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BOME EFFECIS OF 2,4-DiCHLORUPFINCXYACEYIC ACID (N THE XITROGEN
AED CARBONYDRATE METABOLISM CF THE COMN PIANT (ZEA MAYS L.)
Int roduction

Since the introduction of 2,4~dichlorophenoxyacetic acid
as an herbicide, considerable study hes been given to the
physiological action of (thh compound on various plsnts.
Chenges in metabolic rate have been reported by meny workers
(1,2,3). These chenges have been measured by the napmtm
of tissue slices, by chenges in the carbohydrate and nitrogem
constituents of the plent, and by changes in the water content.

Smith et al. (4) found & decreese in starchedextrin
reserves, on increase in total sugsrs, 2 decrease in total
nitrogen in leaves, end an increase in total nitrogen in stems
and roots when bindweed weas itreated with 2,4~D. It was sug-
gested that the altered respirstion rate might be &n indication
of some physical ebnormality. Vhen the Red Kidney bean was
treated with 2,4-D, Smith (5) found & decrease in total nite
rogen but little change in soluble nitrogen. Iasmssen (6)
reported an inerease in reducing suger, but no grest chenge
in non-reducing suger for the first 10 days of treatment, &
decrease in polysaccharide, and little change in soluble
~ mitrogen or protein nitrogen with iacpnan_xg concentrations
of 2,4~D on the dandelion. YThe annual morning glory showed

1ittle chenge in weight, en incresse in sugers, end a decrease



in starch-dextrin when sprayed with the euxin (7)+ Erickson
et al. (8) observed that the protein content of whest ssed
increczsed when treated with 2,4«Ds

in spite of the informetion presented ebove it is
obvious that there is & great deel more to be learned sbout
the effects of 2,4-D on the metabolism of plants. This
thesis wes undertaken to add to the existing lmowledge of
2,4-D action 2nd to determine if results observed for other
plant species were 8lso &pplicable to the corn plant.

Methods and Materials

Enouzh South Dakotz single cross hybrid 105 x 107 Yellew
Dent corn se¢ed was taken to gzive 120 plants. The seed wes
planted in sendy gravel om June 10, 1948 2nd on June 26 the
seedlings were transferred to 2 gallon, glaged, earthenware
crocks filled with the nutrient solution developed b& Trelease
(9): Pive plants were put in each crock and were held wpright
by threading them throuczh rubber stoppers; pecking cotton
eround the stems; and inserting the stoppers in peraffin-costed
transite 1lids vhich fitted loosely on the crocks: The eculture
solution was changed weekly and iron es ferrous sulfete was
replenished semiweekly: The crocks were placed on the greemn~
house tables in two parsllel rows of twelve eech and moved
twice & week so that they would maske & complete circuit of the

table every two weeks: This transfer was made so 23 to obviate
to some extent the inequalities existing in lighting within the



greenhouse.,

¢n July 10 the crocks were mumbered smd divided into four
groups by lot. Group one was the comtrol. Group two wes trested
with enough 2,4-dichloreshenoxyacetic scid solution %o meke the
fina)l concentration in the erocks 5 ppm; group three wes made
to 10 ppm. and grouwp four te 20 ppm. of 2,4-0, The pumh were
treated at 1:00 peme

The plents were harvested at 9:00 a.m. on July 13 after
88 hours of treatment. The tops were cut off at the top of
ths rubber stopper, weighed, dried mepidly in a forced draft
oven at 700 €., weighed, end ground. 7he roots were removed,
and swungz rapidly in & cheese cloth bag at the end of & cord
to drive off the excess water, weighed, dried rapidly, welghed
and ground.

