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ABSTRACT

The vascular system of lianas, especially the xylem, has been repeatedly shown to be different, with
lianas having a set of features shared among even distantly related lineages, such as the presence of cambial
variants, wide and long vessels, more abundant axial parenchyma, frequently non-lignified, taller and wider
rays, which are generally heterocellular. In spite of this amount of knowledge, few works have investigated
the impact for the vascular system of the evolution of this habit within lineages whose ancestors are not
lianas, but self-supporting plants. Therefore, in this dissertation we explored wood, phloem and overall stem-
anatomy evolution in lineages that contain lianas and self-supporting plants, using well-supported phylogenies
and detailed anatomical investigations. Within Bignoniaceae (Lamiales), we thoroughly investigated the wood
anatomy, delimiting character states and mapping them onto the last phylogeny for the group, encountering
that eco-physiological and habit transition were the main drivers of modifications in the wood anatomy
in the family. Ring-porous and semi-ring porous woods and helical thickening was found in plants either
growing in higher latitudes or with marked seasonal water regimes, and septate fibres correlated with
scanty axial parenchyma, which are eco-physiological drivers. Evolution of lianas, in turn, drove an increase
in vessel diameter, wide vessels accompanied by very narrow ones, presence of perforated ray cells, scanty
axial parenchyma and cambial variants. Despite the great wood anatomical diversity within the family, major
clades have quite predictive wood anatomy and 9 possible anatomical synapomorphies were raised in this
work to clades previously delimitated exclusively by molecular characters. Within the tracheophytes, we
investigated 26 phylogenetically controlled pairs of lianas and their self-supporting relatives within all major
lineages of tracheophytes (except lycophytes), in order to seek characters evolving in correlation with the
lianescent habit. We found that the sieve elements and sieve pores were always wider in the lianas, and
that the rays were always taller and heterocellular. However, all the main characters of the phloem of the
lianas remained conserved with that of their self-supporting relatives. This evidenced that although a more
efficient photosynthetic conductive system evolved in the phloem of lianas, overall anatomy conserved a high
phylogenetic signal. Within Malpighiaceae, (Malpighiales), lianas are abundant and many cambial variants are
present. However, nothing was known regarding how many types of cambial variants there were in the family
and how they were distributed.We were able to delimit 6 different types of cambial variants that evolved at
least 8 times independently in the family, which ancestrally lacks a cambial variant. Many of these types share
common stages of development and some variants that are anatomically very similar derive from different
ontogenetic trajectories.Within the genera, the variants are conserved, and even between sister groups in the
new and old world, evidencing that cambial variants may be a good indicator of relationships within the family.
Overall, we conclude that lianas greatly impact the evolution of the vascular system in the lineages where
they have evolved, and these modifications normally result in a more efficient water and photosynthates

conduction system and an increased flexibility for climbing.



