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CHEMICAL AND PHYSIOLOGICAL INTERACTION OF"
HERBICIDES :

. C.G.  -Greenham

This paper deals briefly with some of the ways in
which chemical structure affects the three main phenomena
concerned.- in the action of herbicides, viz. absorption,
translocation, and toxicity.

: As a generalisation-it may be noted that with the
exception of oils and-certain chlorinated benzenes, most
herbicides are acids, salts, or esters. This paper deals
mainly with 2,4-D and related compounds, because most _
research has been done en such substances. In fact, the
large amount of research done on growth regulators has
until recently held up research on other types of herbi-

. Absorption can take place oither through the
roots or through the aerial portions (leaves in particular).
If absorption does not occur in the vapour form, it must
occur in-the dissolved form, the. latter being the more
usual. -Possibly the failure of a number of herbicides such
s CMU to act through the leaves may be due to their low
solubility in the spray solution. Work done at Camp Detrick
has: shown that leaves will absorb from solution a wider
range of substances than will roots., Nevertheless research
done by the Shell Company has shown that within a group of
related substances, certain ones will penetrate leaves
better than others, B o ' '

. Although some proof has been obtained that aqueous
solutions can penetrate leaves through the stomata, the
general evidence shows that such solutions penetrate through
the cuticle. On the other hand the Shell Company has found

that oils penetrate via the stomata.,

- The cuticular penetration of aqueous solutions of
2,4~D and: related substances can be increased fourteen fold
by the inclusion of a wetting agent such as Tween 20
(Weintraub et al., 195L4). In general anionic and non-ionic
wetters have more effect than cationic wetters. Triethanol-
amine ond its salts act as cationlic wetting agents, How-
ever, the use of wetting agents dbes not always increase
the efficiency of a spray application as much as might be

‘expected from ithé'-fo'regoingc The inclusion of a wetting

agent can reduce the volume of spray retained on easily
wetted vertical leaves, and can also reduce the specific



action of a spray application.: ... ..

, The fact that the mesophyll cells have lipophilic
surfaces, i.e. are not easily:wetted by water, can help
explain the improved absorption resulting from the use of a
wettlng agent Blngham and Lew1s 1937) . :

”m_@ On account of the waxy nature of the cuticle
Crafts. (19h8) -suggested that for ready:.entry ‘through the,
cuticle, 2, 4~D and other herbicides should be in 'a non- .-
polar form° McNew and Hoffman (1950) found that toxicity
to. tomato and bean plants increases through the -following
serles of .2,4-D compounds applied .to-leaves: sodium salt -
< ammonlum salt € amine salts <‘acid < esters..- Polarity .
decreases_and . penetratlon presumably 1ncreases in the 7
Same.order° . s e e : -

Restrlcbedfabsorptlon has. often'been*suggested

as a factor reSpons1ble for the failure of some herb1c1des
on grasses. - However, the investigations of Weintraub et

(1954) . .have: shown that -the rates. of entry of 2 h-D 1nto

mlllet and bean,leaves were qulte s1m11ar.. -

, e The pH of the spray: solut1on can-. have a: marked
effect o the absorptlon (also translocation and: tox101ty)
of” herb1 des,,though conventional spray. ;solutions seldom
_have any.: 1nf1uence on .the pH of cells more than a short:

'dlstance from the .area.of. appllcatlonq @ertainly: thereé” 1s
‘evidence. that: many substances-penetrate cells better as”

molecules than as::ions;. for:that reason esters’ (Wthh do

not” 1on1se) ‘may,.be . preferred for good: penetratlono- ‘Lower=- -

ing the pH of the solution of a weak acid.such as 2, s =D+
increases the concentration of the molecules of that ac1d
and. decreases the concentration of:its ions.: Hamner et al.
showed -in bean plants that. lowerlng the pH of the: 2, ,4=D To
values .of “3..0r.2 under . certain. circumstances 1ncreased the
effect of the 2, h—D at a distance. . At lower pH values
local injury resulted with a decrease in the. distant.

effect of the 2,4-D. Simon (1950) has extensively examined

the action of pH on weak acids and weak bases; and con-

cluded that such substances are most toxic in the molecular -

form,- However, his work generally overlooks the eéffect of
pH.on cellular constituents. The work of Brian . and Rideal
(1952) .shows that. pH can affect the behaviour of proteins,

11p01ds and llpoprotelns° .These workers: further clalm that o

Methoxone 1s toxic in the 1cnlc form."

Translocatlon of the absorbed herb1c1de can take .

place“over short or. 1ong dlstances .and ‘may be upwards -
(usually from the roots and” in- the xylem) or. downwards.c

Sy
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Downward translocation-may.be of three types, viz. induced,
passive, and active (or metabolic). ‘Induced translocation
can take place only when there is a water deficit, and it
requires the use of a rapidly killing penetrating agent.

