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The objectives of this study were to develop radiographic

methods for testing the viability and vigor of corn and bean seeds.

The study was done in two sections,

In Section I, a quantitative non-destructive high contrast x-ray

method was developed which allowed direct comparison of density

readings and germination and growth of the same corn seed. The

technique involved soaking the corn seeds in a 5% solution of Pb(NO3)2

for 3 hours or a 20% solution of BaC12 for 1 hour and then radiograph-

ing these seeds at 20 kVp, 3 mA, 45. 7 cm source-to-film distance,

6 minutes exposure time with no added filteration, using a Faxatron

804 x-ray machine and a Kodak type-R industrial x-ray film. Density

measurements were then made on these radiographs. The above

soaking technique was adopted because the same seeds were ger-

minated after radiographing, and because the radiographs were studied

by means of a densitometer. When seeds are not to be germinated



after radiographing and the radiographs are studied visually, higher

concentrations of contrast agent and longer soaking times may be used

to obtain higher degrees of impregnation.

Of the four inorganic contrast agents evaluated, sodium iodide

was most toxic to germination and seedling growth of corn, followed

by barium chloride, lead nitrate and thorium nitrate, Thorium nitrate

was more toxic to low than to high vigor seeds,

The x-ray technique was evaluated against conductivity, ger-

mination and root and shoot growth measurements on 33 lots of corn

at various stages of deterioration including both heating and freezing

injury.

In conductivity measurements, conductivity rates rather than

absolute conductivities were used because conductivity rates are not

subject to errors that may be introduced by seed treatments. Con-

ductivity rates were corrected for atmospheric absorption.

The x-ray contrast measurements were significantly correlated

with growth parameters at the . 01 level whereas conductivity mea-

surements were correlated at the 05 level. X-ray contrast measure-

ments were more indicative of viability and vigor levels than con-

ductivity measurements. Neither measurement was more indicative

of vigor than of viability because treatments that lowered seedling

vigor usually lowered viability, as well. On the basis of the change

in radiographic density per unit change in average seedling length, the



high contrast x-ray method had a greater ability to detect freezing

injury than to detect heating injury,

In Section II, a radiographic method was developed for evalu-

ating bean seed viability on the basis of transverse cracking of the

cotyledons. The exposure factors used were: 15 kVp, 3 mA, 45. 7

cm source-to-film distance, 6 minutes exposure time with no added

filteration, using a Faxatron 804 x-ray machine and a Kodak type-M

industrial x-ray film. The radiographed seeds were then classified

into non-cracked, lightly-cracked and heavily-cracked seeds.

The x-ray estimation of germination percent was closely asso-

ciated (r = .88) with seedling germination percent for 12 lots of com-

mercial bean seeds. The technique was less applicable to seed lots

with excessive physiological killing.

Some transverse cracking was introduced during germination

tests and this cracking was greater for seeds with lower initial

moisture.

Small seeds tended to have fewer heavily-cracked seeds, while

the occurrence of lightly-cracked seeds was approximately the same

for large and small seeds.

In field emergence trials, non-cracked and lightly-cracked

seeds emerged to a greater extent than heavily-cracked seeds.
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APPLICATIONS OF RADIOGRAPHY IN SEED TESTING

INTRODUCTION

Radiography has been successfully applied to the solution of

many problems in seed testing. Detection of insect infestation in

grains, multiple inflorescence in grass seeds, empty seeds, estima-

tion of germinability of crop seeds, and embryo-endosperm develop-

ment in tree-seeds are some of the problems in seed testing for whose

solutions x-rays have been useful.

In all these applications, x-rays are utilized in seed testing in

one of two ways: (a) the radiographic method, and (b) the high con-

trast radiographic method.

The radiographic method is suitable for problems of a physical

nature. In these cases an x-radiograph provides access to internal

structures of the seed without destroying it. Such problems as empty

or filled seeds, internal insect infestation and many others are

routinely investigated by this method.

The high contrast radiographic method is used in the estimation

of viability and germinability. In this case seeds of different quality

are impregnated to a greater or lesser extent by a contrast agent,

usually barium; this is possible because the permeability of the plas-

ma membrane is dependent on the seed quality. The contrast agent

therefore accentuates the difference in contrast between live and dead
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seeds, or between live and dead areas of the same seed, on a radio-

graph.

In this study both modes of application of x-rays to seed testing

have been investigated. In Section I, a suitable high contrast x-ray

method is developed for corn seeds and the method is evaluated against

accepted methods of measuring viability and vigor. In Section II, an

x-ray method for evaluating bean seed viability was developed on the

basis of the amount of transverse cotyledon cracking of the beans,

The technique was evaluated against germination and field emergence.

The following general review of literature is intended to indicate

the extent of applicability of radiography in seed testing. More

specific literature reviews are given in each section.
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LITERATURE REVIEW

The use of x-radiography in seed testing is fairly well docu-

mented, The detection of insect infestation, division of seeds into

embryo-endosperm classes for the estimation of germination percent,

and development of the x-ray contrast method are considered the

major landmarks in the development of the application of x-rays in

seed testing. A very good review can be found in the work of Kamra

(1964).

Historic Note

Several authors credit Professor Lundstrom of Uppsala Uni-

versity for the first application of x-radiography to seed testing in

1903 (Kamra, 1964; and Simak and Gustafson, 1953). He was, how-

ever, pessimistic about the usefulness of the technique. Neverthe-

less, 23 years later, Yuasa (1926) pointed out the advantages of

examining plant material for insects using x-rays, and in 1932,

Fenton and Waite detected pink boll worms in cotton seeds using

x-rays.

Simak and Gustafson (1953) extended the technique beyond the

insect detection stage and Simak (1957) used a high contrast technique

for the first time in seed testing. Kamra (1963), by using organic

contrast agents, broadened the scope of the high contrast method,
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Insect Infestation

Certain insects lay their eggs on or in seeds which thereby pro-

vides ready food during the developing stages of such insects. If not

remedied this leads to insect fragments in certain foods processed

from such seeds (Milner, Lee and Kartz, 1952; Kamra, 1967). The

seeds are then not fit for sowing, and the seeds or foods processed

from them not fit to be eaten.

To investigate this problem more thoroughly, Milner, Lee and

Kartz (1950) introduced rice weevils (Sitophilus oryza L. ) into wheat.

In a subsequent study of the infected grains, they followed the develop-

ment of the insects up to the emergence of the adult by taking daily

radiographs. Their exposure factors of 12 to 30 kV at 8 to 10 mA

for 3 to 5 seconds did not interfere with the normal growth of the

insect, They also noted that the infected kernels appeared quite nor-

mal to the naked eye, Their technique was extended to rice, corn

and beans in 1952 (Milner, Lee and Kartz, 1952),

Nicholson et al. (1953) concluded that the radiographic technique

was the most accurate of five methods they investigated fox the detec-

tion of internal insect infestation. Their technique involved dissecting

kernels of wheat whose radiographs showed "suspect shadows. " The

procedure was found to be more adequate for live larva and pupae

than for adults. Dehydrated insects were not seen by their technique.



Kamra (1967) extended the radiographic detection of internal

insect infestation to Cicer arietinum, Lens esculenta, Phaseolus

aureus, Phaseolus mungo, Triticum aestivum, and Vicia faba.

Embryo-Endosperm Development

5

Due to environmental and other adverse physiological conditions

such as premature harvest, some seeds develop with abnormal

internal anatomies such as total partial lack of embryo, and/or

incomplete development of endosperm. Such seeds generally appear

normal externally but if present in a seed lot lead to low germination

values and/or improper yields. In the case of tree seeds, where

elaborate nursery procedures are important for seedling production,

this condition also leads to waste of greenhouse space and additional

costs when multiple seedling is used in an attempt to remedy it

(Narsted, Nyburg and Sziklai, 1972).

Many authors have successfully used radiography to determine

filled and empty seeds in grasses (Kamra, 1965), in crop seeds

(Swaminatham and Kamra, 1961; Hogaboam, 1961; and Banerjee and

Singh, 1969); and in tree seeds (Muhler-Olsen and Simak, 1954;

Muhler-Olsen, Simak and Gustafsson, 1956; Simak and Gustaffson,

1953; Klaehn and Wheeler, 1961; and Govila and Banerjee, 1970).

For a more precise evaluation of the radiographs many authors

have adopted the idea of embryo-endosperm classes which was first
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used in seed radiography by Simak and Gustafsson (1953). According

to this technique seeds are classified into four embryo and two endo-

sperm classes, the classes being identified by roman numerals I to IV

and letters A and B. Thus seeds of Class IV A. have fully developed

embryos and endosperms. This technique was used in studies by

Klaehn and Wheeler (1961), Simak and Gustafsson (1953), and Simak

and Kamra (1963). Such endosperm-embryo classes are then allotted

empirical conversion factors, The method of analysis then involves

obtaining a radiograph, counting the number of seeds in each endo-

sperm-embryo class and multiplying it by its conversion factor. The

sum of all such numbers is used as a predicted germination percent.

In most cases, significant correlations were obtained between pre-

dicted and actual germination percentages (Gustafsson and Simak,

1952; Simak, 1957; Simak and Kamra, 1963; Simak and Gustafsson,

1953; and Klaehn and Wheeler, 1961). This method, however, is

applicable only to fresh seeds since it has no way of distinguishing

between physiologically sound and unsound seeds (Simak, 1957; and

Gustafsson and Simak, 1956).

The High Contrast Radiographic Technique

The high contrast x-ray technique devised by Simak (1957) is

based on the fact that seeds of low viability have lower membrane

semipermeability, thus making it possible to impregnate these seeds
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with salts of heavy elements and thereby enhancing the differential

absorption of x-rays between these dead or dying seeds and live ones.

These necrotic areas of a seed show up as low density areas on a

radiograph (or dark areas on a positive print). Several authors have

successfully used the technique to predict the vigor of various types

of seeds.

Simak (1957) used barium (atomic number 133) chloride to inves-

tigate viability of Scots pine and found a high correlation between pre-

dicted and actual germination percentages of older seeds which he

could not get by the embryo-endosperm technique discussed earlier.

By his interpretation, seeds in which the embryo or 1/4 or more of

the endosperm were impregnated, were not viable. However, this

high correlation was not obtained when the high contrast method was

used with fresh seeds and he recommended the use of embryo-endo-

sperm classes for fresh seeds.

Kamra (1961) investigated the viability of horticultural seeds

using the contrast technique. He concluded that the results of Simak's

work of 1957 are applicable to Triticum aestivum, Zea mays,

Solarium melon gana, Luffa aergyptaila, and Lagenaria siceraria. He

reported that there was no difference between the impregnations ob-

tained by soaking the seeds overnight in 15% BaC12 and that obtained

by soaking them in 30% BaC12 for 30 minutes to one hour.
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Simak and Kamra (1963) compared the high contrast technique

with tetrazolium tests and found the former superior for predicting

Scots pine germinability because it did not depend on external factors

such as time of treatment, concentration of solution, and temperature,

and because barium chloride did not affect germination of the seed.

Kamra (1963), by using organic contrast agents commonly used in

medical radiography, extended the method to include Norway Spruce

(Picea abies). In other studies with the high contrast method, Kamra

(1964, 1966) and Kamra and Bhargava (1967) determined the germina-

tion of cucumbers, melon, pumpkin and squash seeds. Nakamura

(1971) found a good correlation between actual and predicted germina-

tion percentage for eggplant, but slightly higher results for pepper

seeds.

