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Abstract

In taxonomic studies, in addition to floral characteristics, the structural characteristics of the vegetative organs also
contribute to the taxonomic determination of the species. To provide information regarding these characteristics in the genus
Tetramerium, a structural, micromorphological and histochemical analysis of cross sections of the leaves was performed
using histochemical techniques and optical and scanning electron microscopy of two of its species, T. glutinosum, endemic
to Mexico, and the widely distributed 7. tenuissimum, was conducted. The two species presented amphistomatic leaves;
double palisade chlorenchyma on adaxial and abaxial surfaces, leaf unifacial; vascular bundle sheaths with kranz anatomy;
intradermal and subepidermal cystoliths of various shapes and sizes; nonglandular trichomes osteolate with a thin-walled
conical head, glandular trichomes, including a new type, the straight, bright-ringed tricellular trichomes, and a variety of
multicellular glandular trichomes. The glandular trichomes secrete waxes or oleoresins and mucilage deposited on the surfaces
abaxial and adaxial in the form of platelets, granules and threads or strands. The histochemistry of the cystoliths highlights
the presence of proteins and polysaccharides as a product of the possible superposition of the cell wall and plasmalemma
lamellae. All these characteristics are typical of species from semi-arid habitats and correspond to the defense function
against biotic and abiotic agents assigned to trichomes and their secretions in other studies of various genera and families,
as well as to the adaptation function to these habitats of the kranz structure, which was novel for the genus Tetramerium.
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1 Introduction

The family Acanthaceae Juss., which is mainly pantropi-
cal, comprises approximately 4320 species of 240 genera
arranged in four subfamilies: Nelsonioideae Pfeiffer, Acan-
thoideae Eaton, Thunbergioideae T. Anderson and Avicen-
nioideae Miers. Acanthoideae is the largest subfamily and is
a monophyletic taxon and Tetramerium CF Gaertn. belongs
to the subfamily Acanthoideae and the tribe Justiceae
Dumortier (Daniel 1986; Stevens 2001; Kiel et al. 2018).
Acanthaceae is one of the families listed by Metcalfe
and Chalk (1965) that presents cystoliths, typically on the
leaf (Larcher and Boeger 2006). The genus has nearly 200
species, where 75% come from the New World (MacDade
et al. 2018). From the list of Tetramerium species that appear
in tropicos.org, 30 species remain when the synonyms are
eliminated and correspond to the number of species for
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the genus, which appear in POWO (powo.science.kew.org/
taxon/327080). It is distributed from the southwestern USA
to central South America, and the distribution correlates
with the semiarid tropical deciduous forest that extends
almost continuously from Mexico to northern South Amer-
ica (Daniel 1986; Stevens 2001).

Tetramerium species are recognized for presenting con-
spicuously tetrangular spikes, one pair of bracteoles that
accompany each flower, two stamens with dithecal anthers
and without basal appendages, tricolporate pollen with six
pseudocolpi, stipitate capsules and four or fewer glabrous
seeds. Cystoliths are present on the vegetative surfaces of
their stems, petioles, leaves and bracts; they are elongated,
straight to slightly curved and rounded or conical at the
tips, sometimes almost globose and with lengths of 0.05 to
0.30 mm. (Daniel 1986). Tetramerium glutinosum Lindau
is a fragrant shrub up to 1 m tall. It has petiolate leaves
with pubescent surfaces and margins and straight, glan-
dular and nonglandular trichomes 0.05 to 0.10 mm long.
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Tetramerium tenuissimum Rose is a perennial, herbaceous,
erect or spreading shrub up to 80 cm in height. It has peti-
olate leaves with nonglandular trichomes on both surfaces
(Stevens 2001; Daniel and Acosta-Castellanos 2003). Field
observations revealed that both species under study remain
alive during the winter and flower during this period with
inflorescences protected by photosynthetic bracts.

Both species did not present a report of ethnobotanical
use in the herbarium specimens reviewed, as is the case of
Justicia spicigera (muicle, popular name in Spanish and
indigenous language) (Zolla and Argueta 2009), a medicinal
plant belonging to the same Justiceae tribe.

In addition to the morphological characteristics of
reproductive organs, structural characteristics of vegetative
organs such as stems, petioles and leaves are now also used
in the classification of species (Al-Hakimi et al. 2022; Raza
et al. 2022).

