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SUMMARY 

Herbicides were shown to interfere in the normal process of en
zymatic nitrite reduction by the plant in photosynthetic and non
photosynthetic plant tissues with little effect on nitrate reduction. This 
preferential inhibition caused nitrite to accumulate. The occurrence of 
free nitrite within the plant can help to explain the toxicity symptoms, 
nastic growth reactions, abnormal metabolism and rapid death (lue to 
herbicide action. 

This blockage of nitrite reduction was shown with all photosynthe
tic inhibitor herbicides tested and with numerous other herbicides. 
The effect was demonstrated using an in vivo assay, intact green plants 
and germinating seedlings. 

A basic in vivo method was presented which can provide rapid 
screening tests for photosynthetic inhibitor herbicides, a measure of 
herbicide specificity and surfactant specificity. 



A Mode of Action of Herbicides:
 
Inhibition of the Normal Process of
 

Nitrite Reduction
 
Lowell Klepper' 

INTRODUCTION 
Although herbicides have been widely used for the past two de

cades and are an integral part of agricultural production, the
mechanisms by which herbicides kill weeds have not been fully known.
A large group of herbicides in use today such as the amino triazines,
substitutecd ureas and uracils act as photosynthetic inhibitors and can
readily be identified by their inhibition of the Hill reaction (52). The 
rapid development of such symptoms as chlorophyll dcgrlation, leaf
necrosis and the final death of the plant which are obse-rved after 
application of these herbicides points to a mechanism of killing far 
different fiom starvation by photosynthetic inhibition. 

The mechanisms of rapi(l killing actiom of many other herbicides
such as the derivatives of the phew.xys, carbamrates, aizilides, and 
benzoic acids have eluded investigators for years, though much is
known concerning the effects which these herbicides exer, on certain
metabolic systems within the plant (24). For example, "the mechanisms
of action of 2,4-D have been studied more than those for any other 
herbicide. Investigators have shown that respiration, food reserves,
and cell division are affected, but the primary mode of action has not 
been clearly established" (3).

This bulletin presents evidence that a wide variety of herbicides 
including photosynthetic inhibitors, 2,4-D and a variety of other chem
ical classes of herbicides, interfere in the normal process of nitrite 
reduction which can result in nitrite accumulation. Free nitrite within
the plant can hep to explain the initial symptoms of injury and the 
rapid death of the plant. 

'Assistant Professor, Plant Physiology, Department of Agronomy, University ofNebraska - Lincoln. Cooperative investigations of the Nebraska Agricultural Experi
ment Station and the Agricultural Research Service, U. S. Department of Agriculture,
Lincoln, Nebraska, un(er Contract No. AID/csd-1208 with the Agency for International 
Development, Department of State. 
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LITERATURE REVIEW 

Nitrate Assimilation by Green Plants 
Nitrate, taken up from the soil bv the plant root system and translo

cated throughout the plant, must be reduced to ammonia before it can 
combine with keto acids to form amino acids and, finally, protein. The 
normal pathway of nitrate assimilation by green plants is: 

NADH NAD Keto Acids 

NO- NHNO ----- P-N, - Amino Acids 

LIGHT ENERGY 

The first reaction of nitrate assimilation, the reduction of nitrate to 
nitrite, is catalyzed by nitrate reductase which utilizes NADH as its 
electron donor (4, 5, 64, 66). In green leaves, nitrate reductase has been 
localized outside the chloroplast (62), thus this reductive step does not 
appear to be directly linked to the photosynthetic reactions. The prime 
source of NADH used for nitrate reduction is believed to be generated 
by the glycolytic oxidation of a sugar phosphate (39). In contrast, 
nitrite reluctase, which reduces nitrite to ammonia, has been located 
within the chloroplast (62) and can accept electrons directly from 
light-reduced ferredoxin (14, 32, 42, 57). 

The enzymes responsible for nitrate and nitrite reduction in the 
green leaf are located in different parts of' the cell, use different 
electron donors and have different systems for the generation of 
energy to perform these reactions. Nitrate and nitrite reduction are 
also known to occur in nonphotosynthetic plant tissues (40, 49, 50, 63), 
such as plant roots. However, the systems of energy generation for 
these reactions and their localizaion within the cell are not clearly 
understood. 

In Vivo Nitrate Reductase Assay 
The reduction of nitrate to nitrite is believed to be a rate limiting 

step in protein synthesis (5, 12, 16, 39) and the leel of in vitro nitrate 
reductase activity is highly correlated with gr'an protein content in 
wheat (12, 16). Techniques for the measurement of in vitro nitrate 
reductase activity have been available for more than 20 years (19). 
Advanced technilues for the measurement of nitrate reduction rates 
in vivo orinsitu are now available (21, 39). An in vivo procedure for the 
measurement of nitrate reduction can offer several advantages over 
the in vitro analyses. These advantages would be: (a) a more rapid and 
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Figure 1. The effect of light ard dark incubation upon in vivo nitrate reduction by 

corn (Oh 43 x B 14) leaf sections. From Klepper et al. (39). 

simple analysis, (b) no aqueous extraction of enzymes is required, (c) a 
better measure of the actual rates of nitrac red uction which are occur
ring ,vithin the plant. 

In the procedure for the in vivo nitrate reductase assay (39), it was 
necessary to incubate the green leaf tissue in darkness. Photosynthetic 
electron flow is blocked by darkness which stops the energy generation 
necessary for nitrite reduction. The effect of light and dark incubation 
upon green leaf tissue of corn is shown in Figure 1. When sections or 
discs of green leaf tissue were incubated in the dark under the pre
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scribed assay conditions, nitrite not only accumulated in the tissue but 
diffused into the incubation solution. Normally, only traces of nitrite 
were detectable during incubation in the light. These small amounts of 
nitrite are thought to be clue to leakage by peripheral, ruptured cells. 

Leaf discs incubated in the light did not accumulate nitrite until 
transferred to darkness. In contrast, leaf discs incubated in darkness 
rapidly accumulated nitrite until they were transferred to the light. 
Upon exposure to light, nitrite is rapidly reduced to ammonia (73). 
Although nitrite accumulation occurs in the in vivo nitrate reductase 
assay under the prescribed assay conditions, nitrite does not normally 
accumulate in the intact plant in light or in darkness (5). The process of 
nitrite reduction has been shown to occur in the green leaf in darkness 
(11, 39), but the mechanism of this reaction is not understood. 

Nitrite Toxicity 

Nitrite is known to be toxic to plants (7, 8, 9, 13, 15, 23, 27, 31, 41, 
44, 45, 46, 47, 48, 51, 56, 58, 59, 65, 68, 70). The plant has an efficient 
and carefully designed enzyme system which quickly reduces nitrite to 
ammonia. Nitrite does not normally accumulate in plants because: 

1. Nitrite reductase activity is commonly measured at 4- to 40-fold 
the level of nitrate reductase activity (5, 33). 

-2. The Km of nitrite reductase for nitrite is 10 NI (33) as com
pared to a Km of 1.4 x 10- NI of nitrate reductase for nitrate (64). 

3. Nitrate reductase is more unstable both in vitro and in vivo than 
nitrite reductase (5, 33, 34, 35) so that in period of plant stress such as 
drought or extreme heat, nitrate reductase is one of the first enzymes 
to decrease in activity (32). 

4. Unlike nitrate, when nitrite is detectable in healthy green leaf 
tissue, it is thought not to occur free but as an enzyme-bound inter
mediate of nitrate assimilation (5, 33, 46). 

The toxicity of nitrite to plants has been documented since 1861. 
First experiments by Goppelsroeder (27) and Molisch (5 1) showed that 
plants could metabolize nitrite when low concentrations were used but 
that higher concentrations of nitrite were always toxic. A large number 
of investigators (7, 13, 15, 23, 45, 47, 48, 59) have reported that nitrite 
toxicity is critically related to acidity. Their findings have shown that at 
neutral or alkaline pH's, nitrite (toes not appear to be toxic but it 
becomes toxic as acidity increases. In a carefully controlled experiment 
to test for nitrite toxicity dependent upon the pH of nutrient solution 
cultures, Bingham et al (7) demonstrated that, at pH 4.0, 2 ppm nitrite 
was very toxic to Marglobe tomatoes, Atlas barley and blackeye beans. 
At pH 6.0 comparable injury required 20 ppm nitrite. At pH 5 to 6 the 
concentration which reduced growth of tomato plants by 50 percent 
was attributed to 0.1 - 0.2 ppm of' the undissociated nitrous acid 
(HNO2). 

In other studies when piant roots were furnished nitrite as their 
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nitrogen source, losses oftnitrogen flom the roots were recorded (45,
48, 53). The loss of nitrogen was attributed to the Van 31)ke reaction 
(deamination of an amine by nitrous acid): 4 

R-NH2 + HNO2 ROH + H2 0 1- + N2 

In this reaction an amine is deami nated !o form an alcohol, waler and 
nitrogen gas. The exact products dCeFpnld upon the structure of the
amine (primary, secondary or tertiary). Regardless )f'the strticture all
reactions result in destruction of the amine and disappearance of
nitrous acid. Amidc -s,ainiio acids and proteins also undergo dceaniina
tion with the same basic reaction. The rate of this reaction is dependent 
upon the concentration of nitrous acid which explains its relation to
acidity. Norimal physiological p-I's withil thelplant ('an permit these 
reactions to occur in the presence of free nitrite. 

In experiments to dleimonstrate th lependence ofnititrie cluctioin 
upon light, Vanecko and Varnei' (73) \actmnui infiltratcd soluitions of
"5 N-nitrite ('" N()2) into green leaf discs. Approximately 82 percent of'
tie "N( )1 was recoveredt as amino-.N (I5 NH,2), which demolnstrated 
its reduction in the light with t concomitant evolution of' oxygen.
H-owever, as ilih as 15 peicent of'the collctccd gases was identified as
labeled N2 ('"N2). This loss Of' nitrcgen in the gaseous F0rni ('all Ile
explained by the Van Slvke reaction when free nitrite is plreselnt within 
leaf tissue. 

The Van Slvke reaction has been ('cnsidered to )c a prote'tive
mechanism to nitrlite plantremove Froml tissues but has not been
 
thought to be a physiologically important reaction since 
 frec nitrite
(foes not normally occur iii hcalthy plant tissues (46). If tie Vaii Slyke
reaction does occti' upon nitritecm ulation, nitrite would be coin
stantly disappearing, but at the expense of the plant's enzvnies, amino 
acids r netabolites containing a f'ee amino group. With sufficient
nitrite accumulations, the plait's entire enzyme systems could be inac'
tivated and desiroyecd, resulting in cleath. 