Totel nitrogen was determined by the salicylic 2cidesule
furic scid method as described by Loomis and Smmll (10). Cne
half gresm samples were weighed into 800 ml. Kjeldahl flasks,
end 30 ml. of concentrated sulfuriec a2cid, in which 1 g. of
salicylic zcid has been dissolved, were added. The mixture
vas allowed to resct im the cold for 30 minutes with occasiasl
rotatim, +Them I grams of sodium thiosulfate were zdded to
reduce the nitro groups to emine groups. Sodium sulfate snd
copper sulfate were added as in the regular Kjeldehl procedure
and the mixtures were digested 1} times as long as it took the
digest to clear. After cooling 400 ml. of weter and 100 ml.

of Greenlank's 21ke1i solution were added, followed by distill-



stion of the libersted amsonis imto 25 ml. of standard hydro-
chloric acid and titretion of the excess acid with standard
sodivm hydroxide. ‘

Kitrate nitrogen was estimeted by the Devardas reduction
method of Gerdel as modified by Olson (11}. Une grem semple
wes ntM into & 250 ml. erlenmeyer ﬁaﬁk. About 100 ml.
of boiling distilled water were 2dded and the flask was placed
on the steam hath for 2 hours. Appreximtoiy 125 ml, of wmater
end 5 ml, of seturated neutral lead acetate were added and
the mixture was allowed to cool. The solution wes mede up to
250 ml. in & gradusted cylinder, shaken well and filtered.

One hundred ml. aliguots of the filtered solutiom, 200 ml.
of distilled weter, 25 ml. of 57 sodium hydroxide, & small
plece of pareffin, and 2 few gless beads were added to a
Kjeldahl flesk and the mixture wes bolled for 30 minutes.
After cooling to almost room temperature, 200 ml. of distilled
water and 3 grams of Devarda's metel were added to the flask
and the ammonia resulting from the reduction of the nitrate
nitrogen wes distilled over into standard hydrochloriec acid
solution. The distillate wes made wp to 250 ml. and 10 ml.
aliquots were taken for nesslerisation. The aliquot was
placed in 2 100 ml. volumetric flask, sbout 75 ml. of water
and 5 wl. of Hessler's solution were added, and the contents
were diluted to 100 ml. &nd thoroughly mixed. After 15 min-

utes the intensity of resulting color ws determined with a2



photoelectric colorimeter,

The method of Heassid (12) wes used to determine the
suger content. One half gram samples were extrected with
807 alecohol for 6 hours. The extract was evaporated dowm to
ebout 10 zl., and then 2 few ml. of water and 10 drops of
saturated neutral lead acetate were ndded, followed by 20
drops of seturated disodium scid phosphate, A svall emount
of carbon ws edded to decolorise the solution and the
preparation was filtered, the residue on the filter being
washed several times with hot distilled water. The filtrate
and washings were collected in 100 ml. volumetric flasis snd
mede to volumwe. :

 Approximately one~half of the extract was transferred te
an erlenmeyer flask and 3 drops of invertese solution &nd a
few drops of toluene were added. This aliguot weg kept overe
night at room tempersture.

Redueing sugars were determined om 10 ml, aliquots of
the untreated (invertese~free) solution by mixing them with
5 ml. of alkaline ferricyanide and boiling for 15 minutes.
Then 5 ml. of 55  sulfuric scid were added and mixzed by
shaking, followed by the addition of 7 to 10 drops Setopsline
C indicator. This solution, containing ferrous iron equive
alent to the reducing sugars was tit:;atod with & ceric sulfate

solution that had been previocusly standardized against 2

stendard glucose solution.



Totel suger wes determined by applying the 2bove method
to the solution treated with invertsse. The difference between
the two values is egual to the non-reducing suger or sucrose
(in terms of glucose).

"True protein” nitrogen wes determined on the residue
left after the extraction with 807 alcohol. The alechol
wag driven off in the drying oven snd the regidue was extracted
repeatedly with boiling weter, them filtered snd the residue
and filter peper were added to & Kjeldehl flask, digested
with sulfuric acid, sodium sulfate, and copper sulfate for
sbout 30 minutes and distilled 2s in the determination of
total nitrogen.

Uther nitrogen fractions were determined om szliguots
of 2 mter extract obtained by & slight medification of
the methods of Vickery et al. (13). Samples of the tops -

(10 grems) and roots (5 grams) were weighed into erlemmeyer
flasks end 150 ml. of water were added to each flask. The
flasks were placed on the steam bath until they reached 7(°C.,,
kept at this temperature for about 20 minutes, and cooled.
Then the mixture was added to a 200 ml. graduate, made to
volume and them poured quickly into & large beaker. The
mixture was filtered through & fluted filter paper using a
diatomeceous silice filtereaid. To these extracts were added
& few drops of chloroform, enough toluene to form & layer over

the 1imuid, and the extract wes stored at about 20 C.



