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Abstract

Polygonum s the largest genus of Polygonaceae and 5 species are reported in Tunisia. In
order to characterized flower, seed, and fruit development in Polygonum, flower and fruit of
Polygonium equisetiforme (var. graecum and peyerinhoffi), P. aviculare and P. maritimum,
collected from Tunisia, were examined. Flowers are composed of five oblong tepals. P.
equisetiforme and P. aviculare have whitish-pink distylous flowers with dimorphism of style,
filament and anther height, pollen diameter and stigma size. In contrast, P. maritimum
shows white homostylous flowers. The floral vasculature showed that the tepals are inserted
in one whorl and their traces arise independently in 3+2 manner. The eight stamens are
arranged in a 5+3 manner and the staminal bundles arise independently in the two whorls.
The epidermis and endothecium cells width were higher in P. maritimum and the lowest
endothecium width was observed in P. aviculare. Polygonum aviculare and P. equisetiforme
showed circular pollen with shallow colpi and trilobite pollen shape with deep colpi, while P.
maritimum rarely showed shallow colpi. The ovule is anatropous with basal placentation in
P. equisetiforme and P. aviculare and apical placentation in P. maritimum. The young seed
coat was formed by an endotesta with thick-walled cells, a mesotesta and exotesta with
thin-walled cells and a tegmen composed of radially elongated cells. The fruits of the studied
species are trigonous with ovate-lanceolate shape. In P. aviculare, the exocarp is thicker
compared to the two other species, in P. equisetiforme, the mature exocarp consists of
smaller rectangular cells with narrow cavities, and in P. maritimum showed a thinner exocar-
pln conclusion, P. equisetiforme and P. aviculare are a typically distylous species from the
morphological point of view and we discussed the significance of heterostyly in Polygona-
ceae. From this first morpho-anatomical study of Polygonum species in North Africa, we can
conclude mainly that there is no significant difference between P. equisetiforme var. grae-
cum and var. peyerinhoffi supporting a taxonomic grouping of these two varieties.
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Introduction

The Polygonaceae are a large and cosmopolitan family of herbs, shrubs, climbers or trees
which comprise approximately 30 to 49 genera and about 750 species [1, 2], geographically dis-
tributed widely in tropical, subtropical, and temperate regions [3]. Polygonum L. is the largest
genus of Polygonaceae and comprises approximately 150 species in the world [4] distributed
mostly in Europe, North Africa, and Western Asia. They are annual and perennial herbs, sub-
shrubs or shrubs with woody stocks [5]. Polygonum species are, generally, characterized by
having ochreae on nodes, prostrate or erect stems, alternate leaves, axillary flowers, tepals with
dendritically branching main vein, eight to less stamens with a dilated base arranged in two
whorls (inner and outer), and swollen filaments at the base with no visible nectaries [6, 7]. In
Tunisia, the Polygonaceae are represented by 4 genera and 9 species [8].

The use of various characters, such as vegetative anatomy [9, 10], epidermal characters [10,
11] and pollen morphology [12, 13, 14] are of great importance. Moreover, the foliar morpho-
logical and anatomical investigation has effectively contributed in recognizing several segre-
gates in the genus Polygonum L. Due to its stable character sets, the morphological traits of
achene as well as seeds have become an important issue in species classification, providing a
relevant taxonomically analysis at different hierarchical level [2, 15]. Information on achene
anatomy of some Polygonaceae was presented by [16, 17]. It has now been suggested that the
anatomy and morphology of Polygoneae achene are useful in systematic studies and implica-
tions [18].

From the beginning of the twentieth century, the floral structure and anatomy attracted the
attention of several researchers such as [19, 20]. [21] studied the position and morphology of
the floral nectaries of Polygonum and related genera.

The Polygonaceae are characterized by heterostyly as first described by [22]. The identifica-
tion traits of Polygonum taxa are especially based on homo- or heterophylly, ochrea texture
and shape and flower color [6]. Style-stamen dimorphism in Polygonum was well documented
[23]. The genus Polygonum is found to be heterostylous, indeed Polygonum chinense (recently
as Persicaria chinensis), was the first investigated heterostylous species [24].

Heterostyly is a floral polymorphism that is defined as a reciprocal placement of anthers ant
stigmas in two or three floral morphs (distyly or tristyly respectively) of a species [25, 26, 27].
The long styled morph have stigma(s) positioned above the anthers, small pollen grains and
high stigmatic papillae, whereas, the short-styled morph showing an anthers placed above the
stigmatic surface, larger pollen grains, and short stigmatic papillae [25].

A growing body of literature has examined the distyly which has been proved in several
Polygonum species such as P. jucundum Meisn [24]. The value of anther, ovary, seed, and
achene anatomy in the Polygonaceae has been realized by several workers who have used it in
their taxonomic treatment [28]. In addition, same studies mostly focusing on Chinese species
discuss the heterostylous polymorphism in Polygonum jucundum Meisn. [29, 30, 31]. Accord-
ing to the data available in the literature, no information is currently available on the floral
development of the Polygonum species in North Africa. In addition, there is a lack of knowl-
edge of the floral vascularization and the organogenesis in this genus. In this work, we analyzed
the flower, seed and fruit development of Polygonum equisetiforme Sm., P. maritimum L. and
P. aviculare L. from Tunisia. The floral vascularisation characteristics were examined in P.
equisetiforme flowers. The objectives of the present study were to reveal a comparative mor-
pho-anatomical floral analysis of the distylous dimorphism, to anatomically characterize the
tepal, anther, ovary, seed, and fruit development of these species and to develop new knowl-
edge on the floral vascularization of Polygonum sect. Polygonum.
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Materials and methods

