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THE RELATION BETWEEN IRON AND CHLOROPHYLL CONTENTS
IN CHLOROTIC SUNFLOWER LEAVES,'
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UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA

The advent of highly stable iron complexes which
are useful in plant nutrition and agriculture (9, 16)
has led to a renewed interest in the study of iron nu-
trition, particularly in lime-induced chlorosis. How-
ever, the investigator soon faces the problem of the
comparative iron status of green and chlorotic leaves.
Some investigators have found less iron in chlorotic
than in green leaves and have demonstrated a good
correlation between iron and chlorophyll contents (8,
15, 18). But also, it has been found that chlorotic
leaves may contain as much or more iron than com-
parable green leaves (7, 11, 19). Brown and Hen-
dricks (2) state that the concentration of iron in
plant tissues has not been a satisfactory index of de-
ficiency. Consequently chlorosis is frequently con-
sidered to involve more than a simple iron deficiency.
Leeper (10) has summed up this view in the follow-
ing statement with reference to lime-induced chlorosis.
"Either the iron enters the plant in a less useful form
than normal, or something goes wrong with the reac-
tions of iron inside the plant growing on certain soils.
The latter seems more likely."

Although Iljin (7) did not believe lime-induced
chlorosis to be due simply to a deficiency of iron, he

1 Receiv-ed December 6, 1955.

and others have pointed out that many if not all of
the observed changes in the composition of chlorotic
plants are consequences and not causes of chlorosis.
De Kock and Hall (4) have examined the chlorosis
occurring in variegated plants and that caused by
virological or pathological causes and found the same
high phosphorus-iron and low calcium-potassium
ratios as is found in other forms of chlorosis. Proba-
bly the only major reason that simple iron deficiency
has not been generally accepted as the cause of ehlo-
rosis is dcue to the continuing reports that as much or
more iron may be present in chlorotic leaves as in
comparable green leaves.

Some time ago, it was pointed out that surface
contamination of leaves with iron might account for
the reported lack of correlation between iron and
chlorophyll contents (8) and it was suggested that
adequate washing of leaves was of great importance
in obtaining positive correlations. Since then, thor-
ough washing has become more or less a general pro-
cedure but conflicting results are still being reported.
Thus it would appear necessary to establish definitely
whether iron chlorosis is caused directly by lack of
iron or by more complex phenomena involving metab-
olic disarrangements.

In a study of the absorption and translocation of
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ethylenediamine tetraacetic acid, Weinstein et al (19)
reported that sunflowers grown at pH 7 with FeSO4
as the source of iron gave rise to chlorotic leaves con-

taining as much total iron as green leaves from plants
grown under similar conditions at pH 5. This ap-

peared to provide a means of readily obtaining
chlorotic leaves with iron contents as high as in com-

parable green leaves. Experiments were therefore
undertaken to see if a stock of material containing
"non-utilizable" iron could be obtained.

MATERIALS AND METHODS
Initial experiments were carried out closely fol-

lowing the procedure of Weinstein et al. In these ex-

periments, sunflower (Helianthus annuus L.) was the
test plant. The seeds were germinated in sand and
seven days later the seedlings were transplanted into
aerated nutrient solutions. The plants were harvested
about 4 weeks after transplanting. The composition
of the nutrient solutions used for the first two experi-
ments was just as described by Weinstein et al.
Hoagland nutrient solution (0.005 M KNO3, 0.005 M
Ca(NO3)2, 0.002 M M1gSO4, 0.001 M KH2PO4, 0.5
ppm Mn, 0.5 ppm B, 0.05 ppm Zn, 0.02 ppm Cu and
0.01 ppm Mo) was used in the later experiments.
Reagent grade chemicals were used to prepare stock
solutions for the first experiment. In subsequent ex-

periments, chemicals especially purified by the method
of Stout and Arnon (17) were used. Distilled water
was used for all nutrient solutions. In addition to the
usual micronutrients, 3 ppm Cl as KCl was added

since the recent work of Brover et al (3) indicates
that this element is probably essential. Sturfaces in
contact with the nutrient solution were painted with
asphaltum varnish or Amercoat paint (Amercoat
Corporation).

