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Summary

This study aimed to determine the embryological characteristics of Artemisia annua L. (Asteraceae) with a focus
on the development of pollen grains and ovules to help the taxonomic position of this species. Capitulum were studied
using light and scanning electron microscopies to describe the floral development. According to the results, the formation
of the anther wall was dicotyledonous type and the tapetum layer was multi-nucleated and secretory. The tetrad of
microspores were tetragonal and tetrahedral, and mature pollen grains were 2-celled, tricolpate. The ovule was of
anatropous, unitegmic, and tenuinucellate type. The archesporium was unicellular. T-shaped and linear tetrads of
megaspore were observed in megasporogenesis. The micropylar megaspore developed into an eight-nucleate embryo sac
with a Polygonum type pattern. Fertilization was of the porogamous type. This species displayed cellular and scant
endosperm development. Some embryological features of Asteraceae, Calyceraceae, and Goodeniaceae are also brought
in the present paper. Comparisons between embryological features provide some obvious evidence for the segregation of
these close families. Therefore, based on the present survey, the authors suggest that, systematic studies on this genus and
similar genera should not only be done on the thickening of pollen grain surface, but also on the stages of anther and pollen
grain development. In addition, embryo sac studies can also reveal hidden systematic differences between different arrays.
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Fig. 1. Inflorescences and florets of Artemisia annua: a. Capitula correspond to developmental stages, b. L.S. of capitulum,
¢. Ray and disk florets, d. T.S. of inflorescence, €. L.S. of disk floret, f. Disk floret with SEM, g. L.S. of ray floret, h. Ray
floret with SEM (d = disk floret, Ov = ovary, Pe = petal, r = ray floret, Rec = receptacle, St = stamen, Sti = stigma).
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Fig. 2. Anther and pollen grain development in A. annua: a. Dissected inflorescence indicating sessile florets attached to
a mound-shaped receptacle, b. Yellow-colored capitula at maturity stage, c, d. Petals of disk florets separated into five

distinct pointed lobes at the opening, e. 10-celled glandular trichome, f. Multicellular trichome, g, h. T.S. of central disk,
g, h. Florets consist of five and six stamens (d = disk floret, St = stamen, Sti = stigma).
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Fig. 3. Anther and pollen grain development in A. annua (continue): a. T.S. of young anther showing early stages of
anther development and differentiation of archesporial cells under epidermis, b. T.S. of young anther showing
sporogenous tissue and microsporangial wall consists of epidermis, endothecium, a single middle layer and tapetum,
c. L.S. of anther showing pollen mother cells, d. Tapetum layer with polynuclei cells, e. Prophase | in PMCs, f. Metaphase

I in PMCs, f. Anaphase | in PMCs, g. Telophase | in PMCs (Arc = arecospore, Ep = epidermis, Et = endothecium,
ML = middle layer, PMCs = pollen mother cells, Ta = tapetum).
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Fig. 4. Anther and pollen grain development in A. annua (continue): a. Metaphase Il in PMCs, b. Anaphase Il in PMCs,

c. Telophase 11 in PMCs, d,e. Telophase Il and simultaneous cytokinesis, f. Tetrahedral and tetragonal microspore tetrads,
g. Tetragonal microspore tetrad, h. Tetrahedral microspore tetrad, i. T.S. of anther at stage of release of microspores from

