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Propositions

. Differences in characteristics within and between plants are important sources

of variation in quality attributes of soybean seeds within a lot.

. Taking into account the associations among physical seed attributes is
essential to properly assess the actual contribution of individual physical
attributes to seed performance.

This thesis.

. Independent seed guality tests may value the same physical seed attributes
differently.
This thesis.

. The effects of seed size and weight on conductivity can be eliminated by
expressing conductivity on a projected seed area basis.

This thesis.

. Individual physical attributes such as area, weight or etching may affect
distinct stages of seedling growth differently.

This thesis.

. Seed treatment with conidia of fungi {e.g. Gliocladium viride, Trichoderma
harzianum, T. hamatum, T. koningil) antagonistic to Scleratinia sclerotiorum
may reduce the incidence of white mold on soybean seedlings.

. Variation needs to be analysed at the basic level of its expression.

. The disciple who honours his master is the one who does not remain a disciple
forever.

Nietzsche.

. 'Saudade’ is a present of the absent.



10. The development of the agriculture in the Brazilian cerrade during the
last decade has reached further than the green revolution in South-East Asia
during tha sixties.

11. In Brazil, the official language is Portuguese but the spoken language is Brazilian.

R.A lllipronti Jr.

"Variation in Quality of Individual Seeds within a Seed Lot of Soybean [Glycine max
{L.} Merril]"

Wagenigen, The Netherlands

June 26, 1997



ABSTRACT

llipronti Jr., R.A., 1987, Variation in quality of individual seeds within a seed lot of
soybean [Glycine max {L.) Merrill]. Doctoral thesis, Wageningen Agricultural University,
Wageningen, the Netherlands, x + 157 pp., English and Dutch summaries.

The research described in this thesis aimed at increasing insight into the sources of
variation in quality attributes of individual seeds within a soybean seed lot, into the
relations between physical attributes and performance of seeds in seed tests and in
controlled seed production conditicns, and into the importance of the seed lot quality for
crop performance including quality of seeds produced. Cv. IAS-5 (determinate growth
habit) was used in all studies. Differences in characteristics within and between plants
proved to be important sources of variation in size, weight, shape, viability, and
performance of individual seeds in the seed lot produced. Seeds from earlier pods were
iarger, heavier, more spherical but less viable than from later pods. Seeds from main stems
or from the top of the plants were larger and heavier than seeds from the branches or from
the bottom of the plants. At these positions also pod set was earlier. Shorter times to
emergence and longer pericds from first pod set to harvest were associated with larger
sizes of seeds produced per plant. Longer periods between first flower and first pod, and
shorter periods between first pod and harvest were related to a higher viability of seeds
produced per plant, but only under high air temperatures during ped growth and
maturation, Within the seed lot studied, different physical seed attributes were associated.
Etching and cracking were more frequent in larger and heavier seeds, yellow seeds were
larger than greenish seeds. Taking into account these associations was essential to
correctly assess the actual contribution of individual attributes to seed performance.
Distinct tests assessed different attributes as being important. The tetrazolium test
detected etched, cracked, greenish and wrinkled seeds. Conductivity per seed was
affected by seed size, weight, cracking and wrinkling. Conductivity on a seed area
projection basis (;JA/mmzl was shown to minimize size and weight effects. In this case,
also higher conductivity values for greenish seeds were detected. Some individual physical
seed attributes affected distinct stages of seedling growth differently. Therefore,
conclusions on the importance of physical attributes for seed performance in seedling
growth tests may depend on the stage of seedling growth at the time of analysis. Size,
weight, shape, etching and wrinkling of seeds planted in socil were not related to
emergence under favourable conditions, but fewer seedlings emerged from cracked and
from greenish seeds. Within a crop, vield components per plant (number of pods or seeds,
total weight of seeds) decreased with increasing size, weight and cracking of the seeds
planted. In none of the crops physical attributes of individual seeds planted were
associated with quality attributes of the seeds produced by them. Effects of seed lot
grading for physical attributes on crop uniformity, and on quality, uniformity and yield of
the seeds produced could not be shown.

Keywords: Glycine max {L.) Merrill, soybean, seed lot, seed quality, image analysis, size,
weight, shape, etching, cracking, colour, wrinkling, tetrazolium, conductivity, germination,
viability, emergence, seedling growth, plant development, temperature, pod set, seed
position, selection, grading, crop establishment, variability, variation, unifermity, vield.
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Chapter 1

General introduction

Seed quality.

The quality of seeds encompasses physical, physiological, pathological and genetic
attributes which contribute to the performance of a crop (cf. Basra, 1995).
Physical attributes are associated with the structure, composition or appearance
of the seed, physiological attributes with the metabolism of the seed, pathological
attributes with seed-borne infections, and genetic attributes with the genome of
the seed (McDonald Jr., 1985; Dornbos Jr., 1995; Kulik, 1995%; Box 1}. However,
the classification of attributes into these four categories is arbitrary: several
attributes may be related. For example, seed pathogens may act through enzymatic
degradation, toxin production, etc., and may also alter seed integrity or colour
(Abney and Ploper, 1988). Moreover, different independent attributes may also
affect the same aspect of seed performance (e.g. seed size or seed-borne
pathogens may affect time to emergence; Edwards Jr. and Hartwig, 1971; Kulik,
1995). Thus, in many instances the effects of individual attributes on seed
functioning are difficult to discern.