RESUMO

O sistema vascular das lianas, em especial o xilema, mostrou-se repetidas vezes distinto nas lianas,
com aspectos compartilhados mesmo dentre linhagens distantemente relacionadas, tais como a presenga
de variagoes cambiais, vasos mais largos e longos, parénquima axial mais abundante - frequentemente nao-
lignificado - raios mais altos e largos - geralmente heterocelulares. Nao obstante todo esse conhecimento,
poucos trabalhos investigaram o impacto da evolugao do habito lianescente no sistema vascular em linhagens
cujos ancestrais nao sao lianas e sim plantas auto-suportantes. Portanto, nesta tese exploramos o lenho, o floema
e a anatomia caulinar como um todo em linhagens que contém lianas e plantas auto-suportantes, utilizando
filogenias bem sustentadas e investigagdes anatomicas detalhadas. Em Bignoniaceae (Lamiales), investigamos
em detalhe a anatomia do lenho, delimitando caracteres e estados de carater e mapeando-os na filogenia
mais recente do grupo, encontrando que modificagbes eco-fisioldgicas e transicoes de habito tiveram grande
impacto na evolugao do lenho na familia. Anéis porosos e semi-porosos,bem como espessamento espiralado
foram encontrados em plantas crescendo em latitudes mais altas ou em regimes hidricos fortemente sazonais,
ao passo que fibras septadas apareceram correlacionadas com a presenca de parénquima axial escasso. A
evolugao de lianas, por sua vez, parece ter levado a um aumento no didmetro dos vasos, contudo dimorficos,
células perfuradas de raio, parénquima axial mais escasso e surgimento de variagoes cambiais. Apesar da
enorme diversidade dentro de Bignoniaceae, os grandes clados possuem uma anatomia bastante preditiva e
9 possiveis sinapomorfias morfologicas sao sugeridas para clados delimitados somente com base em dados
moleculares. Dentro das traqueofitas, investigamos 26 pares filogeneticamente controlados de lianas espécies
auto-suportantes relacionadas pertencentes a todas as principais linhagens de traquedfitas (exceto licofitas),
a fim de buscar caracteres que tenham evoluido em correlagio com o habito lianescente. Encontramos
que os elementos crivados e os poros das placas crivadas tém sempre maior calibre nas lianas, e que os
raios sao mais altos e heterocelulares. Contudo, as principais caracteristicas do floema das lianas se mantém
conservadas em relagdo as espécies auto-suportantes relacionadas, evidenciando que as lianas teriam evoluido
um sistema de condugio de fotossintetatos mais eficiente, porém preservando um alto sinal filogenético. Em
Malpighiaceae, lianas sao abundantes, tal como as variagdes cambiais. Contudo, pouco se sabe sobre o nimero
de variagbes presentes na familia ou como elas estariam distribuidas. Aqui delimitamos 6 diferentes tipos de
variagdo cambial, que teriam evoluido independentemente 8 vezes na familia, cujo ancestral é reconstruido
como tendo caule simples. Muitas dessas variagoes compartilham estagios de desenvolvimento, ao passo que
variagoes anatomicamente muito similares derivam de trajetorias ontogenéticas distintas. Dentro dos géneros
as variagoes se mostraram conservadas e mesmo dentre grupos irmaos do novo e velho mundo, evidenciando
que as variagdes cambiais seriam bons indicadores de relagées na familia. De maneira geral, podemos concluir
que lianas impactam significativamente o sistema vascular nas linhagens onde ocorrem e que tais modificagdes
em geral resultam em um sistema de condugao hidrico e de fotossintetatos mais eficiente e também mais

flexivel para a escalada.
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GENERAL INTRODUCTION



General Introduction

“Plants become climbers, in order, as it may be presumed, to reach the light, and to expose a large surface of their

leaves to its action and to that of the free air.This is effected by climbers with wonderfully little expenditure of organized

matter, in comparison with trees, which have to support a load of heavy branches by a massive trunk. Hence, no doubt,
it arises that there are so many climbers in all quarters of the world, belonging to so many different orders.”

(Charles Darwin, 1865, pages 107-108 in

The Movements and Habits of Climbing Plants)

The first land plants were likely erect self-supporting plants (Bennici 2008), from which
lianas evolved multiple times since the appearance of tracheophytes (= vascular plants) at around
433 mya (Silvestro et al. 2015). The first fossil records of lianas dates back to the Carboniferous
(Mississippian, ~ 335 mya), with peaks of diversity in the Pennsylvanian (a more recent period of
the Carboniferous) and the Eocene (~50 mya; Burnham 2009, 2015). Lianas are here treated as
any climbing plant that germinates on the soil and that by a range of different mechanisms climb
up other plants or vertical supports in search of light (Muller-Dombois & Ellenberg 1974). Lianas
are present in all major tracheophyte lineages (Fig. |), being present in lycophytes (e.g., Lycopodiella
cernua, Lycopodiaceae, occasionally is a climber; Rowe et al.2004), ferns (e.g., Lygodium, Schizaeaceae),
extinct progymnosperms (e.g., Medullosa steinii, Medullosaceae; Dunn et al. 2003), gymnosperms (e.g.,
Gnetum, Gnetaceae), and a diverse range of angiosperms, including palms (e.g., the richest genus
of the palm family being lianescent, Calamus; Dransfield et al. 2014), magnoliids (e.g., black pepper,
Piperaceae; Tasmannia cordata,VWinteraceae; Feild et al. 2012) and many eudicots (e.g., peas, beans and
wild roses being a few examples).

