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Resumo 

• O xilema secundário desempenha duas funções cruciais: o suporte mecânico e condução 

de água e minerais. Muitas lianas mostram duas fases anatômicas contrastantes em seu 

xilema, uma inicial, onde o xilema é homogêneo, fibroso e apresenta vasos de pequeno 

diâmetro, denominada xilema autoportante, e posteriormente o xilema lianescente, 

anatomicamente complexo, com vasos grandes e dimórficos e menos tecido de suporte. 

Não se sabe, no entanto, o que leva à mudança abrupta da formação do xilema. 

• Neste estudo, abordamos as questões de o que inicia e quais são os determinantes 

genéticos das profundas mudanças durante a transição do xilema autossuporte para o 

xilema lianescente na liana Bignonia magnifica, Bignoniacae. Para esse fim, analisamos 

primeiramente as taxas de crescimento de plantas cultivadas com e sem suportes, como 

os parâmetros hidráulicos variavam ao longo do caule e descrevemos em detalhes a 

anatomia do xilema autossuportante e lianescente. Em seguida, construímos o 

transcriptoma do câmbio e do xilema em diferenciação dessas duas fases e realizamos 

uma análise de expressão diferencial dos dados gerados por RNA-Seq. 

• Nosso trabalho mostra que a presença de suportes leva a alterações no padrão de 

crescimento e nos parâmetros anatômicos ao longo do caule, aumentando a condutividade 

potencial e promovendo a formação de xilemas lianescentes. Essas alterações estão 

associadas à expressão diferencial de genes relacionados à divisão celular e à biossíntese 

da parede celular, sobre-expressos na fase autoportante, e de fatores de transcrição, defesa 

/ morte celular e genes responsivos a hormônios, sobre-expressos na fase lianescente. 

• Concluímos que a anatomia mais complexa na fase lianescente é o resultado de uma 

regulação transcricional mais complexa no câmbio e xilema em diferenciação. 

Palavras-chave: xilema; xilogênese; transcriptoma; anatomia funcional; condutividade 

hídrica  
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Summary 

• Secondary xylem performs two crucial functions, namely mechanical support and 

water and mineral conduction. Many lianas show two contrasting xylem anatomy phases, 

the initial homogeneous, fibrous and small vesselled self-supporting xylem, and the later 

lianescent xylem, which is anatomically complex, with large and dimorphic vessels and 

less supportive tissue. It is not known, however, what leads to the abrupt change of xylem 

formation. 

• In this study, we address the question of what triggers and which are the genetic 

determinants of the profound changes during the transition from self-supporting to the 

lianescent xylem in the liana Bignonia magnifica, Bignoniacae. For this purpose, we first 

analyzed growth rates of plants grown with and without supports, how hydraulic 

parameters varied along the stem and described in detail self-supporting and lianescent 

xylem anatomy. We then constructed cambium and differentiating xylem transcriptome 

of these two phases and conducted a differential expression analysis of RNA-Seq 

generated data. 

• Our work shows that the presence of supports leads to changes in growth pattern 

and anatomical parameters along the stem, increasing potential conductivity, and 

promotes lianescent xylem formation. These changes are associated to differential 

expression of genes related to cell division and cell wall biosynthesis, overregulated in 

self-supporting phase, and of transcription factors, defense/cell death, and hormone-

responsive genes, overregulated in lianescent phase. 

• We conclude that the more complex anatomy in lianescent phase is the result from 

a more complex transcriptional regulation in cambium and wood forming tissues. 

 

Keywords: xylem; xylogenesis; transcriptome; functional anatomy; hydraulic 

conductivity.  
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Introduction  

Secondary xylem, or simply wood, performs two crucial functions for woody plants 

survival and reproductive success: mechanical support, optimizing light uptake for 

photosynthesis and exposure of reproductive organs; and the conduction of water and 

nutrients from the soil and between source and sink organs, serving yet as storage tissue 

during unfavorable periods (Baas et al., 2004). In contrast to the homogeneous, almost 

entirely tracheid composed gymnosperm wood, cellular specialization evolution in 

angiosperm xylem led to a division of labor among the different cell types composing it, 

with support being carried out by fibers, conduction of water and minerals carried out 

mainly by vessels, and storage by axial and radial parenchyma (Bailey & Tupper, 1918; 

Tyree & Zimmermann, 2002; Evert, 2006). Despite the established relationship of cell 

types and their functions, there is a great diversity of arrangements, compositions and 

dimensions of these cell types in the xylem of plants. In turn, this anatomical structural 

diversity are under genetic control , which regulation has been unveiled with the studies 

in model species such as Arabidopsis thaliana and Populus (J. Zhang et al., 2014; Ye & 

Zhong, 2015; Sundell et al., 2017; J. Zhang et al., 2019), and define how plants cope with 

the different functions (Zieminska et al., 2013; 2015; Beekman, 2016). Overall, relations 

between genetic control, anatomy structure and functional implications are still poorly 

understood for wood plants. 

Mechanical properties of fibers are controlled by the cell wall thickness, cell 

wall/lumen ratio (Zieminska et al., 2013), as well as by cell wall hemicellulose and lignin 

composition, and cellulose amount and microfibril angle (Bergander & Salmén, 2002; Li 

et al., 2009; MacMillan et al.,  2010; Bourmaud et al., 2013). Water conductivity (K), in 

turn, is directly related to vessels diameter (D) raised to the fourth power and inversely 

related to the length (L) that the water must travel between roots and leaves. The relation 
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of K with D4 shows that even small increments of diameter profound considerable impacts 

on conductivity, while growth in L could lead to smaller water supply for distally located 

leaves and limitation in length growth due to an increase in conductivity resistance (Petit 

& Anfodillo, 2009; Anfodillo et al., 2013). However, the increase of vessels diameter 

found along the stem allows for a compensatory effect on the path length resistance (West 

et al., 1999), an hypothesis that was further reinforced by later works (Becker et al., 2000; 

Sperry et al., 2012). Olson et al. (2014), analyzing the stem xylem anatomy at the base 

and at the top of 257 angiosperm species, found a vessel widening ratio of D = L0.22, 

independent of habit and habitats. This proportion between L and D describes a fast 

growth in diameter near the apex and a progressive lesser increase toward the base, and 

its value is consistent with previous models ( Becker et al., 2000). The controversy, as 

well as the insight, of the model lies in the assumption that length in the main factor, if 

not the only one, determining vessel diameter. 

Nevertheless, different proportions of the different cell types that compose 

secondary xylem may lead to changes in stem properties and how they cope with support 

and conductivity (Zieminska et al., 2013; 2015; Bittencourt et al., 2016; Gerolamo et al. 

unpublished). Lianas, or woody vines, are an extreme example of reduced amount of 

supporting cells, namely xylem fibers, that accompanied the evolution of this life form, 

which uses other plants as supports. Although this iconic component of tropical forests 

has evolved several times in different groups (Gentry, 1991; Angyalossy et al., 2015), the 

life form shows a series of striking converging anatomical features, as the presence of 

huge vessels, up to 500 micrometers in diameter (Angyalossy et al., 2015), that are 

associated with small vessels (vessel dimorphism, Carlquist, 1981). Moreover, the 

reduction of fibers and increase of parenchyma in comparison to phylogenetically related 

species, and the presence of cambial variations, that are different arrangements of 
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secondary vascular tissues (Carlquist, 1985; 2001; Angyalossy et al., 2012) are 

characteristic of lianescent habit. All these features are collectively called lianescent 

vascular syndrome (Angyalossy et al., 2015) and are observed in both existing and extinct 

liana species (Burnham, 2009). 

Nevertheless, many lianas show a denser xylem at the beginning of their 

development, which is more fibrous and shows smaller vessels, resembling the xylem of 

self-supporting species (Schenck, 1893; Obaton, 1960; Caballé, 1998; Gallenmuller et 

al., 2001). The transition from this denser xylem phase (termed as self-supporting xylem 

hereafter) to that showing the lianescent vascular syndrome (named as lianescent xylem 

hereafter) occurs abruptly, as seen in the adult stem cross-section (Fig. 1), and was 

observed in 85 % of the more than 13,000 specimens, belonging to 400 liana species of 

50 different families analyzed by Caballé (1998). The beginning of lianescent xylem 

production occurs, in different stems, after the formation of different amounts of the self-

supporting xylem (Caballé, 1998), which suggests that it is not as a result of a pre-defined 

developmental program. It is not known, however, what leads to the abrupt change of 

xylem formation (Rowe & Speck, 1996; Caballé, 1998). While several reports have 

investigated the exuberant anatomical architectures formed due to cambial variants 

(Rajput et al., 2008; Pace et al., 2009; Tamaio et al., 2010; Cabanillas et al., 2017), the 

sudden change in lianas xylem anatomy has been poorly addressed (Obaton, 1960; 

Caballé, 1993; 1998; Gallenmüller et al., 2001). The detailed characterization of the two 

anatomy phases, not only contributes to the better understanding of the control of their 

formation, the demands suffered and met by lianas xylem and the evolution of this 

important life form, but also shed light on factors that modulate the development of   
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secondary xylem, with 

underlying genetic traits and 

the implications for hydraulic 

conductivity and mechanical 

performance, in plants as a 

whole. 

The use of model 

species, as Arabidopsis 

thaliana and Populus, has 

provided invaluable advances 

in the understanding of 

cambium installation and 

activity, as well as xylem 

formation and differentiation 

(Groover, 2005; Hirakawa et 

al., 2010; Agusti et al., 2011; 

Robischon et al., 2011; J. 