Variation in seed quality both between and within seed lots is often
considerable (Hampton, 1995) because seed quality attributes may be affected by
many sources. These sources of variation result from decisions during the pltanning
of seed production, plant characteristics, and management or environmental
conditions during growth, maturation, harvest, processing and storage of seeds
{Carter and Hartwig, 1963}.

Seed quality may affect crop performance through its influence on the
number of emerged seedlings, the mean time between sowing and seedling
emergence, and the spread in time to emergence of individual seedlings within the
crop {e.g. Finch-Savage, 1995). Effects of seed quality on seedling growth rate
after emergence have also been reported (Perry, 1984a; Ellis, 1992; Burris, Edje
and Wahab, 1973). A review by TeKrony and Egli {1991} shows that in the




absence of plant density effects seed vigour is more important for vield in crops
harvested during vegetative growth (e.g. lettuce and carrot} or early reproductive
growth (e.g. tomato and green peal than in crops harvested at full reproductive

maturity (e.g. soybean and wheat).

Box 1. Examples of physical, physiological, pathological and genetic attributes of

seeds.

Seed attribute Examples

category

Physical Area, perimeter, length, volume, weight, eccentricity,
sphericity, colour, brightness, etching, cracking,
wrinkling, N content.

Physiological Processes involving biosynthesis, respiration
rate, hormonal regulation, ATP production,
membrane fluidity, biochemical activity.

Pathological Presence of fungi, bacteria, viruses, viroid, nematodes.

Genetic Genetic composition, spectes, cultivar.

Seed quality assessment.
Several seed tests for estimating seed lot performance have been developed
basically because information on potential and actual field planting value and
storability are needed (Hampton, 1995).

Apart from purity analysis that determines the amount of pure seeds and
contaminants {e.g. seeds from other species, inert material) constituting a seed
sample (International Seed Testing Association, 1398) and heaith tests that

determine the type and frequency of phytopatogenic agents (Machado, 1988),




which will not be considered further, seed lots can be assessed by standard
germination, viability and vigour tests. Seed tests can measure many different
characteristics {e.g. germination capacity, seedling growth, seedling structure,
enzymes activity, electrolytes leached from seeds, resistance to stress conditions,
testa integrity, ATP content}. However, it is unrealistic to expect that any single
parameter will be a reliable index of all aspects of seed quality {Hampton and
Coolbear, 1990;.

In the standard germination test, a seed lot is germinated under optimum
conditions in order to determine the maximum germination potential of the seed lot.
Standard germination test is applied to predict field emergence when seed bed
conditions are nearly ideal for germination and emergence. Germination of a seed
in this test is "the emergence and development of the sesedling to a stage where
the aspect of its essential structures indicates whether or not it is able to develop
further into a satisfactory plant under favourable conditions in soil” {International
Seed Testing Association, 1996). The percentage germination is the percentage
of seeds by number developing into normal seedlings within the time period
specified in test protocols. A normal seedling is a seedling showing potential for
continued development into a satisfactory plant. This seedling must have all
essential structures well developed or slight defects only (international Seed
Testing Association, 1996). Contrasting to germination as defined from a seed
technologist point of view, germination in the strict sense begins with water
uptake by the seed {imbibition) and ends with the elongation of the embryonic axis,
which usually is the moment at which the radicle becomes visible. Germination in
the strict sense therefore does not include seedling growth (Bewley and Black,
1994}

According to the seed technologist, viability refers to the capacity of a seed
to germinate and produce a "normal” seedling. Viability tests in particular are used
to estimaie the viability of seed lots in which dormant seeds occur. From a
physiological perspective, however, viability refers to the degree at which the seed
still is metabolically active, possesses energy reserves and enzymes capable of
catalysing reactions involved in germination and growth (Dornbos Jr., 1285).

Seed vigour tests provide a better estimation of field emergence than the




standard germination test when sub-optimal conditions exist (McDonald Jr., 1980;
Perry, 1984b}. Vigour comprises those seed properties which determine the
potential for rapid, uniform emergence, and development of normal seedlings under
a wide range of field conditions (Association of Official Seed Analysts, 1983).
According to Hampton (1885), vigour tests can be based on some aspects of
germination behaviour (e.g. rate of germination, seedling growth, Hiltner,
accelerated aging, cold, controlled deterioration tests), on physiological or
biochemical indices (e.g. tetrazolium, electrical conductivity, glutamic acid
decarboxylase activity, ATP production, respiratory capacity tests), or on more
than one technique {e.g. standard germination/complex stressing test).

Among nhumerous tests to assess seed quality, only a few could receive
considerable attention in this thesis. Their applicability and description are

summarized in Box 2.

Specification of problems in seed production and testing.

The importance of a high quality seed lot is well established (e.g. Perry, 1972).
Therefore, growers require information on quality of seed lots to ensure a rapid and
uniform establishment of plant stands in a wide variety of field conditions. To
accomplish this, seed quality tests have been developed and their results correlated
to seed lot establishment in the field (McDonald Jr., 1994). Whereas the standard
germination test is an effective measure of seed lot planting value in optimum
environments, other tests are needed for the stressful germination conditions
{Dornbos Jr., 1995). Eventhough field emergence may correlate well with scares
of seed lots in seed tests (Hampton and Coolbear, 1990}, it is not easy to predict
their performance in the field accurately because different seed tests are useful for
different environment conditions.

