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ABSTRACT

Allionia is a small genus within the tribe Nyctagineae (Nyctaginaceae) which has a controversial, infrageneric delimitation. Here, we inves-
tigated the two known species of Allionia in order to characterize the anatomy of leaves, stems and roots, with further notes on vascular
system development. Additionally, the present study aimed to broaden our knowledge of stem vascular diversity and to survey for anatomi-
cal features with diagnostic value in distinguishing A. choisyi from A. incarnata. Leaf anatomy of other Nyctagineae taxa was also analysed.
Anatomical and ontogenetic observations from the vegetative organs in Allionia revealed no diagnostic features to distinguish the two spe-
cies. We illustrated the occurrence of Kranz anatomy, which in Nyctaginaceae is only known in Allionia, Boerhavia, and Okenia. The stem
primary vascular system was unusual in showing a polycyclic eustele (medullary bundles + continuous concentric procambium). Likewise,
mature stems and roots show vascular cambial variants (successive cambia) that arise from the pericycle. The anatomy and histochemistry
of multicellular glandular trichomes observed in aerial organs were presented. Raphids were seen in all organs. Although no strong xero-
phytic features were observed in Allionia, several characteristics can be associated with their arid habitats. Our findings on the vascular
system of Allionia showed the two species to be much the same and reinforced earlier findings that the stem anatomy of Nyctaginaceae is
complex and intriguing.

RESUMEN

Allionia es un género pequefio dentro de la tribu Nyctagineae (Nyctaginaceae) con delimitacion infragenérica controversial. Analizamos las
caracteristicas anatomicas de hojas, tallos y raices de las dos especies conocidas de Allionia e incluimos comentarios sobre el desarrollo del
sistema vascular. El presente estudio pretende, examinar caracteristicas diagnosticas entre A. choisyiy A. incarnata y de esta forma ampliar
el conocimiento sobre la diversidad vascular del tallo. Adicionalmente, analizamos la anatomia foliar de otros taxa de Nyctagineae. Las
observaciones anatomicas y ontogenéticas de los organos vegetativos en Allionia no mostraron caracteristicas diagnosticas que permitieran
diferenciaran entre las dos especies. La anatomia Kranz para Nyctaginaceae, restringida unicamente a Allionia, Boerhavia y Okenia fue ilus-
trada. Presentamos la anatomia e histoquimica de tricomas glandulares multicelulares observados en 6rganos aéreos. El sistema vascular
primario del tallo era incomum al mostrar un eustele policiclico (haces medulares + procambio concéntrico continuo). Asi mismo, tallos y
raices maduras mostraron variantes cambiales vasculares (cambios sucesivos) que surgen en el periciclo. Todos los 6rganos presentaron
rafidios. No fueron observadas caracteristicas xerofiticas en Allionia, sin embargo, varias caracteristicas pueden estar relacionadas con
ambientes dridos. Estos hallazgos esclarecen y corroboran la complejidad anatomica de las especies de Nyctaginaceae, y muestran la intrig-
ante diversidad de patrones anatémicos caulinares.
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INTRODUCTION

Nyctaginaceae have about 30 genera and 400 species which include trees, shrubs, subshrubs, lianas and herbs
(Douglas & Manos 2007; Douglas & Spellenberg 2010; Herndndez-Ledesma et al. 2015). The species are dis-
tributed mostly in the tropics and subtropics of the New World, except for some genera that occur in the Old
World (e.g., Boerhavia, Commicarpus, Pisonia, Phaeoptilum, and Mirabilis) (Hernandez-Ledesma et al. 2015). In
the most recent classification, the family has been divided into 7 tribes: Nyctagineae, Boldoeae, Leucastereae,
Bougainvilleeae, Pisonieae, Colignonieae, and Caribeeae (Douglas & Spellenberg 2010).

Allionia L. belongs to tribe Nyctagineae and comprises species of annual or perennial herbs with procum-
bent, decumbent or prostrate stems (Fig. 1). Two species are recognized A. choisyi Standl. and A. incarnata L.
which are very similar morphologically, differing only in some fruit characteristics (e.g., number of lateral
expansions, length of glands) (Spellenberg 2003), which makes the delimitation of infrageneric categories
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Fic. 1. Specimens of Allionia incarnatain their natural habitat. 1a—c. Chihuahuan Desert, New Mexico, USA. 1a. Overview of the environment with plants
growing on the ground (notice the pinkish dots from the inflorescences). 1b. Prostrate habit, leaves and inflorescence. 1c. Details of the inflorescence;
1d-f. Parque Nacional Ambord, Bolivia. 1d. Environment and habit. 1e. Details of leaves and inflorescence buds. 1f. Detail of primary root. Photographs:
Israel L. Cunha Neto.

controversial. In general, most authors have followed Standley’s work (1931) and accepted Allionia as having
two species (Phillips 1976; Bittrich & Kithn 1993; Turner 1994; Hernandez-Ledesma & Olvera 2003;
Spellenberg 2003; Lopez & Anton 2006; Hernandez-Ledesma et al. 2015; Sandoval-Ortega et al. 2020),
whereas other studies have treated the genus consisting of one variable species (Heimerl 1932; Fay 1980;
Rzedowski & Rzedowski 2001; Spellenberg 2012). The two species grow in a variety of habitats, mostly in
warmer, xeric regions of North America (southwestern United States of America and northern Mexico)—
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including on gypsum soils (Waterfall 1946; Alexander et al. 2014)—and South America (Argentina, Bolivia,
Venezuela) (Phillips 1976; Bittrich & Kitithn 1993; Turner 1994). The species have been found also in the
Antilles (Turner 1994; Hernandez-Ledesma & Olvera 2003; Douglas & Manos 2007).