Since nitrite is in an intermediate stage ofreductio, it can function 
as cither a reducing agent or as an oxidizing agent. As a ri'duiIng
agent, nritie would be oxidized back to iitrat.; as an oxidizing agent,
nitrite could be redmiced to ammonia oi" 'onverted into titiogen gas
(N2 ) or sc\'eral of the nitrogen oxide gases. Il additiom to reacting with
amidce, amino and amine nitrogen as shown in the Van Sl\vke reaction,
nitrite has been shown to react with 0r destroy maii otuher key biclogi
cal ompoulds necessary f'or'normal plant giowtl and metabolism. 

Evan. and McAuliffc (18) identified nitmogen (N2 ), ulitliC oxide 
(NO) and i trois oxidc (N2()) as p1u'o tnts of' thc IIo Cnz\' mati ic Ic-
tion of' free nitrite by ascorbate oir redluceI nitcotiniaiidce adeuine 
dinucleotide (NAI)H). T[he rates ofthese reactioms also in('eased with
increased acidity. Nitriic has been shown to dceaminate polyiribonuic
leotides which explains its muutagenic action (43). l'he f'ornation of 
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methemoglobin by the reaction of nitrite with hemoglobin has long 
been known. It is possible that similar hemes in the plant necessary for 
electron transport could be affected in the same manner Nitrite is 
known to chemically destroy indoleacetic acid (71), an important 
growth hormone. The destruction of this growth hormone would 
result in undirected plant growth and could help to explain the various 
nastic reactions, abnormal growth and metabolism often seen in 
herbicide-treated plants. 

The high reactivity of nitrite can also be illustrated by experiments 
in which nitrite was applied to sterile soils and the reaction products 
were measured. These products were identified as nitric oxide (NO), 
nitrogen (N2), nitrous oxide (N20), and nitrogen dioxide (N02) (55, 
67, 69). These gases were shown to be reaction products between 
nitrite and the organic matter, lignins and phenolic constituents of the 
soil. 

In experiments with ammonia fertilization, damage to seedlings 
often has been attributed to high levels of ammonia. It was shown 
recently by Birch and Eagle (8) that toxicity to seedlings only occurred 
in the presence of nitrite and that high levels of ammonia were not 
toxic in the absence of nitrite. Work by Winely and San Clemente (75)
demonstrated that the herbicides CIPC and EPTC prevented the oxi
dation of nitrite to nitrate by Nitrobaciter. An earlier observation by 
Casely and Luckwill (10) demonstrated that the herbicide nonuron 
had an inhibitory effect on soil nitrification. This confirmed previous
research (25, 60) indicating that Nitrosomas, which converts ammonia to 
nitrite, was more tolerant to monuron than Nitrobacter which oxidizes 
nitrite to nitrate. This effect resulted in abnormally high concentra
tions of nitrite in soil treated with monuron. These data suggest that 
certain herbicides can interfere in the nitrogen metabolism of obligat
ory soil bacteria and result in an incomplete oxidation of ammonia. 
Toxicity symptoms often attributed to ammonia could actually be (lue 
to abnormal nitrite accumulations in the soil due to this incomplete 
oxidation of ammonia. 

The primary symptom of nitrite toxicity in citrus is leaf-wilting (13). 
In tomatoes, symptoms are chlorosis of the leaves and lignification of 
the roots (8, 58). With increasing concentrations of nitrite application, 
tomato plants showed a decrc.ise "innitrogen, potassium and phos
phorus content and decreased dry matter production (7, 58). In sonie 
experiments, nitrite application had to be delayed until the plants had 
reached an advanced stage of growth since nitrite was extremely toxic 
to seedlings (56).

The level of nitrite required for toxicity appears to vary with differ
ent plants. Legumes have been reported to be more sensitive than 
grasses (45). In nutrient solution and soil experiments, toxicity levels 
for a wide range of plants varied from 2 to 100 ppm nitrite (7, 9, 13, 31, 
41, 48, 56). 
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MATERIALS AND METHODS 

Plant Species Tested 
Tissues fi'om the following plant species were utilized: 

AtooJ I I Pant, Gramllt. Slme I|'vis

Barley Hordeum vulgare, L. Custer 

Corn Zea mav., .. N1161 ICrab~grass Diftaria .mnguinali%, L.. 
Giant foxtail Se/aria /aberii, I lerrin. 
Triticale Armadillo "S"-4.aler
Wheat Triliu m amtl/
ut, I.. ( Cl lltlk. Su nl(ii 

ul(11 

I)iotPcut, ( tI,, 'l 

Cocklebur 
CCt llie-
Ma|llow 

Xanthiu en .p)e'lhanicur.\Vah'. 
Cutrbita .IliU', I.. 
.11ahva neglecta, L. 

Biit ec)it kling 

Mustard greens 
Pcnn ycress 
Pi gweed 
Soybean 
Squash 

Bras.ira pertiridi. Ililhv 
1 hlh.pi arwo.e,. I.. 
.flmaranthm rerec/lexre, I.. 
(;Icilef.leax, (L.. .t(r.r 
Cu ut-hia Pe, var. 

l'cmdergrie 

AllliSE' 
Golden(trI kn5k; 

totie'eollij
TEomnato Lycov/)ericum ,,ruetotme, .. Pixie 
V 'etelleaI .-licu/tih theo'/heti,Medic. 

Basic Technique Used with Photosynthetic Inhibitor Herbicides 
Green leaf' tissue of all monocot species tested was cut into I timl

sections. Leaf tissue of' all dicot species was cut into discs of I cm
diameter. Incutbation medium fbirall reonrocot species was composed of'
0.05M KN03, O.05M KH 2 1PO4 and 0.2 percent (w/v) Neutron\'x 600
(a nonionic surfactant). Technical grade herbicides (no commercial
derivatives or formulations), when included in the meditiim, were 
present at 0.01 percent solut ion (w/v). Final pH ofl he soltt ion (7.5) was 
adjusted with 3N KOH. 

Leaf samples were cut, weighed (0.25 g) and placed in 50-in
beakers containing 5 ml of the incubation medium. Vacuum ili filtra
tion of the tissue was (lone in the beakers within a vacuum desiccator 
using a rolary vacuum oil pump. A vacuum was applied (72cm H-g)and
released twice. The beakers and their contents were incubated in
shaking water baths at 33' C in darkness or in light of' 300-400 -
/Leinsteins sec -lm f'or one hour. An appropriate aliquot (normally
0.2 ml) of' the incubation medium was taken and analyzed for nitrite 
conltent. 

N6t rite was determined by the immediate addition of the aliquot to 2
ml of a solution (nitrite reagent) containing 0.5 percent sulfimilamide,
I.. HC 1and 0.01 percent ae-naplthylethyl)mIediamime, di HCI amnd
brought up to a total of 4 ml with deionized water. Optical density of'
the solutions were determined at 540 mu fOr nitrite content. Stock 

9~ 



solutions of 1.0 percent sulfanilamide in 3N HCI and 0.02 percent 
a-naphthylethylenediariine diHC I in water were maintained in sepa
rate containers and mixed in a 1: 1ratio immediately prior to the nitrite 
test. 

Technique for Measuring Photosynthetic Inhibitor Specificity 

The basic technique was modified by the elimination of' vacuum 
infiltration. The herbicide concentrations were decreased to 10-' M 

-
and 105M as indicated in Figures 4 and 5. Aliquots for nitrite determi
nations were taken at various intervals during the incubation period. 

Modified Technique to Test for Inhibition of Photosynthetic Nitrite 
Reduction by Other Herbicides 

The basic technique was modified by substitution of 4 percent 
ethanol in place of Neutronyx 600 and by lengthening the incubation 
times as noted in Table 4 for wheat and soybean leaf tissue. Stainless 
steel screens were placed in the beakers over the leaf tissue during 
vacuum infiltration so that contact between tissue and incubation 
medium would he maintained in the absence of a surfactant. Screens 
were removed immediately after infiltration. Aliquots of the incuba
tion solution were often taken at timed intervals during incubation. 

Spraying Experiments 

In different experilnents, young soybean and cucumber plants 
were removed from the growth chamber and sprayed to the point of 
run-off with 1 percent solutions of the herbicides 2,4-I), pebullate and 
2,4-DNP. The plants were placed back into growth chambers in the 
light and duplicate ieaf samples were removed at various intervals. The 
leaf samples (0.5 to 1.0 g) were cut into small pieces and 10 ml of' the 
nitrite reagent added for nitrite (leterininations. 

An ester of 2,4-I) was used to spray soybeans and represents the 
only treatment in the entire study when a herbicide derivative was 
used. All spray solutions containel 0.01 percent Neutronyx 600 in
cluding control plants. 

Germinating Seedling Experiments 

In herbicide studies with germinating mustard green seedlings, all 
seeds were immersed and stirred in a 5 percent solution of' (lorox for 
20 minutes. Ihe seed was blotted dry and 0.25-g samples were placed 
in 50-mil beakers. A sufficient quanltity of 0.001 M KNO:i was imain
tained in the beaker to assure adequate moisture f*Or germination 
without submerging the seeds. All beakers were covered with Saran 
wrap with holes for adequate ae'ation. 'he beakers were placed in the 
dLrk at room teml)erature for germination. After three days, while 
germination was occuning, I ing of each of the various herbicides was 
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placed in the beaker with the germinating mustard green seedlings andmixed as thoroughly as possible to assure contact between tile herbicide and seedlings. The seedlings were then re-incubaited initie darkfor 18 hours. At the end of'the incubation period, Initrite c()nteint of Ihematerial in the beakers (seedlings and soltition) was determined.
In similar studies with germinalting sumnier squash secellings, Ihc same basic sterilization and germination procedtres were usec. Altrrfour days ofincubation in the dark, the roots were reiiloved fron Ill.
plarlt and tIe remainIing port ions of the plants placed in covered pct idishes containing 2 ml ofwter and I mg of herbicide, and only waler as a control. Again, the contelts were iliixed as well as possible to ass re
contract between plant tissue anl herbicide. After 18 hours of inctilation in the dark, nitrite was determined on the entire coIltelis (se(.cdlings and solution) of' the petri dishes. 

Plant Culture 

Green leaf tissue was utilized from botl field-grown and growtichamber-grown plants. All plant tissue selected was leatihviad ilastage of'active growti. Plants from the growth chiamber were grown ,tlight energy of 400-500 Aeinsteins ser III", if) a vermiculite b;ise,subirrigated daily with a modified loaglaiul's nutrient soltt ioll (39).Values presented for all experiilental data tepresenilt e Iean of'dpillicate Mal ses. All expiiinle s have been icleatled two or iot
times. Chemical nomenclature of, herbicides used or mnitioed illtli
text is limted in Appendix 1.Surfictcants used and theiiilr nmitclurer,;
are listed in Appendix II. 'T'echniques for 1ie;Istteiiieili of sit i'fiaclil

specificity are noted ill tile text. 