On account of the erratic behaviour of herbicides depending
on induced translocation, the more recently developed herb-—
icides depend on other types of translocation. '

. : Passive translocation occurs.when non-polar sub- -
stances. such as 2,4-D esters are applied in hydrocarbons |
such as kerosene (Rice and Rohrbaugh, 1953),. The movement '
appears to be due to capillarity and to take.place mainly
in the phloem parenchyma. '

. Metabolic or: active translocation results from
the metabolic activity of living cells, and is the most

important form of translocation for herbicides applied to

the leaves. Although a far wider range of substances can
be translocated upwards or downwards in the xylem stream
than can be translocated metabolically in the phloem, meta-
bolic translocation is the most important type for foliar
applications. ' . o - o )

Mitchell and Brown (1946) found that the metabolic
translocation of 2,4-D from the lesaves depends on the simul-
taneous movement of organic food materials. If such herb-
icides are not translocated within a few hours of applicat-

" ion, they can become fixed to. cells adjacent to. the area Qf

application, and will not be subsequently translocated-
under favourable conditions. Accordingly there can be a.
diurnal variation in the effectiveness of Methoxone

(Greenham, 1950).

More recently it was found that the presence of
boron markedly influences the translocation of sugars from
leaves (Gauch and Dugger, 1953), It was further shown- that
boron applied with growth regulators will increase their
translocation (Mitchell et al., 1953). ’ ' :

The general evidence is that when extensive
translocation of: 2,4-D and similar substances is required,
the spray solution should not have a rapid action on the
leaves. On the other hand, if only local toxicity is
required, better results can be obtained by including
adjuvants such as chlorinated benzenes or ammonium thiocy-
anate (Hitchcock ‘and Zimmerman, 1948). S

. Nevertheless certain rapidly acting poisons such
as arsenic acid can be translocated metabolically in



skeleton weed (Greenham and Wilkinson, 1942). Presumably
the ready translocation of arsenic acid depends on its
chemical: analogy to phosphoric acid. However, attempts to
use phosphate-tagged poisons such as 2,4-dichlorophenoxy-
ethyl phosphate have not. been promlslng on skeleton weed.

: ‘It is surprising how a sllght change in' chemical
structure can affect the metabolic translocation of herbi-
cides, Thus sodium trichloroacetate (C Clz. COQ Na) is not
translocated from grass.leaves whereas Daldpon (sodium =~J -
dlchloroproplonate-c «CC1l5.C00 Na) is readily translocated
(Warren, 1954). fgct it is dangerous to postulate how a
substance is translocated on the ba51s of the behaV1our of
an analogue,

- Little is known of the chemical form in which
‘substances are metabollcally translocated in the phloem.
Certainly there is no chemical combination. between 2 u-D
and: sugars (Welntraub and Brown, 1950), i

At one stage it was thought that the basis of
;elect1v1ty between a grass and a broad-leaved plant lay
in differing abilities to translocate the applied poison,
but this is not necessarily so. Wood et al. (1947) showed
the same concentration of 2-iodo-3-nitrobenzoic acid
produced a far greater effect in young bean leaves than in
young oat -leaves, and they concluded that the different .
behaviour of the herbicide in the oat leaves was due to the
different way in which it reacted with c¢ell constituents.
This conclusion is supported by the work of Brian and ‘
Rideal (1952) with monolayers; they concluded -that the
foundation of species resistance may be based on the extent
of adsorption of the herbicide to sites other than that
associated with the physiological response.

: It must be noted that although the simultanéous
movement of food material is necessary for the metabolic
translocation of 2, 4-D, this herbicide can be extremely
toxic when applied to starved tissues (Davis and Smith,

1950).

: © Some substances are decomposed before they become’
toxic. Thus the action of 2,4-dichlorophenoxyethyl sul-
phate ("Crag No. 1'"), which has a selective action on
seedlings rand is relatlvely harmless to established plants
depends on its conversion to 2,4-dichlorophenoxyethanol or
to 2,4-D (Vlitos, 1953). Either the mature plants do not
absorb the sulphate compound via their leaves, or they lack
the necessary enzymes to decompose it. -Certainly microflora
in the upper layers of the soil decompose the sulphate
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compound the ‘end products belng absorbed by and k1111ng
the seedllngs.e- . S

Poisons may be structurally non-specific or
structurally specific. -The former act "physically", i.e.
depend ‘on some physical properties which make for accum-
ulation ‘at a vital interphase where they can upset res-
piration, etc.; the latter have certain groups which
combine with chemical constituents. Illustrative of the .
structurally non-specific group are the oils, which are
cons1dered to accumulate at the cell membrane (Currier,
1951). Other non-specific poisons are the alcohols,
the actlvity of which within limits depends on the surface
tension of their aqueous solutions (i.e. on surface )
activity). However, as regards the growth-regulator group
of herbicides there is no general correlation between sur-
face ‘activity and toxicity (Paleg and Muir, 1952) ~ In such

