
(43 )  

Oklahoma Agr. Expt. Sta., Bull. 
B-355 (1 949).  

Rassmussen, L. W., Plant Physiol., 
22, NO. 4. 3-77-72 (1947). 

Kosenfels, R .  S., and Crafts, A. S., 
Hilgard ia ,  14, 71-9 (1941). 

Schoenheimer, Rudolph, “Dynamic 
State of Body Constituents,” 
Cambridge, Mass., Harvard Uni- 
vcrsity Press. 1942. 

Srxton, W. A., “Chemical Consti- 
tution and I3iological Activity.” 
Chap. 3. p. 20, London, Spon. 
1349. 

(44) 

(45) 

(47) 

Simon, A .  W., Nature ,  166, 343 
( 1  9 50). 

Simori, W. W., and Blackman, G. 
E., $vmposia Sod. Exptl. Bioi., No. 

Sylvester, E. P., Bakke, A. L., and 
Staniforth, D. W., Iowa State 
College, Ag. Ext. Service, Pum- 
phlpt 140 (March 1949). 

Thimann, K. V., and Bonner, W. 
D., Ann. Reu. Plant Physiol., 1, 

3, 253-65 (1949). 

75-108 (1951). 

(48) Turner, J. S., Ibid.. 2, 145-68 
(1 952). 

(49) Vlitos, A. J., Contrib. B o p  Thomp- 
son Inst., 16, 435 (1952). 

(50) Weintraub, R. L., and Norman, 
R. G., Econ. Rot., 3, 289-98 
( 1 9 S O ) .  

Received for  reaiew Novoopmbrr 7, 1952. Ac- 
cepted January 28 ,  1953. Presented before the 
Divis ion of Agricultural and Food Chemistr.y, 
Symposium on the Formulation and Action of 
Herbicides, at  thr 722nd Mee t ing  of the 
AMERICAN CHEMICAL SOCIETY, Atlant ic  C i t y ,  
N .  J .  

HERBICIDES 

Their Absorption and Translocation 
A. !i. CRAFTS 

Botainy Department, University of California, Davis, Calif. 

Autographs of bean plants treated with radioactive 2,4-D prove that absorption is rapid, 
that the chemical migrates to the vascular tissues, and that it translocates at rates up to 
1001 cm. per hour through the stem and into the roots. The epicotyl of young bean plants 
ben’ds, owing to the presence in it of 2,4-D. Radioactivity decreases in time in the roots 
and treated leaf; it accumulates up to 72 hours in hypocotyl, epicotyl, and terminal bud. 
An adequate water supply is required for bending of the epicotyl from 2,4-D but not for 
translocation through the vascular system. When radio-2,4-D is applied to spots on the 
bean leaf, much more 2,4-D is absorbed and translocated from spots over the midrib than 
froni spots on the edge or tip of the leaf. 

F A HERBICIDE is to -1  . *  kill the cells of leaves 
aftrr application, it must penetrate the 
cuticle and move into the mesophyll. 
I‘o kill  stem and root cells at a dis- 
tan(? fiom the foliage to which it is 
applied. it must migrate across the 
mewph\ll into the vascular system and 
there move or be carried to the lower 
portions of the plant. Each of these 
procrsses is of both practical and theo- 
retical intrrest to plant physiologists. 

Cuticle 
It is common knowledge that the 

surfaces of leaves are coated with cuticle. 
a fatty or waxy layer that tends to pre- 
vent rapid loss of water vapor. 

Figure 1 shows a transverse section of 
Phottnia or toyon, a common woody plant 
of the range lands of the West Coast. 
The upper epidermis is a distinct layer 
with well-developed cuticle. The lower 
epidermis is less strongly cutinized and 
IS punctuated by stomata. Near the 
center of the section is a Bmall vascular 
bundle To  enter the phloem which 
occurs on the lower side of the bundle, 
a chemical must traverse about 10 cells 
that constitute epidermis. palisade paren- 

chyma, spongy parenchyma, and bundle 
sheath. 

Figure 2 shows a pear leaf, typical of 
woody species encountered on the range. 
This section illustrates the larger veins 
and here, again, passage of a chemical 
from thr upper epidermis to the phloem 
involves passage through living cells of 
several distinct types. 

Figure 3 is a section of a wheat leaf, 
typical of many herbaceous species. 
Again, movement into the phloem in- 
volves passage through the cuticle, 
migration through cells of several types, 
and finally release into the phloem tissues. 

