The: Journal of Agrieatore of the Univessty of Puerto Rie

In continuation of The Journal of the Department of Agriculture of Puerto Rico

Published Quarterly: Jannary, April, July and October of each year.

MreLvIiLLE T. CoOE, Ebrrer

Vou. XIX, JANUARY 1935 No. 1.

EFFECT OF BORON ON THE GROWTH OF CERTAIN
GREEN PLANTS *

By Axrtonio Ropricuez Gfern,**
INTRODUCTION

In recent years considerable attention has been given to the ele-
ments manganese, copper zine and boron in relation to plant nutri-
tion. Manganese has been definitely established as an essential ele-
ment. The evidence for boron as an essential element is not as
definite as the evidence for manganese but still it is fairly convineing.
Like other elements boron at low concentration may increase plant
growth while at higher concentrations boron is toxic. In general
boron at concentrations in excess of one part per million has been
found to be injurious to plants. This toxicity of boron is manifested
by a distinet chlorosis of the leaves, defoliation and abseission of
young fruits. Death may ultimately result from excess of boron.

Boron deficiency is of little practical importance in crop produc-
tion, since there appears to be in most soils an adequate supply of
available boron. Boron toxicity has been reported under eertain
conditions and is a problem of practical importance and may be a
problem of greater importance than is generally recognized. Thus
in Seuthern California and in the valley of the Rio Grande in Texas,
fruit trees have been reported as injured by boron. These coneclu-
sions are based on the character of the injury, i. e. chlorosis, defolia-
tion and abseission of fruit and evidence on the presence in the plant
and irrigation water of unusual amounts of boron. The fact that
cholorosis is associated with boron injury suggests that boron in-
terferes in some manner with the nopmal iron or manganese relation-
ships. It further suggests that boicn may owe its favorable effects
on plants by counteracting or antidoting the toxicity of iron or
manganese particularly the former sinee in general less attention has
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been given to the quantity of iron added to the culture medinm than
that of manganese,

This investigation is concerned with the toxicity of boron and
more specifically with a possible relation of iron to boron. Three
hypotheses have been advanced to account for boron toxieity. (1)
Boron may have a direet influence on chlorophyll resulting in its
destruction. (2) Boron may have an effect on iron which is essential
for cholorophyll formation. The solubility of iron may possibly be
decreased either in the culture medium in the soil, or in the plant.
(3) There is the possibility also that in the presence of boron there
is a decreased permeability of the cell to iron or a lesser accumula-
tion of iron. Similar relations might hold with respect to manganese.

The problem of boron toxicity is one of theoretical as well as
practical importance. Basic studies arve essential for the develop-
ment of practical method of control.

REviEw OF THE LITERATURE

Boron seems to be widely distributed and probably oceurs in all
green plants. Wittstein and Apogier (35) in 1857 were the first to
claim the presence of boron in plants. Baumert (2) 1888 detected
boron in wines. K. O. Von Lippman (20) 1888 demonstrated its
presence in the leaves and roots of sugar beets. Hotter (14) 1890
analyzed various fruits, leaves and twigs of certain plants finding
boron present in apple, pear, cherry and others. H. Jay (15) 1895
analyzed various plants and concluded that boron is of universal
occeurrence in the plant world. He also stated that plants varied in
their capacity for absorbing boron.

In recent years the problem of the stimulative action and the
essential nature of boron has attracted the attention of various in-
vestigators. Nakamura (25) 1903 using peas and spinach in pots
with soil found that the addition of one milligram of borax per kil-
logram of soil exerted a stimulant action while 5 milligrams had a
slicht depressing action. Agulhon (1) 1910 in his exhaustive studies
using sand, water and soil cultures found that boron was beneficial
for plant growth. Brenchley (3) 1914 using barley and peas in
water cultures gave evidence of s«:mulation with the lower concentra-
tions. With barley stimulation was not very evident. K. Warring-
ton (33) 1923 in her extensive work on the effeet of boron compounds
on the broad beans and other plants, using water cultures, soil cult-
ures, and field experiments, concluded that boron is an essential
element. Warrington held the view that boron functioned ecatalyt-
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ically in the plant. Plants showed variations as to the need for
boron. Seasoned variation was important. Lack of boron affects
meristematic tissues. Brenchley and Thornton (4) 1925 presented
evidence to show that the absence of boron from the culture medium
does not affect the entrance of the legume organism into the plant
roots, but rather that gorwth of the plant without boron has affected
the development of the nodules. The vaseular supply of the nodules,
was defective. Such nodules having no vascular strands remained
small and buried in the cortical tissues. In nodules without vascular
strands the bacteria do not give rise to bacteroid forms. There
was a reduetion in nitrogen fixation. Warrington (34) 1926 in her
studies on the changes induced in the structure of Vicia Faba, by the
absence of boron from the nutrient solution, found hypertrophy of
the cambium, frequent disintegration of the phloem and ground pa-
renchyma, and poor development of xylem with ultimate breaking
of this tissue.

