
HELLMERS AND MACHLIS-METABOLISM OF PINE POLLEN

pacities are discussed in relation to the in situ life
history of the pollen.
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RESPONSE OF THE HYPOCOTYL HOOK OF BEAN SEEDLINGS
TO RADIANT ENERGY AND OTHER FACTORS"12'3

WM. H. KLEIN, R. B. WITHROW AND V. B. ELSTAD
SMITHSONIAN INSTITUTION, WASHINGTON, D. C.

One of the characteristic morphogenic responses of
dicotyledonous plants to visible radiant energy is the
straightening or opening of the stem hook in the seed-
ling stage. During germination in complete dark-
ness, a hook develops in the hypocotyl which progres-
sively moves into the epicotyl. In darkness this hook
does not disappear up to the time the cotyledonary
food reserves are exhausted in Black Valentine and
Red Kidney bean seedlings. However, if the seedlings
are exposed to low levels of red radiant energy, the

' Received February 28, 1956.
2 Published with the approval of the Secretary of the

Smithsonian Institution.
3 Research was supported in part by funds provided

by U. S. Atomic Energy Commission Contract No. AT
(30-1)-1133.

hook opens completely within several days (5). This
paper deals with the various factors which influence
the opening of the excised hypocotyl hook of the bean
seedling and its usefulness as a quantitative test organ
for studies of the action spectrum and the kinetics of
photomorphogenesis.

MATERIALS AND METHODS
Seedlings of Phaseolus vulgaris, var. Black Valen-

tine, were grown in darkness in a subirrigated, gravel-
culture chamber, in a constant condition room main-
tained at 250 C and 70 to 80 % relative humidity (5).
No nutrient solution was used since tap water pro-
duced seedlings as uniform as any inorganic solution
tried. The plants were harvested at 6 days from
seeding and were selected for a uniform hook angle of
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FIG. 2. Cutting template used over the green safe-
light for selecting bean seedlings and excising the hook.

leaves and buds, was removed unless otherwise noted.
The length of the shorter segment of the hook was
0.5 cm.

The seedlings were selected and cut on a green
safelight unit consisting of two 15-watt green fluores-
cent lamps mounted in a box faced with two panes of
glass, between which were a green gelatin filter and
two diffusing sheets of tracing paper. The seedlings
were selected on the right hand grid and excised on
the left hand grid of the template shown in figure 2.
The grids were made symmetrical so as to permit
working from either side of the safelight table. The
filter transmitted between 500 and 550 mju, with a
peak at 525 mu; the illumination was about 0.1 fc.
An exposure of 60 minutes to the safelight unit pro-
duced no measurable opening of the hook from 6-day-
old seedlings. In most cases the actual exposure time
was less than 3 minutes. The safelight unit and the
formulation of the green filter are to be described in
detail elsewhere.

D a r k Re d

FIG. 1. Typical 6-day-old Black Valentine seedlings

grown in gravel culture at 25° C. Arrows indicate the
points at which the hook was excised.

zero degrees and a length of 15 + 1 cm. Only those
with the hypocotyl doubled back and paralleled to
itself (zero degree angle), as shown in figure 1, were

used. The upper 2.5-cm section of the hypocotyl was

excised and the terminal portion, including cotyledons,

FIG. 3. Dark and irradiated hooks at the end of a
20-hr development period at 250 C. The angles of the
control hooks kept in complete darkness are unchanged,
although the hypocotyl developed an upward geotropic
curvature, causing some of the hooks to bend away from
the paper surface. Those on the right were exposed con-
tinuously for a period of 20 hrs to 0.1 /Lw/cm2 of red
energy 625 to 700 m,u. The hooks opened about 65°.
For experimental purposes the hooks were placed on
white filter paper; the black paper shown was used only
for photographing.
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FIG. 4. Hook-measuring protractor indexed in 50
units. The upper part of the long leg of the hook was

placed parallel to the line grid and moved across the
grid until the short portion was parallel to one of the
angles indicated. The data were recorded in terms of
the 5° units of angle. By subtracting the recorded angles
from 180°, the plus (opening) and minus (closing) values
were determined.

Fifteen to 20 hooks were placed on filter paper in
15-cm Petri dishes containing 35 ml of distilled water.
Typical dark and red-irradiated hooks at the end of a
20-hour development period are shown in figure 3.
All hook angles were measured with the special circu-
lar protractor, indexed in 5° units (fig 4). In all
tabulated data, a completely opened hook is indicated
by a value of 180°, whereas a zero-degree angle repre-
sents the initial condition. In order to measure a hook
angle, the upper portion of the longer leg of the hook
was kept parallel to the line grid and moved across

the protractor until the short leg was parallel to one

of the radial lines. The average protractor readings
multiplied by 10 for each dish were then subtracted
from 1800 to obtain the hook angle. This procedure
eliminated the need of working with plus and minus
values of angles when recording data. The tabulated
positive angles indicate hook opening; negative values
indicate hook closing.

