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,S11oiIiiiNV. Plant culture. exudlate sami-pling, all(l analytical metlho(ds designle(d to ascer-
taim the formi of iron translocated are presented.

Restorati,on of ireni to sunifloxwer plants precultured at (liffereint Fe levels resulted in
exu(late iroin conicenitratioils raliginig fromil 0.2 to 31 X 10-° Nt. Citrate was froml1 3 to
89 X 100-- WI. Iron and citrate were highest in exudates from iron-leficient plants.
Citrate/Fe ratios were betweeni 1 an(d 3 for exudates of deficienlt l)lants. Exuidate from
normual plants gave a. citrate/Fe ratio of 15.

MIalate. iroln, and a fraction of the citrate in stem exudates migrated electrophoretically
to similar positions ii0 acetate btuffer. Extracts of narrow bands fromll the ironl-conitaiillnlg
areas gave curves suggestinig that citrate hound the iron. Citrate that was not combined
with iron inigrate(l in a slower band. The effect of iroll on citrate miigratioln was coln-
firmedl in several related experimelnts.

The stability of Fe-itrate was demionstratecd electrophoretically in imialate buffer.
Citrate retained iron against nialate.

Data given in this paper indicate that citrate binds iron in suniflower exudate. 'I'he
data suggest that citrate carries ironi in initact plants.

It is generally assumiie(d that mletals supplied to
plant roots miiav be intercepted in stem exudates to
provi(le informationi about their translocation (2).
In the present study, iron was supplied to sunflower
roots, and exudates were used to sample translocated
ironi. The quantities of iron inivolvedl in other phases
(root absorption and accumulation ) have been coIn-
si(lere(l mostly in relation to translocation.

Restorati,on of iron to plants precul,tured at dif-
ferent ironi levels resu;lts in wide variations of this
nietal in the leaves (8,14) and stemii exudates (3, 14,
15). \NVhen iron is supplied as a synthetic chelate,
the roots of sutf'lower (13) and soybean (14) absorb
the metal but leave Imlost of the chelating agent in the
nutrient rediuni.

In the present study, sunflower plants precultured
at different iron levels were given similar treatments
at (lecapitatioin. Assays were carried out to determine
quanitities of citrate and iron in the exudates. The
primary objective was to determine the form of iron
translocated. A brief report of this work is pub-
lished (11).

In later experiments ( 12) the iron treatments
were reversed. Planits were preculture(d similarly but
given (lifferent iron levels at decapitation. The pur-
pose was to (letermine the effect of iron supplied in
the exudlation period on the citrate and iron content
of the exudates. Attention has also been given to
the changes in conicentrationi of citrate and(I iron that
occtir (luring exudationi.

Materials and Methods

A-iutr-ienit S'olutioui. h'lle stan(lardl niutrienit wvas a
modified Steinberg solution (10. 14). Elements were
approximately onie-fifth the Steinberg conicentratioll.
excelpt for lower phosphorus. TI'he nutrienit conitaine(l
(mn.g/li-ter') 51 Ca. 6.6 Mig. 59 N, 3 P. 44 K. 5 5.
0.130 MIn, 0.070 B, 0.040 Zni, 0.010 Cui, 0.010Ml\Io,
and 0.056 Fe. The ironl was supplied as ferric
ethylenediamine di (o-hvdroxvphenylacetate) (Fe
EDDHA).

After germiniationi, 8 liters of this niutrienit were
used in all phases of plant culture except when speci-
fied otherwise. After growth periods of 10 days.
the nutrient usually was changed. Solutions were
rep)lace(l Imore ofteni whlenl fast-growing splecies or
large numnbers of plants were growin in the 8-liter
volun-es.

