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SUMMARY 

 

Plant biodiversity is the sum total of all biotic variation from the level of genes to ecosystems. 

However, the relationship between biodiversity and ecological processes has emerged as a 

central issue in ecological and environmental sciences during the last decade. Because 

ecosystems collectively determine the biogeochemical processes that regulate species diversity 

and distribution, studies investigating the potential ecological consequences on levels of plant 

diversity have provided valuable information in conservation context. Therefore, phylogenetic and 

temporal analyses can shed the light on the ecological and evolutionary processes that have 

shaped current biodiversity. 

PART I 

Understanding how environmental variation affects medicinal plant population persistence is 

essential for species conservation and predicting the ecological impact of expected future 

increases in climate variability. Due to the meeting place of Mediterranean, Irano-Turanian, 

Saharo-Arabian and Sudanian phytogeographical regions, in Jordan, plant species in this region 

generally face environmental heterogeneity over short geographical distances. However, the 

effect of such environmental variability, as well as ecological diversification between regions, 

may have a biological footprint on genetic diversity and seed germination. Such prints can be 

detected due to the evolutionary forces that can shape genetic structure, differentiation and 

promote local adaptation among populations. Therefore, plant species with continuous 

distribution along sharp environmental gradients are interesting systems to study among-

population genotypic and phenotypic divergence at comparably small scales. In this dissertation, 

the genetic diversity, population structure and seed germination were studied for two Jordanian 

medicinal Salvia species occurring along an environmental gradient spanning from arid habitat 

(Irano-Turanian and Saharo-Arabian regions) with highly variable and unpredictable rainfall to 

the moist habitat (Mediterranean region) with less variable and more predictable rainfall. In the 

first two studies (Part I) of the present dissertation, my main objective is to test if the 

environmental variability among habitats (phytogeographical regions) of both Salvia species 

plays a role in inducing local adaption in seed germination and in shaping the species’ genetic 
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structure. The collected seeds and leaves from all populations across the three regions were used 

to test the responses of seed germination to variations in temperature and salinity, in the first 

study, and detect differentiation in genetic structure from AFLP markers, in the second study. 

Our results showed that the interaction of the phytogeographic region (seed origin) with 

different levels of temperature and salinity significantly affected the germination responses in 

terms of onset, rate and percentage. In terms of population genetic characteristics, Irano-

Turanian and Saharo-Arabian populations had a higher genetic diversity than Mediterranean 

populations, and genetic diversity increased significantly with increasing temperature. In 

addition, high levels of genetic differentiation were found as well as two well-supported 

phytogeographical groups of populations, with Mediterranean populations clustering in one 

group and the Irano-Turanian and Saharo-Arabian populations in another. In fact, the results of 

this part (I) of my dissertation provide evidence of local adaptation to salinity and temperature 

in the respective maternal environments of the study populations, particularly in the Irano-

Turanian and Saharo-Arabian regions. Also, populations of these two regions were 

environmentally isolated from the Mediterranean populations. Where the environmental 

variability affected their flowering phenology, gene flow and thus genetic differentiation grouped 

the populations phytogeographically. In conclusion, the signature of local adaptation and genetic 

clustering found in both Salvia species, support my assumption concerning the influence of 

environmental variability among the phytogeographical regions on plant populations. Hence, the 

results of this dissertation can help to develop improved strategies for conservation and 

restoration of wild medicinal plants. 

PART II 

Phylogeny represents the historical pattern of relationships among organisms which has resulted 

from the actions of many different evolutionary processes. Recently, the ability to achieve 

detailed phylogenies provides a window to infer speciation and extinction rates, the ecological 

and biogeographical causes of speciation and extinction, and the timing of these events. 

Moreover, the topology of a phylogenetic tree is used to establish the best representation of 

different clades within regions with high priority for conservation.  The fusion of such applications 

with morphological and ecological data can provide baseline data for understanding both the 
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origin and maintenance of tropical plant diversity. However, the estimates of evolutionary 

parameters derived from phylogenetic trees are conditionally upon how accurately these trees 

reflect true biological events. In phylogeny experimental design studies, it has been suggested 

that increased sampling of taxa, characters (genes) or in both dimensions can improve the 

estimates of evolutionary parameters, and is thus important for improved applications of 

phylogenetic analyses.  

The geographical history of the pantropical distributed family, Marantaceae, is complex 

and little known to date. Earlier efforts using molecular phylogenies were hampered by a poor 

resolution along the backbone of the family tree. Therefore, the central objective in the third 

study (Part II), was to improve the phylogenetic resolution of the Marantaceae backbone through 

utilizing more additional molecular data and taxa than in the past. In this study, ~600 sequences 

from both nuclear and chloroplast genomes covering 187 taxa, representing all genera within the 

Marantaceae family were included. Results of the combined analyses showed that increasing 

sampling in both dimensions, taxa and characters improved the Marantaceae backbone support. 

The resulting tree topology focusing on the resolution of major clades was mostly congruent 

among applied methods and with preexisting family phylogenies. A few relationships within 

genera or clades were newly resolved here. A genus, Monophyllanthe, added to the phylogeny 

here for the first time appeared within the Stachyphrynium clade as sister to the genus 

Marantochloa. Only the affinity of the genus Haumania to one of the other major clades still 

remained uncertain. Such improved phylogeny based on multiple molecular markers from both 

genomes and a complete sampling of Marantaceae genera will be a solid base to investigate in 

the future the timing of speciation and the migration events leading to the currently observed 

biogeographical patterns in this family. 

 

 

This study gives an overview of different genetic approaches at several different levels of 

genetic diversity from intraspecific to genus level, their specific applications to different 

evolutionary questions and the utilization of their respective results for conservation efforts. 
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Thereby the overall aim for conservation is to detect and in the following chose the maximum of 

genetic diversity at all levels from populations, species, genera to families for a maximal stability 

and survival, respectively. 
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ZUSAMMENFASSUNG  

 

Der Zusammenhang zwischen ökologischen Prozessen und pflanzliche Biodiversität ist im 

vergangenen Jahrzehnt zu einer der zentralen Aufgabenstellungen in der Ökologie und den 

Umweltwissenschaften geworden. Ökosysteme bestimmten die biogeochemische Prozesse, 

welche die Artdiversität und -verteilung beeinflussen. Daher sind im Naturschutzkotext 

insbesondere Studien über ihre potentiellen ökologischen Konsequenzen auf die pflanzliche 

Biodiversität von größtem Interesse. Phylogenetische und populationsgenetische Analysen 

können in diesem Zusammenhang wichtige ökologische und evolutionäre Prozesse 

aufzeigen, welche die Biodiversität bestimmen. 

Teil 1 

Das Verständnis darüber wie Umweltvariation die Fitness von Pflanzenpopulationen 

beeinflusst ist essentiell um den ökologischen Einfluss der in der nähereren Zukunft zu 

erwartenden klimatischen Veränderungen auf die lokale Biodiversität vorhersagen zu 

können. Da in Jordanien die mediterane, die irano-turanische, die saharo-arabische und die 

sudanesische phytogeographische Region aufeinandertreffen, sind die Pflanzen auf diesem 

kleinen geografischen Raum enormer Umweltheterogneität ausgesetzt. Die daraus 

resultierende ökologische Diversifikationzwischen Regionen können einen gewaltigen 

Einfluss auf die genetische Diversität und Keimfähigkeit von Populationen haben. Diese 

evolutionären Kräfte können durch Untersuchungen der lokalen Adaptation von 

Populationen sowie Analysen zur genetischen Struktur und Differenzierung zwischen 

Populationen veranschaulicht werden. Pflanzenarten mit einer kontinuierlichen Verbreitung 

entlang starker Umweltgradienten stellen hierbei besonders interesannte Modellsysteme 

dar, um geno- und phenotypische Divergenz auf vergleichsweise kleinem geografischem 

Raum zu verstehen.  

In dieser Doktorarbeit wurden die  genetische Populationsstruktur, die genetische 

Diversität, und die Keimraten von Populationen zweier medizinisch genutzter Salvia-Arten 

untersucht. Die Populationen beider Arten wurden in Jordanien entlang von 
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Umweltgradienten in drei der vier vorkommenden phytogeographischen Regionen 

untersucht: Vollkommen aride Habitate mit stark variablen und unvorherseharen 

Niederschlägen in der irano-turanischen und der saharo-arabischen Region  bis hin zu relativ 

feuchten Habitaten mit regelmäßigen Niederschlägen in der mediteranen Region. Fokus der 

ersten beiden Studien dieser Dissertation (Teil 1) war, zu untersuchen, wie 

Umweltvariabilität zwischen diesen Habitaten die populationsgenetische Struktur und die 

lokale Adaptation der Keimraten der beiden Salvia-Arten beeinflusst. Dazu wurden Samen 

und Blattmaterial in den drei phytogeographischen Regionen gesammelt. Die Keimreaktion 

der Samen in Bezug auf Temperatur- und Salinitätsregime wurde in der ersten Studie 

getestet. In der zweiten Studie wurde mit Hilfe von AFLP-Markern die genetische Struktur 

und Differenzierung der Populationen dargestellt.  

Die Ergebnisse meiner Studien zeigten, dass die Interaktionen der phytogeographischen 

Region mit dem Temperatur- sowie dem Salinitätsregime die Keimfähigkeit der Samen 

signifikant beeinflusste. In Bezug auf die populationgenetischen Charakteritika der 

Populationen zeigte sich, dass die irano-turanischen und saharo-arabischen Populationen 

eine höhere genetische Diversität aufwiesen als die mediteranen Populationen. Außerdem 

wurde eine hohe genetische Differenzierung zwischen den phytogeographischen Regionen 

gefunden, wobei die mediteranen Populationen ein genetisches Cluster darstellten und die 

irano-turanischen zusammen mit den saharo-arabischen Populationen ein zweites 

genetisches Cluster umfassten. Auch konnte gezeigt werden, dass sich die 

Umweltbedingungen dieser beiden Regionen stark von denen der mediteranen Region 

unterscheiden. 

Die Ergebnisse des ersten Teils meiner Dissertation belegen klare Hinweise auf lokale 

Adaptation zu Salinität und Temperatur, vor allem in der irano-turanischen und der saharo-

arabischen Region. Die Umweltvariabilität zwischen den phytogeographischen Regionen 

beeinflusst die Phänologie der untersuchten jordanischen Populationen sowie den Genfluss 

und die genetische Differenzierung zwischen den Populationen beider Salvia-Arten. 

Zusammenfassend lässt sich erkennen, dass lokale Adaptation und genetische 

Differenzierung in beiden Salvia-Arten deutliche Effekte aufwiesen. Dies stützt meine 
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Annahmen bezüglich des Einflusses der Umweltheterogenität zwischen den 

phytogeographischen Regionen in Jordanien auf die Pflanzenpopulationen. Aus diesem 

Grund können die Ergebnisse dieser Doktorarbeit dabei helfen, die Strategien für den Schutz 

und die Renaturierung wilder Medizinalpflanzen in dieser Region zu verbessern.  

Teil 2 

Phylogenie repräsentiert die historischen Muster der Verwandtschaftsbeziehungen 

zwischen Organismen, die durch viele verschiedene evolutionäre Prozesse zustande 

gekommen sind. Neuerdings verschafft uns die Fähigkeit detaillierte Phylogenien zu 

erstellen die Möglichkeit, Rückschlüsse auf Artbildungs- und Aussterberaten zu ziehen sowie 

deren ökologische und biogeographische Gründe und zeitliche Einordnung. Des Weiteren 

kann die Topologie der phylogenetischen Bäume dafür genutzt werden, eine für die 

genetische Vielfalt eines Gebietes repräsentative Artenauswahl für den Umweltschutz zu 

erstellen. Die Kombination solcher Anwendungen mit morphologischen und ökologischen 

Daten kann grundlegende Daten für das Verständnis zu Herkunft und Aufrechterhaltung 

tropischer Pflanzenvielfalt liefern. Allerdings hängen die auf Grundlage phylogenetischer 

Bäume geschätzten evolutionären Parameter stark von der Präzision ab mit der biologischen 

Ereignisse abgebildet werden. Theoretische Modellierungen phylogenetischer 

Rekonstruktionen besagen, dass sich die Präzision geschätzter evolutionärer Parameter mit 

zunehmender Anzahl gesammelter Taxa und/oder Merkmale (genetische Marker) erhöht, 

sodass dies eine wichtige Methode bei der Erzielung verlässlicher Ergebnisse ist. 

Die geographische Geschichte der pantropisch verbreiteten Familie der Marantaceae ist 

komplex und noch nicht vollständig bekannt. Die früheren Verwendungen molekularer 

Phylogenien der Familie wurden durch eine unzureichende Auflösung der basalen 

Artaufspaltungsprozesse im Baum verhindert. Daher ist das zentrale Ziel dieser dritten 

Studie (Teil II), die Auflösung der basalen Aufspaltungsprozesse in der Familie der 

Marantaceae durch eine erhöhte Anzahl molekularer Marker und Taxa zu verbessern. In 

dieser Studie wurden ~600 Sequenzen aus nukleärem und chloroplasten Genom von 187 

Arten, alle Gattungen der Familie der Marantaceae repräsentierend, verwendet. Die 

Ergebnisse einer kombinierten Analyse zeigten, dass die erhöhte Anzahl an Taxa und 

Merkmalen, zu einer verbesserten Auflösung der basalen Aufspaltungsereignisse beitrug. 
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Die erzielte Baumtopologie mit Fokus auf den wichtigsten Kladen stimmte zwischen 

verwendeten Methoden und mit in der Vergangenheit erzielten Ergebnissen überein. Einige 

Verwandtschaftsbeziehungen zwischen Gattungen oder Kladen wurden hier erstmals 

aufgelöst. Die hier erstmals berücksichtigte Gattung Monophyllanthe wurde im 

Stachyphrynium clade als Schwestergattung zu Marantochloa positioniert. Nur die nähere 

Verwandtschaftsbeziehung der Gattung Haumania zu einem der anderen Kladen blieb 

weiterhin offen. 

Eine solche verbesserte Phylogenie, basierend auf einer Vielzahl an molekularen Markern 

beider Genome und einer kompletten Gattungsaufsammlung der Marantaceae, stellt eine 

solide Basis für die nachfolgenden Untersuchungen zur zeitlichen Einordnung und Abfolge 

der Artbildungsprozesse und Wanderungsbewegungen dar, die zu den heute beobachteten 

biogeographischen Mustern der Familie führten. 

 

 

Diese Studie gibt einen Überblick über verschiedene genetische Herangehensweisen auf 

unterschiedlichen Ebenen genetischer Diversität, vom innerartlichen bis zum 

Gattungsniveau, ihrer jeweilige Anwendung auf unterschiedliche evolutionäre 

Fragestellungen sowie die Nutzung ihrer jeweiligen Ergebnisse für den Umweltschutz. Dabei 

ist das übergreifende Ziel des Umweltschutzes die Detektion eines Maximums an 

genetischer Diversität und ihrer darauffolgenden Auswahl auf sämtlichen Ebenen von 

Populationen, Arten, Gattungen bis hin zu Familien zum Erreichen einer maximalen 

respektiven Stabilität und Überlebensrate. 

 



CHAPTER 1 
 

General Introduction  
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Two notable features characterize biodiversity in the twenty-first century: its distribution 

around the planet’s surface is highly uneven and its diversity is declining fast (Pimm et al. 1995). 

In response to these features, numerous approaches have been developed for identifying and 

exploring biodiversity for different taxonomic groups, different ecosystems, and different 

countries and regions (Brooks et al. 2015). Plant biodiversity is usually explored at three levels: 

genetic diversity, species diversity and ecosystem diversity (McNeely et al. 1990). Genetic 

diversity is the variety of genes and their alleles within a species, while the variety of species 

within a habitat or a region is species diversity and the variety of ecosystems in a given place 

compose the ecosystem diversity. Most plant biodiversity assessments are based on species 

counts (e.g. total, endemic, threatened), but these may not be the most suitable metrics as 

they may not adequately represent the processes that gave rise to the observed diversity 

patterns. It is necessary not only to conserve as much species diversity as possible, but also to 

conserve sets of species that represent as much ‘evolutionary history’ as possible to guarantee 

the maintenance of high levels of biological diversity in the future (Vézquez & Gittleman 1998). 

The melding of phylogenetics, phylogeography and population genetics into integrative 

molecular evolution is an important step to improve our understanding of biodiversity at all 

levels (Cutter 2013). In addition, studies taking into consideration population genetic and 

phylogenetic information can potentially improve our conservation efforts (Forest et al. 2015), 

as phylogenetic knowledge and historical biogeography hold an important explanatory 

potential for the understanding of global biodiversity patterns. The later has major implications 

for our efforts in conservation and thus the future of biodiversity (Dornburg 2008) 

In this dissertation, I investigate in Part I how environmental variability among 

phytogeographic regions induces local adaptation in seed germination (chapter two) and 

shapes genetic diversity and differentiation in two medicinal Salvia species from Jordan 

(chapter three). While Part II focuses on revealing the phylogenetic relationships among the 

taxonomic groups and taxa of the pantropically distributed family Marantaceae under complete 

clade sampling (chapter four). Both parts contribute to our understanding of the ecological and 

evolutionary processes that have shaped current plant biodiversity. 
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PART I 

SEED GERMINATION AND ENVIRONMENTAL VARIABILITY  

Germination is a crucial stage in the life cycle of plants where successful establishment and 

recruitment are largely dependent on successful germination, a process regulated by several 

environmental factors (Chauhan et al. 2006). Temperature, light, pH, salinity and soil moisture 

are the major environmental factors that simultaneously affect seed germination (e.g. Martins 

et al. 2000; El-Keblawy & Al-Rawai 2005; Goari et al. 2011, 2013) and, thereby affect the 

distribution of plants in their natural habitats (Guan et al. 2009). 

Plant populations may face environmental heterogeneity over short geographical 

distances. Such steep environmental gradients can give rise to predictable variation in life-

history traits and physiological tolerances (Vergeer & Kunin 2011) and can induce ecological 

divergence and lead to local adaptations (Brousseau et al. 2013; Cochrane et al. 2014), with 

different individuals and populations potentially expressing different phenotypes and 

tolerances. However, variation in phenotypes may be determined not only by the genotype and 

the environment of the individuals but also by maternal effects (Roach & Wulff 1987), and 

Gutterman (2000) contends that phenotypic variation is caused by the local conditions under 

which seeds mature. Environmental conditions experienced by a mother plant can have a 

strong impact on plant fitness (Lacey & Herr 2000), which in turn can affect the quality of the 

offspring (Mousseau & Fox 1998) and influence seed germination (Rossiter 1996, 1998). 

Maternal effects are considered to be adaptive when they enhance offspring fitness in an 

environment similar to that experienced by the parental generation (Rossiter 1996, 1998; 

Donohue & Schmitt 1998). Therefore, variation in germination under controlled conditions, 

both within and between species, can be interpreted as an adaptation to specific habitat 

conditions at local and regional scales (Thompson 1975; Pegtel 1985; Meyer et al. 1995, 1997). 

Identifying the signature of local adaptation is an increasingly important goal in 

conservation biology. Salvia spinosa L. and Salvia syriaca L. (Lamiaceae) are two native 

medicinal plant species (Oran & Al-Eisawi 1998; Ulubelen 2003) that occur across the 

Mediterranean, Irano-Turanian and Saharo-Arabian phytogeographic regions of Jordan (Zohary 
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& Feinbrun 1966; Zohary 1973; Danin 1992). Therefore, the continuous distribution of both 

Salvia species populations along such gradients are an interesting system to study 

interpopulation divergence and local adaptation at very fine scales. 

GENETIC DIVERSITY AND ENVIRONMENTAL VARIABILITY  

Genetic diversity is a fundamental feature of species, populations and ecosystems, because it 

represents the evolutionary potential of species to survive and adapt to environmental 

changes. High genetic diversity can contribute to the maintenance of population health, by 

including alleles that may be valuable in resisting upcoming diseases, pests and other stresses. 

The evolution of genetic diversity is a non-random and structured process and occurs over time 

at both the molecular and the organism level and across all geographical scales (Nevo 2001; 

Ahuja & Jain 2015). In general, genetic diversity arises from different biological processes, 

where mutation and gene flow positively affect the genetic diversity and genetic drift and direct 

selection affect it negatively (Hamasha et al. 2013). Additionally, many other factors such as 

environmental and geographical variability, dispersal barriers (Wu et al. 2016), population 

demography (e.g. population size, Hensen & Oberprieler 2005) and population fragmentation 

due to anthropogenic activities (Thompson 2005) can further force and affect these processes.  