After harvesting, the fresh material was separated
into various plant parts and each fraction weighed.
The leaf samples which consisted of several leaves of
similar age and appearance were carefully washedl in

a 2 % solution of Dreft detergent and rinsed with dis-
tilled water. The washed samples were driedl at 650 C
in an oven with forced ventilation. After (drying, the
material was weighed and ground using a glass mor-

tar and pestle. Contact with iron or iron containing
substances was avoided at all times. In those cases

where chlorophyll was to be determined, samples
were removed prior to the washing and the chloro-
phyll determined within a short period of time.

Total iron was determined colorimetrically by the
ortho-phenanthroline method after ashing a suitable
amount of the ground material with redistilled con-

centrated H2SO4 and iron free 30 % H202 (8).
Samples (about 2 gm) for chlorophyll determina-

tion, obtained from the fresh unwashed material were

weighed and ground with washed sand using a pinch
of CaCO3 and a few ml of acetone. The chlorophyll
was extracted with 80 % (v/v) acetone-water and the
absorption of the resulting solution measured at 663
and 645 mu with a Beckman Model B spectrophotom-
eter. Concentrations were calculated from this data
and the values for the specific absorption coefficients

BLE I
IRON CONTENTS OF LEAVES FROM SUNFLOWER PLANTS GROWN AT PH 5 AND PH 7.

SOLUTIONS CHANGED EVERY 2ND DAY AND 0.5 PPM IRON SUPPLIED AS FeSO4

PPM TOTAL Fe
PH PLANT NO. RECENTLY DESCRIPTION

YOUNG RECENTLY OLD

1 51.9 61.0 72.3 Very slightly chlorotic
5 2 62.8 65.3 75.8 " "

3 68.8 66.3 70.4 "
1 70.4 78.6 78.4 Very slightly chlorotic

5 2 57.8 59.5 68.1 Slight chlorosis
3 81.0 74.2 73.1 Trace of chlorosis
1 40.3 44.7 60.3 Slight chlorosis

5 2 49.8 46.8 58.9 Young leaves slightly chlorotic, old leax-es green
3 49.6 50.7 61.2 " " " " "it
1 26.8 27.9 29.9 Moderate chlorosis, veins green

7 2 26.3 26.0 33.7 Moderate chlorosis
3 29.2 31.8 40.3 Moderate chlorosis, veins green

1 24.3 32.3 33.0 Moderate chlorosis
7 2 29.4 32.7 33.5 " "

3 24.5 33.6 36.3 " "
1 20.9 23.6 27.1 Severe chlorosis, some green veins

7 2 27.1 28.4 37.2 " " " " "
3 37.7 41.5 52.0 Slight to moderate chlorosis

Av. dry wt of entire plant = 14.5 gin for pH 5 set and 8.9 gm for pH 7 set.
Av. Fe content of stems = 15 ppm for pH 5 set and 7 ppm for pH 7 set.
Av. Fe content of petioles = 13 ppm for pH 5 set and 8 ppm for pH 7 set.
Av. Fe content of roots = 3000 ppm for pH 5 set and 1200 ppm for pH 7 set.
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of chlorophyll a and b published by Mlackinney (12).
All data in the tables are expressed on a dry weight
basis.

RESULTS
CONSTANT IRON SUPPLY: For the first experiment,

three 15-1 crocks containing 3 sunflower plants each
were maintained at pH 5 and 3 similar crocks were
maintained at pH 7. The solutions were renewed
every other day. 0.5 ppm Fe as FeSO4 was added
each time the solutions were renewed. An attempt
was made to keep the pH constant by frequent ad-
justment between renewals. The seedlings were trans-
planted into the solutions on August 22 and the plants
harvested 26 days later. The harvested leaves were
classified according to age and degree of chlorosis.
The data are given in table I.

Even the plants grown at pH 5 were not com-
pletely green although nearly so. Evidently climatic
and cultural conditions were such that 0.5 ppm Fe
was not quite sufficient. Nevertheless, the data of
table I clearly show a correlation between iron con-
tent and degree of chlorosis. As a group, the leaves
from plants grown at pH 5 were only slightly chlo-
rotic and contained approximately 40 to 80 ppm Fe.
The leaves of plants grown at pH 7 were moderately
to severely chlorotic and contained about 20 to 40
ppm Fe. The only exception was the sample of old
leaves from plant no. 3 listed at the bottom of the
table. These leaves contained 52 ppm Fe but these
plants were the least chlorotic of the pH 7 group.
Analyses of other plant parts gave a similar picture.
The iron values for the roots are probably not very
meaningful because of the difficulty of removing pre-
cipitated iron from the root surface.

