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I. Introduction 

Herbicides may be divided into differential toxins, of which 2,4-
dichlorophenoxyacetic acid (2,4-D) is the prototype, and general 
herbicides, such as chlorates, arsenates, and various aromatic hydro
carbons. Compounds in the latter group may destroy basic structures, 
as the plasmic membrane; they may be general protoplasmic coagulants; 
or they may act so rapidly upon an essential enzyme or enzyme process 
as to be generally lethal. Resistance when present is primarily resist
ance to penetration of the herbicide. Possibly individual resistance, 
to arsenate for example, can be built up in plants as in animals, but 
we have found no reports of such reactions. Considerable tolerance may 
be established, however, on a species basis, as selenium-tolerant species 
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(Trelease and Trelease, 1938). Such plants not only thrive with accum
ulations of the element that would be lethal to closely related species, but 
seem to be stimulated by the presence of selenium. We may postulate 
the development of an alternative metabolic pathway which is not 
affected by the toxin. 

The use of differential herbicides began with the turn of the century 
(Bolley, 1908) but did not become important until the establishment 
of 2,4-D as a highly effective compound for control of broad-leaf weeds 
in grass or in cereal crops (Marth and Mitchell, 1944). Eight years 
later an estimated 40 million acres were sprayed with 2,4-D. A group of 
Chemical Warfare research workers reported in 1946 on tests of more 
than 1,000 compounds as possible herbicides (Thompson et al., 1946), 
and hundreds of new chemicals are currently being screened each month 
in various governmental and commercial laboratories. Several promising 
herbicides, as maleic hydrazide, the carbamates (Shaw et al., 1953), 
the nitrophenols, and the phenylureas, have been developed, but various 
forms of phenoxyacetic acid still dominate the herbicide field. 

Although much essential information is lacking, the action of the 
differential herbicides appears to have many elements in common with 
differential toxicity and resistance in other organisms, and our attention 
will be concentrated on these compounds. Much like resistance in 
animals, resistance of plants to herbicidal chemicals may be due to 
factors affecting the penetration, retention, destruction or detoxification, 
translocation, mobilization, or action of the compounds. 

I I . Resistance to penetration 

The protoplasm of the epidermal cells of the typical plant tissue 
is covered by four protecting layers: the cytoplasmic membrane, the 
epidermal cell wall, the cuticular layer and, commonly, by a greater or 
lesser amount of extruded waxy deposit over the surface of the cuticle. 
Mueller and Loomis (1954) have developed a technique for observing 
the wax deposits on the surfaces of leaf and other tissues. This coating 
appears to be formed within the cells and to be extruded through the 
cuticle, probably in a softened form. Wax deposits may occur as more 
or less continuous sheets, as coalesced, rodlike, structures, as semi-
crystalline granules, as open, spongy layers, or in modifications of these. 
Coverings may vary from none in cotton to scattered masses in young 
maize to a dense spongy layer in Kalanchoe. Frothy layers of wax 
constitute the white bloom of hardened cabbage leaves, of ripe Concord 
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grapes, or blue spruce needles. Even when only a fraction of a micron 
thick and relatively open, wax reduces the penetration of chemicals 
applied in sprays of high surface tension. 

A. T H E E F F E C T O F W E T T I N G A G E N T S 

If waxy leaves are sprayed with a polystyrene latex in water, es
sentially all of the polystyrene particles will be found on top of the 
wax masses after the leaf has dried. The effect is not due to the failure 
of the spray to wet the wax, for the same pattern can be obtained by 
spraying a Formvar replica of a leaf. The receding water droplets 
apparently draw the suspended particles up on the protuberances that 
represent the wax masses on the original leaf. If a surface active agent, 
such as one of the commercial soapless powders, is added to the spray, 
a uniform distribution of polystyrene particles can be observed, and if 
a wetting agent is added to a 2,4-D spray, penetration is much more 
rapid and complete. 

Staniforth and Loomis (1949) reported that the sodium and amine 
salts of 2,4-D were five times more toxic when a wetting agent was 
added to the spray. Weintraub et al. (1954) report increases of 14 times 
in the effectiveness of 2,4-D with an added surface active agent. Anionic 
and nonionic compounds were equally effective, with the cationic 
materials considerably less active. Tergitol-7, Tween-20, Triton X-50 
and Dreft have been used successfully, among others. Triton X-100 
appears to have toxic effects of its own and is especially lethal in 
herbicidal mixtures. 

The first assumption is that the surface active agents increase penetra
tion by reducing surface tension of the spray and increasing contact with 
the cuticle of the plants. Both Staniforth and Loomis, and Weintraub 
et al. report, however, that toxicities were increased independently of 
the change in surface tension. For example, 0.125% of Dreft reduced the 
surface tension of a 2,4-D spray below 30 dynes but had no effect on 
yields. Further additions of Dreft had no further eifect on surface tension 
of the spray, but yields were reduced by 43% with 1% of Dreft and more 
than 65% with 2%. Perhaps the higher concentrations of surface active 
agent increased movement through the fine capillaries of the cuticle and 
epidermal wall. Hauser and Young (1952) found no significant pene
tration of the sodium salt of 2,4-D into soybean leaves in 15 minutes 
when the plants were dipped into a solution of 1,000 ppm. With the 
addition of 0.5% Hyamine-2389, however, enough 2,4-D penetrated the 
leaves in 4 minutes to reduce growth by nearly 70%, and enough in 15 
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minutes to kill the plants. Tergitol-7 at the same concentration was 
about half as effective. 

