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The use of synthetic metal chelators in bionutrition
has beconme well known since the initial work of
Schatz andcl Hutner (8) and Hutner, et al (3). Early
investigators (1, 3, 8, 12,13) considere(d the chelating
agent as a carrier wvhich delivered metals to absorbing
surtfaces, but was not itself absorbed. This view was
soon1 m1od(lified, hoNwever, wXXhen the uptake of the
chelating agent or a (lecomposition pro(luct was dem-
onstrate(l (2, 4, 6, 11) by use of C'4-tagged chelates.
The increased concentrations of iron in plant materials
(2. 4, 6, 11. 14), in addition to the presence of C14,
suggested the probability that metal chelate compo-
nents were absorbe(d together. By use of N'5-tagged
chelate, \Wallace andl co-workers (15) give (lata from
citrus whiclh indicate an equivalent uptake of iron and
chelating agent. In later work (16), how-ever, they
reporte(l cases in w-hiclh hligh ratios of iron to chelat-
ing ageint indicated that the uptake of these com-
ponents may not be equivalent. The same lack of
equivalence was shown by Krauss aln(d Specht (4) in
studies with green algae. Although some evidence
may be adlduced in favor of equivalenit uptake, it is
possible that consi(lerable exchange mlav also take
place at the root surface.

This paper reports the (lifferences in the quantities
of iron an(d of chelating agent absorbed from an iron
chelate by I)lant roots. The results in(licate an absorp-
tion miieclhanism which involves some absorption of
the chelating agent, but a much greater absorption of
iron whiclh w-as released from the chelate at the root
surface.

MATERIALS AND METHODS

The plants were: Eldorado No. 882 zinnia (Zinnia
cicyanis Jacq.), PI-54619-5-1 soybean (Glycine wlax
(L.) MIerr.), an(d Greystripe sunflower No. F-1688-
20 (Helianithuts aninuns L.). The seed sources were:
zininiia, F. WV. Bolgiano & Co., Washington. D.C.;
soybean, the Plant Industry Station, Beltsville. MId.:
an(l sunflower, Northrup King & Co., Berkeley, Calif.

The chelating agent was ethylenediamine di (o-
lhydroxyphenylacetic acid) -an aminopolycarboxylic
aci(l. This chd1ating agent is a phenolic analog of
EDTA (5). It has been calle(d EDDHA, APCA,
FHPG(-, an(l Clhel-138. In this paper the term
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EDDHA will be used. When combine(d with ferric
iron this compound gives a dleel) re(I color. The ab-
sorption spectra of FeEDDHA at six concentrations
are shown in figure 1. The optical (lensity plotted
against concentration follows Beer's Law up to 10
ppm Fe.
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FIG. 1. Absorption spectra of FeEDDHA solutions.

(Curves 1-6 correspond respectively to concentrations
of 2, 4, 8,16, 32, and 48 mg FeEDDHA per liter.)

FIG. 2. Absorption spectra of nutrient solutions.
(Curves correspond to solutions as follows: 1. Nutrient
solution alone, 2. Nutrient solution plus 50 mg EDDHA
per liter, and 3. Nutrient solution plus 55 mg FeEDDHiA
per liter.)

362



TIFFIN ET AL-ABSORPTION OF METAL CHELATE COMPONENTS

'The base nutrient medium was an iron-free modi-
fied Steinberg solution (10) adjusted to pH 6.8. A
liter of the nutrient medium contained 150 mg
Ca(NO3)2. 4H20; 35 mg Mg(NO3)2 . 6H20; 9 mg
NH4NO3; 12 mg K2SO4; 30 mg KNO3; 5 mg
K2HPO4; 1.3 mg (NH4)9HP04; 0.234 mg MnCl2
-4H.,O; 0.204 mg H3BO3; 0.088 mg ZnSO4 * 7H90;
{0.02 mg CuSO4 5H,0, and 0.012 mg Na,MoO4
2H.,O. This solution showed little absorbance at 280
mA and no absorbance at 480 mA when measured in
a Beckman DU spectrophotometer (see curve 1, fig
2).

