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INTRODUCTION

Trace elements are chemical elements which, although

essential to the growth of plants, are required only in

minute quantities (20). During the last twenty to thirty

years it has been learned that these elements perform def-

inite physiological functions and that they.must be avail-

able to the plant within a certain ratio to perform these

functions at Optimum efficiency. Iron and manganese are

two such elements which, if totally absent or if present

in an improper proportion, produce severe pathological con-

ditions and cause considerable reduction in yield of an eco-

nomic crop (A). I

. In 1941 Shive (18) attacked the iron and manganese prob-

lem.with respect to soybeans in an effort to determine the

optimum ratio of the two elements for this crop. From re-

sults obtained by him the ratio was found to lie between 1.5

and 2.5 in a water culture solution under the conditions of

his experiment.

The primary purpose of this investigation has been to

observe the differences in response of soybean plants to sev-

eral different proportions of iron and manganese as affected

by variations in light intensity.



HISTORICAL REVIEW OF LITERATURE

Iron.Manganese Relationships

As early as 1897 manganese was recognized as a trace

element with a definite physiological function by the French

scientist, Bertrand (20). Be found manganese to be present

in the oxidizing enzymes of plants and subsequently discovered

that small amounts of manganese salts stimulate the oxygen

carrying power of these catalytic agents.

Kelley (8), working with pineapples, discovered that al-

though a low concentration of manganese salts caused stimu-

lation of oxidizing enzymes, higher concentrations caused a

marked toxicity. An examination of leaves showing toxicity

symptoms revealed marked plasmolysis, especially in the pali-

sade cells. The starch content decreased, the plastids began

to disappear and the palisade cells became filled with cal-

cium.oxalate crystals. Kelley explained his results by re-

futing the Bertrand theory of relationship between the ac-

tivity of the oxidizing enzymes and the percentage effluen-

ganese in the soil. He did not believe that chlorosis could

be completely accounted for on the basis of excessive auto-

oxidation but that excessive manganese causes a disturbance

of the.mineral balance. He believed that one important effect

of manganese is to modify the osmotic absorption of lhme and

magnesium and that the toxic results are primarily caused by

these effects.

In 1917 Johnson (6. 7) found that chlorosis of pineapples



on the highly manganiferous soils of Oahu in the Hawaiian

Islands was due to a depression in the assimilation of iron.

Hopkins in 1930 (5) found that manganese would not re-

place iron in the nutrition of Chlorella and that a number

of other elements would not replace manganese. To explain

the function of.manganese he offered the hypothesis that

this element tends to control the ratio of ferrous to ferric

iron. He maintained that manganese brings about the reoxida-

tion of iron after its reduction in the plant to the ferrous

state. From.this viewpoint it may be surmised that the ratio

of manganese to iron in the plant is of.more importance than

the absolute concentration of manganese.

In l9hl the relationship was studied by Shiva (18). He

based his study on two important points: first, active iron

exists in the ferrous state and, second, the oxidizing poten-

tial of manganese is higher than that of iron. Iron absorbed'

into the plant in the ferric state is immediately reduced by

"powerful reducing systems" unless.manganese is present as a

counter reactant. At the present time, this appears to be a

generally accepted idea but the sequence of events involved

in the reaction is still unknown. ‘

The oxidation of ferrous to ferric iron and the precipi-

tation as ferric organic compounds is determined by the rela-

tive quantity of manganic ions in the system. Good growth

was achieved with a wide range of iron concentrations in the

nutrient substrate but only when the iron was accompanied by
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a corresponding range in the concentrations of manganese. A

similar relationship exists within the tissues of the plant

between active iron and active manganese.

A year later Somers and Shive'(l9) ran a series of ex-

periments on soybean to determine the ratio of iron to.man-

ganese associated with good growth and development of the

plants. Eighteen various combinations of iron and manganese

were used in their culture solutions. The iron varied from

0.005 ppm to 3.00 ppm and the manganese from 0.0 to 5.00 ppm.

Approximate determinations of both soluble and insoluble iron

and manganese in the tissues as well as dry weights were taken.

Plants growing in solutions containing 0.002, 0.250 and 2.00

ppm.manganese respectively were all normal and possessed about

the same dry weight providing in each case the ratio of iron

to manganese was within the range 1.5 to 2.5. Pathological

symptoms appeared whenever the ratio was outside of this

range.

If the ratio were above 2.5 the condition might be con-

sidered either manganese deficiency or iron excess. Under

such a condition the upper leaves showed a fading of the green

color between the veins followed by the development of small

brown necrotic areas. Roots showed no visible symptoms other

than being smaller than those of normal plants.

If the ratio were below 1.5 the condition was considered

one of iron deficiency or manganese excess and the symptoms
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of toxicity were a slight discoloration of the roots accom-

panied by yellowing and slight curling of the upper leaves.

Later the roots progressively darkened in color, and the yel-

lowing of the upper leaves continued. The new leaves appeared

almost white. Large necrotic spots soon appeared on most of

the chlorotic leaves; this was followed by the death of the

apical meristem of the shoot. Root growth ceased soon after

the first symptoms appeared on the leaves.