In the Acanthaceae family, several reports describe
morphological and structural characteristics of leaves such
as the epidermis and mesophyll, the types of stomata, the
presence of glandular and nonglandular trichomes, the
shape and distribution of the cystoliths and the shape of the
vascular bundles (Sreemadhavan et al. 1968; Inamdar et al.
1990; Larcher and Boeger 2006; Bhatt et al. 2010; Patil and
Patil 2011; Choopan and Grote 2015; Fisher et al. 2015;
Fernandes and Krishnan 2019; Gabel et al. 2021; Steyn and
Van Wyk 2021).

Following this trend, this study analyzed the
micromorphology of the epidermis and the structure of the
mesophyll of the leaves of two species of the Tetramerium
genus, one endemic to the Balsas River Region of Mexico,
T. glutinosum, and the other widely distributed in Mexico, T.
tenuissimum, in environments with rainfall in summer and a
long period of drought, from October to May, that exposes
them to a water deficit, with average maximum temperature
of 35 °C and minimum of 21 °C annually. The objective
was to investigate the micromorphological and anatomical
adaptations of the leaves to the semiarid habitats of the
species, looking for structures similar to other Acanthaceae
species, which develop in the same habitats.

2 Materials and methods

Plant material — The leaves of the species under study were
collected by the Master of Science Rosa Maria Fonseca-
Juérez, in Cerro Tuxpan, N 18° 22" 618" and W 99° 28’
149" to 1,050 msnm and in El Naranjo inside the Cafién
de la Mano, Iguala, Gro., at N 18° 23" 59.35" and W 99°
31’ 59.12" to 820 msnm, Guerrero, Mexico. The herbarium
specimens were deposited in the Herbarium of the Faculty
of Sciences (FCME) of the National Autonomous University
of Mexico under the following reference vouchers: T.
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glutinosum # 53,290 and T. tenuissimum #53,289. Mature
leaves from branch with inflorescence were selected from
four plants of each species collected in the field, and the

leaves were used divided in the apical, median and basal
third.

Leaf anatomy and histochemistry — The anatomical and
histochemical study was performed using the Johansen
method (Johansen 1940). The samples were fixed in a
mixture of formaldehyde, ethanol and acetic acid (FAA,
10%:50%:5% + 35% water) (Merck, S.A. de C.V., Naucalpan
de Juarez, México) (Johansen 1940) for 5 d, washed with tap
water for 4 h and then subjected to a dehydration process
in ascending concentrations of ethanol (30%, 50%, 70%,
85%, 96% and 100%) with two changes over 20 min per
dehydrating solution. For the preinclusion stage, the samples
were immersed in ethanol—xylene mixtures (1:1 and 1:2) for
10 min each, xylene for 20 min and xylene—paraffin mixtures
(1:1 and 1:2) for 30 min each. The samples were then
embedded in paraffin at 54 °C, and the samples remained
in pure paraffin for 12 h before being placed in blocks for
sectioning. Sections were made with a rotary microtome
(MICROM HM 340E) at a thickness of 10 pm and placed
on sequentially numbered slides for later comparison of
similar areas with different stains (Sigma-Aldrich Co.,
Milwaukee, WI, EE. UU.): naphthol black blue (NBB)
to detect proteins, periodic acid-Schiff’s (PAS) reagent to
detect insoluble polysaccharides and Johansen’s quadruple
(JQ) stain to detect various molecules (Johansen 1940). No
controls were used, the results were only interpreted based
on what was described by Johansen (1940) and on our own
previous works (Laguna-Hernandez et al. 2017; Brechu-
Franco et al. 2021). Observations were made using bright-
field and phase-contrast microscopy (Olympus BX41) and
were photographed with a digital camera (Evolution MP
Color Media Cybernetics).

Scanning electron microscopy — For micromorphological
analysis under scanning electron microscopy (Bozzola
and Russell 1999), the samples were dehydrated in a
graded ethanol series and critical point dried using a CPD
030 critical point dryer (Bal-Tec AG, Liechtenstein). The
samples were mounted on aluminum stubs using carbon
double-sided tape and coated with gold by means of a
Denton Vacuum Desk II (Denton Vacuum, Moorestown,
N.J., USA). Observations were carried out with Jeol JSM
5310-LV scanning electron microscopes (JEOL, Ltd.,
Tokyo, Japan). The description of the trichomes was based
on the report by Payne (1978).
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3 Results 30 um long by 18 um wide and 16 um high; a thick cuticle
was evident with JQ staining and scanning electron micros-
Tetramerium glutinosum Epidermis — The leaf presented  copy. Diacytic stomata were present on both the abaxial and

rounded edges, an epidermis with sinuous cells averaging ~ adaxial surfaces (an amphistomatic leaf) (Fig. la—c, Fig. 2a,
J» k). Trichomes were present on both abaxial and adaxial

