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Abstract

:

Aragoa is a shrubby genus endemic to páramo in the northern Andes representing the sister group to Plantago and Limosella. Stem and leaf structure of Aragoa corrugatifolia were studied to clarify the evolutionary pathways and ecological significance of their anatomical traits. Aragoa and Plantago share a non-fascicular primary vascular system, rayless wood and secondary phloem, and anomocytic stomata. Aragoa is distinctive from most Plantaginaceae in the presence of cortical aerenchyma and of helical thickenings in vessels. Its procambium emerges in the primary meristem ring as a continuous cylinder. The view on the ring meristem and procambial strands as developmental stages in the formation of a primary vascular system is not relevant for Aragoa, and probably for other Plantaginaceae. The raylessness is synapomorphic for the crown clade of Plantaginaceae comprising Aragoa, Littorella, Plantago, Veronica, Picrorhiza, Wulfenia, and Veronicastrum. The loss of rays is thought to be predetermined by procambium rather than by the vascular cambium. The extremely narrow vessels with helical thickenings are presumably adaptive to hydric and thermic conditions of páramo. Cortical aerenchyma is thought to be a response to the local hypoxia caused by the water retained by ericoid leaves. Trichomes on juvenile leaves are expected to be the traits of considerable taxonomic importance.
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1. Introduction


Aragoa Kunth is the genus with approximately 19 species endemic to the alpine páramo biome in the northern Andes of Colombia and Venezuela. The species of Aragoa are shrubs and small trees up to 5–8 m tall, with needle-like or scale-bar leaves and reduced axillar racemose inflorescences bearing actinomophic flowers with four white petals [1,2,3,4,5]. Aragoa was been considered as a member of Scrophulariaceae until the polyphyly of this family was strongly confirmed by molecular phylogenetic data. After the revision of Scrophulariaceae with its subdivision into several monophyletic groups, this genus was placed in to a vastly enlarged family of Plantaginaceae [6]. A molecular analysis based on rbcL and ITS sequences showed that Aragoa is a sister group to a large cosmopolitic genus Plantago of about 200 species [7]. Close relationships between these two genera were confirmed by essential similarities in morphology of their inflorescences and flowers [4]. Recent phylogenomic analyses based on plastome sequences data [8] established, however, that Aragoa is sister to a broader lineage comprising Plantago and Littorella (L.) Asch., a disjunct genus with three amphibious species [9].



Although the gross morphology of the Aragoa species has been comprehensively described by [2,3], the anatomical data on this genus remain very poor. A few details of its wood structure were mentioned in [10]; the microphotos of wood sections of four Aragoa species are also presented in the InsideWood database [11]. Lersten and Curtis [12] also reported the absence of idioblasts in leaves of Aragoa dugandii Romero. No data on bark and leaf structure of Aragoa are available to date. The examination of vegetative anatomy of this genus could be very important, however, for clarification of the patterns of structural trait evolution within its sister genus Plantago and within the Plantaginaceae family as well.



The rayless wood is a prominent feature of Aragoa [10]. This uncommon wood trait is also known in the majority of Plantago species as well as in some other members of Plantaginaceae [13,14,15,16,17,18,19,20,21]. The loss of rays can be contingent on different functional, adaptive, and/or morphogenetic factors; particularly, it may be considered as an indicator of secondary woodiness, i.e., the origin of woody habit from herbaceous ancestor [16]. Such explanation sounds plausible for mostly herbaceous Plantaginaceae. The evolution of the gains and losses of rays has not been analysed yet for this group and for any other plant family as well.



According to [15,16,22], the raylessness in Plantaginaceae can also be considered as a manifestation of wood paedomorphosis, or protracted juvenilism. Following this theory, the rays can be lost due to retaining their absence in juvenile primary xylem at the adult developmental stage, i.e., at the secondary xylem formed by vascular cambium. Moreover, the available data (e.g., [14,17,18,19,23,24,25,26,27,28,29]) show that the members of Plantaginaceae have a continuous procambium cylinder that gradually goes into the vascular cambium. These data are in contrast to a common view on the formation of a vascular system, supposing the initiation of procambium as separated strands, giving rise to discrete vascular bundles and the formation of vascular cambium from fascicular and interfascicular cambia at the later stage of shoot development (e.g., [30,31]). At the same time, the procambial ring can contain the ray initials, as it has been reported in many plant groups [32,33,34,35,36] contrarily to a widely held view that the formation of rays is confined to secondary tissues [30]. These data suggest that the presence or absence of ray initials in procambial ring can predetermine their occurrence in vascular cambium and, therefore, it can facilitate the paedomorphic retaining of ray formation or raylessness in secondary tissues. This hypothesis on the role of procambial ring in the formation of rayless wood can be tested by the examination of development of procambium, cambium, and vascular system in a rayless taxon, such as Aragoa.



In the present study, we explore the stem and leaf structure of Aragoa corrugatifolia to clarify the evolutionary pathways and ecological significance of raylessness and other anatomical traits found in this genus.




2. Results


2.1. Development of Meristematic and Conductive Tissues in Stem


Shoot apical meristem (SAM) is about 200 µm in diameter, surrounded with the leaf primordia and small leaves arranged with the 3/8 phyllotaxis (Figure 1A,B). The procambium is initiated in the peripheral zone of SAM (primary meristem) near the shoot tip. The procambial strands are hardly distinguished, forming nearly continuous ring of four to six cells wide, occasionally interrupted by the offsets of leaf traces (Figure 1A–D). The procambial cells are angular isodiametric (6–9 µm in width) in transverse view, and elongated (26–48 µm in length) on longitudinal sections. Differentiation of the protoxylem and protophloem begins almost immediately with the formation of groups of one to two helical tracheary elements and one to three sieve elements (Figure 1E,F).



