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Abstract 
 

As traditionally recognized, the tribe Hydrangeeae (Hydrangea s.l.) of the Cornales 

family Hydrangeaceae includes the warm temperate and tropical genera Hydrangea s.s. plus 

Broussaisia, Cardiandra, Decumaria, Deinanthe, Dichroa, Pileostegia, Platycrater and 

Schizophragma. A number of species of this tribe are popular woody ornamentals for their 

conspicuous inflorescences with attractive marginal flowers. The most recent revision of 

Hydrangea s.s. by McClintock (1957) subdivides this genus in the sections Hydrangea and 

Cornidia,  each further divided in subsections. The H. sect. Cornidia comprises a yet 

undefined number of evergreen root-climbing species of nearly exclusive American 

distribution, with the exception of one species from Taiwan and the Philippines. The present 

study focuses on the tribe Hydrangeeae (Hydrangea s.l.) and H. sect. Cornidia. 

Knowledge of the phylogenetic relationships within the tribe has progressively 

improved in a series of molecular and morphological studies consistently recovering 

Hydrangea s.s. as paraphyletic with respect to the other genera in the tribe. A recent study 

by our research group included a number of Hydrangeeae representatives, recognizing two 

highly supported main clades within the tribe. However, due to heterogeneous distributions 

of rates of evolution and limited plastid variability, relationships among the different 

“genera” remained poorly understood. Despite the long record of phylogenetic studies in 

the tribe Hydrangeeae, a limited number of species from H. sect. Cornidia could be included 

in previous phylogenetic studies preventing a robust test of the monophyly of this section 

and its subsections, as well as a better knowledge of the evolutionary history of this group. 

The present PhD research project was divided in four subprojects. The aims of the first 

two were to gain insight in the phylogenetic relationships within Hydrangea s.l. and H. sect. 

Cornidia, respectively. In order to achieve these, we evaluated the performance of a number 

of coding and non-coding regions from the chloroplast and nuclear genomes for resolving 

and supporting phylogenetic relationships in these groups. The third subproject connects 

our fundamental phylogenetic research of Hydrangea s.l. to an applied study on hortensia 

breeding. Although hortensias are already more than two centuries important for 
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horticultural trade, crosses between distantly related species have been problematic in this 

group hindering exploitation of economic value. The aim of this subproject was to inform the 

selection of potentially successful hortensia hybrid crosses, based on our recently improved 

phylogenetic knowledge in the group and genetic distances calculated from our extensive 

chloroplast nucleotide database. The fourth subproject focused on the characterization of 

the root climbing growth form in H. sect. Cornidia, using a multidisciplinary approach 

integrating plant biomechanics, architecture and anatomy. 

Our results represent a concrete progress in the reconstruction of a solid phylogenetic 

framework for Hydrangea s.l. and H. sect. Cornidia facilitating the application of the 

evidently needed taxonomical changes in these groups. Additionally, our results highlight the 

importance of “phylogenetic thinking” and its value in plant breeding. Furthermore, we 

present a contribution to the knowledge of the biology of the previously barely studied H. 

sect. Cornidia.  
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Outline of the thesis 
 

The introductory Chapter 1 first sheds light on the previous knowledge (before the start 

of this PhD research) on the systematics of the family Hydrangeaceae, the tribe Hydrangeeae 

and H. sect. Cornidia. Then we introduce the background for the four main subprojects 

within this doctoral research: 1) reconstruction of a solid phylogenetic framework for the 

tribe Hydrangeeae, 2) improvement of our knowledge on the phylogenetic relationships 

within H. sect. Cornidia, 3) guidance of hortensia breeding based on phylogenetic 

information, and 4) characterization of growth forms in H. sect. Cornidia. 

Chapter 2 frames this PhD project within the general research on Hydrangea s.l. by the 

Research Group Spermatophytes of the Ghent University. The general aims of this PhD are 

presented as well as the research strategies to achieve them. Here we discuss the 

importance of the Hydrangea s.l. collection in the Botanical Garden of the Ghent University 

and describe our field work coverage and collection strategies. Author’s contribution to 

research chapters is here stated. 

The thesis is then divided in two parts that reflect the two taxonomical levels of our 

research: Part 1 corresponds to Hydrangea s.l. and Part 2 to H. sect. Cornidia. 

 

Part 1 

Chapter 3 exposes the need of an efficient marker selection for tackling a case of 

resolution contrast in Hydrangea s.l., a group with a highly heterogeneous distribution of 

molecular rates of evolution. A fully resolved and highly supported phylogenetic framework 

of a lineage-representative sampling within Hydrangea s.l. is presented.  

In Chapter 4 the economic importance of representatives of Hydrangea s.l. as 

ornamentals is emphasized. Here a link between fundamental and applied plant science 

research is achieved by applying our knowledge on the phylogenetic relationships in the 

group to the selection of potentially successful breeding projects. 
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Part 2 

Based on our field observations and plant material collected during our expeditions, as 

well as our herbarium study, Chapter 5 presents a description of the morphological 

characters of H. sect. Cornidia. Two concise examples of sexual dimorphism in this clade are 

here described.   

Chapter 6 expounds preliminary results that will lead to a manuscript dealing with the 

fundamental search of nuclear potential single-copy genes, allowing for the reconstruction 

of the evolutionary history of H. sect. Cornidia. Based on the obtained phylogenetic 

hypothesis, McClintock's (1957) circumscription of H. sect. Cornidia and its subsections 

Monosegia and Polysegia is discussed.  

An interdisciplinary approach integrating plant biomechanics, architecture and anatomy 

for the study of growth form plasticity in root climbers of H. sect. Cornidia is treated in 

Chapter 7. Two root climbing strategies linked to different types of support are here 

described.  

Finally, in Chapter 8 the conclusions of the PhD thesis are presented along with our 

ongoing research and future perspectives in the study of Hydrangea s.l. and H. sect. 

Cornidia.   
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Samenvatting 
 

De tribus Hydrangeeae (Hydrangea s.l.) van  de Cornales familie Hydrangeaceae omvat, 

zoals traditioneel omschreven, de warm-gematigde en tropische genera Hydrangea s.s., 

Broussaisia, Cardiandra, Decumaria, Deinanthe, Dichroa, Pileostegia, Platycrater en 

Schizophragma. Een aantal soorten die tot deze tribus behoren zijn populaire houtachtige 

sierplanten omwille van hun opvallende bloemgestellen en aantrekkelijke randbloemen. De 

meest recente revisie van Hydrangea s.s. door McClintock (1957) verdeelt dit genus in de 

secties Hydrangea en Cornidia,  op hun beurt verder onderverdeeld in subsecties. De H. 

sectie Cornidia bestaat uit een nog onbepaald aantal altijd-groene wortelklimmende soorten 

die bijna uitsluitend in Amerika voorkomen, met uitzondering van één soort uit Taiwan en de 

Filippijnen. De huidige studie focust op de tribus Hydrangeeae (Hydrangea s.l.) en H. sectie 

Cornidia.  

De kennis van de fylogenetische verwantschapsrelaties in de tribus nam gestaag toe aan 

de hand van moleculair en morfologisch onderzoek dat op een consistente wijze de parafylie 

van Hydrangea s.s. in relatie tot de andere genera in de tribus aantoonde. Een recente door 

onze onderzoeksgroep op basis van een uitgebreid aantal Hydrangeeae vertegenwoordigers 

uitgevoerde studie resulteerde in de herkenning van twee goed ondersteunde clades in deze 

tribus. Omwille van de heterogeen verdeelde evolutiesnelheden en de beperkte 

choroplastmerker-variabiliteit bleven de verwantschappen tussen de verschillende “genera” 

echter nog steeds onvoldoende begrepen. Daarnaast waren vertegenwoordigers van de H. 

sectie Cornidia niet beschikbaar voor opname in eerdere fylogenetische studies, waardoor 

een robuuste test van de monofylie van deze sectie en haar subsecties niet kon worden 

uitgevoerd. Hierdoor bleef eveneens de evolutionaire geschiedenis van deze groep 

onbekend.  

Dit doctoraatsproject werd onderverdeeld in vier deelprojecten. De doelstelling van de 

eerste twee was het verwerven van inzicht in de fylogenetische verwantschapsrelaties in 

respectievelijk Hydrangea s.l. en H. sectie Cornidia. Om dit te bereiken evalueerden we een 

aantal coderende en niet-coderende regio’s uit chloroplast- en kerngenoom aan de hand van 
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hun potentieel om verwantschapsrelaties op te lossen en te ondersteunen. Het derde 

deelproject linkt ons fundamenteel fylogenetisch onderzoek in Hydrangea s.l. met een 

toegepaste studie voor veredelingstechnieken in hortensia. Hoewel deze planten al meer 

dan twee eeuwen lang belangrijk zijn in de sierplantenhandel is het uitvoeren van kruisingen 

tussen minder nauw verwante soorten problematisch en dit belemmert de uitbating van het 

economisch belang van deze groep. Het doel van dit deelproject was het produceren van 

informatie die nuttig is voor de selectie van potentieel succesvolle interspecifieke kruisingen 

in hortensia. Dit was enerzijds gebaseerd op ons recent toegenomen inzicht in de 

fylogenetische verwantschapsrelaties in deze groep en anderzijds op de genetisch afstanden 

die we berekenden aan de hand van onze uitgebreide chloroplast nucleotide dataset. Het 

vierde deelproject focuste op de karakterizatie van de wortelklimmende groeivorm in H. 

sectie Cornidia, door een multidisciplinaire benadering en het integreren van 

plantenbiomechanica, architectuur en anatomie. 

Onze resultaten betekenen een concrete vooruitgang in de reconstructie van een 

robuust fylogenetisch kader voor Hydrangea s.l. en H. sectie Cornidia, wat de toepassing van 

de vanzelfsprekende taxonomische veranderingen in deze groepen bevordert. Daarnaast 

benadrukken onze resultaten het belang van “fylogenetisch denken” en de waarde hiervan 

voor plantenveredelingstechnieken. Tenslotte leveren we ook een bijdrage tot de kennis van 

de biologie van de tot nu toe nauwelijks bestudeerde H. sectie Cornidia. 
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Overzicht van dit proefschrift 
 

In het inleidend Hoofdstuk 1 wordt eerst de kennis over de systematiek van de familie 

Hydrangeaceae, de tribus Hydrangeeae en H. sectie Cornidia die beschikbaar was voor de 

start van dit doctoraatsproject voorgesteld. Vervolgens introduceren we 

achtergrondinformatie voor de vier grote deelprojecten van deze doctoraatsstudie: 1) 

reconstructie van een robuust fylogenetisch kader voor de tribus Hydrangeeae, 2) een 

verbetering van onze kennis over de fylogenetische verwantschapsrelaties binnen H. sectie 

Cornidia, 3) sturen van hortensiakweek gebaseerd op fylogenetische informatie, en 4) 

karakterizatie van groeivormen in H. sectie Cornidia. 

Hoofdstuk 2 kadert dit project in het algemene onderzoek op Hydrangea s.l. in de 

Onderzoeksgroep Zaadplanten van de Universiteit Gent. De algemene doelstellingen evenals 

de onderzoeksstrategieën van dit doctoraat worden verduidelijkt. Daarnaast wordt ook het 

belang van de Hydrangea s.l. collectie in de Plantentuin van de Universiteit Gent  benadrukt 

en beschrijven we ons veldwerk en de gebruikte inzamelstrategieën. 

De thesis is vervolgens onderverdeeld in twee delen die de twee taxonomische niveaus 

van ons onderzoek weerspiegelen: Deel 1 handelt over Hydrangea s.l., in Deel 2 bespreken 

we H. sectie Cornidia. 

Deel 1 

In Hoofdstuk 3 wordt het belang van efficiënte merkerselectie belicht, met als doel het 

oplossen van resolutiecontrast in Hydrangea s.l., een groep met een zeer heterogene 

verdeling van moleculaire evolutiesnelheden. Een volledig opgelost en goed ondersteund 

fylogenetisch kader van Hydrangea s.l. wordt voorgesteld op basis van een staalname die 

representatief is voor alle evolutionaire lijnen binnen deze groep.  

Hoofdstuk 4 bespreekt het economisch belang van vertegenwoordigers van Hydrangea 

s.l. als sierplanten. We streefden hier een link tussen fundamenteel en toegepast botanisch 

onderzoek na, door het toepassen van onze kennis over fylogenetische 

verwantschapsrelaties in deze groep op de selectie van potentieel succesvolle 

kweekprojecten. 
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Deel 2 

Gebaseerd op observaties van planten in het veld, van materiaal verzameld gedurende 

onze expedities en van herbariumspecimens presenteren we in Hoofdstuk 5 een beschrijving 

van de morfologische kenmerken in H. sectie Cornidia. Twee voorbeelden van sexueel 

dimorfisme in deze groep worden eveneens besproken. 

Hoofdstuk 6 behandelt voorlopige resultaten die zullen leiden tot een manuscript over 

de fundamentele zoektocht naar nucleaire genen die in een beperkt aantal kopiën aanwezig 

zijn. Dit laat een reconstructie van de evolutionaire geschiedenis van H. sectie Cornidia toe. 

Op basis van deze fylogenetische hypothese wordt de omschrijving van H. sectie Cornidia en 

subsecties Monosegia en Polysegia door McClintock (1957) bediscussieerd. 

Een interdisciplinaire benadering die plant biomechanica, architectuur en anatomie 

integreert voor de studie van groeivormplasticiteit in wortelklimmers van H. sectie Cornidia 

wordt voorgesteld in Hoofdstuk 7. Twee verschillende wortelklimmer-strategieën worden 

gelinkt aan de aard van de steun waarop deze klimmers groeien. 

In Hoofdstuk 8 worden tenslotte de  conclusies van deze doctoraatsthesis besproken, 

evenals ons lopend onderzoek en toekomstperspectieven in de studie van Hydrangea s.l. en 

H. sectie Cornidia. 
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1. General introduction 
1.1. Research coverage of this PhD thesis 

This PhD dissertation concerns two different taxonomical levels within the Angiosperm 

family Hydrangeaceae (Cornales): the tribe Hydrangeeae (Hydrangea s.l.) and Hydrangea 

section Cornidia. Four subprojects were covered during this PhD research: 1) Systematics of 

Hydrangea s.l., 2) Systematics of H. sect. Cornidia, 3) Hydrangea s.l. plant breeding and 4) 

Root-climbing growth form characterization in H. sect. Cornidia. The first section of this 

introductory chapter summarizes previous knowledge on the phylogenetic framework, 

morphology, classification, diversity and geographic distribution of these lineages. Then the 

required background for understanding the complex phylogenetic framework among 

Hydrangeoids is introduced and the urge of efficient approaches for molecular marker 

selection is exposed. After this the economic importance of Hydrangea s.l. cultivars is 

presented, as well as its known cross breeding difficulties. The final section of this chapter 

describes what is understood as the root-climbing growth form and how it differs from other 

climbing growth forms. Then the fundamental scientific background on plant biomechanics 

is presented. Finally, the applicability of plant biomechanics in combination with other 

disciplines such as plant anatomy and architecture for the study and characterization of 

growth forms in the tribe Hydrangeeae is drawn. 

1.2. Systematics and morphology of Hydrangeoids 

1.2.1. Hydrangeaceae Dumort. 

The conserved name Hydrangeaceae (McNeill et al., 2006) was first published by the 

Belgian botanist Barthélemy Charles Joseph Dumortier in 1829. A few years before, in 1820, 

the Russian botanist Ivan Ivanovich Martinov published Hortensiaceae based on Hortensia 

opuloides Lam., one of the many synonyms of the widely cultivated Hydrangea macrophylla 

(Thunb.) Ser. Since then, discrepancies abounded around the circumscription of 

Hydrangeaceae and its affinities to other Angiosperm groups. Initially, Hydrangeaceae 

members were assumed as closely related to representatives of Saxifragaceae (Engler, 

1890). Later several botanists indicated the difference between the two families and Huber 

(1963), based on morphological observations (scalariform perforations in xylem and the 
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absence of stipules), suggested for the first time its placement within the order Cornales 

(Morgan and Soltis, 1993).  

Although some botanists continued classifying Hydrangeaceae members within or near 

to Saxifragaceae (e.g. Cronquist, 1981), Huber´s ascertainment of Hydrangeaceae being part 

of the Asterid order Cornales is currently widely accepted (Chase et al., 1993; Downie and 

Palmer, 1992; Hufford, 1992; Morgan and Soltis, 1993; Olmstead et al., 2000, 1993; 

Savolainen et al., 2000; Xiang et al., 1993), as well as its sister relationship to Loasaceae 

(Hempel et al., 1995; Samain et al., 2010; Soltis et al., 2000, 1995; Stevens, 2012; Xiang et al., 

2011, 1998; Figure 1.1). Monophyly of Hydrangeaceae, however, has been questioned by 

the uncertain inclusion of Hydrostachyaceae (Bell et al., 2010; Burleigh et al., 2009; Hempel 

et al., 1995; Soltis et al., 2000; Xiang, 1999). A recent study by Xiang et al. (2011) strongly 

supported a sister relationship between Hydrostachyaceae and the [Hydrangeaceae + 

Loasaceae] clade. However, based on a Shimodaira-Hasegawa test these authors found that 

the alternative placement of Hydrostachyaceae within Hydrangeaceae was an equally good 

explanation of the data than being sister to [Hydrangeaceae + Loasaceae] clade and 

maintained Hydrostachyaceae with an uncertain position among Cornales. The ambiguous 

position of Hydrostachyaceae is attributed to accelerated rates of molecular and 

morphological evolution promoted by a novel environment, in this case aquatic, resulting in 

a long branch attraction effect and complicating the elucidation of phylogenetic affinities 

(Xiang et al., 2011). 

Divergence time of the crown Hydrangeaceae, excluding Hydrostachyaceae, is 

estimated in the early Paleogene ca. 64.8 million years ago (Xiang et al., 2011). Several fossil 

records have been classified as genera of Hydrangeaceae with the earliest record dating 

from the upper Cretaceous (Friis and Skarby, 1982; McClintock, 1957; Otero et al., 2012; 

Table 1.1). Fossil formations containing Hydrangeaceae representatives have been reported 

from Asia, Europe, North and South America and include leaves imprints, flowers, fruits and 

seeds (Friis and Skarby, 1982; Gandolfo et al., 1998). Other fossil associated to 

Hydrangeaceae have been likewise related to other Asterid and Rosid families (Bertilanthus, 

Friis and Pedersen, 2012; Scandianthus, Friis and Skarby, 1982; Tylerianthus, Gandolfo et al., 

1998). 
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Figure 1.1 Placement of Hydrangeaceae among flowering plants. Phylogenetic frameworks of flowering plants 
and Asterids follows Stevens (2012), whereas relationships within Cornales are as in Xiang et al. (2011). 

 

 

3 

 



Era Period Epoch Age Genera (fossil formation location) 
numerical 

age (Ma) 

Cenozoic 

Neogene 

Pliocene 
Piacenzian  ↖

 2.588 

Zanclean  ↙ 5.333 

Miocene 

Messinian 

Deutzia (Western-Central Europe) 

Hydrangea (North America and 
Central Europe) 

↙ 23.03 

Tortonian 

Serravallian 

Langhian 

Burdigalian 

Aquitanian 

Paleogene 

Oligocene 

Chattian 
Carpentherianthus (Central Asia) 

Hydrangea (North America) 

Hydrangeiphyllum (South America) 
↙ 33.9 

Rupelian 

Eocene 

Priabonian 

Hydrangea (North and South America) 

Deutzia (Eurasia) 

 

Bartonian 

 Lutetian 

Ypresian ↙ 56.0 

Paleocene 

Thanetian 
Hydrangea (Eurasia and North 
America)  

↙ 66.0 

Selandian 

Danian 

Mesozoic Cretaceous Upper 

Maastrichtian 

Philadelphus (Eurasia and North 
America) 

↙ 93.9 

Campanian 

Santonian 

Coniacian 

Turonian 

Cenomanian  ↙ 100.5 
Table 1.1. Fossil records classified as genera of Hydrangeaceae as summarized by McClintock (1957), Friis and 
Skarby (1982) and Otero et al. (2012). Shown numerical ages are as provided by the International Commission 
on Stratigraphy (2013). 

Several infrafamilial classifications have been proposed in Hydrangeaceae (Table 1.2). 

The present study uses the classification of Hufford  et al. (2001; Table 1.2) as a reference. 

The family, as defined by these authors, includes 17 extant genera distributed in warm-

temperate and tropical regions of America, Asia, Europe and Oceania (Cronquist, 1981; 

Hufford, 2004; Samain et al., 2010; Takhtajan, 1997). Hufford et al. (2001) proposed the 
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division of the family Hydrangeaceae in the subfamilies Jamesioideae and Hydrangeoideae 

and subdivided the later in tribes Hydrangeeae and Philadelpheae. Subfamily Jamesioideae 

is restricted to North America and includes the genera Jamesia and Fendlera together 

comprising four, possibly six, deciduous shrubby species (Hufford, 2004). Subfamily 

Hydrangeoideae, in contrast, comprises a more diverse assemblage of deciduous or 

evergreen shrubby, herbaceous perennials and lianescent species. Within this subfamily, 

tribe Philadelpheae includes the genera Fendlerella, Whipplea, Deutzia, Kirengeshoma, 

Philadelphus and Carpenteria collectively comprising ca. 148 species distributed in America, 

Asia and Europe. All remaining genera including Hydrangea s.s., Broussaisia, Cardiandra, 

Decumaria, Deinanthe, Dichroa, Pileostegia, Platycrater and Schizophragma were classified 

under the tribe Hydrangeeae (ca. 67 spp.) and are the focus of this PhD thesis. 

1.2.2. Tribe Hydrangeeae (Hydrangea s.l.) 

1.2.2.1. General morphology 

The tribe Hydrangeeae (Hydrangea s.l.), as recovered by Hufford (2001), is a strongly 

supported clade sister to tribe Philadelpheae. This section provides a comparison of selected 

morphological characters between these tribes. Information below provided has been 

summarized from the extensive morphological studies on Hydrangeaceae by Hufford (2004, 

2001, 1998, 1997, 1995) and Hufford et al. (2001). 

The tribe Hydrangeeae growth forms are remarkably diverse. Shrubs and small trees 

predominate in the tribe occurring in the genera Platycrater, Broussaisia, Dichroa and the 

majority of Hydrangea s.s. species (Fosberg, 1939; Hufford et al., 2001; Samain et al., 2010). 

However, other two growth forms occur in this group, the first of them is represented by the 

genera Cardiandra and Deinanthe and comprises herbs that arise from underground 

perennial rhizomes (Hufford, 2004; Samain et al., 2010; Setoguchi et al., 2006). The second 

growth form occurs in the genera Pileostegia, Schizophragma and Decumaria, H. subsect. 

Calyptranthe and H. sect. Cornidia and consist of species climbing by means of unbranched 

adventitious roots, further referred as root-climbing growth form. The later growth form will 

be introduce and describe in section 1.5 and is the focus of study in chapter 7. In 

comparison, tribe Philadelpheae exclusively consists of shrubby or herbaceous perennial 

species. 
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Engler (1890) Hutchinson (1927) Takhtajan (1997) Hufford et al. (2001) 
Hufford (2004) 

SAXIFRAGACEAE HYDRANGEACEAE HYDRANGEACEAE HYDRANGEACEAE 

Hydrangeoideae Hydrangeoideae Hydrangeoideae Hydrangeoideae 

Hydrangeeae Hydrangeeae Hydrangeeae Hydrangeeae 

Hydrangea Hydrangea Hydrangea Hydrangea 

Broussaisia Decumaria Decumaria Broussaisia 

Cardiandra Pileostegia Pileostegia Cardiandra 

Decumaria Schizophragma Platycrater Decumaria 

Deinanthe Kirengeshomeae Schizophragma Deinanthe 

Dichroa Cardiandra Cardiandreae Dichroa 

Pileostegia Deinanthe Cardiandra Pileostegia 

Platycrater Kirengeshoma Deinanthe Platycrater 

Schizophragma   Schizophragma 

Philadelpheae   Philadelpheae 

Philadelphus   Philadelphus 

Carpenteria   Carpenteria 

Deutzia   Deutzia 

Fendlera   Fendlerella 

Jamesia   Kirengeshoma 

Whipplea   Whipplea 

 Philadelphoideae Philadelphoideae  

 Philadelpheae Philadelpheae  

 Philadelphus Philadelphus  

 Broussaisia Carpenteria  

 Deutzia Fendlera  

 Dichroa Fendlerella  

 Neodeutzia Jamesia  

 Platycrater Whipplea  

 Carpenterieae Deutzieae  

 Carpenteria Broussaisia  

 Fendlera Deutzia  

 Fendlerella Dichroa  

 Jamesia   

 Kania   

 Whipplea   

  Kirengeshomoideae Jamesioideae 

  Kirengeshoma Jamesia 

   Fendlera 

Table 1.2 Schemes of infrafamilial classifications in Hydrangeaceae [Saxifragaceae] 
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The majority of the genera of subfamily Hydrangeeae present inflorescences composed 

of “cymose” panicles or dichasial “cymes” Figure 1.2B-D, with the exception of Philadelphus 

(tribe Philadelpheae) which, in addition to dichasial cymes and “cymes” aggregated in 

panicles, presents solitary flowers (e.g. Figure 1.2A; Hufford, 2004; but see discussion on 

inflorescence terminology in section 5.4.2.2). A conspicuous characteristic in some species of 

the tribe Hydrangeeae is the presence of flower dimorphism which consists in inflorescences 

with showy marginal flowers, composed of enlarged sometimes colorful sepals, generally 

surrounding less attractive central flowers (Figure 1.2C). Inflorescences of the widely 

cultivated species H. macrophylla can be entirely composed of showy marginal flowers. In 

contrast, inflorescences of all tribe Philadelpheae species lack marginal flowers (Figure 1.2A-

B; Hufford, 2004; Hufford et al., 2001; Jacobs, 2010; Samain et al., 2010).  

Perianth aestivation in the tribe Hydrangeeae is predominantly valvate, but imbricate in 

Deinanthe, as well as in the petals of Cardiandra. Tribe Philadelpheae perianth aestivation 

can additionally be apert (Hufford, 2004, 2001; Hufford et al., 2001). Floral organ merosity is 

highly variable in subfamily Hydrangeoideae. Perianth in subfamily Hydrangeoideae is 

generally tetramerous, pentamerous or hexamerous (e.g. Figure 1.2C) and less frequently 

ranging to heptamerous in tribe Philadelpheae (i.e. Carpenteria) and octamerous (i.e. 

Deinanthe) and dodecamerous (i.e. Decumaria; Figure 1.2D) in the tribe Hydrangeeae. All 

genera of subfamily Hydrangeoideae have diplostemonous (Figure 1.2B,C) and/or 

polystemonous (Figure 1.2A) androecia, with the exception of Dichroa of the tribe 

Hydrangeeae that present diplostemonous and haplostemonous species. The number of 

carpels in species of the tribe Hydrangeeae is more frequently 2-6, but also up to 12 (i.e. 

Decumaria, Figure 1.2D), whereas carpels in tribe Philadelpheae the number is generally 2-5 

(Figure 1.2A,B) and less common 7 (i.e. Carpenteria). In subfamily Hydrangeoideae the ovary 

can be completely to partially inferior in various degrees (Hufford, 2004, 2001). Most genera 

of the tribe Hydrangeeae present simple styles (Figure 1.2D). Other members of this tribe 

present their styles free (Figure 1.2C) and more rarely postgenitally connate (i.e. Deinanthe) 

or branched (i.e. Dichroa). In contrast, genera from tribe Philadelpheae rarely have simple 

styles (i.e. Carpenteria) and more commonly present their styles free (Figure 1.2B) or 

branched (Figure 1.2A; Hufford, 2004, 2001). Ovules position is horizontal, erect or pendant 
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in the tribe Hydrangeeae and predominantly pendant in tribe Philadelpheae, with the 

exception of Deutzia where ovules are horizontal (Hufford, 2004). 

 

Figure 1.2 Representatives of Hydrangeaceae subfamily Hydrangeoideae. A. Philadelphus inidorus and B. 
Deutzia paniculata of tribe Philadelpheae. C. Hydrangea serrata and D. Decumaria barbara from the tribe 
Hydrangeeae. A-D Drawings adopted from Hufford (2004). 
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Most genera of subfamily Hydrangeoideae have capsular fruits with numerous winged 

seeds (Figure 1.2), with the exception of Fendlerella and Whipplea (tribe Philadelpheae), that 

have a single non-winged seed per carpel, and Dichroa and Broussaisia that present instead 

berries (Hufford, 2004, 1995). Dehiscence of capsular fruits varies from loculicidal and/or 

septicidal in tribe Philadelpheae (Figure 1.2A-B) to apical (i.e. Deinanthe, Cardiandra, 

Hydrangea and Platycrater; Figure 1.2C) or fragmentation of lateral walls (i.e. 

Schizophragma, Pileostegia and Decumaria; Figure 1.2D) in the tribe Hydrangeeae (Hufford, 

2004; Hufford et al., 2001). Sexual dimorphism in subfamily Hydrangeoideae has only 

previously been described for the genus Broussaisia (Hufford, 2004, 2001; Klink, 1995; but 

see section 5.2.6). 

1.2.2.2. Previous phylogenetic studies 

Phylogenetic relationships among genera of the tribe Hydrangeeae have been explored 

in several molecular and morphological phylogenetic studies, all of them consistently 

retrieving the genus Hydrangea s.s. as paraphyletic in relation to the other Hydrangeeae 

genera (Hufford, 1997; Hufford et al., 2001; Jacobs, 2010; Samain et al., 2010; Soltis et al., 

1995). The present thesis adopts the circumscription proposed by Samain et al. (2010) 

recognizing the monophyletic assemblage of Hydrangea s.s. and all other eight genera from 

the tribe Hydrangeeae nested within it (Figure 1.3). This monophyletic group will be further 

referred as Hydrangea s.l. or alternately as the tribe Hydrangeeae. 

Previous phylogenetic studies on the tribe Hydrangeeae have gradually increased the 

resolution and support within the group. Early studies included a representative, yet limited, 

taxonomical sampling (Hufford, 1997; Hufford et al., 2001; Soltis et al., 1995), whereas, more 

recent studies considerably increased the number of analyzed species for the tribe (Jacobs, 

2010; Samain et al., 2010). With the exception of Jacobs (2010), who additionally used DNA 

sequences from the nuclear ribosomal ITS and a microsatellite based marker, all previous 

molecular phylogenetic studies on the tribe Hydrangeeae have employed DNA sequences 

from the chloroplast genome as information source (matK and rbcL genes, Hufford et al., 

2001; accD-psa1 and psbA-trnH spacers, Jacobs, 2010; rps16-trnK and trnK-psbA spacers, 

trnK intron, trnK exon and matK gene, Samain et al., 2010; rbcL gene, Soltis et al., 1995). 

 

9 

 



 

Figure 1.3 The tribe Hydrangeeae phylogenetic framework as recovered by Samain et al. (2010). Strict 
consensus tree (maximum parsimony) inferred from the chloroplast markers trnK intron and matK gene 
adopted from Samain et al. (2010, Figure 2). Numbers above the branches correspond to Bremer support 
(Decay value), whereas those below indicate Bootstrap support. 
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The study of Samain et al. (2010) recognized two well-supported clades, named 

Hydrangea I and II (Figure 1.3). Within Hydrangea I, five clades –some of these with strong 

individual support, were recovered in a polytomy and contained species of the satellite 

genera Cardiandra, Decumaria, Deinanthe, Pileostegia, Platycrater and Schizophragma, and 

several American and Asian Hydrangea s.s. species (Figure 1.3). The Hydrangea II clade, in 

contrast, was much better resolved and supported and included the other allied genera 

Broussaisia and Dichroa along with several more Asian Hydrangea s.s. species (Figure 1.3).  

The Hydrangea I and II clades were also recovered by Jacobs (2010), however without 

support. Within these two main clades all strongly supported clades of Jacobs (2010) were 

congruent with those previously described by Samain et al. (2010), with the exception of the 

position of Dichroa febrifuga and H. stylosa that were recovered by Jacobs (2010) in a 

strongly supported sister relationship. In contrast, Samain et al. (2010) retrieved in a grade a 

clade containing H. stylosa (H. macrophylla var. stylosa), a clade including all Dichroa species 

and a clade including all remaining species from Hydrangea II clade, except Broussaisia 

arguta (Figure 1.3). Also consistent between these studies is the lack of resolution and/or 

support among clades within the Hydrangea I clade. 

The genus Hydrangea s.s. was revised by McClintock in (1957) proposing the subdivision 

of the genus in the sections Hydrangea and Cornidia, each of them divided in several 

subsections as shown in Table 1.3. After McClintock's classification was contrasted against 

the recent phylogenetic studies of Samain et al. (2010) and Jacobs (2010), little support was 

found for the monophyly of some of these sections, subsections and species 

circumscriptions  (McClintock, 1957; Table 1.3). Both Samain et al. (2010) and Jacobs (2010), 

found H. subsect. Asperae and H. subsect. Petalanthe as paraphyletic and H. subsect. 

Macrophyllae as polyphyletic, whereas little support was obtained for the phylogenetic 

affinities of species within H. subsect. Americanae. In contrast, H. subsect. Calyptranthe and 

H. subsect. Heteromallae, as well as H. sect. Cornidia were confirmed as monophyletic.  

McClintock's infrageneric classification endures as a main reference for the genus 

Hydrangea s.s. However, since early phylogenetic studies in the tribe Hydrangeeae the need 

for a taxonomical reorganization in the group has been evident. 
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Hydrangea s.s. 

H. sect. Hydrangea 

H. subsect. Calyptranthe H. anomala 

H. subsect. Asperae 

H. sikokiana 

H. involucrata 

H. aspera 

H. subsect. Americanae 
H. arborescens* 

H. quercifolia 

H. subsect. Heteromallae 
H. paniculata 

H. heteromalla 

H. subsect. Petalanthe 
H. hirta 

H. scandens 

H. subsect. Macrophyllae H. macrophylla 

H. sect. Cornidia 

H. subsect. Monosegia 

H. seemannii 

H. integrifolia 

H. steyermarkii 

H. asterolasia 

H. preslii 

H. oerstedii 

H. peruviana 

H. diplostemona 

H. subsect. Polysegia 

H. tarapotensis 

H. jelskii 

H. mathewsii 

H. serratifolia 
Table 1.3. Classification of Hydrangea s.s. by McClintock (1957). *Type species of the genus Hydrangea 

1.2.3. Hydrangea section Cornidia 

Cornidia was first described as a genus in 1794 by the Spanish botanists Hipólito Ruíz 

López and José Antonio Pavón. A collection from Peru described as Cornidia umbellata Ruiz 

& Pav. served as a type for this genus. Few authors maintained Cornidia at the genus level 

(namely, Hooker, 1830; Öersted, 1856; Small and Rydberg, 1905) and in 1891 Gustav Adolf 

Engler assigned Cornidia to a section within genus Hydrangea.  

Hydrangea section Cornidia was distinguished from H. sect. Hydrangea by McClintock 

(1957) for being evergreen root climbers with coriaceous leaves and presenting broadly 

ovate floral bracts that cover the young inflorescences and that leave notorious scars when 
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falling. McClintock (1957) recognized 12 species within H. sect. Cornidia and followed the 

subdivision in subsections Monosegia and Polysegia proposed by Briquet (1919).  

These authors defined H. subsect. Monosegia as presenting inflorescences composed of 

a single terminal cyme (here referred as a single lateral corymb, see section 5.2.2). 

Hydrangea subsect. Polysegia was instead defined by these authors as presenting a series of 

cymes, one above the other (here referred as a lateral homotactic compound inflorescence 

consisting of several lateral decussate corymbs and a terminal corymb). However, species 

circumscriptions of Briquet (1919) and McClintock's (1957) highly differed and many species 

described by Briquet (1919) were considered as synonyms of other species by McClintock's 

(1957). Similarly, McClintock (1957) designed as synonyms several species recognized by 

Macbride (1938). After McClintock´s (1957) revision taxonomical discrepancies continued. 

For instance, H. oerstedii Briquet has been synonymized with H. ecuadorensis Briquet 

(Jørgensen and Ulloa, 1994) and H. peruviana Moricand (Freire, 1999; Jørgensen et al., 2013; 

Liesner, 1993; Morales, 2007) or considered as a variety of the latter species (Freire, 2011, 

2004). D’Arcy (1987), however, recognized H. oerstedii Briquet and assigned H. seemannii 

Riley as its synonym. Christenhusz (2009) and Morales (2007) considered H. preslii Briquet as 

synonym of H. diplostemona (Donnell Smith) Standley, whereas Freire (2004) maintain H. 

diplostemona and assigned H. preslii as its synonym. The most recently described H. sect. 

Cornidia species is H. nebulicola Nevling & Gómez Pompa and dates back to 1968. The 

number of unanimously currently accepted species is reduced to nine from the 12 species 

originally recognized by McClintock (1957). 