Anatomical information on Allionia is almost entirely restricted to the dissertation of Phillips (1976)
entitled “Anatomy and developmental morphology of Allionia L. (Nyctaginaceae).” This work sought to under-
stand the structural aspects of reproductive and vegetative organs, among other biological aspects of the genus.
Although Phillips (1976) had described several anatomical features in Allionia, the taxon sampling was
restricted to specimens from North America. Over the years, additional ontogenetic data obtained for the fam-
ily has promoted interest in investigating the stem vascular system within Nyctaginaceae due to its remarkable
anatomical diversity. Whether the various vascular architectures are associated with their different habits and
habitats are still uncertain. We here present further information on the anatomy and development of Allionia,
a poorly studied group within the herbaceous representatives of the Nyctaginaceae, enhancing our under-
standing on the developmental aspects of vascular characteristics in the family.

Many herbs produce secondary tissues making possible the study of the “wood” (secondary xylem) and
“bark” (secondary phloem + periderm) (Schweingruber 2011; Carlquist 2012; Déria et al. 2018). Interestingly,
several of these plants have anatomies known as vascular cambial variants (i.e., alternative patterns of second-
ary growth) that are found in adult stems and/or roots of species within different families across eudicots
(Schweingruber et al. 2011). This is the case of Allionia and other species within Nyctaginaceae, such as
Boerhavia and Mirabilis (Phillips 1976; Rajput & Rao 1998; Rajput et al. 2009; Hernandez-Ledesma et al. 2011).
In addition, most Nyctaginaceae species (including Allionia) present medullary bundles as a major component
of their stem, resulting in an increase in the complexity and diversity of primary vascular system within the
family (Cunha Neto et al. 2020).

Here, we revisit the anatomy of vegetative organs in Allionia emphasizing the aspects of the stem vascular
system. We studied the two currently recognized species A. incarnataand A. choisyi aiming to assess the uncer-
tainty on the infrageneric status of the genus. In addition, the leaves of other representatives of Nyctagineae
were studied and compared with the anatomical features in Allionia.

MATERIAL AND METHODS

Taxon sampling and material collection
In this study, the taxon sampling covered the two main distribution regions of the genus, emphasizing speci-
mens from South America that were not investigated by Phillips (1976). Samples from Allionia incarnata L.
with procumbent habit were collected in their natural habitats both in North and South America. For Allionia
choisyi Standl., we obtained only one stem sample from an herbarium voucher (Table 1). Additional informa-
tion for the species was obtained from Phillips (1976). See Appendix 1 for other species studied.

Each specimen collected from natural population consisted of whole plants, including root and shoots
with stems, leaves, and inflorescences. Samples from these plants were fixed in FAA 70 (formaldehyde—acetic
acid—ethanol) for 24 h (Johansen 1940) or in 70% isopropanol, and then transferred to 70% ethyl alcohol.

Anatomical procedures for light microscopic

Samples from different ontogenetic stages of each organ were selected. We used fully expanded leaves which
were trimmed to obtain the middle portion of the petiole, midrib, and leaf margin. From stems we selected
samples near the apex, middle, and base in order to ensure that all developmental stages of vascular system
ontogeny would be sampled. Similarly, primary and secondary roots were selected for the study.

Samples of leaves and young stems and roots were dehydrated either in an ethanol-t-butanol series and
embedded in paraplast (Fisher Healthcare, Houston, Texas, USA) or dehydrated in ethanol series and embed-
ded in Historesin (Leica; LeicaMicrosystems, Heidelberg, Germany) (Johansen 1940; Ruzin 1999). These
samples were sectioned in a rotary microtome (Leica RM2145, Nussloch, Eisfeld, Germany), typically 3-10 pm
thick, and stained with 1.5% alcoholic safranin O and 1% aqueous Astra blue (Gerlach 1969) or stained with
toluidine blue (O’Brien et al. 1964), respectively.
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Taste 1. List of species analysed with information on environment, locality, collector, collector numbers, and herbaria where vouchers were deposited.

Taxon Environment Locality Collector (herbarium)

Allionia choisyiStandl.  Chihuahuan Desert Mesilla Valley, New Mexico, USA US 498327

Allionia incarnata L. Valles secos Parque Nacional Ambord, Santa Cruz, Bolivia Nee, MH 64124-64126 (USZ)
Chihuahuan Desert Luna County, New Mexico, USA Douglas, NA 2292 (FLAS)
Chihuahuan Desert Malone Mountains, Sierra Blanca, Texas, USA Douglas, NA 2276 (FLAS)

Stems of Allionia choisyi from dried herbarium vouchers were rehydrated in distilled water until submer-
sion, dehydrated in ethylic series and then included in Historesin (Leica; LeicaMicrosystems, Heidelberg,
Germany) and stained with toluidine blue (O’Brien et al. 1964).

Adult stem and roots were embedded in polyethylene glycol 1500 (Rupp 1964) and sectioned in trans-
verse, longitudinal radial, and longitudinal tangential planes with a sliding microtome (Leica SM2010R,
Nussloch, Eisfeld, Germany) with the aid of a styrofoam resin (Barbosa et al. 2010). These anatomical sections
were double stained with safrablau (Kraus & Arduin 1997) or safranin and alcian blue (Johansen 1940).

All the sections were mounted on permanent slides with synthetic resin (Permount; Fisher Scientific, Fair
Lawn, NJ).

In order to characterize the morphology of each cell type we performed macerations using Jeffrey’s solu-
tion (10% aqueous nitric acid + 10% aqueous chromic acid; Johansen 1940) and mounted slides in 50% glycer-
ine. Macerations were performed independently for the secondary xylem and secondary phloem from samples
near the cambium and for the pith. The samples were obtained from adult stems.