The results of this experiment differed so dras-
tically from those reported by Weinstein et al (19)
that a similar experiment was performed. This sec-
ond experiment was carried out just as the first ex-

periment except especially purified reagents were
used in making up stock solutions. Rather than clas-
sify leaves according to appearance, the chlorophyll
contents were determined. The seedlings were trans-
planted March 8 and the plants harvested 24 days
later. The data of this experiment are summarized in
table II. At this time of the year, better growth was

obtained than in the previous experiment. The yields
were considerably higher and not too dissimilar from
those obtained by Weinstein et al (19).

As can be seen from the data of table II, there is
a very good correlation between the amounts of total
iron and chlorophyll with the exception of one sam-

ple of old leaves.
A comparison of the results of the above two ex-

periments with those of Weinstein et al (19) empha-
sizes the problem previously stated; namely, some

investigators find a correlation between iron and
chlorophyll contents and others find no correlation
whatever.

FLUCTUATING IRON SUPPLY: In the following ex-

periments, the iron-chlorophyll relationships were ex-

TABLE II
IRON AND CHLOROPHYLL CONTENTS OF LEAVES FROM SUN-
FLOMWER PLANTS GROWN AT PH 5 AND PH 7. SOLUTIONS
CHANGED EVERY 2ND DAY AND 0.5 PPM IRON SUPPLIED

AS FeSO4

PH AGE OF LEAF PPM Fe % CHLOROPHYLL

5 R.m.* 88.2 0.827
Old 101.0 0.678

5 R.m. 84.9 0.684
Old 94.5 0.793

7 R.m. 55.5 0.538
Old 59.0 0.570

7 R.m. 52.8 0.406
Old 51.2 0.503

7 R.m. 40.6 0.288
Old 38.7 0.377

7 R.m. 35.2 0.241
Old 41.1 0.272

* R.m.= Recently matured.
Av. dry Vt of entire plant = 24.0 gm for pH 5 set and

16.4 gm for pH 7 set.

amined as a function of the variability of the rate of
iron supply to the plant root. On April 8, sunflower
seedlings were transplanted to complete Hoagland
nutrient solution containing 0.1 ppm Fe as ferric
sodium ethylenediamine tetraacetate (Fe EDTA).
Subsequently on April 21, the plants were transferred
to 15-1 crocks, 3 plants to a crock. The Hoagland
nutrient solution used in these crocks was prepared
from especially purified stock solutions and no iron
was added. These solutions were not changed during
the remainder of the experiment. By May 6, chlo-
rotic symptoms were well developed. On this date,
leaf samples were taken for chlorophyll and iron an-
alyses from one group of plants and 10 ppm Fe as
Fe EDTA were added to the nutrient solution. One
week later, leaf samples were again taken from this
treated group of plants. Another group of plants
was permitted to remain in the iron free solution until
May 11, initial samples taken and 10 ppm Fe as Fe
EDTA added. Samples were again taken one week
later.

The data for these experiments are presented in
table III. The left side of the table gives the chloro-
phyll and iron data before treatment with iron and
the right side gives the data one week after the addi-
tion of iron to the nutrient solution. The samples
are arranged on the basis of chlorophyll content, i.e.,
the first sample on the right side of the table did not
necessarily come from the same plant which furnished
the first sample on the left side. In this experiment,
both the initial and final samples consisted of ma-
tured and recently matured leaves.

An examination of the left side of the table shows
that a reasonably good correlation between chloro-
phyll and iron contents was obtained by omitting
iron from the nutrient solution. A comparison of this
data with that from table II indicates that growth
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TABLE III
THE EFFECT OF A FIFTEEN AND TWENTY DAY INTERRUP-
TION OF THE IRON SUPPLY ON THE IRON AND CHLOROPHYLL
CONTENTS OF MATURED AND RECENTLY MATURED SUN-
FLOWER LEAVES. IRON SUPPLY RESUMED AT 10 PPM LEVEL