Species circumscribed by McClintock (1957) within H. sect. Cornidia are distributed in 

the Neotropics, with the exception of H. integrifolia Hayata distributed in Philippines and 

Taiwan. Hydrangea section Cornidia species have been included in several regional floristic 

studies of the Neotropics (Arroyo et al., 2000; Baeza et al., 1999; Christenhusz, 2009; 

CONABIO, 2009; D’Arcy, 1987; Foster, 1958; Freire, 2011, 1999; Hahn, 2001; Jørgensen et al., 

2013; Liesner, 1993; Macbride, 1938; Morales, 2007; Standley and Steyermark, 1946) and in 

the Flora of China (Pan et al., 2001). 

The taxonomical revision of McClintock (1957) was entirely based on herbarium 

specimens preventing the inclusion of morphological variation only observable in freshly 
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collected material. So far phylogenetic studies have retrieved H. sect. Cornidia as 

monophyletic (Hufford, 1997; Hufford et al., 2001; Jacobs, 2010; Samain et al., 2010). 

However, a limited number of species have been analyzed preventing a robust test for the 

monophyly of H. sect. Cornidia and its subsections. Phylogenetic relationships among H. 

sect. Cornidia species remain unknown and taxonomical discrepancies abound in this group, 

showing the urge for a phylogenetic study on which a taxonomical revision can ultimately be 

based.  

1.3. Resolution contrast and rate heterogeneity in Hydrangea s.l. 

Appropriate marker selection of genomic regions is central for the reconstruction of 

solid phylogenetic frameworks. Phylogenetic studies of closely related species frequently 

lack sufficient resolution and support. Lack of resolution and support can be related to 

inherent properties of the evolutionary history of a group, such as slow genome evolution 

and rapid, simultaneous, or recent diversification events (De Smet et al., 2012; Humphries 

and Winker, 2010; Janko et al., 2011; Murillo-A. et al., 2012). Variability of genomic regions, 

however, is known to differ among different lineages and levels of inclusiveness (Borsch and 

Quandt, 2009; Kelchner, 2000; Shaw et al., 2007, 2005). Therefore phylogenetic utility, as 

well as the optimal divergence time at which molecular markers are more informative, can 

considerably vary within and among plant groups (Fong and Fujita, 2011; Townsend, 2007).  

Rate heterogeneity is highly relevant for phylogenetic studies since it can lead to 

resolution contrast between closely related lineages (e.g. pairs of sister taxa being one of 

them considerable better internally resolved than the other; Cieslak et al., 2005; Wanke et 

al., 2007; Wurdack and Davis, 2009). The family Hydrangeaceae, and the order Cornales in 

general, present a highly heterogeneous distribution of molecular rates of evolution in their 

phylogenies (Figure 1.4; Xiang et al., 2011). Based on the phylogenetic study of Samain et al. 

(2010) that used the concatenated plastid regions rps16-trnK and trnK-psbA spacers, trnK 

intron, trnK exon and matK gene branches of the satellite genera Broussaisia, Pileostegia and 

Platycrater are considerable longer than those of other lineages, denoting rate 

heterogeneity in the tribe Hydrangeeae (Figure 1.5; Samain et al., 2010). Markedly different 

degrees of resolution were retrieved within the two main clades recognized by Samain et al. 

(namely Hydrangea I and II, 2010). In contrast with the Hydrangea II clade that was internally 
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well-resolved and supported, clades within Hydrangea I were recovered in a polytomy, some 

of these being poorly supported (Samain et al. 2010). The heterogeneous evolutionary rates 

and resolution contrast in Hydrangea s.l. make the elucidation of phylogenetic relationships 

in the group a challenging assignment, requiring efficient approaches of marker selection for 

this specific phylogenetic question. 

 

 

 

 

Figure 1.4 Rate heterogeneity in Cornales and Hydrangeaceae. Phylogenetic tree adopted from Xiang et al. 
(2011, Figure 4). The relative rate of nucleotide substitutions are indicated by relative thickness of branches. 
Mean divergence time and 95% credibility interval are represented by a horizontal line at each node. 
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Figure 1.5 Rate heterogeneity in the tribe Hydrangeeae. Phylogram inferred by Bayesian inference based on 
the chloroplast markers trnK intron and matK gene adopted from Samain et al. (2010, Figure 3). Note the 
length of the branches in the satellite genera Broussaisia, Pileostegia and Platycrater.  
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1.4. Hortensias—up-market segment of woody ornamental cultivars 

Brought from Pennsylvania by P. Collinson in 1736, H. arborescens was the first 

hortensia introduced to Europe (Lawson-Hall and Rothera, 2004). However, the ornamental 

value of the group only became evident to Europeans when a second hortensia species from 

China was introduced to Kew in 1798 by Joseph Banks (Lawson-Hall and Rothera, 2004). The 

species was named H. hortensis Sm., and latter assigned as a synonym of H. macrophylla 

(Thunb.) Ser., nowadays the most widely cultivated hortensia species. From there on, 

innumerable cultivars have been derived from few botanical species, mainly from H. 

macrophylla (Samain et al., 2010). The hortensia market has steadily increased during the 

past years (Davis, 2012), placing this group among the most popular woody ornamentals. 

Every year several new hortensia cultivars nourish this growing and clearly profitable 

market. The introduction in 2004 of a highly improved cultivar, a remontant H. macrophylla 

(H. macrophylla Endless Summer®, Bailey Nurseries), played an important role in hortensia 

breeding history, almost taking over H. macrophylla cultivar sales.  

Generation of new and attractive cultivars relies, however, on the production of 

successful breeding projects. Wide hybridization has shown to be problematic in Hydrangea 

s.l. (Kardos et al., 2009; Kudo and Niimi, 1999; Reed et al., 2001) hindering further 

exploitation of economic value. So far the majority of hortensia cultivars have originated on 

long-exploited gene pools, such as that of H. macrophylla (Kardos et al., 2009) and few other 

widely cultivated Hydrangea species. Therefore, the development of new attractive cultivars 

can benefit with the introduction of new genes from other Hydrangea s.l. species rich in 

novel traits. Learning the phylogenetic relationships among this group represents valuable 

information for guiding successful breeding projects among these popular ornamental 

species.  

1.5. Root-climbing growth form— its morphological and mechanical particularities 

Climbing plants have evolved in a number of different Angiosperm lineages (Gentry 

1991) and are characterized by highly specialized growth strategies and patterns of 

mechanical development (Rowe et al., 2006). Several morphological innovations link to the 

climbing habit allow them to access a varied range of natural and artificial substrates (Dewalt 

et al., 2000; Melzer et al., 2012; Niklas, 2011; Rowe et al., 2006). These innovations include a 
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wide diversity of attachment methods providing climbing plants with different degrees of 

anchorage and strongly influencing their mechanical architecture (Rowe et al., 2006). 

Attachment strategies vary from barely secured leaning plants to better anchored hock-

climbers, more firmly fastened tendril-climbers and strongly attached stem twiners and root 

climbers (Niklas, 2011; Rowe et al., 2006). 

Among climbing plants, root climbers differ well from other vines or lianas in a number 

of morphological and mechanical properties. Root climbers are plants that strongly anchor 

to their supports along most of their length by means of adventitious roots. These 

adventitious roots can be positioned along the stem internodes or nodes. The present study 

concerns root-climbers with unbranched adventitious roots closely set along the internodes 

such as those present in Hedera helix. In contrast, other climbing plants secure themselves 

only at specific positions and fastness determined by the nature of their attachment 

methods (Rowe et al., 2006). Root climbers' architecture is characterized by an 

indeterminate development of a monopodial stem that develops lateral branches frequently 

only several meters above ground or in the canopy (Hallé et al., 1978; Isnard et al., 2012). 

Mechanical properties are likewise well differentiated. Although non-self-supporting 

climbing plants are characterized by a transition from young stiff tissues to relatively 

compliant older tissues (Rowe et al., 2006; Speck et al., 2004), firmly attached climbers, such 

as root-climbers generally present a more abrupt change towards older flexible tissues than 

for instance more weakly anchored leaning and hock climbers (Rowe et al., 2006). 

A number of mechanical properties are relevant for understanding and characterizing 

plant growth forms and include among others stem rigidity, torsion and tension (Niklas, 

1992; Rowe et al., 2006). Properties within the elastic range such as flexural rigidity are 

highly convenient for the study of plant growth forms.  Flexural rigidity can be easily 

measure in the field and, contrary to properties within the non-elastic range, provide 

information on the stem mechanical properties before irreversible deformation or damage is 

produced (Rowe et al., 2006). 

Flexural rigidity EI (Nmm2) is the ability of a structure to resist bending. The higher the 

flexural rigidity, the stiffer is the structure. Flexural rigidity can be calculated through a 

three-point-bending test on which a stem segment is positioned on two supporting points. 
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According to the stem segment size, the distance between the supporting points is adjusted 

and a bending force is applied in the middle (third point). Two transducers record the force 

(N) and the displacement (mm) during the bending test. Flexural rigidity is then calculated 

from the formula EI= (L3/48)*b, were L (mm) is the distance between the two supporting 

points and b the slope derived from the force (N) deflection (mm) curve (e.g. Lahaye et al., 

2005; Rowe et al., 2006; Speck et al., 2004; Wagner, 2010; Wagner et al., 2012).  

A second parameter, the second moment of area I (mm4), is used to quantify the form 

and size of a segment’s cross section. An elliptical model has been found to better reflect the 

cross sectional shapes of plant stems (e.g. Wagner, 2010). The I can then be calculated with 

the formula I= (π/4)*a3*b where a represents the diameter in the bending direction and b 

the diameter perpendicular to a (e.g. Lahaye et al., 2005; Rowe et al., 2006; Speck et al., 

2004; Wagner, 2010; Wagner et al., 2012).  

Young’s modulus of elasticity E (MPa) is a parameter that describes the relation 

between the segment's stress and strain and quantifies segment's stiffness independent of 

its geometry. The higher the E, the higher is the resistance of a structure to deformation. 

This parameter is particularly valuable for the study of stem mechanical properties since it is 

independent from the segments' size and geometry. Furthermore Young’s modulus of 

elasticity can be easily calculated from the formula E= EI/I (e.g. Lahaye et al., 2005; Rowe et 

al., 2006; Speck et al., 2004; Wagner, 2010; Wagner et al., 2012). 

Growth form diversity in the tribe Hydrangeeae (see section 1.2.1.1) opens a unique 

opportunity for studies on growth form evolution. However, appropriate growth form 

characterizations and strong phylogenetic frameworks are crucial for these evolutionary 

studies. Integrating plant biomechanics, architecture and anatomy could represent a 

powerful approach for studying and characterizing not only root climbers, but also other 

growth forms present in the tribe Hydrangeeae and therefore providing the basis for future 

evolutionary studies. 
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2. Framework of the Hydrangea s.l. PhD project 
 

2.1. Building a research line— studies on Hydrangea s.l. by the Research Group 

Spermatophytes 

Bringing together more than 130 Hydrangeaceae scientists and breeders from America, 

Asia, Europe and Oceania, the International Hydrangea 2007 conference took place at the 

Botanical Garden of the Ghent University. Actively participating in the organization and 

coordination of this important meeting, the Research Group Spermatophytes established its 

position as one of the worldwide leading groups in the research of Hydrangeaceae. Our 

academic presence was later strengthened by the publication of a comprehensive 

phylogenetic study on the tribe Hydrangeeae by Samain and collaborators (2010). This study 

is the foundation on which all our current research projects on Hydrangeaceae are based. 

Nowadays our research on Hydrangeaceae involves disciplines such as systematics, 

biomechanics, plant architecture and morphology, molecular breeding and conservation. 

Our research network currently includes collaboration with several researchers across 

Europe, Asia and Latin America.  

We focus on Hydrangea s.l. and four of its subgroups, including H. sect. Cornidia and the 

Asian species complexes of H. aspera, H. heteromalla and H. chinensis. Our research on 

Hydrangea s.l. is being covered in two parallel PhD projects by Drs. Yannick De Smet and the 

author of this dissertation, and co-supervised by Dr. Marie-Stéphanie Samain, associate 

researcher and former assistant professor of our research group and Prof. Dr. Paul 

Goetghebeur, head of our research group and director of the Botanical Garden of the Ghent 

University. In his PhD project Drs. Yannick De Smet addresses species delimitation in the 

above mentioned Asian species complexes, in addition to contributing to our general study 

on the systematics of Hydrangea s.l. 

This PhD project focuses on two different taxonomical levels within Hydrangeaceae: the 

tribe Hydrangeeae (Hydrangea s.l.) and H. sect. Cornidia. My doctoral research focused on 

untangling phylogenetic relationships in both groups. Then the resulting phylogenetic 

framework was used as a base for identifying potentially successful breeding projects on 
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Hydrangea s.l. Finally, my research also addressed the definition of the root climbing growth 

form in H. sect. Cornidia in a multidisciplinary study combining plant architecture, anatomy 

and biomechanics.      

2.2. Aims and research strategy 

The general aims of the PhD project are to: 

1. Improve resolution and nodal support within and among main clades of the tribe 

Hydrangeeae (Hydrangea s.l.) previously recognized by Samain et al. (2010). To 

achieve this we evaluated the performance of 13 coding and non-coding chloroplast 

regions for resolving and supporting phylogenetic relationships within the tribe 

Hydrangeeae. The four best performing regions retrieved from this survey are 

currently being applied on an extensive taxonomical sampling including the majority 

of taxa previously assigned to this group. In this ongoing research we gave especial 

emphasis to the inclusion of accessions with known wild origin, many of them 

collected by ourselves in the field, in addition to those originated from botanical 

garden collections.     

2. Inform the selection of potentially successful breeding projects in Hydrangea s.l. For 

this we used the predictive power of phylogenetic information based on our 

recently improved phylogenetic knowledge in the group and genetic distances 

calculated from our extensive chloroplast nucleotide database.  

3. Provide a preliminary phylogenetic framework for testing the monophyly of 

Hydrangea section Cornidia and its subsections Monosegia and Polysegia and 

explore the phylogenetic relationships among its species. Our phylogenetic study on 

the tribe Hydrangeeae suggested an extremely reduced variability in the chloroplast 

genome of H. sect. Cornidia. To overcome this lack of phylogenetic signal, we 

performed a comprehensive potential single-copy nuclear gene screening based on 

two strategies. The first of them consisted on mining Cornales transcriptome data 

using as a starting point the APVO SSC genes of Duarte et al. (2010). In the second 

strategy we screened five nuclear genes reported to be in low-copy number among 

Angiosperms from which transcriptome sequence data of one Hydrangeaceae could 
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be accessed. The resulting transcriptome data pool was then used to inform primer 

design targeting the amplification of non-coding nuclear regions. Two of these 

regions were finally sequenced for a number of our collections, providing a 

preliminary phylogenetic framework on which species circumscriptions and 

ultimately a taxonomical revision can be based. 

4. Characterize the root climbing growth form in species of Hydrangea section 

Cornidia. We performed a multidisciplinary study combining plant biomechanics, 

architecture and anatomy. We studied the stem bending properties, architectural 

axis categorization, tissue organization and wood density on one H. sect. Cornidia 

species with two contrasting climbing phenotypes: long vertical tree climbers and 

boulder climbers. We then compared it with the mechanical properties of a second 

strictly long vertical climber H. sect. Cornidia species. Our detailed characterization 

of the growth form variability in species of H. sect. Cornidia could serve as the base 

for future studies on growth form evolution in the tribe Hydrangeeae. 
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2.3. The Hydrangea s.l. collection at the Botanical Garden of the Ghent University 

With 216 years of history, the Botanical Garden of the Ghent University is a key element 

in the university research and education (Viane and Van den Heede, 2000). The garden 

covers ca. 27,500 m2 including an open air area, three large public greenhouses and 21 

smaller ones, mainly reserved for research collections. The Botanical Garden of the Ghent 

University houses a rich living collection of the tribe Hydrangeeae, including all genera, 

except Broussaisia, comprising ca. 210 accessions corresponding to 52 botanical species 

(Figure 2.1). This collection is remarkably valuable, since the wild origin of many accessions is 

known, complementing wild accessions collected during this PhD project. Additionally, the 

Botanical Garden of the Ghent University, along with the satellite garden Hydrangeum vzw 

(Destelbergen, Belgium), includes a large number of cultivars and ornamental hybrids. 

 

 

Figure 2.1 Hydrangea s.l. living collection at the Botanical Garden of the Ghent University. A-B. Deinanthe bifida 
Maxim., 2002-0829, Japan (picture by C. Granados M.). C-D. Hydrangea seemannii L. Riley, 2007-0715, Mexico 
(picture by S. Sluijs). 
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2.4. Collecting Latin American climbing hydrangeas  

2.4.1. Geographical coverage and local regulations 

For this PhD project several expeditions to Mexico, Costa Rica, Ecuador, Peru and Chile 

were performed. The author of this thesis participated in expeditions to all these countries, 

except Costa Rica. Several months before departure a number of administrative and 

practical provisions were completed. The first of them was obtaining permits for the 

collection and export of plant material from local governments, where applicable. Collection 

permit reference numbers are mentioned in the corresponding chapters of this thesis. Local 

botanists and research institutions were contacted in advance, not only to complete our 

collection permits administration, but also to gain knowledge from local botanists and 

support from their research institutions. Several previously reported H. sect. Cornidia 

localities, including the majority of type localities, were visited. An important omission was 

Colombia, where collection permits could not be obtained. In addition, new areas were 

explored based on our experience of the appropriate habitat conditions for the distribution 

of H. sect. Cornidia species and suggestions from local botanists. Selection of the localities to 

be explored was based on the information contained in herbarium specimen labels, 

belonging to the herbaria listed in Table 2.1, literature, including local taxonomical studies 

and species protologues, and public databases such as Tropicos (http://www.tropicos.org/), 

The Plant List (http://www.theplantlist.org/) or JSTOR (http://plants.jstor.org/). 

2.4.2. Tree climbing techniques 

As detailed in chapters 5 and 7, H. sect. Cornidia species generally produce fertile adult 

phases in a high position of the supporting tree canopy. Depending on the type of vegetation 

and the particular conditions of a locality (e.g. dense or more open forests), flowering occurs 

at different heights and therefore different climbing techniques were employed. The first of 

them consisted of two loops of webbing embracing the tree trunk one above the other. The 

upper loop is anchored to one thigh and the lower one in the foot of the opposite leg. 

Vertical progress is made by alternately positioning the loops higher in the tree trunk (Figure 

2.2A). However, this technique is slow and was only useful in temperate coniferous forest of 

Northern Mexico, where the trees presented few basal branches blocking the way of the 

loops. In tropical forests, however, we required a different technique employing a climbing 
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rope (60-70 m long), a tree climbing harness and climbing irons (Figure 2.2B-D). Learning 

from local botanists, we used two kinds of climbing irons: climbing spikes and “patas de 

loro” (literally translated from Spanish as “parrot feet”, Figure 2.2C). The type of employed 

climbing irons was according to the width and bark texture of target trees. As mentioned by 

Ingram and Lowman (1995) and based on our observations, trees climbed once or few times 

showed little or no damage. Therefore we suggest the use of climbing irons for studies 

implying reduced access to individual trees such as floristic studies, but not for those 

requiring frequent access to the same trees (e.g. ecological studies). In every case an 

extendible pruning pole was employed to reach lateral branches prolonging away from the 

tree trunk. 

 

Figure 2.2 Tree climbing techniques for the collection of H. sect. Cornidia species. A. Tree climbing with two 
loops of webbing. B-D. Tree climbing with rope, harness and climbing irons. 

2.4.3. Collected plant material and field observations 

Due to the diverse purposes of this PhD project, different types of plant material were 

collected (Figure 2.3A). For anatomical studies sections of stems, flowers and seeds were 

stored in a mixture of 70% alcohol and water. Tissue samples of leaves were stored in silica 
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gel for DNA extraction. Depending on the amount of available material, one to ten voucher 

specimens were collected, pressed and dried (Figure 2.3B-D). Following local regulations, 

duplicates from each collection number were deposited in local herbaria (Table 2.1, Figure 

2.3D). Voucher specimens used further in our study were deposited in the Ghent University 

herbarium (GENT). As a backup, a number of duplicates from our collections were deposited 

in the National Herbarium of Mexico (MEXU) housed by the National University of Mexico 

(UNAM). Tree climbing H. sect. Cornidia species can be up to 40 meters long and may, as a 

lianescent growth form, present contrasting morphologies in their young and adult phases 

(Cremers, 1973, 1974; Hallé et al., 1978). To better describe the general plant architecture, 

herborized specimens were prepared from shoots running on the forest understory, young 

climbing shoots and upper mature branches. If enough plant material was present, an upper 

branch including several growth units was collected and herborized in separate sequential 

portions. At each locality we collected general information about the habitat, coordinates 

and location. Photographs showing the plant’s growth form, size, gross morphology, as well 

as the general habitat were taken. 

 

Figure 2.3 Type of plant material collected and preparation of herbarium specimens. A. Different types of plant 
material for molecular and anatomical studies. B-C. Pressing and drying of voucher specimens. D. Parceling of 
collection duplicates for their distribution in local herbaria.  
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Herbarium Code Location Herbarium name 

A U.S.A. Harvard University  

AAU Denmark Aarhus University  

AMAZ Peru Universidad Nacional de la Amazónia Peruana 

BAB Argentina Instituto Nacional de Tecnología Agropecuaria  

C Denmark Natural History Museum of Denmark 

CAS U.S.A. California Academy of Sciences  

CIIDIR* Mexico Instituto Politécnico Nacional  

CONC* Chile Universidad de Concepción 

CR Costa Rica Museo Nacional de Costa Rica 

DUKE U.S.A. Duke University  

E U.K. Royal Botanic Garden Edinburgh 

F U.S.A. Field Museum of Natural History 

G Switzerland Conservatoire et Jardin botaniques de la Ville de Genève  

GB Sweden University of Gothenburg  

GENT* Belgium Ghent University 

GH U.S.A. Harvard University  

HOXA* Peru Estación biológica del Jardin Botanico de Missouri 

INB Costa Rica Instituto Nacional de Biodiversidad  

K U.K. Royal Botanic Gardens  

LOJA Ecuador Universidad Nacional de Loja  

LP Argentina Museo de La Plata 

LPB Bolivia Herbario Nacional de Bolivia, Universidad Mayor de San Andrés  

MEXU* Mexico Universidad Nacional Autónoma de México 

MICH U.S.A. University of Michigan  

MO U.S.A. Missouri Botanical Garden 

NY U.S.A. New York Botanical Garden 

P France Muséum National d'Histoire Naturelle 

QCA Ecuador Pontificia Universidad Católica del Ecuador 

QCNE* Ecuador Museo Ecuatoriano de Ciencias Naturales 

SI Argentina Museo Botánico 

UC U.S.A. University of California  

UPS Sweden Uppsala University 

US U.S.A. Smithsonian Institution 

USM* Peru Universidad Nacional Mayor de San Marcos  

WU Austria Universität Wien  

XAL Mexico Instituto de Ecología, A.C.  

Table 2.1 List of examined herbaria. Asterisks denote herbaria containing duplicates of specimens collected 
during this PhD project. Herbarium codes and names follow Thiers (continuously updated). 
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2.5. Author’s contribution to research chapters 

The following research chapters correspond to the articles derived from this PhD 

project. The complete reference to these articles is indicated for each chapter. My personal 

contribution as well as that of all other co-authors is here detailed. Authors' initials are 

indicated in brackets. 

Chapter 3  

Granados Mendoza, C., Wanke, S., Salomo, K., Goetghebeur, P., Samain, M.-S., 2013. 

Application of the phylogenetic informativeness method to chloroplast markers: A test case 

of closely related species in tribe Hydrangeeae (Hydrangeaceae). Mol. Phylogenet. Evol. 66, 

233–242.  

Design the study (GMC, WS, SM-S), taxon sampling (GMC, SM-S), plastid markers 

selection (GMC, WS), primer design (GMC, WS), laboratory work (GMC), phylogenetic 

analyses (GMC, SK), calculation of utramentric tree (SK), phylogenetic informativeness 

analyses (GMC), estimation of PICs, resolution, nodal support and accuracy parameters 

(GMC), drafted the manuscript (GMC) and proof read the manuscript (WS, SK, GP, SM-S). 

Chapter 4 

Granados Mendoza, C., Wanke, S., Goetghebeur, P., Samain, M.-S., 2013. Facilitating 

wide hybridization in Hydrangea s.l. cultivars: A phylogenetic and marker-assisted breeding 

approach. Mol. Breed. 32, 233–239. 

Design the study (GMC, WS, SM-S), estimation of genetic distances (GMC), literature 

search for discussed hybrid examples (GMC), drafted the manuscript (GMC) and proof read 

the manuscript (WS, GP, SM-S). 

Chapter 5 

Granados Mendoza, C., Günther, M., Wanke, S., Goetghebeur, P., Samain, M.-S., In 

prep. Top-climbers: Field observations and morphological description of Hydrangea section 

Cornidia.  

Field work (GMC, SM-S), Scanning Electron Microscopy (GM), drafted the manuscript 

(GMC) and proof read the manuscript (GP, SM-S). 
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Chapter 6 

Granados Mendoza, C., Naumann, J., Samain, M.-S., Goetghebeur, P., De Smet, Y., 
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3. Application of the phylogenetic informativeness 
method to chloroplast markers: A test case of 

closely related species in the tribe Hydrangeeae 
(Hydrangeaceae) 

 

The content of this chapter was previously published as: 

Granados Mendoza C., Wanke S., Salomo K., Goetghebeur P., Samain M.-S., 2013. 

Application of the phylogenetic informativeness method to chloroplast markers: A test case 

of closely related species in tribe Hydrangeeae (Hydrangeaceae). Mol. Phylogenet. Evol. 66, 

233–242. 

3.1. Abstract 

In evolutionary biology appropriate marker selection for the reconstruction of solid 

phylogenetic hypotheses is fundamental. One of the most challenging tasks addresses the 

appropriate choice of genomic regions in studies of closely related species. Robust 

phylogenetic frameworks are central to studies dealing with questions ranging from 

evolutionary and conservation biology, biogeography to plant breeding. Phylogenetic 

informativeness profiles provide a quantitative measure of the phylogenetic signal in 

markers and therefore a method for locus prioritization. The present work profiles 

phylogenetic informativeness of mostly non-coding chloroplast regions in an Angiosperm 

lineage of closely related species: the popular ornamental tribe Hydrangeeae 

(Hydrangeaceae, Cornales, Asterids). A recent phylogenetic study denoted a case of 

resolution contrast between the two strongly supported clades within the tribe 

Hydrangeeae. We evaluate the phylogenetic signal of 13 highly variable plastid markers for 

estimating relationships within and among the currently recognized monophyletic groups of 

this tribe. A selection of combined loci based on their phylogenetic informativeness 

retrieved more robust phylogenetic hypotheses than simply combining individual markers 

performing best with respect to resolution, nodal support and accuracy or those presenting 

the highest number of parsimony informative characters. We propose the rpl32–ndhF 

intergenic spacer (IGS), trnV–ndhC IGS, trnL–rpl32 IGS, psbT–petB region and ndhA intron as 
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the best candidates for future phylogenetic studies in Hydrangeeae and potentially in other 

closely related lineages within Asterids. We also contrasted the phylogenetic 

informativeness of coded indels against substitutions concluding that, despite their low 

phylogenetic informativeness, coded indels provide additional phylogenetic signal that is 

nearly free of noise. Phylogenetic relationships obtained from our total combined analyses 

showed improved resolution and nodal support with respect to recently published results. 

3.2. Introduction 

Variability is an indispensable requirement for phylogenetic signal. Molecular markers 

have been examined for phylogenetic utility by purely quantifying their amount of variability 

(Kårehed et al., 2008; Mort et al., 2007; Shaw et al., 2007, e.g. number of potentially or 

parsimony informative characters; 2005) and/or by inspecting distribution of variability 

across a tree (Borsch et al., 2009; Kårehed et al., 2008; Mort et al., 2007; Müller et al., 2006; 

Townsend, 2007). Within the second approach two strategies can be distinguished. 

The first of them searches for those markers providing the highest support for the 

largest number of possible clades, being the degree of resolution, nodal support and, in 

some instances, accuracy considered as ultimate indicators of the phylogenetic signal (e.g. 

Mort et al., 2007; Kårehed et al., 2008; Ekrem et al., 2010). Colless (1980) proposed the 

Consensus Fork Index (CFI) for the estimation of phylogenetic resolution by measuring the 

divergence of a consensus tree from a complete polytomy. Methods for assessing nodal 

support are in concordance with employed phylogenetic inference approaches, for instance 

posterior probabilities (PP) in Bayesian Inference (BI; Makowsky et al., 2010). Measures of 

accuracy of tree topologies generally evaluate the ability of markers to recover ‘‘true’’ nodes 

present in a second reliable reference tree (see Kårehed et al., 2008 for a summary of these 

strategies). Resolution, nodal support and accuracy values are often considered as the basis 

to estimate the strength or acceptability of phylogenetic hypotheses. However, their values 

have been considered as uncertain indicators of the phylogenetic signal since they are 

known to be highly influenced by the unknown actual branch lengths (Townsend, 2007; 

Townsend and Leuenberger, 2011). Estimation of these three parameters for a given marker 

can only be performed after a phylogenetic analysis. Consequently, when exploring 
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numerous markers and all their combinations, estimations of the phylogenetic signal by 

means of these parameters may be considerably time-consuming. 

The second strategy estimates phylogenetic informativeness by quantifying the 

likelihood that a character changes on a certain point of a tree, remaining subsequently 

unchanged. This is estimated by comparing evolutionary changes across sites against an 

ideal change rate based on an ultrametric tree, where branches are proportional to 

evolutionary units (Townsend, 2007). The online program PhyDesign (López-Giráldez and 

Townsend, 2011) implements Townsend’s (2007) method for assessing phylogenetic 

informativeness and calculates informativeness profiles for given data matrices over specific 

periods. This freely accessible application allows the screening of several markers or data 

partitions considerably faster than other methods for evaluation of phylogenetic utility (e.g. 

by estimating the degree of resolution, nodal support or accuracy from obtained 

phylogenetic hypotheses). The phylogenetic informativeness method requires a priori data 

on the candidate markers and only one accurate tree that could be derived from previously 

published data, calculated from a subset of the taxa of interest or from a sister clade. 

Informativeness estimations are then based on this single reference tree and no further 

phylogenetic analyses are needed to predict phylogenetic utility. The phylogenetic 

informativeness method (Townsend, 2007) has been reported to effectively assess the 

phylogenetic utility of a number of markers in a wide range of taxonomic groups, from crabs, 

rodents and cetaceans to orthopteroid insects, vertebrates, fungi and eukaryotes in general 

(Dornburg et al., 2012; Fong and Fujita, 2011; López-Giráldez et al., 2013; Mahon and Neigel, 

2008; Moeller and Townsend, 2011; Schoch et al., 2009; Tekle et al., 2010; Townsend, 2007; 

Townsend et al., 2008). This method was also used to estimate the phylogenetic signal 

present in diverse data categories such as nucleotides versus amino acids (Fong and Fujita, 

2011; Schoch et al., 2009; Townsend et al., 2008), mitochondrial genes versus nuclear genes 

(Mahon and Neigel, 2008), protein genes versus ribosomal genes (Schoch et al., 2009), tRNA 

genes versus ribosomal genes (Plazzi et al., 2011) and among codon positions (Townsend, 

2007; Dornburg et al., 2012). 

So far, few studies have profiled markers for phylogenetic informativeness within 

closely related taxa below family level (Klopfstein et al., 2010; Silva et al., 2012; at subfamily 
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and species complex levels, respectively). However, at this taxonomic level resolution and 

support are often lacking and means to estimate the most suitable markers and their 

combinations is highly desired. Numerous loci from both the nuclear and mitochondrial 

genome have been successfully assessed by Townsend’s (2007) method suggesting its 

applicability to other markers such as those from the chloroplast genome. Plastid markers 

along with the ribosomal gene repeat regions from the nucleus are by far the most 

commonly used molecular markers in plant phylogenetic studies (Naumann et al., 2011). 

Matrices combining different loci have been profiled with the aim of contrasting 

informativeness of different data categories and never with the purpose of identifying the 

most informative combinations of individual loci which can guide a cost and time-effective 

marker selection. Furthermore, informativeness of data categories such as coded indels 

versus substitutions could also be contrasted. 

Phylogenetic relationships within the Angiosperm tribe Hydrangeeae (Hydrangeaceae) 

of the Asterid order Cornales have been explored in a series of morphological and molecular 

studies (Hufford et al., 2001; Jacobs, 2010; Samain et al., 2010; Soltis et al., 1995). Employing 

the plastid regions rps16-trnK and trnK-psbA spacers, trnK intron, trnK exon and matK gene 

Samain et al. (2010) recovered two main well-supported clades within the tribe 

Hydrangeeae informally named Hydrangea I and II (Figure 1.3; Samain et al., 2010). These 

two clades include the paraphyletic genus Hydrangea and its closely related satellite genera 

Broussaisia, Cardiandra, Decumaria, Deinanthe, Dichroa, Pileostegia, Platycrater and 

Schizophragma (ca. 40 spp.; Samain et al., 2010). The paraphyly of genus Hydrangea as well 

as the production of an ‘‘intergeneric’’ hybrid support the close relationship among the 

currently recognized genera of the tribe Hydrangeeae suggesting the need of taxonomic 

changes in the tribe (Samain et al., 2010). Within Hydrangea I, five clades were recovered in 

a polytomy, some of these with strong individual support (Figure 1.3). In contrast, the 

Hydrangea II clade was much better resolved and supported (Figure 1.3). Such findings of 

resolution contrast in sister clades are well-known among many different Angiosperm 

lineages (e.g. Cieslak et al., 2005; Wanke et al., 2007; Wurdack and Davis, 2009) and widely 

found among organisms. Lack of resolution can be due to inherent causes of the 

evolutionary history of an examined group, such as conservative genome evolution and 

rapid, simultaneous, or recent diversification  events (De Smet et al., 2012; Humphries and 
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Winker, 2010; Janko et al., 2011; Murillo-A. et al., 2012). However, instances of resolution 

contrast can be first approached by guiding marker selection for the specific phylogenetic 

unresolved periods. 

Plastid markers are known to display diverse patterns of variability among different 

lineages and levels of inclusiveness that are molecularly outlined by structural and functional 

restrictions (Borsch and Quandt, 2009; Kelchner, 2000; Shaw et al., 2007, 2005). Within a 

determinate lineage, different regions might present diverse evolutionary rates, making 

them more or less suitable for resolving branching order at specific nodes (Fong and Fujita, 

2011; Townsend, 2007). Insertions and deletions are known to be characteristic and widely 

spread in non-coding markers (Borsch and Quandt, 2009; Kelchner, 2009, 2000). Moreover, 

when alignments are informed by careful homology statements, sequence length mutations 

are suggested as good quality characters for phylogenetic analyses (Kelchner, 2009). 

The present study applies the phylogenetic informativeness method of Townsend 

(2007) to an Angiosperm lineage and to chloroplast markers. As study case we use the tribe 

Hydrangeeae, an example with heterogeneous distribution of short-deep and long recent 

internodes in its phylogeny. Our aims are to: (1) evaluate the performance of a set of non-

coding chloroplast regions for improving resolution and support within the tribe 

Hydrangeeae, (2) assess the ability of the phylogenetic informativeness method for 

identifying combinations of individual markers with improved resolution, nodal support and 

accuracy in comparison to simple combinations of: (a) better resolved, supported and 

accurate individual markers or (b) individual markers containing the highest number of 

parsimony informative characters (PICs), (3) estimate the contribution of substitutions and 

coded indels to the overall phylogenetic informativeness, and (4) discuss the phylogenetic 

relationships among currently recognized monophyletic groups within this tribe. 

3.3. Materials and methods 

3.3.1. Marker and taxon sampling selection 

We selected 13 markers known to contain the highest number of potentially 

informative characters among the Asterid representatives scored by Shaw et al. (2007) or 

that performed well in low taxonomic level phylogenetic studies of other Asterid lineages 
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(Borsch et al., 2009; Groeninckx et al., 2009; Gruenstaeudl et al., 2009; McKenzie et al., 

2006; Pettengill and Neel, 2008; Simões et al., 2007, 2006; Tank and Donoghue, 2010; Tank 

and Olmstead, 2008; Zhou et al., 2009). By doing so, our marker selection comprised 

concatenated and non-concatenated regions distributed along the large and small single-

copy of the chloroplast genome (Figure 3.1). Our taxon sampling comprises 19 species of the 

tribe Hydrangeeae representing all main clades recovered by Samain et al. (2010). 

Additionally, Philadelphus pekinensis of tribe Philadelpheae, the sister tribe of Hydrangeeae 

(Hufford et al., 2001), was applied as outgroup. Two alternative species from the 

Cardiandra+Deinanthe clade were used because amplification of some regions was 

problematic for one or the other. We consider them as exchangeable since they belong to 

the same strongly supported clade as recovered by Samain et al. (2010). Voucher 

information and GenBank accession numbers are provided in Appendix 3.1. 

