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ABSTRACT
Hydric �uctuations in the Pantanal comprise annual dry and wet seasons that modify local diversity and plant 

morphology and anatomy. Widespread in this wetland are the sympatric Pontederia azurea and P. crassipes, which, 

although primarily aquatic, can also develop in non-�ooded environments. �is study undertook a comparative 

investigation of the qualitative and quantitative phenotypic responses and strategies of these two species (regarding 

life-form and leaf morpho-anatomy) in moderately dry and aquatic environments in the Pantanal. Field observations, 

conventional methods in plant anatomy, and leaf biometry were performed, followed by statistical analyses. Phenotypic 

responses, such as the decreased size of lacunae, increased ligni�cation of vessel elements, and storage of starch 

granules, are the most prominent responses associated with moderately dry environments. �e ability of petioles 

to elongate and in�ate seems to be closely related to speci�c morphological patterns of each species. In contrast, 

petiole length, leaf blade dimensions, size of lacunae, and ligni�cation rates seem to be somewhat associated with 

water level �uctuations. Our results provide evidence of how plant structure can simultaneously re�ect phylogeny 

and ecology, thus supporting further investigations into phenotypic plasticity.
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Introduction

In Central-Western Brazil, the Pantanal wetland exhibits 

a remarkable hydric �uctuation comprising dry and wet 

seasons, which seasonally modi�es plant diversity (Pedralli 

1992; Prado et al. 1994; Pott & Pott 1997; 2000; Bao et 

al. 2018; Catian et al. 2018). In this sense, hydrological 

cycles characterize a fundamental environmental factor, 

in�uencing and modifying the �oristic composition and 

morphology and anatomy of plants living in wetlands  

(Blom et al. 1990; Bornette & Amoros 1991; Henry et al. 1994; 

Scremin-Dias 2000a; 2009; Bornette et al. 2001, Scremin-

Dias et al. 2011).

�e ability that the same species has to develop in non-

�ooded (or exclusively terrestrial) and �ooded (i.e., aquatic) 

environments is an inherent strategy of its survival and 

colonization in floodplains (Scremin-Dias 2000a). The 

occurrence of aquatic plants in non-�ooded environments 

— which usually occurs when ponds and riverbeds dry out 

in the Pantanal — depends on their ability to respond (e.g., 

structurally and physiologically) hydric �uctuations.�is 
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ability is an environment-dependent phenotypic expression, 

generally referred to as phenotypic plasticity (Coleman et al. 

1994; Sultan 2003). Our focus in this paper is not to address 

the intricate, genetic-based �eld of phenotypic plasticity. 

Instead, we focus on phenotypic responses to investigate 

qualitative and quantitative morpho-anatomical changes and 

strategies of aquatic species associated with seasonally dry 

environments in the Pantanal. �is kind of approach is one 

of the �rst steps in providing relevant �ndings on phenotypic 

plasticity and understanding the evolutionary patterns and 

processes in plants (Sultan 1995; 2003).

Given the importance of the Pantanal wetland as an 

ecosystem and studies focused on understanding plant 

responses and strategies to hydric �uctuations in natural 

habitats, we studied two sympatric, aquatic species: Pontederia 

azurea and P. crassipes (both formerly placed within Eichhornia; 

see Pellegrini et al. 2018 for taxonomic history). Regionally 

referred to as aguapé, these monocots belong to the exclusively 

aquatic family Pontederiaceae (Commelinales) but can 

grow and thrive in seasonally non-�ooded environments 

in this wetland. Phylogenetically, Pontederiaceae has been 

recognized as monophyletic with high statistical support and 

currently comprises two genera (Heteranthera Ruiz & Pav. and 

Pontederia L.), being P. crassipes placed in the monospeci�c 

Pontederia subg. Oshunae and P. azurea placed in Pontederia 

subg. Eichhornia (Pellegrini et al. 2018).

Pontederia azurea and P. crassipes are widespread in the 

Pantanal (Pott & Pott 2000; Pott et al. 2011; Aoki et al. 

