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Phenoxyacetic acid derivatives are mostly used in agriculture. In Hungary 
Dikonirt (2,4-D) was used first in 1956 in a quantity o f 240 tons. In 1960 the 
amount o f this herbicide used up in a year was 600 tons and in 1965 as much as 
3300 tons (data supplied by the Section o f Plant Protection o f the Department 
o f Agriculture), which, however, still lags behind the yearly consumption bv 
other countries.

The advantage o f phenoxyacetic acid derivatives over other types of 
herbicides consists in their hormone action, on the one hand, and in the fact 
that they disappear from the soil within some months, on the other (A  u d u s 
1951). In the plants, however, they are firm ly absorbed and do not diffuse out 
even from isolated organs (S e r g e n t and B l a c k m a n  1962).

There are a number ofpapers dealing with the transport of 2,4-D ( C r a f t s  
1951, 1956 a,b, 1960; B r i a n  and R i d e a l  1952, F a n g  and B u t t s  
1954a, C r a f t s  and Y a m a g u c h i  1960). The experiments described in 
the above publications were carried out with intact plants or sometimes with 
isolated organs and the data reported do not differentiate between the three 
main factors of transport, i.e. penetration through the cuticle, translocation in 
the conducting vessels and absorption by the tissues proper. Therefore, such 
experiments yield only some indirect evidence as to the extent and character 
of the accumulation at the site of action.

It has been shown that the ontogenic phase i.e. the degree of differentiation 
has an influence on accumulation ( L i ns  c o t  t and M c C a r t y  1962). 
With young FernoTM'a plants the highest concentration of 2,4-D
was found in newly formed young shoots, whereas with fully developed plants 
it was in the roots.

In PAaseo/MS PM/yans a very active apicocauda! transport was demonstrated 
with a minimum amount of 2,4-D getting back into the soil ( H o l l e y  et al. 
1950). W hen the 2,4-D content of etiolated and normal leaves was compared 
no difference concerning accumulation was found (J a v o r s k y et al. 1955)
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Rates o f accumulation are influenced by the degree o f metabolization and 
by the factors acting on it. I t  has been established that in RAmseo/M.s 
kept in the light 2,4-D is converted very rapidly into an alcohol insoluble pro­
duct ( W e i  n t r a u b et ai. 1962). In the same plant species the 2,4-D concen­
tration attained remains at a constant level in both stems and roots ( F a n g  
and B u t t s  1954b).

For a thourough investigation o f accumulation as a factor o f transport 
non-differentiating tissue cultures prepared from potato tubers seemed to be 
exceptionally suitable. With them neither cuticular penetration nor translo­
cation has to be taken into consideration. In addition, the optimum growth rate 
o f such tissue cultures was observed to be in the dark (F a 1 u d i 1957) and 
exceedingly quick transformation processes do not intcrfer with the evaluation 
o f the results.

Material and Methods

Tissue cultures were prepared from tuber tissues of two varieties of
¿M&erosM/M. One variety, "Gül Baba" was previously found to be sensitive 

and the other variety "M argit" to be relatively resistant to 2,4-D (F  a 1 u d i 
et al. 1961). The cultures were prepared and maintained using a method which 
had been particularly designed for potatoes (F a 1 u d i 1957. 1966 — 67, F a 
1 u d i et al. 1962, 1965a). The results have been based in the average values 
obtained for 50 to 100 expiants and their mean errors.

"Auxin-type growth" was established partly by morphological features and 
partly by changes in water content, dry weight and total nitrogen content. 
These latter were determined by weighings and by the Nessler-method modified 
by B á l i n t  and H e g e d ű s  ( B á l i n t  and H e g e d ű s  1955).

For the determination o f the concentration o f 2,4-D inside the tissues
2,4-D solutions o f known specific activities and o f different concentrations 
were used. The active ingredient o f these solutions was labeled either in the 
C-l atom o f the ring or in the -  COOH group o f the side chain.

