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The metareticulate pollen morphology of Alternanthera Forssk.
(Gomphrenoideae, Amaranthaceae) and its taxonomic implications

IVONNE SÁNCHEZ-DEL PINO1, SARA FUENTES-SORIANO2,
KAREN Z. SOLIS-FERNÁNDEZ1, ROLANDO POOL1 & RITA ALFARO3

1Unidad de Recursos Naturales, Centro de Investigación Científica de Yucatán, Mérida, Yucatán, México, 2Department of
Biology, Indiana University, Bloomington, IN, USA, 3Bio Mieles del Sureste, Mérida, Yucatán, México

Abstract
Alternanthera (Amaranthaceae) is a diverse genus largely restricted to the American Tropics that belongs to the alternanther-
oid clade containing C4 and C3–C4 intermediate species. This research focuses on the study of pollen characters by studying
13 species, representatives of the two major clades and subclades of Alternanthera. General palynological comparisons were
conducted with light microscopy (LM), scanning electron microscopy (SEM) and with confocal laser scanning microscopy
(CLSM) for exine ultrastructure. Twenty-five characters were measured and described for Alternanthera and among these,
14 pollen characters were used to discriminate pollen groups using cluster analysis and canonical analysis of principal
coordinates (CAP). Pollen form and ornamentation, pores number, spines length, number of ektexinous bodies and
nanospines on the ektexinous bodies on pore membranes, arrangement of nanopores and spines on structural elements,
and metareticula form were taxonomically important and therefore used to construct the first palynological key to the
alternantheroid clade species. Our study indicates that the seemingly subtle morphological variation of pollen is useful for
recognising three main pollen types within Alternanthera. The much needed palynological terminology for describing the
mesoporium in the metareticulate pollen of Amaranthaceae is provided.

Keywords: althernantheroids, mesoporia, pollen morphology, scanning electron microscopy, confocal laser scanning
microscopy

Alternanthera includes 80–200 species (Mears 1977;
Robertson 1981; Eliasson 1987, 1990; Townsend
1993; Siqueira 2004; Sánchez-del Pino et al. 2012)
and is the third or fourth most diverse genus in the
family Amaranthaceae. The genus is Neotropical
(Townsend 1993) with the greatest centres of diver-
sity in South America (Mears 1977), India, Pakistan
and China (Chin & Lim 2011) in order of relevance.
Thirteen indigenous species (nine endemics) are dis-
tributed in the Galápagos Islands (Eliasson 1988,
2004) and 14 species (seven natives) in Australia
(APNI 2010+). Recently, c. four new species and
six infraspecific taxa from Argentina and Paraguay
have been reported (Pedersen 1997, 2000). Alter-
nathera includes ornamentals (Robertson 1981;
Eliasson 1987), and some species are considered
invasive weeds in different parts of the world

(Robertson 1981; Eliasson 1987; Iamonico & Sán-
chez-del Pino 2012).
Most Alternanthera species are annual or perennial

herbs, rarely shrubs or trees (Robertson 1981). The
genus is characterised by its short spike inflores-
cences; flowers with stamens united into a cup; glo-
bose or subglobose stigmas (Townsend 1993); and
triangular, ligulate and laciniate pseudostaminodia
(Eliasson 1988). Species of the monophyletic Alter-
nanthera are easily recognised by their globose or
subglobose stigmas (Sánchez-del Pino et al. 2012).
Important contributions to the description and

classification of the morphologically conserved (i.e.
stenopalynous) pollen types within Amaranthaceae s.
str. have been published in the last 65 years (Now-
icke 1975; Skvarla & Nowicke 1976; Nowicke &
Skvarla 1977, 1979; Erdtman 1986; Eliasson 1988;
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Borsch 1998; Borsch & Barthlott 1998; Müller &
Borsch 2005b). Erdtman (1986), following Schinz’s
(1934) pollen classification, recognised two basic
pollen types within the Amaranthaceae: the Amar-
anthus-type, characterising the Amaranthoideae, and
the Gomphrena-type, typical of the Gomphrenoideae.
This last pollen type is distinguished by the presence
of a reticulum that is not present in the Amaranthus-
type. The Gomphrena-type pollen is, according to
Erdtman (1986, p. 41), differentiated by ‘muroid
ridges separated by luminoid, aperturiferous (or
aperturoidiferous) depressions’ and differentiated
from the Amaranthus-type pollen in having pores at
the bottom of these depressions (Zandonella &
Lecocq 1977).

Vishnu-Mittre (1963) distinguished nine pollen
types based on the size and distribution of supra-
tectal processes or sculpture on the tectum for the
Indian Amaranthaceae species. Later, Zandonella
and Lecocq (1977), based on pollen form, pore
number and tectum sculpture, further subdivided
Erdtman’s (1952) Amaranthaceae pollen type
classes into five subtypes. More recent palynologi-
cal contributions for the Amaranthaceae by Elias-
son (1988), Borsch and Barthlott (1998) and
Borsch (1998) have shown the usefulness of pollen
characters in the taxonomy of the family. In a
proposal for a revised and updated terminology to
describe the pollen types in Amaranthaceae,
Borsch and Barthlott (1998) introduced the con-
cepts of metareticulate pollen, mesoporia, conjunc-
tion points and structural elements to describe the
ornamentation of the amaranthoid pollen and
changed the whole understanding of pollen mor-
phology in the family.

The metareticulum (singular of metareticula) is a
type of reticulum-like ornamentation composed by
vaulted mesoporia, a structure homologous to the
meshes of the ‘reticulate pollen’ (Borsch & Barthlott
1998, p. 68). The mesoporia refers to the tectated
areas surrounding two sunken pores. This type of
pollen sculpture and aperture organisation is syna-
pomorphic for the core gomphrenoid (Kadereit et al.
2003; Müller & Borsch 2005a, 2005b) and the gom-
phrenoids+alternantheroids clade (Sánchez-del Pino
et al. 2009).

Borsch (1998) used pollen shape, mesoporia form
(flat or vaulted), tectum sculpture and variants of
ektexinous bodies (e.g. body types, shape, density
and number) distributed on the pore membranes to
recognise 17 well-defined pollen types in Amar-
anthaceae. Among them, the Pfaffia-type pollen
diagnostic of Alternanthera and other genera is
defined as ‘… dodecahedric or spheroidal, metareti-
culate, tectate, punctate, mostly with a few, unevenly
distributed perforations, microspines distally ± reg-

ularly arranged in a line, pores of type I’ (Borsch
1998, pp. 130, 134).
Chin and Lim (2011), most recently summarised

in a table the 20 species of Alternanthera from the
New World, India, Pakistan and China with respec-
tive references published for palynological data
since 1962. These authors also studied the palyno-
logical variation of three widespread species present
in Peninsular Malaysia. Their findings supported
that pollen of Alternanthera is similar to Pfaffia pol-
len as suggested by Borsch (1998) and indicated
that number and shape of apertures (pores) and
distribution of microspines on the sexine were
important pollen characters for differentiating Pfaf-
fia from Alternanthera. The exine ultrastructure in
Alternanthera is organised as in all Centrospermae
and consists of four layers, the tectum, columellae,
foot layer and a single continuous layer below the
foot layer or endexine (Skvarla & Nowicke 1976;
Eliasson 1988).
Pollen morphology in Amaranthaceae has been

informative at different taxonomic levels (Borsch
1998). Its variation has supported the potential res-
urrection of genera (e.g. Hebanthe: Borsch & Peder-
sen 1997), recognition of clades (e.g. subfamily
Gomprenoideae: Sánchez-del Pino et al. 2009) and
species and infraspecific categories (e.g. Tidestromia:
Sánchez-del Pino 2001; Sánchez-del Pino et al.
2002; Sánchez-del Pino & Flores Olvera 2006).
Recent palynological sources focused on Neotro-

pical Alternanthera consists of only microphoto-
graphs as those from endemic species in the
Galápagos Islands (Jaramillo et al. 2014) or palyno-
logical descriptions for few species in Mexican paly-
nofloras like that of Martínez and Matuda (1979),
Quiroz-García et al. (1994, Alternanthera cf. Alter-
nanthera pycnantha Standl.) and Palacios-Chávez
et al. (1991, A. ramosissima [Mart.] Chodat et
Hassl.). Although these works have been relevant to
define basic pollen characters in the genus (Erdtman
1986; Eliasson 1988; Borsch 1998), studies about
patterns of pollen evolution within Alternanthera in
a phylogenetic context are yet to be developed (Sán-
chez-del Pino & Fuentes-Soriano, own observation,
March 2015).
In this work, we assess the morphological variation

of pollen within Alternanthera with the main objec-
tives of (i) testing the utility of pollen variation for
the circumscription of species of Alternanthera, (ii)
describing, analysing and providing detailed pollen
descriptions in Alternanthera species and (iii) revising
and updating palynological terms used to describe
the mesoporia in pollen grains of Alternanthera. The
complementary approach developed here integrates
light microscopy (LM), scanning electron micro-
scopy (SEM) and confocal laser scanning micro-
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scopy (CLSM), multivariate ordination techniques
to facilitate the evaluation of potential pollen types
in Alternanthera.

Material and methods

Plant material

A total of 13 Alternanthera species were selected for
study to represent all subclades of the Alternanthera
clade resolved in a recent morphological- and mole-
cular-based phylogenetic tree (Sánchez del-Pino
et al. 2012).

Pollen samples for Alternanthera were obtained
from material collected and fixed in FAA (formalde-
hyde-acetic acid-alcohol; Ruzin 1999); voucher her-
barium specimens were prepared for deposit at the
Centro de Investigación Científica de Yucatán
(CICY) herbarium. Additional samples were
obtained from F, GB, MEXU, NY and S herbaria
collections (acronyms following Thiers 2011).

Scanning electron microscopy (SEM)

Pollen grains were acetolysed using the technique of
Erdtman (1960) with modified acid proportions and
reaction times as needed to remove the pollen kit
and clean the pollen grain exine of organic material.
Material analysed with SEM was dehydrated in an
ethanol series (50%, 70%, 90%, 100%) for ten min-
utes for each step and dried in a semi-automatic
critical point dryer (SAMDRI 795). The dry mate-
rial was mounted on aluminium stubs and coated
with gold using a sputter coater (Denton vacuum,
model DESK-II; COLD SPUTTER/ETCH
UNIT). SEM samples were observed and photo-
graphed in a JEOL JSM6360LV SEM at CICY.

Light microscopy (LM)

Acetolysed pollen grains were embedded in glycerol
jelly on slides sealed with nail polish, described and
measured using a NIKON LM (model ECLIPSE
E200) at 100× magnification with oil immersion.
Images were captured using an INFINITY1-3C
digital camera (Lumenera).

For most of the species, except for Alternanthera
littoralis var. maritima, 28 or 30 pollen grains pooled
from two or three biological replicates (e.g. anthers
from flowers from a single plant or anthers from
flowers from different plants) were measured using
the INFINITY ANALYZE software version 4.6.0
(2008). For A. littoralis var. maritima, 21 pollen
grains were measured. Columellae number and dia-
meter (in structural elements and conjunction
points), number of rows of columellae per structural

element, and mesoporium width were measured for
nine pollen grains pooled from three or two biologi-
cal replicates using SEM and CLSM images.