Fig. 1 Tetramerium glutinosum leaf. Light microscopy micrographs. a, b, d—1 Cross section; ¢ Paradermal section; a-c Rounded edge, epidermis,
sinuous cells, partially covered by the glandular trichomes, diacytic stomata, substomatic chamber, intradermal cystoliths and between the chlo-
rophyll palisade parenchyma; d—i Different types of glandular trichomes: attenuate trichome; brevicollate trichome; straight, bright-ringed, tricel-
lular, acuminate trichome; clavate trichome; globular head trichome; globular peltate trichome; j, k Double palisade parenchyma on both sides
and broad U-shaped collateral vascular bundle of the midrib, bundle sheath cells around the vascular bundles, 1 intradermal cystolith projected to
the chlorophyll parenchyma; a, c—i, 1 JQ staining; b NBB reaction; j, k NBB-PAS; e, g, i Phase contrast microscopy. att, attenuate trichome; bct,
brevicollate trichome; brt, straight, bright-ringed, acuminate trichome; bs, bundle sheath cells; clt, clavate trichome; *, cystolith; ght, globular
head trichome; gpt, globular peltate trichome; pp, palisade parenchyma; sc, sinuous cells; ssc, substomatic chamber; st, stomata; vb, vascular
bundle. JQ Johansen’s quadruple staining, NBB Naphthol Blue Black reagent, PAS periodic acid-Schiff reagent
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Fig.2 Tetramerium glutinosum leaf. Scanning electron microscopy (SEM) micrographs. a-1 Micromorphological properties of leaf surfaces with different types of
glandular trichomes: attenuate trichome; brevicollate trichome; straight, bright-ringed, tricellular, acuminate trichome; clavate trichome; globular head trichome;
globular peltate trichome; g, h, 1, n Secretory granules and platelets of oleoresins or waxes and mucilages; m Double palisade parenchyma on both sides, bundle
sheath cells around the vascular bundles; o intradermal cystolith projected to the chlorophyll parenchyma. att, attenuate trichome; bct, brevicollate trichome; brt,
straight, bright-ringed, acuminate trichome; bs, bundle sheath cells; clt, clavate trichome; *, cystolith; ght, globular head trichome; gpt, globular peltate trichome;
pp, palisade parenchyma; sc, sinuous cells; ssc, substomatic chamber; st, stomata; vb, vascular bundle; w, wax

@ Springer



Structural characteristics of the leaves of two species of Tetramerium an endemic to Mexico

209

surfaces and the majority were glandular trichomes of the
following types: (a) globular peltate trichome: trichomes of
various sizes with a tricellular stalk from 100 to 150 pm
long (others longer, from 170 to 240 um) with the thickened
annular base protruding from the epidermis (the intercel-
lular junctions also thickened) and a multicellular peltate
globose head with up to eight cells 30 to 45 pym in diam-
eter, which were more abundant on the abaxial side of the
leaf (Fig. 1a, d, Fig. 2a—d; (b) brevicollate trichomes: with a
small pyramidal stalk cell of 13 pm and a globose unicellular
or bicellular head of 30 pm in diameter, which expels secre-
tions through a circular lateral groove created by the rupture
of the wall and the cuticle (when only one cell) or through
lateral pores (when they are two cells) and ultimately takes
the form of a wrinkled disk abundant on the adaxial side
(Fig. le, k, Fig. 24, f, k); (c) clavate trichome: bicellular
stalked trichomes 40 pm long with a globose pyramidal
four-celled clavate head 16 pm in diameter, which secrete
through lateral pores in the cells (Fig. 1g, 2e); (d) globular
head trichome: bicellular stalked trichomes 40 um long with
a peltate globose head of one or two cells 16 pm in diameter
(Fig. 1j, Fig. 2c, j-1); (e) straight, bright-ringed, tricellular,
acuminate trichome: with an intermediate cell that appears
as a bright ring in optical microscopy (hence the description
of straight, bright-ringed, tricellular, acuminate trichomes)
approximately 40 pm long and a terminal cell (under SEM)
that takes the form of a thin-walled hood, broken and with
the presence of granular and thread-like secretory material
that is also observed in the form of clumps in the basal cell
(Fig. 1b, 1, g, j-1, Fig. 2b—e, g-1); () long tricellular attenu-
ate trichomes ending in a thin wall (in some cases broken
with clumps of secretion adhered), the intercellular junctions
thickened in an annular shape similar to osteolate, 200 to
300 pm long with secretion material observed inside the

cells in optical microscopy (Fig. 1h, i, Fig. 2a—d, g, h); and
(g) short attenuate trichome: unicellular attenuate trichomes
of approximately 60 pm that are smooth-walled with a thick-
ened base and a thin-walled tip, sometimes broken (Fig. 1b,
J» k, Fig. 2e—g). On the epidermis between the trichomes,
SEM revealed clumps of secretory granules and platelets
that could be oleoresins or waxes and mucilages (Fig. 2g,
h, 1, n) (Table 1).