Histochemical analyses and diaphanization

Histochemical tests were performed on hand-free sectioned samples of the stem of Allionia incarnata (Douglas
22 and Nee 61124), as follow: Sudan IV and Sudan Black B (Johansen 1940; Pearse 1985) to detect total lipids;
Nile Blue (Cain 1947) to detect neutral and acidic lipids; ruthenium red (Gregory & Baas 1989) to detect pec-
tates and acidic mucilage; ferric chloride to identify phenolic compounds (Johansen 1940); NADI reagent for
terpenoids (David & Carde 1964), Aniline Blue Black for proteins (Fisher 1968) and lugol to detect starch
(Johansen 1940). Standard control procedures were carried out as required for each test, and the sections were
mounted between slides and cover slips with Kaiser’s jelly glycerin (Kraus & Arduin 1997).

Fully expanded and intact leaves were treated in 5% sodium hydroxide, washed in distilled water, then
cleared in sodium hypoclorite and stained with 1% aqueous safranin (Kraus & Arduin 1997). After clearing,
the leaves were cut into small pieces and mounted with glycerinated gelatin.

All slides were analysed using a Leica DMBL light microscope coupled with a digital camera (Leica
DFC310, Leica Microsystems, Wetzlar, Germany).

Anatomical descriptions

Anatomical descriptions for secondary xylem and secondary phloem followed the International Association of
Wood Anatomists’s guides, including the “IAWA List of Microscopic Features for Hardwood Identification”
(IAWA Committee 1989) and the “IAWA List of Microscopic Bark Features” (Angyalossy et al. 20106), respec-
tively. All measurements were performed for both regular secondary xylem and phloem and for the medullary
bundles. We measured the diameter, length, frequency, and occupied area for vessels, sieve-tube elements, and
fibers. The wall thickness of fibers was also calculated. The cell frequencies were calculated within a grid of 0.1
mm? for the xylem and 0.01 for the phloem. The occupied areas were calculated for mature xylem and phloem
using 50 points per analysis (adapted from Ziemiriska et al. 2015). All measurements were performed using the
free software ImageJ (ver. 1.45s; Rasband 2012), with a minimum of 30 repetitions.
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RESULTS

Here we describe the anatomical aspects leaves, stems, and roots, with emphasis on the structure and ontog-
eny of the vascular system in the stem. The anatomical description below refers to both A. incarnata and A.
choisyi.

Leaf anatomy

The epidermis shows polygonal cells with straight anticlinal walls on both surfaces (Fig. 2a—b). The leaves are
amphistomatic (Fig. 2¢, e) with anomocytic stomata that are scattered on the leaf blade (Fig. 2a-b). In cross
section, the stomata are disposed at the same level of the ordinary epidermal cells and are underlined by a
notorious substomatal chamber (Fig. 2c, e). Multicellular and uniseriate glandular trichomes occur on both
surfaces of the leaves (Fig. 2g).

The epidermis is uniseriate and composed by cells with roundish or polygonal contour and variable sizes
in cross view (Fig. 2c, e, 3a—d). The mesophyll is dorsiventral (bifacial), usually with two layers of palisade
parenchyma, and lacunose parenchyma characterized by roundish cells of various sizes and wide intercellular
spaces (Fig. 2c—d, 3a, ¢, d). Generally, one layer of longer palisade cells occurs toward the adaxial epidermis,
while another layer of shorter cells occurs below the vascular system, which occurs in the middle of the meso-
phyll (Fig. 2c—e, 3a—d). The same arrangement is observed in the mesophyll near the leaf blade margin (Fig.
3d). Leaf blade margins with smaller and round cells throughout the mesophyll were also observed in one
specimen collected in Bolivia (Fig. 3b). The leaf blade margins are straight (right edges) in all specimens (Fig.
3b, d).

The vascular system is composed of collateral bundles with xylem toward the adaxial surface and phloem
toward the abaxial surface (Fig. 2e). The bundles are surrounded by large sheath cells containing several chlo-
roplasts characteristic of Kranz anatomy (Fig. 2c—e, 3a—d). Within the tribe, similar anatomy is observed only
in other two genera, Okenia and Boerhavia (Fig. 2c—e, 4a—h). Cells containing crystals (raphids) are found
throughout the mesophyll (Fig. 2f, 3a—b).

The midrib is prominent with larger portion toward the abaxial surface (Fig. 5a, ¢). The epidermal cells
are similar to the ones in the leaf blade (Fig. 5a, ¢). A few collenchyma cells occur in subepidermal layers imme-
diately beneath the adaxial epidermis (Fig. 5¢). The mesophyll is composed of round parenchymatic cells of
various sizes (Fig. 5a, ¢). The vascular system is formed by a single unit which eventually may divide into two
or more collateral bundles (Fig. 5a, ¢, 6a). There are one to three accessory bundles on the adaxial side of the
main vascular system (Fig. 6a).

The petiole is roundish or slightly plane-convex in cross section (Fig. 5b, d). The epidermis is uniseriate
and contains multicellular uniseriate glandular trichomes (Fig. 5b, d). The cortex is composed of round paren-
chymatic cells (Fig. 5b, d). The vascular system is formed by four or five collateral vascular bundles (Fig. 5b,d,
6b).

Stem anatomy
Early stages of development.—In early developmental stages, the epidermis of the young stem is uniseriate
with both multicellular, unbranched non-glandular trichomes and multicellular, uniseriate glandular tri-
chomes (Fig. 7a). Initially, the cortex is composed of large and round parenchyma cells (Fig. 7a) which later
become flattened (Fig. 7b). The primary vascular system consists of six to eight medullary bundles—collateral
vascular bundles located in the pith—organized in a ring and encircled by a continuous concentric procam-
bium (CCP) (Fig. 7a, b). The CCP produces a ring of collateral vascular bundles externally to the medullary
bundles and internally to the starch sheath (endodermis) (Fig. 7a, c-d). This way the CCP can be divided into a
fascicular and an interfascicular portion. The pith is parenchymatous with large round cells that can store
starch (Fig. 7a, b).

