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I. INTRODUCTION

Among the earlier workers who studied the so-called stimulating
effeet of manganese on plant growth the names of Loew (1903), Bertrand
(1905), and particularly Mazé (1914) must be mentioned. The last
named carried out nutrient solution experiments with corn (Zea
-~ mays L.). , : '

Of much importance was the discovery by Sjollema and Hudig
(1909) (see also Hudig, 1911), that oat plants suffering from an un-
known “‘soil disease’” could be cured by the addition of 50 kg. of man-
ganese sulfate per hectare. This ‘‘disease’” was found to oceur in the
northern part of the Netherlands, particularly on reclaimed peaty soils
which had become neutral or slightly alkaline through liming or appli-
cation of Chilean nitrate as a nitrogen fertilizer. Hudig was unable to
decide whether the beneficial effect of manganese had to be attributed to
neutralization of some unknown injurions soil comstituent or to its
‘‘stimulating influence”’ on plant growth,

A number of papers, mostly by Western European authors, appeared
subsequently to Hudig’s paper. It was shown that the ‘‘Dérrflecken-
krankheit’’ (*‘Gray Speck disease,”’ as the oat disease was called first by
Clausen, 1910), was common on many neufral sandy and peaty soils.
One of theé most remarkable of these f)apers was published by Hiltner
{ 1924).7 He showed that the ‘‘ Dérrfleckenkrankheit’’ is not limited to
oats growing on neutral or alkaline soils, but may also be found in plants
growing in acid nutrient solutions. In both eases it was cured by man-

~ganese. These experiments were very important for they demonstrated
that the discase was not primarily eaused by organie substances or by
an alkaline reaction. Although these resulis may be considered as evi-
defme that the gray speck disease is ‘brought about by manganese de-
ficiency, this conclusion was not drawn by Hiltner., Since earbon dioxide
treatment of oat plants suffering from gray speck. disease was found to
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have a similar effect as supplying manganese to the nutrient medium,
Hiltner (1924) attributed the beneficial efféct of manganese to improved
carbon dioxide assimilation by the plants, so that the disturbed equi-
librium CO,-assimilation-mineral substance uptake, which was supposed
to be the eause of the disease, thereby would be corrected.

The essentiality of manganese as a micronutrient element for green
plants became apparent shortly after 1920 (MeIlargue, 1922). The first
authors who recognized that the symptoms of gray speck disease are
. essentially the symptoms of manganese deficiency were Samuel and Piper
(1928). They carried out culture solution experiments with oats in
comparison with pot and field experiments with ‘‘sick’’ soils, Very low
values for manganese were found in diseaséd plants in comparison with
healthy plants from sterilized ‘‘sick’’ soil or from ‘‘healthy’’ soil. Al-
though elear differences in soil manganese were found, the methods used
were inadequate for determining the plant-available manganese in soil,
so that no explanation was given of the fact that plants growing on
soils which contain large amounts of total manganese are unable to
absorb the small quantities of this element that are required for normal
development. Apparently Samuel and Piper were unaware of the im-
portant investigations by Beijerinek and S6hngen, who as early as
1913 and 1914, respectively, carried out a number of mierobiological
experiments concerning the oxidation of manganous salts to manga-
nese dioxide. From his investigations S6hngen (1914) coneluded that
the unavailability of manganese in neutral or alkaline soils was due
to the conversion of Mn*+ to insoluble manganic oxides. In a later
paper Piper (1931) demonstrated the importance of both soil reaction
and oxidation-reduction equilibrium in rendering manganese unavailable
to plants. The papers of Beijerinck and Sihngen were overlooked by
soil scientists until their experiments were repeated and extended by
Gerretsen (1936, 1937).  Since that time a considerable number of
papers have appeared dealing with the various aspeets of soil manganese.
Soine of the investigators, for example, Gerretsen (1937), Leeper (1947),
Quastel ef al. (1948) are of the opinion that the eonversion of available
Mn++ to insoluble Mn+++ or Mn++++ is brought about by soil micro-
organisms; others believe that this is not the case because of the great
rapidity with which this process takes place (Fujimoto and Sherman,
1948). .

The fact that manganese, when supphed to plants in excessive
amounts may cause toxic symptoms, has appeared to be of great im-
portance in agriculture and hortieulture. It has been shown, partieu-
larly during the last decade, that many acid soils may contain amounts
of plant- avallable ‘manganese ldrge enough to brmg about manganese
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toxicity of the plants growing on it. In fact, manganese injury has been
shown to be one of the main causes of soil acidity damage in many plant
species on many acid soils. Since many papers deal with this subjeet,
‘a relatively large portion of this review is devoted to the topie of manga-
nese toxieity. ‘ .

Many authors have considered the function of manganese in living
organisms, plants, bacteria, and fungi, as well as animals. It appears
that manganese plays the role of an activator in many enzymatic re-
actions. - Practically all these investigations have been carried out in
vitro so that it is as yet impossible to decide which enzymatie reactions
are involved when manganese deficiency oceurs in wivo. There is in-
- ereasing evidence that manganese plays an important role in the photo-
synthetie apparatus of green plants and together with iron controls the

oxidation-reduetion potentials in the cells during illumination and in
the dark.

II. MaNeaneseE DETERMINATION

Manganese in soils and plants can be determined by colorimetrie,
spectroscopie, polarographie, and biological methods, Plant material is
generally ashed or wet-digested, though in some cases spot tests are used,
which aim to estimate the manganese content of leaves, stems, fruits,
-ete., direetly. The determination in soils ig complicated by the fact that
the several manganese compounds differ widely in availahility, which to
a great extent depends on the pH and the redox potential of the soils.
Moreover, microorganisms take s very active part in transforming selu-
ble manganese compounds into insoluble oxides and vice versa; conse-
quently the anganous-manganic equilibrium in the soil depends largely
on the activity of the soil flora, a fact which often has been overlooked
by soil chemists. o
| Mierobiological transformation may affect the amount of available

manganese in a very short time, so storage of wet samples has to be

avolded. Also purely physical treatments, such as drying or sterilizing,
can effect drastic changes in the available manganese content of a soil;
these facts should be born in mind when taking soil samples for manga-
nese determination. Sherman and Harmer (1942) stress the point that
= szfrr.lple's‘should be analyzed immediately and in their natural field con-
dition, especially because some soils release larger amounts of exchange- .
able manganese if they are air-dried before extraction. Boken (1952} '
showed that not only the amount of exchangeable manganese inereases
considerably when wet soil samples are dried at higher tempera-
: tures, but also that this is the case during storage of air-dried soil
" samples even at room temperature. The increase in the manganese
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values is a function of both the length of the storage period and of the
storage temperature.