2017—listed under Eichhornia). Both species grow in damp 

to saturated soils during the dry season, presumably resulting 

in several structural changes in their vegetative organs. Leaf 

area, density and distribution of trichomes and stomata, 

development of aerenchyma, and ligni�cation rates have been 

the most common structural changes observed in response to 

hydric �uctuations in this wetland (e.g., Scremin-Dias 1992; 

1999; 2000a; 2000b; Bona & Morretes 2003; Rodrigues et 

al. 2007; Scremin-Dias 2009; Catian & Scremin-Dias 2015; 

Santana et al. 2019).

�e goal of this study was to comparatively investigate 

qualitative and quantitative phenotypic responses and 

strategies of P. azurea and P. crassipes in moderately dry (i.e., 

non-�ooded) and aquatic (i.e., �ooded) environments in the 

Pantanal, regarding life-form and leaf (i.e., petiole and leaf 

blade). We hypothesize that phenotypic responses of the 

sympatric but not phylogenetically closely related species  

P. azurea and P. crassipes re�ect the phylogeny and ecology 

of Pontederiaceae.

Materials and methods

Study sites and sampling

Sampling was carried out in a transitional zone that 

progressively dries in the course of the low water phase in 

the Pantanal. Two temporary ponds (i.e., site 1 and site 2) 

along the Miranda River, municipality of Corumbá, State of 

Mato Grosso do Sul, Brazil (Fig. 1), were chosen as the study 

sites. For both study sites, 50 sympatric specimens each of 

Pontederia azurea and P. crassipes were randomly sampled in 

September 2006 and 2007: (i) at the center of the temporary 

ponds (i.e., �ooded environment, about 1 m water depth); and 

(ii) at the margin of the temporary ponds (i.e., non-�ooded 

environment, wet soil). Sampling was carried out taking into 

account the clonal strategies of Pontederiaceae (see Barrett 

& Graham 1997) to ensure that intraspeci�c variations were 

addressed. For both environments, two specimens of each 

species were housed in the Herbarium CGMS at Universidade 

Federal de Mato Grosso do Sul (UFMS), under voucher 

numbers 22.262 and 22.295 (P. azurea), and 30.640 and 

31.256 (P. crassipes)—all registered as Eichhornia. Herbarium 

acronym follows �iers (2020, continuously updated).

As a conceptual and terminological note, we did not 

consider non-�ooded environments (i.e., damp, saturated, 

and seasonally �ooded) as representing truly terrestrial 

environments. Based on �eld observations, plants living 

in these environments in the Pantanal generally endure 

seasonal �ooding and regularly have to tolerate high soil 

humidity levels. �erefore, the terms “aquatic environment” 

and “moderately dry environment” were respectively used 

as proxies for the �ooded and non-�ooded environments 

herein studied.

Qualitative analysis (anatomy and histochemistry)

Light microscopy (LM). For each species, mature leaves 

(i.e., leaf blades and petioles) of �ve specimens were taken 

from the third or fourth stem node and �xed in FAA50 for 

48 hours (Johansen 1940). Samples were then washed three 

times within two hours in distilled water and stored in 70 % 

ethanol. Each sample was dehydrated through a graded 

n-butyl series and embedded in glycol methacrylate (Leica 

Historesin Embedding Kit) following conventional methods. 

Cross-sections were made in the middle portion of leaf 

blades and petioles with the aid of a rotary microtome Leica 

RM 2145 (5 µm) and free-handed. Sections were stained 

with Alcian Blue and Basic Fuchsin (Luque et al. 1996) or 

0.05 % Toluidine blue with pH 4.7 (O’Brien et al. 1964). 

Histochemical analyses were performed using free-handed 

cross-sections. �e presence of starch granules and phenolic 

compounds were tested with iodine and ferric chloride 

reactions, respectively (Johansen 1940). Tests with acetic 

acid and hydrochloric acid were carried out to con�rm the 

nature of crystals (Johansen 1940). Photomicrographs 

were obtained using a Leica DM 5500B microscope through 

the Leica Application Suite LASV3.8. at the Laboratório de 

Botânica, UFMS.

Scanning electron microscopy (SEM). To describe some 

qualitative aspects in detail (e.g., shape of crystals), pieces 

of approximately 1 cm2 from the middle portion of leaf 

blades were dehydrated through a graded n-butyl series 
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and dried using the critical point drying method (Bray 

2000) (Quorum Technologies CPD 7501). Dried samples 

were vertically attached to a cylindrical sample holder (i.e., 

stub), and then coated with a thin layer of gold (Denton 

vacuum Desk III). Photomicrographs were captured with 

a DSM 940 Carl Zeiss scanning electron microscope at the 

Centro de Aquisição de Imagens e Microscopia do Instituto 

de Biociências – CAIMi/IB, Universidade de São Paulo (USP).