At the level of the base of the first elongated internode (ca. 0.4 mm from the apex), the procambium ring widens up to 7–10 cells wide, interrupted only by the gaps at the offsets of leaf traces (Figure 1G,H). The procambial cells in the ring show a tendency for radial seriation; the sites of leaf trace initiation can be distinguished as the clusters of cells divided at various orientations. The elements of primary phloem are in groups of two to four scattered along the outer side of the procambium ring. These tracheary elements are solitary and grouped as two to five cells, found in the inner region of procambium ring, without obvious association with the groups of phloem elements. The proto- and metaxylem consists of tracheary elements with helical and reticulate patterns of secondary cell walls.



In the lower internodes, the vertical length of procambium cells increases due to the shoot growth up to 35–67 µm in the fifth internode (Figure 1I,J). These cells are more tapered than those near the shoot tip. Some cells undergo transverse divisions, forming the strands of two cells. No short procambium cells resembling the ray initials were found. Below the sixth internode, the procambium ring is gradually transformed into the vascular cambium, which is recognized by the appearance of the continuous rings of regularly arranged phloem and xylem elements around the pith made of thin-walled isodiametric parenchyma cells of 15–25 µm, with large intercellular spaces in between. Sclereids with moderately thick cell walls were found in the outermost region of pith (Figure 2A,B).




2.2. Bark Structure


A large portion of the circumference of young stems is occupied by the bases of leaves covered with the leaf abaxial epidermis. The zones of attachment of leaf bases to the stem cortex are outlined with the uniseriate (occasionally biseriate) layers of thick-walled vertically elongated sclereids of 18–34 µm in tangential size and 32–54 µm in vertical size (Figure 1J and Figure 2A). Between the leaf bases, the epidermis on young parts of stems is composed of a single layer of isodiametric cells (15–25 µm in tangential size) with evenly thick walls (3–7 µm thick) covered by a prominent cuticle that is 8–10 µm thick, with dark deposits. The cortex is narrow (10–12 cells in width) and composed of aerenchyma made isodiametric to elongated thin-walled parenchyma cells of 15–35 µm in size, with large intercellular spaces in-between. No crystals were found in the cortical parenchyma cells. Primary phloem fibers were absent (Figure 2A,B). Dilation of the cortical tissue is effected mostly by tangential stretching of parenchyma cells and intercellular spaces.



Mature bark is dark brown, non-peeling, without fissures and scales. The initiation of periderm is in the subepidermal layer of cells. The phellem is composed of 8–15 layers isodiametric to somewhat flattened cells with thick to very-thick sclerified cell wall occasionally with dark deposits. The phelloderm comprises one to two layers of isodiametric, thin-walled cells. No crystalliferous cells were found in periderm. Subsequent periderms were not found (Figure 2C,D).



Sieve tubes are in radial groups of two to seven. Sieve tubes members are 148–236 µm (average 184.2 µm) in length and are 9–18 µm wide. Sieve plates are compounded with two to three sieve areas, located on vertical or slightly oblique cross walls. Axial parenchyma cells are associated with conducting elements that occur as single fusiform cells and in strands of two to three cells. The transition from conducting to nonconducting secondary phloem is gradual, marked with obliterated conductive cells and slightly tangentially stretched axial parenchyma cells (Figure 2E). Secondary phloem rays were not found (Figure 2F).




2.3. Leaf Structure


Leaves are linear, 1–2 mm in width, sessile, with convex abaxial side, and flat adaxial surface, and are 200–400 µm thick. The adaxial epidermal cells do not differ from the abaxial ones in their shape and size; these cells are flattened to isodiametric, 18–30 µm in tangential size, with even walls of approximately 1 µm thick (Figure 3A,B). Hydathode pores are present at the leaf tips (Figure 3C).



Leaf blades are isobilateral (Figure 3D,E). The spongy mesophyll consists of irregularly shaped cells of 11–25 µm in size with large intercellular spaces. The vascular bundles are collateral, sheathed by one or two layers of parenchyma cells without lateral or vertical extensions. Each leaf is supplied by a single trace that is forked into three vascular bundles near the leaf base.



Long (3–4 mm in length) multicellular filiform trichomes are found at the bases of juvenile leaves on their adaxial sides, and usually lack mature leaves (Figure 1I and Figure 3F). Glandular trichomes sessile or on unicellular stalks, with four head cells, are located mostly in hollows sparsely scattered on both leaf sides (Figure 3A,F,G,J).



Anticlinal walls of epidermal cells are mostly straight in the midrib region, or mostly curved outside of it. The outer walls of the epidermal cells are covered by a cuticle of approximately 4–7 µm thick. Leaves are amphistomatic; stomata are more numerous on the abaxial side (48–62 per mm2) than on the adaxial side (39–50 per mm2), lacking in the midrib region. Stomata anomocytic is located in the same plane with epidermal cells (Figure 3H–J).




2.4. Wood Structure


Growth rings absent. Wood is rayless (Figure 4A–C). Vessels are angular; rarely rounded in outline; extremely narrow with a tangential diameter of 9.2–19 µm (average 13.5 µm); and are extremely numerous (1130–1700 per mm2), mostly solitary, and also has multiples. Vessel walls are 1.6–3.4 µm thick. Tyloses were not found. Vessel elements are 102–275 µm long (average 202.6 µm). Perforation plates are simple. Intervessel pits are alternate and minute, 1.8–3.5 µm in vertical size, mostly with rounded margins and slit-like apertures. Helical thickenings throughout the body of the vessel element are common (Figure 4D–F). Ground tissue elements are non-septate libriform fibers of 190–317 µm (average 255.2 µm) in length, mostly with living protoplast and nuclei. Fiber walls are 2.0–5.4 µm thick, with distinctly bordered pits of 2.4–3.5 µm in vertical size, with slit-like apertures in radial and tangential walls. Axial parenchyma was not observed.




2.5. Evolution of Rayless Wood within Plantaginaceae


Both our observations on Aragoa, and the published wood anatomical data on other Plantaginaceae genera [11,13,14,15,17,18,19,20,21,27,29,37,38], were used to reconstruct the pattern of evolution for the raylessness within this family (Figure 5). The mapping of this trait on a subset of the most parsimonious tree of the combined analysis of one nuclear and three plastid regions [6] shows that the loss of rays is synapomorphic for the large crown clade comprising the genera Aragoa, Littorella, Plantago, Veronica, Picrorhiza, Wulfenia, and Veronicastrum, and it occurred twice independently in the genera Erinus and Digitalis, belonging to its sister lineage.