Secondary vascular system and cambial variants.—The beginning of secondary growth is marked by the
establishment of the cambium, and lignification of peripheral pith cells (Fig 7b, ¢). The cambium is formed by
the fascicular and interfascicular cambium, which are derived from the fascicular and interfascicular regions
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Fi6. 2. Anatomy of leaf blade in Allionia incarnata. 2a-b. Leaf surface showing epidermal cells and anomocytic stomata. 2c. Adaxial surface with
stomata (arrowhead). 2d. Bundle sheath cells (asterisks) forming Kranz anatomy. 2e. Abaxial surface with stomata (arrowhead). 2f. Crystals (raphides).
2g. Uniseriate glandular trichome. Asterisks, bundle sheath cells; ep, epidermis; Ip, lacunose parenchyma; pp, palisade parenchyma; ra, raphides.

of the CCP. In addition to the residual cells of the CCP, pericyclic cells may also contribute to the formation of
the interfascicular cambium. Initially, fascicular cambium forms secondary xylem centripetally and second-
ary phloem centrifugally containing the vessels and sieve-tube elements, respectively (Fig. 7b). On the other
hand, the interfascicular cambium produces mainly xylem fibers internally, while the external cells remain
parenchymatic (Fig. 7b). Later, conducting cells (i.e., vessels and sieve-tube elements) are also formed by the
interfascicular cambium (Fig. 7b, ¢).

After a period of secondary growth, the pericyclic parenchyma located between the starch sheath and the
primary phloem, undergoes periclinal divisions giving rise to a new meristematic zone. From this meristem,
several tangential segments of new cambia differentiate along the stem circumference (Fig. 7d, e). Initially, the
new cambia produce fibers and few vessels internally, whereas parenchyma and sieve-tube elements are
formed externally (Fig. 7e, 8a—c). Between the new vascular increments and the regular cylinder some cells
remain parenchymatic forming a conjunctive tissue (Fig. 8c). This pattern of secondary growth characterizes
the stems of Allionia as having successive cambia (Fig. 9a) of which, however, from all analysed samples only
one complete ring of new cambium was observed (Fig. 9a).
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Fic. 3. Cross section of the leaf blade in Allionia incarnata. 3a-b. Specimens of A. incarnata collected in Bolivia, Parque Nacional Ambord. 3c-d.
Specimens of A. incarnata collected in the Chihuahuan Desert, New Mexico, USA. 3a, 3c. Leaf blade showing palisade parenchyma (one layer above
and other below the vascular system), and one to two layers of lacunose parenchyma. 3b, 3d. Straight leaf margins showing round cells in 3b, and
elongated palisade-like cells in 3d. ep, epidermis; Ip, lacunose parenchyma; ph, phloem; pp, palisade parenchyma; xy, xylem.

Qualitative and quantitative characteristics of wood and bark.—In adult stems, a periderm (the second-
ary protective tissues formed by the rise of the phellogen and its derivatives, which can replace the epidermis)
was not observed (Fig. 9a). The cortex undergoes a dilatation process due to numerous cell divisions in pericli-
nal and anticlinal planes (Fig. 9a).

In the vascular system, the conducting elements are usually confined to small areas of the vascular cam-
bium, with sieve-tube elements opposing the vessels (Fig. 7b, e, 9a). The sieve-tube elements are diffuse, each
one associated with a single companion cell (Fig. 7b). Sclerenchyma was not observed in the phloem. In the
secondary xylem, vessels are diffuse or radially arranged (Fig. 7b—e). Vessels are solitary or in multiples, pre-
dominantly 2—4 (Fig. 7b—d). Fibers are non-septate, fusiform or with slightly straight ends, and with large
lumen (Fig. 8d-e). Axial parenchyma is diffuse and represented by two to four cells per parenchyma strand
(Fig. 8d). Regular rays were not observed although some regions had some radially elongated cells forming a
ray-like structure—radially elongated cells in cross section (Fig. 7e). The quantitative anatomical features of
both xylem and phloem are described in Table 2.

Root anatomy

In early developmental stages, the epidermis is replaced by the periderm that arises at subepidermal layers
(Fig. 10a). The cortical region possesses several cells containing raphides (Fig. 10a—c). The root is diarch—
with two protoxylem poles (Fig. 10a). The secondary growth is initiated by the formation of a regular vascular
cambium (Fig. 10b) that produces secondary xylem and secondary phloem in the usual manner (Fig. 10b—d).
Soon, a new cambium arises from the pericyclic parenchyma, forming a new ring of vascular tissue (Fig. 10c).
This new cambium produces variant xylem centripetally and variant phloem centrifugally (Fig. 10c, e).
Between the central cylinder and the first ring of successive cambia, some cells remain parenchymatic forming
the conjunctive tissue (Fig. 10c). Subsequently, new increments are formed from remaining pericyclic paren-
chyma cells outside the first ring (Fig. 11a—c). This process repeats a few times producing a thick root with
several increments of new cambia at maturity (Fig. 11a—c).

Anatomy and histochemistry of glandular trichomes.—Multicellular uniseriate glandular trichomes are
found in both leaves and stems (Fig. 2g, 7a). There are small and large trichomes with thick walls (Fig. 12a).
Trichome heads stain darkly with safranin (Fig. 2g). In fixed and non-stained sections, the secretion produced
by the trichome head is greenish in colour and is on the exterior of the head (Fig. 12a). The presence of lipids
was detected by the positive reactions to Sudan IV, Sudan Black and Nile Blue (Fig. 12b—d). Lipophilic
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substances were also identified, such as mucilage detected by Ruthenium Red (Fig. 12e) and proteins detected
by Aniline Blue Black (Fig. 12f). The Lugol reagent reacted positively only in the starch sheath (Fig. 12g).

