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ABSTRACT

Plant material, including seeds of Phaseolus vulgaris,

callus tissue of Glysine soja, Nicotiana tobaccum, Pinus

elliottii, Pisum sativum, Vicia faba, and Daucus carota, discs

of tuber tissue of Solanum tuberosum L, variety Russet, in-

tact roots of Vicia faba, root explants of Pisum sativum, and

excised roots of Allium cepa, were placed in an alternating

high voltage electric field for designated periods of time,
removed from the field, and examined by several methods to as-
certain the effect of the electric fiéld on the plant material.
The size of mature plants grown from treated seeds were sig-
nificantly different from the nontreated seeds. The rate of
germination, rate of respiration, ethylene production, also
appeared to be effected by exposure to the electric field. The

chlorophyll content in the leaves of Phaseolus wvulgaris was

somewhat higher in those plants grown from seeds treated in

the electric field. Growth rates of callus tissue demonstrated
a response to the electric field with each species exhibiting
its own optimum period of exposure to produce the greatest
stimulation and depression of growth.-

Studies with 52P demonstrated that phosphorus uptake by
callus tissue, potato discs, and root tips was clearly effected
by the external electric field. Studies with atomic
fluorescence and electron spin resonance indicated that the

effect on ion uptake may be general in nature.



The utilization of paired samples rather than large
groups of samples was critical to the evaluation of the effect
of the field. This technigue combined with statistical
analysis with rank correlation and linear regression coeffic-
ients resulted in the formulation of a model that might explain
the results observed in the paired samples. The results showed
that the electric field was bringing abéut.a move tcward an
"equilibrium" state in relation to the parameter being examined
resulting in a reduced degree of variation in the treated
group as compared to the nontreated group.

Finally, the study demonstrated that the effect,ofvthe
electric field on plant tissue was altered by changes in the
envircnment of the tissue before or after placement in the
field. This was shown by changing the pH of the absorption
solution for phosphorus uptake, lowéring the nighttime tempera-
ture during seed germination, changing the osmotic concentration

with cells, submerging tissue in liquid, and aging the tissues.
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INTRODUCTION

Environmental effects on plant growth and development
have been the subject of much concern and research for many
years. As a result, many of the environmental parameters,
such as the effects of light, temperature, pH, water, soil
nutrients, etc., have been studied in depth and clearly
understood to have an effect on plant growth. In recent years
study of environmental influences have receivaed new impetus
with the current interest in the eifects c¢f pollution,
herbicides, and pesticides on plants.

One aspect of the environment that ha§>received very
little scientific attention in the lazt thirty years is that
of the effect of electric fields on plants. This lack of
interest has not always been the case, however, for there have
been periods of time during which this was an area of active
research. Unfortunately, the results of the research were not
very conclusive so that even the most basic question of
whether an external electric field has an effect on plants is
still unsettled. A review of the history of electrical studies
rrovides a basis for understanding the controversy associated
with the subject.

The first recorded experiment concerning the effect of
electricity on plants was performed by Dr. Maimbray of
Edinburgh in 1746. According to Solly (1846), Dr. Maimbray

applied an electric current to two myrtles in a grove throughout



the month of October. These two myrtles produced several
inches of growth and even flowered while the other myrties
did not demonstrate this unseasonable growth. This aprarent
stimulation of growth by electricity attracted the attention
of a large number of people in all parts of Europe. The
initial studies of 45 independent electricians during the
period of 1746-1845 are reviewed in detail by Solly (1848).
During this period the term "electroculture" was applied to the
study of applying electricity to-plants and became a topic
of cyclic favor and disfavor among the electricians studying
the problem.

In spite of a century of controversial results, the hone
of finding a method of increasing crop broduotion was so
appealing that the agricultural scientist continued sporadically
for another century to explore the use of electrcculture. The
early studies utilized atmospheric electricity (Monahan, 1904;
Jg¢rgensen and Stiles, 1917; Brezowsky, 1919; and Briggs,
Campbell, Heald, and Flint, 1926.) The term eventually came
to refer to those practices which maintained an electric charge
on a wire network stretched over the plants or those practices
which produced an electric current through the soil. The
results of these studies in Europe and the United States are
reviewed by Monahan, 1904; Monahan, 1905; Priestly, 1907,
Dudgeon, 1912; Hendrick, 1918; Blackman, 1924; Blackman and

Legg, 1924; Briggs, Campbell, Heald, and Flint, 1926; and



Dorchester, 1937. The analysis of the effects of the
electrical treatment usually involved measuring the différence
in dry weight of the treated and non-treated plants and/or a
change in the yield of a particular crop. While many of the
investigators reported a sensational increase in yield, a
similar number reported a decrease or no apparent efiect due
to electrical treatment.

During this period very few attempts were made to seek
& physiological explanation of the effect of the electrical
treatment. Kanight and FPriestley (1914) studies the effect Qf
the electrical discharge on plant respiration measured by the
output of carbon dioxide. They were not able tc show any
alteration in respiration with germinating peas whether they
used direct current or overhead discharge. Blackman (1924)
reported that the mode of action of the overhead discharge was
obscure, but that in several cases the electrified field
crops showed a deeper green color than the controls implicating
the formation of more chlorophyll pigment.

Another popular method of electrical treatment in the
carly 1900's was the application of electricity to seeds and
bulbs and measuring the change in rate of germination. The
electricity was applied either directly to the seeds or bulbs
or zpplied by passinrg a current through the soil in which the
seeds were planted. An increase in germination in the treated

seeds was reported by Leicester (1592), Kinney (1897), Mercier
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(1919) and Lee (1920). Inconsistent results were reported by
Darnell-Smith (1920), Sutton (1920), and Russell (1820).
Apparently, electro--culture was not sufficiently
successful or consistent to be economically beneficial ard
the agricultural societies stcpped providing financial support
for research in the electrical treatment of plants in the late
1930's. However, a closely related field began to emerge
which later stimulated a renewed interest in electrical treat-
ment of plants. In 1928, Lund proposed that the coantinuous
electrical current produced by cells may control the magnifica-
tion and direction of metabolic processes in other cells. urr
(1935) reported: "The pattern of ofganization of any bio-
logical system is established by a compliex electro~dynamic
field.... Therefore, it must regulate and control living
things, it must be the mechanism the outcome of whose activity
is 'wholeness,' organization and continuity.'" Avid interest
arose around the issue that cells produce a natural bioelectric
current and that an electric field was established around =z
plant as a result of the bioelectric activity. The early
literature in this area hes been reviewed by Lund (1947).
More current reviews include Scott (1967), Presman (1970},
and Higinbotham (1973). Based upon the possibility that a cell
or entire plant might use this biocelectric activity as a
primitive form of communication and integration of develcpment,

interest was regenerated in the effect of applied clectric



currents and electric fields that they might alter the
integrating mechanisms of the plant.

Using onion roots, Marsh (1230), studied the effect of
applied direct current on the inherent =lectrcmotive force
(E.M.F.) of the onion cells and reported that the E.U.F. is
altered by the applied current. Berry and Hoyt (1943 a and b)
could also alter the observed electrical potential with both
direct and alternating currént. The effect of small electric
currents on the growth of coleoptiles have been studied by
Gregory and Batten (1926), Cholodny and Sankewitsch (1937),
Schrank (1950), Schrank and Backus (1951}, Wekster and
Schrank (1953), Weigand and Schrank (1954), and Schrank (1859).
The first two papers explored the alternaticons in growth
patterns as a result of applied current while the others were
concerned with the relationship of curvature, auxin, and the
applied current. The response of the inherent E.M.F. of

Phasenlus multiflorus te electrical currents was studied by

Rehm. (1939) who reported that the plant demonstrates an in-
creased basal peositivity in response to applied current. . Rehm
also reported that "...there is an intimate relation between
the orientation of biocelectric potentials and morphology. When
the plant changes from one morphological state to another theve
1s a concomitant reorientation of electrical potential

patterns."



Research with applied electric fields did not resume
until the 1960's. These more recent papers will be examined
in greater detail since they have a direct relationship to
our work with electric fields. Murr has published several
papers on the effect of electric fields on plénts (1963a,
1263b, 19€4, 1965, and 1866). Nurr's basic procedure is to
place one aluminum wire mesh electrode in the soil and one
ahbove the plants with the plates charged with a d.c. potential
of 15-80 KV/M. Seeds were germinated within the field &nd
plants allowed to grow from 10 to 30 days within the field.
He has reported a reduction in dry weight, leaf tip burning,
and chloroplést derangement in orchard grass seedlings grown
in this enviromment. He suggested that ionized salts are
mobilized and drawn into the epidermal cells éausing large
guantities of water to enter and eventually rupturing these
cells. He also reported more severe plant-leaf damage using
a.c. currert although germination rates were not effected by
the electric field. Zinc, aluminum, and ircn are reportsd to
accumulate in the leaf tips of plants grown in the electric
field. Murr suggested that with the a.c. current polarization
is not the cause of damage but a type of molecular field
fatigue causing a-direct elastic rupture of epidermal cells.
It is also pcssible that more complete leaf damage resuilts
from overstimulation of the respiratory enzymes. Murr also

reported that growth stimulation is possible if the potential
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gradient is adjusted to prevent severe leaf damage and that
each species of plant would have its own optimum potential for
stimulation.

Pickett and Schrank (1965) applied 500 to 2500 volts
of d.c. durrent through the longitudinal axis of Avena coleoptiels
and noted a significantvincrease in elongation. This field
applied laterally inhibited curvature of the coleoptile. The
field was also applied.in conjunction with a magnetic field.

A magnetic field alone inhibited Curvature; the addition of

an electric field reduced the curvature further. The curvature
inhibition induced by the electric field was stated to be the
result of the field altering some aspect of asymmetry which

is required for lateral curvature.

Mihalyfi and Serf (19€7) used 3, 5, and 10 kv/cm a.c.
fields for 5 and 10 seconds to treat maize, pea and cucumber
seeds. After exposure to the field the seeds were soaked
for 24 hours. Analysis of catalase activity after soaking
showed that the catalase activitonf the maize and pea seeds
have been decreased with 3 and 5 kv/cin for 5 seconds and
increased with 5 kv/cm for 10 seconds. The catalase activi-
ty of cucumber seeds was increased with all the electric
field treatments. -

Sidaway has studied effects of electric fields in
relation to phytochrome mediated vrocesses. Sidaway (1966)

used a d.c. current to produce a field of 90 v/cm with



lettuce seeds in contact with the positive plate for 24
hours. This field appeared to inhibit the germination of
lettuce seeds. Seeds placed on the negative plate did not
annear to respond to the field. Sidaway also reported the
possibility that light might reduce the inhibition seen in
a positive field. Sidaway and Asprey (19268) applied a d.c.
field of 150 v within respirometer flasks containing thin
slices of the spadix tissue of Arum. Tissue that had been
"washed" for three hours before being placed in the flasks
was much more sensitive to the effects of the electric field
than unwashed slices as measured by oxygen absorption. The
effects of the field on the respiration of cotyledons of

Vicia faba were inconsistent. The inconsistency was attri-

buted to (a) variations in the seeds and (b) variations in
the earth's atmospheric electric field. In 1969 Sidaway
applied a 75 v/cm d.c. field for two to four minutes to
lettuce seeds two hours after imbibition. The treatment
increased the level of dark germination with the negatively
charged seeds having a higher germination level than those on
the positive plate. The same treatment had no effect if
applied one hour after a 20-minute far-red irradiation. The
treatment also had no effect if given after 4 minutes of red
ifradiation, an exposure period bringing about almost complete
conversion of phytochrome to the Pfr state. Far-red irradia-

tion given simultaneously with the electric field brought
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about a pronounced antagonism of the far-red inhibition with
the positively charged seeds. This experiment provided strong
evidence for an interraction of the electric field with the
phytochrome system.

In summary, the study of the electrical treatment of
plants has been approached by three groups of scientists
during three different periods over the past two and a haif
centuries. The initial work was instigated by electricians,
followed by investigations from the agricultural societies,
and currently studied by plant physiologists. Although its
history is lengthyv, very few facts have been established with
any certainty about the effects of elecpric fields on plants. -
This scarcity of information is due, at least in part, to the
lack of a consistent response of plants to the appiied field.
The current interest in studying the problem has been stimulated
by the increased understanding of inherent bioelectric activ—
ities of plant materials.

Our present study arose from observations of apparent
stimulation of plant growth by an electric field and the
conflicting reports in the literature concerning this topic.
Our original experiments were patterned after a study by
Kozhevnikova and Stanko (1967) in which they treated corn seeds
in a 50 hertz field at a voltage of 2 to 4 kv/cm for thirty
seconds or one hour. The plants grown from the treated seeds

were darker green in color, had an increased photosynthetic
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rat?, exhibited less of a mid-day photosynthetic slump, and
showed an increase in dry weight of the entire plant. Our
early experiments with treated Red Kentucky Wonder Bush Bean
seeds were sufficiently successful in demonstrating an effect
of the field on plant growth to create an increased interest
in the study and to warrent further investigation.

We hoped to accomplish the following goals cduring the
course of our study: (1) to establish that there was indeed
an influence from an externally applied electric fieid on
plant growth (2) to design an experimental procedure which
would produce consistent results and (3) to explore a possible
explanation of the interaction of the electric field and the

rlant material at a cellular level.