The lipoid nature of the cuticle is 
widely recognized and it undoubtedly 
has played an important role in enabling 
plants to migrate from water to land 
and thence to the arctic regions, to the 
deserts, and to the great array of en- 
vironments in which plants grow. In a 
sense, cutinization has enabled plants 
to take their aquatic environment with 
them into these various regions. The 
intercellular air within the stomatal 
chambers seldom attains a relative 
humidity much below saturation, for 
each 1% increment below the 100yo level 
represents a drop of many atmospheres 
in diffusion pressure deficit of the air, and 

mesophyll cells cannot tolerate an inter- 
cellular atmosphere below about 98%, 
relative humidity. 

Relatively impervious to all polar corn- 
pounds, the cuticle also prevents thc 
ready inward movement of herbicidal 
chemicals. What is known conccrning. 
its detailed structure? 

Figure 4 gives two interpretations of 
the submicroscopic structure of cuticle as 
described by Frey-Wyssling (3 ) .  In the 
upper view solid lines in the horizontal 
and vertical directions dcsignate cellu- 
lose; dashed lines, pectin. The diagonal 
grid represents the interlinked cutin 
chains that make up the lipoid phase. 
There is no attrmpt here to represent the 
actual volumetric relations of these sub- 
stances. 

The lower view of Figure 4 shows the 
intercalation of cutin wax in the cuticle 
layer. It is apparent that such walls 
ar, made of four distinct substances that 
may vary widely in composition and in 
distribution: cellulose, pectins, cutin 
waxes, and cutin. 

Cellulose, fibrillar in nature, is respon- 
sible for the tensile strength of the walls. 
Pectins are amorphous and highly 
hydrophilic; they account in part for 
the ability of the walls to retain water. 
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Figure I .  
tinio or toyon 

Transverse section of Pho- 

Figure 2. Pear leaf, typical of woody 
species encountered on the range 

Figure 3. 
typical of many herbaceous species 

Cutin waxes are short-chain esters and 
alcohols of relatively low molecular 
weight and lack reactive end groups; 
some are cyclic in structure. Cutins are 
polymerized acids and alcohols of high 
molecular weight. They contain reac- 
tive end groups capable of forming esters 
and ethcrs, they may contain unsaturated 
linkages, and they dissociate, with the 
result that the leaf surface has a residual 
negative charge. 

Cellulose and pectins are hydrophyllic 
compounds permeable to water and polar 
compounds. The ready movement of 
sugars, alcohols, and many other organic 
compounds through parenchyma cell 
walls in plasmolysis tests is evidence of 
such permeability. 

Cutin and cutin waxes are lipophyllic, 
and the ready penetration of light aro- 
matic oils of the xylene type is evidence 
of their permeability to such compounds, 
Leaves having continuous cuticle are 
much less permeable to heavy oils and 
it is common experience that viscous fuel 
oils may coat leaves and, even though 
toxic, may cause little or no injury for 
days. 

Young leaves have thin cuticle, which 
is very permeable, particularly to light 
oils. As leaves mature, the cuticle he- 
comes thicker and less permeable to ap- 

Section of a wheat leaf, 

plied substances. These relations are 
illustrated by the following facts: Di- 
nitro substituted phenols are roughly 
twice as toxic as equivalent concentra- 
tions of their sodium salts; aliphatic 
esters of 2,4-D are two to four times as 
toxic as the sodium salt, but they do not 
translocate well; the glycol-type esters of 
2,4-D retain the high toxicity of the light 
esters but they translocate about as well 
as the straight acid. In the convol of 
deep-rooted perennial weeds on agricul- 
tural lands and brushy species on rang-es, 
these facts are of paramount importance. 

Using 2,4-D as one example, it is evi- 
dent that its salts in aqueous solution are 
highly ionized, particularly the salt of a 
strong baselike sodium. If acid is added 
to the solution of the sodium salt, ioniza- 
tion is repressed progressively as the pH 
of the solution is lowered. That this 
process enhances the absorption and 
translocation of 2,4-D is shown in Table 
I, which indicates the role of pH. The 
data are average curvatures of 10 plants 
that have been subjected to the “bean 
test” as illustrated in Figure 5. Similar 
results have been obtained using 2,4,5-T, 
and toxicity tests with dinitro substituted 
phenols confirm this relation. 