Mesophyll — With optical microscopy and scanning electron
microscopy, a double palisade chlorophyllous parenchyma
was observed on both sides of the leaf (a unifacial leaf)
with long cells averaging 30 um and wide intercellular
spaces corresponding to the substomatic chambers
(Fig. 1b, j, Fig. 2m). The rib or central vein presented a
wide U-shaped collateral vascular bundle that also presented
in the secondary veins. Along the vascular bundles and
surrounding them, a row of large isodiametric cells was
observed with chloroplasts, similar to the sheath of the kranz
anatomy (Fig. 1b, f, k, Fig. 2m). Between the epidermal
cells on both sides, abaxial and adaxial, and between the
parenchymal cells of the vascular bundle were large globose
cystoliths that appeared circular in cross section along
with some irregular shapes with protrusions characteristic
of cystoliths; all projected toward the chlorophyllous
parenchyma and to the outside, giving the epidermis a rough
appearance. The size of the cystoliths ranged from 93 um in
length by 30 to 48 um in width or diameter. The cystoliths
showed a positive reaction to the NBB reagent for proteins
and to the PAS reaction for insoluble polysaccharides
(Fig. 1a, b, j-1, Fig. 20) (Table 2).

Tetramerium tenuissimum—Epidermis — In the sections, the
leaf presented rounded edges, and the epidermis had sinuous

Table 1 Micromorphological

o k . Species T. glutinosum T. tenuissimum
characteristics of leaf epidermis
of Tetramerium glutinosum and Cells Sinuous + +
I tenuissimum Cuticle Thick + +
Stomata Diacytic: abaxial and adaxial surfaces + +
Glandular trichomes Globular peltate + -
Brevicollate + +
Clavate + +
Globular head, 4-8 celled + -
Straight, bright-ringed, tricellular, acuminate + +
Long tricellular attenuate + -
Short attenuate + -
Unicellular attenuate spiculated cuticle with - +
a robust base
Attenuate with two or four cells + +
Nonglandular trichomes  Osteolate - +
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Table 2 Anatomical characteristics of leaf mesophyll of Tetramerium glutinosum and T. tenuissimum

Species

T. glutinosum T. tenuissimum

Chlorophyllous parenchyma
Substomatic chambers Both sides of the leaf
Central and secondary veins

Kranz anatomy-like structure

Cystoliths

Double palisade on both sides of the leaf

A wide U-shaped collateral vascular bundle
A sheath of large isodiametric cells around the vascular bundles

Circular and irregular appearance (light microscopy)

+ + + + 4+
+ + + + +

Globular and protruding (scanning electron microscopy)

cells averaging 28 pm long by 10 um wide and 10 pm high
and a thick cuticle with a rough appearance was evident
with JQ staining and with SEM (Fig. 3a, 4p). Diacytic sto-
mata were present on both abaxial and adaxial surfaces (an
amphistomatic leaf) (Fig. 3a, b, d, Fig. 4b, c¢) and densely
covered by trichomes. Glandular trichomes were of the fol-
lowing types: (a) brevicollate or surculate trichomes with
a small pyramidal stalk cell of approximately 12 pm and
a globose head of one or two cells 20 pm in diameter that
expel secretions through a circular lateral groove created
by the rupture of the wall and the cuticle (when it is only
one cell) or through lateral pores (when there are two cells)
and ultimately take the form of a wrinkled disc, which are
abundant on the adaxial side (Fig. 31, j, Fig. 4d, g, i-k); (b)
straight, bright-ringed, tricellular, acuminate trichomes with
a robust base of approximately 26 pm in diameter compris-
ing four cells and protruding from the epidermis with the
basal wall and stalked cells adorned with spicules, probably
of wax and a hood-shaped terminal cell that is mostly broken
or burst with the secretion product only observed with SEM
attached to and around the cell and the epidermis and meas-
uring approximately 40 um long (Fig. 3a—c, e, Fig. 4 1-p);
(c) clavate trichome, tricellular stalked trichomes between
50 and 70 pm with the third smallest cell attached to a sub-
globose four-celled clavate head approximately 18 pm long
with a robust four-celled pedestal-shaped base and secre-
tions occurring through lateral ruptures (Fig. 3k, Fig. 4a,
f-h. p); (d) unicellular attenuate trichomes, 35 pm to 70 pm
with a robust base of 4 cells protruding from the epidermis
and a thin tip, sometimes with secretions, and the cell wall
adorned with spicules, probably of wax, abundant on the
abaxial side (Fig. 3f, Fig. 4g, i, k); and (e) attenuate tri-
chomes of two to four cells, clearly cylindrical in shape, with
the first cell generally approximately 30 pm and the oth-
ers of different lengths (the second typically 50 pm and the
last up to 130 pm, which is the longest), with a thin-walled
tip, broken due to the expulsion of waxes, these trichomes
are distinguished by thickened intercellular junctions, also
with spicules (Fig. 3d, Fig. 4e, j). Nonglandular trichomes of
variable size were observed, but the majority were approxi-
mately 3 mm, tricellular, osteolate with a prominent base
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and intercellular junctions thickened in an annular form and
cell walls adorned with spicules, generally distributed at the
edges (Fig. 4a). With SEM, an abundant deposit of waxes in
the form of platelets and granules, forming thick lumps, was
observed on the abaxial and adaxial surfaces. In some areas,
threads or strands were observed coming out of the clumps,
and many came out of the hood-headed trichomes and were
present on them (Fig. 4c, 1-o0) (Table 1).