EXPERIMENTAL PROCEDURE
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EXPERIMENTAL PROCEDURE

I. Biological Materials

The organisms used in this study include (1) the seeds and
mature plant of the Red Kentucky Wonder Bean, bush variety,

Phaseolus vulgaris, (2) Callus tissue of soybean, Glysine

soja, habituated tobacco, Nicotiana tabaccum, slash pine,

Pinus elliottii, Alaskan pea, Pisum sativum, broad bean,

Vicia faba, and carrot, Daucus carota, initiated from

carrot roots purchased locaily, (3) Potato discs from

locally purchased tubers, Sclanum tuberosum L., variety

Russet, (4) seeds of Vicia faba, large variety, with intact

roots, (5) root explants from germinated seeds of Pisum
sativum, and (6) excised roots from ocnicn bulbs, Allium

cepa, purchased locally.

IT. Growth Media

The callus tissue and fhe root explants required the use
of complex growth medias containing the macronutrients,
micronutrients, vitamins, and hormcnes essential for their
growth. The compcsition of these media and the tissues

grown on them are given in Appendix A.

IIi. Standard Sterile Technrnigues

Several experiments used in this study required sterile

procedures to prevent undue growth of microorganisms and



IV.

i2
fungi. Surface sterilization included washing the external
surfaces of the plant material with a sodium hypochlcrite
solution followed by three rinses in sterile distilled
water. The concentration of the sodium hypochlorite and
the length of time in the solution varied according to the
size of the material involved. All equipment used during
a sterile procedure were-autoclaved at 18 pounds per sguare
inch for fifteen minutes. The transfer and bhandling of the
plant material was performed within a Agnew-Higgins laminar
flow chanber Cat. # 000-018 which produced an cutward
flow of filtered air reducing the possibility of contamina-
tion from airborne microorganisms. Before using the
chamber, all interior surfaces were wiped with 05% ethancl.
Scalpels, spatulas, and the exterior lip of media jars were
flamed before and after each use to prevent spread of any
contaminant that might be present in a particular sample
of tissue. Jars containing the callus tissue were covered
with sterile polypropylene and secured with a rubber band

before removing from the chamber.

Electric Field Apparatus

The electric field was produced by a Jefferson luminous

tube trausformer attached to two vertical 45 x'450m

aluminum capacitor plates. In such an arrangenient the

field is almost normal to the faces of the »nlates and is
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uniform in the space bhetween them although there is some
"fringing" or spreading of the field at the edges. The
fringing may be considered negligible if the space between
the plates is small compared to their linear dimensions
(Sears and Zemansky, 19G66). The transformer produced a
peak potential difference of 15,000 volts at a frequency.
of 60 hertz. The magnitude, E, of the field is determined

by the equation given below:

where V is the instantaﬁeous voltage and d is the distance
between the two capacitors. The distance was varied in
this work from 3cm to 5cm producing maximum field strengths
from 5000 v/cm to 3000 v/cm. The biological samples were
placed at the center of the space between the plates to
ensure being within the uniform range of the field.

The samples were supported on a wooden shelf in such a manner
that neither the samples nor the shelf contacted the
aluminum plates at any point. The wooden shelf and the
samples are dielectrics, so that in an electric field they
produce surface charge distributions tending to modify the
field. The effect of the shelf is small for objects
rlaced upon it. Considering the samples to have the same
dielectric constant as water, the field inside would he

reduced by a factor of about 30.
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V. Counting Methods

A. Gas-flow:
The radioactivity in the callus tissue, root tips, and
potato discs was counted with a Nuclear Chicago gas-
flow counter, Model number'186, utilizing aluminum plan-
chets placed-in holders and an automatic sample
changer. The counting system had an efficiency of 33%.
The range of counts in the samples with callus tissue
was 1000 - 9009 cpm; fof root tips, the range was 1000 -
5000 cpm; for potsato discs, the range was 600 - 9000
cpm. The coincidence 1loss in this range is negligible.
The counts per minute figures were converted to counts
per minute per gram tissue to adjust for differences
in the weights of the samples. The per cent recovery
was determined to be 94% with 0.1% of the activity
located within the tissue samples. The remaining ac-
tivity was in ‘the original solution and the wash
water resulting from three one-minute washes after the
samples were removed from the radiocctive solution.
The amount of phosphorus added to the absorption
solution was insignificant (1 x 10"12 moles).

B. Autogamma:
Two experiments with callus tissue required the use of
a counting assembly capable of counting very high radio-

activity. These samples were counted with a Nuclear
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Chicago Autogamma Spectrometer, Model 1185, with a

well-type two inch Nal and thallium crystal utilizing

16 x 125 mm Amersham plastic sample tubes.

Growth Conditions

Several of the experiments required a period of growth be-

fore and/or after treatment in the electric field. Listed

below is a description of the physical conditions maintained

during the growth period.

A. Seed Germination:

1.

Red Kentucky Wonder Bush Bean sceceds were germinated
in the dark at 24°C in one of two manners: (1) be-
tween wet paper toweling or (2) in 250 ml erlen-
meyer flasks containing four layers of filter paper
on the bottom which were moistened with sterile
distilled water as needed. The seeds in both in-
stances were surface sterilized before germination
by soaking in 0.11 M sodium hypochlorite for 15
minutes.

Alaskan peas were planted in vermiculite and grown
in the dark at room temperature.

The seeds of broad beans were first placed in aerated
tép water for two days until the radicle began to
emerge. The seeds were then placed on wet absorbant

paper, covered with wet paper towling, rolled into
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a cylinder, and stored in a vertical position for
three days at room temperature.
Mature plants:
Seeds of Red Kentucky Wonder Bush Beans were planted

in separate pots and placed in a greenhkouse to germin-

‘ate and produce mature plants. The greenhouse was

equipped with fluorescent lighting which remained on
continuously. The plants were watered as needed with
tap water.

Tissue cultures:

Callus tiééue was grown on solid medium in a Biotronette
Mark IIY envirormental Chamber Cat. ;846 equipped with
fluorescent lights which remained on continuously.

The teﬁperature of the chamber was maintained at 2500,
+ 1°. The stock cultures were grown in 200 ml mason
jars containing 30 ml of medium. Experimental samples

were grown in 100 ml jars containing 20 ml solid

medium. The jars were sealed with polypropylene secured

with a rubber band.

Root explants:

Root explants of the Alaskan pea were grown on solid
medium in the dark at room temperature in 60 x 15.mm

plastic petri dishes.
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VII. Metnods of Measurement of Biological Activity

A, Growth studies:

1.

- The seeds of Red Kentucky Wonder Bush Beans were

selected to ensure uniform color, weight, shape

and intact seed coats. Those seeds to serve as

the treated group were placed on the-shelf between

the capacitors positioned such that the longitudinal
axes of the seeds were parallel to the électric
field. The seeds were subjected to a peak alterna-
ting field strength of 4100 v/cm for two minutes.
These seeds and those of the control group were
stored in separate sealed jars until the day of
planting. At the time of planting, the seceds were
surface sterilized and planted in separated pots

at 7, 14, and 21 days after treatment in the elec-
tric field. Observations were made on (1) the

rate of emergehce of the seedling above the soil,
(2) the length of the stem, (3) the length of the
petiole, and (4) the length and width of the ieaves.
Measurements were made every other day and continued
until the thirty-eighth day after planting.

Growth studies of tissue culture samples were made
by measuring the amount of growth, indicated by an
increase in weight, which took place during a two

week period following treatment in the electric
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figld. Using sterile techniques, samples of
approximately the same size, color, and texture
were taken from stock cultures, placed in numbered
plastic petri dishes, and weighed on a Mettler
Analytical Balance. Samples were matched accord-
~ing to weight and placed in a field of 3000 v/cm
.for varying periods of time. The treated and
control samples were transferred to jars contain-
»ing the appropriate growth medium and allowed tc
grow in the growth chamber for two weeks. After
that peribd, the éamples'were removed from the
medium and weighed. This final weight was divided
by the initial weight to produce a number termed
the '"growth ratio'. 'Mean growth ratics" were
obtained by .averaging the growth ratios for the en-
tire treated group and for the entire coantrol
group.

Determination of chlorophvll content:

'Leaveé of the mature plants of Red Kentucky Wonder

Bush Bean from the growth study experiments were used
to determine the effect of an electric field on chloro-
phyll content. Leaves from control and treated plants
were cut into 1 mm sections and ground with a mortar
and pestle. One hundred ml of 85% acetone were added

Tn

per gram of tissue and the solution fiiicred throuzh
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glass Qool. The filtrate was refrigerated until
réadings were taken on a Coleman Model GC spectro-
photometer. VWavelengths of 644 nin and 663 nm were
used to detect chlorophyll z and chlorophyll b. The
following equations were used to determine the amount
of chlorophyll a and b per gram of tiésue (Arnon, 1949;

Koski, 1950):

-

1.07 (Dggg) - 0.094 (D

mg Ch a/gram 644)

mg Ch b/gram = 1.77 (Dy,,) ~ 0.280 (D,

Where D663 and D are the optical density readings

644
at 663 nm and 644 nm, respectively.
Respiration studies and ethylene production:
Red Kentucky Wonder Bean seeds were divided into three
groups to be germinated: (1) immediately after treat-
ment in an electric field, (2) three déys following
treatment, and (3) seven days foilowing treatment.
Each of these groups contained subgroups with equal
numbers of untreated seeds and those which had been
treated in an electric field of 4100 v/cm. Dry weights
were recorded on all groups. At the time for germina-
tion, the seeds were placed between wet paper toweling

and kept in the dark for 560 hours. After this period
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the seeds were weighed to determine the amount of
water imbibed per group. The groups of seeds were
each placed in a 5006 ml freeze drying flask and sealed.
A serum cap placed on the top opening allowed samples
of air to be removed from the flasks at five minute
intervals for determination of carbon dioxide and &th-
ylene content by gas chromatography. A similar study
was conducted to cover the initial stages of germina-

tion.

In this case there were four grcups, each containing
60 seeds: (1) a control group, (2) a group trested

7 days before germination, (3) a group treated 3 days
before germination, and (4) a group treated in the
electric field immediately before germination. Dry
weights were determined for each group and each group
was placed in a 250 ml erlenmeyer flask with moistened
filter paper in the bottom of each flaék. The flasks
were sealed for two hours after which a 10 ml air
sample was withdrawn for ethylene determination.
Following this initial reading, the serum cap was re-
placed with cotton and the flasks placed in the dark
at 24°c. Readings were repeated at 24, 48, and 72
hours. Before each reading, the flasks were sealed

with a serum cap for two hours before the air sample
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was withdrawn. Ethylene determinations were made with

a Varian Aerograph, Model 500-D, gas chromatograph with

a hydrogen flame ionization detector. The gas sampling

valve had a 2 ml loop, the carrier gas was nitrogen,

and a three-foot 20 to 40 mesh activated alumina

column was used. Carbon dioxide determinations were

made with a Loenco Thermoconductivity gas chromato-

graph equipped with a gas sampling value, a 10 ml loop,
and a six inch 20-40 mesh silica gel column. The
carrier gas was heliun.

bytological observations:

1. Soybean tissue culiure was selected to study
possible cytological effects induced by the eleciric
field. Several methods of preparations and stain-
ing were attempted with the following sequence
being the most effective with this particular
tissue.

(1) .Sméll sections of tissue were treated with
three parts 95% ethanol: 1 part glacial acetic
acid overnight to kill and preserve the
tissue.

(2) This "fixed" tissue was hydrclyzed in 1N HC1
at 60°C for 10 minutes. |

(3) The tissue was rinsed in distilled water to

remove the fixative solution.



22
(4) The tissue was placed in 3% pectinase at
60°C for 20 minutes.
(5) The tissue was rinsed in distilled water and
allowed to remain in the final rinse for
15 minutes.
(6) The tissue was stained in Lacto--Propriono-
DMSO Carmine (LPDC) stain at 60°C for 2
hours. The LPDC stain is prepared by dissolv-
ing 6 g carmine in 300 ml DMSO and then mixing
lactic acid, propicnic acid, and the DMSO
carmine in a 1:1:6 ratio. (5. Venketeswaran,
personal communication.) .
(7) The tissue was stored in LPDC at room tempera-
ture until ready for use.
A squash preparation was made using standard tech-
niques (Purvis, et al., 1866, pp. 160-162) and
the slides were made permanent by resting them on
dry ice, removing the coverslip, allowing the
slides to air dry overnight and applying a new
coverslip with Permount.
Root explants were utilized for a study of mitotic
frequency and xylem differentiation. Two-day-old

Alaskan pea seedlings were surface sterilized in

0.01 M sodium hypochlorite for 15 minutes,
yp

rinsed, and the roots excised. The roots were
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placed five per dish in sterile 35 x 10 mm plastic
petri dishes. Those to be treacted were placed in
the field so that the long axes of the-roots were
perpendicular to the field which had a peak
strength of 3000 v/cm. Two 1 mm segments were made
from each control and treated root in the region
located 1 cm back from the root tip. The explants
were placed with one of the cut surfaces in contact
with the medium and allowed to culture in the dark
three to seven days (Fosket and Torrey, 1869). At
the end of the cultufe period, the explants were
"fixed'" in 3:1 95% ethanol: glacial acetic acid
for 24 hours, hydrolyzed in 1N HC1l at 60°C for i0
minutes, rinsed in distilled water, and placed in
a Fuchsinsulfurous acid mixture (Purvis, et al.,
1966, pg. 163-4) for 40 minutes. The explants were
then rinsed with distilled water for 10 - 15 min-
utes until a bright pink color was evident. The
tissue was placed on a clean slide, carefully sep-
erated, and squashed using standard techniques.

