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Introduction

The essentiality of boron for higher plants was demonstrated (1) in 1910
and extensively verified in the two succeeding decades. Since then a volumi-
nous literature has accrued concerning the anatomical, morphological, and
biochemical alterations of boron-deficient plants. Inasmuch as they are not
pertinent to the following report, many of the specific or general roles that
have been postulated for boron will not be discussed. By their omission the
authors do not mean to imply that boron has no role or roles other than the
one presented since, for example, the inverse relationship between boron
level and per cent. moisture in plant tissues has been firmly established by
Mixarik and SHIVE (15) and others. To date, however, no one has demon-
strated the exact role or mode of action of boron in higher plants. It is the
purpose of this report to offer evidence for one role of boron.

In view of the well-known reaction of the borate ion with OH-rich com-
pounds and its recent application in the borating of sugars in order that they
may be separated on ion-exchange columns (14, 18), the authors conceived
and tested an hypothesis as to one essential role of boron in plants. The
hypothesis is that boron combines with sugar to form a sugar-borate com-
plex (ionizable) which is translocated with greater facility than are non-
borated, non-ionized sugar molecules. Inasmuch as most studies have indi-
cated that sucrose does not move readily through cellular membranes, the
work reported herein was limited to sucrose and the effect of a few (5 to 10)
parts per million of boron on its translocation.

According to ZITTLE (26) the borate ion reacts most strongly with
OH-rich compounds in which there are two OH groups in the cis position.
Although the structure of sucrose does not fulfill this requirement, there is
ample evidence that there is a reaction with sucrose and that it involves the
trans-1,2-diol groups. Further (26), it is suggested that the following struc-
ture is formed with sucrose

=C=-0
B-OH H+
=C=--0

1 Contribution no. 2386 of the Maryland Agricultural Experiment Station, Depart-
ment of Botany.
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and not
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as would be formed with certain sugars and other carbohydrates, the form
or forms varying with different conditions such as changes in concentration
and pH.

Methods and results

The first experiments to test the hypothesis involved the Warburg appa-
ratus with which the effect of boron on the rate of entry and translocation
of the substrate (sucrose) could be studied. With this apparatus it was
possible to measure the O, uptake of excised root tips. Some of these re-
ceived, in addition to the base nutrient salts, only sucrose and others received
sucrose plus 5 p.p.m. of boron as boric acid. Boron alone, at this concentra-
tion, had no effect on the respiration of thie root tips used in these studies.

In certain cases the root tips did not respond to added sucrose owing to
an internal source of carbohydrate (starch). Therefore, in order to get a
response to added sucrose it was sometimes necessary to excise the root tips
from the germinating pea or lima bean seeds and to culture the tips in an
oxygenated base nutrient solution for 18 hours to effect a comparatively low
level of endogenous respiration. In all cases in which the root tips did re-
spond to an exogenous source of sucrose, without exception a greater respi-
ration (O uptake) occurred when 5 p.p.m. of boron was present in the
sucrose and base nutrient solution. Increases in respiration of 50 to 85%
were observed after 10 hours (fig. 1 A, B, C and D) with greater percentage
increases in the earlier part of certain experiments.

It should be borne in mind that these responses were obtained with root
tips that were presumably adequately supplied with boron from the coty-
ledons. In various experiments the increases in respiration in the presence
of boron did not occur with the same concentration of sucrose. It is sug-
gested that the metabolic status of the root tips at the time they were used
caused this variation with respect to the particular level of sucrose in which
the boron effect occurred (fig. 1 A) or was most striking (fig. 1 D). It would
appear from the results that factors other than sucrose were limiting in cer-
tain of the experiments. When this situation exists, the boron effect with
the higher level of sugar cannot possibly show up as an increase in respira-
tion (fig. 1 A and D). Recognizing the possibility that a factor other than
sucrose might limit the respiration, Oz uptake could not be relied upon as an
accurate measure of the translocation of all concentrations of sucrose (or its
hydrolytic products) to the cells in the root tips. N

It is recognized that many interpretations might be offered for this effect
of boron, including the possibility that it is directly affecting some phase of
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the respiratory mechanism. In view of the fact that such a role has not
been established, this possibility is minimized. An alternative possibility is
that the enhanced respiration is effected by an increase in the rate of entry
and movement of the substrate to the respiring cells in the root tips. The
Warburg technique yielded indirect evidence supporting this concept.