The nutrient plus EDDHA absorbs strongly at
280 miy, but not at 480 my1 (see curve 2, fig 2). The
Na and K chelates of EDDHA were found to absorb
at 280 niim. The nutrient medium plus FeEDDHA
and other metal chelates of this acid absorb strongly
at 280 nm, but only FeEDDHA gives a specific but
weaker absorbance at 480 mA (see curve 3, fig 2).
Due to the interfering absorbance of various com-
pounds at 280 mA, 480 mA was the most satisfactory
wavelength for the determination of FeEDDHA.
Preliminary investigations disclosed that colored exu-
dates could be obtained from stems of certain plants
when their roots were in FeEDDHA. Later experi-
ments with these exudates indicated an absence of
interfering absorption by other compounds at 480 mA.
Thus the determination of FeEDDHA in both nutrient
and exudate was possible.

Seeds of the test plants were germinated between
layers of moist muslin on stainless steel wire frames
placed in Pyrex trays. The muslin was kept moist
by extending it over the edges of the wire frames into
water maintained at one-fourth inch below the seeds.
The seeds and trays were covered with aluminum foil
and kept in darkness at 750 F for 3 days. Seedlings
with roots one-half inch long were transferred to
aerated nutrient solution and grown in a constant
temperature room at 75° F. Illumination was pro-
vided for 16 hours each day by banks of fluorescent
and incandescent lamps at an intensity of 1,500 ft-c.
After the soybeans and sunflowers had grown for 3
days and the zinnias for 10 days, selected seedlings
were bound in groups and transferred to individual
jars of nutrient medium for further growth periods
(12 additional days for soybeans and sunflowers and
20 davs for zinnias). The number of seedlings in
each group was as follows: four zinnia: ten soybean.
and ten sunflower. In one experiment 30 sunflower
plants were used.

For collection of exudate the roots of the plants
were washed and the groups were placed individually
in 1 liter beakers of aerated nutrient containing varied
treatments of EDDHA and FeEDDHA. The beakers
were covered with plastic in order to hold the plant
stems in place and to prevent excessive evaporation
of the solution. The stems were cut off 10 cm above
the roots, bent over, and the cut ends were pushed
through a hole in the plastic covering of a 50 ml beaker
from which exudate samples could be pipetted for
analysis (fig 3). Calibrated centrifuge tubes were
used for collecting fractions at time intervals. Col-

lecting assemblies were covered with bell jars and kept
in darkness at 750 F.

Three methods were used for analyses of exudate
and nutrient medium. The optical density of
FeEDDHA was measured by a Beckman DU spectro-
photometer. Total Fe was determined on ashed ma-
terial by the colorimetric o-phenanthroline method
(7). The iron chelating capacity of exudate or nu-
trient was determined as follows: 2.9 'g Fe55 59 with
a specific activity of 937 cps/Ag was added to each
ml of exudate or nutrient. After adding radioiron
the samples were brought to pH 6, heated to 900 C,
then set aside to equilibrate for 12 hours. Samples
were then brought to pH 8 and heated to 900 C to
precipitate non-chelated iron, after which they were
filtered through No. 42 Whatman paper into tin
planchets, brought slowly to dryness, and counted in
a proportional counter. For the nutrient and exudate
controls no more than 1.5 and 0.5 %, respectively, of
the added activity passed through the filter paper.
By this method it was possible to identify very small
quantities of iron which were taken as an in(lex of
the chelating capacity of nutrients or exudates.
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FIG. 3. Schematic representation of the procedure
employed in treating and sampling plants and media to
study the absorption of metal chelate components by plant
roots.
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TABLE I A final experiment wvas performed to determiiine
HA IN NUTRIENT SOLUTION ON IRON- whether the sunflower p)lants in the time-course ex-
ACITY OF ExUDATE FROM DECAPITATED periment had absorbed iron andl left EDDHA in the
NFLOWER, AND SOYBEAN PLANTS nutrient. The pre-nutrient sample taken at zero time

and a sample of the nutrient after it had contaitne(d
IELATING CAPACITY OF PLANT EXUDATES plants for 42.5 lhours (hereafter (lesignatedl post-