Zhang et al., 2014; 2019; Ye 

& Zhong, 2015; Sundell et 

al., 2017). The signaling 

pathway regulating cambial 

maintenance and proliferation is conserved from herbaceous to woody species, as 

described in both A. thaliana and Populus, and is controlled by the module 

TDIF/CLE41/CLE44-TDR/PXY-WOX4 (Zhang et al., 2014). TRACHEARY 

DIFFERENTIATION INHIBITORY FACTOR (TDIF) peptides, which are products of   

Fig. 1. B. magnifica stem cross section. As B. magnifica, 

many lianas show the formation of a denser xylem at the 

beginning of the secondary growth, composed by a high 

proportion of fibers and with small vessels, denominated 

here self-supporting xylem (Ss), and a sudden change to a 

xylem showing the lianescent vascular syndrome, i.e. with 

less fibers and large vessels, which are associated with 

small vessels, denominated lianescent xylem (L). 



16 

the posttranslational process of CLAVATA/EMBRYO SURROUNDING 

REGION (CLE41 /CLE44) protein are produced in the phloem and perceived in the 

(pro)cambium by the receptor-like kinase TDIF RECEPTOR/PHLOEM 

INTERCALATED WITH XYLEM (TDR/PXY). This interaction induces the expression 

of the WUSCHEL-RELATED HOMEOBOX gene (WOX4), which in turn regulates cell 

proliferation (Hirakawa et al., 2010; Etchells & Turner, 2010). Secondary cell wall 

(SCW) biosynthesis regulation by the primary and secondary master switches NAM/ 

ATAF1/CUC2 (NAC) and MYB (V-MYB protein from avian myeloblastosis virus) 

transcription factors, respectively, was also described in A. thaliana (Kubo et al., 2005; 

Zhong et al., 2006; McCarthy et al., 2009; Ko et al. 2009). The elaborated transcriptional 

network controlling fiber and vessels differentiation was further characterized in 

numerous other species, such as Populus trichocarpa, Oryza sativa, Brachypodium 

distachyon, Eucalyptus grandis and Zea maize (Hu et al., 2010; Nuruzzaman et al., 2010; 

Valdivia et al., 2013; Soler et al., 2015; Zhong et al., 2011). 

Molecular studies in non-model species, on the other hand, have become possible 

in an unprecedented way thanks to the use of new technologies, such as next-generation 

sequencing (Wang et al., 2009), and allowed to unravel many unique features and 

processes absent in model species (Carpentier et al., 2008). In this study, we made an 

integrative approach to address the question of what triggers and which are the genetic 

determinants of the profound changes during the transition from self-supporting to the 

lianescent xylem in the liana Bignonia magnifica W.Bull (Bignoniaceae). For this 

purpose, we first analyzed growth rates of plants grown with and without supports, how 

xylem parameters varied along the stem, described in detail self-supporting and lianescent 

xylem anatomy and what are the implications for hydraulic conductivity. We then 
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constructed cambium and differentiating xylem transcriptome of these two phases and 

conducted a differential expression analysis of RNA-Seq generated data.  

Our work shows that the presence of supports leads to changes in growth pattern 

and anatomical parameters along the stem, increasing specific conductivity, and promotes 

lianescent xylem formation. These changes are associated to differential expression of 

genes related to cell division, cell wall, transcription factors, defense/cell death, and 

hormone-responsive genes. 

 

Materials and Methods 

Plant Material 

Bignonia magnifica W. Bull, Bignoniaceae, is native to Central America and northern 

South America (Lohmann & Taylor, 2014) and is used in ornamentation, showing robust 

secondary growth early in its development. The species belongs to the monophyletic tribe 

Bignonieae, the largest tribe of its family and mainly composed by trifoliolated vines, that 

climb through terminal leaflet modified tendrils. Bignonieae, which has its center of 

diversity in Brazil (Gentry, 1980), is the most diverse and abundant clade of lianas in 

neotropical low-land forests (Gentry, 1986) and have been the focus of several studies 

aiming its anatomy, evolution, hydraulics, ecology, taxonomy, and biomolecules activity 

(Pace et al., 2011; 2015a,b; 2016; Lohmann et al., 2012; Souza-Baena et al., 2014a,b; 

Cordeiro et al., 2017; Duarte et al., 2017; Fonseca et al., 2017; Gerolamo & Angyalossy, 

2017; Torres et al., 2018; Beyer et al., 2019; Costa et al., 2019; Kaehler et al., 2019; 

Thode et al., 2019; Meyer et al., 2020). A synapomorphy of the tribe consists of the 

formation of four, or multiples of four, wedges of phloem in their stems and roots (Gentry, 

1973; Lohmann, 2006; Victorio 2017). These wedges are formed by the differential 

activity of equidistant portions of the cambium that reduce the production of xylem and 
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increase the production of phloem, thus being located more internally in the stem than the 

inter-wedges cambial portions showing regular activity (Dos Santos, 1995; Pace et al., 

2009). Xylem anatomy and expression analysis were carried only in the inter-wedges 

region. 

 

Growth Conditions 

In order to avoid intraspecific variation, all analyses and experiments were performed 

with clones obtained from cuttings of a single plant of Bignonia magnifica cultivated at 

the gardens of the Biosciences Institute of the University of São Paulo, São Paulo (23o S, 

46o W), Brazil. The city has a mean annual temperature of 21.5 o C and a mean total annual 

precipitation close to 1600 mm (Brazil National Weather Institute – www.inmet.gov.br). 

Sixteen one-year-old and 1 m tall plants were transplanted to 60 cm diameter by 50 cm 

high pots with soil rich in organic matter in April 2016. Ten plants had lateral branches 

and main stems apices pruned in order to stimulate the production of new branches of the 

same age, and were divided into 2 groups of five plants each: the first group was grown 

besides stainless steel wire meshes (7x7 cm mesh, 2.1 mm diameter wire), that served as 

support for stem growth, by the attachment of tendrils; the second group was grown with 

no support aid. A third group of 5 plants was not pruned and was also grown besides wire 

meshes. Pots in each group were set 1,5 m apart from each other and watered three times 

a week for the first year, and weekly after that. The extra non-pruned plant was grown 

supported with wire meshes and used for transcriptome assembling and differential gene 

expression analysis. 
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Growth Analysis 

In order to assess the impact of support availability on stem growth, an analysis was 

conducted on newly formed branches from individuals from groups one and two, which 

had lateral branches and apices pruned, growing with or without the aid of support, 

respectively. Sixty-one branches of plants growing without support and 50 branches from 

plants growing with support had their length assessed with a measuring tape, the thickness 

of the base measured with a caliper and number of nodes counted seven times in a period 

of 18 months. After 30 months of cultivation, the length and base thickness of 55 and 75 

first and second-order branches of plants grown with and without the aid of supports, 

respectively, were measured. 

 

Impact of Support on Hydraulic Parameters and Lianescent Xylem 

Formation 

To assess the impact of support availability on the lianescent xylem formation and on the 

hydraulic parameters variation along the stem (xylem amount, vessel density, equivalent 

vessel diameter, mean, maximum and minimum vessel diameters, hydraulic vessel 

diameter, specific conductivity, and proportion of vessel area), the longest branches of 

each individual from plants grown with and without support were analyzed. Firstly, 2 cm 

stem samples were collected every 50 cm beginning at the apex, avoiding nodes and any 

possible injuries. Fresh cross sections 10 to 25 µm thick were then produced using a 

sliding microtome. Sections were mounted unstained on 50 % glycerin semi-permanent 

slides, or double stained in 1 % Astra Blue and 1% Safranin (Bukatsch, 1972). The 

distance from the apex of lianescent xylem formation was measured and the most recently 

formed portion of xylem, comprising the 400 µm strip closest to the cambium of one 

interwedges region, corresponding to about one-fourth of the stem circumference, was 
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quantitatively analyzed in each cross section. For this purpose, images were captured 

using a Leica DML photomicroscope attached to a digital camera DFC 310FX, and 

measurements were performed using software ImageJ v1.52a (Schneider et al., 2012) as 

described below. 

The amount of xylem produced by the cambium was measured calculating the 

average of three straight lines from cambium to pit. Vessel density (Vd) is the number of 

vessels per millimeter and was calculated by counting all vessels divided by the analyzed 

area. Equivalent vessel diameter (Dv) of all vessels present in the analyzed regions was 

calculated by measuring the vessel lumen area (A) and using the formula: 

𝐷𝑣 = √
4𝐴

𝜋
 

From the equivalent vessel diameters, the mean (D), maximum (Dmax) and 

minimum (Dmin) vessel diameters of each sample were calculated. The hydraulic diameter 

(Dh), corresponding to the mean diameter that all sampled vessels would have in order to 

correspond to the total conductivity of the same number of vessels (n) (Tyree et al., 1994, 

Scholz, 2013) was calculated using the formula: 

𝐷ℎ = (
∑ 𝐷𝑣

4𝑛
1

𝑛
)

1
4

 

The specific conductivity (𝐾𝑠) was calculated using the formula: 

𝐾𝑠  =  (
𝜋𝜌

128𝜂
) × 𝑉𝑑 ×  𝐷ℎ

4 

(Poorter et al., 2010) in which the conductivity is expressed in kg m-1 Mpa-1 s-1, ρ 

is the water density at 20°C (998.2 kg m3), η is the water viscosity at 20°C (1,002 × 10-3 

Pa s-1), Vd is the vessel density (in m2), and Dh is the hydraulic diameter of the vessel in 

meters. Yet, the proportion of vessel area (Va) was calculated dividing the sum of vessel 

lumen area by total analyzed area multiplied by 100. Data analysis was performed using 
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generalized linear mixed-effects models of log10 transformed data, using individuals as 

random variables, in R software v.3.6.1 (R Core Team, 2014) using nlme package 

(Pinheiro et al., 2017). Model fit and suitability of error distribution for each response 

variable were tested by residues analysis (Crawley 2007). 