Effect of X-ray on Seeds

The usual dosages used in seed x-radiography are in the region

of 1 to 100R units.

It is generally agreed among the users of x-radiography in seed

testing that these low doses of soft x-rays do not adversely affect the

seeds.

Simak and Gustafsson (1953) set the minimum radiation dose

required to reduce the viability of Scots pine at 900 R. At 75-300 R,

they observed some stimulation in Scots pine which also had a killing



9

dose of about 1000 R. For Norway spruce, they found no stimulation

at any dose, but rather there was a decrease in viability at 600 R,

and a killing dose again at around 1000 R. They also found that alder

was the least sensitive of the three with a killing dose at over 5000 R.

Long and Kersten (1938) found stimulation of growth of soybean

by soft x-rays. Bless (1938) found no change in the yield of dry corn

and radishes, but the effect on yield of beans and lettuce was signifi-

cant. Genter and Brown (1941) found inhibitory effects at 2100 to

2600 R on dormant or germinated white pea beans.
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SECTION I

HIGH CONTRAST RADIOGRAPHY FOR STUDYING VIABILITY
AND VIGOR IN CORN (ZEA MAYS)
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INTRODUCTION

High contrast radiography of seeds is based on the loss of the

property of selective permeability of the plasma membrane which

accompanies loss of quality in the seed. It is therefore possible to

impregnate seeds of low quality with the heavier elements of the

Periodic Table (the so-called contrast agents). Being more opaque

to x-radiation, these elements provide additional contrast between

live and dead areas of a seed. A radiograph of the seeds can there-

fore distinguish low quality (high impregnation) from high quality

seeds. The test has the advantage of being quick, easy to perform

and relatively non-destructive.

The test as it is most commonly used in seed testing, however,

depends to a great extent on a subjective interpretation of the impreg-

nation patterns on the radiograph. Hence, two different investigators

may not always obtain the same quality rating for the same seed

sample. To avoid this lack of uniformity, the test must be made

quantitatively, thereby making it more easily standardizable and

hence more capable of yielding uniform results.

In this study, a quantitative high contrast x-ray technique was

developed and it was then used to measure various artificially

produced vigor levels of corn. Electrical conductivity, germination

and rate of root and shoot growth measurements were also made on
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the same seeds for comparison.

Corn was selected for the study because of its importance com-

mercially and because it is readily amenable to the high contrast

x-ray method.

The objectives of this study were:

1, To develop a quantitative high contrast x-ray technique for

measuring vigor and germination of corn.

2. To evaluate the test by comparing it with measurements of

electrical conductivity of leachate from corn seeds, germination

and rate of root and shoot growth.
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LITERATURE REVIEW

Many authors agree that standard germination tests often fail to

predict field emergence or indicate the performance potential of the

seed (Delouche and Caldwell, 1960; Grabe, 1963, 1967; Ise ly, 1957,

1958), mainly because such tests fail to detect weaknesses in seeds

(Woodstock and Combs, 1964).

Attempts to better predict field emergence and seed performance

potential have led to the so-called vigor tests and perhaps to the very

concept of vigor. A very comprehensive review of the vigor concept

in general and vigor tests for corn in particular is given by Gill (1969).

Vigor tests in general depend on some measurable attribute(s)

of the seed which change(s) as the quality of the seed is altered. The

particular attribute that is of concern in this study is permeability of

the plasma membrane of the seed.

Permeability

It has long been recognized that the permeability of the plasma

membrane of a seed is directly related to the quality of the seed

(Hibbard and Miller, 1928). Working with corn, Hibbard measured

resistance of leachates varying from 6449 ohms from seeds with 1%

germination to 19760 ohms from seeds with 100% germination.

Both the vigor of the seedlings and their subsequent growth can

be determined by the permeability of their plasma membrane
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(Bartholomew, 1966; Hottes, 1927; and Delouche, 1963). Thus, for

healthy and vigorous seeds, smaller quantities of colloidal material

are allowed to leach through the plasma membrane.

Johnson and Tatum (1954) found a highly significant negative

correlation between cold test results and spectro-photometric mea-

surements of seed leachate obtained by soaking corn at 25°C for 72

hours. Tatum (1954) obtained a highly significant correlation between

cold test results and amount of leachate from corn. These results

are pertinent since the cold test is the most widely used vigor test for

corn.

In a recent study on corn, Gill (1969) stated that, among other

changes, deterioration during storage was characterized by an in-

crease in membrane permeability.

Chang (1970) reported that for two inbred lines of corn and the

hybrid, the resistance of seed leachate, rate of root growth and

respiratory quotient were closely associated with storage potential

before and during storage.

Simak (1957) stated that chemical agents unable to penetrate into

living tissues of the seed diffuse freely through the necrotic parts,

thereby rendering physiologically different tissues clearly distinguish-

able on a radiograph by a pronounced contrast of density. This aspect

of permeability leads to the high contrast x-ray technique.
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High Contrast Radiography for Corn

Swaminatham and Kamra (1961) conducted quality tests on corn

and 15 other economic seeds using the high contrast radiographic

technique. The seeds were treated with barium chloride (15% for 18

hours) and radiographed using a Philips x-ray machine (at 30 Kvs,

ZmA, 24 cm source-to-film distance, for two seconds). They stated

that in endospermous seeds, the endosperm showed some impregnation,

but that germination was normal so long as the embryo remained un-

impregnated. They also stated that seeds with very heavy endo-

spermous impregnation or total impregnation did not germinate (even

if the embryo was free in the former case). However, the authors

failed to present any data supporting their results.

At very low doses, such as is commonly used in high contrast

radiography, soft x-rays do not affect the growth of corn (Swamina-

tham and Kamra, 1961). Cherry et al. (1961) stated that x-irradia-

tion of corn with doses from 50-1000 kilo roentgens (kr) greatly re-

duces the rate of germination and seedling development, and that hard

and soft x-rays gave comparable effects at these high doses.

Root and Shoot Growth Rate and Germination

Many authors have used speed of germination and rate of root

and shoot growth as an index of vigor that is both sensitive and
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consistent, In evaluating rate of root growth as a physiological

expression of vigor, Grabe (1964) found that it was significantly cor-

related with glutamic acid decarboxalase activity.

Woodstock and Combs (1964) reported that in corn, shoot growth

rate was a better indicator of vigor than rate of root growth or growth

of embryo axis or increase in fresh weight.

Gill (1969) stated that, of the various vigor indices he evaluated,

rate of germination and seedling growth appeared to be the most

sensitive and consistent measures of the progress of deterioration of

corn. Chang (1970) found rate of root growth closely associated with

storage potential before and during storage.
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MATERIALS AND METHODS

Seed

Three different seed lots of hybrid corn were used in this study.

Lot 1 was of low vigor, Lot 2 was of intermediate vigor and Lot 3 was

of high vigor.

Equipment

Radiographic Equipment

All radiographing in this study was done with a Faxatron 804

x-ray machine, manufactured by the Field Emission Corporation,

McMinnville, Oregon. This compact machine was found particularly

suitable for the purposes of soft x-radiography. The two most

important features of the Faxatron 804 are the small focal spot size of

0. 5 mm (-0. 0 + 2 mm) which minimizes geometric unsharpness and a

thin beryllium window (1. 016 mm Be, maximum inherent filtration)

which permits the use of the machine at the low kVp' s without too much

loss of radiation by tube filtration. In this study, Kodak type-R single

emulsion industrial x-ray film was used, This film (often preferred

for micro-radiography) prevents the formation of a double image (one

on each side of the film) and has a very fine silver bromide grain size.

It has very good resolution, but it is a slow film, requiring rather long

exposure times which do not, however, adversely affect the seeds. It
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is readily available from the manufacturer.

When used, the films were removed from the manufacturer's

protective yellow covering and loaded in black charcoal paper envelopes.

Since the charcoal paper is very thin yet very opaque to light, this

procedure reduces both the fraction of x-ray intensity removed from

the beam by adsorption in envelopes and the amount of fog density.

Densitometric Equipment

The Mac Beth Quatalog transmission densitometer was used for

all density measurements. One feature of interest of this instrument

is its small source size, 0. 2 mm, which allows measurements on

very narrow portions of the radiograph to be made. The instrument

has a built-in calibration source and was calibrated before each set of

measurements. The density readings were made at five positions

(two in the embryo region and three in the endosperm region) on the

radiographic image of each corn kernel (Figure A-1).

Film Processing Equipment

A Kodak dental x-ray developing tank was used to hand process

all radiographs. In addition, a cold and hot water mixing valve was

used to carefully control the temperatures of the developing chemicals,

The manufacturer's recommendations for processing times and tem-

peratures were followed closely. Fresh chemicals (Kodak liquid
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Figure A-1. Positions (marked X) at which density measurements
were made on radiographs of corn seeds.
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developer and fixer) were used as often as necessary.

Contrast Agents

Preliminary investigations suggested the use of iodine, lead,

barium, and thorium as suitable contrast agents. The inorganic salts

of these heavy elements selected on the basis of their solubility in

water at room temperature were: sodium iodide, lead nitrate,

barium chloride and thorium nitrate.

Conductivity Equipment

All conductivity measurements were done by means of Wheatstone

bridge-type instruments. Both the electron-ray tube, null-indicator

Conductivity Bridge model, Model RC 16B2, made by Industrial

Instruments, Incorporated, and a direct reading Electromark Analyzer

#4400 were used. The two instruments agreed very well in their

readings.

Analytical Procedures

Radiographic Techniques

All radiographs of corn seeds were taken at tube voltages of

20 kVp, tube currents of 3 mA, 6 minutes exposure time, using a

Kodak type-R industrial x-ray film positioned 45.7 cm from the tube
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focal spot with no added filtration. The templates used consisted of

a 1 mm thick commercial plastic plate cut to the size of the film

(12.7 x 17.8 cm). The corn was kept in place by means of a double

sided scotch tape which also served to identify each seed, By this

procedure the identity of each seed could be followed through radio-

graphy to the final seedling evaluation,

Density Measurements

Density readings were taken at five positions (two in the embryo

and three in the endosperm) on the radiographic image of each corn

seed, using a Mac Beth Quatalog transmission densitometer. The

average of the five readings was taken as the radiographic density for

the seed. For densities up to 3, a density of 1 means a transmittance

of 10%, a density of 2 means a transmittance of 1% and a density of 3

means a transmittance of . 1 %.

Conductivity Measurements

When conductivity measurements were made, the following rou-

tine precautions were taken: (a) The instruments were regularly

calibrated using standard KC1 solutions. (b) The conductivity cell

was washed in distilled water after it had been removed from one

leachate solution and before it was placed in the next. (c) The

leachate solution was stirred thoroughly (by means of the conductivity
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cell) before each reading was taken.

When a series of conductivity measurements were made, the

time of the measurement was taken as the midway point between the

starting and finishing times,

Germination Tests

All germination tests in this study were performed as follows:

16 seeds (or less) were placed at 2. 5 cm intervals in a row about 2 cm

from the top of a wet 45 x 30 cm paper towel. The seeds were then

covered with a second towel, and the towels were rolled and placed

upright in a 25°C chamber for 7 days.

Seedling Growth Measurements

Seeds were germinated in upright rolled paper towels as

described. Measurement of root and shoot length were made after

7 days.

