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Summary

An improved spectrophotometric method for the
determination of lipoxidase activity was developed
and applied in studies of the purified enzyme and
crude enzyme preparations from leguminous seeds,
with linoleic acid solubilized in Tween 20 as the
substrate. The optimum pH was found to be 7.0, 6.5,
6.0, and 5.5, for purified soybean lipoxidase and for
the crude lipoxidases extracted from gram flour (Ci-
cer sp.) soybean meal (Glycine max L.), and hy-
drated mung beans (Phasecolus aurcus L.), respec-
tively. The application of this test illustrates A) that
the present method was free from the inherent limita-
tions on pH present in the original methods, B) that
increasing the amount of detergent, in a fixed concen-
tration of fatty substrate, caused inhibition in the
enzymatic activity; more pronounced inhibitions
occurred when the concentrations of detergent as well
as of fatty substrate were increased in equal propor-
tions, and C) peroxide formation is proportional to
time of reaction and to enzyme concentration.

Determination of lipoxidase activity in germinat-
ing mung beans indicated 3 periods of enzyme activ-
ity: a slow decline from 8 to 24 hours, a rapid decline
from 24 to 40 hours, and a linear decline from 40 to
80 hours of germination.
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Chemotropic Response of the Pollen of Antirrhinum majus to Calcium ™*

Joseph P. Mascarenhas® and Leonard Machlis
Department of Botany, University of California, Berkeley 4

We reported earlier (A) our failure to identify
among a large number of organic compounds active
in biological systems any that exerted a chemotropic
effect on the pollen tubes of snapdragon and (B) the
results of extraction and fractionation procedures that
suggested the chemotropic factor from gynoecia to
be a quite small molecule, heat stable, water soluble,
and associated with larger molecules from which it
could be separated by various means (14). This
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led to a search among inorganic ions. particularly
those reported at one time or another to enhance
germination and tube growth of pollen. When we
tested the chlorides of Ca, Mn, and Zn at several
different concentrations, Mn and Zn proved to be
inactive but Ca elicited a pronounced chemotropic
response. The subsequent investigation of the chemo-
tropic effect of Ca is reported in this paper. A brief
summary of a part of these studies was previously
published (15).

Materials and Methods

The basic procedures and materials are described
in detail in the earlier report (14). Flowers of An-
tirrhinum majus (tetraploid) grown in the University
Botanical Garden provided both gynoecia and pollen.
For a brief period, when these plants were not avail-
able, cut flowers were purchased from a local florist.
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Fic. 1. Schematic diagram of the arrangement of
the depressions in agar and the positioning of materials
in the depressions for the assay of chemotropism.

The apparatus for the assay of chemotropic activ-
ity was an agar plate in which were formed 15 sets
of 3 depressions as diagrammed in figure 1. The
floor of the center (pollen) chamber was coated with
pollen by means of a fine brush. The material to be
tested was placed in one of the end (test) chambers
against the wall facing the pollen chamber. The
materials tested were of various forms. Solid mate-
rials such as plant parts, CaCOj,, and calcium malate
were placed directly in the test chamber. Solutions
were tested in either of 2 ways. Infrequently, agar
was added to a solution to give a concentration of 1%.
While still melted, a drop equal in volume to the test
chamber was added to the chamber where it rapidly
solidified. More often, measured amounts of solu-
tions were absorbed into a 3 X 5 mm piece of What-
man No. 1 filter paper which was then dried with
gentle heat and positioned in the test chamber against
the dividing wall. The third or control chamber
usually was left empty, particularly after it was found
that matching the content of this chamber with that
of the test chamber, except for the substance under
test, gave results no different than when the control
chamber was left empty. After the apparatus was
assembled, it was incubated for 8 hours at 25° in the
dark. Readings entailed counting the number (and
frequently measuring the length) of the pollen tubes
that grew into the agar walls separating the pollen
chamber from the test and control chambers. A
typical response to ovules is shown in figure 2a. The
number of tubes growing into the test wall is pro-
portional to the concentration of active material up
to tube counts of approximately 200. The system
apparently saturates a little beyond this level; more-
over, the tubes are so crowded that accurate count-
ing becomes impossible.