Quantitative structural analysis (morpho-anatomy and 
statistics)

For quantitative analyses, 50 mature leaves of each 

species from both environments (i.e., aquatic and moderately 

dry) were analyzed. �e length and diameter of petioles 

and length and width of leaf blades were measured using a 

digital caliper and ruler. �e height of epidermal cells of leaf 

blades and petioles were also measured, and the mesophyll 

thickness of leaf blades. Anatomical measurements were 

performed through the Leica Application Suite LASV3.8 

using photomicrographs obtained from LM techniques.

We regarded plants from aquatic environments (n = 50) 

and moderately dry environments (n = 50) as �xed variables. 

An ANOVA One-Way model for each species was built to 

determine the environmental in�uence on biometric data. 

In this model, the data were standardized using zero mean 

and unit variances. When needed, we used Tukey’s test for 

Figure 1. Location of the two study sites in the Pantanal, Corumbá, State of Mato Grosso do Sul, Brazil. Source: Google Earth Pro (2019).
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post-hoc comparisons. Statistical analyses were performed 

using the SigmaStat 4.0 software (Systat Sofware Inc., San 

Jose, CA) for Windows. Finally, we graphically present the 

biometric data to provide an evident representation of 

the results.

Results

Life-forms and quantitative data (anatomy and 
morphology of leaf blades and petioles)

Pontederia azurea is permanently rooted in the substrate 

in both aquatic and moderately dry environments (Fig. 2A-B), 

transitioning from a rooted-�oating plant to a procumbent 

emergent or paludal plant. Nonetheless, plants from aquatic 

environments exhibit a more signi�cant increase in petiole 

length (Figs. 2B; 3). �ere are no signi�cant di�erences, 

however, in the diameter of petioles (Fig. 3A), the length 

and width of leaf blades (Fig. 3B), and the height of 

epidermal cells (Fig. 3D) between plants from aquatic and 

moderately dry environments. In contrast, the mesophyll 

thickness of P. azurea increases in plants from moderately 

dry environments (Fig. 3C).

Pontederia crassipes is rooted in the substrate in 

moderately dry environments (i.e., procumbent emergent 

plants) (Fig. 2C), but truly free-�oating plants occur in 

aquatic environments (Fig. 2D). Pontederia crassipes exhibits 

a signi�cant increase in the length and diameter of its 

petioles (Fig. 3A) as they become in�ated (Fig. 2E, left), with 

large rotund leaves in aquatic environments. �e leaf blade 

anatomical measurements of aquatic plants show greater 

mesophyll thickness (Fig. 3C). We can also observe statistical 

di�erences in the height of the petiole epidermal cells when 

comparing plants from both environments (Fig. 3D).

Qualitative data (anatomy of leaf blades and petioles)

�e comparative analysis of the leaf anatomy of P. 

azurea and P. crassipes regarding aquatic and moderately 

dry environments are shown in Figures 4A-H, 5A-J, 6A-F. 

Data obtained from LM and SEM are merged to provide a 

better understanding of the description. �e description 

of petioles only highlights features worth mentioning 

compared to leaf blades.

Leaf blades

Both species exhibit a single layer of epidermal cells with 

thin cell walls (Fig. 4A-H). Epidermal cells are anticlinally 

more elongated in leaf blades from aquatic environments 

in P. crassipes (Fig. 4H). On the other hand, P. azurea does 

not exhibit di�erences regarding the height of epidermal 

cells (Fig. 4B, D)—see also quantitative data for both species 

in Figure 2D. Leaves are amphistomatic in both species 

(Fig. 4A-H).

�e mesophyll of both species is heterogeneous and 

comprises parenchyma cells (i.e., chlorenchyma and 

aerenchyma), with thin cell walls (Fig. 4A, C, E, G). �e 

chlorenchyma comprises three to four layers of palisade 

cells adjacent to the upper and lower leaf blade surfaces in 

P. azurea (Fig. 4B, D) and two to three layers adjacent to the 

upper surface in P. crassipes (Fig. 4F, H). Adjacent to the lower 

surface of P. crassipes, the palisade-shaped parenchyma cells 

are replaced by spongy parenchyma (Fig. 4E, G). Palisade 

cells in P. azurea are mostly compact in cross-section (Fig. 