Collected material

Flower buds, mature flowers, and fruits of P. equisetiforme var. graecum Meisn., P. equisetiforme
var. peyerinhoffi Batt. & Maire and P. maritimum were collected from natural habitats of Djerba
(Tunisia) in three sites (33°47°49”N, 11°02’51”E), (33°48’41”N, 11°02’38”E) and (33°43’14"N, 10°
59’02”E), respectively. P. equisetiforme var. peyerinhoffi Batt. & Maire is characterized by a very
numerous upright stems leafy at the base only, forming dense bushes. However, P. equisetiforme
var. graecum Meisn. has hard steep stems more or less spreading or decumbent [8]. The plant mate-
rial of P. aviculare was harvested from natural habitats of Nabeul Province, Tunisia (36°30°64”N,
10°39'14”E). All collections were carried out during May to July 2017 and 2018. All the plant mate-
rial was provided by the “Laboratoire des écosystémes pastoraux et valorisation des plantes sponta-
nées et des micro-organismes associés, Institut des Régions Arides (IRA) Médenine, Tunisia”.
Since P. equisetiforme, P. aviculare and P. maritimum are not a protected species and as the plants
collecting focused on public rights of way, no a collecting permit required, nor was a specific per-
mission needed. Vouchers of examined Polygonum species are deposited in the seed bank of the
Laboratoire d’Ecologie Pastorale at the Institut des Régions Arides, Médenine, Tunisia (IRA).

Floral and seed anatomy

Collected materials were fixed in freshly prepared FAA (formaldehyde: glacial acetic acid: 70%
ethanol 5:5:90 by volume) overnight at room temperature and preserved in 70% ethanol. After
washing with 0.1 M phosphate buffer (pH 7.4), they were dehydrated by passage through a ter-
tiary butyl alcohol series (15-100%) and embedded with warm (56-58°C) paraffin. Histological
blocks were prepared from each embedded material and then cut in 10-15 pum sections with a
Sakura SRM200 rotary microtome (Sakura Accu-Cut SRM, Japon) with disposable blades, then
stuck onto histological slides and dried using an electric slide warmer for 12 h. Dried slides were
stained with 0.1% Toluidine blue O for 60-90 s, rinsed with running water, and again dried with
an electric slide warmer for more than 6 h to remove water. The stained slides were then mounted
with synthetic Canada balsam (Biopur) and the observations are performed under a light micro-
scope (Leitz, Germany), and photographed with an attached camera system (Leica, Japon).

Floral measurements

For observations and measurements on floral organs buds at similar stages of development, a
hundred buds from each morph were sampled from 20 plants per style morph [30]. The tepals,
stamens, and ovary were carefully removed from each bud, observed using a Leica MS5 stereo-
microscope and the images of floral organs were captured using a Leica digital camera. The fil-
ament length, anther length, anther height, pollen size, ovary length, style length, and stigma
height were measured from these images by using the metrical software Image J [32]. Details
of pollen morphology were based on the measurements of 20 grains. The equatorial diameter
(E) and polar axis (P) were determined from the images taken with the Leitz microscope
equipped with a camera system. We used one-way analysis of variance ANOV A to analyze
flower traits individually, with correction by sequential Bonferroni.

Results
Flower structure and development

Polygonum maritimum presented leafy inflorescences, flowers are in small axillary clusters,
and leaves are coriaceous. Polygonum aviculare showed leafy inflorescences, solitary flowers,
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axillary, or in small axillary clusters with 3-5 flowers; bracts leaf-like, longer than the flowers.
However, Polygonum equisetiforme presented spiciform inflorescences, terminal, slender, not
leafy, and leaves are not coriaceous. The flowers have five oblong tepals, two outers, one inter-
mediate, and two inner tepals. The outer and intermediate ones are oblong-elliptic while, the
inner is smaller and slightly angular around the main vein. Results showed that the outer and
inner tepals are significantly longer and wider in P. maritimum while they have similar dimen-
sions in P. aviculare, P. equisetiforme var. graecum and var. Peyerinhoffi (Fig 1, Table 1 and
Table 2).

The pattern of floral variation demonstrates that two out of the three studied species are dis-
tylous characterized by the reciprocal placement of stigmas and anthers in two floral morphs.
The flowers possess eight stamens situated at the base of the tepals and arranged in one outer
whorl composed of five stamens and inner ones of three stamens (Fig 1). The stamens of both
whorls are free. Observations of P. equisetiforme (var. graecum and peyerinhoffi), and P. avicu-
lare revealed the occurrence of two morphs as distylous species: short style morph (SS) and
long style morph (LS) known as thrum type and pin-type respectively. In contrast, P. mariti-
mum have homostylous flowers (Fig 1). In P. equisetiforme (var. graecum and peyerinhoffi),
and P. aviculare, the color of the flowers varied from whitish to pink. In detail, the pin flower
of P. equisetiforme var. graecum and P. aviculare have a whitish color (1A and 1E) and the
thrum ones are light pink (Fig 1B and 1F). In P. equisetiforme var. peyerinhoffi, the LS flower is
of smooth to light pink color while the SS one is dark pink whatever the flower age (Fig 1C and
1D). For P. maritimum we always found white flowers (Fig 1G). The style length of LS morph
was significantly (P <0.0001) longer than that of the SS morph. The long style length is higher
in P. equisetiforme var. graecum and var. peyerinhoffi compared with P. aviculare. However,
the lowest value of style length was measured in P. maritimum (0.96 £ 0.02 mm). The differ-
ence in stigma height and width between LS and SS flowers was very significant (Fig 1). Thus,
the stigma width of LS morph stands approximately 1.25, 1.3, and 1.4 fold greater than that of
the SS morph in P. equisetiforme var. graecum, P. equisetiforme var. peyerinhoffi, and P. avicu-
lare, respectively. Moreover, the stigma height of LS morph is unchanged in the studied spe-
cies, whereas the SS morph of P. aviculare indicated the highest value. Our results showed that
the ovary height and width was unchanged by the style morphs. Among the species, P. avicu-
lare has the lower size in both morphs while the higher one was observed in P. maritimum.
The filament length and the stamen height were significantly greater in the SS morph com-
pared to LS morph in P. aviculare, in P. equisetiforme var. graecum and var. peyerinhoffi. For
these floral parameters, the lowest values were found in P. aviculare and in P. maritimum. For
P. equisetiforme there is no significant difference between the varieties. The anther length and
width of LS morphs in both varieties of P. equisetiforme was significantly (P <0.0001) longer
than that of the SS morphs while they were unchanged in the flowers morphs in P. aviculare.
The results indicated no significant difference for these parameters between var. graecum, and
var. peyerinhoffi of P. equisetiforme. The higher anther length and width measured in P. equise-
tiforme var. graecum flowers were closer to 1.18 and 0.92 mm respectively, whereas the lowest
values occurred in P. maritimum. Pollen sizes of the two morphs are different (P <0.0001).
The long-styled flowers produce significantly smaller pollen than the short-styled ones. How-
ever, the pollen diameter of P. maritimum was the lowest while it was higher in the SS morph
of P. equisetiforme with not significant difference between the varieties.

