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INTRODUCTION

Since 1910 many investigators from countries in
various parts of the world have reported the necessity of
small quantities of boron for the growth of plants.

Studies have been made on at least fifty different plants
which include monocotyledons and dlcotyledons. These con-
tributions have built up our knowledge of the importance of
boron in plants. However, the function of boron in the
plant has not been definitely established and it is hoped
that the research reported on the following pages will gilve
further information which will ultimately assist in estab-
lighing the role of boron in plants.

The genus Brasslca was chosen for these studies
as gome of the plants in thls group show boron deficiency
under field conditions. Members of this genus are rapidly
growing plants which may be convenlently used in nutrition
studles. This group of plants is of further interest because
man has selected for edible purposes types with storage roots,
others with an abundance of foliage, two with many flowers,
and a fourth type with an edlble stem.

The investigations reported here aim to give some
information on how long plants will survive with the boron
stored in thelr seeds and the optimum quantity for the
development of these plants. The data also give some light
upon the importance of boron in dlfferent stages of develop-

ment of the plants of the genus Brassica. It is hoped that



the description of boron deficiency in those plants where
1t has not been described will be of practical use to the
vegetable grower.

Some information is also glven upon the anatomlcal

abnormelities resulting from a defliciency of boron.



LITERATURE REVIEW

The influence of boron on plant growth was first
studied by Peligot (66) in 1876. His experiments showed
that the toxlc effect of boron caused the leaves to turn
yellow and die. For many years research workers studied
the quantity of boron in sea water, soil and plants but it
was not proved to be an essential element until 1910 when
Agulhon (1) grew wheat in sand cultures with varying levels
of boron. From 1910 to 1923 very little study of boron
nutrition was made. At the latter date Warington kSO)
reported "The Effect of Boric Acld and Borax on the Broad
Bean and Certain Other Plants."™ The number of investigators
has increased continuously since Warington published her
paper and particularly since 1930. Recently a number of
investigators have published literature reviews covering the
general field of boron nutrition (7, 8, 17, 19, 27, 55, and
70). Two comprehensive bibliographies have also been pub-
lished; the first by Willie (8U4t) was published in 1935 with
a second editlon in 1936. The second was prepared by Harding
and Schmidt (31) and includes the literature from Willis's
second edition to June 1938,

Brown heart of rutabagas and heart rot and dry rot
of sugar beets were observed many years ago. Woods (86)
described the symptoms of boron deficlency in rutsbagas in
1915, naming the condition "Black Heart."  However, the



cause of the disease was not known until 1933 when MacLeod
and Howatt (51) showed that 1t was controlled in rutabaga by
applications of borax to the soil. Jamalainen (39) publighed
extenslvely on the investigations in Finland in 1935 on the
same plant, Dearborn and Raleigh (16) were the first to
publish that browning of cauliflower was controlled by the
addition of boron to the soil. In 1936 Snyder, Grant and
Donaldson (7U4) described deficient turnips as pithy or punky
instead of the watery center found in rutsbagas. Little or
no investigation has been carried out on other members of the
genue Brasgsica. Boron deficlency has occurred in several
other vegetables, partlicularly celery in which 1t 1s expressed
as a cracking of the petiole (67). Boron deficiency has algo
been observed in tree frults, In this group of plants in-
ternal cork of apples has received the most attention, the
major part of the work belng done in New Zealand under the
direction of Askew (2, 3, 4, and 5).

The leaves of many plants are chlorotic when boron
is deficient, H1ll and Grant (3U4) have shown that the margins
of rut&baga leaves are the first part of this plant to be
affected. Hurst and MacLeod (38) have found that these leaves
later become red on the under side and fall early. Chlorotic
areas are found between the velns of tobacco leaves according
to van Schreven (78). The same author in a later paper report-
ed the curling upward of leaves of deficient plants in water
cultures and the curling downward in sand cultures when boron

wes inadequate (79).



The skin of rutabagas grown without an adequate
supply of boron has a rough surface (10, 74, and 13). On
the other hand, several investigators have stated that there
were no external symptoms (65, 20, 7%, 61, and 39).

Most of the investigators reporting on the aplcal
meristem have stated that the first symptom of boron
deficlency was death of this tissue (9, 41, 42, 4g, 52, 57,
59, and possibly others). MclMurtrey in 1929 was in agreement
with the above view yet in 1935 (54) he reported that death
of the aplcal meristem was the last symptom of boron deficien-
¢y in tobacco. With rutsbagas Jamalainen (39) found this
meristem was killed only in cases of severe deficlency. Coul-
son and Raymond (13) have sald the apical meristem of rutaba-
gas was not killed.

Warington in her studies of Vicla faba (80) found

that the plth and ground parenchyma near the xylem of the
stem became disintegrated and discolored in plants not
adequately supplied with boron. The phloem has been found
to be distorted in tomatoes (42), in potatoes (¥1l) and in
tobacco (78). The phloem of tomato and tobacco was found to
be enlarged due to cell elongation and to cell division,
particularly in a radial direction (78 and 79).

In experiments with Pisum sativum Sommer and

Sorokin (76) observed that the root caps were deformed or
entirely lacking on plants grown without boron while Waring-
ton (&) found a black sheath over the root tips which had

stopped growing. Sommer and Sorockin (76) found many more



secondary roots which were much nearer the tip on plants
grown without boron than on plante grown with boron.

The total sugar and starch content of the leaves
is higher in boron deficient plants than in healthy ones
(22, 29, 30, and 42). The roots of such plants are low in
sugar (19, 36, 61, and 64), shive (72) found more soluble
nitrogen and less protein in cotton suffering from boron
defilcilency than 1n healthy plents. - On the other hand,
Holland and Jones (36) found an increase in the protein in
rutabagas associated with boron deficiency.

Eaton (21) has shown that the boron content of
cotton plants is greatest in the leaves and that it increases
with increasing applicatidns of boron. The boron content of
plants has been published by Bertrand and de Wall (6) and
Lohnis (37). The former shows that four of the Brassica con-
tain from 21.9 to 53.3% milligrams of boron per kilogram of
dry matter. LoOhnis found less boron in seeds than in other
parts of the plant. The boron is spparently fixed and cannot
be translocated as in magnesium defliclency.

The varliability among varieties of rutabagas 1in
susceptibility to boron deficiency has been shown by Dennls
and O'Brien (19). In their experiment the variety Picton was
taken as a standard with a susceptibility of 100 per cent and
the other varieties studied varied from O to 226 per cent.
Coulson and Raymond (13) found a variety difference of 73 per
cent in rutabagas. O'Brien and Dennis (62) and Riggs, Askew

and Chittenden (67) have shown that turnips are not as severe-

ly affected by boron deficlency as rutabagas,



Rigg (68) found that an acre of rutabagas re-
quired 60 grams of boron and that healthy roots contalned
18 to 19 ppm of boron, on a dry weight basis, while those
with brown heart contained 4 to 6. The most extensive soil
analyses dealing with boron deficlency have been made on
apple soils in which Askew (%) found that the top six inches
of soll producing healthy apples had 0.35 to 1.10 ppm of
boric acid while the soll producing apples with internal
cork had only 0.2 to 0.3 ppm. Askew working with other
investigators (5) found the greatest amount of boron in the
top soil. Howattl found only O.4t to 0.8 ppm of boron present
in New Brunswick solls and other workers in Canada had shown
that over 1.0 ppm of boron was required to produce healthy
rutabagas (34 and 13). Many investigators in the United States
(23, 35, 41, 42, 43, 72, 75, 76, and others) working with
various crops have found that 0.5 ppm of boron is sufficient
to prevent the disorder,

The effect of soll pH on boron deficlency has not
been definltely established. Some investigators belleve
the symptoms increase with increasing alkalinity (& and 13)
while others believe the deficiency 1s more severe in acid
soils (32) and still a third group believes that pH has no
effect (37).

‘The seasonal effect has caused the amount of

brown heart of rutabagas to vary from 38 to 80 per cent (13),

1Informatlon obtained by the author in coaversation
with Dr. J. L. Howatt of Experimental Farm, Fredericton, N.B.
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and several investigators have found boron deficiency to be
more severe in dry seasons than in wet onees (8, 11, 17, 1&,
26, 58, 63, 68, and 86), |

Warington (82) stated "The boron deficiency
symptoms were less pronounced under short day than under
full day conditions." Likewise Willis and Piland (&5)
have not observed boron deflciency on alfalfa in North Caro-
lina in the winter and therefore belleve there is a photo-
periodic effect. Hoagland and Sanyder (35) found that 0.1
ppm of boron was enough to prevent deficlency during the
winter months but this amount was not sufficlent in the
summer,

McMurtrey (53) has studled the effect of removing
boron at different times and found that the increase in
helght of tobacco plants was dlrectly proportional to the
time of removal. The recovery of boron deficient plants
was slow when boron was supplied after four weeks of starva-
tion, McMurtrey (52) also obeserved that aeration of water
cultures in which tobacco plants were growing hastened the
development of boron deficlency.

The function of boron has not been establlished
but Young (&7) and Shive (36) believe that boron is concerned
in metabolism. Without this element the translocation of
carbohydrates is retarded or prevented (43). Boron has an
intimate relation with calcium metabolism (9 and 83). It
has also been expressed that boron exerted some control over

the swelling of the plasma colloids (71 and 16).



MATERIALS AND METHODS

The seeds used in the first experiment were
germlnated on waxed cheesecloth as described by Johnston
(40). 1In the other experiments the seeds were germinated
in quartz sand. The seedlings were transplanted to their
permanent cultures before the leaves were evident. The
water culture studies were made in two typees of containers;
in one experiment two-quart fruit jars covered with heavy
brown paper were used while in the other experiments tall
liter pyrex beakers were used. The latter were cleaned
with cleaning sélution and palnted wlth a coat of black
paint which was later covered with white paint. The sand
cultures were conducted at the University of Maryland in
two-gallon coffee urns while at the University of Maine
some experiments were conducted in one-gallon crocks, while
others were conducted in two-gallon crocks, both glazed
inside and out and provided with a three-~fourths inch drain-
age hole in the side flush with the bottom. Ottawa sllica
gsand was used in the first expefiments and a gray river sand
was used for the later experiments. The gray sand was tested
before 1t was used and was found to be equally as good as
white sand for boron deficiency studies. In the early exper-
iments the sand was washed with a 5 per cent solution of
hydrochloric acld and then washed free of chlorine.

The treatments were assigned from Latin Squares

taken at random except in two experiments in which the Jars
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were palred and one in which the factorial design of
experiment (25) was used. The data were anslyzed by the
anslysis of variance (24) in all cases where it was possible.
Odds of 19 to 1 have been considered signifiecant.

In all but a few of the last experiments the
plants were supplied with a type I three salt nutrient
solution by the continuous flow method as described by Shive
and Stahl (73). In these experiments the salts and the
quantity used were the same as those used by Johnston and
Dore (43), Johnston and Fisher (44) and Fisher (23). The
pH of the nutrient solution was 4.& and its osmotic pressure
was 0.61 atmospheres. Other data on the nutrient solution
wlll be found in Table I. When the plants were young they
received three~fourths of a liter of nutrient solution dally
while for the larger plants the amount waes increased to two
liters per day.

Some of the experiments were conducted with no
boron added to the nutrient solution while others had various
levels of boron. Other experiments were conducted in which
the plants were supplied with a moderate amount of boron for
a period and then the sand was flushed with a nutrlent solu-
tion containing no boron, following this the plants were
grown for the remainder of the test wilthout boron. In these
experiments plants were also grown with an inadequate supply
of boron for a period followed by an adequate supply. Boron
was always supplied as boric acid usually in a solution such
that one cubic centimeter added to a liter of nutrient solu-

tion gave 0.1l ppm of boron.
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The Baslic Nutrient Solution Used for Most Experiments

Grams of Partial
salt per |molecular | Element| Parts | Milli-
Salt liter of concen- or per equiva-
nutrient tration ion million| 1lents
gsolution
Ga(NO3)2 82014 | .005 Ca 200.000 | 10,0
‘ NO 620,000 | 10.0
N3 140,064
¥gsS0y, 24076 | .002 Ng Lg. 640 | k.0
SOy 194,000 | 4,0
S 6l4.753
POy, 190.000 | 6.0
P 62,036
¥ns0,, .00269 | .00002 Mn .970 .035
Zns0y + 7H,0 .00099 | .000003 Zn .225 .007
CusOy *5H50 | .00010 | .OOQ00OH | Cu .089| ,003
Iron (ic
tartrate .,00500 | .000009 Fe 973 052
Total 1.34226 | .00903

¥These aleo include the sulfate or

sulfur in the

manganese, zinc¢c and copper salts.

Root boxes were used to study the development
of roots supplied with nutrient solutions with and without
boron. - Root studles were also made in water cultures.