RESULTS AND DISCUSSION 

Inhibition of Nitrite Reduction in Green Leaves by Photosynthetic 
Inhibitors 

Earalier p)rocedures foi- ineasuieiIcIii of'nil ie 'eIrdlcioii by the invlivo nitrate i'ecltase assa (39) iieccssiztled iiicubatioll of gi'eeii leaftissue indlar'kness l)ecause nilrile did not acciiti,|it ilthe light (Figutre 1). However, it was known that (erltain amounts of' iiitt were
being lost (file to "dark" nirite reductioii l)w the leaf tissue (I, 39). Infirst attempts to slop this nitrite loss so Illl ill7'ivo nill'ate 'edtal;IsCil'ty"(oilld )e illore accuratie'. iieastired, Phlo)oS'Itlleli( electrro
flow was physically blocked by iincubattion iii darkiess i(l also (litoi
cally blocked by including o-pheianthroline, a well known photo-

II 
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Figure 2. The effect of o-phenanthroline upon nitrite accumulation by Scout 66 

wheat leaf tissue with light and dark incubation using the in vivo assay. 

The o-phenanthroline was present at 0.1 mg/ml of reaction solution. 

synthetic inhibitor, in the reaction nedium. Results of this initial exper
iment using Scout 66 wheat leaf tissue are shown in Figure 2. 

The dark control represents the conventional method of 
measuring in vivo nitrate reduction in green leaf ti.,ue. Both light and 
dark controls contained only the basic incubation Solultion of nitrate 
and phosphate buffer. Nitrite accumulated in the dark control but not 

itn the light control. With the addition off o-plenanthrolinle to the 
incubation solution in the dark, slightly more nitrite accumulated than 
in the dark control. More importantly, nitrite accumulated tnder light 
inculatioln when o-plhenanthroline was present in the reaction 
medium. 

These data illustrate that the addition ofa )hotosynthetic inhibitor 
to the incubation solution can effectively block the reduction of nitrite 

to ammonia. This effect would be expected since o-p)hellanthroline is 

known to inhibit photosynthesis, and nitrite reduction in the green leaf 

is considered to be directly dependent upon pholtosylthetic energy. In 

contrast, as evidlenced I)y the dark %,alliesin Figure 2, the process of 
nitrate reduction was not greatly affected since it is not directly (lel)en
dent upon photosynthetic energy. 

It was known that a number of conmmercial herbicides were clas

sified as photosynthetic inhibitors which could possibly be capable of' 
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Table 1. Inhibition of aitrite reduction by "photosynthetic inhibitor" herbicides. 

,,III, ligt, l m' " ll I c, 

1c'...,A'h . ; ' 

Ametryne 2.5
Atrazirte 

.7.8
Bromacil 
( llt i rdi 2. I 6.9 
l)irrvl ) 1 .. 1"'oIDituirotlUntronl 2.1 5.79A- -..S|nluliiltro 

1.: 7.APromence
PiE tpzi ll 1.7 .1

t.9 5.0
 
Sitazine 


2.0 5.1Soan.
(Conxt,'ol-no hurlbicid(, (fight) 5.30) 1).1 
Con(rol-nt hrblji(ide (dark) 2.) I. 
'"ic.csrctg .., plc cccl, NMEg It ,I" Iir. 

tile sailte effect. Taible I lists the l)itotosyvthtltic inhlilbito~r lt'tli( idt'swhich were tested iltititllkv with tie Same a)isi(c twtllliquit as Wa;is tsc'dwith l)h-pitelalthl-<oilic. All of' these herbicides inte f'rlCtd with thecttor'tttal pr)ctss o(' nitrite rtc'ductiolt ill wheatt aitll(ltid Ic':t ise.l
'I' ldark contItol rcach pltant tletlotes tIIe itIttiots IfitIrii' ;[It IIIIfated tnter tile ntorttmi assay ptited(ltr es fiiiwi,tle,Itr(c iit tedittase assa\. lhthe light control (ilt rl)icidt, ldl.(1) sltows Illvtttrace's o>J" nlltnitc ;I(u~ d llhbition ,of or o(lylI nm lrl, t. rt'dII-ti ill the' 

light I these herbicideIs r-attged fr+,tt 27 to 100( pe ci(c . Ill ths iltitillscreet itg, all hrlbt id.es were incldted illIte th vi liot(ItIIiit l i i. Itttg/il atd m()st wete n()t (olit)tletclV solit)ltk a1t this (.(liIictlatlill. Fotthis teasol, thtese litta catll be tlScd to d'tlltlst lt il . ( olmlttit (1(1' by all of, tite hrlbidius bitt canuot bte us.d as a basis lot sd'i( ling
Sul)eriotr herbici l.S, )ata l)t(satt.d littcr ill this bullet iii (lii( (1tititIg aitteastt'e of'lterbicide specificity ill wheit will Sit()\ ithe (-If(-( is of Itim itlo Ctr (oll(teltltitiis of'(lilffcrctlt IttiiItes a ( t lt)rhidc a Ik,,is f,,
tile selection ()I . Sutperior firbicidc fitr a1 giveti iJlaltl SJp'( i",.Two of the herbicic(,s shown it ll;lTbc I, ditiri. ind silaii, ;Ite tatld 
as intsoluble itt water (3), vet the\ cifec(tic'lv intilitt. iitit' di tti.l.With thle aid of suriactlilts itt tlit, rteactlit sSidIijtitn antd b tit. t (. i
vac'ttuil itilthratolttl, sufficiet 
 aitoilts <t these twolI)i( i(l('s J)(.rt(l
rated the wheilat ]CA tissue to itthibit nttilte rtiulul. 

All phot yittielic inhibit)'S tested, utsittg thuit -Vivl it ittt, Cdldu
tase ;aSSav with strflailclits atc \'itCl ttt1 iufiltratio t, (jiisel litriht'acculitilate ill tile light with lCaf'tissu, 

to 
ofhtealt and solbettls (lable. I).Most of tthese herlicidces wete tested ont leaf, tisslucs of i tallhtw, ec'tvclleaf', cocklebur, triticalle, corn, pigwetl, pelillcrtss, atd ltitato (dIta

oA Shtowt). The tstlts S.LggCst th1at, if at suffI| icicllt (Itltailtv of, ally
pihttosynthetic itiltibtor callt etter tile leaf, tissiulte tile oth',OlaIst, 
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NITRATE REDUCTION 

I
CO2 FIXATION t FERREDOXIN - NITRITE REDUCTION 

INHIBITION BY PHOTOSYNTHETIC 

INHIBITORS. 

LIGHT 
Figure 3. 	 Illustration of the inhibition of photosynthetic electron flow necessary for 

nitrite reduction in green leaves. 

photosynthetic reactions are blocked and little plant specificity is 
shown for any of this type of herhicide. 

[he green plant h;:s a well controlled enzyme system which pre
v'ents the o(ccrtlence of fIee nitrite within tile pIlll cell. Nitrite is
usually detectable in ldnt tissue, but does not accumulhte and is not 
known to occur exicept as an enz'me-Ihound intermediate in fthe intact 
plant in light.orill the dark (5). fhe processes for nitrate redtction ald 
nitrite reduction are separate. ELach process has different enzvmes,
different 	electron donors, different energy generation systents, and 
occurs ioldistinctlV different loca tions within the cell. Energy needed
for nitrite reduction is blocked by photosynthetic in hibitors but nitrate 
reduction canI continue, 	resulting ill nitrite accumulation within the 
plant.

In the case of the photos'nt hetic inlibitors, this nitrite accutunla
tion cal be readily cxplained (Figure 3). Fercredoxin, a key electiron 
acceptor and donor iti tile process of phlot'synthesis, acts as a pivotal
compound capable of slnting electrons ftot-re0ductive processes such 
as suga- synthesis alld lit rite redulctiill ill the plant leaves. Photo
synthetic inhibitors are known to block tile electron flow to ferredoxin 
and ill this manner inhibit photosNvtthesis. Sitce nit rite redtuctase ill the 
green leaf is ditectly dependent upon redtced ferr-cdoxin as its elec
tron donor, the process of nitrite reduction is considerecd as a integral 
component of photosvtnthesis, more closely linked to tile light reactions 
than ()2 fixation. I'lltIs, tile inhibition ,i hltostl.t hesi cat, cause not 
only' the cessation of sugpar synthesis but more intp1rt1ntlv cai also 
block the nornlal process of photosynthetic nitrite reduction. This 
pathway for nitrite redtction in green leaves is well docutimented iti the
literature (5). While it was known that photosynthetic ilhibitors stop
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ped sugar synthesis, other reactions dependent upon photosynthetic
energy, such as nitrite reduction, appear to have been overlooked. 

In contrast to nitrite reduction, nitrate reduction is only indirectlV
dependent pl)o photosyint hesis for a source of oxidizable sugar plhos
phates and can effectively utilize reserve carblohydrate present within 
the leaf as a source of redluing power in the absence of plmlosyilthesis
(39). This is illustrated l)y in vivo red uction of'nitrate by leaf tissue in the
dark with no external source of energy (Figures I and 2).

When plamls are l)aced in darkness and l)lotosynthesis is phx si
cally, blocked with no net sugar synthesis, death by starvation occurs 
very slowly. By chemical inhibition of j)lhotosvtit hesis, dealh often 
occurs within hours or within a single lay. The svluptonis of injury
which develop (Iduring (leat h a11 the rl)i(ity of' death caiiot he
explained by tihe luere blockage of sugar Snlithesis or starvatioin hillpoint to a completely d ifkfeiit inechanism. "lhis]plienomenon )fdap:(l
death and the syfl)mtonis of herbicidal in.jury can lbe explained hy
abnormal accunuilations of' nitrite within the jldillt. 

Specificity of the In Vivo Assay for the Identification of
 
Photosynthetic Inhibitors
 

To further test this procedure for its capability and specificity of
rapidly detecting chemicals with tile abilityV to inhibit lIhotosynthetic
nitrite reduction, a inunber of herbicide analogs (iriazin,-, derivatives) 
were tesled ising wheat leaf tissue (Table 2). Treatments of simazine,
atrazine aud o-petiaiinnhrolitie were capable of'iibiiting niitrite redutic
tion in tlie light while iiost of the analogs were not. Rites of iitrale
reduction (data not shown) were not decreased bm alY of these colii
pounds. Only the two 2-clloro-,t-aiiino--riazin(- dervalives showed
 
any interferen e with nitrite reduction. 
 Ihese two coinpounds are ver\'
sililar to sillazine, propazine, and atrazine, %tiich are also 2-chloro
4-amino-x- riaziie derivatives. The substitution of' a h ydroxyl
 
group oil the 2 -plosition of the triazine ring a)I)ears reiIer the
to 

molecule inactive as a )hotostitietic inhibitor. Pre'viouis research 
 has
shown that lie corn l)aillt is capable of cheniicallv colivertiig alrazine 
initfct 2-h\Ndrox deri'ative (29, 30). This )ro)(ess ai)pIears to ie allf 
efl{iive method ofddeactivatioll of, the atrazinie inolccule. 