Geeral Culture anid S'auipling. Plants were growni
in a controlled light chamber tunder 8 hours (lark,
16 hours at 1500 ft-c, and( 22 + 2°. Harvests of
plants (i.e. decapitations) were made after )lants
had received 6 to 8 hours of light. The exudate was
collected at 220 in the (lark. The general cultural
and exu(date sampling procedures are giveen in figture
1. Sunflower plants, Helialnthuts annuius L. var. Grey-
stripe, were used in experinients report >(l here.
Details concerning plant a,ge and treatments are giveii
in tihe legendl of table 1.

S7tenL Elongationi. Iyvpocotyls of plants often are
too short to withstand the bending necessary for
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Germination, 1 Growth m Absorption,
elongation preconditior, exudation

FIG. 1. Diagram of plant culture and exudate sami-
pling methods. Plants are carried through 3 periods: I.
Seeds are germinated 2 to 5 days on wet muslin in cov-
ered glass trays. The muslin, supported on a stainless
frame, extends into water about 1 cm below the seeds.
Seedlings are transferred and grown 2 to 8 days under
partial shading in an enclosed frame to elongate the
stems. Plants with stems 10 to 15 cm long are grouped
for transfer. II. This period extends from one to sev-
eral weeks. In the earlier part planits are cultured to
obtain healthy root and top growth; in the latter part
they are conditioned for specific tests in the exudationi
period. III. Plants are decapitated anid exudate is de-
livered by plastic tubilng inito vials held in an icepack.
Two methods are suggested: A) Exudate is pooled from
several groups of planits (precultured similarly) to obtaini
a large volume of exudate or smaller volumes at time
initervals, anld B) exudate is collected from single groups
of plants.

exu(late to drip fromii the cut stenis. Seedlings are

elongated (fig 1) to prevelnt stemii injury and( facili-
tate exudate collectioni.

Electroph oresis Apparatus and Buffers. Ani appa-
ratus was constructed to accommodate large papers
anid volumes of buffer. The systemii included two
46 X 46 cmi plexiglass sheets' to holdl the treated
papers, a plate glass support of the samiie dimelnsionis,
and 2 electrode compartments of 4-liter capacity.
The use of two 20 X 57 cmil sheets of \Vhatman N-o.
3 paper in the apparatus permitted fractionlation of
up to 12 ml of exudate.

The -buffer used most was sodiumii acetate (2 liters
per compartment) pH 5.4 (6). Other buffers were
citrate and malate, botlh at 10-2 M and pH 5.4 (by
NaOH). Generally, buffer was used at pH near

that of the plant exudates. Exudate pH ranged
between 5.2 and 5.6.

Electrophoresis, Isotope Detection, Eluttioni. The
red chelate, FeEDDHA, was used as the electropho-
retic marker. This chelate moved compactly and was

stable in all buffers tested. About 2 ul of a 0.1 M

solution was applied per spot. After loading of exu-
date and marker, the papers were clamped between
the plastic sheets and subjected to electrophoresis at
450 v for 2.3 hours, or until FeEDDHA migrated a

prescribed distance. The papers were dried on the
plastic support in a forced draft oven at 200. The
FeEDDHA spots were marked, prior to drying, to
indicate solute migration in the drying period.
Radioiron and 14C-labeled acids were located after
electrophoresis by X-ray film. The distribution pat-
terns in the figures were obtained by direct photo-
printing of the X-ray film positives. Bands were
cut from the electropapers and eluted with wvater to
recover exudate compounds.

A4nalysis of Soluttions. Radioiroii in the inuitrient
solutions, raw exudates, anid extracts of electrol)apers
was assayed by counlting dried samples in a propor-
tional counter. Specific activity of nutrient iron was
use(l to estimate iron quantitatively in stem exudate.
The values obtainied Nvere comp)ared wvtih total iron
determined by orthophenanthroline (9). Citric acid
was (letermiinled by the pentabromoacetone nletlio(l

The L-mnalate assay described by Hohorst (7)
vas modified slightly and used to determiinie L-malic

aci(d in extracts fromn electrophoresis papers. The
reaction mixture (3 ml) conitained 1.5 nil glvcine
buffer pH 9.;, 0.5 nml of 5 X 10-3 A N-DP, 0.2 l
(200 units) of L-malic dehvdrogenase (Sigma Clhenli-
ical Company), anid standardl L-malic acid or sample
and(l water, if necessary to obtain volume. OD chanigc
at 340 mju and 250 was measured by a DU spectro-
photonmeter in a 10 minute perio(l. beginning approxi-
matelv 3 minutes after addition of standard or sample.
The standard curve was obtained with zero to 2
,unmoles of L-malic aci(l.