Statistical Analysis

Most of the data obtained from the various experiments were

subjected to analysis of variance according to standard procedures.

Least significant differences were calculated at both the , 01 and 05

levels of probability, When comparing the x-ray method to established

methods of measuring viability and vigor, correlation coefficients
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were calculated and their significance at the .01 and . 05 levels of

probability determined,

Development of High Contrast X-ray Technique

The following experiments were performed to test the effect of

each of the selected contrast agents on the viability and vigor of corn

seeds and to develop a suitable soaking technique for corn seeds.

Effect of Thorium, Iodine, Lead, and Barium on Germination
and Growth of Corn

To determine the effect of thorium on corn seed germination and

growth, samples containing 50 seeds each were soaked for 0, 3, 6,

12 and 24 hours in a 5% solution of thorium nitrate. Each sample was

then thoroughly washed with running tap water for 2 minutes and dried

for 3 hours at room temperature (18°C). The thickness of each seed

was measured with a micrometer screw gauge before radiographing

them and density measurements were made on the radiographs as

described earlier. The seeds were then germinated in wet paper towel

rolls at 25°C; germination counts and root and shoot length measure-

ments were made on the seventh day.

The experiments to determine the effect of iodine, barium and

lead on the growth of corn were conducted in a manner similar to the

thorium experiment but with slight modifications. Samples containing

50 seeds each (from lot 2) were first presoaked in distilled water for
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12 hours. Each sample was then impregnated with a contrast agent by

soaking in a 5, 10, or 20% solution of sodium iodide and barium

chloride and 0 (water), 5, 10 or 20% solution of lead nitrate for 1, 3,

6, 12, 24 or 48 hours. The samples were radiographed and radio-

graphic density, germination and root and shoot growth measurements

were made. These experiments were conducted in two replications,

with 50 seeds per sample x 3 lots x 6 impregnation times for thorium,

50 seeds per sample x 3 concentrations x 6 impregnation times for

iodine and barium, and 50 seeds per sample x 4 concentrations x 6

impregnation times for lead for each replication.

Effect of Water Imbibition on the Germination and Growth of Corn

To determine whether long periods of imbibition in water affect

corn germination, 50-seed samples from each of lots 1, 2, and 3

were imbibed for 0, 3, 6, 12, 24, and 48 hours in distilled water in

100 cc wide mouth bottles. At the end of the imbibition period, the

seeds were germinated in paper towel rolls at 25°C for a period of

7 days. Root and shoot length measurements and a germination count

were made. The experiment was performed with two replications.
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Development of Conductivity Measurement Techniques

Changes in Conductivity of Corn Seed Leachate with Time

Individual corn kernels (from lot 1) were placed in 40 ml of dis-

tilled water in each of ten 90-m1 centrifuge tubes. The conductivity

of leachate from the seed in each tube was measured after 1, 2, 3,

7, 10, and 12 hours at 18°C. The conductivity readings were cor-

rected for atmospheric absorption. The seeds were then germinated

and the root and shoot lengths measured.

Changes in Conductivity of Distilled Water with Time

Ten 90-m1 centrifuge tubes, each containing 40 ml of distilled

water, were set up in a 20°C water bath, and the bath was placed in

a constant temperature chamber at 19°C. The conductivity of the

water was measured eight times in a 25-hour period. The experi-

ment was replicated twice. The data from this experiment were used

to correct the conductivity readings of leachate from the seeds for

atmospheric absorption.

Evaluation of the High Contrast X-ray Technique

Production of Seeds with Different Levels of Variability and Vigor

About 4000 corn seeds from lot 2 were sealed in each of three

wide-mouthed jars with a calculated amount of water to bring their
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moisture levels to 45, 50, and 55%. The jars were kept in a 10°C

chamber for about 72 hours, during which period they were shaken

frequently. To determine the moisture contents of the seeds, 100

seeds from each jar were surface-dried in paper towels, weighed in

100 ml pyrex bottles and heated at 100°C for 24 hours in an oven. The

seeds were then reweighed and the moisture content determined on a

dry weight basis.

The seeds were then heated or frozen (in sealed 100 ml bottles)

at 100, 75, 50, -5, -10, and -20°C for various lengths of time (Table

A-1). In this table each x represents 300 seeds, 100 seeds for each

temperature-duration combination for each of the three moisture levels.

At the end of each treatment, the seeds were dried at room tempera-

ture in a free air draft for 4 days. The dried seeds were then stored

in labeled envelopes at 10°C prior to further testing.

Ten-seed samples from each treatment were germinated and the

root and shoot lengths were measured. The tests were replicated

twice. From the results of this preliminary germination test, 33

treatment combinations were selected for conductivity, radiographic

density, root and shoot length, and germination measurements. The

selected treatments were -20 and -10°C at 1 and 2 hours and -5 and

50°C at 2, 6, and 8 hours for each of the three moisture levels.



Table A-1. Temperature-duration treatments used for the production of seeds of different viability
and vigor from corn seed lots at three moisture levels (48. 1, 51. 9 and 55. 3%). Each
temperature-duration treatment marked by an x was applied to 100 seeds at each of the
three moisture levels.

Temp. Duration in hours
. 9C 0 1 2 3 6 8 12 24

- 20 x x x x x x x

- 10 x x x x x x x

- 5 x x x x x x

50 x x x x x x

75 x x x x x x x

100 x x x x x x x
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Comparison of the High Contrast X-ray Method with Electrical
Conductivity, Germination and Growth Tests

Sixteen seeds from each of the selected treatments were placed

individually in test tubes with 40 m12 of distilled water and the

electrical conductivity of the steep water from each seed was mea-

sured after 1 and 6 hours. The seeds were then quickly surface-dried

on paper towels and stuck on double sided scotch tape in thin bottomed

plastic dishes. A. contrast agent was then immediately added and at

the end of the impregnating period the seeds were thoroughly washed

with running tap water for 2 minutes and dried at room temperature

for 3 hours. The contrast treatments used were as follows: 5%

sodium iodide for 3 hours, 5% lead nitrate for 3 hours, and 20%

barium chloride for 1 hour.

Radiographs of the seeds were taken and radiographic density

measurements made on these radiographs. The seeds were then

germinated and germination percentage and root and shoot length

measurements made after 7 days at 25°C.

2 This volume of water ensures that the conductivity cell is
properly submerged as recommended by the manufacturer.
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RESULTS AND DISCUSSION

Development of a High Contrast Radiographic Technique

An attempt was made to develop a non-destructive high contrast

radiographic method for corn so that radiographed seeds could be

germinated for comparison purposes. For this reason four contrast

agents (Th(NO3)2, NaI, BaC12 and Pb(NO3)2) were evaluated for their

toxicity to corn seed germination,

Effect of Contrast Agents on Germination and Growth Rate of Corn

The effects of 5% thorium nitrate solution on high and low vigor

corn seed lots are shown in Figures A-2, A-3 and A-4. The growth

rates of both seed lots were reduced with time of soaking. The

germination percentage of the high vigor lot was reduced by 11% while

that of the low vigor lot was reduced by 42% after 24 hours of soaking.

Radiographic densities were reduced by 10 and 20% for high and low

vigor corn seeds, respectively, for the same period.

While only one concentration of Th(NO3)2 was investigated on

two physiologically different seed lots, several concentrations of NaI,

Ba C12 and Pb(NO3)2 were studied, but on only one lot (lot 2). These

results are snown in Figures A-5 through A-10. The germination and

growth rate of corn seeds were reduced by all concentrations of the
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Hours of impregnation

Figure A-2. Average length of 7-day-old seedlings of corn (two lots)
impregnated with a 5% thorium nitrate solution for
various periods of time.
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Figure A-3. Germination percentage (7 days) of corn seeds (two lots)
impregnated with 5% thorium nitrate solution for various
periods of time.



32

12 16
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20 24

Figure A.-4. Changes in radiographic density of corn seeds (two lots)
impregnated with 5% thorium nitrate for various
periods of time.
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Figure 201,5. Average length Of 7-day old seedlings from corn seeds
impregnated with 5, 10, and 20% sodium 'iodide solutions
for various periods of time-.
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Figure A-6. Germination percentage (7 days) of corn seeds impregnated
with 5, 10 and 20% solutions of sodium iodide for
various periods of time.
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Figure A.-7. Average length of 7-day-old seedlings from corn seeds
impregnated with 5, 10 and 20% solutions of barium
chloride for various periods of time.
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Figure A-8, Germination percentage (7 days) of corn seeds
impregnated with 5, 10 and 20% solutions of barium
chloride for various periods of time.
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Figure A-9. Average length of 7-day-old seedlings of, corn impreg-
nated with water and 5, 10 and 20% lead nitrate for
various periods of time.
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Figure A-10. Germination percentage (7 days) of corn impregnated
with water and 5, 10 and 20% solutions of lead nitrate
for, various periods of time.
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three contrast agents. This reduction was greater for higher concen-

trations of the contrast agent and for longer times of impregnation.

The concentration factor appeared dominant over the time factor.

A comparison of the relative effects of contrast agents on corn

seeds is shown in Table A-2. Iodine appears to have the most severe

killing effect followed by barium and then lead. Iodine had a greater

killing effect probably because of its greater penetrability into

biological material. The killing effect of thorium was greater on low

vigor than on high vigor seeds; this is not surprising since higher

vigor seeds are expected to absorb less contrast agent and should

therefore be injured to a lesser degree.

To decide on a suitable radiographic technique, density mea-

surements were made on the various contrast treatment combinations.

The results are presented in the form of correlations of average

density with root length, shoot length, and germination percent (Tables

A-3, A-4, A-5 and A-6). These correlation coefficients indicate how

the average of five density measurements on the radiographic image

of each corn seed is related to the germination and/or growth of the

seed. A positive correlation indicates that higher densities corre-

spond to higher germination and/or growth rate, and high correlations

indicate stronger association of density with germination and growth

parameters. Positive correlations were expected because higher

germination and growth indicates more vigorous seeds which have a



Table A -2. Comparison of the effects of 5% solutions of four contrast agents on corn seeds
from lots 1, 2 and 3. The figures are percentage reductions in germination and
growth rate between 12- and 24-hour impregnations for NaI, BaC12 and Pb(NO3)2
and between 0- and 12-hour impregnations for Th(NO3)2.

Percentage reduction
Contrast agent Lot Root and shoot length Germination

Thorium nitrate 1 25 42
3 19 12

Sodium iodide 2 36 19

Barium chloride 2 40 9

Lead nitrate 2 21 16



Table A-3. Correlation of radiographic density with seed thickness, root length, shoot length, and
germination percent for Lot 1 and Lot 3 corn seeds impregnated with 5% solution of
thorium nitrate for various periods of time.

Hours

Density
versus

seed thickness

Density
versus

root length

Density
versus

shoot length

Density
versus

germination (%) Average

0

3

6
12
24

0
3

6
12
24

Average

LSD 01
LSD 05

4**
7**

- 7**
7**

_ 7**

-.6**
3*
8**
8**
5**

.30

.17

.4**
6 **
5**
4**
7**

.2

.8**

4**
6 *

52**

.20

.11

Lot 1

.3*
4**

. 6**

.2

.1

.2

.2

. 6**
5**
4**

. 35*

, 30

.16

.2

.1

. 6**
.8**

5**

5**

. 4**

6****

4**
. 45**

.34

.19

.33*

. 45**
60**
53**
50**

.38**
44**
50**

. 58**

. 48**

. 48**

. 07

.04

Lot 2

* significant at the . 05 level
** significant at the 01 level



Table A-4, Average values of the correlation coefficients between radiographic density and root
length, shoot length, and germination percent for Lot 2 corn seeds impregnated with
5%, 10% and 20% solutions of sodium iodide for various periods of time.