Sommer and Lipman (31) in 1926, using conductivity water and
highly purified chemicals, presented photographie evidence showing
that boron is essential for the growth of green plants. Brenchley
and Warrington (5) in their study on the role of boron in the growth
of plants reported complete failure of growth in the absence of
boron. In the absence of boron, irrespeetive of the pH of the nutrient
medium death ultimately occurred. They obtained better growth
with a solution having a pH of 6.2. In their study on the influence
of the concentration of boron on growth, they claim that the eritical
factor is the absolute amount of boron available in any one period
and that coneentration is not important so long as the rate of replace-
ment is rapid enough to supply the required amount. A lower con-
centration of boron will suffice if the nutrient solution is frequently
renewed. They stated that the form in which boron is present is
of no importance and that sufficient amounts can be obtained from
the insoluble borates. Boron could not be replaced by any other ele-
ment and could not replace any of the essential elements. The au-
thors eclaim that without boron, calecium is not fully utilized and
that boron enables the plant to actually obtain more caleium or utilize
it more efficiently in metabilism. .Swanback (32) 1927 presented evi-
dence indicating that boron is essential for the growth of tobaceo.
Collins (6) 1927 using sand, soil and water cultures claimed that
bhoron is not necessary during the seedling stage. He obtained no
stimulation by boron and concluded that boron is not necessary for
the produetion of a mature soy bean plant. Johnston and Dore (17)
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1928 from their study on the influence of boron on the chemical com-
position and growth of the tomato plant concluded that boron in
concentration of 0.5 parts per million is neeessary for the nmormal
growth and development of the tomato plant. With a deficiency in
boron they noted death of the terminal meristem and breaking down
of conducting tissues in the stem. They found more total sugar and
starch in the leaves and stems of boron-deficient plants and relate
this to deficient conduecting tissme. MeMurtry (23) in 1929 cor-
roborated the results obtained by Swanback. MecHargue (21) 1930
also found a marked stimulation of growth with the use of boron.
In a later paper (22) 1932 he describes special symptoms obtained
with lettuce when boron was deficient. 'A.R.C. Haas (8) (9) (10)
working with citrus trees has reported the necessity of small amounts
of boron for their growth.

The various investigators who have dealt with the essential nature
of boron have also studied the range in which boron is toxie. In
general they have found that boron in concentrations above one part
per million is toxic to plants. Such toxicity is marked by a chlorosis,
defoliation and shedding of voung fruits.

The problem of boron toxicity has become important in the dry
regions of California and Southern Texas. Fruit trees of these
regions have been affected with a chlorosis and final shedding of
leaves and young fruits, thus causing damage of economic importanece.
The cause of this injury has been studied by various investigators.
Kelley and Brown (19) found that boron is a natural constituent
of the irrigation waters of Southern California. Subsequent in-
vestigations by Scofield and Wilcox (26) have confirmed these earlier
reports and on the basis of their findings they concluded that boron
is the cause of the injury to the erops of these regions. They stress
the fact that the severity of crop injury resulting from boron may
be influenced by local soil conditions, by climatiec conditions, by
method or quantity of irrigation and by the program of fertilization.

Skinner, Brown and Reid (28) in studying the effeet of borax
on plants made field experiments with various erops. They found
borax when applied under field eonditions to retard growth and
crop yield. They refer repeatedly.to a ‘‘bleaching’” of the leaves
though reduced yield was noted without chlorosis. With corn they
state that badly bleached plants were obtained when borax was used
in amounts greater than 5 pounds per acre. They suggest ‘‘this
prevention of chlorophyll formation may be due to an interference
with the assimilation of iron, similar to the aetion of calcium or as



EFFECT OF BORON ON THE GROWTH OR CERTAIN GREEN PLANTS 9

observed with an excess of manganese compounds.”’ Tip burn has
also been noted by these investigators as well as by others.

Summarizing the results of these various investigations, the con-
clusions are that boron at concentrations in exeess of one part per
million is toxic and that boron is essential for the growth of green
plants. No evidence is available concerning the role played by boron.
Views concerning the role of boron in relation to iron and toxicity
have been stated previously.

EXPERIMENTAL METHODS

In all of the previous work on boron, higher plants have been
used which normally grow on soils. In my own experiments I
selected two water plants, one of the duckweeds, Spirodelo polyrhyza,
a higher plant, and the other a species of Chlorella a unicellular alga.
The former was obtained from Dr, Albert Saeger, who maintained it
under pure culture condition. The alga was originally obtained
from the soil by Wann and Hopkins (11) and has been maintained
under pure culture conditions.

These plants were selected because their relation to iron and man-
ganese has been well established, and it is possible to grow these
in large numbers under uniform conditions. Thus, statistically such
results as might be obtained should be significant.

In the experiments with Spirodela the plants were grown both
under pure culture conditions and under ordinary water culture
methods. With Chlorella, however, all the experiments were made
under pure culture condition. With the Spirodele experiments,
under ordinary culture conditions, ten plants were removed from
the stock eulture and transferred to the beakers containing the solu-
tions under consideration. In the pure cultures only one plant was
transferred to each culture at the outset of the experiment. Atten-
tion was given to the selection of uniform plants.

The stock cultures of C'Alorelle are maintained on potato-dextrose
agar, a medium excellent for the growth of the alga. In starting
cultures for the experimental work the following procedure was
adopted. A small mass of cells was removed from the agar slope
by means of the platinum needls and added to 10 ce. of sterile
distilled water. This was agitated well until thorough suspension
of cells was obtained. To the culture medium was then added one
cubic centimeter of the suspension by means of a sterile pipette..
The suspension used in the various experiments was made to contain
approximately the fame number of cells.
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The cultures after inoculation were placed on a table in the
laboratory in front of a window where sufficient light was available
for good development. The arrangement of the cultures was changed
daily in order to eliminate differences in illumination.

Counts of the number of plants formed in the eultures of Spiro-
dela were made from time to time during the course of the experi-
ments. The number of leaves was also used as an index of growth.
The dry weight of Spirodela was determined by drying the plants
in vacuum oven at 50 degrees centigrade. In the experiments under
ordinary eultural conditions, half of the plants were used to deter-
mine the dry weight, while those under pure eulture conditions, the
total number of plants was used.

The dry weight of the alga was obtained by filtering the culture
through weighed gooch crueibles and then washing the cells in dis-
tilled water. The crucibles were then dried in a vacuum oven at 50
degrees centigrade and the final weight obtained.