(IN TERTMS OF FE55 59 CHELATED) nutrient") were used for this purpose. The absorb-
ZINNIA SUNFLOWER SOYBEAN ance of these samples was first determinied, after which
PPMI PPM PPMr excess Fe+ + -1- was added to both the pre-nutrient an(d
0.003 0.016 0.012 post-nutrient. Absorbance readings were then taken
0.011 0.032 0.077 at time intervals to determine the relative rates and(l
0.038 0.081 0097 extent of the chelation of Fe+ ++ as FeEDDHA.
0.091
0.422

0.198
0.329

0.316

For determining chelating capacity of exudlate. an
aliquot was collected from groups of zinnia plants and
groups of sunflower plants with roots in nutrient medi-
um which containedl 0, 50, 200, 400, an(d 600 mg
EDDHA per liter. The same nutrient series was
used in an experiment with soybeans except that the
600 ppm level was elinminated. Each of these experi-
nments was repeated several times.

To (letermine in plant exudates the ratio of total
iron to chelated iron, exu(late was collectedl froml addi-
tional groups of zinnia, soybean, and sunflower plants
wvith roots in base nutrient containing 0, 55, 220. 440,
and 660 mg FeEDDHA per liter.

In an experiment designed to give the time couirse
of absorption, a base nutrient containing 55 mg
FeEDDHA per liter wvas prepare(d an(d a 10 nml sample,
hereafter (lesignated "pre-nutrient," was set aside for
later analy)sis. Thirty sunflower plants were then
placedl in 1 liter of the nutrient medlium. After the
pre-nutrient sample at zero time, a 5 ml sample of
exudate and of nutrient wvas taken at 5. 10.5, 16.5,
23, 31.5, andl 42.5 hours. Changes in FeEDDHA,
total iron, and iron-chelating capacity of the nutrient
solutions, and the concurreint changes in total iron
an(l chelating capacity of the exudates were (leter-
illine(l.

RESU-LTS

The effect of EDDHA in the iron-free nutrient
mediunm on the iron chelating capacity of plant exu-
(lates is given in table I. For the exudates of all
three plant species there is an upward trend in iron
chelating capacity which correspon(ls to the increased
levels of EDDIIA in the nutrient nmedliunm. Ad(ling
ra(lioiron to the exudates causedl the appearance of a
pale red color, indicating the presence of Fe55 ' 9

EDDHA. The color reaction in(licates that the
chelate in the exutdate Nas iron free previous to iron
a(l(lition.

Data fronm experimlents in w-hiclh FeEDDHA was
added to the nutrient medium (table II) show that
plant exudates increase both in FeEDDHA andl in
total iron as the nutrient concentrations of FeEDDHA
are increasedl. The iron concentrationis (as Fe-
EDDHA) in the exudlates are very lox wlhen coIlm-
pare(d to total iron. This (lifferelnce suggests the
separatioll of significant quantities of iron from
FeEDDTIA at the root surface with ironi-free
EDDHA renmaining in the nutrient.

Table III shows a (lecrease of FeEDDHA andl
total iron in the nutrient mledliunm as affected by root
absorption of (lecapitate(l sunflower plants. The loss
of Fe (as FeEDDTIA) x-as from 5.4 to 3.6 ppmi. or
1.8 pl)m. Iron chelatinig properties of the nutrienlt
increased, however, shmowing at the end of the experi-
menit that nutrient samples retained (against pH 8

TABLE II
(FEEDDHA) AND TOTAL FE CONCENTRATIONS IN EXUDATE FRO-M DECAPITATED
ZINNIA, SUNFLOWER, AND SOYBEAN PLANTS AS AFFECTED BY