In order to supplement the respiration studies, a tracer technique involv-
ing labeled sucrose was employed. This latter technique provided a direct
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Fic. 1. The respiratory utilization of sucrose by root tips as affected by 5 p.p.m.
of boron. Endogenous respiration of controls without added substrate has been sub-
tracted. A, B: Five lima bean root tips per vessel; C, D: Eight pea root tips per vessel.
All treatments were triplicated.

measure of the movement of sucrose (or its hydrolytic products) and, in
contrast with the Warburg technique, did measure the full effect of boron
on translocation. A single leaf of an intact plant (24) was immersed into a
solution of labeled sucrose. After various intervals of treatment (4 to 24
hours) the plants were fractionated, the samples oven-dried, and the inten-
sity of radioactivity in the various portions was determined. MiTcHELL and
Lixper’s (17) technique was employed for preparing the samples of dried
and ground plant material prior to counting with a windowless flow counter.
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With tomatoes which had been grown in sand under a low level of
mineral nutrition receiving no boron and depleted of carbohydrate by a
48-hour period of darkness (24), the uptake of sucrose by an immersed leaf
and its distribution throughout the plant were very rapid and striking when
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F1a. 2. The intensity of radioactivity (C") in various plant parts as a result of the
movement of labeled sucrose (or its hydrolytic products) from a lower leaf immersed
for 24 hours in a solution of labeled sucrose or labeled sucrose plus boron. All treat-
ments were triplicated. A. Tomatoes cultured in sand, receiving no boron in the sub-
strate, and subjected to 48-hour dark period prior to and during treatment; B. Soil-
grown tomatoes receiving complete nutrition and kept in the light; C. Soil-grown snap
bean plants receiving complete nutrition and subjected to a 48-hour dark period prior
to and during treatment.

10 p.p.m. of boron was supplied with the sugar (fig. 2, A-2). In the absence
of additional boron the sucrose entered in small amounts and only into the
stem near the point of attachment of the immersed leaf (fig. 2, A-1). There
was no directional mobilization of sucrose to the stem tip and to the young,
developing leaves such as occurred in the presence of boron (fig. 2, A-2).
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These data show the striking magnitude of difference between the transloca-
tion of sucrose (or its hydrolytic products) in plants deficient in bororn.and
those adequately supplied with boron.

Under a deficiency of boron the root tips die sooner than the stem tips
(8) even though the root tips are the first to come in contact with the boron
that is available. However, if boron deficiency symptoms are caused by a
deficiency of sugar, then it is understandable that the stem tips which are
nearer the source of production of carbohydrates would be in a more favora-
ble position and would live longer than the root tips. These observations
are interpreted as evidence for the hypothesis that boron deficiency is actu-
ally a matter of sugar deficiency. With a low level of carbohydrate in the
plant the tops have been reported by HoagLanp (12) and others to utilize
the available carbohydrate to the exclusion of the root system, resulting in
higher top/root ratios.

In an experiment with vigorously growing, young greenhouse tomatoes
the presence of 10 p.p.m. of boron in the sucrose solution enhanced the entry
and movement of sucrose into the stem and stem tip (fig. 2, B-2 compared
with B-1), even though the plants were receiving boron from the soil and
they were not depleted of carbohydrate by a period of darkness. This is
consistent with the hypothesis proposed herein. The enhanced movement of
sucrose could conceivably proceed even beyond the capacity of the plant to
utilize all of the sugar as fast as it is being translocated. Eatox (11) ob-
served that boron-toxicity symptoms and maximal growth overlapped in
many of the species of plants which he studied.

In an experiment with snap bean plants grown in soil and adequately
supplied with boron but depleted of carbohydrate by a 48-hour period of
darkness, the effect of boron on the mobilization of sucrose by the stem tip
is shown (fig. 2, C-2 compared with C-1).

