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Abstract

Macromorphological-micromorphological achene characteristics of genus Persicaria from
temperate Himalayas were studied using scanning electron microscopy, stereomicroscopy,
and light microscopy to investigate their correct identification, taxonomic implications and
classification. The achene ultrastructure of Persicaria exhibits significant variations, with a diverse
array of micromorphological characteristics observed. Achene micromorphological attributes were
studied by different microscopic techniques, including achene size, color, shape, outline, texture,
sculpturing, and periclinal and anticlinal wall patterns. Achene shapes were classified into different
categories as trigonous, circular-biconvex, trigonous-biconvex, trigonous-bigonous, elliptic, biconvex,
biconvex-trigonous, broadly ovate, and ovate-trigonous. Achene colors were black, black-dark brown,
dark brownish, light brown-dark brownish, and black brown. SEM-based micromorphology features
include achene sculpturing as finely vereucate, striate, psilate, reticulate to papillate, rugose, reticulate
to granulate, striate to regulate, puncticulate, and striate to puncticulate. The range of achene length
varied from 1.62—4.35 mm, maximum length was observed in P. amplexicaulis (3.51-4.35=4.02+0.18)
mm, and minimum was in P. sinuata (1.62—1.99=1.86+£0.08) mm. Epidermal walls included slightly
regular to regular arrangements. A taxonomic key was created using micro- and macro-morphological
characteristics to aid in distinguishing species boundaries and facilitating efficient identification within
the Persicaria genus. The achene morphology of Persicaria along an altitudinal gradient of 1300-2700
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m was described with precise diagnostic importance of characters using SEM. P. sinuata was recorded

from a narrow altitudinal range of 2400-2700 m with a restricted habitat within the upper temperate

zone. This research work seeks to determine the taxonomic implications of achene morphology for

the first time in the selected Persicaria species from the temperate Himalayas.
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Introduction

Persicaria is a genus with about 120 species,
the majority of which are weeds found in disturbed
areas and croplands [1-4] and are easy to identify
due to the presence of thin filaments of stamens
and rectangular cells of the tepal outer layer [5, 6].
It is found in the northern temperate zones of both
hemispheres and in Pakistan, represented by 26 species
(flora of Pakistan). It is distinguished by a simple leaf,
ciliate or entire chartaceous ochre, stamens 4-8 and 4-5
tepals, and an inflorescence with many flowers that are
capitate, spicate, and panicle-shaped [7, 8]. Persicaria is
frequently thought to be a member of the Polygonum L.
[9, 10]. Based on various morphological and molecular
data, the genus Persicaria is distinct from Polygonum
s.l. as shown by the ochrea type or filament type, tepal
venation, and inflorescence [5, 7, 11-14]. The Kashmir
Himalayas, located in the Himalayan biodiversity hotspot,
is a significant ecological mountainous region that is rich
in biodiversity. It is home to large areas of temperate
forests that are unique to the Himalayas [15-18].
The Himalayas, a mountain range stretching from Pakistan
to Bhutan, are renowned for housing some of the highest
and steepest peaks in the world. The Eastern Himalayas,
which encompass Nepal and Bhutan, possess distinct
characteristics that set them apart from other regions.
The Central Himalayas are in India, while the Western
Himalayas, which include regions of Pakistan, India,
and Kashmir, complete the Himalayan range. Seed
and fruit morphology have been regarded as vital indicators
of flowering plant identification, and particularly surface
sculpturing and ornamentation have been suggested to
have systematic significance [19-25]. Many researchers
have studied achene morphology in the Polygonaceae
[26-34]. The Polygonum section’s achene morphology
studied in detail in Canada for delineation of the taxa
revealed four distinct achene types: smooth, papillose,
roughened, and papillose-striate [35]. Decraene et al. [11]
also mentioned the significance of the achene morphology
and anatomy for the systematic implications of the e
Polygoneae and Persicaria tribes.

Achene and seed morphological characteristics have
been considered important attributes in species classification,
presenting reasonably stable characters that are relevant
for comparative study at every level of the taxonomic

hierarchy [36, 37]. Seed micromorphology includes
characteristics that demonstrate morphological significance
in evolutionary and phylogenetic relationships as well
as in the identification of species [38, 39]. Taxonomic
identification can be supported by the variety of seeds’
form, color, and size [40]. Seed features have been found
to be an effective method for identifying species at
the family level and their classification at the genus level
[41]. Seed ultrastructural properties, particularly cell shape
and seed surfaces, are regarded as important distinguishing
characteristics at intra-specific and intra-generic levels [42].
Seed morphology is an effective tool for analyzing seeds,
including all members of different plant families, despite
being a very time-consuming and labor-intensive process
[43]. The study of seed morphology using a scanning
electron microscope (SEM) has considerably advanced
understanding of interactions among genera and families
at a taxonomic level [44-47]. Although the majority
of stereo microscopically evaluated features focus on
seed size and shape instead of a detailed investigation
of surface ornamentation [48], SEM uses extremely
high magnification and incredibly detailed ultrastructure
characteristics to identify qualitative variations that optical
microscopy cannot [49].