Ammonium nitrogen wes determined on aliquots of the extract
on the same day of preparation and sccording to the method of
Pucher et al. (14). 4An aliquot of 25 ml. wes pleced in the
flask along with 20 ml. of phosphate~borate buffer and about
40 ml. of water. After the addition of B ml. of the boratew
¢ odiume-hydroxide mixture, the resulting smmonie wes vacuum
distilled (ca. 20 mm. Hg) at 40° C. The distillate wes
transferred to 100 wl. volumetrie flesks end nesslerized as
in the case of the nitrate nitrogen.

Glutamine (easily hydrolyzeble) mitrogen wes determined
the next day in the same spparatus but using the partiel
hydrolysis method of Vickery et 21. {(13), Twenty ml. of
phosphate-borate buffer were added to 10 ml. sliguots of tﬁn
water extract and the mixture was kept in a2 boiling weter bath
for 2 hours. The original ammonium nitrogen im the semple plus
the aamonie resulting from the amide nitrogen of glutamine wes
determined in the same memner as for ammonium nitrogen.

Total amide plus ammonium nitrogen were determined according
to the method of Vickery et 2l. (13) To 10 ml. aliouots of the
extract, 2 ml. of sulfuric acid (6 N) were added and the mixture
was pléced in 2 boiling water bath for 3 hours. The acid wes
partially neutraliged by the addition of 10 ml. of 1 ¥ sodium
hydroxide &nd the original ammonium nitrogen plus the ammonia
formed by the hydrolysis of the smide groups was estimated by
the method outlined for ammonium.

The asparagine amide nitrogen values were obtained by



subtracting the ammonium and glutamine amide nitrogen from the
total emide nitrogen plus mmonﬁm.

The Vem Slyke apparatus was used for the estimation of
alpha emino nitrogen. Alicuots of 5 ml. were taken for the
determinstion., fThe first step was the displacement of air from
the apparatus by nitric oxide. This was carried ocut by washing
the system repestedly with the reaction products of acetic acid
and sodium nitrite. The sample was introduced into the system
snd the nitrous scid reacted with the slpha amino groups to give
moleculer mitrogen. The excess nitrie oxide was absorbed by |
sheking it with elkeline potassium permanganate and the remaining
nitrogen was measured in & zas burette. The procedure is described
by Morrow and Sendstrom (15). Since these dotorninuﬁmn, were
made without pretreatment of the extragt, & correction factor for
25 percent of the smmomia nitrogenl and 80 percent of the diutmino
emide nitrogem (13) was applied.

Basic nitrogen was determined 2ccording to the method of
Umbreit and Wilson (16) on 20 ml. sliquots of the extract.
nough trichlorscetic scid wes added to make the solution wp to
37 trichloracetic acid. Since no precipitate formed filtre
ation wes unnecessary and 1.1 ml. of 20 ¥ sulfuric acid v
and 2 ml. of phosphotungstic acid reagent were added. The
mixture wes warmed on 2 steam bath for several minutes amd
then stored for 48 hours at 20 C. The precipitate was
filtered and weshed. The basic nitrogen phosphotungstic wes

‘Unpublished data from this leboretory indicates thet 25 per
cent of ammonia mitrogen is recovered in Van Slgke procedure for
determination of alphe amino nitrogen.



trensferred to 2 Kjeldshl flask by dissolving the precipitate
in about 10 ml. of 57 sodium hydroxide. The digestion ﬁnd
distillation was carried out 2s in the total and "true protein®
nitrogen determination and the dittulatq was made to volume
(250 wl.). Tem mwl. sliguots were nesslerized in 100 ml.
volumetric flasks.

To find the total wmater-soluble nitrogen in the extracts
10 ml, =liquots were treated according te ;hlml methods of
Pucher et 21. (17). The &liquots were trensferred to
Kjeldahl flasks and 20 ml. of water, 10 wl. of 18 ¥ sulfurie
acid and 3.0 grems of reduced irom powder were sdded. After
2 30 nisutes reduntien peried She sontents in the Xjeldan)
flask were refluxed for 5 minutes and digestion and distille
etion were done as in the case of total mitrogen.

