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Using a computer-aided imaging system, the seed morphometric and colorimetric fea-
tures of Astragalus terraccianoi, A. tegulensis and A. thermensis — all belonging to
Astragalus sect. Melanocercis — were measured and analysed. The results confirmed
differences between A. terraccianoi and A. tegulensis, as well as the validity of A.
tegulensis. Differences between the Corsican and Sardinian populations of A. ferrac-

cianoi were also found.

Introduction

The genus Astragalus (Fabaceae) comprises at
least 2300 species (largely based on currently
accepted names in Podlech 1999) and perhaps
up to 2500 species in some 245 sections (Lewis
et al. 2005). The main speciation centre of this
genus is in Turkey, Iran and Afghanistan, with
ca. 1200 species in the Middle East, SW Asia
and the Sino-Himalayan region to W China
(Lewis et al. 2005).

The studied species Astragalus terraccianoi
and A. tegulensis belong to Astragalus subgen.
Cercidothrix sect. Melanocercis (Chater 1968,
Chamberlain & Matthews 1969) because of their
spiny suffruticous habit, mediafixed black-and-
white hairs, imparipinnate leaves with spine-like
rachis, stipules adnate to the petiole, flowers

in racemes, tubular calyx, and legume exceed-
ing the calyx. Astragalus tragacantha and the
closely related A. balearicus and A. thermensis
are also included in this section (Podlech 2008,
Bacchetta & Brullo 2010). Astragalus terrac-
cianoi and A. tegulensis are closely related,
and Bacchetta and Brullo (2010) have recently
identified a south-Sardinian population of A. fer-
raccianoi as belonging to a new species A. tegu-
lensis. Therefore, A. terraccianoi is endemic to
the NW part of Sardinia and southern Corsica, A.
tegulensis is known from only one population in
SW Sardinia (Bacchetta & Brullo 2010), and A.
thermensis is endemic to N Sardinia (Valsecchi
1994, Giardina et al. 2007) (Fig. 1).

Using seed-image analysis techniques, Bac-
chetta et al. (2008) were able to confirm the
taxonomic distance between A. terraccianoi
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Fig. 1. Distribution of Astragalus tegulensis, A. terrac-
cianoi and A. thermensis populations in Sardinia and
Corsica. The study populations are encircled.

and A. thermensis (86.8% of correct classifica-
tion). With the same techniques, Mattana et al.
(2008) achieved 100% correct classification for
Astragalus verrucosus and A. maritimus, subgen.
Trimeniaeus endemic to Sulcis-Iglesiente (SW
Sardinia). Hence, this approach seems appropri-
ate for comparative taxonomic studies within the
genus Astragalus.

The aims of this work were: (1) to ana-
lyze taxonomic distances among A. thermensis,

A. terraccianoi and A. tegulensis, representing
all the Sardinian species of Astragalus sect.
Melanocercis, (2) to verify the validity of the
new species proposed by Bacchetta and Brullo
(2010), and (3) to analyze variability among
populations of A. terraccianoi.

Material and methods

The images of six seed samples obtained from
the five Sardinian populations and one Corsi-
can population (a total of 539 seeds) (Fig. 1
and Table 1) were acquired following Bacchetta
et al. (2008). The seed samples were scanned
using a flatbed scanner (Epson GT-15000) with
a resolution set at 200 dpi and a scanning area
not exceeding 1024 x 1024 pixels. Following
Venora et al. (2009a), before the seed images
were acquired, the scanner was colour-calibrated
using the Shahin and Symons (2003) protocol
i.e., after scanning a Q60 Kodak Input Colour
Target a Look Up Table was created that allowed
to match a colour profile of any new scanned
image to the standardized reference.

To prevent any artificial variation in seed
size, shape or colour, the seeds were scanned
before drying (at 15 °C to 15% RH) for long
term conservation. When the original accession
consisted of more than 100 seeds, subsamples of
100 seeds were used for the digital image analy-
sis, otherwise, the analysis was caried out on the
whole batch. The digital images were captured
and analysed using the software package KS-400
ver. 3.0 (Carl Zeiss, Vision, Oberkochen, Ger-
many). A computer macro specifically developed
for characterization of wild seeds (Bacchetta et
al. 2008) and later modified by adding 20 new

Table 1. Studied accessions of Astragalus species from Corsica and Sardinia.