DISCUSSION

Taxonomic and systematic notes.—Here we performed a comparative anatomical analysis of the two recog-
nized species of Allionia. Our results showed that the vegetative anatomy of Allionia species is remarkably simi-
lar, and diagnostic features to distinguish the species are lacking. Although previous studies have shown the
value of characteristics of the vascular system for the distinction of similar species in Nyctaginaceae (e.g.,
arrangement of medullary bundles in the genus Pisoniella—Cunha Neto et al. 2020), we found that most of the
variation in the anatomy of Allionia species is seen in size, number of cells or amount of tissue rather than
qualitative differences. Similar observations have been proposed for external vegetative and reproductive mor-
phology (Spellenberg 2003). Moreover, preliminary molecular data do not support the distinction between the
two species, but additional loci and populations will need to be sampled to confirm this (Emily Humphries
and Michael J. Moore, pers. comm.).

Anatomical and developmental aspects.—Leaf characteristics observed in Allionia confirm previous
results by Phillips (1976) and is consistent with that of other members of the family (Metcalfe & Chalk 1950;
Bittrich & Kuhn 1993; Struwig et al. 2011). A striking feature found in Allionia is the occurrence of Kranz
anatomy. In Nyctaginaceae, Kranz anatomy has been reported also in Okenia and some species of Boerhavia, all
belonging to Nyctagineae (Carolin et al. 1978; Bittrich & Kithn 1993; Struwig et al. 2011; this study). Although
the sheath cells are easily recognized in these taxa, they do not have a second layer of radially elongated cells,
as firstly described by Haberlandt (1882) (Kranz = crown, in German)]. In Allionia, the sheath cells are larger
and round without intercellular spaces, while the neighbouring cells resemble regular palisade or lacunose
parenchyma. These characteristics observed in Allionia, Boerhavia, and Okenia are similar to descriptions for
other Caryophyllales, but variation in Kranz anatomy is also observed in some taxa which may have important
physiological, ecological and systematic significance (Carolin et al. 1978; Antonucci 2010; Voznesenskaya et al.
2010; Ocampo et al. 2013). According to Antonucci (2010), who investigated the leaf development and ultra-
structure of leaves in Gomphrena (Amaranthaceae) species, the sheath cells were identified as the inner layer of
the mesophyll, that is, the endodermis (or starch sheath).

Among the specimens analysed, the only notable difference was found in the shape of margin cells of the
leaf mesophyll (round vs. palisade). However, the round pattern was restricted to a single specimen, and such
leaf characteristics are known to be strongly influenced by growing conditions, especially light intensity, water
availability, temperature, and nutrient supply (Dickinson 2000; Chen et al. 2010).

The leaves, stems, and anthocarps of Allionia are covered with trichomes that release a viscid exudate.
According to Spellenberg (2003) these glands remain sticky in specimens of Nyctaginaceae for decades in the
herbarium. In the shoot of Allionia, these structures are glandular multicellular trichomes that were shown to
produce an exudate composed by both hydrophobic and hydrophilic substances. The occurrence of secretory
structures producing sticky substances has been observed in Nyctaginaceae by different authors (Willson &
Spellenberg 1977; Spellenberg 2003; Struwig et al. 2011; Cunha Neto et al. 2019; Sukhorukov et al., in press). In
the genus Anulocaulis, these structures are unicellular trichomes constituting secretory rings found in each
stem internode, which secrete a complex exudate (Cunha Neto et al. 2019). In Boerhavia and Commicarpus,
they are multicellular and uniseriate (Struwig et al. 2011), as observed in Allionia. Such trichomes or similar
structures producing sticky substances are also present on the fruits of some species (Struwig et al. 2011; pers.
obs.; Sukhorukov etal., in press). In these cases, there is evidence that the sticky substances might facilitate the
anchoring of the diaspore on substrates or facilitate epizoochory, but additional studies are still needed to con-
firm these hypotheses (Sukhorukov et al., in press).

The structure of the stem vascular system in Allionia presents some unusual characteristics. The primary
system is remarkable for the occurrence of medullary bundles (named “central collateral bundles” by Phillips
1976), and vascular bundles derived from a continuous concentric procambium that delimits the pith.
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Fi6. 4. Leaf anatomy in related species of Nyctagineae. 4a—h. Species with Kranz anatomy. 4a. Boerhavia linearifolia. 4b. Okenia hypogaea. 4c~h.
Species without Kranz anatomy. 4c. Adleisanthes lanceolata. 4d. Commicarpus scandens. 4e. Anulocaulis leiosolenus var. gypsogenus. 4f. Nyctaginia
capitata. 4q. (yphomeris gypsophilioides. 4h. Abronia nealleyi.

Together, these vascular units constitute the primary vascular system (the stele). This stele organization,
named polycyclic eustele, was recently investigated in a broader scale by Cunha Neto et al. (2020). In this
study, authors performed a thorough developmental and evolutionary analysis of the presence of medullary
bundles for Nyctaginaceae. The polycyclic eustele was found to be ancestrally present in Nyctaginaceae and
sister families (phytolaccoid clade), with a reversion to the regular eustele in one lineage of the family (tribe
Leucastereae) (Cunha Neto et al. 2020).