The water used in the preparation of the cultures was obtained
from an electrie still. The chemiecals used were Kalbaums and these
were reerystallized three times. A nearly saturated solution of the
salt in hot conductivity water was made. This was filtered while
hot to remove detritus. The solution was then chilled in a ecold
aleohol bath and the resulting crystals were collected on a buchner
funnel. This process was thereafter repeated twice. The sugars
used were Mercks sucrose U.S.P.X. and dextrose, Bakers’s Blue
Label. These were not recrystallized since they gave mno test for
iron.

Iron determination. Ten cubic centimeters of the solution are
placed in a 50 ce. Nessler tube. To this is added 1 ec. of concen-
trated HC1, 1 ee. of a solution of KSO; (potassium persulphate)
containing 5 milligrams of KSO4 per cc., and 10 ce. of a 10-per-cent
solution of KSCN (potassium sulfoeynate.) Fifteen cc. of an amylie
mixture containing 5 parts of amyl alecohol and 2 parts of ether is
then added. This is then mixed thoroughly with a vertical motion
using a glass rod with a flat end in order to allow the amylic mixture
to take up all the Fe (SCN),;. The mixing should not be violent,
otherwise an emulsion may be formed, giving the upper layer a turbid
appearance. When the two layers have separated, 5 ce. of the upper
layer is removed by a pipette and placed in a colorimeter tube.
Comparison with a standard is then made, The standard is prepared
in exactly the same way having a known amount of iron present.

Boron analysis. The precipitation was obtained from the culture
medium by centrifuging. It was washed with distilled water several
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times and then dissolved with concentrated HC1. The solution was
made up to 50 cc. and an aliquot part taken to be tested with Tumeric
paper. The Tumeric paper was allowed to stay in the solution from
24 hours to 48 hours.

ExperiMENTS Wite Spirodela Polyrhyza

The culture solution used for Spirodela was Knop’s solution
modified to the extent of obaining a balance medium which would
give maximum growth without forming a precipitate. This solution
will be designated as K-I.

R, et B o e, s s T B L
§ (41 2 (L RN Or USRS U PSS SUE SRS e 1. 67 g.
MEB O o e e e s ey 0.81 g.
0, B e e 5.00 g.
Wbt S e, e e e s 1000 ce.

The culture medium used was made up by taking 10 ce. of the
above stock solution and diluting it with the addition of 990 ce. of
distilled water. MnS0, 41,0 was added so that the concentration
of manganese would be 0.1 p.p.m. Iron was added in 0.5 p.p.m. as
FeCl; unless otherwise specified.

Experiment 1.

In this experiment the plants were grown under ordinary water
culture methods. Beakers of 400 ce. capacity, of pyrex glass, were
nsed. These were covered with Petri dishes to prevent the entrance
of dust. In each beaker was placed 250 cc. of the culture solution.
At the outset of the experiment 10 plants were transferred from the
stock eulture to each culture vessel. At the beginning all cultures
were in duplicate but later in the experiment the individual treat-
ments were replicated four times. The culture solutions were changed
every three or four days and observations were made at these times
on the color of the plants and root conditions. Counts were made
also of the number of plants per eulture. The results of this experi-
ment are summarized in Table 1 and presented graphically in
Figure 1.

When the data under date of April 11 are noted it will be ob-
served that there appears to be a marked stimulation of growth by
concentrations in excess of 30 p.p.m. The large number of plants is
due not to inereased growth but to a breaking up of the original
plant into many smaller individuals econsisting usually of single
leaves. This is characteristic of the duckweeds when an unfavorable
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condition is present and is to be taken as evidence of toxicity. These
individuals soon die so that in the figures given under April 21 no
data are recorded for these cultures with the highest concentrations.
Furthermore, the final figures on the number of plants do not reflect
fully the differences in growth between the boron-treated plants and
the controls, since the plants with boron were generally smaller.
This will be referred to again subsequently.

The controls were not of a deep green color indicating that iron
was in part deficient, but those plants with boron were more deficient
in chlorophyll.

TABLE I-INFLUENCE OF BORON ON GROWTH OF SPIRODELA. BORON ADDED AS8
BORIC ACID. EXPERIMENT BEGUN APRIL 7 WITH 10 PLANTS IN EACH

CULTURE.
Number of Plants per Culture
Ave. No.
Treatment Plants Condition
April 11 April 18 April 21 April 21
Control.. 17 51 100 |..... T S,
16 46 110 Slight
: 5oisé 04 |. .| Chlorosis
Control..
Boron 1 p. p.
Boron 1 p. p.
Boron 1 p. p.
Boron 1 p. p.
Boron 5 p. p. Chlorotic and
Boron 5 p. p. plants smaller
Boron 5 p. p.
Boron 5 p. p.
Boron 10 p. p. Chlorotic and
Boron 10 p. p. plants smaller
Boron 20 p. p.
Boron 20 p. p.
Borom: 800D P M iss v IB loninvianns [snates snmems fammai sangims
Boron 30 p.P. M. e.oennninnnn., i1 J O | D Plants very small
i and very

Boron 40 p.p.M.....ovivvnnn.. L e o S Lo SN ) U T chlorotic
Boron 0 p.p. M. ooeeinennn.ns ) Lionvonmmnme [smseenans ke o
Boron 50 p. p. m.. 33
Boron 50 p. p. m.. 34 |,

The chlorosis noted in the plants grown with boron began with a
discoloration at the tip of the lobes spreading down to the base of
the lobes. The possibility of iron being deficient in the solution and
causing the chlorotic appearance was considered. Iron was added
0.125 parts per million to one eulture in each series. The addition
of this extra iron as FeCls did not correct the chlorosis. The reason
for this lack of response to extra iron will be presented and diseussed
subsequently. It was still assumed that iron was unavailable. With
this point in mind 20 parts per million of potassium tartrate was
added to each of the cultures in which the amount of iron had been
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inereased. The results of the addition of potassium tartrate were
observed four days later. All the ecultures to which it had been
added became green and normal in color. Algal growth in the solu-
tion containing the tartrate also showed the beneficial effect of the
treatment.