Recent data obtainied Iy personal (oiimmunication From )r. 1). 1).
Kaufifan using these same analogs iii field ex)eriinents with oats at 
rates of 2, 10, and 50 lb/A indicates that this in vivo assay is quite spe
cific for the ral)id idenitification of promising photosvnthetic inhibitor
herbicides. Herbicide toxicity ill the Kaunifnai field experinment was
measured as percent decrease in fresh weight of the oats. Only one of
the analogs was rated as toxic in tile field experiments (76 percent
lecrease in fresh weight at 2 lb/A). This analog, which was 2-chloro
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Table 2. The effect of triazine herbicides, herbicide analogs and o-phenanthroline on 
photosynthetic nitrite reduction of Centurk wheat leaves. 

will] light ilubahlioll, 
An11.1Igm inhihil g Ii .0. hr 

" 

Control 
(light, no herbicide 0 
Control 
(dark, no herbicide 4.50 
Simnazine 1.00 
Atrazine 3.90 
(-phenanthr line
Hydroxysimazinc 2hroy4-i.(tlan)--0 0.50 

triazine 
Hydroxyatrazine 2-hydi oxy-4-etlylainio-6-isop rn)pyl- 0 

H ydroxypropazine 2-hydro-,y-,li-bi.%(isol)ropylamino)- 0 
s-triazine 

2-hyd'oxyi-t-niethylamin-6-ethyl- 0 
ainno-,s-triazinc 

2-cli I
triazille 

lhloro-4-io-th-is nlamIin j-- 0.132 

2-4hloro-l-iio-i-isol 
.%-Iriazirll 

roivylmino- 2.60 

Aminclide 2,4-i \hdIoxy)-i-a ill]no-.'s-i1iazii 0e 
Amneline 2-0 yllriu\y--li-h,(aiio)-s-Iiazii

2-hy lrnxy-4, hIa(ilcilyliiiiic)-s-
0 
0 

tinazille 
2,4-bisqhy~diroxy)-(i-niell;~iiiol-s- 0 

C(viuric aid, 2.4,W-jsi lhydhoxy)-.s- 0 
triazile 

4 -amino-6-isopropl mfi no-s-triazine, is the only compound which 
appreciably blocked nitrite reduction (Table 2). [he analog, 2-chloro
4 -amino-6-ethylamino-.-triazinie, accumulated a small amount of ni
trite in the in vivo assay and was rated as possibly toxic. All other 
analogs tested were rated as not toxic or slightly toxic (0-10 percent
decrease in fresh weight at 10 and 50 li/A). Thus, the data presented in 
Table 2 agree completely with i independently-co(nducted field tests 
with the same triazine derivatives. 

The hydroxytriazines also are very water-insolulble, but oil the basis 
of the work already presented in which tihe water-insoluble herbicides, 
dicryl and solan were used, it was assume( that these derivatives also 
entered the leaf tissue. Compoundsk related to herbicides such as 
ethylhrea, urea, ethylcarbamate, biguanides, amines, biuret, and in
doleacetic acid also were tested with no apparent effect on nitrite 
reduction ('Table 3). 

The tise of s urtilctants and vactuum intiltratiton assures the rapid
penetration of a potential herbicide molecule in to the appropriate cell 
site for inhibition. This basic technique can be used to determine 
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Table 3. 	 Effect of herbicide-related compounds on nitrite reduction by Centurk 
wheat leaves. 

pI 11I|1C%I ,ghl.1 111 

N', N -I)iisol)ro ylltbig a i(c 0 
N'. N :-liediylig uanid 
N-thylura 

Edlhhal lmmi (Uri ) 0 

l) ict la tilc c 
n(fc lea etnkacid t 

Sinazine o lit i tr'( 0p
I .001 

Atrazinc 3,90) 

o-PhenatrolinlControl (fight) 0.5! 
C:ontrol (dark) 4.50 

whether it gi\'en) mlolecuilar stuctulre is cap~able of' inhlilitilig p~hoto
synthetic nitr'ite redluction ill greenl leaf, tissue. "lhi, po(rtion Of' the test 
does n( ineasuire ini)ortamt factors of' herb~icidec Slc.ificitv such as 
f'(lian"lCnetrati(ii, root uptake, tr'ans]lo'ati()n wilhiii tile l]ant orx possi
hle (leactivatioln l)rocesses, hlut modificatiols of the lesic cllthl(l (,ll
aid in idetif'ing factors of,her)icide S)ecificity for.a givei plant 
species. 

Photosynthetic Inhibitor Specificity of Wheat 
Bromoxviil, a lhotosvllhetic and respiratory inllil)itor (3), when 

used in cotlhl)inlatioln withiia)ro)cr stnrLifclantt and with v';titmlt1 infill'a
tioll, was found to effectivel inhibit nit ritete(lOct iol ill wheal leaf
tissue. Since this hierbicile is regislered for weed coltrol ill wheat as a 
foliar application, it was ChIosen to fit'rthcr investigate factors of 
specificity using wheat leaf tissue. 

Wheat lcaf'sectioms were floated (110 VacLtj 111 itlfilt ralioll) Oil solu
tions cotItaininlg sUIfactant and four different chemical classes of 
photosynthetic inlhibitor herbicides. All herbicides were included al 
conccnltratiots of, 10 -1 ,M aI inlcub tioul was ( I11(tel.d in the light 
and in thi dark. Nitrate reduction rates were not decreased ill any of 
the dark treatments with hlerl)icides (data not show i). Figtre 4 shows
that the dark control (no herbicide) tlaintained highest rates of nitrite 
accumulation while the light cootrol accuuitilated f10 nitrite. In thle 
light, broimacil alld atrazitte treatmetits acctnltatcd the largest
amlunltlt of' Ilitritc while 11ttil'0t1 was ilterillediale and brounoxynil 
was lowest. 'he brotioxynil treatment also showed no nitrite C 
lation fot"the first 60 minutes oft'illcthation while all othet's t pilly and 
effectively blocked nitrite reduction. 

Further comparisons of the effect of atrazine and bronoxynil at 
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Figure 4. The blockage of nitrite reduction in the light with wheat leaf tissue (Scout 

66) by several classes of photosynthetic inhibitor herbicides. 10' M con
centration of all herbicides were used. Leaf tissue sections were iiot vac
uum infiltrated. 

10-
4 and 10- M concentrations are shown in Figure 5. Both concentra

tions of atrazine were effective in partially blocking nitrite reduction 
-
while 104 bromoxynil also was partially effective. At 10-lN bromox

ynil, nitrite accumulation in the light was barely detectable. It is not 
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known whether atrazine penetrates the wheat leaf tissue 11ot'e effCctively than brornoxynil or%whether aIrazine is a more effrctive inhibitorofphotosynthesis in whcat. These experimen Is provid IciIi) rali I asto why broinoxvnil can be lised as a foliar s iy oil wheat for weedcontrol and a herbicide su(i as atrazinc cannot, altholigh b)th 'areknown photosyvnthetic inhibitors. The surfactant (Netutronyx 600) 
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DARK CONTROL 
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Li
 

z
 
c,) 4
 
w-j 
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2 

04 M BROMOXYNIL 

10 M BROMOXYNIL 

0 30 60 120 LIGHT CONTROL 

MINUTES OF INCUBATION 

Figure 5. The blockage of nitrite reduction in the light by atrazine and bromoxynil
(10 - M and 10- M). No vacuum infiltration of the tissue was used in thein 
vivo assay.
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used in this test was highly effective in permitting the entry of her
bicides into wheat leaf tissue. Bromoxynil, used in combination with a 
surfactant not as effective in penetrating wheat leaf tissue, could pro
vide an even safer treatment for wheat. 

Effects of Other Classes of Herbicides on Photosynthetic Nitrite 
Reduction 

There are tlanx' other chemical classes of herbicides which are not 
normally classified as inhibitors of pholtosynthesis. These include the 
phenoxy-, aniline-, benzoic acid-, carbanndte-deriwatives and others. 
Although there is much known of' the effects that these hierbicides 
exert on the nianv metabolic reactions and processes that OCCur within 
the plant, there has beeni no sat isfactorv explanation as to their exact 
mechanism for rapidly killing plants. In contr-ast to the action of niost 
photosynthetic inhibil)itors which kill the plant after energence froin the 
soil and greening have taken place, many of' these other (lasses of 
herbicides kill the germinating weed seedlings before emergence frot 
tile soil. Others, such as 2,4-I), are used primarily ,ascontact herbicides. 
Yet, death with these herbicides oriiallv is rapid and often symptotms 
of injury are similar to those caused by thellphotosynthetic inhibitors. 

The effects of' this wide inge of: chemical classes of' herbicides 
upon the iii z'io nitrate assay sy'stem were tested with green leaf lissue 
to determine if'some of' these herbicides also were ca)able of interfer
ing with hto synthetic nit rite reduction. The assay system was mod
ified by substitution of'4 percent ethanol in place of' surfactalit and 
incubation time was lengthened. l.ev'Cls o'fsti'ltctalit used for opti ital 
re(Luctioni of nitrate in Iihe (ark anid for optimal penetration of' photo
synthetic inhibitor herbicides in tile light appeared to interfere with the 
accitnlalioll of, nitrite in the light using these other herbicides. This 
effect is not understood but some of its aspects will be discussed. 

Initial dlata obtaiied from this slightly modified assay system with a 
diverse groupof'herbicides on wheat and soybean leaf'tissue arc sho wn 
in Table .4. With wheat leaf'tlissue, otly 2,4-1) and pophamii treatments 
showed any apprecia)le acculitilatioll of nitrite ill the light. Other 
treatments were ineffective or inconclusi'e ev'en though tile test was 
conducted for a 1-hour period. The treatments tofpcbulate, dinoben 
and alachlor appeared to reduce nitrate t'eduction rates at the conceni
tration of herbicides used (0. I nig/nil). Percent inhibition is calculated 
as the percent nitrite accmtulated in the light as compared to the dark 
control. Both wheat and soybean leaf tissue light control values illus
trate that some leakage of' rttptumred peripheral cells does occur with 
prolonged incubation. All herbicides tested with soybean leaf tissue 
showed a isitive response af'ter 90 minutes of' inculbation. The her
bicides 2,4,5-T1, l)ct~ltte and prophain inhibited nitrite reduction 
from 57 to 79 percv:!. Manv if tie herbicides listed (Table 4) are not 
commonly used as f' liar sp'ays but al)pear capable of' blocking nitrite 
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Table 4. Inhibition of photosynthetic nitrite reduction by a variety of herbicides. 
ill i 
p mio Nt h ticiuniiiiatlug Ii %1Ici ill Iighl 

IltihijciC 'hi, Wlle 1l2iijgj,,i 1( nlun.) Iiihihijili 

Aiath ]or iO 0 3.50 
Anmilrole 
 2.415 
 9 2.75 !I 
llobell 1.40 ) (.00 23Pirlqual 2.15 9 6.03 23

Pchiultc 0.78 0 20(.50 79Prphami .1.75 17 14.90 572,4-) ,1.23 
 15 2.810 1024,5-T 2.93 10 9..40 74
 
Controil (no
 

herhicidcl
light 1.53 5 .70 7C:ontrol (Illl
heiiiid

dark) 28 11 26.1 ) 

reduction upon penetration into tle soybean leaf. This suggests that
the\' are capal)e ofinhiit ing nornal photosynthetic nitrile reduction. 