Architecturally, however, the question is what modifications in the bauplan of a plant have to
occur to make a liana a liana? First of all, climbing can only be achieved either by twining flexible stems
or specialized structures for grasping. Also, lianas ought to have narrower and yet longer stems, since
growing into as massive heavy organisms as trees can impose excess weight and mechanical failure
on their support, while having a higher length is both a side effect of twining and a means of exploring
various tree canopies in search of sunlight. Both these aspects of the liana bauplan seem to have been
conquered multiple times in the transitions from self-supporting to lianas across evolution (at least
133 families contain a few climbers; Gentry 1991), since both morphological modifications adapted
for climbing and taxa with much narrower and longer stems are the rule rather than the exception in
lianescent taxa (Bhambie 1972, Putz 1983, Ewers & Fisher 1991, Rowe et al. 2006), being a textbook

case of convergent evolution (Futuyma 2009).
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Fig. | Cartoon illustrating the phylogeny of tracheophytes (excluding lycophytes), with examples of lianas
that evolved independently in all its major lineages. In monilophytes, Salpichlaena volubilis (Blechnaceae).
Within  the  extinct  pteridosperms  Medullosa  steinii  (Medullosaceae). Within  the  gymnosperms, Gnetum
(Gnetales). Within the magnoliids, Manekia obtusa (Piperaceae). Within the rosids, Serjania sp. (Sapindaceae) and within the asterids
Lundia longa (Bignoniaceae). Not to scale. Reproduced from Angyalossy et al. 2015, original drawing from Luciana W. Gussella.
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The most conspicuous morphological modifications are the different mechanisms for climbing.

While the majority of lianas use a rather simple mechanism of ascent, which are twining stems (Fig. 2A;

Darwin 1865, Schenck 1892, Putz & Holbrook 1991, Lehnebach 2012; e.g., [pbomoea, Convolvulaceae;

Mikania, Asteraceae), other taxa have evolved much more elaborate structures for climbing, derived

from modifications in one of the three plant organs: roots, stems or leaves. These structures are: (i)

irritable petioles (e.g., Clematis, Ranunculaceae), (ii) tendrils, which may be derived from modified

leaflets (Fig. 2B; e.g., Lianas of Bignonieae, Bignoniaceae; Cobaea, Polemoniaceae), stipules (Fig. 2C;

e.g., Smilacaceae) or even branches (Fig 2D; e.g. Vitaceae), or part of a branch (the floral axis in

Antigonon leptopus, Polygonaceae;all lianescent Sapindaceae tribe Paullinieae); (i) hooks (e.g., Strychnos,

Loganiaceae; Phanera, Leguminosae); (iv) adventitious roots (Fig. 2E; e.g., Hedera helix,Araliaceae; Hoya,

Fig. 2 Different mechanisms for climbing. A. Ipbomoea cairica (Convolvulaceae),
twining stem. B. Bignonia magnifica (Bignoniaceae), tendrils derived from one
of the leaflets of a triphid leaf. C. Smilax quinquenervia (Smilacaceae), tendrils
derived from stipules. D. Parthenocissus sp. (Vitaceae), tendril derived from
a branch, with adhesive discs at its tips. H. Hedera helix (Araliaceae), which
climb with the aid of stem-borne adventitious roots. F. Smilax quinquenervia
(Smilacaceae), prickets around the node and internode. Photos shot with
André C. Lima.

Apocynaceae-Asclepiadoideae),(v)
spines or prickets (Fig. 2E; e.g., Calamus
palms, Arecaceae; Smilax, Smilacaceae);
(vi) or even angled stems and stiff leaves
designed to attach to the vegetation
around (e.g. Combretum bracteosum,
Combretaceae).