The basic nutrient medium (hereaiter referred to
as the plate medium) used in the bioassay consisted
of 10 or 20% sucrose (depending on the lot of pollen),
1% yeast extract (Difco), 0.01% boric acid, and 1%
agar (Difco)*. The optimum concentrations of su-
crose and yeast extract for germination and tube
growth were determined by appropriate tests.

The concentration of calcium in tissues was deter-
mined as follows. Tissues were dissected from flow-
ers, dried in an oven at 85° for 24 hours, and weighed.
The oven-dry material was then ashed in a muffle
furnace at 550° until free of carbon. An acid extract
of the ash was prepared and after removal of inter-
fering ions, calcium was determined by titration with
cyclohexanediamine-tetraacetic acid using calcein as
the indicator (4).

Flowers containing Ca*’ were obtained as fol-
lows. A snapdragon plant growing in the Botanical
Garden was lifted from the ground on March 8, 1962
and the roots washed free of soil. The plant was then
placed in a heated greenhouse in a jar containing 3.5
liters of nutrient solution [see Complete (FeEDTA)
in table I of Machlis and Torrey (13)]. The nutrient

Table I

The Effect of Calcium as (CaCl:) on the Directional
Growth of Pollen Tubes
The plate medium consisted of 10% sucrose, 0.1%
yeast extract, 0.01% boric acid, and 1% agar. Nothing
was placed in the control chamber. The readings were
made after incubation for 8 hours at 25°. Each value is
the average of 4 replicates.

Growth to calcium Growth to control

Calcium

ug per Length Length
paper Number (mm) Number (mm)

0.0 21 0.3-0.4 20 0.3-04
0.8 46 0.3-0.5 23 0.3-04
1.6 70 0.3-0.6 27 0.3-0.4
2.4 90 0.3-0.6 26 0.3-04
4.0 110 0.3-0.6 26 0.3-0.4
6.0 198 0.4-0.8 33 0.3-0.5
8.0 226 0.5-0.9 43 0.3-0.5
9.6 260 0.5-0.9 47 0.3-0.6
20.0 269 0.5-0.9 127 0.3-0.6

solution was changed periodically until May 14, 1962
at which time the first floral buds were just beginning
to appear. At this time the plant was transferred to
a jar containing fresh medium but in which the
Ca(NO,), was replaced with 1.0 mc of Ca*Cl,.
During the next several weeks flowers were collected
immediately after the dehiscence of anthers. The
radioactivity of ashed samples was determined under
a Micromil window tube in an atmosphere of Q gas.

4 To eliminate any possibility of ambiguity over the
use of concentrations expressed as per cent the procedure
with sucrose, yeast extract, boric acid, etc., was to take
the appropriate weight of solute and dilute (with solution)
to the final volume, i.e., for 10% sucrose 10 g of sucrose
was diluted with water to 100 ml. With agar, for technical
reasons, the appropriate weight was added to the final
volume of solution, i.e, for 1% agar 1 g of agar was
added to 100 ml nutrient solution.
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Results

The response of pollen tubes to calcium is pre-
sented in table I. The amounts of calcium indicated
were added to rectangles of filter paper from a meth-
anol solution of 1 X 1072 m CaCl,. The number
of tubes growing towards the source of calcium is
proportional to the amount of calcium until satura-
tion is reached. Although the higher numbers of
tubes could not be counted accurately attempts to do
so were made and indicated that there was no further
substantial increase in the number of tubes that grew
into the wall. The data in table I also show that
the higher amounts of calcium cause a growth of tubes
towards the control chamber in excess of the back-
ground number. It is presumed that calcium diffused
across the pollen chamber into the control wall where
it then caused tubes to grow towards it. If the assay
is made at the end of 3 hours instead of 8 hours, the
number of tubes growing into the control wall is the
same at all concentrations of calcium.

The cation calcium and not the anion associated
with it is the cause of the response of the tubes; CaCl,,
Ca(NO,),. CaSO,, calcium gluconate, and calcium
caseinate were all active. The chlorides of Mg, Ba,
Sr, Na. and K over a wide concentration range
(10 wuliter per paper rectangle of solutions of 1
X 1074 1 x 107% 1 x 1072 1 x 107% and
1.0 ar) failed to elicit a response, thus demonstrating
the specificity of calcium. In these tests pH was not
a factor. Noninhibitory (of germination) solutions
of these salts (all except 1.0 MgCl,, 1 X 1071 and
1.0M BaCl,, 1 x 1072, 1 x 107!, and 1.0
SrCl,) had pH values that overlapped extensively
with those of active solutions of CaCl, and Ca(NOy),
(pH 4.15-6.30).