Data from basal segments of the stem, near the junctions to parental shoots, were 

disregarded from analysis as xylem in these portions shows a reduction in hydraulic 

parameters. This variation is interpreted as a hydraulic constriction that leads to water 

conduction segmentation of branches and leaves, and is believed to be formed in response 

to mechanical tensions acting near the insertion point of the branch (Zimmermann, 1983; 

Gartner 1995).  

 

Xylem Anatomy Analysis 

In order to characterize secondary growth establishment and self-supporting and 

lianescent xylem anatomy, the longest stems from the five plants that have not been 

pruned were sampled on May 2018. Samples were collected every 1 cm from the apex up 

to 5 cm, every 5 cm from 5 to 50 cm, every 10 cm from 50 cm to 1 m, and every 50 cm 

from 1 m up to the base, and immediately fixed in FAA 50 (10 % formalin, 5 %acetic 

acid, 50 % alcohol) for seven days. Samples were then dehydrated in an increasing butyl 

series (Johansen, 1940) and included in paraffin. Sectioning was performed from 3 to 6 

µm in a rotary microtome. Alternatively, older lignified samples were rehydrated after 

fixation, impregnated with polyethylene glycol 1500 (PEG 1500) and transversal and 

longitudinal sections from 8 to 15 µm were made in a slide microtome, as described by 

Barbosa et al. (2010). Sections were mounted in Canada Balsam unstained or double 

stained in 1 % Astra Blue and 1% Safranin (Bukatsch, 1972). Additionally, portions of 
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self-supporting and lianescent xylem were dissected under stereo microscope and 

macerated in Franklin’s solution (Berlyn & Miksche, 1976). 

Self-supporting and lianescent xylem anatomies were characterized using the 

IAWA List of Features for Hardwood Identification (IAWA Committee, 1989) as a guide. 

Due to anatomical parameters variation along the stem and differences in sampled stems 

lengths, which ranged from 3.6 to 8.4 m, self-supporting and lianescent xylems were 

characterized at 4/5 of the distance to the base. In addition to the above mentioned 

parameters, vessel grouping index was calculated by dividing the total number of vessels 

by the total number of grouped vessels (Carlquist, 2001). Moreover, proportional area of 

fibers, axial parenchyma and rays were calculated by analyzing six 0.1 mm² images from 

random portions of the transverse section (Gerolamo & Angyalossy, 2017). For the 

parameters vessel element high, vessel pit diameter, fiber length, fiber wall thickness and 

fiber lumen area, we followed the sample size recommended by Scholz et al. (2013), 

replicating it for each xylem type in each individual. Data normality and variance 

homogeneity were tested using Shapiro-Wilk and Levene’s tests, respectively, and 

average comparison were carried using Student's t-test for parametric data, and Mann-

Whitney test for nonparametric data in R software v.3.6.1 (R Core Team, 2014).  

 

Samples for Differential Expression Analysis 

Tissues were collected on April 2018 by peeling the bark and gently scrapping the 

exposed xylem of 30 cm samples collected along the stems. Tissues were immediately 

frozen in liquid nitrogen and stored at -80 C. Prior to tissue harvest each stem segment 

had its base cut and stored in 50 % alcohol for anatomical to determine the xylem phase, 

self-supporting or lianescent. Segments presenting dubious or transition anatomy, and the 

segment next to it, were discarded. Six pools of self-supporting and six pools of lianescent 
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wood forming tissue from 8 to 19 segments each were collected, forming the 12 samples 

used for sequencing and differential expression analysis. 

 

RNA Extraction, Library Construction and Sequencing 

Total RNA was extracted after samples lyophilization using ReliaPrepTM RNA Tissue 

Miniprep System (Promega Corporation) following manufacturer protocol. RNA samples 

were fluorometrically quantified using a Qubit (Thermo Scientific), and its integrity was 

confirmed by 1 % (w/v) agarose gel electrophoresis, and by a Bioanalyzer 2100 (Agilent 

Technologies) using the RNA 6000 Nano LabChip Kit. RNA samples with RIN  6 were 

considered suitable for further sequencing. 

Libraries were constructed using Illumina TruSeq Stranded mRNA Sample Prep 

LT Protocol (Illumina), and paired-end sequences of 100 bp were generated on a 

HiSeq2500 platform, using a HiSeq Flow Cell v4 with HiSeq SBS Kit v4 (Illumina) at 

Centro de Genômica Funcional Aplicada a Agropecuária e Agroenergia, ESALQ, USP, 

Piracicaba, São Paulo, Brazil. 

 

Sequence Analysis 

Adaptors and low-quality sequences, below 23 and 30 Phred quality parameter for 

maximum average error and maximum error at end, respectively, were trimmed using 

SeqyClean v.1.9.10 (Zhbanikov et al., 2017). Only high-quality paired end sequences 

were used for further analysis. Contaminant sequences were removed using HISAT2 

v2.0.5 (Kim et al., 2015). For contaminant identification, a contaminant bank was built 

containing sequences of Bacteria, Nematoda, Oomycetes and Platyhelminthes with 

assembled complete genome, chromosome or scaffold from reference or representative 

genomes (RefSeq category). Data were downloaded on December 2017, using NCBI 
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Entrez Direct E-utilities v6.60 (Kans, 2017). In addition, small and large rRNA subunit 

sequences were downloaded from Silva database version 128 (Quast et al., 2012). 

Quality-filtered reads were aligned against contaminant bank database using the HISAT2 

flag “un-conc” in order to recover paired-end sequences that fail to align concordantly to 

contaminants. De novo transcriptome assembling was then generated using Trinity v.2.8.3 

(Haas et al., 2013) with default parameters. The longest isoforms were extracted using a 

Perl script. 

The de novo assembled transcriptome was annotated against Viridiplantae 

SwissProt database (www.uniprot.org) (downloaded on September 18, 2019) by 

BLASTX program, of BLAST suite (BLAST® Command Line Applications User 

Manual), with 1e-5 e-value threshold. Annotated assemblies had their GeneOntology 

(GO) terms retrieved with the tool “Retrieve/ID mapping” in the UniProt website 

(www.uniprot.org), and parental terms were recovered using BLAST2GO “Combined 

Graph” tool (Conesa et al., 2005). 

Further, B. magnifica cambium and differentiating xylem transcriptome was 

compared against the counterpart from wood forming tissues from the model species 

Populus (P. × euramericana) and Eucalyptus grandis annotated by Zinkgraf et al. (2017), 

over the data generated by Xu et al. (2014). A. thaliana orthologs of each expressed gene 

from the two model species retrieved by the authors were used to recover the associated 

GO terms using the UniProt website. For transcriptome comparison purpose, we selected 

the Biological Process GOs associated with at least 10 % of the GO term-associated 

transcripts by BLAST2GO “Combined Graph” tool, for all three species. The heat map 

created to visualize the functional comparison between B. magnifica, Populus and 

Eucalyptus was produced using the online tool Morpheus (Broad Institute, accessed at 

https://software.broadinstitute.org/morpheus/). 
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For differential expression analysis, the 12 RNA-Seq samples were mapped over 

the GO term-associated transcripts using Salmon v.0.11.3 (Patro et al., 2017). The 

transcript abundances were then used to identify the differentially expressed genes 

(DEGs) between self-supporting and lianescent-phases. The significance of differences 

was assessed with the package edgeR v.3.26.8 (Robinson et al., 2010), from Bioconductor 

v.3.9 software (Huber et al., 2015). For this purpose, we normalized the 12 libraries with 

the TMM method (Robinson & Oshlack, 2010) using the calcNormFactors() function, 

while common dispersions were calculated with the estimateCommonDisp() function 

(Robinson & Smyth, 2008). Threshold adopted for significance assessing was p < 0.05, 

false discovery rate (FDR) < 0.05 and log2 fold change > 2. GO functional enrichment 

analysis of DEGs was performed by Fisher exact test (FDR < 0.05). 

 

Results 

Growth Analysis 

Plants grown with or without support, which had lateral branches and apices of main 

stems pruned, had their developing shoots measured for 18 months, from April 2016 to 

September 2018. In total 50 branches of plants cultivated with the aid of supports and 61 

branches of plants cultivated without the aid of supports were scored during the first 14 

month of growth. The length and number of nodes of the branches from plants grown 

with and without support aid was the same until December 2016, when they had 62 cm 

(± 14.3) and presented 11 (± 1.1) nodes (Fig. 2a,b), when the first leaves with functional 

tendrils began to develop. In fact, until the ninth node, the leaves could be either simple 

(commonly just in the first node), have three expanded leaflets, fail to produce the third 

leaflet/tendril, or could produce senescent tendrils. After 10 months of growth, in 

February 2017, branches of plants cultivated with support were almost twice as long than 
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those from unsupported plants (175 ± 27 cm and 89 ± 24 long, respectively), while the 

number of nodes was still the same, indicating that the difference in length was due to 

 internode elongation. In September 

2017 (18 months of growth), both 

length (340 ± 37 cm and 114 ± 36 long, 

respectively) and number of nodes (28 

± 2 and 19 ± 2, respectively)  

were significantly larger in the 

branches of plants cultivated with the 

aid of support. The thickness of the 

shoot bases, in turn, did not vary 

between plants cultivated with and 

without support during the first 18 

months of growth (Fig. 2c). 

At the end of thirtieth months of 

growth, we compared length and 

thickness at the base of branches of first 

and second order from plants grown 

with and without the aid of supports. 