B. T H E E F F E C T S O F T E M P E R A T U R E A N D P H 

Bryan et al. (1950) and Hauser (1953) have treated plants with 
2,4-D, held them at varying temperatures for short periods, and then 
washed the treated surfaces thoroughly to remove unabsorbed chemical. 
They have found that penetration into the leaf, independent of trans
location or other physiological responses within the plant, has the 
temperature coefficient of a chemically limited process. Diffusion of the 
toxin through the cuticle and cellulose wall would be expected to follow 
the laws of a physical reaction, so that the temperature response should 
arise during the penetration of the plasmic membrane. This assumption 
implies either that there is little accumulation of the toxin within the 
wall and cuticle, or that 2,4-D in these layers is rather effectively re
moved by the washing. 

Weintraub et al. (1954) have tried to study the penetration of 2,4-D 
through the free cuticle, separated from the leaf by enzymatic digestion. 
They report that the rate of movement through the isolated cuticle of 
Hedera or Clivia was of the same order as that through the surface of 
bean leaves, suggesting that the cuticle was determining the rate of 
penetration. Movement through isolated sheets of cuticle, however, was 
limited to stomate-bearing material, but penetration into the intact leaf 
of Senecio was as rapid through the upper, stomate-free surface as 
through the lower. 

Frey-Wyssling (1953) pictures the cuticle as composed of alternate 
layers of cellulose, pectin, and a group of fatty materials known col
lectively as cutin. There may be some question, on theoretical grounds, 
of the presence of cellulose outside the primary wall, but pectins and 
cutin have been demonstrated by chemical tests and, more recently 
(Mueller and Loomis, 1954), by electron micrography. Deposits of wax 
on the surface of the cuticle tend to reach a maximum on the fully grown 
leaf and to be lost later by weathering (Mueller and Loomis, 1954), but 
resistance of the leaf to herbicides commonly increases with age. This 
change may indicate that the development of a thicker or more heavily 
impregnated cuticle is reducing penetration of the chemical, or it may 
be due to increased resistance in a more differentiated protoplast 
(Loomis, 1953). It seems that a considerably better understanding of 
the mechanism of the penetration of 2,4-D into leaves is needed than is 
now available, 
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Many workers have observed that 2,4-D was more effective in acid 
solutions. Audus (1949) and Simon and Beevers (1952) showed that 
toxicity was greatest at or below the pK of weak acids, such as 2,4-D, 
and progressively less at higher pH's. From this response they concluded 
that 2,4-D and related herbicides penetrate the leaf as undissociated 
molecules. Beevers et al. (1952) concluded that the generally greater 
effectiveness of esters of growth regulators is due to the ease with 
which these fat-soluble, undissociated molecules penertate into plant 
cells. They observed that malonate penetrated maize roots at pH 4 but 
not at 8, while the dimethyl ester was equally effective at high and low 
pH's. Since the root does not develop a cuticle comparable to that on 
leaves and stems, we may assume that increased absorption by roots at 
low pH's is due to more rapid penetration of the plasma membrane. 

Swanson (1953) found salts of 2,4-D to be 100 times more toxic 
to yeast at pH 3.3 than at 6.0. Simon et al. (1952) reported similar 
effects for 3,5-dinitro-o-cresol on a mold or on floating plants of Lemna 
minor. A spray at pH 4 was only twice as toxic on leaves of Brassica alba 
as one at 7, but when disks of the leaves were infiltrated with the 
herbicide the acid solution was 50 times more active in depressing 
respiration. The results are explained as due to the buffering action of 
the leaves and the poor contact of the sprays. 

Retention of a volatile toxin may be listed as a minor factor in 
herbicidal action, related to penetration. Loomis (1938) found that 
petroleum distillates of median boiling point range and low (^4%) 
aromatic content could be used as differential sprays to control dande
lions in bluegrass lawns. Since young, fibrous rooted dandelions were 
not killed, it was assumed that a slowly acting chemical was retained 
long enough by the thicker roots to be lethal, but evaporated from 
small roots, leaves and bluegrass rhizomes before these organs were 
killed. Differential weed control in carrots with Stoddard solvent, 
containing about 18% aromatic matter, appears, in contrast, to be due to 
a high tolerance of the oil by members of the Umbelliferae (Crafts, 
1946). 

I I I . Translocation of herbicides 

Translocation is a major problem in the successful use of herbicides, 
and failure in translocation can be listed as an important factor in 
resistance, of deep-rooted perennials for example. When a herbicidal 
compound can be applied to the soil and absorbed through the roots, 
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translocation upward is almost entirely in the transpiration stream, and 
the principal difficulties are involved in getting the compound into the 
soil at the right depth. CMU (3-(parachlorophenyl)-l,l-dimethyl urea) 
apparently acts in this way (Haun and Peterson, 1953), as does chlorate 
(Loomis et al., 1933). Some downward movement of general herbicides 
may occur in the xylem under special conditions (Crafts, 1935), but 
typical downward movement occurs in the living sieve tubes of the 
phloem. 

A. T R A N S L O C A T I O N I N T H E P H L O E M 

No attempt can be made here to discuss in detail the possible 
mechanisms of translocation in the phloem. It is important to remember 
however, that the translocation of herbicides involves the movement of a 
toxin within a living tissue, and probably a sensitive tissue whose 
functioning depends upon the maintenance of a more or less normal 
metabolism in the sieve tube cells (Mason and Phillis, 1937). Smith 
et al. (1947) discuss the possible effects of 2,4-D upon the functioning 
of the phloem, and Eames (1950) found destruction of the phloem an 
early characteristic of the response of beans to moderate doses of 2,4-D. 
It is hardly surprising, therefore, that we find it difficult to build up 
lethal concentrations of herbicides by translocation into the roots of 
perennials, which may be more than 20 feet below the surface (Bakke 
et al., 1939), or that heavy doses of the more toxic materials are not 
translocated at all (Hauser and Young, 1952). 