1. Colorimetric Melhods

In many cases the original method of Willard and Greathouse (1917)
as modified by Richards (1930) is still used; it involves the destruction
of the organic material by ashing, the removal of the ehlorides by digest-
ing with sulfurie acid, the elimination of the disturbing effect of iron
by addition of phosphate and finally the oxidation of the manganese to
Permanganate by means of periodate. The red color of the permanga-
nate is measured photometrically. Strickland and Spicer (1949) have
made an extensive study of the kineties of the formation of permanganate
using periodic acid as an oxidant and give a detailed account of the
probable mechanism of the oxidation, at the same time recommending
suitable eonditions for an effective absorptiometriec method.

Aeccording to de Wael (1941) Richards’ method does not give eorrect
results; digestion with sulfuric acid eauses errors (up to 18 per cent)
due to evaporation, whereas the ash retains some manganese because of
the formation of insoluble manganie oxides. Coppenet (1949) showed
* that the silicie acid in the ash of cereal straw combines with manganese
eausing 27.4 to 40.5 per cent of the manganese present to escape deter-
mination. To avoid this the author dissolves the silicate in 2-3 ml.
hydrofluoric acid. Sirickland and Spicer (1949} found permanganic
acid in the distillate from boiling sulfurie acid containing manganese
solutions. This error can be avoided by the substitution of 85 per cent
3P0, for the 12 N H,S80; commonly used.

Smith (1950) emphasizes the point that the oxidation to permanga-
nate by means of periodate is less rapid than is generally believed. e
recommends bolding ihe temperature of the solution near the boiling
point for at least thirty minutes after the addition of KI0,. Nydahl
(1949) claims that by using ammonium peroxidisulfate instead of perio-
date the oxidation is completed in a few seconds, whereas with periodate
no more than 86 per cent of 1 pmol manganese is converted into per--
manganate after boiling for one hour,

As the accuracy of the eolorimetric determination of permanganate
diminishes markedly at very low concentrations, several authors at-
 tempted to revise existing methods or to perfect new ones. Sideris
(1937) uses the formaldoxime reagent (HoC : NOH) of Deniges, (1932)
which instantaneously develops a wine red eolor direetly proportional
to the amount of manganese in the solution. After some improvements
with regard to the interfering ions of iron and phosphate (Sideris, 1940),
‘amounts of manganese varying from 0.005 to 0.01 mg. in a 10-ml. sample
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can be determined with an aceuraey of approximately 2 per cent. The

same reagent is used by Waldbauer and Ward (1942) and Kniphorst

(1946}, whereas Wiese and Johnson (1939) prefer benzidine (NH.-

CeHy4* Colly-NHy) which gives a blue color with permanganate, quickly
changing into a stable yellow-green color.

The most sensitive reaction for manganese is the oxidation of 4,4'-
tetramethyldiaminodiphenylmethane by KMnO,. According to Gates .
and Ellis (1947) the organic material is ashed at 600°C,, dissolved in
a HNO3-HPO, mixture, oxidized with KI0Q,;, and methane base
added. Chlorides, vanadium, and cerium interfere ; recoveries of manga-
nese added to various materials ranged from 90-112 per cent. The
sensitivity range according to these authors lies between 0.05 and 0.5
pg. Mn, Aceording to Cornfield and Pollard (1950) this method is 300
times as sensitive as the permanganate method ; they were able to deter-
" mine the manganese content in the ash of 0.05-0.1 g. oven-dried plant
material.

In the widely used Morgan soil testing system (Lunt et al., 1950)
manganese is determined in the soil extract either with benzidine and
NaOH or with KIO, and methané base (tetra-base); the resultant blue
color is compared with a standard color chart, rating from 5 to 40
p.p.m. in soil.

Chemieal tissue tests are ver}? useful to reflect the nutrient status
of the plant. Leaf analysis for practical diagnostic purposes was intro-
dueed by Lagatu and Maume (1932). Roach (1944, 1946} at the Bast
B-Ialling Research Station in England applied the method for the detec-
:‘,mn of manganese deficiency: 25 mg. of dried leaf were burned directly
n an acetylene flame, and the line intensity was determined with a flame
sp_)ectror.neter.. Roach and Roberts (1945) used an ingenious method for
dIagx}osmg manganese deficiency in leaves by injecting or spraying 2
growing leaf with a solution of MnS0, (0.025 per cent). Deficient leaves
respo.nd by improving the chlorotic color of the tissues in a few days.

. Nicholas (1948) has developed a quick and more-or-less precise quan-
- hitative determination of the manganese content of crop plants which
may be used for the diagnosis of deficiencies in the field, as well as for
the detection of cases where excess may be expected. With Morgan’s
acetate-acetic acid buffer at PH 4.8 05 g. of leaf is extracted. The
reagenis used for the test are trioxymethylene sulfate and NaOH,
when manganese is in excess, or KIO, with methane base for deficiency

- levels. In the latter case the sensitivity ranges from 1 to 100 parts per
1000 million, | - |
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2. . Bpectrochemical Methods

The desirability of greater rapidity, permitting analyses of large
numbers of soil samples, has resulted in the development of spectro-
chemical procedures for manganese. Flame spectrography has been
perfected by Lundegirdh (1951) to such an extent that a number of
important elements can be quantitatively determined by means of an
automatic robot machine of very jﬁgenious construction. Of biologieal
interest i the high sensitivity in the flame of heavy metals, e.g., manga-
nese. The manganese line (4030 A) can be separated from the near-by
_ potassium line (4044, 2 A) by means of a speetrographic slit with a

width of 0.005 mm. The accuracy of the determination in leaves is
approximately 3 per cent, and the error is in general definitely less than
5 per cent. Heidel (1946) also uses a spectrochemlcal procedure for the
determination of manganese,

3. Polarographic Methods

A promising method seems to be the polarographic determination
which has been used by Zik (1942) in an investigation of the fluctuation
of the manganese content of lucerne during the season. Manganese
shows a pronounced step in the polarographie eurve at —1.53 v. and
may be determined in this way with an accuracy of 0.01 mg. per cent.
Zak shows that the silicic acid of the ashed plant material binds up to
20 per cent of the manganese present, and repeated evaporation to dry-
ness with HCl is necessary to avoid these losses. The polarographic
method has the advantage that in a single polarogram different ions can
be determined one after another,

Riches (1946) proposes to isolate dlfferent,trace elements from a
mineral acid digest by the use of synthetic resins. With a small eolumn
packed with granules of Amberlite 1 R 100 it was possible fo retain
quantitatively copper, eadmium, zine, nickel and manganese. Recovery
after elution with ¥ HCl followed by poIarographlc determination

amounted to 87-96 per cent,

4, Biological Procedures

The objection that the crude ways in which soils are generally ex-
tracted for chemical determinations differ very much from the progres~
sive mild extraction exereised by the plant roots does not hold true for
biologieal tests, which come much nearer to natural eonditions.