tetrad, j. Young pollen with a single nucleus (Ta = tapetum).
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Fig. 5. Anther and pollen grain development in A. annua (continue): a. L.S. showing vacuolated microspores,
b. Connection of anthers to each other, c. Young pollen grains surrounded by exine, tapetum of secretory type, d. 2-celled
mature pollen grains, e. T.S. of the mature anther showing degenerated tapetal cells, epidermis and endothecium (before
dehiscence, wall between sporangium has disappeared), f, g. Dehiscence of anther, h. Tricolporate pollen grains in polar
and equatorial view, i, j. SEM micrographs of tricolporate pollen grains (DT = degenerated tapetum, GC = generative
cell, VC = vegetative cell).
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Fig. 6. Ovule and megagametophyte development in A. annua: a. L.S. of tenuinucellate ovule with single archesporial
cell, b. L.S. of young ovule with megaspore mother cell (MMC) and formation of integument, c. Megaspore mother cell
grows and enters the meiosis, d. Telophase | in MMC, e. Dyad of megaspore, f. T-shaped arrangement of megaspores
(Arc = archesporial cells, In = integument, Nu = nucellus, MMC = megaspore mother cell).
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Fig. 7. Ovule and megagametophyte development in A. annua (continue): a. Linear arrangement of megaspores,
b. L.S. of ovule with one-nucleated megagametophyte, c, d. L.S. of ovule with 4-nucleated immature embryonic sac,
e. Mature embryonic sac, polar nuclei not visible, f. Synergids, g. Polar nucleus, h. Central cell (An = antipode, EA = egg
apparatus, F = funicle).
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Fig. 8. Ovule and megagametophyte development in A. annua (continue): a. Mature embryonic sac with micropylar duct
(head of arrow shows the entrance of pollen tube into the embryonic sac), b. Mature embryonic sac, central cell has been
fertilized, one of synergids has been digested and egg is fertilized, c. Upper head of arrow indicates primary endosperm
nucleus and lower head of arrow indicates zygote, d. Zygote, e. L.S. of mature embryonic sac, f. Divisions of primary
endosperm nucleus preceded by egg division, proembryo from zygote is observed, g. Antipodal cells are polynuclei
and polyploidy, h-j. Stigma with two arms, stigmatic papillae visible, k, I. SEM of seed and close up of its surface
(An = antipode, Syn = synergid).
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Table 1. Some embryological data of Artemisia annua, Asteraceae and related families

Lo sbo s g lawlS (5,55 deye Ly, sleosls S -) Jeus

Character

A. annua

Asteraceae

Calyceraceae

Goodeniaceae

Reference

No. of

microsporangia

Anther wall
formation

Tapetum type

Cytokinesis in
meiosis

Tetrad of
microspore

Mature pollen

Thickening of
pollen grain
surface

Ovary

Tetrasporangiate

Dicotyledonous type

Secretory

Simultaneous

Tetragonal and
tetrahedral
2-celled

Microechinate

Inferior, unilocular

Bisporangiate,

tetrasporangiate

Dicotyledonous type, mostly
basic type, monocotyledonous
type (Asteroideae)

Secretory, periplasmodial

Simultaneous

Tetrahedral, isobilateral or
cruciform

3-celled, 2-celled, 2- and
3-celled

Echinate or spinulate

Inferior, unilocular
2 (rarely 3), united carpels

Secretory

Tetrahedral or
isobilateral

2-celled

Minute spinules

Inferior,
unilocular
2 carpels

Tetrasporangiate

Dicotyledonous type

Secretory

Simultaneous

Tetrahedral

2-celled

Coarse,

fine

Superior, half-inferior
or inferior,
usually 2-locular
(often incompletely
s0), rarely
4-locular or
apparently 1-locular,
4 carpels

(Davis 1967, Rajan 1974, Tobe &
Morin 1996, Jurukova-
Grandarova 1997, Franca et al.
2015)

(Johri et al. 2012, Brough 1927,
Boniféacio et al. 2018, Franca
et al. 2015)

(Bonifacio et al. 2018, Gotelli
et al. 2008, Maheswari 1950,
Wetzstein et al. 2014)

(Tobe & Morin 1996)

(Tobe & Morin 1996, Kellogg &
Kubitzki 2015)

(Brewbaker 1967, Yeung et al.
2011, Brough 1927, Maheswari
Devi 1957, Yurukova-
Grancharova 2004)

(Skvarla 1977, Duigan 1961,
Kellogg & Kubitzki 2015)