Genetic diversity is the key pillar of biodiversity: diversity within species, between 

species, and of ecosystems (CBD, Article 2, Govindaraj et al. 2015). On the one hand, 

maintaining such diversity gives the population a buffer against environmental changes and 

provides the flexibility to adapt. On the other hand, revealing the role of environmental 

variability, as well as ecological diversification between habitats, for the maintenance of genetic 

diversity among populations is crucial to understand the evolutionary forces that shape the 

genetic structure and differentiation between local populations (Linhart & Grant 1996; Gram & 

Sork 2001). Therefore, genetic diversity is assumed positively correlated with environmental 

heterogeneity (Nevo 2001) and can create disruptive selection, and therefore support different 

genotypes within different populations (Via & Lande 1985). At the same time, however, 

increasing environmental heterogeneity can lead to decreased population sizes and subsequent 

genetic drift which in turn decreases genetic diversity / or leads to a loss of alleles (Kahilainen et 
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al. 2014). Therefore, when the genetic diversity within plant populations, is spatially structured 

due to a heterogeneous environment, indicating habitat selection or restricted gene flow, 

inbreeding and genetic drift can be expected (Linhart & Grant 1996). Hence, assessing the 

influence of the environmental and geographic factors on the genetic diversity of populations is 

one of the fundamental issues of population genetic studies (Wu et al. 2016).    

The pattern of genetic differentiation of ecologically and environmentally subdivided 

populations could be explained by the restriction of gene flow either by seeds or pollen 

(Hamasha et al. 2013). Seed dispersal is often strongly spatially restricted. Therefore, gene flow 

is primarily dependent on pollen dispersal within and into populations (Scheepens et al. 2012). 

Pollen dispersal is highly dependent on the availability of dispersal vectors and the range these 

vectors cover is usually spatially restricted (Escaravage & Wagner 2004). Thus, pollen dispersal 

is relatively rare over long-distance (Hardy et al. 2004), and isolation by distance is the most 

common model to explain restricted gene flow (Wu et al. 2016) and often serves as an 

explanation for the effect of geographic isolation on the pattern of genetic differentiation. 

However, a limited pollen dispersal for short distance may as well result from isolation by 

environment (IBE) whereby among populations pollen dispersal is governed by environmental 

variations among different habitats (Wang & Bradburd 2014). Such environmental variations 

can influence the flowering phenology in terms of onset and duration and lead to a high 

probability of reproductive isolation (Franks & Weis 2009). Moreover, the presence of physical 

and landscape barriers between the species populations, such as differences in altitude can 

limit the gene flow and isolate them (Hensen et al. 2012). As such, the hypothesis of chapter 

three is that environmental variation among the phytogeographic regions in Jordan has played 

a role in shaping the current genetic diversity and population differentiation of the two 

investigated Salvia species. To test this hypothesis, amplified fragment length polymorphism 

(AFLP) was used to characterise/detect intra-specific genetic differentiation across the 

phytogeographic regions (see Herrmann et al. 2010). 
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PHYTOGEOGRAPHIC REGIONS AND STUDY AREA  

Biogeographic and bioclimatic regions are the fundamental units of comparison in many broad-

scale ecological and evolutionary studies (Crisp et al. 2009) and provide an essential tool for 

conservation planning (Whatteker & Ladle 2011). A phytogeographic region is a natural area 

characterized by a homogeneous floristic composition (Friis & Balslev 2005). Djamali et al. 

(2012) demonstrated that climate is a primary determinant of phytogeographic regionalization. 

Therefore, the meeting of different phytogeographical regions results in the presence of 

different species from different regions, in other words, different species with different 

response to the prevailing climatic and environmental conditions (Batanouny 2013). 

In the Middle East, five main phytogeographical regions meet (Fig. 1): the Saharo-

Arabian, Irano-Turanian, Sudanian, Mediterranean and Euro-Siberian regions (Zohary 1973). 

According to Zohary (1973), this meeting have led to formation of a wide diversity in ecological 

habitats and flora which renders this region an area of special ecological interest. Jordan, the 

study area, is a Middle Eastern country and lies between 29° and 11° N latitude and 33° and 22° 

E longitude. The total area of Jordan is nearly 90,000 km²; and hosts a wide range of diverse 

habitats that comprise about 1% of the world’s flora. 

Jordan is part of the biogeographical zones of the Middle East. The four principal 

bioclimatic or biogeographical regions recognized in Jordan (Fig. 2) are: Mediterranean, Irano-

Turanian, Saharo-Arabian and Sudanian (representing tropical penetration) (Kasapligil 1956; 

Long 1957; Al–Eisawi 1996; GCEP 2000). The Mediterranean region predominates in the 

highlands of Jordan, from Irbid in the North to Ras al-Naqb in the South. It is generally 

associated with altitudes above c. 700 m, but in the north, where precipitation is higher, it is 

found at lower altitudes (Al-Eisawi 1996). This zone has the highest precipitation, between 300 

and 600 mm, and the lowest mean maximum temperature at 15-22°C, with minimum annual 

temperatures of 5-10°C. Most of the region´s vegetation cover consists of forest and maquis 

(shrubland) communities. The Mediterranean zone is surrounded by the Irano-Turanian region, 

forming a narrow strip of variable width, except in the north, where it extends eastwards along 

the Jordanian-Syrian border. Altitude typically ranges between 500-700 m a.s.l. Precipitation is  
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Figure 1. Phytogeographic subdivisions of South-West and Central Asia with adjacent areas (Djamali et 

al. 2012). ES, Euro-Siberian; IT, Irano-Turanian; M, Mediterranean; SS, Saharo-Sindian.   

between 150 to 300 mm, and mean minimum annual temperature 2-5°C and mean maximum 

annual temperature 15-25°C. To the east of the Irano-Turanian region follows the Saharo-

Arabian zone. It is characterized by a mostly flat semi-desert and desert, or Badiya, 

encompassing c. 80 % of the total land area of Jordan. Mean altitude is c. 600-700 m a.s.l., but 

rises to 1,200 m at the Jordanian-Syrian borders and drops to 520 m in the Azraq basin. Annual 

precipitation ranges between 100-150 mm on the border with the Irano-Turanian region quickly 

dropping to 50 mm further east and south. Mean annual minimum temperatures are 2-15°C 

and mean annual maximum temperature is 15-20°C. This area extends around the southern 

end of the Dead Sea and the flattened areas in the Rift Valley into the Sudanian region. This 

region is characterized by low altitude, high temperature and very little amount of rainfall. 
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Figure 2. Phytogeographical regions in Jordan taken from Al-Essawi (1996).  

MEDICINAL PLANTS AND STUDY SPECIES  

Medicinal plants are coming under increasing pressure from habitat destruction and climatic 

change (Roberson 2008). In addition, overharvesting due to bioprospecting or commercial 

collection, leading to reduced effective population sizes, soil seed bank depletion and loss of 

genetic diversity, has placed many wild medicinal species at risk of extinction (Cruse-

Sanders et al. 2005). Thus, overharvested populations may be driven to extinction more quickly 

than those exposed to population fragmentation and habitat destruction alone (Vance 2002). In 

Jordan, medicinal plants have attracted increasing scientific (Hudaib et al. 2008; Al-Quran 2011; 

Nawash et al. 2013) and commercial attention (World Bank 2003). For example, recent 

overharvesting has pushed Salvia fruticosa L. to extinction from the wild in Jordan (Al-

Eisawi 1996). Therefore, there is increasing pressure on wild plant populations, from which 

most medicinal plants are harvested, and there is an urgent need to conserve medicinal plants 

in their habitats for future generations (Al-Quran 2011). 
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Salvia spinosa L. (2n=2x=20, Al-Turki et al. 2000) and Salvia syriaca L. (2n=2x=22, Afzal-

rafii 1980) are short-lived perennial herbs that can grow from 30 to 60 cm and 30 to 80 cm, 

respectively (Zohary & Feinbrun 1966). Their flowering season extends from April to June for S. 

spinosa and till July for S. syriaca. Flowers of both species receive visits from honey bees and 

bumble bees in the field (Al-Gharaibeh et al. 2016), which is supported by Claßen-Bockhoff et 

al. (2004), who describe bee pollination for the majority of Salvia species. Both Salvia species 

produce mucilaginous seeds (Al-Gharaibeh et al. 2016). Flowering stems typically break off at a 

point below the panicle in S. spinosa and seeds are subsequently dispersed by windblown 

tumbling, while gravity is the only dispersal mechanism for S. syriaca seeds (personal 

observation). Populations of S. spinosa inhabit the Irano-Turanian region and extend to the 

Mediterranean and Saharo-Arabian regions. Despite having the same chorotype as S. spinosa, S. 

syriaca is more common in the Mediterranean region but much rarer in the Saharo-Arabian 

region (Zohary & Feinbrun 1966). In the Mediterranean and Irano-Turanian regions, seed-

producing populations of both species were found to be highly fragmented, with population 

sizes (number of individuals) being relatively small due to agricultural practices that treat both 

species as weeds due to their allelopathic properties (Qasem 2001). In addition, seed 

production is very low in S. syriaca (Al-Gharaibeh et al. 2016). 

In summary, the main aim of Part I of my dissertation is: to reveal the influences of 

environmental variability between the Jordanian phytogeographical regions (habitats) on 

inducing local adaptation in seed germination and shaping genetic diversity of two Salvia 

species. To achieve this aim, in Chapter 2, I verify inter-population variability in germination 

responses (percentage and rate) to temperature and salt stress, and with respect to 

phytogeographic region; and I link such variation, as well as the levels of temperature and 

salinity that can trigger or inhibit germination in populations of both species, with their 

distribution range and local adaptation. In Chapter 3, I investigate the distribution of genetic 

diversity among and within populations of both Salvia species with respect to differences in 

water availability (Drought index) and temperature among their habitats (phytogeographical 

regions). In addition, I examine how the differences in climatic conditions and altitudinal ranges 
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among the three phytogeographical regions can influence the Salvia flowering phenology and 

consequently their genetic differentiation. 

PART II 

PHYLOGENY AND MOLECULAR DATA   

In the 18th century, Linnaeus developed the binomial system of nomenclature. He not only 

gave birth to the field of taxonomy but was the first to draw a phylogenetic tree. Later Charles 

Darwin added the occurrence of two important processes in phylogeny, mainly, branching and 

subsequent divergence (Patwardhan et al. 2014). A phylogeny represents the historical pattern 

of relationships among organisms which has resulted from the actions of many different 

evolutionary processes (Jerrold 2014). Phylogenetic relationships are depicted by branching 

diagrams called cladograms, or phylogenetic trees (Jerrold 2014). Reconstructing the 

evolutionary relationships of species is a major goal in biology (Brown 2002). The endeavor of 

inferring of these relationships is not only of intrinsic interest to biologists, but also has many 

practical applications throughout biology (Heath et al. 2008). The constructed tree-like pattern 

that describes these relationships between the organisms allows biologists to infer when and 

where various structures, molecules, or behaviors have evolved in living organisms. Trees also 

provide information about the expected distribution of these features across taxonomic groups. 

Moreover, phylogenies facilitate the interpretation of comparative observations by accounting 

for the historical non-independence of organisms when analyzing across various levels of 

biological organization (e.g. genes, genomes, individuals, populations, species, or clades) (Heath 

et al. 2008). Briefly, while the classical phylogenetic approach relies on morphological 

characteristics of an organism, the more recent molecular approach depends on nucleotide 

sequences of RNA and DNA and sequences of amino acids of a protein. In this approach, the 

relationships among organisms or genes are studied by comparing homologues of DNA or 

protein sequences, whereas dissimilarities among the sequences indicate genetic divergence as 

a result of molecular evolution during the course of time (Dereeper et al. 2008). Molecular 

data, specifically DNA sequences, have received a great deal of attention as a potential source 

of "phylogenetically informative" characters that are putatively less ambiguous than non-
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molecular characters (Chase et al. 1993). Since the basic bio-molecular framework of all 

organisms is similar and morphology of an organism is actually the translation of its genome, 

therefore, a combination of morphological and molecular analyses can strengthen the exercise 

of the determination of phylogenetic relationships of organisms to a great extent (Patwardhan 

et al. 2014). 

The difficulty in obtaining large mathematical datasets when morphological characters 

are used was one of the main driving forces behind the gradual shift towards molecular data 

(Brown 2002). In the 1960s, studies depended largely on indirect assessments of DNA or 

protein variations (e.g. Protein electrophoresis). Later and during the 1980s, early research 

using rRNA involved direct reverse transcriptase mediated sequencing of portion of both the 

small and large subunits of ribosome (Hamby & Zimmer 1992). DNA-based phylogenetics began 

to be carried out on a large scale after the huge development in the methods utilizing DNA 

isolation, PCR, automated sequencing and then comparing these DNA or protein sequences. 

However, DNA is considered to yield more phylogenetic information than protein, because 

mutations that result in non-synonymous changes alter the DNA sequence but do not affect the 

amino acid sequence and the ability to examine both the coding and non-coding regions of the 

genome (Brown 2002). Recently, molecular phylogeny entered yet another rapidly expanding 

area with great improvements in the techniques and analyses of nucleic acid and protein 

sequencing (Patwardhan et al. 2014). In the next-generation sequencing (NGS), the introduction 

of instruments capable of producing millions of DNA sequence reads in a single run is rapidly 

changing the landscape of genetics, providing the ability to answer questions with heretofore 

unimaginable speed (Mardis 2008).  

NUCLEAR AND CHLOROPLAST DNA 

Plant cells contain three genomes with different evolutionary origins, ways of transmissions 

between generations and functions: nuclear, mitochondrial and chloroplastic (Kim et al. 2015). 

These three genomes evolve at different rates, with those from the nuclear genome being the 

fastest and those from mitochondrial and plastid DNA the slowest (Qiu et al. 1999). Since 

Mitochondrial DNA (mtDNA) shows hyper-variable structure in plant genomes (Park et al. 
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2013), chloroplast (cpDNA) and nuclear ribosomal DNA (nR) units are the primary sequences 

used to analyze plant genetic diversity as well as evolution (Soltis et al. 1999). Nuclear DNA is 

bi-parentally inherited while DNA in chloroplasts is usually maternally inherited (Wolf et al. 

1989; Wicke et al. 2011). Therefore, the information retrieved separately from both genomes 

(plastid and nuclear) may appear incongruent (Savolainen & Chase 2003). However, the use of 

slowly evolving regions may provide only information to recover resolution at the family, order 

and/or genus level, while the use of faster evolving DNA regions could provide better resolution 

of relationships within younger taxa or taxa with slow evolutionary rates (Karehed et al. 2008). 

To infer both infrageneric and intrageneric relationships, therefore, the inclusion of different 

DNA genomes (chloroplast and nuclear) is effective (Mort et al. 2007; Karehed et al. 2008). In 

general, the use of molecular markers derived from nuclear and chloroplast genomes helps to 

obtain the true phylogeny and to improve the resolution. A near fully resolved tree might then 

provides an unprecedented opportunity to investigate the whole genetic history of a group of 

taxa, particularly by means of a combined analysis of bi-parentally inherited nuclear and 

maternally inherited organelle markers (Burban & Petit 2003; Petit et al. 2005; Wang & Ge 

2006; Zarza et al. 2008). 

METHODS TO BUILD AND TEST PHYLOGENETIC TREES  

The construction of evolutionary trees is now a standard part of exploratory sequence analysis 

(Holder & Lewis 2003). Several methods to build phylogenetic trees have been developed, but 

building trees remains a hyper-complex mathematical problem because the number of 

solutions (possible trees) that ideally should be evaluated increases exponentially with taxon 

number (Savolanian & Chase 2003). The three main categories of computational techniques  

which are commonly used to build DNA-based phylogenetic trees are: (i) distance methods, in 

which pairwise genetic distances among sequences are used to build trees; (ii) maximum 

parsimony methods, in which overall nucleotide changes are minimized in the tree-building 

process (usually with equal probabilities for all changes, but which can also incorporate uneven 

probabilities such as in maximum likelihood methods); and (iii) maximum likelihood methods 

(including Bayesian analysis), a computational technique in which phylogenetic trees are built 

according to models of nucleotide evolution (i.e. incorporating different frequencies of change 
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and nucleotide composition as well as probabilities of change; Savolanian & Chase 2003, 

Harrison & Langdale 2006). In Bayesian analysis, a further set of assumptions (termed priors) 

are integrated into the original model and the branch swapping algorithms differ (Doaudy et al. 

2002). However, the length of the computational time and the required degree of rigor are 

highly dependent on the analysis type (Harrison & Langdale 2006). 

The distance method approach has the advantage of computational simplicity and 

therefore speed (Harrison & Langdale 2006), with reaching the accurate phylogeny if relatively 

few evolutionary events have occurred between sequences (Holder & Lewis 2003). Instead, 

parsimony and likelihood are more complex and time consuming methods as the branches of a 

starting tree are rearranged many times in the process of tree finding to form the tree that 

minimizes the number of character state changes (parsimony) or the tree that best fits the data 

(likelihood). However, parsimony and likelihood perform well most of the time (Hillis et al. 

1994) and are preferred because they have the potential to rigorously explore the relationship 

between the tree and the entities included (Harrison & Langdale 2006). In both methods, 

accuracy in estimating the evolutionary relationships for the same entities varies (Kolaczkowski 

& Thornton 2004). Maximum parsimony is strongly biased towards recovering an incorrect tree 

under certain combinations of branch lengths, whereas maximum likelihood is not (Kuhner & 

Felsenstein 1994; Miyamoto & Fitch 1995; Huelsenbeck 1998). Likelihood-based techniques, 

however, only recover the true phylogeny when the correct model is used, and nonparametric 

statistical methods (parsimony) are often applied when the assumptions of parametric 

techniques are violated. Moreover, parametric methods, including maximum likelihood, are 

generally more powerful than nonparametric techniques and can be robust to certain violations 

(Chang 1996; Sullivan & Swofford 2001). On the other hand, computer simulations showed that 

maximum parsimony performs substantially better than current parametric methods over a 

wide range of conditions tested, including moderate heterogeneity and phylogenetic problems 

not normally considered difficult (Kolaczkowski & Thornton 2004) and the probability to 

recover the true tree topology under a hierarchy of models is higher than likelihood (Yang 

1996). However, the development of a statistical methodology for the efficient estimation of 

the tree topology remains a difficult open problem (Yang 1996). 
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Since the resulting phylogenetic trees, from just any method, represent a hypothesis of 

relationship and do not factually depict evolutionary relationships, it is hard to assess how 

accurately they reflect true biological events (Harrison & Langdale 2006). Nevertheless, a 

number of methods exist to test the amount of support for a phylogenetic tree by evaluating 

the support for each sub-tree in the phylogeny (Douady et al. 2003). The evaluation of 

statistical clade support values is an important aspect of phylogenetic analysis as a function of 

the explanatory power of a given analysis (Grant & Kluge 2008). These support measures are a 

prerequisite to identify the well supported clades in a tree as a base for any inference of the 

evolution of the biological system (Huelsenbeck et al. 2000; Lutzoni et al. 2001; Pagel & Lutzoni 

2002), e.g. to serve as the conceptual framework for the study of trait evolution (Alfaro et al. 

2003). The quantifiers most commonly used are bootstrap (Felsenstein 1985), jackknife (Farris 

et al. 1996) and posterior probability (Rannala & Yang 1996) support values. Grant & Kluge 

(2008) proposed the support measures from Parsimony, Maximum likelihood, and Bayesian 

phylogenetic inference are equivalent. However, bootstrapping provides a robust (though 

potentially time-consuming) way to assess confidence in phylogenetic estimates (Holder & 

Lewis 2003), while posterior probability and jackknife differ significantly from an ideal support 

index (Simmons et al. 2003). Posterior probability and jackknife support values have been 

found to be consistently higher and lower, respectively, than bootstrap values for the same 

clades in empirical analyses (e.g. Rannala & Yang 1996; Leaché & Reeder 2002; Simmons et al. 

2003). In general, reasonable support is roughly 70% and high support is more than 95% 

(Felsenstein 1985; Hillis & Bull 1993). 