WITH Fe EDTA

BEFORE ADDITION ONE WEEK AFTER
INTERRUPTION OF Fe ADDITION OF Fe

OF IRON
SUPPLY PPu (/C CHLORO- PPM %/C CHLORO-

Fe PHYLL Fe PHYLL

15-Day 14.8 0.0088 835 0.060
19.5 0.0835 389 0.185
21.4 0.165 490 0.192
27.8 0.343 258 0.412
27.8 0.432 442 0.458
37.7 0.585 267 0.849

20-Day 18.1 0.0381 297 0.214
22.6 0.152 543 0.450
25.4 0.204 318 0.458
24.2 0.252 525 0.651
24.3 0.283 442 0.744
34.4 0.486 359 0.722*
... .... 462 0.651 **
....... 462 0.286 t

* Green basal portions of leaf sample.
** Midsections of above sample.
t Chlorotic apical sections of above sample.

conditions in this experiment were such that iron was
uitilized more efficiently, the chlorophyll to iron ratio
being considerably higher. It is quite apparent that
the addition of iron to the previously iron free nu-
trient solution completely destroys the correlation be-
tween chlorophyll and iron. Furthermore, abnor-
mally high iron contents are found in the leaves of
plants so treated. When several leaves which were
green at the base and chlorotic at the apex were ex-
amine(, the same lack of correlation and extremely
high iron content existed over the whole leaf. Al-
though the entire leaf accumulated considerable iron,
only a portion of the leaf responded by increased
chlorophNyll production.

In another experiment, the iron supply to the
roots was interrupted for varying periods and the re-
sponse observed. Sunflower seedlings were trans-
planted into Hoagland solution containing 1 ppm Fe
as Fe EDTA on July 7. On July 18, the plants were.
transferred to nineteen 15-1 crocks containing puri-
fied Hoagland solution but no iron. Each crock held
5 plants. One ppm Fe as Fe EDTA was added on
the same day to the first crock. On the next day,
1 ppm Fe was added to the second crock. Addition
of iron was made to individual crocks at subsequent
intervals as listed in table IV. In this way the iron
supply was interrupted for periods of time ranging
from 0 to 30 days. Since the chlorotic plants made
relatively little growth, it was neither necessary nor
desirable to change the solutions. During this period
a small amount of iron contamination kept the plants
growing although at a reduced rate and they became
progressively more chlorotic.

Initial samples for iron and chlorophyll analyses

were taken from the plants in each crock at the con-
clusion of the minus iron treatments just before the
addition of iron. Final samples were taken one week
after iron had been added to the solution. In table
IV, values for iron and chlorophyll contents are given
for the initial and final samples. The initial samples
consisted of recently matured leaves and the final
samples consisted of recently matured and of old leaves.

In a general way the higher the iron content, the
higher the chlorophyll content of the initial samples.
A closer correlation was not obtained possibly because
of the erratic nature of the small amount of iron con-
tamination present and the long time interval between
taking the first and last samples. Even in a most
general way, there was no relation between the iron
and chlorophyll contents in the final samples. The
recently matured leaves were all high in chlorophyll
content and contained widely differing amounts of
iron. The older leaves which would correspond to the
recently matured leaves of the initial samples also
contained varying amounts of iron. These older leaf
samples had lesser amounts of chlorophyll than the
final recently matured leaves indicating that they had
not completely recovered from ehlorosis. The ab-
normally high iron values, previously observed, ap-
peared possibly after a 2-day interruption and cer-
tainly after a 3-day interruption of the iron supply.
The iron contents reached a peak in those plants sub-
jected to a 12- to 14-day minus iron treatment.

TABLE IV
THE EFFECT OF VARYING THE DURATION OF THE INTER-
RUPTION OF THE IRON SUPPLY ON THE IRON AND CHLORO-
PHYLL CONTENTS OF SUNFLOW%FER LEAVES. IRON SUPPLY