We collected achenes from 10 wild species in the genus
Persicaria, as micromorphological features are important
for the taxonomic identification of species. This is
the first comprehensive study of the morphological
and microscopic characteristics of achenes of Persicaria
from the Himalayan region of Kashmir. The objective of this
study is to investigate the micromorphological features
of achenes of Persicaria amplexicaulis (D.Don) Ronse
Decr, Persicaria barbata (L.) H.Hara, Persicaria longiseta
(Bruijn) Kitag, Persicaria nepalensis (Meisn.) Miyabe,
Persicaria sinuata (Royle ex Bab.) Rajbh. & R.Joshi,
Persicaria capitata (Buch.-Ham. ex D.Don) H.Gross,
Persicaria hydropiper (L.) Delarbre, Persicaria orientalis
(L.) Spach, Persicaria maculosa Gray and Persicaria
lapathifolia (L.) Delarbre. To provide detailed information
about their micromorphological features for precise,
reliable, and proper evaluation of their taxonomic
and systematic relationships, macro-morphological
characteristics such as shape, color, size, external surface
texture, length-width of base and apex, ultra-sculpturing
of seed, surface ornamentation, including anticlinal-
periclinal wall pattern, and general surface were examined
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Fig. 1. Study area map of genus Persicaria.

by using light microscopy (LM), sterecomicroscopy,
and scanning electron microscopy (SEM). These traits
are used to identify species at the genus level, as well
as to assist both locals and scientists in making accurate
identifications and assessing the extent of variability
in the achene features of the genus Persicaria for future
taxonomic studies.

Materials and Methods
Study Area

Persicaria species were collected from the temperate
zone of the Kashmir Himalayan region. The studied area
lies between 33°-35°N latitude and 73°-75°E longitude
in the western Himalayan Mountain state of Jammu
and Kashmir (AJK), Pakistan (Government of AJK 2019),
as shown in (Fig.1). Sampling sites were selected according
to the microhabitat preferences of the genus Persicaria,
geography, and elevation range. The investigated Persicaria
habitat sites are located at an elevation of 1300-2700 m
in the temperate zone, as shown in elevation classes
(Table 1, Fig. 1).

Plant Sampling, Collection,
and Identification

To collect Polygonaceae species from the temperate
zone, field trips were organized from June to October
2022 to several localities in the western Himalayas
region. Comprehensive field visits were made to various
localities in the western Himalayan region based on genus
Persicaria diversity in moist and dry temperate forests
along the elevation gradient for the true representation
of diversity in the study area. The Global Positioning
System (Garmin GPS, Model Oregon 700) was used
to record the geographic data of the selected sites, such
as altitude, latitude, and longitude, as listed in Table 1.
Plants were collected with their ground and aerial parts,
and renowned taxonomists identified the collected
specimens and compared them to specimens that had
already been deposited at the Herbarium of Pakistan (ISL)
and compared them with the flora of Pakistan. A total
of ten species of Persicaria were collected, identified,
and preserved in the Herbarium of Pakistan Quaid-i-Azam
University, Islamabad. Five to six achenes per species were
examined in terms of their color, shape, size, and surface
ornamentation.
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Light Microscopy (LM) and Stereomicroscopy

The external macro-morphological characters
of the mature achenes were investigated with the aid
of a stereomicroscope. For seed size (length and width),
the value of 5-6 seeds of each species were measured by
amicrometer. Micro morphological readings of the seed apex
and base were taken by using LM (OPTIKA Microscope
Italy) at 10X by following the methodology of Jabeen et
al. [50].

Scanning Electron Microscopy (SEM)

Achenes were dipped in alcohol for 3—4 minutes to
get rid of any dirt on the surface, then SEM was applied to
the dry achenes. The achenes samples were then directly
adhered to the stubs with tape. The samples were coated
with gold-palladium sputtering before being analyzed
with a SEM (JEOL JSM-5910) at the Central Resource
Laboratory of the University of Peshawar. Polaroid P/N
665 film was used to capture micrographs. The samples
were analyzed for indicative seed surface traits, including
form, color, size, surface sculpturing, hilum, epidermal
cells, cell boundaries, anticlinal and periclinal walls by
following the methodology of Jabeen et al. [50].