TAXON SAMPLING, MOLECULAR DATA AND THE ACCURACY OF PHYLOGENETIC ANALYESE 

Taxon and character sampling is a major issue in all data collection for molecular phylogenetics 

(Rosenberg & Kumar 2001). Many recent efforts to improve phylogenetic estimates have 

focused on taxon sampling rather than increasing sequence length or the number of overall 

characters in the analysis, and this often does have a beneficial effect on the accuracy of 

phylogenetic analyses (Heath et al. 2008). However, if phylogenetic accuracy increases more by 

either sampling more characters or more taxa, is still debated among authors (e.g. Kim 

1996; Kim 1998; Graybeal 1998; Hillis 1998; Poe 1998; Zwickl & Hillis 2002; Hedtke et al. 2006; 
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Heath et al. 2008; Townsend & Lopez-Giraldez 2010). Several authors argued that extensive 

taxon sampling has a positive and important effect on the accuracy of phylogenetic estimates 

(e.g. Graybeal 1998;  Zwickl & Hillis 2002), as additional taxa can disperse tree homoplasy, 

reducing the effect of long-branch attraction (Heath et al. 2008) and therefore the accuracy for 

the correct reconstruction increases (Hedtke et al. 2006). In contrast, other authors have 

argued that adding taxa alleviates the inconsistency problem (Kim 1996) and large character 

data sets alone are sufficient to estimate an accurate phylogeny. For example, results of 

Rosenberg & Kumar (2001) suggested that longer sequences, rather than extensive sampling, 

will better improve the accuracy of phylogenetic inference. However, both characters and taxa 

are shown to provide significantly improved accuracy when sampling includes characters 

evolving at optimal rates (Townsend & Lopez-Giraldez 2010). Therefore, extensive sampling in 

both dimensions of taxa and characters (genes) is desirable/necessary (Qiu et al. 1999). 

PHYLGENIES OF TROPICAL FLORAS   

Tropical rainforests are the most biologically diverse of terrestrial biomes (Phillips 1997).  The 

fusion of traditional taxonomy, ecological data and molecular methods will provide baseline 

data for understanding both the origin and maintenance of tropical plant diversity (Dick & Kress 

2009). Evolutionary biologists have focused on the description and classification of tropical 

diversity, and on factors involved in its origin (Schemske 2002). However, species composition 

in a biological community results from the interplay of evolutionary and ecological mechanisms 

(Ricklefs 1987). Phylogenies can help to reveal these mechanisms and provide unique 

information about the historical changes in the distribution of communities and biomes 

(Becerra 2005). Hence, phylogenetic trees are fundamental for understanding variation in 

species diversity (Heath et al. 2008). The shape of such trees contains clues about pattern of 

speciation and extinction (Kirkpatrick & Slatkin 1993). However, the application of fossil 

calibration points can have a significant impact on the estimates of node ages and therefore the 

accurate detection of the shifts in diversification rates (Hug & Roger 2007). Moreover, such 

analyses of the temporal distribution of diversification events use branch lengths obtained from 

time-adjusted phylogenies can be applied to investigate temporal and biogeographic processes 

that may have shaped the diversity of the tropical flora (Becerra 2005). 
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STUDY SPECIES AND AREA  

The Marantaceae family, with approximately 29 genera and 550 species (Andersson 1998, 

Govaerts & Kennedy 2016), is the second largest family in the order Zingiberales (Sass et al. 

2016). It has long been recognized as a sister of the family Cannaceae based on results of 

phylogenetic analyses of morphological (Kress 1990) and molecular (Kress et al. 2001; Kress & 

Specht 2006; Barrett et al. 2014) data. Marantaceae species are small to moderate-sized 

perennial, rhizomatous herbs characterized by a pulvinus (Petersen 1889, Kennedy 2000). The 

family is distributed throughout the tropics (Fig. 3) except in Australia, with 15 genera in 

tropical America, 9 in tropical Africa, and 6 in tropical Asia (Table 1). Halopegia and Thalia are 

the only transcontinental genera, they are represented in both tropical Africa/tropical Asia and 

tropical Africa/tropical America, respectively. In the Neotropics, the Marantaceae species 

richness is highest with an estimated 450 species while the remaining species are paleotropical 

(Africa: ~40 spp. Dhetchuvi 1996, Asia: ~50 spp., Suksathan et al. 2009). The morphological 

diversity found in the Paleotropics is higher than in the Neotropics (Andersson 1981). Only a 

few genera are found in the temperate regions of South and North America. 

Figure 3. Distribution map of the Marantaceae family according to Missouri botanical garden 

(www.mobot.org). 

 

www.mobot.org 

Table 1. List of Marantaceae genera and their continental distribution.  
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Geographic distribution  Genus name Genus synonymous  

Tropical Africa Afrocalathea 

 

 

Halopegia*  

 

 

Haumania  

 

 

Hypselodelphys 

 

 

Marantochloa Ataenidia 

 

Megaphrynium 

 

 

Sarcophrynium 

 

 

Thaumatococcus 

 

 

Trachyphrynium 

Thalia* 

 Tropical America Calathea 

 

 

Ctenanthe 

 

 

Goeppertia Calathea 

 

Hylaeanthe 

 

 

Ischnosiphon 

 

 

Koernickanthe 

 

 

Maranta 

 

 

Monophyllanthea 

 

 

Monotagma 

 

 

Myrosma 

 

 

Pleiostachya 

 

 

Sanblasia 

 

 

Saranthe 

 

 

Stromanthe 

 

 

Thalia* 

 Tropical Asia Donax 

 

 

Halopegia*  

 

 

Indianthus Schumannianthus 

 

Phrynium Cominsia, Monophrynium, Phacelophrynium 

 

Schumannianthus 

   Stachyphrynium   

*, Genera with transoceanic distribution. Halopegia genus occur in mainland Africa, in Madagascar, and 

in South-East Asia. Thalia occurs in Africa and America. 

 

Several previous studies estimated the relationships among major clades within the 

Marantaceae family either based on morphological and anatomical (Petersen 1889; Loesener 
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1930; Kirchoff 1983; Kress 1990; Andersson 1998;  Kress et al. 2001) or on molecular data at the 

family level or for specific taxa (Andersson & Chase 2001; Prince & Kress 2006a; Prince &Kress 

2006b; Suksathan et al. 2009; Ley & Claßen-Bockhoff 2011; Borchsenius et al. 2012). However, 

no previous phylogenetic study was conducted on the whole Marantaceae family under 

complete generic sampling. Therefore, in Chapter four, we take the advantage of this optimal 

sampling (188 taxa representing all genera) and sequences (~600 sequences representing both 

chloroplast and nuclear markers) to achieve a higher resolution and support for the branching 

of the Marantaceae backbone. 
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ABSTRACT 

Salvia spinosa L. and Salvia syriaca L. are perennial medicinal herbs that occur in the 

Mediterranean, Irano-Turanian and Saharo-Arabian phytogeographic regions of Jordan. With 

respect to the seed germination requirements, prevailing environmental conditions in each 

phytogeographic region may promote local adaptation and consequently affect the distribution 

range of the species. Using seeds of both species collected from populations across the three 

regions, we tested responses to variations in temperature and salinity under laboratory 

conditions. Both species showed significant differences in cumulative germination percentages 

and germination rates (modified Timson Index) with temperature, while origin only significantly 

affected S. spinosa seeds. Both species germinated best under the highest temperature regime 

(32/20°C). The low temperature regime (8/4°C) completely inhibited germination in S. syriaca, 

whereas it led to 80% to 95% germination in S. spinosa, with significant variation being 

recorded between the phytogeographic regions. For both species, salt solutions of 0, 25 and 

50 mM NaCl yielded the highest germination percentages and rates, which sharply and 

significantly declined at higher concentrations (100 and 200 mM NaCl). Our results provide 

evidence of local adaptation of the study species to salinity and temperature in the respective 

maternal environments, particularly in the Irano-Turanian and Saharo-Arabian regions. Such 

differentiation should be accounted for in future conservation planning. 

 

Keywords: Germination percentage, germination rate, phytogeographic region, Salvia spinosa, 

Salvia syriaca. 
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INTRODUCTION 

Medicinal plants are coming under increasing pressure from habitat destruction, bio-

prospecting and climatic change (Roberson 2008). In addition, overharvesting has placed many 

wild medicinal species at risk of extinction as a result of reduced effective population sizes, soil 

seed bank depletion and loss of genetic diversity (Cruse-Sanders et al. 2005). Thus, 

overharvested populations may be driven to extinction more quickly than those exposed to 

population fragmentation and habitat destruction alone (Vance 2002). 

Detailed information on germination behavior is important to the understanding of 

species in terms of their establishment, tolerance of abiotic factors, and dynamics across 

environmental gradients. Furthermore, it can provide clues to a species’ survival strategy with 

respect to seed dormancy, pretreatments, optimal conditions for seed germination and the 

influence of seed provenance (Baskin & Baskin 1998; Ronnenberg et al. 2008; Hamasha & 

Hensen 2009). The study of seed germination behavior has provided the data required for 

developing and implementing effective strategies and protocols for the ex situ and in situ 

conservation of, for example, Arabis kennedyae (Andreou et al. 2011) and Argyranthemum 

species (Francisco-Ortega et al. 1994). 

For habitat restoration projects, the use of native species and local seed provenances is 

often recommended because they are expected to be better adapted to the local climate and 

soil conditions (Bischoff et al. 2006). Seed provenance has been shown to significantly affect 

germination, indicating that genetic and environmental factors have a strong influence on seed 

germination traits (Bischoff et al. 2006). Inter-population variability in the response of 

germination behavior to environmental conditions has been widely reported for many species 

in accordance with differences among their habitats of origin (e.g. Hamasha & Hensen 2009), 

and can be attributed to both maternal influences and genetically based local adaptation. 

A number of abiotic factors, such as temperature, salinity, light and soil moisture, can 

have significant individual and cumulative species-specific effects on germination, thereby 

affecting the distribution of plants in natural habitats (Huang et al. 2003; El-Keblawy & Al-

Rawai 2005; Gorai et al. 2011). In addition, environmental factors can influence the onset, 
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percentage and rate of germination for different species (Cendán et al. 2013). For example, 

when moisture conditions are favorable, salinity and temperature represent major factors 

affecting seed germination and initial seedling establishment in arid and saline regions 

(Huang et al. 2003; El-Keblawy & Al-Rawai 2005; Al-Khateeb 2006; Maraghni et al. 2010). 

Knowledge of the effects of temperature and salinity on germination may therefore be useful in 

evaluating germination characteristics or establishment potential for species in arid regions 

(Jordan & Haferkamp 1989; Maraghni et al. 2010). In addition, such knowledge will 

complement the limited data available on the influence of soil salinity as a driver in plant 

ecology and phytogeography (Bui 2013). 

Species with wide distribution ranges can show either high phenotypic plasticity 

(Banta et al. 2012) or intraspecific differentiation in germination behavior under varying 

environmental conditions (Keller & Kollmann 1999; Fenner & Thompson 2005; 

Ronnenberg et al. 2008). However, variation in phenotypes may be determined not only by the 

genotype and the environment of the individuals but also by maternal effects (Roach & 

Wulff 1987), and Gutterman (2000) contends that phenotypic variation is caused by the local 

conditions under which seeds mature. Maternal environmental conditions can have a strong 

impact on plant fitness (Lacey & Herr 2000), which in turn can affect the quality of the offspring 

(Mousseau & Fox 1998) and influence seed germination (Rossiter 1996, 1998). Maternal effects 

are considered to be adaptive when they enhance offspring fitness in an environment similar to 

that experienced by the parental generation (Rossiter 1996, 1998; Donohue & Schmitt 1998). 

In addition, differences in genotype and phenotype can interact with environmental 

factors such that fitness can vary among populations as a function of both local adaptation and 

the local environment (Banta et al. 2012). In this respect, species exhibiting greater intraspecific 

variation can have a greater chance of coping with climate change, as it may buffer species 

against associated adverse effects (Thuiller et al. 2004). Genetically determined local adaptation 

can be evaluated by examining the germination traits of plants with different provenances 

under a variety of environmental conditions (Luzuriaga et al. 2006; Sales et al. 2013). However, 

as plants with broad geographic distributions are generally associated with high colonization 
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and persistence, plants with limited distribution are expected to have less success in plant 

recruitment than more widespread species (Astegiano et al. 2013). 

In Jordan, medicinal plants have attracted increasing scientific (Hudaib et al. 2008; Al-

Quran2011; Nawash et al. 2013) and commercial attention (World Bank 2003). For example, 

recent overharvesting has pushed Salvia fruticosa L. to extinction from the wild in Jordan (Al-

Eisawi 1996). Therefore, there is increasing pressure on wild plant populations, from which 

most medicinal plants are harvested, and there is an urgent need to conserve medicinal plants 

in their habitats for future generations (Al-Quran 2011). 

For the present study, we investigated local adaptation in the germination behavior of 

two Salvia species from Jordan. Salvia spinosa L. and Salvia syriaca L. (Lamiaceae) are two 

native medicinal plant species (Oran & Al-Eisawi 1998; Ulubelen 2003) that occur across the 

Mediterranean, Irano-Turanian and Saharo-Arabian phytogeographic regions of Jordan (Zohary 

& Feinbrun 1966; Zohary 1973; Danin 1992). We assessed the diversity between seed 

provenances of the study species in order to test for intraspecific variation in seed germination 

and local adaptation. For instance, several studies have demonstrated that seeds that originate 

from populations subjected to high-salinity germinate more readily and earlier than those from 

less saline environments (Ungar 1991; Van Zandt & Mopper 2004; Yao et al. 2010). Therefore, 

this approach may serve as a model for testing differences in germination between individuals 

from different provenances, and our results may provide valuable knowledge to support 

conservation and restoration programs for such species elsewhere. In addition, to test whether 

germination behavior reflects local adaptation to the prevailing environmental conditions of 

the three seed-source regions (Mediterranean, Irano-Turanian and Saharo-Arabian), we tested 

for intraspecific variation in percentages and rates of seed germination between our seed 

provenances. 

The objectives of this study were: (i) to verify inter-population variability in germination 

responses (percentage and rate) to temperature and salt stress, and with respect to 

phytogeographic region; and (ii) link any such variation, as well as the levels of temperature and 
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salinity that can trigger or inhibit germination in populations of both species, with their 

distribution range and local adaptation. 

MATERIALS AND METHODS 

Study area and study species 

Jordan is situated between longitudes 35°40′ and 39°E and between latitudes 29°30′ and 34°N, 

and it is unique in its natural diversity. Biogeographically, Jordan consists of four major 

phytogeographic regions, namely the Mediterranean, Irano-Turanian, Saharo-Arabian and 

Sudanian regions, and its environmental heterogeneity is very remarkable (Zohary 1973; Al-

Eisawi 1996). The climate is characterized by moist cold winters and hot dry summers, resulting 

in extreme variability in rainfall across the year. Rainfall decreases from west to east and from 

north to south (Al-Eisawi 1996). Generally, the content of soluble salts in the soils increases 

with decreasing rainfall. Salinity ranges from 9 to 600 mM within Jordanian soils, with the 

highest levels occurring in the Jordan Valley (Al Qudah 2001), where environmental conditions 

of the Sudanian region prevail. 

According to geographic information and climatic data from 31 meteorologic stations as 

presented by Al-Eisawi (1996), the Mediterranean, Irano-Turanian and Saharo-Arabian regions 

of Jordan are characterized by elevational ranges of 700–1700 m a.s.l., 400–700 m asl. and 600–

700 m a.s.l., respectively. Annual rainfall is 300–600 mm, 150–250 mm and 50–100 mm, 

respectively. Mean temperature in summer is 20°C, 25°C and > 30°C, respectively (Table 1), and 

soil salinity is equivalent to 9 mM, 24 mM and 150–200 mM NaCl, respectively (Al Qudah 2001). 

Salvia spinosa and S. syriaca are perennials that can grow to 30–60 cm and 30–80 cm tall 

(Zohary & Feinbrun 1966), respectively, with the flowering season extending from April to June 

for S. spinosa and until July for S. syriaca. The majority of Salvia species are pollinated by bees 

(Claßen Bockhoff et al. 2004), whereas flowers of both species receive visits from honeybees 

and bumblebees (field observation). Seed production per mature plant ranges from 1500 to 

10 000 seeds for S. spinosa, and from 100 to 2000 for S. syriaca. Nutlets of both study species 

contain a pectinaceous mucilage layer that imbibes a large amount of water when moistened 

(Oran 1997). Populations of S. spinosa inhabit the Irano-Turanian region and extend to the 
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Mediterranean and Saharo-Arabian regions. Despite having the same Chorotype as S. 

spinosa, S. syriaca is more common in the Mediterranean region but much rarer in the Saharo-

Arabian region (Zohary & Feinbrun 1966; Danin 1992). 

 

Table 1.  Geographic, meteorologic and site descriptions of the seed sources of the Salvia spinosa and 

Salvia syriaca populations 

Population 

Phytogeographic Geography Climate   

 region Lt Ln Al Rn Tm Ta Tj No. Ind. 

Salvia spinosa         

Gafgafa   Med  32°.37' 35°.92' 782 412 17.2 24.4 9.1 18 

Abo Bana Med 30°.87' 35°.67' 1148 220 14 20.7 6.5 17 

Fjaej Med 30°.57' 35°.63' 1263 300 12.3 19.4 4.4 19 

Kings Road Med 30°.08' 35°.43' 1616 270 14.1 21.6 5.8 67 

Sarrot Ira 32°.17' 35°.95' 534 250 15 27 4 23 

Humret Sahen Ira 32°.10' 35°.66' 650 280 19.6 26.5 11.7 19 

JUST  Ira 32°.48' 35°.98' 588 250 15 27 4 173 

Al Jezzah Ira 31°.68' 35°.96' 715 157 16.7 23.6 8.4 53 

Safawi  Sah 31°.99' 36°.85' 615 75 18.7 27 9.2 31 

Al-Azaraq Sah 31°.87' 36°.74' 560 91 17.7 25.1 8.7 15 

Wadi Rum Sah 29°.60' 35°.38' 960 59 25.1 39.2 9.3 12 

Borqu Castle Sah 32°.60' 38°.01' 545 82 18 26 7 13 

          

Salvia syriaca         

Ras Yousif Med 32°.72' 35°.87' 820 473 15.2 22.4 7.1 80 

Airport Highway Med 31°.87' 35°.88' 921 275 12.3 23.6 8.4 35 

Madaba Med 31°.74' 35°.84' 781 320 18.3 24.9 10.5 > 2000 

Abo Bana Med 30°.87' 35°.67' 1148 220 14 20.7 6.5 19 

Dieban Ira 31°.59' 35°.79' 636 301 18.3 24.9 10.5 > 300 

Karak Ira 31°.20' 35°.73' 747 179 17.4 24.1 9.5 250 

Rehab Ira 32°.35' 36°.02' 796 220 15 24 4 277 

Sarrot Ira 32°.17' 35°.95' 534 250 15 27 4 63 

Mafraq 2 Sah 32°.37' 36°.21' 526 155 16.9 24.8 7.4 51 

Mafraq 1 Sah 32°.33' 36°.19' 722 160 15 24 4 42 

Phytogeographic regions based on Al-Eisawi (1996): Med, Mediterranean; Ira, Irano-Turanian; Sah, Saharo-Arabian. 

The climate data for the sampling sites were obtained from Hamasha and Hensen (2009), and the Jordanian 

Meteorological Department (unpublished data). Lt, latitude; Ln, longitude; Al, altitude (m); Rn, mean annual 

rainfall (mm); Tm, temperature mean (°C); Ta, mean hottest month (August) temperature (°C); Tj, mean coldest 

month (January) temperature (°C). No. ind., number of individuals per sampled population. 
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Seed collection and germination tests 

Sampling of both Salvia species aimed to cover most of their natural distribution within 

Jordanian borders. Seeds were collected from populations of three out of the four 

phytogeographic regions, covering the whole extent of their occurrence. Sampling from 

microhabitats that seemed to be extremely saline or that may have been affected by 

agricultural activities was avoided. In the period between May–June and late June–July 2013, 

mature seeds were collected from 12 and 10 natural populations of S. spinosa and S. syriaca, 

respectively. Four populations per region were sampled, except for S. syriaca in the Saharo-

Arabian region, where we only found two populations with mature seeds (Table 1). Seeds were 

collected from three to 10 individuals per population depending on the population size 

(Table 1). Seeds of both species were placed in paper bags and stored at room temperature 

(20°C). We germinated a small proportion (20 seeds per population) of the collected seeds 

directly after collection (August 2013) at the Jordan University of Science and Technology seed 

laboratory to assess seed dormancy. After 3 months of storage, 50 seeds per population were 

subjected to triphenyl tetrazolium chloride to assess initial seed viability. In S. spinosa, the 

average mass per seed lot (5 × 25 seeds) was calculated for the four populations from each 

region. Populations of the Irano-Turanian region produced larger and heavier seeds than those 

of the Mediterranean and Saharo-Arabian regions (0.164 g, 0.146 g and 0.142 g, respectively). 