The slides were made permanent and studied micro-
scopically for mitotic frequency and for the
effect of the electric field on xylem differentia-
tion. Each slide consisted of the entire root

section, and all mitotic figures were counted.
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E. Phosphorus uptake:

1.

Potatc discs were prepared from potato tubers using
sterile techniques. After surface sterilization

in 0.04% sodium hypochlorite for 15 minutes, both
ends of the tuber were cut off with a scapel and
cores were remcved from the periphery of the tuber
with a 9 mm cork borer. The cores were placed in
5x 104 M CaClz until all the cores were prepared;
this removed the excess starch from the cores and
preserves membrane integrity. (Epstein, Rains, and
Schmid, 1262.) One mm discs were cut from the cores
and placed in fresh CaClZ until ready for use. The
discs were gently blotted with paper towels and
placed in numbered plastic petri dishes, seven
discs pexr dish. (The average weight of seven discs
was 0.5438 g.) The weights were recorded and those
discs to be treated were placed in a peak electric
field of 3000 v/cm for selected time periods.

After treatment, the trested and gontrol discs

were placed in separate 10 x 10 cm squares of
cheesecloth ties into teabags es described by
Epstein et al. (19¢63). Each teabag was numbered
and contained the seven discs from one petri dish.
The teabuags were placed in a vigorously aerated

solution containinrg 107° M KH,PO,, § x 1074 M
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CaCl2 and phosphorus-32 supplied from New England
Nuclear, carrier-free as H332PO4 in 0.02 M ECI.
The pH of this absorbing soluticn was adjusted to
4.7 with HC1. The volume of the solution varied
from 200 ml to 2 liters depending upon the concen-
tration of the Ko PO,, the length of the absorption
period, and the number of teabags in the container.
After the teabags were removed from the absorbing
solution they were transferred to distilled water
to remove surface radicactivity. The discs were
removed from the teabag, blotted gently with paper
toweling, and placed in aluminum planchets. They -
were counted, seven discs pér planchet, in a
.Nuclear-Chicago counter. The resulting counts for
each group of seven discs were divided by the
weight of the tissue to obtain the counts per
minute per gram of potato tissue.
The initial work with phosphorus uptake in callus
tissue involved the addition of radioactive phos-,
phorus to the solid medium before its solidified.
The tissue was transferred to this medium for 24,
48, and 72 hours, removed from the medium, rinsed
carefully with distilled water, and counted with
the gas-flow counter and the autogamma counter.

This method for callus tissue was eventualiy re-
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replaced by the system described above for potato
discs in which the samples of tissue were placed
in a teabag and submerged in aerated sclutions of
1075 M KH,PO,, 5 x 1074 M CaCl, and 32p at a pH
of 4.7. The treatment in the electric field was
the same as that described for other tissue culture
experiments.

Intact roots were also used for phosphorus uptake
studies. After the seeds of broad bean had germ-
inated for 5 days, the seeds were matched accord-
ing to the length of the root; half of each

group served as controls and the remaining half were
treated in a peak field of 3000 v/cm for 15 minutes.
The seeds were supported such that the roots were
vertical in the electric field. After treatment,
the seeds were placed in a cheesecloth teabag and
suspended in a solution of 1079 M KHoPOy, 5 x 104 M
CaClg and 32p at a pH of 4.7. After an absorption
rexriod of one hour, the bags were removed, rinsed

in distilled water, and the roots excised from

the seeds. Measuring from the root tip, 15 mm

rocot segments were removed from each seed, cut

into three segments, and counted as described in

previocus secticns.
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Presence of free radicals and uptake of transition
metals:
Callus tissue of pine and soybean were examined for the
presence of unpaired electrons which are commonly
found in free radicals and in certain transition

. ¥ + 4
metal ions such as anF, Cu2 3r.

, and Fe This analysis
was made with the use of a Varian E - 3 Electron Spin .
Resonance Spectrometer. For this analysis, the samples
were air dried and examined as a dry solid in a quartz
sample tube to approximate the effect of an electric
field on the final concentraticn of metal ions in the
tissue after a two-week growth_period following the
treatment in the field.

Zinc uptake:

Potato discs were prepared as before and divided into
three groups: (1) Set I was placed in a cheesecloth
teabag and immersed in 5 X 10"4 M Ca012 solution for
three hours. (2) Set II was placed in a teabag and
immersed in a solution containing 5.3 X 10~° M of

ZNSO4 and 5 x 10'4 M Ca012 for three hours. (3) Set
ITI was placed in an electric field for one hour

before being placed in the above ZNSO4 and CaClg so-
lution for the three hour absorption period. The pH

of all three solutions was adjusted to 5.8. After the

absorption period, the discs were blotied and digested



in concentrated nitric acid. The amount of zinc
present in the three sets of discs was determined by

o
flameless atomic fluorescence at 2138 A as described

by Murphy, et al. (1973).
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RESULTS

I. Growth Studies

A. Red Kentucky Wonder Bush Beans

1. Germination rates: There was no noticeable dif-

ference in the rate of germination between the
control and treated seeds.

2. Size of plant: A marked increase was apparent in
the size of the plants produced from the treated
seeds. In all instances the plants produced by
the treated seeds were larger than the control
plants as indicated by the length of the stem,
length of the petiole, and the length and width
of the leaves. Téble I illustrates the differences
befween treated and control plants planted 7 days
after planting. Figures 1 - 4 show the diffcrences
Between the treated and controled plants of those
seeds planted 7 days after treatment including
measurements from the ninth day after planting to
the thirty-eighth day. Figure 5 shows the stem
measurements of those plants whose seeds were planted
21 days after treatment demonstrating that éhe effect
of the field wds still evident without any apparent
reduction in the effect after a three week psriod

between treatment and planting.
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TABLE I
Effect of an Electric Field on the Growth* cf Red
Kentucky Wonder Bush Bean Plants Planted Seven
Days after a Two Minute Treatment in the

Electric Field

Mean values for Mean values for
Control Samples Treated Samples
with standard de- with standzrd de-
viations of the viations of the
mean nean
Stem length 9.9 + 2.9 cm 14.8 + 2.4 cm
Petiole length 2.3 +1.0 cm 3.5 + 0.7 cm
Leaf width 4.7 + 1.7 cm 7.0 + 1.4 cm
Leaf length 4.8 + 1.5 cm 6.8 + 1.3 cm

*Measurements made 17 days after planting.

**Statistical analysis of the data showed that the difiference
between the means of the control and treated plantb were
significant at the 95% level.
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FIGURE 1

EFFECT OF AN ELECTRIC FIELD ON THE STEM LENGTH OF RED
KENTUCKY WCNDER BUSH BEANS PLANTED SEVEN DAYS
AFTER TREATMENWT
¢ - Centrols

[ - Treated 2 minutes in field
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FIGURE 2

"EXFECT OF AN ELTCTRIC FIELD ON THE LENGTH OF PETIOLES

COF RED KENTUCKY WONDER BEANS PLANTED SEVEN DAYS

AFTER TREATMENT -

Q - Controis

{J - Treated 2 minutes in field
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FIGURE . 3

EFFECT OF AN XELECTRIC FIELD CN THE WIDTH OF LEAVES OF
RED KENTUCKY WONDEER BUSH BEANS PLANTED SEVEN DAYS

AF¥TER TREATMENT

)~ Controls

[} -~ Treated 2 minutes in field
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FIGURE 4

EFFECT. OF AN ELECTRIC FIELD ON THE LENGTH OF LEAVI
OF RED XENTUCKY WONDER BUSH BEANS PLAKRTED SEVEN

- DAYS AFTER TREATMENT

() - Controls

[l - Treated 2 minutes in field
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FIGURE 5

EFFECT OF AW ELECTRIC FIELD ON THE STEM LENGTI OF RED
KENTUCKY WONDER BUSH BEANS PLANTED TWENTY-ONE

DAYS AFTER TREATMENT

QO - Controls

- Treated 2 minutes in field
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Effect of varied treatment periods: The above

experiments were repeated with additional periods
of treatment in the electric field. Table II

shows the results of a 0.5 minute, 2 minute, and

10 minute treatment period on the diameter and
length of the stem and length of the first primary
leaf. This experiment illustrates two trends
which were manifested throughout this study:

(1) A treatment period which is effective in pro-
ducing a particular response during one experiment
may not be the most effective period in other,
apparently identical, experiments. TFor example, in
the previous experiment a 2-minute treatment period
produced plants which were larger than the controls.
In this experiment, a 2-minute treatment period
produced plants smaller than the controls and a 10-
minute treatment period produced piants larger

than the controls. (2) During one experiment some
periods of treatment reduce growth, some have very
little effect on growth, and some stimulate growth.

Chlorophyll content: Chlorophyll a and chlorophyll

b concentrations were determined in one of the
primary leaves from four plants of the treated and

control groups. The average concentrations of each
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of each type of chlorophyll for the treated and

control groups are given in Table III.
Callus tissue
The decision to test the effect of an electric field
on callus tissue was based on the fact that tissue
culture samples offered a possibility for utilization
a more uniform system than had been used with the
seeds. This is true because: (1) The environment can
be carefully regulated and duplicated within a growth
chamber. (2) The medium for callus tissue growth
can be clearly defined and reproduced throughocut =
series of experiments. (3) The cells are more homo- .
geneous in a callus sample than.in the organs of a
mature plant. (4) Differentiation can be controlled
to a certain degree by varying the concentration of
plant hormones in the medium. (5) Finally, larger
numbers of samples can be maintained in a reasonable
space.

1. Growth ratios: Tissue culture methods were used

to determine the effect of the electric field on
growth rates. Trealed and nontreated tissue

samples were placed on the appropriate growth medium
for two weeks after which their growth ratio, the
ratio of final to initial weight, was determined.

Figure € presents the results of this study with



TABLE II
Effect of Varied Treatment Periods in the Electric Field on the Growth of

Red Kentucky Wonder Bush Rean Plants

*Mean Stem Diameter *Mean Stem Length *Mean Leaf Length
with Standard De- with Standard De- with Standard De-
viations of the viations of the viations of the

ime in Field Mean Mean Mean

0 minutes 0.30 + .02 cm 24.89 + 2.05 cm 4.60 + .28 cm
0.5 minutes 0.29 + .02 cm 17.96 + 2.62 cmk* 3.17 + .44 cm**

2 minutes 0.32 + .15 cm 21.75 + 2.30 cm 4.20 + .53 cm
10 minutes 0.36 + .02 cm 27.81 + 2.36 cm 5.70 + .33 cm**
*Lach figure represents an average of 6 - pTants measured 21 days after plantlng

The seeds were planted 7 days after treatment in the electric field.

**¥Statistical analysis of the data showed that the difference between the means of
the control arnd treated plants were significant at the 95% level.

8¢



TABLE IIX

CHILOROPHYLL CONTENT IN PRIMARY LEAVES OF RED KENTUCKY WONDER BUSH BEAN PLANTS

Mean % increase
in length of stem

Days between treat- between control and
ment and planting treated plants . Chlorophyll a Chlorophyll b
7 25 Treated: 0.68 mg Treated: 0.82 mg
Controls: 0.50 Controls: 0.54
*14 0 Treated: 0.38 Treated: 0.46
Controls: 0.45 Controls: 0.44
21 23 Treated: 0.59 Treated: 0.64
Controls: 0.47 Controls: 0.47

*These seedlings experienced freezing temperature at emergence.

6g
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FIGURE 6

CHANGE IN GROWTH RATIO OF SOYBEAN CALLUS TISSUE

AS A FUNCTION OF TREATMENT TIME
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callus tissue of soybean. The ordinate of each
point on the graph is the difference beitween the
mean growth ratios of the treated and nontreated
groups. The abscissa is the treatment period
which ranged from 2 minutes to 6 hours. Points
above the horizontal axis, which represents zero
difference between treated and control samples,
indicate that the treatment in the field stimulated
growth, while points -below the line represent
groups for which the field retarded growth. Table
IV presents the standard deviations for the
difference betwezn the means for this data.

Effect of initial sample size: It was observed

the initial size of the sample had considerable
effect on the growth ratio of the sample. Figure

7 illustrates the relation between initial sample
size and the resulting growth ratiq.' Each point

on the graph represents the average initial

weight and the mean growth ratio for a group. Circles
indicate control groups and squares indicate treated
groups. It was apparent that overall correlation
was independent of the electric field treatment

and that a larger growth ratio would be expected
from a smaller sample. Hereafter, careful attemptis

were made to have the initial weight of the sample



TABLE IV
DIFFERENCES IN MEAN GROWTH RATIOS OF SCYBEAN CALLUS TISSUE AS A FUNCTION

OF TREATMENT TIME IN THE ELECTRIC FIELD

Mean of Mean of Difference Between
Treatment Period Treated Samples Control Samples Means with Standard

Deviations of the Mean

2 minutes 3.376 3.135 + 0.24 + .186
15 minutes 3.793 3.494 + 0.30 + .349
60 minutes 3.209 3.135 + 0.06 + .252

180 minutes 2.547 3.041 - 0.49 + .335
- + .346

360 minutes 3.700 3.921 0.24

¢y
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FIGURE 7

GROWTH PATIOS AS A FUNCTION OF SAMPLL SI1ZD--

BY GROUPS

O - Control groups

tl— Treated groups
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as similar as possible, and Appendix B democnstra-
tes how the difference due to initial weight was
removed from the data in order to observe the
effect of the electric field.