As early as 1912 Bertrand and Javillier demonstrated the faverable
influence of manganese ions on the growth of Aspergillus niger. Niklag
and Toursel (1941) showed that 0.001 per ecent of MnSO, increased the
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weight of the myecelium as much as 83 per cent. Steinberg (1936)
obtained an increase in weight of the mycelium of Aspergillus niger of
approximately 30 per cent by the addition of manganese. He showed,
however, that the optimal heavy metal concentration varies with the acid-
ity of the solution, being approximately twentyfold in the solution at pH
8.01 as compared to that at 7.35. Lohnis (1944-45), who made a very
thorough investigation of the influence of manganese on yield and sporu-
lation of Aspergillus niger, came to the coneclusion that, though Asper-
gillus is quite sensitive to traces of manganese under highly zecid
eonditions, an Aspergillus standard. will not be suitable for soil tests.
Nicholas (1950), however, uses the Aspergillus method for the determi-
nation of manganese in soils, but adjusts the basal solution to pH 7.5
with dilute ammonia before addition of the soil sample. The effective
range per 50-ml. culture solution lies between 0.01 and 10 pe.

An interesting mierobiological method has been developed by Bentley,
Snell, and Phillips (1947). Lactobacillus arabinosus responds to manga-
nese by producing more lactic acid, which is measured by titration.
The basal medium is freed from traces of manganese by preabsorption
with the fest organism. Within 73 hours 0.3 pZ. manganese causes &n
increase in aeid production of 6 ml 0.1 ¥ acid. Recovery of added
manganese was quantitative within the experimental error of approxi-
mately 10 per cent. ‘ :

;o IIT. MaweaNEsE IN THE SOIL

Manganese oceurs in the soil in different forms with widely divergent
solubilities, Therefore one has to distinguish between total manganese
and available manganese. The former, which may be determined by
treating the soil with strong acids {Alten and Weiland, 1933, even use
aque regia), is of secondary importance for plant growth., Of much more
significance is the available or ‘‘active” manganese as it is called by
Leeper (1935, 1947). It includes water-soluble and exchangeable Mant+
and those forms of manganic oxide which are easily reducible by hydro-
quinone at pH 7. Those oxides which oxidize hyposulfite at pH 7 and
hydroguirone at pH 2, but not at pH 7 are eonsidered by Leeper mod-
erately active, whereas the rest of the manganie oxides, which require
more drastic treatment for solution may be considered inert and of no
value for plant growth, : E

1. Effect of pH on Soil Manganese

The occurrence of manganese in various forms depends on a number
of factors of which pH and organic matter content are the most im-
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portant. Soils with pH values lower than 5.5 may contain a large
amount of their manganese in water-soluble or exchangeable form. With
increasing pH Mn++ will be converted into manganie oxides (Mot +-+
and Mn++++), as a result of which it becomes far less available to
plants so that under certain circumstances manganese deficiency may
oceur. This conversion presumably depends largely either directly or
indireetly on the activity of microorganisms. The oxidation of Mn++
which in the test tube takes place at pH values above 8, proceeds in the
soil at much lower values probably owing to the presence of hydroxy
acids and perhaps pyrophosphate (Sthngen, 1914; Heintze and Mann,
1947). Mattson et al. (1948) were unable to observe a stimulating effect -
of hydroxy acids on Mn*+ oxidation. Sinee the experiments of .Sthn-
gen have been confirmed by the present anthors a more detailed investi-
gation of this problem seems urgent. Mieroorganisms appear to be able
to oxidize Munt++ at pH valués of the soil above 5.5.

Fixation of added manganese in an unexchangeable form in many
neutral or alkaline soils proceeds rapidly. Wain et al. (1943) observed
fixation of the bulk of the added manganese within a few days after its
application. Similar results have been obtained by Sherman and Harmer
(1942). The rapidity with which the exchangeable manganese content
of a soil ean fall afier liming is clearly shown in Table I derived from
Heintze (1946). Increasing amounts of lime were added to a clay loam
and after one week's ineubation pH values and exchangeable manganese

were determined.
TABLE 1

Exchangeable Manganese of a Clay Loam after One Week’s Yneubation with Lime
(After Heintze, 1946)

Treatment pH _ Manganese (mg. %)
Control 4.5 10.2
1 ton lime per acre 5.5 10.0
3 tons lime per acre 6.3 8.4
8 tons lime per acre 7.5 5.0
7.9 - 2.0

12 tons lime per acre

In the light of these facts it becomes intelligible that the application
of manganese sulfate to manganese-deficient soils generally has only a
transitory effeet, unless at the same time measures are taken to reduce

the pH of the soil.
In this connection it is of interest to note that the applieation of

lime, not as CaCOj; but as Ca0, to manganese-deficient clay soils rich.
in organic matter may result in a temporary improvement and even in
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a complete recovery (Maschhaupt, 1934; Popp et al.,, 1934). The former
author even used from 15,000 to 20,000 kg. CaO per heetare which fully
suppressed the deficiency symptoms on a so-called Roodoorn soil, a sea
clay soil, devoid of CaCOj with a pH of 5.7 and a humus content of
12.5 per.cent. In a couple of years, however, on this soil wheat showed
severe manganese-deficieney symptoms. A similar beneficial effect of
treating manganese-deficient soils with high amounts of CaQ on growth
and health of oats was noted by Gisiger and Hasler (1948). At high
pH wvalues soil organie mattexr apparently may reduce higher manganese
oxides to Mnt++ (Mattson éf al., 1948).

The reduction of manganic oxides to Mnt+, may proceed either by
direct reaction with organie matter or by biologieal processes. Redue-
tion by organic matter is more likely at low pH values since the oxidizing
power of the higher oxides increases rapidly with acidity. Hydroxy
acids again play an important part in this reduction (see below). Bio-
logical reduction ean take place in acid as well as in alkaline soils if the '
oxygen tension is-low through waterlogging.