Correlations between vigour test results and actual vield are poor in crops
harvested at full reproductive maturity, at least when the number of emerging and
surviving plants is sufficiently high (TeKrony and Egli, 1991}, but the relations
between quality of the seeds planted and quality of seeds produced by the crop
have been rarely studied. Only a limited number of papers deal with the effects of

seed lot uniformity on yield (e.g. Smith and Camper Jr., 1975).
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Seed testing is an important adjunct to research and the ultimate goal should
be to understand enough about the variables which affect any aspect of seed

quality (Hampton and Coolbear, 1990).

Box 2. Seed vigour tests receiving considerable attention in this thesis.

a) The tetrazolium test can evaluate both seed viability and vigour. This test
essentially measures the activity of dehydrogenase enzymes. They release
hydrogen ions that reduce the colourless tetrazolium chloride salt to form a
water insoluble compound, formazan, which stains living cells red while dead
cells remain colourless {Perry, 1987a). The staining pattern allows seed
classification into different viability and vigour categories: certain seed tissues
areas are not critical for seed viability but can be important for seed vigour

(Association of Official Seed Analysts, 1983}.

b} The eonductivity test has been widely investigated and used as & method to
assess seed quality (e.g. McDonald Jr. and Wilsen, 1980; Oliveira, Matthews
and Powell, 1984; Moore, Jollife, Stanwood and Roos, 1988). This test is
based on the association between high electrolyte leakage and poor seed
quality. The test involves steeping of seeds in a certain quantity of deionized
water for a standard period of time at a constant temperature. The seeds
release electrolytes into the water. By applying an electromotive potential
across electrodes the electric current passing through the solution can be

measured {Pandey, 1992).

c) A seedling growth test enables seed viability and vigour assessment. The
length of a seedling after a specified period is a function of time taken to
germinate and the subsequent rate of elongation under the conditions of the
test. It is conveniently measured on paper or after emergence in a substrate
(e.g. sand, soil}. Low vigour is associated with short seedlings {Perry, 1987b}.

Seedlings judged morphologically abnormal are not measured.




Analysis of the problems and research guestion.
Single seeds possess several attributes determining the performance of seed lots
in quality tests and in the field. However, no clear relationships have been
established between attributes of individual seeds and results of seed quality tests,
although Hampton and Coolbear {1990) express the need to tackle this problem.

Whether seed lots with different rankings in vigour tests alsc show
differences in vield and quality of seeds produced by the crops, will depend on how
the attributes of the seeds causing the low test values come to expression after
sowing. Not only percentage of emergence, mean time of seedling emergence,
uniformity of emergence, and potential growth and development of individual
plants are important, but also the competition among plants within crops.

Differences in characteristics between and within plants are likely to account
for the variation in attributes of seeds produced by the crop. The relationship
between parameters of plant performance and attributes of seeds produced might
also differ in different environmental conditions.

Therefore, a complete view on sources, nature and effects of variation among
seeds in a seed lot is necessary to direct seed production and to upgrade seed lots

before sowing by excluding seeds with undesirable attributes from the lot.

The choice of soybean as a model crop.

Soybean (G/ycine max {L.} Merrilll was chosen as a model crop in this study for
saveral reasons. a) It is self-fertilizing and thus sources and effects of variation
between seeds do not likely result from genetical differences between plants and
seeds. b} The seeds are relatively large which facilitates individual handling and
analysis. ¢) Soybean is harvested at full reproductive maturity, and the relationship
between seed vigour and vield of crops harvested for grain at this stage has been
seldom significant (Tekrony and Egli, 1991). d) Variation in seed quality is a current
agronomic issue {Hampton and Kahre, 1994). e} There is ample information
available on crop growth and seed analyses. f) World-wide soybean is an
economically important crop {Sediyama, Pereira, Sediyama and Games, 1985).
Based on seed tests carried out on several cultivars and seed lots, a commercial

seed lot of cultivar IAS-5 with determinate growth habit was selected for further



studies. It showed an expressive variation in seed vigour even after being
previously processed, germination above the minimum required for a commercial
seed lot, and seeds free of seed-borne fungi which also excluded seed health as

a source of variation in seed quality.

Aims of the thesis.
This study aimed at contributing to the development of a strategy for improving
seed quality through:
a) Increasing insight into the sources of variation in quality attributes of individual
seeds within a seed lot.
b) Increasing insight into the relationships between physical attributes of individual
seeds and the performance of these seeds in seed quality tests and in controlled
seed production conditions.
¢) Increasing insight into the importance of the variation in guality attributes of
seeds to yield and quality of seeds produced by crops grown from them.

The specific goals were to determine for one soybean cultivar:
1) How high the variations were in physical and physiclogical attributes of
individual seeds within a seed lot.
2} How individual physical and physiological attributes of seeds as assessed in
seed tests were related, taking into account associations of physical seed
attributes.
3} How and to what extent the variation in physical seed attributes contributed to
the variation in parameters of plant performance in crop conditions,
4} How large the variations were in physical and physiological attributes of the
seeds produced by these crops, and to what extent these variations were
accounted for by variations hetween and within mother piants.
5) Whether air temperature conditions during pod growth, development and
maturation affected plant development, vield and quality of the seeds produced,
and the relationships studied.
6) Whether and why eliminating seeds with undesirable physical attributes from the
lot planted might improve subsequent crop uniformity, yield and quality of the

seeds produced.




Approach.

By assessing several physical attributes of individual seeds in a non-destructive
manner (e.g. by image analysis, weighing, visual classification}, the associations
between these attributes among seeds within a seed lot will be determined.
Physiclogical attributes of the seeds will also be assessed in seed quality tests (e.qg.
tetrazolium, electrical conductivity, seedling growth tests). Thus, the variation in
and the relationships between physical and physiological seed attributes will be
examined taking into account the diversity of physical attributes of a seed.