Very few pollen tubes grow out of the pollen
chamber unless calcium is supplied from the test
chamber. It will be proposed later that the tubes
stay in the pollen chamber in response to calcium
released from the pollen grains. What happens if
the plate medium itself contains calcium? As might

be expected, when all of the agar surrounding the
pollen chamber (bottom and all sides) contains suf-
ficient calcium the tubes grow out of the pollen cham-
ber in all directions. This response is shown in
table II. Important parameters from these data to
be used later are that growth of tubes out of the pollen
chamber in all directions becomes high with concen-
trations of calcium in excess of 1 X 107%a1, that
the optimum concentration for such growth is about
1 X 10721 with the pollen used in this experiment,
and that concentrations in excess of 4 X 1072
inhibit germination.

We next sought to determine what levels of cal-
cium were present in various tissues of snapdragon,
how these levels were related to the chemotropic
activity of these tissues, and to what extent calcium
was released from tissues into agar. About 350
flowers were collected and dissected into the parts
listed in table III. All of these were analyzed for

Table 111
The Concentration of Calcium in the IFloral Tissues
of Snapdragon

Tissue Dry wt Ca Activity*
g To dry wt
Style, upper third 0.195 0.51 -+
Style, middle third 0.135 0.50 =+
Style, lower third 0.137 1.24 -+
Ovules and placenta 0.332 217 -+
Ovary walls 0.559 1.31 -+
Pedicels 1.298 1.24 +
Sepals 3.066 1.51 +
Petals 19.152 0.19 —
Filaments 2.520 0.36 —

* This column indicates whether or not a chemotropic
response was obtained when the fresh tissues of com-
parable flowers were tested in the bioassay apparatus.

calcium and tested for chemotropic activity. The
data show that there is a correlation between total
concentration of calcium in the tissue and the chemo-
tropic activity of the tissue. There is, moreover,

TableII

The Effect of Calcium (as CaCl:) in the Plate Medium on the Growth of Pollen Tubes Towards Empty Test and
Control Chambers

The plate medium contained 20% sucrose, 0.1% yeast extract, 0.01% boric acid, and 1% agar.

made after incubation for 8 hours at 25°.

The readings were

Growth to test chamber

Growth to control chamber

Calcium
Molarity Number Length (mm) Number Length (mm)
0 0 . 2 0.3

1x10° 0 .. 0 ...
1x10° 7 0.3 1 0.3
1x10* 44 0.3-0.4 25 0.3
1x10° 150 0.5-0.9 120 0.5-0.9
5x10° ~ 250 0.6-> 1.0 ~ 250 0.6- > 1.0
1x102 ~ 300 0.7->10 ~ 300 0.7-> 1.0
2x10* 150 08->1.0 170 08->10
3x10* 135 0.5-1.0 148 0.4-0.8
4 %X 10* 105 0.5-0.8 130 0.5-0.8
5x10* 0 No germination 0 No germination
1x10* 0 No germination 0 No germination
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an overall gradient amounting to a fourfold increase
in concentration between the upper third of the style
and the ovules and placenta. These data indicate
that there is no gradient down through the first two-
thirds of the style. It must be remembered, however,
that the entire stylar tissue was analyzed whereas the
pollen tubes presumably grow only-in the stigmatoid
tissue (5). Although attempted, no way was found
to dissect the stigmatoid tissue from the rest of the
style.

An unsuccessful attempt was made to observe the
distribution of calcium by radioautography of longi-
tudinal sections of the style. The gynoecia from a
plant fed Ca*® were too heavily labeled to permit
the necessary observations. The radioactive gynoecia
and pollen were used, however, to establish the rela-
tionship between the content of Ca*® and chemotropic
activity and the extent to which calcium diffused from
the tissues into agar.