Confocal laser scanning microscopy (CLSM)

Palynological studies based on LM and complemen-
ted with SEM observations are standard to analyse
general pollen morphology. Traditionally, the ultra-
structure of the exine has been analysed with expen-
sive and labour intensive transmission electron
microscopy (TEM). CLSM has emerged as a cost-
efficient alternative to analyse internal ultrastructure
of the exine and permits optical sectioning of a single
pollen (Castro et al. 2010; Sivaguru et al. 2012; Holt
& Bennett 2014). CLSM observations in the present
study allowed us to study and characterise the utl-
trastructure of exine layers such as the ektexine,
collumelae, nexine in the lumen, exine in aperture
regions, conjunction points and structural elements
(structures described later).
The Alternanthera pollen samples previously pre-

pared for LM were also observed with an OLYM-
PUS FluoViewTM FV1000 confocal microscope,
configured as follows: Lens UPLFLN 40× O (oil,
NA: 1.3), scan speed: 2 µs/pixel, an excitation laser
at 405 nm to 5% (Al-morin complex has a wave-
length of excitation and emission of 420 and
515 nm, respectively). Images were collected at the
1.0 µm Z position, and approximately 30 sections of
512 × 512 pixels per image were obtained; all sec-
tions were projected into a single image using FV10-
ASW software version 3.01b.
A sequential scanning in two phases was per-

formed to avoid background interference. We used
a 40× O UPLFLN lens (oil, NA: 1.3), scan rate of
10 µs/pixel, a 405 nm excitation laser for morin and
DAPI, and a 543 nm excitation laser for FM4-64.
Morin, DAPI and FM4-64 have excitation and emis-
sion wavelengths of 420, 515 nm; 358, 461 nm; and
515, 670 nm, respectively. All images have a resolu-
tion of 512 × 512 pixels, and Z-stacking for each
fluorophore was projected into a single image. The
images for the three fluorophores were merged using
FV10-ASW software 3.01b.

Pollen terminology

Descriptions of general pollen morphology in this
study followed the terminology of Punt et al.
(1994), Borsch and Barthlott (1998) and Borsch
(1998). Pollen-specific characters of Amaranthaceae
were used according to several other studies (Skvarla
& Nowicke 1976; Zandonella & Lecocq 1977; Elias-
son 1988; Borsch 1998; Sánchez-del Pino 2001;
Sánchez-del Pino et al. 2002). We provide a diagram
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that shows the structures and morphological land-
marks of the pollen grains that were observed and
measured here (Figure 1).

Statistical analyses

Fourteen quantitative morphological pollen charac-
ters (Tables I, II) were directly used in two comple-
mentary multivariate procedures: a constrained
ordination canonical analysis of principal coordi-
nates (CAP) and a cluster analysis. These techniques
were used to investigate the grouping of taxa within
the genus, on the basis of their overall palynological
similarity. CAP and cluster analyses were implemen-
ted in PRIMER v6 and PERMANOVA add-on soft-
ware (Clarke & Gorley 2006).

Morphological data from each simple variable
were normalised to remove differences in scale
among original variables and a similarity matrix
based on Euclidean distances was constructed.
Based on this distance matrix, the distances among
centroids of sampling data were visualised using the
CAP ordinations and considering the species as the
predictor variables. The variables used for the CAP
were correlated with the first two axes of correlation
(0.9791 and 0.9705) of the first eight axis variables
that contributed more than 40% of the variability in
the original dissimilarity matrix. A plot of first cano-

nical axes was inferred to show patterns of differ-
ences among groups.
Further cluster analysis included a UPGMA using

the Bray–Curtis coefficient to detect groups based on
distance and the characters that influenced that
grouping and a SIMPROF (similarity profile) test
with 1000 permutations.

Results

General pollen description of Alternanthera

Origin and shape. — Monads, dodecahedric or cir-
cular with pollen 12.39–37.75 µm in width (Table I).

Pores (Figure 1A). — Pollen pores in Alternanthera
as in all Amaranthaceae include the pore membrane
and a flat ring, which is the intectated area surround-
ing the pore membrane. Pores in Alternanthera are
pantoporate in numbers of from 12 to 30 (Table IV).
The distance between two pores (DBTP), here
described as another source of aperture variation
varied from 5.0 µm to 14.26 µm (as in Alternanthera
geniculata; Table I).

Pore membrane. — Pore membrane diameter
(PMD) of the studied species varied from 2.58 µm
to 10.97 µm (Table I). The pore membrane was

Figure 1. Pollen diagram showing parts of the metareticulum. A. Mesoporium (m), flat ring (fr), poral membrane (p). B. Conjunction
points (cp), structural elements (se) and pore membrane diameter (d). C. Metareticulum diameter (mr) and distance between two
pores (dp).

→
Figure 2. Light microscopy of pollen grains of species of Alternanthera. A. Pollen grain of A. caracasana. B. Metareticula and pore
membrane of A. caracasana. C. Pollen grain of A. costaricensis. D. Metareticula and pore membrane of A. costaricensis. E. Pollen grain of
A. echinocephala. F, G. Metareticula and pore membrane of A. echinocephala. H, I. Pollen grain of A. flava. J. Metareticula and pore
membrane of A. flava. K. Pollen grain of A. flavescens. L. Metareticula and pore membrane of A. flavescens. M. Pollen grain of A.
galapagensis. N. Metareticula and pore membrane of A. galapagensis.O. Pollen grain of A. geniculata. P.Metareticula and pore membrane of
A. geniculata. Q. Pollen grain of A. lanceolata. R. Metareticula and pore membrane of A. lanceolata. S. Pollen grain of A. littoralis var.
maritima. T. Metareticula and pore membrane of A. littoralis var. maritima. U. Pollen grain of A. macbridei. V. Metareticula and pore
membrane of A. macbridei. W. Pollen grain of A. obovata. X. Metareticula and pore membrane of A. obovata. Scale bars – 5 µm.
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covered with ektexinous bodies and nanospines.
Ektexinous bodies varied in number (7–84), shape
(rounded or elongated), and arrangement (towards
the centre of the pore membrane [Figure 6E] or
dispersed over the pore membrane [Figure 4E];
Table IV). Number of nanospines on the ektexinous
bodies on the pore membranes group species with
10–16, 20–56 or species with 60–174 nanospines.

Flat ring (Figure 1A). — All pollen observed had a
psilate flat ring (FR), a variably sized area that flanks
the pore membrane, ranging from 0.20 (Figure 5M)
to 0.64 µm wide (Figure 5F; Table I).

Pollen metareticulum. — The metareticulum width
(MW) varied in size from 4.76 to 16.66 µm
(Table I).

Mesoporium (Figure 1A). — In Alternanthera, the
mesoporium (singular), an ‘area of a pollen grain
surface delimited by lines between the apices of
adjacent colpi or the margins of adjacent pores’
(Punt et al. 2007, p. 43), also named mesh by
Vishnu-Mittre (1963) or luminoid depressions by
Livingstone et al. (1973), is defined by 5–6 tectate
regions called structural elements (SEs; Figure 1B)
and conjunction points (CPs; Figure 1B). These
structures define depending on the species a hexa-
gonal (Figures 2F, 3A, 9H, K–L) or pentagonal
metareticulum (Figures 2B, 4H, 7B). Mesoporium
size ranged from 0.97 to 2.8 µm width.

Exine ultrastructure. — Our CLSM and SEM images
confirmed that basically all tectate regions have a
complete exine wall comprising two main layers,
the sexine (tectum+columellae) and nexine (includ-
ing the footlayer, nexine, and intine, with the intine
lost during acetolysis). The exine in Alternanthera
consisted of an ektexine (sexine and nexine layers)
that varied in thickness in different areas of the pol-
len and across species. The sexine comprises the
tectum and rod-like structures that make the colu-
mellar layer. In general, the sexine was more variable
than the nexine in thickness. Nexine layer in the
structural elements (NSE) and in conjunction points

(NCP) were from 0.20 to 0.53 µm and 0.49 µm
thickness, respectively (Table II).

Tectum (Figure 8G). — Pollen of Alternanthera is
clearly tectate (Borsch 1998). The thinnest tectate
areas were found on the structural elements (TSE)
and varied in size (0.19–0.75 µm; Table II). The
thickest tectate areas were found on the conjunction
points (TCP) and varied from 0.42 to 1.45 µm
(Figures 7H, 9D, G, Table II).

Tectum ornamentation. — Pollen sculpture varied in
the number and arrangement of pores or perfora-
tions. Pollen of Alternanthera, when punctated, have
very small perforations (Skvarla & Nowicke 1976;
Nowicke & Skvarla 1979) that vary in diameter
from 40 to 400 nm width (Borsch 1998). Our obser-
vations suggest that perforations were arranged
either as relatively ordered in a single row on each
structural element (Figure 4L) or they were relatively
forming two rows (Figures 4I, 5C). Most of the
species observed in this study had nanopores rela-
tively forming two rows (Table IV).
In addition to pores, pollen grains, with the excep-

tion of Alternanthera serpyllifolia, had spine-like sculp-
tures (nano-, micro- or echinae). The smallest spines
(SL) measured varied from 0.30 to 1.55 µm.
(Table I). The spines arrange in one or two rows
per structural element (SRSE; Table IV)

Sexine. — Sexine and columellae layers of conjunc-
tion point regions (SCP, CCP) were thicker than in
the structural elements (SSE). The sexine of the
structural elements (SSE; 0.70 µm), sexine of the
conjuction points (SCP; 1.03 µm), columellae of
the structural elements (CSE; 0.40 µm) and colu-
mellae on the conjunction points (CCP; 0.52 µm)
were from thinnest to thickest SSE and SCP
(3.07 µm, 3.71 µm, respectively; Table II) and the
CSE and CCP (2.3 µm, 2.90 µm, respectively;
Table II).
The number of columellae in the structural ele-

ments varied among the species from 3–4 to 14
(Table IV). The columellae diameter ranged from
0.27 to 0.54 µm, whereas the diameter of the colu-

Figure 3. Light microscopy of pollen grains of species of Alternanthera. A. Pollen grain of A. serpyllifolia. B. Metareticula and pore
membrane of A. serpyllifolia. C, D. Pollen grain of A. tenella. E. Metareticula and pore membrane of A. tenella. Scale bars – 5 µm.
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mellae on the conjunction points was 0.39 to
0.70 µm.

The palynological characters such as pollen form,
pollen ornamentation, metareticulum form, pore
number, spines length and arrangement on structural
elements, arrangement of nanopores on structural ele-
ments and number of nanospines on the ektexinous
bodies, and number of ektexinous bodies on the pore
membrane were useful in recognising Alternathera spe-
cies and constructing the first palynological key for the
alternantheroid clade and Alternanthera.

Palynological key to identify species of Alternanthera in
the New World

1a Pollen tectum punctate and psilate…………….
……………....………...Alternanthera serpyllifolia

1b Pollen tectum punctate and spinulate (nano-,
micro-, echinate) ......................................... 2

2a Pollen dodecahedric (with 12–14 pores) and/or
spheroidal (with more than 16 pores) ........... 3

2b Pollen dodecahedric (with 12–14 pores) ....... 4
3a Pollen spheroidal with 24–30 pores .................

................................. Alternanthera costaricensis

3b Pollen dodecahedric (with 12 pores) and spher-
oidal (with 20–24 pores) .................................
............................... Alternanthera echinocephala

4a Mean spine length 1.08 ± 0.27 µm .................
.................................... Alternanthera geniculata

4b Mean spine length from 0.41 ± 0.06 to 0.72 ±
0.16 µm ...................................................... 5

5a Nanopores on individual structural element
relatively ordered in a row ............................ 6

5b Nanopores on individual structural elements
relatively forming two rows .......................... 9

6a Spines in a single row on each structural
element .................... Alternanthera galapagensis

6b Spines in one or two rows on each structural
element ....................................................... 7

7a Ektexinous bodies per poral membrane 28–33
.................................................................. 8

7b Ektexinous bodies per poral membrane 37–84
................................................... Althernaria flava

8a Pollen with 12 pores; nanopores 6–13 per struc-
tural elementAlternanthera littoralis var. maritima

8b Pollen with 12–14 pores; nanopores 11–25 per
structural element ............. Alternanthera tenella

9a Spines 14–20 on tectum per structural element
....................................... Alternanthera obovata

Figure 4. Scanning electron microscopy of pollen grains of species of Alternanthera. A. Pollen grain of A. caracasana. B, C. Metareticula and
pore membrane of A. caracasana. D. Pollen grain of A. costaricensis. E, F. Metareticula and pore membrane of A. costaricensis. G. Pollen
grain of A. echinocephala. H, I. Metareticula and pore membrane of A. echinocephala. J. Pollen grain of A. flava. K, L. Metareticula and pore
membrane of A. flava. Scale bars – 1 µm.