GIS Mapping

Geographic information system software Arc GIS
10.8.2 was used for the geospatial analysis of species
of genus Persicaria, including mapping of the study area
and digital elevation modeling by following the protocols
of [51, 52]. The GIS data was converted into Geo-
TIFF format, the data sheets were divided into smaller
sections, and a digital boundary was created. The map
indicating the inventory of Persicaria specimens was
developed using GPS information recorded from each
of the sampling sites. The World Geodetic System 1984
(WGS84) coordinate system was used to set reference
points for locating the selected study sites by Geo
Referencing.

Statistical Data Analysis

The length, width, and length-width ratio of each
of the mentioned characteristics, as well as the recorded
features, were used to analyze the achene morphology.
For each parameter, five readings were recorded.
Statistical analysis of the data was done using the SPSS
software, version 16.0 (Table 2), following the technique
of [53]. The quantitative features were summarized using
the minimum-maximum (mean) and standard error.
The length-to-width ratio was calculated using the formula
L/W, where L is the seed’s length and W is its width.
The SPSS 16.0 statistical software mean values were
applied in the cluster analysis, which was carried out using
the PAST 4.03 version [54]. The validity of seed macro-
and micromorphological features was examined using
principal component analysis (PCA) [15, 55].

Results

The seed characteristics and associated flora of ten
Persicaria species along the altitudinal gradient were studied
(Tables 2 and 3). The taxonomic features of the seeds’ surface
indicated some taxonomic significance in both quantitative
and qualitative characters. Macro- and micromorphological
features such as color, texture, seed shape, base, apex, seed
outline, hilum presence or absence, position and level,
achene sculpturing, and anticlinal and periclinal wall
pattern were found to be quite different within Persicaria
taxa (Table 3). SEM and stereomicroscope micrographs
of all taxa studied are shown in (Table 3). These taxa were
dominated by therophytic life forms and microphyllous
leaf forms (Table 1).

Associated Flora and Altitudinal
Range of the Persicaria Species

The Persicaria species were collected from an
altitudinal range of 1300-2700 m in the study area,
showing a strong influence of altitude on the distribution
pattern of the species. The geographic distribution showed
that the Persicaria genus is mostly restricted to aquatic
and moist habitats. P. barbata and P. lapathifolia were
recorded and distributed in a range of 1300-1700 m
in the lower temperate zone. P. sinuata was recorded
from a narrow altitudinal range of 2400-2700 m with
a restricted habitat within the upper temperate zone.
P. longiseta, P. hydropiper, P. orientalis and P. capitata
were recorded from an altitudinal range of 1700-2200 m.
P. amplexicaulis was recorded and studied at more than
2000 m in the upper temperate zone of the Kashmir
Himalayan. P. nepalensis and P. maculosa had a broad
altitudinal range starting from 1300—2700 m from lower
to upper temperate zone. P. barbata and P. lapathifolia
mostly found in association with /lenthis altisema, Populus
alba, Salix tetrasperma, lonicera quinquelocularis,
Daphne oleoides, Bracharia ramosa, Oenothera rosea,
Erioscirpus comosus, and Adiantum cappilus- veneris.
P. sinuata formed association with Aesculus indica,
Pinus wallichiana, vibernum grandiflorum, and Rumex
nepalensis. P. nepalensis and P. maculosa associated
with Pinus wallichiana, Abies pindrow, Pronus padus,
Viburnum grandiflorum, Rumux acetosa, Mentha arvensis,
and Hedera nepalensis. P. longiseta, P. hydropiper,
P. orientalis, and P. capitata associated with species
Pinus wallichiana, Berberis lycium, Rumux hastatus,
Indegofera hetarantha, and Mentha longifolia, and P.
amplexicaulis associated with Taxus wallichiana, Abies
pindrow, Pinus wallichiana, Parrotiopsis jacquemontii,
Allium humile, Bergenia ciliata, Oxyria digyna, Rumex
acetosa, and Rumex nepalensis.