Effects of Light Intensities
 

J. M. Arthur (1) carried out experiments on plant growth

under shading cloth. Plants studied were salvia, sunflower,

buckwheat, dahlia and tobacco; these were grown, during late

May, June and July, under light conditions ranging from 100%

to 35% of total solar radiation. All plants grown in June and

July except salvia produced higher dry weight when shaded than

when grown in Open sunlight. Full light intensity, he con-

cluded, is apparently too high for maximum dry weight during

June and July for a number of plants but is optimum for others.

MCCool (11) studied the effect of light intensity upon

the injurious effect of.manganese on soybean and buckwheat in

field plots and on soybean, snapbean, and tobacco in the green-

house. He found that visible injury to plants grown in man-

ganese treated soil decreased as the light intensity became

less. The manganese content of leaves of soybean grown in
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the greenhouse decreased as the degree of shading increased.

The decrease was most marked on the lowermost leaf on each

plant and less marked on the second and third leaves. The

percent of manganese in the stems of plants grown in culture

solutions containing AOO ppm of manganese varied but little.

At 600 ppm the content of manganese in the stems increased

somewhat with shading. The manganese content in the roots

was high in snapbeans and tobacco; shading did not decrease

the content in these plants as in tobacco.

Histological Findings
 

In 1941 Ethel Etlinge (3) performed some experiments to

determine the effect of manganese deficiency upon the his-

tology of tomato. She found that in manganese deficient leaves

the plastids, especially those in the palisade cells, were

the first part of the leaf to show injury. Injury to plastids

began by a gradual loss of starch grains followed by a devel-

opment of vacuoles. At first, isolated palisade cells were

the only necrotic cells. Necrosis then developed in groups

of palisade cells, and finally the injury spread to the spongy

parenchyma and the epidermis.

Manganese deficient stems were smaller in diameter and

were found to contain less xylem. Often the xylem cells

present were plugged with coagulated materials.

struckmeyer and Berger in 1950 (21), following the pro-

cedures used by Etlinge (3), studied the effect of manganese



toxicity on the histological structure of potato stems and

leaves. Plants were grown in a solution containing 200.5 ppm

of manganese. The internal sign of toxicity in the stem was

a collapse of cells of the epidermal and cortical region cor-

responding to the brown necrotic streaks on the surface of the

stem. Parenchyma cells seemed to be affected first from the

cortex through the ray to the pith. There was a progressive

degeneration and finally a collapse of these cells. As the

ray parenchyma cells collapsed, some of the adjacent vascular

tissue also became affected. Cells of the internal phloem

proliferated to form a mass of disorganized tissue and within

this region some cells enlarged while others were being crushed

and obliterated.

In early stages healthy cortical cells produced wound cam-

bium which separated injured outer and normal inner tissue.

However, since these cells did not become suberized, the symp-

toms were not prevented from spreading.

As for the leaves, the authors merely mention that dark

brown areas of collapsed cells appeared between the veins.

MATERIALS AND METHODS

General Culture

Soybeans were chosen as the crop plant for this work be-

cause they have been shown to require a relatively high amount

of manganese for optimum growth (19). Seeds, from a lot being
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sold to farmers for field sowing, were obtained from the

R. J. Carl Elevator, Lansing, Michigan.

Plants were grown in two lots on an open bench in an un-

shaded greenhouse on the campus of hichigan State College.

Each lot was grown for a period of five weeks. Temperatures,

ventilation and humidity were those used for general cool house

greenhouse crops (9). General weather conditions varied to

some extent. The first lot, placed in containers on Karch 22,

was grown under cloudy, rainy, rather cool conditions while

the second lot, placed in containers on April 30, received

much more sunshine and the temperatures were generally higher.

Seeds were germinated by the wet towel method using a so-

lution containing 0.1 gram LIZIOA, 4 grams Ca(RO3)2 and 1 gram

MgSOh per liter (1h). As soon as the seeds had sprouted, the

seed coats were removed as they have been found by LcHargue (12)

to contain a large accumulation of manganese. Seedlings were

allowed to grow until the hypocotyls reached a length of be-

tween 5 and 6 cm. before transfer to the culture solution.

Two seedlings were placed in each of sixty culture con-

tainers. These containers were prepared by painting 1 quart

glass jars with aluminum paint to provide a light shield.

Such a shield tends to limit algal growth. After painting,

the jars were thoroughly cleaned with a 5% solution of H2804

and washed in hot soap suds. Cardboard inserts were removed

from the bakelite caps and 2 holes 3/8 inches in diameter were

bored on Opposite sides of the caps. Plants were placed

through these holes, roots first, after the hypocotyls reached
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a length of 5 to 6 cm. and were held in place by cotton wads.

