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Auxins have been reported to have effects on the oxidation-reduction
state ot ascorbic acid and sulfhydryls in plant tissue (Marr6 and Arrigoni,
1957; Key and Wold, 1961; Key, 1962). The suggestion was made that
low auxin concentrations may produce reduced conditions correlated with
rapid growth and high auxin concentrations may produce an oxidized
state correlated with a low growth rate (Marre and Arrigoni, 1951). More
extensive research (Lin and Key, 1964) indicated that for a number of
plant tissues there were no significant changes in ascorbic acid and
dehydroascorbic acid which could be correlated with growth after 2,4
dichlorophenoxyacetic acid (2,4-0) treatment. However, there was a
tendency tor the ratio of ascorbic acid to dehydroascorbic acId to shift
toward the oxidized state when plant tissue was treated with high levels
of 2,4-D. Other research (Key, 1962) showed that the green leaf tissue
of cucumber seedllngs reflected an oxidized condition with less ascorbic
acid and more dehydroascorbic acid occurring in the leaf after several
hours treatment with herbicidal levels of 2,4,5-trichlorophenoxyacettc acid
and 2,4-D.

We have been interested In the effects of herbicidal concentrations
of 2,4-0 on excised cotyledons ot green cotton seedlings. The research
presented in this paper shows that herbicidal concentrations of 2,4-0
produces an increased level of oxidized glutathione (GSSG) and tree cys
tine and a decreased level of reduced glutathione (GSH) and cysteine In
excised cotton cotyledon tissue. Some additional experiments relative to
some pertinent enzyme systems which may be involved in the oxidation
reduction changes are also presented.

MATEBIALS AND Mrl'BoDS

Cotton (.Acala «') was germinated and grown and excl8ed cotyledons
were cultured as previously described (Basler, 1963). .

For studies involving determinations of the effects of 2,4-D on the
aSH and GSSG content of tissue, six cotyledons per sample were cul
tured for 48 hr in 20 m1 ot a mlnus-8Ultur nutrient solution contalnlng
33l1c of carrier-free -S as H,804 and 0 or 10-' M 2,4-D adjusted to pH 5.8
with KllCO.. The samples were cultured In the dark or in 550 tt-c ot
fluorescent light. At the end of the culture the samplea were waahed 81X
ttmes and stored at -15 c.

The sulfhydryl and di8ulflde componentt of the ttuue were deter
mined by reaction of the aulfhydryl components with N-ethylmalelmlde
and subsequent chromatography uatng a method slm1lar to that previously
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de8C11bed (Lee and samue18, 1962). 'n1e frozen samples were ground in
10 ml of pH G.8, O.G M phosphate butter containing 5 moles of EDTA
and 20 m mol.. of N-ethyJmaleim1de. Each sample W88 allowed to stand
at room temperature for one hour to promote reaction of the sulfhydryla
with N-ethylmaJelmlde, and then brought to 2 C and made to 5% trlchloro
acetlc acid to precipitate the protein fraction which was removed by cen
trltugatton. The supernatant traction containing the free disulft<lea and
auJthydryl-N-ethylmaletmJde adducts was washed 2 times with equal vol
om.. of dlethyl ether and made to lIS m1 total volume. The supernatant
fraction (0.01 ml portions) was chromatographed on thin-layer chroma
tograma of 8lUca gel ualng phenol-water (88:15 v/v) as a solvent. Known
amounts of unlabeled methionine, cystine, and cysteine-N-ethylmalelmide
and GSH-N-ethylmaleimfde adducts were added as carriers to each trac
tion before chromatorraphy. These spots were then located after chro
matography by spraying the chromatogram with ninhydrin and by auto
radiography. The spots were then removed from the chromatogram and
counted by liqUid acfntUlatlon counting. Due to inadequate separation
on the chromatogram the spots of GSSG and cystine and the spots for
GSH-N-ethylmaJeimlde and cystelne-N-ethylmaleimide adducts were com
bined and counted together.