Pollen of Alternanthera (Amaranthaceae) 259



9b Spines 6–10 on tectum per structural
element ..................................................... 10

10a Spines in a single row on each structural
element ...................... Alternanthera flavescens

10b Spines in one or two rows on each structural
element ................................................... 11

11a Metareticulum pentagonal and hexagonal ....... 12
11b Metareticulum pentagonal… Althernaria lanceolata
12a Nanospines 7–8 per structural element ...........

.................................. Alternanthera macbridei
12b Nanospines 8–10 per structural element ........

................................ Alternanthera caracasana

Pollen descriptions of species of Alternanthera

Alternanthera caracasana (Figures 2A, 2B, 4A–C,
7A–D). — Pollen dodecahedric, 20.02–(24.69± 2.54)
–29.64 µm in diameter. Pores 12–14, distance between
two pores 6.82–(8.76 ± 0.99)–10.61 µm; pore mem-
brane 3.76–(5.67 ± 1.06)–9.06 µm in diameter, ektex-
inous bodies 15–40, nanospines about 70–130. Flat ring

0.32–(0.42 ± 0.07)–0.55 µm wide. Metareticulum pen-
tagonal or hexagonal, 9.08–(10.90 ± 1.47)–13.72 µm
wide; structural elements and conjunction points 5–6.
Mesoporium 1.61–1.81 µm wide. Sculpture usually
punctate-, nano- and microspinulate; 15–20 nanopores
per structural element, relatively forming two rows; 8–10
nanospines-microspines per structural element, 0.33–
(0.42 ± 0.07)–0.61 µm long, in one or two rows on
each structural element. Tectum on structural elements
0.39–(0.48 ± 0.06)–0.61 µm high, tectum on conjunc-
tion points 0.79–(0.99 ± 0.13)–1.22 µm high; columel-
lae 6–9, arranged in one or two rows on structural
elements, each 0.55–(0.82 ± 0.15)–1.24 µm high,
0.34–0.43 µm wide, columellae on the conjunction
points 0.70–(0.98 ± 0.19)–1.37 µm high, 0.46–
0.53 µm wide; nexine of structural elements 0.30–
(0.34 ± 0.04)–0.44 µm thick, nexine of conjunction
points 0.30–(0.37 ± 0.04)–0.46 µm thick; sexine of
structural elements 1.02–(1.30 ± 0.14)–1.64 µm thick,
sexine of conjunction points 1.18–(1.80 ± 0.36)–
2.43 µm thick.

Figure 5. Scanning electron microscopy of pollen grains of species of Alternanthera. A. Pollen grain of A. flavescens. B, C. Metareticula and
pore membrane of A. flavescens. D. Pollen grain of A. galapagensis. E, F. Metareticula and pore membrane of A. galapagensis. G. Pollen
grain of A. geniculata. H, I. Metareticula and pore membrane of A. geniculata. J. Pollen grain of A. lanceolata. K, L. Metareticula and pore
membrane of A. lanceolata. M. Pollen grain of A. macbridei. N. Metareticula and pore membrane of A. macbridei. Flat ring indicated by
asterisks. Scale bars – 1 µm.
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Alternanthera costaricensis (Figures 2C–D, 4D–F,
7E–H). — Pollen spheroidal, 23.94–(30.98 ± 4.01)
–37.75 µm in diameter. Pores 24–30, distance
between two pores 6.0–(7.65 ± 0.95)–9.11 µm; pore
membrane 4.48–(5.87 ± 0.65)–7.12 µm in diameter,
ektexinous bodies 7–10, nanospines about 10–16.
Flat ring 0.30–(0.34 ± 0.04)–0.42 µm wide. Metare-
ticulum pentagonal or hexagonal, 6.28–(8.54 ±
1.04)–10.24 µm wide; structural elements and con-
junction points 5–6. Mesoporium 1.36–1.77 µm wide.
Sculpture punctate, nano- and microspinulate; 8–15
nanopores per structural element, relatively forming
two rows; 4–7 nanospines, microspines and equinulas
0.47–(0.72 ± 0.16)–1.03 µm long, in one row per
structural element. Tectum on structural elements,
0.30–(0.46 ± 0.10)–0.68 µm high, tectum on con-
junction points 0.54–(0.76 ± 0.12)–0.95 µm high;
columellae 3–4, arranged in one row on structural
elements, each 1.10–(1.52 ± 0.30)–2.25 µm high,
0.45–0.54 µm wide, columellae on the conjunction
points 1.54–(2.02 ± 0.34)–2.87 µm high, 0.53–
0.63 µm wide; nexine of structural elements 0.29–
(0.36 ± 0.04)–0.44 µm thick, nexine of conjunction
points 0.30–(0.36 ± 0.03)–0.42 µm thick; sexine of
structural elements 1.52–(2.21 ± 0.44)–3.07 µm
thick, sexine of conjunction points 1.99–(2.81 ± 0.43)
–3.71 µm thick.

Alternanthera echinocephala (Figures 2E–G, 4G–I,
7I–L). — Pollen spheroidal and dodecahedric,
17.51–(25.08 ± 5.52)–36.26 µm in diameter. Pores
both 12 and 20–24, distance between two pores
5.50–(7.71 ± 1.34)–10.31 µm; pore membrane 3.23–
(5.47 ± 1.02)–8.12 µm in diameter, ektexinous bodies
36–54, nanospines 68–148. Flat ring 0.20–(0.28 ±
0.03)–0.36 µm wide. Metareticulum pentagonal or
hexagonal, 4.76–(8.35 ± 1.31)–10.22 µm wide; struc-
tural elements and conjunction points 5–6. Mesopor-
ium 1.19–1.97 µm wide. Sculpture punctate, nano-
and microspinulate; 14–30 nanopores per structural
element, relatively forming two rows; 6–7 nanospines
and microspines per structural element, 0.33–(0.53 ±
0.12)–0.73 µm long, in one row on each structural
element. Tectum on structural elements 0.19–
(0.34 ± 0.07)–0.48 µm high, tectum on conjunction
points 0.50–(0.76 ± 0.14)–1.0 µm high; columellae
6–12, arranged in one or two rows on structural ele-
ments, each 0.50–(0.85 ± 0.22)–1.33 µm high, 0.31–
0.35 µm wide, columellae on the conjunction points
0.80–(1.12 ± 0.20)–1.53 µm high, 0.39–0.41 µm wide;
nexine of structural elements 0.22–(0.31 ± 0.04)–
0.40 µm thick, nexine of conjunction points 0.21–
(0.30 ± 0.05)–0.42 µm thick; sexine of structural ele-
ments 0.74–(1.27 ± 0.31)–1.87 µm thick, sexine of
conjunction points 1.17–(1.88 ± 0.32)–2.43 µm thick.

Figure 6. Scanning electron microscopy of pollen grains of species of Alternanthera. A. Pollen grain of A. littoralis var. maritima. B, C.
Metareticula and pore membrane of A. littoralis var. maritima. D. Pollen grain of A. obovata. E, F. Metareticula and pore membrane of A.
obovata. G. Pollen grain of A. serpyllifolia. H, I. Metareticula and pore membrane of A. serpyllifolia. J. Pollen grain of A. tenella. K, L.
Metareticula and pore membrane of A. tenella. Scale bars – 1 µm.
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Alternanthera flava (Figures 2H–J, 4J–L, 7M–P). —

Pollen dodecahedric, 18.16–(22.34 ± 1.96)–24.71
µm in diameter. Pores 12, distance between two
pores 5.92–(8.35 ± 1.28)–10.44 µm; pore membrane
4.73–(6.81 ± 1.03)–8.94 µm in diameter, ektexinous
bodies 37–84, nanospines about 80–112. Flat ring
0.20–(0.29 ± 0.05)–0.39 µm wide. Metareticulum
pentagonal, 6.03–(9.33 ± 1.52)–11.71 µm wide;
structural elements and conjunction points 5. Meso-
porium 1.68–2.1 µm wide. Sculpture punctate,
nano- and microspinulate; 15–22 nanopores per
structural element, relatively ordered in a row; 7–8
nanospines and microspines per structural element,
0.44–(0.62 ± 0.11)–0.79 µm long, in one or two
rows on each structural element. Tectum on struc-
tural elements 0.20–(0.37 ± 0.10)–0.68 µm high,
tectum on conjunction points 0.50–(0.82 ± 0.13)–
1.07 µm high; columellae 6–12, arranged in one or
two rows on structural elements, each 0.53–(0.80 ±
0.13)–1.07 µm high, 0.33–0.37 µm wide, columellae
on the conjunction points 0.70–(1.03 ± 0.16)–
1.38 µm high, 0.39–0.45 µm wide; nexine of struc-
tural elements 0.20–(0.32 ± 0.05)–0.40 µm thick,
nexine of conjunction points 0.20–(0.28 ± 0.04)–
0.37 µm thick; sexine of structural elements 0.82–
(1.33 ± 0.27)–1.92 µm thick, sexine of conjunction
points 1.13–(1.93 ± 0.34)–2.49 µm thick.

Alternanthera flavescens (Figures 2K–L, 5A–C, 7Q–

T). — Pollen dodecahedric, 19.31–(23.80 ± 1.72)–
27.78 µm in diameter. Pores 12, distance between
two pores 7.38–(9.0 ± 0.68)–10.97 µm; pore mem-
brane 5.56–(7.06 ± 0.77)–8.48 µm in diameter,
ektexinous bodies 46–64, nanospines 146–174. Flat
ring 0.23–(0.32 ± 0.05)–0.40 µm wide. Metareticu-
lum pentagonal, 7.00–(9.77 ± 1.88)–13.27 µm wide;
structural elements and conjunction points 5. Meso-
porium 1.92–2.10 µm wide. Sculpture punctate and
microspinulate; 14–30 nanopores per structural ele-
ment, relatively forming two rows; 6–8 microspines
per structural element, 0.50–(0.70 ± 0.12)–0.99 µm
long, in one row per structural element. Tectum on
structural elements 0.25–(0.42 ± 0.11)–0.66 µm
high, tectum on conjunction points 0.7–(0.92 ±
0.11)–1.09 µm high; columellae 7–13, arranged in
one or two rows on structural elements, each 0.70–
(1.08 ± 0.17)–1.36 µm high, 0.35–0.38 µm wide,
columellae on the conjunction points 0.97–(1.29 ±
0.18)–1.62 µm high, 0.41–0.51 µm wide; nexine of
structural elements 0.22–(0.30 ± 0.04)–0.39 µm
thick, nexine of conjunction points 0.24–(0.33 ±
0.04)–0.40 µm thick; sexine of structural elements
1.29–(1.64 ± 0.28)–2.41 µm thick, sexine of con-
junction points 1.52–(2.22 ± 0.32)–2.87 µm thick.

