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Sunimarv. Stemii exu(lates of sunflower, soybean, cucunmber, and( tomiiato were ana-
lyzed for citrate and iron content. Generally, the lowest iron treatments given at decapi-
tation were associated with lowest citrate levels in the exudate an(l intermediate treat-
ments witlh the highest citrate levels. Citrate reaohed 6.2 > l()-4 M in sunlflower exu-
date. 7.3 X 10-4 M in sovbean, 9.4 X 10-4 M in cucuimber, an(l 1.8 x 10-4 AI in tomato.
Some of these values represent a (loublling or tripl-inig of citrate whenl comlpare(d to the
lowest ones obtaine(l. High Fe depresse(d the citrate content oif exu(late in some cases.

As iron was raisec! in the nutrienit, the inicreases of iron in the exudate wvere propor-
tionately greater than those of citrate. The highest Fe treatnments led to exaggerated
uptake of iron by suniflower. In some cases iron was tranislocate(d in miiolar excess of
citrate. A time-response experiment with tomato showed a rapid flooding of iron into
the roots but a relativelv slows release of iron into xylem exudate.

Similar electrophoretic patterns of iron were obtained despite changes in citrate anld
iron with time. Exudates from sunflowver, cucumber. and tomato gave iron concenitra-
tions in the positioni of iron-citrate.

In the previous paper (2) it was shown that pre-
cul,ture had proniounced effects oln the iron and citrate
content of sunflower exudate. But despite these
effects, the analysis of exudate from both green and(
chlorotic plants indicated that iron was carried b1
citrate.

The effect of iron supplied in the exudation period
is considered in the present paper. The plant groups
in each experiment were precultured alike but were
given different iron treatments at decapitation.
Assays were carried out to determine citrate/iron
ratios in the exudates.

Another consideration has been the length of the
exudation period. The primary conicern was whether
citrate and iron change drastically as exudation pro-
ceeds. In experiments with tomato, the exudates
were collected at several intervals to determine citrate
and iron variability with time.

Materials and Methods

The experimental plants were soybean, Glycinie
mlax L., Merr., var. Hawkeye; sunflower, Helianthus
atntunzs L. var. Greystripe: cucumber, Cuircutrbita sati-
vas L. var. Burpee's Sunnybrook; and tomato. Lvco-
persicont escuilentumt Mill., var. Marglobe.

Exudate sampling and analytical procedures given
previously (2) were employed here. Eight liters of
standard nutrient (2) were used in the extende(d

growth periodl after germinationi ancd up to the timie
of decapitation. This nutrient contained Fe as 10-6
M FeEDDHA. The absorption nutrieint is the stan-
dard niutrient wvith Fe concentrationi varied as shown
in the tables.

Experiments and Results

Suiflow,er Experinients. Table I shows the dis-
trilbution of iron and citrate in 20-hour exudation
periods of sunflower. The nutrient iron probably
was limiting in the first 2 treatments of experiment 1
and the first treatmienit of experiment 2. This was
suggested by the relatively higher percentages of
iron left in the nutrient after 20 hours. Associated
with the low ironi supply were the low exudate iron
levels, low ciltrate levels. and high citrate/iron ratios.

In general, intermediate iron treatments were asso-
ciated with highest citrate production. The results
show clearly that up to certain limits of nutrient iron
it is possible to triple citrate concentration in the
exudate. The highest treatments depressed the
citrate content of the exudates and gave citrate/iron
ratios near unity or considerably lower. Other thani
the quan'titative tests (table I), the only attempt to
characterize these exudates was by electrophoresis.
The radfiograph (fig 1) shows 4 samples from the
second experiment (table I). The streaking of radio-
iron on the paper was associated wvith the lowv citrate/
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ironi ratios. Probal)lv a less reactive support thlial
paper will be necessarv to resolve the bindinglpatterns
of saml)les that contain excess ironi. Tlhe ironi spots
closest to the aniode are in the position of ironi citrate.

vSovbcan hlxpcri)mcn t. Restilts fromii sovbean
(table 11 ) w ere similar to those rel)orte(l for sunii-

FI(;. 1. Electrophoretic distributioni of -"Fe in suIn-
floss er stemii exudates. hlie 4 exudates are characterized
in table 1, experimelnt 2. Electrophoretic conditions:
WVhatman No. 3 paper, 0.05; m acetate buffer, pH 5.4, 450
v, 2.5 hours.