INCREASED LEVELS OF FEEDDHA IN NUTRIENT SOLUTION

NUTRIENT
SOILUTION

TREATAMENTS ZINNIA
FE

FEEDDHA (FEEDDHA)
PPMI PPMi *

0

55
220
440
660

0.00
0.05
0.05
0.34
0.31

CHELATED FE AND TOTAL FE IN PL.ANT FXUDATES

SUNFLOWER
FF FE FE

(TOTAL.) (FEEDDHA) (TOTAL)
PPMI PP-m* PPMI

0.1
0.6
2.3
4.6
5.3

0.00
0.07
0.07
0.21
0.36

0.3
1.4
1.2
3.9
5.0

SOYBEAN
FE FF,

(FEEDDHA) (TOTALI)
PPMI* PPM

0.00 0.1
0.12 1.5
0.31 2.8
0.51 3.6
0.78 4.6

* Values have been adjusted to compensate for exudate optical density values: 0.0000 for zinnia; 0.0088 for sun-

flower; and 0.410 for soybean, obtained on the zero FeEDDHA nutrient treatnment.

CHELATED FE
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FIG. 4. Rate and extent of chelation of Fe, measured
as FeEDDHA at 480 myi, by a nutrient solution before
and after containing decapitated sunflower plants.

and filtering) approximately 0.3 ppm Fe55 59. The
exudate shows first a sharp rise, then a decline in
total iron. Radioiron levels retained by exudate were

low, indicating a low iron chelating capacity of the
exudate. The progressive reduction of FeEDDHA
in the nutrient medium (table III) might suggest the
equivalent loss of both components of the chelate; but
the concomitant increase in iron chelating capacity
shows that iron-free EDDHA may have been left in
the nutrient medium. Similar results were obtained
in three confirmatory experiments.

To resolve this question, Fe was added to aliquots
of the medium sampled at the beginning and at the
end of 42.5 hours growth of sunflower plants. Figure
4 shows the restoration of the FeEDDHA complex
after the addition of excess Fe to both solutions. This
demonstrates the presence of considerable iron-free
chelating agent in the medium.

DISCUSSION
The quantities of radioiron chelated by plant exu-

dates were very low (table I) indicating the presence

of only small amounts of chelating agent. However,
there was even some radioiron held by the exudate
from plants in zero EDDHA treatments. These
values suggest the presence of natural chelators which
are capable of holding iron soluble against high pH,
heat, and filtering. The quantities of Fe held by na-
tural chelators were deducted from the remaining
exudate values for the respective plant exudates in
order to determine radioiron chelated as FeEDDHA.

If calculations are made on a combining weight
basis (55 g Fe to 360 g EDDHA = 1: 6.5), the over-
all average for the 11 observations in table I indicates
that 0.3 % of the EDDHA concentration in the nu-
trient medium can be found as iron chelate in the
plant exudate. Broken down to individual species
these observations range from 0.10 % to 0.45 %, with
an average of 0.2 % for zinnia; 0.20 % to 0.33 %,
with an average of 0.25 % for sunflower: and 0.27 %
to 0.84 %, with an average of 0.53 % for soybean.
EDDHA entered roots from an iron deficient

medium. It is therefore capable of entering roots
in an iron-free form. This fact reinforces the possi-
bility that this agent may enter roots as the chelate of
various metals.

Small quantities of FeEDDHA were found in plant
exudates. The iron chelate in the exudate suggests,
but does not prove, that Fe penetrated the roots in
this form. The quantities of chelated Fe are low
when compared to total Fe. Calculations from table
II show that on the average only 1 out of every 12 Fe
atoms in the total plant exudate was in the form
FeEDDHA. Expressed as a percentage of total Fe,
the chelated Fe was 5.9 % for zinnia, 5.8 % for sun-
flower, and 12.5 % for soybean.