Translocation in the phloem probably involves three steps: move
ment from leaf or storage parenchyma into the sieve tubes of the 
phloem; transport through the phloem strands; and removal into the 
receiving tissues. There is growing evidence that adjoining, living cells 
of plants are normally connected by plasmadesms, or protoplasmic 
strands, through which soluble materials and even virus proteins diffuse 
fairly readily. The numerous large plasmadesms in the end walls of the 
principal phloem elements have given rise to the name sieve plates— 
hence sieve tubes. The observation that sugars may be almost quantita
tively exported from mature leaves against steep diffusion gradients 
(Phillis and Mason, 1933; Leonard, 1938, 1939; Loomis, 1945) suggests 
that free diffusion is replaced at some point, perhaps the border 
parenchyma surrounding the phloem, by an endothermic pumping 
action. Wanner (1952) found sugar phosphates in leaf mesophyll, but 
not in the phloem, and believed that phosphate bond energy was used 
in transferring sugar out of the leaf. We suggest, on the basis of these 
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observations, that loading translocates into the phloem may be a critical 
step in translocation, irrespective of whether we assume mass flow 
(Crafts, 1931), cyclosis (Curtis 1935), or some other mechanism to be 
active in the movement of materials through the sieve tubes. 

Mitchell and Brown (1946), Rice (1948), and Weintraub and Brown 
(1950) found that 2,4-D was not translocated from starved leaves held 
in the dark. Hauser and Young (1952) and Weintraub et al. (1954) 
agree but find that absorption into carbohydrate-depleted leaves pro
ceeds at a normal rate, even though Bryan et al. (1950) and Hauser 
(1953) report that absorption shows the temperature coefficient of a 
chemically limited process and might, therefore, be related in some way 
to sugar level in the leaves. Rohrbaugh and Rice (1949) showed that 
2,4-D would be translocated from starved leaves if sugars were applied 
with or after the 2,4-D. These results have been interpreted as proof 
that 2,4-D moves with a normal stream of carbohydrate material by a 
mass-flow action (Crafts, 1953). We suggest the alternative possibility 
that respirable material is needed in the loading of the 2,4-D into the 
phloem and in movement in the phloem itself. Experiments on tem
perature coefficients, effects of respiratory inhibitors, etc., should be 
run before deciding that a simple solution of the problem has been 
established. 

Day (1952) found that the quantity of 2,4-D applied to a leaf 
affected the quantity transported out of it but not the rate of movement 
of detectable quantities of 2,4-D in the phloem. These data also have 
been considered to support a hypothesis of mass flow. If we consider, 
however, that speed of movement by cyclosis would be 95% independent 
of concentration, and that diffusion through a gel does not follow a 
linear proportionality with concentration, it is improbable that the 
methods used by Day would distinguish between movement by mass 
flow and by cyclosis or other mechanism. 

The problem of obtaining good translocation of a herbicide in the 
phloem and the ability of plants to survive herbicidal treatment be
cause of poor translocation can be illustrated with Canada thistle. Be
cause early treatments with a normal 1 lb. per acre of 2,4-D were 
ineffective, recommendations were stepped up to as much as 8 lb. an 
acre—with no improvement in control. Loomis (1949) suggested that 
overloading of the phloem with 2,4-D was reducing translocation, and 
various workers are now finding that several treatments of % to y2 lb. 
an acre are considerably more effective than the massive doses formerly 
recommended. Hauser and Young (1952) report that heavy doses 
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(2000 to 10,000 ppm) of 2,4-D plus a toxic wetting agent applied to half 
of one leaf of a soybean plant killed the treated tissue but had no effect 
on the remainder of the plant. Smaller doses of 2,4-D or 2,4-D with a 
less active wetting agent resulted in normal translocation to the growing 
region of the plant. Caustic herbicides, such as dinitro-o-sec-butyl 
phenol, mixed with 2,4-D also destroyed the tissues so fast that no 
translocation occurred. 

Downward translocation of herbicides is limited in woody plants, and 
poor translocation is a frequent cause of resistance to treatment in 
these plants. Young and Fisher (1950) found that light rates of less 
toxic forms of 2,4-D applied in a coarse spray were better translocated in 
mesquite than heavier treatments, and more effective in killing the 
crown buds of the plant. The greater effectiveness of 2,4,6-trichloro-
phenoxyacetic acid (2,4,6-T) against woody and some other perennial 
plants may be related to its slower action and therefore to better trans
location in the phloem. 

Basal sprays of 2,4-D or 2,4-D and 2,4,6-T in petroleum distillate 
have been developed for control of dormant woody plants. Gleason 
(1953) and Hay and Thimann (1953) found that these sprays are ef
fective only if the base of the tree is treated to or just below the ground 
line, and not then for species that sprout from the roots. Downward 
translocation did not occur in either dormant plants at Ames or growing 
plants of Cuban Marabu. Gleason did obtain measurable downward 
translocation of a concentrated 2,4-D amine chipped into the phloem 
during rapid spring growth. Esters of 2,4-D applied in the same way 
were not effective, presumably because they were too toxic to the 
phloem, or perhaps because they were not sufficiently water soluble. 