3. Discussion


Aragoa corrugatifolia is similar to its closely related genus Plantago as well as to other Plantaginaceae genera in that it has a non-fascicular primary vascular system, rayless wood and secondary phloem, simple perforation plates, lack of axial parenchyma in wood, the homogenous secondary phloem lacks sclereids and crystalliferous cells, and the isobilateral amphistomatic leaves lacks anomocytic stomata [11,14,15,17,18,19,39,40]. At the same time, Aragoa is distinctive from most Plantaginaceae in the presence of aerenchyma in the cortex and of helical thickenings on the vessel walls. Within this family, the aerenchyma was also found in stems of Bacopa, Gratiola, Littorella, and one herbaceous species of Veronica [18,19,27,38], whereas the helical thickenings were reported in Kekiella [37] and in two shrubby species of Veronica (sect. Hebe) [17]. The combination of these traits may be presumed as diagnostic for this genus.



The organization of procambium and primary vascular system in the stem of A. corrugatifolia is nearly the same as in Veronica speciosa R. Cunn. ex A. Cunn. (=Hebe speciosa (R. Cunn. ex A. Cunn.) Andersen), another member of Plantaginaceae [23,25]. The procambium in Aragoa stem emerges in the primary meristem ring as a continuous cylinder encompassing the leaf traces at different stages of their formation. This procambial cylinder is interrupted only by the gaps at the offsets of leaf traces, without separation into individual strands. The fascicular pattern of the primary vascular system in Aragoa is manifested in the arrangement of few xylem and phloem elements separated by wide continuous rings of meristematic cells. This procambial ring entirely continues into the vascular cambium, recognized only by the formation of secondary xylem and secondary phloem. The presence of the continuous ring of vascular tissues in juvenile stems of all other members of this family examined to date (e.g., [14,17,18,19,23,24,25,26,27,28,29]) strongly suggests that such an organization of primary plant bodies is characteristic for the entire family.



Our data confirm, therefore, that the meristematic cylinder observed in young stems of Aragoa and Veronica is not confined to the primary meristem ring, i.e., to the peripheral region of SAM extended along the stem. Instead, it is formed by the coalescence of procambial strands that are initiated at the primary meristem [25,41]. This meristematic cylinder comprises both procambium and primary meristem, but these two components are practically indistinguishable from each other. These data strongly suggest that the commonly accepted view on the ring meristem and procambial strands as different developmental stages of the same gradual process of formation of primary vascular system (e.g., [31]) is not relevant for Aragoa, Veronica, and probably for other Plantaginaceae. In Aragoa, the separate strands of procambium can be distinguished only just beneath the SAM, forming entire procambial rings in lower portions of the stem. Apparently, the shifts from continuous procambium ring to separate strands occur in some Plantago species (P. albicans, P. webbii) that have broad medullary rays in their wood [18]. A detailed examination of early development of shoots in these species could be important to clarify the ways of evolutionary transitions between fascicular and non-fascicular patterns of procambium and primary vascular systems.



Our data confirm the absence of rays in wood of the Aragoa reported by [10], and in its secondary phloem as well. The mapping on the phylogenetic tree showed that the raylessness is synapomorphic for the large crown clade within Plantaginaceae comprising the genera Aragoa, Littorella, Plantago, Veronica, Picrorhiza, Wulfenia, and Veronicastrum. This trait also occurred in the genera Erinus and Digitalis, belonging to the sister lineage of this clade [11,13,14,15,17,18,19,20,21,27,29,38]. As the rayless species of Plantaginaceae occur in very contrasting habitats ranging from springs, bogs, and tidal zones, to arid and alpine biomes, showing a variety of life forms from annual herbs to shrubs and small trees, the loss of rays is hard to explain in terms of their functional or adaptive value [42]. Although the position of rayless woody taxa (Aragoa, some Plantago and Veronica) on phylogenetic trees [6,43] strongly suggest their origin from herbaceous ancestors, the consideration of the raylessness as anatomical evidence for derived woodiness in these particular genera ([5] following [44]) is highly questionable, at least for the Plantaginaceae.



In the plants with procambial rings, the presence of rays as well as their absence is displayed from the very initiation of continuous rings of conductive tissues [26]. In Plantaginaceae, the microphotos of cross sections of the stem in Bacopa monnieri [27] show that the rays in its wood are initiated from the narrow (one to two seriate) portions of the ring of vascular tissues located between regularly arranged radial files of proto- and metaxylem elements. In the rayless Aragoa, however, the files of primary xylem are widely spaced, and no traits of ray formation have been observed in the procambium ring. These data allow us to speculate that the formation of rays or their loss is predetermined by the procambium rather than by the vascular cambium. If that is so, then the raylessness in Aragoa and in other Plantaginaceae occurred as a result of the lack of rays initials in their vascular cambium that are retained from the procambial ring. In this case, the raylessness in this plant group may be considered as a paedomorphic feature in the proper sense of this term. Unlike Sh. Carlquist’s theory of paedomorphosis [15,22], however, the retaining of this juvenile (procambial) trait at the adult stage of secondary growth is not necessarily associated with the shift from herbaceous to woody habit. Detailed studies of the ray initiation in other groups of Plantaginaceae are required to test this hypothesis.



The extremely narrow vessels (<20 µm in diameter) with helical thickenings on their inner walls found in Aragoa are presumably adaptive to hydric and thermic conditions of páramo. The predominant climate of this biome is characterized by rainfall throughout the year with extreme daily temperature variations and frequent high air evaporative demands. Although the plants of this biome live under permanent rains, drizzle, and fog, they undergo regular water stress and occasional freezing [45,46,47]. In Aragoa, the small vessel diameter and the presence of helical thickenings on their inner walls found are thought to be the traits facilitating the tolerance of the hydraulic system to water stress by decreasing the risk of vessel blockage by air embolism [44,48,49,50,51]. Higher resistance of narrow vessels to embolism than of wide ones has been confirmed experimentally [52,53,54,55,56]. The presence of helical thickenings is also associated with the regions that experience water stress [44,51], but their functional role remains obscure [57].



