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This study focuses on seed development in Astragalus cemerinus and A. ruscifolius, two endemic species of
Astragalus in Iran. In both species the ovules are campylotropous, bitegmic and crassinucellate. Two polar
nuclei fuse before fertilization, forming the diploid secondary nucleus. Division of the primary endosperm nucle-
us gives rise to coenocytic endosperm; however, part of it becomes cellular at the late globular stage. The first
division of the zygote is transverse and the embryo proper forms after several divisions of the terminal cell. The
mature suspensor consists of a mass of cells equal in size to the globular embryo proper, with several inflated
cells towards its base. This massive suspensor seems to be plesiomorphic, as compared with the biseriate sus-
pensor known only in section Incani. Abnormalities in the embryo proper as well as in the suspensor are
observed at the globular stage. In both A. cemerinus and A. ruscifolius, fusion of the polar nuclei occurs in the
median regions of the central cell and before fertilization occurs, as is the rule in most of the Papilionoideae, but
in species of section Incani as in a few other species of the family, the polar nuclei approach the egg apparatus
before fertilization and do not fuse until fertilization. The embryological characters of A. cemerinus and A. rus-
cifolius are compared with those of other species of Astragalus, and the taxonomic application of these charac-
ters as well as their phylogenetic significance are discussed.
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INTRODUCTION

Astragalus L. (Fabaceae: tribe Galegeae), with about
3000 species worldwide, is the largest genus of flow-
ering plants. The high variation of morphological
characters has made the taxonomic division of the
genus uncertain and problematic (Liston and
Wheeler, 1994; Sanderson and Liston, 1995;
Sanderson and Wojciechowski, 1996; Wojciechowski
et al., 1999; Zarre, 2000). Several previous systemat-
ic studies attempted to classify this huge genus into
formal taxonomic groups, that is, subgenera and sec-
tons (Bunge, 1868; Podlech, 1982), but only a few
groups found support from molecular systematics
(Wojciechowski et al., 1999; Kazempour Osaloo et al.,
2003, 2005). Detailed cladistic investigations indicat-
ed the homoplastic nature of most gross morphologi-
cal characters in delimitation of subgenera and sec-
tons in Astragalus.

Embryological studies have provided useful
characters in assessing subgeneric classifications in
Papilionoideae (Rembert, 1969; Palser, 1975;
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Lersten, 1983; Prakash, 1987; Cameron and
Prakash, 1994; Soverna et al., 2003) as well as in the
genus Astragalus (Akhalkatsi et al., 1988; Gvaladze
and Akhalkatsi, 1996; Riahi et al., 2003). However,
the methods of such investigations in Astragalus are
time-consuming and difficult to carry out due to prob-
lems in cultivating the plants under greenhouse con-
ditions or in gardens (Riahi et al., 2003).

In this work we made a detailed embryological
study of A. cemerinus G. Beck (sect. Microphysa)
and A. ruscifolius Boiss. (sect. Dissitiflori), two
endemic species of Astragalus in Iran, with the aim
of providing valuable characters useful in assessing
relationships within this genus.

MATERIALS AND METHODS

Flowers and young pods of A. cemerinus and A. rus-
cifolius were collected in May 2004 from mountains
(~1580 m a.s.l.) above Mashhad Ardahal in Esfahan
Province, Iran. At least 60 developing seeds and
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ovules from A. cemerinus and 30 from A. ruscifolius
were examined.

The general protocol for tissue processing was
essentially the same as previously reported by Riahi
et al. (2003). Ovules from flowers and young pods
were dissected and fixed in FAA,, (formalin, glacial
acetic acid and 70% ethanol, 5:5:90), stored in 70%
ethanol, embedded in paraffin, and sectioned at
5-8 um with a Leitz 1512 microtome. Staining was
carried out using the Periodic Acid Schiff (PAS) tech-
niques and counterstained with Meyer's hema-
toxylin. Sections were viewed with an Olympus BX-
50 light microscope.

RESULTS

Megagametogenesis and embryo development in
A. cemerinus and A. ruscifolius follow similar patterns.