In summarizing these results boron was found to be detrimental
to growth. Signs of its toxic aetion were shown by the chlorosis
of the leaves, loss of roots and general decrease in size and growth.
The addition of potassinm tartrate induced chlorophyll formation.
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Figure 1.—Influence of boron on growth of Spirodela
polyrhyza based on average number of
plants in cultures on April 21,
Experiment 2.

In this experiment the culture conditions were essentially like
those of the preceding experiment except that potassium tartrate
was used in half of the cultures. The tartrate was added as a means
of maintaining the availability of irom. This has been used re-
peatly for this purpose and in Experiment 1 proved effective in in-
ducing chlorophyll formation. As in the previous experiment iron
was added at the rate of 0.5 p.p.m. To reduce algae contamina-
tion the solutions were renewed at intervals of four to six days.
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TasLE 2—EFFECT OF BORON ON SPIRODELA POLYRHYZA. EXPERIMENTS BEGUN
ON APRIL 26. TEN PLANTS WERE INITIALLY PLACED IN EACH CULTURE.
FIGURES REPRESENT AVERAGE OF FOUR CULTURES.

May 13th June 6th
No. of . No. of

Treatment Plants* Dry Relative Plants* Dry Relative

Wt. Dry Wt. Wt. Dry Wt.

Blonkrol. . s oonsassivaiE i 20 22.4 100 45 32.5 100

Boronlp.p.m........... 66 31.6 141 34 33.5 103
Boron 2 p.p.m........... &7 31.9 168 20 24,9 76.6
Boron 5 p.p. M..cevvnn.... 52 30.8 137 °47 25.1 77.0
Boron 10 p. p. Me..vvennn.. _ 45 5.3 Vo f ) 5 a i ERENE] el [R—————

° Plants small due to fragmentation.
* Plants were removed at definite intervals from each culture, the percentage removed from all
flasks being the same.

After May 13th the plants in some of the cultures became too
numerous and it was necessary to remove half of the plants from all
cultures at this time. Those removed were used for dry weight
determination. Subsequent removals of plants were made so that
the plants were halved on May 19, 24, and 31. The plants were
halved therefore four times. No figures are given to show the total
number of plants that would have been produced if the containers had
been sufficiently large with adequate volume of solution, and no
reduction in the number of plants, as has been done by others.

TABLE 3—EFFECT OF BORON ON SPIRODELA IN THE PRESENCE OF POTASSIUM
TARTRATE. EXPERIMENT BEGUN APRIL 26. TEN PLANTS WERE INITIAL-
LY PLACED IN EACH CULTURE. FIGURES REPRESENT AVERAGE OF FOUR

CULTURES.
May 13th June 6th
Treatment No. of Relative No. of Relative
Plants* Dry Wt. | Dry Wit. Plants* Dry Wt. | Dry Wt.
37 26.4 100 83 64.2 l 100
51 37.2 141 52 36.8 57.4
47 39.1 148 42 32.1 50.6
°45 21.5 81.4 °70 13.4 20.8
°50 6.8 2.7 | D L ansateiaisidisne

° Plants small due to fragmentation.
* Plants were removed at definite intervals from each culture, the percentage removed from all
flasks being the same.

The detailed data are given in Tables 2 and 3 relative values are
combined in Table 4. It should be noted that for the initial period
of growth boron at concentration of from 1 p.p.m. to 5 p.p.m. actually
increased the number of plants produced and the dry weights. This
was true when the plants were grown without tartrate and with tar-
trate, though with the latter there was no stimulation of growth with 5
p.p.m. In the later periods of growth there was a marked decrease
in yield with all econcentrations of boron except in the cultures con-
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taining 1 p.p.m. of boron without tartrate. Ten parts per million
of boron were markedly toxie. In the culture without tartrate chlo-
rosis was more pronounced than in the controls at the close of the
experiment.

TABLE 4—INFLUENCE OF BORON ON SPIRODELA WITH AND WITHOUT TARTRATE
RELATIVE VALUES OF DRY WEIGHTS.

May 13 June 6

Treatment — + — +
Tartrate Tartrate Tratrate Tartrate

(@] 2)= 51 | ———— 100 100 100 100

Boron 1 141 141 103 57.4
Boron 2 168 148 76.6 50.6
Boron 5 p. p. m. i 137 8l.4 77 20.8
Boron 10 p. p. m.. 23.6 25.7 | Dead......| Dead

Volume of solution—250 ce.

Eaxperiment 3.

In order to test the effect of potassium tartrate on boron toxieity
under controlled conditions, experiments were started using pure
culture methods. The nutrient culture solution used was the same
as that of the preceding experiments. The concentration of boron
ranged from 0.5 to 5.0 p.p.m. Potassium tartrate was also added
to half of the cultures in concentration of 20 p.p.m. One sterile
plant of Spirodela was transferred to each eulture. The ecultures
were kept at room temperature near a window and were allowed to
grow for five weeks. The results obtained are presented in Table 5.
They are shown graphically in Figures 3 and 4.

TABLE 5—EFFECT OF BORON ON SPIRODELA UNDER PURE CULTURE CO NDITIONS

WITH AND WITHOUT TARTRATE., ONE PLANT WAS INITIALLY PL ACED IN
EACH CULTURE.

With Potassium Tartrate Without Potassium Tartrate

Average Average Relative Average Average Relative
Treatment No. of Dry Dry No. of Dry Dry
Plants Weight Weight Plants Weight Weight

53 21,7 100 33 14.7 100
56 24.5 112 34 12.4 84.3
49 23.9 110 38 17.2 119
65 26.0 119 36 16.1 109
55 20.4 94 53 18.7 127
12 1.4 6.3 29 2.7 18.3

Duration of experiment—5 weeks.
Figures are averages of 3 cultures.
Volume of solution—250 cc.

