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ABSTRACT : Pod shape of twenty soybean (Glycine max
L. Merrill) genotypes was evaluated quantitatively by
image analysis using elliptic Fourier descriptors and their
principal components. The closed contour of each pod
projection was extracted, and 80 elliptic Fourier coeffi-
cients were calculated for each contour. The Fourier coef-
ficients were standardized so that they were invariant of
size, rotation, shift, and chain code starting point. Then,
the principal components on the standardized Fourier
coefficients were evaluated. The cumulative contribution
at the fifth principal component was higher than 95%,
indicating that the first, second, third, fourth, and fifth
principal components represented the aspect ratio of the
pod, the location of the pod centroid, the sharpness of the
two pod tips and the roundness of the base in the pod con-
tour, respectively. Analysis of variance revealed significant
genotypic differences in these principal components and
seed number per pod. As the principal components for
pod shape varied continuously, pod shape might be
controlled by polygenes. It was concluded that principal
component scores based on elliptic Fourier descriptors
yield seemed to be useful in quantitative parameters not
only for evaluating soybean pod shape in a soybean
breeding program but also for describing pod shape for
evaluating soybean germplasm.

Keywords: Glycine max, soybean, pod shape, elliptic Founier
descriptors, principal component analysis (PCA).

anation in shape has always been an important means

of distinguishing individuals. As quantity and quality

of crop products are always affected directly or indirectly by

crop organs, these phyto-organ shapes are important target

for crop improvement. Pod shape was suggested to be one

of the important descriptors for evaluating soybean genetic
resources (IPGR1, 1998; USDA, 2001).

The agronomic traits are always considered the main cri-

teria for selecting parent materials to make crosses with high

yield or resistance to insect or disease. However, pod shape
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has less attention in soybean breeding program. Therefore,
soybean pod shape and systematic relation between shape
and agronomic traits have not been clear yet.

Quantitative evaluation of contour shape is often 1mpor-
tant in morphological analysis. Contour shape has been
evaluated in several different ways such as length of a con-
tour, moments of a contour region, and Fourier descriptors.
Among those methods, a series of Fourter descriptors was
thought to be efficient (Bierbaum & Ferson, 1986; Book-
stein et al., 1982; Diaz et al., 1989, Ehrlich ef al., 1983; Fer-
son et al., 1985; Rohlf & Archie, 1984; White et al., 1983),
as those methods were good at directly representing contour
shape itself.

The common features of the Fourier methods are to
express a contour by some periodical function(s), to expand
the function(s) by Fourier series expansion and to represent
the contour shape by Founer coefficients. The elliptic Fou-
rier descriptor is one of those Fourter descriptors (Giardina
& Kuhl 1977; Granlund, 1972; Kuhl & Giardina, 1982). As
explamed precisely later, elliptic Fourier method uses the
periodical vanation of x and y coordinates of a mass point
that moves on a contour at the same speed. The elliptic Fou-
rier method has been used in morphological analyses (Rohlf
& Archie, 1984; Ferson er al., 1985, Bierbaum & Ferson,
1986; White et al., 1988; Diaz et al., 1989).

The digital image analysis has been applied for seed discrim-
mnation (Keefe & Draper, 1986; Neuman et al., 1987; Myers &
Edsall, 1989). Recently, Furuta et al. (1995) successfully eval-
uated soybean leaflet shape quantitatively by principal compo-
nent scores based on the elliptic Fourier descriptor. Following
this study, preliminary applications for buckwheat kernel
shape analysis were also carried out for both common buck-
wheat and tartary buckwheat (Ninomiya et al., 1995; Yoshida
et al., 1995). It was revealed that principal component analysis
based on the elliptic Founer descriptor was able to classify
buckwheat cultivars/strains, and was also practically useful for
analysis of buckwheat kernel shape.

In this study, the elliptic Fourier method for developing
quantitative measures was used to evaluate soybean pod
shape, because soybean pod shape is one of important factors
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determining seed shape and seed size. The objective of this
study is to test the applicability of elliptic Fourier method for
evaluating genetic diversity of pod shape in soybean.

MATERIALS AND METHODS
Plant materials

Nineteen soybean local collections from different regions,
which were kindly providled by Gene Bank, Rural
Development Admmistration i Korea and one recommended
soybean variety, Sinpaldalkong 2, were used for this study
(Table 1). Soybean seeds were sown on May 31, 2003 and
harvested 1n October, 2003. Each variety was planted 1n a sin-
gle two-meter row with 60 cm between rows and 15 cm
between plants. Two seeds were sown per hole.

Agronomic traits, yield and yield components were
determined. Measurements were recorded as the average
from five representative plants of each variety selected
randomly. In addition, morphological traits such as seed
coat, hilum color, were recorded, and seed and pod shapes
were photographed by digital camera Olympus D550.