In Allionia stems, the transition from primary to secondary growth follows the typical establishment of a
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Fic. 5. Cross section of midrib and petiole in Allionia incarnata. 5a—h. Specimens collected in Bolivia, Parque Nacional Ambord. 5¢—d. Specimens col-
lected in the Chihuahuan Desert, New Mexico, USA. 5a, 5¢. Prominent midrib showing collenchyma cells (asterisk) and the vascular system (vs) includ-
ing an additional accessory bundle (arrow). 5¢, 5d, Petiole showing four or five vascular bundles (vb) arranged in an arc toward the adaxial surface. co,
cortex: ep, epidermis.

regular cambium resulting from fascicular and interfascicular cambium, except for the fact that it arises in a
continuum with the continuous concentric procambium (CCP). Due to the rapid transition from the CCP to
the vascular cambium, previous authors had interpreted the CCP as a “secondary meristem” (De Bary 1884;
Balfour 1965). However, we have found that in early developmental stages this meristem shows characteristics
of a typical procambium which form primary vascular tissue (vascular bundles) evidenced by wall thickenings
commonly found in primary xylem (Cunha Neto et al. 2020). Concomitantly with regular cambium develop-
ment, several layers of peripheral pith cells became lignified during this vascular transition. This unusual but
consistent characteristic was found in Allionia and other genera within Nyctaginaceae (pers. obs.). The regular
stem secondary growth in Allionia produce relatively little secondary phloem and xylem until the establish-
ment of the successive cambia system. As reported for other taxa within the family (Carlquist 2004; Hernéandez-
Ledesma etal. 2011), there are no typical vascular rays in Allionia, although some cambial derivatives peripheral
to interfascicular regions can be sometimes organized in radially oriented rows. The ray-like cells in Allionia
and other Nyctaginaceae should be better explained as resulting from the continuity on divisions of the meri-
stem that originates the additional cambia (Carlquist 2004, 2007) and/or from proliferation of the conjunctive
tissue.

The occurrence of cambial variants is a well-known feature for stems of Nyctaginaceae (De Bary 1884;
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Fic. 6. Details of the vascular system in the midrib and petiole in Allionia incarnata. 6a. Collateral vascular bundles in the midrib. 6b. Three collateral
vascular bundles in the petiole. Arrow, accessory bundles; ph, phloem, xy, xylem.

Schenck 1893; Metcalfe & Chalk 1950; Carlquist 2001, 2007, 2010). However, the interpretation of the origin
and development of these systems have always been a matter of debate. In the case of Allionia, two aspects
should be emphasized. First, different from Phillips’ (1976) interpretation, we noticed that there is some period
of regular growth in the stems of Allionia and only later the cambial variant arises. Second, our observation of
a pericyclic origin for successive cambia (both in stems and roots) is in accordance with Phillips (1976) but
differs from Carlquist’s (2004) interpretation for other Nyctaginaceae—which are also described as having
successive cambia. Here, we showed that the outermost layer of the stele differentiates into perivascular fibers
and the innermost layer of the cortex is characterized as the starch sheath. Since we have identified these limits
of the stele and the cortical region, and given that all events related to the formation of the successive cambia
occur internally to these two cell layers, the additional cambia are not established in the cortex, as has been
stated by Carlquist (2004, 2007, 2010) and others following him (Rajput et al. 2009; Hernandez-Ledesma et al.
2011). The ontogenetic approach carried out in this study was fundamental in developing our current under-
standing of the cambial variant present in Allionia. Similarly, there have been various studies aimed at better
understanding the origin and ontogeny of cambial variants in different groups (e.g., Sapindaceae—Cunha
Neto et al. 2018; Vitaceae—Pace et al. 2018; Fabaceae—Leme et al. 2020).

The formation of successive cambia can be observed also in lateral and primary roots of Allionia, as well
as in roots of other herbs and subshrubs within Nyctagineae, such as Anulocaulis leiosolenus, Cyphomeris gyp-
sophiloides, and Mirabilis albida (pers. obser). Successive cambia in roots of Nyctaginaceae have been previ-
ously reported for Abronia latifolia (Carlquist 2004), Bougainvillea spectabilis (Esau & Cheadle 1969; Stevenson
& Popham 1973; Carlquist 2004) and Mirabilis jalapa (Mikesell & Popham 1976). The origin and evolution of
such variant anatomies is remarkable within Nyctaginaceae and other Caryophyllales (e.g., Aizoaceae,
Amaranthaceae [including the well-known beet root of Beta vulgaris, Chenopodiaceae], Basellaceae,
Phytolaccaceae, Polygonaceae, Nepenthaceae) since it is a feature with multiple independent origins (Gibson
1994; Carlquist 2010; Schwallier et al. 2017).

Ecological and functional interpretations.—Allionia consists of annual and perennial plants. Although
these plants produce stems and leaves in the summer (Phillips 1976; Mulroy & Rundel 1977), the foliage of
Allionia is not strikingly xerophytic and only rarely is it heavily pubescent or cutinized (Mulroy & Rundel
1977). Nevertheless, according to Phillips (1976), there are some morphological traits in Allionia that might be
associated as adaptations for harsh desert environments; they are the large taproot, anisoclady, and seeds with
abundant storage. Anatomically, the presence of trichomes and Kranz anatomy in relation to C, photosynthe-
sis (a common adaptations for summer annual species in the Sonoran Desert, Syvertsen et al. 1976; Mulroy &
Rundel 1977) would represent the main leaf traits that provide the ability to survive in hot, dry conditions. In
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Fic. 7. Anatomy and development of the stem in Allionia in cross section. 7a—h, d—f. A. incarnata; 7¢. A. choisyi. 7a. Primary structure showing polycy-
cliceustele (medullary bundles + vascular bundles [box and inset] derived from the continuous concentric procambium [thick arrow]). 7b. Early second-
ary growth formed by reqular activity of the vascular cambium forming xylem centripetally and phloem centrifugally (box). Asterisks indicate inter-
fascicular region formed mainly by fibers in the xylem and parenchyma in the phloem side. 7c. Detail of secondary vascular tissues, lignified pericyclic
cells (white arrowheads), starch sheath (ss) and lignified pith cells (arrows). 7d. Divisions on pericyclic parenchyma giving rise to the meristematic zone
that will form the first ring of successive cambia (white arrows). 7e. Developing arcs of successive cambia which form xylem centripetally and phloem
centrifugally. Arrowheads indicate ray-like cells. Arrow (yellow), vessels formed by interfascicular cambium; ep, epidermis; co, cortex; ph, primary
phloem; mb, medullary bundles; sph, secondary phloem; ss, starch sheath; sxy, secondary xylem; xy, primary xylem.
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Fic. 8. Details of secondary growth, establishment of successive cambia and wood cell types in Allionia incarnata. 8a—c. Longitudinal radial sections.
8a. Regular secondary xylem and secondary phloem. 8b. Divisions on pericyclic parenchymatic cells (asterisk) that give rise to the first successive
cambia. 8c. Differentiation of variant xylem (vxy) and variant phloem (vph) from the first arc of successive cambia. 8d—f. Maceration. 8d. Cells from
the regular xylem showing vessels, axial parenchyma and fibers of different sizes and tip shapes (fusiform, “u”-shaped). 8e. Cells from xylem of medul-
lary bundles showing vessels with different wall thickenings, parenchyma with starch and fibers. ep, epidermis; £ fiber; co, cortex; ct, conjunctive tissue;
p, parenchyma; s, starch sheath; sxy, secondary xylem; v, vessel.
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Fic. 9. General view of adult stem in Allionia incarnata. 9a. Note the regular cylinder of vascular tissues (black line) and the ring of vascular tissues
produced by the successive cambia (white line) developed outwards; ep, epidermis; co, cortex; mb, medullary bundles.