Day (7) used 2,4-D acid to study 2,4-D 
absorption and translocation. Utilizing 
this same bean test, he showed that 
movement of the chemical from the 
cuticle to the phloem required about 1 

hour. The rate was 25 to 35 microns per 
hour. Translocation through the midrib 
and petiole to the epicotyl occurred at  
an average rate of about 50 cm. per hour, 
and somewhat over 40 minutes were re- 
quired for the initiation of bending. The 
maximum amount of absorption oc- 
curred in the first 4.5 hours. The time 
required for absorption and translocation 
was independent of dosage. 

To  pursue this type of study further, 
2,4-D containing carbon-14 in the car- 
boxyl position has been employed. Red 
kidney bean plants are grown until the 
unifoliate leaves are fully expanded. 
Then, under uniform lighting from a 
combination of fluorescent and incandes- 
cent lights they are treated by placing a 
drop of 2,4-D acid solution in 50% alco- 
hol plus O.lyo Nonic 218 (asurfactant by 
Sharples Chemicals, Inc.) upon one leaf. 
At specified times the roots are washed 
free ofsoil and the plants are rapidly killed 
hy being placed between blocks of dry 
ice. They are then dried and auto- 
graphedonx-ray film. (Seepages 53 and 
54 for rest of figures.) 

Mechanics of Absarpiion 

There are three possibilities far the 
applied material: It may remain on the 
outer surface of the cuticle and, upon 
drying of the carrier, deposit as a liquid 
or as fine crystals; it may penetrate into 
the cuticle and remain there in solution 

Figure 4. 
scribed by Frey-Wyssling (3) 

Two interpretations of the submicroscopic structure of cuticle os de- 

. .  
PLASM . .  . .  . .  . . . .  _ _  . .  . .  
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free the 2,4-D ester for movement on into 
the phloem in the aqueous phase. 

Tmnsport of 2,4-D in Plants 
I t  seems well established that move- 

ment of 2,4-D in plants occurs with food 
materials, and the autographs indicate 
that it travels with the assimilated stream 
by some sort of mass flow. No other 
mechanism can account for the rapidity 
of movement, the unidirectional move- 
ment so often found, and the fact that 
dosage applied has no effect on linear 
rate of movement. The movement indi- 
cated in Figure 8 shows an actual trans- 
port rate of 25 cm. in the 30-minute ex- 
posure period, and some time must 
elapse between the time of application 
and arrival of the tracer in the phloem. 
If only half of the treatment time is al- 
lowed for penetration of the cuticle and 
movement across the mesophyll, the 
actual rate would be 25 cm. in 15 min- 
utes or 100 cm. per hour. Day recorded 
one rate measurement Kithin this range 
and many other rate studies on phloem 
transport of viruses and foods indicate 
such values. 

Requirements for Control 
Of Weeds and Brush 

If these views of the absorption and 
transport of 2,4-D have produced a Vue 
picture of the mechanics of these proc- 
esses, then it is possible to describe the 
requirements for successful use of the 
material in controlling perennial weeds 
and brush. First, there must be active 
synthesis and normel movement of foods 
in the plant and these must be moving to 
growing points and cambium tissnes- 
that is, the plants should he in active 
growth rather than in a condition where 
storage predominates. This would indi- 
cate the budding or early blossoming 
stage for many plants. Field observations 
confirm this as the optimum time for 
treahnent. 

For the 2,4-D type the acid form seems 
best, hut it is not especially convenient 
because of its low solubility in both oil 
and water. Some emulsifiable formula- 
bions of 2,4-D acid liave given excellent 
results in field tests. Second to the acid 
are the heavy esters, several of which 
have proved excellent. However, this 
does not prove that all ester's of high 
molecular weight will be effective. In 
fact, one might visualize many such 
esters being placed on the market with 
insufficient testing, and giving dis- 
appointing results. 

Oils have proved essential as adju- 
vants in many formulations. Some pre- 
liminary work indicates that aromatic 
oils of high toxicity do more harm than 
good in this type of spray mixture. Ali- 
phatic oils of low toxicity are being tested 
and those in the range from Diesel oil to 
heavier seem best. Such oils would fit 
the mechanism, in that they do not 
directly injure the leaf tissues, where ab- 

Figure 5. Average plant that has been subiected to the "bean test" 

in the fatty medium; or it may penetrate 
the cuticle and then part into the aque- 
ous phase of the epidermal cells, whence 
by continued migration it may eventu- 
ally reach the vascular system. 