Hours
Correlation coefficients

5% NaI 10% NaI 20% NaI Average

0

1

3

. 15

34*

52**

. 15

. 35*

. 51**

. 15

. 27

42**

, 15

. 32*

48**

6 . 14 . 68** :. 56** . 49**

12 50** . 21 72** . 48**

24 . 40** . 34* . 15 29*

48 .23 57** 08 29*

Average 33* 40** . 34* . 36>

LSD for 18 hours - concentration combinations, 19

LSD. 05 for 18 hours - concentration combinations, . 13

* significant at the 05 level
** significant at the 01 level



Table A-5. Average values of the correlation coefficients between radiographic density and root
length, shoot length, and germination percent for Lot 2 corn seeds impregnated with
5%, 10% and 20% solutions of barium chloride for various periods of time.

Hour s

Correlation coefficients
5% BaC12 10% BaCl2 20% BaCl2 Average

0

1

3

.22

. 58

.26

.22

40**

. 46**

.22

43

63**

.22

. 47**

. 45**

6 , 47** . 51** . 74** 57**

12 38** 69** . 60** . 56**

24 . 33* . 38* 55** . 42**

48 . 64** . 48** . 25 . 46**

LSD 01 for 18 hours - concentration combination, .15

LSD 05 for 18 hours - concentration combination, 10

* significant at the 05 level
significant at the . 01 level



Table A-6. Average values of correlation coefficients between radiographic density and root length,
shoot length, and germination percent for Lot 2 corn seeds impregnated with 0 (water),
5, 10 and 20% solutions of lead nitrate for various periods of time.

Correlation coefficients

Hours 0% Pb(NO3)2 5% Pb(NO3)2 10% Pb(NO3)2 20% Pb(NO3)2 Average

1 . 11 . 23 . 40** 37** . 28*

3 01 . 25 . 42** 59**
. 32*

6 . 34* . 50** . 40** 72** 49**

12 . 09 . 27 . 64** 75** . 45**

24 14 52** . 48 ** 59** . 43**

48 . 21 . 28* . 33* . 08 .23

Average .15 .34* .44* . 52 3 6*

LSD 01 for all 24 hours - concentration combinations, 11

LSD 05 for all 24 hours - concentration combinations, . 07

* significant at the 05 level
** significant at the 01 level



45

lower permeability of the plasma membrane and less absorption of

contrast agent, thereby showing up darker (higher density) on the

radiographs. The effect of absorbed contrast agent in the seed is to

reduce the x-radiation going through the seed onto the film by attenua-

tion. For all the contrast agents, the average correlation coefficient

(averaged over concentration) increased slowly from 0 hour to 6 or

12 hours impregnation time; then it decreased for the 24 and 48 hour

treatments. The decrease after 24 hours is probably because after

this much impregnation, most of the seeds are killed by the contrast

agent (especially at the higher concentrations). At this stage, density

is no longer very much correlated with the growth index.

The higher average correlation coefficient for 20% concentration

for 6 or 12 hours suggested the selection of this as a suitable soaking

technique for further use in this study. This treatment combination,

however, caused killing of the seeds. Since an important part of the

study was to follow the growth of the seeds after they were radio-

graphed, this technique was abandoned for one involving a lower

concentration (5%) and a shorter impregnation time (3 hours). With

lower concentrations, very little contrast agent permeated the seeds,

causing lower correlation coefficients, but less injury to the seed.

Germination tests can still be performed on the seeds after soaking

in 5% concentration.
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Since the naked eye does not easily discern the slight density

differences between necrotic and non-necrotic areas when low concen-

trations and short impregnation times are used, the use of densito-

metry was necessary. Use of a densitometer also makes the high

contrast radiographic technique for seeds quantitative.

To determine the most suitable way of using the density measure-

ments at five positions on the radiographic image of each corn kernel,

several calculations of the correlations of various combinations of the

density measurements with seed thickness and growth parameters

were made. Such combinations as correlations for each individual

measurement, correlations for measurements in the embryo alone, or

for measurements in the endosperm alone, and a heavier weighting

for measurements in the embryo were tried and found to have correla-

tion coefficients which were in general lower than the correlations

obtained when the mean of the five density measurements was used.

The mean density was therefore used in all calculations of correla-

tions with radiographic density.

Based on the foregoing results, three soaking techniques were

selected for further experimentation: a 5% solution of NaI for 3 hours,

a 5% solution of Pb(NO3)2 for 3 hours, and a 20% solution of BaC12

for 1 hour. The barium treatment was selected because it is the most

used technique in seed contrast radiography.
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Effect of Water Soaking on the Germination and Growth Rate of Corn

Because part of the injury from contrast agents may have been

caused by soaking effects such as lack of oxygen rather than the toxic

effect of the agent, experiments were conducted to determine the effect

of soaking corn seeds in water.

The effects of soaking in water on the germination and root and

shoot growth of three lots of corn are shown in Figures A-11 and

A-12. Whereas the low vigor seeds of lot 1 were injured, the higher

vigor seeds of lots 2 and 3 were not injured and may even have been

stimulated in growth rate. Thus part of the greater injury to corn

seeds of lower vigor by contrast agents (thorium) discussed in the

previous section may have been due to soaking effects.

Based on this information, the 16 hours of presoaking in water

to facilitate impregnation with a contrast agent (a technique most com-

monly used in high contrast radiography of seeds) was not used in

this study; and when conductivity measurements were made prior to

high contrast radiography on the same seeds, the period over which

the corn seeds were kept in water was made as short as possible.

Development of Conductivity Measurement Techniques

To develop a suitable conductivity measurement technique which

could be performed on corn seeds before subjecting them to the high
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Figure A-12. Germination percentage (7 days) of three lots of
corn after various hours of imbibition at room
temperature.
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contrast radiographic techniques and germination tests, the following

experiments were performed.

Changes of the Conductivity of Corn Seed Leachate with Time

The conductivity of leachate from individual corn seeds after

various hours of soaking, along with seedling classification and growth

rates of these seeds, is shown in Table A-7. The rate of increase of

conductivity of corn seed leachate for dead seeds was much greater

than for live seeds; abnormal seeds were intermediate.

The average rates of increase of the conductivity of leachate

from normal, abnormal and dead seeds were .23, .32 and 1.35 micro-

mhos/hr, respectively. This is what should be expected if, in fact,

the seed loses semi-permeability as it loses vigor and dies.

In subsequent experiments, the use of conductivity rate (which

involves the difference between two conductivity measurements),

rather than the use of an absolute value of conductivity at a particular

time, was adopted. The purpose of using rate rather than absolute

values was to eliminate the possible effect of seed treatments on

conductivity, . Most commercial hybrid corn seeds are treated with

a fungicide and/or insecticide which are usually non-ionizing and do

not contribute to the conductivity of the leachate. Should dyes or

other additives make some contribution to conductivity, it will sub-

tract out in the conductivity rate measurement.



Table A-7. Conductivity of leachate of individual seeds from a random sample of corn kernels from Lot 1. The root length, shoot length, and
germination of these seeds are also shown.

Seed #

Conductivity (micro mhos) after various hours

X

Increase
rate

(m. mho /hr )

Y

Root and
shoot length

(mm)

Seedling
classif i-
cation1 hr 2 hr 3 hr 7 hr 10 hr 12 hr

1 3. 40 3. 75 4. 10 S. 10 5. 63 6.05 . 24 260 abnormal

2 4. 50 S. 00 5.90 9.00 11. 70 13.20 . 80 0 dead

3 1.95 2. 15 2. 34 3. 30 3. 85 4. 15 . 20 425 normal

4 1.94 2. 65 3.05 4.00 4. 85 5.20 . 30 399 normal

5 2. 32 2. 63 2. 89 3. 75 4. 40 4. 70 . 22 359 normal

6 2. 11 2. 49 2.60 3, 40 3.95 4. 20 . 21 405 normal

7 4.0 5. 8 8.0 15.0 21.5 24.9 1. 90 0 dead

8 2. 7 3.0 3. 6 4. 5 6. 3 7.0 . 39 103 abnormal

9 1. 9 2, 5 2. 7 3. 5 4. 3 5.0 . 28 430 normal

10 1. 9 2. 1 2. 3 3. 3 3. 9 4.0 . 19 401 normal

r
XY

= -. 76* significant at . 05 level
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Changes in the Conductivity of Distilled Water with Time

Because part of the increase in conductivity of the seed leachate

may be due to absorption of ionic matter from the atmosphere, an

experiment was conducted to evaluate the changes over time in the

conductivity of distilled water exposed to the atmosphere. The results

of this experiment are shown in Figure A-13.

The conductivity of distilled water (average for ten measure-

ments) increased linearly with time at a rate of 014 micro-mho's/

hour up to 25 hours. This rate of increase was 6.1, 4. 4, and 1. 0%

of the increase in the conductivity of seed leachate from normal, ab-

normal and dead corn seeds, respectively.

From these results the following conductivity measurement

technique was adopted: Conductivity measurements of seed leachates

were made at 1 and 6 hours to determine the rate of increase of con-

ductivity. This figure was then corrected for atmospheric absorption

by subtracting 3. 8% (mean of 6. 1, 4. 4, and 1. 0) from each measured

rate. The 6 hours leaching time was long enough to obtain reasonable

conductivity differences without excessively injuring the seeds.

In established methods for measuring conductivity, several

seeds are soaked for periods up to 24 and sometimes, 72 hours,

thereby obtaining an average conductivity for a seed sample or a seed

lot, The technique developed here is different from this standard
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Each data point is the mean of ten observations.



54

method and better suited to the present study for the following reasons:

(a) conductivity of leachate from individual seeds rather than from

seed samples is measured, thereby eliminating sampling error;

(b) the shorter times used ensure that each seed can, afterwards, be

radiographed and germinated for further studying; (c) conductivity

rates are free from possible errors due to seed treatments.

Evaluation of the High Contrast Radiographic Method on Corn Seed

Production of Seed with Different Levels of Viability and Vigor

Seeds were artifibially deteriorated by heating and freezing

treatments to provide seeds with different types and amounts of injury

for use in evaluation of the high contrast radiographic method. The

quality of the seeds after these treatments is shown in Table A-8.

At temperatures of 75 and 100°C with the moisture levels used, no

seeds survived even for the shortest treatment time of 1 hour; these

treatments are therefore not shown. Of the remaining temperatures,

-20°C treatments were the most severe, with most of the seeds being

dead after 3 hours. Next were the treatments at -10°C after which a

few seeds were still alive after 3 hours, but not after 6 hours. For

the treatments at -5 and 50°C, some seeds survived up to 12 hours.

The seeds surviving from 50°C had lower vigor than those from -5°C.

Seeds from the following 33 treatments were selected to provide

seeds with various levels of viability and vigor for evaluating the high
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Table A-8. Root length, shoot length and germination percentage of corn at three initial moisture

levels subjected to various freezing and heating temperatures for various periods of time.
Freezing and heating treatments that killed all the seeds are not included.