Microscopic observation showed that the young anthers are tetrasporangiate connected to
the interface tissue (Fig 2). At the beginning of the development of the anther, the pollen sac
comprises a group of archesporial cells whose division and differentiation generates wall lay-
ers. Before maturation, the anther wall is formed by four cell layers, viz. epidermis, endothe-
cium, middle layers and tapetum (Fig 2B). Towards the inside in the middle part of the pollen
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Anther

Anther

Fig 1. Flower morphology. Flowers of the long (LS) and short (SS) style morphs of P. equisetiforme var. graecum (a:
SS, b: LS), P. equisetiforme var. peyerinhoffi (c: SS, d: LS), P. aviculare (e: SS, f: LS), and P. maritimum, (g). Scale
bars =1 mm.

https://doi.org/10.1371/journal.pone.0227099.9001
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Table 1. Floral dimensions (mean + standard deviation) of the long styled (LS) and short styled (SS) flowers of Polygonom L. species. a: P. equisetiforme var. graecum,

b: P. equisetiforme var. peyerinhoffi, c: P. aviculare, d: P. maritimum.

Floral traits

LS-morph
Inner tepal length (mm) 1.21540.081
Outer tepal length (mm) 0.601+0.034
Style length (mm) 2.791+0.114
Stigma height (mm) 0.326+0.032
Stigma widh (mm) 0.473+0.037
Ovary height (mm) 1.503+0.120
Ovary widh (mm) 0.903+0.058
Stamen height (mm) 3.093+0.218
Filament length (mm) 2.584+0.324
Anther height (mm) 1.180+0.158
Anter widh (mm) 0.924+0.051
Polen diameter (um) 31.50+1.240

https://doi.org/10.1371/journal.pone.0227099.t001

a

SS-morph

1.209+0.094
0.596+0.041
1.193+0.097
0.260+0.029
0.361+0.042
1.508+0.134
0.891+0.064
3.876+0.328
3.384+0.491
0.803+0.107
0.599+0.038
34.19+1.420

LS-morph
1.212+0.058
0.613+0.052
2.783+0.125
0.336+0.041
0.486+0.058
1.530+0.098
0.883+0.049
3.114+0.302
2.581+0.375
1.145+0.098
0.844+0.075
30.83+1.380

SS-morph

1.220+0.049
0.603+0.039
1.206£0.099
0.251+0.017
0.346+0.028
1.504+0.085
0.902+0.067
3.895+0.297
3.396+0.534
0.895+0.124
0.653+0.057
32.54+1.480

LS-morph

1.251+0.102
0.620+0.057
2.604+0.131
0.330+0.027
0.520+0.071
1.396+0.108
0.786+0.045
2.876+0.328
2.281+0.281
0.757+0.076
0.569+0.062
28.36+1.370

SS-morph

1.242+0.080
0.646+0.071
1.153+0.096
0.283+0.035
0.393+0.042
1.403+0.113
0.776+0.051
3.677+0.406
3.275+0.359
0.791+0.068
0.580+0.045
33.51+1.590

2.233+0.124
1.502+0.105
0.963+0.051
0.262+0.022
0.341+0.034
1.510+0.125
1.143+0.082
3.139+0.307
2.726+0.289
0.607+0.054
0.377+0.042
28.15+1.400

sac, we find a large group of cells with dense cytoplasm and visible nuclei which are the pollen
mother cells (PMC) who are surrounded by the tapetum. The middle layer and tapetum
degenerated during meiosis while the epidermis and endothecium layers were observed
throughout anther development. Indeed, the walls of the mature anther consist of thick fibrous
endothecium cells and the papillate epidermis (Fig 2C).
In the stamen primordia, the archesporial cells differentiated and divided periclinally to
form outer primary parietal cells and inner primary sporogenous cells. The primary parietal
cells divided repeatedly to form a subepidermal endothecium, whereas inner cells produce the
middle layer cells and the tapetum. In addition, inner primary sporogenous cells divided again
periclinally to form secondary sporogenous cells, which gave rise to a mass of microspore
mother cells by several mitotic divisions (Fig 2A). Later, the microsporocytes progressed to
meiosis I (prophase I, metaphase I, anaphase I and telophase I) and II (prophase 11, metaphase
II, anaphase II and telophase II) and the four cell walls of the anther were formed (Fig 2B).
Also, a microspore tetrad with mostly tetrahedral shape was produced.

Table 2. P-values of the statistical analyses (ANOVA) related to floral morphology of P. equisetiforme var. graecum, P. equisetiforme var. peyerinhoffi, P. aviculare

and P. maritimum.