I'he iates oflnitrile acc tuln tlioli In, soyb)ian leif tissue aftler treat
ment with 2l5-' illthe light and illlifte(ak ill(shown ill ligulre 6.
The light control shows solic nitrite acctitnulationi. Agail, this is be
lievet It) e escape of nit rile I injuredlperipheral (els. Will nioilocot 
leaf tissue, such as cCoin or wlheat, this effc't lislarl' seen exte pt wil)
prolotiged iiictlbation. [he dalk -)fill) had fineal rales of nitrite 

1aC'ttlnitllatiClI f'0iai90)-niintirlpcrio1. 
The addition of'2,-l,-'- and ilcilbation ill the (ladrk il(creased fte 

rale of' nitrite acculnulaioni. It is n1ot known whether this apparent
stiluitlatioln is tile to ilcreased rates of' nitralie reduction offrduc to a 
nolr'C colliplete blockage of nitrite reducti on ill the dark or a collibila

tioln of ie two possiblillies. Apparent stimulation of' litratc red(ctioln
rates has heell noted i-claledeaewih alill\'re herbicide treatellnlits ald
plani tissues durilg lie 'olurse f'this stud'. 'lic;atuililatilll of
nitrite in the light when 2,-I,5-T was added to the nieditim was over 50 
percent of'that in the dark without 2,4,5-I. This accumulation of'nitrite in the light caused by 2,4,51T illustrates that the plieoxv hie'
biciles which were not comnl1ii1lv known to inhibit ])lioltsyntihsis tall
interfiCer with the norml )rocCss onilrite reduction in the greeln leaf. 
The efT'ects of appai-etit stimulation in rates of in zizo nit rate relitc

tion in lie dark 1' 2,4,5-'I' also were investigated with wheat leaf tissue 
using thircc Concelrations of'2,4 ,5-(20, 100 and 200 /g/tl of teac
tion tnixtuie) as shown in Figures 7ind 8. All colcentratliols of'2,-I,5-T[" 
gave imiileiate incl'eases ill niti'ite accuinulation ill the dark over that 
of* tile ctontrol for tile first lhour of" ilbiltiotll (Figure 7). With 200 
/#g/11l, nitrate reduction ceased after 90 minutes of' incubation. With 
100 #ig/li, nitrate reduction remained above that of' the control fr 2
hours bul showed(eci'easitig riates af'ter anilour ofincubat ioll. With 20 
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MINUTES OF INCUBATION 
Figure 6. Theratesofnitriteaccumulation in the light and in the dark with thein vivo 

assay of soybean leaves (Amsoy) as affected by 2,4,5-T. 2,4,5.T was in
cluded at 0.1 mg/ml of reaction solution. 

jLg/ml an increased rate of' nitrate reduction continued for the entire 
incubation period. 

In a companion experiment, the same concentrations of' 2,4,5-T 
were used with light incuhation to test their effects upon nitrite reduc
tion (Figure 8). Without 2,4,5-*1', nitrite didl ntt accumulate in the light. 
Nitrite accumulated in the light with all concentrations of 2,4,5-T hut 
to greater extents and at different times during the incul)ation. Every 
treatment showed a: least a 30-minute lag hef(,'e nitrite accum ulated in 
the light whereas an immediate effect was seen oi the rates of nitrite 
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aCCUitilatito with dark itictbation (Figure 7). Tie treatlwtt of'2,4,5-T, 100 Itg/tii% was Most effective it] (ile in hibiti oll of, nitritereduction. With 200 Ig/iml, 2,4,5-1 inhibitioll began at .30 nilitiles bitl
d(ecreased at 2 hours similar to (tlecreaseill nitrate redct ion ratles iii

the dark (Figure 8). Perceltl inhibition of littite reduiction (light tI'cat
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Figure 7. The effect of varying concentrations of 2,4,5-T (20 /g/ml, 1OO MAg/ml and200 pg/ml of reaction solution) on in vivo nitrate reduction rates by Scout66 wheat leaf tissue. Only dark incubation is shown. 
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Figure 8. The effect of varying concetrations of 2,4,5-T (20 ptg/ml, 100 pg/ml, 200 

pg/ml of reaction solution) on nitrite reduction by Scout 66 wheat leaf 
tissue. Only light incubation is shown. 

mtnls wilh 2,-1,5-T inFigure 8 as c)m)arCIdt) (lak llcatiicits wilh 
2,4,5-' in Figure 7 increase(d wilh limc. With 100 /g 2,-1,5-T, (during 
the 90- to 150-11inite )crit)(I of itlcuali)In, nitrite re(uction il tile 
light was inllhilited over 50 percent. litJt ho"'gh rates tl rate re(lucti)n 
were greatly decreascI afier )rt)longe( ilculbattionI. 

This decrese illItilrl rhedut iIion atl l00 gIli ,ndl200t.g/mltlhs 
can possibly explain inconclusive (ial1a of'the treaml enl of 2,4.,5-T oi 
wheat as presented earlier in [able 4. For nitrite to accunllIte, Ilitrile 
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reduction must be itlhil)itc(l wh ilt tileiate 'e(lhnctio)l c'ontin ies. At tile
higher concentrations of' 2,4,5-'- it is evident that nitrate .(ItluctioI
rates were decreased with loilger periods of incubation (Figuire 7). 
Accumulation and Disappearance of Nitrite in Intact Plants After
Foliar Applications of Herbicides 

Although nitrile was shown to ac(cuLiltlae ill [te light ill glt'tell le"lf"tissue (1.lLw. hIlci'idecs were includedill Ileiediiin using the, in 
ViV(o ilit'ate rC(tlctase assay, it was tc('cssarv to teCst whether nililite alsoaccuitllatel ill iltacl, growing 1)latlits sliayved with herbiciis. SoN.lcai platts witli cxl).uig(li firsts'g,twere spraved witlaI per'enit solution ofa 2,4-1) ester to, (lie point ofi'ri-offaii replacd
ill tile light. The IifIioIilc lcaves \'ce saiipled at variotis timedIitite'r\'allsanlld .iiulvtlvzt for tiltesclic ' of iliiite ( -igure 9). Wiihiii ot:, .hour aftler spra;viNig, abliormally high 'olCltcratilis of niti-ile were 
presenll withil thec. leaves. This ilitrile coiicet riraioil itcreased for 4hours. Visual svmlptomiis of 2,I-1) toxiciv stuch as leaf iecrosis and 
piiiasty aI)l)-ar-cd dtinig this .t-houl p.iod. Although nitrite did notaccTtiiil.ite to suih high le'c.ls as ill the il 1,i10 anssav, it was prcseit iliiticlhil.ger qulalitites than bf'uld in nol.rmal plaint tissle. lhe nitrilecoitic iliratioil r1i-iai ed consiait ftr apl.roximatelv 8 io ai:;. At tileetid of' 2. hotirs, tlit flaiits weret dead and nitrite was iio longer

det eclatble.
 
As l)iVe'ioUSly sho0wn 
 wilh tht' i1id,' a0ssay (lable .1), pel)ulate,

classifit'd as a I)re-itie|rgeiite herbicide, vervcause l high nitrite ac
ctllitilatiois whlii iticuil)at(d wii soyl)ean leaf lissue. It was also ttse(as a foliar spniv ion 5)h tltf' lissu. Nitrite cotct-uratioiis ( Figtr
i0) rapidly increased within 30 iiinuites along with Ot ap)aranl(c of 
stevere, I' ncr(osis. ) m11in ltsilthe\fit lilite (o(et'lralionl rapidlv
(le'litIe and lh ilanti Ieaves (hesiccte arnd piesitablv dead
within 2 hours afitrt ilt' itlat trat willt.Ill retel.td exin-1, t.iens
with pebulatt. spred on sovlch.ii latlls (data tl shmwll) desh(i l'o
and death F1'ileailvs tll\%'ws ocurrlld(' 90 to 120 mintes.
. within 

Nilrite exhibited ;i idtwi(al p)atl.l Of ;i( tc 
 iilatio and alwa %sdecreased to lowtl collc.tlliaiitis wilhin h2olurs afier ieatlt(mit.

(;L(ltinhtr iflatis 1t'rt spr. ytd with 2J,-I)Nl (tint taist.recl as aherbicide butIa wcll-knowit iplet oU oxihalive i)hisl)hit\lyiatioii)anid Jnlitrift clticeitraiois were 'asil %httilalh in the Ieaf lisstle.
\nals'scsoftitrilt. wiliitl It platit showtd lhat lhe wniig leavcs, which 

were tilie first to dit, contaiii'd 175 imi iuioles of ilitrit i)(t. gram offresh weight while the- oldcr lcavcs (ontaiied ol moles perolv 28 i/.i
grain fresh weight. Nitritecoticentriiion il stemt isstle was tl the lower 
limit of dltctioll. 