Mesophyll — The mesophyll presented a palisade
chlorophyllous parenchyma with two layers of elongated
cells, approximately 20 to 30 um long, loosely arranged
with intercellular spaces corresponding to the substomatic
chambers on both sides of the leaf. In the central vein and in
the secondary veins, there was a wide U-shaped collateral
vascular bundle surrounded by large isodiametric cells,
which pass between the palisade parenchyma and give the
appearance of a kranz anatomy. Using SEM, the arrangement
and typical shape of the sheath cells were observed (Fig. 3a—
d, g-k, Fig. 4p-r). Between the epidermal cells on both
sides, cystoliths of circular and irregular appearance were
observed with a diameter between 30 and 40 um, which
projected toward the palisade parenchyma and to the outside,
giving the epidermis a rough appearance. In some lithocysts,
the deposition of a refractive granular material was observed
under polarized light, but the chemical composition was not
determined (Fig. 3a—d, Fig. 4q, s, t) (Table 2).

4 Discussion

Anatomical characteristics, in addition to morphological
ones, are fundamental to differentiating plant species in
their vegetative state or as a complement to floral charac-
teristics (Nurul-Aini et al. 2014; Gul et al. 2018; Gul et al.
2019; Karaismailoglu and Giiner 2021; Zhao et al. 2022). In
this study, using histochemical techniques and optical and
scanning electron microscopy, distinctive characteristics
were observed on the surfaces and in the cross sections of
the leaves such as the distribution and shape of the cysto-
liths, the structural variation and the shapes of the vascular
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Fig.3 Tetramerium tenuissimum leaf. Light microscopy micrographs. a—k Cross section; a—c Rounded edge, epidermis, partially covered by the
glandular trichomes, diacytic stomata, substomatic chambers, intradermal cystoliths and between the chlorophyll palisade parenchyma, double
palisade parenchyma on both sides, bundle sheath cells with chloroplasts, broad U-shaped collateral vascular bundle of the midrib; a—c, g, i, j
bundle sheath cells around the vascular bundles with chloroplasts; d-k different types of glandular trichomes: attenuate trichome; brevicollate tri-
chome; straight, bright-ringed, tricellular, acuminate trichome; clavate trichome; a—k JQ staining, e, h, j, k Phase contrast microscopy. att, attenu-
ate trichome; bct, brevicollate trichome; brt, straight, bright-ringed, acuminate trichome; bs, bundle sheath cells; clt, clavate trichome; *, cysto-
lith; pp, palisade parenchyma; sc, sinuous cells; ssc, substomatic chamber; st, stomata; vb, vascular bundle. JQ Johansen’s quadruple staining
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Fig.4 Tetramerium tenuissimum leaf. Scanning electron microscopy (SEM) micrographs. a-1 Micromorphological properties of leaf surfaces
with diacytic stomata, the nonglandular trichome: osteolate, and different types of glandular trichomes: attenuate trichome; brevicollate tri-
chome; straight, bright-ringed, tricellular, acuminate trichome; clavate trichome; c, I-o Deposit of waxes in the form of platelets and granules,
many came out of the hood-headed trichomes; p—r Double palisade parenchyma on both sides, bundle sheath cells around the vascular bundles;
g, s, t intradermal cystoliths projected to the chlorophyll parenchyma. att, attenuate trichome; bct, brevicollate trichome; brt, straight, bright-
ringed, acuminate trichome; bs, bundle sheath cells; clt, clavate trichome; *, cystolith; pp, palisade parenchyma; sc, sinuous cells; ssc, substoma-

tal chamber; st, stomata; vb, vascular bundle; w, wax

bundles and epidermal characteristics of the leaves such as
the type of stomata and the types of trichomes, which could
have taxonomic significance for the genus and for the family
Acanthaceae.