The effects of 2,4-D on the level of glutathione reductase in cultured
tluue wu determined. Samples consisting of six cotyledons were cul
tured in the light and dark in 0 and 10.1 M 2,4-n. The samples were
ground in a glau homogenizer and made to 10 ml with pH 7.5, 0.1 M tris
contalning IS roM MgCt,. The reaction miXture contained O.lS ml of the
homogenate as enzyme, 10" M GSSa and 10" M NADPH in a total volume
of 1.G ml. The enzyme reactions were started immediately after grinding
the aample. The reactions were stopped by bolllng for two minutes. The
denatured protein was centrifuged and the glutathione reductase activity
wu determined by titrating the GSH in the supernatant with salyrganic
acid as previously described (Klotz and Carver, 1961).

The levela of the enzymes glucose-6-phosphate dehydrogenase (G-6
PD), NAPD-mallc dehydrogenase and tsoeitrate dehydrogenase were deter
mined in 2,4-D-treated tiuue. Six cotyledons were cultured in 0 or 10" M
2,4-D for 48 hr in the light and then ground in pH 7.5,0.1 M trls contain
Ing IS roM MBCl, and made to 10 mt The NADPH produced by the above
enzymes was measured by a coupled enzyme reaction in which the NADPH
W&I utilized by glutathione reductase to reduce GSSG in the reaction mix
ture. The GSH produced was then titrated with salyrganlc acid. The
reaction mixtures contained 10" M NADP. 10" M ossa, 0.08 mg gluta
thione reductase (8 enzyme units) and 8.3X10·' M of either glucose -6
phoaphate, mallc acid, or isocitric acid as substrate in pH 7.5, 0.1 M trts
and f).1S m1 of the homogenate as the enzyme source. The total volume of
the reaction mixtures was 2 mt. In addition, the reaction mixture tor
l80Cltrate dehydrogenue contained 4.4X10·· },f MnCl,. The enzyme reac
tl0D8 were started immediately after grinding and were stopped by boll
IDa' tor 2 miDutes. The denatured protein was centrifuged and the GSH
In the aupernataDt was titrated with salyrganlc acid. The enzyme reac
tion rates were determined from rates establlahed durlDg the lDltlal US
mblutea of reaction.

RaJuLTS AND DISCU88ION

The ettecbl of 10·' )( 2,4-D on the oxIdaUon-reducUon state of BODle
componenbl of exclBed cotyledon t18sue are shown in Table 1. In these
experlments 2,4-D produced a more oxidized condition 80 that the newly
I1DUleIdIed GSSG and cyst1De occurred lD higher COncentraUoDS and the
OSR and cY8tetDe occurred in lower concentrations in treated tl8sue after
48 hi' of culture. Theee changes were more extenslve In samples cultured
III the UIht Uum tboee cultured lD the dark.
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TABLE I. Eh'lOOTS OF 2,4-D ON THE DISTRIBUTION OF ·S IN THE ntEE CYST
INE PLUS GSSG AND FREE CYSTEINE PLUS GSB FRACTIONS 01' EX
CISED COTYLEDONS AFI'Ea 48 HR CULTURE IN DARK AND LIGHT OF
550 "-C.