The absence of axial parenchyma found in Aragoa is also characteristic for most other rayless members of Plantaginaceae with few species of Plantago and Veronica as exceptions [17]. The opposite combination of the lack of axial parenchyma with the presence of rays is also uncommon in this family being reported only in Campylanthus and few Kickxia species [18]. This correlation between the raylessness and the lack of axial parenchyma noted by [16,42] supports an idea of close functional and morphogenetic connectivity between those two parenchymatous components of wood [58]. Obviously, the functions of lacking parenchyma in the wood of Aragoa [59] are performed by the fibers with living protoplasts interconnected by large pits on their radial walls. The presence of such fibers has been reported also in some Plantago, Veronica, and Wulfenia species [15,18].



The presence of aerenchyma in the cortex of the stem in Aragoa is also noteworthy. Its formation is commonly associated with hypoxia resulting from waterlogging, but it may also be caused by other forms of stress [60]. Among Plantaginaceae, the aerenchyma was found either in submersed aquatic plant Littorella uniflora (L.) Asch., or in riparian species Veronica beccabunga, Bacopa monnieri, and Gratiola officinalis [18,19,27,38] that are also subjected to flooding. Although Aragoa corrugatifolia also grows in moist habitats, it does not suffer from waterlogging. We can speculate that its aerenchyma is formed in response to the local hypoxia caused by the water retained by densely arranged ericoid leaves on the young shoots. Special research is required to test this hypothesis.



The leaves of Aragoa corrugatifolia show a combination of xeromorphic (prominent cuticle) and mesomorphic (hydathodes) traits that are consistent with the ever-changing páramo environment. While the presence of glandular and nonglandular trichomes on leaves has long been considered as an important trait for systematics of the genus Plantago [40,41,61,62,63], the leaf indumentum of Aragoa has never been properly described. In his taxonomic treatment of this genus, Fernández-Alonso [3] mentioned only the presence of ciliate trichomes at the leaf margins as a characteristic trait of the section Ciliateae comprising A. kogiorum, A. lucidula, and A. funkii. We found that sessile glandular trichomes and filiform non-glandular occur on juvenile leaves of A. corrugatifolia belonging to the type section of this genus, but those are lost on mature leaves. Our observations suggest that the indumentum of young leaves in other Aragoa species also merits attention due to its potential taxonomic importance.




4. Materials and Methods


The sample of Aragoa corrugatifolia was collected by the third author and Ekaterina Shipunova on 16 March 2017 on páramo Sumapaz (west of the road in small ravine). Herbarium voucher (Shipunov P-1283) was deposited in COL. The pieces of stem and branches with leaves were fixed in 70% ethanol.



The pieces for wood anatomical study were taken from the thickest portion of the stem of this plant individual. Transverse, radial, and tangential sections (thickness 20–25 µm) were made on rotary microtomes (Ernst Leitz GMBH, Wetzlar, Germany and Jung AG Heidelberg, Germany) and stained with a 1:1 alcian blue/safranin mixture. Macerations were made using Jeffrey’s solution [64]. Fifty measurements for each quantitative wood anatomical trait were made on sections and macerated wood.



The specimens for scanning electron microscopy were prepared according to the methods of [65], including cutting with safe razors into the sections of ca. 1 mm in thickness, drying in open air in Petri dishes covered by paper to protect the samples from dust, mounting on stubs with double-stick tape, and coating with gold. The samples were investigated at 10 kV with working distance 8 mm with the TESCAN microscope (TESCAN, Brno, Czech Republic) using the VegaTS software at the central analytical facility (Spectrum) of the University of Johannesburg. Descriptive terminology for the wood structure follows recommendations of the [39] except for the recording of the vertical diameter of intervessel pits, as this trait is more suitable for comparative studies due to its lesser variability than horizontal pit size recommended by the IAWA Committee [66].



The evolution of raylessness in Plantaginaceae was clarified by mapping this trait onto a subsample of the most parsimonious tree of the combined analysis of one nuclear and three plastid regions for the family Plantaginaceae [6]. The genus Littorella was added to this tree following [8]. Character optimization along the branches of the tree was illustrated using the parsimony reconstruction method of the Character History Tracing option in the computer package Mesquite 2.75 [67].



The structure of juvenile stems and mature bark was examined on the samples embedded in glycol methacrylate (GMA) according to a modification of the [68] method. Transverse, tangential, and radial sections of about 5 µm thick were cut by using a Porter-Blum MT-1 ultramicrotome. Bark sections were then stained with toluidine blue method before being mounted in Entellan. Measurements of sieve tube members were made in fragments of secondary phloem macerated using Jeffrey’s solution [37]. For examination of sieve plate morphology, the radial sections of mature bark of 20–25 µm were made with freezing microtome (Ernst Leitz GMBH, Wetzlar, Germany), stained with resorcin blue according to [69], and embedded in Euparal. Descriptive bark anatomical terminology follows [70].







Author Contributions


A.O. and A.S. conceived and initiated the study; N.V. executed the anatomical examination under A.O.’s supervision; A.O. writing—Original draft preparation; N.V. and A.S. writing—Review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University of Johannesburg, by the Komarov Botanical Institute of the Russian Academy of Sciences (institutional research projects # AAAA-A17-117051810115-1), and by the Russian Foundation of Basic Research (grant #19-04-00714).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pennell, F.W. Taxonomy and distribution of Aragoa, and its bearing on the geological history of the Northern Andes. Proc. Acad. Nat. Sci. USA 1937, 89, 425–432. [Google Scholar]

	



Fernández-Alonso, J.L. Novedades taxonómicas en Aragoa H.B.K. (Scrophulariaceae) y sinopsis del género. Anales Jard. Bot. 1993, 51, 73–96. [Google Scholar]

	



Fernández-Alonso, J.L. Scrophulariaceae-Aragoeae. Flora 1995, 16, 1–224. [Google Scholar]