Alternanthera galapagensis (Figures 2M–N, 5D–F,
8A–D). — Pollen dodecahedric, 12.89–(18.19 ±
2.73)–23.42 µm in diameter. Pores 12, distance
between two pores 4.75–(7.45 ± 1.16)–10.31 µm;
pore membrane 3.25–(4.90 ± 0.84)–6.16 µm in dia-
meter, ektexinous bodies 27–42, nanospines 60–93.
Flat ring 0.33–(0.48 ± 0.08)–0.64 µm wide. Metar-
eticulum pentagonal, 6.43–(10.89 ± 1.61)–13.22 µm
wide; structural elements and conjunction points 5.
Mesoporium 1.26–1.83 µm wide. Sculpture punc-
tate, nano- and microspinulate; 6–13 nanopores per
structural element, relatively ordered in a row; 7–9
nanospines-microspines per structural element,
0.43–(0.62 ± 0.10)–0.80 µm long, in one row on
each structural element. Tectum on structural ele-
ments 0.36–(0.49 ± 0.07)–0.67 µm high, tectum on
conjunction points 0.61–(0.82 ± 0.10)–0.99 µm
high; columella 7–8, arranged in one row on struc-
tural elements, each 0.50–(0.71 ± 0.12)–0.94 µm
high, 0.4–0.5 µm wide, columellae on the conjunc-
tion points 0.71–(1.03 ± 0.16)–1.38 µm high, 0.54–
0.59 µm wide; nexine of structural elements 0.33–
(0.41 ± 0.05)–0.49 µm thick, nexine of conjunction
points 0.32–(0.40 ± 0.04)–0.47 µm thick; sexine of
structural elements 1.02–(1.21 ± 0.13)–1.46 µm
thick, sexine of conjunction points 1.07–(1.75 ±
0.25)–2.28 µm thick.

Alternanthera geniculata (Figures 2O–P, 5G–I, 8E–
H). — Pollen dodecahedric, 22.01–(29.77 ± 3.22)–
35.56 µm in diameter. Pores 12, distance between
two pores 7.69–(10.57 ± 1.40)–14.26 µm; pore
membrane 6.42–(8.86 ± 1.09)–10.97 µm in dia-
meter, ektexinous bodies 20–22, nanospines 27–29.
Flat ring 0.23–(0.34 ± 0.05)–0.45 µm wide. Metar-
eticulum pentagonal, 10.76–(14.77 ± 1.63)–
16.66 µm wide; structural elements and conjunction
points 5. Mesoporium 2.21–2.80 µm wide. Sculpture
punctate, micro- and equinulate; 10–25 nanopores
per structural element, relatively forming two rows;
4–9 microspines and equinulas per structural ele-
ment, 0.58–(1.08 ± 0.27)–1.55 µm long, in a row
on each structural element. Tectum on structural
elements 0.35–(0.53 ± 0.10)–0.74 µm high, tectum
on conjunction points 0.67–(1.03 ± 0.17)–1.45 µm
high; columellae 7–14, arranged in one or two rows
on structural elements, each 1.10–(1.74 ± 0.32)–
2.30 µm high, 0.45–0.51 wide, columellae on the
conjunction points 1.15–(2.15 ± 0.41)–2.90 µm
high, 0.41–0.51 µm wide; nexine of structural ele-
ments 0.25–(0.32 ± 0.05)–0.50 µm thick, nexine of
conjunction points 0.22–(0.32 ± 0.04)–0.41 µm
thick; sexine of structural elements 1.55–(2.24 ±
0.33)–2.95 µm thick, sexine of conjunction points
1.67–(2.59 ± 0.42)–3.64 µm thick.
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Alternanthera lanceolata (Figures 2Q–R, 5J–L, 8I–
L). — Pollen dodecahedric, 14.63–(17.39 ± 1.50)–
20.53 µm in diameter. Pores 12, distance between
two pores 5.07–(6.23 ± 0.63)–7.43 µm; pore mem-
brane 3.36–(4.43 ± 0.57)–5.69 µm in diameter,
ektexinous bodies 29–30, nanospines 140–164. Flat
ring 0.21–(0.30 ± 0.05)–0.40 µm wide. Metareticu-
lum pentagonal, 5.81–(8.15 ± 1.07)–10.71 µm wide;
structural elements and conjunction points 5. Meso-
porium 1.6–1.8 µm wide. Sculpture punctate, nano-
and microspinulate; 14–19 nanopores per structural
element, relatively forming two rows; 6–10 nanos-
pines and microspines per structural element, 0.30–
(0.48 ± 0.08)–0.62 µm long, in one or two rows on
each structural element. Tectum on structural ele-
ments 0.22–(0.36 ± 0.06)–0.53 µm high, tectum on
the conjunction points 0.44–(0.60 ± 0.12)–0.92 µm
high; columellae 7, arranged in a row on structural
elements, each 0.45–(0.66 ± 0.09)–0.83 µm high,
0.31–0.43 µm wide, columellae on the conjunction
points 0.63–(0.90 ± 0.15)–1.26 µm high, 0.43–
0.54 µm wide; nexine of structural elements 0.21
(0.29 ± 0.05)–0.38 µm thick, nexine of conjunction
points 0.22–(0.31 ± 0.04)–0.39 µm thick; sexine of
structural elements 0.85–(1.18 ± 0.19)–1.62 µm
thick, sexine of conjunction points 1.04–(1.42 ±
0.21)–1.79 µm thick.

Alternanthera littoralis var. maritima (Figures 2S–T,
6A–C, 9A–D). — Pollen dodecahedric, 16.22–
(21.79 ± 3.26)–28.08 µm in diameter. Pores 12,
distance between two pores 5.72–(8.16 ± 1.36)–
10.56 µm; pore membrane 4.07–(5.91 ± 1.27)–
7.54 µm in diameter, ektexinous bodies 28–29,
nanospines 66–85. Flat ring 0.30–(0.41 ± 0.05)–
0.48 µm wide. Metareticulum pentagonal or hexago-
nal, 7.56–(10.74 ± 1.88)–13.62 µm wide; structural
elements and conjunction points 5. Mesoporium
1.43–1.96 µm wide. Sculpture punctate, nano- and
microspinulate; around 6–13 nanopores per struc-
tural element, relatively ordered in a row; 8–10
nanospines and microspines per structural element,
0.33–(0.50 ± 0.09)–0.70 µm long, in one or two
rows on each structural element. Tectum on struc-
tural elements 0.38–(0.48 ± 0.06)–0.57 µm high,
tectum on conjunction points 0.60–(0.80 ± 0.13)–
1.08 µm high; columellae 6–9, arranged in one or
two rows on structural elements, each 0.51–(0.79 ±
0.18)–1.29 µm high, 0.34–0.43 µm wide, columellae
on the conjunction points 0.89 (1.10 ± 0.17)–
1.50 µm high, 0.46–0.53 µm wide; nexine of struc-
tural elements 0.30–(0.37 ± 0.04)–0.45 µm thick,
nexine of conjunction points 0.30–(0.38 ± 0.04)–
0.44 µm thick; sexine of structural elements 0.88–
(1.25 ± 0.23)–1.94 µm thick, sexine of conjunction
points 1.52–(1.90 ± 0.27)–2.57 µm thick. T
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Alternanthera macbridei (Figures 2U–V, 5M–N, 8M–

P). — Pollen dodecahedric, 14.55–(22.00 ± 2.87)–
27.76 µm in diameter. Pores 12, distance between two
pores 5.54–(7.74 ± 1.35)–10.93 µm; pore membrane
3.84–(5.43 ± 1.04)–7.32 µm in diameter, ektexinous
bodies 40, nanospines 77–128. Flat ring 0.20–(0.31 ±
0.06)–0.40 µm wide. Metareticulum pentagonal or hex-
agonal, 5.20–(8.15 ± 1.60)–11.60 µm wide; structural
elements and conjunction points 5–6. Mesoporium
1.46–1.65 µm wide. Sculpture punctate, nano- and
microspinulate; around 15–20 nanopores per structural
element, relatively forming two rows; 7–8 nanospines
and microspines per structural element, 0.36–(0.56 ±
0.11)–0.80 µm long, in one or two rows on each struc-
tural element. Tectum on structural elements 0.20–
(0.36 ± 0.11)–0.57 µm high, tectum on conjunction
points 0.47–(0.72 ± 0.16)–0.97 µm high; columellae
6–9, arranged in one or two rows on structural elements,
each 0.40–(0.68 ± 0.18)–1.20 µm high, 0.33–0.37 µm
wide, columellae on the conjunction points 0.52–(0.86 ±
0.21)–1.34 µm high, 0.43–0.53 µmwide; nexine of struc-
tural elements 0.23–(0.29 ± 0.04)–0.38 µm thick, nexine
of conjunction points 0.25–(0.31 ± 0.03)–0.36 µm thick;
sexine of structural elements 0.70–(1.17 ± 0.28)–
1.73 µm thick, sexine of conjunction points 1.03–
(1.52 ± 0.33)–2.20 µm thick.

Alternanthera obovata (Figures 2W–X, 6D–F, 9E–
G). — Pollen dodecahedric, 17.20–(21.75 ±
2.29)–26.50 µm in diameter. Pores 12, distance
between two pores 5.00–(8.32 ± 1.59)–10.88 µm;
pore membrane 3.00–(5.95 ± 1.58)–8.94 µm in dia-
meter, ektexinous bodies 26–36, nanospines 88–151.
Flat ring 0.20–(0.36 ± 0.08)–0.50 µm wide. Metar-
eticulum pentagonal, 6.96–(11.50 ± 2.46)–15.65 µm
wide; structural elements and conjunction points 5.
Mesoporium 1.3–1.99 µm wide. Sculpture punctate,
nano- and microspinulate; 22–43 nanopores per
structural element, relatively forming two rows;
14–20 nanospines and microspines per structural
element, 0.33–(0.47 ± 0.08)–0.59 µm long, in one
or two rows on each structural element. Tectum on
structural elements 0.32–(0.48 ± 0.08)–0.72 µm
high, tectum on conjunction points 0.53–(0.89 ±
0.19)–1.24 µm high; columellae 6–9, arranged in
one or two rows in the structural elements, each
0.65–(0.95 ± 0.17)–1.33 µm high, 0.36–0.57 µm
wide, columellae on the conjunction points 0.72–
(1.07 ± 0.25)–1.90 µm high, 0.45–0.57 µm wide;
nexine of structural elements 0.24–(0.36 ± 0.07)–
0.52 µm thick, nexine of conjunction points 0.28–
(0.39 ± 0.05)–0.49 µm thick; sexine of structural
elements 1.15–(1.47 ± 0.23)–2.01 µm thick, sexine
of conjunction points 1.37–(1.92 ± 0.37)–2.85 µm
thick.T

ab
le

II
.
P
ol
le
n
ch

ar
ac
te
rs

of
13

sp
ec
ie
s
of

A
lte
rn
an

th
er
a
m
ea
su
re
d
us
in
g
lig

ht
m
ic
ro
sc
op

y.