Image processing and contour recording

In order to evaluate pod shape, twelve mature pods for
each variety were examined by image analysis. These typi-
cal pods were selected at random from each variety. After
harvesting all plants, images of pod and seed were directly
taken by digital camera (Camedia Olympus D550, Olympus
America Incorporation) with the 45-centimeter fixed dis-
tance from objects to camera. Each digital image has 640 x
480 spatial resolution and 8-bit quantization (256 gray lev-
els), and then images were transferred into the computer.

To process images, two different types of software were
used. The PhotoImpact Bundle 5.0 (Ulead Systems Incor-
poration) 1s used to adjust contrast and categorize types of
pod such as one-seeded, two-seeded, or three-seeded pods.
SHAPE analysis package (Iwata, 2002) was used to analyze
pod shape.

Elliptic Fourier descriptors

Pod shape of twenty local cultivars was analyzed by ellip-
tic Fourier descriptors method. The coefficients of elliptic
Fourier descriptors are calculated by the discrete Fourier
transformation of chain-coded contours according to the
method by Kuhl & Giardina (1982) with the following main
steps: A contour of the digitized shapes can be represented
as a sequence of the x- and y- coordinates of ordered points
measured contour-clockwise from an arbitrary starting

pomt. Assuming that the contour between two adjacent
points is linearly mterpolated, and the length of the linear
segment between the (1 — 1)th and the ith ponts 1s Art,, then
the length of the contour from starting point to the pth point
s A=, 5 | A, and the penimeter of the contour is T = ¢,
where K 15 the total number of the points on the contour The
Kth point 1s equivalent to the starting point. The x- coordi-
nate of the pth pomt is x,= ", P | Ax,, where Ax, is the dis-
placement along the x- axis of the contour between the (I —
1) th and th points. Then, elliptic Fourier expansion of the
sequences of the x - coordinates gives

h 2nmt 2nmt
X, = Xppyt Z(ancos T"+bnsm Tp)
n=1

where
K Ax 2nmt 2nmt
a,= Z 22 —ﬁ(cos - Z_cos Tpfl)
2n°m" T T
p=
and
K Ax 2nmt 2nmt
bnz%zxf(sm Tp—sm p_l)
2n'w =1 tp

In the above equation, X, is the coordinate of the center
point, and n 1s the harmonic number of the coefficients (a,
and b,). The coefficient values for the y- coordinates, ¢, and
d,, are found in the same way.

The coefficients of elliptic Fourier descriptors can be
mathematically normalized to be invariant to size, rotation
and starting point of the contour trace. In SHAPE, the coef-
ficients can be normalized using two types of procedures;
one based on the ellipse of the first harmonic and the other
based on the longest radius. For more detailed mformation
about the normalization, see Kuhl & Giardina (1982).

Data analysis

Agronomic traits, yield, and yield components were deter-
mined as average values of five plant samples for each
genotype. Principal component analysis of pod shape and
redrawing pod shape were conducted by SHAPE analysis
package (Iwata, 2002). Dendrogram of 20 genotypes was
constructed by the unweighted pair-group method using arith-
metic averages as described by Sneath & Sokal (1973) and
drawing using STATISTICA 6.0 software (Jaccard, 1908).

RESULTS
Agronomic traits

Agronomic characters of twenty soybean genotypes were
presented (Table 1). Days to flowering ranged from 49 days
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Table 1. Agronomuc traits of twenty soybean genotypes.

KOREAN J. CROP SCI, VOL, 50(1), 2005

Genotype Days to flowering Maturity Branch One+two seeded pod Three seeded pod Ratio
(days) (days) number (A) (B) (A/B)

IT102668 60 140 713 138 8 171
IT108886 53 133 505 57 2 29.1
IT101280 55 136 8x17 221 6 37:1
IT104411 70 150 511 100 4 251
IT104535 56 135 6+0.8 87 1 87:1
IT104554 56 134 6+08 40 3 13:1
IT141548 53 131 6038 38 0 381
IT141594 69 144 4+10 75 4 191
IT100826 70 147 7+08 123 4 311
IT113446 78 156 8x11 127 7 18:1
IT113141 69 143 717 127 9 14:1
1T103906 70 157 4x1.1 44 10 4:1
IT101075 71 159 4x17 51 12 41
IT100914 51 148 7+08 67 3 22:1
IT104704 59 149 8§+08 86 23 4:1
IT103788 68 146 711 58 12 5:1
IT105686 67 147 8+19 73 9 8:1
IT100804 53 131 8x1.1 78 5 16:1
IT108810 58 151 5+07 30 1 301
Sinpaldalkong 2 49 140 507 50 22 2.1

Mean 62 144 6 84 7 2:1-871
CV (%) 1375 602 2314 54.89 87.11

to 78 days, and four soybean genotypes (Sinpaldalkong 2,
IT100914, IT141548, and IT108886) were characterized
with early flowering. There was also significant difference
among soybean genotypes 1 other characteristics such as
maturity, one plus two-seeded pod, and three-seeded pod
number. There were six soybean genotypes with earlier
maturity than Sinpaldalkong 2 that were IT108886,
IT101280, IT104535, IT104554, IT141548, and IT100804.