2. Availability of Soil Mangonese and Iis Estimation by
Chemical Analysts

Initially it was thought by Leeper (1935, 1947) as well as by Sherman
and Harmer (1942) that the active manganese brought into solution
by 0.2 per cent hydroguinene in normal ammonium acetate of pH 7.0
would be a reliable measure of plant-available manganese and: thus for
distinguishing between healthy and deficient soils. In alkaline soils
easily ‘reducible manganese should be at least 100 p.p.m. in order to
maintain an adequate level of exchangeable manganese for plant growth.
In such soils the quantity of exchangeable manganese should be > 3
p.p.m, ' .

Heintze (1946} in an extensive study of ‘“marsh spot’’ in peas failed
to distingnish between soil samples from healthy and diseased parts in
the same fields when using Steenbjerg’s method (1935) for the determi-
nation of exchangeable manganese or Leeper’s method with hydro-
quinone and caleium nitrate.

Dion, Mann, and Heintze (1947) investigated the factors controlling
the reducibility of higher manganese oxides. Estimation of the easily
reducible manganese appeared to be dependent on the pH of the system,
the nature of the salt solution,.the nature of the reducing agent, the '
time of contaet in addition to the amount and nature of the higher oxides-
of manganese present. Pyrolusite (MnO,) and a synthetie preparation

s.of MQ(QH);,. were found fo be easily reducible. Manganite (MnO(OH))
apd hausmapnite (MnMn;0,) are apparently difficultly reducible forms— '
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. The substitution of hydroxylamine hydrochloride for hydroquinone in
Lieeper’s procedure was found to avoid the troublesome destruction of
hydroquinone prior to the colorimetric manganese determination,

Jones and Leeper (1950, 1951a), investigating the availability of -
manganese in various synthetic manganese oxides, could not correlate.
the response of oats and peas obtained in pot experiments with the
. Qquantities of manganese in the soil as determined by means of a solu- .

tion of hydroquinone in normal ammonium acetate. With this reagent
the amounts extracted from manganite, hausmannite, and pyrolusite
were of the same order. Yet the manganite and pyrolusite when added
to manganese-deficient soils gave healthy plants, whereas hausmannite
failed. The combined action of a concentrated electrolyte and a redue-
ing agent seemed to be too drastie. Much better results were obtained
with (.05 per cent watery hydroquinone solutions (one-hour eontact).
The method as adopted by these authors includes stirring of the soils
with 50 per cent aleohol containing 0.05 per cent hydroquinone, the
aleohol being used to floceulate the colloids. IIydroquinome is removed
by washing with 50 per eent aleohol, and the manganese now present as
the exchangeable ion is replaced with a semimolar caleinm nitrate solu-
tion at pH 7. The results obtained by this method by Jones and Leeper
{1951a) have given the best correlation with plant response.

Electron microscope photographs of a number of synthetic manga-
nese oxides showed that all the beneficial manganese oxides consisted of
very small particles. Obviously a large specific surface is needed to
ensure activity. This was found to be true of several highly oxidized
forms : manganite, pyrolusite, eryptomelane, and manganous manganite ;
hausmannite, however, was found to be inert and unavailable to oats
even when the particles were as minute as those of the active forms.
X-ray analysis showed that the latter was highly ecrystalline, whereas
in the others the degree of erystallinity was low. Difference in erystal-
linity was suggested by Jones and Leeper (1951a) to be also the cause of
the divergent results with respect to manganite, for which Dion, Mann, and
Heintze (1947) reported a low redueibility in hydrequinone solutions,

Curing manganese-deficient soils with active oxides did not increase
the content of exchangeable manganese of the soils. This shows clearly
that a reserve of the bivalent manganese is not needed for healthy plant
growth. ' ‘

In experiments with Australian soils active manganese oxides were
found to preserve their activity for a considerable number of years
(Jones .and Leeper, 1951b). Presumably they have fo be reduced to -
Mn++ at the root surface before the manganese can be absorbed. Re.
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version of active oxides to a less available form is thought to be due
mainly to aging, i.e., the surface becomes more ordered and less active.

3. Occurrence of Trivalent Manganese in Soil

An important contribution to our knowledge of -the different states
in which manganese may be present in the soil comes from Dion and
Mann (1946). They showed that in alkaline soils a significant- part of
the soil manganese may be present in the trivalent state, which exists as
the more or less highly hydrated manganese oxide MnaOg-2H,0. This
is congidered to be the first product of oxidation of divalent manganese

in soils. According to these authors the following manganese eyele may
be represented : : T

autoxidation
Exchangeable Mn MnO,

reduction
(Mn‘”) (Mn++++)

Dismutation

Mn,0q- & H0
{Mn++)
£

i Autoxidation of divalent manganese to MnQO, will probably be of
. significance only at pH values above 8. In less alkaline soils oxidation
i of divalent manganese is assumed to result in the production of trivalent
manganese. In a percolation experiment with three soil samples 80.3
to 98.5 per cent of the added manganese sulfate which had been cireu-
lated for two weeks through the soil was recovered as trivalent manga-
nese.

In acid solutions manganic hydroxide dismutes to give an ion of
divalent manganese and a molecule of MnO,, according to the following
equation: ) N

2Mn(OH),; 4- H:80, — Mn€0, 4 MnO, 4 4H,0

Under soil eonditions Dion and Mann (1946) expect the same dismu-
ta-ation-to take place. To show the effect of pH on this process they car-
. ried out an experiment to measure the amount of Mn++ produced in one

week as a result of storage of Mn(OH), at different pH values. At pH
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7.50, 10.7 per cent dismutation was observed after one week, whereas at
pH 6.18 a value of 82 per cent was found. _

With sodium or potassium pyrophesphate the trivalent manganese
may be extracted from the soil forming a stable complex to which the
formula Naz;(Mn(H,P20;);) may probably be ascribed.

The results of Mattson ef al. (1948) confirm the concept of Dion and
Mann as to the occurrence in alkaline soils of a large part of the soil
manganese in the trivalent state.