Owing to the large percentage of empty seeds in S. syriaca, we were not able to calculate the 

average mass of seed lots. In order to eliminate the effect of the empty seeds from our results, 

seeds were soaked in distilled water for 2 minutes before each experiment, with any floating 

seeds subsequently being discarded. 

Experiments were carried out with five replicates of 25 full intact seeds per population. 

Seeds were germinated on moistened filter paper (Whatman No. 1) in 70-mm-diameter Petri 

dishes. Germination was carried out at 12 h warm white light /12 h darkness (Light Thermostat, 

Typ 1301, RUMED, Halle (Saale), Germany) and checked every 2 days, with seedlings being 

removed. To ensure randomness among treatments and populations, the horizontal and 

vertical positions for all Petri dishes inside the germination chambers were shifted every 2 days. 
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Effects of temperature and phytogeographic regions on germination 

To examine variation in germination among populations from different phytogeographic 

regions in response to the various temperature regimes, we simulated the mean temperature 

regime prevailing in all regions during the main germination period (8/4°C and 20/10°C, 

November and February–March, respectively) and during summer (32/20°C) (after Hamasha & 

Hensen 2009). Germination of seeds from all populations was tested with these three 

simulated temperature regimes on filter paper moistened with 10 mL of distilled water. The 

tests were terminated after 38 days. 

Effects of salinity and phytogeographic region on germination 

Due to the limited availability of S. syriaca seeds, and based on the results from the former 

experiment, we examined the influence of salinity and provenance on seed germination in both 

species by incubating seeds only under the optimum temperature regime (32/20°C). 

Temperature can interact with salinity to affect seed germination (Luan et al. 2014) and the 

evaluation of tolerance of salinity without temperature interaction can be carried out more 

effectively at the most suitable germination temperatures than at lower or higher 

temperatures. 

We germinated seeds on one layer of filter paper moistened with 10 mL of either 

distilled water (control) or different NaCl solutions (25, 50, 100 and 200 mM). Petri dishes with 

lids were tightly sealed using Parafilm to prevent evaporation. On a weekly basis, seeds were 

transferred to new Petri dishes with new filter paper, lids and fresh solutions to maintain salt 

concentrations close to the target levels throughout the germination period. All tests were 

terminated after 22 days. 

Statistical analysis 

All statistical analyses were performed in R-3.0.2 (R Core Team 2013). We used the cumulative 

proportion of germinated seeds per dish by the end of the experiment (i.e. germination 

probability or percentage) and the modified Timson Index (TI) as response variables. TI 

describes the germination velocity and is calculated as follows: TI = ΣG/t, whereG is the 
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percentage of seed germination at 1-day intervals, and t is the overall germination period 

(Pérez-Fernández et al. 2006). In this equation, the TI value increases with germination velocity 

as well as with the number of germinated seeds. We used linear and generalized linear mixed 

effects models to analyze TI and germination probability, respectively (R-package lme4, 

Bates et al. 2013). While we assumed a normal error distribution for TI based on model analytic 

plots (Crawley 2013), germination percentage (probability) was analyzed as a binomial variable 

using the logit link function. 

In an explorative analysis we tested the effect of seed mass on the probability of S. 

spinosa germination and TI by means of logistic and linear regression, respectively, with both 

analyses including a random effect of population. As the effects were not significant, we 

excluded seed mass from further analysis. All models included the main effects 

(phytogeographic region and temperature or salinity treatment) and two-way interactions of 

the latter two with phytogeographic region on germination probability and TI, respectively. 

These models also included a random effect of population. The significance of these main 

effects and interactions was assessed using Wald χ2 tests, and pairwise comparisons were 

performed with Tukey's post-hoc tests (P < 0.05). 

RESULTS 

Neither species showed dormancy at room temperature (25°C in Jordan), with 85% of Salvia 

spinosa seeds and 50% of Salvia syriaca seeds germinating. Initial seed viability values for S. 

spinosa and S. syriaca were 90% and 60%, respectively. The low percentage of viable seeds 

for S. syriaca was due to the presence of seed predators. Seed mass in S. spinosa had no 

significant effect on germination percentages (P = 0.156). 

Effects of temperature and phytogeographic regions on germination 

The analysis of probability of germination and the TI showed a significant effect of temperature, 

phytogeographic region and their interactions on both metrics of seed germination of S. 

spinosa (P values ≤ 0.02 in all cases; see Table 2). Phytogeographic region showed no significant 

effect on the probability of germination (P = 1) and TI (P = 0.191) of S. syriaca seeds, whereas 

temperature and its interaction with phytogeographic region did (P values ≤ 0.04 in all cases; 
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see Table 2). In both species, the highest TI was reached under the 32/20°C regime, followed by 

the 20/10°C regime (Fig. 1). Variation in the day germination commenced and the rate of 

germination with respect to seed affinity (phytogeographic region) was only significant under 

the low temperature regime (8/4°C) in S. spinosa (Fig. 1). Saharo-Arabian populations of the 

former species germinated 8 days earlier than Mediterranean populations and achieved the 

highest germination percentages (95%) under this low temperature regime. In contrast, seeds 

of all affinities in S. syriaca failed to germinate under the low temperature regime (8/4°C). 

Higher TI values for both species were achieved under the higher temperature regime (32/20°C) 

than the lower one (20/10°C) (Fig. 1). 

Table 2.  Results of the mixed model analyses for the effects of temperature regime (8/4°C, 20/10°C 

and 32/20°C), salinity concentration (0, 25, 50, 100 and 200 mM of NaCl) and phytogeographic region on 

seed germination for Salvia spinosa and Salvia syriaca populations 

Source DF§ Chisq* p DF Chisq p DF Chisq p DF Chisq p

Treatment (Temperature) 2 68.83 < 0.001 2 346.79 < 0.001 2 572.14 < 0.001 1 105.43 < 0.001

Phytogeographical region 2 12.07 0.002 2 14.76 < 0.001 2 0 1 2 3.31 0.191

Treatment ×Phytogeographical region 4 78.74 < 0.001 4 57.27 < 0.001 4 26.62 < 0.001 2 6.39 0.041

Treatment (salinity) 4 606.87 < 0.001 4 569.4 < 0.001 4 313.52 < 0.001 4 171.88 < 0.001

Phytogeographical region 2 7.78 0.02 2 3.53 0.171 2 14.3 < 0.001 2 1.47 0.479

Treatment ×Phytogeographical region 8 151.05 < 0.001 8 27.45 < 0.001 8 42.35 < 0.001 8 5.49 0.704

Salvia spinosa Salvia syriaca

Cum-germ (%) † TI‡ Cum-germ (%) TI

 

† Cum-germ (%), Cumulative germination percentages; ‡ TI, Timson Index; § DF, Degree of freedom; * Chisq, Chi 

square test (Wald χ2). 

 

Effects of salinity and phytogeographic region on germination 

In both study species, the highest percentages and rates of germination were recorded in 0, 25 

and 50 mM NaCl. Seed affinities had slight but insignificant effects on final germination in the 

saline treatments (Fig. 2). NaCl concentrations > 50 mM increasingly hampered seed 

germination in both Salvia species, but some seeds still germinated at 200 mM. Both probability 

of germination and TI decreased significantly (P < 0.001 in all cases; see Table 2) with increasing 
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Figure 1. Cumulative germination percentages (analyzed as germination probability up to day 38) and 

modified Timson Index (TI) for seeds of (a) Salvia spinosa and (b)Salvia syriaca from different 

phytogeographic regions and under different day/night temperature regimes. Factor level combinations 

with the same letter are not significantly different at the 0.05 significance level (post-hoc Tukey's test). 

Black dots (●) represent arithmetic means while error bars represent standard errors. Boxplots show the 

following parameters of the original data distributions: boxes, interquartile range; horizontal line, 

median; whiskers, either maximum/minimum value or 1.5 times the interquartile range of the data 

(whichever is smaller); points, outliers (with respect to whiskers’ range). , 8/4°C; , 20/10°C; , 

32/20°C. 
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Figure 2. Cumulative germination percentages (analyzed as germination probability up to day 22) and 

modified Timson Index (TI) for seeds of (a) Salvia spinosa and (b)Salvia syriaca from different 

phytogeographic regions (Med, Mediterranean; Ira, Irano-Turanian; Sah, Saharo-Arabian) and at 

different NaCl concentrations (0, 25, 50, 100 and 200 mM). Factor level combinations with the same 

letter are not significantly different at the 0.05 significance level (post-hoc Tukey's test). Black dots (●) in 

boxplots represent arithmetic means while error bars represent standard errors. Boxplots show the 

following parameters of the original data distributions: boxes, interquartile range; horizontal line, 

median; whiskers, either maximum/minimum value or 1.5 times the interquartile range of the data 

(whichever is smaller); points, outliers (with respect to whiskers’ range). , 0 mM; , 25 mM; , 

50 mM; , 100 mM; , 200 mM. 
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NaCl concentration, and pairwise comparisons revealed the threshold of 50 mM under which 

seeds of both species germinated well. Phytogeographic region had a significant effect on 

probability of germination (P values ≤ 0.02 in both species; see Table 2) but a non-significant 

effect on TI (P values ≥ 0·171 in both species; see Table 2). The interaction of salinity with 

phytogeographic region was highly significant in terms of probability of germination and the TI 

for S. spinosa seeds (P < 0.001 in both cases; see Table 2), and for the probability of germination 

of S. syriaca seeds (P ≤ 0.001) but not TI (Table 2; P = 0.704). Post-hoc tests revealed that S. 

spinosa seeds from the Irano-Turanian region showed a significantly higher probability of 

germination than seeds from the Saharo-Arabian region under extreme salinity (200 mM; 

Fig. 2), whereas in S. syriaca, seeds from the Mediterranean region showed a significantly 

higher probability of germination than seeds from the Saharo-Arabian region under extreme 

salinity (200 mM). 

In both species, and for all affinities, seeds started to germinate after 1–3 days of 

incubation. At each level of salinity (0, 25, 50, 100 and 200 mM), the differences in the 

germination rates of the two species among the three phytogeographic regions were not 

significant. In both species, and among populations of the same seed affinity, TI values showed 

a sharp and mostly significant decline with increasing salinity above 50 mM (Fig. 2). In terms of 

the Timson Index, and among the phytogeographic regions for S. spinosa, the rate of decline 

with increasing salinity differed significantly (i.e. the rate of decline was higher in both the 

Mediterranean and Saharo-Arabian populations than in the Irano-Turanian population) (Fig. 2). 

DISCUSSION 

Our results show that seeds of both species were not dormant after ripening. Germination in S. 

spinosa seeds can be triggered under a wide range of temperature regimes, from 8/4°C to 

32/20°C, which indicates that they are able to germinate at any time from spring to winter in 

habitats where moisture is available. The inability of S. syriaca seeds to germinate at 8/4°C 

indicates a limit around these temperatures for the species. With regard to salinity, both 

species achieved the highest percentage and rate of germination at 0, 25 and 50 mM NaCl, but 

they largely failed to germinate at 200 mM NaCl. 
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Both Salvia species achieved optimum germination rates at 32/20°C. In agreement, 

Côme (1993) found that seeds of S. officinalis germinated within a range of 10–25°C, while 

those of S. sclarea showed a slightly broader range of optimal temperatures (10–30°C). 

Gorai et al. (2011) reported that seeds of medicinal Tunisian sage (S. aegyptiaca) germinated 

under a wide range of temperatures and achieved the highest germination percentage (77%) at 

30°C. They also concluded that variation in the optimal temperature and germination rates 

between species might constitute an adaptive strategy to harsh environmental conditions. 

Our results support the assumption that adaptive processes generated variation in 

germination between and among species populations. In a similar study on four Jordanian 

Stipa species, there was significant variation in seed germination with temperature for all four 

species, and seed provenance had a significant effect for three of the species (Hamasha & 

Hensen 2009). At the species level, the ability of Saharo-Arabian populations of S. spinosa to 

germinate and achieve a high final germination percentage under an 8/4°C temperature regime 

more rapidly than Mediterranean and Irano-Turanian populations suggests that the former 

populations are better adapted to germinating under cold conditions. Among species, the 

ability to germinate at low temperatures may partially explain the deeper distribution of S. 

spinosa populations in the Saharo-Arabian region. Such adaptation may be interpreted as seeds 

of populations in arid and semi-arid areas (Irano-Turanian and Saharo-Arabian regions) being 

able to respond to moisture availability in late autumn and early winter to enable germination 

when temperatures are relatively low, making them less likely to suffer from desiccation. Our 

assumption is in line with Hamasha and Hensen (2009), who reported that variability in soil 

moisture imposes fluctuating selection pressures on different bioclimatic regions, thereby 

influencing phenologic patterns such as flowering time and timing of seed germination. 

Moreover, steep climatic gradients might shape the genetic structure of plant populations 

(Hamasha et al. 2013), which is supported by the differences in germination ability between the 

two Salvia species under winter temperatures, as S. syriaca populations have limited 

distribution in the Saharo-Arabian region. 

In the present experiment, the seeds of both Salvia species showed tolerance of lower 

salinity concentrations (25 and 50 NaCl mM), with a rapid decline in germination percentages 
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with increasing salinity above 50 mM. At the lower concentrations, germination percentages 

were similar to those of the control (Fig. 2). In agreement, Gorai et al. (2011) found that seed 

germination of Salvia aegyptiaca at 30°C tolerated moderate salinity levels and was only 

completely inhibited at 300 mM NaCl. In another study, moderate salinity levels of 50 and 

100 mM NaCl had no significant effect on the germination of mucilaginous seeds of Diplotaxis 

harra at the most suitable temperature regime, and germination was completely inhibited at 

200 mM (Tlig et al. 2008). Therefore, it is possible that for Salvia species, mucilage can serve as 

a kind of ‘‘filter'’ and/or ‘‘sorbent'’ to help mitigate the effects of low salt concentrations (25 

and 50 mM), as proposed by Yang et al. (2011). The same experiment demonstrated that intact 

achenes of Artemisia sphaerocephala had higher germination percentages with increasing 

osmotic potential and NaCl concentration than those with mucilage removed. Elsewhere, 

mucilage water uptake in Henophyton deserti seeds was unaffected by low and moderate salt 

concentrations but inhibited under high polyethylene glycol (PEG)-6000 concentrations 

(Gorai et al. 2014). 

In our study, at salt concentrations of 100 and 200 mM, phytogeographic region started 

to have a significant effect on germination percentages (Fig. 4). This significant variation may 

have resulted from adaptive differentiation or maternal effects on seed characteristics and 

germination behavior or both. Maternal plants can influence seeds by contributing organelles, 

endosperm, seed coats and other structures (Roach & Wulff 1987; Baskin & Baskin 1998). Van 

Zandt and Mopper (2004) found that seeds produced by maternal plants growing under high 

salinity germinated earlier and in greater numbers than seeds from low-salinity plants, and that 

such plants can produce larger, more salt-tolerant seeds (Yao et al. 2010). Therefore, factors 

that cause maternal effects can potentially affect seed size (Van Zandt & Mopper 2004). 

Variation in seed mass or size has an adaptive function with respect to germination in many 

plant species and especially in halophytes (Khan & Weber 2008). Several authors found that 

tolerance of salinity is proportional to seed mass in species such as Salicornia 

europaea (Ungar 1987), Atriplex triangularis (Khan & Ungar 1984) and Chenopodium 

album (Yao et al. 2010). Moreover, according to Lu et al. (2010), the mucilage layer produced by 

the larger Diptychocarpus strictus seeds increased seed width by 50%, while in smaller seeds it 
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only increased by 5%. Therefore, we expect that the thicker mucilage layer produced by larger 

seeds can absorb and filter more water, as may be the case for the largest seeds found in our 

study, which were of Irano-Turanian origin. We therefore propose that for our study species, 

populations with larger seed masses may be able to tolerate higher salinity. Moreover, we 

assume that such tolerance is further enhanced by the higher production of mucilage in larger 

seeds than in smaller seeds. 

In summary, we assume that the ability of Irano-Turanian and Saharo-Arabian 

populations to produce larger seeds than Mediterranean populations can be interpreted as an 

advantageous strategy for both Salvia species with respect to their responsiveness and 

adaptation to salinity in different phytogegraphic regions. According to Al Qudah (2001), salinity 

in Jordanian soils is about 9 mM in the xeric moisture regime (Mediterranean), 24 mM in the 

transitional xeric-aridic region (Irano-Turanian), 150 mM in xeric-aridic soils (Saharo-Arabian), 

and it ranges from 200 mM in some locations in the Saharo-Arabian region to reach a maximum 

of 600 mM in the Sudanian region. In addition, the low germination percentage recorded under 

200 mM saline conditions demonstrates that both study species have a low tolerance of salinity 

at the germination stage. Flowers et al. (2010) use a threshold of 200 mM NaCl to separate 

halophytes from glycophytes, thus both of our study species are glycophytes (Danin 1992). This 

limit of tolerance partly explains why these species do not exist in the Sudanian region of 

Jordan, which is dominated by halophytes as salt concentrations can reach up to 600 mM NaCl 

(Al Qudah 2001). However, our study could be complemented by further investigation of 

adaptation to small-scale differences in soil salinity at the local level. One way to achieve this 

would be by involving populations from different microhabitats of varying salinity in each 

region and to include analyses of soil samples. 

Successful seedling establishment is correlated with seed germination traits, which 

evolve in response to selection regimes characteristic of particular habitats, especially climatic 

regimes. Species regulate the onset and level of germination in response to environmental 

conditions. Therefore, we conclude that information on seed germination responses to 

temperature and salinity for each phytogeographic region should be taken into account before 

restoration projects commence, as this will facilitate the successful establishment of seeds in 
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the given region. Seed collection, either for restoration projects or seed banks, should focus on 

selecting seeds from the respective provenances, as restoration with local seeds is 

recommended not only for germination but also for seedling survival and plant maturation. 

ACKNOWLEDGMENTS 

We gratefully acknowledge the following people for their technical assistance with seed 

collection and field and laboratory studies: Mohammad Albashabsheh, Hamza Al-Gharaibeh, 

Yanling Peng, Um Ayed Al-Gharaibeh and Christine Voigt. We thank the German Academic 

Exchange Service (DAAD) for funding this research. 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 4 
 
  

Phylogeny of the pantropically distributed family 
Marantaceae 
 
 Al-Gharaibeh M, Borchsenius F, McKechnie L, Sanmartin I, & Ley AC  
(Manuscript) 



M A R A N T A C E A E  P H Y L O G E N Y  | 73 

 

ABSTRACT 

Phylogenetic resolution of problematic taxonomic groups can be improved and strengthened by 

increasing the amount of molecular data and the sampling of ingroup taxa. Here we reassess the 

phylogeny of the pantropically distributed family Marantaceae compiling a complete genera 

sampling and using both chloroplast and nuclear markers. Phylogenetic analyses were conducted 

on a set of four genetic markers (chloroplast markers: trnL, matK, rps16 and nuclear marker: ITS) 

for 187 ingroup taxa representing all 29 Marantaceae genera under Maximum Likelihood (ML), 

Maximum parsimony (MP) criteria and Bayesian Inference (BI). The resulting tree topology 

focusing on the resolution of major clades was mostly congruent among applied methods and 

with preexisting family phylogenies. A few relationships within genera or clades were newly 

resolved here. A genus, Monophyllanthe, added to the phylogeny here for the first time appeared 

within the Stachyphrynium clade as sister to the genus Marantochloa. Only the affinity of the 

genus Haumania to one of the other major clades still remained uncertain. Four genera, 

Calathea, Ischnosiphon, Maranta and Schumannianthus were identified as being non-

monophyletic. Such a robust phylogeny based on multiple molecular markers from both genomes 

and a complete sampling of Marantaceae genera will be a solid base to investigate in the future 

the timing of speciation and the migration events leading to the currently observed 

biogeographical patterns in this family. 

 

 

Keywords: Backbone, Haumania, Marantaceae, Monophyllanthe, monophyly. 
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INTRODUCTION 

The Marantaceae family, with approximately 29 genera and 550 species (Andersson 1998, 

Govaerts & Kennedy 2016), is the second largest family in the order Zingiberales (Sass et al. 2016). 