The relationships between physical seed attributes and plant performance,
and the contributions of the variation in physical seed attributes to the variation in
plant performance will be studied in crops grown under controlied conditions in
glasshouses by recording physical attributes of the seeds planted and parameters
of individual plant performance (e.g. time between physiological plant events,
yield}. By recording components of within-plant variation {e.g. time to individual
pod set, seed position on the plant), and harvesting plants, pods and seeds from
these crops separately for individual seed quality assessment, the effects of
important sources of variation in seed quality will be studied in detail. The effects
of temperature conditions during seed growth and maturation on plant
development, vield and quality of the seeds produced will be described using two
different air temperature regimes during part of the reproductive period for different
Crops.

Depending on the previous results, sub-samples of the original seed lot will
be differentially graded on the basis of physical attributes which were reiated to
desirable performance traits. Crops from these sub-samples will be grown under
controlled conditions in order to examine whether yield, uniformity and quality of

the seeds produced could be enhanced.

Outline of the thesis.

In chapter 2, the procedures of measuring physical seed atiributes are described
in detail, and the variation in and the associations among different physical seed
attributes are characterized for the seed lot studied. Also, the relationships

hetween physical and physiological seed attributes are evaluated in tetrazelium and




electrical conductivity tests. In chapter 3, the relations between physical attributes
of individual seeds and their performance in seedling emergence and growth tests
are examined, taking into account the associations among physical seed attributes
described in the previcus chapter. In chapter 4, the way physical seed attributes
are related to plant establishment, development, yield and quality of seeds
produced within a crop is described and discussed. In addition, the extent to which
and the way in which physical attributes of the seeds planted and parameters of
plant development account for the variance in yield and quality of seeds produced
per plant is assessed. Whereas in chapter 4 the variation between plants to explain
average yield and quality of seeds per plant is studied, chapter 5 concentrates on
the sources of variation within plants to explain the variance in quality attributes
of seeds produced. Time to individual pod set and seed position on the plant are
investigated as sources of variation within plants. In order to evaluate the
importance of the cultural conditions on the results, both in chapter 4 and 5 crops
are grown under two different air temperature regimes during pod growth,
development and maturation. in chapter 6, the knowledge gained in previous
chapters is applied to improve the quality and uniformity aof the original seed lot.
Sub-samples of the seed lot are differentially graded on the basis of physical seed
attributes and the assumption that more uniform crops might be grown and
consequently enhanced yield, uniformity and quality of the seeds produced might
be achieved, is tested. Chapter 7 consists of a general discussion on the aims of

the research and implications for seed science, technology and production.
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Variation in and relationships between physical and physiological

seed attributes within a soybean seed lot

2 3
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HaARwEG 333, 6709 RZ WAGENINGEN, THE NETHERLANDS.

SUMMARY

This study aimed at increasing insight into the variation in physical and
physiological seed quality attributes within a soybean (Glycine rmax (L.) Merrill)
seed lot and on the relationships between them. Physical seed attributes were
obtained non-destructively by image analysis {area, perimeter, length, width,
shape-factor, eccentricity and spbhericity), weighing (weight) and visual
classification (coat etching, cracking, colour and wrinkling). Physiological seed
attributes were evaluated by electrical conductivity (EC) and tetrazolium (TZ) tests.
The coefficient of variation in EC was higher than in seed attributes measured by
image analysis or weighing. Almost 40% of the variation in EC could be explained
by the occurrence of seed cracking, differences in seed size and intensity of seed
wrinkling. Some seed attributes were related: seeds with coat etching and cracking

were larger than sound seeds, non-yellow seeds were smaller than yellow seeds,
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whereas seeds with both wrinkling and etching were rare. Different seed attributes
were evaluated as being important by EC and TZ tests. Seed size attributes were
not related to TZ test results, but influenced EC. Etching, cracking, colour and
wrinkling were related to TZ test results, but only cracking and wrinkling influenced
EC. By expressing EC on a seed area basis, the seed size and weight effects were

minimized and some effects of seed colour were observed.

INTRODUCTION

Substantial variation in physical and physiological seed quality and in plant
performance is commonly observed within and between commercial soybean seed
lots. Many researchers have studied the relationships between (a) physical seed
attributes and seed vigour (Risse, Misra, Knapp and Bern, 1991; Kuo, 1989;
Burchett, Schapaugh, Overley and Walter, 1985}, (b} seed vigour and crop
performance (Jones and Gamble, 1992; TeKrony, Bustamam, Egli and Pfeiffer,
1987), or (¢} physical seed attributes and crop performance (e.g., Kulik and
Yaklich, 1982; Vaughan, Bernard and Sinclair, 1989; Horlings, Gambie and
Shanmugasundaram, 1991} in order to estimate or to obtain tcols for improving
seed lot performance. Although progress in this field has been made since the
beginning of seed vigour testing, different studies on the relationships between
physical seed attributes and seed vigour tests or plant performance have produced
variable results. For example, relationships between seed size and germination,
seedling vigour or yield have been reported as being positive {Burris, Edje and
Wahab, 1973; Egli, TeKrony and Wiralaga, 1990; Wetzel, 1975}, negative (Hoy
and Gamble, 1985, 1987; Sung, 1992) or neutral {Singh, Tripathi and Negi, 1972).
The variation in outcome has been attributed to the array of methods used by
different researchers (Delouche, 1980) or to variation in the planting environment
{Ferris and Baker, 1290},

In our view, the relationships between physical seed attributes and seed
vigour or plant performance might also be better understood if the studies were

carried out on an individual seed basis taking into account the diversity in physical
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seed attributes. Apart from seed size, for instance, other seed attributes (e.g.,
etching, cracking, colour, etc} are also directly or indirectly involved in seed
performance {(McDonald Jr., 1985). According to Hampton and Coolbear {1990},
a greater understanding is needed on the variation in vigour within the population
of seeds that constitute a seed lot, given the complexity and the myriad of possible
interactions among the factors involved. Therefore, a research programme was
carried out to analyse the variation in physical seed attributes within soybean seed
lots and the relationships of these physical seed attributes with seed vigour, and
with plant and crop performances.