	



Bello, M.A.; Rudall, P.J.; González, F.; Fernández-Alonso, J.L. Floral morphology and development in Aragoa (Plantaginaceae) and related members of the order Lamiales. Int. J. Plant Sci. 2004, 165, 723–738. [Google Scholar] [CrossRef]

	



Sklenář, P.; Dušková, E.; Balslev, H. Tropical and temperate: Evolutionary history of páramo flora. Bot. Rev. 2011, 77, 71–108. [Google Scholar] [CrossRef]

	



Albach, D.C.; Meudt, H.M.; Oxelman, B. Piecing together the “new” Plantaginaceae. Am. J. Bot. 2005, 92, 297–315. [Google Scholar] [CrossRef] [PubMed]

	



Bello, M.A.; Chase, M.W.; Olmstead, R.; Rønsted, N.; Albach, D. The páramo endemic Aragoa is the sister genus of Plantago (Plantaginaceae; Lamiales): Evidence from plastid rbcL and nuclear ribosomal ITS sequence data. Kew Bull. 2002, 57, 585–597. [Google Scholar] [CrossRef]

	



Mower, J.P.; Guo, W.; Partha, R.; Fan, W.; Levsen, N.; Wolff, K.; Nugent, J.M.; Pabón-Mora, N.; González, F. Plastomes from tribe Plantagineae (Plantaginaceae) reveal infrageneric structural synapormorphies and localized hypermutation for Plantago and functional loss of ndh genes from Littorella. Mol. Phylogenet. Evol. 2021, 162, 107217. [Google Scholar] [CrossRef]

	



Hoggard, R.K.; Kores, P.J.; Molvray, M.; Hoggard, G.D.; Broughton, D.A. Molecular systematics and biogeography of the amphibious genus Littorella (Plantaginaceae). Am. J. Bot. 2003, 90, 429–435. [Google Scholar] [CrossRef] [PubMed]

	



Mennega, A.M.W. On unusual wood structures in Scrophulariaceae. Acta Bot. Neerl. 1975, 24, 359–360. [Google Scholar]

	



InsideWood. 2004-Onwards. Available online: http://insidewood.lib.ncsu.edu/ (accessed on 10 April 2021).

	



Lersten, N.R.; Curtis, J.D. Idioblasts and other unusual internal foliar secretory structures in Scrophulariaceae. Plant Syst. Evol. 2001, 227, 63–73. [Google Scholar] [CrossRef]

	



Dill, F.E. Morphology of Veronicastrum virginicum. Trans. Kansas Acad. Sci. 1941, 44, 158–163. [Google Scholar] [CrossRef]

	



Metcalfe, C.R.; Chalk, L. Anatomy of the Dicotyledons; Clarendon Press: Oxford, UK, 1950; Volume 2, pp. 1052–1059. [Google Scholar]

	



Carlquist, S. Wood anatomy of insular species of Plantago and the problem of raylessness. Bull. Torrey Bot. Club 1970, 97, 353–361. [Google Scholar] [CrossRef]

	



Carlquist, S. Living cells in wood. 2. Raylessness: Histology and evolutionary significance. Bot. J. Linn. Soc. 2015, 178, 529–555. [Google Scholar] [CrossRef]

	



Schweingruber, F.H.; Börner, A.; Schulze, E.-D. Atlas of Stem Anatomy in Herbs, Shrubs und Trees; Springer: Berlin/Heidelberg, Germany, 2011; Volume 2, pp. 1–415. [Google Scholar]

	



Schweingruber, F.; Landolt, W. The Xylem Database. Swiss Federal Institute for Forest, Snow and Landscape Research. 2010. Available online: https://www.wsl.ch/dendropro/xylemdb/ (accessed on 10 April 2021).

	



Kaplan, A.; Hasanoğlu, A.; Ikbal, A.I. Morphological, anatomical and palynological properties of some Turkish Veronica L. species (Scrphulariaceae). Int. J. Bot. 2007, 3, 23–32. [Google Scholar] [CrossRef]

	



Ida Christi, V.E.; Senthamarai, R. Qualitative and quantitative pharmacognostical studies on Scoparia dulcis Linn leaf. Int. J. Pharm. Pharmaceut. Res. 2015, 3, 57–74. [Google Scholar]

	



Doležal, J.; Dvorský, M.; Börner, A.; Wild, J.; Schweingruber, F.H. Anatomy, Age and Ecology of High Mountain Plants in Ladakh, the Western Himalaya; Springer: Cham, Switzerland, 2018; p. 616. [Google Scholar]

	



Carlquist, S. A theory of paedomorphosis in dicotyledonous woods. Phytomorphology 1962, 12, 30–45. [Google Scholar]

	



Kostytschew, S. Der Bau und das Dickenwachstum der Dikotylenstämme. Ber. Dtsch. Bot. Ges. 1922, 40, 297–305. [Google Scholar]

	



Kostytschew, S. Der Bau und das Dickenwachstum der Dikotylenstämme. Beih. Bot. Zentralbl. 1924, 40, 295–350. [Google Scholar]

	



Helm, J. Untersuchungen über die Differenzierung der Sprossscheitelmeristeme von Dikotylen, unter besonderer Berücksichtig- ung des Prokambiums. Planta 1931, 15, 105–191. [Google Scholar] [CrossRef]

	



Krumbiegel, A.; Kästner, A. Sekundäres Dickenwachstum von Sproß und Wurzel bei annuellen Dicotylen. Biosyst. Ecol. 1993, 4, 1–49. [Google Scholar]

	



Hussain, K. Bacopa monnieri (L.) Lennell—A good biomarker of water pollution/contamination. J. Stress Physiol. Biochem. 2010, 6, 91–101. [Google Scholar]

	



Hamed, K.A.; Hassan, S.A.; Mohamed, A.-S.H.; Hosney, N.K. Morphological and anatomical study on Plantaginaceae Juss. and some related taxa of Scrophulariaceae Juss. Egypt. J. Exp. Biol. Bot. 2014, 10, 135–146. [Google Scholar]

	