Lethal period in the electric field: The treat-

ment period was lengthened to 20 and 24 hours to
determine if an extended exposure to the electric
field would cause the death of the callus tissue.
Following a twenty hour treatment period, the
change in the mean growth ratios of the treated
and control groups was -OL344 indicating that a

20 hour period of exposure depressed the growth

of the tissue but not to the extent that had been
evident with a three-hour treatment periocd as seen
in Figure 6 which was -.49. The samples treated
for twenty-four hours had a mean growth ratio value
of -2.7, a 680% decrease in growth when compared to
the samples treated 20 hours. In fact, after the
two-week growth period none of the samples treated
24 hours gave any visible evidence of growth while
four of the control samples had patches of bright
yellow-green cells indicating the production of new

cells.
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III.
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Survey of Plant Species

One of the major phases of this study was to survey the
effect of the electric field on the callus tissue of

several different plant species in corder to see if the
response of soybean tissue could be repeated with other
species and if another species might be more responsive

to the field. The survey included callus tissue of carrct,
pine, tobacco, broad bean, and pea. The broad bean tissue
was treated three hours and the pea tissue for two minutes;
neither of these tissues showed a difference in mean growth
ratios as a result of being exvosed to the electric field
for these time periods. The mean growth ratios of carrot,
pine, and tobacco are given in Figure 8 for various treat-
ment periods. While all three of these tissues demonstrated
an effect from the field soybean remained the most consistent

in its response.

Respiration and Ethylene Studies -

A. Treated and control seeds which had been germinating
for 60 hours were placed in sealed flacsks. The head-
space gases in the flasks were analyzed for carbén
dioxide and ethylene formation after a thirty minute
collection period. Table V shows the percent increase
in carbon diocxide content per gram of tissue per hour.
Table V also shows the change in ethylene production.

A comparison of the amount of water imbibed by the control



FIGURE 8

CHANGE IN GROVTH RATIOS Of VARIOUS SPECIES AS A

FUNCTION OF TREATMENT TINE
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TARLE V

PER CENT INCREASE IN CARBON DIOXIDE AND ETHYLENE PRODUCTION IN GERMINATING

RED KENTUCKY WONDER BUSH BEAN SEEDS DUE TO

TREATMENT IN AN ELECTRIC FIELD

Per Cent Increase
in C02 Concentration

Per Cent Increase*
in Ethylene Pro-

Days Between Treatment with 2-Minute Treat- duction with 2-
and Germination L n.‘ment in\Field. Minute Treatment

0 167 % 30 %

3 7 % 108 %

7 | . 6 % 38 %

*Determinations made after a 60-hour germination period.

LY
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and treated seeds during the 60-hour germination period
showed that the.electric field had no apparent effect
on water uptake during this period.
In the second study oxygen and ethylens readings were
begun on the first day of germination, and measurements
were made at 24-hour intervals for four days. At 24
hours all flasks showed evidence of a small amount of
ethylene production. These two flasks contained seeds
which had been treated 2 days before the onset of
germination. At 48 hours, all were producing ethylene
with no apparent difference between control and treated
.seeds. The oxygen supply was nearly.depleted in the two
hour period in which the flasks were sealed beifiore the
sampie wag removed indicating that the seeds were
respiring rapidly. The respiration rate appeared to be
the same for treated and control seeds. On the third
day all flasks showed evidence of fungal growth.
Analysis of both oxygen uptake and carbon dioxide
evolution indicated no difference in respiration rates
due to treatment of the seeds in the electric field.
The results for ethylene production were eratic, with
some treated seeds producing more ethylene than the
controls and some much less. Due to the fungal contam-
ination this experiment was terminated. Subsequent

attempts to determine an effect of the electric field
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on respiration and ethylene production of germination
seeds failed to yield consistent results although
there was a slight trend for the treated seeds to
produce more ethylene.

IV. Cytological Observations

A. Squash preparations cf soybean callus tissue were
prepared for microscopic examination. The slides were
carefully studied for evidence of any cytolegical damage
created by exposure of the tissue to an electric field. -
Speciallattention was focused on evidence of swelling
or rupturing of cells or cell organelles, distcrtion
of organelles, and unusual alignment-of organelles.

None of these appeared in the slides examined in tissue
treated for one minute or for cne hour.

B. Two factors were important in the decision to use root
explants rather than soybean tissue culture for a study
of mitotic frequency: (1) Considerably difficulty was
experienced in preparing slides consisting of only one
layer of cells with soybean callus tissue. The use of
liquid culture helped to some degree, but the separation
was still not sufficient. (2) The percentage of cells
undergoing mitosis in tissue culture is very low,
usually only six percent (Henshaw, et al., 1966). Root
explants of the Alaskan pea were chosen for this study using

the well established system of Torrey and Fosket (1£70)
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in which cell separation is easily attained and the
rate of mitosis‘very high. The results of three
replications of this study are given in Table VI; the
electric field appears to reduce the frequency of
mitosis with this system.

C. In the presence of kinetin, the polyploid cells of the
cortex are also stimulated to resume mitotic activity.
Torrey and Fosket (1970) report that in the presence
of kinetin the cortical cells which begin division on
the third day after initiation quickly begin cytodif-
ferentistion at 5-7 days to form xylem tracheary
elements. Without kinetin no new tracheary elements
are observable within the first several weeks of
culture. The svstem of root explants used in this
study exhibited all of these features, and the treatment
of the prea rcots in the electric field before the
initiation process did not appear in any manner to
create a change in the system in relation to onset of
mitotic activity, stimulation of diploid or polyploid
cells to divide, or the differenentation of tracheary
elements.

Ton Accumulation

The possibility of an eiectric field changing the uptake
ability of plant tissue was pursued by three methods:

Atomic fluorescence, electreon spin resonance, and 32P uptake.



EFFECT OF THE ELECTRIC FIELD ON MITOTIC FREQUENCY ON PEA ROOT EXPLANTS

TABLE VI

Average Number of

DPer Cent Difference

Experiment Treatment Mitotic Figures per Between Treated and
Number Period 3lide Control Samples
1 0] 27 - 26 %
1 minute 20
0 26
60 minutes 20 - 23 %
2 0 31
1 minute 30 - 3%
0 39
60 minutes ’ 34 - 13 %
3 0 28
1 minute 25 - 11 %
0 33
32 - 3%

60 minutes

[#2}

ped



Accumulation of zine

Three sets of potato discs were prepared and tested to see
if treatment in the electric field would alter their
uptake of zine¢. The resuits of this experiment are given
in Table VII and show that the electric field did cause
the potato to have a greater concentration of zinc

after the three hour absorpticn period.

Accumulation of other metal ions

Callus tissue of pine and soybean were examined by
electron spin resouance spectroscopy to measure the
concentration of metal ions in control and treated
samples after they had been on their appropriate growth
medium for two weeks. Although these results were not
highly significant a trend was evident which indicated
that the treated samples took up more metal ions than
the nontreated ones and that there was a possible
correlation between the metal concentration and the
growth ratio of the sample. These results are tabulated
below:
(1) Pine
(a) Samples treated both one minute and six hours
in the electric field accumulated more metal
ions than the nontreated samples.
(b) Those samples treated for six hours accumulated
considerably greater amounts of metal ions

than those itreated for one minute.



TABLE VII

EFFECT OF THE ELECTRIC FIELD ON ZINC ACCUMULATION IN POTATO DISCS

Zinc Present in

Experiment Absorption Treatment Tissue Expressed
Number Solution Period in Parts per Millon
1 CaCl, 0 0.142
ZnSO4 0 0.279
Znso, 1 hour 0.294
2 Ca012 0 0.147
ZnSO4 0 0.290
ZnS0, 3 hour 0.305




(c¢) The mean growth ratio for the control
samples was 2,.42. The nean growth ratio
for the samples treated for one minute was
2.67 and that for the samples treated for
six hours was 1.97. This represents a 10%
increase in growth with a one minute treat-
ment period and a 19% decrease in growth with
six hour treatment period.

(2) BSoybean

(a) Samples treated three hours in the fieid ex-
hibited considerably grester metal ion
accumulaticn than the control samples.

(b) Those samples treated 15 minutes showed the
same or somewhat less jon accumulation than
the control samples.

(c¢) The mean growth ratio for the samples treated
15 minutes was 6.54 and for those treated 3
hours, 5.583. This represents a 25% increase
in growth with a 15 - minute treatment
period and a 5% increase with a 3 - hour
treatment period.

Phosphorus uptake

s s . s 32 .
The initial experiments with °*P were carried cut by
placing callus tissue of carrot on S. V. Medium

(Appendix A) to which 32p had beeun added. Forty samples
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were weighed and placed on the solid medium. Twenty of
these samples had been placed in a 60 hertz eleciric
field with a peak strength of 3000 v/cm for three hours.
Treated and control samples were removed from the medium
after 24 and 48 hours, weighed, and counted with 2n
autogamma counter. This experimeﬁt was repeated recucing
the time of contact with the medium to only one hour.
The results of these two experinents are presented in
Table VIII. To further exprlore the use of 3ZP as a
monitor of the effect of the electric field, potato disecs
were substituted for the callus tissue forcthe following
reasons: (1) The system for phosphorus uptake in
storage tissue is well established (Laties, et al., 1964;
I.oughman, 1260; Osmond and Laties, 1968; ' and Barbsr,
1972.) (2) The large size of a potato tuber would
provide all the discs needed for a single experiment;
hopefully this would eliminate some of the variability

experienced with callus tissue.

1. Determination of Optimum ﬁeriod in the electric field:
Preliminary experiments established that the greatest
absolute per cent change. in uptake between treated
and nontreated samples occurred with a treatment
period of one hour. This is illustrated in Figure
9. Note that there wag a change in direction of the

effect of the field at 90 minutes in the field; the
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TABLE XIII
EF¥FECT OF THE ELECTRIC FIELD ON THE PIOSPHORUS UPTAKE OF

SQYBEAN CALLUS TISSUE TREATED 15 MINUTES IN THE FIELD

. Per GCent Difference

Counts per minute/gram tissue Between Samples’
Controls Treated
64,073 26,070 -59
53,486 34,160 ~43
57,035 30,825 . ~46
51,026 30,045 : -41

Mean
57,750 + 28,917 30,000 + 3,266

Rank Correlation Coefficient: -0.200

Significance Level of Correlation: Ncne
" Regression Correlation Coefficient: 0.2746

Significance Level of Correlation: None
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difference between the uptake of control and
treated samples was not further increased by ex-
tending the treatment period beyond 180 minutes.

(5]
Determination of optimum 32p absorption period:

For potato discs, absorption periods less than two
hours produced eratic results. Figure 10 illustrates
that absorption periods of 3, 6, 12, 24, 48, and 72
hours produced more consistent results; again note
the change in the direction of the effect of the
field when the absorption period was extended

beycend 6 hours. An absorption period of three hours
was selected for subsequent experiments.

Determination of optimum pH of absorption solution:

Eagen and Hopkins (1955) and Welzch (1973) state that
a change in the pH of the external soluticn will
alter the rate of anion uptake by plant tissue. The
change in uptéke is exemplified by a decrease in
uptake as the pH of the external solution increases.
Figure 11 shows that the system used in this study
followed their same pattern. The points on the
graph represent the averages of triplicate experi-
ments. Further experimentation illustrated that the
pE of the external solution greatly changed the
response of the potato discs to the electric field

in relation to their ability to take up phosphorus.



FIGURE -9

DETERMINATION O THE OPTIMUM TREATMENT PERIOD IN THE

ELECTRIC FIELD FOR POTATO DISCS

Three hour absorption period, pH of external

solution 4.7,
@ - Control samples

G - Treated samples
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FIGURE 10

ETERMINATICN OF THE OPTIMUM PIOSPHORUS ABSORPTION

PERICR FOR POTATO DISCS

Bars extending above the norizontal line indicate
that the treated samples absorbed more 32P than
the control samples; hars extending below the

horizontal line indicate that the treated sanples
29

e

absorbed less P than the control samples.
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FIGURE -11

CHANGE IN UPTAKE OF PHOSPHORUS BY POTATO DISCS

RELATED TO CHANGES IN ph
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This change is shown in Table IX. Table X shows
that the pH of the external KH2P04 solution changed
during the abscrption period. The remaining ex-
periments were conducted at a pH of 4.7 for the
following reasons: (1) The basic system reported

in the literature for 32

P uptske studies employ a

pH of 4.7 since at that pH 99% of the KH?‘PO4 is in
the H2PO4_ form (Hagen and Hopkins, 1955). (2) The
effect of the electric field in this »H range causad
a considerably difference iu uptake capacities
between the treated and control samples (26 - £50%).
(3) The change in the pH of the external solution dur-
ing the absorption period at higher pH values would
extend into a range where the effect of the field
would be reversed during the absorption period. At
pH 4.7 the final pH is near 5.7, a pE ia which the
direction of the effect of the field is the same as
at pH 4.7.

determination of the optimum volume of the absorption

solution: The results of this study indicated that
for a three hour absorption period one liter of
solution was a minimum volume which would prevent an
excessive change in pH and a depletion of phosphorus
at a concentration of 107° M KH,PO, . A volume of 250
ml was used for those experiments using a 1072 M

KPP0, absorption solution.



