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Abstract

Stem anatomy of Bufonia and nine allied genera was studied in order to investigate the systematic value of anatomical 
characters in generic delimitation. Cross-sections of stems of 31 accessions representing 14 species and 3 subspecies of 
Bufonia, and 17 additional species of the genera Arenaria, Cerastium, Eremogone, Minuartia, Minuartiella, Odontostemma, 
Sabulina, Sagina, and Shivparvatia were examined using light microscopy. the characteristic features of stem anatomy in 
Bufonia are: 1) presence of one to four layers of parenchyma in cortex, 2) calcium oxalate crystals mostly in the endodermis, 
3) presence of inner and outer sclerenchymatous pericycle, and 4) a large central pith rupturing in a linear to boat-shape mode 
and forming a central continuous slit. Characters such as arrangement and continuity of xylem along with the number, and 
arrangement of different tissues (or layers) discriminate Bufonia from the other studied genera. Stem anatomy of Eremogone, 
Minuartia, and Bufonia showed some degree of similarity reflecting a level of convergence in the stem anatomy that might 
explain the taxonomic confusion associated with this group. the present study supports previous exclusion of Bufonia koelzii 
and B. caespitosa from Bufonia and their inclusion in Eremogone. 
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Introduction 

Bufonia Linnaeus (1753: 123) [subfam. alsinoideae beilschmied (1833: 92) or subfam. Minuartioideae (Candolle, 
1828: 379) beilschmied (1833: 92) following reveal (2007), tribe alsineae Lamarck & Candolle (1806: 392)] includes 
ca. 30 annual or perennial herbaceous to small subshrubby species growing mostly on dry gravely slopes in mountainous 
regions (bittrich 1993, Chrtek & Křísa 1999) and is distributed in the Mediterranean and the Irano-turanian regions 
(see bittrich 1993). the genera of Caryophyllaceae are under partial rearrangements and several genera need further 
study from both taxonomical and nomenclatural points of view (see e.g., Dillenberger & Kadereit 2014, Iamonico 2015, 
2016a, 2016b, 2018, Iamonico & Domina 2015, Iamonico et al. 2015). a subfamilial classification of Caryophyllaceae 
is rejected by the molecular phylogenetic investigations and a tribal system is currently followed (harbaugh et al. 
2010, Greenberg & Donoghue 2011, hernández-Ledesma et al. 2015). the molecular phylogenetic studies place 
Bufonia in tribe Sagineae (harbaugh et al. 2010, Greenberg & Donoghue 2011, hernández-Ledesma et al. 2015).
 the first taxonomic treatment of Bufonia was made by boissier (1867) who divided the genus into two main 
unranked groups based on the number of stamens. he further classified one of these main groups into a few smaller 
ones using characters such as habit and the number of the ovules. other main taxonomic studies of the genus covered 
taxa distributed in certain geographical regions, and no comprehensive monograph of the genus has been accomplished 
yet. Some of the important studies of Bufonia are made in regional floras such as Flora of Turkey and the East 
Aegean Islands (Davis 1965), Flora Iranica (rechinger 1988), Flora Europaea (tutin et al. 1993), and Flora of North 
Africa (Maire 1952). an infrageneric classification of Bufonia has not been carried out by these regional works, but 
a taxonomic investigation of the genus by Chrtek & Křísa (1999) classified 17 asian species of Bufonia into seven 
sections. although major efforts have been done to resolve the phylogeny of Caryophyllaceae, only four species of 
Bufonia have been included in previous molecular investigations depicting the genus as monophyletic (fior et al. 2006, 
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harbaugh et al. 2010, Greenberg & Donoghue 2011). therefore, the monophyly of the whole genus and its proposed 
sections have not been addressed sufficiently yet. Cerastium Linnaeus (1753: 437) and Sagina Linnaeus (1753: 128) 
have traditionally been considered as close relatives of Bufonia (Chrtek & Křísa 1999). however, molecular phylogenetic 
studies suggested Sabulina reichenbach (1832: 24) and Sagina as the closest allies of Bufonia (Dillenberger & Kadereit 
2014, Greenberg & Donoghue 2011). In addition, major morphological similarities between Bufonia and Eremogone 
fenzl (1833: 13) species were reported by Sadegian et al. (2015). a taxonomic treatment of Bufonia revealed that B. 
koelzii rechinger (1961: 44) should be reduced under the synonymy of Eremogone polycnemifolia boissier (1843: 48) 
rendering close relationships between these genera (Chrtek & Křísa 1999). Moreover, B. caespitosa haussknecht ex 
bornmüller (1910: 22) was treated as a synonymy of Eremogone pseudacantholimon bornmüller (1910: 22).
 Wood anatomy of the family Caryophyllaceae has been appreciated due to its potential importance in systematics 
at various taxonomic ranks, and provides informative data for understanding the reasons behind the habit changes in 
different ecosystems (see e.g., Carlquist 1995, Schweingruber 2007). anatomical features of Caryophyllaceae were 
summarized by Metcalfe & Chalk (1950), while Carlquist (1995) investigated wood anatomy of 16 woody species of 
Caryophyllaceae, and showed their xeromorphic feature. Schweingruber (2007) studied the stem anatomy of 88 species 
of Caryophyllaceae, and indicated that members of the traditional subfamily alsinoideae have a homogeneous stem 
anatomy where the libriform fibers, crystal druses and sclereids are absent in the cortex. anatomical features of stem 
have been investigated within certain genera of the subfamily alsinoideae, e.g., Minuartia Linnaeus (1753: 89) (al-
Saadi & al-taie 2014) and Stellaria Linnaeus (1753: 421) (Keshavarzi et al. 2014a), and subfamily Caryophylloideae, 
e.g., Silene Linnaeus (1753: 416) (Keshavarzi et al. 2014b), Acanthophyllum C.a.Meyer (1831: 210) (Mahmoudi 
Shamsabad et al. 2013) and Gypsophila Linnaeus (1753: 406) (Ataşlar & Ocak 2017). These studies suggested 
that anatomical features such as the outline of stem cross-section, and number of the sclerenchymatous cell layers 
surrounding the vascular cylinder can be used to discriminate closely related species. Stem anatomy and its potential 
application in delimitation of Bufonia from its related genera have not been investigated.
 In the present study, we perform a comparative study of stem anatomy in Bufonia and its nine related genera based 
on the recent molecular phylogenetic findings (harbaugh et al. 2010; Greenberg & Donoghue 2011, Dillenberger 
& Kadereit 2014, hernandez-Ledesma et al. 2015, Sadeghian et al. 2015), i.e., Arenaria, Cerastium, Eremogone, 
Minuarta, Minuartiella Dillenberger & Kadereit (2014: 84), Odontostemma bentham ex Don (1831: 449), Shivparvatia 
Pusalkar & D.K.Singh (2015: 81), Sabulina, and Sagina. the aims of this study are: 1) to evaluate the usefulness of 
stem anatomy in generic delimitation of Bufonia, 2) to elucidate potential implication of anatomical characters in 
infrageneric classification of Bufonia, and 3) to find evidence supporting the suggestecd phylogenetic placement of 
taxa related to or assigned once to Bufonia.