Experiments and Results

lEffects of Prcciltitre. Th'le effects of l)rectulture
on the ironi and citrate levels in sunflower exud(late
are giveni in table 1. The 4 l)lalt groups were
treated alike for 25 (laxvs andl theni x-ere transferred
to conditioninig niutrienits. A fter growth in these
nutrienits for 6 days, groups 1 and 2 wxere chlorotic.
aiid groups 3 anid 4 were green. The chlorotic planits
absorbed and translocated about the same amounts of
iron. The citrate concentrationis and also the citrate/
iron ratios for groups 1 and 2 were similar. Plants
in group 3 were under iron deficienicy stress (although
green). and thus absorbed ironi in quantity simiiilar
to that absorbed by the chlorotic planits. But the
concentration of citrate was onlv abouit one-third anld
the citrate/iron ratio about onie-half that of chlorotic
planits. The exudate fromli group 4 wvas quite (lif-
ferent. Compared to the other exudates, the citrate
anid iron xvere lowv anid the citrate/Fe relatively higlh.

Electrophoresis of Stemii Extdatcus. Electropho-
resis of 6-ml volum.es of exudates 1. 2. and 3 (table
I) was carried out in acetate buffer, anid the (Irie(d
papers were exposed to X-ray filmii (fig 2). Trhe
components from bands A, B, anid C for each exudate
are shown in table II. Extracts for D bands were
carried through all analyses, but nio comiiponenits w!ere
foun(l. This indicates a distinict break in the migrat-
ing fronts of iron, citrate, anid malate. Table II
shows the following distribution: MVost of the ironi
was in band C; all of the malate was in band C; suf-
ficient citrate to bind all the iron (1:1) was in
band C: and most of the total citrate (without iron)
was in band B.

Results in tajble II indicate that iimalic acid in the
exudates applied at the origiin rangedc betwveen 0.2 anid
0.9 w1.S. If citric acid had niot beeni present in band
C it would be reasonable to coniclude that iiialate
bound the iron. A poinlt in support of citrate biniding
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Table I. Effec t of Preendtitre oni ic anizd Citratc Levcls in Smnflowcr Exuldatc
Planit age ((lays) and treatmiienits: 0, germinated see(l; 3, see(llings inito stanidard nutrienit and shade(d to elongate

stems, 6. groups into full light anid stan(lard nutrient; 13 aned 20, renewed nutrieint: 25, groups into conditioning
nutrienlts; 31, transferred each group) (3 plants) to 1.5 it(rs of absorption nutrient (1 ic 5"'Fe/Amole Fe), decapitated,
ani( collected exudate 18 lhours. The con(litioninig and absorptioni nutrients are standar(d nu1trienits w-ith iron chanlges
sI)ecifie(l.

Planit
group

Coll(litioniilln-
niutrienlt

F1eEI)DH A

Molar
10-s
10
10-(;
10-

1
2

Absorption
niutrienit

F1eEDD)HA

m X 10o

1
1
1

Post**
absorption
nutrient

FeEDDHA

M\ X 10-
0.08
0.04
0.15
0.84

Iron
in

exudate

MI X 10-
31
28
20
0.2

Citrate
inl

exudate

m X 10 "

89
80
32
3

Ratio:
citratc

iron

2.9
2.9
1.6

15.(

* Planits were cllu.)rotic.
After containing plants 18 lhours.