Floral traits

Inner tepal length (mm)
Outer tepal length (mm)
Style length (mm)
Stigma height (mm)
Stigma widh (mm)
Ovary height (mm)
Ovary widh (mm)
Stamen height (mm)
Filament length (mm)
Anther height (mm)
Anter widh (mm)

Polen diameter (um)

https://doi.org/10.1371/journal.pone.0227099.t002

20
20
20
20
20
20
20
20
20
20
20
20

Morphs
0.010
0.036

< 0.0001
0.311
0.019

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001
0.007

Test between subjects effects

Species
0.915
0.661

< 0.0001
< 0.0001
< 0.0001
0.487
0.935
< 0.0001
< 0.0001

< 0.0001

< 0.0001

< 0.0001

Morphs x Species

0.954
0.307
0.008
0.154
0.688
0.245
0.546
0.888
< 0.0001
< 0.0001
< 0.0001
0.011
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Fig 2. Anther wall formation, microsporogenesis, microgametogenesis and morphology of pollen grains of Polygonum. A, Cross-sectional view of anther,
showing a row of secondary sporogenouscells gave rise to a mass of microspore mother cells by several mitotic divisions (arrow). B, Anther wall formation. C,
Microsporocytes cells at anaphase I, telophase I, anaphase II and telophase II (arrow). Pollen morphology of P. maritimum (D), P. aviculare (E) and P. equisetiforme
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(F) under light microscope. Pollen grains are rounded-trilobed with deep long colpi in polar view and prolate in equatorial view (black arrow). Pollen grains of
circular shape with shallow long colpi in polar view (red arrow). Pollen grains of circular polar outline and spheroidal to prolate-spheroidal equatorial view (green
arrow). Abbreviations: A, anaphase; T, telophase, P, prophase; M, metaphase; Al anaphase I; AIl, anaphase II, T1, telophase I; T1I, telophase II; t, tetrads; ent,
endothecium; ml, middle layers; ta, tapetum; pmc, pollen mother cells; E, equatorial view; P, polar view. Scale bars: A, B and C = 400 pm; D, E and F = 35 um.

https://doi.org/10.1371/journal.pone.0227099.9002

Flower anatomy and vasculature

The tepal epidermis is similar in the three species investigated, consisting of irregular, elon-
gated or rectangular cells with sinuate outline. The cuticle is often deeply and irregularly
ridged. In cross-section, the abaxial epidermis has larger cells, much wider lumen and thin
walls. The adaxial epidermis has much smaller, thin-walled cells. One main vein is present in
each tepal. The secondary veins are frequent especially in P. equisetiforme and P. aviculare
with smaller sizes especially in the last species (Fig 3E-3H). In P. maritimum secondary veins
are much less common. Stomata are usually present in the abaxial surface in P. equisetiforme
and P. maritimum whereas it was observed on both the abaxial and adaxial surface of the tepal
in P. aviculare.

The flowers possessing eight stamens situated at the base of the tepals and arranged in one
outer whorl composed of five stamens and an inner one of three stamens (Fig 1). The stamens
of both whorls are free. All filaments are flattened with thickened base in the inner stamens.
Anatomically, the filaments are formed by one layered epidermis with isodiametric cells and a
parenchymatous mesophyll composed of rounded cells. The vasculature consists of one central
vascular bundle (Fig 3M-3P). The anthers in the three studied species are dithecal, tetraspor-
angiate, basifixed, with longitudinal dehiscence. The mature anther wall consists of an epider-
mis and endothecium (Fig 31-3L). The epidermis has thickened rounded cells that are larger
in the stomium region. The connective is formed by an epidermis with much smaller cells,
parenchyma, and the one staminal bundle. The endothecium is located around each pollen
sac, and its cells are thin-walled elongated quadrangulate in cross-section. The epidermis and
endothecium cells width were higher in P. maritimum and the lowest endothecium width was
observed in P. aviculare.

The mature pollen grains observed in the Polygonum L. section Polygonum studied species
are tricolporate showing variation in pollen shape and size. The shape of pollen in P. aviculare
and P. equisetiforme are the most similar. Indeed, in polar view, the majority of pollen are of
circular shape with shallow colpi but some others are of circular-trilobate shape with deep
colpi. In equatorial view, pollen grains are predominantly prolate. In contrast, in P. mariti-
mum, the pollen grains are of circular shape rarely with shallow colpi in polar view and sphe-
roidal to prolate-spheroidal in equatorial view (Fig 2D and 2F). The average diameter of pollen
grainswas in the range of 28.2-34.5 / 24.6-27.5 pm. P. maritimum (27.9/24.6 pm) appeared to
be the smallest in pollen diameter while P. equisetiforme (34.5/25.1 pm) was the largest
(Table 3). The ratio P/E (polar axis/equatorial diameter) varied from 1.13-1.37, minimum in
P. maritimum and maximum in P. equisetiforme. An exine was clearly visible in all species,
quite thick in P. maritimum (3 um) followed by P. aviculare (2.6 um) while relatively thin
exine was recorded in P. equisetiforme (1.9 um). In contrast, the exine pattern under light
microscope is invisible.

The gynoecium is differentiated into stigma, style, and ovary (Figs 3 and 4). The ovary is
uniovulate and trigonous, with an ovate-circular shape. The ovule is anatropous with basal pla-
centation in P. equisetiforme and P. aviculare and apical placentation in P. maritimum (Fig 4).
In the three studied species, the ovary is prolonged by 3 moderately short styles, anatomically
formed by an epidermis composed of oblong-elliptic cells covered by a thin cuticle. Towards
the inside, the parenchyma is made up of rounded cells in cross-section. The central zone of
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Fig 3. Anatomical aspects of the flowers. P. equisetiforme var. graecum (A, E, I and M), P. equisetiforme var. peyerinhoffi (B, F, ] and N), P. aviculare (C, G, K and O),
and P. maritimum (D, H, L and P) under light microscope. Flower buds cross section (A, B, C and D). Tepal detail (E, F, G and H). Detail of mature anther (I, J, Kand
L). Detail of the free portion of the filament and style-stigma (M, N, O and P). Abbrevations: an, anther; be, abaxial epidermis; co, connective; de, adaxial epidermis; ep,
epidermis; ent, endothecium; f, filament; it, inner tepal; ot, outer tepal; at, alternate tepal; st, stigma; stb, stamen vascular bundle; p, pollen; vb, vascular bundle. Scale
bars: A,B,Cand D =150 ym; E, F, G, H, I, ], K, L, M, N, O and P = 500 pum.

https://doi.org/10.1371/journal.pone.0227099.g003

the style is composed of smaller thick walled parenchymatous cells forming a compact mass of
transmission tissue (Fig 4E, 4F and 4]). This tissue is strongly stained, indicating its secretory
activity. The vasculature is ensured by collateral vascular bundles crossing the style and
branching at the base of the stigmatic lobes. These styles are basally fused with three capitate
stigmas.