Although litrite did iot acctiuilatc inl such large amoutils ill these 
spr.yilg Cxleritntits as (CCt'rrCd i:i ie in ,i7,Massay', highly abilorntial 
Concentratiois of nit itc wetr preseti wilhin the intact platits. This 
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Figure 9. The accumulation of nitrite in intact soybean leaves after spray .-g with a 
one percent 2,4-D ester. Leaf samples were taken from the plants at 1, 2, 3, 
4 and 7 hours for nitrite determinations. 

providles ev'idenc'e that nitrite redluctLion was Mhckedl while nitr'ate 
r-ed lctionl C01tinuLC(l aIs ill tile Mi171 1I, .itVa 

All soy\bean plants sprayedcc with the her'licides 2,4-1) and i)ebulale 
accuil tlliltccl high ly 1ab it i s o f'Ilitr u ' nn0 1,r1 aI qItla nlt Iiteand dlied . ( 
plants sprsay'ed with 2,4-D) IISO iaC~CtnnnllCc l i(Irile Mnid diedl. Tlhe 
rap~idity ot' €lealh and diesiccation ot"the leavecs cor'respondied with tile 
levels of' ntrilte Foundl il the plant tissules. When 2,4-4) and 2,4-1)NP) 
were€ uised, deoath oh'te albov\e-ground p~ortion of' tile plants Wt'C-1ux'r1
withinl ; 24-hour" perniodl after'n application of' the h,.rbic'ide s.Mtuc'h 
lower levels of*niltrite were dlele lc'l these treatments than ill the 
pebuilale-treated soybeans which were dhesiccatedl and dlead withinl 2 
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HOURS 	 AFTER SPRAYING 
Figure 10. 	 The accumulation ofnitrite in intact soybean leaves after spraying with a one percent pebulate solution. Samples were taken from the plants at 30,60 and 120 minutes for nitrite determination. 

hours after applicatio . Fultrthcr, tIhe otztigst h (e*sof" utiumllber 
platls, whicl were the first to show S'Itljitolls of hlelhijilth ati,,l ndthe first to(ie, otaine.ld higher levels of nitrie tIhan tile othli pars of,
the plant.II I l l ,,-ydplants, ftil-t'ie ;tt'< ,,nttled while th<.. lJAIItn were, 
lying Iltt wds not (etectable in the tissile after icatl. if these Ihcri)iCides hhked the enzvmatic reductt l'lftion litile, ilec disappearanc(.of, itite. Itt11 he (litie to 	 ltl01-e'lUVlnittic reductins or (l n-vlesiolls toother fotIs oflnitrogern. Nitrite has the.( known clabiliv of 'reacling 
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with a wide range of plant metabolites including amines, amides, 
amino acids, proteins, enzymes, hemoes, hormones, RNA, I)NA, ascor
bate, NADH, and phenols. In the reactions of nitrite with these 
metabolites, they are altered or destroved and nitrite is colverted to a 
number of other forms of nitrogen; hence, its disappearance. A con
tinuing reaction between these compounds and nitrite within intact 
plants can help to explain the nastic reactions, necrosis and rapid death 
without extremely high concentrations of nitrite present at any given 
time. If these degradative reactions causing nitrite disappearaice are 
occurring during the death of the plant, large amounts of nitrite would 
not be expected to accumulate. 

The lower concentrations of nitrite found in the intact leaf tisstes 
after spraying as compared to the in vivo assay can be clarified by thrce 
factors present in the assay which are not available to the intact plant. 
First, the in vivo assay system has been optimized for the e:;cape of 
nitrite into the reaction solution by the addition of surfa~ctants or 
ethanol. After nitrite reduction is blocked in the intact plant, the nitrite 
formed within the plant cannot escape by this method. I)isappearance 
of nitrite would probably be due to the degradative reactions with plant 
metabolites. Second, the in vivo assay system ordinarily utilizes 0.25 
gram of plant tissue in 5 to 10 ml ofreaction solution, which allows a 20
to 40-fold dilution of the nitrite as it escapes from the tissue into the 
reaction solution. This dilution effect is not possible within tile intact 
plant. Third, the assay system is used with an alkaline reaction solution 
at a pH (7.5) at which nitrite is, supposedly, non-toxic. The physiologi
cal pH within the plant cell can provide for the occurrence of the highly 
reactive nitrous acid (HNO 2). 

In all experiments discussed in the Literature Review which den
onstrated toxicity of nitrite to plants, whether nutrient solution, soil 
culture or green leaf tissue was utilized, the plant tissue possessed an 
efficient, operable system for reducing nitrite. Toxicity of nitrite would 
not have been measurable until concentrations of nitrite were applied 
which overloaded the capacity of the reducing system. In plants which 
have their enzymatic nitrite reducing system blocked, much lower 
concentrations of nitrite should be required for symptoms of toxicity. 
In all experiments reported in literature which measured nitrite toxic
ity to intact plants, nitrite was supplied externally in the growth media. 
Entry of the nitrite into the roots and translocation to the shoot could 
have been limiting factors. Nitrite formed and accumulated within a 
plant cell rather than applied externally should require much lower 
amounts for toxicity. 

Blockage of Nitrite Reduction by Herbicides in Germinating Seed
lings 

Plant roots are known Zo have the capability of reducing nitrate to 
ammonia. It has previously been shown that active in vitro preparations 
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of bot h nitlrate reI t.1ase atd litrireI 'C(tl('tase call beC racted I .r nt1 
root tisstie (40, 49, 63). lhe exact inlechanrisnts for enelgy generationfr these two systerrns are not cleatrly turl(lr's (( l'.ilergy generation
Ilecessary for nitrate reduct lioll can be, explairdnc ill the roo ly the samiIe 
process as in the le-,f*(N:i)ti giierattd bIy glvcolvtic oxidation). Ilowever, since tlhe ellergy gelnerattion llecess-;Ii' (for Ilil'il I(uctillo ill lheleaf is directly (lepelndent Upon light en,gy, the process of'dark nitrite
reduhction bY llonllo)osyihtic tissile is no[ trildrslood.

Mary ofIthe herbicides used as )-etellgel.gcel(( , tiatinis kill liet'weed seedlings (luring gerriniiation bef'ore their eilergenice frorri thesoil. Experiments WCrC (lesign ed to deteriine whet hcr some of these
herbicides were capa)le of )locking nitrite re(Iucti( in lion-green
geriiiiating seedlings.


(;ermtinating tntustard greel seedlings were Irealel 
with diflfereritherbicides (Table 5) as preseited in Materials anti MetlhodIs. Afterincubation it darkness for 18 hours, nitrite coitetI was deerrinited for
the entire contents of the beaker (seedlings and solution). The (o lotrol(io herbicide) conitaine(d rio nilrite. All herbicidc reatrlits (otiltaiti
nitrite although in widely varying anloui ts. L(ow levels of r6tritw werefound in Ireatenites with trifluraliri, DCPA and chlorai)(cn. Treat
trnents with propachlor, piclornn and 2,4--)NP contained interinediatc
levels of nitrite (6-9 Ipiioles). Tie most effective treatillis wet'ralachlor and 2,4,5-* which contained 22.0 atid( 41.2 nriohes nitrite,
respectively.


Ill a sitnilar experiment (Table 6), tile lYl)ocot.l 
 arl(1 (olvldorhis ofgerminating Ctiolaled squash seedlings were trearlcd with'i diffcreriherbicides and nitrite conlent rieastired after an I8-hour irctialiori.The coiitrol (io herbicide) contained 0.4 /Linoles nitrite. It isntot kriowri
whether this nitrite escaped by leakage fiorn the t issue since tlierools
had been 
 reioved or was dtie to h)acterial conitaliiiiation. lhe mrost

effectiv'e trealllers were 
hC)bu late, 2,4-I), butylate, )roriox riiil andcycloate and were ni uch higher thian the control or ot Ie rearliills.While these techniques with germihnat iig seedlings are (ritleaiand un refined, (hey denmonstrate thar a variety of cheniicaI classes of herbicides (Tables 5 and 6) are capable of" inihibiting nitrite reduclioui irr 
Table 5. Nitrite accumulation by erminating mustard eedlings.i_ 

/iil7hAurir iti ir0Control iotil 

Trifluralin 
01DCPA 
0.1
Chloraloben 
0.3Picloramn 

Propachlor 0.0 
().I2,4-DNP 
69Alachlor 

22.02,4,5-T 
41.2 

Silal NOi atuuinuated after ani I8-i ir iticul~itioin pleriml. 
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Table 6. Nitrite accumulation by germinating squash seedlings. 
Am tifrk N0: a(cumillateda 

Control 
DCPA 
Alachlor 

0.4 
2.5 
0.3 

Trifluralin 
Benefin 
Pebulate 

0.5 
0.4 

12.9 
2,4-D 
Dalapon 
Butylate 
Bromoxynil 
Cycloate 
Bensulide 

14.1 
0.2 
7.5 

12.4 
16.9 
1.0 

141 M'lillCil.ml t111 llt,11 i pel :1sjllmh "redllg, iffit' allI9-hm lrillation. 

nonphotosynthetic tissue. Also, some specificity was shown by certain 
herbicides filing to block nitrite reduction. It is not known whether 
this specificity was due to failure of the herbicide to enter the plant 
tissue or ceactivation of the herbicides by the plant tissue. 

Relationship to Previous Herbicide Research 
Tle inhibition of nitiite reduction by herbicides and 2,4-DNP has 

been previously reported by other investigators in both photosynthetic 
and nonphotosynthetic plant tissues. Kessler reported that 2,4-1NP 
inhibited nitrite reduction in 'lnkistrodremu. (36)and Chlorela (37) and 
did not appear to largely affect nitrate reduction. Ahmad and Morris 
(1)also found that nitrite reduction was completely inhibited by 
2,4-DNP in Aiktitrodm.mus. 

In a review article oin nitrate assimilation by plants, Kessler (36) 
noted that the samic effect has been shown for Azotobactr,Eugleoa and 
Anabaena by other researchers. Ferrari and Varner (22) have shown 
that 2,4-I)NP, and tlhherbicides pentachlorophenol and ioxynil, in
hibil nitrite reduction in barley aleu rone layers (nonpliotosynthetic 
tissue) with little effect on the process of nitrate reduction. 2,4-I)NP is 
known to be a potent uncoupler of oxidative phosphorylation and to 
interfere with mitochondrial electron transfer. 

In an excellent review of herbicide research, Ashtor and Crafts (2) 
report that the herbicides 2,4-1), 2,4,5-T, 4-CPA. 2-CPA, NICPA, 
I)MIT, naptalam, 2,3,6-TBA, monuron, CI)A A, pyriclor, ainitrole, 
dicamba, propham, 2,4-1)B, MCI I,dalapoi, siniazine, chloramben, 
diuron, EPTC, dinosain, diiioseb, PC'P, bromoxynil, ioxynil, propaanil, 
chloroprophal, trifl uralin, and nit raliii are capable to various degrees 
of inhibiting 02 uptake and oxidative phosphorylation. 

On the basis of these data gathered from a large numl)er of re
searchers and the data presented in lables 5 and 6, it is proposed that 
herbicidal inhibition or interference inl mitochondrial electron trans
fer can block the energy necessary for nitrite reduction in nonphoto
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synthetic tissues. These data also implicate the mitochondrion innonphotosynthetic nitrite reduction as previously suggested by other
researchers (49, 50, 74).

Further, it has been reported (2) that the herbicides DNBP,3,4-DCI PC, CIPC, 2,4,5-'"and 3,4,5-TBA arc capable of inhibiting theHill reaction. This interference in photosynthetic electron flow bysome of the same herbicides and related herbicides resulted in nitriteaccumulation in leaf tissue as presented in Table 4.Kessler (36) has reported that arsenate can also completely inhibitnitrite reduciion in.Inki trodeonus while noi -ffecting nitrate reduction.This suggests that the arsenical herl'icicIes may also cause nitrite ac
cumulatiol in higher plants.Many sttidies have shown that herbicide applic:!tion, especially to
regions of'cell elongation and differcntiftionl, results in ntilt in ucleatedcells, inhibition of cell divisiol, ald the absence of spindle fiber fornmation (2, 26, 38). All of these actions are similar to the action shown bythe alkaloid, colchicine. Colchhicine is known to lbe toxic to plants but isuseful for inhibition of cell division and interference with spindle fiberf'Ormation for the purpose of'chromosonle doubling. It is interesting,though perhaps coinci(lental, th at cold icine has also been reported toinhibit nitrite reduction (54). Nitrous oxide (Nil), another chemical inpopular use today for dlobling chlciosonie numbers, is a decol position product of nitrite react ing with met abolites of' the plant and

orgallic coni pol)ells of soils (18, 55, 69).()in
tle 	basis of' (fie dlata piresented and the review of' literaiurecolicerning nitrite toxicity itis postulite(l that herbicides such as 2,4-I)and others have 1n0 direct auxii-like or hormonal properites. It isbelieved that tie iastic reactions and abnormal melablolisl oftenfollowing herl)icide applications anld preceding death iare the result of'
 
a sequence of"evets:
 

1.Blockage of'eletr oin flow (photosynthletic or noilpholosyn thetic)

needed for nitrite reductioin.
 