3.3.2. Molecular methods 

Molecular methods followed standard protocols adopted from Samain et al. (2010). 

With the exception of the sequences of the rps16–psbA region, all markers were amplified 

using primers specifically designed for this study (Figure 3.1 and Table 3.1). Primers were 

designed from an initial alignment containing fully sequenced chloroplast genomes of 

Asterids and one Rosid (Vitis vinifera L.; Jansen et al., 2007), increasing a priori the likelihood 

for obtaining amplicons of Asterids. Sequence editing and data matrix alignments were done 

using PhyDE (Müller et al., 2005). Regions of ambiguous homology assessments were 

excluded for further analyses and their position in the master alignment are shown in 

Appendix 3.2. Three inversions found in the petB–petD region, rpl32–ndhF IGS, and psbJ–

petA IGS were inverted, but not excluded. Insertions and deletions (indels) were coded 

according to the simple indel coding method of Simmons and Ochoterena (2000) using the 

program SeqState version 1.4.1. (Müller, 2005). 

3.3.3. Assessment of phylogenetic informativeness 

Partitions explored for phylogenetic informativeness included each individual plastid 

region (Figure 3.1) and all possible combinations without repetition C = n!/(r!(n−r)!) of two, 

three, and four regions, where n is the total number of individual regions and r is the 

number of regions to be combined. In order to reduce computational time, the number of 
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combined regions was restricted to four. Additionally, phylogenetic informativeness was 

estimated from the total combined data set partitioned in aligned sequences and coded 

indels. Profiles of phylogenetic informativeness of each described data partition were 

calculated with the online application PhyDesign (López-Giráldez and Townsend, 2011). For 

this, a preliminary BI analysis of the total combined data matrix was performed as outlined 

below (Section 2.4). A consensus tree was calculated and subsequently converted to an 

ultrametric tree using Mesquite v 2.74 (Maddison and Maddison, 2010) and further rescaled 

in PATHd8 (Britton et al., 2007). Since a combined analysis of all available data sources 

maximizes the test of congruence of homology hypotheses (de Pinna, 1991; Patterson, 

1982), we considered a strict consensus tree from this analysis as the most reliable reference 

tree for phylogenetic informativeness assessments. We used an uncalibrated ultrametric 

tree, where tips correspond to time 0 and root to time 1, and uploaded it along with the 

total combined data matrix for an initial screening of substitution site rates. The program 

HyPhy (Pond et al., 2005) was used to estimate all substitution rates. Aligned sequences 

were estimated using a General Time Reversible model of substitution with empirical base 

frequencies. Coded indels were transformed from 0–1 to A–C character states and analyzed 

under a Jukes–Cantor model of substitution. 

Sites with unusual fast evolving substitution rates, resulting in recent ‘‘phantom’’ spikes 

in informativeness plots, were subsequently excluded from phylogenetic analyses and 

informativeness estimations in PhyDesign (http://phydesign.townsend.yale.edu/; López-

Giráldez and Townsend, 2011). Positions of the abovementioned excluded regions in the 

master alignment and uncorrected phylogenetic informativeness profiles plot are provided 

in Appendix 3.2 and Appendix 3.3. A corrected combined data matrix was then uploaded to 

PhyDesign web page and net phylogenetic informativeness profiles were calculated from 

each data partition described above. Profiles for individual regions and the total combined 

data sets were plotted and contrasted against the reference ultrametric tree. The time at 

which phylogenetic informativeness profiles reach their maximum (PImax) is the time at 

which a marker is phylogenetically most informative (Fong and Fujita, 2011; Townsend, 

2007); therefore, PImax values for individual regions and data categories were compared in 

order to identify the optimal divergence time at which each dataset should be used. 

Additionally, net phylogenetic informativeness over period 0–0.45 was calculated for each 
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data partition in order to estimate the phylogenetic signal at the divergence period of 

lineages within the tribe Hydrangeeae. 

 
Figure 3.1 Gene models and structure of the 13 cpDNA regions surveyed in the present study. Lengths of the 
respective regions are drawn as found in Hydrangea arborescens (84). Relative position of each data partition is 
denoted (a–m) along the Panax ginseng (Araliaceae, Apiales) chloroplast genome map model of Kim and Lee 
(2004). Black and grey broad boxes identify coding regions transcribed counterclockwise and clockwise, 
respectively. Non-coding regions are indicated by narrow boxes. Bars below each noncoding region show their 
absolute sequence length between brackets. Position and direction of primers listed in Table 3.1 are marked by 
arrows.  
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Figure 3.1 code Data partition position Primer name: sequence 5'-3' 

A trnK-trnH region psbAR: CGCGTCTCTCTAAAATTGCAGTCAT1  
H-psbAF: CTTGGCCTGTAGTAGGTAT 
H-trnHR: TCACAATCCACTGCCTTRAT 

B trnK gene and intron trnK-3914F: GGGGTTGCTAACTCAACGG1 
H-232R: AGGGCTCTATCCATTTATTCACT2  
trnK710F: GTATCGCACTATGTWTCATTTGA1 

C matK gene matK1412F: ATATAATTCTTATGTATGTG1  
D rps16-trnK IGS rps16-4547F: AGGTGCTCAACCTACAAGAACC1 
E rps16 intron H-5rps16F: AAACGATGTGGTAGAAAGCAAC 

H-3rps16R: GATCGAACATCAATTGCAACGA 
F trnV-ndhC IGS H-trnVF: TGTTTTACCGAGAARGTCTACG 

H-ndhCR: ATTGGTTCTATACCCGATTC 
G psbJ-petA IGS H-psbJ: ATTCCTCTTTGGATAATAGGTA 

H-petA: GATTTGGTCAGGGAGATGC 
H psbT-petB region H-psbTF: AAGCATTGGTTTATACATTCCT 

H-psbHR: GCTACTTTACCATATTCCGAA 
H-psbHF: GAATATGGTAAAGTAGCTCC 
H-petBF: ATTACGCTTACTTGTTTTTTAGT 
H-petBR: TAACATAAATACRGCAGTAAGAAG 

I petB-petD region H-3petDR: TAATACAGGATCATTCAAGTC 
J rpl16 intron H-5rpl16F: ATTGCTATGCTTAGTGTGTGAC 

H-3rpl16R: CCTCTATGTTGTTTACGGAATCT 
K rpl32-ndhF IGS H-rpl32a: CTTTTTGAATTCCCRGTAGAA 

H-ndhF: CCAAGACCATACATATTGATA 
L trnL-rpl32 IGS H-trnL: GCTTCCTAAGAGCAGCGTGT 

H-rpl32b: ATGGCAGTTCCAAAAAAACG 
M ndhA intron H-ndhAF: CAATCAATTAGTTAYGAAATACC 

H-ndhAR: AACTGTTAGATAATYATAGTCGA 
Table 3.1 Primers used in PCR amplification and sequencing. Letters A-M identify data partitions as depicted in 
Figure 3.1. All listed primers were specifically designed for this study, with exception of those previously 
published by Johnson and Soltis (1995)1 and Samain et al. (2010)2. 

3.3.4. Tree reconstruction 

The BI method was used in final analyses of each individual plastid region and the total 

combined data set. Additional BI analyses were performed in order to test the efficiency of 

the phylogenetic informativeness method for recovering hypotheses of improved resolution, 

nodal support and accuracy. For this, analyses of the 10 best performing data partitions for 

phylogenetic informativeness with combinations of two, three or four regions were 

compared against combined analyses of the two, three and four individual regions that: (1) 

produced the better resolved, supported and accurate hypotheses and (2) contained the 
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highest number of PICs. Each of these data matrices was partitioned into two character sets: 

(1) aligned sequences and (2) coded indels. Estimations of the best fitting model for the 

aligned sequences of each data matrix were performed with the FindModel tool of the HCV 

Database Project (http://hcv.lanl.gov/content/index) constructing initial trees using both 

Weighbor (Bruno et al., 2000) and PAUP* (Swofford, 2003). The General Time Reversible 

plus Gamma (GTR+Γ) model was found to best fit all the matrices, with exception of two 

where the less explicit model GTR was retrieved. However, the GTR + Γ model was applied in 

all data matrices employing MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) on Trestles 

(TeraGrid) using the CIPRES portal (http://www.phylo.org/portal2/; Miller et al., 2010). Each 

Markov Chain Monte Carlo analysis consisted of two independent and simultaneous runs of 

10 million generations. Every run contained four chains, each with a different random 

starting tree, sampled every 5000 generations. Burn-in was set at generation 2,500,000 after 

chains were examined using Tracer v. 1.5.0 (Rambaut and Drummond, 2007). The consensus 

trees and the PP of nodes were calculated from the remaining trees. Tree compilation and 

drawing was performed using FigTree ver. 1.3.1 (Rambaut, 2009). 

3.3.5. Number of PICs and estimation of resolution, nodal support and accuracy 

parameters 

The phylogenetic signal of markers and data partitions was alternatively addressed 

through the examination of number of PICs and three main attributes of resulting consensus 

trees: degree of resolution, nodal support and accuracy. 

(1)  Resolution provided by each analysis was calculated through the normalized CFI 

(Colless, 1980). For this measurement the number of resolved nodes γ of a strict consensus 

tree was divided by the total number of possible bifurcations β which is the number of 

terminals t minus three (CFI = γ /(t−3)). CFI values range from 0 in case of complete polytomy 

to 1 for a fully resolved tree.  

(2)  Nodal support Ns for each partition was calculated by dividing the number of 

statistically supported clades α with ≥0.95 PP in a strict consensus tree by the number of 

possible bifurcations β, resulting in Ns = α/β. Values of this parameter can range from 0 

when no resolved node is statistically supported to 1 when all nodes in a fully resolved tree 

are supported.  
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(3)  The strict consensus tree obtained from the total combined analysis was considered 

as the reference tree for accuracy comparisons. Accuracy Ac was then calculated dividing the 

number of highly supported clades (≥0.95 PP) present in both the strict consensus tree of 

the individual analysis in question and the reference tree αcoincidence by the total number of 

highly supported clades obtained in the reference tree αref (Ac = αco/αref). The combined 

average CA of all three former parameters was calculated as: CA=(CFI+Ns+Ac)/3 in order to 

obtain a single value for comparison with phylogenetic informativeness calculations. 

3.4. Results and discussion 

3.4.1. The phylogenetic signal in plastid markers 

Net phylogenetic informativeness of the total combined plastid dataset overcame by far 

that present in any of the individual regions (Figure 3.2A-C). The maximum phylogenetic 

informativeness of the total combined data set was reached at time 0.87, much deeper than 

the divergence period within lineages of the tribe Hydrangeeae. Phylogenetic 

informativeness profiles do not quantitatively account for phylogenetic noise due to 

convergence of character states, yet they provide a qualitative way for visualizing this noise 

(Townsend, 2007). For instance, when comparable phylogenetic informativeness values are 

obtained, markers peaking deeper than the phylogenetic period of interest are preferred 

over those peaking near shallow nodes (e.g. Fong and Fujita, 2011). Hence, potential noise in 

our total combined plastid matrix is unlikely to have an influence at the period of divergence 

of the tribe Hydrangeeae. Relative informativeness of the total combined data set was in 

agreement with the obtained fully resolved (CFI = 1) and highly supported (Ns = 0.94) 

consensus tree (Figure 3.2; Appendix 3.1). With exception of Hydrangea arborescens 

affinities (0.68 PP), all other recovered phylogenetic relationships were supported by >0.95 

PP. Hydrangea arborescens was attached to a deep, short internode within the tribe 

Hydrangeeae. While long and recent internodes are considered easily resolvable, short and 

deep internodes are more recalcitrant (Townsend and Leuenberger, 2011). This suggests 

that H. arborescens affinities should be further explored by selecting additional marker(s) of 

increased phylogenetic informativeness preferably peaking not more recent than time 0.3 of 

the time scale. When ordered by either the number of PICs or net phylogenetic 

informativeness at the period of the tribe Hydrangeeae divergence (≈0–0.45), four individual 
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markers performed best: (1) rpl32–ndhF IGS, (2) trnV–ndhC IGS, (3) trnL–rpl32 IGS and (4) 

rps16–trnK IGS (Figure 3.2B; Appendix 3.1). 

 
Figure 3.2 Net phylogenetic informativeness across time of the total combined data set (a) and individual data 
sets (b and c). Individual regions have been ordered by their net phylogenetic informativeness over period 0–
0.45. Levels of informativeness varied among individual markers. All markers peaked deeper than the 
divergence time of the tribe Hydrangeeae. Substitutions largely contribute to the overall phylogenetic 
informativeness, however coded indels provide additional signal practically free of noise. Arrows indicate PP for 
internal nodes <1. Names denoting main clades follow Samain et al. (2010). 
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In contrast, the rps16 intron performed poorly for both PICs and phylogenetic 

informativeness parameters (Figure 3.2C; Appendix 3.1). Shaw et al. (2007) proposed the 

herein four better performed plastid regions among the best candidates surveyed by them. 

These regions were also identified as highly variable by Timme et al. (2007) and Daniell et al. 

(2006). Only the rps16–trnK IGS has been already employed for addressing phylogenetic 

relationships in the tribe Hydrangeeae (Samain et al., 2010) in a combined analysis with 

other concatenated regions. Several studies have employed these highly variable markers to 

discern relationships in other closely related Asterid lineages (Bone et al., 2011; Calviño et 

al., 2010; Cohen, 2011; some recent examples are: Cruz-Mazo et al., 2009; Guo et al., 2011; 

Hilpold et al., 2011; Levin et al., 2011; Miller et al., 2009; Pérez, 2011; Schnitzler et al., 2011; 

Surina et al., 2011; Susanna et al., 2011; Yu et al., 2011). When considering the full time 

scale, from 0 to 1, maximum net phylogenetic informativeness values ranged from 74.71 in 

rpl32–ndhF IGS to 26.54 in rps16 intron Figure 3.2B-C). 

All individual plastid markers reached their maximum phylogenetic informativeness 

much deeper than the divergence period within the tribe Hydrangeeae (0–0.45), being the 

closest to this period trnK–trnH region at time 0.69 (Figure 3.2B). However, trnK–trnH region 

relative informativeness is lower than the four better performing regions that present 

steadily increasing curves at period 0–0.45. 

Degree of resolution, nodal support and accuracy combined average of individual 

analyses did not straightly equate phylogenetic informativeness or PICs values. The psbT–

petB region, rpl32–ndhF IGS, ndhA intron and petB–petD region were among the better 

resolved, supported and accurate individual hypotheses, while the trnK–trnH region 

performed poorly for these three latter mentioned metrics (Appendix 3.4). However, 

predictability of the phylogenetic informativeness method for degree of resolution and 

nodal support parameters is known to be affected by two main factors: (1) the true length in 

internodes of interest and (2) the effect of phylogenetic noise (Townsend and Leuenberger, 

2011). Our most reliable phylogenetic hypothesis of the tribe Hydrangeeae showed a 

heterogeneous distribution of short-deep and long-recent internodes. Excluding 

phylogenetic noise as potential factor affecting predictability in the herein evaluated plastid 

markers, we suggest that the discrepancies between the phylogenetic informativeness and 
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resolution, nodal support and accuracy metrics of individual data sets are due to the 

heterogeneous distribution of easily resolvable and recalcitrant internodes. 

3.4.2. Combined data matrices and efficacy of the phylogenetic informativeness 

method  

Townsend and Leuenberger (2011) mentioned that an increase in the number of 

resolved nodes could be exponentially related to the amount of informative characters. We 

explored the phylogenetic informativeness of a series of combined data partitions. 

Maximum and average values of phylogenetic informativeness of the combined data 

matrices increased as more regions were added (Figure 3.3A). Resolution, nodal support and 

accuracy combined average values of the analyzed combined data matrices of two, three 

and four regions ranged from 0.637 to 0.939 (Figure 3.3B, Appendix 3.1). Regardless the 

number of combined regions, analyses of the 10 combined matrices selected by their higher 

phylogenetic informativeness recovered some more robust consensus trees than analyses 

combining individual regions selected either by their high resolution, nodal support and 

accuracy combined average or number of PICs (Figure 3.3B; Appendix 3.1).  

Two equally better resolved, supported and accurate combinations of four regions were 

obtained. Both included the three best performing individual regions for phylogenetic 

informativeness (rpl32–ndhF IGS, trnV–ndhC IGS and trnL–rpl32 IGS) and alternatively the 

psbT–petB region or the ndhA intron. Although the psbT–petB region and the ndhA intron 

obtained individually an intermediate value for phylogenetic informativeness, they were 

here recovered among the better resolved, supported and accurate individual markers. The 

intermediate values of phylogenetic informativeness retrieved for the psbT–petB region and 

the ndhA intron when analyzed individually could be due to their likewise intermediate 

number of PICs (Appendix 3.4). To our knowledge, the entire psbT–petB region and the ndhA 

intron have not been employed in other phylogenetic studies of Asterid lineages preventing 

comparisons of their phylogenetic utility to closely related lineages of Hydrangea s.l. 

However, the psbT–psbH and psbB–psbH partitions have been used in Asterids to explore 

relationships at different taxonomic levels including population level (Hamilton, 1999a, 

1999b; Lorenz-Lemke et al., 2006; Tank and Donoghue, 2010). 
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Figure 3.3 Net phylogenetic informativeness over period 0–0.45 against number of combined regions (a) and 
resolution, nodal support and accuracy combined average (b). Red, blue and yellow color codes depict two, 
three and four regions per data partition, respectively. Vertical bars indicate the minimum, average and 
maximum net phylogenetic informativeness values. Asterisks show combined data partitions of individual 
regions containing the highest number of PICs. Diamonds show combined analyses of the better resolved, 
supported and accurate individual data markers. Big circles denote marker combinations selected by their 
higher phylogenetic informativeness retrieving improved resolution, nodal support and accuracy. Note that the 
combined average values of resolution, nodal support and accuracy are plotted in the horizontal axis. As 
denoted by the red arrow, increments in resolution, nodal support and accuracy should be read from left to 
right. Maximum and average phylogenetic informativeness increase as the number of combined regions 
increase. Combined matrices selected by their phylogenetic informativeness outperform the resolution, nodal 
support and accuracy combined average of those combining either the better resolved, supported and 
accurate individual markers or individual regions containing the highest number of PICs. 

The herein employed approach, selecting 10 combinations performing better for 

phylogenetic informativeness, allowed us to detect marker combinations producing more 

robust phylogenetic hypothesis than those obtained by simply combining the better 

resolved, supported and accurate individual markers or those containing the highest number 

of PICs. Based on the two better performing marker combinations of four regions, the 

following markers were herein selected for future phylogenetic analyses in the tribe 

Hydrangeeae: rpl32–ndhF IGS, trnV–ndhC IGS, trnL–rpl32 IGS, psbT–petB region and ndhA 

intron. The selected regions would be potentially useful for phylogenetic studies of other 

Asterid lineages. 

3.4.3. Phylogenetic informativeness of different data categories 

Substitutions among taxa within an alignment largely contributed to the overall 

phylogenetic informativeness when compared with coded indels (Figure 3.2A). Profiles of 

substitutions increased over the period of interest, while coded indels showed a rather flat 
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curve (Figure 3.2A). The maximum net phylogenetic informativeness value of substitutions 

(569.96) was more than seven fold higher than that of coded indels (72.71; Figure 3.2A). 

These data categories differ also in the time at which maximum phylogenetic 

informativeness is reached. Within the explored time scale, mutations due to substitutions 

peaked at time 0.81, closer to the divergence of the tribe Hydrangeeae, in comparison coded 

indels peaked near time 1 (Figure 3.2A). To illustrate the additional informativeness provided 

by coded indels, Figure 3.2A shows the additive phylogenetic informativeness of both 

categories across the entire time scale. Thus the inclusion of coded indels for phylogenetic 

analyses is justified by their additional signal which is practically free of noise. Observations 

of lower levels of homoplasy in coded indels in comparison to substitutions have also been 

reported for other plant groups (Calviño and Downie, 2007; Hamilton et al., 2003; Löhne and 

Borsch, 2005; Müller and Borsch, 2005; Simmons et al., 2001), supporting coded indels as a 

high-quality data category (Kelchner, 2009). Moreover, the time at which maximum 

phylogenetic informativeness is reached in coded indels suggests that they might contribute 

to the support of deep nodes in the tribe Hydrangeeae. 

3.4.4. The tribe Hydrangeeae phylogenetic relationships 

Bayesian analysis of the total combined data set recovered a fully resolved and strongly 

supported tree (Figure 3.2). Herein recovered phylogenetic relationships are in congruence 

with those reported as highly supported by Samain et al. (Figure 1.3; 2010). Each of the 

Hydrangea I and II groups were confirmed to be monophyletic. Within Hydrangea I, 

resolution and nodal support were much improved compared to Samain et al. (2010). With 

the exception of Hydrangea arborescens (Hydrangea subsection Americanae sensu 

McClintock, 1957), relationships among all other taxa of Hydrangea I were fully resolved and 

statistically supported (≥0.95 PP). Samain et al. (2010) recovered a unsupported sister 

relationship between H. arborescens and the Cardiandra + Deinanthe clade, whereas our 

analysis positioned H. arborescens in a grade with Hydrangea quercifolia and sister to a clade 

containing H. subsect. Calyptranthe, H. sect. Cornidia, Platycrater and H. subsect. Asperae. 

Cardiandra + Deinanthe were here recovered in a grade with H. subsect. Heteromallae and 

the clade Pileostegia + Schizophragma + Decumaria. Relationships among Pileostegia, 

Schizophragma and Decumaria were herein confirmed with a higher support than in Samain 
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et al. (2010). Monophyly of H. sect. Cornidia was also confirmed, in addition to its sister 

relationship to H. subsect. Calyptranthe. Hydrangea involucrata was sister to the grade of 

Platycrater arguta, and the clade of Hydrangea aspera subsp. aspera and Hydrangea 

sargentiana. A strongly supported sistergroup relationship was found between the 

Calyptranthe + Cornidia clade and the Asperae + Platycrater grade. All relationships within 

Hydrangea II were strongly supported and in concordance with those found by Samain et al. 

(2010). 

3.5. Conclusion 

We profiled plastid markers for phylogenetic informativeness in an Angiosperm lineage 

of closely related species. Based on phylogenetic informativeness of combined data matrices 

five plastid markers were herein selected: (1) rpl32–ndhF IGS, (2) trnV–ndhC IGS, (3) trnL–

rpl32 IGS, (4) psbT–petB region and (5) ndhA intron. Our ongoing studies apply this marker 

selection for improving the currently known phylogenetic framework in the tribe 

Hydrangeeae (Hufford et al., 2001; Samain et al., 2010; Soltis et al., 1995) facilitating the 

application of previously suggested taxonomic changes in Hydrangeeae (Samain et al., 2010). 

Particular attention must be centered on accurately resolving the phylogenetic position of H. 

arborescens within the Hydrangea I clade, since it is the type species of the highly important 

horticultural genus Hydrangea. Further studies should also include nuclear single-copy genes 

which have been shown to be highly useful in addressing phylogenetic relationships from 

family level (Duarte et al., 2010) to species (Wagner et al., 2012) and population level 

(Naumann et al., 2011). The selected chloroplast regions are potentially useful for resolving 

problems of resolution contrast in other Asterid lineages. Contribution of coded indels to the 

overall phylogenetic informativeness is considerable lower than that of substitutions, 

however coded indels provide additional phylogenetic signal essentially free of noise. As also 

concluded by López-Giráldez et al. (2013), the phylogenetic informativeness method is an 

efficient approach for guiding marker selection for specific phylogenetic problems and is a 

valuable resource guiding cost-value ratio marker combinations. 
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3.6. Appendices 

Appendix 3.1 GenBank accession numbers of the herein employed taxa and their voucher information including: botanical garden; botanical garden accession number; 
field origin (if available); lab number; voucher. PG and KC denotes collectors Paul Goetghebeur and Koen Camelbeke, respectively. Sequences of the rps16-psbA region 
were taken from Samain et al. (2010). 

 

Taxon 
Voucher 

information 
rps16-
psbA psbA-trnH  rps16 trnV-ndhC  psbJ-petA  psbT-psbH  psbH 

petB petB-petD  rpl16 rpl32-
ndhF 

trnL-
rpl32 ndhA 

Cardiandra 
moellendorffii 
(Hance) Migo 

BG Ghent 
University; 
2007-1541; 
China; 227; PG 
11135 (GENT) 

GU217270 HE983385 -------- -------- -------- -------- -------- -------- -------- -------- -------- HE983585 

              

Decumaria 
barbara L. 

BG Ghent 
University;  
1996-1362; 
90; PG 11309 
(GENT). 

GU217282 HE983386 HE983406 HE983426 HE983446 HE983466 HE983486 HE983506 HE983526 HE983546 HE983566 HE983586 

              

Deinanthe 
bifida Maxim. 

BG Ghent 
University; 
2002-0829; 
Japan; 12; PG 
11335 (GENT) 

GU217271 -------- HE983405 HE983425 HE983445 HE983465 HE983485 HE983505 HE983525 HE983545 HE983565 -------- 

              

Dichroa 
febrifuga Lour. 

BG Ghent 
University; 
2000-0634; 
37; PG 11000 
(GENT) 

GU217316 HE983387 HE983407 HE983427 HE983447 HE983467 HE983487 HE983507 HE983527 HE983547 HE983567 HE983587 

              

 
 



Taxon 
Voucher 

information 
rps16-
psbA psbA-trnH  rps16 trnV-ndhC  psbJ-petA  psbT-psbH  psbH 

petB petB-petD  rpl16 rpl32-
ndhF 

trnL-
rpl32 ndhA 

Hydrangea 
angustipetala 
Hayata 

BG Ghent 
University; 
2006-1310; 
141; PG 11316 
(GENT) 

GU217336 HE983388 HE983408 HE983428 HE983448 HE983468 HE983488 HE983508 HE983528 HE983548 HE983568 HE983588 

Hydrangea 
anomala D. 
Don subsp. 
petiolaris 
(Siebold & 
Zucc.) E. M. 
McClint. 

BG Ghent 
University; 
2007-1359; 
Japan; 143; PG 
11323 (GENT) 

GU217309 HE983389 HE983409 HE983429 HE983449 HE983469 HE983489 HE983509 HE983529 HE983549 HE983569 HE983589 

              

Hydrangea 
arborescens L. 
subsp. 
arborescens 

BG Ghent 
University; 
1977-2181; U. 
S. A.; 84; PG 
10990 (GENT) 

GU217285 HE983390 HE983410 HE983430 HE983450 HE983470 HE983490 HE983510 HE983530 HE983550 HE983570 HE983590 

              

Hydrangea 
aspera Buch.-
Ham. ex D. Don 
subsp. aspera 

BG Ghent 
University; 
1996-1505; 
40; PG 10996 
(GENT) 

GU217296 HE983391 HE983411 HE983431 HE983451 HE983471 HE983491 HE983511 HE983531 HE983551 HE983571 HE983591 

              

Hydrangea 
integrifolia 
Hayata 

BG Ghent 
University; 
2007-1354; 
Taiwan; 212; 
PG 11302 
(GENT) 

GU217302 HE983392 HE983412 HE983432 HE983452 HE983472 HE983492 HE983512 HE983532 HE983552 HE983572 HE983592 

              

 

 



Taxon 
Voucher 

information 
rps16-
psbA psbA-trnH  rps16 trnV-ndhC  psbJ-petA  psbT-psbH  psbH 

petB petB-petD  rpl16 rpl32-
ndhF 

trnL-
rpl32 ndhA 

Hydrangea 
involucrata 
Siebold 

BG Ghent 
University; 
1998-0525; 
Japan; 39; PG 
10995 (GENT) 

GU217290 HE983393 HE983413 HE983433 HE983453 HE983473 HE983493 HE983513 HE983533 HE983553 HE983573 HE983593 

              

Hydrangea 
luteovenosa 
Koidz. 

BG Ghent 
University; 
2007-1355; 
Japan; 196; PG 
11196 (GENT) 

GU217329 HE983394 HE983414 HE983434 HE983454 HE983474 HE983494 HE983514 HE983534 HE983554 HE983574 HE983594 

Hydrangea 
macrophylla 
Ser. ‘Ayesha’  

BG Ghent 
University; 
1900-4504; 
233; PG 11304 
(GENT) 

GU217322 HE983395 HE983415 HE983435 HE983455 HE983475 HE983495 HE983515 HE983535 HE983555 HE983575 HE983595 

              

Hydrangea 
paniculata 
Siebold 

Arboretum 
Wespelaar; 
97059; Japan; 
129; KC 1574 
(GENT) 

GU217276 HE983396 HE983416 HE983436 HE983456 HE983476 HE983496 HE983516 HE983536 HE983556 HE983576 HE983596 

              

Hydrangea 
quercifolia 
Bartram 

BG Ghent 
University; 
1997-1102; U. 
S. A.; 98; PG 
11319 (GENT). 

GU217277 HE983397 HE983417 HE983437 HE983457 HE983477 HE983497 HE983517 HE983537 HE983557 HE983577 HE983597 

              

Hydrangea 
sargentiana 
Rehder 

BG Ghent 
University; 
1982-1954; 
81; PG 10999 
(GENT) 

GU217293 HE983398 HE983418 HE983438 HE983458 HE983478 HE983498 HE983518 HE983538 HE983558 HE983578 HE983598 

              

 
 



Taxon 
Voucher 

information 
rps16-
psbA psbA-trnH  rps16 trnV-ndhC  psbJ-petA  psbT-psbH  psbH 

petB petB-petD  rpl16 rpl32-
ndhF 

trnL-
rpl32 ndhA 

Hydrangea 
seemannii L. 
Riley 

BG Ghent 
University; 
2007-0715; 
168; PG 10991 
(GENT) 

GU217303 HE983399 HE983419 HE983439 HE983459 HE983479 HE983499 HE983519 HE983539 HE983559 HE983579 HE983599 

              

Hydrangea 
serrata Ser. 

Arboretum 
Wespelaar, 
93270; South 
Korea; 126; KC 
1573 (GENT) 

GU217324 HE983400 HE983420 HE983440 HE983460 HE983480 HE983500 HE983520 HE983540 HE983560 HE983580 HE983600 

Philadelphus 
pekinensis 
Rupr. 

BG Ghent 
University; 
2001-1255; 
China; 108; PG 
11197 (GENT) 

GU217268 HE983384 HE983404 HE983424 HE983444 HE983464 HE983484 HE983504 HE983524 HE983544 HE983564 HE983584 

              

Pileostegia 
viburnoides 
Hook. f. & 
Thomson 

BG Ghent 
University; 
2007-1367; 
Taiwan; 158; 
PG 1130 
(GENT) 

GU217278 HE983402 HE983422 HE983442 HE983462 HE983482 HE983502 HE983522 HE983542 HE983562 HE983582 HE983602 

              

Platycrater 
arguta Siebold 
& Zucc. 

BG Ghent 
University; 
2007-1540; 
249; PG 11313 
(GENT). 

GU217298 HE983401 HE983421 HE983441 HE983461 HE983481 HE983501 HE983521 HE983541 HE983561 HE983581 HE983601 

              

Schizophragma 
molle (Rehder) 
Chun 

BG Ghent 
University; 
2004-1309; 
China; 206; PG 
11307 (GENT) 

GU217279 HE983403 HE983423 HE983443 HE983463 HE983483 HE983503 HE983523 HE983543 HE983563 HE983583 HE983603 

 

 

 



Appendix 3.2 Excluded regions from phylogenetic analyses and informativeness estimations. Reasons of 
exclusion, original position in the master alignment and length are provided. 

 

Data partition position Reason of exclusion Position in the 
master alignment Length (bp) 

trnK-trnH region mononucleotide repeat unit (A) 127-136 10 
trnK-trnH region mononucleotide repeat unit (A) 621-636 16 
trnK-trnH region mononucleotide repeat unit (T) 718-722 5 
trnK-trnH region mononucleotide repeat unit (T) 731-740 10 
trnK-trnH region mononucleotide repeats units (T, A) 829-857 29 
trnK gene and intron mononucleotide repeat unit (A) 1496-1514 19 
trnK gene and intron mononucleotide repeats units (C, A) 1622-1630 9 
rps16-trnK IGS trimmed 5' end of the respective region 3506-3514 9 
rps16-trnK IGS mononucleotide repeat unit (G) 3552-3556 5 
rps16-trnK IGS mononucleotide repeat unit (T) 3604-3621 18 
rps16-trnK IGS mononucleotide repeat unit (T) 3625-3627 3 
rps16-trnK IGS mononucleotide repeat unit (T) 3888-3895 8 
rps16-trnK IGS mononucleotide repeat unit (T) 3927-3935 9 
rps16-trnK IGS mononucleotide repeat unit (T) 4003-4015 13 
rps16 intron mononucleotide repeats units (A, G, T) 4820-4843 24 
rps16 intron mononucleotide repeat unit (A) 4930-4939 10 
rps16 intron mononucleotide repeat unit (A) 5106-5111 6 
rps16 intron mononucleotide repeat unit (A) 5233-5240 8 
trnV-ndhC IGS trimmed 5' end of the respective region 5389-5400 12 
trnV-ndhC IGS fast evolving substitution rate 5426 1 
trnV-ndhC IGS dinucleotide repeat unit (AT) 6147-6153 7 
trnV-ndhC IGS dinucleotide repeat unit (AT) 6163-6169 7 
trnV-ndhC IGS mononucleotide repeat unit (A) 6282-6293 12 
trnV-ndhC IGS trimmed 3' end of the respective region 6754-6766 13 
psbJ-petA IGS mononucleotide repeat unit (T) 6950-6957 8 
psbJ-petA IGS mononucleotide repeat unit (A) 7385-7391 7 
psbJ-petA IGS mononucleotide repeat unit (A) 7413-7418 6 
psbJ-petA IGS mononucleotide insertion 7714 1 
psbJ-petA IGS mononucleotide repeat unit (T) 7848-7858 11 
psbT-petB region mononucleotide repeat unit (T) 8947-8964 18 
psbT-petB region mononucleotide insertion 9031 1 
psbT-petB region mononucleotide insertion 9072 1 
psbT-petB region mononucleotide repeat unit (A) 9239-9245 7 
psbT-petB region mononucleotide repeat unit (A) 10159-10166 8 
petB-petD region dinucleotide repeat unit (AT) 11191-11198 8 
rpl16 intron mononucleotide repeat unit (A) 11290-11309 20 
rpl16 intron mononucleotide repeat unit (T) 11473-11481 9 
rpl16 intron mononucleotide repeat unit (T) 11850-11860 11 
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Data partition position Reason of exclusion Position in the 
master alignment Length (bp) 

rpl16 intron mononucleotide repeat unit (T) 11980-11988 9 
rpl16 intron mononucleotide repeat unit (T) 12023-12028 6 
rpl32-ndhF IGS mononucleotide repeat unit (A) 12901-12916 16 
rpl32-ndhF IGS mononucleotide repeats units (A, T) 12999-13028 30 
rpl32-ndhF IGS mononucleotide repeats units (G, T) 13263-13275 13 
rpl32-ndhF IGS mononucleotide repeat unit (T) 13302-13308 7 
rpl32-ndhF IGS mononucleotide repeat unit (A) 13448-13458 11 
rpl32-ndhF IGS mononucleotide repeats units (T, A) 13462-13478 17 
rpl32-ndhF IGS mononucleotide repeat unit (T) 13496-13513 18 

rpl32-ndhF IGS mononucleotide repeat unit (T) and 
autapomorfic insertion of 36 bp 13563-13606 44 

trnL-rpl32 IGS trimmed 5' end of the respective region 13717-13719 3 
trnL-rpl32 IGS mononucleotide repeat unit (A) 13951-13963 13 
trnL-rpl32 IGS mononucleotide repeat unit (T) 14099-14117 19 
trnL-rpl32 IGS mononucleotide repeat unit (A) 14241-14250 10 
trnL-rpl32 IGS mononucleotide repeats units (T, G) 14479-14485 7 
trnL-rpl32 IGS mononucleotide repeats units (T, G) 14504-14510 7 
trnL-rpl32 IGS mononucleotide repeat unit (A) 14561-14576 16 
trnL-rpl32 IGS mononucleotide repeats units (T, A) 14586-14597 12 
trnL-rpl32 IGS mononucleotide repeat unit (T) 14610-14625 16 
ndhA intron trimmed 5' end of the respective region 14911-14916 6 
ndhA intron mononucleotide repeat unit (T) 15507-15516 10 
ndhA intron mononucleotide repeat unit (A) 15559-15570 12 
ndhA intron mononucleotide repeat unit (T) 15630-15640 11 
ndhA intron fast evolving substitution rate 15759 1 
ndhA intron fast evolving substitution rate 15764 1 
ndhA intron mononucleotide repeat unit (A) 16058-16064 7 
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Appendix 3.3 Uncorrected net phylogenetic informativeness across time of the trnV-ndhC IGS and ndhA intron. 
Peaks in the profiles are due to few sites with unusual fast evolving substitution rates that were subsequently 
excluded from phylogenetic analyses and informativeness estimations. 
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Appendix 3.4 Number of parsimony informative characters (PICs), resolution (CFI), nodal support (NS), accuracy (AC), resolution, nodal support and accuracy combined 
average, and net phylogenetic informativeness over period 0-0.45 of analyzed data partitions. In bold marker combinations selected by their higher phylogenetic 
informativeness retrieving improved resolution, nodal support and accuracy combined average. Data partitions follow Figure 3.1 code. 