Discussion

In a biochemical study of boron-deficient and sufficient plants, JorxsTON
and Dore (13) in 1928 reported that the leaves of boron-deficient plants
have comparatively high concentrations of sugars and starch, whereas the
concentration of sugars in the stems is low. Their data indicated that in the
absence of adequate boron the translocation of sugars from the leaves to the
stems is impaired, but the authors attributed this to a breakdown of the con-
ducting tissues, particularly the phloem. Askew et al. (3) reported an in-
crease in the per cent. of sugar in raspberry fruits by a soil application of
boron to certain field-grown plants. Likewise, in a very exhaustive study on
the Eastern Shore of Maryland, STARk and MaTTHEWS (22) found that the
per cent. of soluble solids (mostly sugar) in cantaloupe fruits could be in-
creased from around 8% to higher than 109% by spraying the leaves with
either borax or magnesium sulphate solutions. It would appear that increases
in the concentration of sugars in fruits of plants supplied with supplemental
boron must be the result of an increase in translocation of sugar rather than
an effect on photosynthesis, since the leaves of boron-deficient plants are
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consistently, abnormally high in sugars and starch. Inasmuch as SHEAR
et al. (21) have discussed evidence that the boron level in plants may be
affected by the magnesium level, it seems likely that the response to mag-
nesium was an indirect effect so far as the translocation of sugar in canta-
loupe is concerned (22), the causal relationship in translocation being between
boron and sugar. The fact that the application of magnesium and boron
in combination did not result in a greater effect than with boron alone would
also indicate that the enhanced sugar translocation was strictly a boron
effect. Calcium could also affect the translocation of sugar indirectly through
its well-established relationship to the boron level in plants (6).

The hypothesis presented and substantiated by the experimental data,
presented herein, would account for boron deficiency symptoms. It is almost
universally reported that root and stem tips die and that flowers and fruits
abort and abscise. These are all regions of high metabolic activity, there-
fore requiring large amounts of sugar to sustain their respiration and to
permit their characteristically rapid rates of growth. WHITE-STEVENS (25)
found that carbohydrates are deficient in the meristems and roots of boron-
deficient plants, even though the leaves have an excess of carbohydrate in
all forms. It would appear certain then that, in the absence of adequate
boron, certain parts of the plant die owing to a lack of sugar. It is sub-
mitted that boron deficiency symptoms are an expression of sugar deficiency.
WEeNT and CARTER (24) have shown by the spraying of sucrose solution on
plants that the abscission of tomato flowers under high night temperatures
is caused by an inadequacy of sugar, and that sugar (not auxin) is the limit-
ing factor. Flowers also abscise under boron deficiency. In the light of
WENT and CarTer’s (24) findings and the research presented herein, an
explanation is now available for the abortion and abscission of flowers
associated with a deficiency of boron.

It is interesting to project this concept into a consideration of the forma-
tion and translocation of hormones. The observations by ALEXANDER (2)
and CHANDLER (8) that boron-deficient plants lose their capacity to respond
to gravity would indicate that there is a relationship between boron and
either the production or the translocation of hormones, or both. With 24-
dichlorophenoxyacetic acid applied to bean leaves, MiTcHELL and BrowN
(16) observed that the movement of the growth regulator was associated
with the movement of carbohydrate from the treated leaves. BRENCHLEY
and THorNTON (5) reported that in the absence of boron a vascular connec-
tion was poorly if at all established between the nodules of legumes and the
vascular tissues of the root. This differentiation may be controlled by
growth regulators which also normally move in association with sugar, but
both of which would fail to move in the absence of adequate boron. The
growth regulators may actuate and control the differentiation, and carbo-
hydrate would certainly be required for the syntheses associated with differ-
entiation (e.g., cell wall thickening). It was not determined whether the
increased fruit set of apparently healthy Anjou pear trees sprayed with
boron (4) was caused by an increased translocation of sugar, growth regu-
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lators, or both to the flower buds. However, BATiEr and THoMPsoN (4)
report that Degman (unpublished work) could not increase the fruit set of
Anjou pears by applying various growth-regulating chemicals. This latter
work would indicate, as WENT and CARTER (24) maintained, that not auxin
but sugar is the controlling factor. However, the research by MiTcHELL and
Browx (16) which first showed the relationship between the movement of
growth regulators and carbohydrates must be kept in mind when evaluating
the results obtained by sucrose applications alone. Hormone assay would
appear to be necessary for a reliable interpretation of such data. PiLaxp
et al. (19) were able to increase the yields of alfalfa hay about 10% by an
application of boron in the field while, at the same time, the yield of seed
was enhanced by as much as 600%. Scott (20) reported an improved set
of grapes by the application of boron at certain locations in the field even
though the plants showed no evidence whatsoever of boron deficiency.