The total water-soluble nitrogem minus the sum of the
determined nitrogen fractions is tabulated as the undetermined
nitrogen.

Since glutemine and asparagine each have one amide and
one amine group the nitrogen in glutamine end esparagine is
eonel to twice the amide nitrogen determined. In this report
these fractions are given as the glutemine and asparagine
nitrogen and this valve includes both the amide and amino
nitrogen. The total alpha amino nitrogen minus the smino
nitrogen in these two amides is equal to the residual alpha

arino nitrogen 2nd is so reported.
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Results and Discussion

Within 24 hours after treatment with 2,4~D leaves were
wilted and some stem curvature was noted. After 48 hours
all the leaves were wilted and 21l the stems were bowed.

Ko consistent difference was noted in the three treated
groups of plants as some individuals were only slightly

bent while others in the same crock were drooping 2t 1800
angles. Taylor (2) noted thet Kidney Bom‘phah were

8lso erratic in this respect and that the epinastic responses
were not cleerly relateble to the concentration epplied.

There was no further change apperent in the remainder
of the test period except 2 yellowing of some of the
leaves. None of the leaves had dried at the time of
harvest.

High temperatures throughout the test period probably
accounted for the increased toxicity of 2,4«~D moted in the
experiment., Hamner and Tukey (18) noted that 2,4«D had more
effect in hot weather than in cool. The reported temperature
was sbove 90° F. on each day of the test and it wes of
course warmer in the greenmhouse.

The treated roots compared closely to the "smuch inhibited,
non~-fibrous, non-elongated, discolored, bulbous~tipped root,
dystem, with abnormal numbers of adventitious roots® deseribed
by Tayler (2).

A decrease in fresh weight of the treated plents indicates



thet the plants were being dehydrated or that their growth
ws being reterded. Sinee this decrease was accompanied
by similar decresses in both dry weight and percent of
water it was apparent that both effects were in evidence.
(Teble I.) These results are in conflict with those
reported for the bean plent by Browm (1) who found thet
“on an over all basis, however, the treated plants had
higher percentages of moisture than the untreated ones."

Weaver (3) observed that the fresh weight of the tops
of Red Kidney bean decreased when treated with 2,4+D and
Taylor (2) noted the same effect in corn plants. It
should be noted that all concentrations used in this
experiment were apparerntly lethal in strength and the
results reported here could be in direct confliet to
lighter and possibly stimulating treatments.

The results of the carbohydrate analyses (Teble I,
figures 2 and 3) sgree guite well with values previously
reported (4,6,7). £s these workers have concluded that
244-D stimulates the bresk domn of the starch-dextrin
reserves there is mo reason to feel that the same effect
is not show here, but the smalysis on this project did
not include tests for any urbohydrgto reserves.

The results of analyses for the various nitrogen frace
tions are shown in Tables II emd III and in figures 4 throush

11. Teble I1 gives the percent of the nitrogem fractions



baged on dry weight end Table III shows them on the basis
of percent of total nitrogen. Figure 4 is an area greph
showing the relative amount of the water-soluble nitrogen
fractions based on percent .o!' total nitrogen. The other
figures show the effects of the 2,40 on the individual
nitrogen fractions.

Total nitrogen (figure 5) decreased with the 2,4-D
treatment. This decresse was reflected m, e large part
by the loss in "troe protein” nitrogen (figure 6) and a
suall gain in weter-soluble nitrogen (fsble 1I). fThis
could be indicetive of the proteolysis previously reported
(4,85, lmci 6)« The incresse observed by Lrickson et 8l.(8)
applied to the wheat kernel only and might not be true of
the entire plant. It should be noted that there was a
slight increase in "true protein” and total nitrogen in
the roots but mno consistent chemge in the water-soluble
nitrogen.