Epidermis — Observations with scanning electron micros-
copy showed the epidermis to have a protective barrier
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composed of thick cuticles on which waxes, abundant in T.
tenuissimum, are deposited. Histochemistry with JQ revealed
its highly hydrophobic lipidic nature, which prevents the
loss of water and acts as a defense against biotic or abiotic
agents, as seen in the genus Satanocrater Schweinf. (Acan-
thaceae), where the presence of waxes has been proposed
as part of the xeric adaptations in this genus endemic to
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arid tropical Africa (Tripp and Fatimah 2012). This role is
due to two basic components common to all cuticles: cutin
and waxes, which contain polyesters composed of C16 and
C18 hydroxy fatty acids and glycerol and a mixture of C24
to C34 alkanes, alcohols, ketones and wax esters (Barthlott
et al 1998; Nawrath 2002; Kunst and Samuels 2003; Javelle
et al. 2011). Both species in this study were amphistomatic
with wide intercellular spaces in the palisade parenchyma,
which correspond to the substomatic chambers that con-
nect with diacytic stomata. The diacytic stomata is the most
common type of stoma in Acanthaceae (Larcher and Boeger
2006; Patil and Patil 2011; Abdel-Hameed 2015; Al-Hakimi
et al. 2022; Raza et al. 2022). The amphistomatic and unifa-
cial leaves observed in the studied species are characteristic
of plants where light falls on both sides of the leaf and of
plants that inhabit xeric environments (Esau 1977; Dorken
et al. 2023). Another adaptation to these environments is
an epidermis that secretes mucilaginous substances, which
protect the stomata from environmental desiccation (Esau
1977; Naidoo et al. 2021). We assume that the secretion
products in the Tetramerium species in this study are oleo-
resins or a mixture of waxes and mucilages due to the sticky
nature of the leaves to the touch, the fragrance of plants and
the solubility of them in xylene used in the histochemical
technique (Burdock 2010). Processing for scanning electron
microscopy did not dissolve the epicuticular waxes, which is
why the natural organization of clumps, platelets and threads
was maintained, which are similar to those described by Bar-
thlott et al. (1998), Shepherd and Whynne Griffiths (2006),
Koch and Ensikat (2008).

Trichomes — The two Tetramerium species showed a dense
layer of glandular trichomes on both leaf surfaces, although
the taxonomic descriptions of these species mention straight
glandular and nonglandular trichomes for 7. glutinosum and
only nonglandular trichomes for T. tenuissimum (Daniel
1986; Daniel and Acosta-Castellanos 2003). The dense
layer of trichomes, according to Esau (1977), can increase
the reflective surface area, protecting against environmental
conditions with high irradiance and limiting air movement,
which minimizes water loss in the dry environment, thereby
reducing leaf temperature. In this study, trichomes of
various types were found in these species, some of which
have been described for other species of Acanthaceae
and for other families like Lamiaceae (Ascensao and Pais
1998; Naidoo et al. 2021). However, straight, bright-ringed,
tricellular, acuminate trichomes were found in both species,
which can be considered a distinctive character within the
genus because there are no reports for other species of
Acanthaceae. They are also differentiated by the presence
of long bi- or tricellular attenuate trichomes with a sharp tip,
particularly distributed along the leaf edges, and their walls
are covered with spicules in 7. fenuissimum, which Naidoo