Species Accession Locality Altitude Coordinates
code (ma.s.l)
A. terraccianoi  179/06  Capo Pertusato, Bonifacio, Ajaccio (Corsica) 73 41°22.678°N, 9°10.731°E
259/06 Cala della Barca, Alghero, Sassari (Sardinia) 45 40°36.355'N, 8°09.062'E
268/06  Punta Falcone, Stintino, Sassari (Sardinia) 37 40°57.969°N, 8°12.189'E
A. thermensis 197/06 Badesi mare, Badesi, Sassari (Sardinia) 5 40°58.448°N, 8°51.245'E
199/06 Foci del Coghinas, Badesi, Sassari (Sardinia) 11 40°56.336°N, 8°49.040'E
A. tegulensis 138/06  Capo Teulada, Teulada, Cagliari (Sardinia) 3 38°53.750°N, 8°38.607 E
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seed morpho-colorimetric features (Mattana et
al. 2008), was used to measure the seed size
(area, perimeter and diameter of the seed pro-
jection), shape (shape, roundness and circular
geometrical descriptors of the seed projection),
colour (red, green, blue, hue, lightness and satu-
ration values of the seed surface pixels and their
relative dispersion values) and density. The rela-
tive dispersion values of the colour and density
parameters were calculated for each seed in the
batch. In addition, the mean seed weight of each
accession was determined by weighing ten times
20 seeds (precision 0.0001 g) and included in
the analysis to further increase its discriminant
power (for the list of all variables see Appendix).

The resulting data were statistically analysed
using the stepwise linear discriminant analysis
(LDA) — included in the SPSS (release 15)
software package (SPSS 1999) — which is com-
monly used to classify/identify unknown groups
characterized by quantitative and qualitative
variables (Fisher 1936, 1940). To find the best
features for seed identification using this pro-
cedure, tolerance, F-to-enter and F-to-remove
were calculated for each measured feature (see
Appendix). Tolerance indicates the proportion
of a variable variance not accounted for by other
independent variables. A variable with very low
tolerance contributes little to the model. F-to-
enter and F-to-remove define the power of each
variable in the model. Stepwise LDA starts with
a model that does not include any of the vari-
ables. At each step, a variable with the F-to-enter
value = 3.84 is added to the model. The variables
whose F' < 3.84 after the last step are left out
of the model. The process was automatically
stopped when no remaining variables increased
the discrimination ability (Bacchetta et al. 2011,
Grillo et al. 2011).

A cross-validation procedure was applied to
verify the performance of the obtained classifiers.
This method, when applied to small data sets,
analyzes the individual data points and classifies
them in relation to all other points (SPSS 1999).
To graphically highlight the differences among
groups, a multidimensional plot was drawn using
the two available discriminant functions (Fisher
1936, 1940) and the Mahalanobis distance
(Mahalanobis 1936), a measure between two
data points in the space defined by two or more

discriminant functions; a higher value indicates
that a particular case includes extreme values for
one or more independent variables, and can be
considered dissimilar to other cases (Bacchetta et
al. 2008, Venora et al. 2009b).

Results

Using stepwise LDA, of the 34 variables 18 were
found best for seed identification (Table 2). The
principal discriminating features were colori-
metric and densitometric, even though the first
parameter selected by the model on the basis
of its discriminatory power was the mean seed
weight (SW), which was also the parameter with
the highest F-to-remove value (Table 2).

A cross-validation procedure indicated that
using the selected set of variables, 99.8% of the
samples were correctly classified (Table 3 and
Fig.2). Only one seed of A. terraccianoi was mis-
identified as A. thermensis, but no A. thermensis
and A. regulensis seeds were misclassified.