In experiments in which the determination o f the accumulation o f the 
total activity originating from 2,4-D was aimed at, the cultures were washed 
prior to the measurements three times for 5 minutes with a solution containing 
non-labeled 2,4-D in order to remove surface activity. The tissues were then 
extracted in SO per cent alcohol, five times their weight. The residue was washed 
with SO per cent. 90 per cent and absolute alcohol, dried with ether, combined 
with the washing medium, evaporated at room temperature and taken up in 
a known volume o f 50 per cent alcohol. Aliquots o f both the alcoholic extract 
and the residue were plated on planchettes and the residue was fixed with poly 
vynvl acetate dissolved in 0.5 per cent acetone. Radioactivity was measured in 
a gas-flow counter with a geometry o f 2rr and a 46 per cent efficiency. The 
measurements had an accuracy o f about 1 to 5 per cent. The self-absorption 
corresponding to the thickness o f the samples was expressed in terms o f an 
infinitely thin layer o f 2,4-D dissolved in sucrose. The value thus obtained w as 
but slightly higher than the self-absorption o f the alcoholic extract and some­
what lower than that o f the residue.
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In experiments on the influence o f 2,4-D analogues and o f ^-indolylacetic 
acid on absorption the same procedure was followed as that used in other studies 
on their growth regulatory action (F a 1 u d i et al. 1964, 1965a).

To test varietal differences experiments were carried out with 2,4-D labeled 
either in the ring or in the carboxyl group. For the tentative identification o f the 
degradation products the alcoholic extracts were subjected to paper chromato­
graphy in a mixture o f propanol: ammonia: water =  1 0 : l : l  (v/v/v) using 
Schlcicher-SchuH 204 3b filter paper. The radioactivity spotted for each 
chromatographic run was 10000 cpm. For autoradiography an exposition time 
o f 4 weeks was taken.

Results

Before studying the accumulation o f radioactivity deriving from 2,4-D 
we had to get some information about the type o f growth which has a significant 
influence on the evaluation o f the results. When the tissues contained 2,4-D in 
an optimum concentration o f 10"* M they were o f a transparent, creamy white 
colour. A t an early stage o f culturing (4"' to 5"' day) a great number o f tuberc­
les appeared which gave the explants a cauliflower like appearance characteris­
tic o f an "auxin-type" growth (Fig. 1).

In the picture sotne large and several small tubercles are to be seen. This 
is a typical picture o f a so called hyperhvdric growth and gives some hints as 
to an "auxin-type" growth. This is unequivocally supported by the data shown 
in Table 1.

I t  is clear from Table 1 that the major part o f tissue growth is due to indu­
ced water uptake. For several decades this phenomenon has been considered 
as the most important feature o f "auxin-type" growth (R  e i n d e r s 1938). 
The induced water uptake o f the variety which is sensitive to 2,4-D is 100 per 
cent higher than that o f the resistant variety. In addition to a more intensive 
water uptake there is also an increase in dry matter content. I t  is important 
to note, however, that at the same time the change in total nitrogen content on 
a percentage basis is exactly the same with the two varieties which exhibit a 
significant difference in their growth rate.

During our studies on the accumulation o f originating from labeled
2,4-D, changes in the 2,4-D* concentration related to 1 ml o f the culture medi­
um anti to 1 mg tissue, respectively, were, first recorded up to the end o f non- 
differentiatcd growth, i.e. until the 14"' day (F  a 1 u d i 1966).

As seen in Table 2, most o f the activity was present in the alcoholic fraction. 
Concentrations o f 5-10-6 y] i(,-4 yt and 2 -10-4 caused a 2 to 4 fold weight 
increase, respectively ( F a l u d i  1966). the 2,4-D* concentration in this 
zone was uniformly 2. 2 times higher than that in the culture medium. This 
value may be regarded as the saturation level regulated by growth. This is 
shown also by the fact that in the case o f a culture medium containing 10*3 
M 2,4-D* ( 10'  ̂  yt/ml) w here growth stops, the rate o f the degree o f concentra­
tion falls below 1 as compared to a 5 times higher concentration in the culture 
medium.
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ToMe 3.

Accumulation ol 2,4-D labeled with "C  in the ring in potato tissue cuttures 
as a tunction o! 2,4-D concentration in the cuiture medium

A  simiiar correlation is indicated by the data in H g. 2, which shown the 
accumulation o f 2,4-D in the course o f culturing. It may be seen that in a culture 
medium containing 10"* M 2,4-D there is a very rapid accumulation during the 
lag-period o f growth. Later on accumulation is proportionate to growth. On a 
culture medium containing 10*s M 2,4-D no such phenomenon was observed.