Counts per minute
Culture

Dark, 0 M 2,4-D
Light, 0 M 2,4-D
Dark, 10.1 M 2.4-D
Light, 10·' M 2,4-D

cystine
+ GSSG

182
280
316
432

cysteine
+ GSH

156
178
139

95

Ratio
oxidized/reduced

1.17
1.57
2.29
4.62

The data, which showed 2,'-D to be effective in promoting increases
in GSSG and cystine, appear to be in accord with other data (Key, 1982)
showing that 2-'-D promoted an oxidized condition exemplified by low
levels of ascorbic acid in cucumber leaves. This effect may be a general
one on green leaf tissue and as such might be of importance in the inter
pretation of the toxic mechanism of the auxin-like herbicides. Therefore,
some experiments were designed which might reveal some of the mech
anisms involved in the action of 2,'-D in producing the oxidized state in
the glutathione components of plant tissue. The central enzymes utlllzed
in plants to regulate the oxidation-reduction level of glutathIone appear
to be glutathione reductase, which utilizes NADPH to reduce GSSG, and
dehydroascorbic acid reductase, which utilizes dehydroascorbic acid to
oxidize GSH. The possibility exists that NADPH could be a limiting
factor in the reduction of GSSG if 2,'-D were to have adverse effect on
the dehydrogenase enzymes utilized in the reduction of NADP. There
fore, the effects of 2,4-D and light on the glutathione reductase and G-6
PD enzymes have been studied in some detail.

Preliminary experiments showed that 2,4-D at concentrations as high
as 3.3X10·' M did not inhibit the action of a partially purified glutathione
reductase enzyme in in mtro experiments. Other experiments were de
signed to test the possibility that 2,'-D-treated cotyledons may produce
inhibitors of the action of gluthathione reductase. These experiments
showed that boiled extracts of cultured cotyledons have inhibitors of
this reaction but this inhibition was no greater in 2,'-D-treated tissue than
untreated tissue. Therefore, other experiments were conducted to deter
mine the effects of high concentrations of 2,4-D on the level ot gluta
thione reductase in cultured cotyledons. These data are shown in Figure
1 where it Is shown that 2,'-D does affect the level of glutathione reduc
tase but not in a direction which would explain the accumulation ot GSSG
in treated tissue. Rather than decreasing the level of glutathione in
treated tissue, 2,4-D greatly enhanced the level of this enzyme. Light
also appears to affect the level ot glutathione reductase during culture.
In the absence of 2,4-D, light inhibited the accumulation of glutathione
reductase. In the presence of 2,4-D, samples cultured in the light invari
ably had more glutathione reductase at the end of ~8-hr CUlture than
those cultured in the dark. However, the lnlt1a1 rate of accumulation
was as great in samples cultured in the dark.

The data showed that 2,4-D treatment IDcre&Ied the level ot gluta.
thione reductase in cultured tissue. A lack of glutathione reductue d0e8
not appear to be the cause ot the accumulation of GSSG in 2,4-D-treated
tissue. Since NADPH possibly could be the llmlting factor in the reduc
tion ot GSSG, some experiments were conducted to determine the lDflu
ence ot 2,4-D on 80Dle of the dehydrogenue enzymes Involved in the
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FtCUN 1. The activity of glutathione reductase in cell-free homogenates
ot cotyledons after treatment of cotyledons with 11ght and
2,4-D during culture. SoUd lines represent samples cultured
In the dark and dashed lines represent samples cultured in
fluorescent 11ght of 550 ft-c. The curves represent the aver
a.. of three detenninations.

reduction of NADP In cotyledons. Durln~ culture In the U~ht. 2.4-D
treatment greatly Increased the concentration of G-6-PD, NADP-maUc
dehydrogenase and isocltrate dehYdrogenase. The detailed data for G-6
PD .. shown in Figure 2. G-6-PD was greatly increased in the light
and dark-eultured samples by 2,4-D treatment during the first 24 hr of
culture. Others have shown an increase in this enzyme in com root
tilaue (Black and Hmnphreys, 1962) and cucumber stem tissue (Key,
1962) after 2,.-D treatments. This increase in G-6-PD levels does not
appear to be a direct cause ot the accumulation of GSSG In treated tissue
Ilnce high concentrations of this enzyme should lead to a higher rate of
reduction of NADP and thus a higher rate of reduction of GSSG. One
poulbWty sa that NADPH .. a limiting factor in the reduction of GSSG
by virtue of being used preferent1a1ly In other systems. A large increase
til ~tlon of cotton cotyledons effected by b1~ concentrations of
2.4-D baa been ahowD. (Baaler and Nakuawa, 1961). TIle avaUable
NADPH could be uaed .. an electron donor for this Increased process of
NllplratlOD. Recent studies have shown that NADPH may be used as
readUy .. NADD In respiration of plant tlssue (Ragland and Hackett.
leu).