The number of one-seeded plus two-seeded pod and
three-seeded pod 1s quite different among genotypes. These
traits showed wide vanation (Table 1). Significant correla-
tion was observed between number of branches and pod
number (r = 0.61%). Pod number and the ratio between the
one-seeded plus two-seeded pod and three-seeded pod seem
to be controlled by genetic traits but were also influenced by
cultural practices such as plant spacing.

Table 2 indicated genotypic differences in yield and yield
components . IT104704, IT113141, and IT100914 showed
high plant yield, as compared with Sinpaldalkong 2. Gener-
ally, large seed size and great number of seeds per unit area
resulted 1n the high plant yield.

In soybean, a pod may contain from one to five seeds, but
1 most common cultivars they usually have two or three
seeds per pod However, a few of them have four or five-
seeded pod. There was genotypic variation m the ratio
between one and two-seeded pods and three-seeded pod
(Table 1). The more pod number, the higher ratio especially
in late maturing genotype.

Principal Component Analysis

Soybean pod shape can be evaluated mainly by human
visual judgment and categorical classifications based on
rough estimate. Fig. 1 indicated the genetic diversity in typi-
cal pod shape collected from different regions. Of specific
interest was that Sinpadalkong 2, one of the recommended
soybean varieties in Korea rather than soybean collections,
has four-seeded pod. This indicated that soybean breeder
selected higher number of seeds per pod in formal breeding
programs for 1mproved soybean cultivars.

There was wide variation in soybean pod shape (Fig. 1).
The mean pod shape of each variety was drawn using the
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Table 2. Yield and yield components of twenty soybean genotypes.

Genotype Seed nunzlber 100-seed weight ~ Plant yield
per m (2) (g/ five plants)

IT102668 4951 +24 155+05 119
IT108886 2109 + 80 559=+1.1 192
1T101280 7770 + 105 145+1.3 172
IT104411 3641 +27 16.8 1.1 105
IT104535 2797 +73 383+14 231
IT104554 1465 + 169 405=+15 241
IT141548 1110 £ 37 345+15 73
IT141594 2197+72 173+12 91
IT100826 4154 + 67 16.7+1.4 119
IT113446 4640 + 94 15.1+0.8 191
IT113141 4862 £ 52 27615 257
IT103906 2197 +51 146+14 128
IT101075 2531+99 235+19 182
IT100914 2620 + 141 31621 257
IT104704 4462 + 168 363+ 1.7 273
IT103788 2731+143 315+22 162
IT105686 3086 £ 118 27815 183
IT100804 2864 + 165 222+20 109
IT108810 999 + 199 267+15 52
Sinpaldalkong 2 3241 +127 251%17 133
Mean 3251 26.6 164
CV (%) 485 4095 399

i Q)

mean values of the standardized Fourier coefficients (Fig.
2). Then, the principal component analysis was made with
the covarlance matrix of the standardized Fourier coeffi-
cients by SHAPE analysis package (Iwata, 2002).

Elliptic Fourier coefficients were inversely estimated for
the case that the score at a principal component took value
of + 2s (standard deviation of the scores at the principal
component) while the scores for the remaining principal
components were kept zero (Notice that the mean value of
the scores at each principal component equals zero). This is
a problem of solving a simultaneous equation if the Eigen
vectors obtained in the above principal component analysis
are given.

Then, we could visually recognize the relationship
between each principal component and the pod shape by
redrawing the contour with the estimated coefficients for the
corresponding principal component (Fig. 2). The first princi-
pal component represents the aspect ratio of the pod shape.
This can be simply explained by the fact that the element of
the Eigen vector for d,** at the first principal component
was outstanding large, because d,** represents the relative
length of the minor axis to the major axis of the first har-
monic ellipse. That is, the first principal component scores
is, somehow, equivalent to the pod shape index (aspect ratio
of pods). The second principal component score represent
the location of the centroid of pods along the mudrib. The
third and fourth principal component scores represent the
straightness or distortion of pod shape. A principal compo-
nent was thought to be independent of any other principal
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Fig. 1. Typical pod shape of twenty soybean genotypes.
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(1, IT102668, 2, IT108886, 3; IT101280, 4, IT104411, 5; IT104535, 6, IT104554, 7; IT141548, 8; IT1415%94, 9, IT100826, 10,
IT113446, 11, IT113141, 12; IT103906, 13, IT101075, 14; IT100914, 15; IT104704, 16, IT103788, 17, IT105686, 18; IT100804,