4A, C-D), whereas P. crassipes exhibits many intercellular 

spaces (Fig. 4E-G). Aquatic plants of both species exhibit 

well-developed aerenchyma with wide lacunae (Fig. 4C, G), 

but no di�erences are remarkably discernible between plants 

from aquatic and moderately dry environments (Fig. 4A, 

C, E, G). Regarding the aerenchyma, lacunae are delimited 

by spongy parenchyma in P. crassipes (Fig. 4E-H), whereas 

irregular-shaped parenchyma cells delimit the lacunae in 

P. azurea (Fig. 4A, C). Diaphragms mostly comprised of 

stellate cells are observed in the aerenchyma of both species. 

However, they are more frequent in aquatic plants and leaf 

blades of P. azurea regardless of the environment (Figs. 

4A, C). Aside from stellate cells, round-shaped cells can 

also occur comprising the diaphragms (Fig. 6B). Idioblasts 

containing crystals (see next subsection) and phenolic 

compounds (Fig. 4A-G) are also observed.

Collateral vascular bundles surrounded by a double 

sheath occur mostly in the central portion of the leaf blade in 

P. crassipes (Fig. 4E, G) and adjacent to the epidermis of both 

surfaces in P. azurea (Fig. 4A, C). Vascular bundles exhibit 

xylem abaxially oriented (Fig. 4A-C, E, G-H). Vessel elements 

are thicker and ligni�ed in plants from moderately dry 

environments (Fig. 4B, F). Starch granules may be observed 

in bundle sheath cells, usually more evident in plants in 

moderately dry environments (data not shown).

Petioles

�e petiole anatomy of both species is quite similar 

regarding the leaf blade, in that they share: (i) single-layered 

epidermis, with thin cell walls (Fig. 5A-D); (ii) isodiametric 

parenchyma cells (i.e., chlorenchyma) adjacent to the 

epidermis (Fig. 5A-C), followed by aerenchyma comprising 

several lacunae delimited solely by isodiametric cells (Fig. 

5A-C, E, H); and (iii) collateral vascular bundles surrounded 

by a double sheath (e.g., Fig. 5B, F-G).

Plants of both species occurring in aquatic environments 

exhibit well-developed aerenchyma (Fig. 5C, D, H). Diaphragms 

mostly comprised of stellate cells are also observed in the 

aerenchyma of both species regardless of the environment 

(Figs. 5A, C, H; 6A, D, F), although they are more frequent in 

aquatic plants and petioles of P. azurea (Figs. 5A, C; 6B, D).  

Aside from the stellate cells, diaphragms of P. crassipes may 

exhibit round-shaped cells (e.g., 5I) and irregular-shaped cells 

with no intercellular spaces (e.g., Fig. 5J) in moderately dry 

and aquatic environments, respectively.
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Figure 2. Life-forms of the studied species. A-B Pontederia azurea. C-E Pontederia crassipes. A and C. Moderately dry environments, 

with damp soil. B and D. Aquatic environments. E. Morphological comparison of leaves (leaf blades and petioles) in aquatic (left) and 

moderately dry (right) environments. Scale bars = 3 cm (A-B and E); 2 cm (C-D) = 2cm. Arrows = petioles.
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Idioblasts containing styloid crystals and phenolic 

compounds are observed crossing the diaphragms (Fig. 

6C, E-F). Plants of both species from moderately dry 

environments exhibit an elevated amount of starch granules 

in their vascular bundle sheaths and diaphragms (e.g., Fig. 

5F, I). Collateral vascular bundles surrounded by a double 

sheath are arranged in two to three concentric rings adjacent 

to the epidermis (Fig. 5A, C). Vascular bundles exhibit vessel 

elements (i.e., xylem) with thicker and ligni�ed cell walls 

in plants from moderately dry environments (Fig. 5A, F).