Data partition 

Number of 
parsimony 
informative 
characters (PICs) 

Resolution (CFI) Nodal support (NS) Accuracy (AC) 

Resolution, nodal 
support and 
accuracy combined 
average 

Net phylogenetic 
informativeness 
over period 0-0.45 

H 45 0.941176471 0.529411765 0.5 0.492647059 12.02089052 
K 86 0.823529412 0.529411765 0.5625 0.478860294 23.77424396 
M 46 0.823529412 0.529411765 0.5625 0.478860294 12.08051596 
I 36 0.705882353 0.588235294 0.5625 0.464154412 9.224659117 
L 67 0.882352941 0.529411765 0.4375 0.462316176 19.04425988 
D 63 0.764705882 0.529411765 0.5 0.448529412 17.65606302 
G 57 0.647058824 0.529411765 0.5625 0.434742647 12.91263762 
J 36 0.588235294 0.588235294 0.5 0.419117647 8.034558463 
F 81 0.647058824 0.470588235 0.5 0.404411765 22.30126423 
C 32 0.588235294 0.529411765 0.5 0.404411765 10.97335942 
B 45 0.529411765 0.411764706 0.4375 0.344669118 10.03048201 
E 27 0.705882353 0.294117647 0.3125 0.328125 7.21731763 
A 44 0.588235294 0.294117647 0.3125 0.298713235 13.02287317 
KL 153 0.941176471 0.705882353 0.75 0.799019608 42.74476037 
KM 132 0.941176471 0.647058824 0.75 0.779411765 36.02108119 
FK * 167 0.882352941 0.647058824 0.6875 0.738970588 45.92812933 
DK 149 0.882352941 0.647058824 0.6875 0.738970588 41.26032514 
DF 144 0.882352941 0.647058824 0.6875 0.738970588 39.87870403 
HK ◊ 131 0.882352941 0.647058824 0.6875 0.738970588 36.08607437 
AK 130 0.882352941 0.647058824 0.6875 0.738970588 36.64306751 
G 143 0.882352941 0.588235294 0.625 0.698529412 36.55772881 
DL 130 0.764705882 0.588235294 0.5625 0.638480392 36.55243299 

 

 



Data partition 

Number of 
parsimony 
informative 
characters (PICs) 

Resolution (CFI) Nodal support (NS) Accuracy (AC) 

Resolution, nodal 
support and 
accuracy combined 
average 

Net phylogenetic 
informativeness 
over period 0-0.45 

FL 148 0.823529412 0.588235294 0.5 0.637254902 41.32069776 
AHK  175 0.882352941 0.882352941 0.9375 0.900735294 66.75052206 
AFK 211 0.882352941 0.823529412 0.875 0.860294118 58.81963126 
FKL * 234 0.882352941 0.764705882 0.8125 0.819852941 64.9523416 
DKL 216 0.882352941 0.764705882 0.8125 0.819852941 60.21303411 
FKM 213 1 0.705882353 0.75 0.818627451 58.1489542 
FHM 212 1 0.705882353 0.75 0.818627451 58.4759259 
HKM ◊ 177 0.882352941 0.705882353 0.75 0.779411765 48.97974722 
DFK 230 0.823529412 0.705882353 0.75 0.759803922 63.4662536 
FGK 224 0.941176471 0.647058824 0.6875 0.758578431 58.78386036 
CFK 199 0.941176471 0.588235294 0.625 0.718137255 57.12051198 
DFL 211 0.647058824 0.647058824 0.625 0.639705882 58.84901246 
FKLM 280 1 0.882352941 0.9375 0.93995098 77.1628778 
FHKL 279 1 0.882352941 0.9375 0.93995098 77.62548107 
DFGK 287 1 0.764705882 0.8125 0.859068627 76.39387361 
DFHK 275 1 0.764705882 0.8125 0.859068627 76.21170222 
ADFK 274 1 0.764705882 0.8125 0.859068627 76.41323178 
AFKL 278 0.882352941 0.764705882 0.8125 0.819852941 77.78190952 
CFKL 266 0.882352941 0.764705882 0.8125 0.819852941 76.14926091 
DFKL * 297 0.823529412 0.764705882 0.8125 0.800245098 82.4608702 
HIKM ◊ 213 0.941176471 0.705882353 0.75 0.799019608 58.21801832 
FGKL 291 0.882352941 0.705882353 0.75 0.779411765 77.79492785 
DFKM 276 0.882352941 0.705882353 0.75 0.779411765 75.64398912 
Total combined 665 1 0.941176471 1 0.980392157 179.4991861 

  

 
 



 

4. Facilitating wide hybridization in Hydrangea s.l. 
cultivars: A phylogenetic and marker-assisted 

breeding approach 
 

The content of this chapter was previously published as: 

Granados Mendoza C., Wanke S., Goetghebeur P., Samain M.-S., 2013. Facilitating wide 

hybridization in Hydrangea s.l. cultivars: A phylogenetic and marker-assisted breeding 

approach. Mol. Breed. 32, 233–239. 

4.1. Abstract 

Hydrangea s.l., belonging to the up-market segment of ornamental cultivars, currently 

faces a renaissance in horticulture. Hence, novel molecular-assisted breeding approaches 

are timely. Wide hybridization, i.e. crosses between distantly related species, has been 

shown to be problematic. Recent studies have considerably improved our knowledge of the 

phylogenetic relationships between the ornamental Hydrangea s.l. species. A fully resolved 

and highly supported phylogenetic tree is currently available, based on an extensive marker 

selection including 13 highly variable chloroplast markers. This robust phylogenetic 

framework includes the majority of widely cultivated Hydrangea s.l. species that have been 

the center of attention in a number of crossing projects. The present study is based on this 

highly supported phylogenetic hypothesis. Here, we aim to select the best candidates for 

future successful breeding projects, involving interspecific crosses of both closely and 

distantly related Hydrangea s.l. lineages. Therefore, we integrated the phylogenetic 

relatedness of potential parental lines along with genetic distances calculated from a wide 

plastid marker selection. Direct crosses between two species were found to be successful up 

to an average genetic distance of 0.01065, while failure could be expected at an average 

genetic distance of 0.01385 and higher. In order to overcome this genetic distance 

threshold, we propose Hydrangea arborescens, H. sargentiana, H. integrifolia, and H. 

seemannii as the best candidates for future bridge-cross projects with currently available 

fertile hybrids. We expect that our results will allow breeders to overcome long-standing 

wide crossing difficulties and motivate breeding initiatives of potential economic value.  
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4.2. Introduction 

With more than two centuries of horticultural trade, Hydrangea s.l. cultivars are among 

the most popular ornamental shrubs worldwide (Kardos et al., 2009; McClintock, 1957). The 

genus Hydrangea is the best-known member of the Hydrangeaceae tribe Hydrangeeae from 

the Asterid order Cornales. Recent studies have confirmed that Hydrangea as traditionally 

recognized (further referred to as Hydrangea s.s.) is paraphyletic with regard to the eight 

other genera of the Hydrangeaceae tribe Hydrangeeae, i.e. Broussaisia, Cardiandra, 

Decumaria, Deinanthe, Dichroa, Pileostegia, Platycrater, and Schizophragma (Granados 

Mendoza et al., 2013b; Samain et al., 2010).  

Hydrangea s.s. and its allied genera (together referred to herein as Hydrangea s.l.) are 

famous for their popular cultivars, which currently originate from only a small number of 

botanical species (Reed, 2000; Rinehart et al., 2006). Several interspecific crossing projects 

have involved the popular H. macrophylla as parental species (for a summary of them see 

Kardos et al., 2009). Hybrids between this species and other widely cultivated species, for 

instance H. arborescens, H. paniculata, and H. quercifolia, resulted in sterile, non-vigorous or 

unattractive plants of questionable commercial value (Kardos et al., 2009; Kudo and Niimi, 

1999; Reed et al., 2008, 2001), most likely due to the large phylogenetic distance between 

them (Samain et al., 2010). In contrast, successful breeding programs such as H. macrophylla 

× H. angustipetala and H. macrophylla × Dichroa febrifuga hybrids (Kardos et al., 2009; Reed 

et al., 2008) are now shown to be the product of crossings between closely related species, 

rather than between distantly related species or even genera (Samain et al., 2010).  

Wide hybridization, i.e. crosses between distantly related species, has been advocated 

for introducing new qualities into Hydrangea s.l. ornamentals (Rinehart et al., 2010). Long-

exploited gene pools, like that of H. macrophylla (Kardos et al., 2009), can benefit from the 

introduction of new genes  originating not only from other known ornamental species, but 

also from wild species rich in novel traits. Bridge-cross breeding, a strategy for obtaining 

hybrids between two incompatible target species, uses a third related species and hybridizes 

it with one of the two initial target species. The hybrid obtained is then crossed with the 

second target species, allowing the combination of the desired attributes from both species 

of interest. Bridge-cross breeding has been successfully used to overcome species cross-
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incompatibility in, e.g. cultivars of Allium, Asparagus, Brassica and Tulipa (Alberti et al., 

2004; Khrustaleva and Kik, 1998; Mohanty et al., 2009; Vaneijk et al., 1991), suggesting its 

utility for achieving interspecific hybridization within Hydrangea s.l. ornamentals.  

Along with base chromosome number and ploidy level, phylogenetic relatedness and 

genetic divergence of parental species are considered among the main indicators for cross-

compatibility (Cerbah et al., 2001; Du et al., 2011; Gajera et al., 2010; Jagosz, 2011; Kardos et 

al., 2009; Kubota et al., 2012; Parris et al., 2010; Reed et al., 2008; Rinehart et al., 2010, 

2006; Tychonievich and Warner, 2011). Robust phylogenetic frameworks not only allow for 

taxonomic conclusions, but also open up vast possibilities for crossing projects of closely 

related lineages to develop attractive new cultivars with desirable horticultural traits.  

Knowledge of the phylogenetic relationships of the tribe Hydrangeeae has been 

progressively improved in a series of morphological and molecular studies (Hufford et al., 

2001; Samain et al., 2010; Soltis et al., 1995). The most comprehensive of these studies 

recognized two well supported clades in Hydrangeeae, named Hydrangea I and II (Figure 1.3; 

Samain et al., 2010). Within Hydrangea I, seven sub-clades were recovered, containing 

species of the satellite genera Cardiandra, Deinanthe, Pileostegia, Schizophragma, 

Decumaria, and Platycrater and several American and Asian Hydrangea s.s. species. The 

second main clade, Hydrangea II, included representatives of the other allied genera 

Broussaisia and Dichroa along with the widely cultivated H. macrophylla and several more 

Asian Hydrangea s.s. species. In contrast with Hydrangea II clade that was internally well-

resolved and supported, clades within Hydrangea I, composed of a number of horticultural 

important species, were recovered in a polytomy, hindering exploitation of economic value 

(Figure 1.3; Samain et al., 2010). Recently, based on a broad range of chloroplast markers, a 

fully resolved and highly supported phylogenetic framework representative for the tribe 

Hydrangeeae was provided by Granados Mendoza et al. (2013b). These authors analyzed 

several widely cultivated species, offering the opportunity to guide future breeding 

initiatives involving Hydrangea s.l. ornamentals.  

The present study uses phylogenetic relatedness and genetic distance of parental 

species as indicators for cross-compatibility aiming to: (1) estimate the genetic distance at 

which direct crosses of two species are expected to be successful, (2) detect the best 
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candidates for wide bridge-crosses between currently available fertile hybrids of Hydrangea 

II clade and species of Hydrangea I clade, and (3) propose future plant breeding initiatives 

involving Hydrangeeae ornamentals.  

4.3. Materials and methods 

For phylogenetic relatedness of potential parental lines, we considered as our reference 

the consensus tree of the total combined Bayesian analysis of Granados Mendoza et al. 

(2013b). Genetic distances and variability among Hydrangeeae ornamentals were calculated 

based on the total combined data matrix analyzed by the same authors. This matrix 

comprises 13 highly variable plastid markers: (1) trnK-trnH region, (2) trnK intron, (3) matK 

gene, (4) rps16-trnK intergenic spacer (IGS), (5) rps16 intron, (6) trnV-ndhC IGS, (7) psbJ-petA 

IGS, (8) psbT-petB region, (9) petB-petD region, (10) rpl16 intron, (11) rpl32-ndhF IGS, (12) 

trnL-rpl32 IGS, and (13) ndhA intron, with a total aligned sequence length of 15,447 bp. 

These plastid markers were sequenced for 20 selected species representing several widely 

cultivated species previously used as parents in hybridization projects for the tribe 

Hydrangeeae. Additionally, our taxon sampling represents all main clades previously 

recovered by Samain et al. (2010). All of these previously recognized well-supported clades 

were here sampled with one or more species, being representative for the calculation of the 

genetic distances described below.  

Ten examples of reported interspecific crosses projects in Hydrangeeae were selected 

as follows: 1 = H. macrophylla × H. serrata (Van Laere, 2008); 2 = H. macrophylla × H. 

angustipetala (Kardos et al., 2009); 3 = H. macrophylla × D. febrifuga (Reed et al., 2008); 4 = 

H. anomala subsp. petiolaris × H. seemannii, Hydrangea × SEMIOLA® ‘‘Inovalaur’’ INRA-

Saphinov; 5 = H. involucrata × H. aspera (Reed et al., 2008); 6 = H. macrophylla × H. 

paniculata (Reed et al., 2001); 7 = H. macrophylla × H. quercifolia (Kudo et al., 2002); 8 = H. 

paniculata × H. aspera (Van Laere, 2008); 9 = H. macrophylla × H. arborescens (Kudo and 

Niimi, 1999); 10 = H. arborescens × H. involucrata (Jones and Reed, 2006). Parental species 

identification of these hybrid examples was assumed as reported by the respective authors. 

We categorized as successful breeding projects those from which putative hybrids plants 

have been confirmed as fertile and/or considered as desirable so that they are available 

commercially. In order to estimate the genetic distance at which crosses between two 
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species have been successful or not, genetic distances between clades (GDC) to which 

parental breeding species belong, as well as all other clades recovered in our reference tree, 

were calculated.  

Selection of the best candidates for wide bridge-crosses was done by calculation of the 

average pairwise genetic distance (GDP) of parental species of the two currently available 

fertile hybrids in Hydrangea II (H. macrophylla × H. angustipetala, Kardos et al., 2009; H. 

macrophylla × D. febrifuga, Reed et al., 2008) against all Hydrangea I clade species. Since no 

fertile hybrids from Hydrangea I clade are available, no bridge-cross options could be 

proposed against Hydrangea II clade species. All average distances between clades and 

species pairs were calculated with the program MEGA5 (Tamura et al., 2011) using the 

maximum composite likelihood (MCL) method.  

4.4. Results and discussion 

We found that the minimum GDC for failed crosses of two species was 0.01385 (Figure 

4.1). All crossing examples with a higher genetic distance were failed. Therefore, breeders 

should explore any new crossing possibility under this GDC. For instance, it is worth trying 

crosses among representatives of the Pileostegia + Schizophragma + Decumaria clade, as 

well as within the Calyptranthe + Cornidia + Asperae + Platycrater clade. Crossings between 

Calyptranthe + Cornidia and Asperae + Platycrater clades might be attractive for breeders 

since they imply combinations of two different growth forms (shrubs and root climbers) and 

variation in retention of leaves. When selecting potential crosses, attention should also be 

paid to ploidy levels and basic chromosome number. Non-standard chromosome numbers 

resulting, for instance, from combinations of species with different ploidy levels or basic 

chromosome numbers and chromosomal formulas might decrease fertility and produce 

sterility (Parris et al., 2010; Rinehart et al., 2006; Van Laere, 2008). The Asperae + Platycrater 

clade deserves special consideration, as not only different basic chromosome numbers but 

also varying chromosomal formulas have been reported (Figure 4.1; Mortreau et al., 2010). 

A successful cross is known between H. involucrata with 2n = 2x = 30 and H. aspera subsp. 

aspera with 2n = 2x = 36, but despite the fact that this hybrid is commercially available, no 

information about its fertility has been provided (Cerbah et al., 2001; Mortreau et al., 2010; 

Reed et al., 2008). In this hybrid example, combination between species with different basic 
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chromosome number and composition should not represent an immediate barrier for 

compatibility, but should be considered for further breeding steps if fertile hybrids are 

obtained. The crossing between H. arborescens and H. involucrata resulted in an apparently 

non-fertile hybrid without desirable attributes (Jones and Reed, 2006; Reed et al., 2008), 

hence it was categorized as failed. This unsuccessful crossing might be due to the genetic 

divergence between the parental species, in addition to differences in chromosome number 

and chromosomal formula.  

 

Figure 4.1 Bayesian inference phylogram inferred from a combined analysis of 13 chloroplast regions after 
Granados Mendoza et al. (2013b), modified. Only posterior probabilities for internal nodes <1 are indicated 
above the branches. Average genetic distances between clades are indicated below the branches. Genetic 
distances of hybridization examples discussed here are denoted in bold. Successful interspecific crosses 
reported for Hydrangeeae are denoted by grey circles and solid lines [1 = H. macrophylla × H. serrata (Van 
Laere, 2008); 2 = H. macrophylla × H. angustipetala (Kardos et al., 2009); 3 = H. macrophylla × D. febrifuga 
(Reed et al., 2008); 4 = H. anomala subsp. petiolaris × H. seemannii, Hydrangea × SEMIOLA® ‘‘Inovalaur’’ INRA-
Saphinov; 5 = H. involucrata × H. aspera (Reed et al., 2008)], whereas failed interspecific crosses are depicted 
by black circles and dotted lines [6 = H. macrophylla × H. paniculata (Reed et al., 2001); 7 = H. macrophylla × H. 
quercifolia (Kudo et al., 2002); 8 = H. paniculata × H. aspera (Van Laere, 2008); 9 = H. macrophylla × H. 
arborescens (Kudo and Niimi, 1999); 10 = H. arborescens × H. involucrata (Jones and Reed, 2006)]. Parental 
species of each breeding project are denoted in bold. 2n ploidy level and chromosome numbers are indicated 
in front of each species (Cerbah et al., 2001; Jones and Reed, 2006; Kardos et al., 2009; Kudo and Niimi, 1999; 
Mortreau et al., 2010; Rinehart et al., 2010; Van Laere, 2008). Names denoting main clades follow Samain et al. 
(2010). 
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The importance of Hydrangea s.l. cultivar improvement through wide hybridization has 

been emphasized by Rinehart et al. (2010). However, distant crosses between Hydrangea I 

and II clades have been unsuccessful so far (Figure 4.1; Kudo and Niimi, 1999; Kudo et al., 

2002; Reed et al., 2001). Wide hybridization difficulties in Hydrangea s.l. could be overcome 

by bridge-crossing of already available fertile hybrids from Hydrangea II with selected 

species of Hydrangea I. This technique has been shown to be useful when direct crossing of 

cultivars is not possible, overcoming initial genetic distance thresholds between two species 

of interest (Jansky and Hamernik, 2009; Kubota et al., 2012; Mohanty et al., 2009). Based on 

average GDP, the best candidates for bridge-crossing for the fertile hybrids H. macrophylla × 

H. angustipetala and H. macrophylla × D. febrifuga are H. arborescens, H. sargentiana, H. 

integrifolia, and H. seemannii (Figure 4.2). 

Two different chromosome counts are known for H. arborescens: 2n = 2x = 36 (Cerbah 

et al., 2001) and 38 (Jones and Reed, 2006; Kudo and Niimi, 1999), whereas for H. 

sargentiana a different chromosome number and chromosomal formula have been reported 

(2n = 2x = 34; Cerbah et al., 2001; Mortreau et al., 2010). Information about chromosome 

counts is not available for H. integrifolia. Cerbah et al. (2001) reported 2n = 2x = 36 for H. 

seemannii from an accession of Chilean origin. However, as H. seemannii is endemic to 

Mexico, this chromosome count might correspond to H. serratifolia, but nevertheless this is 

still representative for H. sect. Cornidia. Kardos et al. (2009) reported a chromosome number 

of 2n = 2x = 36 for both parental species of the H. macrophylla × H. angustipetala hybrid. 

Additionally, triploid H. macrophylla cultivars have been reported (Jones and Reed, 2007; 

Rinehart et al., 2010; Van Laere et al., 2008). Hybrids of H. macrophylla × D. febrifuga are 

known to be between diploid and triploid H. macrophylla cultivars and a hexaploid D. 

febrifuga (Rinehart et al., 2010).  

In addition to increasing genetic diversity of Hydrangea s.l. cultivars, the 

abovementioned bridge-crosses might allow the combination of interesting attributes from 

each parental line. Such attractive features include the climbing growth form and retention 

of the foliage throughout the year in H. integrifolia and H. seemannii, the cold hardiness of 

H. arborescens, and the pale-blue to mauve flowers in H. sargentiana, along with the blue to 

purple flowers in H. macrophylla × D. febrifuga hybrids, and the red and purple stem 
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pigmentation and flower fragrance in H. macrophylla × H. angustipetala hybrids (Kardos et 

al., 2009; Reed et al., 2008). It is important to emphasize that if fertile hybrids from 

Hydrangea I clade can be obtained in the future, the bridge-crossing technique could also be 

applied to Hydrangea II clade species.  

Knowledge of the basic chromosome number, ploidy levels, and chromosomal formulas, 

such as those provided by Cerbah et al. (2001), Mortreau et al. (2010), and Rinehart et al. 

(2010) for some Hydrangea s.l. species, is valuable and essential information for selection of 

Hydrangea candidates for breeding. Furthermore, a reliable phylogenetic context can 

contribute to the selection of wild species for interspecific crosses in order to enrich the 

genetic diversity of cultivars (Kubota et al., 2012). For example, few Latin-American species 

have been formally introduced into breeding programs (e.g. H. anomala subsp. petiolaris × 

H. seemannii). Since breeding projects are usually time-consuming and arduous (Kubota et 

al., 2012), we provide a strategy for the selection of interspecific crossing candidates in 

Hydrangea s.l., enhancing a priori the success of breeding experiments based on a robust 

phylogenetic framework and genetic information from a wide marker sampling. Hence we 

expect that our results will promote breeding initiatives of potential economic value. 

68 
 



 

 

Figure 4.2 Average pairwise genetic distance of parental species of documented fertile hybrids for Hydrangea 
s.l. against species of Hydrangea I clade of Samain et al.(2010). Species have been positioned clockwise by their 
average GDP with respect to parental species in increasing order. Differences between these rankings are 
denoted by red arrows. Exact values of these average pairwise genetic distances are provided in Table 4.1. 
Known 2n ploidy level and chromosome number are indicated next to each species. 
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H. macrophylla × H. angustipetala H. macrophylla × D. febrifuga 

H. arborescens 0.02131 0.02157 

H. sargentiana 0.02148 0.02152 

H. integrifolia 0.02149 0.02157 

H. seemannii 0.02149 0.02157 

H. paniculata 0.02164 0.02202 

H. anomala subsp. petiolaris 0.02187 0.02208 

H. aspera subsp. aspera 0.02309 0.02304 

H. involucrata 0.02390 0.02381 

H. quercifolia 0.02425 0.02442 

P. arguta 0.02477 0.02473 

C. moellendorfii / D. bifida 0.02496 0.02508 

D. barbara 0.02663 0.02675 

S. molle 0.02693 0.02698 

P. viburnoides 0.02723 0.02732 
Table 4.1 Average pairwise genetic distance of parental species of documented fertile hybrids for Hydrangea 
s.l. against species of Hydrangea I clade of Samain et al.(2010).   
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Part II Hydrangea section Cornidia 
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5. Top-climbers: Field observations and 
morphological description of Hydrangea section 

Cornidia 
 

This chapter corresponds to an unpublished manuscript: 

 Granados Mendoza, C., Günther, M., Wanke, S., Goetghebeur, P., Samain, M.-S., In 

prep. Top-climbers: Field observations and morphological description of Hydrangea section 

Cornidia. 

5.1. Abstract  

Species of the evergreen root-climbing Hydrangea sect. Cornidia commonly flower and 

fructify high in the tree canopy, far from the ground level. Collection of fertile material from 

these species requires the employment of specialized climbing gear and tree climbing 

techniques. As a result, H. sect. Cornidia species are frequently underrepresented in 

herbarium collections. Additionally, many morphological characters are lost during the 

drying process of herbarium specimens. The present study compiles original morphological 

observations performed during several botanical expeditions throughout the Neotropical 

distribution area of Hydrangea sect. Cornidia. We employed equipment and techniques to 

climb the host trees and successfully collected fresh fertile material. Our field observations 

were combined with morphological observations from the freshly collected fertile material 

and a herbarium revision. Our morphological observations are here described, illustrated 

and contrasted to the revision of Hydrangea s.s. of McClintock (1957). Finally, two concise 

examples of sexual dimorphism in H. sect. Cornidia are described. 

5.2. Introduction 

Molecular and morphological studies have progressively advanced our knowledge of the 

phylogenetic relationships within the tribe Hydrangeeae of the Cornales family 

Hydrangeaceae (Granados Mendoza et al., 2013b; Hufford et al., 2001; Jacobs, 2010; Samain 

et al., 2010; Soltis et al., 1995). These studies have consistently retrieved the genus 

Hydrangea s.s. as paraphyletic with respect to Broussaisia, Cardiandra, Decumaria, 
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Deinanthe, Dichroa, Pileostegia, Platycrater and Schizophragma. The comprehensive studies 

of Hufford (2004, 2001, 1998, 1997, 1995), Hufford et al. (2001) and Jacobs et al. (2010, flag 

[marginal] flower morphology) have provided precious information on the comparative 

morphology of the traditionally recognized tribe Hydrangeeae genera. However, several of 

these groups still require a revision for their “infrageneric” morphological variability 

(Hufford, 2004). Moreover, morphological descriptions still need to be adjusted in order to 

reflect currently accepted monophyletic entities.  

Hydrangea sect. Cornida is among the most barely studied groups of the tribe 

Hydrangeeae. As recognized by McClintock (1957) H. sect. Cornidia consists of 11 species 

distributed in the Neotropics and one species from Philippines and Taiwan. All species within 

this section are characterized by the evergreen root-climbing habit, which is additionally 

present in few other members of the tribe Hydrangeeae (i.e. genus Pileostegia and 

Decumaria sinensis). Based on differences in the inflorescence structure, H. sect. Cornidia 

has traditionally been divided in the subsections Monosegia and Polysegia (Briquet, 1919; 

McClintock, 1957). Several studies have consistently retrieved H. sect. Cornidia as 

monophyletic (Granados Mendoza et al., 2013b; Jacobs, 2010; Samain et al., 2010). 

However, monophyly of its subsection has been questioned by a recent phylogenetic study 

(Granados Mendoza et al., In prep.). 

Hydrangea sect. Cornidia species are almost absent from any living collection. Generally 

only the temperate species H. seemannii and H. serratifolia are present in botanical gardens. 

Due to their root-climbing habit and the fact that many of these species flower and fructify 

high on the tree canopy, H. sect. Cornidia species diversity is generally underrepresented in 

herbarium collections. Furthermore, herbarium specimens frequently lose many 

morphological characters during the drying process hindering appropriate morphological 

observations. Therefore botanical expeditions focused on collecting fresh fertile material are 

central for the study of this group.  

A study on the phylogenetic relationships among a number of currently recognized and 

novel H. sect. Cornidia species will be shortly facilitated (Granados Mendoza et al., In prep.; 

Chapter 6). Hence a morphological description of the group is highly desirable for a future 

taxonomical revision of this group. The present study compiles morphological observations 
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from our extensive field work throughout the Neotropical distribution area of H. sect. 

Cornidia. Using equipment and techniques to climb host trees, fresh floral material could be 

successfully collected enabling more detail observations of previously barely studied H. sect. 

Cornidia characters such as sexual dimorphism. 

5.3. Methods 

5.3.1. Herbarium revision 

Herbarium material of H. sect. Cornidia species were examined during personal visits or 

loans from 36 international herbaria including A, AAU, AMAZ, BAB, C, CAS, CIIDIR, CONC, CR, 

DUKE, E, F, G, GB, GENT, GH, HOXA, INB, K, LOJA, LP, LPB, MEXU, MICH, MO, NY, P, QCA, 

QCNE, SI, UC, UPS, US, USM, WU and XAL. These herbarium codes follow Thiers 

(continuously updated) and full names are given in Table 2.1.  

5.3.2. Field work 

Botanical expeditions were performed in Latin American countries selected by their high 

H. sect. Cornidia species diversity (as reported by McClintock, 1957) and included Mexico, 

Costa Rica, Ecuador, Peru and Chile. An important omission was Colombia where collection 

permits could not be obtained. Collection permits from local governments were obtained 

where applicable (Mexico: SGPA/DGGFS/712/2486/09, SGPA/DGGFS/712/0424/10, 

SGPA/DGGFS/712/3801/10; Costa Rica: 020-2012-SINAC, 041-2012-SINAC; Ecuador: 001-12-

IC-FLO-DNB/MA; Peru: 003-2012-SERNANP-JEF, 0271-2011-AG-DGFFS-DGEFFS). 

We visited several H. sect. Cornidia localities previously reported in herbarium specimen 

labels, literature and public databases (Tropicos: http://www.tropicos.org/; The Plant List: 

http://www.theplantlist.org/ and JSTOR: http://plants.jstor.org/). Most of the H. sect. 

Cornidia type localities were visited. Additionally, we explored new areas that were selected 

based on our acquired experience of the habitat conditions of this group and suggestions 

from local botanists. Voucher specimens of our collections were deposited in the Ghent 

University herbarium (GENT). Duplicates from our collections were deposited in the 

following herbaria: CIIDIR, CONC, GENT, HOXA, MEXU, QCNE and USM. 

Tree climbing was performed using either two loops of webbing or climbing irons 

(climbing spikes or “patas de loro”) combined with a climbing rope (60-70 m long, see 
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section 2.4.2 for a detail explanation of these climbing techniques). As far as possible, 

herbarium specimens were prepared from fertile adult branches. When available, shoots 

running on the forest understory and young climbing shoots were collected. In some cases 

upper branches including several growth units were herborized in separate sequential 

portions. Fresh fertile material including flowers, fruits and seeds were stored in a mixture of 

70% alcohol and water for anatomical observations. General information about the habitat, 

coordinates and location was recorded. An extensive photographic record was compiled. 

5.3.3. Scanning electron microscopy 

Samples for scanning electron microscopy (SEM) were dehydrated and critical point 

dried with carbon dioxide in a BAL-TEC CPD 030 critical-point dryer. Subsequently, samples 

were fixed to aluminium stubs (Plano GmbH, Lünen, Germany) using a carbon adhesive tape 

(LEIT-TABS, Plano GmbH) and sputter-coated with gold (20 nm) under an argon atmosphere 

using an EMITECH K550 sputter-coater. Images were obtained with a Zeiss Supra 40VP 

(Oberkochen, Germany) scanning electron microscope at acceleration voltage of 15 kV. 

5.4. Results and discussion 

The following morphological description of H. sect. Cornidia is the result of our herbaria 

revision, field observations and the study of the collected fresh fertile material. Our results 

are complemented with other morphological studies in the group and discussed in the light 

of the Hydrangea s.s. revision of McClintock (1957). 

5.4.1. Hydrangea sect. Cornidia juvenile form 

A general plagiotropic growth direction characterizes the juvenile form of the observed 

H. sect. Cornidia species. From the early stages, seedlings bend over horizontally having a 

short orthotropic portion towards the distal nodes ( A). Further in the development Figure 5.1

of young plants, however, a general plagiotropic growth direction is maintained in the 

absence of support ( B). Stolons creeping in (sub)tropical forest understories Figure 5.1

increase their diameter to a limited extent compared to their increment in length. These 

slender axes can span ca. 15 m or more until an appropriate climbing surface is reached, 

while not exceeding more than 1 cm in diameter. Internodes are about 10 cm long and 

unbranched adventitious roots are produced along the side facing the soil surface (Figure 

78 
 



 

5.2A-B). These axes are frequently densely covered by stellate trichomes (Figure 5.2B-C), 

often giving a general reddish coloration, but also whitish trichomes are common and 

occasionally glabrous stems are found. These shoots develop cataphylls and/or foliage 

leaves; the latter are dentate or crenate with glandular teeth margins (Figure 5.2B,E). Some 

species present a second type of juvenile shoots with very thin stems of about 1 mm 

diameter, short internodes and small serrate leaves (Figure 5.2D-E). This second type of axis 

is instead thigmotropic and, rather than creeping in the forest understory, is clinging on top 

of low vegetation and basal portions of tree trunks or rocks (Figure 5.2D-E). The later type of 

axis is frequently described as epiphytic threadlike stems and has also been observed by 

Standley and Steyermark (1946), McClintock (1957) and Hahn (2001). 

 
Figure 5.1 (A) Seedling and (B) young plant of H. seemannii (Cultivated from Granados M. et al. 482, Canelas, 
Durango, Mexico). The white arrow in (A) denotes the initial plagiotropic growth direction. Pictures by C. 
Granados M. 

5.4.2. Hydrangea sect. Cornidia adult form 

5.4.2.1. Vegetative morphology 

When a juvenile plagiotropic shoot has successfully reached an appropriate vertical 

surface (in general trees, rarely rocks), an adult climbing phase develops ( ). Figure 5.3

Underground stems (rhizomes) of adult individuals increase their diameter up to ca. 3 cm 

( ). The underground system usually connects more than one adult climbing Figure 5.4

reiteration. For a detailed description on the aboveground morphological architecture of the 

adult climbing phase the reader is referred to chapter 7. Young climbing individuals 

temporally retain some juvenile characteristics, such as main axes densely covered by 

stellate trichomes and the presence of serrate leaves (e.g. A).  Figure 5.3
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Figure 5.2 Types of juvenile axes. (A) Long plagiotropic axes of H. sprucei creeping on the forest floor (Samain et 
al. 2011-084, Lamas, San Martin, Peru). (B) Detail of internodal unbranched adventitious roots and juvenile 
dentate leaves (H. sp., Samain et al. 2011-043, Chachapoyas, Amazonas, Peru; dentate margin is denoted by an 
arrow). (C) Detail of stellate trichomes on a juvenile axis (H. sp., Samain et al. 2011-042, Chachapoyas, 
Amazonas, Peru). (D-E) Thigmotropic juvenile axes clinging on low vegetation and tree trunk of H. serratifolia 
(Granados M. et al. 505, Chiloe, Los Lagos, Chile). Pictures by C. Granados M. 

 

Although young climbing axes cling to the host surface for most of their length via 

adventitious roots closely set along the internodes ( A,C), older main axes lack Figure 5.3

adventitious roots. As detailed in chapter 7, climbing axes typically present strongly eccentric 

pith. The uneven wood production around the pith can be perceived by a narrow 

longitudinal furrow, or sometimes a protuberance, along mature climbing stems (Figure 

B). Increase in diameter of climbing axes is relatively reduced in comparison with their 5.3

longitudinal growth ( B,D). Old tree climbing individuals were observed reaching up Figure 5.3

to ca. 15 cm in diameter ( C). Figure 5.5
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Figure 5.3 Young and mature tree climbing individuals of (A-B) H. jelskii (Granados M. et al. 2012-015, Zamora, 
Zamora Chinchipe, Ecuador and 2012-006, Zaruma, El Oro, Ecuador, respectively) and (C-D) H. seemannii 
(Granados M. et al. 500, Pueblo Nuevo, Durango, Mexico). White arrow in (B) points to a longitudinal furrow 
result of the uneven wood production in climbing axes. Pictures by C. Granados M. 
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Figure 5.4 Underground system. Short first segment (A, pointed by a black arrow) and exposed rhizome (B, 
pointed by a white arrow) of H. sp. (Granados M. et al. 494, Ocosingo, Chiapas, Mexico). Pictures by C. 
Granados M. 

 
Figure 5.5 Massive branching pattern in H. seemannii (Granados M. et al. 482, Canelas, Durango, Mexico). (A) A 
host Abies densely covered by H. seemannii. (B) Detail of the entangled branches surrounding the supporting 
tree. (C) Old main climbing stem of H. seemannii. Pictures by M.-S. Samain.  

Some H. sect. Cornidia species produce their first self-supporting axes high, frequently 

just below, among or above the tree-host canopy, whereas other species produce their 

foliage rather low. In some species, such as H. seemannii, a massive and intricate branching 

pattern was observed covering nearly entirely the trunk and branches of the host tree 

( ). In the Mexican state of Durango, trees densely covered by H. seemannii are Figure 5.5

known as “arboles vestidos”, literally translated as dressed trees ( A). Figure 5.5
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Leaves are simple, coriaceous, decussate and their petioles connect at their bases 

producing a prominent line across the stem. Stipules are absent. Variation of leaf shape and 

size is present not only among species ( ), but also among different types of shoots Figure 5.6

from the same individual. In addition to heterophylly from juvenile to adult stages, some H. 

sect. Cornidia species present heterophylly associated with different types of shoots. For 

instance, H. sp. 1 from the Mexican state of Veracruz (see chapter 7), presents oblong 

lanceolate leaves associated with climbing shoots and short elliptic leaves associated with 

self-supporting shoots ( C). A dimorphic condition of leaves from juvenile to adult Figure 5.6

stages was also reported by McClintock (1957) who additionally denoted the difficulty in 

correctly associating the two types of leaves corresponding to the same species. 