Schneider (4) and Jacobs (3) have reported that
additions of sugar to the media were either ineffective
or inhibitory to growth of Avena-mescotyl and bean-
hypocotyl sections respectively; these results are con-

firmed in so far as the opening of the bean hypocotyl
is concerned. Buffers, mineral nutrients and combina-
tions of them decreased the photoresponsivity, as com-

pared to distilled water. Therefore, distilled water
was used as the medium in all experiments reported

here except where low concentrations of test sub-
stances were added.

RESULTS AND DISCUSSION
EFFECT OF TERMINAL ORGANS: The effect of the

terminal organs (bud, leaves and cotyledons) on the
hook response was obtained by placing dishes of hooks,
with various combinations of organs present, in com-
plete darkness and exposing to red energy (625 to 700
m,u) of 1.0 uw/cm2. The results given in table I are
the averaged data for two independent experiments.
The responsivity of the hook to red energy is mark-
edly reduced by the presence of any of the terminal
organs. The smallest opening response was obtained
with an intact hook containing bud, leaves and coty-
ledons, and the maximum response was obtained when
all terminal organs were removed. The cotyledons
were more active than the bud and leaves in inhibiting
the hook opening. The presence of the cotyledons in
complete darkness produced an appreciable closure of
the hook as evidenced by the negative angles of open-
ing. These results indicate that the terminal organs,
particularly the cotyledons, provide a diffusible sub-
stance which causes the hook to tend to close. This
response is opposite to that of the photoreaction. It
will be shown later in this discussion that additions of
low concentrations of indoleacetic acid to the culture
medium produce an effect similar to that of the termi-
nal organs. It can be speculated that these organs
supply a diffusible auxin to the hook, which reduces
its responsivity to red energy.

AGE OF SEEDLING: Hooks were excised from seed-
lings of 4, 5, 6 and 7 days of age to determine the
most suitable stage for testing. Table II gives the
results of the averages of three dishes for each age.
The responsivity to red energy in terms of rate of
opening per unit of incident energy increased with
age. As the seedlings became older, the hook moved
up the stem and by 7 days some of the hooks were in
the epicotyl. Therefore, in all subsequent experiments,
6-day-old seedlings grown at 250 C were used to pro-
vide excised hypocotyl hooks.

TIME-COURSE OF HOOK OPENING: The time-course
of the hook opening was determined by placing 10

TABLE I
EFFECT OF TERMINAL ORGANS ON THE ANGULAR

RESPONSES OF THE HYPOCOTYL HOOK OF
SIX-DAY-OLD BEAN SEEDLINGS

ANGLE OF OPENING
ORGANS PRESENT IN DEGREES *

DARK RED**

Hook + bud, leaves and cotyledons 0 6
Hook + cotyledons ............... 7 8
Hook + bud and leaves ........... 2 26
Hook + bud ..................... 0 58
Hook alone ..................0... 83

* Averaged data for 40 hooks (2 replications). Devel-
opment time: 20 hours, 250 C.

** Red irradiance of 1.0 /Aw/cm2, 625 to 700 my.

291



PLANT PHYSIOLOGY

TABLE II

RESPONSE OF THE HYPOCOTYL HOOK OF BEAN AS A
FUNCTION OF SEEDLING AGE *

AGE IN DAYS No. OF REPLCATIONS ANGLE OF OPENING
IN DEGRtEES

4 2 40
5 4 69±6
6 4 84±3
7 2 96

* Red irradiance of 1.0 /Aw/cm', 625 to 700 m,u; devel-
opment period, 20 hours.

** Standard error is given only for the 5- and 6-day
hooks where 4 replications of 20 hooks each were used.

dishes in a dark cabinet and exposing 10 others to a
red irradiance of 0.1 Uw/cm2. At intervals of 8 hours,
one dish each was removed from the dark and red
cabinets and the hook angles measured. The data
plotted in figure 5 show that in complete darkness
there was a lag period of from 16 to 24 hours before
hook opening began. Thereafter, the unhooking pro-
ceeded at a relatively constant rate, reaching approxi-
mately 1800 after about 80 hours. For those hooks
exposed to the red, the lag phase was much shorter,
being about 4 hours, and the rate of unhooking was
considerably greater as evidenced by a steeper slope
of the time-course curve. Red energy markedly de-
creased the length of the lag phase and increased the
rate of opening.