Ucht aI80 affected the concentraUon of G-6-PD in cultured tlssue.
III the abeeDce of 2.4-D. Ught inblbited the accumulation of this enzyme
(lI'Ipre 2). In the pruence of 2,f-D, G-8-PD accumulated rapidly and
with equal fadUty in samples cultured In light or dark cond1tlODll during
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Figure 2. The activity of glucose-6-phosphate dehydrogenase in cell-free
homogenates of cotton cotyledons after treatment of coty
ledons with light and 2,4-D dUring culture. SoUd lines repre
sent samples cultured in the dark and dashed lines represent
samples cultured in fluorescent light of MO tt-c intensity. The
curves represent averages ot three determination..

the first 24 hr. During the second 24 hr ot culture in 2,4-D, thole coty
ledons maintained in the dark rapidly lost G-6-PD. The reason for th1a
1088 Is not readily apparent. One pouibillty is that .lOme factor which 18
produced in the light and allows 2,4-D to enhance synthesis becomea limit
ing after a number of hours in the dark 80 that the normal degradation
rate of G-6-PD, in the absence of synthesis, caused the concentratioD of
the enzyme to decrease. Light has been shown to be neceuary tor the
synthesis ot NADP-Unked glyceraldehyde-a-phosphate dehydrogenase
(Margulies, 1965). The process was mediated by the phytochrome sys
tem and was independent ot photosynthetic ability in beaD leaf tluue.
The possibility that the active form of phytochrome may be necessary
for the synthesis of G-6-PD in cotton cotyledons MIa studied and the
results are shown in Figure a. samples of cotyledons were cultured tor
24 hr in the light and dark before 2,4-D was added to the culture med
ium. When 2,4-D was added 24 hr after the beglnnlng of culture there
was very little enhancement of accumulatlon of G-6-PD in the dark-eul
tured samples. However, there was even leu re8pODN to 2,4-D in tboN
samples cultured in the light. This lDdicate8 that activated phytochrome
is not the UmitfDg factor tor syntbesi8 of G-6-PD durlng the second 24
hr ot culture. Rather, there appea1'll to be JIOIDe factor which .. 8UpplJed
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FiJUre 3. The activity of glucose-6-phosphate dehydrogenase in cell-free
homogenates ot cotton cotyledons after treatment of cotyledons
with light and 2,4-D dUring culture. 2,4-D was added to some
samples 24 hr after the beginning of culture. Other samples
were cultured for 42 hr in the absence of 2,4-D. Solid lines
represent samples cultured in the dark and dashed lines repre
sent samples cultured in fluorescent light of 550 ft-c intensity.
The curves represent averages of three determinations.

to the cotyledons from the roots or stems of the intact seedlings which
either is necessary tor the synthesis ot G-6-PD or is inhibitory to the
breakdown or inactivation ot the enzyme. This factor appears to be less
stable in the light than the dark in excised cotyledons cultured in the
ablence of 2,4-D, but is more stable in excised cotyledons in the light
when 2,4-D 18 present.

SUMMARY

The treatment of excised cotton cotyledons with 10-' 1ft 2,4-D caused
a more oxidized condition in the glutathione components of the tissue.
The accumulation of oxidized glutathione did not appear to be due to the
effects of 2.4-D on the activity or concentration of glutathione reductase
or the glucoee-8-phospbate dehydrogenase concentration in the tissue. The
CODc~tration ot both ot these enzymes was greatly increased by treat
ment ot the cotyledons with 2,4-D. Light was inhibitory to the accumula
tion of theae enzymes in cultured cotyledona. The 2.4-D-enbanced ac
cumulation of theee enzymes was not inhibited by light.
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