TABLE IX
EFFECT OF CHANGING THE pH OF THE EXTERNAL ARSORPTION SOLUTION
ON PHOSPHORUS UPTAKE BY POTATO DISCS TREATED IN

AN ELECTRIC FIELD

% difference in 32p

Experiment pH of the extern- uptake between treat-
Number ' al solution ed* and control sam-
ples
1 4.5 - 23%%

5.5 - 50

€.5 + 16

7.5 + 61

2 4.5 -~ 29

5.5 - 290

6.5 + 29

7.5 + 16

8.5 + 7

3 4.5 - 26

5.5 ~ 35

6.5 4+ 20

7.5 + 42

*Samples treated one hour in the electric field.

*¥*A negative sign indicates that the uptake of the treated
samples was less than that of the controls; a positive sign
indicates that the uptake of the treated samples was more than
that of the controls. These signs will be used in the same
manner throughout this study.
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TABLE X
CHANGE 1IN pH OF THE EXTERNAL SOLUTION DURING THEE THREE

HOUR ABSORPTION PERIOD WITH POTATO DISCS

Experiment Number Initial pH Final pH
1 4.5 5.7
5.5 6.9
6.5 7.7
7.5 8.0
2 4.5 5.2
5.5 7.0
6.5 7.7
7.5 8.1
8.5 §.0
3 4.5 5.6
5.5 6.8
6.5 7.3
7.5 7.8
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Use of Paired Samples

Throughout all of the various methods of investigations re-
ported in this study thus far, there has been sufficient
evidence to indicate that an externally applied field altered
many of the parameters measured. Those altered iaclude

growth ratios of callus tissue, size of mature plants, chloro-
phyll content in leaves, uptake of zinc, metal ions, and
phosphorus. The major difficulty encountered in each of

these was that the effect on ithe factor being measured was
not consistent from one experiment to another, and at times
not consistent within the sane experiment. This probhlem led
to a continuing search for a more reliahle system, refined
techniques, and better methods for ensuring that the bioclogical
materials used were as similar as possible in all respects.

A careful review of the data led to the conclusion that the

I

use of '"paired samples” might provide the system needed. This
involved taking a small seciion of callus tissue, aseptically
dividing it into halves, treatinz one half and allowing the

other to serve asg the control. The parameter measured was

(o}

3

the amcunt of ~ P incorporated during a three-hour absorption
period. As many paired samples as possiblc were prepared

from one stock callus with careful precautions being made to

Ca

select the small clumps so that the tissue within each clump
appeared to be uniform in color and texture. Although

visually alike, it warm recognized that this did not ensure
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that all areas of a single clump were behaving alike
metabolically. It is well established that callus tissue
has different centers of activity scattered throughout
(Caplin, 1947). The reason for using very small clumps was
to decrease the possibility of including areas of different
metabolic activities. Over a period of several months,
this type of experiment was repeated numerous times using
the callus of various plant species. The results obtained from
these experiments confirmed that the parent callus contained
tissues with very different activities. There was such «
large variation in phosphorus uptake from one smali clump
to ancther that to view the data in groups made it impossible
to obtain statistically significant‘differences between the
control and treated groups. Table XI illustrates this
phenomenon. However, a closer scrutiny of this experiment
revealed some interesting trends including:
(1) The greatest amount of variation appeared among the
control samples. In the experiment presented in
Table XI, a difference of 892,145 cpm per gram existed
between the control having the highest and the lowest
uptake of phosphorus. This represented a difference of
241%. 1In comparison, a difference of 141,441 cpm per gram
existed among the treated samples, a difference of

20.4%.
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(2) Any attempt to average the control and treated

groups to obtain a mean cpm per gram or per cent
difference tended to erase or greatly reduce the
apparent effect of the field that is evident Ly

examining the paired samples individually.

(3) 1If the data were rearranged in order of decreasing
amount of phosphorus taken up according to the
uptake of the control sample of a pair, a definite
trend was evident; the electric field tended to
have more effect on those samples at the extreme
ends of the absorption range and very little effec
on those in the middle range. This is illustrated

by rearranging the data from Table XII.

This trend was further verified by the experiment
presented in Table XIII in which all of the countrols
had similar uptake capacities for phosphorus, and
the effect of the field on all foﬁr sanples was
‘very similar. Thus the electric field appeared to
have a consistent effect on phosphorus uptake if
the samples were similar initially, as indicated in
this experiment by the similarity in phosphorus up-
take by the control samples. Tables X¥IV through

XX illustrate that this phenomena was apparent with
the callus tissue of several plant species which

adds considerakly to the significance of this approach.
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TABLE XI

EFFECT OF THE ELECTRIC FIELD ON THE PHOSPHORUS

UPTAKE OF SOYBEAN CALLUS TISSUE

Counts per minute/gram tissue

Per Cent Difference

Between Samples

Controls Treated*
632,628 604,478 -~ 8
522,024 576,570 +10
1,262,693 607,545 ~52
439,815 692,980 +5&
608,919 600,453 -1
370,448 551,429 +49
789,714 583,682 -26
Mean
661,892 + 112,802 €02,448 + 16,800
Per Cent Deviation
17% 3%

*Treated 15 minutes in electric field.
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TABLE XII
DATA FROM TABLE XI REARRANGED IN ORDER OF DECREASING AMCUNTS

OF PHOSPHORUS UPTAKE BY THE CONTROL SAMPLES

Per Cent Difference

Counts per minute/gram tissue Between Samples

Controls Treated
1,262,693 607,545 -52
789,714 583,682 -26
639,628 604,478 - 6
608,919 600,453 - 1
522,024 576,570 +10
439,815 692,980 +58
370,448 551,429 +49
Rank Correlaticn Coefficient: 0.3714

Significance Level of Correlation: None
Regression Correlation Coefficient: -0.0112

Significance Level of Correlation: None
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TABLL XIII

EFFECT OF THE ELECTRIC FIELD ON THE PHOSPHORUS UPTAKE OF

SOYBEAN CALLUS TISSUE TREATED 15 MINUTES IN THE FIELD

Per Cent Difference

Counts per minute/gram tissue Between Samples
Controls Treated
64,073 26,070 -89
53,486 34,160 -43
57,035 30,825 -46
51,028 30,045 -41
Mean
57,750 + 28,917 30,000 + 3,266
Rank Correlation Coefficient: -0.200

Significance Level of Correlation: None
Regression Correlation Coefficient: 0.2746

Significance Level of Correlation: None
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TABLE XIV

EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF

CARROT CALLUS TREATED THREE HOURS IN THE FIELD AND

IN CONTACT WITH 32P-CONTAINING SOLID MEDIUM

FOR FORTY-EIGHET HOURS

Per Cent Difference

Counts per minute/gram tissue

Between Pairs

Controls Treated

767,201 602,973 -21
765,988 534,928 -30
670,257 604,861 -19
568,355 517,241 -9
434,518 536,586 +23
420,422 698,188 +66

Mean

604, 000 + 156,000 581,833 + 67,801

Rank Correlation Coefficient: -0.26
Significance Level of Correlation: Nocne
Regression Correlation Coefficient: -0.2694

Significance Level of Correlation: None
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- TABLE XV
EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF CARRCT
CALLUS TEEATED THREE HOURS IN THE FIELD AND IN CONTACT

WITH 32P—CONTAINING SOLID MEDIUM FOR ONE HOUR

Per Cent Difference

Counts per minute/gram tissue Between Pairs
Controls Treated

83,212 75,358 - 9
44,142 60,738 +38
32,039 37,027 +16
30,931 39,129 . +27

Mean
47,250 + 24,622 52,750 + 18,118

Rank Correlation Coefficient: 0.8
Significance Level of Correlation: 95%
Regression Correlation Coefficient: 0.9335

Significance Level of Correlation: 95%
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TABLE XVI
EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF PEA
CALLUS TREATED FOR ONE HOUR AND IN JzP—CONTAINING

ABSOEPTION SOLUTION FOR THREE HOURS

Per Cent Difference

Counts per minute/gram tissue Between Pairs
Controls Treated
149,254 59,837 -60
125,200 33,643 -73
32,002 33,0636 + 5
17,438 27,801 ' + 6
SR
Mean
80,973 + 32,981 38,729 + 7,169

Rank Correlation Coefficient: 1.00
Significance Level of Correlation: 99%
Regression Correlation Coefficient: 0.7631

Significance Level of Correlation: 95%
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TABLE XVII
EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF PEA
CALLUS TREATED FOR ONE HOUR AND IN 32P-—CONTAINING

ABSORPTION SOLUTION FOR THREE HOURS

Per Cent Difference

Counts per minute/gram tissue Between Pairs

Controls Treated

36,687 33,613 -8

23,519 24,677 + 5

20,133 21,274 + 6
Mean

26,779 + 5,049 26,521 + 3,679

Rank Correlation Coefficient: 1.0
Significance Level of Correlation: 99%
Regression Correlation Coefficient: 0.8279

Significance Level of Correlation: 95%
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TABLE XVIII
EFFECT CF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF PEA
CALLUS TREATED FCR ONE HOUR AND IN 32P—CONTAINING

ABSORPTION SOLUTION FOR ONE HOUR

Per Cent Difference

Counts per minute/gram tissue Between Pairs
Controis Treated
23,293 . 7,328 ~70
10,349 5,247 -49
4,117 3,365 -18
Mean
12,82G + 10,165 5,313 + 1,982

Rank Correlation Coefficient: 1.0
Significance Level of Correlation: 95%
Regression Correlation Coeificient: 0.9833

Significance Level of Correlation: 95%




TABLE XIX

EFFECT OF TIE ELECTRIC FIELD CON PHOSPHORUS UPTAXE OF

TOBACCO CALLUS TREATED 30 MINUTES AND IN S2p-

CONTAINING ABSORPTION SOLUTION FOR ONE HOUR

Counts per minute/gram tissue

Per Cent Difference
Between Pairs

Controls Treated
11,753 3,448 ~71
2,204 3,684 +67
1,791 2,467 +38
1,437 ’ 2,562 +78
Mean
4,296 + 4,981 3,048 + 615

Rank Correlation Coefficient: 0.6
Significance Level of Correlation:
Regression Correlation Coefficient:

Significance Level of Correlation:

0.4836
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TABLE XX

EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF

TOBACCO CALLUS TREATED 2 MINUTES AND IN °2p-

CONTAINING ABSORPTION SOLUTION FOR THREE HOURS

Per Cent Difference

Counts per minute/gram tissue Between Pairs
Controls Treated
12,171 4,931 -59
3,944 4,348 +23
3,848 4,014 + 4
2,676 3,294 +27
Mean
5,660 + 4,379 4,172 + 642

Rank Correlaticn Coefficient: 1.0
Significance Level of Correlation: 99%
Regression Correlation Coefficient: 0.8591

Significance Level of Correlation: 95%
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Alteration of Phosphorus Uptake by Changing the Environ-

ment of- the Tissue

The study with paired samples revealed that samples from a
singlé parent plant callus had a Wide.range of phosphorus
uptake capacities. Evidently the microenvironment within
the callus was not the same throughout so that all parts
of the callus were not alike metabolically. This metabolic
difference was manifested through the wide range in phos-
phorus uptake capacities. This led to the speculation
that a change in the environment would induce different
metabolic activities within the tissue which would be re-
flected by different phosphorus uptake capacities. IFf ihe
environmental change caused the tissue to have greatly
increased or decreased abilities of phosphorus uptake, the
tissue should respond to the electric field to a greater

extent.

Two experiments already completed demonstrated this change
in response to the field as the environment of the tissue
was changed. These experiments are listed below.

A. Change in Temperature

In the growth studies of the Red Kentucky Wonder Bush
Bean a 20°F lower nighttime temperature during the
germination period altered the effect of the field in

two respects:
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l. Germination rates: The celectric field did not effect

the germination rate when the pighttime low was
between 55 - 61°F. With a nighttime low of 33° C
for three consecutive nights during the germination
period, the treated seeds began to germinate five
days before the first nontreated sced began to emerge
from the soil.

2. Size of mature plants: The plants grown from treated

seeds were considerably larger than those grown from
untreated seeds for both sets of seeds which were
germinated with nighttime temperatures beiwean 55 -

61° one set being planted 7 days following trceatment

and the other 21 days following treatment. The

third set, which was planted 14 days after treatment,
experienced the low nighttime temperatures and the

size of the mature plants from the treazated seeds in this
set were essentially the same size as the plants from

untreated seeds.

Change in pH of the Absorption Solution

With potato discs a change in the pH of the absorbing
solution completely reversed the effect of the field
on the uptake of radioactive phosphorus. Preliminary
work with the effect of pH on phosphcrus upteke from a
1075 1 KH2PO4 sclution with untreated potato dises
showed that as the pH of the solution changed from 4.5

toward neutrality, the amount of 32P taken up zreatly
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decreased. The effect of the electric field on phos-
phorus uptaxe through this pH range was to reverse this
trend. At a pH of 4.5 the field caused a 26% reduction in
uptake. At a pH of 6.5 the effect was reversed so that
the treated discs showed an increased uptake of about
20%, and at a pH of 7.5 the treated discs were absorbing
50% more phosphorus. At a pH of 8.5 the stimulation of
the field was reduced and the treated discs absorbed

only 5% more phosphorus than the controls.

Two additional experiments were designed to coanfirm

the fact that a change in the environmeat oFf the tissue
would induce a change in response of the tissue to the
electric field.