Cross sections show that the floral pedicel of Polygonum studied species is sub-trapezoidal,
formed by epidermis, cortex and five collateral bundles arranged in a ring (Fig 5A and 5B).
This central stele will diverge to extend in many vascular bundles and give rise to the vascula-
ture of all flower parts (tepals, stamens and the ovary). At first two traces depart from the main
stele simultaneously diverging into two corners (Fig 5C), followed by three more traces (Fig
5D).
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Table 3. Morpho-anatomical characteristics of the flowers of Polygonom L. species. a: P. equisetiforme var. grae-
cum, b: P. equisetiforme var. peyerinhoffi, c: P. aviculare, d: P. maritimum.—absence, + presence.

Floral traits alblcld
Tepals

Five tepals +l+ |+ +
Tepal color varies from whitish to light pink + -+ -
Tepal color varies from light to dark pink B PR I
White tepals I I
Epidermis cells are elongated or rectangular cells with sinuate outline + |+ +
Stomata on abaxial and adaxial surface R I I
Stomata on the abaxial surface + 4+ -

Tepal vascularisation with one main vein - -

Tepal vascularisation with one main vein and secondary vein + 4+ -

Androecium

Eight free stamens arranged in one outer whorl with five stamens and inner one of three stamens

Filaments with parenchymatous mesophyll

The mature anther wall consists of epidermis and endothecium

+ |+

+ |+

Anthers bithecal and tetrasporangiate + |+
+ |+

+ |+

Thicker epidermis and endothecium

Thinner endothecium I I P
Smaller size with P/E (27.9/24.6 pm) I I I
Larger size with P/E (34.5/25.1 pum) 4+ -] -
Larger size with P/E (33.0/27.5 pm) [ (R (O

Thicker exine (3 pm) R I O

Thicker exine (2.6 pm) S S

Relatively thinner exine (1.9 um) -]
Higher P/E ratio (1.37) 4+ -] -
Intermediate P/E ratio (1.2) P I I
Lower P/E ratio (1.13) J I

Pollen grains tricolporate

Pollen grains are rounded-trilobed with deep long colpi in polar view and prolate in equatorial view + |+ |+ -

Pollen grains of circular shape with shallow long colpi in polar view and also prolate in equatorial view | + | + | + | -

Pollen grains are of circular polar outline and spheroidal to prolate-spheroidal equatorial view R
Gynoecium

Three free styles connate at base with three capitate stigmas ++ |+ ]+
Distylous + |+ |+ -
Monostylous S I I
Ovary unilocular 44|+
Ovary monovulate 44+
Ovule anatropous |+ ]+
Basal placentation + 4+ +] -
Apical placentation B [ R
Seed coat

Thicker exotesta with larger thick-walled cells TR [ [
Exotesta with less large rectangular cells + |+ |+ -
Mesotesta with smaller thin-walled cells + 4+ + |+
Endotesta with elongated thin-walled cells + 4+ +] -
Endotesta with rounded thin-walled cells S (R
Tegmen with two-layer radially elongated cells + 4+ + |+

(Continued)
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Table 3. (Continued)

Floral traits ab cd
Fruit

Fruit pericarp with exocarp, mesocarp, and endocarp + |+ |+ -
Thicker exocarp with undulated anticlinal walls and a broad lumen with dendritic branching towards | - | - | + | -
the periphery

Exocarp with less undulating anticlinal walls and narrow branching lumen ++ |- -

Exocarp with straight anticlinal walls and broad lumen - - -
Mesocarp with 2-3 layers of flattened cells + |+ |+
Fruit are trigonous with ovate-lanceolate shape

Fruit is dark brown with three subequal concave sides + 4+ - -
Fruit is black with highly concave faces - -+

Fruit is black with slightly concave faces B

Acene surface is shiny and smooth S I [ s
Achene surface is striate-tubercled + |+ |+ -
Smaller size with LxW (1.9 x 1.5 mm) S I IO
Moderate size with LxW (2.85 x 1.46 mm) 4+ -] -
Larger size with LxW (4.05 x 2.98 mm) TR I I