B. C H E M I C A L S T R U C T U R E A N D T R A N S L O C A T I O N 

We have already indicated that higher concentrations and more toxic 
herbicides destroy the translocation mechanism of the phloem and stop 
their own movement. Since the sieve tubes contain a protoplasmic 
material, translocation in these is fairly well restricted to water-soluble 
materials. Oils, for example, may move short distances by capillary 
action in intercellular spaces but are probably not translocated in the 
phloem. Various observations indicate that amine salts of 2,4-D are more 
readily translocated in the phloem than the esters. Since the 2,4,5-T 
esters are translocated rather well, however, it may be that the esters 
can be moved, either as emulsions or after hydrolysis, but that a more 
rapid toxic action of the 2,4-D esters injures the phloem and reduces 
movement. 
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Methylation appears to be important in the translocation of two com
pounds. Trichloroacetic acid (TCA) is toxic to grasses when absorbed 
through the roots, but is translocated downward in the phloem very 
slowly, if at all. Dalapon (α,α'-dichloropropionic acid), which can be 
considered as methylated TCA, is reported to be translocated readily 
in perennial grasses. Isopropyl carbamate (IPC) is nontoxic to bar
ley seedlings when applied to the tip of the second or third leaf in 
a lanolin paste. The same dose is lethal if applied to the leaf sheath, 
nearer to the growing regions of the plant. The lactic acid analogue of 
IPC, with a methyl substitution on the alpha carbon of the side chain, 
appears to be readily translocated through the leaf blade under the 
same conditions of treatment (Mitchell, J. W., private communication, 
1954). Methylation alone is not the answer, however, for phenylmethyl 
ureas are apparently not translocated in the phloem (Haun and Peter
son, 1953), and amino triazole is reported to be exceptionally well 
translocated in Cyperus rotundus (Hauser, E. W., personal communica
tion, 1954). 

A reaction of considerable theoretical and possible practical im
portance is the increased translocation of sugars and of sugars plus 
2,4-D in the presence of added boric acid (Mitchell et al., 1953). 
Further work will be required to determine whether added boron 
affects penetration, loading, or movement in the phloem. Since in
creases in the phloem translocation of several hundred per cent are 
reported, practical applications are indicated. It is significant that Β was 
active only in the presence of sugars, either added or produced in 
photosynthesis. 

IV. Responses of plants to 

Probably more work has been published on the effects of 2,4-
dichlorophenoxyacetic acid than on all other herbicides combined. 

A. G R O W T H R E A C T I O N S 

Tumorization is a characteristic response of many plants to rather 
low concentrations of 2,4-D; it was studied extensively in the earlier 
work with the compound. Allard et al. (1946), Beal (1945), and Swan-
son (1946) studied proliferative growth in the bean (Phaseolus vulgaris 
L.) as a result of treatment with 2,4-D and related compounds. Tukey 
et al. (1945) made similar studies of bindweed (Convolvulus arvensis 
L.) and sow thistle (Sonchus arvensis L.) . The extensive proliferation 
induced under favorable conditions led to the suggestion that 2,4-D 
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caused plants to grow themselves to death. More acceptable deductions 
have emphasized the auxinlike effect of 2,4-D (cf. Kraus and Mitchell, 
1939), destruction of the phloem (Swanson, 1946; Eames, 1950), and the 
possibilities of fungi invading the disrupted tissues (Weintraub, 1953). 

Although stimulation of cell division by 2,4-D, particularly in 
meristematic regions, is a common response, it appears to be more a 
characteristic of minimal or sublethal doses on resistant plants than an 
invariable accompaniment of 2,4-D treatment. Rodgers (1952) observed 
marked proliferation of the brace roots of corn when the plants were 
given a moderately heavy dose of 2,4-D at the eight-leaf stage (about 1 
foot high), but no such effect from spraying at a later date when the 
brace root initials were no longer meristematic. Rasmussen (1947), 
in contrast, observed no conspicuous proliferation in roots of dandelion 
plants sprayed with a quantity of 2,4-D that killed the plants within 
two weeks. Croker (1953) reported that the effects of heavy doses of 
2,4-D on mitosis of onion were similar to X-ray injury. It seems probable, 
therefore, that proliferation is not a typical reaction to 2,4-D in the 
upper range of herbicidal concentrations. 

B. C A R B O H Y D R A T E M E T A B O L I S M 

Mitchell (1940) and Mitchell et al. (1940) showed that application 
of the plant growth material napthaleneacetic acid stimulated digestion 
of starch in bean plants. In 1945 Mitchell and Brown showed that 2,4-D 
had similar effects on the carbohydrates of the annual morning glory. 
The work of Smith et al. (1947) with bindweed, Rasmussen (1947) with 
dandelion, Klingman and Ahlgren (1951) with wild garlic, Wort (1951) 
with buckwheat, Swanson (1953) with yeast, and other workers with 
other plants, is in general agreement. Treatment with 2,4-D results 
in the digestion of starch or other polysaccharide and in the temporary 
accumulation of sugars. As these sugars are used in respiration or growth 
the carbohydrate content of the plant drops, particularly since trans
location and/or photosynthesis are commonly interrupted also. Early 
observations of carbohydrate depletion led to an apparently unfounded 
assumption that the treated plants were dying of starvation. The observa
tion of Rasmussen (1947) that the dying plants still contained consider
able quantities of available carbohyrates is supported by similar results 
with other species. 

Gall (1948) found that sections of bean stem cultured on starch-
agar made little growth and that only a slight digestion of starch occur
red. If 10 ppm of 2,4-D, a concentration that is only moderately toxic 
to this plant, was added to the medium, however, both starch digestion 
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and growth were increased markedly. The data suggest both increased 
production of amylase and its excretion into the medium. Excretion of 
an enzyme by cells of a higher plant is unusual and may be considered 
an index of abnormal permeability. Growth of the cultures appeared 
normal, however. 

Swanson's (1953) work with yeast is interesting because he was 
able to show that polysaccharide digestion took place in the presence 
of 2,4-D, even in cells liberally supplied with sugars from the growth 
medium. 

If one effect of 2,4-D is to reduce the carbohydrate supply of a plant, 
after the first gain from polysaccharide hydrolysis, plants high in carbo
hydrates might be more resistant to the chemical. Wolf et al. (1950), 
and Freiberg and Clark (1952) obtained some evidence of such a reac
tion in soybeans. Freiberg and Clark found that 2,4-D in solution 
cultures at only 4 ppm stopped carbohydrate accumulation by the plants 
in 24 hours. Both groups of workers found that plants grown with low 
nitrogen, so that carbohydrate reserves were high, were more resistant 
to 2,4-D. Even though part of the effect was due to available carbo
hydrates, an unknown part was probably due to greater protoplasmic 
differentiation in the stunted plants (Loomis, 1953), and separation of 
the two effects may be difficult. 