Boron proved to be extremely toxic at five parts per million both
with and without tartrate. With two exceptions greater growth was
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obtained when boron was present at concentrations of 2 p.p.m. or
less. DPotassium tartrate, while it maintains iron in solution, has no
influence on the toxicity of boron. No chlorosis was observed in any
of these cultures,

Experiment 4.

Various investigators (27) (28) have suggested that boron toxicity
may he related to deficiency of iron, and that chlorosis observed with
high boron content is the result of an iron deficiency rather than
to a direet action of boron. The results in my own experiments
suggest a similar relationship though subsequently no chlorosis was

70
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¥ 8 8 4 8
1 T T

WITH POTASSIUM TARTRATE
Biks  TETmEEs WITHOUT POTASSIUM TARTRATE
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| S | | | 1
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BORON CONCENTRATION IN PARTS PER MILLION

Figure 2.—Influence of boron on growth of Spirodela.

noted. In Experiment 4 an attempt was made limiting the higher
concentrations of boron. The data are given in Table 6. There are
some discrepancies in the analysis of iron in the series without tar-
trate and more iron remains available with tartrate than without
tartrate. Nevertheless the toxic influence of boron still prevails at
concentrations in execess of 2 p. p. m. and even at some of the lower
concentrations.

Ezperiment 5,
To determine the relation of boron to iron availability with and
without potassium tartrate in the absence of plants the following ex-
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periment was started. The solution used was the same as that of
preceding experiments. To the individual flasks containing 250 ee.
of the nutrient solution boric acid was added to supply boron in the
concentrations indicated in Table 7. Half of the cultures received
20 p.p.m. of potassium tartrate. The solutions were not sterilized.
Hydrogen-ion and iron concentrations were determined daily for a
period of seven days. The analysis made of these solutions on the
day in which they were prepared showed no essential difference in
the iron concentrations in the various cultures.

60 .
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== WITHOUT POTASSIUM TARTRATE

i | I | i 1 1
0 02505 1.0 2.0 50
BORON GONCENTRATION IN PARTS PER MILLION

Figure 3.—Influence of horon on the dry weight of Spirodela.

TABLE 6—EFFECT OF BORON ON THE IRON CONCENTRATION. ONE PLANT WAS
INITIALLY PLACED IN EACH CULTURE.

With Without
Potassium Tartrate Potassium Tartrate
Treatment il
Average Average Average Average
No. of Iron No. of Iron
Plants Cone. Plants Cone.
92 | 0.1080 mgs. 44 | 0.05 mgs
102 | 0.0860 mgs. 47 | 0.022 mgs.
108! e 65 | 0.044 mgs
86 [ 0.1050 mgs. 55 | 0.050 mgs.
g{; 0.1180 mgs. 52 | 0.025 mgs
............ 40 | maiates

Volume of solution—250 ce.
Duration of experiment—5 weeks.
Figures are average of 3 cultures.
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All contained approximately about 0.125 mgs. of iron per flask.
By the fourth day the available iron content of the tartrate series,
which is shown in Table 7, was in excess of those without tartrate.
Boron had no effect on the solubility of iron under these conditions.
A floceulent and amorphous precipitate was present in the cultures
the third day after they were prepared. This was evidently the
reason for a decrease in the iron content.

TapLe 7—EFFECT OF BORON ON THE SOLUBILITY OF IRON ANALYSIS MADE 4 DAYS

AFTER PREPARATION OF THE SOLUTION. AMOUNTS GIVEN ARE FOR 250 cc.
OF THE CULTURE SOLUTION.

‘Without With

Potassium Tartrate Potassium Tartrate

Treatment
pH Iron Conc. pH Iron Cone.
Maes. Megs.

5.16 0.022 6.7 0.025
5.14 0.020 6.5 0.032
4.9 0.020 6.6 0.032
4.9 0.025 5.8 0.062
4.9 0.022 5.8 0.050
4.9 0.017 5.9 0.050

Figures are average of four cultures.

ExperiMENTS Witk CHLORELLA SP.

The nutrient solution used in these experiments was a modified
Knop solution, having the following composition:

KNO, g S e e e s ey 0u L
§5:53 5 6] 51 ) S S S GCSSUND S S S S 0.1 ¢g
MgS0O,7H,0 oo = s 0.1 g.
Ca(NO;). 4H.0 __.__ o = - 0.3 g
Water s S5 e 600 ce.

This solution was diluted by using 100 ce. of the above solution
and 900 cc. of distilled water. MnSO, 4H.0 was added so that the
concentration of manganese was 0.1 p.p.m. Iron was added in five
tenths (0.5) p.p.m. as FeCls unless otherwise specified:

Chlorella was chosen for these experiments because the relation
of this plant to iron had been studied carefully by Hopkins and
Wann (11) and later Hopkins (13). Since it has been assumed by
Sideris and Krauss (27) and Skinner, Brown and Reid (28) that
boron toxicity may be related to the availability of iron, it seemed
appropriate to select the iron relations which are so well established.
The relation of iron to chlorophyll formation in Chlorelle has been
investigated by Emerson (7). Furthermore there is some advantage
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in using unicellular plant since complications due to internal precipi-
tation of iron in the nodes are avoided.

Exzperiment 6,

In order to determine the tolerance of Chlorella to boron, an ex-
periment was made using solution K—2 to which boron was added in
varying amounts. Potassium tartrate was added to half of these cul-
tures at a coneentration of 20 p.p.m. The tartrate was added as in
previous experiments to inerease the availability of iron. The results
obtained are presented in Table 8 and in Figure 4. With the tar-
trate present there appears to be a slicht stimulation of growth with
horon at a concentration of 1 to 20 p. p.m. inclusive. Less growth
was noted at 30 p.p.m. Without tartate, stimulation was noted
in cultures containing boron at 5 and 10 p.p.m. The reduction in
vield at 30 p. p. m. was more pronounced in the eultures without tar-
trate than with tartrate.