Farther anslyses of the mter-soluble extract revealed
the following information. Ammonia mitrogen (figure 7)
showed little change in the tops but increased sharply in

the treated roots. Glutamine nitroren (figure 8) and

asparagine nitrogen (figure 9) inecreased im both the treated

roots and tops. 4 similar sharp increase in residusl alphe
amino nitrogen (figure 10) was noted. Determination of the
basic nitrogen which includes polypeptides, emd peptide

12
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nitrogen, the basic emino acids (arginine, histidine, lysine),
etc. showed only 2 slight increase. FEvidently most of

the increase in slphe awino nitrogen comes from those

axino acids containing no basic nitrogen.

A decreesge in nitrate nitrogen (figure 11) ws very
evident especizlly in the roots. Nitrate nitrogen in
the roots wes more them halved in the case of the treated
plants, This decrease of nitrate could be explained by a
nunber of factors. The damage to the roots might inhibit
the absorption of nitrete ion or favor the absorption of
smmonium ion over the nitrate ion. The sauxin might also
stimulate the formation of alphe amino zcids at the
expense of nitrate ions.

Subtracting the sum of the determined nitrogen
fractions from the totel-water-soluble nitrogen provides
2 mweasure of the unidentified nitrogen. The gein in
undetermined nitrogen fonstituents in the tops accounts

for about one~half of the gain in water soluble nitrogen.

In the roots the undetermined nitrogen decreases and ltl
iou parallels loss in the water-soluble nitrogen. In

other words, the sum of the determined mitrogen fraétions
in the roots is fairly constent sinee the loss in nitrate
nitrogen is largely offset by the Mrc&o in residuel
elphe nitrogen.

Cbviocusly the effects of 2,4-D are too complex

B e B B g
by Loks U
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in cheracter to ensble one to attribute all the chemical
end physieal chenges to one factor. Tukey et al.(20)
sdvanced the idea thet increased respirstory activity might
be & clue to physioclogical abmormelities. The mere depletion
of food reserves in itself is 2 doubtful cause of death.
While it is difficult to say what amounts of carbohydrate
snd protein are necessary for & plant %o live, variatioms
in these constituents during the growing s.ﬁson have been
recorded (20) which are 8s extreme as some of the variations
shom to take place in the treated plants of this study.
Rasmussen (6) points out that dendelions died before food
reserves ﬁra exhausted.

The veriation in weter contenmt of the trested plents
s eems hardly sufficient to cause death. The group of plants
treated with 5 ppm. showed severe responses yet had only ‘
0.7 per cent less moisture than the control in the tops
end only 2.4 per cent less moisture in the roots.

In studying the changes in nitrogen fractions 2s recorded
h in Table II and III it is apparent that there was & decrease
in both the primary and final ecomponents of protein synthesie
in the tops with 2 loss of about 1.0 per cent in true protein
and 2 gain of s2bout 0.4 per cent in soluble protein aitrom\
for 2 net loss of 0.6 per cent in total nitrogen. That
difference could come from more rapid absorption of nitrogen
from the culture solution in the control or by loss of nitro- —

gen from the roots of the treasted plante. ﬁ:&h it seems
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unlikely thet the group of eanirel plants would gain as

mich as 0.6 per p-nt of théir dry weight in nitrogen in 68
hours, it is necessary to consider this possibility in

1ight of the statements of Hosglund (21). The nutrient
solutions were changed om July 9 end 24 hours later the 2,4-D
was 2dded. This change would have the effect of aerating
the solution and, as Foaglund pointed out, would accelerate
the absorption of nitrate ions. If this wré the cese then
the 2,4~D must inhibit the sbsorption of nitrate ions from
the solution.

Another possibility is the lose of nitrate ions by the
treated plants to the nutrient solution. Normelly the
cells of the root are able to ret2in ions against a
concentration gradient but 2,4-D might interfere with this
property. Seversl workers (2,6, 19) have observed histol-
ogical changes in root tissue following treatment with
2,4-D, Tukey et 2l.(19) suzgested that une of the effects
of 2,4«D might be the disorganisation amd rupture of rhi gome
end root cortex. It is possible thet this damege to root
tium. and its subsequent effect on absorption mizht be ome
of the factors in the herbicidel action of 2,4-D. This
approach undoubtedly deserves further study.

A third possibility of nitrogen loss from plant tissue
is the escape of molecular nitrogen into the 2ir through
the reaction of slphe amino nitrogen with nitrite nitrogen
derived as an intermedizte in nitrate assimilation by plants.

