cated. If we consider the behavior on
MEA at 25°C as normal, the follow-
ing instabilities can be stated.

Diploid homothallic cells (either
homozygous or heterozygous for the
h9 allele) normally sporulate directly
(azygotic asci). On YEA at 30°C they
also copulate frequently. In the latter
case a further ambivalence is obvious:
the nuclei either fuse (zygotic asci with
four large spores, see 6) or do not
fuse but undergo separate meioses
(twin meiosis, zygotic asci with eight
haploid spores). Thus two conclusions
can be drawn for homothallic diploid
cells: although having a nucleus able
to perform meiosis, the cells still have
a tendency for copulation. Also, their
nuclei still have an ability to fuse.
In about 50 percent of the zygotes
karyogamy occurs, whereas the rest
of the copulations result in twin me-
iosis. .

The diploid cells homozygous for
incompatible mating-type alleles (hA+/
h+ or h—/h—) are not able to sporulate
but can copulate with cells of com-
patible mating type. Normally asci with
four diploid spores are formed (2, 6).
However, on YEA at 30°C twin meio-
ses also occur frequently (see 712). The
occurrence of twin meiosis in crosses
with h+/h+ and A—/h— cells demon-
strates an interesting complementation
mechanism since their nuclei individual-
ly do not have the complete genetic in-
formation for meiosis. In each of the
crosses of types II to IV, one of the
diploid nuclei involved in the twin
meioses was able to perform meiosis.
In these cases, it is therefore sufficient
to assume that due to the diploid
homothallic nucleus all substances nec-
essary for meiosis are present in the
common cytoplasm, and that these sub-
stances enable the h+/h+ or h—/h~—
nucleus to undergo meiosis too. In the
cross of type V, however, neither nu-
cleus was capable of independent meio-
sis. Here one has to conclude that com-
plementing gene products are formed
by the A+/h+ and A—/h— nuclei, and
that these substances, when combined,
enable the nuclei to undergo meiosis re-
gardless of whether they are fused or
not.

The latter situation is surprising: af-
ter copulation of the diploid cells
(h*+/h+ X h—/h—), their nuclei have a
tendency to fuse, but are obviously
producing at the same time the (incom-
plete) gene products necessary for
meiosis. Whether twin meiosis or kary-
ogamy will occur seems to depend
merely on whether the “meiotic” gene
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products complement each other to a
sufficient level before the nuclei have
fused.

The observed ambivalences might of-
fer a possibility of evaluating in further
experiments the regulatory mechanisms
involved in copulation, karyogamy, and
meiosis.

HERBERT GuUTZ
Division of Biology,
Southwest Center for Advanced
Studies, Dallas, Texas 75230
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Boron in Plants: A Biochemical Role

Abstract. Boron, as borate, appears to have a role in partitioning metabolism
between the glycolytic and pentose-shunt pathways. This effect results from the
association of borate with 6-phosphogluconic acid, forming a virtual substrate that
inhibits the action of 6-phosphogluconate dehydrogenase. In the absence of borate,
the inhibition of the enzyme is released, and excess phenolic acids are formed.
These acids also associate strongly with borate and thus develop an autocatalytic
system for production of excess phenolic acids which cause necrosis of tissue and

eventual death of the plant.

A biochemical syndrome of boron
deficiency in plants (Z, 2) is the accumu-
lation of phenolic acids; their excessive
concentration appears to be the im-
mediate cause of necrosis and ultimate
death from this nutritional deficiency
(I). One may therefore presume that

boron plays a role in the regulation
of phenol synthesis, either directly or
indirectly—for example, by control of
substrate permeability through mem-
branes, or by interaction with enzymes
of the glycolytic or pentose-shunt path-
way, or of both. The metabolism of

Table 1. Radioactivities of selected compounds from B~ and B— sunflower fed **CO, for 30

minutes under light.

Time after feeding with *CO, (hr)

Compound 0 (count/min) 30 (count/min)
B+ B— B+ B—
Citric acid 614 = 11 421 + 10 54,010 = 73 16,620 = 41
Glyoxylic acid 19,540 = 44 38,462 = 62
Phenylalanine 633 =12 576 = 10 10,950 = 33 25,080 = 50
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Fig. 1. Relative optical rotatory disper-
sion of borate (2.0 X 10™M) and 6-
phosphogluconate (6-P-G) (2.5 x 10°M),
and of their mutual complex. The ap-
parent optical activity of borate was the
result of the strain in the vessel, the in-
herent value being zero. As a conse-
quence, the dispersions were those in fact
observed, the proper values of 6-P-G in the
region 200 to 250 nm being negative, and
those of the complex from 220 nm on-
ward being positive. The solutions were
aqueous, pH 7.8.

the latter is inferred from the knowl-
edge that phenolic acids arise from 3-
deoxy-p-arabinoheptulonic acid-7-phos-
phate, which in turn is formed from
the condensation of erythrose-4-phos-
phate (from the pentose shunt) and
phosphoenol pyruvate (from glycolysis).