Eazperiment 7.

The experiment was similar to the preceding except that sodium
citrate at 20 p.p.m. was used instead of tartrate. The concentra-
tions of boron was used in the range previously found to be stimu-
latory. The detailed data are given in Table 9. Marked stimulation
of growth was noted in all the cultures containing boron. This was
true whether citrate was used or not.

Ezperiment 8.

To obtain evidence on the possible action of boron in reducing
iron toxicity, an experiment was started in which the iron concentra-
tion was varied from 0.5 to 10 p.p. m. Boron was kept constant at
20 p.p.m. Solution K-2 under pure culture methods was used.
The initial and final ph of the various culture solutions were de-
termined. This together with the dry weight of the eultures is pre-
sented in Table 10. When the solution was prepared it was noted
that iron precipitation inereased with an increase in iron concentra-
tion. During the first 20 days it was noted that growth was very
slow in the cultures containing above 4 p. p.m. of iron. Afterwards
growth became faster and at the end of 43 days the culture with
8 p.p.-m. had almost attained the same amount of growth as those
with 4 and 6 p.p.m. Had the experiment been concluded earlier
more marked differences would have been noted in the yield between
the lower and the higher iron concentrations. The results do not
show any effect of boron on reducing iron toxicity since there is not
a marked difference between the cultures with and without boron.
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TapLe S—INFLUENCE OF BORON ON THE GROWTH OF CHLORELLA IN THE PRES-

ENCE OF POTASSIUM TARTRATE.

With Without
Potassium Potassium
Treatment Tartrate Tartrate
Dry Weight | Dry Weight
Mgs. Megs.
[57s10E 7] ORI s 31.9 23.7
Boron 0.5 p. p.m 30.8 22.5
Boron 1.0 p. p.m 33.6 20.9
Boron 2.0 p.p.m 36.6 23.5
Boron 5.0 p. p.m 34.7 26.8
Boren 10 p.p. m 34.7 27.0
Boron 20 p. p.m 34.1 22.3
20.2 16. 6

Boron 30 p.p. m

Figures are averages of six cultures.
Age of the eultures—40 days.
Volume of solution—250 ce.

“n TR
(V]
=
10~
WITH POTASSIUM TARTRATE
o= m——-as WITHOUT POTASSIUM TARTRATE
1 11 1 1 1 1 1
o1 2 5 10 15 20 25 30
BORON CONCENTRATION IN PARTS PER MILLION

Figure 4—Effect of boron on growth of Chlorella.

TipLE —INFLUENCE OF BORON ON THE GROWTH OF CHLORELLA IN THE PRES-

ENCE OF S0DIUM CITRATE.

With

Without

Sodium Sodium

Treatment Citrate Citrate
Dry Weight | Dry Weight

Mes. Maes.

R e e R e B PP 7.0 2.8
Boron 0.25 D Pe Tl o iiiauinneoaststanteaceaissrisssoiresoeinatetasnsasss 12.0 2.9
Boron 0.5 Do Dol ucvicieiivsnsnrmasvorarssnsmnratsssisnsnrrssssssces 12.0 3.6
BOTOT 110 DO D I vriteicisaisivnssiss Gt AT 43663 8 T AN TR o e i 1 12.8 3.8
BOTOn 2.0 Do P Mo it v ctias visina i vsin¥ s s b ins mirss d s un vos bas s s 121 5.3
Boron 5.0 D DTl euseivrsssnreiesensmiteiasassssaisasiassisesseanssrnes 14.9 6.7
Boron 10,0 B Do TE G o cuuaissilssiinm ad s auibd v s aives R R R 18.5 5.7

The figures are averages of six cultures.
Age of the cultures—22 days.
Volume of solution—250 cc.
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4= D__._cr‘

—~——— WITH SODIUM CITRATE
o me-== WITHOUT SODIUM CITRATE

111 1 | 1
0 05 10 20 - 5.0
BORON GONGENTRATION IN PARTS_. PER MILLION

Figure 5.—Effect of boron on growth of Chlorella.

Experiment 9,

In the previous experiments with Chlorella little or no toxieity of
boron was noted. Consequently in this experiment concentrations
of boron up to 140 p.p.m. were used. The experiment was similar
to experiments 7 and 8 except that the cultures were kept under a
cheesecloth shade in the greenhouse, with temperatures prevailing
from 20 degrees to 25 degrees C. Because of slow growth under these
conditions the cultures were brought back to the laboratory after
ten days where a higher degree of illumination was used. All the
cultures were repeated six times and the figures given in Table 11
are the average of the six cultures.

TasLe I0—EFFECT OF INCREASING TRON CONCENTRATIONS ON THE GROWTH OF
CHLORELLA IN THE PRESENCE OF BORON.

Iron Initial Dry Weight Final
Lreatment; Cone. pH Mgs. pH
p. p. m.

Pl BB dy s s it dianiin e 0.5 4.38 27.4 6.67
F. N.—BOron...ccvvnrrnvenss 0.5 4.38 26.7 6.92
Full Nutrient. .. 2.0 4,12 28.6 6.70

.N.—Boron.,.............. 2.0 4.12 28.9 6.67
Full Nutrient... 4.0 3.78 27.9 6.67
F. N —BOroD...ccciveivocnns 4.0 3.78 20.8 6.67
Full Nutrient............. 6.0 3.61 23.9 7.01
F.N—BOMOD.ccoivcvmnsve 6.0 3.61 26.8 7.01
Full Nutrient............. 8.0 3.44 21.8 6.58
F.N—Boron.............. 8.0 3.44 20.8 6.41
Full Nufrient........... 10.0 3.44 18.2 5,14
B N E=BOT0N i o e e vaet e s s il 10.0 3.44 20.0 5.82

Boron—20 p. p. m. as horic acid.
Iron as FeCId.