4. Effect of Organic Matter on Soil Manganese

The role which organic matter plays in the conversion of the Mn++
to insoluble manganese compounds in the soil is mot clear. That the
presence of a certain amount of organic matter is required for the ap-
. pearance of manganese deficieney of the plants has been shown by many
“workers. In the Netherlands manganese deficiency will be found on
sandy soils containing a certain amount of organic matter and on re-
claimed peaty soils when the pIH becomes higher than 6 or 6.,5. On
neutral- or alkaline eclay soils, however, manganese deficieney is seldom
found, unless they econtain a certain amount of organic matter,

It may be possible that the effect of orgamic matter is due to the
presence of hydroxy acids which according to SShngen (1914) and
- Heintze and Mann (1946) play an important part in the conversion of
soil manganese.

Heintze and Mann (1949) advance the hypothesis that manganese
deficieney of plants on neutral and alkaline soils of high organic matter
- content and of adequate total manganese content is due to the formation

of complexes of Mn++ with the organic matter which are dissoeiated
only to such a slight extent that the available manganese in the soil is
insufficient for the needs of the plants. The formation of such complexes
was gshown by these authors.. Jones and Leeper (1951b) found no evi-
dence for the existence of such complexes in their experiments,

Hudig (personal communication) made the interesting observation
that in the northern part of Holland, on the borderline between acid
sandy peat soil and clay soil, gray speck disease of oats was a eommon
phenomenon, whereas on both sides of this line ocats were perfectly
healthy, The most plausible inference is that in the diseased area the
pH of the peaty soil had been raised by the clay to a level at which
manganese is made insoluble. The question, however, as to why on
- alkaline elay soils manganese is mueh more available than on sandy soils
of the same pH needs further elucidation.
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5. Manganese in Calcareous Soils

The French workers Boischot and Durroux (1949) have studied the
tate of manganese in caleareous soils; manganese was found to be fixed
by adsorption on the surface of the ealcium carbonate particles. In
contact with a 0.1 per cent neutral solution of ammonium humate the
adsorbed manganese was set free in a form accessible to plants. This
would explain why crops growing on caleareous soils generally do not
suffer from manganese deficiency ; if it does oceur on such soils it is not

". caused by adsorption of the manganese on the ealeium carbonate, but,
according to these authors, has to be ascribed to biochemical oxidative
processes.

1V. Tae RoLE oF MICROORGANISMS IN TRANSFORMING MANGANESE
CoMPOUNDS

1. Ouxidation of Manganous Componnds

The oxidation of manganous compounds to brown manganic oxides
by bacteria and fungi was first shown by Beijerinck (1913). A small
microcoeens and motile rods were isolated, forming small brown colonies
on agar with 0.05 per eent manganous lactate as sole carbon source
(Bacillus manganica). Amongst the fungi were representatives of Bo-
trytis, Mycogone, Tricholadinm; one of the most active fungi was Papu-
?ospom mangaenice, which feeds on traces of organic substances present
in plain agar and which is able to oxidize manganous carbonate at rela-
tively large distances from the mycelium.

Sohngen (1914) made a very valuable contribution to the problem
and showed that a great variety of microorganisms, including Pseudo-
monas fluorescens, Azotobacter chroococeum, Escherichia coli, Oidium
lactis and different species of Saecharomyces were able to transform
soluble manganous eompounds into insoluble, brown manganic oxides,
when grown on agar media containing neutral salts of hydroxy acids

. (g%ueonic, malie, citrie, lactic, and tartaric acids). However, the same
oxidation could be performed by applying a drop of a. sterile Na,COs
or NaHCO; solution to the surface of these agar media.

01.1 :‘Jhe other hand, it was shown by this author that in agar plates,
contalning sugars or cellulose and MnOs, the latter compouhd is trans-
formed into soluble manganous salts through the intermediary of the

‘ h}fdroxy acids produced by different cellulose or sugar-decomposing

. microorganisms. Whether manganous salts will be converted into man-

! ganic oxides or the reverse reaction will take place largely depends on
the pH of the medium.

——
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The agricultural aspect of the problem rested for a quarter of a
century until Gerretsen (1936, 1937 ), by using soil agar plates in the
center of which agar with 1 per cent MnSO, was placed, showed that
brown rings of MnO. were formed, whieh consisted of numerous small
colonies of bacteria and of fungi in which MnO, had been precipitated.
The intensity of the precipitation rapidly diminished when the pH of
the agar was raised or lowered, the limits lying between pH 6.3 and 7.8.

Leeper and Swaby (1940} using Gerretsen’s teechnique, slightly modi-
fied, confirmed his results. Though brown spots generally developed
most rapidly in plaques of pH between 6.0 and 7.5 they also observed
brown spots due to micrebial oxidation on plagues of which the final
pH ranged from 4.8 to 8.9, the initial pH being 5.5. MacLachlan (1941)
by means of the same soil agar plague method was able to isolate a
greater number of manganese oxide-precipitating bacteria from a manga-

| nese-deficient soil than from a normal soil and attributed manganese
| deficieney in the soil in question to the activity of microorganisms. Ae-
cording to Bromfield and Skerman (1950} neither the agar used by
Beijerinek nor that by Gerretsen to isolate the active bacteria was
satisfactory for the purpose, because pure eultures of bacteria isolated
from Gerretsen’s medium failed to oxidize Mn++ on plain soil agar
media. Bromfield and Skerman, however, used meat infusion agar as
an intermediate culture medium when isolating these baeteria and over-
looked the fact that according to different authors most manganese
oxidizing bacteria either do not thrive on sueh media or lose their ability
to oxidize manganous compounds (Beijerinek, 1913; von Wolzogen
Kiihr, 1927). Bromfield and Skerman (1950} isolated two bacteria which
were unable to oxidize manganous compounds separately, but did so in
assoeiation on soil agar plagues. In contrast to these statements Timonin
(1950a) isolated several microorganisms on Gerretsen’s caleinm’ eitrate-
manganous sulfate agar which were capable of oxidizing manganous
salts on artificial media as well as on soil agar manganese sulfate plaques
without further addition.