At frequent intervals during the experiments one
or more of the following measurements were made: the number
of leaves, the length of the longest leaf, the width of the
widest leaf, the height of the plant and occaslonally other
measurements were made. At harvest the same data were ob-

tained and the fresh welght of stem, leaves, head or edible
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part and in a number of cases the fresh weight of roots was
recorded. In a few of the experiments dry welghts were
also obtalned.

Histologlcal studies were made on both field and
greenhouse material. The speclmens were embedded in paraffin
by the N-butyl method, and sectlons about 10 microns thick
were cut with a rotary microtome., They were stalned with
safranin for photomicrographs but for observation under the

microscope several stalns were used,



EXPERIMENTAL RESULTS
Plant Growth without Boron

The first experiment was conducted to determine
whether or not the salts, sand and Jars were sufficlently
free from boron to conduct the investigations, and to
determine how long plants would grow without boron. The
data from this experiment are presented in Table II. Using
increase in dry weight as a criterion of growth it 1s evi-

dent that the quantity of boron in the materials was not

TABLE II

Average Dry Welght in Milligrams of Seeds and Tops of Seed-
ling Plants of Different Ages Supplied with Nutrient Solu-
tions Contalning Different Amounts of Boron

Parts Time in days from soasking the seeds for
Kind per Dry _germination
of llion| seeds | 8 14 17 | 28 37 eF [ ok
plant of Germis Seedlings Young 0ld
boron nated| ready to seedlings seedlings
geeds |transplant
Ruta- [0 2,22 | 1.81|2.46[2.33 [22.12] 25.34|194.86({2.62
baga .001 2.27 29,62
.01 2.41 |29.50 731.35
.1 2,20 [30.74[503.12
Cauli-
flower |0 3439 25.84 ) U6,77] 20.92
.001 106.89
.01 28.55 600.06
41 3.03 28.88

enough to support normal growth. These data also show that

the boron present in the seed will only malntaln normal growth



for a very short time. Without the addition of boron the
cotyledons were not normal in size or shape. Without
boron the first true leaves fail to develop or develop
abnormally (Fig. 1). The true leaves normally develop

between the 17th and 22th day from germination and the data

Fig. 1. Cauliflower plants grown with no boron, 0.001 and
0.01 ppm of boron.
show that during this period the plants supplied with boron
increased in dry weight at a greater rate than those not
supplied with this element. Table III presents the percentage
of moisture of plants grown in this experiment and while the
data are somewhat variable they indicate that plants suffer-
ing from boron deficiency have a smaller percentage of
moisture than healthy plants from the 22th day on. This
point will be presented more convincingly in a later experi-

ment.
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Percentage Molsture in Seeds and Seedlings of Rutabaga of

Different Ages Supplied with Nutrient Solutions Containing
Different Amounts of Boron

“Parts Time in days from soaking the seeds for
per Dry . _germingtion
million |seeds| & iF |17 28 1 37 ol _J ol
of Germi-| Seedlings Young 0ld
boron nated ready to seedlings seedlings
seeds | transplant
0 b,72 197.44% | 94,50/89.21( 90.73 | 83.57] 88.79|89.20
»001 88,02 | 90.10
.01 90,83 91.75
.1 90.68 | 91.60

Each new lot of sand and contalners was tested

with plants to see if they were satisfactory for boron

defilciency studles.

In one experiment the variability of

different lots of seed was studlied.

days from the time the
presented in Table IV;

The results

of gome of the seedlings.

of this experiment which lasted 30
seeds were soaked for germination are

and Figure 2 illustrates the growth

When the 10 seedlings in the Jar

were not uniform they were divided ilnto two groups, one in

which the true leaves did not develop and one in which they
did. Figure 2 shows that the cauliflower was most uniform
but less than 7 per cent of the seeds contalned enough boron
to develop true leaves on the plants, The seedlings whlch
did not show boron deficiency symptoms averaged two to six

times as heavy on the fresh weight basis as those which 4id
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TABLE IV

Fresh. Weight, Dry Weight and Per Cent Moisture in
Thirty-day-old Seedlings Grown from Six D ifferent
Lots of Rutabaga and Cauliflower seeds. Each
Figure Represents an Average of 10 Plants

Measurements

Kind of plant Fresh weight Dry weight Per cent moisture

mgra* mgm.
Rutabaga 100.S 14.0 85.c&

119%*3 14.2 85.60
Cauliflower 142.8S [S.2 SI1.96

100.2 16.4 33.63

92%3 16.9 81,69

107.2 19*5 82.7%

36179

Fig* 2. Plants grown without boron for 3° days. Top left
and center rutabagas, others cauliflower*
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show boron deficlency. The dry welght shows less variation,
the more deficlent seedlings having from a little less than
one half the welght of the healthy ones to a2 little more

than one third of the weight of healthy ones. Without
exception the mofe deficient plants have a smaller percentage

of molsture.

The Effect of Different Quantities of Boron on

Plant Development

The second experiment was conducted to study the
effect of different levels of boron on the growth of ruta-
bagas.2 The levels of boron were established from the
results of three investigators. The results of experiments
conducted by Johnston and Dore (43) showed that the two
varieties of tomatoes studied grew best in the solution
with 0.55 ppﬁ of boron. Newell presented evidence which
Johnston and Fisher (U44) published showing an increase in
growth of tomatoes wilth increasing concentrations up to 0.55
ppn and a decrease from this concentration up to 2.75 ppm.
On the other hand, Hoagland and Snyder (35) had found that
0.1 ppm of boron was sufflcient to grow strawberries during
the winter months. From this evidence the boron levels were
taken as 0.1, 0.3 and 0.5 ppm. The plants were grown for
174 weeks from October 6th to February 2nd.

iy

2Th:!.s experiment was conducted at the University
of Maryland from October 1936 to January 1937.




The width of the widest rutabaga leaf was

measured at intervals and these data are presented in

Table V and plotted in Figure 3.

TABLE V

Width of the Widest Leaf of Rutabaga at Different
Periods of Development

18

These data show that the

Parts
per Age of plants in days
mil%ion
o)
boron 31 | 38 56 63 69 | 76 | &4 | 102
nehes |Inches |inches|lnches|inches |Inches |[Inches |Inches
.1 b, o 8.1 8,70 { 9.04 9.53| 9. 11,4
o3 4% g& s.lﬁ 9,02 | 9.72 10.% 10.%% 11.63
.5 W ihs | 5,63 | 7.82 | 8.33 | 8.83 9.18| 9.50{ 11.11

leaves of the plants supplied with O.1 ppm and 0.3 ppm are
wider than the leaves of plants grown with 0.5 ppm in all cases,
the dlfference at any one date is not significant. However,
when all of the data are considered as a whole the leaves of
plants grown in 0.1 ppm are found to be significantly wider
than those grown in 0.5 ppm and the data assoclate high
significance with the wider leaves of the plants receilving
0.3 ppm in comparison to those receiving 0,5 ppm. The table
and graph both show that the difference in leaf width was
greatest in the latter part of the growth period, This shows
that 0.3 ppm extended the period of most rapid growth or
lengthened the nearly straight part of the growth curve, The
diameter of the storage root of rutabagas was also measured

and the data which are similar to those for leaf width are
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Fig. 3. Curves showlng the average width in inches of the
widest rutabaga leaf of plants grown with 0.1, 0.3
and 0.5 ppm of boron measured at different ages.

presented in Tsble VI.

After these plants had been treated 122 days they
were harvested and the measurements taken at this time are
presented in Tables VII and VIII. This table shows that the
plants receiving 0.3 ppm of boron welghed more and had larger
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- TABLE VI

Diameter of the Storage Root of Rutabaga at Different
Periods of Development

Parts per

mil%ion Age of plants in days
o)

boron 56 63 __69 76 gy | 102

Inches | Inches | Inches | Lnches | Inches | Inches
.1 1.51 1.95 | 2.3 2.69 3,39 3.91
o3 1.22 1.97 2.3 2.66 3.31 Ol
.5 1. 1.95 2.3%6 2.72 3.26 3. 74
TABLE VII

Average Weight, and Per Cent Moisture of Rutabage
Plants Grown with Different Levels of Boron

Part of plant _ Megsurements
| Treatment | Fresh welght | Dry welght | Moisture
ppm. gns. gms.
Storage root 0.1 b32,0 4o,6 90,58
Tage ¥o0 0.3 A 203 20:76
0.5 389.5 4o, 85 89.77
Feeding roots 0.1 4.5 9,800 76.38
0.3 43,5 12.521 71.06
0.5 hi.% 11,846 71.66
Leaves 0.1 254.4 48,946 91.17
0.3 22.2 56.729 90.88
0.5 559.0 50.000 91.06
Total 0.l 102709 99o}'u'l'l 90. 23
0.3 1120.5 110,571 90.13%
0.5 990.% 102,696 89.73
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TABLE VIII

Measurements of Rutabaga Leaves from Plants Grown
with Different Levels of Boron* Each Measurement
Represents the Average of Five Plants

ppm of Number of Measurements of leaves

boron leaves Greatest Greatest Length
length width Width
Inches Inches Ratio

0.1 21.4 2599 11.46 2.26

0.3 27.5 27.00 11.69 2.31

0.5 24.3 2b. 11 11.11 2.35

leaves than either the 0*1 or 0*5 PPm of boron. Significance
can only be attached to the difference in weight of the plants
grown with 0.5 and PPm boron and the difference in
width of the leaves between the low and the high boron plants*
None of the plants had external symptoms of boron deficiency

but some of the storage roots were affected internally (Fig*

Fig# " Storage roots of rutabagas grown with 0.1, 0*3 and
0.5 ppm of boron.
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One of the roots from the plants receiving 0.l ppm had a
brown ring while the others were of poor texture. The
storage roots recelving 0.3 ppm were of much better quality
except plant number 11 which had root nematodes. Thls plant
had a poorly developed root with a brown ring which appeared
like boron deficiency symptom, The roots of plants receiving
0.5 ppm of boron were of excellent quality and the color was
a deeper yellow than that of roots of plants receiving other
treatments.

Cauliflower was used as a test plant in another
experiment3 in which the levels of boron were the ssme as
in the rutabaga experiment just described. The width of the
widest leaf of each plant was again used as a measurement of
growth, The average measurement of leaves of six cauliflower
plants does not show a significant difference between treat-
ments at any one date but the measurements tend to become
significant on the 54th and 67th days. The widths of the
widest leaves are recorded in Table IX and plotted in Figure 5.

TABLE IX

Widths in Inches of the Widest Leaves of Cauliflower
Plants Grown with Different Levels of Boron and Measured
at Different Ages of the Plants

Age _of plants in days
ppm of boron 35 5%5’ oI Y T 82
0.1 1.81 2,80 ki | 2.28 6.55
0.3 2.0 3,26 5.01 .25 7.05
0.5 2.12 3.3 5.12 6.53 7.65

SThie experiment was carried on at the University
of Maine from May 2nd to July 25, 1937.
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Fig. 5. Curves showing the average widths of the widest

leaf in inches of cauliflower plants grown with

0.1, 0.3 and 0.5 ppm of boron.
Thege data like those for rutabagas show that 0.1 ppm of boron
is below optimum for growth but unlike rutabaga the best
growth was made with the highest concentration, 0.5 ppm. All
plants were harvested on the eighty-second day after trane-

planting. At this time all of the heads recelving 0.5 ppm were



marketable and only half of those receiving 0.3 ppm. The
variability of plants receiving 0.1 ppm was greater than
those receiving 0.3 or 0.5 ppm in that the 0.1 ppm group
varied from plants with normal mature heads to plants without
heads. Typical heads from plants grown with the low and high
concentrations are shown in Figure 6. The data obtained at

harvest are presented in Tables X and XI.

Fig. 6* Cauliflower heads at harvest. Left from plant
receiving 0.1 ppm of boron and right from a plant
receiving 0.5 ppm of boron.

TABLE X

Average Fresh Weight of Cauliflower Plants Crown with
Different Levels of Boron

ppm of Pari; of plant weighed
boron Head Feeding Stem Leaves Total
roots
0.1 56.62 §7.33 T2 273.70 *36.93
0-3 100.59 £0.90 96.0" "7.67 693.52
0.5 131%95 go0.53 gg.” 37&.07 677.00
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Number of leaves, Leaf Measurements and Length/Width Ratio

of Cauliflower Leaves from Plants Grown with Different

Levels of Boron. Each Measurement Represents the Average

of 8ix Plants

ppn of [Number| Measurements of leaves
boron of |Total |Great-[Average| Total [freat- |Average|Lengtn®
leaves|length| est length| width | est wldth |[Width
_ length| _ width
Inches|Inches| Inches|Inches|Inches|Inches | Ratio
0.1l 22,16{228,90| 14.77] 10.30 | 95.®|6.55 | 4.30 a.ﬁz
0.3 | 25.00|286.52| 17.23| 11.51 |123.537.05 | 4.k 2.
0.5 25.,161270,02| 15.7%| 11.549 | 119,01} 7.65 | 5.12 2.06

*Ratio of longest to widest leaves.