Rhodes (1952) emphasized the depletion of carbohydrates in the 
roots of tomato plants treated with 2-methyl-4-chlorophenoxyacetic acid 
(MCP) from the combined effects of decreased photosynthesis, de
creased translocation, and increased respiration; he pointed out that a 
perennial with large root reserves should be more resistant to these 
effects than an annual plant such as he used. Davis and Smith (1950) 
found that photosynthetic or applied sugars increased translocation and 
toxicity of 2,4-D applied to bean leaves, but that leaves high in carbo
hydrates were more resistant to 2,4-D injected into the xylem of the 
hypocotyl. The effects on translocation and resistance appear to be 
opposed here. 

C. E F F E C T S O N R E S P I R A T I O N 

The same workers who have found sugar accumulation as a result 
of polysaccharide digestion in plants treated with growth substances, 
have usually found stimulation of respiration (Mitchell, 1940; Mitchell 
et al., 1940; Mitchell and Brown, 1945, Brown, 1946; Smith et al., 1947; Ras
mussen, 1947; Swanson, 1953, and many others). It may be assumed that 
the increased concentration of respirable carbohydrate is a direct stimulus 
of respiration. Thus Swanson (1953) found that endogenous respiration 
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of yeast was stimulated by 2,4-D treatment, which raised the low sugar 
levels of the cells, but no stimulation was obtained when sugars were 
supplied liberally in the medium so that they were not limiting. At the 
same time, the lowest concentration of 2,4-D that stimulated respiration 
gave a 50 per cent inhibition of growth, and the maximum respiration 
effect, 240 per cent of the control, was obtained with concentrations that 
gave immediate, complete inhibition of growth and soon led to irre
versible inhibition or death. There is thus support for Rasmussen's 
(1947) thesis that the stimulation of respiration by herbicides is the 
general effect of toxicity and disruption of the protoplasm, as well as 
of increased sugar concentrations. Rasmussen found that kerosene and 
2,4-D increased the sugar content and respriation of dandelion roots, while 
chlorate increased respiration but not average sugar content. Rasmussen 
found, also, that light, medium, and heavy treatments of approximately 
y8, y2, and 2 lb of 2,4-D an acre gave differential effects on carbohydrates 
and respiration. Reducing sugars were doubled by the medium and 
heavy treatments, both of which eventually killed 90 to 100% of the 
plants, but were not affected by the light treatment, which killed only 
10 to 15%. Total carbohydrate reserves were decreased by all treatments 
but more by the medium than the heavy rates. Respiration was increased 
about 50% by the light and heavy treatments, and nearly 100 per cent by 
the medium. Respiration was thus increased 50% by either a 0 or 100% in
crease of reducing sugars, or 100% by a 100% sugar increase, and the 
curve of low, high, low stimulation of respiration with increase of toxin 
is the one obtained with toxic substances in general. 

French and Beevers (1953) have pointed out the similarity of the 
action of 2,4-D and other growth regulators in stimulating growth and 
respiration together at low concentrations, whereas 2,4-dinitrophenol, 
and 2,4-dichlorophenol increased respiration but inhibited growth. The 
growth regulators were assumed to increase the production of usable 
energy, and the other compounds to uncouple high energy phosphate 
bonds and to dissipate their energy. Smith (1948) found increased 
respiration in treated bean stems in which cell proliferation had occur
red; if, however, Qo2, was calculated on a basis of total nitrogen instead 
of dry weight, respiration decreased in the treated tissues. 

It is then possible that increased respiration in tissues treated with 
2,4-D or similar substances is due (1) to increases in substrate, either 
by mobilization (Mitchell et al., 1940) or by stimulating digestion of 
reserve carbohydrates; (2) to increased cell division and protoplasm 
synthesis in the treated tissues, so that more respiring substance is pre
sent in the same volume of tissue; or, (3) to increased permeability or 
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other toxicity effects, which permit a more rapid action of enzymes on 
substrate. Probably all three of these effects are present at different times 
in varying proportions. 

D. E F F E C T S O N E N Z Y M E S 

Studies of the effect of 2,4-D treatment on the production and 
activity of plant enzymes are fragmentary and in considerable part 
contradictory. Neely et al. (1950a) reported increased a- and ß-amylase 
activity in tumorous growths of bean. Later (1950b) they reported that 
pectin methoxylase was increased six days after treatment of bean 
plants, although their data show a 50% reduction. Phosphorylase was 
reduced by 6 to 10 times in treated leaves and 40% in stems. Wort and 
Cowie (1953) report that 2,4-D had no direct effect on enzyme pre
parations from wheat. When it was applied to the plants one to four 
days prior to sampling, phosphatase activity was reported to decrease, 
while the activity of Phosphorylase, ß-amylase and catalase increased 
50 to 100%, reaching a maximum about one day after treatment. The 
activity of /^-amylase increased 40% after treatment with 5 ppm 2,4-D 
and 95% after 500 ppm. Low concentrations were thus as effective in this 
resistant plant as those bordering on the toxic. 