2. Acctumiutlatioi oifnitrite. 
3. (heical dest uciion of iiidloleiacetic aci(l and chemical inodificatioiis of I)NA, RNA and key netabolites by nitrous acid.4. Undirecied or misdirected growth of the cell due to hormonal

imbalance 	arid a chemnically altered metabolism. 
It caln he postulated that nitrite accumulation is ilartif'rct whichoccturs after the plaiit has died. This theory would suggest that although "deallh" has occurred, vital metabolic processes are still operating within the plant. Some of' 	tile processes still functioning areglycolysis, NAI) reduction and the enzymatic reduction of nitrate tonitrite. Inin vio tests, although nitrite reduction has been blocked byherbicides, these same vital processes have been shown to function at

normal rates for hours.
Nitrate reduction rates do not appear to be greatly reduced by most 
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herbicide treatments. In experiments with a large number of different 
herbicides, an apparent stimulation of nitrate reduction has been re
peatedly noted similar to those shown in Figures 6 and 7. If this 
apparent stimulation is real, it could help to explain the many reports 
of increased protein synthesis and increased nitrate reductase activity 
with sub-toxic applications of herbicides (4, 20, 61, 72).

The hypothesis and interpretation of data as presented point out 
that nitrogen metabolism and herhicidal action are inseparably cou
pled. By the inhibition of nitrite reduction with little or no regulative 
control over the preceding step, nitrate reduction, herbicides can upset 
the delicately balanced metabolism of' plants which can result in the 
accumulation of nitrite. 

As stated by Ashton and Crafts (2) in their recent text, "The 
mechanism of action of the triazine herbicides in higher plants is a 
blockage of photosynthesis. More specifically their site of action is 
within photosytem II at the photolysis of water step. However. their 
herbicidal activity involves inore than a mere blocking of photosv'n
thesis. The plants do not simply (lie fr'om starvation dtie to lack of 
photosynthate. 1-he phytotoxic symptoms of the triazine herbicides are 
not typical of' starvation and they occur more rapidly than could he 
accounted for by lack of photosynthate. It appeals that a react ion 
which is probably coupled to the photolvsis of water results inlllt 
formation of a secondary phytotoxic agent which is primarilv rtspoiul
sible for their herbicidal properties." 

Evidence is presented that identifies tiis "secondary i dlmxi 
agent, primarily responsible for herbicidal lproplcrtics'' as 11itic. 
Photosynthetic inhibition does not apl)ear tbc II lovy 1)11)ie(.ss ill
volved, but a general blockage of electtrominifloiw icessai\ foraitrite 
reduction in a wide variety of plant tissucs. It is belitve(I l ittl liet 
majority of herbicides cause injury and death lo)pl,|,lts Iy this illie rtIr
ence in electron transfer which results illiitritc at(clulitlatill. 

Surfactant Action and Specificity 
Much of this research was aided by tlit' os t ct'aminn i iilic 

surfactants included inthe reactin iiieI utn. "liese sirLiocta ts gtlv
increase the penetration of herbicides inito Itaftlissuei and(lMicililat t' lie 
escape of iiitrite out of't i!.,at' into the reactuill iie(liilil. lhc fl'e'ct of 
Neutronyx 600, a tnonylphenyl et hoxylat e, uI tlilt' i ', nitn tatlte 
tase assay is shown in Figure 11. like t l'Iffers oti ha in mlm' il)ml 
which are commonly used iii this assay, tHi ratcs of llitrae vdillioll 
are not thought to be stimulated by the su rf1ittai s*fi Ilit t escap of 
nitrite froni the tissue into the solution is ii itl.,stcI. WiIh light ilicuiba
tion, nitrite does not normally escape teductio1 N Ictlaf event i t(e gv 
with the use of surfactants. Results sitilat tm hst,shlywl inl Figure I I 
have been obtained withlnnierous other it sil ictailts tesited (datat' 

not shown). 
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Figure 1I. The effect of Neutronyx 600 (a nonionic surfactant) concentration on 
rates of in viv'o nitrate reduction by Centurk wheat leaf tissue. Only dark 
incubation is illustrated. 

The use of'cerlain surftictants great lv increased the accuracy oflthe 
ill vivo nitrate redutase tssayV. Ini conIpar)iSOs of Ihe basic reat(iotn
soltion, the reaction solution containing 4 percenl Jthanol and the 
reaction solution conItaining 0.3 percent Netilron\x 600, the coeffi
cient of'\variation for young (Centurk wheat leaves with 10 replictalions 
Of eachi treatlent was 39. 1, 39.3 and 12.A for each treal IIetll, i'espec
tivelv. Mean increases in measurable nitrate reductLase activity were 
8-foid using 4 percent ethanol and 58-fold f'or Netitronyx 600 oCrt hat 
of the reaction solution alone. 
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The leaf sections used in the in 1ivo assay had severed edges and 
vacuum infiltration was usedt to increase penetration of' the tissue. To 
test whether surfactants aided in penetration of herbicides primarily 
through the severed edges or whether the penetration occurrred 
through the outer surface of the leaf, wheat leaf tissure was incubatecl 
in the light with only the terminal apicesofthe leaves in contact with the 
reaction medliuni. The reaction media co)ntained 10-,"NI atrazine with 
and without Neutronyx 600. No contact between soluti,,n and injured 
or cut tissue wa,s male. The vacuunm infiltration process was elimni
nated. Treatments containing both surfactant and at 'azine began ac
cumulating nitrite in the light within 30 minutes. Without surfactant, 
no nitrite accumulation was noted after 2 hours of incubation. This 
provides evilence that certain surfactants can aid in the penetration of 
leaf cuticular and epidernial laye-s to permit entry of' relatively large 
foreign molecules and aid in the exit of metabolites such as nitrite 
which aire normally containeci within the cell. In another experiment in 
which leaf sections with their cut edges sealed by parafftin were utilized, 
similar results were obtained. Use of su riactants and vacuum int iltra
tion of' ,eaf sections allows for maximnm penetrat ion of, herbicides. 
However, penetration occurs in intact leaf tissue without vacutm in
filtration when the proper surfactants are used. 

Large diffcrences in surf'actait specificity have been detected. 
Some nonionic sourfactants pet mit rapid penetati omfrelatively large 
molecules into a given plait tissue while others have little effect tl)ol 
the same plant tissue. Tables 7 and 8 sIow tle effect of dlifferent 
surfctants upon in vilo nitrate redtctiotn iii the (lark with leaf tissue of' 
different plant species. In these tests, 0.2 )erceint of the diff'erit 
surfactaits were incllel in tile reaction mediii and vactllln infiltra
tion was not performed. InTable 7 diifferent surf actlamts werc testeid 
for their ability to 'open l)"tie nioliocots, f'o)xt;il, ,,rlgrass and1l corn. 
For foxtail the most eff'ective surfactant was Netilr i\ x 6()0, t'r crab
grass, Pronon 455 and for corn, Neutrolivx (iI1. 1 in Talie 8 similar'data 
for several dicot species are shown. 'Ile most ef'eclive sourfactantai>for 
wild mustard was Zon d A, for velvetleif', htv oic Pll.-7(t and for sOV
bean, either Pronon 2 10-'"or 'iergitolN P-14. 

While surfactants are coinliolllv used illhvricide forniulations, 
they have beei considered prinia 'ilv as "sprealers" or "stickers." 
These research data indicate that there is specificitv in that aisurfictant 
can "open up" leaf tissue of a given plant species while not greatly 
affecting another. The inl ziho nitrate redoctiase assay ucted illthis 
manner cati provile ai rapid screening methnd for surfactant specific
ity. Such specificity should lead to better ,,,i weeds illit,,lof 1wnonocot 
monocot crops and dic,,t weeds in ,c'ot crops by tile chice ,ifthe ]lost 
effective surftactants. This selection Iec'linoqte [O so rtamlilts shnuld 
have its greatest benefit in fi)lia" applicaition of herbicides. Further
more, the same herbicide possibly culd be used fii weed control in 
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Table 7. 	 The effect of different surfactants on in vivo nitrate reductase assays of 
different monocotspecies (dark incubation). 

M , "t* Ilii 	 ,t 
1

Nutll t 44:4I iiII'44tIi 4.tl 
None 0.30 . 

Iiyt~tic PE-70 4.4 	 3.0 2.6 
"'rgilI -4 4.6 1) 1.2 
Zto ll A 1.1 1.3 .... 
F-38 .... 2.7 
F- 183 40.4 0.A I.i 
Sirklvnil 4165 0.3 0 L.. 
Tlegitql NPX ().4 	 2.3 1.8
"lerginil 	 11-9 4.40 2.-I 1.8 
Smifn)I15)1 0 4.64.8 1.7 
TergitI NP-27 1.1 I ... 
Il'mio -155 3.4) 5.7 2.1 
Icrgilol NP-35 0.8 1.5 1.7 
N fuorm 04.5 2,9.ill 4..t 
4lcrgiol N P-l.I 4.5 0.9 .... 
l'crgit.I 7 0.4 1.1 1.9 
Icigilni XI) 0).6 44..A L.4 
Ici giliI [MN 2.1 3.7 2.3 
I cgilil XII 40,5 4.3 1.2 
1cn gitlI NP-33 .3 3.04 I.A 
IcI gill 7X 0.5 11 1.I 

644nm(lt 3.4 	 I..640 4.i 
IIum 2104.1 2.I 1.A 1.2 

Icrgitiul N P-I.I 1.3 045 1.04 
.ink oml .45) 1.9 1.1 1.1 
SurhImi .175 1.9 0. 1 11.9 
IP4-,,3 4.1 40.3 1148 

"\11,trrl.rrit lil 1 Ilti4 lit gihrt- It I, rttl O I l 112 nriBI erlr I , Is rlll il r~tllh % ,tlrthl .l I trrr l lilrnr 'llllll 

Table 8. 	 The effect of different surfactants on in vivo nitrate reductase assays of 
different dicot species. 