Both experlments show the same trend although the
data in either experiment are significant in only a few cases.
The medium level of borbn, 0.3 ppm, produced a greater total
welght of feeding roots, leaves and stem, The edlble part
was greatest in the rutabaga from the 0.3 ppm treatment and
from the 0.5 ppm treatment in cauliflower. This would indlecate
that relatively larger amounts of boron were benefilcial for
head formation yet none of the plants grown with 0.1 ppm of
boron showed boron deficiency in cauliflower. There was a
distinet difference in maturity assoclated with the amount
of boron. On the other hand, with rutabaga the amount of
boron had less effect on the root weight and maturity but had
more effect on the boron deficiency symptoms and on quallity
of the root.

The general results of experiments conducted

specifically for higtologlcal studies may be mentioned here,



26

Cabbage plante were grown in nutrient solutions which con-
tained 0,05 and 0.3 ppm of boron. In the experiment with
green caebbage the higher concentration of boron produced
larger heads, a greater leaf welght and a greater totsal
welght than was produced with the lower concentration. The
leaves below the head were retained longer on the plants with
high boron concentration than on those with the low concen-
tration. In the experiment with red cabbage, which is a
slower growing plant, the low level of boron produced plants
which were slightly better than those produced with 0.3 ppm.
In summarizing the results of the effect of
different levels of boron on plant growth 0.3 ppm of boron
produced the greatest total welght of rutabaga, cauliflower
and green cabbage. The results with red cabbage indlcate that
this plant may have a slightly lower optimum which may be a
varietal difference or may be cesused by the difference in
growth rate. Since these experiments were conducted Lohnis
(49) has shown that 5 mg. of boric acid (0.87 pom of boron)
will prevent brown heart of rutabaga but 0,125 mg. of boric
acid (0.02 ppm of boron) was not enough to prevent this dis-

order.
The Effect of Removal of Boron at Different Ages of Plants

Experiments were started August 23, 1937 to study
the effect of the removal of boron at the end of 24, 46 and
67 days after transplanting. The test plants 1ln this experi-

ment were Brussels sprouts, broccoli, green csbbage, and red
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cabbage. Each treatment was replicated five times with each
kind of plant. The plants in this experiment received 0,3
ppm of boron at the outset but after 24 days six plants were
flushed with 2 quarts of nutrient solution containing 0.05
ppm of boron which remained the nutrient solution for 22 days.
The original plan was to grow the plants with 0.3 ppm of boron
for a period and then change them to 0.05 ppm of boron for the
remainder of the experiment. However, when these plants had
grown for 22 days with 0,05 ppm no external symptoms of
deficlency were evident, therefore they were changed to a
golution without boron. Another group of six plants of each
kind in this experiment were flushed and changed to a solution
without boron on the same day, l.e., 46 days from transplanting.
8ix other plants of each kind were changed from 0.3 ppm of
boron to no boron when they were 67 days old. In another exper-
iment fo be described later the boron was removed from rutabaga
at different ages of the plant. The data which pertain to the
removal of boron are presented here with that for Brussels
sprouts, broccoli, green cabbage and red cabbage. The width
of the widest leaf of each plant was measured several times
during the experiment and the average for each treatment 1s
presented in Table XII and plotted in Figure 7. The plotted
data show that the measurements were made at the end of the
period of maximum growth and that all of the plants were grow-
ing at harvest or 88 days after they were transplanted. Those
which had not received boron since they were 46 days old and
those which had most of the boron removed from the solutlon
when they were 2l days 0ld wére also growing on the &38th day.
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Averasge Widths of the Widest Leaves of Five Kinds of
Plants of the Genus Brasgsglca which had the Boron Removed
from the Nutrient Solutlion at Different Ages of the

Plant
Age of plant in days when measurements
Kind of |Age when were made
plant |{boron was
removed 56 66 73 | & a8 108
Days Inches|Incheg{Inches|{Inches|{Inches|{Inches
Brussels oL 6.49 | 6,87 | 6,94 | T.04 | 7.35
sprouts 46 2.18 T.47 | 7.49 | 7.53 | 7.53
67 TR | 7.07 | 7.16 | 7.8 | 7.22 | 7.14
ol 6.68 | 7.26 . .54
Brocecoll 46 7.01 | 7.42 ;.%3 ;.gs
67 7.54% | 7.92 | 8.13 | 8.13
Green ol 7.8 8. 8.51 | 8.70 | 8.74
Cabbage 46 7.8% 8.&2 8.2& 8.;4 8.%2 9,02
67 8.29 | 8.%83 | 9.01 | 9.0k | 9.19
Red =L} 6.91 | 7.38 .8 | 8,1 8.30
67 7.11 | 8,25 | 8,71 | 9.18 | 9,61 110,05
Age of plant in days when measurements
were made
35 43 54 65 13
nches|lnches|lnches|lnches|lnches
18 b,38 | 6,65 | 6,43 | 6.55 | 6.99
Rutab ') .15 | 6. 6.9 .58 .6b
rabags 58 g.o 6‘%? 7.6% g.gs 5.22

The ratio of the average width of the widest leaf

for any treatment to the width of the widest leaf for any other

treatment is nearly constant for each kind of plant but varies

from one kind of plant to another, Table XIII.

Table

XIIT

shows that the difference in rate of increase over the time of
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Fig. 7. Curves showing the average widths 1n 1nches of
the wldest leaves of Brussels sprouts, broccoli,
green cabbage and red cabbaﬁg which had the boron
removed when they were 24 and 67 days old and
rutabaga plants which had the boron removed when
they were 18, 41 and 58 days old.

these observations was nearly constant, It wlll be noticed
in this table and in Figure 7 that the rate of inecrease in
growth was greater, at the time of the last measurements, for
plants which had the boron removed early. This 1s shown in
Brussels sprouts which had the boron removed when they were
24 days 0ld. The rate of growth between the 80th and 88th
days was greater than in either of the other treatments. Thils
is shown to & lesser extent with broccoll and red cabbage and
to a greater extent with rutebaga. Preceding thls increase
in rate of growth the older leaves turn yellow followed by
death and sbscission. In the case of rutabaga, data are
presented under the next experiment to show that the older

leaves die. The increase in the growth of each leaf gnd the



30

TABLE XIII

Ratios of the Widths of the Widest Leaves of Five Kinds
of Brassica Plants. The Ratios were Obtained by Dividing
the Width of the Widest Leaf of a Plant from which Boron
was Removed at One Time by the Width of the Widest Leaf
of a Plant from which Boron was Removed at Another Time

Age of plants in days when measure-
Kind of Treatments ments were made
plant constituting
ratio 56 66 | 713 g0 88
Ratio | Ratlo | Ratlio [Ratio | Ratio
Brussels | L6/24 1.10| 1.10| 1,10} 1.10| 1.03
Sprouts 67 /24 1,04 1,03]| 1.03 | 1.02 0.98
67 /46 0.93{ 0.95| 0,96 | 0.95| 0.96
Broccoll 46 /ol - 1.,05] 1.02] 1,06 | 1.03
67 /24 1,13 1.,09{ 1l.10 | 1.05
67 /46 1,081 1.07| 1.04 | 1,02
Green L6 /2k 1.,01| 1.01| 1.01{ 1.00 1,01
Cabbage 67 /2l 1.06| 1,06 1,06 | 1.06 1.0
67/46 1.,05| 1,04 | 1,04 | 1,03 1.0
Red L6 /ol 1,00} 1.04]| 1,01 | 1.03 0.96
Cabbage 67/24 1.03| 1l.12 ) 1,11 | 1,13 1.17
67 /46 1,03} 1,07} 1.09 | 1.09 1.22
Age of plants in days when measure-
ments were made
_ 35 I3 sl 65 13
Ratio] Ratlio | Ratio | Ratio | Ratilo
41,18 1.18| 0,95 1,08 | 1.16 | 1,10
58 /i1 0.98]| 1.0 1.09 | 1.15 | 1.20

growth rate together with facts which were not measured, such
ag development of new leaves after boron was removed, suggest
that boron must have been translocated from the older leaves to

the younger ones. A number of lnvestigators in the past have
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sald that boron was fixed and could not be used again (&, 42,
i, 56, 79, 80 and several others). However, in all of the
experiments which the author has conducted the older leaves of
deficlent plants have turned yellow and dled and the top of
the plant has continued to grow, in the same way that plants
defielent in calcium and magnesium malntaln growth after the
first appearance of deficiency symptoms.

The data obtained at harvest are presented in
Tables XIV and XV which show that in &3 per cent of the cases
an increase in the dquration of boron treatment resulted in an
inereased growth. The increase in fresh weight was greatest
to least, in the edlble part of the plant, stem, leaves, and
feeding roots, respectively. Mcllurtrey (53) working with
tobacco found that the height of plent was directly proportional
to the length of time boron was supplied. In this experiment
only one of the plants, rutabaga, approached a direct propor-
tion of the time of boron removal to weight of the plant parts.
The other weight measurements are far from being directly pro-
portional to the length of time boron was supplied, Figure 3.
The stem length 1s not plotted but approaches the curve for
leaf weight. These curves show that the edible part of the
plant does nét grow at the same rate as the other plant parts.
Also, the edible part of the dlfferent kinds of plants does
not grow at the same rate. From the results of this experiment
1t does not seem possible to make a definite statement sbout
the relation of the length of time boron is supplied to the
fresh weight of the plant produced. In MclMurtrey's experiment
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Average Fresh Welght in Grems at Harvest of Plants from
which Boron was Removed at Different Ages.
ment is the Average for S8ix Plants

Each Megsure-

Kind of | Age when | ___ Part of plant
plant boron was | Edible | Feeding | Leaves | Stem Total
removed part#* roots .
Days Grans Grams Grams Grams Granms
Brussels ol 6458 0.26 202.42 42,50 301.7
Sprouts L6 28.37 8.25 271.k42 54,50 &o7.5k
67 29.00 79.91 559.25 | 130.93| 799.08
o4 2.0 8.38 18, 108,411 4g87.8
Broccoli L6 4.5% 23.21 347.%? 133,73 54;.“3
67 4&.85 | 106,00 5.83 | 224,05| &25.13
Green ol 47,16 6.U7 88,25 L1 525.29
Cabbage 46 25%.42 %9. & 331.6 23.66 793.33
Red oy 0.00 1.59 09.00 47.95} 388,54
67 110,08 57.87 537.91 | 123.3%3} &29.19
#The edlble part is the sprouts of Brussels sprouts, and

the head of broccoll and cabbage.

the boron was removed over a ghorter perliod of time, 29 days,

while in this experiment the removsl was over a longer period,

up to 67 days.

In this experiment the boron was not completely

removed on the 2Lth day, which suggests that the slight amount

of boron supplied from the 24th to the 46th day incressed the

growth over the theoretical, based on the growth of plants

which had the boron removed on the 46th and 67th days.

The

increasse in growth over that expected for the 24-day study dis-

torts the straightline tendency ihto a curve, Figure &.

However,
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Measurements, and Length/Width Ratlo, of Leaves from
Plants from which Boron was Removed at Different Ages
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Kind of | Age when _ _Measurements of leaves
plant boron was | Total | Great- | Total |Great- | Length
removed leaf est leaf est Width
length | leaf width | leaf
_ length width _
Days Inches | Inches | Inches {Inches | Ratlo
Brussels ok 140,14 | 12, 86,2 6. 1.81
Sprouts L6 194,80 12.28 120.82 6.%8 1.82
67 hg2,79 | 1k4.15| 282.45| 6.75 2.10
2y 181,08 | 18,69 | 73.8L| 7.44 2.51
Broccoll L6 197.29 | 17.59{ 8&3.90| 7.96 2,21
67 305.08 | 19.91 | 122.66| 8&.38 2.1k
Green L 135,86 | 12,78 | 103.10| 8.98 1.k
Cabbage ) 132.31 | 13.03 { 108.17| 8.25 1.28
Red 2l 152,36 | 13.5&8 | 97.86| 8,50 1.5
Cabbage L6 185,16 13.92 12%.58 8.%9 1.5?
67 164,41 | 13,64 | 134,29 10.30 1.32

when the fresh weight 1s plotted against the amount of boron

supplied the curves for each plant are almost exactly the

same, Flgure 9.

From the curves shown in Figures & and 9 it

does not pppear that there is a straight-line function between

the fresh weight of plant parts and the length of time boron

is supplied, or the amount of boron supplied.

The best messursble index of boron deficiency appears

to be the fresh welght of the edible part, Teble XIV and

Figures & and 9.

The total fresh welght is a very good measure

of the behavior of the plant as a whole but does not express

the development of the edible part.