When in addition to 2,4-D* the basic molecule (phenoxvacetic acid) and 
analogues were added together to the culture medium it was found that some 
analogues as well as the non-labeled 2,4-D which acted just as a factor to in­
crease concentration, had the same inhibitory effect on accumulation. Some 
other analogues, however, inhibited accumulation to a much higher extent 
than did 2.4-D (Table 3).

HHt-ct <'! 2,4-1) analogues on the growth ot potato tissue cuitures and on the aceumuiation
ot 2,4-D in them 

(Date o f culturing December)

Such analogues were 2,3-D, 2,5 D, 3.4-D and phcnoxyacctic acid. I t  is also 
evident that induction o f growth and inhibition o f accumulation did not always 
run in step (2,3-D and phenoxvacetic acid).

We get the same overall picture when 2,4-D* and /i-indolylacctic acid in 
different concentrations are used together (1 able 4).

2.4-D* lO '?  M/g tissue

2,4-D* M m! 
culture medium in the acohoi 

soiubie fraction
in the residue 
after alcoholic 

extraction
totai activity

activity related to that 
o f the culture medium

6-10-* ................. 1.0S 0.03 1.11 2.18
10-7 ....................... 2.14 0.03 2.17 2.18
2-10-7 ................. 4.25 0.07 4.32 2.16

10-* ....................... 8.37 0.30 8.67 0.90

Active
ingredients

10*7 M + 10-7 M Weight o f 
tissues mg Per cent

Aceumuiation 
it)*? M/n fr. tv. Per cent

mi cuiture medium

2,4-D* .......... ) 19 too 3.3 too
2,4-D* +  2.4-D 101 84 2.6 79
2.4-D* 2,3-D 99 82 1.9 5M
2,4-D*+ 2.6-D 101 84 2.5 76
2,4-D*+  3,5-17 70 2.4 73
2,4-D* + 2,5-1) 97 Ml 1.8 55
2.4-D* + 3.4-D 82 69 2.1 64
2.4-D*-i-p h e n o x v a c e t ic  a c i d ................ too 84 1.9 58
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TaMc 4.

Accumnlatton tt! 2,4-!)* in potato tissue cuitnres in the presence ot [.i-intlolylncctic acid
(Date o f culturing: October)

! he data in i able 4 clearly show that whenever IA A  was used in a high 
enough concentration or even in concentrations which antagonize the stimula­
tory effect o f 2,4-D upon growth it enhanced the accumulation o f radioactivity 
deriving from 2,4-D.

It  has been known for a long time that within the same species there exist 
very delicate differences in the sensitivity to 2,4-D (D e r s c h e i d et al. 1952) 
and that these varietal differences appear at the tissue level as well (F  a 1 u d i 
et al. 1961, 1965b). The question arose in how much this phenomenon can be 
attributed to differences in accumulation. Since some authors claim that the 
main reason for these diiferences is to be sought for in various degrees o f 
decarboxylation (E  d g e r t o n 1961, E d g e r t o n and H o f  f  m a n 1961) 
the problem has been reinvestigated by using 2,4-D which was labeled either 
in the ring or in the carboxyl group (Table 5).

T'aMc 3.

Accumulation o! 2,4-!)-'* c  and 2,4 -!)- l"C  labeled 
in the ring in tissue cultures of the potato varieties 

tlii) Baba and Margit
(Date o f culturing February)

I t  may be seen from Table 5 that the sensitive variety accumulated more
2,4-D than did the resistant one and that about 20 per cent o f this amount was 
decarboxylated. In the resistant variety there was no detectable decarboxy­
lation. I f  the differences in growth between the two varieties are taken into

2,4-D* 10- ? M/g tissue

Concentration M/m! culture Weight of in tile l'otai
Per centmedium tissues mg aicoho! after activity

soiuhie 10-7 M/g
fraction extraction

lO-? 2,4-D* 76
72

2.14
2 72

2.21
2.75

100
12410-7 2,4-D*-)-10-7 IA A  .......... 0.03

!0 - '2 ,4 -D *- }-1 0 -"IA A  . 92 2.48 0.03 2.51 ! !4
10-' 2,4-D* +  2 .!0 -" IA A 59 3.54 0.03 3.57 i6i