Miller and Burris (1951) found the hormonelike herbicides 2,4-D, 
2,4,5-T, and MCP to give nearly complete inhibition of the oxidation 
of glycolic acid by crude barley juice when added at concentrations of 
1.25 Χ ΙΟ"2 M. The concentration appears high but it is comparable to 
that found by Swanson (1953) to inhibit the growth of yeast, another 
resistant plant. The same compounds inhibited the oxidation of ascorbic 
acid to a lesser extent, and showed some activity at dilutions as great 
as 1.0 χ ΙΟ 4 M. In parallel experiments, Wagenknecht et al. (1951) 
found oxidation of glycolic acid by a bean leaf preparation to be little 
affected by various growth substances or hormonelike herbicides. The 
enzyme system of the susceptible plant thus appeared to be less sus
ceptible than that of the resistant barley. Inhibition of ascorbic acid 
oxidation was about 30% in the bean preparation, compared with 45% 
in barley. 

Hagan et al. (1949) reported the lipase of castor bean to be more 
affected by 2,4-D than that of wheat (Kvamme et al, 1949). Unfortu
nately, the studies of the two species did not employ identical methods 
and may not be fully comparable. 

In the present state of our knowledge neither the direct responses of 
plant enzyme systems to the 2,4-D herbicides nor the change in enzyme 
production and activity in treated plants appear to offer any important 
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contribution to the solution of the problems of resistance to these com
pounds. 

E. E F F E C T O F G R O W T H S T A G E 

Young plants have been known to be less resistant to 2,4-D than older 
plants of the same species since the early work with this herbicide. Wein-
traub et al. (1954) showed that absorption of 2,4-D by leaves increases to 
a peak during growth, drops markedly with maturity, then remains con
stant until further drop to a very low level as senile changes become 
prominent. It seems probable, therefore, that the greater susceptibility 
of young plants to 2,4-D may be due in part to a larger percentage of the 
leaves being in the stage where absorption is rapid. 

We have already indicated that meristems are less resistant to the 
action of 2,4-D than older tissues (Rodgers, 1952). This susceptibility 
shows in the pre-emergence control of grasses. Growth of nodal roots of 
annual grasses, as Setaria, may be inhibited by 2,4-D in the surface soil 
so that grass seedlings are greatly retarded, while more deeply rooted 
crop plants develop normally. If 2,4-D reaches the seed during early 
stages of germination, when the entire embryo is essentially meristematic, 
a plant of a resistant species may be killed rather readily, but even though 
treatment of older plants inhibits some meristems, there are usually some 
remaining active, and the established grass plant can maintain itself until 
the toxic effect of the chemical is dissipated. 

A number of workers (Andersen and Hermansen, 1950; Friesen and 
Olson, 1951; Olson et al., 1951; Andersen, 1952; Derscheid, 1952; and 
Klingman, 1953) have shown that wheat, oats, and barley plants vary in 
their resistance to 2,4-D at varying stages of development. Derscheid 
(1952) found barley to be least resistant during the early stages of tiller
ing. Susceptibility showed as reduced tillering and yield rather than death 
of the plants. A second stage of susceptibility was observed just before 
floral initiation on a particular growing point. Since the tillers of one 
plant do not all reach the susceptible stage at one time, injury from 2,4-D 
treatment varied from serious in a dry season with few tillers to moderate 
over a longer period in a cool, wet season with many late tillers forming. 

Early treatments arrested the development of whole tillers; slightly 
later treatments stopped or greatly reduced the development of flowering 
spikes and resulted in various abnormalities of growth. Treatments 
shortly before anthesis reduced the number of ovules developing into 
mature grains. 

Staniforth (1952) found comparable effects in responses of maize. The 
tillering effect was not observed, since modern maize varieties are rela-
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tively nontillering, but tassel and ear-shoot development were arrested or 
reduced by 2,4-D applications made shortly before the first microscopic 
evidences of flower development in the primordia of these organs. Pre-
silking or tassel emergence sprays in maize correspond to boot-stage of 
preheading stages in small grains, and resulted in the production of 
partially to completely sterile ear shoots. The timing of the critical periods 
suggests that maximum inhibition is obtained when a toxic concentration 
of 2,4-D is accumulated in the meristems at the beginning of certain 
special developments, some of them vegetative and some floral in nature. 
The significance of these relationships will be discussed later under the 
heading "Mechanism of 2,4-D Action." 

V . Metabol ism of 2 ,4 -D by plant cells 

Rossman and Staniforth (1949), Rossman and Sprague (1949), and 
Rodgers (1952) found that maize seed quality of certain inbred lines 
was injured by spraying in the 8- to 10-leaf stage, but others were un
affected. Injury was associated with loss of stand and with resistance in 
the parent plants. The authors suggest that the 2,4-D molecule was 
destroyed or changed to inactive compounds during the severe reactions 
that may occur when susceptible lines are sprayed, but that an active 
form of the toxin persisted in the resistant plants and was translocated 
to the developing grain. Embryonic or seedling meristems here proved to 
be more susceptible to the herbicide than the tissues of the parent plants. 

Mcllrath et al. (1951) report a similar reaction in cotton, although 
the 2,4-D levels involved were some 100 times less. They found seedling 
injury to be the inverse of the amount and duration of vegetative injury 
at any level of treatment. Since the cotton seedlings showed formative 
injury, their results indicate that some active form or product of 2,4-D 
had persisted into the second season. Holley et al. (1950) found a large 
percentage of the 2,4-D in mature leaves of the bean plant to be un
changed, while 90 to 95% of that which reached the growing tissues was 
changed into a number of compounds. These experiments were done, 
necessarily, with low concentrations of 2,4-D and may be more closely 
related to hormone actions than to herbicidal effects. They do, however, 
form a background for the interpretation of other experiments. 

