Ashton et a l., 1968). It s influen ce on ot her enzyme sys­
tem s has not bee n reported.
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EFFECT OF HERBICIDES ON DIPEPTIDASE ACTIVITY

Prot ein is a maj or sto rage reser ve in many plant seeds. This storage protein
is hydrolyzed during seed ge rm ina t ion by proteolyti c enzy mes , and th e hydro­
lyti c product s a re used by th e developing seedling for synthesis of new struc­
tural and fun cti on al proteins and for ene rgy . Inhibition of th ese enzymes by
herbicides cou ld have a profound effec t on seed ling grow th and development.
Proteinase ac t ivity in th e co ty ledo n of squash seeds increases seve ra lfo ld dur­
ing seed germination (W iley and Ashton, 196 7). One or more protein ases pro­
babl y a re involved in this incr ease (Penner and Ashton, 1967) , and some herbi­
cides inh ibit it (Ashto n et a l., 196 8).

A dipeptidase-a proteolyti c enzyme th at hydrolyzes dipeptides but not
proteins-has been isolated fro m coty ledo ns of squash seed lings (Ashton and
Dahmen , 196 7). Act ivi ty of thi s enzyme increased severalfold during germ ina ­
tion (Sze and Ashto n, 1971 ). This dipeptidase and th e proteinase (Pe nne r and
Ashton, 1966 , 1967) a re prob abl y synthes ized de novo.

The purpose of thi s expe rime nt was to su rvey th e herbicides used in the pro­
teinase study (Ashton et a l., 196 8) for th eir effec t up on dipeptidase ac t ivi ty
and to compa re their effect on th e development of these two enzymes .

Results and Discussion

Dipeptidase act ivity of squash co ty ledo ns increases during ger m ina t ion (Sze
and Ashton, 1971 ). How ever , w hen seeds we re germ ina ted in various her.bi­
cide solutions, th e development of dipeptidase ac t ivity w as a lte red by seve ra l
of th e herbi cid es (Tab le 1-1 ). Herbicid es th at inhibited development of dipep­
tid ase act ivity by 70 per cen t or more we re 2,4-D, di camba , fen a c [(2,3 ,6­
tri chl orophen yl)acet ic ac id], and naptal am. Those inhibit ing by 63 to 34 per­
cent were piclor am (4-a m ino-3,S,6-t r ichloropico lin ic ac id), di chl obenil ,
bromoxynil (3,S-d ibr.omo-4-hyd roxy benzonit r ile), a m it ro le (3-a m ino-s-t r ia­
zo le), a trazine [2-chl oro-4-(ethylamino)-6-(isoprop ylamino)-s-triazine], endo­
th all , and brom a cil (S-bromo-3-sec-buty l-6-methy lura cil). Those ca us ing on ly
slight inhibition , 24 to 16 per cent , were diphen amid (N,N-d imethy l-2, 2­
diphen yla cetamide), ch lorp ro pha m (isop ropy l m-chl orocarbanilite), and tri­
fluralin (a ,a ,a -t r ifluo ro-2,6-d initro-N,N- d ip ro py l-p-to lu id ine). Monuron [3­
(p-chloro pheny l)- I, I-d ime thy lurea J was essent ia lly th e sa me as th e control.
However , dal apon (2, 2-d ich loroprop ion ic ac id), bensulide [O,O-di isoprop yl
ph osphorodi thi oat e S-ester w ith N-( 2-mercapto~thy l) benzenesu lfonamide],

CDAA (N,N-d ia llyl-2-c hloroaceta m ide), a nd CDEC (2-chloroa llyl di ethyl­
dithiocarbamate) wer e som ewhat st imu la to ry .

Herbicid es that inh ib ited dipeptidase ac t ivity do not necessarily affec t pro­
tein ase ac t ivity (Ashton et a l., 1968) to the sa me degr ee. In gene ra l, herbi cide
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Tahle I-I . Dipeptidase and proteinase activity in cotyledons of squash seedlings germinated in
various herhicidal solutions

Herbicide
tr eatment

2 ,4-0
Di carn ba
Fen ac
Naptalam
Pi cloram
Di chl ob enil
Bromoxynil
Am itro le
At razinc
E ndo tha ll
Brom a cil
D iphe na m id
C hlorp ro p ha m
Triflura lin
Monu ron
Ben sulide
C DAA
C DEC
Da lapon
Contro l

Concent ra t ion

10-3 M
10-3 M
10-3 M
10-3 M
10-3 M
10-4 M
10-4 M
10-3 M
10- 4 M
10-3 M
10-3 M
10-4 M
5 X 10-4 M
1.5xlO-6M

10-4 M

5 X 10-5 M
10-3 M
10-4 M
10-3 M

Dipept idase
a ct iv ity. pe rcent

of co ntro l

6
17
24
30
37

39
44
49
6 1
64
66
76

79
84

105
112
119
120
124
100

Protein ase
act iv ity . per cent

of contro l'

45
86

78

93
79
30
32 (78 )

83
9 1
70
99
97
18(80 )

S9
93
35(92 )

58
23(86 )

98
100

'From Ashto n et a l. ( 1968) . Fi gures in parentheses are from Ashton a nd DeWitt ( I~)7 1 ) .

inhibition of development of dipeptidase activity was grea te r th an inhibition
of proteinase activity. This was true with 10 of the 19 herbi cides eva lua ted:
a m it ro le, naptalam, atrazine, di camba, bromoxynil , b ro macil, diphenamid ,
2,4-D, fen a c, and picloram. A not able except ion was CDAA, w h ich inhibited
proteinase activity but did not inhibit dipeptidase ac t ivity . T he degr ee of in­
hibition of the development of these two typ es of a ct iv ity w as sim ila r fo r
several herbicides: bensulide, ch lorp ropha m, di chlobenil , endotha ll, a nd
monuron. The data of Ashton and DeWitt (1971 ) for proteinase activit y we re
used for th e above com pa r isons for bromoxynil , be nsulide , CDEC, a nd chlor­
propham because th ey used wa te r only as a so lve nt for these herbi cides,
w he reas a small percentage of etha no l in wate r was used as a so lvent fo r these
four herbicides in th e Ash ton et a l. (1968) study. Alco ho l increased the inh ib i­
tory effec t of these four herbi cides on proteinase ac t iv ity, eve n th ou gh a lco ho l
at the concen t ra t ions used had no effect on the activity in the abse nce of herbi­
cides. The influence of alcohol is consider ed to be related to in cr eased mem­
brane permeability, which resulted in higher co ncen tra t ions of th ese herbi­
cides in the ce ll.
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The proteinase isolated by Penner and Ashton (1967) and the dipeptidase
ch aracterized by Ashton a nd Dahmen (1967) are probably the principal en­
zy mes responsible for proteinase and dipeptidase activity measured in th ese
stud ies. The a ctivity of both of these enzy mes increases with time during ger­
mination. They a ppea r to be synthesiz ed de no vo and their synthesis con­
trolled by a stimulus, probabl y a cytokinin, from axis (Penner and Ashton,
1966, 1967; Wil ey and Ashton, 1967; Sze and Ashton, 1971). Therefore, in­
hibition of development of dipeptidase activity by the several herbicides could
involve one or more mechanisms. Possibly, the herbicides int erfer e with devel­
opment or transport of th e hormone that controls synthesis of th e dipeptidase
in th e coty ledons. Alt ernatively, th ey ma y int erfer e with synthesis of th e dipep­
tidase in the coty ledons. Interfer ence with dipeptidase synthesis could be
brou ght about by inhibition of an y of the several essent ia l components of pro­
tein synthesis-e.g., DNA, RNA, ATP, or ribosomes.

Protein syn thes is. Inhibition of protein synthesis in hemp sesba nia (Ses bania
exaltata (Ra f.) Co ry) hypocotyls a nd/or barley col eoptiles by chlorp ropham,
CDAA, a nd endotha ll were rep orted by Mann et a l. (1965). Moreland et a l.
(196 9) obse rve d th at protein synthesis in soy bean hypocotyls was inhibited by
chlo rp ro pha m, fen ac, CDEC, dicamba , a nd di chlobenil. The results of th ese
two stud ies a re not in agree me nt w ith regard to the inhibition of prot ein syn­
th esis by CD AA, CDEC, a nd di chlobenil. In th e stud ies by Mann et a l. (1965),
CDEC a nd di chlobenil did not inhibit protein synthesis, whereas th ey did in
the research reported by Moreland et a l. (1969). Co nve rsely, CDAA did not in­
hibit protein synthesis in the studies by Mann et al. (1965). We a lso find va r ia­
tion between proteinase and dipeptidase activity development in squash
coty ledons with CDAA : it inhibits proteinase ac tivity but not dipeptidase ac­
ti vity. Mo rela nd et a l. (1969) reported th at some of th e differen ces between
th eir research a nd th at of Mann et a l. (1965) ca n po ssibly be a tt r ibu ted to dif­
ferences in concentration s of th e herbi cid es tested. However , differ ences in th e
so lven t used to dissolve the herbi cid es, as we ll as spec ies differ en ces, a lso ma y
have been involved . Ma nn et a l. (1965) used etha no l a nd Mo re la nd et a l.
(1969) used dimethyl su lfox ide (DMS O). Previou sly we di scussed th e influen ce
of etha no l on th e effect of bromoxynil , ben sulide, CDEC, a nd chlo rpropha m
on p roteinase act iv ity of sq uash co ty ledo ns. The rep ort by Mann et a l. (196 5)
su pports the co ncept th at inhi bition of development of dipeptidase ac t iv ity in
sq uash co ty ledons by fen a c, di camba , di chl ob enil , a nd endo tha ll may be due
to inhibition of pr otein synthes is. These investi gat ors did not investi gate th e ef­
fect of 2,4-D, naptalam, bromoxynil , or bromacil on prot ein synthesis.
Possibl y, inhibition of dipeptidase acti vity by these herbicides is a lso via pro­
tein syn thesis. How ever, on e or both of these studies included picloram,
a m it role, or atrazine, which did not inhibit protein synthesis; th er efore, these
herbi cides must inhibit dipeptidase via some mechanism other than protein
synthes is.
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RNA synthesis. RNA syn th esis prob ably is required for development of
d ipeptidase activity in squash cotyledons. Moreland et al. (1969) investigated
the influence of several of the herbicides used in our study on RNA synthesis in
corn mesocotyl sections (using HC-ortic acid incorporation) and in soybean
hypocotyl sections (using 14C_ATP incorporation). Only two of the herbicides
that inhibited dipeptidase activity, and which were tested for RNA synthesis,
inhibited RNA synthesis. Therefore, amitrole, dichlobenil, fenac , dicamba,
and picloram inhib ition of dipeptidase is probably not via the inhibition of
RNA synthesis. Atrazine inhibited RNA synthesis in the 14C-ATP assay, but
was stimulatory in the 14C-orotate assay and inhibited dipeptidase activity.
Therefore, the inhibition of dipeptidase activity by atrazine ma y be via RNA
synthesis. Chlorpropham inhibited RNA synthesis ve ry significantly in both
assays, but had onl y a slight inhibitory effect on dipeptidase acti vit y. Other
herbicides that inhibited dipeptidase activity, but th at wer e not tested for the ir
influence on RNA synthesis and therefore could be acting via RNA, are 2,4-D ,
naptalam, bromacil, endotha ll, and bromoxynil.

A TP synthesis. Compounds that interfere with ATP production by acting as
uncouplers of oxidative phosphorylation or as elect ron transport inhibitors
could inhibit development of dipeptidase activity. Herbicides that inhibit
dipeptidase activity, and which have been reported to uncouple oxida tive
phosphorylation, are 2,4-D (Switzer, 1957; Lotlikar et al. , 1968), naptalam
(Lotlika r et a l., 1968) , dichlobenil (F oy and Penner , 1965), and di camba (Foy
and Penner, 1965) .

In a study on the influen ce of dichlobenil , endotha ll, and bromoxynil on
cytokinin control of proteolytic activity in squash coty ledons, it wa s suggested
that di chlobenil inhibited cytok inin synthesis or transport, endothall inhibited
RNA metabolism, and bromoxynil int erf ered with the cytokinin system and
protein synthesis (Penne r and Ashton, 1968).

Conclusions

Dipeptidase activity of cot yledons of squash incr eased during germ ina tio n .
Several herbicides inhibited this increase to various degrees. Herbicides inhib­
iting development of dipeptidase activity by 70 per cent or more were 2,4-D ,
di camba , fenac, and naptalam. Those inhibiting dipeptidase acti vit y by 63 to
34 per cent were picl or am, di chlobenil , bromoxynil , amitrole, a tra zine , endo­
thall, and bromaci l. Those causing onl y slight inhibition , 24 to 16 per cent,
we re diphenamid, chlorpropham, and trifluralin. Monuron was essent ia lly th e
same as the control. However, dalapon, bensulide, CDAA, and CDEC wer e
somewhat stimulatory. When compared with previously reported herbi cide
activity on proteinase activity, herbicides that inhibited dipeptidase activity
did not necessarily affec t proteinase activity to the sa me degree.
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HORMON AL REGULATION OF DIPEPTIDASE

Hormonal regulation of dipeptidase in squash cotyledons was observed by
Sze and Ashton (1971). They showed that squash seeds required the presence
of the embryo axis for maximum development of dipeptidase activ ity, and that
th e cy tokinin BA could replace the embryo axis. Proteinase isolated from the
same tissue was found to be specifically controlled by cytokinin (Penner and
Ashton, 1967). These two enzymes are closel y related in protein digestion dur­
ing seed germination. However, the properties and time-course studies of
dipeptidase are diff erent from those of proteinase. Dipeptidase mayor may
not show th e same specifi city. The question of whether dipeptidase is con­
trolled by BA alone or is also controlled by other growth regulators was the
subject of th is investigation.

Results

Morphological response to hormones. All four hormones-i-Bzv, GA, IAA,
and ABA (abscisic acid)-affected the growth of seedlings. No quantitative
measurement of these responses was taken, but the responses are described
below. These responses appeared to be more pronounced at th e higher concen­
tration (5 x 10- 5 M) than at the lower concentration (5 x 10-6 M).

Inta ct seeds. BA-treated seeds had shortened hypocotyls, and th e growth of
the primary root s was g rea t ly inhibited . IAA a lso reduced the growth of pri­
mary roots, as well as th e development of root hairs. ABA almost sto pped seed
germination. However, G A promoted seedling growth; the seedlings had
larger coty ledons, lon ger hypocotyls , and longer prima ry roots compa red to
th e contro ls.

Distal-half cotyledo ns. BA, IAA, a nd GA induced the enla rgeme nt of distal ­
half cotyledons. Among th ese three hormones, BA showed the gr eatest effec t.
Distal-half cotyledo ns tr eated w ith BA were twisted and cu rled. IAA a nd GA
increased th e size w itho ut cha ng ing the form. Distal-h alf co ty ledons inc ubated
in ABA exhib ited a lmost no expa ns ion.

Effect of hormones on dipeptidase reaction. The enzy me was prepared in
th e usu al manner by extra ct ion from coty ledo ns of control pl ants grown in
wa te r. A qu antity of hormone solution wa s added to the enzy me . Enzyme ac ­
tivity was th en measured a nd compared to the control. The results showed
tha t dipeptidase a ctivity was not affected by th e presen ce of hormones.

Eff ect of hormon es on development of dipeptidase. Dipeptidase ac t ivity of
squash co ty ledo ns, either fr om intact seeds or exc ised co ty ledo ns, increased
during seed ge rm ina t ion (Sze a nd Ashton, 1971 ). This increase can be a lte red
by add ing th e hormon es. The results are presented as a relative per centage of
the control a nd were sta tistica lly a na lyze d by complete randomized design
( fab le 1-2). The co ntro l obtained fro m th e int act seed without adde d hor-
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Table 1-2. E ffect of diff eren t hormones on development of dipeptidase activity du ring germina tion,
T he va lue obtained from int act seeds wi th wa ter is 100 percent.

Valu es exp ressed as relati ve percen tag es

BA GA IAA ABA

Intact seeds'
o(cont rol) 100.0a2 100.Od 100 .Oa IOO.O a
5 x 10-6 M 88 .6ab 93.5d 96 .0ab 75 .5b
5 x 10-5 M 66 .3c 116.5c 72 .5bc 42.5c

Dista l-ha lves
0 70 .6bc 76 .6c 74 .5bc 71 .5b
5 x 10-6 M 91.0Ja 142 .0b 50.5d n .5b
5 x 10-5 M 106 .0 J a 175 .0a 50 .ld 49.0 c

I After germination, distal-ha lves of intact seeds were harvested for enzyme preparation.
2Means followed by the same letters ar e no t sign ificantly d iffere nt at the 5 percent level as deter­

mined by Duncan's Mu ltipl e Range Test. All comparisons a re mad e within the same column.
"Enzyme act ivity wa s not co rrec ted for volume increm ent ; if thi s had been done, va lues would

have been some wha t higher than th ose reported.

mones was arbitrarily set as 100 percent; th e other values were ca lcul ated as a
percentage of thi s value. The results of this expe r ime nt a re presented in th e
following fiv e sections.

Partial control of dipeptidase acti vity by em bryo axi s. The data from the ex­
periments at zero concentration of ho rmones showe d that enzy me act ivity of
d istal-half cotyledons was about 75 per cent of that of th e control (T able 1-2).
Therefore, w ithout the proximal half, whi ch includes the emb ryo axis, enzy me
act ivity was red uce d abo ut 25 per cent. Since cotyledon tissues in both di st al ­
half and proximal half a re sim ila r, th e reduction of enzyme a ctiv ity in distal ­
half suggests th at part of th e enzyme ac t ivity in th e coty ledon is controlled by
th e emb ryo axis.