RESUMED AT 1.0 PPM LEVEL WITH Fe EDTA

BEFORE ADDI- ONE WEEK AFTER ADDI-
TION OF Fe TION OF Fe

PRETREAT- RECENTLY RECENTLY
MENT- MATURED RCNLME_NT- MATURED MATURED OLD LEAVESDAYS IN LEAVES LEAVES
-Fe LEAVES

FeFeeFSOLUTION %CoC1

Fem CHLORO- Fp CHLORO- Fp CHLORO0-PPHYLL PPHYLL PPHYLL

0 56.9 0.792 77.0 0.855
1 60.3 0.696 77.6 1.00 ... ....
2 64.5 1.00 93.8 0.893 ... ....
3 49.0 0.704 132 1.03 ... ....
4 45.1 0.648 294 1.03 582 0.891
5 55.9 0.740 240 1.10 ... ....
6 44.2 0.660 214 1.07 381 0.969
8 34.0 0.523 259 0.797 344 0.571
10 33.7 0.593 265 0.986 247 0.670
12 42.0 0.761 544 1.01 639 0.507
14 35.8 0.587 620 1.13 482 0.757
16 27.8 0.355 227 1.00 234 0.702
18 30.9 0.486 198 1.16 431 0.516
20 45.0 0.573 140 1.12 136 0.642
22 32.5 0.475 332 0.975 344 0.580
24 23.6 0.357 265 1.13 227 0.389
26 25.3 0.260 299 0.858 223 0.678
28 38.0 0.661 288 0.812 201 0.576
30 31.3 0.438 250 1.05 151 0.604
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Four weeks after the end of the minus iron treat-
ment, the iron and chlorophyll contents of recently
matured leaves from plants whose iron supply was
interrupted for 2, 3 and 4 days were examined. The
chlorophyll content of these leaves which had devel-
oped some time after the iron supply was resumed
varied from 0.799 to 1.28 % and the iron content
varied from 44.7 to 73.5 ppm. By this time, an es-
sentially normal relationship between iron and chloro-
phvll contents had been reestablished.

In the above experiments, the accumulation of iron
and the irreversibility of chlorosis occurred in plants
growing in solutions in which Fe EDTA was used as
the source of iron. A check experiment using FeSO4
gave very similar results, indicating that these effects
are related to iron per se and are not peculiar to the
complex.

DISCUSSION
A lack of relationship between iron and chloro-

phyll contents was demonstrated by Weinstein et al
(19) using greenhouse grown sunflowers. However,
in our hands, similar experiments gave rise to plants
showing a good correlation between iron and chloro-
phyll contents. Evidently some factor of which
neither we nor they were cognizant was involved.

Even though nutrient solutions were changed
every other day in the first two experiments described
here, quite large and rapid changes in the pH of the
nutrient solutions were observed. The changes were
caused by selective absorption of ions by the roots
and were related to general growth factors. Changes
in pH affect the availability of iron when supplied as
FeSO4. At high pH, rapid oxidation and precipita-
tion occurs. At low pH, iron is brought into solu-
tion. This behavior would be particularly prominent
in the pH 7 cultures. In our experiments, an attempt
was made to minimize the pH changes by frequent
adjustment between renewals of the nutrient solution.
Even with adjustment, pH decreases of a unit or more
were occasionally observed in the pH 7 cultures.
Since Weinstein et al (19) apparently did not control
pH between renewals, their pH 7 plants inight well
have been exposed to a fluctuating iron supply. This
could produce results comparable to those obtainedl
by deliberately interrupting the iron supply.

The data of tables I, II and the left side of table
III are typical of the results consistently found in
this laboratory in the study of iron nutrition. For
any given set of plants, a reasonably smooth curve is
obtained by plotting the chlorophyll content against
the iron content (8). The efficiency of the iron, i.e.,
the slope of the curve, varies from one set to another
and is influenced by climatic and other factors.

The above relationship has been observed when
the rate of iron supply was uniform or nearly uni-
form. If the rate is interrupted drastically, then very
different results are obtained. After the iron supply
is resumed, it is found that the correlation between
iron and chlorophyll no longer exists and abnormally
large amounts of iron are present in the leaves. The

large increase in iron content occurs in old leaves and
in leaves developed immediately after the res.umption
of the iron supply. Later growth contains considera-
bly smaller amounts of iron.

The increased iron content resulting from a tem-
porary interruption of the iron supply is not confined
to chlorotic tissue only. It is found in the green
leaves and green parts of semi-chlorotic leaves. An-
alytical data and autoradiographs with radioiron
show no detectable differences in the amount of ac-
cumulation in green and chlorotic tissues. Presuma-
bly, the roots temporarily acquire a high capacity for
the absorption of iron after being subjected to a
minus iron treatment. This behavior is somewhat
comparable to the enhanced uptake of salts exhibited
by excised low salt barley roots. The high iron con-
tent of the leaf is similar to the "luxury consumption"
of nutrients observed in foliar diagnosis.

