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•  Background and Aims  Byttneria is one of the few climbing genera in Malvaceae. Some Byttneria are known 
for their lobed stems. We explore the development of these stems, how they have evolved within the group and 
their relevance in the evolution of the climbing growth form in Malvaceae.
•  Methods  We combine developmental anatomical work with phylogenetic comparative methods. We use 
Byttneria divaricata and B. filipes as models in the anatomical work, a review of herbarium vouchers, and the most 
recent phylogeny of Byttneria and allies to elucidate how these stems evolved within the clade under maximum-
likelihood and Bayesian approaches. We use Pagel94 tests to analyse the correlated evolution of lobed stems and 
prickles.
•  Key Results  Each lobe coincides with one of the five vascular bundles. By augmented activity of the fascicular 
cambium in the lobes coupled with reduced activity of the interfascicular cambium in the interlobes, secondary 
growth increases the lobulation already present during primary growth. Within Byttneria and allies, lobed young 
stems appeared at least three times, once in Ayenia and twice in the paraphyletic Byttneria. Lobed adult stems were 
conserved in Byttneria s.s., where lobed adult stems in combination with prickles were shown to have evolved 
as a climbing mechanism within the group; prickles were lost once within Byttneria s.s., in a shrubby subclade. 
Byttneria Clade 2 comprises climbers with twining cylindrical adult stems and no prickles, which constitutes a 
different climbing mechanism in the group.
•  Conclusions  We provide evidence of one of the few cambial variants known whose secondary body reflects 
the primary body vasculature and show that lobed adult stems and prickles in Byttneria could be used in the new 
delimitation of genera in the group. Lobed stems independently appeared in climbing Grewia, suggesting a con-
vergence favouring the climbing growth form.

Key words: Climbing plants, lianas, cambial variants, non-cylindrical stems, lobed stems, ontogeny, cambium 
differential activity, Malvaceae, Byttnerioideae, Byttneria.

INTRODUCTION

Most woody plants exhibit cylindrical stems throughout their 
lives. Such cylindrical shape is already established in the pri-
mary body and is typically maintained during secondary 
growth by the activity of a vascular cambium that produces 
tissues bidirectionally and at constant rates across its girth 
(Evert, 2006). However, alternatives to this pattern have ap-
peared multiple times in the history of vascular plants and have 
been named cambial variants (Carlquist, 2001; Angyalossy 
et al., 2012, 2015). One group of such variations are the non-
cylindrical stems, which can be encountered scattered across the 
entire phylogeny of woody plants; they are present in gymno-
sperms, such as lianescent Ephedra (Ephedraceae) (Cabanillas 
et  al., 2014), as well as in numerous angiosperm lineages 
(summarized in Fig. 1, listed in Supplementary Data Table 
S1). Although much more common in climbing plants, where 
they are thought to contribute in anchoring the plant to other 
plants or supports while climbing (Angyalossy et  al., 2015),  

non-cylindrical stems may be also found in shrubs and trees, 
such as in some trees of Aspidosperma (Apocynaceae), 
Haematoxylum (Fabaceae) (Schenck, 1893; Angyalossy et al., 
2012) and several buttress trees of rainforests, where they are 
thought to provide more mechanical stability to these trees 
which commonly occur in flood-prone regions of unstable soils 
(Francis, 1924).

Three main categories of non-cylindrical stems can be rec-
ognized (Fig. 1): (1) angular stems, which may be triangular 
to hexagonal; (2) flattened stems, unilaterally or bilaterally, 
ranging from slightly oval to markedly flattened; and (3) lobed 
stems, ranging from bilobed to multilobed (Schenck, 1893; 
Obaton, 1960; Carlquist, 2001; Acevedo-Rodríguez et al., 2015 
onwards). Non-cylindrical stems as a whole commonly start cy-
lindrical and remain as such for a certain period of time after 
the vascular cambium is established. However, later their cam-
bium stops having equal activity throughout its girth with some 
sectors starting to produce more wood and/or bark than others, 
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resulting in non-cylindrical stems. The most common case is 
that of non-cylindrical stems derived from the unequal activity 
of a single cambium. This is the case of species of Heteropterys 

subsect. Aptychia (Malpighiaceae) (Amorim, 2003; Pace, 
2015) and lianescent Coccoloba (Polygonaceae) (Caballé, 
1993). Rarely, stems can already begin non-cylindrical, such 
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Fig. 1.  Non-cylindrical stems within woody angiosperm orders (monocots not considered). Three main categories are recognized: angular, flattened and lobed 
stems; a single or multiple cambia may be involved in their development. To the best of our knowledge, Malvales only exhibits lobed stems in some Malvaceae 
genera, i.e. Byttneria, Gossypioides, Gossypium and Grewia (red arrow). Topology follows Stevens (2001 onwards), and Supplementary Data Table S1 lists in 

detail all the taxa used for mapping.
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as in a number of species of Schnella (previously known as 
climbing Bauhinia; Löffler, 1914; Wagner, 1946; Basson and 
Bierhorst, 1967; Fisher and Blanco, 2014), Serjania (Johnson 
and Truscott, 1956; Cunha Neto et  al., 2017) and Paullinia 
(Cunha Neto et al., 2017; Chery et al., 2020b) (Sapindaceae). 
These initially lobed stems are either maintained and present 
in adult stems or lost when secondary growth starts and pro-
gresses (Johnson and Truscott, 1956; Cunha Neto et al., 2017; 
Chery et  al., 2020b), and in Paullinia this phenomenon has 
been shown to be important in the formation of complex stems 
in Sapindaceae (Chery et al., 2020b).