According to Baum and Bailey {1987}, by using image analysis, many
characteristics can be assessed in an accurate and reproducible way and a large
number of samples can be examined in a short time. In addition, image analysis has
been widely used for seed recognition (Berlage, Cooper and Carone, 1984}, seed
measuring (Paulsen, Wigger, Litchfield and Sinclair, 1989; Copper and Berlage,
1986) and soybean quality determination (Misra, Koerner and Shyy, 1989}, in our
studies, image analysis was used to measure simultaneously several physical seed
attributes.

The objectives of this paper were to characterize the variation in physical and
physiological seed attributes within a soybean seed lot; and to increase insight into

the relationships between them.

MATERIALS AND METHODS

Sampling and storage conditions.

Soybean seeds were sampled from cne seed lot of cv. IAS-b harvested in the State
of S8o Paulo, Brazil, in March 1982. They were processed in a local seed
processing unit and stored for 1 year at + 20 °C and 10% moisture content in
multi-paper bags. The seeds were sent to Wageningen, The Netherlands, and
stored at 5 °C with an 8% moisture content for 3 months. Seed samples were
randomly taken using a sample divider. One sample of 1500 seeds was used to

study variation in physical seed attributes and the relationships between them
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(sample 1}). Samples of 800 seeds were taken to determine: seed lot germination
(sample 2), seed lot health {sample 3), the relationships between physical
attributes and performance of seeds in tetrazolium (TZ; sample 4} and electrical

conductivity (EC; sample 5} tests.

Determination of seed size and seed shape parameters by image analysis.
Soybean seeds were placed in small cavities of a transparent plastic plate on an
ifumination table. They were oriented with the side of one of the cotyledons
towards the camera and the hilum in a horizontal position. A Sony CCD camera
Model XC 77 CE with a zoom lens (distance 120 cm, 1=22 aperture, zoom factor
70) was used to obtain the seed image. Background illumination was applied to
obtain high-contrast contours of the seeds with minimal ambient light and shading
effects. Anillustration of this set-up has been published by Van de Voaren and Van
der Heijden {1993). The image receording and processing were controlled by the
software package SCIL-Image (TNO, Delft, The Netherlands) using a SUN micro
computer running the UNIX operating system. The video signal from the camera
was digitized by a Data Translation frame-grabber into a two-dimensional array of
400 picture elements (pixels) in both directions (Fig. 1A). Each pixel was assigned
a grey value which represented the brightness of the image at that point in the
array, usually 256 levels, where Q is black and 255 is white. A linear interpolation
of the image with a factor of 1.08 was applied in the y-axis to obtain square
pixels.

A binary image was obtained by thresholding the grey level image. The
threshold level was determined by the isodata algorithm. This algorithm is an
iterative method based upon the grey level histogram of the image. The histogram
is split into two parts, the foreground pixels and the background pixels, assuming
an initial threshold value. Then the average values of the foreground and of the
background pixels are calculated and a new threshold value averaged between
these values. This process is repeated, based upon the new threshold estimate,
until the threshold value no longer changes (Anonymous, 1992). In this way, a
distinction was made between the seeds (pixel value 0} and the background {pixel
value 1); Figure 1B. The binary images of the seeds were eroded three times in

order to remove small objects {(background noise).
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Measurements and shape descriptors derived from image analysis.

The following attributes were obtained from each seed:

Area: The area of the seed was derived by counting the total number of pixels of
the projected area of the seed.

Perimeter: The perimeter length was computed as the length of the contour that
is described by the chain code (Vossepoel and Smeulders, 1982).

Length: The length of the seed was the major axis of an ellipse fitted to the
contour of the seed.

Width: The width of the seed was the minor axis of an ellipse fitted to the contour
of the seed.

Shape-factor: The perimeter squared divided by 4*M*area is a classical shape
attribute. Shape-factor has a minimum value of 1.0 for a circle.

Eccentricity: The eccentricity of the seed was estimated as the length divided by
the width.

Sphericity: The sphericity of the seed was regarded to be the ratio between the
minimum radius (distance between the center of mass and the nearest point on the
contour) and the maximum radius (distance between the center of mass and the
most remote point on the contour}. The sphericity has a value between 0.0 and

1.0; the value 1.0 is aobtained for a perfect circle.

Further non-destructive measurements.