Effect of BA on dipep tidase: promo tion and inhibition. The reduction of en­
zyme activity in distal-hal f coty ledons ca n be repla ced by th e addition of BA
(T able 1-2). The results demonstrated that by supplyin g BA 5 x 10-5 M or
5 x 10-6 M th e enzyme a ct ivity in distal-half cotyledons developed to th e same
level as in th e control. However , at the higher concentration, 5 x 10-5 M, BA
inhibited enzy me development in int act seeds. Simila r obser vations we re
made by Sze and Ashto n (1971 ).

Effect of GA on dipeptidase: promotion. GA showed a st ro ng promotive ef­
fect on dipeptidase dev elopment in distal-half cotyledons (T able 1-2). By add­
ing GA, enzyme activity in distal-ha lves increased drast ica lly. As compared to
th e zero concentra t ion, G A at both concent ra tions approxima te ly doubled th e
enzy me a cti vit y. In intact seeds, GA a lso slightly enha nce d enzyme a ct ivity a t
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the higher concentration. Thus GA , as well as BA, is a stimulus that can pro­
mo te dipeptidase development and can replace the effect of the embryo axis .

Effect of 1AA and ABA on dipeptidase: inhibition. In intact seeds, the low er
concentra t ion of IAA had no effect on the enzy me a ct ivity ; a t the higher con­
centration it was slight ly inhibitory. For th e distal-half coty ledons, both con­
centra t ions decreased dipeptidase development (Table 1-2). Results sim ila r to
IAA were also observed in auxin-type herbicid es, dicamba , and 2,4-0; these
are reported in Table 1-4. ABA slightly reduced th e enzy me a ct ivity in intact
seeds at the low er concentration, 5 x 10-6 M. At the high er concentra t ion,
5 x 10-5 M, ABA decreas ed the enzy me acti vity about 60 percent. Enzyme ac ­
tivity in both inta ct seeds and distal-half co ty ledo ns was abo ut at th e same
level , exce pt a t ze ro concent ra t ion; th ere was no di ffer en ce in ac t ivity be tween
5 x 10-6 M concentra tion and zero concent ra tion in di stal-half cotyledo ns .
These results indicate th at in th e in tact system the lower concentra tio n of ABA
sto pped the influen ce of th e emb ryo ax is. The ac t ion of embryo ax is was a lso
stopped a t th e higher concentra t ion of ABA and th ere was an add it iona l inhib­
iti on of this enzyme' s development w ith co ty ledo ns per se.

Effec t of BA + GA on dipe ptidase. This expe rime nt was designed to deter­
mine th e int er acti on of GA and BA on the development of dipeptidase. Two
concentra t ions of BA were co mbined w ith two concentrations of GA . The data
from each co mbina tio n we re compa red to th e add it ive va lue of th e ind ividua l
compo ne nts. If ther e was any add it ive o r synergistic effec t, the ac tivity of a
co mbi na t ion should be eq ua l to or greate r th an the to ta l activ ity of the ir co m­
pon ents. T able 1-3 suggests th at non e of th e co mbina tions was add it ive or
syne rg ist ic. Ther efore, both BA and GA appea r to act a t the sa me biochemical
site in th is system.

Table 1- 3. E ffect of co mbinat ion of 8A and CA on development of dipeptid ase act ivity . using
d ista l-half co tyledons. Va lue s arc ex pressed as rela tive pe rce ntages.

T rea tment

H 20 (co nt ro l)
CA 5 x 10-6 M
13A 5 x 10-6 tVl
CA 5 x 10- 5 M
8 A 5 x 10-5 M
C A 5 x 10-6 M + BA 5 x 10- 6 M
CA 5 x 10-6 tvl + BA 5 x 10-5 M
CA 5 x 10-5 M + 13A 5 x 10-6 M
CA 5 x 10-5 tvl + 13 A 5 x 10- 5 M

Va lue
( '7c)

100 .Oe l

224 .6 d
232.0cd
264 .0bcd
310.3 ab
249.6bcd
29 8 .0abc
24 1.(1)l'(j

344 .0a

' Me a ns fo llowed by th e sa me lett ers a re no t s ign ifica nt ly d iffe rent a t the 5 pe rce n t level as de ter­
mi ned by Dun can 's Mu lt ip le Ran ge T est.
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Discussion

Partial control of dipeptidase by th e embryo axis. These results show that
2S percent of the dipeptidase activity of the intact seeds was controlled by the
embryo axis for a 4-day germination period. For a S-da y germination, it con­
trolled 40 percent of the activity (Sze and Ashton, 1971). Genetic differences
may partly account for this apparent large difference in addition to the differ­
ence in age. Sze and Ashton suggested that a stimulus for the emb ryo axis was
needed to initiate maximal enzy me activity , and the stimulus was found to be
cytokinin. However, from the results of our experiment, it is concluded that
GA as well as BA promoted the dev elopment of th e activity of this enzyme. In
addition, IAA , ABA, and other factors may be implicated in the regulation.
Apparently , the function of the emb ry o axis in controlling this enzy me is quite
compli cated. In order to further understand this phenomenon, it would be
necessary to know the interaction a mong the hormones, their quantitative
changes during seedling development, and th eir distribution. Such studies
wer e beyond the scope of our investigation.

Effect of hormones on development of dipeptidase. In distal-half cotyle­
dons, development of dipeptidase was stimulated by GA and BA and inhibited
by IAA and ABA. The exp eriment, which comb ined the two hormones BA a nd
G A, w as cond ucte d to see if their combined action was additi ve or syne rg isti c.
Since their sit e of a ct ion (as outlined below) is differ ent, one would assume that
th e act ion would be add itive. The act ion of cyt okinin on protein synthes is is
thought to be asso ciated with tRNA (Fox, 1966; Gefte r a nd Russell , 1969). GA
is beli eved to be invol ved in the production of mR NA mol ecul es on DNA tem­
plate (Chrispeels and Va rne r, 1967a). This information suggests that these two
hormones do not a ct on the sa me sit e. Therefore, additi ve or synergistic effect s
a ppe a r possible w he n th e tw o hormones a re com b ined . How ever, in the cur­
rent investi gation , add itive or syn er gisti c respon ses we re not found . This ma y
be because th ere was co nsidera ble va ria t ion . The va ria t ion was not caused by
cha ng ing the env iro nme nt, beca use env iro nme nta l co nd itio ns we re kept co n­
stant, so it ma y be due to geneti c differ en ces. The ph en ot ypi c differ ence in tex­
ture and color of the seed coat was previously ob ser ved a nd described (Sze ,
1970). Although seeds used wer e selected for uniformity, it was not possible to
ob ta in identical experimen ta l material for use in a given expe r ime nt. Sq uash,
a monoecious plant, is often cross-po llina ted, a nd hence ce rta in va ria tio ns in
ge no ty pes a re produced. Therefore, endogeno us fa ctors involved in the sy nthe­
sis of this enzy me ca n be altered a nd ca n ca use differential development of di­
peptidase act iv ity . Other fac to rs (e.g., herbicides and insecti cid es) als o ma y
have been involved before the seeds wer e b rou ght int o the laboratory.

Both G A a nd BA a ppea r to induce development of dipeptidase acti vity in
distal-half cotyledons, but th ey show differ ent effe cts on the intact seeds. In in­
tact seeds, G A promot es the enzy me a cti vit y and seedling grow th slightl y; BA
inhibits th ese ph en omen a. These differ en ces for th ese substa nces ma y be due to
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their different physiological rol es and fin all y are related to the endoge nous
hormona l balance. It has been suggested that cytokinin ma y counteract a ger­
mination inh ib itor in barley seeds (p aleg, 1965). It has been shown that in th e
barley a leurone layer, the inh ibition of alpha-amylase synthesis by ABA can
be part ia lly overcome by add ition of a la rge amount of GA (Chrispeels and
Varner, 1967b). In inta ct barley seeds , production of alpha-amylase is in­
hib ited by ABA, and this inh ib ition is onl y slightly reversed by the addition of
excess GA . However, when 'a cytokin in su ch as kin etin or BA is added to the in­
h ibited syste m, the enzy me production, as well as germination, is almost full y
recovered (Khan, 1969). Therefore, ac ting as an antagonist of a germination
inhibitor, the cytokinins see m essentia l for the functioning of endoge nous
GA (s), the inducer(s) of alpha-amylase synthesis (Pa leg, 1965). Kh an (1969)
reported that in em b ryo-less half-seeds kin etin fail ed to relieve ABA inhibition
of alpha-amylase, but his data showe d that by adding GA the alpha-amylase
activity recover ed to th e same level as in th e control. Thus, both BA and GA
ma y co unte ract ABA inhibition. The int eraction among th ese three hormones,
GA, BA, a nd ABA, w as not investi gated in this study, but the a ntagonism ma y
a ppea r in this regulatory syste m.

IAA is incapable of causing an increas e in the proteol ytic ac tiv ity (Pe nne r
and Ashton, 1967), but it inhibits development of d ipeptidase in intact seeds
a nd in d istal-ha lf cotyledons, The act ion of auxin has been review ed by Key
(1969); auxin ca uses a n increase in DNA, RNA , a nd protein synthesis at hor­
mon al levels. An inh ib ited development of dipeptidase act iv ity by the high er
co ncent ra tion of IAA ma y not be du e to a ux in effec ts of DNA, RNA, or prot ein
synthesis, but rather to the a ccum u la tion of inhibitory metabolites. Data pre­
sen ted in our report do not specif ical ly suggest this , however.

Bioch emi cal aspect s of th e act ion of ABA ha ve been review ed recently (Ad­
di cott, 1972). Ma ny stud ies indi cate that ABA non competitively int eract s with
othe r growth hormon es. The resu lts of thi s expe r ime nt a re inadequat e to ac­
co unt for a specif ic ABA-hormone int er action. However , ABA nullified the ef­
fect of th e em b ryo axis at low er co ncent ra t ions a nd stopped th e further
development of the enzy me act ivity in the co ty ledo n a t the high er co ncentra­
t ion. ABA ma y co un te ract the effect of BA or GA (as di scu ssed a bove) .

Conclusions

D ipeptidase activity of cotyledons of sq uash increased during seed ge rm ina ­
tion. The em bry o axi s controlled about 25 per cent of thi s development fo r 4­
da y ge rm ination. Four pl ant-growth regula to rs (GA, BA, IAA, a nd ABA), each
with two concen t ra t ions, 5 x 10-6 M a nd 5 x 10- 5 M, we re exa m ined for th eir
effect on the d ipeptidase activity. None of th ese regul ators aff ected th e a ct iv ity
per se of the isola ted dipept idase, The presence of the growth regulators during
the ge rm ination process caused va r ious degrees of effects on dipeptidase
development. In int a ct seeds, BA a nd IAA inhibited dipeptidase ac t iv ity a t the
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high er concentra tion, S x 10- 5 M; ABA reduced th e ac tiv ity a t both con centra­
tions, 5 x 10- 6 M and 5 x 10- 5 M; GA, however, enha nce d its development a t
the high er concentra tion,S x 10- 5 M. In distal-hal f coty ledons, BA a nd GA
bo th sti m ula ted th e enzyme developme nt; however , in co mbina t ion th ey
showed no add it ive or syne rg ist ic effect. ABA supp ressed th e enzy me ac tiv ity
a t the high er conce ntra t ion, and IAA inhibited th e enzy me act ivity a t bo th
levels.

INFLUEN CE OF HERBICIDES ON HORMO NAL CONTROL
OF DIP EPTIDASE

Penner and Ashton (1967) reported th at protein ase activity in squash
cotyledo ns increased severa lfo ld during ge rm ina t ion, a nd th at it was
spec ifica lly contro lled by cy to kin in. Seve ra l herbi cid es inhib ited the develop­
ment of this protein ase ac t ivity (Ashton et a l., 1968). BA co uld reduce the in­
hibition produced by di chl obenil a nd endo tha ll (Penne r a nd Ashton, 1968).

D ipe pt ida se, one of the proteolyti c enzymes in squas h co ty ledo ns, a lso in­
crea ses seve ra lfo ld during the ge rm ina t ion (Sze and Ashton, 1971). Results of
p revious experiments showed th at dipeptidase mi ght be contro lled by GA a nd
BA, and tha t the presence of di fferent herbi cides in the cu ltu re solut ion dur ing
germ ina tion ca used va rious effec ts on development of this enzyme .

Fi ve herbicid es found to inhibit the development of dipeptidase in th e
coty ledons of intact seeds we re : di camba , 2 ,4-D , naptal am, di chlobenil , a nd
endotha ll. The purpose of this expe r iment was to inv estigat e wh ether th ese five
herbi cides might alter th e hormonal control of dipeptidase development.

Results

Mo rphological response to herbicides. Both BA and GA stimulated th e ex­
pansion of di stal-h alf coty ledo ns. As compa red to the control tr eatment, nap­
talam 10- 4 M, 2,4-D 10-5 M, and di camba 10-5 M had no effect on growth of
this storage tissu e, nor were toxic sympto ms obs er ved . When BA or GA was
combined with one of th e three herbicides, BA- or GA-stimulati on was un­
cha nged . However, dichlobenil completely stopped th e growth of the distal­
half cotyledons, and th e effect of BA and GA on stimulation w as also nullified.
Additionally, dichlobenil ca used exuda tion of a gummy materi al from th e
tissue.

Endothall injured th e distal-half cotyledons-the margins and surfaces of
this tissue seemed to be burned. Development was inhibited by endotha ll
alone, and expansion induced by GA and BA was also reduced by endothall.

Effect of herbicides on enz yme reaction. Each herbicide was added to an
enzym e solution prepared from control plants grown in w ater. Results showed
that activity of the dipeptidase was not aff ected by the herbicides.
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Table 1-4. Influence of herbicides on hormonal control of dipeptidase development, Values arc ex­
pressed as relative percentages.'

Treatment

H 20
GA 5 x 10-5 M
BA 5 x 10-5 M
Di camba 10-5 M
2,4-0 10-5 M
Na pta la m 10-4 M
Dichlobenil 10-4 M
E ndotha ll 10-3 M

D icamba 10-5 M + GA 5 x 10-5 M
Dicarnba 10-5 M + BA 5 x 10-5 M
2,4-0 10- 5 M + GA 5 x 10- 5 M
2,4-0 10-5 M + SA 5 x 10-5 M
Na pta la m 10-4 M + G A 5 x 10- 5 M
Na pta la m 10-4 M + BA 5 x 10-5 M
Dichlobenil 10-4 M + GA 5 x 10-5 M
Dichl ob enil 10-4 M + BA 5 x 10-5 M
E ndo tha ll 10- 3 M + GA 5 x 10- 5 M
Endo tha ll 10-3 M + BA 5 x 10-5 M

Individ ual treatm ent

Combina tion treatment

Va lue
( %)

100.0
168.4
155.3
58.5
69 .3
67.0
87.5

249 .0

73.2
78 .0
98.3

112.3
134 .0
110 .5
55.0

183.0
278 .5
39 8 .5

'Va lues of tr eatments o f H 20 , GA 5 x 10- 5 M , BA 5 x 10- 5 M are th e ave rage of 20 replication s.
Va lues of rem aining tr eatments a rc th e average of four replications.

Effect of herbicides on hormonal con trol of dip eptidase development. Nap­
talam at 10-4 M and 2,4-D a t 10- 5 M reduced dipeptidase development act ivity
significantly (T able 1-4). The addition of GA a nd BA completely nullified the
inhibition produced by these two herbicides.

Di camba at 10- 5 M a lso significantly reduced enzy me development; how­
ever, onl y BA prevented this inhibition (Table 1-4). Effect of GA on inhibition
was not significant.

Di chlobenil 10-4 M showed little inhibition of dipeptidase development
(Table 1-4). The co mb ina t ion of BA a nd di chl obenil in cr eased enzy me activ i­
ty more than did th e BA treatment; add it ion of GA to di chlobenil supp ressed
th e enzyme development. Since th e va lue of co nt rol treatments w as much
high er th an usu al in thi s expe r ime nt, th e rel ative ,percentage of BA treatment
was consequently lower. The effect of BA on th e promotion of enzy me ac t iv ity
was masked by expe r ime nta l er ro r.

E ndotha ll markedl y effecte d dipeptidase development (T c4.ile 1-4) , but a
consider able va ria t ion in th e data made it impossibl e to determine its int era c-



MODES OF ACTION OF SELECTE D HERBICIDES 19

tion with GA or BA. This also obs cured th e effec t of BA on the promoti on of
dipeptidase. More replication s a re need ed to reduce th e expe rimenta l error.

Discussion

It is difficult to find any correlation between th e enla rgeme nt of di stal-half
co ty ledo ns and enzy me ac t iv ity . This is probably becau se che mica l treatments
effec ted not only th e synthesis of dipeptidase but a lso the many othe r met a­
boli c rea cti ons involved in th e enla rge me nt of thi s storage tissue. Interferen ce
of dipeptidase synthesis by th ese herbicid es is prob ably du e to their effec t on
on e or more of at least three a reas of met aboli sm: protein synthesis, RNA syn­
th esis, or ATP synthes is. Time limitation for thi s research prevents investi ga­
tion to determine th e possible inhib ition site(s) for each herbi cid e. However ,
di fferent interacti ons a lte red th e enzyme synthes is w hen plant-growth
regul ator BA or GA w as added to th e herbicides.