It has long been recognized as a sister of the family Cannaceae based on results of phylogenetic 

analyses of morphological (Kress 1990) and molecular (Kress et al. 2001; Kress & Specht 2006; 

Barrett et al. 2014) data. Marantaceae species are small to moderate-sized perennial, 

rhizomatous herbs characterized by a pulvinus (Petersen 1889, Kennedy 2000). The family is 

distributed throughout the tropics except in Australia. In the Neotropics, the Marantaceae 

species richness is highest with an estimated 450 species while the remaining species are 

paleotropical (Africa: ~40 spp., Asia: ~50 spp., Suksathan et al. 2009; Dhetchuvi 1996). The 

morphological diversity found in the Paleotropics was higher than in the Neotropics (Andersson 

1981). Only a few genera are found in the temperate regions of South and North America. 

 Several previous studies estimated the relationships among major clades within the 

Marantaceae family either based on morphological and anatomical (Petersen 1889; Loesener 

1930; Kirchoff 1983; Kress 1990; Andersson 1998;  Kress et al. 2001) or on molecular data at the 

family level or for specific taxa (Table 1). Originally, the Marantaceae family has been divided into 

two tribes based on morphology and the number of fertile locules: Maranteae with one fertile 

locule, and Phrynieae with three fertile locules per ovary (Petersen1889; Loesener 1930). Later, 

based on a wider spectrum of morphological characters, Andersson (1998) proposed a world-

wide sub division into five informal groups: Calathea group, Donax group, Maranta group, 

Myrosma group and Phrynium group. In this wide division, however, four genera were left with 

unknown affinity (Haumania, Hylaeanthe, Thalia and Thaumatococus: Prince & Kress 2006a). 

Recently, phylogenetic studies provided evidences that the proposed tribes (Petersen1889; 

Loesener 1930) and the informal groups (Andersson 1998) of the Marantaceae are not 

monophyletic. Based on a different set of molecular markers and new methods (Table 1), Prince 

and Kress (2006a and 2006b) proposed a different informal classification of the Marantaceae 

describing five major clades: Calathea clade, Donax clade, Maranta clade, Sarcophrynium clade 

and Stachyphrynium clade. 
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Table 1. Summary of previous molecular studies on Marantaceae phylogeny. 

Target taxa 
No. of ingroup 
genera/species Molecular marker(s) 

Analysis 
method(s) 

Support 
method(s) Literature 

 Marantaceae family 22/59 rps16 MP JK Andersson &chase 2001 

 Marantaceae family 27/80 matK, trnL-F MP, BI BS, PP Prince &Kress 2006a 

 Marantaceae family 19/25  matK, ndhF, rbcL, rps16, trnL–
trnF, cox1 and ITS 

MP, BI BS, PP Prince &Kress 2006b 

Asian Marantaceae taxa 26/79 rps16, ITS1 and 5S-NTS MP, BI BS, PP Suksathan et al. 2009 

Sarcophrynium clade, 
Marantochloa clade 

6/43 ITS, 5S, trnL/trnL-F MP, ML, BI BS, PP Ley & Claßen-Bockhoff 2011 

Calathea clade 6/57 matK, trnK intron, trnL intron, 
trnL-F and ITS 

MP BS Borchsenius et al. 2012 

Methods of analysis: BI, Bayesian inference; ML, Maximum likelihood; MP, Maximum parsimony. 
Methods of support: BS, Bootstrap support; JK, Jackknife support; PP, Posterior probability. Molecular 
markers: ITS, internal transcribed spacer. 

 

Resolution and branch support varied among trees produced by both studies, as well as, the 

placement of the genus Haumania. Most recently, Borchsenius et al. (2012) proposed a narrowly 

re-circumscription of the genus Calathea. They thereby resurrected the genus Goeppertia Nees 

(1831: 337) to include all members of the former Calathea clade I (sensu Prince & Kress 2006a). 

As a result of this new circumscription and resurrection, Goeppertia has become the largest genus 

in the Marantaceae. Still, all these previous studies are lacking the statistical support for the 

resolution of the relationships among the five major clades of Marantaceae and the position of 

the genus Haumania.  

The evaluation of statistical clade support values is an important aspect of phylogenetic 

analysis as a function of the explanatory power of a given analysis (Grant & Kluge 2008). These 

support measures are a prerequisite to identify the well supported clades in a tree as a base for 

any inference of the evolution of the biological system (Huelsenbeck et al. 2000; Lutzoni et al. 

2001; Pagel & Lutzoni 2002), e.g. to serve as the conceptual framework for the study of trait 

evolution (Alfaro et al. 2003). In both Maximum likelihood (ML) and Maximum parsimony (MP) 

analyses, tree support can be evaluated by bootstrapping, while the posterior probability support 

is the evaluation technique in the Bayesian inference (Jill Harrison & Langdale 2006). The 

bootstrap technique provides an assessment of “confidence” for each clade of an observed tree, 
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based on the proportion of resampled trees showing that same clade when individual characters 

in the data set are randomly removed and replaced with data from another character from the 

same data set (Efron et al. 1996). In contrast, the posterior probability is the actual probability of 

a node being correct (Jill Harrison & Langdale 2006). Bootstrap values > 70% indicate a reasonable 

support while values of ≥ 95% indicate a high support (Felsenstein 1985; Hillis & Bull 1993). Grant 

and Kluge (2008) proposed the support measures from parsimony, Maximum likelihood, and 

Bayesian phylogenetic inference are equivalent. However, when reconstructing the phylogeny of 

the Marantaceae, Borchsenius et al. (2012) found that support values achieved by Maximum 

likelihood and Bayesian analysis are equivalent, while lower statistical support values achieved 

in Maximum parsimony analysis. A high support for the accurate resolution in a phylogeny is 

suggested to be potentially achieved by increasing the total number of characters (Rosenberg 

and Kumar 2001), taxa (Heath et al. 2008; Zwickl & Hillis 2002) or both (Townsend & Lopez-

Giraldez 2010). 

Currently, the existing studies on the Marantaceae phylogeny could not resolve the 

relationships of major clades at the back bone of the Marantaceae phylogeny (Prince & Kress 

2006a). In addition, the genus Monophyllanthe and its affinity to one of the major clades is 

missing in all previous studies. To overcome these limitations we present here a new 

phylogenetic analysis using Maximum parsimony (MP) criterion, Maximum likelihood (ML) and 

Bayesian inference (BI) and three plastid (matK, rps16 and trnL-F) and one nuclear marker (ITS, 

Internal transcribed spacer). With 187 Marantaceae taxa the full range of morphological variation 

known in the family is represented and all previously proposed infrageneric entities are covered. 

By utilizing more additional molecular data and taxa than in the past, the objectives of the current 

study were: (1) to achieve a higher resolution and support for the branching of the Marantaceae 

backbone, (2) to ascertain the monophyly of genera and clades, (3) to provide a better statistical 

support for the placement of the genus Haumania and its internal species´ relationships and (4) 

to locate the genus Monophyllanthe. 

MATERIALS AND METHODS 

Taxon Sequences Assembly  
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~600 sequences from four genetic markers (chloroplast markers: trnL, matK, rps16 and nuclear 

marker: Internal Transcribed Spacer, ITS) covering 188 taxa were included in the analyses, 

representing all genera within the Marantaceae family and including the outgroup taxon Canna 

indica. All scientific names were updated to the latest synonyms and voucher information for 

each sample is given in Appendix 1. Datasets were built using on the one hand available published 

sequences (Andersson & Chase 2001; Prince & Kress 2006a, 2006b; Suksathan et al. 2009; Ley & 

Claßen-Bockhoff 2011; Borchsenius et al. 2012; Borchsenius et al. in prep.) and on the other 

hand, 80 sequences of 36 taxa extracted and sequenced newly in the course of this project. 

However, we could not produce a totally complete dataset. Still, for 16, 14, 17 and 18 taxa out of 

188 have no sequence of matK, rps16, trnL-F and ITS, respectively. Furthermore, 18 out of 23 

species of the genus Phrynium failed to produce the entire matK (mif+867) or ITS 

(18S+ITS1+5.8S+ITS2+26S) region (Appendix 1). 

DNA Extraction, Amplification and Alignment 

Total genomic DNA was extracted from leaf tissue using the DNeasy Plant Mini Kit (QIAGEN Inc., 

California) following the manufacturer’s instructions. Amplifications of the target loci rps16 

intron, matK gene and trnL intron/ trnL exon/ trnLtrnF intergenic spacer, were conducted in a 

Mastercycler EP Gradient EPPENDORF via standard PCR. Each 25 μl volume contained 12.5 μl 

using the PCR mix BioMix (Bioline, Germany) (including the Biotaq DNA polymerase from Ecogen, 

dNTP Mix, 10x NH4 buffer, MgCl2 solution), 9.5 μl H 2 O and 1 μl genomic DNA extract. 

Amplification cycles were as follows for rps16: one cycle of 2 min at 94°C, 39 cycles of 30 s at 

94°C, 60 s at 59°C, 2 min at 72°C with a final extension period of 7 min at 72°C, for matK: one 

cycle of 1.3 min at 94°C, 30 cycles of 1.3 min at 94°C, 2 min at 52°C, 2 min at 72°C with a final 

extension period of 10 min at 72°C and for trnL/trnL-F: one cycle of 2 min at 94°C, 30 cycles of 30 

s at 94°C, 60 s at 55°C, 60 s at 72°C with a final extension period of 10 min at 72°C.  

Amplification of rps16 was performed using the primers rps16F and rps16R2 (Oxelman et 

al. 1997), for trnL-F we used the primers ucp-c and ucp-f (Taberlet et al. 1991) and for matK the 

primers mIF (Prince & Kress 2006a), matK-867F, matK-988R and matK-1639R (Borchsenius et al. 

2012). Hereafter, PCR products were purified using ExoSAP-IT™ (USB Corporation) following the 
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manufactor´s instructions. The products were sent to www.stabvida.com for sequencing in 

forward and reverse direction. 

Sequences from the chloroplast were preliminarily aligned in Muscle 3.6 (Edgar 2004), 

then manually adjusted in BioEdit 7.2.5 (Hall 1999) and finally exported in Phylip format. Indels 

were coded with FastGap v. 1.2 (Borchsenius 2007), using the simple indel coding method of 

Simmons & Ochoterena (2000). Sequences from the highly variable nuclear marker ITS region in 

the ribosomal RNA gene, including part of the 18S (1-102 bp), through ITS1 (103-390 bp), 5.8S 

(391-552 bp), ITS2 (553-810 bp), and part of the 26S (811-1048 bp) loci in a single sequence) were 

aligned by clades identified from our phylogenetic trees reconstructed based solely on the 

chloroplast sequences. Finally, a partitioned supermatrix dataset of the sequences from matK, 

rps16, trnL-F and ITS and an indel matrix was prepared manually and exported to the compatible 

formats for analyses in PAUP, MrBayes and RAxML. 

Phylogenetic Analyses and Branch Support  

Datasets of the different gene regions were analyzed individually and in combination. The best-

fitted model of nucleotide substitution rate for each marker was identified with jModelTest2 

2.1.6 (Guindon & Gascuel 2003; Darriba et al. 2012) implemented in the CIPRES portal (Miller et 

al. 2010) using default parameters. The Bayesian information criterion (BIC, Schwarz 1978) was 

used for model choice because of its high accuracy (Darriba et al. 2012) and its tendency to favor 

simpler models than the Akaike information criterion (Posada & Crandall 2001).  

Both phylogenetic analyses, Maximum likelihood (ML) and Bayesian inference (BI) were 

conducted on the CIPRES Science Gateway (Miller et al. 2010). Bayesian interferences were 

calculated including indels in MrBayes 3.2.6 (Ronquist et al. 2012). Each analysis consisted of 

three runs with four sequentially heated chains (temperature set at 0.05) for 5 million 

generations and sampling a tree every 50 generations with discarding the first 500,000 

generations (burnin) prior to the calculation of posterior probability (PP). ML analyses were 

carried out with default parameters in RAxML-HPC2 BlackBox 8.2.3 (Stamatakis 2006). Maximum 

Parsimony (MP) analyses were conducted in PAUP* 4.0b10 (Swofford 2002) using a heuristic 

search with max trees set to 10000 , 100 random addition sequence replicates and branch 
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swapping algorithm using the tree-bisection-reconnection approach (TBR), holding 2 trees, 

saving no more than 10 trees per replicate. The consistency (CI), retention (RI) and rescaled 

consistency (RC) indices were calculated based on the whole data matrix including informative 

and uninformative characters. 

Bootstrap values for Maximum likelihood (with 1,000 fast bootstrap) and Maximum 

parsimony (BS; Felsenstein 1985) analyses and posterior probabilities (PP) for Bayesian analysis 

were calculated to estimate branch and clade support. Parsimonious bootstrap percentages were 

estimated using 1000 replicates (10 random addition replicates, hold 2 trees, saving a maximum 

of 10 trees per replicate) to maximize the accuracy of the estimation. 

RESULTS 

DNA sequence summary. 

The final data matrix included 688 sequences representing 188 taxa and one outgroup species. 

The ultimate matrices of aligned regions with indel coding had the following sizes: matK - 1375 

characters (1362 bp + 13 indels) including 172 taxa, rps16 - 1275 characters (1125 bp + 50 indels) 

including 175 taxa, trnL-F - 1131 characters (1039 bp + 92 indels) including 171 taxa for and ITS - 

1308 characters (1048 bp + 260 indels) including 170 taxa. Indel events were coded as multistate 

characters at the end of each data matrix. 

Tree topologies. 

Tree topologies were almost the same in all combined analyses with only slight variations in 

branch support, resolution and the placement of the genus Haumania. Conflicts in tree 

topologies among markers were generally for unsupported branches (BS < 50, PP < 0.95) as well 

as for taxa with a single or two available sequences only. For all Maximum parsimony analyses, 

tree characteristics and indices are summarized in Table (1). Tree indices indicated lower 

homoplasy and many more parsimony informative characters in chloroplast markers than in the 

ITS marker (Table 2). 

Table 2. Summary of substitution models and tree scores for each genetic marker in Maximum parsimony 

analysis. 
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Maximum parsimony analyses 
(no. of taxa × no. of characters) 

matK 
(173 x1375a) 

rps16 
(177 x1275a) 

trnL-F 
(172 x1138a) 

ITS 
(170 x1308 a) 

Combined 
(188 x 5089 a) 

Substitution Model TPM1uf+G TPM1uf+G TPM1uf+G TIM1+I+G  
Informative characters 338 325 238 666 1567 

Tree length 1032 1103 746 4282 7291 

Consistency Index (CI) 0.66 0.65 0.68 0.34 0.46 

Retention Index (RI) 0.9 0.88 0.89 0.75 0.81 

Rescaled Consistency Index (RCI) 0.59 0.57 0.6 0.25 0.37 

Homoplasy Index (HI) 0.34 0.35 0.32 0.66 0.54 
a Including all characters. 

The analyses revealed five well supported clades: Calathea clade, Donax clade, Maranta clade, 

Sarcophrynium clade and Stachyphrynium clade. ML-BS and BI-PP revealed a good support for all 

relationships among these clades except for the Sarcophrynium clade and the genus Haumania, 

whereas MP-BS supported only the sister relationship of the Stachyphrynium and the Maranta 

clade (BS value: 89, Figure 1).  

Calathea clade. The Calathea clade was the largest lineage with moderate to high branch support 

(ML-BS: 71, MP-BS: 85 and BI-PP: 100%). Within the Calathea clade there was a highly supported 

clade in all analyses (ML/MP-BS: 100, BI-PP: 100%) which included the four genera Calathea 

(Calathea II sensu Prince & Kress 2006a), Ischnosiphon, Pleiostachya and Sanblasia. The nesting 

of the two monotypic genera Sanblasia and Pleistachya within the Calathea and Ischnosiphon 

genera, respectively, characterized the latter two genera as non-monophyletic (Fig. 2). The 

resolution within the Calathea-Sanblasia clade was highly supported and formed three groups. 

The first group included Sanblasia and three Calathea species (C. marantina, C. plurispicata, and 

C. lutea; ML/MP-BS: 100 and BI-PP: 100%), where Sanblasia was placed at the base. This group 

was placed as sister (ML-BS: 99, MP-BS: 93 and BI-PP: 100%) to the second Calathea group (C. 

toroi, C. cortalifera, and C. utilis; ML/MP-BS: 100 and BI-PP: 100%). The third Calathea group was 

(C. guzmanioides, C. hagbergi, C. pluriplicata, and C. timothei; ML/MP-BS: 100 and BI-PP: 100%) 

and placed as sister to the former two groups ML/MP-BS: 100 and BI-PP: 100%). The sister 

relationship between the Ischnosiphon-Pleiostachya-Calathea-Sanblasia clade  
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Figure 1. Strict consensus tree (ML) of 188 taxa (here only genera are shown, for the whole tree see 
Appendix 2.Fig 5a & b) for a combined analysis of the chloroplast markers matK, rps16 and trnL-F and the 
nuclear marker ITS. Colors indicate major clades (names adopted from Prince and Kress, 2006a). Numbers 
above and below branches represent support values from ML, MP and BI analyses. -, no branch support 
in respective analysis. *, high support for the genus or terminal taxa monophyly (ML-BS/BI-PP ≥ 98, MP-
BS ≥ 94).  Numbers in brackets after the genus name, [total number of known species per genus - number 
of species with available sequences for matK/rps16/trnL-F/ITS].  
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and the genus Monotagma was highly supported (ML-BS: 92, MP-BS: 97 and BI-PP: 100%), while 

the sister relationship of the entire clade and the genus Goeppertia (Calathea I sensu Prince and 

Kress 1996) was moderately to highly supported (ML-BS: 85, MP-BS: 71 and BI-PP: 100%). The 48 

Goeppertia species formed a well-supported clade (ML-BS: 96, MP-BS: 98 and BI-PP: 100%). 

Within this clade, G. straminea was placed as sister to all other taxa, which in turn formed five 

major clades.  

 

Figure 2. Strict consensus tree (ML, BI) for species relationship within the Ischnosiphon-Pleiostachya-
Calathea-Sanblasia clade from a combined analysis. Numbers above and below branches represent 
support values from ML, MP and BI analyses. -, no branch support in respective analysis. This graph is 
a selection from the entire tree (Fig. 5a, Appendix 2) and not an independent calculation. 
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Donax clade. The Donax clade included the genera Donax, Phrynium, Schumannianthus (two 

species), and Thalia. There was a moderate to high support for the monophyly of the entire clade 

(ML-BS: 99, MP-BS: 69 and  BI-PP: 100%), but low support for the internal branches depicting the 

relationships among the two Schumannianthus species, Donax and Phrynium expect for the sister 

relationship of Thalia to all other genera of this clade. The monophyly of the genus Phrynium 

including the genera Cominsia, Monophrynium and Phacelophrynium, was approved (ML/MP-BS: 

99, BI-PP: 100%). The relationships among all species of the genus Phrynium were not resolved, 

however, some subclades and sister relationships were moderately to strongly supported. These 

relationships were revealed in  the subclade including P. hirtum, P. fissifolium and P. villosulum 

(ML-BS: 76, MP-BS: 98 and BI-PP: 98 %), the subclade P. hainanense, P. pedunculiferum and P. 

tokinense (ML-BS: 100, MP-BS: 97 and BI-PP: 100 %), the subclade P. imbricatum, P. obscurum, P. 

pubinerve and P. tristachyum (ML-BS: 93, MP-BS: 77 and BI-PP: 100 %), the sister relationship 

between P. kaniense and P. macrocephalum (ML-BS:96, MP-BS: 97 and BI-PP: 100 %), between 

P. giganteum (Cominsia gigantean sensu Saksuthan et al. 2009) and P. whitei (ML-BS:100, MP-

BS: 99), between P. interruptum and P. simplex (Phacelophrynium interruptum and 

Monophrynium. Simplex, respectively, sensu Saksuthan et al. 2009; ML-BS: 100, MP-BS: 94 and 

BI-PP: 100 %) and between P. imbricatum and P. pubinerve (ML/MP-BS: 100 and BI-PP: 100 %; 

Appendix 2. Fig. 5a). The genus Schumannianthus appeared polyphyletic, although, the support 

of Schumannianthus dichotomus as sister to Donax was only strong in the BI-PP analysis (100%). 

Topologies independently from different markers were different with low support regarding the 

relationships between Donax, S. dichotomous and S. monophyllus (Appendix 2). Only in rps16 a 

moderate support (ML-BS: 79 MP-BS: 75 and BI-PP: 99%) was found for the sister relationship of 

Donax and S. dichotomous.     