T
ax
on

T
S
E
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

T
C
P
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

C
S
E
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

C
C
P
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

N
S
E
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

N
C
P
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

S
S
E
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

S
C
P
m
in

(m
ea
n
±
va
r)

m
ax

(µ
m
)

A
.
ca
ra
ca
sa
na

0.
39

(0
.4
8
±
0.
06

)
0.
61

0.
79

(0
.9
9
±
0.
13

)
1.
22

0.
55

(0
.8
2
±
0.
15

)
1.
24

0.
70

(0
.9
8
±
0.
19

)
1.
37

0.
30

(0
.3
4
±
0.
04

)
0.
44

0.
30

(0
.3
7
±
0.
04

)
0.
46

1.
02

(1
.3
0
±
0.
14

)
1.
64

1.
18

(1
.8
0
±
0.
36

)
2.
43

A
.
co
st
ar
ic
en
si
s

0.
30

(0
.4
6
±
0.
10

)
0.
68

0.
54

(0
.7
6
±
0.
12

)
0.
95

1.
10

(1
.5
2
±
0.
30

)
2.
25

1.
54

(2
.0
2
±
0.
34

)
2.
87

0.
29

(0
.3
6
±
0.
04

)
0.
44

0.
30

(0
.3
6
±
0.
03

)
0.
42

1.
52

(2
.2
1
±
0.
44

)
3.
07

1.
99

(2
.8
1
±
0.
43

)
3.
71

A
.
ec
hi
no
ce
ph

al
a

0.
19

(0
.3
4
±
0.
07

)
0.
48

0.
50

(0
.7
6
±
0.
14

)
1.
0

0.
50

(0
.8
5
±
0.
22

)
1.
33

0.
80

(1
.1
2
±
0.
20

)
1.
53

0.
22

(0
.3
1
±
0.
04

)
0.
40

0.
21

(0
.3
0
±
0.
05

)
0.
42

0.
74

(1
.2
7
±
0.
31

)
1.
87

1.
17

(1
.8
8
±
0.
32

)
2.
43

A
.
fl
av

a
0.
20

(0
.3
7
±
0.
10

)
0.
68

0.
50

(0
.8
2
±
0.
13

)
1.
07

0.
53

(0
.8
0
±
0.
13

)
1.
07

0.
70

(1
.0
3
±
0.
16

)
1.
38

0.
20

(0
.3
2
±
0.
05

)
0.
40

0.
20

(0
.2
8
±
0.
04

)
0.
37

0.
82

(1
.3
3
±
0.
27

)
1.
92

1.
13

(1
.9
3
±
0.
34

)
2.
49

A
.
fl
av

es
ce
ns

0.
25

(0
.4
2
±
0.
11

)
0.
66

0.
70

(0
.9
2
±
0.
11

)
1.
09

0.
70

(1
.0
8
±
0.
17

)
1.
36

0.
97

(1
.2
9
±
0.
18

)
1.
62

0.
22

(0
.3
0
±
0.
04

)
0.
39

0.
24

(0
.3
3
±
0.
04

)
0.
40

1.
29

(1
.6
4
±
0.
28

)
2.
41

1.
52

(2
.2
2
±
0.
32

)
2.
87

A
.
ga
la
pa

ge
ns
is

0.
36

(0
.4
9
±
0.
07

)
0.
67

0.
61

(0
.8
2
±
0.
10

)
0.
99

0.
50

(0
.7
1
±
0.
12

)
0.
94

0.
71

(1
.0
3
±
0.
16

)
1.
38

0.
33

(0
.4
1
±
0.
05

)
0.
49

0.
32

(0
.4
0
±
0.
04

)
0.
47

1.
02

(1
.2
1
±
0.
13

)
1.
46

1.
07

(1
.7
5
±
0.
25

)
2.
28

A
.
ge
ni
cu
la
ta

0.
35

(0
.5
3
±
0.
10

)
0.
74

0.
67

(1
.0
3
±
0.
17

)
1.
45

1.
10

(1
.7
4
±
0.
32

)
2.
30

1.
15

(2
.1
5
±
0.
41

)
2.
90

0.
25

(0
.3
2
±
0.
05

)
0.
50

0.
22

(0
.3
2
±
0.
04

)
0.
41

1.
55

(2
.2
4
±
0.
33

)
2.
95

1.
67

(2
.5
9
±
0.
42

)
3.
64

A
.
la
nc
eo
la
ta

0.
22

(0
.3
6
±
0.
06

)
0.
53

0.
44

(0
.6
0
±
0.
12

)
0.
92

0.
45

(0
.6
6
±
0.
09

)
0.
83

0.
63

(0
.9
0
±
0.
15

)
1.
26

0.
21

(0
.2
9
±
0.
05

)
0.
38

0.
22

(0
.3
1
±
0.
04

)
0.
39

0.
85

(1
.1
8
±
0.
19

)
1.
62

1.
04

(1
.4
2
±
0.
21

)
1.
79

A
.
m
ac
br
id
ei

0.
20

(0
.3
6
±
0.
11

)
0.
57

0.
47

(0
.7
2
±
0.
16

)
0.
97

0.
40

(0
.6
8
±
0.
18

)
1.
20

0.
52

(0
.8
6
±
0.
21

)
1.
34

0.
23

(0
.2
9
±
0.
04

)
0.
38

0.
25

(0
.3
1
±
0.
03

)
0.
36

0.
70

(1
.1
7
±
0.
28

)
1.
73

1.
03

(1
.5
2
±
0.
33

)
2.
20

A
.
lit
to
ra
lis

va
r.

m
ar
iti
m
a

0.
38

(0
.4
8
±
0.
06

)
0.
57

0.
60

(0
.8
0
±
0.
13

)
1.
08

0.
51

(0
.7
9
±
0.
18

)
1.
29

0.
89

(1
.1
0
±
0.
17

)
1.
50

0.
30

(0
.3
7
±
0.
04

)
0.
45

0.
30

(0
.3
8
±
0.
04

)
0.
44

0.
88

(1
.2
5
±
0.
23

)
1.
94

1.
52

(1
.9
0
±
0.
27

)
2.
57

A
.
ob
ov
at
a

0.
32

(0
.4
8
±
0.
08

)
0.
72

0.
53

(0
.8
9
±
0.
19

)
1.
24

0.
65

(0
.9
5
±
0.
17

)
1.
33

0.
72

(1
.0
7
±
0.
25

)
1.
90

0.
24

(0
.3
6
±
0.
07

)
0.
52

0.
28

(0
.3
9
±
0.
05

)
0.
49

1.
15

(1
.4
7
±
0.
23

)
2.
01

1.
37

(1
.9
2
±
0.
37

)
2.
85

A
.
se
rp
yl
lif
ol
ia

0.
33

(0
.4
7
±
0.
08

)
0.
75

0.
42

(0
.8
5
±
0.
15

)
1.
15

0.
58

(0
.9
8
±
0.
26

)
1.
51

0.
62

(0
.8
7
±
0.
19

)
1.
39

0.
23

(0
.3
1
±
0.
04

)
0.
45

0.
23

(0
.3
1
±
0.
04

)
0.
45

1.
03

(1
.4
7
±
0.
28

)
1.
95

1.
12

(1
.8
2
±
0.
36

)
2.
51

A
.
te
ne
lla

0.
34

(0
.4
3
±
0.
06

)
0.
57

0.
55

(0
.7
9
±
0.
11

)
0.
97

0.
45

(0
.7
1
±
0.
12

)
0.
94

0.
68

(0
.9
7
±
0.
18

)
1.
52

0.
28

(0
.3
8
±
0.
06

)
0.
53

0.
29

(0
.4
0
±
0.
06

)
0.
49

0.
94

(1
.1
8
±
0.
15

)
1.
57

1.
18

(1
.6
2
±
0.
23

)
2.
0

N
ot
e:

C
C
P
,
co

lu
m
el
la
e
on

co
nj
un

ct
io
n
po

in
ts
;
C
S
E
,
co

lu
m
el
la
e
on

st
ru
ct
ur
al

el
em

en
ts
;
N
C
P
,
ne

xi
ne

of
co

nj
un

ct
io
n
po

in
ts
;
N
S
E
,
ne

xi
ne

of
st
ru
ct
ur
al

el
em

en
ts
;
S
C
P
,
se
xi
ne

of
co

nj
un

ct
io
n

po
in
ts
;
S
S
E
,
se
xi
ne

of
st
ru
ct
ur
al

el
em

en
ts
;
T
C
P
,
te
ct
um

on
co

nj
un

ct
io
n
po

in
ts
;
T
S
E
,
te
ct
um

on
st
ru
ct
ur
al

el
em

en
ts
.

264 I. Sánchez-del Pino et al.



Alternanthera serpyllifolia (Figures 3A–B, 6G–I, 9H–

J). — Pollen dodecahedric and spheroidal, 18.43–
(21.90 ± 2.91)–30.87 µm in diameter. Pores both 12
and 14–16, distance between two pores 6.42–(8.50 ±
1.42)–12.28 µm; pore membrane 4.17–(5.71 ±
1.23)–9.47 µm in diameter, ektexinous bodies
20–22, nanospines 32–59. Flat ring 0.20–(0.31 ±
0.04)–0.40 µm wide. Metareticulum pentagonal or
hexagonal, 8.07–(9.65 ± 1.36)–12.87 µm in wide;
structural elements and conjunction points 5–6.
Mesoporium 1.31–2.0 µm wide. Sculpture punctate,
tectum surface never has spines; 10–13 nanopores
per structural element, relatively forming two rows.
Tectum on structural elements 0.33–(0.47 ± 0.08)–
0.75 µm high, tectum on conjunction points 0.42–
(0.85 ± 0.15)–1.15 µm high; columellae 8–9,
arranged in one or two rows on structural elements,
each 0.58–(0.98 ± 0.26)–1.51 µm high, 0.38–
0.41 µm wide, columellae on the conjunction points
0.62–(0.87 ± 0.19)–1.39 µm high, 0.48–0.55 µm
wide; nexine of structural elements 0.23–(0.31 ±
0.04)–0.45 µm thick, nexine of conjunction points
0.23–(0.31 ± 0.04)–0.45 µm thick; sexine of struc-
tural elements 1.03–(1.47 ± 0.28)–1.95 µm thick,
sexine of conjunction points 1.12–(1.82 ± 0.36)–
2.51 µm thick.

Alternanthera tenella (Figures 3C–E, 6J–L, 9K–

N). — Pollen dodecahedric, 12.39–(17.65 ± 2.19)–
21.23 µm in diameter. Pores 12–14, distance between
two pores 5.10–(7.19 ± 0.92)–8.68 µm; pore mem-
brane 2.58–(4.75 ± 0.98)–6.43 µm in diameter, ektex-
inous bodies 26–33, nanospines 74–82. Flat ring
0.28–(0.45 ± 0.07)–0.62 µm wide. Metareticulum
pentagonal or hexagonal, 7.23–(9.67 ± 1.06)–
11.23 µm in wide; structural elements and conjunc-
tion points 5. Mesoporium 0.97–1.61 µm wide. Sculp-
ture punctate and nanospinulate; 11–25 nanopores
per structural element, relatively ordered in a row;
8–16 nanospines per structural element, 0.30–
(0.41 ± 0.06)–0.50 µm long, forming one or two
rows on each structural element. Tectum on structural
elements 0.34–(0.43 ± 0.06)–0.57 µm high, tectum on
conjunction points 0.55–(0.79 ± 0.11)–0.97 µm high;
columellae 7–12, arranged in one or two rows on
structural elements, each 0.45–(0.71 ± 0.12)–
0.94 µm high, 0.27–0.37 µm wide, columellae on the
conjunction points 0.68–(0.97 ± 0.18)–1.52 µm high,
0.46–0.51 µm wide; nexine of structural elements
0.28–(0.38 ± 0.06)–0.53 µm thick, nexine of conjunc-
tion points 0.29–(0.40 ± 0.06)–0.49 µm thick; sexine
of structural elements 0.94–(1.18 ± 0.15)–1.57 µm
thick, sexine of conjunction points 1.18–(1.62 ±
0.23)–2.0 µm thick.