addition, the formation of successive cambia, which is associated with an increase in water and starch paren-
chyma, can be also suggested as an adaptive feature for plants thriving in harsh environments (Carlquist 2001,
2012). In this sense, it is interesting to note that the usual thick perennial roots showed several rings of succes-
sive cambia, while the slender stems had only one or two additional rings. This condition seems to be true for
several other species from tribe Nyctagineae that grows in similar conditions (e.g,, Acleisanthes chenopodioides,
Anulocaulis gypsogenus var. gypsogenus, Boerhavia torreyana, pers. obs.). The adaptation to arid environments
and drought stress in Allionia has been linked also with the association with endophytes—arbuscular mycor-
rhizal—an adaptation that has been demonstrated for more than 40 species, including Allionia (Lugo et al.
2015). Other species of Nyctaginaceae growing in deserts (e.g., Boerhavia and Commicarpus) have acquired the
ability to survive in dry conditions by avoiding desiccation also through the production of tannins, thickened
stomata walls and additional collenchyma cells as supporting tissue (Struwig et al. 2011).
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Tase 2. Quantitative anatomical features of xylem and phloem in stems of Allionia species.

Allionia incarnata
Xylem Phloem
Vessel elements Fibers Sieve-tube elements
Features/cell type Medullary Regular Medullary Regular Medullary Regular
bundles cylinder bundles cylinder bundles cylinder
. 399+1.0 31.0+8.2 134+6.3 16.2+£58 145+1.2 9.8+26
Diameter (pm)
(16.2-66.4) (14-54.5) (5.7-23.1) (5.6-27.5) (12.6-18.4) (8.6-16.1)
257.1+1.1 127.2+29 490.4 £192.7 4224 +£171.5 217.7+243 111.7+25
(Length (pm)
91.4-461) (36.5-201.6) (233.7-989.7) (215.3-755.0) (186.6-220.4) (54.7-140.0)
Wall thickness (um) - - 37+£08 36+07 - -
(1.8-5.5) (2.4-5.4)
Frequency (mm-2) 546+58 350+3.2 _ _ 234+46 11717
(42.0-66.0) (22.0-38.0) (14-27) (9-15)
Area (%) 26.0+5.9 27.0+4.0 11.3+25 220+8. 174+52 15.0+1.0
(18.0-34.0) (20.0-30.0) (8.0-14.0) (14.0-31.0) (10.0-22.0) (14.0-19.0)
Allionia choisyi
Xylem Phloem
Vessel elements Fibers Sieve-tube elements
Medullary Regular Medullary Regular Medullary Regular
bundles cylinder bundles cylinder bundles cylinder
Diameter (pm) 258+13 246+6.8 6.1x£1.1 7214 64+1.1 86=*15
(8.6-54.3) (11.5-42.9) (4.2-7.7) (5.3-8.7) (4.9-11.2) (7.6-9.8)
Length (pm) - - - - - -
25+£1.0 39+£1.0
Wall thickness (pm - - - -
(am) (1.6-4.0) (2.0-4.6)
Frequency (mm-2) 288+3.4 350+3.2
quency (25.2-36.4) (22-38) B B B -
16.5+3.7 27.0+4.0 14.6 £3.5 16.5+19.0
Area (%) - -
(18.0-34.0) (20.0-30.0) (12.0-18.0) (14.0-21.0)

A common characteristic of roots, stems, and leaves in Allionia is the abundance of calcium oxalate crys-
tals in the form of raphides, as also observed in other Nyctaginaceae (Metcalfe & Chalk 1950; Struwig et al.
2011). Calcium oxalate crystals play different roles in plants such as accumulation of excesses, ionic/osmotic
calcium regulation, detoxification/heavy metal tolerance and defence against herbivores (Mauseth 1988;
Franceschi & Nakata 2005; Molano-Flores 2001; Struwig et al. 2011). However, this defence system is probably
constitutive rather than inducible and not likely associated with soil calcium concentration (Ruiz et al. 2002).
Nonetheless, the occurrence of calcium oxalate crystals as a mechanism to sequester calcium in a physiologi-
cally unavailable form has been recently investigated on gypsophytes—plants that grow on gypsum
(CasO4-H20) soils—given that they can extract structural H,O molecules from gypsum (Merlo et al. 2011;
Borer et al. 2012; Palacio et al. 2014a,b; Mota et al. 2017). Allionia can grow on gypsum (gypsovag) but is not a
gypsophyte (Moore et al. 2014). Curiously, Anulocaulis gypsogenus var. gypsogenus and Acleisanthes lanceolata
are endemic to gypsum and comparatively show less crystals in their vegetative parts compared to Allionia
(pers. obs.).