To evaluate the inter-population variability
in A. terraccianoi, the seeds of the three inves-
tigated populations (Fig. 1) were also analysed
giving an identification score of 92.5%, with the
Corsican population differing from the Sardinian
ones (Table 4 and Fig. 3).

Conclusions

The differences between A. terraccianoi and A.
tegulensis previously suggested by Bacchetta
and Brullo (2010) were confirmed by the results.
Astragalus tegulensis was supported as a dis-
tinct species from Sardinia in Astragalus sect.
Melanocercis. The comparison of the seed fea-
tures of these two species with those of A. ther-
mensis confirmed the differences as previously
suggested by Valsecchi (1994). The Corsican
population of A. terraccianoi is well defined not
only geographically but also by the morphomet-
ric and colorimetric seed characters, while the
two Sardinian populations, although distinguish-
able, are not sufficiently isolated or geographi-
cally separated to introduce clear phenotypic dif-
ferences, or perhaps they are not two genetically
distinct populations.



ANN.BOT.FENNICI Vol. 48

Bacchetta et al.

452

¥80°0 €/6°85 GE9'0 €1000°0 9€500°0 200000 2rv00°0 250000 G6E00°0 MS
€€0°0 02vy'se ¥00°0 62'92hY6 1 91°'95v62LY ¥9' 769916 2€'285€20% 86'891€00+ 62°9v9980¢  (“"@)z
€€0°0 06522 200°0 10'8.€8 09'GE6LE 0S'00S¥ L7'85982 2¥'2608 €1'99/€2 ““a
2€0°0 0EY'El L€2°0 0€0 €L 810 €2'G 120 80°'G 3
LEO0 109°2 0150 L08LL0°0 1982100 196100°0 9002100 9212000 82ELL00 H
- - - 1568 €6'801 L0'€9 85'L€E 21’99 0S'¥¥ Y
- - - or's 858 vy 1172 AR 90y S
2€0°0 9e8°01 600°0 vigk 1879 1SS 1029 1871 €515 g_mm
LEO0 61G°G 0100 8671 91’101 982 GO'L0L an 8216 a
¥€0°0 vhLLE G50°0 yL'GL 19l ¥9'9 zese ¥5'8 95'62 e__“m
- - - 8eee 69°2El Ge9l Rl ve'l2 €SPLL S
- - - or'e 98'/2 v/ 2592 S0'Y SEe g_w
- - - 9zel 60°9vL vL0k oL'eet vELL 2LLEL 7
¥€0°0 €851 192°0 506 €5 /L 1092 geve ¥S'GL 9961 e_Mm
- - - vSe LLve 59'6 12'se 6€'S 85'1e H
2€0°0 0L'eh 8/2°0 oL'e 9G Lt A 0e'ze ¥9'9 v.'€2 g_um
€500 G99'681 9/1°0 €8, 1886 609 S0vL 19°6 9616 g
2€0°0 126'6 6€2°0 067 80°€e €6y oL'€e 891 v8'/2 ,.;_Mc
6€0°0 gLroL 900 gepL L6161 8e Ll L1562t 9/gL reset [5)
- - - 02'S L6'6E 19y 6592 68'L 1¥'82 s_mm
- - - 228t L6'E6L 8y'Gl 60°€61 So'8t Y0 ¥81 Y
- - - 60°0 S0'L 100 660 0L'0 860 "y3
2€0°0 6E2°Cl 2100 91’0 €51 91’0 8’| 510 €1 *“y3
- - - 120 2se €10 ore 810 0ge po3
LE00 679'G 9€0°0 S0'0 G9'0 L0°0 G9'0 100 190 fit]
LE00 868'C viv0 €00 160 ¥0°0 68°0 €0°0 160 IS
- - - 900 WA 600 690 800 WAL ara
L€00 L9E'S 6200 810 022 GL0 902 020 €02 "“a
LEO0 0LLY 900°0 L0 2Le 82°0 00'€ /20 28¢ ““a
- - - L0'0 €01 L0'0 €01 L0'0 €0t ol %d
- - - 2L0 '8 ¥5°0 162 €9°0 85/ o
- - - 120 Gs'8 250 618 290 08’2 "
- - - 9.0 9,8 150 178 190 00’8 d
- - - 280 L0'S 150 (e 99°0 9Ly v
as ues|py as ues|y as ues|py
y anowsl
SYIM 014 20URIS|0] sisuswiidy} 'y sisusinbaj} 'y ouelooeLIg] Y ainjea