After image analysis, the seeds were individually weighed and visually classified
according to the occurrence of coat etching, into non-etched or etched, and coat
cracking, into non-cracked or cracked, to the seed colour, into yellow, yellow-green
or green, and to the intensity of coat wrinkling. The following classes were used:
non-wrinkled, slightly wrinkled {wrinkle heights lower than 0.1 mm in a maximum
of 75% of the seed perimeter, or 0.1 -0.2 mmina maximum of 25% of the seed
perimeter), wrinkled {wrinkle heights lower than 0.1 mm in more than 75% of the
seed perimeter, or 0,1 - 0.2 mm in 25 - 75% of the seed perimeter, or higher than
0.2 mm in a maximum of 25% of the seed perimeter), or very wrinkled {wrinkle
heights 0.1 - 0.2 mm in more than 75% of the seed perimeter, or higher than 0.2

mm in more than 25% of the seed perimeter).
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Laboratory seed tests.
1. Standard germination test. A total of 600 seeds, divided into 24 replicates, were
tested between rolled moistened paper towels in a cahinet germinator at 25 °C.
Germinated seeds were recorded at the 5t and gth day according to procedures
outlined in the ISTA rules (International Seed Testing Assaociation, 1993},
2. Seed health test. The blotter test was conducted to determine fungal infection
in a 600 seed-sarnple. The seeds were surface sterilized for 1 minute in a 1%
solution of sodium hypochiorite and immediately afterwards rinsed in distilled
water. Then they were placed on three layers of moistened filter paper in plastic
germination boxes (15 x 21 x 3 cm}. Twenty four boxes, containing 25 seeds
each, were incubated for 7 days at 25 °C under 12 hours light per day.
3. Tetrazolium test. The TZ test was performed with 600 seeds. Preconditioning
was conducted by placing the seeds between moistened paper towels during 16
hours at 25 °C. Seeds were then individually placed into cells of plastic seed
soaking trays. They were covered by a 0.1% solution of 2,3,5-triphenyl-tetrazolium
chloride and incubated at 30 °C for 4 hours. The seeds were rinsed and stored in
cool tap water until individual seed evaluation. The seed coat was removed by
hand and a razor blade was used to cut the seeds longitudinally through the
embryonic axis,

The seed classification used in this study was based on the classification
published by Marcos Filho, Cicero and Silva {1987):
Class 1. Germinable, completely coloured seed (Class 1 of Marcos Filho et al.,
1987).
Class 2. Germinable, small not coloured areas in the cotyledons, but not in vital
parts (Classes 2 and 3 of Marcos Filho et al., 1987).
Class 3. Germinable, small not coloured areas in the radicle and in the cotyledons
{Class 4 of Marcos Filho et al., 1987).
Class 4. Non-germinable, not coloured area in the radicle or in the cotyledonary
knot or in the plumule {Classes 5-7 of Marcos Filho et al., 1987).
Class 5. Non-germinable, more than 50% of the cotyledonary and/or plumule area
not cotoured (Classes 8-12 of Marcos Filho et al., 1987).

4. Electrical Conductivity test. Six plastic seed soaking trays with 100 small cells
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each were used to place one seed per cell. Each cell was filled with 4 ml of
deionized water. During the imbibition period, the electrolyte leakage of the 600
individual seeds was measured at 1, 3, 5, 7, 10, 24, 27 and 30 hours with an
automatic seed analyser, model ASAC-1000 {Agro Sciences, Inc., Ann Arbor,
Michigan, USA). The current flow measurements, given in microamperes, were
made at 0.25 V at 20 °C.

Experimental analysis.

All seeds were arranged in a completely randomized design. Seed attributes
variation was determined by the coefficient of variation. Correlation, chi-square
goodness of fit test, multiple regression, analysis of variance and comparisons
between treatment means were applied as described by Snedecor and Cochran
{1989).

RESULTS

At the time of the measurements, the seeds had 90% germination {sample 2) and
were fungi free {sample 3).

The quantitative seed attributes and the seed conductivity values showed a
normal distribution. The average, maximum and minimum wvalues, and the
coefficient of variation of these seed attributes are presented in Table 1. Seed
weight and seed conductivity showed the highest coefficients of variation and seed
shape-factor the lowest. Of the qualitative seed attributes, wrinkling was the most
frequent. On average, 4.9% of the seeds were etched, 6.6% were cracked, 4.7%
were yellow-green or green, and 20.9% were wrinkled or very wrinkled.

The correlation coefficients, matrix of r values in Table 2, between the seed
attribute values obtained by weighing and image analysis showed that all size
attributes {area, perimeter, length, width} were highly positively correlated with
each other and with weight. Shape-factor and eccentricity were mutually positively
correlated and small values of both were associated with large values of sphericity.

Significant correlation coefficients between seed shape attributes (shape-factor,
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Table 1. Average, maximum, minimum and coefficient of variation observed for size,
weight and shape attributes {sample 1), and electrical conductivity at 24 hours (sample

5) of soybean seeds within a seed lot

Seed attribute Average Maximum  Minimum Coefficient
of variation
(%)
Area mm2 43.45 58.90  26.70 11.64
Perimeter mm 23.58 27.54 18.49 5.93
Length mm 7.95 9.83 6.12 6.45
Width mm 6.32 B.52 5.58 7.1
Weight mg 165.23 264.60 74.50 18.31
Shape-factor 1.02 1.08 1.00 1.11
Eccentricity 1.11 1.35 1.00 5.45
Sphericity 0.86 0.95 0.69 5.09
Conductivity pA 91.63 180.00 42.00 32.45
Conductivity/weight yA/mg 0.59 1.33 0.27 33.53
Conductivity/area ;.rA/mm2 214 4.25 1.01 30.43

eccentricity, sphericity) and seed size features were found, except between area
and sphericity. No significant correlations were detected hetween shape values and
weight, except between weight and sphericity.