First and second-order branches were 

Fig. 2 B. magnifica new branches growth 

in the first 18 months (from April 2016 to 

September 2017). Error bars represent 

±SD from 50 branches grown with 

support and from 61 branches grown 

without support. Asterisks denote 

statistical significance: ***, p < 0.001; 

**, p < 0.01. 
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longer in plants grown with the aid of support, averaging 436 cm (± 211) and 217 cm (± 

148) respectively, while their counterparts from plants grown without support had 179 

cm (± 78) and 124 cm (± 53), respectively. Shoot base thickness, on the other hand, did 

not differ in first-order branches and was smaller in second-order branches in plants 

grown with supports, with an average thickness of 7.2 mm (± 2) and 5.8 mm (± 1.4), 

respectively (Fig. 3). 

All together these data clearly exposed that the presence of support increases length 

growth in the liana B. magnifica and decreases the growth in thickness. 

 

Impact of Support on Hydraulic Parameters and Lianescent Xylem 

Formation 

Xylem structure along the stem of the longest branch of each plant grown with and 

without the aid of supports was then analyzed. The subset of analyzed supported branches 

had 6.6 m (± 1.6) in length and 10.4 mm (± 3.6) in diameter at the stem base, while the 

Fig. 3 Difference in first and second order branches growth in plants grown with and without 

supports after 30 months of cultivation (from April 2016 to October 2018). Error bars 

represent ± SE from 21 1st order branches grown with support; 34 1st order branches grown 

without support; 38 2nd order branches grown with support; and 37 2nd order branches grown 

without support. Asterisks denote statistical significance: ***, p < 0.001; **, p < 0.01. 
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subset of unsupported branches had 2,7 m (±0,8) in length and 9,4 mm (±0,8) in diameter 

Fig. 4 Variation of hydraulic parameters along the stems grown with and without support. 

Lines indicate significant fit of linear mixed-effects models of log10 transformed data using 

individuals as random variables (p < 0.001). Fit of linear regression of log10 vessel hydraulic 

diameter and log10 distance from apex showed a higher slope, of 0.41, for branches grown 

without supports (R2 = 0.73), and a slope of 0.24 (R2 = 0.76) for branches grown with support 

((c) inset), indicating a higher variation of this parameters along the length of those branches 
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at the stem base. 

Xylem production was higher in the shorter unsupported branches at the same 

distances from the apex, in comparison to the longer branches grown with the aid of 

support (Fig. 4a, greater slope of the log transformed data regression, Supporting 

Information Fig. S1, and Table S1). Vessel hydraulic diameter, vessel area proportion, 

and specific conductivity increased towards the base of the stem in both groups, while 

only plants grown with support showed a significant correlation between vessel density 

and distance from the apex (Fig 4). Density of vessels varied from 20.6 to 156 vessels per 

mm in plants grown with support, increasing toward the base, and from 26.7 to 147.1 in 

plants grown without support (Fig. 4b), although, as mentioned above, it does not 

significantly correlate with distance from the apex. Vessel hydraulic diameter (Dh) was 

higher at more basal parts of the stem in plants grown with supports, varying from 44 µm 

near the apex to 84 µm 6.5 m below, while in plants grown without supports Dh varied 

from 31 µm near the apex to 60 µm 3 m below (Fig. 4c). However, plants grown without 

supports showed a higher variation in vessel hydraulic diameter (slope = 0.41, R2 = 0.73, 

data log-transformed) along the stem than plants grown with support (slope = 0.24, R2 = 

0.76, data log-transformed), although the unsupported plants showed a limited length 

growth for this parameter.  

Vessel area proportion was also higher in basal parts of plants grown with supports, 

varying from 3 % to more than 30%, while in plants grown without supports these values 

varied between 3 % and 21 %, but most samples showed values less than 15 % (Fig. 4d). 

Nevertheless, the variation along the stem, as showed by the slope of the log transformed 

data regression, was similar between the two groups (Supporting Information Fig. S1). 

Specific conductivity followed the variation of hydraulic diameter, and was higher in 

plants grown with supports, but its variation along stem length was higher in plants grown 
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without support (Fig. 4e, Supporting Information Fig. S1). The range of specific 

conductivity varied from 2.8 × 10-6 to 9.6 × 10-5 Kg m-1 Mpa-1 s-1 along stems grown with 

supports, and from 1.1 × 10-6 to 5.5 × 10-6 Kg m-1 Mpa-1 s-1 along stems grown without 

supports. 

The most striking change along the stem, however, was the production of the 

lianescent xylem, which occurred in all plants grown with supports and in a single plant 

grown without support. Beginning of lianescent xylem production was initially 

recognized by the concomitant production of several large vessels along the 

circumference of the cambium (Fig. 6b), which occurred between 1.5 m and 2 m from the 

stem apex in all plants showing this type of xylem. To further understand the anatomical 

changes along the stem that culminate in the production of lianescent xylem, we have 

characterized the anatomy of B. magnifica xylem since its primary development in mature 

stems of group 3 of plants, which did not had lateral branches or apexes pruned, with 

emphasis on the differences between the self-supporting and lianescent phases.  

In summary, our results show that the presence of support changes how hydraulic 

parameters vary along the stem, increasing vessel area proportion and specific 

conductivity, while reduces xylem production and vessel hydraulic diameter, and triggers 

lianescent xylem formation. 

 

Xylem Development Analysis 

The vascular system in primary structure near the stem apex is composed of a continuous 

procambium cylinder (Fig. 5a), that forms collateral vascular bundles and numerous 

phloem strands between the collateral bundles (Fig. 5b, black and white arrows 

respectively) between the vascular bundles. The installation of a continuous cambium 

occurs around 5 cm below stem apex, producing secondary xylem that is composed 
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mainly by a matrix of septate fibers and rays, while vessels, and scanty associated axial 

parenchyma, are produced only in front of the protoxylem poles (Fig 5c). This restriction 

on vessel production is maintained throughout the self-supporting phase (Figs. 5c, 6a, b, 

and c), conferring a radial arrangement to the vessels, opposite to the protoxylem poles.  

  

Fig. 5 Stem vascular system in primary structure and establishment of secondary growth in 

B. magnifica. (a) Vascular system composed of a cylinder of denser celled procambium, 

delimiting cortical (c) and medullary (m) regions near the stem apex. (b) Vascular system in 

primary structure, composed of collateral bundles (black arrows point to the bundles 

protoxylem pole) and phloem cords (white arrows). (c) Secondary xylem (sx) production 

starts with the formation self-supporting phase xylem. In this phase new vessels are produced 

only in front of protoxylem poles (black arrows), forming a radial arrangement of vessels. 

From left to right we can see three stages of vessel differentiation (black arrow heads): early 

cell growth, late cell growth, and secondary cell wall deposition and beginning of 

lignification. Production of secondary phloem is delayed in comparison to xylem production. 

Phloem is composed mainly by primary phloem cords (white arrows) and phew cell layers of 

secondary phloem (white arrow heads point to the first formed phloem ray cells). Scale bars: 

(a) and (b): 200 µm; (c) 75 µm. 
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The rays in self-supporting phase xylem are uniseriate and composed of upright and 

square cells (Fig. 6d, left portion). 

The onset of lianescent xylem formation is marked by the concomitant production 

of several large vessels throughout the width of the cambium (Fig. 6b and c), as mentioned 

above. These large vessels may be solitary or associated with small vessels, what 

characterizes the vessel dimorphism common to all lianas, and forms a bimodal 

distribution of vessel diameter classes in B. magnifica. Vessel diameter distribution shows 

that the increase in mean, hydraulic and maximum vessel diameters are due to a new class 

of vessels, with a peak in 111µm (Fig. 7). Fibers are also septate in lianescent xylems, but 

ray width and ray cell composition change. Rays are uni to biseriate, and transversal  

divisions of upright ray initials at the beginning of this phase produce cells that are 

predominantly square and procumbent square (as seen in Fig. 6d, right portion). 

This analysis revealed qualitative changes associated with lianescent xylem 

formation, as the end of the vessel production restriction in front of protoxylem poles, 

production of large vessels and procumbent ray cells. 

 

Self-Supporting and Lianescent Xylem Characterization 

To further understand the differences between self-supporting and lianescent xylem, we 

quantitatively evaluate the xylem of both phases (Table 1). The most obvious difference 

refers to vessel relative area, that in the lianescent xylem represents 35.9 %, compared to 

only 5.7 % in the self-supporting phase, an increase of more than five times (Table 1). 

This increase occurs at the expense of fiber relative area, which decreases from 81.6 % in 

self-supporting, to 54.7 % in lianescent xylem, and radial parenchyma, which decreases 

from 12 % to 7.7 %. The axial parenchyma, extremely rare and associated with the 
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vessels, increases from 0.6 % to 1.7 %, a smaller increase then would be expected if it 

accompanied the increment of vessels area. 

Fig. 6 B. magnifica self-supporting and lianescent xylem. (a), (b) and (c) Stem cross section. 

(a) Self-supporting xylem (Ss) is characterized by small vessels radially arranged formed 

only opposite to protoxylem poles (black arrows), and a high proportion of fibers. (b) Onset 

of lianescent xylem formation is marked by the concomitant production of large vessels 

(white arrows) alternating with protoxylem poles (black arrows) and radial files of vessels. 