Root Shoot
Moisture length length Germination

Control 48.1 250 146 94
51.9 202 135 94
55.3 228 120 94

-20oC/1 hr 48.1 87 46 31

51.9 63 45 38
55.3 38 21 19

- 20°C/2 hr 48.1 28 15 13

51.9 8 0 0
55.3 0 0 0

-10°C/1 hr 48.1 268 154 96
51.9 217 121 94
55.3 152 89 63

-10°C/2 hr 48,1 74 32 31

51.9 51 25 25
55.3 41 17 38

- 5°C/2 hr 48.1 188 92 81

51.9 175 87 75
55.3 140 87 75

- 5°C/6 hr 48.1 146 19 19

51.9 86 13 13

55.3 67 28 19

- 5°C/8 hr 48.1 44 50 31
51.9 38 22 19
55.3 13 7 6

50°C/2 hr 48.1 199 84 81

51.9 131 70 63

55.3 107 61 63

50°C/6 hr 48.1 30 22 31

51.9 20 16 6

55.3 11 13 0

50°C/8 hr 48.1 10 13 13

51.9 0 3 0
55.3 0 0 0

LSD
01 19 11 6

LSD
05 13 7 4
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contrast method: -20°C for 1 and 2 hours, -10°C for 1 and 2 hours,

-5°C for 2, 6 and 8 hours, and 50°C for 2, 6 and 8 hours, along with

a control (unfrozen and unheated), for all three moisture levels.

Comparison of the High Contrast Radiographic Method with
Electrical Conductivity and Growth Tests

Conductivity rate, high contrast radiography, germination and

root and shoot growth measurements of the 33 seed lots are shown in

Tables A-9, A-10, and A-11,

Comparisons between the high contrast method, conductivity

and growth rate measurements were made through correlation

coefficients which are shown in Table A-12. All correlations of

density with growth parameters are significant at the . 01 level while

those of conductivity with the growth parameters are all significant

at the 0. 05 level of probability, Except for one case occurring in

the sodium iodide treatment (correlations with germination percentage)

all correlations of density with growth parameters are larger than

corresponding values for conductivity. These results indicate that

high contrast radiographic measurements may be more indicative

of viability and vigor than electrical conductivity measurements.

The high contrast radiographic and electrical conductivity mea-

surements were significantly (. 01 level) associated with each other

in the 5% NaI for 3 hours and the 20% BaC12 for 1 hour treatment.
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Table A-9. Root length, shoot length, germination percentage, conductivity and radiographic density of corn seeds
subjected to various freezing and heating treatments. Impregnated with 5% NaI for 3 hours. Freezing

and heating treatments that killed all the seeds are not included.

Root Shoot Conductivity

Moisture length length Germination (micro

( /. ) (mm) ) (mm) (%) mhos/hr) Density

Control 48.1 254 177 93 . 79 1. 122

51.9 211 130 87 . 84 1. 177

55.3 189 117 87 . 85 1. 073

-20°C/1 hr 48. 1 115 95 37 2,08 0.968
51. 9 109 95 33 2. 42 0. 962

55.3 71 54 7 2. 90 0. 891

-20°C/2 hrs 48. 1 20 16 7 2. 73 0. 997

51. 9 18 12 7 2, 86 0. 955

SS, 3 8 3 0 2. 99 0. 898

-10°C/1 hr 48. 1 228 145 60 1. 57 0.987
51. 9 184 135 53 1, 76 0. 995

55.3 168 119 47 2.19 1.005

-10°C/2 hrs 48.1 144 99 33 2. 11 1.041

51. 9 137 86 27 2. 20 0. 950

55.3 120 70 33 2. 24 0. 995

-5°C/2 hrs 48. 1 207 142 67 1. 65 1. 103

51.9 170 131 47 2. 12 1. 077

55.3 144 9 27 2. 72 1.007

-5°C/6 hrs 48. 1 122 75 47 1.67 0. 903

51. 9 96 52 47 2. 47 0. 900

55.3 92 53 7 2. 88 0. 863

-5°C/8 hrs 48. 1 84 58 33 1. 71 0. 868

51.9 40 35 13 2. 55 0. 806

55.3 51 35 20 2. 91 0. 793

50°C/2 hrs 48. 1 103 97 53 1.63 1.055
51, 9 155 97 47 1. 19 0.016
55. 3 151 88 33 1.92 0. 995

50°C/6 hrs 48. 1 80 59 27 1. 66 1. 018

51. 9 73 58 7 1.91 0. 942

55.3 61 49 7 1. 94 0. 924

50°C/8 hrs 48.1 27 30 13 1. 78 1.008

51.9 11 12 0 2.01 0. 964

55.3 0 0 0 2. 14 0. 898

LSD
01

LSD
05

12 7 6 15 .03

8 5 4 .10 .02

1 A density of 1. 0 means a transmittance of 10%; a density of 2.0 means a transmittance of 1% and a density of 3. 0
means a transmittance of . 1%.
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Table A-10. Root length, shoot length, germination percent, conductivity and density of corn seeds subjected to various

freezing and heating treatments. Impregnated with 5% Pb(NO3 )2 for 3 hours. Freezing and heating

temperatures that killed all the seeds are not included.

Root Shoot Conductivity

Moisture length length Germination (micro

(%) (mm) (mm) (%) mhos /hr ) Densityl

Control 48, 1 247 155 100 . 79 1. 561

51. 9 202 126 87 . 88 1. 527

55. 3 199 114 87 . 87 1, 526

- 20°C/1 hr 48.1 141 100 60 2.56 1.443

51, 9 153 125 47 2, 78 1.433

55.3 61 42 20 2.92 1.397

-20°C/2 hrs 48. 1 0 0 0 2. 88 . 991

51.9 0 0 0 2.87 .890

55.3 0 0 0 3.06 .800

- 10°C/1 hr 48. 1 236 167 80 2. 18 1. 493

51.9 178 130 67 2,18 1.491

55.3 209 156 67 2.69 1.483

- 10°C/2 hrs 48. 1 134 100 47 2. 24 1. 481

51, 9 101 72 33 2.98 1.474

55. 3 16 17 13 3.09 1. 440

- 5°C/2 hrs 48. 1 236 135 93 0. 79 1. 562

51. 9 196 137 87 0. 70 1. 526

55. 3 178 122 80 0, 87 1, 546

-5°C/6 hrs 48, 1 72 42 47 2. 46 1. 529

51.9 126 105 60 2.95 1.447

55.3 77 58 47 2. 53 1.408

- 5°C/8 hrs 48, 1 107 102 60 2.97 1. 219

51. 9 0 0 0 2.99 1.171

55.3 18 14 7 2.87 1.118

50°C/2 hrs 48. 1 217 137 80 . 99 1. 282

51.9 131 99 73 1.26 1.243

55. 3 128 96 80 1.65 1. 174

50°C/6 hrs 48. 1 98 54 47 1. 38 1. 245

51. 9 47 30 33 1. 55 1. 233

55. 3 50 14 20 2.03 1. 131

50°C/8 hrs 48. 1 16 30 13 1.54 1, 225

51.9 15 12 7 1. 78 1. 168

55.3 9 11 0 2, 01 1. 119

LSD
01

LSD
05

19 16 7 .27 .08

13 11 5 . 18 ,05

1A density of 1.0 means a transmittance of 10%, a density of 2.0 means a transmittance of 1% and a density of 3 means

a transmittance of . 1%.
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Table A-11. Root length, shoot length, germination percent, conductivity and density of corn seeds subjected to
various freezing and heating treatments. Impregnated with 20% BaC12 for 1 hour. Freezing and heating
temperatures that killed all the seeds are not included.

Root Shoot Conductivity
Moisture length length Germination (micro

( %) (mm) (mm) mhos /hr ) Densityl

Control 48.1 272 172 93 . 75 1. 284

51.9 203 150 87 .77 1.243
55. 3 177 117 60 . 87 1. 226

- 20°C/1 hr 48.1 89 60 27 2.48 1. 104

51.9 27 18 7 4.40 1.102

55.3 21 16 7 4.40 1.102

- 20°C/2 hrs 48.1 0 0 0 4.03 0. 911

51.9 0 0 0 4.50 1.810

55.3 0 0 0 4.80 0.700

- 10°/1 hr 48.1 224 184 80 2.47 1.133
51, 9 216 186 80 2. 60 1, 132

55. 3 192 152 67 3. 80 1. 107

- 10°C/2 hrs 48. 1, 129 99 33 2.75 1. 113

51.9 88 60 20 3.40 1.109
55.3 20 13 7 3.55 1.103

-50c/2 hrs 48.1 299 179 80 2.68 1. 171

51.9 194 30 67 2.60 1.160

55.3 137 97 47 2.70 1. 119

- 5°C/6 hrs 48.1 192 152 80 3. 84 1. 111

51.9 67 55 60 3.63 1. 107

55.3 41 35 20 3. 52 .995

- 5°C/8 hrs 48.1 141 102 47 4.24 . 919

51.9 63 54 23 5.02 .927
55. 3 44 30 20 5. 89 . 908

50°C/2 hrs 48. 1 152 140 73 2.02 1. 145

51.9 172 114 60 2.22 1. 135

55. 3 133 86 40 2.27 1. 141

50°C/6 hrs 48.1 19 13 13 3.04 . 988

51.9 20 16 0 3.97 .978
55.3 13 22 0 3.81 .902

50°C/8 hrs 48. 1 33 22 33 4. 12 . 948

51.9 10 11 7 4.01 .925
55.3 0 0 0 4.41 .901

LSD
01

LSD
05

23 22 10 .29 .04

16 15 7 .20 .03

IA density of 1.0 means a transmittance of 10%; a density of 2.0 means a transmittance of 1% and a density of 3
means a transmittance of 1 %.
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Table A-12. Correlation coefficients between five different measure-
ments on corn seeds at various artificially produced
viability and vigor levels.

Conductivity
Correlation coefficients

GerminationRoot length Shoot length

3% Nat for 3 hours

Density 49** 53** 60** .52**
Conductivity -. 45* 50** -. 58**
Root length 97** .87**
Shoot length 88**

5% Pb(NO3)2 for 3 hours

Density -. 24 . 71** . 71** . 68**
Conductivity -.47 -. 38* 56**
Root length . 98** 94**
Shoot length . 92 **

20% BaC12 for 1 hour

Density -. 72** . 69** 62** . 67**
Conductivity -. 62** 57** 59**
Root length 92 .93**
Shoot length .89**

* indicates significant at the 05 level.
** indicates significant at the 01 level.
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Neither measurement was more indicative of vigor than of viability

because treatments that lowered seedling vigor usually lowered

viability, as well.

The contrast treatments of 5% lead nitrate for three hours and

20% barium chloride for 1 hour appeared to be more highly correla-

ted with growth measurements than the contrast treatment of 5%

sodium iodide for 3 hours. This is probably due to the greater toxic

effect of iodine on corn seeds. Densities for the barium chloride and

lead nitrate treatments were equally associated with the growth tests.

