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The recommended concentration of manganese in
Hoagland's solution produces toxic symptoms in bar-
ley plants andl must be reduced substantially to avoid
injury to the leaves. The suggested rate of 0.5 ppm
Mln in this solution resulted in characteristic brown
spots on the leaves and affected the yields adversely.
When the concentration of Mn was reduced to 0.025
ppnm, this difficulty was overcome. Equally effective
was the addition of 10 ppm silicon as sodium silicate
to the solution (25).

Another methodl of preventing manganese injury
to barley leaves was that of increasing the total macro-
nutrient strength of the solutions. This lowered the
Mn content of the leaves, redluced the symptoms, and
gave higher yieldIs (25).

This report (leals primarily wvith subsequent ex-
periments in wbhich the component ions of Hoagland's
solution were manipulated to studly their individual
effect on the uptake of Mn by barley.

Materials & Methods
Seedls of Atlas barley (Hordeium 7vulgare L.)

were germinated oln screens mounted on pyrex dishes
containing distilled water. After 1 week, 5 seedlings
Nvere placed in corks and transferred to 45-liter tanks
in (luplicate filled with Hoagland's No. 2 solution,
with modifie(d micrcnutrients (table I), and providled
with gentle aeration. After growing for 6 weeks in
the greenhouse, the plants were harvested, dried,
weighed, and analyzed for Mln andl Fe. Manganese
was (letermine(l colorinmetricall)' as permanganate
after heating witlh periodate, and iron was complexed
with o-phenanthroline.

Results
In the first experiment barley plants were grown

in solutions covering a wide range of Mn concentra-
tions comparing full-strength with one-fifth strength
Hoagland macro-salts. MIicronutrients other than
Mn were added uniformly to all cultures. The com-
position of the solutions used is given in table I.

Analysis of the leaves showed an increase in Mn
content with increasing concentration of M1n in
solution, as would be expectedl. The MIn content of

'Received March 16, 1962.

the leaves was higher in the plants grown in the one-
fifth strength solution compared to the full strength,
again as would be expectedl on the basis of previous
evidence. (fig 1).

Of additional interest is the yield curve obtained
from the same experiment (fig 2). In the low range
of supplied Mn the yields of plants grown in fifth-
strength Hoagland's are larger thani those grown in
full-strength solutioin, presunmably due to greater Mn
uptake in the face of lower ion comlpetition. At the
higher range of MIn in solution, the MIn content is
again higher in the low-salt plants but now this
works adversely on the yield because toxicitv due to
high Mn has entered the picture. The two curves
cross at the point where the advantage of a higher
AMn content in the deficiency range is overcome by
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Fig. 1. Manganese content of leaves as a function of

the concentration of manganese in solution.
Fig. 2. Yield of barley as a function of the concen-

tration of maganese in solution.
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Table I
Composition of Hoagland's Solution No. 2

With Modified Micro-Nutrients
Macronutrient salts meq/l

Salt Full strength 1/5 Strength
Ca(NO3)2 8 1.6
KNO3 6 1.2
MgSO4 4 0.8
NH4H2PO4 1 0.2

Micronutrientt Salts
mg/i Element ppm

H3BO3 0.143 B 0.025
MnCl,.4H,O 1.81 Mn 0.5
ZnSO4.7HO0 0.22 Zn 0.05
CuSO4.5H,O 0.08 Cu 0.02
H2MoO4.H'O 0.02 Mo 0.01
FeSO4 0.1 ppm Fe added alternate days

the negative effects of toxicity at the higher con-

centrations of Mn.
The question remained as to whether the de-

pressing action of the higher salt solution on Mn
uptake was due to a general concentration effect or

a more specific case of competition by certain ions.
To clarify this point, barley plants were grown in
one-fifth strength Hoagland salts (table I) as back-
ground solutions supplemented with single salts add-
ed at the rate of 10.8 meq per liter.

Early in the experiment leaf symptoms of cal-
cium deficiency appeared so the seedlings were re-
planited with an increase in the background concen-

tration of calcium nitrate from 1.6 to 3.2 meq per
liter. Following this correction no deleterious effects
were noted from the use of the experimental salts.
The pH of the solutions was maintained at a value of

5.3 + 0.2 by adding acid or base corresponding to
the single salt under investigation.

This technique made it possible to compare over

a long growth period the effect of individual cations,
Ca, Mg, K, and NH4 paired with the anions nitrate,
sulfate, and phosphate. An additional cation, Na, al-
though not a constituent of Hoagland's solution, was

included in the study because of its biological and
agricultural importance. Micronutrients were added
in the amounts shown in table I.