Table JI. S'nnflozw'e Ex-ulatt Comiponeunts
in IIVidc Electrophorcti- Banids

Band( xwidths are showni in figure 2.

Quianitities in band( extracts
Exudate Extract ( mgtmoles)`
nlumber cOmponent \ B C

I 1ron
titrate
Mialate

2 I roni
titrate
MIalate

3 Iron
Citrate
NMalate

140

0
8080
0
4040
XO

540

1
410

0

8)
0

130(
15.)
860
1(1
130
470
49
60

28()

Values givein inidicate the niigratio)n of components
originially in 1 nml of exuidate applied at the origin.

is suiggested by the (distril)utions.of this acid in band(s
B alnd C for extidates 1 anid 3. Comparing the ratios.
it is o4)viotus that 540/150 does niot equal 80/60. A
similar inequality cani be lnoted for extudates 2 and 3.
'I'lhese comparisons iin(licate that a dlisl)rop)ortionate
amiount of the citrate of exudate 3 moved inito baud(l

FIG. 2. Electrophoretic distribution of 59Fe in sun-
flo,wer stem exudate. X-ray film exposure was 30 hours.
The 3 exudates are characterized in table I. Brackets at
zero cm indicate areas of exudate loading. Bands A to
1) show areas eluted (elution data, table II). Electro-
phoresis conditions: WN-hatman No. 3 paper, 0.0('5 Mr ace-
tate buffer, pH 5.4, 450 v. 2.3 hours.

C. This distribbution sutggests that ironi wN-as boun-d
to citrate and(i thlu.s regulated the amiiounlt of citrate
that miigrate(l in the faster band. 'T'lhe effect of ironi
oIn citrate miigrationi was conlfirmie(d in later experi-
ments in which differenit ratios of iron :citrate were
run1 in acetate buffer.

Figure 3 shows the electroplhoretic migratioin ot
,'Fe in. ani exiperiml1enit similar to that given ill figure
2. Conditions were the same except that the X-ray
filmii was exposed 3 hours. h'l'e short exposure was
used tio locate the mi1ost conicenitrate( 59Fe band(1. 'r'he
purl)ose was to establislh over a narrow vidth tlle ironl
(listribution icurve anid compare it with the curves for
citrate anid malate. T'hle narrow ha1n-d c wvas ctut out
to obtain the peak for 0"Fe activity, an(l the othier
bands were taken onl eaclh side as shown in the figuire.
No components were (letecte(l in extracts of band e.
Tlhe (luanitities of iroln, citrate. and(I imialate in the
other extracts are givell inl table III. Tlhe results show-
the mzalate peak in bandcI b anid conlsiderable overlap-
ping of malate in band c. 'T'he peaks of citrate anid
ironi were in band c.

Takeni togetlher-. tables I I and(I I Isho\ 2 peaks
for citrate. The first an(d largest is in l)and1 . table

F.(;. 3. Electrophoretic distribution of 59Fe in sun-
flower stem exudate. X-ray film was exposed 3 hours.
The 3 exudates are characterized in table I. Bands a
to e show areas eluted (elution data, table III). Flectro-
)horesis conditions: Whatman 'No. 3 paper. 0.05 Mi acetate
buffer, pH 5.4. 450 , 2.3 hours.
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Table III. Sunflowcr Exuidatc Coin poniectts
in Narrow Electrophoretic Bands

Band widths are shown in figure 3.

Quanitities in banid extracts
Exudate Extract (m,umoles) *
numllber componienit a 1) c d

1 Iron 10 53 136 12
Citrate 15 33 85 28
Nialate 216 507 291 0

2 Iron 8 39 121 12
Citrate 19 30 77 29
Malate 40 240 144 0

3 Iron 5 23 60 2
Citrate 11 15 29 0
Malate 0 240 140 0

* Values givlen indicate the migrationi of components
originially in 1 ml of exudate applied at the originl

II. Thlis peak cenlters at about 15; cmii in figure 2.
The secoi(l l)eak is smiialler alid is in band c. table III
its celnter is at about 17 cmii. figture 3. The overall
lattern indicates that total citrate migrates as 2
fractiolls. The faster onie appears to be associated
xvith ironi. P1his association is inferred fromii the
symmietry of the ironl anid citrate curves in table III.
It is nlecessary to recoginize, hlowever that citrate in
table III is nlot equimiiolar with iron. To be consis-
tenit with talble II, more citrate shoul(d have been
founid in bands b anld c.