(c) Older portion of the same stem as in (b) showing a larger amount of lianescent xylem 

(L, white double headed arrow) formed to the outside of the first formed self-supporting 

xylem (Ss, black double headed arrow). The first large vessels (white arrows) formed 

alternate to the radial files of vessels of self-supporting xylem mark the onset of lianescent 

xylem, that is characterized by large proportion of vessel area and large vessels, that may 

be solitary or associated with small vessels. (d) Radial view of the transition from self-

supporting xylem (Ss, to the left of the figure) to lianescent xylem (L, to the right of the 

figure). Ray composition changes from upright cells in Ss to mainly square and procumbent 

cells in L due to transverse divisions of ray initials, which products are seen (marked by 

white arrows); while vessels (v) are more frequently found in L, due to their larger size and 

arrangement. Septate fibers (arrow heads point to the septa), on the other hand, are found in 

the xylem of both phases. Scale bars: (a), (b) and (c): 350 µm; (d): 100 µm.  
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Increase of vessel area is due to the increase in vessel size, and not to the vessel 

density. The mean, maximum and hydraulic vessel diameters are 73 %, 92 % and 103 %, 

larger in the lianescent xylem in comparison to the self-supporting xylem, respectively, 

while vessel density and minimum vessel diameter does not vary between the two phases, 

as is also the case of vessel element length (Table 1). The increase of vessel diameter in 

lianescent xylem results in an increase of more than 20 times of the specific conductivity, 

from 4.52 × 10-6 in self-supporting xylem, to 106.98 × 10-6 kg m-1 Mpa-1 s-1 in lianescent 

xylem. Pit diameter was another characteristic related to hydraulic conductivity that 

increased, from 4.28 µm in self-supporting to 4.95 µm in lianescent xylem. In the same 

way, vessel grouping index, that shows the average number of vessels per vessel 

groupings, was higher in lianescent xylem, with 3.6 vessels, while self-supporting xylem 

showed 2.4 vessels per vessel grouping. The fibers of both xylem phases are septate, 

remaining alive at maturity. However, fibers are wider, shorter, and have thicker cell walls 

in the lianescent xylem, in comparison to the self-supporting xylem (Table 1). 

In conclusion, several anatomical traits are quantitatively diverse in lianescent 

xylem, notably specific conductivity, vessel relative area and hydraulic vessel diameter. 

Fig. 7 Self-supporting and lianescent xylem vessel diameter classes distribution. 
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B. Magnifica Cambium Transcriptome Assembling 

In order to understand the transcriptional regulation responsible for the formation of the 

two distinct xylems characterized above, we conducted an RNA-Seq analysis of the active 

cambium and differentiating tissues of both phases. Six biological samples of each phase, 

corresponding to pools of stem segments, were sequenced, producing 512 millions of 100 

bp, paired end reads (40 GB, Supporting Information Table S2a). De novo assembling 

was performed using the Trinity package after trimming adaptors and low-quality 

sequences and cleaning contaminant reads, yielding 133,883 assemblies, from which 

54,207 longest isoforms were recovered (Fig. 8, Supporting Information Table S2a). 

 

Functional Annotation 

The 54,207 longest isoforms were annotated against Viridiplantae sequences available at 

SwissProt database using BLASTX. A total of 20,548 transcripts were recovered with 

positive matches and; 20,428 of those were found to be associated to Gene Ontology 

terms (GO), which we used for further analysis (Supporting Information Table S2b). Out 

of the 7,198 unique terms identified, 3,738, 2,714, and 746 were related to biological 

processes, molecular functions and cellular components, respectively. We then compared 

B. magnifica functional annotation with those previously reported for the woody forming 

tissues from the model species Eucalyptus grandis and Populus × euramericana 

(Zinkgraf et al., 2017). We found a higher number of transcripts with associated GO terms 

in the cambium of B. magnifica (20,428; Supporting Information Table S3) than in the 

other two species, 15,127 and 14,186 for E. grandis and P. × euramericana, respectively. 

This difference could be explained because B. magnifica was annotated against 

Viridiplantae database, while E. grandis and P. × euramericana were annotated using 
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only A. thaliana data (Zinkgraf et al., 2017). Additionally, while B. magnifica 

transcriptome was de novo assembled, the model species counterparts were whole 

Fig. 8 RNA-seq experiment workflow. 1 - total RNA was extracted using ReliaPrepTM 

RNA Tissue Miniprep System (Promega Corporation) following manufacturer protocol; 

2 - libraries for sequencing were constructed using Illumina TruSeq Stranded mRNA 

Sample Prep LT Protocol (Illumina); 3 - RNA libraries were multiplexed and sequenced 

on a HiSeq2500 system, using a HiSeq Flow Cell v4 with HiSeq SBS Kit v4 (Illumina); 

4 - adaptors and low quality sequences were trimmed using SeqyClean v.1.9.10 

(Zhbanikov et al., 2017); 5 - decontamination was performed using HISAT2 v2.0.5 (Kim 

et al., 2015) against a contaminant bank (see Material and Methods for contaminant bank 

details); 6 - de novo transcriptome assembling was generated using Trinity v.2.8.3 (Haas 

et al., 2013); 7 – longest transcripts isoforms were recovered using a Perl script; 8 - 

autommatic annotation was performed using BLASTX (BLAST® Command Line  

(continues on the next page) 
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genome-supported and, thus the number of transcripts might be more accurate. However, 

we might not discard the possibility that the higher number of transcripts in B. magnifica 

reflects a more complex transcriptome due to the contrasting characteristics of lianescent 

and self-supporting xylems in this species. To further understand functional similarities 

among the cambium of the three species, we compared those Biological Processes GO 

terms associated with at least 10 % of the transcripts. Fifty-three, 54 and 159 Biological 

Processes GOs were identified for E. grandis, P. × euramericana and B. magnifica, 

respectively. All E. grandis and P. × euramericana GOs were shared with B. magnifica 

and showed highly similar relative number of associated transcripts (Fig. 9a). 

Interestingly, we also found 105 Biological Processes exclusively represented in B. 

magnifica (Fig. 9b), that might encompass transcripts with B. magnifica exclusive 

functions. 

 

Differential Expression Analysis 

In order to identify differential expressed genes (DEGs) between self-supporting and 

lianescent cambium, we firstly evaluated the quality of the twelve biological replicates. 

A multidimensional scaling (MDS) was performed and showed that both set of samples 

grouped together demonstrating their suitability to further analysis (Figure S2). 

By applying a significance cut off of p < 0.05, false discovery rate (FDR) < 0.05 

and -2 > logFC > 2 (Fig. 10a), 140 (Supporting Information Table S4a) and 85 

(Supporting Information Table S4c) assembled transcripts were identified as up-regulated 

Fig. 8 (cont.) … Applications User Manual) (against SwissProt Viridiplatae database 

(downloaded on Spetember 18 2019); 9 - GO terms were recovered with the “Retrieve/ID 

mapping” tool in the UniProt website (www.uniprot.org); 10 – reads were quantified using 

Salmon v.0.11.3 (Patro et al., 2017), and abundances were used to estimate DEGs using 

the package edgeR v.3.26.8 (Robinson et al., 2010), from Bioconductor v.3.9 software 

(Huber et al., 2015); 11 - Enrichment analysis was performed applying a Fisher exact test 

(FDR < 0.05).  
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in self-supporting and lianescent cambium, respectively. An enrichment analysis was 

performed by Fisher test (p < 0,05) for the three main functional categories: biological 

process, molecular function and cellular component. In self-supporting wood forming 

tissue, the enriched categories could be clustered into three groups associated with: cell 

wall (cell wall organization or biogenesis, GO:0071554; plant-type cell wall organization 

or biogenesis, GO:0071669; extracellular region, GO:0005576; anchored component of 

membrane, GO:0031225 and; external side of plasma membrane, GO:0009897), all of 

them overrepresented; transcriptional regulation (nucleus, GO:0005634; nuclear part, 

GO:0044428; organic cyclic compound binding, GO:0097159; heterocyclic compound 

binding, GO:1901363; nucleoside phosphate binding, GO:1901265; nucleotide binding, 

GO:0000166), all underrepresented; and protein metabolism (protein metabolic process, 

GO:0019538; nitrogen compound metabolic process, GO:0006807), also showing all 

underrepresented terms (Supporting Information Table S4b). In lianescent cambium the 

category response to stimulus (GO:0050896), which encompasses response to organic 

substance (GO:0010033), response to hormone (GO:0009725) and response to 

endogenous stimulus (GO:0009719), was highly enriched, suggesting the role of hormone 

signaling in xylem differentiation including cell wall deposition and cell death triggering. 

Additionally, the molecular function L-glutamine transmembrane transporter activity 

(GO:0015186) showed to be enriched as well (Supporting Information Table S4d), both 

categories overrepresented. 

To better understand the gene functions that determined the differences between 

self-supporting and lianescent xylem differentiation, we performed a hand-curated 

comprehensive annotation of all DEGs (column J, Supporting Information Table S4a,c). 

It is evident that self-supporting phase xylem is a more homogeneous tissue due to the 

higher proportion of fibers and radially arranged small vessel elements. In contrast, the  
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Fig.9 (The figure continues on the next page) Comparative functional annotation of cambial 

transcriptomes from B. magnifica and the model species Eucalyptus grandis and Populus 

× euramericana. Color scale shows the relative number of transcripts associated with 

Biological Process-related GOs. GOs with at least 10% of associated transcripts out of the 

total of each transcriptome were included in the heat map. Black cell: term not present. 
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lianescent xylem shows a lesser 

proportion of fibers and a higher 

proportion of vessels, which are 

formed throughout stem 

circumference and are of two  

distinct size classes. Consequently, it 

is expected that a wider spectrum of 

genes would be needed in the later to 

determine the higher functional 

diversity. In this sense, the DEGs in 

lianescent xylem displayed a higher 

proportion of transcriptional factors 

(17 %) and hormone responsive 

genes (20 %) compared to the self-

supporting counterparts, 11 % and 

3%, respectively. Additionally, 21 % 

of the DEGs identified in the 

lianescent tissue correspond to genes 

involved in defense/cell death 

mechanisms associated to the vessel 

elements formation, in contrast, only 

12 % of the DEGs belong to this 

category in self-supporting sample, 

reflecting the fact that the fibers in 

(b) cont. 
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both types of wood are septate, remaining alive at maturity. In line with the higher number 

of cells per area and the conspicuous cell wall and lignin deposition in self-supporting 

xylem, 10 % and 29 % of the DEGs are associated to cell division and cell wall, 

contrasting with only 4 % and 13 % in lianescent tissue, respectively (Fig. 10b).  