Ovules and placenta as a mass were removed from
3 flowers whose anthers had just dehisced. Each of
these masses was divided approximately in half. One
of each half was assayed for chemotropic activity and
then dried, ashed, and counted. The results are given
in table IV. Although there is not a strict propor-

Table IV
Comparison of Ca* in Ovules* and Chemotropic Activity

Number of tubes

to ovules* Cpm
73 4,762
132 14,600
120 6,250

* Including placental tissue.

tionality between radioactive calcium content and
chemotropic activity, the 2 measures do vary in the
same direction. The other halves of the ovule and
placenta masses were used to determine the extent
to which calcium is released. In place of the paper
shown in the upper diagram of figure 1, a piece of
dialyzing membrane was inserted, extending down-
ward to the bottom of the agar and 1 mm beyond
each end of the chamber, to facilitate the subsequent
removal of the tissue. The tissue was placed in the
chamber against this membrane and allowed to stand
for 6 hours at 25°. The ovules, placenta, and mem-
brane were then removed, dried, ashed, and assayed
for radioactivity. The agar to the left of the mem-
brane was removed as a block 3 mm wide, 7 mm
long (1 mm beyond each end of the chamber), and
the full depth of the agar. It too was dried, ashed, and
assayed for radioactivity. The results are tabulated
in table V and indicate that almost 8% of the radio-
active calcium moved from the tissue into the agar.
This value is probably low because of the likelihood
that not all of the agar containing Ca*3 was cut out.
In an earlier experiment 109% of the Ca*’ was found
in the agar after a diffusion period of only 3 hours.
Pollen also contains calcium and readily gives it
up to agar. Pollen collected from flowers grown in

Table V
The Release of Ca* from Owules

Flower Counts per minute Ca released
No. Ovules* Agar %
1 11,098 958 8.6
2 5,542 547 10.1
3 14,273 884 6.2
Average 10,304 796 7.7

* Including placental tissue.

the Botanical Garden was found to contain 0.34%
calcium on the dry weight basis. Pollen from a plant
fed Ca*® was spread in a thin layer on a 1 square inch
piece of dialyzing membrane which was then laid on
the surface of a nutrient agar plate and left there for
3.5 hours at 25°. At the end of the diffusion period
the membrane and pollen were removed and assayed
for activity as was the agar beneath the membrane.
The pollen and membrane contained 4,531 counts per
minute of calcium and the agar 432 counts per
minute. Thus approximately 10% of the calcium
moved from the pollen into the agar.

The next set of experiments was designed to sub-
stantiate our conclusion that calcium is a chemotropic
agent for the pollen tubes of snapdragon. The first
of these attempts was to distinguish between the en-
hancement of growth per se and a chemotropic re-
sponse. The bioassay method does not permit ob-
servation of individual pollen tubes. Since it is known
that calcium markedly enhances the growth of pollen
tubes (2) it could be argued that those tubes in the
pollen chamber initially directed toward the test
chamber grow faster than those initially directed to
the control chamber and hence are the only ones to
register within the time allowed for growth (normally
8 hours). This cannot be clarified simply by ex-
tending the incubation period because sooner or later
calcium from the test compartment will diffuse through
the pollen chamber and into the control area. Three
other substances are known to enhance the growth
of pollen tubes: sucrose (8, 9, 10, 12, 17, 18) ; yeast
extract (3, 7); and boron (11).

It was shown that the rate of growth of the pollen
used in this study was enhanced by sucrose, yeast
extract, and boric acid. Pollen was sown on agar
plates containing sucrose, yeast extract, boric acid,
and CaCl, at optimal levels (10% sucrose, 0.1%
yveast extract, 0.019 boric acid, and 1 X 1072 M
CaCl,) excepting that nutrient whose effect on the
rate of growth was being tested. The concentration
of the latter (sucrose, yeast extract, or boric acid)
was varied. The minimal concentration of sucrose
tested was 2% since the complete absence of sucrose
prevented germination; with yeast extract and boric
acid the minimal concentration was zero because rea-
sonable although reduced germination of pollen did
occur when these were not incorporated into the media.
The ratio of the average length of the tubes in the
optimal concentration of each nutrient compared to
that in the minimal concentration was 3.8 for sucrose,
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2.2 for yeast extract, and 5.2 for boric acid. When,
now, sucrose or yeast extract gradients were estab-
lished between the test chamber and the pollen cham-
ber no pollen tubes in excess of the controls grew
towards the test chamber. In the experiments with
sucrose, the plate medium contained 2% sucrose with
the other nutrients at optimal concentrations as speci-
fied just above. With yeast extract, the plate medium
was devoid of yeast extract but with the other nu-
trients at optimal levels. In both series of tests,
calcium was supplied in the plate medium as CaCl,
at both suboptimal (2 X 107*ar) and optimal
(2 x 1072ar). Thus, the enhancement of the
growth of the pollen tubes by either yeast extract or
sucrose is not involved in the chemotropic response
indicated by the assay method.