Discussion

Life-forms and leaf morphology

As observed during �eldwork, P. azurea is permanently 

rooted in the soil regardless of the environment, transitioning 

from a rooted-�oating plant to a procumbent emergent 

or paludal plant. Alternatively, P. crassipes is procumbent 

emergent, rooted in the soil only if plants are growing 

in moderately dry environments, becoming free-�oating 

along with the rising water levels during �oods in the 

Pantanal. Although both species are regarded as aquatic 

plants, local hydric �uctuations likely play a selective role, 

driving switches between the two P. crassipes life-forms (i.e., 

procumbent emergent to free-�oating), as well as several 

structural changes in both species.

When ponds and riverbeds start to dry out in 

the Pantanal, besides seed germination and seedling 

establishment in saturated soils, free-�oating individuals 

of P. crassipes may become rooted in the soil. However, clonal 

integration between these previously aquatic individuals 

remains via stolons. Apparently, such strategies increase 

the colonization success rate of P. crassipes in transitional 

and non-�ooded zones in the Pantanal (pers. observ.). �is 

assumption is supported by a simulation study, which has 

proved that clonal integration increases growth performance 

and expansion of P. crassipes in littoral zones (Yu et al. 2019).

Vegetative propagation of the rooted-�oating P. azurea 

can also occur by stolons, but its propagation is mainly by 

stem fragmentation. It is well known that the dispersal of 

vegetative structures (i.e., stolons and fragmented stems) 

by water allows colonization of new environments by 

Pontederiaceae species (Barrett & Graham 1997). While 

the clonal strategies of P. azurea and P. crassipes seem to 

Figure 3. Graphical representation of morpho-anatomical parameters of Pontederia azurea and P. crassipes in aquatic and moderately 

dry environments. A. Length and diameter of petioles in centimeters (cm): mean length in P. azurea (t= 2.08, p<0.05, n=50); mean 

length in P. crassipes (t= 1.76, p<0.05, n=50); and mean diameter in P. crassipes (t=2.25, p<0.05, n=50). B. Length and width of leaf 

blades in centimeters (cm): mean length in P. crassipes (t=2.13, p<0.05, n=50). C. �ickness of the mesophyll in micrometers (µm): 

mean thickness in P. azurea (t= 50.84, p<0.05, n=50); mean of thickness in P. crassipes (t=50.83, p<0.05, n=50). D. Height (anticlinal 

width) of epidermal cells in micrometers (µm): mean height in P. crassipes (t= 4.34, p<0.05, n=50). * indicates statistical signi�cance.
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Figure 4. Leaf blade anatomy in cross-section (LM). A-D Pontederia azurea. E-H Pontederia crassipes. A. Specimen from a moderately 

dry environment showing mesophyll comprising palisade parenchyma adjacent to the upper and lower surfaces, and aerenchyma with 

diaphragms. B. Specimen from a moderately dry environment showing epidermal cells, palisade cells, and idioblast with phenolic 

compounds. C. Specimen from an aquatic environment showing mesophyll comprising palisade parenchyma adjacent to the upper and 

lower surfaces; and aerenchyma, with diaphragms. D. Specimen from an aquatic environment showing epidermal cells, palisade cells, 

collateral vascular bundle, and idioblasts with phenolic compounds. E. Specimen from a moderately dry environment showing mesophyll 

comprising palisade parenchyma adjacent to the upper surface, spongy parenchyma, and aerenchyma. F. Specimen from a moderately dry 

environment showing epidermal cells, palisade cells, collateral vascular bundle, and idioblasts with phenolic compounds. G. Specimen 

from an aquatic environment showing mesophyll comprising palisade parenchyma adjacent to the upper surface, spongy parenchyma, 

and aerenchyma. H. Specimen from an aquatic environment showing epidermal cells, palisade cells, collateral vascular bundle, and 

idioblasts with phenolic compounds. ae: aerenchyma. ch: chloroplasts. di: diaphragm. la: lacuna. sp: spongy parenchyma. vb: vascular 

bundle. Arrowheads = stoma. Asterisks = idioblast with phenolic compounds. Scale bars = 25 µm (B, D, F, H); 50 µm (A, C, E, G).
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Figure 5. Petiole anatomy in cross-section (LM). A, C, E, H Pontederia azurea. B, D, F-G, I-J Pontederia crassipes. A. Specimen from 

a moderately dry environment showing aerenchyma, idioblasts with phenolic compounds, and epidermal cells (inset). B. Specimen 