Statistical analyses

Twenty-five pollen characters, 22 quantitative and
three qualitative, were analysed to study and describe
pollen variation within Alternanthera (Tables I–IV).
Among them were only 14 quantitative informative
characters to be used for multivariate analyses
(Tables I, II). Global similarities and dissimilarities
of the pollen among species of Alternanthera and
delimitation of the pollen types defined by the CAP
and cluster analyses (based on 14 characters) sug-
gested that ten characters were discriminative to
identify differences among the species (Figures 10,
11, Table V). Characters were distributed mainly
according to correlation cluster CAP2
(δ = 94.19%). The discriminative characters (with
values in parentheses) were pollen diameter (D,
0.46661); sexine thickness in conjunction points
(SCP, 0.4324); sexine thickness in structural ele-
ments (SSE, 0.41372); columellae height at the con-
junction points (CCP, 0.32758); columellae height
at the structural elements (CSE, 0.31612); pore
membrane diameter (PMD, 0.05061). Characters
that were distributed mainly according to correlation
cluster CAP1 (δ = 97.91%) were spines length (SL,
– 0.85981), nexine of the conjunction points (NCP,
0.54919), flat ring (FR, 0.45756), and nexine of the
structural elements (NSE, 0.41204) (Figure 10A,
Table V). A cluster analysis was performed to iden-
tify discriminative groups among the species. Cluster
analysis using a Euclidian distance of 4.5 indepen-
dently recognised three major clusters of pollen types
(Figures 10, 11). Cluster one included pollen speci-
mens from A. costaricensis, cluster two comprised
pollen samples from A. geniculata and cluster three
consisted of pollen samples from 11 species. Cluster
analyses depicted congruence with CAP analyses
supporting recognition of three pollen types in Alter-
nanthera.
Overlay of pollen characters such as pollen general

shape, metareticulum form and size, pore number and
size, distance between pores, flat ring size, pore mem-
brane ornamentations, and sculpture of the exine are
shown in the LM and SEMmicrographs (Figures 2–6)
and intoUPGMA tree suggested that Pollen type I and
II have the lowest number of ektexinous bodies on pore
membranes (7–10 in pollen type I versus 15–84 in
pollen type III). Based on statistical analyses and struc-
ture of the pollen exine in Alternanthera presented in
this study (Figures 7–9), we constructed a key to pollen
types for species of Alternanthera distributed in the
New World and describe three pollen types defined
by pollen diameter, pore membrane diameter, flat ring
and exine ultrastructure and ornamentation (Figures
10, 11, Tables III, V).
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Figure 7. Confocal laser scanning microscopy of pollen grains of species of Alternanthera. A–D. Pollen grain of A. caracasana. B.
Metareticula. C. Sexine and nexine of structural elements. D. Sexine and nexine of conjunction points (CPs). E–H. Pollen grain of A.
costaricensis. F. Metareticula. G. Sexine and nexine in structural elements. H. Sexine and nexine in CPs. I–L. Pollen grain of A.
echinocephala. J. Metareticula. K. Sexine and nexine of structural elements. L. Sexine and nexine of CPs. M–P. Pollen grain of A. flava.
N. Metareticula. O. Sexine and nexine of structural elements. P. Sexine and nexine of CPs. Q–T. Pollen grain of A. flavescens. R.
Metareticula. S. Sexine and nexine of structural elements. T. Sexine and nexine of CPs. Scale bars – 5 µm.
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Key to pollen types in New World species of
Alternanthera

1a Pollen spheroidal with 24–30 pores, with D of
23.94–[30.98 ± 4.01]–37.75 µm and SCP
of 1.99–[2.81 ± 0.43]–3.71 m ........... Type I

1b Pollen dodecahedrical and/or spheroidal with
12 or more pores, and D and SCP smaller
than above .................................................. 2

2a Pollen dodecahedrical with 12 pores, respec-
tively, and with DBTP of 7.69–[10.57 ±
1.40]–14.26 µm and SL of 0.58–[1.08 ±
0.27]–1.55 µm, whereas the mean value for
CSE measures 1.74 ± 0.32 µm, for CCP of
2.15 ± 0.41 µm and for SSE of 2.24 ± 0.33
µm ................................................. Type II

2b Pollen dodecahedrical and spheroidal, with 12
pores or 14–24 pores, with DBTP of 4.75–

Figure 8. Confocal laser scanning microscopy of pollen grains of species of Alternanthera. A–D. Pollen grain of A. galapagensis. B.
Metareticula. C. Sexine and nexine of structural elements. D. Sexine and nexine of conjunction points (CPs). E–H. Pollen grain of A.
geniculata. F. Metareticula. G. Sexine and nexine of structural elements. H. Sexine and nexine of CPs. I–L. Pollen grain of A. lanceolata. J.
Metareticula. K. Sexine and nexine of structural elements. L. Sexine and nexine of CPs. M–P. Pollen grain of A. macbridei. N.
Metareticula. O. Sexine and nexine of structural elements. P. Sexine and nexine of CPs. Scale bars – 5 µm.

Pollen of Alternanthera (Amaranthaceae) 267



(6.23 ± 0.63–9.0 ± 0.68)–12.28 µm and SL
of 0.30–(0.41 ± 0.06–0.70 ± 0.12)–0.99 µm
to absent (in Alternanthera serpyllifolia),
whereas the mean value for CSE measures

0.68 ± 0.18–1.08 ± 0.17 µm, for CCP of
0.86 ± 0.21–1.29 ± 0.18 µm, and for SSE
of 1.17 ± 0.28–1.64 ± 0.28 µm ....... Type III

Figure 9. Confocal laser scanning microscopy of pollen grains of species of Alternanthera. A–D. Pollen grain of A. littoralis var. maritima. B.
Metareticula. C. Sexine and nexine of structural elements. D. Sexine and nexine of conjunction points (CPs). E–G. Pollen grain of A.
obovata. F. Metareticula. G. Sexine and nexine of structural elements. H–J. Pollen grain of A. serpyllifolia. I. Metareticula. J. Sexine and
nexine of structural elements. K–N. Pollen grain of A. tenella. L. Metareticula. M. Sexine and nexine of structural elements. N. Sexine and
nexine of CPs. Scale bars – 5 µm.
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Type I. — Pollen spheroidal with 24–30 pores. Pol-
len type I has the largest mean and range dimensions
among Alternanthera pollen for diameter (D; 23.94–
[30.98 ± 4.01]–37.75 µm) and sexine in conjunction
points (SCP; 1.99–[2.81 ± 0.43]–3.71 µm). The
largest mean dimensions in the genus ranged for
nexine of the structural elements (NSE; 0.36 ±
0.04 µm) and nexine of the conjunction points
(NCP; 0.36 ± 0.03 µm) (Figures 2C–D, 4D–F,
7E–H, 10A–B, 11, Tables III, IV). Number of ektex-
inous bodies 7–10. Species included: A. costaricensis.

Type II. — Pollen dodecahedrical with 12 pores.
Pollen type II has the largest mean and range
dimensions among Alternanthera pollen for dis-
tance between two pores (DBTP; 7.69–[10.57 ±
1.40]–14.26 µm, pore membrane diameter (PMD;
6.42–[8.86 ± 1.09]–10.97 µm, metareticulum
width (MW; 10.76–[14.77 ± 1.63]–16.66 µm),
spines length (SL; 0.58–[1.08 ± 0.27]–1.55 µm),
tectum width in structural elements (TSE; 0.35–
[0.53 ± 0.10]–0.74 µm), tectum width in con-
junction points (TCP; 0.67–[1.03 ± 0.17]–
1.45 µm). The largest mean dimensions in the
genus ranged for columellae height at the struc-
tural elements (CSE; 1.74 ± 0.32 µm), columellae
height at the conjunction points (CCP; 2.15 ±
0.41 µm), and sexine thickness in structural ele-
ments (SSE; 2.24 ± 0.33 µm; Figures 2O, P, 5G–

I, 8E–H, 10A, B, 11, Tables III, IV). Number of
ektexinous bodies 20–22. Species included: A.
geniculata.

Type III. — Pollen dimorphic based on pores num-
ber, mainly one dodecahedrical with 12 pores and
the other spheroidal with 14–24 pores. The species
studied, has the smallest diameter (D; 12.39–
[17.39 ± 1.50–25.08 ± 5.52]–36.26 µm), spines
length (SL; 0.30–[0.41 ± 0.06–0.70 ± 0.12]–
0.99 µm) to absent (in Alternanthera serpyllifolia),
columellae height at the structural elements (CSE;
0.40–[0.68 ± 0.18–1.08 ± 0.17]–1.51 µm), columel-
lae height at the conjunction points (CCP; 0.52–
[0.86 ± 0.21–1.29 ± 0.18]–1.90 µm), sexine thick-
ness in structural elements (SSE; 0.70–[1.17 ± 0.28–
1.64 ± 0.28]–2.41 µm), and sexine in conjunction
points (SCP; 1.04–[1.42 ± 0.21–1.93 ± 0.34]–
2.87 µm). In addition, DBTP measures 4.75–
[6.23 ± 0.63–9.0 ± 0.68]–12.28 µm (Figures 2–9,
10A, B, 11, Tables III, IV). Number of ektexinous
bodies 15–84. Species included: A. caracasana, A.
echinocephala, A. flava, A. flavescens, A. galapagensis,
A. lanceolata, A. macbridei, A. littoralis var. maritima,
A. obovata, A. serpyllifolia, A. tenella.

Discussion

Pollen morphological characters of Amaranthaceae with
special emphasis in Alternanthera

Pollen morphology of Alternanthera has been
described in various ways depending on the author
(Fægri & Iversen 1964; Erdtman 1986; Moore et al.
1991); pollen terminology has been historically vari-
able even to describe the same pollen structure. In
recent years, Borsch (1998) and Borsch and Barth-
lott (1998) have provided foundations for modern
interpretations of pollen variation in Alternanthera
(e.g. Chin & Lim 2011). A discussion of palynologi-
cal terms and their detailed graphical and textual
description is offered later as an effort for standardis-
ing the use of the terminology for pollen in the genus
and other Amaranthaceae.
SEM studies of pollen morphology provide valu-

able three-dimensional (3D) evidence for under-
standing variation in pollen with reticulate-like
exine sculpture (Punt et al. 1994). Such studies
have been especially important for interpreting
exine sculpture of Amaranthaceae. Although pollen
ornamentation within Amaranthaceae has been
widely described as reticulate, this extensively
debated concept has been misapplied (Zandonella
& Lecocq 1977; Cuadrado 1988, 1989; Eliasson
1988; Townsend 1993; Borsch 1998). For example,
Riollet and Bonnefille (1976, p. 74) reported pollen
of Gomphrena celosioides Mart. as reticulate, and
reflected on the uniqueness of the pollen ornamenta-
tion mentioning that ‘[in] each mesh [of the reticula]
there was a pore in the center’. To settle the matter
and based on detailed morphological pollen study,
Borsch and Barthlott (1998) concluded that the pol-
len sculpture/pore complex is not homologous to the
typical reticulum and thus proposed the term metar-
eticulate (versus reticulum) as a high-order reticu-
lum composed of mesoporia.
A careful and exhaustive study of each component

of the mesoporium in Alternanthera here provides the
most complete palynological description of metareti-
culate pollen so far available for the Gomphrenoi-
deae.

Terminology for the description of mesoporia variation
within Alternanthera

Mesoporium. — Exine in the structural elements is
simplicolumellate, with very thick columellae under
the point of union of structural elements or conjunc-
tion points (CPs; Figure 8D, H, L, P; Borsch 1998;
Borsch & Barthlott 1998). We confirm that pollen of
Alternanthera is of the Pfaffia-type (Borsch 1998)
with pores covered with a pore membrane, narrow

Pollen of Alternanthera (Amaranthaceae) 269



and vaulted mesoporia and a flat-ring at the base of
the simple columellate SEs. Our observations sug-
gested that mesoporia can be either one or two rows
and simple columellate only on CPs.

Pores. — According to Borsch (1998), the stenopa-
lynous pollen of Alternanthera has 12 or 14 pores in
the majority of species, except for A. costaricensis with
25–30 pores. However, Borsch’s (1998) report for
the genus was based on only seven species; with our
expanded sampling, we found that the pore number
was even more variable in other species such as A.
echinocephala (20–24 pores) and A. serpyllifolia (16–
24 pores). Chin and Lim (2011) reported similar
changes in pore number in two Asian species (A.
paronychioides with 18 pores and A. philoxeroides
with 20–24 pores). At this point, we cannot confirm
the extent of the variation of this character for Alter-
nanthera because the genus has 80–100 diverse spe-
cies (Eliasson 1987, 1990).