The second potential generator of non-cylindrical stems 
is the formation of multiple cambia in a single stem, ei-
ther compound stems in Sapindaceae or successive 
cambia in Convolvulaceae, Fabaceae, Menispermaceae 
and Vitaceae (Radlkofer, 1875; Schenck, 1893; Caballé, 
1993; Carlquist, 2007; Jacques and De Franceschi, 2007; 
Tamaio and Angyalossy, 2009; Rajput et al., 2012, 2017; 
Pace et  al., 2018; Dias-Leme et  al., 2020; Chery et  al., 
2020b). Only a few works have explicitly shown non-
cylindrical stems to be taxonomically informative, such as 
that of Amorim (2003), where the author shows that they 
are diagnostic for a set of species of Heteropterys subsect. 
Aptychia. However, it is likely that a closer examination 
will prove many non-cylindrical stems to be phylogenet-
ically conserved.

Within Malvaceae, the development of lobed stems was 
recently described in a single species of climbing Grewia 
from South Africa, raising interest in what is probably the 
first record of a cambial variant in the family and its pos-
sible correlation to climbing growth form (Gama, 2020; 
Gama and Oskolski, 2021). Lobed stems are not exclusive to 
Grewia though, being well known to occur also in Byttneria 
Loefl. (Cristóbal, 1976), which indicates that lobed stems 
are probably a cambial variant that evolved more than once 
in Malvaceae. Byttneria is a pantropical genus which con-
tains ~130 species, composed mostly of climbers, which 
are either lianas or leaning shrubs, shrubs, subshrubs and 
more rarely small trees, and many of them have often non-
cylindrical, lobed stems (Fig. 2) (Cristóbal, 1976, 1985; 
Barnett and Dorr, 1990). Byttneria is not monophyletic and 
is embedded within a larger clade (Whitlock and Hale, 2011; 
Sharber, 2018), which we refer to as ABRM, by the first 
initials of the genera within this clade (Ayenia, Byttneria, 
Rayleya and Megatritheca) (Byttneria s.l. according to 
Bayer and Kubitzki, 2003).

At present it is unknown how lobed stems are ontogenetic-
ally formed in Byttneria and what is their distribution in the 
phylogeny of the group. In addition, it is unknown if the con-
vergence of lobed stems in Grewia and Byttneria occurs also 
at the ontogenetic level and their relationship to the climbing 
growth form. To fill this gap, this work aimed to (1) describe in 
detail the ontogeny of non-cylindrical lobed stems of Byttneria, 
using B. divaricata and B. filipes as models, (2) delineate the 
distribution of lobed stems within the genus by an analysis of 
Byttneria and allies, (3) unravel if lobed stems evolved in a con-
vergent or conserved fashion within Byttneria and allies, and 
(4) determine the probable functional role of lobed stems in 
the evolution of the climbing growth form in the group and its 
systematic relevance.

MATERIALS AND METHODS

Nomenclature adopted

Macro stem characters. (i) Growth form (non-climbing/
climbing). We consider ‘climbers’ or ‘climbing plants’ in 
a broad way, as plants that germinate on the ground, do not 
self-support themselves and rise during their growth on an erect 
plant or inert object (Font Quer, 2001; Cabanillas and Hurrell, 
2012; Sperotto et al., 2020). These includes species described 
as ‘scandent shrub’, ‘leaning shrub’, ‘climbing shrub’, ‘liana’ 
and ‘decumbent shrub’ (Cristóbal, 1960, 1976).

(ii) Climbing plant type (by climbing mechanisms, by twining 
stem/with aid of prickles). Within climbers, we included plants 
both with ‘specialized’ or ‘active’ climbing mechanisms, e.g. 
twining stems [plants described by Cristóbal (1976) as ‘lianas’] 
as well as ‘non-specialized’ or ‘passive’ climbing mechan-
isms, such as prickles [plants described by Cristóbal (1976) as 
‘scandent shrub’, ‘leaning shrub’, ‘highly branched shrubs’ or 
‘climbing shrub’] (Darwin, 1865; Schenck, 1893; Cabanillas 
and Hurrell, 2012; Sperotto et al., 2020).

(iii) Young stem shape (cylindrical/lobed). Stems under primary 
growth or, in herbarium specimens, portions near the stem apex, 
from either the principal axis or lateral branches, ideally before 
five up to ten nodes, with any sign of primary growth.

(iv) Adult stem shape (cylindrical/lobed). Stems with secondary 
growth or, in herbarium specimens, portions near the stem base, 
from either the principal axis or lateral branches or with any 
sign of secondary growth.

(v) Cylindrical (young or adult) stem. Plants with a cylindrical 
stem outline and a smooth surface.

(vi) Lobed (young or adult) stem. Plants with a non-cylindrical 
stem outline, with a variable number of lobes. These include 
adult stems previously described in the literature of the genus 
as ‘angular’, ‘canaliculate’ ‘square’ and ‘pentagonal’, with 
‘wings’, ‘strands’, ‘concavities’ or ‘bulges’(Cristóbal, 1976).

(vii) Prickles (absence/presence). As reported by Cristóbal 
(1976). Does not include other kinds of spiny structures of dif-
ferent origins, such as modified organs (spine s.s.) or stinking 
hairs.