Age of cultures—43 days.

Figures are averages of 4 cultures.
Volume of solution—250 ce.
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The results show that with and without sodium citrate growth
is deecrcased at all conecentrations of boron as compared to the con-
trols, but even at the highest concentration Chlorella was still alive
at the end of 23 days and had made appreciable growth. A better
growth was obtained with sedium eitrate than without and this is
probably related to a greater availability of iron as is indicated in
the iron concentration of eulture solutions not seeded with Chlorella.

Eaxperiment 10.

This experiment was essentially the same as the one previously
described, except that dextrose was supplied to each culture at a
concentration of 1%. The sugar was used merely to permit a more
luxuriant growth and to know if under these conditions the toxicity
of boron still prevails. At the conclusion of the experiment all of
the cultures with sugar showed a distinetive chlorosis. The cultures
instead of being deep green were of an orange color. This appeared
first in the cultures containing boron but within a day or so the
same condition was noted for the econtrol. Dr. E. F. Hopkins of this
laboratory suggested that the ehlorosis observed was probably due to
a lack of nitrogen. With the yield on a dry weight basis obtained
and with the values reported by Muenscher (24) for the nitrogen
requirement of Chlorelly grown under similar conditions, it was pos-
sible to caleulate the nitrogen content of Chlorella of my experiments.
These data taken with the nitrogen content of the culture solutions
sustained the conclusion that nitrogen was deficient. Nevertheless
during the progress of the experiment no differences were noted be-
tween those cultures with boron and those without boron. Appar-
ently sugar reduced markedly the toxicity of boron and a very econ-
siderable growth was obtained at a concentration of 140 p.p.m.
This may be a matter of great significance.

Ezperiment 11.

In another experiment similar to the preceding one sucrose at a
concentration of 1% was used. Here again no toxicity was obtained
even with 80 p.p.m. In faet a greater growth was obtained with
the higher concentration of boron. This was due probably to a
greater inversion of sucrose at these higher concentrations. While
no conclusions concerning the effect of the various concentrations of
boron ecan be drawn from this experiment, the significant fact is
presented that in the presence of suerose boron had no toxie effect
on chlorella.
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TaBLE 11—EFFECT OF BORON ON THE GROWTH OF CHLORELLA 8P. AND ON THE

AVAILABILITY OF IRON.

Tron
Boron Iron Concentra-
Concentra- | Dry Weight | Concentra- tion in
Treatment tion in Mgs. tion in Non-seeded
P.p. m. Mgs. Cultures
Mgs.
Full Nuafrient,, , weemivimseesmmmaive v cai 3.8 0.006 0.008
. N BOOD: v s s s s s 10 2.2 0.006 0.008
20 2.0 0.006 0.009
40 1.9 0.009 0.010
60 1.8 0.010 0.010
80 2.1 0.007 0.009
100 1.6 0.009 0.010
120 1.2 0.008 0.010
140 1.1 0.007 0.010
B W MNa-citrale.convnnnnsiissssrenn ilesss svaimsmis 7.4 0.007 0.014
F. N. Boron and Na-Citrate............... 10 6.8 0.008 0.011
20 5.2 0.010 0.018
40 3.9 0.010 0.016
60 3.2 0.010 0.020
80 2.5 0.010 0.017
100 1.8 0.008 0.020
120 1.5 0.008 0.018
140 1.5 0.010 0.017

Duration of experiment—22 days.
Volume of solution—50 ce.

TABLE 12—EFFECT OF BORON ON THE GROWTH OF CHLORELLA SP. AND ON THE
AVAILABILITY OF IRON IN THE PRESENCE OF SUGAR AND SODIUM

CITRATE.
Iron
Boron Iron Concentra-
Concentra- | Dry Weight | Concentra- tion in
Treatment tion in Mgs. tion in Non-seeded
pP. p. m. Mgs. Cultures
Mgs.
T W Dakiiom.  comaminrivimsemsssii [ s s soaens 37.0 0.009 0.015
F. N. Boron and Dextrose................. 10 34.5 0.008 0.020
20 34.8 0.009 0.021
40 34.2 0.008 0.022
60 34.2 0.009 0.018
80 34.5 0.009 0.017
100 34.4 0.005 0.020
120 31.4 0.006 0.018
140 28.0 0.007 0.017
BN Dextrosd Na-C. civmaviviviains soaye| i sy i s 31.0 0.014 0.024
F. N. Boron Sedium Citrate and Dextrose. 10 36.2 0.013 0.020
20 36.9 0.016 0.024
40 39.4 0.010 0.023
60 39.4 0.011 0.021
80 39.0 0.014 0.024
100 37.1 0.009 0.022
120 35.4 0.010 0.022
140 33.9 0.009 0.021

Duration of experiment—22 days.
Volume of solution (50 cc.)
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TaBLE I3—INFLUENCE OF BORON ON THE GROWTH OF CHLORELLA IN THE PRES
ENCE OF SUCROSE.

Initial Final Dry Weight
Boron Concentration pH pH Mgs.
4.3 5.68 27.8
4.3 6.84 20.7
4.3 6.53 38.9
4.3 6.37 43.7

Duration of exparimant—30 days.
Volume of solution—50 ce.