flower. Nutrienit ironl probably was limiting up to
the fourth level (5 X 10-6 m ). This is suggested
by the quantities of iron left in the nutrient. Plant
group 4 left only 10 % of the iroln after 20 hoturs.
A-A fairly consistent relationiship was nioted in the
abilitv of the roots to translocate ironi at conlcenltra-
tioIns considerably above those of thle iutitrienit. TI'he
ratio of exudate Fe/nutrien,t Fe was 20 for groul) 1.
The other groups gave ratios fromii 29 ot 36.
Extidate with the highest conicelntrationi of ironi still
containedl citrate in molar excess.

Cutcuinber Experi-mewnt. Results fromii cucumiber
are inot given in (letail because of similarities to Sunil-
flower and soybean. The plants were given iron
treatml,ents fromii 1 to 50 X 10-6 -.\IiFeEDDHA. Ironl
ill the exudate raniged from 6.7 to 235; X 10-61
Citrate was fromii 5).1 to 9.4 X 10-4 N . The citrate/
iroil ratios were from 76 downl to 4.

'able1I. IEffcct of 1 arial),( Ft, Suipply on 11/ic Distr-ibution of Fe (hid Citratc
in 20)-Ilobi- Exudationi Periods of Stnflower

Planit age ((lays) anid treatmiienit (expt 1 ): 0, germiniationl; 3, seedlings inito stanidard nlutrienit anid shaded; 6, groups
inito full light anid stanidard niutrienit; 13 anid 20, renewedl niutrient; 25, transferred eac,h group (3 plants) to 1 liter
absorl)tionl nutrient (1 ,Ac -"Fe/MAmole Fe) anid decapitated. Preculture in both experiments wvas idenitical, but )lailts
ini exl)erimenit 2 were dlecapitated the twenty-sixth (lay anid received 0.5 ,uc 56Fe/Amole Fe.

Fe
left in
nutrienit

0/1)33
35
7

12
15
33
60

39
9

41
51

Nutrienlt
Fe inito
exudate

24
47
62
5;4
49
35;
21

12
52
38
18

Ratio:
Citrate citrate

Exudate Fe in ill
volume exudate exudate Fe

1m1l nm X 10 6 -r X 10'4

29
36-
49
18
26
21

21
23
18
21

8
33
63

225
190
425
465

6
220
1050
870

2.0
3.6
1.9
6.0
6.0
5.0
4-.6

2.0
3.0
6.2
3.6

25.0
10.9
3.0
2.7
3.1
1.2
1.0

33.3
1.3
0.6
0.4

TTh)le 11. Effect of I (riablc Fc Sn pp/lv oni 1/ic Distributioni of Fe aniid Citrate
inl 20-four Exu-dationl Periods of Sovbean

Plant age (days) and(l treatmiienit: 0, germination; 3, seedlings into standard nutrient anid shaded; 17, groups inito
full light anid standard niutrienit; 18, traiisferred each groul) (10 plants) to 1 liter absorptioni niutrient (5 ,Ac '9Fe/pnole
Fe) antd decapitatedl.

Citrate
Fe in in

exudate exudate

m X 10-6 M1 X 10-4
10 4.0
30 3.8
80 5.0
180 5.7
240 7.3
290 7.1

I'lant
group

Elxpt 1

1
)l

4

7
Expt 2

1)

4

Absorption
nutrienit

FeEDDHA
m X 10 i

1.0
2.5
5.

10.0
25.0
50.(

10
10
100

Plant
grout)

2

3
4

6

Absorption
nutrient

FeEDDHA

m X 10 1;
0.5
1.0
2.5

5.0
7.5

10.0

Fe
left in
nutrient

Cf

33
18
13
10
28
32

Nutrient
Fe into
exudate

14
28

41
48
35
35

Exudate
volum.e

mll

7.0
9.3

12.8
13.4

*- 11.0
12.3

Ratio:
citrate

Fe

40
12.7
6.3
3.2
3.0
2.5
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Table III. Distributions of Fe anid Citrate in ani Exuidationt Period of To,nsato
Plant age (days) and treatment: 0, germination; 7, seedlings into standard nutrient and shaded; 7, plants into full

light and standard nutrient; 25 and 31, renewed nutrient; 36, transferred 2 plants into 1.9 liters absorption nutrient (2.5
X 10- M FeEDDHA, 4 /Ac 59Fe/umole Fe) and decapitated.