It is recognized that at least two possibilities exist for the manner in
which boron accentuates the translocation of sucrose or its hydrolytic prod-
ucts. First, the borate ion could react with sucrose (or glucose or fructose),
the sugar then passing through the cellular membranes as the ionized sugar-
borate complex until such time as a cell utilizes this complex and liberates
the borate ion. Secondly, it is possible that the borate ion is associated with
the cellular membranes, that it there reacts chemically with the sugar mole-
cule facilitating its passage through the membrane, and that the sugar is
freed on the inside of the cell by a second reaction. In either event these
two hypotheses are consistent with the well-established fact that at any
given time in the life of the plant a small amount of boron suffices. How-
ever, plants must continue to absorb boron throughout their life cycle, indi-
cating that, as new cell membranes are formed, more boron is required which
would imply some degree of immobility of boron to new cells and tissues
and, indeed, the evidence indicates that boron is relatively immobile in
plants (11). The evidence thus favors the concept that boron is associated
with the membranes.

The authors recognize that factors other than boron may be involved in
the absorption and, perhaps, in the translocation of sucrose. DorMER and
StreeT (9) and STREET and LowEe (23) have postulated that sucrose is phos-
phorylated prior to its entry into tomato roots, and Dotpororr (10) has
obtained from Pseudomonas saccharophila an extract containing a phospho-
rylase specific for sucrose. DorRMER and STREET’s (9) report concerning the
rapid absorption of sucrose by tomato roots is in direct conflict with the
report by WENT and CARTER (24) to the effect that sucrose does not enter
through the roots of tomato plants. The extensive use of sucrose as a solute
for inducing and maintaining plasmolysis would indicate that sucrose phos-
phorylase must indeed be of limited distribution in plant tissues, since the
plasmolyzed cells do not recover.

DorMER and STreeT (9) hypothesize a phosphorylation of sucrose at the
surface of the protoplast, passage of the sugar through the membrane in the
form of fructose-1-6-diphosphate, and a dephosphorylation reaction inside
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the cell. Their findings concerning the non-permeability of tomato roots to
simple sugars would thus appear to make mandatory a re-synthesis of
sucrose prior to the movement of sugar into an adjoining cell. Although the
phosphorylation of sucrose may be of importance prior to the entry of this
sugar into certain cells or organs, the authors are inclined to the view, sup-
ported by evidence presented in this paper, that boron is the dominant fac-
tor in the movement of sucrose (or its hydrolytic products) from cell to cell
within the plant. Browx~ (7) has proposed that a transport mechanism is
involved in the movement of sugar across a diffusion barrier such as a mem-
brane, and it is hereby suggested that boron may be involved in or associ-
ated with the hypothetical reactive points in the membrane.

Summary

An hypothesis is presented and supported with experimental evidence to
account for one essential role of boron in plants. The data suggest that one
role involves a reaction of boron with sugar to form a sugar-borate complex
(ionizable) which moves through cellular membranes more readily than
non-borated, non-ionized sugar molecules.

Studies employing the Warburg apparatus were indicative of greater O,
uptake by lima bean and pea root tips in the presence of sucrose plus 5
p.p.m. of boron, as compared with sucrose alone. A tentative interpretation
of the increased (50 to 85%) respiration was that it was the result of an
increase in the movement of sucrose (or its hydrolytic products) to the
respiring cells. Five p.p.m. of boron had no effect on the endogenous
respiration.

By employing uniformly labeled sucrose both alone and in the presence
of 10 p.p.m. of boron, it was shown that there was a striking dependence of
translocation of sugar on the presence of boron. When a leaf of a tomato
plant was immersed in a labeled sucrose solution containing 10 p.p.m. of
boron, the stem tip of the plant had 550% more radioactivity than if the
solution contained no boron.

Data are presented which may be interpreted as evidence for the fact
that sugar does not move readily through cellular membranes unless the
sugar is borated. It is submitted, therefore, that boron deficiency symptoms
are an expression of sugar deficiency in the cambia, stem tips, root tips, and
flowers or fruits.

LITERATURE CITED

1. AcuruoNn, H. Emploi du bore comme engrais catalytique. Compt.
Rend. Acad. Sci. (Paris) 150: 288-291. 1910.

2. Avrexanper, T. R. Anatomical and physiological responses of squash
to various levels of boron supply. Bot. Gaz. 103: 475-491. 1942.

3. Askew, H. O., CurrtenpeN, E. T., and Moxk, R. J. “Die-back” in
raspberries—a boron deficiency ailment. Jour. Hort. Sci. 26: 268-
284. 1951.



10.

11.

12.

13.

14.

16.

17.

18.

19.

20.
21.