Oicamba and 2,4-0 reduced the enzyme a ctivity in distal-half co ty ledons
and intact seeds. The influence of th ese two auxin-ty pe herbicid es on dipep­
tidase development appears to be similar to IAA , a naturall y occurring auxin.
Addition of GA or BA to th ese two herbicides counte racts th eir inhibition to a
certa in degree (Table 1-4); th e promotive effec t of GA and BA on enzy me ac­
tivity was also diminished by th e herbicides. The interactions thus appear to
be complica ted and probably involve more than on e of th e compo ne nts in­
volved in th e synthesis of this enzy me . Both 2,4-0 and di camba wer e found to
inhibit th e ATP synthesis (Lo tlika r et a l., 1968); however , in recent reviews
(Key, 1969; Hanson and Slife, 1971; Ashton and Crafts, 1973), au xin has a lso
been reported to cause an overproduction of RNA , to promote ethy lene forma­
tion, and to change th e pattern of development of endogeno us cy tokin in. In
tr eated pl ants, '2 ,4-0 was al so found to cha nge th e a mount of met allic ions,
v ita m ins, and am ino ac ids avail able for enzy me synthes is. While th e maj or
factor(s) in th e interaction is not known, perhaps a ll of these factors a re direct­
ly or indirectly inv olved in th e ac tion.

Naptalam also inhibited enzyme development in di stal-h alf coty ledons and
intact seeds. Addition of GA and BA to naptalam yielded results sim ila r to
th ose previously di scussed for 2,4-0. Naptal am reportedl y has little effec t on
prot ein synthesis in barley and sesban ia seeds (Mann et a l., 1965), but has been
shown to inhibit oxidative phosphorylation in ca bbage mitochondria (Lotlika r
et a l., 1968). Therefore, it is suggested th at naptalam suppresses the dipep­
tidase m ainly through the inhibition of ATP synthes is, and that it inter a cts
with GA or BA at a different site.

Oi chlobenil and endothall both inhibited th e dipeptidase in intact seeds.
However, di chlobenil had little effect on dipeptidase development in th e
distal-half cotyledons, and endotha ll increased enzyme a ctivity in the tissue.
This suggests th at th er e is an interaction between the emb ryo axi s and these
tw o herbicides, a lthough data obta ined from th e combina tion tr eatments were
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so variable that no conclusion as to the interaction of two herbicides with the
two hormones was possible. Apparently there was an unstable factor(s) inter­
fering in these experiments. Further kinetics studies would be necessary to
detect this factor.

Conclusions

Five herbicides were examined for their influence on dipeptidase activity
and growth of the distal-half cotyledons of squash during incubation. None of
these herbicides affected the' enzymatic reaction per se of the isolated dipep­
tidase. Herbicides in the culture solution caused different effects on the growth
and the development of dipeptidase activity, although it is difficult to find any
correlation between growth of distal-halves and enzyme activity. Di camba ,
2,4-D, and naptalam showed no effect on growth but reduced enzyme
development significantly. The addition of BA or GA relieved part of the in­
hibition produced by these three herbicides. Dichlobenil hardly inhibited
dipeptidase activity but stopped growth of this tissue. Endothall damaged the
distal-halves but increased enzyme activity. How thes e two herbicides int er act
with GA and BA is not known.

DE NO VO SYNTHESIS OF DIPEPTIDASE

Dipeptidase activit y of squash coty ledons increased during seed germina­
tion and was strongly inhibited by cycloheximide, a protein synthes is in­
hibitor; de novo synthesis of this enzyme was suggested (Sze and Asht on ,
1971). However, such an inhibitor study is in itself not proof of de novo syn­
thesis of an induced enzy me . Acti vation of a latent enzyme may be indirectl y
dependent upon protein synthesis (F ilne r et a l., 1969). The effect of protein
synthesis inhibitors on activation of enzyme activity was shown by Shain and
Ma yer (1968) in a n in viv o system. They found th at protein synthesis in­
hibitors partiall y inhibited development of trypsin-like enzyme a cti vity in let­
tuce seeds and amylopectin-l ,6-glucosidase in pears.

The question of whether dipeptidase is synthesiz ed de novo or activated
during the seed germination was the purpose of the following expe riment. The
radioactive a mino ac id incorporati on int o prot ein method was used for thi s in­
vestigation.

Results

Seed s were germinated in water the first 96 hours and then pla ced in 14C_
leu cine for 24 hours. T able 1-5 and Figure 1-1 show the results. T abl e 1-5
shows that the specific a ctivity of the enzyme increased with each purification
step , and Fi gure 1-1 shows th at the peak of radioacti vit y was in excellent
agreement with the peak of enzy me activity . The increase in the specifi c radio-
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activity during purification, as well as th e peak of radioactivity in acti ve en­
zyme region, provides strong evidence of de no vo synthesis of this dipeptidase.

Discussion

In order to use the radioactive amino acid method to prove the de no vo syn­
thesis of an enzyme, it is necessary to show that (a) radioactive amino a cid is
incorporated into the enzyme protein, and (b) the amount of radioactive
amino acid that is incorporated into the enzyme protein is greater th an that
found in other proteins. The data show that, in the DEAE fraction, 14C-leucine
is incorporated into the purified dipeptidase, and that there is a greater incor­
poration of 14C-leucine into dipeptidase than into other proteins. Since 14C_
leucine can be metabolized during the incubation, th e greater amount of 14C_
incorporation into the enzy me becomes the most important criterion for
demonstration of the de novo synthesis of an enzyme. In this study, th e g rea ter
amount of 14C-incorporation is evident from th e pattern of radioacti ve
distribution in th e DEAE fraction and from the com pa r ison of specifi c radio­
activity in each step of enzyme purification. This evidence is discussed in the
following two paragraphs.

Radioacti ve distribution in DEAE fra ction . Va rne r (1964) incubated
embryo-less barley half-s eeds in 14C-phe ny la la n ine so lut ion for 18-20 hours,
and alpha-amyl ase w as th en extracted a nd fr a cti on ated by DEAE ch ro ma tog­
raphy. The result showed th at, in th e presen ce of GA , a lpha-a my lase co n­
st itu ted a major fr a ction of th e radioa cti vity , a nd th at , w itho ut GA, th ere was
no radioactivity in alpha-amyl ase. It w as con clude d th at, in response to GA,
alpha-amylase was produced in th e aleurone layer by de novo synthesis. How­
ever, in an intact system an inductive agent is not required , as, for exa m p le, in
de nov o synthesis of isocitritase in germinating peanut coty ledo ns as reported
by Gi entka-Rychter and Cherry (1968) . They ge rm ina ted intact peanut seeds
in 14C-reconstituted amino ac ids for 4 days a nd foll owed thi s by fra cti onation
of a 20 to 35 per cent ammonium sulfa te prep aration on a Sephadex G-200 col­
umn. The result sho wed that th e acti ve enzyme fr action co inc ided w ith a large
peak of radioa cti vity. They combined th ese results with th e result fr om th e
density-labeling method and conc lude d th at isocitritase was synthesiz ed de
no vo during seed germination. Data from this study demonstrated th at th e ac­
ti ve enzyme region coincided with a peak of radioa cti vity in DEAE fr action.
Therefore, th e dipeptidase appears to be synthes ized de novo.

Specifi c radi oacti vity of eac h step of enzyme purifi cati on. Specifi c radioac­
tivity (SR) was used by Rotman and Spi egelman (1954) for determination of
th e de novo synthesis of beta-galactosid ase in E. coli. They co mpa red SR va lue
(cp m/ l1g N) and spec if ic enzy me activity (enzy me act iv ity/m in/ag N) of ea ch
step of enzy me purification and found that, as th e purification of enzy me pro­
gressed , the SR va lues decreased. They suggested th at th e residual radioactivi­
ty w as not enzy ma tic but rather was ass igna b le to conta m ina t ing material.
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However, nonenzymatic contamina tion with radioactivity may account for
the transformation of 14C-amino acids during the incubation. In this study SR
va lues increased with each step of purification. This increase in SR va lue,
w hich compa red the amount of 14C-incorporation into different proteins, a lso
supports the de novo synthesis concept. Ashton and Dahmen (1967) showed by
using vert ica l acr ylamide gel electrophoresis and ultracentrifugation that
fr action IV (DEAE fraction) contained onl y one protein. The gel elect ro­
phoresis pattern for the other fractions showed that there were a t least three
proteins in fraction III , four proteins in fraction II, and five proteins in frac­
tion I.

Conclusions

These experiments provide strong evidence for de no vo synthesis of this
dipeptidase in squash coty ledons during germination, as suggested by the pro­
tein synthesis inhibitor studies of Sze and Ashton (197 1). Further confi rm atory
ev idence for de no vo synthesis of this enzyme could be provided by demonstra­
ting 14C-amino ac id in corporation throughout the pol yp eptide cha in and uti ­
liz ing the density-lab eling technique for protein synthesis; however , th ese
proofs are not essential.

GENERAL DISCUSSION

In squash seeds, reser ve protein is one of the stora ge foods in coty ledo ns,
and the presence of th e embryo axis is required for th e breakdown of thi s
reserve materi al during germination (Wil ey and Ashton, 1967). For complete
hydrolysis the intact reser ve protein is first attacked by proteinase, and thi s
yields smaller peptides; th en a seri es of peptidases become ac tive and further
decompose th e peptides into amino ac ids. The ent ire sequen ce of met aboli c
steps of this hydrolysis has not been full y eluc ida ted, but thi s study and
previous findings provide important informati on for understanding the pro­
cess. As suggested by Penner and Ashton (1967), both dipeptidase and pro te in­
ase a re synthes ized de nov o. Comparing the time-course development of these
two enzymes , it is apparent th at their synthesis co inc ides with the pr ocess of
hydrolysis. That is, proteinase development is initiated at an ea rly stage of ger­
mination (the fir st day of ge rm ina tion), and dipeptidase is initiated some wha t
later (the third day of ge rmina tion). This sequentia l development of tw o en­
zymes ma y be contro lled by th eir hormon al specif icity and inhibitor inter ac­
tions. Only BA can stimulate the proteinase activity, ac cord ing to Penner and
Ashton (1967); however, our data indicate that both BA and GA a re able to
enhance the dipeptidase synthesis. During the ea rly stage of germination, seeds
ha ve inhibitors that inhibit certain metabolic rea ctions and enzyme synthesis.
Sin ce cytokinins a re considered the most effect ive agent for counteracting the
germination inhibitors (Kh an, 1971), they ma y serve dual rol es-that is, they
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may promote protein synthesis as well as counteract the effect of inhibitors.
However, mRNA is required for protein synthesis. It has been stated that the
entire apparatus except mRNA necessary for protein synthesis is functional in
the seeds (Marcus and Feeley, 1964). Messenger RNA is considered to be acti­
vated during the first 24-hour germination; prior to its activation, enzymes
cannot be synthesized.

The catabolism of reserve protein is particularly important in seeds that
have protein as their principal storage product, since storage protein not onl y
supplies amino acids for protein synthesis but also provides energy for other
metabolic reactions. Thus, herbicides that inhibit any of the enzymes in this
system could prevent seed germination. The data presented previously in the
section entitled "Effect of Herbicides on Dipeptidase Activity ," which indi cat­
ed several herbicides decreased the dipeptidase synthesis, when combined with
information reported by Penner and Ashton (1968) show that inhibition of
both dipeptidase and proteinase or severe inhibition of on e of these enzy me s
was correlated with the inhibition of squash seed germination. The inhibition
of dipeptidase (see previous section entitled "Influence of Herbi cid es on Hor­
monal Control of Dipeptidase") or proteinase (Penner and Ashton, 1968) in­
duced by some herbicides was counteracted to a certain degree by the add it ion
of certain hormones. However, the rev ersibility in enzy me activity did not
result in the recovery of seed germination. This indicates that both hormones
and herbicides affect more than one metabolic site, and therefore their a nta go­
nism may be different in ea ch syste m .

SUMMARY

Effect of Herbicides on Dipeptidase Activity

The dipeptidase activity of the cotyledons of the squash (Cucurbita ma xima
Ouch. 'Hubbard') increased during germination. Several herbicides inhibited
this increase in various degrees. Those herbicides inhibiting the development
of dipeptidase act iv ity 70 percent or more were 2,4-0, di camba , fen a c, a nd
naptalam. Those inhibiting dipeptidase activity by 63 to 34 percent were
picloram, dichlobenil , bromoxynil , amitrole, atrazine, endothall , a nd
bromacil. Those causing only slight inhibition, 24 to 16 percent, wer e
diphenamid, chlorpropham, and trifluralin. Monuron was essen t ia lly th e
same as th e control. However, dalapon, bensulide, CDAA, and CDEC we re
somewhat stimulatory. When compared with previously reported herbicide
activity on proteinase activity, those herbicides th at inhibited dipeptidase ac ­
tivity did not necess arily affect proteinase ac t ivity to the same degree.

Hormonal Regulation of Dipeptidase

Dipeptidase activity of cotyledons of squash increas ed during seed germina­
tion. The embryo axis controlled about 25 percent of thi s development for 4-



26 HAWAIl AC RICULTUHAL EXPEHIMENT STAT ION

day germination. Four plant-growth regulators (GA, BA, IAA, and ABA), each
with two concentrations', 5 x 10-6 M and 5 x 10-5 M, were examined for their
effect on the dipeptidase activity. None of these regulators affec ted the act ivity
per se of the isolated dipeptidase. The presence of gr owth regulators during th e
germination process caused va rious degrees of effec ts on the dipeptidase
dev elopment. In intact seeds, BA and IAA inhibited dipeptidase acti vit y a t th e
higher concentra t ion, 5 x 10-5 M; ABA reduced the acti vity a t both conce ntra ­
tions, 5 x 10-6 M and 5 x 10-5 M; however , GA enha nce d its development a t
th e higher concentra t ion, S x rO-5 M. In distal-h alf cotyledons , BA and GA
both stimulated the enzyme development; however, their comb ina tion showe d
no add it ive or syne rg ist ic effect. ABA suppressed the dipeptidase ac tiv ity a t
the higher conce ntra t ion, and IAA showed an inh ib it ion of the a ct ivity at bo th
levels.

Influence of Herbicides on Hormonal Control of Dipeptidase

Fi ve herbicides we re exa m ined for their influen ce on the dipeptidase ac tivi­
ty and the growth of the distal-half coty ledo ns of squash during the incuba­
tion. None of th ese herbi cides affec ted the enzyma t ic reacti on per se of th e
isolated dipep tidase. The presen ce of th e herbicides in the cu lture solut ion
ca used diff erent effect s on the growth a nd the development of dipep tid ase ac­
tivit y. However , it is diffi cult to find any corre la tio n between grow th of distal­
hal ves and the enzy me ac tiv ity. Di camba, 2,4-0, and naptal am showed no ef­
fect on growth but did reduce enzy me development significa ntly. The add it ion
of BA or GA relieve d a certai n degr ee of inhib it ion produced by these th ree
herbicides. Di chl obenil inhibited the dipeptidase ac tivity ve ry little; however,
it stopped the growth of th is tissue. Endothall damaged the distal-hal ves, but it
promot ed enzyme act ivity. Dat a on inter acti on of these two herbicid es wi th
GA and BA a re inconclusive.

De novo Synthesis of Dipeptidase

By usin g the radi oacti ve am ino ac id incorporation method, thi s study pro­
vides strong ev idence for the theory of de novo synthes is of this dipeptidase in
squash coty ledons during germination, as sugges ted by Sze and Ashton ( 197 1).
This theory is based on th e fact th at the amount of 14C-Ieu cine incorpora ted in­
to d ipeptidase was grea te r th an th at found in the othe r proteins. The grea te r
amo unt of 14C-inco rpo ra t ion was demonstrated by (a) the ac tion enzyme
region coincided with a peak of radioactivity in the DEAE fr action, a nd (b)
the spec ific radioacti vity of the enzyme incr eased w ith each step of purifica­
tion . The result also indicates th at ther e is a positi ve ag reeme nt between the
rate of 14 C-Ieuc ine incorporation int o the dipeptidase and the rate of dipep­
tidase development.
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Chapter 2.
Effects of Herbicides

on Bud Sprouting of Purple Nutsedge
R. K. Nishimoto

INTRODUCTION

31

The objectives of this study were (a) to determine the basis of bud dormancy
in purple nutsedge-if dormancy can be overcome and sprouting initiated as
desired, the effect of repeated herbicide applications on the sprouting ability
of these dormant buds on tubers can be determined; and (b) to compare the ef­
fects of repeated foliar applications of glyphosate [N-(phosphonomethyl)
glycine] and several other herbicides on the growth and reproduction of pur­
ple nutsedge.

Purple nutsedge (Cyperus rotundus) is the most troublesome weed of the
tropical world, mainly because of its biological adaptability. This weed is a
perennial, possessing an extensive vegetative structure of rhizomes and tubers
that are also propagative; these tubers may remain dormant in the soil, and
this further favors its survival. All these factors have made eradication of
nutsedge difficult, and to date no economical control method is available.

Purple nutsedge appears tolerant to many herbicides primarily because
more shoots will sprout if one is killed by herbicides. Varying levels of control
have been achieved by the use of 2,4-D [(2,4-dichlorophenoxy)acetic acid],
dicamba (3,6-dichloro-o-anisic acid), arnitrole (3-amino-s-triazole), and
MSMA (monosodium methanearsonate) (Hauser, 1963; Magalhaes et al.,
1968; Hamilton, 1971). Recently, glyphosate was reported to reduce purple
nutsedge stands in Tanzania (Magambo and Terry, 1973). Even if tuber infes­
tation is reduced to a low level, purple nutsedge can quickly reinfest an area; it
has been estimated that tubers planted at 30-cm spacing will produce 2.1
million plants and 4.4 million tubers per 0.4 ha in 1 year (Hauser, 1962).