No tests were mede to confirm this possibility, but Pearsall




and Billimorie (22) observed losses in nitregen‘ in leaves
of the daffodil under speciel experimentsl conditions and
sdvenced this hypothesis to explain the nitrogen loss.
Vickery et 21, (23) in their discussion of the data of
Pearsell and Billimoris note that the latter did not provide
chemicel evidence for the formation of nitrite, either from
nitrate or from smmonium ion, in their experimental neteriel.

I Farther study :u* reguired before any conclusion can be
made relative to these speculations about the loss of nitrogen
from plant tissues.

Perhaps the most interesting field for further study

is mggentoé by ths sharp incresse in eémin o scids as showm
by the rise in slpha eawmino nitrogen content. This increase
_could come, a8 has already been pointed out, from increesed
essimilation of nitrate ion, incressed proteolysis, or both.
If protein wes cataboliged in the treated plants with a
corresponding increage in the smine scids, one would
expect an increese in the intermediates of proteolysis,
especizlly the peptides and polypeptides, which would be
included in the basic nitrogen determimestions (figure 1).
Since these interwediates do increese slightly it apears
proteolysis is & resmlt of 2,4-D trestment. Further atudy
of tebles II snd Iil show the loss in "true protein” will
more them 2ccount for the #z2in in the water-soluble nitro-

gem fractions.
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Another possibility that the results of this experiment
do not preclude is that 2,4-D might act to block the forme
stion of new protein. The loss in "true protein® in .ths
treated plents could be expleained by the studies with
heavy nitrogen (24, 25) which show that protein in the
growing plent is continually being broken down and resyne
thesigzed. If resynthesis is inhibited, the total amount
of protein would decresse.

Une apparent point of excestion to the above suggestions
the lack of azmmonia incréate in the tops #nd the slight
increase of ammonia in the roots can be vexplainod by the
findings of Viets el al. (26) in their experiments with
ammonivm putrition of corn. Even when the planis were in
smmonium solutions so concentrated that the plants were
severly damaged, amuonia nitrogsen did not increage in the
tops of the corn until after injury symptoms eppeared in
the plents and ammonia nitrogen had sccumlated in the
roots. ¥

Unly further investigation will determine the merit of
the above suggestions but the data compiled here mey help
other investigetors in their efforts to determine the

primary effect of 2,4~D,




Summery

The mechsnism of herbicidal action of 2,4«dichlorophenoxy-

scetic 2cid was investigeted by mesns of chemical analysis of

carbohydrate and nitrogen fractions of four groups of 30 corn plants

.m' tmtlﬁ with © DPMa 8 ppm. ¢ 10'ppm', and 20 ?m'* ‘f

244D respectively.

Decresses in fresh and dry weight and in percent of moisture

are recorded snd discussed.

to previous work om the ugeet of 2,4~D on carbohydrstes in plants.

Chenges in the value of suger fractions are noted and related

The following chenges in the values of the nitrogen fractions

in plents trested with 2,4-D are tabulated and discussed:

1.

2

3.

4.
8.

6.

7.

8.

9

Ammonium nitrogen increased slightly in the tops snd to
2 grester extent in the roots.

Witrate nitrogen decressed markedly in both tops and
roots.

Glutamine and ssparagine nitrogen incressed in both
tops and roots.

Alphe amino incremsed very rapidly in tope a2nd roots.

Basic nitrogen showed & slight increase in both tops
end roots.

Undetermined nitrogen increased in tops and decressged
in the roots.

Water soluble nitrogen increased in tops and decrecsed
in the roots.

True protein nitrogen decrezsed in the tops and showed
no consistent chenge in the roots.

Total nitrogen decreased in the tops and showed a slight
increzse in the roots.
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Possible rezsons for the decreese in totel nitrogem and
the ineresse in alpha nitrogen are noted and discussed in
terms of the data available.

Suggestions as to the poseible mechenism of the herbicidal

sction of 2,4~D are presented for consideration.
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TABLE I1I
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f?' : : : .
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q1These values for basic nitrogen were not included in calculating totals.
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