https://doi.org/10.1371/journal.pone.0227099.t003

Seed and fruit development

Normally, the outer and inner epidermis and mesophyll of the carpel will differentiate into
three components of the pericarp which are: exocarp, mesocarp, and endocarp. In young
fruit of the studied species, the exocarp is composed of a single layer of rectangular cells, with
nearly straight thick anticlinal and periclinal walls and vast cavities. The structure of the exo-
carp changes during maturation, with highly lignified narrow cells and irregularly undulate
anticlinal walls. In P. aviculare, the exocarp is thicker compared to the two other species, the
anticlinal walls are very twisted and the cells cavities are almost rectangular with several ramifi-
cations on the sides. The periclinal wall contains some projections (verrucae) on the surface
(Fig 61-6K). For P. equisetiforme, the mature exocarp consists of smaller rectangular cells with
narrow cavities (Fig 6A-6G). The anticlinal wall is less undulating with several verrucae. A
thinner exocarp is observed in the mature fruit of P. maritimum characterized by the absence
of verrucae on the surface, with narrow rectangular cells, straight anticlinal walls and vast cavi-
ties (Fig 6M-60). During fruit development, the mesocarp cells become irregularly shaped by
losing the protoplasts, increasing the intercellular space. At the external mesocarp level, the
cross sections showed the presence of vascular bundles, attached with the internal exocarp (Fig
6Q). In mature fruit, the mesocarp is characterized by 2—3 layers of compressed flattened cells
(Fig 6C, 6G, 6K and 60). In the young fruit, the endocarp is formed by uniseriate cells; like-
wise, during maturity, these cells lose protoplasts and become very elongated. In the studied
species, the endocarp has completely collapsed in mature fruit (Fig 6). The young seed coat is
composed of the following compartments: the external one, the exotesta, consists of uniseriate
large thick-walled cells (Fig 5S). The mesotesta is formed by 2 layers of smaller thin-walled
cells, and an endotesta is formed by a single layer of elongated thin-walled cells. The tegmen is
composed of a single or two layers of radially elongated cells that are rich in protoplasts. In the
mature seed coat, a single layer of rectangular cells elongated tangentially forming the exotesta.
The mesotesta is composed by one or two layers of much-flattened cells also, the endotesta is
reduced to a single layer of elongated and small width cells (Fig 6R).

The fruits of the studied Polygonum species are trigonous with ovate-lanceolate shape, often
unequally triangular with one side broader than the other two, with a short stipe and long beak
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Fig 4. Anatomical aspects of the ovary. P. equisetiforme var. graecum (A), P. equisetiforme var. peyerinhoffi (B), P. aviculare (C), and P. maritimum (D)
under stereomicroscope. Longitudinal section of the flower and young fruit in P. maritimum (E, F and G) and P. equisetiforme (H, I and J).
Abbreviations: hy, hypostase; iep, inner epidermis; oep, outer epidermis; me, mesophyll, ov, ovary; sty, style; st, stigma; es, embryo sac. Scale bars: A, B,
Cand D =800 um; E, F, G, H, and ] = 400 pum; I = 300 pm.

https://doi.org/10.1371/journal.pone.0227099.9004
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Fig 5. Floral vasculature. P. equisetiforme in transverse sections of developing flowers (A, B, C, D, E, F, G, H, I and J).
Abbreviations: ep, epidermis; vt, vascular trace; SP, spangy parenchyma; att, alternate tepal trace; ott, outer tepal trace;
itt, inner tepal trace; st, stamen trace; ost, outer stamen trace; ist, inner stamen trace; yellow circle, inner stamen trace;
purple circle, outer stamen trace; red circle, tepal trace; black circle, ovary trace. Scale bars = 50 um.

https://doi.org/10.1371/journal.pone.0227099.9005
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Fig 6. Morphological and anatomical aspects of fruit. P. equisetiforme var. graecum (A, B, C and D), P. equisetiforme

var. peyerinhoffi (E, F, G and H), P. aviculare (I, ], K and L), and P. maritimum (M, N, O and P) under light
microscope. Transversal section of premature fruit (A, E, I, M and Q). Transversal section of mature fruit (B, F, J, N
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and R). Transversal section of mature fruit wall (C, G, K, O and S). Mature fruits morphology under light microscope
(D, H, L, and P). Mature seed coat (R). The young seed coat (S). Abbreviations: an, anther; em, embryo; enc, endocarp;
es, embryo sac; exc, exocarp; msc, mesocarp; oep, outer epidermis; oi, outer integument; pe, perisperm; sc, seed coat;
vb, vascular bundle; enc, endocarp; ent, endotesta; ext, exotesta; mst, mesotesta; te, tegmen. t, tepal. Scale bars: A, B, E,
F,1,J,Mand N =400 um; C, G, Kand O = 80 um; D, H, T and P = 1000 um; Q = 250 pum; R and R = 100 pm.

https://doi.org/10.1371/journal.pone.0227099.9006

(Fig 6 and Table 3). The mature fruit is dark brown with three subequal concave sides in P.
equisetiforme (Fig 6D and 6H), black with highly concave faces in P. aviculare (Fig 6L) and
black with slightly concave faces in P. maritimum (Fig 6P). The external achene surface is
shiny and smooth in P. maritimum. On the contrary, it is striate-tuberculate in the other stud-
ied species. The undulating anticlinal wall of the exocarp cells give rise to the observed tuber-
cles. While there are few equidistant tubercles covering the achene of P. equisetiforme, they are
arranged in longitudinal rows in P. aviculare. The achene sizes (length x width) was larger in
P. maritimum (4.05 x 2.9 mm) followed by P. equisetiforme (2.85 x 1.46 mm) while smaller
achenes (1.9 x 1.5 mm) were found in P. aviculare (Table 3).

Discussion

The present study allowed us to provide essential information on the morpho-anatomy and
the flower vascularization in three species of the genus Polygonum sect. Polygonum. With these
results, we contribute to the knowledge of these species. Our study revealed that P. aviculare,
P. equisetiforme var. graecum and var. peyerinhoffi are distylous species with a polymorphism
affecting the style and stamen height, tepal, pollen and seed size (Tables 1 and 2). However, we
found only one morph having white styled flowers in P. maritimum. A change in the colour of
the two flower morphs was observed in the two varieties of P. equisetiforme (Fig 1). There are
some studies on the functions of dimorphism of the size of the tepal. Some researchers
reported that short-style flowers had slightly larger tepals than long-style flowers [24, 27]. In
Polygonaceae, the comparison of tepal size between morphs varies according to the studied
taxa. We found no significant difference in tepal size between the different morphs of P. equi-
setiforme var. graecum and var. peyerinhoffi and P. aviculare, which was also observed in P. has-
tato-sagittatum Mak. [30], while a larger tepal length was observed in P. jucundum [24]. The
two varieties of P. equisetiforme and P. maritimum are characterized by the presence of sto-
mata on the abaxial surface. P. aviculare can be diagnosed by the occurrence of stomata on
both the abaxial and adaxial epidermis of the tepals. The distribution of stomata on the tepals
of all studied species may be explained by the effect the climatic and environmental factor in
which these species occur, in fact, P. aviculare grow in superior semi-arid habitats, whereas P.
equisetiforme and P. maritimum are found in dry habitats. As stomata promote water loss dur-
ing gas exchange, plants with few stomata may be advantageous in drier environments.