Nutrient Ratio:
Absorption Nutrient Fe into Citrate citrate

Sampling nutrient Fe into exudate Fe in ill
time Fe exudate* (cumulative) exudate exudate Fe

hr % % % --,OX I X lo-,,
0 100
3 19 10.1 10.1 20.0 120 6.0
5 7 12.3 22.4 24.3 140 5.8
8 3 12.4 34.8 24.5 110 4.5
12 1 8.7 43.5 17.3 20 1.2
17 1 4.8 48.3 9.5 6 0.6
22.5 1 3.2 51.5 6.3 7 1.1

* Exudate volume for each collection was 24 ml.

Table IV. Distribuitionts of Citratc and Fe iis Extdates of Tomato Plantts Treated
-zith Differeitt Alutrient Fe Levels

Plant age (days) and treatment: 0, germination; 6, seedlings into standard nutrient and shaded; 12, plants into full
light and standard nutrient; 22 and 29, renewed nutrient; 35, transferred 8 plants to 8 liters absorption nutrient (5 ,uc
59Fe/Amole Fe, group 1; 1 ,uc 59Fe/Amole Fe, group 2) and decapitated.

Group 1 Group 2
Treatment: 2 X 10 -6 M FeEDDHA Treatment: 10 X 10-6 Ai FeEDDHA

Ratio: Ratio:

sampling Exudate Exudate Exudate citrate Exudate Exudate Exudate citrate
time volume citrate Fe Fe volume citrate Fe Fe

hr ml MiX lo- M X 10 5 mll %I X 10 ' IX105
3 47 10.8 1.5 7.2 41 11.0 4.8 2.3
6 55 11.1 4.5 2.4 50 13.5 12.5 1.1
9 45 10.9 6.6 1.6 39 13.2 18.8 0.70
12 51 9.0 4.6 1.9 41 14.0 18.4 0.76
15 49 6.0 3.1 1.9 40 14.8 17.3 0.85
18 42 4.8 2.2 2.1 40 15.0 14.7 1.0
21 46 5.0 1.1 4.5 38 16.3 11.8 1.4
24 38 4.8 0.9 5.3 31 14.5 9.7 1.5
27 24 2.8 0.9 3.1 21 9.6 9.5 1.0

Tomlato Experimtents. Table III shows results
from a tomato experiment in which exudate was
collected at 6 intervals. The plants lowered nutrient
iron rapidly. Less than 10 % remained at 5 hours.
This pattern indicates flooding of root iron pools.
Olf the total nutrient iron (zero time) 81 % had
moved into the roots at 3 hours, 10 % had moved1
into the exudate and, by difference, 71 % was left
in tihe roots. In contra-st to the rapid uptake by the
roots, the release into the xylem was relatively slow.

The concentrationi of iron in the exudate held at
about 24 X 10-6 M (ca. 10-fold over the origilnal
nutrienit) for 8 hours and then decreased to about
one-fourth that value. Albout one-half the total iron
supplied to the roots was in the exudate at the end
of the experiment.

Citrate reached a peak in the second collection,
but in the final collection was about one-twentieth

its highest concen,tration. Citrate concentrations
declined more rapidly than iron. This was reflected
in the drop in citrate/iron values fromt6 to approxi-
mately 1.

These results suggested that a hligher initial suplvly
of iron would have extended the high citrate cuirve
for a longer time. This was confirmed by treating
l)lants with different levels of iron (table IV). The
citrate from planlts treate(d with 10-- M Fe continuiie(d
to increase up to the twentv-first hour. The citrate
froml l)lants given 2 x 10-6 M Fe began to decrease
after the ninethl holutr. Compared quianltitatively. the
low-Fe plants l)roduced 30.4 ,umoles of citrate, and(
the high-Fe plallts produced 46.7 tmoles. Electro-
phoresis of the exudates gave patterns very similar to
those given by sunflower in figure 1. All 18 exu-
dates gave a fast-moving spot in the position of iron
citrate.
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Discussion

Citrat/Pfc Ratios AboTve and Below (Tnity. As
discusse( l)revioulsly (2), green sunflower planlts,
p)recultured on 10-- M Fe andI treated wvith the same

level for exudate collection, produce(l exut(ate with
a citrate/Fe ratio of 15. Tlhe iron in the exudate of
the plants was 2 X 10-() M\i. A ratio in wxhich citrate
is in consideracble excess is believed to be character-
istic of exu(lates from niormiial plants.