The sixty containers, used for each lot, were divided

into four groups of fifteen. Each group was filled with

either solution A, B, C or D as described below. Five con-

tainers from each group were placed on the open greenhouse

bench. Another five were placed in light cages under medium

shade and the remaining five containers from each group were

placed in light cages under heavy shade.

Light cages were built Of light weight 1" x l" lumber.

The frames were 20 inches square and 30 inches high. The

cage for heavy shade was covered with six layers of white

cheese cloth with overlapping only at the edge of the frame.

A loose flap was left on the front edge for ease in removing

culture jars. The second frame for medium shade was built in

the same manner and covered with two layers of white cheese

cloth.

Light meter readings were taken on May 23 at 9:15 a.m.

at various places over the growing areas. Averages for the

three conditions were as follows:

full sunlight, 2650 foot candles

medium shade, 1350 foot candles

heavy shade, 1000 foot candles

Container numbers, culture solutions and light conditions

are summarized in Table 1.

Culture Solutions

Concentrations of iron and manganese used in this study



TABLE I

10

Outline of culture solutions, container numbers and

light conditions followed in this study

 

 

 

Manganese Light

Solution Content Containers Condition

A 0.002 ppm 0--h Full light

B 0.010 ppm 5--9 " "

C 2.00 ppm lO--lh " "

D 20.00 ppm l5--l9 " "

A 0.002 ppm 20--2h Medium shade

B 0.010 ppm 25--29 " "

C 2.00 ppm 30--34 " "

D 20.00 ppm 35--39 " "

A 0.002 ppm hO--hh Heavy shade

B 0-010 ppm 1.5-4+9 " "

C 2.00 ppm 50--5h " "

D 20.00 ppm 55--59 n n
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were adapted from Shive's (18) work on iron and manganese

ratios. In that paper 2.00 ppm manganese was assumed to be

optimum when the iron concentration was 3.00 ppm and the other

concentrations Of manganese were derived on the basis of this

as a mid point (10).

The culture solution for this work contained the follow-

ing salts:

0.002M KH2P04

0.001M NHANOB

0.002M Ca(NO3)2

0.001M MgSOh

All solutions contained, in addition, 3.00 ppm of iron sup-

plied as FeSOh. Manganese was added in the form of MnSOh as

follows:

Solutions A, 0.002 ppm

Solutions B, 0.010 ppm

Solutions C, 2.000 ppm

Solutions D, 20.000 ppm

All salts in the culture solutions with the exception of

the iron and manganese were used in the same concentration as

those suggested by Trelease and Trelease (22, 23) to maintain

a pH of 5.1.

The optimum pH for maintenance of maximum iron and man-

ganese availability is 5.1 according to Shear, et a1 (16).

Since there was no means available in the present experiment

for producing a continuous flow of solution to maintain.a
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constant pH, another method had to be found.

The work of Trelease and Trelease (23) demonstrated that

when a NOVNHL ratio of suitable value was used a physiologi-

cally balanced solution was Obtained and the hydrogen ion con-

centration remained constant over an eight day period. By

balancing the partial concentration Of nitrate (the absorption

of which removes H ions from the solution) against the ammonia

(the absorption Of which removes OH ions from the solution),

the factors which tend to increase acidity are exactly opposed

to those which tend to decrease acidity. For a pH of 5.1 this

ratio was 90 NOB/10 NHL for the first 48 days of growth. Had

the plants been grown beyond this period the ratio would have

had to have been changed since the ratio to maintain stable

pH becomes lower and lower with the age Of the plants.

Solutions in all cases were changed at the end of seven

days, the new solutions being freshly made at the time of

change. Solutions were made in 15 liter lots. Salts were

dissolved individually in cold double distilled water and the

solution brought to volume. Double distilled water was also

used as a wash for all glassware involved.

Harvest

Gross Observations: ‘

Condition of the plants was carefully noted weekly at

the time of general solution changes. Cultures were checked

for the first appearance and the development Of pathological
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symptoms such as development of chlorotic areas, appearance

Of brown necrotic spots, general stunting of growth, lack of

vitality of the growing points and the browning Of the roots.

A complete record of the over all condition of the test

plants was taken at the time of final harvest for both lots

one and two.

Histological sampling:

The first plants were removed for histological section-

ing on April 5, 1950. Samples were taken from the primary

root, from the secondary root at a pOint where secondary

thickening had occurred, from.the stem, from the cotyledons

and from.the leaf through a vein. Sections were placed im-

mediately into chrom acetic acid killing solution (2h). Sec-

tions were then aspirated a suitable length of time to remove

all air and were left Over night in the chrom acetic acid to

allow the killing process to go to completion. A 24 hour

washing period in a continuous flow of cool water bath fol-

lowed. Dehydration was accomplished by passing the sections

at h to 6 hour intervals through a series Of alcohols start-

ing at 35% and ending at 100%. xylol was then introduced in

a like manner until the sections were in 100% xylol. Imbed-

ding in household paraffin (Parowax) followed. Sections were -

kept in the paraffin oven in a 100% paraffin solution for A

days.