Several poinlts are nloted in sumilmary of tlle exui-
(late electrophoresis. First, the data (lo nlot show
unamll)iguously that citrate carried ironi. The imialate
overlapped the citrate anlel iron in the acetate systemii.
However, there were indicationis of citrate-ironl coin-
l)lexing. They are as follows: 1) Sufficienit citrate
to bind Fe ( 1 : 1) wvas in band C for all exudates
(table II-). 2) Proportionally miiore of the citrate
of exudate 3 was in bandfl C thani was nloted for the
other exudates (table II); this suggested aln ironl
funcetioln in citrate distributioll. 3) Tables II anid III,
together. shoxv 2 citrate fractions: onle wvithout ironl.
anid the other in the area of concentrated ironi.
Impllicit in this distribution was the suggestioln that
somiie factor was causing part of the citrate to miiigrate
at a faster rate. Fromi the symmiiiietry of the citrate
anid ironl curves, the factor appeared to be iron.

Experiments, based on1the above fiidings. were
(lesigned to answer the following questions: Does
Fe-citrate mligrate faster than citrate? WN'ill a strolng
competitor take Fe from Fe-citrate? Does malate
comllpete strongly w'ith citrate for Fe?

Electrophoresis of Or-ganiic Acids and Fe-Acid
Complexes. Electrophoresis of 14C citrate and Fe'4C
citrate was carriefl out in acetate and citrate buffers.
Figure 4 show-s (listributions of citrate in acetate buf-
fer. Except for slight streaking toward the anode,
the 14C citrate migrated compactly to 1 position. The
increases of irQn (paths 2, 3. 4) eaused increasing
quantities of citrate to migrate as the faster Fe-citrate
fractioni. It is evident from this experiment that
ciitrate can be separated into 2 bands and that the

relative amounts in each banld canl be varied appreci-
ablv by, iron.

The electrophoresis in citrate buffer (niot showNil)
also demonstrated an effect of iron oni the migrationi
of citrate. But there was a strikinig (lifferenlce in the
'4C distributionl. Oni patlh 4 in the acetate buffer
(fig 4), most of the Fe'4C citrate miiigrated about
15 cm. In contrast, the electrophoresis of this samliple
in citrate buffer gave a heavy 14C streak from 14.5
to 17 cmll. The inlterpretatioin is that dlurinlg electro-
phoresis an exchanige of Fe Nvas taking place betweeni
labeled citrate and citrate buffer. As the labele(d
molecules lost Fe to the buffer they migratedc more
slowlv. This would accounit for the streakinig. 'T'his
result illustrates the effect of a strong comiipetitor.
It also recalls the results in tables II and III where
malate overlapped citrate anid ironi. The crucial
question is w%hether malate successfully comiipeted
for iron.

The follow ing experiment wN-as designied to test
malate comiipetitiol. Malate butffer was the support-
ing electrolyvte. It wvas asstume(d that citrate would
migrate at a slower rate if it lost ironi to miialate.
Figure 5 shows that miialic aci(d anid its ironl complexes
('paths 1, 2, 3) imiigrated to simiiilar positions. The
free citrate (patlh 4) moved behind(1 miialate, but the
ironi compotlui(ns of citrate (paths 5. 6) moved well

FIG. 4. Radiograph showing the effect of iron on
the electromigration of '4C citrate in acetate buffer.
14C citrate (102 ) was separated at citrate/ironi ratios
of 1: 0, 1: 0.1, 1: 0.5, 1: 1 on p)aths 1 to 4 respectively.