Material and methods

herbarium specimens of 17 taxa of Bufonia, representing 14 species and 3 subspecies from the whole distribution 
area of this genus (table 1), four species of Eremogone, three species of each Minuartia and Sabulina, two species of 
Cerastium, one species of each genera Arenaria, Minuartiella, Odontostemma, Sagina, and Shivparvatia were used 
for stem anatomical studies. 
 the voucher specimens (table 2) of the sampled taxa are deposited at M, MSb and tuh (acronyms according 
to Thiers 2019+). Mature stems were removed from the studied specimens and fixed in alcohol/glycerin (1:1) in 55˚C 
for 16 hrs. the second and third lower internodes of the stems were used for sectioning. the cross-sections were made 
from the median part of the internodes using commercial razor blades by hand. the tissue ingredients were removed 
by 20% solution of Sodium hypochlorite (NaClo) for 20 minutes. We used Safranin o (KGaa, Darmstadt, Germany) 
and fast Green (KGaa, Darmstadt, Germany) to stain the cross-sections (Gerlach 1977). the cross-sections were 
maintained 30 minutes in Safranin and about 1 second in fast Green. after each step the cross-sections were washed 
with distilled water and then they were dehydrated through ethanol and xylol (xylene) gradient, and finally fixed on 
the slides using Canada balsam. We used an olympus vaNoX ahbS3 light microscope to study the cross-sections. a 
total of 19 anatomical characters were studied on the cross-sections. the selected characters include (fig. 1): the size 
of the long and short axis of the cross-sections (μm), the outline of the cross-section (elliptic to circular), thickness 
of epidermis (μm), thickness of parenchymatous cortex (number of layers), thickness of outer sclerenchymatous 
pericycle (μm), thickness of inner sclerenchymatous pericycle (μm), presence of included phloem (μm), trichome 
type (glandular or eglandular), thickness of xylem and phloem, thickness of endodermis, diameter of the pith (long 
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and short axis), presence of calcium oxalate crystals, diameter of the crystals, and presence of continuous or distinct 
vessels. for terminology and naming of elements and layers we followed Metcalfe & Chalk (1957). 

TABLE 1. taxon sampling of Bufonia in this study.

Taxon name Center of diversity Species number in area Selected species number

B. oliveriana

Iranian highlands 12 6

B. parviflora
B. macrocarpa
B. sintenisii
B. capsularis
B. kotschyana
B. kotschyana subsp. calycina
B. calyculata

SW-asia 8 2
B. virgata
B. tenuifolia

Se-europe 3 3B. paniculata
B. stricta
B. macropetala subsp. macropetala

SW-europe 2 2
B. macropetala subsp. willkommiana

B. perennis s.s.
B. perennis subsp. tuberculata

B. mauritanica N africa 4 1

FIGURE 1. Cross-section of the stem in a perennial species, Bufonia virgata boissier (1867: 665).
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TABLE 2. Selected taxa and collection data examined in stem anatomical study of Bufonia.