On the basis of the change in radiographic density per unit

change in root plus shoot length, the high contrast radiographic

method had a greater ability to detect freezing injury than heating

injury. This is probably related to the different types of injury

caused by heating and freezing,

Heating resulted in seed with varying degrees of injury which

produced seedlings of varying sizes. Freezing damage was usually

all-or-nothing, resulting in either vigorous seedlings or dead seeds.
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SUMMARY AND CONCLUSIONS

Several investigations were carried out for the purpose of devel-

oping a high contrast radiographic technique for evaluation of the

viability and vigor of corn seeds. The high contrast technique was

evaluated against conductivity, germination and root and shoot growth

measurements on 33 lots of corn at various stages of deterioration,

The exposure technique found most suitable for corn was: 20

kVp, 3 mA for 6 minutes, Type-4 industrial x-ray film positioned

45.7 cm from the tube focal spot, no added filtration, using a Faxatron

804 x-ray machine. Five density measurements were made on the

image of each corn seed on each radiograph.

Thorium, iodine, barium and lead were injurious to corn seed

germination, the degree of injury being directly proportional to the

concentration and length of soaking. Sodium iodide had a greater

killing effect than barium chloride and lead nitrate, and is therefore

less suitable as a contrast agent. Five percent lead nitrate for 3

hours and 20% barium chloride for 1 hour were suitable contrast treat-

ments for seeds which were to be germinated after high contrast

radiography. A 5% solution of thorium nitrate reduced the growth rate

of low vigor seeds more than that of higher vigor seeds.

The conductivity of leachate from corn seeds increased linearly

with time; the slope of this curve for dead seeds was much greater
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than that for live seeds. For conductivity measurements, the rate of

increase is preferred over absolute conductivity values since the rate

of change is free from the effects of seed treatments. The conductivity

of distilled water exposed to the air increases with time, but the rate

of increase of the conductivity of water was much less than that of

exuded matter from both live and dead corn kernels. Conductivity rate

measurements were therefore corrected for atmospheric absorption.

Radiographic density was significantly correlated with growth

parameters at the . 01 level whereas conductivity measurements were

correlated with the growth parameters at the 0. 05 level. Density was

more indicative of seed viability and vigor levels than electrical

conductivity of corn seed leachate. Neither measurement was more

indicative of vigor than of viability because treatments that lowered

seedling vigor usually lowered viability, as well. The high contrast

method was better able to detect freezing injury than to detect heating

injury.
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SECTION II

RADIOGRAPHY FOR STUDYING TRANSVERSE COTYLEDON
CRACKING IN BEANS (PHASEOLUS VULGARIS)
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INTRODUCTION

During the 1930's, seed analysts were reporting a greater oc-

currence of transverse cotyledonal cracking in beans. About this

time, bean seed production had started moving from the humid Eastern

to a more arid Western climate in an attempt to avoid several bean

diseases associated with high humidity. The dry climate and the in-

creased use of machinery in bean seed cleaning, were said to be

responsible for the increase in transverse cracking of bean seed

cotyledons. Today, cotyledon cracking is still an important cause of

lowered seed quality in beans.

Transverse cotyledon cracking in beans shows up as single or

multiple fissures across one or both cotyledons of the seedling. Such

fissure(s) totally or partially prevent the translocation of the stored

food materials from the cotyledons to the growing embryo axis, re-

sulting in a weakened seedling. Longitudinal fissures may occur, but

usually do not prevent such transfer of food and therefore were not

included in this study.

Transverse cracks of the bean cotyledon(s) are usually hidden by

an intact seed coat. The seed analyst must therefore resort to

germination tests and subsequent evaluation of seedlings in order to

determine the extent of cracking in a seed lot. Such germination tests

when performed according to Association of Official Seed Analysts
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rules require at least 7 days. More important, however, addi-

tional cracking may be introduced during the test if the initial moisture

content of the seeds is low and the rate of imbibition is high.

Radiography could be advantageously applied to measurement of

cotyledon cracking because (a) the bean seed coat can easily be pene-

trated by x-rays, thereby displaying internal structures without risking

the introduction of more transverse cracks in the test sample,

(b) radiographic tests could be performed in a few hours, and (c) such

a test would be nondestructive.

The objectives of this study were to develop a suitable radio-

graphic technique for evaluation of transverse cracking in beans and

to relate cracking to germination and field emergence of seedlings.
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LITERATURE REVIEW

Causes of Transverse Cracking

Transverse cracking of bean cotyledons is known to be related

to impacts during threshing and handling, germination conditions,

moisture content, varietal differences and seed size.

Mechanical Damage

Transverse cotyledonary cracking may originate from physical

causes such as mechanical harvesting, threshing, and subsequent

warehouse handling. Borthwick (1932) showed that machine threshed

lima bean lots contained as high as 14% of the seeds with cracked

and/or partial or total loss of one or b oth cotyledons, but no cracks

were found in hand shelled beans. He further showed that such injury

may be artificially induced by subjecting hand-shelled seeds to pres-

sure (such as pressing the seeds on a table until they crack). In a

follow-up study, Bainer and Borthwick (1934) found that the total

damage incurred by lima bean seeds during threshing was proportional

to the peripheral speed of the cylinder, and inversely related to the

initial moisture content of the seeds. When they were subjected to

known impacts of equal intensity by dropping them through known dis-

tances, seeds with lower moisture were damaged to a higher degree.

The authors did not specify what part of the total damage was of the
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cracked cotyledon type. Barriga (1961) found similar relationships

between initial moisture content and cotyledonary loss in navy beans.

He induced damage with a motor driven plastic paddle.

Germination Conditions and Seed Moisture Content

In general, a rapid rate of imbibition may cause differential

swelling in the cotyledons and tensions which thereby arise may result

in transverse fissures. McCollum (1953) in a series of investigations

with hand-picked snap beans concluded that some of the transverse

cracking usually attributed to mechanical injury may be induced during

germination. He showed that the amount of cracking depended on the

moisture content of both the soil and the seeds. At 20°C, soil moisture

contents of 1. 96, 3. 52 and 13. 59% resulted in 11, 45, and 65% crack-

ing, respectively, in one variety and 10, 18, and 32%, respectively,

in another variety. Less cracking occurred at 30 than at 10°C,

although there was a greater rate of water uptake at 30°C. There was

less cracking in seeds stored at high relative humidities (high-initial

moisture content) than in those stored at lower relative humidities.

Similar results were obtained by Pollock, Roos and Mona lo

(1969) and Pollock and Manalo (1970). Germination substances used

were fine sand with a high moisture content and low oxygen tension,

and coarse sand with low moisture content and high oxygen tension,

Tests were performed at 15 and 25°C. They reported that transverse
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cotyledon cracking in crack sensitive varieties increased when seeds

were imbibed at a low seed moisture, especially if imbibition

occurred in a fine moist sand. Whereas these results were obtained

for sand and/or soil, Clark and Kline (1965) found no evidence that

cold temperatures increased the amount of transverse cracking of the

snap bean cotyledons when germination tests were conducted in rolled

paper towels at 10°C. They also found that slightly higher percentages

of germination were obtained in slant roll tests than in sand tests. In

slant roll tests, higher germination percentages were obtained under

moderately moist conditions than under eAither rather dry or very wet

conditions.

Varietal Susceptibility

Given the same stress conditions, some varieties of beans suffer

more transverse cracking than others. Lima beans appear to be more

susceptible to threshing injury while snap beans are more susceptible

to germination test conditions.

McCollum (1952) found the strains B1762 and 131229-1-2-6, and

the varieties Rival and Top Crop very susceptible to cracking whereas

Cherokee was resistant. Atkin (1958) suggested that tight seed coats

and closely fitting cotyledons would prevent movement of the

cotyledons, hence better protect the root-shoot axis. This would cause

less deformation in the seed after an impact and less cracking.
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Seed Size

Larger seeds (diameter) yield larger plants, more pods per

plant as well as larger and more vigorous seedlings, The relative

yield of small seeds is improved if there is no cracking in the variety

(Wester, 1964). Specific counts for transversely cracked cotyledon

were not reported.

Clark and Kline (1968) showed that larger seeds had more

transverse cracking than smaller ones.

As a result, larger seeds showed lower germination in varieties

with a high incidence of cracking. They also reported that in field

plantings, larger seeds outyielded smaller ones from non-heavily

cracked lots, but when the number of plants were considerably re-

duced by cracking, small seeds outyielded large ones.

On the basis of these and similar studies, the Rules for Testing

Seeds of the Association of Official Seed Analysts (1970) require that

seedlings of Phaseolus vulgaris must have at least one complete

cotyledon or two broken cotyledons with half or more cotyledonary

tissue present to be considered normal. In other beans, one or both

cotyledons may be missing as long as the seedling is normal and

vigorous.
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Effects of Transverse Cracking

Severe cracking or breaks in one or both cotyledons of beans

prevents or interferes with the transfer of food (stored in the cotyle-

don) to the growing embryo axis. Such embryos give rise to less

vigorous (smaller) seedlings in the laboratory and in the face of

competition in the field, they may show a lower level of performance

(Waters and Atkin, 1959).

Drake and Atwater (1938) showed that Fordhook and Henderson

lima beans with both cotyledons missing resulted in dwarfed plants

with a very low yield. Seedlings with only one cotyledon missing

resulted in normal vigorous plants whose yields were slightly less

than those from normal seeds, but far greater than when both

cotyledons were missing.

Ching and Pierpoint (1957), in greenhouse and field trials with

King green beans, obtained a significantly higher yield when all or

more than half the original cotyledonary material was present.

Waters and Atkin (1959) reported that the highest yields of snap beans

were obtained from seeds with two complete cotyledons. Progressive

loss of cotyledonary material in the seedling led to a progressive

reduction in both yield and plant size. Waters (1960) artificially re-

moved cotyledonary material and obtained similar reductions in yield.

Clark and Kirk (1959), in field trials with garden beans, found

that plants from seedlings with more than half the cotyledonary
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material missing yielded 65% less than plants from normal seedlings,

whereas there was only a 31% reduction in yield of marketable pods

if the seedling had less than half of the cotyledons missing.

A good portion of Colbry's excellent review of literature

(Colbry, 1968) on the evaluation of bean seedlings deals with transverse

cracking of bean cotyledons.

Radiography of Transverse Cotyledon Cracking in Beans

Kamra (1967) detected transverse cotyledon cracking of

Phaseolus vulgaris seeds by radiography, but the essential details of

technique are missing in this paper.

Related to the problem of the radiographic analysis of any seed

if the problem of the effect of Roentgen rays on the seeds. If low

enough energy radiation is used and the dosage kept at a minimum, the

effect is minimal. In many cases, a threshold can be established

above which a pronounced effect is seen and below which the radiation

produces no effect. It has not been established whether a threshold

exists for beans.

At 100 kilovolts peak (kVp), Genter and Brown (1941) found

effects on field beans for dosages of 2160 and 2600 rads with the effect

directly dependent on the dosage. These effects were measured by

(a) number of seeds that failed to break ground, (b) the number of

seedlings that died within 19 days after planting, and (c) the
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retardation of growth and development of the plants. However, at the

same energy, Bless (1938) used dosages of approximately 40 to 324

rads and found that bean plants from irradiated sprouted seeds yielded

up to 25% more than the controls.
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MATERIALS AND METHODS

Seed Lots

Bean seeds were obtained from commercially produced seed

lots. One or more of 12 different lots were used in different experi-

ments. A description of the lots is as follows:

Lot
Number Variety Company

Germination
%

Purity
%

1 Oregon 58 Ferry Morse 85 99.0

2 Oregon 58 Keystone Seeds 90 99. 0

3 OSU-58-5 Roger Bros. 79 99. 0

4 Bush Blue
Lake Asgrow 86 99.0

5 Tempo Roger Bros. 84 99.5

6 Asgrow 78 99.5

7 Asgrow 85 99.5

8 B82E1903 Gallatin Valley 80 99.5

9 B82C1914 Gallatin Valley 80 99.5

10 B82B1903 Gallatin Valley 80 99.5

11 B82B 1920 Gallatin Valley 80 99.5

12 B82C1905 Gallatin Valley 91 99.5
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Radiographic Equipment

The x-ray machine and processing equipment have been described

in Section I.