Paraffin blocks were made by the use Of paper boats

1% x 2 5/8 inches in size and were then mounted on wooden



1A

.microtome b10cks.‘ Sections, cut on a rotary microtome, were

of the following thicknesses: leaves and cotyledons, 12

microns; rOots, 18.microns; stems, 22.nicrons.

sections were mounted on standard glass microscope slides

using an egg albumen, glycerine fixative and a 2% formalin so-

lution. .All sections were stained with a 1% aqueous solution

Of methyl green and a 70% alcoholic solutiOn of bismark brown.

Methyl green is a specific stain for lignified tissues and

bismark brown for parenchyma tissues.

The second set of histological samples was taken at the

time Of general harvest on.Apri1 26, 1950. The same procedure

was followed with one exception. NO samples of cotyledons

were taken since by this time the cotyledons on most speci-

mens had abscissed. A third series of samples were taken in

the same way at the time of harvest of lot two on June A.

Samples were carried to the 70% alcoholic dehydration stage

pending necessity for further processing.

Plant measurements:

At the time of final harvest, on April 26 for lot one and

June A for lot two, plants were cut with a sharp razor blade

just below the cotyledons in order to remove them from the

culture jars without injury. Separate measurements were taken,

in centimeters, of the portion Of the plant abOve the coty-

ledons and the portion Of the plant below the cotyledons for

each plant involved. In the latter case, the measurement was

to the tip of the longest root. Measurements Of the two plants
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in each jar were added together, again keeping the upper and

the lower portions separate. Measurements throughout the rest

of the paper will therefore be the total of the two plants in

each jar.

'ng;weight computations:

New 200 cc Iaeakers were washed in hot soap suds and

dried in a 90°C. oven until a constant weight was Obtained.

After measurement Of the test plants they were carefully

patted with absorbent toweling to remove any adhering culture

solution. The plants were then cut up as necessary and those

from each culture jar were placed in individual beakers.

There were four beakers for each solution used in the experi-

ment. These beakers were then removed to a drying Oven main-

tained at 90°C. for a period of one week. Dry weights were

taken until they were constant through the second decimal

place.

RESULTS

Results of this experiment were tabulated in four differ-

end forms: gross Observations, histological results, plant

measurements as computed for the portions above and below the

cotyledons, as well as the total length and dry weight data.

Results will be treated in thhs order in this section of the

paper.
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Gross Observations
 

Jars A0 through AA contained plants grown in solution.A

(containing 0.002 ppm Of manganese) and exposed to full sun-

light. On April 26 plants in this group appeared stocky and

firm. The hypocotyl in all cases was split on either side of

‘the jar Opening. The roots were sturdy with much secondary

and tertiary branching in the last week of growth, however,

the roots appeared to have a tendency to brown. The first,

second and third leaves developed a severe chlorosis between

the veins. The veins remained a rich, dark green. The fourth

leaves appearing at the growing point were very yellow with a

tendency to dry. Growth was beginning to be less vigorous

with much shortened internodes.

Plants in jars B5 through B9 were grown in solution B

(containing 0.010 ppm manganese) and exposed to full sunlight.

These plants appeared sturdy and strong until the unfolding

of the second leaf. These leaves showed a definite yellow

chlorosis. Minute but profuse brown necrotic areas appeared

first on the second and later on the first leaves also. Grow-

ing points were stunted but not dying as in jars A0--AA.

Leaves generally were small and chlorotic. Roots were creamy

in color, profuse and much branched. As in AO--Ah, the hy-

pocotyls were split at the jar opening.

Growth was generally sturdy in jars 010 to Clh. These

plants were grown in solution C (containing 2.00 ppm mangan-

ass) and received full sunlight. All leaves appeared green
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with little or no chlorosis. There was some evidence, how-

ever, of the development of slight brown necrotic areas.

Growing points were sturdy and new leaves were normal. Root

growth was not.quite as heavy as in the two preceding groups

with considerable secondary but no tertiary branching. Roots

were creamy in color and again the hypocotyls were split.

Plants in jars D15 through D19 were grOwn in solution D

(containing 20.0 ppm manganese) and were exposed to full sun-

light. The plants were extremely stunted and this stunting

appeared with the first growth made by the plants after being

placed in the solution. As soon as the first leaves unfolded,

growth appeared to have stopped; there was no further enlarge-

ment Of the leaves which were extremely wrinkled and profusely

covered with brown necrotic areas. Roots were Sparse with no

secondary branching. They were very brown and slimy. This

reaction was an immediate one. Hypocotyls in this case re-

mained intact.

Jars A20 through A2h contained plants in solution A and

exposed to medium shade. Plants were apparently firm and

vigorous. The first leaves were uniformly green. The second

leaves, however, showed a strong yellowing between the veins.

The growing points remained alive but the new leaves were more

severely chlorotic than the second. Cream colored roots were

fairly heavy with much secondary but little tertiary branch-

ing. Hypocotyls were split.