from a moderately dry environment showing epidermal cells, aerenchyma, collateral vascular bundle, and idioblasts with phenolic 

compounds. C. Specimen from an aquatic environment showing aerenchyma, idioblasts with phenolic compounds, and epidermal 

cells (inset). D. Specimen from an aquatic environment showing epidermal cells, aerenchyma, collateral vascular bundle, and idioblasts 

with phenolic compounds. E. Specimen from a moderately dry environment showing aerenchyma, collateral vascular bundle, and 

idioblasts with phenolic compounds. F. Specimen from a moderately dry environment showing aerenchyma, well-ligni�ed vessel 

elements comprising the vascular bundle, and starch granules. G. Specimen from an aquatic environment showing less ligni�ed vessel 

elements comprising the vascular bundle. H. Specimen from an aquatic environment showing aerenchyma with diaphragms comprised 

of stellate cells, collateral vascular bundle, and idioblasts with phenolic compounds. I. Specimen from a moderately dry environment 

showing diaphragms comprised of round-shaped cells with a high amount of starch granules. J. Diaphragms of a specimen from an 

aquatic environment showing irregular-shaped cells. ae: aerenchyma. di: diaphragm. la: lacuna. vb: vascular bundle. Arrowheads = 

starch granules. Asterisks = idioblast with phenolic compounds. Scale bars = 6 µm (D); 12 µm (B, F-G); 25 (E, H, I-J); 50 µm (A, C).
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Figure 6. SEM images of leaves (leaf blade and petioles). A Pontederia crassipes. B-F Pontederia azurea. A. Petiole in longitudinal 

view showing aerenchyma (lacunae), with diaphragms and idioblasts with styloid crystals. B. Leaf blade in cross-section showing 

vascular bundles, aerenchyma with diaphragms comprised of round-shaped cells. C. Petiole in longitudinal view showing a vascular 

bundle crossing the lacunae (aerenchyma) and idioblasts with styloid crystals. D. Petiole in cross-section showing aerenchyma with 

diaphragms comprised of stellate cells. E. Petiole in longitudinal view showing diaphragms with idioblasts and styloid crystals.  

F. Petiole in longitudinal view showing a diaphragm with an idioblast with phenolic compounds. di: diaphragm. la: lacuna. vb: vascular 

bundle. Arrowheads = idioblast with styloid crystals. Asterisks = idioblast with phenolic compounds. Scale bars = 400 µm (A, B);  

90 µm (C); 105 µm (D); 150 µm (E-F).
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be somehow related to their life-forms, it is likely that 

clonality and life-form play a role to successfully increase 

the colonization rates of both species in the Pantanal. 

�is seems to be particularly true for the free-�oating P. 

crassipes.

During �oods in the Pantanal, one of the most common 

responses of plants rooted in the soil is the elongation of 

stems and petioles to elevate leaf blades and reproductive 

structures above the water (Scremin-Dias et al. 1999; 2011; 

Scremin-Dias 2000a; 2000b; 2009). A similar response is 

also observed in P. azurea, which exhibits long petioles 

regardless of the environment and increases, even more, the 

length of its stems and petioles in wet seasons. Pontederia 

crassipes, in contrast, usually exhibits short internodes 

even in aquatic environments, with slight and occasional 

elongation of stems, petioles, and leaf blades—which seems 

to be somewhat associated with a light competition strategy 

of dense mats (see Center & Spencer 1981; Richards & Lee 

1986; Gruntman et al. 2017). In the present study, the 

distinct morphology and strategies observed in P. azurea 

and P. crassipes support the evidence that morphological 

patterns within Pontederiaceae are in�uenced by changes 

in the environment and the result of independent origins 

within the family (Barrett & Graham 1997; Pellegrini et 

al. 2018).

�e free-�oating life-form and in�ated petioles of P. 

crassipes are unique within Pontederiaceae (Sousa et al. 2016; 

Pellegrini et al. 2018). Since the emergent life-form has been 

recognized as plesiomorphic within the family (Barrett & 

Graham 1997) and P. crassipes is currently the only species 

placed in the Pontederia subg. Oshunae (Pellegrini et al. 