TEMPERATURE: The temperature response is given
graphically in figure 6. The data for these curves
were obtained by allowing the hooks to develop for a
period of 24 hours in either complete darkness or ex-
posed continuously to a red irradiance of 1 /Aw/cm2 at
a series of six temperatures, ranging from 100 to 350 C.
Three replications were made at each temperature and
the average data plotted; the vertical bars show the
range of variation between the maximum and mini-
mum results of all experiments performed. A 24-hour
development period permitted the hooks in complete
darkness to open to a measurable angle. The opti-
mum temperature for the red-irradiated hooks was
250 C, while the optimum for those kept in complete
darkness was 30° C. On the basis of these data, a
constant temperature of 250 C was used in all subse-
quent experiments.

RED IRRADIANCE: The response to incident red
irradiance was determined by exposing hooks to vari-
ous irradiances for a period of 20 hours. Two sets of
data are shown in figure 7; one determined in 1953
and a second determined in 1954 with a new crop of
seed. The results are plotted on a log scale of irradi-
ance. The angle of opening was proportional to the
logarithm of the red irradiance (625 to 700 m,u) over
the range of 0.001 to 10 ILw/cm2. The data for the
two separate years were quantitatively consistent.
This was one measure of the reproducibility of the
hook response in the Black Valentine bean. A second
test of reproducibility was established by repeating
identical treatments as parts of other experiments
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FIG. 5. Time-course of opening of excised hypocotyl

hooks in complete darkness and exposed continuously to

red energy of 0.1 uw/cm2 at 250 C. The vertical bars

indicate the range of maximum and minimum variations

of all experiments on time-course. The hooks kept in

complete darkness did not begin to open until about 20

hrs from the time of excision. The red-exposed hooks

began to open at about 4 hrs.
FIG. 6. Temperature response of dark and red-irradi-

ated hooks (625 to 700 mIn, 1.0 /Aw/cm2). The develop-
ment period was extended to 24 hrs in order to obtain
appreciable opening of the dark hooks.

FIG. 7. Effect of red irradiance on the hook opening
response. The data for the crosses were determined in
1953 and those for the circles in 1954. The angle of
opening is approximately proportional to the logarithm
of the irradiance.
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over a period of 4 weeks. During this time a total of
400 hooks were treated with red energy at 2 uw/cm2.
The average response was 1110, with a standard error
of the mean of ± 30.

Hooks exposed for a few minutes of high intensity
red energy and then allowed to develop in darkness
for 20 hours open in the same manner as when ex-
posed to continuous red energy. However, if, follow-
ing the red exposure, the hooks are exposed to far-red
energy, the effect of the first treatment is almost com-
pletely nullified. This can be repeated several times
with the ultimate response determined by the last
exposure. This promotion and blocking or reversal
process is similar to that obtained with the germina-
tion of lettuce seed (1).

AuXINS AND RED ENERGY: The relationship be-
tween 3-indoleacetic acid (IAA) and red energy is
presented graphically in figure 8 for concentrations of
IAA from 1j-8 to 105 M and red irradiance (625 to
700 mu) from 13 to 10 uw/cm2. In complete dark-
Iness, IAA caused closure of the hook, which increased
in magnitude with concentration. All concentrations
of IAA decreased the resultant effect of the photo-
reaction. This is consistent with the findings of Gal-
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ston (2) that the sensitivity of the pea epicotyl to
IAA was reduced by preirradiation of the seedling
with red energy. Low concentrations of IAA between
10-8 and 10-6M do not alter either the linearity of
the opening response to the log of irradiance or the
slopes of the curves above a 100 opening value. Be-
low a 5 to 100 angle of opening, the response is not
a linear function of the log of irradiance or energy.
Since the two stimuli are opposing in the hook-open-
ing response, each value of hook angle can be obtained
by an infinite series of combinations of IAA concen-
tration and irradiance. The excised hypocotyl hook
can be used as an auxin assay by placing the hooks in
the unknown extract of auxin and exposing to red
energy of about 10 uw/cm2. Under these conditions
the auxin concentration expressed as moles per liter of
IAA can be evaluated from the reduction in hook
angle as compared to a water control. Concentrations
as low as 1(-9 M can be detected by this assay.