The present sitnation with regard to the microbiological ox1dat10n
of manganous compounds to insoluble manganic oxides is not yet suffi-
ciently cleared up. There is positive evidence that microorganisms of
widely divergent origin are able to produce hydroxy acids from eellulose
and other substrates of vegetable origin and that the manganous salts
of these acids are readily oxidized chemically by the oxygen from the
' air when the pH is above 7. In accordance with this fact the application
of organic material may result in inducing manganese-deficiency symp-
toms-or in aggravating them, with lower yields of grain than on un-
treated soil. Hudig and Meyer (1919) in their fundamental experiments
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on gray speck disease inecorporated different organic materials in their
sand cultures (cotton, glueose, filter paper, ete.) which resulted in the
appearance of severe manganese deficiency symptoms which could be
prevented in some cases by applying MnSQO,, indicating that by the
addition of organic material available Mut+ had been immobilized.
Timonin (1946) using straw mulch obtained similar results and de la
Lande Cremer (Agricultural Experiment Station, Groningen, private
communication) using aqueous extracts of wheat straw observed distinet
symptoms of manganese deficiency in his pot eultures,

However, the nature of the organic material incorporated in the soil
seems £o be of great importance. When Hudig and Meyer (1919) added
oat leaves instead of eellulose to their pot cultures, the plants remained
healthy; extracting the leaves with sodium hydroxide or with acids
annulled the effect, and the disease symptoms were as heavy as.with
cellulose. Fujimoto and Sherman (1948) observed a comsiderable in-
crease in available manganese of Hawaiian soils after treatment with
gucrose, ground pineapple leaves, and sugar cane leaves with a high
carbon nitrogen ratio. Hurwitz (1948) in studying the effect of apply-
ing oat straw and alfalfa meal at a carbon-nitrogen ratio of 30:1 to
a soil observed a considerable increase in exchangeable manganese which
after three days’ incubation at 37° and 47°C. reached a maximum value.
Thereupon it decreased to about the initial value after about two weeks’
incubation. The increase in exchangeable manganese as described by
these authors apparently has fo be attributed to the very rapid break-
down of the organic matter as a result of which the oxygen supply be-
came limited and the redox potential was lowered.  In the case of suerose
a decrease in pH may also have occurred.
 Mann and Quastel (1946) percolating neuiral or slightly alkaline
soils with 0.02 M MnSO, showed that the manganese usually disappears
at an increasingly rapid rate and is found in the soil in an oxidized
form. Biological poisons such as sodium azide (0.001 M) inhibit the
oxidation. They coneluded that oxidation under the given experimental
conditions is wholly or almost wholly accomplished by proliferating-
mieroorganisms,

Though the oxidation of manganese compounds is exothermie, there
is as yet no evidemce of the existence. of true autotrophic manganese’
oxidizing baeteria. The precipitation of the manganic oxides has been
observed inside the baeterial and fungal cells as well as outside (Beijer-
inck, 1913; von Wolzogen Kiihr, 1927; Gerretsen, 1936). Whether in
all - cases oxidation takes place through the intermediary of hydroxy
acids and an aecompanying rise of the pH or that a more direct oxida-
tion by means of special enzymes oceurs as well is still o be investigated.
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As manganese-oxidizing mieroorganisms of the former elass require only
small quantities of organic materials and representatives are to be found
among the most common groups of soil mierobes, it is evident that in
most soils the conditions for microbial immobilization of manganese will
be fulfilled as soon as the pH rises above neutrality. Moreover organic
compounds excreted by the roots may favor the development of manga-
nese-precipitating microorganisms in the rhizosphere. Timonin (1946)
showed that a suseeptible variety of oats harbored in its rhizosphere five
to thirfeen times as many manganese-oxidizing bacleria as a resistant
variety. The application of cyanogas as a soil disinfectant reduced the
numbers of bacteria in the rhizosphere to about 7 per cent of their
original value and tripled the yield of the plants.

It is interesting to note that aceording to von Wolzogen Kithr (1927)
the removal of manganese from dune water in the filter beds of the
waterworks is essentially a bacteriological process, analogous to that
described above for the soil. This author atiributes to the precipitated
manganic oxide the property of absorbing manganous compounds on
its surface which are readily oxidized by microorganisms; in this way
manganic¢ concretions of increasing size are built up. It is alluring to
suppose that a similar proeess takes place in the soil by which manganese
deposits grow in size and gradually become less available to the plants.
The formation of iron-manganese coneretions in the A, horizons of cer-
tain poorly drained prairie soils which are waterlogged for a considerable
part of the year, perhaps may be attributed to a similar process. These
concretions which may have diameters from 0.1 to 15 mm. contain from
fifteen to seventy-five times as much manganese and from two to more
than four times as much iron as the surrounding soil in which they are
found; the manganese is present as the higher oxides {Drosdoff and
Nikiforoff, 1940).

2. Solubilization of Mangamic Ozides

The solubilization of unavailable manganic oxides ean be accom-
plished by microorganisms in different ways: by changing the redox
potential or the oxygen tension of the soil, or eventually by producing
reducing organic substances which cause the manganie-manganous equi-
librium to shift in the direetion of the latter compounds. The favorable
effect of waterlogging on manganese-deficient soils is to be aseribed to
these activities of mieroorganisms. In addition to a high water content
which greatly limits the entrance of oxygen from the air, a certain
amount of assimilable organic matter is necessary for the growth of the
microorganisms to enable them to accomplish their diverse metabolie
activities. ' Sohngen (1914) has convincingly shown that precipitated



238 E. G. MULDER AND F. C, GERRETSEN

brown MnO, may be brought into solution by hydroxy acids, produced
by microorganisms, e.g., from cellulose, but not by fatty acids, such as
acetie, propionic, or butyric acids. Similar results have been obtained
by Heintze and Mann (1947). They found, however, a sharp difference
between Mn(OH); and MnO,, the former being dissolved to a large
extent by varions hydroxy acids whereas the latter was practically un-
attacked.

The pH may influence manganese availability in different ways. The
reduction of higher manganic oxides by organic matier is more impor-
tant at low pH values, since the oxidizing power of these oxides increases
rapidly with acidity. The production of strong inorganic acids espe-
cially sulfuric acid by the sulfur-oxidizing bacteria and nitrie acid and
sulfurie acid by nitrifying bacteria favorably influences the amount of
manganese available to the plants.

3. Microorganisms in_Relation to Leaf Spots of Manganese-
Deficient Qats

Mieroorganisms may play another important role in connection with
the development of the typical symptoms of manganese deficiency. Ger-
retsen (1937) carried out extensive studies with sterile eultures of oats,
in soil, sand, and nutrient solutions containing inadequate quantities
" of manganese for normal growth and showed that, when these cultures
were kept sterile, the plants did not show typical symptoms of gray
speck disease, though generally they remained smaller than normal
plants. .o ‘

Infection of these cultures, either with s small quantity of the origl-
nal diseased soil (5 per cent) or even with a diseased root tip-of a
diseased plant resulted in the appearance of the typieal symptoms.
Alkaline produets produced in the decaying roots by the infecting sapro-
phytic mieroorganisms are carried in the transpiration stream to the
leaves, where they produee the gray spots.