19; IT1088109, 20; Sinpaldalkong 2)
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One-seeded Two-seeded Three-seeded
PC1 PCA1 PC1
68 17% T 91230 = 9175%
PC2 PC2 PC2
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PC3 PC3 PC3
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PC4 PC4 PC4
PC5 PC5 PC5
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Fig. 2. Each column shows pod contour shape drawn using the Founer coefficients estimated under principal component score (+2s,—2 s,
and zero); and the redrawings of pod shape. 1 column for one-seeded, 2" for two-seeded, and 3™ for three-seeded pod

Table 3. Principal component analysis of one-seeded, two-seeded,
and three-seeded pod using standardized Fourner

coefficients.
Principal Cumulative of pod types (%)
Component  QOpe-seeded Two-seeded  Three-seeded
Farst 68.2 91.2 91.7
Second 85.8 93.8 94.5
Third 90.3 954 960
Fourth 93.6 96.3 97.1
Fifth 95.2 96.9 97.6

component. As the cumulative contribution at the fifth prin-
cipal component was over 95%, the first five principal com-
ponents were considered as significant for this study.

Table 3 shows the result of principal component analysis.
The contributions of first, second, third, fourth and fifth
principal components to the whole variation of pod shape
were 0.9523 in one-seeded pod, 0.9693 in two-seeded pod,
and 0.9761 in three-seeded pod. That is, the first five princi-
pal components can together explain for more than 95% of
total shape variation of pod shape.

We were able to visually recognize the relationship
between each principal component and pod shape by
redrawing the contour with estimated coefficients for the
corresponding principal component (Fig. 2). From these

results, we are able to discriminate soybean genotypes based
on the pod shape.

Cluster analysis

Cluster analysis was performed using UPGMA method
based on the principal component scores (Fig. 3). Appar-
ently, soybean genotypes are classified into four clusters.
Cluster I involved three soybean genotypes with long two-
seeded pod shape, with maturity over three months, with
high branching, with high number of seeds and large seed
size (26 -27 g per 100 seed). Cluster II consisted of six
soybean genotypes having same shape in one and three-
seeded pod, plenty of branch number, late flowering and
maturity. Cluster III was characterized with large size of
three-seeded pod shape, late matunity (over three months),
relative high plant seed yield. Cluster IV included six
soybean genotypes that showed the same size of two and
three seeded pod shape, early flowering time (before two
months after sowing), high number of branches and seeds. It
is suggested that pod shape can be used as a qualitative
marker to identify and classify varieties.

DISCUSSION

Founer descriptor was applied extensively for morpholog-
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Fig. 3. The dendrogram of twenty soybean genotypes differentiated by using principal component scores of three pod types.
(1; 1IT102668, 2; IT108886, 3; IT101280, 4; IT104411, 5; IT104535, 6; IT104554, 7, IT141548, 8, IT141594, 9; IT100826, 10;
IT113446, 11,1T113141, 12; IT103906, 13; IT101075, 14; IT100914, 15; IT104704, 16; IT103788, 17, IT105686, 18; IT100804,

19; IT1088109, 20, Sinpaldalkong 2)

ical analysis. In fact, Fourier descriptor has been a powerful
method to describe the biological contour shape. It has been,
however, very difficult to understand the morphological
meanings of the Fourier coefficient, because there are usu-
ally too many coefficients to be considered at once and it is
almost impossible to understand the effect of each coeffi-
cient on shape. In this study, it was found that the first five
principal component scores represented more than 95% of
the soybean pod shape expressed by 77 Fourier coefficients.
Moreover, the effect of each principal component on the
shape by redrawing the contours with the Fourier coeffi-
cients can be estimated for the cases that the principal com-
ponent score took some typical values. That is, we could
successfully partition the shape information of soybean pod
into only a few quantitative variables (principal compo-
nents) that were independent of each other and each of
which represented the visually recognizable feature of the
soybean pod shape.

The analysis of variance and multiple comparisons indi-
cated the large genotypic difterences in the first, the second,
and the fifth principal components. Because the variations
of those principal components were continuous, the effects
of the polygenes for the shape were also suggested.

Finally, the features of principal components are fully
data-dependent. That is, the shape features represented by
each principal component in this study may vary in different

data sets. This is theoretically unavoidable. To overcome
this problem, we have to select a data set that contains as
large variation of pod shape as possible. For example, the
development of a database for the standardized Fourier coef-
ficients of soybean pods can be strongly suggested. When-
ever a new data set is available, the data set should be added
to the database and should be subject to a principal compo-
nent analysis using the whole data set in the database repeat-
edly, so that the above problem gets solved gradually as
database grows.
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