 
Figure 5.6 Leaf morphology variability in H. sect. Cornidia. Adaxial (left) and abaxial (right) surfaces of (A) H. aff. 
peruviana (Granados M. et al. 2012-078, Archidona, Napo, Ecuador), (B) H. asterolasia (Granados M. et al. 
2012-042, Mera, Pastaza, Ecuador), (C) H. sp. 1 (Granados M. et al. 489, Soteapan, Veracruz, Mexico), (D) H. 
preslii (Granados M. et al. 2012-010, Loja, Loja, Ecuador), (E) H. sp. (Granados M. et al. 2012-086, La Joya de los 
Sachas, Orellana, Ecuador), (F) H. mathewsii (Samain et al. 2011-040, Chachapoyas, Amazonas, Peru), (G) H. 
tarapotensis (Samain et al. 2011-089, Moyobamba, San Martin, Peru), (H) H. jelskii (Granados M. et al. 2012-
051, Baños, Tungurahua, Ecuador), (I) H. serratifolia (Granados M. et al. 514, Osorno, Los Lagos, Chile), (J) H. 
seemannii (Granados M. et al. 479, Pueblo Nuevo, Durango, Mexico). Comparison is provided with leaves from 
self-supporting axes, with the exception of H. sp. 1 (c) where the pair of leaves on the left correspond to a 
climbing axis. Picture by C. Granados M. 

Among species, leaf shape is frequently elliptic, but also lanceolate, oblong and obovate 

( ). Leaf apices are acuminate, obtuso-acuminate or acute, whereas leaf bases are Figure 5.6

generally cuneate to slightly rounded ( ). Margins can be slightly sinuate, crenate Figure 5.6
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with glandular teeth or minutely dentate, but most frequently entire. Venation is pinnate-

camptodromous, with a single primary vein and secondary veins not terminating at the 

margin. Secondary veins are more or less straight or curved branching at angles of 30-60°. 

Growth units of self-supporting axes are frequently delimited by cataphylls. In some species, 

cataphylls temporally persist on the stem, however, in the majority of species they fall 

rapidly, leaving small scars. 

5.4.2.2. Inflorescence morphology 

Based on the structure of the inflorescence and following Briquet's (1919) classification, 

McClintock (1957) recognized the subdivision of H. sect. Cornidia in the subsections 

Monosegia and Polysegia. As defined by McClintock (1957), species belonging to H. subsect. 

Monosegia present a single terminal “cyme”, whereas those of H. subsect. Polysegia present 

a terminal cluster of a series of “cymes”, one above the other. We recognize two main types 

of inflorescences (Figure 5.7). However, as discussed in chapter 6, the subdivision of H. sect. 

Cornidia in two subsections defined by differences in inflorescence structure is not 

supported by our phylogenetic framework. The first inflorescence type, found in the majority 

of H. sect. Cornidia species, consists of a single lateral corymb (Figures 5.7A and 5.8A-B) in 

which several partial inflorescences are inserted on the thickened peduncle apex (Figures 

5.7A and 5.8D). Partial inflorescences are ultimately composed of cyme clusters (Figure 

5.7A). In her revision McClintock (1957) described the Hydrangea inflorescences as being 

made up of terminal units composed of modified dichasia with an irregular number of 

flowers that appear to open approximately at the same time. The terminal inflorescence 

units described by McClintock (1957) are herein referred as partial inflorescences. We 

consider the term cyme as appropriate for describing the ultimate inflorescence unit since 

observations from early developmental stages generally showed the early development of 

the flower held by the main axis. Differently from McClintock (1957) who described the H. 

sect. Cornidia main inflorescences units as umbel-like cymes, we instead use the term single 

corymbs since the main axis is shortened at the top and lateral axis are elongated resulting 

in a flower display relatively at the same level (Figure 5.7A).  

Several decussate-cucullate involucral bracts completely cover the inflorescence buds 

( D). During the inflorescence development, however, these bracts are rapidly lost, Figure 5.8
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leaving conspicuous scars on closely set nodes ( C). The peduncle of this type of Figure 5.8

inflorescence can be provided with cataphylls or foliage leaves and can be up to 15 cm long 

( D). In some cases scale-like or cucullate leaf-like bracts preceding the involucre Figure 5.8

bract are present ( D). Figure 5.8

 

Figure 5.7 Schematic representation of the two types of inflorescences present in Hydrangea section Cornidia. 
(A) A single lateral corymb and (B) a homotactic compound inflorescence consisting of several lateral decussate 
corymbs and a terminal corymb. 

Some species present a second type of lateral inflorescence consisting of a branched 

main axis (Figures 5.7B and 5.9) with several lateral decussate corymbs and a terminal 

corymb (Figures 5.7B and 5.9A-B). Each corymb unit is composed by several partial 

inflorescences which in turn are composed of clusters of cymes (Figure 5.7B). The peduncle 

can present cataphylls or foliage leaves. Inflorescence branches can be subtended by 

cataphylls which are rapidly lost (Figure 5.9C-D). Inflorescence branches sometimes present 

scale-like or cucullate leaf-like bracts preceding the involucre bracts which are likewise 
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rapidly lost (Figure 5.9D). Inflorescence axes can be glabrous or pubescent with stellate hairs 

and/or with simple long and curled hairs, the later giving a general tomentose appearance 

(McClintock, 1957). 

 

 
 

Figure 5.8 Single corymbs of (A) H. seemannii (Granados M. et al. 480, Canelas, Durango, Mexico), (B) H. sp. 
(Granados M. et al. 2012-086, La Joya de los Sachas, Orellana, Ecuador) and (C) H. sp. 1 (Granados M. et al. 489, 
Soteapan, Veracruz, Mexico), the latter with  detail of involucral bract scars. (D) Inflorescence buds of H. sp. 
(Granados M. et al. 2012-040, Mera, Pastaza, Ecuador) showing (ib) involucral bracts, (sb) scale-like bract, (pia) 
partial inflorescence axis, (pa) thickened peduncle apex and (cp) cataphyll. Pictures by (A) M.-S. Samain and (B-
D) C. Granados M. 
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Figure 5.9 Branched inflorescence of (A) H. jelskii (Granados M. 2012-051, Baños, Tungurahua, Ecuador) and (B) 
H. serratifolia (Granados M. et al. 508, Chiloe, Los Lagos, Chile). Detail of inflorescence axis of (C) H. mathewsii 
(Samain et al. 2011-040, Chachapoyas, Amazonas, Peru) and (D) H. sp. (Samain et al. 2011-087, Moyobamba, 
San Martin, Peru). (t) terminal corymb, (cps) cataphyll scar, (ls) leaf scar, (ibs) involucral bract scars, (sbs) scale-
like bract scar and (cp) cataphyll. Pictures by C. Granados M. 

In few cases, individuals presenting both types of inflorescence were found. In such 

instances, one or the other inflorescence type was predominant. However, different 

inflorescence types could arise from the same fertile branch. In her description of H. subsect. 

Polysegia, McClintock (1957) denoted the rare occurrence of “single terminal cymes”, 

suggesting that this intermediate condition was also observed by her.  
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5.4.2.3. Flower morphology  

Two types of flowers can be found within a single corymb. The first type corresponds to 

marginal flowers with conspicuously enlarged sepals, often colored and much larger than the 

petals. The second type is represented by the central flowers with small sepals, often minute 

in contrast with their petals ( ). These two types of flowers have been named by Figure 5.10

other authors as sterile versus fertile (e.g. Hufford, 2001; McClintock, 1957) or as flag versus 

non-flag flowers (Jacobs, 2010). In the present study these two types of flowers will be refer 

as marginal and central flowers according to their position within the single terminal 

corymbs. While central flowers are always present, marginal flowers can be absent or 

reduced in size. Regardless the flower type, minuscule scale-like bracts are present 

approximately in a recaulescent mid-position of the pedicel. These bracts are easily shed and 

frequently only a slight scar can be observed under magnification. Floral bracts are always 

absent. 

 

 
Figure 5.10 Flower types. Single corymbs of (A) H. asterolasia (Granados M. et al. 2012-042, Mera, Pastaza, 
Ecuador) and (B) H. aff. peruviana (Granados M. et al. 2012-016, Zamora, Zamora Chinchipe, Ecuador) showing 
central and marginal flower disposition. Marginal flowers of (C) H. asterolasia (Granados M. et al. 2012-042, 
Mera, Pastaza, Ecuador), (D) H. aff. peruviana (Granados M. et al. 2012-021, Morona, Morona Santiago, 
Ecuador), (E) H. oerstedii (Granados M. et al. 2012-043, Mera, Pastaza, Ecuador), (F) H. seemannii (Granados M. 
et al. 482, Canelas, Durango, Mexico) and (G) H. aff. peruviana (Granados M. et al. 2012-077, Archidona, Napo, 
Ecuador). 
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5.4.2.3.1. Marginal flowers 

Marginal flowers are characterized by persistent enlarged sepals which extend widely 

perpendicular to the longitudinal floral axis. The number of calyx lobes is commonly three to 

four, with the exception of H. asterolasia in which the number of calyx lobes is two to three. 

Sepals can be free or fused from the base to different degrees. Their margins are slightly 

sinuate or crenate and their surface is always glabrous. Petals are commonly deciduous, 

considerable smaller than the sepals, cucullate and valvate. Petals are generally concolorous 

with the sepals ( C-D,F-G), with the exception of H. oerstedii where dark red petals Figure 5.10

contrast with light pink sepals ( E). Fertile stamens might be present; but generally Figure 5.10

with reduced or flattened filaments. Pistils are generally small. The hypanthium is in most 

cases conical, but in some species it was observed only as a slight protuberance below the 

base of the sepals.  

5.4.2.3.2. Central flowers 

The sepal meristems are initially positioned free ( A) and only in later stages Figure 5.11

their bases touch (Figure 5.11B). Sepals are persistent, rather small, triangular to 

quadrangular, valvate, and with round to cuspidate apex ( B, Figures 5.11 A, 5.12 A-B, 5.13

B-D, 5.14 A and 5.15 A-B). Petal meristems are positioned free at early developmental 5.16

stages ( A), later they become valvate to form the floral bud (Figure 5.11 D). During Figure 5.11

anthesis, the petals spread outwards, abscising during stamen extension. Petals are 

cucullate, elliptic to oblong, with acute to cuspidate apex. Stamen development and 

merosity was observed to be related with sexual dimorphism (see sections 5.4.2.5 and 

5.4.2.6). Stamens are early deciduous (e.g. C). Filaments can be basally elliptical Figure 5.16

( B and Figures 5.14 B) or trapezoidal (5.16 A and Figures 5.12 A) and their length may vary 5.15

according to the species, as well as to sexual phenotype (see section 5.4.2.6). Anthers are 

dithecate and tetrasporangiate ( F) and, when functional (see section 5.4.2.6 on Figure 5.11

sexual dimorphism), pollen is released through a longitudinal stomium (e.g. F). Figure 5.13

The tricolporate pollen has a reticulate ornamentation ( G).  Figure 5.11

Depending on whether the pistils are functional or not (see section 5.4.2.6), the shape 

of the hypanthium varies from globose, when functional ( B-C,H, Figures 5.11 A,D and 5.12

A,D), to conical, when sterile (5.15 A-B, Figures 5.13 A,D,E and 5.14 A-C). The hypanthium 5.16
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surface can be glabrous ( B-C, Figures 5.11 A,D and 5.15 A-C) to densely covered by 5.16

stellate trichomes ( A,D, Figures 5.12 A-B and 5.13 A,D,E). When present, these trichomes 5.14

are generally short-stalked with several unicellular arms with tubercular surfaces as in H. 

asterolasia (not shown) and H. jelskii ( E).  Figure 5.11

 

 
 
Figure 5.11 Flower morphology. (A) Early flower development of H. jelskii (Granados M. et al. 2012-002, 
Chillanes, Bolívar, Ecuador). Here an asterisk denotes antesepalous stamen meristems. (B-D) Preanthetic 
central flowers of H. aff. peruviana (Granados M. et al. 2012-025, Sevilla de Oro, Azuay, Ecuador). Here an 
asterisk denotes an ovule. (E) Hypanthium pubescence of H. jelskii (Samain et al. 2011-115, Bagua, Amazonas, 
Peru) showing a short-stalked stellate trichome with tuberculate unicellular arms. (F) Transverse cross section 
of dithecate and tetrasporangiate anther of H. jelksii (Samain et al. 2011-114, Bagua, Amazonas, Peru). (G) 
Pollen of H. aff. peruviana (Samain et al. 2011-046, Chachapoyas, Amazonas, Peru). (H) Upper view of a 
dehiscent capsule and (I) seeds of H. diplostemona (Samain et al. 2012-061, Turrialba, Cartago, Costa Rica). (J) 
Detail of seed surface of H. seemanii (Granados M. et al. 482, Canelas, Durango, Mexico). (ap) antepetalous 
stamen, (as) antesepalous stamen, (h) hypanthium, (p) petal, (s) sepal, (pl) placenta and (stl) style. Pictures by 
M. Günther (Technische Universität Dresden, Germany). 
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In H. sect. Cornidia the number of carpels is variable (see section 5.4.2.5). Carpels are 

fused and surrounded by the flower receptacle forming the hypanthium ( ; Figure 5.11

McClintock, 1957). The ovary is largely inferior with axillary placentation (McClintock, 1957). 

In the functionally male flowers of the Mexican H. nebulicola (Nevling and Gómez-Pompa, 

1968) two sterile placentas are fused through a short basal portion. However, the placentas 

are almost immediately divided, remaining only attached to the ovary walls. Although the 

ovary in H. nebulicola is basally bilocular, it becomes unilocular for most of its central and 

upper length. Additional studies in other species are needed to describe the differences in 

the internal structure of the ovary between sexual phenotypes. Styles can be free or fused, 

at least during early stages of the anthesis. McClintock (1957) reported H. diplostemona and 

H. tarapotensis as presented fused styles during the early anthesis. This condition was 

confirmed from freshly collected fertile material and herbarium specimens of H. 

tarapotensis. The stigmatic surface, when present (see section 5.4.2.6), can extend from the 

basal portion of the style (e.g. B) or be restricted to the apical zone (e.g. Figure 5.12 Figure 

B) and being exclusively on the dorsal side or surrounding the style at different degrees. 5.14

The ovarian dome can be flat or sunken. Nectar production was observed on the ovary dome 

in H. jelskii where nectariferous cells are compact and corrugated (  and 8.1). Figures 5.14

5.4.2.4. Fruit and seed morphology 

The fruit is a globose capsule ( H). When the capsule matures, the styles split Figure 5.11

outwards exposing the outer apical portion of the locules ( H). The seeds are Figure 5.11

subsequently released through an apical-longitudinal dehiscence line which becomes wider 

and rounded when the capsule dries ( H). The capsule surface can be smooth, Figure 5.11

slightly sinuous or longitudinally ribbed. The seeds are small, ca. 0.6-0.7 mm long, and 

narrow to wide elliptic ( I). The funiculus is thin as is the seed apex. Seed Figure 5.11

ornamentation generally presents longitudinal ridges which run parallel along the entire 

seed length, some of these ridges are connected by perpendicular or oblique ridges (Figure 

I-J). Seed ridges present sinuous or crenate margins (5.11 J).  Figure 5.11
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5.4.2.5. Merosity 

Floral organ merosity varies not only among species, but also among individuals of the 

same species and flowers within the same inflorescence. Cymes within first order 

inflorescence branches predominantly present tetramerous or pentamerous flowers, 

however, apical flowers of these individual cymes frequently have an increased number of 

perianth parts towards pentamerous or hexamerous flowers. Less frequent is the presence 

of trimerous flowers within predominantly tetramerous inflorescences. Some species are 

highly variable presenting tetramerous to heptamerous flowers in the same inflorescence. 

Functionally female flowers (see section 5.4.2.6) generally presented a higher number of 

non-functional stamens and/or staminodes than double the number of petals or sepals, 

whereas functionally male flowers were generally diplostemonous. The number of pistils, as 

of the perianth parts, is highly variable. Inflorescences are generally composed of flowers 

with 2, 3 or 4 pistils, but variation within the same inflorescence is common. As in the 

perianth, an increased number of pistils can be observed on apical flowers of individual 

cymes within first order inflorescence branches, towards 5 and 6 pistils.   

5.4.2.6. Sexual dimorphism 

The dioecious reproductive system was frequently observed in H. sect. Cornidia species. 

Here we describe the cases of dioecious individuals of H. jelskii and one morphospecies of 

the H. peruviana species complex, from which fresh functionally female and male flowers 

were collected in the field. The following examples correspond to closely related and 

genetically highly similar individuals within these two morphospecies (see Figure 6.6). 

Individuals of H. jelskii and H. aff. peruviana generally have imperfect flowers, with 

functionally female and male flowers in separate individuals ( -Figures 5.12  and 5.13 -5.15

, respectively). Functionally female flowers of H. jelskii and H. aff. peruviana (5.16 Figures 

A and 5.12 A, respectively) present well-developed pistils, reduced stamens as long as or 5.15

shorter than the pistils and/or staminodes. Female flowers have a well-differentiated 

stigmatic zone, composed of long-cylindrical and smooth cells that differ from the globose 

and corrugated cells of the style ( A-C and Figures 5.12 A-C). Ovules are produced in 5.15

globose ovaries ( D and Figures 5.12 A,D). Their reduced stamens have flattened thecae 5.15

with involute or thickened margins and pollen production was not observed ( E-F Figures 5.12
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and E-F). When present, staminodes of functionally female flowers develop in an inner 5.15

whorl next to or in front of antesepalous and antepetalous non-functional stamens. 

Staminodes were observed as small emergences composed of globose cells, similar to those 

present on non-functional stamen filaments (e.g. A).  Figure 5.15

In contrast, functionally male flowers of H. jelskii and H. aff. peruviana (  and Figures 5.13

, respectively) have well-developed long filaments and non-functional pistils. Pistils do 5.16

not have a stigmatic zone, being entirely composed of the same globose and corrugated cells 

throughout ( B-D and Figures 5.13 B-C). The ovary is conical and ovule production was not 5.16

observed ( A-B and Figures 5.13 A,C). Stamens develop in two whorls the outer one is 5.16

antesepalous and the inner one antepetalous ( A-C). Stamens of male flowers Figure 5.11

present well-developed globose thecae and pollen is often observed through the stomium or 

on the thecae surface ( E-F and Figures 5.13 A,D-F).  5.16

A third and intermediate flower type was observed in H. jelskii, morphologically similar 

to the functionally male flowers described above, but with their pistils having an apparent 

apical stigmatic zone ( ). This stigmatic zone is formed by short cylindrical smooth Figure 5.14

cells, similar to those of the stigma of functionally female flowers, but smaller and less 

developed ( B-C). The styles are formed by more globose-corrugated cells similar Figure 5.14

to those of functionally unisexual flowers ( A-C). The ovary is cone-shaped and Figure 5.14

ovule production was not confirmed ( D-E). Anthers have globose thecae as those Figure 5.14

of functionally male flowers ( A-B, F).  Figure 5.14

McClintock (1957) had only two herbarium specimens available from H. jelskii from 

which she described this species as having stamens shorter than any other species in H. sect. 

Cornidia, the stamens being as long as or 1.5 times as long as the styles. Therefore, 

McClintock´s (1957) observations were likely exclusively based on functionally female 

flowers of H. jelskii.  

McClintock (1957) pointed to the high similarity of H. oerstedii and H. peruviana 

differentiating them solely by the relative length of styles and stamens. She reported H. 

oerstedii as presenting stamens longer than the styles and with well-developed thecae in 

which she observed the production of pollen and styles which develop their stigmatic zone 

during the anthesis. In contrast, H. peruviana was reported as presenting stamens as long as 
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or shorter than the styles with small, undeveloped thecae not producing pollen grains. The 

styles of H. peruviana were described as to develop their stigmatic zone early before 

anthesis. Based on the high morphological similarity and the overlapping geographical 

distribution, McClintock (1957) suggested that H. oerstedii and H. peruviana could constitute 

two forms of a dimorphic species. 

Functionally male and female individuals of H. aff. peruviana herein described were 

recovered within the same strongly supported clade in a close phylogenetic position, 

suggesting a high genetic similarity (see Figure 6.6). Both sexual phenotypes share a number 

of morphological similarities such as glabrous elliptic leaves with margins crenate with 

glandular teeth, inflorescence peduncle internodes with several parallel vertical lines (except 

the uppermost internode), a swollen uppermost peduncle internode and deep red marginal 

flowers. Therefore we have assigned them to the same morphospecies within the H. 

peruviana species complex.  

Our observations of dioecious individuals within the same morphospecies do not 

support the distinction of species based on differences in the relative length of styles and 

stamens. However, based on our field collections, study of herbarium specimens and 

phylogenetic framework we now know that more than one morphospecies in H. sect. 

Cornidia present red or pink marginal flowers. We believe that H. peruviana and H. oerstedii 

are indeed two different dioecious species and that their respective descriptions were 

exclusively based either on functionally male (H. oerstedii) or female (H. peruviana) flowers. 

It is very likely, however, that McClintock´s (1957) descriptions mix together functionally 

male individuals from both species within H. oerstedii and functionally female individuals 

from both species within H. peruviana. The designation of H. oerstedii as a variety of H. 

peruviana by Freire (2004) is similarly based on the separation of presumably dioecious 

individuals of the same species to different taxonomical entities.  

Sexual dimorphism in H. sect. Cornidia was formerly identified in H. nebulicola by 

Nevling and Gómez-Pompa (1968). Although only staminate flowers were described, all 

characters coincide with our observations on functionally male flowers of H. jelskii and H. aff. 

peruviana. Besides H. nebulicola,  dioecism in the tribe Hydrangeeae has only been formally 
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described for the monotypic Broussaisia (Klink, 1995 cited by Hufford 2001; Ronse de 

Craene, 2010).  

5.5. Conclusions 

The present study provides insight in the juvenile and adult vegetative and fertile 

morphology of Hydrangea sect. Cornidia. Many morphological features have been now 

better described and illustrated. Our compilation of herbarium, field and fertile material 

observations will facilitate an ultimate taxonomical revision of the group. Herein described 

morphological features such as sexual dimorphism will play a central role in the appropriate 

species delimitation within the group. Further studies including detailed anatomical and 

developmental observations in an extended taxonomical sampling, in addition to a reliable 

phylogenetic framework will not only contribute to the correct species characterization, but 

also to the understanding of the evolution of reproductive systems in H. sect. Cornidia. 
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Figure 5.12 Sexual dimorphism. Functionally female flowers of H. jelskii (Samain et al. 2011-151, Cutervo, 
Cajamarca, Peru). (A) Upper view of the flower with reduced stamens and well-developed pistils. Petals have 
been removed. (B) Pistil with the stigmatic zone (sz) extending along its dorsal side.  (C) Close view of the 
stigmatic zone (sz) showing smooth and long-cylindrical cells and the neighboring corrugated and globose cells 
of the style (stl). (D) Longitudinal section of a globose hypanthium (h) showing the development of ovules 
(arrow). (E) Anther with flattened and involute thecae. (F) Close view of the anther stomium (st). Pictures by M. 
Günther (Technische Universität Dresden, Germany). 
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Figure 5.13 Sexual dimorphism. Functionally male flowers of H. jelskii (A-D and F: Samain et al. 2011-093, 
Bongará, Amazonas, Peru, E: Granados M. et al. 2012-051, Baños, Tungurahua, Ecuador). (A) Upper view of the 
flower with well-developed stamens and non-receptive pistils. Petals have abscised. (B) Detail of styles (stl) and 
stamen insertion on the hypanthium disk. Note the conical shape of the hypanthium (h). (C) Close view of the 
style (stl) without evident stigmatic zone. (D) Detail of the apical portion of the style (stl) exclusively presenting 
corrugated and globose non-receptive cells. (E) Anther with globose thecae. (F) Close view of the anther 
stomium (st) with pollen grains (arrow). Pictures by M. Günther (Technische Universität Dresden, Germany). 
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Figure 5.14 Sexual dimorphism. Intermediate male-like flower of H. jelskii (Samain et al. 2011-059, 
Chachapoyas, Amazonas, Peru). (A) General view of an intermediate male-like flower with well-developed 
stamens and pistils with an apical stigmatic zone (asterisk). Petals have abscised. (B) Upper view of the 
hypanthium disk showing stamens and pistil insertion, the pistils with an apical stigmatic zone (asterisk). (C) 
Close view of the stigmatic zone (sz) showing the intermediately developed cylindrical smooth cells in contrast 
to the more globose and corrugated cells of the style (stl). (D) Opening flower bud showing the well-developed 
stamens before flower anthesis and the conical shape of the hypanthium (h). (E) Longitudinal section of the 
ovary (o) showing no evident formation of ovules. (F) Anther with globose thecae. Pictures by M. Günther 
(Technische Universität Dresden, Germany). 
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Figure 5.15 Sexual dimorphism. Functionally female flowers of H. aff. peruviana (Samain et al. 2011-068, Rioja, 
San Martin, Peru). (A) Lateral view of a flower showing small stamens shorter than the styles and an inner 
whorl of staminodes (arrow). (B) Close view of the stigmatic zone (sz) covering the dorsal-apical side of the 
style (stl). (C) Detail of the smooth-cylindrical cells of the stigmatic zone (sz). (D) Longitudinal section of the 
ovary where the arrow points to a developing seed. (E) Close view of a flat anther with thickened margins. (F) 
Detail of anther stomium (st). Pictures by M. Günther (Technische Universität Dresden, Germany). 
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Figure 5.16 Sexual dimorphism. Functionally male flowers of H. aff. peruviana (Samain et al. 2011-103, Bongará, 
Amazonas, Peru). (A) Side view of a flower showing the well-developed stamens and short styles. (B) Close view 
of the styles (stl) not showing any stigmatic zone. (C) Longitudinal section of the ovary (o) showing the absence 
of ovules or seeds. (D-E) Close view and detail of the anthers with thickened thecae and longitudinal stomium 
(st). (F) Detail of a pollen grain (asterisk) on the anther surface. Pictures by M. Günther (Technische Universität 
Dresden, Germany). 
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6. Hunting for rapidly-evolving nuclear single-copy 
markers to address shallow-scale phylogenetics in 

Hydrangea section Cornidia 
 

This chapter corresponds to an unpublished manuscript: 

Granados Mendoza, C., Naumann, J., Samain, M.-S., Goetghebeur, P., De Smet, Y., 

Wanke, S., In prep. Hunting for rapidly-evolving nuclear potential single-copy markers to 

address shallow-scale phylogenetics in Hydrangea section Cornidia. 

6.1. Abstract 

Identification of novel molecular markers useful at and below species level is one the 

major challenges of plant phylogenetics. Nuclear low or single-copy markers are a vast and 

promising source of information for shallow-scale phylogenetics. Low-cost transcriptome 

sequencing approaches employed in projects such as the One Thousand Plant Project (1KP) 

have recently made available nuclear genome resources for a number of non-model 

organisms. The present study takes advantage of this transcriptome data for developing 

rapidly-evolving nuclear potential single-copy markers to address shallow-scale 

phylogenetics. We use Hydrangea section Cornidia (Hydrangeaceae, Cornales) as a model 

group, one of the shallowest diverged lineages within Hydrangeeae. Phylogenetic 

relationships within this group have been particularly difficult to reconstruct as a result of 

extremely low plastid variability. Two previous studies identified a set of nuclear genes that 

occur in single or low-copy among several Angiosperm representatives. We took these 

studies as our starting point for developing two gene search strategies: 1) genome-scale 

mining strategy and 2) gene sequence-based strategy. A pool of 73 putative single-copy 

nuclear markers was recovered from the genome-scale mining strategy and five genes from 

the sequence-based strategy. This study presents preliminary results from two of these 

recovered genes, the TIF3H1 gene from the genome-scale mining strategy and the SMC1 

gene from the sequence-based strategy. Individual analyses of these genes showed 

moderate resolution and support which was only increased when the genes were analyzed 

101 

 



together. Based on this combined phylogenetic framework we present a preliminary 

discussion on the phylogenetic relationship among H. sect. Cornidia species.   

6.2. Introduction 

Identification of informative markers for specific phylogenetic questions finds one of its 

major challenges at shallow-scale phylogenetics, mostly at the border between species and 

population level. Plastid and nuclear ribosomal DNA (nrDNA, mostly the Internal transcribed 

spacer —ITS) loci have predominantly been used in Angiosperm phylogenetic studies 

(Álvarez and Wendel, 2003; Shaw et al., 2007, 2005; Small et al., 1998). However, their 

applicability for shallow-scale phylogenetics is reduced by a number of properties inherent 

to their evolutionary nature. Phylogenetic utility of plastid markers at and below species 

level is restricted by the relatively low plastome rate of evolution (Clegg et al., 1994), 

resulting in limited variability (Sang, 2002). Additionally, plastid markers are only maternally 

inherited in most Angiosperms, resulting in a complete inability of tracing hybridization, 

introgression and polyploidization when used as the sole source of information (Naumann et 

al., 2011; Zimmer and Wen, 2013). The application of nrDNA markers is mainly limited by 

their untraceable copy number resulting from duplication, preventing a reliable comparison 

of orthologous loci (Álvarez and Wendel, 2003; Naumann et al., 2011). Furthermore, due to 

incomplete homogenization of nrDNA gene families —partial concerted evolution (Chase et 

al., 2007; Zhang et al., 2012), biparental inheritance might inconsistently be traced in hybrids 

and polyploids (Duarte et al., 2010; Zimmer and Wen, 2013). 

Nuclear single or low-copy markers have long been advocated for overcoming several 

disadvantages which are intrinsic to plastid and nrDNA loci (Sang and Zhang, 1999; Sang, 

2002; Small et al., 1998). Compared to the plastid markers, those derived from the nuclear 

genome generally present higher evolutionary rates, representing an increased source of 

variable and potentially informative characters for Angiosperm phylogenetic reconstructions 

(Duarte et al., 2010; Naumann et al., 2011). The biparental inheritance of nuclear markers 

facilitates the identification of possible hybridization and polyploidization processes, 

therefore constituting a more comprehensive source of data than plastid markers alone 

(Duarte et al., 2010; Naumann et al., 2011; Zimmer and Wen, 2013). When present in low or 

single-copy, nuclear markers represent a vast source of putative orthologous sequence data 
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which is increasingly being accessed with the advent of plant phylogenomics (Naumann et 

al., 2011; Zimmer and Wen, 2013). 

High-throughput DNA sequencing has generated an overwhelming amount of genome-

scale data, opening vast and promising possibilities for plant phylogenetics inference (Egan 

et al., 2012). Using a comparative genomic approach, Duarte et al. (2010) identified a set of 

959 nuclear single-copy genes (NSCG) shared by Arabidopsis thaliana, Populus trichocarpa, 

Vitis vinifera and Oryza sativa (the so called “APVO SSC genes”). The APVO SSC genes 

represent a valuable source of putative orthologous and informative markers. As employed 

by Duarte et al. (2010) in concatenated gene alignments, APVO SSC genes have 

demonstrated their utility at and above family level. However, this study was exclusively 

based on cDNA, thus lacking introns in general. Introns within these genes could provide 

additional variability which is especially useful at lower taxonomic levels such as species or 

population level. 

Among high-throughput sequencing strategies, transcriptome sequencing is a 

convenient alternative for gathering an important amount of genomic data in non-model 

organisms (Egan et al., 2012; Strickler et al., 2012; Ward et al., 2012; Yang and Smith, 2013). 

As a result, availability of transcriptome-scale data for a number of non-model plants has 

recently been facilitated by projects such as the One Thousand Plant Project (1KP, 

http://www.onekp.com). 

The tribe Hydrangeeae of the Cornales family Hydrangeaceae includes the paraphyletic 

Hydrangea s.s. and the satellite genera Broussaisia, Cardiandra, Decumaria, Deinanthe, 

Dichroa, Pileostegia, Platycrater and Schizophragma. Recent phylogenetic studies have 

consistently retrieved two clades within the tribe Hydrangeeae (Granados Mendoza et al., 

2013b; Jacobs, 2010; Samain et al., 2010; Figure 1.3), informally named Hydrangea I and II. In 

the study of Samain et al. (2010) Hydrangea I clade received little resolution and support for 

its internal relationships. By the addition of highly variable coding and non-coding plastid 

regions (Granados Mendoza et al., 2013b), resolution and nodal support could be improved. 

However, the shallowest relationships, in particular species level relationships, remain 

poorly resolved.  
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The evergreen, root climbing H. sect. Cornidia is one of the shallowest diverged lineages 

within Hydrangeeae (Granados Mendoza et al., 2013b; Jacobs, 2010; Samain et al., 2010). 

Phylogenetic relationships within H. sect. Cornidia have been particularly difficult to 

reconstruct using plastid markers due to its extremely low variability, possibly resulting from 

a rapid or recent diversification event (Hydrangea I clade, Jacobs, 2010; Samain et al., 2010). 

Hence, H. sect. Cornidia is a good study case for testing the performance of potential single-

copy nuclear markers for resolving species level phylogenetic relationships.  

With the exception of H. integrifolia from Asia, all other H. sect. Cornidia species occur 

in the Neotropics. Hydrangea section Cornidia has traditionally been divided in the 

subsections Monosegia and Polysegia,  based on the inflorescence structure (Briquet, 1919; 

McClintock, 1957). Although H. sect. Cornidia has consistently been recovered as 

monophyletic (Granados Mendoza et al., 2013b; Jacobs, 2010; Samain et al., 2010), previous 

phylogenetic studies have included a limited number of species preventing a robust test for 

its monophyly, as well as that of its subsections. Moreover, taxonomical discrepancies 

regarding species circumscriptions abound among authors (Briquet, 1919; Christenhusz, 

2009; D’Arcy, 1987; Freire, 2011, 1999; Jørgensen et al., 2013; Liesner, 1993; McClintock, 

1957; Morales, 2007). So far, no phylogenetic framework of H. sect. Cornidia is available to 

facilitate not only a taxonomical revision of the group, but also studies addressing questions 

of general biological interest such as its unique geographic patterns, its origin and 

diversification, as well as evolution of sexual dimorphism (see chapter 5 for the latter).  

The absence of a completely sequenced nuclear genome within Cornales (Zimmer and 

Wen, 2013) and the fact that nuclear gene sequence data (excluding nrDNA markers) have 

only been produced for two Hydrangeaceae species, namely Philadelphus incanus (SMC1, 

SMC2, MSH1, MLH1 and MCM5 genes, Zhang et al., 2012) and H. paniculata (Xdh gene, 

Morton, 2011) have hampered the application of nuclear DNA sequence data to 

phylogenetic studies in Hydrangeaceae. Furthermore, heterogeneity of molecular rates of 

evolution has shown to occur in the tribe Hydrangeeae, and Cornales in general (Granados 

Mendoza et al., 2013b; Samain et al., 2010; Xiang et al., 2011), potentially hindering the 

success of marker amplification across taxa of a specific group of interest. 
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The aims of the present study are: 1) to select a set of candidate potential single-copy 

nuclear markers for resolving shallow phylogenetic relationships within Hydrangea section 

Cornidia, 2) to test the phylogenetic utility of some of these genes and 3) to provide a 

preliminary phylogenetic framework for testing the monophyly of Hydrangea section 

Cornidia and its subsections Monosegia and Polysegia, as well as for exploring phylogenetic 

relationships within the group.  

6.3. Materials and methods  

The gene screening here presented is based on the studies of Duarte et al. (2010) and 

Zhang et al. (2012), both offering a valuable set of single and low-copy nuclear genes of 

potential utility for Angiosperm phylogenetics. Two gene search strategies were applied 

using each of these studies as starting point.  

6.3.1. Genome-scale mining strategy  

6.3.1.1. Data mining 

As starting point we used the 959 APVO SSC genes of Duarte et al. (2010). From these 

the 950 Arabidopsis thaliana NSCG orthologs were used in the OneKP Project website as 

query to extract transcriptome sequences from six Cornales databases (blastn, expectation 

value of 1e-5, sample IDs: QURC-Dichroa febrifuga, ZETY-Hydrangea quercifolia, BTZX-

Philadelphus inodorus, OTAN-Deutzia scabra, UZNH-Curtisia dentata and VTLJ-Caiophora 

chuquitensis, Figure 6.1). The extracted 4949 Cornales scaffolds were reference-based 

assembled in Geneious® version 6.1.6 software (Biomatters) to the 950 A. thaliana NSCG 

mentioned above deriving in 546 individual alignments (Figure 6.1).  