The leaves from 160 plants were analyzed for
Mn (table II). With the plants grown in the back-
ground solution alone considered as controls, the
results show that adding Ca, Mg, and NH4 nitrates
or sulfates produced plants with a lower Mn content.
Plants grown with Ca or NH4 phosphate were lower
in Mn, those with K or Na phosphate were higher
than the control. The nitrates and sulfates of Na
and K and the phosphate of Mg were of the same

order of magnitude as the control.
Comparing the average values of the cations, Ca,

Mg, and NH4, may be listed in one group which pro-

duced plants with less Mn than the check, and K
and Na which gave plants with more Mn. For
anions the order of decreasing Mn produced in the
leaves is: phosphate > nitrate > sulfate.

The roots were also analyzed for Mn content
(table II). The same general pattern of Mn uptake,
as a function of the supplementary ions added, exists
in the roots that was found in the leaves.

An important factor in ion uptake is the pH of
the medium in which plants are grown (11). In the
preceding experiments the pH of the nutrient solu-
tions had been controlled in a range of 5.3 + 0.2.
High manganese uptake has been found in acid soils,
especially when the pH is below 5. Raising the pH

Table II
Manganese Content in ppm of Barley Plants
Grown in Low-Salt Background Solutions

Supplemented With Single Salts*

Cation of single salt
Anion of

s ngle salt Ca Mg Na K NH4 Avg.
Leaves

Nitrate 317 19 289 ± 19 424 ± 24 420 ± 19 229 ± 17 340
Sulfate 311 15 259 + 14 407 + 27 411 12 217 13 321
Phosphate 356 ± 23 431 ± 16 538 ± 15 501 ± 21 395 ± 23 444

Average 328 326 456 444 280 368
Unsupplemented low-salt background solution 426

Roots
Nitrate 656 ± 32 519 ± 29 963 ± 45 697 ± 38 405 ± 25 648
Sulphate 585 _ 27 480 + 30 773 ± 27 637 + 33 469 ± 31 589
Phosphate 715 + 36 759 ± 41 1042 ± 49 770 ± 42 576 ± 28 812

Average 652 619 959 701 483 689
Unsupplemented low-salt background solution 730

* In the first week of the experiment some plants showed symptoms of calcium deficiency. This was corrected by
raising the 1.6 meq/l of calcium nitrate (table I) to 3.2 meq in the background solution.
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Fig. 3. Manganese contenit of leaves from plants grown in solutions at different pH values.
Fig. 4. Iron conteiit of leaves from plants grown in solutions at different pH values.

by addling linme to the soil has the effect of reducing
the Mn uptake to the point where symptomis of AMn
toxicity are eliminated (1, 2, 6, 17).

A stu(ly was madle of the M/In uptake by barley
plalnts grown in nutrient solutions controlle(d at pH
values of 4, 5, and 6. The variation in reaction was
limite(d to 0.2 pH unit, beyond which it was restored
by adding 0.1 N H,SO4 or NaOH. The background
solution was of the sanme composition as that used
in the previous experimenit, and single salt supple-
mlents of Ca(NO3)2 and NH4NO:, were compared.

For purposes of analysis the shoots were divided
into tlhree parts: young. niature. and old. Of the

total leaf tissue, about one-fourth by wveight was clas-
sifiedl as young, a similar ratio Nas old, an(d the r-e-
mlaining hlalf wvas mature. This separation w%as miia(le
because of sharp (lifferences in MIn contelnt of leaf
tissue accor(ling to its stage of (levelopment.

In figure 3 are shown the results of AMn analysi.s
of plants grown at the three pH values in solutions
wvith a high concentration of Ca or NH4. The maxi-
muml uptake of Mn occurredl in the 01(l leaves at a pH
of 6 witlh both salt solutions. It dlropl)e(l consi(ler-
ably at a pH of 5, and still further at 4. The samle
tren(ls are apparent for the mature an(d young leaves
but the (lifferences in M.rn contenit as a funiction of pH

Table III
MnII & Fe Content in ppm of Roots From Plants Grown in

Solutions With Controlled pH Values

Mn
Supplementary salt

NH4NO3

230 ± 17
440 ± 28
590 + 31

Fe

Ca (NO3)2
17,900 + 1140
10,900 -f- 830
6,600 +- 410
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Fig. 5. Manganese content of leaves from plants grown in solutions with three rates of iron supplied.
Fig. 6. Iron content of leaves from plants grown in solutions with three rates of iron supplied.

are not as pronounced as they are in the old leaves.
The Fe content of the leaves is given in figure 4 and
the results of Mn and Fe analysis of the roots are
shown in table III.