In the studied Polygonum species, the stamens are free and arranged in outer and inner
whorls, they have long flattened filaments and are independent of separate tepals. These obser-
vations are in agreement with the finding in P. hastato-sagittatum and P. jucundum, respec-
tively [30]. In contrast, the filaments have little contribution to the anther height in other
distylous species [33, 34]. The flower morphs of P. equisetiforme var. graecum and var. peyerin-
hoffi present a remarkable difference in the anther size with longer anthers in the SS flowers.
This dimorphism was recorded in others distylous species such as Psychotria nuda (Cham. &
Schltdl.) Wawra [35], and Psychotria carthagenensis Jacq. [36]. The anther showed one ephem-
eral middle layer, reported in many species such as Chrysanthemum multicaule Dest. [37],
Anchusa azurea Mill., Asperugo procumbens L., Cynoglossum glochidiarum Wall., C. lanceola-
tum Forssk., Lycopsis aroensis L., L. orientalis L., Myosotis sylvatica Hoffm., Rochefia stylaris
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Boss., Solenanrhus circinatus Ledeb. [38] and Swainsona formosa (G. Don) Joy Thomps. [39].
The mature anther wall of P. equisetiforme and P. maritimum is characterized by well-devel-
oped endothecium also prevalent in many dicotyledonous species such as Onobrychis scha-
huensis Bornm [40], Acca sellowiana (O. Berg) Burret [41], and Camellia japonica L. [42]. On
the contrary, recent studies have shown that the endothelium is not differentiated and or
absent in the anther of Camellia yunnanensis var. camellioides (Hu) T.L.Ming [43] and of Abe-
lia tyaihyoni Nakai [44].

Our study revealed that the three studied species of Polygonum have a similar morphology
of pollen grains. They are all tricolporate showing variation only in shape and size. In agree-
ment with previous findings in other Polygonum species showing that this genus has prolate to
spheroidal pollen and the aperture is mostly tricolporate, rarely panto-hexacolporate with sev-
eral types of exine ornamentation [45, 46]. The largest pollen size was observed in P. equiseti-
forme, while the smallest one in P. maritimum. In contrast, the latter showed the thicker exine
while the lowest exine thickness was observed in the former. Previous papers recorded that the
exine thickness varied from 1.00 um (P. sarobiense Rech. f.) to 6.3 um (P. posumbu Buch.-
Ham. ex D.Don) [47, 48]. Besides pollen size, P/E value proved to be a useful character of sys-
tematic value. In the present study, the P/E ratio varied from 1.13 to 1.36 in agreement with
pollen morphology of other Polygonum [48] and other Polygonaceae species such as Fallopia
convolvulus (L.) A. Love and F. dumetorum (L.) Holub. [11].

The flowers of Polygonum are supplied by five fundamental vascular bundles. The tepal vas-
culature differs between the studied species, indeed, in P. maritimum the vasculature of each
tepal is ensured by a single vascular bundle similarly to vasculature of sepal and petal of Schef-
flera delavayi (Franchet) Harmswhereas in P. equisetiforme and P. aviculare each tepal is sup-
plied by one median vascular bundle and two lateral bundles as shown in Schefflera
heptaphylla (L.) Frodin petal [49]. On the contrary, each stamen has a single vascular bundle
as shown in Buxus balearica Lam. [50] and in 7 species of Asian Schefflera L. [49]. The observa-
tions of the floral vasculature in P. equisetiforme indicated that the stamen and tepal haven’t
got a common primordial vasculature. A similar observation was made in Eriogonum hera-
cleoides Torr., E. umbellaius Torr., E. virgatum Benth., and Polygonum aviculare L. [51], and in
Cadia purpurea (G. Piccioli) Aiton [52]. In contrast, in Pisum sativum L. [53] and in nine spe-
cies of Cyclamen [54] the stamens and petals are initiated in a common primordium. Simulta-
neously, the inner stamens are initiated followed by the inception of the gynoecium. This
simultaneous emergence of the stamens is similar to those observed in Plantago L., Aragoa
Kunth and Heliohebe Garn.-Jones species of Plantaginaceae [55]. In angiosperms, the gynoe-
cium vasculature is generally provided by three bundles per carpel: one follows along its
median plane, called dorsal or median bundle, and the other two continue along its margins,
called lateral bundles [56, 57], although carpels can have one, three, five or more traces per car-
pel. In the studied species, the gynoecium is tricarpellary with one dorsal bundle at each carpel.
In the transverse section of style, only one dorsal bundle and one pollen-tube transmitting tis-
sue were observed (Fig 3). In the floral vasculature description of some Polygonaceae species,
the vasculature of gynoecium comprises three or two dorsal bundles which, after their depar-
ture leave behind a ventral plexus. This plexus breaks up into three or two ventral strands and
furnish an ovular trace. In some species of Polygonum and Rumex L., the ventrals do not
become distinct. The ovular trace supplies the single ovule where it is completely used up. The
dorsals continue in the style and terminate in the carinal stigma. The ventrals may run up to
different heights in the ovary wall.