SUMMARY
A method for the quantitative measurement of the

photomorphogenic response of plants is presented,
using the hypocotyl hook of bean seedlings. Varia-

0 1o' I-l7 lo-6 l0-5 0 .001 .01 .1 10
Indoleacetic acid conc. (mole/liter) Red irrodiance , 625- 700 mA (1&w/cMr2)

FIG. 8. Effect of various combinations of red irradiance and IAA concentrations on the opening of the bean
hook. The family of curves on the left present the angle of hook opening as a function of the logarithm of the
molar concentration of IAA for various red irradiances. Curves on the right present the same data plotted with
hook opening as a function of red irradiance for various IAA concentrations. The hooks were exposed to the red
iriadiance and IAA concentrations for the complete 20-hr development period.
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bility is small and the response to red radiant energy
is very reproducible. The material is easy to handle
and manipulate. The assay is reliable between 103
MAw/cm2 and 10 uw/cm2 of red (625 to 700 m,u) and
the photoresponse is directly proportional to the loga-
rithm of the irradiance.

The technic consists of excision of the hook from
6-day-old seedlings of Black Valentine bean and expo-
sure to red energy (625 to 700 m,u). The angle of
hook opening is a quantitative measure of the photo-
morphogenic effect. The presence of bud, leaves or
cotyledons, particularly the latter, causes an effect
opposing the photoreaction, as does also 3-indoleacetic
acid.

The photoresponse increases with age of the seed-
ling up to seven days, but at this age the hook has
progressed up the stem close to the cotyledonary
node; therefore, 6-day-old seedlings were found most
suitable. In complete darkness no opening could be
observed for 16 to 24 hours following excision; with
red energy, the lag period was 4 hours and the subse-

quent opening was at a markedly increased rate as
compared to the dark. The maximum opening in the
red occurred at 250 C; in the dark at 300 C.
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SOME FACTORS AFFECTING ABSORPTION AND TRANSLOCATION
OF ZINC IN CITRUS PLANTS1.2

E. F. WALLIHAN AND L. HEYMANN-HERSCHBERG 3

DEPARTMENT OF SOILS AND PLANT NUTRITION, UNIVERSITY OF CALIFORNIA
CITRUS EXPERIMENT STATION, RIVERSIDE, CALIFORNIA

Zinc deficiency occurs almost universally in citrus
plants. In its more severe stages this disorder seri-
ously reduces tree growth and fruit production. Soil
treatments have not been altogether successful in
solving this problem. Foliar sprays of zinc are com-
monly used in the form of oxide, sulfate, hydroxide,
or carbonate, materials which are frequently incorpo-
rated in sprays applied for pest control purposes.
Variability of results raises a number of questions
concerning factors affecting absorption and transloca-
tion of zinc. The experiments reported here served
to identify some of these factors and suggest proce-
dures for additional experiments. The variables studied
were the following: 1) placement of material on
leaves, 2) leaf age, 3) concentration of zinc used,
4) leaf vs. root application, and 5) amount and
chemical form of zinc applied to soil.

MATERIALS AND METHODS
In these studies the radioactive isotope zinc-65 was

used as a tracer in following the movement of zinc in
citrus plants. At the time of shipment the solution

1 Received March 13, 1956.
2 Paper No. 903, University of California Citrus Ex-

periment Station, Riverside, California.
3This work was done while the second author was in

the United States as a Fellow of the Institute of Inter-
national Education. Present address: Agricultural Re-
search Station, Rehovot, Israel.

contained 3.78 mg Zn per mc, in the form of ZnCl2.
In this report, the symbol Zn* is used to denote a
mixture of Zn65 with the naturally occurring isotopes.
Concentrations of Zn65 are expressed in terms of ac-
tivity at the time of shipment. The experiments
covered a span of approximately one half-life (250
days).

Elapsed time between treatment and harvest is
indicated in the description of each experiment.

Three types of plants were used: 1) 3-year-old
navel orange trees growing out-of-doors in solution
cultures; 2) Koethen sweet orange seedlings, 15 to 25
cm tall, grown in the greenhouse in solution cultures
or in pots of soil; 3) rooted cuttings of Eureka lemon,
15 to 25 cm tall, grown in the greenhouse in solution
cultures.

Except where otherwise noted, nutrient solutions
were maintained in the pH range 4.0 to 4.5. Their
composition was the same as that reported for previ-
ous studies (3). All plants were adequately supplied
with zinc prior to the time of treatment.

PREPARATION OF PLANT MATERIAL FOR ANALYSIS:
In a preliminary study it was found, in agreement
with Smith et al (1), that a solution of Dreft deter-
gent acidified to 0.3 N with HCl was more effective
in removing zinc applied to the leaf surface than was
Ivory soap or a 10 % solution of sodium ethylene dia-
mine tetra-acetate (NaEDTA) adjusted to pH 5.
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