A continuously variable high intensity x-ray illuminator made

by Scheeman Electronics Inc., Grants Pass, Oregon, was used for

interpreting the radiographs, The variable intensity viewer covers

the entire density range from about 0 to above 3 making it possible to

study highly exposed (overexposed) radiographs. For industrial x-ray

films, the higher the exposure the better the contrast of the radio-

graph.

Templates for holding seeds during exposure were made by

drilling 99 oblong holes (to match the size and shape of bean seed) in

5" x 7" x 1/8" masonite plates. A 0.5 mm thick sheet of acetate was

glued to one surface of each plate. For x-raying, plates with seeds

were placed over sheets of 5" x 7" Kodak Type-M industrial x-ray

film. Once each plate was loaded with beans, each individual seed

became identified starting with No, 1 at the top left-hand corner,

The identity of each seed could be followed through radiography to the

final seedling evaluation with this technique.

Radiographic Technique Development

The radiographic technique for beans was essentially developed

through a process of trial and error, but the principles discussed in
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Appendix I were found very helpful. With tube voltages of 10, 15, 20,

25, and 30 kVp and tube current of 3 mA, a series of exposures were

made at source-to-film distances of 36, 46, and 64 cm with exposure

times ranging from 1-20 minutes. The radiographs were studied on

the high intensity illuminator.

Detection of Transverse Cotyledonal Cracking
Within the 12 Lots

Random samples of 99 seeds from each lot were radiographed

at 15 kVp, 3mA for six minutes at a source-to-film distance (SFD)

of 45,7 cm. After processing, each bean seed was classified from

the radiographs as: (a) normal, (b) single or multiple light cracked,

or (c) single or multiple heavy cracked, according to the size and

number of cracks observed on the image of the seed. The terms

light and heavy as used here describe the relative density of the

fissures appearing on the bean images of the radiograph.

The seeds were then germinated in wet slant roll paper towels

at 25°C for seven days, This experiment was done in three replicates.

The seedling cotyledons were categorized as: (a) non-cracked,

(b) light-single cracked or light multiple cracked, (c) heavy-single

cracked, heavy-multiple cracked or broken. A crack was considered

heavy if it appeared to prevent the translocation of some or all of the

food material from the cotyledons to the root-shoot axis. Thus heavy

cracks and broken cotyledons are equivalent in that the tissue beyond
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(b) (c)

(a) (e)

plate 1. Seven-thy old bean seedlings showing! (a) heavy-single,
(b) heavy- multiple cracks, (c) broken, (d) normal and
(e)liplit-sin rrle and lifAlt-multiple cracks.
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the crack is essentially non-functional. Light cracks refer to trans-

verse fissures on the cotyledon which do not visibly interfere with the

transport process (see Plate 1).

Relation of Seed Size to Transverse Cracking of Cotyledons

Seeds from lots 7 and 9 were separated into various size groups

using round hole metal screens. Sub-samples of 99 seeds from each

of the size categories -- 12/64 - 13/64, 13/64 - 14/64, 14/64 - 15/64,

15/64 - 16/64, and 16/64 - 17/64 inches -- were then radiographed

(exposure factors as above).

The radiographs were evaluated as above and the experiments

repeated once.

Relationship of Seed Size and Transverse Cracking to Germination

Seeds from lots 1 through 10 and 12 were separated into size

groups and radiographed as in the preceding experiment. The seeds

were then germinated in wet slant roll paper towels at 25°C for 7

days and the seedlings classified as previously described. This

experiment was done in two replications with 99 seeds in each of the

five sizes of the 11 lots for each replication.



79

Relation of Seed Moisture Content to Transverse Cotyledon Cracking

About 3500 seeds from Lot 9 were radiographed and the seeds

were then separated into non-cracked, light-cracked and heavily-

cracked categories. Seeds from each of these classes were then

sized (as above), About 500 seeds from each of the non-cracked,

light-cracked, and heavy-cracked classes of size 15/64 - 16/64 were

stored at relative humidities (RH) of 75 and 15% for three weeks. The

seeds were stored in relative humidity chambers over saturated solu-

tions of lithium chloride and sodium chlorate to provide 15 and 75%

RH, respectively. The seeds had moisture contents of 8.3 and 13. 5%

at 15 and 75% RH, respectively, at the end of three weeks, The aver-

age room temperature over this period was 18°C. Ninety-nine seeds

from each of the six treatments (two moisture x three crack classes)

were radiographed, germinated, and evaluated as previously de-

scribed. This experiment was replicated twice.

Field Emergence of the Three Classes of Transversely Cracked Seeds

Seeds from lots 4, 7, 9, and 11 were sized and about 2400 seeds

from size 14-15 of each lot were radiographed and separated into non-

cracked, lightly-cracked and heavily-cracked, Samples of these seeds

as well as a control were then planted in the field with 70 seeds per

ten-foot row, in a randomized block design, with five replications.
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The planting was done on June 1, 1973, on the Oregon State University

Horticultural Farm, The soil moisture and temperature were favor-

able for rapid germination and emergence. The seeds were planted

1-1/2" deep with a belt-type planter. The control consisted of seeds

that were sized, but not separated into crack classes. Eleven days

after planting, the seedlings were evaluated according to the following

scheme: (a) both cotyledons present, (b) broken, with 1/2 or more of

both cotyledons present, (c) broken with less than 1/2 of both cotyle-

dons present, (d) bald-headed and/or dead or dying seeds. Classes

(a) and (b) are normal, while (c) and (d) are abnormal or dead. Class

(b) included seeds with one cotyledon intact while the other was absent.

Analysis of Variance

Statistical analysis of the results was by means of standard

analysis of variance techniques from which least significant differences

were calculated.



81

RESULTS AND DISCUSSION

Technique Development

The radiographic technique found most suitable for studying

beans was 15 kVp, 3mA, 6 minutes at SFD 45.7 cm, Kodak Type M

industrial x-ray film, using a Faxatron 804 x-ray machine. These

factors provide a high enough exposure of the seeds so that radio-

graphic contrast is very good and the seed are sufficiently separated

from the source so that geometric unsharpnessl is low.

The technique shows both the radicle and plumule of most seeds

on radiographs. To see the radicle and plumule of all seeds one

would need to position each seed on the template so that there is a

minimum amount of seed material between the radicle and the film

along the path of the primary beam. This normally occurs when the

seed is laying on its side. Such careful positioning was not under-

taken in this study because of the rather large volume of radiograph-

ing that was done. However, in a smaller investigation (such as in

the estimation of germination percent using about 200 seeds) such a

positioning would enable one to classify heavily cracked seeds as

germinable or not-germinable from considerations of the location of

the fissure(s) relative to the radicle. Those heavy fissures which are

1 This is the blurring around the edges of a radiographic image
due to the finite size of the x-ray tube focal spot.
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in the radicle half of the seed render such seeds ungerminable accord-

ing to AOSA Rules, since after germination the seedling will have less

than one-half of the cotyledons present. In this study all heavily

cracked seeds were considered non-germinable.

Transverse Cotyledon Cracking Within the 12 Lots

Comparison of the radiographic and seedling evaluation data

indicated that light-multiple cracked and light-single cracked seeds

yielded seedlings as vigorous as those from non-cracked seeds and

their seedling cotyledons showed one or more small fissures which did

not interfere with the food transport process. Those seeds which

appear on the radiographs as having light cracks are therefore con-

sidered normal along with those with no cracks.

There was very good agreement (r = . 88) between percentage of

normal seedlings and the percentage of seeds considered normal from

the radiographs within all 12 lots (Table B-1). The maximum differ-

ence of 7% between the x-ray and seedling evaluations occurred in

lots 6 and 8, In both of these lots, the germination percentage is

below 80.

The heavily cracked seeds do not always produce abnormal seed-

lings, especially when the fissure is near the end of the seed furthest

from the radicle. In such cases, the resulting seedling may have a

broken cotyledon, but more than half of both cotyledons will be present



Table B-1. Seedling evaluation and radiographic estimation of transverse cotyledonary cracking in
12 lots of beans. Figures are percentages.

number

Seedling evaluation

Normal].
(X)2 Abnormal3

Radiographic method
No cracks or

lightly cracked
(Y)2

Heavily
cracked

1 87 13 89 11
2 89 11 94 6
3 81 19 80 20
4 90 10 86 14
5 86 14 88 12
6 79 24 68 32
7 86 14 83 17
8 81 19 72 28
9 74 26 80 20

10 87 13 96 14
11 85 15 87 13
12 92 9 93 7

1 A seedling is considered normal if it has 1/2 or more of both cotyledons present.
2r = .88xy
3An abnormal seedling has less than 1/2 of both cotyledons present or otherwise not vigorous.



84

and a normal seedling is produced. Given this limitation, one can say

that radiographic evaluation of transverse cotyledonary cracking is a

good index of the germination potential of bean seeds when physio-

logical deterioration is not suspected.

Relation of Seed Sizes to Transverse Cracking of Cotyledons

The largest seeds contained 20 and 26% more heavily cracked

seeds than the smallest seeds in Lots 9 and 7, respectively (Figure

B-1). Conversely, the smaller seed sizes contained more non-cracked

seeds, while the percentages of light-cracked seeds were nearly the

same in all seed sizes.

Relation of Seed Size and Transverse Cracking to Germination

When germination percentages and radiographic estimates of

germination were compared in 11 lots, large seeds again contained

the highest percentage of heavily cracked seeds. The larger seed

sizes likewise had lower germination percentages than the small seed

sizes (Table B-2).

X-ray estimation of germination percentage tended to overesti-

mate the viability of the larger seed sizes. This indicates that the

difference in cracking of various seed sizes does not account for all

the differences in germination due to size. Although small seeds

having a smaller percentage of heavily cracked seeds would tend to
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Table B-2. Percentage germination and radiographic estimates of the
percentage germination for five sizes of beans from 11
lots. Screen sizes are in 1/64".

Lots

X-ray estimation
Screen Germination of germination
sizes percentage percentage

Mean for
Lots 1, 2 and 3 12-13 94 99

13-14 84 88
14-15 86 90
15-16 93 94
16-17 85 88

Mean for
Lots 4, 5, 6 and 7 12-13 90 91

13-14 83 87
15-16 79 86
16-17 73 86

66 84

Mean for
Lots 8, 9, 10 and 12 12-13 88 88

13-14 84 81
14-15 75 81
15-16 69 74
16-17 69 76

LSD 01 6 4
LSD . 05 4 3

Table B-3. Effect of seed moisture content on development of heavily
cracked seeds from non-cracked and lightly-cracked bean
seeds during germination.

Seed moisture
content

Percentage increase
Seed of heavily-cracked

classification seeds

8.3% Non-cracked 29
Lightly-cracked 34

13. 5% Non-cracked
Lightly- cracked

14
6
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germinate better than large seeds, factors other than size are also

operating to prevent germination of some of the large seeds.