According to Gerretsen it is necessary to distinguish between the
direct physiologieal effect of manganese deficiency (etiolation, reduced
photosynthesis, necrosis) and the fypical leaf spots related to the in-
fection of the roots. :

In the light of these facts one aspect of the distinetion between sus-
fzeptible and resistant varieties of oats might be traced back to an
mcx:ease_d unspecific resistance of the roots toward invading microor-
ganisms, hereditary ‘‘axeny,’’ as Giumann (1946) calls it, Whic]i is a
~ common quality of resistant varieties in gemeral. On the other hand,
diminished photosynthesis is the reason why manganese-deficient plants
contain less carbohydrates than normal plants (see See. X 4), and it
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~ is to be expected that in consequence the roots not only remain smaller
but also have a lower degree of resistance to invading microorganisms.

In aecordance with this view Timonin (1946) sueceeded in growing
healthy susceptible cats on a diseased plot which had been treated with
_ eyanogas, a soil fumigant. He ascribes the improvement, however, to
the eradication of the manganese-oxidizing bacteria in the soil, Hasler
(1951) showed that the dry weight of the roots of a number of grasses
was much more depressed than that of the leaves on manganese-deficient
soils, the ratio of the dry weights of the roots of the diseased plants as
compared to those of the healthy ones being 1:5, whereas that of the
leaves was 1:2.5. : -

4. Reststant Oal Varielies

The fact that the resistant varieties do not show the typical gray -
speck disease symptoms may point to an inereased resistance of the roots--

toward invading saprophytic microorganisms.

There is no doubt that the resistant varieties need manganese too for-

normal growth, though they might be adapied to a lower level of this
element than the ordinary varieties. Accordingly the yield of the re-
gistant varieties iz also unfavorably affected by manganese deficiency.
Rademacher (1935) growing a resistant variety on a manganese-deficient
soil obtained a lower yield {45 per cent) than on a healthy soil. Though
in Timonin’s experiments (1946) the resistant variety Acron produeed
40 per eent more grain than the susceptible variety on a diseased plot,
the yield of the former was doubled by fumigating the soil with cyanogas.
It is supposed that in this case the oat plants have had more manganese
at their disposal, as, according to Timonin, the greater part of the
manganese-oxidizing bacteria had been killed by the soil disinfectant,
It is the impression of the authors that there is as yet insuffieient evi-

dence to draw a definite conclusion with regard to the real causes of the!

resistance of certain oat varieties to manganese deficiency.

V. Syumproms or Maneanese DerrciENey 1N PLANTs

Cereals, oc;ts (Wallace, 1944; Samuel and Piper, 1929). Among

eereals, oats is the most susceptible erop. Marginal gray-brown colored
necrotic spots and streaks appear first on the third highest leaves, par-
ticularly on the basal half. The streaks tend to elongate and coalesee.
At the distal ends of the affected basal part the neecrotic spots may
soon extend across the blades so that the upper half or two-thirds of
the leaf falls over with a sharp kink at the eollapsed portion. The distal
ends of the leaves remain green for a considerable time. On older leaves
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the collapse may be confined to the lower quarter, and oval spots of
neerotie tissue may appear irreguiarly on the leaf blade, though less
frequently toward the tip end. Streaks of tissue collapsing at the
margins of the leaves are algo very characteristic. The root system is
poorly developed and is more affected by microorganisms than is the
case with an adequate manganese supply.

In wheat and berley the symptoms are not so charaeteristic as in
oats. The leaves are somewhat pale green and may show only faint
chlorotic streaking and yellowing. In severely affected barley irregular
brown neciotie spots occur on the leaves running especially between the
veins. In some cases these necrotic spots may be situated on the middle
parts of the leaves with falling over of the distal halves similar to oats.
In other cases the spots are located on the basal half and sometimes on
the distal half. Tn wheat interveinal white lesions and streaks may
develop. In rye and maize the necrotic tissues are also white eolored.
In severely attacked rye large parts of the leaves may éollapse. The.
general appearance of manganese-deficient cereals is very limp. In the
field rye is considerably less susceptible than the other cereals, Of ten
varieties of winter and spring wheat tested by Gallagher and Walsh
(1943) three appeared to be nearly immune to manganese deficieney,
six others were particularly sensitive, and one was intermediate, Similar
Iarge differences were noted in oats. :

Grasses. Grasses growing on soils where oats showed severe symp-
toms of manganese defieiency did not exhibit the typical leaf symptoms
(Hasler, 1951). Some leaves had brownish tips while grayish spots
.were situated on the leaf blades. Of the fifteen species tested by Hasler,
Alopecurus pratensis, Arrhenatherum elatius, and Bromus erectus gave
the highest increases in yield upon manganese treatment. Anthozan-
thum odoratum, Cynosurus cristatus, Festuce prolensis and Trisetum
ﬂt?ve'scen@ gave intermediate responses. The following species responded
slightly or not at all to added manganese. Agrostis alba, Dactylis
glomergta, Festuca rubra, Lolium italicum, Lolium peremne, and Poa
pratensis. The root systems of manganese-deficient grasses were poorly
developed. : : '

Beans (Phaseolus vulgaris) (Townsend and Wedgworth, 1936). At
first th.e trifoliate leaves show a faint mottled pattern, the tissue mnear
the veins remaining green longer than that between the veins. The
e?tyledonary leaves remain green until late in the development of the
disease.. A few days after the appearance of the first mottling the entire
leaf blade may turn golden yellow. Small neerotic brown spots can be
seen parallel to each side of the midrib and principal veins which may
extend to the tips and marging of the leaves. Subsequently, the under-
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surface of affected leaves appears to be cupped between the veins, while

‘the upper surface of the same areas appears water-soaked and soon
breaks down. New growth from the apical bud becomes slower as the
disease progresses, and the buds eventually die. All leaves become brown
and withered by the time the bud dies. Frequently there is secondary
growth from lateral buds.

Peas (Wallace, 1944). The plants may appear quite healthy or, with
a severe deficiency, may show a somewhat chlorotic condition in the

foliage. In the seeds a very characteristic condition of the seed occurs,
known as marsh spot. When the seed coat is removed and the two
cotyledons are separated, small brown specks or larger ecireular brown
areas are seen on the flat surfaces. The areas may become hollowed out
in very severe conditions.