2,4-D !abe!
10-7 M/g

GO! Hahn Margit

2.4 D* .. 3.3 +  0.25 2.2 +  0.58
2,4-D-l"C
Decarboxylation

2.8 +  0.46 2.3 +  0.18

10-7 M / g  2 ,4 -D ........ 0.6 0.0



consideration one may conclude that no significant difference in accumuiation 
exists between them. Therefore neither accumuiation nor decarboxylation 
seem to be responsible for the varietal differences.

!o  get some more insight into tiie probiems concerned paper chromato­
graphic studies were dJso made (Fig. 3).

The chromatograms show that with both varieties about half o f the original 
activity had an R f value corresponding to that o f 2,4-D. The alcoholic extracts 
o f tissues treated with 2,4-D subs­
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tituted either in the ring or in 
the carboxyl group gave two more 
spots in addition to that o f 2,4-D: 
one with a higher and another one 
with a lower R f value than that 
o f  2,4-D. With both types o f subs­
tituted derivatives the varietal d if­
ference appeared in the spot with 
the higher R f  value. This pheno­
menon may be explained by two 
alternative hypotheses: the pro­
duct formed is either a compound 
with an increased mobility and a 
higher activity than the unchan­
ged 2,4-D, or accumulation plays 
no role whatsoever in varietal d if­
ferences and the difference merely 
depends on the manner the target 
tissue reacts. The fact that the 
spots with R f values lower than 
that o f 2,4-D behave just opposite 
to those with the higher R f values 
stresses the importance o f metabo- 
lixation in the differences.

Fig. 3. Conversion o f 2,4-D iabeled either in the 
ring or in the carbox; i group in tissue cultures 
of potatoes o f the varieties Gut Baba and Mar- 

git, respectively

Discussion and conclusions

It has for long been a debated question whether water uptake induced bv 
auxin-like substances is o f an osmotic (H  a y n e s 1930, L e v i t t  1954) or 
o f a nonosmotic nature ( B o g é n  1953, D a i n t y 1963). During our studies 
on varietal differences it has been shown that between 2,4-D sensitive and 
resistant varieties there is originally no considerable difference in water content 
whereas dry matter content is somewhat higher in the resistant variety. 
When, however tissue cultures are treated with 2,4-D in a concentration which 
has a growth inducing effect the water uptake o f the sensitive variety will 
become almost the double o f that o f the resistant one. This fact is in line with 
the assumption that in such cases water uptake is o f  a non osmotic nature.

As far as changes in total nitrogen content are concerned some authors have 
found that in various plants it decreases with increasing water uptake (R  a k i-



t  i n and Z e m s k a y a  1958, W o r t 1961) some others have established 
that it increases proportionally to ( K a n d l e r  and F i n k  1955) and or to a 
higher extent than water uptake ( K a n d l e r  and N  e u m a i r 1954). In 
our experiments total nitrogen content increased almost at the same rate with 
both varieties which had different rates o f water uptake and this increase was 
far from being proportionate to water uptake.

Penetration was formerly considered to be a more important factor than 
accumulation with respect to both growth induction by and selectivity o f auxin 
herbicides ( H a n s e n  and B u c h h o l t z  1952). Recently the delicate 
varietal differences in growth rates and herbicidal selectivity are thought to be 
due to morphophysiological effects with genetical implications ( W i l l i  a tn s 
1953, 1954). Furthermore it is being emphasized that differences in penetration 
are practically o f no importance ( W i l l i a m s  et al. 1960). This latter assump­
tion is supported by recent findings which also claim that the effect is exerted 
at the plasmatic level ( B i c b l  1963, F a l u d i  and F. D a n i e l  1960). 
The connection with the induction o f growth can be understood by assuming 
that growth will compensate for accumulation as long as it is possible. Later 
on both accumulation and growth may stop without being connected in any 
way. Similar conclusions were drawn from experiments with intact PAuseo/as 
PM?<yn/?.s plants. I t  has been namely shown that upon increasing the doses o f
2.4- D a "saturation level" will set in quite early, above which upon further 
increases o f the dose inner concentration does not increase further ((' h m i 
e 1 e w s k y et al. 1966). The authors did not report more detailed investiga­
tions.