Plant material

Samples of entire stems from the apex (~1.5 mm diameter at 
interlobes, ~2.5 mm diameter at lobes) to the thickest portion 
(~15  mm diameter at interlobes, ~45  mm diameter at lobes) 
of two species with lobed stems from the Byttneria s.s. clade 
were collected from natural populations. Byttneria divaricata 
was collected along the margins of the Paraguay River, north 
of Corumbá, Mato Grosso do Sul, Brazil (voucher deposited at 
US and COR Herbaria, Acevedo-Rodríguez 16697). Byttneria 
filipes was collected along the margins of the Colastiné River, 
in South Colastiné, Santa Fe, Argentina (voucher deposited at 
CTES and MEXU Herbaria, Pace 1159). For anatomical pro-
cedures, stems were fixed in FAA 70 (5 % formaldehyde, 5 % 
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acetic acid, 90 % ethanol 70) (modified from Johansen, 1940) 
and after 2 d were transferred to 70 % ethanol for conservation.

Stem characters (growth form, climbing mechanism, young 
and adult stem shapes, presence of prickles) were reviewed in 
illustrations and descriptions treating Ayenia (Cristóbal, 1960), 
Byttneria (Cristóbal, 1976, 1985; Barnett and Dorr, 1990), 
Rayleya (Arbo, 1981; Cristóbal, 1981), Megatritheca (Cristóbal, 
1965) and the outgroups (Bayer and Kubitzki, 2003; Cheek and 
Dorr, 2007; Rahman et al., 2012). In addition, all vouchers of 
Ayenia and Byttneria deposited in the National Herbarium of 

Mexico (MEXU) and the Tsimbazaza Herbarium (TAN) in 
Antananarivo, Madagascar, were studied in situ. In order to con-
sider multiple specimens and other species not found in MEXU 
or TAN collections, such as various Ayenia spp., Byttneria spp., 
Rayleya bahiensis, Megatritheca grossedenticulata, plus the 
outgroups, Abroma augustum and Kleinhovia hospita, we re-
viewed the stem shapes of digitized specimens made available 
by different virtual herbaria (BR, COI, F, G, K, MO, MPU, NY, 
P, RB, S, US, W; acronyms follow Thiers, 2016) (see informa-
tion on herbaria consulted in Supplementary Data Table S2; see 

* Images not to scale
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B. biloba and B. sp.
(Atsimo-Andrefana
and Ihorombe,
Madagascar)  
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section and within
Byttneria clade 2
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Fig. 2.  An overview of stem diversity within climbing Byttneria. (A, B) Regular stemmed species from Madagascar (Pace 1051 and Pace 1037) and Mexico 
(Acevedo-Rodríguez 16352), respectively. (A) Note their twining stems. (C, D, E) Lobed stemmed species from Mexico (Acevedo-Rodríguez 16123), Brazil 
(Acevedo-Rodríguez 16697) and Argentina (Pace 1159), respectively; these species have prickles and at nodes two lobes may fusion into one lobe. (C) Note 
species may be myrmecophytes, hence the hollow stem. (D) Young stems are lobed and prickles grow exclusively upon lobes. (E) This species may be regular in 
younger branches. Note that adventitious roots grow exclusively on the interlobe areas, while prickles have the opposite pattern. **B, C and D (only adult four-

lobed) images by P. Acevedo-Rodríguez, added with permission of the author.
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authorities for ABRM species studied here, character states per 
species as well as particular sources in Table S3). Literature and 
herbaria reviews were carried out before studying the ontogeny 
and were subsequently verified, at different stages of this work.

Anatomical procedures and analyses

After making numerous hand sections and establishing the 
main switches in the developmental trajectory of Byttneria 
lobed stems, we were able to delimit three main ontogenetic 
stages: primary growth, initial secondary growth and advanced 
secondary growth. Several stem pieces were polished with sand-
paper under water to illustrate the overall stem microanatomy 
following Barbosa et al. (2021). For microanatomical analyses, 
stem samples from different regions were gradually embedded 
in PEG 1500 (polyethylene glycol) following Rupp (1964). 
Histological sections (25–30 µm) were obtained using a sliding 
microtome (American Optical Corp. 860 or Leica SM2010 R), 
with permanent steel knives polished with sandpaper (Barbosa 
et al., 2018), and by applying a coat of polystyrene foam resin 
(packaging Styrofoam dissolved in either xylene or butyl 
acetate) upon the embedded stem block (Barbosa et al., 2010) 
to ensure that soft and stiff tissues would remain connected and 
unaltered. Once the sections were put in a Petri dish with water, 
PEG 1500 was dissolved and the histological sections were sub-
sequently doubled stained in Safrablau [1 safranin : 9 astra blue 
in 50 % ethanol; Bukatsch (1972) as modified by Kraus and 
Arduin (1997)], and then dehydrated in an ethanol series (50 %, 
70 %, 96 %, 100 %). On the last step, polystyrene coating was 
removed in either xylene or butyl acetate and permanent slides 
were mounted using a synthetic resin (Hycel 7987) or Canada 
balsam (Hycel 866). Prickle sections were made by hand, fol-
lowing the same stain to mounting method, but without the use 
of polystyrene foam resin.

All sections were analysed under a compound microscope 
(Leica DM2500 and Velab prime VE-B50). Photomicrographs 
were taken with different cameras and software coupled 
to compound microscopes. Photographs and figures were 
edited using GIMP 2.10.18 (Kimball et  al., 1995–2020) 
and Inkscape 1.0 (Inkscape Developers, 2020) software. 
Measurements and counting were made using ImageJ 1.53a 
(Schneider et  al., 2012) and following IAWA guidelines 
(IAWA Committee, 1989).