More severely affected plants show a brownish disecoloration of the
young tendrils and the youngest internodes at the top of the stem
(Samuel and Piper, 1929). The youngest leaves fail to expand, becom-
ing yellowish with small discolored areas between the veins. Slightly
older but not fully expanded leaves acquire a charaecteristic mottled
appearance due to the mesophyll hetween the small veins becoming yel-
low, whereas the veins themselves remain green. The lower leaves retain
their normal green color. The growing tips and the youngest leaves
will be compleiely dead in a short time.

Potaie (Wallace, 1944), The tip leaves lose their luster and turn
pale. They tend to be small and rolled toward the upper surfaces.
Small blackish brown spots may be developed on the leaves along the
veins, ‘and although these are more numerous on the pale leaves near the

 tips of the shoots, they may also be present on older leaves which are
still green. In severe conditions the plants show mueh browning and
yellowing, especially in the young foliage.

Tobacco (McMurtrey, 1944). The first visible symptom is a loss of
‘color in the young leaves. Between the veins the tissue is light green to
almost white while the veins themselves remain darker. The leaf has
a checkered appearance, because of the contrast between the green veins
and the tissues that have lost their eolor. In the latter tissues necrotic
spots may develop which may drop out giving the leaf a ragged appear-
ance. Usually this spotting is not confined to the tip and margins, as
in the case of potassium deficiency, but involves parts scattered over the
entire leaf. The plant as a whole may be considerably dwarfed.

Tomato (Skinner, 1944). The earliest symptom is a lightening of
the green color, which gradually turns to yellow in the leaf areas farthest
from the major veins. As the condition progresses the yellow becomes
more marked and extensive. The veins remain green, which gives a char-
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acteristic mottled appearance to the leaf. Eventually the foliage may
become completely yellow, and in many cases necrosis sets in, appearing
at first as small brown pinpoints centering in the yellow areas [arthest
from the veins and expanding until larger dead areas indicate complete
breakdown of the tissue. Growth is spindling, little or no blossoming
takes place, and no fruits form.

Sugar beet and mangold (Wallace, 1944). The leaves tend to be
more upright than usual and somewhat triangulate in outline, due to
curling of the margins toward the upper surfaces. The interveinal tis- -
sue becomes ehlorotic. Brownish spots may appear in the interveinal
areas and the brown tissue may die and fall out leaving small holes.

In Brassica crops (Wallace, 1944), the symptoms first appear as an
interveinal chlorotic marbling. With severe deficiencies the whole of
the leaves may be practically bleached, only the veins remaining green
(kale) or some necrosis may develop in the mottled tissue, when it takes
on a dull brownish gray appearance (savoy cabbage).

Other vegetable crops. The general foliage symptoms are a chlorosis
between the veins, in many cases extending from the margin inward.
The tissue along the veins and midrib remains green mueh longer.

Ornamental plants. Dickey and Reuther (1938) describe manganese
deficiency symptoms in 2 great number of ornamental plants. In most
cases the affected leaves show a yellow green chlorosis extending inward
from the margins between the primary veins, the tissue immediately
surrounding the midrib and primary veins remaining green.

. Frust plants (apples) (Wallace, 1944). The leaves develop an inter-
veinal chlorosis which begins near the marging and extends toward the
midrib, and finally only the veins remain green. Strongly growing
young shoots may be only little affected, which is a point of difference
fromllron deficiency, in which the chlorotic condition is always most se-
vere in the young tip foliage. In pears, plums, peaches, and cherries the
symptoms are similar to or only slightly different from those of apple
(see Wlallac‘e, 1944). In citrus the leaf pattern is also that of a network
of green veins on a lighter green background (Camp ef al., 1944).

VI. Maxcanest ConTENT OF PLANTS

1. Normal Planis Growing uﬁder Natural C’ondition:s'

~ The manganese content of plants grown under natural conditions
varies enormously. This is mainly due to the fact that the availability
of soil manganese varies in much the same way. Since the latter has’
been shown to .be dependent to a large extent on soil pH and oxidafion-
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reduction potential (see See. III), it may be expected.that plants grow-
ing on aeid soils and on waterlogged soils are rich in manganese,

Olsen (1934) determined manganese in leaf blades of Holcus lanatus,
Ozalis acetosella, Asperula odorata, and beech (Fagus silvatica) grow-
ing on Danish soils at a wide range of pHsvalues. A close correlation

- was found between soil pH and manganese content of these plants.
Above pH 7 values lower than 100 p.p.m. were found, whereas on the
most acid soils the leaves contained more than 1600 p.p.m. in the dry
matter. Plants growing on swampy soils contained high manganese
values even at pH values higher than 7. The uptake of manganese by
different plant species growing under the same conditions may differ .
widely., This appears from the extensive investigations of Erkama
(1947), who analyzed a great number of mnaturally oceurring plant
species, :

The analytical data of Mayer and Gorham (1951) show that the

manganese content of naturally oceurring plants varies with the individ-
ual species, the pH of the soil, and the water content of the soil. The
correlation with pH, as observed by these authors was less pronounced

than was the case in the investigation of Olsen (1934},

2. Monganese Content of Healthy and Manganese-Deficient
Plants

There is little agreement in the literature as to the eritical amount
of manganese in plants below which deficieney symptoms may be found.
Samuel and Piper (1929), Piper (1931), and Leeper (1935) found
14 to 15 p.p.m. in the whole plant at the flowering stage to be the lowest
value in healthy cereals. Rye, ryegrass, and a tolerant barley variety
were found to be healthy when containing only 10 to 11 p.p.m. manga-
nese on the dry basis. Gerretsen (1937) suecceeded in growing healthy
oat plants in sterile culture media very low in available manganese.
Values as low as from 5 to 10 p.p.m. Mn in such plants were found. .

In manganese-deficient winter wheat (tops) analyzed in early spring
Coie and Coppenet (1949) found values of 20.3 and 22.5 p.p.m. and in
healthy plants 34.5 and 48.5 p.p.m. Goodall (1949) determined manga-
nese in various parts of wheat plants at different growing stages. He
found no response to manganese treatment when the manganese content
of the older leaf blades at the beginning of shooting was higher than
34 p.p.m.

Nicholas (1949) determined manganese in the leaves of a number of
erop plants grown on a soil poor in available manganese, Qats with 7 '
p.p.n. Mn had the lowest value and showed pronounced deficiency symp-
toms; wheat and barley containing 14 and 12 p.p.m. of Mn respectively