In the tests with sucrose and yeast extract gradients
it was assumed that there was sufficient time during
the 8 hour incubation period for these substances to
diffuse through the test wall and thus be capable of
affecting the pollen tubes. Direct testing of this
assumption was not cdone. However, the germina-
tion of the pollen in the pollen chamber as well as
the average length of the pollen tubes growing into
the test wall were greater with the higher concen-
trations of sucrose (10 and 15%) than with the lower
ones; with yeast extract, which affects germination
less markedly than sucrose, the evidence for diffusion
rests only on the greater lengths of the tubes in re-
sponse to the higher concentrations of yeast extract
in the test chamber.

In contrast to these negative results with sucrose
and yeast extract are those obtained with concen-
tration gradients of boric acid. The initial experi-
ment is recorded in table VI. Boric acid in the test
chamber unaccompanied by calcium is without effect
even though the plate medium contains calcium at a
concentration just below that which causes tubes to
grow out of the pollen chamber in all directions in
the absence of any gradient of calcium. When this
same concentration of calcium (2 X 107*a) is
added together with boric acid to the test chamber
there is a significant increase in the number of tubes
growing to the test chamber compared to the control
chamber. When there is a gradient of calcium
(1 X 1072ar in the test chamber and 2 X 107 *ar
in the plate medium) the response to calcium is
greatly increased by the optimum concentration of
boric acid in the test chamber. A large number of
additional experiments on this effect of boric acid
were performed. The concentration of calcium that
must be present to detect the effect of boric acid
varies with the source of the pollen. With a dif-
ferent collection of pollen than that used in the pre-
ceding experiment no effect could be detected until
the calcium concentration in the chamber and plate
media reached 1 X 1072ar. With pollen collected
from commercially grown snapdragons no effect of
boron was found even with 1 X 107221 calcium in
the media. The results of all the experiments indi-
cate that boric acid enhances the chemotropic re-

Table VI

The Effect of Concentration Gradicnts of Boric Acid on
the Chemotropic Response of Pollen Tubes

The test media contained 10% sucrose, 1% agar, and
0.1% yeast extract in addition to the indicated amounts of
boric acid and CaCl.. The media were added to the test
chamber as 30 ul drops which then solidified. The plate
and control media contained 10% sucrose, 1% agar, 0.1%
yeast extract, and 2 X 10*M CaCl..

Medium in test chamber Number of tubes

Boric Acid Ca
% A Test Control
0.000 0 21 24
0.005 0 15 17
0.010 0 21 19
0.020 0 28 22
0.030 0 31 26
0.050 0 33 36
0.100 0 28 36
0.000 2x 10 24 22
0.005 2x 10t 34 16
0.010 2x 10" 39 22
0.020 2x 10 40 26
0.030 2x 10" N 26
0.050 2x10" 79 21
0.100 2x 10 18 19
0.000 10*° 58 36
0.005 10 53 18
0.010 10 61 21
0.020 10° 91 21
0.030 10°® 113 27
0.050 10 130 47
0.100 10® 360 47

sponse to calcium, that in the absence of calcium it
has no chemotropic effect, and that the concentration
of calcium necessary for this effect of boric acid to be
detected depends on the physiological (nutritional ?)
status of the pollen.