A. U T I L I Z A T I O N O F 2,4-D I N R E S P I R A T I O N 

A number of workers have reported the production of C 1 4 0 2 in the 
respiration of plants treated with radioactive 2,4-D. Holley et al. (1950) 
found that carboxyl-labeled C 1 4 was lost by respiration of bean plants, 
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and that C 1 4 activity was excreted from the roots of the plants into the 
solution in which they were grown. Excretion of 6.8% of the applied 2,4-D 
was equal to retention by all plant parts except the stem. Fang et al. (1951) 
reported that 17% of the methylene-labeled C 1 4 applied to the leaves of 
young bean plants was respired within three days. The ages of their plants 
and the quantities and method of application were such as should have 
given maximum absorption and translocation. Weintraub et al. (1952a) 
reported much lower rates of respiration of C 1 4 from 2,4-D. When 1.5 
to 10 ^g of the radioactive material was applied to buds of young bean 
plants, respiration losses averaged 1.5% of carboxyl C 1 4 per day, 0.4 per 
cent of methylene C 1 4 , and no loss of C 1 4 from the 1-position of the phenyl 
ring. Application rates up to 100 pg. per plant, the rate used by Fang et al. 
(1951), did not increase the percentages respired. 2,4-D was respired 
to the same small percentage whether present in growing buds or in ma
ture leaves in the dark. This response indicates that respiration is not 
linked with the chemical changes found by Holley et al. (1950) to be 
absent in mature leaves. 

B. C H E M I C A L T R A N S F O R M A T I O N O F 2,4-D 

Holley et al. (1950) found one-third of the activity of carboxyl C 1 4 

applied to young bean plants to remain in 2,4-D after seven days. More 
than half was isolated in a water-soluble, ether-insoluble fraction. In 
1952 Holley reported that a water-soluble compound containing carboxyl 
C 1 4 from 2,4-D could be isolated from treated plants within six hours, 
and that the same fraction contained 60% of the activity after one week. 

Weintraub et al. (1952b) applied small quantities of carboxyl- and 
methylene-labeled 2,4-D to the buds of bean plants. Eighty-six per cent 
of the activity of 2,4-D-l C 1 4 (carboxyl) was recovered from the shoot 
five days after application; 90% of this quantity was in the terminal shoot 
and none in the mature primary leaves. Results with 2,4-D-2 C 1 4 were 
similar. Paper chromatography indicated about 1% of the applied 2,4-D 
to be unchanged after five days. The remaining activity recovered was 
contained mainly in the ether and alcohol extracts. Ether extracts, which 
should have contained the unchanged 2,4-D, were inactive in biotests. 
C 1 4 activity was identified in acids, sugar, dextrins, starch, pectin, protein, 
and cell-wall substances. A considerable portion of the C 1 4 was present 
as a relatively volatile or unstable, ether-soluble, acidic material. 

Butts and co-workers (Jaworski and Butts, 1952; Fang and Butts, 1954) 
have studied the translocation and transformation of 2,4-D in susceptible 
bean, and resistant wheat and maize, plants in a series of interesting ex-



RESISTANCE OF PLANTS TO HERBICIDES 115 

periments. Seven days after treating bean plants with C14-labeled 2,4-D, 
75% of the activity was in an apparently pure compound called unknown-1 
(U-l) . Smaller percentages separated chromatographically as 2,4-D and 
another unidentified compound, U-2. Experiments with wheat and corn 
(Fang and Butts, 1954) showed a slower absorption by the leaves of these 
resistant plants and a considerably slower translocation to the growing 
regions. The writers suggest that translocation of 2,4-D is blocked in the 
intercalary meristem of monocotyledonous plants. 2,4-D was transformed 
in the leaves of corn into small quantities of the U-l and U-2 compounds 
isolated from treated bean plants, but a very much larger percentage of 
the activity was recovered in a new compound, U-3. U-3 was also the 
predominant radioactive compound of treated wheat plants; U-l was 
present in smaller quantities, but U-2 was not identified in wheat. 

2,4-D was obtained from both U-l and U-3 by treatment with either 
emulsin or dilute acid, but a number of other spots were isolated from the 
digests, indicating complex molecules. The writers suggest that these 
compounds may be glycosides and that they represent detoxification 
mechanisms. Lesser stability for the U-l compound of the beans was sug
gested by the re-formation of free 2,4-D within the plant at the expense 
of U-l during the later stages of 2,4-D damage. 

Slower absorption, slower translocation to the more susceptible areas, 
and a more effective detoxification of 2,4-D by the resistant plants may 
all be factors contributing to their resistance. 

V I . Mechanism of 2 ,4 -D action 

Most considerations of the action of 2,4-D start with its properties of 
a growth regulant, showing many of the reactions of the native growth 
hormone, /Mndoleacetic acid (Gordon, 1953). Norman and Weintraub 
(1951) have published a thorough discussion of the various chemicals 
known to have action as growth regulators. They point out the difficulty 
of fitting all these compounds into any one scheme, but suggest that 
physicochemical effects on protein dispersion could account for many of 
the reactions of endogenous and exogenous growth substances. McNew 
and Hoffmann (1950) discuss the relative activity of 2,4-D and related 
compounds. They found the CI in the 2-position to have little activity, 
while that in the 4-position was essential. A side chain with a free carbonyl 
group was present in all active compounds. Muir et al. (1949) advanced 
the thesis that the position on the benzene ring of 2,4-D adjacent to the 
side chain is directly involved in the growth reaction. Hence 2,4-dichloro-, 
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4-chloro-, 2,3,4-trichloro-, or 2,4,5-trichlorophenoxyacetic acids are active 
as herebicides and as auxins in the Avena coleoptile test, but 2,6-dichloro-
or 2,4,6-trichlorophenoxyacetic acids are not active. From the known effect 
of side-chain substitutions, it becomes probable that 2,4-D reactions in
volve a two-point attachment to the susceptible growth sites (Muir and 
Hansch, 1951; Hansch and Muir, 1950; Hansch et al., 1951). A later 
investigation of 117 compounds (Muir and Hansch, 1953) supported the 
thesis but showed a few compounds that did not seem to fit. The results of 
Hansen (1951) with various phenols and phenoxyacetates found as im
purities in commercial MCP suggest, also, that modifying effects, such as 
transformations within the plant, may be present. Weintraub (1953) 
noted that certain substitutions on the α-carbon inactivate 2,4-D; he 
suggested a 3-point attachment. 