6.3.1.2. Data filtering 

In order to select appropriate markers for primer design, individual alignments were 

first screened for high coverage in Geneious® version 6.1.6 software (Biomatters). For this, 

only alignments containing more than 800 bp continuously overlapping for at least four 

Cornales taxa were retained (Figure 6.1). Subsequently, alignments with less than 650 bp 

overlapping between H. quercifolia and D. febrifuga were excluded (Figure 6.1). In order to 

avoid potential multiple copy regions, alignments presenting scaffolds with alternative 

sequences for H. quercifolia, the closest relative of H. sect. Cornidia with transcriptome data, 
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were excluded for further steps (Figure 6.1). Among retained potential NSCG (Figure 6.1), 

nine were randomly selected for primer design: AT1G10840, AT1G63900, AT2G17975, 

AT3G54170, AT4G35850, AT5G12040, AT5G13030, AT5G48470 and AT5G57410. 

 
Figure 6.1 Flow chart describing the two gene screening strategies employ for identification of potential low or 
SCNG for resolving shallow-scale phylogenetic relationships in H. sect. Cornidia. 

6.3.2. Five genes sequence-based strategy 

An initial alignment containing transcriptome sequences of the Cornales (Asterids) 

species Philadelphus incanus, Cornus wilsoniana and C. officinalis and the Rosid (Brassicales) 

A. thaliana was produced for the genes SMC1, SMC2, MSH1, MLH1 and MCM5 (Figure 6.1). 
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These genes were found by Zhang et al. (2012) to be highly conserved and to present low-

copy number among Angiosperms. Sequences from the above mentioned Asterid species 

were obtained from the Zhang et al. (2012) study, whereas those from A. thaliana were 

retrieved from The Arabidopsis Information Resource website (http:// 

www.arabidopsis.org/, TAIR). The five resulting alignments were used in primer design 

(Figure 6.1). 

6.3.3. Primer design 

Selected genes resulting from both strategies were subsequently aligned to the A. 

thaliana full length genomic sequence obtained from TAIR. Primer design was performed 

manually. Alignments were visually screened for regions with high A. thaliana non-coding 

coverage and primers were positioned on conserved exons (intron-flanking regions). 

6.3.4. Taxon sampling and marker selection 

A total of 60 primer combinations (Table 6.1) spanning portions of a total of 14 

potential NSCG were tested for ease of amplification and sequencing within selected 

Hydrangea I clade representatives including the H. sect. Cornidia species H. seemannii and H. 

aff. integerrima, and the H. sect. Cornidia sister taxon H. anomala along with close relatives 

H. longipes, Platycrater arguta and H. quercifolia (Appendix 2, Granados Mendoza et al., 

2013a, 2013b; Samain et al., 2010). 

Based on its ease of amplification and sequencing, portions of two genes (one from 

each gene search strategy) were chosen for testing their performance for resolving shallow 

phylogenetic relationships in H. sect. Cornidia. The first of these genes corresponds to the 

gene TIF3H1 (Translation initiation factor 3 subunit H1), an ortholog of AT1G10840 located in 

the chromosome 1 of A. thaliana. This gene encodes for the eukaryotic initiation factor 3H1 

subunit and is part of the eukaryotic translation initiation factor 3 (eIF-3) complex. It is 

involved in biological processes such as photomorphogenesis and translational initiation. 

The amplified portion of the gene TIF3H1 is located between the exons VI and XI of A. 

thaliana and will be further referred to as TIF3H1 gene (Figure 6.2A). The second selected 

gene is the SMC1 (Structural maintenance of chromosomes 1, ortholog of AT3G54670) which 

is located in the chromosome 3 of A. thaliana. The SMC1 genes encodes a structural 
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maintenance of chromosomes (SMC) protein constituent of the Arabidopsis cohesin 

complex, a protein complex wich is required for sister chromatid cohesion in eukaryotes. For 

this gene, the amplified portion was flanked by the exons XIV and XVI of A. thaliana and will 

be hereafter named SMC1 gene (Figure 6.2B).  

Our extended taxon sampling consisted of a total of 70 accessions including the majority 

of currently accepted H. sect. Cornidia species and a representative number of new, 

undescribed species we discovered during our field work in Chile, Costa Rica, Ecuador, 

Mexico and Peru. Additionally, H. anomala, which has been recovered as the sister species 

of H. sect. Cornidia (Granados Mendoza et al., 2013b; Jacobs, 2010; Samain et al., 2010), five 

species from the Asperae+Platycrater clade and H. quercifolia were applied as outgroups. 

The latter species was used to root the phylogenetic tree since it is positioned in a grade 

with H. arborescens and sister to the clade including H. subsect. Americanae, H. subsect. 

Calyptranthe and H. subsect. Asperae, the satellite genus Platycrater and H. sect. Cornidia 

(Granados Mendoza et al., 2013b). 

6.3.5. Molecular methods 

Extraction of genomic DNA was performed from fresh or silica dried leaf material using 

the DNeasy Plant Mini Kit (Qiagen GmbH) or a standard CTAB method. PCR reactions 

included 8 μl dNTP (Carl Roth + Co.KG, 1.25 mM each), 10 μl Taq buffer (GoTaq® Reaction 

Buffer, 7.5mM MgCl2), 2 μl of each primer (10pmol/μl), 0.25 μl of Taq DNA polymerase 

(GoTaq® DNA Polymerase, 5u/μl) and 0.5-2 µl of DNA template. Water was added 

accordingly to obtain a total volume of 50 µl. Amplification was conducted on a T3 

Thermocycler (Biometra) with a touch-up gradient PCR program (Rowther et al., 2012), 

including an initial denaturation at 94°C for 2 min, a loop of 10 cycles repeated 5 times 

consisting on denaturation at 96°C for 45 s, annealing at a temperature gradient (starting 5°C 

below the lower melting point of each primer pair and increasing 0.5°C every cycle) for 30 s 

and extension at 72°C for 1min/kb of expected length. A final extension at 72°C for 7 min 

was applied. PCR products were run on a 1.2% agarose gel and subsequently purified using a 

gel extraction kit (Macherey & Nagel). Sequencing was performed through the Macrogen 

Europe sequencing service. 
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A. thaliana 
ortholog 

F-primer name: sequence 5´–3´ R-primer name: sequence 5´–3´ Non-coding 
coverage (bp) 

Spanned 
length (bp) 

AT1G108401 H-AT1G10840-1F: TTCTTGGGTTRGATGTMGGCAG AT1G10840-1R: ATTTCCTCAAAGATATCCACCCAT 543 949 

H-AT1G10840-2F: TTCAAGGTCCAACCAAGGTGTCTTA H-AT1G10840-2R: TTGCTGCTGGGCTTGCTGAC 396 763 

H-AT1G10840-2F: TTCAAGGTCCAACCAAGGTGTCTTA H-AT1G10840-3R: TGATTTGTTATGAGAAAACTATCC 581 1091 

H-AT1G10840-3F: CAACTATCAACCAATCCATT H-AT1G10840-3R: TGATTTGTTATGAGAAAACTATCC 270 545 

AT1G639001 H-AT1G63900-1F: GGAGGTTCTCAAATCGGTTACT H-AT1G63900-2R: TCCCAGTTGGAAGAASCCGTT 340 789 

H-AT1G63900-1F: GGAGGTTCTCAAATCGGTTACT AT1G63900-1R: TTTGTGAGAAACATAGAAAGGC 562 1106 

H-AT1G63900-2F: ATTTCTGGAAGAGTTGGTTCAG AT1G63900-1R: TTTGTGAGAAACATAGAAAGGC 480 930 

AT2G179751 H-AT2G17975-1F: CCAAAGGAGRTAGCAGCAATGCC H-AT2G17975-1R: GATTCCCACCAGAACCTCCCATT 286 659 

AT3G541701 H-AT3G54170-1F: AAGTAGAAGAAACTGCACCTGGT H-AT3G54170-1R: CGCTCTCAAGTCCCGAACTGC 491 832 

H-AT3G54170-2F: TGGTGGTCASTTWTCTTCAGACTCTAA AT3G54170-3R: CATTTAGCCATTAGCATCTTCC 861 1204 

H-AT3G54170-3F: GCAGTTCGGGACTTGAGAGCG AT3G54170-3R: CATTTAGCCATTAGCATCTTCC 651 857 

H-AT3G54170-3F: GCAGTTCGGGACTTGAGAGCG H-AT3G54170-4R: TGACTTCTGAGTTCCGCATTCTG 796 1119 

AT4G358501 H-AT4G35850-1F: GCACTGAATTGGAGTACAACAA H-AT4G35850-2R: TATTGGTGTCTTRTTCTTATGTGC 645 1132 

H-AT4G35850-2F: AACCAGWGCGAGATACATTCCAC H-AT4G35850-2R: TATTGGTGTCTTRTTCTTATGTGC 473 849 

AT5G120401 H-AT5G12040-1F: TCAGTAACGGAGGACAAGGARAG H-AT5G12040-1R: GTCCACAATGGTAGGAGTCT 472 880 

H-AT5G12040-1F: TCAGTAACGGAGGACAAGGARAG H-AT5G12040-2R: AGTTCCTGAAACCGAATGTCATAACA 829 1297 

H-AT5G12040-2F: CAGTTTATGCTGAGGACATTGATG H-AT5G12040-2R: AGTTCCTGAAACCGAATGTCATAACA 680 1018 

 

 



A. thaliana 
ortholog 

F-primer name: sequence 5´–3´ R-primer name: sequence 5´–3´ Non-coding 
coverage (bp) 

Spanned 
length (bp) 

H-AT5G12040-3F: AGACTCCTACCATTGTGGAC H-AT5G12040-3R: AAGCCACGTAACCAGCACCATCA 773 1022 

AT5G130301 H-AT5G13030-1F: TCGTTTGTTCGGGASTTRCCT AT5G13030-1R: CTCCAACCAAAGGYGATGCC 611 831 

H-AT5G13030-1F: TCGTTTGTTCGGGASTTRCCT H-AT5G13030-2R: TGCCCGACCATCRCCCAACT 700 995 

AT5G484701 H-AT5G48470-1F: ATCATCAAGGAGACYGTWTTATCC H-AT5G48470-1R: CTGTGATGCCAGAGACATTTCCA 485 1119 

H-AT5G48470-2F: CCCCAGAARGAAAGYAGACA H-AT5G48470-1R: CTGTGATGCCAGAGACATTTCCA 388 943 

AT5G574101 H-AT5G57410-1F: CGATGTTACAAACTTGGACCATTG AT5G57410-1R: TCCTTTTCTTTTTTCTTCAT 416 846 

H-AT5G57410-1F: CGATGTTACAAACTTGGACCATTG H-AT5G57410-2R: AAGTAAATTCATTATCTCCATGCCTGA 497 1015 

H-AT5G57410-2F: TGCTAATGAACAAAGACAAA AT5G57410-2R: AAGTAAATTCATTATCTCCATGCCTGA 424 767 

AT2G076902 H-MCM5-3F: ATTGCCAAAGCAGGAATAACMACT H-MCM5-3R: AATCTGATAGACGRGGGYGGCATT 342 670 

H-MCM5-4F: CTGCTCAGGAYAACATWGATTTGC H-MCM5-4R: ATTCCCATTCTTCTCTTTATCTGA 484 1037 

H-MCM5-4F: CTGCTCAGGAYAACATWGATTTGC H-MCM5-3R: AATCTGATAGACGRGGGYGGCATT 239 473 

H-MCM5-5F: AATGCCRCCCYCGTCTATCAGATT H-MCM5-4R: ATTCCCATTCTTCTCTTTATCTGA 245 588 

AT4G091402 H-MLH1-3F: GCTCGCAATCTGATGRAAATARAAG H-MLH1-3R: AAYRATAACTTCCTGATTCAAAAG 276 582 

H-MLH1-4F: GCCACCTGAGCATGTTGATGTGAA H-MLH1-4R: CTGRAGCASAGCAARAACATCATCT 697 1211 

H-MLH1-5F: CTTTTGAATCAGGAAGTTATYRTT H-MLH1-4R: CTGRAGCASAGCAARAACATCATCT 517 979 

H-MLH1-6F: ATCCTGCTGGAAGGTTGCACGCCT H-MLH1-4R: CTGRAGCASAGCAARAACATCATCT 307 552 

 
 



 
A. thaliana 
ortholog 

F-primer name: sequence 5´–3´ R-primer name: sequence 5´–3´ Non-coding 
coverage (bp) 

Spanned 
length (bp) 

H-MLH1-6F: ATCCTGCTGGAAGGTTGCACGCCT H-MLH1-5R: CAGAAACACTCCTCTAGCAGTCCA 541 1046 

H-MLH1-7F: AGATGATGTTYTTGCTSTGCTYCAG H-MLH1-5R: CAGAAACACTCCTCTAGCAGTCCA 234 519 

AT3G243202 H-MSH1-10F: ATYGGTTGTYTGGGTATCGTGTCG H-MSH1-10R: TGAGTTGGAAGCTGGTTAATGAGAAG 95 745 

H-MSH1-3F: TTGTCGGTGCCATCATYTRTTTCT H-MSH1-3R: CRTAAGCAGGAGGATTCAAAAGRAG 536 919 

H-MSH1-4F: GCCTCGTCCTTTACACCTTGGAAC H-MSH1-4R: CTCGGAATGAGAGGATAAGAACTT 570 1086 

H-MSH1-5F: CTYCTTTTGAATCCTCCTGCTTAYG H-MSH1-5R: ATAGGGACAAAATCTTCTGTAACA 519 1040 

AT3G546702 

 

 

 

H-SMC1-16F: GAAGAKTGTGARAAGGAMATA H-SMC1-18R: TGTGTTGCTYTTKGTAAGTTGTTT 347 899 

H-SMC1-17F: TGGACCAATACGAGGCTTTG H-SMC1-18R: TGTGTTGCTYTTKGTAAGTTGTTT 264 461 

H-SMC1-1F: GYGTCCGAACTGGTCACCTCAGAG H-SMC1-1R: TTCCTYYTTTCTTCYTTCTTTTTCTT 371 1215 

H-SMC1-1F: GYGTCCGAACTGGTCACCTCAGAG H-SMC1-2R: TTTCATYTCWCKCTGTTCCTTTCT 792 2021 

H-SMC1-22F: AAGTAAACTTACTCGTCAGATAAAATC H-SMC1-18R: TGTGTTGCTYTTKGTAAGTTGTTT 347 837 

H-SMC1-3F: TAAGGGATGAGAARGAGGTTC H-SMC1-3R: ATTTACCCATAGCMACAGTGACT 422 875 

H-SMC1-4F: CGTGAATTGAAGGCTGACAGGCAT H-SMC1-4R: CAAACTAARGTATTKCCAACAGC 610 1071 

H-SMC1-5F: AGGCTTCCYCCTCAGACATTTAT H-SMC1-4R: CAAACTAARGTATTKCCAACAGC 152 379 

H-SMC1-5F: AGGCTTCCYCCTCAGACATTTAT H-SMC1-5R: CTTTGTCAGTAGTATCCCATCAAC 248 560 

H-SMC1-6F: GCTGTTGGMAATACYTTAGTTTG H-SMC1-6R: CTGATGAAGTTGAGGATTGATAT 347 761 

H-SMC1-7F: TAAAAAGAAAAAAGAGGGGYTYG H-SMC1-7R: CACACTTYTCCACTATCTCTTG 1418 2194 

 

 



A. thaliana 
ortholog 

F-primer name: sequence 5´–3´ R-primer name: sequence 5´–3´ Non-coding 
coverage (bp) 

Spanned 
length (bp) 

H-SMC1-8F: ATATCAATCCTCAACTTCATCAG H-SMC1-7R: CACACTTYTCCACTATCTCTTG 1243 1816 

H-SMC1-8F: ATATCAATCCTCAACTTCATCAG H-SMC1-8R: CAAAGCCTCGTATTGGTCCA 1243 2043 

H-SMC1-9F: CAAGAGATAGTGGARAAGTGTG H-SMC1-9R: TAAAHCCAGCRACCTTRGCAACATT 660 1333 

AT5G624102 H-SMC2-1F: GGARTCGGAGTCCTCTTGGTTAYG H-SMC2-1R: AYTTCTCCTCAYTWCCACTGCTCTT 279 1200 

H-SMC2-2F: MTGAMYGARAAASASAATGCTGAMAAG H-SMC2-2R: GTATTTTCYGTGTCCACTACAA 336 1034 

H-SMC2-3F: GGTGAAAGGTGTTGTTGCTAAACT H-SMC2-3R: CTTYGCYTCAATTTCRGATAAC 699 1240 

H-SMC2-4F: GCAATGGAATACGTGTTTGGTTCA H-SMC2-4R: GCACTTGAGCTTTTACTGCCTT 732 1294 

H-SMC2-5F: TGATGAACTGGTAAAGAAGATT H-SMC2-5R: CTTTCTGTTCCATCTCCATCC 619 1173 

H-SMC2-6F: GAGGAAGAAGATGGAAAATGA H-SMC2-6R: TTCTGCCTTCTCAAACATTGCCAT 516 775 

H-SMC2-7F: GGATGGAGATGGAACAGAAAG H-SMC2-7R: CATTCTTCCTATGTTCTGKG 503 1138 

Table 6.1 Primers used in our genome-scale mining (1) and sequence-based (2) strategies for testing the ease of amplification and sequencing of 14 potential single-copy 
genes for H. sect. Cornidia. All listed primers were specifically designed for this study. Non-coding coverage and spanned lengths correspond to that in A. thaliana. 
Primer combinations denoted in bold correspond to gene regions selected by their ease of amplification and sequencing including those used to amplify the TIF3H1 
and SMC1 genes.

 
 



 

 

Figure 6.2 Models of the amplified portions of the genes TIF3H1 and SMC1 used for resolving shallow-scale 
relationships in H. sect. Cornidia. Lengths of the respective regions are drawn as found in H. seemannii 
(Granados M. et al. 479, Pueblo Nuevo, Durango, Mexico). Colored large boxes identify exon regions. Homology 
of exon regions between A. thaliana and H. seemannii is indicated by common colors. Non-coding regions are 
indicated by white boxes. Relative position of each gene within the respective A. thaliana chromosome is 
shown as indicated in TAIR. 

6.3.6. Tree reconstruction  

Bayesian Inference (BI) was used for phylogenetic reconstructions with our complete 

taxon sampling and the following data partitions: 1) the gene TIF3H1, 2) the gene SMC1 and 

3) both nuclear genes combined. The FindModel tool of the HCV Database Project 

(http://www.hiv.lanl.gov) was used for estimating the best fitting model for each nuclear 

gene. Initial trees were constructed using both Weighbor (Bruno et al., 2000) and PAUP 

version 4.0b10 (Swofford, 2003). The Hasegawa-Kishino-Yano plus Gamma (HKY + Γ) model 

was found to best fit both genes. Phylogenetic analyses were performed with MrBayes 

version 3.2.1 (Ronquist and Huelsenbeck, 2003) on the Extreme Science and Engineering 

Discovery Environment (XSEDE) using the CIPRES portal (http://www.phylo.org/portal2/; 

Miller et al., 2010). Markov Chain Monte Carlo analyses consisted of four independent and 

simultaneous runs of four million generations. Every run contained four chains, each with a 

different random starting tree, sampling every 500 generations. The burn-in was set to 10% 

after determining stationarity of each run using Tracer version v1.5.0 (Rambaut and 

Drummond, 2007). Retained trees were used to calculate the consensus trees and posterior 
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probabilities (PP) of nodes. Consensus trees were compiled and drawn with FigTree version 

1.4.0 (Rambaut, 2009). 

6.3.7. Estimation of the phylogenetic signal of TIF3H1 and SMC1 genes 

Phylogenetic signal of both genes was estimated by the degree of resolution and nodal 

support of the resulting consensus trees. Degree of resolution was calculated by the 

normalized Consensus Fork Index (CFI, Colless, 1980) and nodal support Ns was estimated 

following Granados Mendoza et al. (2013b). A combined average CA of these two 

parameters was calculated as: CA = (CFI + Ns)/2 in order to obtain a single value for 

comparison of phylogenetic signal. 

6.4. Results 

6.4.1. Retrieved potential NSCG by our genome-scale mining strategy 

Our data mining process retrieved 546 alignments, each corresponding to a different A. 

thaliana gene (Figure 6.1). Among them, 444 were excluded due to low coverage within 

Cornales and 16 more because of low coverage between the two Hydrangeeae 

representatives (Figure 6.1). Different scaffold sequences were detected for H. quercifolia in 

13 of the remaining alignments and therefore were excluded in further steps (Figure 6.1). A 

total of 73 potential NSCG were retained after the entire data screening process (Figure 6.1). 

When including transcriptome sequences from the six Cornales taxa, these 73 alignments 

showed 26.7-62.3% of variable sites (Figure 6.3). However, the range of variable sites was 

lowered to 19.8-57.5% when only considering the four Hydrangeaceae representatives and 

to 2.8-26.9% between the two tribe Hydrangeeae representatives (Figure 6.3).  

6.4.2. Ease of amplification and sequencing of selected NSCG 

A total of 14 genes were evaluated for ease of amplification and sequencing. Nine of 

these genes originated from our potential NSCG gene pool retrieved through the genome-

scale mining strategy and five from our five genes sequence-based strategy. From the total 

amount of 60 tested primer combinations, 17 produced amplicons with single bands in H. 

sect. Cornidia and its outgroups. The amplified regions corresponded to 6 different genes, 

three (AT1G10840—TIF3H1, AT1G63900 and AT5G57410) from the genome-scale mining 

strategy and three (SMC1, SMC2 and MCM5) from the five genes sequence-based strategy. 
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The remaining 43 primer combinations either produced multiple bands or did not amplify in 

H. sect. Cornidia or the outgroups or in both. As first approach portions from two genes 

(TIF3H1 and SMC1 genes), one from each search strategies, were selected for amplification 

in an extended taxon sampling. These genes were selected among the other genes since 

they produced sequences which were easy to assemble and edit.      

 

Figure 6.3 Potential single-copy genes retained in the genome-scale mining strategy. Genes have been ordered 
by their percent of variability among Cornales representatives. Orange bars denote the percent of variable sites 
among the six Cornales taxa, whereas green and blue bars represent the percent of variable sites among the 
four Hydrangeaceae representatives and the two tribe Hydrangeeae taxa, respectively. 
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6.4.3. TIF3H1 and SMC1 structure and phylogenetic utility 

The amplified portion of the TIF3H1 gene consisted of five introns along with its six 

flanking exons (exons VI to XI of A. thaliana, Figure 6.2). The sequenced exon length of the 

TIF3H1 in H. seemannii was 443 bp, close to that found in A. thaliana (578 bp, Figure 6.2). 

However, intron sequence length was considerable higher in H. seemannii (1369 bp) than 

that reported for A. thaliana (581 bp, Figure 6.2). These intron sequence length difference 

was mainly due to the introns located between the exons VII-VIII and X-XI (Figure 6.2). In 

contrast, the central region between exons VIII and X was similar in length between the two 

species, as well as the region between exons VI and VII (Figure 6.2). The region amplified for 

the SMC1 gene included three exons and two introns (Figure 6.2). Similarly to the TIF3H1, 

the SMC1 gene in H. seemannii presented one of its introns (between the exons XIV-XV) 

considerable longer compared to A. thaliana, as well as a length-conserved region between 

exon XIV and XV (Figure 6.2). 

The TIF3H1 gene matrix consisted of 1866 bp of aligned sequence containing 1664 

(89.2%) variable characters and 195 (10%) parsimony informative characters (PICs). The 

strict consensus tree calculated from the analysis of the TIF3H1 gene presented moderate 

resolution (CFI=0.64) and nodal support (NS=0.49, CA=0.56, Figure 6.4). The analyzed matrix 

of the SMC1 gene comprised 1341 characters among which 812 (60.5%) were variable and 

100 (7.45%) parsimony informative. Compared to TIF3H1 gene, the strict consensus tree of 

the SMC1 gene showed lower resolution (CFI=0.49) and nodal support (NS=0.37, CA=0.43, 

Figure 6.5). Combination of both genes produced a matrix of 3207 characters among which 

2476 (77.20%) were variable and 295 (9.19%) parsimony informative. The increased number 

of variable and PCIs resulted in a better resolved (CFI=0.82) and supported (NS=0.58) strict 

consensus tree (CA=0.70, Figure 6.6).  

6.4.4. Hydrangea section Cornidia phylogenetic relationships 

Both individual and combined analyses retrieved a fully supported monophyletic H. 

sect. Cornidia (PP=1.0, Figures 6.4 and 6.6). In contrast, H. subsect. Monosegia was 

recovered as paraphyletic and H. subsect. Polysegia as polyphyletic (Figures 6.4 and 6.6). 

With exception of the SMC1 gene, we recovered H. anomala as sister species of H. sect. 

Cornidia and the Asperae+Platycrater clade as the next closely related clade. The SMC1 gene 
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in contrast retrieved in a polytomy H. anomala, H. involucrata, a clade containing the 

remaining species from the Asperae+Platycrater clade and a monophyletic H. sect. Cornidia.  

With the exception of H. quercifolia from the USA used to root the phylogenetic tree, H. 

anomala and all species of the Asperae+Platycrater clade occur in Eastern and Southern 

Asia. Within H. sect. Cornidia only one representative, H. integrifolia, is distributed in 

Southeast Asia. All other H. sect. Cornidia species grow in the Neotropics extending 

northwards to Northern Mexico and southwards to Chile and Argentina. As recovered in our 

combined analysis, the first diverged lineage is the temperate species H. aff. integerrima 

from Chile. The clade containing the remaining H. sect. Cornidia species is further divided in 

two clades. The first of them contains the Asian species H. integrifolia and the American 

temperate species H. seemannii from Northern Mexico and H. serratifolia from Chile. The 

second clade comprises a large number of tropical species distributed in Central and 

Southern Mexico, Costa Rica, Ecuador and Peru.  

6.5. Discussion 

6.5.1. Nuclear potential single-copy markers for shallow-scale phylogenetics in 

Cornales 

Shallow-scale comparative studies are among the most challenging tasks in plant 

phylogenetics. Reconstruction of fine-scale phylogenetic relationships is frequently 

hampered by the lack of variable and potentially informative characters, particularly at the 

border between species and population level. The addition of rapidly evolving markers is 

therefore central for improving resolution and support at and below species level. Non-

coding parts of nuclear genes, in particular introns, have been shown to be considerably 

more variable than for instance non-coding regions derived from the chloroplast genome, 

such as introns and spacers (Naumann et al., 2011), suggesting nuclear introns to be a 

promising source of data for shallow-scale phylogenetics. We performed two gene screening 

strategies with the aim of recovering a set of nuclear gene regions potentially useful for 

resolving fine-scale phylogenetic relationships in H. sect. Cornidia. These strategies resulted 

in a number of nuclear regions expected to be phylogenetically informative at and below 

species level and to easily amplify and sequence across H. sect. Cornidia and its close 

relatives. 
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Figure 6.4 Phylogram produced by Bayesian inference based on TIF3H1 gene sequences. Posterior probabilities 
≥0.9 are plotted along the respective branches. Accessions with grey highlighting belong to H. subsect. 
Polysegia sensu McClintock (1957). 
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Figure 6.5 Phylogram produced by Bayesian inference based on SMC1 gene sequences. Posterior probabilities 
≥0.9 are plotted along the respective branches. Accessions with grey highlighting belong to H. subsect. 
Polysegia sensu McClintock (1957). 
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Figure 6.6 Phylogram produced by Bayesian inference based on TIF3H1 and SMC1 genes sequences. Posterior 
probabilities ≥0.9 are plotted along the respective branches. Hydrangea section Cornidia species classified by 
McClintock (1957) within H. subsect. Polysegia are denoted by grey bars. A black bar denotes an accession of H. 
preslii, classified by McClintock (1957) under H. subsect. Monosegia, that presented both types of 
inflorescences. Colors indicate distribution of taxa by country. Information on the distribution of H. quercifolia, 
H. involucrata, H. sikokiana, Platycrater arguta, H. longipes, H. sargentiana and H. anomala follows the Flora of 
China (Pan et al., 2001) and McClintock's revision (1957). 
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Our genome-scale mining strategy retrieved 73 prospective SCNG. This gene pool 

represents an important source of DNA sequence data on which the design of highly variable 

nuclear markers can be based. Our approach of targeting the amplification of non-coding 

regions could be potentially applied to fine-scale phylogenetics not only of other 

Hydrangeaceae lineages, but also of lineages from other Cornales families. In particular, 

nuclear marker design could be extended to lineages within Loasaceae and Curtisiaceae 

since transcriptome sequences of one representative from each of these families was 

included in our alignments.  

Furthermore, considering the limitation that no fully sequenced nuclear genome is 

currently available within Cornales (Zimmer and Wen, 2013), the gene pool retrieved 

through our genome-scale mining strategy could represent a valuable genomic resource in 

Cornales phylogenetics. This set of genes presented a wide range of transcriptome variability 

among the sampled Cornales representatives (Figure 6.3) and therefore they could be 

applied as coding regions for a wider and deeper taxonomical range. Markers derived from 

this set of genes could help in addressing long-standing phylogenetic questions in Cornales 

such as the relationships among its families and the controversial position of 

Hydrostachyaceae (see Xiang et al., 2011 for a recent review). 

6.5.2. Phylogenetic utility of the TIF3H1 and SMC1 genes 

Resolution and nodal support retrieved from the combined analysis (CA=0.70, CFI=0.82 

and NS=0.58) of the TIF3H1 and SMC1 genes is higher than that obtained from their 

individual analyses. The increased resolution and support in the combined analysis was in 

agreement with the higher number of PCIs (295), suggesting that the moderate resolution 

and support obtained in the individual analyses was due to the lower amount of informative 

data. When analyzed individually, the TIF3H1 gene performed better (CA=0.56, CFI=0.64 and 

NS=0.49) than the SMC1 gene (CA=0.43, CFI=0.49 and NS=0.37). The TIF3H1 gene provided 

almost twice (195) as many PICs as the SMC1 gene (100), suggesting that the better 

resolution and nodal support recovered by the TIF3H1 gene could correspond to the higher 

amount of PICs.  

Highly supported phylogenetic relationships within and across species recovered by the 

individual genes analyses were in general congruent (Figures 6.4 and 6.5). Observed 
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differences in the gene tree topologies were mainly due to resolved but statistically 

unsupported nodes (Figures 6.4 and 6.5). These results indicate that adding further NSCG to 

our phylogenetic dataset will likely result in an improved and possibly fully resolved and 

supported phylogenetic tree within and among H. sect. Cornidia species. Further studies 

should however consider potential conflicting signal introduced by the addition of new 

markers. Methods that address conflict among gene trees, such as the coalescence-based 

methods (Degnan and Rosenberg, 2009; Song et al., 2012), could be appropriated for a 

future study applying additional nuclear loci.  Possible incongruences among gene trees 

could highlight potential evolutionary events such as hybridization, introgression or 

polyploidization in the group.  

Although the TIF3H1 and SMC1 genes were easily amplified and sequenced across H. 

sect. Cornidia, their ease of amplification decreased in the outgroup. This indicates that the 

applicability of these markers at deeper taxonomic scales will require further primer design 

development. We also observed an increased probability for obtaining multiple amplicons of 

similar size when increasing the taxonomical distance relative to H. sect. Cornidia. In 

particular, some representatives from the Asperae+Platycrater clade, not included in the 

present study, showed multiple bands of similar size. Those cases will require further cloning 

steps if a deeper sampling within that clade is desired. Multiple amplicons in the 

Asperae+Platycrater clade were frequently observed during our lab test of the 60 primer 

combinations. This clade has been reported to present different genome sizes, atypical 

chromosome numbers and varying chromosomal formula relative to other Hydrangea s.s. 

species (Mortreau et al., 2010), possibly explaining the presence of multiple copies across 

several nuclear genes screened in the present study. To our knowledge no phylogenetic 

study has employed the TIF3H1 gene so far, preventing comparisons of its phylogenetic 

utility with other Angiosperm lineages. In contrast, the SMC1 gene has previously been 

employed by Zhang et al. (2012) and has shown its utility to reconstruct phylogenetic 

relationships at deeper taxonomical levels among Angiosperms. In addition to the SMC1 

exons employed by Zhang et al. (2012) we also included introns, that are generally assumed 

to be more variable and therefore potentially more informative for lower taxonomic scales. 

This approach resulted in the resolution of most of the interspecific phylogenetic 

relationships, although intraspecific resolution still limited. 
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Exon variability among the four Hydrangeaceae representatives used in the genome-

scale mining strategy (Figure 1.1) could be an indicator of the expected exon variability 

within H. sect. Cornidia. However, it is difficult to speculate on the amount of variability 

expected from the introns of those markers since mined transcriptome sequences 

exclusively contain coding sequences. Marker selection approaches such as that applied by 

Granados Mendoza et al. (2013b) could be employ by sequencing candidate genes for a 

reduce taxon sampling and subsequently exploring their phylogenetic informativeness using 

Townsend’s (2007) method. 

6.5.3. Monophyly for H. sect. Cornidia but not for its subsections 

All our analyses recovered a fully supported monophyletic H. sect. Cornidia. This result 

is consistent with previous phylogenetic studies including H. sect. Cornidia representatives in 

a deeper taxonomical sampling (Granados Mendoza et al., 2013b; Hufford, 1997; Hufford et 

al., 2001; Jacobs, 2010; Samain et al., 2010). With the exception of the SMC1 gene, that 

showed no resolution for this relationship, our analyses recovered H. anomala (H. subsect. 

Calyptrante sensu McClintock, 1957) as the sister species of H. sect. Cornidia with full 

support.  

In her study, Jacobs (2010) recommended H. sect. Cornidia to be synonymized to H. 

subsect. Calyptrante. Our combined analysis and the individual TIF3H1 gene analysis showed 

H. anomala with a branch length longer than any of the clades and species contained within 

H. sect. Cornidia and longer than the branch subtending H. sect. Cornidia itself. This indicates 

that H. anomala and H. sect. Cornidia considerably differ genetically. Although H. anomala 

and H. sect. Cornidia share the root climbing habit, they differ in being evergreen species 

with leathery leaves, whereas in H. anomala leaves are deciduous and papery. Besides H. 

sect. Cornidia, the evergreen root-climbing habit has independently evolved in the satellite 

genus Pileostegia and Decumaria sinensis which have been previously recovered within a 

clade also containing the deciduous root-climbing species Decumaria barbara and the genus 

Schizophragma (Hufford, 2004). The independent evolution of the evergreen root-climbing 

habit in only three derived lineages of the tribe Hydrangeeae suggests that this character is 

not only ecologically but perhaps also phylogenetically constrained. We therefore 
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recommend maintaining H. sect. Cornidia and H. anomala as two distinct taxonomical 

entities. 

In contrast to the monophyly of H. sect. Cornidia, our phylogenetic framework did not 

recover its subsections Monosegia and Polysegia (sensu McClintock, 1957) as monophyletic. 

As previously described, these subsections were defined based on differences in their 

inflorescence structure. As defined by McClintock (1957), Monosegia species have 

inflorescences composed of a single terminal corymb, whereas Polysegia species present 

inflorescences consisting in cluster of a series of corymbs one above the other. The division 

of H. sect. Cornidia in two subsections based on this morphological character is not 

supported by our results. In addition, during our field observations we detected individuals 

with both types of inflorescences (see section 5.4.2.2), suggesting that constrains directing 

the inflorescence development can vary within a single individual thus supporting our 

phylogenetic finding.  

We here present a preliminary phylogenetic framework of H. sect. Cornidia. Our 

ongoing studies aim to complete our taxonomic sampling with representatives from other 

Latin-American countries where H. sect. Cornidia is distributed, additional species from the 

Asperae+Platycrater clade and H. anomala var. petiolaris. Further research can be focus on 

studying the rise of sexual dimorphism (see section 5.4.2.6), as well as the geographic 

patterns of origin and diversification of the group. Our results on H. sect. Cornidia 

phylogenetic relationships can be integrated with other ongoing phylogenetic studies on the 

tribe Hydrangeeae facilitating the evidently needed taxonomical reorganization of the group. 

A revised classification of the tribe Hydrangeeae (Hydrangea s.l.) will most probably imply 

changing the taxonomic category of H. sect. Cornidia, possibly to the subsectional level (see 

section 8.1), in order to reflect consistently recovered monophyletic groups (i.e. Hydrangea I 

and II clades sensu Samain et al., 2010).  
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6.6. Appendix 

Appendix 6.1 Voucher information of species sequenced for the TIF3H1 and SMC1 genes. Ghent University Botanical Garden accession numbers(1). Reduced taxon 
sampling(2) used for testing the ease of amplification and sequencing of the 14 potential SCNG genes. Collection permits numbers where required by the country are 
001-12-IC-FLO-DNB/MA (Ecuador), SGPA/DGGFS/712/3801/10 (Mexico), 003-2012-SERNANP-JEF, 004-2011-SERNANP-DGANP-JEF and 0271-2011-AG-DGFFS-DGEFFS 
(Peru). 