The relationship between the spontaneous growth
of pollen tubes into the test and control walls of the
bioassay was earlier examined (table II) with the
finding that a concentration of calcium in the plate
medium in excess of 2 X 10~ *ar was needed for
such spontaneous growth (with the particular pollen
used) and that 1 X 10722t was optimum for the
growth of the tubes out of the pollen chamber in all
directions in the absence of a gradient of calcium.
In these tests the plate medium contained 0.019 boric
acid. The finding that boric acid effects the response
to calcium necessitated a testing of the appropriateness
of the concentration of boric acid used in the earlier
experiments. Plates were therefore prepared with
the usual nutrients, 2 X 1072t CaCl,, and dif-
ferent concentrations of boric acid. The maximum
number of tubes grew toward the test and control
chambers, which were empty, when the boron con-
centration in the medium was 0.019. This result
is another indication of an interaction between boric
acid and calcium and confirms the use of 0.019 boric
acid as optimal in all the preceding experiments.

To further confirm that calcium was exerting a
chemotropic effect, tests were made involving methods
other than the standard bioassay. In these tests
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CaCO, and later, platelets of calcium pL-malate were
used since they made it possible to maintain a con-
stant concentration of calcium at the source because
of their low solubility. It was presumed that this
more closely simulated the conditions prevailing when
tissue was used as the source of the chemotropic fac-
tor. When CaCO,; was used for the standard bio-
assay, it was introduced into the test depression
against the inner wall as the powder approximately
4 to 5 hours prior to introducing the pollen. With
the malate, no time difference was necessary for
optimum results and the malate was introduced as a
sheet laid against the inner wall of the test compart-
ment.

Figure 2 shows a series of tests conducted with
CaCO; and the comparisons of the responses observed
with those elicited by ovules. Figures 2a and b
illustrate the growth of pollen tubes in the standard
assay apparatus to CaCO; and to ovules placed in the
left depression. No additions were made to the con-
trol depressions. In figures 2c and d the pollen
was spread in a row along the edge of each side of
the pollen depression. Many tubes grew into the
wall towards the test depressions which contained
CaCOj; or ovules whereas very few grew into the
opposite wall. In figures 2e and f pollen grains
were placed in a slit in the agar approximately 1 mm
from the long outer edge of the test depressions in
which CaCO; and ovules had been placed. Finally,
in figures 2g and h the traditional method of display-
ing pollen tube chemotropism was used. CaCO, and
ovules were placed 1 mm away from pollen grains
spread on the surface of the agar. When ovules or
CaCO, are omitted from the types of tests illustrated
by 2a, b, ¢, and d, the tubes tend to remain, but not
completely, in the pollen chamber. When the attract-
ants are omitted from tests 2e, f, g, and h, then the
pollen tubes grow randomly in all directions.

These illustrations show that the pollen tubes re-
spond to Ca as they do to ovules; however, the re-
sponse is almost always less intense to the calcium
than to the ovules. In those tests where the pollen
grains are spread in rows, it is possible to observe
the individual tubes and to note that whatever the
direction of emergence of the tubes, most of them turn
and by a convoluted pathway eventually grow to-
ward the source of the chemotropic agent whether it
is ovules or calcium.

An attempt was made to see if ovules would attract
pollen tubes in the presence of calcium. The pro-
cedure used was the usual method in which ovules
are placed on the surface of a nutrient agar plate
with the pollen placed individually about 1 mm from
the ovules. Although we never were able to obtain
fully consistent results with this method [see discus-
sion in (16)], the usual spectacular response as shown
in figure 2g was obtained in more than half of the tests.
When the agar contained 2,3, and 4 X 10—2 CaCl,
no such chemotropic effect was detected in 31 trials.
Thus, adequate calcium in the plate medium erases
the chemotropic effect of ovules.

The pollen of Narcissus pseudonarcissus and
Clivia miniata also responded to calcium in the bio-
assay apparatus in the same manner as that of snap-
dragon.

Discussion

A variety of evidences have been presented lead-
ing to the conclusion that calcium exerts a chemotropic
effect on the pollen of snapdragon. A comprehensive
review of the literature on pollen tube chemotropism
(16) cites all work done on pollen tube chemotropism
and is the basis for the following discussion.