Taxon Collection data

B. oliveriana Ser. afghanistan, Prov. Logar, D. Podlech 18493 (MSb)

B. macropetala Willk. subsp. macropetala Spain, Salamanca, S. alonso & S. rodriguez, 0183018 (M) 

B. macropetala Willk. subsp.
willkommiana (boiss.) amich

Spain, oropesa (toledo), a. Zubizarreta 14916 (M)

B. mauritanica Murb. Morocco, prov. D’ agadir: anti-atlas, D. Podlech 45552 (MSb)

B. calyculata boiss. & balansa turkey, vilayet, antalya, e. buttler & M. erben 17603 (M)

B. perennis Pourr. subsp. tuberculata (Loscos) Maleg. Spain, rellano Pedregoso-venteado, P. Montserrat 616969, 0183026 (M)

B. perennis Pourr. 
france, Dept. Pyrénées-orientales, h. Merxmüller & b. Zollitsoh 26975 
(0183022) (M)

B. parviflora Griseb. Iran, Kurdistan, a. Ghahreman & v. Mozaffarian 18315 (tuh)
B. virgata boiss. turkey, vilayet, K.P. & e. buttler 20323 (0183025) (M)
B. kotschyana boiss. Iran, W. azerbaijan occidentalis, K.h. rechinger 49850 (0183016) (M)
B. stricta (Sm.) Gürke Greece, Crete, h. Merxmüller & D. Podlech 30871 (0183031) (M)

B. kotschyana boiss. subsp. calycina (boiss. & 
Hausskn.) Chrtek & Křísa

Iran, Prov. Kurdistan, v. Mozaffarian 0183013 (M)

B. paniculata Dubois Macedonia, D. Podlech 28384 (118340) (MSb) 

B. capsularis boiss. & hausskn. ex boiss. Iran, Prov. esfahan, v. Mozaffarian 33733 (tuh) 

B. sintenisii freyn Iran, Golestan National Park, h. akhani 11070 (0183032) (M)

B. tenuifolia L. Spain, P. Montserrat 185077 (0183026) (M)

B. macrocarpa Ser. Iran, tehran: arak, rahjerd, a. Ghahreman & Shaikhaleslami 6128 (tuh)
Arenaria serpyllifolia L. Iran, Prov. Mazandaran, a.r. Naqinezhad 29299 (tuh) 
Eremogone polycnemifolia (boiss.) holub (B. koelzii) Iran, tehran, oshan fasham a. Ghahreman 6103 (tuh)

Shivparvatia ciliolata (edgew. & hook.f.) Pusalkar & 
D.K.Singh

Nepal-himalaya, Mahalangur himal, J. Poelt. s.n. 182942 (M)

Odontostemma barbatum (franch.) Sadeghian & Zarre China, Prov. yunnan, Zhongdian Xian, D.e. boufford 35119 (MSb)

Eremogone armeniaca (boiss.) holub turkey, vilayet: Sivas, K.P. buttler 15649 (M)
Eremogone polycnemifolia (boiss.) holub Iran, Prov. tehran, Damavand mts., a. talebi 43190 (tuh)
Eremogone pseudacantholimon (bornm.) holub turkey, Szandschak Gümüschkhane, P. Sintenis 6289/0183012 (M)
Eremogone gypsophiloides (L.) fenzl Iran, Prov. Kurdistan, Manutshehri 1048 (MSb)
Cerastium dichotomum L. Iran, Guilan, Langrud, bandare-e-farahnaz, a. Ghahreman 6130 (tuh)
Cerastium latifolium L. Iran, azerbaijan, arasbaran, v. Mozaffarian 35411 (tuh)
Sabulina lineata (boiss.) Dillenb. & Kadereit Iran, tehran, Southern slope of Damavand, a. talebi 43205 (tuh)
Sabulina tenuifolia (L.) rchb. Iran, Guilan: bandar-e anzali, 20 m, 25.4.1988, v. Mozaffarian 6752 (tuh)

Sabulina sublineata (rech.f.) Dillenb. & Kadereit
Iran, azarbaijan: urumieh, Khoshakuh to Jermi, 2500 m, 7.7.1991, 
Mozaffarian 69913 (tuh) 

Sagina apetala ard. Iran, Guilan, Langerud, Chamkhaeh. a.r. Naqinezhad 27211 (tuh)

Minuartiella acuminata (turrill) Dillenb. & Kadereit 
Iran, azarbaijan, urumieh, Silvana, Mavana, kuh-e Khizan, (bardarash), 
2600–3000 m, 6.7.1991, Mozaffarian 69893 (tuh)

Minuartia hamata Mattf. 
Iran, tehran, southern slope of Damavand Mt. Plour, Lar river bridge side, 
2200 m, a. talebi 43208 (tuh)

Minuartia meyeri bornm. Iran, Markazi: arak: rahjerd, Ghahreman 25613 (tuh)

Minuartia recurva (all.) Schinz & thell.
Iran, Lorestan: Khorramabad Sefid-Kouh, northern slope, 2800 m, 
21.7.1999, G. veiskarami 23958 (tuh)
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FIGURE 2. Cross-sections of stems in selected species of Bufonia. a: B. capsularis; b: B. oliveriana; c: B. calyculata; d: B. virgata; e: B. 
macrocarpa; f: B. perennis subsp. tuberculata; g: B. macropetala subsp. willkomiana; h: B. sintenisii; i: B. kotschyana subsp. kotschyana; 
j: B. paniculata; k: B. stricta; l: B. parviflora; m: B. tenuifolia; n: B. mauritanica; o: B. kotschyana subsp. calycina.
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FIGURE 3. Cross-sections of stem from selected species of related genera to Bufonia. a: Odontostemma barbatum; b: Arenaria 
serpyllifolia; c: Eremogone gypsophiloides; d: Shivparvatia ciliolata; e: Eremogone pseudacantholimon; f: Eremogone armeniaca; g: 
Eremogone polycnemifolia; h: Eremogone polycnemifolia; i: Minuartiella acuminata; j: Cerastium latifolium; k: Sabulina lineata; l: 
Sagina apetala; m: Minuartia meyeri; n: Minuartia hamata; o: Minuartia recurva; p: Sabulina tenuifolia.