Maranta clade. This clade included the genera Ctenanthe, Halopegia, Hylaeanthe, Indianthus 

Koernickanthe, Maranta (in three parts), Myrosma, Stromanthe and Saranthe. The monophyly of 

the Maranta clade was strongly support (ML/MP-BS: 100 and BI-PP: 100%). The genus Maranta 

appeared polyphyletic. Maranta I (M. noctiflora, M.  rupicola, M.  protracta, M. arundinacea, M. 

sobolifera, M. tuberculate) was sister to a clade including Ctenanthe, Stromanthe and Saranthe 

(low support; ML-BS: 60 and BI-PP: 92%). Maranta II (M. ruiziana, M. parvifolia) formed a 
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moderate to high supported clade (ML-BS: 87, MP-BS: 71 and BI-PP: 100%) together with the 

genera Myrosma and Hylaeanthe. The highest support (ML-BS: 99, MP-BS: 95 and BI-PP: 100%) 

was found for the clade including Maranta III (M. pohliana, M.  friedrichsthaliana, M.  humilis, M. 

leuconeura, M. cristata) and the genus Koernickanthe. A clade including the two genera 

Ctenanthe and Stromanthe was moderately supported (ML-BS: 89, MP-BS: 63 and BI-PP: 100%) 

but with no support for the respective monophyly of the two genera (Appendix 2). Ctenanthe 

dasycarpa, which was represented only by a single rps16 sequence, nested with low support 

within the genus Stromanthe. The subclade including Ctenanthe, Saranthe and Stromanthe was 

highly supported (Fig. 1). A well supported clade of Halopegia/Indianthus was placed at the base 

of the Maranta clade. 

Stachyphrynium clade. This clade, strongly supported in the combined analysis only by ML and 

BI analyses (ML-BS: 96 and BI-PP: 100%), included the genera Afrocalathea, Marantochloa, 

Monophyllanthe and Stachyphrynium. Analyses conducted independently per markers found 

only support for the clade monophyly in all chloroplast markers, while this was not confirmed in 

the analysis of the nuclear marker (ITS). In the three analyses of the ITS region (ML, MP and BI), 

the two genera Marantochloa and Monophyllanthe were placed as sister to the Maranta clade. 

The other two genera Afrocalathea and Stachyphrynium were placed as sister to the Haumania 

clade either at the base of the clade including Marantochloa, Monophyllanthe and Maranta clade 

(ML), or in a polytomy at the tree base (BI) or apart from Haumania in a large polytomy (MP). All 

genera within this clade were monophyletic with a strong support from all three analyses (Fig. 

1). A clear sister relationship was found for Afrocalathea/Stachyphrynium and for 

Monophyllanthe/Marantochloa (Fig. 1 and 3). 

Sarcophrynium clade. This strongly supported clade in the ML (BS=100) and BI (PP= 100%) 

analyses included the genera Hypselodelphys, Megaphrynium, Sarcophrynium and 

Thaumatococcus, Trachyphrynium. The sister relationship between 

Hypselodelphys/Trachyphrynium, and between Megaphrynium/Thaumatococcus, respectively, 

was highly supported. Topology and support values from the three combined analyses (ML/MP-

BS: 100 and BI-PP: 100%) showed the four Megaphrynium species clustered in one clade. Within 
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the clade, M. trichogynum was placed at the base while the top branch occupied by both M. 

gabonense and M. macrostachyum (Fig. 4).  

 

Figure 3. Strict consensus tree (ML) for Species relationship within Stachyphrynium clade from combined 
analyses. Numbers above and below branches represent support values from ML, MP and BI analyses. -, 
no branch support in respective analysis. This graph is a selection from the entire tree (Fig. 5b, Appendix 
2) and not an independent calculation. 
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Figure 4. Strict consensus tree (ML, MP and BI) for species relationships within the Megaphrynium clade 
from a combined analyses of all four genetic markers. Numbers above and below branches represent 
support values from ML, MP and BI analyses. This graph is a selection from the entire tree (Fig. 5b, 
Appendix 2) and not an independent calculation. 

Genus Haumania. The genus Haumania stood alone in both ML and BI analyses without 

confirmed affiliation to any of the major clades (Fig. 1), while the MP analysis placed Haumania 

as a member of the Sarcophrynium clade (weakly supported, MP-BS: 52). The relationships 

among the Haumania species were fully resolved. In all analyses and for all markers, the unknown 

Haumania species was found closest to H. dankelmaniana, where the sister species for both of 

them was H. liebrechtsiana while the species H. leonardiana was placed at the base of the 

Haumania clade (Fig. 5). 

 

 

 

 

Figure 5. Strict consensus tree (ML, MP and BI) for species relationships within the Haumania clade from 
a combined analyses of all four genetic markers. Numbers above and below branches represent support 
values from ML, MP and BI analyses. This graph is a selection from the entire tree (Fig. 5b, Appendix 2) 
and not an independent calculation. 
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DISCUSSION 

The tree topology from this analysis is overall congruent with the topology of the most recent 

Marantaceae phylogenetic analyses (Andersson & Chase 2001; Prince & Kress 2006a, 2006b) and 

supports the recognition of the proposed five major lineages. The majority of these lineages were 

restricted to a single geographical region (continent): tropical America (Calathea clade and 

Maranta clade except Halopegia from Africa and Asia, Indianthus from Asia), tropical Africa 

(Sarcophrynium clade) or tropical Asia (Donax clade except Thalia from America). While the 

genera of the Stachyphrynium clade can be found in all three tropical regions: Africa 

(Afrocalathea and Marantochloa), America (Monophyllanthe) and Asia (Stachyphrynium). In 

comparison to the independent marker analyses, the combined analyses improved the 

Marantaceae backbone support (BS and PP values) and general tree statistics (consistency index, 

retention index, and rescaled consistency index) against the ITS dataset but not against the 

chloroplast markers matK, rps16 and trnL-F dataset. Such patterns of higher tree statistics 

resulting from chloroplast markers rather than from nuclear markers was also found in Ley and 

Claßen-Bockhoff (2011, trnL-F and ITS) and Prince and Kress (2006b, matK, rps16, trnL-F and 18S–

26S). Both analyses methods (ML and BI) supported a similar branching of the Marantaceae 

backbone, but this resolution was not confirmed in the MP analysis. Such results are expected 

since parsimony and likelihood methods (ML and BI) use different criteria for evaluating topology 

and choosing the best trees (Kolaczkowski & Thornton 2004). All clade support values (BS and 

PP) discussed and compared in the following text refer to those of the combined analyses (Fig. 

1). If other support values from independent marker analyses are used in the text this is indicated 

separately in the text.  

Calathea clade. The whole clade received a support value of 71 (MP-BS) which is higher than the 

support values found in previous studies: 65 (Borchsenius et al. 2012), 60 (Prince & Kress 2006a) 

and the MP-JK < 50 (Prince & Kress 2006b). The strong support value (MP-BS: 100) for the 

Ischnosiphon-Pleiostachya-Calathea-Sanblasia clade was also found in (Borchsenius et al. 2012). 

Within this clade, Calathea and Ischnosiphon are considered potentially paraphyletic with respect 

to Sanblasia and Pleiostachya, respectively. The topology of the groups found within the 

Calathea-Sanblasia clade was the same as found by Borchsenius et al. (2012) with identical 
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support values. As more species from Ischnosiphon were included in our analyses, more sister 

species to Pleiostachya were found than I. leucophaeus (Borchsenius et al. 2012). No branch 

support for the clustering of all Ischnosiphon species apart from Pleiostachya was found by Prince 

and Kress (2006a) who used only chloroplast markers. An almost complete sampling of 

Monotagma species (10 species) confirmed the monophyly of the genus found in the previous 

studies (Andersson and Chase 2001: 2 species, Prince and Kress 2006a: 4 species, Borchsenius et 

al. 2012: 7 species).   

The overall clade topology is congruent with the findings of Borchsenius et al. (2012), 

where the Goeppertia genus (Calathea I sensu Prince and Kress 2006a) was placed as sister to 

the rest of the clade genera. The support value we found for the Goeppertia clade (MP-BS: 98) 

was higher than in Prince and Kress (2006a, MP-BS: 93) and Borchsenius et al. (2012, MP-BS: 90). 

We could confirm the six major clades within the genus the Goeppertia: Breviscapus, Comosae, 

Microcephalum, Ornata, Scapifolia and Straminea found in Borchsenius et al. (2012) that 

supported the infrageneric groupings proposed previously by Kennedy et al. (1988). In addition 

to the similar support value (Appendix 2, Fig. 5a) as in Borchsenius et al. (2012) our results added 

six taxa to the Comosae clade (G. pallidicosta, G. picturata, G. comosa, G. metallica, G. 

neblinensis, G. veitchiana), eight to the Breviscapus clade (G. aemula, G. colorata, G. concinna, G. 

cylindrical, G. laetevirens, G. lancifolia, G. mirabilis, G. zebrine) and two to the Ornate clade (G. 

majestica, G. splendida). 

Donax clade. Relationships among and within the genera of this clade were not fully resolved. 

Clade support including 27 taxa was high in both ML and BI analyses (BS: 96 and PP: 100%) but 

moderate in MP analysis (BS: 69). Our MP support value was higher than in Prince and Kress 

(2006b, 5 taxa, MP: 53), Borchsenius et al. (2012, 4 taxa, MP: 52), slightly lower than in Suksathan 

et al. (2009, 45 taxa, MP: 72) and slightly similar to Prince and Kress (2006a, 9 taxa, MP: 68). The 

Donax clade without the genus Thalia was very well supported as in previous studies (Prince & 

Kress 2006a, 2006b; Suksathan et al. 2009; Borchsenius et al. 2012). Morphologically, Thalia is 

characterized by one petaloid outer staminode and two equal pendant staminode appendages 

(Claßen-Bockhoff 1991, see Prince & Kress 2006a) in contrast to all other clade members with 

two petaloid outer staminodes and one simple appendage at the cucullate staminode. Analyses 
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at marker level, showed a conflict among markers with respect to the sister relationship of Donax 

canniformis and Schumannianthus dichotomus (Appendix 2, Fig. 1a, 2a, 3a, 4b). This resulted in a 

low support in the ML and MP analyses of the dataset combining all four markers. However, this 

sister relationship was found strongly supported in the previous studies (Prince & Kress 2006a, 

2006b) potentially due to the exclusion of S. monophyllus and a reduced taxon sampling within 

the Donax clade. A study with larger sampling from the Donax clade but based on rps16 only 

(Suksathan et al. 2009) revealed a low supported (MP-BS: 68, BI-PP< 95%) sister relationship 

between S. dichotomus and the genus Donax and an unresolved relation to S. monophyllus. In 

the same study but based on a combined analysis of rps16 intron + ITS1 + 5SNTS, no sister 

relationship between S. dichotomus and D. canniformis was found while S. monophyllus was 

placed at the base of the Phrynium clade. Suksathan et al. (2006) described S. monophyllus by 

having acaulescent vegetative shoots and short-stemmed, unbranched flowering shoots which is 

unusual to the stem habit found in D. canniformis and S. dichotomus. In our data sets probably 

due to amplification problems in the lab, the whole ITS sequence was of comparable lengths in 

S. monophyllus and the 14 Phrynium species (c. 240 bp, appendix 1), whereas in D. canniformis 

and S. dichotomus it was about 430 and 548 bp longer, respectively. Therefore, we assume that 

the unique morphology might have placed S. monophyllus apart from their closely related species 

and the low support for this resolution might be due to the variation in sequence length.  

 The 23 Phrynium species formed a well-supported monophyletic group with some 

resolved internal nodes. This monophyly was also found in Suksathan et al. (2009) after the 

merge of the four genera Cominsia, Monophrynium, Phacelophrynium and Phrynium to the genus 

Phrynium (sensu Suksathan et al. 2009). Some subclades and  sister relationships among the 

Phrynium species were found strongly supported, while the majority was found weakly 

supported in ML and BI analyses or formed a polytomy in the MP analysis. In general our results 

support the grouping of the Phrynium species based on thier geographical distribution 

(Suksathan et al. 2009) except for the close sister relationships between the two West Malaysian 

species P. obscurum and P. tristachyum and the widespread species P. imbricatum and P. 

pubinerve (sensu Suksathan et al. 2009) rather than to other West Malaysian species P. hirtum, 

P. fissifolium and P. villosulum. A new species P. whitei was added to the New Guinea clade (see 
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Suksathan et al. 2009) with strong sister relationship to P. giganteum, where both species have 

the same geographical distribution pattern. Variation in the sequences length of ITS and matK 

due to incomplete sequences might have contributed to the poor achieved resolution.   

Maranta clade. The Maranta clade received again a high support. This was the first time that all 

genera of this clade were included in a phylogeny and more than one molecular marker from 

both chloroplast and nuclear DNA was used ( compare to Andersson & Chase 2001; Prince & 

Kress 2006a, 2006b; Borchsenius et al. 2012). For instance, the placement of the genus 

Koernickanthe in the hypothesized tree topology in Prince and Kress (2006a) was based only on 

the molecular analysis of the trnL-F intergenic spacer region and morphological comparisons. 

Prince and Kress (2006a) further estimated the position of the Myrosma genus based on the 

shared morphological characteristics with other members of Maranta clade.  

Based on the combined analyses (ML, BI), the 12 Maranta species clustered into three 

groups. This polyphyletic potential was indicated by both chloroplast and nuclear markers 

independently, as well as in the combined MP analyses but with different topology and support. 

The monophyly of the genus Maranta was already doubted by Andersson and Chase (2001) using 

only one chloroplast marker (rps16) and six Maranta species. Based on a limited sampling of 

Maranta (3 species), Prince and Kress (2006a) identified the genus as monophyletic. Polyphyly 

was neither applicable in Prince and Kress (2006b), as they represented the Maranta genus by 

only one species. Therefore, we assume that Maranta in its present circumscription is 

polyphyletic. 

  Topologies resulting from ML and BI analyses revealed different sister relationships 

among the clade taxa than hypothesized by Prince and Kress (2006a). For instance, Prince and 

Kress (2006a) placed the genus Koernickanthe at the base of the Ctenanthe-Hylaeanthe-

Maranta-Myrosma-Saranthe-Stromanthe clade, while our analyses strongly supported the sister 

relationship between Koernickanthe and Maranta III (ML-BS: 99, MP-BS: 95 and BI-PP: 100%). 

Moreover, we found that the genus Saranthe was more closely related to the two genera 

Ctenanthe and Stromanthe than to the genus Myrosma. Our results showed a weak (MP-BS: 63) 

to strong (ML-BS: 89 and BI-PP: 100%) sister relationship for Ctenanthe and Stromanthe. This 
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relationship was also found by Andersson & Chase (2001, JK: 60, 8 taxa), Prince and Kress (2006a, 

BS: 78, 4 taxa), Prince and Kress (2006b, BS: 100, 2 taxa) and Suksathan et al. (2009, BS: 87, 3 

taxa).  

The monophyly of Ctenanthe (ML/MP-BS: 100 and BI-PP: 100%) was only supported based 

on ITS. In the combined analyses, we could only approve the monophyly of the genus when 

excluding Ctenanthe dasycarpa (ML-BS: 93, MP-BS: 99 and BI-PP: 100%) which was only nested 

with Stromanthe genus in the analysis of rps16 marker. All study results based only on the rps16 

marker and including Ctenanthe dasycarpa could not show support for the monophyly of the two 

genera. Here Ctenanthe dasycarpa was either placed within the Stromanthe clade (Andersson 

and Chase 2001) or as sister to other Stromanthe species rather than Ctenanthe species 

(Suksathan et al. 2009). Morphologically, Ctenanthe and Stromanthe are very similar. While the 

majority of the species are easily classified at the genus level a few are problematic by sharing 

characters of both genera (Kennedy 1999). However, Kennedy (1999) found that the placement 

of the species Ctenanthe dasycarpa in Stromanthe (sensu Hammel 1986) was incorrect because 

of the bracts type, as the long and persistent sepals are a characteristic of Ctenanthe. However, 

the corolla tube length in Ctenanthe dasycarpa is shorter than in Ctenanthe (Kennedy 1978) 

where this feature is also found in Stromanthe (see Prince and Kress 2006a). Therefore, here we 

suggest to use more genetic markers (chloroplast and nuclear) to reveal the accurate affinity of 

Ctenanthe dasycarpa to the two genera Ctenanthe and Stromanthe.  

The combined analysis very weakly placed the genus Myrosma as a sister to the Maranta 

II group and placed the latter taxa moderately supported in one clade with the genus Hylaeanthe 

(ML-BS: 87, MP-BS: 71 and BI-PP: 100%). Analyses based only on rps16 data, found no support 

for the placement of the genus Myrosma as sister to the genus Saranthe (Andersson & Chase 

2001), or placed the five species Hylaenthe hoffmannii, Koernickanthe orbiculata, Maranta 

kerchoviana, Maranta massengeana and Myrosma cannifolia in one unsupported polytomy 

(Suksathan et al. 2009). When morphological data was added to the molecular analysis, a sister 

relationship between Myrosma and Saranthe was indicated in Prince and Kress (2006a).  
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Stachyphrynium clade. The monophyly of this clade including the four genera Afrocalathea, 

Marantochloa, Monophyllanthe and Stachyphrynium was supported in the chloroplast datasets 

and the combined analysis. However, a different but only weakly supported clade topology was 

found in the ITS analysis, where the genera Marantochloa and Monophyllanthe were always 

more closely related to the Maranta clade than to the genera of the Stachyphrynium clade: 

Afrocalathea and Stachyphrynium.    

The genus Monophyllanthe is included here for the first time in the analyses and placed 

as sister to the genus Marantochloa. Thus, the genus Monophyllanthe added the American 

continent to the distribution range of the Stachyphrynium clade. Anderson (1998) classified 

Monophyllanthe as a part of the Maranta group based on the genus morphology. As this genus 

was not included in any of the recent molecular studies at the family level (Andersson & Chase 

2001; Prince & Kress 2006a, 2006b), no molecular evidence was so far achieved to refute or 

approve Andersson´s (1998) classification. Despite geographic isolation separating the two 

genera, Monophyllanthe and Marantochloa share a number of morphological features, including 

a solitary and simple cucullate staminode appendage, dehiscent fruits and arillate seeds (see 

Prince & Kress 2006a). Moreover, stoloniferous rhizomes were found in some Marantochloa 

species (Tomlinson 1961) and in Monophyllanthe oligophylla (Andersson 1998).  

The here presented combined analyses, confirmed the monophyly of all four included 

genera. This was not yet the case in Prince and Kress (2006a) where Ataenidia was nested within 

Marantochloa, and Afrocalathea was embedded within Stachyphrynium. However, the genus 

Ataenidia was later included into the genus Marantochloa (see Ley & Claßen-Bockhoff 2011): 

Marantochloa conferta (Ataenidia conferta). The relationship between Afrocalathea and 

Stachyphrynium inferred by Prince and Kress (2006a) was based only on the chloroplast markers 

(matK, trnL-F), also a similar result achieved in Suksathan et al. (2009) when the analysis was 

based only on rps16. In our study, results from chloroplast markers independently showed also 

a similar relationship among the two genera. While the nuclear marker (ITS) and later the 

combined analyses either in our study or in Suksathan et al. (2009) confirmed the sister 

relationship of Afrocalathea and Stachyphrynium. This result might be achieved because the 

phylogenetic signal masked by homoplasy in the chloroplast data could be strengthened by a 
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combined analysis including ITS data which in turn can increases both resolution and support 

(Karehed et al. 2008). However, in our result the Maximum parsimony support value for the 

monophyly of Stachyphrynium genus (BS: 100) was higher than in Suksathan et al. (2009, MP-BS: 

90). Moreover, the species relationships were almost fully resolved with high support values, 

while in Suksathan et al. (2009) these relationships were not fully resolved with low support 

values. This example shows, how the addition and concatenation of molecular characters from 

the chloroplast genome and ribosomal gene regions have a significant impact upon accurate 

phylogenetic analysis and can improve the resolution of the deep internodes (Townsend & Lopez-

Giraldez 2010). 