2018), the free-�oating life-form and in�ated petioles have 

been interpreted as autapomorphies within Pontederiaceae 

(Pellegrini et al. 2018). Although the emergent life-form 

seems to be the precursor of other life-forms within the 

family (Barrett & Graham 1997) and the in�ated petiole 

of P. crassipes is a great response that allows individuals 

to �oat, further investigations are needed to clarify the 

in�uence of water as a selective pressure driving the origin 

and evolution of life-forms in Pontederiaceae.

Leaf anatomy

Aside from morphological synapomorphies (see 

Pellegrini et al. 2018), P. azurea and P. crassipes also share 

leaf anatomical synapomorphies with other Pontederiaceae, 

such as the central portion of leaf blades with alternate 

xylem and phloem, and abaxially oriented xylem (Arber 

1925; Pellegrini et al. 2018). In contrast, the most prominent 

responses associated with moderately dry environments 

observed in the present study are: (i) an apparent decrease 

in the size of lacunae (i.e., aerenchyma); (ii) the increased 

ligni�cation of vessel elements (i.e., xylem); and (iii) the 

storage of starch granules.

Lacunae are observed in leaf blades and petioles of 

both species, regardless of the environment. However, 

as expected, the size of the lacunae is most prominent in 

plants occurring in aquatic environments regardless of 

the species, as previously observed in many other aquatic 

plants in the Pantanal (Scremin-Dias 2000a; 2000b; 2009; 

Scremin-Dias et al. 2011). Also, lacunae are expected in 

the leaves of plants in moderately dry environments due 

to some permanent moisture content in the soil, which is 

common even several months after the last �ood event in 

the Pantanal. Lacunae in plant tissues are often associated 

with aeration of organs and improvement of longitudinal 

oxygen transportation from photosynthetic areal parts 

(Pannier 1960; Sculthorpe 1967; Justin & Armstrong 1987; 

Blom et al. 1990). Since the aquatic specimens sampled 

for the present study grew in temporary ponds (i.e., lentic 

ecosystems), we can assume that a small concentration of 

dissolved oxygen in the water might cause the remarkable 

size of the lacunae. Such interpretation may be supported 

by di�erences in the percentage of lacunae in Bacopa spp. 

(Plantaginaceae) between lentic and lotic environments 

in the Pantanal (Bona & Morretes 2003). Further studies 

measuring the dissolved oxygen in temporary ponds and 

saturated soils would help interpret aerenchyma formation 

in the leaves of P. azurea and P. crassipes.

The mesophyll of P. azurea and P. crassipes is 

heterogeneous, regardless of the environment. We do not 

observe di�erences regarding the mesophyll structure 

(i.e., type and topography of the parenchyma) within the 

same species. It suggests that the mesophyll structure 

of both species is conservative and not influenced by 

hydric �uctuations. However, it is worth mentioning that 

the mesophyll structure has been previously associated 

with an increased contact between plant and water, in 

which emergent, �oating, and submerged life-forms are 

accompanied by heterogeneous isolateral, heterogeneous 

dorsiventral, and homogeneous mesostructures, respectively 

(Ronzhina & P’yankov 2001). Such correlation is also, 

curiously, observed by us in P. azurea (emergent plant 

↔ heterogeneous isolateral-like mesostructure) and P. 

crassipes (�oating plant ↔ heterogeneous dorsiventral-like 

mesostructure). Nonetheless, the adaxial-abaxial polarity 

(i.e., the distinction between adaxial and abaxial leaf blade 

surfaces or sides) in Pontederiaceae is not completely 

understood to date. Also, the odd arrangement of vascular 

bundles has been assumed as resulting from the reversion 

from abaxialized unifacial leaves in its closely related families 

(i.e., Haemodoraceae and Philydraceae—Simpson 1990; 

1998; Hamann 1998) to bifacial leaves in Pontederiaceae 

(Pellegrini et al. 2018). According to Simpson (1990), such 

characteristics might be related to adaptive strategies and 

radiation to the aquatic lifestyle of Pontederiaceae species. 