TABLE 3 (1/2). Stem anatomical features in selected species of Bufonia and related genera.
1. Species, 2. Long axis (μm), 3. Short axis (μm), 4. Outline, 5. Thickness of epidermis (μm), 6. Thickness of parenchymatous 
cortex (μm), 7. Number of cortex layers, 8. Thickness of outer sclerenchymatous pericycle (μm), 9. Thickness of inner 
sclerenchymatous pericycle (μm), 10. Thickness of phloem (μm), 11. Thickness of xylem (μm), 12. Presence of included 
phloem.
1 2 3 4 5 6 7 8 9 10 11 12
B. oliveriana 1250 1000 elliptic 16.5 66.6 3−6 66.5 33.5 50 66.5 -
B. parviflora 725 725 Circular 15 45 3−6 100 - 40 150 -
B. virgata 1250 1100 elliptic 10 75 3−6 50 75 20 125 -
B. paniculata 700 565 broadly elliptic 16.5 56.5 4 50 33.5 23.5 50 -
B. tenuifolia 825 725 elliptic 15 25 4 60 - 25 100 -
B. mauritanica 1000 625 broadly elliptic 15 50 3 40 20 35 50 -

B. macropetala 550 500 elliptic 12.5 50 4 50
very 
narrow

37.5 75 -

B. macropetala subsp. 
willkommiana

475 387.5 elliptic 7.5 42.5 3−6 75
very 
narrow

17.5 50 -

B. kotschyana 1050 1025 Circular 15 30 3−6 100 - 37.5 150 +
B. kotschyana subsp. 
calycina

850 850 Circular 25 30 3 50 50 35 55 +

B. macrocarpa 1033.5 966.5 Subcircular 13.5 66.5 3 66.5 66.5 26.5 113.5 +
......continued on the next page
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TABLE 3 (1/2). (Continued)
1 2 3 4 5 6 7 8 9 10 11 12
B. sintenisii 660 560 elliptic 16 64 4 24 68 24 52 -
B. capsularis 1313.5 1166.5 Circular 13.5 33.5 3−6 133.5 66.5 26.5 166.5 -
B. calyculata 580 512 Subcircular 16 40 3−6 56 - 20 80 -
B. stricta 666.5 600 Subcircular 13.5 83.5 3 60 - 46.5 66.5 -
B. perennis 404.5 289.79 broadly elliptic 10.20 36.73 3−6 40.81 - 10.20 24.48 -
B. perennis subsp. 
tuberculata

600 500 elliptic 20 8 3−6 68 - 28 32 -

related genera
Odontostemma 
barbatum

653.5 633.5 Circular 23.5 133.5 - 33.5 - 30 33.5 -

Arenaria serpyllifolia 450 450 Circular 13.5 - - 50 - 16.5 66.5 -
Eremogone armeniaca 533.5 516.5 Circular 10 33.5 3−6 70 - 16.5 30 -
Eremogone 
pseudacantholimon

500 483.5 Circular 10 16.5 3−6 83.5 - 16.5 33.5 -

Eremogone 
polycnemifolia

788 760 Circular 10 33.5 3−6 - 100 23.5 30 -

Eremogone 
polycnemifolia

1100 1000 Subcircular 8.5 75 3−6 - 100 25 135 -

Cerastium latifolium 1000 800 elliptic 15 30 3 - 75 25 50 -
Cerastium dichotomum 1400 1100 elliptic 10 33.5 3 - 133.5 20 100 -
Sabulina lineata 975 750 broadly elliptic 25 75 3−6 100 - 35 50 -
Sagina apetala 700 525 broadly elliptic 25 175 - 30 - 35 20 -
Eremogone 
gypsophiloides

1133.5 1033.5 Subcircular 10 20 3−6 133.5 - 20 66.5 +

Shivparvatia ciliolata 533.5 500 Subcircular 20 - - - 166.5 - 43.5 -
Minuartiella acuminata 1153.84 710.25 broadly elliptic 17.64 41.17 3−6 100 - 20.58 29.41 -
Minuartia hamata 880 825 Subcircular 33 110 4 or 5 55 - 44 55 -
Minuartia meyeri 847 770 Subcircular 11 66 3 - 66 45 110 -
Minuartia recurva 726 583 broadly elliptic 12 89 3 - 65 35 23 -
Sabulina sublineata 583 495 broadly elliptic 11 55 3−6 55 33 28.5 30 -
Sabulina tenuifolia 770 814 Subcircular 15 50 3−6 33 44 29 60 -