LITERATURE REVIEW

The development of dormant tubers enables nutsedge to adapt to cropping
methods of various cultures, thus making its eradication difficult. Black tubers
exhibit the greatest degree of dormancy, while young white tubers sprout
easily . Dormant tubers have from 1 to 13 buds (Ueki , 1969). Only one or two
buds sprout under suitable conditions; the others remain dormant. Apical
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buds inhibit sprouting of other buds on the same tuber (Muzik and Cruzado,
1953). Similarly, Jangaard et al. (1971) noted that upon the death of the grow­
ing plant's foliage, inhibition of tuber sprouting was relieved, and sprouting of
other buds occurred. Dissecting the tubers also stimulated sprouting of dor­
mant buds near the cut surface (Muzik and Cruzado, 1953).

An endogenous promoter-inhibitor complex is commonly believed to con­
trol dormancy in seeds and resting buds (Wareing and Saunders, 1971). The
endogenous promoters may include gibberellins (GA) and cytokinins. Many
inhibitors are postulated to be present, but those most often cited are abscisic
acid (ABA) and phenolic compounds. The role of cytokinin in releasing dor­
mancy, in some cases, is to antagonize action of an endogenous inhibitor. In
the absence of endogenous inhibitors, cytokinin is dispensable. Fisher (1971)
suggested that a high level of the endogenous inhibitor gibberellic acid,
together with a deficiency of cytokinin, caused bud inhibition in Cyperus
alternifolius L.

Bud dormancy in nutsedge is suspected by many to be due to the presence of
inhibitors (Ueki, 1969). Washing tubers before sprouting increased the
number of sprouts produced per tuber, suggesting that the inhibitor was water
soluble. Berger and Day (1967) reported that salicylic acid was the major
component among the many inhibitors found in the foliage of purple nuts­
edge; however, it was not found in the tubers. Jangaard et al. (1971) thought
that ABA might be the inhibitor associated with nutsedge tuber dormancy, but
they were unable to detect it in the dormant tubers (personal communication).
Jackson et al. (1971) reported that ethylene and ethephon stimulated bud
sprouting in nutsedge.

BUD SPROUTING OF PURPLE NUTSEDGE TUBERS

BA (N, 6-benzyladenine) at 50 and 300 ppm stimulated bud sprouting, pro­
ducing two to three times as many sprouts per treatment as the controls (Table
2-1). In the controls, only one long apical sprout was usually formed. In­
creased BA concentrations inhibited root formation and decreased mean
length of sprouts. None of the other growth regulators tested stimulated
sprouting. Apparently, sprout stimulation occurred only when tubers were in­
cubated continuously in a BA solution (Table 2-2). Higher temperatures pro­
duced more bud sprouts (Table 2-3); at the lower temperature regime, BA­
stimulated sprouting occurred only at 50 ppm.

As suggested by data in Table 2-2, BA is apparently required as an agent
for the sprouting process rather than being merely a trigger mechanism to
release dormancy. Further, there is an implication that dormancy in nutsedge
is due to a deficiency of this sprouting agent, causing an unfavorable balance
in the promoter-inhibitor complex in the tuber.
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Table 2 -1 . Effect of BA on purple nutsedge sp rout ing and sprout length
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Treatmen t

Water cont ro l
E tha no l cont ro l
BA
BA
BA
BA

Concent ra t ion
(pp m)

I
10
50

300

Sprout s Sprout lengt h '
per

tr eat ment ' Maxi mum M inimu m Mean
(no./p la nt) (rn m) (mm) (m rn)

19 .2 b 67 a 3 22
18 .0 b 72 a 3 22
8.7 a 76 a 4 27

23.9 b 74 a 2 20
34 .3 c 68 a 3 19
48 .4 d 32 b 6 14

' Means w ith in a co lu mn bearing a d iffer ent postscr ipt letter a rc sign ifica nt ly differ ent (P< 0 .0 5)
(Duncan's Multi ple Ra nge test).

SOURCE: Teo et a l., 19 73.

T able 2-2 . Effect of soa king purple nutsedge tubers in 100 ppm of BA for diff er ent len gths of tim e

Time (ho urs)

o (wa te r cont ro l)
3
6

12
24

240 (BA cont ro lf

Sprout s per tr eatment !
(no ./p la nt)

14.8 a
13.8 a
14.0 a
16. 5 a
15.5 a
29. 0 b

'M eans w ith in a co lumn bearing a differ ent postscript lett er a rc s ign ifica nt ly diff erent (P< 0. 0 5)
(Du nca n's Multiple Ran ge test ).

"Tub er s remained in BA so lut ion during th e 10 days of th e study .

SO URCE: T eo et a l., 19 73.

On th e other hand, ABA inhibited sp ro uting a t hi gher conce ntra t ions
(Table 2-4). When tubers were pretreated with BA and later incubated in
ABA, sprouting was also inhibited , but to a lesser degree. Further expos ure to
BA st imula ted sprouting. These data suggest th at dormancy in nutsed ge tubers
may be du e to a hormonal imbalance, favoring such substances as ABA. BA is
th e suggested promoter in this system.

Growth of plants from tubers pretreated with 100 ppm BA did not diff er
significantly from untreated tubers when measuring parameter s such as
flowering time, number of inflorescences, and number and total length of
rhizomes after 5 1/ 2 weeks (Table 2-5) . However , continuous BA applications
induced a tuft-type growth, with short, dark green leaves. Flowering was
dela yed , and the total number of shoots produced from an initial plant in-
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crease d. BA induced production of numerous short, diageotropic rhizomes. In
un trea ted plari ts, rhizomes were branched, whereas no branching was ob­
served with BA treatment.

BA, as well as PBA [6-benzylamino-9 (tetrahydropyran-2-yl)-9H-purine]
also induced sprouting of tubers in soil when applied as a drench. From 70 to
90 percent of the buds on the tubers sprouted when grown in soil with either

Table 2-3. Effect of temperature on number of purple nutsedge sprouts

Sprouts per tr eatment'

Treatment

W at er contro l
Ethan ol cont ro l
BA
BA
BA
BA

Co nce ntra t ion
(ppm)

I
10
50

300

33° C day;
25°C night
(no./plant)

23 .6 c
22 .8 c
9.2 b

20 .6 c
31.4 d
46.4 e

24°C day;
17° C night
(no ./p lant)

6 .0 a
3.8 a
5.8 a
5 .0 a

13.0 b
6.0 a

' Mea ns w ith in a co lum n bearing a diff er ent postscript letter a re significa ntly diff er ent (P< 0. 05) ·
(Duncan 's Multiple Ra nge test).

SOURCE : Teo et al., 1973.

Table 2-4, Effect of ABA and combinations of BA and ABA on purple nutsedge sprouting

Sprouts per tr eatment (no./ plant)'

Co ncentra tion BA+ BA+
Treatment (ppm) ABA ABN ABA- BN In cr ease

BA contro l' 100 22 .3 a 22.3 a
Water contro l 10.3 a
ABA I 13.5 a 18.5 a 22 .3 a 3.8
ABA 10 8.6 a 21.8 a 24. 8 a 3.0
ABA 100 0.3 b 8.3 b 15.5 a 7.2

'M eans w ithin a co lumn bea r ing a d iffer ent postscr ipt letter a re significa ntly diff erent (P< 0. 05)
(Duncan's Mult iple Ran ge test).

"Tuber s soa ked in BA for 24 hours, followed by 6 hours in ABA, th en allo wed to sprout for 10 days
on moi stened filt er pap er.

3After IU days, the BA + ABA-tr eat ed tuber s were expose d to BA to induce rem aining buds to
sprout.

'Tubers rem ain ed in BA solut ion th rou ghout th e study.

SO URCE: Teo et a \., 1973.
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Table 2-5 . Effect of con tinuous folia r appl ication of BA on purple nu tsedge growth

Growth of initial plants'

Mean
lengt h of

BA primar y
concentration Shoots Inflor escences Rhizomes Length rhi zomes

(ppm) (no ./plant) (no./plant) (no./p lant) (mm) (mm)

a I 1.2 ab 4 .2 a 19. 1 ab 1346 a 47 a
10 9.0 a 2.6 a 14.9 a 86 1 a 66 a

100 17.7 c 0.2 b 36 .6 c 1469 a 2 1 b
200 19.4 c 0.5 b 34 .9 c 1115 a 24 b

I Means within a column bearing a differ ent posts cript lett er a re significa ntly different (P< 0.05)
(Duncan's Mu lt iple Range test).

SOU RCE: Teo et a l., 1973.
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F igu re 2- 1. Bioassay of act ivity of ac id ic ether extract fro m 15 g C. roturulus tuber s
(A, B, C) and the va r ious components of inhi bitor {3 from 10 9 C. rot undus tu bers (0, E) ,
using the wheat co leopti le assa y and, with the addition of I ppm BA, using th e C.
rotundus excised bud assa y (F). Extr a cts wer e run on TLC and developed with the
fo llowing solvent systems: A-butanol:a cet ic ac id:w a te r (5:4: I ); B-chloroform: ethyl
ac eta te.acetic ac id (60 :40 :5); C- isopropano l:ammon ium hydroxide:wa ter (100: 14:6);
D-chlorofo rm:acet ic ac id (95:5) ; a nd E, F- ether: ethyl aceta te:acet ic ac id (50 :5:2) .
The C of h istogra m F ind ica tes silica ge l con tro l. T he position of marker ABA is shown
by a solid rect angle on the X ax is. From Teo et a I., 1974.
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BA or PBA, while only 25 percent of the buds sprouted in the control. Further­
more, BA activity in the soil lasted for less than 1 week .

When inhibitors were extracted from tubers, only the acidic ether extract
showed activity, and this fraction was further investigated. TLC (thin layer
chromatography) separation of the extract indicated that more than on e inhib­
itory substance was present in nutsedge tubers (F igure 2-1 ), and, based on the
similarity of the Rf values in the solvent system used (isopropanol: ammonium
hydroxide:water [100:14:6] hereafter referred to as PAW) , the inhibitors were
co llective ly referred to as the inhibitor {3 complex of earlier workers (Bennet­
Clark and Kefford, 1953 ; Hemberg, 1958; Szal a i, 1959; Holst , 19 7 1; Wareing
and Saunders, 1971). Rechromatography and bioassay of this {3 inhibitor com­
p lex tested by the excised nutsedge bud assa y (Figure 2-1 , F) ga ve broadly
similar results to the wheat coleoptile assay (Figure 2-1 , E). Five zon es (Rf 0 .6
to 1.0) inhibited bud sprouting, and th e marker ABA corresponded to Rf 0 .9
(Figure 2-1 , F).

Figure 2-2 shows a comparison of the activit y of ABA and the inhibitors
from nutsedge tubers. Fifty percent inhibition of wheat co leoptile elonga tion
was obtained with the inhibitor {3 complex from 3 g of tubers (Figure 2-2, A,
with ABA at 0.5 ppm (Figure 2-2, D), and with the Rf 0.9 component from 6 g

c

I

12

DIL SD 5%

g 100 , A
s 0 ILSD 5 %

~ :::\. -.
! 25 - J __• •

t 0 I Q L--l1__....L1__............._--'

, d 8 0 ~ 5 10 20 [0 01 2 0 12 12 0

~ 60 l-e'. B ILSD 5%

.) 4 0 ~

~ <. r-.
ni ?O , , ~ l '"'.__..............

(' C)'S 10 5 0 0 0 25 25 25 250

~' Jber(g ) ABA (ppm )

Figure 2- 2. Acti vit y of inhibitor s from C. rotundus tubers and ABA. A-inhib ito r f3
complex; B-Rf 0.9 compo nent of inhibitor f3 complex further chro ma tog ra phed w ith
ether :ethyl ac et at e:a cetic a cid (50 :5 :2); and C, D-ABA. A and C wer e bioassa yed with
the wh eat co leopt ile test , a nd B and D w ith excised buds of C. rotundus but without th e
addition of BA. F rom T eo et a l., 1974.
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of tubers (Figure 2-2, A). Fifty percent inhibition of bud sprouting was ob­
tained with Rf 0.9 component from 3 g of tubers (Figure 2-2, B) and with ABA
at 0.5 ppm (Figure 2-2, D).

Inhibitor f3 from PAW significantly inhibited excised bud sprouting partial­
ly or completely, depending on the weight of tubers extracted. The addition of
I 00 ppm BA to the extract relieved partial sprout inhibition but was ineffec­
tive on completely inhibited buds.

Bud-sprouting inhibition .induced by the various components of inhibitor f3
was also relieved by treatment with BA; thus none of the components caused
complete inhibition. Inhibitors extracted from 109 of tubers inhibited bud
sprouting even with BA present. One hundred ppm BA did not reverse bud­
sprouting inhibition, except for the inhibitors present at Rf 0.9, which should
have included any endogenous ABA (Table 2-6) . Bud sprouting was severely
inhibited by exogenous ABA, and this inhibition was reversed with va ry ing
amounts of BA application. Inhibition of buds by 250 ppm ABA was not
reversed by 100 ppm BA.

The gas liquid chromatography (GLC) analysis of the BSA [N, O-Bis
(trimethylsil yl) acetamide] treated inhibitor f3 complex indicated the presence
of a component having an identical retention time (20 min) to the standard
trimethylsil yl derivative of ABA (TMS-ABA). Upon further TLC purification
of the inhibitor f3 complex in ether:ethyl acetate:acetic acid (50:5:2), the
materials eluted from Rf 0.9 of the chromatogram were analyzed al one and
with added ABA after silylation. The ABA added to the elu ate was coincident
with a peak in the unfortified eluate (Figure 2-3). GLC analysis of the other in­
hibitory zones (Rf 0 .6, 0.7, and 0 .8) suggested that they did not contain any
ABA-like substance. This evidence, supported by the bioassays of the elua tes,

Table 2-6. Effect of components from the f3 inhibitor complex from purple nutsedge tub ers
rechromatographed in ether:ethyl acetate:acetic acid (50:5:2), and of BA on sprouting of excised
buds of purple nutsedge tubers

Per cent age of buds sp routed '

Rf in second 5 g tub er s 10 g tub ers 10 g tubers
solvent 5 g tub ers + I ppmBA + I ppmBA + 100 ppm BA

Wa ter contro l 72 ad 94 a 84 ad 90 a
Rf 0.6 30 b 66 ad 34 be 10 b
RfO.7 26 b 66 ad 13 b Oe
RfO.8 IS b 86 ad 5b Oe
Rf 0.9 10 b 54 cd 50 c 80 ad

'M ean s bearing a different postscript lett er a re sign ificantly different (P<0.05) (Dunca n's Multiple
Ran ge test).

SOU RCE: Teo et a I., 1974 .
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strongly indicates that ABA is one of the minor components of inhibitor (J com­
plex.

Spraying a strip of a TLC plate of the inhibitor (J complex with diazotised
p-nitro-aniline (DPNA) produced a deep yellow coloration between Rf 0.5 and
0.8, suggesting that some of these substances were phenolics. A similar
chromatogram strip sprayed with a sucrose-HCl-ethanol reagent showed a
pink-violet color at Rf 0.6 and violet at Rf 0.8, thus indicating that these might
be di- or trihydroxy phenols. A light gray spot obtained at Rf 0.7 when a strip
was treated with 2 percent aqueous ferric chloride was again indicative of a
phenolic compound.

Although this work established the presence of the inhibitor (J complex
(including ABA and phenols) in purple nutsedge tubers, this is not sufficient
evidence to substantiate its possible physiological role in causing tuber dor­
mancy. The results suggest a hypothesis implicating a possible relationship be­
tween inhibitor (J or ABA and bud dormancy of tubers in this species. BA
reversal of the inhibitory effects caused by the inhibitor (J complex and ABA

x2

o 4 8 12 16

Retention time (min)
20

-,--------1..-1-....---------------1-.1I-
Increase 12°C /min

Figure 2-3. Gas chromatograms of a silylated eluate from Rf 0.9 component of inhibi­
tor f3 complex of C. rotundus tubers rechromatographed in ether:ethyl acetate:acetic
acid (50:5:2) , without (A) or with (B) the addition of standard ABA. From Teo et aI.,
1974.
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supports the hypothesis that a balance between inhibitors and promoters con­
trols dormancy in nutsedge tubers. Treatment of buds with inhibitor f3 or ABA
shifts the balance toward sprouting inhibition; addition of BA to the sprouting
media permits sprouting. In this hypothesis, th e role of BA in releasin g dor­
mancy is to antagonize th e endogeno us inhibitor ac tio n.

This hypothesis exp la ining dormancy in purple nutsedge sugge sts th at dor­
mant tubers are defi cient in a cytokinin, a nd thi s lead s to an imbal ance in the
promoter-inhibitor complex favoring the inhibition. ABA and the other com­
ponents of the inhibitor f3 complex are likely natura l inhibitors. Accumulation
of a cytokin in, or disappearance of th e inhibitors, would be necessary to
restore a favorable balance of growth promoters, allowing sprouting to occur .
The effec t of exogenous BA is to counte ract the inhibitor ac tion in a manner
similar to that postulated for the ac tion of a cy to kin in.

RESPONSE OF PURPLE NUTSEDGE TO REPEATED
APPLICATIONS OF HERBICIDES

Gl yphosate reduced purple nutsedge sta nds in the field (Table 2-7). The sec­
ond a nd third glyphosate treatments reduced the sta nds substa ntia lly but did
not complete ly elimina te the population. The importance of complete elim ina ­
tion in an infested field was clearly dem on strated in thi s expe riment (Table
2-7). When th e field was left undisturbed for 10 wee ks after the third tr eat­
ment, the nutsedge population incr eased to abo ut 3S and 19 per cent of the
control, which demonstrates the re-est ab lishment potential of un controll ed
nutsedge.