‘(xipuaddy 88s suoniullep pue suoneIAsIqge 8injes) 8y} Joy) sisA[eur JuBUILILIOSIP Jeaul| asImdals 8y} JO Saj0A0 gg Joye (8oe)p|oq ul) sainyes) palos|es
g1 8y} Jo Bupjues pue ‘elUIpJES PUE BIISIO) WOl saloads snjebelisy pashjeue oy} JO Sa|JeleA OL1aWILI0j00-0ydiow JO SUOIBIASP PJEPUE)S PUB SeneA UBS °g d|qel



ANN.BOT.FENNICI Vol.48 -

Identification of Astragalus by seed image analysis

Discriminant function 2

B Astragalus tegulensis
© Astragalus terraccianoi
A Astragalus thermensis

Fig. 2. Discriminant function scores for the Astragalus

species from Corsica and Sardinia.

seeds in parentheses.

Discriminant function 2

© A. terraccianoi (Stintino)
() A. terraccianoi (Bonifacio)
@ A. terraccianoi (Alghero)

Fig. 3. Discriminant function scores for Astragalus ter-
raccianoi populations from Corsica and Sardinia.

Table 3. Cross-validated percentages of correct classification for the Astragalus species classifier. The number of

Species A. terraccianoi

A. thermensis

A. tegulensis Total
A. terraccianoi 99.6 (238) 0.4 (1) 0
A. thermensis 0 100.0 (200) 0
A. tegulensis 0 0 100.0 (100)
Overall 99.8 (5639)

Table 4. Cross-validated percentages of correct classification for the Astragalus terraccianoi populations classifier.

The number of seeds in parentheses.

Species A. terraccianoi A. terraccianoi A. terraccianoi Total
(Stintino, Sardinia)  (Bonifacio, Corsica) (Alghero, Sardinia)
A. terraccianoi (Stintino, Sardinia) 95.0 (95) 0 5.0 (5)
A. terraccianoi (Bonifacio, Corsica) 0 100.0 (100) 0
A. terraccianoi (Alghero, Sardinia) 33.3 (13) 0 66.7 (26)
Overall 92.5 (239)
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Appendix. List of the morphometric and colorimetric features of seeds of Astragalus species from Corsica and

Sardinia (Grillo et al. 2010).

Morphometric features

A Seed area (mm?)

P Seed perimeter (mm)

P Convex perimeter of the seed (mm)

P Crofton’s perimeter of the seed (mm)

P._./P., Ratiobetween convex and Crofton’s
perimeters

D... Maximum diameter of the seed (mm)

D.. Minimum diameter of the seed (mm)

D /D, . Feretratio (ratio between minimum and
maximum diameters)

Sf Seed shape factor = 477A/P?

Rf Seed roundness factor = 4A/[(D, _ )*]

Ecd Equivalent circular diameter (diameter of
a circle with equivalent area) (mm)

EA .. Maximum axis of an ellipse with
equivalent area (mm)

EA . Minimum axis of an ellipse with
equivalent area (mm)

SW Seed mean weight (g)

Colorimetric features of seed-image pixels

R Average value of red

R, Red dispersion index

Gavg Average value of green

G, Green dispersion index

B, Average value of blue

B, Blue dispersion index

H, Average value of hue

H, Hue dispersion index

Lavg Average value of lightness

L, Lightness dispersion index
S Average value of saturation
S, Saturation dispersion index
D, Average value of density

D, Density dispersion index

S Distribution skewness

K Distribution kurtosis

H Intensity value of grey

E Dispersion of the density values
D, Sum of density values
3(D,,)? Sum of squared density sums
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