Pore membrane. — This structure has being
described as a unit-membrane-like layer (Skvarla &
Nowicke 1976), as a verrucose pseudo-operculum
covering the pores (Martínez-Hernández et al.
1993) or as a smooth poral membrane (Palacios-
Chávez et al. 1991) in different representative species
of the family. Amaranthaceae specialists (Vishnu-
Mittre 1963; Nowicke & Skvarla 1979; Borsch
1998; Borsch & Barthlott 1998; Müller & Borsch
2005b) have also characterised the structure as
poral membrane to be covered by ektexinosous
bodies in Amaranthaceae. Our analyses of the Alter-
nanthera exine conducted in CLSM are appropriate
to define this pore membrane-like structure as a

thinning of the exine lacking a tectum and columel-
lae layers. Detailed TEM observations of different
stages of pollen pore development are needed to
reach a more conclusive understanding of the origin
and ontogenetic nature of this pore membrane-like
structure in the family.
Pore membrane ornamentation as defined by

ektexinous bodies in Amaranthaceae is granulate
(Livingstone et al. 1973; Sánchez-del Pino 2001),
with angular ektexinous bodies (Skvarla & Nowicke
1976) or verrucose (Zandonella & Lecocq 1977).
Based on SEM, Borsch (1998) described more
than five ektexinous body shapes (tooth-shaped,
roundish, polyhedrical, triangular, quadrangular),
variations in their number and arrangement and
number of microspines on ektexinous bodies. Ektex-
inous bodies morphology and pore diameter are the
basis for defining 11 types of Amaranthaceae pores.
Pore type I, characteristic of Alternanthera, is
described as having ‘… ektexinous bodies (12)20–
60, closely adjoined, arranged in a mosaic-like pat-
tern, ± rectangular, sinuous or elongate, 1.5–3.0
times as long as broad, the short sides pointing to
the centre of the pore, ± equal in size, with 1–2(3–4)
distinct microspines; pores (1.8–)3.0–6.0 µm in dia-
meter, at the margin ± confluent into a solid, flat
ring’ (Borsch 1998, p. 130).
In the present study, we observed that the number

of ektexinous bodies can be <12 and >60 (Table IV)
and we agree with Chin and Lim (2011) that the
number of ektexinous bodies in species such as Alter-
nanthera costaricensis seems to be related to the size of
the pores. Pollen types differentiate by this variation,
too. The pore diameter can be bigger than 6.0 µm
(Table I) and microspines on ektexinous bodies can

Table III. Measures of pollen-types based on characters indicated in Tables I and II

Characters Pollen type I Pollen type II Pollen type III

D min (mean ± var) max (µm) 23.94 (30.98 ± 4.01) 37.75 22.01 (29.77 ± 3.22) 35.56 12.39 (17.39 ± 1.50–25.08 ± 5.52) 36.26
DBTP min (mean ± var) max (µm) 6.0 (7.65 ± 0.95) 9.11 7.69 (10.57 ± 1.40) 14.26 4.75(6.23 ± 0.63–9.0 ± 0.68) 12.28
PMD min (mean ± var) max (µm) 4.48 (5.87 ± 0.65) 7.12 6.42 (8.86 ± 1.09) 10.97 2.58 (4.43 ± 0.57–7.06 ± 0.77) 9.47
FR min (mean ± var) max (µm) 0.30 (0.34 ± 0.04) 0.42 0.23 (0.34 ± 0.05) 0.45 0.20 (0.28 ± 0.03–0.48 ± 0.08) 0.64
MW min (mean ± var) max (µm) 6.28 (8.54 ± 1.04) 10.24 10.76 (14.77 ± 1.63) 16.66 4.76 (8.15 ± 1.07–11.50 ± 2.46) 15.65
SL min (mean ± var) max (µm) 0.47 (0.72 ± 0.16) 1.03 0.58 (1.08 ± 0.27) 1.55 0.30 (0.41 ± 0.06–0.70 ± 0.12) 0.99
TSE min (mean ± var) max (µm) 0.30 (0.46 ± 0.10) 0.68 0.35 (0.53 ± 0.10) 0.74 0.19 (0.34 ± 0.07–0.49 ± 0.07) 0.75
TCP min (mean ± var) max (µm) 0.54 (0.76 ± 0.12) 0.95 0.67 (1.03 ± 0.17) 1.45 0.42 (0.60 ± 0.12–0.99 ± 0.13) 1.24
CSE min (mean ± var) max (µm) 1.10 (1.52 ± 0.30) 2.25 1.10 (1.74 ± 0.32) 2.30 0.40 (0.68 ± 0.18–1.08 ± 0.17) 1.51
CCP min (mean ± var) max (µm) 1.54 (2.02 ± 0.34) 2.87 1.15 (2.15 ± 0.41) 2.90 0.52 (0.86 ± 0.21–1.29 ± 0.18) 1.90
NSE min (mean ± var) max (µm) 0.29 (0.36 ± 0.04) 0.44 0.25 (0.32 ± 0.05) 0.50 0.20(0.29 ± 0.04–0.41 ± 0.05) 0.53
NCP min (mean ± var) max (µm) 0.30 (0.36 ± 0.03) 0.42 0.22 (0.32 ± 0.04) 0.41 0.20 (0.28 ± 0.04–0.40 ± 0.06) 0.49
SSE min (mean ± var) max (µm) 1.52 (2.21 ± 0.44) 3.07 1.55 (2.24 ± 0.33) 2.95 0.70 (1.17 ± 0.28–1.64 ± 0.28) 2.41
SCP min (mean ± var) max (µm) 1.99 (2.81 ± 0.43) 3.71 1.67 (2.59 ± 0.42) 3.64 1.04 (1.42 ± 0.21–1.93 ± 0.34) 2.87

Note: D, diameter; DBTP, distance between two pores; FR, flat ring; MW, metareticulum width; PMD, pore membrane diameter; SL,
spine length; CCP, columellae on conjunction points; CSE, columellae on structural elements; NCP, nexine of conjunction points; NSE,
nexine of structural elements; SCP, sexine of conjunction points; SSE, sexine of structural elements; TCP, tectum on conjunction points;
TSE, tectum on structural elements.
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be completely absent. Other than these variations,
we concord with Borsch’s (1998) description for
ektexinous bodies (form and arrangement). An addi-
tional structure reported as part of the aperture is the
flat ring that is described later.

Flat ring. — Different terms have been applied for
this structure; it has been named torus (Sánchez-del
Pino 2001 in Tidestromia); Punt et al. (1994) referred
to it as an annulus or the area of the exine surround-
ing a pore that is sharply differentiated from the
remainder of the exine, either in ornamentation or
thickness. In the present work, we adopt Borsch’s
(1998) flat ring definition; it is the first, most com-
plete and, in our opinion, the best description for
differentiating the flanking area of the pollen pore
membrane in Amaranthaceae. Based on canonical

studies and statistical values, this structure can be
informative at species level and it is relevant to dif-
ferentiate pollen types (Figure 10A).

Tectum ornamentation. — Microspines located on top
of the tectum were classified, depending on size and
shape (e.g. toothed conical or convex concave), by
Borsch (1998) as small (c. 150 nm), medium (c.
400 nm) or long (c. 800 nm). However, the size of
sculptures seen in the present sampling fall within the
range of nanospines (<0.5 µm in long), microspines
(<1 µm long) or echinae (>1 µm in long) as defined by
Punt et al. (1994) and we use these definitions to
describe pollen sculpture of Alternanthera.

Sexine. — In the genus, sexine thickness of the SEs
and the CPs differs considerably among species

Figure 10. Canonical analysis of principal
coordinates (CAP) and UPGMA tree from
cluster analysis of pollen characters in
Alternanthera. A. CAP ordination plots
showing ten pollen characters as discrimi-
native. B. CAP ordination plots showing
three groups defined with Euclidean dis-
tance of 4.5.
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(Table II), but multivariate analyses indicate that the
variation helps to differentiate three pollen types
within the genus. Pollen type III has the thinnest
sexine compared to pollen types I and II (Table III).

Pollen morphology useful in the circumscription of species
of Alternanthera

Intraspecific pollen variation. — The most evident
variation seen within Alternanthera species was
related to pollen form and pollen number. For exam-
ple A. littoralis var. maritima had both dodecahedric
and cubic pollen, the latter less in abundance. Simi-
lar cubic pollen and pollen abundance has also been
reported for Tidestromia suffruticosa Standl. var. suf-
fruticosa (Sánchez-del Pino 2001; Sánchez-del Pino
& Flores Olvera 2006). Alternanthera echinocephala
and A. serpyllifolia had dodecahedric and spheroidal
pollen grains in less number.

Interspecific pollen variation. — Our analysis of pol-
len grains suggested 25 informative characters; 22
were quantitative (Tables I–IV) and three qualitative
(Table IV). The combination of a number of char-
acters rather that individual pollen features helped in
recognising groups or species. Borsch (1998) already
mentioned that the number of punctae and micro-
spines and their ratio to each other is characteristic at
species level. We confirm the importance of these
characters and include additional characters. The
quantitative characters were variable enough to
allow us to recognise and identify groups of species
based on pollen diameter, pore membrane diameter,

flat ring, and exine ultrastructure and ornamentation
(Figures 10, 11, Table IV).
Our study indicated that pollen shape in Alter-

nanthera between single species can be dodecahed-
ric or spherical and as proposed by Borsch (1998)
closely related to changes in pore number. Similar
patterns of pollen shape-aperture number variation
has been seen in other species of Amaranthaceae
(Borsch 1998; Chin & Lim 2011). Most of the
species sampled in the present study have dodeca-
hedrical pollen, and others had both dodecahedrical
and spheroidal pollen (e.g. A. echinocephala, A. ser-
pyllifolia). Only grains of A. costaricensis are all
spheroidal and, according to Chin and Lim
(2011), A. philoxeroides has also been described
with all spheroidal pollen (Li et al. [1993] cited by
Chin & Lim 2011). The variation of pollen shape
suggest that this character is evolutionary labile and
thus in conjunction with pore number with minimal
phylogenetic signal.
The palynological work of Chin and Lim (2011)

on Alternanthera considered features such as micro-
spines size, shape, number and arrangement as well
as number of ektexinous bodies and perforation dis-
tribution that have not been commonly reported for
the genus. In this study, the number of ektexinous
bodies help to differentiate pollen at species level and
pollen types whereas the two arrangements of nano-
pores on structural elements (relatively ordered in a
row and relatively ordered in two rows) helped to
distinguish pollen at species level. Therefore, we
agree with Chin and Lim (2011) about the relevance
of the characters ‘number of ektexinous bodies’ and

Figure 11. UPGMA tree from cluster analyses using Euclidean distance matrices.
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‘distribution of perforations at the mesoporia’ to dif-
ferentiate species. In addition to these characters, we
characterised variation for nine additional characters
with potential usefulness for understanding and
summarising pollen morphological changes among
species of Alternanthera. These characters include
‘metareticulum width (MW)’, ‘distances between
two conjunction points (DBTP)’, ‘flat ring (FR)’,
‘sexine width in structural elements (SSE)’, ‘sexine
width in conjunction points (SCP)’, ‘tectum on
structural elements (TSE)’, ‘tectum on conjunction
points (TCP)’, ‘columellae width’ and ‘number of
columellae per mesoporium’.

Cluster analysis using a Euclidian distance of 4.5
(Figures 10, 11) identified three major pollen
groups. One group comprises most of the species
included in the present study (Figure 11). Our data
also indicate that subgroups within pollen type III
(Figure 11) could be recognised based on the ten
discriminative characters (Figure 10A) and perhaps
delimitation of pollen groups and subgroups within
pollen type III would closely reflect phylogenetic
relationships proposed by Sánchez del-Pino et al.
(2012). However given our sampling and extent of
the variation we preferred to describe and formally
recognise here pollen groups.

A cluster analyses allowed to distinguish interspe-
cific variation based on rare pollen grains observed in
the sampling such as in Alternanthera littoralis var.
maritima, which has been considered an hybrid in
other analyses (Sánchez del-Pino et al. 2012), and A.
echinocephala, a Gálapagos endemic based on a
population of pollen grains with amorphous metar-
eticula and skewed structural elements absent of
spines.