In contrast, the exl)erinments with suinflower and(
other species rep)orted hiere involved preculture wvith
10-¢ MlFe. The plants were green but unider iron
dleficiencv stress as slhowiniby their response when
iron was restoredl at decal)itation. In genieral. the
magnitu(le of the citrate/Fe ratio in exutdates de-
peinded otn iroIn trea,tmient. The suinflower (lata in
table I show the ratios obtained unider a wide ranige
of treatmnen;ts. On lows Fe the citrate/Fe ratio was
74, but oni high Fe the ratio was 0.4. Thus iulanipu-
lationi of iron supply can inxert a ratio to give iron
in excess of citrate.

One iml)lication of tthese fin,dings is the resttic-
tion placed on the translocation concel)t. I t is not
plossible to generalize uinder all con(litionis that iron
is carrie(I h1 citrate. Oni the other lhanid. ani excess
of iron over citrate in stemii exudate (loes niot change
the concept that citrate is the agent normiially involved
in ironi transport. Ajpparently the conltrol of iron
infltix by ironl-deficient planlts is not the samiie as that
of inormal plants. Restoration of high iron to (lefi-
cient lplants therefore results in overloading and,
consequentlIv a tran.slocationl of iron in anorimal
amounlts.

If the comlhining (quaintities of citrate an(l ironi are
1 :1, theni ani excess of iron in the exudlate would
require that considerable iroin be carried( 1y other
ligan(d(s). If true, this coul(d have iml)ortant imlli-
catioiis for iroin tranislocationi anld possibly for the
translocationi of several other trace metals. It would
be necessary of course to prove 1) that citrate carries
other mletals ancd 2) that ironi cani displace them
when it reaches certain levels in the exudate.

Chaniges in ExIudate with Time. The iroii and
citrate curves (talbles III, IV) indicate coltintiotis
change as exti(lation l)rocee(ls. Nutrielnt iron ac-
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ctunulated rapidly b)y tomiiato (table Ill) was releasedl
relativelx slowly into the xyleml exu(date. Citrate in-
creased 'titil albout the fifth hotur, b)ut fell sharply
after the eighth hour. By providing adlditional ironl,
the declinle in citrate could be delayedl a considerable
time, although not indefinitely (table IN'). Appar-
eintly a certain minimlium ironi contenit in root pools is
reqtiiretl to maiintaini a high rate of citrate release.

'rhe tomliato exutdates (table IV ) reveal a sharl)
decrease in citrate at al)out 21 hotirs; exutdate volutme
also (lecliined. The total citrate released 1w) group 1 in
the last 3 hlours was 0.6)7 ptniole coml)aredI to 1.82
tmoles in the previotus 3 houors. For 2,rotip 2 these
values were 2.0 and( 4.5 tniioles of citrate. Because
iron concentrations wxere still high in the finial collec-
tioins, the citrate declinie dloes not ap,pear to b)e asso-
ciate(l with ironl shortage.

Effect of Ir-oni oni Citr-ate Re/c(csc. It has b)een
sho,wn that the citrate conitent of exti(lates caIn he in-
creasedl by providling adldlitional iroii to plant roots.
This was true for all the planits stu(Iied. This ef-
fect is clearly showvn in the exu(lates of tomato (table
IV) where high-Fe plants gave inicreases of citrate
for aboout 21 houtrs. The citrate in the exudates of
low-Fe plants began to decrease at al)ott 9 hoturs.

Although a release of additional citrate inlto the
xylem can be iniduced 1b iron treatment, the source
of the aci(d is inot known. The differelnce in the quani-
tities of citrate release(d by the tomiiato groups (tal)le
IV) could represent a differenice in citrate )roduction
ani(l release from respiratory pools, or possibly a dlif-
ferenice in its release from remote comlpartments (1).
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