Ions of the saltsof the substituted phe- 
nol derivatives probably remain pre- 
dominantly on the leaf surface, only a 
small portion actually penetrating to 
the interior. That portion, being highly 
polar, may readily part into the aqueous 
phase. 

Light esters and, in fact, heavy esters 
of a highly aliphatic nature can readily 
penetrate the cuticle, but field tests and 
greenhouse results seem to indicate that 
they have little tendency to part in 
quantities sufficient to move into the 
vascular system. Rapid killing of leaves is 
common, butaliphaticesierforrns of 2,4-D 
do not move iiila roots in sufficient quan- 
tity to be effective. Probably the crystal- 
lized cutin waxes are of importance in 
this effect and the cutin acids are also 
capable of dissolving and holding such 
esters. Trials of the octadecyl ester of 
2,4-D by the bean test gave no indica- 
tion whatsoever of movement from the 
treated leaf. 

Heavy esters formed from alcohols 
having both water and fat solubility are 

proving more effective as translocated 
herbicides than either the salts or the ali- 
phatic esters. And 2,4-D acid, if ap- 
plied in the proper way, has proved 
highly effective. The original Weedone 
contained 2,4-D acid in Carbowax as a 
cosolvent. I t  was very effective against 
perennials. The butoxyethanal ester 
also shows effective translocation, and 
many formulations on trial have long 
chain substitutions that are both lipo- 
philic and hydrophilic. 

On brushy species, where translocation 
is essential to the successful use of a herbi- 
cide, oil in the formulation seems essen- 
tial. One of the most effective formula- 
tions consists of suspended 2,4-D acid in 
an emulsion of a nontoxic oil. When this 
dries on the leaves, the 2,4-D acid is held 
on the surface of the cuticle by a thin 
film of oil and apparently it dissolves 
slowly and moves on into the vascular 
system at a concentration that causes 
little immediate damage to the meso- 
phyll but. is sufficient to accumulate in 
the roots and kill them. 

Oil has proved beneficial not only in 
formulations of the acid hut also in ester 
formulations. Here the oil, soaking into 
the cuticle, tends to saturate it with re- 
spect to its lipophilic capacity, and so to 

Table 1. Absorption a n d  Translocation of 2,4-D 
Hours ofter Amlicofion 

PH 1 2 3 4 5 6 7 8 
2 
3 
3 . 3  
4 
5 
6 
7 
8 
9 

10 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

13 
5 
0 
0 
0 
0 
0 
0 
0 
0 

78 
50 
18 
21 
20 

0 

4 
0 
0 
0 

90 
71 
52 
50 
54 
40 
13 
2 ~ 

8 
0 

97 
77 , ,  
72 
71 
78 
62 
21 
10 
15 
0 

96 
80 
R O  .. 
86 
86 
82 
28 
16 
18 

6 

88 
74 
84 
87 
86 
85 
35 
2.9 
28 
18 

86 
83 
75 .. 
85 
84 
92 
37 
38 
37 
30 
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Figure 6. Two outogrophs mode from the same plant, the 
one on the left having been exposed for 1 week on x-ray 
film, the. one on the right 4 weeks. Exposure of 2 to 4 
weeks hos proved sotisfoctory; the longer exposure is best, 
but it slows the work to hove to wait 

Figure 7. A 30-minute treatment, one of the two distinct 
types of movement of the radioactive 2,4-D found from 
several hundred outogrophs. The figure on the right i s  an 
Ozolid print of the autographed plant. In this case there 
was evidently leakage directly into the xylem and move- 
ment from the treated spot to the tip of the leaf in the 
transpiration streom. A few of the shdl-time treatments 
behove in this way 

Figure 8. A 30-minute treatment giving what may be called 
the normal response, shown by the great majority of the 
autographs. Although there has been some movement 
toward the leaf tip, the greater part of the transport hos 
been bosipetol along the petiole, through the epicotyl and 
hypocotyl, and on down into the roots. At least half of the. 
length of the roots has been traversed, and longer exposure 
during the autographing might have shown more extensive 
movement. There is no bending of the epicotyl. The treat- 
ment time was not long enough to ollow for the bending 
response. The fact that extensive translocation hos token 
place in less time than that which Day found necessary for 
absorption into the phloem is  probably explained by  the 
presence of the surfactant in the applied solution 