Next, we investigated whether some of the DEGs between lianescent and self-

supporting xylem were associated with B. magnifica exclusive processes, in comparison 

to E. grandis and P. × euramericana transcriptomes. For this purpose, we selected those 

DEGs associated with the 105 B. magnifica exclusive Biological Processes GOs (Fig. 

10b). From those, we excluded the transcripts that were also associated with the 53 shared 

Biological Processes GOs. Out of the 85 and 140 DEGs for lianescent and self-supporting 

xylem, this analysis resulted in 45 and 50 transcripts only associated with B. magnifica 

exclusive GOs, respectively (Fig. 10b, Supporting Information Table S5). The most 

representative categories among these DEGs were transcription factor, hormone response 

and defense/cell death in transcripts up-regulated in the lianescent xylem, displayed by 

12.9 %, 11.8 % and 10.6 % of all DEGs of this tissue, respectively. Amidst up-regulated 

DEGs in the self-supporting forming tissue, cell wall was the most represented category, 

present in 12.1 % of the DEGs. In fact, the greater part of the DEGs involved in 

transcription factor, cell growth/differentiation, cell wall and hormone response in the 

lianescent xylem forming tissue presented only Biological Processes exclusive to B. 

magnifica, as well as defense/cell death in the self-supporting tissue (Fig. 10b). 

Concluding, the differential expression analysis unraveled distinct functional 

profiles in the repertory of transcribed genes that result in the unique morpho-anatomical 

and functional features described above. 
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Fig. 10 Differential exprension between self-supporting and lianescent xylem forming tissues 

and hand curated categories enrichment analysis. (a) Volcano plot showing transcript 

expression significance versus fold-change of 240,428 annotated transcripts which were 

associated with GO terms. A total of 225 differentially expressed genes (DEGs) were recovered 

using a cutoff of p < 0.05 and log2 fold change > 2: 140 up-regulated in self-supporting xylem 

forming tissue (blue points) and 85 up-regulated in lianescent xylem forming tissue (green 

points). (b) Seven most represented categories of hand curated comprehensive annotation of 

the 225 DEGs. Darker colours (base of columns) indicate transcripts that share GO terms with 

the model species E. grandis or P. × euroamericana; clearer colours (top of columns) indicate 

transcripts that do not share any GO terms with those species. In total 183 (81%) DEGs were 

annotated in these categories. 
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Discussion 

In the present work, we characterize in detail how the presence of support changes stem 

growth and xylem differentiation in the liana species Bignonia magnifica. We have 

demonstrated that the presence of support decreases the formation of xylem of shoots in 

B. magnifica, whereas stimulates growth in length, changes the variation of anatomical 

parameters along the stem, increases specific conductivity, and promotes the formation 

of lianescent xylem, to the detriment of self-supporting phase xylem. We have also 

described qualitatively and quantitatively the xylem of both phases and showed that the 

more complex anatomy in lianescent phase is the result from a more complex 

transcriptional regulation, involving transcriptional factors and hormone responsive 

genes. 

 

The Presence of Support Differentially Impacts Stem Growth in Length and 

Thickness, Consequently Influencing Hydraulic Parameters Variation Along 

the Stem 

Together with xylem characteristics, as higher amount of fibers and small vessels, the 

absence of tendrils in the first formed leaves of a shoot, or its senescence, can be seen as 

a sign of the self-supporting nature of young stems. Increase in length growth and leaf 

production in the presence of supports could only be seen after the production of the 11th 

node, when functional tendrils were first formed and attached to supports. The increase 

in growth in the presence of support in combination with a well-marked self-supporting 

phase, may represent an ecological strategy for colonization of the canopy (Caballé, 

1993). 

The presence of supports decreased thickness growth and changed the variation of 

hydraulic parameters along the stem. The sequential anatomic analysis allowed us to 
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observe that the variation of hydraulic parameters along the stem does not follow the 

abrupt change observed in xylem anatomy in the transverse section. Rather, the observed 

changes were on the slope of hydraulic traits regression curves, with variation rates 

diverging between plants grown with or without supports. Although plants grown without 

support did not formed the lianescent xylem, the variation in vessel hydraulic diameter 

(Dh) along their stem length (L) was Dh = L0.41, while the value for plants grown with 

supports, which did formed the lianescent xylem, was Dh = L0.24. This last value agrees 

with the expected by the hydraulic optimality hypothesis (Petit & Anfodillo, 2011) and 

with that found by Olson et al. (2014), of L0.22, and proposed to be universal among the 

Angiosperms. This is because Dh variation with exponents close to 0.2 leads to the 

conservation of hydraulic conductivity resistance regardless of plant length. Variation 

with exponents higher than 0.2, on the other hand, would lead to very large vessels for a 

given stem length and an exceedingly thick stem, without reduction in conductivity 

resistance and with a greater embolism risk. This could indicate the dependence of 

support for normal development of the xylem in B. magnifica, or yet, the existence of a 

more complex pattern of vessel diameter variation along Angiosperm stems, modulated 

by endogenous and environmental cues (Hacke et al., 2017). 

The decrease of vessel density with the increase in vessel diameter is a universal 

trend among woody plants (Baas et al., 1986) that reflects “the compromises between 

maximizing the area for conduction versus mechanical support” (Sperry et al., 2008). The 

concomitant increase of vessel density and vessel diameter shows the conductivity bias 

over the support function of B. magnifica stems grown with supports.  
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Lianescent Xylem Differs Quantitatively and Qualitatively from Self-

Supporting Xylem 

The most evident difference between plants grown with and without supports was the 

change in production from self-supporting xylem to lianescent xylem. Self-supporting 

xylem, also referred as inner system (Ewers & Fisher, 1989), inner xylem (Ewers et al., 

1991; Rowe & Speck, 1996), bois axial or bois dense (Obaton, 1960) is composed by a 

larger proportion of fibers and smaller vessels, a characteristic shared with many other 

lianas (Schenck, 1893; Carlquist, 1991; Caballé, 1993). An unexpected trait found in the 

self-supporting xylem was the restriction of vessels, found almost exclusively opposite to 

protoxylem poles. The production of vessels only in this specific position can be seen as 

a restraint of vessel formation signals to the cambial initials occupying this location. 

Obaton (1960) cites the presence of radially arranged vessels in self-supporting xylem in 

some African liana species but did not mentioned the restriction of vessel formation as 

found in B. magnifica stems. Whether the pattern of vessel production opposite to 

protoxylem poles is unique to B. magnifica or is a feature of the self-supporting phase 

xylem in other species as well still needs to be verified. 

Although lianescent xylem formation was initially related to stem hydraulic 

demands with crown development (Schenck, 1893), this relationship was found weak or 

nonexistent later (Obaton, 1960, Ewers et al., 1991). The mechanical role initially 

performed by the self-supporting xylem and the subsequent relaxation of this function 

represented by external support attachment was highlighted by Ewers et al. (1991) and 

further explored later (Rowe & Speck, 1996, Gallenmuller et al., 2001; Ménard et al., 

2009). The sequence of events observed in shoots of B. magnifica, firstly attaching itself 

to supports and only later increasing in growth, and the formation of lianescent xylem 
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mostly in supported cultivated branches, corroborates the dependency on external stimuli 

for the formation of lianescent xylem. 

The first evidences of the beginning of lianescent xylem formation was the 

production of vessels alternating with the protoxylem poles and radial rows of vessels, as 

well as the production of large vessels. The presence of large and small vessels produced 

a bimodal distribution of vessel diameter classes. Such a bimodal distribution of vessel 

diameter classes is not usual in lianas (Ewers et al., 1990, Carlquist, 1991) and should not 

be assumed due to the term vessel dimorphism (Carlquist, 1981), a common feature in 

lianescent vascular syndrome. The production of large vessels was also responsible for 

the increase found in vessel mean diameter, hydraulic diameter, vessel area proportion 

and the huge increase in specific conductivity (Ks), of more than 22 folds. Although Ks 

estimation through Hagen-Poiseuille equation overestimates conductivity by disregarding 

finite vessel size, flow through pits membrane, and internal vessel wall irregularities 

(Tyree & Ewers, 1991; Lovisolo & Schubert, 1998; Tyree & Zimmermann, 2002), 

proportionality between calculated Ks and experimentally measured conductivity enables 

its use for intra and interspecific comparisons (Martre et al., 2000; 2001, Tyree & 

Zimmermann, 2002; Steppe & Lemeur, 2007).  

Despite not being considered in the Hagen-Poiseuille equation, the increase in pit 

diameter might also impact hydraulic conductivity. This is because pits conductivity 

resistance account for about 80% of the total resistance (Choat et al., 2006), and larger 

pits could increase intervessel conductivity. The larger number of vessels per grouping in 

the lianescent xylem, evidenced by the higher value of the vessel grouping index, also 

enables alternative paths to water flow, which increases hydraulic safety by maintaining 

flow in cases of embolism (Carlquist, 1985; Ewers et al., 2007). 
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The scanty parenchyma associated with the vessels is characteristic of the 

Bignonieae tribe and its presence is correlated to the presence of septate fibers in the 

family (Pace & Angyalossy, 2013). These fibers are long-lived cells and can accumulate 

starch and other compounds (Carlquist, 2001), thus functioning also as a reserve tissue. 