TABLE 3 (2/2). Continued.
1. Species, 13. Presence of included xylem, 14. Thickness of endodermis (μm), 15. Long axis of pith (μm), 16. Short axis of 
pith (μm), 17. Presence of calcium oxalate crystals, 18. Thickness of crystals (μm), 19. Continuous or distinct vessels (μm), 
20. hair type.  
1 13 14 15 16 17 18 19 20

Bufonia kotschyana + 15 450 75 Innermost layer 30 Continuous Glandular

Bufonia kotschyana subsp. calycina + 15 400 200 Innermost layer 40 Continuous Glabrous

Bufonia macrocarpa + 6.5 400 166.5 all layers 26.5 Continuous Glabrous

Bufonia sintenisii - 8 240 95.65
all layer, dense in 
Innermost layer

20 Continuous unicellular

Bufonia capsularis - - 866.5 433.5 innermost layer 13.25 Continuous Glabrous

Bufonia calyculata - 12 280 100
all layer, dense in 
innermost layer

24 Continuous Glandular

Bufonia stricta - 6.5 333.5 133.5 all layers 33.5 Continuous Glandular

......continued on the next page
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TABLE 3 (2/2). (Continued)
1 13 14 15 16 17 18 19 20

Bufonia perennis - 6.12 224.48 91.83
all layers, dense in 
innermost layer

20.40 Continuous Glandular

Bufonia perennis subsp. tuberculata - 16 360 180 Innermost layer 20 Continuous Glandular
Related genera
Odontostemma barbatum - 16.5 300 250 - - Continuous Glabrous
Arenaria serpyllifolia - 16.5 300 300 - - Continuous unicellular
Eremogone armeniaca - 6.5 233.5 183.5 Innermost layer 26.5 Continuous Glabrous
Eremogone pseudacantholimon - 5 200 150 all layers 23.5 Continuous Glabrous
Eremogone polycnemifolia - 8.5 300 250 Innermost layer 23.5 Continuous Glabrous
Eremogone polycnemifolia - 10 550 400 all layers 23.5 Continuous Glabrous

Cerastium latifolium - 7.5 650 550 - - Distinct
Multicellular 
& glandular

Cerastium dichotomum - 13.5 933.5 733.5 - - Distinct Glabrous
Sabulina lineata - 25 350 200 - 25 Continuous Glabrous
Sagina apetala - 20 175 100 - 35 Continuous Glabrous
Eremogone gypsophiloides + 13.5 666.5 533.5 Innermost layer 13.5 Continuous Glabrous
Shivparvatia ciliolata - - 200 133.5 - - Continuous Glabrous
Minuartiella acuminata - - 852.94 352.94 - - Continuous Glabrous
Minuartia hamata - 22 495 330 - - Continuous Multicellular

Minuartia meyeri - - 490 319 Innermost layer 33 Continuous
uni- and 
Multicellular

Minuartia recurva - 5 341 209 - - Continuous Glabrous
Sabulina sublineata - 10 275 143 Innermost layer 35 Continuous Glabrous
Sabulina tenuifolia - 9 440 275 Innermost layer 45 Continuous Glabrous