Relation of Seed Moisture Content to Transverse Cotyledon Cracking

The radiographic estimates of germination percentage for

heavily-, lightly-, and non-cracked seeds stored at 15 and 75% relative

humidities were consistently higher than the germination percent ob-

tained from seedling evaluations (Figures B-2 and B-3). In both

evaluations, seeds stored at 15% RH tended to have a higher germina-

tion percentage than those stored at 75% RH, but this tendency was not

significant.

Thirty percent of the heavily cracked seeds were dead and since

dead seeds were not evaluated for transverse cotyledons cracking, this

explains why in Table B-3 the percentage of cracking of these seeds

appears to have decreased during germination (Table B-3).

After germination, the percentages of heavily cracked cotyledons

had increased in both the lightly-cracked and non-cracked groups (see

Table B-3). This increase in cracking, which could only have been

introduced during the germination process, was higher for the seeds

with lower initial moisture. These data confirm similar results

obtained by McCallum (1953). Fast and uneven uptake of water during

the initial stages of germination probably leads to differential swelling

of bean seed cotyledons; tensions thus set up would lead to fissures
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in the cotyledon. Seeds with less initial moisture would tend to take

up water faster and would be expected to crack more during germina-

tion.

In addition to the cracking caused by germination conditions, a

small amount of mixing of the different categories of cracking

occurred, probably during the separation process.

Field Emergence of the Three Classes of Transversely
Cracked Cotyledons

Field emergence percentages of the three categories of cracked

bean seeds are shown in Table B-4. The percentages of normal seed-

lings (sum of classes A and B) for both non-cracked and light-cracked

are greater than that for the control (unseparated seeds) whereas the

percentage of normal seedlings for the heavily-cracked seeds is less

than that of the control, for all four lots. The increments of percent-

age normal seedlings for non-cracked over the control are 28% for

lot 4, 16% for lot 7, 25% for lot 9 and 13% for lot 11. Corresponding

increases for light-cracked seeds are 24% for lot 4, 9% for lot 7, 15%

for lot 9 and 9% for lot 11. In the case of heavily-cracked seeds, the

corresponding reductions are 9% for lot 4, 19% for lot 7, 34% for lot

9, and 22% for lot 11.

Since heavily-cracked seeds perform unsatisfactorily in the

field, the x-ray technique could provide a relative vigor rating for

bean seed lots on the basis of the relative amount of heavy cracking



91

Table B-4. Types of seedlings produced in the field by three categor-
ies of cracked seeds and unclassified seeds from bean
lots 4, 7, 9 and 11. All figures are percentages.

Lot
Cracked seed

category
Seedling classification)

A

4 Unclassified 60 9 16 3

Non-cracked 97 0 1 1

Lightly- cracked 83 10 4 3

Heavily-cracked 46 14 39 1

7 Unclassified 70 13 13 3

Non- cracked 93 6 0 1

Lightly- cracked 86 6 6 3

Heavily-cracked 47 17 36 1

9 Unclassified 61 10 26 4
Non-cracked 87 9 1 3

Lightly- cracked 77 9 10 4
Heavily-cracked 4 23 69 4

11 Unclassified 57 19 13 11

Non-cracked 80 11 0 9
Lightly-cracked 76 9 9 7

Heavily- cracked 24 30 41 4

LSD . 01 for all category - classification combinations, 6

LSD. 05 for all category - classification combinations, 4

1 A = Entire cotyledon present
B = Broken with 1/2 or more of both cotyledons attached
C = Broken with less than 1/2 of both cotyledons attached
D = Bald-headed and dying seeds.
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present in the cotyledons. Since the x-ray technique detects only

mechanical damage and does not detect other causes of seed deteriora-

tion, only seeds of similar age and physiological history should be

compared. The obvious advantage of such a method is its speed as

compared to other vigor tests.

Since the total amount of cotyledon tissue present in a seedling at

time of emergence may affect the yield and maturity, different yields

would be expected for non-cracked, lightly-cracked and heavily-

cracked bean seeds. This, perhaps, is a justification of the classifi-

cation used in this study.



93

SUMMARY AND CONCLUSIONS'

Transverse cotyledon cracking of bean seeds was investigated by

a radiographic technique. The technique consisted of radiographing

bean seeds at 15 kVp, 3 mA, for six minutes with a source-to-film

distance of 45. 7 cm, using a Faxatron 804 x-ray machine and Kodak

type-M film and no added filteration. The radiographs were studied

with a high intensity illuminator and the seeds were classified as to

non-, lightly- or heavily-cracked.

The x-ray germination percent based on the number of seeds

with no cracks or light cracks was very highly correlated with the

actual germination percent determined by Association of Official

Seed Analysts rules for evaluating bean seedlings. The technique

would be less applicable to seed lots in which considerable physio-

logical deterioration was present.

Small seeds tended to have fewer heavily-cracked seeds while

the occurrence of lightly-cracked seeds was approximately the same

for large and small seeds.

Some transverse cotyledon cracking was introduced during

germination procedures and the degree of cracking thus introduced

was greater for seeds with lower initial moisture content.

In field trials, the percentage emergence of normal seeds (no

cracks) and lightly-cracked seeds was greater than that of the control

(not separated into categories of cracking), while heavily-cracked
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seeds showed less emergence than the controls. This situation ob-

tained consistently in four different lots tested.
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APPENDIX I

Discussion

Brief Theory of X-Radiography

This is a topic on which a number of textbooks are available

(Johns, 1964; Greenfield and Cooper, 1973). These contain detailed

accounts of the various principles which constitute the theory of x-

radiography. Here the author wishes but to make a few statements

that may be regarded as justification for the techniques used in this

study.

Production of X-rays. X-rays are produced whenever fast mov-

ing electrons are suddenly stopped in matter. Theoretically, any ele-

ment can be used as a target for producing x-rays, but in principle,

only heavy (elements with high atomic number) metal targets are com-

monly used in x-ray machines, since the efficiency of production of

x-rays depends on the atomic number of the target material. Even

when the heaviest elements are used as targets, the efficiency of pro-

duction is very low, approximately 1% at 100 kVp, i. e. , 1% of the

energy of the electrons is utilized in the production of x-rays, the rest

is converted to heat. For this reason (1) tungsten which also has a

high melting point of 3370°C is most often used as target material,

(2) most x-ray tubes are either cooled by oil or circulating water or
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air, and (3) all x-ray tubes have a given maximum rating, which is

specified by the manufacturers and these should be strictly observed.

The Importance of Kilovoltage (kV), Milliamperes (mA) and
Distance from Source to Film in Radiography

Figure C-1 illustrates the principle of a simple x-ray machine.

The output of the autotransformer is varied continuously or in steps

by the kV control, thereby controlling the primary of the high voltage

transformer and hence, the voltage applied to the tube. This voltage

accelerates the electrons onto the target and is directly responsible

for the quality of the x-rays produced. A typical continuous x-ray

spectrum is shown in Figure C-2. A definite quantum mechanical

relationship exists between the maximum kV applied to the tube and

the minimum wavelength of radiation produced.

he

° Vmax
12. 4

Vmax

where Vmax = tube voltage in kilovolts

h = Planck's constant - ergs-sec

= 3 x 1010 cm/sec

= minimum wavelength in x-ray spectrum in
Angstroms

The penetrating power of an x-ray beam depends on its wave-

length, which in turn depends on the kVp applied to the tube. Fairly

long wavelength x-rays are used in seed testing; these are generally
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Figure C-1. A simplified x-ray machine circuit diagram.
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Figure C-2. Typical continuous x-ray spectra. Reducing the current
from it to i2 reduces the intensity of radiation for each
wavelength, leaving the distribution unchanged.
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referred to as soft x-rays. Note that even though the voltage indicator

is in the low tension or primary circuit it is calibrated to read tube

voltage.

A heated tungsten filament provides the electrons in the x-ray

tube. The filament current is provided by means of a filament trans-

former, the milliamperes control lies in the primary of this circuit.

This controls the filament temperature, hence the tube current. On

increasing the tube current, increased intensity of radiation is pro-

duced without altering its spectral distribution.

In addition to milliamperes and kilovolts, the distance traveled

by, and the filtration of the x-radiation is important in radiography.

The distance relationship in air is known as the inverse square law;

i. e., if the distance between the source and two points is d1 and d2,

the intensity measured at these two points are related by:

d22

12 d1 2

When an x-ray beam passes through matter its intensity is re-

duced due to its interaction with the material according to the

equation:

I = Ioe

where I, To are final and initial intensities, p,=linear attenuation coef-

ficient in reciprocal cm, and d is the thickness of the absorber in cm.
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This attenuation can occur chiefly in one of three ways: (a) Pair

production, (b) Compton effect, or (c) Photoelectric effect. For the

energies we are concerned with the photoelectric effect is most

important. In this type of interaction, the x-ray photon utilizes all of

its energy in removing an inner electron of an atom (and giving the

electron initial kinetic energy). The replacement of this electron

gives rise to characteristic radiation which could reduce the quality

of a radiograph. However, more important in this connection is that

the photoelectric effect depends on the Z number of the material

interaction with the x-rays thus:

3 Z 4
= c

where c is a constant, Z is the atomic number of the attenuator and

is the wavelength of the x-rays.

In radiography, it is important that different parts of an object

absorb x-rays differentially, hence given the same thickness, d,

must be large. It follows from the equation above that soft x-rays

(large give better results in radiography; this gain, however,

means longer exposure times.

Radiographic Film

This generally consists of silver bromide crystals in a gelatin

emulsion, coated onto a base. After exposure, the silver bromide

grains can be selectively converted to black silver metal during a
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Figure C-3. Characteristic (H and D) curves for A - medical x-ray
film exposed with screens, and B - industrial x-ray
film directly exposed.
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developing process, the unexposed grains are removed by a fixing

chemical. The degree of darkening on a processed radiograph is,

therefore, proportional to the amount of exposure received.

The properties of a film can generally be summarized by its

characteristics or H and D (after Herter and Driffield) curve, Figure

C-3. To understand the curves we must define density thus:

The density of the processed film is a measure of the degree of

darkening defined by:

D = log (Iont)

where Io and It are the incident and transmitted intensities of light.

Note that density has no units. Radiographic contrast can now

be defined as the difference in density between two areas on the radio-

graph. This depends on the differential absorption of x-rays by two

parts of a subject being radiographed (or subject contrast) and the

slope of the H & D curve of the film or film contrast. The former, as

was seen earlier, is improved with the use of soft x-rays used where-

as the latter depends on the film type, amount of exposure, and film

processing. Briefly, longer developing times lead to a greater con-

trast, up to a point, and for industrial x-ray films (the H & D curves

for these have no shoulder) the greater the exposure, the better the

contrast. Films with large silver bromide grains are said to be fast,

e., require a small relative exposure to produce a given density
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such as medical film exposed with screens (this among other things

keeps exposure to the patients minimal). Industrial films, however,

e. g,, Kodak types M and RI used in this study make use of smaller

silver bromide grain sizes, thereby giving better contrast and resolu-

tion. Again, this gain is paid for by those films requiring longer

exposure to produce a given density, i. e., they are slow.

1 The film type R used in this study had only one side of the base
coated with emulsion. Most films are coated on both sides. This
eliminates the possibility of forming two images (one on each side)
and thereby gave the greater clarity that was required.