Phylogenetic ancestral character state reconstructions and 
correlation analysis

This work is focused on Byttneria; however, as mentioned 
in the Introduction this genus is not monophyletic and is 
embedded within a larger clade (Whitlock and Hale, 2011; 
Sharber, 2018), which has been named here ABRM. This 
clade is organized in four main lineages: the Byttneria s.s 
clade is sister to monophyletic Ayenia, and both are sister 
to Rayleya bahiensis and a clade of Byttneria species exclu-
sively from section Vahihara; this last clade will herein be re-
ferred to as Byttneria clade 2. This entire clade is sister to the 
genus Megatritheca (Sharber, 2018). All of them comprise 

the ABRM clade and are collectively considered in our re-
constructions. This phylogeny is well supported and well 
resolved, contains 46 taxa and was reconstructed from four 
chloroplast phylogenetic markers: the trnH-psbA intergenic 
spacer, trnL intron, trnL-trnF intergenic spacer, and ~700-
bp coding region of matK (Sharber, 2018). In this work we 
use the paraphyletic nomenclature of Byttneria, as new taxo-
nomic designations are underway by the second and third 
authors.

Using information gathered from different sources (as de-
scribed in Plant material), we delimited the following charac-
ters and character states in both Mesquite and BayesTraits: (1) 
growth form (non-climbing/climbing) and climbing plant type 
(non-climbing/scandent or leaning shrub/liana), (2) young stem 
shape (cylindrical/lobed), (3) adult stem shape (cylindrical/
lobed) and (4) prickles (absence/presence). We analysed stem 
shapes from Byttneria (with representatives from five of its six 
sections, 24 spp.), Ayenia (with representatives from all three 
sections, 17 spp.), Rayleya bahiensis (monospecific genus) and 
Megatritheca grossedenticulata (one of the two species in the 
genus). We performed analyses using the majority clade con-
sensus chronogram for the ABRM clade and a sample of 20 001 
trees obtained from the phylogenetic reconstruction of Sharber 
(2018). We performed an ancestral character state reconstruc-
tion using a maximum-likelihood (ML) method for discrete 
characters, under two models of evolution, Asymmetrical 
Markov k-state 2 parameter model (AsymmMk) and Markov 
k-state 1 parameter model (Mk1) (Lewis, 2001), as imple-
mented in Mesquite 3.61 (Maddison and Maddison, 2019). 
We present the different probabilities in all cases. To account 
for phylogenetic uncertainty, we used RStudio (R Core Team, 
2020; RStudio Team, 2020) and library ape 5.4-1 (sample func-
tion) (Paradis and Schliep, 2019) to sample 1000 trees from the 
20 001 obtained by Sharber (2018). Then in BayesTraits v3.0.2 
(Pagel and Meade, 2019) we performed Bayesian inference 
(BI) analyses for each character with the 1000-tree sample, 
we reconstructed all 45 nodes of the ABRM phylogeny, recon-
structing specific nodes if present (AddNode command), under 
the Multistate model of evolution and the reversible-jump 
Markov chains Monte Carlo (rjMCMC) method, we performed 
each reconstruction three times, with 10  000  000 iterations 
and discarding 10  % as burn-in (1  000  000) for each run, 
and we specified the same hyper-prior for all reconstructions 
(revjumphp exp 0 10). We checked for convergence in Tracer 
v1.7.1. (Rambaut et al., 2018). We visualized probabilities on 
the majority clade consensus tree using RStudio 1.3.1093 (R 
Core Team, 2020; RStudio Team, 2020) and libraries ape 5.4-1 
(Paradis and Schliep, 2019), phangorn 2.5.5 (Schliep, 2011),- 
and phytools 0.7-70 (Revell, 2012). Because we used a large 
set of phylogenies for the BI, nodes with low support were not 
present in all possible phylogenies, and therefore in our recon-
structions of ancestral states we also present the possibility that 
a certain node was absent in a certain percentage of the trees, 
in which therefore no ancestral state would be reconstructed, 
since the node would be absent (no-node probabilities). To 
test character correlations, we performed a Pagel94 test for 
discrete character evolution (Pagel, 1994) as implemented in 
Mesquite (Maddison and Maddison, 2019). We tested the cor-
relation between prickles (absent/present) and adult stem shape 
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(cylindrical/lobed). Vessel width and vessel frequency means 
were compared between the lobular and interlobular areas 
using an unpaired two-tailed t-test.

Micro stem characters. Within adult lobed stems cambial 
production follows the same bidirectional pattern as in adult 
regular stems (Fig. 3A), namely secondary xylem centripet-
ally and secondary phloem centrifugally, but with two main 
areas: a lobular area that coincides with the place where the 
vascular bundles are located, therefore a fascicular area, and 
an interlobular area, which coincides with the interfascicular 
area (Fig. 3B). Within a fascicular/lobular area, there is a 
central area and a peripheral area (Fig. 3B). We preferred the 
use of the word ‘area’ since there are no clear-cut boundaries 
between lobe and interlobe, but rather a smooth transition 
between them.

RESULTS

Phylogenetic distribution of stem characters and their ancestral 
states within the ABRM clade

Here we present the trees with the Bayesian reconstructions only 
(Figs 4–6), but we discuss in the text the few cases where the 
reconstruction probabilities were different. Moreover, nodes in 
the phylogeny whose probabilities under both ML and BI were 
congruent are indicated with an arrowhead, while results indi-
cated with a simple arrow had contrasting probabilities between 
the two methods and/or lower probabilities than those indicated 
with arrowheads; probabilities are described in the text and can 
be found in Supplementary Data Table S4. For each reconstruc-
tion we present the Bayesian posterior probabilities (PP), and 
proportional likelihoods from both ML reconstructions under 

AsymmMk and Mk1 models with different and equal rates 
between the transitions of states, respectively. Both posterior 
probabilities (BI) and proportional likelihoods (ML) are pre-
sented as percentages.