The ovules are campylotropous (Figs. 1, 2), crass-
inucellate (Figs. 1, 2), and bitegmic (Figs. 3, 4). Both
integuments form the micropylar channel (Fig. 1). The
outer integument is 2 or 3 cell layers thick and the
inner one is 1 or 2 layers thick (Figs. 3, 4). The
endothelium is adjacent to the megagametophyte
(Fig. 3). In mature ovules these layers convert to
Malpighian cells, hypodermal layers or mesotesta,
and endotesta (Fig. 5).

The antipodal cells are arranged side by side in
an inverted pyramid (Fig. 6). They are ephemeral
and degenerate before fertilization (Figs. 2, 6). The
two pear-shaped synergids are disposed side by
side, each with a nucleus at the micropylar pole
(Figs. 2, 6). The polar nuclei fuse in the median
region of the central cell before fertilization, and
form the endosperm mother cell (Figs. 7, 8). The
mature gametophyte is composed of only five cells
due to the ephemeral nature of the antipodal cells
(Figs. 2, 6). After fertilization, the zygote possesses
several starch grains surrounding its nucleus. The
nucleus itself has its position close to the micropy-
lar end of the cell (Figs. 7, 8). The adfunicular syn-
ergid degenerates while the abfunicular synergid
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persists (Figs. 7, 8). The megagametophyte is cres-
cent-shaped (Fig. 1), soon becoming open U-shaped
just after fertilization (Fig. 4).

EMBRYO PROPER DEVELOPMENT

In the two-celled embryo, the apical cell divides ver-
tically and the basal one transversely to form a T-
shaped proembryo. In the four-celled proembryo,
transverse divisions of the cells result in eight cells
arranged in two tiers, each tier with four cells (Fig.
9). Some starch grains occur in the proembryo. A
globular embryo develops after several divisions of
the proembryo (Fig. 10). A few morphological
defects appear in the embryo proper of A. cemeri-
nus (29 of the 60) and A. ruscifolius (5 of the 30) at
this stage (Fig. 11).

Continued cell divisions increase the size of the
embryo. The heart stage embryo soon acquires dis-
tinct bilateral symmetry through the formation of
the cotyledon primordia (Figs. 12, 13). No abnormal
embryo was observed at this stage. The torpedo-
shaped embryo develops after elongation of the
embryonic axis. The cotyledons become distinguish-
able at this stage (Fig. 14). The mature embryo has
a curved embryonic axis (Fig. 15).

SUSPENSOR DEVELOPMENT

In the two-celled proembryo, the basal cell divides
vertically and forms a two-celled suspensor (Fig.
9). At globular stage the fully differentiated sus-
pensor consists of a mass of cells equal in size to
the globular embryo proper, with several inflated
basal cells embedded in maternal tissues (Figs. 10,
11, 16).

Abnormalities in the suspensor of abnormal
embryos are detected at the globular stage. These
abnormal suspensors have a curved axis. They are
longer and wider than the normal ones and contain
more cells (Fig. 11). Both normal and abnormal
suspensors possess starch grains during develop-
ment. The suspensor begins to degenerate at the
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Figs. 1-8. Development of megagametophyte in Astragalus cemerinus (Figs. 1, 4-6) and Astragalus ruscifolius (Figs. 2, 3,
7, 8). Fig. 1. Longitudinal section of campylotropus ovule with micropylar channel (arrowheads). Bar = 30 um. Fig. 2. Mature
megagametophyte with degenerated antipodals in chalazal region. Starch grains (arrow) close to polar nuclei. Bar = 30 pm.
Fig. 3. Integuments of developing ovule with outer integument 2 or 3 layers thick and inner integument including endotheli-
um. Bar = 20 um. Fig. 4. Young ovule just at fertilization: fusion of one sperm (arrow) with fused polar nuclei at middle of
U-shaped megagametophyte. Bar = 30 um. Fig. 5. Mature testa with 3 distinct layers, i.e., Malpighian cells, two hypodermal
rows or mesotesta, and 3 or 4 parenchymatous cell rows or endotesta. Arrowhead shows intercellular space. Arrow shows
cuticle layer. Bar = 30 um. Fig. 6. Longitudinal section of organized megagametophyte. Antipodal cells are arranged side by
side in an inverted pyramid. Bar = 30 um. Fig. 7. Megagametophyte at zygote stage: zygote with several starch grains (arrow).
Bar = 20 pm. Fig, 8. First division of primary endosperm nucleus with starch grains (arrow). Bar = 20 um. Abbreviations:
An - antipodal cells; DPS — degenerative persistent synergid; E — egg cell; EA — egg apparatus; En — endothelium; G — megaga-
metophyte wall; HY — hypodermis or mesotesta; II — inner integument; M — megagametophyte; MS — Malpighian cells; N —
nucellus; OI — outer integument; P — parenchymatous cell rows or endotesta; PN - polar nuclei; Z — zygote.
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early cotyledon stage and is absent from the mature
seed (Fig. 15).