Table 2-7. Effect of three consecutive herbicide tre atments on purple nut sedge stand

Numb er of plan ts (no ./0. 1 m')

4 wee ks 4 weeks 4 weeks 10 weeks
Rate afte r first afte r seco nd afte r thi rd after third

Herbi cide (kg/ha) tr eatment tr eatm ent tr eatment tr eatment

G lyphosa te 2 32 .8 2.8 2.3 13.8
G lyphosate 4 14.5 1.8 1.3 7.5
MSMA 2 35.0 13.8 22.8 22 .8
Pa raq uat 1 3 1.5 40. 3 37. 3 50.3
Dicamba 1 40. 3 23.5 54.3 32 .8
Co ntrol 44.3 47.3 66 .3 39.0
LSD· 0.05 ns 24 .0 45.8 22 .0

• Leas t significa nt diff erence.

SO URCE: Za ndst ra et a I., 1974.
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MSMA significantly reduced the nutsedge stand 4 weeks after the second
treatment; at other times, however, it did not differ from the control. Paraquat
(l,1 -dimethyl-4,4' bipyridinium ion) and dicamba had no effect on the
nutsedge stands.

After the field was rotovated (working the soil thoroughly to a depth of IS
em) on completion of the first stage of the experiment, the initial nutsedge
stand did not differ between treatments (Table 2-8) . This similarity may be
due to several factors. Rotovating the soil may have raised dormant tubers
from the lower soil levels, which had not been under the influence of the her­
bicide treatments. Since the field was left untreated for 10 weeks before roto-
vating, the nutsedge may have re-established itself in the treated plots. This
allowed for the production of new reproductive structures, and these struc­
tures sprouted after the field was rotovated.

The reduction of the nutsedge stand due to glyphosate treatments in th e sec­
ond stage of the experiment (Table 2-8) was similar to that described earl ier
(Table 2-7). Likewise, paraquat and dicamba had no effect on the stand.
Repeated applications of MSMA reduced it to a level similar to that of the
glyphosate treatments. This result supports earlier observations of Hamilton
(1971) that repeated applications of MSMA are necessary to control nutsedge.

In addition to destroying the leaves and reducing the plant population, the
effect of repeated applications of glyphosate and MSMA was to reduce tuber
production (Table 2-9) . Treatments with glyphosate and MSMA reduced
tuber production by 92 and 88 percent of the control , respectively. Paraquat
and dicamba did not reduce tuber production.

The number of tubers that sprouted after treatment with glyphosate and
MSMA was reduced when compared with the control (Table 2-9). These data

Tahle 2-8. Effect of two consecutive herhicide treatments on purple nutsedge stand after field wa s
rotovated

Number of plants (no./ O. l rrr' )

6 weeks 6 weeks
Rat e Initi al aft er fir st aft er seco nd

Herbicid e (kg/ ha) sta nd treatment treatment

Glyphosate 2 10.5 3.8 7.5
Glyphosat e 4 10.0 3.3 6.0
MSMA 2 8.8 7.5 7.3
Paraquat 1 12.5 18.3 27 .5
Dicamba I 12.8 17.5 23. 8
Control 11.8 32 .0 51.3
LSD- 0.05 ns 17.0 17.8

- Least sign ificant difference.

SOURCE: Zanstra et a l., 1974.
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Table 2-9. Production and viability of purple nutsedge tubers after repeated herbicide treatment

41

Tubers
Rat e pr esent I

Herbicid e (kg/ha) (no./O. I m')

G lyphosa te 2 14.0
G lyphosa te 4 14.5
MSMA 2 20 .0
Par aquat I 77 .5
Dicamba I 82.0
Control 172 .0
LSD" 0.05 111.0

"Tubers obta ined from th e upper 13 em of so il.
"Ten tu ber s per petri d ish sp routed w ith 100 pp m BA.
..Leas t sign ifica nt diff er ence.

SOU RCE: Zandst ra et a I., 1974 .

Tuber s sprouted
with BA tr eatment "

( %)

30
33
27
85
57
82
20

Sprouts per
viable tuber
(no ./p lan t)

4.5
5.2
3.6
3.2
3.5
4.4
ns

seem to indicate that foliar applications of glyphosate and MSMA also af­
fected tuber viability, as measured by BA-induced sprouting. Tubers whose
viab ility was not affected produced as many sprouts as the control (T able
2-9), indicating that buds on th ese sprouted tubers had not accumula ted toxic
levels of the herbicid es.

In th e gr eenhouse, glyphosate reduced the fresh we ight of green leaves of
purple nutsedge and the number of sprouts produced from the ori ginal tubers ,
new tubers, and ba sal bulbs (Table 2-10) . Visual exa mina tion of nonsprouting
tubers indicated that som e of th eir tissues wer e necrotic, suggesting that
glyphosate was translocated a nd affected th e viability of original and new­
developing tuber s.

Differ ential tr anslocation of glyphosate cou ld expla in w hy some tubers
wer e kill ed and othe rs wer e not. An esta b lished purple nutsedge stand consists

Table 2-I O. Fresh weight of green leaves, viability of original tubers, and viability of new tubers 4
weeks after treatment with glyphosate at 4 kglha

T reatment

Control
G lyphosa te

Fresh we ight of
green leaves'

(g)

3.35
0 .31" ..

Spro uts per
tub er plan ted '

(no ./plant)

0.93
0.12 ....

Sprouts per new
tuber and basa l bul bs' :"

(no./plant)

5.09
0.16 .. ..

'V alu es marked (....) were sign ifica nt ly diff er ent fro m the cont ro ls a t th e I % level.
2Structures produced from th e or igina l tuber s.

SO URCE: Zandstra et a I., 1974.
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of a complex inter connected system of plants, rhizomes, basal bulbs, and
tubers (Ranade and Burns, 1925). Plants may arise directly from th e tuber or
from rhizomes a t vary ing distances from the tuber. On the basis of dist ance,
diff er ent degrees of translocation of foliarly applied herbicides to under­
ground struc tures cou ld be expec ted . Also, some tubers were probably a lrea dy
dormant a t the time of app lica t ion, and less translo cat ion to th ese tuber s
would be expec ted.

SUMMARY

Va r ious conce ntra tions of BA wer e used to induce sprouting of dormant
purple nutsedge tubers. BA a t 50 to 300 ppm stim ula ted sprouting. The con­
tinuou s presen ce of BA during the sp routing peri od was necessary to give sig­
nifi cant sprout st imula t ion . ABA counte racted th e stimulatory effec ts of BA
when tubers were treated with ABA after BA treatment. Sprouting was
markedl y grea ter w ith days a t 33°C and nights at 25°C th an with days at
24°C and nights a t 17°C. Growth of plants origina ting from tubers pretreated
with 100 ppm BA did not differ significantly fr om th e contro ls. Sustained BA
applica tions a t 100 a nd 200 ppm produced numerous plants with tuft-type
growth habit , delayed flowering, a nd reduced the number of infl orescen ces.
Numerous short, di ageot ropi c rhi zomes we re produced.

BA a nd PBA stimulated bud sprouting of purple nutsedge in soil. BA ac tivi­
ty in soil was less than 1 week.

The ac id ic ethe r fraction of methanol extra cts from C. rotundus tuber s con­
tained inhibitor y substa nces described as inhibitor {3. Inhibitor {3 inhibited
sprouting of exc ised nutsedge buds and elonga tio n of wheat coleopti les. Bud­
sprouting inhibition by inhibitor {3 was reversed by the appli cation of BA. Ap­
pli cations of ABA also inhibited spro uting of exc ised buds, and thi s was
similarly reversed by BA appl ications. Chromatographic ev ide nce suggested
that inhibitor {3 consisted mainly of ph enolic materi als and possibly ABA as a
minor component.

Purple nutsedge plants were treated in both the greenhouse and the field
with glyphosate. In the field, glyphosate treatments at 2 and 4 kglha were
compared with several herbicides for nutsedge control in repeated applica­
tions over an 8-month period. After several applications, glyphosate reduced
the number of plants per unit area. After rotovation and reappli cation,
glyphosate and MSMA plots had fewer plants a~d tubers per unit a rea than
controls. These tubers were also less viable than tubers from control plots. In
the gr eenhouse, fresh weight of leaves, sprouts per original tuber, and sprouts
per new tuber were reduced by 4 kglha glyphosate.
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Chapter 3.
Action of Sandoz 6706

on Carotenoid Synthesis and Chloroplasts
P. G. Bartels

INTRODUCTION AND LITERATURE REVIEW

Sandoz 6706 [4-chloro-S-(dimethylamino)-2-(a,a,a-trifluoro-m-tolyl)-3 (2H)­
pyridazinone] is an experimental herbicide that shows promise for selective
preemergence control of many broadleaf and grassy weeds, including nut­
sedge (Cyperus sp.) , in cotton fields. Cotton plants absorb and retain Sandoz
6706 in their roots but translocate less of the herbicide to their shoots than do
corn and soybean plants. This differential translocation of herbicide could ex­
plain the differences in the tolerance of cotton (resistant) , corn (very suscepti­
ble), and soybean (susceptible) to Sandoz 6706 (Strang and Rogers, 1974).

The chemical structure of Sandoz 6706 is similar to that of the herbicide
pyrazon [S-amino-4-chloro-2-phenyl-3(2H)-pyridazinone]. The initial visible
symptom of Sandoz 6706 toxicity to plants, however, is unlike that of pyrazon
but is similar to symptoms caused by the herbicides amitrole and dichlormate.
The ultrastructural study by Anderson and Schaelling (1970) revealed that the
earliest symptom of pyrazon injury is swelling of the chloroplast in mature
bean leaves; no immediate bleaching of the leaf tissue was observed after
pyrazon treatment. Anderson and Schaelling (1970) also reported a marked
increase in the number and size of osmiophilic plastoglobuli in the chloro­
plast. Accumulation of plastoglobuli may result from an inhibition of thyla­
koid formation. In contrast, Sandoz 6706 has a pronounced effect on the
chloroplast pigments,' New foliage formed in the light after treatment with
sublethal application of Sandoz 6706 is either a bleached white or antho­
cyanin red, as determined by the plant species' capacities for anthocyanin pro­
duction. Sandoz 6706 does not inhibit seed germination or normal leaf
emergence.

Hilton et al. (1969) studied the effect of Sandoz,6706 on established green
leaves and developing tissue of several different species. They found that the
Hill react ion and CO2 fixation were inhibited in older established leaves,
whereas lipid uptake and utilization were affected in young growing tissue.
They suggested that Sandoz 6706 might act as a direct inhibitor of an early
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stage of biosynthesis of isoprenoid lipids from acetate. This herbicide may also
inhibit utilization of lipids necessary for formation of lamellar membranes or
other structural components of the chloroplast. Hilton et al. (1971) reported
that Sandoz 6706 reduced the amount of fatty acid found in polar lipids (ga­
lactolipids) of chloroplasts and increased the amount in nonpolar lipids, while
having little effect on the total content of bound fatty acids. Also, Sandoz 6706
reduced the amount of linolenic acid relative to linoleic acid in leaves and
chloroplasts. D-a-tocopherol acetate, phytol, farnesol, squalene, unsaturated
fatty acids, and fatty acid methyl esters could circumvent some of these inhibi­
tory effects of Sandoz 6706, especially on plastid pigment accumulation and
fatty acid buildup. It was noted that trifluoromethyl substitution on the
phenyl ring of Sandoz 6706 was necessary for its herbicidal activity (Hilton et
al., 1969).

FUNCTION OF CAROTENOID IN PLANTS

Carotenoids protect cells of ph otosynthetic bacteria from lethal photo­
induced reactions. In experiments with bacterial cells lacking normal carot­
enoids, bacteriochlorophyll was bleached and cells were destroyed when they
were illuminated under aerobic conditions; normal carotenoids prevented
bleaching and photodestruction of cells (Coh en-Bazire and Stanier, 1958;
Fuller and And erson, 1958). Carotenoids also protect cells of nonphotosynthe­
tic bacteria from damage due to photo-oxidation catalyzed by other light­
absorbing pigments (Mathews, 1964).

Kohl (1902) was first to suggest that carotenoids might protect chlorophyll.
The protective action is now believed due to carotenoids with nine conjugated
double bonds or more quenching excited states of chlorophyll (Fujimori and
Livingston, 1957). Krinsky (1967) reported that carotenoids could remove ox­
ygen from excited chlorophyll-oxygen complexes via a carotenoid-epoxide cy­
cle. This would prevent photo-oxidation or bleaching of the chlorophyll , and
could explain the protective action of carotenoids.

There is much evidence extending th e protective theory of carotenoids to
higher plants. Koski and Smith (1951) found that a bleached mutant of corn
was actually a carotenoid-less mutant. This mutant synthesized pro­
tochlorophyll(ide) in the dark and converted it to chlorophyll(ide) upon illumi­
nation. With continuous illumination under aerobic conditions, however,
whatever chlorophyll the mutant synthesized was lost. Anderson and Robert­
son (1960) showed this mutant to have a block between the carotenoid precur­
sor ph ytoene and normal carotenoids. Walles (1967) found that a sunflower
mutant that did not have normal carotenoid pigments contained disrupted
plastids. This mutant formed normal etioplasts when grown in the dark. When
the mutant was exposed to light, thylakoid and vesicles dispersed normally
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throughout the plastid, but continued illumination resulted in plastid disrup­
tion and bleaching of the sunflower seedlings. Faludi-Daniel et al. (1965)
found two other photosensitive mutants of corn with blocks in the carotenoid­
synthesizing system. All these carotenoid-free mutants accumulated chloro­
phyll under dim light but were bleached when exposed to bright light.

Various mechanisms of action for herbicides, have been proposed by dif­
ferent researchers (Ashton and Crafts, 1973). However, only recently has the
inhibition of carotenogenesis been considered a possible mechanism of action
of several chemically unrelated herbicides (Burns et al., 1971). Burns et al.
(1971) have shown that treatment of wheat seedlings with amitrole
(3-amino-s-triazole), dichlormate (3,4 -dichlorobenzyl methylcarbamate), and
pyriclor (2,3,5-tricloro-4-pyridinol) resulted ' in inhibition of the normal bio­
synthetic pathway of carotenoids and, as a consequence, in photodestruction
of chlorophyll and disruption of chloroplast. Their work showed that
C-carotene accumulated in the dichlorrnate-treated plants, whereas phytoene,
phytofluene, and C-carotene accumulated in arnitrole- and pyriclor-treated
plants.

CAROTENOGENESIS: INHIBITION BY SANDOZ 6706

Biosynthetic Pathway

Light- and dark-grown wheat seedlings synthesize and accumulate carot­
enoid in their plastids. Goodwin (1971) proposed that these pigments were bio­
synthesized from mevalonic acid and isopentenyl pyrophosphate via geranyl
geranyl pyrophosphate, two molecules of which condense to form phytoene.
In a series of dehydrogenation reactions, phytoene is changed to carotenoid
containing fully conjugated double bonds. Cyclization of these carotenoids oc­
curs next. Specifically, carotenogenesis is believed to proceed as follows: phy­
toene (three conjugated double bonds) -+ phytofluene (five) -+ C-carotene
(seven) -+ neurosporene (nine) -+ carotenes and xanthophylls (eleven) (Good­
win, 1971).

Carotenoids-of Control Wheat Seedlings

Our research shows that carotene extracts from untreated wheat seedlings
have absorption maxima of 477,450, and 427 nm (Figure 3-1), which are
characteristic of {3-carotene. The {3-ca rotene concentrations ranged from 13
Ilg/g fresh weight (FW) in dark-grown plants to 26 uglg FW in 1500 ft-c-grown
control plants (Table 3-1). In the ultraviolet (UV) part of the spectrum (Figure
3-1), absorption maxima of 264 and 260 nm were observed. The compound
responsible for these absorbances could not be identified, but the maxima
observed are not those of phytoene (Davis, 1965). The concentration of xan­
thophylls ranged from 53 to 90 Ilg/g FW (Table 3-1) . When the carotenoids of
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Table 3-I. Concentrations of carotenoids and precursors in Sandoz 6706·treated and control wheat
seedlings , grown under 16.hour photoperiod at 21°C. The 6706 concentrations used were 10- 4 and
10-6 MI .

Growth conditions Xanthophyll fJ·carotene Phytofluene Ph ytoene
6.d ay-old seedlings (,.,glgfresh weight)

Dar k
Sando z 6706

10-4 0.3 ± 0 .03 0.1 ± 0.03 2.4 ± 0.1 43 .0 ± 5.0
10-6 :-2 6.0 ± 1.0 8.0 ± 1.5 33 .0 ± 4.0

Contro l 53 .0 ± 6 .0 13.0 ± 2.0 none none

1 ft-c
Sandoz 6706

10-4 0.45 ± 0.03 0.4 ± 0.3 3.0 ± 0.2 61.0 ± 3.0
10-6 8.0 ± 1.0 12.0 ± 2.0 38.0 ± 2.0

Cont rol 55.0 ± 4.0 20 .0 ± 2.0 none none

1500 ft-c
Sandoz 670 6

10-4 0.2 ± 0.04 0.3 ± 0 .04 0.7 ± 0.2 10.0 ± 2.0
Contro l 90 .0 ± 6.0 26.0 ± 2.0 none none

'Each va lue is an ave rage of six determinati ons.
2No determinat ions were made.

control dark- and light-grown plants were subjected to thin-layer chromatog­
raphy (TLC) on silica gel G , four carotenoid pigments were sepa ra ted a nd
identified as f3-carotene, lutein, violoxanthin, and neoxanthin.