Modifications on anatomy,
in turn, have accompanied these
morphological changes. Lianas are
known to undergo an increase in
flexibility along development (reduction
of the Young’s Module — the opposite
of what happen in trees and shrubs,
which get stiffer along development;
Rowe & Speck 1996, Gallenmdiller et al.
2001, Rowe et al. 2004, 2006), and this
increase in flexibility has been shown
to be correlated with the transition
from a stiff young phase, when the liana
stem is either initially self-supporting
or a rigid searcher branch (Caballé
1998, Putz & Hoolbrook 1991, Rowe
& Speck 1996, Gallenmiiller et al. 2001,
Rowe et al. 2004, 2006) standing firmly
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in the air, circumnutating in search of a support (Darwin 1965, Putz & Holbrook 1991, Isnard & Silk
2009). Whenever the support is found, however, an abrupt change occurs anatomically, resulting
in this decrease in stiffness and increase in flexibility (Putz & Holbrook 1991, Rowe & Speck 1996,
Rowe et al. 2004). Specifically, at the initial self-supporting phase the xylem anatomy is marked by the
presence of narrow vessels, scanty axial parenchyma and the prevalence of fibres (Fig. 3A-B; Rowe et
al. 2004, 2006; Angyalossy et al. 2012, 2015). However, as soon as the plant switches to the lianescent
phase, flexibility increases by the formation of more axial parenchyma (Fig. 3A), which is frequently
non-lignified (Fig. 3B), less fibres, sometimes gelatinous, and wider vessels in the xylem (Fig. 3A-B),
summed to the common appearance of cambial variants at this stage of development (Carquist 1985,
Rowe & Speck 1996, Rowe et al. 2004, Bowling et al. 2009, Crivellaro et al. 2012, Angyalossy et al.
2012,2015). Cambial variants are alternative forms of secondary growth that generally results in soft
tissues (phloem and/or non-lignified parenchyma) mixed with the rigid secondary xylem, such as the
xylem furrowed by phloem wedges in Bignoniaceae and Polemoniaceae (Fig. 3E) or the successive
cambia in Menispermaceae and Convolvulaceae (Fig. 3F; Schenck 1893, Dobbins 1971, Mennega
1982, Carlquist 2001, Tamaio et al. 2009, Angyalossy et al. 2015). Lianas typically have also higher and
wider rays (Fig. 3D), generally heterocellular mixed or more heterocellular than their close-related
counterparts (Pace & Angyalossy 2013, Angyalossy et al. 2015). The presence of more parenchyma
and less fibres within the xylem is possible only because lianas do not sustain their own bodies,
leaning on their supports (Carlquist 1985, Ewers 1985, Stevens 1987, Gartner 1991, Crivellaro et al.
2012).

Longer and narrower stems, but supporting canopies as large or larger than those of trees
(Putz 1983, Ewers & Fisher 1991), in turn, create a demand for efficient water and photosynthates
transport over long distances, given liana’s high length-low width stem ratio (Putz 1984, Kurzel
et al. 2006). This is achieved by the presence of very wide and long vessels, in fact the widest and
longest known in plants (some up to 500 ym wide and 8 m long; Zimmermann & Jeje 1981, Ewers
1985, Ewers & Fisher 1989, 1991, Isnard & Feild 2015) and with perforation plates that converged
to be simple, even in families where the self-supporting species have scalariform perforation plates
(Ayensu & Stern 1964; Carlquist 1991, Lens et al.2008). Such features make up an extremely efficient
hydraulic system, shown to transport approximately 3 times more water than that of self-supporting
plants (Isnard & Feild 2015). However, because wide vessels are known to be more vulnerable to
embolism, it is also widespread the presence of narrow vessels associated with the wide vessels
of lianas (Fig. 3A-C; Carlquist 1985, Santiago et al. 2015), a phenomenon named vessel dimorphism
by Carlquist in his work with the carnivore liana Nepenthes (1981).The presence of these narrows
vessels associated with the wide ones act as a guarantee that the water column will not be broken

in the event of embolism in the vulnerable wide vessels, with the narrow vessels acting as a water
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Fig. 3 Lianescent secondary xylem. A. Gouania mollis (Rhamnaceae) transverse section (TS), self-supporting stage of growth (Phl)
marked by the presence of narrow vessels, scanty axial parenchyma and more fibres. Lianescent stage of growth (Ph2) marked by
wide vessels associated with narrow ones (arrows), more axial parenchyma and less fibres. B. Peltastes peltatus (Apocynaceae) TS, self-
supporting stage of growth (Phl) marked by the presence of narrow vessels, scanty axial parenchyma and more fibres. Lianescent
stage of growth (Ph2) marked by wide vessels associated with narrow ones (arrows), non-lignified axial parenchyma and less fibres.
C. Heteropterys intermedia (Malpighiaceae) TS, secondary xylem marked by the presence of wide vessels associated with narrow
vessels in long radial chains (arrows). D. Ficus pumila (Moraceae) tangential section, high and wide rays (arrowhead). E. Cobaea scandens
(Polemoniaceae), xylem furrowed by phloem wedges. F. Ibomoea cairica (Convolvulaceae), stem with successive cambia and wide rays.
Scale bars:A-C = 250 ym, D-E = 100, ym, F = 50 pm. Photo B from Carolina Lopes Bastos.