- herbicides, chemical react1v1ty plays an 1mportant part. L

The obvious task of a herblclde is to interrupt
some vital process, but just which vital process is inter-
rupted ‘is not always clear. The  toxicity of nltrophenols_
is due to their uncoupling of the phosphorylation process
during the reSpiratory degradation of trioses. In. this
instance there is no chemical analogy between the herbi-
cide "and the process interrupted. In othér instances the
structure of a herbicide gives the clue to the mechanlsm_;.
of action. Thus the toxicity of cﬁlorate is due to’ 1ts '
antagonism of nitrate metabolism (Aberg, 1938). ~ The
absorbed ‘chlorate is reduced to chlorite; whlch 1nact1vates
the system which would normally metabollse n1tr1te° nmore-
over ther toxicity of chlorate can be reduced by added
nitrate, Similarly the action of arsenaté is due to the
inhibition of the formation of triose phosphates in res-

. piration. Of the innumerable mechanisms. offered’ to explain

the action of 2,4-D, the most feasible are those which are
based on’ 1ts analogy w1th 1ndole acetic a01d.‘

- For a long tlme it was puzzling why growth reg-
ulators could be stlmulatlng at low concentrations and be
toxic at hi The ‘enzyme kinetic studies of Foster, McRae"
and ' Bonner %1953) not only give the answer,  but also give
the best explanation for the toxic action of 2,4-D. They
find that growth depends on a two-point’ attachment of the
growth regulator to its siubstrate. At higher concentrations -
of the regulator there is competition for points of attach-

- ment; some regulator molecules become attached by one

point, and others by the other point. The normal growth
system is interrupted, resulting in a toxic system. An

- extension of thls theory w111 explaihn why 2,4-D and similar



substances have most effect on young and actively growing.
gystems: it is in such systems that the natural auxin
(indole acetic acid) is most active and that the growth
substrate.can be most readily disturbedc

o Much has been written about the activity. of com-
pounds in relation to ¢hemical structure. Most of it is '
about growth regulators (e.g. Veldstra, 1953; Muir and
Hansch, 1953) Various attempts have been made to gener-
alise on the structure necessary for activity, though none
are completely successful. Muir and Hansch point out that’
usually a free ortho position next to the oxygen linkage
is required for act1v1ty, but comment that fluorlne.
_substltutlon is an exceptlon. :

. The formula of 2 M-D viz, 2 u-012°C6H3°O CHQ.COOH
is deceptively simple. Such compounds can be cohsidered; as.
having four sites of specificity: the ring, the ether oxy-
gen, the methylene group, and the carboxyl group,-

) The ring system must always have some unsaturated
- bonds. Substitution of halogen atoms in the ring confers
activity; halogen substitution is generally the most -
effective, chlorine and fluorine being the most efficient
of the halogens. The most important positions are 4, 2-4,
2-4-5, 2-5, and 3-4. Which substitution is to be pref—
erred depends on the plant to be killed. Replacement of
- the axygen linkage by nitrogen or sulphur reduces activity.
On the other hand. the oxygen linkage and methylene group -
can'be eliminated, and the ring substitution altered, and.
actlve compounds such as 2 6-dlchlorobenz01c acid result.-
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Replacement of one. of the hydrogen atoms in the
methylene group with a methyl group is possible, and the
resulting compound is optically active but still toxic.
Replacement of one hydrogen with ethyl or larger groups
leads to diminished activity. Replacement of both hydrogen
atoms by methyl groups results in almost complete inactiv-
ation, leading Osborne and Wain (1951) to postulate the
necessity of an o«-hydrogen for biological activity., If
the methylene. group is extended to a straight chain, the
resulting compounds may or may not be active, -depending on
the number of carbon atoms in the chain and the test used.
For certain growth responses there should be an odd number
of carbon atoms, though an odd number is not necessary for
toxicity. . ' ' '

, Act1v1ty of the molecule is dlmlnlshed or destroyed
by subst1tut1ng a phosphonic radical or sulphonic radical
for the carboxyl. However, activity is not necessarily.
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diminished, and 1ndeed may be enhanced by conversion of
" the carboxyl group - ‘to certdin 'derivatives such as ester,
-amide, anilide, ureide, hydraz1de n1tr11e, acid chlor- .

ide, alcohol or aldehyde.

: An 1mportant feature so far glven 11ttle -
attention is the effect of" repeated application of herb-
icides. Work by R.M. Mosre on hoary cress shows that -
treated plants are subsequently mere susceptible to a

second application, On”the other hand, work with Lemna

(Robertson-Cuninghame and Blackman, 1952) or with
Sinapis alba (Llnden 1953) shows that provided there

‘is small but sufflclent time inteérval, 'a second appllc— fﬁ

ation of 2,4-D has far less effect. POSSlbly this )
developed res1stance depends on the synthes1s w1th1n the
plant of new enzyme systems. :

.This brief account makes no. pretence at cover- .
1ng the whole field but aims at introducing the subject.
It is hoped- that subsequent papers and discussion W111
fill in some of the gaps.
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