Results

the anatomical characteristics of the stems in the studied taxa are summarized in table 3. Cross-sections of the stems 
in selected species are shown in Figs. 1‒3.
 Common features of stem anatomy recovered in all Bufonia studied species can be summarized as follow: 
	  the outline of the cross-sections is more or less circular [e.g., B. calyculata boissier & balansa (1856: 58), fig. 
2c; B. parviflora Grisebach (1843: 197), fig. 2l], elliptic [e.g., B. tenuifolia Linnaeus (1753: 123), fig. 2m; B. sintenisii 
freyn (1903: 1054), fig. 2h], or broadly elliptic [e.g., B. mauritanica Murbeck (1905: 32), fig. 2n];
	  the short axis of cross-sections (table 3) varies from 404.5 µm in B. perennis Pourret (1788: 309) to 1313.5 
µm in B. capsularis boissier & haussknecht ex boissier (1888: 111);
	  the short axis (table 3) ranges from 289.79 µm in B. perennis to 1166.5 µm in B. capsularis;
	  a thick multilayered parenchyma is a characteristic feature of stem cortex in cross-sections in most examined 
Bufonia taxa, with exception of B. capsularis, B. tenuifolia and B. perennis subsp. tuberculata (Loscos) Maleg. with a 
uni-layered and narrow parenchymatous cortex;
	  the thickest parenchymatous cortex of four layers was observed in four species, as for example in B. paniculata 
Dubois (1800: 300) (fig. 2j);
	  the uni-layered endodermis comprises several large crystal bearing cells in all examined species of Bufonia;
	  a sclerenchymatous pericycle, several layers thick, is present in stems of all Bufonia species;
	  the outer cell layers of sclerenchymatous pericycle have distinctly thicker walls and smaller lumen than the inner 
layers. three taxa showed a considerably thick (proportional to total thickness of the cross-section) sclerenchymatous 
pericycle (e.g., B. capsularis: fig. 2a, B. tenuifolia: 2m, and B. perennis subsp. tuberculata, 2f). three species such as 
B. sintenisii (fig. 2h) possess a thick (proportional to total thickness of the cross-section) parenchymatous cortex of 
palisade cells;
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	  calcium oxalate crystals are present in the parenchymatous cortex of Bufonia species. the crystals are 
distributed rarely in the parenchymatous cortex (e.g., B. stricta, fig. 2k), but more frequently in the endodermis [e.g., B. 
oliveriana Seringe in Candolle (1824: 388), fig. 2b; and B. macropetala Willkomm (1851: 604) subsp. willkommiana 
(boissier 1854: 83) amich (1987: 467), fig. 2g]. the largest crystals were found in the cortex and endodermis of B. 
kotschyana boissier (1854: 84) subsp. calycina (boissier & haussknecht 1888: 110) Chrtek & Křísa (1999: 107) (fig. 
2o);
	  in most species of Bufonia, the xylem forms a continuous ring of varying thickness in different parts, which is 
almost discontinuous or in two bundles in B. stricta (fig. 2k), B. mauritanica (fig. 2n) and B. sintenisii (fig. 2h). In all 
cross-sections of Bufonia the thickness of xylem is maximum along the long axis, but minimum along the short axis;
	  phloem is mostly continuous in mature stems, forming one ring external to xylem and internal to 
sclerenchymatous ring. only two taxa (B. kotschyana subsp. calycina, fig. 2o, and B. macrocarpa, fig. 2e) show an 
additional ring of phloem locating internal to xylem making the vascular ring bicollateral, which we call here included 
phloem;
	  two types of hairs were observed in Bufonia. B. sintenisii (fig. 2h) is characterized by simple unicellular hairs, 
while B. calyculata (fig. 2c) and B. perennis subsp. tuberculata (fig. 2f) possess glandular hairs. however, several 
taxa were glabrous, e.g., B. macrocarpa (fig. 2e), B. capsularis (fig. 2a) and B. kotschyana subsp. kotschyana (fig. 
2i).
 the characteristics of stem cross-sections in other selected genera of Caryophyllaceae are explained below.
	  Arenaria serpyllifolia Linnaeus (1753: 423) (fig. 3b) is circular in outline, has a thick sclerenchymatous ring 
beneath the epidermis and lacks any parenchymatous cortex.
	  the cross-sections of the two examined species of Cerastium, i.e. C. dichotomum Linnaeus (1753: 438) and 
C. latifolium Linnaeus (1753: 439), are highly uniform. they have distinct vascular bundles (up to 8), a large central 
pith, and thick sclerenchymatous pericycle. Cross-sections of both species are elliptic in outline and large compared to 
other examined genera. C. dichotomum possesses the largest cross-sections among the examined taxa (long axis up to 
1400, short axis up to 1100 μm). C. latifolium (fig. 3j) bears multicellular hairs, while C. dichotomum is glabrous.
	  Stem cross-sections of Eremogone spp. examined here show high degree of uniformity. Presence of 
parenchymatous cortex, calcium oxalate crystals in the endodermis and thick sclerenchymatous pericycle are the 
common features of all species of Eremogone examined. except for E. gypsophiloides (Linnaeus 1767: 71) fenzl 
(1833: 57) (fig. 3c) that possesses elliptic cross-sections and included phloem, the other three examined species of 
this genus, i.e. E. armeniaca (boissier 1843: 48) holub (1977: 426) (fig. 3f), E. polycnemifolia (boissier 1843: 48) 
holub (1977: 426) and E. pseudacantholimon bornmüller (1910: 22) (fig. 3g) have circular outline and lack included 
phloem.
	  two studied species of Minuartia (M. meyeri bornmüller (1910: 318), M. hamata Mattfeld in engler (1921: 
29)) possess subcircular cross-sections, while M. recurva (allioni 1785: 113) Schinz & thellung (1907: 404) shows a 
broadly elliptic outline. all three studied species have a relatively thick parenchymatous cortex beneath the epidermis 
and relatively thin sclerenchymatous pericycle. among the examined Minuartia spp. only M. meyeri has calcium 
oxalate crystals in the endodermis (fig. 3m-o).
	  the only studied species of the genus Minuartiella, i.e. M. acuminata (turrill 1929: 225) Dillenberger & 
Kadereit (2014: 84) (fig. 3i) shows a broadly elliptic cross-section, a parenchymatous cortex beneath the epidermis, 
and a large central pith.
	  the only examined species of the genus Odontostemma, i.e. O. barbatum (franchet 1887: 430) Sadeghian & 
Zarre (2015: 667) (fig. 3a) is irregularly polygonal in outline and possesses a thick parenchymatous cortex beneath the 
epidermis as well as a relatively thin sclerenchymatous pericycle.
	  Sabulina lineata (boissier 1867: 677) Dillenberger & Kadereit (2014: 86) (fig. 3k), one common species of 
this genus examined here, possesses broadly elliptic cross-sections as well as a parenchymatous cortex beneath the 
epidermis. however, it showed a distinct sclerenchymatous pericycle not differentiated into inner and outer rings. 
this species lacks any calcium oxalate crystals. In contrast, S. tenuifolia (Linnaeus 1753: 424) reichenbach (1832: 
785) with subcircular cross-sections and S. sublineata (K.h.rechinger1988: 36) Dillenb. & Kadereit (2014: 87) with 
broadly elliptic cross-sections possess inner and outer sclerenchymatous pericycle rings as well as calcium oxalate 
crystals in the endodermis (fig. 3p).
	  the only examined species of the genus Sagina, i.e. S. apetala arduino (1764: 22) (fig. 3l) has broadly elliptic 
cross-sections. It possesses a thick parenchymatous cortex beneath the epidermis, a thin outer sclerenchymatous 
pericycle and calcium oxalate crystals in the parenchymatous cortex. also, the xylem in Sagina does not place in the 
middle of the stem, making it asymmetric.
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	  Shivparvatia ciliolata (edgeworth & hooker 1874: 240) Pusalkar & D.K.Singh (2015: 83) (fig. 3d) is subcircular 
in outline, and has a thick parenchymatous cortex beneath the epidermis. In general, the degree of lignification in this 
species is very low and limited to few tracheids in xylem. this species lacks any sclerenchymatous pericycle, making 
it unique among the studied taxa.