Sarcophrynium clade. The intraclade topology based on all markers from independently evolving 

genomes (nuclear and chloroplast) are congruent in most parts and confirm the monophyly of all 

morphologically circumscribed genera within this clade. In addition, the relationships among 

these genera within the clade are solved with higher support than previously (Ley & Claßen-

Bockhoff 2011) potentially due to the addition of further genetic markers. The placement of the 

genus Sarcophrynium at the base of the clade was confirmed by the all analyses (ML, MP and BI) 

of the combined dataset. This placement was not found in (Prince & Kress 2006b) due to a small 

sampling but was hypothesized by Prince and Kress (2006a), however, without statistical support.  

Concerning the subclade including Hypselodelphys, Megaphrynium, Thaumatococcus and 

Trachyphrynium, our results show a moderate support for its monophyly in all three analyses 

(ML-BS: 79, MP-BS: 89 and BI-PP: 98 %). In a particular study investigating the relationships within 

the two major African clades (Sarcophrynium and Marantochloa) based on less molecular data 

than in our study, Ley and Claßen-Bockhoff (2011) found low support for this subclade (BS > 70). 

Moreover, the Megaphrynium topology was different by placing M. gabonense at the base of the 

genus. This did not yield a morphological support. In our study Megaphrynium trichogynum is 

sister to all other Megaphrynium species. In this topology floral (size and arrangement) and 

pollinator type are congruent between the basal taxon M. trichogynum and the sister genus 

Thaumatococcus and shows one shift to bee pollination and its corresponding floral type in the 

remaining Megaphrynium species (see Ley & Claßen-Bockhoff 2011). 
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Genus Haumania. The placement of this African genus Haumania as sister to all other major 

clades (Calathea, Donax, Maranta and Stachyphrynium clades) or within the Sarcophrynium clade 

remained unresolved in our analyses, just as in all previous phylogenetic studies. Prince and Kress 

(2006a) found Haumania to be placed at the base of the Calathea clade with a poorly supported 

relationship (less than 50% JK and less than 0.95 PP). However, they found no morphological 

evidence supporting the inclusion of Haumania in the Calathea clade. Based on more molecular 

markers, Prince and Kress (2006b) found Haumania in an unresolved polytomy at a more basal 

position than in the earlier study, or as a weakly supported member of the Sarcophrynium clade. 

To date it is thus still unclear whether the three Haumania species belong to the Sarcophrynium 

clade or have to be regarded as the root node for the other four clades. Despite the fact, that our 

results provide little information concerning the position of Haumania the relationships among 

the Haumania species are now fully resolved. 

CONCLUSIONS 

In conclusion, our results provide a higher resolution and support for the Marantaceae backbone 

in comparison to what was achieved in all previous studies. The addition of more molecular data 

and taxa have strengthened the hypothesized topology and suggested generic limits of the 

relationships within the family Marantaceae (Prince & Kress 2006a; Suksathan et al. 2009; Ley & 

Claßen-Bockhoff 2011; Borchsenius et al. 2012). Major new findings include highly supported 

infrasectional topologies of major clades and many subclades that were not achieved in any of 

the previous studies. Additionally, our study identified at least four potentially non-monophyletic 

genera: Calathea, Ischnosiphon, Maranta and Schumannianthus and only one genus Haumania 

of uncertain affinity. 

Our results strongly supported the monophyly of 12 polytypic genera. The strongly 

supported sister relationship found between the genera Monophyllanthe and Marantochloa 

reveals that the Stachyphrynium clade is not restricted to a single geographical region (tropical 

America, tropical Africa, or tropical Asia). Obtaining a complete and full sequences length for all 

marker, as well as, more morphological data can enhance the total evidences support 

Marantaceae phylogeny. Our current results which are based on more molecular data and taxa 
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can be used in the future to investigate the biogeographical pattern and the timing of divergence 

in the family Marantaceae. 
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APPENDICES   

Appendix 1. Source and voucher information for taxa sampled in a phylogenetic study of Marantaceae based on 

chloroplast and nuclear DNA sequence data. 

 

 

NO. Taxa/Synonyms matK rps 16 trnL-F ITS
1 Afrocalathea rhizantha  (K.Schum.) K.Schum. AY140262 EF382847 ley011  EU605908

2 Calathea crotalifera  S.Watson AU1429 AU1429 AU1429 AU1429

3 Calathea guzmanioides  L.B.Sm. & Idrobo AU1423 AU1423 AU1423 AU1423

4 Calathea hagbergii  H.Kenn. AU1424 AU1424 AU1424 AU1424

5 Calathea lutea  (Aubl.) E.Mey. ex Schult. AU1427 AU1427 AU1427 AU1427

6 Calathea marantina  (Willd. ex Körn.) K.Koch JQ341349 NA JQ341232 JQ341288

7 Calathea pluriplicata  H.Kenn. AY140280 NA AY140359 JQ341295

8 Calathea plurispicata  H.Kenn. AU1430 AU1430 AU1430 AU1430

9 Calathea timothei  H.Kenn. AU1425 AU1425 AU1425 AU1425

10 Calathea toroi  S.Suárez AU1426 AU1426 AU1426 AU1426

11 Calathea utilis  H.A.Kenn. AY140282 NA AY140361 JQ341303

12 Canna indica  L.  AM114724 AM116859 AM113702 FJ939505

13 Ctenanthe burle-marxii  H.Kenn. AU1809 AU1809 AU1809 AU1809

14 Ctenanthe dasycarpa  (Donn.Sm.) K.Schum. NA AF141042 NA NA

15 Ctenanthe lubbersiana  (E.Morren) Eichler ex Petersen AU1811 AU1811 AU1811 AU1811

16 Ctenanthe marantifolia  (Vell.) J.M.A.Braga & H.Gomes AU1813 AU1813 AU1813 AU1813

17 Ctenanthe oppenheimiana  (E.Morren) K.Schum. AU1812 AU1812 AU1812 AU1812

18 Ctenanthe setosa  (Roscoe) Eichler AU1810 AU1810 AU1810 AU1810

19 Donax canniformis  (G.Forst.) K.Schum. AU650 AY914616 AU1931 AU1931

20 Goeppertia aemula  (Körn.) Borchs. & S.Suárez/Calathea aemula AY140265 LP327 AY140344  LP327

21 Goeppertia altissima  (Poepp. & Endl.) Borchs. & S.Suárez/Calathea altissima AU1444 AU1444 AU1444 AU1444

22 Goeppertia attenuata  (H.Kenn.) Borchs. & S.Suárez/Calathea attenuata AU1448 AU1448 AU1448 AU1448

23 Goeppertia bella  (W.Bull) Borchs. & S.Suárez/Calathea bella AY140278 LP348 AY140357 JQ341292

24 Goeppertia capitata  (Ruiz & Pav.) Borchs. & S.Suárez/Calathea capitata AU1440 AU1440 AU1440 AU1440

25 Goeppertia colorata  (Hook.) Borchs. & S.Suárez/Calathea colorata AY140266 LP343 AY140345 LP343

26 Goeppertia comosa  (L.f.) Borchs. & S.Suárez/Calathea comosa AY140267 NA AY140346 Ley025

27 Goeppertia concinna  (W.Bull) Borchs. & S.Suárez/Calathea concinna   / C. leopardina AY140272  LP332 AY140351  LP332

28 Goeppertia curaraya  (H.Kenn.) Borchs. & S.Suárez/Calathea curaraya AU1438 AU1438 AU1438 AU1438

29 Goeppertia cyclophora  (Baker) Borchs. & S.Suárez/Calathea cyclophora AU1431 AU1431 AU1431 AU1431

30 Goeppertia cylindrica (Roscoe) Borchs. & S.Suárez/Calathea cylindrica NA AF141028 NA NA

31 Goeppertia ecuadoriana  (H.Kenn.) Borchs. & S.Suárez/Calathea ecuadoriana AY140269 NA AY140348+JN413126  JQ341275

32 Goeppertia foliosa  (Rowlee ex Woodson & Schery) Borchs. & S.Suárez/Calathea foliosa AY140270 LP030 AY140349+LP030 JQ341276

33 Goeppertia fucata  (H.Kenn.) Borchs. & S.Suárez/Calathea fucata JQ341340 NA JQ341223 JQ341277

34 Goeppertia gymnocarpa  (H.Kenn.) Borchs. & S.Suárez/Calathea gymnocarpa AY140271 LP339 AY140350+LP339 JQ341279

35 Goeppertia inocephala  (Kuntze) Borchs. & S.Suárez/Calathea inocephala AU1446 AU1446 AU1446 AU1446

36 Goeppertia killipii  (L.B.Sm. & Idrobo) Borchs. & S.Suárez/Calathea killipii AU1451 AU1451 AU1451 AU1451

37 Goeppertia laetevirens  (Huber) Borchs. & S.Suárez/Calathea laetevirens Suarez2655+SG132 AU1922 AU1922 Ley026

38 Goeppertia lanata  (Petersen) Borchs. & S.Suárez/Calathea lanata AU1433 AU1433 AU1433 AU1433

39 Goeppertia lancifolia  (Boom) Borchs. & S.Suárez/Calathea lancifolia ley046+Ley054 ley002 Ley012 NA

40 Goeppertia latifolia  (Willd. ex Link) Borchs. & S.Suárez/Calathea latifolia AU1445 AU1445 AU1445 AU1445

41 Goeppertia leonia (Boom bis) Borchs. & S.Suárez/Calathea leonia AU1447 AU1447 AU1447 AU1447

42 Goeppertia loeseneri (J.F.Macbr.) Borchs. & S.Suárez/Calathea loeseneri AY140273 NA AY140352 JQ341286

43 Goeppertia majestica  (Linden) Borchs. & S.Suárez/Calathea majestica AY140274 LP338 AY140353 LP338

44 Goeppertia metallica  (Planch. & Linden) Borchs. & S.Suárez/Calathea metallica AY140275 AY656136 AY140354 AY673046

45 Goeppertia micans  (L.Mathieu) Borchs. & S.Suárez/Calathea micans AU1435 AU1435 AU1435 AU1435

46 Goeppertia microcephala (Poepp. & Endl.) Borchs. & S.Suárez/Calathea microcephala AU1436 AU1436 AU1436 AU1436

47 Goeppertia mirabilis  (Jacob-Makoy ex E.Morren) Borchs. & S.Suárez/Calathea mirabilis AY140277 LP347 AY140356 LP347

48 Goeppertia mishuyacu  (J.F.Macbr.) Borchs. & S.Suárez/Calathea mishuyacu  AU1443  AU1443  AU1443  AU1443

49 Goeppertia neblinensis  (H.Kenn.) Borchs. & S.Suárez/Calathea neblinensis  Castro1152 AU1466 ley013 Ley027

50 Goeppertia pallidicosta  (H.Kenn.) Borchs. & S.Suárez/Calathea pallidicosta AY140279 ley004 AY140358 Ley028

51 Goeppertia pavonii  (Körn.) Borchs. & S.Suárez/Calathea pavonii AU1492 AU1492 AU1492  AU1492

52 Goeppertia petersenii (Eggers) Borchs. & S.Suárez/Calathea petersenii AU1432 AU1432 AU1432 AU1432

53 Goeppertia picturata  (K.Koch & Linden) Borchs. & S.Suárez/Calathea picturata NA AF141033 NA NA

54 Goeppertia propinqua  (Poepp. & Endl.) Borchs. & S.Suárez/Calathea propinqua AU1441 AU1441 AU1441 AU1441

55 Goeppertia rufibarba  (Fenzl) Borchs. & S.Suárez/Calathea rufibarba AY140281 AY656138 AY140360 AY673048

56 Goeppertia silvosa  (J.F.Macbr.) Borchs. & S.Suárez/Calathea silvosa AU1439 AU1439 AU1439 AU1439

57 Goeppertia splendida  (Lem.) Borchs. & S.Suárez/Calathea splendida NA AF141036 NA NA

58 Goeppertia standleyi  (J.F.Macbr.) Borchs. & S.Suárez/Calathea standleyi AU1442 AU1442 AU1442 AU1442

59 Goeppertia straminea (Petersen) Borchs. & S.Suárez/Calathea straminea AU1450 AU1450 AU1450 AU1450

60 Goeppertia undulata  (Linden & André) Borchs. & S.Suárez/Calathea undulata AU1437 AU1437 AU1437 AU1437



97 | M A R A N T A C E A E  P H Y L O G E N Y  

 

 

61 Goeppertia varians  (K.Koch & Mathieu)Borchs. & S.Suárez/Calathea varians AU1491 AU1491 AU1491 AU1491

62 Goeppertia variegata  (K.Koch) Borchs. & S.Suárez/Calathea variegata  AU1449  AU1449  AU1449  AU1449

63 Goeppertia veitchiana  (Veitch ex Hook.f.) Borchs. & S.Suárez/Calathea veitchiana NA AY914604 NA AY914651

64 Goeppertia villosa  (Lodd. ex G.Don) Borchs. & S.Suárez./Calathea villosa AU1462 AU1462 AU1462  AU1462

65 Goeppertia vinosa  (H.Kenn.) Borchs. & S.Suárez/Calathea vinosa AY140284 LP359 AY140363+LP359 JQ341307

66 Goeppertia warscewiczii  (Lem.) Borchs. & S.Suárez/Calathea warszewiczii AY140285 AY656139 AY140364+LP024 AY673049

67 Goeppertia zebrina  (Sims) Borchs. & S.Suárez/Calathea zebrina ley047+Ley055 AF141038 ley014 Ley029

68 Halopegia azurea  (K.Schum.) K.Schum. AY140291 LP364 Ley015 LP364

69 Halopegia blumei  (Körn.) K.Schum. AU446 AU446 AU446 JQ341258

70 Haumania danckelmaniana  (J.Braun & K.Schum.) Milne-Redh Al60 AL60 AL60 Ley031

71 Haumania leonardiana  C.M.Evrard & Bamps BEB250 BEB250 BEB250 Ley032

72 Haumania liebrechtsiana  (De Wild. & T.Durand) J.Léonard Al50 Al50_B03 ley016 Ley030

73 Haumania  sp. AY140293 AY656143 AY140374+JN413109 AY673053

74 Hylaeanthe hexantha  (Poepp. & Endl.) A.M.E.Jonker & Jonker AU1825 AU1825 AU1825 AU1825

75 Hylaeanthe hoffmannii (K.Schum.) A.M.E.Jonker & Jonker ex H.Kenn. JQ588304 AF141051 NA NA

76 Hypselodelphys hirsuta  (Loes.) Koechlin AU1219 AU1219+AL269 Al269 AU1219

77 Hypselodelphys poggeana  (K.Schum.) Milne-Redh. Al168 AL168 EU647819 EU605912

78 Hypselodelphys scandens  Louis & Mullend. Al160 AL160 EU647824 EU605917

79 Hypselodelphys triangularis  Jongkind NA vMaesen5275 EU647822 EU605915

80 Hypselodelphys violacea  (Ridl.) Milne-Redh. Al28 AF141052 EU647821 EU605914

81 Hypselodelphys velutina  Jongkind  Ley078 NA EU647818 EU605911

82 Indianthus virgatus  (Roxb.) Suksathan & Borchs. /Schumannianthus virgatus AY140328 AY914620 AU1921 AY914666

83 Ischnosiphon cerotus  Loes. AY140297 LP366 AY140378 LP366

84 Ischnosiphon heleniae  L.Andersson AY140298 AY656145 AY140379 AY673055

85 Ischnosiphon hirsutus  Petersen AU1454 AU1454 AU1454 AU1454

86 Ischnosiphon leucophaeus  (Poepp. & Endl.) Körn. AY140299 LP367 AY140380 +LP367 JQ341309

87 Ischnosiphon macarenae  L.Andersson AU1455 AU1455 AU1455 AU1455

88 Ischnosiphon obliquus  (Rudge) Körn. AU1456 AU1456 AU1456 AU1456

89 Ischnosiphon ovatus  Körn., Bull. NA AF141054 NA NA

90 Ischnosiphon puberulus  Loes. AY140300 LP368 AY140381+LP368 JQ341312

91 Ischnosiphon rotundifolius  (Poepp. & Endl.) Körn. AY140301 LP440 AY140382+LP440 JQ341313

92 Koernickanthe orbiculata  (Körn.) L.Andersson AU1826 AU1826 AY140383 AU1826

93 Maranta arundinacea  L. AU1835 AU1835 AU1835 AU1835

94 Maranta cristata Nees & Mart. /Maranta bicolor AY140302 AY656146 AY140385 AY673056

95 Maranta friedrichsthaliana  Körn. NA NA NA Ley043

96 Maranta humilis Aubl. AU1845 AU1845 AU1845 AU1845

97 Maranta leuconeura  E.Morren AU1831 AU1831 AU1831 AU1831

98 Maranta noctiflora  Regel & Körn. AU1840 AU1840 AU1840 AU1840

99 Maranta parvifolia  Petersen AU1837 AU1837 AU1837 AU1837

100 Maranta pohliana  Körn. AU1839 AU1839 AU1839 AU1839

101 Maranta protracta  Miq. AU1877 AU1877 AU1877 AU1877

102 Maranta ruiziana  Körn. ley075+ley053 AF141060 NA NA

103 Maranta rupicola  L.Andersson Borchsenius lab. NA NA Ley042

104 Maranta sobolifera  L.Andersson NA AF141061 NA NA

105 Maranta tuberculata  L.Andersson AU1842 AU1877 AU1842 AU1877

106 Marantochloa conferta  (Benth.) A.C.Ley/Ataenidia conferta AY140263+Al115  AY656134 AY140342 AY673044

107 Marantochloa congensis  (K.Schum.) J.Léonard & Mullend. Al107 AF141062 EU647811 EU605903

108 Marantochloa cordifolia  (K.Schum.) Koechlin Al63 Al63 EU647802 NA

109 Marantochloa cuspidata  (Roscoe) Milne-Redh. AU1221 AU1221 EU647814 EU605906

110 Marantochloa filipes  (Benth.) Hutch. AU1222 AU1222+AL262 AU1222 AU1222

111 Marantochloa grandiflora  A.C.Ley Ley079 WPM017T EU647817 NA

112 Marantochloa incertifolia  Dhetchuvi Al179 NA EU647813 NA

113 Marantochloa leucantha  (K.Schum.) Milne-Redh. AY140305 AF141066 EU647809 EU605901

114 Marantochloa mannii  (Benth.) Milne-Redh. Al638 ley005 EU647806 EU605897

115 Marantochloa microphylla  (Koechlin) Dhetchuvi ACL2531 ACL2531 ACl2531 AY673057

116 Marantochloa mildbraedii  Koechlin Simons14 Simons14 Simons14 EU605893

117 Marantochloa monophylla  (K.Schum.) D'Orey Al45 ley006 EU647810 EU605902

118 Marantochloa montsdecristalii  A.C.Ley ley048+ley056 AL256 ley017 Ley033

119 Marantochloa purpurea  (Ridl.) Milne-Redh. AY140306 AY656147 AY140389 AY673057

120 Marantochloa ramosissima  (Benth.) Hutch Al751 ley007 ley018 Ley034

121 Megaphrynium gabonense  Koechlin Al155 AL155 EU647830 EU605924

122 Megaphrynium macrostachyum  (K.Schum.) Milne-Redh. AU1217 AL260+BEB373 AU1217 AU1217

123 Megaphrynium trichogynum  Koechlin Al22 AL22 EU647828 EU605921

124 Megaphrynium velutinum  (K.Schum.) Koechlin Ley059+Ley80 NA EU652953 NA

125 Monophyllanthe araracuarensis  S.Suárez, Galeano & H.Kenn. AU1824 AU1824 AU1824 Ley040

126 Monophyllanthe oligophylla  K.Schum. AU1823 AU1823 AU1823 Ley041

127 Monotagma densiflorum  (Körn.) K.Schum.  Ley049+Ley060 ley009 Ley019 NA

128 Monotagma dolosum  J.F.Macbr NA AF141069 NA NA

129 Monotagma juruanum  Loes. AU1458 AU1458 AU1458 AU1458

130 Monotagma laxum  (Poepp. & Endl.) K.Schum. AY140309 AY656148 AY140392+LP 376 AY673058

131 Monotagma papillosum  Hagberg & R.Erikss. AY140310 LP377 AY140393+LP243 LP377

132 Monotagma parvulum  Loes. AY140311 LP378 AY140394 LP378

133 Monotagma secundum  (Petersen) K.Schum. AU1459 AU1459 AU1459 AU1459

134 Monotagma smaragdinum  (Linden & André) K.Schum. AY140312 LP379 AY140395+LP379 JQ341318

135 Monotagma tomentosum  K.Schum. ex Loes. AU1460 AU1460 AU1460 AU1460

136 Monotagma tuberosum  Hagberg & R.Erikss. AU1457 AU1457 AU1457 AU1457

137 Myrosma cannifolia  L.f. AU1857 AU1857 AU1857 AU1857

138 Phrynium aurantium  (Clausager & Borchs.) Suksathan & Borchs./Phacelophrynium aurantium Johannsen12_SG120 AY914623 Johannsen12 AY914668***

139 Phrynium fasciculatum  (C.Presl) Horan./Monophrynium fasciculatum Suksathan3419_SG91 AY914646 Suksathan3419 AY914691***

140 Phrynium fissifolium  Ridl. NA EF382851 NA EF382843***
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Abbreviations: Sequences name start with (Ley) indicate new sequence or part of sequences obtained from DNA extracted in the 

Institute of Geobotany and Botanical Garden/Halle (Saale), Germany. NA, indicate that this sequence is not available. *, the mif  

matK part is missing from this sequence (≈ 620 bp); **, the 867 matK part is missing from this sequence (≈ 630 bp); ***,  part of the 

5.8S and the whole ITS2 are missing from this sequence (≈ 620 bp). 