(Erbar 1994, Kellogg & Kubitzki
2015, Carolin 1959)
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Table 1 (contd)

(alo Y Jgu=

Style

Placentation

Curvature of ovules

Nucellus type

No. of integument

Archesperium

Embryonic sac

Antipodal cells

Hypostase

Path of pollen tube

Mode of endosperm
formation

Endospermin
mature seed

Divided into 2

Basal

Anatropous

Tenuinucellate

Unitegmic

Unicellular

Polygonum type

Persistent

Not formed

Porogamous

Cellular

Scant

Divided into 2 or rarely 3

Basal

Anatropous

Tenuinucellate

Unitegmic

Unicellular (sometimes
multicellular or rarely 2-cellular)

Mostly: Polygonum type
Rarely: Adoxa type, drusa type,
oenothera type,
pyrethrum cinerariaefolium

Persistent, ephemeral

Not formed

Porogamous

Cellular, nuclear

Scant

Club-like

Apical

Anatropous

Tenuinucellate

Unitegmic

Unicellular

Polygonum type

Ephemeral

Cellular

Abundant

Cup structure

Axile or parietal

Anatropous

Tenuinucellate

Unitegmic

Unicellular

Polygonum type

Ephemeral

Formed

Porogamous

Cellular

Scant

(Wetzstein et al. 2014, Funk
et al. 2009, Leins & Erbar 2006)

(Funk et al. 2009, Hellwig 2007,
Carolin 1959)

(Johri et al. 2012, Tobe &
Morin 1996)

(Johri et al. 2012, Tobe &
Morin 1996)

(Johri et al. 2012, Tobe &
Morin 1996)

(Tobe & Morin 1996, Kellogg &
Kubitzki 2015)

(Lietal. 2009, Tobe &
Morin 1996)

(Lakshmi & Pullaiah 1987, Johri
etal. 2012, Tobe & Morin 1996)

(Tobe & Morin 1996)

(Tobe & Morin 1996)

(Pandey et al. 2014,
Carolin 1966)

(Tobe & Morin 1996, Kellogg &
Kubitzki 2015)
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Lakshmi & ) <ol oals (5,155 HlawlS 51 gooxe slaassS
OY g9 90 ,» a5 A aucheri 4555 ;o «yixen (Pullaiah 1987
(Ghaseminoor et al. 2018) |, § 55 comld lawgs U
R )0 e .Q)L.\J ‘5‘3....4@.% J..al_‘> ax]llas Cul...) la w0 oddlice
g5 3yt ol g 05d co ST S5 4 e jgmg S
ol 5 vszg s JUsSTs g9 3l Oyai 4 g Jlyanl s
Sl oy (5155 1950 0,5 LS )3 S (ko 5 el
ol (Y A) oL, Ken 5,55 sosld .(Chaudhury et al. 2001)
sl ly b g JUsS1S g9 5l 0y @ g Jloal 5 g9l i
sl 5,155 AL aucheri
Olespd lszee 03,5 anS 93 slojgms S (2555
F3 LTy a8l sl 5 51 o ol3T yley 40 Wby gunsg Ko Ccndl
5 e a0 L it JS5 ST 50 oudly i S (sl
0l ol jgie g b baed Bl oo Sl i yo 485
5 has) FSy5 A a5 Wpgloe dgzs |y Rl i 90
e 9 (Slaagd 05,5 dilo ¢ pl by ol Lol 5 S eS dinn

Tripleurospermum disciforme (C.A. Mey) Schultz Bip.
Anthemis haussknechtii Boiss. & 4 (Chehregani et al. 2010)