The complexing of borate with sug-
ars has long been known, and has
provided the basis for earlier sugges-
tions regarding its metabolic role (3).
However, association constants of bo-
rate with o-hydroxy acids (for example,
citric. acid) and. phenolic acids are
equal to those of the sugars or greater
by orders of magnitude [as is reflected
in conductivity data (5)] and are thus
expected to be more prominent as reg-
ulators. We have tested this hypothesis
on 6-phosphogluconate, an initial sub-
strate of the pentose shunt, and found
the result compatible with a model of
control by borate of formation of the
virtual substrate, 6-phosphogluconate/
borate. Kinetics suggests that this com-

plex combines with the enzyme 6-phos--

phogluconate dehydrogenase, inhibiting
the oxidative decarboxylation of 6-
phosphogluconate. In the absence of
boron, and the corresponding absence
of the complex, the enzyme operates
at greater capacity, providing addition-
al erythrose-4-phosphate for increased
synthesis of phenol.

Borate thus acts as a modulator, de-
termining the level of activity of the
pentose shunt. In plants in which the
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product of the pentose shunt includes
phenols that may also complex with
borate, the borate available for com-
plexing with 6-phosphogluconate is de-
creased still further; consequently this
inhibition by borate of the pentose shunt
is further diminished, and autocatalytic
rates of phenol formation ensue.

The general outlines of this thesis
may be indicated by (i) physical dem-
onstration of the existence of the 6-
phosphogluconate borate complex, (ii)
inhibition of the 6-phosphogluconate de-
hydrogenase by the complex, and (iii)
the metabolic pattern in B+ and B—
sunflower leaves following incorporation
of 14CQO, by way of photosynthesis.

The formation of the 6-phosphoglu-
conate/borate complex (i) may be dem-
onstrated by formation of a unique
optical rotatory dispersion curve (Fig.
1). The sign of the Cotton effect of
6-phosphogluconate is reversed when
borate is added, and the extent of com-
plexing may be calculated by solution
of a pair of simultaneous equations in-
volving the [a]'s of the 6-phospho-
gluconate and the complex.

The effect of this complex on the
action of 6-phosphogluconate dehydro-
genase (ii) may be demonstrated by
the use of the labeled substrate 14C-6-
phosphogluconate, synthesized from
14C-glucose-6-phosphate by reaction

with nicotinamide adenine dinucleotide

phosphate and glucose-6-phosphate de-
hydrogenase. The latter substrate, in
turn, was prepared from 14C-glucose by
reaction with adenosine triphosphate
and hexokinase.

Autoradiography of the chromato-
gram of the action of 6-phosphogluco-
nate dehydrogenase on the radiomer-
ic substrate results in only a single new
spot, presumed to be ribulose-5-phos-
phate. Kinetics of the rate of reaction
of the enzyme with substrate show
33-percent inhibition by 6 X 10—*M
borate and 60-percent by 3 X 10—3M
borate (Fig. 2). These concentrations
of borate are not considered to be ex-
cessive, being commensurate with the
level of leaf borate determined analyti-
cally.

Both B+ and B— plants (iii) were al-
lowed to photosynthesize in *CO, for
30 minutes; they were then analyzed
immediately for soluble constituents,
and again after 30 hours in darkness.
The most conspicuous. differences
(Table 1) may be interpreted as fol-
lows: The difference between activities
at 0 and at 30 hours reflects the de-
pendence of the respiratory pathways
upon reserve substances such as starch
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Fig. 2. The influence of borate on the ac-
tivity of 6-phosphogluconate dehydroge-
nase with its substrate 6-phosphogluconate.
The composition of the reaction mixture
was: nicotinamide adenine dinucleotide
phosphate, 0.5 umole; 6-phosphogluco-
nate, 0.25 umole; “*C-6-phosphogluconate,
1.1 uc, 0.25 umole; Hepes buffer (Calbio-
chem), 25 umole, pH 7.55; Ca(NOs).,
15 wmole; and enzyme, 0.087 mg. The
amounts of borate resulting in the con-
centrations noted for the middle and

_ bottom curves were 1 to 5 umole, re-

spectively. The volume of the reaction
mixture was 1.63 ml; pH 7.7. The product
was separated by paper electrophoresis.

and sucrose; these become available
only after the indigenous (nonradio-
active) substrate is used. The increased
amount of citric acid in B+ is then
thought to arise either by inhibition
of the aconitase reaction concomitant
with the formation of the strong cit-
rate-borate complex, or from inhibition
of isocitrate dehydrogenase by virtue
of the isocitrate-borate complex. We
favor the latter alternative since it is
analogous to the 6-phosphogluconate
experiments described above, and be-
cause of the increase of glyoxylate in
the B— plants. We reason that the iso-
citratase reaction becomes more promi-
nent when the isocitrate dehydrogenase
is inhibited.
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