On a fresh weight basls
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RUTABAGA

Fig. 8. The relation of the fresh weilght of plant parts,
which had the boron removed at different ages,
to the time boron was supplied. Each graph
is drawn so that the dlagonal represents direct
proportion. The absclssa represents O to the
maximum number of days boron was supplied and the
ordinate represents O to the maximum welght of the
plant part considered for the particular kind of

plant.

the feeding roots, stems and leaves all develop at approxi-
mately the same rate.

" From the results of this experiment i1t would appear
that the best method of producling boron deficlency symptoms
would be to supply plants with an asdequate supply of boron
for a short period, about 18 to 24 days, and follow with
nutrient solution containing no boron. Thlieg was done for

certain species of the genus Brassica not studied in this

experiment,
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BRUSSELS SPROUTS

RUTABAGA
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[

Fig. 9. The relation of the fresh weight of plant parts
of plants, which had the boron removed at
different ages, to the amount of boron supplied.
Each graph 1s drawn so that the diagonal represents
direct proportion. The absclssa represents O to
the maximum milligrams of boron supplied and the
ordinate represents O to the maximum welght of
the plant part considered for the particular kind
of plant.

To prevent any question about the meaning of terms

used in the description of boron deficiency symptoms, certain

words are described briefly. Brown heart 1s a name glven to

an area of dead cells found in the roots of rutabagas and
turnips and in the stem of kohlrabl, In the early stages of
deficlency thles appears watery and in very severe cases it
produces a cavity. In the severe cases it 1s sometimes

called hollow heart. The words cork, corky and corky appear-

ance refer to a rough, light brown area on the surface of

plant parts. It will be shown in the section on histology
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that in the majority of cases this is not a true cork.
Cracks are longltudinal splits in the petioles, stems and
roots of plants except in Chinese Cabbage where they are
transverse. Curling is an abnormal bending downward of the
midrib. Dwarfing is a reduction in size of plant parts
usually without a reduetion in the number of parts. Rolling
18 a merginal bending upward or downward of the leaf from
the midrib. In rugose leaves the velns and veinlets are
sunken and the spaces between them are elevated. Swellings
are protuberances composed of much elongated thin walled
cells, Wrinkled velns follow a very irregular path in the
plane of the leaf blade.

As there are a few symptoms which are common to
almost all Brassica plants grown wilthout an adequate supply
of boron, they will be stated here. The leaves of plants
developing after boron deficiency occurs are shorter and
narrower than the leaves of healthy plants, However, the
length-width ratio is seldom significantly changed. The entire
plant is dwarfed and the aplcal meristem of diseased plants
dies prematurely. Usually all other symptoms appear before
this meristem 1s destroyed.

The following descriptions of boron deficiency
are arranged alphabetically by the horticultural name of the
plant. The sequence of boron deficlency symptoms may vary
with the age of the plant at the time boron becomes the
1limiting factor.

Broccoll, Brasslca oleracea, var. itallica. Horti-

cultural variety, Italian green sprouting. In the greenhouse
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this plant shows boron deficiency earlier than the other
plants studied. In the field, however, it does not show
symptoms as early as cauliflower or rutabaga. The first ex-
ternal symptom of boron deficiency is a curling and rolling
of the leaves followed by an abscission of the older leaves,

Figures 10 and 11. Soon small swellings appear on the stem

Fig* 10. Broccoli leaves showing curling and rolling.

and under side of the petiole, which later have a corky appear-
ance, Figure 12. About the same time longitudinal cracks of
various lengths appear on the petiole, most frequently on

the under side, Figure 13* The leaves are very brittle. If
the plant is not in bud or flower the stem stops growing
quickly, resulting in a flat top, and lateral shoots develop

more rapidly than usual. When the-plant is in bud the



Fig.

Fig.

11.

12.

Broccoli grown with 0*05 ppm of boron for 22 days
and then with no boron. This plant had eurled

and rolled leaves and abscission of the older
leaves occurred.

Petioles and midribs of broccoli showing the
development of swelling and cork. In number 1

the swelling is Just starting. In number 2 It

is somewhat larger and i1s transparent with a light
green color. In the remaining petioles and
midribs the swellings have the appearance of small
shallow cracks with a corky surface. In number 6

the swellings are Just beginning to appear on the
secondary veins.

3#
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Fig. 13. Petioles from broccoli plants which had received
boron but not enough for healthy growth. The
most severe crack split the petiole. The second
petiole from the left has two swellings on it.
individual buds turn brown and abscission of the buds takes
place before the head is marketable* This causes the head
to be irregular in shape and of poor quality, Figure 1. When
the plant is in blossom abscission of the seed pods occurs
before seed is developed. In the field plants have been

observed with curled leaves, cracked petioles, cork on the

stem and petiole, and abscission of buds.



Fig* 14*. A1l of the buds on one of the clusters of the
head on the left have fallen off and part of the
buds on other clusters. The head onthe right has
brown buds scattered over it.

Brussels sprouts, Brassica oleracea var.
gemmlfera, DC. Horticultural variety Special Italian. Brussels
sprouts do not show the symptoms of boron deficiency as quick-
ly as do broccoli nor do the symptoms progress as rapidly after
they appear. The first external symptom is the appearance
of swellings which later have a corky appearance. These may
appearon the petioles or stem. The swellings which appear on
thestem occur just above the axillary bud and spread vertically
and laterally, Figure 15*% The veins of the leaves of plants
which do not receive sufficient boron are wrinkled, Figure 16.
The leaves at the base of plants showing deficiency fall off
before the basal leaves of healthy plants. Chlorosis is very
common, occurring at the margin first and progressing toward
the midrib, Figure 17* Later a red pigment develops on the
under side of the leaf. The death of the tip of the plant is

usually the last external symptom, J'igure 1B, When the defi-



Fig* 15. Swellings on the stem of Brussels sprouts.

Fig* 16. Leaf showing wrinkled veins.
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Flg. 17. The plant on the left did not receive an adequate
quantity of boron and shows rugose, chlorotic
leaves. The plant on the right is healthy.

Fig. IS. Brussels sprouts showing the premature death of
the apical merlstem.

ciency occurs before the sprouts begin to develop, no sprouts
are produced or they are very small# If the deficiency occurs
after the sprouts have started to develop, the sprouts are
smaller than usual and the outside leaves are distorted and

curled outward forming very loose, sprouts, Figure 19*
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Pig. 19- Brussels sprouts produce very loose sprouts when
boron is deficient.

Cabbage, Brassica oleracea var. capitata, Linn.
Horticultural varieties Early Jersey. Wakefield and Mammoth
Red Rock. The leaves of boron deficient cabbage plants
droop and have a wilted appearance yet feel very thick and
stiff. The leaves which develop when the plant is not
adequately supplied with boron are curled, due to a difference
in growth rate of the different parts of the leaf. Some of
the leaves may be broken by the strain resulting from the
difference in growth rate, Figure 20. Such leaves are very
brittle and break easily when touched. Like the preceding
plants, cabbage, particularly the red cabbage, has swellings
which later cork over. In cabbage these gradually develop
up the petiole, on the under side, on to the midrib and
occasionally are found on the secondary and tertiary veins,

Figure 21. When the deficiency occurs before the head starts



Fig. 20*

Fig* 21%

Plant number 10 shows the wilted appearance of
a plant receiving too little boron* Plant
number 2 has leaves broken by the mechanical
streeses set up when boron is not supplied*
Plant number 11 produced no head®* Plant
number 15 is healthy*

A red cabbage leaf which shows swellings on
the under side of the petiole and midrib* The
interior of the stem of the plant has brown
spots especially near the top*



to form, no head Is produced, Figure 22. However, if the head
1s fairly well developed when the deficiency occurs, abscis-
sion of the outside leaves of the head occurs, causing the
head to appear yellow, Figure 23* Almost all of the midribs
of the outer leaves of the head may have cork at the time of
harvest, Figure 2"# The stem of cabbage plants which have

not been adequately supplied with boron have brown areas
similar to those found in cauliflower suffering from this
deficiency. In the field, plants have been observed in

which abscission of the outer leaves of the head has occurred

and with brown areas in the stem.

Fig# 22* Cabbage plants produce no head if deficiency
occurs before head formation begins (left).
However, 1f head formation has started a small
loose head is produced with a brown area in the
top of the stem (right).

Kimbrough (#5) in reporting on the effect of sources
of nitrogen found that nitrate of soda was superior to calcium
nitrate for the growth of cabbage. The description and pic-
tures indicate that his cabbage plants were suffering from

boron deficiency even when supplied with Chilean nitrate of soda.



Fig. 23* When boron deficiency occurs after the head is

formed abscission causes the leaves to separate
from the stem. The picture on the left is of a
plant grown in the greenhouse while that on
the right is from a field-grown plant.

Fig,. 2** The outer leaves of a cabbage head sufferin

from severe boron deficiency. Note the corky
appearance of the midrib and veins.
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Cauliflower, Brassica oleracea var. botrytis, Linn.

Horticultural varlety Super Snowball, several strains. Brown

rot of caullflower has been known for twenty-five or thirty
years and has caused serious damage to cauliflower, particular-
1y in New York in some seasons. Chupp and Horsfall (12)
published a description of the disease in 1933 and stated the
disease was most severe 1n seasons with low rainfall during
June and July. These investigators and others could not
isolate any organism and Chupp and Horsfall thought the trouble
might be related to water heart in rutabaga. In 1935 Dearborn
and Raleigh (14) controlled this disease, also called internal
browning, with spplications of borax of 1.25 to 5 pounds per
acre. The latter investigators with Thompson (15) published
the results of greenhouse and field experiments a year later
showing the trouble was controlled with 6 pounds of borax per
acre.

The first symptom of boron deficlency in cauli-
flower 1s a rolling of the leaves, usually downward. At this
time the leaves are very brittle, breaking easily when touched
and occaslonally breaking without being touched, Figure 25.
Later the younger leaves are very badly rolled and curled and
the intermediate leaves may be rugose. In severe cases the
young leaves have an enlarged midrib, with no leaf blade,
Figure 26. Severely affected leaves frequently have cork on
the midrib. Plants suffering from this deflciency are always
dwarfed. When boron deficilency 1s not severe a head is

developed which has watery or brown areas and the stems of



Fig* 25.

Fig* 26*

The plant on the left received boron for only
18 days* The leaves are curled, rolled and
cracked and the head is very small and brown*

The plant on the right was supplied with boron
continually*

The two leaves on the left are from healthy plants
and the four in the center are from boron deficient
plants®* The heads on the right are from healthy

plants while the others are from deficient plants.
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such heads have transparent or brown areas, Figure 27. Ho

head 1s produced on extremely deficient plants. Some workers

Fig. 27. Field-grown plants with varying degrees of boron
deficiency. The two heads on the right and part
of the second one from the left are severely
affected with boron deficiency. Note the watery
and brown areas in the stem.
have claimed that boron deficient cauliflower has hollow stems
but in a field experiment in 1937 no relation could be found
between boron deficiency symptoms and hollow stem or between
the amount of borax applied, up to 5° pounds per acre, and
the number of plants with hollow stems. In plants showing
boron deficiency the tissue around the cavity is always watery
or brown. The same is also true for broccoli. Hartman (32)
working at the same time at Purdue University and Long Island
observed hollow stems with one of his boron treatments and
stated "This was the only case in this experiment, or in any
others, where hollow stem was produced in the greenhouse with-
out known boron deficiency." The author has observed all of

the symptoms of boron deficiency in cauliflower under field

conditions.
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Chinese Cabbage» Brasslea pekinensls. Hortlcul-
tural variety Chihili (Celery Cabbage). Boron deficiency in
Chinese cabbage is first expressed as curling and rolling of
the leaves, particularly at the tips. Later the deficient
plants have rugose leaves much like the leaves of savoy

cabbage, Figure 23. When the deficiency extends for a period

Fig* 2£. The two Chinese cabbage plants on the left show
boron deficiency as curled rugose leaves. The
plant on the right received boron.

of time the midrib becomes cracked Inside transversely and the

leaf becomes chlorotic, Figure 29* This is the only plant

in the Brassica group which has transverse cracks and is

unlike celery which has the cracks on the outside of the

petiole (67). Deficient Chinese cabbage plants do not produce

a marketable head as the top of the stem is killed very early,

Figure 30. No symptoms of boron deficiency in this plant

have been observed in the field.



Fig, 29*

Fig. 30.

The leaf on the left shows transverse cracking

of Chinese cabbage due to insufficient boron.
The leaf on the right is healthy.

Without boron Chinese cabbage do not produce a
marketable head. The heads on the left and right

are from plants well supplied with boron, while
those in the middle are deficient.