Change in Osmotic Pressure

Potato discs were soaked 60 minutes in solutions of
differing salt concentrations to induce different states
of turgidity within the cells. All solutions contained
0.5 m CaC12 to maintain membrane integrity. The treated
discs placed in the distilled water plus CaClz showed a
10% decrease in phosphorus uptake when compared to the
controls. Those treated discs placed in a 1% salt
solution demonstrated an 11% decrease in uptake. Those
treated discs placed in a 10% salt solution showed only a

% decrzase in uptake capacity when compared to contrcl

discs in a 10% salt solution.
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Two parallel series of experiments were carried out.

In Series 1 the tissue was treated in the electric
field, placed in the 107° M XH,PO, absorption solution
for a selected period, and then the counts per minute
per gram tissue determined. In series II, the tissue
was first placed in the absorpticn solution for half of
the selected absorption period, removed and treated in
the electric field, returned to the soluntion to complete
the absorption period, and finally counted in a gas-—
flow counter. The treatment pericd and the total
absorption period were the same for series 1 and II. This

scheme is diagrammed below:

Parent Tissue

' 1

Electric Controls 32p 60 min.

Field

N

32p 120 min. Electric Controls
Field
325 &0 min.
Series I Series ;I .
(Contrinued Absorption (Interrupted Abscrption Feriod)

Period)
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Carrot callus: Four parent pieces of carrct callus

(A,B,C, & D) were divided into four samples each, one
pair of samples followed series I and the other pair
followed series II of the above scheme. Table XXI
presents the results of series I with a one hour
treatment in the electric field occurring before the
60 minute submersion in the absorption sclution.

Table XXII presents the results from series II in
which the tissue was submerged 30 minutes before the
one hour field treatment, and then returned toc the
abscrption for the final 30 minutes. The results in
Table XXI reveal that the four parent callus tissues
had cpm/g phosphorus uﬁtake in the range of 2000-3000
cpm/g. The difference in response to the field of all
four samples was very similar. The results in Table
XXII showed that if the tissue was submerged in liquid
before treatment in the field, the tissue changed

its response to the field and became much more sensi-
tive to the electric field.

Potato discs: This experiment was repeated using

potato discs in place of callus tissue. Four separate
tubers were used (A,B,C, & D). A and B were

visually alike; potato C was much greener in color;
and potato D was considerably dehydrated. A core was

removed from each tuber and four sets of discs (seven



TABLE XXI

EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF CARROT

WITHOUT INITIAL SUBMERSION PERIOD

CALLUS

% Difference

Treated between control
Sample Controls 1 hour and treated samples
A 1 3,157 cpm/g 3,193 cpm/g + 1.0
A 2 2,437 2,456 + 0.8
2,406 2,135 -1¢.0
3,296 2,879 -13.0
2,015 1,688 ~16.0

G838



TABLE XXII
EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF CARROT CALLUS

WITH INITIAL SUBMERSION PERIOD

Initial 50 minute Treatment Total counts from % Difference
Sample absorption period period initial and final between the
absorption periods pair
A 1 1,188 cpm/g Control 2,621 cpm/g
2 1,806 1 hour 4,709 +380
B 1 1,626 Control 3,049
2 2,050 1 hour 5,982 +96
c 1 1,905 Control 4,642
2 2,297 1 hour 3,843 -17
D 1 1,351 Contrci 3,960
2 2,368 1 hour 7,115 +80

€8
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discs per set) were prepared from each core. Two
sets from each core followed series I of the scheme
and two sets from each core followed series II.
With the potato tissue the treatment period in the
electric field was kept at one hour, but the absorp-
tion periods were increased from 30 minutes each to
60 minutes each. Table XXIII gives the results from
the series I experiments and Table XXIV gives the
results from series II. The discs from all four
tubers responded in the same manner to the electric
field when it was applied before submersion in liguid;
the tissues showed an increased vhosphorus uptake
ability as a result of the electric field treatment.
However, if the field was not applied until after
the tissue had been placed in the absorpticn solution
for one hour, the effect of the field was reversed
and the treated samples demonstrated a greatly
reduced uptake ability when compared to the nontreated
samples.
The results from tissue culture and the potato disc experiments
suggested that tissues undergoing different physiological
activities might respond differently to an externally applied
electric field. To further explore this possibility, three
experiments were done selecting tissue known to be undergoing
different metabolic activities. The results of these experi-

ments are given below.



TABLE XXIII

EFFECT OF THE ELECTRIC FIELD ON PHOSPIORUS UPTAKE OF POTATC DISCS

WITHOUT THE INITIAL SUBMERSION PERIOD

% Difference between the

Tuber Controls Treated 1 hour control & treated samples
A 712 cpm/g 876 cpm/g +37
B 829 914 +10
C 457 610 +33
D 581 763 +32

Gge



TABLE XXIV
EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE OF POTATC DISCS WITH
THE INITIAL SUBMERSION PERIOD

Tetal counts from % Difference
Initial 60 minute Treatment initial and final between the

Sample absorption period | period absorption periods pair
A 1 443 cpm/g Control 1,308 cpm/g

2 417 1 hour 770 -41
B 1 288 Control 761

b2 203 1 hour 897 +18
Cc 1 384 Control 670

2 154 1 hour 448 -33
D 1 191 Control 742

2 181 1 hour 583 -21

98
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Fresh and Aged Potato Tissue

There are aumerous reports in the literature that the
washing, or aging, of plant storage tissue changes
greatly the metabolic activities of the tissue including
the capacity of that tissue to absorb ions (Tang and
Castelfrance, 1268; Leonard and Hanscon, 1972; Beileski,
1266; ILuttge, 1967; Rains and Floyd, 197C; Loughman,
1960; and Beileski and Laties, 1963). The tissue was
aged by washing the potato discs for 24 hours in 5 X
10'4 M CaClz at room temperature with continuous
aeration, The washing was carried out with sterile
techniques to prevent contamination of the discs.

(Table XXV confirms that the syétem used in this study
produced this same increase in phosphorus uptake witih
aging.) The application of an electric field to both
fresh and aged tissue from the same potato tuber showed
that the electric field produced different effects on
fresh and aged tissue. This is shown in Table XXVI.

Meristematic and Elongating Root Tissue

Intact roots of germinated broad bean roots were treated
15 minutes in an electric field. The last 15 mm of the
roct tip from treated and nontreated seeds were excised
and divided into two segments -- a d mm segment containing
meristematic tissue and a 12 mm segment containing pre-

dominantly elengating tissue. Both types of tissue
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TABLE XXV
EFFECT OF AGING ON PHOSPHORUS UPTAKE

WITH POTATO DISCS

Experiment
Number Tissue Counts per minute/mg
1 Fresh 9
Aged 45
2 Fresh 9
Aged 33
3 Fresh 7
Aged 36
4 Fresh 9

Aged 43
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TABLE XXVI
EFFECT OF THE ELECTRIC FIELD ON PHOSPHORUS UPTAKE

OF FRESH AND AGED POTATO TISSUE

b Difference in
2p uptake between

Experiment control & treated
Number Tissue samples
1 Fresh + 0.1
Aged +18.0
2 Fresh - 6.0
Aged +13.0
3 Fresh - 1.6
Aged -23.0
4 Fresh -11.0

Aged - 6.0
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responded to the electric field with an increase in
phosphorus uptake, but the meristematic tissue was
stimulated to a much greater extent. This is illustrated
in Table xXXVII.

Tissue from Roots of Different Lengths

Experiments were designed to measure the uptake of
phosphorus by the last 15 mm of the roots of germirated.
broad beans to determine if the length of the intact
root had an effect on the ability of this 15 mm segment
to take up phosphorus. The speculation that this might
be true was based upon the fact that depending uvpon the
original length of the root, thg last 15 mm of the root
tip would be composed primarily of meristematic and
elongating tissue or meristematic, elongating and
differentiating tissue. Table XXVIII gives the resultis
of this experiment in which the roots were in the radio-
active solution for one hour before counting the activity
of the excised 15 mm segments. After determining that
the length of the root did make a difference in the
ability of the last 15 mm of the root to take up the
phosphorus, the experiment was extended to find out if
the response to the electric field would be different in
rcots of different leungths. The results from four
experiments revezled that the length of the root did not

seem related to the response to the electric field
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TABLE XXVII
EFFECT OF THE ELECTRONIC FIELD ON PHOSPHORUS UPTAKE OF
MERISTEMATIC AND ELONGATING TISSUE OF
INTACT BROAD EEAN ROCTS

% Difference in S2P
Experiment . _ uptake between control
Number Tissue and treated samples

1 Meristematic +259
Elongating + 42
2 Meristematic +240

Elongating - + 59
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TABLE XXVIII
PHOSPHORUS UPTAKE BY BROAD BEAN ROOTS

OF DIFFERENTIAL LENGTHS

Experiment Average Length Counts per minute
Number of Root per gram tissue
1 long 43,456
short 9,936
2 iong (6.7 cm) 109,469
medium (4.0 cm) 46,8622
short (1.7 cm) 10,344
3 medium (3.8 cm) 53,617
4 long (4.8 cm) 146, 958
medium (2.8 cm) 57,654

short (1.5 cm) 41,882




923
measure by phosphorus uptake unless the original length

of the intact root was less than 1.9 cm. In these

extremely short roots, there was consistently a reduction
of 52%.
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DISCUSSION

The results obtained in this study strongly support the
hypothesis that an electric field does effect the growth of
plants and plant tissue. Keproducibility of results, however,
has been a most difficulty siandard to achieve. This obstacle
has appeared not only in our study but has been reported in the
very earliest literature and has probably been one of the
greatest deterrents for a continuing research effort in this
area. Two major books which review the research on the effects
of electric fields emphasize this factor. In his historical
review in BIOELECTRIC FIELDS AND GROWTHE (1948) Lund states:
"Since this first work many investigators have studied the
effects of electricity, making use of a variety of experimental
techniques and reporting a variety of results, many of them
conflicting." 1In ELECTROMAGNETIC FIELDS AND LIFE (1970) edited
by Presman, Parin states in the foreward: "Of course, not all
the views expressed in this book are sufficiently well sub-
stantiated and some are quite controversial.' Individual papers
almest always indicate, either indirectly throuagh presentation
of their data or directly by statements from their authors, that
problems of inconsistent effects from the electric field existed
somewhere within their work. (Dudgeon, 1912; Hendrick, 1918;
Shrank, 1959; Murr, 1963; Sidaway, 19866; Murr, 1966; Mihalyfi

& Serf, 1967; Sidawav & Asprey, 1968; and Sidaway, 1970.)
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After becoming convinced that an external electric

field did in fact effect the growth of plants, the emphasis of
this study was directed toward developing a system which would
produce consistent results. The basic assumption was that the
effects of the field were being masked and distorted by flaws
in the experimental design and that a more controlled environment
and reduction in variability of the biological materials would
clarify the effect of the field on the plant tissue. The work
with Red Kentucky Vonder Bush Beans had demonstrated that a change
in temperature could change the effect of the electric field on
_germination of seeds &and the final size of the mature plant.
Sidaway and Asprey (1268) report that part of their inconsistent
results in measurinrg the effect of an electric field on the

respiration of Vicia faba cotyledons might be due to day-to-day

variation in weather conditions. Thus the study was moved to the
laboratory with a more controlled environment than the greenhouse.
Within the lab, work contlinued with respiration and ethylene
studies on germinating seeds c¢f Red Kentucky Wonder Bush Bean.
Inconsistency of the effect of the electric field on these para-
meters was still evident and attributed to the genetic varia-
bility existing from seed to seed.

The decision to replace whole plants with plant callus
tissue was an attempt to improve both environmental control and
biological variation. Tissue culture samples were grown in a

growth chamber with temperature and light control. Callus
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cultures were initiated from a single plant organ and were
subcultured to produce a large amount of callus stock from
the same parent stock. Although definite trends could be
observed as a result of exposing the callus tissue to the
electric field, the response of the tissue was nct always
consistent from one experiment to another or even within one
experiment.

The next step was to survey the effect of the electric
field on the callus tissue of several plant species with the
hope of finding a species which would respord more consistently
to the field than the soybean which was used initially.
Although, the various species responded to the field, the response
was not more consistent than the soybean callus tissue.

Another attempt to increase the reproducibiliity of the
experiments was to reduce the initial gsize of the callus sample
to eliminate the necessity of using three or four jars of parent
callus tissue. With smallier samples one parent callus would
provide sufficient material for ten treated and ten control
samples which was expected to reduce the variation from one sample
to another. Unfortunately, no significant improvement in consis-
tency was gained with this measure.

Increasing the number of samples in each group iun order to
improve the significance of the results statistically seemed
the next logical step. FHowever, increasing the number of individ-
uals in each group to 20 and even 30 ¢id nct increase the

significance level in the difference between the mean ¢f the
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control and treated groups. A close examination of the growth
ratios of invididual samples revealed that the large variation

was found not only in the treated groups, but was present within
the control group as well and even to a greater extent than in

the treated group. Such variation made it virtually impossible

to statistically show that a change in the mean growth ratio
between the treated and control groups was due to the effect of
the electric field. Yet it was clearly evident that some individ-
uals within the treated group were being strongly effected by the
external electric fieild.