ENDOSPERM DEVELOPMENT

Division of the endosperm mother cell precedes that of
the zygote (Fig. 7). Endosperm formation is free-
nuclear, that is, not followed by cytokinesis. In this
manner the endosperm forms first at the micropylar
end of the megagametophyte, then spreads towards
the chalazal end and remains free-nuclear for a while
(Fig. 9). In seeds with normal as well as abnormal
embryos, development of cellular endosperm begins
during the late globular stage. This process com-
mences at the micropylar end of the megagametophyte
and progresses toward the chalazal end (Fig. 10).
During the globular stage, the endosperm haustorium
(for terminology see Johri and Garg, 1959; Rembert
1969) appears at the chalazal end of the megagameto-
phyte. It is narrow and shows a tubular structure. The
endosperm haustorium contains about seven nuclei at
this stage (Figs. 10, 12). At the late globular stage the
wall of endosperm cells become PAS-positive in nor-
mal cases as well as in seeds with abnormal embryos.
Starch grains were observed at the same stage in the
endosperm. More than half of the endosperm mass
becomes cellularized at the early heart stage (Figs. 12,
13), and almost completely cellularized by mid cotyle-
don stage (Fig. 14).

SEED COAT DEVELOPMENT

The endothelium and the inner integument begin to
degenerate at the early stages of embryogenesis
(Figs. 7-10). This process continues until heart
stage. The testa attains its maturity at heart embryo
stage.

Testa development proceeds in the manner pre-
viously described for A. demavendicus Bunge and
A. latifolius Lam. (Riahi et al., 2003) and other
legumes (Gunn, 1981). The mature testa is com-
posed of a thin layer of cuticle, the outer Malpighian
cell layer (epidermis), two hypodermal cell rows
(sclereid layer) and 3 or 4 parenchymatous cell rows
beneath them.
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DISCUSSION

The major Astragalus classification systems (e.g.,
Bunge, 1868; Boissier, 1872; Podlech, 1982) vari-
ously divide the genus into 2-9 subgenera and more
than 90 sections based on a limited number of mor-
phological characters, and do not recognize conver-
gence as a factor in the family's evolution. However,
recent studies (e.g., Wojciechowski et al., 1999;
Zarre, 2000; Kazempour Osaloo et al., 2003, 2006)
have demonstrated the polyphyly and artificiality of
almost all subgenera and some sections recognized
in those earlier systems. For several reasons,
including low resolution of the cladograms obtained
(Wojciechowski et al., 1999; Kazempour Osaloo et
al., 2003, 2006) and the homoplastic nature of mor-
phological characters (Zarre, 2000), the application
of characters from other taxonomic sources should
be a goal of future studies in Astragalus.

The present work represents a detailed embry-
ological study of two species of Astragalus belonging
to two different subgenera in the classical systemat-
ics of the genus (Bunge, 1868; Podlech, 1982). The
overall morphology and development of the ovule in
A. cemerinus and A. ruscifolius reaffirm earlier
observations on the subfamily Papilionoideae
(Prakash, 1987) and on other species of Astragalus
(Lersten, 1983; Riahi et al., 2003). Among the few
Astragalus species studied so far (Lersten, 1983;
Akhalkatsi et al., 1988; Gvaladze and Akhalkatsi,
1996; Riahi et al., 2003), differences in suspensor
size and shape as well as in the timing of polar
nuclei fusion have been observed.