Achene Shape and Color
The achene morphology of studied taxa varied

significantly from each other. Eight different shapes
were observed (Table 3). Achene shapes were classified
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Fig. 2. SEM of achene morphology of genus Persicria. (A, B, C) P. orientalis circular-biconvex achene with finely vereucate surface
sculpturing; (D, E, F) P. hydropiper trigonous-biconvex achene with striate sculpturing; (G, H, 1) P. barbata trigonous achene with
psilate sculpturing; (J, K, L) P. longiseta trigonous-bigonous, elliptic achenes with striate sculpturing; (M, N, O) P. nepalensis biconvex-

trigonous achene with reticulate to pappilate sculpturing.

into different categories as trigonous, circular-biconvex,
trigonous-biconvex, trigonous-bigonous, elliptic, biconvex,
biconvex-trigonous, broadly ovate, and ovate-trigonous.
Achene colors were black, black-dark brown, dark brownish,
light brown-dark brownish, and black brown. Seed shape
is trigonous in P. barbata, P. sinuate, and P. capitate,

circular-biconvex in P. orientalis (Fig. 2A), trigonus-
biconvex in P. hydropiper (Fig. 2D), trigonus in P. barbata
(Fig. 2@G), trigonous-bigonous and elliptic in P. longiseta
(Fig. 2J), biconvex-trigonous in P. nepalensis (Fig. 2M),
biconvex in P. maculosa (Fig. 3QG), circular to broadly
ovate in P. lapathifolia (Fig. 3]), and ovate-trigonous
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Fig. 3. SEM of achene morphology of genus Persicria. (A, B, C) P. sinuata trigonous achene with rugose sculpturing; (D, E, F) P. capi-
tata trigonous achene with reticulate to granulate sculpturing; (G, H, I) P. maculosa biconvex achene with Striate to rugulate sculpturing;
(J, K, L) P. lapathifolia circular to broadly ovate achene with puncticulate sculpturing; (M, N, O) P. amplexicaulis ovate to trigonous

achene with striate and puncticulate surface sculpturing.

in P. amplexicaulis (Fig. 3M). Five different colors were
observed (Table 3); black in P. orientalis, P. barbata,
and P, sinuata (Figs. 4A and 4G, and Fig. 3A), black-dark
brown in P. maculosa, P. amplexicaulis, and P. nepalensis,
dark brownish in P. capitata and P. hydropiper, light
brown-dark brownish in P. longiseta (Fig. 2J) and black
brown in P. lapathifolia (Fig. 3]).

Achene Size and Texture

Achenes size and texture showed great variations among
the studied species of genus Persicaria. Range of achenes
length varied from 1.62—4.35 mm, maximum length was
observed in P. amplexicaulis (3.51-4.35=4.02+0.18) mm,
and minimum was in P. sinuata (1.62—1.99=1.86+0.08)
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mm. Achenes width ranged from 0.99-3.19 mm,
maximum width was measured in P. orientalis (2.50—
3.19=2.9440.15) mm, minimum was in P. sinuata (0.99—
1.25=1.1540.06) mm. The length—width ratio of achenes
ranged from 1.04—1.71 mm, maximum was in P. barbata
(1.71) mm and minimum was in P. orientalis (1.04) mm.
Achene base length ranged from 8.7-37.19 um, maximum
was in P. capitata (36.89-37.19=37.5+0.06) um, minimum
in P. orientalis (8.7-9.43=9.04+0.15) um. Base width
ranged from 27.75-65.61 pum, maximum was calculated
in P amplexicaulis (64.98—65.61=65.29+0.15) um,
minimum was in P. sinuata (27.75-28.11=27.9+£0.07).
The length—width ratio of the base ranged from 0.25—
0.95 um, maximum was observed in P. sinuata (0.9) um,
minimum was in P. orientalis (0.25) um. Achene apex
length ranged from 14.99-43.25 pm, maximum was
observed in P. lapathifolia (39.86—43.25=40.94+0.77) um
and minimum in P. sinuata (14.99-15.57=15.25+0.12) um.
Apex width ranged from 8.67-55.14 pm, maximum
was in P. nepalensis (54.75-55.14=54.9340.08) pm,
minimum in P. amplexicaulis (8.67-9.46=9.02+0.19)
pm, and the maximum length—width ratio of apex was
in P amplexicaulis (2.22) pm and minimum in P, nepalensis
(0.6) um (Table 2). Achenes’ texture also showed great
variations. Six different textures were observed in this study
(Table 3). Glabrous to shining were studied in P. barbata,
P. sinuata, P. amplexicaulis, and P. maculosa, shining
texture in P, longiseta, P. nepalensis, and P. lapathifolia,
granulate to striate in P. orientalis (Fig. 2A), pubescent
in P. hydropiper, shining— glabrous (Fig. 2 D), and striate
in P. capitata (Fig. 3D).

Achene Base and Apex Shape

Two different kinds of bases were observed in this
research work (Table 3). Cuniate base was in P. orientalis,
P, hydropiper, P. longiseta, P. sinuata and P. amplexicaulis,
and obtuse base in P. barbata, P. nepalensis, P. capitata,
P. maculosa and P. lapathifolia, and two different kinds
of apex shapes were studied; acute and acuminate (Table 3).