Figure 9. A 3-hour treatment where typical bending has Figure 10. A 12-hour treatment where the apical bud has 
taken place. In these short treatments !ittle 2,4-D has ocquired a measurable amount of 2.4-D. Meanwhile there 
moved up into the apical bud has been a weakening of the radioactivity of the treated 

leaf and the roots. The concentration is  still high in the 
petiole, epicotyl, and hypocotyl 
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Figure 1 1.  A 72-hour treatment where the apical bud has 
concentrated the 2.4-D, the petiole, epicotyl, and hypocotyl 
still retain appreciable quantities, but the roots and the 
outer part of the treated leaf have lost most of their rodio- 
activity. This is attributed to assimilation of the 2.4-0 
with evolution of radioactive carbon dioxide. However, 
this aspect of the problem has not been studied in detail 

Figure 12. Two plants treated a t  the some time and auto- 
graphed for the same period-2 weeks. The plant on the 
left was given the normal treatment, having been irrigated 
1 hour before treating. T h e  one on the right hod not been 
irrigated since the previous day. In the bean bending test 
it hod been found that irrigation before treatment was essen- 
tial to the bending response. Evidently absorption and 
translocation ore not dependent on irrigation 

sorption and translocation are taking 
place, and being aliphatic they most 
nearly satisfy the lipoid-holding capacity 
of the leaf cuticle. 

An emulsifier is required to stabilize 
the type of mixture being indicated. 
One should be selected that is low in 
inherent toxicity and well balanced with 
respect to the ratio of oil to water being 
used, and one that will foster spreading 
of and wetting by the mixture. 

Little is known of deliquescent agents, 
penetrants, and sequestering agents from 
the standpoint of the type of spray mix- 
ture being described. Hard water should 
not affect ester forms of 2,4-D; both the 
oil and emulsion stabilizer probably foster 
penetration, and prolonged retention of 
moisture does not seem necessary. How- 
ever, much remains to be done before 
one Can say that these materials do or 
do not benefit the action of a formula- 
t;on. 

Figure 13. Effect of place- 
ment of the droplet of 2,4-D. 
On the left-hand plant o 50- 
microgram application was 
placed on the midrib near the 
tip of the leaf. In the center 
is shown o plant that received 
five 20-microgram droplets 
around the edge  of the leaf. 
On the right-hand plant the 
50-microgram droplet was 
applied to the midrib near the 
base of the blade. The auto- 
graphs confirm Day’s results 
and prove that placement is 
important in these studies 

Application that this is especially important when 
perennials are being treated. AS for application, Fisher (2) in Texas 

recommends a spotwise (coarse droplets) 
treatment as compared to a mist applica- Achowledgmen’ ’ 
tion that comoletelv covers the leaf. The writer is indebted to Charles J. 

. I  

Figure 13 indicates the reason for this. 
When the spray lands in restricted areas, 
even if these are injured, so long as as- 

McCarthy for growing the bean plants 
and making the autographs used in this 
paper. 

similation proceeds, food movement from 
the remainder of the leaf will provide for Liferaturn Ci‘ed 

(1) Day, B.,E., Plant Physiol., 27, 143-52 transport of the herbicide. . ~~~ 

Evidently all leaves on the plant (1950). 
(2) Fisher, c. E., Agr. Chemic& 7 (3), 

49, 115, 117, 118 (1952). 
(3) Frey-Wyssling, “Submicroscopic 

Morphology of Protoplasm and Its 
Derivatives,” New York, Elsevier 
Publishing Co., 1948. 

should be treated, particularly the lower 
ones that are feeding the roots, and dos- 
age should be regulated to cause a mini- 
mum vf immediate damage. Probably 
the greatest drawback in the use of the 
nronvl and butvl esters was the rapid 
1 . I  

injury to treated foliage. 
Applications should be made when 

weather conditions favor rapid assirnil=- 

observations have long since indicated 

Recciucd for rcuiem Nommbecr 7, 7952. Ac- 
ceptcd &mumy 17, 7953. Bemztcd b&e the 
Diairion sf Agricultural and Food Chcmirtry, 
Sympo.rium on the Formulotion ond Action of 

C A N  CHEMICAL S o c r ~ r ~ ,  Atlantic City, N.  J. 
tion and rapid growth ofthe Plant. Field Herbicides, ot the m n d  Meeting of the AMERI- 
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