Discussion

Stem anatomy shows some variation among different Bufonia species, though some features are constant, promising 
diagnostic value at generic rank. however, Bufonia cannot be characterized by a single stem anatomical feature, 
though rather through a combination of characters. the characteristic anatomical features of stems in Bufonia are: 1) 
a multi-layered (or rarely uni-layered) parenchymatous cortex, 2) presence of an sclerenchymatous outer and an inner 
pericycle ring each consisting of at least two rows of fibers, 3) a large central pith splitting by a central boat-shaped slit 
sometimes with lignified parenchymatous cells, 4) calcium oxalate crystals concentrated mostly in the inner layer of 
the endodermis, and 5) mostly a continuous xylem with varying thickness surrounding the central pith. the stems are 
puberulent to glabrous among different species as mentioned also in traditional taxonomic treatments and descriptions 
of the species (rechinger 1988). the hairs are unicellular in Bufonia, but sometimes glandular (e.g., B. calyculata: 
fig. 2c). 
 besides Bufonia, we observed calcium oxalate crystals in Eremogone, Sabulina and Sagina. Sabulina and 
Sagina are closely related to Bufonia in tribe Sagineae, but Eremogone is rather distant from them (harbaugh et al. 
2010, Greenberg & Donoghue 2011). the examined taxa of Arenaria, Cerastium, Minuartiella, Odontostemma and 
Shivparvatia lack any calcium oxalate crystals. In accordance with Metcalfe and Chalk (1950), we found phloem 
forming a continuous ring in most species, but accompanied by xylem in separate strands in certain species of Arenaria 
and Bufonia. according to our study, Bufonia shows also a continuous cambium.