by-pass (Santiago et al. 2015), a phenomenon also used to justify the more common presence of
perforated ray cells in lianas, connecting vessels on both sides of the rays, even in lineages where they
are not found in the self-supporting members (Angyalossy et al.2012,2015; Pace & Angyalossy 201 3).
Wider sieve elements in the phloem have likewise been repeatedly stressed in the phloem of lianas,
and is presumed to contribute to a more efficient photosynthate conduction (Roth 1981, Carlquist
1975, 1991, Angyalossy et al. 2015). The combination of all these anatomical characters has recently
been coined “lianescent vascular syndrome” (Angyalossy et al. 2015), and it represents a strong case

of convergence, which result in very similar xylem anatomies among lianas of even distantly related
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lineages.

What all the previous works convey is that lianas are special both morphologically and
anatomically. These special features have been noted since the XIX century (Darwin [865, Van
Thieghem 1884, Avetta 1887, Schenck 1893, Pfeiffer 1926) and stimulated large treatises on the
subject (Schenck 1892, 1893, Obaton 1960, Putz and Mooney 1991, Schnitzer et al. 2015). What at
the present are still meagre are studies that address the evolution of lianas within a phylogenetic
framework, both on a narrow and a wide scale, in order to detect exact how the evolutionary
transition from self-supporting to lianas impact the anatomical diversification of the vascular system,
considering xylem, phloem and the overall stem anatomy. Therefore, the main aim of this PhD
dissertation was to explore xylem, phloem and overall stem architecture evolution within well-
supported phylogenies.

In the first chapter we carried out an in-depth analysis of wood evolution within Bignoniaceae,
a pantropical family with a myriad of different habits, including lianas, shrubs and trees, and occupying
diverse habitats, from humid tropical forests to savannas and temperate forests (Gentry 1980,
Fischer et al. 2004). Our aim was to explore all the wood variable characters in the family to launch
hypotheses on what would be the main drivers of evolution and diversification in this group, how
the diversity in wood structure is distributed in the family and ultimately how wood characters
supported clades in the family, whose relationships have been reconstructed with basis in molecular
sequence data.

In the second chapter, we carried a detailed study of the phloem across all major lineages
of tracheophytes (except lycophytes) in order to investigate a number of taxa of lianas and their
self-supporting relatives to explore whether there is any correlation similar to what described to
the xylem, summarized in the ‘lianescent vascular syndrome’, including confirming or refuting the
hypothesis that lianas would always have wider sieve elements. Also, it included an investigation of
taxa in which two phloem types co-occur: a regular and a variant phloem, resulting from two types
of cambial variants (interxylary phloem and furrowed xylem) and that has been hypothesized as
undergoing a subfunctionalization, with the regular phloem specializing in storage and the variant
phloem specializing in conduction (Pace et al. 201 |, Carlquist 201 3).

In the third chapter, we explored the stem anatomical diversity in the pantropical family
Malpighiaceae, aiming at delimiting how many different cambial variants are present in the family, how
they are distributed in the phylogeny of the family, their ontogeny, and possible common underlying

features shared between them.
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With these studies we expect to shed light on the main convergent modifications undergone

in the vascular system of plants when they transition from self-supporting to lianas.
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General conclusions

The evolution of the lianescent habit imprints an enormous overall modification in the
bauplan of a plant. Here we used three different lineages of vascular plants and different approaches
to investigate how the vascular system has evolved in lineages where lianas are present. Bignoniaceae
(Lamiales) within the rosids to investigate the secondary xylem, Malpighiaceae (Malpighiales) within
the asterids to investigate the ontogeny and evolution of the stem, and the tracheophytes as a whole
to investigate the secondary phloem.