Table 3 shows that etched, cracked or yellow seeds were larger and heavier
than non-etched, non-cracked or yellow-green seeds. Only differences in weight
between cracked and non-cracked seeds were not significant. No significant
difference in seed size, weight or shape was found between the non-wrinkled,
slightly wrinkted and wrinkled classes. The seeds in the very wrinkled class had the
smallest size, lowest weight and sphericity values and the highest eccentricity and

shape-factor values.
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Low chi-square values for coat etching versus both cracking and colour, and
for coat cracking versus both colour and wrinkling were found, meaning that these
seed attributes occurred independently of each other (Table 4}. Significant chi-
square values were acquired for both etching and colour versus wrinkling,
suggesting that the occurrence of one of these attributes may affect the
occurrence of the other.

Seeds in the distinct tetrazolium test classes did not differ in size, weight and
shape attributes, except in seed area that showed the smallest seeds in the fourth
class {Table 5).

Significant chi-square values were found for the TZ test classes versus
etching, cracking, colour and wrinkling (Table 6). A lower number of etched and
cracked seeds than expected in the germinable seed classes (1, 2, 3) and,
consequently, more etched and cracked seeds in the non-germinable seed classes
were observed. The most important coniributions to the chi-square value of
tetrazolium test versus seed coat colour were given by a lower number of yellow-
green seeds than expected in the third class, and by fewer yellow and more
yellow-green and green seeds in the fifth class. The classes with non-germinable
seeds contained more wrinkled and very wrinkled seeds than expected and the
classes with germinable seeds fewer (Table 6}.

Conductivity increased with increasing seed size and weight, but no
significant relationship was found between conductivity and seed shape attributes
{Table 7). No significant difference in conductivity was found during the entire
imbibition period between etched and non-etched seeds (Figure 2A). Electrolyte
leakage was greater from cracked seeds than from non-cracked seeds (Figure 2B).
Green seeds had a lower level of solute leakage than yellow or yellow-green seeds
after 1 hour of soaking but no significant difference was detected from 3 hours
onwards (Figure 2C). The results in Figure 2D indicate that conductivity increased
with increasing intensity of coat wrinkling.

The occurrence of cracking was the most important physical seed attribute
affecting conductivity, followed by size attributes (Table 8). Forward seiection of
the physical seed attributes revealed that the best simple model was obtained by

adding cracking, perimeter and wrinkling, which accounted for 38.9% of the
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Figure 2. Electrical conductivity of scybean seeds classified according to coat
etching (A), cracking (B), colour {C) and wrinkling (D). Points marked with the
same letter at a time were not different according to the T-test (P = 0.05).
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Table 8. Percentage of variance in electrical conductivity accounted for by single
physical seed attributes and forward selection {sample 5}.

Physical seed Variance in

attribute electrical
conductivity
per seed
accounted for

Variance in
electrical
conductivity per
mg of seed
accounted for

Variance in
electrical
conductivity per
mm2 of seed

accounted for

Percen-  Signi-

tage ficance

Area 13.4 # %%
Perimeter 13.7 il
Length 12.6 wrn
Width 9.5 xEx
Weight 7.5 EE
Shape-factor 1.6 Rl
Eccentricity - NS
Sphericity - NS
Etching -- NS
Cracking 24.6 i
Colour - NS
Wrinkling 7.4 %% %
Cracking + perimeter 32.6 el
Cracking + perimeter + 38.9 xEX

wrinkling

Percen-  Signi-

tage ficance
3.9 b
3.4 rre
1.6 ¥
4.6 ey
9.8 s
1.4 *x
1.4 *
1.7 A
- NS
16.7 ey
4.1 rE
8.1 e
73.9 e
324 e

Percen-  Signi-

tage ficance
- NS
NS
NS
- NS
0.4 NS
0.6 *
0.4 NS
0.5 NS
- NS
19.0 o
1.7 e
B.3 bl
19.7 bl
27.8 bl

a NS, *, ** and *** indicate statistically non-significant, significant at 0.01 < P

< 0.05, 0.001 = P < 0.01 and P < 0.001, respectively.

variance in conductivity, The addition of other physical seed attributes did not

improve the model significantly.
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Regression analysis showed that when conductivity was expressed on a seed
weight basis (#A/mg), the size effects on conductivity dropped to nearly 4% but
the weight effects increased to 9.8% (Table 8). Conductivity {#A/mg) decreased
with increasing seed size and weight. Re-expression of conductivity on a seed
perimeter basis reduced the size and weight effects {data not shown}, but by
expressing conductivity on a seed area basis (pA/mmZ), effects of seed size and
weight were minimized {Table 8}. Colour contributed to a small but significant part
of the variation observed in conductivity on a seed weight or area basis (Table 8).
Conductivity (@A/mg or ,uAfmmz] increased with increasing green colour in the

seeds.

DISCUSSION

Variation in seed attributes within the seed lot.

Although the seed samples were from a soybean seed lot ready to be
commercialized, a wide variation still existed in physical and physiological seed
attributes, exceptin seed shape-factor {Table 1). The lower coefficients of variation
for one-dimensional {e.g., perimeter, length} compared to two-dimensional size
attributes {e.g., area) appear logical. Similarly, a higher coefficient of variation in
weight compared to the size measurements was expected and observed. A similar
tendency can be found in the results of Sakai and Yonekawa (19291). The variation
in electrical conductivity was the greatest since it was not only affected by size
attributes, but also by other seed attributes, like cracking and wrinkling {Fig. 2B
and 2D, Table 8).