Growth form and climbing plant type (Fig. 4A, B)

We present here probabilities from growth form (Fig. 4A); 
climbing plant type can be seen in Fig. 4B with the same 
main transitions. Our results indicate that the ancestral state 
of the ABRM clade was non-climbing [Fig. 4A, node 1, 69 
PP with BI, 82 % (AsymmMk) and 90 % (Mk1) with ML]. 
Climbers probably evolved at least twice within two different 
clades of Byttneria, once in Byttneria s.s. [Fig. 4A, node 23, 
97 PP with BI, 97 % (AsymmMk) and 96 % (Mk1) with ML], 
which are scandent or leaning shrubs (Fig. 4B), and once in 
Byttneria clade 2 [Fig. 4A, node 36, 99 PP with BI, 96  % 
(AsymmMk) and 95 % (Mk1) with ML], which are twining 
lianas (Fig. 4B). Within Byttneria s.s., the climbing growth 
form was lost once in the subclade composed of erect shrubs 
and subshrubs in B. jaculifolia (erect or decumbent), B. 
pedersenii, B. stenophylla, and B. scabra [Fig. 4A, node 30, 
99 PP with BI, 93 % (AsymmMk) and 95 % (Mk1) with ML]. 
The remaining species from Byttneria s.s. are shrubs or erect 
small trees in B. morii, B. schunkei and B. fruticosa. Here 
there is also considerable probability under BI that climbers 
evolved one node down at node 35 (Fig. 4A, 67 PP climbing 
with BI), a clade that includes Byttneria clade 2 and Rayleya. 
However, ML suggests the opposite scenario, with a 70  % 
(AsymmMk) and 80 % (Mk1) chance that this node was in-
stead non-climbing.
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Fig. 3.  Terminology adopted for description of lobed stems. (A) Cylindrical stem (regular) during secondary growth. (B) Non-cylindrical lobed stem during 
secondary growth, with fascicular/lobular (dashed rectangles) areas and interfascicular/interlobular areas (solid lined rectangles). The fascicular/lobular area 
comprises a central area and a peripheral area (dashed lines). Blue filling corresponds to the bark (ba), which encompasses all tissues outside of the vascular cam-
bium (vc, bold black line), namely secondary phloem, cortex and periderm, red to secondary xylem (sx) and white to the pith (pi), while yellow ovals represent 

protoxylem poles (pxp), indicating the location of vascular bundles during primary growth.
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Young stem shape (Fig. 5A)

Values at the ABRM clade ancestral node are contradictory 
[Fig. 5A, node 1, 70 PP cylindrical with BI, 71 % (AsymmMk) 
and 85 % (Mk1) lobed with ML]. If cylindrical, young lobed 
stems probably appeared at least three times independently 
within the ABRM clade, once in Ayenia [Fig. 5A, node 14, 
99 PP with BI, 98 % (AsymmMk) and 99 % (Mk1) with ML] 
and twice within Byttneria, once in Byttneria s.s. [Fig. 5A, 
node 23, 97 PP with BI, 98 %(AsymmMk) and 100 % (Mk1) 
with ML] and once at node 36 [Fig. 5A, 96 PP with BI, 98 % 
(AsymmMk) and 100 % (Mk1) with ML] or at node 35 [Fig. 
5A, 88 PP with BI, 88 % (AsymmMk) and 98 % (Mk1) with 
ML], a clade that includes Byttneria clade 2 and Rayleya. 
Within Ayenia there are four species with young lobed stems 
(A.  berlandieri, A.  paniculata, A.  magna and A.  palmeri), 
usually three-lobed. In contrast, within both Byttneria s.s. 
and Byttneria clade 2, although B. scabra has typically more 

than five lobes, four- to five-lobed species prevail, including 
Rayleya bahiensis.

Adult stem shape (Fig. 5B)

The ancestral state at the ABRM node was of cylin-
drical adult stems [Fig. 5B, node 1, 97 PP with BI, 100 % 
(AsymmMk and Mk1) with ML], which means that during 
development the lobed contour exhibited by young stems 
was lost in the adult stems of several lineages. Within the 
three clades which have young lobed stems, only within 
Byttneria s.s. lobed stems were conserved in the adult stems 
[Fig. 5B, node 24, 98 PP lobed with BI, 99 % (AsymmMk) 
and 98 % (Mk1) lobed with ML]. Byttneria s.s. contains 12 
predominantly lobed species, mostly four- to five-lobed, 
eight of which conserve cylindrical contours in some por-
tions of the plant body, and therefore the same individual 
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Fig. 4.  Ancestral character state reconstruction of (A) growth form and (B) climbing plant type within ABRM. Posterior probabilities of occurrence are expressed 
in pie charts on nodes. Turquoise blue filling represents non-climbing plants (tree, shrub, subshrub); magenta to purple colours represent represent climbing plants 
(scandent/leaning shrub, liana); and white represents the node no-occurrence probabilities from the sample of trees used in the Bayesian analyses. Climbers prob-
ably appeared twice in Byttneria only (nodes 23 and 36), but there is also considerable probability that climbers evolved once in node 35, which includes Rayleya. 