51
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Kale, Brassioa oleracea var. acephala, DC. Horti-
cultural variety Dwarf Blue Scotch. Like Chinese cabbage
this rapid growing plant has fewer symptoms than some of the
slow growing plants. When boron is withheld from the nutrient
solution the leaves of kale are more curled and rolled than

the leaves of deficient plants already described, Figure 31«

Fig. 31. The kale plant on the left received boron only
during its early stage of growth, the one on the
right received boron continually#

Chlorosis is distributed over the entire leaf, Figure 32# The

leaves of deficient plants are frequently rugose# Like other

plants in this genus, brown dead areas appear inside the stem
before the tip dies, Figure 33# The tip does not die until
the Internal breakdown has extended to the outer part of the
stem, cutting off the supply of nutrients from the root.

Lateral shoots frequently develop below the dead tip.



Fig* 32%

Fig* 33*

Healthy kale leaves have a dark green eolor (left)
while boron deficient leaves are chlorotic*

Longitudinal section through the stem of kale
plants®* The stem in the top row left is from
a healthy plant* The other stems show varying
amounts of boron deficiency*
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Kohlrabi. Brassioa oleracea var* Caulo-Rapa, DC.
Horticultural variety White Vienna* Unlike most of this
group kohlrabi plants with boron deficiency grow more erect

than those plants which do receive boron, Figure 3* The

Fig* 37* The two kohlrabi plants on the left show boron
deficiency. The one on the right is healthy.
curling and rugosity of the leaves is not quite as noticeable
and the swelling on the stems ih deficient plants is less
common than in other members of the genus Brassica. If the
plant is deprived of boron before the edible part of the stem
starts to develop, little or no development takes place. How-
ever, when boron is removed from the plant after the edible
part has begun to enlarge, further development is slightly
retarded and the surface becomes more or less covered with
cork, Figure 35*% Such stems are often abnormal in shape and
develop watery or brown areas and in some cases become hollow,
Figure 36* These symptoms have been observed only in the

greenhouse.
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35* outer surface of kohlrabi becomes rough when
boron is insufficient (two on le ft)e

Fig. 36. The inside of kohlrabi stems become watery, brown
or hollow when the plants are deprived of boron.

W hite Mustard, Brassica alba, Boiss. Horticultural
variety White London. White mustard supplied with boron for
12> days has no deficiency symptoms when grown for greens.
However, plants grown for seed fail to flower when boron
deficiency occurs before flower formation and fails to fruit
when the deficiency occurs Just after flower formation.
Deficient plants are dwarfed, have curled leaves which fre-
quently roll down, and show rugosity, Figure 37* Deficient

plants have fewer seed stalks and the ones produced are short

with malformed blossoms and leaves*



56

Fig* 37* two white mustard plants on theleft did
not receive enough boron# The one on the right

is healthy#

Rape# Brasslca Napus» Linn# The symptoms of boron
deficiency in rape are almost exactly the same as those for
kale# Rape plants are dwarfed with rugose, chlorotic, rolled
leaves. Frequently the petioles are cracked and the stem

usually has brown dead areas.

Rutabaga, Brasslca Napo-brasslca, DC# Horticultural
variety American Purple Top# Brown heart of rutabaga has been
observed for twenty-five years or more# In 1915 Woods (S6)
described the disease and presentedthe results of the previous
season” work which showed that the condition was not caused
by an organism and could be partially controlled by the use of
manure# Hurst (37) came to similar conclusions in 193°¢ In
193~ MacLeod and Howatt (50) found that brown heart could be

controlled by applying 10 pounds of borax per acre in the row#
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Bince 1934 investigators all over the world have studied
browning of rutabaga and the smount of boron necessary to
control it.

In the summer of 1934 experiments were conducted
in the field in the.rutabaga sectlon of lMaine. Since that
tlme many experiments have been conducted with futabaga in
the field and in the greenhouse. The field experiments
have shown that 5 and 8 pound applications were not sufficlent
but the 10 pound applications prevented brown heart in all of
the trials in the rutabaga section. In one experiment in
1937 in which the rate of borax varied from 5 to 50 pounds
per acre the highest appllication produced much better rutaba-
gas than the lower ones but none of the applicatlons produced
rutebagas entirely free from brown heart. Cauliflower were
grown in the same fleld as the rutabaga and only a small
percentage of these plants showed boron deflciency. Probably
a small part of this difference was due to specieg variation
but most of the difference was due to seasonal effect. The
soll was wet when the cauliflower was planted followed by a
heavy rainfall. Later, when the rutabaga was planted there
was very little rain and a dry growlng season followed. Other
investigators have found a seasonal effect for rutabagas (11,
26 and 86), for apples (68), for sugar beets (8, 46 ang 58),
for potatoes (63) and for crops in general (17 and 18). Because
of the great difference in results obtained in this fleld, from
almost no boron deficlency in cauliflower to almost 100 per

cent in rutabaga, apparently due to seasonal conditions, very
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little emphasis is being placed on the numerous field experi-
ments conducted in various parts of the State.

When rutabaga is not adequately supplied with
boron in either greenhouse or field, the plants are dwarfed,
and have curled leaves which are rugose, Figure 3** The

older leaves are more brittle and more horizontal in plants

Fig. 3S. The rutabaga plant on the left has boron deficiency.
The one on the right is healthy.

not supplied with boron than in healthy plants. In severe
cases of deficiency the leaf margins are chlorotic (S51)> a
reddish purple pigment develops on the under side of the

leaves and the leaves fall prematurely (33), Figure 39.
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Fig* 39* A rutabaga plant severely affected with boron
deficiency* This plant had chlorotic leaf margins
with pigment on the under side. (This is an
enlargement from a color film)*

In 1935 the author with others (10) stated that
rutabagas affected with boron deficiency often had rough skins
and the roots were cracked, Figure 40. However, it has been
the opinion of some investigators (20, 61, 65 and 7") that

there were no external symptoms. The severity of the

deficiency varies the amount and the type of the injury inside

Fig. *K). This picture shows the top and side view of the
same rutabaga. Top row healthy, bottom two rows
have brown heart.
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the storage root* In some cases the injury has a watery
appearance, in others brown spots and in most severe cases
it may be hollow, Figure The brown heart in roots has
various designs. The affected areas may be small and
scattered or they may have a tendency to be grouped or they
may be in rings, Figure Brenchley (6), Donaldson (20)

and O'Brien and Dennis (6l) have stated that brown heart did

Fig. *1-1. Rutabagas with no borax, and with 5 pounds per
acre. Without borax the roots were watery, brown
or hollow hearted. With 5 pounds of borax per
acre some of the roots were normal and some had
brown heart.

not extend to the top of the rutabaga and Rigg, Askew and

Chittenden (69) have stated that brown heart did not extend to

the bottom. However, the author has observed rutabagas in the

field which were affected at the top and down to the bottom
of the storage root. In the greenhouse boron deficient

rutabagas are smaller than healthy ones but in the field there

is little or no difference in size.
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Fig. k2* The rutabaga in the top left hand corner is
healthy. The others show varying degrees of
brown heart.

Turnip Brassioa Bapa, Linn. Horticultural variety
Purple Top White Globe. The boron deficiency symptoms are

almost exactly the same for turnips as those for rutabagas,

Figure 43.

Fig. ty3. Turnips have a rough surface when grown without
boron (two on left), while healthy roots have a
smooth surface (right).
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The Growth of Plants Supplied with Boron at Different
Periods Compared with Plants which had the Boron

Removed at Corresponding Periods

Elghteen rutabaga plants were transplanted into
individual Jars and supplied with nutrient solution contain-
ing 0.05 ppm of boron. At the same time another group of
elghteen plants was transplanted which received 0.3 ppm of
boron in the nutrient solution. When the plants had grown
for 18 days six of the plants receiving the low concentration
of boron were flughed with two quarts of nutrient solution
contalning 0.3 ppm of boron and were supplied with this solu-
tion to the end of the experiment. At the same time six of
the plante receiving 0.3 ppm of boron were changed to 0.05
ppm as in the preceding experiment (page 26). Forty-one
days after transplanting, the six plants Just mentioned were
changed to a no boron solution and six plants whlch had re-
celved 0.3 ppm of boron from the beginning of the experiment
were changed to no boron. On the same day six plants whiech
had receilved 0,05 ppm of boron from the beginning of the exper-
iment were changed to 0.3 ppm of boron. The last change Was
made when the plants were 58 days old at which time the last
six plants receiving high boron were changed to no boron and
the last six receiving low boron were changed to high boron.

The wldest leaf on each plant was measured and
tagged 35 days after transplanting. The widest leaf and the

tagged leaf were measured several times before harvest. The



data obtained from these measurements are presented in

Table XVI and plotted in Figure L,
TABLE XVI

Widths in Inches of the Widest Leaves and of the Tagged
Leaves of Rutabaga Plants Grown with an Inadequate Supply
of Boron Followed by an Adequate Supply Compared with Plants

grown with an Adequate Supply Followed by a Solution without
oron

Days from O.3 ppm of boron changed |0.05 ppm of boron changed
trans- to no boron to 0.3 ppm
planting |18 days| 41 days | 58 days |1& days | k1 days| 58 days
Inches Inches Inches |Inches Inches Inches
Width of Widest Leaf
4,38 .1 Ol .08 .0 i,
z% 6.%5 2.3? 2.61 .50 2.32 6.32
51 6.43 697 7.63 7.18 7.25 7.25
65 6.55 7.58 8.68 8.29 8.29 8.11
69-75 6.99 7.56 9.22 9.45 9.50 9.5
Width of Tageed Leaf
Ll'. 8 QJ. .Oh' .08 OO 4099
% 6.%& Z.EE g.os 2.30 2.98 6.00
2 6. 6. 6.23 6.25 2.92 6.19
5 6.16 6.63 6.75 6.48 .2& 6.35
69-75 4,55 6.55 6.22 6.75 6.2 6.51

The width df the widest living lesf 1s a measure
of plant growth while the width of the tagged leaf 1g only a
measure of the growth of that leaf. The decrease in width
of the tagged leaf indicates approximately the time that
death occurred. These data show that death occurs first on
those plants which received 0.3 ppm of boron for 18 dayse
followed by 0.05 ppm for 23 days. The tagged leal on these
plants died when the plants were 54 days old or 13 days after



Fig. Wi,

the boron was removed.

6L
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WIDEST LEAF i’/ P TAGGED LEAF
/{7

; / /
. 7L o8

T I I I
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0 10 2030405060 7080 0 1020 304050 607080

DAYS

Curves showing the average widths in inches of

the widest leaves and of the tagged leaves (widest
when the plants were 35 days old) of rutabaga
plants grown with an inadequate supply of boron
followed by an adequate supply (solid line) and
grown with an adequate supply followed by & solution
without boron (dotted 11ne§

*

The tagged leaf lived 24 days after

the removal of boron in the 41 day treatment and 7 days after

the removal of boron in the 58 day treatment.

a slight storage or a translocation of boron.

This indicates
From the dis-

cugelon presented in the previous experiment, pages 28 to 31,



65

the theory of translocation is preferred. A study of

Table XVI and Figure 44 shows that all of the tagged leaves
of plants changed from 0.3 to no boron decreased in width
before the end of the experiment. The greatest decrease in
width of the tagged leaf 1s with the early removal of boron
and this is associated with an increase in rate of growth of
the widest leaf which 1s not shown for any other treatment.
In many plants severely affected with boron deficiency the
plants appeared to be in such poor condition that death was
expected very soon, yet before death the lower leaves withered
and fell off which enabled the plant to survive until more
leaves fell, supplyling more boron to the plant. The lateral
shoots may fall off for a short time supplying enough boron
to keep the plant alive for several days.