The chemotropic factor is widely distributed in
plant tissues or else there are several factors to which
pollen tubes can react tropically. Chemotropism of
pollen tubes of one species to nongynoecial tissues of
the same and other plant species has been repeatedly
observed as has chemotropism between pollen and
gynoecial tissue from different plant species, even
when the plants were widely separated taxonomically.
Thus the chemotropic substance is of common occur-
rence and not a very specific compound. Positive
chemotropic responses to specific compounds and
crude preparations were obtained by the early work-
ers—to compressed yeast, sucrose, glucose, fructose,
lactose, diastase, and egg albumin. However,
although more recent work has not confirmed these
results, they cannot be altogether discounted. It is
possible that unlike the compounds obtainable at the
present time, the compounds used in the 1890's con-
tained impurities that were chemotropic, probably cal-
cium. It is known that diastase which is one of the
materials earlier found to have chemotropic activity
does contain one or more gram atoms of calcium
per mole of enzyme (6).

The chemotropic factor(s) is known to be heat
stable, resistant to dilute acid hydrolysis, small enough
to pass through a dialysis membrane, and soluble in
water and alcohol, but not in acetone or ether. Cal-
cium possesses all these properties.

The active substance from gynoecial tissues is
known to have in addition to a tropic effect also a
growth-stimulating effect on pollen tubes. When
pollen is sown in sufficiently large colonies on nu-
trient agar, growth begins in the center and the
tubes grow towards the periphery and go a short dis-
tance beyond the limits of the colony. Then with
only a few exceptions, the tubes recurve towards the
colony. Sometimes tubes that grow beyond the limits
of a colony grow into a neighboring colony. Evi-
dently there is some substance within the colonies
which influences the direction of growth of the pollen
tubes. As the number of grains in the colony in-
crease, the pollen germination percentage and tube
length proportionately increase. Recent work by
Brewbaker and Kwack (1) has shown that the factor
causing this population effect is calcium.

Calcium, which has been found to have a tropic
effect in addition to a growth effect, appears to pos-
sess all the properties of the tropic substances for
pollen tubes that have been reported in the literature.

The conclusion that calcium is a chemotropic fac-
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Qv g

Fi1c. 2. The chemotropic response of pollen tubes to ovules (left) and to CaCO; (right). a and b: Standard bio-
assay. c¢ and d: The pollen grains were spread in a single-grain row along each edge of the pollen chamber. e and
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tor is further supported by the distribution of calcium
in floral parts, the readiness with which calcium dif-
fuses from pollen and floral parts into agar, and the
inability to obtain a chemotropic response by ovules in
the presence of ample calcium. There was shown
to be a very substantial overall gradient in calcium
from the stigma to the ovules. As pointed out earlier,
the lack of a gradient in the upper part of the style
may not reflect the actual distribution of calcium
affecting the pollen tubes in their growth through
the style because they are presumably restricted to the
stigmatoid tissue. The actual situation in snap-
dragon was not investigated. It would be desirable
to work with a plant where the distribution in stigma-
toid tissue itself could be examined. Although we
were unable to observe chemotropism to ovules in the
presence of calcium using the surface test, Brewbaker
and Kwack state that they do get a response in their
test procedure (2).

The ready diffusion of calcium from pollen grains
offers a possible explanation for both the recurvature
of pollen tubes back to a colony of pollen referred to
above and for the failure of pollen tubes to grow out of
the pollen chamber in the bioassay apparatus unless
the plate medium contains high levels of calcium.
In both cases the released calcium could be presumed
to act chemotropically. Quantities of pollen, all re-
leasing calcium into the agar, would result in a local-
ized concentration of available calcium tending to
keep the pollen tubes in the vicinity.

Evidence was presented that the optimum response
of pollen tubes to calcium was conditioned by the pres-
ence of boron, depending on the particular lot of
pollen used in the tests. Although calcium elicits a
response in the bioassay plate in the absence of added
boron, the reverse does not happen. Not enough is
known about this interaction to explain it.

Summary

Evidence is presented that the pollen tubes of snap-
dragon (Antirrhinum majus) grow chemotropically
towards a source of calcium. Analyses of the parts
of the gynoecia of snapdragon indicate the highest
concentration of calcium to be in the ovules. Boric
acid enhances the chemotropic response to calcium.
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f: The pollen grains were inserted in a row in a slit made in the agar 1 mm from the outer edge of the control cham-

ber. The test materials were placed against the outer wall of the control chamber.

g and h: The pollen grains

were placed on the surface of nutrient agar and the test materials 1 mm awav.