Jars B25 through B29 contained plants with vigorous

growth. These were growing in solution B and exposed to medium
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shade. The second leaves developed a yellow color uniformly

throughout. TO some extent, fine brown pin point lesions

were found on the second and unfolding leaves. Growing points

were developing more nearly normal than in jars A20--A2h ex-

cept the young leaves which were Opening chlorotically.

Roots were fairly full and creamy color. Hypocotyls were

split.

Normal sturdy plants of good vigor were found in jars

030 through 03A. C solution and medium shade were the condi-

tions under which they were grown. Roots were moderately

abundant with short tertiary branching. They were creamy in

color. The hypocotyls split.

Plants in jars D35 through D39 were completely stunted.

There was no development beyond the unfolding of the first

leaf. Leaves as well as the hypocotyls were covered with

brown pin point lesions. 'Roots were very brown with only

sparse secondary branching. The hypocotyls remained intact.

Plants grown in solution A and exposed to heavy shade

were in jars A40--Ah5. Growth was rank and the stems were

spindly throughout. There was a slight tendency toward

chlorosis between the veins of the third leaves. Roots were

white and very sparse with some secondary but no tertiary

-branching. Hypocotyls remained intact.

Plants from B45 through Bh9 were also delicate stemmed

but with rank growth. The plants were grown in solution B

and exposed to heavy shade. A general yellowing Of the upper

and third leaves was becoming apparent with definite chlorotic
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spots between the veins developing. Creamy roots were not

~numerous but exhibited secondary branching and the beginnings

of tertiary branching. Hypocotyls were notsplit.

Jars CSO--C54 contained plants grown in solution C in

heavy shade. Although growth was rank, the stems were deli—

cate and spindly. Plants were normal throughout as to color.

Roots appeared to be the same as in plants A40 through.A49.

Plants in jars D55 through D59, although grown in heavy

shade, had the same toxicity symptoms as the other plants

grown in solution D.

The experiment was repeated exactly with lot two which

was harvested on June 4, 1950. Plants grown in this lot

were stockier and of far better vigor than those of lot one.

It is believed that this result was due directly to a differ-

ence in general weather conditions which were much.more fav-

orable during the later growing period. General pathological

symptoms were very similar in both lots and develOped at about

the same rate under both sets of conditions.

Histological Results

Stained sections of the soybean test plants showed the

greatest effects from.the manganese and light variations to

exist in the leaves. Plants grown in solutions A and B pro-

duced leaves which were very similar in appearance when

stained with methyl green and bismark brown. Leaves gener-

ally were indented at the veins producing a crinkled appear-
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ence which was much.more noticeable microscopically than mac-

roscopically. Chlorosis appears to start at the epidermis,

usually the upper epidermis above the palisade parenchyma,

and progresses inwardly. Shrinkage and collapse was followed

by final disintegration of the epidermal cells. Cells in the

collapsed condition took a very heavy methyl green stain.

Palisade cells were next affected. walls of this layer

thickened and crumbled. As soon as the palisade cells showed

any reaction the chloroplasts began to disappear. By the time

the walls began to crumble almost all chloroplasts had disin-

tegrated. Spongy parenchyma did not show the effect until the

lower epidermis began to disintegrate. Veins appeared to be

unaffected and parenchyma tissue immediately surrounding them

remained intact.

Plants grown in solution C produced leaves which in .

cross section revealed cells in their normal condition. A

palisade layer and a spongy parenchyma layer made up the

mesophyll of the blade. The palisade tissue was formed by a

single layer of elongate parenchyma cells at right angles to

the epidermis and separated by only a few intercellular spaces.

Coming into contact with the palisade layer was the spongy

parenchyma whose cells were large and numerous in this area.

This spongy tissue contained about four layers of cells which

did not have as many chloroplasts as the palisade cells. The

upper epidermis was about 1% times as thick as the lower epi-

dermis. No cthroplasts were found in these cells. The mid-

rib projected prominently on the lower surface of the blade
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but less so on the upper surface. The vascular tissue, con-

taining xylem and phloem, was semicircular in form with the

open part toward the upper epidermis (2).

Group D produced leaves with large areas of collapsed

cells which had stained heavily with.methyl green. Disinte-

gration usually started at the upper epidermis and passed

progressively through the palisade parenchyma and spongy par-

enchyma to the lower epidermis.

NO abnormalities were observed in the stems and roots of

plants grown in solutions A, B and C. Cross sections of the

roots showed vascular tissue in a tetrarch arrangement forming

a central core. It was limited on the outside by an endoder-

mis and a cortex. The pericycle, opposite the phloem, was one

cell thick but several cells thick opposite the xylem. The

cortex contained about 15 rows of parenchyma cells among which

were numerous intercellular spaces. The epidermis in all

cases was broken away in the preparation of the slides.

There were generally 12 collateral bundles in the stems.

The pith area was small. The pericycle was lignified where

it came in contact with the phloem. The cortex consisted of

several rows of large parenchyma cells.