At harvest the plants grown with 0.05 ppm of boron
and changed to 0.3 ppm of boron were much better than the
group started with 0.3 ppm of boron and changed to no boron.
The storage root which was the nearest to the mean for each
treatment is shown in Figure 45. The storage root had a
smgller dlameter than the stem when the plants received the
0.3 ppm of boron for only 18 days. These roots were very rough
on the outside gnd some parts of them had decayed. Some plants
had leaveg with yellow margins on the upper surface and reddlsh
purple marging on the under surface, Figure 39. The plants
with this treatment were harvested 69 dsys after transplanting
because one plant was so severely affected with boron deficlency

that i1t appeared to be dying. Plants of this treatment as well



Fig. *I5. The top and center rows show rutabagas from

the group of plants changed from 0.05 ppm of

boron to 0.3 ppm, the change being made at

IS, MI and 5% days respectively. The bottom

row shows rutabagas started with 0.3 ppm of

boron and changed to a solution of 0.05 ppm

of boron at IS days, then to no boron at

*1 days, and 0.3 ppm to no boron at *H and

5S days respectively.
as some of those which were changed from 0.3 ppm to no boron
*I-1 days after transplanting had lost their apical dominance.
The change from 0.3 ppm to no boron made at 5& days had
much less effect upon the plants than other changes from
0.3 ppm to no boron, but the average weight of these plants
was less than the average weight of the plants from any of
the 0.05 to 0.3 ppm of boron treatments. None of the plants
started with 0.05 ppm and changed to 0.3 ppm of boron showed
external symptoms of boron deficiency and the internal
symptoms were not severe although some of the plants had a

trace of brown heart. The data obtained at harvest are pre-

sented in Tables XVII and XVIII which show that the plants
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Average Fresh Welght in Grame at Harvest of Plants from Which
Boron was Removed at Different Ages Compared with Plants Which

had an Inadequate Supply of Boron Changed to an Adequate

Supply at the Seme Time

Fresh Welght

Rootg
Treatment Storage | Feeding Leaves Total
grams grams grams grams
0.3 to no boron
18 days 69.77 30.58 217.83 318,18
by o 155.95 50.67 381,36 581.98
58 370.11 79.45 ok, 50 1094,06
0.05 to 0.3 boron
ES days 361.13 96.82 733.22 1191.17
1 4 61.28 105.10 810,03 1276.41
18 o 8,12 102.23 728.28 1238.63
TABLE XVIII

Measurement, and Length/Width Ratlo, of Leaves from Plants
from which Boron was Removed Compared with Leaves from
Plants which had an Inadequate Supply of Boron Changed to

an Adequate Supply

Length
idth

Ratio

2e

.81
2.79
2473

k Measurement of Leaves
umber of|Greatest Greatest
Treatment leaves _length width

Inches Inches

0.3 to no boron

1& days 13.17 19.07 6.99

by v 15.50 21.75 7.66

e 18.83 25.75 9.22
0.05 to 0.3 boron

28 days 19,17 26,02 9.54

1 20,33 25.85 9.22

18 " 19033 25010 90

3.8z
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started on the low amount of boron which was later increased
grew much better than those plants started with a high

amount of boron which was later removed. The average weight
of each plant part of plants changed from 0,3 ppm to no boron
at 18 days and 41 days was significantly smaller than the
plant parts of plants of all other treatments in this experi-
ment. The data for the other treatments were not significantly
dlfferent. The results of this experiment, like the last, show
that the growth of plants is not directly associated with the
time or the amount of boron supplied. From the fresh welght

of the entire plant or of the storage root it ig evident that
0.05 to 0.3 ppm of boron treatments produced piants of about
the same slze regardless of time of change. However, the
quality was lmproved with early change from 0,05 to 0.3 ppm

of boron,

The Development Expressed as Ratios of Some of the Plants in
the Above Experiments, and Other Statistical Analysis
of the Data

In order to determine whether or not all parts of
a plant are equally affected by boron deficiency the results
of the foregoing experiments are expressed as ratios in this
section. Table XIX presents the length/width ratios of
geveral kinds of Brassice plants with varlous boron treat-
ments. These ratios show that the relative shape of leaves
is not materially changed by the amount of boron supplied.
The rutabaga data show that there is more difference between



TABLE

XIX

Ratlo of Leaf Length/Leaf Width of Different Kinds of Brassica
Plants Grown with Different Amounteg of Boron

_ Kind of plant e
Treat- | Amounty Time | Brus- |Broc-| Green|Red | Ruta- | Cauli-
ment of of sels coll | cab- | cab- | baga | flower
boron| changel sprouts bage |bage
ppm ratio | ratio| ratlo| ratio| ratio | ratio
Changed 0.3-0 | Early | 1.79 | 2.5 1.42| 1.59| 2.7
" e 3=0 | Med1i 1.79 2.25 1.28 1.57] 2.8
" «3=0 | Late 2.09 2.38 1.45| 1.32| 2.79
Con- .1l None 2.26 | 2,25
tinued
" o3 None 2.31 | 2.44
oy 5 None 2.35 | 2.06

experiments than between treatments in the same experiment.

Table XX presents the fresh welght of leaves/fresh weight

Ratio of Fresh Weight of Leaves/R

TABLE XX

oot Welght of Different Kinds

of Brassica plants Grown with Different amounts of Boron

Lm Kind of plant
Treat- ount| Time Brug- | Broc-| Green|Red Ruta- | Cauli-
ment of of sels | coll | cab- | cab- | baga | flower
boron | change {sprouts bage |bage
ppn ratio | ratio| ratio| ratioj ratio | ratio
Changed+ 0+3=0l Early kol 5.45010.,30f 9.79| 7.12
" .3-0|Medium|{ 3.98 E.% 10.30 9.72] 7.52
" «3=0lLate 7.01 18| 9.45| 9,32] &.1l1
Con-
tinued | .1 13.36 A.SE
# 3 14,32 2.1
" 5 13,39 .68
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of roots, These ratios are not a8 uniform as those for leaf

length/leaf width, but with the exception of Brussels sprouts
there is no slgnificant difference between treatments. The
ratios of the fresh welght of leaves/stem welght, Table XXI,

shows significant differences with only one plant, red cabbage.
TABLE XXI

Ratlo of Fresh Weight of Leaves/3tem Weight of Different
Kinds of Brassica Plants Grown with Different Amounts of Boron

. _ Xind of plant —
Treat- |Amount| Time Brus- |Brod- | Green | Red Cauli-
ment of of sels coll cab-- cab- | flower
boron | change | sprouts bage | bage
ppm ratlo |ratio | ratio | ratio| ratio
Changed{0.3-0 | Early 4,75 2.93 6.95 | 6,15
" «3=0 | Medium | 4,97 2.59 6.78 | 7.01
" «3=0 | Late 4,27 1.97 6.77 | %.35
Con-
tinued | .1 None 2.92
" o3 None .34
f 5 None 4.25

On the other hand, fresh weight of leaves/fresh welght of the

edible part, Table XXII, shows considerable change 1n the

ratio execept for rutabags when the boron was removed from

the nutrient solution.

In this teble the ratios for cauli-

flower did not change as much as the ratios for other plants

but they changed more than the ratios for cauliflower in the

other tables.

From these tables i1t is evident that a deficlency

of boron dwarfs the plant keeping all organs except the edible

part in the same mass relatlonship.

The ratio of total fresh

weight/leaf welght, Table XXIII, shows an increase with duration
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Ratlos of Fresh Weight of Leaves/Bdible Part of Plant of

Dilfferent Kinds of Brassica Plants Grown with Different
Amounts of Boron

—_— _ Kind of plant _
Treat- | Amount| Time Brus-| Broc-|Green|Red |Ruta~ |Cauli-~
ment of of sels | coll |cab- |cab- jbaga [flower
boron | change| sprouts bage |bage
rpm ratio] ratio|ratio|ratio jratio|ratio
Changed|0.3-0 | Early 30.76|157.02 | &.23% 3,12
" 03-0 Late 19028 9012 .76 . 107“‘
Con-
tinued | .1 None 1.28| 4.92
" o3 None 1.37 4,15
" 5 None 1.43( 2,88
TABLE XXTIII
Ratio of Fresh Weilght of the Entire Plant/Leaf Width of
Different Kinds of Brassica Plants Grown with Different
Amounts of Boron ‘
— _ Xind of plant
Treat- JAmount] Time | Brus- | Broc-|GreenjRed uta- |Cauli-
ment of of sels coll |cab- |cab-~ |baga |[flower
boron | change [gprouts bage |bage
ppm ratlio | ratio|ratio|ratiojratio |ratio
Changed 0.3=0 | Early 3.4 | 65.6] 58.5| 45.71 U5.5
" 3.0 | Medium| 63.8 | 69.0| 96.2| 52.5 76.26
" .3=0| Late 118.4 { 9&,5{104.0{ 80.5{ 118,
Con-
tinued | .1 None 89.5 66.£
C .3 None 95.91 98.
" 5 None &9.1| 88.5
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of the optimum amount of boron. The part of this table ex-
pressing the ratios for levels of boron shows a decrease in
the ratio with the lowest and highest levels. 4As the length/
width ratios of the plants grown with these treatments was
not significantly changed the leaf width may be conddered

a8 good megsure of leaf area. Therefore these ratios may be
considered as expresslons of efficiency of the leaf area to
produce total fresh weilght. The most efficient production

is with 0.2 ppm of boron supplied continuslly. According to
the data for rutasbaga the efficiency varies with season of
growth, being most efficient in the summer and least efficient
in the fall.

The regression line of total fresh weight on leaf
width for each treatment of each rutabaga and cauliflower
experiment is plotted in Figure 46, In the rutabaga experi-
ment in which boron was supplied at different periods of time
in comparison with the removal of boron the lines have a more
uniform slope than in the other experiments. These lines,
with the exception of one, show a greater welght for a glven
increase in leaf width with plants well supplied with boron
than with plants poorly supplied with boron. The experiment
with rutabaga in which levels of boron were studied shows very
114tle difference in the slope of the regression line. In the
experiment with rutabaga in which the effect of removing the
boron 31 days after transplanting was studled the plants all
had sbout the same welght regardless of the leaf width, while

the control plants (0.5 ppm cont;nually) had narrower leaves
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RUTABAGA
03 PPM TO NOBORON 005 1003 PPM OF BORON

18 DAYS 41 _DAYS 58 DAYS 58 DAYS 41 DAYS 18 _DAYS

ALAL N/

RUTABAGA

05PPMTOO OSPPMOFB  O1PPMOFB  O03PPMOFB O05PPMOFE
37 DAYS  CONTINVALLY CONTINUALLY  CONTINUALLY CONTINUALLY

—I— | ]
CAULIFLOWER

05PPM TO 0 OSPPMOFE OIPPMOFB OQ3FPPMOF B 05FPPMOF B
31 DAYS CONTINUALLY ~ CONTINUALLY — CONTINUWALLY CONTINUALLY

— =

AL~

L

Fig. 46, Regression of fresh weight of plants on leaf
width for each treatment of each rutabaga and
cauliflower experiment (scatter diagrams with
regression will be found in Appendix 4).

on the heavy plants than on the light ones. The experiment

on levels of boron and removal of boron was conducted at

the same time and the lack of agreement of the two groups of

plants receiving 0.5 ppm of boron may be explalned by the

varisbility which ie expressed by the correlation coefflcient,

Teble XXOV. With cauliflower the regression lines for the

plants which had the boron removed and for the control (0.5

ppm) have approximately the same slope and nearly the same
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TABLE XXIV

Regression Equation and Correlation Coefficlent of Leaf
Width to Fresh Weight of Plants of Rutabags and Cauli-
flower Plants Grown with Different Treatments

Treatment Regression '—-
Kind of ppm of boron Equation® Gorrelation {Signif-
plant and days of E=y+8XY(x-%3) Joefficient [1cance#¥*
treatment »y+ng -
Rutabaga| 0.3-no boron
18 days 70.12X-662.21 .9151 S
¥ 41 days 31.£3x&102.os .2301 N
" 58 days 2.60X-60,16 4338 N
All 0,3-no boron . 8943 HS
0.05‘03 8 d.a.ys 81002}(‘323078 ':576 N
W 8" 1] days |107.57X~765.40 6076 N
A;l 0"05183days 167.58X~1930.42 6824 N
«0B=, 5772 HS
Total expt. .Ssagl HS
0.5-nc boron -11,48%+329.40 -.13 N
0.5 19.86X+513,23 28809 N
Total .2271 S
0.1 64,635X-457 .41 JAolo N
0.3 L5 ko36x+h2, 62 7948 N
0.5 51.1031X-123,46 .3206 s
Total levels .Z?Gu HS
Total of 0.5 .0178 S
Total for expt. .2985 N
Total for all
expts. , 5834 HS
Cauli-
flower |O0.5-no boron 54.59X+590.12 5978 N
0.5 59.16X+511,145 «9228 HS
Total 2%.94613&366.26 .6839 HS
0.1 .E7Exw236.7 .79%6 N
0.3 -13.41 3xw7$6.l6 -.1483 N
0.5 -22,486%+929.1 -.9l95 S
Total Yo U1X-87.05 .1865 N
Total for 0.5 28.,007%X+68,18 .5215 N
Total for all
expts. 19.88X+162.08 <3739 S

*As the original data were obtained in half-inch unlts before
gubstituting in this equation the inches will have to be
multiplied by two to obtaln the desired weight.

#% N= not significant; 5= 19 to 1; HE= 99 to 1.
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points of origin. This experiment was conducted in the fall,
The data for the experiment on levels of boron with cauli-
flower indicate that the heavy plants receiving 0.1l ppm of
boron have wide leaves. On the other hand, the 0.3 ppm and
0.5 ppm treatments have narrower leaves on the heavy plants
than on the light ones. This experiment was conducted in the
summer. The correlation coefficient of both the 0.5 ppm are
significantly high, one being positive and the other negative.
Thls would indicate that there may be a seasonal effect on the
correlation coefficlent of leaf width and plant weight.