Achene Outline, Hilum Position and Level

In the studied taxa, no as-such variations were seen
in achene outline, hilum position, and level. All examined
species have smooth outlines of achenes (Table 3) and basal
and raised hilum, with the exception of P. barbata
and P. maculosa; hilum was in a depressed condition
in these two taxa.

Achene Sculpturing and Epidermal
Wall Arrangements

The surface sculpturing and epidermal cell arrangement
of the genus Persicaria showed significant diversity.
Eight sculpturing patterns results were observed: Finely
vereucate, striate, psilate, reticulate to papillate, rugose,
reticulate and granulate, striate to regulate, puncticulate
and striate to puncticulate (Table 3, Fig. 2 and 3). SEM

results showed two types of epidermal cell arrangements:
Most of the taxa with irregular epidermal cell arrangement
and only two species P. capitata and P. nepalensis with
slightly irregular epidermal cell arrangement.

Anticlinal and Periclinal Wall Pattern

In this study, anticlinal wall patterns were described into
seven classes (Table 3, Fig. 2 and 3): thick and depressed
in P. sinuata and P. amplexicaulis, thick and raised
in P. orientalis, raised and granulate in P. hydropiper,
concave in P. barbata, convex granulate in P. nepalensis,
thick and granulate in P, capitata, depressed in P. maculosa,
thick and convex P. lapathifolia, and not visible
in P. longiseta. Periclinal wall patterns were described into
seven classes (Table 3, Fig. 2 and 3): thick and depressed
in P, orientalis and P. hydropiper, straight and granulate
in P. nepalensis and P. capitata, buttressed in P. maculosa
and P. lapathifolia, irregularly thickened in P. barbata,
convex and thickened in P, sinuata, irregularly thickened,
raised in P. amplexicaulis, and not visible in P. longiseta
(Fig. 2 and 3).

Principle Component Analysis

P, capitata, P. nepalensis, and P. lapathifolia are more
correlated than other Persicaria species in the results
of'the PCA performed on the examined species of the genus
and P, orientalis and P. barbata showed an isolated position
due to the lowest and highest length-width ratios of 1.04
and 1.71, respectively (Table 2, Fig. 4). The variations
in the characters of P. amplexicaulis, P. sinuata
and P. barbata led to their isolation. The achene and apex
lengths of P. amplexicaulis were 4.02 mm and 65.29 um,
which was the largest of the studied taxa, while P, sinuata
also showed a distinct position due to its smallest achene
length (1.86) mm. P. orientalis with the lowest base length-
width ratio of 0.25 and the highest 0.95 in P. sinuata. PC1
accounted for 41.29% of the overall variations in the studied
quantitative data, followed by PC2 contributed 31.09%
of'the total variations. The quantitative features that helped
in the formulation of different groups in PCA were achene
length, width, base and apex length, width, and their length-
width ratios. Qualitative characteristics, such as achene
color, texture, shape, hilum position, achene outline, surface
sculpturing, periclinal wall pattern, anticlinal wall pattern
and epidermal arrangement of the cells, were the main
characteristics in this study.

Discussion

In this study, we investigated the macro-
and micromorphological features of the achenes by using
a stereomicroscope, light microscope, and scanning
electron microscope. With the use of SEM micrographs
of seeds, several taxonomical problems associated with
plant identification and authentication have been resolved
in the modern era [50, 55-58]. SEM as a technique in plant
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Fig. 4. PCA analysis based on quantitative achene morphological features.

systematics for studying micromorphological variations is
a reliable source because of its high accuracy [59-63]. At
various taxonomic levels, the Persicaria achene morphology
showed significant variations in distinct characters [3,
4, 6, 64, 65]. The study of achene micromorphological
features revealed many variations that could be very
useful in the proper identification of species at the genus
level. Within Persicaria, achene color, shape, hilum,
cell surface anticlinal and periclinal wall arrangements,
epidermal cell shape, outline, length, width, apex, and base
shape all differed significantly. In this study, achene
varied significantly in size, shape, color, and sculpturing.
Achene morphology, particularly micromorphological
characteristics, has previously been confirmed to
be significant in Polygonaceae, including the genus
Persicaria, demonstrating the taxonomic importance
in the identification of closely related taxa. This is the first
systematic report of achene micromorphology for the genus
Persicaria from the Kashmir Himalaya. Trigonous achenes
were the dominant achene shape, followed by circular-
biconvex, trigonous-biconvex, trigonous-bigonous, elliptic,
biconvex-trigonous, biconvex, circular to broadly ovate
and ovate-trigonous. The collection season of seeds has
implications on their shape [66, 67] i.e., P. hydropiper has
either trigonous or convex achenes [68]. Black was the most
dominant achene color, followed by black-dark brown,