The climbing growth form was lost once in Byttneria s.s (node 30, top arrowhead).
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can have both lobed and cylindrical adult stems (Fig. 5B, 
species indicated with red dots; Supplementary Data Table 
S3). Within the subclade consisting of erect or rarely decum-
bent shrubs and subshrubs in B.  jaculifolia, B.  pedersenii, 
B.  stenophylla and B.  scabra, cylindrical stems are preva-
lent near basal portions. In scandent or leaning shrubs (e.g. 
B.  divaricata, B.  filipes), we observed lobed stems along 
the main axis and cylindrical stems in some ramifications, 
indicating some level of polymophism.

Prickles (Fig. 6)

Our results indicate that the ancestral ABRM clade state 
was unarmed, without prickles [Fig. 6, node 1, 84 PP with BI, 
100 % (AsymmMk and Mk1) with ML]. Prickles evolved only 
once within Byttneria s.s. [Fig. 6, node 23, 100 PP with BI, 

99 % (AsymmMk and Mk1) with ML] and were lost in one 
subclade of subshrubs formed by B. jaculifolia, B. pedersenii 
and B. stenophylla [Fig. 6, node 31, 100 PP with BI, 99  % 
(AsymmMk) and 100 % (Mk1) with ML].

Character correlations within the ABRM clade with an emphasis 
on Byttneria

In general, the climbing growth form is present in numerous 
species of Byttneria (Fig. 4A) but with different climbing mech-
anisms (Fig. 4B). Within Byttneria clade 2 the species have un-
armed, twining cylindrical stems, such as B. catalpifolia and B. 
biloba, while in Byttneria s.s., climbers have armed, lobed adult 
stems, such as B. divaricata and B. filipes (Figs 2, 5 and 6). Lobed 
adult stem distribution was shown to be correlated with the pres-
ence of prickles, while cylindrical adult stem distribution coin-
cides with the absence of prickles (Fig. 7; see values obtained 
in the Pagel94 tests in Supplementary Data Table S5, P < 0.05).
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Fig. 5.  Ancestral character state reconstruction of (A) young and (B) adult stem shape within ABRM. Probabilities of occurrence are expressed in pie charts on 
nodes. Turquoise blue filling represents regular, cylindrical stems; magenta represents non-cylindrical, lobed stems; and white represents the node no-occurrence 
probabilities. Young lobed stems appeared at least three times within ABRM (nodes 14, 23 and 36, arrowheads) and only within Byttneria s.s. (node 24, arrowhead) 
were lobed stems conserved in adult stems. A red dash indicates the location on the phylogeny where there was the transition from non-climbing to climbing plants. 

Red dots beside species indicate those with polymorphic adult stems.
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Some exceptions exist; B. coriacea is a climbing species 
(scandent or leaning shrub) with prickles in spite of their cy-
lindrical adult stems. Other species such as B.  jaculifolia, 
B. pedersenii and B. stenophylla are unarmed and have lobed 
adult stems along most of the plant body, with a cylindrical 
adult stem near basal parts (Fig. 7, red arrows).

The following gives the ontogeny of lobed stems in 
B. divaricata and B. filipes, both species from the Byttneria s.s. 
clade (Fig. 2D, E).

Byttneria lobed stem ontogeny

Here we depict the ontogeny of two Byttneria s.s. lobed 
species as a model. The stem of B. divaricata and B. filipes 
is five-lobed since its developmental onset at the shoot 
apex (stage 1, Figs 8A and 9A, B). There are five vascular 

bundles which coincide with the five lobular areas (Figs 8A 
and 9A, B, yellow brackets). There is a greater proportion 
of cortical cells within the central lobular areas when com-
pared to peripheral lobular and interlobular areas (Figs 8A 
and A, B, D–F, yellow asterisks). Within interlobular areas 
there are also many isolated primary phloem strands (Fig. 
9D–F, yellow brackets). Later, a single, continuous, concen-
tric cambium becomes established, but after the onset of its 
activity there is a marked differential cell production rate be-
tween the lobular/fascicular area (derived from procambium) 
and its interlobular/interfascicular area (originated by 
interfascicular parenchyma) (stage 2, Figs 8B and 9C, yellow 
asterisks). Hence, the five stem lobes coincide with the five 
vascular bundles of the lobular/fascicular areas of the primary 
vascular system, while the five interlobes coincide with the 
five interlobular/interfascicular areas. Sometimes, primary 
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Fig. 6.  Ancestral character state reconstruction of prickles within ABRM. Probabilities of occurrence are expressed in pie charts on nodes. Turquoise blue 
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Byttneria s.s. did prickles appear (node 23, bottom arrowhead) and were then lost once (node 31, top arrowhead).
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xylem parenchyma cells between files of primary xylem ves-
sels dilate and what appeared to be a single vascular bundle 
in later stages may resemble three or more bundles close to-
gether (Fig. 9B, C). The lobes persist and become increas-
ingly pronounced while secondary growth advances (stage 3, 
Figs 8C, D and 9G-I). In the interlobular areas and peripheral 
lobular areas, the production of secondary phloem drastic-
ally drops and later practically ceases (Fig. 9G, I, yellow as-
terisks). Not only is the rate of secondary xylem and phloem 
different between the lobes and interlobes, but so too are the 
xylem and phloem cell type features and abundance of both 
areas. For instance, in B. divaricata the tangential diameter 
of vessels is markedly greater within the central lobular areas 
(106.07 ± 33.22 μm) when compared to the interlobular areas 
(29.29 ± 11.36 μm) (P < 0.01), while there are more vessels 
within the interlobular areas (95 ± 34.13/mm2) than within 
the central lobular areas (38.2 ± 10.42/mm2) (P < 0.01). 