Root Development of Plants Grown With and Without Boron

To supplement the informaticn on the fresh weight of
roots presented in the previous experiments, plants were
grown in root boxes and in water cultures to study the root
development. Broccoll, Brussels sprouts and rutabaga were
grown in water culture with pH 6.9 and Brussels sprouts and
red cabbage were grown in solutions which had the pH varied
from 4,0 to 8.5, In one experiment rutabaga plants were
placed so that gome of the plants had the roots divided, part
being in a nutrient solution with boron and part in a nutrient
solution without boron.

The development of roots in the root boxes, presents
a very striking picture, Figure k7. These studles have shown
that there is considerable difference in the growth rate of
plants. The rutabaga roots grew the fastest, 20 inches in 17
days, and showed the greatest difference between no boron and

0.3 ppm of boron. With rutabaga, 3.0 ppm of boron did not
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.3PPM B

KALE

Fig* 1-7* Development of roots in root boxes. Top rutabaga
x 1/10 with one root of the no boron treatment
natural size. Lower left broccoli x 1/10, Lower
right kale x 1/10,
appear to be very toxic* When boron was supplied more growth
wajs obtained in all cases, although with other plants the
results were not as striking as with rutabaga. The root lengths

for some of the plants grown in the root boxes are presented in

Tables XXV and XXVI, The average dally growth of each plant
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recelving boron was 1l.25 mm. whereas the average dally growth

of each plant not receiving boron was 0.71 mm,
TABLE XXVI

Average Length of Longest Root, Average Weight, and Percentage
Moisture of Rutasbaga Plants Grown in Root Boxes and in Water
Cultures with (0.3 ppm) and without Boron

Treatment Longest| Fresh weight | Dry weight Moiﬁture
root Tops | Roots | Tops ots |Tops {Roots
cm., grams | grams | grams grams| % %
Root boxes plus
boron 15.4 1.282 -~ {0,101{-- (92.23] ==
Root boxes minus
boron 12.8 160 - 037 | == 189.95| -
Water cultures
plus boron 114 1.018| 0,102 | 078 [0.033]92.30]/91.92
Water cultures
minus boron 10.6 JL03 ] 043 | 013 | .009{87.17]79.92

The broccoli plants in Figure 47 were placed hori-
zontally on a laboratory bench after the plcture was taken.
Several days later negative geotropism was shown by the plants
which had recelved boron while the plants which 4id not receive
boron did not respond, Figure 43,

The effect on root development of growing plants in
water cultures with and without boron is shown in Figure 49,
Without boron the number of secondary roots is greatly in-
creased but the development of each root is greatly retarded.
The secondary root may be only a millimeter in length. This
had been previously observed in other crops by several investi-

gators, Warington (81) in Vicia fsba, Sommer and Soroknin, (76)
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Fig* The row of broccoli plants from lower left hand
corner to the center did not receive boron and
do not show negative geotropism. The other plants
did receive boron and do show negative geotropism*

BRUSSELS SPROUTS BROCCOLI

Fig* 79* The development of Brussels sprouts and broccoli
roots without boron (left) and with boron (right)*
in Pisum sativum and van Schreven, (7&) V* faba and flax.
The roots in general are dark with a club-shaped enlargement
near the end having a black tip. In these cultures the effect
of boron deficiency was not noted until the third day after
the plants were put in the no-boron solution* The fresh and
dry weight, the percentage moisture and the length of the
longest root for rutabaga plants grown for 3% days in water

cultures are presented in Table XXVI. The figures show little
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difference in root length between plants grown with and without
boron but do show a great difference in weight.

The pH study was to determine whether or not varying
the pH with 0.3 ppm of boron in the nutrient solution would
result in boron deficiency* In this experiment the test
plants were broccoli, Brussels sprouts and red cabbage. The
general appearance of the root system of plants grown at
pH M-0O, 7.5 and 3.5 Is the same as that of boron deficient
plants, Figure Close examination of these roots shows
symptoms similar to but slightly different than symptoms of
boron deficiency. With the low pH, the roots were only
slightly thickened having a tendency to form a club on the
end. Blackening of the tip was not as common as on roots grow-,
ing without boron* The roots of plants grown in the higher
pPH solutions were more nearly normal than those grown in the
low pH solution. The poor development of the roots in the low

as compared to the high pH in this experiment were apparently

pH STUDES BRUSSELS
SPROUTS

Fig. 50. The effect of pH on the development of Brussels
sprouts roots.
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caused by some factor other than‘fixation of boron. This is
supported by Naftel's (60) recent work in which he shows lime
directly effects the soil flora thereby indirectly affecting
boron deficiency.

The experiment in which some of the rutabaga plants
had the roots divided, part being in a nutrient solution
without boron and part in a solution containing 0.3 ppm, pre-

sents very interesting information, Table XXVII. The condition

TABLE XXVII

Average Length of the Longest Root and Condition of the Roots
and Tops of Rutabaga Plants Grown with Different Boron Treat-
ments

Length of
Treatment longest |__ Condition*
root Roots Tops
cm. relative | relative
All roots in no boron solution| 10.35 2.0 1.2
Part of roots in no boron
solution 12,94 2.2 3
and part in 0.3 ppm solution| 17.95 3.2
All roots in 0.3 ppm solution 14,78 2.3 2.0

#1 = poor, 2 = fair, 3 = good and 4 = excellent.

of the plants with the divided roots was good. All plants
developed uniformly showing that the amount of boron necessary
for growth is translocated laterally without difficulty. This
is further shown by a greater development of the part of the
roots of the divided plants in the no-boron solution than the

roote of plants which were sll in the no-boron solutlon.
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The Effect of Supplying Boron Through the Leaves

This experiment was conducted to determine whether
or not plants could receive enough boron through the leaves
for normal development and whether or not plants showing
boron deficiency could be restored with leaf applications of
boron. Leaf spplications were made with smears of boric acid‘

in lanolin, glycerite of boroglycerineu

alone and in lanolin
and with hypodermic injections of boric acid. The boric acid
in lanolin was the most satisfactory. The glycerite of
boroglycerine alone killed the tissue to which 1t was applied
but a large part of the boron was avallable to the plant. When
this substance was applied in lanolin, 1little or no damage
occurred. The hypodermic method of application was not satis-
factory as the tissue around the needle drled out permitting
the solution to pass by the needle and thereby reach the roots.
All of the smear aspplications confined the boron to the leaves
and permitted as vigorous growth in cauliflower and rutabaga
as was obtained by applying boron in the nutrient solution to
the roots. One rutabaga plant was grown without boron until
nearly deed, after which lanolln contalning boric acid was
continually supplied to its cotyledons and leaves. This plant
produced a root abnormal in shape and smaller than the roots

of plante continually supplied with boron but there was no

evidence of boron deflciency.

*The method of preparing glycerite of boroglycerine
can be found in the U, S. Pharmacopoela. This mixture contalns

about 30% boron.
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The Effect of Elements Other than Boron on Boron Nutrition

Two experiments were conducted to study the effect
of elements other than boron on boron nutrition. In the
first experiment broccoli was used while in the second kale
was the test plant, The nutrient solutions for the first
experiment were chosen from twenty-two which had been used in
boron investigations. The nutrient solutions used had an os=-
motic pressure of approximastely 0.6 of an atmosphere and a pH
of approximately 5.0 but the solutions had considerable varia-
tion in the nitrogen, phosphorus and caleium content, Table

XXVIII., All solutions were added to sand cultures by the
TABLE XXVIII

Physical Expressions of the Nutrient Solutions Used in the
First Experiment on Effect of Elements Other than Boron on
Boron Nutrition

Osmotic Gramg| aJ “Ratio of
Solution regsure |  ‘pH salt | Tot elements
resh|Used | Fresh|Used|per % ppm | N! P| K {Ca| Mg
Johnsaton
and Dore WH1] 69 4.8 | 6.7|1.9% ] 593 3| 1]1.5] K1
Hoagland
anngnyder 62| 63| 4,8 | 8.0 2.3} 78% Li.6l 4.7l B 1
shive Lg) 581 5.0 | 6.5/1.41 | 580 | 1j1%/1 1) 1.4
H11l1l and
Grant 65 .92 5.3 | 6.9{1.65 1 590] 6|.3[2.5] 1| .1

#Phosphorus of this solution was teken as unity. Its absolute
value is 49.6 ppm.

continuous flow method, therefore only one of the solutlons

was used as the original investigator used 1t (Shive 72). The
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nutrient solutions of Hoagland and Snyder (35) and Johnston
and Dore (L43) were used in the same concentration as that of
the investigators. The solution of Hill and Grant (3U4) was
changed to give the same weekly application of each element
by the drlp method as was furnished by their method of applica-
tion. |

In the first experiment the plants were grown with
three levels of boron (0.05, 0.1 and 0.3 ppm of boron) employ-
ing three replicates at each level., The plants receiving one
nutrient solution were very uniform regardless of the level of
boron. Therefore, the data at harvest, except for boron
deficlency symptoms, represent the average of twelve plants.
The nutrient solution of Johnston and Dore produced the largest
heads, the tallest plants and the greatest boron deficiency.
With the 0.3 ppm of boron in this nutrient solution three of
the plants showed no boron deficlency and the fourth had a
large number of swellings and some cracks on the petloles and
some cracked petioles. The plants supplied with the solution
of Hoagland and Snyder had the greatest welght of suckers and
next to the greatest amount of boron deficiency. The solution
of Shive produced smaller plants than elther of the solutlions
just mentioned and the plants had a very small amount of boron
deficiency. Leaves of plants grown ln thls solution were
covered with a large amount of bloom. Typleal plants for each
type of solution are shown in Figure 51, whlle the data
obtained at harvest are presented in Table XXIX. The plants
grown in the solutions of Hoagland and Snyder, and Shive had
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erect leaves making the plants appear taller than the plants

grown in the other solutions.

Fig. 51 Development of broccoli in different types of
nutrient solutions. The formulas for the different
types of nutrient solutions were obtained from
(left to right) Hoagland and Snyder (35)» Shive
(72), Johnston and Dore (43), and H ill and Grant (3%0.

TABLE XXIX

Average Fresh Weight, Plant Height, Leaf Length, Leaf Length/
Leaf Width and Boron Deficiency Symptoms of Broccoli Plants
Grown with Different Nutrient Solutions

' Leaf Boron def.sym
Fresh Weight Height Leaf Length by treatment
Solution lead Suckers Total* olant length /Width O.05 0.1 *3

grams grams grams inches inches ratio No. No. No.

Johneton
and Dore 158 46 1020 25.2 22 .1t 2.6 gO 325 S.2f
Hoagland
and Snyder 9° 310 1655 23*%3  26.0 2.7 it.25 3-0 2.5
Shive 40 25 673 21.2 21.2 29 1.25 75 5
H ill and
Grant 24 42 571 17.1 1&.3 22 1.0 25 .5

*This includes stem, leaves, head and suckers.
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The second experiment was planned so that each of
four elements (N, K, Ca and Mg) were varled at three levels.
The second experiment as far as possible had the same absolute
amount of each element as the first. Nitrogen was used at
the levele of the solutions of Johnston and Dore, Shive, and
Hill and Grant and at a higher le vel. Potassium was used at
the same levels as in the solutions of Shive, and Hill and
Grant and at a higher level. Calclum and magnesium were
supplied at the same concentrations as was used by Johnston
and Dore, Hoagland and Snyder, and Shive and also with a
higher concentration of each element. Phosphorus was furnished
at the same concentration as that in the solution used by Shive.
In selecting levels above the absolute amount used in the first
experiment the ratio of two elements was given consideration.
For example, the high potassium was set at 369.1 ppm because
this would give approximately the same K/P ratio as that in
the Hoagland and Snyder and in the Hill and Grant solutions.
The retics of different levels used in thls experiment are
given in Table XXX. All of the &1 possible combinations were
gtudied, using 0,05 ppm of boron. The factorlial deslign of
experiment was used with hidden replicates.

In this experiment there was some difference in the
development of boron deficlency for the different nutrient
solutions., However, only ten of the eighty-one plants showed
deficiency and it is not posslible to assoclate this with any
one element. Therefore the results of this experiment 4o not

agree with those of the previocus experiment in which there was

an assoclgtion of high calcium with boron deflclency.
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TABLE XXX

Relative Composition of the Nutrient Solutions used in the
Second Experiment on the Effect of Elements Other than Boron
on Boron Nutrition. 1 = 49.6 ppm »

| _Relative Composition
Level N P K Ca Mg
Low 1.0 1.0 1.0 1.0 1.0
Medium 3.0 1.0 2.5 4,0 1.4
High 6.0 1.0 7.0 12,0 3.0

Histological Investigations

Warington (&l) in 1926 studied extensively the

effect of the absence of boron on the anatomy of Vieis fabs.