The pollen characters useful to characterise spe-
cies and by level of importance were ‘pollen orna-
mentation’, ‘pollen form’ and ‘pores number’,
‘spines length’, ‘number of ektexinous bodies on
pore membranes’, ‘arrangement of nanopores on
structural elements’, ‘number of row of spines per
structural element’, ‘number of nanospines on ektex-
inous bodies’ and ‘metareticula form’. The less
informative characters to distinguish species were
‘number of nanopores’, ‘sculpture type’, ‘number
of spines on tectum’, ‘number of columellae per
structural element’ and ‘number of rows of columel-
lae per structural element’ (Table IV).

Conclusions

Pollen observations, images of pollen morphology and
characterisation of diversity of 13 species of Alter-
nanthera are presented here. Multivariate analyses
show that a seemingly subtle morphological variation
of 14 pollen characters in representative species of T
ab
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Alternanthera is useful to recognise species and three
main pollen types within the genus. These pollen
types further subdivide the Pffafia-type pollen charac-
teristic of Alternanthera assigned by Borsch (1998).
The subdivision of the Pffafia-type pollen into three
pollen types is sustained by ten characters that were
discriminative based on the multivariate analyses and
corresponds to the pollen diameter (D), sexine width
in structural elements (SSE) and in the conjunction
points (SCP), columellae on structural elements
(CSE) and on conjunction points (CCP), pore mem-
brane diameter (PMD), spine length (SL), nexine
width in structural elements (NSE) and in conjunc-
tion points (NCP) and flat ring (FR). These charac-
ters are thoroughly described here for the genus.

Pollen of Alternanthera consists of a complex mor-
phological structure. Here, we have revised the ter-
minology used in previous works to determine,
which characters are of taxonomic importance and
to clearly define the terminology.

Pollen grains of Alternanthera are metareticulate,
of the Pfaffia-type and dodecahedric or spheroidal.
Mesoporia are tectate, with perforations (nanopores)
and mostly spinulate except for A. serpyllifolia. Meso-
poria are formed by structural elements and con-
junction points. Pantoporate pollen has poral
membranes covered with ektexinous bodies arranged
toward the centre of the pore and having nanospines.
Pollen grains have a psilate flat ring surrounding the
poral membrane.

Pollen morphology helped in taxonomically cir-
cumscribing the Alternanthera taxa. The nine quan-

titative pollen characters that were useful to
characterise species of Alternanthera are ‘pollen
form and ornamentation’, ‘pore number’, ‘spines
length and arrangement on mesoporium’ (or one
structural element), ‘number of ektexinous bodies
on poral membrane’, ‘number of nanospines on the
ektexinous bodies on poral membrane’, ‘arrange-
ment of nanopores on mesoporium’ (or one struc-
tural element) and ‘metareticula form’.
Pollen type I, as defined in this study and repre-

sented by Alternanthera costaricensis, and pollen type
II, represented by A. geniculata, show notable
changes in diameter, distance between two pores,
pore membrane diameter, metareticulum width,
spine length and tectum and sexine thickness.
With more studies like the one presented here, our

knowledge about pollen variation in Alternanthera is
increasing and laying the basis for evolutionary stu-
dies. Our reports in conjunction with previous stu-
dies show that pore number varies from the
commonly reported 12–14 that has been considered
a constant number for the pollen of the genus and
that could be informative to separate species groups.

Acknowledgements

The authors thank the directors and curators of the
herbaria F, GB, MEXU, NY and S for allowing them
to examine and sample flowers of loaned material.
The authors also thank José Javier G. Quezada Euán
(UADY, Yucatán, México) for the use of his labora-
tory during initial stages of this study; to María Gor-

Table V. Correlation of the matrix of pollen variables with the canonical axis projected in the CAP plot.

Axis D PMD FR MW SL DBTP NSE

CAP1 –0.479493132 –0.607748858 0.457559165 –0.177357534 –0.859806886 –0.314571512 0.412039222
CAP2 0.466607527 0.050608826 –0.541035749 –0.335053703 –0.27241842 0.009955611 –0.15672122
CAP3 –0.353255477 –0.181654596 –0.542640829 –0.470395877 –0.389286056 –0.171479229 –0.536398723
CAP4 –0.117556773 –0.553838935 0.085357969 –0.6832162 0.062647948 –0.619273312 0.061097289
CAP5 –0.523664245 –0.218513072 –0.262644692 –0.227351493 –0.159628577 –0.466221531 –0.039535086
CAP6 –0.144828127 –0.177965604 0.124307003 0.044433333 0.020082317 –0.216562709 0.096624096
CAP7 –0.010296596 0.102188206 0.25437138 0.116596117 0.025947363 0.117729938 0.664979492
CAP8 0.302347137 0.415442566 0.114392123 0.25636653 0.022530648 0.43844726 –0.184637499

Axis SSE TSE CSE NCP SCP TCP CCP

CAP1 –0.502096934 0.204725302 –0.573338683 0.549187657 –0.503264502 –0.035522641 –0.589964066
CAP2 0.413715945 –0.065981508 0.316117277 –0.33489142 0.432402795 –0.048772898 0.327582862
CAP3 –0.640421202 –0.730995363 –0.643491074 –0.625141627 –0.598542205 –0.26008962 –0.679170698
CAP4 –0.266501085 –0.517163358 –0.259116669 0.068679812 –0.177740385 –0.699042817 –0.146182177
CAP5 –0.155742631 –0.257403745 –0.180655185 –0.07004993 –0.250817049 –0.563107973 –0.105356451
CAP6 –0.141761739 0.083981897 –0.104593092 –0.326014947 –0.034133151 –0.137279796 0.120118003
CAP7 –0.111716607 –0.065263327 –0.122406217 0.233328076 0.173168008 0.235389508 –0.045637269
CAP8 0.14074567 –0.059811448 0.127651173 –0.109287021 0.119102358 –0.183865884 0.073453951

Note: CCP, columellae on conjunction points; CSE, columellae on structural elements; D, diameter; DBTP, distance between two pores;
FR, flat ring; MW, metareticulum width; NCP, nexine of conjunction points; NSE, nexine of structural elements; PMD, pore membrane
diameter; SCP, sexine of conjunction points; SL, spine length; SSE, sexine of structural elements; TCP, tectum on conjunction points;
TSE, tectum on structural elements.

274 I. Sánchez-del Pino et al.



etti Campos Ríos (CICY, Yucatán, México) for scan-
ning electron microscopy (SEM) images; to Luis
Alonso Tellez for valuable help and assistance in the
field and to Luciana Camacho for the beautiful design
of the light microscopy (LM) and pollen diagrams.
The authors thank Ángela Ku (CICY, Yucatán, Méx-
ico) and Jesús E. de A. Bojórquez-Quintal (CICY,
Yucatán, México) for help with confocal laser scan-
ning microscopy (CLSM). The authors also thank
Jorge Montero (CINVESTAV, Yucatán, México)
for discussions about pollen measurements. The
authors also greatly appreciate Erick Aguilera-Cauich
(CICY, Yucatán, México) and Rubén Andueza
(Instituto Tecnológico de Conkal, Yucatán, México)
for statistical help. The authors are indebted to Edlin
Guerra-Castro (Centro de Ecología, Instituto Vene-
zolano de Investigaciones Científicas, Caracas, Vene-
zuela) and Juan José Cruz-Motta (Departamento de
Estudios Ambientales, Universidad Simón Bolívar,
Caracas, Venezuela) for help with statistical analyses
using PRIMER6 and PERMANOVA.

Disclosure statement

No potential conflict of interest was reported by the
authors.

Funding

This work was supported by Ciencia Básica-Consejo
Nacional de Ciencia y Tecnología (CONACYT)-
2008 under grant no. 106994 and Programa Nacio-
nal de Becas para la Educación Superior (PRO-
NABES) and Ciencia Básica-CONACYT-2008
[grant no. 60149 under I.S.P]).

Specimens investigated
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2001. E.D. Enríquez et al. 3385 (MEXU); Mexico City. 17
September 2010. I. Sánchez-del Pino 121 (CICY); Peru: Caja-
marca. 13 December 1987. I. Sánchez 4606 (F).

Alternanthera costaricensis Kuntze. Costa Rica: Province of Ala-
juela. 3 May 1931. A.M. Brenes 13671 (NY); Costa Rica:
Province of Alajuela. 26 June 2000. R. McCauley 136
(MEXU); Panama: Colon. no date. B. Hammel 3976 (MEXU).

Alternanthera echinocephala (Hook. f.) Christoph. Ecuador: Galá-
pagos. 26 May 1967. U. Eliasson & I. Eliasson 2238 (S);
Ecuador: Galápagos. 24 June 1964. I.L. Wiggins 18322 (GB).

Alternanthera flava (L.) Mears. Mexico: San Luis Potosi to Tam-
pico, Tamaulipas. December 1878–February 1979. E. Palmer
1146 (NY); Mexico: Veracruz. 10 February 2009. I. Sánchez-
del Pino 118 (CICY); s.l. no date. Berlandier 2180 (MEXU).

Alternanthera flavescens Kunth. Mexico: Yucatán. 25 September
2010. I. Sánchez-del Pino 123 (CICY); Colombia: Cartagena. 4
November 1926. E.P. Killip & A.C. Smith 14114 (F); Brazil:
Rio de Janeiro. 19 April 1979. M. Alice 25 & A.S. Leão
43 (NY).

Alternanthera galapagensis (Stewart) J. T. Howell. Ecuador: Galá-
pagos. 5 December 1966. U. Eliasson & I. Eliasson 717 (S);
Ecuador: Galápagos. 5 December 1966. U. Eliasson & I. Elias-
son 726 (GB); Ecuador: Galápagos. 7 December 1966. U.
Eliasson & Eliasson 750 (S).

Alternanthera geniculata Urb. Dominican Republic: San Rafael. 6
April 1969. A.H. Liogier 14711 (NY); Dominican Republic:
Puerto Frances. 13 March 1969. A.H. Liogier 14395 (NY).

Alternanthera lanceolata (Benth.) Schinz. Mexico: Veracruz. 10
February 2009. I. Sánchez-del Pino 120 (CICY); Peru: Caja-
marca. 20 July 1993. I. Sánchez 6544 (F).

Alternanthera macbridei Standl. Peru: Cajamarca. 26 May 1964. P.
C. Hutchison & J.K. Wright 5381 (F); Peru: Cajamarca. 21
June 1980. A. Sagástegui et al. 9588 (NY).

Alternanthera littoralis var. maritima (Mart.) A. St.-Hil. United
States: Florida. March. A.H. Curtiss 2386 (NY); Bahamas. 15
April 1904. C.F. Millspaugh 2353 (NY); Bahamas. 7 July 1974.
D.S. Correll & J. Popenoe 42700 (NY).

Alternanthera obovata Millsp. Mexico: Veracruz. 10 February
2009. I. Sánchez-del Pino 117 (CICY); Mexico: San Luis
Potosí. 30 March 1979. J.B. Alcorn 2593 (NY); Guatemala:
Izabal. 28 May 1922. P.C. Standley 24639 (NY).

Alternanthera serpyllifolia Urb. Dominican Republic: San José. 9
May 1968. A.H. Liogier 11185 (NY); Dominican Republic:
Bayacanes. 31 August 1968. A.H. Liogier 12444 (NY); Cuba:
Galse. no date. E.L. Ekman 15705 (NY)

Alternanthera tenella Colla Mexico: Veracruz. 10 February 2009. I.
Sánchez-del Pino 116 (CICY); United States: Virgin Island. 21
June 1989. P. Acevedo 2728 (NY); Brazil: Goiás. 23 June 1966.
D.R. Hunt & J.F. Ramos 6168 (NY).
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