Species name Voucher Lab 
number 

Garden(1) 
number  

Country, 
State/Province 

Commune/Canton/
State/District Herbarium 

Hydrangea asterolasia Diels Granados M. et al. 
2012-042 391 NA Ecuador, Pastaza Mera GENT, QCNE, HOXA, MEXU 

Hydrangea aff. asterolasia Diels Samain & Martínez S. 
2012-050 347 NA Costa Rica, 

Guanacaste Tilarán CR, GENT, INB, MEXU 

Hydrangea diplostemona (Donn. 
Sm.) Standl. 

Samain & Martínez S. 
2012-061 350 NA Costa Rica, Cartago Turrialba CR, GENT, INB, MEXU 

Hydrangea aff. integerrima  

(Hook. & Arn.) Engl. (2) 
Goetghebeur 12305 441 2000-0638 Unknown Unknown GENT 

Hydrangea integrifolia Hayata Goetghebeur 11302  212 2007-1354 Taiwan Unknown GENT 

Hydrangea jelskii Szyszył. Samain et al. 2012-031 357 NA Peru, Oxapampa Oxapampa GENT, HOXA 

Hydrangea jelskii Szyszył. Granados M. et al. 
2012-003 382 NA Ecuador, Pastaza Zaruma GENT, QCNE, HOXA, MEXU 

Hydrangea jelskii Szyszył. Samain et al. 2011-058 416 NA Peru, Chachapoyas Soloco GENT, USM, MEXU 

Hydrangea jelskii Szyszył. Samain et al. 2011-093 425 NA Peru, Bongará Jumbilla GENT, USM, MEXU 

Hydrangea jelskii Szyszył. Samain et al. 2011-109 428 NA Peru, Bagua Aramango GENT, USM, MEXU 

 

 



Species name Voucher Lab 
number 

Garden(1) 
number  

Country, 
State/Province 

Commune/Canton/
State/District Herbarium 

Hydrangea jelskii Szyszył. Samain et al. 2011-151 431 NA Peru, Cutervo Santo Domingo de 
la Capilla GENT, USM, MEXU 

Hydrangea jelskii Szyszył. Samain et al. 2011-161 434 NA Peru, Oxapampa Oxapampa GENT, USM, MEXU, HOXA 

Hydrangea jelskii Szyszył. Samain et al. 2011-187 439 NA Peru, Huánuco Chinchao GENT, USM 

Hydrangea mathewsii Briq. Samain et al. 2011-040 413 NA Peru, Chachapoyas Leymebamba GENT, USM, MEXU 

Hydrangea nebulicola Nevling & 
Gómez Pompa 

Samain & Martínez S. 
2011-217 284 NA Mexico, Querétaro Landa GENT, MEXU 

Hydrangea nebulicola Nevling & 
Gómez Pompa 

Samain & Martínez S. 
2011-215 285 NA Mexico, Puebla Zacatlán GENT, MEXU 

Hydrangea nebulicola Nevling & 
Gómez Pompa 

Samain & Martínez S. 
2011-214 286 NA Mexico, Veracruz Yecuatla GENT, MEXU 

Hydrangea nebulicola Nevling & 
Gómez Pompa 

Samain & Martínez S. 
2011-194 296 NA Mexico, Hidalgo Tlanchinol GENT, MEXU 

Hydrangea oerstedii Briq. Granados M. et al. 
2012-043 392 NA Ecuador, Pastaza Mera GENT, QCNE, HOXA, MEXU 

Hydrangea oerstedii Briq. Samain et al. 2011-092 424 NA Peru, Moyobamba Jepelacio GENT, USM, MEXU 

Hydrangea aff. oerstedii Briq. Samain & Martínez S. 
2012-045  341 NA Costa Rica, 

Guanacaste Tilarán CR, GENT, INB, MEXU 

Hydrangea aff. peruviana Moric. Granados M. et al. 
2012-016 385 NA Ecuador, Zamora- 

Chinchipe Zamora GENT, QCNE, HOXA, MEXU 

 
 



 

Species name Voucher Lab 
number 

Garden(1) 
number  

Country, 
State/Province 

Commune/Canton/
State/District Herbarium 

Hydrangea aff. peruviana Moric. Granados M. et al. 
2012-021 386 NA Ecuador, Morona- 

Santiago Morona GENT, QCNE, HOXA, MEXU 

Hydrangea aff. peruviana Moric. Granados M. et al. 
2012-077 399 NA Ecuador, Napo Archidona GENT, QCNE, HOXA, MEXU 

Hydrangea aff. peruviana Moric. Granados M. et al. 
2012-078 400 NA Ecuador, Napo Archidona GENT, QCNE, HOXA, MEXU 

Hydrangea aff. peruviana Moric. Samain et al. 2011-046 414 NA Peru, Chachapoyas Leymebamba GENT, USM, MEXU 

Hydrangea aff. peruviana Moric. Samain et al. 2011-056 415 NA Peru, Chachapoyas San Francisco de 
Daguas GENT, USM, MEXU 

Hydrangea aff. peruviana Moric. Samain et al. 2011-068 419 NA Peru, Rioja Pardo Miguel GENT, USM, MEXU 

Hydrangea aff. peruviana Moric. Samain et al. 2011-103  427 NA Peru, Bongará Jumbilla GENT, USM, MEXU 

Hydrangea preslii Briq. Granados M. et al. 
2012-010  384 NA Ecuador, Loja Loja GENT, QCNE, HOXA, MEXU 

Hydrangea preslii Briq. Granados M. et al. 
2012-026 387 NA Ecuador, Morona- 

Santiago Macas GENT, QCNE, HOXA, MEXU 

Hydrangea preslii Briq. Granados M. et al. 
2012-064 396 NA Ecuador, Napo Quijos GENT, QCNE, HOXA, MEXU 

Hydrangea preslii Briq. Granados M. et al. 
2012-069 398 NA Ecuador, Pichincha Quito GENT, QCNE, HOXA, MEXU 

Hydrangea preslii Briq. Granados M. et al. 
2012-084 401 NA Ecuador, Napo Archidona GENT, QCNE, HOXA, MEXU 

 

 



Species name Voucher Lab 
number 

Garden(1) 
number  

Country, 
State/Province 

Commune/Canton/
State/District Herbarium 

Hydrangea seemannii L. Riley (2) Goetghebeur 10991  168 2007-0715 Mexico Unknown GENT 

Hydrangea serratifolia (Hook. & 
Arn.) F. Phil. Granados M. et al. 508 374 NA Chile, Chiloé Ancud GENT, CONC 

Hydrangea serratifolia (Hook. & 
Arn.) F. Phil. Granados M. et al. 514  377 NA Chile, Osorno Puyehue GENT, CONC 

Hydrangea serratifolia (Hook. & 
Arn.) F. Phil. Granados M. et al. 527  379 NA Chile, Cautín Cunco GENT, CONC 

Hydrangea serratifolia (Hook. & 
Arn.) F. Phil. Granados M. et al. 538 380 NA Chile, Cauquenes Pelluhue GENT, CONC 

Hydrangea serratifolia (Hook. & 
Arn.) F. Phil. Granados M. et al. 540 381 NA Chile, San Clemente San Clemente  GENT, CONC 

Hydrangea sprucei Briq. Samain et al. 2011-084 421 NA Peru, Lamas Tabalosos GENT, USM, MEXU 

Hydrangea sprucei Briq. Samain et al. 2011-116 429 NA Peru, Bagua Aramango GENT, USM, MEXU 

Hydrangea sprucei Briq. Samain et al. 2011-173 435 NA Peru, Oxapampa Huancabamba GENT, USM, MEXU 

Hydrangea sprucei Briq. Samain et al. 2011-174  436 NA Peru, Oxapampa Pozuzo GENT, USM, MEXU 

Hydrangea steyermarkii Standl. Samain et al. 2012-010 313 NA Mexico, Chiapas Cacahoatán CHIP, GENT, MEXU 

Hydrangea tarapotensis Briq. Samain et al. 2011-089 423 NA Peru, Moyobamba Jepelacio GENT, USM, MEXU 

Hydrangea sp. Samain et al. 2011-200 290 NA Mexico, Chiapas Tapalapa CHIP, GENT, MEXU 

       

 
 



 

Species name Voucher Lab 
number 

Garden(1) 
number  

Country, 
State/Province 

Commune/Canton/
State/District Herbarium 

Hydrangea sp. Samain & Martínez S. 
2011-193 

297 NA Mexico, Veracruz Chontla GENT, MEXU 

Hydrangea sp. Samain et al. 2012-019 305 NA Mexico, Chiapas Ocosingo CHIP, GENT, MEXU 

Hydrangea sp. Samain et al. 2012-013 310 NA Mexico, Chiapas Cacahoatán CHIP, GENT, MEXU 

Hydrangea sp. Samain et al. 2012-007 314 NA Mexico, Chiapas Tapalapa CHIP, GENT, MEXU 

Hydrangea sp. Samain et al. 2012-004 317 NA Mexico, Chiapas Cintalapa CHIP, GENT, MEXU 

Hydrangea sp. Samain & Martínez S. 
2012-002 318 NA Mexico, Chiapas Berriozabal GENT, MEXU 

Hydrangea sp. Samain & Martínez S. 
2012-038 338 NA Costa Rica, Heredia Barva CR, GENT, INB, MEXU 

Hydrangea sp. Samain & Martínez S. 
2012-049 346 NA Costa Rica, 

Guanacaste Tilarán CR, GENT, INB, MEXU 

Hydrangea sp. Samain & Martínez S. 
2012-063 351 NA Costa Rica, 

Puntarenas Osa CR, GENT, INB, MEXU 

Hydrangea sp. Granados M. et al. 
2012-040 389 NA Ecuador, Pastaza Mera GENT, QCNE, HOXA, MEXU 

Hydrangea sp. Granados M. et al. 
2012-041 390 NA Ecuador, Pastaza Mera GENT, QCNE, HOXA, MEXU 

Hydrangea sp. Granados M. et al. 
2012-086 402 NA Ecuador, Orellana La Joya de los 

Sachas GENT, QCNE, HOXA, MEXU 

       

 

 



Species name Voucher Lab 
number 

Garden(1) 
number  

Country, 
State/Province 

Commune/Canton/
State/District Herbarium 

Hydrangea sp. Granados M. et al. 
2012-097 404 NA Ecuador, Napo Quijos GENT, QCNE, HOXA, MEXU 

Hydrangea sp. Samain et al. 2011-064 418 NA Peru, Chachapoyas Soloco  GENT, USM, MEXU 

Hydrangea sp. Samain et al. 2011-157  433 NA Peru, Oxapampa Oxapampa GENT, USM, MEXU, HOXA 

Hydrangea sp. Samain et al. 2011-186 438 NA Peru, Huánuco Chinchao GENT, USM 

Outgroup taxa 

Hydrangea anomala D. Don(2,3) Goetghebeur 11007  20 2007-0627 Unknown Unknown GENT 

Hydrangea involucrata Siebold(3) Goetghebeur 10995  39 1998-0525 Japan Unknown GENT 

Hydrangea longipes Franch. (2,3) Goetghebeur 11200  75 2005-1532 Unknown Unknown GENT 

Hydrangea quercifolia Bartram(2,3) Goetghebeur 11319  98 1997-1102 U. S. A. Unknown GENT 

Hydrangea sargentiana Rehder(3) Goetghebeur 10999 81 1982-1954 Unknown Unknown GENT 

Hydrangea sikokiana Maxim. (3) Goetghebeur 11209 25 2005-1611 Unknown Unknown GENT 

Platycrater arguta Siebold & Zucc. 

(2,3) Goetghebeur 12304 440 2010-2507 Unknown Unknown GENT 

 

 
 



 

7. Bouldering: An alternative strategy to long-
vertical climbing in root-climbing lianas 

 

This chapter corresponds to an unpublished manuscript:  

Granados Mendoza, C., Isnard, S., Charles-Dominique, T., Van den Bulcke, J., Rowe, 

N.P., Van Acker, J., Goetghebeur, P., Samain, M.-S., In prep. Bouldering: An alternative 

strategy to long-vertical climbing in root-climbing lianas. J. R. Soc. Interface. 

 

7.1. Abstract 

Defining the extent to which species modify their phenotype to exploit their 

environment is central for understanding species diversification, distribution, invasiveness 

and response to climate change. Investigating growth form plasticity in root-climbers of H. 

sect. Cornidia (Hydrangeaceae), we tested the hypothesis that support variability (e.g. 

differences in size and shape) promotes plastic responses observable at the mechanical, 

structural and anatomical level. Stem bending properties, architectural axis categorization, 

tissue organization and wood density were compared between boulder and long-vertical 

tree-climbers of Hydrangea seemannii. A second closely related species was used to 

compare its material mechanical patterns to that of a strictly long-vertical tree-climber. 

Hydrangea seemannii has a general sympodial organization composed of five architectural 

axis categories, a pattern of general decrease in material stiffness during development and a 

basic stem tissue organization characteristic of climbing plants. Plastic responses to support 

variability were observed at the architectural and anatomical levels, but barely supported by 

material mechanical properties. We propose that H. seemannii presents two climbing 

strategies influenced by the nature of the support. We discuss the adaptive value of 

observed plastic responses and the importance of considering growth form plasticity in 

evolutionary and conservation studies. 
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7.2. Introduction 

Phenotypic plasticity, the ability to express alternative phenotypes by a single genotype 

in response to different environmental conditions (Sultan, 2000), is known to modulate the 

ecological success and evolutionary history of plant species (Coleman et al., 1994; Moczek et 

al., 2011; Nicotra et al., 2010; Noel et al., 2007; Sultan, 2004; Uller, 2008; Wund, 2012). 

Plant-environment interactions are numerous and complex, producing a continuum of 

growth form variations, where absolute categorization is often difficult to provide (Isnard et 

al., 2012; Lahaye et al., 2005; Ménard et al., 2009; Wagner et al., 2012).  

A number of exogenous conditions such as elevation, light incidence, forest openness, 

as well as availability and variability of supports are known to modulate plant development 

(Arbonnier, 2004; Charles-Dominique et al., 2012, 2010; Exell, 1978; Gallenmüller et al., 

2004, 2001; Gartner, 1991a, 1991b; Ménard et al., 2009; Stecconi et al., 2010). Several 

species vary according to the availability of supports alternatively growing as self- or non-

self-supporting individuals (Arbonnier, 2004; Cremers, 1973; Exell, 1978; Gallenmüller et al., 

2004; Gartner, 1991a, 1991b; Hallé et al., 1978; Ménard et al., 2009). Lianas are recognized 

as important elements of forest dynamics and diversity (Rowe and Speck, 2005; Rowe et al., 

2006; Schnitzer and Bongers, 2002). Their specialized pattern of mechanical development 

and morphological innovations linked to a climbing habit are considered to be key factors for 

their ecological competiveness and evolutionary success (Gentry, 1991; Ingwell et al., 2010; 

Rowe et al., 2006; Van Der Heijden and Phillips, 2008). Attachment methods, such as 

tendrils, hooks, twining stems and adventitious roots allow climbing plants to access a varied 

range of natural and artificial substrates (Dewalt et al., 2000; Melzer et al., 2012; Niklas, 

2011; Rowe et al., 2006).  

Among climbing plants, root-climbers differ from other vines or lianas in a number of 

morphological, ecological and mechanical properties (Durigon et al., 2013; Rowe et al., 

2006). Root-climbers evolved in few Angiosperm families, e.g. Anacardiaceae, Araliaceae, 

Marcgraviaceae, Melastomataceae, Moraceae, Myrtaceae, Piperaceae and Hydrangeaceae 

(Hallé et al., 1978; Isnard et al., 2012; McClintock, 1957). In Hydrangeaceae, the root-

climbing habit has independently evolved in the nearly exclusively Asian clade consisting of 

the genera Pileostegia, Schizophragma and Decumaria and the mainly Neotropical clade 
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including H. sect. Cornidia and its sister species H. anomala from Asia (Granados Mendoza et 

al., 2013b; Samain et al., 2010). Herbarium records and literature frequently indicate that 

growth forms in H. sect. Cornidia include not only lianas, but also shrubs and even trees 

(Christenhusz, 2009; Freire, 1999; Gentry, 1993; Jørgensen and Ulloa, 1994; Liesner, 1993; 

McClintock, 1957; Pennington et al., 2004). 

The intraspecific growth form variation in H. sect. Cornidia reported by botanical 

collectors and authors is noteworthy since it involves two growth forms with markedly 

different anatomical properties, as well as mechanical and morphological architectures (i.e. 

lianas vs. shrubs). Mechanical architecture of lianas, is characterized by a decrease in 

material stiffness –Young's modulus (E) with increasing stem diameter, whereas shrubs and 

trees exhibit an opposite pattern increasing their E and producing more rigid tissues at older 

developmental stages (Speck et al., 2004). Morphology is likewise well differentiated, with 

lianas presenting a stem growth strategy mainly focused on elongation rather than 

thickening as observed in shrubs and trees (Hallé et al., 1978; Isnard et al., 2003). 

During extensive field work throughout the Neotropical distribution area of H. sect. 

Cornidia, we have never observed fully self-supporting juvenile or adult individuals. In 

cultivation, seedlings of the H. sect. Cornidia species Hydrangea seemannii bend over during 

early growth stages in absence of support (Marc Libert, Ghent University, Belgium, pers. 

comm.). In their natural habitat, all mature individuals of H. sect. Cornidia develop a major 

climbing portion secured either on rock or tree surfaces. However, several species are 

characterized by a robust self-supporting apical portion producing a “shrub-like” appearance 

above the supporting rock or host tree canopy. Previous inconsistent reports on the growth 

form of H. sect. Cornidia illustrate the lack of accurate growth form characterization for the 

group. Furthermore, our field observations indicate the need for detailed comparative 

studies to interpret the presumably intraspecific growth form variability in H. sect. Cornidia. 

To our knowledge, only one study has addressed growth form variability in Hydrangea 

s.s. (Kaneko and Homma, 2006), finding that the lianescent taxon H. anomala var. petiolaris 

presents significantly higher biomass allocation in its main stem and lower allocation in 

underground roots relative to three shrubby species (H. paniculata, H. macrophylla and H. 

hirta), while no significant differences were found for biomass allocation in leaves. 
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Studies combining plant biomechanics and anatomy offer a comprehensive method for 

characterizing growth form variation (Frenzke et al., 2011; Isnard et al., 2003; Lahaye et al., 

2005; Niklas, 1992; Rowe and Speck, 1998; Speck et al., 2004). Furthermore, plant 

architecture provides a powerful method to assess endogenous developmental processes 

and isolate them from phenotypic plasticity triggered by environmental conditions 

(Barthélémy and Caraglio, 2007; Stecconi et al., 2010). 

We investigate to what extent environmental factors, particularly differences in support 

size and shape, promote growth form plasticity in H. sect. Cornidia species. We focus on the 

adult phase of development when many lianas experience a conspicuous shift in growth 

behavior when reaching the canopy (Cremers, 1973, 1974; Hallé et al., 1978). This change in 

growth behavior is promoted by a series of co-varying environmental conditions including 

loss of physical support and increased light exposure. Comparing long-vertical climbing 

surfaces with shorter rounded ones could thus provide a reference framework to which 

growth form plasticity could be contrasted. Early increased light exposure and premature 

loss of physical support could lead to structural, mechanical and anatomical plastic 

responses. We focus on H. seemannii, the only temperate H. sect. Cornidia representative of 

the northern hemisphere, which has been reported both as liana and shrub. This species 

exhibits two contrasting climbing phenotypes: 1) long-vertical climbers on both coniferous 

trees and vertical rock walls, and 2) boulder-climbers. The architectural construction, stem 

bending properties, wood density and tissue organization of these contrasting phenotypes 

are examined, and compared with mechanical properties of another strictly long-vertical 

tree-climbing H. sect. Cornidia species.  

Our study is directed towards answering three specific questions. Firstly, do H. 

seemannii boulder and long-vertical tree-climbers differ in their morphological and 

mechanical architectures? If so, can this be considered growth form plasticity resulting from 

variability in support type? Secondly, what are the architectural, mechanical and anatomical 

traits underlying this plasticity? And thirdly, how do mechanical properties of a taxon with 

"high phenotypic plasticity" differ from the properties characterizing a taxon with "low" 

phenotypic plasticity and restricted to one type of climbing support? 
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7.3. Materials and methods 

7.3.1. Sampling and habitat description 

Specimens of Hydrangea seemannii were collected in the Santa Bárbara canyon (Pueblo 

Nuevo, Durango) located in northern Sierra Madre Occidental of Mexico (1050-2750 m 

elevation). This locality is a temperate sub-humid coniferous forest where H. seemannii is 

the only lianescent representative (García-Arévalo, 2008). Frosts and occasional snowfall 

occur in winter (annual mean temperature: 11.5°C, maximum 21.1°C, minimum 1.9°C; 

annual mean precipitation: 937.7 mm; 1951-2010). The Santa Bárbara locality comprises a 

relatively flat area at the top of a canyon, and includes a complex range of habitats with 

variously-sized igneous rock outcrops –including long-vertical rock walls and boulders, small 

waterfalls, perennial streams and a forest understory densely covered by a thick layer of 

moss. The root-climber H. seemannii locally occurs in a considerable forest area and exhibits 

two different climbing phenotypes. The first one includes lianescent individuals climbing on 

tree trunks (e.g. Cupressus and Pseudotsuga) and high vertical rocks walls, and the second 

comprises plants that are basally anchored to small or medium-sized boulders producing a 

“shrub-like” form that protrudes well above the boulder surface. In total, four mature 

individuals, two per climbing phenotype, were sampled for mechanical, anatomical and 

architectural axis characterization. 

For comparisons of mechanical properties, a second Hydrangea species was sampled. 

This species is new to science and is herein referred as H. sp. 1. It is native to tropical humid 

forests of the Sierra de Los Tuxtlas, an isolated mountain range along the southeastern coast 

of the Gulf of Mexico in the state of Veracruz (950-1300 m elevation). Contrary to H. 

seemannii, H. sp. 1 climbs exclusively on trees. Although rock outcrops are present in its 

habitat, this species was not found growing on any rock surface. In contrast to the H. 

seemannii habitat, the tropical forests of this region are characterized by numerous climbing 

taxa (Campos Villanueva et al., 2004). In total, three specimens of H. sp. 1 were collected 

from two different localities in the municipalities of San Andrés Tuxtla and Soteapan. The 

first of these localities is an extremely humid cloud forest with north-exposed slopes in the 

Sierra de Santa Marta – a mountain range of volcanic origin (ca. 1300 m elevation). The 

second locality is located in a relatively flat rainforest area (ca. 1050 m elevation) dominated 
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among others by Lauraceae tree species (e.g. Persea and Nectandra). The H. sp. 1 collection 

zones are characterized by an average annual mean temperature of 24.3°C (maximum 

28.4°C and minimum 20.2°C) and an average annual mean precipitation of 4183 mm (1951-

2010). 

Due to their root-climbing nature, portions of selected individuals were carefully 

detached by hand and cut at their base. Shoots growing along the forest floor and rhizomes 

were not collected. Higher portions of tree-climbing individuals were not accessible due to 

their high position on the supporting tree canopy. Although numerous localities of H. 

seemannii are known and despite its local abundance, it has been suggested to be at risk 

because of habitat destruction, timber extraction and climate change (Granados Mendoza et 

al., 2010). Also the H. sp. 1 habitat continues to be destroyed either by human activities or 

local fires suggesting the species to be critically endangered (own observations). Since 

biomechanical and anatomical measurements are destructive, only a minimal number of 

stems were sampled after careful evaluation of the local abundance of each species and 

considering their ability to re-sprout from rhizomes or shoots present on the forest floor. 

7.3.2. Architectural analysis 

Plant axes of H. seemannii adult individuals were described morphologically following 

the revised concepts and methods in Barthélémy and Caraglio (2007). All stems of each 

sampled individual were categorized in terms of: 1) axis habit, whether the stem was clinging 

on trees or boulders (climbing), or standing independent of any surface (self-supporting); 2) 

branching pattern, considered as rhythmic when the stem branches were distributed in tiers 

or not branched; 3) growth direction, whether stems' growth direction followed that of the 

contact surface (thigmotropic), was generally vertical (orthotropic), horizontal (plagiotropic), 

mixed with a thigmotropic proximal portion and a plagiotropic distal end, or without precise 

growth direction; 4) presence or absence of adventitious roots; 5) ability to flower; 6) 

symmetry, whether the leaves and branches of a stem were disposed in all spatial directions 

(radial) or in one plane (bilateral); and 7) relative growth unit length. Number of axis 

categories was defined by differences in the above-mentioned morphological features and 

their function as supporting and/or resource acquisition structures. As revised by 
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Barthélémy and Caraglio (2007), different axis types might arise from the same node and 

therefore distribution of axis categories may not equal branching order. 

7.3.3. Bending tests  

Stem segments of both Hydrangea species were subjected to three-point-bending tests 

following standard methods for estimation of flexural rigidity EI (Nmm2), second moment of 

area I (mm4) and Young's modulus E (MPa), thoroughly explained elsewhere (e.g. Lahaye et 

al., 2005; Rowe et al., 2006; Wagner et al., 2012). Segments were not debarked but if 

present, adventitious roots were cut parallel and close to the stem surface. Measured 

segments represented all architectural axis categories except for the most distal axis (C5 

axes described below), since they lacked appropriate span-to-depth ratios. Similarly, the 

number of large-diameter axes for boulder-climbers was limited because of their irregular 

and curved geometries resulting from climbing on the boulder surface. 

7.3.4. Stem anatomy 

Selected mechanically-tested segments were processed for anatomical observations 

following standard techniques. Seventeen to 18 segments per type of support (tree/boulder) 

were selected and categorized into two stem diameter classes: 1) <5.3 mm, corresponding 

to early growth developmental stages and 2) ≥5.3 mm, in the phase of differentiation and 

establishment of the mature anatomical organization. Segments were sectioned transversely 

with a vibratome (Microtome Hyrax-V50, Carl Zeiss MicroImaging GmbH Jena, Germany) or 

with a standard sliding wood microtome. Sections (25-140 µm thick) were stained with 

carmine green or toluidine blue for distinguishing lignified from non-lignified tissues (Isnard 

et al., 2012) and photographed with a digital camera (Olympus-DP71) mounted on a 

transmitted light compound microscope (Olympus-BX51) or a dissecting microscope 

(Olympus-SZX9). Tissues transverse-sectional area outlines were analysed with the software 

package Image J 1.46r (Rasband, 2012). 

Contribution of parenchymatous pith, lignified pith along with wood and soft outer 

cortical tissues (including cortex, secondary phloem and periderm) to the total transverse-

sectional area (CPA, CWA and CSA, respectively) and to the total transverse-sectional I (CPI, 

CWI and CSI, respectively) were determined. Pith eccentricity (PE) of wide climbing segments 

137 

 



was accounted by establishing the parenchymatous pith's geometric center as the center of 

area for the total transverse-section and the ellipses formed by the wood along with pith 

and the pith itself. A formula for elliptical second moment of area 𝐼 = 0.25𝜋(𝑎3)(𝑏) was 

applied for the parenchymatous pith and the total transverse-section, and a formula for 

elliptical rings 𝐼 = 0.25𝜋[(𝐴3 ∗ 𝐵) − (𝑎3 ∗ 𝑏)] was used for wood along with lignified pith 

and outer cortical soft tissues rings (Figure 7.1). PE was estimated by the distance between 

the transverse-section's and parenchymatous pith geometric centers (α and β, respectively), 

expressed as a percentage of the mean transverse-section's radius (Figure 7.1). 

 

Figure 7.1 Schematic representation of a transverse-section from a climbing stem with eccentric pith. Grey 
dotted lines denote major (A) and minor (B) radius of wood along with pith cylinder, white braces denote pith's 
major (a) and minor (b) radius. α and β indicate total transverse-section and pith's geometric centers, 
respectively. 

7.3.5. Wood densitometry 

Wood densitometry scans were performed with the Nanowood scanner (Dierick et al., 

submitted) at the Center for X-ray Tomography of the Ghent University (UGCT, 

http://www.ugct.ugent.be). Ten segments above 7.4 mm in diameter and corresponding to 

the main C1 axis category were selected, i.e. five segments for each climbing phenotype. 

One disc of uniform thickness of 0.5 cm was sectioned per segment, gradually dehydrated in 
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a series of alcohol and subsequently air dried. Two helical scans (5 discs per scan) were 

performed at 60kV and 90mA scanning approximately 1 hour with a rotation step size of 

0.36°. Reconstructions were performed with Octopus, a tomography reconstruction package 

for parallel, cone-beam and helical geometry (Masschaele et al., 2007). The reconstructed 

grey scale volumes were converted to specific gravity, further referred as wood density (WD, 

kgm-3) following the standard protocol adopted from De Ridder et al. (2011). The obtained 

scan resolution was 15 µm pixel-1. 

7.3.6. Statistical analyses 

Normal distribution of variables and residuals was tested by the Kolmogorov-Smirnov or 

Shapiro-Wilk tests, assuming normality at significance values >0.1. Not normally distributed 

variables were normalized by transformation to their base- 10 logarithm. All variables were 

screened for differences between H. seemannii climbing phenotypes through a nested 

Analyses of Variance (ANOVA) with climbing phenotype as fixed factor and individuals as 

random nested factor within climbing phenotypes (null hypothesis, H0: no difference 

between climbing phenotypes). Comparisons were performed considering the entire 

developmental range and making distinction between the stem diameter classes defined 

above. The same analysis was used to compare mechanical properties among H. seemannii 

climbing phenotypes and H. sp. 1 (H0: no differences between cases), applying the multiple 

comparisons test with Bonferroni correction if significant differences were detected and 

including segments ≥5.3 mm. Null hypotheses in nested ANOVA tests were rejected at P 

<0.05. 

7.4. Results 

7.4.1. Architectural analysis of H. seemannii 

In the Santa Bárbara canyon, H. seemannii was observed climbing on trees, long-vertical 

rock walls and boulders by means of unbranched adventitious roots (Figures 7.2 and 7.3). 

The species has a general sympodial organization consisting of a succession of branched 

modules (Figure 7.2C). At the beginning of development, these modules branch from a sub-

terminal position below the dead apex (Figure 7.2C). Later in development, the modules first 

follow the support and then gradually change in growth direction tending to plagiotropy and 
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laterally extending away from the support (Figures 7.2C and 7.3A). The new module then 

emerges from the zone of change in growth direction composing a self-supporting 

plagiotropic unit (Figures 7.2C, 7.3A and 7.4A). 

Five axis categories compose the H. seemannii architectural unit (Table 7.1): 

C1: This axis category builds the main supporting structure of the plant measuring up to 

5 m in length (Figures 7.2, 7.3 and 7.4A,C). This monopodial axis, which undergoes relatively 

extensive secondary growth, is perennial and supports all other axis categories. Its rhythmic 

branching (Figure 7.2) is marked by variation in internode length, size of leaves and presence 

of cataphylls that are rapidly lost. During plant development, this axis is first climbing and 

later becomes self-supporting tending to plagiotropic growth (Figures 7.2C and 7.3A). 

C2: This climbing axis category branches from C1 axes with an angle of about 50-60° 

(Figures 7.2A, 7.3A, and 7.4A). It is similar to C1 axes, differing in a reduced production of 

secondary growth, a shorter life span and an entirely climbing habit. C2 along with C1 axes 

constitute the main supporting and perennial structure of the plant. Axis categories C3-C5 

can branch from C2 axes. 

C3: This self-supporting axis is up to 50 cm long (Figures 7.2C, 7.3A and 7.4A-B). It differs 

from any other axis category by its orthotropic growth direction and radial symmetry. They 

are frequently built of about one to two growth units, and growth is terminated by the decay 

of the apical meristem (Figures 7.3A and 7.4B). C3 axes contribute both to the main 

structure and resource acquisition by exposing leaves in forked partial reiterations and 

supporting C4 and C5 axes (Figures 7.2C, 7.3 and 7.4A-B). 

C4: This short self-supporting axis (up to 25 cm long) is characterized by its plagiotropic 

growth direction (Figures 7.2, 7.3A and 7.4C). C4 axes also form forks and constitute the 

exploitation plant structure by laterally displaying leafy C5 axes on a horizontal plane and 

expanding leaves from the support. 
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C5: This small self-supporting axis category is less than five cm long and has a bilateral 

symmetry (Figure 7.4). C5 axes exhibit a large ratio of leaves area versus wood investment. 

This axis does not have any defined growth orientation and has a short life span. 
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 C1 C2 C3 C4 C5 

Axis habit Climbing/Self-supporting Climbing Self-supporting Self-supporting Self-supporting 

Branching pattern Rhythmic Rhythmic Rhythmic Rhythmic Not branched 

Growth direction Thigmotropic/ Plagiotropic Thigmotropic Orthotropic Plagiotropic No precise growth direction 

Adventitious roots Present/Absent Present Absent Absent Absent 

Flowering ability No No Yes Yes No 

Symmetry Bilateral Bilateral Radial Bilateral Bilateral 

Growth unit length ≤5 m ≤1 m ≤50 cm ≤25 cm ≤5 cm 

Table 7.1 Summary of morphological features defining the five axis categories composing H. seemannii architectural organization. 

 

 

  

 
 



 

 

Figure 7.2 Hydrangea seemannii long-vertical climbing habit. Schematic representations and pictures of young (A-B) and mature tree (C-D) and rock wall (E) climbing 
individuals in their natural habitat. (A-B) Rhythmic branching is illustrated in the young individual by its regularly-arranged lateral self-supporting axes departing from 
the main C1 climbing axis. (C) Change in growth direction is observed in C1 axes (top left C1 axis enclosed in grey dotted line), where apical portions lose contact with 
the support and laterally exhibit a self-supporting and plagiotropic segment. (E) Black arrow points to a main climbing C1 axis detached from the rock wall surface. Red 
crosses indicate dead apices. Abbreviation r is for adventitious roots.  

 

 



 

 

 

 

Figure 7.3 Hydrangea seemannii bouldering habit. (A-C) Schematic representation and pictures of a mature individual in its natural habitat. (A) The main C1 axis 
changes its growth direction after reaching the end of the supporting boulder (denoted by an asterisk). Several C3 orthotropic axes arise from the main C1 self-
supporting axis portion, while C2 axes solely arise from the main C1 climbing axis portion. C4 axes are scarce and arise from the C1 main axis. (C) Main C1 axis exhibits 
short modules closely following the sinuous boulder's surface. Red crosses indicate dead apices. Abbreviation r is for adventitious roots. 

 

 

 

  

 
 



 

 

Figure 7.4 Detail of architectural axis categories in H. seemannii. (A) Axis category C1 forming the main axis of 
the plant structure. Here the apical portion exhibits change in growth direction (denoted by an asterisk), loses 
contact with its support and bears C3 and C5 axis categories. (B) An orthotropic C3 axis forming forked partial 
reiterations and bearing a C5 axis. (C) Axis category C1, forming long running axes with unbranched 
adventitious roots and following the support. C1 axis category is here shown laterally bearing all other axis 
categories, except for C3. Crosses indicate dead apices. Abbreviation r is for adventitious roots. 

7.4.2. Variation in architecture relative to support 

When climbing on shaded, vertical and long tree trunks and rock walls, H. seemannii 

modules are very long and the structural axis categories C1 and C2 cling on their support 

along most of their length and for most of their life span (Figure 7.2). Then the main 

structural C1 axis progressively changes its growth direction by laterally producing 

plagiotropic self-supporting modules that increase their frequency towards the end of the 

support (Figure 7.2C). In the young tree-climber a main monopodial axis rhythmically 

branches by mostly producing thigmotropic C2 axes, which distally bear abundant leafy C4 

axes (Figures 7.2A and 7.6B). At this early plant developmental phase, few orthotropic C3 

axes are produced (Figure 7.6B). Sympodial C1 axes of mature tree-climbing individuals 

laterally branch by regularly producing leafy C4 axes along most of their length, while 
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orthotropic C3 axes become more abundant towards the apex of the plant (Figures 7.2C and 

7.6A). Conversely to young tree-climbers, mature tree-climbing individuals barely produce 

thigmotropic C2 axes (Figures 7.2C, and 7.6A-B). 

Plants growing on boulders produce shorter modules during the climbing phase, tightly 

following the boulders' uneven contour (Figure 7.3A,C). Contrary to long-vertical climbers, 

main C1 axes of bouldering plants undergo a conspicuous change in their modules' growth 

behavior from thigmotropic on the boulder surface to plagiotropic above the boulder (Figure 

7.3A-B). Due to their thigmotropic growth behavior, C2 axes are then restricted to a short 

basal climbing phase of bouldering plants (Figures 7.3A and 7.6C-D). Bouldering plants are 

characterized by an increased production of orthotropic C3 axes which develop almost 

entirely from the self-supporting and plagiotropic portion of the main C1 axes. Leafy C4 axes 

are rather scarce, and if present, develop either from C1 or C3 axes (Figures 7.3A and 7.6C-

D). 