Both the decrease in fiber and the increase in axial parenchyma proportions are related to 

the increase in vessel area proportion in lianescent xylem. The heterogeneous ray cell 

composition is characteristic of the tribe, composed mostly of lianas, and also seems to 

be common to lianas in general (Pace & Angyalossy, 2013, Angyalossy et al., 2015). The 

increase in the proportion of procumbent cells in the rays is difficult to interpret 

functionally but can be related as the transition from a juvenile to a mature phase 

(Carlquist, 1962).  

 

Self-Supporting Phase Transcriptome is Characterized by the 

Overexpression of Cell Division and Cell Wall Related Transcripts 

The differentiation of self-supporting and lianescent xylem is explained by the differential 

expression pattern of cambial zone. Our results have clearly shown that self-supporting 

xylem, composed mostly of fibers and with small diameter vessels, produces higher 

number of cells per area and has an enhanced growth in thickness, indicating a more 

active cell division when compared to the lianescent counterpart. In accordance, the self-

supporting xylem cambium showed upregulated expression of cyclin-homologous genes 

responsible for cell cycle progression (TRINITY_DN860_c0_g2_i2, Espinosa-Ruiz et 

al., 2004) (transcript identifiers hereafter mentioned are listed in Supporting Information 

Table S4), mitotic specific kinesin homologs (TRINITY_DN13653_c1_g1_i1, 

TRINITY_DN12012_c0_g1_i1, TRINITY_DN11506_c0_g1_i1, 

TRINITY_DN13654_c0_g1_i2, Vanstraelen et al., 2006) and chromatin segregation 
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related proteins (TRINITY_DN1459_c0_g2_i1, De Storme & Geelen 2011, 

TRINITY_DN5155_c0_g1_i1, Sanchez-Moran et al., 2008; 

TRINITY_DN19359_c0_g1_i1, Zamariola et al., 2014; TRINITY_DN5075_c0_g1_i1, 

Antosch et al., 2015) (Fig. 11). It is expected that higher number of cells correlates with 

more abundant cell wall biosynthesis. In this sense, three master MYB transcription 

factors (TFs) involved in the regulation of SCW biosynthesis 

(TRINITY_DN20428_c0_g1_i1, TRINITY_DN7293_c0_g2_i4, 

TRINITY_DN35518_c0_g1_i1, Yang et al., 2007; 2017; Cassan-Wang et al., 2013; 

Nakano et al., 2015) were found to be overexpressed in self-supporting xylem forming 

cambium. Moreover, higher expression levels of genes involved in cell wall biosynthesis, 

such as cellulose synthase A (CESA7, TRINITY_DN8977_c0_g2_i4, Taylor et al., 

2003), and lignification, peroxidase 11 (TRINITY_DN30734_c0_g1_i1, Boerjan et al., 

2003) was identified, highlighting the pronounced cell wall deposition. The higher 

expression of CESA7 is accompanied by the higher expression of four fasciclin-like 

arabinogalactan proteins (TRINITY_DN7969_c0_g1_i2, 

TRINITY_DN52901_c0_g1_i1, TRINITY_DN49576_c0_g1_i1, 

TRINITY_DN10033_c0_g1_i1) that have been proposed to contribute to stem strength 

and stiffness in Eucalyptus and A. thaliana by increasing cellulose synthesis and 

deposition, as well as by composing the extracellular matrix as an adhesion molecule 

(Macmillan et al., 2010).  

Interestingly, two SPIRAL1-like transcripts (TRINITY_DN1885_c0_g1_i2 and 

TRINITY_DN7226_c0_g1_i1) were found to be overexpressed in self-supporting xylem 

forming tissue. In A. thaliana, SPIRAL1 (SPR1) has been reported to be required for the 

anisotropic cell growth by determining the correct arrangement of cortical microtubules 

in rapidly expanding cells, transversally to the major axis (Nakajima et al., 2004; Smyth, 
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2016). SPR1 overexpression may increase cell elongation, in accordance with the longer 

fibers found in self-supporting xylem, while SPR1 loss of function mutants show helical 

growth of epidermal cells and organs as a whole (Nakajima et al., 2004), as has long been 

known in twinning vines stems (Darwin, 1875; Isnard & Silk, 2009). Other cell growth 

related proteins overexpressed in our study were four homologs to expansins 

(TRINITY_DN5405_c0_g1_i2, TRINITY_DN57873_c0_g1_i1, 

TRINITY_DN3738_c0_g1_i2, and TRINITY_DN8582_c0_g1_i3), three of which were 

overexpressed in the self-supporting phase, and one in the lianescent phase. Expansins 

form a large gene family, whose members are organ, tissue, or even cell-specific (Gray- 

Mitsumune et al., 2004; Sundell et al., 2017). For example, the Populus EXPA1 showed 

to have distinct effects on vessels and fibers, stimulating diameter growth in the last but 

not in the former, while marginally increases length in vessels, but not in fibers (Gray-

Mitsumune et al., 2008). In this way, the differential expression of distinct B. magnifica 

expansin homologs in the two xylem forming cambia analyzed may reflect the anatomical 

unique cellular characteristics associated with these tissues functional specificity. 
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Lianescent Phase Transcriptome is Characterized by the Overexpression of 

Response to Stimulus, Hormone Responsive and Defense/Cell Death 

Related Transcripts 

Lianescent phase has an evident more complex xylem than the homogeneous self-

supporting phase. It shows vessel dimorphism, with wider vessels that constitute a larger 

proportion of the xylem, solitary or associated with small tracheary elements, and are not 

restricted to the radial arrangement lined to the protoxylem poles. This is the reflex of an 

also more complex transcriptional pattern as shown by the higher number of transcripts 

associated to TFs and hormone response in our hand curated annotation among lianescent 

phase overexpressed DEGs (Fig. 11). 

NAC and MYB TFs act as first- and second-level master switches regulating SCW 

deposition (J. Zhang et al., 2014; Ye & Zhong, 2015). TRINITY_DN10071_c0_g1_i1, 

which was overexpressed in lianescent xylem, is homolog to the A. thaliana NAC 

DOMAIN-CONTAINING PROTEIN 104/ XYLEM NAC DOMAIN 1 (NC104/XND1 

NAC) domain-containing protein, which was found to interact with first-level master 

regulator NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 

(NST1), impairing both cell wall production and programmed cell death (PCD) (Zhao et 

al., 2008; Q. Zhang et al., 2019). SCW production and PCD are transcriptionally 

Fig. 11 (previous page) Transcriptional regulatory network model of self-supporting and 

lianescent xylem formation in the stems of the liana B. magnifica. Self-supporting xylem has 

a higher growth in thickness rate and is composed mainly by fibers and small vessel arranged 

in radial rows in front of protoxylem poles. Its formation is associated to a higher expression 

of cell division and secondary cell wall biosynthesis related transcripts. Lianescent xylem 

has a slower growth in thickness and is composed by a smaller fraction of fibers and a higher 

proportion of vessels. This change is due to the production of large vessels, which are 

produced throughout cambium circumference. The formation of lianescent xylem is linked 

to a much more complex transcription network, involving transcription factors, hormone 

responsive genes, delayed programmed cell death and redistribution of auxin mediated by 

PIN proteins. 
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coregulated as components of a broad xylem maturation program, what denotes the 

importance of accurate PCD timing for the correct cellular differentiation and function 

(Bollhoner et al., 2012). Interestingly, another gene responsible for preventing premature 

PCD, ACAULIS5 (ACL5) (Muñiz et al., 2008), was overexpressed in the lianescent 

xylem, although with a log2 fold change of 1.1. The increase in cell expansion time span, 

prior to PCD, was found to be linearly correlated with tracheid lumen area in Picea abies 

trees (Anfodillo et al., 2013), and explains, at least in part, the wider size of the vessels 

in lianescent xylem. Similarly, the overrepresentation of genes associated with 

defense/cell death is probably related with the more pronounced vessel elements 

differentiation observed in lianescent xylem, as fibers of both self-supporting and 

lianescent phases are septate, staying alive at maturity (Carlquist, 2001). A homolog of 

the A. thaliana MYBS3/MYBH/KUODA1 protein was also overexpressed in lianescent 

xylem cambium. This TF has shown to trigger auxin (IAA) accumulation inducing 

cellular elongation (Kwon et al., 2013, Lu et al., 2014), which might contribute to the 

differentiation of larger vessels. 

Other transcripts, homologs to TF encoding mRNAs essential for vascular 

development were found overexpressed in lianescent cambium. The upregulation of a 

PETAL LOSS (PTL) homolog (TRINITY_DN52789_c0_g1_i1) is in agreement to the 

reduced number of cell found in the lianescent xylem, since PTL was recently 

characterized as a repressor of cell proliferation during root secondary growth in A. 

thaliana (J. Zhang et al., 2019). Interestingly, a homolog of the A. thaliana homeobox-

leucine zipper protein ATHB17 was identified as a DEG in lianescent xylem forming 

meristem (TRINITY_DN11122_c0_g1_i1). This gene belongs to an important TF family 

acting on vascular differentiation (Baima et al., 2001; Ohashi-Ito et al., 2003). 
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Transcripts belonging to hormone response category was profoundly upregulated 

in the lianescent cambium compared to self-supporting counterpart. These genes 

encompass functions associated with biosynthesis, catabolism/deactivation, transport and 

signaling pathway for IAA, cytokinins (CK), gibberellins (GA), brassinosteroids (BR), 

and abscisic acid (ABA). Transcripts homologs to AUXIN-INDUCED PROTEIN 22A 

(AX22A) (TRINITY_DN53387_c0_g1_i1), GATA TRANSCRIPTION FACTOR 22 

(GAT22) (TRINITY_DN16098_c0_g1_i1) and ETHYLENE-RESPONSIVE 

TRANSCRIPTION FACTOR 1B (ERFC3) (TRINITY_DN35952_c0_g1_i1) TFs that 

are involved in the response to the cambial activity regulating hormones AIA, CK and 

ethylene, respectively, were identified between the lianescent cambium DEGs, showing 

the greater complexity of cell differentiation regulation in this xylem. 