In the studied species, the ovary consisted of 3 united carpels forming one locule, so it is
pseudomonomerous (Figs 3 and 4), which encloses only one orthotropous ovule with basal
placentation in P. equisetiforme and P. aviculare and apical placentation in P. maritimum. The
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terminal part of the gynoecium is formed by 3 styles each of which ends with a stigma as in
other Polygonaceae [28]. Three styles connate at the base as observed in our study were also
found in P. salicornioides Jaub. & Spach ex Boiss and Atraphaxis ovczinnikovii Czukav. [29].
On the contrary, in other Polygonaceae such as the species of Atraphaxis L. sect. tragopyrum
the three styles are free with large stigmata [58]. The difference in ovary size between LS and
SS flowers was very negligible as observed in P. jucundum [31]. Since the length of the stigma
is negligible, the difference in style length is the fundamental parameter to be determined
when looking for the difference in stigma height between the two morphs. Polymorphism in
stigma size has been shown in many distylous species. For instance, in Linum grandiflorum
Desf. and L. pubescens Banks & Sol., the stigma of long morphs is larger, as was observed in
our studied species. In contrast, in others species such as Polygonium jucundum [24] and P.
hastato-sagittatum [30], the short morph stigma is larger than that of long morphs. The larger
stigma might be able to receive more pollen grains. [33] showed that the differences in the
style and stigma of LS and SS flowers of same heterostylous species of Rubiaceae (Psychotria
chiapensis Standl. and Psychotria poeppigiana Mill. Arg.) is the result of structural differences
developed early and maintained throughout development. In contrast, in Guettarda scabra L.
(Rubiaceae) the differences in style heights between flowers of the two morphs were related to
a growth rate reduction of the short styles development [59].

The young fruit is externally limited by a well-developed exocarp, a mesocarp formed by
several layers of parenchymatous cells, and an internalendocarp (Fig 6). In most species of
Polygonaceae, during the development, the exocarp increases in thickness and becomes scleri-
fied. However, the mesocarp and endocarp have collapsed. On the other hand, the outer meso-
carp cells layers of the young fruit, adjacent to the exocarp are smaller in size than the inner
ones with the presence of several vascular bundles in this part. In correlation with what has
been described in other Polygonaceae indicating the presence of 2 zones in the mesocarp, an
outer pigmented zone with vascular tissue and an inner non-pigmented zone [60]. During the
pericarp development, the most important event is the transformation of the exocarp [18].
Since the primary role of the pericarp is to protect the embryo [61], the exocarp can be consid-
ered as the most important part of the pericarp that helps seed protection. Unlike the pericarp,
which becomes hard during development to ensure the protection of the seeds, the seed coat
remains parenchymatous or may even be reduced or disappear during development. Indeed,
the young seed coat is composed by a single layer of exotesta, single layer of mesotesta, single
layer of endotesta, and a tegmen with 1-2 layers of palisade cells. In contrast, the mature seed
coat is formed with fragmented layers of cells. In P. maritimum, the young seed coat has the
thicker exotesta with larger thick-walled cells. The exocarp morphology in Polygonum sec.
Polygonum showed the presence of two kinds of cell structure. The first type is characterized
by the presence of convolute anticlinal walls with numerous folds and gaps in the walls and
rectangular lumina with dendritic branches along the sides [18]. This is in accordance with
our results regarding P. aviculare and P. equisetiforme (Fig 6). Similarly, [28] found that P.
odoratum (Mill.) Druce has anticlinal cell walls with numerous pits set in a star-like pattern.
The exocarp of P. maritimum belongs to the second cell type, which consists of narrow rectan-
gular cells with straight anticlinal walls and broad lumen.

The achene sizes of the studied species are between 1.9-4.05 mm (length) and 1.46-2.98
mm (width). P. maritimum has the largest achenes while the smallest achene was measured in
P. aviculare. Similar size to those examined in this study has been encountered in other Polygo-
num species like P. swatchense Small and P. austiniae Greene [62]. Achene surfaces are classi-
fied according to their main sculpture and additional ornaments [63]. When the exocarp
increases in size during fruit maturation, thickening occurs often on the anticlinal walls of the
cell and due to space constraints, the anticlinal walls become variously undulated, and such
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undulation on the outer surface form tubercles on the anticlinal cell walls. Our study revealed
two types of achene surface, a smooth-undulate surface in the achenes of P. maritimum, and
one that is striate-tubercled near the edges in P. equisetiforme and P. aviculare mature achenes.
The smooth and glossy surfaces increase water repellence and decrease the risk of attack by
fungi and other pathogens [15]. The functions of the verrucae are not quite clear, but similarly
to some Polygonum species [60. 63], these thin-walled invaginations of the outer periclinal
walls of exocarp cells, possibly ease absorption of water for germination and might serve for
penetration of water to the inside of cells. [63] reported that the achenes are usually striate-ver-
rucate in the xerophytic Polygonum species (P. rurivagum, P. neglectum, P. aviculare and some
specimens of P. arenastrum).

Conclusions

Polygonum equisetiforme and P. aviculare are a typically distylous species from the morpholog-
ical point of view. Long and short morphs differ in stigma height and width, filament length
and stamen height, and pollen grain size. P. maritimum is homostylous. The tepal vasculariza-
tion is ensured by a single main vein in P. maritimum and by. one main vein and two second-
ary veins in the other species. In the mature anther, the epidermis and endothecium cells
width were higher in P. maritimum than in P. aviculare. The detailed anatomy of the seed and
achene anatomy clarified the close resemblance of these Polygonum species. Our investigation
provides the first floral vasculature study of P. equisetiforme showing that the tepals traces usu-
ally arise independently. The eight stamens are arranged in 5+3 manner and the staminal bun-
dle arises independently.

The results of this anatomical study showed that there is no significant difference between
the two varieties of P. equisetiforme, so it seems that it is not a question of two separate varieties
but a simple adaptation to the climatic conditions. Indeed, P. equisetiforme var. peyerinhoffi
has a creeping port that makes it easier to absorb the maximum amount of moisture and to
reduce the contact with the open air to minimize transpiration, which is consistent with [64]
systematic classification indicating a taxonomic grouping of these two varieties. Moreover, fur-
ther molecular studies on this species will help to elucidate its true systematic position within
the genus. These floral anatomical descriptions, fruit development, and the vascularization
constitute an original contribution, as these species had never been studied previously from
those points of views.
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