7.4.3. Mechanics of H. seemannii climbing phenotypes 

Long-vertical climbers and bouldering plants showed highly similar mechanical patterns, 

characterized by a decrease in E towards large-diameter segments with E ranging from 500 

to 2300 MPa (Figure 7.5). Segments up to 6.7 mm in diameter were characterized by a wide 

range of E values largely overlapping among axis categories and highly varying within them 

(Figure 7.5). Larger-diameter segments, constituted exclusively by the main structural axis 

C1, generally exhibited lower E values being slightly lower in tree-climbers than in boulder-

climbers (Figure 7.5). Climbing phenotypes showed no significant differences in E, either 

considering the entire developmental range (P=0.658) or within the two stem diameter 

classes, where only low P values were retrieved for the large stem diameter class (Table 7.2). 

Similarly, climbing phenotypes showed no general significant differences for EI (P=0.144) or I 

(P=0.156) with similar results within the two stem diameter classes (Table 7.2). 

Regarding the mechanical pattern throughout the plant architecture, main climbing 

axes C1 and C2 of the mature boulder and tree-climber individuals exhibited low and 

relatively stable E values (Figure 7.6A,C-D). Higher and more variable E values were found 

along a reiteration from a mature tree-climbing individual (Figure 7.6A, arrow) and along the 

main climbing axis of a young tree-climber (Figure 7.6B). E of all axis categories generally 
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increased in proximal segments of branches and decreased in stiffness in distal branch 

segments with small diameters (Figure 7.6A-C). 

 

Figure 7.5 Material mechanical properties of architectural axes and climbing phenotypes. Young's modulus as a 
function of mean diameter. Hydrangea seemannii tree and boulder-climbers are denoted by solid and empty 
circles, respectively. H. sp. 1 is denoted by small black crosses. 

7.4.4. Mechanical comparison with a strictly tree-climbing species 

Hydrangea sp. 1 exhibited a general decrease in E through development, showing a 

steep increase in E for diameter segments up to 5 mm with maximal E values at around 2600 

MPa (Figure 7.5). Above 5 mm in diameter a sudden decrease in E occurred, followed by a 

more attenuate decrease towards larger diameter segments (Figure 7.5). No significant 

differences were detected in E among H. sp. 1 and H. seemannii climbing phenotypes (P=0. 

077). 

7.4.5. Stem anatomical organization 

Regardless of support nature, H. seemannii exhibits a uniform stem organization. Early 

secondary growth stages consisted of multiseriate phellem, parenchymatous cortex, a 

discontinuous ring of sclerenchyma, closed positioned vascular bundles (observed in recently 

active bifacial vascular cambium), and a pith occupying 18 to 45% of the total transverse-

section area (Figure 7.7A). The pith was largely composed of non-lignified parenchyma, but 

lignified parenchyma was observed at the outer cell layers (Figure 7.7A). 
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Figure 7.6 Variations in material mechanical properties for the different axis categories as a function of distance 
from the base of the plant. Schematic representation of the plant architecture is illustrated at the right of each 
graphic for (A-B) tree-climbers and (C-D) boulder-climbers. Color codes follow those in Figure 7.5. Numbers 
along branches of the schematic representations correspond to Young´s modulus (MPa) values measured in the 
three points bending test. 
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 Stem diameter class 0-5.3 (mm) P values Stem diameter class >5.3 (mm) P values 

 Tree-climbers Boulder-climbers  Tree-climbers Boulder-climbers  

Mean 
diameter 
(mm)* 

4.22 
±0.65 

3.67 
±1.00 0.211 9.10 

±3.50 
7.68 
±3.24 

0.418 

EI (Nmm2) * 26126.09 
±15021.12 

17398.04 
±15791.45 0.185 548455.06 

±664468.33 
477512.37 
±946231.27 

0.490 

I (mm4) * 17.73 
±9.25 

12.88 
±11.18 0.211 704.03 

±1061.61 
438.35 
±903.75 

0.419 

E (MPa) 1489.37 
±352.17 

1401.02 
±352.05 0.259 1139.46 

±371.67 
1246.69 
±258.21 

0.081 

N 32 33   35 14  

CPA 0.30 
±0.08 

0.25 
±0.10 0.168 0.15 

±0.13 
0.12 
±0.08 

0.542 

CWA* 0.35 
±0.07 

0.37 
±0.06 0.291 0.55 

±0.16 
0.49 
±0.11 

0.547 

CSA 0.33 
±0.06 

0.37 
±0.05 0.294 0.28 

±0.07 
0.37 
±0.04 

0.113 

CPI* 0.08 
±0.05 

0.07 
±0.06 0.182 0.03 

±0.05 
0.03 
±0.04 

0.912 

CWI* 0.31 
±0.06 

0.32 
±0.05 0.964 0.51 

±0.19 
0.35 
±0.11 

0.113 

CSI* 0.60 
±0.09 

0.60 
±0.06 0.696 0.44 

±0.17 
0.61 
±0.10 

0.198 

PE* 0.08 
±0.07 

0.02 
±0.01 0.222 0.29 

±0.18 
0.07 
±0.05 

0.064 

N 10 10  7 8  

WD* — — — 539.24 
±16.40 

663.93 
±64.09 

0.016* 

N    5 5  

Table 7.2 Mechanical and anatomical properties of H. seemannii climbing phenotypes. P values correspond to 
nested ANOVA tests. Asterisks denote normalized variables. Statistically significant differences are denoted in 
bold, while not significant, yet low P values are shown in italics. 

Mature developmental stages showed a cortex with scattered stone cells groups, some 

of them connecting discontinuities of the sclerenchyma ring. Raphides and other rectangular 

prism crystals were found associated with the ring zone and the parenchymatous pith. The 

secondary phloem was conspicuously flame-shaped due to wide multiseriate phloem rays 

expanding outwards (Figure 7.7B). In mature stages, ring-porous wood occupied a significant 

portion of the total transverse section area in comparison to the pith (Figure 7.7B). Vessels 

were solitary or in radial multiples of 2-7 cells, axial parenchyma was absent and xylem rays 
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were multiseriate. Old climbing axes presented a strongly eccentric pith, closer to the side 

attached to the host tree (Figure 7.7B). Conversely, old self-supporting axes, such as C1 axes 

above the rock surface, had their pith at a relatively central position.  

7.4.6. Wood density and comparative anatomy 

Hydrangea seemannii boulder-climbers showed significantly higher WD than tree-

climbers (P=0.016; Table 7.2; Figure 7.7C). Eccentric discs of climbing segments showed 

groups of low dense early wood layers generally opposed to the eccentric pith (Figure 7.7C). 

Contrary, non-eccentric discs presented a more homogeneous radial distribution of highly 

dense late wood and less dense early wood (Figure 7.7C). Large-diameter segments of 

boulder-climbers showed denser late wood relative to tree-climbers (Figure 7.7C). 

Differences between highly dense late wood and less dense early wood markedly decreased 

towards small-diameter segments of boulder climbers (Figure 7.7C). In contrast, tree-

climbers showed marked differences between late and early wood density regardless the 

size of the segments (Figure 7.7C). Vessel size differences between late and early wood 

producing the ring-porous pattern were more attenuated towards small-diameter segments 

of boulder-climbers. Tree-climbers in contrast showed a more marked vessels size difference 

between the two wood types. 

Climbing phenotypes showed no general significant differences in the contribution of 

each tissue type to the total transverse-sectional area (PCPA=0.272, PCWA=0.954, PCSA=0.186) 

or to the total transverse-sectional I (PCPI=0.695, PCWI=0.299, PCSI=0.287). Similarly, 

comparisons within diameter classes detected no significant differences between climbing 

phenotypes, however PE of the large-diameter segment class showed considerably lower P 

value (Table 7.2). 

Regarding anatomical changes from the small to the large-diameter class, CPA and CPI 

decreased about the same percentage in both climbing phenotypes (Table 7.3). However, 

CWA and CWI increased considerably more in tree-climbers than in boulder-climbers, while 

CSA and CSI decreased considerably in tree-climbers and maintained about the same 

proportions in boulder-climbers (Table 7.3). PE increased in both climbing phenotypes, yet 

was more pronounced in tree-climbers than in boulder-climbers (Table 7.3). 
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Figure 7.7 Stem anatomical organization in H. seemannii. (A) Stem transverse-section of a young 
developmental stage showing parenchymatous pith (pp), lignified pith (lp) and sclerenchyma ring (sr). (B) Stem 
transverse-section of an old developmental stage showing eccentric parenchymatous pith, secondary xylem 
with ring-porous wood (sx) and secondary phloem (sp). (C) Comparative wood density between climbing 
phenotypes, wood density color scale values are shown in kg m-3. 

 Tree-climbers  Boulder-climbers 

CPA -49.18  -48.80 

CWA 57.18  32.61 

CSA -15.63  0.53 

CPI -58.82  -56.75 

CWI 67.09  9.96 

CSI -26.15  1.82 

PE 241.17  216.66 

 

Table 7.3 Percentage of change in anatomical properties from small to large stem diameter classes. 
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7.5. Discussion 

7.5.1. Morphological architecture of H. seemannii climbing phenotypes 

Hydrangea seemannii has a general sympodial architecture consisting of five axis 

categories functioning as structural support and/or resource acquisition structures. Three 

main architectural differences were observed between climbing phenotypes: 1) C1 axes 

modules' length, 2) C1 axes transition from orthotropic to plagiotropic and 3) proportion of 

orthotropic C3 and leafy C4 axes. 

When climbing on long-vertical surfaces, like a host tree, the species correspondingly 

displays C1 axes built up of long modules. Conversely, when growing on shorter and sinuous 

surfaces such as boulders, C1 axes were instead built up of shorter modules. C1 axis 

transition rates from orthotropic to plagiotropic were more marked in boulder-climbers than 

in tree-climbers. The sudden change in growth direction of boulder-climbers coincides with 

the end of support at the boulder edge, whereas plagiotropic C1 axes portions gradually 

increase towards the high canopy in tree-climbers.  

A higher proportion of orthotropic, self-supporting C3 axes was observed in boulder-

climbers relative to tree-climbers. Conversely, leafy C4 axes were considerably more 

abundant in tree-climbers and barely produced in boulder-climbers. In both climbing 

phenotypes, development of C3 and C4 axes was observed on plant portions with a higher 

exposure to light such as distal portions of lateral branches and higher portions of tree-

climbers, as well as parts positioned above the boulders. C3 axes are characterized by a 

double function including structural support and resource acquisition, whereas the main 

function of leafy C4 axes is resource acquisition. Resource acquisition in basal portions of 

tree-climbers is mainly achieved by bilaterally exposed leaves of C4 axes, whereas in distal 

portions it is gradually taken over by radially exposed leaves of C3 axes. This gradual change 

observed in tree-climbers is barely perceptible in boulder-climbers where C3 axes rapidly 

take over leaf exposure function.    

Architectural plasticity, including modules length modifications, modules growth 

direction and proportion of axis types, has been recognized in other plant groups, and is 

associated with variations in availability of supports, altitudinal ranges and light conditions 
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(Charles-Dominique et al., 2010; Gartner, 1991b; Stecconi et al., 2010). Architectural 

plasticity in H. seemannii facilitates a faster access to light exposure and resource acquisition 

in boulder-climbers relative to tree-climbers by rapidly allowing leafy modules to reach a 

better position for light exposure. 

7.5.2. Hydrangea seemannii morphological architecture compared to other root-

climbers 

Literature on architecture of trees or shrubs is considerably more abundant than that of 

lianas (Barthélémy and Caraglio, 2007; Hallé et al., 1978; Isnard et al., 2012). Reference 

studies date back to Cremers´ work on African tropical lianas (Cremers, 1973, 1974; later 

summarized by Hallé et al., 1978). Using Cremers´ studies, H. seemannii can be compared to 

lianas whose architecture does not belong to any known architectural tree model (i.e. lianas 

with original architecture) with a plagiotropic juvenile form and climbing by means of 

unbranched adventitious roots, as in Hedera helix. As described for other root-climber 

species (Carlquist, 2009; Cremers, 1974; Hallé et al., 1978; Isnard et al., 2012), H. seemannii 

is characterized by a general sympodial organization, a main root-climbing axis with 

indeterminate monopodial growth (herein referred as C1) and the formation of apical self-

supporting modules lacking adventitious roots. 

Few root-climbers are known to produce fully self-supporting individuals in the absence 

of support (namely Toxicodendron diversilobum, Gartner 1991a; b) or to produce a tiny 

juvenile self-supporting phase (i.e. Hedera helix, own observations, but see Cremers, 1974). 

Hydrangea seemannii juveniles bend over early in the development, following the substrate 

until they reach a surface to climb. Self-supporting portions of stems in H. seemannii occur 

later in the plant development in both climbing phenotypes, in portions of the main climbing 

axis (C1) which have reached the top of trees or boulders or on the axis categories C3 to C5. 

7.5.3. Mechanical architecture of climbing phenotypes of H. sect. Cornidia 

species  

Hydrangea seemannii climbing phenotypes share a common mechanical architecture 

consisting of a general decrease in E towards larger stem diameters, following a mechanical 

pattern characteristic of non-self-supporting plants (Gallenmüller et al., 2004; Rowe et al., 
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2004; Speck et al., 2004). Either considering the entire developmental range or when 

separately analysing the two diameter classes, no significant differences were detected 

between climbing phenotypes. Similar results were obtained for EI and I where no significant 

differences were retrieved between climbing phenotypes at any developmental range. 

When compared to a strictly tree-climbing species, H. seemannii climbing phenotypes 

showed no significant differences. Although slightly higher E values were observed in large 

diameter segments of boulder-climbers relative to tree-climbers of both species, this could 

merely be the result of minor ontogenetic variation produced by support variability. The 

consistent decrease in material mechanical properties shared by boulder and tree-climbers 

of both species suggest an absence of selecting pressure on stem stiffness in relation to 

support variability. Therefore, phenotypic plasticity in H. seemannii does not involve 

variation in stem mechanical properties. 

7.5.4. Stem anatomical construction of H. seemannii climbing phenotypes 

A common anatomical stem organization was observed for both climbing phenotypes. 

Anatomical properties known to contribute to stem flexibility in climbing plants, such as 

wide cortex and rays (Carlquist, 1991; Rowe et al., 2004), were observed in both climbing 

phenotypes. However, axial parenchyma, a tissue frequently associated with stem liana's 

flexibility, was absent. The latter is congruent with Gregory (2003) who reported axial 

parenchyma to be absent or scanty for several Hydrangeaceae species. Other anatomical 

properties were in agreement with those reported by Gregory (2003) for H. sect. Cornidia. 

Climbing phenotypes showed no significant differences at any developmental range and 

for any macroanatomical feature. Only PE showed small P values for the large-diameter stem 

class, mainly consisting of climbing C1 and C2 axes. Eccentricity of tissues is known to be 

produced by differential loads on plants organs such as stems and roots (Berthier et al., 

2001; Christensen-Dalsgaard et al., 2007; Coutand et al., 2011). Stem sides anchored by 

adventitious roots might be constrained by the support, while the other side of the stem 

expands freely by secondary growth, promoting differential wood production. Such eccentric 

wood production has also been reported for the H. sect. Cornidia species H. nebulicola 

(Nevling and Gómez-Pompa, 1968).  
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Climbing phenotypes differed in three main macroanatomical aspects: 1) WD at older 

developmental stages, 2) wood density of late and early wood and 3) ontogenetic changes 

from young small diameter to older large-diameter segments in wood and soft tissue 

properties. The significantly lower WD of tree-climbers relative to boulder-climbers can be 

attributed to the markedly different hydraulic and mechanical demands of a long-vertical 

climber compared to a shorter and more compact climbing phenotype. Wood density is 

known to be affected by the size and number of vessels, as well as fiber wall thickness, 

having a high impact not only on the stem conductance efficiency, but also on the stem 

mechanical properties (Christensen-Dalsgaard et al., 2007; Onoda et al., 2010; Rowe and 

Speck, 2005). Low WD, resulting from an increased vessel area fraction, is associated with 

higher conductance efficiency (Christensen-Dalsgaard et al., 2007; Isnard et al., 2003), 

representing an adaptation for the high hydraulic demands of the long-vertical tree-climbing 

habit. Additionally, less dense wood is known to be more flexible (Onoda et al., 2010; Rowe 

and Speck, 2005), a highly adaptive characteristic of old ontogenetic stages in lianas 

preventing permanent damage caused, for instance, by swaying or failure of the host tree 

(Speck et al., 2004). In contrast, the boulder-climbing habit implies lower hydraulic demands 

and a higher structural stability to parallel the rapid shift from climbing to self-supporting 

phase. A significantly higher WD and slightly higher E values of older developmental stages 

are therefore in accordance with the hydraulic and mechanical requirements of the boulder-

climbing habit. 

Observed differences in late and early wood density between climbing phenotypes were 

in accordance with the less conspicuous ring-porous wood pattern towards smaller stem 

diameters of boulder-climbers relative to tree climbers. In trees, the ring-porous wood 

character is largely restricted to north temperate species and is known to confer markedly 

different hydraulic properties relative to other wood types (e.g. diffuse-porous wood; 

McCulloh et al., 2010). Ring-porous trees have been reported to present the steepest 

increase in stem conductivity with stem size (McCulloh et al., 2010; Steppe and Lemeur, 

2007) and are known to have the highest network conductance relative to coniferous or 

diffuse-porous wood (McCulloh et al., 2010). In H. seemannii, the observed differences 

between climbing phenotypes in late and early wood densities and ring-porous wood 

patterns could represent fine adaptations to the different hydraulic demands of long-vertical 
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versus small-round climbing surfaces. Further anatomical studies could investigate the 

potential production of tension wood and how it differs between climbing phenotypes.       

Both climbing phenotypes showed high density values at some wood rays possibly due 

to the lignification of their walls and presence of crystals. Obtained WD values could slightly 

diverge from absolute values due to the presence of inclusions, such as crystals, differing in 

their chemical composition from wood. We assumed that the obtained relative WD values 

were comparable, since all disc samples were homogeneously treated for wood scan 

measurements. 

When considering ontogenetic changes from young small-diameter to older large-

diameter segments, tree-climbers considerably increased their CWA and decreased their 

CSA, whereas boulder-climbers increased their CWA more moderately and maintained about 

the same CSA. A larger proportion of wood area and lower proportion of soft tissues is 

known to increase stem stiffness (Onoda et al., 2010; Rowe and Speck, 2005; Wagner et al., 

2012), suggesting that tree-climbers ontogenetic changes apparently act towards providing 

higher stiffness from young to older developmental stages relative to boulder-climbers. 

However, the wood produced at older large-diameter segments of tree-climbers is 

significantly less dense than that of boulder-climbers probably producing in combination the 

highly homogeneous material mechanical properties between climbing phenotypes. 

Changes in CWI followed those on PE. An increase in eccentricity was more pronounced 

in tree-climbers producing more asymmetric wood areas and therefore a higher I. 

Conversely, a smaller increase in eccentricity is found in boulder-climbers and corresponding 

increases in CWI were observed. While the majority of large-diameter segments of tree-

climbers were anchored by adventitious roots to the host surface, many segments with 

similar ontogenetic development in boulder-climbers were self-supporting. The latter 

suggests that ontogenetic changes in CWA and PE could be associated with the segment's 

habit. 

7.5.5. Growth form plasticity in H. seemannii 

We studied growth form variation in a root-climbing H. sect. Cornidia species at the 

architectural, mechanical and anatomical levels. Plastic responses in the species were 
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observed at the architectural and anatomical levels. However, climbing phenotypes did not 

differ in their mechanical architecture. 

Overall phenotypic plasticity can be expressed in several features of plant species 

involving their development, physiology and life-history (Rowe and Speck, 2005; Sultan, 

2004; Whitman and Agrawal, 2009). Environmental factors affecting such features are 

manifold as are species' responses to them (Sultan, 2004; Whitman and Agrawal, 2009). The 

highly homogeneous mechanical architecture of H. seemannii places it among non-self-

supporting plants. However, growth form plasticity was confirmed at the structural and 

ultrastructural levels, suggesting that H. seemannii presents two climbing strategies that are 

influenced by the nature of the support. The adaptive value of these alternative climbing 

strategies could be related to the optimization on resource acquisition, structural stability 

and hydraulic function. 

Appropriate characterization of phenotypic plasticity is fundamental to studies such as 

evolutionary and conservation biology (Charles-Dominique et al., 2012, 2010; Körner and 

Basler, 2010; Nicotra et al., 2010; Noel et al., 2007; Sultan, 2004). It has been advocated that 

plasticity conferring adaptive flexibility can influence patterns of species diversification (see 

revision by Sultan, 2004). Growth form evolutionary studies should therefore consider 

potential plasticity in growth form characterizations since it might be influenced by natural 

selection. Conservation programs should not only aim to preserve plant species in terms of 

their genetic diversity, but also to maintain the environmental variation of their habitat. 

Being the only temperate H. sect. Cornidia representative of the northern hemisphere, H. 

seemannii must be considered a priority for conservation programs. 
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8. General conclusions and prospects for future 
research 

 

The principal aim of this PhD project was to gain insight in the phylogenetic relationships 

within Hydrangea s.l., and more particularly in Hydrangea section Cornidia. As a 

consequence of heterogeneous distributions of rates of evolution and the limited plastid 

variability at low taxonomic level, reconstructing robust phylogenetic frameworks for these 

lineages was a challenging task. Hence, the use of efficient approaches for marker selection 

played here a fundamental role. Although we primarily focused on phylogenetics, we also 

integrated other disciplines such as plant breeding, biomechanics, architecture and anatomy 

with the immediate or future purpose to implement them on the resulting phylogenetic 

contexts. 

The work for this PhD thesis focused on four different subprojects, the most important 

conclusions of which are discussed hereafter. 

8.1. Reconstructing a solid phylogenetic framework of Hydrangea s.l. 

Since the study of Soltis et al. (1995), knowledge on the phylogenetic relationships 

within Hydrangea s.l. has been progressively improved by the addition of more rapidly 

evolving molecular markers. In this subproject we evaluated the performance of 13 coding 

and non-coding chloroplast regions for resolving and supporting phylogenetic relationships 

in Hydrangea s.l. Of the thirteen tested plastid markers, five loci performed the best: 1) 

rpl32–ndhF IGS, 2) trnV–ndhC IGS, 3) trnL–rpl32 IGS, 4) psbT–petB region and 5) ndhA intron. 

Our marker selection used the phylogenetic informativeness method of Townsend (2007), 

which demonstrated to be an efficient approach for selecting the best candidates for 

resolving phylogenetic relationships within the group. A recent study by López-Giráldez et al. 

(2013) applied Townsend's (2007) method using genome-wide data from a wide range of 

taxonomic groups (i.e. Metazoan, Fungal, and Mammalian). These authors found the 

phylogenetic informativeness method to be an advantageous procedure for recovering loci 

with high phylogenetic performance. These results confirm the applicability of this method 
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not only for regular sequence-based phylogenetic studies, but also for studies applying 

genome-scale data. 

Our resulting phylogenetic hypothesis confirms previously identified taxonomical 

problems in the tribe Hydrangeeae (Hufford, 1997; Jacobs, 2010; Samain et al., 2010; Soltis 

et al., 1995), such as the paraphyly of Hydrangea s.s. and the dubious circumscription of 

some sections and subsections recognized by McClintock (1957). Before formal taxonomical 

changes can be applied, we consider particularly important to improve the support for the 

phylogenetic position of the type species H. arborescens within the Hydrangea I clade (sensu 

Samain et al., 2010). A taxonomical reorganization in the group should however reflect the 

two main monophyletic assemblages within the group: Hydrangea I and II clades sensu 

Samain et al. (2010). Hence taxonomical changes would most likely imply the fusion of the 

traditionally recognized genera of the tribe Hydrangeeae into the genus Hydrangea which 

could be further divided in H. sect. Hydrangea and H. sect. Dichroa (provisional names, Table 

8.1). Consequently the infrasectional classification would involve changing H. sect. Cornidia 

to a subsection within the here suggested H. sect. Hydrangea (provisional name, Table 8.1). 

Schulz (2013) recently applied the new combinations Hydrangea hydrangeoides (Sieb. & 

Zucc.) B. Schulz (Basionym: Schizophragma hydrangeoides Sieb. & Zucc.) and Hydrangea 

barbara (L.) B. Schulz (Basionym: Decumaria barbara L.) agreeing with our opinion of uniting 

the traditionally recognized genera of the tribe Hydrangeeae into the genus Hydrangea. The 

evidently needed update on the taxonomy and classification of the tribe Hydrangeeae (see 

section 1.2.2.2 and chapter 3) has an important impact on plant horticulture. Alternatives 

such as the subdivision of the tribe Hydrangeeae into the genera Hydrangea, corresponding 

to the Hydrangea I clade (sensu Samain et al., 2010), and Dichroa, corresponding to the 

Hydrangea II clade (sensu Samain et al., 2010) are not recommended since this would 

involve changing the name of the most widely known and economically important species 

Hydrangea macrophylla.  

Divergence time estimations within Hydrangeaceae are central for future studies on 

character evolution (e.g. growth form and sexual dimorphism evolution and origin, see 

section 1.5 and chapters 5 and 7), as well as the intriguing geographic patterns of origin of 

the group. Xiang et al. (2011) estimated the mean divergence time of the crown 
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Hydrangeeae ca. 35.5 million years ago in the Oligocene (but see the wide 95% credibility 

interval, Figure 1.4). However, this estimation contrast to the older (upper Cretaceous) 

proposed age for some fossil records associated to the tribe Hydrangeeae (Table 1.2; Friis 

and Skarby, 1982; McClintock, 1957; Otero et al., 2012). Although several fossil calibration 

nodes were employ in the study of Xiang et al. (2011), none of them was positioned within 

the family Hydrangeaceae and, as found by these authors, the number and position of 

calibrations nodes can highly influence divergence time estimations.  

Future inclusion of Hydrangeaceae fossil calibration points could contribute to a more 

accurate estimation on the divergence time of the tribe and, when applied in a wide 

taxonomical context, of the family Hydrangeaceae. It will be however required an exhaustive 

review of fossil record previously associated to Hydrangeaceae (e.g. Friis and Skarby, 1982; 

McClintock, 1957; Otero et al., 2012) in order to associate fossil morphological features to 

features characterizing currently recognized monophyletic extant lineages. The extensive 

studies of Hufford (2004, 2001, 1998, 1997, 1995) and Hufford et al. (2001) represent a 

valuable source of morphological information which can be used as a starting point for 

describing the currently recognized monophyletic entities of the tribe Hydrangeeae. When 

this morphological revision is complete, fossil records could be more appropriately 

associated to extant taxa facilitating the estimation of divergence times in the group.  

The present study represents a concrete progress in the reconstruction of a solid 

phylogenetic framework for Hydrangea s.l. We provided a set of plastid markers that 

successfully overcame the resolution contrast between the two main clades of the tribe 

Hydrangeeae. An ongoing study in cooperation with Drs. Yannick De Smet applies these 

plastid markers to an extensive taxonomical sampling of the tribe, including a number of our 

field collections from Neotropical and Asian taxa which were not available for our initial 

work. This ongoing study will establish the basis for proposing formal taxonomical changes in 

the group. Further studies should also include nuclear single-copy genes known to perform 

well in resolving phylogenetic relationships in a broad range of taxonomic levels (e.g. Duarte 

et al., 2010; Naumann et al., 2011; Wagner et al., 2012). Application of single-copy genes is 

further discussed in the following sections. 
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Hufford et al. (2001) 

Hufford (2004) 
Clade* Suggested (provisional) name Suggested type species 

Hydrangea 

Hydrangea I H. sect. Hydrangea H. arborescens L. 

Cardiandra 

Decumaria 

Deinanthe 

Pileostegia 

Platycrater 

Schizophragma 

Hydrangea 

Hydrangea II H. sect. Dichroa D. febrifuga Lour. Broussaisia 

Dichroa 

 
Table 8.1 The reference tribe Hydrangeeae (Hydrangea s.l.) classification of Hufford et al. (2001) and Hufford 
(2004) compared to the here suggested (provisional) taxonomical reorganization for Hydrangea s.l. Asterisk 
denotes clades recovered by Samain et al. (2010), Jacobs (2010) and Granados Mendoza et al. (2013b). Clade 
names follow Samain et al. (2010).  

8.2. Linking fundamental and applied plant science research  

Based on the predictive power of phylogenetic information and our improved 

knowledge on the phylogenetic relationships within Hydrangea s.l., we were able to connect 

our fundamental research to an applied study for plant breeding. Although production of 

hortensia cultivars has a long trajectory, wide hybridization (see chapter 4) has been 

problematic in this group. Our main aim was to inform the selection of potentially successful 

breeding projects in Hydrangea s.l. For this purpose we employed our improved 

phylogenetic framework which included a lineage-representative sampling with a number of 

horticultural important hortensia species.  Using our extensive chloroplast nucleotide 

database, genetic distances between parental species of several successful and failed 

hybrids examples were calculated. We then suggested an average genetic distance threshold 

of 0.01385 under which breeders could explore any new crossing possibility between 

botanical species. Additionally, we concluded that H. arborescens, H. sargentiana, H. 

integrifolia, and H. seemannii are the best candidates for future bridge-cross (see chapter 4) 
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projects with currently available fertile hybrids of the Hydrangea II clade (sensu Samain et 

al., 2010). 

Since plastid markers are only maternally inherited in most flowering plants, potential 

evolutionary events such as hybridization, introgression and polyploidization could remain 

undetected (Naumann et al., 2011; Zimmer and Wen, 2013). The biparental inheritance of 

nuclear markers facilitates the identification of these evolutionary events (Duarte et al., 

2010; Naumann et al., 2011; Zimmer and Wen, 2013) and therefore represent a valuable 

source of information that complements our plastid data set. An ongoing project will 

complement our extensive chloroplast data set with markers developed from our retrieved 

potential single-copy gene pool (see chapter 6). Genetic distances of new desired breeding 

projects proposed together with a breeding company and a breeder will be compared to 

that of known successful and failed crossing examples reviewed during our previous study 

(see chapter 4). 

Hortensias are recognized as one of the most popular woody ornamentals worldwide. 

The success of this market, however, depends on the introduction of new attractive cultivars 

on a yearly base. Hence the results of our research and ongoing projects have an immediate 

impact not only on international well-established hortensia breeding companies, but also on 

more local companies and individual breeders. Since production and confirmation of hybrids 

is a long and therefore costly process, our results represent a valuable resource for breeders 

in guiding a cost effective selection of potentially successful crosses and enhancing the 

production of novel and attractive cultivars. We wish to highlight the potential of 

“phylogenetic thinking” and its value in plant breeding, when coupled with available 

information of chromosome counts and known successful hybridization projects. We expect 

that the presented strategy will be interesting not only for breeders working with Hydrangea 

s.l., but also with other plant groups. 

8.3. Describing H. sect. Cornidia and untangling its shallow-scale phylogenetic 

relationships 

Variability of molecular markers differs across different taxonomical levels, generally 

being reduced at and below the species level. For this reason the use of highly variable 

markers for fine-scale phylogenetics is desired. The development of informative molecular 
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markers relies on the availability of genomic information or access to it. With the advent of 

plant phylogenomics an everyday-increasing amount of genomic data is being collected and 

made publicly available. Although widely used in plant phylogenetics, the uniparentally 

inherited plastid markers generally present limited variability at low taxonomical levels. 

Other more rapidly evolving markers such as nuclear ribosomal DNA gene families are 

known to experience incomplete concerted evolution. Single or low-copy nuclear loci 

represent a vast source of putative orthologous and highly variable markers.  

Our study targeted the amplification of non-coding regions from potential single-copy 

nuclear genes. In order to obtain genomic information for primer design, we applied a 

genome-scale mining and sequence-based strategies. As a result we obtained a pool of 73 

putative single-copy nuclear markers potentially useful for resolving fine-scale phylogenetic 

relationships in H. sect. Cornidia. We tested the phylogenetic utility of two of these markers, 

the TIF3H1 and SMC1 genes, obtaining a preliminary phylogenetic framework which is highly 

congruent with our species delimitation based on morphological observations. The retrieved 

phylogenetic relationships support H. sect. Cornidia as monophyletic, whereas its 

subsections Monosegia and Polysegia were recovered as paraphyletic and polyphyletic, 

respectively. We expect that the addition of other markers from our gene screening will not 

only resolve relationships among H. sect. Cornidia species, but also provide resolution below 

species level. Ongoing work focuses on the addition of accessions from other South 

American countries, especially Colombia, where we expect to discover several new species 

based on our herbarium study.  

During our extensive field work throughout the Neotropical distribution area of 

Hydrangea sect. Cornidia several new, undescribed species were discovered. We expect to 

soon publish these new taxa, as well as a general taxonomical revision of the group. The 

employment of equipment and techniques to climb the host trees played a key role for 

successfully collecting fresh fertile material. Our field observations combined with an 

extensive herbarium revision allowed us to improve our knowledge of the morphological 

variability within the group.  

Future evolutionary studies could address the rise of sexual dimorphism in H. sect. 

Cornidia and its implications on conservation biology. In their revision Barrett and Hough 
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(2013) point out that evolution of sexual dimorphism in plants from hermaphroditism can 

imply the divergence and specialization to specific unisexual conditions. Future studies in H. 

sect. Cornidia could for instance investigate if different sexual morphs also differ genetically 

or in other morphological traits (e.g. vegetative). Addressing potential gender specialization 

to specific ecological niches will play an important role not only for evolutionary studies, but 

also for conservation studies aiming to preserve viable populations and the required 

environmental heterogeneity for this group. To our knowledge no information is available on 

the pollinators of any of the species within H. sect. Cornidia. During our expeditions we only 

observe one visitor of the i  apparently taking ntermediate male-like flowers of H. jelskii

nectar (Figure 8.1). Pollination biology in H. sect Cornidia is an interesting and so far 

unexplored research topic. 

 

Figure 8.1 A visitor of intermediate male-like flowers of H. jelskii (Samain et al. 2011-059, Chachapoyas, 
Amazonas, Peru). Picture by C. Granados M. 
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Additionally, it is also intriguing whether natural hybrids occur in H. sect. Cornidia.  As 

mentioned in chapter 4 one artificial hybrid involving H. anomala subsp. petiolaris and the H. 

sect. Cornidia species H. seemannii is known (Hydrangea × SEMIOLA® ‘‘Inovalaur’’ INRA-

Saphinov), suggesting that natural hybrids could occur in the group. Finally, future studies 

could be focus on understanding the interesting geographic patterns of origin and 

diversification of this group. We except that our results will motivate future studies 

complementing our general understanding about the evolution and biology of this 

interesting root-climbing species lineage. 

8.4. Characterizing the root climbing habit in H. sect. Cornidia 

Biomechanics, architecture and anatomy are powerful disciplines for the study of plant 

form and function. Here we integrated these disciplines for characterizing growth from 

plasticity in H. seemannii. This species presents two contrasting climbing phenotypes: long 

vertical tree climbers and boulder climbers. We studied stem bending properties, 

architectural axis categorization, tissue organization and wood density of both climbing 

phenotypes and compare it with mechanical properties of a second strictly long vertical 

climber H. sect. Cornidia species. We observed that H. seemannii presents plastic responses 

to support variability in its architectural and anatomical properties, but not in its material 

mechanical properties. Based on these results, we concluded that this species presents two 

alternative climbing strategies linked to the nature of its support. These alternative climbing 

strategies could represent an adaptive value for H. seemannii in the optimization of resource 

acquisition, structural stability and hydraulic function. Future research could be focused on 

investigating whether the same plastic responses are also present in other root climber 

lineages of Hydrangea s.l., such as H. anomala, Pileostegia, Decumaria, and Schizophragma. 

This comparative approach could be extended to other growth forms present in Hydrangea 

s.l., such as shrubs and trees, applying our phylogenetic framework to study patterns in the 

evolution of growth forms. 

An additional interesting research area is studying which particular differences allow 

adventitious roots of some H. sect. Cornidia species to anchor to both rock and tree surfaces 

and others to exclusively attach to tree surfaces. Melzer et al. (2010) described the 

mechanism involved in the permanent attachment system of the root-climber Hedera helix. 
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These authors described a phase of chemical adhesion where root hairs excrete glue that 

densely covers the attachment roots. Future studies could investigate whether adventitious 

roots of H. sect. Cornidia species also produce this glue for adhesion. If so, the glue chemical 

composition from species climbing on rock and tree surfaces compared to that of strict tree 

climbers could help discerning the mechanisms of root adhesion and surface recognition. 

Innovative approaches such as those implemented by Melzer et al. (2012) testing the tensile 

attachment properties of the adventitious roots in Hedera helix could likewise been applied 

in H. sect. Cornidia species for studying the plastic responses to support variability at the 

root (adventitious) level. 

To summarize this chapter, the multidisciplinary approach employed in the present PhD 

research project combined with an extensive field work effort yielded a better 

understanding of the phylogenetic relationships in Hydrangea s.l. and H. sect. Cornidia. 

Moreover, our phylogenetic results have an immediate application in hortensia breeding 

projects. Finally, we provided more insights on the biology of the previously barely studied 

H. sect. Cornidia. 
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