Ahmed, E.M.; Desoukey, S.Y.; Fouad, M.A.; Kamel, M.S. A pharmacognostical study of Russelia equisetiformis Sch. & Cham. Int. J. Pharmacog. Phytochem. Res. 2016, 8, 174–192. [Google Scholar]

	



Beck, C.B. An Introduction to Plant Structure and Development; Plant Anatomy for the Twenty-First Century; Cambridge University Press: Cambridge, CA, USA, 2010; pp. 1–464. [Google Scholar]

	



Claßen-Bockhoff, R.; Franke, D.; Krämer, H. Early ontogeny defines the diversification of primary vascular bundle systems in angiosperms. Bot. J. Linn. Soc. 2021, 195, 281–307. [Google Scholar] [CrossRef]

	



Cumbie, B.G. Development and structure of the xylem in Canavalia (Leguminosae). Bull. Torrey Bot. Club 1967, 94, 162–175. [Google Scholar] [CrossRef]

	



Cumbie, B.G. Developmental changes in the xylem and vascular cambium of Apocynum sibiricum. Bull. Torrey Bot. Club 1969, 96, 629–640. [Google Scholar] [CrossRef]

	



Soh, W.Y. Early ontogeny of vascular cambium II. Aucuba japonica and Weigela coraeensis. Bot. Mag. 1974, 87, 17–32. [Google Scholar]

	



Soh, W.Y. Early ontogeny of vascular cambium III. Robinia pseudo-acacia and Syringa oblata. Bot. Mag. 1974, 87, 99–112. [Google Scholar] [CrossRef]

	



Myśkow, E. Procambium–cambium transition during vascular meristem development in Diospyros lotus. Botany 2010, 88, 985–993. [Google Scholar] [CrossRef]

	



Michener, D.S. Wood and leaf anatomy of Keckiella (Scrophulariaceae): Ecological considerations. Aliso 1981, 10, 39–57. [Google Scholar] [CrossRef]

	



Kalashnikova, O.A.; Bildanova, L.I.; Ryzhov, V.M.; Tarasenko, L.V. Morphological and anatomical analysis of Gratiola officinalis L. In Pharmaceutical Botany: Its Present State and Perspectives; Kurkin, V.A., Ed.; SamGMU: Samara, Russia, 2017; pp. 92–103. (In Russian) [Google Scholar]

	



Pilger, R. Vergleichende Anatomie der Gattung Plantago mit Rücksicht auf die Existenzbedingungen. Bot. Jahrb. 1898, 25, 296–351. [Google Scholar]

	



Filippa, E.; Barboza, G.E.; Luján, M.C.; Ariza Espinar, L. Anatomía foliar de las especies centro-argentinas de Plantago (Plantaginaceae). Darwiniana 1999, 37, 1–13. [Google Scholar]

	



Esau, K. Origin and development of primary vascular tissues in seed plants. Bot. Rev. 1943, 9, 125–206. [Google Scholar] [CrossRef]

	



Carlquist, S. Living cells in wood. 1. Absence, scarcity, and histology of axial parenchyma as keys to function. Bot. J. Linn. Soc. 2015, 177, 291–321. [Google Scholar] [CrossRef]

	



Wang, J.C.; Pan, B.R.; Albach, D.C. Evolution of morphological and climatic adaptations in Veronica L. (Plantaginaceae). PeerJ 2016, 4, e2333. [Google Scholar] [CrossRef]

	



Carlquist, S. Comparative Wood Anatomy. Systematic, Ecological, and Evolutionary Aspects of Dicotyledon Wood, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2001; pp. 1–448. [Google Scholar]

	



Padrón, R.S.; Wilcox, B.P.; Crespo, P.; Célleri, R. Rainfall in the Andean Páramo: New insights from high-resolution monitoring in southern Ecuador. J. Hydrometeorol. 2015, 16, 985–996. [Google Scholar] [CrossRef]

	



Cárdenas, M.F.; Tobón, C.; Rock, B.N.; del Valle, J.I. Ecophysiology of frailejones (Espeletia spp.), and its contribution to the hydrological functioning of páramo ecosystems. Plant Ecol. 2018, 219, 185–198. [Google Scholar] [CrossRef]

	



Rada, F.; Azócar, A.; García-Núñez, C. Plant functional diversity in tropical Andean páramos. Plant Ecol. Divers. 2019, 12, 1–15. [Google Scholar] [CrossRef]

	



Alves, E.S.; Angyalossy-Alfonso, V. Ecological trends in the wood anatomy of some Brazilian species 1. Growth rings and vessels. IAWA J. 2000, 21, 3–30. [Google Scholar] [CrossRef]

	



Lindorf, H. Eco-anatomical wood features of species from a very dry tropical forest. IAWA J. 1994, 15, 361–376. [Google Scholar] [CrossRef]

	



Baas, P.; Ewers, F.W.; Davies, S.D.; Wheeler, E.A. The evolution of xylem physiology. In Evolution of Plant Physiology from Whole Plants to Ecosystems; Hemsley, A.R., Poole, I., Eds.; Linnean Society Symposium Series No. 21; Elsevier Academic Press: London, UK, 2004; pp. 273–296. [Google Scholar]

	



Wheeler, E.A.; Baas, P.; Rodgers, S. Variations in dicot wood anatomy: A global analysis based on the Insidewood database. IAWA J. 2007, 28, 229–258. [Google Scholar] [CrossRef]

	



Hargrave, K.R.; Kolb, K.J.; Ewers, F.W.; Davis, S.D. Conduit diameter and drought-induced embolism in Salvia mellifera Greene (Labiatae). New Phytol. 1994, 126, 695–705. [Google Scholar] [CrossRef]

	



Hacke, U.G.; Sperry, J.S.; Wheeler, J.K.; Castro, L. Scaling of angiosperm xylem structure with safety and efficiency. Tree Physiol. 2006, 26, 689–701. [Google Scholar] [CrossRef] [PubMed]

	



Cai, J.; Tyree, M.T. The impact of vessel size in vulnerability curves: Data and models for within-species variability in saplings of aspen, Populus tremuloides Michx. Plant Cell Environ. 2010, 33, 1059–1069. [Google Scholar] [CrossRef]