dark brownish, light brown-dark brownish, and the least
observed black brown. [67] reported only triangular
achenes in P. barbata, P. hydropiper, and P. capitata, which
deviated from our current results. Achene texture was
mostly glabrous to shining followed by granulate to striate,
pubescent, shining- glabrous and striate. Mostly hilum was
visible in the basal position, either in a depressed or raised
condition. The largest achene length was in P. amplexicaulis
and the lowest length was in P. sinuata; the largest width
in P. orientalis and the lowest in P. sinuate, the largest
achene length/width ratio in P. barbata and the lowest was
in P. nepalensis. Martin (1954) provided achene numerical
data for P. orientalis and P. hydropiper, which varied
from 2.75-3.5 mm and 2.25-3 mm (length), respectively,
and 3-3.5 mm and 1.75-2 mm (width), respectively,
which in terms of size, are comparable to those evaluated
in this study. The achene size of the studied species was
also similar to that recorded in previous results [64, 67].
The achenes’ shape and size matched those seen in past
studies [6, 11, 29, 30, 67, 69].

Cuniate achene bases were the dominant base shape,
followed by obtuse. The largest achene base length was
in P. capitata and lowest in P. barbata. The largest base
width was in P. amplexicaulis and the lowest in P. sinuata.
Acute apex was the dominant apex shape followed by
acuminate. The largest apex length was in P. lapathifolia
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and the lowest in P. sinuate; the largest apex width
in P. nepalensis and the lowest in P. amplexicaulis
(Table 2). This is the first study to deeply study the base
and apex quantitative and qualitative features in detail.
Our qualitative results, specifically base and apex shape,
were closely related to the findings published in 2016
[30]. The Achene outline was smooth in all studied taxa.
Basal and raised hilum in all species except for P. barbata
and P. maculosa, hilum was in depressed condition in these
two taxa. Micromophological and ultra-structural study
of'seeds is a reliable source of information in the evolution
of angiosperms and their taxonomic classification
in the current synthetic systems [62, 70—72]. This SEM-
based study revealed eight discernable types of surface
sculpturing of the genus Persicaria, varied from finely
vereucate, striate, psilate, reticulate to pappilate, rugose,
reticulate and granulate, striate to regulate, puncticulate,
and striate to puncticulate. The achene surface results
of'this study more or less deviated from [64, 73]. The most
dominant epidermal cell arrangement was irregular,
followed by slightly irregular in two species: P. capitata
and P. nepalensis. The anticlinal walls pattern was mostly
thick and depressed followed by thick and raised, raised
and granulate, concave, convex granulate, thick granulate,
depressed, and not visible in P. longiseta. Periclinal wall
pattern dominantly showed thick and depressed, followed
by straight and granulate, buttressed, irregularly thickened,
convex and thick, and not visible in P. longiseta. This
study demonstrated that analyzing achene morphological
features, particularly at the taxon level, could yield much
taxonomic information in the systematic identification
of closely related taxa at the genus level.

The PCA analysis based on the studied features
showed a high degree of similarity between P. capitata,
P. nepalensis, and P. lapathifolia (Fig. 4). P. orientalis
and P barbata revealed an isolated position due to
the lowest and highest length-width ratios. P. amplexicaulis,
P, sinuata, and P. barbata led to their isolation position
due to more variations in quantitative data as compared
to other studied species. P, sinuata also showed a distinct
position due to its smallest achene length, P. orientalis with
the lowest base length-width ratio and some other distinct
qualitative features lead to an isolated position.

Kanwal et al. [30] investigated seed atlas of family
Polygonaceae from Pakistan in which some Persicaria
species were also studied, results revealed that achenes with
1.5-3x1-2.5 mm, trigonous, bigonous-trigonous, bigonous,
obovate, ovate and deltoid-elliptic, achene apex acuminate-
acute, base obtuse-cuneate, light brown, dark brown to
black and shiny, copper brown, surface ruminate, foveolate,
rugose, puncticulate, alveolate-tuberculate, and basal
hilum. P. amplexicaulis was characterized by elliptic
achenes with a rugose surface. P. maculosa, P. nepalensis
and P, lapathifolia, were characterized by showing some
common features, like ovate, obovate-deltoid achenes.
These results were also supported by the past study of [74],
where similar achenes were observed in P. nepalensis and P,
lapathifolia with the presence of dark-brown achenes with
an obtuse base and acuminate apex. P. maculosa also falls