Large quantities of Fe were made available to the
root by the metal chelate. In some cases the Fe con-
centration in the exudate was much higher than the
corresponding concentration of Fe in the nutrient.
Data from table III show that concentrations of Fe
in the exudate range to nearly 20 times the Fe levels
in the nutrient. On the average, the concentration
of total Fe in the exudate is eight times greater than
total Fe in the nutrient. The approximate total loss

'LE III
CHANGES IN FE (FEEDDHA), TOTAL FE, AND CHELATING CAPACITY* OF NUTRIENT SOLUTION CONTAINING
SUNFLOWER PLANTS AND CONCURRENT CHANGES IN TOTAL FE AND CHELATING CAPACITY OF PLANT EXUDATE

NUTRIENT SOLUTION EXUDATE
NUTRIENT

ANDEXUDATE
FE FE FE

AMND XUDATE (FEEDDHA) (TOTAL) CHELATING FE CAEACITYSAMPLEDAT:PPPM PMOAL CAPACITY* (TOTAL) CHELAITING
HRS PPM PPMPMPM

0 5.4 5.5 0.043 ...
5 5.4 0.177 3 0.008

10.5 4.5 4.5 0.227 25 0.004
16.5 ... 3.5 0.282 69 0.006
23.0 3.6 3.2 0.289 54 0.005
31.5 3.3 0.315 24 0.003
42.5 3.6 3.2 0.302 6 0.012

* In terms of Fe55 59 chelated
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of Fe froni the nutrieiit was 2 mg/l. One half of this
amlount was found in the 30 nml of exudate.

Comparison of Fe (FeEDDHA) in pre- and post-
nutrient in figure 4 shows that pre-nutrient contained
5.4 ppm of chelated Fe before plants were placed in
the nutrient. After 42.5 hours the sunflower plants
lha(l redlucedl this to 3.6 ppiii of chelate(d Fe. This
r-epresents a loss of 1.8 mg of Fe froml the liter of
nutrienlt. If this quantity of iron ha(l been accom-
panie(l by equivalent chelating agent, the nutrient
slhoul(d have lost 11 mlg EDDHA. This was not the
case. One hour after adding excess Fe+++ to the
samiiples the complexing of iron free EDDHA remain-
inig in the post-nutrient was nearly complete. Optical
(lensitv readlings at 3 andl 4 hours wNere idlentical,
sho\-ing e(quilibrium. The (lifferelnce at e(quilibriuml
between chelatedl Fe values for the pre- andl post-
nutrienit is 0.25 ppm Fe. On a comhbilning w-eight
basis (1: 6.5), 1.6 ppml EDDHA would be required
to chelate 0.25 ppmll Fe. The (quantity, 1.6 mg
EDDHA, represents the loss of chelating agent fromn
1 liter of nutrient meedium in 42.5 hours. This is a
seventlh the expected EDDHA loss if EDDHA had
been absorbed with Fe in equivalent quantities.

The valence state anl the form of Fe entering the
root is unknowvn. If EDDHA entered in this case as
FeEDDHA, then, on the averaze, the ratio of non-
chelated Fe atoms entering sunflower roots to those
enterilng as FeEDDHA x-ould be approximately 6: 1.

Experimiients both with animals anwl ulants are in
general agreement Nvith these results. Seeberg. et al
(9) found that iron froml iron chelates N-as absorbe(d
fromii the gastrointestinial tract of anemiiic rats an(d
utilize(d for hemiioglobini regenerationi at the samiie rate
as iron from ferrous sulfate. Applied intravenouslv
the iron was not readlily available to the body-. It
xvould appear that iron is released from the chelate
in rats by some mechanism in the gastrointestinal tract
before being absorbed; in the bloodl stream the metal
ions remiiain attachedl to the chelate. Krauss and
Specht (4), studying the absorption of C'4-labeled
FeEDTA by Scenedesmlus cells, found that EDTA or
some breakdown prodluct xvas absorbedl. However,
their calculations showNed insufficient EDTA present
to account for the higlh iron levels. In a series of
experiments, only enough EDTA to account for 1/50
to 1/15 of the iron was found in the Scenedesnmus
cells.