Rays become much wider in the transition from lobular to 
interlobular areas (Figs 9I and 10C, D). The pith slightly re-
tains the stem’s lobed outline, being five-lobed (Fig. 8). At 
node height, it is common that two of the initial five lobes 
merge into four lobes exactly where a leaf and its axillary 
branch departs, the merged lobes separate and reappear right 
after the node, with signs of this fusion still noticeable in 
some portions (Figs 2D, E and 8C, D, black arrowheads). 
Whenever prickles and lobes are present, prickles grow 
exclusively on top of lobes (e.g. B. divaricata, B. filipes) 
(Figs 2D, E and 10A). In young stems, prickles consist of 
an epidermal outgrowth filled with elongated cells of cor-
tical parenchyma (Fig. 10A, B). In contrast, adventitious 
roots grow only from the interfascicular/interlobular areas or 
close to peripheral fascicular/lobular areas (Figs 2E and 10C, 
D). These roots originate from vascular cambium within 
wide rays, either from the middle or the margins of a ray, 
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displacing the secondary phloem and cortex as they break 
through the bark (Fig. 10C, D).

DISCUSSION

Non-cylindrical stems have evolved multiple times within 
climbing plants and are a common climbing mechanism, aiding 
the climbers in anchoring to other plants or surfaces in search 
of light. Here we show for the first time how lobed stems with 
prickles and adventitious roots are formed in Byttneria correl-
ated with the primary vascular system and leaf position and 
how they correlate to plant growth, being an effective novel 
mechanism for climbing, which has also independently evolved 
in other woody plant lineages. First, we explore the ontogeny 
of these stems and then their distribution and possible functions 
in the genus.

Ontogenetically, most lobed stems initiate their growth cy-
lindrically and lobulation is acquired only after secondary 
growth is well established, by differential activity of sectors 
of the vascular cambium (Carlquist 2001; Angyalossy et  al., 
2015). This has been shown, for instance, in Grewia caffra, 
another climbing Malvaceae (Gama and Oskolski, 2021). 
However, differently from Grewia caffra and other lobed stem 
plants, in Byttneria s.s. the entire stem is already lobed in the 
primary body and the distribution of vascular bundles corres-
ponds to that of the fascicular/lobular areas, therefore being a 
rare case where the primary vascular system correlates directly 
with the adult stem shape. Similar examples have been cited 
before only for a few species of Sapindaceae, which are dis-
tantly related (Schenck, 1893; Tamaio and Angyalossy, 2009; 
Lopes et al., 2017; Chery et al., 2020b). Each of the vascular 
bundles of Byttneria is immediately aligned with the distinctive 
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lobes in the stem, while the interlobes completely lack vascular 
bundles, having just a few isolated primary phloem strands, 
similarly to other Malvaceae (Butterfield, 1976; Gama and 
Oskolski, 2021). Subsequently, there is an increased cambial 
activity within fascicular lobular areas, and a decreased ac-
tivity within interfascicular interlobular areas. This differential 
activity increases the lobed stem shape. Although the cam-
bium is known for having a double origin, i.e. procambium 

and interfascicular parenchyma (sometimes referred to as peri-
cyclic parenchyma), it is unusual that the cambium shows a 
differential activity between both areas, especially in stems. 
However, this differential activity is not exclusive to Byttneria 
but is occasionally also seen in other groups. In Piperales, for 
instance, the interfascicular cambium produces only wide and 
large rays, while the fascicular areas produce the axial elements 
(Carlquist, 1990; Isnard et al., 2012; Trueba et al., 2015). The 
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cells, ba = bark (pd = peridermis + cx = cortex + sp = secondary phloem), sx = secondary xylem, lr = ’limiting ray’.
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resulting stems are marked by wide interfascicular rays clearly 
separating the fascicular areas. Another example is found 
in species of Thunbergia (Acanthaceae), where interxylary 
phloem islands are produced exclusively by the interfascicular 
cambium (Angyalossy et al., 2015). These results are remark-
able examples of the fine developmental control behind nu-
merous cambial variants and how fascicular and interfascicular 
cambial areas might reflect in their products their different 
origins.

The fact that in Byttneria s.s. two of the five lobes commonly 
merge at the nodes, separating again at internodes, suggests that 
there is a direct influence of the leaves in the stem architec-
ture. Leaf phyllotaxis was also related to the lobes in Grewia, 
given that lobes in them grow opposite to the distichous plane, 
at 45° to this plane (Gama and Oskolski, 2021). Merging of cy-
linders is seen also in Serjania (Sapindaceae) at the node areas, 
and was also related to the primary vasculature (Johnson and 
Truscott, 1956). Some control of auxin, which is produced by 
young leaves, is therefore expected, but more studies are needed 
to describe this mechanism in detail. It is common to find a 
correlation between the leaves and the architecture of cambial 
variants (Pace et al., 2011; Cabanillas et al., 2017; Cabanillas, 

2019). In Bignoniaceae, the phloem wedges typical of the lianas 
of this family appear in alternation with the decussate leaves, 
growing in a spiral across the stem length (Pace et al., 2009, 
2011). In Callaeum (Malpighiaceae), the phloem wedges are 
instead always under the leaves, and are the first step in the for-
mation of fissured stems in this group (Cabanillas et al., 2017).