Discussion

Several hypotheses have been offered by various investigators to
explain the cause of chlorosis obtained when boron is present in the
culture medium. Haas (8) in his studies on the toxic effect of boron
on fruit trees reported an experiment in which lemon seedlings were
grown in water cultures. Hoaglands solution plus 7.5 p.p.m. of
boron and varying amounts of iron sulphate ranging from 5 to 105
p. p.m. was used. Photographic evidence of this experiment shows
that increasing iron from 5 to 25 p. p. m. counteracted the apparent
toxic symptoms of boron. Haas explains these results on the basis
of a catalytic action of iron or a possible precipitation of boron as
an insoluble ferric borate and thus a decrease in boron concentra-
tion. Sideris and Krauss (27) obtained chlorosis in the presence of
boron only when the iron content was low. They suggested that the
chlorosis was due to a lack of iron caused by the formation of an
insoluble ferric borate. In explaining the stimulation obtained, when
boron was present, they offer the possibility that iron may have been
toxic. The formation of an insoluble ferric borate would decrease
the iron concentration and therefore reduce the toxie effects. Fur-
thermore, if boron were present in an amount sufficient to cause a
toxie condition the addition of more iron would decrease the soluble
boron content in the same manner. Skinner, Brown and Reid (28)
in their studies on the effect of borax on plants under field condi-
tions referred repeatedly to a ‘‘Bleaching’’ of the leaves, though
reduced yield was noticed without chlorosis. They suggested ‘‘this
prevention of chlorophyll formation may be due to interference with
the assimilation of iron, similar to the action of calcium or as ob-
served with an excess of manganese compounds.”” This implies an
~ effect on the permeability of the cell by boron or accumulation.

In the work of Haas, Sideris and Krauss, and Skinner, Brown
and Reid lemon seedlings, pineapple and corn plants were used
respectively. In these plants the leaves are relatively far removed
from the absorbing zone and it is possible that the chlorosis reported
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by these individuals may have been due to a relation between boron
and iron. It is conceivable that horon might cause a precipitation
of iron within the roots or stems and a shortage of iron would pre-
vail in the leaves. Hence chlorosis would follow. A simple ex-
periment of painting the leaves with a dilute iron salt possibly would
have given evidence for the validity of this hypothesis.

In my own experiments a unicellular alga Chlorella was used
in one series and the simple higher plant Spiredela polyrhyze in the
other series. By using these plants the precipitation between the
absorbing zone and the chlorophyllous region is minimized. This
may account for the failure of marked chlorosis in my experiments.
In the initial experiments with Spirodela slight chlorosis was ob-
served in the presence of boron. This chlorosis disappeared with the
addition of potassium tartrate. The controls lacking boron were also
glightly chlorotic but less so than those with boron. The control
plants also became greener with the addition of potassium tartrate.
These data tend to confirm the viewpoint that there is a relation
between boron toxicity and iron. Unfortunately the evidence in this
case was not decisive.

In later experiments with Spirodele under pure cultures no chlo-
rosis was induced by boron. Similarly Chlorelle failed to show
chlorosis with high boron content. Chlorosis therefore is not neces-
sarily a characteristic of boron injury. Reduced growth as noted by
Skinner, Brown and Reid may result without chlorosis and my own
results confirmed these coneclusions. It is true that iron deficiency
may result in decreased yield without chlorosis,* so that these results
are not entirely contradictory to the view exposed by Haas, Sideris
and Krauss and others,

Analysis of iron showed no decrease of available iron in the cul-
ture solution used when boron is added. While a precipitate forms
in the solution used and forms gradually, no boron was noted in the
precipitate. The addition of potassium tartrate and of sodium ei-
trate whieh increases the availability of iron whilé inereasing growth
did not reduce the toxicity of boron. The controls without boron
were improved by the addition of tartrate or citrate, but comparing
the boron cultures with these controls, they showed in general the
usual increase or deerease of growth noted in those eultures withont
tartrate or citrate.

The results with sugar are suggestive. While further experiments
of this character are necessary the results indicate that a plant with
a high sugar content is more tolerant to boron than one with low
T W Miller, B, D. Plant Physiology. p. 262. MeGraw—Iill Book Co. (1931)
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sugar content. It is true that the nutrient medium containing sugar
has a higher content of iron, but in view of the experiments with
citrate and tartrate it seems more appropiate to assign the protective
action to the sugar rather than to the iron.
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SUMMARY

1. Under the usual water-culture methods boron proved toxie
to Spirodela polyrhyza at concentrations of above 1 p.p.m.
Toxicity was evident in reduced growth, smaller plants,
and loss of roots. In concentrations above 5 p. p. m. death
soon oceurred. Chlorosis was noted in all the cultures
but those plants with boron were slichtly more chlorotic
than the controls. In both cases the addition of inorganie
iron was without effect, but the addition of potassium
tartrate at a coneentration of 20 p.p.m. resulted in a
marked chlorophyll development in all the cultures.

Under pure culture conditions boron seemed to increase
erowth at certain concentrations. At a concentration of
5 p. p.m. toxicity was apparent. No chlorosis was noted
with boron.

3. With Chlorelle under pure culture eonditions marked stimu-
lation was noted in experiments 6 and 7 with concentra-
tions up to 10 p.p.m. and even with higher concentra-
tions. In experiments 8, 9 and 10 no stimulation was
noted,

4. Chlorella proved extremely resistant to bhoron. A concen-
tration of 30 p.p.m. was required to decrease growth on
experiment 6 while in experiment 9 toxicity was noted at
a concentration of 10 p.p.m. as evidenced by deereased
growth, but survived at a concentration of 140 p.p.m.
No chlorosis was noted in any case.

5. The addition of sodium citrate or potassinm tartrate, both
of which tend to inerease iron availability did not de-
crease the toxicity of boron when growth was taken as
the eriterion,

6. The addition of dextrose to the culture medium inereased
growth as expected and made Chlorella much more Ye-
sistant to boron. This was likewise true of sucrose.

7. Boron did not decrease the availability of irom.

8. Boron was not found present in the precipitation formed in
the culture medium. The method of analysis used was
not very sensitive,

Lo
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