In Chapter |, we analyzed the wood anatomy of 85% of the genera of Bignoniaceae and
encountered that evolution has taken different routes, even opposite, within Bignoniaceae. Classical
linear theories of wood evolution suggest, for instance, that rays evolved from heterocellular to
homocellular, and while this pattern was encountered for some lineages, the opposite pattern was
found too, especially in lineages evolving the lianescent habit. The evolution of lianas greatly impacted
the family, and lianescent lineages such as Bignoniaceae and Tecomeae s.s. are the ones where cambial
variants are encountered, wide vessels, vessel dimorphism, wide heterocellular rays and perforated ray
cells. Occupation of more seasonal climate regimes has also played an important role in the evolution
of Bignoniaceae, and ring porous woods with helical thickening were present in trees and lianas
growing at higher latitudes, in the geographic limits of distribution of the family. However, although
these aspects promoted change in many anatomical features of Bignoniaceae, major clades are still
quite homogeneous anatomically, and at least 9 anatomical synapomorphies could be delimited for
Bignoniaceae, showing the importance of more broad studies of this type for other plant families.

In Chapter 2, we used phylogenetically controlled pairs of lianas and their closest self-
supporting species, sampling monilophytes (ferns), gymnosperms (Ephedraceae), angiosperms
magnoliids, monocots, rosids and asterids. Ve found that overall, lianas have wider sieve elements,
with wider sieve pores, aspects that contribute to a more efficient conductive system. Similarly to the
xylem, it maintained the taller and heterocellular rays typical of lianas, which has been related to an
increased flexibility for the stems to climb and a better vertical conduction of solutes, respectively.
Self-supporting plants whose most recent common ancestor is known to be a liana were shown to
preserve lianescent features, such as the presence of cambial variants and high and heterocellular
rays, a phenomenon here interpreted as phylogenetic inertia. Plants where two phloem types co-
occur exhibit important dissimilarities in these phloem types, with the variant phloem having wider
sieve elements — more efficient in solute conduction —, indicating an specialization for conduction,
while the regular phloem has tiny sieve tubes, but abundant parenchyma, probably indicating
specialization for storage. Overall, besides from differences in the dimensions of sieve tubes and

ray height and composition, all other phloem features of lianescent species conserve the phloem
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anatomy correspondent to the taxa to which they belong. This evidences that while there has been
convergent evolution in lianas towards more efficient photosynthate conduction, the phloem still
carries a high phylogenetic signal.

In Chapter 3, we investigated the stem anatomy of Malpighiaceae, selecting 12 genera in
which we encountered cambial variants to study in detail. Ontogenetic analyses allowed us to delimit
7 different types of cambial variants. When data from ontogeny were mapped onto the phylogeny
of Malpighiaceae we could detect 8 independent evolutions of the cambial variants in the family.
The cambial variants of Malpighiaceae are: (i) Interxylary phloem, present in Dicella (ii) Interxylary
cambia, present in several taxa, being the main cambial variant in Stigmaphyllon and Banisteriospsis
nummifera (iii) Phloem wedges furrowing the xylem, present in Alicia, Callaeum, Diplopterys, Flabellaria,
Heteropterys, Mascagnia, Mezia, Niedenzuella, Peixotoa and Stigmaphyllon. Fissured xylem of 3 different
types, some (iv) without inner xylem partition, as in Diplopterys, some with (v) inner xylem partition,
as in Alicia and Callaeum and some (vi) without complete inner xylem partition, as Flabellaria and
Mezia, and (vii) Asymmetrical stems, apparently exclusively in Heteropterys subsect. Aptychia, in which
some species also develop interxylary cambia. Overall we can conclude that several cambial variants
in Malpighiaceae share common stages of development, while some have almost identical cambial
variants, but deriving from different ontogenetic trajectories. Also, although quite diverse, cambial
variants are generally conserved within the genera and sister genera, even in groups that have
undergone intercontinental disjunctions. Further studies in Malpighiaceae can now explore what is
the impact of these different cambial variants in the process of diversification in the group.

Studies of anatomy within a phylogenetic framework allow to better understand the sequence
of changes anatomy has undergone within evolutionary time and to raise hypothesis on what are the

mechanisms leading to anatomical change over time.