FIG,. 5. Radiograph showing the effect of iron on the
electromigration of organic acids in malate buffer. The
following were separated on paths 1 to 6 respectively: 14C-
mnalate, Fe1 4C malate, 59Fe malate, 14C citrate, Fe] 4C
citrate, "9Fe citrate. Iron, organic acids, and malate buf-
fer were 10-2 Am.
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allead of all o(ther coil)oundls. It is nioted that in
ialate buffer. as in other buffers, the Fle-citrate
migrate(l faster than the ironi-free aci(l. Btit the most
significant fact xas that the malate satuiratinlg the
pa)er di(l nlot pull ironl from citrate.

It is l)elieve(l that the results given in this section
lhell) exl)lain the exuidate (lata in tables II anld 111
aiid conifirmii that citrate was the agenit princi)ally
involve(d in the iroon transport.

Discussion

ReSponSeS of A' oiii(il a(1d Chlorotic PlantIs. Exu-
(late from -reen sunflowver (grou) 4. table I ) con-
taine(l low concentrations of citrate ain( ironi. Citrate
was p)reselnt at albout 3 % of the conicelntrationl found
in exudates of chlorotic p)lants, anld ironi was less thianl
I %. \ colitrolle(d uptake of iroln is evi(lelnt from
the fact that milost of the ironi suIl)lplie(l to the roots
was excltu(le(l. 'I'lTe chlorotie planits absorbed large
(luiantities of ironi and translocated it at concentra-
tiolls consi(leral)lv above the exterilal mile(liuimii.

I1 conitrast to values of 2 or 3 it is nioted that
norm.1all)l.lats gav-e a citrate/iron ratio of 15. Al-
thothogh nm,ore work nee(ls to be (lonle it is l)roabl)le
tlhat valtues well above unity, i.e.. citrate concentra-
tions in considerable excess of iron in the exucdate,
are characteristic of plants growvn with adequate ironl.

If the comibining qtuantities of citrate/iron are I :1
in the exudate of normiial plant.s, the ratio of citrate/
iron = 1/l suggests that 1/15 of the citrate is
involved in transport of ironi and that 14/15 cotld(I
ftinctioni in the solubilitv and transport of other
metals.

Furthler .Studics, Tr(loslocationl Conce,pts. All
exudates in table I gave citrate in miolar excess of
ironi. Bv using variotus isotopes and electrophoresis
it shouldk be possible to (leterilinle whether citric acid
binds other trace miietals in stemii exudates.

TI'lhe citrate/ironi ratios of 1; and 1.6 are far out
of proportion. The (quiestion arises as to the possi-
bility of getting ratios below unity. TI'he following
paper (12) gives evidence that iron can flood into
roots ail(l be tranislocate(d at concenitrationis greater
thani those of citrate.

It will be necessary to revaluate the soybean wvork-
(15) which emlphasizedl iron binding by mzalate. It
has been reported (3) that soybean exudates contain
relatively large amnounts of citric acid. Preliminary
runs of soybean exu(late in acetate buffer show 2
iron-containing bands with relatively little iron in
the faster band. 'T'his (listribution is quite diffferenit
from that of sunflower. and will require further studv.

W\ith methods presenitly available it is not possible
to dlemiionstrate the ibindinig of iron by citrate or other
molecules in the xylemi vessels. There is evidenlce.
nevertheless, which supl)orts the concept of acid-iron

I Plexiglass pattern P-4, Rohm and Haas Company,
Philadelphia 5, Pennsylvania. Trade names and companv
names are included for the benefit of the reader, and d'o
not inlinly endorsement by the United States Department
of Agriculture.

translocation in vivo. it is summarized as follows:
A) Iron precil)itates in a(ilueouis mile(lia at physiological