Carotenoids of Sandoz 6706· freated Seedlings

The spectral analysis (Figure 3-1) of the carotene fraction from either dark,
1 ft-c, or 1500 ft-c Sandoz 6706-treated seedlings (10-4 or 10-5 M) showed that
the spectra were identical and that the colored pigments (400-500 nm) were
absent. Sandoz 6706 caused the accumulation of two colorless substances.
These were judged to be phytoene and phytofluene on the basis of absorption
maxima at 298 , 285 , and 275 nm and 367, 348, and 331 nm, resp ectively
(Da vis , 1965). The concentration of phytoene was 43 uglg FW for dark-grown
seedlings and 61 uglg FW for 1 ft-c-grown seedlings (Table 3-1); there was
also a slight accumulation of phytofluene (3.0 J.lglg FW) in these seedlings. The
reduced concentration (l0 uglg FW) of phytoene in plants grown under 1500
ft-c was probably caused by the photodestruction of phytoene. TLC of this ex­
tract showed no colored carotenoid pigments, but a fluorescent band was
observed under UV light. This fluorescent band contained phytoene and phy­
tofluene (as judged by the absorption spectra). In addition to these substances,
Ben-Aziz and Koren (1974) found epoxy phytoene in treated wheat seedlings.
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Figure 3-1. Absorption spectra of the carotene fraction (hexane) from control and San­
doz 6706-treated wheat seedlings grown either in the dark or at 1 ft-c or 1500 ft-c of
light. Sandoz 6706 concentration was 10-4 M.

Seedlings treated with 10-6 M Sandoz 6706 had {J-carotene as well as phy­
toene and phytofluene. The concentration of {J-carotene in these seedlings was
about 7 uglg (Table 3-1), which was less.than that found in control seedlings.
Seedlings treated with 10-7 and 10-8 M Sandoz 6706 did not contain detec­
table quantities of phytoene and phytofluene, but had normal amounts of
carotenoids. These results indicate that 10-4 and 10-5 M 6706 were most effec­
tive in inhibiting {J-carotene biosynthesis while not affecting the growth of the
seedlings.

Tocopherol and Chlorophyll

Table 3-2 shows that both treated and control seedlings grown at 1 ft-c con­
tained a-tocopherol and chlorophyll. The concentrations of each in the 6706­
treated seedlings were about 82 and 60 percent, respectively, of those found in
the control seedlings. The chlorophyll of these treated plants contained the
phytol ester. In dark-grown seedlings, 6706-treated seedlings had about 79
percent as much a-tocopherol as the control. In treated seedlings grown at
1500 ft-c, both chlorophyll and a-tocopherol were drastically reduced. Since
carotenoid pigments are absent in these leaves, photodestruction of the



MODES OF ACTION OF SELECTED HERBICIDES 49

Table 3- 2. Concentrations of a-tocopherol and chlorophyll in Sandoz 6706-treated and control
seedlings, grown under 16-hour photoperiod at 21°C. The concentration of Sandoz 6706 was
10- 4 MI.

a-tocopherol Chlorophyll

Sandoz Sandoz
Growth conditions 6706 Control 6706 Control
6-day-old seedl ings (j.lg/3 g fresh weight)

Dark 18 ± 2 23 ± 3 Trace Trace
I ft-c 21 ± 2 25 ± 2 10 1 ± 7 178 ± 8
1500 ft-c 10 ± 0 .6 37 ± 5 15 ± 5 798 ± 12

'Each va lue is an average of six determinations.

chlorophyll and a-tocopherol probably occurred. Anderson and Robertson
(1960) suggested that carotenoids act as "chemical buffers" to protect
chlorophyll from photo-oxidation. They reported that a carotenoid-less albino
mutant of corn (white-3) produced chlorophyll when grown in dim light (0.5
ft-c); however, exposure of this mutant to bright light in the presence of air
resulted in destruction of chlorophyll.

GENERAL DISCUSSION OF MODE OF ACTION OF SANDOZ 6706

Our research shows that Sandoz 6706 caused loss of carotenes and xantho­
phylls as well as accumulation of phytoene and phytofluene. To explain these
effects, it is suggested that 6706 acts both as an inhibitor of dehydrogenation
reactions leading from phytoene to unsaturated acyclic carotenoids and as a
stimulator of phytoene formation. The action of 6706 in stimulating phytoene
formation may not be direct. Presence in the control seedlings of the end prod­
uct {J-carotene might depress the synthesis of phytoene. In treated seedlings
where the {J-carotene concentration is nil, a release of feedback inhibition
might occur. If the cyclization reaction were inhibited, an accumulation of
colored acyclic carotenoids such as lycopene and ~-carotene might be ex­
pected. Figure 3-1 shows that this did not occur; ~-carotenehas been shown to
accumulate in wheat seedlings treated with dichlormate, amitrole, and
pyriclor (Burns et al., 1971). The absence of cyclic carotenoids in 6706-treated
seedlings is probably due to an inhibition of dehydrogenation reactions occur­
ring before cyclization. Ben-Aziz and Koren (1974) reported that ~-carotene

accumulates as well as phytofluene and phytoene in 6706-treated wheat seed­
lings; they suggest that the herbicide acts as a cyclization inhibitor in caro­
tenogenesis rather than on just the dehydrogenation steps of the pathway. The
difference between our results and those of Ben-Aziz and Koren (1974) may be
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explained by the fact that the wheat seedlings were treated and grown in a dif­
ferent manner. Our seedlings were germinated and grown in petri dishes con­
taining solutions of Sandoz 6706 or distilled water, while Ben-Aziz and Koren
(1974) incorporated 6706 into the soil. The soil may alter the herbicide,
and/or the concentration of herbicide reaching the seedlings may vary. They
found that chlorophyll and carotenoids accumulated for the first 7 days and
then declined. In our work, no colored carotenoid pigments were accumulated
at any time.

Another hypothesis, proposed by Hilton et al. (1971), suggests that the
primary action of 6706 may not be restricted to carotenoid pathways per se,
but rather the absence of carotenoids may be only one of several consequences
of an inhibition affecting other chloroplast lipid constituents. These authors
suggest that Sandoz 6706 might act as a direct inhibitor of an early stage of
biosynthesis of isoprenoid lipids. Our results, however, do not support this
hypothesis. If isoprenoid biosynthesis was inhibited at an early stage, then the
synthesis of colorless carotenoids, the phytol chain of chlorophyll, and the side
chain of a-tocopherol should have been inhibited since they originate from a
common precursor-i.e., isopentenyl pyrophosphate (Goodwin, 1971). We
showed (Table 3-2) that Sandoz 6706 had a very slight effect if any on syn­
thesis of a-tocopherol and phytol of chlorophyll when grown under dim light.
Our results indicate that Sandoz 6706 exerted its effect on carotenoid synthe­
sis interfering with dehydrogenation reactions, either by inhibiting catalytic
activity of dehydrogenases or by inhibiting formation of a specific dehydro­
genase.

CHLOROPLAST DEVELOPMENT: INHIBITION BY SANDOZ 6706

The chlorophyll content of 6706-treated seedlings depended upon the light
intensities under which the plants were grown. At 1500 ft-c, the chlorophyll
content (Table 3-3) was reduced by 97 percent and these seedlings appeared
red , indicating the presence of anthocyanin pigments only. In contrast, treated
seedlings grown at 1 ft-c for 6 days appeared a blue-green color and contained
about 60 percent as much chlorophyll as did the controls (Table 3-3). When
these plants were exposed to 1500 ft-c of light for 12 hours, they lost 80 per­
cent of their original chlorophyll, while control plants accumulated three
times more chlorophyll than they originally had. The chlorophyll content of
6706-treate'd dark-grown plants was determined by the light intensity under
which the plants were illuminated. If they were exposed to 1 ft-c of light for 12
hours, the seedlings became green and accumulated about 70 percent as much
chlorophyll as the controls (Table 3-3), while those illuminated with 1500 ft-c
of light failed to gain chlorophyll pigment.
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Table 3-3. Effect of light intensity on chlorophyll and carotenoid content of Sandoz 6706-treated
plants'

Chlorophyll Caroteno ids

Sandoz Sandoz
Light regime under Control 6706 Control 6706

which plants were grown (",gig fresh we ight)

Light 6 da ys at 1500 ft-c 790 17 155 I
Light 6 days at I ft-c 175 105 45 2
Light 6 da ys at I ft-c, then 12 560 19 40 2

hours at 1500 ft-c
Dark 6 da ys 75 3

Dark 6 da ys, then 12 hours at I ft-c 55 41 48 2
Dark 6 da ys, then 12 hours at 1500 ft-c 62 I I 40 I

•Seedlings we re gro wn in a 16-hour photoperiod at a temperature of 21 0 C. High light inte ns ities
were provided by fluorescent lamps supplemented wi th incandescent lamps and low light intensi­
ties by incandescent lamps. Con centrati on of Sandoz 6706 used in these experiments was
O.ImM.

The ca rotenoid pigments of the 6706-treated seedlings were virtually ab­
sent, irrespective of whether the plants were grown at high or low light intensi­
ties or in darkness (Table 3-3). The influence of 6706 on the ribosomal compo­
sition of wheat seedlings grown under 1500 ft-c was identical to that of
amitrole- and dichlormate-treated seedlings. The ribosomal preparations
(Table 3-4) of 6706-treated seedlings had only a single 80 S peak, while con­
trol plants contained two peaks with approximate sedimentation coefficients
of 70 Sand 80 S, which represent chloroplast and cytoplasmic ribosomes, re­
spectively. In contrast, the ribosomal composition (Table 3-4) of 6706-treated
seedlings grown for 6 da ys under 1 ft-c of light showed the presence of both 70
Sand 80 S ribosomes; however, the ratio of cytoplasmic 80 S ribosomes to
chloroplast 70 S ribosomes for 6706-treated plants was 4:1 as compared with
an 80 S to 70 S ratio of 3:1 for controls, thus indicating a slight reduction of 70
S ribosomes. Some of the seedlings grown for 6 days at 1 ft-c were then ex­
posed to 1500 ft-c of light for 12 hours, and a sedimentation analysis showed
that the chloroplast ribosomes of these seedlings disappeared while 80 S r ibo­
somes remained (Table 3-4).

In contrast to these results obtained with illuminated plants, both 6706 and
control, dark-grown plants were found to have identical ribosomal composi­
tions (Table 3-4) , and the ratio of cytoplasmic to chloroplast ribosomes was
the same (3:1) in both, indicating that 6706 did not affect accumulation of 70
S ribosomes in the dark. Illumination of these dark-grown plants with 1500 ft­
c of light for either I, 4 , or 12 hours caused the rapid reduction and finally the
loss of 70 S chloroplast ribosomes present prior to illumination. After I hour
of illuminating the 6706-treated plants (Table 3-4) , their 80 S to 70 S ribo-
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Table 3-4. Effect of light intensity of ribosomal content of Sandoz 6706.treated plants'

80 S to 70 S
ribosome ratios

Light regim e und er
which plants were grown

Light 6 da ys at 1500 ft-c
Light 6 da ys at 1 ft-c
Light 6 days at 1 ft-c, then 12 hours at 1500 ft-c
Dark 6 days
Dark 6 days, then 1500 ft-c for 1 hour
Dark 6 da ys, then 1500 ft-c for 4 hours
Dark 6 days, then 1500 ft-c for 12 hours
Dark 6 da ys, then 12 hours at 1 ft-c
Isolat ed ribosomes incub at ed with Sandoz 6706 for 6 hours,

1500 ft-c

Sandoz
Control 6 70 6

2:1 80 only
3:1 4: 1
3: 1 80 onl y
3: 1 3: 1
3: 1 4:1
2: 1 6: 1
2: 1 80 only
2: 1 2: 1

2: 1 2: 1

'Pl ants grown as described in Tabl e 3-3 .

somal ratio changed to 4:1, as compared with a 3: 1 ratio for dark-grown
6706-treated plants. Four hours of illumination of 6706-treated plants
changed the 80 S to 70 S ratio to 6: 1, and after 12 hours of light onl y a hint of
70 S ribosomes was observed (Table 3-4) in the 6706 plants. The 80 S to 70 S
ratio (2: 1) for control seedlings was about the same for each light treatment.

In contrast, when dark-grown plants were illuminated with low int ensities
of light (1 ft-c) for up to 12 hours, the 70 S ribosomes were not reduced, and
the 80 S to 70 S ratio (2: 1) was the same as that of the controls (Table 3-4).
However, when the light intensity was again increased (75 ft-c), the 80 S to 70
S ra tio dropped to 6: 1.

These results suggest that 6706 in conjunction with light causes rapid de­
struction of 70 S chloroplast ribosomes. To determine if the destruction of 70 S
ribosomes was caused by the photoactivation of the herbicide, isolated 70 S
and 80 S ribosomes were incubated with 6706 in vitro under 1500 ft-c of light
for 6 hours. The 70 S ribosomes were not destroyed, and 80 S to 70 S ratios
were identical in both the control and treated extracts (Table 3-4) . The ultra­
structural effect of 6706 on light-grown (1500 ft-c) and dark-grown seedlings
appeared to be identical with that of aminotriazole and dichlormate. Plastids
of light-grown plants lacked grana (G) and ribosomes, but contained thyla­
koids that were unbranched, unusually long, and arranged parallel to the edge
of the plastid envelope. The etioplasts of 6706 dark-grown plants were mor­
phologically identical with the etioplasts of control plants, each having pro­
lamellar bodies (P) and ribosomes.

When 6-day-old dark-grown plants were exposed to high light intensity
(1500 ft-c) for 12 hours, the control seedlings became green, whereas the 6706-



MOD ES OF ACT ION OF SELECT ED HERBICID ES 53

treated plants remained white. The P of the etioplast from this white tissue
changed during the greening process into an aggregated unit of highly disor­
ganized, interconnecting membranes rather than the normal structure of G­
thylakoids, and the stroma became devoid of ribosomes. The plastid appeared
to be morphologically similar to dichlormate-treated plants grown under th e
same conditions.

When seedlings were grown under 1 ft-c of light for 6 days, the plastids
(Figure 3-2) of control plants. contained P, ribosomes, and G structures, while
plastids of 6706-treated plants 'a lso had P and ribosomes but lacked G struc­
tures (Figure 3-3) .

Figure 3-2. Chloroplast from contro l plant grown under 1 ft-c of light for 6 days. Note
gra na (G) st ructu res surround ing the prol am ellar bod y (P). x 31 ,000.
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Figure 3-3. Chloroplast from Sandoz 6706-treated plant grown under 1 ft-c for 6 days.
Note absence of grana. Note single thylakoids (T) radiating from prolamellar body (P).
x 22,000.

We infer that chlorophyll pigments in the absence of carotenoids become
susceptible to photo-oxidation. These pigments may be converted to highly
reactive molecular species, which then interact with and destroy other chloro­
plast components. Our data suggest that unstabilized photosensitized chloro­
phyll or precursors of chlorophyll react directly or indirectly with 70 S ribo­
somes and thylakoids to oxidize and destroy them. Some evidence for this
inference is supported by the work of Leff and Krinsky (1967), who report that
photo-oxidized chlorophyll could function as a photosensitizer that reacts
with chloroplast DNA and results in genetic alteration.
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SUMMARY

55

Sandoz 6706 inhibited the synthesis of both carotenes and xanthophylls and
caused a massive accumulation of ph ytoene in wheat seedlings. The synthesis
of chlorophyll and tocopherol was not inhibited in wheat, even though th ese
substances have many biosynthetic rea ctions in common with th e ca rotenoids.
Our results indicate that 6706 int erfer ed with th e deh ydrogenation reactions
of the carotenoid pathway. Chloroplast ribosomes and th ylakoids wer e absent
in th e light-grown treated seedlings. Unstabilized photosensitized chlorophyll
may react with these chloroplast structures and destroy th em .
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Chapter 4.
Growth-Mediated Response

of Methyleneoxindole
with a Proposed Mechanism of Action for 2,4-D

V. A. McM ahon and C. L. Vi llemez

INTRODUCTION

57

The presen t study was undertak en to determine (a) how auxin promotes ce ll
elongation and (b) if indolea ceti c ac id (IAA) or its oxida tion products a re
directl y responsibl e for growth-p ro mo ti ng ac tiv ity. In view of the types of
responses th at 2,4-di chl orophen oxyaceti c ac id (2,4-0) and IAA have in co m­
mon , it ca n be suggested th a t 2,4-0 might elic it its response through some
ph ase of IAA metaboli sm (Z immerma n, 19 51 ; Lee, 1972).

LITERATURE REVIEW

Direct Effect of 2,4-D on an Enzyme

Va n Oer Woude et a l. (1972) dem onstra ted a 10- to 30-per cent inc rease in
(3-1 ,3-glucan synthe tase ac t ivity in th e presen ce of 5 11M 2,4-0 in vitro . This en­
zy me is reported to have been isolated in pl asm a membran e from on ion stems.
These a uthors used a differ ential sta in ing techniqu e th at cha racte r ist ica lly
sta ins th e pl ant plasm a membrane to identify ce ll fr a cti on pu rity. In th eir
paper , Va n Oer Woude et a l. mention a per son al commu nica tio n of C. L. Vil­
lemez , dis cussing stimulati on of ce llu lose synthes is in th e presen ce of IAA in
vitro . This (3-1 ,4-gluca n synthe tase ac tiv ity was a lso found in the part icul ate
fra ction from mung bean seedlings.