In Byttneria the lobulation comes accompanied by prickles, 
which grow exclusively on top of the lobes and have an epi-
dermis plus cortex origin. Since these prickles are only found 
upon the lobes, they are also in opposition to the vascular 
bundles. These prickles contribute greatly to the anchorage 
of branches upon supports. In addition, exclusively in the 
interlobes, adventitious roots are formed from wide rays, which 
also may  help anchor these plants when touching a surface 
and probably contribute to water absorption, since many of the 
species in Byttneria s.s. grow on river margins (e.g. B. filipes), 
and these roots sprout during periods of inundation (Cristóbal, 
1976), a phenomenon seen in many plants that share the same 
habitat (Steffens and Rasmussen, 2016). In organs in secondary 
growth, it is common that new roots are formed from the cam-
bium in front of the rays (e.g. Bannan, 1941; Fink, 1982), a 
situation also seen here. The rays become larger in the limits 
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ma = meristematic activity, rc = root cap.
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between lobular and interlobular areas, which may favour the 
formation of stem-borne roots in these areas. However, the for-
mation of these wider rays is probably an architectural response 
to non-cylindrical stems, based on the disparity in cambial ac-
tivity rates between lobular and interlobular areas.

Evolution of lobed stems within the ABRM clade of Malvaceae is 
probably a novel mode of stem climbing

Lobed stems in adult plants have appeared at least twice 
in Malvaceae, in climbing Grewia (Gama, 2020; Gama and 
Oskolski, 2021) and here in the large clade of Byttneria s.s. 
We here categorized climbers of the ABRM clade following 
Cristóbal (1976) as: (1) unarmed lianas and (2) scandent or 
leaning shrubs armed with prickles upon lobes (Cristóbal, 
1976). At present, Byttneria is not monophyletic, with spe-
cies falling within two different lineages of the ABRM clade 
(Whitlock and Hale, 2011; Sharber, 2018). Mapping growth 
form onto the ABR (Ayenia, Byttneria, Rayleya) phylogeny, 
it was found that climbers evolved at least twice within dif-
ferent clades, with transitions as (1) trees and shrubs to un-
armed lianas, and (2) trees and shrubs to semi-scandent leaners 
(Whitlock and Hale, 2011). Our work corroborates their results, 
with two independent origins for climbing plants in ABRM, but 
taking a step forward by incorporating the relationship of lobed 
stems with the emergence of different climbing mechanisms.

Young lobed stems appeared at least three times independ-
ently within the ABRM clade. Their presence in the adult 
stems has, however, been conserved only within Byttneria s.s. 
where they are suggested to have co-evolved with prickles, 
as a novel climbing mechanism within the tribe. All climbers 
within Byttneria s.s. are armed with prickles as a means to 
either climb or lean, and almost all of them have adult lobed 
stems. Pagel94 tests indicate a strong correlation between the 
evolution of prickles and lobes in Byttneria s.s. The presence of 
lobed stems with prickles can be considered a synapomorphy 
to Byttneria s.s., while the twining stems can be considered a 
synapomorphy of Byttneria clade 2, and used to support the de-
limitation of two new genera to these taxa.

The presence of spiny structures and non-cylindrical stems 
aiding plants to climb have appeared in multiple independent 
lineages, such as Schnella (previously scandent Bauhinia) 
(Fabaceae), Machaerium (Fabaceae), and even in certain 
climbing cacti such as Selenicereus (Fisher and Blanco, 2014; 
Dias-Leme et al., 2020; Soffiatti and Rowe, 2020). The mech-
anism for climbing combining star-shaped stems, spines and 
roots is so effective that it has been suggested in biomimetics in 
the creation of prospective climbing robots (Soffiatti and Rowe, 
2020). However, the correlation between climbing mechanism 
and cambial variant exhibited by a plant cannot be general-
ized; for instance, in studies based on climbing plants from 
American, African and Asian tropical regions, this correlation 
was not observed (Lehnebach, 2012).

It has been proposed that the climbing growth form was lost 
once in the node that leads to Byttneria section species in the 
ABR group (Whitlock and Hale, 2011). Our results corroborate 
this proposal, with the climbing growth form being lost once in 
the Byttneria s.s clade within ABRM, forming a clade of shrubs 
composed of B. scabra, B. jaculifolia, B. pedernesii and B. 

stenophylla. They have lobed young stems, but cylindrical adult 
stems near basal parts. Prickles, in addition, were lost in a lineage 
represented by three species, B. jaculifolia, B. pedernesii and B. 
stenophylla. Finally, non-climbers (small trees, shrubs and sub-
shrubs) within Byttneria s.s., namely B. fruticosa, B. morii and B. 
schunkei, are polymorphic and may or may not have lobed young 
stems, but are unarmed and have adult cylindrical stems. These 
results in non-climbers (shrubby to small trees) reinforce the sug-
gestion that lobes and prickles are correlated with the climbing 
growth form as a novel mechanism for these plants to reach light.

CONCLUSIONS

In the ABRM clade, climbers are present in two clades, 
Byttneria s.s. and Byttneria clade 2, representing two inde-
pendent origins with two different climbing mechanisms: lobed 
adult stems armed with prickles, and adult cylindrical twining 
stems, respectively. These features can be considered synapo-
morphies to these two clades, and support the delimitation of 
two newly circumscribed genera. We conclude that in Byttneria 
the secondary body shape reflects the primary body shape of 
lobed stems, and lobes coincide with the distribution of vas-
cular bundles in the primary plant body, indicating a differen-
tial activity between the fascicular and interfascicular cambium 
within the stem. Prickles in Byttneria have an epidermal and 
cortical origin, while adventitious roots are related to the wide 
rays typical of the limits between the lobular and interlobular 
areas and both are also related to a more efficient climbing 
mechanism.
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