Stems of plants grown in solution D showed small areas

of collapsed tissues in the cortex which corresponded to the

necrotic areas on the outer surface. Roots also showed the

results of excess manganese. Disintegration started with

cortical parenchyma and progressed inward with the continua-

tion of the treatment. Secondary roots corresponded in their
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appearance to the primary roots of the respective plants.

Cotyledons in no case showed any variation from the nor-

mal condition.

Plant Measurements
 

Table II shows the compiled averages Of lengths of por-

tions above and below the cotyledons and total lengths for

plants grown in the four solutions under the three light con-

ditions. All measurements were made in centimeters.

From this table it will be noted first that, in all lots

and under all light conditions, plants grown in solution C

were superior in length of the upper portion of that plant

except under heavy shade where plants grown in solution B

were superior both in lots one and two. In plants grown in

solutions A, B and C, lengths Of the part above the cotyledons

in lot one exceeded the length in lot two. In plants grown

in solution D, lot one exceeded lot two in length of the upper

portions except under heavy shade in which case the condition

was reversed.

Lengths of the portions below the cotyledons were little

affected within their lot even including the plants grown in

solution D (See Figure 2). Neither light intensity nor con-

centration of manganese seemed to affect the actual length.

To a certain extent, length of the lower portions Of lot one

did exceed those of lot two.

The effect of variation in manganese concentration and
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Table II

Variations in length of soybean plants when grown

under varying conditions of light intensity

and manganese content. All measurements

are in centimeters.

 

 

 

 

 

Light *Eanganese ‘Lengths

Condition Content-ppm Lot Above cot. Below cot. Total

Inll light 0.002 1 33.9 59.5 93.4

n n H 2 19.0 52.4 71-4

" " 0.010 1 32.4 60.1 92.5

n n n 2 16.3 48.7 65.0

" " 2.00 1 37.3 56.3 93.6

n n " ' 2 19.4 5301 72‘5

" " 20.00 1 5.1 57.9 63.0

n n " 2 7.2 40.4 47-6

Medium shade 0.002 1 43.3 64.4 107.7

n n N 2 26.9 51.5 78-4

n " 0.010 1 47.9 60.0 107.9
w w n 2 26.8 52-5 79°3

" " 2.00 1~ 47.9 62.2 101.1

n n " 2 27.4 48.4 75-8

" " 20.00 1 4.9 51.5 56.4

n n " 2 9.1 31.2 4003

Heavy shade 0.002 1 61.3 56.2 117.5

n H " 2 35.8 44.6 80-4

" " 0.010 1 70.2 52.4 122.6

n n " 2 41.8 44.2 86.

n n 2.00 1 63.2 62.2 125.4
" n N 2 39.8 5101 9009

" " 20.00 1 5.1 40.9 46.0

" " " 2 6.9 44.6 51.5
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light intensity upon total length of the soybean plants has

been shown in graphic form in figures 3 and 4. Since these

graphs represent the averages of the sums of the upper and

lower portions of the plants, and since the roots vary but

little, the general trend of growth follows closely that of

the upper portions (See Figure l) Of the plant.

Dry Weight Data

Average dry weights were computed for the groups Of

plants grown in solutions A, B, C and D of lOts one and two

under the three light intensities. The data are presented

in Table III.

.As in the case of the plant lengths it may also be Ob-

served here that plants in lot two in all cases exceeded the

weight of plants in their respective groups of lot two.

Greatest weights were recorded for plants grown in solution C

at all three light intensities. Greatest weights were also

recorded in both lots one and two in full sunlight with one

(exception: in lot two, plants grown in solution D, the

greatest weight was recorded in medium shade.

Manganese appears to have an unusual effect on both lots

of soybean plants when data on light conditions and weight

are correlated. Plants grown in solution C consistently had

higher weights than those grown in solutions A, B and D and

plants grown in solution D consistently had lighter weights

than all the rest. However, on graphs (Figures 5 and 6), pre-

pared on the basis of light and on the basis of manganese
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Table III

Dry weights of two lots of soybean plants. Each

figure represents the average weight

of eight plants.

 

 

 

 

Manganese Light conditions

Content Lot Full light Medium shade Heavy shade

"A"

0.002 ppm 1 1.67* 1.42* 1.13*

2 1.18 1.04 .80

”B"

0.010 ppm 1 1.44 1.19 .907

2 1003 093 .70

"C" '

2.00 ppm 1 1.81 1.61 1.22

2 1.35 1.23 .93

"D" '

20.00 ppm 1 .332 .303 .272

2 .34 .52 , .25

**L.S.D. 4 1% 2: .19 t .32 t .48

**L.S.D.‘< 5% 3 .14 t .24 t .36

 

* Base numbers.

** Pertain to lot one only.
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content, it may be Observed that group B falls far below

group A in dry weight even though the culture solution con-

tained more manganese than A and less manganese than C.