3,90 ;0 basl L 5 Jlo>na (Shirkhani et al. 2018) Reut.
5 (Lakshmi & Pullaiah 1987) Senecio tenuifolius Burm. F.
g Selae (Chehregani et al. 2014) S. tenuifolius L.
o his laess a0 a8 ol las asllhe ol b
Cosdye jopalle pole 5 3500 0525 )90S5 (555ly S
Py geale yole 2l (goyimlp ) SunBse . iitls (oo)0nl 0
Chehregani et al. ) cewl oals 5,155 HlawlS slaaiss Lo jo
3 s H9lBe 565wl ,o (2014, Shirkhani et al. 2024
999550 P95 Sk Srsmnine (ShgydasS JSAT e ge ool
b sleol i 3529 gy o0 (el Sy 4 K03 9l an
Sl ol (5155 50 ol Kiegh alews 40y ol plalS o
34>5 Ll (Chehregani et al. 2010, Rangaswamy et al. 1986)
(Chehregani etal. 2014) ol ,ob bews &b S BT ol 25
g 45 00 )51 392 1) (gl Cetid SlgydanS (bl el
S350 a3l 2l oS ol 53 b o3 b g paS &
PsS b o (SlgstanS )3 055 o0 g a5l LS
Yaoro a5 aiyls )18 (50 aisl blae cdad jo 04y S0l gloasl

Sy plis 6,55 ae)d Slaoazds 598y e Dlaalin
Gloaxls g5, ol ot 4 glslais o slosé slbS S oS
510 30 (el 5 5 Fimsge 010 S92 g (S 5 5l
s s (Olsson et al. 2009) »,.5 oo &0 sload S S
S8 B g sl gt 5o 5l Siie aiBl Vel sload
Sy LS S g9 (pl 4> 31 .(Ferreiraetal. 1995) wloals |LSis
Sl 5y bl W)ls jga> baxdS Slos k5 5 ggs doass
o)l cillas andS Oldlhe mbs L a5 wais eswlis
T S S jeas i Sldllas 4o (Wetzstein et al. 2014)
Alejos-Gonzalez et al. 2011, ) cowl ool (5,155 sloas § &
o T s S o> adlas o Jg (Ferreira et al. 1995
oanlive slaizbois oSS 592g S0 (G o sdalive
el 0ais 5138 andS Sldllas jo pols gwy (0 0als

wlics casdllas ol )5 00l odalice cwlitios 5 by S5
o oltnlS 53 iy Slagmiz sl 45 Cenl Slogas
claiss glpy gdaedn 5 g ldan gleed S ol oud
«(Konowalik et al. 2012) Artemisia absinthium L.
A. aucheri Boiss. 4 (Pefias et al. 2011) A. granatensis Boiss.
el 0 5,155 (Ghaseminoor et al. 2018)

Sl o)l sl bz gei a5 cwyp d)50 4555 o
Davis ) (gs Sldllas b 3,5 oo &30 sladsd cus olul
a5 90 555 53 ol anlllas mls Lululyy o ls cillas (1967
by i Sl Y ogzy a0 by ged Gle Y
Rangaswamy ) cewl ool (5,155 0,05 ol sl jo o) Kaags
S (et al. 1986, Sood et al. 2000, Ghaseminoor et al. 2018
5 03,5 jole sloaisl ;o gjgme Dlowuds (o ST Koo
3 opd l GlaaisS plo sl aS )00 v92g Sy (U Y 5o
b aY gleasl, (Gustafsson 1946) ol oals 5158
Codlad Sbles a8 wisls las 1) sowmeh sV ax o glainasis
a5 ol a5 ysb el gl GVl eslis
(Maheswari 1950) aiiwe  Jbg,awsS o4 5l slaaisl
iy €5 5l Slay Qb @Y g ol o 90 (Klailys 5o
OY dllas 5,50 oS o sl ais LB WT 5 (&)la>)
5 48)5 Sjgo bais 125 ol g oS col (B g5 5l QU
Sly ool (U Y Wb oo il sl o o lbaius olow
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ey b g (coarse) ,; Goodeniaceae 5 0,5 slaals mlaw

Zwl (fine)
30 ewlbinly,y Sldllae slass g sgdom 43 azg5 L

;90 «(Calyceraceae o5 4 4) Goodeniaceae 4 Calyceraceae
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