Comparison of stem anatomical characters between Bufonia and related genera
Arenaria:—the only studied species of Arenaria (A. serpyllifolia) is similar to Bufonia in having a thick 
sclerenchymatous ring. however, the examined Arenaria species lacks a parenchymatous cortex and calcium oxalate 
crystals. In addition, the xylem does not form a continuous ring in Bufonia and is thicker in adaxial and abaxial sides 
compared with the lateral parts in A. serpyllifolia. the earlier reports on presence of crystals in Arenaria (Metcalfe & 
Chalk 1950) cannot be evaluated here, as the circumscription of this genus has been changed considerably according 
to the molecular phylogenetic studies (Sadeghian et al. 2015), and our sampling is far to be representative for Arenaria 
s.str. the genus in its older definition (according to McNeill 1962) was much larger, but several genera such as 
Eremogone, Shivparvatia and Odontostemma have been segregated from it, which are discussed below. the possible 
variation of stem anatomical features in Arenaria and the application of stem anatomy in separation of Arenaria from 
Bufonia need more in depth examination including more species of Arenaria.
 Eremogone:—according to stem anatomical characters, Eremogone is one of the two studied genera showing 
high similarity to Bufonia. a thin cortex (bi-layered), a thick sclerenchymatous pericycle of two distinct outer and 
inner parts, presence of calcium oxalate crystals in the endodermis, a continuous and a relatively thin ring of xylem 
are the common features of Eremogone and Bufonia. the xylem is generally narrower in Eremogone than in Bufonia. 
furthermore, the asymmetrical distribution of xylem, which is thick along the dorsi-ventral or short axis of the cross-
section in Bufonia, provides evidence for separation of this genus from Eremogone. the boat-shaped central pith in the 
cross-sections of stems in Bufonia is another feature making it discernible from Eremogone. the presence of calcium 
oxalate crystals and thick pericycle, correlating the species of Bufonia with Eremogone, seem to represent two cases 
of convergence. the recent molecular phylogenetic studies (harbaugh et al. 2010, Greenberg & Donoghue 2011, 
Sadeghian et al. 2015) place Eremogone in its own tribe which is rather distant from Bufonia as a member of tribe 
Sagineae. 
 Cerastium:—the two studied species of Cerastium are highly similar in stem anatomy and completely different 
from Bufonia. Cerastium as a member of tribe alsineae (Scheen et al. 2004, harbaugh et al. 2010, Greenberg et al. 
2011) can be distinguished from Bufonia by presence of vascular tissues in discrete bundles. furthermore, the calcium 
oxalate crystals and a parenchymatous cortex are absent in the cross-section of Cerastium. the stem anatomical features 
make the recognition of these two genera an easy task, although Chrtek & Křísa (1999) suggest Cerastium and Sagina 
to be close relatives of Bufonia. 
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 Minuartia:—Minuartia as circumscribed recently (Dillenberger & Kadereit 2014) is a much smaller and 
homogeneous group compared to traditional systems (e.g., bittrich 1993). three species examined here show high 
morphological similarity to Bufonia. In addition, all studied species of Minuartia share similar stem anatomical features 
with Bufonia species: a parenchymatous cortex, distinct endodermis with several crystal bearing cells, sclerenchymatous 
pericycle and continuous xylem are some common features observed here in both Bufonia and Minuartia. the observed 
stem anatomical features of Minuartia are in accordance with the previous reports (Metcalfe and Chalk 1950, al-
Saadi & al-taie 2014). all selected species of Minuartia in our study belong to the same clade as the core group of 
the genus (Minuartia s.str.) (Dillenberger & Kadereit 2014). therefore, the high similarity in anatomical characters 
between these two genera supports the results of the phylogenetic studies. following differences can be accounted for 
separation of these two closely related genera: the cortex is composed of large parenchymatous cells in Minuartia, the 
sclerenchymatous cortex is thinner while the phloem is much thicker in this genus. the differences in cross-section 
shape and the pith are minor and might be observed in one or another species of the other genus. 
 Minuartiella:—Minuartiella acuminata, as the only species of the genus examined here, possesses a thick 
sclerenchymatous pericycle, but a thin continuous ring of xylem. the shape of the cross-section (elliptic) and the 
large central elliptic pith make this species unique among the studied taxa. In addition, the sclerenchymatous pericycle 
contains similar cells typical for the inner pericycle in other examined genera and cannot be divided to outer and inner 
rings. these features can be used for distinguishing it from Bufonia, too. otherwise, these two genera show some 
similarity in stem cross-sections: they have distinct parenchymatous cortex, calcium oxalate crystals in endodermis or 
cortex and continuous xylem. 
 Odontostemma:—Odontostemma barbatum, the only representative of the genus in our study, has an extended 
parenchymatous cortex and a narrow sclerenchymatous pericycle. the parenchyma cells are considerably large. the 
xylem is also not continuous in this species. the lack of crystals in the endodermis is another anatomical feature separating 
this taxon from representatives of Bufonia. the stem anatomical characters may suggest also a distinct position of this 
genus apart from Arenaria s.str. (Sadeghian et al. 2015), which has a considerably thicker sclerenchymatous pericycle 
and thinner or no parenchymatous cortex leading to placement of endodermis just beneath the epidermis. however, a 
robust conclusion on stem anatomical features of Odontostemma awaits further in-depth studies on reasonable number 
of species.
 Sabulina:—one of the studied species of the genus, Sabulina lineata, possesses a unique type of sclerenchymatous 
pericycle (fig. 3p). the inner part of the pericycle is composed of weakly or non-lignified cell walls and the outer 
pericycle is divided to distinct bundles thicker along the long axis. the structure of pericycle in this species is the main 
difference between it and the members of Bufonia. the endodermis and the crystal bearing cells are not obvious in this 
species. the two other species of this genus examined here show considerable difference with S. lineata supporting the 
morphological heterogeneity observed in this genus. Compared to Bufonia, these two species have a narrower inner 
sclerenchymatous pericycle. otherwise, the differences between the cross-sections in these species and Bufonia are 
rather minor. 
 Sagina:—the only representative of this genus examined here, i.e. Sagina apetala, is characterized by an 
asymmetrical stem cross-section resulting from a eccentric position of vascular cylinder. It contains a thick parenchyma 
consisting of several rows of large cells. the outer pericycle is thin (not more than two cell layers thick), while the 
inner pericycle is also parenchymatous. the tiny form of the plant and its small size refrain these plants of having a lot 
of supportive tissue.
 Shivparvatia:—Shivparvatia ciliolata is an annual mesophytic species and possesses no sclerenchymatous 
pericycle. It has a thick parenchymatous cortex beneath the epidermis, and an endodermis of small cells that lacks any 
crystals. these features make the cross-sections in this species completely different from Bufonia, which possesses a 
thick sclerenchymatous pericycle in all examined species even in the annual ones, i.e. B. oliveriana and B. parviflora. 
the cortical parenchymatous cells are considerably large in Sh. ciliolata. furthermore, the xylem is much reduced in 
this species.

Taxonomic implication of stem anatomical characters
as shown above, the stem anatomy can provide strong evidence in delimitation of genera closely related to Bufonia. 
another implication of these data would be the correct placement of species in their genera. two examples for this case 
correspond to Bufonia koelzii and Bufonia caespitosa which were transferred to the genus Arenaria by Chrtek & Křísa 
(1999). according to Sadeghian et al. (2015), however, these species should be included in the genus Eremogone, as E. 
polycnemifolia and E. pseudacantholimon, respectively. although Bufonia and Eremogone show considerable similarity 
in stem cross-section, there are also sufficient supports for their recognition as distinct genera. as mentioned above, 
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the narrow xylem and its symmetrical distribution as well as the almost circular or quadrangular pith in Eremogone, 
support assigning these species to Eremogone.
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