In addition to the increased iron accumulation an-
other equally important factor which may destroy the
correlation between iron and chlorophyll contents is
the observation that chlorosis tends to be irreversible
except possibly in very young leaves. Slight or mild
chlorosis shows good recovery on the addition of iron
but more severely chlorotic leaves are incapable of
turning green or at best do so only partially (13).
When plants havingf chlorotic leaves were placed in
solutions containing iron, the iron content of the
leaves increased considerably but the yellow leaves
never became completely green again except in cases
of very mild chlorosis.

The inability of severely chlorotic leaves to re-
cover completely may best be explained on the basis
that iron is essential, directly or indirectly, for the
production of chlorophyll and a deficiency of iron ir-
reversibly damages the producing mechanism. Iron
deficiency has been reported to change the relative
activities of some plant enzymes (2). In green leaves,
a considerablv larger proportion of the nitrogen is
present as protein nitrogen than in the case of chlo-
rotic leaves (6), due perhaps to a direct relation be-
tween iron and protein synthesis or to a decrease in
protein synthesis brought about by a reduced rate of
photosynthesis in chlorotic leaves. Good correlations
have been fotund between iron and protein contents
as well as between iron and chlorophyll contents (1).
Since one-third to one-half of the leaf protein is con-
tained in the chloroplasts (14), large differences in
protein content should involve the chloroplasts. When
green and chlorotic sugar beet leaves w^ere compared,
fewer and smaller chloroplasts were present in the
cells of the chlorotic leaf. If replacement of the dis-
integrated chloroplasts does not occur or occurs to a
limited extent, then the leaf would be unable to re-
cover completely from chlorosis. It is interesting that
nearly a hundred years ago, Gris concluded that chlo-
rosis was characterized by an imperfect development
of the chloroplast caused by lack of iron salts (5).

A deficiency of iron may therefore progressively
impair the chlorophyll producing mechanism to the
point that chlorophyll synthesis is limited not by the
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amount of iron in the leaf but by the inability of the
leaf to produce chlorophyll. According to this view,
it is not the iron which becomes inactive but rather
the leaf becomes inactive because of the preceding
period of iron shortage. In sunflower, this point is
readily reached, a few days of minus iron treatment
sufficing. The chlorotic leaves of other plants may
retain some ability to turn green for periods as long
as two or three months. An indication of this was
observed with chlorotic pear and peach leaves in the
field.

Basicall, the type of chlorosis studied here is
initially caused by a simple deficiency of iron. The
deficiency and resulting chlorosis modify the behavior
of the plant in such way as to destroy the correlation
between iron and chlorophyll contents provided the
appropriate conditions are present. In sunflowers,
chlorosis is characterized by an increased ability to
accumulate iron in the leaves and probably the entire
plant and by incomplete reversibility of the chlorosis.
When the rate of iron supply fluctuates, these factors
appear to be instrumental in obscuring the relation
between iron and chlorophyll contents. With a rea-
sonably uniform rate of iron supply, a good correla-
tion is maintained. Although this work does not deal
with lime induced chlorosis, it seems highly probable
that the above statements may apply equallv well in
that case.

SUMMARY
1. If iron is supplied at a uniform rate, then good

correlations are obtained between iron and chlorophyll
contents- in sunflower leaves.

2. If suinflower plants undergo a preliminary period
of iron dleficiencv, then no correlation between iron
and chlorophyll contents are found when the iron sup-
ply subsequently becomes adequate.

3. A deficiency of iron causes the sunflower leaf to
accumulate excessive amounts of iron upon restora-
tion of the iron supply, probably because of an en-
hanced iron uptake by the low iron plant.

4. Chlorosis tends to be irreversible so chlorotic
leaves mav not turn completely green even when large
amouints of iron enter the leaf. It is suggested that
iron is involved in chloroplast formation via protein
synthesis, directly or indlirectly.

5. Chlorosis is initially caused by a simple defi-
ciencv of iron but uinder some conditions, subsequent
correlations between iron and chloroph 11 contents
may be obscured because of effects relatedl to the de-
ficiency.
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