The literature contains many reports of iron
and manganese interaction (4, 9, 18, 20, 22). Taking
this into account, an experiment was conducted to
study the influence of iron supply on Mn uptake.
Three rates of iron, as ferrous sulfate, were added to
one-fifth strength Hoagland solutions and barley
plants were grown as previously. Mn was added
to each tank at the rate of 0.5 ppm and the solutions
were kept at a pH of 5.5 The results of Mn analysis
of the leaves are illustrated in figure 5. From these
curves it is evident that as the Fe supply is increased
the Mn content of the leaves is reduced, especially
in the case of the old tissues. In figure 6 are shown
the curves of iron content in the three fractions of
the leaves as a function of Fe suppliecl.

The amounts of Mn and Fe found in the roots are
presented in table IV. The iron content is extremely
high and the proportion of this nutrient on the outer
surface of the cell walls was not determined, but it
must be considerable since it is visible to the naked
eye as a heavy coating of a red iron precipitate. The
Mn content of the roots was less as the amount of Fe
in solution was increased, but the effect did not com-
pare with that found in the old leaf tissues.

Table IV
Mn & Fe Content in ppm of Roots From Plants Grown

in Solutions at 3 Rates of Iron Supplied

ppm Fe Mn Fe
per week

0.2 480 35 4,400 ± 265
0.7 420 ± 28 9,800 + 590
3.5 410 25 27,600 ± 1,900

Discussion
The comparison of individual salts on an ion for

ion basis showed that Ca, Mg, and NH4 salts were

more effective than K and Na in repressing the up-

take of Mn by barley plants. Among the anions,
phosphate resulted in higher Mn in the tissues than
was obtained with sulfates and nitrates.

In assessing the depression of Mn uptake brought
about by high concentrations of the macronutrient
salts of Hoagland's solution, account must be taken
of the relative proportion of the ions present. Full
strength Hoagland's No. 2 solution includes 8 meq

of Ca, 4 of Mg, and 1 of NH, per liter and these ions
were the most effective in reducing Mn uptake. The
other cation, K, is present at a concentration of 6
meq per liter, and it was found in the single salt study
to have a minor effect on the Mn uptake as the ni-
trate or sulfate and a stimulating effect as the phos-
phate. Sodium salts uniformly produced the highest
MIn content in the roots, but with respect to the

leaves the effect of Na closely followed that of K.
The over-all depressing action of increased Hoag-

land solution salts must be due primarily to the ca-

tions Ca and Mg. The NH, ion, while extremely
effective in the single-salt study, is present in such a

small amount in Hoagland's solution (1 meq/l) that
its contribution in retarding Mn uptake must be of a

questionable order of magnitude. The tendency of
phosphate to increase Mn uptake suggested the pos-

sibility that it might be tying up Fe and thus in-

directly affect the absorption of Mn.
This question was examined further and it was

established that an increase in the supply of iron re-

sulted in a decreased Mn uptake. The influence of

Fe was much more effective than was the case with

any of the single-salt supplements.
An increase in the hydrogen ion concentration
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also exerte(l a marked effect in depressiing MIn up-
take. It has been shown generally in absorption
work that solutions at a low pH. reduce ion uptake
(5, 11). In these experiments there was less Mn
taken up from the nmore acid solutions while the Fe
absorption Nas greater. The latter effect may have
been due to a higher solubility of Fe with acidity re-
sulting in a greater availability to the plant. It may
be assumed that the uptake of Fe involved two forces
working at cross purposes. One is the increased
comipetition fromI hydrogen ioIls at the lower pH
values causing a (lecrease in Fe absorption, the other
being the greater solubility of Fe pushing in the
other direction. Ostensibly, this experiment was de-
signe(l witlh pH as the variahle. Actually, Fe was
also a variable because of its pH (lependence. While
the amount of iron supplied wxas carefully controlled,
its availability was a function of the acidity.

This amounts to saving that, in the pH experi-
ment, the lower Mn uptake in the more acid solutions
wxas a prodluct of comlpetition from higher concentra-
tions of iron and hvdrogen ions. This is not the
only possible explanation of these results but it ap-
pears to be the nmost consistent with current theories
in this field of w\ork.

In those experinments w\here 1oth MIn and Fe were
determined in the tissues, the AMn content varied
directly withl the age of the leaves whereas Fe was
higher in the mature leaves thain in the young or
old leaves. This could be explained as a nmigration
of Fe froml the olcl tissues to the mature ones in the
course of plant growth an(I (levelopment. but this
woul(d not be consistent with the notorious imnmobility
of Fe in plant tissues.