A re-examination of the experimental procedure was def-
initely in order. Although callus tissue is a more homogeneous
mixture of plant cell types (predominantly parenchymtous cells
(Street, 1966) than a whole plant, one section of callus tissue
will not necessarily be identical throughout. 7The heterogeneity
occurs because, with time, some cells of the callus wiil become
palyploid (Partanen, 1963). Some will form centers of meristem-~
atic activity (Gautheret, 1957), and some will differentiate into
more mature plant cell types--such as xylem vessels (Halperin,
1673). TUnfortunately, it is presently impossible to visually
detect these areas of special activity. The large variation in
phosphorus uptake and growth ratios within the control group in-
dicated that the samples were not similar physiologically even

though visually they appeared zlike.
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To correct this situation paired samples were used in
which a small section of callus tissue was separated from the
parent callus. Hopefully, the sample would be small enough
to contain essentially the same physiological type cf tissue
throughout. This sample was divided into two pieces-—-one to be
treated in the electric field and the other to serve as the
control. Thus, results from an average of a large number of
individuals were replaced with a comparison of one treated
sample with its matched control.

The results obtained with the use of paired samples in
studying phosphorus uptake brought about a major revision in
the approach to our problem. The paired samples technique
allowed a most reliable fact to be recognized--the multiple effects
of the field and the inconsistency of the results were the key
to the effect of the field rather than the problem to he
removed. Thus, while the field did stimulate other samples,
the effect was not at all haphazard. Those samples which demon-
strated an extremely high capacity for phosphorus uptake had
this capacity greatly reduced by exposure tc the electric field.
Those treated samples whose controls had an extremely low capacity
for phosphorus uptake had their uptake capacities stimulated.
Those control samples with uptake capacities at neither extreme

were not effected by the electric field.
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The observation of the varied effects of the field on
the tissue led to the formulation of a2 hypothesis of how the
electric field might be interacting with the biological tissues.
It appeared that there was an "equilibrium'" state in the parent
callus for phosphorus uptake, the term "equilibrium" being
used to indicate those samples not displaying extremely high
or low uptake capacities. From studies with the paried samples,
the majority of the callus tissue appeared tc be in this
equilibrium state, and the electric field altered the phos-
phorus uvptake abilities of the samples cnly to a small degree.
The effecct of the field on thcse samples with extremely high
or low uptake capacities was to drive them towafd this equil-~-
ibrium state. The overall effect was to reduce the amount of
variation seen within the treated group; this is illustrated
in Table XXIX. Table XXIX emphasizes again that the effect of
the field was not always apparent if the data is presented as an
average of the group; the effect of the field was to cause the
samples to move toward this average uptake capacity, thus re-
ducing the variation within the group. Rank correlation
analysis revealed that there was no significant correlation
between the rank of the highest cpm/g to the lowest cpm/g of the
control groups and that of the treated groupr. The only cases in
which a significant correlaticn existed occurred in experiments
ccntaining only 3 or 4 paired samples. Determination of the

regression correlation coefficient also showed no linear corre-



TABLE XXIX
EFFECT OF THE ELECTRIC FIELD ON DECREASING THE VARIABILITY OF PHOSPHORUS
UPTAKE BY CALLUS TISSUE AS A RESULT OF DRIVING THE

EXTREME SAMPLES TOWARD THE EQUILIBRIUM REGION

*Table in Range of uptake Mean Standard Percent

Results chapter in cpm/g tissue Uptake Deviation of deviation for
the mean each group
XI. Controls 1,262,693 661,892 112,802 17.04%
370,448
Treated 692,980 602,448 16,800 2.79
551,429
XIV. Controls 767,201 604,000 156,000 10.50
420,422
Treated 698,188 581,833 67,801 4.355
534,928
XVI. Controls 149,254 80,973 32,281 40,7
17,438 18.51
Treated 59,837 38,729 7,169 18.51
27,801
XVII. Controls 36,€87 26,779 5,049 18.83
20,133
Treated 33,613 26,521 3,679 13.87
21,274 :

COoT



TABLL XXIX CONTINUED

EF¥FECT OF THE ELECTRIC FIELD ON DECREASING THE VARIABILITY OF PHOSPHORUS

UPTAKE BY CALLUS TISSUE AS A RESULT OF DRIVING THE

EXTREME SAMPLES TOWARD THE EQUILIBRIUM REGIONS

*Table in Range of uptake Mean Standard Percent
Results chapter in cpm/g tissue Uptake Deviation of deviation for
the mean each group
XX. Coantrols 12,171 5,660 4,379 38.68
2,676
Treated 4,931 4,172 642 7.91
3,394
*Table X1 represents data from soybean tissue.
Table XIV represents data from carrct tissue.
Table XVI represents data from pea tissue.
Table XVII represents data from pea tissue.
Table XA represents data from pea tissue.

[OT
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lJation between the count rates of the control and treated
samples, except in those experiments containing only 3 or 4
paired samples. (The procedure for determining rank
correlation coefficients and linear regression coefficients
are presented in Appendix C.) The results of the rank
correlation analysis and the regression analysis were inter-
preted to indicate that the variation present in the treated
group represented random scatter about a mean and that the
uptake capacity of the tissue aiter treatment was not dependent
upon the original uptske capacity of the tissue.

¥Y¥hile the electric field may interact with the cells of
the plant tissue in many aspects, the data from our stuvday of
phosphorus uptake using 32P, zinc uptake measured by atomic fluor-—
escent spectrophotometry, and metal ion uptake measured by
electron spin resonance spectrophotometry indicated that membrane
yermeability is one of the factors effected. That an electric
field might alter membrane permeability is not a new idea.
Research with artificial membranes (Hill, 1957; Klotz and
Horowitz, 1957; Friedenberg, 1967; Adekman, 1971; and Babakov,
Ermishkin and Liberman, 1966) and with biological membranes
{(Hamilton and Sale, 1967) have demonstrated that this phenomena
occurs.

The data from our study provided the basis for the
construction of a model which describes how the electric field
might be interacting with the constituents of the membrane to

produce the a2ffects seen in this study. The model is based on
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immediately adjacent to the lipid bilayer. He assumes with
his model that the dipoles are free to rotate within certain
constraints. He stated: "thus the polar groups may be per-
pendicular or may rotate into an external field depending on
constraints." Friedenberg further stated that with sheets of
artificial membranes, there are points of high field intensity
at various locations under the sheet and that "these points would
move if any motion were imparted to the membrane. Thus, a
vibrating membrane would move the points of symmetry in a
regular manner." He speculated that in cells these points of
symmetry are due to charged molecules located anear the plios-
pholipid layer and that the dipoles of the phospheliipids are
orientated toward the center nearest to them. Thus under
naturally occurring conditions within the cell, the charge
centers may change causing rearrangement of the orientation of
the dipoles.

This dipole model provides a good basis for explaining the
actions of the electric field in driving phosphorus uptaske toward
an equilibrium state as seen in this study. The equilibrium state
would correlate with the state in which the activities of the
tissue create a symmetrical arrangement of '"charge centers' due
to the regular distribution of macromolecules and electrolytes near
the membrane. This would establish the "equilibrium' uptake rate.
The electric field would have very little effect on this tissue
because the '"charge centers'" are already regularly arranged and

the agitation of the dipoles would not create any great change in
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two factors: (1) The field drives the permeability of the
-membrane for phosphorus toward an "equilibrium'" uptake

capacity, and (2) the force of the a.c. field used in this

study was sufficient to cause an agitation of dipole groups.

The effect of an a.c. field on a dipolar molecule is

to cause the molecule to "flip" itself 680 times per second in
order to maintain the proper alignment with the changing

polarity of the field. Within the membranes, however, the
dipoles are nct free to "flip" since their movement is con-
strained by their attachment to a larger molecule. The resulting
compromise is a tilting, or rotating, of the dipoles in response
to the field. Studies on the orientation of the 1lipid molecules
within artificial monoclayer and bilayer;phosphate lipid ‘membranes
have produced theoretical calculations that the polar phosphate
group on their hydrocarbon chains have room to tilt in alignment
with an externally applied electric field (Friedenberg, 1967,

p. 24). Goldman (1964) formulated a membrane model for axons

.0f nerve cells in which the phospholipids -change their orientation
under the influence of an electric field. His model included

the orientation effects of the dipoles in the polar end groups

of the phospholipid bilayer. Friedenberg proposed that Goldman's
model could be extended to all cells, and thus proposed a dipole
model for cell membranes. According to this model {Friedenberg,
1267, p. 31) the dipoles of the phospholipids crient themselves

toward a charge center created by the proteins and electrolytes
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the redistribution cof these centers. However, we speculate
that tissue exhibiting extremely high or low uptake abilities
has the '"charge centers'" distributed in a very irregular
manner which changes the membrane's permeability to phosphorus
and also cuases it to be most sensitive to the external
electric field. The effect of the field is to cause motion, or
agitation, within the membrane due to the rotation of the
dipoles; this motion in turn drives the "“charge centers'" toward
a more symmetrical distribution thus causing the tissue to move
toward the equilibrium range of phosphorus uptake.

The effect of the electric field--to drive a system toward
an equilibrium status--is clearly seen with phosphorus uptake
in callus tissue and potato discs. Table XXX demonstrates that
the same effect can be scen in the growth rate of callus tissue.
As with phosphorus uptake, statistical analysis shows no rank
correlation between the growth ratios of the treated and control
- pairs, no linear correlation between the percent difference
between the pairs and the growth ratics of the treated samples,
but there is an inverse correlation between the percent difference
between the pairs and the growth ratios of the control samples
significant at the 1% level.

In a review article "Permeability of the Plant Cell™
{(Stadelman, 1969) the statement is made that: "Permeability
changes may be caused by endogenous conditions within cells or by

natural or artificial changes in the ewvironment." Ve propose



EFFECT OF THE ELECTRIC FIELD

TABLE XXX

OF BROAD BEAN CALLUS TISSUS

ON THE GROWTH RATICS OF UNPAIRED SAMPLES

Pair Growth ratio of Growth ratio of Per-cent difference
number contrcl samples treated sampiles between the pair

1 2.00 1.49 -26

2 1.87 1.62 -13

3 1.83 1.65 -10

4 1.59 1.64 + 3

5 1.22 1.51 +23

6 1.08 1.45 +33

90t
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hat the externally applied electric field produces its effect
by agitation of the dipolar components of the membrane which
causes the redistribution of the charge centers created by
macromolecules adjacent to the membrane. This artifically
rroduced redistribution of the charged macromclecules in turn
brings about a change in the alignment of the dipole withia the
membrane once the tissue is removed from the electric field.
The realignment of the dipoles in the membrane has a conseguent
influence on membrane permeability. Two macromolecules which
might be involved in the charge centers are the proteins in
ribosomes which are attached ts the membrane (Tanada, 1268) and
the phytochromes localized within or on the membruane (Jaife,
1968, and Tanada, 1268). In reference to the phytochromes
Tanada suggests that "...changes in the molecular conformation
of phytochrome may induce local changes in the electric charges
of the membrane consequently cffecting membrane permeahility."
Therefcre, it should be possible to demonstrate that the
effect of the field can be altered by (1) changing the environ-
ment of the tissue bringing about a different relation to the
"equilibrium" state of uptake and (2) selecting tissue known to
be in different stages of development that would requirc different
phosphorus uptake capacities. Four experiments in this study
created a change in the exlternal environment which brought about
a correpsonding change in the effect produced by the electric

field. These are described helow:
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Change in temperature: Thirty Red Kentucky Wonder Bush

Bean seeds were all treated at the same time but were planted
7, 14, and 21 days after treatment. Both groups of plants
grown from treated seeds planted 7 and 21 days following
treatment were considerably larger than the control plants.
However, those treated seeds planted 14 days after treatment
were essentially the same size as the control plants in ail
respects. The only significant variable during this

study as a temperature change during the germination period
of the 1l4-day group. The night temperature during this
period was about 20°F lower than that of the 7 and 21-Gay
groups during their corresponding pgriod of germination.
Another difference between the 1l4-day and the 7-~ and 1l2-day
groups was in the germination rate. The germination rate
was the same for treated and nontreated seeds in the 7- and
21-day groups. In those seeds plants l4-days after treat-
ment the treated seeds began to emerge five days beforc the
first control seed. Thus the reduced temperature altered
two aspects of this experiment. It eliminated any effect

of the field as far as the final size of the plant was
concerned, but it altered the effect on germination rate.
Change in pH: With potato discs a chaunge in pH of the
absorbing solution completely reversed the effect of the field

on the uptake of the radioactive phosphorus. At a low
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pll (4.5) the field caused a 26% reduction in uptake. At

a pH of 6.5 the Tield effect was reversed so that the
treated discs showed an increased uptake of about 20% above
that of the untreated discs. At a pH of 7.5 the treated
discs were absorbing 50% more. At 8.5 the stimulation of
the field dropped so that the treated discs absorbed only
7% more 32p than the controls.

Change in osmotic pressure: Potato discs were sosked 60

minutes before treatment in tke electric field in solutions
of differing salt concentration to induce different states
of turgidity within the cells. Alil solutions contain 5 x
104 M Ca012 to maintain membrane integrity. The treated
slices placed in distilled water showed a 10% decrease in
phosphorus uptake when compared to the coentrols. Those
treated discs placed in a 1% salt solution demonstrated a
11% decrease and those treated discs placad in a 10% salt
solution showed only a 2% decrease in uptake capacity.

Submerging the tissue in liguid: Carrot callus and potato

discs were submerged in an absorbing solution before treat-
ment in the electric field and then returned for a final
absorption period. Similar samples of hoth tissues were
treated in the field before being placed in the absorbing
solution. The total amount of time in the absorbing
solution was the same for the continuous and interrupted
absorption periods. Comparing the callus samples that were

treated before submersion and those that were treated after
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submersion showed that the latter had an increased absorp-
tion capacity averaging 146% above those treated before
submersion. With the potato discs the uptake capacities
were reduced among the treated samples by an average of

24% if the discs were first submerged before treatment.
Thus, the submersion of both of these tissues increased the
sensitivity of the tissue to the electric field but the

field effected them oppositely.