A mass of cells with several (7 or 8) inflated
cells embedded in maternal tissue (Fig. 16) form the
suspensor of A. cemerinus (section Microphysa of
basifixed hairy Astragalus; for terminology see
Zarre, 2003) and A. ruscifolius (section Dissitiflori
of medifixed hairy Astragalus). This type of suspen-
sor is as large as or larger than the embryo proper
at the globular stage. Since these two unrelated
species belonging to different clades of Astragalus
(Kazempour Osaloo et al., 2003, 2005) show the
same suspensor structure at globular stage, this
type of suspensor obviously represents the most

-
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Figs. 9-16. Development of embryo in Astragalus cemerinus (Figs. 11, 13) and Astragalus ruscifolius (Figs. 9, 10, 12,
14-16). Fig. 9. Eight-celled proembryo, immigration of nuclear endosperm formed around embryo towards periphery
of megagametophyte; suspensor marked by arrow. Bar = 30 um. Fig. 10. Abnormal globular embryo, cellularization of
endosperm at mid globular stage with haustorial endosperm. Bar = 140 um. Fig. 11. Abnormal embryo with abnormal
suspensor at late globular stage. Bar = 50 um. Fig. 12. Early heart stage embryo: more than half the mass of the
endosperm is cellularized; nuclei (arrow) are obvious in haustorial endosperm. Starch grains are observed in testa
(arrowhead). Bar = 140 um. Fig. 13. Early heart embryo stage; suspensor with its inflated basal cells. Bar = 20 pm.
Fig. 14. Torpedo stage embryo: suspensor begins to degenerate. Bar = 100 um. Fig. 15. Mature embryo with curved
embryonic axis. Bar = 70 um. Fig. 16. Suspensor with its inflated basal cells. Bar = 20 um. Abbreviations: AEm —
abnormal embryo; Co — cotyledon; Em — embryo; En — endosperm; HE — haustorial endosperm; IS - inflated cells; Pe —

proembryo; S — suspensor.
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common one, and probably a plesiomorphic charac-
ter for the genus. The same suspensor structure has
been observed also in two outgroups of Astragalus:
Biserula pelecinus and Colutea persica (Lersten,
1983). Consequently, another type of suspensor
reported earlier in section Incani (Riahi et al.,
2003), small in size and including only 2 or 3 inflat-
ed basal cells, should be a synapomorphic feature
exhibited only by the species of this section. This
provides additional support for the monophyly of
this large section (about 110 species) of Astragalus,
which has been suggested by molecular systematic
studies based on nuclear ribosomal DNA ITS
sequences (Kazempour Osaloo et al., 2005).

Another difference in the development of seeds
between Astragalus species is the position and tim-
ing of fusion of polar nuclei. In both A. cemerinus
and A. ruscifolius, fusion of the polar nuclei occurs
in the median regions of the central cell and before
fertilization, as has been found in most of the
Papilionoideae (Prakash, 1987). However, in the
species of sect. Incani as well as in Trifolium
alexanderinum L., Medicago sativa L., Pisum
sativum L. and Lathyrus sativus L. (Mocco and
Mariath, 2004), the polar nuclei approach the egg
apparatus before fertilization, and do not fuse until
fertilization. Since there are only a few studies
reporting this character, the possible significance of
the timing of fusion of polar nuclei for the systemat-
ics of Astragalus should be assessed in future inves-
tigations of other species in the genus.

Another observation from the present study is
the frequent occurrence of seed abortion and abnor-
malities in both species. The number of ovules is
about 10 in a young pod of A. cemerinus and 30 in
A. ruscifolius; mature pods of these species possess
1 or 2 and 15-20 seeds, respectively. During
embryogenesis, morphological defects in both the
suspensor and embryo proper are detected at the
globular stage of embryo development in both
species. Through this abnormal development the
globular embryo attains radial symmetry and there-
fore cannot advance to the heart shape as it
enlarges. This abnormality is accompanied by devel-
opment of an abnormally curved or obliquely posi-
tioned suspensor (Fig. 11). In the species studied,
morphological defects in the suspensor were not
detected in the absence of defects in the embryo
proper. These observations support the earlier sug-
gestion that the primary defect in the abnormal sus-
pensor causes the defect in the embryo proper
(Schwartz et al., 1994). A similar kind of abnormal-
ity was reported in Phaseolus (Yeung and Meinke,
1993), mutants of Arabidopsis thaliana, maize
(Schwartz et al., 1994), and Epilobium obcordatum
(Seavey and Carter, 1996).

The mean percentage of seeds with abnormal
embryos is about 50% and 12% in A. cemerinus and
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A. ruscifolius, respectively, which accounts for seed
set being lower in A. cemerinus than in A. ruscifolius.
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