The fact that transport processes are going on mainly at the plasmatic 
level suggests, that several authors have exaggerated the importance o f translo 
cation ( C r a f t s  1953, 1961, 1964, L u c k  w i l l  and L l o y d - 1  o n e s
1960a, 8 1 i f  e et al. 1962). Similar conclusions have been drown from experi 
ments carried out with intact plants (L  i n s c o 11 and M e C a r t  y  1962).

Formelv the ratio o f hydrophylic to hydrophobic molecules was regarded 
as the most important factor in the auxin-auxinherbicide effect (W e 1 d s t r a 
1947, 1956, V e 1 d s t r a and B o o i j 1949). L e o p o l d  et al. (I960) have 
tested several ***C labeled phenoxyacetic acid derivatives from this point o f 
view. The results obtained did not confirm the hypothesis that there was a 
correlation between the degree o f lipophvlic character and the efficiency o f the 
molecule. Their finding that phenoxyacetic acid is very highly water soluble 
whereas 2.3-D, 2,5-D and 3,4-D are nearly as water soluble as 2.4-D, is remar 
lcable. When equimolar mixtures o f 2,4-D and its analogues or phenoxyacetic 
acid were used in our experiments accumulation was strongly inhibited by the 
compounds in question. This indicates that the ratio 11 : L  cannot be respon 
sible for this phenomenon at least as far as phenoxyacetic acid is concerned. It 
is well possible, however, that the inhibitory effect o f phenoxyacetic acid and 
that o f 2.3 D. 2,5-D and 3,4-D have quite different reasons. In connection with 
this problem one has to bear in mind a hypothesis according to which phenoxy 
acetic acid possesses a very high diffusion rate and therefore its diffusion into 
the tissues and therefrom back into the medium is so intense as to prevent
2.4- D from reaching its site o f action ( W e d d i n g and B l a c k  tn a ti 1961).

B. FA LU D I ET AL.



The only reason why this theory cannot be accepted for the interpretation 
o f  our resuits is. that it does not explain the quantitative aspects o f the agree­
ment between the inhibitory effect o f phenoxvacetic acid and that o f 2,3-D
2.5- D and 3,4-D. It may be suggested that the competition is connected rather 
with the distribution o f electrostatic charges or the copianaritv o f the ring and 
the side chain.

This hypothesis is supported to some extent by our finding that /?-indolvl- 
¿icetic acid stimulates rather than inhibits the accumulation o f 2,4-D and that 
this inhibition o f accumulation sometimes does and sometimes does not run 
in step with the inhibition o f growth.

In some other experiments the presence or lack o f the growth stimulating 
action o f 2,4-D and o f its analogues could be interpreted by the position o f 
the substituents (F  a 1 u d i 1964. F a 1 u d i et al. 1965a)J On the basis o f 
these findings an attempt will now be made to interpret the difference between 
inhibition o f accumulation and inhibition o f growth. As shown in the present 
paper inhibition o f accumulation was accompanied by inhibition o f growth 
when 2,5-D and 3,4-D were added together with 2,4-D. In both o f these substi­
tuted compounds the substituents, just as 2,4-D. decrease the positivity o f the 
center around carbon atom 1 in the benzene ring. This may account for the 
competition. This hypothesis is in line also with the finding that neither diortho-
2.6- D nor dimeta-3,4-D have a higher inhibitory effect on growth than the 
combination 2,4-D*+ 2.4-D. The stimulatory effect o f /Lindolylacctic acid 
on accumulation and its fluctuations may be well explained by supposing that 
accumulation is compensated by two growth processes which differ to some 
extent in their mechanisms and that this ensures a higher saturation level.

The stimulatory effect o f j?-indolylacetic acid on accumulation and its 
fluctuations can be interpreted by the fact that the stimulatory effect o f hi"), 
concentrations o f IA A  on growth works together with that o f 2,4-D (F  a 1 u d i 
et al. 1964). In this way compensation o f accumulation by growth may set in at 
a higher saturation level.