Further developmental and functional studies are needed 

to elucidate the leaf polarity hypothesis and the potential 

relationship between water and mesophyll arrangement 

in the family.
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Leaves of P. azurea and P. crassipes sampled in moderately 

dry environments exhibit vessel elements with thick and 

ligni�ed cell walls, mainly in the petioles. In general, 

ligni�cation is a dynamic, physiological process resulting 

in structural rigidity of plant cells and tissues (Bonawitz 

& Chapple 2010; Malavasi et al. 2016). In this context, 

the ligni�ed and thick vessel elements observed in both 

studied species may provide, along with �uid conduction, 

mechanical support to leaves of plants occurring in 

moderately dry environments (Scremin-Dias 1992; 

Gordon & Olson 1994; Myburg et al. 2013). Aquatic plants 

of P. azurea and P. crassipes, in contrast, presumably do 

not need much investment in ligni�cation since water 

provides mechanical support required by submerged 

and floating parts. Lignification of cells and tissues 

may also contribute to the upright position of petioles 

regardless of the environment, exposing leaf blades to 

environmental light and keeping them out of the water. 

Although tissue ligni�cation of both species supports their 

aerial structures (e.g., leaves and in�orescence main axis), 

�eld observations suggest that the ligni�cation rates are 

su�cient to allow leaf �exibility and increase the length 

of these structures. Further comparative studies on the 

lignification rates and biomechanics of P. azurea and  

P. crassipes in both environments and at di�erent water 

levels would allow more accurate conclusions.

�e large amount of starch granules observed in the 

petioles of P. azurea and P. crassipes is another remarkable 

response associated with moderately dry environments.  

A study of Ludwigia sedoides (Onagraceae) has reported 

that one of the main anatomical di�erences between 

plants from aquatic and moderately dry environments 

is many starch granules in the vegetative organs of non-

�ooded plants (Scremin-Dias 1992). Similar responses have 

been reported in Echinodorus paniculatus and E. tenellus 

(Alismataceae), which lose their aerial parts and store 

a high amount of starch granules in their roots during 

events of drought in the Pantanal (Scremin-Dias 2000a; 

2000b). Although not experimentally tested, the author 

suggested that Echinodorus plants mobilize starch stored 

during a dry season to develop new aerial parts during 

the next �ood season. Since starch mobilization processes 

are not addressed in this paper, we cannot conclude the 

subject. However, we highlight the need for experimentally-

based studies on starch biosynthesis and degradation in 

Pontederiaceae and other aquatic plants.

Conclusions

Primarily aquatic, the sympatric species P. azurea 

and P. crassipes exhibit distinct phenotypic responses in 

the Pantanal wetland. Responses such as the ability to 

elongate and in�ate petioles are somewhat a result of 

their characteristic morphology, which in turn seems to 

be closely associated with aquatic habitats and life-forms 

evolved during the evolution of Pontederiaceae (Barrett 

& Graham 1997; Sousa et al. 2016; Pellegrini et al. 2018). 

In contrast, petiole length, leaf blade dimensions, size 

of lacunae, and ligni�cation of vessel elements seem to 

be associated — but not solely — with �uctuations in 

the water level, as previously suggested for many aquatic 

species occurring in the Pantanal (see citations throughout 

this paper).

�e congeneric Pontederia azurea and P. crassipes are 

not phylogenetically closely related to each other, being 

placed in distinct subgenera (Pellegrini et al. 2018). �ey 

repeatedly share some morpho-anatomical responses 

regardless of the environment, such as the presence 

of aerenchyma and storage of starch granules, which 

provides evidence that these phenotypic convergences 

are somehow adaptive (see Givnish 1997). Adaptation 

seems an even more appealing hypothesis since some 

of these convergences have also been reported in many 

other primarily aquatic and phylogenetically unrelated 

species occurring in the Pantanal (e.g., Scremin-Dias 1992; 

2000a; 2000b; 2009; Scremin-Dias et al. 2011). Hence, 

the morpho-anatomical convergences of P. azurea and P. 

crassipes represent a promising �eld of investigation on 

phenotypic plasticity. Furthermore, phenotypic plasticity 

studies would help accurately understand the distinct and 

sometimes statistically signi�cant morpho-anatomical 

di�erences observed (e.g., leaf blade mesophyll thickness 

and the height of petiole epidermal cells herein shown). 

Such studies would allow us to distinguish whether 

these phenotypic responses are functionally adaptive or 

developmentally inevitable.

�e phenotypic responses observed in the present 

study provide evidence of how plant structure can 

simultaneously re�ect phylogeny and ecology. Further 

functional, comparative, and population studies are needed 

to provide insights into adaptation and why certain features 

are adaptive or not.
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