Three experiments can be cited in which tissues of different

physiological states were selected.

1. Potato discs which were "aged" by washing 24 houis in
an aerated solutiqn of 5 x 107%. M CaCl2 showed an
increased sensitivity to the field when compared to firesh
discs. In two cases the aged tissue demonstrated an
increased uptake of 18% and in two other experiments the
uptake was decreased 22% and 5% in the aged tissue.

This is in agreement with Sidaway and Asprey (1968) who
found an increased sensitivity to the effect of a d.c.
field on oxygen absorption by washed spadix tissue
slices of Arum as compared to unwashed slices.

2. Roots of germinated broad bean seeds were grouped
according to total root length after 5 days of germination.
Untreated root tips taken from roots less than 1.9 cm in
length consistently demonstrated a greatly reduced
ability to take up phosphorus as comparcd to those roots

Jonger than 1.9 cm. Treatment of these short rocts
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caused an average 52% decrease in the absorption
capacity.

That portion of the root tip which is engaged in
meristematic activity have their capacity to absorb
phospherus effected by an electric field to a much
greater extent than that portion primarily concerned
with activities associated with elongation. The
meristematic tissue exposed to an electric field demon-
strated 245% increased uptake above the controls while
the elongating regions were stimulated to taks up 51%

more phosphorus than the controls.



SUMMARY
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SUMMARY

The controversial issue of the effect of externally
applied high voltage electric fields on plant tissue was
explored. After exposure to an alternating field with a peak
potential of 15,000 velts, the plant material was removed from
the field and examined to determine the response of the tissue
to the field. Parameters measured throughout the course of
the study included growth rate, chlorophyll content, respiration
rate, ethylene production, cell differentiation, chromosome number,

reanelle distorticn, germination rate of seeds, metal ion up-
take, mitotic frequency, and phosphorus uptake.

The results indicated that the growth rate of plants
grown from seeds placed in an electric field was effected by
this treatment. HMost studices concerning growth rates had been
carried outlt with continued exposure cof the plants to the field for
several days or weeks. In this study the seeds of Red Kentucky
Wonder Bush Beans were treated, removed from the field, sowed,
and allowed to grow under standard greenhouse conditions. The
effect of the field was evident even when the seeds were planted
21 days after treatment in the electric field.

For the first time callus tissue of plants were treated
in an electric field and examined for alterations in growth rate.
Several species were studied and ail exhibited some response to

the field. Fach species, however, had its own optimum treatment
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period to produce the greatest response. The callus tissue of

the following species were studied: Glycine soja (soybean),

Nicotiana tabaccum (habituated tobacco), Pinus elliotti (slash

ine), Pisum sativum (Alaskan pea), Vicia faba (broad bean),

and Daucus carota (carrot). Within the design of the experimental

system employed with callus tissue, cell differentiation, changes
in chromosome number, and organelle integrity did not appear to
be significantly effected by the electric field. There was an
indication, however, that the electric field might cause a re-
duction in the rate of mitosis in root explant tissues. With
seeds, the rate of germination, respiration rate, ethylene
production, and chlorophyll content of the leaves grown from
treated seeds were somewhat elifected by‘the field, but the
results did not permit a conclusive statement about the field
effect on these processes.

Phosphorus uptake by callus tissue, protato discs, and root
tips was clearly effected by the electric field. Studies with
atomic fluorescence and electron spin resonance indicated that
the effect on ion uptake may be extended to other ions as well.

A major contribution of our study was the establishment
of the fact that the reported contradictory effects of the
electric field on plants were a true reflection of the inter-
action of the plant material and the electric field. The inter-
action brings about a move toward an "equilibrium" state in

relation to the parameter being examined, i.e. phosphorus uptake
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ard growth rate in our study. Whether the field brought about
a stimulation or reduction in uptake or growth depended on
the relationship of the sample to its equilibrium state at
the time of treatment. Because of the difficulty in determining
the state of the sample before treatment, the paired samples
techniques proved to be the most effective method for this study
in which the control exhibited a high degree of variation. Paired
samples allowed the detection of those tissues being effected
by the field and consequently allowed the formulation of the
hypothesis that the field caused a movement toward an equilibrium
state.

A model was constructed to describe at the molecuiar
level the manner in which the electric field might interact
with the polar phosphate groups within the membrane to bring
about a movement toward an equilibrium uptake of phosphorus.
Further experiments demonstrated that the effect of the field
on phosphorus uptake could be altered by changing the environ-
ment of the tissue before or after treatment. Examples of
altered environments causing changes to response to the field
and later to growth included studies with pH, nighttime tempera-
tures during germination, osmotic concentration within cells,
submerging tissues in liquid and aging tissues. The response
to the field also differed only if those tissues of the same
callus or plant were selected which were known to be engaged in
different metabolic activities. These experiments further

supported our supposition that the varistior in response to an
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electric field seen in our work as well as that of others is a
reflection of variable physiological activities of the tissue
at the time of treatment. The effect of the electric field
appeared to cause the tissues to become more homogeneocus in
growth rate or phosphorus uptake resulting in a reduction of

variability - in the treated samples.
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Tissues cultured on medium:

(1

{(2)

(3)

(4)

Macroelements

400

Ca(;.OB)2 9

Nast4

KNOS

KC1
NaH2P04°H20
MgSO4'7H20

Microelements

ZnS0y + THH0
MnSO, - 4H50
H4BOg

KI

4-5H20
Na2M004'2H20
FeCl3

CuSO

Vitamins and
Amino acids

Glycine
Thiamine HC1
Nicotinic acid

Pyridoxine

WHITE'S 10X MEDIUM*

Habituated Tobacco

116

pH: 5.5-6.0

Stock Sgggggon Final con-
Solution, ml/1 liter concentration,

gm/liter of medium mg/liter
6.0 3000.0
4.0 2000.0
1.6 800.0
1.3 500.0 650.0
0.33 185.0
14.4 7200.0
3.0 50.0
7.0 70.0
1.5 15.0
0.75 10.0 7.5
0.001 0.01
0.25 2.5
1.5 1.0 1.5
3.0 3.0
0.5 0.5
0.5 1.0 0.5
0.5 0.8
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Thirty grams of sucrose and ten grams of agar were added for
a final concentration of 3% and 1% respectively for every liter
of medium prepared.

*(White, 1943).
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S. V. MEDIUM

Tissues cultured on medium: Daucus carota rHE: 5.5-6.0
Glysine socja
Vicia Faba

Stock
Stock Solution, Final con-
Solution, ml/liter concentratior
Macronutrients gm/liter of medium mg/litcer
(1) NiIyNOg 82.5 20.0 1650.0
KNO, ‘ 95.0 1900. 00
2) CaC12'2H20 88.0 5.0 440.0
(3) 'Mg8047H20 74.0 5.0 370.0
KH2P04 34.0 170.0
(4) Na,EDTA 7.45 5.0 37.3
. 7
FeSO4 7H20 5.57 . 27.8
Micronutrients
(5) MnSO4'H20 4.5 4.5
< . b [
ZnuO4 7H20 1.5 1.8
H4BOg 1.5 1.8
CuSO4'5H20 0.04 0.04
Na4MoO4-2H20 0.25 1.0 0.25
CoClS'GHZO 0.005 0.005
AlCl3 0.003 0.G03
. . 03
NlCl2 6H20 0.003 0.00
KI 0.001 0.001

Vitamins and
Amino acids

W}

(6) Nicotinic acid 0.5 1.0 0.
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Stock
otock Solution, Final
Solution, ml/liter concentration
gm/liter of medium mg/liter
Thiamine HC1 0.1 1.0 0.5
Pyridoxine HCI 0.1 0.1
Glycine 3.0 3.0
(7) NAA 0.175 1.0 0.175
(8) 2.4-D 0.221 1.0 0.221
(9) Ascorbic Acid 50.0 1.0 50.0

In addition, each liter of medium contained 1 gram of yeast extract,
100 ml of coconut milk, 30 grams of sugar and 10 grams of agar.



Tissue cultured on medium:

1)

(2)

(3)

(4)

120

MODIFIED MURASHIGUE AND SKOOG MEDIUM (MM-1)

Major Solution

Pinus Elliottii

Stock
Solution,
gm/liter

NH,4NOg
KNOg

CaClz‘ZHZO

MgS0, " 7TH,0

4
KH2PO4
Na,-EDTA

FeSO4'7H20

Minor Solution

HBOB
MnSO4'4H20
ZnSO4'4H20
KT

Na I +2H_O
Na25004 ?H2

CuSO4'5H2O
CoC12'6H20
Vitamins and
Amino Acids

Nicotinic acid
Thiamine HC1
Pyridoxine HC1

Kinetin

16.5

19.0

14.90

11.16

. 025

. 025

pH: 5.7-5.8
Stock
Solution, Final con-—
ml/liter centration
of medium mg/liter
1650.0
100.0 1900.0
440.0
370.0
170.0
37.3
10.
27.8
6.2
22.3
1.0 8.6
0.83
0.25
0.025
0.025
0.5
0.1
1.0 0.1
0.5



(5)
(6)
(7)
(8)

Stock
Solution,
ml/liter

121

Final con-
centration,
mg/liter

Stock
Solution,
em/iiter
2,4-D
Inositol
Asparagine

Ascorbic acid

" of medium

Thirty grams of sucrose and ten grams of agar were added for
a final concentration of 3% and 1% respectively for every liter

of medium prepared.
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MODIFICATION OF MEDIUM BY TORREY AND FOSKET (1270)

Tissue cultured on medium: Pisum sativum pH: 5.5
Stock
Stock Solution, Final coan-
Soluticn, mil/liter centration
Major Solution gm/liter of medium mg/liter
(L) KNO3 95.0 20 1900
NH4NO3 82.5 1650
(2) CaClgy:2H50 88.0 5 440
(3> KHoPO, 34.0 _ 5 670
s . [
IugSO4 7H20 74 370
(4) NagEDTA 7.45 5 37.3
FeSO4'7H20 5.58 27.8

Minor Solution

5) MnSO4'H20 16.9 16.9
H3803 6.2 6.2
ZnSO4'7H20 8.6 8.6
KI 0.83 0.23
C0012‘6H20 0.025 ! 0.025
Na2M004'2H20 0.25 0.25
CuSO4'5H20 0.025 0.025

Vitamins & Amino acids

(6) Inositol 20 5 100

(7) Nicotinic acid 0.5 0.5
Thiamin HC1 0.1 0.1
Pyridoxine HC1 0.1 1 0.1
Glycine 3.0 3.0
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Stock

Solution,

gm/liter
(8) NAAx* 0.175
{(9) 2,4-D 1.1
(10) Kinetin .500

Stock
Solution, Final con-
ml/liter centration
of medium mg/liter
1 0.175
1 1.1
0.5

In addition, each liter of medium contained 40 grams of sucrose

and 10 grams of agar.

*Substitute TAA in the same concentration to use this medium for
initiating pea cultures and for root expliants.
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REMOVAL OF EFFECT OF INITIAL SAMPLE SIZE FROM CALLUS SAMNPLES

Figure 8 in Chpater Three illustrates that the initial

size of the callus sample has a direct effect on the final growth

ratio of the sample at the end of the two week growth period.
In order to ascertain if the change in growth ratios was due to
the electric field or differences in initial sample size a
theoretical predicted growth ratio (Y) was determined for each
sample in the experiments producing Figuvure 7 in Chapter Three.
This predicted growth ratio was calculated from the following

equation:

y - ¥y X - %Xy

Yo~ V3 xo9™ %1

The values for X1s Xg, ¥qs and y2 were obtained from the graph

in Figure 8 so that

1
W N
O i

vy = 4.0 Vo =

With these wvalues, the value of Y was determined by the equation

where X represents the original sample size of each sample. The
predicted growth ratio was substracted from the actual growth

ratio to remove the effect of sample size from the data. Figure

B

4.

.
L
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CHANGE

FIGURE 12

IN GRCWTI RATIOS OF SOYBEAN CALLUS TISSUE

A FTUNCTION OF TREATMENT TILIE AFTER RENOVAL OF

THE EFFECT OF INITIAL SAMPLZ SIZE
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“Q.

OT2BY UIMOIY UT

Time (in hours) in Electric Field
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FORMULAS FTOR STATISTICAL ANALYSIS*

Standard Deviation

(X - 3(‘22
S = n -1

where X is value of a single sample, X is the arithmetic
mean of the group, and n is the number of samples.

Standard Deviation of the Mean

S

Xer — X¢

Rark Correlation

_ 4 _ _6.4d%2
T n{N< - 1)

where d is the difference between the ranks for the paired

observations and n is the number of paired observations.

*(Hamburg, 1974)
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V. Test of Significance (t test) for Rank Correlation

VI. Equation of the Regression Line
YC = a + bX

where Xc is the computed value of the dependent variable,
a is the computed value of Y when X = O, b is the slope
of the line, and X is the observed value of Y when X = O.

VIT. Coefficient of Correlation Eguation-

where r is the regression ccefficient.

VIII. Test of Significance for Coefficient of Correlation

t = r

1 - rz
(n - 2)

where r is the regression coefficient and n is the number

of samples.
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