in the same category, by having dark brown to black achenes
with obtuse base and acute apex but remaining distinct
by different achene surfaces. P. longiseta with light-dark
brown achenes remains distinct because of different achene
surfaces and shapes. In the present study, Persicaria species
were similar in our and the aabove-mentionedstudies, i.e. P,
amplexicaulis, P. maculosa, P. nepalensis, and P, lapathifolia,
P, longiseta had more or less similar quantitative results,
achenes shape, color, base, and apex shapes but our
results remain distinct in variations in achene surfaces.
The achene surface of P amplexicaulis is rugose; the surface
of P. lapathifolia is ruminate and puncticulate; the surface
of P. longiseta is faintly ruminate and puncticulate;
the surface of P. maculosa ruminate and puncticulate;
the surface of P. nepalensis is smooth centrally depressed.
In our present study, differences in achene surface from
the previous results, i.e. P. amplexicaulis had a striate
and puncticulate surface; P. longiseta had a striate surface,
P. maculosa had a striate to regulate surface; P. nepalensis
had a reticulate to pappilate surface and only P. lapathifolia
had a puncticulate surface, which is similar to the previous
findings [30]. The research results partly corroborate those
previous findings [4, 75, 76].

Kong et al. [43] studied the achene morphology of 45 taxa
of Korean Polygonaceae. Most of the species of Persicaria
(P. hydropiper, P. lapathifolia, and P. orientalis), had
trigonous achenes and biconvex achenes were studied
in P. amplexicaulis. In the present study P. orientalis,
P, lapathifolia and P. amplexicaulis deviated from previous
results by having circular-biconvex, circular to broadly ovate,
and ovate-trigonous shapes, respectively. The size and color
of the previous and this study revealed similar results, but
achene sculpturing in different Korean taxa of Persicaria
delineated from our results by having smooth sculpturing
in P, orientalis, P. hydropiper and P. longiseta, shallow in P,
lapathifolia; tubercle in P. nepalensis. According to our
study, P. orientalis, P. hydropiper, P. longiseta, P, lapathifolia,
and P. nepalensis had finely vereucate, striate, reticulate
to pappilate, and puncticulate surface sculpturing. SEM
uses extremely high magnification and finely detailed
ultrastructure characteristics to reveal qualitative distinctions
that optical microscopy cannot [49, 56, 62, 71, 77].

Kantachot et al. [67] studied the achene morphology
of 20 species of Polygonum in five sections from Thailand,
including the genus Persicaria, smooth- undulate surface
ornamentation (P. capitatum, P. barbata, P. hydropiper
and P. lapathifolia), which is dissimilar to this study
except reticulate-papillose (P. nepalensis) and triangular
or lenticulate shape.

Mosaferi and Keshavarzi [78] investigated
the morphological features of Polygonaceae from Iran
and proposed that achene morphology of this family has
taxonomic significance for the delimitation of taxa at
the genus level; our findings are mostly similar to theirs
but show significant differences with previous achene
sculpturing results by having smooth with scattered dots
(P, lapathifolia), fossulate (P. maculosa) and share similarity
in P. hydropiper by having studied striate sculpturing in both
present and past studies.
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According to the present research, one of the key
characteristics of the Himalayan Mountains is elevation,
and species diversity decreases along the altitudinal
gradient in the temperate to subalpine forest of the Kashmir
Himalayas. Current results are similar to the past results;
the number of species decreases as altitude increases
[16, 51, 52, 79-82]. The present study was conducted
in the temperate zone, which is dominated by tree conifer
species, this is further supported by various studies [51,
83-85]. Pinus wallichiana, Abies pindrow, Berberis
lycium, Vibernum grandiflorum, Mentha longifolia,
Bergenia ciliata, Persicaria amplexicaulis, and Rumex
nepalensis were the most dominant species in the study
area. P. wallichiana has the largest range, stretching from
lower to upper temperate and nearly touching the tree line
in the study area, similar to the findings of [86]. The present
study showed the distribution of the genus Persicaria
along the altitudinal gradient in temperate Himalayas; P.
nepalensis and P. maculosa had broad altitudinal ranges
starting from 1300 to 2700 m and P. sinuata with a narrow
altitudinal range of 2400-2700 m. Most of the studied
taxa were collected from an elevation of 1500-2500
m, supported by earlier studies, as the medium altitude
range has a higher number of species [16, 18, 51, 52, 82,
87-89]. When we compare our results with the above-
mentioned studies, there are a lot of similarities in achene
shape, color, and size, but there are also many differences
in micromorphological traits, such as surface sculpturing
and periclinal and anticlinal wall pattern, within
the Persicaria genus. Nevertheless, the combination
of various morphological characters in achenes may help
to identify, categorize, and describe the species at the genus
level. Further comprehensive molecular-based research is
needed to analyze the evolutionary and phylogenetic trends
in the complex micromorphology of Persicaria species.