S8imllar studles were made on Plsum sativum by Sommer and

Sorokin in 1928 (76). Following these investigations numerous
investigators have reported anatomical symptoms in various
plants, but as no studies had been published on members of

the genus Brassica, detalled studles were planned principally
with rutabaga. These studles were started in 1934 and many
studles were made in 1935. After all the material was embedded
and sbout one~half of the material on rutabaga had been studled
and photographed, a publication by Jamslainen (39) on the
anatomy of boron deficient rutabaga roots was released. He
described and pilctured, by drawing or photomicrograph, boron
deficiency in xylem parenchyma, cell elongation (radially and
tangentially), Jammed cells and elongation of pith cells,
Similar observatione were made in this investigation (Fig. 52).



Fig* 52. Gross section of rutabaga storage root. A, normal
cambium and xylem x50. B, slight enlargement and

loss of some of the regularity x50. C, crushing

of cells x50. D, cell elongation near the cambium

x50, and E, crushed cells and elongation in various

directions xgO.

Most of the examples of the effect of boron deficiency
on the anatomy of plants have been taken from rutabaga. However,
sections of various parts of broccoli, Brussels sprouts, cabbage,
cauliflower and kale have been examined. These studies have
shown that boron deficiency causes the same type of internal
breakdown in all of these plants as is shown in rutabaga. In
Appendix B additional photomicrographs will be found which
show the type of breakdown in other members of the genus
Brassica which will be described here for rutabaga. Appendix

B also includes a series of cross sections through a cork-like

spot on a petiole.



Boron deficiency as it was concerned with the
xylem parenchyma was associated with cell inclusions (Fig#
53 A and B). The number of cells showing these inclusions
increases with an increase in the time that boron has been
a limiting factor# When boron has been a limiting factor
for only a short time the cork cambium functions normally
or nearly so# On the other hand, if boron has been a
limiting factor for some time the cork cambium produces cells
irregularly# When boron has been a limiting factor for most
of the life of the plant the cambium does not function. In

the latter case the cells near the surface elongate con-

siderably, Figure 53#

Fig# 53# Cross section of rutabaga storage root. A, cell
inclusions x 120# B, cell inclusions xl0O0. C, from

a plant supplied with boron only a short time showing

no cork cambium x 50. D, from a plant receiving

boron for a longer time showing the function of the
cork cambium where rough areas are produced on the
surface x 50# E, from a plant with the same treat-

ment as D but from an-area where the surface was smooth#
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Root tips from broccoli and Brussels sprouts were
examined every 6ther day after boron was removed. The root
cap gradually disintegrates, similar to the disintegration
in Plsum sativum reported by Sommer and Sorokin (76). Cell

division at the apical meristem of the root ceases soon

after boron is a limiting factor. This causes growth in
length to stop. The cells near the tip enlarge radlally more
than usual causing the root to be club-shaped. Differentiation
in the plerome progresses faster than in the dermatogen; thus
secondary roots occur nearer the tip than the root hairs.

Roots of deficlent plants have many more secondary roots than
normally but none of them attain any great length and many are
only a millimeter in length. Figure 54 is typilcal of the roots
examined.

The aplcal meristem of the stem is one of the last
places to show injury, and death of thls tissue 1s not
evident until many of the cells below the meristem have been
erushed. Typlcal rutabaga meristems are shown in Figures 55
and 56,

In the petioles some of the vascular bundles of
deficient plants have crushed cells. The xXylem and phloem are
gseparated by dead or enlarged cells, Figure 57A. In the same
petiole, bundles may be found which are normal or nearly so,
Figure 57B. Cell enlargement in the bundles may cause the
vessels to be twisted so that a longitudinal section of a
vessel 18 seen in cross section of the tissue, Figure 57C.
Parts of the vascular elements may be crushed or moved so that

they are functlonless, Figure 57D. The epldermal region of
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Brussels sprout roots grown without boron.
A, at the beginning of the experiment.

B, three days later. 0, after seven days
without boron. Because of the curve in this
root a pie shaped piece is omitted, the wide
part being on the left.

91



Fig* 55* Meristem of a rutabaga plant receiving
boron for days* This meristem contained
no dead cells at the time of harvest, 72
days* xSO.



Fig*

56.

Meristem of a rutabaga plant which received
boron for days. At harvest, yi days later,
the region of activity shows many dead cells.
The tissue below this meristem had many
collapsed dead cells. xSO.
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Sections of petioles of rutabaga plants.
A, cross section showing a vascular bundle

containing many enlarged and crushed cells.

3, a vascular bundle of the same petiole
which is nearly normal, both x*K). C, cell
enlargement around a vascular bundle and
vessel elements completely out of line due
to abnormal cell enlargement, x32.

D, longitudinal section showing the abnormal
cell development, crushing and distorting a

vascular bundle.

9/\
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the petiole is abnormal when boron is lacking. The cells

of the swelling which appear on the surface of the petiole

are much enlarged parenchyma, Figure A and B. The majority
of these do not have a cork cambium, but occasionally one is
present, Figure 5&A. Micro-chemical tests show that only
part of these swellings have suberized cell walls. Corky
areas also appear on the surface of the petiole where the
epidermis has been injured, Figure 570* The normal epidermis

is very regular, Figure 53D. Swellings like those on the

Fig. 5&. Epidermal and cortical region of petioles
of rutabaga plant. A, cell structure in a
swelling with a cork cambium partially
differentiated, x32. B, cell structure in
a swelling without cork cambium cells, x32.
C, dead cells on exterior of a petiole, x50.
D, normal epidermis and cortex, x50.

petiole also occur on the leaf blade, Figure 59# Leaf blades

of cabbage were cut to study the healing of wounds of plants



Fig*

59%

Swellings on leaf blades,

x&0*
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which received boron compared with plants which did not
receive boron* Without boron no cork cambium is formed

and the cells near the wound elongate. With a very small
amount of boron (0*05 ppm) a cambium is formed and little or
no elongation takes place* With a larger amount of boron (0.3
ppm) a very efficient healing occurs because of the develop-
ment of a cork cambium which originates at or near a vein,

Figure 60.

Fig. 60. Healing of cuts in cabbage leaves. A, without
boron no cambium develops, x32. B, with 0*05
ppm of boron a rather inactive cambium develops,
x40* C, with 0*3 ppm of boron an active cambium
develops, x32.
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GENERAL DISCUSSION

The amount of boron necessary for normal plant
development within the genus Brassica is from 0.1 to over
0.5 ppm with the optimum spproximately 0.3 ppm supplied
continually. This places the low and high limlts nearer
tqgether than Warington placed them from her investigations
(80) which showed beneficlal results between 0,004 and 4.54
ppm. The optimum concentration as determined by these
experiments is lower than that reported by other investiga-
tors (4, 13, 33, 49 and 77). The optimum may vary slightly
from season to season probably being related to growth rate
of the plant. The seasonal effect in the field is probably
a blological absorption of boron. The longer boron is
supplied to the plant the greater will be the fresh weight
produced, yet with these studles there seemed to be no straight
line relationshlp between fresh welght of the plant and dura-
tion of boron application or between fresh weight of the plant
and the amount of boron supplied. When boron is a limiting
factor the edible part of the plant is dwarfed more than other
parts. From this fact and the fact that there 1s not a straight
line function one might postulate that a greater amount of
boron may be necessary for the formation or development of
the edible part of the plant. This postulation is strengthened
by the fallure of flowers to develop when boron is lacking.

McMurtrey (52) obtained a falling off of the blossom buds before



99

they opened with tobacco while with citrus Haas (28) obtained
a reduction in flowering without boron. On the other hand,
Warington (82) believed that boron was not associated with
flowering.

The experiment in which rutabaga received an
inadequate supply of boron (adequate for the young plant but
not enough to mature it) followed by an adequate supply 1%t
was shown that there was no significant difference in total
fresh weight or in weight of the storage root regardless of
the time of change. However, the quality was greatly improved
with the early change indicating that it is better to apply
boron as a preventative measure rather than as a cure. As
a cure a solutlion containing boron may be spplied to the
leaves. Experiments had been reported by a number of investi-
gators of spraying the follage of deficient plants and obtain-
ing recovery, but the investigations reported here were con-
ducted with substances confined on the leaf surface, indicating
that plants sre able to recelve all of their boron through
thelr leaves.

The fallure of the boron deficlent plants to show
negative geotropism may be due to lnablllty of the plant to
produce growth substances, or may be caused by a lack of
translocation of growth substances, or the tissues may be too
0ld for cell elongation and division. Of these possible
reasons the latter seems the most plausibie as root gtudies

show that the cells have become differentiated very near the
tip.

ey )
§ o
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Numerous investigators have believed that there
Was an lncrease in boron deficlency with inereased applica-
tion of lime. However, the experiments designed to study
this effect show no slgnificant difference in boron deficiency
when the calcium content is varied from 64.0 to 602.0 ppm.

The studies made so far do not show a relation with any single
element. However, the writer believes that there is an
assoclation as there was a difference in the number of boron
deficlency symptoms produced in the different kinds of nutrient
solutions.

Parenchyma cells enlarge causing other cells to
be crushed or causing swellings on the surface of petioles.
Cell inclusions are often found in cells,particularly in the
parenchyma. The crushing of cells and the presence of inclu-
sions resemble 1n some respects death caused by freezing. The
aplcal meristem of the root appears to be killed as a direct
cause of boron deficiency whlle the apical meristem of the
stem appears to be killed as an indirect cause of boron
deficlency. The cork cambium of rutsbaga roots produces cells
irregularly and the cells produced enlarge irregularly when
boron is withheld from the plant, In wounded tissue the cork
cambium does not produce normal cells or the cambium may not
develop.

The death and displacement of some of the phloem
cells agrees with the results obtained by other investigators
(41, 42 and 78) in tomatoes and potatoes. The same investlga-
tors (42 and 79) have shown that the translocation of carbo-
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hydrates from the leaf is lmpeded or prevented. The increase
in the carbohydrate content of the leaves is probably

responsible for the development of color in the boron deficlent
plants.

SUMMARY

The results of numerous experiments with several
kinde of plants of the genus Bragsica conducted in sand and
water cultures may be summarized as follows:

1. Members of the genus Brassica do not contaln
enough boron in thelr seeds to normally develop the cotyledons
and first leaves.

2. The greatest total welght of plants was obtained
when 0.3 ppm of boron was supplled continually, yet 0.5 ppm
produced larger heads on cauliflower.

3. The fresh weight of plants increased with
duration of boron supply except for one kind of plant, red
cabbage. The increase in welght was not a stralght line
function of the duration of boron application or the amount
supplied.

4, In severe cases of boron deficiency there is a
translocation of boron from the older leaves into the rest
of the plant.

5. Boron deficiency symptoms vary with the kind
and age of plant when boron is a limiting factor. The symptoms
are curling and rolling of the leaves, rugosity of the leaves,

chlorosis of the leaf margins, swellings of the stems and
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petioles, brittleness of petioles, splitting of petioles and
stems, a corky appearance of the petloles and stems, the
development of brown areas in the stems, and a reductlon in
size and quallity of the edible part.

6. Plants grown with an inadequate supply of boron
followed by an adequate supply develop more nearly normal
than plants adequately supplied at first and changed to a
no-ktoron solution later.

7. The edlble part of the plant develops very
poorly when boron is a limiting factor but the other plant
parts have the same mass relationship.

8. Plants supplied with the optimum amount of
boron are the most efficlient producers of mass.

9. Root development is retarded at pH 4.0, 7.5,
and 8.5 but this is not due to fixation of boron.

10. Plants may receive all of their boron through
the leaves.

11, No single element tried affects boron deficiency.

12, The undifferentlated cells of boron deficlent
tissue elongate in any direction, thereby crushing other
internal cells, or causing the formation of swelllngs on the
surface of petioles and stems.

13, The cork cambium of wounded tissue does not
produce normal cells end in severe cases the cork camblum 1s
not formed.

14, The effect of boron deficiency on the terminal

meristem of the root and stem appears to be different.
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APPENDIX A

Scatter diagrams and regressions of total fresh
welght on leaf wldth of rutabaga and cauliflower plants

with different boron treatments.
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APPENDIX B

Photomicrographs of plants of the genus Brassica

which received different boron treatments.

Cross section of the leaf pictured in figure 27

This petiole was cracked. x25.



Meristem of a cauliflower plant which
received 0*3 ppm of boron continually.

X25%
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Cross section of a petiole of a red
cabbage leaf showing a corky epidermis.
This plant (No, 25) received boron for
only a short period, x25%*
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Cross section of a red cabbage stem show-
ing crushed and elongated parenchyma.
This plant (No. 25) received boron for
only a short period. x25%*
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Gross section of a
red cabbage stem
showing, normal
development. This
plant received 0.3
ppm of boron con-
tinually. x25§

Cross section of a
green cabbage stem
showing crushed
cells 1n cortex.
This plant received
boron during only
part of its life.

x25%
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Cross section of a kohlrabi stem
showing crushed cells in the cortex.
This plant received boron for only
a short time. x25%



Sections through a corky spot
of a rutabaga petiole. The

numbers refer to the approxi-
mate relation of the sections