McRae et al. (1953) applied the 2-point attachment hypothesis to 
inhibition by high concentrations of native auxin, IAA, and its interaction 
with 2,4-D, and concluded that excess auxin can be inhibitory by inter
fering with an essential two-point attachment. 2,4-D, in their work, was 
nearly as effective as IAA in stimulating elongation of Avena coleoptile 
sections, and not strikingly inhibitory of the effect of IAA when they were 
added together, each at a concentration of 4.3 χ 10~6 M. 

Hoffmann (1953) showed that 2,4,6-T was antagonistic to the actions 
of 2,4-D, IAA, and NAA in causing epinasty, swelling of stems, and root
ing of cutting. 2,4,6-T also inhibited the action of endogenous auxin in 
the geotropic and phototropic responses of the tomato plant. The assump
tion here is that 2,4,6-T is itself inactive because the ortho position is 
closed, but that it may become attached through the carboxyl and thus 
block a two-point attachment by 2,4-D or IAA. Inhibition of 2,4-D effects 
on tomato were pronounced with 100 ppm 2,4,6-T to 10 ppm 2,4-D, and 
complete at 1,000 to 10. 

A. 2,4-D AS AN AUXIN 

Although McRae et al. (1953) reported 2,4-D nearly equal to IAA in 
the Avena coleoptile elongation test, Muir and Hansch (1953) found it 
only 25% as active. Either figure would class 2,4-D as an auxin by this test, 
thus indicating that it may become attached to the growth sites char
acteristic of IAA and, at least partially, perform the functions of the normal 
combination. At higher concentrations both compounds are toxic to plants, 
but 2,4-D is 100 or more times as toxic as IAA (Hoffmann, 1952). We 
have, therefore, the basis for assuming, as Wientraub (1953) has done, 
that 2,4-D becomes attached to the auxin sites, but that its action intro-
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duces numerous abnormalities into the functioning of the protoplast. 
Such abnormalities will be most evident in growing tissues, where we 
assume auxin is most active, and will result in malformation and in failures 
in normal tissue differentiation and function. We have already reported 
(Eames, 1950) that phloem development may fail in 2,4-D treated beans, 
and many other difficulties are indicated. The situation seems analogous 
to that of an untrained ape at the wheel of a powerful car. The extremities 
fit the controls, but the reactions are inappropriate to the smooth func
tioning of the machine. 

Nongrowing tissues, as mature leaves or dormant woody stems, are 
much less sensitive to 2,4-D than growing organs. These tissues may be 
killed on sensitive plants, however. Part of the resistance of mature 
leaves can be shown to be poor penetration. The rest of it probably indi
cates the reduced importance of auxin in the metabolism of mature tissues. 
Death of dormant trees from basal treatment with 2,4-D seems to involve 
destruction of the cambium before or during early growth, combined 
with inhibition of regions of basal sprouting (Gleason, 1953). Instances 
have been reported of apparently dead trees resprouting after this inhibi
tion had worn off. More studies of the action and fate of 2,4-D in mature 
leaves may yield important information, both on the effects of the herbi
cide and on the functioning of auxin. 

Resistance to 2,4-D does not indicate a smaller role for auxin in the 
metabolism of the resistant plant. It probably depends in varying pro
portions upon resistance to penetration and particularly upon slow trans
location to the more sensitive areas (Fang and Butts, 1954), and upon 
reaction with nonsensitive sites (Brian and Rideal, 1952). Nonsensitive 
sites would, of course, include detoxification by secondary reactions, such 
as are reported by Fang and Butts (1954) in corn and wheat. Perhaps, in 
the present state of our knowledge, we should say the formation of differ
ent compounds in resistant plants, although the probability of their being 
less toxic seems good. 

Observations on the response of yeast to 2,4-D (Swanson, 1953) are 
interesting here. The organism is resistant; rapidly growing cultures 
recovered quickly from treatment for 20 hours at pH 6.0 with a 2,4-D 
concentration of 3 to 4 Χ 1 0 2 M, although they were killed by treat
ment at 4.5 χ ΙΟ 2 Μ under the same conditions. These results suggest 
that reaction of 2,4-D with the critical growth sites was slow and 
reversible. 

Most of the physiological studies with 2,4-D have been made with 
fractions of the herbicidal dose, and the possibility of more general toxic 
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effects is still present. If there are such, however, some plants are resistant 
to a degree approaching immunity. Recommended rates for 2,4-D run 
from 14 to 2 lb acid equivalent per acre. Iowa prairie grasses have been 
sprayed in midsummer at the rate of 100 lb an acre with no visible effects 
on these resistant plants in a relatively inactive condition. 

VI I . Summary 

Resistance of plants to herbicides may be due to poor absorption, to 
failures of translocation or mobilization, to reaction with nonactive sites 
or detoxification, or to the absence of susceptible reaction sites. 

Considering specifically the resistance of grasses to 2,4-dichlorophen-
oxyacetic acid (2,4-D) and related compounds, susceptible tissues of 
resistant plants may be killed by 2,4-D at a concentration not greatly above 
that effective on so-called nonresistant plants. Resistance appears to be a 
combination of (1) short periods of susceptibility in localized areas; (2) 
reduced rates of absorption and translocation so that lethal concentra
tions are not built up in the susceptible areas, (3) probable formation of 
2,4-D compounds of less toxicity than the related compounds isolated from 
susceptible plants, (4) possible important differences in the reactions of 
mature tissues, either because of more effective detoxification or because 
the reaction sites, always less active in older tissues, are very much less 
active in resistant plants. 
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