DISCUSSION

Gross Observations
 

From general Observations it is apparent that solution C

was consistently the better solution under all three light

conditions used in this experiment since in most cases, no

chlorotic effects at all were evident. This was to be ex-

pected for the results are directly in line with those of

Somers and Shive (19). In 1942 they substantiated the ear-

lier results of Shiva (18) who found that iron and manganese

must be present in a certain ratio for Optimum growth. That

ratio was found to lie between 1.5 and 2.5. Iron was used in

solution C at the rate of 3.00 ppm and manganese at the rate .

of 2.00 ppm, the ratio being 1.8. Solution B had a ratio of

300, solution A had a ratio of 1500 and solution D a ratio of

0.15. Above 1.5 manganese was deficient and a chlorosis re-

sulted from an excess of iron. Under these conditions, the

manganese counter reactant for the natural reducing systems

in the plant was absent and the ferric iron was easily reduced

to the active ferrous state. In solution D, where the ratio

was less than 1.5, just the reverse was true.

The severe chlorosis between the veins Of the leaves,
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with occasional development of small brown necrotic areas and

eventual inactivation of the growing points are results con-

sistent with those of Somers and Shive for manganese defi-

ciency (18). However, in solutions with a manganese toxicity

they found plants to develop a general chlorosis throughout

the leaves which became so severe that the new unfolding

leaves were almost white. Death of the growing points fol-

lowed. The first visual sign of toxicity in their work was

the immediate browning of the roots.

In the manganese toxic solution (D) the severe browning

of the roots was the only symptom consistent with those Of

Somers and Shiva. The leaves in this case were not chlorotic

but instead were densely covered with minute necrotic areas

and were extremely crinkly and curled. The entire plant was

severely stunted. A partial explanation may lie in the fact

that their toxic solution had a Fe/Hn ratio of 0.6 while this

one had a ratio of 0.15. The concentration of manganese in

the latter was considerably higher and may account to some ex-

tent for the difference in the results.

That deficiency symptoms were delayed and seemed to be

of less severity under medium shade and even to a greater ex-

tent under full shade seems to be established. The work of

McCool (11) states that the manganese content of the leaves

of tobacco decreased with a decrease of light intensity. Tox-

icity symptoms also decreased with a lower light intensity.

The final yield of the tobacco plants grown on soil to which

excess manganese sulfate was added increased by shading the
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plants. Apparently, there is a definite relationship between

the assimilation of manganese and the light intensity.

Stems varied little from normal except in plants grown

in solution D under all light intensities when they did show

small necrotic areas. Since they have not been mentioned in

the literature it is probable that the reaction of the stems

is of little value as an indicator.

Roots apparently are normally creamy in color as this

was the case not only in solution C but also in solutions A

and B. On the other hand, severe stunting of the shoot and

extensive browning of the roots are characteristic of mangan-

ese toxicity.

The split hypocotyls appeared consistently in plants which

were growing most vigorously. This may be due to the con-

stricted area and the rough edges through which they grew.

It is not felt that the splitting was due to the manganese

concentrations or light intensity.

Histological Results
 

Chlorosis between the veins of the leaves and gradual

bleaching of the growing point appears to be due to the in-

activation and disintegration of the chloroplasts. This type

of reaction is characteristic of a manganese deficient condi-

tion (3). The chlorosis between the veins is easily shown

histologically for the palisade cells between the veins are

the first to be affected. As chlorosis becomes.more apparent

externally, the spongy parenchyma cells become affected as
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did the palisade layer. Iron which is reputedly a catalyst

for the synthesis of chlorophyll (1h) apparently becomes

toxic. This is brought about by its excess quantity due to

the deficiency of the manganese. Too much iron, it appears,

is capable of causing the breakdown of chlorophyll.

struckmeyer and Berger (21), as well as Etlinge (3), in

discussing the histological effects of manganese toxicity and

deficiency on plants grown for about 60 days both considered

in detail the reaction on the stems. Stems of plants grown

and harvested at the end of 35 days in the present experiment

were little affected. The length of the growing period may

be a factor in this case. Symptoms in stems apparently show

up considerably after those in the leaves.

In every case where stained histological sections were

made through collapsed tissue the methyl green stain was deep

and intense. It is not believed that this is due to the pro-

duction of lignin but rather to the difficulty of properly

washing the stain out of cells in this condition.

Cross sections through roots of plants grown in.manganese

toxic solutions did not show the internal structure of the

brown slimy surface because in all cases this was torn away

in processing. However, it has been said (18) that the brown-

ing of the roots is associated with the darkening of the

nuclei and cytoplasm of the cortical cells, along with the oc-

currence of numerous unidentifiable brown masses in the cells.

This might very well be the case here since cells were torn

through the cortical region and those cells which remained

were in a normal condition.
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Plant Measurements
 

From the data compiled on the length of the plant as af-

fected by manganese and light variation it would appear that

solution C with.medium shade was optimum under the conditions

of this experiment.

From the data compiled on the dry weight basis from the

same plants it would appear that group C under conditions of

full sunlight were optimum.