GAUCH AND DUGGER: BORON IN TRANSLOCATION OF SUCROSE 465

BatJer, L. P. and THoMmpsoN, A. H. Effect of boric acid sprays applied
during bloom upon the set of pear fruits. Proc. Amer. Soc. Hort.
Sci. 53: 141-142. 1949.

BrexcHLEy, W. E. and THorxTON, H. G. The relation between the
development, structure, and functioning of the nodules on Vicia
faba, as influenced by the presence or absence of boron in the nutri-
ent medium. Proc. Royal Soc. (London), Ser. B 98: 373-399. 1925.

Brexxaxn, EiLeeNy G. and SHivE, J. W. Effect of calcium and boron
nutrition of the tomato on the relation between these elements in
the tissues. Soil Sci. 66: 65-75. 1948.

Browx, R. Protoplast surface enzymes and absorption of sugar. In:
International Review of Cytology, vol. I, G. H. Bourne and J. F.
Danielli, Editors. Academic Press Inc., New York, N. Y. Pp.107-
118. 1952.

CHANDLER, F. B. Mineral nutrition of the genus Brassiea with particu-
lar reference to boron. Maine Agr. Exp. Sta. Bull. 404. 1941.
DorMER, K. J. and STReeT, H. E. The carbohydrate nutrition of tomato

roots. Ann. Bot., n.s. 13: 199-217. 1949.

Dotpororr, M. Studies on the phosphorolysis of sucrose. Jour. Biol.
Chem. 151: 351. 1943.

Eartox, F. M. Deficiency, toxicity, and accumulation of boron in plants.
Jour. Agr. Res. 69: 237-277. 1944.

Hoacraxp, D. R. The Inorganic Nutrition of Plants. Chronica Bo-
tanica Co., Waltham, Mass. 226 pp. 1944.

JounstoN, E. S. and Dorg, W. H. The relation of boron to the growth
of the tomato plant. Science 67: 324-325. 1928.

Kuyym, J. K. and ZiLr, L. P. The separation of sugars by ion exchange.
Jour. Amer. Chem. Soc. 74: 2090-2094. 1952.

Mi~arixk, C. E. and SHivg, J. W. The effect of boron in the substrate
on calcium accumulation by soybean plants. Amer. Jour. Bot. 26:
827-831. 1939.

MircneL, J. W. and Browx, J. W. Movement of 24-dichlorophe-
noxyacetic acid stimulus and its relation to the translocation of
organic food materials in plants. Bot. Gaz. 107: 393-407. 1946.

MitcHeLL, J. W. and Linper, P. J. Some methods used in tracing
radioactive growth-regulating substances in plants. Bot. Gaz. 112:
126-129. 1950.

NoGGLE, G. R. and Ziir, L. P. The quantitative analysis of sugars in
plant extracts. Archiv. Biochem. and Biophysics (In press).

Piranp, J. R., IreLaND, C. F., and REIsENAUER, H. M. The importance
of borax in legume seed production in the south. Soil Sci. 54:
75-84. 1944.

ScorT, L. E. Boron nutrition of the grape. Soil Sci. 54: 55-67. 1944.

SHEAR, C. B,, Craxg, H. L., and Mygrs, A. T. Nutrient-element bal-
ance: Application of the concept to the interpretation of foliar
analysis. Proc. Amer. Soc. Hort. Sci. 51: 319-326. 1948.



466

22,

23.

24,

25.

26.

PLANT PHYSIOLOGY

Stark, F. C., Jr. and MarTHEWS, W. A. Maryland cantaloupe sweet-
ness can be improved, state experiments demonstrate. Maryland
Agr. Exp. Sta. Misc. Paper 96. 1950.

Street, H. E. and Lowg, J. S. The carbohydrate nutrition of tomato
roots. II. The mechanism of sucrose absorption by excised roots.
Ann. Bot., n.s. 14: 307-329. 1950.

WeNT, F. W. and CarTER, MARCELLA. Growth responses of tomato
plants to applied sucrose. Amer. Jour. Bot. 36: 95-106. 1948.
WHaiITE-STEVENS, R. H. Carbohydrate metabolism in relation to boron

nutrition. Proc. Amer. Soc. Hort. Sci. 36: 537. 1938.

ZitTLE, C. A. Reaction of borate with substances of biological interest.
In: Advances in Enzymology and Related Subjects of Biochem-
istry, Vol. 12, F. F. Nord, Editor. Interscience Publishers, Inc.,
New York, N. Y. Pp. 493-527. 1951.