The results of our laboratory experiments carried out on tissue cultures 
fully support the data of field trials which report significant differences in 
sensitivity to auxin herbicides between different varieties of the same species 
( D e r s c h e i d  1952, D e r s c h e i d  etal .  1953, W i l l i a m s  1954). The 
genetical stability of these differences ( W i l l i a m s  1953) is substantiated 
by their dependence on cytoplasmic structure and metabolism, as suggested in 
the present paper. It has been namely pointed out that both in decarboxylation 
(Table 5) and in the metabolization of the 2,4-D accumulated (Fig. 3) there are 
varietal differences, i his is clearly shown by the chromatographic differences 
between the sensitive and the resistant varieties with respect to the alcohol 
soluble fractions of tissue extracts treated with 2,4-D labeled either in the ring 
or in the carboxyl side clain. Our data also indicate, however, that decarboxy­
lation is not the most essential factor as supposed by some workers ( L u c  k- 
w i 1 1 and L 1 o y d-J o n e s  1960b, K d g e r t o n 1961. H d g e r t o n and 
H o f f m a n  1961), instead, the difference may have several other causes. 
This hypothesis is supported by the fact that it is the sensitive varietv in 
which decarboxilation goes on very actively while in the resistent variety no 
significant decaroboxvlation process can be detected.

AC CU M U LATIO N  OF 2,4—D ¡.¡p



AH our experiments data strongly favour the view that although accumu­
lation plays the most important role in transport processes from the point o f  
view o f auxin effect, yet it is but a necessary and not a sufficient prerequisite.

Summary

The accumulation o f the auxin herbicide 2,4-D has been studied in tissue 
cultures made from 2,4-D sensitive and resistant potato varieties and exhibiting 
"auxin-type" growth. "Auxin-tvpe" growth was shown to be the case by chan­
ges in the water content, dry matter content and total nitrogen content o f the 
tissue cultures (Fig. 1 and Table 1).

The accumulation o f the radioactivity deriving from labeled 2,4-D was 
most characteristically represented in the alcoholic fraction o f tissue extracts. 
By using culture media containing 2,4-D in concentrations o f 5X l 0*s M, 
10*4 M and 2 X 1 0 respectively, the concentration rate was uniformly 2,2. 
When, however, the culture medium contained 2,4-D in a concentration o f 
10*'' y] which inhibits growth, the concentration rate was somewhat below 1. 
This phenomenon is considered to be due to compensation o f accumulation by 
growth (Table 2). The time curves representing growth and accumulation, 
respectively, support this idea (Fig. 2).

When 2,4-D was added together with phenoxyacetic acid or with substitu­
ted dichloro compounds it was found that only 3,4 D, 2,5 D 3,4-D and phenoxy­
acetic acid inhibited accumulation by more than what would be expected with 
a twofold concentration o f 2,4-D. The inhibitory effect o f the dichloro-deri- 
vatives mentioned above could by explained by their Ivpophitic character 
similar to that o f 2,4-D. The ability o f phenoxyacetic acid to inhibit accumu­
lation to the same extent, however, seems to refute this hypothesis. No direct 
correlation was found between inhibition o f accumulation and inhibition o f 
growth. Inhibition o f growth may be connected w ith the fact that substitutions 
in carbon atoms 3,4- or 3,5-have the same influence on the positivity o f carbon 
atom 1 in the benzene ring as the substitution in carbon atoms 2,4- has.

As far as varietal differences are concerned it has been shown that the
2.4-D sensitive variety accumulated more 2,4-D in the tissues than the resistant 
one did, but the rate o f decarboxylation was also higher. Consequently, no 
significant difierence in accumulation could be detected (Table 5). On the 
contrary, there was a striking difference between the two varieties in the 
metabolization o f 2,4-D. From this point o f view decarboxylation does not 
play an important role (Fig. 3).

O f the transport factors the accumulation o f radioactivity deriving from 
labeled 2,4-D is o f major importance, from the point o f view o f auxin effect, 
however, this has to be regarded only as a necessary factor rather than a 
sufficient one.
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