et al. (2021) described as micropapillae in the species Leucas
lavandulaefolia Rees (Lamiaceae) and may be similar to
those described for species of Mendoncia Bremek., Ruttya
Ruttya and Lepidagathis Willd. (Acanthaceae) (Ahmad
1978). We propose that the spicules are lipidic in nature,
derived from the secretion of trichomes, because they were
also lost during the process of histochemical techniques,
like the waxes of the epidermis. The unicellular attenuate
trichomes with a smooth wall, thickened base and a slender
tip are distinguished as characteristic of the species T.
glutinosum; we characterized these as glandular because
scanning electron microscopy revealed the presence of
secretion material in the basal cell and sometimes in the
broken tip of the trichome. Trichomes similar to these
have been reported for species of the genus Solanum and
described as attenuate glandular with a small glandular tip
or as attenuate basillatus glandular hair (Watts and Kariyat
2021) and characterized as nonglandular in the species
Lepidagathis trinervis Nees (Acanthaceae) (Ahmad 1978)
and are possibly equivalent to those found in Acanthus
ebracteatus Vahl (Acanthaceae) (Nurul-Aini et al. 2014).
Glandular trichomes with a clavate head and a pedestal
constituted by four large cells were observed to be rare
in T. glutinosum and more abundant in 7. tenuissimum
and could correspond to those reported for Hygrophila
serpyllum T. Anderson (Acanthaceae) (Ahmad 1978), but
no other report was located for Acanthaceae, although they
are similar to those located in species of Arnica Boehm.
(Asteraceae) (Muravnik et al. 2022) and Solanum Sendtn.
(Solanaceae) (Watts and Kariyat 2021). T. tenuissimum
was characterized by tricellular stalked glandular attenuate
trichomes with a thickened base and annular intercellular
junction and a terminal cell in the shape of a curved or
sinuous tip with a thin wall. The short-stalked trichomes
of one pyramidal cell with a globose head of one or two
cells, brevicollate, are similar to those described in some
genera of Lamiaceae: Leucas R. Br., Pogostemon Briq.,
Plectranthus L'Hér in which they are called capitate and
peltate trichomes (Ascensdo and Pais 1998; Guo and Zhou
2018; Dias-Machado et al. 2021; Naidoo et al. 2021).
They are also similar to those described for some species
of Acanthaceae with a panduriform head (Ahmad 1978)
and to those reported for Acanthus ilicifolius L. (Nurul-
Aini et al. 2014) and some species of Acanthopsis Harv.
(Steyn and Van Wyk 2021). Thus, this type of trichome is
common in Acanthaceae and in other families, and they
are not taxonomic determinants for these species. In the
species studied, the abundance of thick-walled trichomes
can function as protective reflectors that can reduce
photoinhibition, decrease damage to leaf photochemistry
by UV-B (Bickford 2016), favor optimal temperatures for
photosynthesis in hot and arid environments (Ehleringer
and Mooney 1978), promote photosynthesis by absorbing
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wavelengths in the far infrared range (Takeda et al. 2013)
and efficiently use water (Baldocchi et al. 1983; Bhatt
et al. 2010). Glandular trichomes produce a wide variety
of compounds that provide direct or indirect protection
against herbivores and pathogens (Kim et al. 2012). The two
species studied in this work presented glandular trichomes
that could provide this type of protection to plants, but only
T. glutinosum is reported as a fragrant shrub (Daniel 1986).
However, the secretion of waxes or oleoresins as granules
and platelets may also be related to this protective function
and to the habitat of the species, as discussed in the work
by Barthlott (1998). The tricellular stalked with four-celled
globose-headed trichomes and brevicollate trichomes of
Tetramerium species is similar to the capitate trichomes of
L. lavandulaefolia and Pogostemon auricularius (L.) Hassk.,
which contain small amounts of essential oils, phenolic
compounds and mucilage in their small subcuticular
spaces. It is speculated that these viscous secretions possess
antiherbivory activity such as foraging deterrents or insect
repellents (Naidoo et al. 2021). We observed that the form
of the secretions of capitate peltate globose and clavate
trichomes may be similar to that described in Pogostemon
auricularius (Guo and Zhou 2018) and Ocimum obovatum
E. Mey. ex Benth. (Naidoo et al. 2013) (Lamiaceae) because
they presented a unique wrinkled structure with pores or
grooves.

— The thread-like secretions could be the result of partial
solubility in ethanol when processing for observation under
scanning electron microscopy. In the samples processed for
histochemistry, only the fibrous and granular content of the
secretion was observed within the trichomes, but not on the
surface, which may indicate that the surface secretions were
dissolved in the process used for fixation and preinclusion,
but the secretion product in the interior of the trichome cells
was not affected. Similarly, due to the presence of spicules
on the walls of the trichomes in T. fenuissimum, we propose
that they are lipidic in nature (waxes) because they were
observed with scanning microscopy but not in histochemical
preparations. The presence of glandular trichomes and
secretion waxes in these Tetramerium species is important
for their taxonomic status because in the taxonomic
description of the species 7. tenuissimum, only the presence
of nonglandular trichomes is mentioned (Stevens 2001;
Daniel and Acosta-Castellanos 2003) and for neither species
is the presence of waxes or sticky substances mentioned.