Wallace, et al (16) added Fe59N'"5 EDTA to nu-
trient cultures growiing bush beans and found that
the isotopes were fairly well distributedl in most plant
parts. Ratios of Fe59/N'5EDTA indicated, however,
that the uptake, translocation, and accumulation of
iron and EDTA by plants may not have been equiva-
lent. The ratio for the entire leaf was 1.41, for the
stem 0.98, and for the entire plant 2.79. A very
noticeable difference in the amounts of iron and chelat-
ing agent was observed in root anal)yses, where
the ratio of Fe/EDTA was 6.13. This fact suggests
that Fe was separate(l from the iron chelate at the
root surface. A further study ( 16) xvith soybeans

in san(l culture containing FeEDDHA also reveale(d
large anmounts of Fe in the roots.

One of the most emphasized facts in literatutre o
chelates has been the increase of iron in plant parts
follovinig iron clhelate application. Althoughl the
generally acceptedl view lhas been that both components
are absorbed together, it seems reasonable to asstiunie
that at least some of the many reportedl instances of
high Fe levels in plants may be due to the separation
of Fe from the chelate by the roots.

The uptake of non-e(quivalent quantities of clhelate
comiiponients by a feNw planits suggests the need for mllore
extensive investigations among various plant families
in ordler- to (leterminie hoxy widespread this phenomen
miiay be. To expect all types of plants to respond
alike inltleir interactiolis with factors relating- to
ironi sul)l)ly in a niutr-ielnt miiedlium is not possible.
Therefore, somiie l)lants may be expecte(l to mlaniifest
only tllreslholdl responses to chelate(d Fe. xxhereas
others miiay utilize chelated Fe very readilv. And
thouglh conclusiv-e (lemni)ostratioins are not available
at the l)resent tinme, it may be that somle plants wxill be
found( to absorb readily botlh components in equivalent
quantities.

Fromii these experimcents it is conclud(le(d that Ziin-
niia, sunflowver, and(I soybean lplants (do lnot absorl) Fe
an(l EDDHA in equivalent quantities. but that Fe
is releasedl to the roots, xvith mlost of the EDDHA
remiiainingi in thle nutrienit mle(litulml.

I-SA aMARY

To stu(lv the absorption of metal chelate colmipo-
nlents, Zinial. sunflowver, and( soybean plants \vere
g,roxwn in miiedlia containinlg ethvlenediamine di (o-
hvdroxvphenvlacetic acid), FDDHA. or the fer--ic
chelate of this acid. FeEDDHA. Plants Mx'ere (le-
capitate(l aind( the exu(lates xvere collecte(d for analyses
of total iroll, chelate(d iron, anl cllelatilng canacitv.

Exudates frolmi plants wvith roots in EDDHA con-
taine(d smiiall aamounts of EDDHA. The avera-e coll-
centration xvas 0.3 ' of that in the nutrienit mle(diumill.

Exudate frolmi plants xvith roots in FeEDDHTT\
contained smiiall amiiounts of FeEDDHA but relatively
laarge amlotunits of total Fe. Thle average ratio of
chelate'l Fe to total Fe xvas 1: 12.

A time cour-se exp)erimlenit wvith Sunflowevrs alnd
FeEDDHA shoxved the progressive loss of Fe froili
the nltr-ielnt solutioni and the accumulation of Fe in
the exu(late. The FeEDDHA chelate (lelivere(l Fe
to the root. As a result. the average total Fe in the
exu(late w as eiglht timiies the average concentration
of total Fe inl the miiediuml. \Vith the loss of Fe fromii
the nutrieit, there xvas a seven fold inicrease in tlle
iron chelatilng capacity of the nutrielnt. Analyses
showved that the increase in chelating capacity wvas
(lue to an increase in iron free EDDHA concomitanit
xith Fe uptake by the roots. It is concluded. there-
fore. that these plant species selectively absorb Fe,
the EDDHA remaining. for the nmost part, in thle
nutrienit imie(liuml.
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