The results support the general idea of Totting-
hamii (22), Somers an(l Shive (20), and others (4,
9, 18) as to an Fe-AMn antagonism in plants. The
finding of AMorris and( Pierre (15) that the effect of
Fe in reduciing AMn toxicity was (lue to a dlecrease in
Mn absorbe(d by the plant ratlher thani ain inlcrease ill
Fe content is not supported by our results.

The data reportedl here and elsewhere in(licate
that, in experimiients with nutrient solutions (3, 16)
and clay suspensions (5), AMn uptake is increased as
the pH of the mlediunm is raise(d toward neutrality.
In aci(d soils the opposite effect h1as been noted (8,
12, 23, 24) and the same mIaY be sai(I for mangani-
ferous soils (9, 10, 19). In these situations the high-
er Mn concentrations in the soil solution more than
compensate for the inhibiting effect exerted by hy-
drogen ions in the more acid mledia.

The effect of Ca in reducing AIn uptake in these
experinments is in accor(l w\Nith the findlings of Hewitt
(8) but in contradliction to the Nork of Morris and
Pierre (15). Earlier work by McCool (.13) had
shown that the chlori(les of Ca, AIg, K, and Na each
had an ameliorating effect on the symptoms of toxic-
ity from Mn in pea and wheat seedlings.

The greater uptake of AIn in the presence of phos-
phate compare(l to nitrate and( sulfate was of partic-
ular interest since one is a cation an(l the other an

anion. It has been shown by Morris and Pierre (15)
that phosphate increases the severity of 'Mn toxicity.
While Bortner (2) showed the opposite effect, the
discrepancy can be explained on the grounds that he
used trisodium phosphate which would shift the pH
and in that way mask the influence of phosphate per
se.

It may be nmore than a coincidence that phosphate
also has been reported to increase the uptake of MAlo
(21). The possibility should be investigated that
the same mechanism is at w\ork in the stimulation of
MIn and Mo uptake by phosphate. One assumption
is that phosphate ties up iron either on the roots or
within the plant, thus remlovinig aIn inhibiting inlflu-
ence on AMn and Mo absorption.

Gerloff et al. (7) have suggested the production
of an iron-molybdenum precipitate of very low solu-
bility as a factor in antagonismiis they encounteredl.
In this case, if phosphate were to tie up Fe, the net
effect could be a stinmulation of MIo uptake.

\Where Fe an(d 'Mn are concerned wN-e have the
possibility of direct comlpetition between two catioins.
Again, if phosphate wel-e to remlove Fe by precipita-
tion, the end result could be an increase in -\In uip-
take. This hypothesis to explain the stimiiulationi of
MIn and iAIo uptake by phosplhate would be anl attrac-
tive one except for sonme Nork by Millikan (14) and
\Vrarrington (26) which failed to slowv the necessarv
Fe andl Mo antagoniislmi. This whole questionl is
worth exploring further to establish the facts in the
nmatter, first of all, and then (leternmine if the (lata
support the hypothlesis outlinedl above, or if a differ-
ent explanation of the effect of phosphate is forth-
cominlg.

Summary
Barley plants grow\n in Hoagland's solution dle-

veloped toxicitv symptoms in the leaves wlhiclh wrere
related to higlh concentrations of ]Mn in the tissues.
Full-strength Hoaglandl macro-salts w\ere mlore ef-
fective thaln one-fifth streingtlh in reducing the MXIn
content of the tissues and(I the symlptonis of toxicity.

A studly of Mfn uptake fronm single-salt solutions
superimpose(l on a weak. balanced nutrient solution
revealed that Ca, \Ig, anid NH, nitrates or sulfates
were the most efficient in reducing M\n absorptionl.
The nitrate and sulfate of K and the phosphate of Mg-
produced plants with a MIn contenit of about the sanme
order of niagnitudle as the check. Plants growin in
Ca or NH4 phosphate were lower in Mn, wlhile K
phosphate plants were higher than the control. So-
dliunm, not a constituent of Hoagland's solution, was
also found to behave in general like K in its effect
on the AMn content of the leaves but produced the
highest Mn values in the roots.

Iron and hydlrogen ions were even niore effective
than the macrosalts in reducing Mn uptake, while at
the same time the iron content increasedl. A hypoth-
esis was considered to explain the reported stimulationi
of MIn and MIo uptake by phosphate.
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