In Allionia, some stem anatomical features can be associated to their herbaceous habit, including the
absence of rays (raylessness), wide fibers with thin walls, delayed or absence of periderm and the reduced
amount of secondary growth despite the presence of successive cambia. Most of these characteristics can be
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Fic. 10. Root anatomy and development of Allionia incarnata in cross section. 10a—b. Lateral root. 10a. Early secondary growth showing diarch vascu-
lar system. 10b. Detail of previous image showing the establishment of reqular cambium. 10¢-e. Primary root (taproot). 10¢. Regular vascular cylin-
der and first ring of successive cambia. 10d. Detail of reqular cambium, regular secondary xylem, and phloem. In the inset, note the phellogen (arrow)
and suber. 10e. Detail of variant cambium, variant xylem, and variant phloem. Asterisks, crystals (raphides); ca, cambium, cc, companion cell; ct, con-
junctive tissue; pe, periderm; ph, phloem; rph, regular phloem; rxy, regular xylem; s, successive cambia; ste, sieve-tube element; su, suber; vph, variant
phloem; vxy, variant xylem; xy, xylem.
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Fic. 11. Adult primary root of Allionia incarnatain cross section. 11a. General view showing four developed rings of successive cambia (ordinal numbers).
11b. Detail of central cylinder and rings of successive cambia. 11c. Close-up of successive cambia showing variant xylem, variant phloem, and conjunc-
tive tissue. ct, conjunctive tissue; su, suber; vph, variant phloem; vxy, variant xylem.

linked with specific hydraulic and/or biomechanical demands of herbaceous plants. The absence of rays (ray-
lessness), for instance, might be related to the fact that longitudinal conduction of photosynthates outweighs
radial conduction (Carlquist 2012). In addition, given that medullary bundles seem to remain functional even
in mature stems (Cunha Neto et al. 2020), their high proportion of vessels for a specific stem section can repre-
sent a crucial path for maintenance of its hydraulic function. However, the functional anatomy of herbaceous
annuals and plants with medullary bundles remain underexplored, since this topic has been investigated pre-
dominantly in large woody plants.
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50 pm

Fi. 12. Anatomy and histochemistry of uniseriate glandular trichomes in Allionia incarnata. 12a. Non-stained section showing greenish secretion
(asterisk). 12b—d. Positive reactions for lipids. 12b. Sudan Black B. 12¢. Sudan IV. 12d. Nile Blue. 12e. Ruthenium red for mucilage. 12f. Aniline Blue
Black for proteins. 12g. Starch grains detected in the starch sheath by Lugol reagent.

Overall, our results indicate that vegetative anatomy in Allionia species do not contribute to species
delimitation. However, its general stem structure and development is unique. While we have revealed different
interpretations for the phenomena accounting for the complexity of the stem vascular system in Allionia (e.g.,
polycyclic eustele, medullary bundles, continuous concentric procambium and successive cambia), a broader
analysis of the diversity and evolution of the secondary structure within Nyctaginaceae is yet to be performed.
Our future investigations will address this and other questions concerning the diversity and evolution of the
vascular system for the family and sister lineages.
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APPENDIX 1
Information on taxa, collectors, localities, and herbarium vouchers for the analyzed species.

Abronia fragrans Nutt. ex Hook., USA. New Mexico: Las Cruces, Douglas 2290 (FLAS). Abronia neealleyi Standl., USA. New Mexico. Eddy
Co.: Yeso Hills, Douglas 2281, (FLAS). Acleisanthes lanceolata (Wooton) R.A. Levin, USA. Texas: Malone Mountains, Sierra Blanca,
Douglas 2277 (FLAS). Acleisanthes chenopodioides (A. Gray) R.A. Levin, USA. New Mexico: Las Cruces, Douglas 2289, 2293 (FLAS).
Acleisanthes longiflora A. Gray, USA. Texas: Malone Mountains, Sierra Blanca, Douglas 2279 (FLAS). Anulocaulis leiosolenus (Torr.)
Standl. var. leiosolenus, USA. Texas: Malone Mountains, Sierra Blanca, Douglas 2278 (FLAS). Boerhavia linearifolia A. Gray, USA. New
Mexico: Douglas 2284 (FLAS). Boerhavia torreyana (S. Watson) Standl., USA. New Mexico: Las Cruces, Douglas 2294 (FLAS). Boerhavia
wrightii A. Gray, USA. New Mexico: Las Cruces, Douglas 2288 (FLAS). Commicarpus scandens (L.) Standl., USA. New Mexico: Douglas 2291
(FLAS). Cyph is gypsophiloides (M. Martens & Galeotti) Standl., USA. New Mexico: Las Cruces, Organ Mountains-Desert Peaks
National Monument, Douglas 2287 (FLAS). Mirabilis aggregata (Ortega) Cav., MEXICO. Hidalgo, Ixmiquilpan, Pace 728 (MEXU).
Mirabilis cf. albida (Walter) Heimerl., USA. New Mexico: Douglas 2286 (FLAS). Mirabilis jalapa L., Mexico. Veracruz: Acevedo-Rodriguez
16480 (US). Mirabilis viscosa Cav., Mexico. Hidalgo: Ixmiquilpan, Pace 727 (MEXU). Nyctaginia capitata Choisy, USA, New Mexico:
Douglas 2282 (FLAS). Okenia hypogaea Schlitdl. & Cham., Mexico. Veracruz: Pace 749 (MEXU, SPF).
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