Since the advantage in the first instance appeared as

excess length rather than weight it may be assumed that the

latter is the more correct basis of comparison. According to

Meyer and Anderson (13) the attenuated growth of stems of

etiolated plants is due chiefly to an increase in the length

of their component cells as compared with cells of similar

' tissues developed in the light. They suggest that substances

similar to hormones are synthesized in plants under the influ-

ence of light and that it is the absence of these substances

whkfiu permits the development of the etiolation characteris-

tics. This may help to explain the apparent lack of effect

of light intensity upon the roots. Any light at all according

to Shirley (16) allows for the manufacture of a certain amount

of the hormone like substance. As soon as any at all is manu-

factured the roots proceed to grow in a normal manner.

These results are in direct accordance with those of

Shirly (16, 17) who found that, in general, absolute dry

weight increased with increase in light intensity up to full
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sunlight, providing other factors were not limiting. Maxi-

mum height of the plants and maximum leaf area were attained,

however, at light intensities considerably below that of full

summer sunlight.

Dry Weight Data and Computations
 

It is felt by the writer that dry weight generally is a

more valid standard for judging the condition of the plants

in this experiment than measurements of length. The single

factor, light, is responsible for too great a percentage of

the differences in lengths. With reference to the data pre-

sented in Table III it will be noted that factors for deter-

mining significant differences at the 1% level and 5% levels

have been computed. From this standpoint it is seen that the

excellence of solution C on the basis of increase in dry weight

is significant only under full sunlight. The pronounced loss

of weight in solution D is significant under all three light

conditions.

From these data it may be sunnised that light retards

either the absorption of excess iron or the reduction of iron

to the ferrous state. Light, on the basis of this assumption,

has little effect on manganese absorption.

The fact that solution B gave better results in length

of the portion above the cotyledon than solution C in heavy

shade (Figure 1) may be considered an experimental error,

but the fact that solution B gave poorer results in dry

weight than solution A at all light intensities remains unex-

plained. The condition is too consistent to be considered an
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error. Theoretically, point B should lie on a line between

A and C on the graph in figure 6, as the manganese concen-

tration of that solution is greater than A and less than C.

CONCLUSIONS

From the foregoing discussion it may be concluded that

iron and manganese in certain definite proportions are neces-

sary to the life of a plant. These proportions may vary un-

der different environmental conditions. Light appears to af-

fect the optimum.Fe/Mn ratio. The onset of deficiency symp-

toms are retarded with.a decrease in light intensity.

Dry weights seem to be the most valid of the measurements

of differences used in this work.

Symptoms of manganese deficiency are distinct from those

of manganese toxicity. Manganese deficient plants show severe

chlorosis between the veins of the leaves with an eventual

death of the growing point. Manganese toxic plants are se-

verely stunted in growth and produce roots which are brown

and slimy in appearance. The leaves in this case are stunted

and profusely covered with minute pin point lesions.

Chlorosiscorresponds to the disintegration and final

destruction of the chlorOplasts. Symptoms appear first in

the palisade parenchyma and gradually spread throughout the

'spongy parenchyma except for the cells immediately surrounding

the veins. These cells, together with the veins, appear

healthy in every respect.
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SUMMARY

Soybeans were grown in standard water cultures containing

3.00 ppm Fe with variation in the Kn content as .002,

.010, 2.00 and 20.00 ppm and exposed to comparative light

intensities of 2650 foot candles, 1350 foot candles and

1000 foot candles.

At the time of harvest data were recorded as: gross obser-

vations, histological results, plant measurements in centi-

meters and dry weights.

Plants grown in solutions containing .002 and .010 ppm of

manganese and exposed to full sunlight (2650 F. 0.) pro-

duced typical manganese deficiency symptoms. Plants grown

in the same solutions under 1350 F. 0. produced slight de-

ficiency symptoms and under 1000 F. 0. showed a tendency

towards a deficient condition.

Plants grown in 2.00 ppm of manganese were normal under

all light conditions.

At 20.0 ppm of manganese plants under all light intensities

produced severe toxicity symptoms.

Histological sections through leaves showing manganese de-

ficiencies indicate that chlorosis is accompanied by a

breakdown of the chloroplasts of th- palisade cells fol-

lowed by a similar disintegration in the spongy parenchyma.

Histological sections through leaves with manganese tox—

icity symptoms showed a progressive disintegration of the

parenchyma tissue beginning on the upper epidermis and

passing progressively through the palisade layer at the
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spongy parenchyma and the lower epidermis. This tissue

breakdown corresponded directly to the brown necrotic

areas on the surface of the leaves.



Figure 1.

Figure 2.

Description of Figures

Average length of the portion above the

cotyledons of soybean plants grown in

solutions A, B, C and D--lot 1.

Average length of the portion below the

cotyledons of soybean plants grown in

solutions A, B, C and D--lot l.
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Description of Figures

Figure 3. Total length of soybean plants grown in

solutions A, B, C and D of lot 1.

Figure 4. Total length of soybean plants grown in

‘full sunlight, medium shade and heavy

shade of lot 1.
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