	



Lens, F.; Sperry, J.S.; Christman, M.A.; Choat, B.; Rabaey, D.; Jansen, S. Testing hypotheses that link wood anatomy to cavitation resistance and hydraulic conductivity in the genus Acer. New Phytol. 2011, 190, 709–723. [Google Scholar] [CrossRef]

	



Jacobsen, A.L.; Pratt, R.B.; Venturas, M.D.; Hacke, U.G. Large volume vessels are vulnerable to water-stress-induced embolism in stems of poplar. IAWA J. 2019, 40, 4–22. [Google Scholar] [CrossRef]

	



Roth-Nebelsick, A.; Speck, T. Mechanical and hydrodynamic properties of vessels with tertiary helical thickenings: New information about possible functional relationships. In Plant Biomechanics; Spatz, H.-C., Speck, T., Eds.; Thieme: Stuttgart, Germany, 2000; pp. 265–271. [Google Scholar]

	



Kedrov, G.B. Functioning wood. Wulfenia 2012, 19, 57–95. [Google Scholar]

	



Morris, H.; Plavcová, L.; Cvecko, P.; Fichtler, E.; Mark, A.F.; Gillingham, M.A.F.; Martínez-Cabrera, H.I.; McGlinn, D.J.; Wheeler, E.; Zheng, J.M.; et al. A global analysis of parenchyma tissue fractions in secondary xylem of seed plants. New Phytol. 2016, 209, 1553–1565. [Google Scholar] [CrossRef]

	



Evans, D.E. Aerenchyma formation. New Phytol. 2003, 161, 35–49. [Google Scholar] [CrossRef]

	



Andrzejewska, E.; Świętosławski, I. The morphology of hairs in species of Plantago L. sections: Leucopsyllium Decne. and Hymenopsyllium Pilger. Acta Soc. Bot. Poloniae 1988, 57, 9–19. [Google Scholar] [CrossRef]

	



Andrzejewska, E.; Świętosławski, I. The morphology of hairs in species of Plantago L. sections: Bauphula Decne. and Arnoslossum Decne. Acta Soc. Bot. Poloniae 1989, 58, 15–45. [Google Scholar] [CrossRef]

	



Andrzejewska, E.; Świętosławski, I. Hair anatomy in Plantago subg. Psyllium (Plantaginaceae). Plant Syst. Evol. 1993, 184, 113–123. [Google Scholar] [CrossRef]

	



Johansen, D.A. Plant Microtechnique; McGraw-Hill: New York, NY, USA, 1940; pp. 1–525. [Google Scholar]

	



Exley, R.R.; Meylan, B.A.; Butterfield, B.G. A technique for obtaining clear cut surfaces on wood samples prepared for the scanning electron microscope. J. Microsc. 1977, 110, 75–78. [Google Scholar] [CrossRef]

	



IAWA Committee. IAWA list of microscopic features for hardwood identification. IAWA Bull. 1989, 10, 219–332. [Google Scholar]

	



Maddison, W.P.; Maddison, D.R. Mesquite: A Modular System for Evolutionary Analysis. Version 2.75. 2011. Available online: http://mesquiteproject.org (accessed on 12 February 2021).

	



Feder, N.; O’Brien, T.P. Plant microtechnique: Some principles and new methods. Am. J. Bot. 1968, 55, 123–142. [Google Scholar] [CrossRef]

	



Cheadle, V.I.; Gifford, E.M.; Esau, K. A staining combination for phloem and contiguous tissues. Stain Technol. 1953, 28, 49–53. [Google Scholar] [CrossRef] [PubMed]

	



Angyalossy, V.; Pace, M.R.; Evert, R.F.; Marcati, C.R.; Oskolski, A.A.; Terrazas, T.; Kotina, E.; Lens, F.; Mazzoni-Viveiros, S.C.; Angeles, G.; et al. IAWA list of microscopic bark features. IAWA J. 2016, 37, 517–615. [Google Scholar] [CrossRef]








[image: Plants 10 01773 g001 550] 