N4n 0.3 5.8 
Icrgitol N I'X 1.7 1.5 14.5 
Ic](gitlI 41'-9 3.9 1.2 
'oion 2410.1 -. 3 1.2 41. 
Ih~uiit PE-74 3.5 1.8 I4444 
Suiltnml -514 2) 4.2 7.8 
Tcrgiiol N11- 1. 2.8 0.5 45.9 
ZOhIII A 6.4 1.44 9.1i 

Tcgitln .4 2.4 1..6 
Ne'lm11\ i40 3.3 4. 8.1i 
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different crop4 merely by tile substitution of a difT erent surtlactant in 
the herbicide f'om'u~tlatioln.
 

S rflctlanis can aid not only in tile pcn tratiol of' herbicide
 
molcules bill could be lise(l as well in col,,'ctiol witi basic 
metabiolism studies involving intact tissue, mIale gallctocide alpplica
lions ill hlridizatioi programls, and aid ill the e v of" iiisecticidcs, 
tl'ungicides, plat ioriumi..s, aid growil regulmr,'s ilto plant tissues. 

lhe use of'strfl'itlalis has idehntificd sol. dil';kreiices ilthe action 
of' lhotosynt.t ie ihilibitlor liel bides as coimprtIol the herbicides 
which are It()[ classificd as lhl(tosyiit hetic inhibitors. W\hc'n c li'veti\'c 
surtctanis andi tvacutill infiltralioi are uscd in combination with 
)hotosy Ill lietic iiillitblors, instit i iidili ili oofh ilhitcit re luction o cturs.Ev ecn w itho u ctu li lh] r-itet he \'cat n ] iii"n r l ,,css .i n il iio n (df nlit 

reduction by phlotitlittic iiilbit<ors is raipil wheln effe'(.ctivet, sirlfac
tallis are prcist-il. \When olher classcs of hcrbicides are used, strfitc
talts tend to iltirl'erec with their ihiliibition of, nitriht rc(tiin. Best 

results were ,l~taildl wln I l).(rcCII eiluaihol was substiittled fr
 
surflictlnt iii the reaction solution...\Is,, tioel Ilring the courst. (fllis
 
rescarch was the imiiiediatc inhibition of, nitrite redution b" the
 
lhotosvnlhltic inhibitors while oilier herbicide.s coiuinoilv 
 lagged but' 
a 30-t-9) minut intubation period bel'orc inhiition began. 

"l'hreC are sevcral possible Ileoris which could1( hel0p xllain the 
difflereliccs ,todill lerbicidal ;toli,,n. 

First, herlbicidlcs ate kiown tiil I,, tialioh',l by the' plalt or to 
react with ilictilatliies witlhini tIl plant (2. 2-1. Tlh-se reatmflons arte 
largely d(gradation or dItivatiliM prccsses ofI the herbicide 
molccule by tlew plant (2, 2-1). is ciiirel' possibleII that (ertaill
ilctabolic rcmtions upon I]lhierliiciche iuoltl cu'II l bet.an activation 
process which colvet.r a ieli'tivelv harmless (olipolild into a 
phytotoxiln. Sutrfacllits uscd ill this study (,l have iniiTlcr.d with 
this cotmirsin. 

.\ se(cond hyllthtesis is thaithe 1nini Sulitficttl( ;t.l's effTective ill 
p)'ilwno tinig the thhrlnl ,sts whcrc,lhltosvlitltetic inhilbitOrs act andl 
were ineffective ili peittilting oIlier orgaincllcs, possill' the 
mitloclo,nldria, where i of the. ,,tii hrc. herbicides alc lclived t,act. 

A\ third hvpoicsis is tiat thecs, surliclaiits intite rT with a specific 
linding proccss ieccssri' l'ir Iliest, lie-bi ides ti act whi(h is ,lifferiIt 
front llhc phutsviutlici inhibitors. Ihese hylpotlics+ are oinlv sig
gested by the Illexl laiIluabll lag perio d ill the ilihibitii oI' Initrite 
reu(ltitiioil al the appialel)I'suirfacilis fle upot the actionitit licet 
of, certain herbicides as (ciimarcdto thec alion of, the kiowin plihit
synthetic inhibitors. 
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CONCLUSIONS
 
l'vidce(C has b~een 
 plrsetlmCd which imlplicaies nitril as: sec-cllarv phytotoxic agent lespotnsibh. for inilial injury, abnormal metablolisni and tle fiitl lcalh of l)l;iis after Ietrlicidt. I1.tillcell.. Whilelittle is known concerning thc exact teps oF Ih 'le(r(tollIranisfrpathwavs Ihat are being inh ibited, it is tha" that e'nergy necessary fornillile rechcictin is bcing blocked hv hrb'i.des wilh a common re."sult:nitlite accttntnlattill. I illc+,r'c i . Ill enlice tron rai,sfer in both pllotosynllhclic and nol)lhotosy1nthtclic, liss li blshtrbicidcs Ias bIeei wetil(loLtti etttnl~ (,€l)Lt nftlte Il's neve-'tr )cf, IV l)el' iitpli(,lt((d.Till.' cthilIes Irst tu lIsill g tlh('p)h()os Illnhlic inhilbitor hcr

l)icichls ar slil rit-ll Ivrftiltldtfor rapid and ia.cLlattc S(te(IilgIfecew

Chemitcals 'Ihrtheir Ijptetti.al as fuLurt h'll)icidlS. \Vhile tIhc tliethiods
usecl wil ctherdive'gIIt 
 gtl.ps o)I'Ilicicds v.'tr, sufflicititl to
(IliltSlatelltc their gr'oss c utpcon l litrogen Ictcth~tolis, Ilh' llatere'lativcl% crtdl anti are not vet rcachY For sc asa ,lid, rapid screelning
Itests. 

Thllimplicatiots of1 the, icnlitficalioi and 1tctiliation of stirlaitatit
 
spt'ifitfly arc mtan. 
lh tuse of Ihis spj'eific it ill (oltibilittjoll withhlitidces rlIbettr weed control is but a Nitiglc asp It. Itiscxpecteld
that illre re.search ill the l a.is inv'olving applications of such (ht-Iicals as 
ftugicides. illsctiticieIs, gatietocilehs, hllitlcs and growth

retgulators will be al Ifc'ted bs thecse new tc.hliltiIes.
 

APPENDIX I
 
l.ist 
 of )tmmlon naltlics and (thtic l ttoltelttulrelot, all coil

poitinIs tested or Ineitionecd in tdic text.
 
(,mmon, *ViInl' N(Itnicall .VoCl i/fi,llr',ala'hhor 2-chlhor-2', 

at razltie ~ ~ Icl~ ~ ctlallino-t,-icltiye lcts- N -c t l ~ ti iit% l~bt t e f i i i - ii s l c((c -tt,l o2)- t. . 

;llllit l'<)]C o ll-.i d-tr a/ h 
t Inhli t,

bltsillide t),O-liisoptojpxl pltosphorodithIioate S-ester 
b nllv'ill 3.5-ih -(-t %.l.etia ) itl.yi l)/etesctl 


Z(P-tliw 

bltvtyle 
 S-etll ictlt) ritlh,tl-I 

c ccarl-bc,tI)Vvl de ul -(hllolollellyl hydra.
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CDAA 
CDEC 
Momnsell 

chloroxilroll 

ch lorp roplia III (CIPC) 
cyclome 
W pm 
dav)nwt 

DCPA 

dicainba 
dichh)benil 
dicryl 
dillobell 
dinwain 
dinosc!) 
dillroll 
EFIV 
Wynil 
IiIII.11-011 

N I C PA 

napmNni 
Ilitralill 

paraquat 
PCP 

pebuhae 
piclorall) 
proilletolle 

propachlol. 
propallil 
propazille 
propli'lill (11)(.) 
pyliclor 
Mnmzve 
ullan 
trifluralill 

3,4-DC1PC 
2,3,60BA 
3AjYrBA 

25-D 


PONAWyk2whmcemnide
 
2-chloroallyl
 
3-,tiiiiiio-2,5-(Ii(-Iiloi-ol)eiizoi(- acid
 

isopropyl ol-chlorocal-ballilate 
S-ethyl N-et hyl Ill iocyclohexanecarba maic 
2,2-dichloropropionic acid 
lei rah)-d ro-3,5-dimct hyl-2 1-1-1,3,5-1 hia

diazinc-2-thione
 
dhuohy tontchhmnemphihabic
 
3,6-dichlol-o-o-allisic acid
 

acr%-hni1idc 

S-edlyl 

I-Illethoxy- I 
IlledivItil-ca 

acclic acid 
1\.I)- I I-di Incl 11N.1111-cil 

acid 

1,1,-di Inct pyrid ill ill it) ion 
penulchimyllenol 
S-propyl 
-1-al Ili no-3,5,6-t rich I I ic acid 

.3', 

isopi-opyl cal-ballilate 

2whWnw4A4k(vdwQnWupAHmhw 

P-toltlidifle 
cal-balliale 

2,3jWirkfh)nJ)cnz(dc Ad 
3,4,5-Irichlorobenzoic acid 
2,4-(Ii(-Iiloi-ol)lieiiox)-;i(-cli( acid 
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2,4-DNP 2,4-dinitrophenol
2,4,5-' 2 . 4 ,5-trichh)rolhno. xai(eic acid 

APPENDIX II 
Maniiu facturers of surfatlatIl s Used in this research. 

Sill]'a t Used 
Hywnic PE-70 

Zonvl 'A' 

Tergitol 4 
lergitol N PX 
TergitolTP-9

"lergiiol NP-27 
Tergitol N 
Tergitol NP-14 

Tergitol 7 
lergiiol XI) 
lergitol TMN 
Tcrgitol N P-33 
lergitol 7X 
lergitol N P-40 

F-38 
F-183 

Surfvnol 465 
Surf,'nol 450B 
Surfv'nol 450 
Surf'nol 475 

Pronon 210T 
Pronon 455 
Prosol E-4343 

Neutronx 600 
Neutronyx 611 

Man filaun'r 
NOPC() Chemical Co. 
W0 Park Place 
Newark, NJ 07111 

DuPont Chiemic,i Co. 
)yes & (:hc ai:dl)ivisioii
Room 1526 

7 S. l)earborn St.
 
Chicago, I. 60603
 

Union (:arbide Cleical (a. 
30-20 ())msoI) Ave.Long Island (City,NNY 11101 

L-35
 

Swift & Co.
 
Chemicals 
for l11 ust rv I)ept. 
115 W. Jackson Blvd. 
Chicago, II. 60604 

Air Products & ( ;Icili(a ls
 
Chemicals Gro(;)up
 
Five Executive Mall
 
Swedesforo Road
 
Wavnc, PA 19087
 

Process Chemicals Co.
 
8733 S. Dice Rd.
 
Santa Fe Springs, CA 90670
 

Onyx Chemical Corp. 
190 Warren St. 

Jersey City, NJ 07302 
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