Relationships between physical seed attributes.

Seed area, perimeter and length were positively correlated with eccentricity while
a negative correlation between width and eccentricity was found {Table 2). This
suggests that the larger seeds grew more in length than in width. Table 2 also
confirms that the larger seeds were heavier. However, no significant carrelations

were found between weight and eccentricity. This might be dus to the higher
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variation in seed weight than in seed size (Table 1}.

The findings that seed size and weight were greater in seeds with an etched
coat (Table 3) are in accordance with Thomison, Kulik and Meorris (1989} and
Yaklich and Barla-Szabo (1993). According to McDonald Jr. {1985}, under
favourable temperature and moisture conditions, seed fill is rapid and large sized
soybeans are produced. In some instances, the growth of the enlarging embryo is
so rapid that it expands beyond the elastic capacity of the seed coat, tearing it and
producing seed coat etching.

Table 3 also suggests that large seeds were more prone to mechanical
damage than small seeds. Consistent with this, Nangju {1979} reported a
significant positive correlation between seed size and percentage of cracked seeds
across various cultivars. Apart from the few very wrinkled seeds that were smail,
light and deformed (shape values far from the sample mean), there were no
significant differences in size, weight or shape between seeds with different levels
of wrinkling. A clear relation between seed weight and proportion of wrinkled
seeds was also not found by Nangju {1979}. The smaller size and weight of yellow-
green compared to yellow seeds could possibly be explained by differences in seed
maturity.

The dependence between coat etching and wrinkling (Table 4), showed that
among non-etched seeds wrinkling was more frequent than among etched seeds.
This appears plausible since the occurrence and intensity of seed coat etching and
wrinkling could be inversely affected by the seed coat elasticity. The high chi-
square value between colour and wrinkling {Table 4) was mostly obtained due to
two very wrinkled yellow-green seeds. Therefore, it does not actually express a

trend in the relation between these attributes within this seed lot.

‘Relationships between physical seed attributes and seed tests.

The data in Table 5 suggest that soybean seed viability and vigour, as measured
in the tetrazolium test, were not related to seed size, weight and shape. Johnson
and Wax (1978} also reported a lack of significant carrelation between soybean
seed size and tetrazolium test results across seed lots. However, the tetrazolium

test showed that among the seeds in the fifth class (non-germinable), more etched,
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cracked and non-yellow seeds were found than expected (Table 6). Therefore,
these attributes may help to explain the variation in quality within soybean seed
lots.

The extent of cellular membrane disorganization may have direct bearing on
seed quality and it can usually be estimated by the magnitude of solute leakage
into seed steep water {Pandey, 1992). However, different factors may affect the
permeability of the membranes and/or the total amount of solute leakage. Our data
{Table 7) support the results of Tao (1978), McDonald Jr. and Wilson {1979} and
Loeffler {1981), that seed size is one of the factors that affects conductivity.
However, only 13% of the variation in conductivity was accounted for by seed
area (Table 8). Loefiler, TeKrony and Egli (1988) stated that the effects of seed
size in conductivity can be eliminated by weighing the seed prior to testing and
expressing conductivity on a weight basis. However, Table 8 clearly shows that
this procedure wiil not eliminate seed size or weight effects on conductivity. Our
results suggest that by expressing conductivity on a seed weight basis {(uA/mg),
the quality of iarge seeds will be overgstimated since conductivity decreased with
tncreasing seed weight. Alternatively, when conductivity was expressed on a
projected seed area basis (,uA/mmz), seed size and weight did not significantly
contribute to the variation in conductivity (Table B).

Surprisingly, no difference in conductivity was found between etched and
non-etched seeds {Figure 2A). Thomison et al. {1989} found that electrolyte
leakage was 16 to 26% greater in eiched seeds compared to normal seeds. Schiub
and Schmitthenner (1978} studied the colonization of etched coat by seed
pathogens and observed no differences of exudation of soluble carbohydrates and
amino acids in etched seeds compared to non-etched seeds. The reasons for this
discrepancy remain unknown.

The severity of the damage caused by cracking on soybean seed quality can
be easily detected by electrical conductivity after a short imbibition time (Figure
2B). Seed colour seemed not 1o be related 1o electrolyte leakage {Figure 2C), but
vellow seeds were heavier than yellow-green seeds (Table 3}, which may have
masked a higher leakage. This is supported by the fact that EC on a seed weight

or area basis increased with increasing green colour in the seeds (Table 8).
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Iimplications.

Our results have shown that tetrazolium and conductivity tests evaluate different
seed quality attributes. While the tetrazolium test was a useful tool for detecting
etched, cracked, non-yellow and wrinkled seeds, the electrical conductivity test
detected cracked and wrinkled seeds only. By contrast, tetrazolium test results did
not appear to depend on seed size or weight, hut electrical conductivity was higher
for larger and heavier seeds. This study also revealed that by expressing
conductivity on a seed area basis, the size and weight effects on conductivity were
minimized. Whether those values will or will not be correlated to seed viability and
vigour remains for further investigation.

The apparent discrepancies between test results could be attributed to the
fact that some seed attributes were related. For instance, non-yellow seeds were
smaller than yellow seeds. The small size of non-yellow seeds probably nullified a
higher conductivity. On the other hand, this study has shown that size or weight
of single seeds only explained a small percentage of the variation in electrical
conductivity.

Finally, the considerable variation in physical and physiological seed attributes
within the commercial seed lot studied enabled us to carry on the studies on the

relationships of these seed attributes with plant performance.
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