Cystoliths — The cystoliths in these species follow the
shape and size patterns described in foliar anatomy studies
of Acanthaceae species, which can be elongated with
protruding edges and rounded or pointed ends (Inamdar
et al. 1990; Larcher and Boeger 2006; Patil and Patil
2011; Choopan and Grote 2015; Lande 2017; Gabel et al.
2021). Particularly useful for differentiation are those that
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accompany the vascular bundles. Furthermore, in the case
of T. glutinosum and T. tenuissimum, the characteristic
of being intradermal and projecting to the chlorophyll
parenchyma and to the outside makes them unique, giving
the surfaces a rough texture or forming a foliar epidermal
impression (Koch et al. 2009); this structure is consistent
with the characteristics of its habitat: rocky slopes, along
streams and in disturbed areas. In general, cystoliths are
said to function in fixing and mobilizing carbonate salts
and therefore participate in the water regulation of the plant
(Ajello 1941). Gal et al. (2012) provided support for a role
in light scattering. Kai and Okazaki (2003) proposed a role
as cellular pH stats during nitrite assimilation. Okamoto
and Rodella (2006) found that silkworms preferred feeding
on mulberry leaves (Moraceae) from cultivars with a lower
density of cystoliths, supporting an antiherbivory function.
Based on the histochemical results in this study, the presence
of proteins and polysaccharides in their structure is notable
and is consistent with the studies of their origin, in which
it was established that they are the product of cell wall
overlap (Nitta et al. 2006; Gal et al. 2012; Gabel et al.
2021); we add the observation that the plasma membrane
of the cell accompanies the cell wall, also in the form of
lamellae. Therefore, the cystolith can be a structure that not
only provides a large organic surface that protects the leaf
from solar radiation and favors photosynthesis (Setoguchi
et al. 1989; Gal et al. 2012; Pierantoni et al. 2017, 2018)
but also, due to its protein nature and highly hydrophilic
polysaccharides, could be closely involved in water
regulation and the mobilization system of carbonated salts
(Ajello 1941).

Mesophyll — The two Tetramerium species presented a wide
U-shaped collateral vascular bundle of the midrib, similar
to the Strobilanthes Blume species S. heyneana Nees, S.
barbata Nees and S. lupulina Nees reported by Fernandes
and Krishnan (2019). The two species of Tetramerium have
a sheath with large isodiametric cells typical of the kranz
anatomy, which in the genus Blepharis Juss. is proposed as
the culmination of anatomical and biochemical progression
through an intermediate C3—-C4 phase (Sage et al. 2013;
Fisher et al. 2015). Of the species of Blepharis described
by Fisher et al. (2015), Blepharis grossa T. Anderson, B.
calcitrapa Benoist and B. katangensis De Wild. have a
mesophyll structure similar to that of the Tetramerium
species, particularly due to the presence of a double palisade
chlorenchyma on both sides of the leaf in both species,
which is identical to the genus Flaveria Juss., as seen in F.
ramosissima Klatt and F. floridana J.R. Johnst. (Asteraceae)
(McKown and Dengler 2007). In the report for Ruelliopsis
setosa C.B. Clarke (Acanthaceae), a layer of large hyaline
cells is referred to between the two palisade parenchyma,
but they are not referred to as bundle sheath cells (Tripp and
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Fekadu 2014), although they are similar to the bundle sheath
cells of the Tetramerium species under study. In addition,
the characteristics of unifacial leaves could also indicate
adaptation to an arid environment, allowing more efficient
and accelerated gas exchange and water transport, which
increases photosynthesis (Burrows 2001).

— In accordance with the above, the Tetramerium species
studied here could present this type of intermediate C3—C4
or C4 photosynthesis, which is consistent with the warm
and dry habitat of the two species, particularly that of T.
glutinosum as an endemic to the Balsas River Region
of Mexico (Daniel et al. 2008), and similar to species
intermediate to types C3 and C4 (C3-C4) such as Panicum
L., Neurachne S.T. Blake, Flaveria Juss.and Moricandia
DC. (Brown and Hattersley 1989).

— The findings about the structure of the mesophyll of
the leaves of these species, similar to the kranz anatomy,
the unifacial characteristic, the micromorphological
characteristics of the epidermis, such as the presence of
waxy and mucilaginous substances, the abundance and
variety of trichomes and the characteristics of the cystoliths,
correspond to adaptive aspects of the species to semi-arid
habitats, consistent with species of other genera, available
for the taxonomy of the Acanthaceae family.

The findings of this study make it necessary to continue
a line of research on the genus Tetramerium of Mexico and
the American continents, particularly of the arid zones and
adjacent regions, to determine which species share the kranz
anatomy and the other adaptive traits available for the genus,
and the paired and higher clades.
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