Taxonomic Key

(1) + Seed circular-biconvex, texture granulate to striate,
black, achene finely vereucate, anticlinal wall thick
and raised........coeeeeerieveinneeeee P. orientalis.
— Seed trigonous-biconvex, texture pubescent,
dark brownish, achene striate, anticlinal raised

and granulate.........ccoovvveirieireieeeeee e 2.
(2) + Hilum raised, base cuniate, periclinal thick
and depressed .......ooveveeieieeieenieieeens P. hydropiper.
— Seed trigonous, texture glabrous, shining, black,
hilum depressed, base obtuse, achene psilate............ 3.
(3) + Apex acute, anticlinal concave, periclinal irregularly
thickened........cooeevnnccinneccccee P. barbata.

— Seed trigonous-bigonous, elliptic, light brown-dark
brownish, hilum depressed, base cuneate, achene
striate, anticlinal and periclinal wall not visible........4.
(4) + Epidermal cell irregular, apex acuminate, irregular
epidermal cell arrangement..................... P. Longiseta.
— Seed biconvex-trigonous, brown to black-dark,
base obtuse, achene reticulate to pappilate, anticlinal
convex granulate, periclinal straight and granulate..5.

(5) + Texture shining...........ccoceeveverveerreennnnns P. nepalensis.
— Texture shining glabrous, base cuneate, achene
rugose, anticlinal thick and depressed, periclinal

convex and thick .........ccccvveiinniciinnnecnceene, 6.
(6) + slightly irregular epidermal cell arrangement
....................................................................... P. sinuata.

— Texture Shining- glabrous, striate, achene reticulate
and graniulate, anticlinal thick and granulate,
periclinal straight and granulate, slightly irregular
epidermal cell arrangement............ccccecevveerieennennnene. 7.
(7) + Seed trigonous, hilum raised, apex acute
..................................................................... P. capitata.
— Seed Biconvex, texture shining glabrous, hilum
depressed, achene striate to regulate, anticlinal striate
to regulate, periclinal depressed ..........cccoveevrreirnnnne 8.
(8) + Black-dark to brown...........c.cccerveunnnne. P. maculosa.
— Seed circular to broadly ovate, texture shining, black-
brown, achene pappilate, anticlinal thick and convex,
periclinal buttressed..........ooovviireereiireeeeieeenes 9.
(9) + Base obtuse, apex acuminate............ P. lapathifolia.
— Seed ovate, trigonous, texture glabrous, shining,
dark brown to black, apex acute, achene striate
and pappilate, ant thick and depressed, per irregularly
thick and raised .........cooeerirreeiinnicec e 10.
(10)+ Hilum present, basal, hilum raised, seed apex visible,
base cuneate, outline smooth, irregular epidermal cell
AITANZEMENL ....vvvveveeeiereeeeereeerereseseanes P. amplexicaulis.

Conclusions

This study demonstrates that analyzing
the micromorphological characterization of achenes
morphology isuseful forspecies identification and delimitation
in the genus Persicaria. The results of the SEM study
revealed significant variations in the structure of achene
surface morphology among different species, indicating
important taxonomic distinctions. The findings also provide
useful information on this aspect of the specimens analyzed.
The present investigation has shown that achene color,
shape, surface, hilum, anticlinal wall and periclinal wall
arrangements, cell boundaries, epidermal cell shape, width,
length, and length/width ratio can be used to differentiate
species at the generic level. The range of achene length
varied from 1.62—4.35mm, maximum length was
observed in P. amplexicaulis (3.51-4.35=4.02+0.18) mm,
and minimum was in P. sinuata (1.62—1.99=1.86+0.08)
mm. The Persicaria species were collected from an
altitudinal range of 1300—-2700 m in the study area, showing
a strong influence of altitude on the distribution pattern
of the species. We use GIS elevation modeling to identify
the altitudinal range of different species of the genus
Persicaria. Taxonomic keys were used to differentiate
the complex’s taxa. The PCA analysis further highlights
the relationship between the investigated taxa. The present
study implies that more comparative research and sampling
on achene morphological and micromorphological
characterization in the genus Persicaria using various
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microscopic techniques would help to improve the existing
systematic delimitation of this complicated genus.
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