IAA Oxidizing Enzymes and Effect of 2 ,4-D on Methv lcncoxindolc Reductase

An oxida tion product of IAA-3-methyleneoxindole (MeOx)- is rep ortedl y
10 to 1000 times more effec tive in st imula ting growth of high er pl ants than
IAA (Tuli and Mo yed , 1969; Basu a nd Tuli , 1972a; McMah on , unpublished
results). Furthermore, th e subseq ue nt reducti on of MeOx to meth yloxindole is



58 HA\VAII AG RICULTURAL EX PERIMENT STATION

WCfIZCOOH

N
H

I ~DOLE-3-ACETIC ACID

~0--+CH3
~../O

tl
I

H

] - METHY LOXINDO LE

>

3- METHYLENEOXINDOLE
REDUCTASE

ilAD PH + H

3-HYDROXYMETHYLOXINDOLE

!3- HYDROXYMETHYL­
OXINDOLE DEHYDRASE
(-H20)

O=CHZ
N
H

3-M ETHYLEN EOX INDO LE

F igure 4- 1. Ox inclole pa th w ay of IAA metabo lism in pla nts (scheme of Basu and Tuli ,
197 2b).

cata lyzed by at least two NAO PH-linked methyleneoxindole reduc tases
(Moyed a nd W ill ia mson, 196 7). Methy lox indo le is an inert met abolite of
Me Ox. O ne of th ese reduct ases, red uctase A, is non competitively inhibited by
2,4-0, w hile 2,4-0 is a wea k competit ive inh ibi to r of reduct ase B.

Evidence for the ex istenc e of an oxindo le pa thway of IAA met abol ism in
hi gh er p la nts is foun d by th e p resen ce of a n IAA oxida t ion product of MeOx in
a cell-free system (Hager and Schmid t, 1968) a nd by th e isol ation of th e en­
zymes assoc iated w ith this pathw ay. T he p roposed sche me shown in F igu re
4 ·- 1 is fro m Basu a nd T uli (1972b), w ho ha ve isolated a partially purified 3­
hydroxymethyl oxindole deh ydrase th at ca ta lyzes th e deh ydration of 3-h ydrox­
ymethy loxindo le (HMO) to MeOx. Previou sly, worke rs in th e sa me laboratory
w er e ab le to demonstrate th e ox ida tio n of IAA to H MO a nd Me Ox using ce ll­
fr ee extract fro m pea seed lings (Stil l et a I., 1965 ; Tuli a nd Moyed, 1967 ).

GROWTH OF Phaseo lus aureus ON METHYLENEOXINDOLE

Growth-Promoting Acti vit y

Severa l p robl ems were enc ountered in using mllng bean stem segments to
test for p romoti on of ce ll elonga tion . The p roblems were a melio ra ted by: (a)
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carefu lly selecting seedlings 3 em tall , since maximum elongation rates of
seedlings occur between 3 and 6 ern ; (b) using dim light in harvesting segments
of mung bean; (c) preincubating segments in 0.02 M potassium phosphate buf­
fer to reduce endogenous auxin levels; and (d) using stock solutions of MeOx at
not greater than 1 x 10- 4 M concentration, because MeOx is reported to pol y­
merize above concentrations of 1 x 10-3 M (Hinman and Bauman, 1964).
These precautionary measures ha ve allowed demonstration of growth in 7­
mm stem segments excised from the growing tip of et iola ted mung bean seed-
lings (Figure 4-2). .
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Fi gure 4-2. Effect of MeOx and IAA on elonga t ion of et iola ted mung bean stem seg­
ments (7 mm). Segments were cu t in dim light , prein cubat ed 4 hours in 0 .02 M ph os­
ph at e buffer (pH 6.5), and expose d to auxin w ith the same conce ntra tion of buffer for
19 hours; measurem ents of cha nge in elonga t ion wer e m ad e with a calibrated magnify­
ing lens . Ea ch point represents an average va lue for 10 seg me nts.
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F igure 4- 3. UV absorpt ion spectrum of MeOx in wa ter; conce ntra t ion of 1.3 x 10- 5 M.
T h is compound was sepa ra ted by paper chro ma tography in a solvent of 95 :5 , v/v
water/isopropanol (Rf = 0.47).
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Fi gure 4-4. UV a bso rpt ion spect rum of MeOx in wat er ; conce ntrat ion of 2.4 x 10-5 M .
This compound was sepa ra ted by paper chroma tog ra phy in a so lvent of 95 :5 , v/v
wa ter/ isopropa no l (Rf = 0 .86).
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Apica l segme nts of mung bean stems (7 mm) we re incubated in eithe r IAA
or MeOx at various concentra tions. Figure 4- 2 shows that the optimum con­
centra t ion of IAA for growth was 10 to 100 JA M, while MeOx showed optimum
concent ra t ion a t 0.1 to 0.0 1 JAM-a th ousandfold di fferen ce in concentra t ion.
These growth studies were best med ia ted by mung bean seed lings 3 to 5 em
tall. Results suggest th at MeOx may be the substa nce th at p ro motes growth in
mung bean stems.

Synthesis of Methyleneoxindole

MeOx was prepared afte r th e procedure of Hinman and Bauman (1964).
IAA was reacted w ith N-bromosuccinimide to yield a recr yst allized product of
3-bromooxindole-3-aceti c a cid. This product is conve rted to MeOx (F igure
4-3) in the presence of water (this is readily accomplished by paper ch roma­
tography in 95 :5 , v/v wate r/ isop ropa no l). The rea cti on occu rs simulta neo us ly,
and un wanted products of 3-methyloxindole (Figure 4-4, Rf 0. 86 ) a nd possi­
bly a pol ym eric form of MeOx (Rf = 0.08 in 95:5 , v/v water/isoprop anol ,
paper chro ma togra phy) a re separa ted from MeOx. MeOx is rea d ily visua lized
under ultraviol et (UV) light and subsequen tly dissolved in dilute solution in
distilled water.

A POSSIBLE MECHANISM OF ACTION FOR 2,4-0

It is un certain whe the r 2,4-D in low concentra t ions exe rts its effects on cell
elong a tion directl y, or w he the r 2,4 -D mi ght cha nge the level of endoge no us
auxin. Since MeOx, rather Tha n IAA, is likely to be th e natural growth­
medi ator hormone, th e endogeno us level of MeOx possibl y is th e auxin of
referen ce. To test thi s hypothesis, chlorogenic ac id (a growth inhibi tor th at
a lso blocks oxida tion of IAA to MeO x) cou ld be employe d to inhibit th e con­
ve rsion of IAA to MeO x in stem segme nts of mung bean, and suff iciently aged,
tr eated segme nts sho uld lack MeO x-medi ated growth. Co mbina tions of 2,4-D
with MeOx and appro p ria te contro ls should provid e ev ide nce of direct or in­
direct effects of 2,4-D on growth; if the 2,4-D effect is indirect , MeOx shou ld
ha ve a lon ger grow th-p ro mo ting effec t th an its contro l (assum ing th at MeOx
reductases a re inhibited by 2,4-D) .
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Chapter 5.
Cytological and Biochemical Effects of Trifluralin

on Mitosis
P. G. Bartels, F . D. Hess, and D. E. Bayer

INTRODUCTION

The object ives of th is study were : (a) to invest iga te th e ul t rast ructu ra l ef­
fect s of trifluralin (a, a, a- t ri fluoro-2,6-d in it ro-N,N-d ip ro py l-p-to luidine) on cell
division in w hea t, co rn, a nd co tton root tips; (b) to investigate th e influ ence of
trifluralin on th e in vi tro pol ymerization of mi cr otubules from pig-brain pro­
tein subunits; (c) to det ermine if ra d ioactive ly la beled triflura lin b inds to
purified pi g-brain microtubules; and (d) to compa re th e mode of action of
trifluralin w ith th at of co lch ic ine in root-tip ce lls.

Trifluralin is w ide ly used as a so il-active preemergen ce herb icide for con­
trolling a nnua l weeds in co tton, soy bea n, sa ff lowe r, a nd many vegetab le
cro ps . Best results a re normall y obta ine d when it is incorpora ted in so il to a
depth of 2 to 4 in ch es. Moveme nt of the herbi cide w ith in th e p la nt is limi ted ,
and it a ppea rs to be ret ained in th e roots. No evide nce was found of an ac t ive
ac cumulation of 14C-trifluralin by cotton a nd soy bean root s; ra th er , accumu­
lation was a tt r ibu ted to adsorptio n in cut icle, ep iderm is, and ce ll wa lls (St ra ng
a nd Roger s, 1971 ). G rowth of th e enti re plant is a ffected by triflurali n , how­
eve r, apparently by interferen ce w ith root growth a nd development. T riflura­
lin has been reported to inte rfe re w ith root development in a num ber of p lant
species (Ashton a nd Crafts, 1973 ). Root s of tr eated pl ants a ppea r swollen,
stunted , and m alformed. Afte r 12 hours of trifluralin treatment, ab no rma l ce ll
enla rge me nt (enha nced radi al expa ns ion) occu rs in ce lls of th e co rtex (Ma llo ry
a nd Ba yer , 1972). This en la rge me nt in th e region of ce ll e longa t ion is thou gh t
to produce the com monly obs erved club-shaped root tips. Enhanced radi al ex­
pansion com pe nsa tes for th e inhibited elonga t ion, resulting in a pprox ima te ly
th e same volume ch ange for treated and untreated tissue (Bayer et a l., 1967 ).

Lower application rates of trifluralin to roots appear to have no m arked ef­
fect on th e apical meristem of th e root but strongly inhibit formation of later al
roots. Trifluralin induces an expa nsion of th e pericycl e tissue, parti cul arly in
the region opposite the protoxylem, and, at the same time, restricts th e number
of la yers of pericycl e cell s. The net result is th e inhibited form ation of later al
root primordia , resulting from suppressed di vision or a ctivity of peri cycl e cell s
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(Bayer et aI. , 1967; Hacskaylo and Amato, 1968). Higher rat es of trifluralin
inhibit both apical meristems and lateral roots.

LITERATURE REVIEW

Observations of stunting, swelling of root tips, and inhibition of lateral root
formation in plants treated with trifluralin suggest marked cytological mal­
function . Cytological studies of trifluralin-treated roots showed that mitos is or
cell division was affected or disrupted . In addition to these mitotic aber­
rancies, differentiation of the vascular cylinder is reported to occur abnormal­
ly near th e distal portion of th e primary roots (Ma llory a nd Ba yer , 1972). The
type of mitoti c figure prevailing in trifluralin-treated tissue seem s to depend
on plant species, concen t ra t ion of herbicide reaching the cells (or un even dis­
tribution of herbicid e a mo ng the ce lls of the tissue), a nd time of herbicide
a pp lica t ion to the plant. In soyb ean ro ot , T albert (1965) observed an incr ease
in ce lls in prophase a nd ev ide nce of only a few othe r mitotic stages. Lig nowski
a nd Scott (1972) stated that prophase did not a ppea r to be aff ected by triflura­
lin; th ey found prophase appeared normal afte r 12 hours of treatment, but
they al so observe d an incr ease in cells in metaphase. Polyploid a nd multi­
nucleate ce lls were obs erved afte r th ese tissu es had been tr eated for 24 hours.
Bayer et a l. (1967) found th at no single stage of mitosis was predominant in
trifluralin-treated onion root-tip cells. Mitotic ac t iv ity was not disrupted to th e
sa me exte nt in all cells, and some appeared to undergo normal mitosis.
Jackson and Stetl er (1973) obs erved an increase in prophase of treated endo­
spe rm ce lls of Africa n blood lili es, a nd the ir results co rrespo nded wi th th e
findings of T albert (1965). They su ggested tha t destruction of mi cr otubules
d uring p rop ha se may be responsible for acc um ula t ion of cells in prophase.

T yp ica l m itoti c aber ra t ions found in triflura lin-trea ted roo t cells were c­
pairs , en la rge d a moe bo id nuclei , mi cronuclei , a nd polypl oid plants. T hese
aber ra tions we re sim ila r to those obse rve d w ith co lchicine, a mitoti c poison
th at has been used for cro p improvement through development of polypl oid
plants (E igst i a nd Dustin, 1955). Col chi cine modifies mi crotubules in plant
a nd a nima l cell s, and is th ou ght to prevent formation of mi crotubules by stoi­
ch iome trica lly binding to a site of int era cti on throu gh w h ich the protein sub­
units com b ine to fo rm mi crotubules (Ade lma n et a l., 196 8). It has bee n
reported , however, tha t th e concent ra t ion of co lch ic ine required to bloc k ce ll
di vision in pl ant cells is 1000 times high er th an th e concent ra t ion required to
block ce ll di vision in animal cells (Hepl er a nd Pal evitz , 1974).

In this study, ce ll di vision of trifluralin-treated wheat, co rn, a nd cotton
root-tip ce lls was exa m ined a t the ultrastructural a nd b ioc hem ica l levels to
determine th e mod e of a ct ion of th e herbicide on mi crotubules of roo t ce lls.
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ULTRASTRUCTURAL ANALYSIS OF TRIFLURALIN-TREATED
AND CO NTROL ROOT·TIP CELLS

Cy to log ica l studies of trifluralin-treated root s showed th at m itos is was in­
hibited a nd th at typical mitotic abe rra tions of c-pa irs a nd enla rge d amoeboid
nuclei foll owed . The type of mitoti c figure prevailing in triflurali n-t reated
roo ts see ms to dep end on pl ant species a nd co ncent ra t ion of herbi cide used . In
a det ail ed ultrastructural study of th e effect of colch ic ine on mitosis of cells in
w hea t roo t tips, Pi ckett-Heaps (1967) sta ted, " M icro tubules di sappeared from
sp ind le no m atter w ha t stage in mitoti c cycle had been rea ched prior to co lch i­
cine application." T he electron m icroscope me thods used in our ultrastruc­
tu ra l resea rch to study m icro tub ule-tr iflura lin interacti on s were descr ibed by
Bartels a nd H ilto n (1973) a nd Hess a nd Bayer (1974) .

M icro tubules of Corn, W heat, and Cotton Root T ips

Con tro l of untreated root cells. Ultrast ruc tura l ana lys is of root tips revea led
th at co rt ica l and spindle mi crotubules we re readil y obse rved . During nuc lea r
d iv ision of m itosis, m ic ro tub u les were observed nea r the condensed chroma tin
by la te prophase; a t meta phase, th ey were attached to chromosome kin eto­
chores (F igu re 5- 1), and extende d from pole to po le w itho ut chromosome at­
ta chment. Du r ing a na phas e a nd telophase, sp ind le mi crotubules wer e ob­
served in th e interzone betw een the two sets of daughter chromosomes. They

Figure 5- 1. Metaphase chromosomes a rra nged a long the equa to ria l p lat e wi th m icro­
tubu les a tt ac hed to kin etochores. Microtubu les radiate toward po les of the sp ind le ap ­
paratus. Scal e marker eq ua ls 1.0 J-l m x 21 ,000.
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F igure 5-2 . Mi crotubules adjacen t to a lon gitudinal ce ll wa ll in a n int erph ase ce ll.
Sca le marker eq ua ls 0.5 11m x 53,400.

F igure 5-3 . A rrested metaphase division figures resulting from mi cr otubular di s­
a ppea ra nce a t lat e prophase o r ea rly met aphase. Sca le marker eq ua ls 1.0 11m x 5000.
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were ori ented roughly parallel to one another and were normal to the pl ane of
cell plate. The cell plate consisted of many vesicles that appeared to be fusing.

In the int erphase cell , mi crotubules were abundant near cell wa lls (F igure
5-2), lying immediately beneath the primary wall with their ori entati on cir­
cumfer ential to the cell axis. These structures, cortical microtubules, may con­
trol mi crofibril ori entation in the cell wall. There was no ev idence of an y
ultrastructural difference, between spindle and cortical microtubules; there­
fore , they will be considered diff erent onl y in location in the cell. A de ta iled
report on the role of microtubules has been published by New comb (1969) .

Trifluralin-treated cells: mi crotubules absent. At anyone time, cells a t the
tips of roots wer e observed to be in different stages of mitosis; therefore, the in­
itial disappearance of the microtubules would affect diff er ent stages of cell
division. Mitosis stopped w hen the mi crotubules disappeared . With the m ito t­
ic sequence unable to proceed , nuclear env elope reformation occur red in some
cells and yielded int erphase nuclear patterns cha racte rist ic of the stage at
which mitosis was a rrested . Nuclea r divisions stopped a t late prophase or ear­
ly metaphase wer e cha racte rized by chro mosome s a rranged in an abnorma lly

F igur e 5- 4 . Nucleus after nuclear reformati on of a blocked metaph ase. Not e thin con­
nections (a rrows) between eac h of the nuclear segments, ind icati ng th at th is is a uninu­
cleat e and not a t r inu cleat e. Sca le marker equa ls 1.0 lim x 850 0.
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Figure 5-5 . W heat root ce ll in telophase tr eat ed with triflura lin for 3 hours show ed no
ev ide nce of ce ll p lat e or mi crotubules. A few ce ll membran es can be seen (a rrow) .
Daughter chro mosomes (Ch) a re locat ed at each end of th e roo t cell. x 6000.

sm all g ro up in th e clear zone of cotton root ce lls (F igu re 5-3), or by chromo­
somes spread throughout th e cent ra l region of th e cy top lasm in w heat roots .
Spind le microtubules were not observed in co tton, w hea t, or co rn root meri­
stem cells. If nuclear enve lope re-formation occurred, pol yploid nuclei result­
eel. Many of th e re-formed nuclei were hi ghl y lobed (F igu re 5-4). Chro­
mosomes in cells arrest ed at late a na phase or ea rly telophase rem ained in two
distinct groups loca ted at each end of th e root ce ll (F igu re 5-5). Both ce ll plate
vesicle s and spind le microtubules were a bsen t in th e interzone between daugh­
ter chromosomes. W ithout vesicles, cell plate formation did not occur, and
this resulted in binucleate cells. Incomplete or partiall y formed ce ll cross­
wa lls were occasiona lly found between th e daughter chromosomes (Figure
5-6), res u lting from pa rt ia l fusion of some cell p late vesicles.

Mic rotubule absence in interphase ce lls did not stop occurrence of mitotic
di vis ion attempts. The mitotic cycl e appeared normal until microtubules were
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Fi gure 5-6. Disruption of ce ll division at telophase du e to disappearance of microtu­
bui es. The cell w all has a distorted appea rance and extension has ceas ed at both ends of
the wall. Scal e marker equals 1.0 Jim x 18,000.