1)11 whenl soluibilizing agents are nlot l)resent. 13) lroio
binding in soluitionis of organ;ic aci(ls cal be readily
dlemonistrate(l. C) Stabilities of organic acid chelates
of ironi are relatively high ( 1, 4 ) I)) Soltlble iron
an(l organic acids are usuallx presenit in stem exudates
of l)lants. E) Citrate-ironl complexing is indi,cated
1)v exti(late electrophoresis.

h'l'e role of citric acid is most oftenl considered
in relationl to cellullar imietal)olismii. But released from
metabolic sites and moving in the xylemi, th1is acid
would b)e exl)ected to perform oither functions. I roln
binding is stiggeste(l as onle of those ftunictionis. Fur-
tlher study slhouldl ind(licate whether citric acid l)artici-
pates in the translocation of otlhcr trace mietals.

Acknowledgment
TIhle autlhor tlianks D)r. Jollhi C. Browxn anld Dr. Ster-

Ihiog B. Henidricks of this laboratorv for their interest
and helpful (liscussiolls in the cotirse of this wxork.

Literature Cited
1. Bj_I.RM7 t, J ., G. SCuiIV ARZENBIACHI, A NI) I.. (;.

SILL.EN. 1957. Stability Conistants, Part 1. The
Chemlical Societv, ILondon.

2. BoT.L.AR, 1V. G. 1960. Transp)ort in the xylelml.
Ann. Rev. Plant Physiol. 11: 14146.

3. BRO\Vx, J. C. ANI) L. 0. I IFFIN. 1965. Iron stress
as related to the iron and( citrate occurring in stem
exll(late. Plant Physiol. 40: 395-400.

4. CHABEREK. S. AND A. EL. MARTELL. 1959. Organic
Sequiestering Agents. \Viley and Sons, New
York.

5. D)ICIK-MAN-, S. R. AND) A. A. CLOUTIER. 1951. Fac-
tors affectinig the activity of aconiitase. J. Biol.
Clhem. 188: 379-88.

6. (GONoRI, G. 1955. Prep)aration of buffers for use in
enlzymiie studies. In: 'Methods in Euizymology, Vol.
I. Colowick, S. P. and N. 0. Kaplan, eds. Aca-
demic Press, New York. 1) 138-46.

7. HOHORS;T, H.-J. 1963. - ( --- ) -malate deterninationi
with malic dehydrogenase and DPN. In: Methods
of Enzymatic Anialysis. H. U. Bergmeyer. ed.
Academic Press, New York. p 328-32.

8. JACOBSON, L. AND J. J. OERTLI. 1956. The relatioi
between irot) an(d chlorophyll contenits in chlorotic
suiiflower leaves. Plalnt Physiol. 31: 199-204.

9. SAYWEL.I, L. (G. AND B. B. CUTNNINGIIA-M. 1937.
Determiinationl of iron, colorimiietric o-phenanthrol-
iiie methodl. In. Eng. Clhenm., Anal. Edition 9:
67-69.

10. STEINBERG, IK. A. 1953. Symiiptoimis of miolybdenumi
(leficiency in tobacco. Plant Plhysiol. 28: 319-22.

11. TIFFIN, L. 0. 1965. Tranislocationi of ironi by
citrate in plant exu(lates. Plant Physiol. 40: xii.

12. TIFFIN, L. 0. 1966. IroIn Translocation1. II.
Citrate/iron ratios in plant stem exudates. Plant
Physiol. 41: 515-18.

13. TIFFIN, L. 0. AND J. C. BROW N. 1959. Absorp)tion
of iron from iron chelate by sunflower roots. Sci-
ence 130: 274-75.

14. TIFFIN, L. 0. AND J. C. BROW.N. 1961. Selective
absorption of iron from iron chelates bv soybean
p)lants. Plant Physiol. 36: 710-14.

15. TIFFIN, L. 0. AND J. C. BROWN. 1961. Ironi clhel-
ates in soybeani exudate. Science 135: 311-13.

5i14