 

 

 

 

 

 

 

 

 

141 Phrynium giganteum  Scheff./Cominsia gigantea AU1862 AU1862 AU1862 AY673050

142 Phrynium grandibracteatum  Clausager & Borchs. SJ11_SG139 AY914631+SJ11_SG139SJ11_SG139 AU532

143 Phrynium hainanense  T.L.Wu & S.J.Chen Suksathan296 AY914632 AU441 AU441

144 Phrynium hirtum  Ridl. SJ03_SG336 AY914633 AU1932 Ley035***

145 Phrynium imbricatum  Roxb. AY140319 LP384 + AU1923 AU1923+AY140401 AU1923 + LP384

146 Phrynium interruptum  (K.Schum.) Suksathan & Borchs. AU618 AY914625 AU618 AU618

147 Phrynium kaniense  Loes. & G.M.Schulze NA NA NA EF382844***

148 Phrynium laxum  (Clausager & Borchs.) Suksathan & Borchs./Phacelophrynium laxum SJ16_SG142* AY914626 AU535 AU535

149 Phrynium macrocephalum  K.Schum. NA EF382852 AU697  EF 3EF382845***

150 Phrynium maximum  Blume/Phacelophrynium maximum Poulsen1576+Ley050 EF382850 AU1933 AU555

151 Phrynium minutiflorum  Suksathan & Borchs./Phacelophrynium cylindricum Suksathan3531_SG245  AY914624 Suksathan3531 AY914669***

152 Phrynium obscurum  Teijsm. & Binn. ley066+Ley051 AY914636 ley020 AY91468***

153 Phrynium pedunculiferum  D.Fang ley67 * AY914637 ley021 AY914683***

154 Phrynium pubinerve  Blume/Phrynium philippinense/ P.rheede AU622 AY914639 AU622 AY914684***

155 Phrynium sapiense  (Clausager, Mood & Borchs.) Suksathan & Borchs/Phacelophrynium sapiense Johannsen2 ** AY914630 Johannsen2 AY914675***

156 Phrynium simplex  (Elmer) Suksathan & Borchs./Monophrynium simplex Suksathan_3525_SG115 AY914647 Suksathan_3525_SG115 AY914692***

157 Phrynium tonkinense  Gagnep. Suksathan3543_SG148+Ley52AY914641 Suksathan3543 AY914682***

158 Phrynium tristachyum  Ridl. ley076* AY914642 NA Ley044

159 Phrynium villosulum  Miq. Johannsen13_SG123 AY914643 Johannsen13 AY914688***

160 Phrynium whitei  (Ridl.) Suksathan & Borchs. AU1224 AU1224 AU1224 AU1224

161 Pleiostachya pruinosa  (Regel) K.Schum. AU1366 AU1366 AU1366 AU1366

162 Sanblasia dressleri  L.Andersson AU1599 AU1599 AU1599 AU1599

163 Saranthe klotzschiana  (Körn.) Eichler AU1822 AU1822 AU1822 AU1822

164 Saranthe madagascariensis  (Benth.) K.Schum./Saranthe unilateralis  AU1878 AU1878 AU1878 AU1878

165 Sarcophrynium brachystachyum  (Benth.) K.Schum. Al32 AL32 EU647831 EU605926

166 Sarcophrynium prionogonium  (K.Schum.) K.Schum. Al55 AL55 EU647832 EU605929

167 Sarcophrynium schweinfurthianum  (Kuntze) Milne-Redh. NA NA EU647833 EU605928

168 Sarcophrynium villosum  (Benth.) K.Schum. Al759 AL759 ley022 NA

169 Schumannianthus dichotomus  (Roxb.) Gagnep. AU649 AY914619 AU649 AU649

170 Schumannianthus monophyllus  Suksathan/Phrynium griffithii AU653 AY914621 AU653 AY914667

171 Stachyphrynium calcicola  A.D.Poulsen & Clausager Poulsen_2026_SG154 AY914606 Poulsen2026 AY914652

172 Stachyphrynium latifolium  (Blume) K.Schum. AY140329 LP386 AY140412 + ley023 ley036

173 Stachyphrynium longispicatum  Suksathan & Borchs Suksathan3321_SG95 AY914609 Suksathan3321 AY914655

174 Stachyphrynium placentarium  (Lour.) Clausager & Borchs. Ley073+Ley077 AY914610 AU447 ley037+Ley045

175 Stachyphrynium repens  (Körn.) Suksathan & Borchs. AU616 AY914611 AU616 AU616

176 Stachyphrynium spicatum  (Roxb.) K.Schum Suksathan3356_SG90 AY914612 Suksathan335 AY914658

177 Stachyphrynium sumatranum  (Miq.) K.Schum. AY140318 AY914614 NA ley038

178 Stromanthe jacquinii  (Roem. & Schult.) H.Kenn. & Nicolson NA AF141087 NA NA

179 Stromanthe papillosa  Petersen AU1879 AU1879 AU1879 AU1879

180 Stromanthe schottiana  (Körn.) Eichler AU1817 AU1817 AU1817 AU1817

181 Stromanthe stromanthoides  (J.F.Macbr.) L.Andersson AY140334 ley010 AY140417 Ley039

182 Stromanthe thalia  (Vell.) J.M.A.Braga AU1814 AU1814 AU1814 AU1814

183 Stromanthe tonckat  (Aubl.) Eichler AU1816 AU1816 AU1816 AU1816

184 Thalia dealbata  Fraser AU549 AY914648.1 JQ341215 AY914693

185 Thalia geniculata  L. AU916 EF382853 AU916 AU916

186 Thaumatococcus daniellii  (Benn.) Benth. AU1218 AU1218+AL96 EU647826 EU605919

187 Thaumatococcus flavus  A.C.Ley Al56 AL56 EU647827 NA

188 Trachyphrynium braunianum (K.Schum.) Baker AY140339 AL171 AY140422+ ley024 AY673068
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Appendix 2. In the following figures a Maximum Likelihood strict consensus tree for each marker analysis: matK (Fig 1a 

and b), rps16 (Fig 2a and b), trnL-F (Fig 3a and b), ITS (Fig 4a and b) and combined analysis (Fig 5a and b). Numbers above 

and below branches denote ML and MP bootstrap support of 50 % or higher, respectively. Bold lines indicated branches 

with posterior probabilities of 0.95 or higher. Dash sign indicates branches not found in the Maximum parsimony strict 

consensus tree (-/ ), in the Bayesian analysis( /-) or in both analyses (-/-).  Inset upper left corner shows which clades or 

branches of the Marantaceae family tree is depicted in the large figure. 
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Figure 1a 
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Figure 1b 
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Figure 2a 
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Figure 2b 
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Figure 3a 
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Figure 3b 
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Figure 4a 
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Figure 4b 
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Figure 5a 
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Figure 5b 
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GENERAL DISCUSSION  

PART I 

The investigation of germination behavior and genetic diversity in this dissertation (Part I) 

provided valuable insight into the role of environmental variables in inducing local adaptation 

as well as isolating plant populations and shaping their genetic structure. Spatial environmental 

variation is ubiquitous, and populations of a wide range of species are adapted to local abiotic 

or biotic conditions (Savolainen et al. 2013). Phenotypic and genetic differentiation along 

environmental gradients, or across contrasting habitat types, can also be indicative of local 

adaptation and environmental isolation (Conover et al. 2009, Wang & Bradburd 2014). The 

study species, Salvia spinosa and Salvia syriaca, are among the Jordanian plant species which 

face environmental heterogeneity over short geographical distances due to the existence of 

different phytogeographical regions (Al-Eissawi 1996). Identifying the consequences of variation 

in environmental conditions in terms of local adaptation and genetic structure is an increasingly 

important goal in conservation biology (Harrisson et al. 2014). Chapter 2 provided information 

regarding additive and interactive effects of temperature, salinity and seed origin on 

germination behavior, which is important for understanding the ecology of species in terms of 

their establishment, tolerance of abiotic factors, and range dynamics across environmental 

gradients. Furthermore, evidence of local adaptation of the study species to salinity and 

temperature regimes in the respective maternal environments has been revealed particularly in 

the Irano-Turanian and Saharo-Arabian regions. A similar result was also found in Jordanian 

Stipa species (Hamasha & Hensen 2009), where populations from arid and Saharan regions 

have higher seed germination than populations from Mediterranean region in response to 

environmental factors (high temperature and low rainfall) experienced by mother plants in arid 

and Saharan regions. The ability of Salvia spinosa seeds from arid and semi-arid populations to 

germinate faster and higher at cooler temperatures than Mediterranean populations suggests 

that the former populations are better adapted to germinating under cold conditions.  Such 

adaptation was interpreted as the ability of seeds of populations in arid and semi-arid areas 

(Irano-Turanian and Saharo-Arabian regions) to respond to moisture availability in late autumn 
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and early winter to enable germination when temperatures are relatively low, making them less 

likely to suffer from desiccation. Germination at cooler temperature to escape later desiccation 

was also suggested as an adaptive mechanism in seed germination of Malcolmia littorea (De 

Vitis et al. 2014). In addition, my results suggest that the mucilage layer produced by the seeds 

contributes to this adaptation. However, mucilage has always been considered ecologically 

beneficial for plants’ adaptation to diverse environments by enhancing seed dispersal, 

germination and establishment (Yang et al. 2012). Although being able to produce mucilage is 

an advantage for these plants, mucilage might turn into a disadvantage under the pressure of 

climate change. My field observations indicate the potential of negative interactions between 

mucilage and late rainfall with respect to seed viability and dispersal, which may open the door 

for novel investigations on the impact of further climate changes on the persistence of species 

with mucilaginous seed. 

 The results of chapter 3 also detected the signature of environmental variation on 

genetic structure. Genetic diversity was found to increase significantly with increasing 

temperature and drought, whereby genetic diversity was higher in dry habitats (Saharo-Arabian 

and Irano-Turanian), suggesting that environmental stress might select for high levels of genetic 

diversity. Indeed, our results are in line with several studies found that higher genetic diversity 

resided in populations from habitats with stressful (i.e. dry and hot) environmental 

conditions (Nevo et al. 1998; Turpeinen et al. 2001; Sharma et al. 2004, Hamasha et al. 2013). 

Moreover, the variation in the environmental conditions alters the flowering phenology among 

populations, interrupts their connectivity and isolates them environmentally. Such isolation has 

lead to a clear genetic split between populations belonging to more moist environments 

(Mediterranean) and those of arid environments (Saharo-Arabian and Irano-Turanian). The 

interactions between organisms and their environments can shape spatial distributions of 

genetic variation, resulting in patterns of isolation by environment in which genetic and 

environmental distances are positively correlated, independent of geographic distance (Wang & 

Bradburd 2014). Therefore, our results contribute significantly to understanding the role of 

ecological processes in genetic divergence both within and between species. Indeed, previous 

studies revealed and describe how ecological processes that can generate patterns of isolation 
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by environment can answer pressing questions about the ecological basis of genetic diversity 

(Balkenhol et al. 2009; Storfer et al. 2010). In the light of current global climate change, it is 

necessary to study the effects of climatic variation on intraspecific genetic diversity, since this 

variation provides the basis for any evolutionary adaptation. It is thus the most fundamental 

level of biodiversity (May & Goodfrey 1994). In summary, I conclude that the results of chapter 

3 play an important role in advancing our understanding of how environmental conditions 

shape the evolution of biological diversity and inducing local adaptation, which has major 

implications for a wide variety of disciplines, particularly for understanding how plant species 

will respond to rapid ecological change and how we can conserve them. 

PART II 

The rise of phylogenetic biology has revolutionized the study of molecular and developmental 

evolution. As phylogeny has an important implication for gauging the evolutionary potential of 

species (Vézquez & Gittleman 1998), therefore, it can be a tool to estimate biogeographic 

ancestral ranges and assess shifts in species diversification rates once a well-resolved 

phylogenetic tree is achieved (Berger et al. 2015). Results of chapter 4 (Part II) provide an 

improved resolution in the Phylogeny of Marantaceae family backbone. Such results can 

provide more robust phylogenetic frameworks for further hypothesis testing of the geographic 

history of Marantaceae since early efforts were hampered by poor resolution due to low taxon 

and characters sampling. However, the resulting tree topology focusing on the resolution of 

major clades was mostly congruent among applied methods and with preexisting family 

phylogenies. Moreover, the addition of more molecular data and taxa have strengthened the 

hypothesized topology and suggested generic limits of the relationships within the family 

Marantaceae (Prince & Kress 2006a; Suksathan et al. 2009; Ley & Claßen-Bockhoff 2011; 

Borchsenius et al. 2012). The highly supported infrasectional topologies of major clades and 

many subclades that were not achieved in any of the previous studies indicate that extensive 

sampling in both dimensions of taxa and characters (genes) is necessary. In conclusion, our 

current results which are based on more molecular data and taxa compared to all previous 

studies (Andersson & Chase 2001; Prince & Kress 2006a; Prince & Kress 2006b; Suksathan et al. 

2009; Ley & Claßen-Bockhoff 2011; Borchsenius et al. 2012) can be used in the future to 
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investigate the biogeographical pattern and the timing of divergence in the family 

Marantaceae. 

IMPLICATION FOR BIODIVERSITY CONSERVATION 

Results of both parts (Part I and II) of this dissertation provide valuable information for plant 

conservation and confirm that genetic diversity is an essential pillar in conservation genetics 

due to the basis of the evolutionary potential of species to respond to environmental changes 

(Toro & Caballero 2005). Also, the detailed information on germination behavior in response to 

the environmental variables helps to understand the species in terms of their establishment, 

tolerance of abiotic factors, and dynamics across environmental gradients (Al-Gharaibeh et al. 

2016). Results of part I, therefore, provided the data required for developing and implementing 

effective strategies and protocols for the ex situ and in situ conservation. One of the major 

issues for in situ conservation and restoration is the selection of specific source populations and 

how geographically close to the in situ site should the source population be, where differences 

among species as well as among seed provenances should be taken into account. Also, these 

differences should be considered in collections for the seed bank. Despite its importance for 

the long-term viability of populations and functioning of ecosystems, the genetic diversity of 

populations is seldom given explicit consideration in conservation prioritization (Kahilainen et 

al. 2014).  The measures of genetic diversity have been largely absent from species conservation 

assessments (Mace & Purvis, 2008, Taberlet et al. 2012; Hoban et al. 2013) and are not 

explicitly considered in the IUCN Red List of Threatened Species. Since the ultimate goal of 

conservation actions is to ensure the long-term persistence of species, it is therefore advisable 

to give the conservation of interpopulation genetic diversity a high priority. However, part (I) 

also indicates a potential conservation implication related to changes in climate, where shifts in 

rainfall may adversely affect populations connectivity and recruitment via disturbing their 

flowering phenology and seedlings survival. Therefore, it is necessary to conserve biodiversity 

not only by maximizing the number of taxa that are saved today, but also to guarantee the 

maintenance of high levels of biological diversity in the future. To achieve this, Vézquez & 

Gittleman (1998) recommended that the consideration of phylogeny is essential. Consequently, 

the results of part (II) have important implications for conservation since the detailed 
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phylogenies can provide a window into speciation and extinction rates, the ecological and 

biogeographical causes of speciation and extinction, and the timing of these events. For 

instance, branch lengths in a phylogenetic tree scaled to the observed genetic divergence 

between species would provide a quantitative measure of diversity within a clade. Old, 

monotypic taxa with few or no sister taxa often make relatively large contributions to diversity, 

and thus should be accorded high priorities in conservation decisions. In addition, the 

evolutionary distinctiveness provided by phylogeny would be a useful metric for helping rank 

species for conservation. For example, Tuatara package 

(http://mesquiteproject.org/packages/tuatara/) can be used to analyze conservation priorities 

in a phylogenetic context.  

OUTLOOK 

PART-I 

In semiarid and arid regions of the world, the low and irregular distribution of rainfall strongly 

affects the survival of plants. Their effective recruitment and establishment crucially depend on 

whether their seeds germinate in the right place and at the right time (Gutterman 1994). 

Moreover, disturbance in rainfall pattern can also interrupt flowering synchrony among 

populations of these plants and limit their pollen connectivity (Domínguez & Dirzo 1995). Salvia 

is one of the plant genera producing mucilaginous seeds. The finding of several authors 

suggested that mucilage layer plays an ecologically important role in successful seed dispersal, 

germination and later seedling establishment (e.g. Garwood 1985; Yang et al. 2012; Gorai et al. 

2014). In addition, mucilage facilitates adaptation of plants to diverse environments, especially 

extreme desert conditions (Yang et al. 2012). Despite our results suggested that mucilage in 

Salvia seeds can mitigate the stress of drought and salinity conditions on germination by 

absorbing and filtering more water, it may adversely affect their seed dispersal, limit 

population’s connectivity and enhance their isolation under further climate change. In the field, 

I observed that late spring rainfall events after seed maturation release mucilage and glue the 

seeds together as well as to the calyx wall. However, in part (I), the field observations and 

results raise a series of questions regarding the ecological role of mucilage in response to 

http://mesquiteproject.org/packages/tuatara/
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climatic changes, which I plan to address in future experiments. Among these questions are: to 

which degree do changes in climate, particularly shifts in rainfall time, hamper the dispersal of 

mucilaginous seeds? Do rain events after maturation of mucilaginous seeds (late spring-early 

summer) trigger germination in relation to the duration and intensity of rainfall? According to 

previous research, mucilage can initiate or enhance seed germination by retaining moisture 

needed for imbibition (Garwood 1985; Hedge 1970; Swarbrick 1971). However, I conducted a 

small-scale preliminary experiment at spring temperatures (20/10°C), which showed that 

rainfall events after seed maturation in both Salvia species can initiate germination due to the 

water uptake from mucilage. The experiment also showed that seeds germinated (seed coat 

ruptured and radicle emerged) in first trial lose their viability after five days desiccation and 

were not able to germinate in the second trial. According to these initial results, the very 

interesting question arises, what the expected future effects of such rainfall events on the 

depletion of soil seed banks and recruitment on species with mucilaginous seed will be. 

Therefore, such investigations to determine the threshold of rainfall events in term of intensity 

and time that can trigger germination of mucilaginous seed will be necessary. Such studies 

enable a deeper understanding and tracing of the expected effects of climate change on 

vegetation from another perspective in the context of conservation.  

 PART-II 

The geographic history of Marantaceae is complex and uncertain. Early efforts using molecular 

phylogenies were hampered by poor resolution along the backbone of the family tree (Prince & 

Kress 2006). The lack of a well-resolved phylogenetic framework makes the estimation of the 

biogeographic ancestral ranges and the shifts in species diversification rates more difficult 

(Berger et al. 2016). However, increased amounts of phylogenetic data and improved analytical 

tools to evaluate these data are providing more robust phylogenetic frameworks for hypothesis 

testing (Soltis et al. 2011; Davis et al. 2014; Ruhfel et al. 2014; Zeng et al. 2014; Magallón et al. 

2015). As our current data provides improved resolution and better estimates based on more 

molecular data and complete generic sampling, therefore, we plan in the future to investigate 

the biogeographical pattern and the timing of divergence in the family Marantaceae. The 

complete generic sampling with large number of taxa will facilitate the identification center of 
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diversity and origin for Marantaceae, as well as, the role of dispersal or vicariance events on 

shaping their current pantropical distribution. Moreover, a detailed molecular dating will be 

conducted as we found a new record of a fossil from Asia, which will allow us to calibrate 

divergence time and contrast that with previous studies. 
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