Figure 1. Apical meristem and primary tissues in young shoot of Aragoa corrugatifolia, light microscopy (LM). (A) Radial longitudinal section (RLS) of young shoot, approximate positions of the transverse sections (TS) shown on Figure 1C,D (a), Figure 1E,F (b), Figure 1G,H (c), Figure 11I,J (d), and Figure 2A,B (e); (B) tip of young shoot observed in partially polarized light (RLS), shoot apical meristem (SAM) with leaf primordium (lp) and peripheral zone (diamonds), procambium cells (stars), protoxylem elements (x); (C) shoot tip at the SAM level (TS), 3/8 phyllotaxis, leaf primordia with solitary leaf traces, young leaves with three vascular bundles; (D) SAM with leaf primordia (TS); (E) shoot tip just below the SAM level (TS); procambium ring, leaf traces (asterisks); (F) portion of the procambium ring shown on Figure 1E (TS), leaf trace (asterisk), protoxylem (arrowheads), and protophloem (arrows) elements; (G) young shoot in the lower portion of first elongated internode (TS), procambium ring, offset of leaf trace (asterisk). (H) Portion of the procambium ring shown on Figure 1G (TS), radial seriations of procambial cells, elements of primary xylem (arrowheads) and primary phloem (arrows); (I) stem and leaf base at the level of fifth elongated internode (RLS), procambium ring (pc), pith (p), cortical aerenchyma (ca), sclereids at the leaf base (sc), epidermis, leaf trace (lt), filiform trichome (ft); (J) portion of the procambium ring shown in Figure 1I observed in partially polarized light (RLS), tracheary elements with helical (h) and reticulate (r) patterns of secondary cell wall. Scale bars: 100 µm for (A,C,E,G), 50 µm for (B,D,I,J), 20 µm for (F,H). 
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Figure 2. (A,B) Structure of young stem in Aragoa corrugatifolia (LM). (A) Young shoot with prominent leaf bases in the lower portion of fourth elongated internode (TS), vascular cambium with juvenile rings of secondary xylem and secondary phloem, cortical aerenchyma, leaf bases (asterisks) outlined with the bands of sclereids (sc); (B) portion of the ring of secondary conductive tissues shown in Figure 2A (TS), continuous rings of secondary xylem (sx) and secondary phloem (sp). (C–F) Structure of mature bark. (C) Secondary phloem, cortex with aerenchyma, periderm with uniseriate phelloderm, and prominent phellem made of thick-walled cell (TS); (D) Portion of periderm, phellem cells with thick sclerified walls, thin-walled phelloderm cells in one to two layers (TS); (E) portion of secondary phloem and cortical aerenchyma shown in Figure 2C (TS), sieve tubes with companion cells in radial groups (*), obliterated phloem elements (oe), large intercellular spaces in cortex; (F) tangential longitudinal section (TLS) of secondary phloem; strands of phloem axial parenchyma, lack of rays. Scale bars: 100 µm for (A,C), 50 µm for (B,F), 20 µm for (D,E). 
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Figure 3. Leaf structure of Aragoa corrugatifolia. (A) Abaxial leaf side (SEM), sessile glandular trichomes (arrowheads); (B) adaxial leaf side (SEM), hydathode pore on the leaf tip; (C) hydathode pore at the leaf tip shown on Figure 3B (SEM); (D) TS of leaf in its middle portion (LM), epidermis with prominent cuticle, spongy mesophyll, three vascular bundles; (E) TS of leaf in its basal portion (LM), epidermis with prominent cuticle, spongy mesophyll, branch point of vascular bundles; (F) fragment of leaf (TS, LM), sessile glandular trichomes on adaxial and abaxial epidermis (arrows), cross sections of filiform trichomes (arrowheads); (G) stalked glandular trichome on adaxial epidermis (LM); (H) Abaxial epidermis (LM) from midrib without stomata (top) and lateral portions of leaf with anomocytic stomata (bottom). (I) Adaxial leaf side (SEM), anomocytic stomata, epidermal cells with curved anticlinal walls. (J) Midrib region on adaxial leaf side (SEM), epidermal cells with straight anticlinal walls, hollow with glandular trichome. Scale bars: 200 µm for (A,B), 50 µm for (C–E,H–J), 20 µm for (F,G). 
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Figure 4. Wood structure of Aragoa corrugatifolia. (A) TS of wood (LM), growth rings absent, very narrow vessels, libriform fibers with living protoplasts; axial parenchyma and rays absent; (B) TLS of wood (LM), very narrow vessels, lack of rays; (C) RLS of wood (LM), imperforate elements with numerous pits in radial walls, lack of rays; (D) vessel elements on RLS (SEM), simple perforation plates, helical thickenings on vessel walls; (E) vessel element and fibriform fiber on RLS (SEM), simple perforation plates, helical thickenings on vessel walls, pits on the fiber wall (right); (F) vessel elements on RLS (SEM), helical thickenings on vessel walls; minute intervessel pits. Scale bars: 100 µm for (A–C), 10 µm for (D–F). 






Figure 4. Wood structure of Aragoa corrugatifolia. (A) TS of wood (LM), growth rings absent, very narrow vessels, libriform fibers with living protoplasts; axial parenchyma and rays absent; (B) TLS of wood (LM), very narrow vessels, lack of rays; (C) RLS of wood (LM), imperforate elements with numerous pits in radial walls, lack of rays; (D) vessel elements on RLS (SEM), simple perforation plates, helical thickenings on vessel walls; (E) vessel element and fibriform fiber on RLS (SEM), simple perforation plates, helical thickenings on vessel walls, pits on the fiber wall (right); (F) vessel elements on RLS (SEM), helical thickenings on vessel walls; minute intervessel pits. Scale bars: 100 µm for (A–C), 10 µm for (D–F).



[image: Plants 10 01773 g004]







[image: Plants 10 01773 g005 550] 





Figure 5. Distribution of the presence or absence of rays in the wood mapped onto a subsample of the most parsimonious tree of the combined analysis of one nuclear and three plastid regions for the family Plantaginaceae [8]. The genus Littorella was added to this tree following [9]. The names of genera containing shrubby species are underlined; other genera are herbaceous. 






Figure 5. Distribution of the presence or absence of rays in the wood mapped onto a subsample of the most parsimonious tree of the combined analysis of one nuclear and three plastid regions for the family Plantaginaceae [8]. The genus Littorella was added to this tree following [9]. The names of genera containing shrubby species are underlined; other genera are herbaceous.



[image: Plants 10 01773 g005]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
-

DO

T

P

i B
L

@

-
L/ AN

7

e

o

Y D. ,1
Y " 3 L
y P FE
i’r‘.",‘i, w0 @
oA TIPS

<
1
v






nav.xhtml


  plants-10-01773


  
    		
      plants-10-01773
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
| | Rays absent 0O Veronica

|

== Rays present in some species B
.

|

O Picrorhiza

B Rays present in all species

O Wulfenia

IO Veronicastrum

[——0 Plantago
] O Littorella
O Aragoa
0O Erinus

' 0 Digitalis

h---

B /soplexis

m Campylanthus

B Globularia
B Antirrhinum

W L/naria

B Kickxia

B Russelia

m Keckiella

m Penstemon

B Bacopa

m Scoparia

B Gratiola





media/file9.jpg
1 Rays absent Veronica,
S Rays present in some species
M Rays present in all species

————






media/file0.png





media/file8.png
e
™
: :,.ll.,.owﬂqci_lnl.uo, £
.-...'..c..fc ,.e.;l-sbm.a,.l.,
| W . B ! : ;
P @ 0 B 0 W 2086 PE e
o I&n.h.»\./v_“.a.

28
:.O,Irlv,nl
L s ) ‘n

p
A Lls  Terr

B i
Tt Lo UL e
- m e P R >
I..t.alu'.lu.o.
AWM.
n‘.o-‘..\‘

pr
®By &
- -

P anagi <8
eRi@c | WL

L L g ity
P L T s

s @
> -






media/file6.png