CK was the hormone with the highest number of related annotated transcripts 

overexpressed. Four out of the five mRNAs were related to CK catabolism/deactivation 

(TRINITY_DN20233_c0_g1_i1, TRINITY_DN9178_c0_g1_i1, 

TRINITY_DN17065_c0_g1_i1, TRINITY_DN49211_c0_g1_i1) and are homologs to A. 

thaliana CYTOKININ DEHYDROGENASE 1 and 5 (CKX1/5), and UDP-

GLYCOSYLTRANSFERASE 85A3 and 85A1 (UGT6/8). The product of these genes might 

lead to lower levels of CKs resulting in reduced cambial cell divisions in the lianescent 

xylem meristem phase. CKs, in association with IAA, have been long known to act in 

cambial activity (Torrey & Loomis, 1967). The A. thaliana quadruple mutant atip1/3/5/7, 

deficient for CK biosynthesis, failed to form cambium and showed reduced secondary 

growth (Matsumoto-Kitano et al., 2008), while a transgenic Populus overexpressing a 

single CK catabolic gene showed reduced concentration of bioactive CKs and scanty 

thickness growth (Nieminen et al., 2008). Intriguingly, one transcript 

(TRINITY_DN17601_c0_g2_i1) annotated as the CK biosynthetic gene, ADENYLATE 
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ISOPENTENYLTRANSFERASE 3, was also overexpressed in this phase. Similarly, we 

found that GA20 OXIDASE 1 (GAOX1), a late GA biosynthesis gene (Huang et al., 1998), 

homolog (TRINITY_DN11261_c0_g1_i1) was overexpressed in lianescent xylem 

forming tissues, in the same way as two other GA responsive transcripts 

(TRINITY_DN3693_c0_g1_i1, TRINITY_DN12113_c0_g1_i1). GA enhances cambial 

activity and xylem cell differentiation by promoting class-I KNOTTED1-LIKE 

HOMEOBOX gene (KNOX) KNAT1 (for KNOTTED-LIKE FROM ARABIDOPSIS 

THALIANA) action through the degradation of the negative regulator DELLA (Israelsson 

et al., 2005; Mauriat & Moritz, 2009; Felipo-Benavent et al., 2018). Nevertheless, fibers 

were shorter in lianescent xylem, an opposite character than that sowed by GAOX1 

overexpressing Populus trees (Eriksson et al., 2000).  

Auxin is the major regulatory shoot signal in the differentiation of vascular system 

(Snow, 1935; Aloni & Jacobs, 1977; Ko et al., 2004; Bjorklund et al, 2007; Ye & Zhong, 

2015; Smetana et al., 2019). It is produced mainly in leaf primordia (Aloni et al., 2003) 

where a positive feedback loop, determined by PIN-FORMED 1 (PIN1)-mediated polar 

transport, channels auxin flow, leading to the differentiation of leaf venation pattern 

(Sachs, 1981; Vieten et al., 2005; Scarpella et al., 2006). In the same way, regenerating 

wounded tissues express PIN1 in cells that will later differentiate in regenerative vessels 

bypassing the wound (Mazur et al., 2016). In the stem, PIN1 is initially expressed only 

in the vascular bundles, and just later in cambium and cambium differentiating 

interfascicular parenchyma, where auxin concentration peaks (Uggla et al., 1996; 

Tuominen et al., 1997; Mazur et al., 2014). Although, the role of PIN1 auxin carrier in 

de novo bundle differentiation has been extensively reported, its role in secondary vessel 

formation has never been shown. Here, we found a PIN1 homolog, 

TRINITY_DN10775_c0_g1_i1, overexpressed in lianescent xylem forming cambium 
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that might reflect the higher number of PIN1 expressing vessel elements-differentiating 

xylem mother cells leading to the spread-out vessel distribution observed. Although the 

overall vessel concentration did not vary, the maximum number of vessels being formed 

at any given time in the self-supporting xylem was equal to the number of the few radial 

rows of vessels opposite to protoxylem poles, while in the lianescent xylem vessels were 

produced many at a time by a much broader range of cambial initials. This same argument 

explains the upregulation of transcripts annotated as defense/cell death related in our 

hand-curated annotation, as vessel elements, different from the septate-fibers, are the only 

xylem cell type subjected to programed cell death (PCD). We also do not overlook the 

possibility that some of the defense-related genes are eventually involved with the 

presence of endophytic parasites. 

Lianescent cambium still showed a higher expression of the brassinosteroid (BR) 

biosynthetic gene homolog CYTOCHROME P450 90B1/DWARF4 (C90B1/AtDWF4; 

TRINITY_DN4579_c0_g1_i1, Sahni et al., 2016; Fujiyama et al., 2019), and four ABA 

responsive transcripts; three of which are involved in signaling pathway: EID1-LIKE F-

BOX PROTEIN 3,  (EDL3, PTR19, P2C06 (TRINITY_DN45297_c0_g1_i1, 

TRINITY_DN10749_c0_g1_i1, TRINITY_DN10194_c0_g1_i5) (Koops et al., 2011; 

Kanno et al., 2012; Saez et al., 2004; Yoshida et al., 2006). BR are plant steroid hormones 

that have been also reported to be involved in xylem differentiation and phloem repression 

(Yamamoto et al., 1997; 2001; Caño-Delgado et al., 2004), besides to stimulate ethylene 

production, and modify endogenous auxin distribution by enhancing polar accumulation 

of PIN2 in a RHO-OF-PLANT GTPASE (ROP2) dependent way (Li et al., 2005). 

Although ABA activity in xylem differentiation remains poorly understood, it might 

contribute to control xylem cell expansion by regulating the expression of cell wall 

modifying genes (Little & Wareing, 1981; Luisi et al., 2014). 
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The arguments exposed above demonstrate an intricate network that controls cell 

division and differentiation that finally results in a much more complex antomy in 

lianescent xylem. 

 

Conclusions 

In the present study, we verified profound impacts of support on the liana B. magnifica 

shoot development, increasing growth in length, decreasing growth in thickness and 

promoting the formation of the lianescent xylem. The detailed xylem anatomical 

characterization showed that the onset of lianescent phase is characterized by much larger 

vessels, whose production is not anymore restricted to the front of protoxylem poles, that 

drastically increase specific conductivity. The comprehensive integration of anatomical 

and differential expression analysis data allows us to propose a model to characterize the 

molecular control of the lianescent vascular syndrome establishment (Fig 11). Our model 

shows that the more complex lianescent xylem reflects an also more intricate 

transcriptional regulation network, involving a more diverse repertory of transcription 

factors and hormone responsive genes. 
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Supporting Information 

 
Supporting Information Fig. S1. Linear regressions of log10 transformed data of 

hydraulic parameters along the stems grown with and without support. (a)  

Amount of xylem produced by the cambium. (b) Vessel density. (c)  Proportion 

of vessel area. (d) Potential water conductivity. Open circles refer to stems 

grown with support; black circles refer to stems grown without support; dashed 

lines: significant (p ≤ 0.001) regression lines of supported stems data; solid 

lines: significant (p ≤ 0.001) regression lines of unsupported stems data.  
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Supporting Information Table S1. Statistical data summary of mixed effect linear models 

between hydraulic parameters and distance from stem apex. Estimated bold coefficients are 

significant. coef: coeficiente; SE: standard error; DF: degrees of freedom.  

 coef SE DF  t-value p-value Random effect 

      Individual Residual 

Xylem amount        

Supported stems      0.13 0.05 

Intercept 2.94 0.03 34 85.20 <0.001   

Length 0.51 0.06 34 8.11 <0.001   

Unsupported stems      0.16 0.06 

Intercept 3.01 0.04 18 68.25 <0.001   

Length 0.89 0.14 18 6.41 <0.001   

Vessel density        

Supported stems      0.28 0.33 

Intercept 3.91 0.15 25 25.61 <0.001   

Length 0.45 0.09 25 5.15 <0.001   

Unsupported stems      0.08 0.40 

Intercept 4.09 0.11 11 37.51 <0.001   

Length -0.03 0.16 11 -0.20 0.85   

Vessel hydraulic 

diameter 

       

Supported stems      0,03 0,04 

Intercept 1.73 0.02 25 96.85 <0.001   

Length 0.24 0.02 25 11.20 <0.001   

Unsupported stems      0.01 0.07 

Intercept 1.65 0.02 11 89.00 <0.001   

Length 0.41 0.06 11 6.45 <0.001   

Vessel area 

proportion 

       

Supported stems      0.06 0.14 

Intercept 0.92 0.05 25 19.52 <0.001   

Length 0.83 0.09 25 9.78 <0.001   

Unsupported stems      0.16 0.14 

Intercept 0.82 0.09 11 10.06 <0.001   

Length 0.71 0.14 11 5.15 0.003   

Potential 

conductivity 

       

Supported stems      0.10 0.19 

Intercept -9.97 0.07 25 -76.52 <0.001   

Length 1.37 0.11 25 12.27 <0.001   

Unsupported stems      0.20 0.23 

Intercept -5.26 0. 11 -48.40 <0.001   

Length 1.56 0.22 11 7.15 <0.001   
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Supporting Information Fig. S2 Multidimensional scaling plot (MDS) showing samples 

expression profile similarity. 

 