Fi gure 5-7 . Arrested metaphase division figures in ce lls conta ining no mi crotubules,
w ith th e division seque nc e terminat ed in an aggrega ted chro mosome configura t ion.
Scal e marker equa ls 1.0 /Am x 5800.
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involved. The ch romosome s condensed and divided in a normal manner , a nd
th e nuclear enve lope began to di sper se as prophase progressed. By late pro­
phase, no microtubules w er e present near th e conden sed ch ro m atin, a ltho ug h
th ey had been obse rved a t thi s stage in untreated tissue. The chromosomes d id
not a lign a long th e eq ua to r ia l pl ate a t met aphase but instead coa lesced in th e
clea r zone (Fi gure 5- 7), ca using th e di vision seq uence to be a rrested . O cca­
siona lly, one or more ch ro moso mes became sepa ra ted fr om th e m ain group.
Nuclear envelope reformation a ro und a r rested d ivision figures resu lted in
pol ypl oid pol ymorphi c nuclei (F igu re 5-4).

Trifluralin-treated cells: mi crotubules present. Mi crotubules were present
in some ro ot cells but in few er number s th an in unt rea ted cells a t th e sa me
stage in th e ce ll cycl e. A few co rt ica l mi crotubules wer e obser ved foll owi ng a
3-hour trifluralin tr eatment, but th ey di sappeared afte r 12 or more hours in
wheat or co rn seed lings. In co tto n , some mi crotubules w ere observed in some
root meristem a reas, even after herbi cide tr eatment fo r 96 hour s. If m icro­
tu bules were present a long the w all in in terphase ce lls, th ey a lso occur red in
th e nu clear di visions of adjacent cells . In some inst a nces, m ic ro tub u les p resen t
during cell di vision were a bno rma lly o r iented (F igu re 5- 8). During
met aphase, d isor iented mi cr otubules were a lwa ys found nea r the ch romo ­
somes, with some exh ib it ing kin et och ore a ttachment s (F igure 5- 8).

F igure 5-8 . T riflura lin tr eatment has not ca used com plete dis appearance of mi cro tu ­
b uies in thi s metaphase di vision figure. Ch ro moso mes a re a ligned a lon g a metaphase
pl a te, but m icrot ubu les seem to be rad iati ng in a ll d irect ions from ch romosomes. Sho rt
mi cr otu bules (arrow) a re a result of th ei r ob liq ue or ien tat ion w ith respect to pl an e of
sec tion ing (or they ma y be genu inely sho rte ned as a resul t of co ntract ion of b rea k­
down). Sca le m a rke r eq ua ls 1.0 Jim x 18,700 .
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Other Cellular Structures in Treated Roots

Other or ganelles of the root cells in cotton plants appeared not to be mor­
phologicall y affected by trifluralin but wer e a ltered in w hea t a nd co rn roots.
W ithin 12 hours, abno rma lly large vacuoles developed in the root-tip cells
(Figure 5-9); these cells enla rged radially rather than lon gitudina lly. Also,
some of the endoplasmic reti culum (ER) ciste rnae became swollen a nd ap­
peared to accumula te next to the cell wa ll (F igure 5-10). Other cy toplas m ic
or ganelles, suc h as rib osomes, plastids, a nd mitochondria , did not appear to
be structu ra lly modified by the herbicide.

IN VI TRO INTERACTION BETWEEN ISOLATED
MICROTUBULES AND TRIFLURALIN

Loss of mi crotubules from trifluralin-treat ed root cells may have resul ted
fro m a d irec t ac t ion of the herbicide on polym eri zation of mi cr ot ubules, as

Figure 5-9. Cell from wheat roo t w ith h igh ly lobed nucleu s (N) a ncl large vacuo les (V).
x 3700.
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Fi gure 5-10. Part of a corn root cell tr eat ed for 72 hours. Endo plas m ic reti culum (E R)
cisternae located next to cell w all (CW) was swo llen. x 39 ,000.

has beeh found for colchicine. To test this hypothesis , Bartels a nd Hilton
(1973) a ttem pted to isol ate and purify mi crotubules from corn root tips in
order to use th ese tubulin in pol ymerization expe r ime nts with trifluralin or
co lch ic ine . Results, however, were unsatisfa ctory. Colch ic ine binding w as
used as a sen sitive measure of th e amount of tubulin in th e plant ext ra cts, but
ve ry little colch ic ine binding to plant protein w as observed. Hart a nd Sabnis
(1973) a lso reported th at th ey could not isolate or detect a ny co lch icine­
binding ac t iv ity in nonvas cular tissue of hi gher plants. The add it ion of higher
pl ant extra cts to sheep-brain (Ovis musimon) microtubular preparati ons did
not interfer e with binding of radioa cti vely labeled col chi cine to brain mi cro­
tubules. They con cluded that mi crotubules of hi gh er plants were probably
present onl y in sm a ll quantities and wer e much .less stable in v i tr o. Therefore,
Bartels and Hilton (1973) used pig-brain tissue as a source of mi cr otubular
protein.
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Figure 5-11 . Effect of trifluralin and colchicine on aggregation of microtubule sub­
units. In cubation medium: 3 mg protein /ml ; 37°C; KP04-KCl-GTP buffer. Legend:
(0 -0) control; (x - x) sa tura ted conce nt ra t ion of trifluralin ; (11- A) colchicine .

Ba rtels and Hilton ass umed th at mi cr otubules of brain tissue a nd roo t tips
we re sim ila r, a nd th at results obta ined w ith brain mi cr otubules were applica­
ble to root tissue. Both a n ima l a nd pl ant mi crotubules dis appear in th e
presen ce of co lch ic ine a nd a t OCC (pi ckett-Heaps, 1967 ; Borisy a nd Olmsted ,
1972). Structu ra lly, a ni ma l a nd pl ant mi crotubules a re sim ila r-both a re
holl ow cy linders abo ut 250 Ain di ameter , running a st ra ight course through
th e cy toplas m. All tubulin a ppe a r to be simila r in th eir molecul ar weight, sed i­
mentation coe ff ic ien t, a nd gua nosine triphosphate binding.

Purified tubulin from pig-brain tissue (Borisy et a l., 1972) w as pol ym erized
in th e a bsence or presence of trifluralin or colchicine . The curve in Figure
5-11 indi cat es, by ope n circles, aggregation in th e absence of herbicides or
co lch ic ine ; thi s cu rve has a cha ra cte r ist ic sigmoid sh ape. Colchi cine (100 J-lM )
suppresse d the development of turbidity (F igure 5-11 ) by inhibiting th e assoc i­
ation of th e mi cr otubular subunits. In contrast, a sa tu ra ted solution of triflura­
lin did not prevent agg regat ion of subun its (Figure 5-11). These curve s were
identi cal to th e co nt ro l cu rves.

Because these lin ear agg rega tes were not morphologically sim ila r to in vivo
mi crotubules, a second method of in vi tro pol ymerization was used (Bor isy
a nd Olmsted, 1972). When viewed with the elect ron microscope, the products
of this polymerization were found to be mi crotubular. Figure 5-12 is a repre­
sentative pi cture of mi crotubules formed in vi tro in th e a bsence or presen ce of
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saturating concentrations of trifluralin; it shows that these herbicides do not
inhibit animal microtubular assembly. Colchicine (100 J.l M) and cold temper­
ature inhibited the formation of microtubules (Borisy and Olmsted, 1972).

To determine whether herbicides bind to animal tubulin, purified tubulin
from pig-brain tissue was incubated at 37°C with radioactively labeled 14C_
trifluralin, 14C-chlorpropham (isopropyl rn-chlorocarbanilate) , and 14C-prona­
mide [3,5-dichloro(N-l, I-dimethyl-2-propynyl)benzamide] . Assay of binding
activity was measured by the gel.filtration method. Binding of radioactively
labeled 14C-colchicine to tubulin was taken to represent a maximum of 100
percent binding. Using this criterion, binding of the 14C-chlorpropham, triflu­
ralin, and pronamide was 4.4, 3.5 , and 2 percent, respectively (Table 5-1).
Weisenberg et al. (1968) reported that 1 molecule of colchicine binds with 1

Fi gure 5-12 . Low ma gnification view of a field of repolym erized pig-brain microtu­
bules (MT) . Pol ym eri zation medium incubated 20 min a t 37° C contained sa tura ted
con centration of trifluralin plus PIPES-EGTA-Mg S04-GTP buffer. x 21 ,800.
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Table 5-1. Herbicide- and colchicine-binding activity to purified microtubular protein assayed by
gel filtration method'

Her bicide and
spec ific act iv ity

["C)-pronamide
(1.4 JJCi/m g)

['4C)-t riflura lin
(40 JJC i/m g)

['4C)-ch lor propha m
(20 JJC i/m g)

["C)-colch ic ine
(38 JJC i/m g)

Cpm bound per
mgprotein

480

850

97 0

24,50 0

Spec ific act ivit y
herbi cid e/

specific ac t ivity
co lchicine

( %)

2.0

3.5

4.4

100

' Inc uba t ion med ium: 2 mg protein in I ml KP04-KCl buffe r pH 6.8, GT P, Mg +2, I JJC i of ["C]­
herbicid e, or [.4C)-colchi ci ne; 37 0 C for I hour.

mi crotubular dimer. Results indi cated ver y little int er acti on between th e he r­
bi cides and an ima l tubulin, whi ch may expla in why th e herbicid es did no t
int erf ere with polym erization of the mi crotubules. Sa tura t ing her bicidal con­
centra tions int erfer ed w ith neith er polymerization of mi crotubules no r b ind­
ing of 3H-co lchicine (1J.lC i) to the mi cr otubular pr oteins. "ll-co lch icine bound
82 ,500 cpm/ mg protein. Trifluralin or pronamide plus "Hvcolc h ic inc bo und
82,500 cpm/mg prot ein (the sa me a mo unt). In th is study , the amount of col­
chicine binding was assayed by the DEAE cellu lose filte r method.

Even though very little binding of radioacti vely lab eled herbi cides to
purified tu bulin from pig-brain tissue was observed, I4C-tr iflura lin d id b ind to
protein in th e crude 100,000 g supe rna ta nt from corn root tip s (430 0 cpm/
mg). The type or nature of the protein that bound the trifluralin is unknow n.
No ev idence was found that the binding pr otein cons isted of su lfhydryl protein
of roots, as suggested by the work of Shahi ed and G iddens (19 70). T he herbi­
cide may have bound to a lipid compo nent in th e supe rna ta nt.

MODE OF ACTION OF TRIFLURALIN ON MITOSIS: THEORIES

Observations indicate that trifluralin treatment oft en induces a range of ef­
fects from near-normal mitosis to sever e colchic ine-like, disrupted mitosis. The
severity of trifluralin's effect on microtubules of root meri stem cells probably
depends on the herbicide con centration rea ching eac h cell and on the herbi­
cide's mobility. Hess and Bayer (1974) proposed that the concentration of
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trifluralin required for complete microtubular disappearance-and thus com­
plete blockage of mitosis-is near an aqueous saturated concentration. There­
fore, th e degree of saturation achieved would determine the thoroughness of
microtubular disappearance and, hence, th e degree of mitoti c di sruption. In
some roots, trifluralin accumulates in oil duct gland cells , thus effect ively
blocking its mo vement to th ese dividing cells (Mallory and Bayer , 1972) .

The ultrastructural effects of trifluralin and of colchicine on root cells ap­
pear to be similar. L ight and electron microscope studies reveal ed that triflu­
ralin produced both chromosomal' and mitotic aberrations similar to those
caused by colchicine (which prevents formation of microtubules). Not all her­
bicides that produce mitotic disruptions cause loss of microtubules. Hepler
and Ja ckson (1969) reported that propham at 10 ppmw did not destroy micro­
tubules as did colchicine, but rather led to th eir disorientation in the cell.
Ultrastructural studies showed th at trifluralin a t aqueous saturated concentra­
tions ca used disappearan ce of mi crotubules in a manner sim ila r to co lch icine.
T o determine if trifluralin ac ted like col chi cin e a t th e bi ochemical level , the
herbicide was incubated w ith tw o in vi tro mi cr otubular-forming systems from
pig-brain t issue . Results showed that trifluralin fail ed to inhib it th e aggrega­
tion and polymeri zation of anima l microtubules. The binding expe rime nts,
with radioactively lab eled herbicides and colchicine, showed th at the herbi­
cides did not bind to an ima l tubulin, nor did th ey denature th e colch icine­
binding site on mi crotubules. Bioch emical results sho we d th at triflu ralin did
not disrupt th e mi crotubules per se, nor did it exert its effec t by direct inter ac­
tion with animal mi crotubular protein. To date, tubulin has not been isolated
and purified from a high er plant source; thus, th e interaction of trifluralin
with higher plant tubulin ha s not been studied . Cu rrent research on micro­
tubules (L. Wilson, personal com munica t ion) reveal s th at pl ant and an ima l
tubulin are not identical ; th er efore, a che m ica l may inter act with pl ant mi cro­
tubular protein wh ile ha ving little or no affin ity for a n ima l tubulin. For exa m­
pl e, it takes a gr eater concentra t ion of colch icine to inhibit cell di vision in
suspe ns ions of pl ant ce lls th an it do es in suspens ions of an imal ce lls. In Afr ican
blood lily liquid endospe rm cells (p la nt ce lls w ith no cell wa lls), 10-4 M colchi­
cine w ill block cell di vision (Hep ler and Jackson, 1969), w hile in human HeLa
cells the concentra t ion required is 10-7 M (Taylor, 1965). In th eir report of
elect rophoret ic differ en ce between tubulin isolated fr om a plant and from an
animal source, Olmsted et a l. (19 7 1) isolated tubulin fr om an alga (Chlam yd o­
monas) and fr om brain tissue. El ectrophoreti c compa r ison of the tw o protein
source s indicated that on e protomer (subunit of th e tubulin dimer ) was com­
mon to both, w hile on e fr om ea ch was unique in its elect ro pho ret ic mobility.
Because purified higher pl ant tubulin has not been tested for its inter action
with trifluralin, it is possible that trifluralin ha s an action mechanism similar
to that of colchicine (i.e., binding to microtubule subunits in suc h a manner
th at pol ym erization is prevented).
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Loss of microtubules was probably not caused by a general deterioration of
cell structures as a result of inhibition of cell division. Propham blocks cell
division but does not cause disappearance of microtubules from root cells.

The disappearance of mi crotubules from root cells may result from inh ibi­
tion of the synthesis of tubulin or dysfunction of the microtubular organizing
center (MTOC). Trifluralin may act directly on the morphological unstruc­
tured MTOC of root-tip cells-i.e., endoplasmi c reti culum (ER) membranes
that appear to be involved in synthesis or transport of tubulin to and from site
of polymerization. MTOC in higher plants appears to be a loosely organized
aggregate of smooth ER cisternae in the polar regions of cells. Polar ends of
the mi crotubules seem to terminate in membranes or vesicles of the ER ele­
ments (Hanzely and Schjeide, 1973). Burgess and No rthcote (1968) reported
that smooth ER was involved in pol ym erization and depolym eri zation of tu­
bulin in wheat roots. Hanzely and Schj eide (1973) a lso found th at smooth ER
was present in th e body of the spindle, as well as in pol ar regions. At both loca­
tions, va rious types of connec tions or a ttachme nts were observed between ER
elements and microtubules. Figure 5-10 shows th at ER of root cells from
wheat and corn was swollen and distorted in trifluralin-treated root s, as com­
pared to controls. If the proposed invol vement of ER in mi cr otubule assemb ly
is correct, then an inhibition of the normal ER fun ction, such as the obse rve d
swelling, could expla in the loss of microtubules from the treated root cells. Ad­
ditional support comes from th e work of Towne (1974) , who found th at t rifl u­
ralin a nd orzy a lin (3,5-dinit ro-N4,N4-d ipropy lsulfa n ila mide) herbicides ca used
leakage of ph otosynthet ic products from sing le isolated cell s, indi cat ing that
cellular membranes were a lte red or modified by the herbi cides. Figure 5-9
shows th at tr eated cells have enla rged vacuoles and th at the roo t cells enla rge
radially, suggest ing th at the select ive permeability of cellular membranes ma y
have been affec ted. Partitioning into and binding of t r iflura lin to the mem­
branes cou ld alter th eir act ivity .

Because tr iflura lin inhibits photosynthesis and respiration (Mo reland et a I.,
1972), the herbicides conce iva b ly could int er fer e w ith p ro tei n synthesis
through their effects on the ava ilab ility or formation of energy-rich com­
pounds, such as ATP needed for protein synthesis and GTP necessary for poly­
merization of mi crotubular subunits int o mi crotubules (Borisy and Ol msted,
1972). However , Mo re la nd et a l. (19 72) reported th at respiratory inhibitors
and un couplers do not usu all y produce the multinucleate cells or prom ote the
radial enla rgeme nt of tissue that a re typi cal plant resp ons es to triflurali n an d
to colch icine.
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The mode of action of trifluralin is still unknown. Whatever the process
may be , trifluralin achieves its effect rapidly (within 3 hours) and at low con­
centrations (less than 3 x 10-6 M). The anatomical effect of trifluralin treat­
ment is aberrant cell division and cell enla rgement in root tips. The cytolog­
ical effect is the disappearance of microtubules from these areas. Our results
suggest that the primary action me chanism of trifluralin may be related to an
interference with one or more of the following: (1) the synthesis of tubulin; (2)
the polymerization of microtubular subunits th rough action on the MTOC; or
(3) the polymerization of microtubular subunits by inter action with the sub­
units themselves. Trifluralin's primary me chanism of acti on , however , re­
mains to be exp la ined.
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